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Abstract

In patients with rhabdomyolysis, the overwhelming release of myoglobin into the circulation is the primary cause of kidney
injury. Myoglobin causes direct kidney injury as well as severe renal vasoconstriction. An increase in renal vascular
resistance (RVR) results in renal blood flow (RBF) and glomerular filtration rate (GFR) reduction, tubular injury, and acute
kidney injury (AKI). The mechanisms that underlie rhabdomyolysis-induced AKI are not fully understood but may involve
the local production of vasoactive mediators in the kidney. Studies have shown that myoglobin stimulates endothelin-1
(ET-1) production in glomerular mesangial cells. Circulating ET-1 is also increased in rats subjected to glycerol-induced
rhabdomyolysis. However, the upstream mechanisms of ET-1 production and downstream effectors of ET-1 actions in
rhabdomyolysis-induced AKI remain unclear. Vasoactive ET-1 is generated by ET converting enzyme 1 (ECE-1)-induced
proteolytic processing of inactive big ET to biologically active peptides. The downstream ion channel effectors of
ET-1-induced vasoregulation include the transient receptor potential cation channel, subfamily C member 3 (TRPC3). This
study demonstrates that glycerol-induced rhabdomyolysis in Wistar rats promotes ECE-1-dependent ET-1 production, RVR
increase, GFR decrease, and AKI. Rhabdomyolysis-induced increases in RVR and AKI in the rats were attenuated by
post-injury pharmacological inhibition of ECE-1, ET receptors, and TRPC3 channels. CRISPR/Cas9-mediated knockout of
TRPC3 channels attenuated ET-1-induced renal vascular reactivity and rhabdomyolysis-induced AKI. These findings suggest
that ECE-1-driven ET-1 production and downstream activation of TRPC3-dependent renal vasoconstriction contribute to
rhabdomyolysis-induced AKI. Hence, post-injury inhibition of ET-1-mediated renal vasoregulation may provide therapeutic
targets for rhabdomyolysis-induced AKI.
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Introduction

Acute kidney injury (AKI) is a sudden episode of kidney dys-
function that can also affect other organs *. Acute kidney injury
occurs secondary to ischemia, hypoxia, or drug-induced nephro-
toxicity, and it is the foremost kidney disease phenotype pre-
sented at clinics today.? What constitutes AKI has evolved over
the years, but a consensus is that it shows a rapid decline in
renal function and the buildup of nitrogenous waste products.
Acute kidney injury is clinically diagnosed as a rise in creati-
nine by >50% from its baseline, a >25% decrease in glomeru-
lar filtration rate (GFR), and oliguria below 0.5 mL/kg/h for 6h,
all in <7d.3* The AKI scale runs from initial risk through
injury, failure, loss, and end-stage renal disease, aptly termed
“RIFLE.”™ Conservative estimates of the annual healthcare bur-
den of hospital-acquired AKI alone on the United States health-
care system exceed $10 billion.® Nevertheless, there are cur-
rently no effective therapies for AKI, partly due to late diagnosis
and an incomplete understanding of disease pathophysiology.”

One of the causes of AKI is rhabdomyolysis. Rhabdomyol-
ysis describes the rapid breakdown of injured skeletal muscle
and the release of myoglobin into the circulation.®° In the-
ory, anything that causes muscle damage can trigger rhabdomy-
olysis. These include blunt trauma and crush injuries, drugs
and toxins, alcohol abuse, exertional exercise, muscle ischemia,
genetic defects, and certain infections.® Acute kidney injury is
the most severe and life-threatening complication of rhabdomy-
olysis, with 10%-40% of patients developing some form of kid-
ney insufficiency within days.'*:'? Experimental evidence points
to myoglobin’s trifecta of roles: direct tubular injury, tubular
obstruction via intratubular cast formation, and intrarenal vaso-
constriction in the pathophysiology of rhabdomyolysis-induced
AKL Of these three, renal vasoconstriction is the most injuri-
ous.!® Persistent constriction of renal vessels in thabdomyolysis
results in severe ischemia® characterized by diminished renal
blood flow (RBF) and GFR,®!%1* causing an abrupt decline in
renal function.®

Increased renal production of vasoactive mediators likely
contributes to the persistent vasoconstriction that reduces
GFR. Indeed, rodents subjected to rhabdomyolysis exhibited
increased plasma concentrations of endothelin (ET)-1, a potent
renal vasoconstrictor.®>'> A study has also demonstrated that
rhabdomyolysis increased the density of endothelin receptors
in the renal cortex and medulla.’® Accumulation of myoglobin
in the renal tubule generates reactive oxygen species (ROS).2
Reactive oxygen species stimulates ET biosynthesis in vari-
ous cell types.?>'® H,0, transactivates the promoter of the
endothelin converting enzyme (ECE-1), a peptidase that con-
verts inactive big ET to the vasoactive isoform.’ However,

the unanswered questions on the involvement of endothelin-
1 (ET-1) in rhabdomyolysis-induced AKI include the unknown
links between rhabdomyolysis and increased ET-1 production.
The downstream effectors of ET-1-induced vasoconstriction are
smooth muscle cell (SMC) Ca?*-permeable ion channels, includ-
ing the TRPC3 (transient receptor potential cation channel sub-
family C member 3).2°2! However, the ion channel mecha-
nisms that trigger renal vasoconstriction in rhabdomyolysis
remain unexplored. Since activation of G-protein-coupled recep-
tors (GPCR) and ion channels regulate renal vascular resistance
(RVR),?? thabdomyolysis may likely modulate RVR via GPCR and
vascular ion channel mechanisms.

Most cases of rhabdomyolysis-induced AKI cannot be pre-
dicted. Hence, effective therapeutic interventions are those
that can mitigate AKI after myoglobinuria has developed. It
remains unclear whether post-injury inhibition of vascular ET-
1 mechanisms ameliorates rhabdomyolysis-induced AKI. This
study investigates the concept that ECE-1-driven ET-1 produc-
tion in the kidney and ET-1-induced renal vascular SMC TRPC3
activation and resultant renal vasoconstriction contribute to
rhabdomyolysis-induced AKI.

Materials and Methods

Animals

All experimental animal procedures were approved and per-
formed following the guidelines of the Institutional Animal Care
and Use Committee of the University of Tennessee Health Sci-
ence Center. Male and female WKY (~120g, 6-wk-old; Charles
River); as well as male TRPC3 wild-type (WT) and knockout
(KO) rats [Medical College of Wisconsin (MCW); Milwaukee, WI,
USA] were used in this study. The TRPC3 mutant rats were
generated by the Gene Editing Rat Resource Program (GERRC)
at the MCW. This strain was created on the SS/JrHsdMcwi
background by injecting a CRISPR targeting the exon 2 cod-
ing sequence AAAGGCTATGTGCGCATCG into the rat embryos.
A strain harboring a 25-bp frameshift mutation in exon 2 (rn6
chr2:123377980-123378004) was established by backcrossing to
the parental strain and intercrossing to generate homozygous
animals. Founder animals were genotyped by the Cel-1 assay
and confirmed by Sanger sequencing. Fluorescent genotyping
at the MCW confirmed the deletion. The rats were fed a regu-
lar low-salt diet (7912, Envigo Indianapolis, IN, USA).

Animals were assigned randomly to experimental groups. All
rats were provided ad libitum access to food and water before
and after the surgical procedures and were kept on a 12h/12h
light/dark cycle during their housing in the vivarium.
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Figure 1. Experimental approach utilized to study the effect of post-injury inhibition of ET-mediated renal vasoregulation on rhabdomyolysis-induced AKI in rats. Rats
were treated with CGS 35066 (30 mg/kg), bosentan (100 mg/kg), and pyr3 (10 mg/kg) 6 h after glycerol injection.

Experimental Setup for Rhabdomyolysis Induction

Following ~24 h water deprivation, rats were placed in an isoflu-
rane induction chamber and exposed to 5% isoflurane, which
was subsequently reduced to 2% for maintenance. Upon confir-
mation of anesthesia, glycerol or vehicle (saline) was injected
equally into both hindlimbs as follows: (10mL/kg of glycerol
diluted 1:2 in saline or 10 mL/kg of saline for control rats). The
rats were allowed to recover for up to 24 h, after which the exper-
iment was terminated.

Treatment Protocol

As in other forms of AKI, prophylaxis offers little benefit to pre-
venting rhabdomyolysis-induced AKI.??> To examine the role of
endothelin-dependent renal vasoregulation in mediating AKI
following rhabdomyolysis, we subjected the animals to rhab-
domyolysis and administered specific pharmacological agents
6 h after rhabdomyolysis had developed (Figure 1). Bosentan, a
mixed ETa/ETs receptor antagonist at a dose of 100 mg/kg; CGS
35066, an ECE-1 inhibitor at a dose of 30mg/kg; and Pyr3, a
TRPC3 channel blocker at a dose of 10 mg/kg were administered
intraperitoneally to the rats (Figure 1). The dose justification for
the inhibitors was based on previous studies.?*2¢

Glomerular Filtration Rate Determination

As previously described,?-?° the three-compartment method
with FITC-sinistrin clearance was used to determine GFR. Briefly,
a predetermined region on the flank was shaved, and a depila-
tory cream was applied to remove residual fur. The optical trans-
dermal GFR device (MediBeacon GmbH, Mannheim, Germany)
was prepared, and the battery was attached. Using a dual-sided
adhesive patch, the device was attached to the skin surface of
the rats and held in place with an elastic gauze bandage. The
device was left for ~3min to record a steady background. A
warm compress was applied to the tail to dilate the veins in
preparation for intravenous injection of FITC-sinistrin in ster-
ile saline (50mg/mL) at (5mg/100g b. wt). Once the baseline
was sufficiently acquired, FITC-sinistrin was administered in a
smooth, rapid bolus. The device was left alone for ~2h to record
FITC-sinistrin clearance. The device was removed at the end of
the acquisition, and the data were analyzed following the manu-
facturer’s instructions using the MediBeacon Studio 3 software.

Measurement of Arterial Blood Pressure in Conscious
Rats

The easyTEL + M1_PTA transmitters (emka Technologies, Paris,
France) were used to measure blood pressure and heart rate in

conscious TRPC3 WT and KO rats. The rats were anesthetized
with ketamine (100 mg/kg) and xylazine (10 mg/kg) administered
intraperitoneally. Buprenorphine (0.05 mg/kg; sustained release)
was administered subcutaneously to all animals to reduce pain.
A pressure-sensing catheter was inserted via the carotid artery,
and the body of the transmitter was implanted in a subcuta-
neous pouch on the left flank. Five days post-surgery, blood pres-
sure and heart rate readings were sampled every 10s for 24h.
Post-collection data was analyzed using the vendor’s software.

Sample Collection

Blood was collected from the retroorbital sinus into heparin
tubes. The tubes were subsequently centrifuged, and the plasma
was collected and stored for analysis. Urine specimens were col-
lected from individual rats as previously described.?0:3! Briefly,
individual rats were weighed and placed on a 96-well plate
inside an empty 5mL pipette tip box for ~2h. Urine sam-
ples were then collected from the wells, centrifuged, and ana-
lyzed. The kidneys were sectioned transversely and stored in 4%
buffered formalin for histopathological analysis or frozen in a
freezer (-80°C).

Biochemical Assays

Urine myoglobin levels were determined using the Rat myo-
globin kit from Abcam (Ab157739; Boston, MA, USA). Lipocalin-2
(NGAL; 80687) was quantified with rat-specific ELISA kits pur-
chased from Crystal Chem (Elk Grove Village, IL, USA). BUN
concentrations were determined using the IDEXX Catalyst BUN
kit (98-11070-01) on a Catalyst One veterinary chemistry ana-
lyzer (Westbrook, ME, USA). Urine levels of ECE-1 and ET-1
were determined using isoform-specific rat ELISA kits from
MyBioSource (ECE-1 MBS2885758; San Diego, CA, USA) and Red-
dot Biotech (RDR-EDN1-RA; Kelowna, BC, Canada), respectively.
The kits were used following the manufacturer’s instructions.
Urinary markers were normalized to urinary creatinine to con-
trol for urine flow rate and creatinine clearance variations. Lig-
uid 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.

Histopathology

Histopathological analysis was performed independently by
Probetex (San Antonio, TX, USA). Kidney samples were fixed in
4% neutral-buffered formalin, dehydrated in graded alcohols,
and embedded in paraffin. The samples were then sectioned
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Table 1: Oligonucleotide primer sequences.

Gene Sequence Accession Length (bp)
qRT-PCR: TRPC3
Forward 5'—CATCAGCAAAGGCTATGTGCG-3’ NM_021771.2 111
Reverse 5’ —TCGTCATCGCGCAGTTCTT-3’
GAPDH
Forward 5 —AGTGCCAGCCTCGTCTCATA-3’ XM.032905640.1 100
Reverse 5'—TTGTCACAAGAGAAGGCAGC-3’
for hematoxylin and eosin (H&E) staining. Sections were exam- A B o
ined for morphological damage, including dilated tubules, pro- = =
tein casts, and tubular necrosis. The slides were randomly inter- £15 o2 g 250 *
mixed and scored blinded: 0 absent, 1+ minimal or rare focal, = > 815 gf'-g 200 *
. | =4 b " j=2]
2+ mild, 34+ moderate, and 4+ marked. ] 10 £ 10 &E 150
- . =1
? 5 E ZE 100
. . . g E0:5 * £2 50
Tissue Preparation and Wire Myography = = S~
£ O w 0.0 0
=
Animals were euthanized by exsanguination under isoflurane = ©
anesthesia. Renal arteries were harvested in ice-cold modified D E o Cirl
Kreb’s solution (MKS; 134mm NaCl, 6 mMm KCl, 2.0mm CaCly, s 20 o 300 ® Rhabdo
2mmM MgCl,, 10 mm HEPES, and 10 mm glucose, pH 7.4). After gen- g 515 S ) "
tly removing connective tissue and fat, ~2 mm segments of the =g ’ * = g 200 .
main renal arteries were mounted in a small vessel wire myo- ) % 1.0 : b I
graph chamber (model 620 m; Danish Myo Technology, Aarhus, LZ,“g; 0.5 g E 100
Denmark) for isometric tension recording.3?3> Two steel wires = 0.0-Lssh = 0

(40 um diameter) were passed through the arterial lumen and
mounted unto the myograph jaws. The vessels were allowed to
equilibrate in the oxygenated MKS solution at 37°C and pH7.4
and then stretched to their optimal lumen diameter for active
tension development. The internal circumference/wall tension
ratio of the renal artery segments was computed by setting
the internal circumference, L1, to 90% of a value established
by a passive tension equivalent to a transmural pressure of
100 mmHg. Using the equation I1 = L1/x, the diameter of the
arteries was subsequently calculated (DMT Normalization Mod-
ule; ADInstruments, Sydney, Australia). Following a 1-h equi-
libration period, baseline recordings and changes in isometric
tension following ET-1 (10 mm) addition were documented in
the absence and presence of Pyr3 (20 mm). Data were recorded
and analyzed using LabChart 8 (ADInstruments, Dunedin, New
Zealand).

Isolation of Smooth Muscle Cells

Renal vascular SMCs were isolated from renal arteries using
a HEPES-buffered isolation solution containing the following
(in mm): 134 NaCl, 6 KCl, 1MgCl,, 10 HEPES, and 10 glucose
(pH 7.4). The arteries were incubated in an isolation solution
containing the following (in mg/mL): 1 mg/mL papain, 1 mg/mL
dithioerythritol, and 1mg/mL BSA for 1614 min at 37°C. Arter-
ies were then incubated in an isolation solution containing the
following: 0.5 mg/mL liberase blendzyme, 1 mg/mL collagenase
F, 0.5mg/mL collagenase H, 100 um CaCly, and 1mg/mL BSA,
1mg/mL BSA, and 100 nM CacCl, for 87 min at 37°C. Digested ves-
sels were washed in isolation and triturated using fire-polished
glass Pasteur pipettes to yield single SMCs.

Patch-clamp Electrophysiology

Whole-cell currents were recorded in a conventional whole-
cell patch-clamp configuration. Patch electrodes were pulled

Figure 2. Glycerol-induced rhabdomyolysis causes AKI and increases renal ECE-
1 and ET-1 production in male Wistar rats at 6 h. Urine myoglobin (A) levels in
saline (Ctrl)- and glycerol (Rhabdo)-treated rats (n = 5). (B) and (C) GFR and urine
NGAL in Ctrl and Rhabdo rats (n = 6). (D) and (E) Urine ECE-1 and ET-1 levels in
Ctrl and Rhabdo rats (n = 6). *P < 0.05 vs. Ctrl (unpaired t-test).

from Borosilicate glass tubes using a P-1000 Flaming/Brown
micropipette puller (Sutter Instrument, Novato, CA, USA) and
fire polished using a microforge (Narishge, MF-830) to reach a
resistance of 3-6 M. Cells were placed in a bath solution with
the following composition: (in mm) NaCl 140, MgCl, 1.2, CaCl,
1.8, HEPES 10, glucose 10, pH 7.4 (using 1 M NaOH). The pipette
solution used had the following composition: (in mm) CsCl 140,
MgCl, 2, HEPES 10, EGTA 5, glucose 10, Na-ATP 5, pH 7.35 (using
1M CsOH). All data were acquired and digitized using Axopatch
200B patch clamp amplifier, Axon Instruments Digidata 1550B
analog-digital converter, and pClamp 10 acquisition software
(Molecular Devices, CA, USA). Data were sampled at 10 kHz, fil-
tered at 2kHz (low-pass Bessel filter), and sampled at 20kHz.
Membrane currents were recorded by applying 940-ms voltage
ramps from —120 to +30 mV. Using a voltage clamp protocol, the
command voltage ramped up from —100 to +100 mV over 940 ms
from a zero-mV holding potential.

Renal Hemodynamics Measurement

To administer ET-1 directly into the kidney, a catheter was
inserted in the left femoral artery and advanced through the
abdominal aorta until its tip was positioned at the junction
of the aorta and left renal artery. The catheter was con-
nected to a flow pump, which delivered ET-1 at a flow rate of
10 ng/kg/min for ~30 min. Flank incisions provided access to the
renal pedicles. The left kidney was exposed retroperitoneally.
Total RBF was measured with a flow probe (Transonic Systems,
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Figure 3. Twenty-four-hour rhabdomyolysis increases renal ECE-1 and ET-1 levels in male Wistar rats. (A-C) Urine ECE-1, ET-1, and creatinine levels in saline (Ctrl)- and
glycerol (Rhabdo)-treated rats (n = 6). (D-G) Western blots of ECE-1 and ET-1 (in the absence and presence of 30 mg/kg CGS 35066) in kidneys from Ctrl and Rhabdo rats
(ECE1, n = 5; ET-1, n = 4). CGS 35066: ECE-1 inhibitor. *P < 0.05 vs. Ctrl; *P < 0.05 vs. Rhabdo [unpaired t-test (A and D); one-way ANOVA, with Holm-$idék’s post hoc

test, (B, C, and F)].
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Figure 4. Pyr3 inhibits ET-1-induced cation currents in renal vascular SMCs and the contraction of renal arteries. (A) and (B) Representative tracings and graphs showing
ET-1 (100 nm)-induced cation currents in renal vascular SMCs (isolated from 4 rats each) in the absence and presence of the TRPC3 channel blocker pyr3 (10 um). (C)
and (D) Representative tracings and bar charts showing ET-1 (10 nM)-induced renal artery contraction in the absence and presence of pyr3 (20 um) (n = 8). *P < 0.05 vs.

ET-1 [one-way ANOVA, with Holm-$idék’s post hoc test, (B); unpaired t-test (D)].

Ithaca, NY, USA) placed around the main renal artery and con-
nected to a flowmeter (Transonic Systems). Renal cortical per-
fusion and mean arterial pressure (MAP) were recorded using
a Laser-Doppler probe (Perimed, Jarfalla, Sweden) and physio-
logical pressure transducer (ADInstruments, Colorado Springs,
CO, USA) systems, respectively. All recordings were acquired
simultaneously using the PowerLab data acquisition system and
LabChart Pro software.

Quantitative RT-PCR

Total RNA was isolated with the Direct-zol RNA Miniprep Plus
kit (Zymo Research; Irvine, CA, USA). A high-capacity cDNA
reverse transcription kit (Life Technologies; Grand Island, NY,
USA) was used to synthesize cDNAs from the RNA samples.
Quantitative RT-PCR (QRT-PCR) was performed in the QuantStu-
dio System using an Applied Biosystems SYBR Green Master Mix
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Figure 5. Post-injury inhibition of the ET system mitigates rhabdomyolysis-induced reduction in RBF and AKI. (A) and (B) Charts summarizing RBF and RVR in saline
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kit (Life Technologies). Gene expression levels were normalized
to GAPDH as the internal control. The gene-specific oligonu-
cleotide primers used are listed in Table 1.

Western Immunoblotting

Protein lysates were isolated from representative kidney tis-
sues using RIPA lysis buffer and denatured (using LDS sample
buffer + DTT and heated at 70°C for 10 min). Approximately
50 ug protein was subsequently loaded onto polyacrylamide gels
for size fractionation in a Mini Trans-Blot Cell (Bio-Rad) and
transferred onto PVDF membranes using a semi-dry blotter.
Once the transfer was completed, the membranes were blocked
for ~1h using Tris-buffered saline supplemented with 0.05%
Tween (TBS-T) and 2% BSA. The membranes were then incu-
bated with the respective primary antibodies overnight at 4°C.
After a wash in TBS-T, the membranes were incubated in HRP-
conjugated secondary antibodies for 45min at room tempera-
ture. Immunoreactive proteins were visualized using a chemilu-
minescent reagent.

Antibodies and Reagents

Rabbit polyclonal anti-ECE1 (Life Technologies, Grand Island,
NY, USA; PA5-81948) and rabbit polyclonal anti-ET-1 (Protein-
tech, Rosemont, IL, USA; 12191-1-AP) were used at 1:200 dilu-
tions, while rabbit monoclonal anti-beta actin (Abcam, Cam-
bridge, MA, USA; MAS515739) was used at 1:1000 dilutions.
Anti-rabbit secondary antibody (Abcam, Cambridge, MA, USA;
ab6721) was used at 1:10000 dilutions. Unless otherwise speci-
fied, all reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA). CGS 35066 was purchased from Bio-Techne (Min-
neapolis, MN, USA) and Bosentan from Cayman Chemical; Ann
Arbor, MI, USA). Liberase blendzyme was purchased from Roche
Life Science (Indianapolis, IN, USA).

Statistical Analysis

Data are presented as means + SE. Statistical analysis was per-
formed with Graph Pad software (Sacramento, CA, USA). Stu-
dent’s t-test and ANOVA (followed by the Holm-Sidak or Tukey’s
post hoc test) were used. Statistical significance implies a
P < 0.05.

Results

Rhabdomyolysis Causes Kidney Injury and Increases
Renal ECE-1 and ET-1 Production in Male Wistar Rats

Rhabdomyolysis causes myoglobinuria.3® Myoglobin was
present in the urine 6 h after glycerol injection (Figure 2A). This
correlated with kidney injury evidenced by reduced GFR and
elevation in the early AKI biomarker, urinary NGAL (Figures
2B and C). Correspondingly, the urinary levels of ECE-1 and
ET-1 were increased in glycerol-treated rats (Figures 2D and E).
At 24h, the increase in urinary ECE-1 and ET-1 was sustained
in glycerol-treated rats (Figure 3A and B). These increases in
urinary ECE-1 and ET-1 were not driven by changes in urine
creatinine concentration (Figure 3C). Western blot analyses
demonstrated an increase in ECE-1 and ET-1 protein expres-
sions in kidney tissues of rats 24h after glycerol injection.
(Figures 3D-G). Treatment of the rats with CGS 35066, an ECE-1
inhibitor, reversed the glycerol-induced increase in urinary and
kidney tissue ET-1 (Figures 3B, F, and G).

Endothelin Activates TRPC3 Channels in Renal VSMCs

Downstream of ET-induced vascular reactivity is TRPC3-
mediated Ca?* signaling.?®:?! Data here show ET-1 evoked strong
inward cation currents in isolated rat renal vascular SMCs at sev-
eral voltages (Figures 4A and B). Similarly, ET-1-induced signif-
icant contraction of isolated renal arteries (Figures 4C and D).
Cation currents and contraction engendered by ET-1 were atten-
uated by Pyr3, a TRPC3 channel blocker (Figures 4A-D).

Rhabdomyolysis-induced ET Production Reduces RBF
By Activating ET Receptors and TRPC3 Channels

Acute kidney injury occurred 6 h after glycerol injection (Figures
2B and C). To investigate whether rhabdomyolysis-induced ET
production reduces RBF by activating ET receptors and TRPC3
channels, rats were treated with pharmacological inhibitors of
ECE-1 (CGS 35066), ET receptors (bosentan), or TRPC3 channels
(Pyr3) 6 h after glycerol injections (Figure 1). Renal blood flow was
significantly reduced, and RVR increased in glycerol-treated rats
(Figures 5A and B). Glycerol-induced changes in these indices
were diminished by CGS 35066, bosentan, and Pyr3 (Figures 5A
and B).
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Post-injury Inhibition of the Vascular Mechanisms of
ET-1 Mitigates AKI and Morphological Kidney Damage

Like RBF and RVR, administration of CGS 35066, bosentan, and
Pyr3 6 h after glycerol injection reduced GFR, plasma creatinine,
and BUN alterations (Figures 5C-E). These inhibitors also attenu-
ated glycerol-induced morphological kidney damage (Figures 6A
and B).
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Genetic Ablation of TRPC3 Channels Does Not Cause
Basal Kidney Injury in Rats

TRPC3 mutant rats were used to support the pharmacological
inhibition of TRPC3. gPCR confirmed amplification of TRPC3 in
WT but not KO kidney samples (Figures 7A and B). Day and night
arterial pressure and heart rate were unaltered in WT versus KO
rats (Figures 7C-E). Baseline kidney function (GFR and plasma
creatinine) was also unchanged in the rats (Figures 7F and G).

Endothelin-1-induced Activation of TRPC3 Channels,
MAP Elevation, and Decreases in Renal Perfusion Are
Reversed in TRPC3 KO Rats

Endothelin-1-induced cation currents in renal vascular SMC of
WT rats (Figures 8A and B). By contrast, ET-induced cation cur-
rents were abolished in KO rat renal vascular SMC (Figures 8C
and D). Similarly, ET-1-induced contraction of renal arteries was
diminished in the KO rats (Figures 8E and F). Renal hypoperfu-
sion (decreased cortical perfusion and RBF) and MAP and RVR
increases elicited by direct renal artery infusion of ET-1 were
essentially abrogated in KO rats (Figures 8G-J).

TRPC3 KO Mitigates Rhabdomyolysis-Induced AKI

To explore whether the KO of TRPC3 channels protects against
rhabdomyolysis-induced AKI, TRPC3 WT and KO rats were
subjected to glycerol-induced rhabdomyolysis. Twenty-four-
hour rhabdomyolysis led to comparable increases in urinary
ET-1 production in WT and KO rats (Figure 9A). However,
rhabdomyolysis-induced reduction in GFR and elevations in
BUN and plasma creatinine were all attenuated in the KO rats
(Figures 9B-D). Similarly, rhabdomyolysis-induced morphologi-
cal kidney damage was diminished in the KO rats (Figures 9E
and F). Statistically, we found interactions between TRPC3 gene
KO (row factor) and glycerol treatment/rhabdomyolysis (column
factor), P = <0.0001, 0.0002, <0.0001 for BUN, plasma creatinine,
and histopathology data, suggesting an influence of gene KO
on the effect of glycerol. The effect of gene KO was not signif-
icant in ET-1 production but was significant in other measures:
P = 0.0049, <0.0001, 0.0002, and <0.0001 for GFR, BUN, plasma
creatinine, and histopathology data, respectively, suggesting an
influence for gene KO on the degree of AKI following glycerol
injection. The effect of rhabdomyolysis was highly significant (P
= <0.0001) in all measures evaluated.

Glycerol-induced Rhabdomyolysis Is Not
Sex-Dependent

We explored sex differences in rhabdomyolysis and the asso-
ciated kidney injury. Both males and females exhibited com-
parable myoglobinuria 24 h after glycerol injection (Figure 10A).
Glycerol-induced GFR decrease was similar in male and female
rats (Figure 10B). Other markers of AKI show the same trend,
with significant increases in plasma creatinine and blood urea
nitrogen (BUN) in both sexes (Figures 10C and D). No interac-
tion was found between sex and glycerol treatment, P = 0.95,
0.261, 0.722, and 0.458 for urine myoglobin, GFR, plasma creati-
nine, and BUN, respectively. The effect of sex is not significant
with P = 0.913, 0.329, 0.696, and 0.518 for urine myoglobin, GFR,
plasma creatinine, and BUN, respectively. The effect of rhab-
domyolysis was significant, with P = 0.0007 for urine myoglobin
and P < 0.0001 for GFR, plasma creatinine, and BUN. Histological
analyses indicated comparable tubular necrosis, dilatation, and
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cast formation in glycerol-treated male and female rats (Figures
11A and B).

Discussion

This paper examined previously unexplored concepts, including
renal ECE-1 generation and subsequent ET-1 production in rhab-
domyolysis, the involvement of vascular SMC TRPC3 channels
in rhabdomyolysis-induced AKI, and post-injury amelioration
of rhabdomyolysis-induced AKI by inhibition of ET-1-dependent
vasoregulation. Findings suggest that: (1) rhabdomyolysis stim-
ulates renal ECE-1-dependent ET-1 production; (2) TRPC3 medi-
ates ET-induced renal artery contraction; (3) post-injury inhi-
bition of ET-1 biosynthesis and TRPC3 channels ameliorate
rhabdomyolysis-induced AKI; and (4) the severity of glycerol-
induced AKI in male and female rats is comparable.

Rapid vasoconstriction of pre- and post-glomerular vessels
leading to a significant reduction in RBF and GFR are crit-
ical factors in glycerol-mediated renal insufficiency.?”-3 Kid-
ney injury severity increases with the RBF decline.?® Here,
rhabdomyolysis-induced AKI in glycerol-treated rats correlated
with RBF reduction and RVR increase, supporting the concept

of persistent renal vasoconstriction caused by kidney accumu-
lation of myoglobin. Increased production of ET-1, a potent
vasoconstrictor, has been demonstrated in myoglobin-treated
glomerular mesangial cells and the plasma of rats subjected
to glycerol-induced rhabdomyolysis.’ However, this study is the
first to show that a rhabdomyolysis-induced increase in ET-
1 level depends on an upstream increase in protease ECE-1.
In addition to renal vascular endothelial cells, tubular epithe-
lial cells are a significant source of renal endothelin synthe-
sis.#042 Zager and colleagues showed that within 24 h of unilat-
eral renal ischemia-reperfusion injury, kidney cortex ET-1 mRNA
was elevated 4-fold and, in two weeks, increased to >10-fold
compared to non-ischemic kidneys.** We speculate that tubular
cells, especially those of the proximal tubule and the collecting
duct, play a role in endothelin-mediated AKI. Increased vascu-
lar endothelial and tubular ET-1 production in rhabdomyolysis
may cause vasoconstriction, a subsequent reduction in GFR, and
associated AKI.

Since urinary ET-1 is mainly of renal origin,** we mea-
sured urinary ECE-1 and ET-1 levels in rats subjected to rhab-
domyolysis. Increased renal production of ECE-1 and ET-1 occurs
as early as 6h after glycerol injection, sustained up to 24h,
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and is associated with AKI. Inhibiting ECE-1 reduced renal ET-
1 production and mitigated AKI. These data suggest that myo-
globin is a robust stimulant of ECE-1-dependent ET-1 biosyn-
thesis in the kidney. Myoglobin causes oxidative stress via the
accumulation of oxyradicals in the kidney.®:*¢ Reactive oxygen
species are a potent driver of ET generation.” ¥ Treatment
of renal epithelial cells with H,O, generator glucose oxidase
increased ECE-1-dependent cellular ET production.*? Conceiv-
ably, ROS is the link between myoglobin and renal ET biosynthe-
sis. However, ET itself can generate ROS,Y indicating the cen-
tral role of ROS in the vicious cycle of the renal pathophysiology
of ET.

Endothelin receptors ETx and ETy are coupled to G-proteins
and, when activated by ET, trigger a cascade of events that
control intracellular Ca?* levels and vascular reactivity.*>° G-
protein-coupled receptor activation initiates phosphoinositide
hydrolysis, resulting in inositol triphosphate (IP3) and diacyl-
glycerol (DAG).”! Inositol triphosphate subsequently binds to
receptors on the sarcoplasmic reticulum (SR) to facilitate Ca?*
release from the SR Ca®* store. Depleting Ca?* from the SR store
triggers extracellular Ca?* influx via store-operated Ca?* chan-
nels.>>>* Diacylglycerol can increase intracellular Ca?* inde-
pendent of store-operated channels, as it activates receptor-
operated Ca?* channels on the plasma membrane, resulting in

channel opening and Ca?* influx.>3>> Both store- and receptor-
operated channels are known to include the TRPC channels.>>»>¢
TRPC proteins constitute a family of seven (TRPC1-7) nonse-
lective cation channels, but only TRPC 1, 3, 4, 5, and 6 are
expressed in rat renal vessels.”” Of the lot, TRPC3 is predomi-
nant.”” Endothelin-1 activates TRPC3 in the cerebral and mesen-
teric arteries.?®?! A recent study demonstrated that ET stim-
ulates receptor-operated Ca?* entry via TRPC3 in swine renal
microvessels.*? Findings here show that the TRPC3 blocker
Pyr3 diminished ET-1-induced cation currents in renal vascu-
lar SMCs. Similarly, Pyr3 blunted ET-1-induced renal arteries
contraction, consistent with a previous study in rat mesenteric
arteries.?

Rhabdomyolysis cannot reasonably be predicted. Therefore,
studies on prophylactic intervention may have limited clini-
cal significance. Thus, the importance of this study includes
the findings that pharmacological interventions that target ET
biosynthesis and downstream mechanisms of vascular reactiv-
ity attenuated AKI after rhabdomyolysis had developed. Intraar-
terial infusion of CGS 35066, a selective ECE-1 inhibitor at
30mg/kg alongside an angiotensin-converting enzyme (ACE)
inhibitor, decreased MAP in spontaneously hypertensive rats,
suggesting a synergy between the ET system and the renin-
angiotensin system in maintaining blood pressure.*® Similarly,
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Trappani and colleagues demonstrated CGS 35066’s selectiv-
ity and near-total efficacy in blocking ET-1-induced elevation
in MAP.% Bosentan, a double ETA/ETy receptor antagonist, has
been shown to inhibit the pressor response to ET-1 for up to
24h at 100 mg/kg.?> Similar doses have demonstrated therapeu-
tic potential in animal models of acute lung injury, pulmonary

hypertension, and depression, principally via ET-1 antago-
nism.>>%! Post-injury administration of Pyr3 improved neuro-
logical indices following intracerebral hemorrhage in mice, pri-
marily by inhibiting the thrombin-induced opening of TRPC3
channels and Ca?* influx in astrocytes.®? In selecting the phar-
macological agents, we targeted the upstream and downstream
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signaling involved in ET-1-dependent renal vasoregulation to
provide clinically relevant therapies.

A limitation of most pharmacological modulators of ion
channels is non-selectivity. To strengthen pharmacological data
on the involvement of TRPC3 channels in rhabdomyolysis-
induced AKI, TRPC3 mutant rats were used. Since the rats were
generated on Dahl SS background, we examine baseline arte-
rial pressure and renal injury indices in the rats. Six-week-old
TRPC3 WT and KO fed a regular low-salt diet showed compara-
ble MAP, GFR, heart rate, and plasma creatinine levels. However,
ET-induced cation currents, renal artery contraction, increase in
acute MAP and RVR, and renal hypoperfusion were all lessened
in the KO rats. Rhabdomyolysis-induced AKI was also signifi-
cantly diminished in TRPC3 KO rats, confirming for the first time,
using pharmacological and genetic approaches, that the ET-1-
TRPC3 nexus is involved in kidney hypoperfusion and injury fol-
lowing rhabdomyolysis.

There are significant sex differences in the etiology, patho-
physiology, and outcomes of cardiovascular and kidney dis-
eases.%>% Several animal studies demonstrate sexual dimor-
phism in the degree of kidney injury following ischemia,
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with the female sex confirmed as a renoprotective variable
in ischemic AKL®7! Glomerular filtration rate is a sensitive
indicator of renal insufficiency in exertional rhabdomyolysis.”?
Amorim et al. found that although males exhibited more signif-
icant creatine kinase activity post-exercise than females, GFR
reduction showed no differences across sexes.”® A literature
search revealed that sex-dependent variability had not been
established in glycerol-induced rhabdomyolysis. Here, there
were no significant differences in glycerol-induced myoglobin-
uria (indicative of muscle damage), GFR reduction, and increases
in plasma creatinine, BUN, and kidney damage in male com-
pared with female rats, suggesting the lack of sex-dependent
variation in rhabdomyolysis and AKI induced by glycerol.

In summary, the findings in this study suggest that
ECE-1-driven ET-1 production and downstream activa-
tion of TRPC3-dependent vasoconstriction contribute to
rhabdomyolysis-induced AKI. Hence, post-injury inhibition of
ET-1-dependent vasoregulation may provide therapeutic targets
for rhabdomyolysis-induced AKI.
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