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KEY WORDS Abstract Insufficient therapeutic strategies for acute kidney injury (AKI) necessitate precision ther-
apy targeting its pathogenesis. This study reveals the new mechanism of the marine-derived anti-AKI

Acute kidney injury; agent, piericidin glycoside S14, targeting peroxiredoxin 1 (PRDX1). By binding to Cys83 of PRDX1

Piericidin glycoside;
Peroxiredoxin 1;
Nanodrug;

and augmenting its peroxidase activity, S14 alleviates kidney injury efficiently in PrdxI-overexpres-
sion (PrdxI-OE) mice. Besides, S14 also increases PRDX1 nuclear translocation and directly activates

*Corresponding authors.
E-mail addresses: tuyingfengl @smu.edu.cn (Yingfeng Tu), t1405@smu.edu.cn (Lan Tang), xfzhou@scsio.ac.cn (Xuefeng Zhou).
"These authors made equal contributions to this work.
Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2024.03.005
2211-3835 © 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese
Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:tuyingfeng1@smu.edu.cn
mailto:tl405@smu.edu.cn
mailto:xfzhou@scsio.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2024.03.005&domain=pdf
https://doi.org/10.1016/j.apsb.2024.03.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2024.03.005
https://doi.org/10.1016/j.apsb.2024.03.005

Marine-derived S14-loaded nanodrugs for precise AKI therapy

3233

Kim-1 targeted;
ADME;

Marine drug;
Druggability

the Nrf2/HO-1/NQO1 pathway to inhibit ROS production. Due to the limited druggability of S14 with
low bioavailability (2.6%) and poor renal distribution, a pH-sensitive kidney-targeting dodecanamine-
chitosan nanoparticle system is constructed to load S14 for precise treatment of AKI. L-Serine conju-
gation to chitosan imparts specificity to kidney injury molecule-1 (Kim-1)-overexpressed cells. The

developed S14-nanodrug exhibits higher therapeutic efficiency by improving the in vivo behavior of
S14 significantly. By encapsulation with micelles, the AUC,_,, half-life time, and renal distribution
of S14 increase 2.5-, 1.8-, and 3.1-fold, respectively. The main factors contributing to the improved
druggability of S14 nanodrugs include the lower metabolic elimination rate and UDP-
glycosyltransferase (UGT)-mediated biotransformation. In summary, this study identifies a new ther-
apeutic target for the marine-derived anti-AKI agent while enhancing its ADME properties and drugg-
ability through nanotechnology, thereby driving advancements in marine drug development for AKI.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Acute kidney injury (AKI) is a clinical syndrome characterized
by a rapid decline in renal function, resulting in elevated levels
of serum creatinine and/or reduced urinary output'. Its occur-
rence is closely related to sepsis, renal ischemia—reperfusion
injury and nephrotoxic drugs™’. The pathophysiology of AKI
remains incompletely understood, with a key role attributed to
the injury and death of renal tubular cells, particularly those in
the proximal tubule™”. However, severe or sustained injury
often leads to inadequate and incomplete repair, resulting in
tubular degeneration, inflammation, renal fibrosis and ultimately
progression to chronic kidney disease (CKD) or end-stage renal
disease’. Currently, effective and targeted therapies for AKI are
unavailable in the clinic, except for supportive management’"®.
The Kidney Disease Improving Global Outcomes (KDIGO)
guidelines for AKI recommend implementing various support-
ive measures in high-risk patients, including volume manage-
ment, maintenance of adequate blood pressure, and judicious
avoidance of nephrotoxins”'’. Therefore, effective therapeutic
strategies are urgently needed based on the pathogenesis of
AKIL

The piericidins are a family of microbial metabolites that
feature a 4-pyridinol core linked with a methylated polyketide side
chain. Piericidin A (PA) is a well-known mitochondrial complex I
inhibitor and has garnered significant interest among medicinal
chemists''"'?. Previously, we have obtained 43 natural piericidins
from two marine-derived Streptomyces strains'*'>, and several of
them have shown promising potential in the treatment of renal
cancer targeting peroxiredoxin 1 (PRDX1)’. Piericidin glycoside
analogue 13-hydroxyglucopiericidin A (S14, Fig. 1A), could
retard renal fibrosis and AKI by promoting autophagy and mito-
chondrial homeostasis as a novel liver kinase B1 (LKB1) acti-
vator'®. In addition, S14 may also hold potential for AKI
treatment through other crucial pathways. Subsequently, the
ADME (absorption, distribution, metabolism, and excretion) study
showed that the biotransformation of S14 within the body occurs
rapidly (with a bioavailability of approximately 2.6%), by con-
verting into S14-glucuronide and then excreting from the body,
ultimately resulting in poor treatment efficiency (Supporting
Information Fig. S1 and Table S1). Therefore, a strategy for

precise AKI therapy may be achieved by improving the ADME
characteristics of S14 by designing a certain kidney-targeted drug
delivery system.

The pathogenesis of AKI is complicated and involves multiple
mechanisms, including inflammation, oxidative stress, and
vascular damage'”'®. Among them, oxidative stress is considered
the most prominent aggravating contributor'’. Excessive produc-
tion of reactive oxygen species (ROS) during AKI triggers mito-
chondrial cascades of inflammation, necrosis, and apoptosis®’.
Elevated levels of ROS have been shown to affect the physiology
of kidney-associated cells, such as tubular endothelial cells,
endothelial cells, and macrophages, prompting them to over-
express certain surface receptors, such as kidney injury molecule-
1 (Kim-1), CD44, and E-selectin, etc. Kim-1, the first marker to be
identified for AKI, is a transmembrane protein that is significantly
up-regulated in the kidney during renal diseases, mainly expressed
in the injured renal proximal tubules®'**>. L-Serine, a potent renal
tubular targeting modifier, also serves as a potential targeting
agent for Kim-17°. Notably, polycationic carriers have shown
significant potential in the delivery and treatment of AKI. Chito-
san is a marine-derived natural cationic polysaccharide with
excellent biocompatibility and biodegradability”**’, making it a
promising carrier for renal delivery>®?’. L-Serine-modified chito-
san (SC) was designed and used as an excellent Kim-1 targeted
carrier for the precise treatment of AKI?®. Furthermore, an ideal
drug carrier should also release the drug to exert therapeutic ef-
fects in the injured renal cells (pH 6.5 of renal inflammation
microenvironment, pH 4.5—5.0 of lysosomes)”” 2.

Here, a pH-sensitive Kim-1-targeted nanodrug was designed
with enhanced delivery of marine-derived S14 and therapy for
AKI. By combining dodecanamine (DA) with SC via an amide
bond (pH-sensitive) to prepare SC-citraconic anhydride (CA)-DA
amphiphilic polymer, the hydrophobic mitochondrial antioxidant
S14 was efficiently loaded into the hydrophobic core of the mi-
celles. S14-loaded nanodrugs realize AKI injured kidney targeting
and pH-responsive releasing. We assessed the physicochemical
properties, cellular uptake specificity, pH-responsive release, tar-
geted biodistribution, and metabolism of the nanodrugs. Both
in vitro and in vivo experiments were performed to evaluate the
therapeutic potential of S14@SC-CA-DA for the prevention of
AKI.
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Figure 1 PRDXI1 overexpression attenuated AKI and S14 relieves renal function in UIRI mice via upregulating PRDX1. (A) Chemical
structure of S14. (B) Scheme of S14 treatment. (C) Kidney photographs from Control and Prdx/-OE mice in the UIRI group. (D) H&E staining
from Control and PrdxI-OE mice in the indicated groups (scale bar = 100 pm). (E) Immunohistochemistry for PRDX1 in kidney tissues (scale
bar = 100 pm). (F) The mRNA expression of Kim-1, 1I-6, and Tnf-a in the kidney from Control and Prdx/-OE mice in each group. Data are
mean = SD (n = 5). (G, H) Serum creatinine (Scr) and BUN levels from Control and Prdx/-OE mice in the indicated groups. Data are
mean + SD (n = 5). (I) MDA and GSH levels from Control and PrdxI-OE mice in the indicated groups. (J) Protein expression of PRDX1, Nrf2,
and NQOI in the kidney from Control and PrdxI-OE mice in the indicated groups. (K) Quantification of the protein immunoblots of PRDX1,
Nrf2, and NQOI. Data are presented as mean & SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

2. Materials and methods 3,3,3',3'-tetramethylindodicarbocyanine  perchlorate (DiD),
Hoechst 33258, mitochondrial membrane potential assay (JC-1)
2.1.  Materials and MDA kits were purchased from Beyotime Biotechnology Co.,

Ltd. (Shanghai, China). TNF-« and IL-6 ELISA kits from Jiangsu
Chitosan (MW = 3 kDa, degree of deacetylation, DD > 90%) Meimian Industrial Co., Ltd. (Yancheng, China). Mouse PRDX1
was purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, enzyme-linked immunosorbent assay kit from Enzyme-linked
China). Boc-L-Ser(tBu)-OH, citraconic anhydride, succinic, an- Biotechnology Co., Ltd. (Shanghai, China). The following pri-
hydride dodecylamine, pyrene, O-(N-succinimidyl)-N,N,N',N'-te- mary antibodies were used: anti-Kim-1 (Novus Biologicals,
tramethyluronium tetrafluoroborate (TSTU), trifluoroacetic acid NBP1-76701SS, USA), anti-PRDX1 (HuaBio, ET1702-08,
(TFA), triisopro-pylsilane (TIS) and Pyrene were purchased from China), anti-Nrf2 (ABclonal, A1244, China), anti-Nrf2 (Santa
Macklin Biochemical Co., Ltd. (Shanghai, China). Serum creati- Cruze, SC365949, USA), anti-NQO1 (ABclonal, A23486, China),
nine and BUN kits were purchased from Nanjing Jiancheng anti-HO-1 (ABclonal, A1346, China), anti-Bax antibody
Bioengineering Institute (Nanjing, China). 1,1’-Dioctadecyl- (ABclonal, A19684, China), anti-Bcl-2 (ABclonal, A0208,



Marine-derived S14-loaded nanodrugs for precise AKI therapy

3235

China), anti-Lamin B1 (ABclonal, A11495, China), anti-Caspase-
3 (Abmart, T40044, China), and anti-Caspase-9 (Abmart, T40046,
China). The following secondary antibodies were used: HRP-
conjugated secondary antibodies (Fude, China), and Alexa 488/
549-conjugated secondary antibodies (Abmart, China). All other
solvents were of analytical or chromatographic grade.

2.2.  Animals

Male C57BL/6 mice (7—8 weeks old, 20—25 g) were purchased
from the experimental animal center of Southern Medical Uni-
versity, PrdxI-OE mice were generated using the CRISPR/Cas9
system on a C57BL/6 background (Biomodel Organism Sci-
ence & Technology Development Co., Ltd., Shanghai, China), and
validated by PCR genotyping and expression profiling (Supporting
Information Fig. S2 and Table S2). Animal experimental protocols
gained approval by the Institutional Animal Care and Use Com-
mittee of Southern Medical University Experimental Animal
Center.

2.3.  Ischemia—reperfusion model of AKI

To induce AKI, we employed the unilateral ischemia—reperfusion
(UIRI) technique in C57BL/6 mice. The left renal pedicles were
clipped using microaneurysm clamps to induce renal ischemia.
Throughout the ischemic period, we maintained the body tem-
perature at approximately 37 °C using a temperature-controlled
heating system. After 45 min, the clamps were released, reper-
fusion was visually confirmed, and wounds were sutured.

2.4.  Immunofluorescence staining

For cell Immunofluorescence staining, the cells were fixed with
acetone and subjected to gradient alcohol elution. Subsequently,
they were blocked with a blocking buffer containing 1% BSA and
0.5% Tween 20 in PBS at room temperature for 1 h. Afterward,
the HK-2 cells were incubated with primary antibodies overnight
at 4 °C. Following this, the cells were incubated with Alexa Fluor
488/594-conjugated secondary antibodies and DAPI for 2 h at
room temperature. For kidney tissue immunostaining, the kidney
sections were fixed in 4% paraformaldehyde, eluted with gradient
alcohol, permeabilized, and embedded. The kidney sections were
incubated with primary antibody and then with secondary anti-
body Alexa Fluor 488-conjugated goat anti-Rabbit IgG and DAPI.
Images were acquired using an Olympus FV3000 confocal laser
microscope.

2.5.  Immunoprecipitation assay

To perform the Immunoprecipitation assay, the plasmids Flag or
Flag-PRDX1 were transfected into HK-2 cells using Lipofect-
amine 3000 reagent (Invitrogen, USA) following the provided
protocol. After 48 h of transfection, the cells were harvested for
Western blotting and immunoprecipitation analysis.

2.6.  siRNA transfection

Transfection of HK-2 cells with PRDXI siRNA or negative con-
trol siRNA (Santa Cruz, USA) was performed using Lipofect-
amine 3000 (Invitrogen, USA), according to the manufacturer’s
instructions. The knockdown efficiency of PRDX1 was deter-
mined by immunoblot at 48 h post-transfection.

2.7.  Surface plasmon resonance (SPR)

SPR measurements were conducted using the PlexArray HT A100
system (Plexera LLC, Bothell, WA, USA) to analyze the inter-
action. The immobilization of human PRDXI1 protein (Cloud
Clone, RPC749Hu01, China) was achieved on a nano-capture
sensor chip with a bare gold coating. S14 was diluted in PBS
buffer at concentrations of 0.3125—2.5 pumol/L and injected in the
multicycle analysis mode. The data were analyzed using BIA
evaluation Software.

2.8.  Synthesis of SC-CA-DA and SC-DA

The pH-sensitive SC-CA-DA was synthesized using an amination
reaction as follows. L-Serine—modified chitosan was synthesized
by the previous reportm. Boc-Ser(tBu)-OH (preSer) (456.94 mg,
1.75 mmol) and TSTU (530.44 mg, 1.75 mmol) were dissolved in
10 mL of anhydrous N,N'-dimethylformamide (DMF). After stir-
ring for 15 min, N,N-diisopropylethylamine (DIPEA; 304 pL,
1.75 mmol) was added, and the resulting solution was stirred for
4 h. Subsequently, a solution of chitosan (3 kDa, 1.5 g, 500 pmol)
in 10 mL of deionized water was added to the reaction mixture.
The solution was stirred at room temperature for 12 h and then
purified by dialysis [molecular weight cutoff (MWCO), 2.0 kDa]
against deionized water for 2 days, followed by lyophilization.

The 4-(dodecylamino)-2-methyl-4-oxobut-2-enoic acid (CA-
DA) compound was synthesized by the previous report™”. Briefly,
10.2 mmol of the n-dodecylamine in 5 mL ethyl ether was added
dropwise at 4 °C to the stirred citraconic anhydride (10 mmol) in
ethyl ether (10 mL). The mixed solution was refluxed at 40 °C for
2 h, and the compound was obtained by filtration. The structure
was confirmed by the 'H and '*C NMR spectra. Yield: 90%.

The preSC-CA-DA was synthesized by conjugating CA-DA to
preSC. In short, CA-DA (148.72 mg, 0.5 mmol) was dissolved in
5 mL of DMF at room temperature and mixed with TSTU
(165.33 mg, 0.55 mmol). After stirring the solution for 15 min,
DIPEA (95 pL, 0.55 mmol) was added. Subsequently, a solution
of preSC (1 g, 0.25 mmol) in 5 mL of deionized water was added.
The mixture was stirred at room temperature for 24 h and then
purified by dialysis (MWCO, 2 kDa) against deionized water for 2
days, followed by lyophilization. To deprotect the Boc and tBu
groups, the products were dissolved in a TFA cocktail (95% TFA,
2.5% TIS, and 2.5% water). The reaction mixtures were incubated
at room temperature for 30 min. Once deprotection was complete,
the solution was evaporated to remove most of TFA. The residue
was purified by dialysis (MWCO, 2.0 kDa) against deionized
water for 2 days, followed by lyophilization.

The preparation method for non-pH sensitive SC-DA shared
similarities with that of SC-CA-DA, except for replacing cit-
raconic anhydride with succinic anhydride.

2.9.  Preparation and characterization of micelles S14@SC-CA-
DA and S14@SC-DA

S14-loaded micelles S14@SC-CA-DA and S14@SC-DA were
prepared as follows: SC-CA-DA or SC-DA (5 mg) and S14
(0.4 mg) were dispersed in DMSO (200 pL). The mixture was
then added dropwise into ddH,O (800 pL) while stirring for 12 h.
Subsequently, the product was purified by dialysis (MWCO,
2.0 kDa) against deionized water for 12 h to remove the unen-
trapped S14. The particle size was determined using Dynamic
Light Scattering (DLS; Malvern Instruments Co., Ltd., Zetasizer
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S14 reduced H,0,-induced cell apoptosis through regulating PRDX1/Nrf2 in HK-2. (A) The viability of HK-2 cells after H,O,

treatment and treatment with or without S14. Data are presented as mean &+ SD (n = 5) (B) The mRNA expression of KIM-1, IL-6, and TNF-a in
HK-2 cells. Data are presented as mean = SD (n = 3). (C) Representative Western blot results for PRDX1, Nrf2, NQO1, and HO-1 in HK-2 after
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Nano ZSE, UK), and the morphology was examined using a
Transmission Electron Microscope (TEM; JEOL-1400, Japan).

2.10. Mitochondrial structure observation

The kidney tissue was fixed with glutaraldehyde (2.5%), dehy-
drated in graded alcohols, and then subjected to osmotic embed-
ding and sectioning. After staining, the kidney sections were
observed by TEM (HITACHI, HT7700, Japan).

2.11.  Pharmacokinetic assay

Male C57BL/6 mice (n = 5) were intravenously injected with S14
and S14@SC-CA-DA (S14-equivalent 2.0 mg/kg), respectively.
Blood samples (50 pL blood per mouse) were collected in
heparin-treated tubes at predetermined time points (2, 5, 15, 30,
60, 90, 120, and 150 min). The blood samples were then centri-
fuged at 4 °C (8000 rpm) for 10 min to obtain plasma (DLAB
D3024R, Beijing, China). The content of S14 in plasma was
detected by LC-MS/MS (SHIMADZU LC-30AD with AB
SCIEX instruments 4000 Q-Trap, Japan). Pharmacokinetic pa-
rameters were calculated by DAS 2.0 software (Mathematical
Pharmacology Professional Committee of China, Shanghai,
China).

2.12.  Determination of SI4 concentration in major organs of
AKI mice

The C57BL/6 mice subjected to unilateral renal IR were divided
into the S14 group and the S14@SC-CA-DA group. The mice
were euthanized after 30 and 150 min of injection of the afore-
mentioned preparation at a dose of S14 (2 mg/kg), and the heart,
liver, spleen, lung, and kidney were collected for drug detection. A
20% tissue homogenate (100 pL) was mixed with 400 pL
testosterone internal standard solution (100 ng/mL), vortexed for
3 min, and then centrifuged at 13,000 rpm for 20 min (DLAB
D3024R, Beijing, China). The supernatant was vacuum-dried
overnight, and the residue was reconstituted with 100 puL. of 50%
acetonitrile aqueous solution. After centrifugation at 13,000 rpm
for 20 min, the supernatant was injected into the LC-MS/MS
analysis.

2.13.  Statistical analysis
We utilized the Prism GraphPad software to perform all statistical

analyses, including Student’s #-test, one-way ANOVA, and two-way
ANOVA; *P < 0.05, **P < 0.01, #**P < 0.001, ****P < 0.0001.

3. Results

3.1.  PRDXI overexpression attenuated AKI and S14 relieves
renal function in UIRI mice via upregulating PRDX1

The protective effect of S14 against unilateral ischemia—reperfusion
injury (UIRI)-induced AKI was investigated (Fig. 1A and B).
Oxidative stress is a key mediator of tissue damage after ische-
mia—reperfusion”***. PRDX1, an antioxidant enzyme, is capable of
catalyzing the peroxide reduction®®*’. Compared with Control mice,
UlRI-induced kidney injury was significantly reduced in PrdxI-OE
mice, supporting a critical role of PRDX1 in disease progression
(Fig. 1C). Hematoxylin and eosin (H&E) staining showed that S14
markedly attenuated the UIRI-induced tubular epithelial cell necrosis
and detachment in Control mice (Fig. 1D). Furthermore, UIRI and
S14 treatment groups significantly attenuated kidney damage in
Prdx1-OE mice compared with Control mice. Moreover, PRDX1
overexpression improved UIRI-induced kidney injury as evidenced
by improved kidney function, reduced oxidative stress markers
(MDA and GSH), decreased expression of kidney injury molecule-1
(Kim-1) and pro-inflammatory genes (Tnf-« and /1-6). Similarly, after
treatment with S14, renal function was markedly relieved in Prdx1-
OE UIRI mice compared with Control UIRI mice (Fig. 1F-I).
Immunohistochemistry staining and immunoblot analysis confirmed
that S14 significantly restored the expression of PRDX1, Nrf2
(cellular redox regulator), NQO1 and HO-1 proteins in UIRI mice
(Fig. 1E and J—K). These results collectively indicate that S14
ameliorates renal function in UIRI mice by upregulating PRDX1.

3.2. 814 reduced H>O»-induced cell apoptosis through
regulating PRDX1/Nrf2 in HK-2

To investigate the molecular mechanisms of S14 in HK-2 cells, it is
crucial to clarify the relationship between PRDX1 and ROS levels.
The cell counting kit-8 (CCK-8) assay indicated that S14 treatment
had no significant cytotoxic effect on HK-2 cells with concentrations
of 5—10 pmol/L. Oxidative stress was induced using H,O,, resulting
in a decrease of over 50% in HK-2 cell viability after 24 h of exposure
to 500 umol/L H,O,. Nevertheless, the cytotoxic effect was markedly
alleviated in the presence of S14 (5 and 10 pmol/L) in HK-2 cells
(Fig. 2A). The mRNA levels of KIM-1 and pro-inflammatory factors
(TNF-a and IL-6) were reduced following S14 treatment compared to
H,0, treatment alone (Fig. 2B). The expression levels of PRDX1,
Nrf2, and NQO1 proteins were observed to decrease upon exposure
to H,O,-induced oxidative stress. However, in the H,O, 4 S14 group,
the protein levels of PRDX1, N1f2, and NQO1 were maintained at a
significantly higher level in HK-2 cells (Fig. 2C and D). Additionally,

H,0, treatment and treatment with or without S14. (D) Quantification of the Western blot data from (C). (E) Fluorescence images of the

DCFH-DA probe for hydrogen peroxide in HK-2 cells (scale bar =

100 pm). (F) Fluorescence images of JC-1 staining in HK-2 cells (scale

bar = 20 pm). (G) The ROS mean fluorescence intensity of (E). (H) The mean ratio of fluorescence intensity of JC-1 aggregates and JC-1

monomers in (F). (I) Protein expression of PRDX1 in HK-2 cells was transiently transfected with PRDX1 siRNA (50 nmol/L) for 48 h. Data
are presented as mean + SD (n = 3). (J) The intracellular ROS detection in HK-2 cells was transiently transfected with PRDX1 siRNA, followed
by treatment with S14 for another 24 h (scale bar = 100 pm). Data are mean + SD (n = 3). (K) The ROS mean fluorescence intensity of (J).
(L) Representative immunoblots results for Nrf2 and PRDX1 in HK-2 cells transfected with PRDX1-siRNA after H,O, treatment and treatment
with or without S14. (M) Quantification of the immunoblots data from (L). (N) Representative images for immunofluorescent staining of HK-2
treated with S14 after co-incubating for 24 h (scale bar = 20 pm). PRDX1 (green), nuclei (blue). Data are mean &+ SD (n = 3) (O) Immunoblot
analysis of PRDX1 protein in nuclear and cytosol extracts of HK-2 cells treated with S14. (P) Quantification of the immunoblots data from (O).
(Q) Representative immunoprecipitation analysis of the binding of PRDX1 to Nrf2 in HK-2 and treatment with or without S14. (R) Confocal
microscopy images of Nrf2 (green) and PRDX1 (red) (scale bar = 20 um). Data are mean £ SD (n = 3). P-values are indicated as *P < 0.05,
##P < 0.01, ##*P < 0.01 and ****P < 0.0001. ns, not significant. *P < 0.05, ¥P < 0.01 and **P < 0.001 as compared with H,0, group.
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S14 binds to the PRDX1 protein. (A) The affinity activities of S14 to PRDX1 protein were analyzed using the SPR assay. (B) Cellular

thermal shift assay (CETSA)-Western blot to test the interactions of S14 and PRDX1. (C) The relative immunoblotting band density is analyzed.
(D) Cellular thermal shift assay of WT PRDX1 or mutated PRDX1 in HK-2 cells treated with or without S14. (E—H) The relative immunoblotting

band density is analyzed. Data are mean & SD (n = 3).

fluorescence analysis showed that S14 markedly reduced ROS levels
and stabilized mitochondrial membrane potential (MMP) in H,O,-
treated cells (Fig. 2E—H).

To further elucidate the mechanism by which PRDX1 inhibits
oxidative stress. We used small interfering RNA (siRNA) to knock
down PRDX]I in HK-2 cells and speculate on the role of ROS
(Fig. 2I). Knockdown of PRDXI resulted in elevated ROS levels
compared to siNC HK-2 cells. However, treatment with S14
reduced ROS levels in siPRDX1 HK-2 cells (Fig. 2J and K). Sub-
sequently, we transfected siPRDX1 into HK-2 cells under oxidative
stress in the presence or absence of S14. Transfection with siRNA
significantly reduced PRDX1 protein expression. And no significant
difference was observed between the H,O, group and H,O, + S14
group. Furthermore, the expression level of Nrf2 was similarly
suppressed in both groups, even after adding S14 (Fig. 2M).

PRDX1 not only acts as an antioxidant enzyme but also as a
molecular chaperone, capable of modulating the actions of
numerous molecules or as a transcriptional regulator’®*’. PRDX1
can directly interact with nuclear transcriptional factors and
modulate gene expression such as c-Myc and Nrf2*. Therefore,
we further investigated the protein levels of PRDX1 and Nrf2 in
the nucleus and cytosol of HK-2 cells. The results demonstrated
that S14 promoted the translocation of PRDX1 and Nrf2 to the
nucleus (Fig. 2N—P). To assess the binding between PRDX1 and
Nrf2, immunoprecipitation, immunofluorescence and surface
plasmon resonance experiments (SPR) indicated that PRDX1 was
coupled with Nrf2 (Fig. 2Q and R, Supporting Information
Fig. S3). Some studies have shown that promoting the entry of
Nrf2 can regulate downstream heme oxygenase-1 (HO-1)
expression to inhibit ROS production**>. These findings collec-
tively suggest that PRDX1 binds with nuclear transcriptional
factors Nrf2 to regulate ROS levels.

3.3.  S§14 directly binds to the PRDXI protein

S14 increased nuclear translocation and protein expression of
PRDX1. Therefore, we further explored whether S14 could bind
to PRDX1 by surface plasmon resonance and cellular thermal shift
assay followed by Western blotting (CETSA-WB) assay. The SPR
analysis demonstrated that S14 bound to human PRDX1 protein
with dissociation equilibrium constants (KD) of 426 nmol/L
(Fig. 3A). Additionally, the CETSA assay result indicated that S14
could markedly enhance the thermal stability of PRDX1 compared
to the DMSO group, providing further support for the direct
binding target of S14 to PRDXI1 as its target (Fig. 3B and C).
CETSA assay was used to assess the binding of small molecules to
target proteins by evaluating the thermal stability of the target
protein®®. Moreover, to identify the drug binding site of S14 on the
PRDX1 protein. Herein, we transfected HK-2 cells with plasmids
encoding Flag-tagged wild-type PRDX1 (Flag-PRDX1 WT), or
mutant PRDX1 with cysteine substitutions at positions 52
(Cys52S), 173 (Cys173S), or 83 (Cys83S) for two days. Subse-
quently, the cells were treated with DMSO or S14 for 4 h. The
results indicated that S14 treatment did not elicit any changes in
protein stabilization against thermal variations in cells transfected
with Flag-PRDX1 C83S plasmid (Fig. 3D—H). These results
suggest that S14 mainly binds to Cys83 of PRDX1 rather than
Cys52 and Cys172 sites.

3.4.  Synthesis and characterization of SC-CA-DA and SC-DA

We performed the synthesis of the pH-responsive SC-CA-DA
conjugate targeted towards Kim-1 using CA as a linker between
DA and SC (Supporting Information Fig. S4). Boc-L-Ser(tBu)-
OH-modified chitosan (preSC) was prepared by constructing
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(n = 3).

Boc-L-Ser(tBu)-OH (preSer) on the amino group of chitosan. The
chemical structure of preSC was analyzed by 'H nuclear mag-
netic resonance (NMR) spectrum (Supporting Information
Fig. S5). It was found that preSC had the characteristic peaks
of preSer at ~1.1 and 1.4 parts per million (ppm), which
belonged to the rert-butyl carbonyl (Boc) and tert-butyl (tBu)
groups, respectively. According to the integrated area of the
characteristic peaks, the substitution degree of Boc-L-Ser(tBu)-
OH is 28%. Then, CA and DA were employed to synthesize
the CA-DA ester, and the preSC-CA-DA conjugate was obtained
by reacting the amino group of preSC with the carboxyl group of
the CA-DA ester via carbon diamine, followed by trifluoroacetic
acid (TFA) cocktail treatment to deprotection of Boc and tBu
groups. Under acidic conditions, the double bond in the citrate
amide promoted the internal attack of the amide carbonyl group
by the carboxylate, thereby accelerating the cleavage of the
amide bond**. Meanwhile, we also prepared a pH-insensitive SC-
DA conjugate using succinic anhydride (SA) instead of CA as the
linker between SC and DA in a similar process. The '"H NMR
spectrum of SC-CA-DA exhibited characteristic peaks of DA (f
7.86 ppm), —CHj3 (e 0.85 ppm), the double bond (n 5.8 ppm),
and —CH; (d 1.93 ppm) of citraconic acid ester, comparing with
those of chitosan (Fig. S4). From the integrated area of the
characteristic peaks, the degree of substitution of DA was similar
for SC-DA and SC-CA-DA with 36.4% and 37.0%, respectively.
Chitosan (C)-CA-DA was synthesized using the amidation reac-
tion method. The 'H NMR spectrum showed the presence of
characteristic peaks of DA in the spectra of C-CA-DA, demon-
strating the successful synthesis of C-CA-DA.

3.5.  Preparation and characterization of micelles

The polymer SC-CA-DA and SC-DA were self-assembled in an
aqueous solution to prepare micelles (Supporting Information
Table S4), the obtained micelles had similar particle size
(~100 nm) and potential (~ 18 mV). In addition, the low critical
micelle concentration (CMC) of SC-CA-DA (72.1 pg/mL) indi-
cated that the micelles could resist hemodilution and remain stable
at low concentrations (Supporting Information Fig. S6). S14, a
hydrophobic drug lead (Supporting Information Fig. S7), was self-
assembled with SC-DA and SC-CA-DA through hydrophobic
interaction, respectively (Fig. 4A and C). The S14-loaded micelles
were spherical with uniform size distribution. S14@SC-DA and
S14@SC-CA-DA showed similar particle size (~90 nm) and po-
tential (about 20 mV) (Fig. 4B and D, Table S4). Remarkably, the
size of the S14-loaded micelles was smaller than that of the blank
micelles, possibly due to the interaction between S14 and hydro-
phobic fragment CA-DA. The encapsulation efficiency (EE%) of
S14@SC-CA-DA was determined to be 80.2 &+ 3.1%, with a drug-
loading (DL%) capacity of 9.6 £+ 2.5%. Furthermore, S14@SC-
CA-DA exhibited favorable size stability in both PBS and 10%
FBS (Supporting Information Fig. S8). The erythrocyte hemolysis
rate of micelles remained below 5.0% in the range of 200 pg/mL
(Fig. 4E), indicating good biological safety and compliance with
the requirements of biomedical materials.

For the pH-responsive S14@SC-CA-DA  nanodelivery
system, the drug release rate increased significantly with decreasing
pH value. The concentration of S14 was measured by LC-MS/MS,
with good linearity (R*> = 0.9976) and range (1—1000 ng/mL)
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(Supporting Information Fig. S9). The released S14 (retention time
4.3 min) maintained its original structure (Fig. 4F). At 48 h, the cu-
mulative release rate of S14 was 23.6 + 2.5% at pH 7.4, whereas it
reached 62.0 £ 3.8% at pH 4.5, indicating that the pH-sensitive amide
bonds of S14@SC-CA-DA micelles could be disrupted in an acidic
environment, thereby realizing rapid release of S14 (Fig. 4G).
However, there was no obvious drug release in S14@SC-DA at
different pH values, and the result showed that free S14 carried out a
rapid release at different pH within 12 h (Supporting Information
Fig. S10). Overall, the prepared S14@SC-CA-DA nanodelivery
system had a pH-responsive ability to quickly release drugs.

3.6.  Cellular uptake, Kim-1-targeted ability and lysosome
escape of micelles

Before evaluating cellular internalization in vitro, the cytotoxicity
of SC-CA-DA on HK-2 cells was performed using the cell
counting Kit-8 (CCK-8) method (Supporting Information
Fig. S11). The survival rate of SC-CA-DA-treated cells was
above 95% when the concentration reached 250 pg/mL, indicating
that SC-CA-DA is safe for biological application. DID@SC-CA-
DA micelles were formed by encapsulating DID with the
amphiphilic polymer SC-CA-DA, which is used to simulate the
behavior of drugs in the body. The uptake capacities of DID/
DID@SC-CA-DA in HK-2 cells with or without H,O, for 2 and
6 h, were investigated by fluorescence microscope. As a result,
there was no obvious difference in the fluorescence intensities
between the DID groups with or without H,O,, for 2 or 6 h.
However, H,O,-stimulated cells showed a much higher fluores-
cence intensity than normal cells when they were incubated with

DID@SC-CA-DA for 6 h. Moreover, the fluorescence intensity of
H,0,-stimulated cells was notably higher with DID@SC-CA-DA
than with DID alone (Fig. 5A and Supporting Information
Fig. S12). These results showed that HK-2 cells stimulated by
H,O, had a good uptake ability of DID@SC-CA-DA.

Kim-1 is mainly expressed in injured proximal tubules of the
kidney. To investigate the association between the higher uptake
of SC-CA-DA by H,0,-stimulated cells and Kim-1, an antibody
blocking assay was performed (Fig. 5B), H,O,-stimulated cells
pretreated with or without Kim-1 antibody blocker, were incu-
bated with Cyanine-5 (Cy5)-SC-CA-DA for 6 h to assess kidney
targeting ability. Cy5-SC-CA-DA is a Cy5-labeled amphiphilic
polymer SC-CA-DA used to evaluate kidney targeting ability.
Laser confocal results indicated that without Kim-1 antibody
blocker, Cy5-SC-CA-DA treated cells had a stronger co-
localization signal, indicating a specific interaction between
Cy5-SC-CA-DA and Kim-1. In the presence of the Kim-1 anti-
body, the cellular internalization of Cy5-SC-CA-DA was slowed
down, showing the red fluorescent signal was reduced in the cells.
Therefore, less colocalization between Cy5-C-CA-DA and Kim-1
was observed. In contrast, the presence of the Kim-1 antibody had
little effect on the cellular uptake of Cy5-C-CA-DA.

These findings confirmed that up-regulation of Kim-1 in
injured kidney cells promoted cellular internalization of SC-CA-
DA through a specific interaction between Kim-1 and SC-CA-DA.
The kidney slices were collected at 4 h after tail vein injection of
Cy5-SC-CA-DA in AKI mice, fluorescence microscopy showed
clear colocalization of Kim-1 and Cy5-SC-CA-DA, further sup-
porting the Kim-1-targeted ability of SC-CA-DA (Fig. 5C and
Supporting Information Fig. S13).
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To monitor the intracellular dynamics of the micelles, we
utilized LysoTracker Green to label the lysosome. CS, a positively
charged polymer polysaccharide, possesses proton buffering
ability to rupture lysosomes, facilitating the release of therapeutic
drugs from the endosome to the cytosol through the ‘“proton
sponge effect””*>. As shown in Fig. 6A, the micelles and lyso-
somes showed obvious co-localization at 6 h, which indicated
DID@SC-CA-DA could reach lysosomes after cellular uptake.
Furthermore, Image-Pro Plus software was employed for the semi-
quantitative analysis of fluorescence intensity (Fig. 6B and C),
with Pearson’s coefficient of 0.81. As the time extended to 8 h, the
co-localization of the signal from DID@SC-CA-DA with Lyso-
tracker was significantly reduced, with Pearson’s coefficient of
0.32. These results indicate that S14@SC-CA-DA can release S14
in the acidic lysosomal, and meanwhile, cause the lysosomal
disruption by the proton sponge effect to enable transportation of
the released S14 from endo-lysosomes to cytoplasm.

3.7.  Anti-oxidative stress and anti-apoptosis by S14@SC-CA-
DA in vitro

When acute kidney injury occurs, ROS in renal tubular epithelial
cells will increase abnormally, triggering mitochondrial damage*®.

The abilities of S14, S14@SC-DA and S14@SC-CA-DA to reduce

mitochondrial ROS production in oxidatively stressed HK-2 cells
were examined by a mitochondrial ROS probe (MitoSOX). The
fluorescence intensity of MitoSOX was significantly higher in
H,0,-stimulated HK-2 cells. However, the MitoSOX fluorescence
intensity was significantly lower in cells treated with S14@SC-CA-
DA compared to S14 and S14@SC-DA, indicating the obvious
effects of S14@SC-CA-DA to scavenge ROS and alleviate oxida-
tive stress (Fig. 7A and E).

Subsequently, changes in mitochondrial membrane potential
(MMP) were detected by using JC-1 fluorescent dye. The
decreased red/green fluorescence intensity ratio in the H,O,-
incubated cells, indicating the decreased MMP caused by
oxidative stress was significantly increased after the treatment
with S14, S14@SC-DA and S14@SC-CA-DA (Fig. 7B and F).
Notably, S14@SC-CA-DA had the strongest ability to stabilize
MMP by alleviating mitochondrial oxidative stress, with a larger
enhancement of red/green fluorescence intensity ratio than
others.

Furthermore, the effect of S14@SC-CA-DA on cell apoptosis
was examined by flow cytometry. As expected, H,O,-treated
cells showed a significantly increased apoptosis rate, while the
treatment of S14, S14@SC-DA and S14@SC-CA-DA markedly
reduced cell apoptosis induced by H,O, stimulation (Fig. 7D
and K). Particularly, the S14@SC-CA-DA group exhibited the
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lowest apoptosis rate, indicating that S14@SC-CA-DA has a
stronger ability to protect cells from apoptosis caused by
oxidative stress. To further investigate the oxidative stress-
induced mitochondrial-mediated apoptotic pathway, the levels
of pro-apoptotic proteins, including cleaved caspase-3, cleaved
caspase-9 and Bax, as well as the anti-apoptotic protein Bcl-2,
were detected by Western blot. Semi-quantitative analysis was
performed by image J (Fig. 7G—J). The expression levels of
cleaved caspase-3, cleaved caspase-9 and Bax were increased,
while the expression level of Bcl-2 was decreased in H,O,-
stimulated cells. Notably, compared with the free S14 group,
S14@SC-CA-DA significantly decreased the expression of
cleaved caspase-3, cleaved caspase-9 and Bax, while increasing
the expression of Bcl-2 expression. Additionally, S14@SC-CA-
DA markedly reduced Kim-1 expression level, thus alleviating
H,0;-induced cell injury. Consequently, S14@SC-CA-DA
effectively ameliorated the mitochondrial apoptotic pathway
and reduced renal tubular cell apoptosis.

3.8.  Treatment with S14@SC-CA-DA micelles in IR-induced
AKI C57BL/6 mice

The ability of S14@SC-CA-DA to alleviate AKI was investigated
by an ischemia—reperfusion (IR)-induced AKI mice model. We
chose unilateral left renal pedicle clamping-induced IR AKI mice
as the animal model. After a 45-min ischemia period, the unilat-
eral left clamps were released to restore blood flow. The treatment
time points are shown in Fig. 8A.

To investigate the renal-targeting of micelles in vivo, IR-
induced AKI mice were intravenously injected with DID and
DID@SC-CA-DA. The fluorescence intensity of renal tissue was
observed using an ex vivo imaging system at predetermined time
points (2, 6, 12 and 24 h) after intravenous administration.
Compared to the DID group, the renal fluorescence intensity of
DID@SC-CA-DA significantly increased. Moreover, the fluores-
cence intensity of DID-labeled micelles was markedly higher in
injured kidneys compared to normal kidneys. At 24 h, injured
kidneys still had stronger fluorescence intensity, whereas the
fluorescence signal in normal kidneys significantly decreased
(Fig. 8B and C, Supporting Information Fig. S14). These results
suggested that micelles could specifically target injured kidney
and accumulation ability in injured kidneys. To further investigate
the renal tubular targeting ability of SC-CA-DA, damaged kidneys
from AKI mice were collected 4 h after tail vein injection of Cy5-
SC-CA-DA, and the fluorescence distribution in kidney sections
was observed. The fluorescence signal of Cy5 was rarely distrib-
uted in the glomerulus, mainly around the glomerulus, which is
the location of the renal tubules (Supporting Information
Fig. S15), indicating that Cy5-SC-CA-DA was mainly located in
the renal tubules. Thus, its high accumulation in the renal tubules
suggests that SC-CA-DA is a potential drug carrier for effective
AKI therapy.

Elevated serum creatinine (Scr) and blood urea nitrogen (BUN)
levels are valid clinical indicators of impaired renal function®’. In
the AKI model, Scr and BUN concentrations were significantly
increased (4- and 3.5-fold to the control group, respectively).
However, treatment with S14 and S14@SC-CA-DA effectively

reduced the levels of Scr and BUN. Among these treatments, the
S14@SC-CA-DA group showed the most significant effects, with
a reduction of 64.69% and 45.20% in Scr and BUN levels,
respectively, indicating the significant renal function improvement
achieved by S14@SC-CA-DA in AKI mice (Fig. 8D and E).
Furthermore, the therapeutic effects of S14@SC-CA-DA were
assessed through kidney section tissue analysis using H&E
staining. As shown in Fig. 8F, the model group presented typical
histological characteristics of AKI, including necrosis and
detachment of renal tubular epithelial cells, formation of cellular
debris or hyaline casts in the tubular lumen (red arrows), and
cellular vacuolization (green arrows). While cell detachment and
local necrosis were still observed in the kidney tissue of S14-
treated mice. Treatment with S14@SC-CA-DA exhibited a more
significant effect in reducing the damage.

3.9.  In vivo therapeutic mechanisms of S14@SC-CA-DA

The reabsorption capacity of renal tubules, facilitated by protec-
tive mitochondria, is crucial for restoring renal function*®. Tn
healthy renal tissue, the tubular region exhibits a high density of
mitochondria to meet the energy demands associated with tubular
processes”’. Transmission electron microscopy (TEM) images of
renal tissues revealed mitochondrial damage in renal tubular cells
caused by AKI, manifested by mitochondrial swelling, loss of
cristae, and even membrane rupture, resulting in the efflux of
matrix material into the cytoplasm (Fig. 9A). Treatment with S14,
S14@SC-DA and S14@SC-CA-DA significantly reduced mito-
chondrial damage in renal tubular cells of AKI mice. S14@SC-
CA-DA exhibited the least number of damaged mitochondria,
with most mitochondria maintaining a relatively intact cristae
structure. These results indicate that S14@SC-CA-DA micelles
could better protect mitochondria.

To further evaluate the antioxidant stress effect of S14@SC-
CA-DA in AKI kidneys, malondialdehyde (MDA), the decom-
position product of peroxidized polyunsaturated fatty acids, was
measured as an indicator of ROS damage’” 2. Compared with the
sham group, the MDA level in the plasma of AKI mice was
significantly increased (Fig. 9I). Treatment with S14, S14@SC-
DA and S14@SC-CA-DA reduced the MDA level in AKI
model mice, with the S14@SC-CA-DA group exhibiting the
lowest level of MDA. It was further indicated that S14@SC-CA-
DA had the best antioxidant ability in vivo. When AKI occurs,
macrophages will migrate to the injured kidney and release pro-
inflammatory factors to trigger an inflammatory response. To
evaluate the anti-inflammatory effect of S14@SC-CA-DA in AKI
kidney, the levels of proinflammatory cytokines interleukin-6
(IL-6) and tumor necrosis factor-a (TNF-«) were measured in
plasma (Fig. 9] and K). The AKI group showed significantly
increased levels of IL-6 and TNF-«a. Treatment with S14,
S14@SC-DA and S14@SC-CA-DA resulted in decreased
expression levels of IL-6 and TNF-«. Among the treatment
groups, S14@SC-CA-DA exhibited the lowest cytokine levels,
indicating its potent anti-inflammatory ability.

Apoptotic cells in AKI-injured kidneys were detected using the
TUNEL assay. Compared to the sham group, the number of
apoptotic cells in the kidneys of AKI mice was significantly

JC-1 monomers in (B). (G—J) Quantification of the protein immunoblots of cleaved caspase-3, cleaved caspase-9, Bax, and Bcl-2. (K) Apoptosis
rate in various groups. Data are the means & SD (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 as compared with HO, group. #P < 0.05,

##P < 0.01 and P < 0.001 between groups as indicated.
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Figure 8 Efficacy of S14@SC-CA-DA in the alleviation of renal function in vivo. (A) Schematic diagram of the establishment and treatment of
an AKI model in C57BL/6 mice. (B) The kidney fluorescence imaging of DID and DID@SC-CA-DA at 2, 6, 12, and 24 h. (C) Mean fluorescence
intensity of kidney. Data are mean & SD (n = 3). (D, E) Serum analysis of creatinine (D) and BUN (E) levels. Data are mean &+ SD (n = 6).
(F) H&E staining of kidney tissues (scale bar = 100 pm). Renal tubular vacuolization (green arrows). Red arrowheads donate renal tubular
epithelial cell necrosis and sloughing, forming cellular debris or casts. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 as compared
with saline. *P < 0.05, P < 0.01 and P < 0.001 between groups as indicated.

increased. Treatment with S14, S14@SC-DA, and S14@SC-CA- liver microsomes. The elimination rate of S14 is 7.38 times higher
DA reduced AKI-induced apoptosis, with the S14@SC-CA-DA in UGT metabolism than that in CYP metabolism (Fig. 10A),
group exhibiting the fewest apoptotic cells (Fig. 9B and D). indicating predominant UGT-mediated metabolism of S14

Furthermore, the expression levels of pro-apoptotic proteins, (Fig. 10B). Mono-glucuronides were identified as metabolites
including cleaved caspase-3, cleaved caspase-9, and Bax, as well using LC-MS/MS (Supporting Information Fig. S16). To assess
as the anti-apoptotic protein Bcl-2 in kidney tissue, were detected the pharmacokinetic behavior of S14 and S14@SC-CA-DA (S14
by Western blot (Fig. 9C), The quantitative analysis was per- equivalent: 2 mg/kg), we evaluated their plasma concentrations in
formed by image J (Fig. 9E-H), which showed that S14@SC-CA- C57BL/6 mice. Plasma samples were collected at specified time
DA effectively reduced apoptosis in kidney tissue of IR-AKI. points following intravenous injection, and the plasma drug
These results collectively indicate the superior anti-apoptotic ef- concentration—time curves are shown in Fig. 10C. Pharmacoki-
fect of S14@SC-CA-DA. netic parameters (Table S5) revealed that the area under the curve

(AUCy-,) of S14@SC-CA-DA (53.33 £ 3.63 mg/L-min) was
3.10.  Pharmacokinetics and safety evaluation higher than that of S14 (21.79 + 1.36 mg/L-min), while the half-

life time (#,/,) of free S14 (26.57 4+ 5.97 min) was prolonged by
The majority of drugs undergo metabolic reactions catalyzed by S14@SC-CA-DA (47.12 £ 11.48 min). These results indicate that
metabolic enzymes upon entering the body. In this study, we S14@SC-CA-DA exhibited a longer circulation lifetime than S14.
conducted the phase I cytochrome P450 (CYP) and phase II Additionally, the presence of S14-Glu in plasma indicated that
UDP-glucuronosyltransferase (UGT) metabolism of S14 in human S14@SC-CA-DA retarded the UGT metabolism of S14
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Figure 9 S14@SC-CA-DA protects mitochondria from damage

and reduces oxidative stress, inflammation, and apoptosis in AKI mice.

(A) Bio-TEM image of mitochondria of tubular cells (scale bar = 1 pm), Zoom out image (scale bar = 500 nm) is shown. Swollen mito-
chondrion with disturbed cristae structure (green arrowheads). The mitochondrial membrane ruptures and matrix material is released into the
cytoplasm (red arrowheads). (B) TUNEL staining (scale bar = 50 pm). (C) WB analysis of caspase-3, cleaved caspase-3, Caspase-9, cleaved
caspase-9, Bax, and Bcl-2 proteins in kidney tissue. (D) Quantification of TUNEL-positive cells in (B). (E—H) Quantification of the protein
immunoblots of cleaved caspase-3, cleaved caspase-9, Bax, and Bcl-2. Data are mean = SD (n = 3). (I-K) MDA, TNF-«, and IL-6 level changes
in AKI mice after different treatments. Data are mean + SD (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 as compared

with saline. *P < 0.05 and *P < 0.01 between groups as indicated.

(Fig. 10D). These findings demonstrate that S14@SC-CA-DA
could improve the pharmacokinetics behavior of S14.
Furthermore, we examined the kidney-targeting capability of
S14@SC-CA-DA in AKI. LC-MS/MS analysis was performed to
measure the concentration of S14 in major organs (heart, liver,

spleen, lung and kidney) of AKI mice. At 30 and 150 min after the
S14 dose of 2 mg/kg, the concentration of S14 in the AKI kidney
was significantly higher in the S14@SC-CA-DA group compared
to the S14 group (Fig. 10E) (30 min, S14@SC-CA-DA,
41.34 £ 13.24 ng/mL, S14, 1530 = 7.31 ng/mL; 150 min,
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Figure 10  Pharmacokinetics, tissue distribution, metabolism, and safety evaluation of S14@SC-CA-DA. (A) CYP and UGT contribution of
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S14@SC-CA-DA, 10.55 £ 4.08 ng/mL, S14, 1.28 &+ 0.44 ng/mL),
which was consistent with the fluorescence results in Fig. 6B.
Hence, S14@SC-CA-DA demonstrates its superior ability as a
kidney-targeted drug for AKI. The presence of S14-Glu was
detected in the liver and kidney tissues, with higher levels of S14-
Glu in S14 compared to S14@SC-CA-DA at 15 min, while S14-
Glu of S14 was metabolized quickly at 30 min (Fig. 10F). These
results indicate that S14@SC-CA-DA retards the UGT meta-
bolism of S14 and reduces the clearance rate of S14 in mice. To
investigate the biotransformation of S14 in liver and kidney mi-
crosomes, we performed concentration-dependent experiments
and analyzed the kinetics of S14 glucuronidation using Eadie-
Hofstee plots (Fig. 10G). The enzymatic kinetic parameters are
shown in Table S6. The results demonstrate that S14 is metabo-
lized in both liver and kidney microsomes.

To further verify that S14@SC-CA-DA retards the UGT
metabolism of S14, incubation experiments were performed using
human liver and kidney microsomes. It demonstrated that the
elimination rate of S14 in S14@SC-CA-DA was lower than S14
group (1.84-fold in HLM, and 2.26-fold in HK (Fig. 10H). Finally,
we investigated the potential toxicity of the micelles by per-
forming H&E staining on major organs. As shown in Fig. 101,
there were no significant morphological abnormalities were
observed in any of the tissues. The nephrotoxicity of S14 and
S14@SC-CA-DA was also evaluated after 3 and 7 days
(Supporting Information Fig. S17), and the results from HE
staining demonstrated the absence of nephrotoxicity from both
S14 and S14@SC-CA-DA.

4. Discussion

In the study, we proposed a systematic marine drug developmental
strategy, encompassing the identification of new therapeutic tar-
gets and the design of novel drugs based on ADME characteris-
tics. This innovative system boasts several key features:
(i) exploration of new targets for marine drugs, (ii) specific tar-
geting ability of Kim-1, (iii) improvement in ADME character-
istics (kidney distribution, AUCq_;, 1,5, biotransformation, and
UGT-mediated metabolism). These features collectively help us to
improve the renal biodistribution and pharmacokinetics of drugs
for better efficacy and effectiveness.

The marine-derived piericidin glycoside S14 has demon-
strated significant therapeutic potential against AKI'®. In this
study, we revealed that S14 possess a protective role on AKI via
activating PRDX1. PRDXI1, known as an effective antioxidant
enzyme, which against inducible oxidative stress within ische-
mia—reperfusion®®. PrdxI-OE mice were applied to reveal the
protective effect of S14 depending on PRDX1 activation.
Compared to Control mice, we found that UIRI-induced kidney
injury was significantly reduced in Prdx/-OE mice. Therefore,
PRDXI1 activation may be considered a new therapeutic target in
AKI. Further investigation using SPR and CETSA-WB analysis
explored the binding of S14 to PRDXI1. The results supported
PRDXI1 as the direct binding target of S14, with S14 mainly
binding to Cys83 of PRDX1 (Fig. 3D), it is speculated that S14
prevents decamer formation and increases peroxidase activity
(Supporting Information Fig. S18). Additionally, S14 promotes

PRDX1 nuclear translocation and facilitates the binding of
PRDXI1 to nuclear transcriptional factors Nrf2 (Fig. 2Q and R).
Previous studies have shown that promoting the entry of Nrf2
into the nucleus can activate the Nrf2/HO-1/NQO1 pathway to
inhibit ROS production”. Moreover, our study revealed that
Nrf2 expression was suppressed even after adding S14 when
PRDX1 was knocked down. These findings collectively suggest
that S14 could be considered as a lead compound targeting
PRDX1 and regulating PRDX1/Nrf2 to reduce ROS levels. And
immunoprecipitation experiments to demonstrate the association
between PRDX1 and LKB1. The results showed no interaction
between PRDX1 and LKB-1 (Supporting Information Fig. S19).
Bioactive marine natural products (MNPs) have shown promise
as potential candidates for drug development. However, chal-
lenges such as hydrophobicity, toxicity, nontargeting behavior,
and limited bioavailability have impeded the development of
marine drug candidates™. For instance, marine-derived pier-
icidin glycoside S14 has been revealed with obvious therapeutic
potential against AKI in our previous study. Glycosides,
compared to the hepatotoxic piericidin aglycone, exhibit lower
toxicity'®. However, S14 suffers from a short half-life, poor
bioavailability (2.6%), low targeting specificity, and rapid
biotransformation, prompting the need for a delivery system that
enhances the druggability of piericidin glycosides (Figs. S1 and
S16, Table S1).

Thus, we designed a pH-sensitive Kim-1-targeted SC-CA-DA
polymer to improve the druggability of the marine drug candidate
S14. In vitro drug release experiments were conducted at different
pH for simulate the corresponding physiological environment
(Fig. 4B). The free S14 solution showed a rapid release of S14 at
pH 7.4, and almost 80% of S14 was released within 12 h
(Supporting Information Fig. S10). In contrast, S14-loaded SC-
CA-DA and SC-DA micelles exhibited a slower release of S14
at pH 7.4, with only 15% of the total S14 released at 12 h. At pH
4.5, no acceleration in S14 release was observed for SC-DA mi-
celles, while S14 release from SC-CA-DA micelles was signifi-
cantly accelerated, with 50% S14 being released after 12 h. This is
likely due to the disassembly of micelles induced by pH values,
also noticed that different pH values did not affect the release
kinetics of S14@SC-DA. These results suggested that S14@SC-
CA-DA are stable in the blood circulation environment, but are
triggered to release S14 rapidly in response to the acid environ-
ment after intracellular uptake. The presence of a double bond in
the citrate amide facilitates the cleavage of the amide bond,
allowing for efficient drug release. Intracellular studies have
confirmed that S14@SC-CA-DA can release S14 in acidic lyso-
somes, causing lysosomal disruption through the proton sponge
effect, enabling the transportation of released S14 from endo-
lysosomes to the cytoplasm (Fig. 6). Then the S14 binding to
the PRDXI1, instead of S14@SC-CA-DA binding to PRDX1
(Supporting Information Figs. S20 and S21). Furthermore, we
demonstrated that S14@SC-CA-DA exhibits exceptional kidney
targeting, attributed to its preferential internalization by damaged
renal tubular cells through Kim-1-mediated endocytosis. Kim-1
has attracted much attention in the early diagnosis and patholog-
ical mechanism of kidney disease™°. In vivo studies revealed that
the nanodelivery system significantly enhances the therapeutic

S14@SC-CA-DA in tissue. (G) Kinetics of S14-glucuronide in human liver microsome (HLM) and human kidney microsome (HKM) at different
concentrations. Data are mean £+ SD (n = 3). (H) Elimination rate of S14 in human liver microsome (HLM) and human kidney microsome

(HKM). (I) H&E staining of major organs after treatment (scale bar

100 pm). Data are mean + SD (n = 5). *P < 0.05 and **P < 0.01.
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AKI.

effect of S14, promoting kidney function recovery (with a 64.69%
reduction in Scr and a 45.20% reduction in BUN compared to
sham, Fig. 8D and E). The nanodrugs effectively alleviate
oxidative stress, protect mitochondria, mitigate inflammation, and
reduce apoptosis. The high therapeutic efficiency of S14 nano-
drugs stems from their precise accumulation and sensitive release
in the injured kidney (Fig. 8B).

To further evaluate the druggability of S14-nanodrug, we
assessed their pharmacokinetic behavior. The results showed that
S14 nanodrugs prolong the plasma half-life and AUC of S14.
Tissue distribution indicated that the concentration of S14 in
nanodrugs was 3.1-fold higher than that of bare S14 (Fig. 10E).
We also observed that UGT-mediated metabolism plays
a predominant role in the biotransformation of S14 in the liver and
kidney. To confirm that S14-nanodrug alleviate UGT-mediated
metabolism in human liver and kidney microsomes, we demon-
strated that the elimination rate of S14 in nanodrugs was lower
than that in the S14 group (1.84-fold in human liver microsomes

and 2.26-fold in human kidney microsomes, Fig. 10H). These
findings suggest that nanodrugs retard the UGT-mediated meta-
bolism of S14, leading to decreased elimination rates and
increased levels of the parent drug. Moreover, the biosafety of the
nanodrug was assessed, and no obvious abnormalities were found
in the major organs, demonstrating no nephrotoxicity.

5. Conclusions

In summary, our study presents a systematic approach to the
development of marine drugs, integrating the discovery of novel
therapeutic targets and the design of optimized drug formulations
based on pharmacokinetic properties. We have demonstrated that
S14 possesses a protective role in AKI by activating PRDX1,
mainly binding to Cys83 of PRDX1 and increasing the peroxidase
activity. S14 increases the PRDX1 nuclear translocation and ac-
tivates the Nrf2/HO-1/NQO1 pathway, resulting in the inhibition
of ROS production. Based on the pharmacokinetics properties, we
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reveal that the pH-sensitive Kim-1-targeted nanodelivery system is
a versatile strategy for precise AKI therapy (Fig. 11). The modi-
fied marine polysaccharides based nanocarrier enhances the effi-
cacy and the druggability of marine-derived drug candidates with
a hydrophobic chain, The nanodrugs improve ADME properties
by increasing plasma half-life, AUC and kidney distribution, and
retard the UGT-mediated metabolism of S14. Consequently, our
research may provide a constructive strategy for the clinical
development of a new and effective treatment method for AKI.
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