Bioactive Materials 32 (2024) 427-444

KeAi

BIOACTIVE
MATERIALS

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Bioactive Materials

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

)
Targeted transplantation of engineered mitochondrial compound promotes | %&
functional recovery after spinal cord injury by enhancing

macrophage phagocytosis

Jiagi Xu®™%', Chaoran Shi®™“', Feifei Yuan™"¢, Yinghe Ding*"¢, Yong Xie *"¢,
Yudong Liu *”¢, Fengzhang Zhu *"¢, Hongbin Lu ™ “, Chunyue Duan *"¢, Jianzhong Hu
Liyuan Jiang ®>"

a,b,c,**
’

& Department of Spine Surgery and Orthopaedics, Xiangya Hospital, Central South University, Changsha, 410008, Hunan Province, China

Y Key Laboratory of Organ Injury, Aging and Regenerative Medicine of Hunan Province, Changsha, 410008, Hunan Province, China

¢ National Clinical Research Center for Geriatric Disorders, Xiangya Hospital, Central South University, Changsha, 410008, Hunan Province, China
9 Department of Sports Medicine, Xiangya Hospital, Central South University, Changsha, 410008, Hunan Province, China

ARTICLE INFO ABSTRACT

Keywords:

Spinal cord injury (SCI)
Mitochondrial transplantation
Macrophage

Phagocytosis

Targeted therapy

Mitochondria are crucial in sustaining and orchestrating cellular functions. Capitalizing on this, we explored
mitochondrial transplantation as an innovative therapeutic strategy for acute spinal cord injury (SCI). In our
study, we developed an engineered mitochondrial compound tailored to target macrophages within the SCI
region. Sourced from IL-10-induced Mertk™ bone marrow-derived macrophages, we conjugated a peptide
sequence, cations-cysteine-alanine-glutamine-lysine (CAQK), with the mitochondria, optimizing its targeting
affinity for the injury site. Our data demonstrated that these compounds significantly enhanced macrophage
phagocytosis of myelin debris, curtailed lipid buildup, ameliorated mitochondrial dysfunction, and attenuated
pro-inflammatory profiles in macrophages, both in vitro and in vivo. The intravenously delivered mitochondrial
compounds targeted the SCI epicenter, with macrophages being the primary recipients. Critically, they promoted
tissue regeneration and bolstered functional recovery in SCI mice. This study heralds a transformative approach
to mitochondrial transplantation in SCI, spotlighting the modulation of macrophage activity, phagocytosis, and
phenotype.

1. Introduction of microvascular triggers a cascade of environmental changes. Including

inflammatory cell infiltration, cytotoxic product release, and free radical

Traumatic spinal cord injury (SCI) is a devastating event that dam-
ages the central nervous system, often leading to paralysis, disability,
and in the worst cases, death [1]. Over the past three decades, the
incidence and burden of SCI have markedly increased worldwide, with
an estimated 0.9 million new cases, 20.6 million prevalent cases, and 6.2
million individuals living with disabilities globally [2,3]. Despite
ongoing research on various neuro-regenerative strategies, such as cell
transplantation [4], exosome-based approaches [5], and bioengineered
biomaterials [6], there is still a need for effective therapies to promote
efficient recovery from SCI. During the acute phase of SCI, the disruption
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generation [1,7]. The various cells in the epicenter of injury undergo
mitochondrial dysfunction in an ischemic and hypoxic environment [8].
Hence, restoring cellular energetics by modulating mitochondrial
response has emerged as a promising approach for promoting recovery
after SCI [9]. However, pharmacological interventions that can enhance
mitochondrial energy production and prevent the loss of physiological
mitochondrial function remain to be developed.

Mitochondrial transplantation is a rapidly growing approach in
mitochondrial medicine, which involves the transfer of healthy mito-
chondria from an exogenous source into damaged tissues to rescue cells
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or tissues [10]. This technique is based on the endosymbiotic theory,
which suggests that eukaryotic cells may have engulfed free-living aer-
obic bacteria that eventually evolved into mitochondria. This symbiosis
resulted in increased energy efficiency and improved survival prospects
for the host cells [11]. Mitochondria can also be transferred intercellu-
larly under physiological conditions, indicating their survival ability in
recipient cells and paving the way for mitochondrial transplantation
therapy [12]. Recently, mitochondrial transplantation has shown
promise in the treatment of ischemic and hypoxic diseases, including
cardiovascular disorders, cancer, and neurological diseases [13-15].
Several studies have attempted to use mitochondrial transplantation for
the treatment of spinal cord injuries in rats. However, these efforts did
not thoroughly investigate the recipient cells of the transplanted mito-
chondria [16-19]. Gollihue et al., however, revealed that the trans-
planted mitochondria were absent in neurons [17]. Furthermore, in situ
injection of mitochondria may cause additional damage to the fragile
neural tissue [16,17], while tail vein injection of mitochondria lacks
targeting specificity [18]. The effects of transplanted mitochondria on
cells and the microenvironment within the injured area are still largely
unknown. Therefore, the development of refined mitochondrial delivery
techniques and the comprehensive investigation of mitochondrial
recipient cells are crucial for the success of this promising therapeutic
approach.

Macrophages play a crucial role in neuroinflammation and tissue
repair as they identify, engulf, and degrade of pathogens, apoptotic cells,
and tissue debris [20]. Myelin debris accumulates in large quantities
after traumatic SCI and becomes a crucial hindrance to neural regen-
eration [21]. Macrophages promote remyelination and axonal regener-
ation by removing the inhibitory myelin debris [20]. However, excessive
phagocytosis can lead to lipid accumulation and dysregulated intracel-
lular lipid homeostasis, producing pro-inflammatory and foamy mac-
rophages [22-24]. This leads to impaired macrophage function and the
persistence of M1 macrophages, which further hinder the prompt
clearance of myelin debris and neural tissue regeneration [25]. Mito-
chondrial and metabolic dysfunction are closely related to the pheno-
typic switch of macrophages, with pro-inflammatory macrophages
exhibiting elevated glycolysis and decreased mitochondrial oxidative
phosphorylation (OXPHOS) efficiency. Efficient mitochondrial respira-
tion and OXPHOS are essential for macrophages to adopt
reparative/anti-inflammatory phenotypes and functions [26,27].
Moreover, the energetic metabolic pathway is critical for the phagocy-
tosis and lipid-handling activity of macrophages [28,29]. However, it
remains unclear whether regulating macrophage mitochondrial func-
tion can effectively promote rehabilitation after SCI. To date, no studies
have examined mitochondrial transplantation targeted specifically to
macrophages. Thus, transplanting highly functional mitochondria has
the potential to enhance the phagocytic capacity of macrophages and
facilitate their transition towards a reparative phenotype following SCI.

In this study, we utilized interleukin-10 (IL-10)-induced mer tyrosine
kinase high expression (Mertk") m2¢ macrophages as energetic sources
for mitochondria transplantation and constructed an engineered mito-
chondrial - triphenylphosphonium cations — (cysteine-alanine-gluta-
mine-lysine) (Mito-Tpp-CAQK) compound to evaluate its therapeutic
effect on SCI in mice. The IL-10-induced Mertk™ macrophages showed
excellent mitochondrial quality and function [30,31]. Moreover, CAQK
is a peptide that can effectively target proteoglycan compounds in the
injured epicenter after SCI [32,33]. We comprehensively evaluated the
intravenously administered mitochondrial compound’s effectiveness in
targeting the injury site, as well as its impact on macrophage phagocy-
tosis and phenotypes. Our findings may provide a promising approach
for the treatment of SCI, which warrants further investigation and
validation.
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2. Materials & methods
2.1. Bioinformatic analysis of the single-cell transcriptomic dataset

The single-cell RNA sequencing data and annotation information for
a mouse spinal cord injury with contusion were retrieved from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/, accession number
GSE162610). Briefly, CellRanger (v2-4) was utilized to convert the
Ilumina output into gene barcode count matrices, which were subse-
quently subjected to additional analysis. Data processing and the
expression levels of Mertk in cell clusters were performed using the R
package “Seurat” [34].

2.2. Mouse bone marrow-derived macrophage preparation and culture

C57BL/6 mice (8 weeks old, weight 20-25 g) were selected and
euthanized randomly after a week of adjustable feeding. They were
sterilized by being immersed in a 75% alcohol solution for 5-6 min and
fixed onto a surgical plate within an ultra-clean environment. A skin
incision was made in the groin area, the lower limb muscles were then
separated, and the femur and tibia were carefully exposed and removed
intact. The femur and tibia were carefully separated along the joint, and
residual muscle tissue was meticulously removed. Once both sides of the
epiphysis were separated, the bone marrow cells were flushed out using
a 20 mL syringe filled with culture medium. These cells were then gently
blown repeatedly with a dropper, followed by the addition of red blood
cell lysate to eliminate the remaining red blood cells. Cells were then
centrifuged at 1200 rpm for 5 min. The bone marrow-derived cells were
collected after discarding the supernatant and resuspended in IMDM
culture medium (Gibco) containing 10% % fetal bovine serum (FBS)
(Gibco). The cells were then seeded uniformly into T75 culture flasks
overnight to eliminate fast-adherent stromal cells. The following day,
the supernatant was collected from the medium and centrifuged at 1200
rpm for 5 min to isolate anchorage-independent cells. These cells were
then resuspended in IMDM medium containing 10% FBS and 20 ng/ml
of recombinant mouse granulocyte macrophage colony-stimulating
factor (GM-CSF) (novoprotein, CK02) to promote differentiation into
macrophages. After 3-4 days of culture, the anchorage-dependent cells
were identified as mouse bone marrow-derived macrophages (BMDMs).

2.3. Myelin debris preparation

Mouse myelin debris was prepared using a sucrose gradient centri-
fugation method, as described previously [35]. Specifically, 10-12
wild-type C57BL/6 mice, aged 8-10 weeks, were euthanized and their
brains were immediately placed into sterile culture dishes. The
meninges, cerebellum, and midbrain were removed, and the cerebral
cortes were diced and homogenized in a 0.32 M sucrose solution. An
additional 0.83 M sucrose solution was added to the brain homogenate,
which was then centrifuged at 10,000 g for 45 min at 4 °C using an
ultra-speed centrifuge. The white myelin debris located between the two
sucrose gradient interfaces was collected, resuspended in Tris-Cl buffer,
and centrifuged again at 10,000 g for 45 min at 4 °C. The supernatant
was discarded, and the myelin debris was resuspended in sterile PBS and
centrifuged again at 22,000 g for 10 min at 4 °C. The final myelin debris
in the precipitate was collected. The myelin sheath fragments were then
resuspended in sterile PBS to a final concentration of 100 mg/ml and
stored at —80 °C for later use.

2.4. Myelin debris dil labelling

Before using myelin debris in the treatment of BMDMs, 100 mg/ml of
myelin debris was first mixed with 10 pM Dil cell membrane red fluo-
rescent probe (Beyotime, C1036) in PBS at room temperature for 10
min. The Dil-labelled myelin debris was then centrifuged at 10000 g for
10 min at 4 °C and washed once to remove the fluorescent probe. The
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Dil-labelled myelin debris was then diluted back to 100 mg/ml for later
use.

2.5. Mitochondria isolation

The Cell Mitochondria Isolation Kit (Beyotime, C3601) was used to
isolate the mitochondria of BMDMs. Initially, BMDMs were cultured
with trypsin and resuspended in PBS. Then, 1 ml of mitochondrial
isolation reagent/10"7 cells was added and incubated for 15 min. The
cell suspension was transferred to a glass homogenizer and homoge-
nized 20 times. The homogenate was centrifuged at 1000 g, 4 °C for 10
min to obtain the supernatant, which was further centrifuged at 3500 g,
4 °C for 10 min. The supernatant was discarded and the pellet was
collected as the isolated mitochondria. They were resuspended in 200 pl
of mitochondrial storage solution and stored at —80 °C.

2.6. Transmission electron microscopy

The isolated mitochondria were centrifuged at 3500 g, 4 °C for 10
min. The supernatant was discarded and the pellet was double-fixed in
2.5% glutaraldehyde for 4 h. For spinal cord tissue TEM imaging, the
animals were put under anesthesia and received transcardial perfusion
with saline followed by 4% paraformaldehyde. The spinal cord at the
site of injury was immediately collected and preserved in 2.5% glutar-
aldehyde for 4 h. Subsequently, the specimens were sliced into di-
mensions of 1 x 1 x 3 mm® and double-fixed in a mixture of 2.5%
glutaraldehyde.

Afterwards, specimens were shipped overnight at 4 °C to the
Transmission electron microscopy (TEM) laboratory at the Pathology
Department of Xiangya Hospital, Changsha, Hunan. The specimens were
washed with Millonig’s phosphate buffer solution (pH = 7.3), incubated
in 1% osmium tetroxide for 1 h, and then washed again. After dehy-
dration in acetone gradients (50%, 70%, and 90% for 10 min each,
followed by two rounds of 100% acetone at 15-min intervals), the
specimens were soaked in a 1:1 mixture of acetone and resin for 12 h.
They were then embedded in 100% resin at 37 °C overnight. Once so-
lidified, the specimens were polymerized at 37 °C overnight and then at
60 °C for 12 h. Ultrathin sections (90 nm) of the isolated mitochondria
and spinal cord tissues were obtained using a UC-7 ultramicrotome
(Leica) equipped with a diamond knife. Finally, the sections were double
stained with 3% uranyl acetate and lead nitrate. They were both
examined and photographed on a Hitachi HT-7700 electron microscope.

2.7. Construction of the engineered mitochondrial compound

The triphenylphosphonium cations — (cysteine-alanine-glutamine-
lysine) (Tpp-CAQK) peptide was synthesized and quality checked by
Sangon Biotech (Shanghai, China). Its chemical structure, as well as the
results of HPLC and LCMS analysis, is listed in Supplementary Fig. 1. Tpp
was attached to the C-terminus of the peptide, and a FAM fluorescent
molecule was attached to the N-terminus. The Mito-Tpp-CAQK(FAM)
compound was synthesized as described in previous works with modi-
fication [22]. Specifically, Tpp-CAQK (FAM) was dissolved in the
mitochondrial storage solution, achieving a final concentration of 5
mg/ml 1 ml of Tpp-CAQK (FAM) solution was then mixed with 200 pl of
mitochondrial solution derived from 10°7 cells and subjected to incu-
bation on a rotating mixer at 4 °C for 45 min. After incubation, the
mixture was incubated quiescently at 4 °C for 15 min to obtain the final
engineered Mitochondrial (Mito)-Tpp-CAQK (FAM) compound solution
for cell treatment and mouse intravenous injection. The compound was
quantified to the final concentration of 2-5 x 10%/ml with a Beckman
counter.

2.8. Cell treatment

The extracted primary BMDMs were seeded in six-well plates at 10"5
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cells/ml density. The cells were treated with 100 ng/ml of interleukin-
10 (IL-10) (Novoprotein, C697) or IL-10 combined with 1 nM of Mertk
inhibitor UNC2250 (Selleck, S7342) for 48 h before being collected for
further analysis.

For Mito-Tpp-CAQK(FAM) compound treatment, 10 pl Mito-Tpp-
CAQK(FAM) compound solution was added to 2 ml culture medium.

In the myelin debris uptake experiment, cells were treated with a 1
mg/mL solution of myelin debris as previously described [21] and were
incubated for 48 h.

2.9. Animals

Female C57BL/6 mice (8 weeks old, weight 20-25 g) were used in
this study. The animals were purchased from Hunan SJA Laboratory
Animal Company Limited and were kept in a pathogen-free animal fa-
cility at Central South University, following standard purification pro-
cedures. They were housed in the laboratory animal unit, with a 12-h
day/night cycle, and were provided ad libitum access to food and water.
The mice were allowed to acclimatize to the new environment for one
week before undergoing the surgical procedure.

2.10. Spinal cord contusive injury model and treatment

The Animal Care and Use Committee of Central South University,
Changsha, China, approved all animal protocols and experimental pro-
cedures. To anesthetize mice, intraperitoneal injection of 0.5 ml 0.3%
sodium pentobarbital was administered. Prior to surgery, the skin was
prepared, and disinfected, and the area was draped. The skin was then
incised at the center of the T10 spinous process, and the muscles adja-
cent to the spinous process were separated. Next, the T10 spinous pro-
cess and lamina were dissected to expose the spinal cord. The modified
Allen’s percussion method (50 kdyne) was used to establish the spinal
cord contusion model [36]. The spinal cord injury model was success-
fully established when local hematoma was observed in the spinal cord
tissue, and the lower limbs and tail of the mice were twitching.
Following this, the muscle, fascia, and skin were sutured layer by layer
using 4-0 suture, and the skin was sterilized with iodine. A sham group
was also created, where mice were only exposed to spinal cord tissue
without any contusive injury. After the surgical procedure, mice were
placed on a heating pad to maintain body temperature until they woke
up. They were then housed in cages with 4-5 mice per cage, with
adequate food and drinking water provided. Penicillin was administered
via intramuscular injection twice a day for three days after the operation
to prevent infection. The mice’s bladders were manually pressed for
seven consecutive days post-surgery.

For the Mito-Tpp-CAQK compound treatment of mice, three groups
were established: the sham group, the control group (which was
administered two intravenous injections of 200 pl of saline on the third
and fifth days after injury), and the experimental group (which was
administered two intravenous injections of 200 pl of Mito-Tpp-CAQK
compound solution on the third and fifth days after injury).

2.11. Flow cytometry and ROS detection

The BMDMs cultured on a six-well plate were harvested. After
treatment, they were fixed with fixation buffer (Biosciences, 554,655)
for 20 min at 4 °C, permeabilized with 0.1% Triton for 10 min, and
blocked with 3% bovine serum albumin (BSA) for 20 min. Then, the cells
were incubated with CD11b-FITC (Proteintech, FITC-65055), F4/80-
APC (eBioscience, MF48005), Mertk-PE (eBioscience, 12-5751-82) for
30 min followed by analysis using a BD FACSAria III flow cytometer (BD
Biosciences). For intracellular Reactive Reactive Oxygen Species (ROS)
detection, cells were stained with 2',7’-dichloro-fluorsecein-diacetate
(DCFH-DA) from the Reactive Oxygen Species (ROS) assay kit (Beyotime
Biotechnology, S0033S) and then analyzed by flow cytometry according
to the manufacturer’s protocol. The data were quantitatively analyzed
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using FlowJo V10.
2.12. ATP and pyruvate kinase assay

The cells were harvested and homogenized with a glass homoge-
nizer. The protein concentration was determined by employing the BCA
Protein Assay Kit (Elabscience, E-BC-K318-M). ATP levels (Beyotime,
S0026) and Pyruvate kinase (PK) specific activity (Elabscience, E-BC-
K611-M) were measured and calculated according to the instructions
provided by the manufacturer.

2.13. Western blotting

Cellular proteins were extracted using RIPA buffer infused with
protease and phosphatase inhibitors. The protein concentrations were
quantified using the BCA Protein Assay Kit. Subsequently, the proteins
were separated by SDS-PAGE gels and transferred onto a polyvinylidene
fluoride membrane (Millipore, Billerica, MA). The membrane was
blocked with 5% milk in TBST for 90 min at room temperature before
being incubated with primary antibodies overnight at 4 °C. The primary
antibodies and their respective dilutions employed were as follows:
(Tomm40, Proteintech, 18409-1-AP, 1:2000; COX III, Proteintech,
55082-1-AP, 1:800; COX IV, Proteintech, 11242-1-AP, 1:4000; p21,
Abcam, ab188224, 1:1000; p53, Abcam, ab26, 1:1000; iNOS, Pro-
teintech, 18985-1-AP, 1:2000; Argl, Proteintech, 16001-1-AP, 1:1000;
IL-6, Santa Cruz, sc-57315,1:500; IL-1p, Santa Cruz, sc-12742, 1:500;
B-actin, Proteintech, 66009-1-Ig, 1:10,000). After being rinsed five times
with TBST, the membrane was incubated with peroxidase-conjugated
goat anti-rabbit or anti-mouse IgG secondary antibodies (Elabscience,
E-AB-1003/E-AB-1001, 1:10,000). Finally, using the chem-
iluminescence reagent (ShareBio, SB-WB001), the immunoreactive
bands were visualized with a ChemiDoc XRS Plus luminescent image
analyzer (Bio-Rad, England). The image analysis was performed using
ImageJ software, and the relative expression levels of the target proteins
to p-actin were used for statistical comparison.

2.14. JC1 staining

The isolated mitochondria or mitochondrial compounds were
stained with JC-1 staining solution (Mitochondrial Membrane 347 Po-
tential Assay Kit containing JC-1, Elabscience, E-CK-A301) according to
the manufacturer’s protocol and then spotted onto slides. The fluores-
cent images were acquired using a confocal microscope (Zeiss). The JC1
ratio (red/green) was quantitatively analyzed using Image J.

2.15. Mitotracker red labelling

When detecting cellular mitochondria, cells were incubated with
Mitotracker Red CMXRos (Beyotime, C1035) at 37 °C for 30 min ac-
cording to the manufacturer’s protocol. For treating BMDMs with Mito-
Tpp-CAQK compounds or labelling mitochondria injected into mice in
vivo, the compounds were pre-incubated with Mitotracker Red for 30
min. The fluorescent images were acquired using a confocal microscope
(Zeiss) and analyzed with Image J to quantify mitochondrial fluores-
cence intensity.

2.16. Cell mito stress test

The Seahorse FX96 Extracellular Flux Analyzer (Seahorse Bio-
sciences, North Billerica, MA, USA) was employed according to the
manufacturer’s protocol. BMDMs were seeded in XF96 cell culture
plates at a density of 5000 cells per well 48 h before the experiment and
treated with different myelin debris and mitochondrial compounds.
During the measurement, the Oxygen Consumption Rates (OCR) of
BMDMs were tested by sequentially adding 1.5 p M oligomycin (an ATP
synthase blocker), 1 pM carbonyl cyanide 4-(trifluoromethoxy)
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phenylhydrazone (FCCP, the mitochondrial uncoupler), 0.5 pM anti-
mycin A and 0.5p M rotenone (A&R, inhibitors of mitochondrial com-
plex I and III). The XFe-Wave software (Seahorse Biosciences) was used
to quantify the results. The basal respiration, ATP production, and Spare
respiratory capacity (maximal electron transport chain activity) were
calculated as described previously using the XFe Cell Mito Stress Test
Report Generator.

2.17. Immunofluorescence assay, oil red O staining, and H&E staining

For immunofluorescence assay, frozen sections of 16-um thickness
from the spinal cord containing the lesion site were harvested at 7, 14,
and 28 days post-SCI (or sham group) and cut along the sagittal plane.
The frozen sections were rewarmed at room temperature for 15 min and
rinsed three times with a PBS solution for 10 min each time. The
immunohistochemical pen was used to circle the spinal cord sections on
the slides. The sections were then permeabilized with 100 pL of PBS
solution containing 0.1% Tween 20 and 0.3% Triton-X 100 for 30 min
and blocked with 5% BSA in PBS for an additional 30 min. After
blocking, the sections were incubated with a group of primary anti-
bodies including 4-Hydroxynonenal (4-HNE) (Abcam, ab48506, 1:200),
F4/80 (Abcam, ab6640, 1:400), MBP (CST, 78,896, 1:400), TUJ-1 (CST,
5568, 1:400), GFAP (Proteintech, 16825-1-AP, 1:800), iNOS (Pro-
teintech, 18985-1-AP, 1:200), Argl (Proteintech, 16001-1-AP, 1:200),
Neun (Abcam, ab177487, 1:400), and Oligo2 (Proteintech, 13999-1-AP,
1:400) overnight at 4 °C. After being rinsed five times for 10 min each
with PBS containing 0.1% Tween 20, the sections were incubated for 1 h
at room temperature with species-appropriate secondary antibodies
conjugated with Alexa Fluor 594 (Abcam, 1:400) or Alexa Fluor 488
(Abcam, 1:400). Subsequently, the sections were rinsed with PBS con-
taining 0.1% Tween 20 before being mounted on slides and covered with
DAPI (Genetex). The sections were analyzed under a fluorescence mi-
croscope or confocal microscope (Zeiss). To validate antibody specificity
and distinguish genuine target staining from the background, secondary
antibody-only controls were employed. The ImageJ software was used
for quantitative analysis of the images, while the Imaris 9.0 software was
used for 3D reconstruction.

The Modified Oil Red O Staining Kit (Beyotime, C0158S) according
to the manufacturer’s instructions. For Hematoxylin & Eosin (HE)
staining, mice were euthanized and the heart, liver, spleen, lungs, kid-
neys, and bladder tissues were excised. The bladder at 28 days post-
injury was emptied of urine prior to macroscopic photography. These
organs were fixed in formalin, dehydrated using an ethanol gradient,
embedded in paraffin, sectioned, and subsequently stained with the
Hematoxylin and Eosin Staining Kit (Beyotime, C0105S) according to
the manufacturer’s instructions. The tissue sections after staining were
captured using an inverted microscope (Nikon) and analyzed using
ImageJ software.

2.18. In vivo imaging

After 72 h of injury, the mice received different injections intrave-
nously. The injections included 1) 200 pl of saline, 2) 200 pl of saline
with 1 pl of dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide
(DiR) (100 pg/ml, Invitrogen), 3) 200 pl of isolated mitochondrial so-
lution with 1 pl of DiR, or 4) 200 pl of Mito-Tpp-CAQK (without FAM
modification) compound solution with 1 pl of DiR. Imaging was done at
12, 24, and 48 h after injection using the IVIS Spectrum (Perklin Elmer,
Germany) instrument with excitation at 754 nm and emission at 778 nm.
At 48 h after injection, the mice were euthanized and their brain, spinal
cord, lung, kidney, liver, spleen, stomach, bladder, ileum, and serum
were collected and imaged using the IVIS Spectrum instrument with
excitation at 754 nm and emission at 778 nm. Fluorescence intensity was
processed statistically and quantified using the IVIS Living Image
software.
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2.19. Electrophysiology

Electromyography was conducted on 28 dpi to assess the motor-
evoked potentials (MEPs) of the mice. The mice were anesthetized by
intraperitoneally injecting them with 0.5 ml 0.3% sodium pentobarbital.
To assess the motor-evoked potentials (MEPs) of mice, a positive stim-
ulating electrode was positioned on the motor area of the cerebral cor-
tex’s skull surface, accompanied by a negative stimulating electrode
near the orbital bones. Further, a recording electrode was inserted into
either the left or right gastrocnemius muscle, a reference electrode was
inserted into the distal tendon of the hind limb muscle, and a ground
electrode was placed under the back skin. The mice were then stimu-
lated with a 3-mA single square wave (2 Hz) for 0.2 ms, and the
amplitude of the hind limbs was recorded by calculating from the
initiation point of the first response wave to the highest peak.

2.20. BMS score evaluation, LSS swimming, and grid walking test

To evaluate the functional recovery of hindlimb motor function in
SCI mice, the Basso Mouse Scale (BMS) score evaluation system was
used as previously described [37]. This assessment was carried out
preinjury and on days 1, 3, 7, 14, and 28 dpi. The BMS scores ranged
from 0 to 9, with O indicating complete paralysis and 9 indicating
normal movement function of the hindlimbs. Prior to scoring, the mice
were placed on the test table to acclimate to the environment. Each
mouse was observed for 4 min.

The mice underwent a training period of three consecutive days to
swim in a water-filled tank sized 5 x 15 cm, moving from one side to the
other. After this training period, surgery was performed. On the 28th
day post-surgery, the mice were placed in the same tank and observed
for a duration of 30 s. The Louisville Swim Scale (LSS) swim score was
used to assess the mice’s swimming ability, which involved evaluating
hindlimb movement, hindlimb alternation, forelimb dependency, trunk
stability, and body angle [38].

The mice were trained to walk on a grid box (20 x 30 cm in size with
2 x 2 cm squares, 30° slope) for three consecutive days before surgery.
On 28 dpi, the mice were placed at the bottom of the grid box. The
number of hindlimb falling (errors) from the grid for the duration of 100
steps from the bottom to the top was counted.

Two trained observers, who were blinded to the grouping of the
mice, simultaneously observed and recorded the BMS score, LSS score,
and Grid walking error numbers. The average of the scores from the two
observers was recorded as the final score.

2.21. Statistical analysis

The statistical analysis of the results was performed using GraphPad
Prism (version 7.0, USA). All data were reported as mean + standard
deviation (SD). Normality was determined using the Shapiro-Wilk test.
For group number = 2, the homogeneity of variances was tested using
the F-test. When the data followed a normal distribution and homoge-
neity of variance, an unpaired t-test was conducted for the statistical
analysis. For group number >2, the homogeneity of variances was tested
using the Brown-Forsythe test. When the data followed a normal dis-
tribution and homogeneity of variance, an ordinary one-way ANOVA
and Tukey’s multiple comparisons test were performed for the statistical
analysis. Two-way ANOVA was utilized for data with two variables,
grouping and time.

All differences among and between groups were considered statisti-
cally significant at p < 0.05. In the figures, ns denotes p > 0.05, * de-
notes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001, and ****
denotes p < 0.0001.
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3. Results

3.1. IL-10-induced mertk" macrophages show enhanced mitochondrial
function

Mertk is a key molecule that mediates the phagocytic activity of
macrophages and is closely related to glycolytic metabolism [39,40].
Analysis of the single-cell dataset GSE162610 after spinal cord injury in
mice revealed that Mertk is mainly expressed in myeloid cells, especially
macrophages, and its expression decreases after spinal cord injury
(Fig. 1A), which indicates the dysfunction of macrophages following
SCI. We extracted primary bone marrow-derived macrophages
(BMDMs) from mice and induced them into M2c-type macrophages
using interleukin-10 (IL-10). Flow cytometry showed that the purity of
BMDMs in the extracted cells was 95.1%, with a proportion of
Mertk-positive macrophages of 75.7%. Under IL-10 induction, the pro-
portion of Mertk-positive macrophages increased to 93.5%, indicating a
significant increase in Mertk expression (Fig. 1B and C). The macro-
phages with high expression of Mertk (Mertkhi), induced by IL-10,
exhibited significantly increased levels of ATP and pyruvate kinase.
However, the concurrent use of a Mertk inhibitor (UNC2250) reversed
this increase (Fig. 1D and E). The detection of the mitochondrial mem-
brane proteins Tomm40 and cytochrome c oxidase subunit III/IV (COX
III/COX IV) showed an increase in their expression levels following
IL-10 induction (Fig. 1F and G). Furthermore, there was a significant
increase in the content of mitochondrial DNA (mtDNA) in IL-10-induced
macrophages (Fig. 1H). Mertk inhibitor reversed the increase in these
mitochondrial-related proteins and mtDNA (Fig. 1F-H).

This indicates that IL-10 induced Mertk" macrophages have an
enhanced mitochondrial function, and this enhancement is associated
with the upregulation of Mertk expression. In addition, both MBP im-
munostaining and Dil-labelled myelin debris phagocytosis experiments
confirmed that Mertk™ macrophages also have an increased phagocytic
capability (Supplementary Fig. 2), consistent with their elevated mito-
chondrial function. Therefore, we utilized IL-10-induced Mertk™ mac-
rophages as donor cells for mitochondrial transplantation.

3.2. Construction of the mitochondria-Tpp-CAQK compound for
transplantation

To improve the targeting specificity of mitochondrial delivery, the
targeting peptide named cysteine-alanine-glutamine-lysine (CAQK) was
used. Triphenylphosphonium cations (Tpp*) were synthesized at the C-
terminus of CAQK, enabling them to insert into the outer membrane of
mitochondria. The chemical structure of Tpp-CAQXK, as well as the HPLC
and LCMS results, are provided in Supplementary Fig. 1. Initially,
BMDMs were extracted and induced into Mertk™ macrophages using IL-
10. Following this, the mitochondria were isolated from these cells. The
CAQXK targeting peptide, conjugated to TPP, was then co-incubated with
the mitochondria, resulting in the formation of the Mito-Tpp-CAQK
compound (Fig. 2A). TEM images showed that the isolated mitochon-
dria (red arrows) displayed well-defined mitochondrial cristae struc-
tures (Fig. 2B). Furthermore, co-localization of the mitotracker red-
labelled mitochondria with the FAM fluorescent-labelled Tpp-CAQK
structure was observed in the Mito-Tpp-CAQK compound. The Tpp-
CAQK peptide was observed to overlap with the mitochondrial struc-
ture, as indicated by the white arrows (Fig. 2C). To test the bioenergetic
potential of the mitochondrial compound, JC1 staining was applied. In
fresh isolated mitochondria, JC1 mainly existed in the form of JC1 ag-
gregates (red), while after the use of the uncoupler Carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) induced mitochondrial depolarization,
large amounts of JC1 monomer (green) were formed (Fig. 2D). The re-
sults indicated that the constructed Mito-Tpp-CAQK compound has no
significant decrease in mitochondrial membrane potential (Fig. 2E),
showing good bioenergetic potential. Following treatment of macro-
phages with the mitotracker red pre-labelled Mito-Tpp-CAQK compound
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Fig. 1. IL-10-induced Mertk™ macrophages show enhanced mitochondrial function. (A) The expression level of Mertk in different cell types, as well as in
macrophage and microglia in different time point post injury, in single-cell dataset GSE162610. (B) Flow cytometry analysis of CD11b, F4/80, and Mertk on bone
marrow-derived macrophages. (C) Quantification of the Mertk™ cell proportion in (B) (n = 4, mean + SD, unpaired t-test, *p < 0.05). (D) Adenosine Triphosphate
(ATP) contents in treated cells (n = 4, mean + SD, one-way ANOVA, Tukey’s multiple comparisons, **p < 0.01 ****p < 0.0001). (E) Pyruvate kinase (PK) specific
activity in treated cells (n = 4, mean + SD, one-way ANOVA, Tukey’s multiple comparisons, *p < 0.05 ***p < 0.001). (F) Western blotting analysis of the levels of
Tomm40, COX III, COX IV, and p-actin in BMDMs with different treatments. (G) Quantification of the relative expression of Tomm40, COX III, and COX IV to B-actin
in (F) (n = 3, mean + SD, one-way ANOVA, Tukey’s multiple comparisons, *p < 0.05). (H) MtDNA copy number calculated with the 2°-/\ /A Ct method in treated
cells (n = 3, mean + SD, one-way ANOVA, Tukey’s multiple comparisons, **p < 0.01).

for 6 h, it was observed that the mitochondrial compound was taken up treatment, double immunofluorescence staining of MBP and F4/80 was
into macrophages (Fig. 2F). These results show that we have successfully performed. The results showed that in the control group, macrophages
constructed a mitochondrial compound suitable for mitochondrial marked by F4/80 only phagocytized a small amount of myelin debris,
transplantation. while a large amount of myelin debris remained on the cell membrane

surface (Fig. 3A). However, in the experimental group treated with Mito-

) Tpp-CAQK, myelin debris was engulfed into the cytoplasm of macro-

3.3. Mertk™ mac-Mito-Tpp-CAQK improves macrophage phagocytosis of phages, and the mitochondrial compounds derived from Mertk™ mac-

myelin debris rophages significantly increased the uptake of myelin debris (Fig. 3A, C).

Nonetheless, when CCCP was added to impair mitochondrial function,

To investigate the impact of Mito-Tpp-CAQK on macrophage macrophage uptake of myelin debris significantly decreased (Fig. 3A, C).

phagocytic function in vitro, we treated BMDMs with pre-prepared In addition, to observe the process of lipid engulfment, we conducted

myelin debris at a concentration of 1 mg/ml. We then added mac- a phagocytosis experiment using Dil-labelled myelin debris. Similar re-

Mito-Tpp-CAQK, Mertk" mac-Mito-Tpp-CAQK, or Mertk™ mac-Mito- sults were observed, where treatment with Mito-Tpp-CAQK significantly
Tpp-CAQK with CCCP and observed the resulting effects. After 48 h of
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Fig. 2. Construction of the mitochondria-Tpp-CAQK compound for transplantation. (A) Experimental flowchart showing the construction process of the
mitochondria-triphenylphosphonium cations-cysteine-alanine-glutamine-lysine (Mito-Tpp-CAQK) compound. (B) Transmission Electron Microscope (TEM) showing
the structure of isolated mitochondria from BMDMs (scale bar = 500/100 nm, red arrows: isolated mitochondria). (C) Confocal images of mitotracker red labelled
Mito-Tpp-CAQK-FAM (red: mitotracker red, green: Tpp-CAQK-FAM, scale bar = 20 ym). (D) Representative confocal images of JC1 stained isolated mitochondria,
Mito-Tpp-CAQK, and isolated mitochondria + Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (red: JC1 aggregates, green: JC1 monomer, scale bar = 20 pm). (E)
Quantification of the JC1 aggregates/monomer ratio in (D) (n = 3, mean + SD, one-way ANOVA, Tukey’s multiple comparisons, ns not significant **p < 0.01 ***p <
0.001). (F) Confocal images showing BMDMs internalizing the Mito-Tpp-CAQK compound after 6 h of treatment (red: mitotracker red, green: Tpp-CAQK-FAM, blue:

DAPI, scale bar = 5 pm).

increased macrophage uptake of lipids in the myelin debris. This
phagocytic capability of BMDMs was most pronounced in the Mertk!
mac-Mito-Tpp-CAQK experimental group (Fig. 3B, D). Furthermore, the
3D view showed that in the Mertk™ mac-Mito-Tpp-CAQK group, a large
number of myelin debris was engulfed and digested into small lipid
droplets, unlike the large lipid droplets observed in the other groups.
These findings suggest that Mito-Tpp-CAQK, particularly Mertk™ mac-
Mito-Tpp-CAQK, can enhance macrophage phagocytosis of myelin
debris (Fig. 3C and D). Therefore, in subsequent experiments, we used
Mito-Tpp-CAQK derived from Mertk" BMDMs.

3.4. Mito-Tpp-CAQK alleviates the mitochondrial dysfunction and pro-
inflammatory profile of macrophages following phagocytosis

The mitochondrial dysfunction of immune cells leads to their
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functional impairments and phenotypic changes. Moreover, after spinal
cord injury, Ml-type macrophages, which are pro-inflammatory,
contribute significantly to the inhibitory microenvironment. There-
fore, we investigated whether phagocytosis of myelin debris by macro-
phages leads to cellular mitochondrial dysfunction and increased pro-
inflammatory responses. After labeling the cell mitochondria with
mitotracker red, we discovered that the density and area of the mito-
chondria decreased in macrophages after 48 h of exposure to myelin
debris. However, treatment with Mito-Tpp-CAQK resulted in a signifi-
cant increase in both the density of mitochondria (Fig. 4A and B). For
mitochondrial respiration, OCR measurements showed a significant
decrease in basal respiration, maximal respiration, ATP production, and
spare respiratory capacity in macrophages after myelin debris process-
ing (blue and red group). Supplementation with mitochondrial com-
pounds after myelin debris treatment significantly restored basal
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Fig. 3. Mertk™ mac-Mito-Tpp-CAQK improves macrophage phagocytosis of myelin debris. (A) Representative confocal images showing double immunoflu-
orescence staining and 3D view of F4/80 and (Myelin Basic Protein) MBP on myelin debris treated BMDMs in four groups (green: F4/80, red: MBP, blue: DAPI, scale
bar = 5 pm). (B) Representative confocal images and enlarged 3D view of Dil-labelled myelin debris within BMDMs in four groups (red: Dil, blue: DAPI, scale bar =
50 pm, the length of each grid in the 3D view: 5 um). (C) Quantification of the MBP" volume in F4/80-labelled macrophages from (A) (n = 6, average of each field,
mean + SD, one-way ANOVA, Tukey’s multiple comparisons, ns not significant **p < 0.01 ****p < 0.0001). (D) Quantification of the Dil* area in macrophages per
field from (B) (n = 6, fields in maximal intensity projection images, mean + SD, one-way ANOVA, Tukey’s multiple comparisons, *p < 0.05 **p < 0.01 ****p

< 0.0001).
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Fig. 4. Mito-Tpp-CAQK alleviates the mitochondrial dysfunction and pro-inflammatory profile of macrophages following phagocytosis. (A) Representative
confocal images showing the mitotracker red labelled BMDMs under treatment (red: mitotracker red, blue: DAPI, scale bar = 10 pm, MD: myelin debris) (B)
Quantification of the mitotracker red intensity per cell each field from (A) (n = 4, mean =+ SD, one-way ANOVA, Tukey’s multiple comparisons, ns not significant

*#*p < 0.001). (C) OCR measurement results for mitochondrial respiration assessment in BMDMSs (n = 6, mean + SD, OCR: oxygen consumption rate, O: oligomycin,
F: FCCP, R/A: rotenone & antimycin A). (D) Quantification of the OCR measurement from (C) (n = 6, mean =+ SD, one-way ANOVA, Tukey’s multiple comparisons, ns
not significant **p < 0.01 ***p < 0.001 ****p < 0.0001). (E) Flow cytometry indicating the intracellular ROS level of cells by DCFH-DA staining. (F) Quantification
of intracellular ROS level in (E) (n = 3, mean + SD, one-way ANOVA, Tukey’s multiple comparisons, ***p < 0.001). (G) Western blotting analysis of the levels of
p21, p53, iNOS, Argl, IL-6, IL-1p, and B-actin in BMDMs with different treatments. (H) Quantification of the relative expression of p21, p53, iNOS, Argl, IL-6, and IL-
1P to B-actin in (G) (n = 3, mean + SD, one-way ANOVA, Tukey’s multiple comparisons, *p < 0.05 **p < 0.01).

respiration, maximal respiration, and ATP production. Nonetheless,
there was no change observed in the spare respiratory capacity of the

macrophages (green group) (Fig. 4C and D).

Flow cytometry detected comparable results regarding intracellular
ROS levels, showing that treatment with the mitochondrial compound
reduces the accumulation of ROS induced by myelin debris (Fig. 4E and

F). Meanwhile, treatment with myelin debris led to a significant increase
in the expression of p21 and p53, indicating cellular injury and stress

state. This was accompanied by an increase in the expression of the pro-
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inflammatory protein iNOS and a decrease in the expression of the anti-
inflammatory protein ARG1. These macrophages also showed increased
expression of pro-inflammatory cytokines, such as IL-6 and IL-1f,



J. Xu et al.

indicating a shift towards M1 phenotype (Fig. 4G and H). However,
upon the addition of Mito-Tpp-CAQK, a significant reduction in the
expression of p21 and p53 was observed. Additionally, the expression of
iNOS, IL-6 and IL-1p was decreased. These changes were accompanied
by an increase in the expression of the anti-inflammatory marker ARG1,
suggesting that the Mito-Tpp-CAQK compound can and promote
macrophage transition towards an M2 phenotype (Fig. 4G and H). This
indicates that the Mito-Tpp-CAQK compound noticeably mitigates the
mitochondrial dysfunction and inflammatory responses resulting from
macrophages’ phagocytosis of substantial amounts of myelin debris.

3.5. Intravenous transplantation of Mito-Tpp-CAQK targeted the
epicenter of injured spinal cord

To validate the specificity of Mito-Tpp-CAQK in targeting the injured
spinal cord, we administered tail vein injections of saline, cell membrane
dye Dir, Dir-labelled mitochondria, as well as Dir-labelled Mito-Tpp-
CAQK compound starting from 3 dpi. We continuously monitored the
fluorescence intensity changes in mice and various organs with in vivo

A

DIR Saline

DIR-Mito
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imaging (Fig. 5A and B). Results showed that mice injected with saline
did not display any detectable fluorescence signal, and no labeling was
found in the dissected tissues. Mice injected solely with Dir only had
weak signals at the injury site, which increased 24 h post injection, but
weakened after 48 h, and no significant fluorescence signal was found in
the dissected spinal cord. In the Dir-Mito group, fluorescence signals
were observed at the injury site 24 and 48 h post injection, and in the
dissected spinal cord. Noticeably, in the Dir-Mito-Tpp-CAQK group,
strong fluorescence signals were detected at the injury site as early as 12
h post-injection, and persisted for up to 48 h, with significant signals still
present in the dissected spinal cord. Radiant efficiency of the Dir-Mito-
Tpp-CAQK group was significantly higher than the Dir-Mito group
(Fig. 5A and B). After 48 h of injection, the major organs of mice were
dissected and arranged as depicted in Fig. 5C. In the Dir-Mito-Tpp-CAQK
group, the dissected spinal cord exhibited the highest radiant efficiency,
significantly higher than the Dir-Mito group (Fig. 5D). Through quan-
titative analysis of radiant efficiency in major organs in vivo, in the Dir-
Mito-Tpp-CAQK group, an increase in the radiant efficiency of the spinal
cord compared to other organs was shown (Fig. S5E). These results
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Fig. 5. Intravenous transplantation of Mito-Tpp-CAQK targeted the epicenter of injured spinal cord. (A) Representative in vivo images of C57BL/6 mice
captured at 12 h, 24 h, and 48 h, as well as images of dissected organs, after intravenous injection of saline, DIR, DIR-Mito, and DIR-Mito-Tpp-CAQK (color gradient:
radiant efficiency). (B) Quantification of the radiant efficiency in the target region of mouse in the saline, DIR, DIR-Mito, and DIR-Mito-Tpp-CAQK groups at 12 h, 24
h, and 48 h after injection (n = 3, mean + SD, two-way ANOVA, ****p < 0.0001). (C) Illustration of the placement of the main organs of dissected mice. (D)
Quantification of the radiant efficiency of the dissected spinal cord in (A) (n = 3, mean + SD, one-way ANOVA, Tukey’s multiple comparisons, *p < 0.05 **p < 0.01
wx*¥p < 0.0001). (E) Quantification of the log, (radiant efficiency) of the dissected organs in (A) (n = 3, mean + SD).
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confirm the efficacy of the engineered Mito-Tpp-CAQK compound in
specifically delivering mitochondria to the site of spinal cord injury.

Considering the high radiant efficiency in the liver and other organs,
we conducted HE staining on the hearts, livers, spleens, lungs, and
kidneys of mice after administering the experimental dose (200pl; 5 x
10"6/ml) or double experimental dose of the compounds. The histopa-
thology images showed no damage to cardiomyocytes, hepatic cells,
splenic tissues, alveolar cells, or renal glomeruli, confirming the
biocompatibility and safety of the engineered mitochondrial compounds
(Supplementary Fig. 3).

3.6. The transplanted mitochondria compounds are mainly uptake by
macrophages

To explore the identity of the cells that uptake dynamic mitochondria
in the injured epicenter, we in vitro labelled the Mito-Tpp-CAQK

Mitotracker-labelled
Mito-Tpp-CAQK

Mitotracker Red Dapi
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compound with mitotracker red and subsequently conducted in vivo
administration at 3 dpi, with detection on 7 dpi (Fig. 6A). In the sham
group, mitochondria were almost absent from spinal cord tissue. In
contrast, in the surgical group, fluorescence intensity of mitotracker red
significantly increased on 7 dpi (Fig. 6B and C). Dual immunofluores-
cence with cell markers TUJ-1, GFAP and F4/80 showed that only a
minimal number of mitochondria labelled by mitotracker red permeated
TUJ-positive neuronal axons, and there were no indications of
mitotracker-positive regions within GFAP-positive astrocytes. Large
amounts of mitochondria were present in F4/80-labelled macrophages
(Fig. 6D). By magnifying the image, it was evident that there was co-
localization of mitotracker-positive mitochondria and F4/80-labelled
macrophages (Fig. 6E). The fluorescence intensity of mitotracker red-
positive regions in F4/80-labelled macrophages was the strongest,
significantly higher compared to that of TUJ-1-labelled neurons and
GFAP-labelled astrocytes (Fig. 6F). Therefore, we demonstrated that the
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Fig. 6. The transplanted Mitochondria compounds are mainly uptake by macrophages. (A) Illustration of the process of intravenous injection of the mito-
tracker red-labelled Mito-Tpp-CAQK compound at day 3 after spinal cord injury. (B) Representative fluorescence images showing the distribution of mitotracker red
after injection in the spinal cord of the sham and injury groups (red: mitotracker red, blue: DAPI, scale bar: 200 pm). (C) Quantification of the fluorescence intensity
of mitotracker red in (B) (n = 3, mean + SD, unpaired t-test, **p < 0.0). (D) Representative fluorescence images showing the colocalization of cell markers (TUJ-1,
GFAP, F4/80) with mitotracker red in the spinal cord at 7 days post injury (dpi) (white: TUJ-1, green: GFAP/F4/80, red: mitotracker red, blue: DAPI, scale bar = 50
pm). (E) Localized enlargements of double immunofluorescence staining of F4/80 and mitotracker red from (D) (scale bar = 5 pum). (F) Quantification of the
marker mitotracker” area/mitotracker” area in (D) (n = 3, mean + SD, one-way ANOVA, Tukey’s multiple comparisons, ****p < 0.0001).
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intravenous-transplanted engineered mitochondria compounds are
mainly taken up by macrophages and retain their activity within these
cells.

3.7. Mito-Tpp-CAQK enhanced phagocytosis of myelin debris by
macrophages in vivo

We further investigate the impact of the injection of Mito-Tpp-CAQK
compound on the phagocytosis of macrophages in vivo. We performed
two mitochondrial intravenous injections on SCI mice on 3 and 5 dpi.
MBP and F4/80 double immunofluorescence staining showed that in the
sham group, MBP formed continuous myelin sheath structures without
fragmentation near the central canal (CC), and the number of F480-
positive cells was minimal (Fig. 7A). However, on 7 dpi, macrophages
infiltrated the injury site, and MBP staining showed scattered myelin
debris in the injury area, some of which were engulfed by macrophages.
Compared with the control group, mice treated with Mito-Tpp-CAQK
compound showed a significant increase in the area of MBP-positive
myelin debris within macrophages (Fig. 7A and B). Localization
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enlargement of three-dimensional images showed that only a small
portion of myelin debris was engulfed in the cytoplasm of macrophages.
However, after transplantation with the Mito-Tpp-CAQK compound, a
significantly increased number of myelin debris was internalized into
the cytoplasm of macrophages (Fig. 7C). The enhancement of macro-
phage phagocytic ability during the acute phase of spinal cord injury can
have an impact on the lipids deposition within the affected area during
the chronic phase. Hence, at 28 dpi, we conducted Oil Red O staining
and found that the lipid deposition in the injured epicenter treated with
Mito-Tpp-CAQK compound was significantly reduced as compared to
the control group (Fig. 7D and E).

3.8. Mito-Tpp-CAQK alleviated the mitochondrial dysfunction and pro-
inflammatory profile of macrophages after spinal cord injury

As the primary immune cells in the epicenter of spinal cord injury,
the phenotype of macrophages plays a critical role in shaping the local
microenvironment. Consequently, we conducted further investigations
to confirm the impact of the Mito-Tpp-CAQK compound on macrophage
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mitochondrial dysfunction and pro-inflammatory profile in vivo. Mito-
chondrial TEM images revealed that in the sham group, mitochondrial
morphology was normal with high matrix density and clear cristae
structure. Within the injury epicenter on 14 dpi, mitochondria exhibited
shrinkage, with a broken structure of the cristae, and vacuolization. In
the treatment group, the structure of the mitochondrial cristae recov-
ered, and the volume of the mitochondria in the cells significantly
increased (Fig. 8A and B). Lipid peroxidation is also a manifestation of
mitochondrial dysfunction. 4-HNE is a lipid peroxidation product [41].

A Sham

Control
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Double immunofluorescence staining of F4/80 and 4-HNE showed that
4-HNE was generated in macrophages, while Mito-Tpp-CAQK signifi-
cantly reduced the production of 4-HNE and lipid peroxidation (Fig. 8C
and D). Double immunofluorescence staining of F4/80 and macrophage
polarization markers showed that the Mito-Tpp-CAQK compound
treatment led to a significant decrease in the expression of the M1
macrophage marker iNOS (Fig. 8E and F). Conversely, we also observed
a notable increase in the expression of the anti-inflammatory marker
Argl in F4/80-labelled macrophages (Fig. 8G and H). In light of these
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findings, it can be concluded that the intravenous transplantation of the 3.9. Mito-Tpp-CAQK promoted tissue repair and functional recovery after

Mito-Tpp-CAQK compound alleviated the mitochondrial dysfunction of spinal cord injury

macrophages and promoted the transition of macrophages in the injury

area towards a tissue repair phenotype in mice with SCIL After confirming the effects of Mito-Tpp-CAQK on clearing myelin
debris and improving the local microenvironment, we investigated
whether it could further promote tissue repair and functional recovery in
mice. Astrocytes, neurons, and oligodendrocytes play critical roles in
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440



J. Xu et al.

spinal cord reconstruction. However, they are typically unable to enter
the injury site and successfully rebuild the normal tissue structure after
injury. Immunofluorescence images of GFAP, NeuN, and Oligo2 depic-
ted that following the administration of Mito-Tpp-CAQK, the astrocytes
migrated towards the central region of the injury site (white arrow),
which significantly reduced the size of GFAP-negative scar area (Fig. 9A
and B). There are a few surviving NeuN-positive neurons present in the
injury site (white arrow), and the quantity of NeuN-positive neurons and
Oligo2-positive oligodendrocytes surrounding the injury site consider-
ably increased (Fig. 9A and B).

After intravenous transplantation of Mito-Tpp-CAQK, the electro-
physiological testing demonstrated a significant increase in the ampli-
tude of lower limb motor evoked potential (MEP) at 28 dpi (Fig. 9C and
D). The BMS score for lower limb motor function indicated that mice in
the treatment group had better recovery starting from 7 dpi. By the end
of the 28 dpi, the lower limb motor function of the treated mice had
significantly improved (Fig. 9E). Swimming test revealed that mice in
the treatment group exhibited a more stable trunk, less inclined body
angle, and reduced pendent tail, with significantly increased LSS swim
scores (Fig. 9F and G). Furthermore, Mito-Tpp-CAQK treatment reduced
error numbers during grid walking (Fig. 9H), suggesting improved
motor coordination. Moreover, analysis of the HE slices of the mouse
bladder indicated that the thickness of the detrusor muscle layer in the
neurogenic bladder was significantly increased after treatment with
Mito-Tpp-CAQK, which suggests the recovery of nerve innervation in the
bladder (Fig. 91 and J). Collectively, our findings confirmed the positive
therapeutic effect of the Mito-Tpp-CAQK compound on tissue repair and
functional recovery in SCI mice.

4. Discussion

Mitochondrial transplantation consists of the process of isolation,
transfer, and uptake of viable, respiration-competent mitochondria into
dysfunctional cells. The transplantation can be performed either auto-
logously or heterologously, depending on the selection of the mito-
chondrial source. Mitochondria contain unique intracellular machinery
and mtDNA, enabling them to independently produce their own mito-
chondrial proteins [42]. Thus, to minimize the risk of immune rejection
in the recipient, we opted to use BMDMs as the source of mitochondria in
our study. This approach not only simplifies the extraction and acqui-
sition process for clinical use, but also reduces ethical concerns and the
likelihood of adverse reactions. Furthermore, as mitochondria also show
heterogeneity across different cell types in the human body [43], uti-
lizing mitochondria derived from BMDMs can enhance the targeting of
macrophages in subsequent mitochondrial transplantation therapy.
Obtaining mitochondria with strong functionality and high content
levels is another challenge for preparing the source of mitochondria. The
phenotype of macrophages is closely related to their mitochondrial
function and metabolic pathways [27]. M1-polarized macrophages are
typically linked with pro-inflammatory responses, due to their increased
metabolic activity in glycolysis, glucose oxidation, mitochondrial
respiration, and anaerobic glycolysis. In contrast, M2 macrophages are
known for their association with tissue repair and anti-inflammatory
responses, exhibiting increased activity in the semi-lactose pathway
and mitochondrial oxidative phosphorylation [44,45]. M2 macrophages
can be divided into three subtypes: M2a, M2b, and M2c. M2c macro-
phages are activated with IL-10 [46] and exhibit more significant local
anti-inflammatory effects and more potent cell repair functions than M2
macrophages [47]. Eddie lp et al. found that IL-10 inhibits
lipopolysaccharide-induced glucose uptake and glycolysis, while pro-
moting oxidative phosphorylation. In addition, IL-10 supports the
removal of dysfunctional mitochondria that exhibit low membrane po-
tential and high levels of ROS [30]. Therefore, we pretreated macro-
phages with IL-10 to improve their mitochondrial functions. Moreover,
IL-10-induced M2c macrophages have increased expression of Mertk
[48], which is also confirmed in our flow cytometry results. Mertk is
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closely related to macrophage phagocytosis and inflammatory responses
[36,37]. Nicolas-Avila et al. found that Mertk is related to mitochondrial
quality control, and knocking out Mertk leads to the appearance of
abnormal mitochondria and changes in metabolic status [31]. We also
found that the Mertk inhibitor UNC2250 reversed the increase in
mitochondrial function induced by IL-10 in macrophages. The expres-
sion of Mertk is an important indicator reflecting mitochondrial function
in macrophages, and the proportion of Mertk-positive cells in macro-
phages induced by IL-10 is as high as 93.5%. Therefore, by utilizing
IL-10-induced BMDMs with high Mertk expression, we have obtained a
highly suitable donor cell for mitochondrial transplantation.

It is essential to validate the bioenergetic potential of mitochondria
that are isolated in vitro and then engineered into mitochondrial com-
pounds before performing animal experiments. We have confirmed that
the in vitro isolated mitochondria display normal mitochondrial mem-
brane potential. After treating BMDMSs with mitochondrial compounds,
it has been observed that the compounds can be adequately taken up by
the cells and improve mitochondrial respiratory function after phago-
cytosis of myelin debris. This includes increased cellular energy demand
at baseline, enhanced mitochondrial ATP synthesis capacity, and an
elevated maximum respiratory rate achievable by the cells. Addition-
ally, transplantation of these mitochondria has been shown to reduce
ROS levels within macrophages. This indicates that the transplanted
mitochondria do not contain excessive ROS products. These findings
indicate the bioenergetic potential and reliability of the source of
mitochondria. However, we observed that the spare respiratory capacity
of the macrophages did not significantly improve, suggesting that the
adaptability of cells in response to energy demand remains unchanged.

The administration method for mitochondrial transplantation should
be adjusted according to the specific tissues and purposes. Traditional
local mitochondrial transplantation can be performed by injecting the
mitochondria in situ into the tissue using a 28 or 32 G needle. In the
treatment of ischemic cardiovascular diseases, intracoronary delivery of
mitochondria is also a common and effective method [10]. In neuro-
logical diseases, local injection of mitochondria is utilized in SCI [16,
171, traumatic brain injury [49], schizophrenia, Parkinson’s Disease,
ischemic stroke [15], and sepsis-induced brain dysfunction [24]. How-
ever, local injection of the injured spinal cord can be challenging as it
requires surgical re-exposure and injection into neural tissues, which is
not suitable for multiple injections. Considering these aspects, intrave-
nous injection is a convenient and feasible option. We noted that
mitochondria can be delivered to damaged tissue or organs through
intravenous injection [18,50]. However, ensuring effective targeting of
mitochondria to the target organs is crucial, as this can mitigate any
potential adverse reactions resulting from intravenous injection and
enhance the therapeutic efficacy of the treatment. CAQK is a peptide
that has been shown to have the ability to specifically target extracel-
lular matrix components (proteoglycan compound), particularly the
proteoglycan compound, in the vicinity of demyelinating injuries [33,
51]. Our previous research has confirmed the deposition of chondroitin
sulfate proteoglycan (CSPG) in the injured epicenter of SCI [52]. Most
recently, CAQK was modified on nanoparticles or extracellular vesicles
to enable targeted delivery of therapeutic agents to the site of SCI [32,
53]. On the other hand, Tpp «cation is an effective
mitochondrial-targeting moiety, which was used to deliver drugs to
mitochondria [54,55]. By exploiting the mitochondria-binding property
of Tpp, Sun et al. linked a peptide to mitochondria through Tpp and
constructed a mitochondria compound to treat myocardial ischemic
reperfusion injury [56]. By modifying Tpp-CAQK to mitochondria, we
have designed an engineered mitochondrial compound with good bio-
logical activity. Our results of the IVIS living imaging showed that the
engineered Mito-Tpp-CAQK compound could be delivered effectively to
the injured area of the spinal cord and maintained a high concentration
after 48 h of injection. The mitochondrial compound with targeting
specificity provides a practical approach for the intravenous trans-
plantation of mitochondria in SCI.
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The success of mitochondrial transplantation ultimately hinges on
the ability of the transplanted mitochondria to survive within the tissue
cells. The intercellular mitochondrial transfer takes place within the
spinal cord, providing a theoretical basis for the uptake and utilization of
exogenous mitochondria by cells in vivo [57]. In our in vitro experi-
ments, we observed that the mitotracker-red labelled Mito-Tpp-CAQK
compounds were successfully taken up by macrophages, effectively
reducing the toxicity of myelin debris to macrophages. Interestingly, on
the fourth day after intravenous injection in vivo, we observed the
presence of mitotracker red-labelled mitochondria within the cytoplasm
of macrophages, which far exceeded the expected survival time of iso-
lated mitochondria. This suggests that the transplanted mitochondria
compounds were successfully internalized by the macrophages and were
potentially functional. This is consistent with the findings of Gollihue
et al,, who reported that the transplanted turbo green fluorescent
(tGFP)-labelled mitochondria derived from PC12 cells were mainly
incorporated into OX42-positive macrophages [17].

The impact of mitochondrial compounds on macrophages’ phago-
cytosis has two aspects. Firstly, mitochondrial compounds enhance the
macrophages’ capacity to phagocytose and process intracellular lipids,
resulting in the timely clearance of myelin debris in the injury site and
reduced lipid deposition. Secondly, mitochondrial compounds alleviate
the mitochondrial dysfunction and pro-inflammatory profiles of mac-
rophages caused by excess phagocytosing myelin debris, thereby
maintaining the tissue repair capability of macrophages. After SCI, the
persistently pro-inflammatory response and limited ability to promote
wound healing of activated macrophages are the main causes of scar
formation and obstacles to neural regeneration [25]. Myelin debris, as a
potential pro-inflammatory mediator, can cause macrophages to shift
towards the M1 phenotype [22]. Moreover, our data have revealed that
macrophages undergo mitochondrial dysfunction associated with
phagocytosis following SCI. Dysfunctional macrophages with impaired
energy metabolism are trapped in the injury site and persistently pro-
duce pro-inflammatory factors, including IL-6 and IL-1p, which disrupt
the microenvironmental homeostasis [58]. Mitochondrial compounds
significantly enhanced macrophage phagocytosis of myelin debris both
in vitro and in vivo, while alleviating macrophages’ pro-inflammatory
profiles. The increase of M2-type macrophages, marked by the expres-
sion of Argl, indicates a phenotypic shift of macrophages towards
tissue-reparative type. As a result, the reduction of myelin debris and
pro-inflammatory factors has led to an improvement in the microenvi-
ronment of the injury site, ultimately increasing the survival of astro-
cytes, neurons, and oligodendrocytes in the area. These collectively
suggest that the transplantation of mitochondria compounds has created
a more conducive environment for other cells to regenerate and survive.

The evaluation of electrophysiology, lower limb motor function and
bladder function in mice all show the significant potential of engineered
mitochondrial compounds in the treatment of SCI. It is important to note
that the practical application of mitochondrial transplantation in pa-
tients will require further research to address potential issues, including
preserving mitochondrial activity, efficient extraction, and determining
the appropriate dosage for treatment. The storage conditions of mito-
chondria were not investigated here. After a large number of active
mitochondria are extracted, their vitality may decrease during long-
term storage, which may affect therapeutic effects. Additionally, our
research should have included further experiments to investigate the
optimal dosage and frequency of mitochondrial injections in mice. We
performed two injections with 2-5 x 10%/m] of mitochondria in 200ul of
mitochondrial storage solution at 3 dpi and 5 dpi, which is the onset and
peak of pro-inflammatory macrophage infiltration [59]. Whether higher
levels of mitochondria or more frequent injections will yield improved
therapeutic effect requires further investigation.

5. Conclusion

To summarize, we isolated energetic mitochondria from IL-10-
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induced Mertk” BMDMs and then constructed an engineered Mito-
Tpp-CAQK compound by linking the mitochondria with Tpp-CAQK.
These engineered mitochondrial compounds exhibited remarkable a
remarkable ability to specifically target injury sites. We demonstrated
that intravenously transplanted Mito-Tpp-CAQK compounds were
mainly taken up by macrophages, leading to enhanced phagocytosis of
myelin debris, a reduction in mitochondrial dysfunction, and a decrease
in pro-inflammatory profiles. Consequently, the intravenous adminis-
tration of Mito-Tpp-CAQK led to better tissue repair and functional re-
covery after SCI in mice. Overall, this therapeutic approach shows great
promise for clinical applications in SCI management.
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