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Liver fibrosis 

Liver fibrosis is characterized by the excessive deposition of extracellular 

matrix (ECM) in response to chronic liver injury of various etiologies of which 

chronic viral hepatitis, alcohol abuse, and autoimmune diseases are the most 

common examples (1;2). Moreover, obesity is increasingly recognized as an 

important risk factor for the development of steato-hepatitis leading to liver 

fibrosis. Although initially the synthesis of ECM serves as a repair mechanism to 

allow healing of the injured organ, liver fibrosis can be viewed upon as a derailed 

healing response, in which the deposition of ECM is excessive, disproportionate to 

the extent of tissue injury, and deleterious to tissue structure and function. Fibrosis 

may continue to progress into a severe condition called cirrhosis, which is 

irreversible and characterized by the formation of regenerative nodules of liver 

parenchyma that are encapsulated in fibrotic septa (1;3). Eventually, this situation 

leads to impaired liver function and death. Although the yearly number of deaths 

from chronic liver disease and cirrhosis is comparatively low in The Netherlands, 

over the entire European region cirrhosis-related mortality accounts for 20 per 

100,000 population, and in the whole of the Western World the disease ranks 

among the top ten causes of death by disease. Moreover, due to the chronic nature 

of the disease, costs are also high in terms of hospital admission, loss of 

productivity and loss of quality of life. The 5-year survival rate among patients 

with advanced cirrhosis is only approximately 60% and chances of developing a 

primary hepatocellular carcinoma are increased 60-100 fold, depending on the 

etiology of the disease (4).  

The variety of injurious events that lead to fibrosis, translates into differences 

in the topographical distribution of fibrosis within the liver.  In man, cholestasis 

mainly leads to liver injury in acinar zone 1 and is characterized by the 

development of fibrotic septa extending from the portal tracts (portal-portal 

bridging). In contrast, viral hepatitis-induced liver injury elicits both portal-portal 

bridging of fibrotic septa as well as the development of scar tissue deposition 
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between the portal triad and central vein (portal-central bridging). On the other 

hand, steato-hepatitis induces hepatocellular injury, which is rather evenly 

distributed throughout the liver lobule and is characterized by perisinusoidal 

fibrosis in which separate hepatocytes are engulfed by ECM (Fig. 1).  

 

 

 

 

 

 

 

          
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The upper panel shows a schematic representation of the liver lobule (modified after 

Stuart, Ira and Fox. The digestive system. In: Human Physiology, 7th ed., McGraw-Hill publishers, 

p561-599). In the lower panel: a schematic representation of the different topographical distributions 

of hepatic scarring in the liver. A: portal-portal bridging B: virus-induced, combined portal-portal and 

portal-central bridging C: central-central bridging D: perisinusoidal fibrosis. p: portal area, cv: central 

vein. Modified from (1). 
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In experimental animals these different situations are mimicked as much as 

possible; bile duct ligation leads to fibrosis in zone 1 of the liver, characterized by 

portal-portal bridging, whereas administration of the hepatotoxic agent CCl4 

induces mainly hepatocyte injury in zone 3 of the liver, resulting in central-central 

bridging of fibrotic septa (1).  

Current treatment options 

To date, therapies that interfere with the underlying cause of the disease 

represent the best pharmacological treatment options for liver fibrosis. The 

following paragraphs will therefore give a brief outline of the generally applied 

pharmacological interventions in patients with this disease. Pharmacological 

treatment strategies are discussed in relation to the different injurious events 

leading to liver scarring. 

Hepatitis B virus-induced fibrosis 

Viral hepatitis is an important cause of chronic liver disease and fibrosis. 

World wide, approximately 350 million people are chronically infected with 

hepatitis B virus (HBV), and it is estimated that approximately 25% of these 

patients will develop liver cirrhosis. The virus infects hepatocytes by binding to 

certain cell surface receptors, subsequently followed by uncoating of the virus 

particle and translocation of the HBV genome to the nucleus. Viral DNA resides in 

hepatocytes very persistently and its clearance appears to be dependent on the 

clearance of infected hepatocytes by CD8+ T-lymphocytes. This immune response 

is mainly responsible for the liver injury that follows from HBV infection, although 

also direct cytopathic effects of HBV have been described in patients with very 

high viral loads (1;4-6). 

Until recently, only (pegylated) interferon-alpha (IFN-α) was available for the 

treatment of patients with chronic hepatitis B infection. IFN-α is an immune-

modulating drug that improves the cytotoxic T-lymphocyte response against 
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infected hepatocytes. Unfortunately, its use is contra-indicated in patients with 

clinical cirrhosis. Because IFN-α acts by increasing the clearance of HBV infected 

hepatocytes, in cirrhotic patients with decompensated liver function, this can result 

in the loss of a relative large fraction of the remaining functional liver parenchyma 

and thus in an acute deterioration of liver function. Moreover, an increased 

incidence of bacterial infections has been associated with the use of IFN-α in 

cirrhotic patients, which is related to meyelosuppressive effects of the drug (5;6).  

However, with the advent of the HBV DNA polymerase inhibitors lamivudine 

and adefovir, also the treatment of HBV-infected patients with clinical cirrhosis has 

become an option. In contrast to IFN-α, lamivudine and adefovir have an excellent 

tolerability and side effect profile. Lamivudine is metabolized intracellularly to its 

active triphosphate, which acts as a nucleoside analog that inhibits HBV DNA 

polymerase and causes DNA chain termination. Adefovir is a nucleotide analog to 

adenosine monophosphate and acts via a similar mechanism (7). Long term mono-

therapy with either drug has been shown to exert beneficial effects on fibrosis and 

inflammation. In HBV-infected patients with cirrhosis and decompensated liver 

function, treatment with lamivudine extended the time to liver transplantation (8-

12).  

For all anti-HBV drugs it is necessary to maintain viral suppression for long 

periods of time, because these drugs only inhibit active viral replication and leave 

the intracellular reservoir of viral DNA in hepatocytes largely intact. Indeed, 

relapse occurs in a large percentage of treated patients after cessation of therapy. 

Furthermore, development of lamivudine-resistant mutants presents a serious 

problem. Resistance occurs in 28% of treated patients after 1 year of treatment and 

increases to 68% after 4 years (13;14). Interestingly, no viral resistance has been 

reported in response to adefovir therapy yet, and therefore adefovir is usually 

added to lamivudine monotherapy at the first signs of development of drug-

resistant mutants (5). New anti-HBV drugs, such as entecavir, clevudine and 

emtricitabine, are expected to find their way to the clinic soon and it is very well 
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possible that a combination therapy with mechanistically different acting drugs can 

improve the response rate to therapy in the near future (7). 

Hepatitis C virus-induced fibrosis 

World wide, approximately 150 million people are infected with hepatitis C 

virus (HCV). After HCV infection approximately 85% of patients will develop a 

chronic hepatitis. Similar to HBV, HCV itself is not directly cytotoxic to 

hepatocytes, but by continuous stimulation of the immune system, cytotoxic T 

lymphocyte-mediated clearance of infected hepatocytes forms the main mechanism 

of hepatic injury. After the initial infection, it may take up to 20 years for these 

patients to develop advanced fibrosis/cirrhosis and approximately 25-30 years for 

the development of hepatocellular carcinoma (15). This long asymptomatic period 

of time often prevents an early onset of therapy. 

The number of drugs available for the pharmacological treatment of chronic 

HCV infection is even smaller than that for HBV-infected patients. Combination 

therapy of pegylated IFN-α with ribavirin has been proven to be effective in 

suppressing HCV activity (16). Similar to HBV-infected patients, the treatment 

aims at reducing viral replication to induce seroconversion and reduce the risk of 

hepatocellular carcinoma and progression of fibrosis and cirrhosis into end-stage 

liver disease. Ribavirin is a purine nucleoside analog that inhibits the replication of 

a wide variety of RNA and DNA viruses (7). Dose-limiting side effects of the drug 

are anemia and leucopenia, whereas IFN-α therapy is associated with depression, 

flu-like symptoms, fever and meyelosuppression. Especially in cirrhotic patients a 

dose reduction is required to avoid drug related morbidity, which generally results 

in low sustained viral response rates in those patients. Although adjuvant therapy 

with erythropoietin and granulocyte colony stimulating factor has been proposed in 

order to reduce anemia and leucopenia in cirrhotic patients, limited clinical 

evidence for its efficacy is available and treatment of patients with advanced HCV-

induced cirrhosis therefore remains very difficult (15;17). 
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The overall response rate to IFN-α/ribavirin in HCV-infected patients is 

approximately 50%, and as pointed out in the above paragraphs, for non-

responders there is no alternative treatment available. Particularly difficult to treat 

are the HCV/HIV co-infected and patients with an HCV re-infection of the liver 

after liver transplantation. These patients often develop fulminant fibrosis, which 

progresses to end stage liver disease within 5 years (1). 

Liver fibrosis due to genetically inheritable factors 

Wilson’s disease and hemochromatosis are genetically inheritable disorders 

that can lead to liver fibrosis. Wilson’s disease, or copper overload disease, is a 

result of a mutation in the ATP7B gene which codes for a protein that is essential 

for copper excretion into the bile. The resulting decrease in copper excretion into 

the bile leads to its accumulation in the body, which is primarily deposited within 

the liver, and in a later stage of the disease, also in the brain (18). 

Hemochromatosis, or iron overload disease, is the result of an increased iron 

uptake from the small intestine due to a mutation in the HFE gene. It is believed 

that the increased levels of metal ions in hepatocytes induce necrosis via 

facilitation of the generation of reactive oxygen intermediates within hepatocytes, 

which leads to hepatocellular injury and, ultimately, hepatic fibrosis (19;20).  

The treatment of cirrhotic patients with Wilson’s disease is mainly based on 

procedures aimed at the reduction of tissue copper levels. A well known anti-

copper agent is penicillamine, which acts as a reductive chelator that mobilizes 

intracellular copper deposits in the liver and brain, and facilitates its urinary 

excretion. However, the use of penicillamine has become obsolete with the arrival 

of much safer alternatives. One option is treatment with zinc, which inhibits the 

copper uptake from the small intestine via the induction of metallothionein in the 

intestinal wall. Another possibility is treatment with tetrathiomolybdate, which 

complexes copper in the intestine and in the circulation, thus preventing cellular 

uptake and favoring its urinary excretion either via faeces or urine. Treatment of 
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patients with decompensated cirrhosis with these drugs has been shown to improve 

liver function, often successfully postponing a liver transplantation (18). In analogy 

to the treatment strategy in Wilson’s disease, pharmacological intervention in 

hemochromatosis also aims at reducing the amount of metal ions in the body. 

Currently, medical phlebotomy is considered a safe and effective treatment for 

hemochromatosis (19).  

Autoimmune-mediated liver disease 

Autoimmune-mediated liver disease can be divided into autoimmune hepatitis 

(AIH), primary biliary cirrhosis (PBC) and primary sclerosing cholangitis (PSC). 

Whereas AIH and PBC mostly occur in women, 70% of the patients with PSC are 

men. Autoimmune diseases in general are the consequence of a breakdown of 

tolerance to self-antigens. For instance in AIH type II, high circulating levels of 

anti-CYP2D6 immunoglobulins can be detected, predominantly affecting 

hepatocytes. In type I and III, other cellular structures are targeted by antibodies, 

but it is not yet exactly clear which types of immunoglobulins are responsible. In 

PBC and PSC the small and medium-sized intrahepatic bile ducts are attacked, 

whereas in PSC especially the large extrahepatic ducts are affected. In all three 

forms of immune-mediated liver injury liver fibrosis develops, mainly of the 

periportal type (20).  

Although AIH, PSC and PBC are all autoimmune diseases, only AIH responds 

well to immunosuppressive therapy with corticosteroids and azathioprine. 

Conversely, for the treatment of PBC, corticosteroid therapy is explicitly not 

recommended because a worsening of osteoporosis can be expected, of which a 

higher incidence is associated with the disease already. Especially in PBC patients 

that are diagnosed in an early stage of hepatic injury, treatment with 

ursodeoxycholic acid (UDCA) inhibits histopathological progression significantly. 

However, when hepatic injury has already progressed further, most studies show 

no beneficial effect of treatment anymore. The mechanism of action of UDCA is 
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probably related to the reduction of toxic effects of hydrophobic bile acids by a 

choleretic effect and/or a direct inhibitory effect on bile acid-induced apoptosis of 

hepatocytes (21).   

Even less pharmacotherapeutical options exist for PSC. UDCA appears 

ineffective and to date no drugs have been identified that show significant 

therapeutic effects in PSC, except those drugs that provide symptomatic relief of 

the mainly cholestasis-associated symptoms (22-25).   

Drug-induced liver disease, alcoholic and non-alcoholic steatohepatitis 

Although the use of certain drugs has been associated with the development of 

liver fibrosis, most hepatic drug reactions are followed by recovery upon 

withdrawal of the injurious stimulus, without the occurrence of significant fibrosis. 

Examples of drugs which have been associated with drug-induced fibrosis are 

methotrexate, isoniazid, and valproic acid (20;26;27).  

Clearly, best known are the detrimental effects of chronic alcohol abuse on the 

liver. In fact, this drug-induced form of liver fibrosis is the most common cause of 

cirrhosis in the western world. Chronic exposure to alcohol leads to benign 

macrovesicular steatosis of the liver in over 90% of alcohol abusers, and generally 

steatosis will spontaneously resolve upon alcohol abstinence. Nevertheless, in 20-

40% of the cases a more severe liver pathology develops as a result of chronic 

oxidative stress via alcohol metabolites (28). The resulting perivenous infiltration 

of neutrophils into the fatty liver, typically in combination with ballooning of 

hepatocytes and the formation of Mallory bodies, is termed alcoholic 

steatohepatitis (ASH). This is very often accompanied by pericellular fibrosis. 

Besides alcohol-induced oxidative stress, which results in a cytokine-mediated 

initiation and perpetuation of the inflammatory and fibrotic process, also antibodies 

against the ethanol metabolite acetaldehyde, as well as auto-antibodies against 

alcohol dehydrogenase and CYP2E1 have been implicated in the pathophysiology 

(20;29). Patients with an acute exacerbation of ASH present with decompensated 
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liver function, encephalopathy and gastrointestinal bleeding. The one-month 

survival rate of these patients is only 50% and the survivors of such an 

exacerbation will generally develop end stage liver cirrhosis within 5 years, despite 

withdrawal from alcohol use (29). 

Non-alcoholic steatohepatitis (NASH) is considered to be the hepatic 

manifestation of the “metabolic syndrome”. The metabolic syndrome is 

characterized by obesity, insulin resistance and hyperlipidemia and can be 

considered a typical welfare disease which is the consequence of an unhealthy diet 

and limited physical activity. The hepatic pathology of NASH is in many ways 

similar to that of ASH and typical features are ballooning of hepatocytes and 

lobular inflammation leading to pericellular fibrosis. It is estimated that 10-15% of 

the patients with NASH will progress to advanced fibrosis and cirrhosis. In the 

future, NASH may become a more important cause of liver fibrosis because its 

prevalence is expected to parallel the increase in patients suffering from the 

metabolic syndrome (20;30).  

Currently, weight loss or withdrawal of alcohol or drugs are the main 

treatments available for patients suffering from NASH, ASH and drug-induced 

liver fibrosis. If this does not sort any effect and fibrosis still progresses, only 

symptomatic treatments can be initiated to ensure that the patient survives until a 

liver transplantation can be performed (28;30).  

The hepatic stellate cell in healthy and fibrotic liver 

The overview of clinical treatment strategies, given above, shows that the 

current pharmacological treatment options are not effective in a large percentage of 

patients, or simply can not be effectively employed because of serious adverse 

effects. Moreover, most drugs do not affect the perpetuating fibrotic process itself. 

Additional antifibrotic drugs are therefore urgently needed and, preferably, a 

pharmacological strategy should become available that can be applied for the 

attenuation of fibrosis progression of any etiology. Because the hepatic stellate cell 
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Space of Disse

Sinusoid

Space of Disse

Sinusoid

is considered to be the key fibrogenic cell type in the liver, this is an interesting 

target for the development of drugs that inhibit the fibrotic process itself (1;31;32). 

The hepatic stellate cell in the healthy liver 

In healthy livers, hepatic stellate cells (HSC) represent approximately 8% of 

the total number of liver cells present. These cells are localized in the space of 

Disse and are in close proximity to hepatocytes and hepatic sinusoidal endothelial 

cells. In Fig. 2 the organization of a hepatic sinusoid is depicted, showing the 

localization of HSC and other major cell types in the liver. 

 

 

 

 

 

 

 

 

  
Fig. 2. Schematic representation of the organization of the hepatic sinusoid showing the 

localization of parenchymal cells (PC), hepatic stellate cell (HSC), Kupffer cell (KC) and sinusoidal 

endothelial cells (EC) in relation to each other. 

 

The major functions that HSC perform in healthy livers are related to retinol 

(vitamin A) metabolism and storage, regulation of sinusoidal blood flow by 

influencing the vascular tone, and regulation of the ECM composition in the space 

of Disse (33). With respect to retinol metabolism, HSC are responsible for storage 

of the largest fraction of vitamin A in the body. Of all dietary retinol, 90% is stored 

in the liver and 75% of this amount is confined within HSC. The high retinol 

content of HSC results in a positive histochemical goldchloride reaction, and it is 

with this staining technique by which HSC have initially been identified in tissue 
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sections of livers (34). Furthermore, the high vitamin A content of HSC compared 

to other liver cells, allows the isolation of HSC from rat liver by density-gradient-

based centrifugation, which enables the possibility of studying this cell type in 

vitro (35;36). The close proximity of HSC to sinusoidal endothelial cells, and the 

presence of long cytoplasmic processes which surround the endothelial cells, are 

analogous to that of vascular pericytes. Pericytes are responsible for the regulation 

of vascular tone in other organs and various studies suggest a similar role for HSC 

in the liver (37). A third function of HSC in the healthy liver is the maintenance of 

a correct composition of ECM in the space of Disse. The ECM in the space of 

Disse in normal livers is of a low-density type, mainly comprising collagen type I, 

III, IV VI and XVIII, decorin, fibronectin and heparansulphate proteoglycan. The 

ECM in the space of Disse not only ensures tissue stability, but also has an 

important role in the regulation of the functions of the various cell types present.  

In fibrotic livers the amount of ECM is increased up to 10 fold over that of 

normal livers. Moreover, the composition of the ECM is different, which in the 

fibrotic organ consists of larger amounts of the fibrillary collagens I and III. This 

results in the formation of a high density matrix, which is accompanied by 

sinusoidal capillarization and loss of hepatocyte microvilli, leading to impaired 

liver function. The principal cell type in the liver that is responsible for the 

increased deposition of collagen in the fibrotic liver is the activated hepatic stellate 

cell (38). 

Hepatic stellate cell activation 

In response to liver injury, HSC transdifferentiate from a quiescent, vitamin A-

storing cell-type into a cell with fibrogenic properties (39). This takes place under 

the influence of a large number of mediators secreted by multiple liver cell types. 

Damaged hepatocytes release reactive oxygen intermediates, but also key 

fibrogenic cytokines or their precursors, such as Transforming Growth Factor-β1 

(TGF-β1), Tumor Necrosis Factor-α (TNF-α) , Epidermal Growth Factor (EGF) 
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and Insulin-like Growth Factor (IGF). These cytokines induce cellular activation in 

HSC, but also stimulate the secretion of additional inflammatory and fibrogenic 

cytokines by Kupffer cells (KC) and infiltrated leukocytes. In turn, these cytokines 

further stimulate HSC activation. Upon activation, HSC themselves begin to 

produce fibrogenic and inflammatory cytokines. The secretion of TGF-β1, 

Endothelin-1 (ET-1), Platelet Activating Factor (PAF) and chemotactic factors, 

such as RANTES and Macrophage Chemotactic Protein-1 (MCP-1), create 

autocrine and paracrine loops by which the fibrotic process can perpetuate itself 

(2;31;39).  

A typical feature of HSC activation is the increased expression of alpha-smooth 

muscle actin (α-sma), by which HSC acquire a contractile phenotype. It is believed 

that HSC contraction in close association with the hepatic sinusoids plays a role in 

the development of portal hypertension (37). α-sma is considered to be the classical 

marker for HSC activation, but also other intracellular proteins have been identified 

to be upregulated upon HSC activation, earlier than α-sma. Examples of these so-

called early markers for HSC activation are α-β-crystallin and heat shock protein 

47, which are believed to be involved in intracellular collagen transport (40-42).  

The synthesis of extracellular matrix proteins by HSC increases upon activation 

and remodeling of the ECM takes place by the secretion of fibrillary collagens, 

mainly of type I and III. Also, Tissue Inhibitors of Metalloproteinase (TIMP-1 and 

TIMP-3) are secreted that additionally inhibit the degradation of newly deposited 

collagen by Matrix Metalloproteinases (MMPs), thus creating a positive ECM 

balance. Simultaneously, the secretion of MMPs that degrade the normal low 

density matrix of the liver is enhanced, resulting in a gradual remodeling of the 

ECM. During the degradation of normal matrix a number of fibrogenic cytokines 

are released from it, which further stimulates the remodeling process. In addition, a 

direct fibrogenic stimulation of HSC has been reported via an interaction of 

fibrillary collagens with discoidin domain-2 receptors (DDR-2) that are expressed 

on the cell surface of activated HSC (38;43). In this way another paracrine loop is 
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created whereby the ECM produced by HSC activates other HSC.  

In activated HSC, the receptor expression for certain fibrogenic cytokines on 

the cell surface is drastically upregulated. Examples of receptors that are 

upregulated on activated cells, relative to quiescent HSC, are the Platelet Derived 

Growth Factor-receptor (PDGF-receptor), the Mannose-6-phosphate/Insulin-like 

growth factor II-receptor (M6P/IGF-II receptor), the ET-1 receptor and many 

receptors that allow the HSC to interact with the surrounding ECM, an example of 

which is the collagen VI receptor. The preferential upregulation and presence on 

the cell surface of activated HSC make them suitable targets for the intracellular 

delivery of drugs, as will be further discussed below.  

Hepatic stellate cell proliferation 

HSC proliferation is a prominent feature of fibrogenesis, which occurs mainly 

under the influence of an isoform of PDGF. This isoform, PDGF-BB, is secreted 

mainly by Kupffer cells, but in a later stage also by HSC. Many studies show that 

local proliferation of fibrogenic cells occurs abundantly in experimental liver 

fibrosis, as well as in human fibrotic livers. Moreover, the profuse expression of 

PDGF receptors on the interface of fibrotic tissue and functional liver parenchyma 

suggests that expansion of fibrotic septa occurs mainly by virtue of local HSC 

proliferation (44-48). In bile duct-ligated rats (BDL), a commonly used animal 

model for the disease and also the experimental model used in this thesis research, 

hepatic stellate cell proliferation peaks during the first week after bile duct ligation, 

in which up to 11% of HSC show proliferative activity. The absolute numbers of 

activated HSC subsequently reach a plateau 3 weeks after onset of the disease in 

this animal model, at which point the numbers of α-sma-positive cells have 

increased more than 10-fold over healthy control animals (49). 
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Analogy of liver fibrosis with other fibrotic disorders 

In fact, the pathophysiological mechanisms described above for liver fibrosis, 

also take place in other organ systems. Myofibroblast-like cells that fulfill 

comparable functions to that of the HSC in the fibrotic liver have been identified 

and extensively characterized in the intestine (intestinal myofibroblast), kidney 

(mesangial cell, tubulo-interstitial cell), pancreas (pancreatic stellate cell) and 

blood vessels (vascular smooth muscle cell).  Not surprisingly, in the sclerotic and 

fibrotic processes in these organs, many of the same inflammatory mechanisms, 

fibrogenic cytokines and cytokine-receptors are involved (50-52). 

Experimental drugs inhibiting the fibrotic process itself 

Based on the increased understanding of the pathophysiology of liver fibrosis 

and stellate cell biology, many potential antifibrotic drugs have now been identified 

(see references (1) and (31) for recent reviews). However, many of them only exert 

clear effects in vitro and fail to act in vivo. This can, at least partly, be explained by 

unfavorable in vivo pharmacokinetics of many of these agents, resulting in 

relatively low and therefore ineffective intracellular drug concentrations within 

HSC. Another possibility is that the cellular mechanisms through which the drug 

sorts its effect in vitro, turn out to be redundant in vivo, and cellular functions are 

maintained by alternative pathways that are present in vivo. There is also a large 

group of drugs that effectively inhibits liver fibrosis in animal models, but 

unfortunately displays too many side effects to be applicable in the clinical 

treatment of liver fibrosis. Examples of such drugs are gliotoxin (non-specific 

induction of apoptosis in cells), trichostatin A (non-specific histonedeacetylase 

inhibitor) and the prolyl-4-hydroxylase inhibitors (inhibition of collagen synthesis). 

Main examples of antifibrotic drugs that have been tested in clinical trials are 

colchicine (inhibition of collagen synthesis and secretion) and IL-10 (anti-

inflammatory action and suppression of collagen synthesis in HSC), but no 

consistent positive effects could be observed. Moreover, both drugs indeed exert 
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problematic adverse affects. Currently, ACE inhibitors, angiotensin II blockers and 

pentoxifylline are being evaluated for their clinical efficacy, but it is clear that 

drugs with a more specific inhibitory effect on HSC are needed. Table 1 provides 

an overview of a number of experimental antifibrotic drugs that have been 

investigated to date. So far, none of the drugs were registered for the treatment of 

liver fibrosis. 

Table 1: Experimental antifibrotic drugs, references are indicated between parentheses.  

Drugs with antifibrotic 

properties in vitro 

Drugs with antifibrotic effects in vitro 

and in animal models 

Drugs tested in a 

clinical setting 

   

Prostaglandin J2 (53) 

HMG-Co-A reductase 

inhibitors (54) 

Trichostatin A (55) 

Pentoxifylline (56) 

Rapamycin (57) 

Gliotoxin (58) 

Cariporide (59) 

ACE inhibitors/ AT-II blockers (60) 

Halofuginone (61) 

Prolyl-4-hydroxylase inhibitors (62) 

Colchicine (24) 

IL-10 (63) 

Selective targeting to the HSC 

One possible approach to increase intracellular levels of antifibrotic agents in 

activated HSC in vivo, while simultaneously decreasing uptake in non-target 

tissues, is to selectively deliver these drugs to the HSC. With the recent 

development of the first generation of HSC-selective drug carriers, this has now 

become an option (64-66). Generally, these HSC-selective drug carriers consist of 

a human serum albumin (HSA) core protein to which targeting devices are 

coupled. These targeting devices are designed to interact with receptors that are 

preferentially upregulated on the cell surface of activated HSC. To date, drug 

carriers are available that bind to the M6P/IGF-II receptor, the PDGF-receptor, and 

the Collagen VI receptor. M6P/IGF-II receptor-specificity is obtained by coupling 

mannose-6-phosphate groups to the protein backbone, whereas PDGF receptor and 
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collagen VI receptor-specificity is obtained by coupling receptor-recognizing 

cyclic peptides to the HSA core. Upon i.v. administration of these proteins to 

fibrotic rats, 60-70% of the dose accumulated in the liver. Within the liver 

approximately 70% of the hepatic cells that appeared positive for the constructs 

after immunohistochemical staining, was also positive for HSC markers. Hepatic 

uptake and intrahepatic distribution were similar for all carriers, although in vitro 

differences were observed with respect to cellular internalization after binding to 

the receptor (64-67). The characteristics of these carriers are summarized in table 2. 

Table 2: Overview of the characteristics of the available HSC-selective carriers. 

HSC-selective carrier Abbreviation Target receptor 
Internalization after 

receptor binding 

    

Mannose-6-phosphate 

modified human serum 

albumin 

M6PHSA M6P/IGF-IIR High 

Human serum albumin 

modified with cyclic 

peptide C*SRNLIDC* 

pPB-HSA PDGF-R Low 

Human serum albumin 

modified with cyclic 

peptide C*GRGDSPC* 

pCVI-HSA Collagen VI R High 

 

Cell-selective delivery of drugs can be achieved by coupling the chosen drug 

molecules to the protein backbone via covalent conjugation to functional chemical 

groups in the side chains of amino acids within the protein. After binding of a drug 

targeting construct to its receptor, the conjugate may remain at the cell surface, or 

in case of binding to an internalizing receptor, the drug carrier, together with the 

attached drug, can be taken up by the cell via receptor-mediated endocytosis. By 
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coupling drugs to the carrier proteins via acid-labile linkers or linkers that can be 

degraded specifically by lysosomal enzymes, drug release may be obtained 

intracellularly, whereas the chemical bond between drug and protein remains stable 

in the circulation. In Fig. 3 this strategy is schematically depicted. 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Schematic representation of the employed targeting strategy. 

 

Especially for M6PHSA, a ligand for the M6P/IGF-II receptor, rapid 

internalization was found in cultures of HSC. The M6P/IGF-II receptor is a P-type 

lectin which plays a role in shuttling of proteins to the endosomal compartment 

within cells. Ten to twenty percent of M6P/IGF-II receptors is expressed on the cell 

surface in order to facilitate the transport of extracellular lysosomal enzymes to the 

lysosomes. To date, no signaling functions have been attributed to it, but in 

fibrogenic cells the M6P/IGF-II receptor is involved in the activation of latent 

TGF-β into its active form. This physiological role may also explain its preferential 

upregulation on activated HSC.  Furthermore, regulating functions are attributed to 

the receptor in IGF signaling, by facilitating the lysosomal degradation of this 

cytokine (68-71).  
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Alternative targeting strategies 

Adrian et al. incorporated M6PHSA into the lipid bi-layer of a liposome, which 

yielded a liposomal drug targeting preparation that bound to HSC and endothelial 

cells in vitro and, upon administration to fibrotic animals, distributed to the liver, 

and substantially co-localized with HSC-markers (72). This should make it 

possible to deliver drugs to HSC by entrapping hydrophilic drugs within the 

hydrophilic core of the liposome, without having to perform a conjugation reaction 

between drug and protein. In addition, hydrophobic drugs can be incorporated into 

the lipid bi-layer of the liposome.  

Non-albumin-based drug carriers that target the HSC have been designed as 

well. Rachmawati et al. studied whether the liver- and HSC-selectivity of IL-10 

could be improved by coupling M6P groups directly to the cytokine (73). In 

addition, Elrick et al. reported a monoclonal human single chain antibody fragment 

which bound specifically to synaptophysin, a membrane-associated protein in 

activated HSC. Coupling of a toxin to this carrier resulted in a construct with in 

vitro efficacy, but the in vivo organ- and cell-specificity of this construct have yet 

to be demonstrated (74).  

The targeted delivery of genes to the HSC has also been attempted. In an in 

vitro study by Janoschek et al., activated HSC have been successfully transfected 

with a recombinant, replication-defective adenovirus in which the herpes simplex 

virus thymidine kinase gene was successfully expressed under control of the 

TIMP-1 promoter, rendering HSC susceptible for ganciclovir-induced apoptosis 

(75). In vivo studies that describe the efficacy of this gene delivery strategy have, 

however, not been published yet. One problem of the use of adenoviral vectors for 

delivering genes to HSC in vivo is their preferential uptake by Kupffer cells and 

hepatocytes. Unpublished results by Schoemaker et al. showed that adenoviral-

mediated expression of a transgene by HSC in vitro could be enhanced by pre-

incubating the virus with a fusion protein recognizing the virus and the PDGF-R. 

Simultaneously, transfection of hepatocytes could be reduced. Transcriptional 
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retargeting (i.e. restricting gene expression to target cells by HSC-specific 

promoters) and transductional retargeting techniques (i.e. HSC-specific targeting of 

the adenoviral vector) may be combined in the future to increase the HSC-

specificity of adenoviral-mediated gene delivery (76). 

HSC-selective targeting of antiproliferative drugs: methodology in brief 

Because local HSC proliferation is crucial for the formation of fibrotic septa 

and progression of the fibrotic process, inhibition of HSC proliferation seems a 

particularly interesting option to inhibit fibrogenesis. To date this intervention has 

not been extensively tried. The studies described in this thesis explore the use of 

antiproliferative drugs for the treatment of experimental liver fibrosis in the rat, 

with special emphasis on the targeted delivery of such drugs to the HSC in order to 

avoid uptake in non-target tissues and cells. 

The a priori selection of suitable drug candidates was based on adherence to the 

following criteria. First, the drug should have the potential of inhibiting HSC 

proliferation. Second, the drug should have suitable (physico-)chemical 

characteristics to allow conjugation to the HSC-selective drug carriers. Third, 

analytical techniques for the analysis of the drug should be available to allow 

chemical characterization of the conjugates and bio-analysis in pharmacokinetic 

studies. In addition, the drug should be available in sufficient amounts to allow 

chemical characterization of the synthesized constructs, as well as in vitro studies 

and in vivo studies in diseased animals. Based on these criteria, the experiments 

described in this thesis are performed with the antiproliferative drugs 

mycophenolic acid (MPA) and doxorubicin (DOX). Detailed characteristics of 

these drugs are discussed in the chapters that describe the experiments performed 

with them. In view of the molecular targets of MPA (Inosine Monophosphate 

Dehydrogenase) and DOX (Topoisomerase II, DNA), which are both located 

intracellularly, a drug carrier  was chosen  that was  internalized after binding to the  
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receptor. We selected M6PHSA as the most suitable drug carrier for these drugs as 

previous studies in our lab showed rapid internalization of this carrier.  

The in vitro evaluation of the developed drug targeting constructs was 

performed in cultures of 3T3 fibroblasts, an M6P/IGF-II receptor expressing cell-

line, as well as cultures of primary isolated rat HSC, the ultimate target cells. These 

in vitro studies served to elucidate whether the synthesized constructs still bound 

selectively to the fibrogenic cells, and whether pharmacologically active drug was 

released from the conjugates upon internalization by the target cells. However, the 

ultimate targeting efficiency and antifibrotic efficacy of HSC-targeted constructs 

can only be tested in a relevant in vivo model of liver fibrogenesis. To this end, we 

used the rat bile duct ligation model, which is characterized by a quick onset, and 

subsequent tough and reproducible development of the disease (49). 
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