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Abstract 
 

 

Cardiac alteration due to chronic kidney disease is described by tissue fibrosis. This 

remodeling involves myofibroblasts of various origins, including epithelial or endothelial to 

mesenchymal transitions. In addition, obesity and insulin resistance together or separately 

seem to exacerbate cardiovascular risk in chronic kidney disease (CKD). The main objective 

of this study was to assess if pre-existing metabolic disease exacerbates CKD-induced cardiac 

alterations. In addition, we hypothesised that endothelial to mesenchymal transition 

participates in this enhancement of cardiac fibrosis. Rats fed cafeteria type diet for 6 months 

underwent a subtotal nephrectomy at 4 months. Cardiac fibrosis was evaluated by histology 

and qRTPCR. Collagens and macrophages were quantified by immunohistochemistry. 

Endothelial to mesenchymal transitions were assessed by qRT-PCR (CD31, VE-cadherin, α-

SMA, nestin) and also by CD31 immunofluorescence staining. Rats fed with cafeteria type 

regimen were obese, hypertensive and insulin resistant. Cardiac fibrosis was predominant in 

CKD rats and was highly majored by cafeteria regimen. Collagen-1 and nestin expressions 

were higher in CKD rats, independently of regimen. Interestingly, in rats with CKD and 

cafeteria diet we found an increase of CD31 and α-SMA co-staining with suggest an 

implication of endothelial to mesenchymal transition during heart fibrosis. We showed that 

rats already obese and insulin resistant had an enhanced cardiac alteration to a subsequent 

renal injury. Cardiac fibrosis process could be supported by a involvement of the endothelial 

to mesenchymal transition phenomenon. 

 

 

 

 

 

Introduction 
 

Diabetes and hypertension are the most common etiologies of chronic kidney diseases [1]. 

Cardiovascular disease is the leading cause of morbidity and mortality in CKD patient [2] and 

their prevalence increases with decreasing glomerular filtration rate [3]. Heart failure 

secondary to CKD define the type 4 cardiorenal syndrome [4]. Cardiomyocytes hypertrophy 

is a hallmark of cardiac remodeling in the early stages of cardiac alteration. This process, 

which is a major element involved in type 4 cardiorenal syndrome, induces the activation of 

cellular signals of metabolic pathways capable of increasing the production of extracellular 

matrix leading to fibrosis [5, 6]. Interstitial or perivascular cardiac fibrosis is a deleterious 

phenomenon resulting from the predominance of collagen synthesis compared to its 

degradation. Accumulation of this fibrosis progressively leads to a loss of compliance of the 

myocardial wall and a lack of contraction. These phenomena conduce to the appearance of 

dysfunction and thus promote heart failure progression. 

 

Excessive synthesis of extracellular matrix (ECM) is essentially caused by activated 

fibroblasts, named myofibroblasts [7]. These specialized fibroblasts are mesenchymal cell 

presenting a hybrid phenotype, between fibroblast and smooth muscle cell. There are 

characterized by a granular endoplasmic reticulum and a highly developed golgi apparatus 

related to a collagen turnover deregulation. Indeed, collagen precursors excess as well as 

signaling molecules that regulate interaction of the ECM with the parenchyma are observed 

[8]. On the other hand, these cells exhibit peripheral α-SMA myofilaments conferring them 



contractile properties [9], super adhesion type junctions allowing them to communicate, to 

synchronize their contraction and to form bonds with ECM. These characteristics lead to the 

tissue remodeling initiation [10]. Myofibroblasts origins are various and among them is the 

endothelio-mesenchymal transition (EndMT) [11]. Mainly induced by TGF-β, this transition 

process is associated with a phenotypic change of endothelial or epithelial cells and a 

cytoskeleton restructuration. Increased expression of mesenchymal markers such as α-SMA, 

COLL1, fibronectin, vimentin and FSP-1 (fibroblast specific protein-1) is observed. At the 

same time, these cells lose their specific markers like CD31/PECAM-1 or VE-cadherin. These 

variations allow detecting the presence of endothelial or epithelial to mesenchymal 

transitions. Moreover, an immune and inflammatory response accompanied with macrophage 

infiltration is observed in the cardiac tissue [12]. This may lead to sustained production of 

various growth factors, including TGF-β [13], thus maintaining the profibrotic mechanisms. 

 

Among the risk factors for cardiovascular diseases such as hypertension and diabetes, insulin 

resistance and obesity are also known to be major determinants of cardiovascular risk in CKD 

[14]. The incidence of cardiovascular risk factors and cardiovascular diseases also are higher 

in diabetic patients [15]. Obesity or occidental rich diet model increase cardiovascular risk 

factors and progression of CKD [16–18]. CKD is associated with a significant burden of 

cardiovascular disease, and several studies evaluated the association between metabolic 

disease, renal impairment and cardiovascular events. These results do not allow to establish or 

not if cardiovascular risk is enhanced with an insulin resistance phenotype in the CKD 

population [19]. Heart failure is one of the cardiovascular risk factors consecutive to CKD and 

involves several mechanisms such as left ventricular hypertrophy, cardiac fibrosis and 

inflammation [20]. Only few studies reported that insulin-resistance is positively correlated to 

cardiac hypertrophy in a population of CKD patients [19]. To date, no study evaluated if 

cardiac remodeling is enhanced in patients presenting several chronic diseases whose 

prevalence is high in Western countries. 

 

To the best of our knowledge, there is no study evaluating if cardiac fibrosis associated to 

CKD is worsened in a pre-existing insulin-resistant profile. Therefore, the main objective of 

the present study was to assess tissue and cell damages in the cardiac muscle resulting from 

the development of CKD in rats with established obesity and insulin resistance. In addition, 

we hypothesized that endothelial to mesenchymal transitions (EndMT) processes contribute to 

cardiac fibrosis formation. 

 

Materials and methods 
 

Ethics 

 

The present experiment complied with the European and French laws (Agreement D34-172-

25 and 1562–18,348) and conform to the Guide for the Care and Use of Laboratory Animals 

published by the National Institute of health (National academies Press US, 8th edition, 

2011). Rats were housed in a climate controlled conditions with a 12 h light/ dark cycle in a 

room temperature. 

 

Animal model 

 

Two groups of 34 male Wistar rats (Charles River France) were fed standard diet (SAFE A04) 

or a so-called “cafeteria” diet for 6 months. The cafeteria diet consists of a range of appetizing 

foods intended for human consumption, selected for their high energy, fat, sugar and salt 



content (e.g. soda, lard, cake, potato crisps, sweets, cheese). It is very representative of the 

food excesses observed in the western diet. After 4 months, half of the animals in each diet 

group (standard or cafeteria) were subjected to a reduction in renal mass by right nephrectomy 

and ligation of two left renal artery branches, the inferior and superior branches leaving only 

the posterior branch intact (5/6th Renal ablation and infarction (a/I) surgery). 

 

At the end of the experiment (6 months), rats were anaesthetized (isoflurane 2%) and a 

catheter was inserted into the right carotid artery for arterial pressure measurement and blood 

sampling. Then, the heart, left kidney and epidydymal adipose tissue were removed, weighed, 

rinsed and stored at −80 °C. The left ventricle (LV) including septum was weighted separately 

and cut into several pieces. Arterial blood was collected in heparinized sample, centrifuged at 

4 °C and plasma was stored at −80 °C. 

 

Biochemicals analysis 

 

Three days before the end of the protocol, rats were fasted for 5 h and blood was taken from 

the tail artery for glucose and insulin measurement. Glucose concentration was measured by 

blood glucose meter (Freestyle Optium). Insulin concentration was determined by ELISA 

(ultrasensitive rat insulin, Mercodia). The homeostasis model assessment of insulin resistance 

(HOMA-IR) was calculated using the formula: HOMA-IR = (fasting blood glucose in 

mg/dl*fasting plasma insulin in mU/ml)/2 430 [49]. 

 

Plasma creatinine level was determined by colorimetric assay (Cobas 8000 analyser, Roche). 

 

Histochemical and immunohistochemical or fluorescence staining 

 

For cardiac collagen staining, one piece of the LV was formalin- fixed, paraffin-embedded, 

and 3–5 μm slices were cut for histological analysis. The collagen volume fraction was 

determined by Sirius red staining (Sigma-Aldrich), and for quantification we divide the Sirius 

red staining by the total surface of the heart slice [21]. 

 

CD68 immunohistochemical staining was used as a marker of rat macrophages and 

determined in LV tissues, as previously described [22]. For quantification, the same ratio as 

for Sirius Red was performed. Briefly, anti-CD8 (1:100, Biorad), was incubated overnight at 

4°C, revelation was performed with Universal vectastain ABC kit and ImmPACT AEC 

(Vector Laboratories) following the instructions of suppliers. Then, the sections were 

mounted in an aqueous mounting medium, VectaMount™ AQ (Vector Laboratories) and 

examined under a light microscope (Nikon Eclipse TE300). Quantification was performed 

with Image J software on pictures taken from 10 fields of LV tissue at 200- fold 

magnification. The area of Sirius red and CD68 staining was measured on LV tissue fields. 

 

Immunofluorescence staining: On formalin-fixed slices, primary antibody anti-CD31 (1:100, 

ab28364, Abcam) was used for immunofluorescence staining coupled with primary antibody 

anti-α-SMA (1:200, ab7817, Abcam) and with appropriate secondary antibodies. The slices 

were mounted with vectashield vibrance mounting medium (Vector H-1800, Vector 

Laboratories). Fluorescence was observed with Axio-imager microscope (Zeiss). CD31/α-

SMA positive cells were counted for all blood vessels for each slice. We used Image J 

software for analysis. 

 

 



 
 

Analysis of mRNA expression by real‑time PCR 

 

Immediately after removal and weighing, another piece of the left ventricle was frozen in 

«RNA later» solution (Life Technologies). Tissues were then dissociated in RLT buffer using 

a FastPrep Homogeneizer (MP Biomedicals). Reverse transcription reactions were performed 

on 500 ng total RNA using a reverse transcription Takara Kit (Takara Bio Europe) and real-

time quantitative PCR was done with the use of the Lightcycler 480 II real time PCR 

instrument (Roche). Primer pairs were generated using NCBI primer design application and 

were designed to span an exon-exon junction (Integrated DNA Technologies, Leuven, 

Belgium). Forward and reverse primers sequences (Table 1) were used at a 60 °C annealing 

temperature. Data on gene expression were normalized according to RPLP0 housekeeping 

gene expression. 
 
Statistics 
 

Quantitative data were expressed as mean ± SEM. Statistical analysis were performed using 
two factor analysis of variance (ANOVA) and post hoc comparisons were performed by means of 

Fisher’s Protected Least Significant Differences (PLSD) test using STATVIEW software. A P value 

of < 0.05 was considered significant. 

 

 

 

Results 
 

 

Influence of cafeteria regimen and renal mass reduction on metabolic parameters 

 

The increase in body weight was more marked in the cafeteria group from week 6. The difference was 

maintained after renal mass reduction despite the loss of weight induced by the surgery (Fig. 1A). 

Compared to their respective standard group, final body weight was significantly higher in rats fed 

cafeteria diet, irrespective of the renal mass reduction (Fig. 1B). This increase in body mass was 

associated with elevated adiposity, also independently of the renal mass reduction (Fig. 1C). 

 

 

 



 
 

As reported in Table 2, elevated creatinine levels were observed in rats with renal mass reduction. As 

expected, insulin level and HOMA-IR increased in rats fed cafeteria diet, indicating a diet-related 

insulin resistance phenomenon. Subtotal nephrectomy tended to lower, and to the same extent, plasma 

insulin and the HOMA-IR, whatever the diet. No modification of blood calcium and phosphorus levels 

following renal mass reduction was observed. Cafeteria diet was associated with an increase in left 

kidney weight and more clearly when indexed to tibia length in rats which have not undergone surgery 

(intact rats). The usual compensatory hypertrophy of the remaining left kidney was observed in the 

5/6th nephrectomy group, and as observed in intact rats, it was more marked in cafeteria fed rats. 

 

 

 
 

 

 



 

Cardiac morphological and histological alterations following cafeteria regimen and renal mass 

reduction 

 

Regarding cardiac parameters, we observe that heart weight indexed to tibia length was higher 

in cafeteria rats with or without subtotal nephrectomy (Table 2). The cardiac hypertrophy was 

mainly due to left ventricular hypertrophy. Interestingly, the rise in heart weight index in 

nephrectomised rats was significantly enhanced in rats fed cafeteria diet when compared to 

those fed standard rat chow. Mean arterial pressure and pulsed pressure were not affected by 

the cafeteria diet in intact rats. Both pressures were elevated in nephrectomised groups and the 

rise was lower in rats fed the cafeteria diet (Table 2). 

 

As illustrated in Fig. 2(A–B), Sirius red staining of the left ventricle was significantly higher 

in cafeteria fed rats without renal mass reduction (intact rats). Subtotal nephrectomy increased 

the area of Sirius red staining in cafeteria fed rats whereas it devoid of significant effect in 

standard chow fed rats. Of note, Sirius red staining area was also significantly larger in 5/6th 

(a/I) fed cafeteria diet compared to 5/6th (a/I) rats on the standard chow. 

 

Concerning markers of inflammation, we observed an elevation of CD68 staining only in rats 

fed cafeteria diet that have undergone renal mass reduction (Fig. 2C–D). 

 

mRNA Expression of markers of cardiac fibrosis 

 

Markers of cardiac fibrosis expression were shown in Fig. 3A–B. We observed a tendency to 

elevation of Gal-3 and GDF-15 following high fat diet, and also in 5/6th (a/I) Group (Fig. 3 

A–B). As reported in Fig. 3C, a tendencies decrease of IL-33 was observed following 

nephrectomy, independently of regimen (no significant). Contrastingly, we did not observed 

elevation of ST2L or sST2 (Fig. 3D–E). 

 

Endothelial to mesenchymal transition implication during heart fibrosis 

 

We performed co-immunostaining between endothelial marker CD31 and smooth muscle 

marker α-SMA. Quantification analyse of percentage of cells with co-staining showed a 

significant increase of cells with endothelial to mesenchymal transition in rats group with 

cafeteria and 5/6th (a/I) treatments (Fig. 4A–B). 

 

Further, we observed an increase of collagen 1 and nestin mRNA expression levels in rats 

which underwent renal mass reduction, independently of regimen (Fig. 4C–D). Otherwise, we 

did not observe variations of mRNA expression levels influenced by cafeteria diet or renal 

mass reduction for the other markers of EndMT (Table 3). 

 

Discussion 
 

In this study we evaluated if cardiac remodeling associated with CKD is worsened when 

metabolic alterations are already present in rat model of metabolic syndrome. We show that 

cardiac fibrosis and inflammation associated with CKD are enhanced in our model of 

metabolic dysfunction profile. We also suggest that EndMT phenomenon is implied in cardiac 

fibrosis process. 

 

 



 
 

In the present model, the cafeteria type diet administered was rich in fat (lard), sugar (soda) 

and also in salt (cheese). This type of diet closely reproduces western diet type and obviously 

led to obesity and insulin resistance in the present rats as reported in Wistar rats [23]. To 

obtain a chronic kidney disease, 5/6th Renal ablation and infarction (a/I) surgery was realized 

and as expected, creatinine level was elevated. Although significance level was not achieved, 

the rise of plasma creatinine induced by 5/6th (a/I) was tendency increased in rats fed 

cafeteria diet compared to those on regular rat chow. In patients who had undergone unilateral 

nephrectomy, proteinuria and renal insufficiency were mostly observed in obese patients [24]. 

Collectively, these observations confirm that pre-existing obesity and insulin resistance may 

worsen the deterioration of renal function in chronic kidney disease. 

 

Besides its impact of renal function, metabolic disturbance per se may also affect cardiac 

structure. Associated with metabolic changes, the cafeteria diet resulted in cardiac 

hypertrophy even in absence of renal mass reduction, thus suggesting a direct effect of the 

diet. This is in accordance with the increase of LV mass reported in mice fed high fat diet [25] 

and in Wistar rats fed hypercaloric western-type diet, a regime similar to that used in the 

present study [26]. On the other hand, heart weight was increased in rats with subtotal 

nephrectomy as already reported in children [27] and in rats [28]. Yet, the influence of a pre-

existing metabolic syndrome on the cardiac alterations consecutively observed in CKD has 

not been investigated and it represents the main objective of the present study. Rats fed 

cafeteria diet with higher body weight and HOMA-IR exhibited a more marked increase in 

heart weight index when submitted to a subsequent impairment of renal function. Taken 

together, our results confirm that Western-type diet, i.e. insulin resistance and obesity, induces 

per se a cardiac remodeling and demonstrate that it aggravates the impact of CKD on heart 

structure. 

 



 
 

Similarly, cardiac fibrosis evidenced by Sirius red staining was enhanced by subtotal 

nephrectomy (non-significant) or the cafeteria diet (significantly) by themselves and further 

increased when renal failure occurred in presence of metabolic disturbances. Fibrosis 

contributes significantly to cardiac remodeling, but promoters involved in these phenomena 

are still unclear. The ST2L/IL-33 axis showed anti-inflammatory and cardioprotective effects 

by reducing cardiac hypertrophy and myocardial injury [29], whereas the circulating soluble 

form of ST2 (sST2) acts as a decoy receptor and has emerged as a prognostic biomarker in 

patients with heart failure and chronic kidney disease [30, 31]. Furthermore, sST2 is increased 

in severe obesity and plays an important role in the vascular remodeling associated with 

obesity [32]. In the present study, ST2L and sST2 expressions were not affected by the regime 
or renal mass reduction, thus suggesting that they are not involved at this stage. In contrast, the 

expression of IL-33 appears to be tendencies diminished in 5/6th (a/I) groups. In contrast, Galectin-3 

(Gal-3), a member of the lectin family with profibrotic properties [33, 34] seems to be slightly higher 

in the group with rich diet and 5/6th (a/I) but not significantly. Therefore, the more marked fibrosis in 

CKD rats previously fed a Western type diet may also result from imbalance between pro- and anti-

fibrotic cardiokines. 

 



 
 

 

 
 

In the present model of obesity and insulin resistance, an elevation of arterial pressure does not appear 

to be a major determinant of cardiac hypertrophy and fibrosis. Conversely, a rise in arterial pressure 

accompanied cardiac hypertrophy and fibrosis in CKD rats on regular chow. Yet, enhancement of 

cardiac alterations observed in cafeteria fed rats submitted to later subtotal nephrectomy were not 

related to an additional rise in arterial pressure. It can be therefore concluded that the worsening of 

cardiac alterations seen when both pathologies are present is not predominantly due to an increase of 

arterial hypertension. Inflammation is another factor that could promote cardiac fibrosis. Indeed, 



we observe a high CD68 staining, indicator of macrophages infiltrates in CKD rats fed cafeteria type 

diet. In addition, expression of GDF-15, an inflammatory factor of the TGF- β1 superfamily [35], had 

a tendency to increase in the animals which combined rich diet feeding and 5/6th (a/I). 

 

In contrast, in our study, no increase of TGF-β1 expression was observed in CKD rats, independently 

of the diet, a finding that does not favour its role in cardiac fibrosis in this situation. The absence of 

implication of TGF-β1 pathway remains to be confirmed and regulatory phenomena that may interfere 

after its expression should be investigated. Of note, BMP-7 may oppose TGF-beta-induced 

fibrogenesis [36], and administration of exogenous BMP-7 inhibits cardiac fibrosis progression [37]. 

Since our results were collected at the end of 6 months of cafeteria diet and 2 months of renal mass 

reduction, an earlier stimulation of TGF-β1 cannot be excluded and may have participated in cardiac 

alterations. Taken together, our results suggest that cardiac inflammation associated with a chronic 

kidney disease is aggravated in presence of obesity and insulin resistance phenotype. 

 

The predominant cellular mediators of cardiac fibrosis are thought to be myofibroblasts. The origin of 

these myofibroblasts may result from fibroblastic cells transdifferentiated from cells of endothelial 

origin. By Immunofluorescence experiments, we confirmed this hypothesis. We observed a co-

staining with the endothelial marker CD31 and the smooth muscle marker α-SMA especially in rats 

with nephrectomy and cafeteria diet. These results suggested an implication of the transdifferentiation 

process during cardiac fibrosis in this model. Interestingly, the EndMT was increased in the condition 

with high inflammation state (CD68 staining). We reported also an elevation of expression of collagen 

1 and nestin in CKD rats, independently of the diet. The EndMT is a complex process and results a 

reduction in cell junctions objectified by a down regulation of endothelial markers, such as VE-

cadherin and CD31, and an increase in cell motility and expression of mesenchyme markers, such as 

α-SMA and FSP-1 [38]. EndMT plays an important role in development, regeneration and 

pathological processes, such as fibrosis and tumour stroma formation. Previous studies reported that 

myofibroblasts involved in reparative and reactive fibrosis are characterized by nestin expression [39–

41]. Nestin is an intermediate filament protein that could form heterodimers with other intermediate 

filament proteins including vimentin and desmin [42]. Several studies reported that nestin was highly 

expressed during embryogenesis and downregulated or absent in the adult rat [43, 44]. Other studies 

reported that heart may contain nestin resident progenitor cell population implicated in cardiac 

remodeling and/or regeneration [45]. Nestin rather α-SMA expression may represent a more 

appropriated marker of activated fibroblast during reactive fibrosis [46]. Indeed, the preponderance of 

collagen type 1(+) cells coexpressing nestin rather than α-SMA suggests that α-SMA expression was 

not required to initiate the reactive fibrotic response [40]. TGF-β1 is also known to stimulate the 

myofibroblast transdifferentiation [47]. Despite the lack of increase at the end of our protocol, its 

participation to EndMT in the initial phase cannot be excluded. According to the results obtained and 

to the best of our knowledge, we can suggest for the first time that EndMT phenomenon is implied in 

cardiac fibrosis process in CKD; however, these results have to be confirmed, especially in a kinetic 

study. To resume, our study shows that a pre-existing metabolic disease amplifies CKD induced-

cardiac remodeling, and suggests that endothelial to mesenchymal transition phenomena is implied in 

the cardiac fibrosis process. 
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