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Abstract
Introduction. Adolescents tend to experiment with ethanol which often results in heavy episodic drinking patterns 
leading to serious health concerns later in life. Chronic ethanol use damages renal tissue, promotes collagen deposition, 
and induces renal inflammation, thereby causing renal dysfunction. Therefore, an intervention such as simvastatin 
(a blood cholesterol-lowering drug) that could suppress the effects of ethanol on the kidney may be beneficial. This 
study explored the impact of simvastatin against the onset of renal morphological damage, fibrosis, and inflammation 
caused by ethanol exposure in mice. 
Materials and methods. Ten four-week old C57BL/6J mice (F = 5; M = 5) were assigned to each experimental group: 
(I) NT; no administration of ethanol or simvastatin; (II) EtOH; 2.5 g/kg/day of 20% ethanol, intraperitoneal injection (i.p.); 
(III) SIM; 5 mg/kg/day of simvastatin, orally; (IV) EtOH + SIM5; 5 mg/kg/day of simvastatin, orally, followed by 
2.5 g/kg/day of 20% ethanol, i.p.; and (V) EtOH + SIM15; 15 mg/kg/day of simvastatin, orally, followed by 2.5 g/kg/day 
of 20% ethanol, i.p. After the 28-day treatment period, the right kidney was removed and processed for haematoxylin and 
eosin staining, Masson’s trichrome staining, or tumour necrosis factor-alpha (TNF-α) immunohistochemistry. The renal 
corpuscular area, glomerular area, and urinary space area were measured and the area of collagen or TNF-α expression 
was quantified using ImageJ software. 
Results. Ethanol administration significantly increased the renal corpuscular area, the glomerular area, the area of 
collagen, and the area of tissue with TNF-α immunoreactivity but decreased the area of urinary space. Simvastatin 
generally suppressed the ethanol effects in both sexes, although to varying degrees.  
Conclusions. Simvastatin proved to suppress collagen deposition and the TNF-α production induced by ethanol in the 
kidney of mice thus indicating its effectiveness in the treatment of ethanol-related renal diseases. (Folia Histochem 
Cytobiol 2024; 62, 2: 87–95)
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highly vulnerable to damage caused by excessive 
ethanol consumption [3]. Due to the function of the 
kidneys, damage or loss of function could negatively 
affect the functions of other organs, especially the heart 
[4]. It is proven that chronic consumption of ethanol 
increases the incidence of cardiovascular diseases 
[5, 6] by increasing blood pressure through various 
mechanisms, one of which is the activation of the 
renin-angiotensin system (RAS) in the kidney where 
a rise in systemic blood pressure causes glomerular 
hypertension and vasoconstriction [1]. The activated 
intrarenal RAS induced by chronic ethanol use also 
promotes renal damage by altering the morphologies 
of the glomeruli, tubules, and renal blood vessels 
[1,  7,  8]. Simultaneously, it prolongs hypertension 

INTRODUCTION

Apart from the regulation of body fluid and mine-
ral homeostasis, the kidneys play an important role 
in the control of blood pressure [1]. They are also 
responsible for filtering and excreting ethanol and its 
metabolites from the body [2], making the kidneys 
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which is detrimental to the heart and other organs [1, 
9]. This interrelationship between the heart and the 
kidneys shows that the severity of cardiovascular dise-
ase increases the probability of renal disease and vice 
versa [8]. Unfortunately, chronic ethanol consumption 
is a social problem among adolescents as they tend 
to experiment with ethanol, often resulting in heavy 
episodic drinking patterns, especially in places where 
there are lapses in the regulation of access to ethanol 
[10–12]. Ethanol misuse is higher in male than in fe-
male adolescents and these adolescents often become 
ethanol addicts later in life thus contributing to social, 
economic, and health problems [5, 11–15]. 

Ethanol-induced renal damage changes the mor-
phologies of the renal structures, e.g. the glomeruli 
and renal tubules. This causes renal functions such as 
glomerular filtration and tubular reabsorption to fail 
[2, 4, 7, 16, 17]. At the same time, chronic ethanol use 
inhibits the function of antidiuretic hormone (ADH) in 
the kidneys thus resulting in the loss of water from the 
body [17]. Likewise, extracellular matrix deposition 
(i.e. renal fibrosis) between the renal tubules and 
surrounding capillaries may increase in response to 
chronic ethanol use, delaying the oxygen supply and 
nutrients to the renal tubular cells [2]. 

Tumour necrosis factor-alpha (TNF-α) is produced 
in the kidney by endothelial, mesangial, and renal tu-
bular epithelial cells [9, 18]. The basal interstitial level 
of TNF-α is considerably low or undetectable under 
normal conditions but it sporadically increases at the 
onset of inflammation. TNF-α can also induce apoptosis 
which may be beneficial or detrimental to renal tissues 
as apoptosis may contribute to the pathogenesis of renal 
diseases such as acute renal failure or may trigger cell 
proliferation to compensate for glomerular or tubular 
cell loss in glomerular or tubular disease [19].

With the plethora of effects of simvastatin on the 
cardiovascular system, it is envisaged that the ability 
of simvastatin (an FDA-approved blood cholesterol-
-lowering drug [20–23]) to prevent inflammation, 
regulate immune-responses, prevent cell death and 
fibrosis in diseases associated with a failing cardio-
vascular system [24–27] may also be of benefit against 
ethanol-induced renal damage. This study, therefore, 
explored the effects of simvastatin against ethanol-
-induced renal damage, fibrosis, or inflammation by 
analysing the morphology and morphometry of renal 
structures, quantifying the area of collagen and the area 
of TNF-α expression in the renal tissue of adolescent 
mice that were administered ethanol. Results of this 
study may provide new cues on the protective effects 
of simvastatin against ethanol-induced damage in the 
kidneys and may also provide additional evidence 
of its suitability for the treatment of alcohol-related 
renal diseases.

MATERIALS AND METHODS

Animals and study design
Animal ethics approval was granted (Ethics Cle-

arance No: 2019/11/63/C) by the Animal Research 
Ethics Committee (AREC) of the University of the 
Witwatersrand, Johannesburg, South Africa. Mice of 
the same sex and belonging to the same experimental 
group were housed together in a group of five mice 
per cage (cage dimensions: 200 × 200 × 300 mm) and 
kept under a reversed 12-hour day/12-hour dark cycle 
(with the light switched off from 06:00 to 18:00). For 
this study, the period of adolescence in the mice was 
taken as between 3–8 weeks old [28].

Ten four-week old (adolescent) C57BL/6J mice 
(F = 5; M = 5) housed in the Witwatersrand Research 
Animal Facility (WRAF), University of the Witwater-
srand, were assigned to each experimental group: (I)
non-treatment group (NT) — no administration of 
ethanol or simvastatin; (II) Ethanol only group (EtOH) 
— 2.5  g/kg/day of 20% ethanol via intraperitoneal 
injection (i.p.); (III) simvastatin only group (SIM) 
—  5 mg/kg/day by oral gavage; (IV) ethanol and 
5 mg simvastatin (EtOH + SIM5) — 5 mg/kg/day of 
simvastatin by oral gavage followed by 2.5 g/kg/day 
of 20% ethanol via i.p. administration; (V) ethanol 
+ 15 mg simvastatin (EtOH + SIM15) — 15 mg/kg/day 
of simvastatin by oral gavage followed by 2.5 g/kg/day 
of 20% ethanol via i.p. administration. The percentage 
concentration of ethanol used in this study was similar 
to the range used by Cardoso de Sousa et al. [29]. An 
intraperitoneal injection of ethanol is commonly used 
in ethanol-related studies to generate a high blood etha-
nol concentration (see review by Patten et al. [30]). In 
addition, the concentrations of simvastatin used were 
also within the range used by Mohammadi et al. [31]. 
A stock solution of simvastatin (Cat no: 1612700, 
Merck, South Africa) was prepared by dissolving 8 mg 
simvastatin in a solution of 100 µL ethanol (to incre-
ase solubility), 100 µL 0.1 M NaOH (emulsifier) and 
800 µL distilled water similarly as described by McKay 
et al. [32]. In addition, a pharmacological grade ethanol 
(96%) (Sigma-Aldrich, South Africa; Cat no: SAAR-
2233510LP) was serially diluted in saline (0.9% NaCl) 
to obtain a 20% ethanol solution. Both simvastatin and 
ethanol were prepared daily and then filter sterilized 
before being administered. Any unused solution on the 
day was discarded. All treatments were performed for 
28 consecutive days. Oral gavage and intraperitoneal 
injections were performed with the utmost care by the 
trained staff of WRAF to reduce the introduction of 
stress into the animal. 

On the last day of treatment, blood alcohol concen-
tration (BAC) was determined from saphenous blood 
(50 μL) collected within 30 min after the administra-
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tion of ethanol in each mouse (i.e. mice in the ETOH, 
ETOH + SIM5 or ETOH + SIM15 experimental gro-
ups). The BAC in the extracted serum was analysed 
using an EnzyChrom™ Ethanol Assay Kit (BioVision, 
Sandton, South Africa). The average BAC level was 
in the range of 182.5–253.4 mg/dL for the groups that 
received ethanol. Following blood collection, the mice 
were euthanized using Euthanaze (sodium pentobarbi-
tal, 80 mg/kg, i.p.). Then, the mice were transcardially 
perfused with 20 mL 4% paraformaldehyde (PFA) 
(in 0.1 M phosphate buffer, PB), the right kidney was 
then removed and further fixed in 4% buffered PFA 
at 4°C before further processing.

Processing of the kidney
The kidney was cut horizontally at its equator whe-

reafter the inferior half of the tissue was dehydrated 
in a graded series of ethanol, cleared in xylene, and 
then embedded in paraffin wax. The tissue block was 
sectioned at 5 µm thickness and one in three series 
of sections was collected for haematoxylin and eosin 
(H&E) staining (for general morphology and mor-
phometry of renal corpuscles and the glomeruli). The 
second series of sections was prepared for Masson’s 
trichrome (MT) staining (for evaluating the area of 
collagen) and the third series of sections was for 
TNF-α immunohistochemistry (for quantifying the 
area of TNF-α expression in the renal corpuscles or 
renal tubules). In total, four sets of one in three series 
of sections were collected. A 50 µm-thick section was 
wasted after each set of series to minimize analysing 
the same area of the section.

Immunohistochemistry
For TNF-α immunohistochemistry, a citrate antigen 

retrieval was performed by immersing the sections in 
citrate buffer (pH 6) at 60°C overnight. Thereafter, 
endogenous peroxidase activity was blocked by im-
mersing the sections in 1% hydrogen peroxide, 49.5% 
methanol and 49.5% 0.1 M PB for 30 min. Subsequen-
tly, the sections were washed twice in 0.1 M PB before 
incubating in a blocking buffer (5% normal goat serum 
in 0.1 M PB) for 30 min to block unspecified binding 
sites. Thereafter, the sections were incubated overnight 
at 4°C in the primary antibody (1:250, mouse anti- 
-TNF-α, ab220210, Abcam, Cambridge, United 
Kingdom) to quantify the area of tissue that expressed 
TNF-α immunoreactivity (TNFα-IR) The sections were 
then washed twice in 0.1 M phosphate-buffered saline 
before incubating in the secondary antibody (1:1000, 
goat anti-mouse IgG, BA-9200-1.5, Vector labs). Follo-
wing incubation, the sections were washed twice in PB 
before incubating in an avidin-biotin solution (1:125; 
Vector Labs) for 1 h. The sections were further washed 
twice in PB and then the sections were developed by 

immersing them in a solution containing 0.05% DAB 
(3,3’-diaminobenzidine), 2 mL Tris HCl, 29 μL cold 
distilled water, and 1 μL hydrogen peroxide for 10 mins. 
The DAB reaction was terminated by adding an equ-
al volume of 0.1 M PB before counterstaining with 
haematoxylin.

Histomorphometry
For the morphometry of renal structures, the renal 

corpuscles that were visible within a field of view at 
the 10× objective lens (obtained by moving the stage 
at every 1-mm interval along the width of the renal 
cortex of H&E-stained sections) were used for the 
morphometry. Each renal corpuscle within this field 
of view was then photographed at the 63× objective 
lens using a Carl Zeiss Axiocam camera (Serial No. 
5318003446, Shanghai, China) attached to a Carl Zeiss 
Axioskop microscope (Serial No. 804161, Germany). 
With the scale set on ImageJ 1.47v software (NIH, 
Bethesda, MD, USA), the areas of the renal corpuscle 
and the glomerulus were measured from the digitized 
images by tracing the boundary of the parietal layer 
of the Bowman’s capsule and the boundary of the 
glomerulus using the freehand tool of the software. 
The area of Bowman’s space was then calculated by 
subtracting the area of the glomerulus from the area 
of the renal corpuscle [33]. 

To determine the area of collagen in the kidney 
tissue, digitized images of the MT-stained sections 
were taken using a Carl Zeiss Axiocam camera atta-
ched to a Carl Zeiss Axioskop microscope at times 40× 
objective lens. The images were subsequently saved 
in a JPEG file format. The field of view was changed 
by moving the microscope stage along the width of 
the renal cortex to prevent duplicating measurements. 
The area of stained collagen within the kidney was 
determined using the deconvolution plugin settings 
of ImageJ software [34, 35]. The 24-bit RGB format 
was selected as a requirement for the deconvolution 
plugin setting in the software where the green com-
ponent on the processed image indicated collagen 
staining [34, 35]. The area of stained collagen on each 
image was quantified using the threshold tool on the 
software which was adjusted until all the collagen 
(i.e. green-stainable) structures had been highlighted 
[34, 35]. The percentage area of collagen per image 
was calculated as the threshold area divided by the 
area of the image.

Similar to the analyses used for MT-stained sec-
tions, the percentage area of tissue with TNFα-IR in 
the renal tubules or the renal corpuscles was perfor-
med using digitized images at the 63× objective lens. 
The renal tubules or renal corpuscles were identified 
and photographed along the width of the renal cortex 
to prevent duplicating measurements. The digitized 
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images were saved in a JPEG file format before being 
analysed by ImageJ software. Using the 24-bit RGB 
format, the region of interest (ROI) manager was used 
to select the renal corpuscle or the renal tubules on an 
image. The size of the ROI (620368 μm2) was kept 
constant throughout the analyses [36]. DAB staining 
was selected for the deconvolution plugin setting on 
the ImageJ software where the brown component was 
identified as the DAB staining. The area of tissue that 
expressed TNF-α in each ROI was quantified by ad-
justing the threshold tool of the software until all the 
DAB stains had been highlighted [36]. Thereafter, the 
percentage area of tissue with TNFα-IR was determi-
ned by dividing the threshold area by the area of the 
ROI. Throughout the analyses, the experimenter was 
blinded to the experimental groups and an inter-ob-
server test was satisfactory. 

Statistical analysis
Descriptive statistics using the mean and standard 

deviation (SD), or the median were performed. Nor-
mality test was conducted using the Shapiro-Wilk test 
and then either One-Way ANOVA or Kruskal-Wallis 
test was conducted to compare the mean or median of 
the measurements across the different groups. A post 

hoc test using either a Tukey’s or a Dunn’s test was 
conducted to determine where significant difference 
lies between any two groups. All statistical tests were 
performed using a PAST freeware data analyser (ver-
sion 4.03; Germany) and boxplots were plotted using 
Excel software (Word Office Pro, Redmond, WA, 
USA). A statistical difference of 5% was regarded as 
significant for all statistical analyses (P < 0.05).

RESULTS

Kidney and body mass and morphology 
of the kidney

The average kidney mass, body mass and kidney/ 
/body mass ratio of the mice across the different expe-
rimental groups for both sexes are shown in Table 1. 
The average kidney mass, the average body mass or 
the kidney/body mass ratio was similar across the 
experimental groups for both sexes. In addition, all 
the mice in the different experimental groups gained 
body mass, for both sexes.

The morphology of the tissue was typical of the 
normal histology of the renal tissue of the mouse. The 
renal corpuscles and the renal tubules were distinct 
and abundant in the renal cortex across the different 

Table 1. Mean kidney mass, mean body mass and kidney/body mass ratio of female and male mice across the experimental groups

  NT SIM EtOH EtOH + SIM5 EtOH + SIM15 P

Female

Kidney mass at day 28 [g] 0.162 ± 0.013 0.151 ± 0.028 0.169 ± 0.017 0.149 ± 0.039 0.183 ± 0.015 0.203

Body mass at day 1 [g] 12.500 ± 0.791 12.800 ± 0.758 12.600 ± 0.822 12.000 ± 0.935 12.700 ± 0.274 0.652

Kidney/body mass ratio 
at day 1 0.014 ± 0.001 0.012 ± 0.002 0.013 ± 0.001 0.012 ± 0.004 0.014 ± 0.001 0.311

Body mass at day 28 [g] 14.500 ± 1.581 14.800 ± 1.151 14.600 ± 1.245 13.900 ± 1.025 15.300 ± 1.891 0.639

Kidney/body mass ratio 
at day 28 0.012 ± 0.001 0.010 ± 0.003 0.012 ± 0.002 0.010 ± 0.003 0.012 ± 0.001 0.493

Male

Kidney mass at day 28 [g] 0.162 ± 0.016 0.158 ± 0.010 0.177 ± 0.014 0.181 ± 0.016 0.177 ± 0.031 0.240

Body mass at day 1 [g] 15.300 ± 0.975 14.300 ± 1.304 14.400 ± 2.162 14.400 ± 0.742 13.700 ± 1.255 0.330

Kidney/body mass ratio 
at day 1 0.011 ± 0.002 0.012 ± 0.001 0.013 ± 0.003 0.013 ± 0.001 0.013 ± 0.003 0.438

Body mass at day 28 [g] 18.900 ± 1.673 18.400 ± 1.636 18.000 ± 1.658 18.100 ± 0.548 15.900 ± 1.387 0.072

Kidney/body mass ratio 
at day 28 0.009 ± 0.001 0.010 ± 0.002 0.010 ± 0.001 0.010 ± 0.001 0.011 ± 0.002 0.149

The values express mean ± SD (standard deviation). P indicates statistical difference (at 0.05) using One-Way ANOVA (parametric) or Kruskal-Wallis (non-par-
ametric). There was no significant difference for all the measurements across the experimental groups. Abbreviations: NT — non-treatment (control) groups; 
SIM — 5 mg simvastatin; EtOH — ethanol; EtOH + SIM5 — 5 mg simvastatin and EtOH; EtOH + SIM15 — 15 mg simvastatin and EtOH.
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experimental groups (Fig. 1A–J). Interstitial fibrosis 
was scanty in the MT-stained sections of the NT or 
the SIM group but not in the experimental groups that 
were administered ethanol (EtOH, EtOH + SIM5, 
or EtOH + SIM15) (Fig. 2A–J). Collagen staining 
was most noticeable in the EtOH group (Fig. 2C, H). 
Likewise, the area of tissue that expressed TNF-α im-
munoreactivity (Fig. 3A–J) in the extracellular matrix 
was most conspicuous in the renal corpuscles and the 
renal tubules of the EtOH group (Fig. 3C and H). 

Morphometry of the renal corpuscular area
In the females, the renal corpuscular area was highest 

in the EtOH group and lowest in the EtOH + SIM5 
group (Table 2; Fig. 1K). The renal corpuscular area 
was significantly different across the experimental 
groups (P = 0.000). A post hoc test revealed that the 
renal corpuscular area was significantly higher in the 
EtOH group than in the NT group (P = 0.001) or the 
EtOH + SIM5 group (P = 0.000). However, the area 
of renal corpuscle was similar in the NT vs. SIM 

Figure 1. Representative photomicrographs of the H&E-stained sections of female and male mouse kidneys (A–E) at the low mag-
nification (scale bar: 100 μm) and (F–J) at the high magnification (scale bar: 10 μm) as well as the box plots of the median values 
of: (K) kidney corpuscular area, (L) glomerular area, and (M) urinary space area across the different experimental groups. The 
renal morphology was typical of the normal histology of the mouse kidney with the renal corpuscles (RC), glomeruli (G), distal (D) 
and proximal (P) kidney tubules present in the renal cortex. In both sexes, ethanol increased the renal corpuscular and glomerular 
areas but decreased the urinary space area in the renal tissue. In both sexes, 5 mg simvastatin reduced the ethanol effect on the renal 
corpuscular and glomerular areas and increased the urinary space area. Abbreviations: NT — non-treatment (control group); SIM5 
— 5 mg simvastatin; EtOH — ethanol; EtOH + SIM5 — 5 mg simvastatin and EtOH; EtOH + SIM15 — 15 mg simvastatin and EtOH; 
H & E — haematoxylin and eosin staining; RC — renal corpuscle; G — glomeruli; D — distal convoluted tubule; P — proximal 
convoluted tubule. The same letters indicate differences between paired groups that are statistically significantly different at P < 0.05. 
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Figure 2. Representative photomicrographs of the sections of mouse kidney stained by Masson trichrome method (A–E) at the 
low magnification (scale bar: 100 μm) and (F–J) at the high magnification (scale bar: 20 μm) as well as the box plots of the median 
values of: (k) area of stained collagen across the different experimental groups, for both sexes. Interstitial fibrosis in the glomerulus 
and tubule (indicated by red arrows) was abundant in the EtOH group (C and H). In both sexes, the area of stained collagen was 
significantly higher in the ethanol-treated mice than in the NT groups. Both concentrations of simvastatin significantly reduced the 
ethanol effect on the area of stained collagen in the kidney. Abbreviations: NT — non-treatment (control group); SIM5 — 5 mg 
simvastatin; EtOH — ethanol; EtOH + SIM5 — 5 mg simvastatin and EtOH; EtOH + SIM15 — 15 mg simvastatin and EtOH; 
MT — Masson’s trichrome staining. The same letters indicate differences between paired groups that are statistically significantly 
different at P < 0.05. 

Table 2. The area of the renal corpuscle, the glomerular area, and the urinary space area in the kidney of female and male mice 
across the experimental groups

 
 
No of animals

 
No of renal 
structures assessed

Renal corpuscular area Glomerular area Urinary space area 

   Mean [µm2]  Mean [µm2] Mean [µm2]

Female

NT 5 269 845 ± 381 578 ± 261 268 ± 163

SIM 5 269 858 ± 337 574 ± 231 283 ± 148

EtOH 5 268 903 ± 306 710 ± 243 193 ± 113

EtOH + SIM5 5 270 787 ± 291 545 ± 218 243 ± 122

EtOH + SIM15 5 262 881 ± 330 643 ± 241 238 ± 160

Male

NT 5 259 857 ± 307 601 ± 236 256 ± 116

SIM 5 260 809 ± 415 529 ± 262 280 ± 185

EtOH 5 265 918 ± 288 726 ± 246 191 ± 103

EtOH + SIM5 5 269 755 ± 352 525 ± 254 230 ± 144

EtOH + SIM15 5 264 967 ± 314 755 ± 243 212 ± 144

The values express mean ± SD (standard deviation). Abbreviations: NT — non-treatment (control) groups; SIM — 5 mg simvastatin; EtOH — ethanol; 
EtOH + SIM5 — 5 mg simvastatin and EtOH; EtOH + SIM15 — 15 mg simvastatin and EtOH.

A

F

B

G

C

H

D

I

E

J

K



www.journals.viamedica.pl/folia_histochemica_cytobiologica
©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2024
DOI: 10.5603/fhc.95685
ISSN 0239-8508, e-ISSN 1897-5631

93Simvastatin affects ethanol-induced renal damage

(P = 0.155), the NT vs. EtOH + SIM5 (P = 0.132), 
SIM vs. EtOH (P = 0.073) or EtOH vs. EtOH + SIM15 
groups (P = 0.1409) (Fig. 1K). In the male mice, the 
renal corpuscular area was highest in the EtOH+SIM15 
group and lowest in the EtOH+SIM5 group (Table 2; 
Fig. 1K). The renal corpuscular area was significantly 
different across the experimental groups (P = 0.000) 
and a post hoc test revealed that the renal corpuscular 
area in any paired groups was significantly different 
except the SIM vs. EtOH + SIM5 (P = 0.058) or EtOH 
vs. EtOH + SIM15 (P = 0.117) groups (Fig. 1K). 

Morphometry of the glomerular area
In the female mice, the glomerular area was highest 

in the EtOH group and lowest in the EtOH + SIM5 
group (Table 2; Fig. 1L). The glomerular area was 
significantly different across the experimental groups 
(P = 0.000) and a post hoc test revealed that the glo-

merular area in any paired groups was significantly 
different except the NT vs. SIM (P = 0.557), the NT vs. 
EtOH + SIM5 (P = 0.188), or the SIM vs. EtOH + SIM5 
(P = 0.057) groups (Fig. 1L). In addition, the glomerular 
area was significantly higher in the EtOH group than 
in the NT (P = 0.000), SIM (P = 0.000), EtOH + SIM5 
(P = 0.000) or EtOH + SIM15 groups (P = 0.001). In 
the male mice, the glomerular area was highest in the 
EtOH + SIM15 group and lowest in the EtOH + SIM5 
group (Table  2, Fig. 1L). The glomerular area was 
significantly different across the experimental groups 
(P = 0.000). A post hoc test revealed that the area of the 
glomerulus in any paired groups was significantly dif-
ferent except for the SIM vs. EtOH + SIM5 (P = 0.856) 
or the EtOH vs. EtOH + SIM15 groups (P = 0.139) (Fig. 
1L). In addition, the glomerular area was significantly 
higher in the EtOH group than in the NT (P = 0.000), 
SIM (P = 0.000) or EtOH + SIM5 groups (P = 0.000). 

Figure 3. Representative photomicrographs of the area of mouse kidneys that expressed TNF-α IR (A–E) at the low magnification 
(scale bar: 100 μm) and (F–J) at the high magnification (scale bar: 20 μm) as well as the box plots of the median values of area of 
kidney with TNF-α IR in (a) the kidney corpuscles and (b) the kidney tubules across the different experimental groups, for both sexes. 
TNF-α IR in the glomeruli and the kidney tubules are indicated by the red arrows (b). The inset in (a) illustrates the reagent control 
where the primary antibody was omitted. In both sexes, the area of tissue that expressed TNF-α IR was significantly higher in the 
EtOH groups than in the NT groups in regard to the renal corpuscles and tubules. Both concentrations of simvastatin significantly 
reduced the ethanol effect on the area of tissue that expressed TNF-α IR in the kidney corpuscles or the tubules. Abbreviations: 
NT — non-treatment (control group); SIM5 — 5 mg simvastatin; EtOH — ethanol; EtOH + SIM5 — 5 mg simvastatin and EtOH; 
EtOH + SIM15 — 15 mg simvastatin and EtOH; TNF-α IR — Tumour Necrosis Factor-alpha immunoreactivity. The same letter 
indicates paired groups that are statistically significantly different at P < 0.05.
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Morphometry of the urinary space area
The urinary space area was highest in the SIM 

group and lowest in the EtOH group for both sexes 
(Table 2; Fig. 1M). In the females, the urinary space 
area was significantly different across the experimental 
groups (P = 0.000). A post hoc test revealed that the 
urinary space area was significantly lower in the EtOH 
group than in the NT (P = 0.000), SIM (P = 0.000), 
EtOH + SIM5 (P = 0.000) or EtOH +  SIM15 gro-
ups (P = 0.001). However, there was no significant 
difference in the urinary space area in NT vs. SIM 
(P = 0.085) or NT vs. EtOH + SIM5 groups (P = 0.101) 
(Fig. 1M). In the male mice, the urinary space area was 
significantly different across the experimental groups 
(P = 0.000). A post hoc test revealed that the urinary 
space area was significantly lower in the EtOH group 
than in the NT (P = 0.000), SIM (P = 0.000), or EtOH 
+ SIM5 groups (P = 0.005) but not in NT vs. SIM 
(P = 0.687) or EtOH vs. EtOH + SIM15 (P = 0.449) 
groups (Fig. 1M).

Percentage area of collagen in the kidney
The percentage area of stained collagen in the kidney 

was highest in the EtOH group and lowest in the NT 
group for both sexes (Table 3, Fig. 2K). In the female 
mice, the percentage area of stained collagen was 
significantly different across the experimental groups 
(P = 0.000). A post hoc test revealed that the percentage 
area of stained collagen was significantly higher in the 

EtOH group than in the NT (P = 0.000), SIM (P = 0.000), 
EtOH + SIM5 (P = 0.000), or EtOH + SIM15 groups 
(P = 0.000) (Fig. 2K). The significant difference between 
EtOH vs. NT demonstrates ethanol-induced collagen 
production in the kidney. Both concentrations of simva-
statin significantly suppressed collagen production indu-
ced by ethanol, but the higher simvastatin concentration 
(15 mg) seems to be more effective. 

In the males, the percentage area of stained collagen 
was significantly different across the experimental 
groups (P = 0.000) and a post hoc test revealed that the 
percentage area of stained collagen was significantly 
higher in the EtOH group than in the NT (P = 0.000), 
SIM (P = 0.000), EtOH + SIM5 (P = 0.000), or EtOH 
+ SIM15 groups (P = 0.000) except in SIM vs. EtOH 
+ SIM15 groups (P = 0.163) (Fig. 2K). The signifi-
cant difference between the EtOH vs. NT groups also 
demonstrates ethanol-induced renal production of 
collagen. Similar to the females, both concentrations 
of simvastatin suppressed collagen production induced 
by ethanol in the renal tissues in the males, but the 
higher simvastatin concentration (15 mg) seems to 
be more effective.

Percentage area of tissue that expressed TNF-α 
immunoreactivity

The percentage area of tissue that expressed TNF-α 
in the renal corpuscle or the renal tubule was highest 
in the EtOH group and was lowest in the NT group 

Table 3. The percentage area of Masson trichrome-stained collagen and the area of tissue that expressed TNF-α immunoreactivity 
in the kidney of female and male mice across the experimental groups

 

No of 
animals

Area of stained collagen
Area of tissue that expressed TNF-α IR

Renal tubules Renal corpuscles

No of images 
assessed

Mean [%] No of ROIs 
assessed

Mean [%] No of ROIs 
assessed

Mean 
[%]

Female

NT 5 260 0.51 ± 0.14 205 1.03 ± 0.15 224 0.70 ± 0.15

SIM 5 260 1.48 ± 1.22 215 1.93 ± 0.84 202 2.39 ± 1.09

EtOH 5 231 6.52 ± 2.60 225 11.04 ± 1.54 252 11.13 ± 2.71

EtOH + SIM5 5 259 3.18 ± 1.73 252 1.69 ± 0.78 249 2.56 ± 1.60

EtOH + SIM15 5 257 1.35 ± 1.44 246 1.67 ± 0.20 242 1.41 ± 0.33

Male

NT 5 260 0.67 ± 0.21 217 1.00 ± 0.21 201 0.79 ± 0.20

SIM 5 259 1.81 ± 1.66 184 1.56 ± 0.54 170 1.84 ± 0.66

EtOH 5 258 6.13 ± 5.87 248 9.51 ± 2.02 252 8.94 ± 2.92

EtOH + SIM5 5 255 2.78 ± 1.41 252 1.85 ± 0.30 252 2.48 ± 1.05

EtOH + SIM15 5 261 2.13 ± 1.49 252 1.90 ± 0.37 252 1.58 ± 0.57

The values express mean ± SD (standard deviation). Abbreviations: NT — non-treatment (control) groups; SIM — 5 mg simvastatin; EtOH — ethanol; 
EtOH + SIM5 — 5 mg simvastatin and ethanol; EtOH + SIM15 — 15 mg simvastatin and ethanol; ROI — Region of interest; TNF-α IR — Tumour necrosis 
factor-alpha immunoreactivity.



www.journals.viamedica.pl/folia_histochemica_cytobiologica
©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2024
DOI: 10.5603/fhc.95685
ISSN 0239-8508, e-ISSN 1897-5631

95Simvastatin affects ethanol-induced renal damage

for both sexes (Table 3, Fig. 3K, L). In the females, 
a Kruskal-Wallis test revealed that the percentage area 
of tissue immunoreactive for TNF-α was significantly 
different across the experimental groups (P = 0.000) 
while a Dunn’s post hoc revealed that the percentage 
area of tissue that showed TNF-α immunoreactivity in 
any paired groups was significantly different except 
the SIM vs. EtOH + SIM5 groups (P = 0.200) for the re-
nal corpuscles (Fig. 3K) or the SIM vs. EtOH + SIM15 
groups (P = 0.453) for the renal tubules (Fig. 3L). The 
significant difference between the EtOH vs. NT also 
demonstrates ethanol-induced TNF-α production in 
the renal tissue and both concentrations of simvasta-
tin reduced ethanol-induced TNF-α production in the 
renal tissue.

In the male mice, the percentage area of tissue that 
expressed TNF-α was significantly different across the 
experimental groups (P = 0.000) while a post hoc test 
revealed that the percentage area of TNF-α production 
in the renal tissue in any paired groups for the renal 
corpuscles or the renal tubules was significantly dif-
ferent except in the EtOH + SIM5 vs. EtOH + SIM15 
groups (P = 0.733) for the renal tubule in the male 
(Fig. 3L). The significant difference between the EtOH 
vs. NT groups also confirms ethanol-induced TNF-α 
production in the renal tissue and both concentrations 
of simvastatin were also effective in reducing ethanol-
-induced inflammation in the renal tissue.

DISCUSSION

Chronic ethanol use damages renal tissues in diver-
se ways. It promotes the accumulation of inflammatory 
cells to infiltrate the interstitial tissue. Even though this 
is essential for triggering a repair process, prolonged 
accumulation of inflammatory cells and pro-inflam-
matory cytokines hinders the repair process which 
then progresses to renal disease [37, 38]. Structural 
renal damage such as tubular epithelial cell atrophy, 
renal interstitial oedema, and tubular interstitial fi-
brosis suppress renal function [2, 7]. Kidney tubular 
cell injury and apoptosis also disrupt the selective 
reabsorption of molecules [16, 17]. Furthermore, fluid 
and mineral homeostasis is also disrupted as the se-
cretion of antidiuretic hormone (ADH) is hindered by 
chronic ethanol use due to the renal collecting tubules 
becoming impermeable to water leading to electrolyte 
imbalance [17, 39]. Chronic ethanol consumption 
results in the thickening of the glomerular basement 
membrane, increased proliferation of mesangial cells, 
and swelling of the glomeruli, thereby leading to renal 
dysfunction [7]. 

Our study revealed that prolonged ethanol admi-
nistration to young adult mice enlarged the size of the 

glomeruli with a corresponding decrease in urinary 
space. These outcomes seem to be ethanol-specific 
because increased glomerular capillaries favour glo-
merular hyperfiltration with a resultant urinary space 
dilation owing to the high hydrostatic pressure gradient 
in the glomeruli. A dilated urinary space results in 
a reduced urinary space pressure which is expected 
to maintain a glomerular hyperfiltration by sustaining 
a high transcapillary hydrostatic pressure gradient in 
the glomerular capillaries [40–42]. The failure of an 
‘envisaged’ urinary space dilation to cope with glo-
merular hyperfiltration may therefore lead to upstream 
loss of parietal epithelial cells [41] which may trigger 
narrowing of glomerular capillaries causing synechiae 
formation in glomerulosclerosis [41, 43]. According 
to Tobar et al. [41], a dilated urinary space protects 
against the damage that could arise from high-pressure 
glomerular hyperfiltration. In the present study, glo-
merular hypertrophy induced by ethanol reduced the 
size of urinary space which seems to suggest ethanol-
-specific renal damage. Unfortunately, the extent of 
the renal damage by ethanol could not be elucidated 
in the present study.

Ethanol is also implicated in promoting extra-
cellular matrix build-up (i.e. fibrosis) in the renal 
interstitium surrounding the tubules and capillaries. 
At the early stages of renal injury, myofibroblasts are 
stimulated by the inflammatory cytokines to produce 
collagen in order to initiate a repair process [44, 45]. 
However, when the injury is prolonged as in the case 
of chronic ethanol use, a sustained accumulation of 
collagen damages the endothelium of capillaries and 
increases the distance between the capillaries and the 
tubules thus delaying or reducing the oxygen supply 
and nutrients to the epithelial tubular and interstitial 
cells. This invariably leads to the accumulation of 
collagen in the renal tissue, as found in this study, 
leading to kidney dysfunction [2].

Likewise, the basal concentration of TNF-α is 
considerably low or undetectable under normal 
conditions but sporadically increases at the onset of 
renal inflammation to trigger a recovery pathway 
[9, 18]. TNF-α at low levels promotes tissue repair 
and induces the regeneration of renal cells in order 
to promote recovery from injury [18]. Furthermore, 
TNF-α regulates renal function and controls haemody-
namics through its ability to control the constriction of 
renal vessels, thereby affecting the rate of glomerular 
filtration [18]. However, this system is destabilized 
by the chronic use of ethanol as ethanol-induced pro-
longed inflammatory stress leads to structural kidney 
damage and dysfunction [9]. This also aligns with 
the observations in the present study that found that 
chronic ethanol significantly increased the expression 
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of TNF-α in the kidney cortex, indicating ethanol-in-
duced renal inflammation. 

With the rising prevalence of ethanol use amongst 
adolescents, it will not be far-fetched to find that the 
prevalence of chronic renal diseases caused by ethanol 
(or other substance abuse) will also be on the rise even 
though there is no data available on the prevalence of 
ethanol-related renal diseases, specifically in this age 
group [46]. It is however proven that acute or chronic 
ethanol consumption can hinder kidney function, and 
this may be worsened in the presence of other meta-
bolic diseases [17].

Simvastatin, a drug that belongs to the anti-athe-
rosclerotic group of statins, seems to be a promising 
intervention for treating renal diseases as it is widely 
used in the treatment of cardiovascular diseases due 
to its ability to reduce inflammation, cell death, and 
fibrosis in the heart [20–23, 25, 27, 47–51]. Generally, 
statins inhibit the upregulation of angiotensin-depen-
dent oxidative stress [52, 53]. More so, simvastatin 
inhibits the differentiation of fibroblasts into myofi-
broblasts thus reducing the activity of myofibroblasts 
and subsequently reducing collagen deposition [27]. 
Simvastatin is also effective in lowering blood cho-
lesterol in subjects with chronic kidney disease [54]. 
Christensen et al. [55] reported that in mice simvasta-
tin at a dose of 10 or 25 mg, but not 1 mg, hindered the 
development of glomerular hypertrophy and glome-
rulonephritis as a result of immune-mediated kidney 
damage. We are not aware of reports on the effects 
of simvastatin against ethanol-related renal disease. 
However, Mohammadi et al. [31] found that simva-
statin reduced lead-induced renal damage in Balb/c 
male mice. In the same study, kidney damage was 
severely reduced in the mice that were treated with 
20 mg simvastatin. These findings, although obtained 
in a different experimental model, support the results 
of the present study which showed that simvastatin 
reduced glomerular hypertrophy, renal fibrosis, and 
inflammation in the chronic ethanol-administration 
model in young adult mice. Our observations are also 
consistent with the findings of the simvastatin effects 
on ethanol-induced myocardial damage in C57BL/6J 
mice [56]. It is also evident in the present study that 
both concentrations (5 and 15 mg) of simvastatin sup-
pressed (to varying degrees in both sexes) the onset of 
ethanol-induced kidney damage. Interestingly, 5 mg 
simvastatin was more effective for preventing the 
onset of ethanol-related renal damage whereas 15 mg 
simvastatin was more effective against ethanol-related 
renal fibrosis while both concentrations proved to be 
similarly effective against ethanol-related indices of 
renal inflammation. It, therefore, indicates that the 

effectiveness of simvastatin may be specific to the 
pathology (e.g. renal damage, fibrosis, or inflamma-
tion) induced by a toxin (e.g. ethanol). Additional 
studies are needed to further elucidate the true effects 
of simvastatin against ethanol-induced renal damage. 

In conclusion, this study demonstrated that simva-
statin suppressed the onset of ethanol-related renal 
damage in a murine model. Although the mechanism 
of action was not explored in the present study, it has 
been assumed that the ability of simvastatin to mo-
dulate intracellular activities may have played a vital 
role in preventing ethanol-induced kidney damage. 
Further studies on the engaged cellular pathways need 
to be explored. Data presented in this novel study may 
broaden the applications of simvastatin which could 
be considered for the treatment or management of 
ethanol-related kidney diseases. 
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