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ABSTRACT �

Calcineurin inhibitors, in particular Cyclosporin A (CsA), remains the cornerstones of immunosuppres-
sive regimens in many transplantation centres worldwide, regardless of drug-induced nephrotoxicity. The 
pathogenesis of CsA-induced nephropathy remains to be fully elucidated, but seems to be affected by 
the duration of drug exposure. This study aimed to clarify the molecular pathways involved in acute 
and chronic CsA-induced nephrotoxicity, focusing on serum, urinary and renal markers. The study com-
prised 24 male Wistar rats, divided in two models: acute and chronic CsA (5 mg/Kg bw/day) exposure 
(3 vs 9 weeks) vs matched control groups. The following data was evaluated: blood pressure and heart 
rate; serum total and non-HDL cholesterol, glucose and insulin; serum and urine creatinine, blood urea 
nitrogen (BUN), clearances and glomerular filtration rate (GFR); serum, urine and kidney tissue lipid 
peroxidation, via malondialdehyde (MDA); kidney mRNA expression of proliferative markers (PCNA, 
TGF-β1, mTOR and Mki67); kidney lesions. CsA has promoted hypertension and tachycardia, which were 
aggravated with the duration of exposure. Creatinine and BUN clearance and GFR showed early renal 
dysfunction, accompanied by increase serum creatinine (p<0.05) and BUN (p<0.01) levels, as well as 
kidney lipid peroxidation (p<0.05), which worsened with chronic exposure. Renal lesions were evident 
only after the chronic treatment. However, acute CsA exposure induced PCNA and TGF-β1 kidney mRNA 
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up-regulation (p<0.05), unchanged mTOR and down-regulation of Mki67, while chronic treatment revealed 
a normalized PCNA and TGF-β1 expression, accompanied by prominent mTOR and Mki67 up-regulation 
(p<0.01). In conclusion, CsA-induced nephrotoxicity is aggravated over time and distinct mechanisms and 
markers are involved in acute and chronic exposure. Chronic nephrotoxicity is accompanied with intense 
overexpression of mTOR and Mki67. These findings reinforce the rationale for early substitution of CsA 
by less nephrotoxic agents, being mTOR inhibitors a validated choice, in order to prevent chronic CsA-
induced nephrotoxicity.

Key-words: acute and chronic cyclosporine-induced nephrotoxicity; biomarkers; gene expression; histolo-
gy; rat model.

RESUMO �

Introdução: Os inibidores da Calcineurina, em particular a Ciclosporina (CsA), continua a ser um 
dos pilares da terapêutica imunossupressora em muitos centros de transplantação por todo o mundo, 
não obstante a nefrotoxicidade a eles associada. A patogénese da nefropatia induzida pela CsA ainda 
permanece por elucidar completamente, mas sabe-se que é afetada pelo tempo de exposição ao 
fármaco. Este estudo teve como objetivo esclarecer as vias moleculares envolvidas na nefrotoxicidade 
aguda e crónica induzidas pela CsA, com especial enfoque em marcadores séricos, urinários e renais. 
Grupos e métodos: O estudo envolveu 24 ratos Wistar machos, divididos em dois modelos: exposição 
aguda e crónica (3 vs 9 semanas) à CsA (5 mg/kg de peso corporal/dia) versus respectivos grupos 
controlo. Foram avaliados os seguintes parâmetros: pressão arterial e frequência cardíaca; colesterol 
total e colesterol não-HDL, glicose e insulina séricas, creatinina e azoto ureico em soro e urina, cle-
arances e taxa de filtração glomerular (GFR), peroxidação lipídica em soro, urina e rim (medição de 
malondialdeído); quantificação do mRNA renal de marcadores de proliferação (PCNA, TGF-β1, mTOR e 
Mki67); avaliação histomorfológica. Resultados: A CsA promoveu hipertensão e taquicardia, que foram 
agravadas com a duração da exposição. Os valores das clearance de creatinina e azoto ureico e da 
GFR mostraram disfunção renal precoce, acompanhada por um aumento dos níveis de creatinina sérica 
(p<0,05) e azoto ureico (p<0,01), assim como de peroxidação lipídica no rim (p<0,05), que se agravaram 
com a exposição crónica. As lesões renais foram evidentes somente após o tratamento crónico. Con-
tudo, a exposição aguda à CsA induziu a sobreexpressão do mRNA de PCNA e de TGF-β1 a nível renal 
(p<0,05), sem alteração de mTOR e com redução da expressão do Mki67. O tratamento crónico revelou 
níveis normalizados de mRNA de PCNA e de TGF-β1, acompanhados por uma notória sobreexpressão 
renal de mTOR e de Mki67 (p< 0,01). Conclusão: A nefrotoxicidade induzida por ciclosporina é agravada 
com o tempo e existem mecanismos e marcadores distintos para a exposição aguda e crónica à CsA. 
A nefrotoxicidade crónica é acompanhada de intensa sobreexpressão de mTOR e de Mki67. Estes 
resultados reforçam a necessidade da substituição precoce de CsA por agentes menos nefrotóxicos, 
podendo os inibidores da mTOR ser uma escolha válida, a fim de prevenir a nefrotoxicidade crónica 
induzida pela ciclosporina.

Palavras-chave: biomarcadores; expressão génica; histologia; nefrotoxicidade aguda e crónica induzida 
pela ciclosporina; rato.
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INTRODUCTION �

Cyclosporine A (CsA), a calcineurin inhibitor (CNI), 
remains a pivotal immunosuppressive drug to prevent 
allograft rejection. Its introduction led to a significant 
reduction in the incidence of acute rejection and an 
improvement in transplant survival1,2. However, the 
clinical use of CsA is often limited by severe side-
effects, including drug-induced hypertension and 
nephrotoxicity3-5. Renal dysfunction is an independ-
ent risk factor for graft loss and mortality after kidney 
transplantation (KTx) and cardiovascular disease 
(CVD) is the main cause of death post-KTx6-8; thus, 
extended long-term graft survival has not been com-
pletely achieved.

The recognition of these serious adverse effects 
sparked interest in CsA-sparing strategies9: dose 
reduction is associated with a modest improvement 
in renal function, but CsA-induced nephropathy is 
progressive over time when exposure is maintained; 
CsA avoidance is associated with high acute rejection 
rates and is not an option; minimization protocols 
are the current preferred therapy, including the con-
version from CsA to other drugs, especially to Sirolimus 
(SRL), an inhibitor of the mammalian target of rapamy-
cin10,11. Late conversion from CsA to SRL has achieved 
variable results, possibly because withdrawal was 
attempted after the kidney damage was already too 
extensive. Early conversion, on the other hand, prior 
to significant graft damage, has generally improved 
creatinine clearance and markers of fibrosis, and 
decreased chronic allograft lesions, but the issue is 
far from consensual, as the Convert trial has demon-
strated12-15. Complete avoidance of CNIs, in particular 
of CsA, from transplantation immunotherapy, has been 
viewed as an invalid option by almost all the trans-
plantation centres worldwide, particularly because of 
the risks in acute rejection. The major question nowa-
days concerning the protocols of immunotherapy is 
to find the most adequate duration for CsA exposure 
and the proper moment for replacement by other less 
nephrotoxic drugs, without compromising the graft 
by a rejection episode. However, the knowledge of 
these aspects imposes better clarification of the his-
tomorphological and molecular mechanisms associ-
ated with acute versus chronic exposure, which is 
largely dependent on experimental studies.

Previous studies from our group, as well as others, 
have already elucidated, in KTx patients, as well as 

in animal models, some of the molecular events 
involved in the cardiovascular side-effects of CsA, 
including vascular hyperreactivity, NO impairment, 
oxidative stress and sympathetic nervous system over-
activity16-19. Despite the efforts to identify mechanisms 
of CsA-induced renal toxicity20,21, whether by acute 
or chronic exposure, much still remains to be elucidate. 
New efforts to try and identify molecular mechanisms, 
as well as important markers in CsA-induced early 
renal toxicity will greatly help improve clinical practice 
choices concerning immunosuppressive regimens. 
Drug safety evaluation has mainly been based on 
biochemical and histopathological data, but transcrip-
tional profiling has the promise of being able to detect 
toxicity objectively, and the gene expression changes 
associated with toxicity may also assist with our under-
standing of the mechanism of certain drug induced 
accurately and earlier toxicity, and have been increas-
ingly used clinically and analytically22,23.

Early diagnosis of nephropathy can greatly improve 
patient diagnosis, but the initial stages of CsA-
induced nephropathy are largely asymptomatic, mak-
ing early diagnosis difficult20. Since the current diag-
nostic techniques employed to detect CsA nephropathy 
seem to be unsatisfactory, the identification of novel, 
early disease indicators is currently a major research 
focus. Several emergent biomarkers putatively 
involved in drug-induced nephrotoxicty have been 
evaluated during the last years, including kidney 
injury molecule-1 (KIM-1) and neutrophil gelatinase-
associated lipocalin (NGAL), among others. In this 
study, we intended to elucidate some of the impor-
tant pathways and putative biomarkers involved in 
CsA-induced acute and chronic nephrotoxicity in an 
animal model, focusing on important mediators of 
proliferation and fibrosis, which are key pathways 
for aggravation of nephropathy.

RESEARCH DESIGN AND METHODS �

Animals and treatments  �

Twenty four male Wistar rats (Charles River Lab. 
Inc, Barcelona, Spain), eleven weeks of age, were 
maintained in an air conditioned room, subjected to 
12h dark/light cycles and given standard laboratory 
rat chow (IPM-R20, Letica, Barcelona, Spain) and 
free access to tap water. The animals were divided 
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into two groups: acute and chronic CsA (5 mg/Kg/
day of Sandimun Neoral®) exposure, of 3 and 9 
weeks respectively, versus the corresponding control 
groups (vehicle), with an n=6 per group. Treatments 
were performed by oral gavage. Body weight was 
monitored throughout the treatment period. Animal 
experiments were conducted according to the Euro-
pean Council Directives on Animal Care and to the 
National Authorities. Cyclosporine (Sandimun Neo-
ral®) was obtained from Novartis Farma Produtos 
Farmacêuticos SA (Sintra, Portugal).

 Blood pressure, heart rate and drugs blood   �
concentrations

Systolic blood pressure (SBP), diastolic blood pres-
sure (DBP) and heart rate (HR) were measured before 
the animal sacrifice, by the non-invasive “tail-cuff” 
method, using a sphygmomanometer (LE 5001 Pres-
sure meter, Letica Scientific Instruments, Spain). CsA 
blood concentrations were assessed by immunoas-
says using automatic methods (Flex reagent) and 
equipment (Dimension®RxL, Siemens, Germany).

Sample collection and preparation  �

Before the treatments (T0) and at the end of the 
acute and chronic protocols, the rats were injected 
with intraperitoneal anaesthesia with 2 mg/Kg BW of 
a 2:1 (v:v) 50 mg/mL Ketamine (Ketalar®, Parke-Davis, 
Pfizer Laboratories Lda, Seixal, Portugal) solution in 
2.5% chlorpromazine (Largatil®, Rhône-Poulenc Rorer, 
Vitória laboratories, Amadora, Portugal). Blood sam-
ples were immediately collected by venipuncture from 
the jugular vein in needles with no anticoagulant (for 
serum samples collection) or with appropriated anti-
coagulant (ethylenediamine tetraacid – EDTA) for blood 
cell analysis. At the final time, the rats were sacrificed 
by cervical dislocation, and the kidneys were imme-
diately removed, weighted and stored in RNA-stabilizer 
reagent for gene expression determinations, frozen 
in nitrogen for lipid peroxidation assays and pre-fixed 
with formaldehyde for histopathological analysis.

T-lymphocyte content and activation  �

Fresh peripheral blood samples were collected 
into EDTA vacutainer tubes. The mononuclear cells 

were then isolated from the other blood cells by 
density gradient centrifugation (Histopaque-1077 and 
-1119, from Sigma-Aldrich, Sintra, Portugal). The next 
steps, samples stainings and flow cytometry analysis, 
were described previously24.

Serum and urine data  �

Serum creatinine, blood urea nitrogen (BUN), glucose, 
total-cholesterol and high density lipoprotein (HDL), were 
evaluated by automatic validated methods and equip-
ments (Hitachi 717 analyser, Roche Diagnostics Inc., 
MA, USA). Insulin levels were measured by using a rat 
ELISA kit from Mercodia (Uppsala, Sweden).

The animals were housed in metabolic cages dur-
ing 24 hours and received tap water and food ad 
libitum. The urine concentration of creatinine and 
BUN were assessed in the 24 hour urine (Cobas 
Integra 400 plus, Roche®), and the urine volumes 
were measured in order to calculate creatinine and 
BUN clearance and the glomerular filtration rate, 
according to previously described protocols25.

 Serum, kidney and 24 hours urine lipid   �
peroxidation

Lipid peroxidation was determined by assaying 
the malondialdehyde (MDA) production by means of 
the thiobarbituric acid (TBA) test, as previously 
described26.

RT-qPCR kidney gene expression  �

The kidney, was stored in RNA later™ solution (Ambi-
on, Austin, TX, USA). For RNA extraction, 10 mg of tissue 
were weighted and 450 μL of RLT Lysis Buffer was 
added, tissue disruption and homogenization for 2 min 
at 30 Hz was performed using a TissueLyser (Qiagen, 
Hilden, Germany). Tissue lysates were processed accord-
ing to the RNeasy® Mini Kit protocol (Qiagen, Hilden, 
Germany). Total RNA was eluted in 50 μL of RNase-free 
water (without optional treatment with DNAse). In order 
to quantify the amount of total RNA extracted and to 
verify RNA integrity (RIN, RNA Integrity Number), samples 
were analyzed using a 6000 Nano Chip® kit, in the 
Agilent 2100 bioanalyzer (Agilent Technologies, Wal-
bronn, Germany) and the 2100 expert software, following 
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manufacturer’s instructions. The isolation yield was from 
0.5 to 3 μg; RIN values were 6.0–9.0 and purity (A260/
A280) was 1.8–2.0. RNA was reverse transcribed with 
SuperScript™ III First-Strand Synthesis System for RT-
PCR (Invitrogen, California, USA). One microgram of total 
RNA was mixed with a 2× First-Strand Reaction Mix and 
a SuperScript™ III Enzyme Mix (Oligo(dT) plus Random 
hexamers). Reactions were carried out in a thermocycler 
Gene Amp PCR System 9600 (Perkin Elmer, Norwalk, 
CT, USA), 10 min at 25°C, 30 min at 50°C and 5 min at 
85°C. Reaction products were then digested with 1 μL 
(2 U) RNase H for 20 min at 37°C and, finally, cDNA 
was eluted to a final volume of 50 μL and stored at 
−20°C. Gene expression was performed using a 7900 
HT Sequence Detection System (Applied Biosystems, 
Foster City, USA). A normalization step preceded the 
gene expression quantification, using geNorm House-
keeping Gene Selection kit for Rattus norvegicus (Primer 
Design, Southampton, UK) and geNorm software (Ghent 
University Hospital, Center for Medical Genetics, Ghent, 
Belgium) to select optimal housekeeping genes for this 
study27. Real-time PCR reactions used specific QuantiTect 
Primer Assays (Qiagen, Hilden, Germany) with optimized 
primers for TGF-β1 (QT00187796), proliferating cell 
nuclear antigen (QT00178647), mechanistic target of 
rapamycin (QT00180586) and monoclonal antibody Ki-67 
(QT00450786) as proliferative markers. Endogenous 
controls were also used: glyceraldehyde-3-phosphate 
dehydrogenase (QT00199633), actin beta (QT00193473), 
topoisomerase I (QT01820861) together with a Quanti-
Tect SYBR Green PCR Kit (Qiagen, Hilden, Germany) 
used according to manufacturer’s instructions. RT-qPCR 
reactions were carried out with: 100ng cDNA sample, 
primers (50-200 nM) and 1x QuantiTect SYBR Green PCR 
Master Mix. Non template control reactions were per-
formed for each gene, in order to assure non unspecific 
amplification. Reactions were performed with the fol-
lowing thermal profile: 10 min. at 95°C plus 40 cycles 
of 15 seconds at 95°C and 1 min. at 60°C. Real-time 
PCR results were analyzed with SDS 2.1 software (Applied 
Biosystems, Foster City, USA) and quantification used 
the 2-ΔΔCt method28. The results were obtained in CNQR 
(calibrated normalized relative quantities) and then con-
verted in percentage with the control group as 
reference.

Histopatological analysis  �

Staining techniques: Samples were fixed in Bock’s 
fixative and embedded in paraffin wax, and 4 μm 

thick sections were stained with routine histopatho-
logical diagnosis techniques: Haematoxylin and Eosin 
(H&E); Periodic Acid of Schiff (PAS) and Masson’s 
Trichrome. All samples were examined by light 
microscopy using a Zeiss Microscope Mod. Axioplan 
2. The degree of injury visible by light microscopy 
was scored in a double-blinded fashion by two inde-
pendent pathologists. Lesions were evaluated on 
the total tissue on the slide.

Analysis of lesions. Glomerular damage was 
assessed by evaluating mesangial expansion, the 
glomerular basement membrane, the capsule of Bow-
man thickening, nodular sclerosis, glomerulosclerosis, 
atrophy, and hyalinosis of the vascular pole. The 
analysed tubulointerstitial lesions comprised inflam-
mation, presence of hyaline cylinders, tubular base-
ment membrane irregularity, tubular calcification, and 
the association of interstitial fibrosis and tubular atro-
phy (IFTA). The evaluation of vascular lesions was 
concentrated on arteriolar hyalinosis, arteriolosclerosis 
and arteriosclerosis. A semi-quantitative rating for each 
slide ranging from normal (or minimal) to severe 
(extensive damage) was assigned to each component. 
Severity was graded as absent/normal (0), mild (1), 
moderate (2), and severe (3). Scoring was defined 
according to the extension of the lesion (number of 
capsules): normal: 0%; mild: <25%; moderate: 25–50%; 
severe: >50%. The final score of each sample was 
obtained by the average score observed in the indi-
vidual glomeruli, in the considered microscopic fields. 
Tubular calcification was evaluated and graded by the 
same semiquantitative method. Regarding vascular 
lesions, arteriosclerosis was scored as 0 if no intimal 
thickening was present, as 1 if intimal thickening was 
less than the thickness of the media, and as 2 if 
intimal thickening was more than the thickness of the 
media and considering the worst artery on the slide. 
Using PAS, the rating was set for intensity and exten-
sion of staining, ranging from 0 (no staining) to 3 
(intense and extensive staining), respecting tissue 
specificity scoring when adequate.

Statistical analysis  �

Statistical analyses were performed using the Graph-
Pad Prism® for Windows (version 5.00). The results 
are presented as means ± S.E.M. Comparisons between 
groups were performed using the Student’s t-test. 
Significance was accepted at p less than 0.05.
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RESULTS �

 CsA blood concentration and T-lymphocyte   �
activation

CsA dose that might mimic de trough concentra-
tion of CsA found in blood from humans under CsA 
immunosuppressive therapy was used in our rat 
model. Therefore, the trough blood concentration of 
CsA obtained using a 5 mg/kg/day dose in the rat 
(367.0 ± 45.5 ng/ml) was within the range achieved 
in humans. T-lymphocyte count was unchanged after 
3 weeks of CsA treatment, however a significantly 
reduced (p<0.05) T-lymphocyte count was observed 
after 9 weeks (Table I), this was accompanied by a 
similar profile measured for the white blood cell (WBC) 
count. Moreover, activated CD4 T-lymphocytes showed 
a significantly reduced (p<0.05) number after 3 weeks 
of CsA exposure, while activated CD8 T-lymphocytes 
decreased after 9 weeks CsA treatment (Table I).

Biochemical data  �

Acute CsA treatment produced a significant (p<0.05) 
increase in the total cholesterol contents, without sig-
nificant changes on glucose and insulin. However, long-
term CsA-treatment aggravated total cholesterol and 

non-HDL levels (Table I). Furthermore, CsA promoted 
a significant rise in glucose (p<0.01) levels, contrasting 
with a significant (p<0.05) decrease in serum insulin.

Blood pressure and heart rate  �

CsA treatment induced a significant increase in 
both the systolic (p<0.05) and diastolic (p<0.01) blood 
pressure (SBP and DBP) after just 3 weeks treatments. 
The effect was even more pronounced in chronic 
therapy. Similar profile was encountered for the heart 
rate (HR), with a trend for increased values after the 
acute CsA exposure and a significantly increased value 
after the chronic treatment (p<0.05), suggesting an 
aggravation with a longer CsA exposure (Table I).

CsA-induced nephrotoxicity  �

Serum creatinine and BUN levels significantly increased 
(p<0.05) in the acute CsA-treated group, accompanied 
by a significantly decreased (p<0.05) in creatinine and 
BUN clearances (Figure 1). Long-term CsA treatment 
further aggravated the serum creatinine and BUN levels, 
accompanied by a decrease in creatinine clearance 
(p<0.05). The glomerular filtration rate decreased both 
after 3 and 9 weeks of treatment (p<0.05) (data not 

Table I

Heart rate, blood pressure, biochemical data and WBC and T-lymphocyte counts and activation

Parameters
Acute model (3 weeks)

p value
Chronic model (9 weeks)

p value
Control Cyclosporin A Control Cyclosporin A

Blood pressure

Systolic (mmHg) 116.70 ± 1.33  30.40 ± 4.46 <0.05 118.40 ± 2.40  146.10 ± 3.98 <0.01

Diastolic (mmHg) 97.61 ± 2.98  113.10 ± 3.39 <0.01 102.90 ± 1.81  120.70 ± 5.36 <0.05

Heart rate 351.30 ± 9.00  367.10 ± 19.41 0.4518 352.00 ± 2.47  382.20 ± 10.96 <0.05

Biochemical data

Glucose (mmol/L)  9.269 ± 1.685 9.724 ± 0.613 0.8067  8.344 ± 1.035  16.420 ± 2.192 <0.01

Insulin (pmol) 197.20 ± 14.63  207.20 ± 11.08 0.6000  215.50 ± 8.71  166.80 ± 13.25 <0.05

Total cholesterol (mmol/L)  1.176 ± 0.085 1.590 ± 0.112 <0.05  1.270 ± 0.043  1.436 ± 0.052 <0.05

Non-HDL (mmol/L)  0.451 ± 0.052  0.606 ± 00053 0.0716  0.402 ± 0.082 0.638 ± 0.041 <0.05

White blood cells

WBC count (x109/L)  5.000 ±0.748 5.220 ± 0.459 0.8083  6.867 ± 0.786 3.883 ± 0.559 <0.05

CD3+ (%) 50.75 ± 3.44  47.38 ± 5.07 0.5953  50.16 ± 2.47  40.00 ± 2.93 <0.05

CD3+ CD4+ (%) 61.10 ± 3.11  60.56 ± 3.63 0.9115  68.80 ± 1.69  70.80 ± 2.93 0.5526

CD3+ CD8+ (%) 33.25 ± 3.55  29.63 ± 1.94 0.3920  28.90 ± 1.71  26.20 ± 2.84 0.4185

CD3+ CD4+ CD25+ (%)  5.22 ± 0.32  4.05 ± 0.41 <0.05  5.02 ± 0.42 5.06 ± 0.59 0.9477

CD3+ CD8+ CD25+ (%)  1.27 ± 0.16  1.04 ± 0.22 0.3971  0.70 ± 0.12 0.41 ± 0.03 0.0904

Values are mean ± SEM.
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shown). Concerning oxidative stress, acute treatment 
with CsA promoted significant increase in MDA levels 
(p<0.05), accompanied by MDA clearance decreased 
(p<0.05). Interestingly, chronic treatments of CsA, pre-
sented even more oxidative stress in kidney, with sig-
nificant increased MDA clearance, contrasting with the 
decrease in acute model (Figure 1).

Despite the significantly increased markers of renal 
function (creatinine, BUN and MDA), acute CsA treatment 
was unable to promote significant morphological chang-
es on the kidney tissue when compared with the control. 
However, chronic CsA exposure induced important 
changes on the kidney (vessels, glomeruli and tubules) 
structure, suggesting important nephrotoxicity. The main 
changes encountered compared with the normal controls 
are represented in Table II. In the long-term CsA expo-
sure, hyperaemia and vascular congestion were identi-
fied (significant versus Control) in the rat kidneys (data 
not shown), but arteriolosclerosis (p<0.05) and arteriolar 
vacuolization (p<0.01) were the main significant vascular 

lesions observed when compared with the control ani-
mals. Regarding glomerular lesions, the major findings 
(p<0.05) were changes in mesangial expansion, hyal-
inosis of vascular pole and the thickening of Bowman’s 
capsule (Table II), when compared with the control rat 
kidneys. In addition to tubular vacuolization, other tubu-
lar lesions were encountered, including hyaline cylinders, 
inflammatory infiltrate and tubular calcification, versus 

Figure 1

Serum creatinine (A) and BUN (C) levels and corresponding clearances measures (B and D), kidney lipid peroxidation, via malondialdehyde levels (E) and 

clearance (F), throughout the acute and chronic CsA treatments. Values are mean ± SEM. * p<0.05 versus the Control group. BUN, blood urea nitrogen..

Table II

Histomorphologic analysis in kidney lesions for Control and CsA groups 

treated during 9 weeks

Lesion Control Cyclosporin A p value

Arteriolosclerosis 0.167 ± 0.167 1.167 ± 0.401 0.0442

Arteriolar vacuolization 0.167 ± 0.167 1.667 ± 0.333 0.0024

Bowman’s capsule thickening 0.000 ± 0.000 1.167 ± 0.167 <0.0001

Vascular pole hyalinosis 0.000 ± 0.000 1.000 ± 0.000 <0.0001

Tubular calcification 0.000 ± 0.000 1.000 ± 0.000 <0.0001

Hyaline cylinders 0.000 ± 0.000 0.667 ± 0.211 0.0101

Values are mean ± SEM.
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the normal profile found in the control rats. Figure 2 
shows collagen deposition in glomerular and tubuloint-
erstitial regions of chronic (9 weeks) CsA-treated rats 
(B1 and B2, respectively), when compared with normal 
Masson’s Trichrome staining in the control animals (A1 
and A2).

Kidney gene expression data  �

Acute CsA treatment, produced a significant 
down-regulation of the antigen identified by the 

monoclonal antibody Ki67 (MKi67) (p<0.001), con-
trasting by a significant overexpression of prolif-
erating cell nuclear antigen (PCNA) (p<0.001), 
transforming growth factor beta 1 (TGF-β1) (p<0.05) 
and mammalian target of rapamycin (mTOR) mRNA 
levels. On the other hand, in the chronic CsA 
treatment, PCNA and TGF-β1 expression were 
unchanged versus the control, while Mki67 
(p<0.001) and mTOR (p<0.01) were remarkably 
overexpressed at this time, contrasting with the 
levels that these genes presented in the acute 
treatment (Figure 3).

Figure 2

Kidney Masson’s trichrome staining in glomerular (1) and tubulointertitial (2) regions in vehicle (A) and CsA (B) treated rats during the chronic protocol 

(9 weeks), showing (in blue) collagen deposition. 40x amplification of original magnification
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DISCUSSION �

In the last decades, there has been a clear change 
in attitude to transplantation, with particular atten-
tion to the long-term kidney function and overall 
quality of life improvement. Despite the alternative 
therapeutics that has been sought, calcineurin inhibi-
tors remain our most effective and widely used 
immunosuppressive agents29. In this context, the 
search for the precise molecular mechanism underly-
ing acute vs chronic CsA-induced nephropathy is 
essential, and it depends largely on experimental 

studies. Our study was performed in order to com-
pare, in a rat model, the acute versus chronic CsA-
nephrotoxicity (3 and 9 weeks, respectively), based 
on serum and urine markers, kidney histopathological 
evaluation and gene expression markers.

Concerning the immunosuppressive efficacy of the 
CsA treatments, we found that the short period 
administration was associated with unchanged values 
of WBC and T-lymphocyte, but the value of activated 
T-helper cells (CD4+CD25+), was significantly reduced. 
On the other hand, chronic CsA exposure was associ-
ated with a significant reduction of both WBC and 
T-lymphocyte counts (CD3+ cells), with a trend for a 
decrease in activated cytotoxic T cell (CD8+CD25+) 
count. It is known that CsA is very effective in inhibit-
ing the production of interleukin-2 (IL-2), a soluble 
lymphokine known to amplify cytotoxic T cell respons-
es, and it is also capable of preventing IL-2 receptor 
expression on the precursor cytotoxic T lympho-
cyte30,31, which is in agreement with our data (not 
shown). Our data support the idea that longer CsA 
exposure is associated with better immunosuppres-
sive efficacy, at least when analysed in terms of 
T-lymphocyte population available.

Our group has previously demonstrated, using the 
same CsA dose in the rats, that some of the serious 
side-effects of CsA, including hypertension and dys-
lipidaemia, are already present after just 2 weeks of 
treatment18,32. The present work reinforces these 
data, additionally demonstrating that the effects were 
aggravated in a long-term treatment, which includes 
changes in lipid profile and glucose/insulin metabo-
lism, as expected from clinical data, an augmented 
toxicity with increased duration of exposure. A similar 
profile was observed for hypertension and tachycar-
dia development, which are also aggravated over 
time. Although tachycardia has been attributed to 
an overactivation of the sympathetic nervous sys-
tem18,33, the mechanisms underlying CsA-induced 
hypertension have been described as multifactorial. 
Hypertension has been pointed as cause of systemic 
vascular and platelet hyper-reactivity, by a reduction 
in vasodilator markers, such as nitric oxide (NO) and 
prostacyclin, and by an increase in vasoconstrictor 
markers, such as ET-1, TXA2, 5-HT or noradrena-
line17,18,32-34. Additionally, activation of the renin-
angiotensin-aldosterone system and oxidative stress 
have also been identified as contributors to the 
hypertensive effects observed34,35. However, several 

Figure 3

Kidney mRNA expression of PCNA, TGF-β1, mTOR and Mki67 in acute (A) 

and chronic (B) CsA treatments. Values are mean of % of the control ± 

SEM. * p<0.05, ** p<0.01 *** p<0.001 versus the Control group. MKi67, 

antigen identified by monoclonal antibody Ki-67; mTOR, mammalian target 

of rapamycin; PCNA, proliferating cell nuclear antigen; TGF-β1, transforming 

growth factor beta 1.
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lines of evidence suggest that the renal vasomotor 
disequilibrium could be the main origin of both 
hypertension and nephropathy36,37.

Regarding renal biochemical characterization, we 
found that the serum markers of renal dysfunction 
(creatinine and BUN) were already significantly 
increased after 3 weeks of treatment, and were further 
aggravated with prolonged CsA exposure. Similar 
variation was found for kidney tissue lipid peroxida-
tion, and most importantly, for the analysis of renal 
tissue lesions. Therefore, despite increased serum 
creatinine and BUN, accompanied by decreased clear-
ances of creatinine, BUN, and MDA, as well as the 
glomerular filtration rate after the third week of CsA 
therapy, very slight changes on tissue structure were 
found, with absent or only low grade of lesion. How-
ever, after the chronic CsA exposure, significant 
glomerular, tubular and vascular lesions were 
observed. As in clinical practice, renal markers (GFR, 
creatinine and BUN contents and clearances), were 
confirmed altered in CsA treatment. Additionally, we 
observed an interesting variation in biomarker levels 
between acute and chronic CsA treatment. The sig-
nificant increase in the MDA clearance observed in 
our model raises some questions. In 1989, Knight 
and colleagues detected high MDA levels in urine of 
transplanted patients38, but they were unable to find 
the cause/effect of these observations, suggesting 
that it could be from: (a) renal lipid peroxidation 
directly related to the cyclosporine/azathioprine 
therapy, (b) drug-induced or other nephrotoxicity by 
an alternative mechanism with secondary lipid per-
oxidation, (c) increased lipid peroxidation owing to 
an immunologic response to the kidney graft, or (d) 
a combination of these possibilities. Our data sug-
gests that MDA clearance could be a predictive CsA-
nephrotoxicity marker, as increased MDA clearance 
appears at the same time-point as the first kidney 
lesions. Oxidative stress can promote the formation 
of a variety of vasoactive mediators39 that can affect 
renal function directly by causing renal vasoconstric-
tion or decreasing the glomerular capillary ultrafiltra-
tion coefficient, thus reducing the glomerular filtration 
rate. The current diagnostic techniques employed to 
detect CsA nephrotoxicity are still inadequate. The 
estimated GFR can be an insensitive indicator, since 
it depends on various factors, including age and 
blood factors. Creatinine and BUN clearances have 
poor diagnostic value40. Moreover, the relationship 
between proteinuria and CsA-nephrotoxicity is 

complex, limiting its power as an early indicator of 
CsA-nephrotoxicity20. Lipid peroxidation occurs as a 
result of multi-unsaturated lipids reacting with oxidiz-
ing agents, promoting oxidative stress in the kidney 
structures. Urinary MDA reflects the presence of renal 
damage, which may be the cause or the consequence 
of lipid peroxidation. Therefore, the correlation 
between MDA clearance and kidney lesion grade 
could be a good strategy to identify early CsA 
nephrotoxicity.

CsA immunosuppressive mechanism of action is 
deeply related with inhibition of transcriptional fac-
tors, including the NFAT, a CsA-sensitive transcription 
factor implicated in cytokine gene induction, which 
will be essential for IL-2 formation and further matu-
ration of T-lymphocytes, needed for the immune 
response41. However, the NFAT isoforms are not 
T-cell specific, and inhibition of this pathway by CsA 
gives rise to toxicity beyond immunosuppression42. 
However, not much is yet known concerning the 
influence of acute and chronic CsA exposure on 
kidney gene expression, particularly of several impor-
tant mediators of fibrosis and proliferation, which 
are key pathways in the deterioration of renal tissue. 
In relation to the molecular mechanisms involved 
in the short-term versus long-term nephrotoxicity, 
several previous reports suggest that severe glomer-
ular and tubular lesions, including atrophy, fibrosis, 
inflammation and sclerosis, are linked to important 
mediators, such as an increased inflammatory 
response, with activation of NF-KB and increased 
TGF-β1 release, which then causes nephropathy 
mediated by fibrosis and apoptosis of renal cells43-45. 
However, old and new versions of the putative 
mechanisms have been suggested, but the main 
question remains unsolved21. In our animal model, 
the acute CsA treatment was mainly associated with 
up-regulation of mediators of fibrosis and prolifera-
tion, with overexpression of TGF-β1 and PCNA. How-
ever, these changes could be accompanied by puta-
tive compensatory response (NF-κβ and TP53 
appeared up-regulated – not shown), because no 
lesions were present in the acute CsA treatment, 
perhaps because the nuclear factor MKi67 was down-
regulated. During prolonged CsA exposure, neverthe-
less, nephrotoxicity evolves, as viewed by the degree 
of increased histological lesions, which seems to be 
associated with other molecular pathways and medi-
ator alterations. In fact, there was a significant over-
expression o MKi67, contrary to what was observed 
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after the acute treatment, accompanied by normal-
ization in the counter-regulatory responses (NF-κβ 
and TP53). Moreover, this normalization in the com-
pensatory response promoted an increase in mTOR 
expression, a serine/threonine protein kinase, impor-
tant in regulating cell growth, proliferation, motility, 
survival, protein synthesis and transcription43. Com-
plete restoration of renal morphology and function 
can occur after acute kidney injury induced by isch-
emic or toxic injury. Renal regeneration depends, in 
part, on the ability of the remaining viable tubular 
cells to proliferate and restore the injured tubular 
epithelium47. As Lieberthal et al (2009) demon-
strated, mTOR plays an important role in mediating 
the process of regeneration and recovery, depending 
on the kidney damage extension48. Moreover, mTOR 
activity is low or absent in the normal kidney but 
increases markedly after acute kidney injury. In 
agreement, mTOR inhibition has been associated 
with amelioration of kidney fibrosis, glomeruloscle-
rosis and interstitial inflammation, having an impor-
tant role in renal disease49,50. Concerning transplan-
tation, mTOR inhibitors have been used to replace 
CsA, because of its reduced putative side-effects, 
including nephrotoxicity10,11. Our results reinforce 
the rationale for the early substitution of CsA by 
mTOR inhibitors, not only because longer CsA expo-
sure is notoriously more deleterious, promoting 
structural kidney deterioration, but also because 
mTOR overexpression seems to be a feature of the 
chronic CsA exposure. Recently, Luo et al (2013), 
showed that rapamycin is less fibrogenic than CsA. 
Moreover, in chronic kidney disease, rapamycin also 
slows the progression of renal fibrosis and delays 
the onset of renal failure, trough reduction of glomer-
ular hypertrophy, decreases proinflammatory and 
profibrotic cytokines production and decline inter-
stitial inflammation48. Future studies should focus 
on the correlation between kidney gene expression 
and protein levels, as well as on validation of better 
putative markers of acute (preventable) nephrotoxic-
ity, including easily accessible biological samples, 
such as the blood and urine, which can be achieved 
by satisfactory correlation with molecular changes 
in the kidney tissue.

In conclusion, CsA-induced nephrotoxicity is sig-
nificantly aggravated over time and distinct mecha-
nisms seem to underlie either acute or chronic neph-
ropathy, being mTOR a key for renal damage. These 
findings reinforce two key aspects in post-transplant 

therapeutics: (1) the continuous need to better iden-
tify early CsA nephrotoxicity markers and (2) the 
justification for early substitution of CsA by other 
less nephrotoxic immunosuppressive agents, with 
mTOR inhibitors a validated choice, in order to reduce 
the risk of chronic allograft nephropathy, thus improv-
ing outcomes in transplanted patients.
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