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Abstract 

In patients with rhabdom y olysis, the overwhelming release of m y oglobin 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 rhabdom y olysis-induced AKI are not fully understood but may inv olv e 
the local production of vasoactive mediators in the kidney. Studies have shown that m y oglobin stimulates endothelin-1 
(ET-1) production in glomerular mesangial cells. Circulating ET-1 is also increased in rats subjected to glycerol-induced 

rhabdom y olysis. How ever, the upstream mechanisms of ET-1 production and downstream effectors of ET-1 actions in 

rhabdom y olysis-induced AKI remain unclear. Vasoactive ET-1 is generated by ET converting enzyme 1 (ECE-1)-induced 

pr oteol ytic pr ocessing of inacti v e big ET to biologicall y acti v e pe ptides. The downstr eam ion channel effectors of 
ET-1-induced v asor e gulation include the tr ansient r ece ptor potential cation channel, subfamil y C member 3 (TRPC3). This 
study demonstrates that gl ycer ol-induced rha bdomyol ysis in Wistar rats promotes ECE-1-dependent ET-1 production, RVR 

increase, GFR decrease, and AKI. Rhabdom y olysis-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 rhabdom y olysis-induced AKI. These findings suggest 
that ECE-1-dri v en ET-1 pr oduction and downstr eam acti v ation of TRPC3-de pendent r enal v asoconstriction contribute to 

rhabdom y olysis-induced AKI. Hence, post-injury inhibition of ET-1-mediated renal vasoregulation may provide therapeutic 
targets for rhabdom y olysis-induced AKI. 
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ntroduction 

cute kidney injury (AKI) is a sudden episode of kidney dys-
unction that can also affect other organs 1 . Acute kidney injury
ccurs secondary to ischemia, hypoxia, or drug-induced ne phr o-
oxicity, and it is the foremost kidney disease phenotype pre-
ented at clinics today. 2 What constitutes AKI has ev olv ed ov er
he years, but a consensus is that it shows a rapid decline in
enal function and the buildup of nitrogenous waste products.
cute kidney injury is clinically diagnosed as a rise in creati-
ine by ≥50% from its baseline, a ≥25% decrease in glomeru-

ar filtr ation r ate (GFR), and oliguria below 0.5 mL/kg/h for 6 h,
ll in < 7 d. 3 , 4 The AKI scale runs from initial risk through
njur y, failur e, loss, and end-sta ge r enal disease, aptl y termed
RIFLE.” 5 Conserv ati v e estimates of the annual healthcare bur-
en of hospital-acquired AKI alone on the United States health-
are system exceed $10 billion. 6 Nevertheless, there are cur-
 entl y no effecti v e therapies for AKI, partly due to late diagnosis
nd an incomplete understanding of disease pathophysiology. 7 

One of the causes of AKI is rhabdom y olysis. Rhabdom y ol-
sis describes the rapid breakdown of injured skeletal muscle
nd the release of m y oglobin into the circulation. 8–10 In the-
ry, anything that causes muscle damage can trigger rhabdomy-
lysis. These include blunt trauma and crush injuries, drugs
nd toxins, alcohol abuse, exertional exer cise , muscle isc hemia,
enetic defects, and certain infections. 8 Acute kidney injury is
he most sev er e and life-thr eatening complication of rha bdomy-
lysis, with 10%–40% of patients developing some form of kid-
ey insufficiency within days. 11 , 12 Experimental evidence points

o m y oglobin’s trifecta of r oles: dir ect tubular injur y, tubular
bstruction via intratubular cast formation, and intrarenal vaso-
onstriction in the pathophysiology of rhabdom y olysis-induced
KI. 10 Of these three, renal vasoconstriction is the most injuri-
us. 13 Persistent constriction of renal vessels in rhabdom y olysis
esults in severe isc hemia 9 c har acterized by diminished renal
lood flow (RBF) and GFR, 8 , 13 , 14 causing an abrupt decline in
enal function. 10 

Incr eased r enal pr oduction of v asoacti v e mediators likel y
ontributes to the persistent vasoconstriction that reduces
FR. Indeed, rodents subjected to rhabdom y olysis exhibited

ncreased plasma concentrations of endothelin (ET)-1, a potent
 enal v asoconstrictor. 9 , 15 A study has also demonstrated that
habdom y olysis increased the density of endothelin receptors
n the renal cortex and medulla. 16 Accumulation of m y oglobin
n the renal tubule generates r eacti v e oxygen species (ROS). 8 

eacti v e oxygen species stimulates ET biosynthesis in vari-
us cell types. 17 , 18 H 2 O 2 transacti v ates the pr omoter of the
ndothelin converting enzyme (ECE-1), a peptidase that con-
 erts inacti v e big ET to the v asoacti v e isoform. 19 Howev er,
he unanswered questions on the inv olv ement of endothelin-
 (ET-1) in rhabdom y olysis-induced AKI include the unknown
inks betw een rhabdom y olysis and increased ET-1 production.
he downstream effectors of ET-1-induced vasoconstriction are
mooth muscle cell (SMC) Ca 2 + -permeable ion channels, includ-
ng the TRPC3 (transient r ece ptor potential cation channel sub-
amily C member 3). 20 , 21 However, the ion channel mecha-
isms that trigger renal vasoconstriction in rhabdom y olysis
 emain unexplor ed. Since acti v ation of G-pr otein-coupled r ece p-
ors (GPCR) and ion c hannels re gulate renal vascular resistance
RVR), 22 rhabdom y olysis may likely modulate RVR via GPCR and
ascular ion channel mechanisms. 

Most cases of rhabdom y olysis-induced AKI cannot be pre-
icted. Hence, effecti v e therapeutic interv entions ar e those
hat can mitigate AKI after m y oglobin uria has dev eloped. It
emains unclear whether post-injury inhibition of vascular ET-
 mechanisms ameliorates rha bdomyol ysis-induced AKI. This
tudy investigates the concept that ECE-1-driven ET-1 produc-
ion in the kidney and ET-1-induced r enal v ascular SMC TRPC3
cti v ation and r esultant r enal v asoconstriction contribute to
habdom y olysis-induced AKI. 

aterials and Methods 

nimals 

ll experimental animal pr ocedur es wer e appr ov ed and per-
ormed following the guidelines of the Institutional Animal Care
nd Use Committee of the Uni v ersity of Tennessee Health Sci-
nce Center. Male and female WKY ( ∼120 g, 6-wk-old; Charles
i v er); as well as male TRPC3 wild-type (WT) and knockout

KO) r ats [Medical Colle ge of Wisconsin (MCW); Mil w aukee, WI,
SA] were used in this study. The TRPC3 mutant rats were
enerated by the Gene Editing Rat Resour ce Progr am (GERRC)
t the MCW. This strain was created on the SS/JrHsdMcwi
ackground by injecting a CRISPR targeting the exon 2 cod-

ng sequence AAAGGCT A TGTGCGCA TCG into the r at embry os.
 strain harboring a 25-bp frameshift mutation in exon 2 (rn6
hr2:123377980–123378004) w as esta b lished by backcr ossing to
he parental strain and intercrossing to generate homozygous
nimals. Founder animals were genotyped by the Cel-1 assay
nd confirmed by Sanger sequencing. Fluorescent genotyping
t the MCW confirmed the deletion. The rats were fed a regu-
ar low-salt diet (7912, Envigo Indianapolis, IN, USA). 

Animals were assigned randomly to experimental groups. All
 ats w er e pr ovided ad libitum access to food and water before
nd after the surgical pr ocedur es and wer e ke pt on a 12 h/12 h
ight/dark cycle during their housing in the vi v arium. 
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Figure 1. Experimental approach utilized to study the effect of post-injury inhibition of ET-mediated renal vasoregulation on rhabdom y olysis-induced AKI in rats. Rats 
wer e tr eated with CGS 35066 (30 mg/kg), bosentan (100 mg/kg), and pyr3 (10 mg/kg) 6 h after gl ycer ol injection. 
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xperimental Setup for Rhabdom yol ysis Induction 

ollowing ∼24 h water deprivation, rats were placed in an isoflu- 
 ane induction c hamber and exposed to 5% isoflur ane , whic h 

 as subsequentl y r educed to 2% for maintenance. Upon confir- 
ation of anesthesia, gl ycer ol or vehicle (saline) was injected 

qually into both hindlimbs as follows: (10 mL/kg of glycerol 
iluted 1:2 in saline or 10 mL/kg of saline for control rats). The 
 ats w ere allow ed to r ecov er for up to 24 h, after which the exper-
ment was terminated. 

reatment Protocol 

s in other forms of AKI, prophylaxis offers little benefit to pre- 
 enting rha bdom y olysis-induced AKI. 23 To examine the role of 
ndothelin-de pendent r enal v asor egulation in mediating AKI 
ollowing rhabdom y olysis, w e subjected the animals to rhab- 
om y ol ysis and administer ed specific pharmacological a gents 
 h after rhabdom y olysis had developed ( Figure 1 ). Bosentan, a 
ixed ET A /ET B r ece ptor anta gonist at a dose of 100 mg/kg; CGS

5066, an ECE-1 inhibitor at a dose of 30 mg/kg; and Pyr3, a 
RPC3 channel blocker at a dose of 10 mg/kg were administered 

ntraperitoneally to the rats ( Figure 1 ). The dose justification for 
he inhibitors was based on previous studies. 24–26 

lomerular Filtr a tion Ra te Determina tion 

s pr eviousl y described, 27–29 the thr ee-compartment method 

ith FITC-sinistrin clearance was used to determine GFR. Briefly, 
 predetermined region on the flank was shaved, and a depila- 
or y cr eam w as applied to r emov e r esidual fur. The optical trans-
ermal GFR device (MediBeacon GmbH, Mannheim, Germany) 
 as pr e par ed, and the batter y w as attached. Using a dual-sided

dhesi v e patch, the device was attached to the skin surface of 
he rats and held in place with an elastic gauze bandage. The 
evice was left for ∼3 min to record a steady background. A 

 arm compr ess w as applied to the tail to dilate the veins in
r e paration for intravenous injection of FITC-sinistrin in ster- 

le saline (50 mg/mL) at (5 mg/100 g b. wt). Once the baseline 
 as sufficientl y acquir ed, FITC-sinistrin w as administer ed in a 

mooth, rapid bolus. The device was left alone for ∼2 h to record 

ITC-sinistrin clear ance . The device was removed at the end of 
he acquisition, and the data were analyzed following the manu- 
acturer’s instructions using the MediBeacon Studio 3 software. 

easurement of Arterial Blood Pressure in Conscious 
ats 

he easyTEL + M1 PTA transmitters (emka Technologies, Paris, 
 r ance) w ere used to measur e b lood pr essur e and heart rate in
onscious TRPC3 WT and KO rats. The rats were anesthetized 

ith ketamine (100 mg/kg) and xylazine (10 mg/kg) administered 

ntraperitoneall y. Bupr enorphine (0.05 mg/kg; sustained r elease) 
 as administer ed subcutaneousl y to all animals to r educe pain.
 pr essur e-sensing catheter w as inserted via the car otid arter y,
nd the body of the transmitter was implanted in a subcuta- 
eous pouch on the left flank. Fi v e days post-surger y, b lood pr es-
ure and heart rate readings were sampled every 10 s for 24 h.
ost-collection data was analyzed using the vendor’s software. 

ample Collection 

lood was collected from the retroorbital sinus into heparin 

ubes. The tubes were subsequently centrifuged, and the plasma 
as collected and stored for analysis. Urine specimens were col- 

ected from individual rats as previously described. 30 , 31 Briefly, 
ndividual r ats w ere w eighed and placed on a 96-well plate
nside an empty 5 mL pipette tip box for ∼2 h. Urine sam-
les were then collected from the wells, centrifuged, and ana- 

yzed. The kidneys were sectioned transversely and stored in 4% 

uffered formalin for histopathological analysis or frozen in a 
reezer (-80 ◦C). 

iochemical Assays 

rine m y oglobin levels w ere determined using the Rat m y o-
lobin kit from Abcam (Ab157739; Boston, MA, USA). Lipocalin-2 
NGAL; 80687) was quantified with rat-specific ELISA kits pur- 
hased fr om Cr ystal Chem (Elk Gr ov e Villa ge, IL, USA). BUN
oncentr ations w er e determined using the IDEXX Catal yst BUN 

it (98–11070-01) on a Catalyst One veterinary chemistry ana- 
 yzer (Westbr ook, ME, USA). Urine levels of ECE-1 and ET-1 
ere determined using isoform-specific rat ELISA kits from 

yBioSource (ECE-1 MBS2885758; San Diego, CA, USA) and Red- 
ot Biotech (RDR-EDN1-RA; Kelowna, BC, Canada), r especti v el y. 
he kits were used following the man ufactur er’s instructions. 
rinar y markers wer e normalized to urinar y cr eatinine to con-

rol for urine flow rate and creatinine clearance variations. Liq- 
id c hromatogr aphy-tandem mass spectr ometr y w as used to 
etermine creatinine concentrations at the UAB/UCSD O’Brien 

ore Center for AKI Resear c h at the Uni v ersity of Ala bama at
irmingham. 

istopathology 

istopathological anal ysis w as performed inde pendentl y by 
robetex (San Antonio, TX, USA). Kidney samples were fixed in 

% neutral-buffered formalin, dehydrated in graded alcohols, 
nd 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’—C ATC AGC AAAGGCT A TGTGCG–3’ NM 021771.2 111 
Reverse 5’—TCGTC ATCGCGC AGTTCTT–3’ 

GAPDH 

Forward 5’—A GTGCCA GCCTCGTCTCA T A–3’ XM 032905640.1 100 
Reverse 5’—TTGTC AC AAGAGAAGGC AGC–3’ 
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Figure 2. Gl ycer ol-induced rha bdom y ol ysis causes AKI and incr eases r enal ECE- 
1 and ET-1 production in male Wistar rats at 6 h . Urine m y oglobin (A) levels in 
saline (Ctrl)- and gl ycer ol (Rha bdo)-tr eated 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). 
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or hematoxylin and eosin (H&E) staining. Sections were exam-
ned for morphological damage, including dilated tubules, pro-
ein casts, and tubular necrosis. The slides were randomly inter-

ixed and scored blinded: 0 absent, 1 + minimal or rare focal,
 + mild, 3 + moder ate , and 4 + marked. 

issue Prepar a tion and Wire Myogr aphy 

nimals were euthanized by exsanguination under isoflurane
nesthesia. Renal arteries were harvested in ice-cold modified
reb’s solution (MKS; 134 m m NaCl, 6 m m KCl, 2.0 m m CaCl 2 ,
 m m MgCl 2 , 10 m m HEPES, and 10 m m glucose, pH 7.4). After gen-
l y r emoving connecti v e tissue and fat, ∼2 mm segments of the

ain renal arteries were mounted in a small vessel wire m y o-
r aph c hamber (model 620 m ; Danish My o Tec hnology, Aarhus,
enmark) for isometric tension recording. 32–35 Two steel wires

40 μm diameter) were passed through the arterial lumen and
ounted unto the m y ogr aph jaws. The vessels w ere allow ed to

quilibrate in the oxygenated MKS solution at 37 ◦C and pH 7.4
nd then stretched to their optimal lumen diameter for acti v e
ension development. The internal circumference/wall tension 

atio of the renal artery segments was computed by setting
he internal cir cumference , L1, to 90% of a v alue esta b lished
y a passi v e tension equi v alent to a tr ansmur al pressure of
00 mmHg. Using the equation I1 = L1/ π , the diameter of the
rteries w as subsequentl y calculated (DMT Normalization Mod-
le; ADInstruments, Sydney, A ustralia). Follo wing a 1-h equi-

ibration period, baseline recordings and changes in isometric
ension following ET-1 (10 m m ) addition were documented in
he absence and presence of Pyr3 (20 m m ). Data were recorded
nd analyzed using LabChart 8 (ADInstruments, Dunedin, New
ealand). 

solation of Smooth Muscle Cells 

enal vascular SMCs were isolated from renal arteries using
 HEPES-buffered isolation solution containing the following
in m m ): 134 NaCl, 6 KCl, 1 MgCl 2 , 10 HEPES, and 10 glucose
pH 7.4). The arteries were incubated in an isolation solution
ontaining the following (in mg/mL): 1 mg/mL papain, 1 mg/mL
ithioerythritol, and 1 mg/mL BSA for 1614 min at 37 ◦C. Arter-

es were then incubated in an isolation solution containing the
ollowing: 0.5 mg/mL liberase blendzyme, 1 mg/mL collagenase
, 0.5 mg/mL collagenase H, 100 μm CaCl 2 , and 1 mg/mL BSA,
 mg/mL BSA, and 100 n m CaCl 2 for 87 min at 37 ◦C. Digested ves-
els were washed in isolation and triturated using fire-polished
lass Pasteur pipettes to yield single SMCs. 

 atch-clamp Electroph ysiology 

hole-cell curr ents wer e r ecorded in a conventional whole-
ell patch-clamp configuration. Patch electrodes were pulled
r om Bor osilicate glass tubes using a P -1000 Flaming/Br own
icropipette puller (Sutter Instrument, No vato , C A, USA) and

re polished using a microforg e (Narishg e, MF-830) to reach a
esistance of 3–6 M �. Cells were placed in a bath solution with
he following composition: (in m m ) NaCl 140, MgCl 2 1.2, CaCl 2 
.8, HEPES 10, glucose 10, pH 7.4 (using 1 M NaOH). The pipette
olution used had the following composition: (in m m ) CsCl 140,
gCl 2 2, HEPES 10, EGTA 5, glucose 10, Na-ATP 5, pH 7.35 (using
 m CsOH). All data were acquired and digitized using Axopatch
00B patch clamp amplifier, Axon Instruments Digidata 1550B
nalog-digital converter, and pClamp 10 acquisition software
Molecular Devices, CA, USA). Data were sampled at 10 kHz, fil-
ered at 2 kHz (low-pass Bessel filter), and sampled at 20 kHz.
embrane currents were recorded by applying 940-ms voltage

amps from −120 to + 30 mV. Using a v olta ge clamp pr otocol, the
ommand v olta ge ramped up fr om −100 to + 100 mV ov er 940 ms
rom a zero-mV holding potential. 

enal Hemodynamics Measurement 

o administer ET-1 dir ectl y into the kidney, a catheter was
nserted in the left femoral artery and advanced through the
bdominal aorta until its tip was positioned at the junction
f the aorta and left r enal arter y. The catheter was con-
ected to a flow pump, which deli v er ed ET-1 at a flow rate of
0 ng/kg/min for ∼30 min. Flank incisions provided access to the
enal pedicles. The left kidney was exposed retroperitoneally.
otal RBF was measured with a flow probe (Transonic Systems,
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Figure 3. Tw enty-four-hour rhabdom y olysis increases renal ECE-1 and ET-1 levels in male Wistar rats. (A–C) Urine ECE-1, ET-1, and cr eatinine lev els in saline (Ctrl)- and 
gl ycer ol (Rha bdo)-tr eated rats ( n = 6). (D–G) Western b lots of ECE-1 and ET-1 (in the a bsence and pr esence of 30 mg/kg CGS 35066) in kidneys fr om Ctrl and Rha bdo 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– ̌S ı́d ́ak’s post hoc 

test, (B, C, and F)]. 

Figure 4. Pyr3 inhibits ET-1-induced cation currents in renal vascular SMCs and the contraction of renal arteries. (A) and (B) Re pr esentati v e tracings and graphs showing 
ET-1 (100 n m )-induced cation currents in renal vascular SMCs (isolated from 4 rats each) in the absence and presence of the TRPC3 channel blocker pyr3 (10 μm ). (C) 
and (D) Re pr esentati v e tr acings and bar c harts showing ET-1 (10 nM)-induced renal artery contraction in the absence and presence of pyr3 (20 μm ) ( n = 8). ∗P < 0.05 vs. 
ET-1 [one-way ANOVA, with Holm– ̌S ı́d ́ak’s post hoc test, (B); unpaired t -test (D)]. 
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thaca, NY, USA) placed around the main renal artery and con- 
ected to a flowmeter (Transonic Systems). Renal cortical per- 

usion and mean arterial pr essur e (MAP) wer e r ecorded using 
 Laser-Doppler probe (Perimed, Jarfalla, Sweden) and physio- 
ogical pr essur e tr ansducer (ADInstruments, Color ado Springs, 
O, USA) systems, r especti v el y. All r ecordings wer e acquir ed
im ultaneousl y using the PowerLab data acquisition system and 

a bChart Pr o softw ar e. 
uantitati v e R T-PCR 

otal RNA was isolated with the Direct-zol RNA Miniprep Plus 
it (Zymo Resear c h; Irvine , CA, USA). A high-capacity cDN A 

 ev erse transcription kit (Life Technologies; Grand Island, NY, 
SA) was used to synthesize cDNAs from the RNA samples. 
uantitati v e R T-PCR (qR T-PCR) was performed in the QuantStu- 
io System using an Applied Biosystems SYBR Green Master Mix 
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F igure 5. P ost-injury inhibition of the ET system mitigates rhabdom y olysis-induced reduction in RBF and AKI. (A) and (B) Charts summarizing RBF and RVR in saline 
(Ctrl)- and gl ycer ol (Rha bdo)-tr eated rats ( n = 6); (C–E) GFR, plasma creatinine, and BUN in Ctrl and Rhabdo (in the absence and presence of inhibitors) rats ( n = 6). 
∗P < 0.05 vs. Ctrl; # P < 0.05 vs. Rhabdo (one-way ANOVA, with Holm– ̌S ı́d ́ak’s post hoc test). CGS (CGS 35066); BOS (bosentan). 
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it (Life Technologies). Gene expression levels were normalized
o GAPDH as the internal control. The gene-specific oligonu-
leotide primers used are listed in Table 1 . 

estern Immunoblotting 

r otein l ysates wer e isolated fr om r e pr esentati v e kidney tis-
ues using RIPA lysis buffer and denatured (using LDS sample
uffer + DTT and heated at 70 ◦C for 10 min). Appr oximatel y
0 μg pr otein w as subsequentl y loaded onto pol yacr ylamide gels
or size fractionation in a Mini Trans-Blot Cell (Bio-Rad) and
ransferred onto PVDF membranes using a semi-dry blotter.
nce the transfer was completed, the membr anes w er e b locked

or ∼1 h using Tris-buffered saline supplemented with 0.05%
ween (TBS-T) and 2% BSA. The membranes were then incu-
ated with the r especti v e primar y antibodies ov ernight at 4 ◦C.
fter a wash in TBS-T, the membranes were incubated in HRP-
onjugated secondary antibodies for 45 min at room tempera-
ur e. Imm unor eacti v e pr oteins wer e visualized using a chemilu-

inescent r ea gent. 

ntibodies and Reagents 

a bbit pol yclonal anti-ECE1 (Life Tec hnologies, Gr and Island,
Y, USA; PA5-81948) and rabbit polyclonal anti-ET-1 (Protein-

ech, Rosemont, IL, USA; 12191–1-AP) were used at 1:200 dilu-
ions, while rabbit monoclonal anti-beta actin (Abcam, Cam-
ridge, MA, USA; MA515739) was used at 1:1000 dilutions.
nti-ra bbit secondar y antibody (Abcam, Cambridge, MA, USA;
 b6721) w as used at 1:10000 dilutions. Unless otherwise speci-
ed, all r ea gents wer e purchased fr om Sigma–Aldrich (St. Louis,
O, USA). CGS 35066 was pur c hased from Bio-Tec hne (Min-
eapolis, MN, USA) and Bosentan from Cayman Chemical; Ann
rbor, MI, USA). Liberase blendzyme was pur c hased from Roche
ife Science (Indianapolis, IN, USA). 

ta tistical Anal ysis 

ata are presented as means ± SE. Statistical analysis was per-
ormed with Graph Pad softw ar e (Sacramento, CA, USA). Stu-
ent’s t -test and ANOVA (followed by the Holm–Sidak or Tukey’s
ost hoc test) were used. Statistical significance implies a
 < 0.05. 
esults 

habdom yol ysis Causes Kidney Injury and Increases 
enal ECE-1 and ET-1 Production in Male Wistar Rats 

habdom y olysis causes m y oglobinuria. 36 My oglobin was
resent in the urine 6 h after gl ycer ol injection ( Figure 2 A). This
orrelated with kidney injury evidenced by reduced GFR and
levation in the early AKI biomarker, urinary NGAL ( Figures
 B and C). Corr espondingl y, the urinar y lev els of ECE-1 and
T-1 wer e incr eased in gl ycer ol-tr eated r ats ( F igures 2 D and E).
t 24 h, the increase in urinary ECE-1 and ET-1 was sustained

n gl ycer ol-tr eated r ats ( F igure 3 A and B). These increases in
rinary ECE-1 and ET-1 were not driven by changes in urine
reatinine concentration ( Figure 3 C). Western blot analyses
emonstrated an increase in ECE-1 and ET-1 protein expres-
ions in kidney tissues of rats 24 h after gl ycer ol injection.
 Figures 3 D–G). Treatment of the rats with CGS 35066, an ECE-1
nhibitor, r ev ersed the gl ycer ol-induced incr ease in urinar y and
idney tissue ET-1 ( Figures 3 B, F, and G). 

ndothelin Activ a tes TRPC3 Channels in Renal VSMCs 

ownstream of ET-induced vascular reactivity is TRPC3-
ediated Ca 2 + signaling. 20 , 21 Data here show ET-1 ev oked str ong

nw ard cation curr ents in isolated rat r enal v ascular SMCs at sev-
ral v olta ges ( Figur es 4 A and B). Similarl y, ET-1-induced signif-
cant contraction of isolated renal arteries ( Figures 4 C and D).
ation currents and contraction engendered by ET-1 were atten-
ated by Pyr3, a TRPC3 channel blocker ( Figures 4 A–D). 

habdom yol ysis-induced ET Production Reduces RBF 

y Activ a ting ET Receptors and TRPC3 Channels 

cute kidney injury occurred 6 h after glycerol injection ( Figures
 B and C). To investigate whether rhabdom y olysis-induced ET
r oduction r educes RBF by acti v ating ET r ece ptors and TRPC3
 hannels, r ats w er e tr eated with pharmacological inhibitors of
CE-1 (CGS 35066), ET r ece ptors (bosentan), or TRPC3 channels
Pyr3) 6 h after gl ycer ol injections ( Figure 1 ). Renal blood flow was
ignificantl y r educed, and RVR incr eased in gl ycer ol-tr eated rats
 Figures 5 A and B). Glycerol-induced changes in these indices
ere diminished by CGS 35066, bosentan, and Pyr3 ( Figures 5 A

nd B). 
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Figure 6. Histopathology indicates that post-injury inhibition of the ET sys- 
tem attenuates rhabdom y olysis-induced kidney damage . (A) Hematoxylin and 
eosin staining of kidney sections (arrows indicate tubular injury), and (B) com- 

bined injur y scor e in Ctrl and Rha bdo in the a bsence and pr esence of inhibitors 
( n = 6). CGS: CGS 35066 (30 mg/kg), ECE-1 inhibitor; BOS: Bosentan (100 mg/kg), 
ET-r ece ptor anta gonist; PYR3: 10 mg/kg, TRPC3 c hannel bloc ker. ∗P < 0.05 (one- 
way ANOVA, with Holm– ̌S ı́d ́ak’s post hoc test); bar = 100 μm. 
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ost-injury Inhibition of the Vascular Mechanisms of 
T-1 Mitigates AKI and Morphological Kidney Damage 

ike RBF and RVR, administration of CGS 35066, bosentan, and 

yr3 6 h after gl ycer ol injection reduced GFR, plasma creatinine, 
nd BUN alterations ( Figures 5 C–E). These inhibitors also attenu- 
ted gl ycer ol-induced morphological kidney dama ge ( Figur es 6 A 

nd B). 
enetic Ablation of TRPC3 Channels Does Not Cause 
asal Kidney Injury in Rats 

RPC3 mutant rats were used to support the pharmacological 
nhibition of TRPC3. qPCR confirmed amplification of TRPC3 in 

T but not KO kidney samples ( Figures 7 A and B). Day and night
rterial pr essur e and heart r ate w er e unalter ed in WT v ersus KO
 ats ( F igures 7 C–E). Baseline kidney function (GFR and plasma
r eatinine) w as also unc hanged in the r ats ( F igures 7 F and G). 

ndothelin-1-induced Activ a tion of TRPC3 Channels, 
AP Ele v a tion, and Decreases in Renal Perfusion Are 

eversed in TRPC3 KO Rats 

ndothelin-1-induced cation currents in renal vascular SMC of 
T r ats ( F igures 8 A and B). By contr ast, ET-induced cation cur-

 ents wer e a bolished in KO rat r enal v ascular SMC ( Figur es 8 C
nd D). Similarly, ET-1-induced contraction of renal arteries was 
iminished in the KO rats ( Figures 8 E and F). Renal hypoperfu-
ion (decreased cortical perfusion and RBF) and MAP and RVR 

ncreases elicited by direct renal artery infusion of ET-1 were 
ssentiall y a br ogated in KO r ats ( F igures 8 G–J). 

RPC3 KO Mitigates Rhabdomyolysis-Induced AKI 

o explore whether the KO of TRPC3 channels protects against 
habdom y olysis-induced AKI, TRPC3 WT and KO r ats w ere 
ubjected to gl ycer ol-induced rha bdom y olysis. Tw enty-four- 
our rhabdom y olysis led to comparable increases in urinary 
T-1 production in WT and KO rats ( Figure 9 A). However, 
habdom y olysis-induced reduction in GFR and elevations in 

UN and plasma creatinine were all attenuated in the KO rats 
 Figures 9 B–D). Similarly, rhabdom y olysis-induced morphologi- 
al kidney damage was diminished in the KO r ats ( F igures 9 E
nd F). Statistically, we found interactions between TRPC3 gene 
O (row factor) and glycerol treatment/rhabdom y olysis (column 

actor), P = < 0.0001, 0.0002, < 0.0001 for BUN, plasma creatinine, 
nd histopathology data, suggesting an influence of gene KO 

n the effect of gl ycer ol. The effect of gene KO was not signif-
cant in ET-1 production but was significant in other measures: 
 = 0.0049, < 0.0001, 0.0002, and < 0.0001 for GFR, BUN, plasma
reatinine, and histopathology data, respectively, suggesting an 

nfluence for gene KO on the degree of AKI following glycerol 
njection. The effect of rhabdom y olysis was highly significant ( P 
 < 0.0001) in all measures evaluated. 

l ycerol-induced Rhabdom yol ysis Is Not 
ex-Dependent 

e e xplored se x differ ences in rha bdom y olysis and the asso-
iated kidney injury. Both males and females exhibited com- 
ara b le myoglobin uria 24 h after gl ycer ol injection ( Figur e 10 A).
l ycer ol-induced GFR decr ease w as similar in male and female
 ats ( F igure 10 B). Other markers of AKI show the same trend,
ith significant increases in plasma creatinine and b lood ur ea 
itrogen (BUN) in both sexes ( Figures 10 C and D). No interac-
ion was found between sex and glycerol treatment, P = 0.95, 
.261, 0.722, and 0.458 for urine m y oglobin, GFR, plasma creati- 
ine, and BUN, r especti v el y. The effect of sex is not significant
ith P = 0.913, 0.329, 0.696, and 0.518 for urine m y oglobin, GFR,
lasma creatinine, and BUN, respectively. The effect of rhab- 
om y ol ysis w as significant, with P = 0.0007 for urine m y oglobin
nd P < 0.0001 for GFR, plasma creatinine, and BUN. Histological 
nalyses indicated comparable tubular necrosis, dilatation, and 
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Figure 7. Baseline vascular and kidney functions are unaltered in TRPC3 mutant rats (SS background). (A) and (B) Gel image and qPCR showing the absence of TRPC3 

in the mutant rats. (C–E) Day and night recordings, as well as average MAP and heart rate in TRPC3 WT and KO rats ( n = 4). Av era ge GFR (F), and plasma creatinine (G) 
in TRPC3 WT and KO rats ( n = 6). ∗P < 0.05 vs. TRPC3 WT (unpaired t -test). 
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ast formation in gl ycer ol-tr eated male and female rats ( Figures
1 A and B). 

iscussion 

his paper examined pr eviousl y unexplor ed conce pts, including
enal ECE-1 generation and subsequent ET-1 production in rhab-
om y ol ysis, the inv olv ement of v ascular SMC TRPC3 channels

n rhabdom y olysis-induced AKI, and post-injury amelioration
f rhabdom y olysis-induced AKI by inhibition of ET-1-dependent
 asor e gulation. F indings suggest that: (1) rhabdom y olysis stim-
lates r enal ECE-1-de pendent ET-1 pr oduction; (2) TRPC3 medi-
tes ET-induced renal artery contraction; (3) post-injury inhi-
ition of ET-1 biosynthesis and TRPC3 channels ameliorate
habdom y olysis-induced AKI; and (4) the severity of gl ycer ol-
nduced AKI in male and female rats is compara b le. 

Rapid vasoconstriction of pre- and post-glomerular vessels
eading to a significant reduction in RBF and GFR are crit-
cal factors in gl ycer ol-mediated r enal insufficiency. 37 , 38 Kid-
e y injury se verity increases with the RBF decline. 39 Here,
habdom y olysis-induced AKI in glycerol-treated rats correlated
ith RBF reduction and RVR increase, supporting the concept
f persistent renal vasoconstriction caused b y kidne y accumu-
ation of m y oglobin. Increased production of ET-1, a potent
asoconstrictor, has been demonstrated in m y oglobin-treated
lomerular mesangial cells and the plasma of rats subjected
o gl ycer ol-induced rha bdom y olysis. 9 How ever, this study is the
rst to show that a rhabdom y olysis-induced increase in ET-
 level depends on an upstream increase in protease ECE-1.
n addition to renal vascular endothelial cells, tubular epithe-
ial cells are a significant source of renal endothelin synthe-
is. 40–42 Zager and colleagues showed that within 24 h of unilat-
r al renal isc hemia-reperfusion injury, kidney cortex ET-1 mRNA
 as elev ated 4-fold and, in tw o w eeks, increased to > 10-fold

ompared to non-ischemic kidneys. 43 We speculate that tubular
ells, especially those of the proximal tubule and the collecting
uct, play a role in endothelin-mediated AKI. Increased vascu-

ar endothelial and tubular ET-1 production in rhabdom y olysis
ay cause vasoconstriction, a subsequent reduction in GFR, and

ssociated AKI. 
Since urinary ET-1 is mainly of renal origin, 44 , 45 we mea-

ur ed urinar y ECE-1 and ET-1 lev els in rats subjected to rhab-
om y ol ysis. Incr eased r enal pr oduction of ECE-1 and ET-1 occurs
s early as 6 h after glycerol injection, sustained up to 24 h,
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Figure 8. Endothelin-1-induced cation curr ents, r enal arter y contraction, kidne y h ypoperfusion, and MAP incr ease ar e lessened in TRPC3 KO rats. (A–D) Re pr esentati v e 
tr acings and gr aphs showing ET-1 (100 n m )-induced cation currents in SMCs isolated from TRPC3 WT and KO rat renal arteries ( n = 3 animals each). (E) and (F) Tracings 

and bar charts showing ET-1 (10 n m )-induced contraction in TRPC3 WT and KO rat renal arteries ( n = 7). (G–J) Charts illustrating ET-1 (10 ng/kg/min) effects on renal 
cortical perfusion, RBF, MAP, and RVR in TRPC3 WT ( n = 4) and KO rats ( n = 5). ∗P < 0.05 vs. ET-1/TRPC3 WT (unpaired t -test). 
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nd is associated with AKI. Inhibiting ECE-1 r educed r enal ET- 
 production and mitigated AKI. These data suggest that m y o- 
lobin is a robust stimulant of ECE-1-dependent ET-1 biosyn- 
hesis in the kidney. Myoglobin causes oxidati v e str ess via the 
ccumulation of oxyradicals in the kidney. 8 , 46 Reacti v e oxygen 

pecies are a potent driver of ET generation. 17 , 47 Treatment 
f renal epithelial cells with H 2 O 2 generator glucose oxidase 

ncr eased ECE-1-de pendent cellular ET pr oduction. 42 Concei v- 
 b l y, R OS is the link betw een m y oglobin and renal ET biosynthe-
is. However, ET itself can generate ROS, 17 indicating the cen- 
ral role of ROS in the vicious cycle of the renal pathophysiology 
f ET. 

Endothelin r ece ptors ET A and ET B ar e coupled to G-pr oteins 
nd, when acti v ated by ET, trigger a cascade of events that 
ontrol intracellular Ca 2 + levels and vascular reactivity. 48–50 G- 
r otein-coupled r ece ptor acti v ation initiates phosphoinositide 
ydr ol ysis, r esulting in inositol triphosphate (IP 3 ) and diacyl- 
l ycer ol (DAG). 51 Inositol triphosphate subsequently binds to 
 ece ptors on the sarcoplasmic reticulum (SR) to facilitate Ca 2 + 

 elease fr om the SR Ca 2 + stor e. De pleting Ca 2 + fr om the SR stor e
riggers extracellular Ca 2 + influx via store-operated Ca 2 + chan- 
els. 52–54 Diacylgl ycer ol can incr ease intracellular Ca 2 + inde- 
endent of store-operated channels, as it acti v ates r ece ptor- 
per ated Ca 2 + c hannels on the plasma membr ane , resulting in 
hannel opening and Ca 2 + influx. 53 , 55 Both store- and r ece ptor- 
per ated c hannels are known to include the TRPC channels. 55 , 56 

RPC proteins constitute a family of seven (TRPC1-7) nonse- 
ecti v e cation channels, but only TRPC 1, 3, 4, 5, and 6 are
xpressed in rat renal vessels. 57 Of the lot, TRPC3 is predomi- 
ant. 57 Endothelin-1 acti v ates TRPC3 in the cerebral and mesen- 
eric arteries. 20 , 21 A recent study demonstrated that ET stim- 
lates r ece ptor-operated Ca 2 + entr y via TRPC3 in swine r enal
icr ov essels. 42 Findings her e show that the TRPC3 b locker 

yr3 diminished ET-1-induced cation currents in renal vascu- 
ar SMCs. Similarly, Pyr3 blunted ET-1-induced renal arteries 
ontraction, consistent with a previous study in rat mesenteric 
rteries. 20 

Rhabdom y olysis cannot reasonably be predicted. Therefore, 
tudies on prophylactic intervention may have limited clini- 
al significance. Thus, the importance of this study includes 
he findings that pharmacological interventions that target ET 

iosynthesis and downstream mechanisms of vascular reactiv- 
ty attenuated AKI after rhabdom y olysis had developed. Intraar- 
erial infusion of CGS 35066, a selecti v e ECE-1 inhibitor at 
0 mg/kg alongside an angiotensin-converting enzyme (ACE) 
nhibitor, decreased MAP in spontaneously hypertensive rats, 
uggesting a synergy between the ET system and the renin- 
ngiotensin system in maintaining b lood pr essur e. 58 Similarl y, 

art/zqad022_f8.eps


10 Function , 2023, Vol. 4, no. 4 

Figure 9. Genetic a b lation of TRPC3 channels mitigates rhabdom y olysis-induced AKI. Urine ET-1 (A) levels in saline (Ctrl)- and gl ycer ol (Rha bdo)-tr eated TRPC3 WT 
and KO rats ( n = 5). Glomerular filtration rate (B), BUN (C), and plasma creatinine (D) in TRPC3 WT and KO Ctrl and Rhabdo rats ( n = 6). (E and F) Staining of kidney 
sections (arrows indicate tubular injury), and combined injury score in Ctrl and Rhabdo TRPC3 WT and KO rats ( n = 6). ∗P < 0.05 vs. Ctrl; # P < 0.05 vs. TRPC3 WT rhabdo 

(two-way ANOVA, with Tukey post hoc test); bar = 100 μm. 

Figure 10. Tw enty-four-hour rhabdom y olysis causes comparable AKI in male and female r ats. (A) Urine m y oglobin levels in saline (Ctrl)- and gl ycer ol (Rha bdo)-tr eated 

male (M) and female (F) rats ( n = 4). (B–D) Twenty-four-hour GFR, plasma creatinine, and BUN in Ctrl and Rhabdo M and F rats ( n = 6). # P < 0.05 vs. Ctrl (two-way ANOVA, 
with Tukey post hoc test). 
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rappani and colleagues demonstrated CGS 35066’s selectiv-
ty and near-total efficacy in blocking ET-1-induced elevation
n MAP. 26 Bosentan, a double ET A /ET B receptor antagonist, has
een shown to inhibit the pr essor r esponse to ET-1 for up to
4 h at 100 mg/kg. 25 Similar doses have demonstrated therapeu-
ic potential in animal models of acute lung injury, pulmonary
ypertension, and de pr ession, principall y via ET-1 anta go-
ism. 59–61 Post-injury administration of Pyr3 improved neuro-

ogical indices following intr acerebr al hemorrhage in mice, pri-
arily by inhibiting the thrombin-induced opening of TRPC3

hannels and Ca 2 + influx in astrocytes. 62 In selecting the phar-
acolog ical ag ents, we targ eted the upstr eam and downstr eam
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Figure 11. Histopathology indicates that rhabdom y olysis causes comparable kid- 
ney damage in male and female rats. (A) Hematoxylin and eosin staining of kid- 

ney sections (arrows indicate tubular injury) and (B) combined injury score in 
saline (Ctrl)- and gl ycer ol (Rha bdo)-tr eated male (M) and female (F) rats ( n = 6 
each). # P < 0.05 vs. Ctrl (two-way ANOVA, with Tukey post hoc test); bar = 100 μm. 
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ignaling inv olv ed in ET-1-de pendent r enal v asor egulation to 
r ovide clinicall y r elev ant therapies. 

A limitation of most pharmacological modulators of ion 

hannels is non-selectivity. To strengthen pharmacological data 
n the inv olv ement of TRPC3 channels in rha bdomyol ysis- 

nduced AKI, TRPC3 mutant rats were used. Since the rats were 
enerated on Dahl SS background, we examine baseline arte- 
ial pr essur e and r enal injur y indices in the r ats. Six-w eek-old
RPC3 WT and KO fed a regular low-salt diet showed compara- 
le MAP, GFR, heart r ate , and plasma cr eatinine lev els. Howev er,
T-induced cation currents, renal artery contraction, increase in 

cute MAP and RVR, and renal hypoperfusion were all lessened 

n the KO rats. Rha bdomyol ysis-induced AKI w as also signifi- 
antly diminished in TRPC3 KO rats, confirming for the first time, 
sing pharmacological and genetic approaches, that the ET-1- 
RPC3 nexus is inv olv ed in kidney hypoperfusion and injury fol- 

owing rhabdom y olysis. 
Ther e ar e significant sex differences in the etiology, patho- 

hysiology, and outcomes of car dio vascular and kidney dis- 
ases. 63–66 Several animal studies demonstrate sexual dimor- 
hism in the degree of kidney injury following ischemia, 
ith the female sex confirmed as a r enopr otecti v e v aria b le
n ischemic AKI. 67–71 Glomerular filtration rate is a sensiti v e 
ndicator of renal insufficiency in exertional rhabdom y olysis. 72 

morim et al. found that although males exhibited more signif- 
cant creatine kinase activity post-exercise than females, GFR 

eduction showed no differences across sexes. 73 A literature 
ear c h r ev ealed that sex-de pendent v aria bility had not been
sta b lished in gl ycer ol-induced rha bdom y ol ysis. Her e, ther e
ere no significant differences in glycerol-induced m y oglobin- 
ria (indicati v e of m uscle dama ge), GFR r eduction, and incr eases

n plasma creatinine, BUN, and kidney damage in male com- 
ared with female rats, suggesting the lack of sex-dependent 
ariation in rhabdom y olysis and AKI induced by glycerol. 

In summary, the findings in this study suggest that 
CE-1-dri v en ET-1 production and downstream activa- 
ion of TRPC3-de pendent v asoconstriction contribute to 
habdom y olysis-induced AKI. Hence , post-injury inhibition of 
T-1-de pendent v asor egulation may pr o vide therapeutic tar gets 
or rhabdom y olysis-induced AKI. 
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