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The liver in a historical context 

The role of the liver as one of the three principle organs of the body, together 

with the heart and the brain, has been proposed by several ancient medical 

practitioners. It was the Roman anatomist Galenus (ca 200 AD, Figure 1) who 

pinpointed the liver as the principle organ in the human body. He argued that in the 

liver, the blood was formed. Also, the liver was regarded as the center of the 

circulation of material substances in the body. The connection of the liver with the 

heart resulted in a small mix of blood with the spirit in the arteries 1. 

Galenus saw the gall bladder and the spleen as two crucial subsidiary organs 

of the liver. This system produced and stored three of the four humors of the body. In 

the classical theory within the physiology was the state of health and character of an 

individual person was dependent upon a balance between four elemental fluids: 

blood (liver), yellow bile (gall bladder), black bile (spleen) and phlegm 1. 

 

 

 

Figure 1: The roman anatomist Claudius Galenus (A.D. 131 - 192). Courtesy of the Wellcome Institute 

Library, London  
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The liver structure and function 

Today, we know that the liver is the largest internal organ of the human body 

(about 5 % of the total body weight) and comprises four different hepatic cell types: 

Hepatocytes, Endothelial Cells, Kupffer Cells and Hepatic Stellate Cells (Figure 2).  

 

 

 

Figure 2: Scanning electron microscopic pictures of the liver. A: The liverlobule. (VC: Central Vein). B: 

Detail of the liver lobule (He : Hepatocyte). C: Detail of the fenestrated sinusoid (Fe: Fenestra). D: The 

cells in the sinosoid (RBC: Red Blood Cell, KC: Kupffer Cell. The arrow might indicate a Hepatic 

Stellate Cell) From: Tissues and Organs: a text-atlas of scanning electron microscopy (1979) Kessel 

RG, Kardon RH, W.H. Freeman and company, San Francisco and Oxford 

A B 

C D 
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 The liver is involved in the metabolic homeostasis of the body. This, among 

many other processes, includes the lipid metabolism and synthesis of bile salts. Also, 

the detoxification of a spectrum of products in the blood and the excretion of 

endogenous substrates and xenobiotics into bile are performed by the liver. The liver 

synthesizes many proteins circulating in the plasma, such as albumin, acute phase 

proteins and clotting factors while it also provides a storage pool for vitamins, iron 

and copper. Carbohydrate metabolism and regulation of blood glucose levels is also 

a major function of the liver. 

 

Liver Fibrosis 

Liver fibrogenesis is initiated by chronic hepatocyte damage which can be 

caused by chronic alcohol abuse or other toxic injuries, viral hepatitis, hepatocellular 

carcinoma, metabolic liver disorders, biliary cholestasis or autoimmune diseases.  

Liver fibrosis is the result of an impaired wound-healing response of the organ 

to restore homeostasis after the repeated hepatic injury. After hepatocyte damage, 

the hepatocytes regenerate, to replace the cells that are lost (via necrosis or 

apoptosis). This response is associated with the release of pro-inflammatory 

cytokines and the deposition of extra cellular matrix (ECM) components. Chronic liver 

injury eventually leads to impaired regeneration and hepatocytes are increasingly 

replaced by the abundantly synthesized ECM products. The normal composition of 

the ECM also changes from basement membrane-like matrix to an interstitial type of 

matrix. This interstitial matrix is composed mainly of collagen types I and III. Also the 

degradation of ECM is affected by the fibrotic process. A group of enzymes 

specialized in the removal of ECM, Matrix Metalloproteinases (MMP) are upregulated 

during the fibrotic process, but the function of the MMPs is largely suppressed by the 

overexpression of the inhibitors of these MMPs (Tissue Inhibitors of MMP, TIMP). So 

during the course of fibrosis, more ECM is degraded but even more ECM is 

deposited 2. 

Cirrhosis, the end state of the fibrotic process, is characterized by dramatic 

accumulation of ECM in the liver resulting in nodule formation. As a consequence, 

this causes a complete distortion of the normal liver architecture and a high 

resistance for a normal blood flow within the liver. This ultimately leads to a 

decreased hepatic functioning and portal hypertension eventually leading to 

mortality2,3. 
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Liver diseases are a growing problem in the Western world. Up till now, liver 

related diseases represents the 10th leading cause of death in the United States 4. 

The last two decades, there has been a steady increase in the number of liver-related 

deaths due to hepatitis C infection and obesity associated diseases (Non-alcoholic 

steatohepatitis, NASH), suggesting a higher mortality ranking in the future 5. One of 

the major problems in liver diseases is that patients having liver diseases are mostly 

asymptomatic for a long time. Only after a latency period (10-15 year) the first stages 

of fibrosis are detectable. The golden standard for the detection of liver fibrosis is via 

a liver biopsy. This histology-based method is not without risk for the patient and 

considerable diagnostic errors can occur due to a limited number of small biopsies. 

The lack of an easy, safe and reliable non-invasive assessment of liver function 

makes it difficult to detect fibrosis in an early phase and complicates the monitoring of 

potential effects of therapeutic interventions 6,7. 

The current treatment of liver fibrosis generally consists of the removal of the 

causative agent. This strategy has proven to slow down or even stop the fibrotic 

process. Unfortunately, a large group of patients does not respond to this therapy 

(i.e. removal of the inciting stimulus does not stop the fibrotic process). For these 

patients, the only treatment left is a liver transplantation. This rigorous and costly 

intervention, if available, will cause a life long medicine use and a relatively high risk 

of failure. 

 

The fibrogenic hepatic stellate cell 

The Hepatic Stellate Cell (HSC) has been identified as a key mediator in this 

ongoing fibrotic process. The HSC are located in the space of Disse and this cell type 

comprises 5-8% of the total number of cells in the liver. In a quiescent state, these 

cells, characterized by their long cellular extensions, are essential for the 

maintenance of liver architecture and the regulation of blood flow. These quiescent 

HSC also contain the largest quantity of vitamin A in the body 8. Upon liver injury, the 

HCS undergo a phenotypical transformation from a quiescent to an activated 

myofibroblasts-like cell. These activated HSC loose their vitamin A, start to 

proliferate, release several pro-inflammatory cytokines and produce the previously 

discussed excessive amounts of collagens, leading to scar tissue deposition and 

nodule formation in the liver (Figure 3) 9. 
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Figure 3: The transformation of the hepatic stellate cell into myofibroblast-like cells. Following liver 

injury, hepatic stellate cells become activated. This initiates the transformation from quiescent vitamin 

A-rich cells into proliferative and fibrogenic myofibroblasts (From S. L. Friedman, Molecular regulation 

of hepatic fibrosis, an integrated cellular response to tissue injury. J Biol Chem 2000; 275(4):2247-

2250). 

 

Reversion of liver fibrosis 

For a long time, researchers thought that advanced liver fibrosis was 

irreversible. However, published data from animal models for liver fibrosis point out 

that this fibrotic process is quite reversible, even in a late stage of the disease. 

One model of cholestatic liver fibrosis, in which the bile duct of the rat liver is 

ligated, results in a severe form of biliary fibrosis with extensive bile duct proliferation 

in the portal zone of the liver 10. A biliojejunal anastomis of rats with established liver 

fibrosis appeared to result in a resolution of fibrosis within a 6 week period 11,12. 

Another fibrosis model comprises a 4 week treatment with the liver toxic agent CCl4 

which results in parenchymal liver fibrosis. Withdrawal of the CCl4 resulted in a 

spontaneous resolution of rat liver fibrosis 13. Even established nodular cirrhosis 

underwent a near complete resolution after terminating the injury 14. 
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Patients with liver fibrosis due to chronic hepatitis C also showed a reduction 

in the progression of liver fibrosis and even in some cases reversal of cirrhosis after 

treatment with pegylated interferon alfa-2b and ribavirin 15. 

 

The fate of the HSC during resolution of liver fibrosis 

The fibrotic process involves both major proliferation as well as activation of 

HSC. During the resolution of fibrosis, the activated HSC population decreases to the 

level found in normal livers. Consequently, the HSC can reverse to a quiescent state 

or can undergo apoptosis (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: The resolution of liver fibrosis. The fate of activated stellate cells during resolution of liver 

injury is unknown but may include reversion into quiescent cells and/or selective clearance by 

apoptosis (From S. L. Friedman, Molecular regulation of hepatic fibrosis, an integrated cellular 

response to tissue injury. J Biol Chem 2000; 275(4):2247-2250). 

 

The reversion of activated HSC to quiescent HSC has been reported in 

cultures in which activated HSC were re-cultured on Matrigel 16. However, data 

confirming reversal of activated HSC in vivo are lacking. 

The reduction of activated HSC by apoptosis has also been confirmed in vivo 

during the resolution process 13,14,17. Apoptosis, or programmed cell death, is a form 

of cellular suicide that is widely observed in nature. Unlike necrosis, apoptosis of cells 
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is well orchestrated and ultimately results in the fragmentation of the cell in small 

membrane surrounded particles. These so-called apoptotic bodies can subsequently 

be removed by phagocytosis. Apoptosis plays an important role during embryonic 

development and tissue homeostasis. A dysfunctioning in the strict regulation of the 

apoptotic process is thought to play a role in the pathogenesis of a wide variety of 

diseases including cancer 18. A hallmark of apoptosis is the activation of various 

intracellular proteases, called caspases. These caspases are already present in the 

cytoplasm of each cell in the form of inactive procaspases. After cleavage of these 

procaspases, activated caspases are able to cleave several critical intracellular 

peptides ultimately leading to the destruction of the cell 19. 

There are two main apoptotic pathways. The first pathway involves cell-

surface death receptors. Upon ligand binding, these receptors activate their 

intracellular death domain, activating the caspase cascade. The best characterized 

death receptor is CD95, also known as FAS, or Apo1 20. The second apoptosis 

pathway involves mitochondria, where a disruption of the electron transport system, 

release of apoptosis-regulating proteins and alterations of the cellular reduction-

oxidation potential can trigger caspase activation, ultimately leading to apoptotic cell 

death 21. 

 

Potential therapeutic intervention: stimulation of HSC apoptosis 

As argued above, the induction and acceleration of HSC apoptosis during 

fibrosis may be a strategy for the treatment of liver fibrosis 17,22. This has led to the 

discovery of several compounds that were able to induce HSC apoptosis in vitro 23-29. 

Gliotoxin and 15-deoxy-∆12,14-Prostaglandin J2 are two examples of such compounds 

that induce apoptosis in HSC 24,27. 

An alternative strategy involves the inhibition of apoptosis of the hepatocytes 

rather then inducing apoptosis in HSC. For example, the compound IDN-6556 

reduces the formation of apoptotic bodies, which reduces the inflammatory response 

within the diseased liver 30. 
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Gliotoxin 

Gliotoxin (GTX) is a member of the epipolythiodioxopiperazine class of fungal 

metabolites (Figure 5). GTX is a natural product of the fungus Gliocladium fimbriatum  
31, but also other fungus species can produce this metabolite 32. GTX attracted more 

attention after the discovery of its antibacterial and antiviral properties 33, but the 

awareness of its in vivo toxicity limited the use of this compound as a therapeutic 

agent 34. 

 

 

 

 

 

 

 

 

Figure 5: The chemical structure of Gliotoxin 

 

GTX displays immune suppressive effects and promotes apoptosis in several 

cell types including thymocytes, macrophages, lymphocytes, enterocytes and various 

other cell lines of different origin 32,35-37. This compound also promotes apoptosis in 

human and rat HSC in vitro. In addition, it reduces hepatic fibrosis through HSC 

apoptosis while leaving the hepatocytes intact in the rat CCl4 fibrosis model 27. 

The mechanism by which GTX induces apoptosis is still unknown. However, 

GTX has been shown to inhibit the action of nuclear factor �B (NF�B)35. NF-�B is a 

transcription factor that plays a central role in the immune response 38, which could 

also explain the immunosuppressive effect of GTX 35.  

Recently, NF-�B independent HSC apoptosis induced by GTX has been 

reported. In one scenario, GTX induces reactive oxygen species (ROS)-mediated 

apoptosis. This pathway involves induction of mitochondrial permeability transition 

(MPT) and release of cytochrome C 39. A second study claimed the involvement of 

the adenine nucleotide transporter (ANT), a mitochondrial membrane protein, which 

might play a role in GTX-mediated apoptosis in HSC 40. 
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15-deoxy-∆∆∆∆12,14-Prostaglandin J2  

Prostaglandins are a family of biological active polyunsaturated fatty acids 

containing a backbone of 20 carbon atoms. The general pathway for the biosynthesis 

of prostaglandins is illustrated in figure 6. First, arachidonic acid is released from 

membrane phospholipids by the enzyme phospholipase A2. Then, arachidonic acid is 

converted to Prostaglandin H2 (via Prostaglandin G2) by the enzymes 

cyclooxygenase 1 and 2 (COX-1 and -2). COX-1 is a constitutive form of the enzyme, 

whereas COX-2 is highly inducible by proinflammatory cytokines. Prostaglandin H2 is 

the precursors for all other prostaglandins, prostacyclin and thromboxane 41.  

Prostaglandin D2 can further be converted to ProstaglandinJ2 and 15-deoxy-∆12,14-

Prostaglandin J2 (15d-PGJ2) by dehydration (Figure 7) 42. Within the prostaglandin 

family, the A and J types contain a highly reactive cylopentenone ring structure, 

which can ligate to nuclear receptors and signaling molecules 43,44. 

The interest in 15d-PGJ2 was raised after two independent discoveries that 

this compound acted as a high affinity ligand for the peroxisome proliferators-

activated receptor � (PPAR�) 45,46. The PPAR family consists of three isoforms, 

PPAR-�, PPAR-� and PPAR-� 47-49. PPARs belong to the nuclear receptor super 

family and they regulate gene expression associated with lipid homeostasis, 

inflammation, cell proliferation and malignancies 50. 

Recently, it was shown that 15d-PGJ2 induced apoptosis in human hepatic 

myofibroblasts (hMf, a HSC model by outgrowth of human liver tissue). At sub-

apoptotic concentrations, the proliferation of hMF was effectively inhibited together 

with a strong reduction in the expression of collagens 51 and an increase in Heme 

Oxygenase 1 (HO-1) expression 52,53. The upregulation of HO-1 expression during 

liver fibrosis could be a major antifibrotic pathway 3,52,53. Direct evidence supporting 

this theory was found with HO-1 knock-out mice. These mice eventually develop liver 

fibrosis 54. 

15d-PGJ2 was found in vivo at sites of inflammation during the resolution 

phase of fibrosis, suggesting that it might function as a negative feedback regulator of 

the inflammatory process since the anti-inflammatory effect of 15d-PGJ2 

downregulates the COX-2 enzyme, crucial for the biosynthesis of 15d-PGJ2
55,56. 15d-

PGJ2 induces apoptosis of endothelial cells via the PPAR dependent pathway 57. 

However, the mechanism by which 15d-PGJ2 induces apoptosis of hMF remains 
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clear. This pathway involves oxidative stress and is not mediated by PPAR�, since 

this nuclear receptor is not expressed in hMF 24. 

 

 

 

 

Figure 6: Pathway of the biosynthesis of prostaglandins. Membrane phospholipids are transformed to 

arachidonic acid, which in turn is converted to Prostaglandin H2, the central prostaglandin precursor. 

PGH2 can then be converted to all other prostaglandins, prostacyclin or tromboxane (From D. S. 

Straus, C. K. Glass. Cyclopentenone prostaglandins: New insights on biological activities and cellular 

targets. Medicinal Research Reviews 2001; 21(3):185-210). 
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Figure 7: The sequential conversion of the cyclopentenone PGD2 to 15d-PGJ2 (From D. S. Straus, C. 

K. Glass. Cyclopentenone prostaglandins: New insights on biological activities and cellular targets. 

Medicinal Research Reviews 2001; 21(3):185-210). 

 

IDN-6556 

A recent development in the therapeutic treatment of liver fibrosis is not to 

induce HSC apoptosis, but to inhibit apoptosis in hepatocytes 58. Hepatocyte 

apoptosis is a major characteristic of liver injury resulting in fibrosis 59,60.The 

hepatocytes-originated apoptotic bodies are removed by phagocytosis 61. It has been 

shown that also HSC express the machinery necessary to phagocytose apoptotic 

bodies. The in vitro phagocytosis of apoptotic bodies by HSC causes activation of 

HSC, and as a result, pro-fibrotic stimuli are produced 62. The caspase-inhibitor IDN-

6556 effectively reduces hepatocyte apoptosis in a BDL mouse model of liver 

fibrosis. This results in a reduction of HSC activation and attenuation of liver fibrosis 
30. This successful compound is the first caspase inhibitor to enter phase II clinical 

trials for the treatment of liver diseases in liver-impaired patients 63,64. 
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Safety concerns 

The use of drugs that regulate apoptosis for the treatment of liver fibrosis 

might be full of risk. The action of such drugs is only preferred at the desired site and 

general effects elsewhere in the body may cause serious side effects. 

 

The disadvantage of gliotoxin 

Gliotoxin has not only been studied because of its anti-fibrotic activities. The 

apoptosis-inducing compound also effectively attenuated dextran sodium sulfate-

induced colitis in rats. This seemed to be associated with a systemic 

immunosuppressive effect of GTX. However, this broad immunosuppressive effect 

appeared to seriously affect the viability of the experimental animals 65. For mice, the 

50% lethal dose (LD50) of GTX was found to be 10 mg/kg. In this same study, it was 

demonstrated that intra-peritoneal injections of GTX also caused apoptosis in the 

thymus, spleen and mesenteric lymph nodes. This apoptotic effect was possibly a 

direct action of the toxin, since relatively low concentrations of GTX were measured 

in these organs 66. Based on the non-specific effect of GTX within the liver 67 and the 

uptake in other organs, it remains to be established whether the net effect of GTX 

during chronic treatment for liver fibrosis is beneficial 67. 

 

The disadvantage of 15-deoxy-∆∆∆∆12,14-Prostaglandin J2  

15d-PGJ2 exhibits various effects including growth arrest, apoptosis induction, 

anti-pyretic effects and suppression of macrophage activation 24,55,68,69. The 

therapeutic use of the lipophilic compound 15d-PGJ2 is limited because of the lack of 

cell and tissue specificity, resulting in a low efficacy and a high risk of potential side 

effects. In general, all prostaglandins are locally acting mediators that are rapidly 

metabolized by the lung 70 and cleared from the body by the kidneys, resulting in a 

very short half life. For example, PGE2 (dinoprostone) has a plasma half-life (t½) of 

less than 1 minute and PGI2 (epoprostenol) has a t½  of 2-3 minutes 71,72. Also, the 

high plasmaprotein binding of prostaglandins 73 and the rapid metabolism of 

prostaglandins by serum components (i.e. albumin) 42 prevent compounds such as 

15d-PGJ2 to effectively reach the target cells within the liver after systemic 

administration. 
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The disadvantage of IDN-6556 

As stated earlier, the introduction of drugs that inhibit the apoptosis process 

might introduce severe adverse effects. A treatment with IDN-6556 might not only 

inhibit apoptosis in hepatocytes, but also elsewhere in the body. Tissue homeostasis 

can be disturbed which may involve an intolerable risk of carcinogenesis and growth 

abnormalities after a long-term treatment. The outcome of clinical phase II trials with 

IDN-6556 should provide more insight in the potential application in humans 74,75. 

 

Conclusions 

The growing knowledge on how apoptosis is regulated in normal tissue and, 

even more relevant, is deregulated in several forms of cancer has resulted in the 

introduction of drugs that specifically regulate the apoptosis pathways. Some of these 

drugs already entered clinical trials and may eventually alter the whole cancer 

therapy treatment 76. Liver fibrosis, where the control of tissue repair is lost due to the 

abundant presence of activated HSC, is also a disease where drugs interfering with 

apoptosis might be beneficial. However, general apoptosis should not occur or 

should be minimized. Cell-selectivity is therefore a crucial element in this strategy. 

The specific delivery of drugs to the HSC may be an attractive strategy to design a 

treatment for liver fibrosis. Drug targeting alters the biodistribution profile of a drug, 

resulting in an accumulation of the drug at a specific site in the body, while it limits 

the adverse effects elsewhere 77. 

Cell-selective targeting can be accomplished by various drug delivery systems, 

including liposomes, polymers, nanoparticles, antibodies, and carrier proteins 78-82. 

Cell selectivity can be largely improved by coupling a specific homing device to such 

a carrier system. The drug of interest can be incorporated in liposomes and 

nanoparticles, or covalently attached to polymers, antibodies and protein carries to 

obtain a cell-selective drug carrier construct. 

Recently, HSC-specific drug delivery systems have been developed. These 

carriers have Human Serum Albumin (HSA) as the protein backbone. The coupling of 

more than 20 molecules of the sugar Mannose-6-Phosphate (M6P) gives the carrier 

specificity for the Insulin like Growth Factor II/Mannose-6-Phosphate receptor 

(IGFII/M6P), abundantly found on activated HSC 83,84. Specific peptide sequences 

recognizing the PDGF-receptor or the Collagen IV receptor that are also 
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overexpressed during liver fibrosis also have been attached to the albumin core to 

obtain HSC selectivity 78,85,86. 

Preliminary studies using the HSC-specific carrier (M6P-HSA) coupled to 

doxorubicin, losartan, pentoxyfilline and mycophenolic acid resulted in a successful 

delivery of the drug to the HSC. Recent in vivo effect studies showed a reduction in 

the level of fibrosis in rats with established liver fibrosis. Also the side effects were 

reduced compared to the non-targeted drug 87-90. 

Since the use of apoptosis-inducing drugs might benefit from a drug targeting 

approach, studies that couple GTX and 15d-PGJ2 to HSC-selective drugs carriers are 

warranted. 
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