
Redox Biology 55 (2022) 102394

Available online 4 July 2022
2213-2317/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Induction of reactive oxygen species by mechanical stretch drives 
endothelin production in neonatal pig renal epithelial cells 

Ravi Kumar 1, Hitesh Soni 1, Jeremiah M. Afolabi, Praghalathan Kanthakumar, 
Pratheesh D. Mankuzhy, Samson A. Iwhiwhu, Adebowale Adebiyi * 

Department of Physiology, College of Medicine, University of Tennessee Health Science Center, Memphis, TN, USA   

A R T I C L E  I N F O   

Keywords: 
Mechanical stretch 
Urinary tract obstruction 
Hydrogen peroxide 
Endothelin converting enzyme 
Endothelin 
Acute kidney injury 
Neonatal pigs 

A B S T R A C T   

Vasoactive endothelin (ET) is generated by ET converting enzyme (ECE)-induced proteolytic processing of pro- 
molecule big ET to biologically active peptides. H2O2 has been shown to increase the expression of ECE1 via 
transactivation of its promoter. The present study demonstrates that H2O2 triggered ECE1-dependent ET1-3 
production in neonatal pig proximal tubule (PT) epithelial cells. A uniaxial stretch of PT cells decreased catalase, 
increased NADPH oxidase (NOX)2 and NOX4, and increased H2O2 levels. Stretch also increased cellular ECE1, an 
effect reversed by EUK-134 (a synthetic superoxide dismutase/catalase mimetic), NOX inhibitor apocynin, and 
siRNA-mediated knockdown of NOX2 and NOX4. Short-term unilateral ureteral obstruction (UUO), an inducer of 
renal tubular cell stretch and oxidative stress, increased renal ET1-3 generation and vascular resistance (RVR) in 
neonatal pigs. Despite removing the obstruction, UUO-induced increase in RVR persisted, resulting in early acute 
kidney injury (AKI). ET receptor (ETR)-operated Ca2+ entry in renal microvascular smooth muscle (SM) via 
transient receptor potential channel 3 (TRPC3) channels reduced renal blood flow and increased RVR. Although 
acute reversible UUO (rUUO) did not change protein expression levels of ETR and TRPC3 in renal microvessels, 
inhibition of ECE1, ETR, and TRPC3 protected against renal hypoperfusion, RVR increase, and early AKI. These 
data suggest that mechanical stretch-driven oxyradical generation stimulates ET production in neonatal pig renal 
epithelial cells. ET activates renal microvascular SM TRPC3, leading to persistent vasoconstriction and reduction 
in renal blood flow. These mechanisms may underlie rUUO-induced renal insufficiency in infants.   

1. Introduction 

A blockage along the urinary tract from the kidney to the urethra is a 
significant cause of kidney injury in infants [1–3]. Urinary tract 
obstruction can occur in infants due to congenital or acquired condi
tions, including vesicoureteral reflux, ureteropelvic and bladder outlet 
obstruction, ureterocele, and urinary tract stones [1–3]. Urinary tract 
obstruction results in hydronephrosis, renal oxidative stress, and a 
decline in renal vascular, glomerular, and tubular functions that lead to 
kidney injury [1–3]. Prolonged obstruction may advance to severe renal 
inflammation, fibrosis, and chronic kidney disease [1–3]. Irreversible 

obstructive nephropathy is one of the most common causes of pediatric 
nephrectomy for non-neoplastic conditions [4,5]. Thus, early diagnosis 
and treatment are critical to preventing renal loss. 

Despite the removal of obstruction, steady-state renal blood flow, 
and GFR decline because of elevated renal vascular resistance (RVR) 
[6–8]. High RVR in obstructive vasculopathy could be due to increased 
vasoconstrictor agonists within the kidneys. Urinary obstruction 
increased kidney endothelin (ET)1 level, suggesting that renal ET1 may 
contribute to obstructive nephropathy [9–12]. However, several unan
swered questions exist on the ET system’s pathophysiological mecha
nisms in neonatal urinary obstruction. There are three distinct ET 
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isoforms (ET1, ET2, and ET3) [13,14]. ET2 differs from ET1 by 2 amino 
acids, whereas ET3 differs by 6 amino acids [13]. Despite their structural 
similarity, ET isoforms may exhibit distinctive expressions and functions 

[15,16]. Whether all ET peptides contribute to neonatal obstructive 
nephropathy is unclear. The molecular links between urinary tract 
obstruction and elevated ET1 levels are also unknown. Vasoactive ET 
isoforms are generated by ET converting enzyme (ECE)-induced pro
teolytic processing of pro-molecule big ET to biologically active pep
tides. ECE1 is predominantly expressed in tubular regions of the kidneys 
[17,18]. H2O2, a reactive oxygen species (ROS), transactivates the pro
moter of ECE1 and increases its levels [19]. Urinary obstruction causes 
significant ROS generation and stretch of renal tubular cells [20–22]. 
Studies have also shown that mechanical stretch is a potent driver of 
cellular redox signaling [23–26], but whether renal tubular cell stretch 
stimulates ROS and downstream ET generation is unresolved. 

ET cognate receptors (ETR) are coupled to G proteins, and their 
stimulation causes smooth muscle cell (SMC) ion channel activation and 
ensuing events that control intracellular Ca2+ ([Ca2+]i) levels and 
vascular reactivity [27–29]. Agonist-induced activation of GPCRs stim
ulates phosphoinositide hydrolysis, resulting in the generation of 
inositol triphosphate (IP3) and diacylglycerol (DAG) [30]. Binding of IP3 
to sarcoplasmic reticulum (SR) IP3 receptors elicits Ca2+ release [30–32] 
which triggers extracellular Ca2+ entry via plasma membrane 
store-operated Ca2+ (SOC) channels [30–32]. GPCR stimulation can also 
cause [Ca2+]i elevation independently of SR Ca2+ via DAG-mediated 
activation of the receptor-operated Ca2+ (ROC) channels [33–35]. The 
canonical transient receptor potential (TRPC) channels are parts of the 
molecular components of SOC and ROC [33–35]. Of the 7 members of 
the TRPC subfamily, only TRPC1, 3, 4, 5, and 6 are expressed in rat renal 
vessels [36]. Unlike in large arteries, TRPC3 is ~7 times more abundant 
in resistance size renal microvessels when compared with other TRPC 
isoforms [36]. ET1 constricts cerebral arteries via activation of smooth 
muscle cell (SMC) TRPC3 [37], but regional heterogeneity exists in the 
mechanisms that underlie vasoregulation [38–40]. We have previously 
shown that TRPC3 mediates ROC entry (ROCE) in neonatal pig renal 
microvascular SMC, and its expression levels in the kidneys and afferent 
arterioles are dependent on postnatal maturation [41]. However, 
despite voluminous work in other vascular beds, the pathophysiology of 
TRP channels in renal microvascular SMC is poorly understood [42]. 

Treatments of obstructive nephropathy in rodents have not trans
lated into successful clinical outcomes in humans. Thus, new pathways 
and animal models are needed to identify early mechanisms of 
obstructive acute kidney injury (AKI) and new therapeutic targets to 
prevent renal loss in infants. Rodent sizes limit physiological measure
ments and interventions in newborns. However, since human and pig 
renal systems are anatomically and functionally similar, the porcine 
model may mimic human pathophysiology of obstructive nephropathy 
more than rodents [43–45]. Mechanical stretch of cultured renal 
epithelial cells is an in vitro model of unilateral ureteral obstruction 
(UUO)-induced renal tubular stress [21,46]. The present study used a 
renal epithelial cell line and short-term UUO model in neonatal pigs to 
test the hypothesis that stretch-driven ROS generation stimulates ET 
production in neonatal kidneys, resulting in downstream renal 
vasoconstriction. 

2. Materials and methods 

2.1. Animals 

All animal experiments were approved by the Institutional Animal 
Care and Use Committee of the University of Tennessee Health Science 
Center (UTHSC). The newborn pigs (male; 3–5 days old; approximately 
1.5 kg) used in this study were obtained from Nichols Hog Farm (Olive 
Branch, MS). The experiments followed the NIH and Animal Research 
guidelines: Reporting of In Vivo Experiments. Animals were randomly 
assigned to experimental groups. The pigs were anesthetized with ke
tamine/xylazine (20/2.2 mg/kg; i.m.) and maintained at 37 ◦C on 
α-chloralose (50 mg/kg, intravenously) as we have previously described 
[47–50]. The animals were intubated via tracheostomy and 

Table 1 
Oligonucleotide primer sequences.  

Gene Sequence Accession Length 
(bp) 

PCR 1 

ECE1 Forward 5′- 
GCTCCTCACCCAATGCCTTA-3′

KP411748.1 108 

Reverse 5′- 
GGTTCCCGTCCTTGTCATAC-3′

ECE2 Forward 5′- 
GTGCTGAGTGAGGTGGGAT-3′

XM_013982249.2 99 

Reverse 5′- 
AGCCAGCAGTAGAGAGACAC-3′

ECE3 Forward 5′- 
TCCTCGGTTCTTCTCTGGTG-3′

XM_021078895.1 109 

Reverse 5′- 
TTCTCAGAGGCCAGGTAACG-3′

ET1 Forward 5′- 
GCTCCTGCTCTTCCCTGATG-3′

NM_213882.1 105 

Reverse 5′- 
GGCTTCCAAGTCCGTATGGG-3′

ET2 Forward 5′- 
AGCGGCTGAGGGACATTG-3′

XM_021096940.1 107 

Reverse 5′- 
GAGCTATCTCTTCCTCCGCC-3′

ET3 Forward 5′- 
AAAGCCAGGAGGCTTTAGACC-3′

NM_001098582.2 106 

Reverse 5′- 
CTCCCAGAGGCTCCCTAAAG-3′

NOX2 Forward 5′- 
CATGCCTTCGAGTGGTTTGC-3′

NM_214043.2 110 

Reverse 5′- 
TCATCCCAGCCAGTGAGGTA-3′

NOX4 Forward 5′- 
GGAACGCACTACCAGGATGT-3′

XM_013979249.2 114 

Reverse 5′- 
CTTCACAAATGTGCGCTGGG-3′

18S 
rRNA 

Forward 5′- 
CGAAAGCATTTGCCAAGAAT-3′

NR_046261.1 102 

Reverse 5′- 
AGTCGGCATCGTTTATGGTC-3′

Fig. 1. Relative mRNA expression levels of ECE1-3 and ET1-3 in PT epithelial 
cells (LLC-PK1) and whole kidneys of neonatal pigs. P < 0.05 (one-way ANOVA, 
with Holm-Sidak post hoc test). 
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mechanically ventilated using an infant ventilator (Sechrist Millen
nium). Arterial blood gas, pH, and hematocrit were measured periodi
cally with a GEM Premier 3000 Blood Gas Analyzer (Instrumentation 
Laboratory, Bedford, MA). Ventilation was adjusted to maintain PCO2, 
PO2, and pH at physiological ~30 mmHg, > 85 mmHg, and 7.4, 
respectively. 

2.2. LLC-PK1 cell culture 

The LLC-PK1 is a porcine kidney epithelial cell line from 3 to 4 weeks 
old male pigs. The cell line was purchased from the American Type 
Culture Collection (CL-101; ATCC, Manassas, VA USA). The cells were 
mycoplasma-free. ATCC routinely uses STR profiling to authenticate 
their cell lines. The cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum 
(FBS) and 1% penicillin-streptomycin. 

2.3. Mechanical stretch of LLC-PK1 

Cultured cells were subjected to 8 h of 10% cyclic uniaxial stretch in 
a 16-wells single-use flexible silicone plate. The plate was stretched 
initially for the test cycle, including 5 s stretch, 10 s hold, 10 s recovery, 

and 5 s rest of 2 repetitions with a ramp magnitude of 1.0 mm. The 
protocols consist of cycles of 10 s stretch, 10 s hold, 10 s recovery, and 
with no rest of 980 repetitions with ramp magnitude of 7.0 mm and 1 h 
holding using software-control MechanoCulture FX Mechanical Stimu
lation System (CellScale Biomaterials Testing; Waterloo, ON Canada). 

2.4. Quantitative RT-PCR (qRT-PCR) 

The Direct-zol RNA Miniprep Plus kit (Zymo Research) was used to 
isolate total RNA. cDNAs were synthesized from the RNA samples with a 
High-Capacity cDNA Reverse Transcription kit (Life Technologies). qRT- 
PCR was performed in QuantStudio System using an Applied Biosystems 
SYBR Green Master Mix kit (Life Technologies). Gene expression levels 
were normalized to 18S ribosomal RNA as the internal control. The 
gene-specific oligonucleotide primers used are indicated in Table 1. 

2.5. Biochemical assays 

Cellular and urine H2O2 (K034–H1) levels were determined using the 
DetectX colorimetric kit (Arbor Assays, Ann Arbor, MI). Urine iso
prostane levels were measured with a urinary isoprostane EIA kit (Ox
ford Biomedical Research, Rochester Hills, MI). Cellular and urine levels 

Fig. 2. H2O2 generation stimulated ECE1-dependent ET1-3 production by LLC-PK1 cells. A and B, cellular H2O2 and ECE1 levels in control, GO (1 U/ml)- and EUK 
(50 μM) + GO-treated cells. C and D, ECE1 immunostaining in control and GO (1 U/ml)-, and EUK (50 μM) + GO-treated cells. E-G, cellular ET1-3 in control, and GO 
(1 U/ml)-, EUK (50 μM) + GO-, and CGS (10 μM) + GO-treated cells. H and I, panET immunostaining in control and GO (1 U/ml)-, EUK (50 μM) + GO- and CGS (10 
μM) + GO-treated cells. *P < 0.05 vs. control; #P < 0.05 vs. GO; (one-way ANOVA, with Holm-Sidak post hoc test). Scale bar = 50 μm. 
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of ECE1 (E0478Po), ET1 (E0230Po), ET2 (E0477Po), and ET3 
(E0387Po) were determined using isoform-specific porcine ELISA kits 
(Bioassay Technology Laboratory, Shanghai, China). Urine lipocalin-2 
(NGAL; KIT 044), L-FABP (P1832), and IL-18 (ELP-IL18-1) were quan
tified with porcine-specific ELISA kits purchased from BioPorto Diag
nostic (Hellerup, Denmark), Advanced BioChemicals LLC 
(Lawrenceville, GA), and RayBiotech (Peachtree Corners, GA), respec
tively. The kits were used following the manufacturer’s instructions. 
Urinary markers were normalized to urinary creatinine to control for 
urine flow rate and creatinine clearance variations. Liquid 
chromatography-tandem mass spectrometry was used to determine 
creatinine concentrations at the UAB/UCSD O’Brien Core Center for AKI 
Research at the University of Alabama at Birmingham. 

2.6. Histology 

Kidney samples were fixed in 4% neutral-buffered formalin, dehy
drated in graded alcohols, and embedded in paraffin. The samples were 
then sectioned for Hematoxylin and Eosin staining. The sections were 
examined independently by a board-certified veterinary pathologist at 
TriMetis Life Sciences, Memphis, TN, for morphological damage, 
including the presence of dilated tubules, protein casts, and infiltration 
of inflammatory cells. The slides were randomly intermixed and scored 
blinded: 0 absent, 1+ minimal or rare focal, 2+ mild, 3+ moderate, 4+
marked. Images were taken with a Nikon Ci microscope. 

2.7. Immunofluorescence 

Cells and kidney sections were fixed with 4% formaldehyde (for 
about 20 min) and 0.2% Triton X-permeabilized (for about 15 min). The 
samples were incubated in 5% BSA to block non-specific binding sites 
and treated overnight at 4 ◦C with respective primary antibodies. The 

next day, the samples were washed with PBS and incubated with sec
ondary antibodies for 1 h at room temperature. Following a wash and 
mount, images were acquired using a Zeiss LSM 710 laser-scanning 
confocal microscope. 

2.8. Immunohistochemistry (IHC) 

IHC was blindly performed by IHC World LLC (Ellicott City, MD). 
The slides were deparaffinized and rehydrated in water. Antigen 
retrieval was performed using the steam method. Briefly, the slides were 
steamed in IHC-Tek Epitope Retrieval Solution (IW-1100) for 35 min 
and then cooled for 20 min. The slides were washed in three changes of 
PBS for 5 min each and blocked with 3% H2O2 for 10 min. After washes, 
the slides were incubated in primary antibody pan-ET (rat monoclonal) 
at 1:100 or ECE1 (rabbit polyclonal) at 1:100 diluted with IHC-Tek 
Antibody Diluent for 1 h at room temperature. The slides were then 
washed three times in PBS and incubated with biotinylated Rabbit Anti- 
Rat (for pan-Endothelin) and Goat Anti-Rabbit (for ECE1) secondary 
antibodies (Vector Lab, 1:500) for 30 min. The slides were washed in 
PBS and then incubated with HRP-Streptavidin (Jackson Immunor
esearch, 1:500) for 30 min and DAB Chromogen Substrate Solution (IHC 
World, 0.05% DAB) for 5–10 min and then washed with PBS and 
counterstained with Mayer’s hematoxylin. The slide images were 
examined and documented under a microscope. 

2.9. ECE1 enzymatic activity 

ECE1 activity was determined using a fluorometric assay kit (K536- 
100) purchased from BioVision, Inc. (Milpitas, CA). Briefly, kidney 
samples (50 mg) were homogenized with an ice-cold buffer containing a 
protease inhibitor. Samples were centrifuged, and the supernatant was 
collected. The collected supernatants were diluted (1:5) with ECE1 assay 

Fig. 3. Mechanical stretch generated H2O2 in LLC-PK1 cells and induced ECE1-dependent ET1-3 production. A, F-acting staining in unstretched and stretched LLC- 
PK1 cells. B and C, relative mRNA expression levels of NOX2 and NOX4 in unstretched and stretched cells. D and E, catalase immunostaining in unstretched and 
stretched cells. F, cellular H2O2 levels in unstretched, stretched, and EUK (50 μM) + stretched cells. G, cellular ECE1 in unstretched, stretched, and EUK + stretched 
cells. H-J, cellular ET1-3 in unstretched, stretched, EUK + stretched, and CGS + stretched cells. *P < 0.05 vs. unstretched; #P < 0.05 vs. stretched; [unpaired t-test (B, 
C, and E); one-way ANOVA, with Holm-Sidak post hoc test, (F–J)]; Scale bar = 50 μm. 
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buffer, and the fluorescence was measured (Ex/Em: 320/420 nm) in 
kinetic mode at 37 ◦C for 45 min. The assay was performed, and ECE1- 
specific activity was calculated according to the manufacturer’s 
instructions. 

2.10. Intracellular Ca2+ [Ca2+]i imaging 

[Ca2+]i imaging was performed using a fluorescence photometry 
system (Ionoptix Corp., Milton, MA, USA) as we have described previ
ously [41,49,51]. Briefly, afferent arterioles were isolated from sections 
of the kidney cortex in ice-cold modified Krebs’ solution (MKS; 134 mM 
NaCl, 6 mM KCl, 2.0 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, and 10 mM 
glucose, pH 7.4) under Zeiss SteREO Discovery.V12 stereomicroscope 
(Carl Zeiss, Thornwood, NY). The SMCs in the microvascular walls were 
loaded abluminally with Ca2+-sensitive dye Fura-2-acetoxymethyl ester 
(Fura-2 AM; 10 μM) and 0.5% pluronic F-127 for ~ 1 h at room tem
perature in MKS [52]. The vessels were then immobilized in Cell-Tak 
(Corning Life Sciences, Corning, NY)-coated glass-bottom Petri dishes 
and washed for ~ 45 min to de-esterify the dye. Fura-2 AM was excited 

at wavelengths of 340 and 380 nm. Background-subtracted Fura-2 AM 
ratios were collected at 510 nm using a MyoCam-S CCD digital camera 
and analyzed with IonWizard software using the following equation 
[53]: [Ca2+]i = Kd [(R - Rmin)/(Rmax - R)] δ. Where “R" is the 340/380 
nm ratio, Rmin and Rmax are the minima and maximum Fura-2 ratios 
determined in Ca2+-free + EGTA and Ca2+-replete solutions. δ repre
sents the ratio of the 380 nm excitation in Ca2+-free and Ca2+-replete 
solution, while Kd is the apparent dissociation constant for Fura-2 (224 
nM [53]). Rmin, Rmax, and δ were determined at the end of each exper
iment by perfusing the microvessels with 10 μM ionomycin and 
Ca2+-free (plus 10 mM EGTA) or 10 mM Ca2+ solution. 

2.11. Renal microcirculation measurement in reversible UUO 

Newborn pigs were acutely instrumented with femoral artery and 
vein catheters, as we have previously described [47–50]. Total renal 
blood flow (tRBF), renal cortical perfusion, and mean arterial pressure 
(MAP) were recorded using a volume flowmeter (Transonic Systems 
Inc., Ithaca, NY), Laser-Doppler (Perimed, Jarfalla, Sweden), and 

Fig. 4. Mechanical stretch-induced ECE1 and ET1-3 production in LLC-PK1 cells is dependent on NOX2 and NOX4. A-D, cellular ECE1, and ET1-3 in unstretched and 
stretched cells in the absence and presence of apocynin (apo; 20 µM). E and F, Representative Western blot demonstrating siRNA-mediated knockdown of NOX2 and 
NOX4. Cellular ECE1, and ET1-3 in cells transfected with scrambled (scrm; control) and NOX2 (G-J) and NOX4 (K-N) siRNA. †P < 0.05 vs. stretched (-apo); *P < 0.05 
vs. scrm (unpaired t-test). 
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Fig. 5. Acute rUUO stimulated H2O2 generation and 
ECE1-dependent ET1-3 production in neonatal pig 
kidneys. A and B, kidney sections and morphological 
injury score in contralateral and obstructed kidneys. 
C and D, urinary isoprostane and H2O2 levels in 
sham- and rUUO- operated pigs. E and F: catalase 
immunostaining of sham and rUUO-operated kidney 
sections. G-J, kidney IHC (n = 4), mRNA expression 
levels, enzymatic activity, and urinary levels of ECE1 
in sham and rUUO pigs. K–N, kidney IHC (n = 4) and 
urinary levels of ET in sham, rUUO, and CGS + rUUO 
pigs. *P < 0.05 vs. sham; #P < 0.05 vs. rUUO; [un
paired t-test (B-D, F, H-J); one-way ANOVA, with 
Holm-Sidak post hoc test (L–N)]. Scale bar = 50 μm.   
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physiological pressure transducer (ADInstruments, Colorado Spring, 
CO) systems, respectively [47–49]. All recordings were acquired 
simultaneously using the PowerLab data acquisition system and Lab
Chart Pro software (ADInstruments, Colorado Spring, CO). To under
stand early renal hemodynamics changes caused by UUO-induced renal 
cell stretch without morphological injury, we subjected a group of 
neonatal pigs to 3 h of UUO by complete ligation of the ureter of the left 
kidney, after which the obstruction was removed, and the animals were 
allowed to recover for 3 h. The sham group was subjected to surgical 
procedures without ureteral ligation. A cohort of the piglets was 
administered pharmacological modulators via intrarenal arteries before 
UUO and during the recovery periods. 

2.12. Western immunoblotting 

Using RIPA lysis buffer, total proteins were isolated from pooled 
renal afferent arterioles and interlobular arteries per animal. After 
determination of concentration, the proteins were denatured using LDS 
sample buffer + DTT and heated at 70 ◦C for 10 min. Proteins were then 
separated on polyacrylamide gels in a Mini Trans-Blot Cell (Bio-Rad) and 

transferred onto PVDF membranes using a semi-dry blotter. The mem
branes were blocked for ~1 h using Tris Buffered Saline supplemented 
with 0.05% Tween (TBS-T) and 5% nonfat milk. The membranes were 
then incubated with respective primary antibodies overnight at 4 ◦C. 
After a wash in TBS-T, the membranes were incubated in HRP- 
conjugated secondary antibodies for 45 min at room temperature. 
Immunoreactive proteins were visualized using a chemiluminescent 
reagent. 

2.13. siRNA transfection 

Cells were transfected with custom-made target-specific porcine 
NOX2 and NOX4 siRNAs or a non-targeting scrambled (scrm) control 
siRNA (MilliporeSigma; Burlington, MA, USA) for 72 h using lipofect
amine RNAiMAX transfection reagent (Life Technologies). Western 
immunoblotting was used to confirm knockdown efficiency. 

2.14. Antibodies and reagents 

Rat monoclonal anti-pan-ET (GeneTex, Irvine, CA; GTX40860), 

Fig. 6. Activation of ETR stimulated ROCE in afferent 
arterioles A, representative tracings illustrating that 
ET1 (1 μM) did not alter [Ca2+]i in neonatal pig 
afferent arteriole SMCs in the absence of extracellular 
Ca2+. B, bar graphs summarizing [Ca2+]i in ET1- 
treated neonatal pig afferent arterioles in the 
absence and presence of extracellular Ca2+. C and D: 
tracings and graphs showing that OAG (10 μM)- 
induced [Ca2+]i elevation in neonatal pig afferent 
arteriole SMC is dependent on TRPC3 channels. E and 
F, ET-1-induced [Ca2+]i elevation in neonatal pig 
afferent arteriole SMC is independent of SR Ca2+, 
unaltered by SAR (1 μM), but abolished by Pyr3 (1 
μM); *P < 0.05 vs. 0 mM, Pyr3, and ET1 [unpaired t- 
test (B and D); one-way ANOVA, with Holm-Sidak 
post hoc test (F)].   
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rabbit polyclonal anti-ECE1 (Life Technologies, Grand Island, NY; PA5- 
81948), rabbit monoclonal anti-catalase (Abcam, Cambridge, MA; 
ab209211), rabbit monoclonal anti-NOX2 (Abcam; ab129068), rabbit 
monoclonal anti-NOX4 (Abcam; ab133303), rabbit polyclonal anti- 
TRPC3 (Alomone, Jerusalem Israel; ACC-016), rabbit polyclonal anti-ET 
receptor A (Alomone; AER-001), rabbit polyclonal anti-ET receptor B 
(Bioss Antibodies, Woburn, MA; bs-4198R), and mouse monoclonal anti- 
beta actin (Life Technologies; MA515739) were used. Secondary anti
bodies for Western blot (anti-mouse: 1:5000; anti-rabbit: 1:15000; 
Abcam) and immunofluorescence (CF488 Donkey anti-mouse and 
CF555 Donkey anti-Rabbit at 1:400 dilutions; Biotium, Inc, Fremont, 
CA) were used. Primary antibodies for Western blot and immunofluo
rescence were at 1:300 and 1:100 dilutions, respectively. 

Unless specified, all reagents were purchased from MilliporeSigma 
(Burlington, MA). EUK 134 (EUK), ionomycin and bosentan (Cayman 
Chemical; Ann Arbor, MI), CGS 35066 (CGS), and SAR 7334 (SAR) 
(Tocris; Bristol, UK), apocynin, and thapsigargin (Life Technologies) 
were used. 

2.15. Statistical analysis 

Data are presented as mean ± standard error of the mean. The stu
dent’s t-test and ANOVA, followed by the Holm-Sidak post hoc test, were 
used to compare unpaired and multiple tests (Graph Pad, Sacramento, 
CA). Statistical significance implies a P-value < 0.05. 

3. Results 

3.1. H2O2 generation induced ECE1-dependent ET1-3 production by LLC- 
PK1 cells 

ECE1 and ET1 isoforms are predominantly expressed in LLC-PK1 
cells and whole neonatal pig kidneys (Fig. 1). To investigate whether 
H2O2 stimulates ECE1 production in LLC-PK1 cells, sustained cellular 
H2O2 was generated using glucose oxidase (GO), an oxidoreductase that 

enzymatically derives H2O2 from β-D-glucose. As shown in Fig. 2A, 8 h of 
GO treatment increased cellular H2O2 production, which EUK, a su
peroxide dismutase and catalase mimetic, reversed. GO increased 
cellular ECE1 levels and immunostaining (Fig. 2B–D). GO also increased 
cellular ET1-3 levels and panET immunostaining in the cells (Fig. 2E–I). 
GO-induced increases in ET1-3 were reversed in cells pretreated with 
EUK and ECE1 inhibitor CGS (Fig. 2E–I). 

3.2. Mechanical stretch generated H2O2 in LLC-PK1 cells and induced 
ECE1-dependent ET1-3 production 

As demonstrated by f-actin immunostaining, stretched LLC-PK1 cells 
are more elongated than unstretched cells (Fig. 3A). qRT-PCR showed 
that NOX2 and NOX4 mRNAs were increased 4- and 2-folds, respec
tively, in stretched LLC-PK1 cells (Fig. 3B and C). Stretched cells showed 
a significant reduction in catalase immunostaining and increased 
cellular H2O2 (Fig. 3D–F). Stretch-induced increase in cellular H2O2 and 
ECE1 was reversed by EUK (Fig. 3 F and G). ET1-3 levels were also 
increased in the stretched cells, which EUK and CGS attenuated 
(Fig. 3H–J). NOX inhibitor apocynin diminished stretch-induced ECE1 
and ET1-3 production (Fig. 4A–D). Furthermore, siRNA-mediated 
knockdown of NOX2 and NOX4 attenuated stretch-induced ECE1 and 
ET1-3 (Fig. 4E–N). 

3.3. Acute reversible UUO stimulated H2O2 generation and ECE1- 
dependent ET1-3 production in neonatal pig kidneys 

Obstructing the left ureter for 3 h, followed by 3 h of recovery, did 
not cause significant morphological kidney injury in neonatal pigs (Fig, 
5 A and B). However, acute reversible UUO (rUUO) increased urinary 
isoprostane (renal oxidative stress marker) and H2O2 in the pigs (Fig. 5C 
and D). Immunostaining of catalase was also decreased in pigs’ kidneys 
subjected to acute rUUO (Fig. 5E and F). IHC indicated the expression of 
ECE1 in the kidney tubules, which was amplified by rUUO (Fig. 5G). The 
mRNA expression, enzymatic activity in kidney tissues, and urinary 

Fig. 7. ET caused hypoperfusion via TRPC3 channels in neonatal pigs. A-I, ET1-3 (10 ng/kg/min; 20 min) reduced kidney cortical perfusion and tRBF and increased 
RVR in neonatal pig, which Pyr3 pretreatment (1 μg/kg/min; 15 min) attenuated. *P < 0.05 vs. -Pyr3; (unpaired t-test). 
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levels of ECE1 after rUUO were higher than in sham-operated pigs 
(Fig. 5H–J). The renal tubular immunostaining and urinary levels of 
ET1-3 were increased in rUUO pigs, which CGS reversed (Fig. 5K-N). 

3.4. Activation of ET receptors (ETR) triggered receptor-operated Ca2+

entry (ROCE) in afferent arteriolar SMC and caused hypoperfusion via 
TRPC3 channels in neonatal pigs 

In the absence of extracellular Ca2+, ET did not increase [Ca2+]i in 
neonatal pig afferent arterioles (Fig. 6A and B). Restoration of extra
cellular Ca2+ resulted in ET-induced increase in [Ca2+]i by ~ 150 nM 
(Fig. 6 A and B). ROCE activator DAG analog OAG significantly 
increased [Ca2+]i in the microvessels, which selective TRPC3 blocker 
Pyr3 attenuated (Fig. 6C and D). Despite blockade of L-type voltage- 
gated Ca2+ channels (LVGCC) with nimodipine and depletion of intra
cellular Ca2+ stores with thapsigargin, activation of ETR was still able to 
increase [Ca2+]i levels (Fig. 6E and F). Whereas selective TRPC6 channel 
blocker SAR 7334 had no effect, Pyr3 essentially abolished ET1-induced 
ROCE. 

Infusion of ET1-3 directly into the kidneys to minimize their systemic 
effects resulted in a reduction in kidney cortical perfusion and tRBF and 
an increase in RVR, which were attenuated by Pyr3 (Fig. 7A–I). 

3.5. rUUO caused renal hypoperfusion via activation of ECE1/ETR/ 
TRPC3 

Fig. 8A and B show that tRBF and RVR in sham-operated pigs were 
unchanged. By contrast, tRBF was reduced, and RVR was increased 
during UUO and did not recover despite obstruction removal (Fig. 8C 
and D). Treatment of the pigs with CGS, ETR antagonist bosentan, and 
pyr3 reversed the rUUO-induced reduction in tRBF and increase in RVR 
(Fig, 8 E-J). 

3.6. rUUO did not alter protein expression levels of ETR and TRPC3 but 
induced early AKI via activation of ECE1/ETR/TRPC3 signaling 

Western blot of proteins isolated from neonatal pig renal micro
vessels and probed with anti-ETRA, ETRB, and TRPC3 antibodies showed 
their expressions were unaltered in pigs subjected to acute rUUO 
(Fig. 9A–C). rUUO increased the urinary levels of early AKI biomarkers 
NGAL, L-FABP, and IL-18 (Fig. 9D–F). rUUO-induced increases in these 
biomarkers were overturned by CGS, bosentan, and Pyr3 (Fig. 9D–F). 

4. Discussion 

We show here that in neonatal pigs: 1), the mechanical stretch of PT 

Fig. 8. rUUO caused persistent renal hypoperfusion in neonatal pigs via activation of ECE1/ETR/TRPC3 signaling pathway. Bar graphs summarizing: A-J, tRBF and 
RVR in sham- and rUUO-operated neonatal pigs before sham or rUUO, 6 h after sham or 3 h after relief from UUO operations, and the effects of CGS (1 μg/kg/min; 30 
min), bosentan (1 μg/kg/min; 30 min), and Pyr3 (1 μg/kg/min; 30 min) on rUUO. *P < 0.05 vs. before rUUO; (one-way ANOVA, with Holm-Sidak post hoc test). 
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epithelial cells stimulates H2O2, which triggers ECE1-dependent ET1-3 
production; 2), NOX2 and NOX4 are sources of ROS-driven ET biosyn
thesis in the cells; 3), acute UUO, an inducer of tubular stretch and early 
renal ROS generation increased renal ET1-3, which is dependent on 
ECE1; 4), despite removing the obstruction, acute UUO caused kidney 
insufficiency in neonatal pigs characterized by a no-reflow phenome
non; 5), TRPC3-mediated Ca2+ signaling is an effector of ET-induced 
renal vasoconstriction; 6), although microvascular ETR and TRPC3 
protein expression are unaltered, inhibition of ECE1, ETR, and TRPC3 
attenuated rUUO-induced renal hypoperfusion and early AKI. These 
data suggest that UUO-engendered kidney tubular stretch drives ROS 
generation, stimulating ET biosynthesis and successive ET-induced 
activation of TRPC3-mediated persistent vasoconstriction and renal 
insufficiency. 

The renal tubular epithelial cells are a primary ET source in the 
kidney [54]. Bioactive ET is derived from a 38 amino acid big ET by 
enzymatic cleavage at the Trp21-Va122 site by the action of ECE. We 
provide new data here indicating that ET1 and ECE1, the 
best-characterized ET and ECE isoforms are the most abundant in 
neonatal pig PT cell line and whole kidneys. NOX2 and NOX4 are sig
nificant sources of renal ROS and contribute to obstructive nephropathy 
[21,55–57]. Evidence suggests a bidirectional relationship between ROS 
and ET signaling, where on the one hand, NOX and oxidative stress can 
be stimulated by ET; on the other hand, NOX-derived ROS is a significant 
inducer of ET biosynthesis in various cell types [58,59]. In particular, 
H2O2 increases bovine aortic endothelial cell ECE1 levels [19]. Findings 
from this study indicate that H2O2 generation in neonatal pig renal 
epithelial cells also promotes ECE1-dependent production of all ET 
isoforms. Consistent with previous studies in other cardiovascular cells 
[23–26], the mechanical stretch of PT cells triggers ROS (H2O2) gener
ation. ROS increases cellular ECE1, which drives functional ET pro
duction. An increase in NOX2 and NOX4 in stretched cells and inhibition 
of stretch-induced ECE1 and ET by apocynin and NOX knockdown 
suggest that NOX-derived ROS mediates stretch-induced ET 
biosynthesis. 

Stretch of kidney tubules is a significant trigger of obstructive ne
phropathy [20]. The late detrimental consequence of uncorrected uri
nary tract obstruction is renal fibrosis. However, prior to the 
development of renal fibrosis, urinary tract obstruction-induced stretch 
of intrarenal cells promotes several mechanisms, including ROS gener
ation [60]. Renal perfusion is impeded in UUO, which may not fully 
recover regardless of removing the obstruction [6–8]. This 

phenomenon, caused by pre-and post-glomerular vasoconstriction, is 
similar to the “no-reflow” occurrence when complete tissue perfusion is 
impaired despite relieving the initial cause of hypoperfusion [6–8]. 
Based on the findings that stretch stimulates ROS-dependent ET pro
duction in PT cells, we hypothesize that increased ET production and 
downstream ET-induced vasoregulation may underlie early persistent 
renal hypoperfusion in neonates. To investigate this, we subjected 
newborn pigs to short-term acute rUUO when significant morphological 
damage to the kidney was absent. Of note, RBF and RVR did not recover 
despite the removal of obstruction, suggesting kidney impairment 
characterized by persistent vasoconstriction. As expected, rUUO 
increased the level of renal ROS in the pigs. rUUO also increased ECE1 
levels. Since ECE1 was increased in pigs subjected to rUUO, we antici
pated that ET levels would also be increased. This hypothesis was sup
ported by IHC staining demonstrating increased renal tubular ET, which 
was dependent on ECE1. 

Almost all systemic plasma ET filtered in renal glomeruli is degraded 
within the kidney by endopeptidase and metalloendopeptidase [61–63]. 
Injection of radiolabelled ET1 into the systemic circulation also yielded 
an insignificant amount in the urine [64]. Thus, circulating ETs are not 
excreted in the urine, and urinary ETs are mainly of renal origin 
[61–64]. To confirm that amplified ET biosynthesis within the kidney 
contributes to hypoperfusion in neonatal UUO, we first used a 
porcine-specific ECE1, ET1-3 ELISA kits to measure their urinary levels 
in pigs subjected to rUUO. The urinary level of ECE1 in rUUO was 
~12-fold higher compared with sham-operated pigs. Similarly, urinary 
ET1-3 levels were significantly elevated in rUUO-operated pigs. 
Remarkably, rUUO-induced increases in urinary ET1-3 were all abro
gated by direct inhibition of renal ECE1. Taken together, these data 
suggest that rUUO stimulates ECE1-dependent ET production in the 
kidneys of neonatal pigs. 

TRPC3 and TRPC6 share a significant amino acid identity and are 
gated by DAG [65,66], but TRPC3 selectively mediates ET-induced ce
rebral artery constriction [37]. Here, we demonstrate that, unlike ANG II 
[50], ET does not stimulate SOCE but increases ROCE in neonatal pig 
renal microvascular SMCs. Pyr3, a TRPC3 blocker, reversed ROCE in the 
microvessels. Unlike the TRPC6 blocker, Pyr3 abolished ET1-induced 
ROCE. Moreover, all ET peptides caused kidney hypoperfusion which 
Py3 reversed. Pharmacological inhibition of ECE1, ETR, and TRPC3 
attenuated rUUO-induced persistent hypoperfusion and RVR increase. 
Hence, ET-induced TRPC3 activation likely contributes to RBF decrease 
in neonatal pigs. Our data is consistent with previous findings indicating 

Fig. 9. rUUO did not alter protein expression levels of ETR and TRPC3 but caused early AKI via activation of ECE1/ETR/TRPC3. A-C, representative Western blot 
showing ETRA, ETRB, and TRPC3 protein expression in renal vessels of neonatal pigs subjected to sham and rUUO operations. ETRA and ETRB blots were stripped and 
re-probed for β-actin. D-F, urinary NGAL, L-FABP, and IL-18 in sham-, rUUO-, and CGS (1 μg/kg/min; 30 min) + rUUO-, bosentan (1 μg/kg/min; 30 min) + rUUO-, 
and Pyr3 (1 μg/kg/min; 30 min) + rUUO-operated neonatal pigs. Urinary NGAL, L-FABP, and IL-18 levels were normalized to urinary creatinine (crea). *P < 0.05 vs. 
sham; #P < 0.05 vs. rUUO; [unpaired t-test (A–C); one-way ANOVA, with Holm-Sidak post hoc test (D–F)]. 
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that ETR inhibition attenuates UUO-induced decrease in rat RBF [11]. 
Western blot of protein lysates isolated from renal microvessels and 

probed with anti-ETRA, ETRB, and TRPC3 antibodies showed clear 
immunoreactive bands at ~75, 52, and 95 kDa, respectively. The pre
dicted molecular weight of ETRA is 48 kDa. ETRA also shows glycosylated 
products between 66 and 123 kDa [67–70]. Hence, our experiments 
detected only the glycosylated ETRA. ETRA, ETRB, and TRPC3 protein 
expression levels were unaltered in neonatal pigs subjected to rUUO, 
suggesting that acute rUUO-induced renal insufficiency in the pigs did 
not occur as a result of an increase in vascular ETR or TRPC3. Since RBF 
was impaired by rUUO, we predicted early AKI in the pigs. Indeed, 
urinary NGAL, L-FABP, and IL-18, the early biomarkers of AKI, were 
increased in the pigs subjected to rUUO. These increases were reversed 

by ECE1, ETR, and TRPC3 inhibitors, confirming that ECE1/ETR/TRPC3 
signaling is involved in rUUO-induced hemodynamic AKI (Fig. 10). 

5. Conclusion 

Although previous studies have demonstrated that urinary obstruc
tion in neonates increased renal ET1 levels [9–12], much less is known 
about stretch-ET molecular links in obstructed kidneys. We provide 
novel data in this study suggesting that stretch-driven oxyradical gen
eration stimulates the production of all ET isoforms in neonatal pig renal 
epithelial cells. ET activates renal vascular SMC TRPC3, leading to 
persistent vasoconstriction and RVR increase. These mechanisms may 
contribute to early vascular changes in neonatal AKI caused by urinary 
tract obstruction. 
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