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SUMMARY
This thesis describes the delivery of apoptosis-inducing compounds to the

Hepatic Stellate Cell (HSC) during liver fibrosis. HSC play a pivotal role in the
fibrogenic process, which is a response to chronic liver injury. This cell starts to
proliferate and accumulate within the injured liver in order to regulate tissue repair.
During this activation process, increased amounts of extra cellular matrix
components and inhibitors of matrix degradation are produced by these HSC and
after chronic activation, the excessive matrix production will strongly affect the liver
homeostasis 1,2. Up till now, no effective therapy to treat liver fibrosis has reached the
clinic, leaving liver transplantation as the only option left.

Importantly, animal model studies revealed that the fibrotic process is
reversible. Rats with advanced liver fibrosis showed spontaneous resolution of
fibrotic scar tissue after withdrawal of the damaging stimulus 3. Even after established
nodular cirrhosis, a near complete resolution of liver fibrosis was found after
terminating the injury 4. The resolution was accompanied by the loss of activated
HSC via spontaneous apoptosis. This suggests that therapeutically inducing HSC
apoptosis during fibrosis might accelerate restoration of the normal liver morphology
3,5,6.

However, the systemic use of apoptosis-inducing agents is likely to be
associated with numerous side effects. Cell-selectivity of the drug is therefore crucial
in this strategy. The specific delivery of appropriate drugs to the HSC may therefore
be a relevant option for the treatment of liver fibrosis. Drug targeting technology
largely alters the pharmacokinetic profile of a drug. If a proper homing deice is
employed, it results in an accumulation of the drug at a specific site in the body, while
limiting the adverse effects elsewhere.

In chapter 1 the aim of the present thesis is presented. Chapter 2 reviews the
role of apoptosis in liver fibrosis. The pathophysiology of liver fibrosis is described
and potential apoptosis-regulating drugs are discussed, including their safety
concerns. It is argued that a possible way to overcome these problems may be to
specifically target the selected drugs to HSC. This approach may lead to a novel
treatment of liver fibrosis.

Recent publications show the ability of Gliotoxin, a fungal metabolite (GTX), to
induce apoptosis in HSC. Not only in the carbon tetrachloride model, but also in the
thioacetamide model of liver fibrosis, significant in vivo effects of GTX were found 7,8.
However, the effects of GTX on Kupffer and liver endothelial cells were not studied in
any of these reports. Therefore, we examined this. Chapter 3 describes the effect of
GTX on not only the HSC, but on all cells in the liver assessed with liver slices. These
slices, obtained from healthy and fibrotic rat livers showed a strong apoptotic
response after incubation with GTX. Quantitative real-time PCR and
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(immuno)histochemical staining revealed that all cells in the liver (HSC, Kupffer cells,
endothelial cells and hepatocytes) were affected by GTX incubation. This
emphasized the necessity to target GTX to the HSC. In chapter 4 this targeted
approach is explored. GTX was coupled to M6P-HSA, a HSC-selective carrier 9,10.
This GTX-M6P-HSA conjugate was able to induce apoptosis in cultures of human
myofibroblasts and in fibrotic rat liver slices. In addition, this conjugate was able to
bind specifically to rat HSC. The in vivo targeting experiment showed that GTX-M6P-
HSA as well as untargeted GTX was able to reduce the expression of -SMA, a
marker for activated HSC, at the mRNA and the protein level. In addition, GTX
affected hepatocyte functioning as reflected by a significant reduced PAS staining
and increased serum AST (aspartate aminotransferase) levels. Hepatocytes rapidly
respond to stress or injury by activation of glycogenolysis leading to a reduced
glycogen content which can be demonstrated by PAS staining. An increase in serum
AST levels is associated with hepatocytes damage 11. Importantly, GTX-M6P-HSA
did not affect these parameters, while clearly it reduced the expression of -SMA, a
marker for activated HSC. These results indicate that a targeted approach for GTX
may provide a novel treatment strategy for liver fibrosis.

Prostaglandins are important mediators of inflammation. They tightly control
inflammation responses and tissue repair mechanisms. The biosynthesis of
prostaglandins is regulated by two cyclooxygenase (COX) enzymes. COX1 is
constitutively expressed, whereas COX2 is highly inducible and expressed in many
cells after cellular activation. COX-2 activity is observed in both Kupffer cells (KC)
and Hepatic Stellate Cells (HSC) during liver fibrosis 12-15. COX-2 activity plays a
significant role in the control of several, sometimes opposite, processes during
fibrosis, and only a cell-selective intervention may lead to the unravelment of the role
of COX-2 in a particular cell type in vivo. In a study described in Chapter 5 we
explored the targeted delivery of the selective COX2 inhibitor niflumic acid (NFA)
coupled to M6P-HSA. This study showed that the delivery NFA to HSC resulted in an
increase in collagen type I and III deposition within the liver. These results implicate
an important role for COX2-derived prostaglandins in the control of HSC activity
during fibrogenesis.

One of the end products of the COX2-dependent biosynthesis of

prostaglandins is 15-deoxy-Δ12,14-Prostaglandin J2 (15d-PGJ2). This cyclopentanone
exhibits several effects including growth arrest, induction of apoptosis in different cell
types and suppression of macrophage activation 16-18. Recently, it was shown that
this prostaglandin can induce apoptosis of human hepatic myofibroblasts (hMF) 19.
Sub-apoptotic concentrations of 15d-PGJ2 strongly inhibited the proliferation of hMF
and reduced the expression of interstitial collagens in vitro 20,21. However, the broad
and unspecific distribution profile of these lipophilic prostaglandins makes them
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unsuitable for systemic application. They are not only taken up by many cells, rapidly
metabolized in plasma, but also excreted in the urine, leading to a short half life in the
bloodstream combined with a potential risk of adverse effects 22. Chapter 6 explores
the effects of 15d-PGJ2 coupled to the HSC-selective carrier M6P-HSA in vitro and in
vivo in rats with liver fibrosis. The construct reduced proliferation and induced
apoptosis in human hepatic myofibroblasts in vitro. In addition, the conjugate showed
binding to isolated rat HSC and exhibited selective and rapid accumulation in the liver
in vivo. Effect studies in fibrotic rats with 15d-PGJ2 and 15d-PGJ2-M6P-HSA showed
a reduction in desmin-positive cells induced by both administered forms of 15d-PGJ2,

but only the conjugate was able to reduce procollagen 1α1 mRNA levels.
In recent years, three different HSC-selective carrier systems have been

developed 9,23,24. This thesis explores the use of two of them. The first system uses
the sugar mannose-6-phosphate which is coupled to the protein human-serum-
albumin to form M6P-HSA 9,10 and neoglycoprotein is taken up by the IGF-II/M6P-
receptor expressed by HSC 25. As indicated, chapter 4, 5 and 6 outline the data
obtained with this carrier.

The second HSC-delivery system contains small cyclic peptides that mimic the
binding site of Platelet Derived Growth Factor BB to its PDGF- receptor, chemically
coupled to the protein backbone of HSA to form pPB-HSA 24. During liver fibrosis,
PDGF is the major cytokine involved in the proliferation of HSC 26,27 and the PDGF-
receptor is highly upregulated on the cell membrane of activated HSC.

In chapter 7 the two different HSC-selective carriers coupled to 15d-PGJ2

were investigated. Both conjugates showed specific binding to HSC in vitro.
However, a selective antagonist for scavenger receptors, reduced the binding of 15d-
PGJ2-M6P-HSA to HSC, revealing the involvement of scavenger receptors in the
cellular uptake. The effect of the scavenger receptor antagonist was not detected
with 15d-PGJ2-pPB-HSA, indicating that this conjugate is not interacting with
scavenger receptors on HSC. We showed that both conjugates rapidly accumulated
in the fibrotic liver in vivo. The intrahepatic distribution revealed that 15d-PGJ2-M6P-
HSA was mainly taken up by both HSC and Kupffer cells. In contrast, 15d-PGJ2-pPB-
HSA accumulated more selectively in HSC with the Kupffer cell being less involved in
the liver uptake.

Normal liver sections displayed a parenchymal expression of the IGF-II/M6P-
receptor, whereas cirrhotic livers clearly showed an increased expression of the IGF-
II/M6P-receptors in the non-parenchymal cells. The PDGF- receptor expression in
normal human livers was mainly found along the portal and central blood vessels.
Cirrhotic human livers showed a massive increase in PDGF- receptor expression,
mainly in the fibrous bands around the portal areas. Literature data indicate that the
activated myofibroblasts are responsible for this increased expression 26.



Chapter 8

126

We concluded that both carriers differ with respect to receptor specificity in
vitro, leading to differences in intrahepatic distribution during fibrosis. Nevertheless,
both carriers seem applicable for the purpose of the delivery of drugs to the most
pivotal cells during fibrosis, although each carrier has its own advantage and
disadvantage.

GENERAL DISCUSSION
The growing knowledge on the regulation of apoptosis in normal tissue and,

even more relevant, on the deregulation during several forms of diseases (i.e. several
forms of cancer) has resulted in the introduction of apoptosis-inducing drugs. These
drugs specifically target the apoptosis regulatory pathways. Some of these drugs
already entered clinical trials and may eventually alter current cancer therapy
treatment 28. Liver fibrosis, associated with loss of the control over the tissue repair
process due to excessive proliferation of activated HSC, is also a disease in which
apoptosis-inducing drugs might be beneficial. However, unrestricted apoptosis should
not occur or at least should be minimized. We therefore designed a HSC-specific
apoptosis-inducing drug conjugate and tested this conjugate in vitro and in vivo.
Although we found an induction of apoptosis in vitro in the target cells, we were not
able to find a significant apoptotic response in vivo. An explanation for this may be
that apoptosis occurred very fast, ranging from minutes to a few hours after treatment
29, whereas we examined the effects on the fibrotic process after 24 hours. Moreover,
it has been shown that apoptotic cells are rapidly and efficiently removed by
macrophages 30 resulting in a short half-life and a narrow window for detection of the
apoptotic bodies 31. However, we did find significant beneficial effects of the targeted
drugs in the fibrotic rats: there were less HSC and a reduced hepatic collagen
synthesis.

In this thesis, the Bile Duct Ligation (BDL) model in rats 32 was used to study
the antifibrotic effect of targeted apoptosis-inducing drugs. Initially, we chose this
model because the fibrotic process in this model is rapid, though and highly
reproducible. However, the ongoing fibrotic response induced by the accumulated
bile in the bile ducts results in a pathological process in the portal area. The
conjugates that we prepared predominantly accumulate in the central to portal zone
of the liver. In addition, the effect of the targeted therapy is not directed at the
cholestasic process, but rather against the activated hepatic stellate cell, which is a
secondary response to the accumulated bile. Only a biliojejunal anastomis of these
fibrotic BDL livers can result in a complete resolution of fibrosis 33,34. Another animal
model for liver fibrosis, in which the fibrotic response occurs in the central to portal
area of the liver, would be more appropriate to test our drug delivery conjugates. In
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this respect, the CCl4 model for liver fibrosis could be a suitable model to study the
effect of drug delivery to activated HSC. Another advantage of the latter model is that
the hepatic injury that leads to liver fibrosis, can be terminated, which opens the
option to study an improvement of the resolution process of liver fibrosis. This CCl4
model is inducible in both rats and mice, and especially the mouse CCl4 model would
create an advantage for targeted therapy studies since less conjugate (prepared in a
milligram scale in our lab) will be required for these studies.

FUTURE PERSPECTIVES
This thesis shows the feasibility of drug targeting to the most relevant cell

during the progression of liver fibrosis; the HSC. Two types of carriers have been
explored (M6P-HSA and pPB-HSA) and both can be considered as promising. Each
carrier has its own advantages and disadvantages.

The M6P-HSA carrier has already been tested in several in vivo studies
exploring the effect of HSC-targeted drugs. Next to 15d-PGJ2 and gliotoxin, also
losartan, gleevec, pentoxyfilline, doxorubicin and mycophenolic acid have been
selectively delivered to the HSC during fibrosis. In all these cases, significant
pharmacological effects in bile duct ligated rats have been found. However, in none
of these studies, the fibrotic process was fully resolved. Consequently, much effort
has yet to be undertaken to increase the efficacy of this targeted treatment 35-40.

The PDGF- receptor is involved in fibrotic diseases in a variety of organs
including lung, kidney, liver, skin and intestine. As a consequence, this receptor is
increased on the myofibroblastic cells during all these different fibrotic diseases
26,27,41-43. Therefore, the pPB-HSA carrier might serve as a cell-selective carrier not
only for liver fibrosis, but for all kinds of fibrotic diseases in which the PDGF-
receptor plays a pivotal role during the fibrotic process.

In general, drugs should contain appropriate functional groups for covalent
conjugation. Recent developments in drug-linker technologies resulted in a platinum-
based linker which allows the coupling of drugs via their aromatic nitrogens. Such
groups are present in the chemical structure of many drug molecules. This universal
linkage system (ULS) can therefore conjugate drug molecules which can not be
coupled based on the common drug coupling reactions 39. This ULS-based linker
technology therefore largely broadens the spectrum of drugs to be coupled to a
carrier.

Previously, liposomes have been used to encapsulate prostacycline and
prostaglandin E1 to prolong their circulation time and avoid their side effects 44.
These liposome-prostaglandins accumulated in the vascular lesions of hypersensitive
rats 45. Recently, liposomes have been designed that have M6P-HSA coupled to the
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liposomal surface. These M6P-HSA liposomes were taken up by HSC in vitro and in
vivo 46. Encapsulation of 15d-PGJ2 in these M6P-HSA liposomes can potentially
leads to a selective delivery to activated HSC.

The targeting techniques presented in this thesis may therefore be applicable
for a broad spectrum of drugs for different fibrotic diseases and various types of drug
carrier systems can be employed.

CONCLUSION
The work presented in this thesis describes the targeting of apoptosis-inducing

drugs to the HSC in fibrotic livers. The GTX and 15d-PGJ2 HSC-selective conjugates
that have been prepared, show rapid and complete accumulation in the fibrotic liver.
Treatment of rats with these conjugates during liver fibrosis clearly induced
pharmacologic effects on key parameters of fibrosis. It can be concluded that the
chosen targeted approach is feasible for apoptosis-inducing drugs and may provide a
relevant step in the design of a new treatment of this chronic liver disease.
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