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A B S T R A C T

Overall, 12% of the global population (800 million) suffers from liver disease, which causes 2 million deaths every
year. Liver injury involving characteristic reactive oxygen/nitrogen species (RONS) and inflammation plays a key
role in progression of liver disease. As a key metabolic organ of the human body, the liver is susceptible to injury
from various sources, including COVID-19 infection. Owing to unique structural features and functions of the
liver, most current antioxidants and anti-inflammatory drugs are limited against liver injury. However, the
characteristics of the liver could be utilized in the development of nanodrugs to achieve specific enrichment in the
liver and consequently targeted treatment. Nanodrugs have shown significant potential in eliminating RONS and
regulating inflammation, presenting an attractive therapeutic tool for liver disease through controlling liver
injury. Therefore, the main aim of the current review is to provide a comprehensive summary of the latest de-
velopments contributing to our understanding of the mechanisms underlying nanodrugs in the treatment of liver
injury via harnessing RONS and inflammation. Meanwhile, the prospects of nanodrugs for liver injury therapy are
systematically discussed, which provides a sound platform for novel therapeutic insights and inspiration for
design of nanodrugs to treat liver disease.
1. Introduction

Liver injury is one of the main ongoing hot topics of medical research.
Recently, the high incidence of liver injury triggered by coronavirus
disease 2019 (COVID-19) infection has attracted the attention of several
research groups [1,2]. A large proportion of COVID-19 patients (over
45%) experience liver injury of varying severity, with the mortality rate
of severe COVID-19-induced liver injury reported to be as high as 42%
[3]. As an essential organ of the human body, the liver plays an irre-
placeable role in numerous physiological processes [4–7]. Consequently,
the liver is significantly vulnerable to multiple extraneous factors and
external stimuli [8–10]. Liver injury is the main factor in pathogenesis of
most liver disorders, including hepatitis, acute liver failure, liver fibrosis
and liver cancer. Liver disease has a high morbidity rate, with more than
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800 million cases reported worldwide (up to 12% of the global popula-
tion) resulting in about 2 million deaths each year [11,12]. Depending on
etiology, liver injury can be classified into injuries caused by exogenous
substances (including drug-induced liver injury, alcoholic liver injury,
and non-alcoholic fatty liver disease), disease or external stimuli
(including COVID-19, viral hepatitis, hepatic ischemia-reperfusion injury
(IRI), sepsis, and radiation), and others [12–16]. However, available
treatments are limited, mainly involving methods targeting etiology
(including diet control, abstinence from alcoholic drink, drug with-
drawal, and antiviral and antilipemic therapy) [17–19]. Liver injury can
rapidly progress to acute liver failure, fibrosis, or even cancer if not treat
effectively [20–22]. In cases where liver injury develops into acute liver
failure and cirrhosis, transplantation is the only feasible option. How-
ever, only a small percentage of patients benefit from liver
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transplantation due to the very limited source of donors [23,24]. A dia-
gram depicting detailed pathogenesis of various forms of liver injury and
clinical progression is presented in Fig. 1.

Emerging evidence supports a key role of oxidative stress and
inflammation in all liver injury types, among which reactive oxygen/
nitrogen species (RONS) are crucial [25–27] As an important metabolic
organ of the human body, the liver requires high levels of energy with
comparable energy consumption per unit mass to that of the brain [28].
Therefore, hepatocytes contain a high abundance of mitochondria. When
liver injury occurs, excessive RONS are produced from damaged mito-
chondria. Hepatotoxic compounds, their active metabolites and other
factors (such as hypoxia and reoxygenation) interfere with the electron
transport chain located in the mitochondrial membrane, leading to
excessive RONS production. In addition, inflammation is initiated by
liver injury, followed by derivation of RONSmainly fromNADPH oxidase
2 (NOX2), inducible nitric oxide synthase (iNOS), and myeloperoxidase
(MPO) in activated inflammatory cells and liver sinusoidal endothelial
cells (LSECs), further dysregulating the redox balance of liver [29–31].
More importantly, persistent inflammation with elevated inflammatory
cytokines will lead to extensive hepatic damage and the progression of
chronic liver disease, even liver fibrosis [27,32].

Currently available antioxidant and anti-inflammatory drugs have
limited efficacy in treatment of liver injury [33,34]. Owing to the unique
structure and metabolic functions of liver, the therapeutic effects of
almost all antioxidant and anti-inflammatory drugs are limited, occa-
sionally even aggravating liver injury. For example, only 34% of patients
who received pioglitazone and 43% of those who received vitamin E
partially benefit in a clinical trial of nonalcoholic steatohepatitis [35]. In
recent years, the latest advances of nanodrugs made in clinical shed a
light on the treatment of liver injury. Nanodrugs have recently achieved
excellent results as therapeutic agents for various diseases [36–42].
There were several reviews focusing on a kind of nanodrug, a type of liver
injury or influence of nanodrugs on liver after retrieving and evaluating
relevant articles [43–47], instead of the RONS and inflammation regu-
latory properties of nanodrugs for all kinds of liver injury. Therefore, the
mechanisms associated with RONS and inflammation-mediated liver
injury and related documenting collective findings have been summa-
rized in the current review, which would be very valuable in providing a
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comprehensive outline and platform for further investigation of thera-
peutic nanodrugs targeting RONS and inflammation. The therapeutic
effects of newly developed nanodrugs on RONS and inflammation are
further described specifically. The available nanodrugs are classified into
three categories: RONS-scavenging nanodrugs, nanocarriers with anti-
oxidants, and anti-inflammatory nanodrugs (Fig. 2 & Table 1). Finally,
the current challenges of nanodrug application in the field of liver injury
treatment are discussed.

2. RONS in liver injury

Due to their strong oxidative properties, RONS act as important
inflammation mediators and cause damage to cells at high concentrations
[30,32]. The representative RONS predominantly include reactive oxy-
gen species (ROS), such as superoxide anion radicals (O2

��), hydroxyl
radical (�OH), hydrogen peroxide (H2O2), and, hypochlorous acid
(HOCl), and reactive nitrogen species (RNS), such as peroxynitrite
(ONOO�) and nitric oxide (NO) [48,49]. For treatment of liver injury,
analysis of the mechanisms underlying RONS generation is critical.
Among the various factors causing liver injury, RONS are mainly derived
from mitochondria and different types of inflammatory cells.
2.1. Mitochondria-derived RONS generation

Liver is one of the organs with the most abundant mitochondria and a
high metabolic rate [26,50]. Each hepatocyte contains an estimated
1000–2000 mitochondria, accounting for 18% of the total volume
[50–52]. In all eukaryotic cells, mitochondria are the main
energy-supplying organelles, producing ATP mainly through oxidative
phosphorylation (OXPHOS) in the mitochondrial respiratory chain, also
known as mitochondrial electron transport chain (ETC) [53,54]. Under
normal physiological conditions, RONS are produced as a by-product of
OXPHOS, requiring the consumption of up to 2% oxygen (O2) in mito-
chondria [55]. Following disruption of ETC and hindrance of ATP syn-
thesis, high levels of RONS are formed by electrons and O2. Therefore,
mitochondria may serve as the main source of RONS. Most liver diseases,
including alcoholic liver disease, nonalcoholic fatty liver disease
(NAFLD), nonalcoholic steatohepatitis (NASH), drug-induced
Fig. 1. Pathogenesis of various forms of liver
injury and clinical characteristics of severe
outcomes. As a core organ with important
metabolic and detoxification functions, the
liver is vulnerable to RONS/inflammation-
related injury owing to significant exposure
to harmful substances and stimuli. As illus-
trated above, viruses, drugs, hemorrhagic
shock, and other factors trigger varying de-
grees of liver injury that can further develop
into hepatic cancer, liver cirrhosis and acute
liver injury (shown on the right).



Fig. 2. The scope and focus of this article. RONS
overproduction and inflammation are the major fea-
tures of multiple types of liver injury, with known
crosstalk between RONS and inflammation. Nano-
particles with RONS-scavenging or inflammation-
regulating function could ameliorate liver injury
through eliminating RONS and inhibiting inflamma-
tion. These therapeutic nanodrugs used for treatment
of liver injury are divided into three categories ac-
cording to structure and mechanism of action.
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hepatotoxicity, and viral hepatitis, are characterized by mitochondrial
dysfunction [16,26,50,56].

O2
�� are produced uncontrollably via ETC in liver injury due to the

influence of foreign substances and irritants (Fig. 3A–C) [57–59]. Inter-
ference with the electron transport chain in mitochondria is considered
the main reason for the initial excessive production of O2

�� mediated by
exogenous compounds and active metabolites (such as acetaldehyde,
NADPQI, ω-hydroxylated fatty acids) [30,60–64]. NADH produced in the
P450 enzyme metabolic process is also transported into mitochondria to
promote electron leakage (Fig. 3D) [32,65]. In addition, accumulation of
excessive free fatty acids in hepatocytes can interfere with ETC by
affecting the tricarboxylic acid (TCA) cycle (Fig. 3E) [66,67]. O2

�� further
generates other RONS with higher reactivity (Fig. 3F) [26,30,68].
Excessive RONS cause damage to the mitochondrial membrane, mito-
chondrial DNA (mDNA), and ETC (to release free cytochrome c) in
mitochondria. Among these, mitochondrial membrane damage leads to
alterations in permeability, and ultimately to the release of RONS,
mDNA, and cytochrome c in mitochondria into the cytoplasm [26,69].
RONS entering the cytoplasm activate JNK1/2 (Fig. 3G). Phosphorylated
JNK is subsequently transported to mitochondria and combined with
SH3 homology-associated BTK-binding protein (Sab) on the outer mito-
chondrial membrane, promoting inactivation of Src under the DOK4
platform in the inner membrane (Fig. 3H), disruption of ETC, and O2

��

leakage. This cycle of damage leads to continuous activation of JNK and
amplification of the oxidative stress effect [70,71].

Hemorrhagic shock, liver transplantation, liver resection, and
external stimuli often lead to hepatic ischemia reperfusion injury (IRI)
[72,73]. Interference with the mitochondrial electron transport chain is
the main contributory factor to excessive RONS production in hepato-
cytes. Under ischemic and hypoxic conditions, accumulated electrons are
3

stored in succinic acid, causing damage to mitochondria. Moreover,
reverse electron transport (RET; converse to the conventional forward
transport that drives ATP synthesis) occurs due to the recovery of oxygen
during reperfusion, inducing abundant O2

�� generation from accumulated
succinic acid [74,75].
2.2. RONS from inflammation

Liver serves as a frontline immune organ that can rapidly generate a
robust inflammatory response and efficient adaptive immunity [4].
Continuous inflammation is strongly associated with liver injury and
disease progression [76,77]. Exacerbation of injury facilitates
RONS-induced cell necrosis, leading to release of RONS and
damage-associated molecular patterns (DAMPs) [78]. DAMPs and
pathogen-associated molecular patterns (PAMPs) produce several in-
flammatory factors through the pattern recognition receptor (PRR)
pathway of inflammatory cells, mainly including Toll-like receptors
(TLR) and Nod-like receptors (NLR) [32,77–79]. As a result, inflamma-
tion triggers overproduction of RONS [80,81]. Notably, O2 consumption
of neutrophils is increased to 100 times basal metabolic activity to
generate RONS [80]. RONS are regulated and overproduced mainly by
NADPH oxidase (NOX), nitric oxide synthase (NOS), and myeloperox-
idase (MPO) in various inflammatory cells (Fig. 4).

NOX is a membrane-bound enzyme complex facing the extracellular
space, which mainly includes NOX1, NOX2, NOX3, NOX4, NOX5,
DUOX1, and DUOX2. NOX2 is responsible for O2

�� production in in-
flammatory cells including macrophages (hepatic resident KC, monocyte-
derived macrophages) and neutrophils [82–84]. Several inflammatory
factor receptors couple with NOX2 to generate O2

�� in inflammatory cells
(Fig. 4A) [85]. NOX2 is a multiprotein complex containing a catalytic



Table 1
Main nanodrugs with RONS-scavenging function for liver injury.

Category Nanoparticles Size Main Components Experimental Model Effect Mechanism Reference

RONS-scavenging nanodrugs
Cerium oxide nanoparticles CeO2NPs 4–20 nm CeO2 CCl4-induced liver

fibrosis
RONS↓
TNF-α, IL1β, COX-2,
iNOS↓
GPx, CAT↑, Ncf1, Ncf2↓
Atf3, Hspa5↓

[153]

Ceria NPs <20 nm hydrophobic ceria, PEG Hepatic IRI RONS↓
IL-1, IL-12, TNF-α, IL-6,
iNOS, MPO↓

[175]

CeNZs ~12 nm ceria ions, DSPE-PEG2000 APAP-induced liver
injury

ROS↓
GPx, HO-1↑, NOX2↓
Keap↓, Nrf2↑
IL-1β, TNF-α, HIF-1α↓

[176]

Melanin-like nanoparticles PADN 106.6 � 5.4
nm

PEGylated phenylboronic-acid-
protected L-DOPA

APAP-induced liver
injury

RONS↓
Lipid peroxidation↓
GPx↑
MPO, TNF-α, IL-6, IL-1β↓

[182]

Carbon-based nanoparticles C3 NPs 175 nm carboxyfullerene Hepatic IRI Lipid peroxidation↓,
SOD↑
MPO, TNF-α, IL-6↓, NF-
κB↓

[186]

Large GQDs 20–60 nm graphene ConA induced hepatitis RONS↓
Lipid peroxidation↓
IFN-γ, T-beta↓, ST2↑ p-
ERK, p-JNK↓, p38
MAPK↑

[187]

C-NP 78 � 11.3 nm a hydrophilic carbohydrate-
derived nanoparticle

Hepatic IRI ROS↓, SOD↑
IL-1, TNF-α, IL-6↓

[190]

Other nanozymes Nb2C-PVP NSs ~150 nm
0.5–1 nm
(thickness)

ultrathin 2D Nb2C (MXene), PVP Hepatic IRI ROS↓, SOD↑ [200]

SeNPs-C/C ~50 nm SeNPs, polysaccharide chitosan D-GalN-induced liver
injury

ROS↓ [206]

Cu5⋅4O USNPs ~4.5 nm Cu5⋅4O APAP-induced liver
injury

ROS↓ [200]

MoS2 nanosheet ~500 nm
10–20 nm
(thickness)

MoS2 CCl4-induced liver
fibrosis

ROS↓
IL1β↓

[214]

PBZs ~119 nm PVP, PB nanozymes Anthracycline-induced
liver injury

RONS↓
SOD, GPx↑
Nrf2, Nqo1, HO-1↑
IL1β, IL6, TNF-α, MPO↓

[215]

Nanocarriers of SOD d-HA/SOD/USCaP
NPs

194.6 � 3.2
nm

SOD molecules, d-HA, USCaP APAP-induced liver
injury

ROS↓, SOD↑ [219]

Nanocarriers of antioxidants
Nanocarriers of antioxidants BRNP 90 � 13 nm bilirubin, PEG Hepatic IRI RONS↓

IL1β, IL6, iNOS, Ptgs2↓
Sele, Ccl2, Icam↓
MPO, NF-κB↓

[261]

Q-ORMOSIL ~103.5 nm silica nanoparticles,
lactobionic acid, quercetin

Cyclophosphamide
nduced liver injury

ROS↓
GSH↑

[235]

PD-MC 84 � 5 nm PBEM-co-DPA, polydatin CCl4-induced liver
fibrosis

ROS↓
NOX4↓
TLR/NF-κB↓

[232]

Silymarin-loaded
KMD NPs

~440 nm ketalized maltodextrin,
silymarin

APAP-induced liver
injury

ROS↓
TNF-α↓

[258]

Anti-inflammatory nanodrugs
Blocking the PPR pathways M-NPs 171.4 � 17.3

nm
Macrophage membrane, PLGA Hepatic IRI MyD88, IRAK1, p-p65,

TNF-α, IL-6↓
[268]

SW@DSeSeD 50–200 nm SW033291, diselenide-
containing molecule

APAP-induced liver
injury

ROS↓
TNF-α, IL-1β ↓

[270]

Reducing the expression of
inflammatory factors

PPABLG HNPs ~100 nm TNF-α siRNA, PPABLG (α helix),
PAOBLG-MPA

LPS/d-GalN-induced
hepatic sepsis

TNF-α, IL-1β, IL-6↓
MPO↓

[278]

PNSDS ~146 nm TNF-α siRNA, AAPEG LPS-induced liver injury TNF-α↓ [279]
Fuc-liposomes/NF-
κB decoy

64.5 � 1.84
nm

NF-κB decoy, Fuc-C4-Chol, DOPE LPS-induced liver injury TNF-α, NF-κB↓ [285]

HMGB1-
siRNA@SNALP-
pPB

~110 nm HMGB1 siRNA, stable nucleic
acid lipid nanoparticles, pPB
peptide

CCl4/TAA-induced liver
fibrosis

HMGB1↓
TNF-α↓

[280]

Increasing the expression of
anti-inflammatory factors

LiposIA <200 nm IL-22/Apop A-I fusion-protein
expression plasmid, cationic
liposome

APAP-induced liver
injury

RONS↓ iNOS, p-JNK↓
STAT3/Erk, Akt/mTOR↑
TNF-α↓

[287]

CDPIA ~100 nm NAFLD [288]

(continued on next page)
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Table 1 (continued )

Category Nanoparticles Size Main Components Experimental Model Effect Mechanism Reference

pIA, biguanide-modified
Chitosan, DSPE-PEG2000,
penetratin

STAT3/ERK, cyclinD1,
Bcl2↑
Nrf2/SOD1, Acox1,
Cpt1a↑

pMMP9-DGNS 107.2 � 1.5
nm

MMP9 expression plasmid,
graphene nanostars, PAMAM-G5
dendrimer

CCl4-induced liver
fibrosis

MMP9↑
ARG1, MRC1, RETN1A↑
COX-2, IL-1β↓

[290]

Extracellular vesicles and stem
cells with anti-inflammatory
properties

Serum EV 115�8 nm microRNA-34c, -151–3p,
-483–5p, -532–5p and �68

CCl4/TAA-induced liver
fibrosis

CCN2, α-SMA, Colα1↓
TNF-α, IL-1β ↓

[299]

PB-MSC / MSC, PB Hepatic IRI RONS, Lipid
peroxidation↓
TNF-α, IL-1β, iNOS↓
IL-10↑

[306]

Fig. 3. Mitochondria-derived RONS generation in
damaged hepatocytes. Each hepatocyte, the main cell
type involved in the metabolic functions of the liver,
contains thousands of mitochondria. Excessive O2 in
mitochondria is consumed to produce ATP via
OXPHOS in ETC while a small amount of O2

�� is a by-
product of the OXPHOS process during normal phys-
iological conditions. (A–C) Active metabolites and
other harmful stimuli directly interfere with ETC,
leading to overproduction of O2

��. (D) NADH pro-
duced during the P450 enzyme metabolic process is
also transported into mitochondria to promote elec-
tron leakage. (E) Excessive free fatty acid disrupts the
OXPHOS process through promoting the TCA cycle.
(F) O2

�� generates H2O2 under the action of mito-
chondrial SOD, which is further converted to �OH via
Fenton reaction. Meanwhile O2

�� may react with NO
from iNOS to form ONOO�. (G) Due to RONS gener-
ation, changes in membrane permeability (MPT)
based on membrane permeability pore (MPTP) and
damage to mitochondrial DNA result in release of
RONS into the cytoplasm, in turn, activating JNK1/2.
(H) Phosphorylated JNK is transported to the mito-
chondria and disrupts ETC via Sab activity, promoting
RONS generation. This cycle of damage leads to
continuous activation of JNK and constant amplifica-
tion of the oxidative stress effect.

Fig. 4. Inflammation-derived RONS generation.
NOX2 (A), iNOS (B), and MPO (C) are the three main
molecules that mediate the generation and regulation
of RONS in various inflammatory cells. After receiving
multiple factors including RONS, DAMPs and che-
mokines, NOX2 and iNOS in monocyte-derived mac-
rophages, KCs, and neutrophils are activated while
MPO is restricted to neutrophils. NOX2 transfers
electrons from NADPH to O2 to form O2��., iNOS
converts L-arginine and O2 into L-citrulline and NO,
and MPO catalyzes interactions of chloride ions with
H2O2 to generate HOCl.
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subunit gp91phox (NOX2) and small subunit p22phox located on the cell
membrane and p40phox, p47phox, and p67phox located in the cytoplasm.
Protein kinase C (PKC) translocates to the cell membrane and phos-
phorylates P47. Simultaneously, C3 botulinum toxin substrate 1 (Rac1)
facilitates exchange of GTP and GDP, leading to translocation of subunits
from the cytoplasmic to transmembrane domain of NOX2. Subsequently,
active enzyme complexes transfer electrons from NADPH to O2 via flavin
adenine dinucleotide (FAD) to form O2

�� [86]. In addition to NOX2 [84,
86,87], NOX1, and NOX4 expressed in HSC and hepatocytes are related
to progression of liver injury [87,88].

NOS is classified into three types: endothelial NOS (eNOS; NOS3),
inducible NOS (iNOS; NOS2), and neuronal NOS (nNOS; NOS1). iNOS
plays an important role in liver injury and is prevalent in phagocytes (KC
and monocyte-derived macrophages) [89]. iNOS converts L-arginine and
O2 into L-citrulline and NO through complex redox reactions via stimu-
lation of inflammatory ROS, DAMPs, and PAMPs (Fig. 4B) [81,90,91].
NO further react with O2 and other reactive intermediates to form RNOS,
including �NO2, ONOO�, HNO2, and NO2

þ [90].
Myeloperoxidase (MPO), a cationic heme-containing enzyme stored

in azurophilic granules of neutrophils, is released into the extracellular
space during degranulation. This lysosomal protein catalyzes the for-
mation of HOCl [68,92] utilized by neutrophils to kill bacteria and other
pathogens but causes oxidative damage in host tissue [93]. HOCl is
derived from chloride ions and H2O2 due to sufficiently high reduction
potential provided by MPO (Fig. 4C) [94] and interacts with other small
molecules, including NH3, to form monochloramines (NH2Cl) or with
other ROS to yield ONOO�, �OH, singlet oxygen (1O2), and ozone (O3)
[95].

3. Crosstalk between RONS and inflammation in liver injury

As the crucial organ responsible for metabolism and innate immunity
[96–98], the liver has a distinct structure from other organs to meet the
needs of various physiological functions, which hidden dangers inherent
to a rapid burst of RONS in liver injury as well [99,100]. Hepatic lobule,
the functional structural unit of liver, is typically hexagonal in shape and
6

formed by hepatocyte chords (Fig. 5A) [101,102]. The central vein is in
the core site of the hexagon while the grouped branches of the hepatic
artery, portal vein, and bile ducts form portal triads in vertices (Fig. 5B).
In addition to hepatocytes, four other cells types exist in normal liver,
including bile duct epithelial cells, hepatic stellate cells (HSCs), Kupffer
cells (KCs), and liver sinusoidal endothelial cells (LSECs) [5] (Fig. 5C).
Remarkably, LSECs form fenestrated sieve plates at the sinusoidal lumen
distinct to the normal endothelial population [31,103]. Blood plasma
enters the space of Disse via fenestrae between LSECs, facilitating uptake
of plasma substances and excretion of secreted products by hepatocytes.
This characteristic feature of endothelial cells endows hepatocytes with
the superior capability of retrieving O2 and processing nutrients from
blood. As a key metabolic organ, the liver can respond to pathogens and
toxins with highly specialized detoxification capacity [104]. During the
process, RONS injurious to hepatocytes are excessively produced. Due to
their enormous capacity for regeneration, hepatocytes and bile epithelial
cells (BECs) undergo proliferation after injury [105,106]. However, he-
patic regeneration is impaired in severe acute and chronic liver injury
[105,107,108]. As mentioned above, exogenous compounds and stimuli,
such as drugs, alcohol, hypoxia, and radiation, directly trigger hepatocyte
injury [32,109,110].

To this end, drug-induced liver injury (DILI) is used as an example to
illustrate the correlation between RONS and inflammation. DILI is an
unexpected harm to the liver resulting from drugs or other xenobiotics
and their reactive metabolites [14,111]. Based on their structural char-
acteristics, hepatocytes can obtain and remove drugs from the circulatory
system [111,112], which subsequently undergo a series of metabolic
processes. First, most drugs are metabolized by cytochrome P450 en-
zymes [113,114]. This process, also known as Phase I reaction, generates
reactive oxidative metabolites that exert potential toxicity on cells via
covalent binding with cell proteins during which drug-protein adducts
are formed. These intermediate biologically reactive oxidative metabo-
lites interact with various organelles (in particular, mitochondria) [115].
Next, combination of drug metabolites and endogenous molecules (such
as glutathione (GSH) and glucuronic acid) inactivate these potentially
toxic intermediate products, designated Phase II reaction. Finally,
Fig. 5. Overview of the mechanisms underlying liver
injury. (A) Hepatic lobule with a hexagonal shape
represents the structural and functional unit of liver.
(B) The hepatic artery, portal vein, and bile ducts
surrounding the lobule provide oxygen, supply nutri-
ents, and store bile for hepatocytes, respectively. The
influx of vessels forms capillary-like structures known
as sinusoids, which exchange O2 and nutrients
directly with hepatocytes. These vessels finally drain
into a central vein, the core site of the lobule. (C)
Compared with healthy status, RONS, and
inflammation-induced induced damage is evident at
the injury sites. (D) In terms of crosstalk between
RONS and inflammation, RONS could activate in-
flammatory cells and promote inflammation via direct
or indirect pathways. Active inflammatory cells, in
turn, generate RONS or interfere with hepatocyte
function. (a) Following exposure to exogenous sub-
stances or stimuli, excessive RONS generated in he-
patocytes induce necrosis, which promotes the release
of RONS and DAMPs. (b) RONS and DAMPs activate
KCs and recruit monocytes and neutrophils, resulting
in inflammation. Active KCs, monocyte-derived mac-
rophages, and recruited neutrophils produce RONS
and inflammatory factors (TNF-α, IL-6, IL-1β, etc.) that
cause damage to hepatocytes. (c) During the contin-
uous cycle, RONS, lipid peroxides, inflammatory fac-
tors, and chemokines constantly stimulate HSCs.
Accumulation of the extracellular matrix further leads
to liver fibrosis.
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non-toxic metabolites are eliminated from cells through an
ATP-dependent efflux pump [116]. However, upon overexposure to
drugs (such as acetaminophen or APAP), it is difficult for hepatocytes to
tackle exceedingly toxic reactive metabolites from the Phase I reaction
[30]. Endogenous molecules of the detoxification system (Phase II) are
consumed or absent, leading to accumulation of toxic metabolites.
Consequently, mitochondrial function is damaged and large amounts of
RONS are produced. Accumulation of RONS further triggers intracellular
damage and necrosis (Fig. 5D–a). Eventually, necrosis of hepatocytes
leads to release of mitochondrial DNA, HMGB1 (High-mobility group box
1), and ATP [12,55,117], which are known DAMPs. Subsequently, KCs
are activated by RONS, DAMPs, and other factors. Simultaneously,
monocytes and neutrophils are recruited by pro-inflammatory factors,
chemokines, and DAMPs. Monocytes further differentiate into macro-
phages to promote an inflammatory environment (Fig. 5D–b). RONS are
directly produced and released into activated inflammatory cells [81,
118]. Inflammation mediates cell death through two main pathways: (1)
inflammatory factors induce cell necrosis through receptor-interacing
protein kinase 3 (RIPK3)/mixed lineage kinase domain-like protein
(MLKL) and other pathways [119,120] and (2) RONS released by various
inflammatory cells cause bystander damage, along with proteases and
antibacterial proteins [121,122]. Collectively, RONS either directly or
indirectly induce inflammation in liver injury. The crosstalk between
RONS and inflammation induces a vicious cycle of hepatocyte injury.

Hepatocyte injury is considered a key trigger for progression of
various liver diseases. Severe hepatocyte necrosis, if not effectively
controlled, will quickly lead acute liver failure or even multiple organ
failure, and eventually, death [121,123]. Chronic liver injury may
develop into liver fibrosis, cirrhosis, and ultimately, cancer due to rela-
tively low-grade cell death and sterile inflammation [124,125]. Chronic
liver injury and liver cirrhosis are major risks responsible for the liver
cancer, but the mechanism of liver cancer is quite different. Antioxidant
and anti-inflammatory drugs are not main modalities of liver cancer
therapy. Many reviews have summarized therapies of liver cancer
[126–129]. Above all, nanodrugs for liver cancer are not included in this
review. The mechanisms are mainly related to fibroblast activation,
including HSCs and portal vein fibroblasts, induced by the long-term
action of RONS, cytokines (TGF-β), chemokines (CCL2), and lipid per-
oxides [125]. Imbalance in the expression of extracellular matrix (ECM)
remodeling-related genes in activated fibroblasts results in upregulation
of tissue inhibitors of metalloproteinases (TIMP) and reduction in the
clearance efficiency of matrix metalloproteinases (MMP). Consequently,
ECM proteins (including fibrillary collagen, α-SMA, and LAMININ)
accumulate, in turn, leading to tissue injury and liver fibrosis (Fig. 5D–c)
[32,125]. In addition, the pro-inflammatory mechanism of myofibro-
blasts involving RONS-mediated migration (via the production of poly-
morphic chemotactic substances, platelet-derived growth factor (PDGF),
CCL2, vascular endothelial growth factor (VEGF), angiotensin II, etc.)
and promotion of angiogenesis further enhance progression of fibrosis
[124,125].

4. Advantages of nanodrugs for treatment of liver injury

Due to its complex function, liver receives ~25% of the whole cardiac
output despite only constituting 2.5% of total body weight [130,131].
While a massive amount of blood flows to hepatic lobules, hepatocytes
are only in contact with conventional therapeutic reagents for a short
time (few seconds to minutes) [11]. These reagents are rapidly metab-
olized and inactivated by hepatocytes. In addition, small-molecule drugs
move into and pass through cells mainly via passive diffusion, lacking
selectivity in their biodistribution [132,133]. Thus, systemic side effects
of drugs are hard to avoid during the process of reaching the lesion site
through the vascular endothelial system. Moreover, numerous
anti-oxidant and anti-inflammatory agents fail to exert clinical effects
[134,135]. Only one antioxidant, N-acetyl-L-cysteine (NAC) is currently
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approved to treat DILI, but its treatment time window is narrow and
efficacy is limited [30]. At present, treatment of various liver injuries is
still confined to conventional supportive therapy and removal of etio-
logic factors [30,43,136]. For instance, extracorporeal liver support
systems relieve liver metabolic pressure and use activated carbon puri-
fication to treat APAP-induced liver injury [137].

The accumulation of nanodrugs in healthy tissues is undeniable
harmful, given that RONS and inflammation play a meaningful role in
maintaining the whole body's normal metabolic process and defending
defense against invading pathogens [138–140]. The dose as low as
possible to the normal tissues could avoid corresponding side effects of
nanodrugs and no significant toxicity was reported in the treatment of
nanodrugs to liver injury. Therefore, the sequestration effect of the liver
provides significant advantages for nanodrug therapy of liver injury. The
endothelial system of liver with fenestrae is different from other tissues,
which endows nanodrugs with unique advantages for therapeutic pur-
poses (Fig. 6A). Furthermore, modification of nanodrugs in terms of
physical (including size, shape, and uniformity), chemical (including
composition, charge, and surface coating) and biological (including
encapsulated compounds and specific conjugated ligands) features
facilitate their efficient and selective targeting of pathology sites [141,
142]. Nanodrugs cannot penetrate the vascular endothelial system of
normal non-hepatic tissues (Fig. 6B) and nanoparticles tend to accumu-
late and target lesions with incomplete endothelial lining and basement
membrane [143–146]. Overall, 30–99% nanodrugs are reported to
aggregate in the liver after administration into the body via different
routes [147].

Due to the fenestrated sieve plates between LSECs, which range from
50 to 180 nm in humans or up to 280 nm in mice and rats [5], smaller
nanodrugs directly pass the sinusoid into disse of space. Nanodrugs are
also taken up by LSECs through receptor–ligand interactions and subse-
quently LSECs transported to disse of space if not consumed. Subse-
quently, nanodrugs in the disse interact with hepatocytes, leading to their
uptake. Modification of nanodrugs, such as alterations in targeting
molecules, PEGylation, and imparting positive charges on the surface,
can also greatly increase uptake by hepatocytes [148,149]. In addition,
larger nanoparticles tend to be captured by KCs after entering hepatic
sinusoids through portal vein or hepatic artery due to their greater sur-
face area for interactions [147,150]. Considering the critical role of
KC-related inflammation in liver injury, enrichment of anti-inflammatory
and antioxidant nanoparticles in KCs also provides favorable conditions
for treatment (Fig. 6C). Notably, sinusoid capillarization occurs when
LSECs are injured during liver injury, especially chronic liver injury and
liver fibrosis. The capillarization process leads to loss of fenestrae and
development of a basement membrane, which impedes the entry of
nanoparticles through fenestrae to some extent [31]. Antioxidant and
anti-inflammatory molecules are reported to prevent and alleviate sinu-
soid capillarization through protecting LSECs as potential therapeutic
options to relieve chronic liver disease and its complications [151,152].
In the articles collected, cerium oxide nanoparticles are demonstrated to
reduce portal hypertension, a kind of chronic liver disease complication
promoted by sinusoid capillarization, and accumulate in liver paren-
chyma [153]. Therefore, the nanoparticles with RONS scavenging and
anti-inflammatory effects could reach hepatocytes through alleviating
ameliorating loss of fenestrae as one important aspect. But a further
investigation is necessary to support the underlying mechanism.

Using the above pathways for transport into hepatocytes, nanodrugs
significantly improve the bioavailability of drugs, prolong their thera-
peutic effects, and achieve combination or targeted therapy. For
example, lipidized somatostatin analogue can integrate with the hepa-
tocyte membrane to a greater extent, which promotes accumulation of
drugs in the liver (by 3.8 times) [154]. The significant success of
ONPATTRO, the first liver-targeted lipid nanodrug approved by the FDA,
substantiates the potential application value of nanodrugs in the future
[155].



Fig. 6. Schematic of metabolic processing of nano-
particles in liver. (A) Nanoparticles injected intrave-
nously drain into liver sinusoid through the portal
vein and hepatic artery after entry into the systemic
circulation. The nanoparticles in sinusoid are taken up
by distinct cell types via various pathways or excreted
into bile. (B) Notably, no fenestrae exist between
vascular endothelial cells in other normal tissues,
which restricts entry of nanoparticles into target tis-
sue. (C) Fate of nanoparticles in liver. Smaller nano-
particles exit the fenestrae directly into space of disse
(a). Some nanoparticles are taken up by LSECs
through receptor–ligand interactions and released if
not removed by LSECs (b). Nanoparticles accumu-
lating in space of disse are taken up by hepatocytes
(c). Some target nanoparticles are absorbed by HSCs
(d). Nanoparticles in hepatocytes escape from the
endosome into cytoplasm (e) or are excreted into bile
(f). Nanoparticles may be taken by KCs, especially
those with larger sizes (g).
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5. RONS-scavenging nanodrugs

Powerful antioxidant enzyme systems for scavenging RONS, such as
SOD, catalase (CAT), peroxidase (POD) and glutathione peroxidase
(GPx), are present in cells [26,30,156], but insufficient to cope with liver
injury. The utility of antioxidant enzymes in liver injury has attracted
widespread research attention from the beginning of the 21st century
[157,158]. However, these antioxidant enzymes are often ineffective in
vivo owing to their instability in the blood circulatory system [33,159,
160]. Two strategies have been developed to resolve this bottleneck: (1)
nanozymes with good stability and multiple antioxidant enzyme activ-
ities can be used to replace natural antioxidant enzymes and (2) nano-
carriers containing natural antioxidant enzymes can be developed to
increase bioavailability by improving stability in the blood system.
5.1. Antioxidant nanozymes

Oxidative stress is triggered by a variety of RONS in liver injury.
Elimination of a single type of RONS therefore has limited efficacy for
treatment of liver injury. Antioxidant nanozyme, a type of artificial
enzyme based on nanomaterials, can achieve multiple functions
(including multiple antioxidant enzyme activities, regulation of catalytic
activity, and targeting of liver) based on regulation of the structure,
composition, size, and surface modification [161], and is therefore useful
as a therapeutic option. Antioxidant nanozymes for treatment of liver
injury are mainly based on cerium oxide, melanin-like carbon (fullerene,
graphene, and other carbon nanomaterials) and other nanomaterials,
such as selenium and MXene.

5.1.1. Cerium oxide nanoparticles
Upon reduction of the size of cerium (IV) oxide to the nanometer

scale, many oxygen vacancies are formed, leading to two valence states of
þ3 andþ 4 of cerium on the nanoparticle surface. The valence state ratio
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of þ3/þ4 becomes higher with smaller nanoparticle size. Cerium oxide
nanoparticles (CeO2 NPs) represent a widely investigated type of multi-
antioxidant with potent nanozyme activities, including SOD and CAT
mimetic properties [162]. SOD mimetics are reflected in the elimination
of O2

�� through cerium (III) sites (Ce3þ þ 2Hþ þ O2
�� → H2O2 þ Ce4þ).

Cerium (III) sites are additionally accountable for removal of �OH via
redox reactions (2Ce3þ þ 2�OH → 2Ce4þ þ H2Oþ1/2 O2). Cerium (IV)
sites achieve clearance of H2O2 through CAT mimetic activity (Ce4þ þ
H2O2 þ OH� → 1/2 O2 þ Ce3þ þ H2O) [163]. Although no obvious
toxicity was reported in the treatment of CeO2 NPs to liver injury, pre-
vious literature indicated the development of rare earth pneumoconiosis
accompanied by granulomatous inflammation and interstitial fibrosis
when the lungs are constantly exposed to cerium oxide nanoparticles
[164–166]. Given Ce in lung tissue was only 33–36% pure Ce4þ after
administration of CeO2 NPs [167], the increasing toxicity determined by
the Ce3þ/Ce4þ ratio in vivo should be carefully considered. Since the lung
is not an enriched target of CeO2 NPs in liver injury treatment and
increasing studies focus on its mechanism of inducing pulmonary
fibrosis, the double-edged sword may be a sharp weapon in the future.

CeO2 NPs have been widely used in the treatment of liver disease
owing to their strong ability to eliminate a variety of free radicals,
including hepatic IRI, injury induced by drugs or toxins, radiation,
inflammation, and liver fibrosis [153,168–174]. For example, a study by
Denise and co-workers demonstrated that CeO2 NPs could reduce
inflammation in rats with liver fibrosis [153]. The majority of CeO2 NPs
effectively localized in the liver with antioxidant and anti-inflammatory
effects after intravenous administration. Notably, mRNA expression of
signals related to oxidative (GPx, CAT, Ncf1, Ncf2) or endoplasmic re-
ticulum stress (Atf3, Hspa5) signaling pathways and expression of in-
flammatory cytokines (TNF-α, IL-1β, COX-2) was significantly changed
owing to the efficient ability of CeO2 NPs to eliminate a variety of RONS
in liver injury. CeO2 NPs have also been developed to reduce acute liver
injury caused by ischemia and reperfusion. Ni et al. [175] modified the
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surface of CeO2 NPs with PEG (PEG-CeO2 NPs) to improve their
biocompatibility. PEG-CeO2 NPs could effectively capture ROS (O2

��,
�OH, and H2O2) to reduce lipid peroxidation and inhibit the production
of pro-inflammatory cytokines (IL-1, IL-12, TNF-α, INF-γ, and NOS2)
(Fig. 7A–F). After PEG-CeO2 NP treatment, liver injury was efficiently
repaired and function returned to normal.

Recently, Ling et al. [176] developed CeO2 NPs modified with 1,
2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (poly-
ethylene glycol)-2000] (DSPE-PEG) to treat APAP-induced liver injury.
DSPE-PEG greatly improved the bioavailability and biocompatibility of
CeO2 NPs. DSPE-PEG-CeO2 NPs exhibited high SOD mimetic, �OH
elimination and CAT mimetic activities. In particular, the CAT mimic
activity of DSPE-PEG-CeO2 NPs converted harmful H2O2 into O2, which
alleviated the hypoxic environment to decrease inflammation (Fig. 7G).
Compared with NAC, the first-line clinical drug for treatment of DILI,
DSPE-PEG-CeO2 NPs had a long-lasting therapeutic effect and wider
therapeutic time window [177]. Therefore, DSPE-PEG-CeO2 NPs with a
longer therapeutic window have significant clinical application prospects
in the treatment of DILI.
Fig. 7. Cerium oxide nanoparticles for liver injury. (A–C) Scavenging performance o
mimics (C). (D–F) Anti-inflammatory activities of ceria NPs with TNF-α (D), NOS2 (E)
illustration of the mechanisms underlying DSPE-PEG-CeO2 NP activity against DILI.
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5.1.2. Melanin-like nanoparticles
Melanin is a naturally occurring biological polymer present in living

organisms displaying superior properties of biocompatibility, biode-
gradability, and renewability that has attracted widespread attention. To
overcome water insolubility for applicability in biomedicine, melanin
nanoparticles (MNP) and melanin-like nanoparticles (MLNP) have been
generated to treat various diseases [178–180]. Owing to multiple func-
tional groups, such as catechol, amine, and imine, MNPs and MLNPs
possess potent antioxidant activity. Our group showed that MNPs could
scavenge multiple RONS, including O2

��, H2O2, �OH, �NO, and ONOO�.
The catalytic performance of SODmimetics, manifested by half-reactions
(Melanin� þO2

��→Melanin�þO2, Melanin� þO2
�� þ2H2O→Melanin�þ

H2O þ 2OH�), has also been verified [181].
Recently, Shi et al. [182] developed well-defined melanin-like

nanoparticles (PADN) for acute liver injury therapy. PADNs were ob-
tained via self-assembly of a PEGylated, phenylboronic-acid-protected
L-DOPA precursor by mimicking the biosynthesis process of melanin
(Fig. 8A&B). Due to their stable chemical structure, the actual compo-
sition and dosage of PADNs could be precisely controlled. In addition,
f ceria NPs via mimicking catalase (CAT) (A), elimination of �OH (B) and SOD
, and MPO (F) in liver. Reprinted with permission from Ref. [175]. (G) Schematic
Reprinted with permission from Ref. [176].



Fig. 8. Melanin-like nanoparticles as therapy for APAP-induced acute liver injury. (A) Schematic illustration of the synthesis process of PEGylated phenylboronic-acid-
protected L-DOPA nanoparticles (PADN). (B) PADN acts as a tyrosine mimic to scavenge ROS via melanin-like nanoparticles similar to natural tyrosine. (C) H2O2

scavenging effect of PADN measured at different time-points (PADN concentration of 20 � 10�6 M). (D) ONOO� scavenging effect of PADN measured at different
concentrations. (E) RONS scavenging effect of different treatments (G1: PADN; G2: PEG-DOPA; G3: ONOO�-oxidized PADN; G4: Mel-NPs). (F–I) Mechanism of PADN
action in DILI of mice. Levels of MDA (F), GSH-PX (G), MPO (H), and TNF-α (I) measured in liver from each group (G1: normal mice treated with saline; G2: DILI mice
treated with saline; G3: DILI mice treated with NAC; G4: DILI mice treated with PADN). Reprinted with permission from Ref. [182].
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antioxidant functional groups on the surface of L-DOPAwere protected by
phenylboronic acid groups conjugated via RONS-responsive self--
immolative linkages. As a result, PADNs displayed controllable and
enhanced antioxidative activity along with superior physiological sta-
bility. Specifically, PADNs could scavenge H2O2 and ONOO� in a time-
and concentration-dependent manner that was significantly better than
PEG-DOPA, oxidized PADN, and MNPs (Fig. 8C–E). Surprisingly, ~100%
ONOO� was eliminated only after 1 h of co-incubation with PADNs in
vitro. PADNs could prevent and treat drug-induced acute liver injur-
y/failure in APAP-administered mice through reducing oxidative stress
and the inflammatory response (Fig. 8F–I).

5.1.3. Carbon-based nanoparticles
Compared with natural enzymes, carbon-based nanomaterials have

significant advantages, such as low cost and stability [183]. These
nanomaterials used in liver injury to date are mainly divided into three
categories: carbon nanomaterials, graphene nanomaterials, and fuller-
enes. All nanomaterials contain a large area of conjugated π-electronic
10
structure domain. Among these, carbon and graphene-based nano-
materials have two-dimensional conjugated structural domains while
fullerenes have three-dimensional conjugated structural domains [184,
185]. Electrons can flow freely in conjugated structure domains, which
combine with free electrons on RONS, facilitating efficient elimination of
RONS. Moreover, carbon-based nanomaterials do not contain metal el-
ements and have good biocompatibility, further supporting their utility
in the treatment of liver injury.

Fullerene, the first carbon-based nanomaterial for liver disease, is
hydrophobic and cannot be used directly [186–194]. Carboxylation and
hydroxylation of fullerenes significantly improve their aqueous solubil-
ity. For instance, Chen et al. [186] developed a carboxy-fullerene (C3) to
reduce oxidative stress and inflammation in mice with hepatic IRI
(Fig. 9A). C3 had higher aqueous solubility than fullerene and could
scavenge multiple RONS to reduce lipid peroxidation in liver tissue after
hemorrhagic shock. Moreover, the levels of key inflammatory molecules
(TNF-α and IL-6), expression of NF-κB (a key signaling protein for
inflammation), and activity of MPO in neutrophils were significantly



Fig. 9. Carbon-based nanoparticles for liver injury. (A) Chemical structure of carboxyfullerene. Reprinted with permission from Ref. [195]. (B) Structure of graphene
quantum dots. Reprinted with permission from Ref. [196]. (C) Structural model of carbohydrate-derived nanoparticles. Reprinted with permission from Ref. [197].
(D–F) Single intravenous injection of GQDs (50 mg/kg) significantly suppresses Con A hepatotoxicity by reducing serum levels of liver transaminases (D), lipid
peroxidation (MDA, malondialdehyde) (E), and expression of proapoptotic and autophagy-related proteins (F). Reprinted with permission from Ref. [187] (G) In vitro
scavenging activity of C-NPs as CAT (a), HORC (b), and SOD (d). (H) ELISA results of IL-1 (a), TNF-α (b), and IL-6 (c) from activated monocytes/macrophages and KCs
measured in liver homogenates from each group subjected to different treatments. Reprinted with permission from Ref. [190].
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reduced in liver after C3 treatment. Both graphene and carbon materials
can also scavenge RONS, similar to fullerenes, since they contain a
π-electronic structure domain (Fig. 9B&C). Vladislav and co-workers
showed that graphene quantum dots (GQD) could effectively scavenge
O2
�� and �OH [187]. In addition to the π-conjugated structure domain, the

ROS quenching potential of graphene is derived from defects and un-
paired electrons at the surface. GQDs inhibited lipid peroxidation,
apoptosis, and autophagy in concanavalin A (ConA)-induced mouse
11
hepatitis (Fig. 9D–F) [187]. Recently, Long et al. [190] developed hy-
drophilic carbohydrate-derived carbon nanoparticles (C-NPs) to prevent
hepatic IRI injury. The abundant π-electronic structure of domains of
C-NPs could effectively scavenge H2O2, �OH, and O2

�� (Fig. 9G). After
C-NP treatment, activation of KCs and macrophages was suppressed by
eliminating excessive ROS and levels of key inflammatory factors (IL-1,
TNF-α, and IL-6) were reduced in the liver (Fig. 9H). Finally, the key
indicators of liver injury (aspartate aminotransferase (AST) and alanine



Fig. 10. Other nanozymes for treatment of liver injury. (A) Schematic presentation of Nb2C-PVP structures. (B) ROS scavenging activity of Nb2C-PVP, reflected by
total SOD activities in liver of BALB/C mice (C) Protective effect of Nb2C-PVP in BALB/C mice exposed to sublethal TBI (5 Gy) and lethal TBI (6.5 Gy). Overall, 30-day
survival rates were measured in different groups. Reprinted with permission from Ref. [200] (D) ROS scavenging ability of Cu5⋅4O USNP:H2O2 (a), O2

�� (b), �OH (c),
and free radicals (d). (E) Schematic preparation and mechanisms of action of Cu5⋅4O USNPs. (F) Hepatoprotective effects of Cu5⋅4O USNPs in APAP-induced liver
injury determined via analysis of H&E staining of liver tissues from each group. Blue dashed lines indicate the range of hepatic necrosis. Reprinted with permission
from Ref. [207]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

M. Liu et al. Materials Today Bio 13 (2022) 100215
aminotransferase (ALT)) were restored, suggesting recovery of liver
function.

5.1.4. Other nanozymes
Mxene is an ultra-thin nanosheet with a two-dimensional structure

composed of an early transition metal, carbon, and nitrogen [162,198].
This unique structure imparts unique physical and chemical properties
and biological effects [199]. Recently, Ren et al. [200] developed ul-
trathin two-dimensional niobium carbide nanosheets functionalized with
biocompatible polyvinylpyrrolidone (2D ultrathin Nb2C-PVP MXenes) as
a radiotherapeutic protective agent for ionizing radiation (IR)-induced
liver injury (Fig. 10A). IR induced large amounts of ROS (such as O2

�� and
�OH) in liver. Nb2C eliminated O2

�� via direct reaction. In addition, �OH
specifically bound the [CNb3] site of the Nb2C plane and was efficiently
eliminated. The 2D ultrathin Nb2C-PVP MXenes could effectively elimi-
nate oxidative damage caused by IR, restore activity of SOD, and improve
liver injury (Fig. 10B). The survival rates of mice were greatly improved
(from 30% to 81.25%) under 5 Gy irradiation after 2D ultrathin
Nb2C-PVP MXene treatment (Fig. 10C).

Selenium (Se) and copper (Cu) nanoparticles have recently been used
for treatment of liver injury [201–209]. Selenium, an essential trace
element for animals and humans, is a core component of antioxidant
enzyme GPx [210]. However, traditional selenium supplements usually
have lower rates of absorption [211]. Nanoparticles greatly improve the
bioavailability of selenium. Moreover, selenium nanoparticles (SeNPs)
have superior properties in direct removal of RONS. Recently, Kaikai and
co-workers demonstrated that Se nanoparticles modified with a
12
positively charged natural polysaccharide chitosan (CS-SeNPs) could
directly eliminate O2

�� and �OH. In liver injury mediated by Con A,
CS-SeNPs induced a significant reduction in liver necrosis and restored
liver function [202,206]. Similarly, copper is an essential trace element
that plays a key role in the activities of many enzymes, including tyros-
inase and Cu–Zn SOD [212,213]. Recently, Song et al. [207] synthesized
ultrasmall Cu5⋅4O nanoparticles (Cu5⋅4O USNPs) with prior biocompati-
bility and enzymatic ROS scavenging abilities (Fig. 10E). The proportions
of Cu and Cu2O in Cu5⋅4O USNPs were ~3.4. Cu5.4O USNPs could exert
multienzyme-like antioxidative activity to quench H2O2, O2

��, and �OH
(Fig. 10D). In particular, the H2O2-scavenging efficiency was ~2000-fold
stronger than that of traditional small molecular antioxidants, such as
vitamin C. Overall, Cu5⋅4O USNPs showed excellent hepatoprotective
activities against DILI (Fig. 10F).

Very recently, two novel nanozymes, molybdenum disulfide (MoS2)
and prussian blue (PB), were shown to be a very good treatment effect for
liver fibrosis and anthracycline-induced liver injury, respectively. MoS2
nanosheets, as typical two-dimensional 2D transition metal dichalcoge-
nide nanomaterials, were reported to exhibit SOD, POD, CAT mimetic
activity. Zhou et al. [214] prepared MoS2 nanosheets via liquid exfolia-
tion of bulk MoS2 in N, N-dimethylformamide (DMF). In addition to
multienzyme mimetic activities, including SOD, CAT, POD and GPx,
MoS2 nanosheets were indicated with protective potential of mitochon-
drial ETC. Of note, prior CAT activity in acidic environment was revealed
by studying the interaction betweenMoS2 nanosheets and H2O2 and O2

��.
Eventually, MoS2 nanosheets inhibited inflammation and ameliorated
fibrosis in CCl4-treated murine model. PB have been approved by FDA as



Fig. 11. Nanocarriers of SOD for treatment of APAP-induced liver injury. (A) Uptake and release process of d-HA/SOD/USCaP. (B) Radical scavenging activities of
SOD, d-HA/SOD, and d-HA/SOD/USCaP in HepG2 cells. (C) Accumulation of SOD, d-HA/SOD, and d-HA/SOD/USCaP in liver. (D) ROS levels in liver tissues of the
APAP-induced mouse model treated with SOD, d-HA/SOD, and d-HA/SOD/USCaP. Reprinted with permission from Ref. [219].
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an antidote agent with excellent biosafety. Similarly, multienzyme-like
activity of PB nanozyme has attracted intensive attention. Zhang et al.
[215] synthesized monodispersed polyvinylpyrrolidone (PVP)-modified
PB nanozymes (PBZs) to prevent anthracycline-induced liver injury,
which is an increasingly serious and potential clinical complication in
tumor patients treated with anthracyclines. In general, PBZs could
attenuate oxidative stress and inflammation by scavenging RONS and
regulating antioxidative genes and MPO.

5.2. Nanocarriers of SOD

Superoxide dismutase (SOD) is a powerful antioxidant enzyme that
functions in eliminating O2

�� but has a short half-life in the blood circu-
lation and cannot penetrate the cell membrane. The half-life of SOD can
be extended in the blood circulatory system through specific chemical
modifications (mannosylation or coupling to divinyl ether and maleic
anhydride) to circumvent clearance in the reticuloendothelial system
[216]. Using this strategy, Piter et al. [217] showed that chemically
modified SOD eliminates O2

�� to reduce inflammation in rats with liver
fibrosis. However, activity of chemically modified SODmay still be lost in
lysosomes of hepatocytes.

Nanocarriers not only effectively improve the stability of SOD [218]
but also aid in escape from lysosomes into the liver cytoplasm. Recently,
Lee et al. [219] developed a nanocarrier of SOD (d-HA/SOD/USCaP NPs)
to treat APAP-induced liver injury. d-HA/SOD/USCaP NPs were
composed of two parts: L-dopa-derivatized hyaluronic acid (d-HA) poly-
mer network associated with SOD and small calcium phosphate nano-
particles dispersed in the polymer network. HA not only effectively
protected SOD in the blood circulation but also targeted hepatocytes by
binding to HA receptors (CD44) on the surface (Fig. 11A). When
d-HA/SOD/USCaP NPs enters lysosomes of hepatocytes, constituent
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calcium phosphate is decomposed into calcium ions and phosphate ions
in the acidic environment, which leads to changes in the osmotic pressure
in lysosomes and release of SOD into the liver cytoplasm. d-HA/SO-
D/USCaP NPs successfully delivered SOD efficiently in vivo and signifi-
cantly reduced the liver toxicity of APAP by eliminating O2

��

(Fig. 11B–D).

6. Nanocarriers of small-molecule antioxidants

Currently, several small-molecular antioxidants are clinically used to
prevent excessive oxidation in a number of diseases. However, biocom-
patibility of many antioxidants is not ideal for treatment of liver injury.
NAC is the only approved first-line drug [177] and serves as a prodrug of
L-cysteine, a precursor of the biological antioxidant glutathione. How-
ever, Several reports have documented patients with DILI that have
missed the time window of NAC treatment and developed acute liver
failure leading to death [220]. While natural antioxidants have better
biocompatibility and lower side effects than their synthetic counterparts,
neither synthetic nor natural antioxidants meet the requirements for
effective treatment of liver injury. The major problems are low
bioavailability and poor targeting. Numerous therapeutic nanocarriers
have been developed to improve loading of antioxidants to date. In these
systems, nanocarriers are generally composed of polymers and lipo-
somes, along with a small percentage of other nanocarriers (Fig. 12A).
The loaded small-molecule antioxidants can be divided into three cate-
gories: natural antioxidants (such as curcumin [221–225], silymarin
[226–229], resveratrol [230], carvacrol [231], polydatin [232], carnosic
acid [233], quercetin [234,235], and other compounds [231,236–252]),
synthetic antioxidants (nitroxide 4-amino-2,2,6,6-tetramethylpiperidi-
ne-N-oxyl, tempol [253–258]), and human endogenous antioxidants
(melatonin [259,260], bilirubin [261], ubiquinone (CoQ10) [262], and



Fig. 12. Schematic representation of the
structures of main nanocarriers and various
antioxidants. (A) Nanocarriers of antioxi-
dants for liver injury therapy are mainly
composed of polymers and liposomes, along
with a small proportion of other nano-
carriers. (B) The main feature of plant poly-
phenols is one or more aromatic rings with
one or more hydroxyl groups attached. The
utility of curcumin, resveratrol, quercetin,
and other plant polyphenols were explored
in different liver injury models after loading
onto nanocarriers. Although plant poly-
phenol compounds play a key role in the
field of natural antioxidants, the important
functions of other types of natural antioxi-
dants, such as puerarin, cannot be over-
looked. (C) Melatonin, bilirubin, CoQ10 and
carbon monoxide releasing molecule-2
(CORM-2) acting as a carbon monoxide-
releasing molecule are important endoge-
nous non-enzymatic antioxidants in the
body. (D) As a membrane-permeable radical
scavenger, nitroxide 4-amino-2,2,6,6-tetra-
methylpiperidine-N-oxyl (tempol) effec-
tively promotes metabolism or inhibits
generation of various RONS based on the
characteristics of NO.
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carbon monoxide (CO) [263]) (Fig. 12B–C). All antioxidant-containing
nanocarriers exert enhanced therapeutic effects relative to conven-
tional antioxidants by greatly improving bioavailability and reducing
side effects.

Bilirubin is an important endogenous non-enzymatic antioxidant in
the body similar to glutathione. However, owing to its water insoluble
and easily oxidizable properties, bilirubin is unsuitable for treatment of
liver injury [264,265]. Earlier, Kim and co-workers [261] developed a
PEG-based nanocarrier loaded with bilirubin (BR NP) for treatment of
hepatic IRI. PEG was covalently bonded to biliverdin via an amide bond
to form an amphiphilic PEG-bilirubin complex (Fig. 13A) that could
self-assemble in an aqueous environment, generating BR NPs. PEG
improved the bioavailability of bilirubin through prolonging systemic
circulation time. Moreover, BR NPs were specifically enriched at the site
of hepatic IRI. Relative accumulation of BR NPs at the liver injury site was
3.4 times higher than that in normal liver at 1 h after injection (Fig. 13B).
Notably, BR NPs effectively suppressed ROS levels, production of in-
flammatory factors (IL-1β, IL-6, NOS2, Ptgs2, NF-κB), and infiltration of
neutrophils (Fig. 13C&D). After treatment, the necrotic and apoptotic
areas of the liver after ischemia and reperfusion were greatly reduced and
liver function was restored [261].

Multifunctional property is another major advantage of nanodrugs
[266]. Owing to the flexibility of nanocarrier design, it is possible to
integrate targeting and imaging functions with RONS-scavenging nano-
drugs. Fundamentally, two distinct methods have been proposed for
targeting of damaged liver: modifying the nanocarrier with targeting
molecules and designing RONS-sensitive nanocarriers. For example,
Swaran and co-workers added lactobionic acid (LA), a molecule targeting
the asialoglycoprotein receptor (ASGPR) on hepatocytes, to
quercetin-loaded organically modified silica nanoparticles (Q-ORMOSIL)
[235]. Targeted quercetin nanoparticles with improved solubility and
bioavailability exerted hepatoprotective effects at a 1000 times lower
dose (50 μg/kg/day) compared to bulk quercetin alone (50 mg/kg/day).
Zhu and co-workers further synthesized ROS and pH dual-sensitive block
polymer PEG-P (PBEM-co-DPA) as a nanocarrier for polydatin [232]. The
pinacol-type boronic ester on side-chains hydrolyzed into quinone
methide at acidic pH or in the presence of ROS (Fig. 13E). Thus,
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polydatin-loaded micelles (PD-MC) could be released in fibrotic liver
tissue after entering acidic lysosomal compartments. Due to the ROS
elimination property of micelles and antioxidant property of polydatin,
PD-MC suppressed TLR4/NF-κB p65 signaling in macrophages, reducing
NOX-4 activity in HSCs, and finally alleviating liver fibrosis through in-
hibition of inflammation and oxidative stress. In addition, combination of
imaging capability provides a novel prospect in the diagnosis and treat-
ment of liver injury. To achieve effective treatment of liver injury along
with further analysis of the condition through ultrasound imaging, Lee
and co-workers attempted to construct polymer nanoparticles with ul-
trasound imaging capacity [245–249]. More recently, the group designed
a ketalized maltodextrin nanocarrier with silymarin (KMDNP) that could
generate CO2 bubbles through disrupting carbonate bonds in acidic sites
[258]. KMD NPs were formed by conjugating acid-cleavable hydropho-
bic moieties to maltodextrin via carbonate bonds. The formation of CO2
bubbles at pH acid sites endowed KMD NPs with echogenicity, so that
ultrasound imaging could be performed (Fig. 13F). KMD NPs signifi-
cantly enhanced ultrasound contrast in drug-injured liver and amelio-
rated hepatic damage by inhibiting ROS and expression of TNF-α [258].

7. Anti-inflammatory nanodrugs

Reduction of inflammation can effectively decrease oxidative stress
damage by disrupting the vicious circle of RONS and inflammation in
liver injury. Currently, anti-inflammatory drugs are widely adopted in
the treatment of several diseases. However, these drugs are almost
ineffective and may even aggravate liver damage, since they are
metabolized by liver and cause further damage to hepatocytes. For
example, non-steroidal anti-inflammatory drugs cause acute liver injury
of varying severity [17]. Moreover, corticosteroid anti-inflammatory
drugs have limited efficacy for liver injury. The survival rate of groups
with drug-induced acute liver failure treated with corticosteroid
anti-inflammatory drugs was not significantly different to that of
non-treated groups (69% vs 66%) [267].

Compared with traditional anti-inflammatory drugs, nanodrugs pro-
vide a better and safer therapeutic option to suppress inflammation The
current anti-inflammatory nanodrugs for liver injury mainly include the



Fig. 13. Nanocarriers with antioxidants for treatment of liver injury. (A) Schematic illustration of fabrication of BRNPS [264] (a). Representative TEM images of
BRNPs (b). Reprinted with permission from Ref. [261] (B) Representative images of major organs extracted from sham-operated control and IRI-induced mice at 1 h
and 6 h post injection illustrating biodistribution of BRNPs in a hepatic IRI model. (C) Relative expression of mRNAs of pro-inflammatory mediators, including TNF,
IL1b, IL6, Nos2, and Ptgs2 and (D) cell adhesion molecules (Sele, Ccl2, Vcam1, and Icam1) in liver after IRI [261]. (E) Schematic synthesis of PEG-P (PBEM-co-D-
PA)-polydatin and illustration of the release process of PEG-P (PBEM-co-DPA)-polydatin as a ROS and pH dual-responsive nanodrug. Reprinted with permission from
Ref. [232] (F) Representative ultrasound images of liver in APAP-induced liver injury mice. Dotted lines indicate liver contours and arrows indicate echogenic KMD
nanoparticles. Reprinted with permission from Ref. [258].
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following four categories: (1) nanodrugs reduce inflammation in liver
injury by blocking pattern recognition receptor (PPR) pathways, (2)
nanocarriers with nucleic acid reduce the expression of inflammatory
factors, or (3) increase the expression of anti-inflammatory factors, and
(4) nanoscale exosomes and stem cells reduce inflammation at the site of
liver injury.
7.1. Blockage of PRR pathways

Blockage of the PPR pathway is an effective method to reduce
inflammation in liver injury. Recently, Ou and co-workers developed
biomimetic nanoparticles (M-NPs) by coating the surface of polylactic
acid nanoparticles with the membrane of KCs to reduce hepatic IRI [268]
(Fig. 14A). Cell membranes on the M � NP surface contained several
TLR4 receptors that could bind DAMPs and PAMPs (Fig. 14B). Conse-
quently, M-NPS competed with KCs to interact with PAMPs and DAMPs,
which inhibited activation of the inflammatory pathways of KCs and
reduced levels of inflammatory factors. In a rat hepatic IRI model, M-NPs
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significantly reduced the lipopolysaccharide concentration (LPS) in
serum and suppressed activation of KCs via inhibiting the
TLR4/MyD88/IRAK1/NF-κB signaling pathway along with reducing the
levels of inflammatory factors TNF-α and IL-6 (Fig. 14C).

Blockage of the NLR pathway can also effectively reduce inflamma-
tion at the site of liver injury. NLRP3 belongs to the NLR subfamily of
PRRs. NLRP3, adaptor (ASC protein), and effector (caspase-1) are com-
bined to form the NLRP3 inflammasome [269]. DAMPs and PAMPs
activate the NLRP3 inflammasome and trigger inflammation in the liver
injury site. Dopamine has recently been reported to inhibit NLRP3
inflammasomes. However, dopamine has a short half-life in the body and
its direct use in the treatment of liver injury is difficult. Recently, Wu
et al. [270] prepared a new type of dopamine-based nanodrug
(SW@DSeSeD) for drug-induced acute liver injury. SW@DSeSeD was
formed by self-assembly of a disselenium molecule with dopamine at
both ends and prostaglandin degrading enzyme 2 (PGE2) inhibitor
(SW033291) in aqueous solution (Fig. 14D). In the presence of RONS, the
Se–Se bond was easily disrupted. SW033291 could induce rapid tissue



Fig. 14. Anti-inflammatory nanodrugs for liver injury exert their effects through blocking PPR pathways. (A) (a) Schematic illustration of M � NP formulation. TEM
images of (b) NPs, (c) macrophage membrane and (d) M-NPs. (Scale bar: 200 nm) (B) Schematic mechanisms of M � NP action in alleviation of hepatic IRI caused by
liver transplantation. (C) ELISA analysis of TNF-α and IL-6 in serum. Reprinted with permission from Ref. [268] (D) Schematic synthesis of SW@DSeSeD. (E) PGE2
levels in LPS-stimulated RAW-264.7 cells after 20 h incubation with different formulations. (F, G) ELISA assay of serum ALT and AST levels in WT (control) and
treatment groups at 12 h, 24 h and 72 h. (H) Survival curves of mice subjected to different treatments after injection of a lethal dose of APAP (500 mg kg�1). Reprinted
with permission from Ref. [270].
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regeneration by inhibiting prostaglandin degrading enzyme activity.
SW@DSeSeD effectively lysed and released active ingredients (dopamine
and SW033291) within the high RONS-containing environment of liver
injury, significantly inhibited the NLRP3 inflammasomes to attenuate
release of pro-inflammatory cytokines, such as IL-1β and IL-18, and
promoted regeneration by increasing the level of PGE2 (Fig. 14E). After
SW@DSeSeD treatment, all mice survived and their liver functions
returned to normal (Fig. 14F–H). All untreated mice died owing to liver
failure. These results support the excellent therapeutic effects of
SW@DSeSeD against liver injury.

7.2. Reduction of the expression of inflammatory factors

Delivery of siRNA to inflammatory cells presents an effective strategy
for achieving anti-inflammatory effects in liver injury by interfering with
the expression of inflammatory factors [271–273]. siRNAs are difficult to
transport through the cell membrane and commonly degraded by nu-
cleases, poor targeting, and immunogenicity in vivo [274]. Nanocarriers
containing siRNAs can effectively protect against rapid enzymatic
degradation in vivo, reduce immunogenicity, and increase blood reten-
tion time and cellular uptake [275].
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Positively charged polypeptides, cationic polymers and so on [276,
277] have been developed as nanocarriers of siRNAs (polyanions), with
the aim of reducing the TNF-α level at the site of liver injury. TNF-α is a
critical pro-inflammatory factor and liver injury can be effectively alle-
viated through suppression of its expression in inflammatory cells. In a
previous study, Yin et al. [278] adopted the α-helical structures PPABLG
and PAOBLG-MPA as nanocarriers of TNF-α siRNA. PPABLG was a
cell-penetrating peptide with high molecular weight and high cationic
charge density (Fig. 15A). Notably, the α-helical structure of PPABLG
facilitated vigorous transmembrane activity and effective delivery of
siRNA from lysosomes to the cytoplasm. In addition, interactions be-
tween cationic polymers and RNA could be enhanced by introducing the
polyanionic polypeptide, PAOBLG-MPA, which promoted TNF-α siRNA
encapsulation in nanocarriers. PPABLG hybrid nanoparticles (HNP)
protected against LPS/D-galactosamine (d-GalN)- and sepsis-induced
liver injury in mice and improved survival rates via downregulation of
TNF-α (Fig. 15B–D). Recently, Tang and co-workers developed a
pH-sensitive mannose nanocarrier with no positive charge (M-PNSDS-T
NP) to improve delivery of TNF-α siRNA to the cytoplasm [279].
M-PNSDS-T NPs were cross-linked with alkyne-functionalized siRNA and
azide-modified multi-arm PEG through hydrophobic unstable acetal



Fig. 15. Anti-inflammatory nanodrugs for liver injury act by reducing the expression of inflammatory factors. (A) Schematic illustration of PPABLG/PAOBLG-MPA/
siRNA HNP fabrication and intracellular delivery. (B) Serum levels of TNF-α in LPS/d-GalN-treated mice receiving i. v. administration of HNPs. LPS/d-GalN was i. p.-
injected 24 h after administration. (C) Serum ALT and AST levels were measured 5 h after LPS/d-GalN stimulation. (D) Survival of mice in different treatment groups.
Reprinted with permission from Ref. [279] (E) Schematic illustration of siRNA cross-linked nanoparticles (PNSDS). (F) M-PNSDS-T protects against liver injury in
LPS/d-GalN-treated mice via suppressing TNF-α expression. Serum TNF-α levels in mice administered siRNA (50 μg kg�1). (a). Relative TNF-αmRNA levels in liver (b).
ALT levels in mice 6 h after LPS/d-GalN treatment (c). H&E staining of mouse liver 6 h post LPS/d-GalN treatment (d). Reprinted with permission from Ref. [285].
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bonds. Upon endocytosis of M-PNSDS-T NPs from the extracellular re-
gion to the lysosome, the pH value of the environment dropped from 7.4
to ~4.5. Acetal bonds in M-PNSDS-T NPs were stable under physiological
conditions but disrupted under acidic conditions (pH 4.5), leading to
release of TNF-α siRNA into the cytoplasm (Fig. 15E). Moreover, modi-
fication of mannose moieties facilitated targeting of macrophages and
minimized aggregation with serum proteins. M-PNSDS-T NPs could
selectively deliver TNF-α siRNA to liver macrophages for treatment of
acute liver failure induced by LPS and d-GalN, which protected against
injury to a significant extent (Fig. 15F). As for liver cirrhosis, HMGB1
protein has gradually become a research hotspot as pro-inflammatory
factor and fibroblast chemokine. Zhang et al. constructed an
HMGB1-siRNA-loaded stable nucleic acid lipid nanoparticle that were
modified with pPB peptide (HMGB1-siRNA@SNALP-pB) to target HSCs,
which indicated dual antifibrotic and anti-inflammatory effects in TAA-
and CCl4-induced liver cirrhosis mouse model. More importantly, the
results revealed that the therapeutic effect of HMGB1-siRNA@SNALP-pB
were superior to that of HSP47-siRNA@SNALP-pPB with only anti-
fibrotic activity, which provided significant insights toward the treat-
ment of hepatic cirrhosis [280].

Synthetic decoy oligodeoxynucleotides can bind specific transcription
factors based on mimicking DNA complementary sequences [281]. These
oligodeoxynucleotides show high affinity for their respective targets and
hinder gene transcription upon transfection into target cells [282]. As a
result, NF-κB decoys prevent initiation of related gene expression by
entrapping NF-κB, which translocates to the nucleus and binds cis-ele-
ments of target genes, including inflammation-related genes, such as
TNF-α and IL-6 [283]. Recently, NF-κB decoy with no significant
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immunogenic effects has been effectively utilized as an alternative
treatment for inflammation-related liver injury. Due to the low rate of
uptake of naked NF-κB decoy by cells, several researchers have explored
the use of nanocarriers [284]. For instance, Hashida et al. [285] devel-
oped fucosylated cationic liposomes (Fuc-NPs) for loading NF-κB decoy
while dioleoylphosphatidy-lethanolamine (DOPE) was used to protect
NF-κB from endosomal activity. Fucosylated proteins acquired targeting
through fucose receptors on KCs. The Fuc-NP surface had a positive
charge, which achieved better selective transport of NF-κB decoy by KCs.
Fuc-NPs induced a significant decrease in serum levels of TNF-α, IFN,
ALT, and AST in LPS-treated mice [266].
7.3. Increased expression of anti-inflammatory factors

Anti-inflammatory factors exert significant antioxidant effects
through inhibiting RONS production in hepatocytes. For example,
interleukin-22 (IL-22), a member of the interleukin 10 family, has
recently been shown to induce hepatocyte production of endogenous
antioxidants and promote expression of anti-apoptotic factors in liver
injury by activating STAT3 signaling [286]. However, IL-22-mediated
treatment of liver injury can cause systemic side-effects, since IL-22 re-
ceptors are distributed throughout the body. Coupling of IL-22 to
liver-targeted proteins represents a very effective strategy to reduce
systemic side-effects. Apolipoprotein A-I additionally has excellent liver
targeting properties. IL-22 can be effectively delivered to hepatocytes by
coupling with apolipoprotein A-I. Ju and co-workers constructed cationic
liposomes (liposIA NPs) composed of DOTAP and cholesterol as gene
expression vectors for delivery of interleukin-22/ApoA-I fusion



Fig. 16. Anti-inflammatory nanodrugs for liver injury that exert effects via promoting the expression of anti-inflammatory factors. (A) Schematic illustration of liposIA
NPs. (B) ELISA analysis of IL-22 in selected organs (heart, liver, lung, spleen, kidney and brain) 2 days after liposIA administration. (C) Serum levels of TNF-α in mice
subjected to APAP treatment. Various drugs were intramuscularly injected, followed by intraperitoneal injection of APAP after 48 h. Reprinted with permission from
Ref. [287] (D) Schematic representation of hepatocellular expression of interleukin-22 platform against hepatitis. (E) ELISA analysis of IL-22 in hepatocytes and
non-parenchymal cells. (F) Quantitative analysis of ROS in liver sections among different groups. (G) Western blot analysis of p-STAT3 and STAT3 in hepatocytes and
non-parenchymal cells. (H) PDPIA increased hepatocyte regeneration, as indicated by the percentage of Ki-67-positive hepatocytes. Reprinted with permission
from Ref. [288].
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protein-expressing plasmid (Fig. 16A). Upon transfection of liposIA NPs,
IL-22/ApoA-I fusion protein was expressed in vivo [287], which effec-
tively accumulated in liver (Fig. 16B). After liposIA NP treatment in DILI,
levels of pro-inflammatory factors (such as TNF-α) were markedly
reduced and liver function restored (Fig. 16C).

Specific delivery of IL-22 plasmid nanocarriers to hepatocytes pre-
sents another effective strategy. These nanocarriers are generally pre-
pared by self-assembly of cationic polymers or proteins and IL-22
plasmid. Chen and co-workers prepared a composite nanocarrier (PDPIA
NPs) composed of cationic polypeptide penetration protein (penetratin),
PEGylated lipid (DSPE-PEG2000), and poly (amidoamine) dendrimer for
delivery of IL-22 plasmids to liver [288] (Fig. 16D). PDPIA NPs effec-
tively accumulated in hepatocytes instead of KCs (Fig. 16E), inhibited
generation of RONS and promoted hepatocyte regeneration through
activated STAT3/Erk signal transduction in the severe ConA-induced
hepatitis model (Fig. 16F–H).

MMP9 is the largest member of MMPs well known for degradation
and remodeling of the extracellular matrix proteins. The anti-
inflammatory effect of MMP9 has drawn attention of researchers
[289]. Melgar-Lesmes et al. delivered a plasmid expressing MMP 9
(pMMP9) to inflammatory macrophages in cirrhotic livers through con-
structing a nanocarrier based on graphene nanostars (GNS) linked to
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PAMAM-G5 dendrimer (DGNS) [290]. In such ingenious design, the
addition of CD11b promoter (TNF-α is a CD11b promoter activator) as
well as the binding of two biocompatible materials, GNS with
PAMAM-G5 dendrimers, achieved well targeting of macrophages. The
overexpression of MMP 9 inhabited inflammation by inducing the con-
version of macrophages from M1 type to M2 type. M1 pro-inflammatory
cells helped to clear the infection but promote liver injury in aseptic
inflammation, while M2 anti-inflammatory cells have a repair phenotype
that can promote the regression phase [291]. Eventually, pMMP9-DGNP
alleviated liver fibrosis through heightened collagen degradation and
inflammation inhibition.

In addition, immune cells play an irreplaceable role in the patho-
genesis of liver injury and even cirrhosis, especially macrophages [292].
It can effectively control inflammation with siRNA, decoy technology,
and delivering plasmid to knockdown pro-inflammatory factors or to
overexpress anti-inflammatory cytokine in immune cells. Nanocarriers
should be effectively improve the pharmacokinetics and targeting of
these nucleic acid drugs. However, the use of nanodrugs to treat liver
injury is an emerging field, and nanodrugs for targeting immune cells
have not been reported. We believe more surprising target immune cell
nanodrugs will have tremendous power in the field of liver injury with
the deepening of research.



Fig. 17. Extracellular vesicles and stem cells with anti-inflammatory functions for treatment of liver injury. (A) Differential expression of miRNAs (miRs)
between EVN and Exo F (left panel). Ranking of differential miRs from highest (“H”) to lowest (“L) led to identification of miR-34c-3p, -151–3p, -483–5p, -532–5p, and
�687 as the most highly differentially expressed between the groups (right panel). (B) RT-PCR validation of reduced expression of selected miRs in EVF versus EVN.
(C) Anti-inflammatory effect of EVN determined using the cytokine multiplex assay for serum IL-4, IL-5, IL-6, and TNF-α. Reprinted with permission from Ref. [299]
(D) Schematic representation of the mechanisms of nanozyme impregnation of mesenchymal stem cells (PB-MSC) for hepatic IRI. (E) Analysis of lipid peroxidation and
inflammation in hepatic tissue homogenates via TBARS assay (a), serum concentrations of TNF-α (b) and IL-10 (c), and MPO activity (d). Reprinted with permission
from Ref. [306].
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7.4. Extracellular vesicles and stem cells with anti-inflammatory properties

Extracellular vesicles are cell-derived membrane vesicles, including
exosomes (50–100 nm) and microvesicles (about 50–500 nm, with the
largest reaching 1 μm). Vesicles can transport various substances, such as
proteins, lipids, and nucleic acids, leading to modification of transcrip-
tion or translation in recipient cells. All cells secrete various types of
extracellular vesicles. Specific cell-derived extracellular vesicles exert
anti-inflammatory and antioxidant therapeutic effects in liver injury
[293]. Compared with many artificially prepared nanoparticles, exo-
somes have excellent biocompatibility, supporting their utility in the
treatment of liver injury [294–298]. Anti-inflammatory exosomes from
different sources have been developed, such as serum extracellular ves-
icles (SEV) [299], stem cell-derived exosomes [300], plant-derived exo-
somes [301,302], honey-derived exosomes [303], and exosomes from
shiitake mushrooms [304]. For example, Brigstock and co-workers [299]
demonstrated that SEVs from healthy humans exert a therapeutic effect
against liver fibrosis. SEVs were directly derived from circulating cell
types and tissues (such as endothelial cells) or indirect contact systemic
circulation (through interstitial fluid). Compared with SEV of fibrotic
patients, that of healthy people contained higher levels of miR-34c,
-151–3p, -483–5p, and -532–5p, and could significantly inhibit liver
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fibrosis by reducing inflammation (Fig. 17A&B). Moreover, inflamma-
tory factors, such as IFN-γ, and infiltration of activated immune cells
were significantly reduced by SEV treatment of healthy mice in a carbon
tetrachloride (CCl4)-induced liver fibrosis model (Fig. 17C).

In addition to exosomes, mesenchymal stem cells (MSCs) have
recently been developed for treatment of liver injury [305]. MSCs release
a variety of cytokines, such as hepatocyte growth factor (HGF), through
paracrine mechanisms. HGF inhibits apoptosis, regulates inflammation,
promotes angiogenesis, and reduces tissue fibrosis in liver. Despite these
promising outcomes, several limitations are associated with the use of
MSCs for treatment of liver injury. The high RONS content makes MSC
survival at injury sites difficult, leading to failure to secrete relevant
cytokines and loss of therapeutic effects. Recently, Tae et al. [306]
combined MSCs with Prussian blue nanoparticles (PB) comprising a
biocompatible nanozyme with multiple ROS-scavenging mimetic activity
to protect against oxidative stress in liver with I/R injury (Fig. 17D).
Following impregnation of MSCs with PB, RONS from the external
environment was obviously decreased. Compared with injection of PBS,
PB, and MSCs, MSCs with PB reduced pro-inflammatory factors and liver
tissue necrosis to a greater extent and effectively restored liver function
in hepatic IRI mice (Fig. 17E).



Fig. 18. Challenges in nanodrug translation of liver disease.

Table 2
Antioxidant and anti-inflammatory nanodrug clinical trials on liver disease treatment. Data source: https://www.clinicaltrials. gov.

Study title Nanodrug Liver Disease Starting
Time

Status Number of
Participants

Identifier

The Effect of Curcumin on the Development of
Prednisolone-induced Hepatic Insulin
Resistance (CURPRED)

Curcumin Liposome NAFLD December
2019

Not
applicable
Recruiting

36 NCT04315350

Study to Evaluate the Safety, Tolerability, PDs,
and Efficacy of CNP-104 in Subjects With
Primary Biliary Cholangitis

CNP-104 (comprised of PDC-E2
peptide dispersed within a negatively
charged polymer matrix of PLGA
particles)

Primary Biliary
Cholangitis

December
2021

Phase 1, 2
Not yet
recruiting

40 NCT05104853

Phase 1b/2, Open Label, Repeat Dose, Dose
Escalation Study of ND-L02-s0201 Injection in
Subjects With Moderate to Extensive Fibrosis
(METAVIR F3-4)

ND-L02-s0201 (A Vitamin A-coupled
Lipid Nanoparticle Containing siRNA
Against HSP47)

Hepatic
Fibrosis

October
2014

Phase 1
Completed

25 NCT02227459
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8. Conclusion

Starting with the mechanisms of liver injury from various sources, we
have comprehensively summarized the key roles of RONS and inflam-
mation and limitations of traditional anti-inflammatory and antioxidant
drugs in the treatment of liver injury. Due to the unique structural fea-
tures and functions of liver, the numerous antioxidant and anti-
inflammatory drugs currently available are relatively ineffective for
therapy. Based on these characteristics, nanodrugs specifically enriched
in liver may achieve efficient targeted treatment of liver injury and
therefore have significant potential to overcome the limitations of
traditional anti-inflammatory and antioxidant drugs.

Although significant progress has been made in this emerging field,
continued efforts are required to address the huge challenges in clinical
translation. The application of nanodrugs for liver disease is an emerging
field in the past few years, and only three nanodrugs have entered clinical
trials (data from the USA National Library of Medicine database, https://
clinicaltrials.gov/). (Table 2). In fact, those nanodrugs consist of
approved active pharmaceutical ingredients (API) and simple liposomal
or polymer carrier are easier to be translated into clinic in the field of
liver disease [307]. Above all, nanocarriers of antioxidants or
anti-inflammatory drugs mentioned above are of greater feasibility in
clinical translation, such as BRNP synthesized by Kim [261] and
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co-workers and TNF-α siRNA carried nanodrugs fabricated by Yin et al.
[278]. The road ahead is full of thorns, but it is a considerable deal if
nanodrug harnessing RONS and inflammation achieve success in the
control of liver injury, which further promote the progress of most
nanodrugs. The success of some nanodrugs has set a precedent [155], and
four main challenges should be considered seriously learned from pre-
vious experiences [308,309] (Fig. 18), which is benefit for the mean-
ingful clinical translation of nanodrug harnessing RONS and
inflammation for liver disease.

Firstly, toxicity of nanodrugs is the biggest obstacle that inhibit their
application translating to clinic. Nanodrugs that harnessing RONS and
inflammation for liver disease are no exception. Most materials will be
more active once scaled down to nano-regime due to the dramatic in-
crease in total surface area [310]. The altered biological activity pos-
sesses serious potential toxicities towards cells, tissues and organs in the
body [311]. The long-term side effects of nanodrugs should be further
established. The successful clinical translation of some nanodrug provide
an excellent example for this challenge. For instance, it is very important
to continuously optimize nanoparticles for addressing problems in pre-
clinical experiments throughout the story of Onpattro [155].

Secondly, the mechanism of action and metabolism of nanodrugs in
liver requires further research. Many nanodrugs have not yet entered
clinical trials due to lack of data on their behavioral mechanisms in vivo.

https://clinicaltrials.gov/
https://clinicaltrials.gov/
https://www.clinicaltrials
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The studies on behavioral mechanisms of nanodrugs are thought to
contribute to the optimization of drug efficacy on one hand and the
prediction and reduction of nanotoxicity [46,47,312]. Given the signif-
icant role of liver played in metabolism, further studies of the influence of
existing liver injury on the action and metabolism of the nanodrugs are
needed. In addition, the effect of ROS scavengers under pathological
conditions on its metabolism also requires further studies on behavioral
mechanisms. Accumulating studies have focused on the mechanisms of
nanomaterials, including their transformation and therapeutic actions in
the body. For instance, Chen and co-workers clarified the whole process
of nanomaterial transport-biotransformation-bioutilization and fate in
the body with the aid of advanced technologies, such as high sensitivity,
high resolution in situ characterization, proteomics, and molecular dy-
namics simulation [313]. Cai et al. [314] established a multi-dimensional
method for evaluation of nanobiological effects using protein metabo-
nomic technology. The collective studies provide a good reference for
further research on the basic principles of nanodrug behavior in vivo.

Thirdly, the limitation of preclinical animal model results in the dif-
ference of nanodrugs efficacy. The large difference in physiological and
pathological settings of the injured area caused by species divergence
between humans and animals is difficult to avoid. And some animal
models cannot manifest the clinical progress of various liver disease
[315]. In addition, rodents’models of alcoholic liver disease are unlikely
to develop through drinking alone due to the rapid ethanol metabolism
and short-term feeding period. Many of the symptoms observed in severe
alcoholic liver disease are induced by secondary effects of severe injury
and inflammation, rather than the main effects of alcohol-induced hep-
atoxicity [316].

Finally, the complex, inefficient, and costly synthesis process provides
a big challenge for nanodrugs translate from laboratory to large-scale
manufacturing. First of all, many elaborately fabricated nanodrugs inte-
grate different functional species or components into a single nano-
system, instead of using a primitive nanomaterial [266,317]. Then,
complex, inefficient, and costly synthesis of nanoparticles is proposed,
which is difficult to implement in large-scale manufacturing. At the same
time, the addition of uncertain new components will also make the ac-
tivity of nanodrug in the body more complicated or increase the risk of
potential toxicity [318]. In summary, the complexity of the components
makes chemistry, manufacturing, and quality control more comprehen-
sive and stricter. In addition, chemistry, manufacturing, and quality
control is hard to be guaranteed due to lack of standards and norms.
Therefore, the key quality attribute should be taken into account in the
early stage of formulation design. And the production process also needs
to be conducted in strict accordance with Good Manufacturing Practice
(GMP) guidelines. It is necessary to carefully evaluate the ingredients,
excipients and key quality attributes as early as possible in the design of
nanodrug [307,319].

Notwithstanding, the development of nanodrugs provides a prom-
ising outlook for treating liver injury compared with conventional drug
development. It is reported that the estimated total success rate of
nanodrugs against cancer from the first stage to clinical approval is 6%,
which is much higher than the 3.4% of conventional new drugs [320].
Notably, it can't be ignored many of those approved nanodrugs are based
on the FDA approved API instead of a completely new chemical entity.
Nanodrugs achieved the superior performance for optimized pharma-
cokinetics and/or pharmaceutical formulations when compared with
conventional new drugs development. But nanodrug developments
largely benefit from conventional new drugs developments as well. As
early as 1965, liposomes were proposed for drug delivering [321]. And
the success of liposomal nanodrugs were evident in the clinical applica-
tion in the past 40 plus years. The annual sales AmBisome® and Doxil®
have both reached hundreds of millions of dollars [322]. Thereby,
nanodrugs based on regulation of RONS and inflammation have extended
the frontier of research on treatment of liver injury from various sources
21
and been expected to replace large part of the traditional drugs when
further studies on toxicity, metabolism in the body, animal model and
manufacturing are warranted. Nanodrug treatment is expected to
significantly reduce liver injury and prevent progression to liver failure,
fibrosis, and cancer, thus paving the way for reducing mortality from
liver disease.
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