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Abstract

Acute kidney injury (AKI) is associated with highomtality and morbidity with no effective
treatment available at present, which greatly esesl the risk of chronic kidney disease.
Nanotechnology-based drug delivery for targetingategubules offers a new strategy for AKI
treatment but remains challenging due to the glataefiltration barrier. To tackle this challenge,
here we demonstrate that poly (lactic-co-glycoloeda (PLGA) nanoparticles (NPs) of 100 nm
diameter could selectively accumulate in mouserynkidneys in correlation to the degree of
kidney injury and administration time during thetiad phase of renal ischemia-reperfusion injury.
The NPs were located in renal tubular epithelilisa@nfirmed by immunofluorescence, which is
critical for the progression of AKI. Taking advagéof the high accumulation and renal tubule
targeting of the PLGA NPs in the ischemia-repedngiR) kidney, we designed PLGA NPs loaded
with Oltipraz (PLGA-Oltipraz NPs) to treat IR-indedt AKI and renal fibrosisln vitro results
showed that compared to free Oltipraz, PLGA-OlzpkPs displayed a higher antioxidation effect
with improved cell viability, lower contents of nealdialdehyde, and higher activity of superoxide
dismutase. The therapeutic efficacy of PLGA-OltphPs was further investigated vivo. Mice
with AKI treated with PLGA-Oltipraz NPs exhibitedgsificantly reduced tubular necrosis, less
collagen deposition, and better renal functiorhatinitial phase as well as improved renal fibrosis
at the recovery phase. This study establishes mipiy approach for AKI and fibrosis treatment
with PLGA-Oltipraz NPs. It also reveals the imporda of size-selective NPs and drug

administration time window to nanotherpeutics.
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1. Introduction

Acute kidney injury (AKI) is a common and seriousical disorder with high morbidity and
mortality[1-3]. It occurs in 3.2% to 9.6% of hosgized patients and is responsible for about 2
million deaths per year worldwide with increasingcidence[4]. AKI causes microcirculatory
disturbances, excessive production of reactive emygpecies and inflammatory factors, which
give rise to the renal tubular injury[5-6]. Thisrtluer stimulates the activation of interstitial
fibroblasts, triggers extracellular matrix depasitin the interstitium, results in renal fibrosasd
eventually leads to chronic kidney disease (CKIB[.7AKI, while has attracted much attention

from nephrologists, still lacks specific and effeetclinical treatments[9].

The development of nanotechnology sheds light on #datment[10-11]. The nanoparticles
(NPs)-based delivery system contributes to therpheokinetics and bio-distribution of drugs and
facilitates targeted drug delivery to specific orgfd2-15]. However, the use of the NPs-based
system to deliver drugs to renal tubules is chgheinby the glomerular filtration barrier (GFB)[16-
17]. Under the physiological condition, water andai solutes (such as urea and glucose) in
plasma are able to cross the GFB into the urinéewhgh-molecular-weight plasma components
are retained in the blood[18]. Only a few nanomalgmwere reported to target renal tubules. For
instance, carbon nanotubes with a diameter of Svene used for targeted drug delivery to renal
tubules in a cisplatin-induced AKI model[19]. Tharloon nanotubes loaded with Trp53 siRNA and
Mep1b siRNA could effectively alleviate kidney dageaand renal tubular inflammation. Catechol-
derived chitosan NPs with a diameter of 40 nm coaldet renal tubules and interstitium, reducing
the occurrence of renal fibrosis in the unilateua¢teral occlusion model[20]. Shaped DNA
origami nanostructures had superiority of accunmutain mice kidneys. Besides, rectangular DNA
origami nanostructures possessed renal-protectivepepties in  AKI  mouse model[21].

Nevertheless, these materials are still far awaymfrclinical application. More effective
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Renal ischemia-reperfusion injury (RIRI) is one tbeé most frequent causes of AKI[22].
Previous reports showed that the structure and gedsility of GFB were significantly changed in
the RIRI animal model at the initial phase, whiclayrallow for NPs to pass through[23-25].
Therefore, we reasoned that it would be possibldesign NPs with a specific size to cross the
impaired GFB, which would in turn enable the taegetirug delivery to renal tubules. In the
present study, taking poly (lactic-co-glycolic gc{BLGA) as the model, we found that PLGA NPs
of 100 nm could accumulate in the ischemia-repefugIlR) kidney and target renal tubular
epithelial cells at a specific administration tinfdne NPs accumulation was closely related to the
degree of kidney injury and administration timeN®s. To further validate our hypothesis, we
loaded Oltipraz, a drug for AKI and renal fibroigsatment, into PLGA NPs of 100 nm to prepare
the PLGA-Oltipraz NPs, which were intravenously idsied to the IR-induced AKI-to-CKD
mouse model[26-28]. We found that the PLGA-Oltipki2s could specifically target the IR kidney
at the initial phase and continuously release @iupfor effective treatment of AKI and renal
fibrosis (Scheme 1).
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Scheme 1. Application of PLGA-Oltipraz nanoparticles (NPs) with particle size of 100 nm in

ischemia-reperfusion (IR) induced acute kidney injury (AKI). GFB, glomerular filtration



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

barrier; i.v., intravenous injection.

2. Materials and methods
2.1. Fabrication of PLGA NPs
The PLGA NPs of about 100 nm in diameter were pexpas follows[29-30]5 mg PLGA
(Poly(D,L-lactide-co-glycolide) (lactide:glycolid®&0:50, ester terminated, molecular weight is
38,000-54,000, Sigma-Aldrich, St. Louis, MO, USAasvdissolved in acetonitrile (2 mL). DIR
(Thermo Fisher Scientific, MA, USA), a cytomembrathe, was then added to PLGA acetonitrile
solution. Lecithin (soybean, refined, molecular gi#i ~330 D) and DSPE-PEG (1,2-distearoyl-
snglycero-3-phosphoethanolamine-N-carboxy(polyethgl glycol) 2000) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Lecithin (1.5gnand DSPE-PEG (5 mg) were dissolved in
20 mL of distilled water. Then the PLGA and DiR makacetonitrile solution was slowly added
dropwise to the rapidly stirred lecithin and DSPE@Psolution. To evaporate the acetonitrile, we
further stirred the obtained solution overnight rabm temperature. Then the obtained NPs
suspension was ultrafiltered by using a Millipormigon centrifuge tube (molecular weight ~100
kD) and washed twice to completely remove the dgyaalvent. The obtained NPs solution was
resuspended in PBS with a PLGA concentration ofgamh, then the PLGA NPs dispersion was
stored at 4 °C.

In order to prepare PLGA NPs with the size aboult 8, 10 mg PLGA was dissolved in 1
mL acetonitrile solution. Lecithin (1 mg) and DSPEG (2 mg) were dissolved in 20 mL of
distilled water. Remaining steps were the same@$d0 nm PLGA NPs.

In order to prepare PLGA NPs with the size aboult 8,20 mg PLGA was dissolved in 1
mL acetonitrile solution. Lecithin (0.5 mg) and OSPEG (1 mg) were dissolved in 10 mL of

distilled water. Remaining steps were the sameéd@snin PLGA NPs.
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2.2. Preparation of PLGA-Oltipraz NPs

PLGA-Oltipraz NPs of 100 nm in diameter were prepaas follows. PLGA (5 mg) was dissolved
in acetonitrile (2 mL). Oltipraz (25 pg, Selleckhahghai), a Nrf2 activator was added to 2 mL of
PLGA acetonitrile solution and thoroughly mixedrabm temperature. DSPE-PEG (5 mg) and
Lecithin (1.5 mg) were dissolved in 20 mL of digd water. Then the PLGA and Oltipraz
acetonitrile solution was slowly added dropwisethie rapidly stirred lecithin and DSPE-PEG
solution, and then stirred overnight at room terapee. The prepared nano-suspension was
ultrafiltered, centrifuged by using a Millipore Aaun centrifuge tube (molecular weight 100 kD)
and washed twice to completely remove the organleest. The obtained NPs solution was

resuspended in 1 mL PBS to produce PLGA-Oltipras Bitution.

2.3. Characterization of PLGA and PL GA-Oltipraz NPs

The morphology and particle size of NPs were evallidby transmission electron microscopy
(TEM; Hitachi H-7650). Dynamic light scattering (Bt Brookhaven Instruments Corp., USA) was
employed to measure the hydrodynamic size andpagtntial of NPs. Oltipraz concentration and
loading capacity of NPs were determined by UV-Iesibspectra with a UV-visible

spectrophotometer (UV2450, Shimadzu Corp.).

2.4. Invitro cellular uptake behavior of PLGA NPs

Human renal tubular epithelial cell line (HK2) wasirchased from Cell Bank of Shanghai
Institutes for Biological Sciences. HK2 cells werdtured in DEME medium containing 10% fetal
bovine serum (Wisent, Nanjing, China), 1% penigilitreptomycin (Gibco, MA, USA) and

incubated in 5% Cgat 37 °C in a water-saturated atmosphere. Celie weeded in 6-well plates
with a density of 5x10cells/well, and cultured for 24 h. To evaluate tedlular uptake of PLGA

NPs by flow cytometry, fresh medium containing 1RIgGA NPs (labeled with DiR, 2.hg/mL)
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with different sizes were added. After 6 h co-inatin, cells were washed with phosphate
buffered saline (PBS) three times and centrifugeguspended in 500 of PBS, and analyzed by

flow cytometry. The fluorescence of DIR was coléztbn the APC-Cy7-H channel.

2.5. In vitro anti-oxidative stress effect of PL GA-Oltipraz NPs

HK2 cells were seeded in two cell culture plated aunltured with DMEM containing 10% (v/v)
FBS, pH 7.2, at 37 °C with 5% GOCells were pre-treated separately with DMSO, PLKAs,
PLGA-Oltipraz NPs, and free-Oltipraz, then cultufed 24 h. The concentration of Oltipraz in
groups with free Oltipraz, and PLGA-Oltipraz NPssw2uM. Cells in one plate were cultured in
serum-starved medium and exposed to hypoxia farthdm cultures were replaced with standard
medium and allowed to recover in room air with 5%,Cor 1 h. Cells in another plate were
cultured under normal conditions for 2 h. Cell lgsawere prepared for subsequent experiments.
Western blot analysis of the protein levels of Nf#A2721, 1:1000, Cell Signaling Technology,
Danvers, MA, USA), NQO1 (ab80588, 1:2000, AbcammBadge, UK) andr-Tubulin (sc-73242,
1:5000, Santa Cruz). To examine malondialdehyde AMBnd reactive oxygen species (ROS)
generated by hypoxia condition, thiobarbituric asids used to measure MDA, WST-8 assay kit
(Beyotime Biotech, Shanghai, China) was used tongxa ROS generation. And CCK-8 assay kit
(Vazyme biotech, Nanjing, China) was used to asselésiability. Briefly, cell lysis samples were
first incubated with a working solution for an indted time, followed by detection in a
spectrophotometer system (TECAN). The total proteoncentration of each sample was
determined by the BCA Protein Assay Kit (Vazymetéol, Nanjing, China), and was used to

normalize the measured MDA and ROS results.

2.6. AKI-to-CK D mice modd

All animal experimental protocols were approved the Institutional Animal Care and Use
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Committee, Drum Tower Hospital, Medical School arjing University. ICR Mice (6-8 weeks)
were anesthetized with isoflurane inhalation, angedated buprenorphine subcutaneously for
analgesia. AKI-to-CKD mice model was establisheduibylateral renal pedicle clamping for 45
min followed by reperfusion as described previol&ly. In brief, we firstly removed the left renal
hilus fat and isolated the renal vessels completebn placed the mice on a 38 °C heating plate
and clamped renal pedicle with vascular bulldognga for 45 min. Whereafter, we released the
bulldog clamp slowly, and observed that the coliothe left kidney changed from purple-black to
red, indicating successful reperfusion. In the slgaoup, we isolate the left renal pedicle without

clamping it.

2.7. In vivo bio-distribution of PLGA NPs
A PerkinElmer IVIS Spectrum small-animal vivo imaging system was used to measure the
fluorescence intensity of NPs. The near-infraretR)Nluorescent image parameters were preset by
using DIR dye, with excitation wavelength at 745 and emission wavelength at 800 nm. The
fluorescence intensity of the images was normalized

To study the relation between NPs size and thardistribution, DIiR labeled PLGA NPs
(200 uL, 5 mg/mL PLGA) of the three different particlezes was intravenously injected in the
RIRI mouse model immediately after RIRI. Three miic@n each group were sacrificed by £0
asphyxiation at 3, 6, 12, 24, and 48 h after impectHearts, livers, spleens, lungs, and kidney
tissues were removed and the surface of the ongassloated/cleaned with physiological saline,
then blotted dry. The organs were photographedfadlIR fluorescent signals were measured.

To investigate the effect of NPs administrationitignon NPs bio-distribution, RIRI mice
were divided into six groups with different timio§f NPs administration. DiR labeled NPs (200
5 mg/mL PLGA) was administered at O h, 12 h, 24&h, and 72 h and 7 d after RIRI. Three mice

from each group were sacrificed at 3, 6, 12, 24, 48 h after injection, and then the major organs
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were removed to perform NIR imaging.

To explore the relationship between the degreengiry in the RIRI kidney and the
accumulation of NPs, mice were divided into fouougs by the blocking time of the left kidney
vessels: 15, 30, 45, and 60 min. DiR labeled NR® (1L, 5 mg/mL PLGA) was intravenously
injected immediately after RIRI. Three mice frontle@roup were sacrificed at 3, 6, 12, 24 and 48

h after injection. The major organs were then hsteckfor NIR imaging.

2.8. Location of the accumulated PLGA NPsin injured kidney

To revalidate that the PLGA NPs can target the idéy, IR kidneys with NPs accumulation
illustrated by than vivo imaging system were fixed in OCT gel and frozer2& °C, and frozen
sections of 5¢m thick were prepared. Then, tissue sections wengbiated with 3% bovine serum
albumin (BSA)/0.3% Triton X-100 for 15 min at roci@mperature. After removing the solution,
sections were incubated at room temperature witloréiscein-labeledPhaseolus vulgaris
erythroagglutinin (PHA-E (1:200), FL-1121, Vectoaloratories, Peterborough, UK) Arachis
hypogaea lectin (PNA (1:100), L7381, Sigma-Aldrich, St. LeuMO, USA) for 1 h. After rinsing
with PBS three times, the core was incubated with64dia- midino-2-phenylindole (DAPI,

Beyotime Biotechnology, Shanghai), and fluorescemag observed by fluorescence microscope.

2.9. Therapeutic efficacy of PL GA-Oltipraz NPsin the AKI-to-CKD mice model

In the established ischemia reperfusion induced AiGdel, the mice were divided into eight
groups (9 mice/group) for treatment: Sham, Sham+RINEFs, Sham+Oltipraz, Sham+PLGA-
Oltipraz NPs, IR, IR+PLGA NPs, IR+Oltipraz, and IRtGA-Oltipraz NPs. PBS, PLGA NPs,
Oltipraz, and PLGA-Oltipraz NPs were intravenoustyected in the Sham and IR groups
immediately. The dose of Oltipraz in groups witberOltipraz, and PLGA-Oltipraz NPs was 5 ug.

The day of administration was set as 12 h. Thresmni each group were executed on day 3, 7, and
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42 (6 weeks). Kidneys and other primary organs \hmarmgested for hematoxylin and eosin (H&E)
staining. Tissue sections (Gn) were stained with H&E and Masson trichrome (8ota Life
Sciences, Beijing). The staining results were mesband scored to assess the degree of injury.
The final score reflected the degree of cast foiwnatubular necrosis, loss of brush border, and
tubular dilation in 10 randomly selected, non-o&pding fields (200x) as follows: 0, none; 1,
<10%; 2, 11 to 25%; 3, 26 to 45%; 4, 46 to 75%; By’ 6%.

Kidney sections were also used for IHC staininddtect the expression of extracellular matrix
proteins. IHC was performed using paraffin-embedsisctions according to standard protocols of
Cell Signaling Technology. The antibodies usedIHEC were as followsn-smooth muscle actin
(a-SMA; Abcam, Cambridge, UK, ab5694, 1:3000), catlag (Abcam, ab34710, 1:400), and
fibronectin (Abcam, ab2413, 1:.400) DAB (ZSGB-BIOgiflng) was used as an HRP-specific
substrate. Photographs of representative fieldse veaptured under high-power magnification
(x200) by using Leica LAS v4.12 software. The pwesitareas in each image were counted and

analyzed with Image-Pro Plus v6.0.

2.10. Western blot analysis

To examine the expression of Nrf2 signalling patynaasociated proteins, protein was extracted
from tissues and cells and underwent western bhailyais as previously described[32]. The
antibodies used were as follows: Anti-Nrf2 antibd@ell Signalling Technology, Danvers, MA,
USA, #12721, 1:1000) , anti-NQO1 antibody (Abcarb8@b88, 1:2000), anti-Gpx2 antibody
(Abcam, ab137431, 1:1000), anti-GCLC antibody (Birdech, Rosemont, IL, USA, 12601-1-AP,

1:2000), and aniiTubulin antibody (Santa Cruz, sc-73242, 1:5000).

2.11. Measurement of renal function

To investigate the renal function protection effeEtPLGA-Oltipraz NPs, the AKI mouse model

10
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was established by blocking the left kidney blo@dsel for 45 min and resecting the right kidney
after the release of the left blood vessel clampjesthe sham group underwent the right kidney
resecting without the left pedicle clamping. Theére AKI mouse model and sham operation mice
were divided into eight groups (5 mice/group) foeatment:. Sham+PBS, Sham+PLGA NPs,
Sham+Oltipraz, Sham+PLGA-Oltipraz NPs, IR+PBS, IRGRA NPs, IR+Oltipraz, and
IR+PLGA-Oltipraz NPs. PBS, PLGA NPs, Oltipraz, aadGA-Oltipraz NPs were intravenously
injected in the Sham and AKI groups immediatelyeTdose of Oltipraz in groups with free
Oltipraz, and PLGA-Oltipraz NPs was 5 pg. After24mice were sacrificed and blood samples
were harvested. The serum was separated by cegmigfinlood samples and stored at -80 °C until
analysis of BUN and serum creatinine. BUN and anes assay kits were purchased from

BioAssay System (Hayward, USA).

2.12. Satistical analysis
Statistical analysis involved two-sided Studemttest for two groups and one-way ANOVA for

multiple groupsP < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Characterization of PLGA NPs

PLGA NPs with different particle size labeled withR were prepared. Fig. la-1c exhibits the
particle size distribution, transmission electroicnmscope (TEM) images of different NPs, and the
flow cytometry results of the obtained PLGA NPshumman renal tubular epithelial cells (HK2

cells). Dynamic light scattering (DLS) showed that the msee of the PLGA NPs fabricated at

100, 200, and 300 nm was 100 + 14.1, 200 + 19.53&@d+ 20.8 nm, respectively (Fig. 1a), and
the PDI was 0.098 £ 0.009, 0.112 + 0.015, and 0488127, respectivelyTEM revealed that all

the three NPs formed by self-assembly were genyesphierical in shape and showed good mono-

11



1 dispersity (Fig. 1b). Next, we investigated thelual uptake efficiency of PLGA NPs by
2 incubating HK2 cells with the three sizes of NPs4oh. The three PLGA-DIR NPs had similar

3 cellular uptake behaviors observed from flow cytaméFig. 1c).
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5 Figure 1. The characterization and in vivo bio-distribution of PLGA NPs. (a) Size distribution

6 of PLGA NPs by dynamic light scattering. (b) Tramssion electron microscopy (TEM) images of

7 PLGA NPs. Scale bar, 500 nm. (c) Flow cytometryHif2 cells incubated with PLGA NPs of

8 different sizes(d) PLGA NPs with different particle sizes and fi2& were intravenously injected

9 in renal ischemia-reperfusion injury (RIRI) model mice immediately after surgery. NIR
10 fluorescence images of ischemia-reperfusion (IRh&ys (dotted box) and contralateral kidneys of

11  RIRI mouse at the indicated time after injectiom) $emi-quantitative bio-distribution of PLGA
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NPs in IR kidneys from (d). (f) NIR fluorescenceages of major organs after injection of PLGA
NPs with particle size of 100 nm. (g) Semi-qualttta bio-distribution of PLGA NPs in RIRI
mouse model by mean PLGA NPs fluorescence intemsitygans from (f). The data are shown as

mean = SD (n=3).

3.2. Bio-distribution of PLGA NPs

We investigated the relationship between the @arsize and their accumulation in the IR kidney
after administration of PLGA-DIR NPs with three fieée sizes. IR-induced AKI-to-CKD mouse
model was established by unilateral renal pedidenping for 45 min followed by reperfusion as
described previously[31]. PLGA-DIR NPs with thedardifferent particle sizes (100 nm, 200 nm
and 300 nm) and free DIiR were intravenously ingatemediately after the model was established,
respectively. The near-infrared (NIR) fluorescentéhe mouse IR kidney and contralateral kidney
was observed at 3, 6, 12, 24, and 48 h post-igjectihe semiquantitative analysis of NIR
fluorescence in IR kidneys at 48 h post-injectibowged that the relative fluorescence intensity of
100 nm PLGA NPs, 200 nm PLGA NPs, 300 nm PLGA Ni®s faee DIR was 39%, 7%, 4% and
2%, respectively. PLGA NPs of 100 nm significardlygcumulated in IR kidneys, whereas NPs of
200 and 300 nm were barely accumulated (Fig. 1dire)s, the kidney-targeting property of PLGA
NPs was closely related to particle size. On theerothand, all contralateral kidneys showed
negligible DIR fluorescence. This was probably doehe impaired GFB after the RIRI, which
enabled large molecules to pass through[33-34]. nvibde, the permeability of GFB at the
contralateral kidney was not changed by RIRI. Tleees PLGA NPs with different particle size
could not accumulate in the contralateral kidnéie. also noted that no NIR fluorescence was
detected in IR kidneys or contralateral kidney®raftee DiR injection (Fig. 1d). The possible

reason is still under investigation and will beadpd in due course.

13
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To evaluate the bio-distribution of PLGA NHsvivo, we intravenously injected 200 pL of
100 nm PLGA NPs (0.05 mg/mL) in RIRI mice, and theraged them by a NIR imaging system.
Among major organs excised at different timepoiptsst-injection, strong DIiR fluorescence
intensity appeared in the IR kidney, whereas thetratateral kidney showed negligible DiR
fluorescence (Fig. 1f). The relative fluorescermttensity in IR kidneys at 3 h, 12 h, 24 h, 48 h, 72
h, 7 days and 10 days post-injection was 45%, 32%, 32%, 41%, 52% and 70%, respectively
(Fig. 1g). The results revealed that PLGA NPs cagdcifically target the IR kidney. At day 10
after injection, the fluorescence from PLGA NPs 8B evident in IR kidney, indicating PLGA
NPs could stay in the IR kidney for at least 10jdiius enabling the continuous release of the

encapsulated drugs.

Next, we investigated the effect of administratimning on the accumulation of NPs in the IR
kidney. The PLGA-DIR NPs of 100 nm were administesa€O h, 12 h, 24 h, 48 h, 72 h, and 7 days
after the establishment of the RIRI model. At 318, 24, and 48 h after administration, the major
organs of mice were excised for NIR imaging. Fig. ékhibits the NIR fluorescence images of
kidneys. At 48 h NIR imaging, the relative fluoreace intensity of IR kidney at 0, 12, 24, 48 and
72 h NPs administration was 18, 17.5, 7, 5.5, antm&s higher than that at 7 days NPs
administration, respectively (Fig. 2a, b). The tigla fluorescence intensity of IR kidney was
significantly higher at 0 h and 12 h administratahile gradually decreased with the delayed
administration. Therefore, the accumulation of PLSRs in the IR kidney is reversely correlated
with increased administration timing. Overall, salogial accumulation of NPs occured even when

the administration was given within 72 h after RIRI

We further explored the effect of the degree afinpjof the IR kidney on the accumulation of

NPs. The RIRI mice were divided into five groups isghemic time of left kidneys: 0 (sham-

14



10

11

12

operated group), 15, 30, 45 and 60 min, respegtivEhe PLGA-DIR NPs of 100 nm were
administered immediately after surgery, at 3, §, 22 and 48 h, the major organs of mice were
excised for NIR imaging. The relative fluoresceimtensity at 48 h in IR kidneys of 0, 15, 30, 45
and 60 min ischemic time was 2%, 2%, 5%, 39%, at¥d,3espectively. PLGA NPs accumulation
was barely observed in groups with an ischemic tohd5 and 30 min, indicated by very low
fluorescence intensity. However, with the ischemee of 45 and 60 min, the accumulation of
PLGA NPs in IR kidneys was significantly increasesflected by the relatively high fluorescence
intensity (Fig. 2c, d). We reason that the degreénpiry is an important factor affecting the
accumulation of NPs in IR kidneys. These resultggsst that mild renal injury may not
significantly change the structure and permeabittyGFB and prevent the NPs from passing
through. However, the kidney will get fully recoyeirom mild ischemia-reperfusion injury and

will not progress to renal fibrosis.
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Figure 2. PLGA NPs bio-distribution by NIR imaging. (a) The renal ischemia-reperfusion injury
(RIRI) mice were intravenously injected with 100 hGA NPs at the indicated time (0, 12, 24,
48, 72 h and 7 d) after surgery. NIR fluorescemnages of ischemia-reperfusion (IR) kidneys
(dotted box) and contralateral kidneys of RIRI matedifferent times (3, 6, 12, 24, 48 h) after
injection. (b) Semi-quantitative bio-distributioi BLGA NPs in IR kidneys from (a). (c) PLGA

NPs with 100 nm particle sizes were intravenousjgdted in RIRI mice with different renal

ischemia time (0, 15, 30, 45, 60 min) immediatetgrasurgery. NIR fluorescence images of IR
kidneys (dotted box) and contralateral normal kygnat different times (3, 6, 12, 24, 48 h) after
injection. (d) Semi-quantitative bio-distributiof BLGA NPs in IR kidneys from (c). The data are

shown as mean = SD (n=3).
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3.3. Localization of PLGA NPs

We observed the accumulation of 100 nm PLGA NRBenR kidney. To further identify the exact
location of PLGA NPs in the IR kidney, we appliednunofluorescence analysis to kidney frozen
sections. IR kidney sections were stained with hgtagglutinin-E (PHA-E) to label proximal
convoluted tubules while phytoagglutin (PNA) wasedisto label distal convoluted tubules,
respectively[35]. DIR fluorescence was mainly oliedrin proximal and distal convoluted tubule
cells in the IR kidney, while DIR fluorescence weagligible in the contralateral kidney or sham
control kidney (Fig. 3a, b). It has been reportealt trenal tubular epithelial cells play important
roles in the progression and recovery of AKI[7]bUiar epithelial cells were observed to arrest at
G2/M and adopt a profibrotic phenotype after AKéadling to the progression of interstitial
inflammation and fibrosis. Thus, repairing injuredbules to restore regular tubular function is of
great significance in the treatment of AKI. In theesent study, we demonstrated that PLGA-DIR
NPs might directly target the proximal and distahweoluted tubules, which could contribute to

drug delivery targeting the injured renal tubulpitieelial cells.
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Figure 3. Immunofluorescence analysis of PLGA-DIiR NPs in IR-injured and contralateral
kidneys. PLGA-DIR NPs were intravenously injected immediptafter RIRI or sham surgery in
mice. At 12 h after surgery, frozen kidney sectiongre prepared and stained with
phytohemagglutinin-E (PHA-E) for visualizing proxamntubules (a) and phytoagglutin (PNA) for
visualizing distal tubules (b). DAPI was used ftaising nuclei. Merged views are shown in the
right panels. Representative fluorescent imagedrame three independent experiments showing

similar results. Scale bar, 1pén.
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3.4. Fabrication and characteristics of PL GA-Oltipraz NPs

We then constructed PLGA NPs encapsulating Oltipsaasing the method for 100 nm PLGA NPs.
Oltipraz, a small molecule Nrf2 (nuclear factortargid 1-related factor 2) agonist, was chosen as
the model drug because it regulates cell oxidasivess damage and has huge potential in the
treatment of AKI and renal fibrosis[26-28]rf2 is a nuclear transcription factor which bins
antioxidant response element and participates imlutating transcription and expression of
antioxidant enzymes[36-38]. Though Oltipraz canilggsass through the GFB, maintaining an
effective concentration in the renal tubules anterstitium is difficult[39-40]. Herein we
constructed Oltipraz-loaded PLGA NPs to addresschallenge. DLS confirmed the mean size of
the PLGA-Oltipraz NPs as 100 = 15.8 nm (Fig. 4athva PDI of 0.109 + 0.012. TEM images
showed that the self-assembled PLGA-Oltipraz NPsevgenerally spherical in shape. The UV-
visible absorption spectrum of PLGA-Oltipraz NPwkd a characteristic absorption peak of
Oltipraz at about 444 nm, indicating the successhadapsulation of Oltipraz (Fig. 4b). The loading
capacity of Oltipraz was 1.1%. The zeta potentia$ w20 + 6.7 mV (Fig. 4c). The release profile of
Oltipraz from PLGA-Oltipraz NPs was evaluated. Tenulative release of Oltipraz reached 50%
and 75% after 12 h and 4 days respectively, wmdicated that drug release from PLGA NPs was

a controlled-release process (Fig. 4d).

3.5. Antioxidant efficacy of PL GA-Oltipraz NPsin vitro

Next, we inspected the antioxidation effect of PL-Ghipraz NPsn vitro. Western blot assay was
performed to analyze the expression levels of Mrid NQO1. Under normal culture conditions,
compared with PLGA and the DMSO control, both th&R-Oltipraz NPs and Oltipraz could

activate Nrf2 and NQO1 expression, with PLGA-Olipr NPs exhibiting higher activation

efficiency than Oltipraz alone (Fig. 4e). Under by@m and serum-free culture conditions, the
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expression of Nrf2 and NQO1 was inhibited. HoweRir(GA-Oltipraz and Oltipraz NPs conferred
relatively higher expression of Nrf2 and NQO1 protthan the PLGA and DMSO control. The
activation efficiency of the PLGA-Oltipraz NPs wastter than Oltipraz alone in hypoxia and
serum-free conditions. The malondialdehyde (MDA)teat was 1.2@9mol/mg protein in PLGA-
Oltipraz treated cells, while 1.6dnol/mg protein in PLGA treated control cells € 0.05) during
hypoxia (Fig. 4f). The superoxide dismutase (SO&ijvay showed 1.02 U/mg protein in PLGA-
Oltipraz treated cells, while 0.76 U/mg proteinBhGA treated cellsp( < 0.05) in hypoxia (Fig.
49). Moreover, the cell viability rate was 44.36%@&65.81% in PLGA and PLGA-Oltipraz treated
cells in hypoxia conditionp(< 0.05), respectively (Fig. 4h). PLGA-Oltipraz tie@nt conferred
protection against hypoxia condition, as evidenbgdower contents of MDA, higher activity of

SOD, and increased cellular activity when compavald PLGA and DMSO control cells (Fig. 4f,

g, h).
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Figure 4. Characterization of PL GA-Oltipraz NPs and their antioxidant rolein vitro. (a) Size
distribution and colloid stability of PLGA-OltipradPs by dynamic light scattering. Inset: TEM of
PLGA-Oltipraz NPs; scale bar, 100 nm. (b) UV-visildbsorption spectrum and (c) zeta potential
of PLGA-Oltipraz NPs. (d) Oltipraz release profiles PLGA-Oltipraz NPs. (e) HK2 cells were
pretreated separately with PLGA-Oltipraz, PLGA, i@z, and DMSO for 24 h. Normal group
cells were cultured in standard medium and roonwiéin 5% CQ for 2 h. Hypoxia group cells
were cultured in medium without serum and exposduypoxia for 1 h, the cultures were replaced
with standard medium and allowed to recover in rcamwith 5% CQ for 1 h. Western blot
analysis of the effect of DMSO, PLGA, PLGA-Oltiprae Oltipraz NPs on Nrf2 and downstream

NQO1 (the protein levels were normalized to Tubtgwel). (f) Malondialdehyde (MDA) levels by
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thiobarbituric acid assay. (g) Reactive oxygen s&se¢SOD) levels by WST-8 assay. (h) Cell

viability by CCK-8 assay. *P<0.05, t test.

3.6. Therapeutic efficacy of PL GA-Oltipraz NPsin vivo

Having achieved substantially high accumulatiorPefGA NPs of 100 nm in the IR kidney, we
next investigated the therapeutic efficacy of PLGAipraz NPsin vivo. RIRI mice were divided
into eight groups for treatment: IR, IR+PLGA NPR+Dltipraz, IR+PLGA-Oltipraz NPs, sham,
sham+PLGA NPs, sham+OQOltipraz and sham+PLGA-Oltip{&s. Mice in sham group underwent
renal pedicle isolation without clamping. On dayafler IR injury, IR, IR+PLGA NPs, and
IR+Oltipraz kidneys showed a significantly highexgdee of tubular damage on H&E staining,
including cast formation, tubular necrosis, los®rfsh border, and dilatation of tubules. However,
mice treated with PLGA-Oltipraz NPs showed lesautabdamage and the score of renal lesions
was significantly reduced (Fig. 5a), which suggéisésprotective effect of PLGA-Oltipraz NPs on
IR-induced renal injury. We then assessed renabtiib lesion area by Masson staining. PLGA-
Oltipraz NPs administration markedly reduced ca@lagccumulation and deposition in the renal
tubular interstitium; the fibrotic area was sigo#ntly lower than that with other treatments (Fig.
5a). To further determine the fibrotic lesiomsvivo, we examined the expression ®SMA, a
marker of fibroblasts, collagen I, and fibronectiepresenting extracellular matrix proteins, in
renal tissues by IHC staining (Fig. 6a). In the BRGA-Oltipraz NPs group, the expressionoef
SMA, collagen | and fibronectin was significantlgduced (Fig. 6a). These results suggest a
significant protective effect of PLGA-Oltipraz NBs the IR kidney at the initial phase. Next, we
further performed histological analysis of the lidrieys at 6 weeks after RIRI and treatment. The
score of renal fibrosis and fibrotic area (Fig. 583 well au-SMA, collagen |, and fibronectin
positive areas were significantly lower with IR+PA®Itipraz NPs than other administrations

(Fig. 6b), which suggests the anti-fibrosis functaf PLGA-Oltipraz NPs in the late stage of RIRI
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pathogenesis. Meanwhile, we performed histologaralysis of the sham-operated groups and

found no significant difference in H&E, Masson, dRiC staining between each group (Figure S1).

The expression of Nrf2 signaling pathway-associgedeins were also examined in kidney
tissues. On days 3 and 7 after RIRI, the IR kidn&ysve groups were harvested for western blot
analysis. Apart from the high expression of Nrf2l ais downstream proteins in the sham group,
renal IR injury could inherently inhibit the Nrf2Zgaaling pathway at days 3 and 7 after RIRI (Fig.
5¢). Oltipraz is a strong Nrf2 activator, howewe activation effect of Oltipraz alone was slight.
The expression of Nrf2 and its downstream proteimswed great increase with PLGA-Oltipraz
NPs administration, suggesting that Nrf2 signalpsghway could be activated by the PLGA-
Oltipraz NPs. Nrf2 is responsible for regulating ttell’'s antioxidant response via the antioxidant

response element and is thought to be involvebdamrrepair and recovery process from AKI[41].

What's more, we evaluated the renal function prtataceffect of PLGA-Oltipraz NPs in RIRI
mice with right kidney dissection. After establishithe RIRI model, PBS, PLGA NPs, Oltipraz,
and PLGA-Oltipraz NPs were intravenously injectaunediately in the sham control group and
AKI group. Both serum creatinine and blood ureaogieén (BUN) levels were increased 24 h after
RIRI (Fig. 5d, e). In hypoxia condition, the BUNntent was 222.16 mg/dL and 198.85 mg/dL
respectively in PBS and PLGA added cells. Serum B&ll was decreased to 107.28 mg/dL in
Oltipraz group compare to that in PBS control gr¢gpp< 0.01). However, it was significantly
lower to 62.71 mg/dL in PLGA-Oltipraz group compaceBUN content in Oltipraz group (<
0.05) (Fig. 5d). The creatinine showed 1.98 mgmlPBS and 1.75 mg/dL in PLGA added control
cells, while 1.46 mg/dL in Oltipraz and 1.03 mg/dLPLGA-Oltipraz treated cells during hypoxia.
The creatinine level in PLGA-Oltipraz treated cellas decreased compared to that in PLGA

treated cells < 0.05). Moreover, it was significantly lower in.@A-Oltipraz group compared to

23



creatinine in Oltipraz grougp(< 0.05) (Fig. 5e). The results suggest that the Pi@#fpraz NPs

are effective on protecting renal function at thi¢éial phase of AKI. Overall, we demonstrated that

at the initial phase of renal IR injury, PLGA-Oltgz NPs (100 nm) passed through the impaired

GFB, accumulated in renal tubules and were takerbyipenal tubular epithelial cells. Then,

Oltipraz were gradually released from the NPs,vattig the expression of anti-oxidative stress-

related Nrf2 and its downstream targets NQO1, GCaj Gpx2, which reduced the tubular

damage and alleviated renal fibrosis.
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Figure 5. Histological analysis of the IR kidneys. (a) IR kidneys on day 3 after RIRI were
prepared and analyzed. Representative images atadolgical score of H&E and Masson staining
in each group. (b) After 6 weeks, injury kidneysraveollected and prepared for histological
analysis. Representative images and histologiaaksaf H&E and Masson staining in each group.
(c) Western blot analysis of protein levels of Nafi2zd downstream NQO1, GCLC and Gpx2 in IR
mice on days 3 and 7 after RIRI. (d) Blood ureaogén (BUN) level and (e) creatinine levels at
24 h in mice with and without AKI. The data are whoas mean + SD (n=3). *P<0.05, *P<0.01,

n.s., not significant, t test.
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Figure 6. Histological analysis of the IR kidneys. (a) IR kidneys on day 3 after RIRI were
prepared and analyzed. IHC staining and the casreipg percentage of positive areasu8MA,
collagen 1, and fibronectin. Scale bar, 100. (b) After 6 weeks, injury kidneys were collectat
prepared for histological analysis. IHC stainingl @ine corresponding percentage of positive areas
of a-SMA, collagen |, and fibronectin. Scale bar, 100. The data are shown as mean + SD (n=3).

*P<0.05, *P<0.01, ***P<0.001, t test.

We further evaluated the potential toxicity of PLBKWs on major organs (heart, liver, spleen,
and lung) after RIRI (Figure S2). We harvested riigor organs from sham-operated and RIRI
mice treated with PBS, PLGA, single Oltipraz and3A:-Oltipraz NPs. H&E-stained sections of
the four tissues (heart, liver, spleen and lungwsdd no apparent lesions (no necrosis, edema,
inflammatory infiltration and hyperplasia) in eithegroup. Thus, PLGA-Oltipraz NPs

administration did not induce significant damagentagor organs.

Currently no effective treatmentis available foKIA in clinic even after investigating for
decades. Instead of developing more effective agenany efforts were made by improving the
treatment strategies with nanotechnology. The GE&lmes the greatest barrier to deliver agents
to renal tubules. Though newly designed nanopesticould pass through GFB and target to the
renal tubules, they were still far away from cladi@pplication. In the present study, we found a
“therapeutic window” during AKI, which enable us é&ffectively deliver agents to renal tubular

epithelial cells with FDA approved starting matégia

4. Conclusion
In summary, we fabricated biocompatible PGLA-ba&dtpraz NPs with the ability of forming

high accumulation in the IR kidney and targetingaldubules for treating IR-induced AKI. PLGA-
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Oltipraz NPs represent a passive target routenfared kidneys after RIRI with strict particle-size
selection. The high NPs accumulation in IR kidnegables concentratedlease of encapsulated
drugsin situ to alleviate the inflammatory damage caused byamid reduce renal fibrosis. The
designed NPs could be a promising treatment stydtegR-induced AKI and significant potential

in clinical translation can be predicted.
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The Supporting Information (Sl) includes histolagdi@analysis of the kidneys after sham surgery
and treatment, and histological analysis of theomaygans at 6 weeks after RIRI model and

treatment (Figure S1-S2).
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