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Dissertation 

“Hyperphosphatemia and microRNA-21 as mediators of chronic kidney disease-

related cardiac dysfunction” 

Chronic kidney disease (CKD) is a condition diagnosed by a drop in the glomerular 

filtration rate (GFR) below 60mL/min. This is a clinical indication that the ability of the 

kidneys to filter blood has become severely impaired. It results in a buildup of waste 

products known as “uremic toxins,” within the circulation. Individuals with kidney failure 

(GFR<15 mL/min) must either undergo dialysis to remove circulating waste products or 

receive a healthy transplanted kidney. 

Approximately 90% of people with CKD will develop chronic cardiovascular impairment 

and eventually, cardiac disease. Individuals with CKD that develop chronic cardiac 

dysfunction are classified as having cardiorenal syndrome type 4 (CRS4). Our laboratory 

has utilized the 5/6 nephrectomy (5/6Nx) model in rats as a surrogate to study CRS4 

pathology. In this model approximately 5/6 of the total kidney mass is surgically removed, 

significantly reducing GFR without causing renal failure. Significant pathological changes 

characteristic of CRS4 in humans are observed within the first 7 weeks following 5/6Nx 

surgery including uremia, proteinuria, vascular and myocardial calcification, dyslipidemia, 

left ventricular hypertrophy, and diastolic dysfunction. 

A major focus of our work in the 5/6Nx model has been to understand molecular 

mechanisms that mediate the development of cardiac pathology and dysfunction in 

CRS4. Bulk RNA sequencing reveal changes in left ventricle expression of mRNAs and 

microRNAs from 5/6Nx rats, when compared to sham-operated controls. MicroRNAs are 

small non-coding RNAs that typically inhibit expression of M RNA's by complementary 

binding leading to either transcript degradation or translational repression. The 

upregulation of microRNA miR-21-5p and left kidney tissue coincided with diastolic 

dysfunction and cardiac remodeling in 5/6Nx rats 7-weeks after surgery. Analysis of 

mRNA expression changes led to the identification of mir-21-5p as an inhibitor of PPARα 

protein expression in left ventricle tissue. Subsequent work determined that miR-21-5p 

plays a role in switching cardiac metabolism from fatty acid oxidation to glycolysis through 

its regulation of peroxisome proliferator activated receptor alpha (Ppara), and possibly 

other mechanisms. While this increase in left ventricle miR-21-5p was clearly functionally 

important, the stimulus driving the upregulation of miR-21 in CKD was unknown. 

We hypothesized that the upregulation of left ventricle miR-21 could be driven by high 

levels of uremic toxins with the advancement of CKD/CRS4. Hyperphosphatemia, or 

elevated serum phosphate, was of particular interest because of its prevalence in 

individuals with advanced CKD and its associations with left ventricular hypertrophy, 

atherosclerosis, hypertension, and even all cause morbidity and mortality. Phosphate is 

taken into the body from our diet and the kidneys play an important role in regulating its 

elimination through the urine. Additionally, chronic hyperphosphatemia has been linked to 

many cellular processes—including pathologically altered metabolism—which makes it 

an enticing target of study.  

Therefore, the focus of this thesis was to determine if the elevation in circulating 

phosphate (hyperphosphatemia) in the 5/6Nx model would lead to cardiac pathology, 

particularly through inducing miR-21-5p expression in the heart. We studied this potential 

interaction via two aims, utilizing both in vitro and in vivo models. Aim 1 of this thesis was 



to determine if miR-21-5p upregulation mediates hyperphosphatemia-induced changes 

on a variety of cellular phenotypes using a novel miR-21 knockout (miR-21-/-) line of H9C2 

rat cardiomyoblast cells generated in our laboratory. Wild-type (WT) H9C2 cells treated 

with high-phosphate (HP; 5 mM) medium for 24-hours exhibited impaired proliferation 

with a concordant upregulation of miR-21-5p. Conversely, miR-21-/- cells exhibited 

augmented proliferation in response to the same treatment. Hypoxia-inducible factor 1α 

(HIF1α), a well-known driver of miR-21 expression was increased in WT cells with as little 

as 60 minutes and 2.5 mM HP treatment, but not 24-hours post-treatment and was 

unlikely to explain the chronic elevation in miR-21-5p. HP treatment (5 mM, 24-hrs) 

increased cellular oxygen consumption in WT, but not miR-21-/- H9C2 cells, when 

compared to those treated with an osmotically controlled medium.  Together these results 

suggest that augmented cellular respiration and reduced proliferation in WT cells treated 

with HP medium is mediated by miR-21-5p. 

To understand the effects of these interactions at the whole animal level, we took two 

complementary strategies: 1) inducing hyperphosphatemia with a HP diet (CKD-

independent) in WT and miR-21-/- rats, and 2) attenuating CKD-related 

hyperphosphatemia with delivery of a phosphate binder, ferric citrate. The goal of this 

second aim was to elucidate the roles of elevated serum phosphate and cardiac miR-21-

5p on cardiac pathology in the left ventricle of sham and 5/6Nx rats. In the first animal 

study, adult male and female Sprague Dawley rats that were homozygous for a global 

deletion of miR-21 (miR-21-/-), and WT littermates, were placed on either a normal 

phosphate (NP; 0.6%) or HP (2% Pi) diet for eight weeks while undergoing bi-weekly 

cardiac and renal ultrasound analysis. Blood biochemistry, renal function, and tissue 

pathology were examined at the end of the study. Wall thickness during both systole and 

diastole was increased in male and female miR-21-/- rats, compared to WT rats. Though 

clinical literature suggests associations with both miR-21 and phosphate and adverse 

cardiac outcomes in humans, we did not observe any significant differences in left 

ventricle function between groups compared by genotype, diet, or sex in rats. In the 

second study, adult male and female WT Sprague Dawley rats underwent either a sham 

or 5/6Nx operation. Sham animals and half of the 5/6Nx rats were maintained on a normal 

phosphate (NP) diet, while the other half of the 5/6Nx rats were fed the NP diet 

supplemented with 4% ferric citrate, a clinically used dietary phosphate binder.  

Phenotypic measurements described in the first animal study were also performed here. 

Ferric citrate dietary supplementation reduced renal cross-sectional area and phosphate 

levels in both serum and left ventricle tissue, when compared to 5/6Nx rats fed the NP 

diet.  Male 5/6Nx rats that did not receive ferric citrate had significantly more LV phosphate 

than female rats.  Despite the efficacy of ferric citrate in lowering phosphate levels, 

longitudinal echocardiography did not identify any measurable protection from CKD-

related left ventricle remodeling or changes in function. Interestingly, male animals that 

underwent 5/6Nx had elevated LV miR-21 levels, while female rats given ferric citrate had 

significantly higher levels in comparison to 5/6Nx controls but comparable levels to sham 

animals.  

Overall, this thesis highlights the complex nature of microRNA physiology with respect to 

secondary cardiac consequences as a result of primary renal injury. The results presented 

here have broadened our understanding of the effects of hyperphosphatemia, which is in 

part mediated via miR-21, highlight cardiorenal crosstalk at a molecular level. In our in-

vitro model, miR-21 and phosphate interactions dictate changes in cellular metabolism 



and proliferation. The animal studies revealed a sexual divergence in both miR-21 

expression and phosphate handling; with female rats exhibiting apparent cardioprotection 

despite worsened renal function with HP diet. This finding may be of clinical importance 

because of differences in phosphate handling between men and women, with healthy 

women having higher phosphate excretion rates than men. Further, the prescription of 

phosphate binders at early disease stages, particularly in women, may be beneficial in 

reducing cardiac hypertrophy and renal damage.   
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