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Abstract

Liver fibrosis (LF) occurs when the liver tissue responds to injury or inflammation by producing excessive amounts of
scar tissue, known as the extracellular matrix. This buildup stiffens the liver tissue, hinders blood flow, and ultimately
impairs liver function. Various factors can trigger this process, including bloodborne pathogens, genetic predisposition,
alcohol abuse, non-steroidal anti-inflammatory drugs, non-alcoholic steatohepatitis, and non-alcoholic fatty liver disease.
While some existing small-molecule therapies offer limited benefits, there is a pressing need for more effective treatments
that can truly cure LF. RNA therapeutics have emerged as a promising approach, as they can potentially downregulate
cytokine levels in cells responsible for liver fibrosis. Researchers are actively exploring various RNA-based therapeutics,
such as mRNA, siRNA, miRNA, IncRNA, and oligonucleotides, to assess their efficacy in animal models. Furthermore,
targeted drug delivery systems hold immense potential in this field. By utilizing lipid nanoparticles, exosomes, nanocom-
plexes, micelles, and polymeric nanoparticles, researchers aim to deliver therapeutic agents directly to specific biomarkers
or cytokines within the fibrotic liver, increasing their effectiveness and reducing side effects. In conclusion, this review
highlights the complex nature of liver fibrosis, its underlying causes, and the promising potential of RNA-based therapeu-
tics and targeted delivery systems. Continued research in these areas could lead to the development of more effective and
personalized treatment options for LF patients.
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Introduction

Liver fibrosis (LF) is characterized as an immune-mediated
response leading to the excessive accumulation of extracel-
lular matrix proteins in various chronic liver diseases [1].
0< Md Nurunnabi As LF progresses, it often leads to liver failure, cirrhosis,
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in advanced stages [2]. LF, as the 12th leading cause of
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upon activation by fibrogenic cytokines such as adipokines,
TGF-B1, and angiotensin II, drive the collagen production
process [6—8]. However, in chronic liver damage scenarios,
the persistent replacement of liver cells with extracellular
matrix and collagen compounds the problem, impairing liver
function [9]. The type and location of liver injury dictate the
deposition pattern of these extracellular components. Efforts
to develop drugs targeting these cytokines are underway,
with the goal of promoting liver cell regeneration, and reduc-
ing scarring in LF patients. In a healthy liver, hepatic stellate
cells, star-shaped and containing vitamin A lipid droplets,
are in quiescent state [10]. Chronic liver injury, however,
disrupts this dormant state, primarily through the action of
transforming growth factor (TGF-p1), which is directly acti-
vated by extracellular matrix deposits and further expressed
by various cells including liver cells, macrophages, and liver
sinusoidal endothelial cells. TGF-f1 targets hepatic stellate
cells, inducing their transformation into collagen produc-
ing myofibroblasts [11]. This excess in extracellular matrix
proteins not only alters the livers physical structure, forming
distinctive scar tissue, but also impedes blood flow, further
damaging healthy liver cells [12, 13].

Current research underscores the TGF-P1 signaling path-
way’s central role in activating hepatic stellate cells and
spurring excessive extracellular matrix production. Portal
fibroblasts, integral to the structural integrity of the liver
around the portal vein, also contribute to LF in response to
chronic liver injury [14]. As LF advances, it leads to the
formation of septa - bands of scar tissue — further exacerbat-
ing the condition [15, 16].

Chronic liver damage has various origins, including
bloodborne pathogens, genetic predispositions, obesity,
alcohol abuse, and the use of non-steroidal anti-inflammatory
drugs (NSAIDs) [17]. Genese like ABCB4, ALDOB, GBEl,
FAH, ASL, SLC25A13, and SERPINA1, when mutated,
significantly affect an individual's susceptibility to liver
damage [18]. According to the American Liver Foundation,
approximately 25% of adults in the United States are
diagnosed with non-alcoholic fatty liver disease (NAFLD),
and of these, approximately 20% develop non-alcoholic
steatohepatitis NASH, conditions often asymptomatic and
challenging to diagnose [19, 20]. Individuals at risk include
those who are considered obese and those who have been
diagnosed with metabolic syndrome and/or type 2 diabetes
[21]. There is clear evidence that the consumption of
foods containing high fat levels, and a lack of exercise are
leading contributors to chronic liver disease and LF [22].
Additionally, excessive alcohol consumption, a primary risk
factor, triggers a compensatory response in the liver that
accelerates LF and can lead to cirrhosis or liver cancer [23].
The initial pathological indication of alcoholic liver disease,
hepatic steatosis, involves the accumulation of fat droplets
under liver cells, ultimately resulting in hepatitis [24].
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Alcohol, the most commonly abused substance worldwide,
is a leading cause of liver disease in the United States [23,
25]. Intriguingly, a study exploring the impact of magnetic
field on alcoholic liver disease, found that a 0.1-0.2 T
magnetic field directed downward could mitigate the disease
by reducing reactive oxygen species, oxidative stress and
inflammation [26].

Given the various effectors associated with LF, its rapid
progression is a growing concern, highlighting the need for
developing effective therapeutics. The review delves into
the pathogenesis of LF, the barriers to its treatment, and the
potential of RNA-based drug delivery systems and therapeu-
tics in clinical investigations for the treatment of LF.

Pathogenesis of LF

There are various factors, such as alcohol, severe viral infec-
tion, metabolic disorders, high-fat diet, toxins, steatosis, and
cholestasis, which are associated with LF [27]. Alcohol
metabolism in the body generates acetaldehyde and reac-
tive oxygen species (ROS), which leads to the activation
and excessive production of transforming growth factor-f
(TGF-p) and increases the expression of type I collagen in
hepatic stellate cells [28, 29]. TGF-p1 is a leading factor
in alcoholic liver disease, and the liver is damaged by the
production of ROS by inducing the necrosis or apoptosis of
hepatocytes, which cause LF [30, 31]. Collagen deposition
and accumulation of excessive ECM proteins are involved
in the pathogenesis of LF [32]. The persistent activation
and proliferation of fibroblasts to myofibroblasts is the pri-
mary factor for generating fibrous collagen and ECM protein
accumulation in damaged liver. LF can be resolved before it
turns to cirrhosis and hepatocellular carcinoma [33]. How-
ever, there are no standardized treatments available to treat
LF to date. Therefore, liver transplantation is the only option
once the liver progresses to cirrhosis.

The primary cause of toxins induced LF has been chronic
viral infections of the hepatitis B virus (HBV) and hepatitis
C virus (HCV) for two decades [34]. Development of novel
antiviral molecules has declined HBV and HCV-related liver
cirrhosis in the USA [35], while there is an increase in the
cases of non-alcoholic steatohepatitis (NASH) and alcohol-
associated [36, 36, 37]steatohepatitis and hepatocellular
carcinoma [38, 39]. There are several factors that cause
NASH, such as obesity, excessive accumulation of triglycer-
ides, fatty acids, or cholesterol in hepatocytes, which further
leads to the activation of several transcription factors, such
as PPARy, SERBP1, SERBP2, and expression of caspase
2, which results in inflammation [40]. In addition, there
are other important factors associated with NASH, such
as the generation of ROS, gut-derived lipopolysaccharide,
and release of cytokines such as TGFf, TNF, IL-6, IL-1p,
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IL-17, HNF1B, and leptin, which further lead the activa-
tion of HSCs [41-44]. Moreover, the food supplements
(e.g., fructose) increase the permeability of the intestine,
generate bacterial products (e.g., lipopolysaccharide), and
they release these contents in the portal circulation, which
further leads to the activation of Toll-like receptor (TLR),
inflammation, and LF [36, 37]. Gut microbiota also plays an
important role in the development of NASH. For instance,
gut microbiota increases the production of IL-17 in NASH
patients, demonstrating that there is a connection between
NASH, gut microbiota, immune response, and LF [45].

Another major cause of LF is alcoholic liver disease,
which eventually leads to steatohepatitis, cirrhosis, and
hepatocellular carcinoma [46]. Alcohol over-consumption
produces a toxic metabolite (e.g., acetaldehyde) from hepat-
ocytes, and it activates the cytochrome P4502E1 pathway
indirectly to induce liver injury. In addition, the formation
of a toxic alcoholic metabolite can increase the production
of collagen type I by activated HSCs [47]. Alcohol triggers
fatty acid and cholesterol synthesis by SREBP1 or SREBP2-
dependent signaling, which leads to the accumulation of
hepatic fat droplets and the formation of Mallory-Denk
bodies in injured hepatocytes [48]. Liver injury by alcohol
leads to the upregulation of cytokines and chemokines such
as IL-8, IL-17, and CXCL1, and the recruitment of various
cells such as neutrophils, bone marrow-derived macrophages
which further leads to the activation of myofibroblasts in
development of LF [13, 49, 50].

Another important factor that may play a role in LF
is impairment in bile flow (e.g., cholestatic LF). The
decrease in bile flow is caused by genetic defects (e.g.,
Alagille syndrome), severe mechanical injury of bile ducts,
and impaired immune response during biliary cholangi-
tis. These effects obstruct the bile secretion, lead to liver
tissue damage and the bile is refluxed into circulation,
which causes inflammation and eventually biliary fibro-
sis [51]. There are transcription factors, such as BSEP
and CYP7A1, which are involved in the pathogenesis and
processes in cholestatic LF, such as bile acid synthesis,
detoxification, and fibrogenesis [52, 53]. There is another
event or disease associated with LF is primary scleros-
ing cholangitis, which involves the inflammation of the

Table 1 Myofibroblasts markers overexpressed in the LF

biliary epithelium, which affects the entire biliary system
and liver parenchyma, further leading to the development
of LF [54].

There are various types of cells, such as myofibroblasts,
hepatic stellate cells, inflammatory cells, portal fibro-
blasts, hepatocytes, and fibrocytes, which are responsible
for the fibrogenic transformation of the injured liver and
also cultured in 2D or 3D models as spheroids, and orga-
noids which are discussed below in detail [55].

Role of myofibroblasts in LF development

In response to liver injury, the myofibroblasts, the major
source of ECM in LF, are activated. They are character-
ized by spindle or stellate shape, and they express various
intracellular proteins such as vimentin, aSMA, and non-
muscle myosin. Myofibroblasts have rough endoplasmic
reticulum and Golgi apparatus, which are responsible for
collagen [56]. The hepatic myofibroblasts have different
origins, such as liver-resident cells, HSCs, portal fibro-
blasts, and bone marrow-derived cells [1, 57]. However,
it is difficult to identify the origin of myofibroblasts in
clinical settings. Data obtained from electron microscopy,
cell fate mapping, and immunohistochemistry revealed
that portal fibroblasts and HSCs are transformed into
myofibroblasts, responsible for the accumulation of col-
lagen (>90%) [58-61]. HSCs are activated in case of
toxic liver injury, while portal fibroblasts are activated
in periportal liver injury (e.g., cholestatic LF). Thus, the
composition of myofibroblasts varies according to the eti-
ology of LF [62]. In addition, it has been revealed that
processes such as epithelial-to-mesenchymal transition
(EMT) facilitate the differentiation of mature epithelial
cells into fully activated mesenchymal cells responsible
for the LF [63]. Moreover, several tissue-specific cells,
such as bone-marrow-derived progenitor cells, are capa-
ble of differentiating into lineage-specific cells, and they
were reported to increase the population of tissue myofi-
broblasts in the injured liver [56, 64]. Some of the overly
expressed markers of myofibroblasts in LF are mentioned
in Table 1.

Types Markers References

EMT associated Albumin/CK19, FSP1, COL1A1, aSMA [63, 65-68]

Liver resident or activated HSCs Desmin, CD146, CD105, GFAP, p75 (NGFR), PDGFRp1, PPARy, CD36, LOX, LOXL2, [69, 70]
IL-17RA, COL1A1, aSMA

Activated portal fibroblasts THY 1, Elastin, CD105, Cofilin, Mesothelin, IL-18R1, COL1A1, COL15A1, aSMA [71-75]

Bone marrow-derived fibrocytes COL1A1, CD45, CD34, CD11b, CD80, [76-79]

CD86, CCR2, CCR7, CXCR4, ICAMI, aSMA
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Role of hepatic stellate cells (HSCs) in LF development

Quiescent HSCs are located in the perisinusoidal space in
the liver, and they are known as the pericytes as well as the
major storage site of vitamin A [80, 81]. Quiescent HSCs
are activated during liver injury, and they start downregulat-
ing the expression of vitamin A, Glial fibrillary acidic pro-
tein (GFAP), and Peroxisome proliferator-activated receptor
gamma (PPARY). These activated HSCs migrate to the site
of injury from the space of Disse and start secreting ECM
proteins such as collagen type I and other fibrogenic media-
tors such as a-SMA and other intracellular microfilaments
[57, 58]. Several profibrogenic cytokines, such as TGF-f,
activate transcription of collagen type I and activate HSCs in
an SMAD?2 or SMAD3-dependent manner [82]. It has been
reported that the activation of TGF-p, leptin, IL-6, and IL-17
leads to an increase in the expression of several genes such
as COL1A1, COL1A2, Activin, Pail, and JAK-STAT3 [83,
84]. Moreover, the activation of connective tissue growth
factor (CTGF) and IL-13 increases the COL1A1 expression
in activated HSCs [85]. Some of the molecular and cellu-
lar mechanisms related to quiescent HSCs, activated HSCs,
inactivated HSCs and HSCs apoptosis are shown in Fig. 1.

Role of inflammatory cells and cytokines
in LF development

Macrophages have a central role in the pathogenesis of
LF. For instance, bone marrow-derived macrophages
and Kupffer cells are the major sources of TGF- [86].
However, it has been reported that Kupffer cells have
phagocytic and anti-inflammatory properties [69, 87].
It is reported that deletion or blocking of genes such as

TGF-B1
IL-6
IL17A
MCP1
Lipopolysaccharide
i f a o
Angiotensin |l oD f\
9 A
o @
\\t
v

Quiescent HSCs

TGFB1
COL1A1
a-SMA
TIMP1
LoxL2
Vimentin

Activated HSCs

IL-6, TNF, and IL-1p reduced LF because these genes can
be synergistic with TGF-p, indicating that TGF-f is the
key player in LF [88-91]. In addition, TGF-f and IL-6
regulate the differentiation of naive T cells towards T helper
17 (THI17), and it is reported that TH17 cells produce
IL-17A and IL-22, which have pro-fibrogenic and anti-
inflammatory properties, respectively [83, 88, 92]. The
data suggested that the deletion of the IL-17 gene strongly
reduced LF, in which the release of IL-22 acts as a survival
factor for hepatocytes [83, 93]. These data demonstrated
that T cell activation has the potential to reduce LF by
releasing the anti-fibrotic cytokine IL-22 [94].

The data revealed that macrophages have a double role
in LF e.g., progression and resolution of LF. For instance,
the macrophages are recruited in the liver in response
to liver injury, and they start producing cytokines and
chemokines to trigger the activation of HSCs [80]. During
this phenomenon, Kupffer cells and HSCs secrete CCL2,
which recruits the specialized macrophages, e.g., mono-
cyte derived LY6CM macrophages in the liver [95]. The
data revealed that deletion of such macrophages in CD11b-
DTR transgenic mice ameliorated CCl -induced LF [96].
In contrast, another type of macrophage (e.g., LY6C!®%)
reduces the production of pro-inflammatory cytokines
and fibrogenic factors during the resolution of LF [97].
In addition, these macrophages release ECM-degrading
enzymes such as matrix metalloproteinases (MMPs) 9 and
MMP12 and induce collagenolytic activity [96, 97]. In
addition, tissue inhibitor of metalloproteinases (TIMP)
levels is elevated in myofibroblasts during fibrosis. The
reduction in the myofibroblasts population facilitates the
reduction in TIMP levels and increases the MMP activities
thereby ECM degradation [98].
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Fig. 1 Molecular and cellular mechanisms of LF and its regression. Created in BioRender.com
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Inflammation is an absolute requirement for the develop-
ment of fibrosis. Amongst various inflammatory cells, neu-
trophils are the first responder to liver injury and facilitate the
clearance of apoptotic hepatocytes [74, 99]. Neutrophils attract
pro-inflammatory cytokines such as IL-8, IL-18 and IL-17,
CCL3, CCL4, and CXCL2 and release cell-free DNA [46,
100]. Therefore, the removal of neutrophils or reduction of the
above cytokines reduces the severity of LF in mice [101, 102].

Portal fibroblasts, hepatocytes, and fibrocytes

Portal fibroblasts are located surround the portal vein and
they provide the support to maintain the integrity of portal
circulation. They have a role in the pathogenesis of choles-
tatic liver injury [73]. TGF-f is a key player in the activa-
tion of portal fibroblasts, and they have few defining fibrotic
markers such as COL1A1, aSMA, TIMP1, LoxL2, TGFpRI1,
PDGFRb, Vimentin, Sppl [103]. For instance, the interaction
between mesothelin (MSLN), mucin 16 (MUC16), and THY 1
surface receptors facilitates the regulation of TGFB1-TGF-
BRI-SMAD?2/3-induced fibrogenic pathway via MSLN-
AKT-FGFR1-dependent signaling [74]. Therefore, MSLN
and MUCI16 play a role in the activation of portal fibroblasts.
In addition, IL-25-triggered activated portal fibroblasts secrete
IL-13, which induces the release of CTGF and HSCs activa-
tion [58, 85]. These results demonstrated that targeting acti-
vated portal fibroblasts has the potential to treat LF.
Hepatocytes start changing the expression of genes such
as Notch, osteopontin, TGF-p, NADPH oxidase 4, tran-
scriptional coactivator with PDZ-binding motif (TAZ), and
Hedgehog, in response to liver injury [104—106]. Interest-
ingly, it is reported that injured hepatocytes activate HSCs
by secreting exosomes that contain microRNA [107]. Nev-
ertheless, studies suggested that injured hepatocytes are not
sufficient to activate HSCs, indicating that inflammation is
still a necessary requirement for the development of fibrosis.
Fibrocytes are secreted from hematopoietic stem cells,
and they express CD45 and collagen type I and regulate tis-
sue repair [79]. Fibrocytes are differentiated into myofibro-
blasts, and they play a role in the pathogenesis of LF [108].
They express various pro-fibrogenic factors in ECM, such
as TGF-f, monocyte chemoattractant protein-1 (MCP1),
fibronectin, and vimentin [109]. They have the ability to
proliferate and migrate to injured sites and start recruiting
themselves, which contributes to 3-5% of LF [78, 110].

Barriers to LF treatment

Though there is a tremendous improvement in understand-
ing LF, there is no standardized treatment available to
treat LF. The liver perfusion is hampered due to the exces-
sive accumulation of ECM proteins, which decrease the

internalization of anti-fibrotic drugs or macromolecules,
thereby reducing the efficacy of treatment. Liver sinusoi-
dal capillary has discontinuous fenestration or endothelium,
where the mixing of blood carrying oxygen from the hepatic
artery happens with nutrient-rich blood from the portal vein.
In adults, liver sinusoidal endothelial cells express several
markers, such as embryonic and endothelial cell markers. In
a healthy liver, these cells maintain their quiescent state and
regulate blood flow and pressure in the sinusoidal region
and the portal region, respectively. In addition, these cells
allow several molecules (e.g., metabolites, plasma proteins,
drug molecules, chylomicrons, viruses, and exosomes) to
pass into the perisinusoidal space. In case of liver injury,
these cells are de-differentiated, resulting in the activation
of HSCs and macrophages [111]. After de-differentiation
and excessive ECM deposition, the fenestration disappears,
and the space of Disse starts decreasing the liver uptake of
anti-fibrotic molecules [112]. Therefore, the specific deliv-
ery of anti-fibrotic drugs into cells such as activated HSCs
or Kupffer cells in the liver becomes challenging. For exam-
ple, targeting HSC cells is difficult because HSCs constitute
a small portion (10-15%) of liver tissue, and the majority
of delivery carriers are taken up by activated Kupffer cells
that abide with HSCs, resulting in decreased therapeutic
efficacy [113].

Liver fibrosis animal models

Animal models play an important role in studying the patho-
genesis of liver fibrosis and in evaluating the therapeutic
effect of anti-fibrotic drugs. These models are widely used in
basic research, drug discovery, and regenerative medicine in
liver fibrosis research. We discussed a few important current
rodent models of liver injuries in this section.

Toxin-induced liver fibrosis models

The most used animal model of liver fibrosis is the carbon
tetrachloride (CCl,) induced animal model. This toxin is
administered at a dose of 0.5 to 2 mL/kg of body weight in
mice via intraperitoneal or oral route twice or thrice a week
[114]. In this model, HSCs are activated following ECM
deposition after 4—6 weeks from the first injection of CCl,.
This treatment increases the level of serum enzymes such
as aspartate aminotransferase and alanine aminotransferase
and initiates liver oxidative stress [115]. Administration
of CCl, generates toxic trichloromethyl (CCl;) radicals by
metabolizing the CCl, via the cytochrome P450 2E1 path-
way, which promotes liver fibrosis [116]. Data showed that
inflammation induced by CCl, in the liver recruited several
cells, such as CD4* T, CD8* T, and B cells, which broke
down the liver tolerance and triggered the autoimmune
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response [117]. This model has numerous advantages, such
as relatively cheaper, simple, fast induction of disease, and
huge pathological changes in the liver tissue [118]. In addi-
tion, it was also observed that stopping the administration
of CCl, leads to the regression of liver fibrosis [119, 120].

Another classic model is the thioacetamide (TAA)-
induced model of liver fibrosis, which induces severe oxi-
dative stress and inflammation, resulting in acute or chronic
liver injury [121]. TAA is administered via the intraperi-
toneal route at a dose of 150-200 mg/kg body weight three
times per week or by oral route at a dose of 200 mg/L
[122]. It has been observed that this toxin causes fibrosis
and cirrhosis in 12-16 weeks in rats and 16-24 weeks in
mice [123, 124]. TAA is metabolized by cytochrome P450
2E1 and generates toxic metabolites such as S, S-dioxide,
which bind to the lipid and proteins, affects hepatocytes,
produces fibrinogen and growth factors, and cause hepa-
totoxicity [125, 126]. This model mimics the human liver
fibrosis environment in several aspects, such as hemody-
namics, morphology, and biochemical metabolism [127].
Additionally, TAA interrupts DNA, RNA, and protein syn-
thesizing enzymes in hepatocytes and creates a disturbance
in metabolism, due to which the fibrosis lasts for more than
two months after TAA withdrawal [123].

Models of biliary fibrosis

Cholestatic liver diseases such as primary biliary cholangi-
tis (PBC) and primary sclerosing cholangitis (PSC) involve
injury in the biliary epithelium and bile duct, which results
in liver fibrosis and, eventually, cirrhosis. The most com-
mon experimental rodent model of cholestatic liver injury
is bile duct ligation, which involves the ligation of the com-
mon extrahepatic bile duct, resulting in biliary fibrosis after
21-28 days [128]. This method needs abdominal laparot-
omy in the middle portion of the liver, isolation of the bile
duct above the duodenum, and ligation and dissection of the
bile duct [129]. This surgical procedure starts the prolifera-
tion of biliary epithelial cells and differentiation of portal
fibroblasts, which induce high expression of ECM proteins
[130, 131]. This model is used to understand the pathogen-
esis of biliary fibrosis and inflammation. The drawback of
this model is high mortality due to bile leakage and ruptur-
ing of the gall bladder during the ligation procedure, result-
ing in severe pain [132, 133].

Models of non-alcoholic steatohepatitis
(NASH)-induced liver fibrosis

During the development of NASH, the liver becomes
fatty, and hepatocytes become bigger in size, which causes
inflammation and fibrosis [134]. There is no animal
model that can fully mimic the histology and pathogenesis
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of human NASH to date. The commonly used model in
NASH is the diet-based model, known as the methionine-
and choline-deficient diet (MCDD) model [135]. After
feeding the MCDD diet in animals, the secretion of very
low-density protein is altered, and they develop steatohepa-
titis and fibrosis in the space of Disse by 7-10 weeks [136].
There are factors that need to be considered for this model,
such as weight loss and insulin hypersensitivity, which are
not observed in human NASH [137]. Another model is the
ob/ob (ob=obese) mouse model of NASH [138]. These
genetically modified mice are leptin-deficient and become
hyperphagic, obese, hyperglycemic, and hepatic steatosis.
Several other genetic models of NASH have been explored
by Larter et al. in detail [139].

Models of alcohol-induced fibrosis

Several animal models for alcoholic liver disease have been
explored. The Lieber-De Carli model was developed by
Iseri and co-workers which involved animal feeding with
an alcohol-containing liquid diet [140]. The animal devel-
oped mild liver steatosis and inflammation after 4—12 weeks
which mimic the chronic drinking pattern in humans. How-
ever, it was concluded that there was no fibrosis observed
in this model [141]. In addition, the mice naturally died
due to alcohol consumption. Later on, another model was
developed by Tsukamoto et al. to overcome the above issue
in which the high blood alcohol level was obtained [142,
143]. Although currently there are no animal models able
to mimic all features of alcoholic liver disease (ALD), sev-
eral animal models for ALD have been generated. During
the study, the animals were administered alcohol using an
intragastric cannula, and fibrosis was observed in 6—8 weeks
[144]. The drawback is it requires surgical procedures and
intensive medical care, which poses a limit to the use of
this model. Chiang et al. and Jeong et al. developed a model
in which the alcohol-based liquid diet was combined with
intraperitoneal injections of CCl, [145, 146]. The HSCs
activation and fibrosis were observed after 5-8 weeks of
feeding. However, there is lack of animal models that can
fully mimic human alcohol-induced fibrosis to date.

Fumarylacetoacetate hydrolase-knock out (Fah-KO)
mice model

Patients with inborn tyrosinemia are prone to fulminant
liver failure, resulting in death or an increased risk of
hepatocellular carcinoma [147, 148]. This error is caused by
a defect in the enzyme fumarylacetoacetate hydrolase (Fah),
accumulating toxic metabolites such as fumarylacetoacetate
and maleylacetoacetate [147]. This enzyme is mainly
present in the liver and kidney, and it is required to hydrolyze
fumarylacetate into fumarate and acetoacetate [148, 149].
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In addition, it has been reported that Fah-/- mice have
died within 12 h of birth due to hypoglycemia and liver
dysfunction in response to the development of inflammation
and fibrosis generated owing to the toxic metabolite
fumarylacetoacetate [150, 151]. Hence, the FAH-KO (Fah-
/-) mouse model is important for inducible liver injury and
repopulation [152]. 2-(2-Nitro-4-trifluoromethylbenzoyl)-
1,3-cyclohexanedione (NTBC) is one of the inhibitors
that block the accumulation of toxic metabolites such
as fumarylacetoacetate and maleylacetoacetate that can
control this hepatic inflammation and fibrosis [153].
FAH-KO (Fah-/-) mice and pigs are maintained using
NTBC, and both models are able to induce progressive
liver failure and renal dysfunction when NTBC treatment
is withdrawn [154]. Interestingly, Fah-/- mice can survive
by wild-type (WT) hepatocyte transplantation, and hence,
this model is important to evaluate the in vivo functions
of lately identified liver progenitor cells and hepatocyte-
like cells [155-157]. In addition, the Fah-/- mice model
can also be utilized to evaluate the therapeutic efficacy of
transplanted cells from hepatic sources (e.g., hepatocytes)
and non-hepatic sources (e.g., bone marrow and pancreas)
[158, 159]. Moreover, it has been shown using this model
that the immune system is not required for liver regeneration,
and CD8™ T cells are responsible for liver carcinogenesis in
chronic liver injury [151, 160].

Delivery strategies for RNA based therapeutics

The conventional strategy of anti-fibrotic therapy is not
useful at the clinical level because of the non-specific dis-
tribution of drugs in the body. To solve this problem, nano-
medicine-based strategies are promising to load the active
molecules. The nanocarriers can accumulate in the liver with
or without active targeting in the fibrotic area. For instance,
nanocarriers are internalized by hepatocytes with the help of
different transporters present at the sinusoidal site, and for
this, active targeting is not mandatory. In LF, the approaches
of targeting depend on the type of cells in the liver because
each type of cell in the liver has specific receptors. There
are four types of cells that coordinate the function of the
liver: Kupffer cells, hepatocytes, liver sinusoidal endothe-
lial cells (LSECs), and hepatic stellate cells (HSCs) [161].
The nanoparticles with lipophilic surfaces are cleared rap-
idly by Kupffer cells. Furthermore, the Kupffer cells and
liver sinusoidal endothelial cells recognize the nanoparticles
according to ligands present over the surface (e.g., LDL,
human serum albumin). For example, negatively charged
particles are taken up by scavenger receptors, while posi-
tively charged particles are taken up by hepatocytes [113].

Collagen deposition in the perisinusoidal space impedes
the delivery of nanocarriers to treat LF. LF is diagnosed at a

later stage, and therefore, ECM protein deposition is promi-
nent in liver tissue, which reduces the nanoparticle entry and
diffusion inside the condensed ECM network. Moreover, the
blood vessels and lymphatic vessels are compressed due to
a dense ECM network, which leads to high interstitial fluid
pressure and prevents nanoparticle convection and trans-
port inside tissue [162]. Hence, targeting ECM facilitates
the penetration of nanoparticles in poorly perfused fibrotic
liver. For example, the nanocarriers carrying ECM degrad-
ing agents such as collagenase, hyaluronidase, and MMPs
could enhance the nanoparticle transport.

Hepatocyte targeting is difficult because these cells do
not express specific receptors for targeting. These cells
express extracellular glycoprotein receptors (ASGPR),
and expression of these receptors in LF is stage depend-
ent. Galactose has been recognized as a specific ligand of
ASGPR. Hence, galactose modification over the nanoparti-
cle surface can be a useful strategy to target hepatocytes in
LF [163]. LSECs are another target for the immunomodula-
tory effect and their role in antigen presentation [164]. The
mannose receptors are highly expressed in LSECs which
can bind with endogenous glycoproteins and pathogens.
Hence, mannose functionalization over nanoparticle surface
enhances the targeting of LSECs in LF. In response to liver
injury, HSCs are differentiated into myofibroblasts like cells
and start secreting collagen and MMPs to create scar liver.
HSC:s are reservoirs of vitamin A in the body [165]. Hence,
vitamin A could be the potential hallmark of LF by incorpo-
rating vitamin A into nanoparticles, which can target HSCs.

Amongst various types of nanoparticles, presently, LNPs
are the most advanced delivery system for the successful deliv-
ery of nucleic acid-based therapeutics (e.g., mRNA, siRNA,
miRNA, oligonucleotides, Inc) to LF. One of the primary
challenges in the development of RNA-based treatments is
the effective delivery of these molecules to target cells in the
liver. Recent advancements in lipid nanoparticle (LNP) tech-
nology have emerged as a pivotal solution to this challenge
by significantly improving the delivery and efficacy of RNA
therapeutics. Comprising a combination of ionizable lipid,
cholesterol, phospholipid, and polyethylene glycol (PEG),
LNPs have proven to be effective in stabilizing RNA mol-
ecules, facilitating their entry into cells, and ensuring their
release into the cytoplasm [166]. The ionizable lipid compo-
nent is particularly crucial, as it not only protects the RNA but
also aids in the escape from endosomes, ensuring the RNA
reaches its target within the cell. The cholesterol and phos-
pholipid components contribute to the stability of LNPs and
facilitate membrane fusion, while the PEG-lipid stabilizes
LNPs during formulation and promotes cellular uptake upon
intravenous injection. For instance, lipid nanoparticles have
been utilized to enhance the delivery of RNA therapeutics
to liver cells, including hepatocytes and hepatic stellate cells
(HSCs), the primary effector cells in liver fibrogenesis [167].
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We have summarized some LNP-based strategies to reduce
LF in Table 2.

There are other types of nanocarriers (30150 nm in diame-
ter), known as cell-derived vesicles or exosomes, consisting of
lipid bilayers secreted by cells [168]. Various types of nucleic
acids, such as DNA, mRNA, miRNA, and other non-coding
RNAs, are present in exosomes [169]. The exosomes are
secreted from the plasma membrane, which contains proteins
and other molecules that possess the transcription behavior of
cells of origin [170]. After release into the intercellular space,
exosomes are fused to recipient cells and deliver the informa-
tive cargoes. After that, those recipient cells undergo epige-
netic reprogramming and phenotypic alternations depending
on the information received [171]. We have summarized some
exosome-based strategies to reduce LF in Table 2.

There are other types of nanocarriers that can be used for
targeting LF, such as polymeric nanoparticles. Polymers are
large molecules having multiple repeating units called mono-
mers. Polymers are chemically flexible delivery platforms
because tuning their size, structure, and functionality can
alter their physicochemical properties. The optimum selec-
tion of polymers, as well as supplemental excipients, can
influence nanoparticle potency, stability, and targeting abili-
ties [172]. Polymeric nanoparticles can be assembled into
several structures, such as solid matrix systems, micelles,
and polyplex nanoparticles [173]. Solid matrix systems are
formed by hydrophobic interactions between individual pol-
ymer molecules. Micelles are amphiphilic system which is
formed by a hydrophobic core with a hydrophobic shell to
reduce unwanted interactions with an aqueous environment
[174]. Polyplex nanoparticles are formed by electrostatic
interactions between the polymeric material and oppositely
charged macromolecules (e.g., nucleic acids), which can be
further stabilized through the incorporation of other molecu-
lar components [175]. Though there are advanced discover-
ies of various polymers and co-polymers, there are very few
polymer-based delivery of nucleic acids in the clinic compared
to LNPs. This allows further research in developing materi-
als with new properties, such as cell and tissue tropism and
endosomal escape, for the tissue-specific delivery strategies to
deliver nucleic acid-based therapeutics [176, 177]. We have
summarized some polymeric nanoparticle-based strategies to
reduce LF in Table 2. Some of the delivery systems to deliver
RNA therapeutics are shown in Fig. 2.

RNA based therapeutics delivery
for treatment of LF

LF, a critical stage in chronic liver disease, represents
a major healthcare challenge worldwide due to the lack
of effective antifibrotic therapies. However, RNA-based
therapeutics have emerged as promising strategies for the

@ Springer

treatment of LF [178]. The basis of RNA-based therapies
marks a significant leap forward from traditional treat-
ment modalities. One of the most remarkable advantages
of RNA therapeutics is their targeting abilities. Unlike
broad-spectrum drugs that can affect multiple pathways
and systems, RNA therapies can precisely target and
modulate specific genes involved in LF, leading to more
effective and efficient treatment outcomes. These thera-
pies aim to silence specific genes involved in the fibrotic
process, potentially reversing or halting the progression of
the disease [179]. Some of the RNA therapeutics explored
for their delivery in treatment of LF are shown in Fig. 2.
RNA-based therapeutics, particularly small interfering
RNA (siRNA) and microRNA (miRNA), operate through
a mechanism of gene silencing. siRNA functions by bind-
ing to a specific mRNA sequence in the cell, leading to
the degradation of this mRNA and thus preventing the
translation of the target protein of interest. This process,
known as RNA interference (RNAIi), allows for the selec-
tive silencing of genes implicated in disease processes
[180]. Similarly, miRNA regulates gene expression post-
transcriptionally. It typically binds to the 3' untranslated
region of target mRNA, blocking its translation or initiat-
ing its degradation [181]. This ability to target specific
mRNA sequences is key in addressing the pathogenesis of
diseases like LF, where overexpression or abnormal activ-
ity of certain genes drives disease progression.

The specificity of these RNA molecules in targeting
only the desired genes minimizes off-target effects, as the
therapy does not interfere with unrelated biological path-
ways making RNA therapeutics a highly precise approach
in disease management. Additionally, RNA therapeutics
offer the potential for reversal of fibrosis, a challenge that
conventional treatments often fail to address. This is par-
ticularly promising in the context of liver diseases, where
the ability to reverse fibrosis can significantly improve
patient outcomes and quality of life. Moreover, RNA ther-
apies are adaptable and can be quickly designed to target
newly discovered genes involved in disease processes,
offering a flexible approach to emerging health challenges.

Advantages of RNA based therapeutics
for treatment of LF

In addressing the comparative effectiveness of RNA
therapeutics in the treatment of liver fibrosis, it is important
to contrast it with other prevalent treatment modalities. Liver
fibrosis, a consequence of chronic liver injury, has been
traditionally managed through methods such as antifibrotic
drugs, lifestyle modifications, and, in severe cases, liver
transplantation. However, these approaches often address
the symptoms or consequences of liver fibrosis rather than
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Fig.2 RNA-based therapeutics and drug delivery systems for the treatment of LF. Created in BioRender.com

targeting the underlying molecular pathways directly involved
in the progression of the disease. RNA therapeutics present
a novel approach by specifically targeting the genetic basis
of liver fibrosis. This method contrasts with conventional
pharmacological treatments that typically act on proteins
or enzymes involved in fibrosis. The specificity of RNA
therapeutics allows for a more targeted approach, potentially
reducing side effects associated with the use of broader
systemic drugs. The specificity of RNA-based treatments
in targeting pathogenic genes can minimize interactions
with other cellular pathways, thereby reducing unintended
side effects [182]. For example, RNA therapeutics, such
as siRNA and miRNA, specifically target genes implicated
in the fibrogenic process, offering a level of precision that
conventional pharmacotherapies cannot achieve. This gene-
targeting capability of RNA therapeutics is particularly
relevant in the complex pathophysiology of liver fibrosis,

where multiple pathways might be involved [167]. The
ability to design RNA therapeutics for virtually any gene
makes them highly versatile. This versatility is crucial
in liver fibrosis, a condition driven by various molecular
pathways. Additionally, emerging research suggests that
RNA therapeutics might not only halt the progression
of liver fibrosis but could also potentially reverse fibrotic
changes [183]. This is a significant advantage over most
current treatments, which primarily focus on slowing disease
progression or managing symptoms. RNA therapeutics,
particularly siRNA and miRNA, offer a novel and promising
approach in the treatment of liver fibrosis by specifically
targeting the genetic drivers of the disease. This contrasts
with traditional treatments that focus more on symptom
management and disease progression. RNA therapeutics'
ability to potentially reverse fibrotic changes, combined
with their high specificity and versatility, positions them as
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a significant advancement over existing conventional liver
fibrosis treatments. In the context of RNA therapeutics for
fibrosis treatment, it is crucial to establish an understanding
of RNA molecules, as they play a pivotal role in the
development and application of such therapies. RNA, or
Ribonucleic Acid, is a versatile biomolecule that serves as
an intermediary between the genetic information stored in
DNA and the production of functional proteins [184]. By
understanding the structural and compositional characteristics
of these RNA types, we can appreciate their roles in gene
regulation and their potential in RNA therapeutics for
fibrosis treatment. In the following sections, we will explore
how these RNA molecules are harnessed to address the
pathogenesis of fibrosis and their therapeutic implications.

Structure and composition of RNA

At its core, RNA comprises nucleotide units, serving as the
fundamental building blocks of the molecule. The sugar
component in RNA is ribose, characterized by the presence
of a hydroxyl group (-OH) at the 2' carbon position. This
distinguishes ribose from the deoxyribose sugar found in
DNA, where this oxygen atom is absent. Ribose's presence
is fundamental to RNA's versatility in various cellular func-
tions [185]. Additionally, a phosphate group is attached to
the 5' carbon of the ribose sugar. These phosphate groups
link adjacent nucleotides in the RNA strand through phos-
phodiester bonds, forming the structural backbone of the
RNA molecule, which provides stability and integrity.
RNA's uniqueness is further accentuated by its nitrogenous
bases, including adenine (A), cytosine (C), guanine (G),
and uracil (U). The sequence of these bases along the RNA
strand carries the genetic code and determines the functional
properties of RNA molecules, facilitating a wide array of
biological processes [186]. Unlike the double-stranded
helical structure of DNA, RNA typically exists as a single-
stranded molecule. This single-stranded configuration pro-
vides RNA with remarkable flexibility, allowing it to adopt
diverse secondary and tertiary structures that are vital for
various functions. These structural configurations play inte-
gral roles in processes such as translation, splicing, and RNA
folding [187]. Understanding the composition and structural
nuances of RNA establishes the groundwork for compre-
hending its diverse functions, including its pivotal role in
fibrosis treatment through RNA therapeutics.

mRNA based therapeutics for treatment of LF

Messenger RNA (mRNA) assumes a central role in the
intricate process of translating genetic information into
functional proteins. Its structural composition plays a piv-
otal role in this fundamental biological function. Firstly,
the 5' untranslated region (UTR) of mRNA serves as an
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essential regulatory region that influences translation effi-
ciency and initiation. It contains sequences and structural
elements that guide the ribosome to the proper location on
the mRNA strand for protein synthesis [188]. Secondly, the
coding sequence of mRNA carries the genetic code, pro-
viding instructions for the precise sequence of amino acids
that constitute the protein to be synthesized. The coding
sequence is central to the entire translation process, as it
directs the ribosome in assembling the protein accurately.
Thirdly, mRNA possesses a 3' UTR at its other end which is
significant for post-transcriptional regulation, mRNA sta-
bility, and localization [189]. It contains elements that can
interact with regulatory molecules and proteins, influencing
the fate and function of the mRNA. In addition to these criti-
cal structural elements, mRNA features distinct end modi-
fications. At the 5' end, mRNA exhibits a cap structure that
plays an indispensable role in mRNA stability and transla-
tion initiation [190]. This cap structure also facilitates the
recognition of the mRNA by the ribosome. At the 3' end,
mRNA is distinguished by a poly-A tail, which contributes
to mRNA stability, preventing rapid degradation. The com-
bination of these structural features equips mRNA with the
necessary attributes for efficient translation, stability, and
regulation [191]. Understanding the architecture of mRNA
is fundamental to comprehending its role as an intermediary
between the genetic code stored in DNA and the synthesis of
functional proteins. A few examples of mRNA-based treat-
ment have been discussed in the following section and some
of the other treatments have been mentioned in Table 2.

In a recent study, a nanoplatform has been developed
for the delivery of mRNA to the activated hepatic stellate
cells (aHSCs) and evaluated in vitro and in vivo. The lipid
CL15A6, which possesses affinity towards aHSCs was
selected based on pKa, selectivity and biosafety for the
preparation of mRNA loaded LNP. The cellular uptake study
revealed the pKa dependent uptake of LNP in aHSCs by
Clathrin-mediated endocytosis through the Platelet-derived
growth factor receptor beta. Biodistribution of developed
FLuc mRNA loaded LNPs revealed the superior luciferase
activity in fibrotic liver tissues. The enhanced green fluo-
rescence protein-mRNA loaded LNP were injected intrave-
nously in wild type mice at a dose of 2 mg/kg and formula-
tions were found to be safe even in chronic administration
mode. The levels of IL-6 and TNF-a following acute or
chronic administration of LNPs confirmed the absence of
systemic inflammation. Therefore, developed nanoplatform
holds a significant potential in developing LNPs for clini-
cal applications [192]. Similarly, promising data from a
research study for the biodistribution of mRNA-based lipid
nanoparticles and immunohistochemistry of fibrotic markers
in fibrotic liver tissue is shown in Fig. 3.

Extracellular vesicles have also been explored for the
delivery of mRNA. Left-right determination factor 1 (lefty
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1) loaded hepatic stellate cells derived extracellular small
vesicles have been developed to inhibit fibrosis by block-
ing TGF-f1 signaling pathway. The developed extracellular
vesicles were evaluated in vitro and in vivo to assess the
therapeutic efficacy. In vitro study revealed their effective
uptake by cells and reduced the activation of hepatic stellate
cells. Data from in vivo studies in CCl, induced LF sug-
gested that treatment with developed formulations reduced
the ECM production and promoted ECM degradation sig-
nificantly by downregulating a-SMA, collagen I, TIMP-1,
and MMP-1. Therefore, the developed extracellular vesicles
could be developed to deliver mRNA for the treatment of
LF [193].

siRNA based therapeutics for treatment of LF

Small interfering RNA (siRNA) represents a crucial sub-
set of small RNA molecules actively engaged in RNA

>
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ZsGreen/DAPI/ALB _ ZsGreen/DAPI/Desmin
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ZsGreen/DAPI/CD45 ZsGreen/DAPI/F4/80 ZsGreen/DAPI/SOX9
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Fig.3 Successful mRNA delivery into hepatocytes of fibrotic
BALB/c mice by LNP. A Illustration of LNPs designed to deliver
mRNA into hepatocytes. B Bioluminescence analyses at 8 h, 24 h,
and 48 h in WT control and CCl4-induced fibrotic mice (n=3 mice
per group) injected i.v. with 40 pg luciferase mRNA-encapsulated
LNP (Luc/LNP). C Immunofluorescence images of ZsGreen expres-
sion and co-staining with hepatocyte marker (ALB), HSC marker

interference (RNAi) pathways. These molecules are typi-
cally double stranded, comprising approximately 21-25
nucleotides in length. One distinctive feature of siRNA is
its dual-stranded structure, consisting of two complementary
strands. This duplex arrangement is vital for its function in
RNA interference [195, 196]. Among these two strands,
one is known as the guide strand, while the other is termed
the passenger strand. The guide strand holds the key to siR-
NA's remarkable specificity in target recognition. It serves
as the "guide" determining the precise mRNA sequence that
siRNA will target for degradation [197]. This strand's com-
plementary binding to the target mRNA sequence is a hall-
mark of RNA interference. In contrast, the passenger strand,
though essential for the formation of the siRNA duplex, does
not actively participate in target recognition. Instead, it often
becomes displaced during the assembly of the RNA-induced
silencing complex (RISC), which is responsible for carrying
out the RNA interference process [197]. Once the RISC is

Total flux (p/s)

(desmin), leukocyte marker (CD45), KC marker (F4/80) and cholan-
giocyte marker (SOX9) in WT control and CCl4-induced fibrosis in
mice, injected i.v. with 40 pg ZsGreen/LNP. Scale bars: 100 pm for
DAPI and Desmin, 50 pm for ALB, CD45, F4/80 and SOX9 images.
CCl4, carbon tetrachloride; HSC, hepatic stellate cell; KC, Kupfter
cell; LNP, lipid nanoparticle; WT, wild type. Reproduced with per-
mission [194]
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loaded with the guide strand, it becomes the effector com-
plex, guiding the precise degradation of the target mRNA
or inhibiting its translation. The distinct characteristics of
siRNA, including its double-stranded nature and the func-
tional role of its guide strand, make it a powerful tool in
post-transcriptional gene silencing [198]. Researchers har-
ness these attributes to target specific mRNA sequences,
making siRNA an indispensable component of RNA thera-
peutics and gene regulation studies.
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Among the various LNP formulations, anisamide ligand-
tethered lipid nanoparticles (AA-LNPs) have shown con-
siderable promise for targeted RNA delivery. One nota-
ble example is the development of AA-LNPs in targeting
activated HSCs, the central players in LF. This approach
involves the incorporation of anisamide, a ligand with high
affinity for activated HSCs, into the lipid nanoparticle struc-
ture. The development of the AA-T3A-C12 lipidoid, a com-
ponent of these LNPs, represents a significant advancement
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«Fig. 4 Suppression of IL-11 or IL11RA1 using NP-AEAA siRNA
therapeutics inhibits the activation, migration, and invasion of HSCs
in vitro. A Representative images of ACTA2 and COL1A1l immu-
nostaining in HSCs treated with TGF-f1 (20 ng/mL) for 48 h in
the presence of PBS, siScr@NP-AEAA, silL11@NP-AEAA, or
silL11ral @NP-AEAA. HSCs treated with PBS and without any
stimulation served as the “basal” state. Scale bars represent 50 pm. B,
C Quantification analysis of ACTA2+cells (B) and COL1A1 immu-
nofluorescence intensity (C) in HSCs as shown in A. n=4. D West-
ern blots of IL-11, IL11RA1, COL1A1, ACTA2, phosphorylation,
and total expression of ERK in HSCs treated with PBS, siScr@NP-
AEAA, silL11@NP-AEAA, or silL11ral @NP-AEAA followed by
TGF-B1 stimulation (20 ng/mL) for 48 h. n=2 samples per group.
GAPDH was used as a loading control to normalize protein levels,
with HSCs treated with PBS alone serving as a negative control.
MW, molecular weight. E Schematic illustration of the HSC migra-
tion and invasion assay using a two-compartment Boyden chamber
system. Cells were incubated with PBS, siScr@NP-AEAA, silL11@
NP-AEAA, or silL11ral @NP-AEAA in the top chamber, and the
medium in the bottom chamber was supplemented with chemotactic
stimuli. For the invasion assay, the upper side of the polycarbonate
membrane in the upper chamber was coated with a Matrigel matrix
enriched with type IV collagen. HSCs migrate and invade through
the membrane into the bottom chamber. F, G Microscopy images (F)
and quantitative analysis (G) of stained HSCs that invaded through
the Matrigel matrix and migrated from the top chamber to the bot-
tom chamber in response to TGF-p1 stimulation (20 ng/mL) fol-
lowing the indicated treatments (n=3). Images from two randomly
selected fields per well were acquired, and three independent wells
were measured, resulting in a total of six measurements. Migration
(%) or invasion (%) was expressed as a percentage of NP-treated cells
passing through the membrane relative to the number of PBS-treated
cells that traversed the membrane following stimulation with TGF-
B1. Scale bars represent 100 pm. Statistical significance was deter-
mined via a one-way ANOVA with Tukey test (B, C, and G). Results
are presented as means+SD. ****¥P <(.0001, n.s., not significant,
P> 0.05. Reproduced with permission [202]

in the field [167]. This lipidoid has been meticulously
designed to improve targeting and transfection efficiency of
the therapeutic RNA, especially targeting heat shock pro-
tein 47 (HSP47), a key molecule in the pathogenesis of LF
[199]. AA-LNPs have shown promising results in preclini-
cal models, achieving significant gene silencing in activated
fibroblasts, and reducing collagen deposition, which is a
hallmark of LF.

Systematic in vitro and in vivo studies confirmed that
AA-T3A-C12 LNP mediated greater RNA delivery and
gene knockdown than non-targeted LNPs [167]. Specifi-
cally, in a mouse model of CCl4-induced LF, AA-T3A-C12
LNP loaded with siHSP47 remarkably outperformed the
benchmark MC3 LNP in silencing HSP47, reducing col-
lagen deposition, and alleviating LF without further exacer-
bating liver damage. This demonstrates the potential of this
targeted LNP platform for anti-fibrotic therapy and opens
avenues for developing new ligand-tethered lipidoids for cell
and tissue types that are challenging to target using tradi-
tional LNP technologies. The progress in clinical trials of
siRNA-based therapies further highlights the potential of
RNA-based treatments for LF. Several siRNA therapeutics

have reached clinical trials, and some, such as those tar-
geting HSP47, have shown promising results in reducing
fibrosis in preclinical models, demonstrating the potential
of this therapeutic approach [200]. Additionally, the recent
FDA approvals of siRNA-based drugs for other liver dis-
eases, such as patisiran and givosiran, reflect the growing
confidence in RNA-based therapeutics and their potential
applicability to LF [201].

siRNA loaded PEGylated polymeric nanoparticles have
been prepared to target overexpressed IL-11 on activated
HSC:s (silL11 @NP-AEAA) and its cognate receptor IL11ral
(silL11ral @NP-AEAA). The developed PLGA-PEG based
nanoparticles have been evaluated for their physicochemi-
cal characterization to confirm the particle characteristics,
in vitro cell based studies to evaluate the inhibition of HSC
activation and in vivo studies to demonstrate the resolution
of fibrosis in mice. Results from this research study revealed
that both the nanoparticles were able to inhibit HSCs acti-
vation and resolve fibrosis effectively but silL.11ral @ NP-
AEAA showed superior therapeutic effects in reducing LF
and steatosis and also improving liver function. The data
generated from immunostaining, migration assay and west-
ern blot analysis are shown in Fig. 4 [202].

miRNA based therapeutics for treatment of LF

MicroRNA (miRNA) constitutes another significant class
of small RNA molecules within the realm of RNA-based
regulation. These molecules are characterized by their sin-
gle-stranded structure [203]. miRNAs typically consist of
approximately 22 nucleotides. The fundamental role of miR-
NAs lies in post-transcriptional gene regulation, where they
exert fine-tuned control over gene expression. This regula-
tion is primarily achieved through the recognition of specific
target mRNA sequences. miRNAs form base-pairing interac-
tions with these target mRNAs, facilitating their modulation.
The target recognition process is highly precise and occurs
primarily in the 3' UTR of the target mRNA. miRNAs,
through complementary base pairing, bind to sequences
within the 3' UTR of their target mRNAs. This binding can
lead to two main outcomes: translation inhibition or mRNA
degradation. The degree of complementarity between the
miRNA and its target mRNA determines the specific regu-
latory mechanism employed. Due to their pivotal roles in
regulating gene expression, miRNAs have emerged as key
players in various biological processes, ranging from devel-
opment and homeostasis to disease pathogenesis [204]. The
ability to fine-tune gene expression post-transcriptionally
underscores the significance of miRNAs in the intricate web
of cellular regulation and their potential in RNA therapeutics
and disease management.

In a recent study, miR-27b-3p loaded exosomes derived
from mesenchymal stem cells have been prepared and
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evaluated for their antifibrotic activity in CCl, induced LF
in rats and the data related to qRT-PCR analysis, western
blot analysis and immunofluorescence staining are shown
in Fig. 5. Systemic administration of developed exosomes
reduced the expression of Lysyl oxidase-like 2 (LOXL 2)
and collagen crosslinking. Results from in vitro and in vivo
studies also revealed the downregulation of Yes-associated
protein (YAP)/LOXL2 and inhibition of aHSC after treat-
ment with miR-27b-3p loaded exosomes. The developed
liposomes also showed the prominent inhibitory effect on
YAP/LOXL2 expression than blank exosomes. The infer-
ence from this research work confirms the role of miR-
27b-3p in YAP/LOXL2 expression of HSC [205].

Long non-coding RNA (IncRNA)based therapeutics
for treatment of LF

Long non-coding RNA (IncRNA) represents a versatile
and diverse category of RNA molecules that significantly
deviates from the well-defined structure of messenger RNA
(mRNA). One defining characteristic of IncRNAs is their
extensive length, often spanning thousands of nucleotides
[206]. One notable feature of IncRNAs is their structural
diversity. Unlike the relatively uniform structure of mRNA,
IncRNAs exhibit a wide range of structural variations. This
structural variability enables IncRNAs to engage in an array
of interactions and functions within the cell [207]. Moreo-
ver, IncRNAs partake in various cellular processes, such as
cell differentiation, development, and response to environ-
mental cues. They can act as scaffolds for protein complexes,
participate in RNA splicing, and serve as molecular guides
for directing cellular machinery to specific targets. The
intricate roles of IncRNAs in both normal cellular processes
and disease pathogenesis, with the potential to uncover new
avenues for therapeutic interventions.

There is no reported research work available for the deliv-
ery of IncRNA in the form of lipid nanoparticles, liposomes,
or exosomes though a lot of markers have been identified
which can be target using IncRNA to treat LF. IncRNAs
act as suppressors and can be used to downregulate the LF
by inhibiting the activation of migration of HSC. Mater-
nally expressed gene 3, Growth arrested specific transcript
5, Gm5091, and, Antisense noncoding RNA in the INK4
Locus are some the IncRNA discovered for the treatment of
LF [208-211].

Oligonucleotides based therapeutics for treatment
of LF

Oligonucleotides are short, single-stranded sequences of
nucleotides that hold immense promise in the field of RNA
therapeutics. These molecules, typically composed of 20-25
nucleotides, have garnered significant attention for their role
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in gene regulation and RNA-based therapies [212]. Oli-
gonucleotides can be designed to specifically target and
modulate gene expression at the transcriptional or post-
transcriptional level. They offer versatility to researchers and
clinicians to intervene in disease processes by silencing or
modifying the expression of target genes. Notable classes of
oligonucleotides include antisense oligonucleotides (ASOs),
small interfering RNAs (siRNAs), and aptamers [213]. The
development and application of oligonucleotides represent
arapidly growing area of research, with the potential to rev-
olutionize the treatment of genetic disorders, cancer, and
other diseases.

In a recent study, a targeted delivery system for oligo-
nucleotide therapeutics has been developed by cholesterol-
mediated seeding of protein corona on DNA nanostructures.
DNA tetrahedron with trivalent cholesterol conjugation has
been done to induce interactions with lipoproteins in serum,
which generates the lipoprotein-associated protein corona
on a DNA nanostructure in situ. The developed delivery
system was developed to target TGF-Bf1 mRNA to amelio-
rate LF. In vivo study revealed the significant distribution
of developed delivery system in liver compared to kidney
and was found to be taken up by the hepatocytes compared
to nonconjugated DNA tetrahedrons. The developed hepat-
ocyte-preferred delivery system based on interaction with
lipoproteins using the concept of protein adsorption-derived
targeting could be effective in treatment of LF [214].

Efficiency and efficacy of RNA therapeutics delivery
in LF

The application of RNA therapeutics for liver fibrosis hinges
critically on the efficient and effective delivery of RNA
molecules to the liver. The efficacy of RNA targeted deliv-
ery is influenced by several factors, including the choice
of delivery material, the specific type of RNA therapeutic
(siRNA, miRNA), and the pathological state of the liver. In
the context of RNA delivery for liver fibrosis therapeutics,
the use of lipid nanoparticles (LNPs) has shown significant
promise. Studies have demonstrated the effectiveness of
LNPs in targeting liver cells, particularly in the delivery of
siRNA therapeutics. Currently, LNPs are among the most
advanced non-viral delivery systems for RNA therapeutics,
particularly in liver-targeted applications. The liver's natural
propensity to uptake lipids makes LNPs an ideal vehicle for
delivering RNA molecules to hepatic cells [229]. LNPs are
typically composed of an ionizable lipid, which helps encap-
sulate the RNA and facilitates endosomal escape, along with
helper lipids, cholesterol, and polyethylene glycol (PEG)-
lipids, which collectively enhance stability and distribu-
tion [230]. The efficiency of RNA delivery using LNPs has
been demonstrated in several studies. For instance, in pre-
clinical models of liver fibrosis, LNPs encapsulating siRNA
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Fig.5 MSC-ex increased miR-27b-3p expression and downregu-
lated YAP/LOXL2 expression. A qRT-PCR analysis of miR-27b-3p
in PBS or MSC-ex (100 or 200 pg/mL) treated LX-2 cells (n=6;
*##%p<.001). B qRT-PCR analysis of YAP mRNA in PBS or MSC-
ex (100 or 200 pg/mL) treated LX-2 cells (n=6; ***p<.001). C
Western blot analysis and quantification of YAP protein in PBS or
MSC-ex (100 or 200 pg/mL) treated LX-2 cells (n=3; ***p<.001,
#p<.05, and ##p<.01). D Immunofluorescence staining images of
YAP (Red) and LOXL2 (Green) protein in PBS or MSC-ex treated

LX-2 cells. Scale bars, 20 pm. E FISH analysis of U6 and miR-
27b-3p in PBS or MSC-ex treated fibrotic livers. Scale bars, 10 um. F
gRT-PCR analysis of miR-27b-3p in PBS or MSC-ex treated fibrotic
livers (n=6; **p<.01). G qRT-PCR analysis of YAP mRNA in PBS
or MSC-ex treated fibrotic livers (n=6; ***p<.001). H Immunohis-
tochemistry staining for YAP, LOXL2, and a-SMA in PBS or MSC-
ex treated fibrotic livers. Scale bars, 50 pm. Reproduced with permis-
sion [205]
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targeting key fibrogenic genes have shown significant reduc-
tions in fibrosis markers and collagen deposition. This is
indicative of effective delivery and gene silencing within
hepatic cells [167]. Furthermore, the recent clinical success
of mRNA-based vaccines, which utilize LNP technology,
underscores the high potential of this delivery system for
liver applications [231]. In summary, LNPs currently dem-
onstrate the best efficacy in RNA delivery to the liver due to
their biocompatibility, ease of uptake by the liver, and ability
to encapsulate various types of RNA. Future research and
ongoing clinical trials will likely continue to refine these
delivery methods, improving the efficiency and efficacy of
RNA therapeutics for liver fibrosis.

RNA based therapeutics for LF
in clinical investigation

Liver fibrosis is associated with other liver diseases such as
non-alcoholic steatohepatitis (NASH), elevated hepatic fat
content, non-alcoholic fatty liver disease (NAFLD), and liver
cancer. The therapeutics treatments available in the clinic are
based on small molecule drugs and large molecule drugs.
Due to unavailability of a proper treatment to treat or reverse
the disease, many drug delivery systems based on both small
molecules and large molecules are under preclinical and
clinical investigation. The clinical investigation of developed
and preclinical phase passed formulations is currently in pro-
gress to bring a promising therapeutic to the clinic to treat
LF. The biomarkers involved in LF have been identified and
therapeutics are in development stage to target the identified
biomarkers. On the other hand, research is still in progress
to identify the potent biomarkers involved in fibrogenesis.
Scientific community has already found some key mediators
and cellular pathways which are responsible in the genera-
tion of LF. RNA based approaches are also under clinical
investigation which will potentiate the degradation of fibro-
sis related extracellular matrix components and helpful in
improving the liver functions in humans. Most of the clinical
trials which are based on RNA therapeutics are in the early
stages so it will be too early to judge the potential outcomes
of later phases. Nevertheless, it is remarkable progress in the
treatment of LF that RNA based therapeutics reach the phase
of clinical investigations. Lipid nanoparticles or exosomes-
based on siRNA and other RNAI therapeutics have shown
their therapeutic efficacy in preclinical investigations and
some of them have also been proven to be therapeutic effica-
cious in clinical investigations.

A RNAI therapeutic named ALN-HSD is under phase 2
of clinical investigations for its efficacy and safety evalua-
tion in adult participants with non-alcoholic steatohepati-
tis with fibrosis. The incidence, progression, and changes
in gFibrosis score are measured on biopsied liver by two
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photon excitation microscopy technique. The changes in
the level of serum alanine aminotransferase, serum aspar-
tate aminotransferase, enhanced liver fibrosis, N-terminal
type III collagen propeptide, non-invasive fibrosis biomark-
ers, hepatic hydroxysteroid 178 dehydrogenase 13, and liver
quantitative ballooning etc. from baseline to week 52 will be
evaluated to examine the efficacy and safety of developed
RNAI therapeutic [232].

A Vitamin A-coupled lipid nanoparticle containing
siRNA against HSP47 is in phase 1b/2 of clinical trials
wherein the injection formulation (ND-L02-s0201)
of siRNA is being evaluated for its safety, tolerability,
biological activity and pharmacokinetics in subjects with
moderate to extensive hepatic fibrosis [233]. Another
formulation based on siRNA targeting PNPLA3 is also
under phase 1 for the evaluation of its safety and tolerability.
The pharmacokinetics, potential major metabolites,
immunogenicity, and effect of formulation on blood lipid
profile will be assessed after single administration via
subcutaneous route. The change in levels of low-density
lipoprotein, high-density lipoprotein, triglyceride, and
apolipoprotein B will be examined and compared with
the baseline levels [234]. Two RNAI therapeutics; VIR
2218 and VIR 3434 are under phase 1 in which these
therapeutics will be assessed for their pharmacokinetics,
safety, and tolerability as a monotherapy or in combination
in subjects with cirrhosis and Hepatic Impairment. The
pharmacokinetic parameters will be estimated along with
documenting the treatment-emergent adverse events and
serious adverse events observed post treatment [235].

Some of the RNA therapeutics-based treatments in the
clinical investigation are listed in Table 3.

Patents for RNA based therapies to treat
liver fibrosis

There are very few patents available on application of RNAi
therapeutics in treatment of liver fibrosis. In a patent, US
2023/0190955 A1, a MiniVector has been synthesized which
can be encapsulated in nanoparticle delivery systems and
administered via intravenous route to upregulate p53 or
relaxin and downregulate FOXM1, CAD11, MDM2, MDM4
and STATS for the treatment of liver fibrosis [236]. In
another patent, US 2017/0101442 A1, a polypeptide ligand
has been configured to bind to insulin-like growth factor 2
receptor. A nanocomplex has been developed using siRNA,
cholesterol, vitamin A and IGF2R-specific peptide 431 and
administered by tail vein at a sSiRNA dose of 0.065 mg/kg in
rats with liver fibrosis. The developed peptide targeted nano
delivery system to selectively target hepatic stellate cells
showed higher uptake in HSCs and found to be localized in
fibrotic liver in biodistribution study [237].
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Conclusions and future perspectives

This review provides a comprehensive overview of liver
Fibrosis (LF), including its current status, the underlying
mechanisms of its development (pathogenesis), the chal-
lenges in treating it, and promising therapeutic strategies.
Specifically, it focuses on RNA-based therapeutics and
the different delivery systems being developed to deliver
them to their target site in the liver. The discussion on
pathogenesis delves into the key players involved in LF,
such as myofibroblasts, stellate cells, and inflammatory
cells. This deep dive helps us understand the complex
biological processes driving the disease. Furthermore,
the review goes beyond the basics of RNA therapeutics
and showcases relevant case studies on delivery sys-
tems like lipid nanoparticles, exosomes, and micelles.
These case studies illuminate how these systems can
effectively deliver RNA-based therapies to the affected
areas. Animal models used to evaluate the therapeutic
efficacy of these RNA-based treatments are explored in
detail, alongside data from ongoing clinical trials. This
highlights the promising potential of this approach. It is
clear that, current treatments for LF are limited, often
focusing on managing the root cause rather than directly
addressing the fibrotic process. This review emphasizes
the urgent need for innovative solutions that target the
underlying mechanisms and potentially even reverse the
damage, offering new hope for LF management. RNA-
based therapeutics, particularly those utilizing advanced
delivery systems, represent a groundbreaking avenue for
LF treatment. These therapies hold tremendous promise
based on their ability to target key pathways and genes
involved in the disease progression, as demonstrated in
preclinical models and early clinical trials.

Delivery systems play a crucial role in ensuring RNA
therapeutics reach their target site effectively. Therefore, the
review dives into targeted delivery systems under develop-
ment, such as those employing ligands to specifically guide
the therapeutic molecules. Additionally, it discusses advance-
ments in nanomedicine, suggesting how formulating stimuli-
responsive and biocompatible delivery systems can further
improve clinical applications. As research in this field contin-
ues to progress, RNA-based therapeutics have the potential to
become a cornerstone in the treatment of LF and other liver
diseases, offering a brighter future for patients.
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