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SUMMARY 

Liver fibrosis is the response to a variety of chronic injurious events to the 

liver, induced by chronic viral hepatitis, iron or copper overload disease, certain 

autoimmune diseases, toxicity by certain drugs or chronic alcohol abuse and 

metabolic disorders, such as the metabolic syndrome. The disease is characterized 

by the deposition of excessive amounts of scar tissue in the liver, which disturbs 

liver structure and functioning. In an advanced stage, the fibrotic process acquires a 

self-perpetuating character, and fibrosis will gradually progress into its end-stage 

called cirrhosis even when the injurious stimulus is removed. Finally, healthy liver 

cells are largely replaced by connective tissue. This remodelling of the liver 

parenchyma also results in impaired blood flow through the liver, which 

subsequently leads to portal hypertension and many secondary problems. In 

contrast to the early stages of the disease, when loss of functional liver parenchyma 

can still be compensated for by virtue of a functional over-capacity of the liver, 

liver function becomes de-compensated in the cirrhotic end-stage of the disease, 

ultimately leading to death. To date, no effective antifibrotic drug is available for 

treatment and the only curative intervention is a liver transplantation (1). 

Within the fibrotic liver, activated hepatic stellate cells (HSC) are the main 

source of the excessive amounts of extracellular matrix proteins, which are the 

building blocks of the connective tissue. Under the influence of fibrogenic stimuli 

derived from damaged hepatocytes, activated Kupffer cells and liver endothelial 

cells, HSC transdifferentiate from a quiescent cell type into a cell with a 

myofibroblast-like phenotype. During fibrosis, the number of active fibrogenic 

cells in the liver also dramatically increases, mainly as a result of an increased local 

proliferation of HSC. Because the latter process plays an important role in the 

progression of the disease, inhibiting HSC proliferation could be a relevant strategy 

to inhibit liver fibrosis in a pharmacological manner (2;3).  
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The development of clinically applicable antifibrotic drugs based on the 

understanding of the pathogenesis of liver fibrosis and HSC biology has thus far 

met with limited success. One important reason for this is that candidate 

compounds exert too many adverse effects to be of any practical use. This is 

particularly true for antiproliferative drugs that are usually applied as anticancer 

agents, i.e. the adverse effects of such antitumour drugs are well known. Therefore, 

these drugs have not yet been tested for their antifibrotic potential during liver 

fibrosis. As summarized in chapters 1 and 2, toxicity in non-target cells may be 

avoided by the selective delivery of drugs to the HSC. HSC-selective drug carriers 

have recently been developed and the work described in this thesis explores the 

concept of HSC-selective delivery of antiproliferative drugs as a potential strategy 

to treat liver fibrosis. This is the first time this item is addressed. 

In the studies described in this thesis, mannose-6-phosphate-modified human 

serum albumin (M6PHSA) was used as a drug carrier to which drugs were 

covalently coupled in order to improve their HSC-selectivity. M6PHSA has been 

designed to interact with mannose-6-phosphate/insulin-like growth factor receptors 

(M6P/IGF-IIR). In isolated HSC with an activated phenotype this receptor is 

upregulated. Previous data from our laboratory have shown that M6PHSA, as a 

consequence of this, selectively accumulates in the HSC of rats with advanced liver 

fibrosis induced by bile duct ligation (BDL) (4-6). However, at the start of this 

project there were no systematic data available regarding the M6P/IGF-II receptor 

expression in the livers of BDL rats. Particularly, these data were needed to predict 

whether HSC-selectivity of the constructs may also be expected in an early stage of 

the disease, when HSC proliferation is most prominent (7). 

 In chapter 3 we therefore explored the upregulation of M6P/IGF-II receptor 

expression during experimental liver fibrosis, at various time points after BDL. We 

found that M6P/IGF-IIR mRNA expression was increased during the early stages 

after ligation and immunohistochemical staining for M6P/IGF-IIR revealed a clear 

presence of this receptor on α-sma-positive cells with spindle-shaped nuclei. To 
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investigate the possibility of an upregulation of this receptor on other fibrogenic 

cells during fibro-proliferative disease in other organs as well, we also studied 

M6P/IGF-II receptor expression in the renal vasculature of homozygous 

TGR(mRen2) rats. In these renin transgenic animals, hypertension-induced fibrotic 

vascular lesions develop, which are characterized by a thickening of renal 

capillaries associated with vascular smooth muscle cell proliferation (8). In the 

kidneys of TGR(mRen2) rats the number of M6P/IGF-IIR-positive blood vessels 

per microscopic field was indeed increased, indicating that this receptor is also 

expressed in early fibrotic vascular lesions in renal tissue.  

Our findings thereby opened perspectives for the selective delivery of drugs to 

HSC in the fibrotic rat liver already in an early stage of the disease. Moreover, 

targeting antiproliferative drugs to vascular smooth muscle cells in vascular lesions 

via this receptor may be a possibility as well. This is one example of disease-

induced targeting (9). 

In chapter 3 we also studied whether delivery of the immunosuppressive drug 

mycophenolic acid (MPA) to M6P/IGF-II receptor-expressing fibroblasts is 

possible via receptor-mediated uptake in vitro, and subsequently whether this 

resulted in pharmacological effects within these cells. Besides the well known 

immunosuppressive action of the drug, it has been shown by others that MPA 

inhibits the proliferation of fibroblast-like cells directly (10-12). Selective delivery 

of MPA to fibrogenic cells may therefore enhance this antiproliferative effect on 

fibrogenic cells, while simultaneously the potential systemic immunosuppressive 

effects could be reduced. In fibrotic patients, the latter can be considered a serious 

side effect. In the studies described in this chapter we demonstrated that MPA was 

successfully conjugated to M6PHSA and that the resulting construct was capable 

of inhibiting 3T3-fibroblast proliferation. Additionally, we showed that the effect 

of M6PHSA-MPA was significantly reversed by co-incubation with an excess of 

M6PHSA, an M6P/IGF-IIR ligand, but not by an excess of human serum albumin 

(HSA). This indicated that the construct was indeed taken up by receptor-mediated 
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endocytosis before exerting its antiproliferative effect within the cells.      

To this point, the effects of MPA on HSC had not yet been investigated. In 

chapter 4 we demonstrated that the proliferation of culture-activated rat HSC can 

be completely inhibited by this drug in the micromolar concentration range. Co-

incubation of the MPA-treated cells with exogenous guanosine completely restored 

the proliferative potential of the cells. This is in line with an inhibitory action of 

this drug on inosine monophosphate dehydrogenase, an enzyme that is crucial for 

de novo guanosine synthesis in cells. We also investigated in this chapter whether 

the results obtained with the M6PHSA-MPA conjugate in 3T3-fibroblasts could be 

established in cultured HSC. On the basis of these studies we concluded that in 

HSC this conjugate also binds to specific receptors, and that this results in a 

successful inhibition of HSC proliferation. Importantly, in vivo studies 

demonstrated that our conjugate accumulated selectively in HSC, whereas 

extensive uptake in extrahepatic organs was avoided.  

Upon chronic treatment of fibrotic rats with the drug carrier alone (M6PHSA), 

we discovered that this neoglycoprotein elicits an influx of inflammatory cells 

within the liver. However, this did not negatively influence fibrogenesis. 

Interestingly, the carrier-induced hepatic inflammation was completely suppressed 

in the animals treated with M6PHSA-MPA, whereas this was not the case in the 

animals that were co-injected with M6PHSA and an equivalent amount of the 

untargeted drug. M6PHSA-MPA also reduced mRNA expression of α-β-Crystallin, 

a specific marker for HSC activation. Although these data indicated that 

pharmacologically active drug can be successfully delivered to HSC, hepatic 

collagen content and HSC numbers were not significantly affected. This raised the 

possibility that the delivered amount of MPA to the HSC was too low, which is 

conceivable since the MPA to protein ratio of the conjugate used in this study was 

only 0.5:1. Attempts to synthesize a pharmacologically active construct with an 

increased drug to protein ratio via alternative synthesis strategies were 

unsuccessful. Our data may also indicate that in vivo, HSC have an alternative 
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metabolic pathway in place in order to maintain intracellular guanosine levels. 

In chapter 5 we therefore investigated the antifibrotic potential and HSC-

selective delivery of the more potent antiproliferative drug, doxorubicin (DOX). 

DOX can also be coupled in higher amounts to the drug carrier, and as an 

additional advantage over MPA, this drug is detectable by fluorescence microscopy 

techniques. The latter characteristic of the drug enabled a more optimal 

investigation of the cellular localization of the targeted and untargeted drug within 

the liver. We found that DOX inhibits the proliferation of cultured HSC in the 

nanomolar range and, in this respect, was the most potent cytostatic drug available. 

Moreover, we could show that chronic treatment of bile duct ligated rats with DOX 

reduced the number of activated HSC and attenuated collagen deposition. This 

showed that treatment with this cytostatic drug can in principle exert favorable 

effects during experimental liver fibrosis. Yet, as expected, we observed clear 

adverse effects. These were reflected by a significant body weight loss, increased 

serum γ-GT levels, and an influx of inflammatory cells in the liver. To increase the 

HSC-specificity of DOX in order to overcome this toxicity, the drug was coupled 

to M6PHSA via an acid-sensitive linker. The resulting construct (M6PHSA-DOX) 

accumulated preferentially in the liver and was found to be substantially co-

localized with HSC-markers, as assessed by immunohistochemical double-staining 

for HSA and desmin/GFAP. Taking advantage of the fluorescence of DOX itself, 

the distribution of the coupled drug could be tracked individually and its selective 

uptake in non-parenchymal liver cells, about 8% of the liver volume, was clearly 

demonstrated. In contrast, the livers of rats that were injected with the free drug 

displayed an extensive uptake of DOX in hepatocytes. It may therefore be expected 

that during treatment with M6PHSA-DOX hepatocytes retain their functionality 

and proliferative capacity, unlike treatment with the untargeted drug. From in vitro 

studies, described at the end of this chapter, it could be concluded that the drug 

targeting construct bound in a selective manner to cultured HSC and strongly 

inhibited HSC proliferation. 
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The experiments described in chapter 6 served to gain a better understanding 

of the pharmacokinetics of M6PHSA-DOX in rats with liver fibrosis. We observed 

that the initial plasma disappearance of the construct was inversely correlated to the 

injected dose, which is in line with clearance by a saturable receptor-mediated 

clearance mechanism. We also performed γ-camera studies, in which we monitored 

the hepatic uptake of a 123I-labeled tracer dose in time. This confirmed that the liver 

was the principal organ of accumulation, and now also revealed that hepatic uptake 

at relatively low doses occurs rapidly. Within the first 5 minutes after injection, 

most of the administered dose was already present in the target organ. In vitro we 

evaluated the potential release of DOX from the carrier in an acidic environment, 

which served to simulate drug release from the construct in the lysosomal 

compartment of cells to which the endocytosed material is routed. These studies 

showed that a relatively slow release of DOX from its carrier can be expected to 

take place within the target cells (9-hour period for maximal release). Such a slow 

release of DOX from the carrier could ensure a prolonged antiproliferative effect 

within HSC after rapid initial delivery of the construct to the cells. In cultures of 

primary isolated rat HSC, fluorescence microscopy studies indicated that 

untargeted DOX accumulated quickly and mainly in the cell nucleus, whereas 

M6PHSA-DOX incubation resulted in a granular accumulation pattern in the 

cytoplasm and, later on, also within the nucleus. The latter is consistent with an 

accumulation of the construct in the lysosomal compartment. The nucleus-

associated DOX in the M6PHSA-DOX-treated cells confirms that release of DOX 

from the carrier can take place. These observations are in line with the results 

presented in chapter 5, in which an antiproliferative effect of the construct in 

cultures of HSC was evident.  

Chapter 7 subsequently describes the pharmacological effects of both a single-

dose and chronic administration of M6PHSA-DOX on experimental liver fibrosis 

in rats. In the single-dose study we found that non-parenchymal cell proliferation 

was reduced in the M6PHSA-DOX-treated animals compared to animals treated 
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with the control protein. Moreover, a reduction in perisinusoidal collagen 

deposition was observed. However, despite the apparent successful delivery of 

pharmacologically active DOX in vivo after single dosing, fibrosis parameters were 

not significantly affected after chronic administration of the conjugate. Recent 

studies by the group of Faber and Moshage (Dept. of Liver, Digestive and 

Metabolic diseases, University Medical Centre Groningen) demonstrated the 

presence of mdr1a and mdr1b mRNA in cultured HSC (13). We therefore 

hypothesized that chronic exposure to M6PHSA-DOX may induce the cellular 

expression of these ATP-dependent efflux pumps, also called multi drug resistance 

transporters. These pumps remove DOX from the target cells and combined with 

the relatively slow release of pharmacologically active DOX from the 

intralysosomal depot of intact conjugate (chapter 6), this increase in cellular 

extrusion mechanisms for DOX may lead to sub-therapeutic drug concentrations in 

the cytoplasm and nucleus. In line with this hypothesis, we found that chronic 

treatment of BDL rats with M6PHSA-DOX significantly induced mdr1a mRNA 

liver levels. Interestingly, mdr1b expression remained unaffected. To test this 

hypothesis in more detail in the future, immunohistochemical staining of liver 

sections should elucidate whether, apart from hepatocytes, activated HSC are 

indeed involved in the observed upregulation of multi drug resistance genes in 

whole liver samples, and if this leads to mdr-related efflux phenomena in this cell 

type. Simultaneously, DOX-induced upregulation of mdr1a and mdr1b may be 

studied in cultures of HSC.  

In conclusion, it remains to be established at which dose therapeutic levels of 

doxorubicin can be attained in HSC following chronic administration of its 

M6PHSA conjugate. So far, pharmacologically active DOX can be delivered to 

HSC, but therapeutic levels are not obtained yet, possibly due to the observed 

mdr1a upregulation in these livers. 
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GENERAL DISCUSSION AND PERSPECTIVES 

Optimization of HSC-selective constructs 

Although the HSC-selectivity of antiproliferative drugs was successfully 

enhanced, undesired uptake of the developed constructs by liver macrophages was 

still evident (chapters 4, 5 and 6). This clearance by the mononuclear phagocyte 

system is not unique for HSC-targeted constructs but poses a problem in drug 

targeting in general. Although it will be difficult to completely avoid macrophage 

uptake, a successfully applied tactic for the avoidance of protein clearance by these 

cells is by modification of the proteins with polyethylene glycol (PEG). Pegylation 

may be applied to improve HSC-targeted preparations as well, but a serious draw-

back of this strategy might be that the interaction with M6P/IGF-II receptors also 

becomes impaired. Since the observed uptake of the present conjugates in Kupffer 

cells is very likely mediated via scavenger receptors, an alternative strategy to 

avoid clearance by macrophages would be to reduce the net-negative charge of the 

constructs (14). As illustrated in chapter 5, this high net negative charge is 

determined in part by the negatively charged phosphate groups coupled to the 

protein backbone. In the PDGF-receptor and collagen VI-receptor recognizing 

HSC-selective drug carriers, circular receptor-recognizing peptides serve as 

homing devices. As a result, the net negative charge of drug targeting constructs 

will be lower, which will help to avoid clearance by macrophages. In addition, the 

absence of possible immunogenic sugar residues in these carriers may also avoid a 

pro-inflammatory effect, as was observed after administration of M6PHSA (see 

chapter 4). 

Obviously, drugs other than MPA and DOX may be coupled to the drug 

carriers as well. As outlined in chapter 2, many candidates are available. According 

to the theory presented in chapter 7, it may be important to make a pre-selection of 

these drugs by screening the compounds with respect to their Pgp-substrate 

specificity. Still, whether a drug is a suitable candidate for HSC-selective drug 
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delivery depends not only on the pharmacological properties of the drug, but is also 

determined by the presence of proper chemical groups for its conjugation to the 

drug carrier (carboxylic acid-, amine-, hydroxyl- or sulphide-groups). By investing 

in technology that allows the conjugation of drugs that can not be coupled to the 

drug carriers by current conjugation techniques, perspectives can be offered for the 

targeting of a wider range of promising antifibrotic drugs to HSC. Recently, 

substantial progress has been made with respect to this. In our lab, the potential 

antifibrotic drug pentoxifylline was successfully coupled to M6PHSA. This drug, 

which lacks traditional functional groups for coupling strategies, was conjugated to 

M6PHSA via the aromatic nitrogens of the drug, using a novel platinum-based 

linker technology. Since aromatic nitrogens are commonly found in 

pharmacologically active molecules, this technique may be successfully applied to 

a wide range of therapeutics (20). 

Portal Fibroblasts 

The results described in this thesis strengthen the notion that liver fibrosis is a 

resilient disease. Particularly, studies in bile duct-ligated rats have shown that, 

besides activated HSC, also portal fibroblasts contribute to fibrogenesis. A 

simultaneous inhibition of the proliferation of these cells may thus result in a more 

effective attenuation of fibrosis. Portal fibroblasts are situated in close proximity to 

the proliferating bile ductules, in zone 1 of the liver. In chapter 6 we have 

described that fibrogenic cells that are located in the centre of the severely fibrotic 

portal zones are only reached when high dosages of conjugate are administered. 

This may be the result of reduced perfusion and accessibility of the fibrogenic cells 

within these areas. In contrast, accumulation of constructs in activated HSC at the 

interface of fibrotic and healthy tissue is attained much easier, at lower dosages. As 

an alternative to the hypothesis posed in chapter 7, it could thus be possible that for 

a more successful inhibition of fibrogenesis in BDL rats a better penetration of 

targeting constructs in zone 1 is required. To gain a better understanding of the 
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antifibrogenic potential of antiproliferative drugs targeted to fibrogenic cells in 

zone 2 and 3 of the liver, it would therefore be relevant to explore the antifibrotic 

potential of the developed constructs in fibrosis models that are characterized by 

fibrosis in these zones. A suitable model for these purposes is the CCl4 model (See 

fig. 1, chapter 2), in which fibrogenesis is characterized by a gradual formation of 

bridges of connective tissue between central veins. With respect to cirrhosis in 

man, this model is also more relevant since the very rapid and extensive portal 

expansion that is so characteristic for the BDL model is absent in most forms of the 

human disease (see chapter 2). We therefore set out to implement this model in our 

laboratory and currently both a mouse and a rat model of CCl4-induced liver 

fibrosis have been introduced.  

Although HSC are the principal extracellular matrix-producing cells in the 

fibrotic liver, progression of fibrosis is also the result of a complex interplay 

between these fibrogenic cells and other liver cell types (see chapter 2).It should 

therefore be considered that a more successful inhibition of liver fibrosis may 

require a pharmacological intervention not only on the level of HSC, but also on 

the level of other liver cell types.  

Role of M6P/IGF-II receptors in disease 

Besides the described experiments that can be performed to further investigate 

the HSC-selective targeting of drugs, another interesting line of research would be 

to explore the role of the M6P/IGF-II receptor in fibrotic diseases in more detail. 

Our current data show that these receptors are upregulated on vascular smooth 

muscle cells in fibrotic vascular lesions and myofibroblasts in fibrotic livers. It is 

known from literature that activation of latent TGF-β into its active fibrogenic form 

is mediated by this receptor, as well as the regulation of extracellular levels of 

insulin-like growth factor (15;16). Interestingly, pro-renin can serve as a ligand for 

the M6P/IGF-IIR as well, which may lead to its activation or degradation via 

internalization and subsequent degradation in the lysosomes (17;18). The binding 
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of pro-renin is of special interest since the development of hypertension-induced 

vascular lesions in renin transgenic rats is mainly due to an increased activity of the 

renin angiotensin aldosterone system. Moreover, recent reports have also 

demonstrated the profibrogenic role of angiotensin II during liver fibrosis (19). 

M6P/IGF-II receptors on the cell surface of fibrogenic cells may therefore be 

involved in fibrogenesis by regulating local angiotensin II concentrations via the 

modulation of renin levels in the direct vicinity of these cells. 

Our finding of enhanced expression of the M6P/IGF-II receptor in the renal 

capillary walls of the TGR(mRen2) rats is new and quite interesting. The receptor 

appears to be expressed relatively early in the pathogenesis of vascular injury. 

Receptor expression could be clearly observed, whereas thickening of the capillary 

vascular walls was still relatively mild. Besides serving as a possible target for 

fibrogenic cell-selective drug delivery, it is therefore possible that this receptor can 

be used as an early marker for the development of fibrotic vascular lesions. To 

explore this in more detail, further efforts are needed to examine the time-course of 

receptor expression in relation to other disease markers. To this end, animal models 

for hypertension-induced vascular lesions and atherosclerosis, as well as human 

pathological tissues should be studied. 

CONCLUSIONS 

The work presented in this thesis demonstrates that treatment with an 

antiproliferative drug in principle constitutes a viable antifibrotic strategy for the 

treatment of liver fibrosis. In addition, we could unequivocally demonstrate that 

such drugs can be selectively delivered to the key fibrogenic cells in the livers of 

animals with liver fibrosis. The developed constructs represent the first generation 

of HSC-targeted drugs and were shown to bind selectively to activated HSC in 

vitro and exert pharmacological effects in vitro as well as in vivo. Further 

optimization of targeting constructs in combination with the testing of these second 
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generation constructs in other models of liver fibrosis should elucidate whether 

HSC-selective targeting of antiproliferative drugs can ultimately be employed to 

treat this chronic disease. 
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