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Abstract

Cardiovascular events are the leading cause of death in patients with chronic kidney disease 

(CKD), although the pathological mechanisms are poorly understood. Here we longitudinally 

characterized left ventricle pathology in a 5/6 nephrectomy rat model of CKD and identify novel 

molecular mediators. Next-generation sequencing of left ventricle mRNA and microRNA 

(miRNA) was performed at physiologically distinct points in disease progression, identifying 

alterations in genes in numerous immune, lipid metabolism, and inflammatory pathways, as well 

as several miRNAs. MiRNA miR-21-5p was increased in our dataset and has been reported to 

regulate many identified pathways. Suppression of miR-21-5p protected rats with 5/6 nephrectomy 

from developing left ventricle hypertrophy and improved left ventricle function. Next-generation 

mRNA sequencing revealed that miR-21-5p suppression altered gene expression in peroxisome 

proliferator-activated receptor alpha (PPARα) regulated pathways in the left ventricle. PPARα, a 

miR-21-5p target, is the primary PPAR isoform in the heart, importantly involved in regulating 

fatty acid metabolism. Therapeutic delivery of low-dose PPARα agonist (clofibrate) to rats with 

5/6 nephrectomy improved cardiac function and prevented left ventricle dilation. Thus, 

comprehensive characterization of left ventricle molecular changes highlights the involvement of 

numerous signaling pathways not previously explored in CKD models and identified PPARα as a 

potential therapeutic target for CKD-related cardiac dysfunction.
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Type 4 cardiorenal syndrome (CRS4) is a condition in which chronic kidney disease (CKD) 

contributes to pathologic cardiac changes, including left ventricular (LV) hypertrophy, 
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diastolic dysfunction, reduced cardiac function, and/or an increased risk of adverse 

cardiovascular events. Cardiovascular events are the leading cause of death among CKD 

patients, increasing risk by 10 to 20 times, yet little is known about mechanisms that mediate 

associated cardiac pathology. Common comorbidities in CKD patients, such as 

hypertension, diabetes, and atherosclerosis, can independently contribute to cardiac risk, 

making it difficult to elucidate the pathologic mechanisms driving CRS4, the sequence in 

which other diseases emerge, or their directional causation, in relation to CKD.

The 5/6 nephrectomy (5/6Nx) surgical model of CKD has been shown to induce cardiac 

remodeling and vascular changes at determined endpoints in several studies, however, 

longitudinal characterization of cardiac changes has not been reported and alterations in 

cardiac gene expression accompanying those changes are unknown. Further, several 5/6Nx 

models induce overt hypertension, making it difficult to identify the underlying mechanisms 

by which CKD contributes to cardiac pathology and limiting mechanistic understanding of 

the cause-and-effect relationships. The goal of this study was to use the excision model of 

5/6Nx, resulting in only a modest increase in afterload, to comprehensively identify 

molecular mechanisms that precede or accompany the pathologic changes in (LV structure, 

composition, and function in response to renal insufficiency. In doing so, we observed a 

significant increase in miR-21-5p expression in the left ventricle by week 7 post-5/6Nx, a 

point when pathologic cardiac remodeling has been established. We hypothesized that 

miR-21-5p is a mediator of LV remodeling and dysfunction through its regulation of 

peroxisome proliferator-activated receptor-α (PPARα). The downregulation of PPARα has 

been described in many pathologic processes central to CRS413-17; however, the cardiac 

implications have never been investigated in an animal model of CKD.

Results

Time-dependent effect of 5/6Nx on kidney and LV remodeling and function

Longitudinal renal and LV changes were characterized by repeated urine and blood 

collections and echocardiographic analysis (Figure 1a). Body weight was reduced 1 week 

post-5/6Nx, but rebounded subsequently (Figure 1b). Renal dysfunction was also apparent in 

5/6Nx rats, as indicated by polyuria and increased plasma creatinine, urinary/plasma 

creatinine, protein, and albumin excretion rates (Figure 1c–g). Tubular remodeling and 

damage scoring (see Supplementary Methods for details) of 5/6Nx remnant kidneys 

collected during acute studies highlight the large increase in the percentage of proximal 

tubules exhibiting dilation and/or apical shedding (scores of 4 and 5) at week 7 versus earlier 

time points (Figure 1h and i).

Longitudinal echocardiographic analysis shows progressive thickening of the LV wall after 

5/6Nx, peaking at week 5 and then reversing by week 7 (Figure 2a). Chamber diameter 

increased as wall thickness decreased (Figure 2b). Ejection fraction increased within the first 

week, plateaued through week 3 post-5/6Nx, and then decreased in subsequent weeks, 

returning to baseline by week 7 (Figure 2c). Representative short-axis echocardiography and 

M-mode images from these time points are shown in Figure 2d.
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Sham or 5/6Nx surgery was completed in additional cohorts of rats, followed by 

echocardiography and terminal hemodynamic and tissue collections 2, 4, and 5 weeks later. 

These time points were selected to better understand he-modynamic and molecular 

influences contributing to interesting phenotypic time points identified in the longitudinal 

study, including the development of hypertrophy at week 3 and maximal hypertrophy at 

week 5. The average systolic arterial pressure was not increased in 5/6Nx rats until week 5, 

when an increase of ∼15 mm Hg was observed (Figure 2e). Despite diastolic blood pressure 

(Figure 2f) and heart rate (Figure 2g) remaining unaffected, LV diastolic pressure increased 

at weeks 5 and 7 (Figure 2h and Supplementary Figure S1). These data suggest that neither 

preload nor afterload on the left ventricle were significantly altered 2 or 4 weeks after 5/6Nx 

surgery and that initial LV changes were not driven by volume expansion. Progressive 

cardiac hypertrophy was evident on echocardiographic analysis (Supplementary Figure S2 

and Figure 2a), body weight normalized, and absolute cardiac wet weights (Figure 2i and 

2j), and echocardiography calculated LV mass (Figure 2k). Relative wall thickness (LV wall 

thickness/chamber diameter) calculations suggest a concentric hypertrophic remodeling at 

weeks 4 and 5 (Figure 2l) that normalizes at week 7 despite an increase in the overall size/

mass.

Changes in mRNA expression during disease progression Analysis of mRNA sequencing of 

pooled LV RNA identified 0, 39, 67, and 220 genes that were significantly differentially 

expressed 2, 4, 5, and 7 weeks after 5/6Nx, respectively (Supplementary Table S1). The top 

10 upregulated and downregulated genes at each time point are listed in Table 1. Ingenuity 

Pathway Analysis (IPA) was performed using the Ingenuity Knowledge Base, a literature-

based compilation of biological interactions and functional ontologies, to identify pathways, 

diseases, and functions related to measured LV gene expression changes. Several 

differentially expressed transcripts with functions related to cardiovascular diseases were 

observed, many at multiple time points (Supplementary Table S3).

Other functions identified by IPA analysis of differentially expressed genes included 

inflammatory response, immune cell trafficking, and lipid metabolism (Figure 3a-c, 

respectively). This analysis identified functions that maybe involved with pathology at more 

than 1 time point in the study, as well as those that were only identified at a specific time 

point in pathologic progression (Figure 3, bold text).

Pathologic outcomes predicted by early changes in expression pattern

Fibrosis, lipid accumulation, immune cell infiltration, and calcium deposition were evaluated 

in LV tissue. Although the total percentage of LV fibrosis was not increased by 5/6Nx at any 

time point (data not shown), evidence of perivascular fibrosis was observed at 7 weeks 

post-5/6Nx (Figure 4a). The observation of increased lipid in LV tissue only at week 7 

(Figure 4b) was consistent with gene expression changes related to lipid metabolism. The 

5/6Nx LV tissues also show perivascular the infiltration of CD4 and CD68 immune cells and 

calcification in both the coronary vascular and myocardial tissue at this time (Figure 4c and 

d, respectively). The altered genes from our dataset associated with observed pathologies by 

IPA are summarized in Figure 5.
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miR-21-5p suppression with 5/6Nx is cardioprotective

Small RNA deep sequencing was performed on LV RNA at each time point. The top 10 

miRNAs that were both detected in all the pools analyzed and altered by an average of at 

least 1.5-fold in 5/6Nx rats are shown in Figure 6, with a complete list in Supplementary 

Table S2.

An increase in the abundance of miR-21-5p was identified through small RNA sequencing at 

7 weeks post-surgery (Figure 6), a time point where many pathologic changes observed in 

our study. Increased miR-21-5p has been reported to regulate relevant pathways including 

immune response18–21 and lipid metabolism,22–25 and the abundance of miR-21-5p was high 

compared with other miRNAs (Supplementary Table S3), suggesting that it may be 

mediating some cardiac pathology in this model. This finding was validated by realtime 

quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis of 

individual samples from pooled sham and 5/6Nx samples (100 ± 23.8% vs. 329.8 ± 84.2%; 

N= 6 and 5, respectively). To study the regulatory and functional significance of increased 

LV miR-21-5p, we delivered a 16-mer anti-miR-21-5p or anti-scrambled (scr) 

oligonucleotides i.v. to sham or 5/6Nx rats (Figure 7a). This treatment protocol effectively 

suppressed miR-21-5p through the end of the 7-week study (Figure 7b) without affecting the 

abundance of miR-21-3p (Supplementary Figure S3), suggesting specificity for the mature 

miRNA Anti-miR-21-5p also had a similar suppressive effect in the kidney, where we also 

observed an increase in miR-21-5p 7 weeks post-5/6Nx (Supplementary Figure S3).

Because miR-21-5p abundance was also increased in the kidney of 5/6Nx rats, we evaluated 

several measures of renal function in response to miR-21-5p suppression. Anti–miR-21-5p 

reduced body weight compared with anti–scr-treated controls (Figure 7c), but had little 

impact on 24-hour urine volumes or plasma creatinine (Figure 7d and e). Further, urinary 

protein and albumin excretion rates (Figure 7f and g) and renal morphology/fibrosis (Figure 

7m and n) were not altered by anti–miR-21-5p treatment. Cardiac remodeling was also 

evaluated longitudinally. At week 7, anti–miR-21-5p treatment maintained LV wall 

thickness (Figure 7h) and chamber diameter (Figure 7i) while increasing the ejection 

fraction (Figure 7j). Anti–mR-21 delivery in sham rats had no effect on any of these 

parameters. Interestingly, anti–miR-21-5p increased the systolic/diastolic wall thickness 

ratio in 5/6Nx rats at weeks 5 and 7, suggesting enhanced systolic contraction (Figure 7k). 

Blood pressure (Figure 7l) was not reduced by anti–miR-21-5p treatment. Together these 

findings indicate that changes in cardiac phenotypes with anti–miR-21-5p were not driven 

by a reduction in renal injury.

miR-21-5p effect on fibrosis and hypertrophy

We investigated the effect of miR-21-5p on LV fibrosis and hypertrophy in our 5/6Nx model. 

These pathologic processes were previously reported to be regulated by miR-21-5p.

We find that the very small amount of perivascular fibrosis that develops with 5/6Nx was not 

reduced with anti–miR-21-5p treatment (Figure 8a). Cross-sectional LV cardiomyocyte area, 

as a measure of cardiomyocyte hypertrophy, was reduced with anti–miR-21-5p treatment, 

although myocyte area remained higher than sham-operated controls (Figure 8b). To better 
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understand the role of miR-21-5p in hypertrophy, we studied the effect of miR-21-5p on the 

H9C2 cell area in response to insulin-like growth factor-1 treatment. The H9C2 cell line has 

been shown have a hypertrophic response, similar to primary neonatal cardiomyocytes.26 

Transfection of cells with anti–miR-21-5p completely prevented an increase in the H9C2 

area in response to a subsequent 24-hour insulin-like growth factor-1 (50 ng/ml) treatment 

(Figure 8c).

miR-21-5p targets LV PPARα

Next-generation mRNA sequencing was performed on anti– scr or anti–miR-21-5p treated 

LV samples to identify potential miR-21-5p targets (Supplementary Table S4). We found no 

overlap between Targetscan-predicted miR-21-5p targets and the list of transcripts that were 

upregulated >1.5-fold and related to cardiac function, prompting us to use IPA analysis to 

identify translationally repressed targets. Translational repression by an miRNA can reduce 

protein abundance without reducing mRNA abundance. Pathways involved with 

inflammation, atherosclerosis, the immune system, and metabolism were enriched with 

mRNAs altered by > 1.25-fold with anti-miR-21-5p. We identified PPARα as candidate that 

is both a translationally repressed target of miR-21-5p and has a known regulator of 

pathways listed previously.25,27

Protein expression of LV PPARα was significantly reduced with 5/6Nx only at week 7, 

when miR-21-5p was increased in our LV tissue and not at earlier time points (Figure 9a). 

Suppression of miR-21-5p with locked nucleic acid-modified anti-miR-21-5p had no effect 

in sham animals (Figure 8b), but increased PPARα levels in 5/6Nx rats (Figure 9c). The 

abundance of PPARα mRNA transcript was unaffected by anti-miR-21-5p in 5/6Nx rats 

when evaluated by qRT-PCR analysis (100 ± 15.4%, anti-scr vs. 86.8 ± 4.5% anti-

miR-21-5p), consistent the mRNA sequencing results. Transfection of neonatal rat 

cardiomyocytes with pre-miR-21-5p to increased miR-21-5p abundance 113.5 ± 68.2-fold 

(vs. pre-scr), resulting in a significant reduction in PPARα (Figure 9d). These data are 

consistent with miR-21-5p regulation of PPARα. Finally, although miR-21-5p has been 

previously shown to target human PPARα through translational repression,25,27 and binding 

sequences are conserved between human, mouse, and rat (http://www.targetscan.org), we 

confirmed this regulatory interaction by performing 3′-un-translated region (3′-UTR). Both 

full and partial rat 3′-UTR sequences were regulated by anti-miR-21 in this analysis (6.2 

± 0.2% and 7.1 ± 0.2, respectively; percentage of change with anti-miR-21-5p vs. pre-scr 

treatment; P < 0.05, Student t test; N = 7-9 per group).

Therapeutic restoration of PPARα signaling improves LV function

Having identified PPARα as a direct miR-21-5p target in this model, we tested therapeutic 

PPARα activation by delivering a low therapeutic dose (25 mg/kg) of the PPARα agonist 

clofibrate via daily i.p. injections starting 5 weeks post-surgery, a time point before the 

increase in miR-21-5p observed at week 7, and continuing through the end of the 10-week 

study. This dose is approximately 1/10th of the dose commonly given to rats ∼ 3 because 

toxicity was observed at a higher concentration (data not shown), most likely due to 

impaired renal clearance. 1,3 Clofibrate treatment did not reduce plasma creatinine levels in 

the 5/6Nx rats (Figure 9e), but it did significantly reduce urinary protein and albumin 
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(Figure 9f and g, respectively). Clofibrate treatment in 5/6Nx animals prevented the decrease 

in ejection fraction observed in controls (Figure 9h). Similarly, treated 5/6Nx rats developed 

less LV dilation (Figure 9i) and had a significantly increased systolic wall thickness (Figure 

9j), similar to the rats treated with anti–miR-21-5p (Figure 7). The systolic and diastolic 

blood pressures in 5/6Nx rats were unaffected by clofibrate treatment, suggesting that 

reduced afterload was not responsible for the observed cardiac benefit.

Discussion

Cardiac remodeling and dysfunction in CRS4 have been largely attributed to dramatic 

changes in volume status or blood pressure.33–35 However, this does not appear to be a 

prerequisite for all changes in gene expression and function based on our observations. 

Animals subjected to 5/6Nx are polyuric, and body weight measurements tend to be lower 

compared when controls, suggesting that they are not volume expanded. The modest 

increases in anesthetized blood pressure observed at weeks 5 and 7 were not accompanied 

by interstitial fibrosis, the classic sign of pressure-overloading pathology. Although 

anesthesia may have an impact on blood pressure measurements, the surgical excision 5/6Nx 

model used in this study has been shown to induce CKD-related pathology without 

increasing blood pressure in conscious animals.36

Cumulatively, our observations indicate that the changes in LV function and gene 

expression, many of which occurred before weeks 5 and 7, were not driven simply by 

hemodynamic changes. Rather, complex alterations in inflammation, immune responses, 

lipid metabolism, and other pathologic processes were initially observed well before those 

points, as summarized in Figure 6. Our data suggest that CKD-related cardiac pathology 

develops, at least in part, as a consequence of several nonhemodynamic processes that were 

initiated as an early response to reduced renal function (Figure 6). This is consistent with 

findings by Kennedy et al.9 showing that ischemic 5/6Nx produced greater cardiac 

hypertrophy (by mass) than aortic constriction, despite similarly elevated mean arterial 

pressures. Further, a recent study by Park et al.37 showed that cardiac remodeling occurred at 

all stages of CKD, but became more prevalent with advanced CKD, suggesting that the 

development of CRS4 is progressive.

Evidence of renal-initiated cardiac innate and adaptive immune responses

The gene expression changes most frequently observed in our analysis were those related to 

innate and adaptive immune responses. The involvement of the immune system in crosstalk 

between the kidney and cardiovascular system is widely recognized in CKD. An 

inflammatory state has been described in hemodialysis patients as well patients with early 

stages of CKD38 and in the 5/6Nx model.39 Our study provides the first comprehensive data 

showing that primary renal insufficiency can drive broad changes in the LV immune-related 

gene expression weeks before immune cells are observed in the tissue. The molecular 

signals driving these changes were not evaluated in this study, although several circulating 

factors, such as Klotho,40 fibroblast growth factor 23,40–42 and uremic toxins,43 have been 

implicated in the development of CRS4.
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miRNA regulation of LV PPARα in the 5/6Nx model

miRNA exerts posttranscriptional regulation primarily through interaction with the 3′ -UTR 

of protein-coding mRNAs. Mechanisms of miRNA regulation vary, but they generally 

reduce the expression of a targeted mRNA by suppressing translation, leaving the mRNA 

transcript unchanged, or by promoting mRNA degradation. RNA sequencing can detect 

changes in miRNA-targeted mRNAs that are regulated via transcript degradation; however, 

this is not possible for miRNA targets that are translationally repressed. Despite this 

limitation, the RNA sequencing will detect changes in mRNAs within pathways related to a 

translationally repressed target, allowing researchers to narrow in on a subset of predicted 

targets. Our pathway-focused analysis of transcript abundance changes within mRNA 

sequencing data allowed us to identify miR-21-5p–mediated translational repression of 

PPARa as an important regulatory mechanism in the 5/6Nx model of CKD. miR-21-5p has a 

role in acute and chronic pathology in several organs. Short term cardiac upregulation of 

miR-21-5p is protective in ischemia/reperfusion injury, while chronic upregulation has been 

associated with pathologic changes.24,44 miR-21-5p suppression has also been reported to be 

renoprotective in models of acute renal injury/fibrosis24 and Alport nephropathy45; however, 

we did not observe improved renal function or reduced renal fibrosis in this study (Figure 

7e,f,m,n). This is likely due to substantial differences in disease models, the pathologic 

stimuli involved, and the rates of pathology progression between studies.

In the left ventricle, upregulation of miR-21-5p has been observed in rodent models of 

pressure overloading (PO) and volume overloading.46,47 The significance of miR-21-5p in 

PO hypertrophy has remained uncertain due to conflicting studies using different molecular 

approaches to suppress miR-21-5p in vivo.48,49 Here, we use the treatment protocol and 

locked nucleic acid chemistry similar to those used by Patrick et al.48 in a study that found 

that miR-21-5p suppression had no effect on PO pathology. Our findings indicate a 

cardioprotective effect in 5/6Nx, but cannot resolve the inconsistent findings previously 

reported in PO models. The hemodynamic and circulating factors in our CKD model are 

distinctly different from the conditions of cardiac stress and PO used in those studies; 

however, we did observe 2 interesting findings. First, chronic knockdown of miR-21-5p 

prevented hypertrophic remodeling of the LV wall at week 5 post-5/6Nx (Figure 7), and 

subsequently the average cardiomyocyte cross-sectional area measured at 7 weeks was lower 

than that of anti–scr-treated rats (Figure 8a). Second, anti–miR-21-5p knockdown prevented 

subsequent insulinlike growth factor-1–induced increases in a cultured H9C2 cell area, a 

surrogate for hypertrophy in vitro (Figure 8c). This suggests that physiologic levels of 

miR-21-5p may be required to facilitate subsequent hypertrophic growth under certain 

pathologic conditions.

The upregulation of miR-21-5p has been associated with CKD50,51 as well as atherosclerotic 

development.52,53 Suppression of miR-21-5p did not improve the numerous measured 

indices of renal function or reduce blood pressure, suggesting that cardiac benefits of anti–

miR-21-5p were not the result of indirect improvements in renal function or reduced 

afterload. PPARα is a confirmed target of miR-21-5p, and this targeting can contribute to 

liver steatosis as renal fibrosis in unilateral ureteral obstruction and unilateral ischemia/

reperfusion models of renal fibrosis.24,54 The association of reduced cardiac PPARα 
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expression with inflammation, atherosclerosis, and pathologic shifts from fatty acid 

oxidation to glycolysis is well established.13–16,55

Clofibrate is a synthetic PPARα agonist that induces heterodimerization of the nuclear 

receptor with retinoid-X receptors. This heterodimer binds peroxisome proliferator– 

response elements within the genome to regulate transcription of numerous genes related to 

fatty acid uptake and oxidation, inflammation, and vascular function. Comprehensive 

proteomic analysis of changes in protein expression in LV tissue induced by clofibrate 

treatment show alterations in numerous proteins involved in these processes.56 We observed 

that clofibrate treatment (Figure 9 e–k), which was not initiated until >5 weeks after 5/6Nx 

surgery, increased systolic wall thickness and significantly reduced LV dilation measured 10 

weeks after surgery. These changes ultimately contributed to an improved ejection fraction. 

A previous study on cardiac ischemia showed that clofibrate treatment similarly improved 

cardiac function after myocardial infarction.57 Treatment of 5/6Nx rats had no impact on 

plasma creatinine levels, however urinary protein and albumin excretion rates were 

significantly reduced, suggesting an improvement in renal function that was not observed 

with miR-21-5p suppression. The mechanisms responsible for this improvement in renal 

function on cardiac function require further investigation.

In summary, this study provides the first comprehensive analysis of cardiac mRNA and 

miRNA expression changes throughout the development of cardiac pathology in the 5/6Nx 

model of CRS4. Understanding how these changes contribute to cardiac pathology will be of 

great importance when treating patients with CKD. We have identified miR-21-5p–mediated 

targeting of PPARα using this approach and shown a therapeutic benefit of administering a 

PPARα agonist during cardiac remodeling in a rat model of CKD. These data suggest that 

therapeutic restoration of PPARα signaling, via low-dose fibrate therapy, may be beneficial 

in CKD patients exhibiting hypertrophic cardiac remodeling. Further research on the 

molecular changes identified in our analysis may elucidate additional therapeutic targets that 

reduce cardiac pathology induced by the progressive development of CKD.

Methods

Animal model

Animal protocols were approved by the MCW Institutional Animal Care and Use 

Committee. Male Sprague Dawley rats (N = 110) (Harlan Sprague Dawley, Madison, WI) 

were fed 0.4% NaCl diet (AIN-76A Purified Rodent Diet, Dyets, Inc., Bethlehem, PA) and 

provided water ad libitum. At 10 weeks of age, rats were anesthetized by i.m. injection of a 

ketamine (50 mg/kg)/xylazine (8 mg/kg)/acepromazine (5 mg/kg) mixture and subjected to 

sham or 5/6Nx surgery using a surgical excision model, as previously described.36 Briefly, 

the right kidney was removed and two-thirds (upper and lower poles) of the left kidney were 

removed by scalpel excision. Gelfoam coagulant was applied to the cut surfaces.

Longitudinal studies

Phenotypic measurements, including 24-hour urine collections in metabolic cages, 2-

dimensional echocardiography (VIVID 7, GE Healthcare, Chicago, IL), and blood 
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collection, were performed as in Figure 1a or as indicated. Echocardiography and blood 

collection were performed with rats under anesthesia, as described previously. Plasma and 

urine creatinine was measured using the QuantiChrome Creatinine Assay Kit (BioAssay 

Systems LLC, Hayward, CA), based on the Jaffe method. Urine collections and subsequent 

protein and creatinine excretion measurements were performed as previously described.58

Acute studies for LV mRNA and miRNA analysis

Separate groups of animals were studied at weeks 2, 4, 5, and 7 post-sham or 5/6Nx surgery 

to make invasive cardiac measurements and for LV tissue collection for gene/miRNA 

expression analysis. After echocardiography at these time points, anesthetized blood 

pressure and end-diastolic LV pressures were averaged from 30 seconds of stable recording 

by a 9F catheter (Millar, Inc., Houston, TX) inserted retrograde through the carotid artery. 

Animals were subsequently killed, and tissue was collected.

Anti–miR-21-5p delivery

Locked nucleic acid–modified anti–miR-21-5p or anti-scr (Exiqon, Vedbaek, Denmark), in 

saline, were delivered i.v. through a jugular catheter using a treatment protocol similar to 

that reported by Patrick et al.48 (1 mg/kg per day in 3 daily injections), as shown in Figure 

7a. Longitudinal studies were repeated as described previously.

Hypertrophy analysis

Wheat germ agglutinin staining was performed on LV tissue sections for imaging.59 H9C2 

cardiac myoblast cells (ATCC) were transfected with anti-scr or anti–miR-21-5p (40 nM, 

Exiqon, Vedbaek, Denmark), as previously described.60 After 48 hours, cells were treated 

with insulin-like growth factor-1 (50 ng/ml; StemRD, Burlingame, CA) or saline vehicle for 

an additional 24 hours (N = 3 per group). Cells were fixed and imaged. At least 10 images 

were captured and quantified per tissue/replicate. Metamorph software was used for 

quantification.

Clofibrate treatment

Clofibrate (25 mg/kg per day) or saline was delivered via daily i.p. injection beginning on 

day 39 and continuing until the study ended at 10 weeks post-surgery.

Tissue collection and histology

The heart and remnant kidney (or left kidney, sham) were collected at the indicated time 

points, weighed, and sectioned for histology, RNA, and protein analysis, as previously 

descibed.61 See Supplementary Methods for tubular scoring. Perivascular fibrosis was 

quantified, and immunohistochemistry (antibodies from Santa Cruz Biotechnology, Dallas, 

TX) was performed, as previously described. Oil Red O staining was used to visualize LV 

lipid content. Calcium deposition was evaluated by von Kossa staining with an eosin 

counterstain.63
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Statistical analysis of physiological and histologic data

One- or 2-way repeated-measures analysis of variance was used in the analysis of 

longitudinally collected data. The Student t test was used for single comparisons, and 

multiple comparisons were analyzed by 1-way analysis of variance at a single time point. 

Data are given as mean ± SEM, with a threshold for significant differences set at P < 0.05.

Next-generation sequencing, mRNA and miRNA analysis

Total LV RNA was extracted, as previously described and quantified by NanoDrop (Thermo 

Fisher Scientific, Waltham, MA). RNA from 2 to 3 animals was pooled in equal amounts to 

generate 2 pools of RNA from sham and 5/6Nx groups at each time point studied (i.e., 2, 4, 

5, and 7 weeks post-surgery [Supplementary Table S1]). Details of mRNA sequencing are 

provided in Supplementary Methods and Supplementary Table S5. Small RNA deep 

sequencing was performed as previously described,64 and Targetscan (http://

www.targetscan. org) was used to identify miRNA targets.61 Details of RNA-seq and 3′-

UTR analysis are provided in Supplementary Methods and Supplementary Table S6. 

Taqman miRNA assays (ThermoFisher, Waltham, MA) were used measure miR-21-5p and 

-3p abundance, as previously described.61 PPARα transcript was measured by qRT-PCR, as 

previously described,61,65 using ribosomal 18s transcript as a normalization control) 

(forward primer 5′-TCCAGCCCCTCCT-CAGTCA-3′; reverse primer 5′-

AGCCCTTGCAGCCTTCACA-3′).

Pathway analysis of differentially expressed transcripts

A list of differentially expressed miRNAs and log fold change were uploaded to IPA for 

Downstream Effects Analysis. Diseases and functions identified as statistically significant 

IPA were included in the analysis.

Western blot

Neonatal rat cardiomyocytes were transfected with 20 nM pre-miR-21-5p or scr control (N = 

3 per group) (ThermoFisher) as previously described60 and collected 48 hours later. Tissue 

and cell material were processed for Western blot analysis as previously described, with 

quantification of Coomassie staining used as to normalize protein loaded.61

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 5/6Nx induces progressive renal pathology
Phenotyping protocol used (a). (b) Repeated phenotypic measurements of body weight and 

indices of impaired renal function with 5/6Nx including increased 24-hour urine volume (c), 

increased plasma creatinine levels (d), a reduced urinary to plasma creatinine ratio (uCr/pCr) 

(e), progressively increasing protein (f), and albumin excretion rates (g). N = 5–6 per group; 

*P< 0.05 versus sham controls; 2-way repeated-measures analysis of variance. Renal 

pathology was evaluated in animals used for LV gene expression analysis at weeks 2, 4, 5, 

and 7 post-5/6Nx. Proximal tubular damage including pronounced dilation, apical blebbing, 
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and loss of brush border (damage score of 4–5) was extensive 7 weeks after 5/6Nx surgery 

and not at early time points studied. Tubular scoring key (h). Weeks post-5/6NX (i). N = 5–6 

per group; *P < 0.05 versus sham controls; #P < 0.05 versus 5/6Nx at 2, 4, and 5 weeks; 2-

way analysis of variance. 5/6Nx, 5/6 nephrectomy; Echo, echocardiogram; PCT, proximal 

convoluted tubules. Bar = 200 μm. To optimize viewing of this image, please see the online 

version of this article at www.kidney-international.org.
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Figure 2. Indices of left ventricular (LV) remodeling and function
(a) Measurements of wall thickness, (b) LV inner diameter (LVID), and (c) percentage of 

ejection fraction were made from M-mode echocardiography images before surgery and at 

weeks 1, 3, 5, and 7 post-surgery. N = 12 per group; *P < 0.05 versus sham controls; 2-way 

repeated-measures analysis of variance. (d) Representative echocardiograms of end-diastolic 

dimension show dramatic changes inboth wall thickness and chamber size inresponse to 5/6 

nephrectomy (5/6Nx) (upper, short-axis view; lower, M-mode view). Hemodynamic 

influences on the left ventricle were measured in animals before tissue collection for gene 
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expression analysis at weeks 2, 4, 5, and 7 post-5/6Nx. (e) Systolic blood pressure (BP) was 

modestly, but significantly, increased at week 7, whereas (f) diastolic pressure and (g) heart 

rate (HR) remained unchanged (N = 5–6 per group). (h) Diastolic pressure in the left 

ventricle (LVPed) is significantly elevated at 5 and 7 weeks post-5/6Nx, suggesting diastolic 

dysfunction. Body weight (Wt), (i) normalized heart weight, and (j) isolated heart weight 

were significantly elevated as early as 2 weeks post-5/6Nx. Mass calculated (ASE) from 

echocardiography measurements of the LV (k) also indicated progressive hypertrophy. 

Relative wall thickness (diastolic LV wall thickness/diastolic chamber diameter) was 

significantly elevated at 4 and 5 weeks post-5/6Nx, indicating hypertrophic LV remodeling 

(l). N = 4–6 per group; *P < 0.05 versus sham control at time point. #P < 0.05 versus 

indicated 5/6Nx group, 2-way analysis of variance. ASE, American Society of 

Echocardiography; bpm, beats per minute; Wk, week. To optimize viewing of this image, 

please see the online version of this article at www.kidney-international.org.
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Figure 3. Ingenuity Pathway Analysis (IPA) analysis identified disease functions enriched with 
genes that were differentially expressed with 5/6 nephrectomy
Disease functions related to inflammatory response (a), immune cell trafficking (b), and 

lipid metabolism (c) are shown. Categories shown in bold were only identified at a single 

time point. See Supplementary Table S2 for a complete list of IPA-identified disease 

functions.
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Figure 4. Left ventricular (LV) tissues exhibit limited fibrosis despite increased lipid 
accumulation, calcification, and immune cell infiltration 7 weeks post-5/6 nephrectomy (5/6Nx). 
(a) Quantification of collagenous tissue surrounding small LV arteries was significantly increased 
only at 7 weeks post-5/6Nx
(b) Similarly, LV lipid indicated by the intensity of Oil Red O stain was only increased at the 

7-week time point. (c) Infiltration of immune cells (T helper and macrophages, brown stain) 

and (d) calcium deposition (von Kossa stain, black with eosin counterstain) were only 

detected in animals 7 weeks after 5/6Nx. N = 5–6 per group; *P < 0.05 versus sham controls 

at each time point; t test. Bar = 100 μm. To optimize viewing of this image, please see the 

online version of this article at www.kidney-international.org.
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Figure 5. Summary of physiological, pathologic, and gene expression changes
IPA (Ingenuity Pathway Analysis) of differentially expressed genes at weeks 4, 5, and 7 

identified disease-related functions likely to be affected. Observed pathologic changes 

((x2611)) are listed with the differentially expressed genes that have been identified to be 

related to that process in IPA Downstream Effects Analysis. Note that in many cases, gene 

expression changes occur before pathology is detected. 5/6Nx, 5/6 nephrectomy.
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Figure 6. Left ventricular (LV) microRNA (miRNA) is temporally altered after 5/6 nephrectomy 
(5/6Nx) with miR-21-5p LV abundance increased at week 7 post-5/6Nx
(a) The top 10 or fewer miRNAs that were both detected in all of the pools analyzed were 

altered by an average of at least 1.5-fold with 5/6Nx are shown. Notably, very few of the 

miRNAs met these criteria at more than 1 time point, suggesting important temporal changes 

in miRNA abundance throughout the development of LV pathology. (b) Abundance of 

miR-21-5p from individual samples from the sequenced pools was analyzed by real-time 

quantitative reverse transcription polymerase chain reaction (qRT-PCR), confirming that LV 

abundance is increased at week 7 and not at earlier time points. *P < 0.05 versus sham at 

each time point, t test.
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Figure 7. Suppression of miR-21-5p improves cardiac function without reducing blood pressure 
or kidney pathology
(a) Phenotyping protocol used. (b) Analysis of miR-21-5p abundance by quantitative real-

time polymerase chain reaction–confirmed efficacy of anti–miR-21-5p treatment protocol 

until the end of the 7-week study. Repeated phenotypic measurements of body weight (c) 

and 24-hour urine volume (d). There was no apparent improvement in renal function in 5/6 

nephrectomy (5/6Nx) rats as a result of locked nucleic acid-anti-miR-21-5p treatment, as 

indicated by plasma creatinine (PCr) levels (e), protein excretion rate (f), and albumin 
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excretion rate (g) (shams not analyzed). Measurements of wall thickness (h), left ventricular 

inner diameter (LVID) (i), and ejection fraction (j) were made by echocardiography. The 

systolic/diastolic wall thickness (sWT/dWT) ratio increased at weeks 5 and 7 with anti-

miR-21-5p delivery (k), whereas blood pressure was not affected (l). Further, no reduction in 

renal fibrosis or morphology was observed with locked nucleic acid anti-miR-21-5p-treated 

animals (representative images [m], trichrome stain [n]). N = 4 to 6 per group; *P < 0.05 

anti-scrambled (scr) versus anti-miR-21-5p treatment in sham surgery; #P < 0.05 anti-scr 

versus anti-miR-21-5p treatment in sham surgery; †5/6Nx versus sham within anti-scr 

treatment; ‡P < 0.05 5/6Nx versus sham in anti-miR-21-5p treatment; (a,k,l,m) 2-way 

analysis of variance, (c-j) 2-way repeated-measures analysis of variance performed in the 

treatment and in the surgical group at measured time points. Bar = 200 μm.To optimize 

viewing of this image, please see the online version of this article at www.kidney-

international.org.
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Figure 8. miR-21-5p effect on fibrosis and hypertrophy
(a) Anti-miR-21-5p treatment of 5/6 nephrectomy (5/6Nx) rats had no effect on the 

abundance left ventricular perivascular fibrosis; however, it significantly reduced the average 

cross-sectional left ventricular cardiomyocyte area in wheat germ agglutinin-treated left 

ventricular sections (b). N = 5-6 per group; *P < 0.05 versus sham controls and #P < 0.05 

versus anti-scr 5/6 Nx control; 2-way analysis of variance. (c) The ability of miR-21-5p 

inhibition to prevent hypertrophic growth was tested in H9C2 cells treated with insulin-like 

growth factor (IGF-1) (50 ng/ml) for 24 hours. Transfection of cells with anti-miR-21 

prevented the IGF-1 -induced increase in H9C2 area (vs. anti-scr transfected cells). N = 3 

per group; †P < 0.05 versus IGF-1 control (saline), and *P < 0.05 versus miR-21 control 

(anti-scr + IGF); 2-way analysis of variance. Avg., average; LV, left ventricle; scr, 

scrambled. Bar = 100 μm. To optimize viewing of this image, please see the online version 

of this article at www.kidney-international.org.
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Figure 9. Peroxisome proliferator-activated receptor-α (PPARα) is regulated by miR-21-5p, and 
PPARα activation improves renal and cardiac function in type 4 cardiorenal syndrome
Western blot shows that (a) left ventricular (LV) PPARα is reduced with 7 weeks of 5/6 

nephrectomy (5/6Nx) and (b,c) only increased with anti-miR-21-5p (— miR-21) treatment 

in 5/6Nx rats (N = 5-6). (d) Pre-miR-21-5p (+ miR-21) transfection in neonatal rat 

cardiomyocytes (NRCM) reduced PPARα protein abundance (N = 3). PPARα bands were 

normalized by total protein evaluated by quantification of Coomassie stain. Low-dose 

treatment with the PPARα agonist clofibrate improves renal cardiac function and reduces LV 

dilation observed 10 weeks after surgery. Daily i.p. injections of 25 mg/kg clofibrate had no 

effect on plasma creatinine (e) but reduced urinary protein (f) and albumin excretion (g) in 
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5/6Nx rats. Clofibrate treatment also prevented a decrease in ejection fraction (h) and 

dilation of the left ventricle (i) while increasing LV systolic wall thickness (j). Systolic and 

diastolic blood pressures were not altered by clofibrate treatment in 5/6Nx rats (k). Mean ± 

SE; N = 4-12 per group; *P < 0.05 versus sham controls in treatment; #P < 0.05 versus 

5/6Nx control group; ‡pre-scrambled control group to the left, P < 0.05, t-test (a-d), 2-way 

analysis of variance (e-k). To optimize viewing of this image, please see the online version 

of this article at www.kidney-international.org.

Chuppa et al. Page 27

Kidney Int. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chuppa et al. Page 28

Ta
b

le
 1

To
p 

10
 d

if
fe

re
nt

ia
lly

 e
xp

re
ss

ed
, 5

/6
N

x 
up

- 
an

d 
do

w
n-

re
gu

la
te

d 
ge

ne
s 

id
en

ti
fi

ed
 b

y 
m

R
N

A
-s

eq
ue

nc
in

g 
an

al
ys

is
 o

f 
po

ol
ed

 L
V

 t
is

su
e 

at
 4

, 5
, a

nd
 

7 
w

ee
ks

 p
os

t-
5/

6 
N

X
. P

 v
al

ue
 d

et
er

m
in

ed
 b

y 
C

uf
fd

if
f 

an
al

ys
is

 (
se

e 
Su

pp
le

m
en

ta
l M

et
ho

ds
)

U
pr

eg
ul

at
ed

W
ee

k 
4

W
ee

k 
5

W
ee

k 
7

R
an

k
G

en
e

L
og

 r
at

io
P

 v
al

ue
G

en
e

L
og

 r
at

io
P

 v
al

ue
G

en
e

L
og

 r
at

io
P

 v
al

ue

1
Se

le
1.

37
4

<
0.

00
01

A
rs

i
2.

54
6

0.
00

01
Sp

p1
4.

46
2

<
0.

00
01

2
A

sp
m

1.
21

3
<

0.
00

01
Pr

c1
1.

91
9

<
0.

00
01

O
lr

1
3.

89
7

<
0.

00
01

3
C

dk
1

1.
20

0
<

0.
00

01
C

dc
a3

1.
87

5
0.

00
01

A
lo

x1
5

3.
85

3
<

0.
00

01

4
Fa

m
11

1a
1.

13
0

<
0.

00
01

K
if

23
1.

80
7

<
0.

00
01

M
t1

m
/M

t2
A

3.
77

<
0.

00
01

5
C

en
pf

1.
12

8
<

0.
00

01
Fa

m
64

a
1.

77
9

<
0.

00
01

Po
st

n
3.

48
7

<
0.

00
01

6
To

p2
a

1.
10

1
<

0.
00

01
S1

00
a9

1.
71

1
<

0.
00

01
L

ox
3.

42
9

<
0.

00
01

7
Pr

c1
1.

03
5

<
0.

00
01

C
dk

1
1.

68
7

<
0.

00
01

R
gs

1
3.

30
2

<
0.

00
01

8
A

rh
ga

p2
0

1.
01

0
<

0.
00

01
C

dk
n3

1.
64

1
<

0.
00

01
Tr

h
3.

14
3

<
0.

00
01

9
Po

st
n

0.
90

7
<

0.
00

01
To

p2
a

1.
63

6
<

0.
00

01
M

t1
3.

04
4

<
0.

00
01

10
Fb

n1
0.

89
8

<
0.

00
01

U
be

2c
1.

62
6

<
0.

00
01

T
nf

rs
f1

1b
2.

90
1

<
0.

00
01

D
ow

nr
eg

ul
at

ed

W
ee

k 
4

W
ee

k 
5

W
ee

k 
7

R
an

k
G

en
e

L
og

 r
at

io
P 

va
lu

e
G

en
e

L
og

 r
at

io
P 

va
lu

e
G

en
e

L
og

 r
at

io
P 

va
lu

e

1
C

id
ec

-2
.2

51
<

0.
00

01
Pc

k1
-4

.3
16

<
0.

00
01

Pd
ia

2
-2

.9
39

0.
00

04
5

2
Pl

in
1

-1
.8

52
<

0.
00

01
T

hr
sp

-4
.2

1
<

0.
00

01
G

cg
r

-1
.8

45
0.

00
04

3
A

di
po

q
-1

.4
55

<
0.

00
01

C
id

ec
-3

.0
1

<
0.

00
01

G
pt

-1
.8

1
0.

00
02

4
T

hr
sp

-1
.4

38
<

0.
00

01
Pl

in
1

-2
.8

39
<

0.
00

01
B

m
p1

0
-1

.7
29

<
0.

00
01

5
A

tf
3

-1
.4

07
<

0.
00

01
A

tp
5f

1
-2

.2
85

<
0.

00
01

Sc
gn

-1
.6

51
0.

00
01

6
Pc

k1
-1

.3
6

<
0.

00
01

Fa
sn

-2
.1

9
<

0.
00

01
U

cp
3

-1
.6

14
0.

00
06

7
C

ar
3

-1
.3

41
<

0.
00

01
Sc

d1
-1

.9
<

0.
00

01
Py

ro
xd

2
-1

.5
55

0.
00

02
5

8
A

br
a

-1
<

0.
00

01
A

di
po

q
-1

.8
12

<
0.

00
01

R
os

1
-1

.5
54

<
0.

00
01

9
C

yr
61

-0
.9

64
<

0.
00

01
R

bp
4

-1
.6

89
<

0.
00

01
T

m
od

4
-1

.3
92

0.
00

03
5

Kidney Int. Author manuscript; available in PMC 2018 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chuppa et al. Page 29

U
pr

eg
ul

at
ed

W
ee

k 
4

W
ee

k 
5

W
ee

k 
7

R
an

k
G

en
e

L
og

 r
at

io
P

 v
al

ue
G

en
e

L
og

 r
at

io
P

 v
al

ue
G

en
e

L
og

 r
at

io
P

 v
al

ue

10
W

fd
c1

-0
.9

39
<

0.
00

01
C

ar
3

-1
.2

81
<

0.
00

01
K

y
-1

.3
76

<
0.

00
01

Kidney Int. Author manuscript; available in PMC 2018 February 01.


	Abstract
	Results
	Time-dependent effect of 5/6Nx on kidney and LV remodeling and function
	Pathologic outcomes predicted by early changes in expression pattern
	miR-21-5p suppression with 5/6Nx is cardioprotective
	miR-21-5p effect on fibrosis and hypertrophy
	miR-21-5p targets LV PPARα
	Therapeutic restoration of PPARα signaling improves LV function

	Discussion
	Evidence of renal-initiated cardiac innate and adaptive immune responses
	miRNA regulation of LV PPARα in the 5/6Nx model

	Methods
	Animal model
	Longitudinal studies
	Acute studies for LV mRNA and miRNA analysis
	Anti–miR-21-5p delivery
	Hypertrophy analysis
	Clofibrate treatment
	Tissue collection and histology
	Statistical analysis of physiological and histologic data
	Next-generation sequencing, mRNA and miRNA analysis
	Pathway analysis of differentially expressed transcripts
	Western blot

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Table 1

