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Figure 3. CB1 antagonists and CB2 agonists as potential drugs for the treatment of liver cirrhosis.

5. Overview of the Apelin System

Apelin is a peptide that was first described in 1998 as the endogenous ligand for an orphan receptor
called angiotensin-like-receptor 1 (AGTRL1, also known as APJ), a G-protein-coupled receptor [109].
During the last two decades, this receptor has been involved in an array of physiologic events, such as
water homeostasis [110], regulation of cardiovascular tone [111], and cardiac contractility [112] as well
as in chronic liver disease [18]. Apelin and its receptor are expressed in the central nervous system
and in peripheral tissues, especially in endothelial cells as well as in HSC, leukocytes, enterocytes,
adipocytes, and cardiomyocytes [113–118]. Since the discovery of the apelin/APJ interaction, numerous
investigations have emerged highlighting new roles for the apelin system in the regulation of different
homeostatic processes or involving apelin/APJ in disease. Here, we briefly review the components of
the apelin/APJ system as well as the molecular mechanisms involved in the diverse cellular effects
observed so far before focusing on the relationship between the apelin system and the pathogenesis of
liver fibrosis.
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5.1. Apelin: Peptide Isoforms

The human apelin gene (APLN) encodes a 77 amino acid prepropeptide that can be cleaved into
different fragments [119]. Endopeptidases cleave the apelin prepropeptide into a 55 amino acid molecule,
which in turn is fragmented by the angiotensin-converting enzyme 2 (ACE2) generating the following
bioactive isoforms: apelin 36, apelin 17, apelin 13, and apelin 12 (Figure 4). This family of apelin peptides
displays a wide array of biological functions in mammals including the neuroendocrine, cardiovascular,
and immune systems [120] that can be explained by their asymmetric tissue distribution, activity and
receptor binding affinity. Indeed, the shortest apelin isoforms (apelin 12 and 13) demonstrate the highest
agonist activity on APJ [117,121]. Apelin 13 can act via autocrine, paracrine, endocrine, and exocrine
signalling and is the main agent responsible for the APJ stimulation and downstream biological
activities of mature apelin [122]. Several investigations have reported that the transcriptional regulation
of apelin expression is modulated by some conditions, hormones, and inflammatory factors. Induction
of apelin expression has been associated with hypoxia [123–125], activity of hormones [118,126–132],
and inflammatory factors [115,133,134] in different cell types and tissues. Apelin knock-out mice show
reduced retinal vascularization and ocular development, denoting its major role in angiogenesis [135],
which is independent of VEGF and FGF receptors [136]. Moreover, a lack of apelin in knock-out mice
increases angiotensin II-induced dysfunction and pathological remodelling [137].
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Figure 4. Apelin peptide isoforms.

5.2. APJ, the Apelin Receptor

APJ is a G-protein-coupled receptor composed of seven transmembrane domains with a 31%
of homology with the receptor 1 of angiotensin [138]. For this reason, it was initially called
angiotensin-like-receptor 1. However, it has been demonstrated that angiotensin II (AII) has no
affinity for APJ. In fact, the activation of vascular APJ displays a counterregulatory effect against
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the activation of the AII receptor [139]. In normal conditions, lung, spleen, and mammary glands
show the highest APJ expression [117,121]. APJ is coupled to an activator G protein (Gq) and
to an inhibitor G protein (Gi), the activation of which results in an array of physiological effects
such as the regulation of hydrosaline equilibrium, vascular tone, cardiac formation and contractility,
angiogenesis, and HSC activation [111,124,132,140,141]. The APJ gene sequence has no introns.
APJ gene expression is modulated by hypoxia [124,142], insulin [143], stress, and glucocorticoids [144].
However, the molecular mechanisms of APJ transcriptional regulation have not been extensively
characterised to date. Mice deficient in APJ do not show any relevant phenotype apart from a higher
vasoconstrictor response to AII [110]. During the last few years, another peptide called Apela/ELABELA
has been described as an APJ activator, displaying similar effects to apelin on the cardiovascular
system [145–147]. The possible interactions of this new APJ agonist and the clinical implications of
Apela in the apelin system are still under investigation.

5.3. Cell Signalling Pathways Activated by the APJ Receptor

On one hand, APJ activation leads to the activation of phospholipase Cβ,
the phosphatidylinositol-3-kinase (PI3K)/Akt pathways and the Na/H exchanger type 1 and,
on the other hand, inhibits adenylyl cyclase and subsequent cyclic adenosine monophosphate
production [111,148–151]. Phospholipase Cβ triggers protein kinase C (PKC) and downstream
Ras/Raf/MEK/Erk, which together with Akt via mTOR are involved in the activation of P70S6K [152]
and the endothelial NO synthase, promoting the release of NO, vascular dilatation, and cell
proliferation [149]. The activation of the Na/H exchanger type 1 via PKC in cardiomyocytes is
responsible for the dose-dependent increase in in vivo and in vitro myocardial contractility [153].
Moreover, some studies associate APJ activation with inflammation [113,115,134]. Actually, APJ induces
the expression of vascular cell adhesion molecule-1 (VCAM-1), MCP-1 and intercellular adhesion
molecule-1 (ICAM-1) via the NF-κB and the Jnk signalling pathway [154] (Figure 5).
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Figure 5. Molecular and cell signalling pathways of APJ.

6. The Apelin System in Health and Disease

The apelin system displays major physiological roles in vascular and lymphatic
development [155,156], in neurology [157], and in the digestive system [158]. The activation of the
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apelin system has demonstrated many beneficial effects in cardiovascular, kidney, skin, and metabolic
diseases [128,142,150,159–164]. Apelin has aroused a special interest in the field of cardiology since it
is one of the most powerful dose-dependent positive inotropic agents known to date, as demonstrated
in perfused hearts [153]. Moreover, apelin is a very-well known vasodilator involved in the stimulation
of NO vascular release [165]. Indeed, APJ agonism shows sustained and preserved local vascular and
systemic hemodynamic responses in patients with stable symptomatic chronic heart failure and standard
medical therapy [166]. However, there are some controversial data on the precise role of the apelin
system in the pathogenesis of human heart failure. Some reports suggest that the apelin/APJ system is
down-regulated in heart failure and upregulated in left ventricular remodelling [167,168]. This might
point to a systemic compensatory effect to recover cardiac contractility. Indeed, acute administration of
apelin restores cardiovascular functions in chronic heart failure [169]. However, the potential utility of
apelin in cardiovascular disease needs further investigation.

The use of apelin as a biomarker in human heart failure has been challenging. Some reports point
out that apelin does not reliably predict acute heart failure in patients presenting dyspnoea, and it is
not a prognostic marker in those with confirmed heart failure or with chronic heart failure secondary to
idiopathic dilated cardiomyopathy [170,171]. In contrast, plasma apelin concentrations add prognostic
value in conjunction with brain natriuretic peptide (BNP) to the risk of mortality at 6 months in patients
with ST-segment elevation myocardial infarction [172].

7. Involvement of the Apelin System in the Pathogenesis of Liver Fibrosis

The apelin system has certain therapeutic abilities, but it may also play a role in disease depending
on the cellular and molecular milieu. A clear example of this is the role of apelin in tissue fibrosis.
Apelin displays anti-fibrotic actions counteracting AII in models of cardiac fibrosis [173,174] and renal
fibrosis [175,176]. In contrast, the scenario and role of the apelin system are completely different
in liver disease. Apelin is a hepatic pro-fibrotic agent, in part by mediating some of the fibrogenic
effects triggered by AII and ET-1 in the activation of HSC occurring in liver fibrosis [118]. These
outcomes highlight the intriguing difference between myofibroblastic-cell types in liver compared to
myofibroblasts in heart, kidney, or skin in which apelin acts by decreasing myofibroblast accumulation
and activity [137,176–178]. In vitro, apelin has also demonstrated a significant potential to promote
liver fibrosis. It acts directly on LX-2 cells (a cell line used as a reliable in vitro model of HSC) through
Erk signalling [179], stimulating cell survival and the synthesis of PDGF-β receptor and collagen-I
in these cells [118]. In turn, PDGF-β and LPS can stimulate the expression of APJ, expanding and
perpetuating HSC activation [180]. Therefore, apelin may, in theory, induce HSC to a pro-fibrogenic
profile and prolong its stimulation autocrinally during all stages of liver fibrosis in chronic liver
disease (Figure 6). In fact, some data have revealed that the inhibition of APJ using F13A (an APJ
antagonist) prevents fibrosis progression in rats under a non-discontinued fibrosis induction program
using CCl4 [104].
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Figure 6. Overview of the roles of the apelin system in liver fibrosis.

Several investigations have uncovered the close and integrated relationship between pathological
angiogenesis and fibrosis [12,181–186]. As mentioned above, apelin is a powerful angiogenic agent
through the activation of endothelial APJ and different downstream signalling pathways. Two reports
have associated the inhibition of APJ with a reduction in angiogenesis and with a concomitant drop in
fibrosis in CH and fibrotic rats [18,104]. Although a direct relationship was not established between the
two phenomena, there are evidence pointing out that APJ activation by apelin stimulates the expression
of a well-known pro-angiogenic factor, angiopoietin-1 (from the angiopoietin family involved in
pathological angiogenesis in chronic liver disease) [185,187] in LX-2 cells [118]. This suggests that
fibrogenic cells such as HSC may participate in hepatic angiogenesis by secreting angiogenic factors
such as angiopoietin 1. Indeed, the inhibition of HSC-secreted angiopietin-1 has shown to drastically
reduce pathological angiogenesis and liver fibrosis induced in mice by either CCl4 or BDL [187].

Aside from HSC, hepatocytes have also been related to contribute to both phenomena, pathological
angiogenesis and liver fibrosis, by releasing pro-angiogenic and pro-fibrogenic factors [186]. There
is a growing belief that local hypoxia is the link interconnecting both pathological angiogenesis and
liver fibrogenesis, orchestrating the harmonic and coordinated activation of HSC, hepatocytes and
other hepatic cells [188]. Detection of hypoxic areas is a common trait at any stage of chronic liver
disease, expanding progressively from early injury to the development of cirrhosis [189]., Through
the action of hypoxia-inducible factors (HIF), hepatic hypoxia up-regulates the expression of a wide
array of growth factors and mediators of liver repair and angiogenesis [189]. However, pathological
angiogenesis can be inefficient due to the immaturity and permeability of vascular endothelial growth
factor (VEGF)-induced new vessels [190] and, consequently, the liver may be unable to reduce hypoxia.
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Hypoxia up-regulates in vitro the expression of APJ in LX-2 (HSC) and in HepG2 (hepatocytes) [124].
Interestingly, the pro-inflammatory and pro-fibrogenic agents TNF-α and AII also induce the expression
of APJ in HepG2 cells [124]. APJ activation in HepG2 cells triggers the expression of VEGF-A and
PDGF-β, factors that in turn may promote angiogenesis and activation of HSC and, consequently,
liver fibrosis [15,191]. According to these data, hypoxia, inflammation and pro-fibrogenic factors
up-regulate APJ in HSC and hepatocytes, which can release different pro-angiogenic and pro-fibrogenic
factors such as apelin (from activated HSC) together to perpetuate fibrosis while injury and these
stimuli remain. In vivo, APJ is upregulated preferentially in hepatocytes and HSC, while apelin levels
are increased and localized in HSC in cirrhotic rats and in patients with liver cirrhosis caused by
hepatitis C virus or ethanol [18,124]. High apelin levels and liver damage have also been observed
in human non-alcoholic fatty liver disease [192]. A contemporary clinical investigation revealed that
circulating apelin levels are associated with histological and hemodynamic features of chronic liver
disease [193], but more clinical studies are needed to confirm the major relevance of apelin system in
human liver fibrosis.

One study suggested that apelin may play a different role in liver fibrosis by being an initiator
of hepatic injury instead of merely a HSC activator following exogenous injury [194]. In this
study, the authors described that the apelin system may stimulate Fas-induced liver injury via the
phosphorylation of Jnk in mice intraperitoneally injected with an agonistic anti-Fas antibody. Similar
results have been obtained when acute liver injury was promoted by hepatectomy. Blockade of the
apelin system resulted in mouse liver regeneration via activation of Kupffer cells and by increasing
TNF-α and IL-6 levels in hepatectomized mice [195]. These results suggest that the apelin system
may interfere with hepatocyte proliferation after partial hepatectomy in mice. However, a recent
study has shown that the administration of a long-acting apelin fusion protein resulted in attenuated
hepatocyte damage, diminished apoptosis and ROS production in a mouse model of LPS-induced
liver injury [196]. Altogether, these findings suggest that the apelin system may be involved in the
processes of hepatic injury and regeneration, but these specific aspects need further investigation.

8. Conclusions

The EC and apelin systems are two of the multiple cell-signalling pathways involved in the
pathogenesis of liver fibrosis. Both systems play a major role in the pathophysiological mechanisms
underlying the control of HSC activity, involving different receptors and molecules, but with a common
significant impact in the development of liver fibrosis.

The ECS is upregulated in liver disease and has been associated with hepatic steatosis, regeneration,
fibrosis, and cirrhosis. In liver fibrosis, the cannabinoid receptors CB1 and CB2 exhibit opposite roles:
CB1 activation accentuates hepatic fibrosis progression whereas CB2 displays anti-fibrogenic and
anti-inflammatory activities. CB1 also contributes significantly to cirrhosis complications including
portal hypertension, splanchnic vasodilation, cardiomyopathy, and encephalopathy. More specific CB1

antagonists and CB2 agonists need to be developed as current CB1 antagonists are able to cross the
blood–brain barrier causing psychotic side effects. Compounds targeting EC synthesis, degradation,
and cellular transport pathways could also be a valuable approach to modulate the ECS. Several efforts
have been devoted to understanding the specific pathways regulated by this system but there is still a
long way to go in the development of drugs targeting the ECS.

Recent studies have reported multiple roles for the apelin/APJ system in liver disease, including
acute liver injury, regeneration, fibrosis progression, and cirrhosis. Apelin/APJ has unique functions as a
regulator of cell proliferation, apoptosis, pro-inflammatory activity, and revascularization. Apelin/APJ
gene expression is temporally increased during liver cirrhotic development and is decreased in
stabilized liver fibrosis. The validation of using apelin/APJ as a biomarker in different liver diseases
would also be a crucial step toward its clinical use. Further experimental or clinical findings will help
to determine the potential of therapeutic strategies targeting the apelin/APJ system for the treatment of
liver disease.
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Future investigations to further define the mechanisms by which the EC and apelin systems
contribute to modulate liver fibrosis will enhance our understanding of their cellular and molecular
mechanisms and possible therapeutic targets. This understanding will eventually help in the
development of novel therapeutic strategies and drug candidates for treating liver fibrosis in patients
with chronic liver disease.
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Abstract: Chronic liver injury can be induced by viruses, toxins, cellular activation, and metabolic
dysregulation and can lead to liver fibrosis. Hepatic fibrosis still remains a major burden on the
global health systems. Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis
(NASH) are considered the main cause of liver fibrosis. Hepatic stellate cells are key targets in
antifibrotic treatment, but selective engagement of these cells is an unresolved issue. Current strategies
for antifibrotic drugs, which are at the critical stage 3 clinical trials, target metabolic regulation,
immune cell activation, and cell death. Here, we report on the critical factors for liver fibrosis,
and on prospective novel drugs, which might soon enter the market. Apart from the current clinical
trials, novel perspectives for anti-fibrotic treatment may arise from magnetic particles and controlled
magnetic forces in various different fields. Magnetic-assisted techniques can, for instance, enable cell
engineering and cell therapy to fight cancer, might enable to control the shape or orientation of single
cells or tissues mechanically. Furthermore, magnetic forces may improve localized drug delivery
mediated by magnetism-induced conformational changes, and they may also enhance non-invasive
imaging applications.

Keywords: liver fibrosis; magnetic fields; nanomedicines; immune cells; macrophages; hepatic
stellate cells; RNA-based medicines; drug delivery; magnetic nanoparticles

1. Introduction

The liver has a unique capability for regeneration, which has been known since Greek mythology.
Strikingly, up to 70% of healthy liver tissue loss can be regenerated by its cells [1]. Regardless of
the part, the liver of Prometheus regenerated overnight [1]. In evolutionary terms, the liver is the
only organ in mammals that has preserved a high potential for regeneration to be replaceable after
injury [2]. Despite this unique role, liver diseases are becoming an increasing burden of the health
system. There are currently three stage 3 clinical trials with promising data. Future developments
may include cell-selective targeting of key cell types of fibrogenesis, such as hepatic stellate cells
(HSC). Here, we discuss magnetic-assisted applications including microfluidics technology, which have
broadly enriched cancer therapy, including for instance in leukocyte engineering, i.e., in generating
chimeric antigen receptor T (CAR T) cells. Microfluidic technologies have enabled the use of magnetic
fields to control cell isolation, motility and directed migration, and modulating mechanical forces may
also improve the methods to manipulate single cells. Medical applications of amplifying the precision
of drug delivery towards tumor or dying cells at inflammatory sites are urgently needed. Directed use
of magnetism may also further improve non-invasive imaging methodologies.
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1.1. Liver Fibrosis

The capacity of the liver for regeneration is unique, but repeated and chronic liver injury frequently
results in liver fibrosis. Fibrosis, which often precedes cancer, is characterized by the continuous
accumulation of extracellular matrix (ECM), which is extremely rich in collagen I and III, leads to the
deposition of scars and progressing on liver fibrosis [3]. This disease is characterized by an excessive
accumulation of extracellular matrix (ECM) in the space of Disse. The accumulation of ECM has a
negative effect on diverse functions of the organ such as detoxification and other liver functions, and it
disturbs the hepatic blood flow. The recruitment of inflammatory immune cells, which can also amplify
tumor development, represents another key event of fibrosis [4,5]. Untreated liver fibrosis can develop
into cirrhosis and is accompanied by portal hypertension, hepatic encephalopathy, liver failure, and also
is associated with an increased risk for the development of hepatocellular carcinoma (HCC) [6,7]. Liver
injury usually is initiated by a noxa, virtually anything which can harm or kill the sensitive hepatocytes.
Disease factors are viral hepatitis, chronic alcohol abuse, cholestatic disorders, genetic heritage,
and autoimmune diseases. Apparently, nonalcoholic fatty liver disease (NAFLD) and nonalcoholic
steatohepatitis (NASH) represent the major etiology of liver fibrosis. The demographic change caused
by the ageing population and the growing epidemic of obesity lead to increased prevalence of liver
fibrosis [8]. NAFLD is regarded as the main inducer of chronic liver disease in industrialized countries.
It is assumed that NAFLD will be the leading indication for liver transplantation [9]. A significant
number of as much as 20–30% of adults have NAFLD. Additional factors in disease, particularly
immune cell infiltration, can lead to the progression of NAFLD to NASH and fibrosis. Fibrosis severity
has been linked to mortality related to hepatic and other diseases, as evidenced in several longitudinal
clinical studies and correspondingly, the effectiveness for the evaluation of drugs against NAFLD is
their impact on liver fibrosis [9], which may also have a positive outcome on nonhepatic diseases [10].
It was estimated that liver-related mortality will increase dramatically in the next decade [9]. Fibrosis
can be considered a dysregulated wound-healing response which leads to scarring of tissues. Different
disease etiologies exhibit specific hallmarks, but advanced stages are commonly characterized by
bridging fibers between portal fields [11].

1.2. Roles of Different Hepatic Cell Types in Liver Fibrosis

The process of fibrosis development, fibrogenesis, can be analyzed from a cellular perspective.
The regeneration of hepatocytes works in a streaming fashion, as shown in a rat model by Zajicek
and colleagues in 1985. Hepatocytes located at the portal space gradually stream towards the hepatic
vein where they are eliminated by apoptosis. This cellular traveling was estimated to last 201 days in
rats [2]. However, during liver fibrosis, the empty spaces left by the missing hepatocytes are frequently
replenished with ECM by HSC, rather than with fresh hepatocytes. During the course of cell death,
certain molecules are released by hepatocytes, which function as danger signals for other cell types,
for instance for HSC [12]. These “alarm bells” also attract immune cells which themselves secrete
pathogenic factors that can induce apoptosis of hepatocytes. These processes result in an amplification
of the fibrogenic response. Innate immune cells are well known to initiate liver inflammation in
NAFLD and they express pattern recognition receptors (PRR) which can sense danger-associated
and pathogen-associated molecular pattern molecules (DAMP and PAMP), as well as inflammatory
mediators [12].

In recent years, the roles of cholangiocytes, particularly in cholestatic liver injury, started to be
explored. For instance, cholangiocyte proliferation is a substantial driver of liver fibrosis in biliary
atresia. Researchers demonstrated that a long non-coding RNA has a major impact on the proliferation
of cholangiocytes and thus represents a therapeutic target in this regard [13]. Damage of cholangiocytes
in toxic liver injury leads to a hampered production of bile acids. Sato and colleagues further revealed
that extracellular vesicles and microRNAs might be critical factors which regulate cyclic adenosine
monophosphate (cAMP) metabolism in cholangiocytes [14].
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Mast cells are another cell type reported to further amplify hepatic fibrosis and injury.
Particularly, mast cell-deficient mice exhibited less pronounced fibrosis. It was reported that
mast cells regulate the proliferation of cholangiocytes and contribute to the activation of HSC [15].
A means to specific deactivation of mast cells might therefore represent a novel therapeutic strategy.
However, the involvement of mast cells in fibrosis remains controversial since they have been reported
to be both harmful and protective [16].

The hepatic macrophages form a complex mixture of cells of various activation stages and
cellular origin. They can be distinguished as resident macrophages, which were originally defined
as Kupffer cells, as well as monocyte-derived macrophages (MoMF). These cells can be separated
using cell sorting applications [17]. Kupffer cells were first discovered by Karl Wilhelm von Kupffer
in 1876 [18], even before the relevance of phagocytic cells was first published by Metchnikoff in 1888
in Tuberculosis [19]. While cell sorting has unraveled hepatic macrophage subpopulations that were
characterized in RNA bulk sequencing where thousands of cells are analyzed in a single RNA isolate [17],
single cell RNA sequencing has begun to start unraveling the real complexity of hepatic macrophage
subtypes [20]. Single cell RNA sequencing has also enabled identification of subpopulations of
HSC [21]. The so-called resting or quiescent HSC (qHSC) form a homogenous population characterized
by high platelet-derived growth factor receptor β (PDGFRβ) expression. However, the activated HSC,
which are also called myofibroblasts, can further be sub-divided into populations expressing α-smooth
muscle actin (α-SMA), collagens, or immunological markers. The S100 calcium binding protein A6
(S100A6) was identified as a universal marker of activated HSC, myofibroblasts (MFB), for both mRNA
and protein expression [21]. The so-called transdifferentiation of the resting and vitamin A storing
HSC into MFB, which are proliferative and which express huge amounts of collagen, is central for
fibrogenesis [22]. The activation of HSC can be induced through a variety of extracellular signals
from other liver cell types like hepatocytes and macrophages. Further, intracellular processes like
oxidative stress, autophagy, endoplasmatic reticulum stress, or metabolic dysregulations, have been
studied in great detail and are regarded as causative for HSC activation [23]. The fact that fibrosis is a
bidirectional path is evidenced by reports on fibrosis regression [24]. HSC thus represent a valuable
target for fibrosis therapy since they are the source of excessive matrix production. Inhibiting the
construction of different collagens, which in part takes place in the extracellular space by specific
inhibitors, for example, Lysyl oxidase-like 2 (LOXL2), has recently been proposed to be done by small
molecules [25].

It was shown that, if a circumvention of the inflammatory insult is achieved, among other
factors, the anti-inflammatory and restorative activities of macrophages persist and impact the hepatic
microenvironment [26]. During fibrosis regression, MFB are eliminated through cell death induction,
become senescent, or may even revert into cells which resemble quiescent HSC [27]. The excessively
deposited ECM was shown to be degraded, i.e., by matrix metalloproteinases (MMP) that are released
by certain subtypes of macrophages [24] (Figure 1).
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Figure 1. Cells, their roles, and potential targets in liver fibrosis. Liver disease is in most cases initiated
by a noxa that leads to hepatocyte cell death. Cytokines secreted by immune and other cell types
promote hepatocyte cell injury, i.e., the tumor necrosis factor (TNF) triggers apoptosis of hepatocytes.
Hepatic collagen deposition by activated hepatic stellate cells is a hallmark of fibrosis and in part is
facilitated by extracellular enzymes.

1.3. Current Clinical Trials on Liver Fibrosis

Nowadays, the treatment options for liver fibrosis remain scarce and the most efficient strategy
remains to overcome the vicious circle of liver injury. This results in an eradication of viruses or weight
reduction and dietary changes in NAFLD, in order to stop disease progression or in the ideal case,
by inducing fibrosis regression [28–30]. Currently, three stage 3 clinical trials are ongoing, which will
be ready in the next years. Importantly, none of these focus on the direct modification of the pathogenic
mechanisms of fibrosis, but on other mechanistic links such as the cause for the underlying liver injury,
signals from other organs, for instance, derived from the intestine (i.e., bile acids), or from immune
cells, metabolic activation, or cell death. The cell death of hepatocytes represents a key mechanism for
liver fibrosis [31]. The inhibition of cell death has emerged as a therapeutic strategy in the treatment
of liver fibrosis [32]. The classical definition of cell death separates necrosis (uncontrolled death of
cells, autolysis) from apoptosis (regulated cell death). However, it has become apparent that many
types of necrosis in fact are specifically regulated, and the terms necroptosis, ferroptosis, or autophagy
have been brought up [33]. However, a general inhibition of cell death might be problematic because
apoptosis of HSC is also required in fibrosis regression [23,31]. Furthermore, cell death induction
is also required to trigger the death of cancer cells. During oncogenesis, cancer cells can overcome
apoptosis to escape from elimination by immune cells. Many candidate drugs have been developed to
interfere with the development or progression of hepatic fibrogenesis (Table 1).
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Table 1. Selected candidate drugs for treatment of hepatic injury and fibrosis.

Molecular Target Compound Effect

Apoptosis signal-regulating kinase
1 (ASK1) Selonsertib (GS-4997) oral bioavailable inhibitor of ASK1, thereby preventing the

production of inflammatory and fibrotic acting cytokines

Hepatic metabolism

Obeticholic acid synthetically modified bile acid and potent agonist of the
farnesoid X nuclear receptor (FXR)

Elafibranor Orally administered drug acting on the 3 sub-types of PPAR
(PPARα, PPARγ, PPARδ)

Tropifexor Investigational drug which acts as an agonist of the
farnesoid X nuclear receptor (FXR)

Cilofexor (GS-9674) agonist of the farnesoid X nuclear receptor (FXR) which
improves cholestasis and liver injury

AKN-083 farnesoid X receptor (FXR) agonist

INT-767 a dual agonist targeting the farnesoid X receptor (FXR) and
the G protein-coupled bile acid receptor 1 (GPBAR1)

Aramchol An orally active fatty acid bile acid conjugate that inhibits
stearoyl coenzyme A desaturase 1 (SCD1)

Saroglitazar Agonist of PPARα (and PPARγ)

Lanifibranor Orally administered drug acting on the 3 sub-types of PPAR
(PPARα, PPARγ, PPARδ)

Firsocostat (GS-0976) Liver-targeted acetyl-CoA carboxylase (ACC) inhibitor

PF-05221304 Liver-targeted acetyl-CoA carboxylase (ACC) inhibitor

Chemokine receptors Cenicriviroc blocks the chemokine receptors CC chemokine receptor 2
(CCR2) and CCR5

Caspases

Emricasan Prevents cells death by inhibition of caspases

VX-166 The drug has anti-apoptotic activity and prevents release of
interleukins

Nivocasan (GS-9450) hepatoprotective activity preventing fibrosis and apoptosis

Fibroblast growth factor 21
(FGF21) Pegbelfermin (BMS-986036) PEGylated FGF21 analogue that improves metabolic

parameters

Fibroblast growth factor 19
(FGF19) Aldafermin (NGM282) Synthetic FGF19 analogue preventing hepatic fat

accumulation and liver damage

Glucagon-like peptide-1 receptor
Liraglutide GLP-1 receptor agonist triggering insulin synthesis

Semaglutide GLP-1 receptor agonist triggering insulin synthesis

An ideal treatment strategy would be cell-type specific, and, in the case of targeting cell death,
should be hepatocyte-specific. In line with these conclusions, the ASK1 inhibitor Selonsertib (GS-4997,
Gilead), which has been studied in NASH patients in a stage 3 clinical trial (STELLAR 4) has
not been successful. Selonsertib exerts its activity by inhibiting an important cell death switch of
Apoptosis-signal-regulating kinase 1 (ASK1). ASK1 is induced by oxidative stress and enhances
hepatocyte death, inflammation, and fibrosis [34]. However, there is still new hope from three other
stage 3 clinical trials on liver fibrosis. Targeting another facet of the disease, two drugs target hepatic
metabolism: the drug obeticholic acid (OCA) and Elafibranor (ELA). OCA is a synthetic lipophilic bile
acid which is already approved for the treatment of primary biliary cholangitis (PBC). OCA acts via
activating the nuclear bile acid receptor Farnesoid X receptor (FXR), and this in turn leads to a reduction
of bile acids (which are produced in the liver and the small intestine. OCA is a semi-synthetic analogue
of natural bile acids and exhibits a more than 100-fold increased stimulation of FXR compared to the
natural bile acids. OCA leads to reduced bile acid production, and also to a reduction in the uptake
of glucose and lipids from food [35]. This drug is currently tested in a huge phase III trial in NASH
patients (REGENERATE). The drug ELA is an Insulin-sensitizer which aims to improve the action of
natural insulin. ELA activates Peroxisome-proliferator-activated receptors (PPAR). The concept of ELA
is to prevent fat deposition in hepatocytes and thereby steatosis, by removing glucose from circulation.
It acts on (PPARα/δ R) via agonism. The phase III trial on NASH patients is performed by the company
Genfit (RESOLVE-IT). There are also attempts to combine both OCA and ELA, which further improve
liver histology in fibrosis models [36].
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While OCA and ELA act on metabolism, Cenicriviroc (CVC), another small molecule, blocks
the two important chemokine receptors CC chemokine receptor 2 (CCR2) and CCR5. The result is
that it blocks recruitment of lymphocytes and monocytes. It exerts anti-fibrotic activity in animal
models [37]. The CENTAUR study was the first clinical study, which employed an orally available
drug in a prospective study [38]. Currently, the AURORA study, which includes a phase III trial,
is running using NASH patients (Tobira Therapeutics, NCT03028740).

There is a growing list of promising phase I and II trials that include potential novel directions.
Similar to Selonsertib, other drugs aim to prevent cell death and it is envisioned that this can be reached
via inhibition of caspases, major regulators of cell death. Examples for this are given by Emricasan
(Conatus, phase II), VX-166 from Vertex, and Nivocasan (GS-9450) by Gilead (phase I/II).

The metabolism is being targeted most intensively. Similar to OCA, Tropifexor (Novartis, phase
II), Cilofexor (GS-9674, Gilead, phase II), AKN-083 (Allergan, phase I/II), and partially, also INT-767
(Intercept, phase I/II) target the FXR metabolism. Aramchol (Galmed, phase II) is a different bile
acid/fatty acid conjugate. Similar to ELA, Saroglitazar (Zydus Cadila, phase II trial) and Lanifibranor
(Inventiva, stage II trial) target PPAR signaling, targeting different ligands than ELA. Saroglitazar is
directed towards PPARα/γ while Lanifibranor to PPARα/γ/δ.

Artificial PEGylated fibroblast growth factor (FGF) 21, BMS-986036 imitates the functions of
the liver-derived hormone FGF21 that regulates the activation of fatty acids [39], which is now in
stage II trials. Insulin signaling is modulated by agonists of the glucagon-like peptide-1 (GLP-1), i.e.,
Liraglutide or Semaglutide (both Novo Nordisk, phase II). These drugs exert their beneficial effects by
improving insulin resistance, inducing weight loss, and ameliorating NASH [40]. The synthesis of
lipids in the liver is blocked by inhibitors of Acetyl-coenzyme A carboxylase such as GS-0976 (Gilead)
or PF-05221304 (Pfizer) (both stage II clinical trials) [41]. Inhibitors of acetyl-coenzyme A carboxylase
(ACC inhibitors), like GS-0976 (Gilead) or PF-05221304 (Pfizer), also reduce hepatic lipogenesis and
reduce hepatic fibrosis [41]. Mimicking signals from the gut represent an additional option to target
the liver. The gut-derived hormone FGF19 in humans (FGF15 in mice), among others, regulates bile
acid synthesis. Therefore, an FGF19 analogue has been generated to treat fibrosis (NGM282, NGMBio),
which reduces the hepatic fat content [42].

2. Theoretical Background of Magnetism

In order to basically understand the potential which controlling magnetic forces might offer for
novel treatment options for liver fibrosis, it is important to comprehensively understand nanoscale
magnetism. Nano-sized particles are often used as tools in this regard since they can specifically
target cells or structures in the body. Magnetic nanoparticles (MNPs) usually refer to ferro- or
ferrimagnetic crystals sized below 100 nm [43–45]. At the nanoscale, many physical properties,
including the short- and long-range magnetic interactions, contribute to the overall functionality
of these nanoparticles [46]. The magnetic material is characterized by a strong response under an
action of the magnetic field. The investigation of a family of 3D nanocrystals has been growing with
impressive speed over the past decades. Among them, the MNPs are an exciting class of material for
biomedical applications [43,47–50]. Magnetism in matter is related to spins − the smallest magnetic
units referred to as atoms are composed of ferro(i-)magnets, which interact via a quantum phenomenon
called the exchange interaction that leads to the formation of long-range ordered areas (magnetic
domains) [44,46]. Owing to the superposition character of the magnetic field, the total magnetic
moment of this area is equal to the sum of individual moments (μ) of each atom. If a magnetic field
with the strength H is applied, the magnetic moments prefer to align along the direction of the magnetic
field to reduce the total energy (by the domain walls movement in the macroscopic body). Thus,
when the magnetic field is strong enough to align all individual magnetic moments, a ferromagnetic
body is saturated, and the magnetic moment of this system equals N·μ, where N is the total number on
the individual magnetic moments of the atoms in the system. For characterization of material mass or
volume-weighted parameters in magnetization saturation, MS =N·μ/m or N·μ/V (Am2/kg and A/m
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in SI, or emu/g and emu/cm3 in CGS). The behavior of magnetization has a hysteretic character for
ferro(i-)magnetic materials because of specialties of the magnetization processes such as domain wall
pinning on defects. Those irreversible processes lead to nonzero magnetization (MR) at the remnant
state when the magnetic field is off. Intrinsic energy, which keeps the spins in a certain direction in the
absence of a magnetic field, is called the magnetic anisotropy energy and it determines the hysteresis
loop width or coercivity field μ0HC (T in SI and Oe in CGS).

Macroscopic magnets tend to reduce their magnetic moments (or, in other words, to reduce
their magnetostatic energy) and split into randomly oriented domains [44,45]. Magnetic domains are
separated by domain walls − intermediate states are required to rotate spins in differently magnetized
domains to reduce exchange interaction with the interface. When the size of MNPs is comparable
with the size of domain walls, the split into domains is no more energetically favorable, and MNPs
transform to the single-domain state. A single particle presents a saturated magnet with magnetization
equal to the saturation magnetization value. In the ideal case, all spins below Curie temperature are
oriented in one direction, and because of exchange interaction, their behavior can be described by the
superposition of all spins. The orientation of this macrospin in the absence of a magnetic field is defined
by easy axis−positions where total energy is minimal. The energy which separates the macrospin at
a certain position is magnetic anisotropic energy (Ea). That means that to change orientation along
the axis, the system needs to overcome the energy barrier equal to Ea = K × V. Thus, particles of
bigger volume (V) have higher anisotropy energy and the second term, K, is an anisotropic constant
defined by material and structural-morphological properties of MNPs. Several sources contribute to
anisotropy with constant K. Among them the more pronounced are the shape anisotropy arising from
magnetostatic interactions of poles and the magnetocrystalline anisotropy coming from spin-orbital
coupling. The behavior in the magnetic field of assembly of randomly oriented single-domain MNPs
with one easy axis was described by Stoner and Wohlfarth in 1948 [51]. Magnetic properties of
single-domain MNPs are different compared to bulk analogs – they may have higher values of remnant
magnetization and coercivity field because the coherent rotation magnetization reversal mechanism is
more difficult than the domain wall moving and additional contributions to anisotropy coming from
the surface.

The range of diameters when MNPs pass in the single-domain state is 20–800 nm, for magnetic
iron oxides (magnetite Fe3O4 or magnetite γ-Fe2O3) it is 80–90 nm [44,52,53]. For MNPs of smaller size,
the magnetic anisotropy energy becomes comparable to the thermal energy K × V ≈ kB × T, where kB

is the Boltzmann constant. In this regime, called superparamagnetic (SPM), the temperature induces
random switching of magnetization of single MNPs, and thus the time-averaged MR and HC of MNPs
assembly are zero [54]. The probability of this fluctuation is described by the Néel relaxation time:

τN = τ0e
KV
kBT (1)

where τ0 is an attempt time ~10−9 s [44]. The temperature at which MNPs act in the SPM regime at a
fixed observation time is the so-called blocking temperature TB. For quasi-static measurements the
typical measuring time is 100 s and the blocking temperature can be evaluated as TB = K × V/25kB.
The fluctuating magnetic moment of MNPs with TB less than the ambient temperature is favorable for
their colloidal stability since it reduces dipolar interactions among them. Moreover, SPM MNPs do not
change their magnetic properties when the viscosity of the medium is changed, for example, if MNPs
are internalized by cells [55].

2.1. Magnetic Nanomedicines

Nanomedicines, nanotechnologically generated drugs, cover a broad range of sizes of a few up to
several hundred nanometers [56]. Depending on the nature of the material, they can be classified into
two major groups, organic or inorganic. Owing to their small size, nanoparticles can easily be dispersed
in aqueous solutions, which is crucial for intravenous administration [57,58]. The nanoscale exhibits
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a high surface to volume ratio, meaning that the comparatively high surface can be functionalized
with ligands. These ligands can change the pharmacokinetics of the particles, i.e., polyethylene glycol
(PEG) can increase the circulation time of nanoparticles [58–60]. Specific ligands for cellular receptors
can enable specific binding to specific cell types. Moreover, this valuable surface can be conjugated
via drugs for their delivery and on-demand release [59,61], or with fluorescence marker and other
molecules for multimodal imaging or therapy [62,63]. The prefix “magnetic” means that MNPs are
sensitive to the magnetic field. This field brings numerous options that are attractive for biomedical
applications since this field can easily penetrate the body and interact with MNPs, for example, for their
detection, visualization, manipulation, or heating.

The magnetite Fe3O4 and magnetite γ-Fe2O3 are the most applicable magnetic materials in the
biomedical field. Bulk magnetite has a cubic inverted spinel structure and exhibits a ferrimagnetic
behavior at room temperature. The nano-sized magnetite oxidizes rapidly into maghemite, which also
has similar ferrimagnetic properties and spinel structures with some valences. The iron oxide-based
MNPs of a diameter (d) below 30 nm act in the SPM regime at room temperature and are abbreviated as
SPIONs (superparamagnetic iron oxide nanoparticles) [53]. Particles sized less than 10 nm are usually
attributed to ultra-small SPIONs (USPIONs [53]) and are characterized by reduced magnetization and
increased anisotropy because of the influence of non-collinear spins at the surface [64,65]. The SPIONs
and USPIONs are in the frame of interest for biomedical applications, especially for magnetic resonance
imaging (MRI) where they are applied as contrast agents for both T1 and T2 relaxation times [66–68].
For specific applications, for instance, magnetic hyperthermia, the adjustable anisotropy of MNPs,
is needed [69,70]. For this reason, magnetic anisotropy can be tuned, for instance, by variation of the
chemical composition of ferrites (Me2+Fe2O4) by doping the spinel structure of ferrite with the ions of
transition metals (Me2+ = Co, Mn, Zn, and others [71].

2.1.1. Methods for Synthesis of Magnetic Nanomedicines

The various types of synthesis strategies for MNP can be separated into two approaches:
top-down and bottom-up. The “bottom-up approach” starts from metal ions in solution via chemical
methods and is probably the most commonly used strategy. The top-down approach starts with bulk
material, which is further processed, i.e., by laser ablation [72–76] or lithography [77–79] including
that of nanospheres [80]. The lithography techniques have broad control on the shape of nano or
microstructures; however, the scaling of this method to large-scale production was reported to be
challenging [81]. The laser ablation method offers the building of quite complicated structures such as
core-shell MNPs and has a lot of degrees of freedom for adjustment by variation of the environment,
material of target, laser regime, as well as external stimulus, for example, magnetic or electrical field
to change the shape and structural properties of MNPs [72,75]. This method beats some drawbacks
of more common chemical methods; for example, it does not require high temperature, pressure,
or organometallic precursors to obtain MNPs with excellent magnetic properties [76,82]. Thus, the laser
ablation method has great potential to set higher standards in nanoparticle production.

However, many methods are combinations of both types of methods. For example, the known ball
milling method of the MNP preparation is popular for permanent magnet fabrication [83]. It allows
one to scale up the synthesis to an industrial scale, although the control of particle shape and size is
difficult. Potential agglomerations of nanoparticles can occur which makes the particles unsuitable for
biomedical applications [83]. Nevertheless, in combination with chemistry, the ball milling equipment
can be used in the so-called mechanochemical process. Here, for instance, a nanocomposite of MNPs
in the benzene-1,3,5-tricarboxylic acid matrix was obtained via a mechanochemical process [84].
The obtained material was porous and defined as a metal-organic framework. This nanocomposite
was tested for a drug delivery application to release doxorubicin as a model drug. The authors noted
that the high surface area of such porous materials favors an increased loading rate, while the magnetic
properties of this material offer novel perspectives for diagnostic systems [84].
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Typical synthesis steps of chemical methods consist of different steps, particularly burst nucleation,
and the following nanocrystal grow, which is called Ostwald ripening [85,86]. Control of reaction
kinetics by varying temperature, solvent or other conditions, and operation with the Ostwald process
by pH control and electrostatic repulsion of nuclei allow us to systematically vary the size of the
particles [86]. It is of utmost importance to obtain nanoparticles with precise and predefined size,
shape, and phase composition [87,88]. It was suggested to evaluate the most commonly used synthesis
strategies by the four-word strengths, weaknesses, opportunities, and threats (SWOT) analysis for
applications in molecular recognition [88]. The research group evaluated the co-precipitation, thermal
decomposition (HTD), microemulsion, and microfluidic synthesis method and studied dual-particles
consisting of several materials. The first one, co-precipitation, is an easy to use technique to obtain
large amounts of MNPs by alkalization of metal salt solutions. First demonstrated in 1981 by Massart,
this method is beneficial and allows us to produce well-crystallized iron oxide or ferrite MNPs in
the size range of 10−30 nm [89–91]. The drawbacks of this method are the poor control of shape and
size distribution; moreover, for smaller particles, less than 10 nm, the quality of crystals decreases
and the number of disordered spins leads to a change in the magnetic properties [64,92]. Advanced
co-precipitation methods are performed at high temperature and pressure, by hydrothermal surface
treatment, or hydrothermal routes [93–95], as well as in non-aqueous medium by solvothermal
methods [96–98]. The polyol process is another interesting method which is a cost-effective and
easily scalable method to produce MNPs of high quality and variety morphology, from simple
pseudo-spherical to multi-core nanoflowers of core-shell MNPs [99–101]. In the polyol process,
solvents also play the role of a reducing agent and a surfactant.

Invented in 2004 for the synthesis of MNPs, the HTD method allows us to obtain MNPs with a
narrow size distribution and high crystallinity [102–104]. MNPs produced with this method have a
high value of magnetization, favoring their use in many biological applications, including sensors
and detection [92,105]. According to the SWOT analysis above described [88], a drawback of this
method is that it is time consuming and expensive. Precise shape control can be achieved by varying
the experimental conditions. For instance, a variation of ligands and surfactants offers advantages for
both magnetic properties and the related behavior in biological environments [87,106,107]. The group
of Jinwoo Cheon [108] demonstrated higher magnetization values of cubic MNPs (165 emu/gFe+Zn)
compared to spherical (145 emu/gFe+Zn) particles. The difference can be attributed to the lower amount
of disordered spins on the surface. It was also reported that cubic shaped MNPs on the sensor‘s surface
exhibit a higher binding ability because of the higher contact area of planar interface compared to
the spherical one [106]. Furthermore, cubic MNPs exhibited stronger signals, as evaluated by giant
magnetoresistive sensing (GMR) and force-induced remnant magnetization spectroscopy (FIRMS).

There are various methods for co-precipitation with different modifications, which, together with
HTD, are the most frequently used methods for MNP synthesis [60,88]. Co-precipitation represents the
most important production method: it is easy, cheap, and enables a rapid synthesis. The generated
particles have hydrophilic surfaces, which can be functionalized in situ. The second most important
method, HTD, allows one to produce MNPs with well-defined shape and narrow size distribution.
However, the low amount of reaction products, high-cost reagents, and hydrophobic surfaces, which
can be functionalized in the multi-step process, make this method currently mostly interesting only for
research activity.

2.1.2. Clinical Use and Further Perspectives Iron Oxide

Currently, Feraheme® (ferumoxytol) which is approved by the U.S. Food and Drug Administration
(FDA) as well as in Europe and Canada is the most successful iron oxide-based drug. It is prescribed
to patients with iron deficiency anemia and chronic kidney disease. It can be considered as a great
advantage that iron is a naturally occurring element of the body which also leaves the body via natural
pathways of iron metabolism [109]. Feraheme is based on non-stoichiometric magnetite MNPs with
diameter (d) ~ 7 nm and hydrodynamic diameter (dH) = 28–33 nm coated with carboxy-dextran [66].
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Feraheme is also an ‘off label’ magnetic resonance angiography (MRA) and magnetic resonance imaging
(MRI) contrast agent [66,110]. In order to study MNP uptake by macrophages in vivo, high-resolution
3D-maps of pancreatic inflammation were generated using MRI and it showed that the MNP uptake by
macrophages was higher in the inflamed pancreatic lesion in T1D-models [111]. Therefore, the special
properties of the inflammatory setting on noninvasive imaging have to be considered. The capability
of iron oxide to produce reactive oxygen species (ROS) was recently discovered to be usable in order
to treat leukaemia [112]. In contrast to intravenously administrated drugs, the oral delivery (OD) is
more popular with patients. Yet, the passage of the gastrointestinal (GI) tract, which has a very low pH
level, [113] is a problem for iron oxides since they degrade at this pH. Thus, to overcome this limitation,
a coating is required which is stable in the wide pH range of 2–8. Coatings such as gold or silica oxide
are applicable for this purpose since these materials are stable in the GI tract.

Mesenchymal stem cells (MSC) have been demonstrated to be a promising tool for the treatment of
many types of human diseases, including liver fibrosis and hepatocellular carcinoma (HCC) [114–118].
Labeling of MCS with MNPs can be used as a supplementary diagnostic approach. Recently, Faidah at
al., proved that application of MNPs have not changed the viability and proliferative capabilities of
MSCs in a rat cirrhosis model based on a carbon tetrachloride (CCl4) model for toxic liver injury [119].
Additionally, similar results by Lai and co-authors have shown that MSCs that overexpress human
hepatocyte growth factor (HGF) promote liver recovery in a rat liver fibrosis model [120]. Further,
labeling of MSC with NP led to an accumulation of the cells in MRI-based imaging [119,120],
which seems to confirm the idea that magnetic NPs in liver fibrosis can be used as a diagnostic agent
for MRI.

The off-label use of feraheme is continuing to grow. The assessment of the stage of liver fibrosis
remains a key issue in patient diagnostics. Currently, the gold standard is still given by a liver biopsy
while imaging techniques as elastography and relaxometry have not been elaborated in this regard,
particularly, for proving moderate fibrosis [121]. A recent study showed that patients with different
stages of liver fibrosis exhibited MRI-assessible differences. One should, however, be aware that T2
parameters can be quantified via a dual echo turbo-spin echo technique. Besides, these applications
can also help to understand different stages of fibrosis patients [121]. It is noticeable that T2 or negative
contrast agents possess superparamagnetic properties and are represented by nanoparticles with iron
oxide core or other magnetic materials [122]. For this purpose, researchers are using different types
of synthesis, shapes and covering of nanoparticles with magnetic cores. One should, nevertheless,
consider the associated problems from another perspective: Li and coworkers proposed to conjugate
Fe3O4 NPs with immunofluorescence markers (indocyanine green (ICG). Further, a targeting ligand
for integrin avb3, arginine–glycine–aspartic acid (RGD) expressed by HSCs to detect early stages of
liver fibrosis, was used [123]. A similar approach was used by Zhang and coauthors, who investigated
diagnostic of liver fibrosis stages in a rat model induced by CCl4 injection. Although they were using
molecular MRI with RGD peptide, modified ultrasmall superparamagnetic iron oxide nanoparticles
(USPIO) were demonstrated to be a promising tool for noninvasive imaging of the progression of the
liver fibrosis [124].

Furthermore, one should note that together with the advantageous properties of magnetic materials
which makes them usable as MRI contrast agents, the iron overload in tissues can be really harmful.
Thus, Wei and coauthors reported that a single dose of MNP application at a high concentration (5 mg
Fe/kg) induced a septic shock response at 24 h and provoked high levels of serum markers (ALT, AST,
cholesterol and other markers), which was noted within 14 days. Moreover, a high dose of MNPs
activated significant expression changes of a distinct subset of genes in cirrhosis liver compared with a
normal dose of MNP application (0.5 mg Fe/kg) [125]. Furthermore, Lunov et. al. analyzed the impact
of MNPs on macrophages and demonstrated that overload of iron leads to apoptosis in these cells,
which is mediated via activation of the c-Jun N-terminal kinase (JNK) pathway [126]. This investigation
demonstrated that iron overload caused by MNP application may have dramatic effects, particularly
on the liver, which contains a large numbers of macrophages.
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2.1.3. Magnetic Hybrid Nanomaterials

Iron oxides exhibit moderate cytotoxicity; however, for their use in biomedicine, such aspects as
biotransformation, biodistribution and in-blood circulating time should be controlled [60,127]. Because
of this reason, the iron oxide MNPs can be hybridized, i.e., with certain polymers (dextran, chitosan,
PEG) [128], noble metals (Au, Ag) [129,130], non-magnetic oxides (MgO, ZnO) [131,132], or silica
dioxide (SiO2) [133]. Apart from polysaccharides, PEG is more often used for organic coating of MNPs.
By varying the molecular weight of the PEG from 6000 to 50,000, it is possible to prolong the circulation
time (blood half-life) from 30 min to one day [134]. The coating leads to a change in the surface
charge of MNPs and, therefore, also significantly affects the pharmacokinetic behavior [60]. Typically,
the negatively charged MNPs exhibit a longer blood half-life [60]. The coating also makes it easier to
modify the surface for modifications with biomolecules, genes, or drugs. Furthermore, hybrid materials
possess additional functionalities, for instance, nano-dimensional gold exhibits the surface plasmon
resonance phenomenon changing the optical properties of the material, which can be exploited for
the detection in photothermal therapy [129,135,136]. Maria Efremova and her colleagues reported
on nanohybrids of magnetite and gold in the form of Janus-like MNPs [129]. Two district surfaces
established a platform for conjugation with two different molecules, for example, with fluorescent
dyes or drugs. These nanohybrids exhibited enhanced contrast for MRI and allowed tracking delivery
of the attached drug in a real-time fashion via intravital fluorescent microscopy.

Lipid-based nanomedicines represent the nanomedicines with the highest market value. Via a
combination of SPIONs embedded into the lipid membrane of liposomes, the desired properties of both
materials can be combined. One example of an application with magnetoliposomes is the application
of a magnetic field to induce release of nucleic acids, such as DNA, which might be useful in drug
release. Salvatore et al. demonstrated that SPIONs can trigger release of DNA from a multifunctional
hybrid nanomaterial composed of liposome components, double-stranded DNA, and hydrophobic
SPIONs [137].

There is a huge and virtually an endless number of options for hybrid nanomaterials and we only
shed light on these. Their numbers are very likely to further increase in future nanomedicines.

2.2. Magnetic Materials in Drug Delivery

2.2.1. Magnetic-Assisted Medical Applications

The size of nanomaterials is a critical factor for their behavior and distribution in the body. Small
particles in the blood tend to aggregate or to be decorated with a protein corona and, because of
their charge, create an electrical double layer. In this sense, the total size of particles characterized
by the hydrodynamic diameter (dH) can be measured i.e., using dynamic light scattering (DLS) [138].
Both the hydrodynamic and physical size of MNPs determine their magnetic properties. In circulation,
systemically injected MNPs circulate in the lumen of blood vessels, interacting with macrophages
of the reticuloendothelial system (RES). Smaller USPIONs with dH > 10 nm were characterized by
longer blood half-life than SPIONs dH > 50 nm [66,134]. Depending on the hydrodynamic size as
well as the electrical charge and other properties, pharmacokinetics and biodistribution of MNPs are
rendered [60,139]. MNPs with a dH below than 15 nm are filtered by the kidney; MNPs with a dH

less than 100 nm accumulate in the liver in hepatocytes and Disse space; a dH of 100–150 nm leads
to the primary accumulation in liver that is based on the uptake by Kupffer cells and these larger
hydrodynamic particles can also be trapped by splenic macrophages.

Since the liver and spleen are primary targets for MPN accumulation, they can also be targeted
with these particles. The hydrodynamic size of 10–50 nm seems optimal for longer circulation time,
but it should be stressed that not only size matters, but properties of the surface such as zeta-potential
and hydrophilic/hydrophobic properties are critical factors for biodistribution [60,134]. Non-specific
biodistribution of MNPs was used for MRI enhancement of liver disease [139,140]. Ferrucci and Starkre
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reported that 80% of intravenously injected non-specific SPIONs were internalized by Kupffer cells.
Thereby, the MNPs create an MR-contrast that enables us to trace hepatic neoplasms [140].

We would like to highlight four non-exhaustive areas in which magnetic materials are important
(Table 2). The first area includes the biggest success story for using magnetic fields for binding-mediated
cell capturing. The chimeric antigen receptor (CAR) T cells have significantly advanced tumor therapies.
This technology is based on the isolation of T cells from autologous donors and these cells are genetically
engineered to target a specific antigen. The isolation of T cells is currently approved for treatment of B
cell lymphoma, and it is expected that T cell engineering will enrich many other fields as well; clinical
studies are ongoing in liver cancer. The group of Michael Sadelain pioneered T cell engineering and
they have recently shown that macrophages play a key role in mediating the side effects of CAR T
cell therapy [141]. Other groups also attempt to manipulate other immune cells, such as natural killer
cells [142]. Microfluidics that facilitate binding-mediated cell capturing and release is a key technology
for sorting cells in closed systems [143–145]. The microfluidic concept for manufacturing lab-on-a-chip
devices use MNPs and these allow for a quick analysis and an automated composition of an individual
treatment. Currently, the CAR T cell therapies are mainly focused on B cell malignancies, but other
types of cancer are being explored in clinical trials.

Tissue engineering has been given further opportunities by magnetic fields, i.e., by facilitating
the arrangement of different cellular layers [146–148]. Magnetic fields have been used to establish
three-dimenstional cell culture arrays, to enable cell patterning for the evaluation of the effect of
fibroblasts on their capability of infiltration [149–151]. Rieck et al. recently demonstrated that magnetic
nanocarriers can be localized in specific areas of the body using magnetic fields. Their approach
was done using complexes of lentivirus and MNPs in combination with magnetic fields. The group
highlighted that using this method in the murine embryonic stem cell system offers the opportunity to
site-specifically downregulate protein tyrosine phosphatase SHP2 by RNAi technology in selected
areas with the pathogenic vessel formation [152]. Using this principle would allow us to selectively
transmit a specific payload to immune cells based on phagocytic uptake to diseased sites in the liver.
Muthana et al. demonstrated that even magnetic resonance imaging machines might be usable to
control the spatial concentration of MNPs [153].

The second field of application that we would like to emphasize is mechanical cell control.
Here, the aim is to get control over the mechanical properties of cells. In the near future, the
technology may be used to measure the stiffness of biological molecules or cellular organelles in vivo.
Magnetic tweezers are used as a simple tool to study mechanical forces of biological molecules and
cells [154]. Low-frequency magnetic fields are applicable for directed cell destruction and induction of
apoptosis [78,155,156]. The concept of mechanical cell control has already been used to function as a
cellular remote control, to modulate the stem cells differentiation, or to modulate the behavior of single
cells [157–159]. Magnetic micromanipulation based on the application of magnetic tweezers is a potent
biophysical technique that is applicable for single-molecule unfolding, rheology measurements, and
analyses of force-regulated processes in living cells [160,161].

The third type of application is drug delivery. MNPs are a powerful tool for therapy to
target killing of injured or infected cells, which may be achieved by, for example, native toxicity
of the MNPs, thermomagnetic effect in magnetic hyperthermia, or targeted drug delivery and
release [135,162,163]. In particular, the field of drug delivery can potentially be highly enriched by
magnetism-based applications. In addition to the above-mentioned application of MRI scanners to
spatially concentrate magnetic particles, magnetic fluids, meaning magnetic particles in a dispersion,
might be controlled magnetically. The release of drugs, for example, mediated by magnetism-enhanced
thermosensitive polymers, might also be enriched by magnetic actions, for example, to trigger the
release of different drugs from a single carrier from porous materials, remote-controlled drug release
using azo-functionalized iron oxide nanoparticles, or in order to trigger heat and drug release from
magnetically controlled nanocarriers [133,164,165]. In addition to particulate or crystal-based systems,
surface immobilized iron might be controlled using noninvasive magnetic stimulation [166–169].
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The fourth area in which magnetism has been used intensively is applications based on imaging.
For instance, MRI-based imaging of liver fibrosis can be enabled by visualizing fibrosis based on
non-invasive analysis of collagen or elastin. Fibrosis might even be visualized by labeling HSC,
i.e., by monitoring a specific surface marker such as the folate-receptor, that has already been used
for this purpose. Folate receptor-targeted particles have also led to improved specificity of tissue
binding [66,124,170]. In order to enable an early therapy of fibrosis, it is critical that it is also diagnosed
at early stages. However, there is currently no established early stage marker. In the future, improved
early recognition techniques such as circulating collagen fragments, i.e., the N-terminal propeptide of
collagen III (Pro-C3) will very likely enable to perform “liquid biopsies” for early detection of fibrosis.
Screening of Pro-C3 in plasma of patients has already been done in hepatitis C patients and has been
demonstrated to be able to predict fibrosis progression [171]. Other biomarkers might be circulating
micro-RNA, and other types of RNA, such as long non-coding RNA (LncRNA), epigenetic analyses,
and microbiome studies. Usually, biomarkers work best if they are combined to calculate a specific
score such as the NAFLD fibrosis score, the fibrosis 4 (FIB-4) index, or the aspartate aminotransferase
to platelet ratio index (APRI) score.

Non-invasive imaging techniques have high potential to confirm the findings from biomarker
screening. Consequently, there is a high unmet need for the development of improved techniques
for non-invasive diagnosis of liver fibrosis [116]. In ref. [116], the molecular MRI was used for
distinguishing different fibrosis stages in a CCI4-based rat model. Enhanced accuracy of detection
was achieved by using a targeted USPIO-based contrast agent for MRI. The MRI contrast depends on
the time of relaxation of protons that alters in the presence of a magnetic field generated by MNPs
and it depends on the degree of interaction of the MNPs with protons. Furthermore, direct imaging
of the distribution of MNPs is possible by magnetic particle imaging (MPI) introduced in 2005 and
based on measurements of the nonlinear magnetic signal of MNPs [172,173]. Potentially, MPI can
enable an improved spatial and temporal resolution than the resolution of the MRI and because of the
native biodistribution of iron oxide-based MNPs, the use of this technique for liver seems promising.
Improved detection methodologies may also further improve the usage of magnetic particles as
biosensors [174]. Imaging probes such as those monitoring Elastin will very likely also improve
imaging of liver fibrosis at later stages of the disease, as Elastin appears in late-stage fibrosis [175]
(Table 2).

The tripeptide arginine-glycine-aspartic acid (RGD) binds to integrin αvβ3 expressed on
HSCs [124]. Conjugation with RGD significantly improved targeting of administrated USPIONs [124].
This allowed authors of ref. [124] to differentiate various liver fibrosis stages with MRI. The relaxivity
of developed nanoparticles was higher than, for example, the earlier reported collagen-specific contrast
agent based on Gd3+. Further improvement was done by multimodal imaging with nanohybrids [123].
In this study, it was suggested that the conjugation of USPIONs-SiO2 with indocyanine green (ICG) dye
may further improve near-infrared fluorescence imaging and RGD for targeting. This combination of
imaging modalities enables it to perform multimodal imaging (NIR and MRI). To establish theranostic
platforms, an additional drug should be attached [176,177].

In order to further visualize some selected applications of magnetic fields, we have illustrated
these with a sketch. In particular, cell sorting technology which is currently enabling breakthroughs
in cancer therapy is largely based on magnetic forces to sort cells, i.e., the magnetic-assisted cell
sorting technology (MACS). These technologies are based on magnetic fields and enable sorting and
manipulate cells in closed systems. Mechanical cell control is still in its infancy, but may significantly
enrich single cell analysis methods. The field of drug delivery may assumingly expect high potential for
breakthroughs due to the potential localized targeting of tissues or cells in vivo, to reduce side effects
on non-target cells with enhanced specificity. Imaging applications are already profiting from steadily
improved probes, improved methods for signal detection, and better biological targets. In fibrosis
imaging, non-invasive assessment of Collagen and Elastin might in future enable significantly improved
and more specific assessment of liver fibrosis (Figure 2).
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Table 2. Selected areas of applications for magnetic nanoparticles.

Role of MNP1 Area of Biomedical Application Literature

Binding-mediated cell
capturing

Cell isolation and separation [141,143–145]

Cell and tissue engineering [146–148]

Cell patterning and concentration [149–153]

Mechanical cell control

Low-frequency magnetic field for cell destruction and induction of apoptosis [78,155,156]

Differentiation of stem cells, modulation of cell division and motility [157–159]

Fundamental study of macromolecules and cell‘s mechanical properties [160,161]

Drug delivery

Magnetic fluid hyperthermia of cancer [135,162,163]

On-demand release of drugs via thermosensitive polymers or azo molecules from
hybrid nanoplatforms [133,164,165]

Targeting or delivery of drug or genes immobilized on surfaces [166–169]

Imaging applications

Reduction of T1 and T2 relaxation time of the water protons for the MRI-contrast [66,124,170]

Imaging and detection via a non-linear magnetic signal [172,173]

Improved detection of magnetic signals, imaging of liver fibrosis [174,175]
1 MNP: Magnetic nanoparticle(s).

 

Figure 2. Applications of magnetic nanoparticles in medicine and biotechnology. We would like to
highlight four main fields of application for magnetic materials and have chosen some representative
schemes for each field of application.

2.2.2. Selective Targeting of Hepatic Stellate Cells—Mission Impossible?

Cell type-specific treatment of disease was first proposed by Paul Ehrlich, who suggested the
development of magic bullets which aim at the pathogens only [178]. Ehrlich assumed that people
would in the near future be able to specifically target cells or tissues to cure disease with unmet
specificity. However, such directed therapies for cancer have been challenged in the past with
unexpected problems. One example of a company focusing on cell targeting is BIND therapeutics
which went bankrupt in 2016 [179]. Through re-investments, its drug, encapsulated Docetaxel targeting
the prostate-specific membrane antigen (PSA), has entered clinical testing again and is currently
evaluated in a phase 2 trials in patients with metastatic castration-resistant prostate cancer [180]. It can
be assumed that targeting liver fibrosis might face similar difficulties like cancer. However, without
any doubt, HSCs as the key cells for fibrosis, represent an ideal target in this regard since they are the
main source of activated myofibroblasts and portal fibroblasts that control the fibrogenic process [181].

However, reaching HSCs with drugs is intrinsically difficult since they are located in the
perisinusoidal space between hepatocytes and sinusoidal endothelial cells. Under normal physiological
conditions, one major function of qHSCs is a depository for vitamin A [182]. In response to liver
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damage, inflammatory mediators promote HSC activation and their subsequent differentiation into
myofibroblasts [183]. Activated HSCs (aHSC) are the main source of collagen in the liver and can
abundantly secrete ECM proteins, tissue inhibitors of metalloproteinases and matrix metalloproteinases
(MMPs), which cause remodeling of the liver architecture [184]. It is important to note that HSCs
are responsible for 80% of the total fibrillar collagen I in the fibrous liver [185]. Thus, inactivation or
modulation of HSC is a one of the key aspects in the development of innovative fibrosis therapy.

HSC and MFB express/upregulate diverse specific receptors, such as the mannose-6-phosphate/
insulin-like growth factor II receptor (M6P/IGFII) [186,187], PPAR [188], integrins [189], platelet-derived
growth factor receptor (PDGFR) [181], or a peptide receptor of the relaxin 1 family (RXFP1) [182].
Various receptors of HSC have been engaged with specific drugs directed to these. The mannose
6-phosphate/Insulin-like growth factor receptor (M6P/IGFR) is among the most popular targeting
structures for HSC. The strategy of eliminating the HSC was investigated in a study 2006 by
Greupink et al., in which a nanocarrier consisting of human serum albumin (HSA) was used as
a carrier, and functionalized with mannose-6-phosphate (M6P) for this purpose. In order to eliminate
these cells, the authors employed doxorubicin, which is used in cancer therapy to kill tumor cells [190].
However, side effects were noted from using the M6P-directed carriers, and in search for a better target,
researchers have turned towards PDGFβR since it was also observed that it is specifically upregulated
in liver fibrosis [191]. It is known that interferon γ (IFNγ) has exhibited side effects when administered
systemically. The research group of Klaas Poelstra therefore created a fusion protein composed of IFNγ

and PDGFβR bicyclic peptide. These fusion proteins were demonstrated to inhibit liver fibrogenesis
in vivo, based on a significant increase in pSTAT1α activation, compared to the single unit of the
fusion protein [192]. A drawback of these fusion proteins is their limited bioavailability, and therefore,
a strategy to deposit them in the body is desirable. Van Dijk et al. thus developed biodegradable
polymeric microspheres for the sustained release of such protein-based drugs [193].

Integrins have also been explored as potential targeting moieties in this regard. Integrins fulfil
important roles by connecting the intracellular cytoskeleton of cells to the ECM. Many integrins
were reported to activate the transforming growth factor β (TGF-β), which is another critical factor
in fibrogenesis [194]. However, direct inhibition of TGF-β is critical since it is involved in many
anti-inflammatory processes. Thus, integrin targeting is in fact a type of indirect targeting of TGF-β.
This was pioneered by Henderson et al. in 2013, showing that the pharmacological inhibition of αv
integrins by a small molecule (CWHM-12) attenuated both liver and lung fibrosis [195]. Bansal and
colleagues, in 2017, further explored the role of integrins in liver fibrosis. They observed that integrin
α 11 (IαV) is critically involved in the regulation of the myofibroblast phenotype and that is colocalizes
with α-smooth muscle actin-positive myofibroblasts. They further assumed that IαV apparently is
involved in fibrogenic signaling and might act downstream of the hedgehog signaling pathway [196].
However, a drawback of integrin targeting is that integrins are important for many vital functions in
the body. A scheme for several different ligands to target HSC receptors has been generated (Figure 3).

The hormone relaxin represents a potential anti-fibrotic ligand which binds to its receptor on
HSC [197]. One of the important effects of relaxin is the widespread remodeling of the extracellular
matrix, which includes altered secretion and degradation of its components [188]. The role of relaxin
as an anti-fibrotic agent has been demonstrated in experiments on genetically engineered mice that are
deficient in the relaxin gene. These mice spontaneously developed age-related fibrosis of the lungs,
heart, skin, and kidneys [198]. It turned out that relaxin also affects the processes of fibrogenesis in the
liver. Treatment with relaxin in rats caused acute changes in the microcirculation of the liver [198],
and morphological changes were found in non-parenchymal sinusoidal cells [199]. The effects of
relaxin were mediated by activation of the receptor for the peptide 1 family of relaxins (RXFP1), which is
expressed predominantly in HSC in the liver [197]. Finally, using an in vivo model of experimental
liver fibrosis, it was shown that relaxin prevented the content of liver collagen and was effective in
treating established liver fibrosis [200]. Thus, relaxin has established itself as an active therapeutic
agent in the treatment of liver fibrosis. However, free relaxin has a very short half-life due to its small
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size (6 kDa) and rapid renal clearance [201]. Frequent administration of relaxin in chronic fibrosis
increases systemic vasodilation, which adversely affects the general condition of the body [199].

When studying the effects of relaxin on fibrosis, it was shown that relaxin conjugated nanoparticles
significantly inhibited differentiation, TGF-β-induced migration, and contractile ability of human HSC
in contrast to the control, where free relaxin was used; in addition, they drastically reduced collagen
gel contraction with maximum inhibitory effects [176].

The evolving and expanding field of RNA technologies has a huge potential to bring up novel
drugs. Recently, the first siRNA-based drug, Patisiran, was approved [202]. In the area of liver fibrosis
research, Bangen and colleagues demonstrated that inhibiting the cell cycle protein cyclin E1 during
liver fibrosis progression in CCl4-induced fibrosis significantly reduced disease severity [203]. RNA
interference may also make use of nucleic acids to manipulate micro-RNA, which is known to also
regulate the inflammatory processes in liver fibrosis [204]. Local release of therapeutic RNA might
further improve efficiency of RNA interference technology.

 
Figure 3. Ligand-based targeting of hepatic stellate cells. Hepatic stellate cells can be targeted based on
their expression of receptors on their surface, in the cytoplasm, or inside the cell nucleus. The endocytic
route allows the transport of HSC-directed sncRNA, small molecules, or liposomal carriers.

In conclusion, the path towards an efficient treatment of fibrosis remains a rocky road equipped
with many pitfalls. However, the high number of drugs evaluated for novel therapies is encouraging.
Targeted drugs that might be further improved by magnetism may represent anti-fibrotic drugs of the
upcoming generations.

Author Contributions: Writing—original draft preparation, K.L., A.O. and M.B.; writing—review and editing,
M.B., V.R., R.W.

Funding: Research in the group of M.B. was funded by the German Research Foundation (DFG), BA 6226/2-1 and
the Wilhelm Sander Foundation (2018.129.1). R.W. is supported by the German Research Foundation (SFB/TRR57,
projects P13 and Q3) and the Interdisciplinary Centre for Clinical Research (IZKF) within the Faculty of Medicine
at the RWTH Aachen University (Project O3-1). K.L., A.O. and V.R., are supported by the Ministry of Education
and Science of the Russian Federation in the framework of government assignment 3.4168.2017/4.6 and by the
support of the 5 top 100 Russian Academic Excellence Project at the Immanuel Kant Baltic Federal University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hodgson, H.J. Basic and clinical aspects of liver growth: Prometheus revisited. Humphry Davy Rolleston
Lecture 1992. J. Roy. Coll. Phys. Lond. 1993, 27, 278–283.

2. Zajicek, G.; Oren, R.; Weinreb, M., Jr. The streaming liver. Liver 1985, 5, 293–300. [CrossRef] [PubMed]
3. Van Dijk, F.; Teekamp, N.; Beljaars, L.; Post, E.; Schuppan, D.; Kim, Y.; Poelstra, K.; Frijlink, E.; Hinrichs, W.;

Olinga, P. Towards clinical use of targeted therapies for liver fibrosis: Development of a sustained release
formulation for therapeutic proteins. J. Hepatol. 2017, 66, S44. [CrossRef]

4. Lee, Y.A.; Wallace, M.C.; Friedman, S.L. Pathobiology of liver fibrosis: A translational success story. Gut
2015, 64, 830–841. [CrossRef] [PubMed]

234



Cells 2019, 8, 1279

5. Weiskirchen, R.; Tacke, F. Liver Fibrosis: From Pathogenesis to Novel Therapies. Digest. Dis. 2016, 34,
410–422. [CrossRef]

6. Pinzani, M. Pathophysiology of liver fibrosis. Digest. Dis. 2015, 33, 492–497. [CrossRef]
7. Schuppan, D. Liver fibrosis: Common mechanisms and antifibrotic therapies. Clin. Res. Hepatol. Gastroenterol.

2015, 39, S51–S59. [CrossRef]
8. Ng, M.; Fleming, T.; Robinson, M.; Thomson, B.; Graetz, N.; Margono, C.; Mullany, E.C.; Biryukov, S.;

Abbafati, C.; Abera, S.F.; et al. Global, regional, and national prevalence of overweight and obesity in children
and adults during 1980-2013: A systematic analysis for the Global Burden of Disease Study 2013. Lancet
2014, 384, 766–781. [CrossRef]

9. Dulai, P.S.; Singh, S.; Patel, J.; Soni, M.; Prokop, L.J.; Younossi, Z.; Sebastiani, G.; Ekstedt, M.; Hagstrom, H.;
Nasr, P.; et al. Increased risk of mortality by fibrosis stage in nonalcoholic fatty liver disease: Systematic
review and meta-analysis. Hepatology 2017, 65, 1557–1565. [CrossRef]

10. Siddiqui, M.S.; Harrison, S.A.; Abdelmalek, M.F.; Anstee, Q.M.; Bedossa, P.; Castera, L.; Dimick-Santos, L.;
Friedman, S.L.; Greene, K.; Kleiner, D.E.; et al. Case definitions for inclusion and analysis of endpoints in
clinical trials for nonalcoholic steatohepatitis through the lens of regulatory science. Hepatology 2018, 67,
2001–2012. [CrossRef]

11. Tapper, E.B.; Lok, A.S. Use of Liver Imaging and Biopsy in Clinical Practice. N. Engl. J. Med. 2017, 377,
756–768. [CrossRef] [PubMed]

12. Seki, E.; De Minicis, S.; Osterreicher, C.H.; Kluwe, J.; Osawa, Y.; Brenner, D.A.; Schwabe, R.F. TLR4 enhances
TGF-beta signaling and hepatic fibrosis. Nat. Med. 2007, 13, 1324–1332. [CrossRef] [PubMed]

13. Xiao, Y.; Liu, R.; Li, X.; Gurley, E.C.; Hylemon, P.B.; Lu, Y.; Zhou, H.; Cai, W. Long Noncoding RNA H19
Contributes to Cholangiocyte Proliferation and Cholestatic Liver Fibrosis in Biliary Atresia. Hepatology 2019.
[CrossRef] [PubMed]

14. Sato, K.; Meng, F.; Giang, T.; Glaser, S.; Alpini, G. Mechanisms of cholangiocyte responses to injury. Biochim.
Biophys. Acta Mol. Basis Dis. 2018, 1864, 1262–1269. [CrossRef]

15. Hargrove, L.; Kennedy, L.; Demieville, J.; Jones, H.; Meng, F.; DeMorrow, S.; Karstens, W.; Madeka, T.;
Greene, J., Jr.; Francis, H. Bile duct ligation-induced biliary hyperplasia, hepatic injury, and fibrosis are
reduced in mast cell-deficient Kit(W-sh) mice. Hepatology 2017, 65, 1991–2004. [CrossRef]

16. Bradding, P.; Pejler, G. The controversial role of mast cells in fibrosis. Immunol. Rev. 2018, 282, 198–231.
[CrossRef]

17. Bartneck, M.; Ritz, T.; Keul, H.A.; Wambach, M.; Bornemann, J.; Gbureck, U.; Ehling, J.; Lammers, T.;
Heymann, F.; Gassler, N.; et al. Peptide-functionalized gold nanorods increase liver injury in hepatitis. ACS
Nano 2012, 6, 8767–8777. [CrossRef]

18. Kupffer, K.W.v. Über Sternzellen der Leber. Arch Mikroskop Anat., 1876; Volume 12, pp. 353–358.
Available online: http://www.springerlink.com/index/F7X6532P76172836.pdf (accessed on 17 October 2019).

19. Metchnikof, E. Ueber die phagocytäre Rolle der Tuberkelriesenzellen. Archiv für pathologische Anatomie
und Physiologie und für klinische Medecin, 1888; Volume 113, pp. 63–94. Available online: http://www.
springerlink.com/index/70U3823357485325.pdf (accessed on 17 October 2019).

20. Krenkel, O.; Puengel, T.; Govaere, O.; Abdallah, A.T.; Mossanen, J.C.; Kohlhepp, M.; Liepelt, A.; Lefebvre, E.;
Luedde, T.; Hellerbrand, C.; et al. Therapeutic inhibition of inflammatory monocyte recruitment reduces
steatohepatitis and liver fibrosis. Hepatology 2018, 67, 1270–1283. [CrossRef]

21. Krenkel, O.; Hundertmark, J.; Ritz, T.P.; Weiskirchen, R.; Tacke, F. Single Cell RNA Sequencing Identifies
Subsets of Hepatic Stellate Cells and Myofibroblasts in Liver Fibrosis. Cells 2019, 8, 503. [CrossRef]

22. Trautwein, C.; Friedman, S.L.; Schuppan, D.; Pinzani, M. Hepatic fibrosis: Concept to treatment. J. Hepatol.
2015, 62, S15–S24. [CrossRef]

23. Tsuchida, T.; Friedman, S.L. Mechanisms of hepatic stellate cell activation. Nat. Rev. Gastroenterol. Hepatol.
2017, 14, 397–411. [CrossRef] [PubMed]

24. Campana, L.; Iredale, J.P. Regression of Liver Fibrosis. Semin. Liver Dis. 2017, 37, 1–10. [PubMed]
25. Hutchinson, J.H.; Rowbottom, M.W.; Lonergan, D.; Darlington, J.; Prodanovich, P.; King, C.D.; Evans, J.F.;

Bain, G. Small Molecule Lysyl Oxidase-like 2 (LOXL2) Inhibitors: The Identification of an Inhibitor Selective
for LOXL2 over LOX. ACS Med. Chem. Lett. 2017, 8, 423–427. [CrossRef] [PubMed]

235



Cells 2019, 8, 1279

26. Bartneck, M.; Fech, V.; Ehling, J.; Govaere, O.; Warzecha, K.T.; Hittatiya, K.; Vucur, M.; Gautheron, J.; Luedde, T.;
Trautwein, C.; et al. Histidine-rich glycoprotein promotes macrophage activation and inflammation in
chronic liver disease. Hepatology 2016, 63, 1310–1324. [CrossRef] [PubMed]

27. Jun, J.I.; Lau, L.F. Resolution of organ fibrosis. J. Clin. Invest. 2018, 128, 97–107. [CrossRef] [PubMed]
28. Vilar-Gomez, E.; Martinez-Perez, Y.; Calzadilla-Bertot, L.; Torres-Gonzalez, A.; Gra-Oramas, B.;

Gonzalez-Fabian, L.; Friedman, S.L.; Diago, M.; Romero-Gomez, M. Weight Loss Through Lifestyle
Modification Significantly Reduces Features of Nonalcoholic Steatohepatitis. Gastroenterology 2015, 149,
367–378. [CrossRef] [PubMed]

29. Marcellin, P.; Gane, E.; Buti, M.; Afdhal, N.; Sievert, W.; Jacobson, I.M.; Washington, M.K.; Germanidis, G.;
Flaherty, J.F.; Aguilar Schall, R.; et al. Regression of cirrhosis during treatment with tenofovir disoproxil
fumarate for chronic hepatitis B: A 5-year open-label follow-up study. Lancet 2013, 381, 468–475. [CrossRef]

30. Ellis, E.L.; Mann, D.A. Clinical evidence for the regression of liver fibrosis. J. Hepatol. 2012, 56, 1171–1180.
[CrossRef]

31. Luedde, T.; Kaplowitz, N.; Schwabe, R.F. Cell death and cell death responses in liver disease: Mechanisms
and clinical relevance. Gastroenterology 2014, 147, 765–783. [CrossRef]

32. Wree, A.; Mehal, W.Z.; Feldstein, A.E. Targeting Cell Death and Sterile Inflammation Loop for the Treatment
of Nonalcoholic Steatohepatitis. Semin. Liver Dis. 2016, 36, 27–36. [CrossRef]

33. Vanden Berghe, T.; Linkermann, A.; Jouan-Lanhouet, S.; Walczak, H.; Vandenabeele, P. Regulated necrosis:
The expanding network of non-apoptotic cell death pathways. Nat. Rev. Mol. Cell Biol. 2014, 15, 135–147.
[CrossRef] [PubMed]

34. Loomba, R.; Lawitz, E.; Mantry, P.S.; Jayakumar, S.; Caldwell, S.H.; Arnold, H.; Diehl, A.M.; Djedjos, C.S.;
Han, L.; Myers, R.P.; et al. The ASK1 inhibitor selonsertib in patients with nonalcoholic steatohepatitis:
A randomized, phase 2 trial. Hepatology 2018, 67, 549–559. [CrossRef] [PubMed]

35. Fickert, P.; Fuchsbichler, A.; Moustafa, T.; Wagner, M.; Zollner, G.; Halilbasic, E.; Stoger, U.; Arrese, M.;
Pizarro, M.; Solis, N.; et al. Farnesoid X receptor critically determines the fibrotic response in mice but is
expressed to a low extent in human hepatic stellate cells and periductal myofibroblasts. Am. J. Pathol. 2009,
175, 2392–2405. [CrossRef] [PubMed]

36. Roth, J.D.; Veidal, S.S.; Fensholdt, L.K.D.; Rigbolt, K.T.G.; Papazyan, R.; Nielsen, J.C.; Feigh, M.; Vrang, N.;
Young, M.; Jelsing, J.; et al. Combined obeticholic acid and elafibranor treatment promotes additive liver
histological improvements in a diet-induced ob/ob mouse model of biopsy-confirmed NASH. Sci. Rep. 2019,
9, 9046. [CrossRef]

37. Lefebvre, E.; Moyle, G.; Reshef, R.; Richman, L.P.; Thompson, M.; Hong, F.; Chou, H.L.; Hashiguchi, T.;
Plato, C.; Poulin, D.; et al. Antifibrotic Effects of the Dual CCR2/CCR5 Antagonist Cenicriviroc in Animal
Models of Liver and Kidney Fibrosis. PLoS ONE 2016, 11, e0158156. [CrossRef]

38. Friedman, S.; Sanyal, A.; Goodman, Z.; Lefebvre, E.; Gottwald, M.; Fischer, L.; Ratziu, V. Efficacy and safety
study of cenicriviroc for the treatment of non-alcoholic steatohepatitis in adult subjects with liver fibrosis:
CENTAUR Phase 2b study design. Contemp. Clin. Trials 2016, 47, 356–365. [CrossRef]

39. Fisher, F.M.; Chui, P.C.; Nasser, I.A.; Popov, Y.; Cunniff, J.C.; Lundasen, T.; Kharitonenkov, A.; Schuppan, D.;
Flier, J.S.; Maratos-Flier, E. Fibroblast growth factor 21 limits lipotoxicity by promoting hepatic fatty acid
activation in mice on methionine and choline-deficient diets. Gastroenterology 2014, 147, 1073–1083. [CrossRef]

40. Armstrong, M.J.; Gaunt, P.; Aithal, G.P.; Barton, D.; Hull, D.; Parker, R.; Hazlehurst, J.M.; Guo, K.; Abouda, G.;
Aldersley, M.A.; et al. Liraglutide safety and efficacy in patients with non-alcoholic steatohepatitis (LEAN): A
multicentre, double-blind, randomised, placebo-controlled phase 2 study. Lancet 2016, 387, 679–690. [CrossRef]

41. Stiede, K.; Miao, W.; Blanchette, H.S.; Beysen, C.; Harriman, G.; Harwood, H.J., Jr.; Kelley, H.; Kapeller, R.;
Schmalbach, T.; Westlin, W.F. Acetyl-coenzyme A carboxylase inhibition reduces de novo lipogenesis in overweight
male subjects: A randomized, double-blind, crossover study. Hepatology 2017, 66, 324–334. [CrossRef]

42. Harrison, S.A.; Rinella, M.E.; Abdelmalek, M.F.; Trotter, J.F.; Paredes, A.H.; Arnold, H.L.; Kugelmas, M.;
Bashir, M.R.; Jaros, M.J.; Ling, L.; et al. NGM282 for treatment of non-alcoholic steatohepatitis: A multicentre,
randomised, double-blind, placebo-controlled, phase 2 trial. Lancet 2018, 391, 1174–1185. [CrossRef]

43. Gubin, S.P.; Koksharov, Y.A.; Khomutov, G.; Yurkov, G.Y. Magnetic nanoparticles: Preparation, structure and
properties. Russ. Chem. Rev. 2005, 74, 489. [CrossRef]

44. Krishnan, K.M. Fundamentals and Applications of Magnetic Materials; Oxford University Press: Oxford,
UK, 2016.

236



Cells 2019, 8, 1279

45. Cullity, B.D.; Graham, C.D. Introduction to Magnetic Materials; John Wiley & Sons: Hoboken, NJ, USA, 2011.
46. Peddis, D.; Jönsson, P.E.; Laureti, S.; Varvaro, G. Magnetic interactions: A tool to modify the magnetic

properties of materials based on nanoparticles. In Frontiers of Nanoscience; Elsevier: Amsterdam,
The Netherlands, 2014; pp. 129–188.

47. Liu, J.P.; Fullerton, E.; Gutfleisch, O.; Sellmyer, D.J. Nanoscale Magnetic Materials and Applications; Springer:
Berlin, Germany, 2009.

48. Pankhurst, Q.; Thanh, N.; Jones, S.; Dobson, J. Progress in applications of magnetic nanoparticles in
biomedicine. J. Phys. D Appl. Phys. 2009, 42, 224001. [CrossRef]

49. Pankhurst, Q.A.; Connolly, J.; Jones, S.; Dobson, J. Applications of magnetic nanoparticles in biomedicine.
J. Phys. D Appl. Phys. 2003, 36, R167. [CrossRef]

50. De Crozals, G.; Bonnet, R.; Farre, C.; Chaix, C. Nanoparticles with multiple properties for biomedical
applications: A strategic guide. Nano Today 2016, 11, 435–463. [CrossRef]

51. Stoner, E.C.; Wohlfarth, E. A mechanism of magnetic hysteresis in heterogeneous alloys. Philos. Trans. R. Soc.
Lond. Ser. A Math. Phys. Sci. 1948, 240, 599–642. [CrossRef]

52. Dormann, J.L.; Fiorani, D.; Tronc, E. Magnetic relaxation in fine-particle systems. Adv. Chem. Phys. 1997, 283.
[CrossRef]

53. Angelakeris, M. Magnetic nanoparticles: A multifunctional vehicle for modern theranostics. Biochim. Biophys.
Acta 2017, 1861, 1642–1651. [CrossRef]

54. Knobel, M.; Nunes, W.; Socolovsky, L.; De Biasi, E.; Vargas, J.; Denardin, J. Superparamagnetism and other
magnetic features in granular materials: A review on ideal and real systems. J. Nanosci. Nanotechnol. 2008, 8,
2836–2857. [CrossRef]

55. Di Corato, R.; Espinosa, A.; Lartigue, L.; Tharaud, M.; Chat, S.; Pellegrino, T.; Ménager, C.; Gazeau, F.;
Wilhelm, C. Magnetic hyperthermia efficiency in the cellular environment for different nanoparticle designs.
Biomaterials 2014, 35, 6400–6411. [CrossRef]

56. Bartneck, M. Immunomodulatory Nanomedicine. Macromol. Biosci. 2017. Published online on 6 April.
[CrossRef]

57. Salas, G.; Veintemillas-Verdaguer, S.; Morales, M.d.P. Relationship between physico-chemical properties of
magnetic fluids and their heating capacity. Int. J. Hyperthermia 2013, 29, 768–776. [CrossRef] [PubMed]

58. Weissleder, R.; Bogdanov, A.; Neuwelt, E.A.; Papisov, M. Long-circulating iron oxides for MR imaging. Adv.
Drug Deliv. Rev. 1995, 16, 321–334. [CrossRef]

59. Peer, D.; Karp, J.M.; Hong, S.; Farokhzad, O.C.; Margalit, R.; Langer, R. Nanocarriers as an emerging platform
for cancer therapy. Nat. Nanotechnol. 2007, 2, 751. [CrossRef] [PubMed]

60. Arami, H.; Khandhar, A.; Liggitt, D.; Krishnan, K.M. In vivo delivery, pharmacokinetics, biodistribution and
toxicity of iron oxide nanoparticles. Chem. Soc. Rev. 2015, 44, 8576–8607. [CrossRef] [PubMed]

61. Thomas, C.R.; Ferris, D.P.; Lee, J.-H.; Choi, E.; Cho, M.H.; Kim, E.S.; Stoddart, J.F.; Shin, J.-S.; Cheon, J.;
Zink, J.I. Noninvasive remote-controlled release of drug molecules in vitro using magnetic actuation of
mechanized nanoparticles. J. Am. Chem. Soc. 2010, 132, 10623–10625. [CrossRef] [PubMed]

62. Cheon, J.; Lee, J.-H. Synergistically integrated nanoparticles as multimodal probes for nanobiotechnology.
Acc. Chem. Res. 2008, 41, 1630–1640. [CrossRef] [PubMed]

63. McCarthy, J.R.; Weissleder, R. Multifunctional magnetic nanoparticles for targeted imaging and therapy.
Adv. Drug Deliv. Rev. 2008, 60, 1241–1251. [CrossRef]

64. Batlle, X.; Pérez, N.; Guardia, P.; Iglesias, O.; Labarta, A.; Bartolomé, F.; García, L.; Bartolomé, J.; Roca, A.;
Morales, M. Magnetic nanoparticles with bulklike properties. J. Appl. Phys. 2011, 109, 07B524. [CrossRef]

65. Lacroix, L.-M.; Lachaize, S.; Falqui, A.; Blon, T.; Carrey, J.; Respaud, M.; Dumestre, F.; Amiens, C.; Margeat, O.;
Chaudret, B. Ultrasmall iron nanoparticles: Effect of size reduction on anisotropy and magnetization. J. Appl.
Phys. 2008, 103, 07D521. [CrossRef]

66. Iv, M.; Telischak, N.; Feng, D.; Holdsworth, S.J.; Yeom, K.W.; Daldrup-Link, H.E. Clinical applications of
iron oxide nanoparticles for magnetic resonance imaging of brain tumors. Nanomedicine 2015, 10, 993–1018.
[CrossRef]

67. Weissleder, R.; Elizondo, G.; Wittenberg, J.; Rabito, C.; Bengele, H.; Josephson, L. Ultrasmall
superparamagnetic iron oxide: Characterization of a new class of contrast agents for MR imaging. Radiology
1990, 175, 489–493. [CrossRef] [PubMed]

237



Cells 2019, 8, 1279

68. Laurent, S.; Vander Elst, L.; Muller, R.N. Superparamagnetic iron oxide nanoparticles for MRI. In The
Chemistry of Contrast Agents in Medical Magmetic Resonance Imaging; John Wiley & Sons, Ltd.: Hoboken, NJ,
USA, 2013; pp. 427–447.

69. Morales, I.; Costo, R.; Mille, N.; Silva, G.B.d.; Carrey, J.; Hernando, A.; Presa, P.d.l. High Frequency Hysteresis
Losses on γ-Fe2O3 and Fe3O4: Susceptibility as a Magnetic Stamp for Chain Formation. Nanomaterials 2018,
8, 970. [CrossRef]

70. Carrey, J.; Mehdaoui, B.; Respaud, M. Simple models for dynamic hysteresis loop calculations of magnetic
single-domain nanoparticles: Application to magnetic hyperthermia optimization. J. Appl. Phys. 2011, 109,
083921. [CrossRef]

71. da Silva, F.; Depeyrot, J.; Campos, A.; Aquino, R.; Fiorani, D.; Peddis, D. Structural and Magnetic Properties
of Spinel Ferrite Nanoparticles. J. Nanosci. Nanotechnol. 2019, 19, 4888–4902. [CrossRef] [PubMed]

72. Wagener, P.; Jakobi, J.; Rehbock, C.; Chakravadhanula, V.S.K.; Thede, C.; Wiedwald, U.; Bartsch, M.; Kienle, L.;
Barcikowski, S. Solvent-surface interactions control the phase structure in laser-generated iron-gold core-shell
nanoparticles. Sci. Rep. 2016, 6, 23352. [CrossRef] [PubMed]

73. Maneeratanasarn, P.; Khai, T.V.; Kim, S.Y.; Choi, B.G.; Shim, K.B. Synthesis of phase-controlled iron oxide
nanoparticles by pulsed laser ablation in different liquid media. Phys. Status Solidi A 2013, 210, 563–569.
[CrossRef]

74. Fazio, E.; Santoro, M.; Lentini, G.; Franco, D.; Guglielmino, S.P.P.; Neri, F. Iron oxide nanoparticles prepared
by laser ablation: Synthesis, structural properties and antimicrobial activity. Colloids Surf. A 2016, 490, 98–103.
[CrossRef]

75. Xiao, J.; Liu, P.; Wang, C.; Yang, G. External field-assisted laser ablation in liquid: An efficient strategy for
nanocrystal synthesis and nanostructure assembly. Prog. Mater. Sci. 2017, 87, 140–220. [CrossRef]

76. Amendola, V.; Meneghetti, M.; Granozzi, G.; Agnoli, S.; Polizzi, S.; Riello, P.; Boscaini, A.; Anselmi, C.;
Fracasso, G.; Colombatti, M. Top-down synthesis of multifunctional iron oxide nanoparticles for macrophage
labelling and manipulation. J. Mater. Chem. 2011, 21, 3803–3813. [CrossRef]

77. Vitol, E.A.; Novosad, V.; Rozhkova, E.A. Microfabricated magnetic structures for future medicine: From
sensors to cell actuators. Nanomedicine 2012, 7, 1611–1624. [CrossRef]

78. Kim, D.-H.; Rozhkova, E.A.; Ulasov, I.V.; Bader, S.D.; Rajh, T.; Lesniak, M.S.; Novosad, V. Biofunctionalized
magnetic-vortex microdiscs for targeted cancer-cell destruction. Nat. Mater. 2010, 9, 165. [CrossRef]
[PubMed]

79. Litvinov, J.; Nasrullah, A.; Sherlock, T.; Wang, Y.-J.; Ruchhoeft, P.; Willson, R.C. High-throughput top-down
fabrication of uniform magnetic particles. PLoS ONE 2012, 7, e37440. [CrossRef] [PubMed]

80. Kosiorek, A.; Kandulski, W.; Glaczynska, H.; Giersig, M. Fabrication of nanoscale rings, dots, and rods by
combining shadow nanosphere lithography and annealed polystyrene nanosphere masks. Small 2005, 1,
439–444. [CrossRef] [PubMed]

81. del Campo, A.; Arzt, E. Fabrication approaches for generating complex micro-and nanopatterns on polymeric
surfaces. Chem. Rev. 2008, 108, 911–945. [CrossRef] [PubMed]

82. Svetlichnyi, V.; Shabalina, A.; Lapin, I.; Goncharova, D.; Velikanov, D.; Sokolov, A. Characterization and
magnetic properties study for magnetite nanoparticles obtained by pulsed laser ablation in water. Appl. Phys.
A 2017, 123, 763. [CrossRef]

83. Yue, M.; Zhang, X.; Liu, J.P. Fabrication of bulk nanostructured permanent magnets with high energy density:
Challenges and approaches. Nanoscale 2017, 9, 3674–3697. [CrossRef] [PubMed]

84. Bellusci, M.; Guglielmi, P.; Masi, A.; Padella, F.; Singh, G.; Yaacoub, N.; Peddis, D.; Secci, D. Magnetic
Metal–Organic Framework Composite by Fast and Facile Mechanochemical Process. Inorg. Chem. 2018, 57,
1806–1814. [CrossRef]

85. Thanh, N.T.; Maclean, N.; Mahiddine, S. Mechanisms of nucleation and growth of nanoparticles in solution.
Chem. Rev. 2014, 114, 7610–7630. [CrossRef]

86. Vayssieres, L.; Chanéac, C.; Tronc, E.; Jolivet, J.P. Size tailoring of magnetite particles formed by aqueous
precipitation: An example of thermodynamic stability of nanometric oxide particles. J. Colloid Interface Sci.
1998, 205, 205–212. [CrossRef]

87. Roca, A.G.; Gutierrez, L.; Gavilán, H.; Brollo, M.E.F.; Veintemillas-Verdaguer, S.; del Puerto Morales, M.
Design strategies for shape-controlled magnetic iron oxide nanoparticles. Adv. Drug Deliv. Rev. 2018, 138,
68–104. [CrossRef]

238



Cells 2019, 8, 1279

88. Salvador, M.; Moyano, A.; Martínez-García, J.C.; Blanco-López, M.C.; Rivas, M. Synthesis of
Superparamagnetic Iron Oxide Nanoparticles: SWOT Analysis Towards Their Conjugation to Biomolecules
for Molecular Recognition Applications. J. Nanosci. Nanotechnol. 2019, 19, 4839–4856. [CrossRef] [PubMed]

89. Massart, R. Preparation of aqueous magnetic liquids in alkaline and acidic media. IEEE Trans. Magn. 1981,
17, 1247–1248. [CrossRef]

90. Daffé, N.; Choueikani, F.; Neveu, S.; Arrio, M.-A.; Juhin, A.; Ohresser, P.; Dupuis, V.; Sainctavit, P. Magnetic
anisotropies and cationic distribution in CoFe2O4 nanoparticles prepared by co-precipitation route: Influence
of particle size and stoichiometry. J. Magn. Magn. Mater. 2018, 460, 243–252. [CrossRef]

91. Yelenich, O.; Solopan, S.; Kolodiazhnyi, T.; Tykhonenko, Y.; Tovstolytkin, A.; Belous, A. Magnetic properties
and AC losses in AFe2O4 (A=Mn, Co, Ni, Zn) nanoparticles synthesized from nonaqueous solution. J. Chem.
2015, 2015, 532198. [CrossRef]

92. Nedelkoski, Z.; Kepaptsoglou, D.; Lari, L.; Wen, T.; Booth, R.A.; Oberdick, S.D.; Galindo, P.L.; Ramasse, Q.M.;
Evans, R.F.; Majetich, S. Origin of reduced magnetization and domain formation in small magnetite
nanoparticles. Sci. Rep. 2017, 7, 45997. [CrossRef]
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Abstract: Background: The current diagnosis of early-stage liver fibrosis often relies on a serological
or imaging-based evaluation of the stage of fibrosis, sometimes followed by an invasive liver biopsy
procedure. Novel non-invasive experimental diagnostic tools are often based on markers of hepatocyte
damage, or changes in liver stiffness and architecture, which are late-stage characteristics of fibrosis
progression, making them unsuitable for the diagnosis of early-stage liver fibrosis. miRNAs control
hepatic stellate cell (HSC) activation and are proposed as relevant diagnostic markers. Methods:
We investigated the possibility of circulating miRNAs, which we found to be dysregulated upon
HSC activation, to mark the presence of significant liver fibrosis (F ≥ 2) in patients with chronic
alcohol abuse, chronic viral infection (HBV/HCV), and non-alcoholic fatty liver disease (NAFLD).
Results: miRNA-profiling identified miRNA-451a, miRNA-142-5p, Let-7f-5p, and miRNA-378a-3p
to be significantly dysregulated upon in vitro HSC activation, and to be highly enriched in their
extracellular vesicles, suggesting their potential use as biomarkers. Analysis of the plasma of patients
with significant liver fibrosis (F ≥ 2) and no or mild fibrosis (F = 0–1), using miRNA-122-5p and
miRNA-29a-3p as positive control, found miRNA-451a, miRNA-142-5p, and Let-7f-5p, but not
miRNA-378a-3p, able to distinguish between the two patient populations. Using logistic regression
analysis, combining all five dysregulated circulating miRNAs, we created the miRFIB-score with a
predictive value superior to the clinical scores Fibrosis-4 (Fib-4), aspartate aminotransferase/alanine
aminotransferase (AST/ALT) ratio, and AST to platelet ratio index (APRI). The combination of
the miRFIB-score with circulating PDGFRβ-levels further increased the predictive capacity for the
diagnosis of significant liver fibrosis. Conclusions: The miRFIB- and miRFIBp-scores are accurate
tools for the diagnosis of significant liver fibrosis in a heterogeneous patient population.

Keywords: biomarker; NAFLD; viral liver disease; alcoholic liver disease; microRNA; hepatic stellate
cell; fibrosis; diagnosis; liquid biopsy

1. Introduction

Liver fibrosis and subsequent cirrhosis result in over one million deaths per year worldwide,
making it the eleventh most common cause of death in adults [1]. The three most important causes
for the development of liver fibrosis are chronic alcohol abuse, chronic infection with the hepatitis B
(HBV) or C (HCV) virus, and metabolic syndrome, which can result in non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH) [2]. Upon the chronic presence of such liver
injury-causing circumstances, inflammatory signals within the liver will induce hepatocyte-damage
and the activation of liver-resident hepatic stellate cells (HSCs) towards a myofibroblastic phenotype.
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This activation process is marked by an excessive production and deposition of extracellular matrix [3].
The early development of fibrosis, and its progression towards cirrhosis, can be halted and even
reverted upon suitable treatment, such as the administration of anti-viral drugs, or significant life-style
changes [4]. Importantly, overall disease outcome improves when the treatment is started as early as
possible in the disease process [5].

To date, liver biopsy remains the gold standard for grading and staging liver fibrosis. Unfortunately,
this technique is associated with sampling and interpretation variability [6], doubtable cost–benefit
ratios [7], and a risk of pain and bleeding [8]. These drawbacks limit the use of liver biopsy as a tool
for screening or follow-up. Various non-invasive diagnostic tools have been developed, of which
some have made their way into clinical practice, including serological scoring tools, such as the
enhanced liver fibrosis (ELF) test, aspartate aminotransferase/alanine aminotransferase (AST/ALT)
ratio, Fibrosis-4 (Fib-4) score, and the AST to platelet ratio index (APRI), and imaging-based tools,
such as transient elastography (FibroScan®), shear wave elastography (SWE), and acoustic radiation
force impulse (ARFI) [9]. However, these non-invasive techniques have not yet led to full redundancy
of the liver biopsy, especially due to their limited sensitivity and specificity for the detection of early
stages of liver fibrosis.

MicroRNAs (miRNAs) are non-coding, single-stranded RNA structures of approximately 22
nucleotides long, and function as posttranscriptional gene regulators. More specifically, through
binding to the 3’ untranslated regions of target messenger RNAs (mRNA), they can induce their
cleavage, or prevent their translation into proteins [10]. Some miRNAs are known to be expressed in a
cell- or tissue-specific manner. miRNAs are found in almost all body fluids, where they obtain stability
by packaging into extracellular vesicles, or association to Argonaute2 or high-density lipoproteins [11].
Recent research has identified the potential of miRNAs to be used as diagnostic tools for specific
subsets of liver disease, often focusing on the diagnosis of liver cirrhosis and hepatocellular carcinoma
(HCC) [12,13]. However, the diagnostic value of individual miRNAs, or miRNA-panels, for the
identification of early stages of liver fibrosis in heterogeneous patient populations remains to be proven.

In this study, we aimed to investigate the diagnostic value of miRNAs for the identification
of significant liver fibrosis in a heterogeneous patient cohort suffering from chronic liver disease.
We found that plasma levels of several individual miRNAs associated with HSC activation can
distinguish between no or mild fibrosis (F0–1) and significant liver fibrosis (F ≥ 2). More importantly,
the combination of the plasma levels of five miRNAs and PDGFRβ protein levels into the miRFIBP-score
increased the predictive capacity for the diagnosis of significant liver fibrosis and outperformed clinical
scores, such as Fib-4, the AST/ALT ratio, and APRI.

2. Materials and Methods

2.1. Animal Studies

The use and care of animals was reviewed and approved by the Ethical Committee of Animal
Experimentation of the Vrije Universiteit Brussel (Brussels, Belgium) in project 16-212-2, and was carried
out in accordance with European Guidelines for the Care and Use of Laboratory Animals. All mice
were housed in a controlled environment with free access to water and food. Primary HSCs were
isolated from male Balb/c mice aged 25 to 30 weeks (Charles River Laboratories, L’Arbresle, France),
as described earlier [14,15]. Briefly, murine livers were digested by enzymatic solutions consisting of
collagenase (Roche diagnostics, Mannheim, Germany) and pronase E (Merck, Darmstadt, Germany).
The resulting cell suspension was centrifuged at low speed to remove hepatocytes. Hepatic stellate
cells (HSCs) were purified from the non-parenchymal fraction based on their buoyancy, using an 8%
Nycodenz (Axis-shield PoC AS, Dundee, Scotland) solution. Isolated HSCs were cultured on regular
tissue culture dishes (Greiner Bio-One, Vilvoorde, Belgium), in Dulbecco’s modified Eagle’s medium
(Lonza, Verviers, Belgium) supplemented with 10% foetal bovine serum (Lonza, Verviers, Belgium),
2 mM L-glutamine (Ultraglutamine 1®) (Lonza), 100 U/mL penicillin, and 100 μg/mL streptomycin

246



Cells 2019, 8, 1003

(Pen-Strep®) (Lonza), inducing in vitro myofibroblastic transdifferentiation. Cell purity was confirmed
by the presence of lipid droplets and staining for HSC-specific markers.

For the in vivo induction of liver fibrosis, 10-week old mice received eight intraperitoneal injections
of 15 μL carbon tetrachloride (CCl4) diluted in 85μL mineral oil (Sigma-Aldrich, St. Louis, MO, USA)
per 30 g bodyweight over a period of four weeks. Mice were sacrificed 24 h after the last injection.

2.2. Patient Cohort

Patients with liver fibrosis caused by chronic alcohol abuse and chronic viral hepatitis were
recruited from the Department of Gastroenterology and Hepatology of the University Hospital of
Brussels (UZ Brussel), Belgium. The extent of liver fibrosis in these patients was determined based
on transient elastography (FibroScan®, Echosens, France). Patients with at least 10 valid stiffness
measurements with a success rate of minimum 60% were included in the final analysis. Cut-off values
used to discriminate fibrotic stages equal to or more than F2, F3, and F4 were taken at 7.2 kPa, 9.5 kPa,
and 12.5 kPa [16], respectively. Patients with liver fibrosis suffering from NAFLD were recruited
from the Diabetes Centre of the University Hospital of Brussels (UZ Brussel, Brussels, Belgium)
in collaboration with the Department of Gastroenterology and Hepatology (UZ Brussel, Brussels,
Belgium). In these patients, the extent of fibrosis was determined by use of acoustic radiation force
impulse (ARFI), using cut-off values of 1.25 m/s, 1.54 m/s, and 1.84 m/s to identify a fibrotic stage
equal to, or more than F2, F3, and F4, respectively. All NAFLD-patients had Diabetes Mellitus type 2.
The protocol of this study was approved by the local ethical committee of the UZ Brussel and Vrije
Universiteit Brussel (reference number 2015/297; B.U.N. 143201525482) and was in accordance with the
Declaration of Helsinki. An informed consent was obtained from all participants, prior to inclusion in
the study.

2.3. Blood Collection

Blood samples were collected by venepuncture into evacuated ethylenediaminetetraacetic acid
(EDTA-KE) S-Monovette tubes (Sarstedt AG & Co, Nümbrecht, Germany) on the day of FibroScan or
ARFI. All samples were subjected to haematological and biochemical analyses. Plasma was created
within a maximum timespan of 2 h after collection, using a two-step centrifugation protocol of 1500 g
for 10 min (4 ◦C), followed by 2000 g for 3 min (4 ◦C). Plasma was frozen at −80 ◦C until further use.

2.4. Serological Scoring of Fibrosis

Haematological analyses and subsequent serological scoring algorithms, such as our recently
developed PRTA-score [17] and the clinical algorithms Fib-4, APRI, and the AST/ALT ratio, were used
to validate the elastography-based fibrosis scoring. The PRTA-score, Fib-4, and APRI were calculated
using following formulae:

Fib-4 = age × AST[IU/L]/(thrombocytes[109/L] × (ALT[IU/L])1/2);

APRI = (AST[IU/L]/ULN)/thrombocytes[109/L];

PRTA-score = (sPDGFRβ[pg/mL] × 100)/(albumin[g/L] × (thrombocytes[/mm3]/100)).

2.5. Messenger RNA and microRNA Analysis

miRNAs were extracted from 500 μL human- or 150 μL mouse-plasma by use of the
Nucleospin® miRNA Plasma kit (Macherey-Nagel, Düren, Germany), using the manufacturer’s
protocol. Caenorhabditis elegans miRNA-39 (Cel-miRNA-39) (Qiagen, Hilden, Germany) was
added into the plasma lysate before the start of the extraction protocol and served as an external
processing control. Total RNA from liver tissue and cultured hepatic stellate cells was extracted by
the TRIzol reagent (ThermoFisher scientific, Waltham, USA) and ReliaPrepTM RNA Miniprep system
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(Promega, Madison, WI, USA), using the manufacturers’ protocol. Messenger RNA (mRNA) was
reverse-transcribed into complementary DNA (cDNA) using a mixture of hexamer random primers,
Moloney murine leukemia virus reverse transcriptase (M-MLV RT) Buffer, deoxyribonucleotide
triphosphate (dNTP) mix, M-MLV RT RNase (H-) Point mutant, and RNasin® Plus RNase Inhibitor
(Promega). MicroRNA (miRNA) was reverse transcribed into cDNA using the miScript II RT kit
(Qiagen, Hilden, Germany). The expression profiles of selected mRNA and miRNAs were analyzed
by quantitative real-time polymerase chain reaction (qPCR), using the GoTaq qPCR Master Mix
with BRYT green (Promega) and the miScript SYBR Green PCR kit (Qiagen), respectively, in the
QuantStudio 3 real-time PCR system (ThermoFisher scientific). Obtained results were analyzed using
the QuantStudio 3 Design and Analysis Software (ThermoFisher scientific). Individual gene and
miRNA expression was normalized to Gapdh, RNU6, or Cel-miRNA-39, as appropriate. Relative
expression was calculated using the comparative Ct method (2−ΔΔCT). miRNA- (Supplementary
Table S1) and gene- (Supplementary Table S2) specific primers were produced by Integrated DNA
Technologies (IDT, Leuven, Belgium).

2.6. Histological Evaluation

Four-micrometer paraffin-embedded liver tissue sections were cut, deparaffinized, and rehydrated
before staining with Sirius Red/Fast Green or Hematoxyline/Eosin. The sections were then washed,
dehydrated, and mounted with DPX mounting medium. Whole slide images were taken using the
Aperio CS2 image capture device (Leica, Diegem, Belgium). Collagen staining was quantified using
the Orbit Image Analysis software (Actelion Pharmaceuticals Ltd, Allschwil, Switzerland) [18].

2.7. Immunocytochemistry

After the isolation of primary murine hepatic stellate cells, the cells were cultured on coverslips
for 24 h or 10 days. Cells were washed with PBS and fixed with formalin for 10 min. The cells were
then washed three times with PBS and stored at 4 ◦C until further use. Prior to staining, the cells
were permeabilized using PBS supplemented with 0.1% Triton-X (3 × 5 min). Afterwards, cells were
incubated for 30 min with 0.1% Triton-X PBS containing 2% bovine serum albumin (BSA), to block
non-specific binding sites. The cells were incubated overnight at 4 ◦C with anti-Desmin (1:200, RB-9014-P,
ThermoFisher scientific), or anti-Vimentin (1:200, V5255, Sigma-Aldrich). Three wash-steps using 0.1%
Triton-X PBS were applied, followed by incubation with donkey anti-rabbit Alexa Fluor 488 secondary
antibody (1:200, A21206, ThermoFisher scientific), donkey anti-mouse Alexa Fluor 488 secondary
antibody (1:200, A21202, ThermoFisher scientific), or Cy3-coupled mouse anti-αSMA primary antibody
(1:100, C6198, Sigma-Aldrich) for 1.5 h. Coverslips were mounted with 4′,6-diamidino-2-phenylindole
(DAPI)-containing mounting medium (Dako, Denmark). Images were taken using the EVOS FL
fluorescence microscope (ThermoFisher).

2.8. Statistical Analysis

Data were analyzed using GraphPad Prism 8 (GraphPad, Palo Alto, USA). Quantitative variables
are expressed as means ± standard error of the mean (SEM) or expressed as boxplots using the Tukey
representation. Statistical analyses were performed using the Student’s t-test, Mann–Whitney test,
and One-Way ANOVA with Dunnett post hoc test, as appropriate. Categorical values were analyzed
using the Chi-square test. The diagnostic accuracy and performance of the mentioned miRNAs and
serological scores were determined using receiver operating characteristics (ROC) curves, and the area
under the curve (AUC) was calculated. Sensitivity and specificity were calculated based on the highest
Youden’s index values [19]. Correlation studies were executed using the Spearman’s correlation test.
Logistic regression analyses were performed using MedCalc version 18 (MedCalc Software, Ostend,
Belgium). The sufficiency of the sample size was confirmed by MedCalc version 18 using in house
preliminary results and a type I error rate (α) of 5% and a power (1-β) of 80%. Results were considered
statistically significant when p < 0.05.
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3. Results

3.1. Identification of Candidate HSC-Linked miRNAs

As hepatic stellate cell (HSC) activation is an early event of liver fibrosis initiation and progression,
we hypothesized that HSC-derived circulating miRNAs could be suitable markers for early stage liver
fibrosis. In order to identify candidate miRNAs, NanoString analysis was performed on extracellular
vesicles (EVs), both microvesicles and small extracellular vesicles (sEV), obtained from the conditioned
medium of in vitro activating primary murine HSCs. To this end, primary mouse HSCs were plated on
plastic tissue culture dishes for 10 days. The activation of cultured HSCs was verified on a protein level
by the up-regulation of HSC-activation markers Desmin, α-SMA, and Vimentin (Figure 1A), and on an
mRNA level by Acta2, Col1a1, and Lox (Figure 1B). Although the obtained miRNA counts by NanoString
analysis were insufficient to compare between the quiescent and activated conditions, several miRNAs
were found to be highly enriched in such EVs, as compared to the average expression level of all tested
miRNAs. This list of highly shed miRNAs, and thus potential fibrosis markers, was further restricted
to the miRNAs that are conserved among mouse and human, to ensure translational value, ending
up with a list of nine candidate miRNAs (Supplementary Figure S1). The expression levels of these
miRNAs were analyzed in the in vitro activated primary mouse HSC cultures. Expression analysis
of all nine candidate miRNAs was performed by using qPCR on the cell lysate of activated HSCs,
as compared to freshly isolated HSCs (Figure 1C), and identified the significant dysregulation of four
miRNAs: miRNA-451a, miRNA-142-5p, Let-7f-5p, and miRNA-378a-3p (Figure 1D).

3.2. Identification of Ankrd52, Clcn5 and Peg10 as Potential Target Genes

To investigate a potential function of miRNA-451a, miRNA-142-5p, Let-7f-5p, and miRNA-378a-3p
in the HSC-activation process, a bioinformatics-based target prediction was carried out, using four
different predictive algorithms: TargetScan, miRDB, starBase, and miRTarBase. Of all putative
targets, thirteen genes are suggested to have all four miRNAs as post-transcriptional regulators
(Figure 2A). The analysis of mRNA expression in activated HSCs, compared to freshly isolated
quiescent HSCs, identified three genes that remained stable during the activation process (Figure 2B),
three genes that were up-regulated (Figure 2C), and seven genes that were down-regulated (Figure 2D)
upon HSC-activation. The genes that were up-regulated upon HSC activation, Ankrd52, Clcn5,
and Peg10, are of particular interest, as miRNAs are known to regulate gene expression in a dominantly
negative manner.

3.3. miRNA Expression Analysis in the CCl4-Mouse Model

Next, we analyzed the expression of miRNA-451a, miRNA-142-5p, Let-7f-5p, and miRNA-378a-3p
in a well-studied mouse model of liver fibrosis, with repeated injections of carbon tetrachloride
(CCl4) [20]. When mice are exposed to the CCl4-toxin two times a week, for four weeks, significant
hepatocyte-damage and HSC-activation can be seen (Figure 3A,B). An analysis of total liver tissue
from sick mice, compared to healthy controls, revealed significant changing levels for miRNA-451a,
miRNA-142-5p, Let-7f-5p, and miRNA-378a-3p (Figure 3C), with overlapping expression patterns,
as found in activating HSCs. The expression of two miRNAs extensively characterized in chronic liver
diseases, miRNA-122-5p [21] and miRNA-29a-3p [22], was used as positive controls. Plasma obtained
from the CCl4-mouse model identified significant changing expression levels of all analyzed miRNAs
(Figure 3D). Interestingly, all miRNAs had a plasma expression pattern opposite to what was found
in total liver tissue or activating HSCs. Altogether, these results suggest the potential use of these
circulating miRNAs, without the need to distinguish between miRNAs packaged into extracellular
vesicles or bound to (lipo-)proteins, as markers for HSC activation and fibrosis progression.
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Figure 1. miRNA expression in mouse in vitro activated hepatic stellate cells (HSCs). (A) Immunofluorescence
staining of quiescent (24 h of culture) and activated (10 days of culture) primary mouse HSCs for
activation markers Desmin, αSMA, and Vimentin. 4′,6-Diamidino-2-phenylindole (DAPI) was used
as nuclear staining. Representative images are shown. (B) mRNA expression levels determined by
quantitative polymerase chain reaction (qPCR) of HSC-activation markers Acta2, Col1a1, and Lox in
freshly isolated HSCs (0 h), as compared to HSCs activated by 10 days of culture (D10). (C) Heatmap
of relative expression levels, as determined by qPCR, for selected candidate miRNAs in activated
HSCs (D10), as compared to freshly isolated HSCs (0 h). (D) miRNA-451a, miRNA-142-5p, Let-7f-5p,
and miRNA-378a-3p were found to be significantly dysregulated upon HSC activation. One-tailed
unpaired t-test analysis was used to determine statistical significance. Results are shown as mean ±
standard error of the mean (SEM); n = 5.

3.4. Patient Characteristics and Plasma miRNA Alterations During Liver Fibrosis Progression

Next, we investigated whether the plasma levels of these six miRNAs can be correlated to liver
fibrosis severity in patients suffering from different chronic liver diseases. Patient characteristics are
summarized in Table 1. A total of 208 patients were included, of which 92 patients were diagnosed with
no or minimal fibrosis (F0–1) and 116 patients with significant fibrosis (F ≥ 2), as staged by elastography.
Patients with various aetiologies of liver disease were recruited—chronic alcohol abuse (n = 33), chronic
HBV/HCV infection (n = 74), and NAFLD (n = 101). Patients with chronic alcohol abuse or viral
infection underwent transient elastography (FibroScan®) to distinguish significant liver fibrosis (F ≥ 2)
from no or minimal fibrosis (F0–1); (median (25th; 75th percentile)) 12 (9.1; 33.6) kPa versus 5.2 (4.0;
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6.1) kPa, respectively. Patients who presented with NAFLD all suffered from Diabetes Mellitus type
2 and underwent ARFI to distinguish significant liver fibrosis (F ≥ 2) from no or minimal fibrosis
(F0–1); (median (25th; 75th percentile)) 1.525 (1.30; 1.68) m/s versus 1.15 (1.12; 1.20) m/s, respectively.
Various clinical scoring algorithms, such as the AST/ALT ratio, Fib-4 score, APRI, and the recently
developed PRTA-score [17], were calculated. All liver-related laboratory parameters, except for ALT
and Creatinine values, and all fibrosis scoring tools are significantly different between the F0–1 and
F ≥ 2 patient cohorts, validating the early- or late disease character of the included patients (Table 1).

Figure 2. miRNA target prediction. Bioinformatics-based target prediction was carried out, using four
different predictive algorithms: TargetScan, miRDB, starBase, and miRTarBase. (A) Venn diagram
showing putative target genes for the differentially expressed miRNAs in culture activated primary
mouse HSCs. A list of target genes mutual among all four miRNAs is shown. mRNA expression
analysis of the identified mutual target genes in activated (D10) versus quiescent (0 h) HSCs identified
(B) three genes with no significant difference, (C) three genes to be significantly up-regulated, and (D)
seven genes to be significantly down-regulated. One-tailed unpaired t-test analysis was used to
determine statistical significance. Results are shown as mean ± SEM; n = 5.
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Figure 3. miRNA expression analysis in a CCl4-induced mouse model of liver fibrosis. (A) Total liver
tissue of mice that received CCl4-injections two times a week, for a period of four weeks, and healthy
controls, was used to visualize hepatocyte damage and inflammation (H&E), and cross-linked collagen
deposition (Sirius Red). Arrows indicate infiltrated inflammatory cells. Representative images are
shown. (B) The area of Sirius Red positive staining was calculated using Orbit analysis software and is
plotted as percentage of the total area (n = 7 mice per group). (C) miRNA expression analysis of total
liver tissue extracted from CCl4-injected mice, as compared to healthy controls (n = 7 mice per group).
Results are shown as mean ± SEM. (D) Tukey boxplots represent miRNA expression values in plasma
obtained from CCl4-injected mice, as compared to healthy controls (n = 7 mice per group). Obtained Ct
levels were normalized by use of spiked-in Cel-miRNA-39. One-tailed unpaired t-test analysis was
used to determine statistical significance.
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Table 1. Baseline characteristics of the patient cohort.

Patient Cohorts F0–1 F2–4 p Value

Individuals, n 92 116

Disease aetiology: n (%)

Alcoholic liver disease 6 (7%) 27 (23%)
Viral liver disease 46 (50%) 28 (24%)
NAFLD 40 (43%) 61 (53%)

Characteristics

Age (years): median (IQR) 52 (42–63) 57 (51–65) 0.0003
Male, n (%) 52 (57%) 84 (72%) 0.0267
BMI (kg/m2): median (IQR) 27.44 (24.16–32.35) 29.96 (25.18–34.23) ns

Laboratory parameters: median (IQR)

AST (IU/L) 34 (24–48) 40 (28–67) 0.0048
ALT (IU/L) 43 (34–62) 48 (32–71) ns
Alk Phos (IU/L) 68 (54–87) 87 (66–130) <0.0001
GGT (IU/L) 39 (23–83) 71 (40–154) <0.0001
Total bilirubin (mg/dL) 0.60 (0.47–0.79) 0.76 (0.57–1.20) 0.0005
Albumin (g/L) 43 (41–46) 42 (39–45) 0.0035
Thrombocytes (×103/mm3) 231 (202–277) 202 (149–255) 0.0006
Creatinine (mg/dL) 0.85 (0.70–1.02) 0.87 (0.74–1.04) ns

Fibrosis scoring: median (IQR)

AST/ALT ratio 0.76 (0.62–0.87) 0.82 (0.67–1.18) 0.0211
APRI 0.35 (0.24–0.57) 0.56 (0.32–0.88) 0.0005
Fib-4 1.13 (0.83–1.49) 1.67 (1.08–2.80) <0.0001
PRTA-score 7.18 (4.49–9.87) 11.63 (7.95–20.40) <0.0001

n: number; NAFLD: non-alcoholic fatty liver disease; IQR: interquartile range; BMI: body mass index; AST:
aspartate aminotransferase; ALT: alanine aminotransferase; Alk Phos: alkaline phosphatase; GGT: gamma-glutamyl
transferase; AST/ALT ratio: aspartate aminotransferase/alanine aminotransferase ratio; APRI: AST to platelet ratio
index; Fib-4: Fibrosis-4; PRTA-score: PDGFRβ-thrombocytes-albumin score; ns: not significant.

Analysis of the plasma of these patients showed that miRNA-451a and miRNA-142-5p were
significantly up-regulated, while Let-7f-5p was significantly down-regulated, in patients with significant
liver fibrosis (F ≥ 2). miRNA-378a-3p remained stable during fibrosis progression (Figure 4A). Area
under receiver operating characteristic (AUROC) analysis identified comparable diagnostic utility
among miRNA-451a (AUC = 0.6065), miRNA-142-5p (AUC = 0.6220), and Let-7f-5p (AUC = 0.6485)
(Figure 4A and Supplementary Table S3). Late-stage fibrosis markers miRNA-122-5p (AUC = 0.5969)
and miRNA-29a-3p (AUC= 0.5922) (Figure 4B,C and Supplementary Table S3) were found to have lower
diagnostic utility. While APRI (AUC = 0.6481) and AST/ALT (AUC = 0.5956) were comparable to or
were outperformed by the analyzed miRNAs, FIB-4 (AUC= 0.6879) and the PRTA-score (AUC = 0.7732)
remained superior for the diagnosis of significant liver fibrosis (Figure 4D and Supplementary Table S3).

3.5. Association of Circulating miRNAs With Clinical Variables

We next examined the association between miRNA expression levels and clinical-pathological
variables of the patient cohort. The levels of miRNA-451a (r = −0.2118), miRNA-142-5p (r = −0.2074),
Let-7f-5p (r = 0.3426), miRNA-122-5p (r = 0.2193), and miRNA-29a-3p (r = 0.2413) were correlated with
fibrosis severity, as determined by elastography (Supplementary Table S4 and Figure S2). Let-7f-5p
was correlated with various fibrosis-linked parameters, such as decreasing albumin levels (r = −0.2031)
and platelet counts (r = −0.3778), and to the fibrosis-scores Fib-4 (r = 0.3215), APRI (r = 0.2820),
and PRTA-score (r = 0.4332), suggesting its association with hepatic fibrosis severity. As expected,
miRNA-122-5p was strongly associated with AST (r = −0.2625) and ALT (r = −0.4093) levels, and thus
marks hepatocyte damage. miRNA-142-5p (r = −0.1602), Let-7f-5p (r = 0.1416), and miRNA-122-5p
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(r = 0.2628) were associated with age, while Let-7f-5p (r = −0.1563) and miRNA-29a-3p (r = −0.2161)
were associated with body mass index (Table 2).

Figure 4. Evidence of significant liver fibrosis by the plasma levels of individual miRNAs. Expression
analysis of circulating miRNAs in patients (n = 208) with chronic alcohol abuse, viral infection,
and non-alcoholic fatty liver disease (NAFLD), with (F2–4) or without (F0–1) significant liver fibrosis.
p-values were calculated using the Mann–Whitney U-test. Data is presented as Tukey boxplots. Receiver
operating characteristic curve analysis was performed, and area under the curve (AUC) values were
calculated to quantify the diagnostic value. The discriminative capacity of (A) candidate miRNAs was
compared to (B) miRNA-122-5p and (C) miRNA-29a-3p and to (D) the serological scoring algorithms
Fib-4, APRI, AST/ALT, and PRTA.

3.6. Discrimination of Significant Liver Fibrosis by the miRFIB-Score

To investigate whether a combination of the evaluated miRNAs could be used to diagnose
significant (F ≥ 2) liver fibrosis with a higher predictive value than the individual miRNAs, we created
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an miRNA-algorithm using logistic regression analysis. Here, the total patient cohort (n = 208) was
randomly divided (Excel, Microsoft, WA, USA) into a derivation (n = 143) and validation (n = 65)
cohort. Considering the lack of association between miRNA-378a-3p and fibrosis severity (Figure 3
and Supplementary Table S4), we chose to exclude this miRNA from the score. Combination of the
other miRNA-variables generated the miRFIB-score:

miRFIB = 4.3799 + (0.70824 × Let-7f-5p (dCT)) − (0.090912 ×miRNA-122-5p (dCT))
− (0.26149 ×miRNA-142-5p (dCT)) − (0.53602 ×miRNA-29a-3p (dCT))

− (0.041140 ×miRNA-451a (dCT)).

Table 2. Correlations of circulating miRNA expression levels with clinical parameters.

miRNA-451a miRNA-142-5p Let-7f-5p miRNA-378a-3p miRNA-122-5p miRNA-29a-3p

r p r p r p r p r p r p
Age −0.0409 ns −0.1602 0.0234 0.1416 0.0413 0.0905 ns 0.2628 0.0001 0.0096 ns
BMI 0.0280 ns −0.0397 ns −0.1563 0.0287 −0.1037 ns −0.0667 ns −0.2161 0.0025
AST −0.1554 0.0318 0.0076 ns 0.1371 ns −0.1038 ns −0.2625 0.0002 0.1150 ns
ALT −0.0727 ns 0.0207 ns 0.0534 ns −0.1412 0.0484 −0.4093 <0.0001 −0.0166 ns

Alk Phos −0.0022 ns −0.0804 ns 0.2027 0.0050 −0.0047 ns 0.2059 0.0046 0.1600 0.0287
GGT −0.1372 ns −0.1756 0.0174 0.1730 0.0163 −0.0621 ns 0.0060 ns 0.0899 ns

Bilirubin −0.0609 ns −0.0237 ns 0.3194 <0.0001 0.1295 ns 0.1213 ns 0.2790 0.0001
Albumin −0.1064 ns 0.0365 ns −0.2031 0.0067 −0.0148 ns −0.2394 0.0014 −0.1747 0.0207

Platelet count 0.1243 ns −0.1139 ns −0.3778 <0.0001 −0.1629 0.0255 −0.1050 ns −0.3514 <0.0001
Creatinine −0.0419 ns −0.0399 ns 0.0054 ns −0.0094 ns 0.0652 ns −0.0257 ns
AST/ALT −0.1026 ns −0.0126 ns 0.0756 ns 0.0311 ns 0.1920 0.0072 0.1627 0.0234

Fib-4 −0.1223 ns 0.0439 ns 0.3215 <0.0001 0.1400 ns 0.0607 ns 0.2852 0.0001
APRI −0.1551 0.0365 0.1039 ns 0.2820 <0.0001 0.0321 ns −0.1573 0.0321 0.2551 0.0005

PRTA-score −0.0559 ns 0.0266 ns 0.4332 <0.0001 0.1479 ns 0.2401 0.0020 0.3447 <0.0001

Correlations were evaluated by the Pearson’s correlation coefficient (r). ns: not significant; BMI: body mass
index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; Alk Phos: alkaline phosphatase; GGT:
gamma-glutamyl transferase; AST/ALT ratio: aspartate aminotransferase/alanine aminotransferase ratio; APRI: AST
to platelet ratio index; Fib-4: Fibrosis-4; PRTA-score: PDGFRβ-thrombocytes-albumin score.

The diagnostic value of the miRFIB-score to diagnose significant liver fibrosis in the derivation
cohort was superior (AUC = 0.7251) to the clinical scores AST/ALT, APRI, and Fib-4 (AUC of
0.5936, 0.6273, and 0.6773, respectively). The diagnostic value of the miRFIB-score was confirmed
in the validation cohort (AUC = 0.8173) and total cohort (AUC = 0.7558) (Table 3 and Figure 5).
Additionally, the miRFIB-score was found to be significantly correlated with fibrosis severity (r = 0.4365)
(Supplementary Table S4) and was able to differentiate patients with specific stage F2 from patients
with stage F0–1 (p < 0.0001) (Supplementary Figure S2).

3.7. Inclusion of PDGFRβ Improves the Diagnostic Power of the miRFIB-Score

We previously reported the diagnostic utility of circulating PDGFRβ protein levels to detect
significant liver fibrosis [17]. Thus, we performed logistic regression analysis on the derivation cohort,
combining PDGFRβ levels with our five-miRNA panel. This generated the miRFIBp-score, which was
calculated as follows:

miRFIBp-score = (0.97229 ×miRFIB-score) + (0.00021150 × PDGFRβ (pg/mL) − 1.8678.

The score had an increased diagnostic value for the identification of significant liver fibrosis in
the derivation cohort (AUC = 0.7912; sensitivity = 80.82%; specificity = 70.37%), validation cohort
(AUC = 0.8009; sensitivity = 68.75%; sensitivity = 81.48%), and total cohort (AUC = 0.7970; sensitivity
= 79.05%; sensitivity = 69.51%) (Table 3 and Figure 5). The inclusion of PDGFRβ into the miRFIB-score
further improved the correlation with fibrosis severity (r = 0.4847) (Supplementary Table S4), with a
persistent possibility to differentiate patients with specific stage F2 liver fibrosis from patients with
stage F0–1 fibrosis (p < 0.0001) (Supplementary Figure S2).
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Table 3. Performance of the miRFIB- and miRFIBp-score, as compared to the AST/ALT, APRI, Fib-4,
and PRTA scoring algorithms, for the detection of significant liver fibrosis (F ≥ 2).

AUC 95% CI Optimal Cut-Off Sensitivity (%) Specificity (%) PPV NPV

AST/ALT

Derivation 0.5936 0.4986–0.6886 0.6948 73.68 45.16 62.87 58.65
Validation 0.5988 0.4546–0.7430 1.025 38.24 84.00 75.08 51.90
Total 0.5956 0.5166–0.6747 0.8725 41.82 75.86 68.59 50.85

APRI

Derivation 0.6273 0.5313–0.7234 0.4928 59.46 68.97 70.72 57.44
Validation 0.7128 0.5773–0.8482 0.7531 45.45 95.65 92.94 58.18
Total 0.6481 0.5696–0.7267 0.4928 57.01 70.37 70.80 56.49

Fib-4

Derivation 0.6773 0.5847–0.7698 1.505 61.11 73.68 74.53 60.05
Validation 0.7083 0.5692–0.8474 1.520 58.06 86.96 84.88 62.19
Total 0.6879 0.6112–0.7647 1.505 60.19 77.50 77.13 60.70

PRTA-score

Derivation 0.7399 0.6525–0.8272 10.36 59.15 81.63 80.23 61.32
Validation 0.7912 0.6566–0.9258 7.842 86.21 72.22 79.64 80.60
Total 0.7732 0.7033–0.8431 11.59 50.52 89.71 86.09 58.99

miRFIB

Derivation 0.7251 0.6393–0.8110 0.1109 77.33 61.40 71.63 68.24
Validation 0.8173 0.7112–0.9235 0.3412 65.71 92.86 92.06 68.24
Total 0.7558 0.6887–0.8229 0.1404 78.38 62.35 72.41 69.59

miRFIBp

Derivation 0.7912 0.7120–0.8704 0.0673 80.82 70.37 77.47 74.43
Validation 0.8009 0.6844–0.9175 0.3840 68.75 81.48 82.39 67.41
Total 0.7970 0.7329–0.8611 0.1043 79.05 69.51 76.57 72.47

AST/ALT ratio: aspartate aminotransferase/alanine aminotransferase ratio; APRI: AST to platelet ratio index; Fib-4:
Fibrosis-4; PRTA-score: PDGFRβ-thrombocytes-albumin score; AUC: area under the curve; CI: confidence interval;
PPV: positive predictive value; NPV: negative predictive value.

 

Figure 5. Diagnostic performance of the miRFIB- and the miRFIBp-score for significant liver fibrosis.
Performance comparison of the miRFIB-, the miRFIBp-score, and commonly used validated diagnostic
algorithms for the diagnosis of significant liver fibrosis (F2–4) in (A) the derivation, (B) validation,
and (C) total patient cohort.
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4. Discussion

Studies concerning the identification of novel non-invasive diagnostic tools suitable for the
screening and monitoring of liver fibrosis in a general patient population remain limited. However,
they are highly needed, as an accurate diagnosis of liver fibrosis has been shown to be a critical
determinant of patient outcome [23,24]. Serological scoring tools, such as Fib-4, APRI, and AST/ALT,
have been integrated into clinical practice, but lack accuracy for the identification of early stages
of, and minor changes in, liver fibrosis [25–27]. Therefore, they are often only used as an indicator
of the need for liver biopsy. The need for liver biopsy in current clinical practice thus remains.
The identification of an adequate, sensitive, and specific serological marker for liver fibrosis would
be of great value, as it could be used as an efficient first-line diagnostic step in screening at-risk
patients [28], provide an easy tool for monitoring patients with fibrosis, and be of use in clinical trials
evaluating fibrosis.

In the present study, we assessed the diagnostic utility of miRNAs differentially expressed during
the activation of in vitro cultured primary HSCs, to identify significant liver fibrosis in a heterogeneous
patient cohort with chronic viral infection, chronic alcohol abuse, and NAFLD. We identified an
increased expression of miRNA-451a and miRNA-142-5p in the plasma of patients with significant
liver fibrosis versus patients with no or mild fibrosis, whereas Let-7f-5p expression was decreased
(Figure 4A). The observed down-regulation of miRNA-451a in total liver tissue of CCl4-injected mice
(Figure 3C) mimics their down-regulated expression in livers of NASH patients, compared to patients
with simple steatosis [29]. Additionally, its enhanced circulating expression, observed in our patient
cohort with significant liver fibrosis (Figure 4A), was also seen when comparing the serum of NAFLD
patients with healthy controls [30]. In contrast, one study identified a down-regulation of miRNA-451a
in the plasma of cirrhotic HBV patients, compared to healthy controls [31]. These results could not be
confirmed in our patient cohort with chronic viral infection. Differences in miRNA-451a expression
between HBV and HCV patients should further be investigated. Su et al [32] identified the inflammatory
signals IL4 and IL13 to increase miRNA-142-5p expression in macrophages, activating them towards
a pro-fibrogenic character. Furthermore, they identify its up-regulation in liver tissue of six-weeks
CCl4-treated C57BL/6J mice. This is in contrast to the down-regulation we observed in the liver tissue
of four-weeks CCl4-treated Balb/c mice (Figure 3C). Differences in fibrosis progression or in miRNA
expression between mouse strains could be the cause of such discrepancy. Our results concerning liver
miRNA-142-5p expression seem to mimic the down-regulation seen in the liver tissue of cirrhotic HCV
patients [33]. While decreasing levels of circulating Let-7a-5p, Let-7c-5p, and Let-7d-5p are correlated
with fibrosis severity in patients with chronic HCV infection [34], the diagnostic utility of Let-7f-5p was
not investigated in these studies. We show that circulating Let-7f-5p has the highest diagnostic value of
all candidate miRNAs (Figure 4A and Supplementary Table S3) for the identification of significant liver
fibrosis. Additionally, from the candidate miRNA panel, Let-7f-5p was the only miRNA to be correlated
with the Fib-4, APRI, and PRTA-scoring tools (Table 2), what further underlines its diagnostic potential.

In the search for the ideal diagnostic miRNA-based algorithm, we supplemented our candidate
miRNA panel with the well-studied miRNA-122-5p and miRNA-29a-3p. miRNA-122-5p is the
most abundant miRNA in the liver, with dominant expression in the hepatocytes (Supplementary
Figure S3) [35], where it is involved in cholesterol synthesis [36]. The elevated levels of circulating
miRNA-122-5p in patients with early stage fibrosis (F1–2) as compared to healthy controls are suggested
to represent miRNA-release from injured hepatocytes. On the other hand, the decreased circulating
miRNA-122-5p levels during later stages of fibrosis (F3–4) would be caused by the progressive loss of
functional hepatocytes in the injured liver [37]. Its diagnostic utility for late-stage liver fibrosis and
cirrhosis has already been suggested in various liver disease aetiologies [38–43]. Our study shows
that while miRNA-122-5p has little diagnostic value on its own for significant fibrosis (Figure 4B),
its contribution is essential to the miRFIB-score (Figure 5). In contrast to the hepatocyte-specificity
of miRNA-122-5p, miRNA-29a-3p shows the highest expression in HSCs (Supplementary Figure S3),
undergoing down-regulation upon in vitro and in vivo activation [22]. Its potential use as a therapeutic
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target has been elaboratively reported by the group of Y.H. Huang et al. using various mouse models of
liver disease [44–47]. The negative correlation of circulating miRNA-29a-3p levels with fibrosis/cirrhosis
severity has been shown in patients with NAFLD [48], HBV [49], HCV, alcohol abuse, and biliary
disease [22].

Individually, all of the analyzed significantly dysregulated miRNAs had low predictive values for
the diagnosis of significant liver fibrosis, with AUC values ranging from 0.59 to 0.64 (Figure 4A–C
and Supplementary Table S3). However, using logistic regression analysis, we generated an
algorithm, the miRFIB-score, consisting of miRNA-142-5p, miRNA-451a, Let-7f-5p, miRNA-122-5p,
and miRNA-29a-3p, with a predictive value superior to the clinical scoring systems Fib-4, APRI,
and AST/ALT (Figure 5 and Table 3). As we recently reported the highly discriminative potential of
circulating PDGFRβ-levels for significant liver fibrosis in patients with various aetiologies of liver
disease [17], we generated a second diagnostic algorithm combining the miRFIB-score with such
circulating PDGFRβ-levels, the miRFIBp-score. A marked improvement in diagnostic values was
observed for this combinatory algorithm (Figure 5 and Table 3).

An unexpected finding was the discrepancy between the enhanced expression of miRNA-122-5p
and miRNA-29a-3p in the plasma of mice treated with CCl4 (Figure 3D), and their lowered expression
levels in the plasma of patients with significant fibrosis (Figure 4C). All other tested miRNAs seem to
have an overlapping expression pattern between mouse and human subjects. In our experiments, Balb/c
mice underwent only four weeks of CCl4-injections, which is thought to represent early-stage fibrosis.
To induce late-stage fibrosis, or cirrhosis, 8–20 weeks of CCl4-injections should be performed [20].
However, the enhanced expression of miRNA-122-5p in the plasma of CCl4-injected mice is in line with
our previous results comparing the plasma of patients with early-stage fibrosis to healthy subjects [14].
Alternatively, the enhanced expression of miRNA-122-5p in the plasma of mice treated with CCl4
could reflect the hepatocyte damage caused by the last CCl4-injection, since samples were taken only
24 h later. For miRNA-29a-3p, this is likely not the case, since this miRNA has thus far not been
associated with hepatocyte damage. To further investigate this, healthy individuals should be included
in future studies.

miRNA-451a, miRNA-142a-5p, Let-7f-5p, and miRNA-378a-3p were found to be significantly
dysregulated in activated HSCs, as compared to quiescent controls (Figure 1D), which suggests a role
in the HSC activation process. To further investigate this, target prediction was performed, and we
focused on the target genes regulated by all four HSC-activation linked miRNAs. Of the predicted
13 overlapping miRNA targets (Figure 2A), three genes (Ankrd52, Clcn5, and Peg10), were found to
be significantly up-regulated upon HSC activation (Figure 2C). As miRNAs negatively regulate gene
expression by mRNA decay or inhibition of translation [50], and due to the dominantly down-regulated
expression of the selected miRNAs, we hypothesize Ankrd52, Clcn5, and Peg10 to be regulated by the
selected miRNAs. However, to confirm this, further functional studies should be performed. While
the roles of Ankrd52 and Clcn5 in liver disease remain unclear, Peg10 has been widely studied in
hepatocellular carcinoma (HCC) pathology. More specifically, Peg10 expression levels are elevated
in HCC [51], where it is found to inhibit the pro-apoptotic mediator Siah1 [52], and stimulate cell
proliferation by association with c-MYC [53]. Additionally, Peg10 tissue mRNA levels mark HCC
progression and poor survival [54,55]. Due to its high expression in activated HSCs (Figure 2C), and its
important functionality in HCC, it would be of interest to investigate its role in liver fibrogenesis. As it
cannot be excluded that a target gene is dominantly regulated by just one specific miRNA, it is possible
that the increasing Let-7f-5p levels found upon HSC activation lead to the identified down-regulation of
multiple predicted target genes (Figure 2D). Among these, Cpeb3 and Gnai3 have proven functionality
as tumor suppressors in HCC. Both genes are found to undergo negative regulation by miRNAs, Cpeb3
by miRNA-452-3p and miRNA-107 [56,57], and Gnai3 by miRNA-222 [58]. However, their role during
liver fibrosis remains to be determined.

Whether a miRFIB- or miRFIBp-score can be integrated into the clinical practice will depend
on future technical developments. Currently, a combination of protein and miRNA detection from
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the same plasma sample is not standard practice in hospital settings. Due to this more complex
character, we expect the miRFIBp-score to have a more important financial cost, compared to the
miRFIB-score. However, our analysis identified the miRFIBp-score to have superior diagnostic value
for the identification of significant liver fibrosis and an in-depth cost–benefit analysis should determine
if this diagnostic superiority outweighs the additional costs. Furthermore, the manipulation of blood
samples should be performed with great care, since hemolysis of red blood cells may result in the
release of their cytoplasmic miRNAs, such as miRNA-451a [59,60], and thus influence the results of the
miRNA-based diagnostic algorithms. Additionally, the time interval between blood sampling and
plasma storage should be kept as short as possible, as specific miRNAs, including miRNA-122-5p, can
undergo a time-dependent decline in stability when the sample is kept at room temperature [61].

There were a number of limitations with the current study. The patient cohort size was relatively
small and contained an imbalance in the presence of liver disease aetiologies. Although recent research
has reported substantial differences in miRNA expression values in the plasma of patients with
HBV infection versus patients with HCV infection [62], due to insufficient patient numbers we were
unable to make any claims regarding such differences in our patient cohort. Furthermore, due to
the cross-sectional character of the study, we did not possess any clinical follow-up material of the
included patients. We were thus unable to test the prognostic ability of the miRFIB- and miRFIBp-score.
Finally, all included patients were staged for liver fibrosis by use of elastography. Future studies should
focus on the validation of our results using plasma obtained from biopsy-staged patients. Moreover,
the score should be tested during treatment to study if the scores can be used to evaluate early changes
in fibrosis, and possibly predict the outcome.

In conclusion, we have identified five miRNAs that, when combined into the predictive
miRFIB-signature, had high diagnostic values for significant liver fibrosis in a heterogeneous patient
population with chronic alcohol abuse, viral infection, and NAFLD. Combining the miRFIB-score with
circulating PDGFRβ-levels increased its diagnostic utility. Although these proposed scores require
further validation, they may provide crucial information regarding liver fibrosis severity and evolution.
Thanks to their non-invasive character, the scores would allow repeated measures and objective
interpretation, at a relatively low financial cost. Additionally, functional studies could unravel the
importance of the selected miRNAs during fibrogenesis and fibrolysis, and their potential utility as
therapeutic targets.
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