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ARTICLE INFO ABSTRACT

Keywords: Background: Renal ischemia-reperfusion injury (IRI) is a major factor contributing to acute kidney injury and it is
Acute kidney injury associated with a high morbidity and mortality if untreated. Renal IRI depletes cellular and tissue adenosine
Prostacyclin triphosphate (ATP), which compromises mitochondrial function, further exacerbating renal tubular injury.
T;g;::;:;dna Currently, no treatment for IRI is available. This study investigates the protective role of treprostinil in improving
mitochondria biogenesis and recovery during rat renal IRIL.
Methods: Male Sprague Dawley rats were randomly assigned to groups: control, sham, IRI-placebo or IRI-
treprostinil and subjected to 45 min of bilateral renal ischemia followed by 1-72 h reperfusion. Placebo or
treprostinil (100 ng/kg/min) was administered subcutaneously via an osmotic minipump.
Results: Treprostinil significantly reduced peak elevated serum creatinine (SCr) levels and accelerated normali-
zation relative to IRI-placebo (p < 0.0001). Treatment with treprostinil also inhibited IRI-mediated renal
apoptosis, mitochondrial oxidative injury (p < 0.05), and the release of cytochrome c (p < 0.01) vs. IRI-placebo.
In addition, treprostinil preserved renal mitochondrial DNA copy number (p < 0.0001) and renal ATP levels (p <
0.05) to nearly those of sham-operated animals. Non-targeted semi-quantitative proteomics showed reduced
levels of ATP synthase subunits in the IRI-placebo group which were restored to sham levels by treprostinil
treatment (p < 0.05). Furthermore, treprostinil reduced renal IRI-induced upregulated Drpl and pErk protein
levels, and restored Sirt3 and Pgc-1a levels to baseline (p < 0.05).
Conclusions: Treprostinil reduces mitochondrial-mediated renal apoptosis, inhibits mitochondria fission, and
promotes mitochondria fusion, thereby accelerating mitochondrial recovery and protecting renal proximal tu-
bules from renal IRI. These results support the clinical investigation of treprostinil as a viable therapy to reduce
renal IRL

1. Introduction conditions, the lack of oxygen inhibits Na*-K*-ATPase activity which
increases intracellular Na* and attracts intracellular water, resulting in

Renal ischemia-reperfusion injury (IRI) is a multifactorial process cellular edema and apoptosis [1,2]. Excessive apoptosis contributes to
and a major cause of acute kidney injury (AKI). During ischemic the loss of renal proximal tubular cells and exacerbates IRI-induced AKI

Abbreviations: IRI, Ischemia-reperfusion injury; AKI, Acute kidney injury; PGI,, Prostacyclin; SCr, Serum creatinine; mtDNA, Mitochondrial DNA; TUNEL, Ter-
minal deoxynucleotidyl transferase dUTP nick end labeling; PAS, Periodic acid-Schiff staining reaction; CAT, Catalase; SOD, Superoxide dismutase; GSH, Gluta-
thione; Nqol, NAD(P)H dehydrogenase (quinone 1); Gele, Glutamate-cysteine ligase catalytic subunit; Drpl, Dynamin related protein 1; Mff, Mitochondrial fission
factor; Mfnl, Mitofusin-1; Mfn2, Mitofusin-2; Opal, Mitochondrial Dynamin Like GTPase; Sirt3, NAD-dependent deacetylase sirtuin-3; pErkl/2, Phosphorylated
extracellular signal-regulated kinases; Pgc-1a, Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; Cox IV, Cytochrome c oxidase subunit IV;
SWATH-MS, Sequential windowed acquisition of all theoretical fragment ion mass spectra.

* Correspondence to: University of Rhode Island, Avedisian Hall 395K, 7 Greenhouse Road, Kingston, RI 02881, USA.

E-mail address: nghonem@uri.edu (N.S. Ghonem).

https://doi.org/10.1016/j.biopha.2021.111912

Received 6 April 2021; Received in revised form 22 June 2021; Accepted 6 July 2021

Available online 15 July 2021

0753-3322/© 2021 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:nghonem@uri.edu
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2021.111912
https://doi.org/10.1016/j.biopha.2021.111912
https://doi.org/10.1016/j.biopha.2021.111912
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopha.2021.111912&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Ding et al.

[3]. One of the early and major targets of renal IRI is the depletion of
adenosine triphosphate (ATP), which disrupts mitochondria structure
and function. As the master energy producer enriched in renal proximal
tubular cells [4,5], mitochondria play a central role in kidney function
[6].

Mitochondrial homeostasis is maintained by the balance of fission
and fusion, which is disrupted during renal IRI. Renal IRI activates
fission by the translocation of dynamin related protein 1 (Drpl) to
accumulate on the outer membrane of mitochondria causing mito-
chondrial fragmentation [7]. Normally, mitochondrial fusion compen-
sates for the loss of mitochondria to maintain the number of functional
healthy mitochondria [8], however, a lack of mitochondrial fusion
during renal IRI exaggerates fission-mediated mitochondria fragmen-
tation [9,10]. Consequently, cytochrome c is released from the mito-
chondrial membrane and into the cytosol [3,11], triggering
mitochondria-mediated apoptosis. Maintaining mitochondrial homeo-
stasis is essential to reduce apoptosis and improve the kidneys recovery
from renal IRI

Mitochondrial biogenesis, the generation of new functional mito-
chondria, require sufficient ATP to meet the energy demands of the
kidney, especially renal proximal tubular cells [12]. However, the low
turnover of mitochondria during renal IRI depletes ATP, ultimately
leading to irreversible kidney damage. Mitochondrial biogenesis is pri-
marily regulated by peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (Pgc-la), and targeting Pgc-la accelerates mito-
chondria recovery, thereby expediting proximal tubule repair after renal
IRI [13,14]. In fact, promoting mitochondrial biogenesis by induction of
Pgc-1a may be a pharmacological approach to treat renal IRI-induced
AKI [15]. Previously, we demonstrated that treprostinil (Remod-
ulin®), an FDA-approved prostacyclin (PGIy) analog, attenuates rat
renal IRI [16]. This study investigates the renoprotective role of tre-
prostinil in reducing mitochondria-mediated injury through the
Drpl/Sirt3/Pgc-1o pathway during rat renal IRIL

2. Materials and methods
2.1. IRI Animal model

Male Sprague Dawley rats weighing 200-250 gm (Charles River
Laboratories, Wilmington, MA), approximately 7-8 weeks old were
housed in a laminar-flow, specific pathogen-free atmosphere in the
Central Research Facilities of Rhode Island Hospital (RIH, Providence,
RI) with a standard diet and water supplied ad libitum.

Animals were randomly divided into four groups: control, sham, IRI-
placebo and IRI-treprostinil. Briefly, animals were anesthetized with
isoflurane and subjected to bilateral renal ischemia for 45 min, after-
ward clamps were removed to allow reperfusion for 1-72 h, as previ-
ously described [16]. Control animals were not subjected to any surgical
manipulation and serve as baseline, whereas sham-operated animals
had incisions only, to account for any influence from basic surgical
handling or anesthesia. All surgical procedures were performed by the
same surgeon who was blinded to treatment. All procedures involving
animals were performed with approval from RIH Institutional Animal
Care and Use Committee in accordance with the NIH Guide for the Care
and Use of Laboratory Animals.

2.2. Experimental design

Treprostinil (Remodulin®) and placebo (sodium chloride, meta-
cresol, sodium citrate, water for injection) are manufactured by United
Therapeutics, Corp. (Durham, NC, USA). Treprostinil or placebo (100
ng/kg/min) was administrated subcutaneously via osmotic minipumps
(Alzet Inc., Cupertino, CA), which were implanted approximately 18-24
h before renal IRI to ensure steady-state concentrations at the time of
IRI. Post-reperfusion, animals were kept under a heating lamp for 2 h
and were given regular food and water ad libitum. The general condition
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of the rats was checked three times daily. Animals were euthanized at 1,
3, 6, 24, 48, and 72 h post-IRI by inhalation of carbon dioxide followed
by cervical dislocation if needed. Blood samples were collected via tail
vein and terminal blood samples were collected via cardiac puncture,
centrifuged at 3,000 g for 10 min, and the isolated serum was stored at —
20 °C. Kidney tissue was immediately snap-frozen in liquid nitrogen
then stored at — 80 °C for experiment analysis.

2.3. Serum creatinine measurements

Serum creatinine (SCr) concentrations were measured using Quan-
tiChrom Creatinine Assay Kit (BioAssay System, Hayward, CA), n =
4-10 animals/group.

2.4. Histopathology

Kidneys were harvested, bisected through the hilum in the coronal
plane, fixed in 10% formalin and paraffin-embedded, n = 4-5 animals/
group. Whole mount coronal Section (2 pm) were stained with Periodic
Acid-Schiff staining reaction (PAS) and evaluated using light micro-
scopy by a renal pathologist blinded to all animal groups (x200, scale =
100 pm). Sections were assessed with respect to the extent of epithelial
cell necrosis, as indicated by specific histopathological features of nu-
clear pyknosis or fragmentation, detachment from basement membranes
and accumulation of necrotic debris within tubule lumens, and to the
presence of non-lethal tubule injury as indicated by tubular ectasia and
loss of apical brush borders in proximal tubule segments. The following
semiquantitative grading system was used: 0: < 1%; 1: 1-10%;
2:10-25%; 3: 25-50%; 4: > 50% of all tubules. Separate injury scores
were generated for cortex and outer stripe of outer medulla then com-
bined for a composite score. Images of representative areas for each slide
were obtained prior to decoding the animal treatment group from which
the respective specimens originated.

2.5. TUNEL assay

Paraffin-embedded kidney tissue Section (5 pm) were used to
perform Click-iT™ Plus TUNEL Assay (Alexa Fluor™ 647 dye, Invi-
trogen, Carlsbad, CA). The nuclei were counterstained with Hoechst
(Invitrogen) according to manufacturer’s instruction. Renal sections
were viewed under a Nikon Eclipse Ti2 inverted confocal microscope
(Nikon, Tokyo, Japan). Random fields (n = 4-5/section) with the same
acquisition setting were imaged for each slide (n = 3-4 animals/group).
Renal tubular DNA fragmentation was semi-quantitated based on the
ratio of intensity of TUNEL and Hoechst using Image J (x400, scale bar
= 50 pm).

2.6. Tissue ATP concentrations measurements

Snap-frozen kidney tissue (n = 3-4 animals/group) was homoge-
nized in ice-cold 2% trichloroacetic acid. The supernatants were
collected and neutralized with Tris-acetate (100 mM) and EDTA (2 mM,
pH, 7.8). ATP concentrations were determined using the Enliten ATP
Assay System Bioluminescence Detection Kit (Promega, Madison, WI).

2.7. SWATH-MS proteomics analysis

ATP synthase subunits were measured using sequential windowed
acquisition of all theoretical fragment ion mass spectra (SWATH-MS)-
based proteomics [17,18], n = 4-5 animals/group). Protein extraction,
pressure cycling technology based protein digestion, and LC-QTOF/MS
analysis were performed as described [17]. Briefly, snap-frozen rat
kidney tissue was weighed on ice and placed in bead-mill tubes con-
taining fresh urea lysis buffer (8 M urea, 50 mM triethylammonium
bicarbonate (Sigma-Aldrich, St. Louis, MO), 10 mM dithiothreitol and
protease inhibitor cocktail (Thermo Scientific). Tissues were
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homogenized using a Bead Ruptor 24 (Omni, Kennesaw, GA) and
centrifuged at 12,000 g for 5 min at 4 °C. The samples were diluted to
500 pg/100 pl before digestion. Proteins were digested using pressure
cycling technology according to modified methods [17,18]. Briefly,
samples were digested with TPCK-treated trypsin (SCIEX, Framingham,
MA) at trypsin/protein ratio of 1:20 under high pressure cycles in a
Barocycler (Pressure BioSciences Inc., South Easton, MA). The reaction
was stopped by addition of acetonitrile: water (50:50) with 5% formic
acid (Fisher Scientific, MA). The supernatant containing peptides was
collected for mass spectrometry analysis [17]. Samples were analyzed
using a SCIEX 5600 TripleTOF mass spectrometer coupled to Acquity
UHPLC HClass system (Waters Corp., Milford, MA) [17]. Subsequently,
proteins were identified, and relative quantification was performed
through SWATH-MS acquisition, followed by data-dependent analysis
using Spectronaut™ (Biognosys AG, Switzerland).

2.8. Oxidative stress

The activity of renal catalase (CAT), superoxide dismutase (SOD),
glutathione (GSH), and the protein carbonyl concentration were deter-
mined using CAT, SOD, GSH, and Protein Carbonyl Fluorometric assays
(Cayman Chemicals). Kidney tissue samples were homogenized (n =
4-6/group), and their protein concentrations were calculated using a
bovine serum albumin (Pierce) standard prior to analyte determination.

2.9. mtDNA copy number

Total DNA was extracted from snap-frozen kidney tissue (n = 4-5
animals/group) using DNeasy Blood & Tissue Kit (Qiagen, MD). DNA
concentration was determined using a Nanodrop 2000 (Thermo Scien-
tific, Waltham, MA). Mitochondrial DNA (mtDNA) and nuclear DNA
content (nDNA) were determined by mitochondria encoded NADH-
ubiquinone oxidoreductase chain 1 (mt-Nd1) and nuclear DNA Gapdh
using Tagman® probes (Applied Biosystems, Foster City, CA), respec-
tively. Quantitative real-time PCR was performed using a Vii7 Real-Time
PCR System (Life Technologies, Carlsbad, CA). The mtDNA copy number
was calculated using the ratio between mitochondrial and nuclear DNA
(mt/n) [19,20]:

ACt = nDNA Ct — mtDNA Ct
Relative mtDNA content = 2 x 25¢

mtDNA copy number = mtDNA/nDNA

2.10. Cytosolic and mitochondrial fractionation

Snap-frozen kidney tissue was homogenized in 0.25 M sucrose buffer
(Millipore Sigma, Burlington, MA), 0.1 mM EDTA (Bio-Rad, Hercules,
CA), 10 mM HEPES (Sigma-Aldrich, St. Louis, MO) with protease and
phosphatase inhibitor (Thermo Scientific) using a Dounce homogenizer.
Supernatant was collected and centrifuged at 13000 g for 15 mins and
collected as the cytosolic fraction. The crude mitochondria pellet was
washed twice and suspended in PBS containing protease and phospha-
tase inhibitor cocktail (Thermo Scientific) and 0.1% Triton X-100, then
disrupted twice with a sonicator at 40% of maximum setting for 10 s.
Following lysate centrifugation, the supernatant was collected as the
mitochondria fraction.

2.11. Western blot analysis

Proteins were separated by tris-glycine gel electrophoresis (Thermo
Scientific), transferred to a PVDF membrane, and incubated with pri-
mary antibodies against Drp-1 (CST-8570, RRID: AB_10950498) and
MFF (CST-84580, RRID: AB_2728769), Cytochrome c (sc-13156, RRID:
AB_627385), Sirt3 (sc-365175, RRID: AB_10710522), total Erk1/2 (CST-
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9102, RRID: AB_330744), pErkl/2 (CST-4370, RRID: AB_2315112),
Gapdh (sc-32233, RRID: AB_627679), Cox4 (sc-517553, RRID:
AB_2797784), followed by IRDye® 680 RD goat anti-mouse (RRID:
AB_10956588), or goat anti-rabbit IgG (H+L) (RRID:AB_621841), and
IRDye® 800CW goat anti-mouse (RRID:AB_621842) or goat anti-rabbit
IgG (H+L) (RRID:AB_621843). Blots were imaged using LI-COR Odys-
sey® CLx scanner (LI-COR Biosciences, Lincoln, NE). Protein band
density was determined using Image J and normalized to Gapdh
(cytosol, whole lysate), Cox4 (mitochondria), and expressed as a fold-
change vs. sham (n = 3-5 animals/group).

2.12. Quantitative real-time PCR analysis

RNA was extracted from snap-frozen renal cortex segments (n = 3-6
animals/group) using TRIzol™ (Invitrogen,) according to manufac-
turer’s protocol. The purity and concentration of RNA were measured at
260/280 nm (Nanodrop, Thermo Scientific). Two micrograms of total
RNA from each sample were used to generate cDNA using SuperScript™
IV First-Strand Synthesis System kit (Invitrogen). Renal mRNA levels of
Ngol, Gclc, Ppargcla, Mfnl, Mfn2, Opal and Gapdh were analyzed using
Tagman® probes (Applied Biosystems, CA). Relative mRNA expression
was calculated using the AACt method and normalized to Gapdh
expression. Real-time qPCR was performed using a ViiA 7 Real-Time
PCR System (Life Technologies, CA).

2.13. Statistical analysis

Data are represented as the mean =+ standard deviation (SD),
n = 3-10 animals/group. Comparisons between the groups were per-
formed using one- or two-way analysis of variance with Turkey’s post-
test (GraphPad Prism v7.0, San Diego, CA). Significance was defined
as p-value< 0.05.

3. Results
3.1. Treprostinil protects the kidneys from renal IRT

Renal IRI results in an increase of serum creatinine (SCr), a surrogate
marker of kidney dysfunction. In this study, SCr levels obtained from
sham-operated animals (0.6 + 0.1 mg/dL) were similar to control ani-
mals (0.3 £+ 0.1 mg/dL), confirming the absence of renal injury in the
sham group. In the IRI-placebo group, however, SCr levels were signif-
icantly elevated as early as 1-hour post-IRI (1.0 + 0.2 mg/dL,
p < 0.0001) and reached peak levels at 24-hour post-reperfusion vs.
sham (2.0 £+ 0.5 mg/dL, p < 0.0001). In contrast, treatment with tre-
prostinil significantly reduced the time to reach peak SCr levels
(0.9 £ 0.2 mg/dL) vs. placebo (p < 0.0001) to 6-hour post-IRI and
returned to baseline levels by 24-hour after IRI (Fig. 1A).

To evaluate the morphology of renal tubular cells, kidney sections
obtained at 6-, 24-, and 48 h after IRI were stained with PAS to visualize
the extracellular matrix structures such as tubule basement membranes
and to demonstrate tubular epithelial apical brush borders. Loss of brush
borders from proximal tubules of cortex and outer medullary stripe is a
sensitive indicator of sublethal epithelial cell injury. Control and sham-
operated animals showed normal morphology of the outer stripe of outer
medulla at all time points with complete preservation of apical brush
borders (purple staining), Fig. 1B. In contrast, the IRI-placebo group
showed severe ischemic effects characterized by epithelial cell necrosis
and detachment from tubular basement membranes and loss of epithe-
lial cell apical brush borders at the 6-hour time point. These features of
epithelial injury were most prominent within tubules of the outer stripe
of outer medulla and, to a lesser extent, in tubules of deep cortex.
Although only occasional necrotic epithelial cells remained evident at
48 h, tubular ectasia and absence of apical brush borders persisted
(Fig. 1B-D). The extent of epithelial necrosis, as judged by nuclear
pyknosis and detachment of epithelial cells (arrows), was markedly
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Fig. 1. Treprostinil attenuates renal IRI. (A) Serum creatinine (SCr) concentration, measured before ischemia (pre-IRI) and at 1-72 h post-reperfusion in CTRL, sham,
PLB, and TRE-treated animals. (B) Representative histopathological images of PAS-stained paraffin sections of kidneys from rats sacrificed at 6-, 24-, and 48-hour
post-reperfusion and from sham-operated animals (x200, scale bar = 100 um). Black arrows indicate tubular epithelial cell necrosis and detachment from base-
ment membranes in IRI-placebo animals. Semiquantitative analysis of tubular epithelial injury, histological features associated with (C) reversible tubular epithelial
cell injury, consisting of tubular ectasia and loss of apical brush borders; (D) irreversible tubular epithelial cell injury, consisting of epithelial cell nuclear pyknosis,
detachment of necrotic epithelial cells from basement membranes and filling of tubule lumens by casts comprising necrotic cell debris. Slides were evaluated in a
blinded manner using a grading system: 0: < 1%; 1: 1-10%; 2: 10-25%; 3: 25-50%; 4: > 50% of all tubules. Data are represented as mean + SD; = p < 0.001 vs.
sham, 'p < 0.05, 1'p < 0.01, 'p < 0.001 vs. placebo (n = 4-10/group). Two-way ANOVA, Tukey’s multiple comparison test. IRI: Ischemia-reperfusion injury; SCr:
Serum creatinine; CTRL: control; PLB: IRI-placebo; TRE: IRI-treprostinil; PAS: Periodic acid-Schiff staining reaction.

reduced in treprostinil-treated animals relative to placebo following IRI.
In addition, only partial attenuation of apical brush borders was
observed at 24 h post-reperfusion, while essentially full reconstitution of
normal histology was achieved by 48-hours in the treprostinil-treated
animals (Fig. 1B-D). Note the preservation of PAS-positive (purple
staining) brush borders along apical surfaces of epithelial cells from
sham-operated animals and reconstitution of brush borders in
treprostinil-treated animals at 48-hour. Brush border preservation in-
dicates the absence of epithelial cell injury. These data suggest that
treprostinil protects the kidney against early IRI-induced proximal
tubular cell injury, thereby diminishing the severity of AKI.

3.2. Treprostinil inhibits mitochondrial damage and apoptosis

Renal IRI-induced AKI causes mitochondrial damage which con-
tributes to renal tubular epithelial cell apoptosis and kidney damage [6].
The effect of treprostinil on renal tubular apoptosis was examined using
a TUNEL assay on kidney sections post-IRI. In IRI-placebo animals, an
increase in TUNEL-positive cells, indicating nuclear fragmentation in
renal tubular epithelial cells, was observed as early as 6-hour after
reperfusion (1.4-fold vs. sham, p < 0.05). In contrast, treprostinil
significantly reduced peak nuclear fragmentation to that of sham and
control levels, reflecting a 42% reduction in IRI-induced apoptosis vs.
placebo (p < 0.05), Fig. 2A, B.

Renal IRI-induced rupture of the mitochondrial membrane promotes
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placebo (n = 3-5/group). One-way ANOVA, Tukey’s multiple comparison test. TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end labeling; cyto: cytosol; mito:
mitochondria.

the mitochondrial release of cytochrome c into the cytosol, thereby downstream mediator involved in renal apoptosis.
triggering caspase activation and cell death [11]. In this study, cytosolic
cytochrome c protein concentration significantly increased in the
IRI-placebo group by 3.0-fold vs. sham (p<0.01) at 1h
post-reperfusion, which treprostinil reduced to that of sham, Fig. 2C. We
previously demonstrated the inhibitory effects of treprostinil on renal
IRI-mediated activation of caspase-3, — 8, and — 9 [16]. Together, these
data demonstrate that treprostinil inhibits the release of mitochondrial

3.3. Treprostinil restores renal ATP and ATP synthase levels

To determine the protective role of treprostinil on renal ischemia-
induced ATP depletion, we measured renal ATP concentrations at
1-48 h post-reperfusion. As early as 1 h post-reperfusion, renal ATP
levels were reduced in both the IRI-placebo and IRI-treprostinil group by
cytochrome c early post-reperfusion, thereby limiting its function as a 35% (29 + 4.6 nmol/mg) and 33% (30 £ 9 nmol/mg), respectively,
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Fig. 3. Treprostinil restores renal ATP and ATP synthase levels. (A) Renal ATP levels at 1, 6, 24, and 48 h after reperfusion measured by bioluminescent assay; (B)
ATP synthase subunits at 48 h post-reperfusion measured by SWATH-MS based proteomics, normalized to Gapdh, and expressed as a fold-change over control. Data
are represented as mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001 vs. sham, 'p < 0.05, ''p < 0.01, 1'p < 0.001 vs. placebo (n = 3-5/group). Two-way ANOVA,
Tukey’s multiple comparison test. ATP: adenosine triphosphate; SWATH-MS: Sequential windowed acquisition of all theoretical fragment ion mass spectra; Atp5f1: ATP
synthase F(0) complex subunit B1; Atp5f1c: ATP synthase subunit gamma; Atp5f1d: ATP synthase subunit delta; Atp5f1e: ATP synthase subunit epsilon; Atp5i: ATP synthase
subunit e; Atp5j: ATP synthase-coupling factor 6; Atp5fj2: ATP synthase subunit f; Atp5l: ATP synthase subunit g Atp50: ATP synthase subunit o; mt-Atp8: ATP synthase
protein 8.
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relative to sham (45 + 10.6 nmol/mg). Reductions in renal ATP levels in
the IRI-placebo group continued to decrease to less than 50% of sham at
24 h post-reperfusion (22 + 3.5 nmol/mg vs. 41 + 4.5 nmol/mg,
p < 0.05), where they remained at 48 h post-reperfusion (p < 0.01). A
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striking contrast was found in treprostinil-treated animals, where renal
ATP levels recovered to 81% of sham by 24 h post-reperfusion (33 + 9
nmol/mg) and these levels were sustained through 48 h post-
reperfusion (37 4+ 2.7 nmol/mg), Fig. 3A. These data indicate that
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Fig. 4. Treprostinil reduces mitochondrial oxidative injury and preserves renal mtDNA copy number. (A) CAT activity, (B) SOD activity, (C) GSH content, and (D)
protein carbonyl content in the kidney compared between control, sham, IRI-placebo and IRI-treprostinil groups at 1-, 6-, 24- and 48- h post-reperfusion. Renal
mRNA expression levels of (E) Ngo1, (F) Gclc. Data are represented as mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001 vs. sham, Tp < 0.05, ﬁp < 0.01, Tﬁp < 0.001
vs. placebo (n = 4-6/group). Two-way ANOVA, Tukey’s multiple comparison test. CAT: catalase; SOD: superoxide dismutase; GSH: glutathione; Nqol: NAD(P)H de-

hydrogenase (quinone 1); Gclc: Glutamate-cysteine ligase catalytic subunit.
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treprostinil restores renal ATP levels after IRI-induced depletion, a key
factor in mitigating renal IRL

To further evaluate the role of treprostinil in preserving mitochon-
drial ATP after renal IRI, ATP sub-proteins were identified and quanti-
fied using SWATH-MS-based proteomics [17]. We found that the ATP
synthase subunits were significantly reduced in IRI-placebo after
48-hour reperfusion. Not only did treprostinil treatment attenuate this
reduction for ATP 5f1, 5flc, 5f1d, 5fle, 5i, 5j, 5j2, 51, 50, and Mt-Atp8,
but levels were restored to sham levels (Fig. 3B). These findings
demonstrate that treprostinil upregulates ATP synthase, which is
responsible for mitochondrial ATP synthesis and maintaining ATP pro-
duction, thereby accelerating mitochondrial recovery after renal IRI
[21].

3.4. Treprostinil reduces renal oxidative damage

Next, we examined the role of treprostinil in regulating renal
oxidative stress during IRI and measured the activity of CAT, SOD, the
content of GSH and protein carbonyl. Renal CAT activity was signifi-
cantly reduced at 24 h and 48-hour post-reperfusion in the IRI-placebo
group vs. sham (972 + 268 vs. 1399 + 460 U/mg protein, p < 0.05;
596 + 204 vs. 1316 + 185 U/mg protein, p < 0.0001, respectively). In
contrast, treprostinil restored renal CAT activity to sham levels by 48 h
post-reperfusion (1038 + 426 U/mg protein), Fig. 4A. Similarly, SOD
activity in the IRI-placebo group was decreased at 48 h post-reperfusion
vs. sham (9.1 +1.2 vs. 14.7 £ 0.5 U/mg protein, p < 0.0001) and
treatment with treprostinil restored SOD to sham levels (12.1 + 2.7 U/
mg protein), Fig. 4B. Interestingly, renal GSH levels were significantly
reduced at 1h after reperfusion in the IRI-placebo group vs. sham
(1.7 £ 0.7 vs. 4.5 £+ 0.6 pM/mg protein, p < 0.0001), whereas trepros-
tinil restored GSH levels to sham levels (3.4 + 0.3 pM/mg protein),
Fig. 4C. Lastly, renal protein carbonyl levels were significantly increased
in IRI-placebo kidney homogenates after 24 h reperfusion compared to
control (3.5 + 0.8 vs. 2.4 £+ 0.3 nmol/mg protein, p < 0.01), which
treatment with treprostinil reduced (2.4 + 0.2 vs. 2.4 £+ 0.3 nmol/mg
protein, p < 0.05 vs. placebo), Fig. 4D.

Additionally, the mRNA expression of the antioxidant genes NAD(P)
H dehydrogenase (quinone 1) (Ngol) and Glutamate-cysteine ligase
catalytic subunit (Gclc) in IRI-placebo animals were significantly
reduced to 41% (p < 0.05) and 14% of sham (p < 0.0001) at 6 h post-
reperfusion, and further declined to 13% and 4% of sham by 48 h
post-reperfusion (p < 0.0001), respectively. In stark contrast, treatment
with treprostinil improved Nqol and Gclc mRNA levels to 79% of sham
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at 6 h post-reperfusion and 52% of sham at 48 h post-reperfusion
(p < 0.05 vs. placebo), respectively (Fig. 4E, F). Together, these data
indicate that treprostinil protects kidney from extended renal oxidative
damage after renal IRI.

3.5. Treprostinil preserves mtDNA and mitochondrial biogenesis

The mtDNA copy number reflects the number of mitochondrial ge-
nomes per cell and decreases in renal tissue following renal IRI [22,23].
In our study, the mtDNA copy number relative to nDNA Gapdh was
reduced by 33% in the IRI-placebo group at 3 h post-reperfusion vs.
control (p < 0.01). Meanwhile, treatment with treprostinil restored
mtDNA copy number to baseline as early as 1 h post-reperfusion vs.
placebo (p < 0.01) and preserved these levels throughout the study
period (Fig. 5A). In addition to reducing renal oxidative injury, these
findings suggest that treprostinil promotes mitochondrial recovery early
after renal IRI, which, in turn, preserves renal ATP levels.

To further examine the role of treprostinil on renal mitochondrial
biogenesis, we measured the gene expression of Pgc-1a, the master
regulator of mitochondrial biogenesis. In IRI-placebo animals, renal Pgc-
1o mRNA levels reduced to 37% of sham at 1 h and further declined to
26% of sham at 48 h after reperfusion (p < 0.01). Alternatively, animals
treated with treprostinil exhibited nearly a two-fold improvement in
Pgc-1a mRNA expression to 46% of sham at 1 h post-reperfusion and
restored levels to sham (134%) by 48 h reperfusion (p < 0.0001),
Fig. 5B. Together, these findings indicate that treprostinil reduces
mitochondrial injury early after renal IRI.

3.6. Treprostinil improves mitochondrial dynamics after renal IRI

Mitochondrial homeostasis requires a functional balance between
mitochondria turnover, e.g. continuous cycles of fission and fusion [24]
and mitochondrial biogenesis [25], both of which renal IRI disrupts. In
the IRI-placebo group, mitochondrial Drpl increased by 3.6-fold vs.
sham (p < 0.05) at 1 h post-reperfusion, compared to 1.7-fold in the
IRI-treprostinil group, representing a 53% reduction vs. placebo
(Fig. 6A). In parallel, the protein level of mitochondrial fission factor
(Mff) significantly increased by 5.0-fold in the IRI-placebo group vs.
sham (p < 0.001) which was significantly reduced to 2.8-fold by tre-
prostinil treatment (p < 0.05), Fig. 6B. In addition, pErkl/2 protein
level was increased in IRI-placebo by 14.6-fold vs. sham at 3h
post-reperfusion (p < 0.001), but only increased by 5.3-fold in
treprostinil-treated animals, representing a 64% reduction vs. placebo
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Fig. 5. Treprostinil preserves mtDNA and mitochondrial biogenesis. (A) Renal mtDNA copy number at 1, 3, and 6 h after reperfusion determined by the ratio of mt-
Nd1/Gapdh, measured by real-time qPCR; (B) Renal mRNA expression of Pgc-1a at 1-, 6-, 24-, and 48 h post-reperfusion was measured by real-time qPCR, normalized

to Gapdh and is expressed as a fold-increase over sham kidney. Data are represented as mean + SD; *p < 0.05 **p < 0.01, ***p < 0.001 vs. sham, 'p < 0.05,
fp < 0.01, p < 0.001 vs. placebo (n = 4-5/group). Two-way ANOVA, Tukey’s multiple comparison test. mtDNA: mitochondrial DNA; mt-Nd1: mitochondrially
encoded NADH dehydrogenase 1; Pgc-1a: Peroxisome proliferator-activated receptor gamma coactivator 1-alpha.
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Fig. 6. Treprostinil improves mitochondrial dynamics after renal IRI. Protein expression of mitochondrial (A) Drpl and (B) Mff at 1-hour post-reperfusion; (C) total
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(p < 0.0001), Fig. 6C. Conversely, in IRI-placebo animals, mitochon-
drial Sirt3 protein level decreased by 77% from control at 1h
post-reperfusion, while Sirt3 remained at baseline levels in the

IRI-treprostinil group (p < 0.05), Fig. 6D.

In line with the mitochondrial protein changes, the mRNA levels of

Mitofusin-1 (Mfn1), Mitofusin-2 (Mfn2), and Mitochondrial Dynamin
Like GTPase (Opal) were significantly reduced to 57% (p < 0.05), 16%
(p < 0.0001), and 71% (p < 0.05) of sham levels in IRI-placebo at 1 h

post-reperfusion, which further declined to 36% (p < 0.01), 14%

(p < 0.0001), 31% (p < 0.0001) of sham at 48 h post-reperfusion. In
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contrast, treatment with treprostinil restored Mfnl, Mfn2, and Opal
mRNA levels to sham levels by 48 h post-reperfusion, Fig. 6E-G. Alto-
gether, these data support the notion of mitochondrial dynamics pro-
tection by treprostinil, which is mediated, in part, by the inhibition of
Erk1/2 activation resulting in suppression of Drpl-mediated mito-
chondrial fission and enhancement of Sirt3-mediated mitochondrial
fusion.

4. Discussion

Renal IRI is a multi-factorial process which limits the clinical efficacy
of treatment by a single targeted therapy. Having demonstrated that
treprostinil ameliorates renal IRI in vivo [16], the current study in-
vestigates the hypothesis that treprostinil reduces
mitochondrial-mediated apoptosis to protect the kidneys against renal
IRI. Our data identify a novel mechanism by which treprostinil ame-
liorates renal IRI. Specifically, this study demonstrates that treatment
with treprostinil inhibits mitochondrial damage and oxidative injury,
which preserves renal proximal tubular cell integrity, restores renal
ATP, accelerates mitochondrial biogenesis and recovery by favorably
regulating the renal Drp1/Sirt3/Pgc-1a pathway, summarized in Fig. 7.
Renal proximal tubular cells are particularly vulnerable to
mitochondrial-mediated apoptosis post-IRI [26]. Szeto et al. [27]
showed the rupture of the mitochondrial membrane and subsequent loss
of cristae in the proximal tubules in the outer stripe of the outer medulla
after 45-minute bilateral ischemia followed by 24-hour reperfusion.
Similarly, in our study, PAS staining reveals that the IRI-placebo group
exhibits renal tubular swelling, vacuolization, necrosis, detachment of
tubular basement membranes and loss of proximal tubular brush borders
in the outer stripe of outer medulla early post-reperfusion, all of which
were mitigated by treprostinil. In addition, treprostinil reduced rapid
DNA fragmentation, which is exacerbated by renal IRI and associated
with apoptosis triggered by renal oxidative stress [28,29]. These data
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support the hypothesis that treprostinil mitigates renal IRI-induced
mitochondrial damage in vivo.

Renal ATP concentrations reflect the ability of renal mitochondrial to
synthesize and utilize ATP [27]. Depletion of ATP is one of the earliest
and most profound changes induced by renal ischemia and a major
driving factor involved in mitochondrial injury [30,31]. During renal
IRI, mitochondrial injury reduces ATP synthesis and leads to rapid ATP
depletion after ischemia [32] and subsequent Na't/K" ATPases
dysfunction and the accumulation of intracellular sodium and calcium
[30,31,33]. Prolonged ATP depletion during renal IRI indicates the se-
vere impairment of mitochondria, which further delays kidney function
recovery. Prostacyclin has a protective role in reducing oxidative dam-
age by increasing Na'/K" ATPase activity via EP receptor activation
[33,34]. In this study, treatment with treprostinil restored renal ATP
levels to nearly that of control after 24-hour reperfusion, with parallel
preservations in renal ATP synthase subunits. Our previous work shows
that treprostinil significantly improved hepatic adenine nucleotides
levels following rat orthotopic liver transplantation [35], further sup-
porting our current data which demonstrates that treprostinil reverses
the loss of renal ATP levels as a necessary mechanism to protect mito-
chondrial function during renal IRL

Oxidative injury plays a major role in further aggravating ischemia
injury [36] and several studies have shown the importance of preserving
antioxidant levels during renal IRI [37-39]. In this study, treprostinil
significantly restored the depleted antioxidants, e.g., CAT, SOD and GSH
during renal IRI. In parallel, treprostinil markedly reduced elevated
renal protein carbonyl levels, suggesting that treprostinil reduces renal
oxidative damage.

The normal process of maintaining a balance between mitochondria
fission and fusion plays a pivotal role in sustaining the number of
functional mitochondria within cells [40]. During renal IRI, however,
excessive fission leads to a collapse of the mitochondrial membrane
potential, resulting in mitochondrial fragmentation in renal proximal
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Fig. 7. Summary of treprostinil in reducing mitochondrial injury during rat renal IRI. IRI: ischemia-reperfusion injury; Pgc-la: Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; pErk1/2: Phosphorylated extracellular signal-regulated kinases; Drpl: Dynamin related protein 1; mito: mitochondria; Sirt3:
NAD-dependent deacetylase sirtuin-3; ATP: adenosine triphosphate; cyto: cytosol.
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tubular cells [41,42]. Mitochondrial fragmentation leads to the leakage
and damage of mtDNA from the mitochondria and into cytosol, which in
turn, exacerbates mitochondrial dysfunction [43]. Moreover, lower
mtDNA copies have been significantly associated with the development
of cardiovascular disease and all-cause mortality and death due to in-
fections in patients with chronic kidney disease [44]. Here, we found
that IRI-placebo animals exhibit a significant decrease in mtDNA early
post-renal IRI, indicating the unbalanced mitochondrial dynamics and
mitochondrial fragmentation. Notably, treprostinil restored mtDNA
content after 1-hour reperfusion, confirming its role in protecting
mitochondria in the acute period post-IRI.

Inhibition of Drpl mitochondrial translocation early during renal IRI
abrogates Drpl-mediated mitochondrial fission and subsequent
apoptosis to protect proximal tubular cells from renal IRI [10,41]. Here,
we show that renal mitochondrial Drpl accumulates early
post-reperfusion and that treprostinil rescues renal mitochondria from
excessive fission by significantly inhibiting renal Drpl accumulation
early post-reperfusion. Acting in concert with Drpl, Sirt3 has been
identified as a key regulator of mitochondrial homeostasis due to its
antioxidant role and by regulating renal mitochondrial Complex I ac-
tivity to maintain basal ATP levels [45]. Overexpression of Sirt3 protects
against mitochondrial damage during renal IRI by prompting Opal
triggered mitochondrial fusion and blocking Drp1 recruitment along the
mitochondrial outer membrane [9]. Further supporting our hypothesis
of treprostinil-mediated protection against renal IRI-induced mito-
chondrial injury and apoptosis, our data show that treprostinil restores
the renal IRI-induced downregulation of mitochondrial Sirt3, thereby
reducing damaged mitochondrial injury and, overall, improving mito-
chondrial quality.

Lastly, mitochondria biogenesis plays an essential role in maintain-
ing sufficient mitochondria to meet the energy needs of proximal tubules
in order to fully function and recover from ischemic injury [46]. Collier
et al. [14] demonstrated that early Erkl/2 phosphorylation down-
regulates the mitochondrial biogenesis regulator Pgc-la, thereby
causing mitochondrial dysfunction. Additionally, Tran et al. [23] found
that Pgc-la accelerates renal recovery by stimulating nicotinamide
adenine dinucleotide biosynthesis, which increases the vasodilator
prostaglandin E; after renal IRI. In this study, Erk1/2 phosphorylation is
reduced early post-IRI along with upregulated Pgc-la levels in
treprostinil-treated animals, supporting the hypothesis that treprostinil
favorably regulates mitochondrial biogenesis. Thus, maintaining mito-
chondrial homeostasis by treprostinil is essential to reduce apoptosis
and improve kidney recovery from renal IRI.

5. Conclusion

In conclusion, this study identifies a novel mechanism of treprostinil,
an FDA approved prostacyclin analog, in reducing mitochondrial injury
during renal IRI. Specifically, our data show that treprostinil maintains
mitochondrial homeostasis via inhibiting Drp-1-mediated mitochondrial
fission and Erk1/2 phosphorylation, and upregulating mitochondrial
Sirt3 and Pgc-la to promote mitochondrial fusion and biogenesis,
thereby counteracting mitochondrial damage early post-renal IRI. These
findings support the potential of treprostinil to serve as a therapeutic
agent to treat clinical renal IRI.
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