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Abstract Liver fibrosis results from chronic damages together with an accumulation of extracel-

lular matrix, and no specific medical therapy is approved for that until now. Due to liver metabolic

capacity for drugs, the fragility of drugs, and the presence of insurmountable physiological obstacles

in the way of targeting, the development of efficient drug delivery systems for anti-fibrotics seems

vital. We have explored articles with a different perspective on liver fibrosis over the two decades,

then collected and summarized the information by providing corresponding in vitro and in

vivo cases. We have discussed the mechanism of hepatic fibrogenesis with different ways of fibrosis

induction in animals. Furthermore, the critical chemical and herbal anti-fibrotics, biological mole-

cules such as micro-RNAs, siRNAs, and growth factors, which can affect cell division and differen-

tiation, are mentioned. Likewise, drug and gene delivery and therapeutic systems on in vitro and in

vivo models are summarized in the data tables. This review article enlightens recent advances in
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emerging drugs and nanocarriers and represents perspectives on targeting strategies employed in liver

fibrosis treatment.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Relevance and mechanism of hepatic fibrogenesis

Liver disease and cirrhosis together were the 12th leading cause
of mortality, accounting for 40,545 cases or 1.5% of all deaths in
the United States in 20161. Chronic liver diseases (CLDs)
represent a significant world public health problem, and hepatic
fibrosis is a common protective response to CLD of various
etiologies, such as persistent viral hepatitis B and C, non-
alcoholic fatty liver disease (NAFLD), alcohol overload, and
autoimmune liver disease. When injury and inflammation
become chronic and untreated, the cellular responses get dys-
regulated. The imbalance between augmented synthesis and
decreased degradation causes an excess of extracellular matrix
(ECM) proteins deposition and finally scar tissue formation or
fibrosis development, which may eventually progress to cirrhosis
and its associated complications2,3.

Liver resident mesenchymal cells, particularly hepatic stellate
cells (HSCs), are the major source of fibrogenic myofibroblasts.
HSCs as vitamin A (retinoid)-storing cells comprise approxi-
mately 15% of total liver cells residing in the space between he-
patocytes and liver sinusoidal endothelial cells (LSECs), named
space of Disse4. Other cells, such as portal fibroblasts, mesothelial
cells, and bone-marrow-derived fibrocytes, also contribute, and
their participation depends on the etiology of liver fibrosis. For
instance, a previous study revealed that HSCs are the source of
myofibroblasts in a carbon tetrachloride (CCl4)-induced liver
Figure 1 Major signaling p
fibrosis model. In contrast, portal fibroblasts give rise to myofi-
broblasts in the cholestatic liver5. Bone marrow-derived cells
represent a substantial fraction of the total fibrogenic population in
a more chronic injury.

The literature on fibrosis demonstrated different pathways
involved in the fibrogenesis (Fig. 1). Among them, fibrogenic
signaling pathways, chemokine pathways, adipokine pathways,
and neuroendocrine pathways have a significant role6.

In the healthy liver, collagen types IV and VI are the major
components of ECM. In contrast, proliferating myofibroblasts or
activated HSCs as the vital sources of excess ECM molecules,
give rise to collagen types I and III during fibrogenesis7, and
augmented and accumulated ECM serves as reservoir for growth
factors, cytokines, and chemokines, then this cycle perpetuates8.
The changes in healthy tissue during fibrogenesis are summarized
in Fig. 2.

For determining mechanisms of fibrosis and developing novel
therapies, the use of animal models is crucial. To date, no animal
model has recapitulated all features of liver fibrosis. However, in
comparison to in vitro and clinical studies, animal model studies
have several merits, including the possibility of collection of
multiple samples, a shorter time for disease development, the
ability to control and reduce variables that cannot be closely fol-
lowed in humans, the ability to study the implication of genes/
signaling pathways, and the study of the liver as a complete organ
in crosslink with the entire body9. Although animal models have
athways in liver fibrosis.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 2 Overview of liver fibrosis progression. Prolonged damage to hepatocytes triggers activation of HSCs (decreasing the amount of

retinol in their cytoplasm is one manifestation of the activation), which increases ECM consequently; increased ECM applies extra pressure to

sinusoids, that causes portal hypertension in some patients. Also, holes that are in the membrane of sinusoids get lost or tightened; therefore, the

amount of nutrients and oxygen transportation comes down. As injury remains untreated, the situation gets worse, and the recruitment of Kupffer

cells and other elements of the defending system in the injured area increases. The perpetuation of this process leads to scar tissue formation or

fibrosis. ECM, extracellular matrix; HSC, hepatic stellate cell; Space of Disse, space between hepatocytes and liver sinusoidal endothelial cells.
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several benefits, they cannot answer all questions. Because they do
not develop human diseases, and some liver pathologies occur in a
specific metabolic or immune context. Also large variations in
responses to noxious agents exist between humans and animals at
several levels. First, some hepatic diseases like hepatitis C virus
(HCV) do not exist in rodents. Second, animals may be less or
more susceptible to toxic agents than humans. Therefore, alco-
holic liver disease (ALD) is particularly difficult to induce in ro-
dents and severe liver fibrosis does not develop by chronic alcohol
feeding. In contrast to alcohol, common bile duct ligation (BDL)
results in secondary biliary cirrhosis after only a few weeks in
rodents, whereas month-long impairment of the bile flow is
needed to cause severe liver fibrosis in humans10. In spite of
mentioned limitations, animal models are being used for several
decades and they have been discussed thoroughly9,11.
Hepatotoxin-induced liver fibrosis, biliary fibrosis, autoimmune
fibrosis, alcohol-induced fibrosis, non-alcoholic steatohepatitis
(NASH)-associated fibrosis are mentioned as the prominent
models of liver fibrosis. In hepatotoxin-induced fibrosis, repeated
usage of toxins like CCl4, thioacetamide (TAA), dimethyl or
diethyl nitrosamine (DMN or DEN), result in fibrosis that first
appears in the perivenular area and then extends to portal areas. In
humans, fibrosis is frequently distributed in periportal and lobular
areas and central fibrosis is only seen in vascular disorders10.
Biliary fibrosis develops within weeks. In BDL, rats are specially
adapted due to the lack of gall bladder, and bile acid toxicity,
stimulating the proliferation of bile duct epithelial cells, portal
inflammation, and fibrosis12. Infection of mice with Schistosoma
and prolonged administration of heterologous serum, are two ways
to induce fibrosis immunologically13,14. Achieving sustained high
alcohol level in blood causes liver injury and fibrosis, but in this
method fibrosis is rather moderate and never evolves to
cirrhosis15. In NASH-associated fibrosis, a high fat diet induces
steatosis with fibrosis in rats16.
2. Rational therapeutic measures

Treatment options for liver fibrosis depend upon underlying cau-
ses can be different. The main factors contributing to diseases
worsening are injury progression and withdrawal of the healing
process. Drugs can be used to affect CLD progression and
decrease parenchymal liver injury. In this context, pathways or
signals causing recruitment/activation of Kupffer cells (KCs),
monocyte-derived macrophages, and hepatic myofibroblasts could
be targeted. The promotion of the healing process first could be
achieved by the elimination of profibrogenic cells, and the
reversion or senescence of them. Enhancing ECM degradation and
transplantation of bone marrow-derived cells (like macrophages)
are considered as the second approach17.

Medical intervention to cease the alterations which occur
during fibrosis had limited therapeutic efficacy. Off-targeting,
immensity of underlying factors at the same time and the conflict
between interferences, and defection in delivery systems or the
lack of suitable carrier, especially about plant extracts, are among
the principal limiting steps. It seems unique physicochemical
properties of nanoparticles (NPs) can increase solubility and half-
life of drugs, facilitate their specific uptake and accumulation in
the target site, and limit systemic side effects18,19. However, still
there are some important facts that are neglected and prone drug
delivery system (DDS) or gene delivery system (GDS) to failure.
For instance, numerous cell types and fibrogenic activators are
responsible for the fibrosis progression and each of them could be
a complementary targeting site. In most of studies, targeting is



Table 1 Targeted drug delivery system for liver fibrosis21e33.

Carrier Drug Targeting agent Size (nm) Zeta potential

(mV)

Effect and mechanism of action Ref.

Bovine serum

albumin

Berberine e 394.9 � 102.03 ‒30 to 30 The LX-2 cell growth inhibition,

stronger CASP3 activation at lower

dose, and in vivo anti-hepatotoxicity

effect at 1 and 2 mg/g

21

Bovine serum

albumin

Sodium

ferulate

M6P 100 to 200 �2.73 to �35.85 Specific uptake by HSC (less

distribution to the kidneys), slower

elimination rate, and much higher

drug concentration

23

Liposome Vismodegib Cyclic peptides

(cRGDyK)

75.6 � 2.4 �24.8 � 1.8 Inhibited hedgehog pathway signaling

in HSCs, and alleviated

hepatotoxin-induced fibrosis in

mice

24

M6P-HSA-conjugated

liposome

Rosiglitazone M6P-HSA 135.1 � 3.74 �30.5 � 2.64 Increased liver uptake (2.61-fold),

improved biochemical markers

level and histopathological

morphology, and decreased fibrosis

grade

25

cRGD-modified

liposome

(IFN)-a1b cRGD 101 � 17.7 e Reduction in the extent of liver

fibrosis in BDL rats

26

Liposome IFN-g Cyclic peptides �100 e Extended circulation half-life, reduced

side-effects in rats with hepatic

fibrosis due to selective delivery to

activated HSCs

27

Mesoporous silica

NPs-RhB

Salvianolic

acid B

e 400 e Remarkable inhibiting effect on

reactive oxygen species level and

on the proliferation activity of

LX-2 cells

28

NLC Curcumin Phosphatidylserine 204.6 � 1.97 �46.29 � 0.48 Prolonged retention time, and

enhanced bioavailability and

delivery efficiency

22

Hyaluronic acid-

polylactide NPs

Curcumin Hyaluronic acid 60e70 �30 Improved drug efficiency, reduced

drug dosage, and attenuated tissue

collagen production and cell

proliferation

29

PLGA Phyllanthin e 187.6 � 5.0 �24.6 � 0.5 Increased aqueous drug loading, and

anti-fibrotic efficacy at lower doses

30

PEG�PLGA Sorafenib e 100e300 �10 to �15 Ameliorated liver fibrosis, decreased

a-SMA and collagen production in

the livers of CCl4-treated mice, and

decreased microvascular density

31

Micelles Losartan Hyaluronic acid 300 � 25 �40 � 5 Reduction of a-SMA and collagen

deposition, and reduction of serum

enzyme level in mice

32

Iron oxide e Citrate 12 e Production of good magnetic

resonance contrast in liver diseases

imaging

33

�Not applicable.
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done according to the characteristics of one special cell type, and
other communicating factors and complexity of in vivo models
were not considered. The immensity of conflicting factors makes
the optimization process inefficient. For example, compared to
hydrophilic NPs, hydrophobic ones are more rapidly removed
from circulation by KCs. PEGylation, as the most used method
decreases the uptake of NPs by KCs and increases the uptake by
hepatocytes, while there is report on the detrimental effect of
PEGylation on bioactivity and this fact is neglected in some
studies20. KCs and LSECs specifically recognize oxidized low-
density lipoprotein, human serum albumin (HSA), and nega-
tively charged NPs by scavenger receptors, while hepatocytes are
more likely to take up NPs with positive surface charge. Ac-
cording to the mentioned data in Table 121�33, almost all of drug-
loaded NPs for liver fibrosis possess a negative charge which is in
favor of KCs and LSECs, while the most favored cells in fibrosis
targeting seem to be HSCs. Even though current therapies are not
sufficient enough to completely cure of hepatic fibrosis, numerous
drugs which include pioglitazone, obeticholic acid, losartan,
candesartan, glycyrrhizin, pentoxifylline, everolimus, and simtu-
zumab have been registered/continued in clinical trials34,35 (Table
2), and at the same time, lipid- and polymer-based drug delivery
carriers have gained much more attention for targeting liver
fibrosis36 (Table 1).

rgd:17
rgd:26


Table 2 Clinical trials for liver fibrosis.

Drug Study phase Status Clinical trials identifier

Simtuzumab II Terminated NCT01672853

NCT01672866

NCT01452308

GS-4997 alone or in combination with simtuzumab II Completed NCT02466516

Peginterferon a-2b and glycyrrhizin in interferon III Terminated NCT00686881

Peginterferon a-2b and ribavirin III Completed NCT00323804

Cyclosporine A and tacrolimus IV Terminated NCT00260208

Entecavir and peg-interferon IV Completed NCT01938781

Entecavir and anluohuaxian e Recruiting NCT03568578

Entecavir þ Fuzheng Huayu þ TCM granule IV Recruiting NCT02241616

Candesartan and ramipril III Recruiting NCT03770936

Candesartan I, II Completed NCT00990639

Pirfenidone II Recruiting NCT04099407

Oltipraz II Completed NCT00956098

Methotrexate e Completed NCT00673101

Raltegravir and ritonavir-boosted protease inhibitor II Completed NCT01231685

Losartan IV Completed NCT00298714

GB1211 I Recruiting NCT03809052

BLD-2660 I Recruiting NCT03559166

Spirulina e Completed NCT02744105

GR-MD-02 II Completed NCT02421094

ND-L02-s0201 injection I Completed NCT02227459

Selonsertib III Completed NCT03053050

MGL-3196 III Recruiting NCT03900429

Emricasan II Completed NCT02686762

Silymarin, ursodeoxycholic acid, and colchicine e Completed NCT03659058

Silybin þ vitamin E þ phospholipids complex III Completed NCT01935817

Tacrolimus, antithymocyte globulins þ mycophenolate

mofetil, tacrolimus þ antithymocyte globulins

IV Completed NCT00538265

Irbesartan III Completed NCT00265642

Synbiotic II, III Completed NCT01791959

Tropifexor and cenicriviroc II Recruiting NCT03517540

Cenicriviroc III Recruiting NCT03028740

Pentoxyphilline and tocopherol III Terminated NCT00119119

Resveratrol II, III Completed NCT02030977

�Not applicable.
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In this review, we discuss the pros and cons of DDS containing
conventional drugs and plant extracts, also GDS (non-coding
RNA, DNA, and mRNA) with their perspectives.
3. Anti-fibrotic agent and delivery system

Several therapeutic agents, including chemical compounds, plant
extracts, and nanotherapeutics like gold NPs, show potent anti-
fibrotic activities in experimental models of hepatic fibrosis by
targeting different pathways37. Gliptins, as an example of the
chemical compound series, with anti-diabetic and anti-
inflammatory activity, has been used for type 2 diabetes treat-
ment. A study in 2018 revealed the effectiveness of linagliptin and
sitagliptin on liver fibrosis and NASH38. Inflammation and stea-
tosis regression were proved by suppression of tumor necrosis
factor-a (TNFa), inducible nitric oxide synthase (iNOS), a-
smooth muscle actin (a-SMA), procollagen a1(I) (Col1a1), and
matrix metalloproteinase (MMP)-12. Moreover, the decrease in
the ratio of liver-infiltrating pro-inflammatory monocytes/macro-
phages to anti-inflammatory macrophages mitigated vascular
dysfunction and liver fibrosis. Another chemical compound is
ethyl pyruvate that blocks TLR4 signal and NF-kB transcription
and phosphorylation. It also reduces IL-6, TNF-a, IFN-g, and
HMGB1 and increases the ratio of MMPs to the tissue inhibitor of
metalloproteinase (TIMPs). These changes result in the inhibition
of HSCs activation and facilitate the degradation of ECM39,40.

Along with chemical compounds, herbal medicine has
increasingly been prescribed for the treatment of liver fibrosis.
About 50 plants have been monitored in vivo for their potential
effect on fibrosis. Silymarin, armepavine, plumbagin, rhein, gly-
cyrrhetic acid, ginseng, epigallocatechin-3-gallate, curcumin,
salvianolic acid, and osthole have been studied and documented as
the active ingredients of phytomedicine, which have been used in
the treatment of liver fibrosis more than others41. However, due to
the lack of scientific justification and processing difficulties, such
as standardization and identification of individual drug compo-
nents in complex polyherbal systems, they were not considered for
developing novel formulations. Nevertheless, in the last decade,
significant advances have been made in the development of plant-
based hepatoprotective drugs, mostly on account of their lower
toxicity42. For instance, the effect of S-allyl-cysteine (SAC), one
of the major compounds in aged garlic extract, was examined in
fibrotic rats in 201843. SAC, as an endogenous donor of hydrogen
sulfide (H2S), plays emerging roles in the gastrointestinal tract and
liver. Treatment with SAC improved semi-quantitative scores of
fibrosis severity, reduced the mRNA expression of inflammatory
and fibrogenic cytokines, and induced the mRNA expression of
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antioxidant enzymes. Moreover, the mRNA expression of liver
fibrosis biomarkers, including a-SMA, fibronectin, and collagen,
were also decreased after SAC treatment. Umbelliferone (UMB) is
a natural coumarin with diverse biological activities. The anti-
fibrotic efficacy of UMB was revealed in 201944, by attenuating
oxidative stress, inflammation, TGF-b1/SMAD 3 signaling, and
upregulation of PPARg. Therefore, UMB may be a candidate for
preventing hepatic fibrogenesis; however, further research is
needed to determine the exact molecular mechanisms underlying
its anti-fibrotic efficacy.

Although several chemical compounds and plant extracts have
been tested for their efficacy in liver fibrosis, pharmaceutical in-
terventions were not effective enough on account of the insuffi-
cient supply of drugs into the diseased tissue and the adverse
effects of miss targeting or off-targeting. Using nano-drug delivery
systems (NDDS) may be an effective solution for solving these
drawbacks. For example, anti-inflammatory, immune-modulatory,
and chemopreventive properties of carvacrol have been shown
in vivo and in vitro 45,46. Carvacrol is highly volatile and lipophilic
with low water solubility and a strong odor of essential oils;
therefore, its application in the food industry is difficult. The
research revealed that the encapsulation of phytochemicals could
cause a decrease in size and an increase in their bioavailability47.
Rely on that, a study conducted in 2017 to define the efficacy of
carvacrol nanoencapsulation and nanoemulsion48. The results
showed the potential of both formulations in bioavailability
improvement and overcoming any drawbacks of carvacrol appli-
cation. However, the efficiency of nano-encapsulated carvacrol in
amelioration of the TAA model of liver fibrosis was more prom-
inent than nanoemulsion form.

NDDS are not only capable carriers, but also may be an effi-
cient therapeutic agent too. Inorganic NPs including, iron oxide,
gold, cerium oxide, titanium oxide, and manganese oxide NPs can
be used as a diagnostic, anti-inflammatory, anti-oxidant, and DDS
to a fibrotic liver. However, their entrapment in the liver may pose
health risks, mainly due to non-biodegradability and potential
toxicity. Thus, before the application, assessment of health risks to
beneficial effects seems necessary49.
4. Nanoparticles for liver targeting

The first role of NPs [liposome, solid lipid nanoparticles (SLNs),
micelles, polymers] is to deliver compounds to the specific site of
diseased tissue. Sometimes carriers, prepared from bioactive
compounds, possess therapeutic properties themselves. Carriers
with a homing device can be a two-edged sword, and sometimes
adding a targeting moiety leads to the desired effect. However, on
the other hand, it decreases or avoids targeting; therefore, the
presence of a targeting ligand and its density may cause lots of
conflicts that need to be controlled. In this respect, to clarify, the
effect of liposome prepared from different kinds of lipids was
studied on the activation of HSC and aggravation of liver fibrosis
induced by BDL in rats50. Three types of liposome, including 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipo-
some, 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DLPC) lipo-
some, and mannose 6-phosphate modified albumin (M6P-HSA)-
DLPC liposome, were examined in this study. In cultured HSC,
the anti-fibrotic effect of DLPC liposome containing M6P-HSA
and plain DLPC liposome was noticeable, but liposome pre-
pared by POPC did not decrease the mRNA level of fibrosis
markers. However, in vivo results were not the same, and M6P-
HSA DLPC liposome did not show an anti-fibrotic effect in the
liver. In contrast, the accumulation of M6P-HSA DLPC liposomes
in KCs and LSECs caused a pro-inflammatory trend in the liver.
Since scavenger receptors on KCs and LSECs could recognize the
introduced negative charge on HSA by M6P groups, in addition to
the targeting ligand, its density is another important factor. The
recent research emphasizes on the retinol density of NPs for active
targeting of HSC51. In this respect, the research demonstrated that
chitosan NPs modified with low retinol density has 2 times
enhanced uptake in comparison to unmodified NPs. In contrast,
NPs with a high retinol density showed approximately 0.8-fold
change in uptake. Therefore, adding a targeting moiety, carrier,
and its ingredients should be selected and optimized carefully for
the density and orientation to achieve the best delivery device;
otherwise, the concentration in undesirable areas will increase.

Lipid formulations can be modified by various methods to
reduce toxicity, improve drug stability, and efficacy. Lipid-based
NPs like liposomes are safe and effective, and it has been proven
that they are valuable alternatives for the formulation of drugs, as
well as vaccines, diagnostics, and nutraceuticals. Furthermore,
liposomal DDS or GDS for the treatment of liver fibrosis is
currently in the clinical stages, which indicate the efficiency of
these NPs compared with other NPs in practice. However, the low
solubility, the high cost, production complicity, and the probability
of drug leakage are challenges ahead of the researches to clinical
trials52. Imatinib is an inhibitor of two pro-fibrotic pathways,
TGF-b and PDGF; liposomal imatinib not only improves liver
fibrosis treatment but also resolves the drawbacks of conventional
imatinib, which includes low concentration at target tissue and
toxicity to other tissues, especially heart, lung, and liver. Prepa-
ration of new vitamin A coupled imatinib-loaded liposomes with
the size smaller than 200 nm and their intraperitoneal (i.p.) in-
jection showed 13.5-fold higher hepatic accumulation than con-
ventional imatinib. Bio-distribution to other organs decreased
too36. Since HSCs store 80% vitamin A of the body, and they are
the main contributors to liver fibrosis pathogenesis, they could be
actively targeted by coupling vitamin A to liposome.

SLNs as an alternative delivery system for carriers like lipo-
somes and polymeric micro and nano NPs were introduced in
199153. The toxicity of SLN is lower because their lipid matrix
was made from physiological lipids. Their other upsides are the
enhancement of solubility and bioavailability of sparingly soluble
drugs, site-specific delivery, and controlled release of the encap-
sulated drugs. The obstacles to their usage can be drug leakage
during storage and insufficient total drug load. The effect of SLNs
on liver targeting was studied in 2007 by compounds like sily-
marin and oxymatrine54,55. Measured factors, including relative
exposure, targeting efficiency, and maximum drug concentration
ratio in mice, verified SLN as a good liver-targeted DDS. Silibinin
(SIL) is another compound that the anti-fibrotic effect of its SLN
form is much higher than the suspension formulation56. Recent
progress in this area is adding targeting ligand on the surface of
the carrier to increase the efficacy of targeting and diminishing the
side effects. Curcumin-NLC (nanostructured lipid carriers)
modified with phosphatidylserine is an example that was able to
overcome many defects of curcumin clinical application22.

Polymeric materials are another type of carrier used for pre-
paring NPs for fibrosis targeting. They must be at least biocom-
patible and best biodegradable. Proteins are natural polymers with
less possibility of opsonization by the reticuloendothelial system, so
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when the target cells are not KCs, these NPs can be useful. They
also generate bioactive peptides through hydrolysis in the body that
may exert some physiological effects in vivo. The other upsides of
them are easy preparation and scaled up, creation of three-
dimensional networks for protecting active compounds in a ma-
trix, and specific targeting to the site of action57,58. The downside of
protein-based NPs includes interruption of the scaling-up process
due to heterogeneous size distribution and batch to batch variation.
However, some researchers have studied the reproducibility of the
process. For instance, monodispersed HSA and gelatin have been
produced in 2008 and 2011, respectively59,60. The long half-life,
biocompatibility, biodegradability, and non-immunogenicity make
HSA an applicable protein-based carrier. This molecule can absorb
negative and positive compounds. However, its hydrophilic nature
and rapid solubilization do not allow sustained release of the drug. It
is worth mentioning that this issue could be solved by using
chemical crosslinkers and plant proteins61,62. HSA was the first
carrier accumulated in HSC63 and the binding of this carrier to
specific receptors, which are highly up-regulated on activated
HSCs, brings out cell specificity64. In this regard, the M6P-HSA-
losartan-Rho kinase inhibitor is a good example that shows the
importance of NPs and targeting ligand. In the fibrotic liver, portal
pressure is increased due to the increased intrahepatic resis-
tance65,66. Thus, controlling the portal pressure without affecting
mean arterial pressure and renal function is essential in end-stage
liver failure management. For this purpose, M6P-HSA has been
used for losartan and Rho-kinase inhibitors delivery. In vivo effec-
tiveness of HSA-based drug delivery, on the fibrotic liver was
shown by dexamethasone coupling to HSA. LSECs and KCs of the
liver, which share specific characteristics like possession of scav-
enger receptors are targeted by this structure67.
5. Gene delivery

Liver-based gene therapy has been used to down regulate/block the
expression of damaged genes, to deliver therapeutic genes, and to
prevent allograft rejection68. According to possible changes in the
liver during fibrosis, it seems genetic manipulation can modify
myofibroblasts and convert hepatocytes to healthy liver cells and
help liver regeneration69. In the gene therapy method first, the
defective gene is identified and characterized; secondly, the
extraction and mass production of healthy and the natural gene is
conducted, and then this gene is placed in viral or non-viral vectors
and delivered to target cells70. Several methods, such as clustered
regularly interspaced short palindromic repeats (CRISPR), zink
finger nucleases (ZFN), and transcription activator-like effector
nucleases (TALEN), are common genome editing techniques that
are considered as developments in genetic engineering and medical
sciences71,72. CRISPR is the part of prokaryotes DNA that contains
short alternating sequences, acts as a molecular scissors and makes
specific cuts in regions of the genome. ZFNs, having two domains
that bind to DNA and with the help of intracellular DNA recon-
struction systems, alter the genome of evolved organisms accu-
rately. TALENs as restriction enzymes with two domains like
ZNFs, can be engineered to bind and cut any desired DNA. Since
there are ethical restrictions on the manipulation of human repro-
ductive cells, the maneuver can just be performed on somatic cells
that are not passed on to the next generation73. Methods could be
conducted in ex vivo and in vivo environment, and both of them are
applicable potentially for liver cells. In the ex vivo method, indi-
vidual cells are transmitted to the external environment; then, they
are modified and transmitted to the body again. This method is
invasive, but biocompatible and highly cell-specific. Advantages of
the in vivo method are high repeatability and less aggression,
although cell specificity of this process is low74.

5.1. DNA-based delivery

Drugs on the basis of DNA sequence and structure can control
disease progression. Plasmids containing transgenes, oligonucle-
otides for antisense and antigene applications, aptamers, ribo-
zymes, and DNAzymes are in this category. The high selectivity
and specificity of molecules for recognition of their targets reduce
their toxicity and side effects. However, poor cellular uptake and
rapid in vivo degradation of DNA-based therapeutics necessitate
the use of delivery systems75. Some of the ideal properties in a
DNA delivery system for medical purposes include high trans-
mission efficiency, low toxicity with high immunity, biodegrad-
ability, the stability of the pharmaceutical formulations, and
convenience in manipulation75.

DNA delivery methods can be divided into three general types:
electric techniques, mechanical transfection, and vector-related
delivery systems. Mechanical and electrical methods for the trans-
fer of naked DNA into the cells include microinjection76, particle
bombardment under high vacuum pressure77, and electroporation78.
The delivery system and method of transfer play a vital role; in this
regard, the effect of ultrasound microbubble delivery on the efficacy
of hepatocyte growth factor (HGF) delivery has been studied79.
HGF is a cell growth factor with anti-fibrotic activity through
apoptosis induction, regulation of inflammatory response, reduction
in excessive collagen deposition, and stimulation of liver regener-
ation1. After transfection of HGF cationic liposomes with this
method, the expression increased, lobules got their complete
structure again, and the amount of fibrous septum went down79. In
this process, the time and intensity of the ultrasound acted as the
lever of the release process.

Oligonucleotides are short single-stranded segments of DNA
that upon cellular internalization can selectively inhibit the
expression of a single protein. For antisense applications, oligo-
nucleotides form a duplex with the mRNA or the pre-mRNA and
inhibit their translation and protein biosynthesis. TGF-b1 is a
potent factor to enhance the synthesis and accumulation of ECM.
Adenoviral expression of TGF-b1 antisense oligodeoxynucleo-
tides (ODNs) resulted in an inhibition of HSC activation and liver
fibrogenesis in rats80. In the other study hydrodynamic injection of
Timp-2 antisense ODNs had a preventive effect on an immune-
induced liver fibrosis in rats. Because ECM is degraded by a
family of proteolytic enzymes called Mmps, and the activity of
Mmps is regulated by Timps81.

Plasmid-based vectors are a circular, closed-loop DNA strand
in which the desired gene is combined and used in different ways,
such as direct injection into target tissues82. Although the plasmid
vectors are relatively inexpensive, less-immunogenic, and more
available, compared to viral vectors, they have some disadvan-
tages that should be improved with changes, such as a reduction in
their length83. Augmentation of liver regeneration (ALR) as a
cytokine stimulates hepatic cell proliferation and inhibits hepatic
natural killer cell activity in acute liver injury. In a previous
research ALR recombinant plasmid reduced serum levels of
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and expression of Timp-1, and collagen types I and III84.
In the other study, transfection of a plasmid containing the soluble
receptor type II TGF-b1 cDNA into skeletal muscle in
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hepatotoxin-induced fibrosis in rats, decreased hepatic fibrosis,
hydroxyproline content, collagen and a-Sma expression85.

5.2. Coding and non-coding RNA delivery

In recent years, a large number of coding RNA (mRNA) and non-
coding RNA, such as short non-coding RNA (miRNA & siRNA),
have been identified through several screening programs for liver
fibrosis research and clinical trials86. Unlike gene therapy based
on the plasmid DNA, treatment with mRNA is a new approach and
still in its infancy87. Compared to DNA, the use of mRNA for
gene therapy has many advantages. First, mRNA applies its
function in the cytoplasm, and its activity does not depend on the
core membrane lysis, which is the principal intracellular barrier
for DNA gene therapy88,89. Second, according to its location,
treatment with mRNA does not require genomic integration; thus,
the potential for the risk of an internal mutation reduces. Also, the
process of production, raw material synthesis, and mRNA product
quality relative to DNA can be easily customized, which makes
mRNA gene therapy more advantageous90.

Micro RNAs (miRNAs) can affect liver fibrogenesis by TGFb
signaling modulation, since TGF is crucial for liver fibrogenesis.
MicroRNA-101 family members act as suppressors of TGFb
signaling by targeting TbRI and its transcriptional activator
Kruppel-like factor 6. In the liver, miR-101 weakened TGFb and
stopped the expression of profibrogenic cytokines, cell prolifera-
tion, and switched active HSCs to silent mode. So it seems blunt
of TGFb signaling in HSCs or hepatocytes could be one effective
inhibitory factor for liver fibrosis91.

Unmodified oligonucleotides are not stable in circulation; they
can be attacked by the immune system and hardly penetrate the
cells. Cationic modification can increase stability; however, most
oligonucleotide treatments require an optimized delivery system to
achieve the desired biological effects. In selection of a delivery
system, several aspects should be considered, including stability
against serum nucleases, escape from the inherent immune system,
avoidance of unspecified interactions with serum proteins and non-
target cells, prevention of kidney secretion, releasing from blood
vessels, entrance to the desired cell, and attachment to RNAi (RNA
interference)92. Additionally, diseases affect the performance of
gene delivery; for instance, hydrodynamic gene transfer is a com-
mon method for gene transfer to the animal liver. Kobayashi et al.93

tested the effects of hepatic fibrosis on the performance of hydro-
dynamic gene delivery using rat liver fibrosis model. By using
pCMV-Luc plasmid, they reported that this method is safe, but the
amount of fibrotic tissue in the liver reduced gene transfer effi-
ciency. They showed that anti-fibrotic gene therapy with the
Mmp-13 gene decreased the hepatic fibrosis and improved the ef-
ficiency of the hydrodynamic gene transfer.

Gene expression regulation by small interfering RNAs (siRNAs)
is a new and powerful tool that was recently used for therapeutic
purposes94. siRNAs can induce silencing of any gene at the post-
transcriptional levels, which do this by cleaving transcripts of ho-
mologous targets. In vivo barriers to siRNAs delivery are instability
due to exposure to nucleases and toxicity at high doses95. Two
major approaches are available to overcome these obstacles. The
first one is the chemical modification of siRNA molecules,
including backbone, nucleobase, and/or sugar modification and the
latter is conjugation with vector or carrier molecules, such as
lipophilic carriers, cationic polymers, and PEG conjugates. Besides,
the using of NPs like lipid and lipid-like materials, and CPP-based
NPs as a carrier has attracted much attention recently92.
Most of anti-fibrotic therapies mainly focus on HSCs. However,
hepatocytes consist up to 80% of the liver mass and mediate a broad
range of interactions among different cells. In a recent study miR-
221-3p which is upregulated in hepatocytes during liver fibrosis has
been targeted. Researchers showed that in vivo knockdown of miR-
221-3p by AAV TuD suppressed HSC activation and alleviated
hepatotoxin-induced liver fibrosis in mice. Unlike other methods of
RNA silencing that lead to systemic effects, this method specifically
targeted hepatocytes and decreased off target effects. This study
introduced hepatocytes as a regulator of HSC activation and a
therapeutic target of liver fibrosis96. The effect of hydrodynamic
transfection of PDGFR-b siRNA plasmids has been studied in vitro
and in vivo. Down regulation of Pdgfrb expression caused sup-
pression of activated HSCs and improvement of liver function97.
The effectiveness of siRNAs among the various gene therapies has
been revealed by different researcher and the prominent studies are
summarized in Table 376,80,91,93,96,98e121.
6. Vectors

Viral and non-viral vectors, as the most relevant vectors in liver
fibrosis context, are introduced and described here.

6.1. Viral vectors

According to studies, viral vectors are the best and most reliable
carriers for gene transfer; these vectors have been modified in
some specific genomic regions so that they cannot be replicated,
and their immunity is increased. The benefits of these delivery
systems are the high infection transmission rate and high
expressing levels122. Retrovirus, lentivirus, adenovirus, or adeno-
dependent viruses (AVVs) are among them.

Retroviruses are generally animal types and they are not
pathogenic to humans. They can carry the gene into target cells
without side effects or disease. Retroviruses have an RNA
genome, which after infecting the cells, convert with the reverse
transfusion enzyme into DNA and by integrase enzyme integrate
within the host cell genome. Lentiviruses, belonging to this fam-
ily, are widely used in gene delivery123.

Adenoviruses are viruses with genomic DNA, which cause
lung, digestive, and respiratory infections in humans. The ad-
vantages of this category are relative immunity (even weakened
viruses lead to mild respiratory infections), easy production, pu-
rification and condensation in high amounts, and the ability of
gene delivery into the silent and dividing cells. They are the most
common vectors for gene transfer with the most popular Ad5 and
Ad1, 2 and 6 serotypes124. Nevertheless, the lack of optimum gene
delivery to specific cells and the antiviral inflammatory responses
of the immune system and, consequently, the lack of continuity of
gene expression limit the application of these viruses125.

Despite the limitations, since 1990, adenoviruses have been the
preferred option for gene therapy applications, especially in can-
cer. Reforms to solve the problems of this category have led to the
creation of different generations of adenoviruses126. In fact, until
2003, 600 gene therapy protocols have been reported, 27% of
which used adenovirus as carriers127. Currently, the third gener-
ation of adenoviruses, called helper-dependent vector or gutless
carriers, has been developed that is free of viral proteins and
causes long-term gene expression128. One of their applications
was introduced in 2003 by human MMP1 on the liver fibrosis
induced through either TAA or BDL. According to the findings,



Table 3 Gene delivery system for liver fibrosis76,80,91,93,96,98e121.

Carrier Gene Target Effect and mechanism of action Ref.

Adenoviral

vector þ cytomegalovirus

(Ad5-CMV)

Antisense-TGF-b1 mRNA TGF-b synthesis in

cultured HSCs

Abrogates TGF-b enhanced production of

collagen and a-SMA

80

Adenoviral vector Human urokinase

plasminogen activator

cDNA

Latent hepatic

collagenases

Reduced a-Sma, increased Mmp-2, stimulated

liver regeneration

98

Adenovirus þ HBV vector

(chimeric Ad-HBV shuttle

vector)

Truncated MMP-8 gene

(tMMP8)

HGF Induced hepatocyte proliferation in liver cells

without affecting other tissues

99

Adenoviral vector HGF-encoding cDNA Fibrogenic cytokines

PDGF-bb and TGF-b1

Elevated HGF levels in the portal vein,

decreased collagen level

100

Recombinant lentivirus

particles

Artificial miRNAs Pdgfrb and Tgfbr2 Co-knockdowns the expressions of Tgfbr2 and

Pdgfrb, suppressed expressions of a-Sma,

Col1a1, Mmps and Timp1

101

Recombinant adenoviral

vector

b-Galactosidase Hepatocytes Decreased the expression of hepatocytes 102

Recombinant adenoviral

vector

MMP-1 Hepatocytes Decreased the number of activated HSCs, and

increased hepatocyte proliferation

103

Recombinant adenoviral

vector

MMP-8 Hepatocytes Diminished hydroxyproline content, and up

regulated expression of MMP-2 and MMP-3

104

Adeno-associated virus ACE2 Hepatic ACE2 and

angiotensin II

Reduction of angiotensin II, and inflammatory

cytokine expression

105

Adeno-associated virus Bone morphogenetic

protein-7 (Bmp-7)

Tgfb Long-term elevation of serum Bmp-7

concentrations and amelioration of CCl4-

induced hepatic fibrosis

106

Adeno-associated virus miR-221-3p Hepatocytes Faster resolution of the deposited ECM, and

reduced secretion of C-C motif chemokine

ligand 2

Hemagglutinating virus of

Japan (HVJ)

Oncostatin M (OSM)

cDNA

OSM protein in KCs Reduced centrilobular necrosis and

inflammatory cell infiltration, augmented

hepatocyte proliferation, and suppressed

hepatocytes apoptosis and fibrosis

107

Recombinant simian virus 40

vector (rSV40)

Recombinant insulin-like

growth factor I (rIGF-I)

rIGF-I receptor Reduced serum bilirubin, transaminases and

liver fibrosis score, and increased expression

of Hgf and Mmps

108

Minicircle vector (MC-

hALR)

Regeneration/growth

factor ERV1-like

(ALR/GFER) gene

Tgfb, Pdgfb, a-Sma Suppressed production of collagen I and a-Sma,

Tgfb, Pdgfb, alleviated liver injury and

fibrosis in rats

109

Plasmid Artificial miRNA CTGF, TGF-b1 Reduced hepatic fibrosis, and decreased levels

of collagen I and a-SMA

110

Graphene-dendrimer nanostar Plasmid encoding for the

collagenase MMP-9

Macrophages Promoted macrophage switch from

inflammatory M1 to pro-regenerative M2 in

three days

111

pCMV-Luc plasmid Mmp-13 gene Hepatocytes Reduced liver fibrosis, and improved efficiency

of hydrodynamic gene delivery

93

psiCHECK-2 miR-378a-3p, miR-378b,

miR-378d

Gli3 in activated HSC Accelerated expression of fibrotic genes and

hedgehog signaling pathway

112

Lentivirus miR-122 Type I collagen Decreased collagen, Fn1 and Srf levels in the

liver of CCl4-treated mice

113

Lentivirus miRNA-101 family

members

e Attenuated profibrogenic Tgfb signalling and

suppressed Tgfb-induced hepatocyte

apoptosis and the inhibited cell proliferation

91

Lentivirus Atp7b gene Copper transport protein Lowered liver copper levels, and decreased

fibrotic tissue

114

Lentivirus MiR-542-3p BMP-7 Reduced liver fibrosis 115

pPB-modified stable nucleic

acid LNPs

siRNA Heat shock protein 47 Inhibitory effect on TAA-induced hepatic

fibrosis with high gp46 mRNA expression

116

Poly (lactide-co-glycolide)-

polyspermine-poly

(ethylene glycol)-vitamin

A (PLGA-PSPE-PEG-VA)

Co-delivery of silibinin

and siCol1a1

Activated HSCs Targeted activated HSCs specifically, decreased

collagen I production and ameliorated liver

fibrosis

117

CXCR4-targeted NPs CXCR4þ sorafenib and

MEK inhibitor

ERK in activated HSCs Prevented activation of ERK in activated HSCs,

anti-fibrotic effects in the CCl4-induced

murine model

118

(continued on next page)
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Table 3 (continued )

Carrier Gene Target Effect and mechanism of action Ref.

Ultrasound-targeted

microbubbles

HGF Collagen I and HGF HGF delivery into the fibrotic liver and

production of an anti-fibrosis effect

79

CSLNs siCtgf Pro-fibrotic genes in

HSCs

Reduced collagen content Tnfa, Tgfb, IL-6, and

Ctgf significantly, improved

pathophysiological symptoms in rats

119

VA-polyethylene glycol

polyethyleneimine-

poly(N-(N0,N0-
diisopropylaminoethyl)-co-

benzylamino)

aspartamide

miRNA-29b and miRNA-

122

HSC Improved liver function, and relieved hepatic

fibrosis

120

Poly(amine-co-ester) NPs Nogo-B siRNA Liver Suppressed Nogo-B protein in the liver up to

60% after systemic administration

121

1288 Somayeh Mahdinloo et al.
14 days after the transmission, in Ad5MMP-1-injected, but not in
Ad5LacZ-injected rats, fibrosis was moderated, and the number of
active HSCs decreased. After a few weeks, the reproductive in-
fluence of the human MMP1 approximately disappeared; however,
liver fibrosis remained attenuated in Ad5MMP-1-injected rats,
which was in contrast with the situation of Ad5LacZ-injected
rats103. In new therapeutic approaches for hepatic fibrosis with
gene therapy, Ad vectors are used to deliver genes abundantly.
Some applications of Ad in gene delivery are given in Table 3.

6.2. Non-viral vectors in liver fibrosis gene therapy

The increasing use of non-viral vectors has generally started in the
last decade. Although there is less expression with these vectors,
these carriers have more safety, less immunogenicity, and fewer
restrictions than viral vectors129. Non-viral vectors including lipid
NPs (LNPs)130, lipid-calcium-phosphate NPs (LCP NPs)131, lip-
oplexes132, polymeric NPs, and inorganic NPs, are used in gene
therapy for liver disease130,133. Among them, LNPs and poly-
plexes are used in liver fibrosis gene therapy more than others
(Table 3).

In recent years, lipid-based drug delivery systems (LBDDS)
have become increasingly important because of their water-
solubility and bioavailability. Liposome as an example of
LBDDS was discovered as a DNA delivery system in 1979134, and
between 1979 and 1980, the encapsulation of DNA plasmid and
RNA poliovirus into liposome become possible135. MMP-2 is
secreted by HSCs and it is important in the formation of liver
fibrosis. Delivery of MMP-2 siRNA in vitamin A-coupled lipo-
somes to the HSC-T6 cells reduced the mRNA expression and
activity of MMP-2, and the protein expression levels of a-SMA
and collagen type I decreased too. In addition, that liposomal
delivery lowered cytotoxicity136.

Cationic solid lipid NPs (CSLNPs) are another non-genetic
transfer techniques, and nuclease-resistant CSLNPs prepared from
natural LDLs, have been applied as target specific systemic de-
livery of siRNA-connective tissue growth factor (siCTGF). CTGF
is a secreted matricellular protein that induces formation and
activation of myofibroblasts through trans-differentiation of
epithelial cells, stellate cells, and resident fibroblasts. In 2006
intraportal vein siRNA injection targeting CTGF has shown
inhibitory effect on CTGF expression137, and in 2013, specific
delivery of CSLNPs/siCTGF complex to the liver, resulted in a
significant reduction in collagen content and pro-fibrogenic
parameters119.

Many cationic polymers are automatically connected to DNA
for gene transfer in many cells, but also, the pharmaceutical state
of the polyplexes limits the gene transfer. Poly 2-
dimethylaminoethyl methacrylate (PDMAEMA) is a water-
soluble cationic polymer, that can be linked to DNA by electro-
static bonding138. By reviewing the physiological and biological
data of polyplexes, De Smedt, and colleagues139 created a new
insight into this kind of gene delivery system. They reported
surface features, solubility, agglomeration, fragmentation, and
gene transfer methods as essential factors influencing the
compression of DNA. Recently, various cationic polymers have
been studied. Using nature’s self-selective cellular uptake mech-
anisms for specific organ cells has enabled researchers to step
closer to overcome some of the mentioned challenges on the way
of optimal gene silencing140. MicroRNA-29b and miRNA-122
have great potential in treating liver fibrosis, but a specifically
HSC targeted delivery system for in vivo applications was needed.
This issue is solved by a pH-sensitive and vitamin A conjugated
copolymer. Synthesized VA-PEG-PEI poly(N-(N0,N0-diisopropy-
lamino ethyl)-co-benzyl amino)aspartamide (T-PBP) and its as-
sembly into SPIO-decorated cationic micelle was able to transport
the miRNA-29b and miRNA-122 to HSC in a magnetic resonance
imaging-visible manner. Moreover, this combination improved
liver function and alleviated hepatic fibrosis, whereas the non-
targeting combination treatment showed almost no effect120.

7. Combination therapy

Although considerable emphasis has been placed on understand-
ing the mechanism of liver fibrosis, strategies targeting a single
receptor or pathway often exhibit limited efficacy in humans.
Given such heterogeneity in response, combination therapy seems
reasonable to treat the fibrotic liver comprehensively141. Combi-
nation therapy is a multipronged approach and in the simplest
form targets two vital, however, very different pathways to reduce
upstream (chronic) inflammation and downstream ECM deposi-
tion. A combination therapy may be more effective, given that
crosstalk among different cell types, also it has the potential to
decrease or eliminate the side effects that may result from tar-
geting a single mechanism142. Despite its promise at present,
significant expense and effort are required to validate efficacy of
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potential anti-fibrotics at different doses and in several rodent
fibrosis models. In addition, noninvasive biomarkers is needed for
the quantification of fibrogenesis, and liver function143. One of the
difficulties on the way of the therapies is insufficient drug accu-
mulation at the target site because of reduced hepatic blood
flow144. Combination of sorafenib with mitogen-activated protein
kinase kinase (MEK) inhibitors is a recent study showing the
effectiveness of combination therapy. The drawback of RAF ki-
nase inhibitors, such as sorafenib in anticancer studies, is the
activation of the mitogen-activated protein kinase (MAPK)
pathway in both malignant and normal stromal cells145,146, that
leads to HSCs activation; however, the occurrence of this in
activated HSCs during liver damage is unknown. Also, sorafenib
often causes unwanted non-specific and off-target effects, leading
to hand-foot syndrome, diarrhea, and hypertension147. The com-
bination of sorafenib with MEK inhibitors on fibrosis pathogen-
esis is studied in vitro and in vivo, which showed suppression of
both paradoxical MAPK and HSC activation in vitro, and allevi-
ated liver fibrosis in murine models and prevented fibrosis-
associated HCC development and liver metastasis118. In the
other study in 2018117, poly (lactide-co-glycolide)-polyspermine-
poly(ethylene glycol)-vitamin A, used for the transfer of a
chemical drug (sylbinoin) and genetic (siCol1a1). This combi-
nation obstructed collagen I accumulation in fibrogenesis syner-
gistically. These particles were about 151 nm with a positive
charge, and they effectively accumulated in HSCs and decreased
collagen I production in vitro and in vivo. Combination of statins
and JQ1 (thienotriazolodiazepine inhibitor), which is an inhibitor
of bromodomain-containing protein 4 (BRD4), has examined
recently148,149. Statins apart from their anti-lipidemic properties
have a proven role in the prevention/reduction of HSC activation,
and fibrosis progression in vitro, and in vivo. They have also been
reported to decrease hepatic venous pressure and improve liver
perfusion in patients with cirrhosis150. It seems BRD4 plays a
critical role in fibrosis through the intercession of pro-fibrotic gene
expression in HSCs151. Thus, blocking its enhancer interactions is
expected to reduce HSC activation, but its general inhibition
would not be free of adverse off-target effects152e155. Modified
with chitosan NPs with different densities of retinol and its
loading with JQ1 and atorvastatin, two drugs that prevent HSCs
activation via different mechanisms, showed that NPs modified
with a low density of retinol as a targeting ligand had increased
uptake in primary HSCs and fibrotic liver in vitro and in vivo51.
8. Conclusions and perspectives

In this review, we covered and discussed most of the prominent
chemical/herbal anti-fibrotics, genes, and delivery systems.
Although many NDDSs enable us to overcome the deficiencies of
conventional drugs and phytochemicals, there are still a vast
number of unanswered questions. Some herbal ingredients like
silymarin, salvianoic acid B, and adenosine are in clinical trials,
but their effectiveness as anti-fibrotic medicine has not proven
yet. Also, the safety of herbal anti-fibrotic for prolonged periods
or chronic administrations has not discovered, and due to the
legal problems like restrictions to liver biopsies, their effective-
ness has not been documented in human so far. The lack of
effective therapy for liver fibrosis shows the complexity of this
disease and a variety of active factors in its progress. The
chemicals and phytochemicals affect solving this problem;
however, previous studies are commonly mono-mechanistical.
Moreover, damaged cells depend on the underlying cause of the
disease. In most studies, this fact has been neglected, thus
designing a targeting device has been done based on the total
features of the disease without a deep understanding of fibrosis.
Although NPs demonstrated their positive outcomes in animals,
there are still some difficulties avoid them reaching the clinic.
One possible reason is that many specific ligands used for active
targeting are exogenous products, so they are suspected to trigger
immunological side effects in clinical applications. Endogenous
products, such as apolipoprotein AI (apo AI), and small mole-
cules, such as vitamin A or mannose, could be ideal surface li-
gands for active targeting and should not be detrimental to human
immunity in clinical applications. Also, the amount and orien-
tation of ligand on the surface of NPs have not been optimized in
the majority of studies since they are crucial parameters to
impress the uptake of NPs. Furthermore, as it is shown in Table 1,
most NPs have been used in their negative form, so according to
the mentioned reasons about the uptake of NPs in liver the
investigation on positively charged NPs seems necessary.
Another possible reason is that the ligands homing to target re-
ceptors in animal may not be able to bind to human receptors
effectively. Thus, a proper experimental animal model should be
chosen and maybe more than one animal model should be used to
test the targeting efficacy and eliminate individual heterogeneity
and sampling errors. Also the introduction of in vitro systems that
more faithfully replicate the pro-fibrogenic microenvironment of
human liver is really awaited. 2D and 3D ECMs have different
effect on key biological features of fibroblasts like proliferation,
matrix deposition and degradation. So suitable models should
present a 3D structure and express a variety of ECM components.
It is worth mentioning that about gene therapy, several therapies
currently rely on viral vectors to deliver nucleic acid cargo into
cells. However, there is significant interest in moving toward
chemical-based methods, such as polymer-based vectors, and
some modifications to create a compatible and capable vector
seem necessary156.
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Kozdrowska E, et al. Hepatocyte-specific suppression of microRNA-

221-3p mitigates liver fibrosis. J Hepatol 2019;70:722e34.

97. Chen SW, Zhang XR, Wang CZ, Chen WZ, Xie WF, Chen YX. RNA

interference targeting the platelet-de-rived growth factor receptor b

subunit ameliorates experimental hepatic fibrosis in rats. Liver Int

2008;28:1446e57.

98. Salgado S, Garcia J, Vera J, Siller F, Bueno M, Miranda A, et al.

Liver cirrhosis is reverted by urokinase-type plasminogen activator

gene therapy. Mol Ther 2000;2:545e51.

99. Liu J, Cheng X, Guo Z, Wang Z, Li D, Kang F, et al. Truncated active

human matrix metalloproteinase-8 delivered by a chimeric

adenovirus-hepatitis B virus vector ameliorates rat liver cirrhosis.

PloS One 2013;8:e53392.

100. Kim MD, Kim SS, Cha HY, Jang SH, Chang DY, Kim W, et al.

Therapeutic effect of hepatocyte growth factor-secreting mesenchymal

stem cells in a rat model of liver fibrosis. Exp Mol Med 2014;46:e110.

101. Jiang Y, Zhao Y, He F, Wang H. Artificial microRNA-mediated

Tgfbr2 and Pdgfrb co-silencing ameliorates carbon tetrachloride-

induced hepatic fibrosis in mice. Hum Gene Ther 2018;30:179e96.

102. Li Q, Kay MA, Finegold M, Stratford-Perricaudet LD, Woo SL.

Assessment of recombinant adenoviral vectors for hepatic gene

therapy. Hum Gene Ther 1993;4:403e9.
103. Iimuro Y, Nishio T, Morimoto T, Nitta T, Stefanovic B, Choi SK,

et al. Delivery of matrix metalloproteinase-1 attenuates established

liver fibrosis in the rat. Gastroenterology 2003;124:445e58.
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Pagán JC, et al. Simvastatin lowers portal pressure in patients with

cirrhosis and portal hypertension: a randomized controlled trial.

Gastroenterology 2009;136:1651e8.

151. Ding N, Hah N, Ruth TY, Sherman MH, Benner C, Leblanc M, et al.

BRD4 is a novel therapeutic target for liver fibrosis. Proc Natl Acad

Sci India B Biol Sci 2015;112:15713e8.

152. Korb E, Herre M, Zucker-Scharff I, Darnell RB, Allis CD. BET

protein Brd4 activates transcription in neurons and BET inhibitor Jq1

blocks memory in mice. Nat Neurosci 2015;18:1464e73.

153. Jostes S, Nettersheim D, Fellermeyer M, Schneider S, Hafezi F,

Honecker F, et al. The bromodomain inhibitor JQ1 triggers growth

arrest and apoptosis in testicular germ cell tumours in vitro and

in vivo. J Cell Mol Med 2017;21:1300e14.

154. Andrieu G, Belkina AC, Denis GV. Clinical trials for BET inhibitors

run ahead of the science. Drug Discov Today Technol 2016;19:45e50.
155. Alghamdi S, Khan I, Beeravolu N, McKee C, Thibodeau B,

Wilson G, et al. BET protein inhibitor JQ1 inhibits growth and

modulates WNT signaling in mesenchymal stem cells. Stem Cell Res

Ther 2016;7:22.

156. Van Bruggen C, Hexum JK, Tan Z, Dalal RJ, Reineke TM. Nonviral

gene delivery with cationic glycopolymers. Acc Chem Res 2019;52:

1347e58.

http://refhub.elsevier.com/S2211-3835(20)30542-6/sref131
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref131
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref131
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref132
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref132
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref132
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref133
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref133
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref133
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref134
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref134
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref134
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref135
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref135
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref135
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref135
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref136
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref136
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref136
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref136
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref137
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref137
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref137
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref137
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref138
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref138
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref138
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref138
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref139
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref139
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref139
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref140
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref140
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref140
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref140
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref140
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref140
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref141
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref141
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref141
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref142
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref142
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref142
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref142
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref142
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref143
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref143
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref143
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref143
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref143
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref143
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref144
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref144
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref144
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref144
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref145
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref145
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref145
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref145
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref145
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref146
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref146
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref146
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref146
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref147
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref147
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref147
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref147
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref147
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref148
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref148
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref148
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref148
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref148
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref149
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref149
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref149
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref149
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref150
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref150
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref150
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref150
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref150
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref151
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref151
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref151
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref151
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref152
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref152
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref152
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref152
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref153
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref153
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref153
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref153
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref153
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref154
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref154
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref154
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref155
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref155
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref155
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref155
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref156
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref156
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref156
http://refhub.elsevier.com/S2211-3835(20)30542-6/sref156

	Efficient drug and gene delivery to liver fibrosis: rationale, recent advances, and perspectives
	1. Relevance and mechanism of hepatic fibrogenesis
	2. Rational therapeutic measures
	3. Anti-fibrotic agent and delivery system
	4. Nanoparticles for liver targeting
	5. Gene delivery
	5.1. DNA-based delivery
	5.2. Coding and non-coding RNA delivery

	6. Vectors
	6.1. Viral vectors
	6.2. Non-viral vectors in liver fibrosis gene therapy

	7. Combination therapy
	8. Conclusions and perspectives
	Acknowledgments
	Author contributions
	Conflicts of interest
	Conflicts of interest
	References


