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Abstract:

Acute Kidney injury (AKI) is a clinical syndrome of sudden or prolonged abrupt decline or loss of renal
function with a high mortality rate.There are several common causes of AKI, such as diabetic nephropathy,
renal ischaemia-reperfusion and haemolysis. The treatment of AKI with nanomedicines is an active area of
research, with the advantages of good bioavailability and the ability to reduce the pharmacological toxicity
of their drugs to other organs. Current studies have shown that mitochondria play an important role in the
occurrence and development of AKI, and these mechanisms include the maintenance of structural and
functional stability, and the mitochondrial quality control mechanism is in homeostasis. Therefore, the study
of mitochondria-targeted functional nanosystems is a hot topic in current research. This review summarises
the specific targets of mitochondria-targeted nanosystems constructed by researchers in the past 5 years in
the treatment of acute kidney injury, and describes their major breakthroughs in the field of mitochondria
targeting.
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1. Introduction

The application of  mitochondria-targeted
nanosystems in the treatment of kidney diseases is

Many studies have developed a variety of
mitochondria-targeted nanosystems, which can

a cutting-edge research area. As an important
centre of energy metabolism within the cell, the
stability of mitochondria structure and function is
critical for cellular health. In renal diseases,
especially AKI, mitochondrial dysfunction leads
to inadequate energy supply and exacerbates
cellular damage. Therefore, maintaining the
stability of mitochondria and regulating their
function have become key therapeutic strategies.

efficiently deliver drugs or other therapeutic
molecules directly to mitochondria to enhance
therapeutic effects. These nanosystems achieve
precise targeting of mitochondria through specific
mitochondria-targeting ligands or drugs that
specifically target mitochondria. This review
focuses on the significant role of mitochondria-
targeted nanosystems in protecting against acute
kidney injury, in addition to describing the
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specific mechanisms by how mitochondria-
targeted  nanosystems  specifically  target
mitochondria.

2. Mitochondria-targeted Nanosystems for the
Treatment of Acute Kidney Injury

As semi-autonomous organelles in the cell,
mitochondria are responsible for many important
functions, such as signalling, biosynthesis,
regulation of oxidative stress, and energy
metabolism. At this stage, the use of mitochondria
as a target for the treatment of renal diseases
mainly focuses on mitochondrial structure,
function, and mitochondrial quality control. The
structure of mitochondria refers to the membrane
of mitochondria and the proteins on the
membrane  i.e.  mitochondrial ~ membrane
permeability transition pore. Mitochondrial
function, including energy metabolism, is
regulated by Reactive Oxygen Species, (ROS)
levels. Within the basic mitochondrial structure
and function, the mitochondria's semi-
autonomous nature allows it to be independently
controlled, which is the mitochondrial quality
control mechanism which includes Kkinetic
homeostasis, mitochondrial autophagy, and
mitochondrial  biosynthesis. This subsection
specifically summarises the numerous regulatory
mechanisms of current mitochondria-targeted
nanosystems and addresses their specific role in
the treatment of acute kidney injury.

2.1 Structure of Mitochondria

Stable mitochondrial structure is the basis for
maintaining the stability of other mitochondrial
functions. In acute kidney injury, damage to the
mitochondrial structure can lead to the inability of
normal function, which in turn leads to more
serious injury. Therefore, mitochondrial structural
stability is the most important target of current
research. In this regard, Zhao' proposed a
mitochondria-targeted antioxidant Mito-2,2,6,6-
tetramethylpiperidinyl-N-yloxy (TEMPQO) (MT)
self-assembled with aspartic acid-containing KLD

(KLDD) to form a crosslinked nanofibrous
hydrogel, and this nano-system reduced renal
mitochondrial ROS (mtROS) production by
decreasing the kidney injury molecule-1 (Kim-1)
expression, pro-inflammatory factor expression
levels were reduced to improve the structure of
mitochondria, as well as its short half-life and
significant in vivo side effects.

211 Inner and Outer Membrane of

Mitochondria

The structure of mitochondria mainly refers to the
inner and outer membranes of mitochondria, the
integrity of which is the key to maintaining the
structural stability of mitochondria. During AKI,
the mitochondrial membrane in renal tubular
epithelial cells is damaged by oxidative stress and
the phospholipids on the membrane are destroyed,
thus failing to maintain mitochondrial integrity.

Recent studies have identified SS-31 as a
mitochondrial ~ cardiolipin ~ protector  that
specifically binds to cardiolipin in the inner
mitochondrial ~ membrane,  protecting the
mitochondrial structure and reducing apoptosis
and oxidative StreSSError! Reference source not found.2l To
further improve the biodistribution efficacy and
delivery efficiency of this nanosystem, Liu’
designed pH-responsive renal-targeted
nanopolysomes (NPs) to efficiently deliver SS-31.
Both in vivo and ex vivo studies showed that that
NPs exhibited higher antioxidant and anti-
apoptotic effects compared to free SS-31 and their
therapeutic effects were significantly better.

2.1.2 Mitochondrial Permeability Transition
Pore

In addition to the membrane, mitochondrial
proteins are also essential for controlling material
transport and signalling. The mitochondrial
membrane permeability transition pore (MPTP) is
a nonspecific channel located between the inner
and outer mitochondrial membranes, and its
opening is closely related to the maintenance of a
balance between mitochondrial function and cell
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survival, with the degree of opening reflecting the
dynamic changes in mitochondrial function=""
Reference source not found. The short-term and reversible
opening protects cells from oxidative damage and
allows Ca2+ ions to flow out of the mitochondrial
matrix and cell signalling®” .However, in AKI,
MPTP can have a prolonged and irreversible
opening that will lead to mitochondrial swelling,
which in turn causes rupture of the outer
mitochondrial membrane and release of
substances such as cytochrome C, triggering
apoptosis and necrosis>®

The molecular structure and composition of
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MPTP are not yet fully defined, but it is known to
involve a variety of proteins, including adenine
nucleotide translocase (ANT), voltage-dependent
anion channel (VDAC), cyclophilin D (Cyp D),
phosphate carrier (PiC), and the Bcl-2 family of
proteins’. These molecules may be involved in
either the structural composition or functional
regulation of MPTP. During AKI, the integrity of
the mitochondrial membrane is impaired and the
abnormal opening of the MPTP is a key

pathological process, especially in ischaemia-
reperfusion injury (IR1), which is a major cause of
AKIFigl
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Figl The changes of MTPT in normal conditions and during AKI

Previous studies have shown that IR-induced AKI
will result in major structural alterations in
mitochondria, but that administration of drugs via
bone marrow mononuclear fine (BMMC) restores
the damage.Clara Rodrigues-Ferreira™
specifically investigated the molecular
mechanism in which is related to the opening of
MPTP. By Ca2+ green fluorescence assay, it was
found that IR inhibits the rapid accumulation of
Ca2+ and induces the opening of the cyclosporin
A-sensitive permeability transition pore (PTP),

whereas BMMC induces the formation of a
complex between ANT and VDAC, which
facilitates the release of Ca2+, inhibits the
opening of the PTP and thus prevents this change.

2.2 Functions of Mitochondria

The basic mitochondrial function is determined
by the fact that mitochondria are the centre of
energy metabolism in the cell, which includes the
production of ATP required for life activities and
the regulation of oxidative metabolism and
mitochondrial Reactive Oxygen Species (ROS). A
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balance needs to be maintained between the
energy demands of the cell and the energy
produced by the mitochondria to ensure proper
cellular function.

The kidney is a high-energy-consuming organ,
especially the renal tubular epithelial cells, which
derive energy mainly from fatty acid p-oxidation
by mitochondria. In AKI, impairment of basic
mitochondrial function affects the energy supply
to the cell thereby exacerbating the extent of the
damage as well as affecting mitochondrial quality
control*’. It is therefore critical to target the levels
of oxidative stress in the mitochondria - ROS
levels and the processes and levels of ATP
production by the mitochondria®.

2.2.1 Regulation of ROS
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ROS play an important role in mitochondria as a
by-product of mitochondrial respiration and are
strongly associated with acute kidney injury™.
The occurrence of kidney injury leads to an
exponential increase in mitochondrial ROS,
which in turn results in more severe injury, and
thus mitochondrial ROS are considered to be
central to renal injury™.

ROS include oxygen radicals [including
superoxide anion radical (O%), hydroxyl radical
(HO)] as well as certain non-radicals, some of
which are oxidising agents and some of which can
be converted to hydrogen peroxide radicals
[including hydrogen peroxide (H20,),
hypochlorous acid (HOCI)]*, whose main source
is the mitochondria.Fig2
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Fig 2 Elevated mtROS levels and reduced ATP levels in acute kidney injury

High levels of ROS in mitochondria lead to a
state of high oxidative stress in cells, which in
turn causes injury. In order to minimise the high
oxidative stress levels in ischemia-reperfusion-
induced acute kidney injury, Ran® constructed a
DNA nanostructure with natural biocompatibility,

good bioavailability and stability.  This
nanosystem consists of four single-stranded dna
(ssdna) annealed to form tetrahedral framework
nucleic acids (tFNAs) with a flavonoid
component from the flowers of Typha
angustifolia L., Typhaceae, known as ‘Pu huang’
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in  traditional Chinese medicine (TCM).
Typhaneoside (Typ) is piggybacked into tFNA-
Typ complex (TTC). Whereas Typ has good
antioxidant effects’’*® | the application of
nanosystems greatly enhanced its relevant effects.
In vitro, the system showed good mitochondrial
targeting under confocal microscopy as well as
good biocompatibility, significantly reducing
apoptosis and mitochondrial ROS levels in acute
kidney injury due to ischaemia-reperfusion. In
addition, in vivo, the system has a dual targeting
role, firstly, it has an excellent ability to target
human renal proximal tubule cells (HK-2), which
enables further reduction of renal injury, and
secondly, this study confirms the good
mitochondrial targeting of TTC, which plays a
significant role in mitochondria to regulate ROS.

On the other hand, high level of ROS is also an
important target, for example, Ceria nanoparticles
have a strong ability to scavenge ROS, but Ceria
nanoparticles do not selectively target
mitochondria, and ultra-small Ceria nanoparticles
have the disadvantage of being prone to
agglomeration®®. In order to overcome these
drawbacks and to improve therapeutic efficacy,
Yu % designed a ROS-responsive nanomedicine
delivery system by modifying Ceria nanoparticles
with  triphenylphosphine (TCeria NPs) for
mitochondrial targeting, and then coating and
loading atorvastatin (Atv/PTP-TCeria NPs) with
ROS-responsive organic polymers (mPEG-TK-
PLGA), in order to construct a ROS-responsive
nano-system for scavenging high levels of ROS f

2.2.2 Mitochondrial Energetics

The production of ROS in mitochondria is
inevitably accompanied by the generation of
adenosine triphosphate (ATP)21. Therefore,
mitochondria are known as the ‘energy factories
of the cell’ and play a central role in cellular
metabolism, being responsible for the production
of cellular ATP, supplying energy for normal

stable22. During AKI, a large amount of energy is
required by the cell due to various oxidative
reactions. ¥m) is stable.55 During AKI, the cell
requires a large amount of energy due to various
oxidative reactions, and then there is an
insufficient supply of ATP, which leads to the
inability of the cell to carry out normal life
activities that require energy supply. Therefore,
ATP depletion in renal tubular cells plays a
central role in the pathogenesis of renal diseases
such as AKI.

Using a novel mouse strain that systematically
expresses an ATP biosensor (an ATP synthase
subunit and two fluorophores), Shinya
Yamamoto® concluded that upon induction of
ischemia, ATP levels in proximal tubule (PT)
cells decreased to a nadir within minutes, whereas
those in distal tubule (DT) cells gradually
declined within 1 hour. After reperfusion, the rate
of ATP recovery in PTs became slower with
increasing ischaemic time. In contrast, ATP in
DTs rebounded rapidly regardless of ischaemia
duration. Therefore, stabilisation of ATP levels is
an important avenue in the search for a treatment
for AKI.

After it was known that Pannexin 1 (PANX1)
channel transmembrane proteins can drive ATP
release during I/R injury, Su** established a
mouse model of renal I/R injury and a cellular
hypoxia/reoxygenation (H/R) model,
demonstrating that genetic deletion of PANX1
attenuates I/R injury by enhancing mitochondrial
autophagy and decreasing ATP levels through
affecting the ATP-P2Y-mTOR  signalling
pathway, thereby attenuating I/R injury. /R injury
after renal tubular cell death, oxidative stress and
mitochondrial damage. Zhao® further explored
the application of nanomedicines in this pathway
and established an artificial mitochondrial transfer
pathway, which enhances the activity of the
mitochondrial electron transport chain (ETC) and
promotes the increase of ATP production by

cellular  activities and  maintaining  the ) _
mitochondrial membrane  potential  (A%¥m) using endosomal-bound gold nanoparticles
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(GNPs) as an effective electron transfer medium.
This nanocarrier is bound to the inner
mitochondrial membrane and has good
mitochondrial targeting capabilities.

2.3 Mitochondrial Quality Control

In addition to mitochondrial structure and
function, the semiautonomous nature of
mitochondria is reflected in the ability of
mitochondria to inherit and carry out certain life
activities independently. This process involves an
important  intracellular ~ mechanism,  the
mitochondrial quality control mechanism, which
maintains mitochondrial homeostasis and function
by monitoring mitochondrial quality and
executing a series of protective procedures,
including processes such as mitochondrial
biogenesis, mitochondrial dynamics,
mitochondrial protein hydrolysis, and
mitochondrial autophagic degradation. In AKI,
controlling other mitochondrial activities is also
particularly important, and mitochondrial quality
control is a major target for mitochondria-targeted

Mitochondrial fission
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2.3.1 Mitochondrial Dynamics

Mitochondrial dynamics is a state of dynamic
equilibrium in which mitochondria maintain their
form, number and function through a continuous
process of division and fusion. Its main processes
include fusion and division of mitochondria. The
fusion process is mainly regulated by proteins
such as mitophilin 1 (MFN1), mitophilin 2
(MFNZ2), and optic atrophy 1 (OPA1)?", while the
division process is mainly regulated by
mitochondrial dynamin 1 (Drpl) and its receptor
proteins, Fisl, and Mf®AKI leads to
mitochondrial fragmentation, i.e., overexpression
of proteins subject to the division process of the
mitochondria, and on the contrary, mitochondrial
fusion proteins are reduced in expression. This
paper summarises and summarises the progress of
several mitochondria-targeted nanomedicines that
will alleviate AKI by modulating mitochondrial
dynamics.Fig3

Mitochondrial fusion

== : o =
‘

IMM OMM OMM MM
w \Z .4
Opal Mnfl Mnf2

Fig3. Mitochondrial quality control mechanisms
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Chronic renal failure leads to myocardial
ischaemia-reperfusion injury”.Wang® selected
the extracts (Guanxinning injection, GXN) of
Salvia  miltiorrhiza  (Danshen, DS) and
Chuanxiong (Chuanxiong, CX), which are widely
used in Chinese medicine for the prevention and
treatment of myocardial ischemia and renal
insufficiency, for the treatment of this injury, and
which have antioxidant, anti-inflammatory and
anti-ischemia-reperfusion injury properties. In the
study, GXN and post-ischemic treatment (IPOC)
were co-applied in the ischemic treatment of rats
with chronic renal failure (CRF) and found to
attenuate the injury by mediating the increase in
the expression of mitochondrial fusion proteins
MFN1 and OPA1. In addition, ramelteon was
able to attenuate IRI-induced AKI by decreasing
the expression of Drpl, Fisl, and Mff and
increasing the expression of Mfn1 and Mfn2*,

Diabetic kidney disease (DKD) also increases the
risk of AKI, and the search for therapeutic
approaches to treating renal injury caused by high
glucose is also a focus of current research. In a
study by Kristan H Cleveland® , formoterol was
found to have an important role in the treatment
of aberrant mitochondrial fission fusion in DKD,
by restoring the activity of the mitochondrial
fusion protein Mfnl through a second GPy-
dependent mechanism consisting of
Raf/MEK1/2/ERK1/2/Mfnl, which facilitates
mitochondrial biogenesis in response to the
pathological changes caused by glucose
elevation-induced pathological changes. SS31, a
mitochondria-targeting peptide, not only plays a
major role in maintaining mitochondrial structural
and functional stability, but also protects against
tubular mesenchymal injury in diabetic mice by
reducing mitochondrial fragmentation through
inhibition of Drpl expression and increasing

Mfn1 expression®.
2.3.2 Mitochondrial Autophagy

In addition to mitochondrial division and fusion,
mitochondrial autophagy occurs when
mitochondria are damaged. Mitochondrial
autophagy (mitophagy) is the maintenance of
cellular and mitochondrial homeostasis by
specifically encapsulating damaged or
homeostatically dysregulated mitochondria and
then degrading them to prevent cellular damage
by damaged mitochondria®. Recent studies have
shown that mitochondrial autophagy is highly
active in acute kidney injury (AKI) caused by
renal IRl and plays an important role in the
progression of AKI and subsequent renal

repair’>*°.

Mitochondrial autophagy has been identified to be
mediated by a total of four signal transduction
pathways in two major categories®’:the ubiquitin-
dependent PTEN-inducible putative kinase
(PINK) 1-PARK2 pathway6;the non-ubiquitin-
dependent Bcl-2/adenoviral E1B 19 kD a-
interacting protein 3 (BNIP3)/Nip-like protein-
mediated pathway®, FUN14 domain protein 1-
mediated pathway, and the cardiolipin-mediated
pathway6 . mediated pathway®’. Figd Among
them, Huang™ used the first signalling pathway to
construct a novel  mitochondria-targeted
nanosystem for inhibition, ultra-small tungsten-
based nanodots (TWNDs), to reduce
mitochondrial ROS and increase mitochondrial
autophagy, and furthermore, detected its ROS
level by flow assay, and detected its autophagy
pathway by western blot. Detection of specific
proteins of the mitochondrial autophagy pathway
such as PARKIN to verify its therapeutic
goodness in kidney injury as well as good
mitochondrial targeting and biocompatibility.
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2.3.3 Mitochondrial Biogenesis

Mitochondrial biogenesis (MB) refers to the
process of increasing the number and quality of
mitochondria in a cell, which includes several
aspects such as mitochondrial DNA (mtDNA)
replication, mitochondrial protein synthesis, and
assembly of  mitochondrial  components®
.Mitochondrial biosynthesis is essential for
maintaining cellular metabolic function and
energy supply, and in In AKI, mitochondria are in
a state of high oxidative stress and their related
functions are inhibited, which is reflected in
mtDNA damage and impaired protein synthesis in
mitochondrial  biosynthesis, etc. Therefore,
maintaining the stability of mitochondrial
biosynthesis can be regarded as one of the key
targets for the treatment of AKI.

2.3.3.1 mtDNA

mtDNA is a special type of DNA present in
mitochondria that is used to encode the
mitochondria's own genome, such as a number of
proteins and RNA molecules required for itself.
During AKI-IRI mtROS cause mtDNA damage
and inflammation, a process that further
exacerbates AKI.At the same time, the

replication and distribution mechanisms of
mtDNA are crucial for maintaining mitochondrial
quantitative and qualitative stability. In this
regard, Yang* designed a nanoparticle-based
synthetic mitochondrial transcriptional regulator
(MitoScript) that targets the mtDNA light chain
promoter region of MitoScript, leading to the
downregulation of ND6 gene silencing, which in
turn affects the cellular redox state. In addition,
MitoScript has excellent colloidal stability,
biocompatibility, cellular uptake rate, and
mitochondrial targeting, and can be monitored in
living cells using near-infrared fluorescence. In
AKI mtDNA damage leads to a series of
increased levels of oxidative stress. In their study
of mesenchymal stem cell (MSC)-derived
extracellular vesicles (MSC-EVs), Zhao* found
an important role in stabilising mtDNA damage in
acute kidney injury due to diabetic nephropathy,
which relies on the mitochondrial transcription
factor A (TFAM) pathway to regulate miRNA
and protein expression to maintain MtDNA
expression and transcriptional homeostasis.

In addition, mtDNA can be used as a therapeutic
agent. Ruben Faria® For previous studies of
peptides incorporating mitochondria-targeting
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sequences (MTYS), it was considered that plasmid
DNA (pDNA) containing mitochondria-encoded
NADH dehydrogenase 1 protein (ND1) and
peptide complexes to form nanosystems with
mitochondria-targeting that could be developed
for application in gene therapy.

2.3.3.2 Mitochondrial Protein Synthesis

The mtDNA can independently encode certain
proteins in the mitochondria, and these particular
proteins also play an important role in stabilising
mitochondrial biosynthesis. When AKI occurs
and mitochondrial mtDNA is damaged, mRNA
transcription is abnormal during transcription and
protein synthesis is impeded.Fig5
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Currently, it is known that the [B2-adrenergic
receptor (AR) of formoterol stimulates
mitochondrial biogenesis in renal proximal
tubules and restores renal function*’. However,
formoterol has a number of cardiovascular side
effects, which limit its use.Ernest *° synthesised
poly(ethylene glycol) methyl ether block-
poly(propylene Cross ester-co-glycolide)
nanoparticles containing encapsulated formoterol
by a modified single-emulsion solvent-
evaporation technique. co-glycolide)
nanoparticles (PLGA-PEG), which further led to
an increase in the expression of peroxisome
proliferator-activated receptor-y coactivator la
(PGC-1a), a major regulator of MB, as well as an
increase in the expression of electron transport
chain  proteins, markers of MB.PGC-la

(peroxisome proliferator activated receptor-y
coactivator 1a) is a key transcriptional coactivator
in the regulation of mitochondrial biosynthesis by
activating multiple nuclear genes involved in
mitochondrial DNA and protein synthesis.

3. Design and Construction of Mitochondria-
Targeted Nanosystems

Nanosystems for mitochondrial targeting is a
prospective strategy for the treatment of
mitochondrial-related diseases such as AKI,
which utilises nanosystems directly targeting
mitochondria to load drugs or load mitochondria-
targeted drugs onto nanosystems to increase
bioavailability and concentration of drugs at the
tumour site, and to reduce systemic toxicity and
side-effects. In this subsection, we will look at
nanomaterials and drugs with mitochondria-
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targeting capabilities that have been investigated
in the last few years.

3.1 Nanomaterials with  Mitochondria-
Targeting Functions and Their Modifications

Various types of nanocarriers have been
developed, such as nanosystems based on small
molecule  drugs, liposomes, nanomicelles,
mesoporous silica, dendritic polymers, charge-
reversible nanocopolymers, lipid-shell-polymer
hybrid nanoparticles, metal-organic skeletons and
peptide-modified nanosystems. And many of

these carriers are inherently mitochondria-
targeted, such as TPP*, which is inherently
lipophilic and positively charged, which allows it
to interact with the negatively charged
membranes of the mitochondria and facilitate the
uptake of the nanocarriers through the difference
in the potential of the membranes. In addition the
mitochondrial targeting ability of TPP is due to its
recognition of mitochondria-specific markers
such as mitochondrial localisation sequences
(MLS) and specific receptors on the
mitochondrial membrane.

Tablel Nanomaterials loaded with drugs with mitochondrial targeting function

Mitochondri | Drugs Acting cell types Acting cell types Animal models | Refer

a-targeted ences

nanosystems

Polymeric Dichloroace | Poly[2-(N-oxide- K7M2 BALB/c mice | 47

micelles ( |tic acid (| N,N- inoculated

OPDEA- DCA) diethylamino)ethyl with K7M2

PDCA) methacrylate] ( tumour cells
OPDEA)

Mito-FFa fenofibric triphenylphosphoniu

4T1. MDA-MB-231. | BALB/c mice | 48

PEG-TPP succinate (
a-TOS)

PLA8K- PLAS8k-
PEG6K-TPP | PEG4k

TPP-ceria Ceria NPs

acid (FFa) | m(TPP) CT26. AMLI12, inoculated
Raw264.7, BMDCs, ‘tﬁ'r:]hour Cngsl
inoculated
with MC38
tumour cells
TCeO2- All-trans Triphenylphosphine | HaCat cell MQ-induced 49
TRA-FNL- | retinoic acid | (TPP)-modified psoriasis in
gel (TRA) cerium oxide BALB/c mice
(Ce02)
PEP-TPP— | CSTSMLK | Triphenylphosphine | AC16 cells, mouse | IR-injured 50
mitochondri | AC (PEP) cation (TPP+) primary C57BL /6J
al cardiomyocytes, mice, Cox4il-
compound bEnd.3 cells GFP mice
TOS-PDA- | a-tocopheryl | TPP A549, LLC LLC  Balb/c |51

nude mice and
Balb/c  mice
inoculated

with LLC cells

HelLa. Ab49 BALB/c nude | 52
mice
inoculated
with  HelLa/R
tumour cells

SH-SY5Y SXFAD 53
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NPs

(TPP- NGO
PPG@ICG
)

transgenic
mouse

MG63. MG63/Dox mice 54
inoculated
with
MG63/Dox
tumour cells

3.2 Drugs with Mitochondria-Targeting
Capabilities That Can Be Loaded Onto
Nanomaterials

However, not all nanomaterials are mitochondria-
targeted, so when we want to build a
mitochondria-targeted nanosystem, we need to
consider whether the loaded drug is mitochondria-
targeted or not, and then make use of the relevant
synthetic methods to enable the drug to be loaded
onto the nanomaterial, and thus achieve the major
breakthrough of improving drug utilisation and
realising precision-targeted therapy at the same
time.

For example, metal nanocarriers are widely used
in nanosystems in current research and are
involved in the treatment of a variety of
diseases™. However, we also know that
mitochondria do not have a wide range of specific
uptake capabilities for any kind of metal.
Therefore, when there is a need to construct metal
nanocarriers with mitochondria-targeting
functions, another route is needed. It is known
that chrysin is a mitochondria-targeting agent
capable of demonstrating multimodal therapeutic
use in glioblastoma (GBM) treatment by severely
affecting  the IDH2 gene (isocitrate
dehydrogenase) and its interaction with the multi-
combic methyltransferase EZH1/2%°. In a study by
Babita Kaundal®” , chrysin was loaded onto gold
nanocarriers and combined with photodynamic
therapy to together to improve the therapeutic
effect on tumours.

Liposomes are also widely used in nanosystems,
but they do not have mitochondrial targeting
capabilities for better therapeutic effects. In this

regard, Tan®® used amphiphilic oxalamide-octane
conjugate (SS) as a mitochondria-targeting
molecule, which was bound to the surface of
arsenic trioxide liposomes to increase the
accumulation of the drug in the tumour cells by
targeting the mitochondria, triggering the
permeability of the outer mitochondrial
membrane, and promoting the release of
cytochrome C through the inhibition of Bcl-2,
which led to the cascade of caspase 3, resulting in
apoptosis of the tumour cells. Takao Tsujioka>
encapsulated resveratrol (RES), a naturally
occurring polyphenol compound with
cardioprotective properties, in a multifunctional
membrane-encapsulated nanodevice for targeting
pancreatic B-cells (B-MEND) to form a new
nanosystem, B-MEND (RES), which is not
cytotoxic to H9c2 cells and can significantly
activate the cells. H9c2 cells and significantly
activates the maximum cellular respiratory
capacity.

4. Discussion and Expectations

Kidneys are one of the vital organs in the body,
not only responsible for filtering waste and excess
water from the blood, but also maintaining
electrolyte and acid-base balance in the body. The
healthy state of the kidneys is vital for the proper
functioning of the entire body. However, when
the kidneys are acutely injured, this balance is
disrupted, leading to a variety of complications
that may be rapidly apparent in the short term or
accumulate over time, with serious health
consequences>*®. Mitochondria, as the ‘energy
factories’ within the cell, play a particularly
critical role in the kidneys. They not only provide
the necessary energy for the high energy-
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consuming activities of the kidney, but also
regulate cellular metabolism and participate in
cellular signalling. These autonomous functions
of mitochondria make them a target that cannot be
ignored in the treatment of renal diseases®™.
Especially in AKI therapy, the structural integrity,
functional status, autophagy mechanism, and
biosynthetic processes of mitochondria have a
direct impact on disease progression and
recovery.

With the ongoing research, researchers have
identified certain limitations of traditional
pharmacological approaches in the treatment of
AKI. To overcome these limitations, scientists
have begun to explore novel therapeutic means.
Nanosystems, due to their unique
physicochemical properties and biocompatibility,
are considered to have great potential in
improving drug efficacy and reducing side
effects. In particular, mitochondria-targeted
nanosystems, which are capable of precisely
delivering drugs to mitochondria and targeting
specific  mitochondrial life  activities for
modulation, can protect mitochondria while
slowing down the damage of AKI.

Currently, research on mitochondria-targeted
nanosystems is mainly focused on the laboratory
stage, where scientists have explored their
protective effects on multiple mitochondrial
targets by constructing nanocarriers with specific
targeting properties. Although these studies have
made some progress, they are still a long way
from clinical application. Future studies will need
to further elucidate the specific mechanism of
action of mitochondria-targeted nanosystems in
AKI therapy, validate their safety and efficacy,
and explore their potential for application in
clinical therapy.
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