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in spontaneously diabetic Torii fatty rats
Kazuho Inoue1, Shohei Yamada2, Seiko Hoshino1, Minoru Watanabe3, Kenjiro Kimura4 and 
Atsuko Kamijo‑Ikemori1,2,3* 

Abstract 

Background: This study aims to investigate the effect of the glucagon‑like peptide‑1 (GLP‑1) receptor agonist (GLP‑
1RA) liraglutide on retinal pathological findings as compared with insulin and hydralazine using an animal model of 
type 2 diabetes with obesity, hypertension, and hyperlipidemia.

Methods: Male spontaneously diabetic Torii (SDT) fatty rats at 8 weeks of age were randomly assigned to three 
groups: the liraglutide group (SDT‑lira, n = 6) received a subcutaneous injection of liraglutide from the age of 8 to 
16 weeks, the SDT‑ins‑hyd group (n = 6) was provided both insulin against hyperglycemia and hydralazine against 
hypertension to match levels of both blood glucose and blood pressure to those of the liraglutide group, and the 
control group of SDT fatty rats (SDT‑vehicle, n = 7) and a nondiabetic control group of Sprague–Dawley rats (SD, n = 7) 
were injected with vehicle only. Both eyeballs of all groups were collected at the age of 16 weeks.

Results: Retinal thickness, which was found in the SDT‑vehicle group, was significantly prevented to similar levels 
in both the SDT‑lira and SDT‑ins‑hyd groups. Immunohistological analysis revealed that GLP‑1 receptor was not 
expressed in the retina of all rats. The ocular protein expression of monocyte chemoattractant protein‑1, which 
causes a proinflammatory situation, was significantly upregulated in all SDT fatty rats as compared to SD rats, but the 
expression levels were similar between all SDT fatty rats. With regard to neovascularization in the eyes, there were no 
significant differences in protein expressions of vascular endothelial growth factor, CD31, or endothelial nitric oxide 
synthase in all rats.

Conclusions: The present study indicates that liraglutide prevents retinal thickening, dependent on blood glucose 
and blood pressure levels in SDT fatty rats without ocular neovascularization. However, the effects did not improve 
the ocular proinflammatory state.
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Background
Diabetic retinopathy (DR) has been reported as occur-
ring in roughly one-third of patients with type 2 diabetes 
[1]. Patients with type 2 diabetes have various metabolic 

abnormalities such as hypertension, obesity, and hyper-
lipidemia, and their disorders are risk factors for the 
onset and progression of DR. Therefore, appropriate 
interventions against these disorders beginning in the 
early phase of type 2 diabetes are indispensable for pre-
venting eyesight loss due to DR [2, 3].

Glucagon-like peptide 1 (GLP-1), which is secreted 
from L cells in the intestine after a meal, binds to GLP-1 
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receptor (GLP-1R) expressed in the pancreas and induces 
insulin secretion, resulting in improvement of blood glu-
cose control. Therefore, GLP-1R agonist (GLP-1RA) is 
used in patients with type 2 diabetes as an antidiabetic 
agent. Furthermore, in addition to the pancreas, GLP-
1R is expressed in the other organs [4], and GLP-1R is 
expected to exert pleiotropic effects for organ protections 
from injury due to diabetes via improvement of various 
metabolic disorders or activation of another molecular 
pathways [5].

Recently, some experimental studies have indicated 
beneficial effects of GLP-1RA against DR in animal mod-
els of type 2 diabetes [6, 7]. GLP-1RA may have neuro-
protective and vascular-protective actions, resulting in 
the prevention of progression to advanced DR [8]. In con-
trast, large clinical cohort studies have reported the pos-
sibility that GLP-1RA is related to the progression of DR 
or the onset of DR [9]. On the other hand, a recent meta-
analysis and another clinical study did not show that 
GLP-1RA contributed to DR aggravation [10, 11]; thus, 
the influence of GLP-1RA on DR is uncertain in type 2 
diabetes. Because the progression of DR may depend on 
various metabolic disorders in addition to hyperglycemia 
in patients with type 2 diabetes, we investigated the effect 
of liraglutide, a GLP-1RA, on DR in a rat model of type 
2 diabetes using spontaneously diabetic Torii (SDT) fatty 
(SDT.Cg-Leprfa/JttJcl) rats, which resemble the human 
pathophysiology of type 2 diabetes with hypertension, 
obesity, and hyperlipidemia [12, 13].

Methods
Animals
Male SDT fatty rats derived from a Sprague–Dawley (SD) 
colony were used as a type 2 diabetes model [14]. We 
previously reported that injection of GLP-1RA decreased 
the levels of both blood glucose and blood pressure and 
brought beneficial effects on both kidney and muscle in 
male SDT fatty rats, independent on blood glucose and 
blood pressure levels [15, 16]. Rats were subcutaneously 
injected with GLP-1RA from the age of 8 weeks to 16 
weeks [16]. At age of 16 weeks, under general anesthe-
sia using the inhalation anesthetic 2% isoflurane, both 
eyes were removed after the kidney was isolated [16] to 
assess the effect of GLP-1RA on the retina for efficient 
use of experimental animals according to “Reduction” 
of “3R indicated in Act on Welfare and Management of 
Animals.” We purchased 5-week-old male SDT fatty rats 
(n = 19) and age-matched control SD rats (n = 7) from 
CLEA Japan (Tokyo, Japan). All rats were housed at the 
Institute for Animal Experimentation at St. Marianna 
University School of Medicine under 24°C temperature 
and a 12-hour light/dark cycle. Rats were allowed free 
access to usual laboratory chow (CRF-2; Charles River 

Laboratories Japan, Yokohama, Japan) and water. All 
procedures performed in studies involving animals were 
conducted in accordance with the ethical standards of 
the St. Marianna University School of Medicine insti-
tution or practice at which the studies were conducted. 
The experimental protocol was approved by Animal 
experiment Committee at Institute for Animal Experi-
mentation, St. Marianna University Graduate School of 
Medicine (approval No. 1908010 and 2008013).

Treatments
Treatments were performed as previously described [16]. 
Briefly, the 8-week-old SDT fatty rats were randomly 
divided into three groups. The liraglutide group (liraglu-
tide; n = 6) was injected subcutaneously with liraglutide 
(Novo Nordisk, Bagsværd, Denmark) twice a day for 
8  weeks. The daily dosage was increased stepwise from 
0.2  mg/kg, which is as follows: 0.2  mg/kg for 1  week, 
0.4 mg/kg for 1 week, and 0.6 mg/kg for 6 weeks. Another 
treatment group (insulin and hydralazine; n = 6) was pro-
vided both insulin (Humalin N; Eli Lilly, Indianapolis, 
IN, USA) against hyperglycemia and hydralazine (Sigma-
Aldrich Corporation, St. Louis, MO, USA) against hyper-
tension to match levels of both blood glucose and blood 
pressure with those of the liraglutide group. The daily 
dosage of insulin was increased stepwise every week 
from 2U/day to 16U/day. Hydrazine was administered by 
drinking water to which it had been added at a dosage of 
0.5 mg/kg/day. The control group of SDT fatty rats (n = 7) 
and the nondiabetic control group of SD rats (n = 7) were 
injected with vehicle only. The previous reports showed 
that the blood glucose levels of the SD rats, SDT-vehicle, 
SDT-ins-hyd and SDT-lira at 8 weeks of age were as fol-
lows; 88.86 ± 4.94, 323.14 ± 29.11, 350.00 ± 37.94 and 
309.00 ± 27.62, respectively, and at 16 weeks of age were 
as follows; 107.71 ± 5.53, 402.86 ± 23.39, 326.83 ± 18.87 
and 319.40 ± 9.13, respectively (the data expressed as 
means ± standard error of mean (SEM)) (Fig.  1a) [16]. 
On the other hand, the systolic blood pressure values of 
SD rats, SDT-vehicle, SDT-ins-hyd, SDT-lira at 8  weeks 
of age were as follows; 118.86 ± 3.28, 123.29 ± 2.47, 
123.00 ± 3.90, 120.33 ± 1.54, and at 16 weeks of age were 
as follows; 122.43 ± 4.06, 138.86 ± 1.35, 131.17 ± 3.66, 
127.00 ± 2.00, respectively (the data expressed as 
means ± SEM) (Fig. 1b) [16]. Figure 1 was created based 
on the results of reference No. 16. The identical levels of 
both blood glucose and blood pressure were ensured in 
SDT-ins-hyd and SDT-lira groups.

In both eyes of rats collected at the age of 16  weeks, 
the right eye was separated immediately, frozen in liquid 
nitrogen, and stored at − 80  °C until protein expression 
was assessed. For histological analysis, the left eye was 
excised and fixed in Super Fix (KY-500, Kurabo, Osaka, 
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Japan), which was diluted three times by phosphate-buff-
ered saline and added to 10% acetic acid for 24 h.

Measurement of retinal thickness
The fixed left eyes were embedded in paraffin and sec-
tioned to 3-µm thickness. The sections were stained 
with hematoxylin and eosin (HE) and retinal thickness 
measured using a ZEISS Axio Imager 2 with ZEN 2 pro 
imaging software (Carl Zeiss Microscopy, Jena, Ger-
many). Total retinal thickness was defined as the distance 
between the retinal internal limiting membrane (ILM) 
and the retinal pigment epithelium. Mean retinal thick-
nesses were measured at 500, 1000, and 1500  µm from 
the optic nerve disc according to the previous report [17]. 
The thicknesses between the ILM and the ganglion cell 
layer (GCL), the inner plexiform layer (IPL), the inner 
nuclear layer (INL), the outer plexiform layer, the outer 
nuclear layer (ONL), and the photoreceptor layer (PL) 
were also evaluated.

Immunohistochemical analysis for GLP‑1R and CD31
Ocular sections were stained by the standard indirect 
immunoperoxidase method using primary antibod-
ies against GLP-1R (rabbit monoclonal; 1:1000; abcam, 
Cambridge, UK) and CD31 (rabbit monoclonal; 1:500; 
abcam). Antigen retrieval of the sections was per-
formed using a microwave for 15  min in heated Tris–
EDTA buffer (pH 9.0). Labeled proteins were visualized 
using polymeric horseradish peroxidase–conjugated 
secondary antibodies (ImmPRESS™ polymer detection 

kit; Vector Laboratories, Burlingame, CA, USA). Per-
oxidase activity was detected via the diaminobenzidine 
reaction (Liquid DAB + ; DAKO Japan, Tokyo, Japan), 
and sections were counterstained with hematoxylin.

To detect the localization of GLP-1R, we used the 
pancreatic tissue of the SD rats, which was obtained 
previously, as a positive control for GLP-1R. In addi-
tion, as a negative control for GLP-1R in the pancreatic 
tissue, the pancreatic section was stained without incu-
bating the primary antibody against GLP-1R.

For quantification, CD31-positive areas within 
1500  µm of the optic nerve disc in the retinas were 
measured automatically using an image analyzer (Win-
Roof version 6.4, Mitani Corporation, Fukui, Japan). 
The areas positively stained for CD31 were indepen-
dently measured and expressed as ratios relative to the 
areas of the entire retinal regions within 1500 µm of the 
optic nerve disc.

Assessment of protein expressions for monocyte 
chemoattractant protein–1
The frozen right eyes were homogenized in T-PER 
Tissue Protein Extraction Reagent (Thermo Fisher 
Scientific, Waltham, MA, USA) containing pro-
tease inhibitors. The homogenates were centrifuged 
at 15,000  rpm for 10  min to pellet tissue debris, and 
supernatant was collected. The protein concentrations 
were measured by Bradford protein assay (Bio-Rad Lab-
oratories, Hercules, CA, USA). The protein expression 
of monocyte chemoattractant protein–1 (MCP-1) was 
measured using an MCP-1 Mouse/Rat Enzyme-Linked 

Fig. 1 Time‑related changes in the blood glucose (a) and the systolic blood pressure (b) of each group. All data were expressed as mean ± SEM. 
* P < 0.05 versus the SD group; # P < 0.05 versus the SDT‑vehicle group among the SDT fatty rats. This figure was created based on the results of 
reference No. 16
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Immunosorbent Assay (ELISA) kit (R&D Systems, Min-
neapolis, MN, USA).

Assessment of protein expression of vascular endothelial 
growth factor, CD31, and endothelial nitric oxide synthase
From the extracted protein of the eyes, we measured the 
protein expression of vascular endothelial growth factor 
(VEGF) using a VEGF rat ELISA kit (abcam).

For the protein expressions of CD31 and endothelial 
nitric oxide synthase (eNOS), we performed Western 
blot analysis. The extracts were separated by NuPAGE 
4% to 12% Bis–Tris gels (Invitrogen, Carlsbad, CA, USA) 
and transferred to a polyvinylidene fluoride membrane. 
Before the primary antibody reaction, the membranes 
were cut around molecular weight of each targeted mol-
ecule. Primary antibodies against CD31 (1:2000; abcam), 
eNOS (D9A5L; rabbit monoclonal; 1:1000; Cell Signaling 
Technology, Danvers, MA, USA), and α-tubulin (rabbit 
monoclonal; 1:8000; abcam) were used. Immunoreactive 
bands were detected using ECL Prime Western Blotting 
Detection Reagent (GE Healthcare, Little Chalfont, UK). 
The expression levels of all proteins were quantified using 
ImageJ software (National Institutes of Health, Bethesda, 
MD, USA) and normalized to that of α tubulin.

Statistical analysis
All values were expressed as means ± SEM. P < 0.05 
was considered statistically significant. Following the 
Kruskal–Wallis test, differences among the four groups 
were compared using the Mann–Whitney U test. All 

statistical analyses were performed using JMP software 
version 13.2.1 (SAS Institute, Cary, NC, USA).

Results
Evaluation of retinal thickness
The retinas in all SDT fatty rats were significantly 
thicker than those in SD rats in HE-stained ocular tis-
sues (Figs.  2  and  3a–d). In the retina at 500  µm from 
the optic nerve disc, retinal thickening was signifi-
cantly suppressed in the SDT-lira group as compared 
with the SDT-vehicle group (Fig.  3a). In the retina at 
1000  µm from the optic nerve disc, retinal thickening 
was significantly suppressed in the SDT-lira and SDT-
ins-hyd groups as compared with the SDT-vehicle 
group (Fig. 3b). In the retina at 1500 µm from the optic 
nerve disc, there was no significant difference in retinal 
thickness between the SDT fatty groups (Fig.  3c). The 
average of the three measurement points showed that 
the retinal thickening in the SDT-lira and SDT-ins-hyd 
groups was significantly prevented as compared with 
the SDT-vehicle group (Fig. 3d).

The retinal layers of IPL, INL, ONL, and PL were sig-
nificantly thicker in all SDT fatty rats than in SD rats. 
The layers of INL in the SDT-lira and SDT-ins-hyd 
groups were significantly thinner than the layer in the 
SDT-vehicle group. The layer of ONL was significantly 
thinner in the SDT-ins-hyd group as compared with the 
SDT-vehicle group (Fig. 4).

Fig. 2 Hematoxylin and eosin staining of the retina at age of 16 weeks in each group. ILM; internal limiting membrane, GCL; ganglion cell layer, IPL; 
inner plexiform, INL; inner nuclear layer, OPL; outer plexiform layer, ONL; outer nuclear layer, PL; photoreceptor layer. Original magnification: × 200. 
The scale bars represent 20 µm
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Fig. 3 Comparison of retinal thickness at 16 weeks. The retinal thickness at 500 µm from the optic nerve disc (a), 1000 µm from the optic nerve disc 
(b), and 1500 µm from the optic nerve disc (c). The average of the three measurement points (d). All data were expressed as mean ± standard error 
of the mean (SEM). ** P < 0.01 versus the SD group; # P < 0.05, ## P < 0.01 versus the SDT‑vehicle group among the SDT fatty rats

Fig. 4 Comparison of the distance between each layer at 16 weeks. The average distance of three measurement points between the ILM and the 
GCL, the IPL, the INL, the OPL, the ONL, and the PL. All data were expressed as mean ± SEM. * P < 0.05, ** P < 0.01 versus the SD group; # P < 0.05, ## 
P < 0.01 versus the SDT‑vehicle group among the SDT fatty rats
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Localization of GLP‑1R in retina
Immunohistological analysis showed that the positive 
area of GLP-1R was not observed in the retinas of all SDT 
fatty rats (Fig. 5a–c) or SD rats (Fig. 5d), although that of 
GLP-1R was confirmed in pancreatic islets (Fig. 5e). The 
positive area was not observed in the pancreatic section 
stained without incubation of primary antibody against 
GLP-1R (Fig. 5f ).

Evaluation of MCP‑1 protein expression
To evaluate the effects of the treatments on ocular 
inflammation, we evaluated the protein expression 
of MCP-1. The expression of MCP-1 was significantly 
upregulated in the eyes of all SDT fatty rats as com-
pared with those of SD rats, but the expression levels 
were similar between all SDT fatty rats (Fig. 6).

Fig. 5 Immunohistological staining using a primary antibody against GLP‑1R in retinas of each SD (a) and SDT fatty rat (b), pancreatic tissue of SD 
rat as positive control (c), and pancreatic tissue of SD rat as negative control stained without incubation of the primary antibody against GLP‑1R (d). 
The positive areas of GLP‑1R in the retinas were not observed in the SDT‑vehicle (a), SDT‑ins‑hyd (b), SDT‑lira (c) and SD (d) although that of GLP‑1R 
was confirmed in pancreatic islets (e). The negative control of the pancreatic tissue did not show the positive area (f). Original magnification: × 200. 
The scale bars represent 50 µm

Fig. 6 Evaluation of monocyte chemoattractant protein‑1 (MCP‑1) protein expression in the eyes of each group. All data were expressed as 
mean ± SEM. *P < 0.05, ** P < 0.01 versus the SD group
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Evaluation of VEGF, CD31, and eNOS protein expressions
To reveal the influence of treatments on neovasculari-
zation, we evaluated the protein expressions of VEGF, 
CD31, and eNOS. There were no significant differences 
in VEGF levels in the proteins extracted from the eyes 
between all groups (Fig.  7). On immunohistological 
analysis, the expressions of CD31, which is a marker of 

endothelial cell, were observed in blood vessel walls in 
the retinas of all rats (Fig.  8a), and the degrees of the 
CD31-positive areas were found to be similar in all rats 
(Fig.  8b). Furthermore, Western blot analysis showed 
that the expression levels of CD 31 (Fig. 8c) and eNOS 
(Fig. 9) in the eyes were not significantly different in all 
groups.

Fig. 7 Evaluation of vascular endothelial growth factor (VEGF) protein expression in the eyes of each group. All data were expressed as mean ± SEM

Fig. 8 Immunohistological staining using antibodies against CD31 (a) and quantitative assessment of CD31 positive areas within 1500 µm of the 
optic nerve disc (b). Original magnification: × 200. The scale bars represent 200 µm. Western blot analysis of eye proteins. Eye protein expressions 
of CD31 (c). Samples from the same experiment were processed in parallel for SDS polyacrylamide gel electrophoresis (SDS‑PAGE) and western 
blotting using different gels and membranes, and the image data obtained were cropped. Entire images of western blotting are shown in online 
supplementary resource Figure S1 (a and b). All data were expressed as mean ± SEM
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Discussion
The present study shows that liraglutide suppressed reti-
nal thickening with a significant decrease in the thickness 
of INL to the same levels as that of insulin–hydralazine 
treatment in the retina, but it did not prevent the upreg-
ulation of ocular inflammatory cytokines in SDT fatty 
rats without ocular neovascularization. Furhermore, the 
localization of GLP-1R was not observed in the retinal 
tissue of SDT fatty rats. The beneficial effects of liraglu-
tide on retinal thickening might be due to both blood 
glucose– and blood pressure–lowering effects in the SDT 
fatty rats because there were no significant differences 
between the two kinds of treatment groups. However, 
these effects did not extend to the prevention of the pro-
inflammatory situation in the eyes.

Macular edema and proliferative DR are the principal 
causes of vision loss due to DR. Because macula retina 
does not exist in rodents, we evaluated retinal thicken-
ing, which is the pathological finding of retinal edema, in 
the present study. On the other hand, because the ocular 
expressions of VEGF, CD31, and eNOS did not change in 
all rats, the effects of the treatments on proliferative DR 
due to retinal neovascularization were not evaluated.

Although advanced diabetic macular edema is treated 
by laser photocoagulation and intravitreal injections of 
corticosteroids or anti-VEGF agents [18, 19], there is a 

need to develop relevant strategies from the early stage 
of DR to obtain more efficient outcomes against mac-
ular edema [20]. In the clinical investigations focused 
on the associations between DR involving macular 
edema and systemic diseases, hypertension in addition 
to hyperglycemia was found to be a crucial risk factor 
developing DR [3, 21, 22]. Because liraglutide exerted 
hypotensive effects in SDT fatty rats in our previous 
study [16], the utility of liraglutide in type 2 diabetes 
might be useful for preventing the onset or progression 
of diabetic macular edema.

In diabetes, the accumulation of extra substances in 
the intracellular and/or extracellular spaces of the retina 
induces retinal edema, and intracellular edema causes 
cytotoxic action [23]. Because INL and ONL contain var-
ious neuronal cell bodies of retinal cells, thinning of the 
INL by both liraglutide and insulin–hydralazine treat-
ment and that of ONL by insulin–hydralazine treatment 
evokes a decrease in intracellular edema via the attenu-
ation of hyperglycemia and hypertension. Such thinning 
effects may lead to the protection of the retinal cells in 
those layers. However, because the ocular production of 
proinflammatory cytokines was not attenuated by these 
treatments, whether the treatments are able to prevent 
ocular dysfunction, such as low vision or visual loss, 
remains uncertain.

Fig. 9 Western blot analysis of eye proteins. Eye protein expressions of endothelial nitric oxide synthase (eNOS). Samples from the same 
experiment were processed in parallel for SDS‑PAGE and western blotting using different gels and membranes, and the image data obtained were 
cropped. Entire images of western blotting are shown in online supplementary resource Figure S1 (c and d). All data were expressed as mean ± SEM
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Because we previously found that GLP-1R was 
expressed in the vascular walls of both kidney and mus-
cle [16, 24], we presumed the expression of GLP-1R in 
the vascular walls of the retina. However, contrary to 
our expectations, the localization of GLP-1R was not 
found in the retinas of either SD or SDT fatty rats, and 
we did not observe a more effective response of lira-
glutide on the retina beyond blood glucose– and blood 
pressure–lowing effects induced by insulin–hydrala-
zine treatment. Other groups reported that GLP-1R 
was expressed primarily in the GCL of human retinas 
and in the retina of type 2 diabetic model mice (C57BL/
KsJ-db/db mice), and they also showed that retinal 
neuroprotective effects were induced by the activa-
tion of GLP-1R using a topical administration of native 
GLP-1 apart from liraglutide, independent of blood 
glucose levels [6]. On the other hand, a clinical meta-
analysis showed that GLP-1RA did not possess specific 
effects on the retarding of DR [10], apart from other 
diabetic complications, such as cardiovascular disease 
[9] or nephropathy [25], which did not support the pro-
tective action due to direct GLP-1R activation in the 
experimental study. In our study, liraglutide did not 
suppress the production of proinflammatory cytokines 
in the eyes, although GLP-1RA was reported to exert 
an anti-inflammatory action in the retina [7]. To clar-
ify the effect of GLP-1RA in DR, further studies are 
needed, and a clinical study (the Focus trial) is ongoing 
(NCT 03811561){ ClinicalTrials.gov NCT03811561.  A 
Research Study to Look at How Semaglutide Compared 
to Placebo Affects Diabetic Eye Disease in People With 
Type 2 Diabetes (FOCUS). Available at:  https:// clini 
caltr ials. gov/ ct2/ show/ NCT03 811561 (Accessed 2 June 
2020).]}.

This result may be limited by several factors. First, we 
used the SDT fatty rats in the present study because the 
SDT fatty rats had various metabolic abnormalities like 
the patients with type 2 diabetes [26] and therefore, we 
considered that ocular pathophysiology might be pro-
voked by the same mechanism as the type 2 diabetic 
patients. On the other hand, while the expression of 
GLP-1R has been reported in each mouse and human 
retina, our examination did not show its expression in 
the rat retina. Although there may be the difference in 
the GLP-1R expression due to species differences and 
our results cannot be extrapolated to the type 2 dia-
betic patients, our results showed the systemic effective 
action of liraglutide on the retina. Second, other previ-
ous study reported the marked retinal thickening and 
retinal folds in the SDT fatty rats at 24  weeks of age. 
However, in our previous study, one SDT fatty rat died 
at around 24  weeks of age due to malnutrition due to 
the long-term impairment of glucose utilization [27]. 

Therefore, in the present study, we focused on the early 
phase of type 2 diabetes in 16-week-old SDT fatty rats. 
Third, retinal edema due to increase in vascular perme-
ability leads to retinal thickening, but the vascular per-
meability was not assessed unfortunately in the present 
study. Because the retinal thickening is the most useful 
finding for diagnosis of retinal edema in clinical prac-
tice, liraglutide may improve retinal edema. Finally, we 
used proteins extracted from whole eyes, but not only 
retinas, because we did not have the technology to iso-
late retinas. Regarding the CD31 expression for evalua-
tion of neovascularization, we evaluated the expression 
in the retina by immunostaining in addition to western 
blotting, and the results of the immunostaining sup-
ported those of western blotting. Therefore, changes 
in the expressions of some molecules in ocular protein 
were considered to reflect their changes in the retina, 
but this point is needed to be evaluated in detail in the 
further study.

Conclusion
Liraglutide prevented retinal thickening, depending on 
blood glucose and blood pressure levels, in SDT fatty 
rats without ocular neovascularization. However, lira-
glutide did not improve the proinflammatory state in 
the eyes. Further study is needed to reveal the effects 
of GLP-1RA on decreasing the sight-threatening risk in 
type 2 diabetes.

Abbreviations
ELISA: Enzyme‑Linked Immunosorbent Assay; GCL: Ganglion cell layer; HE: 
Hematoxylin and eosin; ILM: Internal limiting membrane; INL: Inner nuclear 
layer; IPL: Inner plexiform layer; ONL: Outer nuclear layer; PL: Photoreceptor 
layer; SDT: Spontaneously diabetic Torii; VEGF: Vascular endothelial growth 
factor.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12886‑ 022‑ 02413‑y.

Additional file 1: Figure S1. Western blot analysis of eye CD31 (a) and 
α‑Tubulin on the same membrane (b) in each group. Western blot analysis 
of eye eNOS (c), and α‑Tubulin on the same membrane (d) in each group. 
The red lines represent the edge of each cut membrane.

Acknowledgements
We thank Ms. Kimie Katayama (Division of Nephrology and Hypertension, 
Department of Internal Medicine, St. Marianna University School of Medicine), 
Ms. Junko Asano (Department of Internal Medicine, St. Marianna University 
School of Medicine), Ms. Naomi Saito and Ms. Michiyo Ohashi (Department 
of Anatomy, St. Marianna University School of Medicine), for great technical 
assistance.

Authors’ contributions
Study design: KI, SY and AK‑I; data collection: KI, SY, SH, and AK‑I; data analysis: 
KI and AK‑I; data interpretation: KI, MW, KK and AK‑I; literature search and figure 

https://clinicaltrials.gov/ct2/show/NCT03811561
https://clinicaltrials.gov/ct2/show/NCT03811561
https://doi.org/10.1186/s12886-022-02413-y
https://doi.org/10.1186/s12886-022-02413-y


Page 10 of 10Inoue et al. BMC Ophthalmology          (2022) 22:206 

generation: KI and AK‑I; and writing of the manuscript: KI and AK‑I. All authors 
approved the final version of the manuscript for publication.

Funding
This study was partially supported by JSPS KAKENHI Grant Number JP 19K11478.

Availability of data and materials
The data used to support the findings of this study are included within the article.

Declarations

Ethics approval and consent to participate
This study was reported in accordance with ARRIVE guidelines (https:// arriv 
eguid elines. org). All procedures performed in studies involving animals were 
conducted in accordance with the ethical standards of the St. Marianna 
University School of Medicine institution or practice at which the studies were 
conducted. The experimental protocol was approved by Animal experiment 
Committee at Institute for Animal Experimentation, St. Marianna University 
Graduate School of Medicine (approval No. 1908010 and 2008013).

Consent for publication
Not applicable.

Competing interests
All authors declare no conflicts of interest.

Author details
1 Department of Anatomy, St. Marianna University School of Medicine, 2‑16‑1 
Sugao, Miyamae‑Ku 216‑8511 Kanagawa, Japan. 2 Division of Nephrology 
and Hypertension, Department of Internal Medicine, St. Marianna University 
School of Medicine, 2‑16‑1 Sugao, Miyamae‑Ku 216‑8511 Kanagawa, Japan. 
3 Institute for Animal Experimentation, St. Marianna University Graduate School 
of Medicine, Kanagawa, Japan. 4 JCHO Tokyo Takanawa Hospital, Tokyo, Japan. 

Received: 11 November 2021   Accepted: 20 April 2022

References
 1. Yau JW, Rogers SL, Kawasaki R, Lamoureux EL, Kowalski JW, Bek T, Chen SJ, 

Dekker JM, Fletcher A, Grauslund J, et al. Global prevalence and major risk 
factors of diabetic retinopathy. Diabetes Care. 2012;35(3):556–64.

 2. Kawasaki R, Tanaka S, Tanaka S, Yamamoto T, Sone H, Ohashi Y, Akanuma Y, 
Yamada N, Yamashita H. Japan Diabetes Complications Study G: Incidence 
and progression of diabetic retinopathy in Japanese adults with type 2 
diabetes: 8 year follow‑up study of the Japan Diabetes Complications Study 
(JDCS). Diabetologia. 2011;54(9):2288–94.

 3. Wat N, Wong RL, Wong IY. Associations between diabetic retinopathy 
and systemic risk factors. Hong Kong med j = Xianggang yi xue za zhi. 
2016;22(6):589–99.

 4. Drucker DJ, Nauck MA. The incretin system: glucagon‑like peptide‑1 recep‑
tor agonists and dipeptidyl peptidase‑4 inhibitors in type 2 diabetes. Lancet. 
2006;368(9548):1696–705.

 5. Nauck M. Incretin therapies: highlighting common features and differences 
in the modes of action of glucagon‑like peptide‑1 receptor agonists and 
dipeptidyl peptidase‑4 inhibitors. Diabetes Obes Metab. 2016;18(3):203–16.

 6. Hernandez C, Bogdanov P, Corraliza L, Garcia‑Ramirez M, Sola‑Adell C, Arranz 
JA, Arroba AI, Valverde AM, Simo R. Topical Administration of GLP‑1 Receptor 
Agonists Prevents Retinal Neurodegeneration in Experimental Diabetes. 
Diabetes. 2016;65(1):172–87.

 7. Simo R, Bogdanov P, Ramos H, Huerta J, Simo‑Servat O, Hernandez C. Effects 
of the Topical Administration of Semaglutide on Retinal Neuroinflammation 
and Vascular Leakage in Experimental Diabetes. Biomedicines. 2021;9(8):926.

 8. Simo R, Hernandez C. GLP‑1R as a Target for the Treatment of Diabetic 
Retinopathy: Friend or Foe? Diabetes. 2017;66(6):1453–60.

 9. Marso SP, Bain SC, Consoli A, Eliaschewitz FG, Jodar E, Leiter LA, Ling‑
vay I, Rosenstock J, Seufert J, Warren ML, et al. Semaglutide and Car‑
diovascular Outcomes in Patients with Type 2 Diabetes. N Engl J Med. 
2016;375(19):1834–44.

 10. Dicembrini I, Nreu B, Scatena A, Andreozzi F, Sesti G, Mannucci E, Monami 
M. Erratum to: Microvascular effects of glucagon‑like peptide‑1 receptor 
agonists in type 2 diabetes: a meta‑analysis of randomized controlled trials. 
Acta Diabetol. 2017;54(11):1069–71.

 11. Gaborit B, Julla JB, Besbes S, Proust M, Vincentelli C, Alos B, Ancel P, Alzaid F, 
Garcia R, Mailly P, et al. Glucagon‑like Peptide 1 Receptor Agonists, Diabetic 
Retinopathy and Angiogenesis: The AngioSafe Type 2 Diabetes Study. J Clin 
Endoc Metabol. 2020;105(4):dgz069.

 12. Matsui K, Ohta T, Oda T, Sasase T, Ueda N, Miyajima K, Masuyama T, Shino‑
hara M, Matsushita M. Diabetes‑associated complications in Spontaneously 
Diabetic Torii fatty rats. Exp Anim. 2008;57(2):111–21.

 13. Tanabe J, Ogura Y, Kosaki K, Nagai Y, Sugaya T, Ohata K, Watanabe S, Ichikawa 
D, Inoue K, Hoshino S, et al. Relationship between Urinary Liver‑Type Fatty 
Acid‑Binding Protein (L‑FABP) and Sarcopenia in Spontaneously Diabetic 
Torii Fatty Rats. J Diabetes Res. 2020;2020:7614035.

 14. Kemmochi Y, Ohta T, Motohashi Y, Kaneshige A, Katsumi S, Kakimoto K, Yasui 
Y, Anagawa‑Nakamura A, Toyoda K, Taniai‑Riya E, et al. Pathophysiological 
analyses of skeletal muscle in obese type 2 diabetes SDT fatty rats. J Toxicol 
Pathol. 2018;31(2):113–23.

 15. Yamada S, Ogura Y, Inoue K, Tanabe J, Sugaya T, Ohata K, Nagai Y, Natsuki 
Y, Hoshino S, Watanabe S, et al. Effect of GLP‑1 receptor agonist, liraglu‑
tide, on muscle in spontaneously diabetic torii fatty rats. Mol Cell Endoc. 
2021;539:111472 Online ahead of print.

 16. Yamada S, Tanabe J, Ogura Y, Nagai Y, Sugaya T, Ohata K, Natsuki Y, Ichikawa 
D, Watanabe S, Inoue K, et al. Renoprotective effect of GLP‑1 receptor 
agonist, liraglutide, in early‑phase diabetic kidney disease in spontaneously 
diabetic Torii fatty rats. Clin Exp Nephrol. 2021;25(4):365–75.

 17. Toyoda F, Tanaka Y, Shimmura M, Kinoshita N, Takano H, Kakehashi 
A. Diabetic Retinal and Choroidal Edema in SDT Rats. J Diabetes Res. 
2016;2016:2345141.

 18. Agarwal A, Afridi R, Hassan M, Sadiq MA, Sepah YJ, Do DV, Nguyen QD. 
Novel Therapies in Development for Diabetic Macular Edema. Curr Diab 
Rep. 2015;15(10):75.

 19. Pacella F, Romano MR, Turchetti P, Tarquini G, Carnovale A, Mollicone A, Mas‑
tromatteo A, Pacella E. An eighteen‑month follow‑up study on the effects of 
Intravitreal Dexamethasone Implant in diabetic macular edema refractory 
to anti‑VEGF therapy. Int J Ophthalmol. 2016;9(10):1427–32.

 20. Simo R, Hernandez C. Novel approaches for treating diabetic retinopathy 
based on recent pathogenic evidence. Prog Retin Eye Res. 2015;48:160–80.

 21. Fenwick EK, Xie J, Man REK, Sabanayagam C, Lim L, Rees G, Wong TY, Lam‑
oureux EL. Combined poor diabetes control indicators are associated with 
higher risks of diabetic retinopathy and macular edema than poor glycemic 
control alone. PloS one. 2017;12(6):e0180252.

 22. Stana D, Potop V, Istrate SL, Eniceicu C, Mihalcea AR, Pasca IG, Aqel A, Ciulu‑
vica R, Moraru D. Variability of diabetic macular edema in correlation with 
hypertension retinopathy in patients with diabetes mellitus and essential 
hypertension. Romanian journal of ophthalmology. 2019;63(4):327–38.

 23. Romero‑Aroca P, Baget‑Bernaldiz M, Pareja‑Rios A, Lopez‑Galvez M, Navarro‑
Gil R, Verges R. Diabetic Macular Edema Pathophysiology: Vasogenic versus 
Inflammatory. J Diabetes Res. 2016;2016:2156273.

 24. S Yamada OY, Inoue K, Tanabe J, Sugaya T, Ohata K, Nagai Y, Natsuki Y, Hoshino 
S, Watanabe S, Ichikawa D, Kimura K, Shibagaki Y, Kamijo‑Ikemori A. Effect of 
GLP‑1 receptor agonist, liraglutide, on muscle in spontaneously diabetic torii 
fatty rats. Mol Cell Endoc. 2021;539:111472 Online ahead of print.

 25. Mann JFE, Orsted DD, Brown‑Frandsen K, Marso SP, Poulter NR, Rasmussen 
S, Tornoe K, Zinman B, Buse JB, Committee LS, et al. Liraglutide and Renal 
Outcomes in Type 2 Diabetes. N Engl J Med. 2017;377(9):839–48.

 26. Tanaka Y, Takagi R, Ohta T, Sasase T, Kobayashi M, Toyoda F, Shimmura 
M, Kinoshita N, Takano H, Kakehashi A. Pathological Features of Diabetic 
Retinopathy in Spontaneously Diabetic Torii Fatty Rats. J Diabetes Res. 
2019;2019:8724818.

 27. Tanabe J, Ogura Y, Nakabayashi M, Nagai Y, Watanabe S, Sugaya T, Ohata K, 
Ichikawa D, Inoue K, Hoshino S, et al. The Possibility of Urinary Liver‑Type 
Fatty Acid‑Binding Protein as a Biomarker of Renal Hypoxia in Spontane‑
ously Diabetic Torii Fatty Rats. Kidney Blood Press Res. 2019;44(6):1476–92.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://arriveguidelines.org
https://arriveguidelines.org

	Glucagon-like peptide-1 receptor agonist, liraglutide, attenuated retinal thickening in spontaneously diabetic Torii fatty rats
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	Treatments
	Measurement of retinal thickness
	Immunohistochemical analysis for GLP-1R and CD31
	Assessment of protein expressions for monocyte chemoattractant protein–1
	Assessment of protein expression of vascular endothelial growth factor, CD31, and endothelial nitric oxide synthase
	Statistical analysis

	Results
	Evaluation of retinal thickness
	Localization of GLP-1R in retina
	Evaluation of MCP-1 protein expression
	Evaluation of VEGF, CD31, and eNOS protein expressions

	Discussion
	Conclusion
	Acknowledgements
	References


