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Background: Acute kidney injury (AKI) is characterized by the abrupt loss of renal function and lack of curative therapies. Placental-
derived mesenchymal stem cells (PL-MSCs) have shown promise in regenerative medicine, including in the treatment of AKI.
However, optimizing the therapeutic effects of PL-MSCs remains a critical objective. Magnetic targeting is one potential avenue of
optimization. Using iron oxide-labeled MSCs with an external magnetic field to increase cell homing ability may be an ideal method
for improving the cell therapy effects in vivo.

Methods: In this study, PL-MSCs were labeled with Fe;04 nanoparticles coated with polydopamine (Fe;O4@PDA NPs) for 24 h, and
cell efficiency and viability were tested. The conditionally immortalized mice renal tubular endothelial cells (nRTECs) were incubated
with cisplatin (Cis) and co-cultured with non-labeled or NP-labeled MSCs. The protective effect of NP-labeled MSCs on mRTEC was
evaluated. In in vivo experiments, non-labeled or NP-labeled MSCs, with or without an external magnetic field, were injected into
mice with Cis-induced AKI. The blood and tissue samples were collected to assess renal function and tissue damage.

Results: The study confirmed that MSCs or MSC-NP can significantly improve Cis-induced mRTEC injury. In addition, NP-labeled
MSCs with an external magnetic field (magnetically-targeted MSCs) improved their homing to the kidney tissues in mice with AKI,
resulting in enhanced kidney function compared with those of mice treated with MSC or NP-labeled MSC treatment alone. Moreover,
magnetically-targeted MSCs alleviated renal injury through suppressing oxidative stress and inflammation, reducing cell apoptosis,
and promoting cell proliferation.

Conclusion: Magnetic targeting enhances the therapeutic effects of PL-MSCs on Cis-induced AKI in mice, suggesting that
magnetically-targeted MSCs could serve as potential treatments for patients with Cis-induced AKI.

Keywords: acute kidney injury, cisplatin, placental-derived mesenchymal stem cells, inflammation, oxidative stress, apoptosis,
proliferation

Introduction
Cisplatin (Cis) is a chemotherapeutic drug commonly used to treat various solid cancers globally.! However, its clinical
application is often limited by serious adverse reactions involving various organs.”* Approximately one-third of patients
receiving Cis treatment may experience nephrotoxicity, including acute kidney injury (AKI).” Cis induces apoptosis, inflamma-
tory response, and fibrosis in renal tubular epithelial cells.*” Although treatments such as fluid management and continuous
blood purification therapy are available, so far, no specific pharmacotherapy effectively treats for Cis-induced AKI.
Mesenchymal stem cells (MSCs) are a promising source of stem cells for tissue engineering and regenerative
medicine. MSCs mainly exist in human bone marrow, skin, umbilical cord tissue, and adipose tissue.* ' Increasing
experimental evidence suggests that MSCs can be used to ameliorate Cis-induced kidney injury and protect against
tubular damage and renal dysfunction.'''® However, in several tissues, such as the bone marrow, MSC isolation is
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invasive and often requires multiple sampling to obtain sufficient quantities. Placental-derived MSCs (PL-MSCs) have
been studied as promising tools for regenerative cell therapy. PL-MSCs are easily obtained after childbirth, have a high
cell yield and strong proliferation ability, and, most importantly, can be safely applied owing to their low immunogeni-
city. PL-MSCs have greater expansion potential and possess greater immunomodulatory capacity than adult bone marrow
MSCs.!” The preclinical studies have shown that PL-MSCs secrete immunomodulatory and angiogenic cytokines which
aid in healing and remodeling of tissue.'® At present, PL-MSCs have been investigated in animal models for almost every
disease imaginable, from multiple sclerosis and erectile dysfunction to coronavirus disease, chronic lung injury, and renal
disease.'*?? Thus, PL-MSCs may become a promising source for cell therapy of AKI. The therapeutic effects of MSCs
largely depend on the number of MSCs that successfully reach the target site. After intravenous infusion, only a small
portion of cells reach the target tissue, which indicates the low homing efficiency of MSCs. Therefore, identifying an
effective cell delivery method that enhances cell homing to the target site is crucial.

The development of nanotechnology has introduced new methods to address public health problems. Magnetically-
targeted delivery, which predominantly comprises magnetic particles, cargo, and carriers, is a new delivery technology
that has recently become increasingly popular.>>** In magnetically-targeted delivery systems, carriers that respond to
specific magnetic fields can be magnetically guided to the target site, increasing the concentration of the content at the
target site while reducing toxicity and off-target side effects.?® Currently, the most widely used type of magnetic carrier
are Fe;0,4 nanoparticles (Fe;O4 NPs), which exhibit magnetism, low toxicity, and high biocompatibility. Fe;04 NPs have
been widely validated for cancer treatment, whether as carriers for anticancer drugs for magnetically-targeted delivery or
as thermal therapy agents to enhance the efficacy of chemotherapy drugs.?’ 2’ Fe;04 NPs coated with polydopamine
(Fe;0,@PDA NPs) exhibit enhanced superparamagnetism, better biocompatibility, and lower toxicity.*® Fe;04@PDA
NPs are more appropriate carriers for clinical treatments. Labeling specific cells with Fe;O4@PDA NPs can increase the
migration and distribution of cells from the blood to target sites in the kidney. As such, studies have shown that
magnetically-targeted guided MSCs can be applied to repair other injuries, such as cartilage injury, spinal cord injury, and
myocardial infarction.’’ * In addition, a study has shown that magnetically-targeted PL- MSCs can maximize the
therapeutic effect of glioma.>*

The present study aimed to evaluate a non-invasive method to stimulate cell arrival at the injury site through labeling
Fe;04@PDA NPs, which promote the recruitment of MSCs to the site of injury in AKI mice, to enhance the regenerative
ability of PL-MSCs. In addition, we evaluated the therapeutic effect when Fe;04@PDA labeled MSCs were administered
to a mouse AKI model.

Materials and Methods
Cell Culture

Human PL-MSCs were prepared as described previously.*® All handling procedures were performed with the approval of
the Research Ethics Committee of the China-Japan Union Hospital of Jilin University after informed written consent was
obtained from the participants, in accordance with the Declaration of Helsinki. PL-MSCs were plated in 100-mm dishes
containing o-minimum essential medium with 10% fetal bovine serum (FBS; Invitrogen Australia Pty. Ltd., Mount
Waverley, Victoria, Australia). Conditionally immortalized mice renal tubular endothelial cells (mRTECs) were pur-
chased from the Shanghai Institute of Cell Biology (Shanghai, China) and cultured in Roswell Park Memorial Institute
1640 medium (Gibco, Gaithersburg, MD, USA) containing 10% FBS. All cells were placed at 37 °C in a 5% CO,
incubator.

The Preparation of Mesenchymal Stem Cells (MSCs) with Fe30,4 Coated with
Polydopamine Nanoparticles

The synthesis and characterization of Fe;04@PDA NPs was conducted as previously described.’® PL-MSCs were
cultured in six-well plates. When confluent, the medium was replaced, and concentrations in the range of 25 to
200 pg/mL of Fe;04@PDA NPs were added to the medium and then incubated for 24 h. Excess NPs were eliminated
by rinsing with phosphate-buffered saline (PBS).
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Detection of Intracellular Iron via Prussian Blue Staining

PL-MSCs were cultured in six-well plates. When the confluence rate of the MSCs reached approximately 80%, different
concentrations of NPs were added to the cell medium and incubated for 24 h. The MSCs labeled with NPs were fixed
with 4% paraformaldehyde solution for 30 min and stained with a Prussian blue kit (Beijing Solarbio Science and
Technology Co. Ltd., Beijing, China) in accordance with the manufacturer’s instructions. The stained MSCs were
observed under a microscope (CKX 41; Olympus, Tokyo, Japan).

Measurement of MSC Cytotoxicity and Proliferation After Labeling with Fe3O4

Coated with Polydopamine Nanoparticles

PL-MSCs were labeled with Fe;04@PDA NPs at concentrations in the range of 25 to 200 pg/mL. After incubation for
24 h, the cell-counting kit 8 (CCKS8) detection kit (Beyotime, Shanghai, China) was used to measure the activity of the
cells. Alternatively, cells were washed with PBS after labeling with Fe;O4@PDA NPs, continued to cultivate for 7 d, and
then evaluated for cell proliferation using the CCKS8 assay. The Fe;O4@PDA NPs, which exhibited the lowest
cytotoxicity, were used for subsequent experiments.

Detection of Intracellular Iron Using Transmission Electron Microscopy

PL-MSCs labeled with Fe;O4@PDA NPs were fixed in 2.5% glutaraldehyde overnight at 4 °C. After washing with PBS,
the MSCs were post-fixed with 1% osmium tetroxide for 2 h. They were then dehydrated in graded ethanol solutions and
examined using transmission electron microscopy (TEM) (HT7800; HITACHI, Chiyoda, Japan).

Identification of Stem Cell Characteristics in Nanoparticle-Labeled MSCs

PL-MSCs were labeled with Fe;O04,@PDA NPs for 24 h. NP-labeled or unlabeled cells were incubated with antibodies
against CD73, CD45, CD34, CD19, CD11b, CD90, HLA-DR, and CD105 (Beckman, Brea, CA, USA) and incubated in
the absence of light for 30 min at 4 °C. The cells were analyzed by flow cytometry (FACScan; BD Biosciences, Franklin
Lakes, NJ, USA). Cells were cultured with either adipogenic medium (StemPro® Adipogenesis Differentiation Kkit;
Invitrogen, Carlsbad, CA, USA) for 21 d or osteogenic medium (StemPro® Osteogenesis Differentiation kit; Invitrogen,
Carlsbad, CA, USA) for 28 d, with the medium changed every 3 d. Subsequently, the cells were stained with Oil Red
O (Sigma-Aldrich, St. Louis, MO, USA) for adipogenic differentiation or Alizarin Red S (Alizarin Staining Kit; Genmed,
Shanghai, China) for osteogenic differentiation. The cells were then observed under a light microscope (CKX 41;
Olympus).

Indirect Co-Cultures of Cis-Stimulated Mice Renal Tubular Endothelial Cells and
Nanoparticle-Labeled or Unlabeled MSCs

For in vitro treatments, mRTECs were treated with 2.5 pg/mL cisplatin (Cis, Sigma-Aldrich) for 6 h. Then the control
and Cis groups were switched to normal medium. For the other two groups, after mRTECs were treated with 2.5 pg/mL
Cis for 6 h, the NP-labeled or unlabeled MSCs were co-cultured in six-well Transwell plates for 24 h. For Transwell co-
cultures, 2x10°> MSCs were plated onto cell-culture inserts (24-mm well dimension, 0.4-um pore membrane, Corning,
Lowell, MA, USA), whereas 2x10° Cis-stimulated mRTECs were placed in the lower chambers of the six-well plates and
cultured for 24 h. Three independent experiments were conducted for the in vitro co-culture experiments.

Detection of Apoptosis and Reactive Oxygen Species Levels via Flow Cytometric

A six-well plate containing mRTECs was treated with 2.5 ug/mL Cis for 6 h. After co-culturing of Cis-stimulated
mRTECs with NP-labeled or unlabeled MSCs, mRTECs were washed, resuspended in binding buffer, and stained with
Annexin V/PI (Beyotime) for apoptosis detection and a ROS Assay Kit (Beyotime) for the detection of reactive oxygen
species (ROS) levels according to the manufacturer’s instructions. Apoptosis and ROS levels were detected using flow
cytometry (FACScan; BD Biosciences), and the results were analyzed using FlowJo software (https://www.flowjo.com/

solutions/flowjo).
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Cytoprotection Assay

The mRTECs (1x 10° cells/well) were seeded in 24-well plates with 2.5 pg/mL of Cis for 6 h. The control and Cis groups
were switched to normal medium. For the other two groups, after mRTECs were treated with 2.5 pg/mL Cis for 6 h, the
NP-labeled or unlabeled MSCs were co-cultured in the 24-well Transwell plates for 24 h. CCK8 assays were used to
evaluate the growth inhibition of mRTECs.

Measurement of Lactate Dehydrogenase, |-Glutathione, and Malonaldehyde Levels

After pretreatment with Cis, the supernatants were recovered, and the mRTECs pellets were collected and ground in PBS.
The BCA assay kit (Beyotime) was used to determine the total protein concentration in cultured cells or kidney tissues.
ELISA kits (Shanghai Enzyme-linked Biotechnology Co. Ltd., Shanghai, China) were used to determine lactate
dehydrogenase (LDH), l-glutathione (GSH), and malonaldehyde (MDA) levels. All the procedures were carried out in

accordance with the manufacturer’s protocol.

Animal Studies Using Mouse Model

Six- to eight-week-old C57BL/6 male mice were obtained from Beijing Sipeifu Experimental Animal Technology Co.,
Ltd. (Beijing, China) and housed in standard conditions with 12 h-dark/light cycle and ad libitum access to water and
food. All experiments were performed in compliance with the regulations and guidelines of the “Guidelines for the
Ethical Review of Laboratory Animal Welfare (GB/T 35892-2018).” The Jilin University Animal Welfare and Research
Ethics Committee approved all the protocols and animal studies.

To induce AKI, Cis (18 mg/kg) was injected intraperitoneally into mice via a single dose. After 24 h, mice were
randomly divided into four groups and received intravenous tail injections as follows: group 1, PBS (PBS 100 pL); group
2, MSC (5%10° cells/mouse); group 3, MSCs labeled with NPs (MSC-NP) (5x10° cells/mouse); and group 4, magne-
tically-targeted MSC treatment group (MSC-NP-MAG) (5x10° cells/mouse). Each group consisted of 15 mice.

In group 4, after injection of NP-labeled MSCs, a magnet (1.2 T) was placed immediately below the renal region for
20 min. Control animals did not receive Cis injections. On day 7 post-Cis injection, the mice were euthanized, and blood,
urine, and kidney samples were harvested for subsequent experiments.

To locate MSCs in the AKI kidney, mice in groups 2 (n=3), 3 (n=3), and 4 (n=3) were administered an intravenous
injection of Cy5.5 (Yuanye Biotechnology Co., Ltd, Shanghai, China)-labeled MSCs (with or without NP labeling, 5x10°
cells/mouse). After 24 h, the kidneys were removed from the mice and observed using a small animal imaging system
(Guangzhou Guangyi Biotechnology Co. Ltd., Guangzhou, China).

Biochemical Analysis
Blood urea nitrogen (BUN) and plasma creatinine (Cr) levels were measured using biochemical detection kits (Nanjing

Jiancheng Bioengineering Institute, Nanjing, China), according to the manufacturers’ protocols.

Measurement of Serum Cytokine Levels

Levels of inflammatory cytokines in serum samples were measured using the Luminex multiplex assay according to the
manufacturer’s protocol as previously described.’® Tumor necrosis factor (TNF)-a, interleukin (IL)-1pB, IL-2, IL-4, IL-5,
IL-10, IL-12, and interferon (IFN)-y were tested. The results were analyzed using Milliplex Array V5.1 software
(Luminex Corporation, Austin, TX, USA).

Histology
Tissue samples were sectioned into 3-um slices and stained with hematoxylin and eosin (HE) or periodic acid—Schiff
(PAS) using standard methods. The stained slices were photographed under a microscope (MS; PreciPoint, Freising,

Germany). Histological assessment was performed in a blinded manner.
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Immunohistochemistry

Kidney sections were deparaffinized and hydrated, and antigen retrieval sections were then blocked and labeled overnight at 4
°C with primary antibodies, including anti-8-hydroxy-2'-deoxyguanosine (8-OHdG) (Santa Cruz Biotechnology, Dallas, TX,
USA), CD3, CD11b, CD68, Ki67, KIM-1, and TIMP-1 (Proteintech, Wuhan, China). Next, the sections were incubated with
diluted secondary antibody for 1 h and then treated with 3, 3-diaminobenzidine (DAB) (Vector Laboratories, Burlingame, CA,
USA). Slides were photographed using a microscope (MS8; PreciPoint). mRTECs in different groups were fixed in 4%
paraformaldehyde for 15 min in vitro. Next, cells were incubated with a primary antibody against 8-OHdG overnight at 4 °C.
The cells were then incubated with a secondary antibody for 30 min at room temperature. The cells were visualized using
a DAB substrate and counterstained with hematoxylin. The cell sections were evaluated using a light microscope (CKX 41;
Olympus). Immunohistochemical evaluation was performed in a blinded manner.

Terminal Deoxynucleotidyl Transferase-Mediated dUTP-Biotin Nick-End Labeling Staining
The tissue slices were deparaffinized and dehydrated. Renal tubular cell apoptosis was measured using a Terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling (TUNEL) detection kit (Servicebio, Wuhan,
China) according to the manufacturer’s guidelines. Renal sections were quantitatively analyzed by counting TUNEL-
positive cells and compared among different groups.

Statistical Analysis

All values are presented as mean + standard deviation. Statistical analysis of the data was conducted using SPSS software (v.22.0;
IBM Corp., Chicago, IL, USA). The data were assessed for normality (eg, using Shapiro—Wilk test), and variance homogeneity
was tested before performing analysis of variance (ANOVA) and #-tests. A #-test was used for comparison between the two
groups. For multiple comparisons among three or more groups, a one-way ANOVA was performed, followed by the Bonferroni
test. P < 0.05 was considered to be statistically significant for all analyses. All experiments were performed in triplicate.

Results and Discussion

The shape and size of the Fe;O4@PDA NPs are consistent with those in our previous research.>® Internalization of Fe;04
@PDA NPs by PL-MSCs was confirmed by Prussian blue staining and TEM analysis. Prussian blue staining showed that
MSCs in the unlabeled control group were not positive, whereas for the cells incubated with the NPs (50 pg/mL or 100 pg/
mL), almost all MSCs were positive for Prussian blue staining (Figure 1A). It showed that the Prussian blue staining was
stronger in the 50 pug/mL group than in the higher dose-groups of 100, 150, and 200 pg/mL. Higher concentrations of NPs can
cause aggregation, reduce Brownian motion, and thus prevent cellular uptake of NP aggregates.’ TEM analysis showed that
NPs were localized within endosome-like structures in the cytoplasm of PL-MSCs (Figure 1B).

The utility of NP-labeled cells for stem cell therapy largely depends on the level of cytotoxicity induced by NPs.
CCKS8 analysis revealed no significant differences in viability between MSC-NPs and PL-MSCs without NPs when the
NP concentration in the incubation media was below 100 pg/mL (Figure 1C). However, NPs at the concentration of 150
or 200 pg/mL exhibited cytotoxicity (P<0.01). This was in agreement with the results of previous studies showing low
cytotoxic effects of Fe;04 NPs.>*2? According to the CCKS8 assay, cell proliferation was not significantly affected at NP
concentrations of 25 and 50 pg/mL (Figure 1D). Taken together, our data indicated that low concentrations of NPs were
not toxic to MSCs. Subsequent experiments were conducted using NPs with a concentration of 50 pg/mL.

To determine the effect of NP on the basic characteristics of MSCs, we evaluated the expression of surface markers and
differentiation ability on labeled MSCs. Comparison of the expression of mesenchymal markers in unlabeled and labeled MSCs
showed that NPs did not affect the immunophenotype of the MSCs (Figure S1). Additionally, adipogenic or osteogenic induction
culture medium was added to labeled and unlabeled PL-MSCs to induce their differentiation into either adipogenic or osteogenic
lineages. Regardless of whether NPs were incorporated, the cells differentiated into the lineages in a similar manner (Figure S1).
Taken together, our data indicate that NPs are nontoxic to PL-MSCs and do not compromise their stem cell characteristics.
Several studies have explored the varying effects of different types of magnetic particles on MSCs viability, proliferation,

differentiation, and gene expression.*’ In most studies, magnetic labeling did not affect MSC function.*'*?
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Figure | Effects of Fe;O4@PDA NP-labeling on the cytotoxicity and proliferation of PL-MSCs. (A) Prussian blue staining of Fe304@PDA NP-labeled PL-MSCs. Scale bar,
50 pm. (B) TEM image showing the entry of NPs into cells (arrows). (C) Fe;04@PDA NPs cytotoxicity at different concentrations investigated using the CCK8 assay (n=4),
revealing that these NPs are not toxic to the cells at doses up to 100 pg/mL. (D) Cell proliferation on CCK8 after Fe304@PDA NP labeling (n=5). Data are expressed as the
mean * SD. P-values < 0.05 indicate statistical significance, denoted as *P < 0.05, **P < 0.01, or ***P < 0.001.

Abbreviations: Fe;O4@PDA, Fe;0, nanoparticles coated with polydopamine; PL-MSCs, placental-derived mesenchymal stem cells; TEM, transmission electron micro-
scopy; CCKS, cell-counting kit 8; NP, nanoparticle; SD, standard deviation.

We then evaluated the protective effect of NP-labeled MSCs against Cis-induced mRTEC injury. Analysis of
mRTECs exposed to Cis for 6 h with or without MSCs or MSC-NP showed that, compared with the Cis group, the
mRTECs co-cultured with MSCs or MSC-NP showed a higher survival rate after Cis treatment (P<0.001; Figure 2A),
with an approximate 2.3-fold change. Cis-induced mRTEC injury caused significant cell injury as indicated by LDH
release. MSCs (0.534£0.01 pg/mL) and MSC-NP (0.52+0.01 pg/mL) significantly reversed Cis-induced LDH release
(1.12+0.01 pg/mL; P<0.001; Figure 2B). Flow cytometry analysis revealed that the apoptosis rate of MSCs (13.83
+1.58%) or MSC-NP (13.34+0.24%) co-cultured cells was lower after Cis treatment than that in the Cis group (40.87
+2.98%; P<0.001; Figure 2C and D). Moreover, no significant differences in the optical density values and apoptosis
rates of mRTEC were observed between the MSCs and MSC-NP co-culture systems. These results suggest that MSCs
and MSC-NPs may have a protective effect on renal tubular cells through paracrine mechanisms, which was consistent
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Figure 2 NP-labeled MSCs protect against Cis-induced mRTEC injury in vitro. (A) The cell viability of mRTECs co-cultured with MSCs or NP-labeled MSCs using the CCK8
assay (n=4). (B) LDH release of mRTECs co-cultured with MSCs or NP-labeled MSCs (n=3). (C) The apoptosis rate of mMRTECs co-cultured with MSCs or NP-labeled MSCs
(n=3). (D) The percentage of apoptotic cells in different groups determined by flow cytometry analysis. (E) GSH (n=3) and (F) MDA (n=3) levels examination in cell
homogenates. GSH levels decrease and MDA levels increase in the Cis group; this is reversed in MSC and NP-labeled MSC groups. (G) ROS level in mRTECs co-cultured with
MSCs or NP-labeled MSCs (n=3). (H) Representative images of the flow cytometry data of the ROS assay in mRTECs. (I) Immunohistochemistry was used to detect the
oxidative stress marker 8-OHdG. Scale bar, 100 um. Data are expressed as the mean % SD. P-values < 0.05 indicate statistical significance, denoted as ***P < 0.001.

Abbreviations: NP, nanoparticle; MSCs, mesenchymal stem cells; mRTECs, conditionally immortalized mice renal tubular endothelial cells; CCK8, cell-counting kit 8; LDH,
lactate dehydrogenase; GSH, glutathione; MDA, malondialdehyde; ROS, reactive oxygen species; 8-OHdG, 8-hydroxy-2’ -deoxyguanosine; SD, standard deviation.
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with previous findings.**** The above results indicated that co-culture with MSCs or MSC-NPs enhanced the cellular
and anti-apoptotic activity of mRTECs.

Cis-induced oxidative stress in mRTEC:s is considered the main cause of AKI. Oxidative stress causes lipid peroxidation,
resulting in the formation of the toxic metabolite, MDA, and the induction of DNA oxidative damage.*>*® In this study, MSCs
and MSC-NP played antioxidant roles. GSH levels were reduced, and MDA levels were remarkably enhanced in the Cis-
treated group compared to those in the normal group. When comparing the MSC- and MSC-NP-treated groups with the PBS
and Cis groups, GSH levels increased (4.09+£0.12 vs 6.75+£0.09 nmol/mg or 4.09+0.12 vs 6.79+0.46 nmol/mg; P<0.001),
whereas the MDA levels decreased (9.77+0.05 vs 2.67+0.14 nmol/mg or 9.77+0.05 vs 2.8140.14 nmol/mg; P<0.001;
Figure 2E and F) in the former groups. The toxicity induced by Cis is closely related to ROS production, which leads to
oxidative stress.*” Flow cytometry results showed that total ROS levels (32.51+0.4%) were elevated in mRTECs after Cis
stimulation; however, they are dramatically decreased by MSC (14.18+1.09%) or MSC-NP treatment (14.71+1.82%;
P<0.001; Figure 2G and H). In vitro experiments showed that 8-OHdG was notably increased in the Cis-treated group,
whereas it was decreased in the MSC- and MSC-NP-treated groups (Figure 2I). 8-OHdG expression was similar in the MSC-
and MSC-NP-treated groups. These results further support the involvement of oxidative stress in Cis-induced
nephrotoxicity,* supporting the use of MSC-NPs for the clinical treatment of Cis-induced AKI.

After inducing AKI with Cis for 24 h, mice were treated with MSCs. Compared with the normal group, the PBS
group showed a reduction in the survival of mice with AKI on day 7 (100% vs 53%; P<0.001; Figure 3A). Compared
with the PBS group, all three MSC treatment groups showed improved survival (P<0.001). However, the survival rate of
mice in the magnetically-targeted MSC treatment group was improved compared to that in the MSC treatment group
(94% vs 80%; P<0.001) or MSC-NP treatment group (94% vs 80%; P<0.001). A similar trend was observed regarding
kidney weight following Cis administration. Compared with that in the normal group, the kidney weight of mice in the
PBS group was significantly reduced (20.87£1 vs 13.9+0.2 g; P<0.001). Compared with the PBS group, the three MSC
treatment groups partially prevented the reduction in kidney weight, and the magnetically-targeted MSC treatment group
showed the greatest prevention in kidney weight reduction (13.9+£0.2 vs 19.83+1 g; P<0.001; Figure 3B). However,
compared to the MSC treatment group, mice treated with magnetically-targeted MSC showed improved body weight
(19.83+1 vs17.4+0.7 g; P<0.001). These trends were also observed in the analysis of serum biochemical indices.

To investigate whether MSC treatment contributes to the recovery of kidney function, BUN and Cr levels were measured.
The kidney function of AKI mice was remarkably worsened, indicated by the increase in BUN (16.26+£2.2 vs 133.76
+6.04 pmol/L) and Cr (6.21+0.4 vs 66.06+ 8.47 umol/L) levels (Figure 3C and D). Compared with the PBS group, the
three MSC treatment groups showed remarkably reduced levels of BUN and Cr, whereas the magnetically-targeted MSC
treatment group showed a more significant effect (BUN: 133.76+6.04 vs 29.07+1.48 pmol/L; P<0.001; Cr: 77.77+ 0.74 vs
16.39+0.58 pumol/L; P<0.001). Meanwhile, the BUN and Cr levels in the magnetically-targeted therapy group were
significantly lower than those in the MSC treatment group (BUN: 29.07+1.48 vs 51.22+1.25 umol/L; P<0.001; Cr: 16.39
+0.58 vs 34.12+ 3.28 pmol/L; P<0.001) and MSC-NP treatment group (BUN: 29.07+1.48 vs 51.12+1.04 pmol/L; P<0.001;
Cr: 16.3940.58 vs 35.87+ 3.29 umol/L; P<0.001). GSH levels were decreased (2.29+0.12 vs 4.41+0.18 nmol/mg; P<0.001),
and MDA levels were significantly increased (12.39+0.62 vs 5.21+0.05 nmol/mg; P<0.001) in the Cis-treated group compared
with those in the normal group. Reduction in the total renal GSH level was clearly inhibited in the magnetically-targeted MSC
treatment group (3.63+0.09 vs 2.29+0.12 nmol/mg; P<0.001; Figure 3E). The increase in renal MDA levels was also
significantly inhibited in the magnetically-targeted MSC treatment group (6.77+0.11 vs 12.39+£0.62 nmol/mg; P<0.05;
Figure 3F). Additionally, the magnetically-targeted MSC treatment group had a stronger effect in reversing the decrease in
GSH levels and the increase in MDA levels than the MSC treatment group (GSH: 3.63+0.09 vs 3.34+0.1 nmol/mg; P<0.05;
MDA: 6.76+0.11 vs 7.98+£0.16 nmol/mg; P<0.001) and MSC-NP treatment group (GSH: 3.6340.09 vs 3.33+0.1 nmol/mg;
P<0.05; MDA: 6.76+0.11 vs 8.06+0.11 nmol/mg; P<0.001). Oxidative stress leads to the production of the harmful lipid
product, MDA.** Meanwhile, the activity of the antioxidant defense enzymes decrease,*’ leading to cell damage. These
changes cause a change in oxidative stress markers: decreased levels of the antioxidant enzyme, GSH, and increased
expression of MDA. In this study, we observed that magnetically-targeted MSCs exerted significant antioxidant effects.

Studies have reported that labeled cells (PKH26, Dil, and DID) were mostly detected in the lungs and much less in
the liver and kidneys.****>* The number and survival of engrafted MSCs in the lesion directly affect the repair outcomes
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Figure 3 Magnetically-targeted MSC treatment reduces the clinical manifestations of AKI. (A) The survival rate of mice in each experimental group. (B) Weight changes of mice
during treatment (n=3). Cr (C) and BUN (D) levels in mice (n=3 for each group). GSH (E) and MDA (F) levels examined in kidney tissue homogenates with the respective detection
kits (n=3 for each group). Data are expressed as the mean + SD. P-values < 0.05 indicate statistical significance, denoted as *P < 0.05, **P < 0.01 and ***P < 0.001.
Abbreviations: MSC, mesenchymal stem cell; AKI, acute kidney injury; Cr, creatinine; BUN, blood urea nitrogen; GSH, glutathione; MDA, malondialdehyde; SD, standard
deviation.

of MSC transplantation strategies. The approach for targeting MSCs involves magnetic guidance, wherein cells labeled
with magnetic NPs are directed toward the target organ using an external magnetic field.

To confirm whether the magnetically-targeted MSCs migrated to the kidneys, fluorescence imaging was performed.
For in vivo fluorescence imaging, MSCs were labeled with Cy5.5 before injection. Fluorescence imaging 24 h after
injection showed that in the MSC or MSC-NP group, a small number of MSCs accumulated in the kidney, whereas in the
magnetically-targeted MSC group, a large number of cells targeted the kidney (Figure 4A). These findings indicate that

more MSCs homed to the injured kidneys in the magnetic group than in the other two non-magnetic groups. The
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Figure 4 Magnetically-targeted MSC treatment reduces structural renal injuries in AKI mice models. (A) Live animal images of injured pancreas after injection of NP-labeled
or unlabeled MSC with or without magnetic field. (B) Representative histology of kidney tissues by HE staining. Scale bar; 100 pm. (C) Representative images of PAS staining.
Scale bar, 100 pm. (D and E) Immunohistochemical staining showing expression of injury markers KIM-I and TIMP-1. Scale bar, 100 pm. (F) Immunohistochemistry was used
to detect the oxidative stress marker 8-OHdG. Scale bar, 100 um.

Abbreviations: MSC, mesenchymal stem cell; AKI, acute kidney injury; NP, nanoparticle; HE, hematoxylin and eosin; PAS, periodic acid Schiff; 8-OHdG, 8-hydroxy-2’-
deoxyguanosine.

magnetically-targeted MSC group improved therapeutic efficacy by increasing the delivery of therapeutic cargo to the
target site and avoiding isolation of cell therapy.

HE staining of kidney tissue revealed that Cis induced significant kidney injury, such as extensive swelling, vacuolar
degeneration, and detachment of epithelial cells, whereas kidney injury was largely weakened in mice treated with MSCs
or MSC-NPs (Figure 4B). PAS staining showed severe renal histological abnormalities in mice, including tubular cell
detachment, tubular cell death, and cast formation, whereas kidney damage was significantly reduced in mice treated with
MSC or MSC-NPs. The kidneys from magnetically-targeting MSC-treated mice showed a nearly normal morphology
(Figure 4C). However, mice in the magnetically-targeted MSC group showed less histological evidence of kidney injury
than those in the MSC or MSC-NP groups. To test the protective features of MSC or MSC-NPs on renal tubules, KIM-1
and TIMP-1 (tubule injury markers®'*>%) were evaluated. Immunohistochemistry staining revealed that the normal group

did not express KIM-1 and TIMP1, but Cis-induced AKI remarkably upregulated both markers (Figure 4D and E). The
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MSC and MSC-NP groups showed partially reduced expression of KIM-1 and TIMP1. Moreover, the magnetically-
targeted MSC group almost completely eliminated their presence. Similar to the results of the in vitro experiments,
8-OHdG, a key biomarker widely used for studying oxidative injury-related diseases,” was notably increased in the Cis-
treated group in vivo but declined significantly in the MSC- or MSC-NP-treated groups (Figure 4F). Among the three
MSC treatment groups, the magnetically-targeted MSC experimental group showed the lowest 8-OHdG expression.
Overall, these data indicate that MSCs and MSC-NPs can alleviate Cis-induced renal injury and oxidative stress in mice;
however, magnetically-targeted MSCs are more effective.

Inflammation plays an important role in Cis nephrotoxicity.”*> T-cells, natural killer (NK) cells, and macrophages play
a critical role in mediating injury repair and renal function recovery in AKI.>® The changes in immune cell populations are
summarized in Figure 5SA. The number of CD68-positive macrophages and CD3-positive T cells in Cis-treated mice (no
MSCs) was significantly higher. After treatment with MSCs alone or MSC-NPs, the expression of CD68 and CD3 decreased.
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Figure 5 Enhanced anti-inflammatory efficacy of magnetically-targeted MSCs in AKI mice. (A) Representative immunostaining images of CD68+ macrophages, CD3+ T cells,
or CDI b+ NKs in the tubulointerstitium. Scale bar, 100 um. (B) Inflammatory cytokine concentrations in the blood serum. Each group has three mice. Data are expressed
as the mean * SD. P-values < 0.05 indicate statistical significance, denoted as *P < 0.05, **P < 0.01, or **P < 0.001.

Abbreviations: MSC, mesenchymal stem cell; AKI, acute kidney injury; NKs, natural killer cells; SD, standard deviation.
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In addition, interstitial infiltration of inflammatory cells in the kidney was markedly inhibited by the combination of
magnetically-targeted MSC. CD11b expression by NK cells was significantly reduced by MSCs alone, and MSC-NP
treatment was further reduced by the combination of magnetically-targeted MSCs. One possible repair mechanism involves
MSCs combating inflammation by reducing multiple inflammatory cytokines or secreting several anti-inflammatory factors.’’
We evaluated the serum levels of various cytokines to investigate the effects of the three MSC groups on systemic
inflammation and observed that the levels of IL-1p, IL-2, IL-5, IL-12, IFN-y, and TNF-a in mouse serum of the magnetically-
targeted MSC-treated group were lower than those in the MSC or MSC-NP-treated groups (P<0.05, Figure 5B). These data
suggest that the anti-inflammatory efficacy of the combination of magnetically-targeted MSCs was significantly higher than
that of MSCs alone or that of MSC-NP treatment. Collectively, these results suggest that the magnetically-targeted MSCs can
alleviate murine AKI and mitigate proximal tubular injury. The anti-inflammatory activity of MSCs is believed to be the major
mechanism by which they protect against renal damage.’® In the present study, the magnetically-targeted MSCs may reduce
local inflammatory responses by increasing the number of MSCs retained at the site of injury, enhancing paracrine effects and
inhibiting inflammatory cell infiltration and cytokine secretion.

A characteristic pathological manifestation of AKI consists of necrosis and loss of renal tubular epithelial cells.*® Modulation
of cell proliferation and apoptosis may be another mechanism by which MSCs exert their therapeutic effects.®® Compared with
the normal group, the AKI group had dramatically reduced Ki67+ cells in the kidney (Figure 6A). A marked increase in Ki67+
cells in the MSC-treated groups was observed compared with that in the PBS control group (4.33+1.04% vs 16.4+1.28%;
P<0.001). Compared to those in the magnetically-targeted MSCs group, the Ki67+ cells in the MSC group (24+1.73% vs 16.4
+1.28%; P<0.01) and MSC-NP group showed significant reduction (24+1.73% vs 16.17£1.26%; P<0.01; Figure 6C). This result
indicates that magnetically-targeted MSCs can enable a larger proportion of MSCs to reach the site of injury, providing greater
and more sustained release of mediators, thereby achieving the ability to repair injury tissue cell proliferation.
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Figure 6 Magnetically-targeted MSCs promote proliferation and inhibit apoptosis. Immunohistochemical staining of Ki67 (A) and TUNEL (B) staining of kidney tissues in
each group. Scale bar, 100 um. (C) Histograms showing the percentage of Kié7 (+) cells (n=3). (D) Histograms showing the percentage of TUNEL (+) cells (n=3). Each
column presents data as the mean * SD. P-values < 0.05 indicate statistical significance, denoted as **P < 0.01, or **P < 0.001.

Abbreviations: MSCs, mesenchymal stem cell; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling; SD, standard deviation.
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Accumulating evidence has shown that apoptosis plays a crucial role in Cis-induced nephrotoxicity.®' ** TUNEL staining
revealed that Cis significantly increased apoptosis compared with that in the normal group, but this effect was significantly
decreased in all MSC-treated groups compared with that in the PBS group (Figure 6B). The apoptosis rate was lower in the
magnetically-targeted treatment group than in the MSC (6.16+0.62% vs 18.33+£1.24%; P<0.001) and MSC-NP treatment
groups (6.16+0.62% vs 18.67+1.24%; P<0.001; Figure 6D), further corroborating the above findings. The magnetically-
targeted MSCs significantly inhibited Cis-induced apoptosis in AKI compared with MSCs and MSC-NPs. These results
indicated that MSC decreased Cis-induced renal apoptosis in mice. Overall, magnetically-targeted MSCs showed more
efficient repair ability than MSCs or MSC-NPs in Cis-induced AKI. The magnetically-targeted MSCs successfully restored
physiological measures of kidney function, reduced the histological and molecular markers of injury, attenuated local
inflammation, and restored proliferative and anti-apoptotic activity, demonstrating its potent regenerative potential. These
findings indicate that magnetically-targeted MSCs may represent an effective therapeutic strategy for AKI.

The core mechanism of MSCs for repairing tissue damage involves the release of paracrine or endocrine factors and
direct cell—cell interactions.* With the application of external magnetic force, magnetized MSCs presented increased
expression of integrins and adhesion molecules.®> These changes may contribute to increased MSC adherence and
engraftment to target sites in vivo, which is particularly beneficial to renal applications. Therefore, higher local MSC
concentration would arguably result in a greater release of secretory vesicles and soluble factors with immunomodula-
tory, anti-inflammatory, and potentially repair properties. Although magnetically-targeted MSCs have been shown to
enhance the therapeutic efficacy in many experimental models, some safety issues need to be addressed prior to
conducting clinical trials using this technique. These concerns include the biocompatibility between MSCs and NPs,
the impact of external magnetic field on MSCs, and adverse effects in vivo.

Conclusions

In conclusion, the targeting of labeled MSC into the AKI mouse kidney was achieved with the use of an external magnetic
field. We have described a novel and potentially useful treatment approach and provide evidence that the combination of
magnetic NP uptake and external magnetic field therapy can increase the number of PL-MSCs at the site of injury, enhance
paracrine effects, release more soluble factors with immunomodulatory and anti-inflammatory effects, and improve recovery,
outperforming PL-MSC treatment alone. Our research findings indicate that magnetic targeting is a promising and valuable
tool that can ameliorate Cis-induced nephrotoxicity by enhancing the aggregation ability of PL-MSC at the site of injury.
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