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Background—Atherosclerotic renal artery stenosis reduces renal blood flow (RBF) and amplifies stenotic kidney hypoxia.
Revascularization with percutaneous transluminal renal angioplasty (PTRA) and stenting often fails to recover renal function,
possibly because of ischemia/reperfusion injury developing after PTRA. Elamipretide is a mitochondrial-targeted peptide
that binds to cardiolipin and stabilizes mitochondrial function. We tested the hypothesis that elamipretide plus PTRA would
improve renal function, oxygenation, and RBF in patients with atherosclerotic renal artery stenosis undergoing PTRA.
Methods and Results—Inpatient studies were performed in patients with severe atherosclerotic renal artery stenosis scheduled
for PTRA. Patients were treated before and during PTRA with elamipretide (0.05 mg/kg per hour intravenous infusion,
n=6) or placebo (n=8). Stenotic kidney cortical/medullary perfusion and RBF were measured using contrast-enhanced
multidetector CT, and renal oxygenation by 3-T blood oxygen level−dependent magnetic resonance imaging before and 3
months after PTRA. Age and basal glomerular filtration rate did not differ between groups. Blood oxygen level−dependent
imaging demonstrated increased fractional hypoxia 24 hours after angiography and stenting in placebo (+47%) versus
elamipretide (−6%). These were reverted to baseline 3 months later. Stenotic kidney RBF rose (202±29–262±115 mL/min;
P=0.04) 3 months after PTRA in the elamipretide-treated group only. Over 3 months, systolic blood pressure decreased, and
estimated glomerular filtration rate increased (P=0.003) more in the elamipretide group than in the placebo group (P=0.11).
Conclusions—Adjunctive elamipretide during PTRA was associated with attenuated postprocedural hypoxia, increased
RBF, and improved kidney function in this pilot trial. These data support a role for targeted mitochondrial protection to
minimize procedure-associated ischemic injury and to improve outcomes of revascularization for human atherosclerotic
renal artery stenosis.
Clinical Trial Registration—URL: https://www.clinicaltrials.gov. Unique identifier: NCT01755858.  
(Circ Cardiovasc Interv. 2017;10:e005487. DOI: 10.1161/CIRCINTERVENTIONS.117.005487.)
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A

therosclerotic renal artery stenosis (ARAS) reduces
renal blood flow (RBF) and ultimately accentuates tissue hypoxia.1 Although the kidneys can adapt to moderate
reductions in blood flow without major loss of oxygenation,2
severe reductions in RBF eventually lead to vascular rarefication, inflammatory injury, and tissue fibrosis, which has been
designated ischemic nephropathy.3 Severe degrees of vascular
occlusion are associated with overt cortical hypoxia,1,4 oxidative stress, and loss of renal function.5–7 Many of these changes
fail to reverse after restoring vessel patency alone.7,8

some patients treated with stent revascularization achieve
lower blood pressures and reduced medication requirements, kidney function infrequently improves and sometimes
declines.9–11 These observations raise concerns that abrupt
reperfusion may induce a form of ischemia/reperfusion injury
(IRI) in the kidney.
Experimental studies in swine ARAS suggest that renal
revascularization triggers the release of inflammatory cytokines such as monocyte chemoattractant protein (MCP)-112
from the stenotic kidney (SK). MCP-1 is a primary mediator of inflammation, fibrosis, and microvascular rarefaction
induced by hypertension.13 Abrupt reperfusion can amplify
tissue injury by upregulating inflammation and oxidative
stress14 characterized by rapid swelling and fragmentation

See Editorial by Kloner
The clinical benefits of revascularization procedures to
restore blood flow in ARAS remain ambiguous. Although
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WHAT IS KNOWN

•

Reduced kidney function from ARAS often fails to
recover after revascularization. Elamipretide is a mitochondria-targeted peptide shown to protect against
experimental ischemic renal injury and improves renal outcomes after revascularization in experimental
ARAS.

WHAT THE STUDY ADDS

•
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•

•

Elamipretide during PTRA attenuated renal hypoxia
developing 24 hours after contrast imaging and renal
artery stent revascularization. Cortical blood flow and
estimated glomerular filtration rate increased in the
elamipretide group when measured 3 months later.
Adjunctive elamipretide during PTRA was associated with increased peripheral venous levels of G1 cell
cycle arrest markers IGFBP-7*TIMP-2 at 24 hours
after stenting.
The rise of IGFBP-7 and TIMP-2 at 24 hours in the
elamipretide group may reflect a protective role in
the face of contrast and procedural hazards.

of mitochondria in the renal proximal tubule,15 sustained
energetic deficits,16 and activation of cell death pathways.17
Increased mitochondrial reactive oxygen species production
is thought to be a major mechanism in the pathogenesis of
IRI.18 Reactive oxygen species cause peroxidation and loss of
cardiolipin,19 a phospholipid found in the inner mitochondrial
membrane, leading to mitochondrial dysfunction.20 Kidney
ischemia is recognized to induce disruptions in mitochondrial function and ATP generation that can be partially abrogated by agents that stabilize mitochondrial cardiolipin.21,22
Experimental studies have shown that cardiolipin protection
before and during angioplasty (percutaneous transluminal
renal angioplasty [PTRA]) attenuates IRI-induced apoptosis
and oxidative stress in animal models.12
Elamipretide (also known as MTP-131 or Bendavia) is a
small peptide that targets the mitochondrial matrix independent of
membrane potential, preventing peroxidation of cardiolipin.14,23,24
Elamipretide has demonstrated potential for attenuating IRI
in experimental models of acute kidney injury and improving
kidney outcomes and restoring renal function after PTRA in
experimental ARAS.12 However, its capability to modify outcomes after restoration RBF in humans with chronic renal ischemia is unknown. In this pilot study, we tested the hypothesis
that elamipretide infusion immediately before and during renal
revascularization would improve renal function, oxygenation,
and RBF in ARAS patients undergoing PTRA with stenting.

Methods
Patient Selection
In this phase 2a, randomized, double-blinded, placebo-controlled pilot study, we enrolled 14 patients with severe ARAS (estimated by
renal artery Doppler ultrasound velocity acceleration [average peak
systolic velocity >375 cm/s]) between December 2012 and September

2015. Patients were scheduled for renal revascularization for clinical
indications, including resistant hypertension (systolic hypertension
>150 mm Hg and the use of at least 2 BP drugs) and declining renal
function. Exclusion criteria were the following: serum creatinine >2.5
mg/dL, renal disease requiring dialysis, significant medical conditions
(cancer, angina, or stroke) within the 6 months before administration
of the drug and serum sodium <135 mmol/L on the day of the PTRA.
Patients were admitted to the Clinical Research Unit at St. Mary’s
Hospital, Rochester, MN, for a 3-day inpatient protocol on 2 occasions
(before and 3 months after renal artery revascularization), as previously described.25 All received agents blocking the renin–angiotensin
system during these studies (angiotensin converting enzyme inhibitors
or angiotensin receptor blockers). Since many patients had bilateral
stenosis, 21 SKs were stented and available for analysis. Three patients had unilateral atrophic kidneys, leaving 4 nonstenotic (contralateral kidneys) available for analysis. Dietary intake was regulated at
150 mEq of sodium with an isocaloric diet prepared on site. Informed,
written consent was obtained as approved by the institutional review
board of the Mayo Clinic. During PTRA, patients were assigned randomly to either elamipretide (0.05 mg/kg per hour, n=6) or identically
prepared placebo (n=8) infusion, which started 30 minutes before
PTRA. All study personnel and patients were blinded to treatment.

Renal Function and Blood Pressure Measurements
The morning of first study day included measurement of glomerular
filtration rate (GFR) by iothalamate clearance (iothalamate meglumine, Conray, Mallinckrodt) after oral hydration (20 mL/kg) over
three 30-minute timed collection periods.26,27 Blood pressure was measured by automated oscillometric recordings, including 3 values taken
3× daily (an automated oscillometric unit, Omron blood pressure,
measured blood pressure at 5, 7, and 9 minutes after a 5-minute rest).

Renal Oxygenation Determined by Blood Oxygen
Level−Dependent Magnetic Resonance Imaging
On the afternoon of the first and third days, blood oxygen
level−dependent (BOLD) magnetic resonance imaging examinations
were performed on a (GE Twin Speed Signa EXCITE) 3.0-T system
(GE Medical Systems, Waukesha, WI) using a 12-channel torso–
phased array coil.25 BOLD imaging consisted of a 2-dimensional fast
spoiled gradient echo sequence with multiple echo times. Parametric
images of R2* were generated by fitting signal intensity versus echo
time data to an exponential function on a voxel-by-voxel basis and
solving for R2*.28 After the first BOLD acquisition, furosemide (20
mg) was administered intravenously and flushed with 20 mL of saline. BOLD measurements for each kidney were repeated 15 minutes
later. Analysis of BOLD data was performed by drawing parenchymal
regions of interest on 2 to 4 slices through the midpole hilar region of
each kidney on representative T2*-weighted images and then transferring the region of interest to the corresponding R2* parametric image
as previously described.1 To determine the portion of measured kidney
area for which tissue hypoxia was present, we evaluated fractional tissue hypoxia by measuring the percentage of voxels from the wholekidney region of interest with R2* values >20 s−1 (on coronal images)
which mainly represents the medulla, taking the average of all available
slices.1 BOLD imaging was repeated 24 hours after renal artery stent
placement and during the return protocol admission 3 months later.

Cortical and Medullary Tissue Perfusion and
Blood Flow Measured by Multidetector Computed
Tomography
On the second study day, the common femoral vein was cannulated
with a 6F sheath and blood samples drawn from the right and left
renal veins with a 5F pigtail Cobra catheter (Cook, Inc, Bloomington,
IN). The catheter was then advanced into the right atrium for central
venous injection of contrast for flow studies using multidetector computed tomography (MDCT). For assessment of perfusion, MDCT
imaging was performed using a dual-source 64-slice helical MDCT
scanner (SOMATOM Definition, Siemens Medical Solutions) after a
bolus injection of iopamidol 370 (0.5 mL/kg up to a maximum of 40
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mL). Fifteen minutes after completion of the perfusion study, a kidney volume study (5-mm-thick slices) was performed in the helical
mode to determine both cortical and medullary regional volumes. To
calculate regional perfusions and volumes, images were reconstructed and displayed with the Analyze software package (Biomedical
Imaging Resource, Mayo Clinic, MN). Regions of interest were selected from cross-sectional images from the aorta, renal cortex, and
medulla. Average tissue attenuation in each region was plotted over
time and fitted by curve-fitting algorithms to obtain measures of renal
perfusion and function as described previously.29,30

Elamipretide Infusion and Safety Monitoring
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After completing MDCT imaging, patients were returned to the angiography suite where elamipretide or placebo infusion started for
30 minutes. All procedures were performed with the use of the same
technique. The right common femoral artery was accessed with 18
gauge, 7-cm angiographic needle (Cook, Bloomington, IN). A 6F or
7F vascular sheath (Terumo, Somerset, NJ) was placed in the artery
over a Bentsen guide wire (Cook). A 6F or 7F internal mammary
guide catheter (Boston Scientific, Natick, MA) was used to engage
the origin of the renal artery. Angiography was performed with 4 to
8 mL of Visipaque 320 (GE Healthcare, Princeton, NJ) to determine
the extent of stenosis. Patients were typically given a bolus of heparin
intravenously (50 U/kg of body weight) before the placement of the
stent. The elamipretide or placebo infusion continued for 3 hours.
After the stent deployment, a completion angiogram was performed
to exclude segmental or intrarenal occlusion. The total contrast volume for both MDCT and angiography was less than ≈100–120 mL.
Patients were followed for the next 24 hours after PTRA with serial measurements of vital signs, serum sodium, MCP-1 (monocyte
chemoattractant protein-1), IL-10 (interleukin-10), KIM-1 (kidney
injury molecule), TNF-α (tumor necrosis factor-α), IGFBP-7 (insulinlike growth factor-binding protein-7) or TIMP-2 (tissue inhibitor of
metalloproteinases-2), and NGAL (neutrophil gelatinase–associated
lipocalin). Collected samples were centrifuged, and the supernatant
stored at −80°C until measurement. NGAL and KIM-1(ng/mL) were
tested by ELISA according to the manufacturer’s protocol (BioPorto
Diagnostics, Cat no. KIT 036 and R&D systems, Cat no. DKM100,
respectively).The samples for IGFBP-7 were diluted 1:2 and tested
by ELISA (R&D systems, Cat no. KIT DY1334-05). The samples
for TIMP-2 were diluted 1:500 and tested by ELISA (Sigma-Aldrich,
lot no. RAB0472). Levels of TNF-α and MCP-1 were measured by
Luminex (Millipore, Cat no. MPXHCYTO-60K). Signals were read
by the Bio-plex 200 systems (BIO-RAD).

Statistical Analysis
Results were expressed using mean values and SD or median values (interquartile range), as appropriate. Qualitative variables were
expressed as number (percentage). Because several patients had bilateral disease and stenting, our analysis accounted for the clustering
within subjects by running repeated measures linear regression with
a random intercept for each patient. χ2 test or Fisher exact test was
used for categorical variables as appropriate. Comparisons between
individual kidneys before and after treatment and changes over time
in the 2 treatment groups were performed using repeated measures
models. Percent (%) change in SK-fractional hypoxia was calculated
as follows: ([(3-month SK-%R2*>20−baseline SK-%R2*>20)/baseline SK-%R2*>20]×100%). Statistical significance was accepted for
P≤0.05. Statistical analysis was performed using JMP software package version 8.0 (SAS Institute Inc, Cary, NC).

Results
Demographic Comparison Between ARAS Patients
Complete data were available for 14 ARAS patients included
in the elamipretide (n=6) and placebo (n=8) groups. The
demographic and clinical features of the patients studied are
summarized in Table 1. Age, sex, serum creatinine, GFR, and
blood pressure were not different between groups.

Table 1. Clinical, Laboratory, and Demographic Data of EH
ARAS Patients

Gender (%men)*

Elamipretide
(n=6)

Placebo (n=8)

P Value

3 (50%)

4 (50%)

0.99

Age, y

66.7±6.8

72.5±8.1

0.17

Creatinine, mg/dL

1.58±0.36

1.83±0.52

0.32

Iothalamate clearance, mL/min

46.8±24.5

43.6±12.3

0.99

Statins (yes/no) (%)*

5/1 (83%)

5/3 (63%)

0.58

No. of anti-HTN drugs†

3.5 (2, 5)

4 (2, 6)

0.44

SBP, mm Hg

154.2±16.3

155.2±19.5

0.92

DBP, mm Hg

79.2±9.1

72.5±15.4

0.33

Weight, kg

90.7±35.3

83.8±14.6

0.66

BMI, kg/m2

33±12.5

29.4±3.9

0.51

Hematocrit %

37.3±2.6

36.2±2.5

0.42

Mean±SD. ARAS indicates atherosclerotic renal artery stenosis; BMI, body
mass index; DBP, diastolic blood pressure; HTN, hypertensive; and SBP, systolic
blood pressure.
*Fisher exact test.
†Median (range) reported because of skewed data; P value obtained from
Wilcoxon rank-sum test.

Safety Monitoring: Sequential Measurements
After Elamipretide Infusion
All patients tolerated the single elamipretide infusion without
identified adverse clinical effects including fever, headache,
vomiting, hematuria, or allergic reactions. Over the 24 hours
after infusion of elamipretide, there were no changes in serum
creatinine or urine cytology.

Adjunctive Elamipretide During PTRA Was
Associated With Attenuated Postprocedural Hypoxia
Tissue oxygenation levels defined both by cortical R2* values
and fractional hypoxia did not differ between groups at baseline. Twenty-four hours after PTRA and contrast-enhanced CT,
overt cortical and fractional tissue hypoxia developed in both
groups in 9 patients (64%). The degree of poststenting hypoxia
was attenuated in the elamipretide group (fractional hypoxia
%R2*>20 s−1 from 45±17 to 52.4; P=0.42), whereas a rise was
observed in the placebo group (50.9±18.6–67.7±27.1; P=0.03;
Table 2). When expressed as percent (%) change from baseline, the SK-fractional hypoxia in the elamipretide group was
unchanged at 24 hours (−5.9%) but increased in the placebo
group (47%). These levels of tissue hypoxia reversed to baseline
levels at 3 months in both groups (Figure I in the Data Supplement). Representative BOLD images (R2* parametric maps)
illustrating the change in hypoxia in an SK from each treatment
group before and 24 hours after PTRA are illustrated in Figure 1.

Adjunctive Elamipretide During PTRA Was
Associated With Increased RBF and Cortical
Perfusion After 3 Months
Results from quantitative MDCT measurements of hemodynamics for individual SKs at baseline and after 3 months
are summarized in Table 3. The total SK volume did not
change in either placebo or elamipretide groups, whereas
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Table 2. Blood Oxygen Level−Dependent Magnetic Resonance Imaging for Stenotic Kidney Before and 24 Hours After
Revascularization Using Fractional Tissue Hypoxia and Cortical Regions of Interest Measurements
Elamipretide (n=10)
Single Kidney
Cortex R2*, s )
−1

Percent change in cortex R2* at 24 h

Fractional hypoxia (% R2* >20 s−1)

Percent change in fractional hypoxia
%>20 s−1 at 24 h

Placebo (n=11)

Baseline

After 24 h

Baseline

After 24 h

Pre-furosemide

19.4±2.7

20.1±4.4

19.9±3.4

24.4±6.2*

Post-furosemide

18.3±2.6†

19.8±5.1

19.5±3.9

23.7±6.8*†

Pre-furosemide

−3 (−10, 24.8)

13 (−0.5, 31.9)

Post-furosemide

−0.8 (−14.9, 37)

11.1 (−0.02, 39)

Pre-furosemide

45±17

52.4±28.9

Post-furosemide

31.9±12.8†

44.2±26.4†

Pre-furosemide

−5.9 (−34.5, 96.2)

47 (−2.2, 74.9)

Post-furosemide

13 (−31, 133.5)

44 (−48.4, 109.7)

50.9±18.6

67.7±27.1*

41±22.8†

58.3±36.6
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*P<0.05 vs baseline.
†P<0.05 vs pre-furosemide (from repeated measures regression model).

total RBF and cortical blood flow increased only in the
elamipretide group (Figure 2). Cortical perfusion in the
SKs rose in the elamipretide group (from 1.99±0.8 to 2.9±1
mL/min per mL of tissue; P=0.04) but remained unchanged
in the placebo group.

Adjunctive Elamipretide During PTRA Was
Associated With Increased GFR After 3 Months
Serum creatinine decreased 3 months after PTRA (from
1.58±0.36 to 1.4±1.34 mg/dL; P=0.0005) in the elamipretide
group and was unchanged in the placebo group (from 1.8±0.5
to 1.7±0.4 mg/dL; P=0.13). As a result, estimated GFR
increased (from 40.7±13.4 to 46.5±15 mL/min per 1.73 m2;
P=0.002) in the elamipretide group and (from 34.4±9.5 to
37±10.5 mL/min per 1.73 m2; P=0.24) in the placebo group
(Figure 3). Systolic blood pressure decreased (from 154±16 to
133±16.8 mm Hg; P=0.03) in the elamipretide group but less
(from 154±18.5 to 143.7±26; P=0.06) in the placebo group.

Adjunctive Elamipretide During PTRA Was
Associated With Transiently Increased Cell Cycle
Arrest Markers IGFBP-7×TIMP-2
Twenty-four hours after PTRA (reperfusion), peripheral vein
levels of IGFBP-7×TIMP-2 increased only in the elamipretide
group (Figure 4) but decreased again at 3 months, whereas
NGAL levels decreased at 24 hours in both groups then rose
up again to baseline levels at 3 months in both groups (Table I
in the Data Supplement). There were no changes in the IL-10,
MCP-1, and TNF-α levels.

Discussion
The results of this phase 2a, randomized, double-blinded, placebo-controlled pilot study indicate that adjunctive intravenous
elamipretide (a mitochondria-targeted peptide) during PTRA
attenuated renal hypoxia developing 24 hours after contrast
imaging and renal artery stent revascularization. Adjunctive
elamipretide was associated with increased cortical perfusion and RBF in the stented kidney after 3 months in patients

Figure 1. Examples of R2* parametric
maps (coronal plane) for subjects with
atherosclerotic renal artery stenosis
(ARAS) at baseline and 24 hours after
contrast imaging and percutaneous transluminal renal angioplasty (PTRA), obtained
using the same color scale for R2*, demonstrating the transient widespread tissue
hypoxia developed 24 hours after contrast imaging and renal stenting. Adjunctive elamipretide during PTRA attenuated
postprocedural hypoxia.
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Table 3. Multidetector CT Measurements of Individual Kidney Volume, Tissue Perfusion, Blood Flow, and
Iothalamate Filtration of SK
Elamipretide (n=10)

Placebo (n=11)

Single Kidney; SK

Baseline

3 mo

Baseline

3 mo

Total kidney volume (CT), mL

124.7±50

127.8±54

115.6±46.7

112.5±46.9

Cortical volume, mL

71.6±30.3

76±32

68.8±30.6

71.3±30.6

Medullary volume, mL

53.1±22

51.8±23

46.8±17.4

41.2±17.5

Cortical perfusion, mL/min per mL of tissue

1.99±0.8

2.9±1.04*

2.6±0.9

2.4±0.39

Medullary perfusion, mL/min per mL of tissue

0.75±0.37

0.95±0.4

0.92±0.4

0.89±0.2

Total renal blood flow, mL/min

202±129

261.7±115*

234±133

234±99

Cortical flow, mL/min

157±99

212±93.1*

189±111

194.9±87

44.6±36.9

49.7±35

45.1±27.7

39±15

Medullary flow, mL/min
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SK indicates stenotic kidney.
*P<0.05 vs baseline (paired t test and Wilcoxon signed-rank test).

with ARAS when compared with placebo. These changes in
the elamipretide-treated patients were associated with reductions in systolic blood pressure and greater increase in total
GFR. The results of this study support further development
of mitochondrial-targeted therapies to limit procedure-associated hypoxia and potentially to improve kidney functional
outcomes of revascularization in patients with ARAS.
Renal stenting alone often fails to restore kidney function in ARAS, as reported in multiple recent clinical trials.10,11
Our experimental studies in swine models of RAS demonstrate loss of microvascular structures31 that is magnified in
the atherosclerotic environment5,32,33 and correlates with loss
of GFR.8,34 Loss of cortical structural integrity appears in
part related to oxidative stress, ATP depletion, and mitochondrial damage,22,31 which do not reverse after revascularization alone.7,8 Although restoring blood flow may be needed to
prevent further ischemic damage, abrupt restoration of blood
flow also may injure cells that are hovering between life and
death.14 Abrupt reperfusion accentuates tissue injury by upregulating inflammatory signals like MCP-1, oxidative stress, or
other injurious pathways12 that define IRI. Reperfusion also
increases production of mitochondrial Ca2+ and reactive oxygen species, opening the mitochondrial permeability transition
pore in the inner mitochondrial membrane, leading to release

of cytochrome c into the cytosol and cardiolipin peroxidation.35,36 Cardiolipin is a bisphosphatidyl glycerol lipid exclusively distributed in the inner mitochondrial membrane that
regulates multiple mitochondrial activities, including electron
transport chain assembly and function, ATP biosynthesis, and
apoptosis.37 The changes instigated during IRI in turn may
induce mitochondrial dysfunction, apoptosis, inflammation,
fibrosis, and renal dysfunction.
Elamipretide is a tetrapeptide that selectively concentrates in the inner mitochondrial membrane, where it binds
to and stabilizes cardiolipin and prevents its peroxidation.22
This facilitates electron transport and inhibits mitochondrial
permeability transition pore opening, attenuating apoptosis
and experimental myocardial IRI.22,38 Infusion of elamipretide
during revascularization of the stenotic renal artery in swine
ARAS reduces oxidative stress, tubular damage, and inflammation, thereby improving revascularization outcomes.12
Previous studies in human ARAS have identified the development of widespread transient renal hypoxia lasting at least 24
hours after contrast imaging and PTRA.39 Our results extend
the experimental studies of mitochondrial protection with
elamipretide to human subjects. These data demonstrate that
elamipretide reduced postprocedural hypoxia, as measured by
BOLD magnetic resonance imaging 24 hours after PTRA.

Figure 2. Adjunctive elamipretide during percutaneous transluminal renal angioplasty (PTRA) was associated with increased renal blood
flow (RBF; mL/min; A) at 3 months (P<0.05) and cortical perfusion (mL/min/cc of tissue; B).
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Figure 3. Adjunctive elamipretide during percutaneous transluminal renal angioplasty (PTRA) was associated with a greater rise in estimated GFR and decline in systolic blood pressure after 3 months when compared with placebo-treated subjects.
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Remarkably, peripheral vein levels of IGFBP-7 and TIMP-2
rose after imaging and PTRA in the elamipretide group.
IGFBP-7 and TIMP-2 have been proposed as markers in early
diagnosis and prognostic prediction in acute kidney injury.40,41
Both participate in G1 cell cycle arrest. When cell damage
occurs from ischemia or sepsis, renal tubular cells enter a short
period of G1 cell cycle arrest that prevents cells from dividing until the damage has been repaired.42 We speculate that the
rise of IGFBP-7 and TIMP-2 at 24 hours in the elamipretide
group may reflect a protective role in the face of contrast and
procedural hazards. The precise actions and role of NGAL in
ARAS remain incompletely understood. While often presented
as a marker of acute injury, NGAL itself is an anti-inflammatory cytokine that may limit tissue injury.43 Administration of
NGAL provides structural and functional protection in animal
models and participates in regeneration and repair processes
observed after injury.44 We interpret our results demonstrating
a rise of G1 cell cycle arrest markers and transient reductions
in peripheral NGAL after imaging and PTRA in patients with
chronic renal ischemia may have limited reperfusion injury.
These changes in the elamipretide group were associated with
reduced acute changes in tissue hypoxia and no evidence of
tissue injury (as reflected by NGAL and creatinine).
Taken together, we interpret the enhanced kidney perfusion,
blood flow, and recovery of GFR in the elamipretide group after
renal artery stenting to support a role for mitochondrial protection in this condition. These data extend results in experimental

swine ARAS studies, in which mitochondrial biogenesis was
upregulated in post-SKs of pigs treated with elamipretide,
whereas oxidative stress, apoptosis, microvascular loss, and tissue injury were ameliorated 4 weeks after revascularization.12
Administration of elamipretide protects against reperfusion injury in several models of cardiac injury.45 It also
improves post-myocardial infarction cardiac function, prevents infarct expansion and adverse left ventricular remodeling, and reduced reactive oxygen species and cardiomyocytes
apoptosis in the noninfarcted myocardial infarction border in
rats.46 Experimental studies of elamipretide infusion during
renal revascularization improves myocardial mitochondrial
biogenesis, cardiac function, and oxygenation and attenuates
myocardial remodeling 4 weeks later.47 Elamipretide also prevents cardiac remodeling and diastolic dysfunction in a mouse
model of angiotensin-II–induced cardiomyopathy.38 These
studies suggest a potential for this compound to attenuating
hypertensive myocardial injury. Despite efficacy in animal
models, administration of elamipretide to patients with first
time anterior ST-segment elevation myocardial infarction
10 minutes before percutaneous coronary intervention was
not associated with a decrease in myocardial infarct size as
assessed by AUC0-72 of creatinine kinase-MB enzyme46.
The reasons for the lack of benefit after cardiac reperfusion
are not clear. These differences underscore potential differences in injury associated with cardiac and renal reperfusion,
as well as major species effects.

Figure 4. Adjunctive elamipretide during percutaneous transluminal renal angioplasty (PTRA) was associated with increased peripheral vein
levels of IGFBP-7 (insulin-like growth factor-binding protein-7)*TIMP-2 (tissue inhibitor of metalloproteinases-2) at 24 hours after stenting
(P<0.05) that fell after 3 months. Neutrophil gelatinase–associated lipocalin (NGAL) levels fell transiently after 24 hours in both groups.
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This study has limitations. It has relatively small number of
patients. Enrolled patients were selected for revascularization
based on clinical criteria. Revascularization and contrast injection were performed as part of a single procedure and either
or both could contribute to the development of tissue hypoxia
after 24 hours. Half the patients had bilateral stenosis with
slightly less renal function. The BOLD magnetic resonance
imaging parameter, R2* used as a marker for tissue Po2, can be
affected slightly by variations in R2 (=1/T2) due to changes in
water content,48 although our patients were uniformly hydrated.
Although the second BOLD magnetic resonance imaging was
done 24 hours after contrast administration, we cannot exclude
the possibility that some contrast retention within the kidney could affect the R2.49 Studies of water loading in normal
volunteers demonstrated a change in cortical R2 of 0.72 s−1,
whereas R2* fell by 1.36 s−1. The observed cortical changes
in R2* in our patients were considerably greater (averaged 4.5
s−1) making it likely that R2 changes alone would be minor.
Future studies might include R2 mapping to allow for better
interpretation of changes observed with R2*.48

7.

8.

9.

10.

11.

12.

Conclusions
Our results indicate that transient hypoxia developing after renal
artery stenting was attenuated by elamipretide in patients with
ARAS. Adjunctive elamipretide before and during PTRA was
associated with increased RBF and cortical perfusion, and estimated GFR by 3 months later, that were not apparent in control
subjects. These pilot data support a role for targeted mitochondrial protection to improve outcomes of PTRA for human ARAS.
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