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Acute kidney injury (AKI) is a global health threat due to its high morbidity and mortality. There is still a
lack of effective therapeutic methods to deal with AKI clinically. Natural products with outstanding acces-
sibility and bioactivity are potential candidates for AKI treatment. Natural product-based prodrugs or
nano-structures with improved properties are frequently fabricated for maximizing bioavailability and
decreasing side effects, in which natural polymers are selected as carriers, or natural drugs are loaded as
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cargos on designed polymers. In this review, the etiologies of AKI are briefly presented, and emerging
natural products delivered rationally for AKI therapy, as either carriers or cargos, are both introduced.
Moreover, the challenges of the future development of nature-based nanodrugs or prodrugs for AKI have
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Introduction

Acute kidney injury (AKI) is a syndrome with a rapid loss of
renal function which is prevalent around the world." The mul-
tiple etiologies make it common in most wards in hospitals,
especially in intensive care units (ICUs).>”> However, existing
clinical methods to deal with AKI including fluid replacement
and electrolyte correction are limited and even rare to combat
it in the initial period.® The retarded intervention of AKI leaves
patients with a high risk of death. Even if the sufferers could
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get through the most dangerous period, chronic kidney dis-
eases are also hard to avoid with the progress of AKL’”®
Considering its morbidity and severity, multiple efforts have
been devoted to exploiting novel approaches for the early diag-
nosis and effective treatment of AKL>"°

Although great efforts have been made towards treating
AKI, the efficient delivery of therapeutic agents to the kidneys
to achieve renal accumulation is still attracting increasing
research interest.'” Although a great amount of adminini-
strated agents tend to arrive at kidneys since they are major
organs for excretion, the renal accumulation and retention of
agents are still complicated.'® In particular, for nano-medi-
cines with countless functions and advantages, due to their
relatively large size, the nanoparticles prefer to accumulate in
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the liver, leading to very low kidney accumulation.'® At the
same time, the glomerular basement membrane (GBM) acts as
an additional barrier for the kidneys specifically."* So far,
several strategies have been put forward for renal drug delivery,
which could be described as passive and active targeting
methods."? Passive targeting strategies include size, water solu-
bility and surface charge, and active targeting strategies focus
on specific receptors overexpressed on injured renal tissues. In
general, materials with high hydrophilicity and a smaller size
are more liable to be excreted renally; the ideal size cut-off for
glomerular filtration is around 5 nm in healthy kidneys, equat-
ing to about 30-50 kDa in molecular weight.">*” Additionally,
it is also possible for nanoparticles with larger sizes to reach
renal tissues, especially injured lesions via endocytosis or a
damaged GBM, reported in recent works.>'®'® Considering
the negatively charged GBM, materials with a positive surface
have more opportunities to cross the GBM to realize renal
accumulation.””*! Meanwhile, AKI is a typical inflammatory
process accompanied with injuries; several inflammation- or
damage-related receptors are overexpressed on the membranes
of affected cells, providing another way to actively bind to
those cells and effectively accumulate in injured lesions.>°
Among the approaches reported, natural products as well as
their derivatives constitute an important branch in both diag-
nosis and therapy of AKL>**?® Natural products, usually
extracted from plants which are traditionally medically used,
are abundant in nature and easy to access. The effectiveness
and biosafety are also verified in long-term use.*®?®
Considering the unparalleled advantages of natural products
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mentioned above, an increasing number of modern research
studies find specific potentials of natural products for AKI
treatment, and have previously been well reviewed.**??
However, the fact is still neglected that the application of
natural products is often related to polymers. Several natural
polymers, with inherent affinity for renal tissues, were applied
for the precise renal accumulation. On the other hand, many
other kinds of natural drugs like polyphenols, with renal-pro-
tective capacities, are hard to be administered directly because
of their poor solubility, stability or delivery efficiency.
Specifically, the hydrophobic products need to be dispersed in
water for intravenous administration, and many unprotected
products may be adhered to proteins and deactivated in a com-
prehensive environment in the human system. The biodistri-
bution of natural products is also required to be altered to
make full use of them and to avoid potential risks if the agents
are metabolized in an undesired way. To resolve the problems
above, natural drugs are usually administered with polymers to
form designed prodrugs or nanocarriers with improved
performance.?~*!

Focusing on the extraordinary affinity between natural pro-
ducts and polymers, we reviewed recent reports on AKI treat-
ment that applied natural polymers directly as carriers, or that
delivered natural products via polymer-based structures and
tried to draw out a reference for future design and application
of natural products in AKI-related realms, considering the
essential roles of natural products in AKI and the importance
of rational design of delivery systems of them.

Brief etiologies of AKI

The kidneys are the major places for metabolism to maintain
the homeostasis of body fluids, electrolytes, osmolality and pH
in human bodies.*” In each small independent functional
unit, named nephron in the kidneys, the glomerular mem-
brane filters the fluid and small molecules from the blood to
form crude urine, which is concentrated by tubules called
reabsorption and gathered in collecting tubes before going to
the bladder. The intense interchange of small molecules and
ions in renal tubules requires lots of energy, which is sup-
ported by the high density of mitochondria and high intensity
of metabolism in tubular cells.*® That is to say, insufficient
nutriment supply will easily lead to lethal damage, called
acute tubular necrosis (ATN). Therefore, a temporary or long-
lasting blockage of blood supply is a major pathogenesis to
AKI, and the injury will be worsened when the blood reper-
fuses suddenly, which is called ischemia-reperfusion (IR)
induced AKI>** For example, the disorder of or operation on
major organs like the heart, lungs or liver may lead to this
injury. At the same time, since the kidneys should deal with
most body fluids, the systematic disturbance will exert a tre-
mendous pressure on renal cells; in this way, the high levels of
inflammatory factors in the circulation system caused by
sepsis or rhabdomyolysis are common inducers of kidney
disorder.’>?® Finally, renal cells, including tubular and glo-
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merular cells, are susceptible to nephrotoxins like some kinds
of antibiotics (gemcitabine, polymyxin, etc.), chemotherapeu-
tic agents (cisplatin) and contrast agents.’” *° Both glomerular
and tubular cells may be affected by the side effect of those
nephrotoxins in hospitals or from drug abuse, and this is the
reason why the administered dose of several medicines is
limited even though a better therapeutic outcome could be
expected at a higher dose level.

Among all kinds of AKI, oxidative stress and inflammation are
typical pathological features, and thus major therapeutic targets
(Fig. 1).*' In some AKI subtypes like those induced by IR, ische-
mia usually disrupts the normal aerobic metabolism, and leads
to leakage of reactive oxygen species (ROS) like superoxide anions
and hydrogen peroxide, which could destroy DNA, oxidize lipids
and proteins, generate toxic reactive nitrogen species (RNS) and
trigger severe inflammatory response.*” The ion channels are also
interfered with during this process, and an uncontrollable influx
of metal ions like Ca®" after blood reperfusion will create further
disturbance for more production of R0OS.** The overproduced
ROS usually lead to abnormal cell necrosis, which may also be
caused by some nephrotoxins. During necrosis, the plasma mem-
brane collapses rapidly and toxic pro-inflammatory mediators are
released at the same time to recruit immune cells for the clear-
ance of debris. The infiltrated immune cells will secrete more
ROS when activated, and the self-amplified inflammation is
initiated.** Therefore, anti-oxidative and anti-inflammatory thera-
pies have been mainstream in AKI strategies recently. Lots of anti-
oxidative and anti-inflammatory medicines were reported to be
effective for AKI remission, like N-acetylcysteine (NAC), glucocorti-
coids and others, but few were applied in the clinic.®

The necrosis of injured tubular cells has been recognized as
the major cause of the loss of renal function, but emerging evi-
dence has implied that the etiology is probably not alone, and
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Fig. 1 Typical pathologies of AKI treatment.
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might be accompanied by apoptosis and possibly autophagic
cell death.* Apoptosis is reported to be detected in the
kidneys after ischemia, toxin exposure, inflammation and
sepsis, and uncontrolled apoptosis is believed to be a contribu-
tor to renal failure.*>*” In mitochondria where the apoptosis-
related signals are integrated, the permeabilization of mem-
branes is regulated by Bcl-2 family proteins, among which Bax
and Bak are primary members to increase membrane permea-
bilization in renal cells. Bcl-2 and Bcl-XL, another two
members in the Bcl-2 family, counteract Bax and Bak to main-
tain the balance. The ratio of Bax to Bel-2 is usually upregu-
lated to a high pro-apoptotic state during AKI, and leads to the
activation of caspase-9 initiating unbalanced apoptosis of
renal tubular cells. Receptors of the tumor necrosis factor
(TNF) superfamily, including Fas, TNF receptor 1 and Fn14,
are also expressed on renal tubular cells. Fas ligands and TNF-
like weak inducer of apoptosis (TWEAK) can activate down-
stream caspases and derive apoptosis induction.

Autophagy is regarded as a cytoprotective process to
degrade the damaged organelles and molecules under stress,
which is proved to be vitally involved in AKL**™>" Several Atg
protein complexes are involved in the formation of autophago-
somes (Fig. 2), for example the ULK1/2 complex regulated by
nutrient- and energy-sensitive kinases mammalian target of
rapamycin (mTOR) and adenosine monophosphate kinase
(AMPK), and Beclin-1/class III PI3K complex, ubiquitin-like
conjugation systems (ATG16L1 complex and lipidation of
microtubule-associated protein-1 LC3). Although the roles of
autophagy are still not clear in AKI, ROS, endoplasmic reticu-
lum (ER) stress and energy depletion in AKI are all triggers of
autophagy, and efforts were made toward the management of
autophagy for effective renal repairment.

The classical inflammation-related NFkB pathway plays an
important role in the pathogenesis of AKL.°>> Animal models
revealed that the inhibition of NF«B could suppress immune
response, decrease M1 macrophage infiltration and alleviate
kidney injury.”*>® Consequently, mediators involved in this
pathway, like p50, p52, and p65, have attracted wide attention
for anti-inflammatory therapy of AKI.
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Fig. 2 Autophagy pathways, process and molecular machinery.
Reproduced from ref. 51 with permission from Springer Nature, copy-
right 2020.
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Thanks to the recent biological breakthrough to gain a full
understanding of AKI, many more researchers have concen-
trated on clarifying the mechanisms underneath the AKI
therapy, and by applying biomolecules like siRNAs for the inhi-
bition of specific pathways, more novel biological signals were
revealed.’® > Advanced strategies with more precise targets
have been developed for effective disease management, which
might be the future direction for the related designs. In the
meantime, the effective delivery of those molecules has
become a new demand and challenge.

Natural polymers for renal-targeted
delivery

Kidney targeting, as well as injured-kidney targeting, is a bot-
tleneck for the efficient delivery of nephroprotective agents.
Based on the normal or pathological structure of the kidneys,
several natural polymers with certain specific affinities or
physical features are applied for higher targeting outcomes,
among which polysaccharides are the most prevalent candi-
dates. Several polysaccharides, including fucoidan, hyaluronic
acid, chitosan and cyclodextrin, were reported for higher renal
accumulation or clearance, based on the specific chemical
recognition or physical properties (Table 1).

Fucoidan

Fucoidan, a marine polysaccharide mainly composed of
L-fucose and sulfate groups, has a specifically high affinity for
P-selectin overexpressed on activated endothelial cells during
multiple inflammations including AKI.”%®*® Interestingly, fucoi-
dan also shows a wide range of biological activities including
anti-inflammatory, antioxidant and anti-tumor effects. For this
reason, fucoidan was recently applied as a bioactive macromol-
ecular carrier for treatment of AKI. Shu et al. designed curcu-
min-loaded micelles via octenyl succinic anhydride-grafted
fucoidan, which were proved to have sustained drug release be-
havior and excellent physicochemical stability with a diameter

Table 1 Natural polymers reported for renal targeting
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of around 100 nm.* The cellular internalization and kidney-
targeting in LPS-induced AKI models both showed that the
antioxidant and anti-inflammatory abilities were elevated due
to the precise targeting. Gao et al. fabricated a ferulic acid
(FA)-loaded fucoidan nanoparticle with a size of 158.6 +
4.5 nm for the treatment of cisplatin-induced AKIL®* After
being loaded on fucoidan, FA shows limited cytotoxicity and
enhanced therapeutic effects. Similarly, fucoidan-proanthocya-
nidin nanoparticles were also reported by the same group,
with a similar renal accumulation and therapeutic outcome in
a cisplatin-induced AKI model, expanding the application of
fucoidans as carriers for complex molecules with condensed
rings.®®

Hyaluronic acid

Hyaluronic acid (HA), a biocompatible and biodegradable
natural polysaccharide, contains an inherent ability to specifi-
cally target CD44 receptors, which are found to be over-
expressed in injured tubuloepithelial cells during AKI. Based
on the abundance of carboxylic and hydroxyl groups, HA is
available for further modification and applied as a natural
drug carrier for AKI targeting. Curcumin was handily conju-
gated to HA by Hu et al. via esterification reaction.®® The elev-
ated uptake by inflamed renal tubular epithelial cells and
specific accumulation in injured renal tissues were verified
both in vitro (HK-2 cells) and in vivo (mice IR induced AKI
model). Since the loaded curcumin is released via physiologi-
cal degradation of the ester bond, a prolonged drug release in
circulation is also expected for this complex. In another work
reported by Huang et al., HA was coated on the surface of e-
polylysine-bilirubin conjugated nanoparticles for IRI-injured
kidney targeting (Fig. 3).” The constructed nanoparticles
showed favorable stability and high biocompatibility, together
with specific kidney targeting and protective ability. The direct
conjugation of anti-oxidative bilirubin on HA is also feasible
via the linker adipic dihydride. HA became amphiphilic after
the modification of hydrophobic bilirubin to form nano-
particles, which is responsive to ROS because of the conversion

Natural polymers Renal targeting mechanism Loaded agent AKI model Ref.
Fucoidan Target P-selectin Curcumin LPS 63
Ferulic acid Cisplatin 64
Proanthocyanidin Cisplatin 65
Hyaluronic acid Target CD44 Curcumin IR 66
Bilirubin IR 67
Bilirubin, BAPTA-AM IR 68
IL-10 IR 69
Hyaluronic acid mixed with chitosan Target CD44 SS31 LPS 70
Chitosan modified with a-cyclam-p-toluic Target CXCR4, positive siRNA against p53 IR 71
acid charge
Chitosan Positive charge Lutein, celastrol Cisplatin 72
Curcumin LPS 73
SS31 peptide, L-serine IR 74
MSCs IR 75
Cyclodextrin Small size, high Multiple fluorescent Cisplatin, gentamicin, 76-78
hydrophilicity molecules diatrizoate
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Fig. 3 Illustrative scheme of e-polylysine-bilirubin coated with HA with
both passive and active renal targeting abilities for the AKI remission via
various ways. HA is applied for renal-targeting based on its affinity with
CD44. Reproduced from ref. 67 with permission from Elsevier, copyright
2021.

from bilirubin to biliverdin with the improvement on solubi-
lity.%® 1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N"-tetraacetic
acid acetoxymethyl ester (BAPTA-AM), a calcium ion chelator
for blockage of calcium channels intracellularly, was success-
fully encapsulated in the aforementioned carrier via a flash
nanocomplexation micromixing method. HA was also mixed
with chitosan together for the delivery of $S31.”° The complex
based on electrostatic balance could become disintegrated
once endocytosed in lysosomes, and released SS31 could
further retain the mitochondria function to relieve injury.
Besides those HA-based particles, injectable hydrogels were
also fabricated from HA modified with host-guest interacted
molecules.®® Anti-inflammatory interleukin-10 (IL-10) was then
loaded into the hydrogel, which was injected under the kidney
capsule. The gel was totally degraded 15 days after injection,
resulting in a high efficiency of delivery and sustained release
of cytokines, proved effective at suppressing IR induced AKI
and systematic inflammation.

Chitosan

Specific affinities with AKI-related biomarkers were also found
in modified chitosan-based materials. Tang et al. modified
chitosan with a-cyclam-p-toluic acid to construct a novel siRNA
carrier (C-CS).”! Interestingly, this combination was found to
be bound with C-X-C chemokine receptor type 4 (CXCR4). The
nanoparticles were then fabricated via the self-assembly
between synthesized polymer C-CS and siRNA against p53.
The enhanced accumulation and retention of nanoparticles in
renal tubules, as well as satisfactory anti-inflammatory and
renal protective effects were found in the IR-induced model.
Some reports pointed out that positively charged agents are
more feasible to cross the negative GBM.”*

In most cases, chitosan is used for enhanced renal accumu-
lation because of its positive charge. In a recent work reported
by Pang et al., lutein and celastrol were loaded into chitosan
via pH-sensitive citraconic anhydride linkers.”” The renal pro-
tective ability of fabricated nanomicelles was verified in cispla-
tin-induced AKI models, via NFkB p65 and p38 mitogen-acti-
vated protein kinase (MAPK) inflammatory signaling pathways.

This journal is © The Royal Society of Chemistry 2024
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Similarly, Wang et al. conjugated the natural antioxidant cur-
cumin to chitosan oligosaccharide (LMWC) for the treatment
of lipopolysaccharide (LPS)-induced AKIL.”®> Due to the hydro-
philia of LMWC and its ability to bind to the megalin receptor
which mediated specifically cellular internalization of LMWC,
the accumulation of curcumin was enhanced in tubular epi-
thelium cells. Biomolecules are also suitable for the chitosan-
based delivering system. Moreover, a mitochondria-targeted
anti-oxidative peptide, SS31, was conjugated to r-serine-modi-
fied chitosan via the ROS-responsive thioketal linker (Fig. 4).”*
The modification of r-serine gave the complex an efficient
renal targeting ability via its special affinity for Kidney Injury
Molecule (KIM)-1 overexpressed on the membrane of injured
tubular epithelium cells. The subsequent precise targeting and
therapy of mitochondria by SS31 could relieve renal injury and
inhibit apoptosis of tubular cells in the IR induced model.
Modified chitosan is also a great scaffold for cell delivery.
Injectable thermosensitive hydrogel could be fabricated by
chitosan chloride to deliver adipose-derived mesenchymal
stem cells (ADMSCs) into IR injured kidneys.””> The hydrogel
could improve the retention and survival of ADMSCs, reduce
the apoptosis of tubular cells, and promote the proliferation
and recovery of injured tissues.

Cyclodextrin

Higher hydrophilicity usually leads to more kidney excretion.
Cyclodextrins are widely used to improve the water solubility
due to their hydrophilic shells and hydrophobic cavities, in
which other molecules could be inserted with appropriate
sizes. Among the family of cyclodextrins, p-cyclodextrin is most
commercially accessible, and the further modification of
hydroxypropyl (HPPCD) results in higher water solubility
because of the destruction of hydrogen bonds. Therefore,
HPBCD is an ideal platform with high renal clearance.®’’ A
series of probes for AKI diagnosis were then designed based
on click-reaction with propynyl-HPPCD (Fig. 5).”°7% The syn-
thesized renal clearable probes could be responsive to a wide
range of biomarkers including neutrophil gelatinase associ-
ated lipocalin (NGAL), N-acetyl-B-p-glucosaminidase (NAG),
superoxide anions, caspase-3 and y-glutamyl transferase, and
could regain the ability for near-infrared fluorescence (NIRF),
chemiluminescence, or photoacoustic detection ex or in vivo,
assisting an early diagnosis of AKI. Such excellent works
pointed out a convenient way to quickly improve the water
solubility of small molecules and enhance the renal clearance
as a result.

Polymer-delivered natural products
for AKI therapy

Despite natural polymers mentioned above for targeted kidney
delivery based on hydrophilicity, surface charge or specific
affinity, more natural products are directly applied for AKI
mitigation based on their multiple anti-oxidative, anti-inflam-
matory and anti-apoptotic potential. Several renal protective
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Illustrative scheme of SS31 and L-serine loaded chitosan for ROS-responsive protection of mitochondria during AKI. L-Serine is conjugated

for renal targeting based on its affinity with overexpressed KIM-1 receptors on injured cells. Mitochondrial protective SS31 is conjugated to chitosan
via ROS-responsive thioketal linkers. Positively charged chitosan is beneficial for renal accumulation and capable of peptide loading. Reproduced

from ref. 74 (Open Access).

natural products are macromolecules (like alginate and fucoi-
dan), which could be applied as carriers to load other agents
for comprehensive combinative therapy. However, there are
still a great number of natural molecules with remarkable
bioactivities that are difficult to be delivered to lesions,
because of their poor solubility or stability. Different kinds of
polymer-based carriers were fabricated for the delivery of those
molecules. Besides the improved dispersity, versatile platforms
with various properties could also be constructed after further
modification of the polymers, which emerged as another
superiority to load natural products on tailored polymers
(Table 2).

Flavonoids

Flavonoids are a large subgroup of natural polyphenols, which
are composed of two benzene rings linked by a heterocyclic
ring containing oxygen. Although the anti-inflammatory and
anti-cancer advantages of diet-derived flavonoids have drawn
increasing attention, the bioavailability of these is in general
described to be low.”® Recently, multiple carriers have been
designed for the efficient delivery of flavonoids for AKI
therapy.”” Liu et al. used silk fibroin peptide nanofibers for
the delivery of baicalein (Fig. 6).%* The aqueous dispersity and
storage stability were both improved compared to baicalein
alone. Then, the fabricated nanofibers were also verified to
protect against cisplatin-induced injuries both in vitro and
in vivo. For other models like sepsis-induced AKI, quercetin, as
another kind of flavonoid, was reported to be effective. As
reported by Lu et al, the pretreatment of quercetin nano-
particles could obviously restrain LPS-induced cell apoptosis

626 | Biomater. Sci,, 2024, 12, 621-633

and inflammation, which may be ascribed to elevated
expression of Sirtl and quenched NF/kB activation.®> Huang
et al. synthesized polyethylene glycol (PEG) conjugated poly-
ethyleneimine (PEI) for the delivery of quercetin.®* The size of
fabricated nanoparticles was around 20.92 nm measured by
DLS. They further investigated the protective potential of those
particles in IR-induced mice; the suppressed levels of blood
urea nitrogen (BUN), serum creatine (sCr) and cystatin C
demonstrated the eloquent therapeutic effect of quercetin-
loaded nanoparticles. Similarly, myricetin, another natural fla-
vonoid, was loaded on the nano-micelle formed from the non-
ionic surfactant Solutol HS-15.%> The myricetin-loaded nano-
micelles could suppress the inflammatory response, alter the
activities of antioxidant enzymes and restore the renal func-
tion in the cisplatin-induced AKI model, which was ascribed to
the inhibition of the c¢GAS-STING pathway according to the
authors.

Curcuminoids

Curcumin (CUR) as well as its derivatives are widely used in
foods, cosmetics, and traditional medicine, with reported anti-
oxidant, anti-inflammatory, anticancer and antimicrobial
activities.”®*® However, the poor solubility and low stability
both limit their therapeutic application."® Besides several
works listed above,®®”? emerging works have delivered CUR
using different kinds of polymers to extend its bioactivity to
the AKI realm. Lan et al. fabricated a CUR-loaded hierarchical
nanodrug delivery system (Fig. 7) via the assembly of two indi-
vidual copolymers, one was the block-polymer of PEG and
polyacrylic esters with grafted alginic acid (AGA), named PEG-

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3bm01772a

Published on 15 1402. Downloaded on 18/11/1404 05:03:17 ..

Biomaterials Science

View Article Online

Minireview

a b Single-channel MRPs1-3 Dual-channel MRP,
’ 3 3 y i
%% Molecular imaging \’w‘r* C}’Y‘ & &
3 \ & \ k \ (v )
- - k [N
Nephrotoxnn Nephrotoxln
exposure | exposure
) . ' }j‘? :
- - & 1S
NIRF (Oﬂ NIRF (On) NIRF (On) NIRF On
Chemilum. (Off) Chemilum. (On)
c MRP1/MRP, MRP3

AKI timeli _L_'

Oxidative stress (O,")

[—— Cell apoptosis (Caspase- 3)

Optical urinalysis —

L'GFFH

T—~ Lysosomal damage (NAG)
MRP2

d Biomarker-responsive e Biomarker-responsive
N moiety o moiety
| T L —
NIR|'|:'. ; 3 ORy g v OH CF,
signalling < 7 0‘5:} ol odd 080 Qo ‘ Chemi o
A S o4 ) o 0, emilum.- Ot
moiety < ‘Lz:}, < ) § » @ - signalling Qo °
T NN ) NN ' o | moiety o
N\{ Biomarkers N»( ny ol
Q q -,
Renal- "D & "D NIRlill X NH s 0," Y N S
signalling 1 s N _— N= A N
Cosmnee o O:z <Bio | 55 ooz <%0 moiet { J ) Iy U )
moiety A ‘BJ‘My Ay ¥ “or, Y N 4 { N ; {
3,0 RS R0 OR; § ¢ N ¢
MRPs1-3 CCD N'j '\iw N'f T-N
NIRF (Off) NIRF (On) ""{ }'“ “’{ SN
2 q ° o o
P . 0, my a0, R0, rag w0, o, 0
OH ~ /iH Renal (— -S (_
OH QHYRHR O clearance < o S OR o, or, OR: o O (OR: o,
1 [¢] {' OH /\\bN/\/N\/‘u}‘VN\f/\NH moiety ﬁg R};} ? & R}f’) “Q; o?t, ﬁgop <(n ~OR; E ‘q&o) '-%o;'o‘;,
Ri= 1% o 2LUAJo% © 10 “o o, L 4 ORiR,0™ OR;™C ORiR,0T OR]
4 OH o™ oH
()
NIRF (On) NIRF (On)
MRP1: O~ MRP2: NAG MRP3: Caspase-3 MRP, Chemilum. (Off) Chemilum. (On)
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biomarkers; (e) detailed molecular design of probes responsive to dual biomarkers.

b-PAGA, and the other was the random copolymer of poly-
acrylic esters with phenylboronic acid and 2-(dimethylamino)
ethyl groups (PDMAEMA--PAAPBA).?® The fabricated nano-
particles were shelled by negatively charged PEG-b-PAGA, and
the boronate ester formed between phenylboronic acid and
AGA could respond to both ROS and acidic microenvironment
and present a positively charged sub-shell of PDMAEMA. The
switch of surface charge could prolong the circulation period
and enrich the accumulation in cisplatin injured renal tissues.
The protective effect was ascribed mainly to the antioxidative
and subsequent anti-inflammatory potential of CUR and boro-
nate esters. Hu et al. conjugated CUR to sialic acid (SA)-modi-
fied dextran via a matrix metalloproteinase-2 (MMP-2)-respon-
sive PVGLIG peptide.?” The solubility of CUR was significantly
increased after conjugation, and the uptake by inflamed vascu-
lar endothelial cells was improved due to the specific inter-
action between SA and overexpressed E-selectin on those cells.
The high density of MMP-2 in inflamed tissues would further
break the designed peptide linker to release CUR. In vivo AKI
models induced by LPS revealed that the micelle could adjust
the oxidative stress, suppress the expression of the apoptosis-

This journal is © The Royal Society of Chemistry 2024

promoting Bax protein, and upregulate the anti-apoptosis Bcl-
2 protein. By some reasonable designs, the bioavailability of
curcumin in kidney tissues could be precisely adjusted. Wei
et al. have loaded curcumin on a series of polyvinylpyrrolidone
(PVP) polymers with different sizes, and found that particles
with a smaller size between 5 and 8 nm had higher renal
accumulation compared with larger ones (20-50 nm), provid-
ing a key point for the rational design of carriers for AKI
therapy.’> It is also worth mentioning that curcumin was
reported to be feasibly coordinated with low-toxic ferric ions to
form polymer nanodots with ultra-small size (less than
10 nm).*® These fabricated nanodots retained relatively high
anti-oxidative ability, and could restore the function of kidneys
insulted by glycerol in mice models.

Another member of the curcuminoid family, bisdemethoxy-
curcumin (BDMC), was also exploited for AKI treatment.
Crosslinked star-shaped polyglutamate was applied for the
delivery of BDMC.®® The fabricated conjugate (St-PGA-CL-
BDMC) had a hydrodynamic diameter of around 40.2 =
2.4 nm, resulting in a high renal accumulation percentage.
The apoptosis and necroptosis induced by Tweal/TNFa/IFNy
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Table 2 Polymer-delivered natural products reported for AKI therapy
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Natural product Carrier AKI model Mechanism reported Ref.
Flavonoids Baicalein Silk fibroin peptide Cisplatin Increase GSH and SOD, inhibit DNA 82
damage, Inhibit cGAS-STING pathway
Quercetin — LPS Increase Sirt1 inhibit NFkB pathway 83
PEG conjugated PEI IR Anti-oxidation 84
Myricetin HS-15 Cisplatin Increase GSH, SOD and MDA activity, 85
inhibit cGAS-STING pathway
Curcuminoids Curcumin PEG-b-PAGA, PDMAEMA-7- Cisplatin Anti-oxidation, activate autophagy, 86
PAAPBA decrease ER stress, inhibit apoptosis
SA modified dextran LPS Anti-oxidation, inhibit apoptosis, 87
decrease Bax, increase Bcl-2
PVP Cisplatin High renal accumulation 15
Coordinate with ferric ions Glycerol Anti-oxidation 88
Bisdemethoxycurcumin Star-shaped polyglutamate Folic acid Inhibit apoptosis and necroptosis, inhibit 89
ferroptosis
Other Tannic acid Coordinate with Cisplatin, Anti-oxidation, increase SOD, inhibit 90
polyphenols phosphotungstic acid Glycerol apoptosis
Gallic acid Coordinate with ferric ions, Cisplatin, Anti-oxidation, increase SOD 91
Stabilized by PVP Glycerol
Ethyl caffeate L-Serine modified IR Anti-oxidation 92
polyglutamic acid
Rosmarinic acid 1-Serine modified G4-PAMAM IR Anti-oxidation, inhibit apoptosis 93
Urolithin A Gambogic acid modified Cisplatin Decrease Nrf2 and P53 94
PLGA
Other natural Triptolide PLGA-b-mPEG IR Decrease C3 complement, decrease p-ERK 95
products
were found to be suppressed by St-PGA-CL-BDMC.

-\‘/ Renal protection:
> » Anti-oxidation
»

s i R -fj. \___, Inhibit DNA damage

+ TSa- e Inhibit cGAS'STING pathway
e .
“ SFP/BA NFs -«

Fig. 6 Illustrative scheme of baicalein-loaded silk fibroin peptide
nanofibers. Reproduced from ref. 82 with permission from Elsevier,
copyright 2022.
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Fig. 7 lllustrative scheme of the chemical structure, fabrication and
application of the hierarchical nanodrug delivery system to load curcu-
min (Cur). A carrier responsive to both oxidative and acidic environments
is fabricated based on boronate esters. Reproduced from ref. 86 with
permission from ACS Publications, copyright 2022.
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Furthermore, the expression of ferroptosis markers was found
to be decreased after the treatment of St-PGA-CL-BDMC in a
folic acid-induced AKI mouse model, showing another poss-
ible mechanism for renal protection of curcuminoids.

Other polyphenols

Polyphenols are a large family including a wide range of
natural products; in addition to those listed above, other poly-
phenols, like the tannins and derivatives of hydroxybenzoic
acid, hydroxycinnamic acid, phenolic acid and chlorogenic
acids, were also combined with polymers or applied for
polymer formation for the AKI therapy. Tannic acid, a unique
natural sourced macromolecule with multiple phenyl groups,
showed strong coordination ability with lots of metal ions and
strong anti-oxidative and antibacterial potential. An ultra-small
nanodot (TWND) was developed based on phosphotungstic
acid and tannic acid, with an average diameter of about
8.2 nm (Fig. 8).”° TWNDs could enter the mitochondria of the
renal tubules without additional targeting decorations, and a
high ratio of W(v) to W(vi) endowed TWNDs with high
efficiency for ROS elimination. At the same time, tungsten pro-
vided a potential application on X-ray computed tomography
(CT) imaging fields based on its higher sensitivity. The thera-
peutic effect of TWNDs was also verified in both cisplatin- and
glycerol-induced AKI models. The outstanding binding and
therapeutic potential is also inherited by gallic acid. Another
self-assembled ultra-small nanodot was reported, denoted as
FGP, consisting of iron ions, gallic acid and polyvinylpyrroli-
done.”" The size as small as around 3.5 nm guarantees a high
renal clearance efficiency of FGPs, and the verified broad-spec-

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Illustrative scheme of an ultra-small nanodot based on phospho-
tungstic acid and tannic acid, and its mechanism of renal protection.
Reproduced from ref. 90 (open access).

trum ROS and RNS scavenging ability resulted in a positive
therapeutic outcome of cisplatin- and glycerol-induced AKI,
which was superior to the small molecule drug (amifostine).

Caffeic acid and its esters are compounds found in several
natural medicinal plants and proved to suppress the activation
of the NFkB pathway with downstream inflammatory
mediators.'®*°* In our research group, we integrated injured
kidney-targeted i-serine with antioxidative ethyl caffeate (EC)
by the host-guest interaction of polyglutamic acid decorated
with adamantane and p-cyclodextrin separately.”> EC was con-
jugated via ROS-responsive phenylboronate esters to release
4-hydroxybenzyl alcohol as a byproduct after stimulation,
which was a fair antioxidant itself. The multi-step ROS-scaven-
ging strategy showed excellent effectiveness in preserving the
integrity and functions of kidneys injured by IR in mice
models. Rosmarinic acid (RA), an ester of caffeic acid and 3,4-
dihydroxy-phenylacetic acid, has been reported with many bio-
active properties as well and was applied in other disease
models.'*'** A fourth-generation poly-amidoamine-based
amphiphilic polymer (G4-PAMAM) was an ideal drug carrier
for hydrophobic molecules like RA with a controllable size and
feasible post-modification potential.”® After the decoration of
L-serine, RA-loaded G4-PAMAM could target AKI kidneys and
improve the renal function, repair damaged renal tissue, and
decrease oxidative stress, inflammatory response and apopto-
sis of tubular cells in the IR-induced AKI model.

Urolithin A (UA) is a gut metabolite of tannin ellagic acid,
with a proved positive influence on AKI mice. When UA was
orally delivered by gambogic acid-modified polylactic-co-glyco-
lic acid (PLGA) nanoparticles which target transferrin receptor
(TfR1) expressed in the villous epithelium, duodenal crypts
and Peyer’s patches of the small intestine, the internalization
was significantly elevated and cisplatin-induced AKI was also
relieved.’® This interesting work focused on the AKI manage-
ment via orally delivery methods, providing a novel approach
for convenient treatment.

This journal is © The Royal Society of Chemistry 2024
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Other natural products

Triptolide (TP) is a promising anti-inflammatory natural agent
with the reported ability to down-regulate the expression of C3
complement and phosphor-extracellular signal-regulated
kinase (p-ERK).'%'® To deal with the low solubility of TP,
amphiphilic poly(lactide-co-glycolide)-block-poly(ethylene
glycol) methyl ether (PLGA-b-PEG) was applied to formulate
the nanoparticle for the delivery of TP.> Lower hepatotoxicity,
reproductive toxicity and immunotoxicity were found after
loading, providing a new therapeutic strategy for renal
diseases.

Challenges and prospects

AKI is a common clinical disease drawing extensive attention
for its severity. The management of AKI is intractable consider-
ing to both target kidneys efficiently and maintain the homeo-
stasis during and after injury. Natural products with multiple
bioactivities are ideal candidates to meet the requirements
above with comparatively lower biotoxicity. Although emerging
excellent works have been reported to design complexes con-
taining natural products for AKI therapy, almost all of them
were just proofs of concept and hardly for clinical use. Several
challenges may include those listed below (Fig. 9):

1. The kinds of natural products applied against AKI are
limited. As listed in this review, most of the renal targeting
natural polymer carriers are polysaccharides, while most of the
renal protective natural agents are polyphenols. Although they
are two major species in the family of natural products, there
are lots of other natural materials to be exploited.

2. Multiple methods of administration are required. It is an
obscure way for orally administered nanoparticles or other pro-
drugs to go from the gut to kidneys, and that is why almost all
the complexes reported were administered intravenously, but
surprisingly, there have still been several attempts focusing on
orally-delivered strategies for AKI therapy, which doubtlessly
leads to high adherence of patients and more convenience for
treatment.>**%”

Limited kinds of natural products
Exploit new candidates

Limited administration methods
Design oral-delivery systems

0 Insufficient renal accumulation
Targeting ligand decoration
Control size/solubility

Less subcellular targeting
Special design on ERimitochondira targeting

Injury

Inflammation.
5 T
Monotonous therapeutic mechanism
Dig out various biological pathways
Novel application o physicochemical properties

Fig. 9 The challenges and potential solutions of polymer-related
natural products against AKI.

Biomater. Sci., 2024,12, 621-633 | 629


https://doi.org/10.1039/d3bm01772a

Published on 15 1402. Downloaded on 18/11/1404 05:03:17 ..

Minireview

3. The tools for efficient renal accumulation and retention
are still insufficient. Passive and active strategies were applied
for kidney targeting. For passive targeting, it is widely accepted
that ultra-small size (lower molecular weight) is an important
factor for renal excretion, which seems to be contradictory
with polymers usually with higher molecular weight and
hydrodynamic diameters. Additionally, the surface charge
also determines the distribution of administrated materials.
Positively charged particles were reported to be easily trans-
ported by the glomerular basement membrane.”* However,
natural products with positive charges for carriers are rare
besides chitosan, and the biosafety and biostability of such
positively charged materials are still challenges. Active tar-
geting methods were then exploited, like the post-modifi-
cation of other ligands which could bind with receptors
overexpressed on injured renal cells. Nevertheless, the dec-
oration may require redundant organic synthesis, and the
nature of carriers themselves may be influenced at the same
time, let alone the scarcity of ideal ligands and the erratic
specificity. Based on the significant progress of the develop-
ment of functional biomaterials, a rational design of the
carrier is critical to optimize the therapeutic outcome, and
switchable size as well as surface potential is worth trying
for novel systems.'®%1°

4. Precise subcellular targeting therapies are less common
in AKI therapy. It is revealed that the oxidative stress in mito-
chondria and ER stress responses act prominently during the
injury process.'’* The precise delivery to those specific orga-
nelles brings higher requirement to the elegant design of car-
riers. Recent works reported the subcellular organelle-targeting
potential of natural products, which might be inspirational in
relevant designs in AKI therapy.'"?

5. The pivotal point of AKI management is mostly confined
to ROS scavenging. ROS and accompanying RNS are key
mediators during the inflammation and injury process. The
regulation of such reactive species is a hot topic in lots of
fields, including AKI. As demonstrated above, the anti-oxi-
dative potential of natural products endows them with the
possibility for AKI alleviation, but also leads to a large number
of homogeneous research studies. More and more works are
reporting out more detailed biological pathways and mediators
interfering with natural products, but they are still insufficient.
Much more bioactive functions of natural products need to be
exploited for more delicate designs which could make full use
of those products. Meanwhile, the physicochemical properties
are also valuable for novel designs, for example, the coordi-
nation ability of natural polyphenols or alginates with metal
ions, like platin, may be applied for the treatment of AKI
induced by cisplatin.'***'*

6. Large-animal models are rare in related studies. Many
research studies were limited to rodent models; however,
pre-clinical large animal models like porcine or nonhuman
primates could provide more instructive results for transla-
tional research, considering the difference in innate immu-
nity, adaptive immunity and gut microbiota among different

species.'”®
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Conclusions

The fight against AKI will become more and more urgent in
the near future because of its multifactorial pathogenesis
which is related to all other systems in the human body,
although there is still a lack of effective methods to mitigate
its process. Natural products, most of which have been tra-
ditionally used for a long period, are potent candidates for AKI
related therapies because they are easy to access and have low
toxicities. Various natural products were delivered and fabri-
cated as prodrugs or nano-structures for AKI therapy, in which
they were applied for both renal targeting and injury remis-
sion, and from which the traces of polymers are easy to be
found. Generally, for those natural polymers used as targeting
carriers, polysaccharides are the dominating polymers
selected, usually with high affinity for specific receptors and
high hydrophilicity. Different kinds of cargos including hydro-
phobic agents, RNAs and peptides were all successfully loaded
on the natural polymers, depicting a broad applicability of the
platform. For those natural agents used for treatment, poly-
phenols are usually used; based on the antioxidant and anti-
inflammatory potential, they are loaded as cargos via chemical
covalent bonds, hydrophobic interactions or host-guest inter-
actions. Specially, a complex could be directly formed when
the natural products have specific coordination with metal
ions like polyphenols. Apart from those with renal targeting
abilities themselves, several targeting-ligands were decorated
on the fabricated polymers to enhance the renal accumulation.
Even so, the simple way for renal targeting is to design and
fabricate particles with smaller sizes like nanodots, and more
effective methods are still in great demand. All in all, natural
products have been traditionally used for a long period of
time, and their rational application against AKI is a novel,
challenging but meaningful attempt, providing a brand-new
approach to deal with kidney injury as well as similar diseases.
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