
University of Trás-os-Montes and Alto Douro 

 

 

 

Contribution to the study of the rat model of renal mass 

reduction: the effect of chaetomellic acid A 

 

 

 

 

PhD thesis in Veterinary Sciences - Biomedical Sciences 

 

António José Madeira Nogueira 

 

 

 

Advisor: Professora Doutora Maria João Miranda Pires 

Co-Advisor: Professora Doutora Paula Alexandra Martins de Oliveira 

 

 

 

 

Vila Real, 2017 



 

 

 

 

 

 



 

 

University of Trás-os-Montes and Alto Douro 

 

 

 

Contribution to the study of the rat model of renal mass 

reduction: the effect of chaetomellic acid A 

 

 

PhD thesis in Veterinary Sciences - Biomedical Sciences 

 

António José Madeira Nogueira 

 

 

Advisor: Professora Doutora Maria João Miranda Pires 

Co-Advisor: Professora Doutora Paula Alexandra Martins de Oliveira 

 

Composition of the jury: 

President: Professora Doutora Ana Maria de Beja Neves Nazaré 

Pereira 

Vowels: Professor Doutor Daniel Gonçalves; Professora Doutora 

Margarida Araújo; Professor Doutor Belmiro Ataíde Costa Parada; 

Professor Doutor Francisco Manuel Pereira Peixoto; Professora 

Doutora Maria de Lurdes Ribeiro Pinto; Professora Doutora Maria 

João Miranda Pires 

 

 

 

Vila Real, 2017 



 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work was organized as an original 

dissertation for the degree of Doctor in 

Veterinary Science - Biomedical Sciences 

 

 

 

 

 

 

 

 

 

This work was supported in part by a project 

grant from the Fundação para a Ciência e 

Tecnologia, Ministério da Ciência, Inovação e 

do Ensino Superior, Portugal: 

SFRH/PROTEC/67576/2010 

 



vi 

 

 

  



vii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my wife, son and parents 

 

 

 

 

  



viii 

 

  



ix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To Prof. Dra. Maria João Miranda Pires and 

To Prof. Dra. Paula Alexandra Martins de Oliveira 

 

 

 

 



x 

 

 

 

  



xi 

 

ACKNOWLEDGEMENTS 

 

This PhD thesis was only possible with the help and friendship of many people and 

Institutions, so I am very grateful to all. 

 

First I would like to express my gratitude to my advisor Prof. Dra. Maria João Pires 

Miranda and my co-advisor Prof. Dra. Paula Alexandra Martins de Oliveira with whom I had 

the honor and the pleasure of working. I want to thank all the teaching and support in the 

development of this work. During this journey that was long and hard they showed me and 

advised me to overcome my weaknesses and so to get here. 

 

To Prof. Dr. Francisco Peixoto and Prof. Dra. Maria Manuel Oliveira, for all the 

collaboration in the study of oxidative stress, availability and friendship during this period. 

 

To Prof. Dra. Aura Colaço, which allowed work with this team and all their support and 

kind words during this period. 

 

To Prof. Dr. Bruno Colaço, with whom I had the pleasure of sharing many moments 

during this work. I want to thank the support and advice but principally for positive energy and 

friendship that has always given me. 

 

To Dra. Ana Faustino, for all the help and suggestions to the realization of this work. 

 

To Mrs. Lígia Bento, from the Laboratory of Pathological Anatomy of UTAD, thanks for 

all their contribution in performing histological study. 

 

To Prof. Dra. Helena Vala and Prof. Dra. Carmen Nóbrega, from Agrarian Superior 

School of Viseu - Polytechnic Institute of Viseu, for the collaboration in the histological study. 

 

To my colleagues and friends of the Health School of Bragança - Polytechnique 

Institute of Bragança, for the encouragement to finish this work. 

 

To Fundação para a Ciência e Tecnologia, we gratefully acknowledge the funding 

sources that made this PhD work possible SFRH/PROTEC/67576/2010) 

 



xii 

 

Lastly, I would like to thank my family and friends. In particular my wife Andrea for all 

his strength, support, courage and love without it nothing was possible. My son that makes me 

believe that anything is possible. My parents for all their genuine love. Without the inspiration 

of all this work it had not been possible. Thank you all. 

 

  



xiii 

 

RESUMO 
 

A doença renal crónica é um grave problema de saúde pública com elevada prevalência 

e mortalidade. Estima-se que esta doença afete aproximadamente 8-16% da população. 

Durante a progressão da doença renal crónica o número de nefrónios vai diminuindo e são 

gradualmente substituídos pela acumulação de matriz extracelular, que consequentemente 

leva a glomeruloesclerose e a fibrose tubulointersticial. Neste sentido, tem sido referido que a 

proteína H-Ras está associada ao desenvolvimento de fibrose renal, como também ao 

aumento do stresse oxidativo. 

O modelo de redução de 5/6 da massa renal em ratos é frequentemente usado para 

estudar os mecanismos na progressão da doença renal crónica, nomeadamente a fibrose 

renal. Neste modelo, a redução da massa renal é obtida por nefrectomia direita, seguida pela 

remoção de dois terços do rim esquerdo, com uma redução de massa renal superior a 85%. 

Sabe-se que neste modelo, após a redução da massa renal, os animais desenvolvem 

hipertrofia glomerular, atrofia tubular, inflamação, stresse oxidativo e fibrose renal. 

Foram objetivos desta tese de doutoramento avaliar os efeitos do tratamento crónico com 

o ácido catomélico A (ACA), um inibidor específico da ativação da proteína H-Ras, nas 

alterações induzidas pela redução de 5/6 da massa renal em ratos machos Wistar (Rattus 

norvegicus), particularmente na função renal, stresse oxidativo e fibrose renal; caracterizar as 

alterações renais associadas com redução da massa renal por ultrassonografia e avaliar a 

correlação dos parâmetros ultrassonográficos com os resultados bioquímicos e histológicos. 

Neste protocolo experimental foram utilizados 60 ratos machos Wistar, dos quais 7 

morreram após a cirurgia. Uma semana após a cirurgia, os restantes 53 foram divididos em 

quatro grupos experimentais: ratos em que foi simulada a cirurgia (SO) (n=13), SO+ACA 

(n=13), ratos que sofreram redução de 5/6 da massa renal (RMR) (n=14) e RMR+ACA (n=13). 

Aos animais dos grupos SO+ACA e RMR+ACA, uma semana após a cirurgia, foi administrado 

intraperitonealmente ACA (0.23 μg/kg) três vezes por semana durante seis meses 

consecutivos. Uma vez por mês foram recolhidas amostras de urina de 24 horas e de sangue 

para posterior avaliação da função renal. No 3º e 6º mês, após a cirurgia, foi avaliado em cada 

animal o tamanho e a ecogenicidade do rim esquerdo por ultrassonografia utilizando o modo 

bidimensional US (modo B). No 6º mês, após a cirurgia, foi também avaliada a fibrose renal 

através deste método ultrassonográfico. Ao longo do estudo morreram 2 animais do grupo 

RMR e 5 do grupo RMR+ACA. No final do estudo os restantes animais foram anestesiados 

com uma overdose de isoflurano seguida da eutanásia por exsanguinação e submetidos a 

necrópsia. Posteriormente, os rins esquerdos foram removidos e processados para avaliação 

da fibrose renal e análise de stresse oxidativo. 
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De acordo com os nossos resultados, o grupo RMR apresentou ecogenicidade cortical e 

medular significativamente (p<0,05) maior quando comparado com o grupo SO; e 

ecogenicidade medular significativamente (p<0,05) maior quando comparado com o grupo 

RMR+ACA. No 3º mês após a cirurgia, observou-se uma correlação estatisticamente 

significativa (p<0,05) entre a creatinina plasmática e o comprimento renal. 

Os animais do grupo RMR+ACA apresentaram um menor grau de lesões renais 

(glomeruloesclerose, fibrose intersticial, inflamação intersticial, arteriosclerose e dilatação 

tubular). É importante salientar que a glomeruloesclerose e a arteriosclerose foram 

significativamente (p<0,001) menores no grupo de RMR+ACA quando comparado com o 

grupo RMR. Os nossos resultados, obtidos utilizando a ultrasonografia, estavam de acordo 

com os obtidos através das análises histopatológicas. 

A redução de massa renal foi acompanhada por uma redução significativa (p<0,05) da 

atividade da catalase e da glutationa redutase, aumento dos níveis de peroxidação lipídica e 

redução do rácio glutationa reduzida/glutationa oxidada. A administração de ACA aumentou 

significativamente (p<0,05) a atividade da catalase e da glutationa redutase, reduziu os níveis 

de peroxidação lipídica e aumentou o rácio glutationa reduzida/glutationa oxidada, contudo 

não foram obtidas diferenças significativas para a peroxidação lipídica e rácio glutationa 

reduzida/glutationa oxidada. Embora não tenham sido encontradas diferenças significativas 

entre os grupos de RMR em qualquer dos parâmetros da função renal avaliados (densidade 

urinária, fluxo urinário, proteinúria, creatinina na urina; azoto ureico, creatinina, fósforo e 

potássio plasmáticos; depuração da creatinina) a administração de ACA melhorou 

ligeiramente estes parâmetros. 

A administração de ACA durante um período de seis meses atenuou o stresse oxidativo 

e impediu a progressão da fibrose renal no modelo de redução de 5/6 da massa renal. Estes 

resultados demonstram a necessidade de realizar outros estudos in vivo com o ACA para 

avaliar a sua ação terapêutica noutras doses e determinar a toxicidade do ACA, no sentido de 

explorar a sua segurança como potencial terapêutica futura no tratamento da doença renal 

crónica. 

 

Palavras-chave: doença renal crónica; nefrectomia; ratos wistar; ultrassonografia; fibrose 

renal; stresse oxidativo 
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ABSTRACT 
 

Chronic kidney disease is a serious public health problem, with a high prevalence and 

mortality. It is estimated that has a prevalence of approximately 8-16%. During chronic kidney 

disease progression the number of nephrons decreases, being replaced by the accumulation 

of extracellular matrix, which consequently leads to glomerulosclerosis and tubulointerstitial 

fibrosis. It has been reported that the H-Ras protein is associated with development of renal 

fibrosis, as well as with oxidative stress increase. 

The 5/6 renal mass reduction model in rats is frequently used to study the mechanisms in 

the progression of chronic kidney disease, namely renal fibrosis. In this model, the renal mass 

reduction is achieved by right nephrectomy, followed by the removal of two-thirds of the left 

kidney, with a renal mass reduction superior to 85%. It is well known that in this model, after 

renal mass reduction, the animals develop glomerular hypertrophy, tubular atrophy, 

inflammation, oxidative stress and renal fibrosis. 

In this PhD thesis we aimed to evaluate the effects of chronic treatment with chaetomellic 

acid A (CAA), a specific inhibitor of the H-Ras protein activation, in the alterations induced by 

the 5/6 renal mass reduction in male Wistar rats (Rattus norvegicus), particularly in the renal 

function, oxidative stress and renal fibrosis. We also characterized the kidney alterations 

associated with renal mass reduction by two-dimensional ultrasound and assess the 

correlation of the ultrasonographic parameters with the histological and biochemical findings. 

During experimental protocol were used 60 male Wistar rats, of which 7 died after surgery. 

One week after surgery, the remaining 53 were divided into four experimental groups: sham-

operated (SO) rats SO (n=13), SO+CAA (n=13); and rats which underwent 5/6 renal mass 

reduction (RMR) (n=14), RMR+CAA (n=13). Animals from SO+CAA and RMR+CAA, one week 

after surgery, groups were intraperitoneally administered with CAA (0.23 μg/kg) three times a 

week for six consecutive months. Once a month were obtained twenty-four-hour urine samples 

and blood samples for posterior renal function evaluation. At the 3rd and 6th months after 

surgery the size and echogenicity of the left kidney of each animal were evaluated by 

ultrasonography using two-dimensional US (B mode). At the 6th month after surgery was also 

evaluated the renal fibrosis through the same ultrasonography methodology. Throughout the 

study protocol 2 animals from RMR group and 5 animals from RMR+CAA group died. At the 

end of the study, the remaining animals were anesthetized with an overdose of isoflurane 

followed by exsanguination euthanasia and submitted to necropsy. Subsequently, the left 

kidneys were removed and processed for renal fibrosis evaluation and oxidative stress 

analysis. 
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According to our results RMR group presented cortical and medullary echogenicity 

significantly (p<0.05) higher when compared with the SO group; and medullary echogenicity 

significantly (p<0.05) higher when compared with the RMR+CAA group. It was observed a 

statistically significant correlation (p<0.05) between the plasma creatinine and the renal length 

3 months after surgery. 

The animals from the RMR+CAA group exhibited a lower grade of renal lesions 

(glomerulosclerosis, interstitial fibrosis, interstitial inflammation, arteriosclerosis and tubular 

dilation). It was noteworthy that the glomerulosclerosis and arteriolosclerosis were significantly 

(p<0.001) lower in RMR+CAA group when compared with RMR group. Our results, obtained 

using ultrasonography, were in agreement with those obtained by the histopathological 

studies. 

The renal mass reduction was accompanied by a significant (p<0.05) reduction in catalase 

and glutathione reductase activity, increased levels of lipid peroxidation and a decrease in 

reduced glutathione/oxidized glutathione ratio. CAA administration significantly (p<0.05) 

increased catalase and glutathione reductase activity, reduced levels of lipid peroxidation and 

increased reduced glutathione/oxidized glutathione ratio, but no significant differences were 

obtained for lipid peroxidation and reduced glutathione/oxidized glutathione ratio. Although no 

significant differences were found between the RMR groups in any of the biochemical 

parameters of renal function (urine specific gravity, urinary flow, proteinuria, urine creatinine; 

blood urea nitrogen, plasmatic creatinine, phosphorus and potassium; creatinine clearance), 

CAA administration slightly improved these parameters. 

The CAA administration for a six months period attenuated the oxidative stress and 

prevented the progress of renal fibrosis in the 5/6 renal mass reduction model. These results 

demonstrate the necessity of further in vivo studies with CAA in order to assess its therapeutic 

action with other doses and determine its toxicity, exploring its safety as a future potential 

therapeutic in the treatment of chronic kidney disease. 

 

Key-words: chronic kidney disease; nephrectomy; wistar rats; ultrasonography; renal fibrosis; 

oxidative stress 
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1. General Introduction 

 

The Ras superfamily proteins contain more than 150 Ras-related members and is divided 

into families and subfamilies based on their structure, sequences and functions (1,2). They are 

also known as small guanosine triphosphatases (GTPases) and small G-proteins. The Ras 

superfamily proteins have a molecular weight between 20 and 25 kDa and the first discoveries 

of the Ras superfamily were the three human Ras proteins: Harvey (H)-, Kirsten (K)-, and 

neural (N)-Ras, in the 1980s. The Ras superfamily proteins involve five families that are 

preserved across eukaryotes and regulate a diversity of cellular functions: Ran, Rab, Arf, Rho, 

and Ras (2-6). The Ran family regulates a broad array of cellular activities, including 

nucleocytoplasmic transport, mitotic spindle assembly, and nuclear envelope and nuclear pore 

complex formation (7). The Rab and Arf families present central actions in vesicle-associated 

processes: Rab family members generally control vesicles trafficking, regulating vesicle 

formation, vesicle movement and membrane fusion (2,8) and Arf family members are 

regulators of intracellular proteins trafficking, membranes and cytoskeletal remodeling. The 

Rho family is mainly involved in cell shape regulation. The Ras family members regulate a 

variety of fundamental cellular processes such as growth, migration, differentiation, 

proliferation and apoptosis. This family is also involved in prompting processes such as 

neuronal activity and mechanisms of immune cell signaling (2,5,9). 

 

1.1 Ras Superfamily Proteins: Biochemistry Activity and Regulation 

 

The Ras superfamily proteins regulate molecular switches which allow controlled loading 

of guanosine triphosphate (GTP) (activation) and hydrolysis of GTP to guanosine diphosphate 

GDP (inactivation). Thus, the Ras superfamily proteins share this basic biochemical activity, 

controlled by a properly regulated GDP/GTP cycle (Figure 1) (2,3). This commonality is directly 

reflected in the presence within each protein of different characteristic “G box” sequences 

(2,10). The Ras superfamily has usually been divided into five different boxes (4). These five 

G boxes are located in the G domain and contain essential amino acids both for GTP hydrolysis 

and for the contribution of the Mg2+ ion to the tight binding of nucleotides (11). 
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Figure 1. Ras proteins activation cycle: Ras cycles among an inactive RasGDP and an active RasGTP. 
GTP: guanosine triphosphate; GDP: guanosine diphosphate; GEFs: guanine nucleotide exchange 
factors; GAPs: GTPase activating proteins; PO4

2-: phosphate ion; (adapted from Midgley and Kerr, 
2002).  

 

The Ras superfamily proteins have a G domain of approximately 170 residues identified 

in Caenorhabditis elegans LET-60 and inferred from mammalian H/N/K-Ras, exemplified in 

figure 2. Core effector-binding region (orange) mediates direct interaction with effectors, G2 is 

the primary effector-binding section that provides principal components of the effector binding, 

and membrane targeting designates the C-terminal hypervariable region (red) and CAAX (HVR 

+ CAAX) which is usually lipid modified and control membrane localization. Switch I and Switch 

II are regions that allow alterations between GDP loading (inactive) to GTP loading (active) 

states (Figure 2) (3,4). 

 

 

Figure 2. Functional domains identified in LET-60/Ras and inferred for the mammalian Ras proteins. 
Yellow designates the G domain (residues 5-166 in LET-60 and mammalian H/N/K-Ras); orange 
designates core domain (32-40); red designates membrane-targeting sequence (167-188/189). 
(adapted from Wennerberg et al., 2005). 

 

1.1.1 General mechanism of guanine nucleotide exchange factors and GTPase-

activating proteins 

 

The basic GDP-GTP cycle is characterized by binding and hydrolysis of GTP that drive 

transitions among three conformational conditions: GTP-bound, GDP-bound and “empty”. 
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Guanine nucleotide exchange factors (GEFs) stimulate GTP loading to activate small 

GTPases (GTP-bound), whereas GTPase activating proteins (GAPs) stimulate intrinsic GTP 

hydrolysis to inactivate small GTPases (GDP-bound), GTP hydrolysis is irreversible making 

the cycle unidirectional (12). Empty state is an intermediate state in replacement of GDP by 

GTP in the guanine nucleotide binding site of the GTPase (10). Active Ras superfamily proteins 

cooperate with effector proteins which induce downstream signaling actions (5). 

The GDP-GTP cycle is highly regulated by GEFs that induce the release of the bound GDP 

to be replaced by more GTP and by GAPs that frequently provide a crucial catalytic group for 

GTP hydrolysis (Figure 1) (5). GEFs and GAPs have multi domain proteins regulated by 

extracellular signals, wherein these domains are protein or lipid interaction domains, 

demonstrating their importance in signaling and as supports for the formation of protein 

complexes. A single protein may have two different GEF or GAP domains, perhaps with the 

purpose of allowing a connection between the two signaling processes (5). Guanine nucleotide 

dissociation inhibitors (GDIs) have an action contrary to exchange factors (2,13). GDIs have 

attraction for the GDP-bound, inactive form of the GTPase and may sequester them between 

plasma membrane and subcellular compartments, extending the inactive state (12). GDIs have 

been studied for Ras, Rho and Rab subfamily proteins (3). This process is another important 

mechanism of Ras superfamily proteins regulation. 

 

1.2 Ras Family Proteins 

 

The Ras family proteins H-Ras, K-Ras and N-Ras (also respectively called HRas, KRas 

and NRas) are members of a larger family of least 35 related human proteins (2). G2 box 

(YDPTIEDSY for H-Ras and several other Ras family members) is positioned in one of two 

segments that remodel as a function of GDP or GTP binding and provide major constituents 

of the effector binding surface. G2 box sequences is the domain of Ras superfamily proteins 

in which only the threonine residue is preserved. Mutations in this domain can inhibit 

communication of H-Ras with one or more of its downstream effectors (2,14,15). In addition, 

mutations in codons 12, 13, or 61 of one of the three Ras genes, H-Ras, K-Ras, and N-Ras, 

make the Ras insensitive to GAP action, thereby causing an uninterrupted activation in 

transforming mammalian cells (3,16).  

The Ras family proteins in activated form (Ras-GTP) stimulate a group of downstream 

signaling pathways through different effector proteins: mitogen activated protein (MAP) kinase 

kinase kinases (the Raf proteins), MAP kinase kinases (the Meks) and MAP kinases (the Erks); 

lipid kinase phosphatidylinositol 3-kinase (PI3K) and serine-threonine kinase (Akt); and other 
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effectors such as GEFs for the Ral subfamily Ral-GDS and phosphoinositide-specific 

phospholipase Cε (Figure 3) (17). 

 

 

Figure 3. Ras in activated form (Ras-GTP) stimulate a group of effectors. 

 

1.2.1 Raf/Erk and PI3K/Akt signaling pathways 

 

An important effector of Ras is the Raf/Erks signaling pathway. This pathway regulates 

gene expression and the activity of many proteins involved in apoptosis (18). Studies in 

invertebrates and vertebrates established a preserved linear signaling pathway from receptor 

tyrosine kinases (Rtks) to the MAP kinases. Subsequent activation by ligands Rtks attracts 

adaptor proteins and GEFs to the plasma membrane to promote GDP-GTP exchange and Ras 

activation. Ras induces a three component kinase cascade: Raf, Meks and Erks (19). This 

linear pathway is more complex in vertebrates than in invertebrates, since vertebrates have 

numerous protein isoforms at each level (9,20). This is due to the fact that Raf is the only 

confirmed Ras effector in invertebrates, while in mammalian Ras activates numerous effectors 

(21). This complexity observed in the mammals can also be evidenced by the presence of 

three genes to codify four proteins (H-Ras, K-Ras4A, K-Ras4B and N-Ras), while there is only 

one Ras gene in the Caenorhabditis spp (9,20). On the other hand, Ras proteins show different 

capacities to activate Raf/Erk and PI3K/Akt pathways. K-Ras is a strong inducer of Raf/Erk 

when compared with H-Ras, and the H-Ras appears to be a stronger inducer of PI3K/Akt than 

Raf/Erk (18). 

The PI3K/Akt signaling pathway is an intracellular effector of Ras that regulates cell cycle. 

PI3K is a family of cytoplasmic lipid kinases and is recruited to the plasma membrane after 

receptor stimulation, where it generates phosphatidylinositol (3,4)-bisphosphate and 

phosphatidylinositol (3,4,5)-trisphosphate. These lipids stimulate phosphoinositide-dependent 

kinases, triggering the Akt activation. Activated Akt is transported to the nucleus where it 

phosphorylates target proteins (22). The action of PI3K/Akt has been investigated in order to 

evaluate the inhibitors of this pathway. However, they have not been applied clinically due to 
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broad specificity kinase inhibition, weak inhibition and/or resistance to the inhibition of PI3K 

(17,23,24). 

 

1.2.2 Lipid modification, membrane location and prenylation of the Ras family proteins 

 

The position of Ras family proteins in mammalian cells membrane is crucial for their 

biological and biochemical activities (25) and lipid modifications are necessary to promote 

association with cellular membranes. Covalent post-translational modifies the function of C-

terminal cysteine residues (C-terminal region known as CAAX: C, cysteine; A, aliphatic amino 

acid; X, any amino acid serine, methionine, glutamine, or cysteine) via farnesyl, geranylgeranyl 

or palmitoyl lipids modifications verified in the most Ras, Rho, and Rab family proteins (2,26). 

The prenylation is the first crucial action for membrane targeting and binding. It is also 

important to mediate protein-protein associations of several of these proteins, in this sense 

Ras superfamily proteins also need prenylation for activity (27). The first phase of the 

processing involves the following changes of the CAAX motif: farnesylation of the cysteine 

residue, removal of the AAX amino acids and methyl esterification of the new C-terminal 

cysteine (28-30). For a correct plasma membrane signaling H-Ras, N-Ras and K-RasA require 

palmitoylation (covalent attachment of a palmite fatty acid) of cysteine residues situated within 

the hypervariable region and K-Ras4B demands a polybasic domain of 6 successive lysine 

residues (amino acids 175-180) in the hypervariable region (31), this fact appears to be 

associated with a different membrane localization (32). Still, some Ras family proteins do not 

present any isoprenylation motif and are not subject to any known lipid alteration (2). 

The hypervariable region probably defines the differences between the proteins and 

possibly establishes the differences verified in posttranslational modification of the respective 

proteins. All four proteins (H-Ras, N-Ras, K-RasA and K-RasB) undergo integration of farnesyl 

lipid molecules from farnesyl diphosphate at their C-terminal by the catalysis of farnesyl 

transferase (FTase) (Figure 4) (12). When compared with H-Ras and N-Ras the K-Ras protein 

reveals a different membrane localization, thus this difference may influence downstream 

signaling actions (9). Therefore, the modifications above mentioned are crucial for a correct 

targeting and activity of Ras in cellular membranes. For example, mutation of Cys-186 to Ser 

inhibits correct post-translational of Ras, causing alterations in the cellular transformation, lipid 

binding, and membrane localization (25). 
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Figure 4. Farnesyltransferase catalyzes the reaction of farnesyl diphosphate and Ras protein by 
covalent junction via a thio-ether bond to form farnesylated Ras. 

 

Knowledge about the alterations/mutations in Ras family proteins is very important to 

understand the control of these cellular processes. Thus, blocking the Ras signaling with 

farnesyltransferase inhibitors (FTIs) can be an important therapeutic target (33). This inhibition 

is very complex, because there are many farnesylated proteins in the mammalian genome and 

consequently the FTIs may have lateral effects on numerous targets. Otherwise, when K-

Ras4B farnesylation is blocked the K-Ras4B is alternatively geranylgeranylated by 

transferase-geranylgeranyl transferase-I (GGTase-I) (12), preventing inhibition (34,35). 

 

1.2.3 Ras family proteins in normal kidney and in fibrotic kidney 

 

It is recognized that the Ras family proteins (H-Ras, N-Ras, K-Ras) are expressed in 

normal renal tissue of humans. Thus, H-Ras and K-Ras were identified in proximal convoluted 

tubule cells, in distal convoluted tubule cells, in cortical collecting tubule, in medullar collecting 

duct, in mesangial and interstitial cells, in subcapsular fibroblasts, in glomerular endothelial 

cells, but not in podocytes. N-Ras was identified in proximal convoluted tubule cells, in distal 

convoluted tubule cells, in cortical collecting tubule, in medullar collecting duct, in mesangial 

cells, in glomerular endothelial cells, but not in podocytes, in subcapsular fibroblasts and in 

glomerular or interstitial cells (17,36). In the renal kidney of normal murine, all three Ras 

isoforms were found to be absent in tubular epithelial cells. H-Ras and N-Ras but not K-Ras 

expression was identified in glomerular endothelial cells. K-Ras and N-Ras were identified in 

cortical and medullary interstitial cells, but not so H-Ras. H-Ras, N-Ras and K-Ras were 

identified in medullary endothelial cells (17). 

 

1.2.3.1 Functions of Ras family proteins in renal cells - in vitro studies 

 

The H-Ras, N-Ras and K-Ras proteins have different biochemical and cellular functions, 

but the functional differences among these proteins in cell signaling are not well-understood 
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(37). Nevertheless, these three Ras proteins are not well studied in different renal pathologies. 

In vitro studies on human renal fibroblasts (obtained from renal cell carcinoma) and primate 

kidney fibroblasts (vero cells) demonstrate that K-Ras is the more expressed, contrary to the 

observed for N-Ras and H-Ras, suggesting that the H-Ras and K-Ras isoforms have a different 

function in cell proliferation (38,39). 

Fibroblasts, myofibroblasts, glomerular mesangial cells and tubular epithelial cells have an 

important function in renal fibrosis (40-42). Fibroblast are activated by inflammatory cytokines 

and growth factors and stimulate a myofibroblast phenotype, cell differentiation and an 

increase in extracellular matrix (ECM) proteins (40) as collagen I, III and IV, fibronectin and 

laminin (43). Thus, there are many cytokines and growth factors implicated in driving renal 

fibroblast proliferation that can activate the Ras family proteins such as fibroblast growth factor, 

epidermal growth factor, connective tissue growth factor (CTGF), platelet-derived growth factor 

(PDGF), transforming growth factor (TGF)-β and endothelin-1 (17,44,45). The TGFβ is a pro-

fibrotic cytokine associated with accumulation of ECM proteins such as collagen (17). It was 

verified that Ras family proteins and TGFβ signaling mediate opposite effects on ECM gene 

expression in fibroblasts, and the downregulation of ECM gene expression is a common target 

of oncogenic signaling through the Ras/Raf/Erk pathway (46). The TGFβ has the capacity to 

reverse several of the alterations in ECM gene expression that are associated to Ras 

oncogenic transformation. This action is in accordance with genetic evidence that several 

mechanisms of the TGFβ signaling pathway are tumor suppressors (17,46). 

The H-Ras and N-Ras isoforms downregulate ECM production and enable proliferation, 

partially through Erk activation and suggest that TGFβ1 can upregulate ECM production via 

the PI3K/Akt signaling pathway (47). Fuentes-Calvo et al. showed that TGFβ1 induced cell 

proliferation perhaps by N-Ras independent way but controlled by Erk and Akt, these results 

also suggest that N-Ras may be associated with renal fibrosis through the downregulation of 

ECM synthesis and upregulation proliferation by Akt activation (48). 

Khwaja et al. demonstrated that the Ras inhibitor S-trans, transfarnesylthiosalicylic acid 

prevents human mesangial cell proliferation, perhaps due to the inhibitory effects on Ras-

dependent signaling (49). Therefore H-Ras and K-Ras also appear to be needed for cell 

progression and proliferation in human mesangial cells (50). In another study with cultured 

mesangial cells, advanced glycation end-products promoted Erk phosphorylation enabled by 

activated K-Ras, but not H-Ras, in the PI3K-dependent way (51). Although some knowledge 

about the different signaling pathways induced by the activation of three Ras isoform more 

studies are necessary to understand this complex signaling processes. 
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1.2.3.2 Functions of Ras family proteins - in vivo models 

 

There is no doubt that Ras family proteins induce renal fibrosis, since it has been 

demonstrated that Ras activation is a crucial intracellular signal pathway of extracellular 

signals concerning the effects caused by renal injury (35,52-55). 

Rodríguez-Peña et al. observed an increase in renal Ras/Erk1/2 and PI3K/Akt pathways 

activation in a model of tubulointerstitial fibrosis induced by 3 days of unilateral ureteral 

obstruction (UUO) in C57BL/6J mice. The kidneys of control mice demonstrated a slight pattern 

of the Ras/Erk1/2 and PI3K/Akt pathways activation and a significant activation of both 

pathways in mice kidneys subjected to UUO. Therefore the inhibition of Erk1/2 and PI3K/Akt 

signaling pathways seems to be a potential target to prevent the development of progressive 

kidney damage during early renal fibrosis induced by UUO (52). 

The Erk signaling pathway inhibition induced reduction of renal injury in a rat model 

developed to study glomerulonephritis (56) and also reduced the progression of renal disease 

in a mouse model of polycystic kidney disease (57). Clarke et al. demonstrated that Ras 

inhibition with farnesylthiosalicylic acid diminishes glomerular cellular proliferation in a nephritis 

animal model induced by anti-Thy1 in rat (58). In another study which used a rat model of 5/6 

renal mass reduction (RMR) an increased in glomeruli Akt activation was shown, these results 

demonstrated the action of PI3K/Akt in the progression of chronic glomerular disease (59). 

Another consequence of kidney disease is tubular damage. The pretreatment with a Mek 

inhibitor (U0126) decreased Erk1/2 phosphorylation and reduced the kidney tubular damage 

in cisplatin-induced acute renal failure in BALB/c mice (60). Administration of the PI3K inhibitor 

(wortmannin) reduced Akt phosphorylation and inhibited renal cell proliferation after 

ischemia/reperfusion injury in BALB/c mice. These results suggest that activation of the 

PI3K/Akt signaling pathway allow continuity of cell sustainability after ischemia, demonstrating 

that this signaling pathway is important in the regulation of renal tissue repair after 

ischemia/reperfusion damage (61). The inhibition of Ras signaling pathways (Raf/Erk1/2 and 

PI3K/Akt) appears to be a potential therapeutic target to prevent renal fibrosis. 

 

1.2.3.3 Functions of H-Ras protein 

 

Three Ras isoforms display very high degree of sequence homology, approximately 80%. 

H-Ras and K-Ras have over 90% homology, with exception of the last 25 amino acids. The 

main differences between H-Ras and K-Ras are found within the hypervariable region and the 

different Ras isoforms appear to have different functions (62). Although poorly understood, 

there appears to exist an inverse relationship between H-Ras protein and the expression level 
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of the proteins of nitric oxide/cyclic cGMP/cGMP-dependent protein kinase G signaling 

pathway (63). The administration of tumor necrosis factor-like weak inducer of apoptosis 

(TWEAK) (64) in C57BL/6 mice activates a fibrotic response through Protein Kinase G 

downregulation and subsequent TGFβ upregulation. This response was diminished in H-Ras–

deficient mice, supporting the important role of the H-Ras protein in this pathway (54). Grande 

et al. showed a lower interstitial fibrosis in the kidneys of H-Ras-/- mice when compared to H-

Ras+/+ mice after 15 days of UUO and this appears to be associated with a decrease in 

myofibroblast population, reduced proliferation and a diminished epithelial-mesenchymal 

transition (EMT). Furthermore, fibronectin, collagen I accumulation, levels of activated Akt in 

the kidney tissue and cultured fibroblasts were also lower in the H-Ras-/- when compared to H-

Ras+/+ mice (53). In addition, it was demonstrated that the selective blocking of H-Ras 

farnesylation reduced the activation of the Ras/Erk/Akt signaling pathway and reduced the 

fibrotic response. In this study it was also shown that angiotensin II (Ang II) promoted the 

induction of Ras/Erk/Akt signaling pathway in early renal fibrosis induced by UUO in C57BL/6J 

mice (65). Therefore the inhibition of H-Ras isoform could be used as a promising therapeutic 

strategy to reduce renal fibrosis progression. 

 

1.3 Farnesyltransferase Inhibitors 

 

FITs block the Ras farnesylation avoiding the Ras activation. Thorough knowledge of 

FTase action it was possible to develop the following groups of inhibitors of the FTase: farnesyl 

diphosphate analogues that compete with the natural farnesyl diphosphate substrate for 

FTase; peptidomimetics or CAAX mimetics that compete with the CAAX region of Ras for the 

FTase and analogous that combine features of both, like bisubstrate inhibitors (12). 

According to the literature, the FTIs were effective at reversing H-Ras-mediated 

transformation (66). There are many FITs such as: BMS-214662, L778123, tipifarnib, 

lonafarnib, FTI-277, L744832 and SCH44342 (66-69). Natural compounds identified as FTase 

inhibitors include limonene, manumycin and chaetomellic acids A and B (12). The inhibition of 

farnesylation is not sufficient to prevent Ras blocking, since geranylgeranylation might activate 

K-Ras and N-Ras, but not H-Ras, eliminating the action of FITs (68,69). However, it was 

demonstrated in clinical trials that the proposed target of the treatment, K-Ras, was not 

inhibited by L778123, a dual inhibitor of FTase and GGTase-I (66,70). This suggests that 

knowledge about the farnesylation and geranylgeranylation processes is not properly 

understood. It is necessary to continue to evaluate the potential of FTIs and GGTase-I 

inhibitors in the treatment of disorders related with cell growth, including the fibrotic process. 
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1.3.1 Chaetomellic acid A  

 

The development of FITs has also been directed towards finding natural products through 

screening program of microbial natural products (71). In a similar investigation the Merck's 

group isolated from extracts of the coelomycete Chaetomella acutiseta the chaetomellic acid 

A (CAA) an anhydride component (72,73). The CAA is a dicarboxylic acid that inhibited, in its 

dianionic form (the biologically active form) (72)), the recombinant human FTase, with an IC50 

value of 55 nM (74) and inhibited yeast FTase activity with IC50 value of 225 µM (75). FTase 

activity of the diacid anion of CAA is noncompetitive with respect to the acceptor peptide Ras, 

but is extremely competitive with farnesyl pyrophosphate (74). This fact may be due to the 

structural similarity between the dicarboxylate anion and farnesyl pyrophosphate, because 

both have a hydrophilic head group bound to a hydrophobic tail (72). CAA is a potent and 

specific inhibitor of FTase, inhibiting the activation of H-Ras isoform (53,69). CAA selectively 

inhibited the membrane-bound H-Ras (apoptotic via), without affecting the membrane-bound 

K-Ras (antiapoptotic via), or other prenylated intracellular proteins like Rab in the kidney 

(76,77). 

As previously described farnesylation is essential for the subcellular localization and 

activity of the H-Ras, N-Ras and K-Ras proteins. Thus the inhibition of farnesylation avoids 

localization of these proteins at the cell membrane, thereby preventing cell transformation. 

Therefore, the development of FITs has been used as a new alternative in noncytotoxic 

anticancer therapy (78,79) and in research studies of renal fibrosis (65). As demonstrated in 

some studies the CAA appears to represent a potential therapeutic strategy to reduce the 

progression of fibrosis (65,80,81). Effectors of Ras Erk1/2 and Akt have been associated to 

renal damage in C57BL/6J mice model of UUO. Therefore the blocking of Ras activation 

prevents the action of Erk1/2 and Akt signaling pathways and consequently decreased renal 

damage (65). Particularly, the CAA demonstrated a more effective action in reduction of renal 

fibrosis when compared with statins and it was less toxic than synthetic FTIs (65,82). 

The CAA seems to have an additional antioxidant capacity (83). In a study based on acute 

renal ischemia-reperfusion injury in rats, the inhibition of the H-Ras protein by CAA preserved 

both renal function and histology. Similar effects were obtained in vitro in human tubular and 

endothelial culture cells subjected to an oxidative stress significantly reduced apoptosis (77). 

In two previous studies it was demonstrated that K-Ras and H-Ras proteins have contradictory 

effects on cell redox state. K-Ras induced scavenging of reactive oxygen species (ROS) by 

stimulating the mitochondrial superoxide dismutase and diminishing hydrogen peroxide-

induced cells apoptosis. While the H-Ras induced synthesis of ROS by stimulating 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex prompting cell 
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apoptosis (84,85). The defensive effects of K-Ras were not altered by FTIs. However, H-Ras 

oxidative stress-induced apoptosis was prevented by FTIs in endothelial cells (85). In addition, 

in a model of ischemic stroke, CAA administration induced the accumulation of non-prenylated 

inactive H-Ras, leading to a decrease of oxidative stress: both superoxide anion production 

and necrotic volume, with the improved survival of hypoxic neuronal cells (83). Therefore, the 

CAA administration also appears to show a protective action on the redox state of the cell and 

consequently on cell development. 

 

Although inhibitors of the Ras signaling pathway or its effector cascades have mainly been 

studied in the treatment of cancer (82), the inhibition of Ras activation should be considered 

as a future therapeutic approach in the prevention/regression of renal fibrosis, since the 

activation of Ras and its effectors Erk/Akt are associated with the pathogenesis of renal 

fibrosis. Indeed, blockade of prenylation appears to be a crucial mechanism to prevent renal 

fibrosis. As previously reported, several experiments have been directed to block Ras 

activation and/or their effectors such as: inhibition of Mek/Erk and PI3K/Akt pathways, through 

the administration of statins (hydroxyl-3-methylglutaryl coenzyme A reductase inhibitors) and 

FTIs, to evaluate their effects in vitro and in animal models of chronic kidney disease (CKD). 

Administration of CAA, a selective inhibitor of H-Ras isoform farnesylation (83), has shown a 

promising action on the regression of renal fibrosis development and could be a future strategy 

in the prevention of renal fibrosis. However, for this drug to be used as effective therapy of 

CKD in humans requires more research studies both in vitro and in vivo, and further clinical 

trials. 
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2. Aims 

 

Over the last years, research studies on chronic kidney disease has contributed to a better 

knowledge about pathophysiology, treatment and prevention of this disease. The main goal for 

controlling development of chronic kidney disease is reducing the progression to end-stage 

renal disease. Nevertheless, the reduction of this progression still represents a major clinical 

challenge. Thus, the search for new therapeutic strategies remains a problem of current 

importance both to researchers and clinicians. 

In our research work we proposed to study the effects of chronic treatment with CAA, in 

the changes induced by the 5/6 renal mass reduction in the rat. 

For this, we established specific objectives: 

 

To implement the 5/6 renal mass reduction model in Wistar rats and evaluate the effect of 

chronic treatment with CAA; 

 

To characterize the kidney alterations associated with renal mass reduction by two-

dimensional ultrasound and assess the correlation of the ultrasonographic parameters with the 

histological and biochemical findings; 

 

To evaluate the effect of long-term treatment with CAA on oxidative stress and renal 

function; 

 

To evaluate the effect of long-term treatment with CAA on renal fibrosis. 
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CHAPTER 3: 

PATHOPHYSIOLOGICAL MECHANISMS OF RENAL FIBROSIS: A REVIEW IN ANIMAL 

MODELS AND THERAPEUTIC STRATEGIES 

 

The content of this chapter was published in: 

- Nogueira A, Pires MJ, Oliveira PA. Pathophysiological Mechanisms of Renal Fibrosis: a 

Review in Animal Models and Therapeutic Strategies. In vivo 31: 1-22, 2017 (Full paper). 
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3. Pathophysiological Mechanisms of Renal Fibrosis: a Review in Animal Models and 

Therapeutic Strategies 

 

3.1 Introduction 

 

Chronic kidney disease (CKD) represents a serious hazard to human health, and has a 

high prevalence. In developed countries, it is estimated that more than 10% of adults present 

some degree of CKD (1). Despite a varied initial evolution, which is related to the diversity of 

its aetiologies – namely genetics, autoimmune-related infections, environmental factors, diet, 

and drugs – progressive renal disease frequently results in renal fibrosis and finally in renal 

failure. The mechanisms implicated in renal fibrosis are still poorly understood, and existing 

therapies are ineffective or only slightly successful, hence it is essential to understand the 

pathophysiological mechanisms underlying the usual development of CKD, and to discover 

and better understand new strategies for treating this disease. In order to study the 

biopathology of this disease and to evaluate new treatments, animal models are required. The 

perfect animal model for renal disease research should have human-like renal anatomy, 

haemodynamics and physiology, as well as enabling the determination of relevant renal, 

biochemical and haemodynamic parameters. In all probability, no one species can consistently 

meet all of these requirements, and the experimental plan and other constraints often 

determine the choice of animal models for particular research applications. With this in mind, 

this review aims to describe and analyse animal models of renal fibrosis and suggest new 

areas of research. 

 

3.2 Renal Fibrosis: Aetiology and Pathophysiology 

 

Diabetes and hypertension are currently the two principal causes of CKD (2), among other 

causes such as infectious glomerulonephritis, renal vasculitis, ureteral obstruction, genetic 

alterations, autoimmune diseases (1) and drugs (3,4). In general, diabetes causes glomerular 

hypertension by reducing the afferent arteriolar resistance while stimulating the efferent 

arterioles (2). Thus, elevated glomerular capillary pressure is one of the major factors in 

progressive renal sclerosis (5). Diabetes and hypertension gradually lead to glomerular 

expansion, which causes endothelial dysfunction and haemodynamic changes: loss of the 

glomerular basement membrane electric charge and its thickening, a decreased number of 

podocytes, foot-process effacement and mesangial distension have been shown to underlie 

the initial glomerular injury, which probably leads to glomerulosclerosis (1). The reaction of 

renal tissue to damage resembles the common wound-healing response that occurs in other 
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tissues. However, the repair and recovery of tissue function does not always happen, so why 

do some wounds heal and others progress to fibrosis? The answer is difficult because there 

are a variety of factors that influence the response to injury (6). The glomerulus is a structure 

with multiple interactions of endothelial, mesangial and epithelial cells that form the filtering 

capillary loops (5). Progression of CKD is evidenced by the loss of renal cells and their 

replacement by extracellular matrix (ECM) (5,7) in glomeruli and interstitium. Chronic 

glomerulonephritis, tubulointerstitial disease, hypertension, or diabetic nephropathy (8), 

occurring independently of the associated disease, arise as a consequence of increased 

synthesis/reduced degradation of ECM (5,7,9). The pathogenesis of glomerulosclerosis has 

strong similarities to the pathogenesis of tubulointerstitial fibrosis. In general, 

glomerulosclerosis and tubulointerstitial fibrosis are the result of an imbalance between the 

excessive synthesis and decreased breakdown of the ECM, which may result from a normal 

wound-healing response becoming deregulated, with an uncontrolled inflammatory response 

and myofibroblast proliferation (10). In this sense matrix metalloproteinases and their tissue 

inhibitors are determinants of ECM accumulation (9). In addition, Hewitson suggests that 

fibrosis may also result from a collapse of the renal parenchyma (6). The end-stage of renal 

disease is manifested by the presence of glomerulosclerosis, vascular sclerosis and 

tubulointerstitial fibrosis. Indeed, glomerulosclerosis is initially attributable to the 

disproportionate production of ground substance proteins by mesangial cells, associated with 

a reduction in the extracellular proteolytic activity generated by these cells (2). In this sense, 

the excessive glomerular production of transforming growth factor (TGF)-β, the key cytokine 

in the development of glomerulosclerosis and tubulointerstitial fibrosis (11), stimulates 

mesangial cells (2,12), and is probably the most potent inducer of epithelial–mesenchymal 

transition (13). Activation of TGFβ results in a self-maintaining cycle of matrix deposition, 

through an increase in protein synthesis and a decrease in matrix protein degradation, 

resulting in persistent tissue injury (11,14). The diminution of this cytokine bioactivity reduces 

ECM deposition and the development of fibrosis in experimental renal injury (11). On the other 

hand, an increase in oxidative stress has been associated with increased mesangial 

expression of TGFβ (2) and also stimulation by angiotensin II (Ang II) (15). Endothelial and 

mesangial oxidant stress related to diabetes and systemic hypertension may also interfere with 

the production of glomerular nitric oxide, possibly reducing the activity of nitric oxide and thus 

impairing its protective effect in the process of glomerulosclerosis (2). However, there are 

additional non-haemodynamic factors, such as growth factors, proto-oncogenes, infiltrating 

macrophages, proteinuria, reactive oxygen species, hyperlipidaemia and vasoactive 

substances, such as Ang II and endothelin, which contribute to renal sclerosis. Nevertheless 

the activity of these factors probably depends on the type of initial damage, the age of the 
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individual when the injury occurs, and complex genetic factors, all of which influence the 

process of sclerosis (5). Thus, renal fibrosis can also be considered as tubulointerstitial fibrosis, 

since this process features tubular destruction. Curiously glomerulosclerosis, despite being a 

disease with its own entity, causes tubulointerstitial fibrosis by inducing tubular destruction. 

Although it is assumed that tubulointerstitial fibrosis accelerates the degeneration of injured 

nephrons and these may also interfere with neighbouring healthy tubules, contributing to the 

progression of kidney fibrosis (16). Existing knowledge about the progression of renal fibrosis 

is extraordinarily complex and therefore it is difficult to prevent or even eliminate renal fibrosis. 

Nevertheless, as referred to by Fogo, this is theoretically possible (5). There is great interest 

in uncovering the processes and underlying factors that lead to renal fibrosis in order to prevent 

or reverse renal fibrosis. (17). However, it is uncertain whether the elimination of fibrosis will in 

itself be sufficient to improve renal function, while beyond this, it is also necessary to eliminate 

inflammation and fibrogenesis, followed by the regeneration and reconstruction of tissue (6). 

Kaissling and colleagues suggest that renal fibrosis may have a curative component or, on the 

other hand, that fibrotic tissue supports the survival of healthy and partially injured nephrons 

(16). 

 

3.3 Impact of Renal Fibrosis on Human Health 

 

In recent years, the incidence of CKD has grown in a frightening way. If this tendency 

persists, even wealthier countries will not be able to come up with sufficient resources to 

adequately treat this disease (18). Although it is recognized that the kidney has a capacity for 

regeneration after acute injury, regeneration and recovery, following chronic injury this is much 

more difficult. Thus this process is often irreversible, leading to end-stage renal collapse, a 

situation that requires dialysis or renal transplantation (6). In general, between 30-40% of 

individuals develop considerable kidney failure 10-15 years after the diagnosis of progressive 

nephropathy (19). It is estimated that currently between 1 and 2 million people are being 

treated with renal replacement therapy (19-21), which primarily involves kidney transplantation 

and haemodialysis. Over 90% of these patients live in developed countries, although the 

availability of renal replacement therapy in developing countries is limited, and insignificant or 

non-existent in underdeveloped countries. Given the fact that renal replacement therapy 

represents a high cost burden on national health budgets, this prevents all patients from being 

given access to this type of treatment (19). The latest estimate, based on results from the US 

Census Bureau predicted that by the year 2015 the number of cases on renal replacement 

therapy will be >595,000 (22). The public cost necessary to care for these patients will be 

considerably greater than it was in 2010 ($28 billion per year), regardless of the exact number 
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of cases (18,22). If these numbers were to be estimated for the entire world’s population, the 

total number of individuals with CKD could be estimated to be in the hundreds of millions. 

Humans and animals develop glomerulosclerosis, interstitial fibrosis, tubular atrophy and 

reduction in glomerular filtration rate with increasing age (23). In humans with CKD, the 

development of glomerulosclerosis is evidenced by the progressive involvement of segments 

within individual glomeruli, a decrease in the total number of glomeruli and by the simplification 

and elimination of tubular structures (15). The presence of fibrosis in CKD is strongly related 

to the future manifestation of renal failure and has thus been related with poor long-term 

prognosis (24). Renal fibrosis is one of the consequences of kidney injury and is associated 

with renal dysfunction that may culminate in renal collapse (25,26). Renal fibrosis, particularly 

associated with glomerulosclerosis and renal interstitial fibrosis (5,10,27,28) which is 

characterised by tubular atrophy, tubular dilatation, increased fibrogenesis (29) and deposition 

of collagen and ECM (15), can progress in humans as a consequence of chronic infection, 

obstruction of the ureters, hypertension, diabetic nephropathy and chronic exposure to heavy 

metals (25). 

 

3.4 Principal Molecules, Cells and Other Factors Involved in the 

Pathogenesis of Renal Fibrosis 

 

In the following section we describe the main molecules and cells that are associated with 

progression of renal fibrosis and their activity in the biological process of renal fibrotic 

development, such as Ang II, TGFβ, connective tissue growth factor (CTGF), plasminogen 

activator inhibitor-1 (PAI1), nuclear factor-κB (NFκB), fibroblasts, and proteins (Figure 1). 

 

3.4.1 Angiotensin II 

 

All the components of the renin–angiotensin system (including enzymes and receptors) are 

present in the kidney, and renal Ang II is approximately one thousand-fold greater than the 

circulating concentrations of Ang II (15). Therefore, increased levels of Ang II modulate fibrosis 

by the direct effects on the matrix and by up-regulating the expression of other factors, such 

as TGFβ (5,14), platelet-derived growth factor (5) (which plays a crucial role in the 

development of mesangial proliferation) (10), CTGF (30), nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase activity (2), PAI1 (19), tumour necrosis factor-α, osteopontin, 

vascular cell adhesion molecule-1, and NFκB (NFκB activation is also strongly associated with 

an increase in renal fibrosis) (15,31). Ang II also induces oxidative stress. It is believed that 

most of these negative effects of Ang II are mediated by the Ang II type-1 (AT1) receptor. 
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These factors and the vasoactive compounds involved in the progression of renal fibrosis have 

been studied in various models of renal diseases (15). 

 

 

Figure 1. The glomerular injury can be associated with different causes, leading to endothelial 
dysfunction and haemodynamic changes. Activation and amplification of many biological effects 
particularly with production of angiotensin II (Ang II) that upregulate the expression of other factors, such 
as: transforming growth factor (TGF)-β, connective tissue growth factor (CTGF), plasminogen activator 
inhibitor-1 (PAI1) and nuclear factor-κB (NFκB). Leading initial recruitment of neutrophils that is 
substituted by macrophages and T-lymphocytes, triggering an immune response, causing interstitial 
nephritis. Tubular cells respond to this inflammatory process by lesion of the basal membrane and by 
epithelial–mesenchymal transition transformed into interstitial fibroblasts. The formed fibroblasts 
produce collagen, and result of an imbalance between the excessive synthesis and decreased 
breakdown of the extracellular matrix, which in turn damages the blood vessels and the kidney tubules, 
optionally determining the formation of a cellular scar and consequently renal fibrosis. RAAS: Renin–
angiotensin–aldosterone system. 

 

Cell growth after injury is frequently followed by increased apoptosis. Apoptosis may be 

induced by Ang II and this effect is mediated by the Ang II type-2 (AT2) receptor, showing a 

possible role for AT2 receptors in the regression of renal fibrosis. This is demonstrated by the 

activity of the AT2 receptor in the reduction of vascular lesions after damage. In addition, 

regression of glomerulosclerosis can be achieved by angiotensin inhibition in animal studies, 

however, this can become more effective when used in combination with an aldosterone 
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antagonism (5) or with TGFβ blockers (20). Renin and aldosterone appear to have fibrogenic 

effects regardless of Ang II activity, however, it is not known if aldosterone and renin up-

regulate TGFβ expression (32), or whether they may be intimately connected with TGFβ 

production and accumulation of fibrotic matrix. 

 

3.4.2 Transforming growth factor β 

 

The accumulation of ECM proteins, which is associated with the progression of 

glomerulosclerosis/renal interstitial fibrosis and tissue inflammation, seems to be related 

mainly with the activity of Ang II and TGFβ (20,32,33). TGFβ is secreted in an inactive (latent) 

form that requires processing before it can exert its effect and latent TGFβ is stored on the 

surface of cells and the ECM, where it is transformed to active TGFβ (15). Along these lines, 

Kagami et al. showed that Ang II induces ECM synthesis and that these effects are mediated 

directly by Ang II induction of the active form of TGFβ (12), indicating that TGFβ contributes to 

renal fibrosis (2,12,20,31,32). In mammals there are three TGFβ isoforms, however, the form 

most associated with renal fibrosis is TGFβ1 (34). TGFβ1 is extensively expressed in all cells 

of the kidney, particularly in glomeruli, where the levels are several times those in the kidney 

as a whole (20), or expressed by macrophages that invade the kidney (15). TGFβ plays a 

pivotal role in renal fibrogenesis (7,11,20,35), indeed the kidney is particularly susceptible to 

the overexpression of TGFβ (32). 

TGFβ simultaneously regulates cellular proliferation, differentiation and migration, 

modulation of the immune response (7), fibroblast proliferation (15), stimulation of oxidative 

stress (increasing NADPH oxidase activity in mesangial cells) (2), synthesis of ECM, inhibits 

the activities of proteases that degrade the matrix, and increases the expression of cell-surface 

integrins that interact with matrix components, causing an extremely high deposition of ECM 

(32). In this sense, TGFβ induces ECM by stimulating the production of matrix proteins, 

reducing the production of ECM-degrading proteinases and up-regulating the production of 

proteinase inhibitors, and induces glomerular mesangial and epithelial cells (in vitro) to 

produce collagens, fibronectin, proteoglycans (20), laminin (2) and endothelin (15). Another 

important factor is the ability of TGFβ to stimulate its own synthesis and activation, resulting in 

a self-sustaining autocrine loop (2). On the other hand, TGFβ also contributes to ECM through 

the up-regulation of PAI1 (5,32) and increased renin release (32) in isolated glomeruli, 

reducing the activity of matrix-degrading metalloproteinase (20). This alteration to matrix 

degradation is also associated with a raised expression of CTGF (2). 
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3.4.3 Connective tissue growth factor 

 

Yang et al. demonstrated that Ang II directly induces CTGF, as well as collagen I. Ang II 

was found to induce CTGF expression through a TGFβ1-independent SMAD signaling 

pathway via the AT1-extracellular signal-regulated kinase/p38 mitogen-activated protein 

kinase signaling pathway to induce renal fibrosis in tubular epithelial cells (30). On the other 

hand, induction of CTGF by TGFβ1 is markedly inhibited by SMAD7 overexpression (30,36). 

In another study, in vivo results showed that Ang II directly activates the SMAD pathway in the 

vessel wall and regulates numerous SMAD-dependent proteins implicated in vascular fibrosis, 

by a direct TGFβ independent via (37). This demonstrates the crucial function of SMAD 

signaling in the Ang II-mediated fibrotic process (30). The Ras/Mek/Erk1/2 signaling pathway 

is also required for the stimulation of CTGF by TGFβ1 in human proximal tubular epithelial 

cells, and among the Ras isoforms that are expressed in human kidney cells, N-Ras but not 

K-Ras or H-Ras were required for the induction of CTGF by TGFβ1 (36). CTGF also appears 

to be correlated with the degree of tubulointerstitial fibrosis in experimental and human renal 

fibrosis studies (11). Indeed, CTGF is most abundant in the kidney compared with other 

tissues, and is an important mediator of renal fibrosis. In a way, there is real potential for CTGF 

to become a therapeutic target for the treatment of renal fibrosis. CTGF and TGFβ act jointly 

to promote chronic fibrosis (11,36). 

 

3.4.4 Plasminogen activator inhibitor-1 

 

PAI1 is another mediator that is associated with increased renal fibrosis (19), by stimulation 

of fibronectin and type III collagen (15). Ang II may also promote PAI1 directly, both in vitro 

and in vivo (5), which may lead to an accumulation of ECM by reducing the activities of plasmin 

in eliminating the matrix and stimulating collagenases (32). This shows that the Ang II blockade 

is extremely important in combatting the evolution of renal fibrosis. 

 

3.4.5 Nuclear factor-κB 

 

NFκB has a role in the transcriptional regulation of a quantity of genes in different tissues, 

namely the renal cells (38). NFκB is located in the cell cytoplasm in an inactive form, linked to 

an inhibitor, the activated form of NFκB is a homodimer or heterodimer, structured by two 

proteins that are part of the NFκB family. In this sense, transcription factors of the NFκB family 

can stimulate cells, directly or indirectly, triggering tissue fibrosis (15). Ang II can be activated 

by NFκB through both the AT1 and AT2 receptors. The NFκB family of transcription factors 
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have several potential associations, it is probable that different NFκB isotypes are stimulated 

by Ang II at different phases in the progression of renal disease (31). The tissue enzyme 

transglutaminase (protein expressed by kidney tubular epithelial cells) is an activator of latent 

TGFβ1 and the activating of transglutaminase is regulated by NFκB, consequently this fact 

appears to be associated with an increase of renal fibrosis. The increased expression of α-

smooth muscle actin promotes the kidney fibroblasts to achieve a myofibroblastic phenotype 

(15). It appears that NFκB may be associated with an increase in α-smooth muscle actin 

expression during liver fibrosis (39). As mentioned above, Ang II can promote NFκB activation, 

activating tumour necrosis factor-α synthesis; this in turn can additionally activate NFκB. A 

40% reduction in tumour necrosis factor-α mRNA expression was verified with angiotensin-

converting enzyme inhibition in rats with kidney disease, perhaps due to the weakening of a 

group of NFκB homodimers or heterodimers (31). Therefore, the progression of renal fibrosis 

might be treated or improved by inhibition of NFκB (15,38,40). 

 

3.4.6 Fibroblasts 

 

The progression of renal fibrosis is a complex process, since many factors and cells are 

involved, especially mesenchymal cells (6). Epithelial–mesenchymal transition, a process by 

which differentiated epithelial cells give rise to the matrix-producing fibroblasts and 

myofibroblasts, is increasingly documented as an integral part of tissue fibrogenesis after renal 

injury (13,35,41). In this sense, tubular epithelial cells are also important in the pathogenesis 

of tubulointerstitial fibrosis (29). Thus, epithelial–mesenchymal transition, such as occurs in 

common glomerular diseases, could be a primary pathway leading to podocyte dysfunction, 

proteinuria, and glomerulosclerosis (13). Fibroblasts are mesenchymal cells involved in the 

progression of renal disease. Fibroblasts of the renal interstitium can play a contractile 

myofibroblastic phenotype and has the ability to originate fibrillar collagen-rich ECM, leading 

to impaired renal function. The number of fibroblasts increase during renal disease and can be 

activated by many cytokines, especially TGFβ1 or differentiate into myofibroblasts (34). 

 

3.4.7 Proteins 

 

Another strategy for preventing, or at least slowing, the onset of glomerulosclerosis is a 

low-protein diet because a high protein intake increases the glomerular filtration rate by 

reducing afferent arteriolar resistance and consequently increasing glomerular capillary 

pressure (2). Elevated levels of urinary proteins, which correspond to excess protein passage 

through the glomerulus, are related to a quicker progression of renal disease (20). Thus, 
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proteinuria is also an important factor of progression in animal and human renal diseases. One 

of the factors that causes glomerular and tubular changes includes enhanced glomerular 

capillary pressure by altering glomerular permeability to proteins, allowing proteins to pass 

across the glomerular filter and reach the lumen of the proximal tubule. Another factor of 

tubular reabsorption of filtered proteins that contributes to interstitial damage is by activating 

intracellular events, leading to up-regulation of the genes encoding vasoactive and 

inflammatory mediators (20). 

 

3.5 Animal Models of Renal Fibrosis 

 

Experimental models are widely used to study the mechanisms involved in the progression 

of renal diseases to renal fibrosis (5,7). Research on natural aging of the rat kidneys indicate 

that both gender and genetic background influence the rate, as well as the level, of impairment 

and scarring from renal disease. Normally, age-related renal scarring begins earlier and 

becomes more severe in male rats than in females, and Sprague-Dawley rats are less resistant 

than other rat strains. Research into aging in mice suggests that strain and gender also 

influence the progression of renal disease (23). It is important to emphasize that these changes 

are clearly different from the compensatory changes that occur after reduction of renal mass 

(42). To study renal fibrosis, induced models (surgical and chemical), spontaneous models, 

genetic models and in vitro models (29,43-48) can be used. 

 

3.5.1 Chemical models of renal fibrosis 

 

There are several chemical models for studying renal fibrosis, each of which has 

advantages and disadvantages. We describe each of them below in turn, while in Table I, the 

practical application of each of these models in the therapeutic evaluation of different drugs is 

presented. 

 

Mercuric chloride (HgCl2). HgCl2 per os in Sprague-Dawley rats once a day for 9 weeks 

led to renal interstitial fibrosis with an increased amount of collagen. The effect of HgCl2 is 

characterized by the activation of renal fibroblasts, the overproduction and deposition of ECM, 

increased renal lipid peroxidation (49), elevated NFκB activity (50), renal necrosis and tubular 

dysfunction in rats (51). 

 

Vanadate. Vanadate injected subcutaneously in Sprague-Dawley rats aged 11 weeks at a 

dosage of 0.9 mg/kg per day for 16 days caused inflammation and renal fibrosis. The 
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pathological and biochemical changes were more severe in the kidney tissue. After 2 days, 

degenerative and necrotic changes of the tubular and glomerular epithelium were identified. 

After 12 days, cellular proliferation in both the cortex and medulla was significantly greater and 

there was verifiable renal fibrosis: glomerular tuft, preglomeruli, pretubules and interstitium 

(cortex and medulla). After 25 days, collagen deposition reached the highest degree in all 

areas of the kidney. Vanadium-produced fibrosis in tissues is dose-dependent (52). 

 

Adriamycin. Adriamycin is an antineoplastic drug that induces side-effects such as lipid 

peroxidation in glomerular epithelial cells. Adriamycin induced rat nephropathy with massive 

proteinuria, tubular basement membrane lesions, probably causing an inflammatory response 

and interstitial fibrosis (4). Adriamycin administration at a dosage of 10 mg/kg for each mouse 

by means of a single intravenous tail-vein injection causes proteinuria, glomerular and 

podocyte injury, followed by tubular atrophy and finally renal fibrosis (53-55). In a study with 

BALB/c mice, proteinuria was verified on day 5 and at higher levels on day 7; after weeks 1 

and 2 glomerular and tubular lesions were observed, and by week 4 these changes were more 

evident. After week 6, kidney inflammation was observed, as well as severe glomerulosclerosis 

and interstitial fibrosis (53). The adriamycin-induced nephropathy model mimics human 

disease of focal segmental glomerulosclerosis (54) and is also often used to model nephrotic 

syndrome (23). This model is also excellent for investigating glomerulosclerosis in humans 

(23). 

 

Uranyl nitrate. Uranyl nitrate administrate by intraperitoneal route (0.3 or 0.5 mg/100g) 

causes renal fibrotic changes in rats. Uranyl nitrate administration induced mild to moderate 

patchy interstitial fibrosis after 4 weeks. After 20 weeks, fibrotic areas containing atrophic 

tubules with a thickened tubular basement membrane and mild lymphocytic infiltration were 

identified. Uranyl nitrate administration induced renal fibrosis in a dose-dependent manner 

(29). In another study, uranyl nitrate administration of 10 mg/kg in rats for a period of 2 months 

appeared to cause chronic injuries, as demonstrated by increased interstitial fibrosis, atrophic 

proximal tubules and mononuclear cell infiltrates. These authors suggest that the 

administration of uranyl nitrate in rats induced renal failure with a slow recovery phase and 

long-term pathological lesions (56). Uranyl nitrate appears to be an optimal model of interstitial 

fibrosis and is useful for investigating molecular mediators of kidney damage (29). 

 

Folic acid. Folic acid administered via the intraperitoneal route (240 mg/kg) in mice 

induced the rapid appearance of folic acid crystals in tubules, followed by severe 

nephrotoxicity, between 1-14 days of the administration period. By 28-42 days, these animals 
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developed patchy interstitial fibrosis. Severe damage induced by folic acid is associated with 

a direct toxic effect on tubular epithelial cells and by crystal obstruction of individual tubules. 

However, the co-administration of NaHCO3 and folic acid provokes urine alkalinisation, 

reducing crystal formation (23,57). The folic acid interstitial fibrosis model, compared with the 

unilateral ureteral obstruction (UUO) model, has the advantage of enabling assessment of 

renal function as a measure of CKD. On the other hand, this model has the limitation of being 

somewhat variable and the possibility exists that fibrosis in some mice will regress 

spontaneously after 42 days. This model is good for studying interstitial fibrosis (23). 

 

Streptozotocin-diabetic rats. Streptozotocin administration (65 mg/kg i.v.) in rats 

increases blood glucose concentration. After 4 or 8 weeks of streptozotocin administration, 

animals showed collagen deposition in the kidneys, elevated renal plasma fibronectin 

concentrations (58) and elevated plasma levels of TGFβ, up to four times the normal levels 

(14). This model can be considered as a renal fibrosis model because sometimes, after the 

onset of diabetes, renal fibrosis may occur (58). 

 

Cyclosporine A. Cyclosporine A, a primary calcineurin inhibitor, is used clinically as an 

immunosuppressive agent to enhance the efficacy of organ transplantation. However, 

prolonged use of cyclosporine A can induce renal fibrosis. Thus, its clinical use is in part limited 

by its nephrotoxicity effect (3,59). The cyclosporine A model is good for studying interstitial 

fibrosis (23). However, this model has some disadvantages: high cost, liver toxicity, extensive 

trial period (4) and the concentrations of cyclosporine A that are commonly used in animal 

studies are much higher than those used in clinical practice (60). 

 

3.5.2 Physical models - Radiation nephropathy 

 

Radiation nephropathy can be induced by a local dose (10 Gy), with shielding of the 

gastrointestinal tract and without systemic toxicities. Radiation nephropathy leads to the 

development of endothelial injury and chronic progressive secondary sclerosis with 

proportional tubulointerstitial fibrosis (23). In Sprague-Dawley rats, radiation (12 Gy) induces 

an initial decline in glomerular filtration rate and at a later stage, the damage involves complex 

interactions between glomerular, tubular and interstitial cells, which may culminate in interstitial 

fibrosis with mild interstitial inflammation. In addition to the likely involvement of TGFβ and 

PAI1, Ang II is certainly the principal mediator of this process. The results of this study showed 

that sulodexide (15 mg/kg/day by subcutaneous injection, 6 days/week for 4, 8 and 12 weeks) 
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is effective in reducing the early, but not late, indicators of radiation nephropathy and has no 

influence on renal damage, despite sulodexide considerably diminishing TGFβ activation (61). 

 

3.5.3 Surgical models to induce renal fibrosis 

 

There are three main surgical models to study renal fibrosis, each of which has its 

advantages and disadvantages. We describe each of them below, and Table II shows the 

practical application of each of these models in the therapeutic evaluation of different drugs. 
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Table I. Chemical models used for renal fibrosis study - drugs evaluated and their efficacy. 

Drug-induced 
models 

Strain/gender 
/age, weight 

Protocol Drugs and compounds evaluated Results and therapeutic effects 
(reference) 

HgCl2 Sprague-
Dawley/♂/120±10g 

8 mg HgCl2/kg/day p.o. for 9 weeks to induce 
renal interstitial fibrosis 

Fuzheng Huayu formula and vitamin E by 
oral gavage (4.0 g crude drug/kg/day and 
100 mg/kg/day, respectively) for 9 weeks 

Fuzheng Huayu formula and 
Vitamin E demonstrated an 

inhibitory effect on renal fibrosis 
induced by HgCl2 (49) 

 Sprague-
Dawley/♂/120±10g 

8 mg HgCl2/kg/day p.o. for 9 weeks to induce 
renal interstitial fibrosis 

100 mg Vitamin E/kg/day by gastric 
gavage for 9 weeks 

Vitamin E shown to inhibit renal 
interstitial fibrosis induced by HgCl2 

(50) 

 Wistar/♂/8 weeks 
and 20 months 

2.5 μmol HgCl2/kg/2ml i.v. for 4 weeks to induce 
renal interstitial fibrosis 

- 

Renal function is significantly 
compromised in aged rats, resulting 
in chronic renal insufficiency, and 

the accumulation of HgCl2 in aging 
rats is significantly altered 

compared to that of young rats (51) 

Vanadate Sprague-
Dawley/♂/9 weeks 

1 mg Vanadate/kg/day s.c. for 12 days to 
induce mild to moderate kidney lesions and the 
same treatment protocol for 16 days to induce 

moderate to severe kidney lesions 

500 mg Pirfenidone/kg/day by oral 
gavage for 23, 37 and 41 days 

 

Pirfenidone treatment decreases 
vanadate-induced renal fibrosis (25) 

 Sprague-
Dawley/♂/11 

weeks 

0.9 mg Vanadate/kg/day s.c. for 16 days to 
evaluate the effects of vanadate on renal tissue - 

Vanadate treatment induced renal 
fibrosis in a dose-dependent 

manner (52) 

Adriamycin BALB/c/♂/6 to 8 
weeks 

A single administration of 10 mg adriamycin/kg 
i.v., urine, blood and kidney samples were 
collected on the day of sacrifice (1, 3, or 5 

weeks after adriamycin injection) 

Atrasentan by i.p., two different protocols: 
1: prevention protocol (5 mg/kg; daily 
starting the day prior to adriamycin 

injection); 2: therapeutic protocol (7 and 
20 mg/kg) three times weekly 

Atrasentan was ineffective in 
improving renal injury associated 

with adriamycin-induced 
nephropathy (54) 

 BALB/c/♂/8 to 10 
weeks 

A single administration of 10 mg adriamycin/kg 
i.v., urine, blood and kidney samples were 

collected (0, 7, 14 and 21 days after adriamycin 
injection) 

Mas receptor agonist-AVE0991 and 
Losartan (3 mg/kg p.o. and 10 mg/kg 

p.o., respectively) from day 7 to day 14 
after adriamycin injection 

AVE0991 had a renoprotective 
effect on adriamycin-induced 

nephropathy, these effects were 
similar to those of losartan. 

AVE0991 and losartan reduced 
histological injury indices (55) 
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 BALB/c/♂/8 to 10 
weeks 

A single administration of 10 to 11 mg 
adriamycin/kg i.v., urine, blood and kidney 

samples were collected (1, 2, 4 and 6 weeks 
after adriamycin injection) 

- 

The results showed that the model 
of adriamycin-induced nephropathy 

may be useful in the study of the 
pathogenesis of renal fibrosis in 

CKD (53) 

Uranyl nitrate Wistar/♀/150-170g 0.3 or 0.5 mg Uranyl nitrate/100g by only one 
i.p., diuresis experiments were performed 2, 4, 

8, 10, 20 weeks after uranyl nitrate 
administration 

- 

After 4 weeks, 0.5 mg uranyl nitrate 
administration caused a mild to 

moderate patchy interstitial fibrosis, 
after 0.3 mg uranyl nitrate 

administration, renal fibrosis was 
milder, after 20 weeks, 

administration of uranyl nitrate had 
induced renal fibrosis (29) 

 Sprague-
Dawley/♂/250 -

300g 

10 mg Uranyl nitrate/kg by a single s.c., renal 
function studies and morphological evaluation 
were performed 1, 2, 4 and 8 weeks after drug 

administration 
- 

Administration of uranyl nitrate 
appears to have caused chronic 

lesions, since an increase in renal 
fibrosis, particularly interstitial 

fibrosis (56), was found 

Folic acid CD1/♂/8 weeks 240 mg Folic acid/kg by i.p., kidneys were 
harvested at 0.5, 1, 3, 7, and 14 days for 

histological evaluation 
- 

After 14 days of folic acid 
administration, cortical tubular 

atrophy and interstitial fibrosis (57) 
were observed 

Streptozotocin Wistar/♂/8-10 
weeks 

A single injection of 65 mg streptozotocin/kg i.v., 
experiments were performed 4 or 8 weeks after 

streptozotocin treatment 

Pirfenidone and spironolactone after 4 
weeks, were given either 200 mg 

pirfenidone/l drinking water; or 50 mg 
spironolactone/kg/day s.c. for a further 4 

weeks 

Pirfenidone and spironolactone 
treatment reduced renal fibrosis in 

the rat model of streptozotocin 
treatment (58) 

Cyclosporine A Sprague-
Dawley/♂/180-

230g 

25 mg Cyclosporine A/kg/day by oral gavage for 
21 days (but without salt diet), measurements 

were performed at the beginning and at the end 
of treatment period 

- 

Cyclosporine A administration 
altered the proximal convoluted 
tubules and glomeruli showed 

significant damage to their structural 
integrity (3) 

 Sprague-
Dawley/♂/220-

250g 

20 mg Cyclosporine A/kg/day by gastric gavage 
for 35 days (after 1 week on a low salt diet), 
measurements were performed at the end of 

treatment period 
- 

Results revealed significantly 
augmented expression of TGFβ1 in 

renal tubular cells induced by 
chronic cyclosporine A 

administration (45) 
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 Sprague-
Dawley/♂/180g-

240g 

15 mg Cyclosporine A/kg/day by a daily gavage 
for 12 weeks, measurements were performed at 

the end of treatment period 

Eplerenone administration-tablets of 50 
mg by p.o., 1,2 mg/g dry food 

approximating a daily dose of 100 mg/kg 
body weight 

Eplerenone administration showed 
a preventive effect in the 

development of renal fibrosis (59) 

 Sprague-
Dawley/♂/200-

230g 

15 mg Cyclosporine A/kg/day by gavage for 28 
days (after 1 week on low salt diet), 

measurements were performed at the end of 
treatment period 

80 mg Tea polyphenols/kg/day by 
gavage after 1 week on low salt diet 

Tea polyphenol administration 
reduced TGFβ1 expression and 
renal fibrosis in a rat model of 

chronic cyclosporine A 
administration (103) 

 Sprague-
Dawley/♂/230-

250g 

Three distinct studies were performed (15 mg 
cyclosporine A/kg/day by a daily s.c.): 1: 

cyclosporine A for 4 weeks; 2: cyclosporine A 
for 1 week, and then replaced by sirolimus 
(early conversion); 3: cyclosporine A for 4 

weeks and then replaced by sirolimus for 4 
weeks (late conversion). Measurements were 

performed at the end of treatment period 

0,3 mg Sirolimus/kg/day by a daily s.c. 
according to the study performed 

Early conversion from cyclosporine 
A to sirolimus was effective in 

inhibiting cyclosporine A-induced 
renal damage (60) 

 ICR/♂/9 weeks/ 
with Nrf2+/+ or 

Nrf2−/− genotype 

Animals were treated with either olive oil (5 
ml/kg) or olive oil-suspended cyclosporine A (30 
mg/kg) by gavage for 2 weeks, samples (blood 
and kidneys) were taken at the end of treatment 

period 

- 

Data demonstrated that the NRF2–
heme oxygenase-1 system has a 

protective role against cyclosporine 
A-induced renal fibrosis by 

modulating epithelial–mesenchymal 
transition gene changes (97) 

i.v.: Intravenous; s.c.: subcutaneous; i.p.: intraperitoneal; p.o.: per os; HgCl2: mercuric chloride CKD: chronic kidney disease; TGFβ: transforming growth factor β; NRF2: 
nuclear factor E2-related factor 2. 
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Table II. Surgical models used for renal fibrosis study – drugs evaluated and their efficacy. 

Surgical 
induction 
method 

Strain/gender/age, 
weight 

Protocol Drugs and compounds evaluated Results and therapeutic effects 
(reference) 

5/6 Renal mass 
reduction (two 
surgical times) 

Sprague-Dawley/♂/280-
300g 

In the first step, two poles of the left 
kidney were removed and one week 
later the right kidney was removed 

Mycophenolate mofetil and benazepril 
by oral gavage (20 mg /kg/day/for 8 
weeks; 10 mg/kg/day/for 8 weeks, 

respectively) 

Mycophenolate mofetil and benazepril 
alone, and especially combined, 

improve tubulointerstitial fibrosis (9) 

 Wistar/♀/150-170g In the first step, two poles of the left 
kidney were removed and three days 
later the right kidney was removed. 

Diuresis experiments were performed 1, 
4, 8, 10, 20 weeks after 5/6 

nephrectomy 

- 

Did not cause any fibrotic alterations 
during the 20-week study period (29) 

 Sprague-Dawley/♂/12 
weeks 

In the first step, two poles of the left 
kidney were removed and one week 
later the right kidney was removed 

Vitamin E by oral gavage 5,000 IU α-
tocopherol/kg chow for 15 weeks 

 

Long-term vitamin E therapy reduced 
renal fibrosis (95) 

5/6 Renal mass 
reduction (one 

surgical time with 
artery ligation) 

Wistar/♂/≈ 250g 5/6 Nephrectomy was performed by 
ligation of two or three branches of the 
left renal artery and right nephrectomy 

- 

Endoglin expression was increased in 
rats with renal fibrosis (7) 

 Wistar/♂/300±10g 5/6 Nephrectomy was performed by 
ligation of two of three branches of the 
left renal artery and right nephrectomy 

0.2 mg Halofugione/kg/day by oral 
gavage for 8 weeks 

Halofuginone reduced renal fibrosis 
(89) 

5/6 Renal mass 
reduction (one 
surgical time) 

Sprague-Dawley/♂/250-
300g 

5/6 Nephrectomy was performed by 
removing the whole right kidney and 

upper and lower poles of the left kidney 

Rehmannia glutinosa p.o. 
administration of the aqueous extract 

500 mg/kg/day for 8 weeks 

Rehmannia glutinosa reduced renal 
fibrosis principally by inhibiting the 

expression of Ang II and AT1 
receptors, TGFβ1, and type IV 

collagen (43) 

 Sprague-Dawley/♂/6 
weeks/220-250g 

5/6 Nephrectomy was performed by 
removing the whole right kidney and 

upper and lower poles of the left kidney 

Animals received gene therapy with 
doxycycline-inducible Smad7 or empty 

vectors mediated by an ultrasound-
microbubble technique 

Ang II induces renal fibrosis via the 
TGFβ by a SMAD signaling pathway 

(30) 
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5/6 Renal mass 
reduction 

(modified surgical 
protocol) 

C56BL/6/♂/, 129/Sv/♂, 
Swiss-Webster/♂/8 to 10 

weeks 

The lower branch of the left renal artery 
was ligated to produce about one third 

area with visible renal ischemia; the 
upper pole of the left kidney was 

removed by cautery and the right kidney 
was nephrectomized to induce a total 
5/6 nephrectomy. In some C57BL/6 

mice, 7/8 nephrectomy was induced by 
removing additional renal mass from the 
upper pole of the left kidney by cautery 

- 

Genetic background is one of the 
significant factors that determines a 
predisposition to the progression of 

glomerulosclerosis in mice (65) 

Renal mass 
reduction (one 

surgical time with 
the removal of the 

right kidney 
alone) 

Sprague-Dawley/♂/182-
206g 

Renal mass reduction was performed, 
with the removal of the right kidney 

alone 

Fasudil + aldosterone s.c., after 2 
weeks of recovery from surgery, rats 

were treated for 5 weeks with: (1) 
Vehicle; (2) aldosterone (0.75 μg/h); 
aldosterone + fasudil (10 mg/kg/day) 

Fasudil significantly diminished 
aldosterone-induced renal fibrosis 

(93) 

UUO Sprague-Dawley/♂/450-
500g 

UUO was performed by left unilateral 
ureteral ligation 

Losartan in drinking water 1 day before 
UUO and continued daily until the 
animals were sacrificed on day 21 

(250 mg/l) 

Ang II blockade with losartan 
considerably decreased renal injury, 

and improved renal fibrosis (76) 

 B1+/+ and B1-/-/♂; 
C57BL/6/♂/8-12 weeks 

UUO was performed by left unilateral 
ureteral ligation 

Kinin B1 receptor antagonist by oral 
gavage in aqueous solution 1 day 

before obstruction or 3 days after and 
continued throughout the time of 

obstruction (10 mg kinin B1 receptor 
antagonist SSR240612/kg/day) 

Kinin B1 receptor blockade reduced 
the development of renal fibrosis (74) 

 Isogenic kinin 1 
receptor-deficient 

C57BL/6/♂, wild-type 
C57BL/6/♂/8 weeks 25-

28g 

UUO was performed by left unilateral 
ureteral ligation. Experimental protocol 

was performed at days 1, 5 and 14 after 
UUO 

- 

Kinin B1 receptor removal may be a 
significant factor in renal fibrosis 

prevention (44) 

 Adult (12 to 20 weeks) or 
young (P12 – neonates 

12 days after birth) 
C57BL/6 or coll-GFP 

UUO was performed through a left flank 
incision. The ureter was identified and 
tied at the level of the lower pole of the 

kidney with two separate silk ties - 

Study of the differentiation of 
pericytes and into myofibroblasts in 

the ureteral obstruction model of renal 
fibrosis. Renal fibrosis research 

should focus on injury of the 
vasculature rather than injury to the 

epithelium (41) 
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 C57BL/6 (wild-
type)/♀/10 wk 20g-22g; 

AT1a-deficient 
(mutant)/♀/10 weeks 

25g-25g 

UUO  was performed by the left ureter 
ligation, kidneys were harvested at 2, 5, 
and 10 days after UUO for histological 

evaluation 
- 

Ang II plays a central role in the 
development of tubulointerstitial 

fibrosis via the AT1 receptor in UUO 
(75) 

 TWEAK deficient or wild 
type C57BL/6/10 to 14-

weeks 

UUO  was performed by the left ureter 
ligation, kidneys were harvested at 48 h, 

7, 14 or 21 days after surgery for 
histological studies 

- 

Deletion of TWEAK reduced renal 
fibrosis by Ras pathway (48) 

 C57BL/6/♂/2 months UUO was performed by the left ureter 
ligation, kidneys were harvested 

according to the treatment and group of 
the study 

0.8 mg Ang II/kg by a single i.p.; 40 mg 
losartan/kg by a daily i.p.; 70 mg 

atorvastatin/kg/day by oral gavage; 40 
mg farnesyl transferase inhibitor/kg 

s.c.; 3 mg chaetomellic acid A/kg/day 
s.c. 

Inhibition of Ras pathway activation 
may be a therapeutic target in the 
prevention of renal fibrosis (100) 

Ischaemia Wistar/♀/150-170g The left kidney was laid bare and the 
renal artery was ligated for 20 or 45 min. 
Diuresis experiments were performed 8, 

12, 16, 20 weeks after ischaemia 

- 

Ischaemia did not cause significant 
fibrotic alterations during the 20-week 

study period (29) 

 C57BL/6/♂/7–9 weeks 
20-25g 

Animals were subjected to either 45 or 
60 minutes of unilateral kidney ischemia. 

Diuresis experiments and fibrosis 
evaluation were performed 4 weeks 

after ischaemia 

1.5 mg Rapamycin/kg/day s.c. starting 
1 week after surgery for up to 3 weeks 

 

Delayed treatment of rapamycin after 
an ischemia reperfusion injury had an 

insignificant effect on renal fibrosis 
(78) 

 Adult (12 to 20 weeks) or 
young (P12 – neonates 

12 days after birth) 
C57BL/6 or coll-GFP 

Ischemia reperfusion injury was 
performed through a left flank incision. A 

surgical clamp was placed over the 
artery and vein for 35 minutes and then 

removed. Return of blood flow was 
confirmed. 

- 

Study the differentiation of pericytes 
into myofibroblasts in the ischemia-
reperfusion model of renal fibrosis. 

Renal fibrosis research should focus 
on injury of the vasculature rather 
than injury to the epithelium (41) 

s.c.: Subcutaneous; i.p.: intraperitoneal; p.o.: per os; TGFβ: transforming growth factor-β; TWEAK: tumour necrosis factor-like weak inducer of apoptosis; Ang II: 
angiotensin II; AT1: angiotensin II type-1; UUO: unilateral ureteral obstruction; coll-GFP: collagen type I-α 1 transcript. 
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5/6 Renal mass reduction (RMR). Over the last 50 years, models using animals that have 

undergone surgical renal reduction have been used to study progressive renal disorders 

(17,62). The remnant kidney model of progressive renal disease has been used in different rat 

and mouse strains to study the pathogenesis of glomerulosclerosis. The 5/6 RMR model in 

rats is frequently studied to evaluate alterations in the progression of chronic kidney failure, 

namely renal fibrosis (5,7, 63). A study conducted by Hostetter and colleagues highlighted the 

action of glomerular hyperfiltration in the development of lesions in remnant glomeruli in rats 

(64). However, Ma and Fogo, in a study that used the remnant kidney model, recorded small 

glomerular changes in C57BL/6 mice. On the other hand, in 129/Sv and Swiss-Webster 

strains, mice were observed to have significant glomerular sclerosis, so to some extent these 

results demonstrate the effect of genetic background on renal response to renal reduction (65). 

Sensitivity to the development of glomerulosclerosis and hypertension in 129/Sv and C57BL/6 

strains may be predisposed by renin gene polymorphisms. Mice with two renin genes have 10 

times greater renin activity in their plasma compared with mice with one renin gene. Because 

of this increased renin activity in 129/Sv mice, they exhibit a greater predisposition for 

developing hypertension and glomerulosclerosis (66). Although research studies focus on the 

various processes of kidney function, clinical studies have also established that the 

development of renal failure correlates more with renal interstitial fibrosis than with glomerular 

injury (17). 

In the 5/6 RMR animal model, a RMR of >85% is required to simulate the decrease in the 

number of nephrons that occurs with CKD, which makes this model an excellent model for 

studying the mechanisms involved in compensatory adaptations to nephron loss. The 5/6 RMR 

model is achieved by unilateral nephrectomy, followed by the removal of two-thirds of the 

remaining kidney (67,68). For the study of renal disease, this can be performed in one of two 

ways: a) unilateral nephrectomy plus polectomy of the remnant kidney, resulting in 

approximately 5/6 RMR; and b) unilateral nephrectomy plus complete ligation of two branches 

of the contralateral renal artery, resulting in infarction of approximately 2/3 of the remnant 

kidney, which produces an overall 5/6 renal mass nullification (1). In the 5/6 RMR model, the 

remaining nephrons increase their filtration rate (64) to preserve the excretory function; renal 

dysfunction occurs when the remaining nephrons are unable to perform this excretory function 

(1). Over time, these animals develop a syndrome of systemic and glomerular hypertension 

(68), proteinuria (64) and matrix expansion (5), and by 12 weeks present progressive 

glomerulosclerosis and tubulointerstitial fibrosis in the originally healthy remnant nephrons (23, 

62,68). In this model, the alterations to the matrix metabolic enzymes in the remnant kidney 

strengthen the idea that an imbalance of matrix generation/degradation may contribute to the 

development of renal damage and renal fibrosis following 5/6 renal mass ablation (9). 
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Regardless of aetiology, the reduction in functioning renal mass is associated with progressive 

glomerulosclerosis (67). This fact makes the 5/6 nephrectomy model one of the most often-

used in the study of glomerulosclerosis. However, this model is limited due to the difficulty of 

performing surgery, the high mortality rate and the sudden loss of a large amount of renal 

tissue that occurs very rarely in human disease, where loss of functional renal tissue typically 

occurs more gradually. 

As a result of the RMR, the number of nephrons suddenly decreases and the remaining 

nephrons begin to develop renal damage, which depends on: the surgical method used; the 

amount of tissue removed; the strain and sex of the animal (67); and the experimental 

technique (1). Fleck and colleagues demonstrated that male rats are more resistant to 5/6 

renal mass ablation than female rats, and suggest higher resistance in Sprague-Dawley rats 

to 5/6 renal mass ablation compared with Wistar rats, indicating that strain and gender 

influence the progression of renal disease in the experimental model of a 5/6 nephrectomy 

(69). 

 

Unilateral ureteral obstruction. Obstructive uropathy is the main cause of end-stage 

renal disease in children of the United States, being one of the main reasons for paediatric 

kidney transplants (70). Urinary pathway obstruction, which may result either from the 

blockage of one or both ureters, provokes the progressive damage of renal structures, which 

leads to chronic renal dysfunction. Ureteral obstruction leads to kidney enlargement, caused 

by urine collecting in the renal pelvis or calyces, which causes hydronephrosis (1,71). This 

situation therefore causes renal dysfunction by impeding the normal flow of urine through the 

renal pelvis, ureters, bladder and urethra (1). In rodents, UUO can be considered the most 

widely used model to study the mechanisms of non-immunological tubulointerstitial fibrosis 

(72). The surgical technique applied to achieve this animal model is relatively simple, if 

performed as a single process in an adult rats (17) and mice (31), with the ligation of the ureter 

being most frequentlyused technique [see Chevalier et al. (17)]. In general, the alterations 

caused by this model are established within 7 days in mice and 2-3 weeks in rats (4). 

UUO is the most widely used interstitial fibrosis model, due to the rapid tubular atrophy and 

interstitial fibrosis development and matrix deposition (73). The UUO animal model and human 

obstructive nephropathies have very similar aetiology. However, this absolute obstruction very 

rarely occurs in humans, but due to its accelerated time course, this model reproduces a fibrotic 

sequence of events that is almost identical to that found in humans (1,31). In UUO, the first 

alterations observed in the kidneys are haemodynamic, mainly triggered by the increased 

activity of the vasoconstrictor systems, namely the renin–angiotensin system (72). After 

complete UUO in the obstructed kidney, there is a progressive decline in renal blood flow, 
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glomerular filtration rate and rapid damage of the renal parenchyma. Most of the renal cellular 

alterations occur after 2–3 weeks (17), namely an increase in intratubular pressure, and 

consequently an extension of the tubule walls (31), epithelial tubular cell damage (72) and 

subsequently a significant increase in renal fibrosis indicators as inflammation mediated by 

macrophages (44,74) and myofibroblasts (72). These cells produce cytokines and growth 

factors that trigger an inflammatory process in the kidney after UUO, inducing ECM deposition 

and cell apoptosis. Furthermore, oxidative stress and the renin–Ang II system play an 

important role in the overexpression of pro-inflammatory cytokines in the UUO. In this sense, 

it is fully established that TGFβ and NFκB play a central role in stimulating ECM production 

and in the inflammatory process after UUO, respectively (72). The pro-inflammatory kinin B1 

receptor contributes to the development of UUO-induced renal inflammation and consequently 

renal fibrosis. In this way, Klein and colleagues showed that kinin B1 receptor blockade 

significantly reduced the progression of evident renal fibrosis in the UUO animal model. It 

seems that this effect was in part provoked by a mechanism related with the inhibition of CTGF 

and chemokine expression by resident renal cells and without altering TGFβ expression (74). 

Nevertheless, Wang and colleagues demonstrated that kinin B1 receptor deletion reduced 

renal fibrosis while improving expression of anti-inflammatory factors (heme oxygenase-1 and 

interleukin-10) and reducing that of the pro-inflammatory factors (TGFβ and interleukin-6) (44). 

These results demonstrate that B1 receptor blockade reduces renal fibrosis by modifying the 

expression of the immune components, however certain effects/processes involved remain to 

be determined. 

An imbalance between vasoconstricting and vasodilating substances may demonstrate 

haemodynamic changes observed in the UUO model. This leads to the activation of the plasma 

and renal renin–angiotensin–aldosterone system, triggering subsequent pathological 

alterations through the activation of TGFβ and NFκB (75), the infiltration of immune cells, 

fibrosis and renal hypoperfusion (31), and the overexpression of CTGF (74). Indeed, as 

demonstrated in several studies, renal Ang II is the crucial mediator of the renal response to 

UUO, including inflammation, apoptosis, interstitial fibrosis (17,31,75,76), and increased 

fibroblast expression (76). In a study by Kellner and colleagues, the losartan angiotensin 

receptor antagonist considerably reduced renal injury in the UUO model, improving apoptosis, 

renal fibrosis, fibroblast and macrophage expression infiltration, and thus demonstrating the 

effectiveness of this type of treatment. About 50% of the renal alterations were not affected by 

this treatment, indicating that there are other factors in the development of renal injury in UUO. 

However, these facts suggest that Ang II is responsible for around 50% of the renal fibrotic 

response in UUO (76). Total UUO is a pathological condition that causes tubular atrophy, 

proliferation and apoptosis of the epithelial tubular cells, macrophage infiltration, epithelial–
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mesenchymal transition, interstitial cell infiltration, ECM deposition, collagen I deposition and 

an accumulation of fibroblasts and myofibroblasts (31). Lin and colleagues identified the 

pericytes and fibrocytes as two sources of collagen I in the UUO of renal fibrosis (41), also 

showing that pericytes are the source of myofibroblasts, highlighting the key role that pericytes 

play in the development of renal fibrosis (41,77). In another study, absence of tumour necrosis 

factor-like weak inducer of apoptosis (TWEAK) delayed the accumulation of myofibroblasts 

and reduced ECM deposition in the UUO mouse model. On the other hand, TWEAK 

overexpression promoted renal fibrosis in mice without any kidney damage (48). These results 

showed the fibrotic actions of TWEAK that should be further investigated in order to understand 

the mechanisms of a chronic persistent kidney injury model such as the UUO model. 

However, in this model, the recovery time following the removal of the obstruction is 

inversely proportional to the duration of the obstruction. On the one hand, in the UUO, one of 

the first consequences of peritubular capillary destruction, tubular atrophy and progressive 

renal insufficiency is renal interstitial matrix accumulation. However, on the other hand, renal 

inflammation leads to glomerular and tubular damage in some nephrons, which in turn leads 

to the damage of the remaining nephrons, demonstrating that interstitial fibrosis is a secondary 

expression of the disease (17). 

Animal UUO models can be used in research to obtain new therapeutic options for the 

more effective treatment of renal fibrosis, e. g. mouse models, which have the advantage of 

genetic manipulation of species (31). This is especially so since this model has a rapid time 

course (6), does not use exogenous toxins, lacks the ‘uremic’ environment, allows for 

variations in the severity, timing, and duration of obstruction (17), has good reproducibility, 

easy performance, availability of the contralateral kidney as a control factor and is specific 

strain independent (23). However, this model does have some deficiencies, for example, the 

incapacity to monitor changes in renal function, because the unobstructed contralateral kidney 

offsets the loss in renal function (6), and as it is realized with acute injury, may not be indicated 

for the study of all conditions of renal fibrosis (4). 

 

Ischaemia-reperfusion. The ischemia-reperfusion model is performed in rats through 

median abdominal incision: the left kidney is laid bare and the renal artery is ligated for 20 or 

45 min in Wistar rats (29), and in C57BL/6 mice by 45 or 60 min of unilateral kidney ischemia 

(78). After one day, the right kidney is removed via a dorsal incision to eliminate the 

compensatory effects of the contralateral kidney. Kidney samples from the rats taken 20 weeks 

after 20 and 45 min ischaemia did not show significant interstitial fibrosis. Some kidney 

samples exhibited atrophic tubules and revealed a slightly thickened tubular basement 

membrane (29). Takada et al. similarly demonstrated that the morphological changes 
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occurring predominantly between 20 and 40 weeks after renal ischaemia are 

glomerulosclerosis and interstitial fibrosis (79). Ischemia duration is also very important since 

the almost-complete recovery of renal function and morphology has been observed in rats 4 

weeks after 30 min ischaemia (80). 

 

3.5.4 Spontaneous models of renal fibrosis 

 

There are several references in literature indicating that certain mouse and rat strains may 

be more vulnerable to the development and progression of renal disease and provide the 

opportunity to investigate new mechanisms and new genes that lead to spontaneous renal 

fibrosis. Thus, genetic background plays an important role in the response to renal injuries 

(65,81). Wistar-Kyoto (WKY)/NCrj and ACI/NMs rats are resistant to glomerulosclerosis, and 

male PVG/c rats are totally resistant to glomerulosclerosis. On the other hand, male Wistar 

rats are predisposed to the spontaneous development of glomerulosclerosis, and 

approximately 100% of Buffalo/mna strain rats spontaneously develop glomerulosclerosis over 

time (65) (Table III). 

 

Buffalo/mna rats. Between 2 and 4 months of age Buffalo/mna rats spontaneously 

develop podocyte alterations, proteinuria, but without verification of sclerotic glomeruli. At the 

age of 6 months, these animals had a few sclerotic glomeruli in all sections of kidney examined. 

At 22 months of age, about 37.8-52.1% of the glomeruli became sclerotic (82). These rats are 

suitable for use as animal models to investigate renal fibrosis in humans (23). 

 

Munich. Munich Wistar Frömter rats have a congenital deficit with approximately 30-50% 

fewer nephrons than normal, and structural changes (sclerosis) that develop spontaneously 

with age (23). By the age of 10 weeks, these rats develop proteinuria, and by week 35 the 

kidneys demonstrate marked glomerulosclerosis (83). In these animals, aging is also 

associated with a progressive increase in blood pressure. This situation is more noticeable in 

females than in males. However, males and females have a similar glomeruli number per 

kidney. This gender-related difference can be explained by the higher single nephron filtration 

rate and glomerular volume verified in males when compared with females (46,83). These rats 

are animal models to investigate renal fibrosis in humans; they allow us to study the 

progression of renal disease associated with a reduction in the number of nephrons (23,46). 
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Table III. Spontaneous models used for renal fibrosis study. 

Animals Strain/gender
/age 

Protocol Results (reference) 

Buffalo/mn
a 

Buffalo/mna/6 
months 

Kidneys from healthy 
LEW.1W (RT1u) were grafted 
into 6-month-old proteinuric 
Buffalo/Mna (RT1u) using a 

protocol of tolerance 
stimulation by donor-specific 

transfusion 

Proteinuria decreased in healthy 
kidneys grafted into Buffalo/Mna 
recipients. Buffalo/Mna rats are 
suitable for the study of renal 

fibrosis and an interesting animal 
model for relapsing segmental 

glomerulosclerosis in humans (47) 

Munich 
Wistar 

Frömter 

Munich Wistar 
Frömter and 

Wistar/♀/♂/12-
14 weeks 

Diuresis experiments and 
fibrosis evaluation were 

performed in these animals 

Data suggests that male Munich 
Wistar Frömter rats spontaneously 

developed proteinuria and 
glomerulosclerosis with age, which 
appeared to be associated with a 
lower number of nephrons (46) 

 

3.5.5 Genetically modified models of renal fibrosis 

 

Renal fibrosis is much more difficult to induce in mice than in rats, since mice demonstrate 

greater resistance to experimental techniques. Thus, it is important to develop a mouse model 

in which renal fibrosis can be induced by a simple and unique procedure (84). Here, we 

describe four animals genetically modified for this purpose (Table IV). 

 

Transgenic mouse strain (Nep25). Nep 25 mice exhibit genetically modified podocytes 

expressing a toxin receptor, being selectively diminished by single intravenous injection of anti-

Tac (Fv)-PE38 (LMB2), a specific toxin, which led to selective and irreversible damage in the 

podocytes. Thus, the severity of disease can be controlled by the dose of toxin administered 

and knowledge of the exact time and location of the onset of the disease. After this injection, 

transgenic mice dose-dependently developed proteinuria and glomerular damage and 

subsequently renal fibrosis (84). Renal fibrosis in these transgenic mice and renal human 

fibrosis have similarities, and they can therefore be used to study podocytopathies (23). 
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Table IV. Genetic models used for renal fibrosis study – drugs evaluated and their efficacy. 

Animals Strain/gender/
age/weeks 

Protocol Drugs and 
compounds 
evaluated 

Results and 
therapeutic effects 

(reference) 

Nep 25 
mice 

Nep 25/♀/6-15 
weeks 

LMB2 1.25 to 50 ng/g 
i.v., data were 

performed for 28 days 
- 

Nep 25 mice dose-
dependently 
developed 
proteinuria, 

glomerular injury and 
renal fibrosis (84) 

HIVAN 
transgenic 

mice 

HIVAN 
transgenic 

Tg26/heterozy
gous 

transgenic and 
non-

transgenic/21 
day 

Twenty-four sets of 
these groups entered 
and completed the 20-

day drug treatment 
protocol. Chemical and 
histological analyses 
were performed after 

treatment 

2.5 mg 
Flavopiridol/kg or 

an equivalent 
volume of vehicle 
i.p. every 12 h for 

20 days 

Flavopiridol 
improved the focal 

glomerulosclerosis in 
HIVAN transgenic 

mice (104) 

Transgenic 
mice 

expressing 
EGFP 

Adult (12 to 20 
weeks) or 

young (P12 – 
neonates 12 
days after 

birth) C57BL/6 
or coll-GFP 

Transgenic mice 
expressing EGFP in 
cells producing coll-
GFP. This mouse 

model is used to study 
collagen-producing 

cells in kidney disease 

- 

In normal kidneys, 
both podocytes and 
pericytes produce 

Coll1a1 transcripts, 
and that in fibrotic 
kidneys, Coll1a1-
GFP expression 
indeed identifies 

myofibroblasts (41) 

Collagen-
receptor 
deletion 

Ddr1 

Collagen-
receptor 
deletion 

Ddr1/both 
sexes/7.5 or 
9.5 weeks 

Ddr1/Col4a3 double-
knockouts were 

compared to Col4a3−/− 
mice (129/Sv) with 

50% or 100% 
expression of DDR1, 
wild-type controls and 
to Ddr1−/− Col4a3+/+ 
controls for over 6 

years 

- 

Absence of DDR1-
expression in the 

kidney reduced renal 
fibrosis and 

inflammation (98) 

AT1a 
receptor-
deficient 
C57BL/6 

mice 

AT1a receptor-
deficient 

C57BL/6 /♀/10 
weeks/25g-

35g 

These animals were 
subjected to UUO. 

Kidneys were 
harvested at 2, 5, and 
10 days for histological 

evaluation 
- 

Results showed that 
the alterations 

indicative of renal 
fibrosis observed in 
receptor-deficient 

AT1a C57BL/6 mice 
were lower than 
those detected in 

mice with UUO (75) 

i.v.: Intravenous; i.p.: intraperitoneal; Nep25: transgenic mouse strain; HIVAN: HIV-associated 
nephropathy; coll-GFP: collagen type I-α1 transcript; DDR1: discoidin domain receptor 1; EGFP: 
enhanced green fluorescent protein; UUO: unilateral ureteral obstruction; AT1: angiotensin II type-
1. 
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HIV-associated nephropathy (HIVAN) transgenic mouse model. The HIVAN transgenic 

mouse model was developed using transgenic 26 mice (Tg26) with a defective HIV provirus 

as the integrated transgene (23,85). HIVAN may be considered a rapidly progressive form of 

focal segmental glomerulosclerosis (86). At 24 days of age, these animals displayed 

proteinuria and HIV-specific gene expression in the kidneys, and between 2 and 6 months of 

age a high mortality rate (20%) and slight focal glomerulosclerosis were proven. Moribund 

animals demonstrate considerable glomerulosclerosis, microcystic tubular alteration and 

tubular epithelial degeneration, and interstitial nephritis, changes very similar to those found in 

human HIVAN (23,85). Based on this Tg26 mouse model, a rat HIVAN model has also been 

developed which shows a more markedly expressed HIV transgene, however without 

glomerular collapse (23). 

 

Coll-green fluorescent protein transgenic mice. Transgenic mice were generated 

expressing enhanced green fluorescent protein (EGFP) in cells producing the collagen type I-

α 1 (Coll1a1) transcript (coll-GFP mice). Collagen I-α1 is the most abundant protein in collagen-

I fibrils. These mice express a single copy of 3.5 kb of the 5’ Coll1a1 promoter, 0.5 kb of the 3’ 

uncoded region and four upstream enhancers, driving EGFP expression, and have been 

shown to label collagen-I α1-producing cells with high sensitivity and specificity. This model is 

used to study collagen-producing cells in renal fibrosis (41). 

 

AT1 receptor-deficient mice. Angiotensin AT1a receptor-deficient C57BL/6 (mutant) 

mice have a targeted replacement of AT1a loci by the lacZ gene. These animals enable us to 

clarify the importance of AT1a-mediated signal transduction pathways in the pathophysiology 

of renal diseases, especially tubulointerstitial injury. Therefore, C57BL/6 (mutant) mice are 

useful in the study of the specific function of AT1a receptor (87). 

 

3.5.6 In vitro models  

 

Nearly all intrinsic renal cells have been widely studied to assess specific mechanisms and 

signal pathways of renal fibrosis development. However, the results are incomplete, usually 

based on very specific aspects concerning only one cell type and very different from the 

complexity verified in renal fibrosis responses when studied in animal models (23) (Table V). 
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Table V. In vitro models used for renal fibrosis study – drugs evaluated and their efficacy. 

Cells Protocol Drugs and 
compounds 
evaluated 

Results and therapeutic 
effects (reference) 

Cultured rat 
mesangial 

cells 

Rat mesangial cells were 
obtained from intact 

glomeruli from 4-6 week-
old Sprague-Dawley rats 

- 

Ang II induces TGFβ 
production and secretion by 
mesangial cells and TGFβ in 

turn stimulates ECM 
production (12) 

Cultured rat 
kidney 
tubular 

epithelial cell 

NRK52E line 

- 

Ang II induces the activation of 
the Smad2/3 and mitogen-

activated protein kinase 
pathways, as well as the 

expression of CTGF, TGFβ1, 
and collagen I (30) 

Cultured rat 
mesangial 

cells 

Rat mesangial cells were 
obtained from Sprague-
Dawley rats/stimulation 

with aldosterone (1 
nmol/l) induced 
myofibroblastic 

differentiation and 
collagen gene 

expression in rat 
mesangial cells 

Pre-incubation with a 
selective 

mineralocorticoid 
receptor antagonist 

eplerenone (10 μmol/l) 
or a specific Rho-
kinase inhibitor, 

Y27632 (10 μmol/l) 

Pre-treatment with eplerenone 
or Y27632 prevented the 
aldosterone-induced cell 

hypertrophy, promoting an 
increase in collagen gene 

expression via the Rho-kinase 
dependent signaling pathway 

(88) 

Cultured 
mice renal 
fibroblast 

cells 

Mice renal interstitial 
fibroblast cells originally 
isolated from SJL mouse 
kidney/Murine embryonic 
fibroblasts were isolated 
from mouse embryos at 

10 days post-coitum 

- 

Results suggests that TWEAK 
overexpression may promote 
renal fibrosis by increasing 
inflammatory activity and 

proliferation in cultured renal 
fibroblasts (48) 

Cultured 
murine 

embryonic 
fibroblasts 
and normal 
rat kidney 

tubular 
epithelial 

cells 

Murine embryonic 
fibroblasts from wild-type 
and NRF2-deficient mice 

and NRK52E 

Cells were treated 
with cyclosporine A (2, 
4, and 8 μM) for 48 h 

and NRK52E cells 
were treated with 
sulforaphane (an 

activator of NRF2) for 
24 h then incubated 

with vehicle (ethanol) 
or cyclosporine A (8 

μM) for 48 h 

Cyclosporine A treatment 
increased heme oxygenase-1 

expression in an NRF2-
dependent mode in normal rat 

kidney cells as well as in 
murine fibroblasts. Genetic 
inhibition of NRF2 in these 

cells intensified alterations in 
cyclosporine A-induced 
epithelial–mesenchymal 
transition indicators (97) 

Ang II: angiotensin II; TGFβ: transforming growth factor-β; ECM: extracellular matrix; NRK52E: 
normal rat kidney tubular epithelial cells; CTGF: connective tissue growth factor; TWEAK: tumour 
necrosis factor-like weak inducer of apoptosis; NRF2: nuclear factor E2-related factor 2. 
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Cultured rat mesangial cells. Rat mesangial cells are used to study the 

physiopathological processes of renal disease in particular renal fibrosis, for example, the 

action of Ang II on TGFβ production and secretion by mesangial cells and the potential roles 

of Rho-kinase in aldosterone-induced mesangial cell hypertrophy (12,88). 

 

Cultured mouse renal fibroblast cells. Mouse renal fibroblast cells are used to study the 

molecular and cellular mechanisms promoting renal fibrosis. Cultured renal fibroblast cells can 

be used to evaluate the effect of tumour necrosis factor superfamily cytokines in the induction 

of the renal fibrosis process. Ucero and colleagues demonstrated that TWEAK induced 

inflammatory activity and proliferation in renal fibroblast cells, and this action has a Ras-

dependent pro-proliferative and NFκB-dependent proinflammatory effects (48). 

 

3.6 Effective Treatments and New Perspectives of Research  

 

A very important factor in the preservation of renal function is the control of hypertension 

and hyperglycaemia (2). In humans, failure of kidney function caused by fibrosis generally 

happens many years after the onset of diabetes or recurrent infections. Although it is not 

possible to reproduce this phase in animal studies, the use of animal models for renal fibrosis 

allows for the evaluation of drug efficacy in the treatment of renal fibrosis and also the 

pathogenesis of this disease (25). However, there are few or no drugs with the capacity to 

prevent the fibrotic process in experimental and human CKD (89), not only in monotherapy but 

also with a combination of therapies, perhaps because renal fibrosis is a complex process that 

involves several cell types and mediators (90). 

Treatments that target the renin–angiotensin–aldosterone system inhibition, carried out 

with two types of drugs: angiotensin-converting enzyme inhibitors and angiotensin receptor 

antagonists, are extremely effective in reducing proteinuria, CKD progression and renal fibrosis 

in humans and experimental models (1, 5, 12, 19). Indeed, Ang II is a principal mediator in the 

pathogenesis of renal disease (8). The use of higher doses of these two drugs can more 

effectively reduce fibrosis (32), and the benefits of this treatment are independent of blood 

pressure reduction (2). One of the factors leading to these effects by the blockage of the renin 

angiotensin system is indeed the reduction of the activity of TGFβ (14,20) and also platelet-

derived growth factors and PAI1 (5). In a study carried out in humans, losartan, an Ang II 

receptor blocker, diminished PAI1 in cyclosporine-treated renal graft recipients. Ang II 

blockage and PAI1 diminution may be an important action in preventing renal fibrosis (91). 

Currently, Ang II inhibition is clinically considered to be the most effective therapeutic 

intervention for preventing or reducing the development of most renal diseases (17). Although 

angiotensin–converting enzyme inhibition has widely recognized clinical benefits on the 
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development of renal sclerosis, it is not equally effective at all stages of renal fibrosis, i.e. it is 

more effective in the earlier stages of sclerosis than in its advanced stages (5) (Figure 2). 

Treatment with Rehmannia glutinosa inhibits the progression of glomerulosclerosis by 

reducing TGFβ mRNA expression and type IV collagen accumulation and is likely to prevent 

the presence of interstitial fibrosis and mononuclear cell infiltration (43). Pirfenidone, an anti-

fibrotic molecule, attenuates renal fibrosis in the UUO model by reducing the level of TGFβ 

and the synthesis of collagen in the renal tissue, suggesting that pirfenidone may be applied 

as a treatment of renal fibrosis progression (92). However, despite the fact that anti-TGFβ 

therapies are associated with improved renal fibrosis (2,7), it should be cautiously selected for 

regression of renal fibrosis because TGFβ is involved in the glomerular self-defence system 

that limits inflammation in renal injuries (20). On the other hand, a combination of TGFβ 

antibody with angiotensin-converting enzyme inhibitors offers superior nephroprotective 

effects than single treatments in that it normalizes blood pressure, proteinuria and led to 

regression of glomerulosclerosis and tubular injuries in rats (20). Blockade of the kinin B1 

receptor is another promising antifibrotic therapy for renal fibrosis in animal models of 

obstructive nephropathy (44,74). In another study, it was verified that the therapeutic 

combination of mycophenolate mofetil (immunosuppressive agent) and benazapril 

(angiotensin-converting enzyme inhibitor) was more effective in the treatment of renal fibrosis 

than mycophenolate mofetil and benazapril alone in 5/6 nephrectomized rats (9). Treatment 

with fasudil, a specific Rho-kinase inhibitor, significantly improved aldosterone-induced renal 

fibrosis and increased collagen, TGFβ, and CTGF expression as well as SMAD2/3 activity in 

the kidneys of rats which had undergone a right uninephrectomy (93). In another study, the 

effects of aldosterone were diminished by pre-treatment with a mineralocorticoid receptor 

antagonist and Rho-kinase inhibitor (88). This type of study, with a combination of two or more 

drugs, showed more effective results in several models of renal fibrosis, and should be 

considered as potential treatments. Nevertheless, further studies in animal models are 

required to confirm whether TGFβ and aldosterone blockers or other agents are beneficial for 

combatting the progression of renal fibrosis, and to assess whether these therapies can 

actually be investigated in human clinical trials because it is evident that Ang II blockade alone 

is not sufficient for preventing or regressing renal fibrosis. 

Yang and colleagues showed that the ability to block SMAD3 but not SMAD2, and to inhibit 

Ang II-mediated CTGF and fibrotic responses, may also be an alternative therapy for 

preventing the progression of renal fibrosis (30). It seems possible to inhibit matrix deposition 

and renal fibrosis within the kidney by blocking CTGF expression without affecting TGFβ 

expression. Furthermore, CTGF blockade promotes some anti-profibrotic properties similar to 

TGFβ blockade, however, it probably does not share the immunomodulatory properties of 

TGFβ (36). In another study, it was demonstrated that CTGF siRNA blocked the epithelial–
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mesenchymal transition in rat kidney grafts undergoing chronic allograft nephropathy (94). 

CTGF inhibition may be considered a potential therapy for preventing renal fibrosis. 

Active vitamin D and its analogous elements reduce renal fibrosis by attenuating 

glomerulosclerosis and interstitial fibrosis. The various actions of active vitamin D on kidney 

function, depending on the nature and aetiologies of the CKD animal models, consist of the 

regulation of the renin–angiotensin system, anti-inflammation, podocyte defence, hepatocyte 

growth factor induction and preservation of tubular epithelium by blocking epithelial–

mesenchymal transition. Supplementary treatment with active vitamin D can thus improve 

renal function in individuals with CKD (73). 

Treatment with vitamin E significantly reduced the degree of kidney structural damage in 

the 5/6 nephrectomized rats, showing that treatment with vitamin E reduces glomerulosclerosis 

in 5/6 nephrectomized rats (95). Perhaps this is associated with the fact that vitamin E 

somewhat attenuates the rise in glomerular and mesangial diacylglycerol content that 

mediates the overactivation of protein kinase C (primary mediator of renal dysfunction in 

diabetic rats). Vitamin E treatment also attenuates glomerular and mesangial TGFβ activity. 

Ruboxistaurin, a drug which inhibits this isoform of protein kinase C, was tested in diabetic 

rats, and has been observed to reduce the mesangial expression of TGFβ mRNA and to some 

extent suppress glomerulosclerosis (2). In another study, Wang and colleagues showed that 

the Fuzheng Huayu formula and vitamin E have an inhibitory effect on renal fibrosis by 

reversing tubular epithelial–mesenchymal transition in renal interstitial fibrosis induced by 

HgCl2 in rats. Additionally, the Fuzheng Huayu formula directly reduced TGFβ-induced 

epithelial–mesenchymal transition in human proximal tubular epithelial cells. This action is 

probably potentiated, at least in part, by reducing SMAD2/3 phosphorylation (49). Indeed, it 

appears that in rats, vitamin E has a protective effect on HgCl2-induced renal interstitial fibrosis 

(49,50). However, it is worth noting that a meta-analysis of 136,000 subjects in 19 clinical trials 

indicated that a high dosage (400 IU/day) of vitamin E supplements increased all-cause 

mortality in humans, limiting the efficacy of this treatment in humans (96). 

Halofuginone, a collagen I inhibitor, showed a beneficial decrease in the progression of 

renal fibrosis in the experimental model of 5/6 renal mass ablation, and this was independent 

of blood pressure alterations (89). 

The NFκB family can directly and indirectly stimulate cellular actions leading to tissue 

fibrosis. Cytokine-medicated counter-regulatory mechanisms that block NFκB activation might 

possibly prevent renal disease initiation/progression (15). Other types of treatment may 

concern the inhibition of NADPH oxidase activity, an important mediator of renal fibrosis. The 

use of agents with antioxidant properties appears to have benefits in the regression of renal 

fibrosis in nephropathy rats (2). 
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Extracellular factors and intracellular mediators that control epithelial–mesenchymal 

transition have been recognized as a possible alternatives in combat against the progression 

of renal fibrosis (13). Shin et al. suggest that treatment with small-molecule nuclear factor E2-

related factor 2 (NRF2)-specific activators might be an alternative therapy for the prevention 

or regression of the epithelial–mesenchymal transition fibrosis process evidenced by oxidative 

stress (97). 

Collagen-receptor: discoidin domain receptor 1 (DDR1) is involved in the pathogenesis of 

Alport syndrome, including renal inflammation and fibrosis. The inhibition of this receptor 

seems to represent a new therapeutic strategy in the progression of renal fibrosis in the future. 

This nephroprotective effect on the loss of DDR1 may be due to the down-regulation of 

profibrotic cytokines TGFβ and CTGF (98). 

Chaetomellic acid A (CAA), a selective inhibitor of H-Ras farnesylation (99) tested in mice 

who had undergone UUO, showed a promising action on the reversal of renal fibrosis (100). 

In addition, our research team demonstrated that the inhibition of Ras activation with CAA may 

be a future strategy in the prevention of renal fibrosis (101). 

Another alternative treatment for renal fibrosis might be the use of stem or progenitor cells 

to treat or restore the function of the damaged kidney. This type of treatment allows us not only 

to halt the progression of the disease but also to restore renal function, however, we need to 

confirm several mechanisms of the stem or progenitor cell action (102). 

It is currently thought that cultured cells with features of glomerular epithelial differentiation 

have an important action on the development of renal damage due to the effects of plasma 

proteins on podocyte function. In this way, proteins, beyond being a simple indicator of renal 

damage, can be toxic to the kidney (19). 

Through latest-generation confocal and multiphoton microscopy, and with the help of 

computer programmes, we are able to identify differences within the glomerular network 

organization that emerge during sclerosis regression, which allows for the identification of 

changes in cell and gene expression (19). Despite the progress achieved in several studies 

with different types of treatments and drugs, no drugs presently exist for the effective treatment 

of renal fibrosis (25). 
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Figure 2. Effective and new treatments of renal fibrosis. PDGF: platelet-derived growth factors; PAI1: plasminogen activator inhibitor-1; CTGF: connective tissue growth factor; 
DDR1: discoidin domain receptor 1; TGFβ: transforming growth factor-β; NFκB: nuclear factor-κB; NADPH: nicotinamide adenine dinucleotide phosphate; mRNA: messenger 
ribonucleic acid.
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3.7 Conclusion 

 

CKD has many different genetic and environmental causes and several pathological effects 

such as renal fibrosis, hence this is why it is very important to use different animal models. 

These models have provided important insight into the pathogenesis of renal fibrosis. The use 

of appropriate models for the study of renal fibrosis may provide information that provides an 

understanding of the pathogenic mechanisms of the causes and progression of the disease, 

as well as potential therapeutic interventions. In particular, the expansion of experimental 

models for renal fibrosis has allowed the productive investigation of factors associated with 

cellular and molecular responses to damage caused by renal disease and the fibrotic 

sequence of events. There is a variety of animal models which display characteristics and 

aspects of the relevant human renal disease. Among the many animal models used to study 

renal fibrosis, some are more commonly used than others and therefore there is little 

information available on the less-studied models. The most commonly used models to 

investigate renal fibrosis are UUO and 5/6 RMR, perhaps because they have more advantages 

and similarities to studies of renal fibrosis in humans, or simply because they have been the 

most used in recent years. On the other hand, in our research, we found that in many 

investigations, not all methods and materials are disclosed. For these reasons, many of the 

renal fibrosis models, especially those that are used less often, are very difficult to reproduce. 

The most frequent pathophysiological changes in humans have been successfully 

reproduced in animal models, which increases our understanding of human pathology and 

enables us to develop new animal models and also evaluate new therapies. However, no 

model exactly mimics all of the alterations caused by the progression of renal disease in 

humans such as renal fibrosis, because the factors associated with this disease are not yet 

completely understood. Due to the different aetiological factors of this disease, it is necessary 

to evaluate precise experimental data because the analysis of the results obtained in the 

animal models could lead to wrong conclusions about the pathophysiology of renal fibrosis in 

humans. Thus, the extrapolation of outcomes from animal models to humans should consider 

that the mechanisms of fibrosis and efficacy of interventions and treatments differ considerably 

with different models of renal fibrosis. Perhaps the greatest challenge is to understand how to 

adapt the experimental innovations to clinical reality. Currently, there are no effective 

treatments that prevent the progressive destruction of nephrons or avoid the formation of scar 

tissue. Nevertheless, the potential of the renin–angiotensin system in renal lesions that leads 

to ECM and sclerosis should be emphasized by the effectiveness of therapies that aim to inhibit 

its various actions. It is therefore important to improve our knowledge of the cellular and 

molecular stages of the development of renal fibrosis in order to determine specific markers 
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that will allow for appropriate intervention in the progression of CKD, and perhaps even achieve 

a regression/elimination of renal sclerosis. 
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CHAPTER 4: 

ULTRASONOGRAPHIC EVALUATION OF THE KIDNEY IN 5/6 NEPHRECTOMIZED RATS: 

CORRELATION WITH BIOCHEMICAL AND HISTOPATHOLOGICAL FINDINGS 

 

The content of this chapter was published in: 

- Nogueira A, Rocha AF, Ginja M, Oliveira PA, Pires MJ. Ultrasonographic Evaluation of the 

Kidney in 5/6 Nephrectomized Rats: Correlation with Biochemical and Histopathological 

Findings. In vivo 30: 829-834, 2016 (Full paper). 
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4. Ultrasonographic Evaluation of the Kidney in 5/6 Nephrectomized Rats: Correlation 

with Biochemical and Histopathological Findings 

 

4.1 Introduction 

 

Chronic kidney disease (CKD) is a major public health problem affecting approximately 8-

16% of the population worldwide (1). Animal models are important tools in studying CKD. The 

renal mass reduction (RMR) animal model has been a mainstay of studies of progressive CKD, 

mainly in studying the pathogenesis and novel therapy of kidney diseases (2,3). After 5/6 

nephrectomy, animals develop several kidney alterations, such as glomerular hypertrophy, 

tubular atrophy, glomerular and interstitial fibrosis, and renal insufficiency (4-7). 

In the model of RMR, assessing renal dysfunction and histopathological alterations is of 

great importance in the evaluation of new therapeutic approaches for CKD (8,9). In humans, 

renal biopsy has been advocated in patients with CKD (10,11). However, its invasive nature 

and the need for serial biopsies in order to monitor progression of the disease would expose 

animal model to repeated risks and is not practical. Therefore, certain biochemical markers, 

such as blood urea nitrogen (BUN), creatinine, proteinuria and creatinine clearance, are 

typically used to assess renal dysfunction in this model of CKD (8,9). However, laboratory 

detections primarily demonstrate functional abnormalities of the kidneys. 

Two-dimensional ultrasonography (US), an established non-invasive imaging technique, is 

appealing because of its simplicity, low cost, noninvasiveness and safety, widespread 

availability and non-nephrotoxicity (12-15). Studies have demonstrated that transabdominal 

renal US is both repeatable and reproducible (16,17) and it is routinely performed in animals 

with suspected renal disease (18). The distinction between normal kidney and kidney with 

chronic damage by two-dimensional US imaging is currently based on morphological changes, 

including in size and parenchymal echogenicity. Increased cortical or cortical and medullary 

echogenicity is reported to be one of the most common signs of chronic or acute kidney 

disease in veterinary medicine (18). In human medicine, a high correlation between cortical 

echogenicity and glomerular sclerosis, tubular atrophy, interstitial fibrosis and interstitial 

inflammation has been described (19). Consequently, US may be a potential tool for monitoring 

the progression of renal damage in the RMR model.  

The aims of the current study were to characterize kidney alterations associated with RMR 

in Wistar rats by two-dimensional US, and compare renal dimensions obtained by this method 

with post-mortem measurements. We also assessed the correlation of the US parameters with 

the histological and biochemical changes during the progression of kidney disease in this 

model. 
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4.2 Materials and Methods 

 

4.2.1 Animals 

 

Thirty male Wistar rats (Rattus norvegicus) of 4 weeks of age (112-157 g body weight) 

were acquired from Harlan Interfauna Inc. (Barcelona, Spain). Animals were housed in filter-

capped polycarbonate cages (Tecniplast, Buguggiate, Italy) with corncob for bedding 

(Mucedola, Milan, Italy) at the University of Trás-os-Montes and Alto Douro. All cages were 

maintained on a 12/12-hour light-dark cycle in a ventilated room under controlled conditions of 

temperature (23±2°C) and relative humidity (50±10%). Cages were cleaned once per week 

and water was changed weekly. Animals had ad libitum access to a basic standard diet 

(4RF21®; Mucedola) and bottled water throughout the study. 

 

4.2.2 Surgical procedure and experimental groups 

 

After a period of acclimation of 7 weeks, each rat was weighed (359 to 402 g) and 

anesthetized by intraperitoneal administration of ketamine (Imalgene® 1000, 70 mg/kg; Merial 

S.A.S., Lyon, France) and xylazine (Rompum® 2%, 10 mg/kg; Bayer S.A., Kiel, Germany). 

RMR was performed in 17 rats. The animals were subjected to right nephrectomy and surgical 

removal of the left kidney poles (8). A sham operation was performed on 13 additional rats as 

a non-nephrectomized control (sham-operated; SO). One week after surgery, surviving 

animals were randomly divided into SO (n=13) and RMR (n=14) groups. All procedures 

followed the European (European Directive 2010/63/EU) and National (Decree-Law 113/2013) 

legislation on the protection of the animals used for scientific purposes.  

 

4.2.3 Ultrasonographic evaluation 

 

At 3 and 6 months after the surgical procedure, the left kidney of each animal was 

evaluated by ultrasonography using two-dimensional US (B mode). For this, the left flank of 

each animal was shaved using a machine clipper (AESCULAP® GT420 Isis; Aesculap Inc., 

Center Valley, PA, USA). Animals were restrained in prone position without anesthesia and 

sagittal US images of the kidney were obtained under the same conditions in all animals using 

acoustic gel (Aquasonic®; Parker Laboratories Inc., NJ, USA) and a real time scanner 

(LogiqP6®; General Electric Healthcare, WI, USA) with a 10 MHz linear probe. The images 

were recorded for subsequent analysis. For each image, the renal length was measured as 

the greatest pole to pole distance and the renal thickness was measured as the distance 
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between the renal capsule and pelvis, perpendicular to the renal length. The cortical thickness 

was measured as the distance from the renal capsule to the base of medullar pyramid. 

Additionally, the medullary length was measured perpendicular to the medullary thickness 

(Figure 1). The mean cortical and medullary echogenicity was evaluated; for this, an area of 

approximately 1 cm2 was evaluated in cortex and medulla using the standard histogram 

function of Adobe Photoshop CC (Adobe systems Inc., San Jose, CA, USA) (Figure 2). 

 

4.2.4 Sample collection 

 

Blood and urine samples were collected at 3 and 6 months. For urine sample collection, 

animals were placed in metabolic cages with free access to food and water for 2 days in order 

to accustom them to isolation conditions. Twenty-four-hour urine samples were collected 

during the next 2 days to determine urine volume. Subsequently, urine samples were 

centrifuged at 1500 × g for 15 min and stored at −20°C for determination of creatinine and 

protein concentration. Blood samples (150 µl per animal) were obtained from a cut in the tail 

tip directly into heparinized capillary tubes. The tubes were centrifuged at 1500 × g for 15 min, 

plasma was stored at −20°C to determine creatinine concentration. Glomerular filtration rate 

was estimated from the creatinine clearance, which was calculated by employing a standard 

formula (urinary creatinine × urinary volume/serum creatinine). 

 

4.2.5 Animal sacrifice 

 

Six months after surgery, all animals were anesthetized with isoflurane and humanely 

sacrificed. A complete necropsy was performed; the remnant kidney from RMR rats or both 

kidneys from rats of the SO group were removed, measured with a ruler after sagittal sectioning 

(anatomopathological measurement) and immersed in 10% buffered formalin for 24 hours. 

 

4.2.6 Histopathology 

 

After fixation, the kidneys from all animals were cut and embedded in paraffin blocks. 

Subsequently, 2-μm sections were obtained and mounted on glass slides. For morphometric 

evaluation, sections were stained with hematoxylin and eosin (H&E), Reticulin and Masson’s 

trichrome and evaluated blindly by two pathologists under a light microscope. Renal fibrosis 

was evaluated and scored as reported previously by Asaba et al. (20). 
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4.2.7 Statistical analysis 

 

A descriptive analysis was performed for all variables included in the study. Data were 

statistically analyzed with SPSS® (version 23 for Windows; IBM Corp., Armonk, NY, USA) using 

the independent and paired t-test. Spearman correlation was used to assess the correlation 

between US, histological and biochemical data. Data are presented as the mean ± standard 

deviation (S.D.). A p-value lower than 0.05 was considered statistically significant. 

 

      

 

Figure 1. Schematic (A) and ultrasonographic (B) imaging of a normal rat kidney (SO group) in sagittal 
section (S) (1: renal length; 2: renal thickness; 3: renal cortical thickness; 4: renal medullary length). 

 

 
Figure 2. Ultrasonographic images of the kidney in SO (A) and RMR (B) groups 6 months after 5/6 
nephrectomy, revealing the renal cortex (asterisk) and renal medulla (arrowhead). 

 

4.3 Results 

 

4.3.1 Animals 

 

Two animals from the RMR group died (9 and 18 weeks, respectively) after the surgery. 

The data from these animals were not included in the study and the size of the group was 

reduced to 12 animals in the RMR group. Due to the fact that the US examination was 

A 

* 

B 

* 
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performed in awake animals, adequate images of the kidney could not be obtained in one 

animal from each experimental group. In this way, only data from 12 animals of the SO group 

and 11 animals of the RMR group are presented. 

 

4.3.2 Renal measurements by US at 3 and 6 months of the protocol 

 

Statistically significant differences were observed between SO and RMR groups for renal 

thickness and medullary length at 3 months of the protocol, and for renal thickness, cortical 

thickness and medullary length at 6 months of the protocol (p<0.05) (Table I). For each 

experimental group, the renal measurements were higher at 6 months when compared with 

those at 3 months of the protocol. However, statistically significant differences were only found 

for renal length in both SO and RMR groups, and for cortical thickness in the RMR group 

(p<0.05) (Table I). 

 

 

4.3.3 Comparison between renal measurements using a ruler and by US at 6 months 

of the protocol 

 

The renal measurements using a ruler were lower when compared with renal 

measurements obtained by US (Table II). Statistically significant differences were found 

between US and anatomopathological measurements of renal length in the RMR group 

(p<0.05) and of renal thickness in both SO and RMR groups (p<0.05) (Table II). 

 

4.3.4 Renal echogenicity 

 

The cortical and medullary echogenicity was evaluated in US images from both 

experimental groups at 6 months of the experimental protocol. The cortical and medullary 

Table I. Measurement of renal dimensions (mean ± S.D.) by ultrasonography at 3 and 6 months after 

RMR. 

Group 

Ultrasonographic measurement (cm) 

Renal length Renal thickness Cortical thickness Medullary length 

3 
Months 

6 
Months 

3 
Months 

6 
Months 

3 
Months 

6 
Months 

3 
Months 

6 
Months 

SO 
(n=12) 

1.87 ± 
0.08a 

1.96 ± 
0.16b 

1.15 ± 
0.07a 

1.18 ± 
0.11a 

0.39 ± 
0.04a 

0.39 ± 
0.05a 

0.75 ± 
0.11a 

0.80 ± 
0.09a 

RMR 
(n=11) 

1.83 ± 
0.18a 

2.06 ± 
0.34b 

1.44 ± 
0.16b 

1.57 ± 
0.25b 

0.48 ± 
0.12a 

0.58 ± 
0.17b 

0.96 ± 
0.21b 

0.99 ± 
0.18b 

SO: Sham-operated rats; RMR: renal mass reduction. For each parameter different letters 
correspond to statistically significantly different values (p<0.05). 
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echogenicity was significantly higher in the RMR group when compared with the SO group 

(p<0.05) (Figure 3). 

 

Table II. Measurement of renal dimensions (mean ± S.D.) in SO and RMR groups by ultrasonography 

and anatomopathologically by ruler at the end of the experimental protocol. 

Group 
Renal length (cm) Renal thickness (cm) 

Ultrasound Ruler Ultrasound Ruler 

SO (n=12) 1.96 ± 0.16a 1.91 ± 0.24a 1.18 ± 0.11a 1.10 ± 0.10b 

RMR (n=11) 2.06 ± 0.34a 1.52 ± 0.23b 1.57 ± 0.25c 1.33 ± 0.17d 

SO: Sham-operated rats; RMR: renal mass reduction. For each parameter different letters correspond 
to statistically significantly different values (p<0.05). 

 

4.3.5 Correlation of ultrasonographic parameters with the histological and biochemical 

parameters in RMR group 

 

Only one statistically significant correlation was observed and was between the plasma 

creatinine and the renal length 3 months after RMR (r=−0.612, p=0.045). However, moderate 

correlations were observed between: creatinine clearance and renal length (r=0.530, p=0.094); 

and proteinuria and renal thickness (r=0.451, p=0.164), 3 months after RMR. Additionally, a 

moderate correlation was observed between glomerulosclerosis and cortical thickness 

(r=0.461, p=0.131) 6 months after RMR (Table III). 

 

 

 

Figure 3. Evaluation of echogenicity in renal cortex and medulla in sham-operated (SO) and renal mass 
reduction (RMR) groups 6 months after the surgery. Significantly different at a p<0.05 versus cortex in 
the RMR group, b p<0.05 versus medulla in RMR group. 
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Table III. Spearman correlation coefficients between ultrasonographic measurements and biochemical and histological parameters, at 3 months and at 

the end of the experimental protocol (6 months) in the RMR group (n=11). 

Parameter 
Renal length Renal thickness Cortical thickness Medullary length 

Cortical 
echogenicity 

Medullary 
echogenicity 

3 
Months 

6 
Months 

3 
Months 

6 
Months 

3 
Months 

6 
Months 

3 
Months 

6 
Months 

3 
Months 

6 
Months 

3 
Months 

6 
Months 

Proteinuria 0.233 0.102 0.451 0.158 −0.082 0.039 −0.136 0.155 nd −0.357 nd 0.214 

Plasma creatinine −0.612* −0.025 −0.319 −0.032 −0.169 0.155 −0.382 −0.098 nd −0.071 nd −0.321 

Creatinine clearance 0.530 0.189 0.282 −0.035 0.174 −0.272 0.018 0.081 nd 0.393 nd 0.500 

Glomerulosclerosis nd 0.031 nd 0.207 nd 0.461 nd 0.199 nd 0.418 nd −0.120 

Interstitial fibrosis nd −0.140 nd 0.028 nd 0.056 nd −0.112 nd × nd × 

*Statistically significant at p<0.05. × It was only possible to obtain three results for interstitial fibrosis hence it was not possible to determine the correlation 
coefficients; nd: not determined. 
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4.4 Discussion 

 

The model of 5/6 nephrectomy in rats is a widely studied animal model of chronic renal 

failure that is close enough to the pathophysiological characteristics of human CKD (21). 

Hence, this model is used to study different aspects of CKD, namely to assess the potential 

renoprotective effects of new drugs (8,9). Detection of renal damage and fibrosis in this model 

is very important in chronic studies and finding a non-invasive means of its detection would 

provide tremendous utility in experimental studies.  

US is a real-time imaging modality commonly used in in vivo evaluation of the kidney, and 

is a relatively cheap, noninvasive and non-nephrotoxic modality (12). Therefore, we applied 

this imaging modality in conscious rats subjected to 5/6 nephrectomy in order to follow-up the 

progression of renal damage in a chronic experimental study (6 months). To our knowledge, 

no studies have yet been performed in order to detect alterations in renal size and thickness 

and echogenicity of the renal cortex and medulla by US in this model. 

Histopathological studies of renal tissue after RMR revealed the presence of three phases: 

I: fast hypertrophic phase (2 to 4 weeks after RMR); II: phase with minimal histological changes 

(4 to 10 weeks); and III: development of glomerular sclerosis and tubulointerstitial fibrosis (after 

10 weeks) (22). Therefore, we started the evaluation of the kidneys by US 3 months after the 

5/6 nephrectomy. 

In general, the kidney dimensions (renal length, renal thickness, cortical thickness and 

medullary length) were higher in the RMR group when compared with the SO group at 3 and 

6 months of the protocol. These results are in accordance with what would be expected, since 

compensatory kidney hypertrophy in the animals of the RMR group as a consequence of RMR 

was predictable (23) In both groups, the renal dimensions were higher at 6 months of the 

experimental protocol when compared with the same dimensions at 3 months of the protocol, 

which might be attributable to normal animal growth because renal size changes with age (24). 

At the end of the experimental protocol, kidney dimensions were also measured using a 

ruler (anatomopathological dimensions). All dimensions of the kidney measured in this way 

were lower when compared with US dimensions. However, this may be due to the lack of blood 

supply that occurs immediately after the excision of the kidney from the animals, with a 

consequent reduction in kidney dimensions. Abershon-butche et al. compared renal 

dimensions in horses obtained using the US method and post-mortem examination. These 

authors also observed that US technique overestimated the size of the kidneys (25). 

The existing US equipment in our laboratory allows the clear differentiation of the cortex 

and medulla. However, it was not possible to determine cortical and medullary echogenicity at 
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3 months after RMR, primarily because of a problem with image quality at that time. Hence the 

cortical and medullary echogenicity was evaluated in both groups only at 6 months after RMR. 

According to several researchers, variation of echogenicity may be an indicator of alteration 

in several tissues (19,26-28) In the kidney, an increase of echogenicity is considered an 

indicator of renal fibrosis (29). In the present study, the cortical and medullary echogenicity 

was significantly higher in the RMR group when compared with the SO group. These results 

seem to indicate that the echogenicity evaluated in either cortex or medulla is a good sensitive 

marker of fibrosis in the 5/6 nephrectomy model. 

Previous work performed both in humans and animals with renal disease have determined 

the kidney dimensions by US in order to compare the data with histopathological findings (30-

32). In this study we correlated US data with histopathological and also with biochemical 

findings. Although Moghazi et al. observed a significant correlation between echogenicity and 

histopathological data in humans (19), we did not observe a significant correlation between 

these two variables in Wistar rats. In this study, we observed only a statistically significant 

correlation between renal length and plasma creatinine 3 months after RMR. However, 

moderate correlations were observed between the creatinine clearance and the renal length; 

and proteinuria and the renal thickness, 3 months after RMR. Additionally, a moderate 

correlation was observed between the glomerulosclerosis and the cortical thickness 6 months 

after RMR. Contrarily to what was observed in humans (19,31), the findings of this study seems 

to indicate that the US parameters are more associated with biochemical parameters of renal 

function than with histological alterations. However, an explanation for our results may be the 

low number of animals used in this study. Moreover, it would also have been important to 

evaluate other US parameters, such as resistive index, pulsatility index, peak systolic velocity 

and end-diastolic velocity, in order to better characterize the changes in kidney during CKD 

progression. 

This preliminary study demonstrates that it is possible to image kidney in conscious rats 

by two-dimensional US and supports future application of this technique for monitoring the 

progression of renal damage in chronic studies with the RMR model, where anesthetic 

application is not possible. Unlike other procedures that can only be determined after the 

animals’ sacrifice, the US evaluation of the kidney may be performed more than once, at any 

time during the study. 
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CHAPTER 5: 

THE EFFECTS OF LONG-TERM CHAETOMELLIC ACID A ADMINISTRATION ON RENAL 

FUNCTION AND OXIDATIVE STRESS IN A RAT MODEL OF RENAL MASS REDUCTION 

 

The content of this chapter was published in: 

- Nogueira A, Peixoto FP, Oliveira MM, Pires CA, Colaço B, Oliveira PA, Pires MJ. The Effects 

of Long-term Chaetomellic Acid A Administration on Renal Function and Oxidative Stress in a 

Rat Model of Renal Mass Reduction. BioMed Research International 2017: 5125980, 2017 

(Full paper). 
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5. The Effects of Long-term Chaetomellic Acid A Administration on Renal Function and 

Oxidative Stress in a Rat Model of Renal Mass Reduction 

 

5.1 Introduction 

 

Chronic kidney disease (CKD) is a global public health problem associated with increased 

morbidity, mortality and health care cost (1). The major goal for controlling development of 

CKD is slowing progression to end-stage renal disease. However, slowing its development still 

represents a clinical challenge (2). Consequently, the search for new therapeutic modalities 

remains an issue of actual importance and of interest both to researchers and clinicians. 

CKD is characterized by a progressive loss of renal function, chronic inflammation, 

vascular remodeling, glomerular and tubulointerstitial fibrosis and oxidative stress (2). 

Oxidative stress is implicated in the pathogenesis of renal injury being a constant feature of 

advanced renal disease and plays a major role in progressive deterioration of renal function 

and structure (3,4). The precise mechanism of CKD-induced oxidative stress has not been 

completely explained. Impaired oxidative balance in CKD is likely to come from a combination 

of increased reactive oxygen species (ROS) production and reduced clearance as well as an 

ineffective antioxidant defense mechanism (2,5). The increased of ROS leads to tissue injury 

and dysfunction by attacking, denaturing, and modifying structural and functional molecules, 

and by activating redox-sensitive transcription factors and the signal transduction pathway. 

These events, in turn, promote necrosis, apoptosis, inflammation, fibrosis, and other disorders 

(5). 

Farnesyl transferase (FTase) is a zinc enzyme that consists of a 49kDa α-subunit and a 

46 kDa β-subunit (6). Initial interest in FTase arose from the discovery that farnesylation is 

absolutely necessary for the activity of small GTPase protein p21 Ras, Harvey-Ras (H-Ras), 

Neural-Ras (N-Ras) and Kirsten-Ras (K-Ras4A and K-Ras4B) (7, 8). Such proteins have a 

pivotal role in the signal transduction that controls cell growth and differentiation (9), and are 

involved in the regulation of the intracellular redox state (10-12). However, different Ras 

isoforms generate opposing effects on the redox state of cells. Activated K-Ras isoform 

decreases ROS levels by reducing superoxide levels via an activation of the mitochondrial 

antioxidant enzyme, Mn-superoxide dismutase (12); while activated H-Ras isoform increase 

intracellular levels of ROS via up-regulation of the plasma membrane NADPH oxidase that is 

responsible for the transfer of electrons to molecular oxygen leading to the production of 

superoxide anions (10, 12-14). H-Ras oxidative stress-induced apoptosis was reversed by 

farnesyl transferase inhibitors in human umbilical vein endothelial cells (13). So, one molecular 

target for prevention oxidative injury associated with CKD may be the H-Ras isoform. 
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Chaetomellic acids are a class of dicarboxylic acids that were isolated from fermentation 

extract of the coleomycete Chaetomella acutiseta. Chaetomellic acid A (CAA) has been 

identified as potent and highly specific inhibitor of FTase (15), which selectively blocks H-Ras 

farnesylation (16). CAA has shown to significantly decrease oxidative stress-induced apoptosis 

in human renal proximal tubular cells and human umbilical vein endothelial cells (17). 

Furthermore, CAA administration in rats, after brain damage induced by an excitotoxic 

stimulus, increased intracellular concentration of non-prenylated inactive H-Ras and 

significantly reduced superoxide production (16). Additionally, the administration of farnesyl 

transferase inhibitors, including CAA, reduced renal damage after unilateral ureteral 

obstruction (UUO) in mice (18). H-Ras proteins were detected in human kidney in different 

kinds of cells (9), thus it is reasonable to propose that CAA may protect the kidney from 

oxidative injury following renal mass reduction (RMR).  

Therefore, in this study we evaluated the effects of chronic treatment with CAA on renal 

failure and oxidative stress in rats with 5/6th RMR. 

 

5.2 Materials and Methods 

 

5.2.1 Animals 

 

Sixty male Wistar rats (Rattus norvergicus) (obtained from Harlan Interfauna Iberica, S.L.; 

Barcelona, Spain) with initial body weights of 359 to 402g were used in this study. Animals 

were housed at the University of Trás-os-Montes and Alto Douro facilities under controlled 

conditions of temperature (23±2ºC) and relative humidity (55±5%), on a light-dark cycle 

(12h:12h) and provided with a standard laboratory diet (Mucedola, Milan, Italy) and tap water 

ad libitum. All animal procedures were done in accordance with the European Directive 

2010/63/EU and the National Decree-Law 113/2013 on the protection of animals used for 

scientific purposes. 

 

5.2.2 Surgical procedure and experimental groups 

 

After seven weeks of acclimatization, animals were subjected to 5/6th RMR or sham-

operated (SO). RMR was performed as described previously (19). Briefly, the animals were 

anaesthetized by intraperitoneal injection with ketamine (70 mg/Kg; Imalgene® 1000, Merial 

S.A.S., Lyon, France) and xylazine (10 mg/Kg; Rompun® 2%, Bayer S.A., Kiel, Germany) and 

the right kidney was exposed by midline laparotomy, the right renal artery, vein and ureter were 

ligated with 4/0 silk suture, and the entire kidney was removed. Then, approximately two-thirds 
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of the left kidney was removed by excision of the upper and lower poles. The weight of the 

removed renal tissue was measured. After suture of the abdomen, animals were maintained 

in a warm environment until recovery from anesthesia was complete and then returned to their 

cages. SO animals underwent a similar procedure. However, only manipulation of the renal 

pedicles, with-out any renal mass removal, was performed in these animals. The approximate 

weight of the remaining renal tissue was calculated on the basis of the removed tissue, 

assuming that the right and left kidneys had equal weights. 

One week after surgical procedure, surviving animals (n=53) were divided in four 

experimental groups: RMR- RMR rats without treatment (n=14); RMR+CAA- RMR rats treated 

with CAA (n=13); SO- SO rats without treatment (n=13); and SO+CAA- SO rats treated with 

CAA (n=13). The rats with RMR were distributed by the RMR groups according to the serum 

creatinine concentrations and the weight of the removed renal tissue to ensure equal reduction 

in renal mass. CAA was intraperitoneally administered in a dose of 0.23 µg/Kg per body weight 

three times a week for six months. Along the experimental protocol animals were daily 

observed and animals body weight was measured weekly during all the experimental protocol. 

Mortality was also monitored. 

 

5.2.3 Urine and blood parameters measurements 

 

Before and every month after surgery, urine and blood samples were collected. For urine 

parameters measurements each rat was separately housed in a metabolic cage for two days 

to get accustomed to isolation conditions, and urine was collected during the following two 

days to measure volume, urine specific gravity, creatinine concentration and proteinuria. Blood 

samples (150 µl) were obtained from a cut in the tail tip into heparinized capillaries. 

Haematocrit (Ht) was determined in centrifuged capillaries (1500 g for 15 min) and separated 

plasma served to measure creatinine, blood urea nitrogen (BUN) phosphorus and potassium 

concentrations (Daytona® Rx, Randox) (20). Glomerular filtration rate was estimated from the 

creatinine clearance, which was calculated by employing a standard formula [Uc x V/Pc, where 

Uc= urine creatinine (mg/dl), V= urine volume (ml/min/100 g body weight) and Pc= plasma 

creatinine (mg/dl)]. 

 

5.2.4 Blood pressure measurement 

 

On the day of sacrifice, the blood pressure was measured. The animals were maintained 

on surgical anesthesia throughout the entire measurement study with isofluorane. Briefly, the 

right femoral artery was exposed, and indwelling 24 G catheters (Introcan Safety® G24, 
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B/Braun) were inserted and fixed with 4/0 silk ligatures, taking caution not to twist the vessels. 

Then, the femoral artery was connected to a Datex-Ohmeda S/5 anesthesia monitor (Datex-

Ohmeda Division, Instrumentarium Corp., Helsinki, Filand) through heparin-filled tubes 

connected to pressure transducers placed at the level of the heart on a plastic support. After 

being stabilized for 5 min, the values of systolic blood pressure (SBPr), diastolic blood pressure 

(DBPr), mean arterial pressure (MAPr) and heart rate (HR) were continuously monitored and 

recorded every 15 sec for a period of 120 sec. At the end of the study the rats were sacrificed 

using an overdose of anesthesia followed by exsanguination by cardiac puncture as indicated 

by the Federation of European Laboratory Animal Science Associations (21). The kidneys 

were removed and samples were immediately frozen and stored at -80 °C until analysis.  

 

5.2.5 Oxidative stress studies 

 

5.2.5.1 Kidney tissue homogenate preparation 

 

The kidneys were weighed and then minced with scissors and homogenized in ice-cold 

sodium phosphate buffer (KH2PO2) 100 mM, pH 7.4. The homogenization was carried out in a 

Potter-Elvejhem homogenizer type after first removing the capsule to obtain 1:10 (w/v) dilution. 

A fraction of the homogenate was stored at -20 °C until the evaluation of lipid peroxydation by 

malondialdehyde (MDA) method and evaluated lipid hydroperoxides. The remaining fraction 

of the homogenate was centrifuged at 1,500g for 10 min at 4 °C. The supernatant was then 

centrifuged at 16,000g for 20 min at 4 °C and used to determine total protein, catalase (CAT) 

activity, glutathione reductase (GR) activity, and reduced glutathione (GSH)/oxidized 

glutathione (GSSG) ratio. 

 

5.2.5.2 Assessment of antioxidant status 

 

The CAT activity was measured with a Clark-type oxygen electrode (Hansatech®) 

according to Del Río et al. (22). Assay was conducted as described by Paula Santos et al. 

(23). The reaction medium consisted of potassium phosphate buffer (50 mM KH2PO4 pH 7.4) 

and H2O2 (1 M) in a final volume of 1 ml. Medium buffer was previously subjected to a nitrogen 

stream to decrease the dissolved oxygen. After 2 min of thermostatic incubation at 25 °C and 

stabilization, H2O2 was added to the reaction medium. Slope was measured and after 30 sec 

the enzyme extract (diluted 100 times) was added and new slope measured. CAT activity was 

calculated as mmol H2O2/min/mg of protein. 
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The GR activity was performed according to Paula Santos et al. (23) and Smith et al. (24). 

The reaction medium consisted of potassium phosphate buffer (100 mM KH2PO4 and 0.5 mM 

EDTA, pH 7.4), 100 mM GSSG and 10 mM NADPH. GSSG was added after 2 min of 

thermostatic incubation at 25 °C to initiate the reaction. GR activity was measured at 340nm 

at 25 °C by NADPH oxidation. The result was expressed as nmol NADPH oxidized/min/mg of 

protein. 

Concentrations of GSH and GSSG were measured from the supernatant fraction that was 

obtained in the previously described enzyme assays after ultrasonication and centrifugation. 

The supernatant, kept at 0 ºC, was used for the GSH and GSSG assays on the same day. 

This determination was done by spectrofluorimetry, as previously described (25,26). Briefly, 

GSH was measured by fluorescence using a Varian Eclipse spectrofluorimeter with emission 

and excitation wavelengths of 426 and 339 nm, respectively, after incubation of 50 μL of 

supernatant with 1.95 mL of 100 mM K-phosphate buffer (pH 8.0) plus 5 mM EDTA and 200 

μL of the fluorescence reagent, o-phthalaldehyde (OPT) (1 mg mL-1), for 15 min in the dark 

and at room temperature (25 ºC). For GSSG assay, 125 μL of the supernatant was incubated 

with 50 μL of N-ethylmaleimide 40 mM for 30 min at room temperature (25 ºC). Thereafter, 140 

μL of mixture was incubated with 1.66 mL NaOH 100 mM plus 200 μL OPT solution (1 mg mL-

1), and incubated for 15 min in the dark and at room temperature (25 ºC). Fluorescence was 

determined similarly to that of the GSH assay. Concentrations of GSH and GSSG in the 

samples were calculated against standard calibration curves. 

 

5.2.5.3 Assessment of lipid peroxidation 

 

Lipid peroxidation was evaluated as thiobarbituric acid reactive products, as previously 

described by Eriksson et al. (27) and the determination of MDA was based on the derivatization 

with thiobarbituric acid (28). The amount of MDA formed was calculated using a molar 

extinction coefficient of 1.56X105M-1cm-1 and expressed as nanomoles MDA per milligram 

protein. 

In order to quantify lipid hydroperoxides, the ferrous oxidation-xylenol orange (FOX) II 

assay was used, 50 μL of the total lipid extract was added to 950 μL of the FOX reagent 

solution (100 μM xylenol orange, 250 μM Fe2+, 25 mM H2SO4, and 4 mM 2,6-di-tert-butyl-p-

hydroxytoluene (BHT) in 90% (v/v) methanol) in microtubes, homogenized in a vortex mixer 

and incubated for 30 min at room temperature, in the dark. After incubation, the absorbance 

of samples was read at 560 nm against H2O2 standards with concentrations ranging from 0.0-

0.4 mM (H2O2 1 mM, FOX II reagent and water). The FOX reagent (100 mL) was prepared as 

follows: 250 µM (NH4)2Fe(SO4).6H2O (9.8 mg) and 25 mM H2SO4 (139 µL) were dissolved in 



130 

 

5 mL of water, mixed with 4 mM BHT (88.2 mg), 100 µM xylenol orange (7.2 mg) and 45 mL 

of methanol. Then, other 45 mL of methanol and 5 mL of water were added (26,29). 

 

5.2.5.4 Protein concentration measurement 

 

The protein content was determined by the Biuret method with bovine serum albumin as 

standard (30). All chemicals used in the enzymatic activity were of analytical purity and were 

obtained from Sigma Chemical Co (Sigma Aldrich, San Diego, USA). 

 

5.2.6 Statistical analysis 

 

Statistical differences between groups were evaluated by one-way analysis of variance 

(ANOVA) for independent samples, followed by Tukey HSD post hoc tests, when the data was 

normally distributed. In the other cases the Kruskal-Wallis test was used, followed by multiple 

comparisons by Dunn's procedure. 

For the analysis of the differences over time we used the repeated measures ANOVA, 

followed by Tukey HSD post hoc tests, when the data was normally distributed, and the 

Friedman's ANOVA for related samples, followed by the Dunn-Bonferroni test for the multiple 

comparisons, in the other cases. Survival time was estimated using Kaplan-Meier estimates 

from first day of treatment until death. The four groups were compared using the Log-Rank, if 

there were an overall difference between the groups; pair-wise comparisons were made 

among all pairs. 

The normality of the data was checked with the Shapiro-Wilk test. All data are presented 

as mean ± standard error and differences were considered statistically significant for p<0.05. 

 

5.3 Results 

 

5.3.1 Survival 

 

No mortality was observed in the SO groups throughout the six months of experimental 

period. Two RMR untreated rats and five RMR animals treated with CAA died during the 

experimental period (Figure 1). There was a statistical significant difference in cumulative 

survival between RMR+CAA group and the SO groups. 
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Figure 1. Kaplan-Meier survival analysis. Note significantly reduced survival for group RMR+CAA 
compared with SO Groups (p=0.015). 

 

5.3.2 Blood pressure and heart rate 

 

As expected, SBPr, DBPr and MAPr were significantly increased in the RMR groups 

compared with SO groups. Although SBPr, DBPr and MAPr were lower in the CAA-treated 

than in the untreated RMR group, the differences were not statistically significant (Table I). No 

significant differences were found between the different groups in heart rate (Table I). 

 

Table I. Blood pressure and heart rate. 

Group SBPr (mmHg) DBPr (mmHg) MAPr (mmHg) HR (bpm) 

SO (n = 9) 148.22 ±6.36 113.00± 3.42 128.89±4.24 406.67±5.77 

SO+CA (n = 10) 146.00± 5.32 111.90± 3.15 127.60±3.84 407.00±8.17 

RMR (n = 9) 202.22±9.61ab 140.56± 6.28ab 167.00±7.54ab 420.00±8.33 

RMR+CAA (n = 7) 184.29± 9.79ab 133.71± 8.48b 155.14±8.55ab 404.29±13.78 

a significant differences compared to SO (p<0.05); b significant differences compared to SO+CAA 

(p<0.05); SBPr: systolic blood pressure; DBPr: diastolic blood pressure; MAPr: mean arterial 

pressure; HR: heart rate. 

 

5.3.3 Body weight and haematocrit 

 

Table II provides the initial and follow-up body weights for all groups. The body weight 

values of animals belonging to RMR and RMR+CAA groups were similar during the 

experimental period, and no significant differences were observed between these groups. The 

hematocrit values of RMR and RMR+CAA groups decreased mainly in the five and six months 
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time points and were significantly lower than in the SO groups. At sixth month hematocrit value 

was higher in the RMR+CAA group (46.1±2.0) than in the RMR group (43.5±1.7); however this 

difference was not statistically significant (Table II). 

 

5.3.4 Renal function 

 

The course of the different parameters of renal function in all groups is summarized in table 

II. As we can see, from two-month time point was observed significantly higher plasma levels 

of BUN and creatinine in the RMR groups compared with the SO groups. Proteinuria was 

observed as early as one month after RMR and increased progressively to 3.167 ±0.410 g/day 

and 2.467±0.758 g/day urinary protein excretion at six-month time point in the RMR and 

RMR+CAA groups, respectively; whereas it did not change in the SO groups. Also, from three-

month time point creatinine clearance values were significantly lower in the RMR groups 

compared with the SO groups and reach 0.73±0.10 and 0.92±0.11 ml/mim/Kg body weight in 

the RMR and RMR+CAA groups, respectively, at six-month time point. As shown in table II, 

no significant differences were found between the RMR groups in any of the parameters of 

renal function. However, at six-month time point the animals belonging to the RMR+CAA group 

present lower values of urinary flow, phosphorus, potassium, BUN, creatinine and proteinuria 

and higher values of urine specific gravity and creatinine clearance than those of the RMR 

group, but the differences were not statistically significant. 

 

5.3.5 Oxidative Stress 

 

Our next step was to investigate the effects of CAA administration on important cellular 

antioxidant defenses (Figure 2). It was observed that RMR was accompanied by a reduction 

in CAT and GR activity, and a decrease in GSH/GSSG ratio. CAA administration significantly 

increased CAT and GR activity and increased GSH/GSSG ratio, but no significant differences 

between the treated and no treated groups was found in this ratio. Regarding the oxidative 

damage to the biological compounds in the renal tissue it is observed in figure 2 that MDA and 

lipid hydroperoxides levels, indicators of lipid peroxidation stage, were increased in RMR 

groups compared with SO groups; however, these differences were not statistically significant 

between RMR and RMR+CAA groups. 
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Table II. Body weight, haematocrit and renal function parameters. 

Parameter Group Basal Month 1 Month 2 Month 3 Month 4 Month 5 Month 6 

Body Weight (g) 

SO (n=13) 392 ±10 458 ±12 484 ±130 506 ±1301 539 ±15012 551 ±160123 561 ±1601234 
SO+CAA (n=13) 371 ±5 435 ±5 462 ±60 487 ±701 524 ±9012 534 ±100123 550 ±100123 
RMR (n=12) 370 ±11 412 ±10ª  444 ±130 478 ±1401  513 ±140123 517 ±140123 516 ±130123 
RMR+CAA (n=8) 374 ±7 407 ±10ab 446 ±10 463 ±110 491 ±10012 494 ±12ª012 503 ±12ª0123 

Haematocrit (%) 

SO (n=13) 49.9 ±0.5 55.4 ±0.6 54.3 ±0.60 53.0 ±0.71 54.9 ±0.50 54.7 ±0.50 54.8 ±0.70 
SO+CAA (n=13) 48.2 ±0.6 54.9 ±0.80 54.0 ±0.70 55.1 ±0.70 53.4 ±0.70 49.8 ±1.6a

123 53.0 ±0.70 
RMR (n=12) 49.0 ±0.5 49.3 ±0.5ªb 49.4 ±0.7ab 49.2 ±0.8ªb 48.9 ±0.9ªb 46.2 ±0.9ªb

01234 43.5 ±1.7ªb
01234 

RMR+CAA (n=8) 48.2 ±0.6 51.8 ±0.5ªb  52.5 ±0.7 51.4 ±0.8b 51.3 ±1.2ª  45.9 ±1.2ªb
1234 46.1 ±2.0ªb

1234 

Urine specific 
gravity 

SO (n=13) 1.035±0.002 1.035±0.002 1.032±0.002 1.035±0.002 1.037±0.001 1.039±0.0012 1.039±0.0012 
SO+CAA (n=13) 1.033±0.002 1.038±0.0010 1.035±0.0011 1.037±0.001 1.038±0.0012 1.041±0.000023 1.040±0.00023 
RMR (n=12) 1.029±0.002 1.027±0.002ªb 1.024±0.002ªb 1.025±0.002ªb 1.025±0.001ªb 1.027±0.001ªb 1.026±0.001ªb 
RMR+CAA (n=8) 1.029±0.004 1.032±0.002b 1.030±0.002 1.028±0.002ªb 1.028±0.002ªb 1.031±0.002ªb 1.030±0.002ªb 

Urinary Flow  
(ml/hour) 

SO (n=13) 0.60±0.06 0.61±0.06 0.74±0.0701 0.60±0.062 0.67±0.05 0.69±0.04013 0.64±0.04 
SO+CAA (n=13) 0.57±0.04 0.53±0.05 0.54±0.04 0.50±0.05 0.72±0.05013 0.60±0.0334 0.56±0.054 
RMR (n=12) 0.78±0.05 1.01±0.06ab 1.11±0.09ab 1.09±0.08ab  1.51±0.12ab

0123 1.66±0.12ab
0123 1.76±0.14ab

0123 
RMR+CAA (n=8) 0.76±0.20 0.80±0.07b 0.88±0.09b 0.92±0.09ab 1.10±0.10ab

01 1.43±0.18ab
0123 1.49±0.20ab

 0123 

Phosphorus 
(mg/dl) 

SO (n=13) 5.97±0.10 6.31±0.15 6.01±0.13 5.56±0.201 6.02±0.20 5.68±0.101 6.39±0.2835 
SO+CAA (n=13) 6.13±0.15 6.55±0.24 5.85±0.201 6.01±0.181 6.11±0.17 5.49±0.17014 6.07±0.285 
RMR (n=12) 5.69±0.12 6.22±0.211 5.09±0.16ab

1 5.48±0.201 5.97±0.142 6.05±0.112 8.21±0.49ab
012345 

RMR+CAA (n=8) 6.08±0.13 6.78±0.15 5.87±0.12c
1 5.94±0.191 5.75±0.341 5.89±0.661 7.48±0.48b

02345 

Potassium 
(mmol/l) 

SO (n=13) 5.44±0.13 4.82±0.090 5.07±0.10 4.69±0.100 5.55±0.13123 5.34±0.1113 4.81±0.10045 
SO+CAA (n=13) 5.33±0.08 5.13±0.13 5.24±0.12 5.03±0.10 5.08±0.14 5.20±0.09 4.51±0.1801245 
RMR (n=12) 5.17±0.07 5.32±0.05ª  5.00±0.13 5.05±0.11 5.16±0.09 5.28±0.12 5.28±0.14b 
RMR+CAA (n=8) 5.40±0.05 5.65±0.13ab 5.38±0.18  4.92±0.161 4.85±0.21ª01 5.27±0.16 4.85±0.1401 

BUN (mg/dl) 

SO (n=13) 28.8±1.1 56.5±2.30 30.6±1.81 34.3±0.71 37.8±0.8012 42.9±1.3023 40.4±1.9012 
SO+CAA (n=13) 28.4±1.1 35.6±1.4ª 34.0±1.3 34.8±1.7 34.3±1.0 50.2±2.101234 45.7±2.001234 
RMR (n=12) 26.1±1.1 70.8±2.9ab

0 91.2±5.1ab
01 63.9±4.0ab

02 66.5±3.5ab
02 90.9±6.7ab

034 146.7±20.2ab
0134 

RMR+CAA (n=8) 28.0±1.8 66.2±2.0b
0 96.3±3.6ab

01 56.4±4.8ab
02 63.9±4.0ab

02 76.0±6.0ab
0 95.9±14.2ab

034 

Plasma  
creatinine (mg/dl) 

SO (n=13) 0.68±0.02 0.54±0.010 0.61±0.010 0.70±0.0212 0.74±0.0212 0.74±0.0212 0.74±0.0212 
SO+CAA (n=13) 0.69±0.02 0.90±0.05ª0 0.60±0.021 0.64±0.021 0.67±0.021 0.72±0.0112 0.75±0.0512 
RMR (n=12) 0.68±0.02 0.98±0.04ª0 0.78±0.04ab

1 0.92±0.06ab
0 0.92±0.03ab

0 1.06±0.07ab
02 1.69±0.23ab

012345 
RMR+CAA (n=8) 0.74±0.02 1.01±0.03ª0 0.85±0.03ab

1 0.91±0.04ab
0 0.95±0.03ab

0 1.00±0.05ab
01 1.28±0.18ab

013 

Proteinuria 
(g/day) 
 

SO (n=13) 0.098±0.005 0.108±0.007 0.108±0.005 0.093±0.008 0.100±0.004 0.106±0.006 0.105±0.006 
SO+CAA (n=13) 0.095±0.009 0.130±0.0120 0.110±0.008 0.096±0.00812 0.112±0.007 0.107±0.0051 0.117±0.008035 
RMR (n=12) 0.110±0.012 0.194±0.014ab  0.326±0.063ab

0 0.578±0.159ab
0 1.117±0.286ab

012 1.997±0.363ab
01234 3.167±0.410ab

012345 
RMR+CAA (n=8) 0.088±0.010 0.179±0.017ab 0.290±0.047ab

0 0.433±0.132ab
0 0.688±0.210ab

0 1.360±0.462ab
01234 2.467±0.758ab

012345 

Creatinine 
clearance 
(ml/mim) 

SO (n=13) 1.67±0.17 1.55±0.07 1.62±0.09 1.57±0.09 1.68±0.07 1.84±0.08 1.56±0.04 
SO+CAA (n=13) 1.55±0.09 0.90±0.06ª0 1.42±0.061 1.44±0.061 1.71±0.03123 1.60±0.051 1.45±0.0914 
RMR (n=12) 1.70±0.11 0.77±0.04ª0 1.09±0.07ab

01 1.10±0.07ab
01 1.14±0.06ab

01 1.27±0.07ab
01 0.73±0.10ab

02345 
RMR+CAA (n=8) 1.63±0.41 0.79±0.04ª0 0.97±0.05ab

0 1.09±0.05ab
01 1.13±0.07ab

01 1.28±0.04ab
12 0.92±0.11ab

05 
a significant differences compared to SO; b significant differences compared to SO+CAA; c significant differences 
compared to RMR. 

0 significant differences compared to basal (p<0.05); 1 significant differences compared to first month (Month 1) 
(p<0.05); 2 significant differences compared to second month (Month 2) (p<0.05); 3 significant differences 
compared to third month (Month 3) (p<0.05); 4 significant differences compared to fourth month (Month 4) 
(p<0.05); 5 significant differences compared to fifth month (Month 5) (p<0.05). 
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 2. Kidney catalase (a) and gluthatione reductase (b) activities, GSH/GSSG ratio (c), 
malondialdehyde (d) and lipid hydroperoxides (e) levels in experimental groups. a,b,c Differences 
between groups with the same letter are not statistically significant (p<0.05). 

 
 

 

0

50

100

150

200

250
C

at
al

as
e 

ac
ti

v
it

y

(µ
m

o
l 

H
2
O

2
/m

in
/m

g
 p

ro
te

in

0,0

0,2

0,4

0,6

0,8

1,0

1,2
M

al
o

n
d

ia
ld

eh
y
d

e

(µ
M

/m
g
 p

ro
te

in
)

a a

0

10

20

30

L
ip

id
 H

y
d

ro
p

er
o

x
id

e

(m
M

/m
g
 p

ro
te

in
)

a

a,b

b
b

a 

b 

c 
a,c 

a a 

b 

c 
b 

a 
a a 

a 
a 



135 

 

5.4 Discussion 

 

CKD is a major health problem worldwide and because oxidative stress play an important 

role on its pathogenesis (1,4), compounds capable of attenuating this process should attract 

particular interest for evaluation in treating CKD. Therefore, considering that CAA can reduced 

oxidative stress in human renal proximal tubular cells (17), in the present work, we evaluated 

different oxidative stress parameters, namely MDA, lipid hydroperoxides and GSH/GSSG ratio, 

as well as the activities of the antioxidant enzymes CAT and GR in homogenates from the 

kidney of rats subjected to 5/6th nephrectomy, in the hope to contribute to new therapeutic 

modalities for the treatment of CKD. We also investigated if CAA attenuated the development 

of renal failure by evaluating urine specific gravity, urinary flow, phosphorus, potassium, BUN, 

creatinine, proteinuria and creatinine clearance. To our knowledge, this is the first study 

evaluating the effect of chronic administration of CAA, a selective inhibitor of membrane-bound 

H-Ras, on renal function and oxidative stress in the kidney of rats with 5/6th RMR. 

Surgical RMR in rats is a widely studied animal model of chronic renal failure that is close 

enough to the pathophysiological characteristics of human CKD (31). This model is 

characterized by progressive renal failure, proteinuria and oxidative stress (19,31-34). So, we 

used this model to assess the potential renoprotective effects of CAA.  

Experimental data in animal models suggest beneficial effects of antioxidant agents on 

renal outcomes in CKD (35-40). In fact, in this study we observed that long-term CAA treatment 

attenuates oxidative stress in rats with CKD. However, the mortality was higher in animals 

treated with CAA. 

It was observed that although the mortality was higher in the RMR group treated with CAA, 

the rats died only from the fifth month after RMR. The employed dose of CAA was 0.23 µg/Kg, 

according to Sabbatini et al. (41). These authors pre-treated the rats with CAA only one time, 

while we treated our animals with the same dose three times a week for six months. We did 

not observe adverse effects after the administration of such doses of CAA to rats. Therefore, 

probably chronic administration of CAA (0.23 µg/Kg) may have some toxicity in rats with 

enhanced oxidative stress and renal failure, while in healthy animals with a well-balanced 

redox state and renal function, administration of CAA is innocuous. To the best of our 

knowledge, the toxicological properties of this compound have not been fully investigated. We 

have measured the renal content of glutathione S-transferase, a Phase II detoxification 

enzyme that play an important role in elimination of toxic compounds. However, we did not 

found significant differences between CAA-treated and not treated RMR animals. 

Perturbations in cellular oxidant handling influence downstream cellular signaling and, in 

the kidney, promote renal cell apoptosis and senescence, decreased regenerative ability of 
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cells, and fibrosis. These factors have a stochastic deleterious effect on kidney function (2). 

So, typical clinical characteristics of CKD include decreased glomerular filtration rate, 

proteinuria and anemia. In this study, progression of renal failure was followed over six months 

and, as in other studies (19,42), RMR animals developed renal failure, as assessed by 

decreased creatinine clearance (an indirect measure of glomerular filtration rate), increased 

serum creatinine and BUN and by proteinuria. In general, in animals treated with CAA, all the 

above alterations were slight improved, but not statistically significant differences were found 

between treated and untreated RMR groups. 

Oxidative stress in CKD is caused by a combination of excessive ROS production and 

antioxidant depletion. MDA is an end-product generated by lipid peroxidation and has been 

used to demonstrate increased oxidative stress during CKD (43,44). Several studies 

demonstrated that renal MDA contents were increased in rats with CKD (32,42,45,46). Another 

indicator of lipid peroxidation are the lipid hydroperoxides, well known intermediates of 

peroxidative reactions (5,47). In this study, we found higher oxidative stress levels, as indicated 

by renal MDA and lipid hydroperoxides concentrations, in the RMR groups compared to the 

levels observed in SO groups. Although significant differences were not found between RMR 

groups, MDA and lipid hydroperoxides concentrations were slightly lower in CAA treated 

group.  In addition, the GSH/GSSG ratio was lower in the RMR group compared with 

RMR+CAA group. Kim and Vaziri (48) also observed that GSH/GSSG ratio was markedly 

diminished in rats subjected to 5/6 nephrectomy. Glutathione is a tripeptidic thiol found in the 

inside of all animal cells and likely is the most important cellular antioxidant. This tripeptide 

exists predominantly in its reduced form, GSH. GSH is utilized for a broad range of functions, 

including peroxide clearance and xenobiotic metabolism. Utilization of GSH by antioxidant 

enzymes generates the oxidized, dimer form of glutathione: GSSG (43). Thus, determining the 

ratio of GSH/GSSG is considered a reliable estimate of the degree of cellular oxidative stress. 

An increase in GSH/GSSG is indicative of augmented antioxidant capacity, whereas a 

decrease is suggestive of oxidative stress and diminished antioxidant defenses. So, our 

findings point to an increased ROS-induced lipid peroxidation and glutathione oxidation in the 

RMR groups. However, the degree of these alterations was slightly diminished in animals 

treated with CAA. 

Redox systems including antioxidant enzymes and antioxidant agents provide protection 

against ROS-induced tissue injury. GR and CAT are among the main enzymatic antioxidants 

(5,44). In this study the administration of CAA was associated to a significantly increased 

activity of the antioxidant enzymes CAT and GR. 

Oxidative stress plays an important role in renal lesion induced by 5/6 nephrectomy model 

(32,33,49) and treatment with antioxidants prevents the progression of kidney disease in this 
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model (35,38-40,49-52) and preserves the function and structure of the stenotic kidney (53-

55). Significant upregulation of NADPH oxidase, a main source of ROS in the kidney, has been 

demonstrated in this model (36,56). It was established that expression of activated H-Ras can 

increase intracellular levels of ROS via up-regulation of the plasma membrane NADPH 

oxidase (10,14). CAA selectively blocks H-Ras farnesylation. So, this can explain why the 

administration of CAA in RMR animals attenuated RMR-induced stress oxidative.  

 

5.5 Conclusions 

 

In the present study, RMR increased the MDA and lipid hydroperoxides levels, decreased 

renal endogenous antioxidant enzymes and deteriorated the renal function. Long-term CAA 

administration (0.23 µg/Kg three times a week, for six months) is associated to a slight 

reduction of renal MDA and lipid hydroperoxides levels, significant increase in the levels of 

antioxidant enzymes and a slight improvement of some parameters of renal function.  These 

data suggest that CAA could attenuate 5/6 RMR-induced oxidative stress mainly by prevent 

the decrease of antioxidant enzymes. However, potential clinical benefits of CAA therapy 

require further studies. Although no adverse effect was observed in CAA-treated SO animals, 

the mortality was higher in RMR animals treated with CAA. Thus, studies on the clinical toxicity 

and safety of CAA are necessary. 
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CHAPTER 6: 

LONG-TERM TREATMENT WITH CHAETHOMELLIC ACID A REDUCES 

GLOMERULOSCLEROSIS AND ARTERIOLOSCLEROSIS IN A RAT MODEL OF CHRONIC 

KIDNEY DISEASE 

 

The content of this chapter will be submitted for publication: 

- Nogueira A, Vala H, Vasconcelos-Nóbrega C, Pires CA, Colaço A, Oliveira PA, Pires MJ. 

Long-term Treatment with Chaethomellic Acid A Reduces Glomerulosclerosis and 

Arteriolosclerosis in a Rat Model of Chronic Kidney Disease (Full paper). 
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6. Long-term Treatment with Chaethomellic Acid A Reduces Glomerulosclerosis and 

Arteriolosclerosis in a Rat Model of Chronic Kidney Disease 

 

6.1 Introduction 

 

Chronic kidney disease (CKD) is an important challenge for health-care systems worldwide 

(1). The natural course of the CKD is to progress towards end-stage renal disease (ESRD) 

and death, unless dialysis or transplant is implemented (2). Regardless of the initial cause, 

development of renal fibrosis is the hallmark of most progressive CKD (3). Therefore, targeting 

the components of the fibrogenic pathways can be a therapeutic approach to inhibit or slow 

the progression of CKD to ESRD. 

The Ras proteins – small monomeric GTPase of 21 kDa – are important mediators in the 

development of renal fibrosis (4,5,6,7,8) and thereby could be a potential therapeutic target 

against fibrotic nephropathies. These proteins are located in different plasma-membrane 

microdomains and subcellular compartments where activate several signaling pathways. The 

best characterized signaling pathways are: the Ras/Raf/Mek-Erk1/2, which is responsible for 

the induction of several cellular responses such as cell growth, differentiation and apoptosis; 

and the Ras/PI3K/Akt, which is implicated in regulation of cell metabolism, cell motility and 

promotion of cell survival protecting cells from apoptosis (9,10,11). Activation of these signaling 

pathways has been reported as mediators in renal fibrosis (4,7,8). 

There are three closely related major isoforms of Ras proteins: Harvey (H)-, Kirsten (K)-, 

and neural (N)-Ras, which are expressed in mammalian cells and have different biological 

effects (9,12,13,14), namely in fibroblasts biology and fibrotic processes (6,15,16,17). It has 

been reported that depletion of H-Ras isoform in cultured fibroblasts obtained from H-Ras 

knock-out mice up-regulates extracellular matrix proteins (ECM) synthesis and mediates 

proliferation and migration by modulating PI3K/Akt and Mek/Erk activation (16,17). In an in 

vivo study, fibrosis was lower in H-Ras knock-out mice than in wild type mice after unilateral 

ureteral obstruction (UUO) (4). Therefore, inhibition of H-Ras isoform could be used as a 

potential therapeutic strategy to reduce fibrosis development. 

Chaetomellic acid A (CAA) has been identified as a highly specific inhibitor of farnesyl 

transferase (18), which selectively blocks H-Ras farnesylation (19). Sabbatini et al. (20) have 

demonstrated that pre-treatment with CAA of human renal proximal tubular cells or human 

umbilical vein endothelial cells significantly reduced apoptosis. The same researchers have 

also observed that in acute renal ischemia-reperfusion injury model in rats, CAA administration 

preserves both renal function and histological damage (20,21). Furthermore, in a rat model of 

excitotoxic lesion, CAA treatment increased the intracellular concentration of inactive H-Ras, 
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leading to a marked decrease of superoxide anion production (19). In another in vivo study, 

CAA administration reduced renal damage after UUO in mice (7). However, up to now, all the 

studies performed on the effect of CAA in renal fibrosis have been performed in vitro or in rapid 

models of renal fibrosis such as UUO. 

Thus, in this study we aimed to evaluate the effect of long-term treatment with CAA on 

renal fibrosis in rats with 5/6 renal mass reduction (RMR), a model similar to renal fibrosis 

observed in CKD (22). 

 

6.2 Materials and Methods 

 

6.2.1 Animals and experimental conditions 

 

Sixty male Wistar rats (weighing approximately 135 g) were acquired from Harlan-

Interfauna (Barcelona, Spain). Rats were housed in standard cages (Tecniplast, Buguggiate, 

Italy) with corncob for bedding (Mucedola, Milan, Italy) in a controlled room: 12/12 hours light-

dark cycle, temperature (23±2ºC) and humidity (50±10%); animals were fed with a standard 

rat chow (Mucedola®, Milan, Italy) and water ad libitum. All experimental procedures followed 

the European (European Directive 2010/63/EU) and National (Decree-Law 113/2013) 

legislation on the protection of the animals used for scientific purposes. 

 

6.2.2 Experimental design 

 

After seven weeks of acclimatization, rats (weighing 359 to 402 g) were sham-operated 

(SO) or submitted to 5/6 RMR. All surgical procedures were carried out under general 

anaesthesia (ketamine/xylazine, 70/10 mg/kg; intraperitoneally) and aseptic conditions. The 

animals assigned to the RMR groups (n=34) were subjected to 5/6 RMR by surgical resection 

through a midline laparotomy, as described previously (23). The right kidney was exposed, 

decapsulated and removed. Then, the left kidney was exposed, decapsulated and both the 

upper and lower poles (two thirds of the left kidney) were resected. Excised kidney and poles 

were weighed immediately after removal. The sham-operated group rats (n=26) underwent the 

same abdominal incision and manipulation of the right and the left kidneys without removal of 

renal mass. Special care was taken to prevent damage to the adrenal glands during the 

surgeries. The percentage of renal tissue removed was calculated based on the removed 

tissue, assuming that the right and left kidneys had equal weights. Two days after RMR, serum 

creatinine was measured (Daytona® Rx, Randox). Rats weights were recorded weekly. 

Animals were daily observed to assess their general health and mortality. 
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One week after surgery surviving animals (n=53) were distributed into four groups: SO: SO 

rats receiving no treatment (n=13); SO+CAA: SO rats receiving CAA treatment (n=13); RMR: 

RMR rats receiving no treatment (n=14); RMR+CAA: RMR rats receiving CAA treatment 

(n=13). Rats from SO groups were distributed randomly and the animals from RMR groups 

were distributed according to the serum creatinine concentrations and the percentage of the 

removed renal tissue to ensure equal reduction in renal mass. CAA was intraperitoneally 

administered (0.23 µg/Kg; Santa Cruz Biotechnology, California, USA) (21) three times a week 

for six months. 

 

6.2.3 Ultrasonographic evaluation 

 

Six months after the surgical procedure, in the left kidney of each animal was evaluated 

the mean cortical and medullary echogenicity by ultrasonography using two-dimensional 

ultrasonography (US) (B mode) as reported previously by Nogueira et al. (24) (Figure 1). 

 

 

 

 

 

 

 

 

 

 
Figure 1. Measurement of mean pixels (echogenicity) in cortex (A and C) and medulla (B and D) in SO 
(A and B) and RMR (C and D) groups. 
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6.2.4 Renal function assessment 

 

Blood and urine samples were collected at the sixth month as we have previously 

described (25). Plasma creatinine, urinary creatinine and proteinuria were measured using a 

chemistry analyser (Daytona® Rx, Randox) as per manufacturers' instructions. Creatinine 

clearance was calculated according to standard formula [Uc x V/Pc, where Uc= urine creatinine 

(mg/dl), V= urine volume (ml/min/100 g body weight) and Pc= plasma creatinine (mg/dl)]. 

 

6.2.5 Animals sacrifice 

 

Six months after the surgery, surviving animals were anesthetized with isoflurane. Systolic 

blood pressure was measured through femoral artery catheterization as we have previously 

described (25). After that, the rats were sacrificed using an overdose of anesthesia followed 

by exsanguination by cardiac puncture as indicated by the Federation of European Laboratory 

Animal Science Associations (26). A complete necropsy was performed, either the remnant 

kidney from RMR rats or both kidneys from SO rats were removed, weighed and examined 

macroscopically. Relative left kidney weights were calculated as the ratio of the left kidney 

weight to the rats total body weight (27). 

 

6.2.6 Renal fibrosis evaluation 

 

Samples were fixed in neutral buffered formalin 10%, embedded in paraffin wax, by routine 

methods, and 2 μm thick sections, including renal cortex and medulla, were stained for routine 

histopathological diagnosis with Haematoxylin and Eosin (H&E), Masson’s trichrome and 

Reticulin special stains. Renal fibrosis was evaluate under light microscopy by two different 

researchers blindly and scored as previously reported by Asaba et al. (28): glomerulosclerosis 

(0: normal; 1: matrix expansion or sclerosis less than 25%; 2: 26-50%; 3: 51-75%; and 4: more 

than 75%); interstitial fibrosis (0: normal; 1: mild fibrosis around vasculature; 2: mild fibrosis 

around tubules; 3: moderate fibrosis with tubular casts or tubular damage; and 4: severe 

fibrosis with cell infiltration) and arteriolosclerosis (0: normal; 1: medial thickening; 2: 

segmental hyalinosis; 3: global hyalinosis; and 4: luminal occlusion with thrombus or infiltrating 

cells). The interstitial inflammation (presence of aggregates of lymphocytes and neutrophils in 

the interstitium) and the tubular dilatation (significant increase in luminal diameter, more than 

two folds, associated with flattening of the epithelial lining) were assessed according Moubarak 

et al. (29) (0: not present; 1: minimal damage with rare and small foci; 2: mild damage with few 
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and small foci; and 3: moderate damage with frequent and moderately sized foci). The average 

of each score was calculated for each rat. 

 

6.2.7 Statistical analysis 

 

Data were analyzed with SPSS® (version 23 for Windows; IBM Corp., Armonk, NY, USA). 

Results are presented as mean ± standard error. The normality of the data was checked with 

the Shapiro-Wilk test. Statistical differences between groups were assessed by one-way 

analysis of variance (ANOVA) for independent samples, followed by Tukey HSD post hoc 

tests, when the data was normally distributed. In the other cases, the Kruskal-Wallis test was 

used, followed by multiple comparisons by Dunn’s procedure. Differences between groups 

were considered statistically significant for p<0.05. 

 

6.3 Results 

 

6.3.1 General data and renal function 

 

Two animals from RMR group and five animals from RMR+CAA group died during the 

experimental protocol. The data from these animals were not included in the study and the 

size of the groups was reduced to 12 animals in RMR group and 8 animals in RMR+CAA 

group. Statistically significant differences concerning body weight, left kidney weight and left 

kidney weight/ body weight ratio were found between SO and RMR groups (p<0.05). As 

expect, at end of experimental protocol (6 months), in RMR groups the values of SBPr was 

significantly higher compared with SO groups; and rats from RMR groups showed clinical signs 

of CKD characterized by significant reduction in creatinine clearance and significant increase 

in urinary protein loss in comparison to sham-operated controls rats (p<0.05) (Table I). 
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Table I. Body weight, left kidney weight, left kidney weight/body weight ratio, systolic blood pressure, 

creatinine clearance and proteinuria and at the end of the experimental protocol (6 months) (mean ± 

standard error). 

General data 
SO 

(n = 13) 

SO+CAA 

(n = 13) 

RMR 

(n = 12) 

RMR+CAA 

(n = 8) 
p(1) 

Body weight (g) 560±16a 550±10ab 516±13ab 503±12b 0.015 

Left Kidney weight (g) 1.35±0.03a 1.29±0.03a 2.32±0.14b 1.97±0.12b < 0.001 

Left Kidney weight/Body weight ratio (%) 0.24±0.01a 0.24±0.01a 0.45±0.03b 0.39±0.03b < 0.001 

Systolic blood pressure (mmHg) 148.22 ±6.36a 146.00± 5.32a 202.22±9.61b 184.29± 9.79b < 0.001 

Creatinine clearance (ml/min) 1.56±0.04a 1.45±0.09a 0.73±0.10b 0.92±0.11b < 0.001 

Proteinuria (g/day) 0.105±0.006a 0.117±0.09a 3.167±0.410b 2.467±0.758b < 0.001 
(1) Significance value of the ANOVA. Groups with different letters were considered statistically different 
(p<0.05 in the Tukey HSD post hoc tests). SO: sham-operated rats; SO+CAA: sham-operated rats 
treated with chaetomellic acid A; RMR: rats with 5/6 renal mass reduction; RMR+CAA: rats with 5/6 
renal mass reduction treated with chaetomellic acid A. 

 

6.3.2 Kidney echogenicity 

 

Renal echogenicity was evaluated in cortex and medulla in all experimental groups at the 

end of the study. The echogenicity of cortex and medulla was higher in both RMR groups when 

compared with SO groups (p<0.05). The CAA administration decreased the cortical and 

medullary echogenicity in RMR rats, however only with statistically significance for medullary 

echogenicity (p<0.05) (Figure 2). 
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Figure 2. Echogenicity of renal cortex and medulla in all experimental groups at the end of the 
experimental protocol (6 months). SO: sham-operated rats; SO+CAA: sham-operated rats treated 
with chaetomellic acid A; RMR: rats with 5/6 renal mass reduction; RMR+CAA: rats with 5/6 renal 
mass reduction treated with chaetomellic acid A (Kruskal-Wallis Test. Groups with different letters 
were considered statistically different - p<0.05 in the multiple comparisons by Dunn’s procedure). 
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6.3.3 Histopathological studies 

 

The results of the evaluation of glomerulosclerosis, interstitial fibrosis, arteriolosclerosis, 

interstitial inflammation and tubular dilatation are given in Table II; and the distribution by 

different grades of severity in these histological lesions for all experimental groups can be seen 

in the Table III. Rats from SO groups presented no kidney histological changes: kidney tissue 

displayed a normal morphology with intact glomeruli and tubules (Figure 3a, 3b, 3c, 3d, 3e and 

3f), although some animals showed minimal to mild interstitial inflammation (Table III). The 

RMR rats that received no treatment showed severe glomerulosclerosis, interstitial fibrosis, 

interstitial inflammation, arteriolosclerosis and tubular dilatation (Table II and III; Figure 3g, 3h 

and 3i). In the RMR rats that received CAA, the severity of glomerulosclerosis and 

arteriolosclerosis was significantly reduced compared with RMR rats that received no 

treatment. The degree of interstitial fibrosis, interstitial inflammation and tubular dilatation was 

also reduced in the RMR rats that received CAA compared with the RMR rats that received no 

treatment; however, these differences were not statistically significant (Table II and III; Figure 

3j, 3k and 3l). 

 

Table II. Scores of renal fibrosis, inflammation and tubular dilatation at the end of the experimental 

protocol (6 months) (mean ± standard error). 

Scores 
SO  

(n = 13) 

SO+CAA  

(n = 13) 

RMR  

(n = 12) 

RMR+CAA  

(n = 8) 
p(1) 

Glomerulosclerosis score 0.00±0.00a 0.00±0.00a 3.42±0.19b 1.88±0.35c < 0.001 

Interstitial fibrosis score 0.00±0.00a 0.00±0.00a 3.25±0.14b 2.17±0.35b < 0.001 

Arteriolosclerosis score 0.00±0.00a 0.00±0.00a 1.83±0.37b 0.50±0.38a < 0.001 

Interstitial inflammation score 0.31±0.13a 0.15±0.15a 3.00±0.00b 2.50±0.27b < 0.001 

Tubular dilatation score 0.00±0.00a 0.00±0.00a 3.00±0.00b 1.88±0.35b < 0.001 
(1) Significance value of the Kruskal-Wallis Test. Groups with different letters were considered 
statistically different SO: sham-operated rats; SO+CAA: sham-operated rats treated with chaetomellic 
acid A; RMR: rats with 5/6 renal mass reduction; RMR+CAA: rats with 5/6 renal mass reduction treated 
with chaetomellic acid A (p<0.05 in the multiple comparisons by Dunn’s procedure). 
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Table III. Distribution by different grades of severity in the different histological lesions. 

Histological lesion SO  

(n = 13) 

SO+CAA 

 (n = 13) 

RMR  

(n = 12) 

RMR+CAA 

(n = 8) 

Glomerulosclerosis     

0. Normal 13 (100.0%) 13 (100.0%) 0 (0.0%) 0 (0.0%) 
1. ≤ 25% 0 (0.0%) 0 (0.0%) 0 (0.0%) 3 (37.5%) 
2. 26 – 50% 0 (0.0%) 0 (0.0%) 1 (8.3%) 4 (50.0%) 
3. 51 – 75% 0 (0.0%) 0 (0.0%) 5 (41.7%) 0 (0.0%) 
4. > 75% 0 (0.0%) 0 (0.0%) 6 (50.0%) 1 (12.5%) 

Interstitial fibrosis     

0. Normal 13 (100.0%) 13 (100.0%) 0 (0.0%) 0 (0.0%) 
1. Mild fibrosis around vasculature 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (25.0%) 
2. Mild fibrosis around tubules 0 (0.0%) 0 (0.0%) 0 (0.0%) 4 (50.0%) 
3. Moderate fibrosis with tubular casts or tubular damage 0 (0.0%) 0 (0.0%) 9 (75.0%) 1 (12.5%) 
4. Severe fibrosis with cell infiltration  0 (0.0%) 0 (0.0%) 3 (25.0%) 1 (12.5%) 

Arteriolosclerosis     

0. Normal 13 (100.0%) 13 (100.0%) 1 (8.3%) 6 (75.0%) 
1. Medial thickening 0 (0.0%) 0 (0.0%) 6 (50.0%) 1 (12.5%) 
2. Segmental hyalinosis 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 
3. Global hyalinosis 0 (0.0%) 0 (0.0%) 4 (33.3%) 1 (12.5%) 
4. Luminal occlusion with thrombus or infiltrating cells 0 (0.0%) 0 (0.0%) 1 (8.3%) 0 (0.0%) 

Interstitial inflammation     

0. Not present 9 (69.2%) 12 (92.3%) 0 (0.0%) 0 (0.0%) 
1. Minimal with rare and small foci 4 (30.8%) 0 (0.0%) 0 (0.0%) 1 (12.5%) 
2. Mild damage with few and small foci 0 (0.0%) 1 (7.7%) 0 (0.0%) 2 (25.0%) 
3. Moderate damage with frequent and moderately sized foci 0 (0.0%) 0 (0.0%) 12 (100.0%) 5 (62.5%) 

Tubular dilatation     
0 Not present 13 (100.0%) 13 (100.0%) 0 (0.0%) 1 (12.5%) 
1 Minimal 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (12.5%) 
2 Mild 0 (0.0%) 0 (0.0%) 0 (0.0%) 4 (50.0%) 
3 Moderate 0 (0.0%) 0 (0.0%) 12 (100.0%) 2 (25.0%) 

SO: sham-operated rats; SO+CAA: sham-operated rats treated with chaetomellic acid A; RMR: rats with 5/6 renal 
mass reduction; RMR+CAA: rats with 5/6 renal mass reduction treated with chaetomellic acid A. 
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Figure 3. Representative kidney sections from sham-operated rats (SO), sham-operated rats treated with chaetomellic 
acid A (SO+CAA), rats with 5/6 renal mass reduction (RMR) and rats with 5/6 renal mass reduction treated with 
chaetomellic acid A (RMR+CAA) stained with Haematoxylin and Eosin (H&E), Masson’s trichrome and reticulin stain. SO 
group: a, b and c – normal kidney morphology (x200); SO+CAA: d, e and f– normal kidney morphology (x200); RMR: g – 
arteriolosclerosis (grade 4); not also the interstitial inflammation (x400); h – glomerulosclerosis (grade 4) (x400); i – 
interstitial fibrosis (grade 3) (x200); and RMR+CAA: j – arteriolosclerosis (grade 0) (x400); k – glomerulosclerosis (grade 
2) (x400); l– interstitial fibrosis (grade 2) (x200). 
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6.4 Discussion 

 

Development of renal fibrosis is the hallmark of most progressive CKD, regardless of its 

primary aetiology (30). Therefore, treatment strategies aimed at preventing or slowing its 

devastating sequelae and progression to ESRD are of greatest importance. 

Some studies highlight the importance of H-Ras isoform in the development of fibrosis 

(4,16,17). Therefore, we have evaluated the effect of CAA, which selectively blocks H-Ras 

farnesylation (19), on renal fibrosis. To date, relatively few studies have assessed the effects 

of the CAA in experimental models of kidney diseases (7,20,21,25). To our knowledge this is 

the first study that evaluated the effect of long-term CAA treatment on renal fibrosis in rats with 

progressive renal disease. In the present study, we have demonstrated that CAA (0.23 µg/Kg, 

three times a week, for six months) attenuate renal fibrosis, particularly glomerulosclerosis and 

arteriolosclerosis. Our results confirm the capability of CAA to reduce renal fibrosis observed 

in the ischemia-reperfusion injury and UUO rodent models by Sabbatini et al. (20,21) and 

Rodriguez-Peña et al. (7), respectively. 

In most patients, CKD progresses to an end point with common histological features 

characterized by accumulation of ECM in glomeruli and interstitium, which leads to generalized 

fibrosis (31). Therefore, the acceptable animal model for the study of renal fibrosis should 

provide the development of glomerulosclerosis and interstitial fibrosis to a comparable extent 

to what is observed in human medicine. One of the most commonly animal model used to 

study renal disease progression is the 5/6 RMR in rats, which we used to evaluate the effect 

of CAA on renal fibrosis. 

In this animal model, the increase in the glomerular filtration rate and blood flow associated 

with glomerular hypertension is followed by progressive deterioration of renal function 

accompanied by severe proteinuria and by structural renal changes such as 

glomerulosclerosis, tubulointerstitial fibrosis and vascular sclerosis (32,33). In this study, six 

months after RMR rats showed typical features of CKD: systemic hypertension, renal failure, 

proteinuria and renal fibrosis, which proved that RMR had been successfully performed. 

In the present study, no deaths were observed in SO groups. However, among the RMR 

groups, the mortality was higher in the rats treated with CAA, despite the deaths had occurred 

only after the fifth month after RMR. According to Qian et al. (34), CAA has a reduced off-target 

toxicity relative to others farnesyltransferase inhibitors. In fact, as we have previously 

discussed (25), we did not observe adverse effects after the administration of CAA to rats. 

However, possibly chronic administration of CAA (0.23 µg/Kg three times a week) may have 

some toxicity in rats with CKD, while in healthy animals, administration of CAA is innocuous. 
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Renal fibrosis was evaluated by US and histopathological analysis. US is a real-time 

imaging technique, noninvasive and non-nephrotoxic (35). An increase of renal echogenicity 

is considered an indicator of renal fibrosis (36). In fact, we have previous observed that the 

cortical and medullary echogenicity is a good sensitive marker of fibrosis in the 5/6 RMR model 

(24). In this study, the kidneys of RMR animals treated with CAA showed a decrease in the 

cortical and medullary echogenicity compared with RMR rats that received no treatment; 

however, the difference was only statistically significant for medullary echogenicity. So, the 

results obtained by US suggest that CAA has a beneficial effect on renal fibrosis. These results 

are in agreement with those obtained in histopathological studies, in which we observed that 

in comparison with RMR group, the kidneys from RMR+CAA group showed significantly 

reduced glomerulosclerosis and arteriolosclerosis. Kidneys from RMR+CAA group also 

exhibited less interstitial fibrosis, interstitial inflammation and tubular dilatation. 

Histopathological studies of renal tissue after RMR reveal the presence of three phases: 

rapid hypertrophic phase (2 to 4 weeks after RMR); phase with minimal histological changes 

(4 to 10 weeks); and the development of segmental glomerular sclerosis and tubulointerstitial 

fibrosis (after 10 weeks) (37). Several authors have observed that during the different phases 

numerous molecules such as cytokines and growth factors (38,39,40), growth factor receptors 

(39), and extracellular matrix glycoproteins (41) are overexpressed in renal tissue. In this 

model, was also observed the activation of the Raf/MAPK-Erk (42) and PI3K/Akt (43) pathways 

– the mainly Ras signaling pathways. Activation of Ras and its signaling pathways Raf/Mek-

Erk1/2 and PI3K/Akt has been described as mediators in progressive renal damage (44,45). 

In a model of renal fibrosis induced by UUO, renal fibrosis was associated to Ras, Erk, and 

Akt activations, with main involvement of Erk1/2 in apoptotic events and Akt in proliferative and 

fibrotic response (46). Many growth factors are known to activate intracellular signaling 

pathways that converge on Ras activation, including Transforming growth factor (TGF)-β1 

(9,10). The production of TGFβ1, both by intrinsic renal cells and infiltrated inflammatory cells, 

plays a key role in the pathological deposition of extracellular matrix after damage to renal 

tissue (47). There is a close relationship between TGFβ1, Ras signaling pathways and 

epithelial-mesenchymal transition (EMT). EMT plays an important role in the renal fibrosis 

(48,49). Grande et al. (4) demonstrated in the UUO model performed in mice the relationship 

between H-Ras and EMT in the kidney and its contribution to the development of renal fibrosis. 

These authors observed that H-Ras deficiency reduces fibrogenesis, activation of Akt, the 

amount of activated myofibroblasts, and EMT inducers. It also impairs interstitial fibroblast 

proliferation and decreases TGFβ1-induced proliferation and motility in fibroblasts. CAA 

administration decreased Ras downstream signaling pathways, MAPK-Erk1/2 and PI3K/Akt, 

as well as 𝛼-Smooth muscle actin accumulation (a marker for myofibroblasts) in UUO kidneys 
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(7). In addition, it has been reported that the inhibition of farnesylation by CAA inhibits 

Ras/Erk1/2 pathway and significantly reduces acute postischemic renal injury in rats (20).  

Thus, through the modulation of Raf/Mek/Erk and PI3K-Akt pathways, CAA may have 

attenuate RMR-induced renal fibrosis. 

In the 5/6 RMR model, the presence of infiltrated cells plays an essential role in the 

progression of renal parenchymal lesion (50,51). An abnormal, persistent inflammatory 

response may lead to increased synthesis and deposition of ECM with subsequent fibrosis 

(52). It was also observed that inflammation can induce EMT (53). In this study, the interstitial 

inflammation score was higher in RMR group compared with RMR+CAA group, although this 

difference was not statistically significant. Therefore, this higher infiltration of inflammatory cells 

present in the kidney samples of animals belonging to the RMR group may have contributed 

to a much more pronounced development of renal fibrosis in this group. 

Another potential mechanism responsible for the beneficial effects of CAA on renal fibrosis 

could involve the reduction of oxidative stress. Oxidative stress resulting in generation of 

reactive oxygen species (ROS), mainly in the form of superoxide and hydrogen peroxide, plays 

a significant role in the initiation and progression of renal disease (54,55). NADPH oxidase has 

been identified as the enzyme system most responsible for superoxide generation by 

adventitial fibroblasts (56,57) and it is recognized as a key mediator of cell proliferation, matrix 

accumulation (58,59), and EMT (53) in renal disease. Activated H-Ras isoform increase 

intracellular levels of ROS via up-regulation of the plasma membrane NADPH oxidase (60-63). 

CAA inhibits Ras/Erk1/2 pathway and protects human renal proximal tubular cells from 

oxidative stress-induced cell death (20). Furthermore, CAA administration in rats, after brain 

damage induced by an excitotoxic stimulus, significantly reduced superoxide production (19). 

Also, an in our previous study (25), we have observed that CAA attenuate 5/6 RMR-induced 

oxidative stress in rats. Oxidative stress play an important role in renal injury induced by 5/6 

RMR (64,65). Thus, the reduction of oxidative stress by CAA may also have contributed to the 

decrease of renal fibrosis seen in the rats treated with CAA. 

 

6.5 Conclusions 

 

Under our experimental conditions, CAA (0.23 µg/Kg, three times a week, for six months) 

reduced renal fibrosis, mainly glomerulosclerosis and arteriolosclerosis, in a rat model of CKD. 

Although further studies are necessary, the data of this study suggests that the inhibition of 

farnesylation of H-Ras protein by CAA can be a possible new therapeutic target to attenuate 

the progression of CKD. The precise mechanisms by which CAA prevents the progression of 

renal fibrosis cannot be elucidated by this study. However, on the basis of previous studies we 



159 

 

can suggest that its protective effects on renal fibrosis observed in this study may be based 

mainly on its ability to modulate Raf/Mek/Erk and PI3K-Akt pathways and consequently cell 

proliferation and EMT. In this study, the mortality was higher in the rats with CKD treated with 

CAA, although no adverse effects were observed in sham-operated treated rats. These data 

highlight the need for more studies on the CAA clinical toxicity and safety. 
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7. General discussion 

 

Chronic kidney disease (CKD) is a major public health problem because of its high 

prevalence and associated risk of end-stage renal disease (ESRD) (1). Despite that, the 

therapeutic armamentarium that currently exists is unsatisfactory. Consequently, the search 

for new therapeutic modalities remains an issue of actual importance and of interest both to 

researchers and clinicians. 

Animal models play an important role in testing potential therapeutic approaches to the 

human kidney diseases (2). An ideal animal model should have similar anatomy and 

physiology to humans and comparable pathological findings to humans should be evident (3). 

Among the various models, the renal mass reduction (RMR) model performed in rats, is the 

most commonly used to study CKD and appears to be close enough to the pathophysiological 

characteristics of human progressive renal disease (4). This model can be performed using 

different techniques (2,5). In our study, the RMR model was performed by unilateral 

nephrectomy of the right kidney plus polectomy of the left kidney, according to Pires et al. (6). 

In this process, approximately 5/6 of the renal tissue is removed (5/6 RMR) resulting in 

progressive development of systemic hypertension and chronic renal failure, associated with 

the presence of glomerulosclerosis and tubulointerstitial fibrosis (7,8). In fact, in our study, the 

surgical RMR in male Wistar rats was accompanied by a progressive decline in renal function. 

Six months after surgery, significant glomerulosclerosis and interstitial fibrosis were also 

observed. During the experimental protocol (six months), some rats developed severe chronic 

renal failure and died. 

Some limitations of this model include high mortality rate, namely in the first week after 

surgery and the amount of kidney left to study may be distorted by the surgical procedure (9). 

To try to minimize the influence of these variables in our results, we distributed the animals in 

experimental groups only one week after surgery and the approximate weight of the remaining 

renal tissue was calculated based on the removed tissue (assuming that the right and left 

kidneys had equal weights), so the rats with RMR were distributed by the RMR groups 

according to the weight of the removed renal tissue to ensure similar reduction in renal mass. 

Another limitation of this model is the fact that this abrupt and extensive loss of renal mass 

occurs very rarely in human renal diseases, where a more gradual loss of nephrons is 

observed (2), but none of the many animal models perfectly reproduce the human renal 

disease. 

As previously mentioned, the RMR model is one of the most used to study CKD, namely 

for the evaluation of new therapeutic approaches for CKD. Assessing renal dysfunction and 

histopathological alterations is of great importance when this model is used. Usually renal 
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functional parameters [blood urea nitrogen (BUN), creatinine, proteinuria and creatinine 

clearance] are used to assess renal dysfunction in this model (6, 10). However, 

histopathological alterations can only be performed after the animals have been sacrificed, 

because successive biopsies in order to monitor progression of histopathological alterations 

would expose the animal to repeated anesthetics and hemorrhagic risks. Also, in some studies, 

the use of anesthetics is not recommended. Therefore, we decided to search for an alternative 

non-invasive method that would allow to evaluate the progression of the renal disease in this 

model.  

Two-dimensional ultrasonography (US) is a real-time imaging technique, relatively cheap, 

noninvasive and non-nephrotoxic (11) and is routinely performed in animals with suspected 

renal disease (12). So, we decide to apply this imaging modality in conscious rats subjected 

to 5/6 RMR in order to follow-up the progression of renal disease in a chronic experimental 

study (6 months). In our study, the cortical and medullary echogenicity was significantly higher 

in the RMR group when compared with the sham-operated (SO) group. An increase of 

echogenicity is considered an indicator of renal fibrosis (13). Therefore, our results indicate 

that the echogenicity evaluated in either cortex or medulla is a good sensitive marker of fibrosis 

in the 5/6 RMR model. In this study, we also correlated US data with histopathological and 

biochemical findings. Surprisingly, US parameters were more associated with biochemical 

parameters of renal function than with histopathological alterations. However, an explanation 

for these results can be the low number of animals used. Therefore, with this study we have 

demonstrated that it is possible to image kidney in conscious rats by US and this technique 

may be an alternative to monitor the progression of renal injury in chronic studies with the RMR 

model. Nevertheless, we believe that it will be important to perform other studies with a larger 

number of animals and with other US parameters, such as resistive index, pulsatility index, 

peak systolic velocity and end-diastolic velocity. 

As already mentioned, despite the increasing incidence and prevalence and serious 

socioeconomic consequences of CKD, there is no drug that effectively prevents the 

progression to ESRD (1). Thus, another central aim of our work was to study the effect of long-

term treatment with Chaethomellic acid A (CAA) on renal failure, oxidative stress and renal 

fibrosis in rats with 5/6 RMR. Significant reduction of renal mass starts a series of 

hemodynamic (glomerular hypertension and hyperfiltration) and nonhemodynamic (oxidative 

stress, inflammation and fibrosis) events which lead to systemic hypertension, 

glomerulosclerosis and tubulointerstitial injury culminating in end-stage renal failure (9). In the 

present study, we assessed the renal function evaluating some renal functional parameters, 

namely urine specific gravity, urinary flow, phosphorus, potassium, BUN, creatinine, 

proteinuria and creatinine clearance; oxidative stress evaluating different oxidative stress 
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parameters, namely malondialdehyde (MDA), lipid hydroperoxides and reduced glutathione 

(GSH)/oxidized glutathione (GSSG) ratio, as well as the activities of the antioxidant enzymes 

catalase (CAT) and glutathione reductase (GR); and renal fibrosis was evaluated using US 

and histopathological analysis. As we had previously shown that the echogenicity is a good 

sensitive marker of renal fibrosis, we decided to use US to assess the effect of CAA on renal 

fibrosis. Our results, obtained using US, were in agreement with those obtained by the 

histopathological studies. 

CAA is a highly specific inhibitor membrane-bound H-Ras protein (14,15). H-Ras protein 

increases intracellular levels of reactive oxygen species (ROS) via up-regulation of the plasma 

membrane NADPH oxidase (16-19). In addition, it has been reported that depletion of H-Ras 

isoform in cultured fibroblasts obtained from H-Ras knock-out mice up-regulates extracellular 

matrix proteins (ECM) synthesis and mediates proliferation and migration (20,21). 

Furthermore, renal fibrosis was lower in H-Ras knock-out mice than in wild type (WT) mice 

after unilateral ureteral obstruction (UUO) (22). H-Ras proteins were detected in human kidney 

in different kinds of cells (23), thus it is reasonable to propose that CAA may protect the kidney 

from injury induced by RMR. In fact, in the present study, long-term CAA administration (0.23 

µg/Kg three times a week, for six months) was associated with a slight improvement of some 

parameters of renal function, a slight reduction of renal MDA and lipid hydroperoxides levels, 

a significant increase in the levels of antioxidant enzymes and a significant reduction in 

glomerulosclerosis and arteriolosclerosis. These data are consistent with previous reports 

were CAA showed that: oxidative stress-induced apoptosis in human renal proximal tubular 

cells and human umbilical vein endothelial cells decreases (24); intracellular concentration of 

non-prenylated inactive H-Ras increases and reduces superoxide production in rats, after brain 

damage induced by an excitotoxic stimulus (15); both renal function and structure in acute 

renal ischemia-reperfusion injury model in rats are preserved (24,25); and renal damage after 

UUO in mice is reduced (26). 

Chamorro-Jorganes et al. (27) observed that CAA decrease systolic, diastolic and mean 

arterial pressure in H-Ras knock-out mice compared with WT mice, suggesting that H-Ras 

pathway could be considered as a therapeutic target for hypertension treatment. Although the 

evaluation of the effect of CAA on systemic hypertension induced by 5/6 RMR has not been 

an aim of our work, our results are not in accordance with these data. We have observed that 

the values of systolic, diastolic and mean arterial pressure were lower in the CAA-treated than 

in the untreated RMR rats, however the differences were not statistically significant.  

To the best of our knowledge this is the first study that evaluated the effect of long-term 

CAA treatment on renal function, oxidative stress and renal fibrosis in rats with progressive 

renal disease. Although we have observed that the long-term CAA administration (0.23 µg/Kg 
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three times a week, for six months) attenuates 5/6 RMR-induced oxidative stress mainly by 

prevent the decrease of antioxidant enzymes and significantly reduce glomerulosclerosis and 

arteriolosclerosis, the mortality was higher in the rats with CKD treated with CAA. We cannot 

explain why mortality was higher in these rats. In fact, we did not observe adverse effects after 

the administration of 0.23 µg/Kg of CAA to rats not subjected to RMR. The dose of CAA 

employed was 0.23 µg/Kg, according to Sabbatini et al. (25). However, these authors pre-

treated the rats with CAA only one time, while we treated our animals with the same dose three 

times a week for six months. So possibly chronic administration of CAA (0.23 µg/Kg three times 

a week) may have some toxicity in rats with CKD, while in healthy animals, administration of 

CAA is innocuous. We have measured the renal content of glutathione S-transferase, a Phase 

II detoxification enzyme that plays an important role in elimination of toxic compounds. 

However, we did not find significant differences between CAA-treated and not treated RMR 

animals. Thus, these data highlight the need for more studies with other drug concentrations. 

The precise mechanisms by which CAA have beneficial effects in the progression of renal 

disease in this model cannot be elucidated by this study. Thus, it would have been very 

important to evaluate the expression levels of H-Ras protein and mRNA, the expression of 

extracellular matrix proteins (namely fibronectin and collagen type I), the signaling pathways 

of H-Ras protein (namely Mek and Akt pathways) by assessing the expression of 

phosphorylated form of Erk 1/2 (the activated form of Erk 1/2), total Erk 1/2, phosphorylated 

form of Akt (the activated form of Akt) and total Akt and also the 𝛼-Smooth muscle actin 

expression in the kidney tissues of the four experimental groups (SO, SO+CAA, RMR and 

RMR+CAA). 

Although further studies are necessary, taking into account our results and those of 

previous studies carried out so far, the inhibition of farnesylation of H-Ras protein by CAA can 

be a possible new therapeutic target to attenuate the progression of CKD. 
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