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Abstract

Uremic cardiomyopathy, characterized by hypertension, cardiac hypertrophy, and fibrosis, is a 

complication of chronic kidney disease (CKD). Urea transporter (UT) inhibition increases the 

excretion of water and urea, but the effect on uremic cardiomyopathy has not been studied. We 

tested UT inhibition by dimethylthiourea (DMTU) in 5/6 nephrectomy mice. This treatment 

suppressed CKD-induced hypertension and cardiac hypertrophy. In CKD mice, cardiac fibrosis 

was associated with upregulation of UT and vimentin abundance. Inhibition of UT suppressed 

vimentin amount. Left ventricular mass index in DMTU-treated CKD was less compared with 

non-treated CKD mice as measured by echocardiography. Nephrectomy was performed in UT-

A1/A3 knockout (UT-KO) to further confirm our finding. UT-A1/A3 deletion attenuates the CKD-

induced increase in cardiac fibrosis and hypertension. The amount of α-smooth muscle actin and 

tgf-β were significantly less in UT-KO with CKD than WT/CKD mice. To study the possibility 

that UT inhibition could benefit heart, we measured the mRNA of renin and angiotensin-

converting enzyme (ACE), and found both were sharply increased in CKD heart; DMTU treatment 

and UT-KO significantly abolished these increases. Conclusion: Inhibition of UT reduced 
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hypertension, cardiac fibrosis, and improved heart function. These changes are accompanied by 

inhibition of renin and ACE.
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1 | BACKGROUND

The prevalence of cardiovascular disease in chronic kidney disease (CKD) patients reaches 

65%, compared with 32% in patients without CKD, in the population aged 66 and older.1 

Many CKD patients die within 3 years from the time of being diagnosed with uremic 

cardiomyopathy.2 Uremic cardiomyopathy mainly consists of left ventricular hypertrophy 

and interstitial fibrosis3 that is associated with hospitalization and the risk of death.4 Cardiac 

fibrosis is a constant finding in heart biopsies and necropsy studies in CKD patients, which 

is related to retention of water, sodium, and urea within the body. An increase in cardiac 

fibrosis is also associated with hypertension and activation of the renin-angiotensin system 

(RAS).5,6 Activation of the RAS contributes to cardiac hypertrophy, and blocking 

angiotensin II (AII) receptor type I suppresses left ventricular hypertrophy.7

Urea plays a major role in the urine concentrating mechanism. Urea transporter (UT) is a 

membrane transport protein, transporting urea. The UT-A (Slc14a2) and UT-B (Slc14a1) 

genes encode six and two protein isoforms, respectively.8,9 UT-A1 and UT-A3 are expressed 

in the inner medullary collecting duct (IMCD) and UT-A2 is expressed in thin descending 

limbs. UT-A4 mRNA is detected in rat kidney medulla. UT-A5 is in testis and UT-A6 is in 

colon. UT-B is expressed in descending vasa recta, and also in erythrocytes, brain, liver, and 

colon.8,10 Our previous study found that UT is also located in the heart and is upregulated in 

CKDs patients and animals.11 In UT-A1/A3−/− mice, urine volume is increased compared 

with wild-type mice, which indicates these mice have a decreased ability to concentrate their 

urine.8 Similar effects are seen with inhibitors of UT.12 Therefore, an inhibition of UT may 

be useful to prevent volume overload and could show positive cardiac effects.

The RAS is important to both cardiovascular and renal physiology and pathology.13 This 

system is mainly comprised of renin, angiotensinogen (AGT), angiotensin-converting 

enzyme (ACE), angiotensin I (Ang I), angiotensin II (Ang II), and angiotensin I or II 

receptors. Upregulation of the RAS is involved with the induction and progression of 

hypertension, atherosclerosis, cardiac hypertrophy, heart fibrosis, and heart failure.14–16 

RAS inhibitors can reduce disease progression in patients with cardiovascular or renal 

disease by 20% compared with other anti-fibrotic therapies.17

The purpose of this study is to find therapeutic strategies to attenuate uremic 

cardiomyopathy that may provide a particular cardio-protective benefit in CKD. We used 5/6 

nephrectomy (Nx) as a CKD mouse model to determine whether the inhibition of UT may 

reduce hypertension, cardiac hypertrophy, and fibrosis in these mice. Our studies may 

provide useful information for the treatment of cardiomyopathy.
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2 | METHODS

2.1 | Animals and treatments

All animal surgical protocols and procedures were approved by the Emory Institutional 

Animal Care and Use Committee and adhere to NIH standards for animal use. All mice were 

maintained at 19-21°C on a 12-h/12-h light-dark cycle, were fed a standard rodent diet and 

allowed free access to drinking water. Male C57BL/6J mice were purchased from Jackson 

Laboratory (Bar Harbor, ME). The animal experimental protocol is shown in Figure S1 

CKD mice underwent 5/6Nx as previously described.18,19 Briefly, CKD was induced by 

removing the right kidney. Mice were rested for 1 week and then a second surgery 

performed to remove two poles of the left kidney in anesthetized mice (xylazine 12 mg/kg, 

ketamine 60 mg/kg). Hemostasis was achieved by cautery and pressure. Initially, mice were 

fed with low protein chow (Harlan Teklad: 14% protein, 3.5% fat, 49% carbohydrate) and 

special water (0.45% NaCl) after 5/6 nephrectomy. After 7 days, mice were fed with a 

normal protein diet (23% protein). Two weeks before harvest mice, high-protein diet (40% 

protein) was provided. Blood urea nitrogen (BUN) is measured the rate of conversion of 

NADH to NAD monitored at 340 nm using BUN Kinetic Procedure Kit (Thermo Electron, 

Louisville, CO.). Dimethylthiourea (DMTU, Sigma-Aldrich, MO) is a urea derivative that 

inhibits urea transport. DMTU was administered at a dose of 100 mg/kgBW/day by osmotic 

mini pump (DURECT Corporation, Cupertino, CA) beginning 1 week after the second 

surgery. The total DMTU treatment was 8 weeks. BP was measured by non-invasive 

photoplethysmography using the tail-cuff method (BP-2000 Blood Pressure Analysis 

System, Visitech Systems Inc, Apex, NC). BP data were analyzed by BP-2000 analysis 

software (Visitech Systems Inc).

The details of UT-A1/A3−/− (UT KO) mice are provided in our previous publication.20 

Briefly, UT KO mice (the C57BL/6 background) were established by Fenton et al.21,22 Male 

UT KO mice were a generous gift from Dr Mark Knepper (National Institutes of Health). 

After these mice were mated with female WT mice (C56BL6), the colony of UT KO mice 

was re-derived from breeding stock.23 CKD in the UT KO mice was produced by 

uninephrectomy surgery.24

2.2 | Urine and serum analysis

Mice were housed in metabolic cages for collection of 24-hour urine samples. Urine and 

serum osmolality were measured using a Wescor 5520 Vapor Pressure Osmometer (Wescor 

Inc Logan, UT). Urea levels of urine and serum were measured by enzyme method as 

previously described (Infinite Reagent, Thermo Fisher Scientific).24

2.3 | Western blot analysis

Proteins (30 μg/lane) were size separated by SDS-PAGE and western blotting was performed 

as previously described.25 Primary antibodies against the UT were produced in our lab.26 

The UT polyclonal antibody was made by immunizing rabbits against the carboxyl-terminal 

peptide region—19 amino acids. Synthetic polypeptide was synthesized by the Emory 

University Microchemical Facility and HPLC-purified. The polypeptide was conjugated to 

keyhole limpet hemocyanin, dissolved in Freund’s complete adjuvant and injected into 
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rabbits. The rabbits were periodically reinjected. The immunizing polypeptide was linked to 

a Sulfo-Link column to affinity-purify. The UT is highly conserved, so the antibody 

recognizes the protein in multiple animals, including rat, mouse, chimp, human, dog, and 

squirrel. TGF-beta (ab179695) was purchased from Abcam, α-SMA (A2547) was purchased 

from Sigma-Aldrich, and vimentin (#5741) was purchased from Cell Signaling Technology. 

Bands were standardized by Ponceau S for total protein and quantitated with ImageJ (NIH).

2.4 | Immunohistochemistry and histology

Hearts were fixed with 4% paraformaldehyde and immunohistochemistry staining was 

performed as previously described.25 Masson’s Trichrome staining was performed following 

the manufacture’s recommended protocol (IMEB Inc, San Marcos, CA). Stained sections 

were examined with an Olympus inverted microscope IX71. Quantitative evaluation of 

fibrosis area (blue color) to total area was performed by computerized analysis using 

Olympus CellSens software.

2.5 | Quantitative RT-qPCR analysis of mRNA

Total RNA was extracted using Tri-Reagent (Molecular Research). RNA was reverse 

transcribed to synthesize cDNA using M-MLV Reverse Transcriptase (Invitrogen). Designed 

primers are listed in Table S1. Expression of individual mRNA was standardized by 18s 

gene and calculated as the difference between the threshold values of two genes (ΔΔcq).

2.6 | Echocardiographic evaluations of cardiac function

Echocardiography was performed on a heating pad on lightly anesthetized mice (under 

1%-2% isoflurane, in oxygen) using a Vevo 3100 ultrasound system (VisualSonics) as 

described previously.5 Recording of echocardiographic images was performed in random 

order with respect to the treatment or control animals. The acquisition of images and 

evaluation of data were performed by an independent operator, who was blinded to the 

treatment.

2.7 | Cell culture and adenovirus transduction

H9c2 cells (CRL-1446; ATCC, Manassas, VA) were cultured in growth media [Dulbecco’s 

modified Eagle medium plus 10% fetal bovine serum, 100 U/mL of penicillin, 100 μg/mL of 

streptomycin, and 2 mM L-glutamine] and studied between passages 3 and 9.

Cardiac fibroblasts were isolated from the heart of 1-month old C57BL6 mice. Hearts were 

minced into a coarse slurry and gently agitated for 1 h at 37°C in DMEM with 25 mM 

HEPES (pH 7.4) plus 0.1% pronase (Calbiochem, San Diego, CA). The digest was passed 

through a 100-μm filter and then plated on culture flasks. The primary fibroblasts were 

cultured with DMEM with 10% fetal bovine serum. Passages two to five were used for 

experiments.

Viral transduction: the adenovirus, Ad-UT, was produced and amplified in our lab using 

AdEasy Adenoviral vector system.18 The adenovirus transduction unit was achieved by 

serial dilutions.
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2.8 | Statistical analysis

All data are presented as mean ± SEM. A two-tailed Student’s t test was used for 

comparisons of two groups. For a comparison of more than two groups, we used one-way 

ANOVA with a post hoc analysis by Bonferroni test. To analyze an interaction between two 

factors, we used two-way ANOVA. Statistical differences with P < .05 were considered 

significant. N represents the number of animals per condition in an experiment.

3 | RESULTS

3.1 | Uremic cardiomyopathy is characterized by hypertension, cardiac hypertrophy, and 
fibrosis

At 8 weeks after 5/6Nx, the systolic blood pressure (SBP) of the CKD mice significantly 

increased compared to sham mice (107 mm Hg vs 132 mm Hg, P < .005). The diastolic BP 

(DBP) showed a trend toward an increase but did not reach a statistically significant 

difference (Figure 1A). Heart size was increased in the 5/6Nx mice and was accompanied by 

increased heart weight (Figure 1B). Cardiac fibrosis was strongly identified in the heart of 

CKD mice by Masson’s Trichrome staining (Figure 1C). In addition, mRNA of collagen 

type 1a1, type 4a1, and fibronectin were increased in CKD hearts compared to sham-

operated mice (Figure 1D). These data suggest that cardiac hypertrophy and fibrosis were 

induced in this animal model of CKD.

3.2 | Cardiac fibrosis in uremic heart is associated with upregulation of UT and vimentin 
expression

An earlier study from our group showed that UT protein levels increase in uremic and 

hypertensive hearts from human and rat.11 To identify whether the increase in UT associated 

with the pathologic changes of cardiomyopathy, we measured the amount of UT and 

vimentin, a pro-fibrotic protein, and found that the UT protein level increased 1.6-fold in the 

hearts of 5/6Nx mice and was associated with a 1.9-fold increase in the vimentin level 

(Figure 2A). The increase in vimentin was confirmed by immunohistochemistry (Figure 

2B). To explore whether the increased vimentin is induced by UT, we overexpressed UT in 

cultured H9c2 cells (cardiac myoblasts) by adenovirus-mediated gene transfer (Figure 2C). 

The intervention of UT significantly increased the amount of vimentin in Ad-UT-treated 

cells compared with Ad-ctrl-treated cells (Figure 2D). To distinguish whether urea and UT 

were involved with the increased vimentin levels, we added 40 mmol/L urea into the culture 

medium and tested vimentin protein amount. We found that urea alone increased vimentin 

abundance in ad-ctrl-treated cells. However, this increase is much higher in cells 

overexpressing UT (Figure S3).

3.3 | Inhibition of UT altered the hemodynamics in CKD mice

Since an increase in UT is associated with an increase in the pro-fibrosis protein vimentin, 

we investigated whether inhibition of UT by DMTU could prevent fibrosis in the heart of 

CKD mice. The phenotypic characteristics of mice were determined 8 weeks after 

completing the 5/6Nx (Table 1). BUN levels in the 5/6Nx mice (both vehicle and DMTU 

treatment) were significantly higher than in sham mice verifying a functional decline in the 
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kidney. There was no significant difference in BUN values with DMTU treatment compared 

to vehicle treatment in either sham or CKD mice. Inhibition of UT by DMTU increased 

urine volume and decreased urine osmolality in sham mice. The abundance of UT was 

analyzed by Western blot in DMTU-treated sham and CKD mice. We found that UT protein 

amount had a tendency to decrease in CKD/DMTU-treated mice compared with CKD/

vehicle-treated mice, but the differences did not reach statistical significance (Figure S4).

3.4 | Inhibition of UT by DMTU ameliorated CKD-induced hypertension, cardiac 
hypertrophy, and improved heart function

Inhibition of UT suppressed CKD-induced increases in SBP in 5/6Nx mice (DMTU: 119 ± 3 

mm Hg vs vehicle: 130 ± 2 mm Hg, P < .05) (Figure 3A). DMTU suppressed the CKD-

induced increase in heart size (Figure 3B). The ratio of heart weight to body weight (BW) in 

5/6Nx + vehicle (4.50 ± 0.09 mg/g) was significantly increased compared with sham + 

vehicle mice (3.91 ± 0.06 mg/g, P < .005). DMTU suppressed the CKD-induced increase in 

heart weight (5/6Nx + DMTU: 3.74 ± 0.12 mg/g vs 5/6Nx + vehicle: 4.50 ± 0.09 mg/g, P 
< .001) (Figure 3C). We also used dry brain weight to normalize heart weight and there were 

similar changes in heart weight (1.34 ± 0.09 mg/mg vs 1.04 ± 0.04 mg/mg, P < .01) (Figure 

3C, right panel). Dry brain weight was used to normalized heart weight for two reasons: 1-

CKD mice have muscle wasting, so the body weight is significantly lower than sham-

operated mice; 2-The body weight also could be altered by either edema (in CKD) or 

dehydration (by DMTU). To identify whether UT inhibition had an impact on heart function, 

a cardiac echocardiographic analysis was performed. Both intraventricular septum and 

posterior wall thicknesses were greater in 5/6Nx + vehicle than the other three groups (Table 

2). LV end-diastolic volume and LV mass index were significantly increased in 5/6Nx + 

vehicle compared with sham + vehicle; treatment with DMTU eliminated these increases 

(Table 2 and Figure 3D). In addition, the percentage of fractional shortening was decreased 

in CKD heart, which indicates an impaired efficiency of the heart in ejecting blood. In 5/6Nx 

+ vehicle mice, two of five had a pericardial effusion occur, but not in the other three cohorts 

(Figure 3D). These data suggest that the intervention of DMTU diminished CKD-induced 

hypertension, suppressed cardiac hypertrophy, and improved heart function in CKD mice.

3.5 | Inhibition of UT attenuated CKD-induced cardiac fibrosis

The impact of DMTU on fibrosis in the hearts of CKD mice was examined by Masson’s 

staining (Figure 4A). The percentage of fibrotic area in heart was sharply increased in 5/6Nx 

+ vehicle (1.04 ± 0.15%) vs sham + vehicle (0.07 ± 0.03%), but DMTU reduced the increase 

in fibrotic area in the CKD mouse (0.57 ± 0.07%) (Figure 4A). By immunohistochemistry 

staining α-smooth muscle actin (α-SMA) proteins increased in 5/6Nx + vehicle, but they 

were significantly less in 5/6Nx + DMTU group (Figure 4B). The mRNA expression of 

fibronectin, α-SMA, and collagen 4A1 were limited in the heart from 5/6Nx + DMTU mice 

compared with 5/6Nx + vehicle mice (Figure 4C–E). These data suggest that the provision 

of DMTU diminished CKD-induced cardiac fibrosis.
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3.6 | Deletion of UT decreased the CKD-induced increase in systolic blood pressure, 
suppressed cardiac fibrosis, and improved heart function

To further explore whether inhibition of UT ameliorates uremic cardiomyopathy, we 

performed nephrectomy in urea transport knockout (KO) and wild-type (WT) littermate 

mice. In our initial study, we found that KO mice do not tolerate 5/6 nephrectomy, as they 

died in 1 week. Therefore, we used uninephrectomy to induce CKD. BUN was significantly 

increased in both KO/CKD and WT/CKD mice vs no-CKD mice, which provided the 

evidence for this CKD model (Table 3). KO mice do not have the ability to concentrate 

urine, so KO/sham mice have low urine osmolality and high urine volume. KO/CKD mice 

had significantly lower urine osmolality and higher urine volume than KO/sham mice. In 

both WT and KO mice, CKD increased 24 h urine volume and plasma osmolality (Table 3).

There is no difference in systolic blood pressure (SBP) in each group at baseline, measured 3 

days after nephrectomy surgery. After 8 weeks of CKD, SBP was significantly increased in 

WT/CKD mice compared to WT/sham mice (125 ± 3 vs 93 ± 2 mm Hg, P = .0001) (Figure 

5A). This increase was limited in KO/CKD mice vs KO/sham (110 ± 4 mm Hg vs 102 ± 4 

mm Hg P = .12). In CKD mice, deletion of UT significantly decreased SBP (125 ± 3 mm Hg 

vs 110 ± 4 mm Hg P < .05) (Figure 5A).

To identify whether KO of UT prevented cardiac fibrosis, we measured protein abundance in 

the heart of WT/sham, WT/CKD, KO/sham, and KO/CKD mice. In WT mice, CKD 

significantly increased tgf-β levels vs sham mice (Figure 5B). In CKD mice, knockout of 

UT did not enhance tgf-β compared with KO/sham mice. Deletion of UT abolished the 

CKD-induced increase in α-SMA, a key protein indicating fibrosis (Figure 5B). To identify 

whether deletion of UT has an impact on heart function, we performed echocardiography 

analysis for mice (Figure 5C). In WT/CKD mice, left ventricular end-systolic dimensions 

(LVESD) were larger, and left ventricular end-systole and -diastole volumes (LVESV and 

LVEDV) were significantly increased compared with WT/sham. However, LVESD, LVESV, 

and LVEDV did not have significant changes in KO/CKD mice vs KO/sham mice. In WT 

mice, the decline of ejection fraction (EF) appeared in CKD, but not in KO/CKD mice, 

compared with KO/sham mice (Figure 5C). These data suggest that deletion of UT 

ameliorated hypertension, decreased cardiac fibrosis, and improved heart function.

3.7 | Inhibition or deletion of UT attenuated CKD-induced upregulation of the RAS

Upregulation of the RAS is related to cardiac hypertrophy and fibrosis.27 In our CKD mice, 

the mRNA levels of renin and ACE were sharply increased in CKD heart; UT inhibition by 

DMTU treatment eliminated the increased renin and ACE expression (Figure 6A,B). The 

mRNA of angiotensin II receptor type1 (Agtr1) did not significantly change in either CKD- 

or DMTU-treated mouse hearts (Figure 6C). The expression of angiotensin II receptor type2, 

aldosterone receptor and mas receptor did not change significantly (Figure S2). Similar 

changes were also found in UT knockout mice. The expression of renin was significantly 

increased in WT/CKD compared to WT/sham mice; UT deletion removed this increase 

(Figure 6D). ACE was also increased in WT/CKD heart; UT knockout in CKD mice only 

slightly decreased ACE compared to KO/sham mice, but did not reach statistical difference 

(Figure 6E). However, UT knockout significantly decreased CKD-induced upregulation of 
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Agtr1 (Figure 6F). To discover whether the relationship between the UT and the RAS is 

directly related to each other, we isolated fibroblasts from mouse heart. In cultured cardiac 

fibroblasts, overexpression of UT increased the expression of renin (Figure 7A), ACE 

(Figure 7B) and Agtr1 (Figure 7C). UT inhibition by DMTU partially removed these 

increases. These data suggest that the impact of UT inhibition was to limit cardiac fibrosis 

and hypertrophy related to the reduced expression of renin, ACE and Agtr1.

3.8 | Overexpression UT stimulated fibroblast differentiation into myofibroblasts in 
primary cultured cardiac fibroblasts

In cultured cardiac fibroblastic cells, we found that the myofibroblast marker, αSMA, was 

significantly increased when overexpressing UT, which suggests that these cells differentiate 

into myofibroblasts (Figure 7D). In parallel with this change, the protein levels of the tgf-β 
cascade proteins Smad 3 were also significantly increased (Figure 7D). Inhibition of UT by 

DMTU partially removed these increases. These data suggest that upregulation of urea 

transport contributes fibroblast differentiation into myofibroblasts leading to cardiac fibrosis. 

One of the mechanisms by which UT inhibition prevents or reduces cardiac fibrosis could be 

through limiting this differentiation.

4 | DISCUSSION

Uremic cardiomyopathy generally consists of cardiac hypertrophy and fibrosis induced by 

upregulation of the RAS, hypertension, and volume overload.3,7 To date, the beneficial 

therapies for cardiomyopathy in CKD patients are antihypertensive drugs and diuretics, such 

as ACE inhibitors, furosemide, or Ca2+ channel blockers.28,29 However, there are reports of 

these therapies having insufficient benefit or harmful side effects. Our study indicates that 

inhibition of UT suppresses the RAS, attenuates hypertension, and decreases volume 

retention, resulting in prevention of cardiac hypertrophy and fibrosis in mice with CKD 

(Figure 8).

A major finding of this study is that inhibition of UT attenuates CKD-induced hypertension 

and cardiac fibrosis. The majority of UT expression is in kidney, but it can also be found in 

colon, erythrocytes, brain, and liver.8,10 In our previous study, we found that UT is located in 

the heart and is upregulated in CKDs patients and animals.11 In the current study, we found 

that upregulation of UT is related to hypertension and cardiac fibrosis in CKD mice. 

Inhibition of UT, either by the UT inhibitor DMTU, or by genetic deletion of UT in mice, 

can decrease CKD-induced cardiac hypertrophy and fibrosis. In addition, the benefits of 

DMTU include reduced hypertension and improved heart function. In agreement with our 

study, other investigators reported that inhibition of UT by DMTU plays a protective role for 

acute myocardial infarction and diabetic cardiac dysfunction.30,31 The obvious mechanism 

by which DMTU contributes to cardiac protection is by reducing volume retention.

Volume overload is well known as a risk factor for mortality in CKD and end stage renal 

disease patients.32 Volume overload and hypertension lead to the development of left 

ventricular hypertrophy to maintain wall stress. Amelioration of hypervolemia and 

hypertension is a key step in preventing uremic cardiomyopathy. Whether UT directly 

regulates volume retention is controversial.33 However, our data show that inhibition of UT 
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has a great benefit for reducing volume overload. UT and aquaporin 2 are the major 

transporters that support increased absorption of urea and water, respectively, in the kidney 

collecting duct. In knockout mice lacking UT-A1 and UT-A3, urine volumes are increased 

about three-fold and urine osmolality is decreased to about 35%, even in the presence of 

apparently normal aquaporin 2 levels.21,34 In a clinical trial, treating volume overload by 

Tolvaptan improved cardiac congestion and decreased mortality with kidney dysfunction.35

The second major finding of this study is that the inhibition of UT was involved with a 

decrease in the CKD-induced increase in renin and ACE. There is emerging evidence that 

upregulation of the RAS plays crucial roles in cardiovascular pathophysiology, including 

causing hypertension, cardiovascular remodeling, and end organ damage.14 The increase in 

ACE and angiotensin II is closely related with left ventricular hypertrophy and fibrosis in 

high-fat feeding mice.36 The local activation of the RAS in heart is associated with cardiac 

hypertrophy and fibrosis.15,16 Most guidelines for the management of patients with 

cardiovascular disease recommend ACE inhibitors as first-choice therapy.37 ACE inhibitors 

and angiotensin-receptor blockers (ARBs) were protective against atrial fibrillation in the 

patients following cardioversion.38,39

We have three experimental models to support that the upregulation of UT is associated with 

increased renin and ACE. In primary cultured cardiac fibroblasts cells, overexpression of UT 

accelerates renin, ACE, and Agtr1 expression. In C57BL6 mice with CKD, the UT inhibitor 

DMTU abolished the renal failure-induced increase in renin and ACE. In UT-KO mice, 

enhanced renin was absent in CKD mice. In these mice, UT knockout also eliminated CKD-

induced upregulation of Agtr1. Unfortunately, this phenomenon was not seen in CKD mice 

treated with DMTU. We speculate that this could be due to more UT inhibition in UT 

knockout mice than in mice treated with a UT inhibitor. In fibroblast culture experiments, 

we found that overexpression of UT not only increases renin and ACE, but also leads to 

increased levels of aSMA, tgf-β, and Smad2/3, resulting in the promotion of fibrosis. In 

support of these cell culture results, we have evidence that inhibition or deletion of UT could 

attenuate CKD-induced cardiac fibrosis in animals. These beneficial effects are related to 

downregulation of renin and ACE.

The third major finding of this study is that upregulation of UT promotes fibroblast 

differentiation into myofibroblasts and has the potential to induce myoblast trans-

differentiation to fibroblasts. Laurino et al reported that in cardiac pathologies, over-

activation of the RAS response for myoblasts results in trans-differentiation into fibroblasts.
40 Myofibroblasts were first described in 1971 and play important roles for maintaining 

tissue remodeling.41 Their pathologic role has been described in many tissues. Under stress 

or injury conditions, fibroblasts differentiation into myofibroblasts for tissue repair. Fully 

differentiated myofibroblasts express αSMA, which is the most reliable marker of the 

myofibroblast phenotype and fibrosis, while fibroblasts only express vimentin.42 These 

myofibroblastic cells synthesize and deposit the ECM components for tissue repair. 

Myofibroblasts will disappear by apoptosis after healing. However, if these cells fail to 

undergo apoptosis, they will lead to ongoing pathology and will cause fibrosis or scarring.43
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In primary cultured cardiac fibroblasts, upregulation of UT increases the αSMA amount, 

which indicates that UT increased fibroblast differentiation to myofibroblasts. Concomitant 

with this change, tgf-β, and Smad2/3 also increased, which means that the fibrotic pathway 

was activated. Additional evidence supports that over-activation of UT promotes fibrosis as 

seen in cardiac myoblasts, H9C2 cells. Adenovirus-mediated UT transfer increases vimentin 

abundance. Since vimentin is a fibroblast marker and linked with epithelial mesenchymal 

transition, we postulate that the increased level of UT promotes myoblast trans-

differentiation to fibroblasts.

5 | CONCLUSIONS

In summary, inhibition or deletion of UT suppress hypertension, and attenuates both cardiac 

hypertrophy and fibrosis that result from CKD. The mechanism by which inhibition of UT 

decreases fibrosis, while not fully understood, appears to be associated with suppression of 

the RAS and decline in volume retention, even when kidney function declines. In addition, 

UT promotes fibroblast differentiation into myofibroblasts. The inhibition of UT provides 

multiple benefits to counteract fibrosis. Our study suggests that UT inhibitors may be an 

attractive therapeutic option for preventing uremic cardiomyopathy and other fibrosis-related 

disorders.
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FIGURE 1. 
Uremic cardiomyopathy is characterized by hypertension, cardiac hypertrophy, and fibrosis. 

Sham and 5/6Nx mice were sacrificed and samples were harvested at 8 weeks after CKD 

was produced. A, Systolic and diastolic blood pressure (BP) were measured by tail-cuff 

method in sham and 5/6Nx mice. B, Pictures of mouse heart and heart weight (mg) which 

was normalized by body weight (BW) (g) at sacrifice. C, Masson’s Trichrome staining in 

mouse heart tissues. Fibrosis is indicated by blue color. Pictures were observed by ×200 

magnification. Scale bar is 100 μm. D, Quantitative mRNA expression in mouse hearts 

performed by real-time PCR. Individual gene expression was calculated by ΔΔcq and 

standardized by housekeeping gene 18s. All data: mean ± SEM (N = 5). *P < .005, **P 
< .05 by two-tailed student’s t test
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FIGURE 2. 
Cardiac fibrosis in uremic heart was associated with upregulation of UT and vimentin 

expression. A, Western blot of lysates from sham and 5/6Nx mouse hearts probed for UT-A 

and vimentin proteins. The right point graphs show the levels of each protein in the sham 

group compared with the level in the 5/6Nx group (designated as one-fold). Data: mean ± 

SEM (N = 6). *P < .005, **P < .05 by two-tailed student’s t test. B, Immunohistochemistry 

staining for vimentin (brown) in mouse heart tissues. All pictures were observed by ×200 

magnification. Scale bar is 100 μm. C, Immunofluorescence images for GFP in H9c2 cells. 

Left panel is H9c2 cells transduced with adenovirus (ad)-GFP and right is ad-UT-A/GFP. 

Pictures of these cells were taken 48 hours after virus transduction. D, Western blot of 

lysates from H9c2 cells 48 hours after transduction. Data: mean ± SEM (N = 4). *P < .005, 

**P < .05 vs H9c2 cells with ad-UT-A treatment by one-way ANOVA
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FIGURE 3. 
Inhibition of UT-A by dimethylthiourea (DMTU) ameliorated CKD-induced cardiac 

hypertrophy and improved heart function. A, Systolic and diastolic blood pressure at 8 

weeks after completion of the CKD (5/6Nx) surgery. Blood pressure measurement of mice 

was performed by tail-cuff method. V = vehicle, D = DMTU treatment. B, Pictures of mouse 

hearts at sacrifice. C, Heart weight (mg) normalized by body weight (g) (left panel) and 

brain dry weight (mg) (right panel) at sacrifice. All data: mean ± SEM (N = 5-8), *P < .05, 

**P < .001, #P < .005 by one-way ANOVA. D, Echocardiography was performed on 

isoflurane anesthetized mice at 8 weeks of CKD. Images in each panel are M-mode images. 

White solid line—LVEDD: left ventricular endo-diastolic dimension; and white dash line—

LVESD: left ventricular end-systolic dimension. Arrow in panel of 5/6Nx + vehicle denotes 

fluid space indicative of pericardial effusion. *P < .05 between CKD/+vehicle to the other 

three groups by Chi square analysis
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FIGURE 4. 
Inhibition of UT-A attenuated CKD-induced cardiac fibrosis. A, Masson-Trichrome staining 

was performed in mouse heart tissues. Pictures were observed at ×200 magnification, scale 

bar is 100 μm. Blue color indicated fibrosis. The right point graph shows the percentage of 

fibrosis area per entire area as calculated using the Olympus CellSens imaging software (N = 

4). B, Immunohistochemistry staining for α-SMA in mouse heart tissue with ×400 

magnification, scale bar is 50 μm. The right point graph shows that the percentage of α-

SMA area per entire area was calculated by Olympus CellSens imaging software (N = 4). C-

E, Quantitative mRNA expression of fibronectin, α-SMA, and collagen 4a1 in mouse hearts 

performed by real-time PCR. Individual gene expression was calculated by ΔΔcq and 

standardized by housekeeping gene 18s. All data: mean ± SEM (N = 6). *P < .0001, **P 
< .005, #P < .05 by one-way ANOVA
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FIGURE 5. 
Deletion of UT decreased the CKD-induced increase in systolic blood pressure, suppressed 

cardiac fibrosis, and improved heart function. A, Systolic blood pressure (BP) were 

measured by tail-cuff method in WT and KO mice with or without Nx. B, Western blot 

analysis Tgf-β and α-SMA for lysates of mouse hearts. The right point graphs show the 

levels of each protein in the sham group compared with the level in the other three groups 

(designated as one-fold). Protein level normalized by total protein density of Ponceau S 

staining. Data: mean ± SEM (N = 4). *P < .05 by two-way ANOVA analysis. C, 

Echocardiography was performed on isoflurane anesthetized mice at 8 weeks after the 

surgery for mice. LVESD, left ventricular end-systolic dimension; LVESV, left ventricular 

end-systole volume
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FIGURE 6. 
Inhibition of UT-A suppressed CKD-induced upregulation of renin and angiotensin-

converting enzyme (ACE). Quantitative mRNA expression in mouse hearts performed by 

real-time PCR. All gene expressions were calculated by ΔΔcq and standardized by 

housekeeping gene 18s. A-C, mRNA from mice heart in sham/vehicle, sham/DMTU, 5/6Nx/

vehicle, and 5/6Nx/DMTU mice. D-F, mRNA from mice heart in ET/sham, WT/CKD, KO/

sham, and KO/CKD mice. A and D are Renin; B and E are ACE (angiotensin-converting 

enzyme); and C and F are Agtr1: angiotensin II receptor type 1. All data: mean ± SEM (N = 

4-6). *P < .05, **P < .005 by one-way ANOVA analysis
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FIGURE 7. 
Overexpression UT stimulated fibroblast activation to myofibroblasts in primary cultured 

cardiac fibroblasts. (A, B & C) cultured fibroblasts treated with adenovirus to overexpress 

UT. Quantitative mRNA expression in these cells performed by real-time PCR. All gene 

expressions were calculated by ΔΔcq and standardized by housekeeping gene 18s. A, Renin; 

B, Ace (angiotensin-converting enzyme); and C, Agtr1: angiotensin II receptor type1. D, 

Primary cultured cardiac fibroblasts transduced with Ad-UT for 48 hours. Western blot of 

lysates were performed for α-SMA and TGF. The point graphs show the levels of each 

protein comparing in arbitrary units. Protein level normalized by total protein density of 

Ponceau S staining. All data: mean ± SEM (N = 4-6). *P < .05, **P < .005 by one-way 

ANOVA analysis
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FIGURE 8. 
Summary. Chronic kidney disease induces volume retention and upregulation of urea 

transport. Volume retention cause hypertension leading to cardiac hypertrophy. Upregulation 

of urea transport increases the RAS and results in hypertension. The increase in the RAS 

also promotes fibroblast and acquisition of α-SMA expression and results in their becoming 

myofibroblasts. These myofibroblastic cells synthesize and deposit the extracellular matrix 
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(ECM) components leading to heart fibrosis. In CKD, inhibition of urea transport attenuates 

hypertension and limits cardiac hypertrophy and fibrosis
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