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Diabetic retinopathy (DR) can cause visual impairment and blindness, and the increasing global preva-
lence of diabetes underscores the need for effective therapies to prevent and treat DR. Therefore, this study 
aimed to evaluate the protective effect of pemafibrate treatment against DR, using a Spontaneously Diabetic 
Torii (SDT) fatty rat model of obese type 2 diabetes. SDT fatty rats were fed either a diet supplemented with 
pemafibrate (0.3 mg/kg/d) for 16 weeks, starting at 8 weeks of age (Pf SDT fatty: study group), or normal 
chow (SDT fatty: controls). Normal chow was provided to Sprague–Dawley (SD) rats (SD: normal controls). 
Electroretinography (ERG) was performed at 8 and 24 weeks of age to evaluate the retinal neural function. 
After sacrifice, retinal thickness, number of retinal folds, and choroidal thickness were evaluated, and immu-
nostaining was performed for aquaporin-4 (AQP4). No significant differences were noted in food consump-
tion, body weight, or blood glucose level after pemafibrate administration. Triglyceride levels were reduced, 
and high-density lipoprotein cholesterol levels were increased. Extension of oscillatory potential (OP)1 and 
OP3 waves on ERG was suppressed in the Pf SDT fatty group. Retinal thickness at 1500 microns from the 
optic disc improved in the Pf SDT fatty group. No significant improvements were noted in choroidal thick-
ness or number of retinal folds. Quantitative analyses showed that AQP4-positive regions in the retinas were 
significantly larger in the Pf SDT fatty group than in the SDT fatty group. The findings suggest that pemafi-
brate treatment can exert protective effects against DR.
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INTRODUCTION

Among ocular complications associated with diabetes, dia-
betic retinopathy (DR) is a leading cause of visual impairment 
and blindness in industrialized countries.1) Among individuals 
with diabetes, the global prevalence of DR was reported to 
be 22.27%.2) More than 600 million people are predicted to 
develop diabetes by 2040,3) and the number of people with 
visual impairment due to DR is expected to increase rapidly.4)

In addition to blood glucose control, blood lipid control 
is important in preventing DR progression.5) Fenofibrate, a 
well-established peroxisome proliferator-activated receptor 
alpha (PPARα) agonist, is clinically used to treat hyperlipid-
emia by increasing high-density lipoprotein cholesterol levels 
and lowering triglyceride levels.6) According to a fenofibrate 
intervention and event lowering in diabetes (FIELD) study, 
fenofibrate usage can reduce the need for any first laser pho-
tocoagulation in individuals with both pre-and post-existing 
retinopathy.7) The Action to Control Cardiovascular Risk in 
Diabetes (ACCORD) eye study showed that retinopathy pro-
gression was slowed by fenofibrate to a degree similar to that 
observed with intensive glycemic therapy.8) These studies sug-
gest that fenofibrate can suppress the onset and progression 

of DR. However, fenofibrate is associated with a high risk of 
renal dysfunction with increased serum creatinine levels, as 
fenofibrate is primarily excreted by the kidney.9) Therefore, 
fenofibrate treatment is not recommended for patients with 
severe renal disease.10)

Moreover, three PPAR isoforms—PPARα, γ, and δ—have 
been identified. Fenofibrate, which activates all three PPAR 
subtypes, has been shown to induce side effects such as liver 
dysfunction and increased creatinine levels, likely attributed 
to its low selectivity and potency for binding to PPARα. To 
address these concerns, the concept of a selective PPARα 
modulator (SPPARMα) with a superior balance of efficacy 
and safety has been proposed, leading to the development 
of pemafibrate.11) Pemafibrate is a novel SPPARMα and has 
higher potency and selectivity for activation of PPARα than 
fenofibrate.12–15) Pemafibrate was launched in the Japanese 
market in June 201816) and has been reported to outperform 
fenofibrate in terms of lowering serum triglyceride (TG) 
level while maintaining hepatic and renal safety.17) Moreover, 
PPARα is expressed in the retina, kidneys, and nerves,18,19) and 
this expression has been reported to be reduced in the retinas 
of both type 1 and type 2 diabetic animal models.20,21) PPARα 
has shown protective effects against hyperglycemia-related 
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endothelial inflammation and retinal cell apoptosis by block-
ing the nuclear factor-κB pathway and alleviating oxidative 
stress in the retina.21–23) Furthermore, pemafibrate inhibits 
pathological neovascularization in oxygen-induced retinopa-
thy by increasing plasma fibroblast growth factor 21 (FGF21) 
levels in the plasma and liver.24) Consequently, it is believed 
that activation of PPARα can contribute to the retinal protec-
tive effect. We hypothesize that the higher the selectivity for 
PPARα, the more pronounced the retinal protective effect 
could become. Additionally, selective PPARα activation holds 
promise for reducing side effects. Therefore, we anticipate that 
pemafibrate, with its higher potency and selectivity for PPARα 
activation compared to those of fenofibrate, could serve as a 
novel treatment for DR while minimizing side effects. How-
ever, the mechanism of action of PPARα in the diabetic retina 
is unclear.

The Spontaneously Diabetic Torii (SDT) fatty rat, estab-
lished in 2004 by introducing the fa allele (obesity gene) of 
the Zucker fatty rat into the SDT rat genome, is a model of 
obese type 2 diabetes. The peak latencies of the oscillatory 
potentials in the electroretinograms of SDT fatty rats are lon-
ger than those of age-matched normal Sprague–Dawley (SD) 
rats, demonstrating retinal dysfunction.25) In our previous 
study, SDT fatty rats exhibited increased vascular endothelial 
growth factor (VEGF) concentrations in the vitreous humor, 
retinal vascular hyperpermeability, and retinal thickening; 
these were treated with phlorizin.26) Furthermore, the outer 
retinal folds in SDT fatty rats develop earlier and are more 
prominent than those in SDT rats. In addition, glial fibril-
lary acidic protein (GFAP)- and VEGF-positive regions in the 
retinas of SDT fatty rats are significantly larger than those in 
SDT rats.27)

In this study, we aimed to conduct electroretinography and 
pathological evaluation of the protective effects of pemafibrate 
against DR in SDT fatty rats.

MATERIALS AND METHODS

Animals  Animal care and handling were performed 
in accordance with the Association for Research in Vision 
and Ophthalmology Statement for the Use of Animals in 
Ophthalmic and Visual Research and Guidelines for Ani-
mal Experimentation of the Animal Care and Committee of 
Jichi Medical University, which approved all experiments 
(Study Number: 19030-02). Colonies of male SDT fatty rats 
(n = 13) and normal SD rats (n = 4) were provided by CLEA 
Japan, Inc. (Meguro-ku, Tokyo, Japan). All SDT fatty rats 
were confirmed as being diabetic, with non-fasting blood 
glucose concentration exceeding 350 mg/dL at 8 weeks after 
birth. Pemafibrate was provided by Kowa Co., Ltd. (Chuo-ku, 
Tokyo, Japan). SDT fatty rats were fed a diet supplemented 
with pemafibrate (0.3 mg/kg/d) for 16 weeks, starting at 8 
weeks of age (Pf SDT fatty: study group), or with normal 
chow (SDT fatty: controls). The SD rats were fed normal chow 
(SD: normal untreated controls). The eyes of the Pf SDT fatty, 
SDT fatty, and SD groups were enucleated at 24 weeks of age 
(n = 7, 6, and 4, respectively). One eye per rat was assessed.

Measurement of Food Consumption, Body Weight, and 
Blood Glucose and Hemoglobin (Hb)A1c Levels  Food 
consumption, body weight, and blood glucose level were 
measured every 2 weeks, and glycated hemoglobin (HbA1c) 

level was measured every 4 weeks from 8 to 24 weeks in 
each rat group. Blood samples were collected from the tail 
veins of non-fasting rats. The glucose and HbA1c levels were 
measured using commercial kits (StatStrip Xpress Glucose/
Ketone Meter, Nova Biomedical, Waltham, MA, U.S.A.) and 
an automatic analyzer (Hitachi 7170, Hitachi High-Tech Corp., 
Minato-ku, Tokyo, Japan), respectively.

Measurement of Blood Chemistry Parameters  Blood 
chemistry parameters, including insulin, TG, total cholesterol 
(TC), high-density lipoprotein cholesterol (HDL-C), aspartate 
transaminase (AST), alanine transaminase (ALT), γ-glutamyl 
transpeptidase (γ-GTP), blood urea nitrogen (BUN), and cre-
atinine (CRE) levels, were measured when each rat was sac-
rificed. Serum insulin level was measured using a rat insulin 
enzyme-linked immunosorbent assay kit (Morinaga Institute 
of Biological Science, Yokohama, Kanagawa, Japan) and an 
absorbance microplate reader (MTP-300 Microplate Reader; 
Corona Electric Co., Ltd., Hitachinaka, Ibaraki, Japan). Other 
parameters were measured using an automatic analyzer (Hita-
chi 7180, Hitachi High-Tech Corp.).

Electroretinography (ERG)  ERG was performed to 
evaluate retinal neural function at 8 and 24 weeks of age in 
each rat group under general anesthesia, using a combination 
of medetomidine hydrochloride, midazolam, and butorphanol 
tartrate (MMB). The MMB anesthetic agent contained mid-
azolam (2.0 mg/kg, Sandoz, Tokyo, Japan), medetomidine 
(0.375 mg/kg, Nippon Zenyaku Kogyo Co., Ltd., Fukushima, 
Japan), and butorphanol tartrate (2.5 mg/kg, Meiji Seika Phar-
ma, Tokyo, Japan). MMB was prepared by mixing the drug 
with physiological saline. We administered 0.5 mL of purified 
MMB per 100 g of rat body weight by intraperitoneal admin-
istration.28) If a significant anesthetic effect was not obtained 
with the initial dose of 0.5 mL/100 g, the dose was increased 
by 20% (e.g., body weight 600 g = initial amount of anesthetic 
of 3.0 mL, followed by additional amount of anesthesia of 
0.6 mL). After completion of the ERG recording at 8 weeks 
of age, a medetomidine antagonist (0.5 mL of medetomidine 
antagonist per 100 g of rat body weight) was administered to 
awaken the animals. Full-field ERG responses were recorded 
using a Ganzfeld dome, an acquisition system, and light-
emitting diode stimulators (PuREC; MAYO Corporation, In-
azawa, Japan). ERG was conducted at 8 and 24 weeks of age 
after overnight dark adaptation. The animals were fasted prior 
to general anesthesia. General anesthesia was induced under 
dim red light. Mydriasis was induced using a mixture of 0.5% 
phenylephrine hydrochloride and 0.5% tropicamide (Santen 
Pharmaceutical Co., Ltd., Osaka, Japan). Active electrodes 
were applied to the eyes using contact lenses, and reference 
electrodes were placed in the mouth of the animals. An elec-
trode clipped to the tail served as the ground connection.

Ocular Histopathology  After completion of the ERG 
recording at 24 weeks of age under deep MMB anesthesia, 
the eyes were enucleated for conventional histopathological 
studies and placed in a fixative (Super Fix KY-500, Kurabo 
Industries Ltd., Chuo-ku, Osaka, Japan). The fixed eyes were 
washed with 0.1%  cacodylate buffer and embedded in paraffin. 
The paraffin blocks were cut into 4-µm sections and stained 
with hematoxylin–eosin (H&E) for conventional histopatho-
logical examination. The immunohistochemical procedures 
were based on the standard avidin-biotin horseradish peroxi-
dase method using each antibody and performed with 3,3′di-
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aminobenzidine substrate-chromogen. Aquaporin-4 (AQP4) 
rabbit polyclonal antibody (Cell Signaling Technology, Inc., 
Danvers, MA, U.S.A.) and VEGF rabbit polyclonal antibody 
(Proteintech Group, Inc., Rosemont, IL, U.S.A.) were used at a 
dilution of 1 : 200 as the primary antibody.

Measurement of Retinal Thickness, Retinal Folds, and 
Choroidal Thickness  To quantify the pathological features 
of the specimens, we used the BZ-X700 digital microscope 
system (Keyence Corp., Higashiyodogawa-ku, Osaka, Japan). 
A high-resolution image of the entire specimen stained with 
H&E was created using the BZ-H3XD image stitching system 
(Keyence Corp.). Retinal thickness, number of retinal folds, 
and choroidal thickness were evaluated. Total retinal thickness 
was defined as the distance between the retinal internal limit-
ing membrane and the photoreceptor layer (PL). The mean 
retinal and choroidal thicknesses were measured at 500, 1000, 
and 1500 microns from the optic disc. The number of retinal 
folds, defined as deformations from the outer nuclear layer 
(ONL) to the PL, was measured within 1500 microns of the 
optic disc.

Measurement of Immunostained AQP4 and VEGF Re-
gions  Quantitative analyses of the AQP4- and VEGF-posi-
tive regions, which we referred to as immunopositive regions, 
were performed using the Hybrid Cell Count Module/BZ-H3C 
software (Keyence Corp.). The entire specimen was marked 
with a magenta stain, and the immunopositive regions were 
marked in dark blue. The color coding of immunopositive 
and immunonegative regions can be freely selected using this 
software. The ratio of the immunopositive areas to the area 
of the entire specimen was automatically calculated for each 
specimen.

Statistical Analysis  The parameter measurements are 
expressed as mean ± standard deviation (S.D.). For statistical 
analysis, we used the Bell Curve for Excel software (Social 

Survey Research Information Co., Ltd., Tokyo, Japan). Mann–
Whitney U-test and Scheffe’s test were used for the numerical 
parameter testing of non-normal distribution. p < 0.05 was 
considered to indicate statistical significance.

RESULTS

Changes in Biological Parameters
Food Consumption, Body Weight, and Blood Glucose and 

HbA1c Levels
Figure 1 shows changes in food consumption, body weight, 

and blood glucose and HbA1c levels. Little difference was ob-
served in each of these parameters between the Pf SDT fatty 
and SDT fatty rats.

Blood Insulin, TG, TC, HDL-C, AST, ALT, γ-GTP, BUN, 
and CRE Levels

Figure 2 shows the blood insulin, TG, TC, HDL-C, BUN, 
and CRE levels for each rat type at 24 weeks of age. No sig-
nificant differences were observed in blood insulin and TC 
levels between the Pf SDT and SDT fatty rats. In contrast, 
the mean TG levels in the Pf SDT fatty rats were significantly 
lower than those in the SDT fatty rats (p < 0.05, Mann–Whit-
ney U-test). The mean HDL-C levels in the Pf SDT fatty rats 
were higher than those in the SDT fatty rats (p < 0.01, Mann–
Whitney U-test). The serum levels of AST, ALT, and GTP 
were not significantly different between the Pf SDT and SDT 
rats (data not shown). Compared to the SDT fatty rats, the Pf 
SDT fatty rats had higher BUN (p < 0.01, Mann–Whitney U-
test) and CRE (p < 0.05, Mann–Whitney U-test) levels.

ERG  Figure 3 shows the representative ERG waveforms 
for each rat type at 8 and 24 weeks of age. Figure 4 shows the 
amplitude and peak time of oscillatory potential (OP)1–OP4, 
a wave, and b wave in each rat group at 24 weeks of age. No 
significant difference was noted in the amplitude between the 

Fig. 1. Changes in Biological Parameters in the Study Animals
(A) Food consumption; (B) body weight; (C) glucose; (D) hemoglobin (Hb) A1c. Little difference was observed in each of these parameters between the Spontaneously 

Diabetic Torii (SDT) fatty rats on a diet supplemented with pemafibrate for 16 weeks (Pf SDT fatty) and SDT fatty rats (SDT fatty). The data are expressed as mean ± stan-
dard deviation. # p < 0.05, ## p < 0.01, Pf SDT fatty rats vs. Sprague–Dawley (SD) rats; † p < 0.05, †† p < 0.01, SDT fatty rats vs. SD rats by Scheffe’s test. § p < 0.05, Pf SDT 
fatty rats vs. SDT fatty rats by Mann–Whitney U-test.
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Pf SDT and SDT fatty groups. In contrast, the extension of 
OP1 and OP3 waves during the peak time was suppressed 
in the Pf SDT fatty group. The mean OP1 peak times in the 
Pf SDT fatty group and SDT fatty group, respectively, were 
18.2 ± 0.4 ms and 18.9 ± 0.7 ms (Pf SDT fatty group vs. SDT 
fatty group, p < 0.05, Mann–Whitney U-test). The mean OP3 
peak times in the Pf SDT fatty group and SDT fatty group, 
respectively, were 33.8 ± 1.1 ms and 36.9 ± 1.7 ms (Pf SDT 
fatty group vs. SDT fatty group, p < 0.05 by Mann–Whitney 
U-test).

Retinal Thickness, Retinal Folds, and Choroidal Thick-
ness  Figure 5 shows the retinal and choroidal thicknesses. 
The retinas at 1500 microns from the optic disc were thin-
ner in the Pf SDT fatty group than in the SDT fatty group. 
The mean retinal thicknesses at 1500 microns from the optic 
disc in the Pf SDT fatty group and SDT fatty group were 
149.0 ± 9.0 and 163.3 ± 8.2 microns, respectively (Pf SDT 
fatty group vs. SDT fatty group, p < 0.05 by Mann–Whitney 

U-test). The choroidal thickness did not differ significantly 
between the Pf SDT and SDT fatty groups. Figure 6 shows 
the number of retinal folds. The mean numbers of retinal 
folds in the Pf SDT fatty group, SDT fatty group, and SD 
rats, respectively, were 0.9 ± 1.1, 2.3 ± 2.0, and 0 ± 0 (Pf SDT 
fatty group vs. SDT fatty group, p = 0.16 by Mann–Whitney 
U-test). The retinal folds in the Pf SDT fatty group tended to 
be less prominent than those in the SDT fatty group, although 
no significant differences were noted between them. No retinal 
folds had developed in the SD rats.

Immunostained AQP4 and VEGF Regions  Figures 7A 
and B show the areas of AQP4 and VEGF immunostaining, 
respectively, in each rat group. Figures 7C and D show the 
mean area ratio of immunostained AQP4 and VEGF, respec-
tively. This indicates that the AQP4-positive regions in the ret-
inas of the Pf SDT fatty group were significantly larger than 
those of the SDT fatty group (Pf SDT fatty group vs. SDT 
fatty group, p < 0.05, Mann–Whitney U-test), whereas no sig-

Fig. 2. Biological Parameters at 24 Weeks of Age in the Three Rat Groups
(A) Insulin; (B) total cholesterol (TC); (C) triglycerides (TG); (D) high-density lipoprotein cholesterol (HDL-C); (E) blood urea nitrogen (BUN); (F) creatinine (CRE). 

The mean TG levels were lower in the SDT fatty rats treated with pemafibrate (Pf SDT fatty) than in the SDT fatty rats. The mean HDL-C levels were higher in the Pf 
SDT fatty rats than in the SDT fatty rats. Pf SDT fatty rats had higher BUN and CRE levels than SDT fatty rats. The data are expressed as the mean ± standard devia-
tion. * p < 0.05, Pf SDT fatty rats vs. SDT fatty rats; # p < 0.05, ## p < 0.01, Pf SDT fatty rats vs. SD rats; † p < 0.05, SDT fatty rats vs. SD rats by Scheffe’s test. § p < 0.05, 
§§ p < 0.01, Pf SDT fatty rats vs. SDT fatty rats by Mann–Whitney U-test.
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Fig. 3. Representative Electroretinography Waveforms (A) at 8 Weeks of Age and (B) at 24 Weeks of Age in Each Rat Group
a, SDT fatty rat before starting pemafibrate; b, SDT fatty rat at 8 weeks of age; c, SD rat at 8 weeks of age; d, SDT fatty rat after administration of pemafibrate; e, SDT 

fatty rat at 24 weeks of age; f, SD rat at 24 weeks of age.

Fig. 4. Amplitude and Peak Time of Electroretinography at 24 Weeks of Age in Each Rat Group
(A) Oscillatory potential (OP)1–OP4 amplitude; (B) a wave amplitude; (C) b wave amplitude; (D) OP1–OP4 peak times; (E) a wave peak time; (F) b wave peak time. No 

significant difference in the amplitude between the Pf SDT and SDT fatty groups was observed. In contrast, the extension of OP1 and OP3 waves during the peak time was 
suppressed in the Pf SDT fatty group. The data are expressed as the mean ± standard deviation. * p < 0.05, Pf SDT fatty rats vs. SDT fatty rats; # p < 0.05, Pf SDT fatty rats 
vs. SD rats; † p < 0.05, †† p < 0.01, SDT fatty rats vs. SD rats by Scheffe’s test. § p < 0.05, §§ p < 0.01, Pf SDT fatty rats vs. SDT fatty rats by Mann–Whitney U-test.
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nificant differences were observed between the Pf SDT fatty 
group and SDT fatty group in the VEGF immunostaining.

DISCUSSION

This study aimed to elucidate the protective mechanisms 
of pemafibrate against DR using an SDT fatty rat model. The 
involvement of PPARα activation in the retinal protective 
effect has been suggested.18–24) Therefore, we hypothesize that 
greater selectivity for PPARα may enhance the efficacy of 
retinal protection. Additionally, selective activation of PPARα 
can potentially mitigate side effects. We expected pemafibrate 
to become a potential therapeutic agent for DR and conducted 
a series of experiments in SDT fat rats for verification in the 
present study.

The extension of OP1 and OP3 waves during the peak time 

was suppressed in the Pf SDT fatty group. The amplitudes 
of the OP in ERG have been reported to be sensitive to cir-
culatory disorders.29) In the early stages of murine, rat, and 
human DR, ERG amplitudes are diminished, and OP latencies 
increase.30,31) In particular, the prolonged OP peak latency in 
early diabetic eyes without angiographic evidence of angiopa-
thy is thought to originate from certain neuronal disorders that 
occur in the inner nuclear layer of the retina, especially in the 
amacrine cells.29,30) In their study evaluating retinal function 
using ERG, Tomita et al. reported that pemafibrate prevented 
OP amplitudes from decreasing in streptozotocin (STZ)-in-
duced diabetic mice.32) In the present study, we examined the 
effects of pemafibrate on DR in SDT fatty rats. Both studies 
indicate that pemafibrate protects retinal function.

On pathological examination, we found that the retinal 
thickness at 1500 microns from the optic disc had improved in 

Fig. 5. Retinal Thickness and Choroidal Thickness
(A) The retinal and choroidal thicknesses were measured at 500, 1000, and 1500 microns from the optic disc. The scale bar indicates 1000 microns. (B) Comparison 

of the retinal and choroidal thicknesses 500 microns from the optic disc at 24 weeks of age in each rat type (hematoxylin and eosin stain). a, retina; b, retinal pigment 
epithelium; c, choroid. The scale bar indicates 100 microns. Retinal thicknesses at (C) 500 microns from the disc, (D) 1000 microns from the disc, and (E) 1500 microns 
from the disc in each rat group. The retinas at 1500 microns from the optic disc were thinner in the SDT fatty rats treated with pemafibrate (Pf SDT fatty group) than in 
the non-treated SDT fatty group. Choroidal thicknesses at (F) 500 microns from the disc, (G) 1000 microns from the disc, and (H) 1500 microns from the disc in each rat 
group. † p < 0.05, †† p < 0.01, SDT fatty rats vs. SD rats by Scheffe’s test. § p < 0.05, Pf SDT fatty rats vs. SDT fatty rats by Mann–Whitney U-test.
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pemafibrate-administered SDT fatty rats. Quantitative analysis 
of immunohistochemistry data showed that the immunoposi-
tive regions of AQP4 in the retinas were significantly larger in 
the pemafibrate-treated SDT fatty rats than in the non-treated 
SDT fatty rats. Müller cell processes surround the retinal ves-
sels in the inner and deep vascular layers. Since the water 
channel AQP4 is expressed in the perivascular and end-feet of 
Müller cells and contributes to maintaining water balance in 
the retinal tissue, AQP4 may be associated with the pathogen-
esis of DR and macular edema via increased vascular permea-
bility.33) In diabetic rats, AQP4 levels were reduced throughout 
the inner retina and perivascular areas.34) AQP4 knockdown 
exacerbated DR in STZ-induced diabetic rats by increasing 
vascular permeability, retinal thickness, and inflammatory 
responses.35) Considering these reports, the increased AQP4 
expression in the retina indicates that pemafibrate activates 
Müller cells and is associated with the suppression of dia-
betic retinal edema. Meanwhile, the AQP4 expression levels 
in the retinas of 24-week-old SDT fatty rats and SD rats were 
similar. Regarding AQP4 expression in the retina, studies have 
reported that AQP4 is elevated or decreased in diabetic model 
rats compared with that in non-diabetic model rats. The pe-
riod after induction of diabetes in the reports in which AQP4 
expression was decreased was longer than the periods in the 
reports in which AQP4 expression was increased.34–38) There-
fore, AQP4 expression may be temporarily increased as a 

compensatory change in DR, but it is subsequently downregu-
lated. Although the model rats in those reports were different 
from those in our study, it is possible that the AQP4 expres-
sion level in the 24-week-old SDT fatty group decreased to the 
same level as in the non-diabetic rats. We wish we could have 
increased the observation points and the number of animals 
in this study. The AQP4 expression level in the Pf SDT fatty 
group was higher than that in the age-matched control group, 
and this may be effective in regulating edema. Similar to pre-
vious studies, we also performed immunostaining on GFAP 
and Alb specimens in addition to AQP4 and VEGF but found 
no significant differences between the Pf SDT fatty group and 
SDT fatty group in the present study (data not shown). In our 
previous study, we evaluated pathological changes in the reti-
nas of SDT fatty rats at 8, 16, 24, 32, and 40 weeks of age. At 
24 weeks of age, peaks in retinal thickness and the numbers 
of retinal folds were observed, accompanied by an increase 
in GFAP and VEGF immunopositive regions, as indicated by 
quantitative analysis.27) Therefore, we deemed it sufficient to 
assess DR in SDT fatty rats at 24 weeks of age. Thus, rats 
of 24 weeks of age rats were selected for the present study. 
However, the GFAP and VEGF immunopositive regions in 
the retinas of SDT fatty rats at 40 weeks of age were larger 
than those at 24 weeks.27) Consequently, examining rats at 40 
weeks of age could have shown higher GFAP and VEGF ex-
pression in the SDT fatty (control) group, potentially revealing 
the suppressive effect of pemafibrate.

Regarding the effect of PPARα on AQP4, both are ex-
pressed in Müller cells.21,33) Previous studies have also re-
ported that diabetes leads to dysfunction in Müller cells.39,40) 
Untreated db/db mice exhibited significant decreases in 
PPAR-α and AQP4 expression, along with increases in GFAP 
expression compared with that exhibited by non-diabetic db/m 
mice. Fenofibrate nano-eyedrops elevated PPAR-α and AQP4 
expression while reducing GFAP levels, as detected by im-
munofluorescence in diabetic db/db mice treated with vehicle 
eyedrops.41) Unfortunately, our study did not show a signifi-
cant decrease in GFAP expression in the Pf SDT fatty group, 
suggesting reduced gliosis in DR. Thus, while further verifi-
cation of GFAP expression at 40 weeks of age is warranted, 
there is a possibility that pemafibrate can prevent Müller cell 
dysfunction and increase AQP4 expression through PPARα, 
potentially regulating edema.

In order to apply this remedy to clinical use, we want to 
determine how pemafibrate is effective in DR. Enzyme-linked 
immunosorbent assay and mRNA are the gold standards for 
the quantitative measurement of proteins in organs. How-
ever, quantitative analysis can be performed to some extent 
by quantitative analysis of immunostaining.42) Since immunos-
taining can indicate the localization of protein expression, an 
increase in the expression area is usually thought to indicate 
an increase in the concentration of that protein.

We previously reported that the outer retinal folds in SDT 
fatty rats develop earlier and are more severe than those in 
SDT rats.27) In the previous and current studies, retinal folds 
were defined as deformations observed from the ONL to the 
PL that did not include the entire retinal layer. Fibrous prolif-
eration and tractional changes have been reported at 70 weeks 
of age in SDT rats, including the entire retinal layer.43) These 
changes are usually observed in older SDT rats. The rats in 
the current study were too young to have tractional changes 

Fig. 6. Numbers of Retinal Folds
(A) Comparison of the retinal folds in specimens from each group at 24 weeks of 

age. The numbers of retinal folds, defined as deformations from the outer nuclear 
layer to the photoreceptor layer, were measured within 1500 microns of the optic 
disc. The retinal folds are indicated by arrows. The scale bar indicates 100 microns. 
(B) Numbers of retinal folds in the study animals. No retinal folds were observed 
in the SD rats. The retinal folds were more prominent in the SDT fatty rats than 
in the SD rats. The folds in the SDT fatty rats treated with pemafibrate (Pf SDT 
fatty rats) tended to be less prominent than those in the SDT fatty rats, although 
there were no significant differences between them. The data are expressed as the 
mean ± standard deviation. † p < 0.05, SDT fatty rats vs. SD rats by Scheffe’s test.
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derived from the preretinal membranes. It is reported that 
outer retinal folds in SDT fatty rats are prevented by phlorizin, 
ipragliflozin, and sodium-glucose cotransporter inhibitors.44,45) 
Similar outer retinal folds have been reported in experimental 
autoimmune uveoretinitis in rats and mice.46) Therefore, outer 
retinal folds may be a phenomenon associated with DR, result-
ing from volume changes due to edema and/or inflammation in 
the retina. The retinal folds in the Pf SDT fatty group tended to 
be less pronounced compared to those in the SDT fatty group, 
although no significant differences were noted between them. If 
the numbers of experimental rats are increased, significant dif-
ferences may be observed for these groups.

The dose in the study group was determined accord-
ing to the results of preliminary studies investigating the 
toxicity caused by repeated administration of pemafibrate 
in SD rats. When the SD rats were fed a diet supplemented 
with over 0.3 mg/kg/d pemafibrate for 26 weeks or over 
1.0 mg/kg/d pemafibrate for 13 weeks, liver and kidney dis-
orders were reported. Based on these results, we selected a 
dose of 0.3 mg/kg/d. However, even at a dose of 0.3 mg/kg/d, 
pemafibrate likely induced kidney disorders to some extent. 
Due to budgetary constraints, we could not study other doses 
or methods of pemafibrate treatment. However, considering 
ERG results, we found that pemafibrate (0.3 mg/kg/d) protect-
ed retinal function. While pemafibrate should be avoided in 
patients with renal dysfunction, it may prove clinically benefi-
cial in preventing the onset and progression of DR in patients 
without renal dysfunction. Alternatively, topical treatments 

such as eye drops could offer potential benefits.
In conclusion, extension of the OP wave was suppressed 

in the Pf SDT fatty group in the present study. Although 
food consumption and blood glucose levels did not change 
after pemafibrate administration, the ERG data showed that 
pemafibrate protected retinal function. Therefore, pemafibrate 
is thought to be effective in suppressing the onset and progres-
sion of DR through mechanisms other than improving blood 
glucose levels. These results suggest that pemafibrate has a 
protective effect against DR. We would like to continue our 
research to elucidate the mechanism of the effects of this drug 
on DR.
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