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Abstract: Background: Atorvastatin (ATOR) is widely used for the treatment and prevention of hy-
percholesterolemia and various diseases, such as cardiovascular complications, with little data about 
the histopathological and ultrastructural renal alterations that might be induced by this drug.  

Objectives: The present study was undertaken to investigate the potential toxicity of therapeutic doses 
of atorvastatin on the microanatomy and ultrastructure of renal tissues from Wistar albino rats.  

Methods: Adult male Wistar albino rats received an oral daily dose of 5 mg/kg bodyweight for 90 
consecutive days. Biopsies from both kidneys of each study rat were taken for histopathological and 
ultrastructural examination.  

Results: ATOR-treated rats exhibited glomerular, tubular, and interstitial histological alterations, in-
cluding degeneration, necrosis, hyaline droplets, edema, cortical hemorrhages, mesangial hypercellu-
larity, and blood capillary dilation and congestion. In addition, ATOR exposure increased the activity 
of glucose-6-phosphate dehydrogenase and alkaline phosphatase with a concurrent reduction in pro-
teins and neutral mucosubstances content of the glomeruli and renal cells. Moreover, ATOR-treated 
animals demonstrated glomerular ultrastructural alterations, consisting mainly of capillary tuft dilata-
tion, glomerular basement membrane thickening, and mesangial cell proliferation. The renal cells of 
the proximal tubules demonstrated damaged mitochondria, degenerative cellular changes, endoplasmic 
reticulum dilatation, lysosomal and autophagosome activation, nuclear alteration, myelin figure forma-
tion, and microvilli disorganization.  

Conclusion: The findings of the present work may indicate that ATOR can induce renal histological, 
histochemical, and ultrastructural alterations that may affect kidney and other vital organ functions.	  
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1. INTRODUCTION 

  Atorvastatin (ATOR) is widely used for the treatment 
and prevention of hyperlipidemia and various diseases, such 
as cardiovascular and hepatic diseases [1-3]. In addition, 
ATOR is prescribed for diabetic patients to protect them 
from diabetes-induced cardiovascular complications [4-6]. 
ATOR differs from other statins in that it has longer actions 
and presents active metabolites, which are bio-transformed 
mainly by cytochrome P3A4 in the liver [7]. Studies have 
shown that exposure to the therapeutic ATOR doses could 
increase aminotransferase activity by 0.5% to 3.3% [8]. 
Studies on toxicity of ATOR and other inhibitors of 3-
hydroxy-3-methyl-glutaryl-coenzyme-A-reductase (HMG- 
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CoA reductase) indicate significant hepatic, testicular, or 
neurological toxicity associated with high doses of ATOR 
[9, 10]. 
  Mechanisms of ATOR-induced toxicity are poorly un-
derstood and potentially include interruption of various 
metabolic functions, including membrane glycoprotein 
composition and its fluidity and chloride channel activation 
[11]. Moreover, studies indicate that ATOR could impair 
mitochondrial function by causing a reduction in ubiquinone 
synthesis that may render lipoproteins more susceptible to 
oxidation-induced injury [12]. Renal damage associated 
with the use of statins was reported to be associated with 
rhabdomyolysis and acute tubular necrosis [13]. 
 The kidney is a vital organ in health and diseases. Many 
environmental contaminants and chemical variables, includ-
ing drugs, alter the functions of the kidney [14-16]. Little, if 
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anything, is known about the nephrotoxicity caused by stat-
ins in general and specifically ATOR with respect to 
ATOR-induced histological and ultrastructural alterations in 
the kidney. Accordingly, the present study was conducted to 
investigate the effect of the therapeutic doses of ATOR on 
the microanatomy and ultrastructure of renal tissue from in 
Wistar albino rats.  

2. MATERIALS AND METHODS 

2.1. Experimental Materials  

2.1.1. Experimental Animals 

  Healthy adult male Wistar rats (Rattus norvegicus) ob-
tained from the Laboratory Animal Center (College of 
Pharmacy, King Saud University, Saudi Arabia) were used 
in the present work. The animals were the same age (9–10 
weeks old) and weighed 220–250 g. All animals were kept 
in standard laboratory conditions for a period of seven days 
for acclimatization and maintained under standard manage-
ment conditions with food pellets and drinking water ad 
libitum.  

2.2. Drugs and Chemicals 

  Analytical grade ATOR (Lipitor®, Pfizer, New York) 
and carboxymethyl cellulose (CMC), the solvent of the drug 
(BDH, UK), were purchased commercially. 

2.3. Experimental Protocol 

  A daily dose of 5 mg/kg bodyweight ATOR (dissolved 
in sodium CMC) was administered orally by gavage for 90 
days in the present study in accordance with previous stud-
ies [17-19]. The dose was calculated on the basis of the sur-
face area ratio, according to Nair et al. (2016) [20]. 
  Three groups (seven rats each) of animals were used in 
the present study:  
2.3.1. Control Rats 

 All members of this group received 1 ml of physiologi-
cal saline daily. 
2.3.2. CMC-Treated Rats 

 All members of this group received a daily dose of one 
ml of 0.25% carboxymethyl cellulose solution alone. 
2.3.3. ATOR-Treated Rats  

 All members of this group received a daily dose of 5 
mg/kg bodyweight dissolved in one ml of 0.25% CMC.  
  All groups were treated for 90 consecutive days as the 
median duration of statin therapy is 90 days [21]. By the end 
of this period, all animals in all study groups were dissected, 
and kidney biopsies were obtained for histological and ul-
trastructural processing and examinations. 
  The rats under study were cared for and treated in ac-
cordance with the guide of the Canadian Council on Animal 
Care [22], and the study protocol was approved by the ethi-
cal committee of King Khalid University (reference number 
R.G.P.1/158/40-2018). 

2.4. Histological Processing and Examination 

  Fresh tissue blocks from the left and right kidneys from 
each rat were cut rapidly, fixed in neutral-buffered formalin 
(10%), and dehydrated with ascending grades of ethanol 
(70%, 80%, 90%, 95%. and 100%). Dehydration was then 
followed by clearing the samples in two changes of xylene, 
impregnated with two changes of molten paraffin wax 
(melting point of 58 ºC), embedded, and blocked out. Sec-
tions (4–5 µm) were stained according to Jarrar and Taib 
[23] for the following conventional histological and histo-
chemical stains: hematoxylin and eosin (H&E), periodic 
acid-Schiff (PAS), mercuric bromophenol blue (MbPB), and 
chromotrope-aniline blue (CAB) stain according to de Rijk 
et al. [24]. Histochemical reactions for alkaline phosphatase 
(ALP) and glucose-6-phosphatase (G6Pase) were performed 
on fresh unfixed frozen sections. The demonstration of ALP 
was based on the Naphthol AS-BI method, while that of 
G6Pase was based on the method of Wachstein and Miesel 
[25]. Stained sections of control and treated rats were exam-
ined for alterations in tubular, glomerular, and interstitial 
areas in the kidneys. Histological changes were photo-
graphed by using an Olympus Microscope BX51 and DP70 
with Digital Camera, Japan. 

2.5. Transmission Electron Microscopy Examination 

  Small pieces (1 mm) of kidney tissues were cut and 
fixed in 3% glutaraldehyde and post-fixed in 2% osmium 
tetroxide. Following fixation, tissue blocks were dehydrated 
at increasing concentrations of ethanol. They were then em-
bedded in Araldite resin. Ultrathin sections were cut using 
an ultramicrotome. Ultrathin sections were stained by uranyl 
acetate saturated in 70% ethanol and lead citrate. Ultrathin 
sections were evaluated using a JEOL transmission electron 
microscope JEM-1011, Japan. 
  All experiments were conducted in accordance with the 
guidelines approved by the King Khalid University Local 
Animal Care and Use Committee.  

3. RESULTS AND DISCUSSION 

3.1. Histopathological Alterations 

  The kidneys of the control rats as well as those rats that 
received carboxymethyl cellulose solution alone, demon-
strated normal microanatomy of glomeruli and renal tubules 
(Fig. 1a and b).  
 Compared with the control rats, the following histologi-
cal and histochemical alterations were detected in the renal 
tissues of ATOR-treated rats. 

3.2. Interstitial Alterations 

 The kidneys of ATOR-treated rats showed cortical inter-
stitial inflammation, mainly lymphocytic with arteriosclero-
sis of afferent renal arterioles (Fig. 2a). In addition, dilata-
tion and congestion of inter-tubular blood capillaries were 
also seen. Moreover, occasional edema around the con-
gested cortical blood vessels was also seen (Figs. 2b, c). The 
inter-tubular spaces of ATOR-treated rats demonstrated 
renal tubule spacing and accumulation of edematous fluid, 
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particularly around the renal artery (Fig. 2d). This alteration 
may have led to the spacing of the renal tubules and the ac-
cumulation of fluid around the renal blood vessels. These 
results are in agreement with the findings of previous re-
ports in which it was indicated that treatment of rats with 
rosuvastatin at 100 mg/kg for 21 days caused nephrotoxicity 
and histopathological alterations, including dilation of renal 
tubules [26]. Also, renal blood vessel dilatation might have 
resulted from renal cell membrane cholesterol depletion, 
thus causing fluidity and disruption of cell membrane 
permeability [27].  

3.3. Tubular Alterations 

 The renal tubules of ATOR-treated rats demonstrated 
hydropic degeneration with hyaline casts in the cortical 
proximal convoluted tubules (PCTs) after 90 days of ATOR 
exposure (Fig. 3a). Additionally, the PCT of ATOR-treated 
rats showed renal cells cytoplasmic vacuolization (Fig. 3b). 
Moreover, ATOR-treated rats demonstrated hemorrhagic 
foci (Fig. 3c) together with focal degenerative changes in 
these tubules (Fig. 3d). Marked necrosis was also seen in 
the cortical renal cells (Fig. 3e). The presence of hyaline 

 
Fig. (1a-b). Photomicrograph showing normal histological structure of kidney with normal structure of glomerulus (arrow), renal tubules 
(stars) and collecting tubules (up-down arrow) of (a) Control rat, H&E stain. 400× (b) Rat received carboxymethyl cellulose, H&E stain. 
400×. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 

 

 
Fig. (2a-d). Photomicrographs of renal interstitial tissues of rat received ATOR 5 mg/kg/bw demonstrating: (a) Lymphocytes infiltration 
(arrow) in the intertubular tissues. H&E stain, 400×. (b) Dilatation of interstitial blood capillaries (stars) with lymphocytes infiltration (ar-
row). H&E stain, 400×. (c) Dilatation of renal vein (V) with edema around the renal artery (arrow). H&E stain, 400×. (d) Marked edema 
around renal artery (*). H&E stain, 400×. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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casts in the lumens of the damaged tubules might be an in-
dication of glomerulonephritis and/or partial failure of tubu-
lar re-absorption due to ATOR administration. On the other 
hand, hyaline droplet formation in the proximal tubular cells 
of the kidney commonly occurs under different pathological 
conditions and is associated with nephropathy [24, 28].  
  In comparison with the control kidneys, eosinophilic 
cytoplasmic inclusions were demonstrated by the renal tu-
bules, mainly the proximal ones (Fig. 4a, b). However, cy-
toplasmic eosinophilia was observed in some cells lining the 
PCT in ATOR-treated rats. Moreover, ATOR-treated rats 
showed hyaline droplets in the renal cell cytoplasmic areas. 

3.4. Glomerular Alterations 

 Alterations in the glomeruli of ATOR-treated rats ap-
peared in the form of congestion and dilation of glomeruli 

blood capillaries (Fig. 4c) with occasional mesangial hyper-
cellularity and mesangial proliferation. An increase in the 
number and volume of mesangial cells appeared in the 
glomeruli of ATOR-treated rats (Fig. 4d).  

3.5. Renal Neutral Mucosubstances Content Alterations 

 The brush border and the basement membrane of the 
renal tubules and that of the glomeruli of the control kidneys 
demonstrated prominent neutral mucosubstance content 
based on the PAS technique (Fig. 4e). On the other hand, 
ATOR administration caused a reduction in neutral muco-
substances in the brush borders and basement membrane of 
the glomeruli and in that of the renal tubules (Fig. 4f). This 
depletion of neutral mucosubstances may indicate damage 
of the brush border in the lining of the PCTs and the base-
ment membrane of the renal cells. This alteration might be 

 
Fig. (3a-e). Photomicrographs of renal tubules tissues of rats received ATOR 5 mg/kg/bw demonstrating: (a) Hydropic degeneration (arrow-
heads) with hyaline casts (star) in some PCT cells. H&E stain 1000× (b) Renal cells cytoplasmic vacuolization (arrows) in some cortical 
PCT cells. H&E stain 1000× (c) Scattered hemorrhage foci (*) with focal cortical necrosis in some PCTs. H&E stain 400× (d) Focal degen-
erative changes in some PCTs cells (*). H&E stain 400×, (e) Tubular necrotic changes. H&E stain 400×. (A higher resolution / colour ver-
sion of this figure is available in the electronic copy of the article). 
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due to the increase in the rate of anaerobic glycolysis, result-
ing from a decrease in many cellular enzymes’ activities due 
to drug exposure [29]. The decrease in neutral mucosub-
stances content in the basement membrane of the renal tu-
bules was attributed by some investigators to increased 
stress on renal tissues that led to high energy consumption 
[30].  

3.6. Renal Total Protein Content Alterations 

 Epithelial cells lining the renal tubules of control rats 
demonstrated deep blue-stained diffuse granules (based on 
mercuric bromophenol blue stain) homogenously distributed 
through the cytoplasm (Fig. 5a). ATOR administration pro-

duced a moderate reduction in protein content in the renal 
tubules in which the proteinaceous granules were clearly 
reduced in amount and stainability (Fig. 5b). This alteration 
might be due to the reduction of farnesol and dolichol com-
pounds, which play a role in the formation of glycoproteins 
and the synthesis of cholesterol [31, 32]. Statins were found 
to reduce levels of dolichol, which is an important com-
pound for glycoprotein synthesis that is necessary for tissue 
growth [33, 34]. In addition, ATOR-induced protein disrup-
tion might be due to detachment of ribosomes from the 
rough endoplasmic reticulum (ER) and hence reduction of 
protein syntheses [29]. Moreover, ATOR could cause an 
increase in cytosolic Ca2+, which mediates a variety of dele-
terious effects and activates a number of enzymes that cause 

 
Fig. (4a-f). Photomicrographs demonstrate: (a) Control kidney tubules with normal renal tubules cytoplasmic contents. CAB stain, 1000× 
(b) Eosinophilic cytoplasmic inclusions in the renal tubules of rat exposed to ATOR 5mg/kg/day. CAB stain, 1000×. (c) Dilatation of con-
gested glomerular blood capillaries (arrowheads) with mesangial hypercellularity (arrow). ATOR 5 mg/kg/bw, H&E, 1000× (d) Mesangial 
proliferation (double-headed arrow) in the glomerulus. ATOR 5 mg/kg/bw, H&E, 400×, (e) Normal content of neutral muocusubstances 
(arrows) in the brush borders and basement membranes of renal tubules of control rat. PAS stain, 400× (f) Reduction in neutral muocusub-
stances (arrows) in the brush borders and basement membranes of renal tubules of treated rat (ATOR 5 mg/kg/day). Note that the reduction is 
scattered among the affected tubules. PAS stain, 400×. (A higher resolution / colour version of this figure is available in the electronic copy 
of the article). 
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cell death, membrane damage, and protein, DNA, and 
chromatin fragmentation [35]. 

3.7. Glucose-6-Phosphatase Activity Alterations 

 The kidneys of the control rats showed strong activity of 
G6Pase in the cytoplasm of the cells lining the pars convo-
lute of the renal tubule and to a lesser extent in the brush 
border of the proximal tubule. No activity of G6Pase was 
noticed in the glomeruli (Fig. 5c). A marked decrease in the 
activity of G6Pase was noticed in the proximal convoluted 
tubules of ATOR-treated rats (Fig. 5d). The increase in the 
activity of this enzyme, which is involved in the pathway of 
gluconeogenesis, might be due to a reduction in glucose 
release into circulation as a contribution to the decrease in 
the synthesis of glycogen. 

3.8. Alkaline Phosphatase Activity Alterations 

 The control kidneys demonstrated strong activity of ALP 
in the tubular epithelium of the PCT, especially in the brush 
border of renal tubular cells, while no ALP activity was 
demonstrated in the glomeruli (Fig. 5e). A significant de-
crease in the activity of ALP was observed in the proximal 
convoluted tubules of ATOR-treated rats (Fig. 5f). 

3.9. Ultrastructural Alterations 

  The control rats as well as those rats that received car-
boxymethyl cellulose solution alone, demonstrated normal 
glomerular and renal tubular cells ultrastructure (Fig. 6a-b). 
The glomeruli showed normal capillary tufts with normal 

 
Fig. (5a-f). Photomicrographs demonstrate (a) Normal content and distribution of protein (blue color) in the renal tubules of control rat. 
MBPB stain, 1000×. (b) Significant depletion in protein content in renal tubules of treated rat (ATOR 5 mg/kg/day). MBPB stain, 1000×, (c) 
Normal activity and distribution of G6PDH (black color) in the renal tubules of control rat. Lead method of Wachstein & Miesel, 400×, (d) 
Significant reduction in activity of G6PDH in the cortex of the kidney of ATOR-treated rat exposed to 5 mg/kg/day. Lead method of 
Wachstein & Miesel, 400×. (e) Normal activity of alkaline phosphatase (ALP) (brown-black color) in the cortex of the control kidney, Naph-
thol AS-BI method 200×. (f) Reduction in activity of ALP in ATOR-treated rat exposed to ATOR–treated group, Naphthol AS-BI method 
200×. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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endothelial and visceral epithelial cells, normal mesangium, 
normal podocytes, and normal glomerular basement mem-
brane (GBM). The renal tubular cells demonstrated large 
spherical nuclei with fine euchromatin, well-intact mito-
chondria with normal cristae and condensed matrix, normal 
ER, tall profuse apical microvilli, and trilaminar basement 
membrane. The renal tissue of rats receiving ATOR 5 
mg/kg bodyweight for 90 consecutive days demonstrated 
several glomerular, renal tubular, and interstitial ultrastruc-
tural alterations. 

3.10. Glomerular Ultrastructural Alterations  
  In comparison with the control glomeruli, the following 
glomerular ultrastructural alterations were detected in rats 
who received ATOR 5 mg/kg/bw for 90 days. 

3.11. Glomerular Capillary Tufts Dilatation 

 The glomeruli of the treated rats showed dilated glome-
rular capillary tufts (Fig. 6c). This finding is consistent with 
the results of Guijarro et al. [36], who reported that statins 
could change the lipid content of the cell membranes. Other 
studies reported that ATOR could alter the vascular perme-
ability leading to blood vessel dilatation and fluid leakage 
from and to renal vascular tissues [37].  
  Amorphous deposits were seen in the outer aspects of 
the GBM and the podocytes (Fig. 6d). The accumulation of 
these deposits is considered the fine structural hallmark of 
membranous glomerulonephritis [38, 39]. 

 
Fig. (6a-f).Transmission electron micrographs showing: (a) Control kidney with normal ultrastructure of renal tubular cell of PCT with 
rounded nucleus (N) with dispersed nuclear chromatin material, numerous of mitochondria (M), basement membrane (BM) and apical mi-
crovilli (brush border) (*) in luminal surface of this cell, (b) Control kidney with normal glomerular capillaries (gc) with normal mesegium, 
normal podocyte (p) and normal glomerular basement membrane (GBM), (c) Glomerular blood capillaries dilatation (*). Rat exposed to 5 
mg/kg/bw, (d) Glomerular amorphous deposits (arrow) and in the urinary space (us). Rat exposed to 5 mg/kg/bw, (e) Glomerular basement 
membrane thickening (arrows). Note the widening of the lamina densa and the effacement of podocyte. (A higher resolution / colour version 
of this figure is available in the electronic copy of the article). 
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3.12. Glomerular Basement Membrane Thickening 

 In comparison with the control rats, the GBM was mark-
edly thickened in the glomeruli of ATOR-treated rats (Fig. 
6e). Thickening was seen mainly in the lamina densa of the 
GBM and accompanied by effacement of podocyte foot 
processes. This membrane is a fusion of glomerular endo-
thelial cells and podocytes and is composed mainly of gly-
coproteins. It controls free water and solute permeability but 
restricts the passage of macromolecules and blood cells 
[40]. GBM thickening was seen in nephrites and diabetic 
glomerulosclerosis that indicated unhealthy podocytes and 
proceeding towards albuminuria [40]. This alteration may 
indicate an abnormality in podocyte function since these 
cells are essential for GBM normal structure and function. 

3.13. Mesangial Cell Proliferation 

 This alteration was occasionally demonstrated in some 
glomeruli of rats exposed to ATOR. Mesangial hypercellu-
larity was accompanied by the expansion of the mesangial 
matrix (Fig. 6f). The mesangium makes up the central sup-
porting structure of the glomerulus, and its expansion most 
likely led to the loss of renal function due to the precipita-
tion of extracellular proteins. Mesangial hyperplasia can 
result from many renal injuries, including metabolic and 
immunological insults, but can be reversed by the action of 
angiotensin II produced by the mesangial cells [41].  

3.14. Renal Tubular Cells Ultrastructural Alterations 

  The renal tubular cells lining the uriniferous tubules of 
rats exposed to ATOR 5 mg/kg/bw demonstrated several 
ultrastructural alterations. 

3.15. Mitochondrial Damage 

 Exposure to ATOR at a dose of 5 mg/kg bodyweight 
induced mitochondrial enlargement and cryptolysis (Fig. 
7a). Some crytoplysed mitochondria demonstrated matrix 
proteolysis and dense deposits (Fig. 7b).  
  Mitochondria behave as osmometers, while mitochon-
drial dysfunction plays a key role in the etiology of myopa-
thy, cardiomyopathy, nephropathy, and hepatopathy. Mito-
chondrial swelling reflects the entry of solutes and water 
into this organelle’s matrix in which the toxin interferes 
with oxidative phosphorylation and/or electron transport in 
the mitochondrial cristae [39]. The chronic progressive im-
pairment of mitochondrial function leading to ATP deple-
tion and cellular dysfunction cannot be excluded as a toxic 
side effect of ATOR [42]. 

3.16. Renal Tubular Cells Steatosis 

 Some renal cells of the PCVs demonstrated precipitation 
of variable sizes of lipid droplets (Fig. 7c). Fatty droplet 
precipitation may indicate the effect of ATOR on lipid me-
tabolism in the renal cells of PCTs. This alteration might 
result from the abnormality in fatty acid synthesis, oxida-
tion, and conjunction leading to lipid droplet accumulation 
[43]. Lipid accumulation in the renal parenchyma could 
cause injury to the PCT epithelial cells, podocytes, and tu-

bulointerstitial tissue [44]. This alteration in renal tissue 
may induce progression of inflammation, reactive oxygen 
species (ROS) production, mitochondrial damage, and ER 
stress [45]. Podocytopenia and foot process retraction are 
associated with alterations in cellular lipid balance [46]. 

3.17. Degenerative Changes 

 Renal cell cytoplasmic degeneration was demonstrated 
in rats that were subjected to chronic exposure to ATOR. 
This alteration was accompanied by the vacuolation, cyto-
plasmic debris, and organelle reduction in the renal cell of 
rats subjected to ATOR treatment (Fig. 7d). Proximal tubule 
degeneration and atrophy are generally seen in chronic 
nephropathy with major effects in the tubular transport 
process, causing cell injury due to loss of ion and fluid ho-
meostasis with an increase in intracellular water [41]. 

3.18. Endoplasmic Reticulum Dilatation 

 Some cells of the proximal convoluted tubule of the rats 
treated with ATOR demonstrated ER dilatation (Fig. 7e). 
The ER is a multifunctional organelle, especially in lipids 
biosynthesis, protein folding, and calcium homeostasis. This 
alteration is considered a sign of premature death of the cell 
resulting from ER stress that is pronounced by dilatation in 
order to accommodate its lumen molecular overcrowding in 
the stressed microenvironment. 

3.19. Lysosomal and Autophagosome Activation 

 Numerous lysosomal structures and autophagosomes 
were seen in the renal cells of treated rats. Some lysosomal 
structures contained minute electron-dense particles (Fig. 
7f). Lysosomal and autophagosomal disruption under the 
effect of various toxins and drugs may lead to the liberation 
of their hydrolytic enzymes in the cytoplasm and result in 
marked lysis and dissolution of the cytoplasmic organelles 
[41]. Autophagosome formation and lysosomal activation 
are considered as mechanisms of cellular repair [38, 39]. 

3.20. Myelin Figures Formation 

 An occasional concentric lamellar arrangement was seen 
in the cytoplasmic matrix of some renal cells (Fig. 8a). 
These figures are composed mainly of phospholipids accu-
mulated in the cytoplasm that are sometimes contained in 
autophagosomes. Previous reports indicated that chronic 
exposure to lysosomotropic drugs might lead to auto-
phagosomes bearing myelin figures [38]. 

3.21. Nuclear Alterations 

 Renal cells of ATOR-treated rats showed nuclear altera-
tions, mainly in the form of heterochromatin accumulation 
in the nuclear membrane and the nucleoplasm with eccentric 
nucleoli (Fig. 8b,c). Some nuclei demonstrated precipitation 
of chromatin into dense masses, which is considered a hall-
mark of lethal injury. This chromatin clumping accompanies 
cell injury and indicates DNA or polymerase injury, while 
chromatin peripheralization indicates decreased cellular pH 
due to lactate accumulation [38, 39]. 
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3.22. Microvilli Disorganization 

 In comparison with the control rats, detachment, and loss 
of the apical microvilli of the renal tubular cells of the PCTs 
were also observed (Fig. 8d). The apical part of renal cells 
of the proximal tubules demonstrated irregular and shorter 
microvilli. These microvilli are sensitive to drugs and 
chemicals and react to toxins by ballooning in the tubule 
lumen. 
  The findings of the present work indicated that chronic 
exposure to therapeutic doses of ATOR could induce renal 
alterations with more damage in the cortex and PCTs than in 
the medulla and DCTs. This process might result in uneven 
distribution of the drug in tissues of the kidney. In about 
90% of the kidney, total renal blood flow containing a rela-
tively high drug concentration enters the cortex via the 
bloodstream rather than the medulla [47]. The greater dam-

age to the PCTs in contrast to the distal ones might be re-
lated to their function as the primary sites of re-absorption, 
leading to a higher concentration of drug in the renal tissues 
[27, 48]. 
  The findings of the present work showed that chronic 
exposure to ATOR could affect the microanatomy and the 
ultrastructure of the kidney, mainly the glomeruli and the 
renal cells. The glomeruli serve as selective plasma filtration 
units, metabolic waste, and urine formation. The results 
showed that the podocytes, intraglomerular mesangial cells, 
and the glomerular basement membrane were insulted by 
subjection to ATOR. Podocytes abnormality results in sig-
nificant losses of protein into the urine, while mesangial cell 
damage may lead to a reduction of the filtration area and 
occlusion of glomerular capillaries. Moreover, the disrup-
tion of the glomerular basement membrane is attributed to 
nephrotic syndrome. Together, these may suggest that the 

 
Fig. (7a-f): Transmission electron micrographs of renal tubular cells of rats received ATOR 5 mg/kg/bw demonstrating: (a) mitochondria 
(M) enlargement and critolysis. Note the cytoplamic degeneration with ER dilatation (star) (b) Cristolysed mitochondria with dense deposits 
(arrows), (c) Variable sizes of lipid droplets (L), (d) Degenerative (stars). Note chromatin condensation and ER dilatation (arrow), (e) Endo-
plasmic reticulum dilatation, (f) Lysosomal structure. Note minute electron-dense particles in some lysosomal structure (arrow). (A higher 
resolution / colour version of this figure is available in the electronic copy of the article). 
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glomerular damage induced by ATOR chronic exposure 
may affect the glomerular filtration rate and urinary protein 
excretion, and renal homeostatic functions. Some biochemi-
cal studies confirmed that chronic exposure to ATOR re-
duced the glomerular filtration rate and changed the urinary 
albumin secretion [49]. In addition, the findings of the pre-
sent work demonstrated damage in the renal cells that may 
affect the re-absorption of the filtrate in accordance with the 
needs of homeostasis, protein uptake, and excretion.  
  The indicated renal tissue damage by ATOR chronic 
exposure may raise concern as once the renal tissues are 
damaged, the kidney has a limited ability to undergo repair. 
This insultation most likely would impair the renal homeo-
static functions, waste removal, electrolyte balance, blood 
acid-base balance, hormonal regulation for blood pressure, 
erythropoiesis, and others, either partially or completely. 
However, the mechanism of ATOR-induced nephrotoxicity 
is not well known. It was reported that this drug did not in-
terfere with the antioxidant mechanisms in the kidney of 
ATOR-treated animals [50]. Moreover, Kane and Wanner 
[51] pointed out that statins, including ATOR did not cause 
inflammation in the kidney. The findings of the present 
work suggest molecular investigations for better understand-
ing of the ATOR-induced nephrotoxicity mechanism. 

CONCLUSION 

 One may conclude from the findings of the present work 
that chronic exposure to ATOR at therapeutic doses may 
induce considerable histological, histochemical, and ultra-
structural alterations in the glomeruli, renal tubules, and 

tubulointerstitial tissues that may affect the function of the 
kidneys and other vital organs. 
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Fig. (8a-d). Transmission electron micrograph of renal tubular cell of rat received ATOR 5 mg/kg/bw demonstrating: (a) myelin figure (ar-
row), (b) Heterochromatin accumulation in the nuclear membrane and in the nucleoplasm with eccentric nucleoli, (c) Precipitation of chro-
matin into dense masses. Note the cytoplasmic degeneration (stars) and swelling mitochondria (m) in both micrographs, (d) Microvilli disor-
ganization (stars). Note the cytoplasmic degeneration (cd) and swelling mitochondria (m). (A higher resolution / colour version of this figure 
is available in the electronic copy of the article). 
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