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Abstract

Formoterol is a long-acting p, agonist (LABA). Agonism of the By-adrenergic receptor by
formoterol is known to stimulate mitochondrial biogenesis (MB) in renal proximal tubules

and recover kidney function. However, formoterol has a number of cardiovascular side effects

that limits its usage. The goal of this study was to design and develop an intravenous
biodegradable and biocompatible polymeric nanoparticle delivery system that targets formoterol
to the kidney. Poly(ethylene glycol) methyl ether-blockpoly(lactide-co-glycolide) nanoparticles
containing encapsulated formoterol were synthesized by a modified single-emulsion solvent
evaporation technique resulting in nanoparticles with a median hydrodynamic diameter of 442 +
17 nm. Using primary cell cultures of rabbit renal proximal tubular cells (RPTCs), free formoterol,
encapsulated formoterol polymeric nanoparticles, and drug-free polymeric nanoparticles were
biocompatible and not cytotoxic over a wide concentration range. In healthy male mice, polymeric
nanoparticles were shown to localize in tubules of the renal cortex and improved the renal
localization of encapsulated formoterol compared to the free formoterol. At a lower total
formoterol dose, the nanoparticle localization resulted in increased expression of peroxisome
proliferator-activated receptor-y coactivator-la (PGC-1a), the master regulator of MB, and
increased electron transport chain proteins, markers of MB. This was confirmed by direct visual
quantification of mitochondria and occurred with both free formoterol and the encapsulated

5To whom correspondence should be addressed. (mansour@pharmacy.arizona.edu).

AUTHOR CONTRIBUTIONS

Ernest L. Vallorz: Conceptualization, methodology, data acquisition, interpretation, analysis, writing — original draft. Karen
Blohm-Mangone: methodology, data acquisition. Rick G. Schnellmann: conceptualization; methodology; interpretation; analysis;
writing — review and editing; resources; funding acquisition; resources; supervision; project administration. Heidi M. Mansour:
conceptualization; methodology; interpretation; analysis; writing — review and editing; resources; supervision; project administration

DECLARATIONS
Conflict of interest The authors declare no competing interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vallorz et al. Page 2

formoterol polymeric nanoparticles. At the same time, localization of nanoparticles to the kidneys
resulted in reduced induction of MB markers in the heart. These new nanoparticles effectively
target formoterol to the kidney and successfully produce MB in the kidney.

Keywords

controlled drug release; formoterol; mitochondrial biogenesis; nanoparticles kidney; primary cell
culture

INTRODUCTION

Mitochondrial dysfunction is a mediator of both acute and chronic renal injury, including
drug- and toxicant-induced renal injury, ischemia-reperfusion injury, and diabetic kidney
disease (1-5). Mitochondrial dysfunction as a result of oxidant injury results in a decrease

in the number and functionality of renal proximal tubule cell (RPTC) mitochondria as well
as inhibition of ATP-dependent cellular repair processes (6). This continual energy depletion
and disruption of mitochondrial homeostasis hinders recovery and can lead to irreversible
tissue and organ injury (1, 7-9). As such, the development of therapies that can promote
mitochondrial function and repair is a critical area of research.

Mitochondrial biogenesis (MB) has been shown to promote recovery of mitochondrial

and cellular function (6, 10-12) via induction of the peroxisome proliferator-activated
receptor-y coactivator-la (PGC-1a), which is expressed in highly metabolic tissues such

as the heart, skeletal muscle, and kidneys (13). Increased expression of PGC-1a following
formoterol treatment of RPTC showed increased mitochondrial DNA copy number as

well as increased expression of electron transport chain (ETC) proteins and elevated
mitochondrial respiration rate (14). Formoterol fumarate dihydrate is a US Food and Drug
Administration (FDA)-approved Bp-adrenergic receptor agonist for the treatment of asthma
and obstructive pulmonary disease via inhalation. Our lab has shown formoterol to be a
potent inducer of PGC-1a and MB in RPTC (15, 16). Additionally, formoterol treatment has
been shown to improve renal function via MB in mouse models of acute kidney injury (15,
17, 18), glomerular disease (19), and maintaining mitochondrial dynamics in an early model
of diabetic kidney disease (3).

The Bo-adrenergic receptor is ubiquitously expressed. In the Kidney, the p,-adrenergic
receptor is increased in renal proximal tubules compared to other renal structures, making
the tubules a primary target for a therapeutic effect (18, 20, 21). The prevalence of Bo-
adrenergic receptors in other organs suggests that systemic formoterol exposure could have
side effects and toxicity; for example, chronotropic and ionotropic effects of intravenous
administration of formoterol (22—-26). Systemic formoterol administration (=0.003 mg/kg,
s.c.) in Wistar rats showed an increase in heart rate of 100-150 bpm from baseline
immediately following dosing, which persisted for up to 4 h. Additionally, the same study
found formoterol resulted in a decrease in mean arterial pressure (MAP) at similar doses
(27). As a result, translation of formoterol to the clinic is limited by its cardiovascular
effects.
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One potential means of addressing these side effects is the encapsulation of

formoterol within a polymeric nanoparticle carrier using FDA-approved polymers that

are biocompatible and biodegradable(28).These polymeric carriers offer the ability to
encapsulate a wide variety of molecules including nucleic acids, proteins and peptides as
well as small molecules and water-insoluble drugs(29). Furthermore, sustained drug release
over prolonged period of time can be achieved using biocompatible and biodegradable
polymers for injectable drug delivery systems(30, 31). PLGA is diblock copolymer(28) that
is FDA-approved and has a long history of use in successfully marketed pharmaceutical
products. Sustained drug release is achieved as drug molecules are released as the PLGA
polymeric matrix slowly erodes by hydrolysis to lactic acid and glycolic acid monomers
which are then renally excreted. PEGylation of the surface of a nanoparticle imparts
several unigue properties including prolonged circulation time as a result of evading
phagocytosis and reducing uptake by the reticuloendothelial system (RES) (31, 32).
Additionally, nanoparticles are able to modify the pharmacokinetics of entrapped drugs
including enhanced membrane permeation, increased intracellular uptake, and prolonged
circulation time and tissue retention (33-37).

Targeting of nanoparticles to the kidneys would allow for effective and efficient localization
at the target site, as well as a reduction in the overall administered dose which is
characteristic of nanoparticles and sustained release drug delivery systems (31, 37-42).
Currently, there are no commercially available nano-pharmaceutical FDA-approved products
that are indicated in the treatment of renal diseases (43), and few research studies have
specifically targeted the renal tubules (42, 44—-48). The purpose of this study was to

design, develop, and characterize the physicochemical and sustained drug release properties
of nanoparticles containing formoterol encapsulated in a polymeric matrix comprised

of PLGA-PEG, which is FDA-approved, biocompatible, and biodegradable. Furthermore,
effective renal localization and MB were successfully demonstrated /in7 vivo. To the authors’
knowledge, this is first to report on the generation of formoterol polymeric nanoparticles that
demonstrate sustained drug release, renal localization, and MB in vivo.

EXPERIMENTAL: MATERIALS AND METHODS

Materials

Poly(ethylene glycol) methyl ether-block-poly(lactide-co-glycolide) (PLGA-PEG),
lactide:glycolide ratio 50:50, PLGA average M, 55,000, PEG average M, 5,000,
research grade was purchased from Sigma-Aldrich (St. Louis, MO). Formoterol fumarate
dihydrate, 420.46 MW, > 98% pure was purchased from Sigma-Aldrich (St. Louis, MO).
DMEM:F12, HEPES (Biochemistry grade), L-ascorbic acid-2-phosphate (Biochemistry
grade), acetic acid (HPLC grade), CitriSolv™ (reagent grade), Alexa Fluor™ 594
secondary antibody, lectin phytohemagglutin-L conjugated to Alexa Fluor™ 488, and 4°,6-
diamidino-2-phenylindole dihydrochloride (DAPI) were purchased from Thermo Fisher
(Waltham, MA). Poly(vinyl alcohol) (PVA) (89,000-98,000 MW, > 99% hydrolyzed,
reagent grade), poloxamer 407 (~ 12,600 MW, reagent grade), potassium phosphate
monobasic (> 99% purity), potassium phosphate dibasic (> 98% purity), formic acid
(97.5-98.5% purity), hydrocortisone (molecular biology grade), selenium (99.99% pure),
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human transferrin (molecular biology grade), bovine insulin (molecular biology grade),
resazurin sodium salt (~ 80% dye content, molecular biology grade), neutral buffered
formalin solution (10%, histology grade), Triton™ X-100 (molecular biology grade),
sodium fluoride (= 99% purity), sodium orthovanadate (> 90% purity), protease inhibitor
cocktail (molecular biology grade), hydrogen peroxide (3%, molecular biology grade), and
Tween® 20 (molecular biology grade) were purchased from Sigma-Aldrich (St. Louis,
MO). Chloroform (ACS grade), acetonitrile (ACS grade), and methanol (LCMS grade) were
purchased from Spectrum Chemical Mfg. Corp. (Gardena, CA). Anti-polyethylene glycol
(PEG), anti-mtND1, anti-NDUFS1, and anti-GAPDH primary antibodies were purchased
from Abcam (Cambridge, MA). Anti-PGC-1a primary antibody was purchased from EMD
Millipore (Billerica, MA). Anti-mouse and anti-rabbit secondary antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX).

Synthesis and Physicochemical Characterization of Nanoparticles—Formoterol
containing poly(ethylene glycol) methyl ether-block-poly(lactide-co-glycolide) (PLGA-
PEG) (PLGA average My, 55,000, PEG average M, 5,000, Sigma-Aldrich, Saint Louis, MO)
nanoparticles were synthesized using the oil-in-water single-emulsion solvent evaporation
method (39). Briefly, 50 mg of PLGA-PEG was dissolved in a chloroform-acetonitrile 80:20
cosolvent. Formoterol fumarate dihydrate (Sigma-Aldrich, St. Louis, MO) was dissolved

in glacial acetic acid (Thermo Fisher, Waltham, MA) (vendor, location), and then 10 puL

of formoterol solution was added to form the organic phase. The resulting organic phase
was then emulsified in an aqueous solution containing 3% PVA (Sigma-Aldrich, St. Louis,
MO) using a microtip probe sonicator (Qsonica, Newtown, CT) at 60 W of energy output
for 3 min over an ice bath. The single-emulsion was then diluted with 1% poloxamer 407
(Sigma-Aldrich, St. Louis, MO), and the organic cosolvent was removed using a rotary
evaporator (RV10, IKA Works, Inc., Wilmington, NC) at 40°C for 40 min. The nanoparticle
suspension was centrifuged at 15,000 relative centrifugal force (rcf) and washed thrice with
distilled ultrapure water (18.2 MQ.cm) (Milli-Q Plus, Millipore Sigma, Burlington, MA).
Samples were lyophilized at —80°C under a vacuum < 0.133 mmHg (FreeZone 4.5 L,
Labconco, Kansas City, MO) in 5% a-Trehalose (Acros Organics, Fair Lawn, NJ) and stored
at —20°C until used in the physical characterization and /n vivo animal studies.

An HPLC system (Alliance 2965, Waters, Milford, MA) with a UV dual-wavelength
detector (Alliance 2487 Dual Wavelength Absorbance Detector, Waters, Milford, MA) with
a C18-column (4.6 mm x 250 mm length, 5 pm pore size) (Phenomenex Torrance, CA)
was used to quantify the amount of formoterol drug encapsulated within the polymeric
nanoparticles. The mobile phase consisted of methanol (Spectrum Chemical MFG Corp.,
Gardena, CA) and 50 mM phosphoric acid (Sigma-Aldrich, St. Louis, MO) buffer with 1%
acetic acid (Thermo Fisher, Waltham, MA) at a ratio of 65:35, 1.0 mL/min flow rate, and

a column temperature of 40°C. The detection wavelength was 242 nm, and the injection
volume was 10 pL. The % drug loading (DL) was calculated, as previously reported (49),
using Eq. 1:
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_ the amount of formoterol assayed
" the total amount of nanoparticles in the preparation

DL(%) 100 @

The % encapsulation (entrapment) efficiency (EE) was calculated, as previously reported
(50) using Eq. 2:

_ the amount of formoterol assayed
"~ the total amount of formoterol used in the preparation

EE(%) x 100 )

Analysis of the formoterol content in the renal cortex was carried out using d-6 formoterol
(Clearsynth, Mumbai, India) as an internal standard. Homogenization and extraction of
formoterol from the renal cortex in methanol followed by centrifugation and UPLC
separation were carried out as previously described (51). Quantification of formoterol

was measured using an Orbitrap Exploris 480 mass spectrometer (Thermo Finnigan, San
Jose, CA) equipped with an electrospray ionization source, operated in positive ionization
mode. The electrospray source was coupled online with Vanquish Duo an ultra-fast liquid
chromatography system. The spray voltage was set to 3500 V, ion transfer tube temperature
at 300°C, sheath gas pressure to 35 (Arb), ion sweep gas pressure to 0 (Arb), and aux gas
pressure to 7 (Arb). Mass spectrometer was operated with tMS2 method, and detection was
employed using nitrogen as the collision gas. Chromatographic separation was carried out
onto C18 column (100 mm x 2.1 mm length, 1.7 um pore size) (Phenomenex Torrance,
CA). The UPLC mobile phases consisted of (A) 0.1% formic acid (Sigma-Aldrich, St.
Louis, MO) in distilled water and (B) 0.1% formic acid (Sigma-Aldrich, St. Louis, MO)

in acetonitrile (Spectrum Chemical MFG Corp., Gardena, CA). A gradient method of 10—
98%B was run at a flow rate of 0.2 mL/min for 20 min. The injection volume was 2 pL. The
raw data was processed by using TraceFinder 5.0 (Thermo Fisher, Waltham, MA).

Encapsulated formoterol in PLGA-PEG nanoparticles were suspended and diluted to a final
concentration of 1 mg/mL with ultrapure water (18.2 MQ.cm) (Milli-Q Plus, Millipore
Sigma, Burlington, MA). Hydrodynamic particle size was determined by photon correlation
spectroscopy using the Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK), using
similar conditions and procedures published earlier (50). The nanoparticle suspension was
evaluated using a scattering angle of 173° at a temperature of 25°C. A minimum of 10
measurements were taken per replicate, and samples were evaluated a minimum of 3
replicates (n = 3).

Zeta potential (C) measurements were carried out in 0.1x normal saline solution at 25°C
and pH 7.2. The mean C was determined using the Zetasizer Nano ZS (Malvern Instruments
Ltd., Malvern, UK) phase analysis light scattering technique.

The size and surface morphology of formoterol containing PLGA-PEG nanoparticles in
the solid-state was visualized using SEM (FEI Inspect S SEM, FEI Company, Hillsboro,
OR) at an accelerating voltage of 30 kV. Powders were deposited on double-sided carbon
conductive adhesive tabs (Ted-Pella, Inc., Redding, CA, USA) attached to aluminum SEM
stubs (Ted-Pella, Inc., Redding, CA, USA) and then sputter-coated (Anatech Hummer 6.2,
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Union City, CA, USA) with gold for 90 s under Argon plasma to form a gold nanofilm
before being loaded into the microscope, using conditions similar to previously reported
(52).

In Vitro Drug Release—Using similar conditions as previously reported (53), formoterol-
loaded polymeric nanoparticles were dispersed in 10 mL of phosphate-buffered saline (PBS)
producing a final pH7.4 and incubated at 37°C under magnetic stirring. At determined time
intervals up to 96 hours, aliquots were centrifuged at 10,000 rcf for 10 min. Supernatant was
extracted and replaced with equal volume fresh PBS in order to maintain sink conditions.
Samples were analyzed by HPLC, as described above. Nanoparticle release was determined
in triplicate (n = 3). Data were plotted using Prism 9.0 (GraphPad Software, San Diego, CA,
USA).

RPTC Viability—Female New Zealand white rabbits were purchased from Charles

River (Oakwood, MI). RPTC were isolated, as previously described using the iron oxide
perfusion method (54). The RPTCs were cultured on 35-mm tissue culture dishes with 1:1
DMEM:F-12 (without glucose, phenol red, or sodium pyruvate) as media supplemented
with 15 mM HEPES buffer, 2.5 mM L-glutamine, 1 uM pyridoxine HCL, 15 mM sodium
bicarbonate, and 6 mM lactate (Thermo Fisher, Waltham, MA). Hydrocortisone (50 nM,
Sigma-Aldrich, St. Louis, MO), selenium (5 ng/mL, Sigma-Aldrich, St. Louis, MO),

human transferrin (5 pg/mL, Sigma-Aldrich, St. Louis, MO), bovine insulin (10 nM, Sigma-
Aldrich, St. Louis, MO), and L-ascorbic acid-2-phosphate (50 UM, Thermo Fisher, Waltham,
MA) were added daily to fresh culture medium. Confluent cell monolayers were used for all
experiments.

Cultured RPTCs were grown on 96-well plates at a cell density of 5 x 10# cells/cm?

for 96 h. Cells were exposed to varying concentrations of free formoterol and formoterol-
free polymeric nanoparticles. The treatments were each prepared by either dissolving free
formoterol or suspending nanoparticles in culture media. Following 24 h of incubation at
37°C and 5% CO, with gentle shaking, the treatment was removed, and cells were rinsed
and replenished with fresh media. Viability was determined by resazurin reduction assay,
as described previously (52, 55). Detection was measured using Synergy H1 Multi-Mode
Reader (BioTek Instruments, Inc., Winooski, VT) with 544 nm excitation and 590 nm
emission wavelengths. Six replicates were used per rabbit and viability of the cells was
calculated as follows:

Sample fluorescence intensity
Control fluorescence intensity

Relative viability (%) = x 100% (3)

Renal Tubule Nanoparticle Uptake and (MB) in Mice—Male C57BL/6 mice (8-9
weeks of age) were obtained from Charles River (Oakwood, MI), housed in the University
of Arizona Animal Care (UAC) Facility mouse room at a constant temperature of 22

+ 2°C with 12:12 h light-dark cycles, and received standard rodent food and water ad
libitum. An acclimation period of least 1 week was completed before the mice were used
in the experiments. A preliminary dose setting study was performed on a total of 3 (n =
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3) different formoterol containing nanoparticle groups (0.3 mg/kg, 0.03 mg/kg, and 0.003
mg/kg formoterol) and one formoterol free drug group (0.3 mg/kg formoterol) with 5 mice
per group (n = 5) and kidney tissue collected 1 h following administration. Nanoparticles
were suspended in normal saline, and formoterol was prepared by dissolving formoterol
fumarate dihydrate in normal saline at 0.03 mg/mL. Renal cortex was isolated and weighted.
Formoterol content was determined per mg of cortical tissue by mass spectroscopy as
described above. Following selection of the nanoparticle dose, a total of 3 groups (n = 3)
were evaluated with 10 mice per group (n = 10). Mice were treated with normal saline
drug-free vehicle, unencapsulated free formoterol (0.3 mg/kg/day) drug saline solution, or
encapsulated formoterol polymeric nanoparticles (0.04 mg/kg/day) suspended in normal
saline dosed via lateral tail vein injection. At 24 h post exposure, mice were euthanized,

and the kidneys and heart were harvested. All experimental procedures were approved by
the Institutional Animal Care and Use Committee (IACUC) at The University of Arizona in
accordance with the guidelines set forth by the National Institutes of Health (NIH) Guide for
the Care and Use of Laboratory Animals.

Kidney sections were harvested and fixed in 10% neutral buffered formalin solution (Sigma-
Aldrich, St. Louis, MO) and embedded in paraffin. Embedded sections (5 um thick) were
deparaffinized using CitriSolv (Thermo Fisher, Waltham, MA) followed by rehydration in
an ethanol gradient. Upon hydration, sections were permeabilized in 0.1% Trition X-100
(Sigma Aldrich, St. Louis, MO) for 10 min. Endogenous peroxidases were neutralized with
3% hydrogen peroxide (Sigma-Aldrich, St. Louis, MO). Slides were then blocked with
normal horse serum in PBS for 1 h at room temperature. Polyethylene glycol (PEG) primary
rat antibody (Abcam, Cambridge, MA) was added to slides at a 1:200 dilution and allowed
to incubate overnight at 4°C in a humidified environment. Slides were washed with PBS
and incubated for 1 h with Alexa Fluor 594 secondary antibody (Thermo Fisher, Waltham,
MA\) followed by lectin phytohemagglutin-L conjugated to Alexa Fluor 488 (Thermo Fisher,
Waltham, MA) and DAPI nuclear dye (Thermo Fisher, Waltham, MA). VECTASHIELD
Antifade Mounting Medium (Vector Laboratories, Burlington, CA) was applied to each
section along with a glass coverslip. All images were acquired using the EVOS M5000
Imaging System (Thermo Fisher, Waltham, MA).

Protein was extracted from renal cortical tissue sections using radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris-HCI, 150 mM NaCl, 0.1% SDS, 0.5% sodium
deoxycholate and 1% Triton X-100, pH 7.4) with protease inhibitor cocktail (1:100), 1 mM
sodium fluoride, and 1 mM sodium orthovanadate (Sigma Aldrich, St. Louis, MO) added
prior to extraction. Equal protein quantities (10 pg) were loaded onto 4-15% SDS-PAGE
gels, resolved by gel electrophoresis, and then transferred onto nitrocellulose membranes
(0.45 um pore size, Bio-Rad Laboratories, Inc, Hercules, CA). Membranes were blocked
with 5% nonfat milk (Bio-Rad Laboratories, Inc, Hercules, CA) in Tris-buffered saline with
Tween 20 (Sigma-Aldrich, St. Louis, MO) to prevent nonspecific binding and incubated

at a temperature of 4°C for 18-24 h with primary antibody. Primary antibodies include
PGC-1a (EMD Millipore, Billerica, MA), mt-ND1, NDUFS1, and GAPDH (Abcam,
Cambridge, MA). Membranes were washed and incubated with the appropriate horseradish
peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Dallas, TX) for 1 h.
Bound antibodies were visualized using enhanced chemiluminescence (Thermo Scientific,
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Waltham, MA) and the GE ImageQuant LAS400 Biomolecular Imaging System (GE
Healthcare, Marlborough, MA).

Renal cortical tissue sections were fixed in glutaraldehyde, stained, and sectioned for
transmission electron microscopy as previously described (56). TEM was conducted using
the FEI Tecnai Spirit microscope (FEI, Hillsboro, OR) operated at an accelerating voltage of
100 kV. Acquisition of images and counting of mitochondrial number and size was carried
out by a researcher blinded to sample treatment group. A minimum of 250 mitochondria
were counted per animal. Mitochondrial count and size were analyzed using MATLAB 9.9
(R2020b) (Mathworks, Natick, MA.).

Statistical Analysis—Comparison of the difference of between two groups was analyzed
using two-tailed Student’s t-test, while differences between three groups were performed by
one-way analysis of variance (ANOVA) with Dunnett’s post hoc test for comparisons (Prism
9.0, GraphPad Software, San Diego, CA, USA). In all cases p values of 0.05 or less were
considered significant.

Synthesis and Physicochemical Characterization of Nanoparticles

Nanoparticles were synthesized by single-emulsion solvent evaporation. As shown in Fig.
1a, the median hydrodynamic particle size was 442 + 17 nm (n = 3) with a polydispersity
index of 0.1. The mean C-potential of the nanoparticles was 0.16 + 0.04 mV (Fig.1c). The
surface morphology of the nanoparticles was smooth, and particle shape was spherical, as
seen in the SEM micrographs (Fig. 1b). These particles contained 1.6 pug formoterol per mg
of nanoparticles with DL of 0.2 £ 0.04% drug loading and EE of 24 + 5%.

In Vitro Drug Release

The in vitro drug release profile of formoterol containing nanoparticles is shown in Fig. 2.
After the initial burst release in the first 3 h, the release rate slowed. The profile indicates
> 80% of the total formoterol release occurred within the first 24 h with > 99% of the drug
release having occurred within the first 48 h.

RPTC Viability

Formoterol has been shown to induce MB in RPTCs at concentrations as low as 10 nM

(15). Confluent primary cultures of RPTC (n = 5 biological replicates) exposed to either
formoterol free drug or nanoparticles at concentrations up to 100 x the intended 10 nM
exposure were assessed for any cytotoxic effects using the resazurin reduction assay. The
viability of RPTC exposed to formoterol concentrations (ranged from 3.4 x 10~/ to 3.4 x
10~ mg/mL, equivalent to 1-1000 nM) (Fig. 3a) did not decrease compared to the control
following 24 h of exposure. The viability of proximal tubule cells exposed to nanoparticle
concentrations (0.001-1 mg/mL) (Fig. 3b) showed no decrease in viability following 24 h of
exposure.
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Renal Tubule Nanoparticle Uptake and MB in Mice

The 0.04 mg/kg formoterol containing nanoparticle dose was determined following a
preliminary dose ranging study where the amount of formoterol per mass of renal cortex was
determined following the administration of three concentrations of formoterol containing
nanoparticles (0.3 mg/kg, 0.03 mg/kg, and 0.003 mg/kg). The formoterol content in the renal
cortex from these mice was compared to that of an intravenous injection of 0.3 mg/kg of
formoterol free drug, a dose that has been shown to induce MB in mice (Table I).

To demonstrate renal uptake of nanoparticles, mice were injected with 0.3 mg/kg free
formoterol in solution or 0.04 mg/kg formoterol PLGA-PEG nanoparticles. At 24 h

post injection, kidneys were harvested. Renal cross sections were prepared and stained

with anti-PEG antibody. Proximal tubule localization was evaluated by co-staining with
phytohemagglutinin lectin and DAPI. Results from the formoterol free drug stained
sections (Fig. 4a—d) showed limited anti-PEG red fluorescence as expected, demonstrating
that the staining was not impacted by formoterol or endogenous PEG-like cellular
components. Sections from mice dosed with formoterol containing nanoparticles (Fig. 5a—d,
representative, n = 5) showed uptake of nanoparticles in renal proximal tubule segments
(dotted arrows), while nanoparticles were not observed in endothelial cells or glomeruli
(solid arrows). These results show that the nanoparticles are present in the kidney up to 24 h
post-administration.

Analysis of the concentration of formoterol in the renal cortex at 3- and 24-h post-
administration (n = 4-5) was normalized to the amount of formoterol that was dosed. At the
3-h time point the amount of formoterol was equivalent (Fig. 5e). Free formoterol injections
showed a substantial 95% decrease in formoterol concentration by 24 h. In contrast, at 24 h
nanoparticles containing formoterol were decreased by 68% compared to the 3-h time point
and were 10 times higher than free formoterol concentrations.

The renal cortex and left ventricle of mice (n = 8-9) injected with free formoterol (0.3
mg/kg) or formoterol containing nanoparticles (0.04 mg/kg formoterol) were assessed
following 24 h of exposure for protein biomarkers of MB. In the renal cortex, the

master regulator of MB, PGC-1a, was increased 1.3-1.5-fold for free formoterol as well
as formoterol containing nanoparticles compared to vehicle control (Fig. 6a). Content

of the complex I electron transport chain proteins NADH dehydrogenase 1 (ND1) and
NADH:Ubiquinone Oxidoreductase Core Subunit S1 (NDUFS1) increased the renal cortex
of mice treated with free formoterol and formoterol containing nanoparticles (Fig. 6 b

and c). However, ND1 protein levels in the renal cortex were not increased in formoterol
containing nanoparticles.

In the left ventricle, PGC-1a, ND1, and NDUFS1 were not increased in formoterol
containing nanoparticles compared to vehicle control (Fig. 6 d, e, f). However, mice treated
with free formoterol exhibited an increase in ND1 and NDUFS1 compared to controls (Fig.
6e—f).

To assess MB directly, mice (n = 9-10) were treated with vehicle, free formoterol, or
formoterol containing nanoparticles for 24 h. Following treatment, renal cortical tissue was
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extracted, stained, and imaged using TEM (Fig. 7a—c). The tissue sections from mice treated
with either free formoterol or formoterol containing nanoparticles displayed a 1.4- and
1.8-fold increase, respectively, in the number of mitochondria per field compared to control
(Fig. 7d). Additionally, the total mitochondrial area per field was increased 1.4- and 1.5-fold
for free formoterol and formoterol containing nanoparticle groups, respectively (Fig. 7e),
confirming MB in the treatment groups.

DISCUSSION

Renal targeting of nano-pharmaceuticals is of significant interest for both acute and chronic
kidney disease. Nanoparticles have been synthesized to target the glomeruli, relying on
nanoparticles being large enough to pass through the endothelial fenestrae but not the
glomerular basement membrane, a size range of 10-80 nm (57). Glomerular targeting for
formoterol drug delivery is limited in that while formoterol can induce MB in podocytes,
the cells of the glomeruli lack the mitochondrial density and energy needs of the proximal
tubules (18, 20). Additionally, diseases which impact glomerular filtration will likely alter
the efficiency of this mechanism of targeting. Successful nanoparticle targeting of the
proximal tubules has been more limited. Previous studies suggested that nanoparticles
synthesized between 300 and 500 nm in diameter could localize to the proximal tubules
with a high degree of selectivity (46-48). Here we demonstrate that a modified oil-in-water
single emulsion can produce PEGylated nanoparticles within the size range, 442 £ 17 nm,
required for targeting of the renal tubules. The formoterol encapsulated in PLGA-PEG
nanoparticles exhibited 7 vitro sustained release of drug over 24 h, which likely contributed
to the prolonged residence time of formoterol within the kidneys. Further, an assessment

of the cytotoxicity of both formoterol (1-1000 nM) and the polymeric nanoparticle vehicle
(0.001-1 mg/mL) showed a lack of any adverse effects on RPTC viability. Given that
formoterol treatment results in the desired MB at 10 nM in RPTCs, this demonstrates that a
two order of magnitude increase from targeted dose would not be cytotoxic.

Localization of the nanoparticles to the proximal tubules of the kidneys was assessed in mice
treated with vehicle, free formoterol, or encapsulated formoterol PLGA-PEG nanoparticles
24 h following administration. Differences in formoterol content present in the renal cortex
between the dosage forms at the 3-h time point were not significant. This is potentially

due to the mechanism by which formoterol is eliminated, 54% unchanged by urinary
excretion in rats (35), making difficult to differentiate between encapsulated formoterol in
the nanoparticles and formoterol being eliminated. However, evaluation of fluorescently
conjugated antibody staining of the PEG moiety on the surface of the nanoparticles

along with co-staining of tubular endothelial cells with leptin PAH shows uptake of the
nanoparticles by the proximal tubules. These sections were taken 24 h post injection and
provide evidence that the presence of the nanoparticles in the kidneys is not transient. This
is confirmed by the substantial fraction of the formoterol dose remaining in the kidneys

of nanoparticle-treated mice at the 24-h time point and indicates that the alteration in

the elimination of formoterol from the kidneys is the result of the uptake of PLGA-PEG
nanoparticles by the renal tubules.
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The mechanism by which these nanoparticles localize to the kidneys has not been fully
characterized. The nanoparticles studied here are significantly greater in size than the

80 nm particles which have been shown to localize to the glomeruli (57) suggesting

that these particles would not pass through the glomerular basement membrane. This is
confirmed by the fluorescent staining of the renal sections which shows significantly less
anti-PEG fluorescence in the glomeruli. One potential mechanism previously presented is
that particles in this size range are transcytosed by the peritubular endothelial cells into the
tubulointerstitial space where they are endocytosed by the tubule epithelial cells (46, 58).
This proposed transport is in agreement with the data presented here, which shows a high
degree of formoterol retention within the renal cortex and limited evidence of nanoparticles
present in the lumen of the tubules or glomeruli. As PLGA-PEG nanoparticles are well
known to be biodegradable, it is likely that the route of elimination of these particles will
follow hydrolysis of the PLGA backbone.

Mice treated with formoterol PLGA-PEG nanoparticles showed an increase in protein
markers of MB as well as new mitochondria that is comparable to intravenous formoterol
treatment at significantly higher doses. Our laboratory has previously shown that formoterol
treatment is responsible for this MB via overexpression of PGC-1a in renal cortex (10, 15,
17). In this study, we confirm that PGC-1a is induced to a similar degree with encapsulated
formoterol PLGA-PEG nanoparticles at a total formoterol dose (0.04 mg/kg), an order

of magnitude less than previously reported. The lack of increased renal ND1 expression
with formoterol containing nanoparticles is potentially due to pharmacokinetic differences
between the free drug and nanoparticle formulations resulting in increased ND1 expression
that is not captured by the 24-h time point. Additionally, increased ETC protein expression
in the renal cortex suggests that increased PGC-1a resulted in MB which was confirmed
by electron microscopy to be similar for both free formoterol, as well as encapsulated
formoterol PLGA-PEG nanoparticles even though the nanoparticles contained an 8-fold
lower dose of formoterol.

The potential toxicity of repeated formoterol free drug administration is largely related to
adverse cardiac effects of B, adrenoceptor agonism (25, 59, 60). While a single intravenous
dose of formoterol will not result in hypertrophy or other cardiac remodeling within 24

h, stimulation of B, adrenoceptor-dependent signaling pathways over time could result

in toxicity (22, 23, 61). Increased expression of ETC proteins in the left ventricle of

mice treated with formoterol confirms MB. In contrast, the lack of MB from formoterol
containing polymeric nanoparticles is likely due to the combined effects of improved
localization of formoterol containing nanoparticles to the kidneys and the lower overall
dose. Further studies are necessary to confirm the amelioration of any cardiac toxicity with
repeated formoterol administration and evaluate the potential of localization of formoterol
PLGA-PEG nanoparticles in models of renal injury.

CONCLUSIONS

The Bo-adrenergic receptor is highly expressed in the renal proximal tubules, and activation
of this receptor by formoterol has shown significant stimulation of MB as well as
improvement in renal function following injury. This study demonstrated that biocompatible
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biodegradable polymeric nanoparticles encapsulating formoterol can be successfully and
reproducibly synthesized using a modified oil-in-water emulsion solvent evaporation
technique. Furthermore, the physicochemical properties and /n vitro release properties
were successfully tailored for this application. These nanoparticles have further been
demonstrated to distribute to the renal tubules of mice, thus improving both the localization
and retention of formoterol in the target tissue for up to 24 h. Overall, this indicates that the
formoterol entrapped nanoparticles have potential as a therapeutic platform for the targeted
delivery of biogenic agents in renal injuries mediated by mitochondrial dysfunction such as
ischemia-reperfusion—induced kidney injury.
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Fig. 1.

Nanoparticles (NP) containing formoterol were prepared as described. a NP hydrodynamic
diameter was measured via dynamic light scattering (DLS) using the Malvern Zetasizer
Nano ZS. Size distribution is representative (n = 3). b NP size and morphology was assessed
via SEM. ¢ Zeta potential was determined at a concentration of 0.1 mg/mL of NP suspended

in 0.1x
3)

normal saline at 25°C and a measured pH of 7.2. Zeta potential is representative (n =
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Fig. 2.
Cumulative formoterol release from nanoparticle suspension over time. Nanoparticles

containing formoterol are dispersed in 1x PBS with stirring at 37°C. Data is presented
asmean +s.d. (n=3)
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Fig. 3.

a Igormoterol and b PLGA-PEG nanoparticles (NP) do not impact viability of renal proximal
tubule cells (RPTCs). After reaching confluence, cells were exposed to either formoterol or
PLGA-PEG NP at concentrations from 1 to 1000 nM (formoterol) or 0.001 to 1 mg/mL
(NP) for 24 h. After 24 h of exposure, cells were washed with fresh media and viability

was assessed by resazurin assay. Data were analyzed via one-way ANOVA followed by
Dunnett’s post hoc test to evaluate differences between groups. Data are presented as the
mean of = s.d. (n = 5 biological replicates). ns, no significant difference versus vehicle
control
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Fig. 4.
Renal cross sections of formoterol free drug treated mice are co-stained with a 40,6-

diamidino-2-phenylindole (DAPI) to visualize cell nuclei (blue), b phytohemagglutinin
(PHA) lectin to identify renal proximal tubules (green), and c anti-polyethylene glycol
(PEG) antibody to visualize nanoparticles. d Merged image. Scale bar on full scale image is
150 pm, scale bar in magnified inserts is 50 pm
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Evaluation of NP renal localization. Renal cross sections are co-stained with a 40,6-
diamidino-2-phenylindole (DAPI) to visualize cell nuclei (blue), b phytohemagglutinin
(PHA) lectin to identify renal proximal tubules (green), and c anti-polyethylene glycol
(PEG) antibody to visualize nanoparticles. d Merged image. Solid arrows identify glomeruli,
dotted arrows identify proximal tubules. Scale bar on full scale image is 150 um, scale bar
in magnified inserts is 50 pm. e Formoterol concentration in renal cortex as determined by
LCMS-MS at 3- and 24-h post-administration. Data were analyzed via Student’s t-tests to
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evaluate differences between groups. Data are presented as the mean + s.d. (n = 4-5). —
P<0.05, ns indicates no significance between groups
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Fig. 6.

Nanoparticles containing formoterol stimulate mitochondrial biogenesis. C57BI/6 mice
received a single lateral tail vein injection of either vehicle, formoterol (0.3 mg/kg), or
formoterol containing nanoparticle (0.04 mg/kg formoterol). Renal cortex (a—c) and left
ventricle (d—f) was evaluated by immunaoblotting for PGCla (a and d), ND1 (b and

e) and NDUFS1 (c and f) expression and quantified via densitometry. g Representative
immunoblots. Data were analyzed via one-way ANOVA followed by Dunnett’s post hoc test
to evaluate differences between groups. Data are presented as the mean of + s.e.m. (n =
8-9). *P, 0.05 versus vehicle control, FFD is free formoterol, NP is formoterol encapsulated
nanoparticles
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Fig. 7.

Representative electron micrographs of renal cortical sections from mice exposed to either
a vehicle control, b 0.3 mg/kg formoterol, ¢ 0.04 mg/kg formoterol NP. d Quantification of
mitochondria (black arrows) per field. e Quantification of total mitochondrial area per field.
Data were analyzed via one-way ANOVA followed by Dunnett’s post hoc test to evaluate
differences between groups. Arrows indicate mitochondria. Data are presented as the mean
of +s.e.m. (n =5). *P, 0.05 versus vehicle control
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Table I.

Renal Formoterol Drug Content Following Nanoparticle and Free Drug Dosing. Average Formoterol
Recovered Per Mass of Renal Cortex (pg/mg). Mean = s.d (n =5)

Dosing formoterol (mg/kg) Average formoterol (pg/mg)
Formoterol nanoparticle 0.3 81.5+10.5

Formoterol nanoparticle 0.03 276+31

Formoterol nanoparticle 0.003 15+10

Formoterol free drug 0.3 33.2+5.0
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