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Ischemia-reperfusion injury (IRI) is a major cause of acute
kidney injury, which is a serious clinical condition with no
effective pharmacological treatment. Mesenchymal stem cell-
derived extracellular vesicles (MSC-EVs) significantly alleviate
kidney IRI; however, the underlying mechanisms and key mol-
ecules conferring renoprotection remain elusive. In this study,
we characterized the protein composition of MSC-EVs using a
proteomics approach and found that mitochondrial protein su-
peroxide dismutase 2 (SOD2) was enriched in MSC-EVs. Using
lipid nanoparticles (LNP), we successfully delivered chemically
modified SOD2 mRNA into kidney cells and mice with kidney
IRI. We demonstrated that SOD2 mRNA-LNP treatment
decreased cellular reactive oxygen species (ROS) in cultured
cells and ameliorated renal damage in IRI mice, as indicated
by reduced levels of serum creatinine and restored tissue integ-
rity compared with the control mRNA-LNP-injected group.
Thus, the modulation of mitochondrial ROS levels through
SOD2 upregulation by SOD2 mRNA-LNP delivery could be a
novel therapeutic method for ischemia-reperfusion-induced
acute kidney injury.
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INTRODUCTION
Ischemia-reperfusion (IR)-induced acute kidney injury (AKI) is a rela-
tively common but severe pathological condition characterized by in-
terrupted blood supply to the kidneys, followed by restoration of blood
flow and reoxygenation.1 IR-induced AKI contributes to highmortality
and morbidity levels and induces rapid dysfunction in the kidney and
other distant organs, including the liver, heart, and lung.2 Recent
studies have emphasized the importance of mitochondrial malfunc-
tion, including fragmentation, reduced biogenesis, reduced ATP pro-
duction, and increased oxidative stress during reperfusion, in the path-
ophysiology of IR-induced AKI, which is not yet fully understood.3–5

Hypoxia and reperfusion generate reactive oxygen species (ROS) that
initiate a dynamic deleterious cellular response leading to an inflamma-
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tory cascade, cell death, and subsequent renal failure.6 Other inflamma-
tory mediators, including cytokines, adhesion molecules, chemokines,
and pathological pathways such as leukocyte activation, are also
involved in the process of IR-induced AKI.7,8

IR-induced AKI poses a critical clinical challenge because no medica-
tions currently exist for preventing or treating this condition that have
proven clinical efficacy and safety. In the ischemia-reperfusion injury
(IRI) mouse model, mesenchymal stem cell (MSC)-derived extracel-
lular vesicles (MSC-EVs) have been shown to ameliorate tissue dam-
age, reduce inflammation and oxidative stress, and promote renal
functional recovery after IRI.9,10 Extracellular vesicles (EVs) are small
membrane vesicles released into the extracellular space upon fusion of
multivesicular bodies with the plasma membrane. EVs carry a com-
plex cargo of proteins,11 lipids,12 and genetic material,13,14 and play
an important role in intercellular communication by delivering these
bioactive materials to surrounding or distal recipient cells. Although
MSC-EVs exhibit advantages as effective biocarriers, several potential
challenges limit their clinical application, such as difficulty obtaining
rapy: Nucleic Acids Vol. 34 December 2023 ª 2023 The Authors. 1
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Figure 1. MSC-EVs reduced ischemia-reperfusion-induced renal injury

(A) Outline of animal experiments and schematic diagram of the acute kidney injury model: C57BL/6J mice were anesthetized and the ischemia-reperfusion model was

performed by clamping renal vessels for 25 min while the other side of the kidney was removed. Mesenchymal stem cell (MSC)-derived extracellular vesicles (MSC-EVs)/

(legend continued on next page)
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high amounts of pure exosomes.15 Moreover, the key components in
EVs and the underlying mechanisms controlling their renoprotective
effect are not well defined.

During IRI, the generation of large amounts of ROS results in pro-
gressive functional deterioration of mitochondria, which leads to
renal tissue injury via the peroxidation of membrane lipids and cell
death via the oxidative damage of proteins and DNA.16 Therefore,
the inhibition or prevention of oxidative stress may protect tissues
from IR-induced damage. Several approaches have exhibited benefi-
cial antioxidative properties in IRI, such as antioxidant agents and
free radical scavengers.17–21 In addition, the downregulation of anti-
oxidant enzymes, such as superoxide dismutase (SOD), glutathione
peroxidase, and catalase, has been observed during IR,22 suggesting
that restoration of these enzymes may be a straightforward way to
reduce ROS levels and oxidative stress, and consequently prevent IRI.

Lipid nanoparticle (LNP) delivery of small interfering RNA andmRNA
has recently been approved as a powerful therapeutic strategy for a
wide range of clinical applications. In vitro-transcribed (IVT)
mRNA, which is structurally similar to the mature and processed
mRNA of eukaryotic cells, provides genetic information that enables
the translation machinery of the host cell to produce encoded target
proteins.23 These proteins can act as antigens to stimulate the immune
response or supplement functionally beneficial proteins.24,25Moreover,
IVT-mRNA has the following advantages: no risk of genomic integra-
tion, fast and predictable protein expression kinetics, and natural
degradation products.26 More importantly, the use of various chemical
modifications not only reduces the immunogenicity of IVT-mRNA,27

but also enhances mRNA stability and translation efficiency, while safe
and effective delivery platforms such as LNP can encapsulate mRNA
and ensure its in vivo uptake and expression.28 Thus, mRNA is
currently a promising therapy in the fields of vaccine development
for both infectious diseases and cancer, protein replacement therapy,
and genome engineering for the treatment of rare diseases.

In this study, we determine the mitochondrial component inside
MSC-EVs and identify the antioxidant enzyme superoxide dismutase
2 (SOD2) as one of the most abundant proteins by proteomics anal-
ysis. We then demonstrate that the delivery of chemically modified
SOD2 mRNA via LNP alleviates kidney IRI in mice.
RESULTS
Protective effect of MSC-EVs in ischemic AKI in vivo

To examine the function of MSC-EVs in vivo, we first obtained EVs
from the MSC culture supernatant. Transmission electron micro-
phosphate-buffered saline (PBS) or green fluorescent protein (GFP)/mitochondrial pro

immediately after reperfusion. (B) Serum creatinine level 24 h after operation and treatm

per group (Sham: n = 7, IRI + PBS: n = 11, IRI + EV: n = 11). (C) Terminal deoxynucle

positive cells rate of kidney samples 24 h after operation and treatment (magnification

the mean of the 7–11 samples per group (Sham: n = 7, IRI+PBS: n = 11, IRI+EV: n = 11)

24 h after operation and treatment. Black arrow indicates cell nuclei defluxion; green a

significance was determined using Kruskal-Wallis H-test (for non-normal distribution da
scopy of negatively stained EVs revealed cup-shaped particles (Fig-
ure S1A), indicating an intact bilipid membranous vesicle. We
performed western blot analysis on EVs. As expected, EVs were pos-
itive for classical EV markers such as CD63, CD81, Alix, and TSG101
(Figure S1B). We then established an IR-induced renal injury mouse
model to examine the therapeutic effect of MSC-EVs. In this model,
the left renal pedicle was clamped for 25 min immediately after right
nephrectomy (Figure 1A). Mice received 5 mg of EVs or phosphate-
buffered saline (PBS) (as a control) intravenously via the caudal
vein immediately after reperfusion. A sham operation was also per-
formed without clamping the renal vessel. The mice were killed
24 h after the operation. We observed a significant rise in the
serum creatinine level in the IRI + PBS group, but a decrease in the
serum creatinine level in the IRI + EV treatment group (Figure 1B),
suggesting that MSC-EVs have a therapeutic effect on renal function.
Terminal deoxynucleotidyl transferase-mediated d-UTP nick-end
labeling (TUNEL) staining of kidney samples was performed to
evaluate the apoptosis of renal cells, which is a critical pathophysio-
logical event in AKI. MSC-EV administration significantly reduced
TUNEL-positive cells, indicating the alleviation of renal cell apoptosis
(Figure 1C). Histopathological examination revealed that tissue
morphological and pathological changes were significantly attenuated
in the IRI + EV treatment group compared with the IRI + PBS
treatment group. The IRI + PBS group showed significant necrosis
of renal tubular epithelial cells and proteinuria cast, while the IRI +
EV treatment group exhibited reduced damage (Figure 1D). These
findings suggest that MSC-EVs have the potential to reduce tissue
damage and alleviate apoptosis in the context of IR-induced renal
injury.
Identification of the functional protein component in MSC-EVs

by proteomics analysis

To better understand the proteins in MSC-EVs, the EVs of MSC and
fibroblasts were extracted and analyzed by mass spectrometry. We
identified 101 proteins unique to MSC and 12 proteins unique to
fibroblasts, whereas 338 proteins were overlapping (Figure 2A).
Kyoto Encyclopedia of Genes and Genomics (KEGG) pathway anal-
ysis (http://www.kegg.jp/kegg/pathway.html) showed enrichment of
genes encoding specific proteins in MSC-EVs associated with meta-
bolic pathways, biosynthesis of antibiotics, carbon metabolism, and
oxidative phosphorylation (Figure 2B).

Furthermore, we analyzed the subcellular localization of specific pro-
teins in MSC-EVs. The percentage of mitochondrial proteins among
the protein candidates of EVs was higher than 35%. The top five
locations corresponded to the mitochondria (36%), endoplasmic
tein superoxide dismutase 2 (SOD2) mRNA-LNP were administrated intravenously

ent. Data are expressed as the mean ± standard error of the mean of 7–11 samples

otidyl transferase-mediated d-UTP nick-end labeling (TUNEL) staining and TUNEL-

�200, scale bars, 100 mm). Data are expressed as the mean ± standard error of

. (D) Representative micrographs of renal hematoxylin-eosin (H&E) histology staining

rrow indicates cellular debris and proteinuria cast (scale bars, 100 mm). Statistical

ta) or one-way ANOVA (for normal distribution data) (****p < 0.0001).
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Figure 2. Proteomics analysis identified that SOD2

was enriched in MSC-EVs

(A) Venn diagram of proteins in the extracellular vesicles

(EVs) of MSCs and fibroblasts. (B) KEGG pathway

enrichment analysis for genes encoding the specific pro-

teins in MSC-EVs. (C and D) Subcellular localization of

specific proteins in MSC-EVs.
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reticulum (15%), cytoplasm (14%), membrane (9%), and nucleus
(6%). Therefore, we focused on mitochondrial proteins for further
investigation (Figure 2C). The confidence score (�10logP) reflects
how well the mass spectrometry results match the peptides for all
observed mass spectrometry values that correspond to sequences
within the protein. Therefore, protein ranking was performed based
on the confidence score. The ranking revealed that SOD2 was one
of the most abundant mitochondrial proteins (Figure 2D). In fact,
in kidney IR, the mRNA level of SOD2 was significantly lower in
the tissue of kidneys with IRI than in the kidney tissue of the sham
group (Figure S1C). Given the fact that SOD2 is an antioxidant
enzyme, we hypothesized that supplementation with SOD2 protein
may be a straightforward way to reduce oxidative stress in an IR-
induced AKI model.

ChemicallymodifiedSOD2mRNA reducedmitochondrial ROS in

HK-2 cells

To test this hypothesis, we synthesized HA-tagged SOD2 mRNA as a
protein replacement through in vitro transcription. The untranslated
regions of the 50 and 30 terminals of mRNA were designed to enhance
4 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
the translation efficiency ofmRNA. To reduce the
immunogenicity of IVT-mRNA, 5-Methoxy-
UTP was used to replace regular UTP,29,30 and
mRNA was co-transcribed with the Cap1
analog.31 The expression of SOD2 mRNA was
confirmed by bothwestern blotting and immuno-
fluorescence analysis in HeLa cells transfected
with Lipofectamine 2000 (Figures S2A and
S2B). Under a fluorescence microscope, SOD2-
HA staining showed mitochondrial morphology,
indicating physiological localization of the IVT-
mRNA translated protein.

As naked mRNA is easily degraded by RNase in
the circulatory system, we employed LNP encap-
sulation to extend its half-life and elicit efficient
mRNA delivery in vivo (Figure 3A). mRNA was
encapsulated in a lipid mixture composed of
the ionizable cationic lipid SM102, cholesterol,
DSPC, and DSPE-PEG2000 at a molar ratio of
50:38.5:10:1.5.32 The encapsulation efficiency of
green fluorescent protein (GFP) and SOD2
mRNA-LNP was determined to be 90.47% and
91.43%, respectively, using a fluorescent RNA
detection dye. Zeta potential analysis indicated
that our LNPs had a negative zeta potential (GFP �2.016 ±

1.025 mV, SOD2 �4.009 ± 0.4778 mV) (Figure S2C). However, the
surface charge was considered weak if the zeta potential falls between
�20 and +20 mV.33 Cryo-transmission electron microscopy images
illustrated that SOD2 mRNA-LNPs were spherical in shape (Fig-
ure 3B). The mRNA-LNPs were approximately 100 nm in diameter
and had a polydispersity index less than 0.2, indicating good unifor-
mity (Figure 3C). We first examined the cytosolic delivery of
SOD2 mRNA by LNP. After treatment of HK-2 cells with GFP or
SOD2 mRNA-LNP, we observed colocalization of SOD2-HA with
mitochondria, as revealed by MitoTracker Deep Red (Figure 3D).
The expression of SOD2 mRNA-LNP was verified by real-time
PCR, western blotting, and fluorescence, respectively (Figures 3E,
S2D, and S2E). According to MitoSOX probing, we observed a
significant decrease in mitochondrial superoxide anion levels, quanti-
fied after transfection with SOD2 mRNA-LNP for 48 h when
compared withGFPmRNA-LNP-treated cells (Figure 3F). Treatment
of HK-2 cells with SOD2 mRNA-LNP also suppressed intracellular
ROS levels detected by both CellROX Green probe and H2DCFDA
dye (Figures S2F and S2G). These results suggested that SOD2
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mRNA-LNP successfully expressed and overexpression of SOD2 ex-
erted functions in HK-2 cells.

SOD2mRNA-LNP reduced damage and acute renal dysfunction

in the AKI model

To evaluate the therapeutic efficacy of SOD2mRNA in an IR-induced
AKI model, we first examined the biodistribution of LNP delivered
through different administration routes using firefly luciferase
mRNA as a reporter. Because the mRNA-LNP mainly accumulated
in the liver and spleen, when LNPs were administered through the
caudal vein (Figure S3A), the luminescence signal was too weak in
the renal region to be detected. Therefore, we applied renal subcapsu-
lar or intra-adipose capsule delivery of LNP in this study.

The two strategies showed similar delivery efficiencies revealed by
similar bioluminescence intensities at 24 h. However, mRNA deliv-
ered through the renal capsule seemed to be expressed faster, as
shown by higher bioluminescence intensity at 6 h. Renal capsule
administration also exhibited a more precise targeting effect as biolu-
minescence signals were concentrated in the renal region (Figure 4A).
The bioluminescent signals decayed over time. The signal of 48-h
time point was significantly reduced to less than 20% of the signal
at 24 h, then the signal of 72-h time point further decreased to less
than 4% of the signal at 24 h (Figure S3B). Twenty-four hours after
subcapsular or adipose capsule injection ex vivo, luminescence inten-
sity was detected in various organs of mice, including the heart, liver,
kidney, and spleen. Our findings indicated that the highest intensity
of luminescence was observed in the kidney, compared with other or-
gans. The results further revealed that renal capsule administration
resulted in even higher luminescence intensity in the kidney (Fig-
ure S3C). Based on these findings, we ultimately selected renal capsule
delivery of LNPs. Twelve hours after SOD2 mRNA-LNP renal sub-
capsular injection, the expression of HA-tagged SOD2 was detected
in tissues from the renal cortex and medulla regions after immuno-
precipitation enrichment using anti-HA magnetic beads followed
by western blotting (Figure 4B). The expression of SOD2 mRNA-
LNP in the kidney was also confirmed by real-time PCR (Figure S3D).

In the IR-induced AKI model, we found that the serum creatinine
levels in the SOD2 mRNA-LNP group were significantly lower
than those in the GFP mRNA-LNP-treated group (Figure 4C).
Moreover, SOD2 mRNA-LNP treatment resulted in a significant
decrease in blood urea nitrogen compared with both the GFP
mRNA-LNP group and the IRI group (Figure 4D), suggesting that
renal function was preserved after SOD2 mRNA-LNP treatment.
Histopathological analysis further showed that there was less
Figure 3. LNP delivery of chemically modified SOD2 mRNA reduced ROS in HK

(A) Scheme of lipid nanoparticle (LNP) packaging. DSPC, 1,2-distearoyl-sn-glycero-3-ph

image of SOD2mRNA-LNP (scale bar, 200 nm). (C) Size distribution and polydispersity

by immunofluorescence and MitoTracker DeepRed staining, respectively, using fluores

MitoTracker and GFP/SOD2-HA fluorescence was below the images. (E) Expression o

determined by western blotting analysis. (F) MitoSOX Red staining and flow cytometr

standard error of the mean for four independent experiments. Statistical significance w
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disruption of the renal tubular structure and less bleeding in the
IRI kidney tissue of mice treated with SOD2 mRNA-LNP compared
with the GFP mRNA-LNP treatment group (Figure 4E). IRI
increased kidney weight and there was a minor decrease in body
weight after surgery (Figures S3E and S3F).

To determine whether SOD2mRNA-LNP treatment exerted an anti-
oxidative effect during AKI, the acquired kidney tissue samples were
assayed for lipid oxidation. The assay involves the reaction of lipid
peroxidation products, primarily malondialdehyde, with thiobarbitu-
ric acid, which results in the formation of the pink chromogen
thiobarbituric acid reactive substance (TBARS). In our experimental
study, it was observed that the kidney tissue of the IRI group and the
IRI + GFP mRNA-LNP group exhibited a significant increase in
TBARS content when compared with the Sham group. The kidney tis-
sue of the IRI + SOD2 mRNA-LNP group demonstrated a signifi-
cantly lower TBARS content in comparison with both the IRI group
and the IRI + GFPmRNA-LNP group. According to the results, lipid
oxidation levels in the IRI + SOD2 mRNA-LNP group were lower
than those in the IRI + GFP mRNA-LNP group as well as the
IRI group (Figure 4F). Furthermore, we measured tissue levels of
8-hydroxy-20-deoxyguanosine (8-OHdG), which is a widely used in-
dicator of oxidative DNA damage.34 The results showed that the levels
of 8-OHdG significantly decreased in the IRI + SOD2 mRNA-LNP
group compared with both the IRI + GFP mRNA-LNP group and
the IRI group (Figure S3G).

In vivo biosafety of SOD2 mRNA-LNP

To evaluate the in vivo side effects of mRNA-LNP, various organs
were collected 24 h after mRNA-LNP treatment. We observed no his-
tological differences in collected heart, lung, liver, or spleen tissues
between the PBS-treated and mRNA-LNP-treated groups, suggesting
no notable toxicity (Figure 5A). As kidney IR elicits acute liver
injury,35 we examined the plasma levels of alanine transaminase
(ALT) and aspartate transaminase (AST) liver enzymes, which are
released into the blood in higher levels when the liver is damaged.
SOD2 mRNA-LNP treatment seemed to protect against liver injury
in mice with AKI, as indicated by a decrease in both AST and ALT
levels compared with the control group (Figure 5B). Moreover, to
investigate the immune response to SOD2mRNA-LNP, we measured
the plasma levels of interleukin-6 (IL-6), which elicits pro-inflamma-
tory properties in the AKI model. IL-6 levels in the serum were
significantly increased in mice with AKI compared with those in
the control group; however, no significant increase was observed in
AKI mice with SOD2 mRNA-LNP treatment compared with those
in the AKI group (Figure 5C).
-2 cells

osphocholine; PEG, polyethylene glycol. (B) Cryo-transmission electron microscopy

index of LNP. (D) GFP, SOD2-HA (Alexa Fluor 568), and mitochondria were revealed

cence microscopy (scale bars, 10 mm). The quantification of colocalization between

f SOD2-HA in HK-2 cells treated with 2 mg of SOD2 mRNA-LNP for 24 h or 48 h

y analysis of cells stained with MitoSOX dyes. Data are expressed as the mean ±

as determined using a Student’s t test (n = 4, ****p < 0.0001).
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DISCUSSION
To dissect the mechanisms by which MSC-EVs confer protective ef-
fects in IR-induced AKI, we characterized the molecular composition
of MSC-EVs in comparison with fibroblast-derived EVs by proteomic
analysis. Our results revealed that mitochondrial components were
enriched in EVs, with SOD2 being one of the most abundant proteins.
Given that oxidative stress is deeply involved in IR-induced AKI, we
assessed whether LNP delivery of the antioxidant enzyme SOD2
mRNA could alleviate the course of IR-induced AKI. Our results
showed that treatment with SOD2 mRNA-LNP significantly attenu-
ated IR-induced pathological injury in the kidney.

IR-induced AKI occurs under a variety of conditions, such as kidney
transplantation, renal vascular occlusion, or obstruction, which inter-
rupts the blood supply to the kidney.36,37 As the pathophysiological
mechanism of AKI is complex, it remains a key clinical challenge,
with limited effective pharmacological methods available. Both
stem cell therapy and stem cell-derived EVs have exhibited beneficial
renoprotective effects, the latter of which exhibit greater stability, bet-
ter biocompatibility, and lower immunogenicity than their source
cells. As an important biocarrier, EVs mediate cell-cell communica-
tion by transferring cargo, such as proteins, lipids, and RNAs, into
the target cells. Moreover, MSC-EVs can attenuate renal damage in
a cis-platinum-induced AKI mouse model by reducing the expression
levels of 8- hydroxy-20 -deoxyguanosine, malonaldehyde, Bax, and
caspase-3.38 However, the underlying renoprotection mechanism of
MSC-EVs in IR-induced AKI remains elusive. Previous research
has shown that repair of mitochondrial functions is a crucial mecha-
nism by which MSC-EVs mitigate IRI damage.39,40 By employing
comparative proteomics analysis, we identified the molecular compo-
nents that contribute to this renoprotective effect. Specifically, we
found that the proteins in EVs participate in various cellular pro-
cesses, including metabolic pathways, antibiotic biosynthesis, carbon
metabolism, and oxidative phosphorylation, which are associated
with mitochondrial function. Moreover, most of the proteins in
EVs were identified as mitochondrial proteins.

Multiple pathways exist for the uptake and release of EVs, including
micropinocytosis, phagocytosis, endocytosis, and the direct fusion of
Figure 4. Renal subcapsular administration of SOD2 mRNA-LNP reduced isch

(A) In vivo imaging at 6 h and 24 h after 0.5 mg/kg luciferase mRNA-LNP administration t

a comparison of the total luminescence signal in the renal region. Region-of-interest (RO

capsule injection. Small animal in vivo optical imaging was performed at two time points

determine SOD2 expression by SOD2mRNA-LNP delivery in renal cells and tissues. SO

into the renal capsule. Four milligrams of total protein extracted from the renal cortex a

*Nonspecific band with HA antibody. (C) Serum creatinine level 24 h after operation a

samples in each group (Sham: n = 9, IRI: n = 4, IRI + GFP: n = 8, IRI + SOD2: n = 10). (D)

of BUN were obtained from six samples in each group. (E) H&E staining of kidney sample

LNP, mice treated with SOD2mRNA-LNP showed less necrosis and bleeding (black arro

cast; scale bars, 100 mm). The histological injury score of kidney section after H&E sta

tratubular casts 20, and tubular dilation 20 (n = 5). (F) Lipid oxidation in kidney tissue meas

as the mean ± standard error of the mean of the 8–13 samples per group (Sham: n =

determined using Mann-Whitney test/Kruskal-Wallis H-test (for non-normal distribution

**p < 0.01, ***p < 0.001, ****p < 0.0001, NS, not significant).
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EVs with the plasmamembrane.41 Although themechanism by which
EVs are secreted remains unknown, most cells constitutively secrete
mitochondrial DNA and proteins in EVs.42 Here, we showed that
MSCs selectively package mitochondrial proteins into EVs under
non-stimulated conditions and may transfer beneficial effects to the
recipient cells. Among the protein candidates characterized by prote-
omics analysis, the mitochondrial protein SOD2 was identified as one
of the most abundant. In mitochondria, SOD2 catalyzes the removal
of superoxide radicals and the generation of oxygen and hydrogen
peroxide, which can be further detoxified by catalase, glutathione
peroxidase, or peroxiredoxins.43 Superoxide dismutases are known
to play protective roles in kidney injury including mitochondrial
SOD (SOD2) and exocellular SOD (EC-SOD,SOD3).44–46 Both
SOD2 and catalase are downregulated during IR-induced AKI47–49;
however, treatment with SOD2mRNA partially restored kidney func-
tion in this study. Moreover, the co-delivery of both SOD2mRNA and
catalase mRNA may further enhance renoprotection in the IR-
induced AKI model. The secretion of mitochondrial proteins may
serve many functions, such as mitochondrial quality control, long-
range metabolic modulation, immune regulation,50 and recovery of
the cellular function of damaged mitochondria.51,52 Our study sug-
gests that mitochondrial protein secretion may also affect the oxida-
tive status of recipient cells and promote antioxidant protection,
which could have important implications for IRI treatment.

During the reperfusion phase, which is accompanied by the release of
cytokines and chemokines and the induction of inflammation, exces-
sive amounts of ROS production affect mitochondrial oxidative phos-
phorylation and contribute to the functional deterioration of mito-
chondria, eventually leading to cell death. Therefore, targeting the
delivery of therapeutic agents to mitochondria with antioxidative
properties should be a highly effective treatment under conditions
of oxidative stress, such as IRI.53,54 In fact, several studies have shown
the positive effects of antioxidants and ROS scavengers, such as EUK-
134, a synthetic SOD/catalase mimetic,55 picoliv,56 resveratrol,17

alpha-tocopherol,18 naringin,57 and aqueous garlic extract,58 in
combating IR-induced injury. Our results further highlight the effec-
tiveness of antioxidants in protecting tissues from IR-induced dam-
age. But, unlike some antioxidant chemicals that show toxicity and
emia-reperfusion-induced renal injury

hrough the renal subcapsule. The scale of luminescence is indicated. Bar plots show

I) value is indicated in the renal region of mice subjected to subcapsular and adipose

(6 h after injection and 24 h after injection). (B) Western blotting analysis was used to

D2mRNA-LNPs or empty LNPs were added to HK-2 cell culture media, or injected

nd medulla were incubated with HA magnetic beads to enrich SOD2-HA proteins.

nd treatment. Quantitative data of serum creatinine were obtained from four to 10

Blood urea nitrogen (BUN) level 24 h after operation and treatment. Quantitative data

s 24 h after operation and treatment. Compared with mice treated withGFPmRNA-

w indicates cell nuclei defluxion; green arrow indicates cellular debris and proteinuria

ining was assessed by the sum total of these indicators: brush border loss 10, In-
ured by thiobarbituric acid reacting substances (TBARS) assay. Data are expressed

8, IRI: n = 8, IRI + GFP: n = 13, IRI + SOD2: n = 11). Statistical significance was

data) or Student’s t test/one-way ANOVA (for normal distribution data) (*p < 0.05,



Figure 5. Safety profile of mRNA-LNP administration

via the renal capsule in the ischemia-reperfusion-

induced AKI model

(A) H&E staining of heart, lung, liver, and spleen sections

from the PBS, GFP mRNA-LNP, and SOD2 mRNA-LNP

treatment groups in ischemia-reperfusion injury model

mice (scale bars, 100 mm). (B) Serum aspartate trans-

aminase (AST) and alanine transaminase (ALT) levels.

(C) Serum interleukin-6 (IL-6) levels. Data are expressed as

themean ± standard error of themean for the 4–7 samples

per group (Sham: n = 4, IRI+PBS: n = 4, IRI+SOD2: n = 7).

Statistical significance was determined using Kruskal-

Wallis H-test (for non-normal distribution data) or one-

way ANOVA (for normal distribution data) (*p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001, NS, not

significant).
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detrimental side effects,59 host cell-produced SOD2 may elicit more
physiological effects and have fewer safety concerns compared with
new chemicals, as well as providing increased specificity toward
ROS. In addition, mounting evidence highlights the beneficial effects
of ROS under physiological conditions.60,61 Universally suppressing
ROS through small molecules can lead to profound consequences
in organs that were not originally threatened by IRI. The local delivery
of SOD2 mRNA via LNP could enhance the organ specificity of anti-
oxidant protection even further.

There are still some challenges that should be addressed before
considering MSC-EVs as a therapeutic method for IR-induced
AKI, such as the limited capacity for large-scale production,
Molecular The
the heterogenicity of EVs, and the lack of
stable isolation methods for ensuring the
RNA and protein contents inside the EVs
and ensuring their safety. LNP can serve as
an alternative delivery platform for transfer-
ring renoprotective molecules when the crit-
ical beneficial components of EVs have been
identified.

Moreover, the study has some limitations.
First, we observed that SOD2 mRNA expres-
sion in HK-2 cells reduced ROS levels; how-
ever, the mechanisms underlying the in vivo
renoprotective effects of SOD2 mRNA-LNP
against IRI were not elucidated. Second, our
study only examined the effect of SOD2,
though other antioxidants such as catalase
and GPX may also be of interest for future
studies considering their potential role in
mitigating oxidative stress generated by mito-
chondria in IRI. Third, our study is limited to
the early stages of renal IRI (24 h) with a sin-
gle dose. As a result, the long-term effects of
IRI, such as fibrosis, and the effects of SOD2
mRNA-LNP on these conditions remain uncertain. Our mRNA
concentration in mRNA-LNP can reach up to �500 ng/mL after
concentration. However, local injection in the kidney capsule
limited the volume of administration, and administering a vol-
ume greater than 10 mL would cause mRNA-LNP leakage. There-
fore, we have chosen a dosing amount of 5 mg to ensure the
maximum achievable dose under the current circumstances.
The dose could be optimized in future studies. Finally, our study
only focused on the role of oxidative stress. Hence, future
research should also investigate the pathways involved in IR
injury progression and the potential benefits of EVs, such as
the nuclear factor-kB and transforming growth factor-b signaling
pathways in hypoxia-induced renal fibrosis.62–66
rapy: Nucleic Acids Vol. 34 December 2023 9

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
MATERIALS AND METHODS
Ethics statement

All human participant research in this study was reviewed and
approved by the Chinese Academy of Medical Science’s institutional
review board. This experiment was approved by the Research Ethics
Committee at Shanghai Jiao Tong University First People’s Hospital
(Permit number 2013KY001).
Cell culture

Human renal proximal tubular cells (HK-2) from the Cell Bank of
Shanghai Academy of Chinese Sciences were cultured in Dulbecco’s
Modified Eagle Medium/Nutrient mixture F-12 (DMEM/F-12)
(BasalMedia) with 10% fetal bovine serum (FBS) (Gibco) under 5%
CO2 at 37�C. HeLa cells from ATCC were cultured with high-glucose
DMEM (BasalMedia) with 10% FBS under 5% CO2 at 37�C.
Preparation of cells and EVs

Human umbilical cords were collected from healthy term babies with
the written consent of their parents and stored in Hank’s balanced
salt solution (Sigma-Aldrich) at 4�C. Human umbilical cord stem cells
(MSCs) were obtained from Wharton’s Jelly of the human umbilical
cord as previously described.67 The umbilical cords were selected based
on the criteria of ahealthy expectantmother (G1P0)withnon-advanced
maternal age, no complications during pregnancy, and a healthy full-
term newborn delivered by cesarean. Briefly, human umbilical cords
were cut into 1- to 2-mm3 pieces and stuck to the bottom of cell culture
plates in low-glucose DMEM (BasalMedia) with 10% FBS. Cells from
the third to sixth passage were used in the experiments. Human fibro-
blasts were obtained from a commercial source (Shanghai Institute
for Biological Sciences, Yueyang Road 320. Shanghai, China) and
cultured in RPMI-1640 (Gibco) supplemented with 10% FBS.

EVs were isolated from MSCs and fibroblasts, as described previ-
ously.68 Briefly, cells were cultured overnight in medium without
FBS. The supernatant was collected on the second day. Conditioned
medium was centrifuged at 2,000 � g for 20 min, filtered through
0.22-mm filters to remove cell debris, and further ultracentrifuged at
100,000 � g for 1 h at 4�C. The supernatant was removed and the
EV pellet was resuspended in PBS. Subsequently, mesenchymal
stem cell-derived extracellular vesicles (MSC-EVs) were used for ex-
periments and frozen at �80�C for long-term storage.
Transmission electron microscopy of EVs

Transmission electronmicroscopywas performed at theChineseAcad-
emy of Sciences Shanghai Branch and the Electron Microscopy Plat-
form of Core Facility of Basic Medical Sciences, Shanghai Jiao Tong
University School of Medicine. EVs were fixed with 2% paraformalde-
hyde for 5min, loaded on a thin carbon film coatedwith 200-mesh cop-
per grids, and allowed to stand for 5 min. The sample was the stained
with a 1% uranyl acetate solution on the grids; excess solution was
then removed using a filter paper. The samples were covered with a cul-
turedish anddried for 10min at room temperature, thenobservedusing
transmission electron microscopy (JEM-1230; Jeol, Japan) at 80 kV.
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Western blotting analysis

Cells were homogenized in mammalian cell lysis buffer, then centri-
fuged at 13,000 � g for 20 min at 4�C. Protein concentration of
whole-cell lysates or EVs was determined using the Bradford assay.69

Equal amounts of protein were mixed with the sample loading buffer,
boiled for 10 min, separated by SDS-PAGE under denaturing condi-
tions, and electroblotted onto nitrocellulose membranes. Blotted
membranes were blocked with 5% skim milk in Tris-buffered saline
(pH 7.6)-0.2% Tween for 1 h. The proteins of interest were revealed
with specific antibodies overnight at 4�C, followed by incubation with
horseradish peroxidase-conjugated polyclonal anti-rabbit or anti-
mouse immunoglobulin (Ig)G antibodies (1:10,000 dilution) for 1 h
at room temperature. Antibody binding was detected using lumi-
nol-electrogenerated chemiluminescence (Tanon). CD63 (Abcam
ab134045; 1:1,000 dilution), CD81 (Abcam ab109201; 1:1,000 dilu-
tion), Alix (CST 2171; 1:1,000 dilution), and TSG101 (Abcam
ab125011; 1:1,000 dilution) antibodies were utilized as EV markers.
HA (CST C29F4; 1:1,000 dilution), GAPDH (Proteintech 60004;
1:2,000 dilution), and b-actin (Proteintech 66009; 1:1,000 dilution)
antibodies were utilized to determine SOD2-HA, GAPDH, and
b-actin levels, respectively.

Animal model

Eight-week-old male C57BL/6J mice were purchased from the Animal
Laboratory, Shanghai Jiaotong University School of Medicine,
Shanghai, China. Female mice have been reported to exhibit higher
resistance to IR treatment compared with male mice. IR treatment
for 30 min resulted in a significant increase in serum creatinine levels
in male mice, but not in female mice until 45 min, as reported by Park
et al.70 Due to this sex-based difference, male mice were selected for all
experiments. All study protocols and animal care protocols were
approved by the Animal Care and Experiment Committee of the
Shanghai Jiaotong University School of Medicine (2019-097-01). All
mice in this study were housed in microisolator cages with air circula-
tion and free access to food and water. These cages were kept in a
specific-pathogen-free room at an ambient temperature of 24�C with
natural light and dark cycles. On the day of the operation, the mice
were anesthetized using 3%–4% isoflurane for induction and 1%–2%
isoflurane for maintenance. The total time under isoflurane anesthesia
was approximately 40min per experiment. After amidline laparotomy,
the left renal pedicle was clamped for 25 min using an atraumatic
vascular clamp to establish an ischemic AKI model, while the other
side of the kidney was removed.71 Mice in the sham group underwent
laparotomy after anesthesia but no kidney IR was performed. To test
the effect of MSC-EVs, 5 mg of EVs or only PBS control were admin-
istered by the caudal vein immediately after reperfusion. All mice
were randomly divided into groups. The mice were killed 24 h after
the operation, and the blood and kidney samples were collected and
subjected to the following tests.

Renal function

Twenty-four hours after the operation, blood samples of the mice
were collected in a vacutainer via cardiac puncture and allowed to
stand for 60 min at 20�C, then centrifuged at 2,000 rpm for 15 min
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to separate the serum. After removing protein from the serum, the
serum creatinine was measured using a kit based on the Jaffe reaction
(NJJCBIO). That is, in an alkaline environment, creatinine in the
serum forms a creatinine-picrate complex by reacting with picrate.
The absorbance of samples at 510 nm was measured and found to
be directly proportional to the concentration of creatinine. The serum
was also used to assess renal function by using a blood urea nitrogen
detection kit (NJJCBIO) following the manufacturer’s instructions.

Hematoxylin-eosin and TUNEL staining

Twenty-four hours after the operation, the kidney samples of the mice
were collected and fixed in 4% paraformaldehyde, embedded in
paraffin, and sectioned. The samples were then stained with hematox-
ylin-eosin (H&E) and the tubular damage was evaluated using the
tubular damage score from the previous study.72 The score is based
on four indicators: brush border loss (1 score), tubular necrosis
(1 score), intratubular casts (2 scores), and tubular dilation (2 scores).
The sum of these scores is referred to as the tubular damage score.
Five visual fields from one kidney cross-section were chosen and
the average score was used to represent the kidney damage. To
analyze cell apoptosis, terminal deoxynucleotidyl TUNEL staining
was performed according to the manufacturer’s instructions
using the One-Step TUNEL Apoptosis Assay Kit (Beyotime). The
TUNEL-positive cells were quantified using ImageJ.

Proteomics analysis of EVs

Ten millimolars of dithiothreitol was used to reduce MSC and fibro-
blast EV protein samples, which were then alkylated with 60 mM io-
doacetamide. The samples were diluted with a solution of 100 mM
triethylammonium bicarbonate, then digested with trypsin-LysC
(Promega) for 16 h at 37�C. The samples were then pre-processed
and injected into an LTQ-Orbitrap Fusion Mass Spectrometer
(Thermo Fisher Scientific) coupled with an EASY-nLC 1000 Liquid
Chromatograph Instrument (Thermo Fisher Scientific). Bioinformat-
ics and statistical analyses of the original mass spectrometric data
were performed using PEAKS Studio based on the UniProt database
(20180524, 20349). Raw mass spectroscopy data were analyzed using
PEAKS Studio version 8.5 (Bioinformatics Solutions, Waterloo, Can-
ada) with 7 ppmMS and 0.05 DaMS/MS tolerances applied. The pro-
tein composition of EVs from MSC and fibroblasts was identified
based on the results from PEAKS Studio. Our analysis found 101
unique proteins in MSC-EVs and 12 unique proteins in fibroblast
EVs, with 338 proteins being overlapping. We then used Uniprot
(https://www.uniprot.org/) to analyze the subcellular localization of
the 101 specific proteins in MSC-EVs. The top five locations were
the mitochondria (36%), endoplasmic reticulum (15%), cytoplasm
(14%), membrane (9%), and nucleus (6%). As a result, we focused
on mitochondrial proteins for further investigation. The confidence
score (�10logP) calculated by PEAKS Studio measures how well
the mass spectrometry results match the peptides for all observed
mass spectrometry values that correspond to sequences within the
protein. Protein ranking was performed based on the confidence
score, revealing that mitochondrial protein superoxide dismutase 2
(SOD2) was one of the most abundant mitochondrial proteins.
Functional enrichment analysis

Protein localization was obtained from the UniProt database, and
only primary localization of the proteins was used for the analysis.
We used the R package “Clusterprofiler” for KEGG pathway anal-
ysis.73 KEGG pathways with p < 0.05 were considered statistically
significant.

In vitro transcription of SOD2 mRNA

SOD2mRNAwas synthesized in vitro using a one-step T7 polymerase-
mediated RNA transcription. Codon-optimized open reading frames
with a C-terminal HA tag flanking the 50 and 30 untranslated regions
(UTRs) were synthesized by General Biology (Anhui, China) and
cloned into the downstream of T7 promoter of pcDNA3.1 vector.
DNA templates containing the T7 promoter, coding sequence, UTRs,
and a 100-bp poly(A-T) sequence at the 30 end were amplified by
PCR, purified, and used for in vitro transcription (IVT). The Cap1
analog (EzCapAG,APExBIO)was included in the IVT reaction toplace
a Cap1 structure at the 50 end of themRNA.mRNAwas synthesized us-
ing regular nucleotides thatwere completely unmodified, except uridine
(U) fully substituted with modified uridine analogs, 5-methyoxy-
uridine. Following transcription, theDNA template was removed using
DNase I (NewEnglandBioLabs) at 37�Cfor 15minmRNAwaspurified
using RNA Clean & Concentrator Kits (Zymo Research).

Immunofluorescence staining

Cells were transiently transfected with GFP mRNA-LNP or SOD2
mRNA-LNP. Twenty-four hours after transfection, the cells were
plated on glass coverslips and cultured for an additional 24 h. Mito-
chondria were stained with MitoTracker DeepRed (Thermo Fisher
Scientific) in the culture medium for 45 min followed by 1 h of recov-
ery. The cells were then fixed with 4% paraformaldehyde for 30 min,
treated with 0.2% Triton X-100 for 5 min, blocked with serum (2%
normal goat serum and 2% bovine serum albumin) for 30 min, and
stained with HA (CST C29F4; 1:200 dilution) antibody to detect
SOD2-HA. The slides were washed and incubated with Alexa Fluor
568 goat anti-rabbit IgG (H + L) (Thermo Fisher Scientific). Nuclei
were stained with 40, 6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich). Images were visualized under a fluorescence microscope
(Leica DMi8; Leica Microsystems, Nussloch, Germany).

Detection of ROS

The mitochondrial production of O2
� was determined using the mito-

chondrial superoxide indicator MitoSOX Red (Thermo Fisher Scienti-
fic). General oxidative stress indicator H2DCFDA (APExBIO) or
CellROX Green Reagent (Thermo Fisher Scientific) was used to mea-
sure cellular ROS levels. Briefly, cells were incubated with 5 mM
MitoSOX Red or 5 mM CellROX Green or 20 mM H2DCFDA for
30 min at 37�C in the dark. Cells stained with the dyes were analyzed
by flow cytometry using a Beckman CytoFlex S flow cytometer.

Preparation of mRNA-loaded lipid nanoparticles

Lipids were dissolved in absolute ethanol at a molar ratio of
50:10:38.5:1.5 for DLin-MC3-DMA:DSPC:cholesterol:PEG2000-
DMG. mRNA prepared with IVT was dissolved in 50 mM citrate
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buffer by adding 1 M sodium citrate (pH 3.0) to prepare an acidic
mRNA solution. Then, an equal volume of the lipid mixture and
mRNA solution was mixed using a T-mixer. The formulations were
immediately diluted 2-fold with 50 mM citrate buffer and dialyzed
in PBS (pH 7.4) in Slide-A-Lyzer dialysis cassettes (Thermo Fisher
Scientific) for at least 15 h. The formulations were passed through a
0.22-mm filter (Millipore) and concentrated using Amicon Ultra Cen-
trifugal Filters (Millipore). RNA encapsulation for all formulations
was measured using the Quant-iT RiboGreen RNA assay (Thermo
Fischer Scientific). Particle sizes and zeta potential of LNPs were
determined using a nanoparticle tracking analysis instrument (Zeta-
sizer Nano ZS, Malvern).

Cryo-transmission electronmicroscopy sample preparation and

imaging

Four microliters of concentratedmRNA-LNP sample was applied to a
freshly glow-discharged grid (R2/1 Cu, 300mesh, Quantifoil), and the
grid was frozen in liquid ethane using a Vitrobot Mark IV System
(Thermo Fisher Scientific) with a blot time of 3 s at 100% humidity
and 4�C. The sample was imaged using a Talos F200C G2 transmis-
sion electron microscope (Thermo Fisher Scientific) at 200 kV. The
magnification was set to 36,000� with a pixel size of 5.75 Å to visu-
alize the dimensions of the nanoparticle.

mRNA-LNP delivery in vivo through the renal subcapsule or

adipose capsule

The mouse kidney IRI model was the same as that described above.
Immediately after left renal blood reperfusion, 5 mg mRNA-LNP or
PBS control was injected into the renal subcapsule or adipose capsule
with a microinjector. The needle of the microinjector containing
mRNA-LNP pierced the renal subcapsule at the dorsolateral side of
the kidney and moved slowly along the outline of the kidney. The
mRNA-LNP was injected slowly, and the syringe was slowly pulled
out 30 s after injection.

In vivo optical imaging and analysis of tissue luminescence

intensity

Ten C57BL/6J mice were divided into two groups, and LNPs carrying
firefly luciferase mRNA (APExBIO) (0.5 mg/kg) were injected into
the renal subcapsule or adipose capsule. Mice were intraperitoneally
injected with 150 mg/kg of D-luciferin (PerkinElmer) at 6, 24, 48,
and 72 h after LNP administration. Fifteen minutes after the injection
of D-luciferin, the mice were imaged using IVIS Spectrum CT
(128201, PerkinElmer). Luminescence values of the renal region
were quantified using Living Image Software (PerkinElmer).

Ten C57BL/6J mice were killed 24 h after firefly luciferase mRNA-
LNP injection, when organ tissue samples were collected and sub-
jected to tissue luminescence intensity testing. Organ tissue samples
were cleaned with ice-cold PBS, crushed into small pieces, and soaked
in PBS in 24-well plates. D-Luciferin (15 mg/mL) was then added
to the samples. The luminescence intensity was measured using a
Synergy H1 microplate reader (BioTek, Winooski, VT, USA) after
10 min of incubation at room temperature. Then, organ tissue sam-
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ples were collected and dried overnight. The samples were weighed
to calculate the tissue luminescence intensity per mass.

Real-time PCR

Total RNA was isolated from samples using an RNA Purification Kit
(EZBioscience). Then, 1.2 mg of total RNA was reverse transcribed
into cDNAs using HiScript III RT SuperMix (Vazyme) according
to the manufacturer’s instructions. Real-time PCR was performed
on a LightCycler480 system (Roche) using SYBR Green Master Mix
(Yeasen). The primers msod2-F:gtgaacaatctcaacgcca and msod2-R:
gatagcctccagcaactct were used in this study. The primers detecting
both mouse and human SOD2 were SOD2-F:aggagaagtaccaggaggcgt
and SOD2-R:aggtttgtccagaaaatgcta. Gapdh was used as the internal
control gene. Relative gene expression data were analyzed using the
2�DDCT method.

Immunoprecipitation of SOD2-HA from tissue

To detect SOD2 mRNA-LNP expression in the kidney, 10 mg SOD2
mRNA-LNP tagged with HA or an equal volume of empty LNPs
was administrated via renal subcapsular injection. Twelve hours after
injection, the mice were killed, and kidney tissues were separated into
the renal cortex and medulla. Kidney tissues were lysed with radioim-
munoprecipitation assay buffer, and the extracted proteins were incu-
bated with HA magnetic beads (Thermo Fisher Scientific) for 6 h at
4�C. HA-tagged proteins were eluted from beads by incubation at
95�C with 1� SDS loading buffer for western blot detection.

TBARS assay

Thiobarbituric acid reacting substances (TBARS), which measures
malondialdehyde, was performed with a TBARS assay kit (Absin)
following the manufacturer’s instructions.

8-OHdG measurement

To evaluate oxidative stress levels, 8-hydroxy-20-deoxyguanosine
(8-OHdG) was measured by ELISA using the ELISA kit for 8-OHdG
(CUSABIO) following the manufacturer’s instruction.

In vivo toxicity evaluation: Histology, serum enzymatic assay,

and immune response

For histological examination, IRI model mice were killed and various
organs (heart, lung, liver, and spleen) were collected 24 h after the de-
livery of LNPs. All organs were separated and fixed overnight in 4%
paraformaldehyde (Sangon Biotech) at 4�C. The fixed organs were
embedded in paraffin, sectioned, and stained with H&E according
to routine protocols. For the serum enzymatic assay, serum ALT
and AST levels were evaluated using a colorimetric assay (Elabs-
cience). The immune response was evaluated by determining
interleukin-6 (IL-6) levels, which were directly measured using a
mouse IL-6 ELISA Kit (Beyotime) following the manufacturer’s
instructions.

Statistical analysis

Data are presented as the mean ± standard error of the mean unless
otherwise indicated. Statistical analyses were performed using Prism
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software (GraphPad). We evaluated the normality of data using
Shapiro-Wilk test. For the data with p > 0.05, we used the Student’s
t test or one-way ANOVA to evaluate the statistical significance.
For the data with p < 0.05 (non-normal distribution data), we use
non-parametric test (Mann-Whitney test or Kruskal-Wallis H-test)
to evaluate the statistical significance. Significance was defined as
p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), or p < 0.0001 (****).
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