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Background: The clinical and morphological picture of diabetic microangiopathy 
is rather specific. Diabetic retinal ischemia can lead to irreversible damage to 
retinal neural elements and choroidal capillaries. Diabetic nephropathy can lead 
to progressive renal dysfunction and chronic renal failure. Choroidal and retinal 
capillaries are structurally and functionally similar to those of the intestinal 
mucosa and renal tissue.
Purpose: To assess vascular ultrastructural changes in the choroid, retina, and 
renal glomerular and tubular system in a rat model of pyelonephritis in the 
presence of type 2 diabetes.
Material and Methods: Samples were obtained from 95 Wistar rats divided into 
three groups: group 1 (or control group) of 30 intact animals; group 2 of 15 
animals with type 2 diabetes induced by intraperitoneal streptozotocin 15.0 mg/
kg for 5 consecutive days; and group 3 of 50 animals with acute pyelonephritis 
in the presence of type 2 diabetes (streptozotocin 35.0 mg/kg on 2 days spaced 
by a week). Acute pyelonephritis was induced by Escherichia coli administration 
(107 CFU/kg) rectally. The ultrastructure of rat choroidal, retinal and renal 
glomerular-and-tubular vessels was examined with electron microscopy (PEM-
100-01 electron microscope).
Results: In rats with induced type 2 diabetes, the most significant ocular vascular 
changes and renal vascular changes were found in endothelial cells. These 
changes included findings of vacuolar degeneration in some epithelial cells, basal 
membrane thickening and focal necrosis of individual epithelial cells. Vessel 
lumens appeared focally narrowed or expanded, with red blood cells forming 
clumps or sludge in lumens. Some capillaries were obliterated. These changes 
obviously caused secondary changes in the surrounding structures. Common 
ocular changes included focal destruction in retinal pigment epithelium cells, 
destruction of retinal photoreceptor inner segments and choroidal stromal edema. 
Common renal changes included destruction of the podocytes of the glomerular 
capillary network and homogenization of the basal membrane. Vascular 
ultrastructural changes in the renal glomerular system were more marked in rats 
with experimental type 2 diabetes and pyelonephritis than in those with type 2 
diabetes only.
Conclusion: Electron microscopy micrographs demonstrated the ultrastructural 
changes in the retinal and uveal vascular systems which were of a similar type 
to those in the renal glomerular-and-tubular system in rats with experimental 
pyelonephritis in the presence of type 2 diabetes.
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Introduction
The clinical and morphological picture of diabetic 

microangiopathy is rather specific. Of all the vascular 
complications, diabetic nephropathy and retinopathy are 
worthy of the most attention [1].

Diabetic nephropathy is one of the most severe 
complications of type 2 diabetes, because it can lead to 
progressive renal dysfunction and chronic renal failure, 
with patients having an irreversible and even pessimistic 
prognosis [1, 2].

Another organ vulnerable to hyperglycemia is the 
eye, with diabetic retinopathy being the most dangerous 
diabetic ocular complication leading to impaired 
vision and blindness [3-6]. Capillary microocclusion 
and hyperpermeability contribute to this pathological 
process. Under these circumstances, blood retinal barrier 
breakdown develops, with subsequent growth of vessels 
and pathological connective tissue leading to massive 
hemorrhage and retinal detachment [7].

Metabolic alterations and hemodynamic factors leading 
to ischemia are preceded by changes at the cellular level 
that affect microcirculations and angiogenesis [4, 8-10].

The retina is the most commonly affected. Because 
the retina is metabolically highly active, ischemia may 
lead to irreversible damage to retinal neural elements and 
choroidal capillaries. Neurodegeneration is accompanied 
by neuronal apoptosis, glial dysfunction and an increased 
vascular permeability [3, 10].

The percentage of choroid with focal choriocapillaris 
degeneration in diabetic choroids had been found to be 
more than 4-fold greater than that in nondiabetic choroids 
[11]. Polymorphonuclear leukocytes contribute to vaso-
occlusive processes and endothelial cell injury in the 
diabetic choroid [12]. The presence of leukocytes in the 
lumen indicates uveal inflammation [3].

It is noteworthy that choroidal and retinal capillaries 
are structurally and functionally similar to those of the 
intestinal mucosa and renal tissue [13, 14].

Consequently, the purpose of this study was to assess 
vascular ultrastructural changes in the choroid, retina, 
and renal glomerular and tubular system in a rat model of 
pyelonephritis in the presence of type 2 diabetes.

Material and Methods 
Samples were obtained from 95 Wistar rats divided 

into three groups: group 1 (or control group) of 30 intact 
animals; group 2 of 15 animals with type 2 diabetes 
induced by intraperitoneal streptozotocin 15.0 mg/kg 
for 5 consecutive days; and group 3 of 50 animals with 
acute pyelonephritis in the presence of type 2 diabetes 
(streptozotocin 35.0 mg/kg on 2 days spaced by a week). 
Acute pyelonephritis was induced by Escherichia coli 
administration (107 CFU/kg) rectally.

All animal experiments were performed in compliance 
with the Law of Ukraine on Protection of Animals from 
Cruel Treatment No. 3447-IV and European Convention 
for the Protection of Vertebrate Animals Used for 
Experimental and Other Scientific Purposes from the 

European Treaty Series (Strasbourg, 1986), and approved 
by a local Bioethics Committee of the Filatov Institute.

For electron microscopy, tissue samples were fixed in 
2.5% glutaraldechyde in phosphate buffer at pH 7.4 and 
post-fixed in 1% osmic axid in phosphate buffer at pH 7.4. 
Sections were dehydrated with ascending grades of alcohol 
and embedded in Epon-araldite mixture. Ultrathin sections 
of rat choroidal, retinal and renal glomerular-and-tubular 
tissue were cut, stained with Reynolds’ lead citrate [15], 
and examined in a PEM-100-01 electron microscope [15].

Results
Ultrastructural features of choroidal and retinal vessels
Choroidal tissue samples of rats with induced type 

2 diabetes appeared edematous. The lumen of most 
vessels and capillaries was narrowed due to large 
swollen endothelial cells. At other sites, the lumens of 
normal diameter were filled with red blood cells. The 
ultrastructure of endothelial cells of the choriocapillaris 
was heterogeneous: some cells showed normal structure, 
whereas others showed signs of hydropic degeneration. 

In addition, there were sites with signs of compensatory-
and-restorative processes, with increased amount of 
cytoplasmic organelles and hypertrophic nucleus with 
diffuse heterochromatin.

It is noteworthy that fenestrations were well seen at the 
thinned cytoplasmic sites of endothelial cells, and solitary 
microvilli were seen at the luminal surface of these cells.

However, lumens of vessels and capillaries contained 
structures of increased electron density which were 
visualized at the Bruch's membrane.

This indicated blood retinal barrier breakdown, which 
facilitated diffusion of substances via RPE cell membranes. 
This in turn indicated altered permeability of cytoplasmic 
membranes of choriocapillary endothelial cells and RPE 
cells.

We observed heterogeneous changes in RPE cells. 
Focally, there were cells with normal structure, whereas 
others exhibited hyaloplasm and karyoplasm of increased 
electron density and some altered mitochondria. In 
addition, there were cells with signs of compensatory-
and-restorative processes. Each of the latter cells had 
two nuclei with dispersed chromatin, high number of 
mitochondria and focal ultrastructural evidence of altered 
smooth endoplasmic reticulum components and lysosome 
accumulation.

It is noteworthy that the basal surfaces of RPE cells 
showed the absence of or poorly developed folds at some 
sites, indicating impaired transport processes between the 
chorioretinal complex and RPE cells (Figs. 1, 2 and 3).

The severity of changes in retinal photoreceptor cells 
depended on the severity of changes in RPE cells. Most 
capillary endothelial cells showed normal ultrastructure. 
Endothelial cells in individual capillaries showed 
clear hyaloplasm and a reduced amount of organelles.  
Endothelial cell basal membrane appeared thickened, 
whereas pericytes had an almost normal ultrastructure 
(Fig. 4).
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It is noteworthy that both mild hydropic changes and 
severe hydropic changes (i.e., hydropic degeneration) 
were observed in retinal endothelial cells of animals with 
acute pyelonephritis in the presence of type 2 diabetes.

Ultrastructural features of renal tissues in acute 
pyelonephritis complicated by type 2 diabetes.

Normally, the renal glomerular system has a well-
developed capillary network. Endothelial cell bodies were 
found bridging the lumen in some of capillaries. Cells had 
large nuclei with nuclear membrane invaginations and 
folds. The karyoplasm as well as cytoplasm was electron 
light. In the nucleus, chromatin margination was seen.

Diffuse chromatin was seen in the central region. The 
endothelial cell cytoplasm contained diffusely distributed 
individual mitochondria, Golgi cisterns, polysomes and 
small pinocytosis vesicles. Individual red blood cells were 
seen in the lumen. Fenestrations were well seen at the 
thinned cytoplasmic sites of endothelial cells.

Type 2 diabetes has caused significant ultrastructural 
changes in the renal tissue of rats with acute pyelonephritis 
compared to controls and rats with acute pyelonephritis 
only [16]. It is noteworthy that the examined renal cortical 
structures containing the glomerular substance (Figs. 5 and 
6), appeared less preserved than renal medulla structures 
(Figs. 7 and 8).

The ultrastructure of the renal cortical substance in rats 
with induced acute pyelonephritis and concomitant type 2 
diabetes (Fig. 5) shows structurally deformed and narrowed 
capillaries with altered capillary endothelial cells, red 
blood cell sludge and no cytopodia at an extensive site. 
The Bowman’s space was seen bridged by hypertrophied 
podocytes.

Renal cortical substance of the rats of this group 
exhibited destruction of the podocytes of the inner and outer 
leaflets, destruction of glomerular capillary epithelial cells 
and sludge of capillary red blood cells. In addition, there 
was no Bowman’s space and destruction of organelles of 
proximal tubule epithelial cells and interstitial tissue cells 
was seen (Fig. 6).

Ultrastructure of the medullary substance of rats 
with induced acute pyelonephritis and concomitant type 
2 diabetes showed hydropic changes and destruction 
of organelles in cytotrabecules and endothelial cells 
of nephron capillary networks with focal cytopodial 
destruction (Fig. 7).

It is noteworthy that reduced capillary filling and 
hypertrophied podocytes under destruction were 
characteristic for the medullary substance of the rats of 
this group (Fig. 8).

Therefore, summing up, rats with induced acute 
pyelonephritis and concomitant type 2 diabetes exhibited 
renal glomerular capillaries with endothelial cells of 
increased electron density, a large round nucleus and 
swollen mitochondria.

Glomerular capillaries appeared structurally deformed, 
nodular and focally significantly narrowed or collapsed. 
The capillary lumens were filled with red blood cells. 

Unlike the glomerular capillaries of intact animals, those 
of rats with induced acute pyelonephritis and concomitant 
type 2 diabetes contained endothelial cells of increased 
electron density, a large round nucleus and swollen 
mitochondria.

Some capillary endothelial cells showed signs of 
hydropic degeneration, with red blood cells, either 
individual or forming clumps or sludge in capillary 
lumens. In addition, fenestrations in these endothelial 
cells were poorly determined. Other capillaries were of 
normal structure or their endothelial cells had focal loss of 
organelles with signs of cytoplasmic matrix swelling and 
cell hypertrophy (Fig. 5).

A portion of capillaries appeared structurally deformed 
and narrowed. In many capillaries, endothelial cells were 
either absent or necrosed. A portion of these cells had 
round nuclei with nuclear membrane invaginations and 
folds, and chromatin appeared almost destroyed (Figs 5 
and 6).

It is noteworthy that structural and functional alterations 
of renal vascular endothelial cells caused significant 
changes primarily in the surrounding podocytes. We 
noted also homogenization of the basal membrane and 
extensive mesangial cell growth. Podocytes of the outer 
leaflet had a cytoplasm of high electron density, others 
had a hypertrophied nucleus and were irregularly shaped, 
and a portion of podocytes was under destruction. Many 
podocytes showed increased size and their cytoplasm 
appeared light and swollen.  Cytoplasmic organelles of 
podocytes and podocyte pedicles showed various degrees 
of destruction. Some of these cells appeared empty (Figs 
5 and 6).

Discussion
In hyperglycemia, pathological changes (e.g., diabetic 

nephropathy [2, 16, 17] and retinopathy) develop in many 
organs and body systems, resulting in complex functional 
alterations in these organs [3-6].

In the current study, the ultrastructural changes in 
the retinal and uveal vascular systems were of a similar 
type to those in the renal glomerular-and-tubular system 
in rats with type 2 diabetes. We found that induced acute 
pyelonephritis and concomitant type 2 diabetes caused 
more severe ultrastructural changes in the kidneys than 
in the retina, with the most significant ocular vascular 
changes and renal vascular changes found in endothelial 
cells.

These changes included findings of vacuolar 
degeneration in some endothelial cells and capillary 
basal membrane thickening. There was focal necrosis of 
individual epithelial cells. Vessel lumens appeared focally 
narrowed or expanded, with red blood cells forming clumps 
or sludge in lumens. Some capillaries were obliterated.

These changes obviously caused secondary changes 
in the surrounding structures. Common ocular changes 
included focal destruction in RPE cells, destruction 
of retinal photoreceptor inner segments and choroidal 
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stromal edema. Common renal changes included 
destruction of the podocytes of the glomerular capillary 
network and homogenization of basal membrane, with 
the cortical portion of the kidneys being more sensitive 
to the pathogenic effect of streptozotocin than the 
kidney medullary substance, which results in persistent 
hyperglycemia. Thus, there were structural alterations 
in renal cortical parenchyma with morphological 
manifestations of early mesangial cell apoptosis, and 
the changes in the renal medullary layer were consistent 
with acute infectious inflammation in rats with induced 
pyelonephritis in the presence of type 2 diabetes [18].

Conclusion
In the current study, electron microscopy micrographs 

demonstrated the ultrastructural changes in the retinal and 
uveal vascular systems which were of a similar type to 
those in the renal glomerular-and-tubular system in rats 
with experimental pyelonephritis in the presence of type 
2 diabetes.
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Fig. 2. Ultrastructure of the chorioretinal complex of a rat 
with induced type 2 diabetes only. The lumen of choroidal 
vessels is significantly narrowed with their endothelial 
cells showing signs of hydropic degeneration. Bruch’s 
membrane as well as cytoplasm of the retinal pigment 
epithelium cell is of increased electron density, and 
there is accumulation of mitochondria with destruction 
of cristae. Original magnification ×10,000. Note: ChO, 
choroid; MB, Bruch’s membrane; RPE, retinal pigment 
epithelium; BF, folds of the basal cell surface; N, 
nucleus; C, M, mitochondria; AM, apical microvilli

Fig. 1. Ultrastructure of the chorioretinal complex of an 
intact rat. Choriocapillary endothelial cells show normal 
ultrastructure.  The retinal pigment epithelium (RPE) 
cell exhibits some decrease in smooth endoplasmic 
reticulum components. Original magnification ×4,000. 
Note: U, uvea; MB, Bruch’s membrane; ChC, choroidal 
capillary; RPE, retinal pigment epithelium; BF, folds 
of the basal cell surface; N, nucleus; C, cytoplasm;  
SERN, smooth endoplasmic reticulum network; M, 
mitochondria
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Fig. 3. Ultrastructure of the chorioretinal complex of 
a rat with induced type 2 diabetes only. The lumen 
of choroidal capillaries is significantly narrowed with 
their endothelial cells showing signs of compensatory-
and-restorative processes. Note the retinal pigment 
epithelium cell with ultrastructural evidence of 
lysosome accumulation and altered organelles. 
Original magnification ×5,000. Note: ChO, choroid; 
ChC, choroidal capillary; MB, Bruch’s membrane; 
RPE, retinal pigment epithelium; BF, folds of the basal 
cell surface; M, mitochondria 

Fig. 4. Ultrastructure of the retina of a rat with induced 
type 2 diabetes. Note neural cell processes with signs 
of edema and the capillary with increased electron 
density of blood plasma and hyaloplasm of endothelial 
cells. Original magnification ×6,000. Note: IRL, inner 
retinal layer; C, capillary; EC, endothelial cell; BM, 
basal membrane; N, nucleus; C, cytoplasm; P, pericyte
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Fig. 5. Ultrastructure of the renal cortical substance of a 
rat with induced acute pyelonephritis and concomitant 
type 2 diabetes. Original magnification ×4,000. Note: 
CS, cortical substance; BM, basal membrane; PC, 
podocyte; CT, cytotrabecule; CP, cytopodia; GCN, 
glomerular capillary network

Fig. 6. Ultrastructure of the renal cortical substance of a 
rat with induced acute pyelonephritis and concomitant 
type 2 diabetes. Original magnification ×4,000. Note: 
CS, cortical substance; OAC, outer aspect of the 
capsule; P, podocyte; E, red blood cell; IT, interstitial 
tissue; PC, proximal canaliculus 
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Fig. 7. Ultrastructure of the renal medullary substance of 
a rat with induced acute pyelonephritis and concomitant 
type 2 diabetes. Original magnification ×3,000. Note: 
CEC, capillary endothelial cell; MC, mesangial cell; CT, 
cytotrabecule; PC, podocyte 

Fig. 8. Ultrastructure of the renal medullary substance of 
a rat with induced acute pyelonephritis and concomitant 
type 2 diabetes. Original magnification ×3,000. Note: 
GER, granular endoplasmic reticulum; C, capillary; 
PC, podocyte; N, nucleus; P, polysomes; BM, basal 
membrane
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