
Abstract. Background/Aim: Diabetic nephropathy is
aggravated by a higher intake of total protein. The effects of
diets with different proportions of protein and carbohydrate
on diabetic retinopathy in db mice, a type-2 diabetes animal
model, were examined, as well as diabetic nephropathy.
Materials and Methods: Control and db mice at 5 weeks of
age were fed the diets (% energy of protein/carbohydrate/fat;
L-diet: 12/71/17; H-diet: 24/59/17) under ad libitum
conditions and pair-feeding conditions for 6 weeks,
respectively. Results: Mice fed the H-diet showed
significantly greater retinal thickness by optical coherence
tomography, and lower mRNA levels of angiotensinogen.
Comparing combinations of diets and genotypes, db-H mice
showed significantly higher mRNA levels of angiotensin-
converting enzyme, advanced glycosylation end product-
specific receptor, and cluster of differentiation molecule 11b
(a microglial marker) than db-L mice. Conclusion: Dietary
protein and carbohydrate proportions influenced retinal
manifestations, including retinal thickness and gene
expression in control and diabetic mice. 

Diabetic retinopathy is one of the three major complications
of diabetes, and it is the leading cause of visual impairment
and blindness among adults (1). A recent epidemiological
study found diabetic retinopathy prevalence to be 34.6% for
individuals with diabetes (2). In the Wisconsin

Epidemiological Study of Diabetic Retinopathy,
microalbuminuria, representing nephropathy, was associated
with the presence of retinopathy in individuals with diabetes
(3). The recent rise in the numbers of diabetes and diabetic
retinopathy cases worldwide is likely to be related to
lifestyle/life environment rather than genetic factors, as a
global genetic diversity has not changed appreciably over
this short period of time (4-7). Lifestyle factors, including
nutrition, have been altered markedly in recent decades (8,
9). Diabetic nephropathy is aggravated by higher intake of
total protein (10, 11). However, the impact of altered
nutrition, especially protein content, on the development of
diabetic retinopathy is not fully understood (10, 11, 12). 

Glycemic control and blood pressure control reduce the
progression of diabetic retinopathy, and ophthalmological
treatment including laser applications plays a prominent role
in the control of diabetic retinopathy. However, currently there
are no drugs that inhibit the onset or progression of diabetic
retinopathy, except for inhibitors of the renin-angiotensin (RA)
system (13-17). Regarding nutritional intervention, patients
with diabetic retinopathy have been managed by a low-energy
diet of suppressed carbohydrate intake and relatively high-
protein intake, but the influence of diet on the
pathophysiology of retinopathy is not fully understood. A
rodent study of diabetic nephropathy reported an additive
effect of RA system inhibitors and a low-protein diet on
kidney manifestations (18). A low-protein diet may have
additional beneficial effects through suppressed expression of
genes involved in the kidney RA system. The effect of dietary
protein content diets (12-24% energy), which is the range in
regular human diets (4, 8), on glucose levels and renal
manifestations in db mice (19, 20), an animal model for
diabetes with leptin-receptor deficiency. In the experiments
using db mice, a high-protein, low-carbohydrate diet increased
blood glucose levels and exacerbated renal manifestations,
compared with a low-protein, high-carbohydrate diet (21, 22).
The dietary protein content should be examined for its
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influences on the retina as well as the kidney, because of the
beneficial effects of RA system inhibitors on nephropathy and
retinopathy caused by diabetes. A cross-sectional observation
revealed that diabetic patients with retinopathy showed higher
intake of protein than diabetic patients without retinopathy
(23). However, this finding remains to be confirmed because
only a monovariate statistical procedure was performed
without consideration of confounding factors. 

In the present study, we evaluated the impacts of dietary
protein content on retinal manifestations in db mice, an
animal model representing retinal neurodegenerative changes
in the early period of diabetes (24). We examined
morphological changes using optical coherence tomography,
and alteration of expression of neuronal and glial marker
genes and of genes involved in the RA system.

Materials and Methods

Animals. Male diabetic mice [C57BLKS(BKS). Cg-+ Leprdb/+
Leprdb/J; db, diabetic], having a homozygous mutation of the leptin
receptor, and control mice (BKS.Cg-Dock7m +/ Dock7m +/J; CT,
control) at 4 weeks of age were obtained from Charles River Japan
(Kanagawa, Japan) (24-26). The mice were housed individually in a
humidity and temperature-controlled facility (50±20%, 22±3˚C) under
a 12 h light/dark cycle (light from 0700-1900) in the animal facility
of Shin Nippon Biomedical Laboratories, Ltd. All mice had ad libitum
access to water, and CT mice had ad libitum access to food. db mice
were subject to pair-feeding conditions during the experimental period. 

Experimental design. Twelve CT and 12 db mice purchased at 4
weeks of age were used. Under ad libitum conditions, the CT mice
were acclimatized to their surroundings for one week. They were then
randomly separated into two groups (N=6), each supplied with a
different diet for 6 weeks. The diets were as follows: 12% energy
from protein (L-diet; low-protein, high-carbohydrate: 12% protein,
71% carbohydrate, 17% fat), and 24% energy from protein (H-diet;
high-protein, low-carbohydrate: 24% protein, 59% carbohydrate, 17%
fat). The protein sources of the two diets were composed of 50%
animal and 50% plant protein (Table I). Under pair-feeding
conditions, db mice were supplied with the same amount of H-diet
(db-H) as the amount of L-diet consumed by db-L mice, resulting in
the consumption of similar fat content. The body weight (BW) and
intake of food and water were measured every week during morning
and afternoon periods, respectively. We measured food and water
intake by subtracting the remaining quantities from the amounts
supplied (weight). On the last day of the experiments, the mice were
anesthetized by pentobarbital (32.4 mg/kg) and then as much blood
as possible was collected from the heart using a syringe containing
EDTA-2K (10 μl of 200 mM). The blood was centrifuged, and then
the supernatant was stored at –80˚C. Tissues and organs, including,
kidneys, liver, pancreas, and heart were removed, and then weighed.
Retinas were dissected and immediately frozen in liquid nitrogen. All
tissues were then stored at –80˚C until analysis. 

Optical coherence tomography. We scanned the retinal layers with
optical coherence tomography (Spectralis, Heidelberg Engineering
GmbH, MA, USA) under non-anesthetized conditions with Mydrin-
P ophthalmic solution for mydriasis (tropicamide and phenylephrine;

Santen Pharmaceuticals, Osaka, Japan). We investigated retinal
thickness by taking tomographic images of the ocular fundi. Total
retinal thickness was measured in an area of 1.0 mm in diameter
centered on the optic nerve head of mice at 11 weeks of age (24).

Biochemical measurements. Blood glucose (BG) and urinary
glucose (UG) were measured using a commercial kit (glucose CII-
test Wako; WAKO, Tokyo, Japan) according to the manufacturer’s
instructions. Urine was taken during the morning period. Urinary
C-peptide and plasma insulin were measured using respective
ELISA kits (Yanaihara Institute, Shizuoka, Japan; Morinaga Institute
of Biological Science, Kanagawa, Japan). HbA1c was measured by
an immunoassay (DCA 2000 system; Bayer Healthcare LLC, NJ,
USA). Aldosterone was measured (Clinical Pathology Laboratory
Co., Kagoshima, Japan).

Real-time PCR for quantification of mRNA. Frozen retinas were used
for isolation of total RNA. Isolated RNA was treated with DNase to
remove genomic contamination. First-strand cDNA synthesis was
performed using 5 μg total RNA with an oligo-(dT)20 primer
following the manufacturer’s instructions (Invitrogen, Carlsbad, CA,
USA). Real-time quantitative PCR was performed using SYBR-
green on a TAKARA detection system (TAKARA, Shiga, Japan)
under the conditions recommended by the manufacturer. The primer
sequences were as follows (27-33): angiotensinogen (Agt,
NM_007428), forward: 5’-GGC CGC CGA GAA GCT AGA-3’ and
reverse: 5’-GGC TGG CCG TGG GAT CTA-3’; renin (Renin,
NM_031192), forward: 5’-GCC GCC TCT ACC TTG CTT GTG-3’
and reverse: 5’ GGG GCA GCT CGG TGA CCT CT-3’; angiotensin
I converting enzyme (Ace, NM_207624), forward: 5’-AGG GAA
CAT GTG GGC GCA GAC-3’ and reverse: 5’-CGG TGG GCT TCT
CTA ACA TCG A-3’; advanced glycosylation end product-specific
receptor (Ager, NM_007425), forward: 5’-TGA GGA GAG GAA
GGC CCC G-3’ and reverse: 5’-GCC ATC ACA CAG GCT CGA
TC-3’; neuronal nuclei (NeuN, NM_001039167), as a marker of
neural cells, forward: 5’-GAG GAG TGG CCC GTT CTG-3’ and
reverse: 5’-AGG CGG AGG AGG GTACTG-3’; glial fibrillary
acidic protein (Gfap, NM_010277) , as a marker of astrocytes,
forward: 5’-GAA CAA CCT GGC TGC GTA TA-3’ and reverse: 5’-
GCG ATT CAA CCT TTC TCT CC-3’; cluster of differentiation
molecule 11b (CD11b, NM_001082960), as a marker of microglial
cells, forward: 5’-GAT CAA CAA TGT GAC CGT ATG-3’ and
reverse: 5’-GAT CCC GGA AAT TGG AGT GAG-3’;
glyceraldehyde 3-phosphate dehydrogenase (Gapdh, NM_008084),
forward: 5’-CCG CAT CTT CTT GTG CAG TGC C-3’ and reverse:
5’-GGG GTC GTT GAT GGC AAC AAT CTC-3’. 

We measured mRNA levels of the genes involved in the
development of diabetic retinopathy. The relative level of mRNA
was calculated using cycle time (Ct) values, which were normalized
against the value of Gapdh. Relative quantification (fold change)
between different samples was then determined according to the
2–ΔΔCt method. The level of mRNAs in CT-L mice was set at 1.00. 

Data analysis. Values are shown as means±or + standard error (SE).
Statistical analysis was performed using two-way (repeated
measurement or factorial) analysis of variance (ANOVA) as
appropriate (34). Significant differences were determined using the
t-test (Ekuseru-Toukei 2010, Social Survey Research Information,
Tokyo, Japan; SPSS Medical Model, ver. 24, International Business
Machines Corporation, Tokyo, Japan). Differences with p<0.05
were considered significant.
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Results

Food and water intake, body weight and organ weight. db-
L and -H mice showed significantly higher BW than CT-L
and -H mice during the experiments, respectively. There was
no significant difference in BW among db or CT mice fed
the different diets (Figure 1A). Additionally, there was no
significant difference in BW change during the experiments
between db or CT mice fed the different diets (db-L:
10.9±2.0 g, db-H: 10.6±1.8 g, p=0.899; CT-L: 7.0±0.6 g,
CT-H: 6.0±0.4 g, p=0.248). For water intake during the
period, db-L and -H mice showed significantly higher intake
compared with CT-L and -H mice, respectively. There was
no significant difference in water intake among db or CT
mice fed the different diets (Figure 1B). As shown in Figure
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Figure 1. Change of body weight and water intake in control (CT) and db
mice with different diet conditions. Body weight (A) and water intake (B)
of CT (open symbol) and db (closed symbol) mice fed with the different
diets (low protein: triangle, high protein: circle) for 6 weeks. The total
amounts of food eaten by CT (open symbol) and db (closed symbol) mice
fed with a low protein diet (L) or a high protein diet (H) are shown in (C).
The data are presented as means+SE from six db and six CT mice under
the different diet conditions. Data were analyzed statistically by two-way
ANOVA (repeated measurements) (A and B) or unpaired t-test (C).
*p<0.05 compared to CT mice fed with the respective diet. 

Table I. Composition of the diets used in the experiments.

A

                                                                                    Diets (g)

                                                                          L                          H

Casein1                                                             6,4                        12,8
Soy protein2                                                     6,4                        12,8
α cornstarch3                                                 49,6                        36,6
β cornstarch4                                                  14,5                        14,5
Sucrose5                                                            10                           10
(Sucrose from MX and VX)                             (1.4)                       (1.4)
Soybean oil6                                                   8,25                       8,25
Supplements                                                                                        
  L-cystine7                                                    0,18                       0,33
  DL-methionine7                                           0,13                       0,24
Mineral mix (MX)8                                         3,5                          3,5
Vitamin mix (VX)8                                             1                             1
Total*                                                              100                         100
                                                                             
B

Proportion of energy                                           Diets (% energy)

                                                                          L                          H

Protein                                                              12                         24
Carbohydrates                                                 71                         59
Fat                                                                     17                         17
Total                                                               100                       100
kcal/g                                                                 4,29                      4,29

*Rounded off to the second decimal place. 1Acid casein (Meggle Japan
Co., Ltd, Tokyo, Japan); 2Soy flour (Nisshin Oillio Group, Ltd, Tokyo,
Japan); 3Nisshoku Alstar E (Nihon Shokuhin Kako Co., Ltd, Tokyo,
Japan); 4Corn strach W (Shikishima Starch Mfg. Co., Ltd, Mie, Japan);
5Granulated sugar (Fuji Nihon Seito Co., Ltd, Tokyo, Japan); 6Daizu
Hakko-yu (J-oil Mills Inc, Tokyo, Japan); 7Sigma-Aldrich, Japan, Co.,
Ltd, Tokyo, Japan; 8These mixtures were made of pure chemicals
(Nosan Co., Ltd, Kanagawa, Japan).



1C, db mice ate almost twice as much food during the
experimental period as CT mice under both diet conditions.
Two-way ANOVA showed that db mice had significantly
higher kidney weight than CT mice. As shown in Table II,
H-diet mice, regardless of genotype, showed significantly
higher kidney weight than L-diet mice. Unpaired t-test
analysis showed that db-H mice had significantly lower
pancreas weight than CT-H mice. There was no significant
difference in pancreas weight between db-L and db-H mice,
whereas CT-H mice showed significantly higher pancreas
weight compared to CT-L mice. 

Optical coherence tomography. There was no significant effect
of genotype on total retinal thickness (Table II). However,
regardless of genotype, mice fed the H-diet had significantly
higher retinal thickness compared with mice fed the L-diet. 

Biochemical parameters. We examined BG and UG in db
and CT mice at 11 weeks of age. For BG and UG levels, db-
L and -H mice showed significantly higher values than CT-
L and -H mice, respectively (Table II). There was no
significant difference in BG and UG levels between db or
CT mice fed the different diets. For urinary C-peptide levels,
db-L and -H mice showed significantly higher values than
CT mice fed the same diets. There was no significant
difference in urinary C-peptide levels between db or CT
mice fed the different diets. For plasma insulin levels, db-H

mice showed significantly higher values than CT-H mice
(Table II) and db-H mice showed significantly higher values
than db-L mice. We examined HbA1c in db and CT mice at
11 weeks of age. There was a tendency of a higher HbA1c
value in CT-H mice compared with CT-L mice, although it
did not reach significance (p=0.061). On the other hand, we
were not able to accurately measure HbA1c because the
values exceeded the upper limit of the test in db mice. For
aldosterone levels, db-L and -H mice showed significantly
higher values than CT-L and -H mice, respectively. There
was no significant difference in aldosterone levels between
db or CT mice fed the different diets.

Real-time PCR for quantification of mRNA. We measured
mRNA levels of genes involved in the development of
diabetic retinopathy. The genes Agt, Renin and Ace, belonging
to the RA system and Neun, Gfap, and CD11b, expressed in
the nervous system and Ager were examined (Figure 2). 

There was no significant difference in Agt expression
between db or CT mice fed the different diets. db-H mice
showed significantly lower Agt expression compared with db-
L mice. For Ace expression, db-H mice showed significantly
higher levels compared with CT-H mice. db-H mice showed
significantly higher Ace expression compared to db-L mice.
However, Renin was not able to be evaluated because its
measurement was inconclusive (data not shown). For Ager
expression, db-H mice showed significantly higher values
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Table II. Effect of diets on organ weights, blood and urinary parameters in CT and db mice.

                                                                                   CT                                                          db                                    p-Value (two-way ANOVA)

Diet                                                               L                            H                             L                            H                    Diet    Genotype   Diet x Genotype 

N                                                                    6                             6                             6                             6                                                                

Optical coherence tomography                                                                                                                                                                                                
   Retinal thickness (μm)                    178.8±9.6              201.2±4.2               184.2±6.9              194.8±3.6              0.020       0.94                 0.381
Organ weight (g)                                                                                                                                                                                                                       
   Kidney                                             0.161±0.004          0.180±0.004##        0.208±0.004**      0.233±0.010**#    0.001      0.000                0.570
   Liver                                                   1.20±0.04              1.31±0.01#             2.53±0.08**          1.99±0.14**##     0.017      0.000                0.001
   Pancreas                                           0.235±0.013          0.291±0.006##        0.239±0.005          0.236±0.017*        0.030      0.038                0.018
   Heart                                                 0.151±0.011          0.147±0.006           0.139±0.005          0.138±0.003          0.719      0.135                0.847
Blood parameters                                                                                                                                                                                                                      
   HbA1c (%)                                         3.65±0.10              3.92±0.08                 >14.00                     >14.00                                                          
   Glucose (mg/dl)                                  217±8                     225±17                   999±100**            923±126**         0.681      0.000                0.609
   Insulin (ng/ml)                                     0.5±0.1                  0.5±0.1                   1.0±0.2                  1.8±0.2**#         0.027      0.000                0.024
   Aldosterone (ng/dl)                            23.8±4.1                22.5±4.4                 78.3±8.6**            96.5±16.7**        0.409      0.000                0.342
Urinary parameter                                                                                                                                                                                                                     
   C-peptide (ng/mg Cr)                        0.04±0.01              0.04±0.01               0.30±0.04**          0.22±0.03**        0.149      0.000                0.186
   Glucose (mg/mg Cr)                          0.48±0.32              0.54±0.19              6187±1134**        4379±576**         0.170      0.000                0.170

Data are the means±SE. Values were analyzed by t-test and two-way ANOVA (factorial). Cr: Creatinine. *p<0.05, **p<0.01 compared to CT mice
fed the respective diet. #p<0.05, ##p<0.01 compared to the respective genotype mice fed with L-diet. Note that only HbA1c values for CT-L and
CT-H were statistically analyzed. The HbA1c values for db mice are shown in italics for reference only because of the limit of measurement.



compared with CT-H mice. Moreover, db-H mice showed
significantly higher Ager expression compared with db-L mice.

There was no significant effect of the different diet types
on Neun expression in the CT and db mice. There was no
significant difference in Neun expression between db or CT
mice fed the different diets.

For Gfap expression, db mice, regardless of diet, showed
significantly higher levels compared with CT mice. db-H mice
showed significantly higher values than CT-H mice. There was
no significant difference in Gfap expression between db or CT
mice fed the different diets. Whereas there was no significant
difference in CD11b expression between CT mice fed the
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Figure 2. Messenger RNA levels of genes related to the renin-angiotensin system, diabetic conditions, and of neuronal and glial marker genes.
Messenger RNA levels of Agt (A), Ace (B), Ager (C), NeuN (D), Gfap (E), and CD11b (F) in control (CT, open symbol) and db (closed symbol)
mice fed with a low protein diet (L) or a high protein diet (H) at 11 weeks of age. The data are presented as means+SE from six db and six CT
mice under the respective conditions. The p-values from two-way ANOVA (two factors: diet and genotype) are shown at the left and upper portion
of each figure. Diet x Genotype means the interaction between diet and genotype. The level of gene expression in CT-L mice was set at 1.0 using
Gapdh as a reference gene. The data were analyzed statistically by the unpaired t-test. *p<0.05 compared with CT mice fed with the respective
diet. #p<0.05 compared to the same genotype mice fed the L diet. 



different diets, db-H mice showed significantly higher CD11b
expression compared with db-L mice. 

Discussion

The present study revealed the impact of dietary protein and
carbohydrate content on retinal manifestations in db mice,
an animal model of type 2 diabetes under pair-feeding
conditions (equivalent energy and fat in L- and H-diets). We
showed that a high-protein low-carbohydrate diet in db mice
affected retinal manifestations, including the expression of
the genes, Ace, Ager, and CD11b. Additionally, mice fed a
high protein diet, regardless of genotype, showed
significantly higher retinal thickness values by optical
coherence tomography and the lower expression of Agt.

There are many animal models with diabetic retinopathy
(35). Of them, db mice are deficient in the leptin receptor and
show retinopathy and nephropathy caused by type 2 diabetes
(24-26). The diabetic nephropathy and glucose metabolism
abnormality in db mice are aggravated by a high protein
content diet (21, 22). In the present study, db mice were used
to evaluate the effects of dietary protein and carbohydrate
content on diabetic retinopathy. To evaluate the effect of
dietary protein and carbohydrate, energy intake in both db and
CT mice was set to be the same for both diets. Therefore, as
a pair-feed experiment, the amount of food consumed by db
mice fed the low protein diet was applied to db mice fed the
high protein diet. In CT mice, mice fed the low or high protein
diet ate similar amounts even under ad libitum conditions. As
a result, db mice consumed about twice the amount of food
compared with CT mice (Figure 1C). db Mice showed higher
blood glucose and HbA1c levels compared with CT mice,
regardless of diet. Over 6 weeks, db mice fed the high protein
diet showed a tendency of decreased BW; therefore, we chose
the experimental period to be 6 weeks. At that moment, optical
coherence tomography examination did not show thinning of
retinal layers in db mice, which has been reported in diabetic
retinopathy (24). This means that db mice in the experimental
period show the initial phase of retinal manifestations before
the onset of morphological abnormality. 

We initially examined gene expression in the retina of db
mice fed the different diets. Alterations of gene expression
in diabetic retinopathy have been reported and corresponded
to proliferation of astrocytes and/or microglia (36-38). In the
present study, db-H and -L showed higher mRNA levels of
Gfap compared with CT-H and -L, respectively. This finding
indicates that higher Gfap expression may correspond to the
diabetic condition, but that it is not greatly influenced by the
different protein and carbohydrate content diets, even in db
mice. Although morphological change was not apparent, the
higher expression of Gfap (as a retinal astrocyte marker)
under diabetic conditions is consistent with previous reports
(36-38). Moreover, db-H showed significantly higher levels

of CD11b mRNA, a microglial marker, than db-L, suggesting
that a higher dietary protein content may influence the
proliferation of microglia. On the other hand, NeuN, a
neuronal cell marker, was similar in db and CT mice fed
either diet. In addition, genes related to the RA system were
examined because RA system inhibitors can protect against
diabetic retinopathy (13-17); however, results were
somewhat complicated. For the high protein diet, Agt mRNA
levels were significantly lower compared with low protein
diet conditions. On the other hand, levels of Ace mRNA were
significantly higher in db-H than db-L mice. Up- or down-
regulation of RA system activity does not have to result from
alterations in mRNA levels only; the level of protein and
activity in the RA system should also be examined.
However, inhibitors of the RA system are effective against
diabetic retinopathy (13-17). RA system inhibitors can act
through inhibition of ligand production or inhibition of
receptor action. The expression of Ace is likely to contribute
to Ace protein levels, which may inhibit the RA system. Ager
mRNA levels are higher in db-H mice than db-L mice,
suggesting that glycated proteins resulting from higher blood
glucose may enhance signaling through induction of AGER
protein expression. Under diabetic conditions, expression of
CD11b, Ace, and Ager in the retina was upregulated by
different dietary protein and carbohydrate contents, whereas
Agt expression was downregulated in high protein diet
conditions regardless of genotypes. db Mice under the
different dietary conditions showed similar blood glucose
and HbA1c levels, indicating that alterations in the
expression of the above genes may not be explained by
higher blood glucose alone. An endocrinological change may
have resulted from the different protein content and may
involve glucagon and vasopressin (39). 

Specific nutritional intervention for diabetic retinopathy has
not been performed; however, restriction of dietary protein
intake has been performed for diabetic nephropathy (10, 11).
Nutritional-based approaches have a high potential to be
developed as adjunct intervention for the occurrence or
progression of diabetic retinopathy in the initial stages.
Nutritional intervention can serve as a non-invasive and cost-
effective treatment (40). As a general nutritional intervention
for diabetic retinopathy, to prevent increased blood glucose
and blood pressure, restriction of energy intake and salt intake
has been considered (40). For Japanese food, a restriction of
energy intake, for example by decreased intake of the staple
food rice, may lead to a higher protein intake. In the present
study, the proportion of protein and carbohydrate in a diet
influenced retinal manifestations in control and diabetic mice,
such as retinal thickness and gene expression. Further
examination is necessary to explain the pathophysiological
consequences of the gene expression altered by the diets.
However, the present study was informative for considering
specific nutritional intervention of diabetic retinopathy. 
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