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Abstract. The aim of the present study was to investigate 
the effect of intravitreal injection of ranibizumab on retinal 
ganglion cells and microvessels at the early stage of diabetic 
retinopathy (DR) in rats with streptozotocin‑induced diabetes 
mellitus (DM). DM was induced by a single intraperitoneal 
injection of 60 mg/kg body weight streptozotocin. A total 
of 80 diabetic rats were randomly assigned to four treat-
ment groups (n=20 in each group) and were treated with an 
oculus dexter intravitreal injection of ranibizumab. Groups A 
and B were injected with ranibizumab two and four weeks after 
DM‑induction, respectively, while groups a and b (controls) 
were injected with phosphate‑buffered saline at the same time 
points. In addition, 20 normal rats were assigned to group N 
(blank control; without intraocular injection). Vitreous humors 
were isolated for vascular endothelial growth factor (VEGF)‑A 
ELISA and retinas were obtained for hematoxylin and eosin 
staining, periodic acid‑Schiff staining and fluorescence 
imaging techniques at six and eight weeks after the onset of 
DM. At six and eight weeks, a significantly increased in retinal 
ganglion cells (RGCs) was observed in group A compared 
with group a (P<0.01), and in group B compared with group 
b (P<0.01). In addition, there was a significant difference in 
the RGC level between groups A and B at six weeks after DM 
induction (P<0.01), but not at eight weeks (P>0.05). VEGF‑A 
concentrations in rat vitreous humors were significantly lower 
in groups A and B compared with groups a and b at six and 
eight weeks after DM induction (P<0.01). Furthermore, the 
ratio of endotheliocytes to pericytes in groups A and B was 

significantly lower compared with groups a and b at six and 
eight weeks (P<0.05). Furthermore, it was also demonstrated 
that type IV collagen‑positive strands were not present in 
group A during the eight‑week observation period, which 
was significantly different from groups a, b and B (P<0.01). 
In conclusion, intravitreal injection of ranibizumab at a very 
early stage of DR in streptozotocin‑induced DM rats slowed 
the progression of DR by reducing vascular regression or 
damage and maintaining RGC numbers, as well as reducing 
VEGF‑A concentrations.

Introduction

Diabetic retinopathy (DR) is a chronic, progressive, 
vision‑threatening disease of the retinal microvasculature, and 
is one of the predominant factors contributing to blindness, 
particularly in the working‑age population (1‑3) Currently, DR 
affects ~150 million people worldwide, and the World Health 
Organization has estimated that this number will double by 
the year 2025 (4).

The main function of vascular endothelial growth factor 
(VEGF)‑A is to regulate vascular permeability; however, it 
also has important roles in angiogenesis, vasculogenesis and 
endothelial cell growth under normal and pathological condi-
tions (5). Pharmacological inhibition of VEGF‑A has been 
demonstrated to be effective at preventing angiogenesis and 
vascular leakage associated with various eye diseases  (6). 
Since the early stages of DR are asymptomatic, any loss of 
vision cannot be restored. Laser photocoagulation is effective 
at slowing down the progression of DR but not at restoring 
lost vision (7). Furthermore, overall control of blood glucose 
levels can slow the progression of DR and significantly reduce 
the risk of DR progression, but fails to prevent or reverse the 
clinical symptoms of diabetic retinopathy (7,8).

Ranibizumab is a recombinant humanized antibody 
antigen‑binding fragment that neutralizes all known active 
forms of VEGF‑A (9). The tolerability, safety and efficacy 
of ranibizumab regarding the treatment of diabetic macular 
edema and age‑related macular degeneration have been 
confirmed (9‑14). However, once retinal neovascularization 
has occurred, the majority of the damage is irreversible (15). 
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Therefore, it is more important to prevent retinal neovascu-
larization from developing at the pre‑angiogenic stage than to 
cure it in the post‑angiogenic stage (15).

Furthermore, while it is understood that VEGF‑ 
overexpression in retinal tissue promotes the development of 
DR, it is unclear whether reducing VEGF concentrations in 
the early stages of DR through the early administration of 
ranibizumab will delay or prevent its progression. Therefore, 
the aim of the present study was to investigate the effect of 
an intravitreal injection of ranibizumab on retinal ganglion 
cells (RGCs) and microvessels in the early stages of DR in rats 
with streptozotocin (STZ)‑induced diabetes mellitus (DM), 
in order to determine whether ranibizumab may delay the 
progression of DR.

Materials and methods

Ethics statement. All experiments were conducted in accor-
dance with the legislation of the Experimental Animal Ethical 
Committee for Traditional Chinese Medicine (Nanchang, 
China).

Animals. A total of 100 8‑week‑old male Sprague‑Dawley rats 
(weight, 220±20 g) were purchased from the Animal Center of 
Nanchang University (Nanchang, China). Rats were maintained 
under a controlled temperature (23±2˚C), humidity (50%) and 
lighting (12‑h light/dark cycle) conditions, and had ad libitum 
access to sterilized standard laboratory chow and water. Rats 
were treated in accordance with principles of animal ethics 
and were anesthetized with an intraperitoneal injection of 
pentobarbital (40 mg/kg body weight; Sigma‑Aldrich; Merck 
kGaA, Darmstadt, Germany) for the subsequent experiments.

Diabetes induction and experimental groups. DM was induced 
by a single intraperitoneal injection of 60 mg/kg body weight 
STZ (Sigma‑Aldrich; Merck kGaA). Rats with blood glucose 
levels ≥13.9 mmol/l (250 mg/dl) 24 h after STZ injection were 
classified as diabetic. A total of 80 diabetic rats were randomly 
assigned to one of four treatment groups (n=20/group): Groups 
A and B were oculus dexter‑injected with 1 µl ranibizumab 
(Novartis, Zurich, Switzerland) (16) at two and four weeks after 
DM‑induction, respectively, while groups a and b (controls) were 
injected with 1 µl sterile phosphate‑buffered saline (PBS) at the 
same time points. An additional 20 normal rats were assigned to 
group N (blank control; without intraocular injection).

Intraocular ranibizumab administration. Rats received an 
oculus dexter intravitreal injection of 1 µl ranibizumab under 
anesthesia. Once the corneal reflex was abolished, ranibizumab 
was injected into the center of the vitreous humor, 0.5‑mm 
posterior to the limbus, using a 5‑µl microsyringe (Hamilton, 
Bonaduz, Switzerland). Injections of 1 µl sterile PBS were 
administered to groups a and b. Eyes with evidence of injury 
to the lens or retina were excluded from the analysis.

Experimental samples. In order to label all blood‑circulating 
vessels, an intravascular perfusion of fluorescent tomato 
(Lycopersicon esculentum) lectin was used (17). Anesthetized 
rats were intravenously injected with 500 µl fluorescein isothio-
cyanate‑conjugated tomato lectin (1 mg/ml; Sigma‑Aldrich; 

Merck kGaA). Tomato lectin binds uniformly to the luminal 
surface of endothelial cells (18) and labels all blood vessels 
with an adequate blood supply. At 10 min after injection, rats 
were first perfused with stroke‑physiological saline solution 
for 10 min and subsequently, continuously perfused with 4% 
paraformaldehyde in PBS through the left ventricle at pres-
sures of 80‑120 mmHg for 5‑10 min under anesthesia. The 
vitreous humor and retina were isolated from the eye under an 
x2.5 anatomic microscope. The vitreous humor was isolated 
for ELISA and the retina for hematoxylin and eosin (H&E) 
staining, periodic acid‑Schiff (PAS) staining and fluorescence 
imaging techniques at six and eight weeks subsequent to 
induction of DM.

Estimation of VEGF‑A in vitreous humor. Isolated vitreous 
humor was homogenized in 150 µl sterile PBS after being 
frozen at ‑80˚C for 5 min. Levels of VEGF‑A protein in the 
vitreous homogenates were estimated using a rat VEGF‑A 
ELISA kit capable of detecting both VEGF‑A isoforms 
(RayBiotech Inc., Norcross, GA, USA), according to the manu-
facturer's instructions. The antibodies in the kit have >95% 
cross‑reactivity with rat VEGF‑A.

H&E‑stained retinal preparations. One‑third of the retinal 
tissues were isolated from normal and diabetic rats, and fixed 
in 4% paraformaldehyde solution at 20˚C for 2 h. Samples 
were subsequently sectioned (5 µm), stained with H&E and 
examined under a light microscope (magnification, x400; 
Zeiss AG, Oberkochen, Germany) to determine the number of 
RGCs present in the sample.

PAS‑stained retinal preparations. One‑third of retinal tissues 
were isolated from each group and fixed in 4% paraformal-
dehyde solution for at 20˚C 24 h. Samples were subsequently 
placed into trypsin fluid for 40 min at 37˚C, stained with 
PAS and examined under a light microscope (magnification, 
x400; Zeiss AG) to calculate the ratio of endotheliocytes to 
pericytes (E/P).

Fluorescence imaging techniques for flat retinal prepara‑
tions. Retinal flat‑mounts were processed to visualize the 
vascular basement membrane by immersing them in marker 
solutions. Prior to immersion staining, the retinal flat‑mounts 
were incubated for 30 min at room temperature in 5% normal 
bovine serum in PBS containing 0.5% Triton‑X‑100 (0.5% 
T‑PBS) as a blocking agent. Subsequently, the flat‑mounts 
were immersed overnight at room temperature in a marker 
solution containing rabbit polyclonal anti‑type IV collagen 
antibody solution (1:300; ab19808; Abcam, Cambridge, UK) 
for basement membrane  (19). Fluorescent goat anti‑rabbit 
immunoglobulin (Ig) G (1:45; BA1105; Wuhan Boster 
Biological Technology, Ltd., Wuhan, China) was used as a 
secondary antibody. Subsequent to secondary incubation at 
20˚C for 5 min, the retinal flat‑mounts were washed three times 
in 0.5% T‑PBS, placed into DAPI for 5 min and washed an 
additional three times in 0.5% T‑PBS. The retinal flat‑mounts 
were then mounted on a Vectashield (Wuhan Boster Biological 
Technology, Ltd.) and analyzed using a Zeiss LSM 710 
confocal laser scanning microscope to determine the number 
of type‑IV collagen strands.
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Image processing and statistical analysis. Images were 
processed using Image‑Pro Plus 6.0 (Media Cybernetics Inc., 
Rockville, MD, USA) and statistical analyses were performed 
using SPSS version 19.0 (IBM SPSS, Armonk, NY, USA). 
The five groups (A, B, a, b and N) were compared during the 
same experimental week using one‑way analysis of variance 
and an independent‑samples t‑test. All data are expressed as 
mean ± standard error. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Metabolic condition of rats. Blood glucose levels and body 
weights were measured in each group at various time points 
(Fig. 1). Significant differences in blood glucose levels were 
observed between diabetic and normal rats as early as 24 h 
subsequent to STZ‑administration (P<0.01). However, there 
were no significant differences in blood glucose levels or 
body weights among the diabetic rats at two days, three days, 
six weeks or eight weeks after STZ‑injection (P>0.05). There 
were no significant differences in body weight between 
diabetic and normal rats three days after induction of DM 
(P>0.05); however, there were significant differences six and 
eight weeks after induction (P<0.01).

Retinal H&E staining. Morphological changes in the nerve 
fiber layer and the outer nuclear layer were assessed six and 
eight weeks subsequent to the onset of DM, and the number 
of RGCs was counted (Fig. 2). The number of RGCs and 
the retinal structure in group N at six and eight weeks after 
experiment initiation are presented in Fig. 2. Compared with 
group N (28.87±0.92), significant differences in RGC numbers 
were observed in group A (20.73±0.96), group B (19.53±0.99), 
group a (10.60±0.83) and group b (11.53±0.99) six weeks 
after the onset of DM (all P<0.01); however, the number of 
RGCs significantly decreased between six and eight weeks 
in groups a and b (both P<0.01). Groups A and B, however, 
exhibited no difference in the number of RGCs at eight 
weeks (19.80±1.01 and 19.47±0.99, respectively) compared 
with at six weeks (both P>0.05). At six and eight weeks, 
the number of RGCs in groups A and B was significantly 
different from that in groups a and b (P<0.01). Furthermore, 
a significant difference was observed in the number of RGCs 
between groups A and B after six weeks (P<0.05); however, 
a significant difference was not observed after eight weeks 
(P>0.05). There was no significant difference in the number 
of RGCs in groups a and b at six or eight weeks (P>0.05).

New vessels were observed in the retinas of groups a and b 
at the junction between the RGC layer and the inner plexiform 
layer, and the junction between the inner nuclear layer and 
the outer plexiform layer, at both six and eight weeks (Fig. 2). 
The number of neuronal cells in the inner and outer nuclear 
layers of the retina did not significantly differ in any of the five 
groups between six and eight weeks.

Retinal PAS staining. In the diabetes groups, the nuclei of 
endotheliocytes were oval and the dye was pale, while the 
nuclei of pericytes were circular and the dye was darker in 
color compared to the endotheliocytes (Fig. 3A‑D). No abnor-
malities were observed in PAS‑stained retinal vessels from 

group N (Fig. 3E). Compared with group N (2.65±0.06), the 
E/P ratio was significantly increased in groups a (3.78±0.09), 
b (3.76±0.03) and B (3.67±0.08; all P<0.01) six weeks 
subsequent to induction of DM, however, the same was not 
observed in group A (2.64±0.04; P>0.05; Fig. 3F). The E/P 
ratio in group A was significantly lower than that in groups a, 
b and B at six weeks, and was significantly different between 
group B and groups a and b (P<0.05). Significant differences 
were observed between groups N (2.66±0.05), a (3.97±0.06), 
b (4.00±0.07) and A (3.14±0.12) at eight weeks (all P<0.01); 
however, there was no significant difference between groups 
N and B (2.67±0.04; P>0.05), in which the E/P ratio signifi-
cantly declined compared with the other diabetes groups (all 
P<0.01; Fig. 3F). Furthermore, a significant difference was 
exhibited between group A and groups a and b at eight weeks 
(both P<0.01). Acellular capillaries were observed in groups a 
and b at eight weeks, but not six weeks, after the induction of 
DM (Fig. 3).

Estimation of VEGF‑A in vitreous humor. A rat VEGF‑A 
ELISA kit was utilized to detect the concentration of 
VEGF‑A in rat vitreous humor. Six weeks subsequent to 
DM induction, the VEGF‑A concentrations in groups N, A, 
B, a and b were 9.67±0.90, 10.10±0.52, 9.44±1.27, 17.62±4.43 
and 17.73±3.70 pg/ml, respectively (Fig. 4). A significantly 
lower VEGF‑A concentration was observed in groups A 
and B at six weeks compared with groups a and b (both 
P<0.01); however, no significant difference was exhibited 
in groups A or B compared with group N (both P>0.05). At 
eight weeks, the VEGF‑A concentration in groups N, A, B, 
a and b was 9.51±0.81, 14.33±0.79, 10.24±0.51, 19.50±4.15 
and 20.06±4.19 pg/ml, respectively. The VEGF‑A concentra-
tion in group A was significantly higher compared with that 
of groups N or B at eight weeks (both P<0.01); however, it 
was significantly lower compared with that of groups a and 
b (P<0.05). No significant difference was exhibited between 
groups B and N (P>0.05); however, these groups had signifi-
cantly lower VEGF‑A concentrations compared with groups 
a and b at eight weeks (all P<0.01).

Immunohistochemical verification of retinal vascular changes. 
Using the retinal flat‑mounts stained with intravenously‑injected 
tomato lectin and type IV collagen antibody, it was observed 
that a significantly increased number of vessels in groups 
a and b were bridged with type IV collagen‑positive strands 
(type IV+) compared with group N, where there were no type 
IV collagen‑positive strands detected (P<0.01; Fig. 5). Vascular 
permeability (thin arrows, Fig. 5) was observed in the diabetic 
retinas of these rats six weeks after STZ administration, 
compared with no such permeability in group N. Furthermore, 
no significant difference was observed between the number 
of type IV+ strands at both six and eight weeks (P>0.05), and 
vascular permeability increased in groups a and b at eight weeks 
after DM induction, when vascular buds were observed (thick 
arrows, Fig. 5A‑D). The number of type IV+ strands in groups 
a, b and B were 14.73±1.03, 14.80±0.94 and 6.87±0.99, respec-
tively, at six weeks, compared with 14.33±0.98, 15.67±0.90 and 
2.20±0.77, respectively, at eight weeks (Fig. 5F).

Only the rats in groups a and b exhibited a significant 
increase in the number of type IV+ acellular strands in 
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the peripheral retinas, compared with groups A, B and N. 
Type IV+ strands, vascular buds, and vascular permeability 
were not observed in group A rats at six or eight weeks after 

DM induction. In addition, the number of type IV+ strands in 
group B significantly decreased between six and eight weeks 
(Fig. 5), and group B rats exhibited significantly fewer type IV+ 

Figure 1. (A) Body weights and (B) blood glucose levels of the animals used in the present study. Values are presented as the mean ± standard error of the mean. 
*P<0.01 for all diabetes groups vs. group N at six and eight weeks; #P<0.01 for all diabetes groups vs. group N at all time points.

Figure 2. Hematoxylin and eosin staining of retinal tissues in normal and diabetes mellitus rats (magnification, x400). RGCs were counted and neovasculariza-
tion was observed in diabetic rats from group a at (A, upper) six and (A, lower) eight weeks; from group A at (B, upper) six and (B, lower) eight weeks; from 
group b at (C, upper) six and (C, lower) eight weeks; from group B at (D, upper) six and (D, lower) eight weeks; and normal rats at (E, upper) six and (E, lower) 
eight weeks. (F) Number of RGCs from each group at six and eight weeks after diabetes induction. **P<0.01 vs. N group at six weeks; ##P<0.01 vs. the same 
group at six weeks; $P<0.01 vs. groups a and b at six weeks; $$P<0.01 vs. groups a and b at eight weeks; £P<0.05 vs. group B at six weeks. White arrows indicate 
new vessels. RGCs, retinal ganglion cells; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer 
plexiform layer.
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strands compared with those in groups a and b at both six and 
eight weeks (all P<0.01). No vascular permeability or vascular 
buds were observed in group B.

Discussion

DR is one of the most common and severe microvascular 
complications of diabetes, resulting in blindness in middle 
age. The most common treatments for DR include retinal 
laser photocoagulation, intravitreal injection of triamcinolone 
acetonide or ranibizumab and vitrectomy  (20). These can 
rescue some retinal function, however, they do not improve 
visual acuity. The damage caused by DR is irreversible and the 
risks of vision loss and blindness are high; therefore, preven-
tion is more important than treatment.

In the present study, the numbers of retinal RGCs were 
considerably decreased at both six and eight weeks following 
the development of STZ‑induced DM in rats. This finding may 

be an extension of existing research. RGCs are a major compo-
nent of the optic nerves and their loss can result in degenerative 
retinal diseases, including DR and glaucoma, and RGC injury 
severely impairs vision and can even result in blindness (21). 
Previous work has demonstrated that increased RGC apoptosis 
occurs as early as four weeks after the onset of DM. This early 
neuronal dysfunction may result in cell loss (22,23). In the 
present study, the early decrease in RGC function was the only 
neuronal deficit observed at four weeks, and this is consis-
tent with previous reports showing that other deficits occur 
later (24,25) In addition, RGC numbers have previously been 
found to be reduced from six weeks (26,27), whereas thinning 
of the inner and outer nuclear layers has been observed only 
after ten weeks of hyperglycemia (27). Although the molecular 
mechanisms responsible for the development of other structural 
abnormalities or decreased cells are not yet fully understood, 
it has been hypothesized that inflammation, oxidative stress or 
exposure to advanced glycation end‑products may contribute 

Figure 3. Periodic acid‑Schiff staining of retinal tissues in normal and diabetes mellitus rats to observe changes in the ratio of endotheliocytes to pericytes and 
whether there were acellular capillaries (magnification, x400). Diabetic rats from group a at (A) six and (B) eight weeks; from group A at (C) six and (D) eight 
weeks; from group b at (E) six and (F) eight weeks; from group B at (G) six and (H) eight weeks; and from normal rats at (I) six and (J) eight weeks. (K) The 
ratio of endotheliocytes to pericytes at six and eight weeks after diabetes induction. White arrows indicate acellular capillaries. Bars indicate 95% confidence 
intervals. **P<0.01 vs. groups N and A at six weeks and ##P<0.01 vs. groups N and B at eight weeks. E/P, respectively, ratio of endotheliocytes to pericytes.
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to retinal pathologies, including RGC loss (27). Various detri-
mental factors, including hypoxia, excitotoxicity and oxidative 
stress, induce RGC apoptosis  (28,29); therefore, oxidative 
stress in the progression of DR may directly damage RGCs 
and induce cell apoptosis (30).

In the present study, rats with STZ‑induced diabetes that 
were not treated with ranibizumab (groups a and b) exhibited 
decreased pericyte numbers in the microvasculature and an 
increased E/P ratio. The histopathological findings of DR 
are thickening of the capillary basement membrane, loss of 
pericytes and the development of acellular and occluded 
capillaries (31). DR is also recognized as a microangiopathy 
associated with DM, characterized by the breakdown of the 
blood‑retinal barrier (31). The loss of pericytes in the retinal 
microvasculature was observed in early studies of patients 
with diabetes (32); however, the mechanism responsible for 
this loss of pericytes in the early stages of DR is unclear. Using 
immunohistochemical staining, researchers have reported that 
pericytes in the retinal capillaries contain aldose reductase, 
indicating that the mechanism for loss of pericytes may be 
related to the sorbitol pathway (33). However, other researchers 
have not demonstrated the same results. Two research groups 
observed no immune activity of aldose reductase in rat and dog 
retinal microvasculature (34,35). Furthermore, one study indi-
cated that hyperglycemia or galactosemia result in abnormal 
secretion or function of the B chain of platelet‑derived growth 
factor‑B, which may selectively affect the activity of pericytes 
and lead to their apoptosis (36). The loss of pericytes in the 
microvasculature would result in an increased E/P ratio.

Notably, in the present study, histopathology demonstrated 
that in untreated rats with STZ‑induced diabetes (groups a and b), 
new vessels appeared in the retina at the junctions between 
the RGC layer and the inner plexiform layer, and between 
the inner nuclear layer and the outer plexiform layer at six 
and eight weeks, respectively, subsequent to DM induction. 
Moreover, the present study demonstrated that many vessels 
were bridged by type IV+ collagen strands in the untreated rats, 
and that vascular permeability was observed by week six of 
the experiment. At eight weeks after DM induction, in groups 
a and b, the number of type IV+ strands decreased, vascular 
permeability increased and vascular buds were observed. This 
may represent a hallmark of angiogenesis, which would result 
in retinal neovascularization in DR. Currently, VEGF‑A, a 
diffusible cytokine that promotes angiogenesis and vascular 
permeability, has been implicated as an important factor 
promoting neovascularization  (14,37). Previous studies have 
reported that VEGF expression was higher in diabetic rats than 
in normal rats at eight days (38), and reached a peak that was 
significantly higher in the diabetic rats compared with normal 
rats at four weeks (19,39). In addition, the overproduction of 
VEGF is associated with altered angiogenesis and increases 
in the permeability of retinal capillaries, resulting in retinal 
dysfunction (40‑42). According to these studies, the presence 
of new vessels and vascular buds may be inevitable, and the 
increasing vascular permeability appears to be a natural 
development of the disease process. One study reported that 
one of the earliest morphological changes exhibited in the 
retinal vasculature after DM induction was an increase in 
the number of lectin‑negative and type IV+ collagen strands 
containing no cellular elements and lacking any signs of 

endothelial proliferation as early as one and four weeks 
subsequent to STZ administration (19). The type IV+ strands 
suggest a possible association between vascular regression 
and the very early stages of DM, as reported in a study by 
Zhang et al (43). Inai et al (44) demonstrated that vascular 
regression may also represent structurally collapsed or hollow 
vessels with no blood flow, resulting in structures called 
‘vascular ghosts’. Furthermore, during vessel regression, 
type IV collagen may be able to persist as a remnant among 
vascular basement membrane components. The basement 
membrane is an essential part of the blood‑retinal barrier. It 
appears that DM induces the regression of endothelial cells, 
and that only the basement membrane remains in situ, resulting 
in changes to these regressing vessels.

In the present study, diabetic rats treated with ranibizumab 
at either two or four weeks subsequent to DM induction 
(groups A and B, respectively) exhibited significant decreases 
in the number of type IV+ acellular strands in the peripheral 
retina and in the E/P ratio at six and eight weeks, with levels 
decreasing to similar levels to those in non‑diabetic control 
rats. In addition, no new vessels, vascular permeability or 
vascular buds were observed in the ranibizumab‑treated rats, 
and the decreases in RGC levels and VEGF‑A concentrations 
in the vitreous humor were lower than in diabetic rats 
administered PBS at six and eight weeks. Intravitreal injection 
of ranibizumab was more effective in rats treated at two weeks 
than those treated at four weeks. These findings suggest that 
intravitreal injection of ranibizumab may protect against 
vascular damage/regression, RGC loss and angiogenesis, and 
that it may be more efficacious when administered at two 
weeks rather than four weeks.

It is widely understood that VEGF has a pivotal role in 
the growth of abnormal blood vessels, resulting in abnormal 

Figure 4. Concentration of VEGF‑A in vitreous humor at six and eight weeks 
after diabetes induction. Filled bars indicate ranges. Horizontal lines indi-
cate standard errors. Vertical lines indicate confidence intervals. **P<0.01 
vs. groups N, A and B at six weeks; ##P<0.01 vs. groups N and B at eight 
weeks; $$P>0.05 vs. groups A, N and B at eight weeks. VEGF‑A, vascular 
endothelial growth factor‑A.
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hyperplasia of retinal neovascularization (45‑47); therefore, 
the timely inhibition of VEGF may halt disease progres-
sion (48). In addition, prospective randomized clinical trials 
have demonstrated that VEGF inhibitors are effective at 
treating retinal vascular diseases (49,50). Ranibizumab can 
bind and neutralize VEGF, particularly VEGF‑A, with high 
affinity  (7). In the present study, an intravitreal injection 
of ranibizumab at two and four weeks subsequent to DM 
induction in rats resulted in downregulation of VEGF. DM 
upregulates various proinflammatory mediators (including 
intercellular adhesion molecule‑1, VEGF, nuclear factor‑κB, 
inducible nitric oxide synthase and transforming growth 
factor‑β) in the retina, and localized inflammatory processes 
have a role in the development of DR  (51,52). Increasing 
evidence suggests that the involvement of inflammatory 
processes, including cytokine upregulation and leukocyte 
infiltration, have resulted in DR being classified as an inflam-
matory disease (53). An inflammatory response and leukocyte 
recruitment could be considered important components of 
retinal neuronal death (54,55).

Moreover, type IV+ acellular strands have been reported 
in the retinal vasculature of Sprague‑Dawley rats shortly 
(one week) after treatment with high concentrations of 
N‑methyl‑D‑aspartate (NMDA)  (56). Type IV+ acellular 
strands may have arisen as a result of vessel regression caused 
by an NMDA signaling disorder, and neuronal cells may have 
a role in maintaining the normal structure and function of 
the vasculature in the retina through the production/release of 
growth factors and trophic factors for vascular cells (56), such 
as RGC expression of VEGF (57). VEGF has been demon-
strated to have a key function in retinal development and the 
survival of retinal neurons following ischemia/reperfusion 
injury (58). However, overproduction of VEGF may alter the 
pro‑survival signaling pathway of VEGF in retinal endothe-
lial cells, as well as affect the survival of neuronal cells (59). 
In the present study, ranibizumab specifically bound to and 
neutralized VEGF, which may have contributed to preventing 
angiogenesis and the permeability of the retinal capillary, 
and also may have balanced the VEGF level in the vitreous 
humor. Therefore, new vessels and vascular buds were not 

Figure 5. Immunohistochemical imaging of retinal tissues in normal rats to count the number of type IV collagen‑positive strands and to observe vascular 
permeability and vascular buds (magnification, x100). Diabetic rats from group a at (A, upper) six and (A, lower) eight weeks; from group A at (B, upper) 
six and (B, lower) eight weeks; from group b at (C, upper) six and (C, lower) eight weeks; from group B at (D, upper) six and (D, lower) eight weeks; and 
from normal rats at (E, upper) six and at (E, lower) eight weeks. (F) Number of type IV collagen‑positive strands at six and eight weeks after the induction 
of diabetes. The number of type IV collagen‑positive strands in groups N and A was zero, therefore they show as blank in the graph. Arrowheads indicate 
type IV collagen‑positive strands. Thin arrows indicate vascular permeability. Thick arrows indicate vascular buds. Filled bars indicate ranges. Horizontal 
lines indicate standard error. Vertical lines indicate confidence intervals. *P<0.01 vs. same group at six weeks.
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formed, and the migration of various proinflammatory media-
tors or inflammatory factors, produced by the inflammatory 
response, and leukocyte recruitment may have been markedly 
decreased.

The number of RGCs in the ranibizumab‑treated groups 
of the present study improved, unlike in the untreated 
groups that exhibited a continuous decrease in the number 
of RGCs after the induction of DM. As neuronal cells, such 
as the RGCs present in the inner retina, function to maintain 
the vascular structure via expression of VEGF in the rat 
retina (60), the increased number of RGSs after ranibizumab 
treatment may account for the absence of type IV+ acellular 
strands in group A, and may have resulted in the degrada-
tion of type IV+ acellular strands in group B. Intravitreal 
injection of ranibizumab two weeks after induction of DM 
may balance the concentration of VEGF‑A in the vitreous 
humor, which may prevent retinal vascular injury caused by 
VEGF‑A, maintain the E/P ratio and reduce the apoptosis 
of RGCs and, thereby, help to delay the progression of DR. 
In the present study, the retinal vessels were damaged and 
the number of RGCs decreased four weeks after the onset of 
DM; therefore, the intravitreal injection of ranibizumab four 
weeks after DM induction downregulated VEGF‑A and also 
limited any further damage caused by its overexpression, 
which would delay the progression of DR. This suggests that 
ranibizumab may be more effective when given two weeks 
after DM induction, rather than at four weeks, by limiting the 
damage caused by VEGF‑A as early as possible. However, 
the development of DR is a complicated process that is 
influenced by multiple factors and further investigation may 
provide novel insights into treatments for this disease at its 
early stage.

In conclusion, it has been demonstrated that a single 
intravitreal injection of ranibizumab at a very early stage of 
DR in rats with STZ‑induced DM slowed the progression of 
DR by reducing vascular regression/damage and maintaining 
RGC numbers. Furthermore, ranibizumab appears to be more 
effective when injected at two weeks post‑DM induction, 
compared with four weeks. The results of the present study 
suggest that further investigation into protection against DR 
progression through the use of anti‑VEGF drugs at an early 
stage is required.
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