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1. ABSTRACT

Since hepatic stellate cells (HSC) play a crucial
role in the development of liver fibrosis, this cell is the
major target for anti-fibrotic drugs. Most of the
experimental drugs that influenced the HSC activity
showed however low efficacy in vivo. Either a low uptake
of the compounds in the cells that cause disease might
account for this lack of effect, or side-effects in other cells
may limit the dosage of the drugs. These side-effects may
even counteract the beneficial effects. Therefore a selective
delivery of drugs to the HSC may comprise a promising
new way to improve liver fibrosis. The targeting to HSC
has become a feasible option, because albumin-based
carriers have been developed that preferentially distribute
to HSC in fibrotic rat livers. In addition to the targeting of
drugs, also the selective delivery of genes to HSC in
fibrotic livers is of interest for therapeutic purposes and a
start is made in this respect. The present review discusses
the drugs to be targeted to HSC and summarizes some of
the problems encountered during this novel strategy in the
treatment of liver fibrosis.

2. INTRODUCTION

In the last decade, significant advances have been
made in the development of new anti-fibrotic agents,
mostly because of a better understanding of the cellular and
molecular mechanisms that cause liver cirrhosis. The most
promising classes of anti-fibrotic drugs have recently been
summarized (1,2). Yet, only a few agents have reached the
clinical testing stage, and successful pharmacological
treatment of liver cirrhosis in patients is not yet feasible. In

fact, at present only a liver transplantation can lead to
satisfactory results. Probably, the best pharmacological
treatment for cirrhosis nowadays is the removal of the
injurious event, for example through a reduction of the viral
load in patients with viral hepatitis. However, a complete
cure remains an exception. By the time cirrhosis is
diagnosed, the fibrotic process has usually progressed
beyond ‘the-point-of-no-return’, and removal of the
injurious event will only have limited effects. Agents acting
at both the inflammatory and fibrogenic level are therefore
needed.

The problems with drugs that influence the
fibrogenic or inflammatory activity are, among others, a
lack of cell specificity in vivo and consequently the
occurrence of side effects. Due to these adverse reactions,
dose limitations prevent effective treatment. For example,
corticosteroids can be very effective in the management of
several types of autoimmune and alcoholic hepatitis (3,4).
However, they can only be applied for a short period of
time in order to minimize the inherent side effects. For
example, in the treatment of primary biliary cirrhosis,
corticosteriods turned out to be rather toxic and not really
effective (5). Therefore, a selective delivery of drugs to the
diseased tissue and cell types therein may provide a
solution for minimizing the adverse reactions and at the
same time optimize the efficacy. The targeting of the
corticosteroid dexamethasone to endothelial and Kupffer
cells in fibrotic livers was studied by Melgert et al (6,7).
However, although the delivery of this potent drug to these
cells was successful in itself, the supposed anti-fibrotic
effects that were expected on the basis of its anti-
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Figure 1. Targeting of drugs to different cell types in the
liver. A. Drugs can be specifically delivered to various
hepatic cell types, including the hepatic stellate cell. After
modification of albumin with the sugar lactose a selective
binding is obtained with the asialoglycoprotein receptor on
hepatocytes (PC). Mannosylated albumin is used for
targeting to Kupffer cells (KC), whereas negatively charged
albumins are predominantly taken up by scavenger
receptors (type A) present on the cell membrane of hepatic
endothelial cells (EC). Targeting to hepatic stellate cells
(HSC) is obtained with mannose-6-phosphate (M6P)
modified albumin or albumin modified with cyclic
peptides. B. Immunohistochemical demonstration of the co-
localization of the carrier M6P-HSA, identified with anti-
HSA IgG (red), and HSC, identified with anti-desmin and
GFAP IgG (blue), in fibrotic rat livers (BDL3). Double
positive cells are indicated with arrows (original
magnification 400x).

inflammatory properties were disappointing. This was
probably due to the fact that also the release of mediators
with a negative feedback on the fibrotic process was
blocked. In liver fibrosis, in particular targeting of drugs to
the HSC (figure 1) could be more promising for the
pharmacological treatment of this chronic liver disease, as
will be outlined in this review.

3. WHY ARE HSC TARGET CELLS?

The liver consists of various cell types, i.e.
parenchymal cells (also called hepatocytes), endothelial
cells (sinusoidal as well as vascular type), Kupffer cells

(macrophages), bile duct epithelial cells, pit cells, and
hepatic stellate cells, that are all to some extent involved in
the processes of initiation and perpetuation of liver fibrosis.
However, the HSC are considered crucial, because of their
prominent role in extracellular matrix production,
regulation of vascular tone, and production of inflammatory
mediators such as transforming growth factor-β (TGF-β)
and platelet derived growth factor (PDGF). During fibrosis
in particular these three processes are de-arranged. At a
certain point in the whole process, the HSC perpetuate the
fibrogenesis by creating several autocrine loops, thus
maintaining the process even without contribution of the
other cell types (8-13).

4. DRUG TARGETING

4.1. Drug targeting methodology
Drug targeting is an approach in which the body

distribution of a drug is manipulated in order to increase the
efficacy and reduce the toxicity of the drug. In this way, it
is not the drug itself that determines the pharmacokinetics
and cellular distribution, but the carrier molecule to which
the drug is coupled. Some call this a magic bullet, but the
magic is not so much in the carrier but rather in the target
cell as will be pointed out in the next sections. The concept
of drug targeting and the recent developments up to clinical
perspectives are extensively described in the book ‘Drug
Targeting - Organ-Specific Strategies’ (14).

The carrier modality chosen is often a
macromolecular device. In our lab, we have frequently used
the plasma protein human serum albumin (HSA), as well as
sugar, charge and peptide modified forms (15-18). Albumin
is abundantly present in blood (±4 g per 100 ml). The
protein is readily water soluble, biodegradable, and
biocompatible in contrast to various polymeric or lipidic
carriers. Other macromolecular carriers used are liposomes
or certain particles (nanospheres, microspheres, and
viruses). As intrinsically active carriers certain antibodies
and enzymes can be used (16,19). Two types of drug
targeting strategies can be distinguished: passive and active
targeting. During passive targeting, the strategy is to avoid
side effects by preventing major distribution to a particular
organ or cell type. For example, the cardiotoxicity of
doxorubicin can be decreased by including it in a liposomal
formulation (20,21). Normal (conventional) liposomes can
release drugs slowly into the general circulation preventing
toxic peak concentrations, but at the same time accumulate
in macrophages or other cells of the reticuloendothelial
system, due to the phagocytic activity of these cells. This
may induce another type of toxicity (22). The size of a
carrier protein is a factor that influences the body
distribution, i.e. compounds with a relatively low molecular
weight (<30-50 kD) will be filtrated in the kidneys,
whereas proteins with a higher molecular weight generally
are not removed by kidneys and are finally taken up by the
liver (16,23). More specific targeting of carriers can be
achieved by incorporation of site-directed ligands (homing
devices) to the macromolecular backbone, thereby
redirecting the construct to specific binding sites on cell
membranes. This active targeting strategy can lead to
higher therapeutic concentrations at the desired site of
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Figure 2. Schematic representation of the concept of drug
targeting using receptor recognizing peptides. These cyclic
peptides consist of the stretch of amino acids within a
cytokine molecule that is specific for receptor binding, and
serve as homing ligands for a macromolecular protein by
covalent attachment to the protein backbone. The resulting
carrier can subsequently be conjugated with drug
molecules. Besides delivering the drug at or into the target
cells, carrier or conjugate binding to the cytokine receptor
may be able to inhibit activation of signal transduction
pathways. The target cell in case of liver fibrosis is the
hepatic stellate cell.

action. The homing devices with specificity for a certain
membrane receptor can be carbohydrate ligands, functional
groups bearing multiple negative or positive charges,
antibodies, or peptide ligands. Since drug targeting
preparations are applied in the diseased state, the cell-
selectivity of the carriers should preferably be assessed
under diseased conditions because in pathological
situations often changes in receptor expression occur (24-
26).

Proteins contain many different functional groups
that can be used for conjugation of the chosen homing
device or drug. For instance, the primary amino group of
lysine and the thiol group of cysteins have been frequently
used (27). Many conjugation procedures are based on
nucleophilic substitution reactions in which an activated
electrophilic group of the drug reacts with a nucleophilic
group of the protein. In addition to the chemical
modification of carriers, recombinant DNA approaches can
be exploited for the preparation of suitable carrier
molecules (27). Apart from conventional drugs, also anti-
sense oligonucleotides, and genes are attractive candidates
for cell specific delivery. At present a spectrum of gene
modulating substances that interfere with multiple
regulatory sites within the cell are under development, but
often lack cell-specificity. In addition, radioactive ligands
can be coupled to the HSC selective-carriers for diagnostic
purposes of fibrosis, similar to the developed hepatocyte-
directed ligands to detect fibrosis (28).

The majority of the drug targeting strategies
employ receptor-specific ligands attached to the carrier-
drug complex to deliver the drug to the target cell of
choice. Depending on the subsequent routing of the
receptor complex after internalization, the drug will end up

in a specific compartment in the cell. Because most of the
compounds are taken up via receptor mediated endocytosis,
the degradation of the complex occurs within the
endosomal/lysosomal compartments of the cell. The release
of the active drug from the carrier and the subsequent
transfer to the cytoplasm and/or other organelles is crucial
to obtain a final therapeutic effect. If the rate of release of
the drug from the carrier is not adequate, this can be
improved by using a biodegradable spacer between the
carrier and the drug. Various peptide-like and acid-sensitive
spacers are described in literature, that can be split via
enzymatic reactions or in a relatively acidic environment.
The intracellular release profile of the targeted drug can in
this manner be tailored to the therapeutic need (27,29,30).

4.2. HSC-selective drug carriers
Until a few years ago the targeting to HSC was

not studied, and HSC-specific carriers were not described.
At that time, we developed several macromolecules that
can be recognized by HSC, and in particular by the HSC in
fibrotic livers. Realizing that a number of receptors become
overexpressed on the cell membrane of HSC after
activation or proliferation, we designed three modified
proteins with increased affinity for the HSC. The first target
receptor chosen was the mannose 6-phosphate/ insulin-like
growth factor II (M6P/IGFII) receptor, because it was
reported to be highly upregulated on the cell membranes of
activated HSC (31,32). HSA was modified with the sugar
mannose 6-phosphate and in vivo experiments showed that
this modified albumin accumulated rapidly in livers of rats
with liver fibrosis (about 60% of the dose already at 10 min
after iv injection). More importantly, the major part of the
hepatic content was found in the HSC (33). This cell-
specific distribution in fibrotic livers is both due to marked
proliferation of HSC as well as the much higher expression
of the particular receptor on this cell type. The specificity
of binding to HSC was confirmed in in vitro studies. M6P-
HSA bound in particular to the activated HSC and a rapid
internalization of the protein occurred via a receptor-
mediated endocytotic route (34).

In addition, two other HSC-selective carriers
were obtained (18,35). Instead of the derivatisation of
albumin with specific sugars, albumin was now modified
with cyclic peptide moieties (minimized proteins) that
represented the binding domains of cytokines/growth
factors responsible for binding to the activated HSC (figure
2). In order to mimic the binding but not induce the
subsequent signaling/effects, the binding sequence was
separated from the domain that triggers the cellular effects.
We prepared two different types of peptide-modified
albumin, each of them bearing cyclic peptide groups that
contained the receptor recognizing peptide sequence of
either collagen type VI or PDGF-BB. In case of the binding
to collagen type VI receptors, we modified the lysine
groups of HSA with the cyclic RGD containing peptide
C*GRGDSPC*, designated as pCVI-HSA (18). This
albumin bound avidly to cultured rat HSC, in particular to
the activated cell type, and also internalization was found in
vitro, although not to the same extent as the M6P-HSA
(34). In vivo a preferential distribution of pCVI-HSA to
HSC in rats with liver fibrosis (3 weeks after bile duct
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ligation) was noted. Ten min after intravenous injection
62±6% of the administered dose accumulated in the fibrotic
rat liver, mostly in the HSC (18). Studies with PDGF
receptor recognizing peptides, aiming for an even more
selective interaction with the HSC and myofibroblasts of
the fibrotic liver are in progress. Of note, both receptors
play an important role in cell attachment and proliferation
implying that the peptide modified albumin not only can
specifically bind to the stellate cells but also may act as
peptidic antagonists that can block cellular activity.

4.3. Drugs to be targeted
With the recently developed HSC-specific

carriers, targeting of anti-fibrotic and anti-inflammatory
drugs has become a feasible option. To couple a drug to a
carrier, the drug does need some special features. First of
all, a chemical group must be available in the drug that
allows the coupling to the protein backbone, thereby
causing no change in the specificity of the carrier.
Moreover, the drug linkage should allow the release of the
drug in a therapeutic active form after internalization in the
target cell. Therapeutic agents that are brought to
lysosomes by their carriers should be resistant to
proteolytic enzymes and acidic conditions present in the
endosomal and lysosomal cell compartment. Peptides and
oligonucleotides generally do not meet this latter
requirement.

Recently, comprehensive reviews on drugs with a
potential beneficial effect in HSC have appeared (1,2).
Some of these promising drugs that may benefit from
targeting will be outlined below. Many drugs display potent
anti-fibrotic effects in vitro, but are rather ineffective in the
vivo situation, even at relatively high doses. One
explanation for this is that the pharmacokinetic profile of
these drugs, including cellular distribution in vivo, is not
favorable. The challenge therefore is to manipulate the
whole body distribution such that a selective delivery of the
particular drug to the required cell type is attained. Drug
delivery to a certain organ may not be sufficient. For
instance, some drugs exert therapeutic effects in one
hepatic cell type and can induce adverse effects in a
neighboring one. A cell-specific targeting obviously can
enhance the net effect of such drugs and reduce their side
effects.

Pentoxifylline is a good example of a promising
drug that may benefit from drug targeting strategies. It is
seen as a powerful agent to inhibit liver fibrosis, since it
reduces tumor necrosis factor-α production, prevents
PDGF-related signaling in HSC, decreases collagen
deposition and HSC proliferation, and positively influences
the micro-circulation in livers (36-40). In vivo, the effects
of pentoxifylline, however, vary from no effect at all to a
minor inhibition of the development of liver fibrosis (in
various rat models) (41-44). It has been postulated that the
disappointing results of pentoxifylline in vivo were caused
by an upregulation of the production of tissue inhibitor of
metalloproteinase (TIMP) in Kupffer cells (45). This
profibrotic effect may counteract the anti-fibrotic effects
induced in HSC. Studies with targeted pentoxifylline in rats
with liver fibrosis may prove this point.

Another candidate for cell specific delivery is
gliotoxin. Driving activated HSC into apoptosis may be
seen as a way to resolve fibrosis (46-48). In a study of
Wright et al (49), fibrotic rats were treated with gliotoxin to
induce apoptosis in HSC and this resulted in a reduced
number of activated HSC and a decreased deposition of
extracellular matrix. Although gliotoxin is a rather
unspecific fungal toxin, no adverse reactions of the
treatment were measured in hepatocytes (49). Potential
effects on Kupffer and endothelial cells, however, were not
reported. Other studies showed major effects of gliotoxin in
several cells of the immune system. The drug has been
shown to induce apoptosis in macrophages, thymocytes,
and T lymphocytes (50). Since no cell-specific uptake
mechanism in cells is reported for gliotoxin, also apoptotic
effects in liver macrophages (e.g. Kupffer cells) may be
expected in vivo, in addition to those seen in HSC.
Therefore, it may be necessary to target gliotoxin to the
HSC, at least to circumvent uptake of this compound by
cells of the immune system.

Cytokines are pleiotropic molecules that have
many activities in many cell types. A cytokine may have
beneficial effects in one cell type, but may be harmful in
another cell. Compounds that also may benefit from drug
targeting are cytokine antagonists. For example, TGF-β is a
key mediator in the induction of liver fibrosis and the
inhibition of TGF-β thus appears to be an attractive
intervention (51). TGF-β is involved in matrix deposition
via stimulation of collagen type I and TIMP production and
by inhibition of metalloproteinase production. TGF-β
activates HSC in combination with PDGF, has chemo-
attractive properties, and it induces apoptosis. Hepatocytes
are reported to be more sensitive to its apoptosis inducing
effect than non-parenchymal cells such as HSC.
Furthermore, TGF-β modulates numerous genes relevant to
tumor initiation and progression. A number of reports have
proposed to inhibit TGF-β production to treat fibrosis (52-
56). However, concerns may be raised on the safety of a
prolonged inhibition of TGF-β activity. This because of
general growth dysregulation, increased risk of neoplasia,
and the ability to trigger autoimmune diseases (51,57).
Since its receptors are expressed on many cell types, only a
targeting approach seems feasible for TGF-β antagonists.

Other agents that are currently of interest are
peroxisome proliferator-activated receptor (PPAR)-γ
agonists (58,59). Although PPAR-γ is predominantly
expressed in adipose tissue, where this nuclear factor
regulates lipid metabolism and adipocyte differentiation,
the liver also contains PPAR-γ. Within the liver, PPAR-γ is
both expressed in Kupffer cells and HSC. Its gene
expression in HSC is reduced during cellular activation as
observed in fibrosis. Beneficial effects of PPAR-γ agonists
in stellate cells are now reported in vitro (60,61). However,
care is needed for the application in vivo, because
peroxisome proliferators are also associated with
carcinogenicity especially during long-term treatment, and
the Kupffer cell is related to this toxicity (58). Cell specific
targeting may be a solution to confine the actions of PPAR-
γ agonists to the HSC.
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During fibrosis the balance between the
production and the degradation of matrix constituents is
affected, resulting in increased deposition of extracellular
matrix in fibrotic livers. This process is an important target
for those anti-fibrotic agents that either reduce matrix
production or enhance matrix degradation. The latter may
occur via increased activity of metalloproteinases or
inhibition of TIMP. Reducing the expression of TIMP-1
activity appears to be a powerful way to enhance
collagenase activity within diseased livers (62,63). A small
increase in TIMP-1 expression in fibrotic livers induced by,
for instance, dexamethasone was associated with a strong
increase in collagen deposition (7,64). Interference with
matrix turnover as a way to treat liver fibrosis should
obviously be confined to the liver to avoid serious
problems in other organs.

Vasoconstriction also contributes to the
deterioration of liver function during liver fibrosis
(11,65,66). Both endothelial cells and HSC control the
vascular tone within the liver, and the most important
mediators in this respect appear to be nitric oxide (NO) and
endothelin (ET) (67-73). NO is an important vasodilator
and its production is reduced during cirrhosis (74). Several
pharmacological interventions aim at enhancing
intrahepatic NO production as a way to protect liver
function and reduce portal hypertension (75-77). However,
systemic vasodilating agents can not be applied, since liver
fibrosis is characterized by intrahepatic vasoconstriction
combined with extrahepatic vasodilatation (65). The use of
Pyrr-NO, which is activated within hepatocytes, is a
sophisticated approach to solve this (78). However, as
indicated above, it is not the hepatocyte but rather
endothelial cells and HSC that are important for the
vascular tone. A cell-selective approach in the liver is also
needed with other compounds that interfere with
hemodynamic parameters, because the systemic vascular
tone should not be affected. Examples are angiotensin II
agonists, inhibitors of angiotensin converting enzyme
(ACE), and ET-antagonists, all of which are emerging
compounds whose anti-fibrotic effects are explored now
(79-83). Opposite pharmacological effects with these types
of drugs are needed in the liver and the systemic
vasculature, which may be troublesome. At our lab, the
ACE inhibitor captopril was selectively targeted to the
kidney in normal rats and in rats with proteinuria (84,85),
thereby avoiding systemic ACE inhibition. Endothelin
induces constriction of HSC, via ET-A receptor activation,
and relaxation of EC via triggering of ET-B receptors and
subsequent release of NO. Upon activation, HSC express
ET-A and ET-B receptors (86), and in particular ET-A
plays an important role during liver fibrosis (87). In recent
years many attempts have been explored to attenuate
hepatic ET production or antagonize its effects (82,88-90).
In particular vasoactive substances may benefit from a
targeting strategy.

Until now we are not able to report on the
effectivity of targeted anti-fibrotic agents mentioned above.
The bottleneck of the targeting approach is the preparation
of chemical constructs. The chemical bond between the
drug and the drug carrier should be stable outside the cell,

but on the same time should allow the release of the active
drugs within the cell. Furthermore, the substitution of a
drug to the carrier system should not corrupt the cell-
specific accumulation of the carrier. To date, the chemical
conjugation of various anti-fibrotic drugs to the albumin
carrier are the object of extensive studies.

4.4. Gene targeting to HSC
Not only drugs but also genes are of interest to be

specifically targeted to HSC. Gene therapy is an elegant
way to correct genetic deficiencies or to induce the
production of essential proteins in a certain cell type.
Adenoviral or lipid based non-viral vectors are options to
deliver genes and antisense material to cells. Most therapies
aiming at the modulation of gene expression in pathogenic
cells suffer from deficient uptake of the active agents in the
target cell. For reviews on hepatic gene targeting, the
reader is referred to references (91-96).

Weiskirchen et al evaluated various methods of
transfecting HSC (97). For lipid particles the highest
transfection efficiency in vitro was obtained with the
FuGENETM6 method, that is, 6% of the rat HSC in culture
were transfected, whereas none of the rat myofibroblasts
were transfected with the chosen model gene. With an
adenoviral-based vector (Ad5), a transfection of 100% of
HSC and myofibroblasts was obtained. So, the introduction
of genes into target cells via adenoviruses is effective.
However, it should be taken into account that adenoviruses
also introduce genes in other hepatic cells. In particular,
hepatocytes are target cells for this virus, because they
express coxsackie-adenovirus receptor (CAR) on the cell
membrane, which displays high affinity for adenoviruses
(98). The internalization of adenoviral particles is also
promoted by integrins present on cell membranes (99-101).
HSC and myofibroblasts express high levels of various
types of integrins (102,103), which is an advantage with
regard to the adenoviral infection. On the cell membrane of
endothelial cells, however, integrins are also abundantly
present (104,105). The approach of Weiskirchen et al to
improve the specificity of the adenoviral transduction
comprises the addition of a promoter to the viral construct
that are recognized by genes that are only present in HSC
(106). An example of this gene is CRP2 (cysteine- and
glycine-rich protein 2) (107). In this approach, a cell-
selective expression is achieved by cell-selective
transcription rather than cell-selective delivery.

A few reports on gene delivery to the cirrhotic
liver or to HSC have appeared in the past few years, mostly
using adenoviral mediated transduction methods. A hepatic
delivery of neuronal NOS (Nitric Oxide Synthase) by Yu et
al (77) resulted in a reduction of the intrahepatic resistance
and portal pressure in vivo models of liver fibrosis. Qi et al
(53) delivered a dominant-negative type II transforming
growth factor-β receptor gene to the liver and found a
blocking of transforming growth factor-β, which attenuated
the development of liver fibrosis. Other examples of gene
delivery in the context of liver fibrosis are the hepatic
delivery of telomerase RNA by Rudolph et al (108), and of
urokinase-type plasminogen activator by Salgado et al
(109).
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An advantage of adenoviral transduction is its
relative specificity for the liver, which means that
predominantly hepatocytes but also HSC, Kupffer and
endothelial cells will be transfected and consequently the
systemic toxicity may thus be reduced. A disadvantage is
that the gene expression is generally elevated for a
relatively short period of time and repeated administration
induces an immune response against the virus. This may
eliminate the therapeutic effects and cause serious side
effects. An adjuvant therapy with immunosuppressive
drugs together with the adenoviral vector might reduce the
immune response. But another strategy may be to induce a
rapid uptake of viral constructs by target cells and thus to
avoid uptake by immune-competent cells.

5. PERSPECTIVES

In the next few years, the targeting of drugs and
genes to HSC will be further studied and the real value of
this targeting approach compared to conventional therapy
will become known. As discussed in the present review,
drug targeting may create new opportunities for ‘old’ drugs
that are not sufficiently effective or that display serious
extra- or intrahepatic side effects. Although the research
concerning gene delivery to HSC is just started, it offers
good perspectives and we will hear more of it in the next
couple of years. The targeting to HSC may not only be of
value in liver fibrosis/cirrhosis, but HSC are also involved
in other liver diseases, such as hepatitis (110,111) and
hepatocellular carcinoma (HCC) (112-114). These chronic
diseases are difficult to treat and drug targeting technology
may provide opportunities for its improvement.

Drug targeting also offers possibilities in more
pathological or fundamental research areas. Targeting of
pharmacological active agents to an individual cell type
offers the advantage of selective elimination of this cell
type or blockade of a single process within this cell type.
After specific intervention, the implications of such
manipulation for the development of a particular disease
can be studied in the vivo situation. In this way, drug
targeting methods can be used to gain more insight in the
molecular basis of diseases in vivo. Drug-targeting
preparations may therefore not only improve the efficacy
and safety of appropriate drugs they are also instrumental
in target finding procedures in drug innovation.

6. REFERENCES

1. J. Wu, M. A Zern: Hepatic stellate cells: a target for the
treatment of liver fibrosis. J Gastroenterol 35, 665-672
(2000)
2. R. Bataller, D.A. Brenner: Hepatic stellate cells as a
target for the treatment of liver fibrosis. Semin Liver Dis
21, 437-451 (2001)
3. O. Chazouilleres, D. Wendum, L. Serfaty, S.
Montembault, O. Rosmorduc, R. Poupon: Primary biliary
cirrhosis-autoimmune hepatitis overlap syndrome: clinical
features and response to therapy. Hepatology 28, 296-301
(1998)
4. R.G. Batey: Alcohol-related liver disease: treatment
controversies. Alcohol Alcohol Suppl 2, 327-333 (1994)

5. M. M. Kaplan: The use of methotrexate, colchicine, and
other immunomodulatory drugs in the treatment of primary
biliary cirrhosis. Semin Liver Dis 17, 129-136 (1997)
6. B. N. Melgert, P. Olinga, V. K. Jack, G. Molema, D. K.
F. Meijer, K. Poelstra: Dexamethasone coupled to albumin
is selectively taken up by rat nonparenchymal liver cells
and attenuates LPS-induced activation of hepatic cells. J
Hepatol 32, 603-611 (2000)
7. B. N. Melgert, P. Olinga, J. M. Van der Laan, B. Weert,
J. Cho, D. Schuppan, G. M. M. Groothuis, D. K. F. Meijer,
K. Poelstra: Targeting dexamethasone to Kupffer cells:
effects on liver inflammation and fibrosis in rats.
Hepatology 34, 719-728 (2001)
8. D. Schuppan, M. Ruehl, R. Somasundaram, E.G. Hahn:
Matrix as a modulator of hepatic fibrogenesis. Semin Liver
Dis 21, 351-372 (2001)
9. S. L. Friedman: Cytokines and fibrogenesis. Semin Liver
Dis 19, 129-140 (1999)
10. R. C. Benyon, M. J. Arthur: Extracellular matrix
degradation and the role of hepatic stellate cells. Semin
Liver Dis 21, 373-384 (2001)
11. D. C. Rockey: Hepatic blood flow regulation by stellate
cells in normal and injured liver. Semin Liver Dis 21, 337-
349 (2001)
12. J. J. Maher: Interactions between hepatic stellate cells
and the immune system. Semin Liver Dis 21, 417-426
(2001)
13. M. Pinzani, F. Marra: Cytokine receptors and signaling
in hepatic stellate cells. Semin Liver Dis 21, 397-416
(2001)
14. Drug Targeting. Organ-Specific Strategies. Eds. G.
Molema, D.K.F. Meijer. Volume 12. Series: Methods and
principles in medicinal chemistry. Weinheim: WILEY-
VCH Verlag GmbH, (2001)
15. E. J. F. Franssen, R.W. Jansen, M. Vaalburg, D. K. F.
Meijer: Hepatic and intrahepatic targeting of an anti-
inflammatory agent with human serum albumin and
neoglycoproteins as carrier molecules. Biochem Pharmacol
45, 1215-1226 (1993)
16. D. K. F. Meijer, G. Molema: Targeting of drugs to the
liver. Semin Liver Dis 15, 202-256 (1995)
17. P. J. Swart, M.C. Harmsen, M. E. Kuipers, A. A Van
Dijk, B. W. A. van der Strate, P. H. C. Van Berkel, J. H.
Nuijens, C. Smit, M. Witvrouw, E. De Clercq, M. P. de
Bethune, R. Pauwels, D. K. F. Meijer: Charge modification
of plasma and milk proteins results in antiviral active
compounds. J Pept Sci 5, 563-576 (1999)
18. L. Beljaars, G. Molema, D. Schuppan, A. Geerts, P.J.
De Bleser, B. Weert, D. K. F. Meijer, K. Poelstra:
Successful targeting of albumin to rat hepatic stellate cells
using albumin modified with cyclic peptides that recognize
the collagen type VI receptor. J Biol Chem 275, 12743-
12751 (2000)
19. D. K. F. Meijer, G. Molema, F. Moolenaar, D. De
Zeeuw, P. J. Swart: (Glyco)-protein drug carriers with an
intrinsic therapeutic activity: The concept of dual targeting.
J Contr Rel 39, 163-172 (1996)
20. P. K. Working, M. S. Newman, T. Sullivan, J.
Yarrington: Reduction of the cardiotoxicity of doxorubicin
in rabbits and dogs by encapsulation in long-circulating,
pegylated liposomes. J Pharmacol Exp Ther 289, 1128-
1133 (1999)



Targeting to hepatic stellate cells

220

21. G. Batist, G. Ramakrishnan, C. S. Rao, A.
Chandrasekharan, J. Gutheil, T. Guthrie, P. Shah, A.
Khojasteh, M. K. Nair, K. Hoelzer, K. Tkaczuk, Y. C. Park,
L. W. Lee: Reduced cardiotoxicity and preserved antitumor
efficacy of liposome-encapsulated doxorubicin and
cyclophosphamide compared with conventional
doxorubicin and cyclophosphamide in a randomized,
multicenter trial of metastatic breast cancer. J Clin Oncol
19, 1444-1454 (2001)
22. T. Daemen, G. Hofstede, M. T. Ten Kate, I. A. J. M.
Bakker-Woudenberg, G. L. Scherphof: Liposomal
doxorubicin induced toxicity: depletion and impairment of
phagocytic activity of liver macrophages. Int J Cancer 61,
716-721 (1995)
23. E. J. F. Franssen, F. Moolenaar, D. De Zeeuw, D. K. F.
Meijer: Drug targeting to the kidney with low-molecular-
weight proteins. Adv Drug Deliv Rev 14, 67-88 (1994)
24. J. B. Burgess, J. U. Baenziger, W. R. Brown: Abnormal
surface distribution of the human asialoglycoprotein
receptor in cirrhosis. Hepatology 15, 702-706 (1992)
25. I. Virgolini, C. Müller, W. Klepetko, P. Angelberger,
H. Bergmann, J. O'Grady, H. Sinzinger: Decreased hepatic
function in patients with hepatoma or liver metastasis
monitored by a hepatocyte specific galactosylated
radioligand. Br J Cancer 61, 937-941 (1990)
26. L. Beljaars, K. Poelstra, G. Molema, D. K. F. Meijer:
Targeting of sugar- and charge-modified albumins to
fibrotic rat livers: the accessibility of hepatic cells after
chronic bile duct ligation. J Hepatol 29, 579-588 (1998)
27. R. J. Kok, S. A. Ásgeirsdóttir, W. R. Verweij:
Development of proteinaceous drug targeting constructs
using chemical and recombinant DNA approaches. In:
Drug Targeting. Organ-Specific Strategies. Eds: Molema
G, Meijer DKF, Weinheim, WILEY-VCH Verlag GmbH,
Chapter 11, 275-308 (2001)
28. I. Virgolini, C. Müller, P. Angelberger, J. Höbart, H.
Bergmann, H. Sinzinger: Functional liver imaging with
99Tcm-galactosyl-neoglycoalbumin (NGA) in alcoholic
liver cirrhosis and liver fibrosis. Nucl Med Commun 12,
507-517 (1991)
29. H. Soyez, E. Schacht, S. Van Der Kerken: The crucial
role of spacer groups in macromolecular prodrug design.
Adv Drug Deliv Rev 21, 81-106 (1996)
30. J. J. Fitzpatrick, M. C. Garnett: Design, synthesis and in
vitro testing of methotrexate carrier conjugates linked via
oligopeptide spacers. Anticancer Drug Des 10, 1-9 (1995)
31. P. J. De Bleser, P. Jannes, S. C. Van Buul-Offers, C. M.
Hoogerbrugge, C. F. H. Van Schravendijk, T. Niki, V.
Rogiers, J. L. van den Brande, E. Wisse, A. Geerts:
Insulinlike growth factor-II/mannose 6-phosphate receptor
is expressed on CCl4-exposed rat fat-storing cells and
facilitates activation of latent transforming growth factor-
beta in cocultures with sinusoidal endothelial cells.
Hepatology 21, 1429-1437 (1995)
32. J. K. Weiner, A. P. Chen, B. H. Davis: E-box-binding
repressor is down-regulated in hepatic stellate cells during
up-regulation of mannose 6-phosphate insulin-like growth
factor-II receptor expression in early hepatic fibrogenesis. J
Biol Chem 273, 15913-15919 (1998)
33. L. Beljaars, G. Molema, B. Weert, H. Bonnema, P.
Olinga P, G. M. M. Groothuis, D. K. F. Meijer, K. Poelstra:
Albumin modified with mannose 6-phosphate: A potential

carrier for selective delivery of antifibrotic drugs to rat and
human hepatic stellate cells. Hepatology 29, 1486-1493
(1999)
34. L. Beljaars, P. Olinga, G. Molema, P. De Bleser, A.
Geerts, G. M M. Groothuis, D. K. F. Meijer, K. Poelstra:
Characteristics of the hepatic stellate cell-selective carrier
mannose 6-phosphate modified albumin (M6P(28)-HSA)
Liver 21, 320-328 (2001)
35. L. Beljaars, K. Poelstra, B. Weert, G. Molema, D.
Schuppan, D. K. F. Meijer: The development of novel
albumin carriers to hepatic stellate cells by application of
cyclopeptide moieties recognizing collagen type VI and
platelet derived growth factor receptors. Hepatology 28[4
(Pt.2)], 313A (1998)
36. M. Pinzani, F. Marra, A. Caligiuri, R. DeFranco, A.
Gentilini, P. Failli, P. Gentilini: Inhibition by pentoxifylline
of extracellular signal-regulated kinase activation by
platelet-derived growth factor in hepatic stellate cells. Br J
Pharmacol 119, 1117-1124 (1996)
37. C. Windmeier, A. M. Gressner: Pharmacological
aspects of pentoxifylline with emphasis on its inhibitory
actions on hepatic fibrogenesis. Gen Pharmacol 29, 181-
196 (1997)
38. K. S. Lee, H. B. Cottam, K. Houglum, D. B. Wasson,
D. Carson D, M. Chojkier: Pentoxifylline blocks hepatic
stellate cell activation independently of phosphodiesterase
inhibitory activity. Am J Physiol-Gastrointest 36, G1094-
G1100 (1997)
39. A. M. Preaux, A. Mallat, J. Rosenbaum, E. S. Zafrani,
P. Mavier P: Pentoxifylline inhibits growth and collagen
synthesis of cultured human hepatic myofibroblast-like
cells. Hepatology 26, 315-322 (1997)
40. R. G. Romanelli, A. Caligiuri, V. Carloni, R. DeFranco,
P. Montalto, E. Ceni, A. Casini A, P. Gentilini, M. Pinzani:
Effect of pentoxifylline on the degradation of procollagen
type I produced by human hepatic stellate cells in response
to transforming growth factor-beta(1) Br J Pharmacol
1997;122:1047-1054.
41. A. Desmouliere, G. X. Xu, A. M. A. Costa, I. M.
Yousef, G. Gabbiani, B. Tuchweber B: Effect of
pentoxifylline on early proliferation and phenotypic
modulation of fibrogenic cells in two rat models of liver
fibrosis and on cultured hepatic stellate cells. J Hepatol 30,
621-631 (1999)
42. F. Oberti, C. Pilette, H. Rifflet, M. Y. Maiga, A.
Moreau, Y. Gallois, A. Girault, A, A. le Bouil, J. J. Le
Jeune, J. L. Saumet, G. Feldmann, P. Cales: Effects of
simvastatin, pentoxifylline and spironolactone on hepatic
fibrosis and portal hypertension in rats with bile duct
ligation. J Hepatol 26, 1363-1371 (1997)
43. E. J. Park, G. Ko, J. Kim, D. H. Sohn: Antifibrotic
effects of a polysaccharide extracted from Ganoderma
lucidum, glycyrrhizin, and pentoxifylline in rats with
cirrhosis induced by biliary obstruction. Biol Pharm Bull
20, 417-420 (1998)
44. T. C. Peterson: Pentoxifylline prevents fibrosis in an
animal model and inhibits platelet-derived growth factor-
driven proliferation of fibroblasts. Hepatology 17, 486-493
(1994)
45. C. Raetsch, J. D. Jia, G. Boigk, M. Bauer, E. G. Hahn,
E. O. Riecken, D. Schuppan D: Pentoxifylline
downregulates profibrotic cytokines and procollagen I



Targeting to hepatic stellate cells

221

expression in rat secondary biliary cirrhosis. Gut 50, 241-
247 (2002)
46. J. P. Iredale, R. C. Benyon, J. Pickering, M. McCullen,
M. Northrop, S. Pawley, C. Hovell, M. J. Arthur:
Mechanisms of spontaneous resolution of rat liver fibrosis -
Hepatic stellate cell apoptosis and reduced hepatic
expression of metalloproteinase inhibitors. J Clin Invest
102, 538-549 (1998)
47. P. Cales: Apoptosis and liver fibrosis: antifibrotic
strategies. Biomed Pharmacother 52, 259-263 (1998)
48. A. M. Gressner: The cell biology of liver fibrogenesis -
an imbalance of proliferation, growth arrest and apoptosis
of myofibroblasts. Cell Tissue Res 292, 447-452 (1998)
49. M. C. Wright, R. Issa, D. E. Smart, N. Trim, G. I.
Murray, J. N. Primrose, M. J. P. Arthur, J. P. Iredale, D. A.
Mann: Gliotoxin stimulates the apoptosis of human and rat
hepatic stellate cells and enhances the resolution of liver
fibrosis in rats. Gastroenterology 121, 685-698 (2001)
50. P. Waring, J. Beaver: Gliotoxin and related
epipolythiodioxopiperazines. Gen Pharmacol 27, 1311-
1316 (1996)
51. D. M. Bissell, D. Roulot, J. George: Transforming
growth factor β and the liver. Hepatology 34, 859-867
(2001)
52. J. George, D. Roulot, V. E. Koteliansky, D. M. Bissell:
In vivo inhibition of rat stellate cell activation by soluble
transforming growth factor β?type II receptor: A potential
new therapy for hepatic fibrosis. Proc Natl Acad Sci USA
96, 12719-12724 (1999)
53. Z. Qi, N. Atsuchi, A. Ooshima, A. Takeshita, H. Ueno:
Blockade of type beta transforming growth factor signaling
prevents liver fibrosis and dysfunction in the rat. Proc Natl
Acad Sci USA 96, 2345-2349 (1999)
54. W. A. Border, N. A. Noble, T. Yamamoto, J. R. Harper,
Y. Yamaguchi, M. D. Pierschbacher, E. Ruoslahti: Natural
inhibitor of transforming growth factor-beta protects
against scarring in experimental kidney disease. Nature
360, 361-364, (1992)
55. H. Peters, W. A. Border, N. A. Noble: Targeting TGF-
beta overexpression in renal disease: Maximizing the
antifibrotic action of angiotensin II blockade. Kidney Int
54, 1570-1580 (1998)
56. V. DelgadoRizo, A. Salazar, A. Panduro, J.
Armendariz-Borunda: Treatment with anti-transforming
growth factor beta antibodies influences an altered pattern
of cytokines gene expression in injured rat liver. Bba Gene
Struct Express 1442, 20-27 (1998)
57. D. Schuppan, M. Koda, M. Bauer, E. G. Hahn: Fibrosis
of liver, pancreas and intestine: common mechanisms and
clear targets? Acta Gastroenterol Belg 63, 366-370 (2000)
58. L. Everett, A. Galli, D. Crabb: The role of hepatic
peroxisome proliferator-activated receptors (PPARs) in
health and disease. Liver 20, 191-199 (2000)
59. F. J. Eng, S. L. Friedman: Fibrogenesis I. New insights
into hepatic stellate cell activation: the simple becomes
complex. Am J Physiol Gastrointest Liver Physiol 279, G7-
G11 (2000)
60. F. Marra, E. Efsen, R. G. Romanelli, A. Caligiuri, S.
Pastacaldi, G. Batigniani, A. Bonacchi, R. Caporale, G.
Laffi, M. Pinzani, P. Gentilini: Ligands of peroxisome
proliferator-activated receptor gamma modulate

profibrogenic and proinflammatory actions in hepatic
stellate cells. Gastroenterology 119, 466-478 (2000)
61. T. Miyahara, L. Schrum, R. Rippe, S. Xiong, H. F. J.
Yee, F. A. Anania, T. M. Willson, H. Tsukamoto:
Peroxisome proliferator-activated receptors and hepatic
stellate cell activation. J Biol Chem 275, 35715-35722
(2000)
62. I. Sakaida, K. Uchida, K. Hironaka, K: Okita. Prolyl 4-
hydroxylase inhibitor (HOE 077) prevents TIMP-1 gene
expression in rat liver fibrosis. J Gastroenterol 34, 376-377
(1999)
63. J. P. Iredale, G. Murphy, R. M. Hembry, S. L.
Friedman, M. J. Arthur: Human hepatic lipocytes
synthesize tissue inhibitor of metalloproteinases-1.
Implications for regulation of matrix degradation in liver. J
Clin Invest 90, 282-287(1992)
64. I. Morin, W. Q. Li, S. Su, M. Ahmad, M. Zafarullah:
Induction of stromelysin gene expression by tumor necrosis
factor alpha is inhibited by dexamethasone, salicylate, and
N-acetylcysteine in synovial fibroblasts. J Pharmacol Exp
Ther 289, 1634-1640 (1999)
65. S. Moller, F. Bendtsen, J. H. Henriksen: Splanchnic and
systemic hemodynamic derangement in decompensated
cirrhosis. Can J Gastroenterol 15, 94-106 (2001)
66. L. Rothermund, S. Leggewie, A. Schwarz, C. Thone-
Reinecke, J. J. Cho, C. Bauer, M. Paul, H. H. Neumayer, D.
Schuppan, B. Hocher: Regulation of the hepatic endothelin
system in advanced biliary fibrosis in rats. Clin Chem Lab
Med 38, 507-512 (2000)
67. R. Wiest, R. J. Groszmann: The paradox of nitric oxide
in cirrhosis and portal hypertension: too much, not enough.
Hepatology 35, 478-491 (2002)
68. M. Pinzani, P. Gentilini: Biology of hepatic stellate
cells and their possible relevance in the pathogenesis of
portal hypertension in cirrhosis. Semin Liver Dis 19, 397-
410 (1999)
69. M. Zhang, B. Luo, S. J. Chen, G. A. Abrams, M. B.
Fallon Endothelin-1 stimulation of endothelial nitric oxide
synthase in the pathogenesis of hepatopulmonary
syndrome. Am J Physiol 277, G944-G952 (1999)
70. H. Petrowsky, T. Schmandra, T. Lorey, E. Hanisch, G.
Herrmann: Endothelin-induced contraction of the portal
vein in cirrhosis. Eur Surg Res 31, 289-296 (1999)
71. I. Alam, N. M. Bass, P. Bacchetti, L. Gee, D. C.
Rockey. Hepatic tissue endothelin-1 levels in chronic liver
disease correlate with disease severity and ascites. Am J
Gastroenterol 95, 199-203 (2000)
72. S. Tieche, A. DeGottardi, A. Kappeler, S. Shaw, H.
Sagesser, A. Zimmermann, J. Reichen. Overexpression of
endothelin-1 in bile duct ligated rats: correlation with
activation of hepatic stellate cells and portal pressure. J
Hepatol 34, 38-45 (2001)
73. A. Helmy, R. Jalan, D. E. Newby, N. R. Johnston, P. C.
Hayes, D. J. Webb. Altered peripheral vascular responses
to exogenous and endogenous endothelin-1 in patients with
well-compensated cirrhosis. Hepatology 33, 826-831
(2001)
74. D. C. Rockey, J. J. Chung. Reduced nitric oxide
production by endothelial cells in cirrhotic rat liver:
Endothelial dysfunction in portal hypertension.
Gastroenterology 114, 344-351 (1998)



Targeting to hepatic stellate cells

222

75. R. Farzaneh-Far, K. Moore. Nitric oxide and the liver.
Liver 21, 161-174 (2001)
76. S. Fiorucci, E. Antonelli, O. Morelli, A. Mencarelli, A.
Casini, T. Mello, B. Palazetti, D. Tallet, P. del Soldato, A.
Morelli: NCX-1000, a NO-releasing derivative of
ursodeoxycholic acid, selectively delivers NO to the liver
and protects against development of portal hypertension.
Proc Natl Acad Sci USA 98, 8897-8902 (2001)
77. Q. Yu, R. Shao, H. S. Qian, S. E. George, D. C.
Rockey: Gene transfer of the neuronal NO synthase
isoform to cirrhotic rat liver ameliorates portal
hypertension. J Clin Invest 105, 741-748 (2000)
78. R. Ricciardi, D. P. Foley, S. H. Quarfordt, J. Saavedra,
L. K. Keefer, S. M. Wheeler, S. E. Donohue, M. P. Callery,
W. C. Meyers: V-PYRRO/NO: an hepato-selective nitric
oxide donor improves porcine liver hemodynamics and
function after ischemia reperfusion. Transplantation 71,
193-198 (2001)
79. R. Bataller, P. Gines, J. M. Nicolas, M. N. Gorbig, E.
Garcia-Ramallo, X. Gasull, J. Bosch, V. Arroyo, J. Rodes:
Angiotensin II induces contraction and proliferation of
human hepatic stellate cells. Gastroenterology 118, 1149-
1156 (2000)
80. J. R. Jonsson, A. D. Clouston, Y. Ando, L. I. Kelemen,
M. J. Horn, M. D. Adamson, D. M. Purdie, E. E. Powell:
Angiotensin-converting enzyme inhibition attenuates the
progression of rat hepatic fibrosis. Gastroenterology 121,
148-155 (2001)
81. H. Yoshiji, S. Kuriyama, J. Yoshii, Y. Ikenaka, R.
Noguchi, T. Nakatani, H. Tsujinoue, T. Nakatani, H.
Kishida, D. Nakae, D. E. Gomez, M. S. De Lorenzo, A. M.
Tejera, H. Fukui. Angiotensin-II type 1 receptor interaction
is a major regulator for liver fibrosis development in rats.
Hepatology 34, 745-750 (2001)
82. J. L. Poo, W. Jimenez, M. R. Maria, M. Bosch-Marce,
N. Bordas, M. Morales-Ruiz, M. Perez, R. Deulofeu, M.
Sole, V. Arroyo, J. Rodes: Chronic blockade of endothelin
receptors in cirrhotic rats: hepatic and hemodynamic
effects. Gastroenterology 116, 161-167 (1999)
83. D. C. Rockey, J. J. Chung. Endothelin antagonism in
experimental hepatic fibrosis. Implications for endothelin
in the pathogenesis of wound healing. J Clin Invest 98,
1381-1388 (1996)
84. R. J. Kok, F. Grijpstra, R. B. Walthuis, F. Moolenaar,
D. De Zeeuw, D. K. F. Meijer: Specific delivery of
captopril to the kidneys with the prodrug captopril-
lysozyme. J Pharmacol Exp Ther 288, 281-285 (1999)
85. R. F G. Haverdings, M. Haas, R. J. Kok, D. K. F.
Meijer, D. De Zeeuw, F. Molenaar: Renal targeting of
captopril enhances renal efficacy in physiological and
pathological conditions. J.Am.Soc. Nephrol. 12, 501A
(2001)
86. H. Yokomori, M. Oda, M. Ogi, Y. Kamegaya, N.
Tsukada, M. Nakamura, H. Ishii: Enhanced expression of
endothelin b receptor at protein and gene levels in human
cirrhotic liver. Liver 21, 114-122 (2001)
87. R. H. Kuddus, M. A. Nalesnik, V. M. Subbotin, A. S.
Rao, C. R. Gandhi: Enhanced synthesis and reduced
metabolism of endothelin-1 (ET-1) by hepatocytes - an
important mechanism of increased endogenous levels of
ET-1 in liver cirrhosis. J Hepatol 33, 725-732 (2000)

88. D. C. Rockey, R. A. Weisiger: Endothelin induced
contractility of stellate cells from normal and cirrhotic rat
liver: Implications for regulation of portal pressure and
resistance. Hepatology 24, 233-240 (1996)
89. J. Reichen, A. L. Gerbes, M J. Steiner, H. Sagesser, M.
Clozel. The effect of endothelin and its antagonist Bosentan
on hemodynamics and microvascular exchange in cirrhotic
rat liver. J Hepatol 28, 1020-1030 (1998)
90. J. J. Cho, B. Hocher, H. Herbst, J. D. Jia, M. Ruehl,
E.G. Hahn, E. O. Riecken, D. Schuppan: An oral
endothelin-A receptor antagonist blocks collagen synthesis
and deposition in advanced rat liver fibrosis.
Gastroenterology 118, 1169-1178 (2000)
91. R. I. Grove, G. Y. Wu: Pre-clinical trials using hepatic
gene delivery. Adv Drug Deliv Rev 30, 199-204 (1998)
92. R. M. Smith, G.Y. Wu. Hepatocyte-directed gene
delivery by receptor-mediated endocytosis. Semin Liver Dis
19, 83-92 (1999)
93. A. P. Rolland. From genes to gene medicines: Recent
advances in nonviral gene delivery. Crit Rev Ther Drug
Carrier Syst 15, 143-198 (1998)
94. V. Sandig, M. Strauss: Liver-directed gene transfer and
application to therapy. J Mol Med 74, 205-212 (1996)
95. C. Di Campli, J. Wu, M. A. Zern: Targeting of
therapeutics to the liver: liposomes and viral vectors.
Alcohol Clin Exp Res 23, 950-954 (1999)
96. D. K. F. Meijer, P. L. M. Jansen, G. M. M. Groothuis.
Hepatobiliary disposition and targeting of drugs and genes.
In: Oxford Textbook of Clinical Hepatology, Second
Edition. Eds: Bircher J, Benhamou J-P, McIntyre N,
Rizzetto M, Rodés J. New York: Oxford University Press,
87-144 (1999)
97. R. Weiskirchen, J. Kneifel, S. Weiskirchen, E. Van De
Leur, D. Kunz, A. M. Gressner: Comparative evaluation of
gene delivery devices in primary cultures of rat hepatic
stellate cells and rat myofibroblasts. BMC Cell Biology 1:4
(2000)
98. G. R. Nemerow: Cell receptors involved in adenovirus
entry. Virology 274, 1-4 (2000)
99. G. R. Nemerow, P. L. Stewart. Role of alpha(v)
integrins in adenovirus cell entry and gene delivery.
Microbiol Mol Biol Rev 63, 725-734 (1999)
100. P. Reynolds, I. Dmitriev, D. Curiel. Insertion of an
RGD motif into the HI loop of adenovirus fiber protein
alters the distribution of transgene expression of the
systemically administered vector. Gene Ther 6, 1336-1339
(1999)
101. D. T. Curiel. Strategies to adapt adenoviral vectors for
targeted delivery. Ann N Y Acad Sci 886, 158-171 (1999)
102. V. Carloni, R. G. Romanelli, M. Pinzani, G. Laffi, P.
Gentilini. Expression and function of integrin receptors for
collagen and laminin in cultured human hepatic stellate
cells. Gastroenterology 110, 1127-1136 (1996)
103. M. Pinzani, F. Marra, V. Carloni. Signal transduction
in hepatic stellate cells. Liver 18, 2-13 (1998)
104. G. A. Zimmerman, S. M. Prescott, T. M. McIntyre:
Endothelial cell interactions with granulocytes: tethering
and signaling molecules. Immunol Today 13, 93-100 (1992)
105. R. Gonzalez-Amaro, F. Sanchez-Madrid F: Cell
adhesion molecules: selectins and integrins. Crit Rev
Immunol 19, 389-429 (1999)



Targeting to hepatic stellate cells

223

106. R. Weiskirchen, B. Abriss, M. Arias, J. Kneifel, E.
Van De Leur, S. Weiskirchen S, A. M. Gressner.
Experimental approaches to antifibrotic strategies using
gene transfer. Falk Symposium - Progress in
Gastroenterology and Hepatology - Cytokines in liver
injury and repair. 30 sept-1 oct. Hannover, Germany, 60
(2001)
107. R. Weiskirchen, M. Moser, S. Weiskirchen, M. Erdel,
S. Dahmen, R. Buettner, A. M. Gressner: LIM-domain
protein cysteine- and glycine-rich protein 2 (CRP2) is a
novel marker of hepatic stellate cells and binding partner of
the protein inhibitor of activated STAT1. Biochem J 359,
485-496 (2001)
108. K. L. Rudolph, S. Chang, M. Millard, N. Schreiber-
Agus, R. A. Depinho: Inhibition of experimental liver
cirrhosis in mice by telomerase gene delivery. Science 287,
1253-1258 (2000)
109. S. Salgado, J. Garcia, J. Vera, F. Siller. M. Bueno, A.
Miranda, A. Segura, G. Grijalva, J. Segura, H. Orozco, R.
Hernandez-Pando, M. Fafutis, L. K. Aguilar, E. Aguilar-
Cordova, J. Armendariz-Borunda: Liver cirrhosis is
reverted by urokinase-type plasminogen activator gene
therapy. Mol Ther 2, 545-551 (2000)
110. M. Guido, M. Rugge, L. Chemello, G. Leandro, G.
Fattovich, G. Giustina, M. Cassaro, A. Alberti: Liver
stellate cells in chronic viral hepatitis: the effect of
interferon therapy. J Hepatol 24, 301-307 (1996)
111. C. Schmitt, C. Royer, A. M. Steffan, N. Labouret, C.
Caussin, M. C. Navas MC et al. Interaction between human
hepatic stellate cells and hepatitis C virus. Hepatology 28[4
(Pt.2)], 438A (1998)
112. S. J. Johnson, A. W. Burr, K. Toole, C. L. Dack, J.
Mathew, A. D. Burt: Macrophage and hepatic stellate cell
responses during experimental hepatocarcinogenesis. J
Gastroenterol Hepatol 13, 145-151 (1998)
113. Y. N. Park, C. P. Yang, O. Cubukcu, S. N. Thung, N.
D. Theise. Hepatic stellate cell activation in dysplastic
nodules: evidence for an alternate hypothesis concerning
human hepatocarcinogenesis. Liver 17, 271-274 (1997)
114. M. L. Hautekeete, A. Geerts. The hepatic stellate (Ito)
cell: its role in human liver disease. Virchows Arch 430,
195-207 (1997)

Abbreviations: HSC = hepatic stellate cells, TGF-β =
transforming growth factor beta, PDGF = platelet-derived
growth factor, HSA = human serum albumin, M6P/IGFII
receptor = mannose 6-phosphate/ insulin-like growth factor
II receptor, M6P-HSA = HSA modified with mannose 6-
phosphate groups, pCVI-HSA = HSA modified with the
cyclic RGD peptide C*GRGDSPC*, TIMP = tissue
inhibitor of metalloproteinase, PPAR = peroxisome
proliferator-activated receptor, NO = nitric oxide, ET =
endothelin, ACE = angiotensin converting enzyme

Key Words: Liver Fibrosis, Hepatic Stellate Cell,
Modified Albumin, Drug Targeting, Gene Targeting,
Review

Send all correspondence to: Dr L. Beljaars, Groningen
University Institute for Drug Exploration (GUIDE), Dept.
of Pharmacokinetics and Drug Delivery, University Center
for Pharmacy, Ant. Deusinglaan 1, 9713 AV Groningen,

The Netherlands, Tel: +31-50-3633287, Fax: +31-50-
3633247, E-mail L.Beljaars@farm.rug.nl


