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Background: Diabetic nephropathy (DN) is a prevalent complication of diabetes mellitus and constitutes the primary cause of
mortality in affected patients. Previous studies have shown that placental mesenchymal stem cells (PL-MSCs) can alleviate kidney
dysfunction in animal models of DN. However, the limited ability of mesenchymal stem cells (MSCs) to home to damaged sites
restricts their therapeutic potential. Enhancing the precision of PL-MSCs’ homing to target tissues is therefore vital for the success of
cell therapies in treating DN.

Methods: We developed Fe;O4 coated polydopamine nanoparticle (NP)-internalized MSCs and evaluated their therapeutic effective-
ness in a mouse model of streptozotocin- and high-fat diet-induced DN, using an external magnetic field.

Results: Our study confirmed that NPs were effectively internalized into PL-MSCs without compromising their intrinsic stem cell
properties. The magnetic targeting of PL-MSCs notably improved their homing to the kidney tissues in mice with DN, resulting in
enhanced kidney function compared to the transplantation of PL-MSCs alone. Furthermore, the anti-inflammatory and antifibrotic
attributes of PL-MSCs played a role in the recovery of kidney function and structure.

Conclusion: These results demonstrate that magnetically targeted therapy using PL-MSCs is a promising approach for treating
diabetic nephropathy.
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Introduction
Diabetes is among the most prevalent diseases globally, and its incidence continues to rise. The complications associated
with type 2 diabetes, along with the adverse reactions to antidiabetic treatments, significantly affect patients’ quality of
life and pose direct health risks.' Therefore, preventing and delaying diabetes-related complications are essential clinical
objectives.”* Diabetic nephropathy (DN), a primary chronic microvascular complication of diabetes, is a leading cause of
end-stage renal disease.* Once DN progresses to end-stage kidney disease, its complex metabolic characteristics render it
more challenging to treat compared to other kidney diseases. DN’s key pathological features include glomerular sclerosis,
thickening of the basement membrane, and mesangial dilation. Other features are apoptosis and loss of podocytes, renal
interstitial inflammatory infiltration, and fibrosis.” Although drugs that lower blood sugar or blood pressure, along with
angiotensin inhibitors, can delay the onset of DN, they cannot completely prevent it.® Presently, there is no cure for DN,
making the exploration of novel, DN-specific treatment strategies imperative.

Stem cell therapy represents an innovative approach for treating various diseases, potentially outperforming single-agent
drug therapies.” Increasing evidence indicates that mesenchymal stem cells (MSCs) not only improve renal function® but also
prevent the progression of DN*'® and reduce overt albuminuria.'""'* Placental MSCs (PL-MSCs) are particularly promising
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due to their higher proliferation potential, differentiation capabilities, and lower immunogenicity compared to MSCs from
other tissues."® For effective treatment, it is crucial to achieve efficient homing of MSCs to damaged tissues.'' Generally
administered intravenously, MSCs often show low uptake at injury sites, suggesting that enhancing their targeted homing
capability could be a novel strategy to improve DN treatment efficacy.

Magnetic targeting systems using magnetically labeled cells have proven more effective in cell delivery to injury sites
than non-magnetic systems.'*'*> Recent studies demonstrate that external magnets can effectively guide magnetically
labeled cells to specific locations in vivo, a process known as magnetic cell attraction.'® Superparamagnetic iron oxide
nanoparticles (NPs) are ideal for this purpose, attaching to and being internalized by MSC surfaces. These NPs serve as
efficient tracers for MSCs, with labeling efficiencies > 90% without transfection agents.'”"'® Due to their biocompatibility
and responsiveness to external magnetic fields, NPs are invaluable in advanced biomedical applications, including MRI
cell tracking, drug delivery, and magnetic cell attraction.

In this study, we developed a novel type of NP-labeled PL-MSCs and employed a magnetic targeting delivery
approach to direct their migration to the kidneys. We also assessed the therapeutic effects of these NP-labeled MSCs in
a mouse model of DN.

Materials and Methods
The Separation and Identification of Placental Mesenchymal Stem Cells (PL-MSCs)

MSCs were isolated from human placentas following normal cesarean births and cultured according to previously
described methods.'® Written informed consent was obtained from all participants, and the study received approval from
the Ethics Committee of the China-Japan Union Hospital of Jilin University. The PL-MSCs were cultured in osteogenic
and adipogenic differentiation media (StemPro® Osteogenesis Differentiation kit; Invitrogen Australia Pty Ltd.) for 28
and 21 days, respectively. Subsequently, they were stained with Alizarin Red S for osteogenic differentiation and Oil Red
O for adipogenic differentiation. Key cell surface markers, including CD73, CD45, CD34, and CD105 (Beckman, USA),
were identified using flow cytometry (FACScan; BD Biosciences).

Synthesis and Characterization of Fe30,4 Coated with Polydopamine Nanoparticles
Fe;0, coated with Polydopamine (Fe;O,@PDA) NPs were synthesized following the method previously described.'
The synthesized NPs were examined using an H-800 transmission electron microscope (Hitachi Ltd., Tokyo, Japan).
Additionally, the hydrodynamic size of the NPs was determined using NanoSight Nanoparticle Tracking Analysis
(NTA) 3.1.

Internalization of Fe3O4 Coated with Polydopamine Nanoparticles by PL-MSCs
Third-passage PL-MSCs were seeded at a density of 3x10° cells per well in a six-well plate, using 2 mL of complete
medium, and incubated under standard conditions for 24 h. Various concentrations of NPs (0, 25, 50, 100, 150, and 200
pg/mL) were added to the medium and incubated for an additional 24 h. Post-incubation, the wells were thoroughly
washed with warm, sterile phosphate-buffered saline (PBS) to eliminate any residual NPs.

Detection of Intracellular Iron via Prussian Blue Staining

To detect iron particles within the labeled PL-MSCs, Prussian blue staining was employed. Initially, the cells were fixed in
4% paraformaldehyde for 30 min and subsequently washed three times with PBS. After fixation, the cells were stained with
Prussian blue staining solution (Beijing Solarbio Science and Technology Co. Ltd., Beijing, China) for 30 min. Following
staining, the cells were thoroughly rinsed with water and examined under a microscope (CKX 41; Olympus, Japan).

Detection of Intracellular Iron with Inductively Coupled Plasma-Optical Emission
Spectroscopy

To measure intracellular iron content, we utilized the PerkinElmer Optima 3300DV system (PerkinElmer Inc., Waltham,
MA, USA) employing Coupled Plasma-Optical Emission Spectroscopy (ICP-OES).
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Detection of Intracellular Iron with Transmission Electron Microscopy

The kidney tissues and PL-MSCs labeled with NPs at a concentration of 50 pg/mL, were fixed in 2.5% glutaraldehyde
for 24 h at 4 °C. Following fixation, the samples were washed with PBS and then post-fixed with 1% osmium tetroxide
for 2 h. After undergoing dehydration in graded ethanol solutions, the tissue and cell samples were prepared for
examination using Transmission electron microscopy (TEM)(HITACHI, HT7800, Japan).

Assessment of Nanoparticle Cytotoxicity

The PL-MSCs were exposed to various concentrations (0, 25, 50, 100, 150, and 200 pg/mL) of NPs. A Cell Counting
Kit-8 (CCKS8) assay (KeyGEN BioTECH, Nanjing, China) was conducted to assess cell viability and proliferation
following the manufacturer’s instructions. The NP concentration demonstrating the lowest cytotoxicity was selected for
further in vitro and in vivo studies.

To evaluate whether NPs induce aging in MSCs, a soluble B-galactosidase assay was performed as previously described.'*
Briefly, MSCs were plated in six-well plates at a density of 3x10° cells per well. After 12 h, the medium was removed, and the
MSCs were incubated with varying NP concentrations (0, 25, 50, 100, 150, and 200 pg/mL) in 2 mL of medium for 24 h. The
cells were then lysed through repeated freeze/thaw cycles. The supernatants were collected for f-galactosidase analysis using
a human B-galactosidase ELISA kit (Molbio, Shanghai, China), in accordance with the manufacturer’s protocol. Absorbance
was measured at 450 nm using a microplate reader (Bio-Rad Laboratories Inc., Hercules, CA, USA).

Animals

C57BL/6J mice, aged 5 weeks, were acquired from Beijing Weitong Lihua Experimental Animal Technology Co. Ltd.,
China. All in vivo animal experiments received approval from the Jilin University Animal Welfare and Research Ethics
Committee. These experiments were conducted in accordance with the “Guidelines for the Ethical Review of Laboratory
Animal Welfare (GB/T 35892-2018).”

Induction of Diabetic Nephropathy in Mouse Model and Outline of Experimental

Protocols
Mice were acclimatized for one week before being placed on a high-fat diet (HFD, Beijing HFK Bioscience Co., Ltd,
China, No0.12492), which consisted of 60% fat, modified by the addition of 3.2% soybean oil, and was provided ad
libitum for eight weeks. The mice on this diet were then intraperitoneally injected with streptozotocin (STZ) (dissolved in
sodium citrate, pH 4.5) at a dosage of 30 mg/kg body weight per day for five consecutive days to induce diabetes
(Figure 1). One week later, blood samples were taken from each mouse’s tail vein for five consecutive days. Mice
exhibiting hyperglycemia (blood glucose levels >11.1 mmol/L) were identified as successful models of diabetes."’
After developing diabetes, the mice continued on the HFD for an additional 12 weeks and were then randomly
divided into five groups, each containing 10 mice: a normal control group (normal), a PBS-treated group (PBS), an MSC-
treated group (MSC), an MSC + NPs group (MSCs labeled with NPs, MSC-NP), and a magnetically targeted MSC group
(MSC:s labeled with NPs and directed using a magnetic field, MSC-NP-MAG). PL-MSCs or PL-MSCs labeled with NPs
(5 x 10°) were resuspended in 0.2 mL of PBS and administered intravenously via the tail vein. In the MSC-NP-MAG
group, after the injection of NP-labeled MSCs, a magnet (1.2 T) was positioned under the kidney area for 20 min
(Figure 1). At the end of the experiment, all mice were euthanized for the collection of kidney tissue, urine, and blood
samples.

Physiological and Biochemical Analysis

Measurements of water intake, body weight, kidney weight, and blood glucose levels were conducted. Urine samples
were collected for the determination of urine creatinine levels. Similarly, blood samples were analyzed to assess serum
creatinine and blood urea nitrogen levels, using detection kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). Additionally, microalbuminuria levels in urine were quantified using a mouse microalbuminuria ELISA kit
(Mlbio, Shanghai, China).
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Figure | Schematic Overview of the Entire Experiment.

Histological Analysis, Inmunohistochemistry, and Immunofluorescence Staining

Kidney tissues were fixed in 4% polyformaldehyde, embedded in paraffin, and sectioned. The sections were stained with
Hematoxylin and Eosin (H&E) for general histology. To assess pathological damage and fibrosis, sections were stained
with Periodic Acid-Schiff (PAS) and Masson’s Trichrome (MT), respectively. The stained slices were then scanned using
the Panoramic SCAN (3DHISTECH Ltd, Budapest, Hungary).

For immunohistochemistry, the sections were incubated overnight at 4 °C with primary antibodies: rabbit anti-a-smooth
muscle actin (0-SMA) (1:3000, Proteintech, Wuhan, China), rabbit anti-transforming growth factor (TGF)-f (1:200,
Boster, Wuhan, China), and mouse anti-MAB1281 (1:200, EMD Millipore, MA, USA). This was followed by the addition
of a goat anti-rabbit IgG secondary antibody with horseradish peroxidase labeling (Boster). After washing with PBS, the
sections were exposed to 3, 3’-diaminobenzidine for 30 min to visualize the proteins. The stained sections were photo-
graphed using the Nikon ECLIPSE Ci upright microscope (Nikon, Japan).

For immunofluorescence staining, kidney paraffin sections were incubated overnight at 4 °C with rabbit anti-F4/80
(1:200, Abcam, Cambridge, UK), rabbit anti-CD3 (1:200, Bioss, China), and rabbit anti-collagen IV antibodies (1:100,
Abcam). After a PBS wash, corresponding secondary antibodies (Boster) were applied and incubated at room tempera-
ture (24 °C) for 60 min in the dark. Finally, 4°, 6-diamidino-2-phenylindole (DAPI) staining (Beyotime, Shanghai, China)
was performed, and images were captured using a fluorescence microscope (BX 53; Olympus, Japan).

Serum Cytokine Profile Analysis

The Luminex assay was utilized to quantify cytokines in serum samples. These included interleukin (IL)-1f, IL-2, IL-4,
IL-6, IL-10, IL-12, tumor necrosis factor (TNF)-a, and interferon (IFN)-y. This analysis was conducted in accordance
with the manufacturer’s protocol and as previously described.'* Data analysis was performed using the Milliplex Array
V5.1 software (Luminex Corporation, Austin, TX, USA).

RNA Extraction and Quantitative PCR Assay

Total RNA was extracted from kidney tissues using TRIzol reagent (Life Technologies, CA, USA). The reverse
transcription process followed the protocol provided by TaKaRa (Osaka, Japan). Subsequently, Reverse Transcription-
Polymerase Chain Reaction (RT-PCR) was carried out using a StepOnePlus Quantitative PCR (qPCR) System (Applied
Biosystems, Warrington, UK). Primers were custom-designed and synthesized by Sangon Biotechnology (Shanghai,
China). The specific sequences of these primers for qPCR are detailed in Table 1. Each sample was analyzed in triplicate,

and the relative expression levels were determined using the comparative 2 “*“T method.
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Table | Gene-Specific Forward and Reverse Primer Sequence

Gene Direction Primer Sequences

p-Actin | Forward CACCCGCGAGTACAACCTTC
Reverse CCCATACCCACCATCACACC

IL-1p Forward CTCGCAGCAGCACATCAACAAG
Reverse CCACGGGAAAGACACAGGTAGC

IL-6 Forward TTCTTGGGACTGATGCTGGTGAC
Reverse CTGTTGGGAGTGGTATCCTCTGTG

TGF-$ Forward GGGCATCGCTCATCTCCACAG
Reverse GCAACAGGTCAAGTCGTTCTTCAC

TNF-a Forward CCACCACGCTCTTCTGTCTACTG
Reverse TGGTTTGTGAGTGTGAGGGTCTG

IL-4 Forward F-ATGGATGTGCCAAACGTCCT
Reverse R-AAGCACCTTGGAAGCCCTAC

IL-2 Forward GACCTCTGCGGCATGTTCTGG
Reverse GTCCACCACAGTTGCTGACTCATC

IL-10 Forward TGGACAACATACTGCTAACCGACTC
Reverse AGCCGCATCCTGAGGGTCTTC

IL-12 Forward GCCAGGGACCAGCAAACACATC
Reverse TTCTCAACGCAGCAGCCATCAC

IFN-y Forward CTGGAGGAACTGGCAAAAGGATGG
Reverse TCGCCTTGCTGTTGCTGAAGAAG

Statistical Analysis

Data are presented as mean + standard error of the mean (SEM). Statistical analyses were conducted using SPSS software
(version 22.0; Chicago, IL, USA). Group comparisons were made using analysis of variance (ANOVA), followed by
Bonferroni post hoc tests for multiple comparisons. P < 0.05 was considered statistically significant.

Results and Discussion
We investigated the effect of NP concentration on MSC labeling by incubating MSCs with varying NP concentrations for
24 h. At a concentration as low as 25 pg/mL, nearly 100% of MSCs tested positive for Prussian blue staining, indicating
NP internalization. Notably, the Prussian blue intensity increased in proportion to the NP concentration (Figure 2A).

Our findings suggest that NPs are efficiently incorporated into target cells, and the extent of incorporation depends on
the NP concentration in the culture medium. We quantified the cellular uptake of NPs by measuring the iron content in
cells incubated with NP concentrations ranging from 25 to 200 pg/mL for 24 h. Consistent with the Prussian blue results,
cellular iron content increased with higher NP concentrations in the medium (Figure 2B). We successfully labeled MSCs
with up to 26.1 + 1.0 pg of iron per cell. In summary, NPs in the culture medium effectively and efficiently label MSCs.

Cell viability and proliferation ability are critical for the success of cell therapy and tissue engineering.’’>* We
evaluated NP toxicity by incubating PL-MSCs with different NP concentrations for 24 h. No cytotoxicity was observed at
NP concentrations of 25 or 50 pg/mL. However, concentrations of 150 and 200 pg/mL induced cytotoxicity (Figure 2C).
B-Galactosidase levels significantly increased at NP concentrations of 150 and 200 pg/mL but remained unchanged
below 100 ug/mL (Figure 2D). According to the CCKS assay, cell proliferation was not significantly affected at NP
concentrations of 25 and 50 pg/mL. However, concentrations above 100 pg/mL reduced proliferative capacity, possibly
due to iron oxide toxicity and the generation of free radicals through the Fenton reaction.”® Degradation of NPs in acidic
endosomal/lysosomal environments releases free iron into the cytoplasm, which oxidizes to iron oxide.* These
observations suggest that an NP concentration of 50 pg/mL is optimal for the growth and proliferation of PL-MSCs,
and was thus selected for further studies.

To determine if endocytosis was the mechanism for NP entry into the cytoplasm, we used TEM to locate NPs within
the cells. Most NPs were found inside endosome-like structures in the cytoplasm (Figure 2F and G), with none detected
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Figure 2 Internalization of Nanoparticles (NPs) into Placental Mesenchymal Stem Cells (PL-MSCs). (A) MSCs stained with Prussian Blue to highlight iron (Fe) content. Scale
bar = 50 pm. (B) Quantification of Fe concentration using Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) (n=3). (C) Assessment of NP-induced
cytotoxicity in MSCs labeled with NPs at varying concentrations for 24 h (n=4). (D) Measurement of [-galactosidase levels in NP-labeled MSCs using ELISA (n=4). (E)
Proliferation rates of cells labeled with NPs at different concentrations (n=5). (F and G) Transmission Electron Microscopy (TEM) images showing NPs internalized into an

MSC at a concentration of 50 pg/mL. The red arrow indicates NP. Data are presented as mean * S.E.M. P-values < 0.05 were considered statistically significant, denoted as
*P < 0.05; P < 0.01; *¥P < 0.001.
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in the nucleus of MSCs. To determine the impact of NPs on the essential characteristics of MSCs, we assessed these
characteristics in the MSC+NP group using the minimal criteria defined for MSCs.>> Flow cytometry analysis revealed
strong positive expression of surface markers CD73 and CD105 in PL-MSCs, while hematopoietic progenitor markers
CD34 and CD45 were absent (Figure 3A). This indicates that NP labeling did not alter the immunophenotype of the
PL-MSCs. MSCs are multipotent cells capable of differentiating into various lineages such as osteocytes, chondrocytes,
and adipocytes.”®*” We observed that both untreated MSCs and NP-MSCs exhibited similar differentiation capabilities
(Figure 3B). Overall, our findings suggest that 50 pg/mL NPs do not compromise the fundamental characteristics of these
stem cells.

Figure 4 illustrates significant increases in various renal functional parameters, including water intake (Figure 4A),
kidney weight (Figure 4D), kidney index (Figure 4E), serum urea nitrogen (Figure 4F), serum creatinine (Figure 4G),
urine creatinine (Figure 4H), and urinary albumin (Figure 4I), in the DN group compared to the normal group. In
contrast, these parameters were notably reduced in the PL-MSC-treated group. Notably, this reduction was more
pronounced in the group receiving magnetically targeted PL-MSC transplantation than in the group treated with PL-
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Figure 3 Fundamental Characteristics of Nanoparticle (NP)-Labeled Placental Mesenchymal Stem Cells (PL-MSCs). (A) Immunophenotyping of MSCs labeled with NPs
compared to unlabeled MSCs. (B) Differentiation potential of MSCs into adipogenic and osteogenic lineages under various culture conditions.
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MSCs alone. Furthermore, body weight, which significantly decreased in the DN group relative to the normal group,
showed improvement after PL-MSC treatment (Figure 4B). The weight improvement was more significant in the
magnetic targeted PL-MSC treatment group compared to the PL-MSC-treated group alone.

These findings indicate that magnetically targeted PL-MSCs effectively improve renal functional parameters in mice
with DN, suggesting a protective effect on renal function. Previous studies have demonstrated that transplantation of
bone marrow or umbilical cord MSCs can reduce proteinuria, serum creatinine, serum urea nitrogen, and urinary
creatinine in diabetic mice and rats.***2° Importantly, the renal protection afforded by PL-MSCs was not due to
glycemic control, as intravenously administered MSCs did not affect elevated serum glucose levels in mice with DN.
Blood glucose levels in the three MSC-treated groups remained unchanged compared to the DN group (Figure 4C). This
outcome aligns with previous reports'' and may be attributed to the delayed treatment with PL-MSCs, potentially
missing the optimal window for repairing acute pancreatic inflammatory injury. If the pancreatic islets are irreversibly
damaged, their insulin-secreting function cannot be restored through MSC transplantation.

H&E staining revealed glomerular hypertrophy in mice with DN (Figure 5A). Enhanced extracellular matrix
deposition was noted in the glomeruli and on the tubular basement membrane. Additionally, glomeruli exhibited
thickened basement membranes and increased Bowman’s space, as shown by PAS staining (Figure 5B). MT staining
further identified glomerular and tubulointerstitial fibrosis in DN mouse kidneys (Figure 5C). However, treatment with
PL-MSCs, both with and without NP labeling, alleviated these pathological changes. Notably, the group treated with
magnetically targeted MSCs showed significantly improved pathological abnormalities compared to the non-targeted
MSC-treated group.

TEM examination of the glomerulus revealed the ultrastructure of renal tissue. In the normal group, the glomerular
filtration barrier comprised thin, fenestrated endothelial cells, regular glomerular basement membranes, and podocyte
foot processes. The DN group exhibited diffuse thickening of the glomerular basement membrane and extensive foot
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Figure 4 Comparative Effects of NP-Labeled and Unlabeled Placental Mesenchymal Stem Cell (PL-MSC) Treatments on Biochemical Indices in Mice with Diabetic
Nephropathy (DN). (A) 24-hour water intake (n=5), (B) Body weight (n=5), (C) Blood glucose concentration curve (n=5), (D) Kidney weight (n=5), (E) Kidney index
(n=5), (F) Serum urea nitrogen (n=5), (G) Serum creatinine (n=5), (H) Urine creatinine (n=5), and (I) Urinary albumin (n=5). Data are presented as mean * S.E.M. P-values <
0.05 were considered statistically significant, denoted as *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 5 Histopathological Analysis of Tissues from Mice with Diabetic Nephropathy (DN). (A) Hematoxylin and Eosin (H&E) staining. (B) Periodic Acid-Schiff (PAS)
staining. The red arrow indicates Bowman’s space. (C) Masson’s Trichrome staining. (D) Transmission Electron Microscopy (TEM) of renal tissues. The red arrow indicates
thickening of the glomerular basement membrane. (E) Identification and distribution of Placental Mesenchymal Stem Cells (PL-MSCs) in the kidneys of mice with DN. The
red arrow indicates MAB128|-positive cells in the kidney tissue.

process fusion and loss. In contrast, the MSC-treated group, particularly the magnetically targeted group, showed thin,
regular glomerular basement membranes and intact podocyte foot processes (Figure 5D). Studies indicate that podocyte
damage and loss, often due to prolonged high-glucose exposure, lead to renal dysfunction and proteinuria.**~? Our
results suggest that magnetic targeting of MSCs can mitigate podocyte fusion and detachment, thereby preserving renal
function and slowing DN progression.

Immunohistochemical staining for MAB1281 was used to identify PL-MSCs in mouse kidneys one week post-
transplantation. In MSC-treated groups, few MAB1281-positive cells with brown nuclei were present in the kidneys.
However, a larger number of MAB1281-positive cells were observed in the magnetically targeted MSC-treated group,
primarily localized in the glomeruli. No MAB1281-positive cells were detected in the normal or DN groups (Figure 5E).
This suggests that effective MSC homing to injured tissues is vital for successful treatment. Typically, MSCs are
administered intravenously, which may lead to low uptake at the injury site. Some studies report significant MSC
implantation in damaged tissues,'*"''*** while others indicate that intravenous administration does not efficiently target
MSCs to injured organs.>® Furthermore, arterial MSC injection has been explored for immune regulation in kidney
transplantation, but MSCs often accumulate in lung capillaries, resulting in insufficient targeting to injured tissue.>*
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These findings demonstrate that magnetic guidance significantly enhances MSC migration compared to non-magnetically
guided MSCs.

Traditionally, DN has not been classified as an inflammatory disease. Yet, recent studies highlight the significant role
of inflammatory responses in its pathogenesis.’’ Additionally, there is growing evidence that inflammation is key in
initiating and progressing DN.**3° Among the therapeutic properties of MSCs, their anti-inflammatory efficacy is
particularly notable. In our study, the DN group exhibited higher serum levels of pro-inflammatory cytokines, such as
IL-1B, IL-2, IL-6, IL-12, IFN-y, and TNF-a (Figure 6A), along with increased mRNA expression levels in kidney tissue
(Figure 6B), compared to the normal group. These levels were significantly reduced after PL-MSC treatment, with
a more pronounced decrease in the group treated with magnetically targeted MSCs. Notably, the mRNA expression levels
of IL-2, IL-6, IFN-y, and TNF-a were considerably lower in the magnetically targeted MSC-treated group than in the PL-
MSC-treated group. The magnetic targeting enhanced the precise homing of injected PL-MSCs to the kidney tissues,
thereby significantly boosting their anti-inflammatory capabilities. Consequently, the mRNA expression of inflammatory
factors in the renal tissue of the magnetically targeted MSC group was substantially reduced, inhibiting the inflammatory
response. These findings align with other studies that identified inflammation as a potential therapeutic target, noting that
decreased inflammation improves kidney function.®*° Thus, magnetic targeting of MSCs effectively suppresses systemic
and renal inflammation, improving diabetic kidney function by decreasing serum and kidney pro-inflammatory factors
and increasing anti-inflammatory factors.

The accumulation of inflammatory cells in the kidneys is strongly linked to DN.*'** Additionally, the inhibition of
inflammatory cell recruitment to the kidneys has been shown to protect against experimental DN.** Monocytes and
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Figure 6 Impact of Mesenchymal Stem Cells (MSCs) on Inflammatory Cytokines in Mice with Diabetic Nephropathy (DN). (A) Temporal profile of cytokine levels in the
serum of DN mice treated with phosphate-buffered saline (PBS), MSCs, nanoparticle (NP)-labeled MSCs, or magnetically targeted PL-MSCs (n=5). (B) Relative mRNA
expression of inflammatory cytokines in kidney tissues (n=4). Data are presented as mean * S.E.M. P-values < 0.05 were considered statistically significant, indicated as
follows: *P < 0.05; **P < 0.01; **P < 0.001.
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macrophages are implicated in the pathogenesis of DN, and elevated levels of inflammatory biomarkers are indicative of an
increased risk for DN.** MSCs effectively regulate the migration and filtration of immune cells, thereby mitigating
inflammatory activation. In our study, the administration of PL-MSCs in mice with DN significantly reduced the recruitment
of Ly6G " neutrophils (Figure 7A), CD3" lymphocytes (Figure 7B), and F4/80" macrophages (Figure 7C) to the kidney tissue.
This reduction in inflammatory cell infiltration was confirmed by immunofluorescence staining, illustrating a decrease in the
overall inflammatory response. Notably, treatment with magnetically targeted MSCs resulted in even less infiltration of
inflammatory cells compared to other MSC treatments. Current research underscores the pivotal role of macrophages in the
inflammatory process.*>*® A variety of cytokines and chemokines released by macrophages, lymphocytes, and kidney cells
activate the inflammatory signaling pathways in macrophages, contributing to the pathogenesis and progression of DN.*’
Macrophages secrete numerous cytokines, including pro-inflammatory cytokines such as TNF-a, IL-1f, IL-6, and IL-12, as
well as various chemokines. Consequently, MSCs improve renal function in mice with DN by inhibiting the infiltration of
inflammatory cells and the expression of inflammatory factors in renal tissue, thereby attenuating the inflammatory response.

To further explore the role of PL-MSCs in renal fibrosis, we analyzed molecular indicators of this condition.
Immunofluorescence staining revealed that Collagen IV expression was predominantly found in the kidneys of the DN
group; however, this expression significantly decreased in the PL-MSC-treated group, particularly in those receiving
magnetically targeted MSC treatment (Figure 8A). Additionally, immunohistochemistry staining indicated elevated
expressions of a-SMA and TGF-f in the DN group’s kidneys, which were reduced following PL-MSC treatment,
especially with magnetically targeted MSCs (Figure 8B and 8C). These findings suggest that Collagen IV, a-SMA, and
TGF- levels in the kidneys of DN mice decreased following MSC treatment, paralleling a reduction in inflammatory
factors. Notably, MSC treatment often concurrently diminishes fibrosis and inflammatory responses, potentially due to
overlapping pathways in fibrosis and inflammation.

Macrophages, the primary cellular source of TGF-f, disrupt cell cycle progression and contribute to renal hypertrophy
in early-stage DN. TGF-B is recognized as a key factor in inducing fibrosis during the chronic stages of various organ and
tissue inflammatory diseases. The TGF- pathway facilitates the differentiation of fibroblasts into myofibroblasts,
associated with the transdifferentiation of renal tubular epithelial cells into fibroblasts, leading to renal interstitial
fibrosis.*® gPCR and ELISA confirmed that TGF-P contributes to renal fibrosis (Figure 8D) and that serum cytokine
levels of TGF-B were significantly higher in the DN group compared to the normal group. However, treatment with
magnetically targeted PL-MSCs markedly suppressed this increase, correlating with enhanced MSC aggregation in the
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Immunohistochemistry staining for (B) a-smooth muscle actin and (C) transforming growth factor-f (TGF-B) in kidney tissues. (D) Quantitative analysis of TGF-f mRNA
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kidneys due to magnetic targeting. This suggests that inhibiting TGF-f expression is a potential mechanism behind the
anti-fibrotic effects of magnetically targeted PL-MSCs.

Magnetically targeted PL-MSCs significantly reduced the expression of TGF- and diminished the presence of
fibroblast markers, such as collagen IV and a-SMA, in the kidneys of mice with DN. Immunofluorescence staining
revealed that the infusion of magnetically targeted MSCs mitigated renal fibrosis in DN mice, aligning with previous
research on the impact of MSCs derived from various tissues on kidney fibrosis.**’ The augmented effect of magne-
tically targeting MSCs on renal fibrosis in DN mice may be intricately linked to the TGF-f signaling pathway. In
conclusion, our findings indicate that decreasing these fibrotic and inflammatory factors in the kidneys affected by DN
can enhance renal function. This contributes to a more comprehensive understanding of how magnetically targeted MSCs
assist in restoring kidney function in DN.

Conclusion

In summary, our study presents the approach in regenerative cell therapy by imparting magnetic properties to PL-MSCs
using Fe;O04@PDA NP labeling. This technique, coupled with the use of external magnets, significantly enhances the
concentration of NP-labeled MSCs at targeted sites through intravenous injection. A key advantage of this method is its
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non-toxic nature, which importantly does not compromise the essential characteristics of PL-MSCs. The research
highlights the effectiveness of magnetic targeting in directing NP-labeled MSCs to the kidney area in DN models.
This targeting capability was shown to be instrumental in reducing albuminuria and glomerular injury, thus improving
renal function more efficiently than treatments with non-guided MSCs or NP-labeled MSCs without magnetic guidance.
The enhanced homing ability fostered by magnetic targeting also contributed to a decrease in fibrosis and inflammation,
amplifying the therapeutic impact of PL-MSCs in DN.
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