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to non-diabetic control. Moreover, extensive fragmenta-
tion of both PARP-1 and GFAP (hallmarks of apoptosis 
and macroglia reactivation, respectively) in diabetic retina 
was also observed. Levels of angiostatin isoforms were 
dramatically decreased in diabetic retina, sustaining aber-
rant pro-angiogenic condition. Both NAm and 3-AB mark-
edly attenuated damage to macroglia, evidenced by down-
regulation of PARP-1, PARs and total GFAP compared to 
diabetic non-treated group. PARP-1-inhibitory therapy pre-
vented formation of PARP-1 and GFAP cleavage-derived 
products. In retinas of anti-PARP-treated diabetic animals, 
partial restoration of angiostatin’s levels was shown. There-
fore, PARP-1 inhibitors counteract diabetes-induced injuries 
and manifest retinoprotective effects, including attenuation 
of reactive gliosis and improvement of angiogenic status, 
thus, such agents could be considered as promising candi-
dates for DR management.

Keywords  Diabetic retinopathy · Poly(ADP-ribose) 
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Introduction

Diabetic retinopathy (DR) is the most frequent complica-
tion of diabetes and the leading cause of visual impairments 
and acquired blindness in working-age adults especially in 
industrialized countries [1, 2]. Increasing prevalence of dia-
betes worldwide highlights the importance of seeking for 
new therapeutic strategies beyond current standards of diabe-
tes management. Development of DR is linked to a complex 
interplay between neurons, glia and vascular components of 
the retina. However, the exact molecular mechanisms, under-
lying development of diabetes-induced retinal alterations 

Abstract  Diabetic retinopathy (DR) is a multifactorial 
disease characterized by reactive gliosis and disbalance of 
angiogenesis regulators, contributing to endothelial dys-
function and microvascular complications. This study was 
organized to elucidate whether poly(ADP-ribose) poly-
merase-1 (PARP-1) inhibition could attenuate diabetes-
induced damage to macroglia and correct angiogenic disbal-
ance in diabetic rat retina. After 8 weeks of streptozotocin 
(STZ)-induced diabetes, Wistar male rats were treated with 
PARP-1 inhibitors, nicotinamide (NAm) or 3-aminobenza-
mide (3-AB) (100 and 30  mg/kg/daily i.p., respectively), 
for 14 days. After the 10-weeks experiment period, retinas 
were undergone an immunohistochemical staining for glial 
fibrillary acidic protein (GFAP), while western blots were 
performed to evaluate effects of PAPR-1 inhibitors on the 
levels of PARP-1, poly(ADP-ribosyl)ated proteins (PARs), 
GFAP, and angiostatin isoforms. Diabetes induced signifi-
cant up-regulation and activation of retinal PARP-1, reactive 
gliosis development, and GFAP overexpression compared 
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by intravitreal delivery of angiostatin-encoding gene con-
structions has been found to ameliorate pathological angio-
genesis and reduce vascular leakage in retinas of rats with 
experimental diabetes as well as oxygen-induced retinopathy 
[18, 19]. Thus, possible non-invasive treatment strategy of 
DR would be aimed to improve expression of endogenous 
anti-angiogenic regulators via affecting key molecules, which 
modulate glial response. PARP-1 inhibition is thought to be 
one of the promising approaches to restore retinal angiogenic 
balance, because strong correlation between PARP-1 target-
ing and attenuation of glial reactivity has been reported [20]. 
So far, prior studies in this area have solely been focused on 
pro-angiogenic molecules, mainly VEGF [21], but not on 
their counteracting regulators. To our knowledge, possible 
link between retinal PARP-1 activation/overexpression, glial 
reactivity and angiostatic potential in diabetes has not been 
yet investigated. Earlier, we have revealed that the amide 
form of vitamin B3 (nicotinamide) and its derivatives exert 
pronounced neuroprotective action and ameliorate diabetes-
induced neuropathy [22]. The present study was designed 
to examine the effects of PARP-1 inhibitors, 3-aminobenza-
mide (3-AB) and nicotinamide (NAm), on glial reactivity and 
expression of angiostatin proteins in retinas of diabetic rats.

Materials and Methods

Chemicals

All chemicals used were of analytical reagent grade quality 
and purchased from Sigma Chemical Co. (USA), except for 
those listed below or otherwise specified in the text.

Experimental Design

All procedures were carried out in accordance with the 
national and international guidelines and laws concerning 
animal welfare and are ethically acceptable. Experiments 
in vivo were performed according to the ARVO Statement 
for the use of Animals in Ophthalmic and Vision Research. 
The experiments were performed on male Wistar rats (270–
350 g of b.w.), which were fed a standard diet and had free 
access to food and water. After 1 week of acclimation, dia-
betes was induced by a single intraperitoneal (i.p.) injec-
tion of freshly prepared solution of streptozotocin (STZ) in 
citrate buffer (pH 4.5) at 70 mg/kg b.w. The animals were 
maintained on 12-h light/dark cycle and randomly divided 
into the following groups (n = 5 in each group): control 
group (Control); diabetic group [Diabetes (D)]; diabetic 
groups after 8 weeks of diabetes development were treated 
by i.p. injection with 3-aminobenamide (D + 3-AB) or with 
nicotinamide (D + NAm) at doses 30 and 100 mg/kg body 
weight−1 day−1, respectively, for 2 weeks. The dose levels of 

are not completely understood [3]. Accumulating body of 
evidence suggests that activation and/or overexpression of 
poly(ADP-ribose) polymerase-1 (PARP-1) in the retina in 
response to excessive DNA damage induce cell death [4]. 
Moreover, in apoptosis, PARP-1 is cleaved by activated cas-
pase-3 and such limited proteolysis of PARP-1 through this 
cleavage renders the enzyme inactive and this further facili-
tates apoptotic cell death [5]. Numerous studies indicate that 
glial cells are involved in pathological events in DR, playing 
protective or degenerative role. The role of retinal macroglial 
cells (Müller cells and astrocytes) are of particular impor-
tance because they maintain the integrity of blood-retinal 
barrier and operate as communicators between neurons and 
vessels [6, 7]. It is of interest that Müller cells and astrocytes 
show dramatically different reactions in response to hyper-
glycemia in vivo. Müller cells have been demonstrated to be 
increased in number and manifest gliosis phenotype during 
the first month of hyperglycemia while astrocytes have ten-
dency to become atrophic [8, 9]. Activated Müller cells may 
release proinflammatory cytokines, chemokines, comple-
ment cascade, and reactive oxygen species (ROS) that acti-
vate an apoptotic death program, compromise the integrity of 
blood-retinal barrier, and may promote retinal degeneration 
[10]. The most characteristic of reactive gliosis is elevated 
expression of glial fibrillary acidic protein (GFAP), the prin-
cipal component of cytoskeletal intermediate filaments syn-
thesized by mature macroglia cells, which is responsible for 
many of the progressive glial changes, including alterations 
of morphology, and necessary for adaptive responses directed 
towards protection of neurons against apoptosis [11].

It is generally accepted that glial reactivity can serve as 
an indication of altered glial function, including interfered 
glia-mediated angiogenesis [12]. Excessive capillary growth 
due to activation of angiogenesis in diabetic retina may result 
in retinal detachment and intraocular haemorrhage [13]. 
Intense release of angiogenic inductors, in particular, vascu-
lar endothelial growth factor (VEGF), by reactive glial cells 
leads to enhancement of retinal neovascularization, increased 
vascular permeability and vascular leakage [14]. In the nor-
mal eye, angiogenic effect of VEGF is counterbalanced by 
inhibitors, and angiostatins are amongst them. Angiostatins 
are a group of plasminogen fragments consisting of vari-
ous number of its five kringle (K) domains. Angiostatins are 
derived due to plasminogen/plasmin reduction and limited 
digesting by various proteinases [15]. Functionally active 
angiostatin-like molecules have been found in retina and 
other eye structures, where they specifically inhibit prolif-
eration of vascular endothelial cells, induce expression of 
potent angiogenesis inhibitor, pigment epithelium-derived 
factor (PEDF), and down-regulate VEGF [16, 17]. Loss of 
angiostatin-generating potential of retinal cells is strongly 
believed to be an important factor leading to microvascular 
abnormalities. Indeed, compensation of angiostatin deficit 
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phosphate buffer saline containing 0.05 % Triton X-100 
(v/v) (PBST) according to manufacturer’s recommenda-
tions. Anti-angiostatin antibody was also diluted in PBST 
and used in final concentration 5  μg/ml. After overnight 
incubation at 4 °C, membranes were washed five times with 
PBST and then incubated with the appropriate horseradish 
peroxidase (HRP)-conjugated secondary antibody diluted in 
PBST for 60 min. Then, unbound antibodies were removed 
by seven-times washes in PBST for 5 min each. Immuno-
reactive bands were visualized using the enhanced chemi-
luminescence method (ECL). Densitometric analysis of the 
autoradiographs was performed with using of densitometry 
software TotalLab TL120 (Nonlinear Inc, USA) and nor-
malized to the intensity of the respective bands obtained for 
β-actin. Each trace was corrected for background by sub-
tracting a tracing of nonreactive area on the blot. Antigens 
of various molecular weights were identified by extrapo-
lation of plots of relative mobilities of prestained proteins 
with known molecular weight (PageRuler Prestained Pro-
tein Ladder, Fermentas, Germany).

Tissue Collection and Immunofluorescence Assay

For immunohistochemical detection of GFAP, rat retinas 
were fixed in 4 % paraformaldehyde for 2  h and washed 
in PBS for 1  h. 6-μm-thick retinal tissue sections from 
formalin-fixed, paraffin-embedded blocks were transferred 
to poly(Lys)-covered slides to be used for staining. Sec-
tions were dewaxed in xylene and progressively hydrated 
in ethanol aqueous solutions. They were then washed three 
times with PBS and heated for 1 min in 10 mmol/l citrate 
buffer (pH 6.0) containing 0,25 % (v/v) Triton X-100 at 
100 °C in microwave oven to unmask antigens. The sections 
were blocked in 3 % bovine serum albumin (BSA)–PBST 
for 60 min at room temperature and incubated with PBST-
diluted anti-GFAP (1/250) antibodies overnight at 4 °C in 
a humified chamber. Slices were rinsed three to four times 
with PBST and incubated with fluorescein isothiocyanate 
(FITC)-conjugated anti-rabbit IgG secondary antibody 
diluted 1/500 in PBST for 60 min at room temperature. Con-
trol for unspecific binding of the secondary antibody was 
performed by excluding primary antibodies. After washing, 
the sections were counterstained with Hoechst-33342 to 
visualize cell nuclei. Glasses with sections were mounted 
in DABCO/PVA mounting medium (Sigma-Aldrich, Mis-
souri, USA) and analyzed with LSM 510 META laser 
scanning confocal microscope (Carl Zeiss, Oberkochen, 
Germany) using a 63× oil objective. Electronic shutters 
and image acquisition were under the control of Zeiss ZEN 
2009 Light Edition software. Images analysis was equally 
to whole panel normalized with level tool. All experimen-
tal procedures in this study were performed under the same 
conditions and in at least three parallels. Figures were 

PARP-1 inhibitors and treatment period were chosen on the 
basis of available data indicating absence of any sub-toxic 
or toxic effects [23, 24]. The rats with blood glucose level 
over 20.2 ± 2.1 mmol/l were taken into experiments. After 
10 weeks experimental rats were sacrificed via cervical dis-
location under mild diethyl ether narcosis.

Protein Samples Preparations

Freshly isolated retinas (n = 5 for each treatment) were 
placed in liquid nitrogen and homogenated in 25 mM tris–
HCl (pH 7.4) containing 0.15 M NaCl, 1 % sodium dodecy-
lsulphate, 1  mM ethyleneglycoltetraacetic acid, 2.5  mM 
ethylenediaminetetraacetic acid, 6.5 μM aprotinin, 1.5 μM 
pepstatin A, 23 μM leupeptin, 1 mM phenylmethylsulfonyl 
fluoride, 5 μg/ml soybean trypsin inhibitor, 1  μM sodium 
orthovanadate (tissue:buffer 1:5, w/v). The homogenates 
were sonicated three times for 30 s using ultrasonic disinte-
grator “Sartorius” (Labsonic® M, Göttingen, Germany) and 
centrifuged at 16,000g for 30 min at 4 °C. The protein con-
centration in each retinal lysate was determined spectropho-
tometrically as described elsewhere [25]. The supernatants 
were diluted 1:1 in Laemmli sample buffer, supplemented 
with 0.1 M dithiothreitol, and boiled for 5 min. In parallel, 
samples for angiostatin detection were diluted in non-reduc-
ing Laemmli sample buffer. Protein samples were frozen 
and stored at −20 °C before analysis.

Anti-angiostatin Antibody Production

Antibodies for angiostatin detection were generated in rab-
bits, and immunization was carried out according to previ-
ously described procedure [26]. Briefly, plasminogen from 
fresh rat plasma was purified on the Lys-sepharose column. 
Isolated plasminogen was used as antigen for rabbit immu-
nization. Polyclonal rabbit antibodies were purified from 
blood serum of immunized rabbits by chromatography on 
angiostatin-conjugated immunoaffine sorbent. Developed 
antibodies recognized each of the five kringle domains in 
plasminogen fragments as well as the same epitopes within 
the tertiary structure of precursor protein.

Western Blot

Protein samples (50  μg/track) were run in 5–18 % dena-
turing gels and transferred onto nitrocellulose membrane 
(GE Healthcare, Amersham Bioscience, RPN 203D) with 
0.45  μm pore diameter. After blotting, membranes were 
blocked in 5 % w/v non-fat dried milk for 90 min at 37 °C and 
probed with anti-PARP (Cell Signaling Technology, #9542, 
1:1000), anti-PAR polymer (Trevigen Inc., 4335-MC-100, 
1:1000), anti-GFAP (Santa Cruz, sc-9065, 1:1000) or anti-
beta actin (Abcam, ab20272, 1:5000) antibodies diluted in 
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and 3-AB affected neither body weight nor blood glucose 
level in diabetic rats as compared with untreated diabetic 
animals. There were no deaths of animals along the whole 
experimental period.

NAm and 3-AB Affect PARP-1 Expression, 
Fragmentation, and Activation in Diabetic Rat Retina

To investigate whether relationship between PARP-1 activa-
tion and reactive gliosis under DR exists, we firstly explored 
PARP-1 expression and activity. Western blot analysis dem-
onstrated significant up-regulation of PARP-1 expression 
(Fig. 1a) and increasing ratio between cleaved PARP-1 frag-
ment (89 kDa) vs. full-length PARP-1 (116 kDa) in diabetic 
retinas compared to non-diabetic group (0.073 ± 0.021 vs. 
0.039 ± 0.007 respectively, P < 0.05) (Fig. 1b). Administra-
tion of PARP-1 inhibitors to diabetic rats decreased PARP-1 
expression to near basal level and prevented formation of its 
cleaved products in retina.

Using western blot analysis, amounts of poly(ADP-
ribosyl)ated proteins (PARs) were measured as an indirect 
parameter of PARP activity. As shown in Fig. 2a, predomi-
nant PARs appeared to be the species of apparent molecular 
weights from 130 to 72 kDa, however several minor bands 
(55–17 kDa) were also visualized. Results of densitometric 
analysis of the blots depicted in Fig. 2b revealed that both 

mounted with Adobe PhotoShop 7.0 (San Jose, CA, USA). 
Manipulation of the images was restricted to threshold and 
brightness adjustments to the whole image.

Statistical Analysis

Protein contents evaluated by western blots are expressed 
in arbitrary units (a.u.) and presented in histograms as 
mean ± standard deviation (SD), n represents the number 
of animals. Quantitative results were analyzed by one-way 
analysis of variance (ANOVA) followed by Bonferroni 
post-hoc tests. P values <0.05 were considered to indicate 
statistical significance.

Results

Body Weights and Blood Glucose Levels

The experimental diabetes was characterized by develop-
ment of hyperglycemia and body weight loss. It was shown 
that after 10 weeks of diabetes the average body weight was 
1.24 times lower than that of diabetic group before STZ-
injection at the beginning of experiments (P < 0.05). At the 
end of experiments, 3.8-fold increase in the blood glucose 
level was achieved (20.2 ± 2.1 vs. 5.3 ± 0.3, P < 0.05). NAm 

Fig. 1  Effects of PARP-1 
inhibitors on the PARP-1 
expression and fragmentation 
in the retina of rats with STZ 
diabetes: a representative west-
ern blot of PARP-1; b results 
of the densitometric analysis 
of immunoblots, in which bar 
plot shows the ratio between 
cleaved PARP-1 (89 kDa) and 
full-length PARP-1 (116 kDa). 
Equal loading was confirmed by 
reprobing for β-actin. Data are 
expressed as mean ± SD (n = 5). 
*P < 0.05 vs. control; #P < 0.05 
vs. diabetes
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PARP-1 inhibitors reduced GFAP immunoreactivity in reti-
nas of rats with STZ-induced diabetes (Fig. 3, panels d, e).

Western blot analysis of retinal protein samples confirmed 
an increased GFAP level detected by immunohistochemistry. 
There is strong line of evidence indicating that not only intact 
GFAP polypeptide overexpression can be used as an indica-
tor of reactive gliosis but also its cleavage-derived products 
[27], which contribute to the overall GFAP immunoreactiv-
ity. Therefore, we evaluated levels of each sort of immuno-
reactive GFAP polypeptides individually. Diabetes-induced 
elevation in 49 kDa GFAP polypeptide content in comparison 
with age-match control was shown (3.87 ± 1.37 vs. 2.29 ± 0.01 
a.u. respectively, P > 0.05), however this increment did not 
achieve the level of statistical significance due to a high-order 
dispersion within the group of diabetic animals (Fig. 4a, b). 
Administration of NAm or 3-AB had no effects on intact 
GFAP levels (3.09 ± 0.35 and 3.13 ± 0.09 a.u. respectively). 
However, vast amounts of cleaved GFAP polypeptides in 
the range of molecular weights 47–37  kDa were observed 
in diabetic retina, but they were hardly detectable in healthy 
retina (3.89 ± 1.08 vs. 0.16 ± 0.10 a.u. respectively, P < 0.05) 
(Fig.  4c). Both NAm and 3-AB treatments significantly 
diminished (P < 0.05) levels of 47–37 kDa GFAP in diabetic 
retinas (0.18 ± 0.06 and 0.46 ± 0.08 a.u. respectively), possibly 

130–72 and 37–26  kDa PAR polymers were increased in 
diabetic rats compared to control (2.22 ± 0.17 vs. 0.34 ± 0.05 
a.u. respectively, P < 0.05). However, PAR accumulation 
in diabetic rat retinas appeared to be reduced significantly 
(P < 0.05) by NAm or 3-AB treatment (0.85 ± 0.22 and 
0.84 ± 0.30 a.u., respectively) compared to this parameter 
for non-treated diabetic rats and did not differ from healthy 
control (P > 0.05). It is not excluded that in the condition 
of STZ-induced diabetes, auto-poly(ADP-ribosyl)ation of 
PARP-1 and its fragments could also occur.

PARP-1 Inhibitors Alleviate Diabetes-Induced Reactive 
Gliosis in Rat Retina

The results of immunofluorescence assay of retinal GFAP 
are depicted in Fig. 3. Imaging of fixed retinal slices showed 
dramatically increased overall GFAP immunostaining in 
retinas of diabetic rats (panel c) compared with non-diabetic 
animals (panel b). Gross differences between GFAP immu-
noreactivity in diabetic retinas and healthy control retinas 
indicates that STZ-induced hyperglycemia caused Müller 
cell gliosis at 10  weeks of diabetes. Further, we detected 
the extent of macroglial activation in retinas of diabetic rats 
treated with 3-AB or NAm. It is obviously seen that both 

Fig. 2  Effects of PARP-1 
inhibitors on the levels of 
poly(ADP-ribosyl)ated proteins 
(PAR) in the retina of rats with 
STZ diabetes: a representative 
western blot of PAR; b results 
of the densitometric analysis 
of immunoblots showing PAR 
polymer contents. Equal loading 
was confirmed by reprobing 
for β-actin. Bar plot shows the 
relative protein level, data are 
expressed as mean ± SD in a.u. 
(n = 5). *P < 0.05 vs. control; 
#P < 0.05 vs. diabetes
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2.45 ± 0.09 a.u., P < 0.05), whereas treatment of diabetic rats 
with 3-AB or NAm significantly (P < 0.05) reduced over-
all GFAP levels (3.59 ± 0.01 and 3.27 ± 0.29 a.u.). Taking 
together, these results show that PARP-1 inhibitory treatment 

through prevention of its native subunit against degradation. 
Finally, we calculated and compared total GFAP expression 
(Fig.  4d). Diabetes appeared to induce threefold increase 
in total retinal GFAP compared to control (7.76 ± 0.29 vs. 

Fig. 3  GFAP immunostaining 
in the retina cross-sections: a 
control for non-specific bind-
ing of the secondary FITC-
conjugated antibody; b retina 
of non-diabetic rat (control); c 
retina of diabetic rat; d retina of 
diabetic rat treated with 3-AB; 
e retina of diabetic rat treated 
with NAm. Increased GFAP-
immunoreactivity is well-
recognized in retina at 10 weeks 
of diabetes compared to control, 
indicating diabetes-induced 
Müller cell gliosis. In retina of 
diabetic animals administered 
to PARP-1 inhibitors, marked 
decrease in intensity of GFAP 
immunolabeling is observed. 
Double staining for GFAP 
(green), nuclei were counter-
stained with Hoechst-33342 
(blue). Bar represents 20 μm 
(Color figure online)
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Fig. 4  Effects of PARP-1 
inhibitors on the GFAP expres-
sion and fragmentation in the 
retina of rats with STZ diabetes: 
a representative western blot of 
retinal GFAP; b results of the 
densitometric analysis of the 
intact 49 kDa GFAP; c results 
of the densitometric analysis of 
the cleaved 47–37 kDa GFAP 
isoforms; d total GFAP content. 
Bar plot shows the relative 
protein level, data are expressed 
as mean ± SD in a.u. (n = 5). 
*P < 0.05 vs. control; #P < 0.05 
vs. diabetes
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angiostatin levels were measured by western blot analysis 
followed by gel electrophoresis of retina protein samples 
obtained in non-reducing conditions. Using polyclonal anti-
body recognized all kringle domains of plasminogen, an 
angiostatin’s precursor molecule, in most samples at least 
two different bands were observed (Fig. 5a). These angio-
statin-like molecules appeared to be polypeptides migrated 
at approximately 65 or 50 kDa when run under non-reducing 

seemed to improve the aspect of macroglial cells and their 
reactivity in retinas of rats with STZ-induce diabetes.

PARP-1 Inhibitors Improve Angiostatin Levels in 
Retinas of Rats with STZ-Induced Diabetes

To evaluate influence of PARP-1 inhibitors on the retinal 
levels of neovascularization suppressors in diabetic rats, 

Fig. 5  Effects of PARP-1 
inhibitors on the angiostatin lev-
els in the retina of rats with STZ 
diabetes: a representative west-
ern blot of angiostatin-like mol-
ecules, which are composed of 
plasminogen kringle domains; 
b results of the densitometric 
analysis of the band corre-
sponding to angiostatin K1-4; 
c results of the densitometric 
analysis of the band correspond-
ing to angiostatin K1-5. Bar plot 
shows the relative protein level, 
data are expressed as Mean ± SD 
in a.u. (n = 5). *P < 0.05 vs. 
control; #P < 0.05 vs. diabetes. 
Plasminogen (Plg) (1 μg) was 
loaded as a positive control for 
primary antibody binding
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and became more pronounced by 6 weeks of diabetes. They 
also showed that in contrast to Müller cells, astrocytes play 
an early role in DR progression. Significant loss of astro-
cytes was observed 4  weeks after the induction of diabe-
tes. Astrocyte degeneration was associated with increased 
retinal HIF-1α expression, hypoxia in ganglion cell layer, 
reduced connexin expression resulting in abnormal gap 
junction formation. In the study of Dorrell et al. [9], loss of 
astrocytic template in ischemic retina was found to correlate 
with disorganized vessel formation and pathological revas-
cularization. Reactive Müller cells, in turn, may aggravate 
progression of proliferative DR by over-expressing VEGF 
resulting in retinal neovascularization, vascular lesions and 
leakage, and inflammation [10].

A publication of Kim et al. [20] demonstrated that 
PARP-1 is involved in neuron-astroglial death and reac-
tive gliosis development. In the current study, we could 
not clarify a role of each type of retinal glial cells in gliosis 
development. However, based on the numerical literature 
evidences, up-regulation of GFAP could be definitely con-
sidered as manifestation of Müller glia reactivity in diabetic 
retina. Moreover, our findings are consistent with former 
observations that there is an important link between PARP 
activation/overexpression and glial response in retina. It 
has been documented before that generation of cleaved 
GFAP products could serve as a supplementary marker of 
reactive gliosis in both retina and CNS [11, 31]. Therefore, 
we evaluated the extent of reactive gliosis by measuring 
overall GFAP immunoreactivity as well as content of its 
intact and cleaved polypeptides. Although levels of 49 kDa 
GFAP appeared unchanged between groups, the significant 
increase of its fragments was observed in non-treated rats 
with diabetes, thus, contributing total GFAP abundance. 
Both NAm and 3-AB were shown to reduce total GFAP 
and preserve its cleavage in diabetic retina. Recent data 
suggest that caspases are responsible for limited proteoly-
sis of GFAP, which is aimed to induce the disassembly of 
the cytoplasmic intermediate filament network that, in turn, 
is characteristic of apoptosis [32]. Taking into account that 
PARP-1 and GFAP are both caspase substrates [33], results 
of our research clearly indicate that reduction of protein 
degradation in retinas of hyperglicemic rats might be due to 
attenuation of apoptosis processes by PARP-1 inhibitors and 
reflect beneficial outcomes of the chosen treatment.

Retinal microvessels are entirely covered by astrocytes 
and Müller cells to form endothelial–glial complex, and 
glial cells have the ability to modulate angiogenesis depend-
ing on physiological or pathological conditions. In healthy 
retina, quiescent astrocytes have been shown to counteract 
VEGF-induced pro-angiogenic stimuli via formation and 
releasing of exosomes loaded with anti-angiogenic compo-
nents, such as endostatin and PEDF that inhibit regrowth 
of new vessels, and their loss or dysfunction are believed 

conditions and may correspond to angiostatins K1-5 and 
K1-4 respectively. Immunoblotting showed a pronounced 
decrease in angiostatin levels in diabetic retinas. Densi-
tometric analysis of blots represented in Fig. 5b indicates 
marked decline of both angiostatin isoforms, K1-4 and K1-5, 
in diabetic retinas compared to non-diabetic rats (1.35 ± 0.06 
vs. 5.06 ± 0.15 and 1.14 ± 0.06 vs. 2.82 ± 0.31 a.u. respec-
tively, P < 0.05). Concomitant treatment of diabetic rats 
with NAm or 3-AB succeeded to improve angiogenic sta-
tus in retinas by increasing angiostatin release. There was 
significant (P < 0.05) elevation in K1-4 levels in retinas of 
diabetic rats treated with 3-AB (2.64 ± 0.15 a.u.) or NAm 
(3.27 ± 0.08 a.u.). In parallel, K1-5 levels in diabetic retinas 
appeared to be up-regulated in result of NAm or 3-AB treat-
ment (1.96 ± 0.26 and 2.14 ± 0.16 a.u. respectively). Based 
on the data obtained, we affirm that PARP-1 inhibitors at 
the concentrations employed partially restored angiostatin 
levels in retinas of rats with STZ-induced diabetes. Also, we 
emphasized a trend of inverse association between amount 
of GFAP expression and fragmentation, both considered as 
an indicators of reactive gliosis, and angiostatin production 
in retinas of rats with STZ-induced diabetes.

Discussion

The idea of this research was driven by the numerical obser-
vations indicating that sustained angiogenesis is involved 
in the development of proliferative DR, while PARP inhibi-
tors are recognized to be promising therapeutic or preven-
tive options to manage this diabetic complication as they are 
reported to have antiangiogenic potential [21, 28]. The aim 
of this study was to address the question whether inhibition 
of excessive PAPR-1 activity has the ability to ameliorate 
glial reactivity and to improve angiostatin production in 
retina of diabetic rats. We highlight here for the first time 
that PAPR-1 inhibition-mediated beneficial antiangiogenic 
efficacy can be linked with improvement to retinal angio-
suppressing status during hyperglycemia possibly through 
alleviating macroglia reactivity.

Retinal glia (Müller cells, astrocytes and microglia) func-
tions as communicator between neurons and vessels [29]. 
However, several studies revealed that in diabetic retina, 
Müller cells and astrocytes showed opposite reactions that 
points to the differences in their pathophysiological sig-
nificance during diabetes. Rungger-Brändle et al. [30] have 
demonstrated that, at the end of the fourth week of experi-
mental diabetes (STZ 60 mg/kg) in rats, the density of Mül-
ler cells and microglia was significantly increased in retina 
as compared with intact animals, while the number of astro-
cytes were markedly reduced and continued to decline over 
the next few months. Ly et al. [8] demonstrated that slight 
Müller cell gliosis was evident after 4  weeks of diabetes 
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leakage in rats with oxygen-induced and STZ-induced DR. 
In the other study, very promising results on targeted deliv-
ery and transgenic expression of mouse angiostatin K1-4 in 
reducing retinal vascular leakage in an experimental dia-
betic rat model have been reported [19]. Though, we were 
not focused on VEGF expression in the present study, our 
findings are concordant with the prior report [21] indicating 
that PARP inhibition prevents both diabetes- and hypoxia-
induced retinal VEGF formation, thus representing valu-
able strategy to counteract angiogenic disbalance in DR. 
Moreover, our results provide the first evidence that inhi-
bition of PARP-1 activity has more complex outcomes for 
retinal angiogenic balance, influencing not only expression 
of growth factors and cytokines, but also is able to affect 
production of angiostatic substances.

Although PARP-1 is vitally important for maintaining 
the integrity of the genome in eukaryotic cells, its nega-
tive, pro-apoptotic and pro-necrotic effects on cells are also 
implicated in the development of numerous pathological 
conditions [42]. In our research, we tested PARP-inhibiting 
effects of the two different agents, NAm and 3-AB. Results 
obtained are in line with our previously published data indi-
cating that PARP inhibition counteracts multiple manifes-
tations of peripheral neuropathy and renal hypertrophy in 
diabetic mice [43]. Effects of the natural PARP antagonist, 
NAm, appeared to be more profound in comparison with 
those of 3-AB. Unlike 3-AB, NAm is able to exert benefi-
cial effects in diabetic state through pleiotropic mechanisms, 
which are beyond direct PARP-1 inhibition. NAm is known 
to serve essential functions through complex effects of the 
correspondent vitamin or its metabolites [44], including 
reduction of neuronal ROS production, Ca2+ influx, apop-
tosis and cell injury [45]. With regard to our research, NAm 
could normalize retinal NAD+, improve mitochondrial 
functions, attenuate retinal cell death and thereby restore 
normal function of retina [46, 47]. Moreover, anti-diabetic 
efficacy of NAm may also be associated with formation and 
better availability of 1-methylnicotinamide, the endogenous 
product of NAm methylation, due to its ability to attenuate 
deleterious effects of diabetes in the CNS as described else-
where [48]. 3-AB is the first generation PARP-1 synthetic 
inhibitor with absence of unwanted side effects. However, 
3-AB has been found to suppress N-methyl-N-nitrosourea-
induced retinal damage and completely rescue photorecep-
tor cell apoptosis via preservation of NF-kappaB activity 
in rats [49]. It should be noted that other processes than 
those examined in our study might be affected by 3-AB and 
NAm, and above all, their antioxidant activities cannot be 
neglected [50].

There are some limitations to this study, which outline 
the directions of future research. Cautions must be used 
in extrapolating results of this animal model on humans. 
Although the present work has yielded some promising 

to contribute to microvascular abnormalities [34]. Under 
pathological conditions, reactive Müller cells acquire pro-
angiogenic phenotype that is thought to be a compensatory 
response on ischemic/hypoxic conditions [10]. However, 
surplus endothelium activation can give rise to abnormal 
retinal neovascularization that, in turn, leads to fibrous 
scar formation and culminates in retinal detachment. In 
such instance, we propose that it may be possible to restore 
pool of angiogenesis inhibiting molecules by ceasing glial 
reactivity in diabetic retinas. To evaluate effects of NAm 
and 3-AB on anti-angiogenic status in retinas of diabetic 
rats, we measured levels of angiostatin proteins, which are 
known to be potent anti-angiogenic factors that can inhibit 
endothelial cell proliferation and migration. Angiostatins 
are plasminogen-derived fragments of plasminogen best 
known for its role in fibrinolytic system. Angiostatins com-
prise plasminogen kringles 1–5, 1–4, 1–3, 2–3, as well as 
individual kringles. Originally known as tumor angiogen-
esis inhibitors [35], angiostatins are already considered to 
be important participants in controlling vascular homeosta-
sis in the eye and play an important role in various diabetic 
complications as reviewed by [36]. It has been found that 
increased angiostatin production accompanied by VEGF 
down-regulation might take place during retinal scatter 
photocoagulation in proliferative DR [16, 19]. The authors 
therefore stated that intraocular formation of angiostatins 
is not permanent but seems to be inducible. In contrary, in 
other study, angiostatin (50 kDa isoform) has been shown to 
be normally localized in the nerve fiber layer, ganglion cell 
layer, inner and outer plexiform layers, and the photorecep-
tor layer of the cat, cow, dog and rat, while horse and pig 
retinas showed additional staining in the matrix of the inner 
nuclear layer [37]. Thus, the results of our study support the 
latter observations that angiostatins are constitutively pro-
duced angiogenesis inhibitors in normal retina, which may 
contribute to the anti-angiogenic environment in the healthy 
mammal eye. So far, the population of retinal cells respon-
sible for angiostatin generation is unknown and at present, 
this issue is under our investigation.

Another important finding of the present study is that 
angiostatin-like plasminogen fragments, comprising all 
five kringle domains of plasminogen, are formed in retina. 
There is currently no information available on the produc-
tion of endogenous K1-5 in retina. It is of interest that, of 
all plasminogen-derived fragments, angiostatins containing 
K5 possess the strongest inhibitory activity toward endo-
theliocyte proliferation and thus might play peculiar role in 
regulation of retinal neovascularization [38]. Growing evi-
dence indicates that K5 itself exerts potent anti-angiogenic 
activity in retina and has its own receptor, though poorly 
characterized [39, 40]. Sima et al. [41] have reported that a 
single intravitreous injection of K1-4 (7.5 μg per eye) signif-
icantly decreased VEGF levels and reduced retinal vascular 
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