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Ultrasmall platinum single-atom enzyme gkl

alleviates oxidative stress and macrophage
polarization induced by acute kidney ischemia-
reperfusion injury through inhibition of cell
death storm
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Abstract

Acute kidney injury (AKI), characterized by a rapid decline in renal function, is associated with impaired mitochon-
drial function and excessive reactive oxygen species (ROS). Therefore, the exploration of ROS scavengers provides
promising new opportunities for the prevention and treatment of AKl by mitigating oxidative stress. Here, we con-
struct an ultrasmall platinum single-atom enzyme (Pt/SAE) with multiple antioxidant enzyme activities to protect
against acute kidney ischemia-reperfusion (I/R) injury. Pt/SAE not only mimics superoxide dismutase and catalase
activities to convert superoxide anion into water and oxygen, but also exhibits impressive hydroxy! radical scavenging
capacity, thereby reducing pro-inflammatory macrophage levels and preventing inflammation. Furthermore, Pt/SAE
reduces the accumulation of Z-form DNA, which excessively accumulates following I/R damage, thus decreasing its
interaction with Z-DNA binding protein 1, consequently preventing the progression of PANoptosis following I/R stress.
Additionally, the downregulation of ROS levels induced by Pt/SAE suppresses lipid peroxidation, which in return
preventing the progression of ferroptosis following I/R. Both in vitro and in vivo experiments confirm that Pt/SAE
effectively mitigates inflammatory cell infiltration and promotes a shift in macrophage polarization from the M1-like
to M2-like subtype. This study provides promising information for the development of novel SAEs as a viable treat-
ment method for AKI.
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Introduction

Acute kidney injury (AKI) is characterized by an abrupt
and quick impairment of renal function, which increases
the risk of developing chronic kidney disease (CKD), a
condition associated with high morbidity and mortality
[1-3]. The underlying mechanism remain poorly under-
stood, and there is currently a lack of effective pharmaco-
logical therapies that can precisely improve renal function
after AKI. AKI is mostly caused by renal ischemia/reper-
fusion (I/R) injury. Our single-cell sequencing revealed
that different regulatory cell death modes are present in
IRL, and blocking one kind of cell death alone does not

completely block severe IRI. This indicates the exist-
ence of cell death storm in IRI. Acute kidney I/R injury is
accompanied by an insufficient oxygen supply and exces-
sive reactive oxygen species (ROS) [4—6]. Mitochon-
drial ROS is well known to trigger a cascade of events,
including mitochondrial dysfunction and the subsequent
release of mitochondrial DNA (mtDNA) into the cyto-
plasm [7-9]. Compelling evidence has established a link
between mtDNA instability, which might facilitate the
change from B- to Z-DNA structures, mitochondrial
dysfunction [10], and cell death storm, including ferrop-
tosis and PANoptosis [11]. Furthermore, ROS-mediated
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Scheme 1 Schematic illustrating of the fabrication and application of Pt/SAEs. A Schematic depicting the construction of Pt/SAEs. B Schematic
demonstrating the application of Pt/SAE for the treatment of acute kidney ischemia-reperfusion injury through inhibition of PANoptosis
and ferroptosis

ferroptosis or PANoptosis is closely associated with the  molecules, including glutathione (GSH) and enzymes
transformation of microglia to an MI-like phenotype such as catalase (CAT) and superoxide dismutase (SOD),
and the generation of inflammatory factors, thus induc-  represent potential therapeutic options for acute kidney
ing a harmful feedback loop [12-15]. Thus, antioxidant I/R injury [16-18]. Unfortunately, treatments based on
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Fig. 1 Comprehensive characterization of Pt/SAE. ATEM image of Pt/SAE. B XRD spectrum of Pt/SAE. C The high-resolution C 1sand D N 15 XPS

spectra of Pt/SAE. E Normalized Pt K-edge XANES spectra of Pt/SAE (inset: the enlarged pre-edge region). F The Fourier transform EXAFS of the Pt
K-edge of Pt/SAE. G EXAFS fitting curve of Pt/SAE at the R space. H EXAFS curves of Pt/SAE at the k space. | EXAFS fitting curves of Pt/SAE at the k
space. J Wavelet transformation of Pt K-edge EXAFS of Pt foil, K Pt/SAE, and L PtO, at the k space

these natural enzymes often fail to meet clinical demands
due to inherent limitations, including low stability, high
cost, and limited membrane permeability [19, 20]. Thus,
it is essential to develop novel antioxidant enzyme-medi-
ated catalytic therapeutic strategies to address acute kid-
ney I/R injury.

With the rapid advancement of nanotechnology,
nanomedicines have revolutionized the pharmaceuti-
cal and biotechnology industries, leading to substantial
progress in the development of antioxidant therapies
[21-23]. Nanozymes, a class of nanomaterials, demon-
strate catalytic activities similar to natural enzymes and
have unveiled opened novel avenues for addressing ROS-
mediated diseases [9, 24-26]. Nanozymes are emerging
as highly promising agents for modulating antioxidant
and anti-inflammatory responses, owing to their lower
cost, enhanced stability and higher membrane perme-
ability compared to natural enzymes [27-30]. Strong
evidence has demonstrated that different nanozymes
exhibiting CAT- and SOD-like activities have proven
effective in treating AKI by neutralizing harmful ROS,
thereby facilitating the recovery of kidney function

[31-34]. While the potential of nanozymes for treating
AKI is promising, several challenges persist [35]. First,
their relatively low catalytic activities limited their effec-
tiveness in treating acute kidney I/R injury. Second, the
relatively large diameters of various nanozymes signifi-
cantly hindered their effective accumulation in the kid-
neys [36, 37]. Fortunately, as a next-generation class of
nanozymes, single atom enzymes (SAEs), characterized
by maximum atom utilization efficacy, well-defined elec-
tronic/geometric structures and maximum atom utiliza-
tion efficacy, bridge the gap between artificial enzymes
and nature enzymes, enhancing both intrinsic catalytic
activity and substrate selectivity [38—42]. Despite these
promising developments, to the best of our knowledge,
no reports have yet been published regarding the enzy-
matic activity of SAEs in acute kidney I/R injury.

Herein, we present an ultrasmall platinum (Pt)/SAE
featuring Pt-N, active sites anchored on large-surface
carbon dots (CDs), designed to effectively alleviate acute
kidney I/R injury through scavenging excessive ROS. Pt/
SAE not only mimicked the activities of SOD and CAT to
convert toxic superoxide anion (-O,~) into nontoxic water
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Fig. 2 Enzymatic activity characterization of Pt/SAE. A Schematic illustration of multiple enzyme-mimetic activities of Pt/SAE. B Quantitative
assessment of SOD-like activity. C Spectrophotometric comparison of SOD-mimetic activity of different concentrations of Pt/SAE at 450 nm.

D Quantitative evaluation of CAT-mimetic activity. E Comparative analysis of CAT-mimetic activity among different concentrations of Pt/SAE. F
Quantitative assessment of HORAC. G Comparative analysis of HORAC among different concentrations of Pt/SAE. H Quantitative assessment

of radical-scavenging activity. | Spectrophotometric comparison of ABTS radical-scavenging activity of different concentrations of Pt/SAE at 750 nm.
n= 3. p-values are calculated using the Student’s two-tailed t-test, ns: no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

and oxygen, but also demonstrated excellent hydroxyl
radical (-OH) scavenging capacity (HORAC), thus inhib-
iting inflammation. Following cellular uptake, Pt/SAE
effectively preserved the mitochondrial function and
significantly reduced the accumulation of Z-form DNA,
which in return diminished its interaction with Z-DNA
binding protein 1 (ZBP1), consequently preventing the

progression of PANoptosis following I/R stress. Further-
more, the reduction of ROS levels induced by Pt/SAE
significantly inhibited the lipid peroxidation, thereby pre-
venting the progression of ferroptosis following I/R. In
addition, fluorescence imaging revealed that indocyanine
green-labeled ultrasmall Pt/SAE effectively accumulated
in the kidneys and maintained a high concentration up to
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24 h post-injection. Both in vitro and in vivo experiments
demonstrated that the inhibitory effects of Pt/SAE on cell
death storm effectively reprogram macrophages, attenu-
ate inflammatory cell infiltration, and inhibit macrophage
polarization. This study not only provided a proof-of-
concept for the exploration of novel SAEs but also offered
new insights into nanomedicine for the treatment of
acute kidney I/R injury.

Results

Preparation and characterization of Pt/SAE

We synthesized the Pt/SAE with atomically dispersed
Pt active sites on CDs through a straightforward pyrol-
ysis of a coordinated complex precursor (Scheme 1A).
The Pt-EDTA complex precursor was first prepared via
liquid-phase coordination of K,PtCl, with ethylenedi-
aminetetraacetic acid (EDTA). Subsequently, Pt/SAE was
obtained by annealing a mixture of the Pt-EDTA complex
and Na, (EDTA) under an argon atmosphere for 3 h at
300 °C. Transmission electron microscopy (TEM) con-
firmed that the size of Pt/SAE was consistent, measur-
ing 2-4 nm, a size range typical for SAE (Fig. 1A). The
corresponding powder X-ray diffraction (XRD) pattern
exhibited no crystalline peaks attributable to metallic
Pt or Pt oxide nanoparticles, indicating the absence of
notable Pt aggregation, which supports the formation of
atomically dispersed Pt sites (Fig. 1B). Raman spectros-
copy revealed that the CDs were poorly crystallized post-
pyrolysis and contained a significant number of defects,
which likely facilitates the anchoring of isolated Pt atoms
(Figure S1). X-ray photoelectron spectroscopy (XPS)
analysis was conducted to investigate the bonding states
of Pt, C, and N atoms in Pt/SAEs. The high-resolution C
1s spectrum primarily exhibited peaks associated with
sp>-hybridized graphitic carbon (Figs. 1C and S2). The
high-resolution N 1s spectrum displayed three distinct
species: graphitic N, pyridinic N, and pyrrolic N, all of
which contribute to anchoring the single-atomic Pt spe-
cies (Fig. 1D). To further explore the coordination envi-
ronment and local electronic structure of Pt, synchrotron
radiation-based X-ray absorption near-edge structure
(XANES) analysis was performed. The Pt K-edge XANES
spectra revealed an energy absorption threshold between

(See figure on next page.)
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that of Pt foil and PtO, (Fig. 1E), suggesting that the Pt
atoms in Pt/SAEs possess an oxidation state of Pt8* (0
<& <4), which aligns with the XPS findings. Additionally,
Fourier-transform extended X-ray absorption fine struc-
ture (EXAFS) analysis in the R-space domain showed
a prominent peak at 1.53 A, corresponding to the Pt—-N
bond, while no peaks were observed at 2.64 A, which
would be indicative of Pt—Pt bonding. This result con-
firms the presence of atomically dispersed Pt active sites
within Pt/SAE (Figs. 1F, G and S3). EXAFS fitting analy-
sis at the Pt K-edge provided detailed information on the
coordination numbers and structural parameters of the
single-atomic Pt species. As shown in Figs. 1H, I, S4, and
Table S1, the analysis revealed that each Pt atom in Pt/
SAE is coordinated with approximately four N atoms. To
further substantiate the atomic dispersion of Pt, wavelet
transform (W'T) analysis was performed. As expected, a
WT signal at 4.5 A™, corresponding to the Pt-N bond,
was observed, while no signal indicative of Pt—Pt bonding
was detected (Fig. 1J-L). We have investigated the stabil-
ity of Pt/SAE in DMEM and blood sample. As shown in
Figure S5 the DLS result showed that the diameter of Pt/
SAE remained stable for 96 h, which indicated the stabil-
ity of Pt/SAE in DMEM and blood sample. These collec-
tive findings unequivocally demonstrate the successful
construction of Pt/SAEs with atomically dispersed Pt—N,
sites.

Enzymatic performances of Pt/SAE in PTECs

Following the characterization of the coordination
environment of Pt atoms in Pt/SAE, we systematically
investigated the dual reactive oxygen species (ROS)
scavenging activities of Pt/SAE. The enzymatic proper-
ties of Pt/SAE were assessed to validate its ROS-scav-
enging capacity (Fig. 2A). To evaluate the superoxide
dismutase (SOD)-mimetic activity, we employed the
WST-8 assay. Pt/SAE demonstrated excellent concen-
tration-dependent SOD-like catalytic performance.
Comparative analysis (Fig. 2B, C) revealed that Pt/
SAE exhibited superior catalytic efficiency relative to
other systems. Furthermore, we assessed the catalase
(CAT)-like activity of Pt/SAE using a dissolved oxygen
analyzer (Fig. 2D-E). The results demonstrated that Pt/

Fig. 3 Cellular uptake, viability, and protective effects of Pt/SAE. A CLSM images illustrated time-dependent cellular uptake of Cy5-labeled Pt/SAE.
Nuclei were stained with Hoechst for visualization. Scale bar =40 pm. B Cy5-labeled Pt/SAE colocalized with lysosomes, demonstrating its potential
to escape from lysosomes into the cytoplasm. Scale bar =25 um. C The CCK-8 assay was used to examine dose-dependent cell viability in PTECs
exposed to various concentrations of Pt/SAE. D, E Fluorescence microscopy showed the cellular protection of Pt/SAE in PTECs following H/R,

with Annexin V and Pl staining to assess apoptosis and necrosis. Scale bar =25 um. F The cellular protection of Pt/SAE in PTECs following H/R

was determined by flow cytometry with AnnexinV and Pl staining. n= 5. G Intracellular ROS production after different treatments was assessed

by CLSM. Scale bar =20 um. H Intracellular ROS generation following various treatments was examined by flow cytometric analysis. p-values are

calculated using the Student's two-tailed t-test, ***p < 0.001, ****p < 0.0001
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SAE effectively catalyzed the decomposition of H,O,
into water and oxygen, thereby mitigating ROS-induced
oxidative stress. Additionally, as illustrated in Fig. 2F
G, Pt/SAE displayed effective hydroxyl radical (-OH)
scavenging activity in the HORAC assay. Pt/SAE also
exhibited remarkable ABTS radical scavenging capabil-
ity (Fig. 2H, I). Collectively, these findings underscore
the impressive ROS-scavenging capacity of Pt/SAE.

The cellular uptake of Cy5-labeled Pt/SAE was visual-
ized using laser confocal scanning microscopy. Fluo-
rescence intensity analysis revealed time-dependent
internalization of Pt/SAE in mouse primary proximal
tubular epithelial cells (PTECs) (Fig. 3A). Colocalization
studies demonstrated that Cy5-labeled Pt/SAE could
effectively escape from the lysosomes into the cytoplasm,
subsequently leading to ROS consumption (Fig. 3B).
Biocompatibility was assessed using the cell counting
kit-8 (CCK-8) assay, demonstrating negligible inhibition
of PTEC proliferation, even at concentrations up to 300
pg/mL (Fig. 3C). To explore the protective effects of Pt/
SAE against oxidative stress, an in vitro ischemia—reper-
fusion injury (IRI) model was established by subjecting
PTECs to hypoxia/reoxygenation (H/R) stress. Pt/SAE
significantly enhanced cell viability following exposure to
hypoxia/reoxygenation (H/R) stress, suggesting its potent
properties on protecting against oxidative stress induced
damage. Additionally, the protective efficacy of Pt/SAE
was evaluated by flow cytometry and fluorescence micro-
scope using Annexin V and PI staining. Quantification of
double-positive (Annexin V +/PI +) PTECs revealed that
Pt/SAE treatment significantly reduced the proportion of
apoptotic/necrotic cells after H/R stimulation, exhibiting
a dose-dependent protective effect, which was consistent
with the results of the CCK-8 assay (Fig. 3D-F and S16).
We evaluated the cellular antioxidant capacity of Pt/SAE
in H/R-induced oxidative stress. The ROS-sensitive dye
dichlorodihydrofluorescein diacetate (DCFH-DA) was
used to quantify intracellular ROS levels using confo-
cal laser scanning microscopy (CLSM). PTECs exposed
to H/R exhibited significantly elevated ROS production.
Contrarily, cells treated with Pt/SAE demonstrated a
marked reduction in ROS levels, indicating effective ROS
scavenging after Pt/SAE treatment in this H/R model

(See figure on next page.)
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(Fig. 3G). Additionally, flow cytometry analysis using
DCFH-DA detected widespread distribution of ROS in
the H/R group, indicating aggravated oxidative stress
damage within the mitochondria. However, Pt/SAE treat-
ment significantly alleviated this damage (Fig. 3H). These
findings provide compelling evidence for the excellent
protective capacity of Pt/SAE and its ability to mitigate
renal epithelial cell death in IRI models.

Pt/SAE significantly alleviates H/R-induced PANoptosis

and Z-mtDNA formation

PANoptosis, a form of programmed cell death associ-
ated with by oxidative stress and mitochondrial dys-
function, involves three types of cell death: pyroptosis,
apoptosis, and necroptosis. It has been implicated in the
pathogenesis of ischemia—reperfusion injury. Intrigu-
ingly, apoptosis inhibitor (Z-VAD-FMK, 20 uM), pyrop-
tosis inhibitor (Disulfiram, 2 uM) and necrosis inhibitor
(Necrosulfonamide, 10 uM) failed to totally prevent H/R-
induced PTECs death (Figure S18), suggesting that the
three programmed cell death (PCD) pathways that may
be regulated by pan-apoptosis function together. ZBP1,
the core protein mediating PANoptosis, plays a critical
role in this process. To further investigate the involve-
ment of ZBP1-mediated cell death in PTECs during H/R,
we detected the key protein expression levels of ZBP1-
mediated cell death. The significantly elevated levels of
PANoptosis-related proteins ZBP1, cleaved caspase-3,
cleaved caspase-9, cleaved GSDMD, cleaved caspase-1,
p-RIPK3 and p-MLKL in the H/R group compared to the
control group were also observed, along with the elevated
IL-1p and IL-18. Remarkably, treatment with Pt/SAE sig-
nificantly reduced the expression of PANoptosis-related
proteins and the secretion of inflammatory factors, indi-
cating its inhibitory effect on PANoptosis (Figs. 4A-C,
S14 C-H, S15D-K and S17). Given the established link
between mitochondrial dysfunction and H/R-induced
cell death, we investigated the role of mitochondrial path-
ways, focusing on mitochondrial DNA (mtDNA). Quan-
titative PCR analysis revealed a marked decrease in total
cellular mtDNA and an increase in cytosolic mtDNA
release in the H/R group. Pt/SAE treatment significantly
mitigated both effects, suggesting its protective role in

Fig. 5 Pt/SAE significantly alleviates H/R-induced ferroptosis. A JC-10 staining was used to assess the mitochondrial membrane potential (MMP)
in H/R-induced PTECs following Pt/SAE therapy. Scale bar =10 pm. B CLSM was used to examine the colocalization of mitochondria and Mito-ROS
in PTECs treated with Pt/SAE following H/R. Mito-tracker and MitoSOX probes were used for labeling. Nuclei were stained with Hoechst

for visualization. Scale bar =10 um. C Lipid ROS levels were measured using C11-bodipy probe by CLSM. Scale bar =10 um. D Representative
micrographs of the colocalization of intracellular iron level (FerroOrange staining) and mitochondria (Mito-tracker staining) in PTECs. Nuclei were
stained with Hoechst for visualization. Scale bar =10 um. E Representative immunoblots of ferroptosis-related proteins in PTECs. n= 3. F) Lipid ROS
levels were measured using C11-bodipy probe by FACS. p-values are calculated using the Student’s two-tailed t-test, *p < 0.05, **p < 0.01, ***p <

0.001, ***p < 0.0001
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maintaining mitochondrial integrity (Fig. 4D—F). To con-
firm the occurrence of Z-DNA formation, we performed
immunofluorescence staining using a specific anti-Z-
DNA antibody. Following H/R treatment, a significant
increase in Z-DNA signaling was observed, indicating
the synthesis of Z-DNA. Notably, the Z-DNA signal was
distinct from nuclear regions, as evidenced by the lack of
overlap with DAPI staining. This finding suggests that the
release of Z-DNA originates from mitochondria rather
than the nucleus. Colocalization studies further revealed
that Z-DNA signaling overlapped with the mitochondrial
marker Tom-20 (Fig. 4G) and ZBP1 (Fig. 4H), highlight-
ing a close association between Z-DNA, mitochondrial
damage, and ZBP1 activation during H/R. These results
demonstrate that H/R-induced mitochondrial damage
leads to the release of Z-mtDNA, which colocalizes with
ZBP1 and contributes to PANoptosis. Pt/SAE effectively
attenuates these processes, emphasizing its potential as a
therapeutic agent to combat mitochondrial dysfunction
and oxidative stress-induced programmed cell death in
ischemia—reperfusion injury.

Pt/SAE significantly alleviates H/R-induced ferroptosis

Ferroptosis, a regulated form of cell death driven by the
accumulation of lipid peroxides in plasma membranes,
has been implicated in conditions such as cancer, neuro-
degeneration, renal injury, ischemia/reperfusion injury,
and immune dysfunction. This process often coincides
with mitochondrial damage. To investigate the role of
ferroptosis in PTECs under H/R stress, we assessed mito-
chondrial function and oxidative stress levels. Figure 5A
illustrates that excessive ROS accumulation in PTECs
during H/R led to mitochondrial membrane depolariza-
tion. Pt/SAE treatment mitigated this effect, with reduc-
tion in mitochondrial membrane potential (MMP),
suggesting that Pt/SAE reduces ROS-induced oxidative
stress in PTECs. Changes in mitochondrial morphol-
ogy and mitochondrial ROS accumulation were fur-
ther evaluated using Mitotracker and MitoSOX probes
(Fig. 5B). Compared to the H/R group, Pt/SAE treatment
significantly alleviated mitochondrial fragmentation and
reduced oxidative stress markers, indicating improved
mitochondrial integrity. To confirm the occurrence of
ferroptosis, we measured lipid peroxidation in cellular

(See figure on next page.)
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membranes using the BODIPY581/591 C11 probe. Con-
focal laser scanning microscopy (CLSM; Fig. 5C) and
flow cytometry (Fig. 5F) showed that oxidized C11 levels
were significantly elevated in the H/R group, indicating
extensive lipid peroxidation. However, Pt/SAE treatment
markedly reduced oxidized C11 levels. Ferro-orange
probes were employed to assess Fe2" levels, a key com-
ponent of ferroptosis, and revealed elevated Fe2" content
in H/R PTECs (Fig. 5D). Pt/SAE treatment effectively
decreased this elevation, further supporting its protective
role against ferroptosis. We also evaluated the expression
of ferroptosis-related proteins, including ACSL4, FSP1,
GPX4, and KEAP1 (Figs. 5E, S14 A-B and S15 A-C). In
the H/R group, GPX4, FSP1, and KEAPI1 levels were
decreased, while ACSL4 levels were increased, indicating
enhanced ferroptosis. Pt/SAE treatment reversed these
changes, restoring protein expression to levels compara-
ble to the control group. In summary, these findings dem-
onstrate that H/R stress promotes ferroptosis in PTECs
by increasing ROS, lipid peroxidation, mitochondrial
dysfunction, and Fe2" accumulation. Pt/SAE effectively
suppresses these processes, reducing ferroptosis and
improving mitochondrial homeostasis. Together with its
inhibition of PANoptosis, Pt/SAE offers a dual protective
mechanism against H/R-induced cytotoxicity in PTECs.

Pt/SAE exhibited kidney-targeting abilities

Before assessing therapeutic efficacy, the biosafety of Pt/
SAE was evaluated to ensure its suitability. Pt/SAE dem-
onstrated minimal hemolytic activity (< 5%) across con-
centrations ranging from 0 to 300 pg/mL, supporting its
intravenous administration (Figure S6). Blood biochem-
istry analysis showed no significant alterations in serum
creatinine (Scr), blood urea nitrogen (BUN), alanine
aminotransferase (ALT), or aspartate aminotransferase
(AST) levels (Figures S7-8), indicating no adverse effects
on liver or kidney function. Histological examination of
major organs (brain, lung, liver, spleen, and kidney) using
H&E staining revealed no signs of tissue damage (Fig-
ure S9) and routine blood tests showed no significant
alterations in hemoglobin, platelet and neutrophils levels
(Figure S10), further confirming the excellent biocom-
patibility of Pt/SAE. To examine the in vivo distribution
of Pt/SAE, live imaging of small animals was conducted.

Fig. 6 Pt/SAE significantly alleviates H/R-induced ferroptosis. A IVIS imaging system measurement of fluorescence images in the kidneys of mice
treated with ICG-labeled Pt/SAE at 2 h, 4 h, 8 h, 12 h and 24 h following injection. n= 3. B ICG-labeled Pt/SAE biodistribution and quantification

in major organs, such as the brain, heart, liver, spleen, and lung, 12 h and 24 h after intravenous treatment. n= 3. All images were taken using

the same excitation light strength, exposure duration (t =0.2 s), and detection parameters. C PAS staining of kidney slices of renal I/R-injured

mice after Pt/SAE treatment. Scale bar =100 um. D TUNEL evaluation of renal tubular apoptosis in renal I/R-injured mice following Pt/SAE
treatment. Scale bar =50 um. E The levels of Scr and BUN in I/R induced mice with Pt/SAE treatment after 24 h. n= 3. p-values are calculated using
the Student’s two-tailed t-test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Using a murine renal ischemia/reperfusion injury (IRI)
model, where renal pedicles were clamped for 45 min,
ICG-labeled Pt/SAE was administered via tail vein injec-
tion. Fluorescence imaging (FLI) demonstrated the accu-
mulation of ICG-labeled Pt/SAE in the sham group mice
at 2 h after intravenous injection, followed by gradual
metabolism over time. Notably, the fluorescence signal
at the kidney (targeted organ) after IRI remained robust
even at 24 h post-injection, proving the increased accu-
mulation of Pt/SAE in the damaged kidney, which sug-
gested their potential for prolonged therapeutic effects
and targeted treatment in acute kidney injury (Fig. 6A,
B).

The protective efficacy of Pt/SAE was evaluated in IRI
mice. Saline-treated mice exhibited substantial tubular
damage, including cellular debris accumulation, epithe-
lial cell detachment, and brush border loss, as observed
through Periodic Acid-Schift (PAS) staining (Fig. 6C and
S11). Pt/SAE treatment significantly reduced these injury
markers, with a higher dose (2.5 mg/kg) providing more
pronounced protection compared to the lower dose (1.25
mg/kg). Cell apoptosis was assessed using TUNEL assays,
revealing a marked reduction in TUNEL-positive cells in
Pt/SAE-treated renal tissues compared to saline-treated
controls (Fig. 6D). Functional improvements were cor-
roborated by a significant reduction in serum creatinine
(Scr) and blood urea nitrogen (BUN) levels in Pt/SAE-
treated mice. High-dose Pt/SAE treatment (2.5 mg/kg)
achieved greater reductions in Scr and BUN levels com-
pared to the low-dose group (1.25 mg/kg) (Fig. 6E, F). In
conclusion, Pt/SAE exhibits excellent kidney-targeting
capabilities, particularly in injured kidneys, and provides
dose-dependent protection against renal ischemia/reper-
fusion injury. This nanomedicine holds promise for tar-
geted therapy and functional recovery in acute kidney
injury.

Pt/SAE ameliorates I/R-induced nephrotoxicity

by suppressing ferroptosis and PANoptosis

To gain further insights into the protective effect of Pt/
SAE in I/R-induced AKI, a thorough investigation was
carried out. Oxidative stress plays a pivotal role on mito-
chondria as a key mechanism in ferroptosis-mediated
kidney injury. 4-HNE, a lipid peroxidation product, was
assessed in the renal tissues of mice with I/R-induced

(See figure on next page.)
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AKI. Following I/R, the kidneys showed noticeably
greater levels of oxidative stress injury (Fig. 7A). We fur-
ther confirmed oxidative stress and ferroptosis-related
protein expression in the proximal tubules isolated from
kidney tissues further confirming the therapeutic efficacy
of Pt/SAE in inducing renal oxidative stress. Mice with
I/R-induced AKI showed reduced expression of GPX4
and FSP1 and increased expression of the core ferropto-
sis protein ACSL4. I/R-induced tubular damage resulted
in a reduction in the expression of the oxidative stress-
related protein KEAP-1 and were like those from in vitro
studies (Figs. 7B, S12 A, B and S13 A-C). The immu-
nofluorescence of renal tissue also showed that Pt/SAE
could alleviate the reduction of GPX4 in the I/R mouse
models (Fig. 7C). According to our research, the groups
treated with Pt/SAE also showed lower expression of
the apoptosis markers cleaved caspase-3 and cleaved
caspase-9, PANoptosis core response protein Z-DNA-
binding protein 1 (ZBP1), necroptosis marker p-MLKL,
and pyroptosis marker cleaved GSDMD than the I/R
group (Figs. 7D-F, S12 C—H and S13D-K). The western
blot method showed similar results to those from the
in vitro study and was also detected in kidney tissues.
Cytosolic Z-DNA was found to colocalize with ZBP1 in
renal tubules after I/R. The colocalization phenomenon
was significantly reduced after Pt/SAE administration
(Fig. 7G). These findings indicated that Pt/SAE can pre-
vent I/R-induced PANoptosis.

Pt/SAE attenuates inflammatory cell infiltration

and inhibited macrophages polarization

Inflammatory cells play a critical role in the pathogenesis
of kidney injury. To assess the extent of inflammatory
cell infiltration, we employed Ly6G (Fig. 8A) and F4/80
(Fig. 8B) as specific markers for neutrophils and mono-
cytes/macrophages, respectively. Immunofluorescence
staining revealed a significant increase in inflammatory
cell infiltration following I/R injury. However, treatment
with Pt/SAE markedly reduced the infiltration of both
neutrophils and monocytes/macrophages, highlight-
ing its protective effect in modulating the inflammatory
response during kidney injury. Macrophage polarization
is a key determinant in the progression and resolution of
renal damage, inflammation, and fibrosis. Macrophages
are categorized into two phenotypes: pro-inflammatory

Fig. 7 Pt/SAE ameliorates I/R-Induced Nephrotoxicity by suppressing ferroptosis and PANoptosis. A Immunofluorescence staining of 4-HNE (red),
Megalin (green) and DAPI (blue) in kidneys after I/R with Pt/SAE. Scale bar =50 um. B Representative immunoblots of ferroptosis-related proteins

in kidney tissues. n= 3. C Immunofluorescence staining of GPX4 (red), Megalin (green) and DAPI (blue) in kidneys after I/R with Pt/SAE. Scale

bar =50 um. D-F Representative immunoblots of PANoptosis-related proteins in kidney tissues. n= 3. G Immunofluorescence staining of ZBP1 (red),
Z-DNA (green) and DAPI (blue) in kidneys after I/R with Pt/SAE. Scale bar =50 pm. p-values are calculated using the Student’s two-tailed t-test, *p <

0.05,**p < 0.01, **p < 0,001, ***p < 0,0001
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M1 macrophages, which exacerbate tissue damage, and
anti-inflammatory M2 macrophages, which promote
tissue repair. To investigate the impact of Pt/SAE on
macrophage polarization, flow cytometry analysis was
conducted on kidney tissues. The results demonstrated
a substantial increase in iNOS + cells (M1 macrophages)
following I/R injury, which was significantly attenuated
by Pt/SAE treatment. Similarly, CD206 + cells (M2 mac-
rophages) were increased following I/R injury, and Pt/
SAE treatment partially reduced their presence (Fig. 8C—
F). The role of pro-inflammatory cytokines in renal dam-
age was further evaluated by measuring TNF-«, IL-1(,
and IL-6 levels in kidney tissues. These cytokines were
significantly elevated in response to I/R injury, consist-
ent with a strong inflammatory response (Fig. 8G-I). Pt/
SAE treatment, however, markedly reduced the levels of
these pro-inflammatory cytokines, indicating its efficacy
in suppressing renal inflammation. The inflammatory
response of BMDMs was also assessed in a coculture
system with H/R-induced PTECs (Fig. 9A). Flow cytom-
etry analysis demonstrated a similar trend to the in vivo
results, with Pt/SAE effectively inhibiting macrophage
polarization (Fig. 9B-D). Additionally, qPCR analysis
revealed that the mRNA expression of M1 and M2 mac-
rophage-associated markers was significantly altered fol-
lowing H/R treatment, but Pt/SAE treatment mitigated
these changes (Fig. 9E-I). Collectively, these findings
suggest that Pt/SAE attenuates inflammatory cell infil-
tration and suppresses macrophage polarization during
I/R injury. This modulation is closely linked to the reduc-
tion of the inflammatory response and the prevention of
profibrotic processes in the injured kidney.

Discussion

This study introduces a novel antioxidant nanozyme (Pt/
SAE) with a single platinum (Pt) atom that significantly
mitigates I/R-induced AKI. The designed nanozyme
exhibits remarkable enzymatic capabilities for ROS
scavenging, characterized by high efficiency, stability,
synergistic effects, and metallic electronic properties.
It overcomes the inherent limitations of natural anti-
oxidants, such as short circulation time, limited kid-
ney-targeting ability, and poor membrane permeability.
Importantly, Pt/SAE demonstrated robust antioxidant
properties while reducing inflammation and cell death

(See figure on next page.)
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storm in renal tissues, including ferroptosis and PANo-
ptosis. These findings suggest a promising therapeutic
approach for treating I/R-related kidney injuries. Fur-
thermore, the Pt/SAE demonstrated minimal toxicity,
favorable biocompatibility, and safety, providing a strong
foundation for potential clinical applications.

Recently our single-cell sequencing indicated that
multi-cell death modes (cell death storm) were activated
in the cluster of injured PTECs in IRI. PANoptosis, a
newly identified form of regulated cell death encompass-
ing pyroptosis, necroptosis, and apoptosis, has emerged
as a potential contributor to IRI and organ damage.
Although the precise signaling pathways remain unde-
fined, existing evidence suggests that renal IRI induces
pyroptosis in tubular epithelial cells. For instance, Kath-
arina Thomas et al. demonstrated that glutamine alle-
viates kidney injury and enhances renal function in an
ischemia/reperfusion injury (IRI)-induced mouse AKI
model. Glutamine was shown to promote transcriptomic
and proteomic reprogramming in murine renal tubular
epithelial cells (TECs), improving mitochondrial func-
tion and oxidative phosphorylation while reducing epi-
thelial apoptosis. Research has indicated that tubular
and glomerular endothelial cells are more susceptible to
necroptosis compared to mesangial cells and podocytes.
Elevated expression of RIPK1, RIPK3, and MLKL has
been observed in these cells, indicating a predisposition
to necroptosis. Western blot analysis has confirmed the
presence of RIPK1 and RIPK3 in whole kidney lysates and
isolated proximal tubules, with increased MLKL expres-
sion following reperfusion. The activation of necroptosis
can be further validated by detecting alterations in the
phosphorylation state or membrane accumulation of
RIPK1, RIPK3, and MLKL through immunoblotting or
immunohistochemistry. Investigations using KO mice or
specific inhibitors are essential for elucidating the role of
necroptosis in renal IRI. Ferroptosis also plays a critical
role in the pathophysiology of renal IRI [43]. Linkermann
et al. identified its importance, while Xin Gou et al. dem-
onstrated that IRI promotes increased lipid peroxidation
and iron levels, decreased GSH levels, and reduced cell
viability in normal HK-2 cells [44]. These effects were
significantly mitigated when exosome production was
inhibited, highlighting the role of IRI exosomes in propa-
gating the “ferroptosis wave” Further research is needed

Fig. 8 Pt/SAE provides robust protection against Immune inflammation and macrophage polarization during IRI-induced kidney injury. A, B
Representative images of immunofluorescence staining of macrophage (F4/80 +) and neutrophil (Ly6G +) (red) in kidney of I/R induced mice
after Pt/SAE treatment. The tubules were labeled with megalin (green). DAPI (blue) was used for nuclear staining. Scale bar =40 um. C, D Flow
cytometry showing the percentage of neutrophil (Ly6G +), M1 macrophage (iNOS +), M2 macrophage (CD206 +) infiltrated in the kidney of I/R

induced mice after Pt/SAE treatment. n= 5. G-I Expression level of TNFa (G

), IL-1B8 (H) and IL-6 (1) production in kidneys were evaluated by ELISA.

p-values are calculated using the Student’s two-tailed t-test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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to clarify how IRI exosomes modulate ferroptosis [45—
47]. Additionally, we observed that supernatants from
necrotic PTECs induced by H/R enhanced macrophage
polarization, suggesting that necrotic tubular cells drive
immune cell inflammasome activation under IRI condi-
tions. Recent studies have highlighted the role of mito-
chondrial reactive oxygen species (mtROS) in necroptosis
and pyroptosis. During necroptosis, increased cellular
reactive oxygen species (ROS) enhances RIPK1 phospho-
rylation and MLKL oligomerization, promoting necrop-
tosis. Moreover, pyroptosis-mediated mtDNA release,
driven by mtROS, triggers RIPK1/RIPK3/MLKL signal-
ing and subsequent necroptosis. Our findings show that
Pt/SAE effectively inhibits mtROS production, thereby
suppressing cell death storm. However, the specific
mechanisms linking mtROS to PANoptosis and ferropto-
sis require further investigation.

Advancements in nanotechnology, particularly targeted
delivery systems, hold great promise for precise treat-
ment of kidney diseases. Despite these developments, the
application of nanotechnology in renal therapy remains
in its early stages, and translating nanoparticles from
animal models to clinical practice presents significant
challenges.

Conclusion

This work demonstrates the effectiveness of a kidney-tar-
geted and an antioxidant nanozyme with single-atomic
Pt in alleviating I/R-induced cell death storm. The novel
nanozyme not only exhibits significant antioxidant and
iron-stress protective effects but also reduces inflamma-
tion and macrophages polarization, offering a promising
new strategy for addressing acute kidney injury. Fur-
thermore, the nanozyme has been shown to have mini-
mal toxicity to kidney tissue, good biocompatibility, and
safety, establishing a strong foundation for its potential
clinical application. Overall, this research provides both
theoretical and experimental support for the develop-
ment of advanced nanomaterials aimed at improving the
quality of life and treatment outcomes for acute kidney
injury. However, further research is needed to explore its
molecular mechanisms and clinical application to fully
validate and support its use in clinical settings.
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