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ABSTRACT

Aim. To study the effect of a high-fat, high-carbohydrate diet on retinal morphology of young and old rats in the 
experiment.

Materials and methods. The study was carried out on male Wistar rats aged 60 and 450 days at the beginning of 
the experiment. The animals were divided into 4 groups: group 1 (n = 14) included intact rats aged 150 days at the 
end of the experiment; group 2 (n = 14) encompassed  rats (60 days old) fed with a high-fat, high-carbohydrate diet 
(HFHCD) for 90 days; group 3 (n = 14) included intact rats (450 days old) receiving a standard diet for 90 days; 
group 4 (n = 14) included  rats (450 days old) fed with HFHCD for 90 days. Immunoassay and histology were used 
in the work.

Results. HFHCD resulted in an increase in glucose concentration in animals of both age groups. In old animals, it 
caused a pronounced increase in the content of insulin, TGFβ, and fibronectin in the blood serum, neovascularization 
of outer retinal layers, as well as karyopyknosis and death of neurosensory cells, leading to destruction of 
photoreceptors and drastic thinning of the outer nuclear and outer plexiform layers. In young rats fed with HFHCD, 
no pronounced histologic disorders of the retina were noted. 

Conclusion. HFHCD enhances age-related retinal changes in old (450-day-old) rats.
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РЕЗЮМЕ 

Цель: изучить в эксперименте влияние высокоуглеводной высокожировой диеты на сетчатку в молодом и 
старческом возрасте.

Материалы и методы. Исследование проводили на самцах крыс линии Вистар в возрасте 60 и 450 сут в на-
чале эксперимента. Животных распределяли на четыре группы: 1-я (n = 14) – интактные крысы в возрасте 
150 сут на момент окончания исследования; 2-я (n = 14) – 150-суточые крысы на момент окончания 90 сут 
высокоуглеводной высокожировой диеты (ВУВЖД); 3-я (n = 14) – интактные крысы 540-суточного возрас-
та на момент окончания исследования; 4-я (n = 14) – 540-суточные крысы после окончания 90 сут ВУВЖД. 
В работе использовали иммуноферментный и гистологический методы исследования.

Результаты. ВУВЖД приводила к повышению концентрации глюкозы у животных обеих возрастных 
групп, а у старых животных вызывала выраженное увеличение содержания инсулина, TGFβ и фиброне-
ктина в сыворотке крови, неоваскуляризацию наружных слоев сетчатки, кариопикноз и массовую гибель 
нейросенсорных клеток, влекущую за собой разрушение слоя палочек и колбочек, резкое истончение на-
ружного ядерного и наружного сетчатого слоев. У молодых крыс, содержавшихся на ВУВЖД, не было 
отмечено выраженных гистологических нарушений сетчатки. 

Заключение. ВУВЖД усиливает возрастные изменения сетчатки у старых (450-суточных) крыс.

Ключевые слова: ретинопатия, возрастные изменения сетчатки, высокоуглеводная высокожировая диета
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INTRODUCTION

Age-related changes in the retina, in particular 
age-related macular degeneration, cause vision loss 
in millions of people around the world. At the same 
time, excessive consumption of high-calorie food, 
especially in developed countries, leads to diabetic 
retinopathy, which is the main cause of blindness in 
the working age population [1, 2]. The mechanisms 

of development of senile macular degeneration and 
diabetic retinopathy have some common features [3]. 
Numerous studies are devoted to retinal aging [4–6], 
retinal pathology in metabolic syndrome, and type 2 
diabetes [7–9], including models with high-fat and 
high-carbohydrate diets [3, 10, 11]. However, the 
impact of high-calorie diets on the development of 
age-related retinal diseases and the structural basis of 
retinopathy caused by a high-fat, high-carbohydrate 
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diet (HFHCD) in various age groups is poorly studied. 
Knowledge about the association of aging with 
HFHCD is essential for development of prevention 
and treatment strategies for age-related macular 
degeneration and diabetic retinopathy. The aim of 
the study was to investigate the effect of HFHCD 
on retinal morphology of young and old rats in the 
experiment.

MATERIALS AND METHODS
The study was carried out on male Wistar rats 

aged 60 and 450 days. All procedures were carried 
out in accordance with the European Parliament 
Directive 2010/63/ EU and the FASEB statement on 
the principles for the use of animals in research and 
education. The following experimental groups were 
formed: group 1 (n = 14) included intact 150-day-old 
rats fed with a standard diet for 90 days (from 60 days 
of age); group 2 (n = 14) included 150-day-old rats fed 
with HFHCD for 90 days (from 60 days of age); group 
3 (n = 14) – intact 540-day-old rats fed with a standard 
diet for 90 days (from 450 days of age); group 4  
(n = 14) – 540-day-old rats fed with HFHCD for 90 
days (from 450 days of age).

 HFHCD contained 16% proteins, 21% fats, and 
46% carbohydrates, including 17% fructose and 
0.125% cholesterol. The water was replaced with a 
20% fructose solution. Rats of groups 1 and 3 (intact 
animals) received standard rodent feed (24% proteins, 
6% fats, 44% carbohydrates) and pure water ad libitum. 
The animals were removed from the experiment 
by decapitation with preliminary anesthesia with 
chloralose (100 mg / kg intraperitoneally). 

Before decapitation, blood samples were taken, 
which were centrifuged (for 15 min at 3,000 rpm). 
Serum samples were stored in a freezer at –70 °C. 
Glucose concentration in the blood serum was 
determined by the enzymatic colorimetric method 
using B-8054 kits (Vector-Best, Russia). The serum 
levels of insulin (ab100578, Abcam), fibronectin 
(ab108850, Abcam), and tissue growth factor beta 
(TGFβ) (ab119558, Abcam) were determined by the 
enzyme immunoassay. Sample measurements were 
performed using the Infinite 200 PRO microplate 
reader (Tecan GmbH, Austria). The homeostatic 
model assessment of insulin resistance (HOMA-IR) 
was calculated as the ratio of insulin * glucose / 22.5. 
For the histologic examination, the eyeballs were 
fixed in a 10% buffered formalin solution (BioVitrum 
LLC, Russia) and embedded in paraffin according to 
the standard method. Sections of the posterior wall 

of the eyes were stained with hematoxylin and eosin 
(BioVitrum LLC, Russia). 

Micropreparations were viewed and photographed 
using the AxioStar Plus light microscope (Carl Zeiss, 
Germany) at 400x and 1,000x magnification. In 10 
random fields of vision in sections for each retina, 
nuclei undergoing degeneration (%) were counted 
in the outer nuclear layer (ONL), inner nuclear layer 
(INL), and ganglion cell layer (GL). In the ONL and 
INL, rows of nuclei were counted.

Statistical data processing was performed using 
the Statistica 13.0 software (StatSoft Inc., USA). 
The data obtained were tested for normality of 
distribution using the Shapiro – Wilk test. Normally 
distributed data were presented as the mean and the 
standard error of the mean (M ± SEM).  Not normally 
distributed data were presented as the median and 
the interquartile range Ме (Q1; Q3). Homogeneity of 
multivariate dispersions was tested using the Levene’s 
test. When comparing several independent samples 
of quantitative data, a two-way ANOVA was used, 
followed by the Bonferroni correction for normally 
distributed variables. The nonparametric Kruskal – 
Wallis test was applied to compare samples with 
non-normal distribution. The threshold value of the 
significance level p was equal to 0.05.

RESULTS
Feeding the animals with HFHCD resulted in an 

increase in the concentration of glucose in the blood 
serum in the rats of both age groups (Table 1), as well 
as in a rise in the HOMA-IR values. However, only in 
old animals, HFHCD affected insulin levels, which led 
to a more pronounced increase in HOMA-IR values 
than in young rats (Table 1). Prescription of HFHCD 
contributed to an increase in the levels of TGFβ and 
fibronectin in the animals in group 4.

The histologic examination showed that the retinas 
in the rats of groups 1 and 2 had normal structural 
architecture of retinal layers (Figure, a). However, 
a small number of nuclei undergoing degeneration 
were detected in the ONL; they were characterized 
by diffuse hyperchromic staining and wrinkling  
(Figure, b).

In the retinas of rats in group 3, nuclei in the ONL 
were rarefied; in areas with the absence of nuclei, 
they were replaced by radial glial cell processes. 
Some of the outer and inner segments of the rods 
and cones were fragmented. In the subretinal space, 
fragments of the external processes of rods and 
cones were found, as well as small nuclei undergoing 
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degeneration, possibly displaced here from the ONL. 
Single larger nuclei in the subretinal space belonged 
to macrophages. Karyopyknosis was detected in the 
pigmented layer (PL) (Figure, c).

 Degenerating cells were found not only in the 
ONL, but also in the INL and GL (Figure, d). The 
most pronounced changes were noted in the retinas of 
rats in group 4. Thus, the ONL was almost completely 
destroyed and contained a few nuclei arranged in 
one incomplete row. Most of these nuclei were also 
undergoing degeneration and in some areas were 
displaced close to the PL, since the layer of rods and 
cones was completely destroyed. The PL was unevenly 
altered and often had pyknotic nuclei. In some areas, 

it was very thin and destroyed. Among the pigmented 
cells, hemocapillaries were found containing blood 
cells in the lumen. Hemocapillaries were also detected 
in the ONL, which indicates neovasculogenesis. In 
areas with the destroyed pigmented and photoreceptor 
layers, the nuclei of photoreceptors were attached 
to the Bruch’s membrane. In these areas, the 
choriocapillaries were few and narrowed. The INL 
and GL contained degenerating cells (Figure, e, f). 
The quantitative assessment did not reveal significant 
differences in 150-day-old animals of groups 1 
and 2. However, the content of nuclei undergoing 
degeneration in the ONL in group 2 showed a distinct 
upward trend compared with group 1 (Table 1).

b

d

a

c

e f

Figure. Histologic changes in the retina of rats associated with age and HFHCD: a – usual structural architecture of the retinal layers, 
group 2; b – single nuclei of rods and cones undergoing degeneration (indicated by arrows) in the ONL, group 2; c – rarefaction 
of nuclei in the ONL and their replacement by radial glial cell processes (white arrows), the presence of nuclei in the subretinal 
space (black arrows), a nucleus undergoing degeneration in the pigmented layer (dashed arrow), group 3; d – degenerating cells in 
the INL (yellow arrows) and the GL (black arrows), group 3; e – a blood vessel in the pigmented layer (yellow arrow), pyknosis of 
pigmented cell nuclei (black arrows), single nuclei undergoing degeneration in the ONL (black arrows) and GL (red arrows), group 
4; f – nuclei of rods and cones (black arrows), arranged in one incomplete row, close to the pigmented layer, a blood capillary in 
the subretinal space (yellow arrow), degenerating cells in the INL (red arrows), group 4. Staining with hematoxylin and eosin, x400  

(a, c, e); x1,000 (b, d, f )



102 Бюллетень сибирской медицины. 2022; 21 (4): 98–104

In rats of group 3, the proportion of degenerating 
cells in the ONL, INL, and GL significantly 
increased compared with groups 1 and 2. The most 
pronounced increase in the proportion of such cells 
was observed among rods and cones. There was a 
significant decrease in the number of rows of nuclei 
in the ONL in group 3 compared with groups 1 and 
2. The number of rows of nuclei in the INL did not 
differ in all 4 groups of animals. In group 4, the trend 
was similar to that in group 3, but the quantitative 
changes were significantly more pronounced. A 
drastic decrease in the number of rows of nuclei in 
the ONL and an increase in the proportion of nuclei 
undergoing degeneration among the remaining nuclei 
were worth noting, which indicates massive death of 
rods and cones. The proportion of degenerating cells 
in the INL and GL significantly increased in group 4 
compared with group 3, but to a much lesser extent 
than the proportion of nuclei undergoing degeneration  
in the ONL.

DISCUSSION
In our opinion, the revealed neovasculogenesis 

played the most important role in tissue mechanisms 
of retinopathy in old rats fed with HFHCD. As shown, 
blood vessels containing blood cells in the lumen 
appeared in unusual places – among the pigmented 
cells, in the layer of outer and inner segments, and in the 
ONL. It is known that invasion of hemocapillaries into 
layers where they are not present in normal conditions 

leads to oxidative stress and, as a consequence, death 
of pigmented and photoreceptor cells, for example, 
under the combined effect of ionizing radiation and 
bright light [12]. Under light exposure, new vessels 
invaded the layer of the outer and inner segments, 
which was due to expression of VEGF and led to 
retinal degeneration [13]. 

C.Toma et al. emphasized the relationship of 
oxidative stress and neovascularization with changes 
in choroidal blood flow and degeneration of the 
pigmented layer and photoreceptor cells in age-related 
retinopathy [14]. Pathological retinal angiogenesis 
is associated with expression of VEGF in diabetic 
retinopathy [15]. The studies carried out by a group 
of authors [16] showed that HFHCD used in our work 
causes biochemical disturbances characteristic of the 
metabolic syndrome. 

To date, the pathogenesis of diabetic retinopathy 
has been characterized in the context of signaling of 
glucose, insulin, VEGF, and other growth factors, 
among which TGFβ is of great importance [17]. 
At an early stage of diabetic retinopathy, TGFβ 
protects retinal vessels. At later stages, it contributes 
to the progression of vascular diseases, including 
proliferative ones [18]. TGFβ is known to control 
endothelial cell proliferation, cell adhesion, and 
deposition of the extracellular matrix and plays a key 
role in the development of diabetic retinopathy [19, 
20]. In our study, an increase in the concentration of 
TGFβ was detected in old rats, which was accompanied 

T a b l e  1

The levels of glucose and insulin in the blood serum of rats of different age fed with HFHCD, M ± SEM

Parameters Group 1 Group 2 Group 3 Group 4
Glucose, mM / l 5.4 ± 0.2 7.3 ± 0.21 6.0 ± 0.1 7.7 ± 0.21. 3

Insulin, pM / l 12.2 ± 0.8 18.35 ± 2.57 19.99 ± 2.3 34.7 ± 8.61

HOMA-IR 2.94 ± 0.28 5.97 ± 0.851 5.36 ± 0.611 12.05 ± 3.291. 2. 3

Fibronectin, mg / dl 21.23 ± 1.55 27.58 ± 1.78 29.89 ± 2.38 43.00 ± 3.121. 2. 3

Transforming growth factor β (TGFβ), ng /ml 14.0 ± 3.0 19.1 ± 2.6 35.3 ± 5.21 31.9 ± 4.11

Note :  statistical significance of differences with: 1 group 1; 2 group 2; 3 group 3; 4 group 4; two-way ANOVA followed by the Bonferroni 
correction.

T a b l e  2

Quantitative histologic changes in the retina of albino rats associated with age and HFHCD, Me (Q1; Q3)

Parameters Group 1 Group 2 Group 3 Group 4
Nuclei undergoing degeneration in ONL, % 0.25 (0.20; 0.40) 0.80 (0.70; 0.90) 15.051 (13.65; 16.65) 88.301. 2 (72.80; 92.40)
Number of rows of nuclei in ONL 10.65 (9.70; 11.90) 10.20 (9.30; 10.40) 5.901 (4.85; 7.85) 1.401. 2 (1.10; 4.90)
Nuclei undergoing degeneration in INL, % 0.15 (0.10; 0.20) 0.10 (0.10; 0.20) 1.95 (1.65; 2.80) 8.101. 2 (7.00; 9.30)
Number of rows of nuclei in INL 4.65 (4.20; 4.90) 4.70 (4.60; 5.40) 4.20 (4.05; 4.90) 4.30 (3.70; 5.20)
Ganglion neurons undergoing degeneration 0.50 (0.25; 0.50) 0.75 (0.25; 1.00) 3.001 (1.50; 4.00) 9.501. 2 (9.00; 11.50)

Note :  statistical significance of differences with: 1 group 1; 2 group 2; 3 group 3; 4 group 4; Kruskal – Wallis test.
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by proliferative changes in the retina in the form of 
neovasculogenesis in HFHCD. This occurred against 
the background of an increase in the blood levels of 
glucose and insulin and a rise in the HOMA-IR value. 
In old rats fed with HFHCD, the plasma level of 
fibronectin also increased. It is known that activation of 
fibronectin in endothelial cells and retinal pericytes is 
caused by TGFβ, which leads to thickening of capillary 
basement membranes and impairs permeability of 
the blood – retina barrier in diabetic retinopathy [21, 
22]. Therefore, the changes in the studied growth 
factors involved in the pathogenesis of retinopathy 
corresponded to neovasculogenesis and other vascular 
diseases that play a key role in age-related and 
HFHCD-related structural retinal abnormalities. This 
makes determination of these biochemical parameters 
in the diagnosis and treatment of senile macular 
degeneration and diabetic retinopathy clinically 
significant.

CONCLUSION
Our study showed that HFHCD enhances age-

related changes in the retina in old rats. Aging and 
HFHCD exhibit synergism in damaging photoreceptor 
cells, causing their karyopyknosis and massive death, 
which results in destruction of the layer of outer and 
inner segments, drastic thinning of the ONL to 1–2 
rows of nuclei, and thinning of the outer retinal layer. 
Death of rods and cones in the retina is accompanied 
by focal destructive changes in pigmented cells and a 
decrease in the number of choriocapillaries in the foci 
of destruction. HFHCD causes an increase in the serum 
levels of TGFβ and fibronectin and neovascularization 
in the outer retinal layers, which, in our opinion, plays 
a key role in the mechanisms of their destruction. The 
inner retinal layers were affected to a lesser extent than 
the photoreceptor and pigmented layers in old rats fed 
with HFHCD. In young rats, HFHCD did not cause 
pronounced histologic abnormalities in the retina.
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