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Abstract  26 

Obstruction of urine flow at the level of the pelvo-ureteric junction (UPJO) and subsequent 27 

development of hydronephrosis is one of the most common congenital renal malformations. UPJO 28 

is associated with development of salt-sensitive hypertension, which is set by the obstructed kidney, 29 

and with a stimulated renin-angiotensin-aldosterone system (RAAS) in rodent models. This study 30 

aimed at investigating the hypothesis that i) in pediatric patients with UPJO the RAAS is activated 31 

prior to surgical relief of the obstruction; ii) in rats with UPJO the RAAS activation is reflected by 32 

increased abundance of renal aldosterone-stimulated Na transporters; and iii) the injured UPJO 33 

kidney allows aberrant filtration of plasminogen leading to proteolytic activation of the epithelial 34 

Na channel gamma subunit (γ-ENaC). Hydronephrosis due to UPJO in pediatric patients and rats 35 

was associated with increased urinary plasminogen/creatinine ratio. In pediatric patients, plasma 36 

renin, angiotensin II, urine and plasma aldosterone and urine soluble pro-renin receptor did not 37 

differ significantly before and after surgery, or compared with controls. Increased 38 

plasmin/plasminogen ratio was seen in UPJO rats. Intact γ-ENaC abundance was not changed in 39 

UPJO kidney while low-molecular cleavage product abundance increased. The Na-Cl cotransporter 40 

(NCC) displayed significantly lower abundance in the UPJO kidney compared to the non-41 

obstructed contralateral kidney. The Na-K-ATPase alpha-subunit was unaltered. Treatment with an 42 

angiotensin-converting enzyme inhibitor (8 days, captopril) significantly lowered blood pressure in 43 

UPJO rats. It is concluded that the RAAS contributes to hypertension following partial obstruction 44 

of urine flow at the pelvo-ureteric junction with potential contribution from proteolytic activation of 45 

ENaC. 46 

 47 

  48 
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Introduction 49 

Congenital ureteropelvic junction obstruction (UPJO) is the most common cause of hydronephrosis 50 

in the ante- and neonatal period and is detected in approximately 1 % of newborns (25). The 51 

obstruction is more common on the left side, usually partial and chronic, unless surgically corrected 52 

(19). Extensive studies on hydronephrosis have been performed using an animal model of UPJO, in 53 

which the left ureter is surgically inserted into the underlying psoas muscle to create a partial and 54 

chronic obstruction of urinary flow (8). This experimental approach yielded a more discrete 55 

obstruction, distinct from the dramatic acute total occlusion model that differs a lot from the clinical 56 

scenario with UPJO. Previous studies in both rats and mice have demonstrated a significant link 57 

between the degree of UPJO-induced hydronephrosis and the development of hypertension in adult 58 

life (8, 10-12). The UPJO-induced hypertension is salt-sensitive, and associated with elevated renin 59 

(10) and aldosterone levels (24). UPJO is accompanied by kidney injuries manifested by fibrosis 60 

and inflammation on the ipsilateral side as well as proteinuria, while the morphology/histology of 61 

the contralateral kidney is basically normal apart from having enlarged glomeruli (24). 62 

Hypertension is attenuated or even cured following relief of the obstruction or, notably, by removal 63 

of the hydronephrotic kidney (12). Moreover, recent studies show that ambulatory blood pressure in 64 

pediatric patients with congenital hydronephrosis is higher compared with healthy controls, and 65 

surgical correction of the obstruction significantly lowers blood pressure (2, 3). Thus, preclinical 66 

and clinical findings indicate that the UPJO kidney contributes to the development of hypertension, 67 

which is of salt-sensitive nature. Since data from rodents suggested increased activity of the RAAS 68 

(8, 11, 24), it was hypothesized in the present study that RAAS is reversibly elevated in human 69 

pediatric patients with congenital hydronephrosis due to UPJO. The renal mechanism underlying 70 

salt-sensitivity of blood pressure is not clear. If elevated RAAS is relevant in pediatric patients, it 71 

would predict up-regulation of aldosterone-sensitive Na transport proteins in the distal nephron and 72 
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collecting ducts, in particular the apical thiazide sensitive Na-Cl co-transporter (NCC), the 73 

epithelial Na channel (ENaC) and the basolateral Na-K-ATPase. Moreover, the significant 74 

proteinuria in the obstructed kidney could be accompanied by aberrant filtration of plasma proteases 75 

into urine, to proteolytically activate ENaC and drive salt-sensitive hypertension (30-33, 35). Thus, 76 

ENaC could with unchanged protein abundance be inappropriately activated by proteolysis in the 77 

obstructed kidneys. The present study was undertaken to examine the hypotheses that i) in pediatric 78 

patients with UPJO the RAAS is activated prior to surgical relief of the obstruction; ii) in rats with 79 

UPJO the RAAS activation is reflected by increased abundance of renal aldosterone-stimulated Na 80 

transporters and sensitivity of blood pressure to a RAAS antagonist; and iii) the injured UPJO 81 

kidney allows aberrant filtration of plasminogen leading to proteolytic activation of γ-ENaC.   82 
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Methods 83 

Ethics 84 

Animal study: The experimental study was approved by the institutional ethics review board in 85 

Stockholm (N139/15 & N314/12). All animal procedures were performed according to the 86 

guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals 87 

used for scientific purposes or National Institutes of Health guidelines. 88 

Clinical study: The clinical study was approved by the regional ethical review board in Uppsala, 89 

Sweden (EPN; Protocol Number 2011/ 267). Every child’s guardian gave informed consent. The 90 

study adhered to the principles of the Declaration of Helsinki. For details regarding the study 91 

population (Research design and Methods) please see previously published study (2). 92 

 93 

Collection of human plasma and urine samples 94 

Plasma and urine samples from twelve patients with unilateral congenital hydronephrosis were 95 

analyzed. Matched plasma samples from before (UPJO+) and after surgical treatment (UPJO-) were 96 

available and analyzed from eight patients (2), while matched urine samples from ten patients 97 

(before and after surgery) were available and analyzed. Only children with hydronephrosis that was 98 

not associated with any other diseases and did not receive antihypertensive medication were 99 

included in the study. Material from eight healthy age- and sex-matched controls were included 100 

(Ctrl). The inclusion was achieved at the Pediatric Surgery Department of Uppsala University 101 

Children’s Hospital in Uppsala, Sweden. Ambulatory blood pressure was measured for 20-24 hours 102 

preoperatively and repeated six months postoperatively in the hydronephrosis group (2). Similarly, 103 

20-24 hours ambulatory blood pressure was measured in the control group. 104 

 105 

 106 
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Animals 107 

All urine, blood and kidney tissue samples were from male Sprague-Dawley rats (Scanbur Charles 108 

River), either sham-operated or with UPJO to induce hydronephrosis, from published series (24). 109 

UPJO was created in three week old rats as previously described (9, 11, 24). In brief, the abdomen 110 

was opened by a midline incision and the left ureter was isolated and dissected free. The underlying 111 

psoas muscle was carefully split and the ureter was positioned inside the muscle and ligated to 112 

create a partial obstruction, and the abdomen was closed again, as originally described by Carlstrom 113 

et al. (11). Sham operation was performed in the same way, without dissecting the ureter. Following 114 

surgery, all animals were left to grow with free access to standard rodent chow (normal salt diet; 115 

0.7% NaCl) and tap water. A telemetry device (PA-C40, DSI™, St Paul, MN, USA) was implanted 116 

in 8 weeks old rats to assess cardiovascular function, as described previously (9, 11, 24). After an 117 

acclimatization period of 10 days, blood pressure was continuously recorded in unrestrained 118 

animals for 48 hours. At termination, blood was collected from the abdominal vena cava and 119 

centrifuged, and plasma was frozen for later analysis. Excised kidneys were cleaned and the 120 

hydronephrotic ratio was calculated as previously described (i.e., residual renal urine weight / renal 121 

parenchymal weight) (11). An intervention series was conducted to examine the influence of the 122 

RAAS on blood pressure after experimental UPJO. Similar to that described above; UPJO was 123 

induced and a telemetry device was implanted. After the acclimatization period, blood pressure was 124 

continuously recorded during baseline (4 days) followed by treatment with an angiotensin-125 

converting enzyme (ACE) inhibitor (captopril, 1 mg/ml) for 8 days. 126 

 127 

Kidney tissue 128 

Kidney cortex tissue from six UPJO rats (six obstructed, left kidneys (UPJO+) and six non-129 

obstructed, right kidneys (UPJO-) was compared with nine sham-operated rat kidneys. The tissue 130 
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was cut in pieces by a scalpel and homogenized in ice cold lysis buffer (20mM Tris-HCl (Merck, 131 

Darmstadt, Germany), 150 mM NaCl (Sigma-Aldrich, Copenhagen, Denmark), 20mM NaF 132 

(Sigma-Aldrich), 10mM Na4P2O7 (Sigma-Aldrich), 1% Triton X-100 (Sigma-Aldrich) and 1 tablet 133 

cOmplete™ tablet protease inhibitor per 50 mL (Roche Diagnostics, Sigma-Aldrich)) with an 134 

electric homogenizer, before placed on ice for 30 minutes at 4 °C. The samples were centrifuged at 135 

12,000 rpm at 4 °C and the supernatant were collected and frozen at -80 °C before further analysis. 136 

The specificity of the NCC antibody was tested in rat homogenate, which was separated by 137 

centrifugation into: mainly plasma-bound proteins (pellet after 17,000 g), mainly subcellular 138 

vesicles (pellet after 200,000 g) and non-membrane bound proteins (supernatant after 200,000 g).  139 

Protein concentration was determined using DC protein assay (Bio-Rad, Copenhagen, Denmark).  140 

Urinary and plasma measurements 141 

Albumin in urine was determined using a pre-coated albumin ELISA kits for human (108788, 142 

Abcam, Cambridge, UK) and rat (KSP-198, Nordic Biosite, Täby, Sweden) respectively. In the rats 143 

total urinary protein excretion rates were quantified using DCTM protein assay (Biorad), while 144 

human urinary Na and K were measured by a routine clinical procedure by department of Clinical 145 

Biochemistry at Odense University Hospital.  146 

Urinary creatinine measurements in human samples were available from previous experiments 147 

(2). Aldosterone concentration in plasma and urine was determined with Aldosterone ELISA (MS 148 

E-5200, LDN, Labor Diagnostika Nord, Germany). Human EDTA-plasma was used as an internal 149 

standard, 79 ± 8 pg/ml. Between-assay coefficient of variation is 10%.  150 

EDTA-plasma (100 μl) was incubated with plasma from a nephrectomized sheep for 3 h for 151 

determination of plasma renin concentration (PRC) by radioimmunoassay of Angiotensin I through 152 

the antibody-trapping method of Poulsen and Jørgensen as previously described (26). 153 

Concentrations were measured by the rate of AngI formation and standardized in terms of 154 
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international units per liter (IU∙l−1) by the activity of the World Health Organization (WHO) 155 

International Standard (ref. no. 68-356; National Institute for Biological Standards and Control, 156 

Hertfordshire, UK) of which samples of 0.05 IU/l were included in every run of the renin assay. In 157 

the period of measurement, 1 IU of the WHO standard corresponded to 32 ± 5 ng AngI per hour. 158 

Between-assay coefficient of variation was 15%. Angiotensin II (AngII) hormone concentrations in 159 

plasma were measured by radioimmunoassay (using specific antibodies and charcoal-plasma to 160 

separate bound antigen from free) after extraction performed by use of Sep-Pak C18 columns 161 

(Waters, Millipore Corporation, Milford, MA, USA). Immunoreactivity of AngII in plasma extracts 162 

was measured using antibody Ab-5-030682 raised in rabbits. The antibody was used as described 163 

previously (6). Essentially, plasma was incubated with antibody (final dilution of 1:1 000 000) and 164 

tracer 125I-labelled AngII (Department of Clinical Physiology, Glostrup Hospital, Denmark). 165 

Urinary plasminogen was determined using Human Plasminogen Total Antigen ELISA kit 166 

(IHPLGKT-TOT, Innovative Research, Michigan, USA). Soluble pro-renin receptor (sPRR) was 167 

determined in human urine samples with a pre-coated ELISA kit (#27782, Immuno-Biological 168 

Laboratories, Gunma, Japan). Rat plasma-renin, -aldosterone and -AngII were available from 169 

previous experiments (24).  170 

 171 

Differential centrifugation. 172 

Kidneys from rat were homogenized and pelleted as described in detail previously(14) with minor 173 

modifications. Kidneys were homogenized in fractionation buffer  (140 mM NaCl, 10 mM Tris-174 

Base, 1 mM EDTA, 0.5 mM EGTA) and spun for 2,000 g for 10 min. The supernatant was spun 175 

down at 17.000g for 30 min and saved. The resulting supernatant was then centrifuged at 200.000g 176 

for 30 min. Both pellet and supernatant was saved for western blotting.  177 

 178 
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Western blotting 179 

15 μg of tissue homogenate or 26 μl of urine was loaded on each gel. Prior to plasminogen 180 

detection in the urine, the samples were concentrated using Acetone (Sigma). LDS sample Buffer 181 

(NuPAGE, Invitrogen, Thermo Fischer Scientific, Life Technologies, CA, USA) and sample 182 

reducing agent (Invitrogen) was added before denaturation for 5 minutes at 95 °C. Electrophoresis 183 

were performed on a 4-12% Bis-Tris protein gel (Invitrogen) for 50-70 minutes at 200 V, with 184 

MOPS SDS running buffer (Thermo Fisher Scientific). Precision Plus Protein Dual Color Standards 185 

(Bio-Rad) were used as a size marker. The gel was transferred to a PVDF membrane (Immobilon-P, 186 

Millipore, Copenhagen, Denmark) for 1.5 hour at 35 V and subsequently blocked with 5% skimmed 187 

milk (Sigma) in TBST (20 mM Tris-HCl (Sigma), 137mM NaCl (Sigma), 0.05% Tween 20 188 

(Sigma), pH 7.6) before being incubated with primary antibody at a shaking table at 4 °C over 189 

night. The membrane was washed 3x5 minutes and primary antibodies were detected with 190 

horseradish peroxidase (HRP)-coupled secondary antibodies (Dako, Glostrup, Denmark) and 191 

Enhanced Chemiluminescence Substrate (ECL, PerkinElmer, MA, USA) using ChemiDoc™ XRS+ 192 

System with Image Lab™ Software (Biorad). Anti-plasminogen (Abcam, 154560) 1:5000, anti-β-193 

actin (Abcam 8227) 1:5000, anti Na-K-ATPase α1-subunit (Santa Cruz Biotechnology, 16041) 194 

1:5000, anti-AQP2 (Santa Cruz Biotechnology, 9882) 1:2000, anti-GAPDH (Abcam, 9485) 1:4000, 195 

anti-ATP6IP2/pro-renin receptor (Abcam, 64957) 1:500, anti-ROMK/KCNJ1 (82874, Novus 196 

Biologicals, Colorado, USA) were used as primary antibodies. An antibody directed against the rat 197 

C-termini γ-ENaC (NH2-CNTLRLDSAFSSQLTDTQLTNEF-COOH) was a kind gift by Prof 198 

Johannes Loffing, University of Zurich (36). For western blotting the antibody was diluted 199 

1:20,000. An in-house developed monoclonal mouse anti-human SLC12A3 (NCC) antibody was 200 

used for western blotting. Immunization, harvest and characterization have been described in 201 

another manuscript(16). The antibody was directed against the peptide sequence 202 
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GEPRKVRPTLADLHSFLKQEG. Clone #3 was used for western blotting in this manuscript. In 203 

addition to characterization by western blot, this clone recognizes NCC by immunohistochemistry 204 

in wild-type but not Slc12a3-deficient mice (Data not shown). Quantification was performed using 205 

Image LabTM software (Biorad).  206 

 207 

Statistical analysis  208 

Results were tested for normality using Shapiro-Wilk normality test. If not normally distributed, 209 

log-transformation was performed. Unpaired Student’s t-test, paired t-test or one-way ANOVA  210 

with Tukey's multiple comparisons test was used to test for differences. If log-transformation did 211 

not result in normally distributed data, the statistical analyses were conducted using the 212 

nonparametric Mann Whitney test, Wilcoxon signed-rank test or Kruskal-Wallis with Dunn’s 213 

multiple comparison test. Blood pressure responses to an ACE antagonist were analyzed by two-214 

way repeated measure ANOVA, followed by Sidak's multiple comparisons test. When analyzing 215 

tissue on western blot, density of bands of interest was normalized to density of β-actin or GAPDH 216 

as indicated. The mean of bands revealed in sham were adjusted to 100% on each blot or examined 217 

as ratio when testing for differences between the groups. Correlations were analyzed by linear 218 

regression and Pearson’s correlation coefficient (r), after diagnostic plots of the residuals were 219 

performed. Results with p-value < 0.05 were considered statistically significant and marked with *: 220 

p<0.05, **: p<0.005. Data are expressed ± SEM. Log-transformed normally distributed data are 221 

presented in semilogarithm scale diagrams with the geometric mean and 95% confidence interval. 222 

All statistical analysis and graph plots were performed using Prism 7 (Graph Pad Software, CA, 223 

USA). 224 

  225 
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Results 226 

Blood pressure, urinary albumin and protein levels in pediatric patients with UPJO 227 

24-hours mean arterial pressure (MAP) data from previous experiments (2) showed significantly 228 

decreased MAP after surgical relief of the obstruction (fig.1A, p=0.02). Urine albumin/creatinine 229 

ratios were not different between patients with UPJO compared to pediatric patients without 230 

obstruction (fig.1B). Three out of ten patients in the hydronephrotic group before surgery (UPJO+) 231 

and five out of twelve in the hydronephrotic group after surgery (UPJO-) met the criteria for 232 

moderate albuminuria (Albumin/Creatinine Ratio > 30 mg/g), while all subjects in the control group 233 

had normal ratio. No significant difference was detected before and after surgical relief of the 234 

obstruction (fig.1C). The degree of albuminuria in the pre-operation hydronephrosis group did not 235 

correlate with MAP or with ΔMAP before and after surgery (table 1).  236 

 237 

Renin-angiotensin-aldosterone system in pediatric patients with UPJO  238 

No difference in plasma renin concentration was detected between the UPJO group before (UPJO+) 239 

and after (UPJO-) or between UPJO and the control groups (fig.2A) or in delta-values before and 240 

after operation of the obstruction (fig. 2B) in the UPJO group (p=0.07, Wilcoxon signed-rank test 241 

due to lack of normal distribution also after log transformation). Plasma AngII concentration was 242 

below detection range in four cases (one from the control group, one from pre-operated group and 243 

two from the post operated group). These were not included in the analysis. No significant 244 

difference was detected between the groups (Fig. 2C) or before and after surgery (fig.2D). There 245 

was no significant difference in plasma and urine aldosterone concentrations between the groups 246 

(fig. 2E, G) and no difference before and after surgical intervention in the obstruction group (fig. 247 

2F, H). Soluble pro-renin receptor (sPRR) was determined in urine. Nine samples, three from each 248 

group, were below detection range and were not included. No difference was detected between the 249 
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groups (fig. 2I) or before and after surgical intervention (fig. 2J). No correlation was found between 250 

24-hours mean arterial blood pressure measurements in the hydronephrotic group and plasma-251 

aldosterone, urinary-aldosterone, plasma-AngII, plasma-renin or urinary-PRR respectively (table 1) 252 

or between the Δ values of the blood pressure before and after surgery and the Δ values of the 253 

RAAS hormones (table 1). No difference was detected in urinary Na/K ratio (not shown).  254 

 255 

Urinary plasmin(-ogen) excretion in pediatric patients with UPJO 256 

Total plasminogen concentration in urine was below detection range of the ELISA (0.5-500 ng/mL) 257 

in the major part of the samples (i.e., three out of ten UPJO+, nine out of twelve UPJO- and two out 258 

of eight controls). These samples were excluded before analyzing. Urinary plasminogen/creatinine 259 

concentration ratio was increased in both the UPJO+ and UPJO- group compared to healthy 260 

controls (fig. 3A). No difference was detected in paired samples before and after operation (fig. 3B, 261 

only three paired samples available). Western blotting with urine samples revealed distinct signal in 262 

the hydronephrosis group only (not shown) while no signal was detected in the controls. 263 

 264 

Effect of UPJO on mean arterial blood pressure, hydronephrosis degree and protein- and albumin 265 

excretion in the rat model 266 

In agreement with previous studies (11, 24), UPJO was associated with increased MAP in 267 

comparison to sham-operated animals (108 ± 2 vs. 90 ± 2, p <0.0001, Fig.4A). UPJO resulted in 268 

increased 24h urinary excretion of total protein- and albumin compared to sham-group (Fig. 4B, C). 269 

There was no association between MAP and urinary protein- and albumin excretion (table 2). The 270 

degree of hydronephrosis (HNR) correlated directly with MAP in UPJO rats (table 2) (11). 271 

Hydronephrosis was not detected in the sham-operated rats (HNR <0.05). A positive correlation 272 

was found between plasma aldosterone levels (24) and MAP (24) in the UPJO group (fig.4D, table 273 
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2). There was a significant (p=0.003) blood pressure reduction in response to ACE inhibition in rats 274 

with hydronephrosis (fig.4E). Although not statistically significant (p=0.05), the averaged reduction 275 

in blood pressure during the treatment period clearly trended (p=0.05) to be more pronounced in 276 

UPJO rats (delta -11 mmHg) compared with that observed in sham rats (delta -6 mmHg) (fig.4F). 277 

No relation was observed between MAP and plasma renin or AngII concentration (table 2). 278 

Likewise, in the sham-operated rats, no correlation was detected between MAP and plasma- 279 

aldosterone, renin or AngII respectively (data not shown).  280 

 281 

Effect of UPJO on urine proteases in the rat 282 

Plasmin(ogen) protein was detected in rat urine by western blotting (Figure 5). Rat plasma, as 283 

positive control for intact zymogen, revealed a band ≈ 90kDa, compatible with the zymogen form 284 

of plasminogen, while positive control for active plasmin (urine from nephrotic rat (NU) (31)) 285 

displayed a migration pattern with bands corresponding to zymogen and two-chain, active plasmin 286 

at 70 and 50 kDa (fig. 5A). After in vitro urine concentration, the zymogen plasminogen was 287 

detected in six out of eight sham-operated rats and in four out of eight UPJO rats, while plasmin 288 

was detected in two out of eight sham rats and six out of eight UPJO rats (fig.5B). Quantification 289 

showed increased urine plasmin/plasminogen ratio in UPJO rats compared to sham (Fig. 5C, 290 

samples with no signal were excluded, p=0.02). 291 

 292 

Effect of UPJO on Na transport proteins in rat kidney  293 

The abundance of aldosterone-regulated Na transport proteins in kidney tissue was determined by 294 

western blot in ipsi- and contralateral kidneys from UPJO rats and in kidneys from sham operated 295 

rats. A newly developed murine monoclonal anti-NCC antibody yielded a product with the 296 

expected molecular size at ≈150 kDa in rat kidney that was pre-absorbed by pre-incubation with 297 
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surplus of immunizing peptide (fig.6A). Immunoblotting for total NCC in UPJO and control rats 298 

revealed a band around 150 kDa corresponding to predicted molecular weight (fig. 6B). NCC 299 

protein showed lower abundance in the obstructed kidneys (UPJO+) compared to their contralateral 300 

counterpart in paired analysis (UPJO-) (fig.6E, p=0.03) and compared to sham operated controls 301 

(fig.6F, p=0.03). There was no difference between sham and UPJO- (Figure 6F, p=0.99). The 302 

obstructed kidney of Rat nb 3 appear to have very low concentration of NCC (fig. 3B). The blot 303 

was repeated with similar result (not shown). β-actin confirmed equally loading (fig. 6B, lower 304 

panel).   305 

An antibody directed against the Na-K-ATPase α-subunit revealed two distinct bands at 110 kDa 306 

and at 150 kDa (not shown). The band around 110 kDa corresponds to the predicted size of the Na-307 

K-ATPase (fig. 6C). No significant difference was detected between obstructed UPJO (UPJO +) 308 

and non-obstructed (UPJO -) kidney and control (fig. 6G, H). Pro-renin receptor (PRR) protein 309 

abundance was not significantly different between UPJO+ and contralateral UPJO- kidney tissue 310 

(fig.6D, I) and no significant difference was detected between means of the groups (fig. 6J). No 311 

difference in protein abundances were detected in principal cell transporters AQP2 and ROMK 312 

proteins between UPJO+ and UPJO- or between mean in the groups (fig.7A-F). Band densities 313 

were normalized to β-actin or GAPDH densities, as indicated in their diagram (β-actin shown only 314 

for NCC). 315 

 316 

Effect of UPJO on γ-ENaC abundance in rat kidney tissue  317 

Western blotting on kidney tissue with antibody against the C-terminus of γ-ENaC revealed three 318 

well-defined bands in rat homogenates at ≈80-90 kDa, ≈37 and 20 kDa (fig.8A). As loading- and 319 

housekeeping control, β-actin protein showed no difference in abundance between or within groups 320 

and was used to normalize all γ-ENaC densitometry values. No difference in abundance between 321 
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UPJO+, UPJO- and control was detected in the ≈80-90 kDa band (fig. 8B,C). The 37kDa band 322 

appeared with higher density in UPJO- compared to their obstructed counterpart, UPJO+ (fig.8D, 323 

p=0.047). A significant lower density in mean was detected in the ≈37kDa band in UPJO+ kidneys 324 

compared to sham (p < 0.004), while no significant difference was detected between UPJO- and 325 

sham or between the UPJO+ and UPJO- (fig. 8E). The ≈20 kDa showed significant up-regulation in 326 

the UPJO+ kidney compared to UPJO- (fig.8F, p =0.03), while no differences were detected within 327 

or between groups (Figure 8G). No correlations were detected between MAP, plasma- aldosterone, 328 

renin or AngII respectively in the UPJO group and density of neither of the bands in the obstructed 329 

kidney (table 2). Hydronephrosis correlated negatively with the 37kDa band in the obstructed, 330 

UPJO+ kidney (p=0.02), while no correlations were detected with the other bands (table 2). No 331 

correlations were detected between plasmin/plasminogen ratio and density of any revealed band 332 

(table 2, four UPJO rat samples had information on both).  333 

 334 

  335 
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Discussion 336 

The present findings demonstrated no significant relation between blood pressure and changes in 337 

plasma renin, AngII or aldosterone concentrations in pediatric UPJO patients. In a corresponding rat 338 

model of hydronephrosis, blood pressure and aldosterone levels were elevated and correlated; 339 

aldosterone-sensitive Na-transporters were reduced (NCC) or unchanged (Na/K-ATPase and γ-340 

ENaC), while increased γ-ENaC cleavage was observed and the elevated blood pressure in UPJO 341 

was sensitive to ACE inhibition. Data indicate that the elevated blood pressure, associated with 342 

UPJO depended significantly on RAAS in a rat model while the correlation was less clear in 343 

pediatric patients with hydronephrosis. There was enhanced urine plasmin in both rat and human 344 

associated with differential proteolytic cleavage pattern of γ-ENaC and lower NCC level in the 345 

affected ipsilateral kidney. The functional contribution of ENaC and NCC in the UPJO-associated 346 

hypertension is at present not clear but an impaired ability to excrete Na by intrarenal mechanisms 347 

in the affected kidney could be involved.  348 

 349 

We and others have proposed a link between hydronephrosis and later development of 350 

hypertension. A study by de Waard et al suggested reduction of arterial pressure after surgical 351 

management of dilated or obstructed upper urinary tracts (13). We found in a small prospective 352 

study that systolic and diastolic pressures were reduced following surgical correction of 353 

hydronephrosis in children with pelvic-ureteric junction obstruction (3). In adult unilateral 354 

hydronephrosis, cases showed that nephrectomy or pyeloplasty turned patients normotensive (1, 13, 355 

29, 37). Furthermore recent studies from our group showed blood pressure is elevated in pediatric 356 

patients with hydronephrosis compared with healthy, age- and sex-matched children, and their 357 

blood pressure was significantly reduced following surgical management of UPJO (2, 3).  358 

 359 
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The present study showed a significant correlation between degree of hydronephrosis and blood 360 

pressure, which is in accordance with the affected kidney as the culprit. The UPJO rat model 361 

created various degrees of hydronephrosis corresponding to the clinical setting. The variable degree 362 

of hydronephrosis likely accounts for the variation in proteinuria, albuminuria and plasminuria as 363 

well as the magnitude of blood pressure elevation. One has to take into consideration that urine 364 

collected and analyzed in the present study originates from both kidneys, likely with a lower 365 

glomerular filtration rate (GFR) at the affected side, while only the injured kidney contributes to the 366 

above mentioned urine sequelae. 367 

 368 

ENaC importantly contributes to the regulation of Na excretion by kidneys. Plasmin(ogen) enters 369 

the pre-urine in conditions where the glomerular filtration barrier is damaged and proteolytically 370 

cleaves γ-ENaC, resulting in increased ENaC-mediated Na reabsorption (31-33, 38) and 371 

development of hypertension in the clinical setting (5, 7) (4). Pediatric patients with UPJO children 372 

showed elevated urinary plasmin(ogen) before surgery compared to controls, and UPJO rats had a 373 

higher plasmin/plasminogen ratio, indicating that plasmin may play a role in the pathogenesis of 374 

hypertension associated with hydronephrosis. 375 

 376 

Kidney tissue from the UPJO rat provided an exceptional opportunity to study the molecular 377 

mechanisms in the ipsilateral obstructed kidney in a paired intra-individual design with comparison 378 

to the non-obstructed contralateral kidney. Cleaved γ-ENaC in UPJO rat kidney was investigated 379 

using an antibody directed against the C-terminal part of γ-ENaC (36). Based on previous studies 380 

using the same or similar antibodies (15, 21, 23) it was estimated that the band detected at ≈ 80-90 381 

kDa was compatible with intact γ-ENaC, while unexpectedly no furin/plasmin-cleaved γ-ENaC was 382 

detected. The ≈ 37 and ≈ 20 kDa bands presumably represent additional, not specified, cleavage 383 
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products with no known physiological role. Differential changes in abundance of these moieties 384 

were observed, however, at this point there is no evidence of physiological relevance of these lower 385 

molecular weight bands. Taken together, differences in γ-ENaC cleavage were detected between the 386 

groups, although the exact characteristics and physiological relevance of the cleavage products were 387 

not clarified and the intact γ-ENaC was unchanged. An explanation could be that proteases in the 388 

proteinuric UPJO+ rat is degrading the 37kDa band further and producing the 20kDa band. 389 

 390 

A previous study found, that most of the major Na transporters such as the Na-K-ATPase (27) 391 

NHE1 (22), NHE3 (28) and NCC (28) were down regulated in the obstructed kidney in rats with 392 

both neonatally-induced UPJO and complete unilateral ureteral obstruction (UUO). Consistent with 393 

these previous findings, decreased NCC expression was detected in the UPJO kidney in the present 394 

study, while no significant difference was observed for Na/K-ATPase. Moreover, a previous study 395 

demonstrated increased urinary water excretion 1 year after neonatally-induced UPJO (18) and a 396 

down-regulation of the water channels aquaporin AQP1, AQP2 (27) and AQP3 (17). However, in 397 

the present study no significant differences in AQP2 protein expression were detected in the 398 

collecting duct. These discrepancies could be explained by the much shorter duration of UPJO in 399 

the present study.  400 

 401 

The RAAS has been reported to be slightly elevated in rodent models of UPJO (8, 11, 24). In 402 

agreement, the blood pressure in the UPJO rats correlated significantly with their aldosterone levels 403 

and was significantly reduced by ACE inhibition. Aldosterone (24), but not plasma-renin (24), 404 

plasma-AngII (24) or pro-renin receptor (present study) was elevated in the UPJO rats. Aldosterone 405 

exert its main effects in the distal nephron, with ENaC as its main target under physiological 406 

conditions (20, 23). However, the present observations showed no up-regulation of aldosterone-407 
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sensitive transporters in UPJO. A study from 2006 found that ACE-inhibitor prevented the 408 

reduction in renal blood flow and prevented progression of hydronephrosis in UPJO rats, suggesting 409 

important contribution of the RAAS (34). However, in that study the authors did not make any 410 

observations regarding MAP. The same observations were made in pediatric patients with UPJO, 411 

where no stimulation of any RAAS component was observed. Taken together, circulating RAAS 412 

contributes to hypertension in the chronic phase despite no markedly elevated level and the primary 413 

change associated with the UPJO kidney could involve inappropriately impaired Na excretion by 414 

the affected kidney.   415 

 416 

In summary, the present study demonstrated no significant changes in plasma renin, AngII, 417 

aldosterone or plasmaPRR in the clinical settings of hydronephrosis due to UPJO in pediatric 418 

patients. However, rats with UPJO showed increased aldosterone and reduction of blood pressure in 419 

response to an ACE inhibitor. In rat, UPJO was associated with unchanged or suppressed 420 

aldosterone-sensitive Na-transporter abundances in kidney tissue. Damaged glomerular filtration 421 

barrier with albuminuria and increased plasmin to plasminogen ratio in the urine as well as 422 

differences in γ-ENaC cleavage state at the affected side suggest that abnormal proteolytical 423 

activation of ENaC could play a role in the pathogenesis of hydronephrosis-induced hypertension.  424 

It is concluded that elevated blood pressure associated with UPJO in rats and likely in pediatric 425 

patients involves increased RAAS activity with no major upregulation of Na transporters. The 426 

presence of active plasmin in urine in UPJO of both rats and patients could cause abnormal 427 

proteolytic activation of ENaC and impaired ability to excrete Na.   428 

 429 

  430 



 20 

Acknowledgements 431 

We thank Annika Olsson (Department of Physiology and Pharmacology, Karolinska Institutet, 432 

Stockholm, Sweden), Birgitta Karanika (Pediatric Surgery Section, Department of Women’s and 433 

Children’s Health, Uppsala University, Uppsala, Sweden), Susanne Hansen and Gitte Kitlen 434 

(Department of Cardiovascular and Renal Research, Institute of Molecular Medicine, University of 435 

Southern Denmark) for their technical contribution.  436 

 437 

This work was supported by grants from the Swedish Research Council (2016-01381), the Swedish 438 

Heart and Lung Foundation (20140448 & 20170124), by Research Funds from the Karolinska 439 

Institutet, the Danish Diabetes Academy funded by Novo Nordisk Foundation, Faculty of Health, 440 

University of Southern Denmark, Odense University Hospital, The Danish Research Council for 441 

Health and Disease; Innovationsfonden/The Strategic Research Council and the  A.P. Møller 442 

Foundation. 443 

 444 

Conflicts of interest 445 

None 446 

 447 

Author contributions 448 

RZ, BLJ and MC, conception and design of research; RZ performed experiments; AAM and MC 449 

provided human and rat samples and blood pressure measurement data; RZ analyzed data; RZ, 450 

AAM, HD, PS, BLJ, MC interpreted results of experiments; RZ prepared figures; RZ, BLJ, MC 451 

drafted manuscript; RZ, AAM, HD, PS, BLJ and MC edited and revised manuscript and approved 452 

final version of manuscript.  453 

 454 



 21 

References 455 

1. Abramson M, and Jackson B. Hypertension and unilateral hydronephrosis. J Urol 456 

132: 746-748, 1984. 457 

2. Al-Mashhadi A, Checa A, Wåhlin N, Neveus T, Fossum M, Wheelock CE, 458 

Karanikas B, Stenberg A, Persson AEG, and Carlstrom M. Changes in arterial pressure and 459 

markers of nitric oxide homeostasis and oxidative stress following surgical correction of 460 

hydronephrosis in children Pediatric Nephrology 33: 639–649, 2018. 461 

3. Al-Mashhadi A, Neveus T, Stenberg A, Karanikas B, Persson AEG, Carlstrom 462 

M, and Wahlin N. Surgical treatment reduces blood pressure in children with unilateral congenital 463 

hydronephrosis. J Pediatr Urol 11: 91 e91-96, 2015. 464 

4. Andersen H, Friis UG, Hansen PBL, Svenningsen P, Henriksen JE, and Jensen 465 

BL. Diabetic nephropathy is associated with increased urine excretion of proteases plasmin, 466 

prostasin and urokinase and activation of amiloride-sensitive current in collecting duct cells. 467 

Nephrol Dial Transplant 30: 781-789, 2015. 468 

5. Andersen RF, Buhl KB, Jensen BL, Svenningsen P, Friis UG, Jespersen B, and 469 

Rittig S. Remission of nephrotic syndrome diminishes urinary plasmin content and abolishes 470 

activation of ENaC. Pediatric Nephrology 28: 1227-1234, 2013. 471 

6. Bie P, and Sandgaard NCF. Determinants of the natriuresis after acute, slow sodium 472 

loading in conscious dogs. Am J Physiol Regul Integr Comp Physiol 278: R1-R10., 2000. 473 

7. Buhl KB, Friis UG, Svenningsen P, Gulaveerasingam A, Ovesen P, Frederiksen-474 

Moller B, Jespersen B, Bistrup C, and Jensen BL. Urinary plasmin activates collecting duct 475 

ENaC current in preeclampsia. Hypertension 60: 1346-1351, 2012. 476 

8. Carlstrom M. Causal link between neonatal hydronephrosis and later development of 477 

hypertension. Clin Exp Pharmacol Physiol 37: e14-23, 2010. 478 

9. Carlstrom M, Brown RD, Edlund J, Sallstrom J, Larsson E, Teerlink T, Palm F, 479 

Wahlin N, and Persson AEG. Role of nitric oxide deficiency in the development of hypertension 480 

in hydronephrotic animals. Am J Physiol Renal Physiol 294: F362-370, 2008. 481 

10. Carlstrom M, Sallstrom J, Skott O, Larsson E, Wahlin N, and Persson AEG. 482 

Hydronephrosis causes salt-sensitive hypertension and impaired renal concentrating ability in mice. 483 

Acta Physiol (Oxf) 189: 293-301, 2007. 484 



 22 

11. Carlstrom M, Wahlin N, Sallstrom O, Skott O, Brown R, and Persson AEG. 485 

Hydronephrosis causes salt-sensitive hypertension in rats. Journal of Hypertension 24: 1437–1443, 486 

2006. 487 

12. Carlstrom M, Wahlin N, Skott O, and Persson AEG. Relief of chronic partial 488 

ureteral obstruction attenuates salt-sensitive hypertension in rats. Acta Physiol (Oxf) 189: 67-75, 489 

2007. 490 

13. De Waard D, Dik P, Lilien MR, Kok ET, and De Jong TP. Hypertension is an 491 

indication for surgery in children with ureteropelvic junction obstruction. J Urol 179: 1976-1978; 492 

discussion 1978-1979, 2008. 493 

14. Dimke H, Flyvbjerg A, Bourgeois S, Thomsen K, Frokiaer J, Houillier P, Nielsen 494 

S, and Frische S. Acute growth hormone administration induces antidiuretic and antinatriuretic 495 

effects and increases phosphorylation of NKCC2. Am J Physiol Renal Physiol 292: F723-735, 496 

2007. 497 

15. Frindt G, Gravotta D, and Palmer LG. Regulation of ENaC trafficking in rat 498 

kidney. J Gen Physiol 2016. 499 

16. Frische S, Chambrey R, Trepiccione F, Zamani R, Marcussen N, Alexander RT, 500 

Skjødt K, Svenningsen P, and Dimke H. The H+-ATPase B1 subunit localizes to the thick 501 

ascending limb and distal convoluted tubule of rodent and human kidney. Am J Physiol Renal 502 

Physiol doi: 10.1152/ajprenal.00539.2017.: 2018. 503 

17. Frøkiaer J, Christensen BM, Marples D, Djurhuus JC, Jensen UB, M.A. K, and 504 

S. N. Downregulation of aquaporin-2 parallels changes in renal water excretion in unilateral ureteral 505 

obstruction. Am J Physiol Renal 273: F213-223., 1997. 506 

18. Josephson S, Jacobsson E, and Larsson E. Experimental partial ureteric obstruction 507 

in newborn rats. IX. Renal morphology and function after 1 year of obstruction. Urol Int 59: 16-22, 508 

1997. 509 

19. Klahr S. Obstructive nephropathy. Intern Med 39: 355-361, 2000. 510 

20. Loffing J, Zecevis M, Féraille E, Kaissling B, Asher C, Rossier BC, Firestone CL, 511 

Pearce D, and Verrey FO. Aldosterone induces rapid apical translocation of ENaC in early portion 512 

of renal collecting system: possible role of SGK. 2001. 513 

21. Lourdel S, Loffing J, Favre G, Paulais M, Nissant A, Fakitsas P, Creminon C, 514 

Feraille E, Verrey F, Teulon J, Doucet A, and Deschenes G. Hyperaldosteronemia and activation 515 

Formateret: Engelsk (USA)



 23 

of the epithelial sodium channel are not required for sodium retention in puromycin-induced 516 

nephrosis. J Am Soc Nephrol 16: 3642-3650, 2005. 517 

22. Manucha W, Carrizo L, Ruete C, and Vallés PG. Apoptosis induction is associated 518 

with decreased NHE1 expression in neonatal unilateral ureteric obstruction. BJU Int 100: 191-198, 519 

2007. 520 

23. Masilamani S, Kim GH, Mitchell C, Wade JB, and Knepper MA. Aldosterone-521 

mediated regulation of ENaC alfa, beta and gamma subunit proteins in rat kidney. J Clin Invest 104: 522 

R19–R23, 1999. 523 

24. Peleli M, Al-Mashhadi A, Yang T, Larsson E, Wahlin N, Jensen BL, Persson 524 

AEG, and Carlstrom M. Renal denervation attenuates NADPH oxidase-mediated oxidative stress 525 

and hypertension in rats with hydronephrosis. Am J Physiol Renal Physiol 310: F43-56, 2016. 526 

25. Podevin G, Mandelbrot L, Vuillard E, Oury JF, and Aigrain Y. Outcome of 527 

Urological Abnormalities Prenatally Diagnosed by Ultrasound. Fetal Diagn Ther 11: 181-190, 528 

1996. 529 

26. Poulsen K, and Jorgensen J. An easy radioimmunological microassay of renin 530 

activity, concentration and substrate in human and animal plasma and tissues based on angiotensin I 531 

trapping by antibody. J Clin Endocrinol Metab 39: 816-825, 1974. 532 

27. Shi Y, Li C, Thomsen K, Jørgensen TM, ., Knepper MA, Nielsen S, Djurhuus JC, 533 

and Frøkiaer J. Neonatal ureteral obstruction alters expression of renal sodium transporters and 534 

aquaporin water channels. Kidney Int 66: 203-215, 1993. 535 

28. Silverstein DM, Travis BR, Thornhill BA, Schurr JS, Kolls JK, Leung JC, and 536 

Chevalier RL. Altered expression of immune modulator and structural genes in neonatal unilateral 537 

ureteral obstruction. Kidney International 64: 25-35, 2003. 538 

29. Sinclair AM, Isles CG, Brown I, Cameron H, Murray GD, and Robertson JW. 539 

Secondary hypertension in a blood pressure clinic. Arch Intern Med 147: 1289-1293., 1987. 540 

30. Staehr M, Buhl KB, 3Andersen RF, Svenningsen PN, F. , Hinrichs GR, Bistrup 541 

C, and Jensen BL. Aberrant glomerular filtration of urokinase-type plasminogen activator in 542 

nephrotic syndrome leads to amiloride-sensitive plasminogen activation in urine. Am J Physiol 543 

Renal Physiol 309: F235-241, 2015. 544 

31. Svenningsen P, Bistrup C, Friis UG, Bertog M, Haerteis S, Krueger B, Stubbe J, 545 

Jensen ON, Thiesson HC, Uhrenholt TR, Jespersen B, Jensen BL, Korbmacher C, and Skott 546 

Formateret: Engelsk (USA)



 24 

O. Plasmin in nephrotic urine activates the epithelial sodium channel. J Am Soc Nephrol 20: 299-547 

310, 2009. 548 

32. Svenningsen P, Friis UG, Bistrup C, Buhl KB, Jensen BL, and Skott O. 549 

Physiological regulation of epithelial sodium channel by proteolysis. Curr Opin Nephrol Hypertens 550 

20: 529-533, 2011. 551 

33. Svenningsen P, Uhrenholt TR, Palarasah Y, Skjodt K, Jensen BL, and Skott O. 552 

Prostasin-dependent activation of epithelial Na+ channels by low plasmin concentrations. Am J 553 

Physiol Regul Integr Comp Physiol 297: R1733-1741, 2009. 554 

34. Topcu SO, Pedersen M, Norregaard R, Wang G, Knepper M, Djurhuus JC, 555 

Nielsen S, Jorgensen TM, and Frokiaer J. Candesartan prevents long-term impairment of renal 556 

function in response to neonatal partial unilateral ureteral obstruction. Am J Physiol Renal Physiol 557 

292: F736-748, 2007. 558 

35. Vuagniaux G, Vallet V, Jaeger NF, Pfister C, Bens M, Farman N, Courtois-559 

Country N, Vandewalle A, Rossier B, and Hummler E. Activation of the Amiloride-Sensitive 560 

Epithelial Sodium Channel by the Serine Protease mCAP1 Expressed in a Mouse Cortical 561 

Collecting Duct Cell Line. J Am Soc Nephrol 11: 828–834, 2000. 562 

36. Wagner CA, Loffing-Cueni D, Yan Q, Schulz N, Fakitsas P, Carrel M, Wang T, 563 

Verrey F, Geibel JP, Giebisch G, Hebert SC, and Loffing J. Mouse model of type II Bartter's 564 

syndrome. II. Altered expression of renal sodium- and water-transporting proteins. Am J Physiol 565 

Renal Physiol 294: F1373-1380, 2008. 566 

37. Wanner C, Luscher TF, Schollmeyer P, and Vetter W. Unilateral hydronephrosis 567 

and hypertension: cause or coincidence? Nephron Physiol 236-241, 1987. 568 

38. Zachar RM, Skjodt K, Marcussen N, Walter S, Toft A, Nielsen MR, Jensen BL, 569 

and Svenningsen P. The epithelial sodium channel gamma-subunit is processed proteolytically in 570 

human kidney. J Am Soc Nephrol 26: 95-106, 2015. 571 

 572 

  573 



 25 

Table 1 – Correlations, human samples 574 
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 586 

Table 1: Test of relation between mean arterial blood pressure (MAP) and difference in MAP 587 

before and after surgical intervention (ΔMAP) with urinary albumin and RAAS components in 588 

children with ureteropelvic junction obstruction (UPJO).  589 

 590 

 591 

 592 

 593 

 594 

 595 

 596 

 R2 p-value 

Correlation with MAP 

Ualbumin/Ucreatinine 0.01 0.76 

Plasma-Aldosteron 0.17 0.24 

Urinary-Aldosterone 0.33 0.11 

Plasma-Angiotensin II 0.37 0.84 

Plasma-renin 0.29 0.61 

Urinary-souluble prorenin receptor 0.03 0.19 

Correlation with ΔMAP 

Δ Urinaryalbumin/Urinarycreatinine 0.12 0.45 

Plasma-Aldosteron 0.30 0.26 

Urinary-Aldosterone 0.01 0.83 

Plasma-Angiotensin II 0.00 0.96 

Plasma-renin 0.01 0.91 

Urinary-soluble prorenin receptor 0.71 0.07 
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Table 2 – correlations, UPJO rat 597 
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 612 

 613 

Table 2: Correlations with mean arterial blood pressure (MAP) and semi-quantitative measurement 614 

of the γ-ENaC cleavage products, 80, 37 and 20 kDa, as detected with western blot, and urinary 615 

 R2 p-value 

Correlation with MAP 

Proteinuria 0.002 0.91               

Albuminuria 5,156e-007 >0,99 

HNRi  0.75 0.005* 

Aldosteronei 0.82 0.002* 

Renini 0.45 0.07 

Angiotensin IIi  0.23 0.33 

Correlation with γ-ENaC 80 kDa 

MAPi 0.08 0.58 

Aldosteronei  0.05 0.68 

Renini  0.09 0.56 

Angiotensin IIi  0.48 0.13 

HNRi  0.34 0.22 

Plasmin/plasminogen ratio 0.89 0.65 

Correlation with γ-ENaC 37 kDa 

MAPi 0.54 0.09 

Aldosteronei  0.53 0.10 

Renini  0.47 0.14 

Angiotensin IIi  0.003 0.92 

HNRi  0.76 0.02* 

Plasmin/plasminogen ratio 0.51 0.29 

Correlation with γ-ENaC 20 kDa 

MAPi  0.05 0.68 

Aldosteronei  0.02 0.77 

Renini  0.08 0.59 

Angiotensin IIi  0.04 0.69 

HNRi  0.06 0.63 

Plasmin/plasminogen ratio 0.001 0.97 
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albumin, protein, hydronpehrosis ratio (HNR), plasmin/plasminogen ratio and RAAS components 616 

in rats with ureteropelvic junction obstruction (UPJO). *=p<0.05.  i: Data obtained from previous 617 

study(24).  618 

Figure caption 619 

Figure 1: Ambulatory 24 hour mean arterial blood pressure (MAP) was significantly lower after 620 

surgical intervention in the pediatric patients (A, n=8, p=0.02). No difference in albumin/creatinine 621 

ratio was detected in the hydronephrotic group before (UPJO+, n=10, p=0.55) compared with after 622 

(UPJO-, n=8, p=0.57) surgical intervention and compared to the control group (n=8)(B). There was 623 

also no difference before and after surgical intervention within the hydronephrotic patient group (C, 624 

n=10, p=0.94).  625 

 626 

Figure 2: No differences were detected in plasma renin concentration (A, p=0.63) plasma 627 

angiotensin II (AngII) concentration (C, p=0.24), plasma aldosterone concentration (E, p=0.56), 628 

urinary aldosterone/creatinine concentration ratio (G, p=>0.99) or soluble urinary pro-renin-629 

receptor (PRR)/creatinine ratio (I, p= 0.11) between the groups (stated p-values represent UPJO+ 630 

versus control) or before and after surgical intervention (B, p=0.08 D, p= 0.14, F, p= 0.73, H, 631 

p=0.11, J, p=0.65). 632 

 633 

Figure 3: Urinary plasminogen concentration was analyzed with pre-coated ELISA assay. 634 

Significant higher total plasminogen/creatinine ratio was detected in the hydronephrotic children 635 

before undergoing operation (UPJO+, n=7, p=0.01) which was not reduced following surgery 636 

(UPJO-, n=3. p=0.03) compared to the healthy controls (n=6). In the hydronephrotic group, three 637 

out of ten in the pre-operated group (UPJO+) and nine out of twelve after surgical relief (UPJO-) 638 
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and two out of eight controls were excluded, since they were below detection range (detection range 639 

0.5-500 ng/mL). 640 

 641 

Figure 4: Increased mean arterial blood pressure (MAP) was detected in UPJO rats compared to 642 

sham (A, p<0.001). An increased level of total protein- (B, p=0.01) and albumin urine excretion (C, 643 

p=0.04) was detected in UPJO rats compared to sham. A positive correlation was detected between 644 

mean arterial pressure (MAP) and plasma-aldosterone (D, p=0.002, R2=0.82).  645 

Increased mean arterial blood pressure (MAP) was detected in UPJO rats compared to sham (E). 646 

Administration of an ACE-inhibitor resulted in decreased MAP in both groups (E) and no 647 

significant difference in ΔMAP (mean MAP day 1 to 4 minus mean MAP day 5 to 12) was detected 648 

between the groups (F, p=0.055). 649 

 650 

Figure 5: Immunoblotting experiments for plasminogen with positive control nephrotic syndrome 651 

patient urine sample displayed a band at ≈ 90 kDa (plasminogen) with a migratory pattern that 652 

corresponded to zymogen and 2-chain active plasmin migrating at 70 and 50 kDa (NU, n=1), while 653 

only the 90 kDa band (plasminogen) was detected in plasma from rat (A)). Urine from UPJO and 654 

sham operated rats revealed bands ≈ 90kDa and ≈ 50 kDa in both groups (B). Increased 655 

plasmin/plasminogen ratio was detected in UPJO rats (n=6) compared to sham (n=6) (p=0.02) (C).  656 

 657 

Figure 6: Western blot with rat kidney cortex incubated with undiluted anti-NCC antibody 658 

(HSLC12A3 clone #3) with and without pre-absorption with immunizing peptide. The kidney 659 

cortex was centrifuged at 17.000g to primarily pellet plasma membranes (A, lane 1), centrifuged at 660 

200.000g to primarily pellet subcellular vesicles (A, lane 2) and the supernatant containing non-661 

membrane bound proteins, including IgG (A, lane 3). It is observed that the band observed at ≈150 662 
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kDa (corresponding to NCC) in lane number one is abolished after pre-absorption with peptide, 663 

indicating specificity of the antibody. The band at ≈250 kDa is often detected in frozen samples and 664 

likely represents NCC dimers (A). Immunoblotting experiments on kidney tissue homogenate from 665 

UPJO rats (n=6), from both obstructed (indicated by +) and non-obstructed kidney (indicated by -) 666 

and sham-operated rats (n=10) were performed with antibodies specific for Na-Cl cotransporter 667 

(NCC) (B), Na/K-ATPase α-subunit (C), and Pro-renin receptor (D). NCC protein abundance was 668 

down-regulated in the obstructed kidney compared to both the non-obstructed kidney (p=0.03) and 669 

the sham-operated control (p=0.002), when corrected for β-actin abundance (E, F), while no 670 

difference in Na/K-ATPase α-subunit was detected between the obstructed and non-obstructed 671 

counterpart (G, p=0.39) or between the groups (H). No difference was detected in pro-renin 672 

receptor protein abundance (I, J). β-actin and GAPDH were used as loading controls as indicated in 673 

diagrams. Sham-operated controls were adjusted to 100 % to be able to compare different blots.  674 

 675 

Figure 7: Immunoblotting against ROMK revealed several bands, with the band ≈ 50 kDa 676 

(indicated by arrow) corresponding to ROMK (A). Immunoblotting against AQP2 revealed one 677 

band in all tissue homogenates (B). No difference was detected in ROMK (C, D) or AQP2 (E, F). β-678 

actin was used as loading control. Obstructed UPJO kidneys are indicated by “+” and non-679 

obstructed kidneys by “-“.  Sham adjusted to 100 %, to be able to compare different blots.  680 

 681 

Figure 8: Western blotting experiments on kidney tissue homogenate from UPJO rats (n=6) and 682 

sham-rats (n=10) for γ-ENaC revealed 3 distinct bands in all rats at ≈ 80-90kDa, 37 and 20 kDa 683 

respectively. β-actin was used as loading control (A). No significant difference was detected in the 684 

80kDa band (B, C). The 37kDa band was down-regulated in the obstructed kidney compared to its 685 

non-obstructed counterpart (D, p=0.049) and compared to the sham-operated control (E, p=0.004). 686 
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The 20kDa band was up regulated in the obstructed kidney compared to the non-obstructed match 687 

(F, p=0.03, Wilcoxon test, lack of normal distribution), while no difference was detected between 688 

the groups (G). Obstructed UPJO kidneys are indicated by “+” and non-obstructed kidneys by “-“.  689 

Sham was adjusted to 100 % to allow comparison between different blots.  690 


