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PURPOSE. Small heat shock proteins (sHsps) have a critical role under stress conditions to
maintain cellular homeostasis by their involvement in protein-folding and cytoprotection. The
hyperglycemia in diabetes may impose cellular stress on the retina. Therefore, we investigated
the expression of sHsps, phosphoregulation of aB-crystallin (aBC), and their localization in
the diabetic rat retina.

METHODS. Diabetes was induced in rats and maintained on hyperglycemia for a period of 12
weeks. The expression of sHsps, HSFs, and phosphorylated sHsps was analyzed by
quantitative (q) RT-PCR and immunoblotting. The solubility of sHsps was analyzed by
detergent solubility assay. Cellular localization of sHsps and phosphorylated aBCs was
examined by immunohistochemistry.

RESULTS. Of 10 sHsps, five sHsps were detected in the rat retina. Among those, increased
expression for aA-crystallin (aAC), aBC, and Hsp22, and decreased expression for Hsp20
were seen in the diabetic retina, whereas Hsp27 mRNA levels were increased, while protein
levels were decreased. While the expression of HSFs was either unaltered or decreased,
expression of hypoxia inducible factor-1a (HIF-1a) was increased in the diabetic retina. The
phosphorylation of aBC at Ser45 and Ser19 was increased in the retina of diabetic rats.
However, phosphorylation of aBC at Ser59 was decreased in the soluble fraction with a
concomitant increase in the insoluble fraction. Moreover, diabetes activated the p38MAPK
signaling cascade by increasing the p-p38 MAPK in the retina. Further, diabetes induced the
aggregation of Hsp27, aAC, aBC, and pS59-aBC in the retina. A strong immunoreactivity of
Hsp27, aAC, aBC, and phosphorylated aBC was localized in different retinal layers of diabetic
rats.

CONCLUSIONS. The results indicate an upregulation of aAC, aBC, and Hsp22, but their solubility
was compromised in the diabetic retina. There was increased phosphorylation at Ser59,
Ser45, and Ser19 of aBC under diabetic conditions. Localization of sHsps and their
phosphorylated forms was dispersed to many layers of the retina in diabetes. These results
suggest that sHsps may be protecting the retinal neurons in chronic diabetes.
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Diabetes and its complications are a major cause of

morbidity and mortality all over the world. Diabetic

retinopathy (DR) is one of the most common microvascular

complications of diabetes and ranks as a common cause of

blindness worldwide.1 Diabetic retinopathy could become a

major threat to public health in the future due to the global

prevalence of diabetes, which is projected to affect 552 million

people by 2030.2 Diabetic retinopathy occurs in 70% of all

people with diabetes for more than 15 years. The etiology and

pathogenic mechanisms underlying DR still are largely un-

known, albeit numerous studies implicate oxidative stress,

advanced glycation end products, inflammation, neurodegen-

eration, and so forth. The conditions created during diabetes

are known to increase oxidative stress as well as downregulate

the cellular antioxidant defense systems.3,4 Uncontrolled

oxidative stress represents a characteristic feature of diabetes

and diabetic complications, such as DR.5 It has been shown

that expression of stress proteins is elevated in several

pathophysiologic conditions to offer protection against tissue
damage.

Heat shock proteins (Hsps), also called stress proteins, are
elevated in a variety of stress conditions, including high
temperature (heat shock), hypoxia, ischemia, endotoxins,
heavy metals, and reactive oxygen species. A group of low-
molecular weight Hsps, ranging in monomer size from 16 to 27
kDa, are referred to as small Hsps (sHsps). The sHsps are
heterogeneous and are characterized by a conserved C-terminal
region, called the a-crystallin domain. A subfamily of 10 sHsps
exists in mammals6 that include Hsp27/ Hsp25 of rodents
(HSPB1), myotonic dystrophy protein kinase (MKBP, HSPB2),
HSPB3, aA-crystallin (aAC, HSPB4), aB-crystallin (aBC, HSPB5),
Hsp20 (HSPB6), cvHsp (HSPB7), Hsp22/H11/H2IG1 (HSPB8),
HSPB9, and sperm outer dense fiber protein (ODF, HSPB10).
The sHsps function characteristically as molecular chaperones
assisting in assembly, stabilization, internal transport of
intracellular proteins, maintenance of the cytoskeleton archi-
tecture, and protection against programmed cell death.7,8 The
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phenomenon of induction of Hsps is believed to be regulated
by a family of heat shock transcription factors (HSFs). There are
three known HSFs in mammals: HSF1, HSF2, and HSF4. Among
these, HSF1 is considered to be the universal HSF and it
responds to an external stress signal, such as high temperature.
The HSF2 is associated with developmental control whereas
HSF4 regulates postnatal expression of Hsps.9 Hypoxia
inducible factor-1a (HIF-1a), another transcription factor that
is activated specifically by decreased tissue oxygen supply,
regulates rapid induction of Hsp synthesis.10,11 The chaperone
activity and cytoprotective functions of sHsps are regulated by
phosphorylation.12,13 The aBC is a major sHsp tightly regulated
by phosphorylation at three sites; serines at positions 59 (S59),
45 (S45), and 19 (S19). While the S59 of aBC is phosphorylated
by p38–mitogen-activated protein kinase (p38MAPK), S45 is
phosphorylated by extracellular signal-regulated kinase
(ERK).14,15 The kinase responsible for phosphorylation of
S19 of aBC is unknown.

Several studies have reported an increased expression of
aAC and aBC in various tissues, including the retina in rodent
models of type 1 diabetes, and implicated their role in
preventing retinal cell death.16–18 However, the expression of
remaining members of sHsps, the role of HSFs, and, more so,
phosphoregulation of sHsps still is unknown in the diabetic
retina. To our knowledge, there are no reports demonstrating
the status of phosphorylation and phospho-specific localiza-
tion of sHsps in the diabetic rat retina. Therefore, we examined
comprehensively the expression of all sHsps, HSFs, their
solubility and regulation of the major sHsp, aBC, by kinase-
mediated phosphorylation in the diabetic rat retina.

MATERIALS AND METHODS

Materials

Streptozotocin (STZ), Tri-reagent, Triton X-100 (Triton-X),
acrylamide, bis-acrylamide, ammonium persulfate, b-mercapto-
ethanol, SDS, TEMED, PMSF, aprotinin, leupeptin, pepstatin,
anti-actin antibody (Cat. No. A5060), horseradish peroxidase
(HRP)–conjugated anti-rabbit (A6154), and anti-mouse (A9044)
secondary antibodies were purchased from Sigma Chemicals
(St. Louis, MO). Bradford reagent was obtained from Bio-Rad
Laboratories, Inc. (Hercules, CA). Nitrocellulose membrane
was obtained from Pall Corporation (Pensacola, FL). Anti-
Hsp27 (MA3-014), anti-Hsp20 (PA1-29447), anti-HSF1 (PA3-
017), anti-HIF1a (PA1-16601), and specific antibodies recog-
nizing three phosphorylated residues (S19, S45, and S59) of
aBC were obtained from Thermo Scientific-Pierce (Rockford,
IL). Anti-MKBP (18-821-485217) and anti-Hsp22 (18-821-
485201) were obtained from Genway (San Diego, CA). Anti-
aAC and anti-aBC antibodies were produced in the rabbit as
reported previously.19 Anti-p38MAPK (#9212S) and anti–p-
p38MAPK (#9211S) antibodies were purchased from Cell
Signaling Technology, Inc. (Beverly, MA). Anti-HSF2 (sc-
13056), anti-HSF4 (sc-19864), glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH, sc-25778), and HRP-conjugated anti-
goat (sc-2020) secondary antibodies were purchased from
Santa Cruz Biotechnology, Inc. (Dallas, TX). The RNA
purification kit was obtained from Qiagen, Inc. (Valencia,
CA). The high capacity cDNA reverse transcription kit
(4368814) and Power SYBR Green Master Mix (4374966)
were obtained from Applied Biosystems (Warrington, UK). All
primers were procured from Integrated DNA Technologies
(Coralville, IA). An enhanced chemiluminescence (ECL)
detection kit was obtained from GE Health Care (Buckingham-
shire, UK). Vectashield mounting medium containing 406-
diamidino-2-phenylindole (DAPI) was obtained from Vector

Laboratories (Burlingame, CA). Alexa Fluor 488–conjugated
anti-rabbit and Alexa Fluor 555–conjugated anti-mouse anti-
bodies were obtained from Molecular Probes (Eugene, OR).

Animal Care and Experimental Conditions

Three-month-old male Wistar-NIN rats with average body
weight of 230 6 14 g were obtained from National Center
for Laboratory Animal Sciences, National Institute of Nutrition,
Hyderabad, India, and maintained at a temperature of 22 6

28C, 50% humidity, and 12-hour light/dark cycle. The control
rats (n¼ 10) received 0.1 M sodium citrate buffer, pH 4.5, as a
vehicle, whereas the experimental rats received a single
intraperitoneal injection of STZ (35 mg/kg) in the same buffer.
At 72 hours after STZ injection, fasting blood glucose levels
were monitored and animals with blood glucose levels > 150
mg/dL were considered for the experiment (n ¼ 10). Control
and diabetic animals were fed with AIN-93 diet ad libitum.
Body weight and blood glucose concentration of each animal
were measured weekly. At the end of 12 weeks, rats were
fasted overnight and sacrificed by CO2 asphyxiation. Eyeballs
were dissected out immediately, and cut into two hemispheres
to remove the lens and vitreous body. Care was taken to collect
the retina intact from the concave region of the eyeball
adjacent to the optical nerve. Institutional and national
guidelines for the care and use of animals were followed, and
all experimental procedures involving animals were approved
by the Institutional Animal Ethical Committee (IAEC) of the
National Institute of Nutrition. We adhered to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. The 12-week diabetes duration was chosen because
it leads to retinopathy-like complications, including impaired
insulin receptor signaling, increased neuronal cell death,
astrocyte defects, microvascular leakage, and microglial cell
activation in rat models of type 1 diabetes.20–24

Biochemical Estimations

Glucose and glycosylated hemoglobin (HbA1c) in blood were
measured by the glucose oxidase–peroxidase (GOD–POD)
method and ion-exchange resin, respectively, using commer-
cially available kits (Biosystems, Barcelona, Spain).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from control and diabetic rat retina
using Tri-reagent according to the manufacturer’s instructions.
Isolated RNA was purified further by the RNeasy Mini Kit, and
quantified by measuring the absorbance at 260 and 280 nm on
an ND1000 Spectrophotometer (NanoDrop Technologies,
Wilmington, DE). Two to 4 lg total RNA were reverse
transcribed using a high capacity cDNA reverse transcription
kit. Reverse transcription reaction was done using a thermo-
cycler (ABI-9700) and reaction conditions were as follows:
initial RT for 10 minutes at 258C, followed by 378C for 120
minutes, and inactivation of reverse transcriptase at 848C for 5
minutes. Real-time PCR (ABI-7500) was performed in tripli-
cates with 25 ng cDNA templates using SYBR green master mix
with gene-specific primers (see Table). Normalization and
validation of data were carried out using b-actin as an internal
control, and data were compared between control and diabetic
samples according to the comparative threshold cycle (2�DDct)
method. The reaction conditions were as follows: 40 cycles of
initial denaturation temperature at 958C for 30 seconds,
followed by annealing at 528C for 40 seconds, and extension
at 728C for 1 minute, and product specificity was analyzed by
melt curve analysis.
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Whole Tissue Lysate Preparation

Retina was homogenized in a buffer containing 20 mM Tris,
100 mM NaCl, 1 mM EDTA, 1 mM DTT (TNE buffer, pH 7.5),
and protease inhibitors. Homogenization of the retina was
performed on ice using a glass homogenizer and the
homogenate was centrifuged at 12,000g at 48C for 20 minutes.
The protein concentrations were measured by Bradford
reagent.

SDS-PAGE and Immunoblotting

Equal amounts of protein (30 lg for aAC and aBC; 50 lg for
Hsp27, phosphorylated aBCs, p38MAPK, p-p38MAPK, HSF1,
and HIF-1a; 80 lg for Hsp20, Hsp22, HSF2, and HSF4) were
subjected to 12% SDS-PAGE and transferred to nitrocellulose
membranes (0.22 lm pore size) by Western blot transfer
system (Bio-Rad Laboratories, Inc.) at a voltage of 40 V for 3
hours. Nonspecific binding was blocked with 5% nonfat dry
milk powder in PBST, and incubated overnight at 48C with
monoclonal anti-Hsp27 (mouse, 1:500), polyclonal anti-aAC,
anti-aBC (rabbit, 1:3000), polyclonal anti-pS59, pS45, pS19-aBC
(rabbit, 1:2000), polyclonal anti-Hsp20 (rabbit, 1:10,000),
polyclonal anti-Hsp22 (rabbit, 1:1000), polyclonal anti-
p38MAPK (rabbit, 1:1000), polyclonal anti-p-p38MAPK (rabbit,
1:1000), polyclonal anti-HSF1 (rabbit, 1:10,000), polyclonal
anti-HSF2 (rabbit, 1:500), polyclonal anti-HSF4 (goat, 1:500),
polyclonal anti–HIF-1a (rabbit, 1:2000), polyclonal anti-actin
(rabbit, 1:500), and polyclonal anti-GAPDH (rabbit, 1:500)
antibodies diluted in PBS-Tween (PBST). After washing with
PBST, membranes then were incubated with anti-rabbit IgG
(1:3500) or anti-mouse IgG (1:3500), or anti-goat IgG (1:
10,000) secondary antibodies conjugated to HRP. The immu-

noblots were developed using an ECL detection kit and digital
images were recorded by Image analyzer (G:Box iChemi XR,
Syngene, UK). Quantification of band intensity was performed
with ImageJ software (available in the public domain at http://
rsbweb.nih.gov/ij/).

Detergent Soluble Assay

For analyzing detergent solubility, retina was homogenized in
TNE buffer containing 0.5% Triton-X. Following centrifugation,
homogenate was separated as supernatant containing deter-
gent soluble fraction and the pellet containing insoluble
protein fraction, and this pellet was washed with PBS,
rehomogenized, sonicated, and dissolved in Lammelli buffer.
The samples then were analyzed by immunoblotting as
described above.

Immunohistochemistry

The dissected eyeball was placed immediately in 4% parafor-
maldehyde in phosphate buffer (pH 7.2), fixed overnight,
embedded in paraffin blocks, and cut into 4 lm sections. The
sections were deparaffinized by incubating in xylene for 5
minutes followed by dehydration in decreasing grades of
ethanol (100%, 95%, and 70%). Deparaffinized sections were
boiled in 0.01 M Na-citrate, pH 6.0, for 10 minutes at 608C and
blocked with blocking solution (3% horse serum, 3% BSA, 0.3%

TABLE. List of Primers and Their Sequence Used in the Study

Gene Sequence

b-Actin 50 GAG AAG AGC TAT GAG CTG CC 30

50 CTC AGG AGG AGC AAT GAT CT 30

Hsp27 50 GAT GAA CAT GGC TAC ATC TCT C 30

50 CTG ATT GTG TGA CTG CTT TG 30

MKBP 50 ACT GTG GAC AAC CTG CTA GA 30

50 GGA GAT GTA GAC CTC ATT GAC T 30

HSPB3 50 TCT TGC AGA GGA CTC AGA CT 30

50 GTT TGT ACT GTC TGG TGA AAC TC 30

aAC 50 GAA AGA AGA TAT TTA TGC AGT GG 30

50 CCT CAA AGA TAT TGG ATA TGG TA 30

aBC 50 TGG AGT CTG ACC TCT TTT CTA C 30

50 AGA ACC TTG ACT TTG AGT TCC 30

Hsp20 50 AGA GGA AAT CTC TGT CAA GGT 30

50 GGA TAG ACA GAA CAC CCT 30

cvHsp 50 AGT TTA CTG TGG ACA TGA GAG AC 30

50 CTG GAC ATG TTC TGT GTG TG 30

Hsp22 50 AGA ACT GAT GGT AAA GAC CAA G 30

50 AGAAAG TGA GGC AAA TAC AGTC 30

HSPB9 50 GAA CCA AGT TTC CAG ATG AA 30

50 GAG AGG TAG GCA CTT ATT TTG TC 30

ODF 50 GGA CAG AGA ACT AAG ACA ATT GAG 30

50 CAG TAC AGC TTG TAG TCA CAC AG 30

HSF1 50 CCA GCA GCA AAA AGT TGT CA 30

50 TGG TGA ACA CAG CAT CAG AGG AG 30

HSF2 50 TGA TCC CTC CAG CCA GTA TC 30

50 CAG GTT GGA GGA GCC ATT TA 30

HSF4 50 GTG GCC TGC TAA GAC CAG AC 30

50 CGG TTG GCC TTA GGG TTC AGG GGG G 30

HIF-1a 50 GAA ACC GCC TATGAC GTG CT 30

50 ATC GAG GCT GTG TCG ACT GA 30
FIGURE 1. Quantitative RT-PCR analysis of sHsps (A) and HSFs (B) in
retinas of control and diabetic rats. Effect of STZ-induced diabetes on
the expression of sHsp family and HSFs in retinas was analyzed by qRT-
PCR. Relative expression pattern was analyzed by the comparative
threshold cycle (2�DDct) method. Expression values were represented
as fold change over control on an arbitrary scale after normalization
with actin. Data represent mean 6 SEM of three independent
experiments.*P < 0.05, **P < 0.01 compared to the control.
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Triton-X in Tris-buffered saline [TBS]). Slides were washed 3
times with TBS, and incubated in TBS with anti- Hsp27 (1:200),
anti-aAC (1:50), anti-aBC, anti-pS59, pS45, and pS19-aBC
(rabbit, 1:100) antibodies overnight at 48C. Slides were washed
3 times with TBS and the binding of primary antibodies was
visualized by Alexa Fluor 488–conjugated anti-rabbit (1:1000)
and Alexa Fluor 555–conjugated anti-mouse (1:1000) IgG
antibody for 1 hour. Sections were mounted in medium
containing DAPI and visualized using a Leica laser microscope
(LMD6000; Leica Microsystems Vertrieb GmbH, Wetzlar,
Germany).

Statistical Analysis

Student’s t-test was used for the comparison between two
groups. Values of P < 0.05 were considered significant. All data
are presented as mean 6 SE and expressed as a fold change
over control.

RESULTS

Blood Glucose, HbA1c Levels, and Body Weights. The
mean blood glucose levels of control rats were 91.5 6 6.17
mg/dL and increased significantly to 390.1 6 48.7 mg/dL (P <
0.001, n ¼ 10) in diabetic rats at 12 weeks. Diabetic rats
showed increase in food intake (26 6 3 g/day) compared to
the controls (16 6 4 g/day). Despite increased food intake, the
body weights of diabetic animals decreased significantly (178
6 2.87 g, P < 0.001, n ¼ 10) when compared to control
animals (334.1 6 8.07 g). The weight reduction in diabetic

animals might be due to ketosis. Further, HbA1c levels were
significantly higher (10.7 6 0.2%, P < 0.001, n ¼ 10) in
diabetic rats compared to the controls (6.1 6 0.14%).

Increased Expression of sHsps in Diabetic Retina. To
determine the response of all sHsps during the chronic
hyperglycemia, we analyzed the expression pattern of all
sHsps and HSFs in retina by qRT-PCR and immunoblotting.
However, of 10 sHsps, only Hsp27, aAC, aBC, Hsp20, and
Hsp22 were detected in the retina. Expression of Hsp27 mRNA
was significantly (18-fold) upregulated in diabetic rats (Fig. 1A),
while, in contrast, its protein levels were downregulated (Figs.
2A, 2B). Interestingly, expression of aAC mRNA was remark-
ably upregulated (376-fold) in the retina of diabetic rats in
comparison with controls (Fig. 1A). Correlating with mRNA,
the protein levels of aAC also were increased significantly.
Immunoblot analysis of anti-aAC antibody revealed two major
bands in diabetic animals, in which the upper band represent-
ed the aA-insert and the lower band was aAC (Figs. 2A, 2B).
Expression of aBC also was upregulated significantly at the
mRNA (9.5-fold, Fig. 1A) and protein (Figs. 2A, 2B) levels.
Although, expression levels of aAC and aBC were higher in the
diabetic retina, relatively very low levels were detected in
controls. Expression of Hsp20 was significantly downregulated
at the mRNA (Fig. 1A) and protein (Figs. 2A, 2B) levels,
whereas Hsp22 was significantly upregulated at the mRNA
(Fig. 1A) and protein (Figs. 2A, 2B) levels in diabetic rats
compared to controls.

Altered Expression of HSFs in the Diabetic Retina. To
examine the regulation of sHsps, we analyzed the expression
of three HSFs as well as HIF-1a in the retina under chronic

FIGURE 2. Immunoblot analysis of sHsps (A) and HSFs (C) in retinas of control and diabetic rats. Amounts of 30 lg protein were loaded on SDS-
PAGE for aAC and aBC; 50 lg for Hsp27, HSF1, and HIF-1a; and 80 lg for Hsp20, Hsp22, HSF2, and HSF4. Quantification of sHsp (B) and HSF (D)
immunoblots in retinas of control and diabetic rats; expression was normalized for actin expression and results are represented as percent of
control. Data represent mean 6 SEM of three independent experiments. *P < 0.05 compared to the control.
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hyperglycemic conditions. Surprisingly, the expression of HSF1

mRNA was significantly downregulated (Fig. 1B); consistent

with transcript, the protein levels of HSF1 also were

downregulated in diabetic rats (Figs. 2C, 2D). Although, no

significant alterations were detected in HSF2 and HSF4 levels in

the retina of diabetic rats (Figs. 1B, 2C, 2D), significant

upregulation of HIF-1a at the mRNA (Fig. 1B) and protein (Figs.
2C, 2D) levels was detected in diabetic rats in comparison with
controls.

Diabetes Decreases the Solubility of sHsps. To deter-
mine the soluble properties of sHsps under chronic hypergly-
cemic conditions, we analyzed the solubility of major sHsps
Hsp27, aAC, aBC, and pS59-aBC by detergent solubility assay.
All the four proteins were detected in Triton-X insoluble
fraction, as their levels were translocated significantly from
Triton-X soluble fraction to insoluble fraction in the retina of
diabetic rats in comparison with age-matched controls (Fig. 3).

Kinase Mediated Phosphoregulation of aBC in Diabe-
tes. Phosphorylation at S59 of aBC was decreased in the
soluble fraction of diabetic retina with a concomitant increase
in the insoluble fraction compared to controls (Fig. 3).
Phosphorylation at S45, S19 of aBC was increased in the
diabetic retina in comparison with controls (Figs. 4A, 4B).
Furthermore, the S59 of aBC was phosphorylated by upstream
p38MAPK. Therefore, we investigated the activation of
p38MAPK by performing immunoblotting of total p38MAPK
and p-p38MAPK in the retina of diabetic rats. Although there
was no significant change in total p38MAPK, the p-p38MAPK
levels were significantly increased in the retina of diabetic rats
in comparison with controls, supporting the increased
phosphorylation at S59 in diabetes (Figs. 4C, 4D).

Cellular Localization of sHsps and Phosphorylated
aBCs in the Diabetic Retina. To provide support for the data
on altered levels of sHsps and their phosphorylated forms in
terms of their cellular localization, indirect immunofluores-
cence was performed on retinal sections for Hsp27, aAC, aBC,
and pS59, pS45, pS19-aBC in control and diabetic rats.

FIGURE 3. Solubility of sHsps in control and diabetic retinas. Diabetes
reduced the solubility of Hsp27, aAC, aBC, and pS59-aBC in retinas as
analyzed by Triton-X soluble assay. The retinal samples were
fractionated into soluble and insoluble fractions, and subjected to
immunoblotting.

FIGURE 4. Immunoblot analysis of phosphorylated aBC (A) and p38MAPK (C) in retinas of control and diabetic rats. A total of 50 lg protein was
loaded on SDS-PAGE for aBC, pS59, pS45, pS19-aBC, p38MAPK, and p-p38MAPK. Quantification of pS59, pS45, pS19-aBC (B) and p38MAPK, p-
p38MAPK (D) immunoblots in retinas of control and diabetic rats; expression was normalized for actin expression and results are represented as
percent of control. Data represent mean 6 SEM of three independent experiments. *P < 0.05, **P < 0.01 compared to the control.
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Immunostaining with Hsp27 antibody showed signal in the

photoreceptor (PRL) and outer plexiform (OPL) layers in the

control retina, while increased signal was seen in the PRL,

outer nucleus layer (ONL), and OPL of diabetic rats (Fig. 5A).

Immunostaining of aAC was confined to the PRL, inner

plexiform layer (IPL), and ganglion cell layer (GCL) in control

rats, but intense staining was distributed in all retinal layers of

diabetic rats (Fig. 5B). Positive immunoreactivity of aBC was

observed predominantly in the PRL, GCL, and, to a lesser

degree, in the OPL, with increased staining (Fig. 5C) in diabetic

rats compared to those of controls. Although there was a weak

signal for pS59, pS45, and pS19-aBC in retina of control rats,

intense staining was observed in diabetic rats. The increased

immunostaining of pS59-aBC was localized in the PRL, OPL,

and GCL in diabetic rats (Fig. 6A). While pS45-aBC was

localized in the PRL, OPL, IPL, and GCL of control retinas,

increased staining was observed in all retinal layers of diabetic

rats (Fig. 6B). The pS19-aBC localized exclusively in the ONL of

control retina, but strong immunostaining was detected in the

PRL, OPL, INL, IPL, and GCL of diabetic rats (Fig. 6C). Further,

hematoxylin and eosin (H&E)–stained images of control and

diabetic retinas also presented to identify the various retinal
layers represented in these figures (Figs. 5D, 6D).

DISCUSSION

In this study, we demonstrated the response of sHsps in the
retina of a STZ-induced diabetic rat model. The major findings
reported here are that of 10 sHsp family members, expression
of Hsp27, aAC, aBC, Hsp20, and Hsp22 was seen in the retina.
Of these, aAC, aBC, and Hsp22 were upregulated in the
diabetic retina, while expression of Hsp20 was downregulated.
Whereas Hsp27 mRNA levels were increased, while protein
levels decreased, the expression of HSFs was either decreased
or unaltered in the diabetic retina, and HIF-1a in conjunction
with sHsps was upregulated in the diabetic retina. To our
knowledge, this also is the first report in the diabetic retina of
increased expression of pS59, pS45, and pS19-aBC; of
demonstrated localization of sHsps and phosphorylated aBCs;
and of reported extensive aggregation of Hsp27, pS59-aBC
along with aAC and aBC. Previously, we reported the
upregulation of a-crystallins in the diabetic rat retina.16

Subsequently, many studies investigated the expression and

FIGURE 5. Cellular localization of sHsps in retina of control and diabetic rats. (A) Immunostaining of Hsp27 in retinas of control and diabetic rats.
(B) Immunostaining of aAC in retinas of control and diabetic rats. (C) Immunostaining of aBC in retinas of control and diabetic rats. (D)
Representative histology of control and diabetic rat retinas. Positive signals of Hsp27, aAC, and aBC in diabetic retinas are shown with arrows.
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role of a-crystallins in other rodent models of diabetes,17,18,25

as well as in human DR patients.26,27 Our study demonstrated
the expression pattern of all detectable sHsps, HSFs, and
phosphorylated aBCs in the retina of a diabetic rat model. The
sHsps that could not be detected by qPCR and immunoblotting
in the retina, MKBP, HSPB3, HSPB7, HSPB9, and HSPB10, are
reported to be tissue-specific and expressed in those tissues,
such as muscle, heart, and testis.28,29

The data obtained from transcript levels and protein
expression analysis for sHsps were largely concurrent. The
only discrepancy between transcript and protein was that of
Hsp27 (Figs. 1A, 2A, 2B). Previous studies also reported similar
observations that Hsp27 expression was elevated at the mRNA
level, but decreased at the protein level under ischemic and
stunned conditions in the heart,30,31 and this might be due to
reduction in transcriptional and translational rates. Further,
increased immunostaining could be due to formation of smaller
oligomers of Hsp27, thereby providing increased number of
available epitopes for the antibody to bind. In support of this
possibility, a study reported decrease in size of Hsp27
molecular aggregates, from large to small homo-oligomers in
the diabetic kidney.32 The increased expression of aAC and

aBC at the mRNA and protein levels was consistent with the
previous studies.16,18,25 Furthermore, the very intense locali-
zation of aAC in the GCL layer of the diabetic retina indicated a
role in protection of retinal neurons. Increased immunostain-
ing of aBC in the PRL, OPL, IPL, and GCL of the diabetic rat
retina also indicated that it might be protecting the different
retinal cells from hyperglycemia-induced oxidative stress. To
our knowledge, we reported for the first time the altered
expression of Hsp20 and Hsp22 in the retina of diabetic rats
(Figs. 1A, 2A, 2B). Very limited information is available about
Hsp20 and Hsp22 in ocular tissues. The exact reason for
downregulation of Hsp20 in the diabetic rat retina is unknown,
but previous studies reported the downregulation of Hsp20
under ischemic conditions in neuroblastoma cells. Contrary,
overexpression of Hsp20 protected neuroblastoma cells from
ischemia/reperfusion injury by inhibiting apoptosis.33 The
Hsp22 prevents and/or helps in clearing the aggregated
proteins,34 and participates in regulation of proteolysis of
unfolded proteins.35 Therefore, increased expression of Hsp22
in the retina might be indicative of the unfolded protein
response (UPR) and certain levels of neurotoxicity in STZ-
induced experimental diabetic rats.

FIGURE 6. Cellular localization of phosphorylated aBCs in retinas of control and diabetic rats. (A) Immunostaining of pS59-aBC in retinas of control
and diabetic rats. (B) Immunostaining of pS45-aBC in retinas of control and diabetic rats. (C) Immunostaining of pS19-aBC in retinas of control and
diabetic rats. (D) Representative histology of control and diabetic rat retinas. Positive signals of pS59-aBC, pS45-aBC and pS19-aBC in diabetic
retinas are shown with arrows.
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Despite the fact that sHsps expression is governed largely
by HSFs, in our study, expression of HSF1, HSF2, and HSF4
either was unaltered or reduced in retina under diabetic
conditions (Figs. 2B–D). Possible reason for decreased HSF1
expression could be explained by a couple of factors. The
MAPKAP kinase 2 that gets activated during diabetes has been
shown to be a potent inhibitor of HSF1.36 Alternatively,
glycogen synthase kinase-3 (GSK3) that gets elevated in
diabetic patients37 also has been shown to suppress HSF1
activation.38 The reduction in expression of HSF1 during
diabetes indicates that increased sHsps expression in diabetes
might not be exerted through classical transcription factor
HSF1. Indeed, elevated expression of the majority of sHsps in
retina might be regulated in an HIF-1a–dependent manner in
diabetic rats (Figs. 1B, 2C, 2D) as local hypoxia has been
shown to stimulate HIF-1a in retina under hyperglycemic
conditions.39 Furthermore, some of the sHsps were not heat
inducible, including aAC and Hsp20, and some are devoid of
heat shock element (HSE) binding sequence, like aAC.40

Nevertheless, tissue-specific and protein-specific transcription
factors, including C-Maf, Pax, STAT, and BRN3, in regulating the
induction of sHsps in various stress conditions and pathologies
in various tissues cannot be ignored.40

In our study, we demonstrated that solubility of sHsps,
including Hsp27, aAC, aBC, and pS59-aBC, was compromised
under hyperglycemic conditions and accumulated as deter-
gent-insoluble fraction in retina. It is possible that soluble
complex of sHsp can transform to insoluble form when loaded
with excessive nonnative substrate proteins, particularly when
the other complimentary systems of protein quality control are
unable to refold the aggregated or partially denatured proteins.
This indicated that sHsps are overloaded with unfolded
substrate proteins under uncontrolled hyperglycemic condi-
tions and leading to insoluble aggregates.

The phosphorylation status of sHsps represents an impor-
tant factor in determination of chaperone and antiapoptotic
function in addition to their cellular distribution. Most sHsps
have multiple phosphorylable serine residues. However, in our
study, we focused mainly on the phosphorylation of major
sHsp, aBC by immunoblotting. The pS59-aBC level was
decreased in soluble fraction, whereas it was increased in
insoluble fraction as well as in retinal sections of diabetic rats.
The pS59-aBC is associated with increased and sustained
chaperone activity,41 and also is necessary for antiapoptotic
activity.42,43 The 35-week Otsuka Long–Evans Tokushima fatty
(OLETF) rats of type-2 diabetes showed increased levels of
pS59-aBC in retina.44 Moreover, some previous reports
demonstrated the decreased pS59-aBC in soluble fraction with
concomitant increase in insoluble fraction in long-term heat-
stressed H9C2 cells.45 Hence, it is possible that 12 weeks of
chronic hyperglycemia might reduce the solubility of pS59-
aBC. The increased pS45-aBC levels in retina of 35-week
OLETF rats with type 2 diabetes had a role in apoptosis,44 and
pseudophosphorylation of aBC at S45 showed protection of
astrocytes against oxidative stress.14 Furthermore, strong
immunostaining of pS45-aBC in the diabetic retina indicated
its role in hyperglycemia-induced cell death. Surprisingly, pS19-
aBC also was increased in the diabetic retina, but the role of
pS19-aBC is unknown so far. Although, the phosphorylation at
S19 of aBC does not affect the protection status, the strong
immunostaining in the PRL, OPL, IPL, and GCL in diabetic rats,
and exclusively ONL in controls demonstrated a quite different
role when compared to pS59 and pS45-aBC in retina. The
p38MAPK/MAPK activated protein-2 signaling cascade can
phosphorylate the S59 of aBC.46 Herein, we show that diabetes
increased the p38MAPK phosphorylation in retina. This finding
is in agreement with previous reports of diabetes-induced
activation of MAPK in retina.47

In summary, herein we reported the effect of experimental
diabetes on expression of sHsps in retina in a comprehensive
manner. However, the lack of general agreement on diabetes-
induced changes in sHsps expression probably is due to
differential response of transcriptional factors that regulate
sHsps expression. Although further studies are required to
clarify the role of sHsps in DR, taken together, these results
suggested that the sHsp family is crucial for neuronal
protection in DR and may aid in developing therapeutic
strategies for DR.
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