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Allyl alcohol (AA) and carbon tetrachloride (CCl4) are two chronic liver injury models 

that cause extensive periportal and centrilobular damage, respectfully. The extracellular matrix 

(ECM) is a complex structure aiding in cell activation, migration and differentiation within the 

liver. The composition of this matrix varies throughout the liver, corresponding to cellular and 

functional requirements within each region of the organ. During the liver regeneration process, 

the ECM goes through substantial changes which can provide evidence to the signals required 

for restoration of the liver mass. Transforming growth factor-beta and connective tissue growth 

factor have been shown to be key cytokines in the regulation of this process. Cells attach to the 

ECM by means of transmembrane glycoproteins called integrins. The extracellular portion of 

integrins binds to various types of ECM proteins including collagens, laminins and fibronectin. 

The current study examines the role of molecular signals and ECM components in each of these 

two chronic injury models. Archival, formalin fixed paraffin embedded liver tissue from AA and 

CCl4 treated rats was examined. Attempts at nucleic acid and protein extraction from these 

tissues were unsuccessful. Therefore, immunohistochemistry was used to describe the fibrotic 

response. AA and CCl4 proved to be very different models of chronic liver disease, as one 

resulted in massive necrosis (AA) while the other resulted in cirrhosis (CCl4) as evidenced of 
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Trichrome staining. The AA model developed a lose ECM at the site of injury that was devoid of 

collagen type IV, where as CCl4 developed a dense fibrotic scar that was rich in collagen type 

IV. Understanding the composition of ECM during chronic liver injury could lead to better 

methods for the treatment of pathologies involving hepatic fibrosis. 
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CHAPTER 1 
LITERATURE REVIEW 

Anatomy and Physiology of the Liver  

The liver is one of the most intriguing organs of the body. It is the largest parenchymal 

organ; an adult human liver can hold about 1.5L of blood which is close to 25% of cardiac output 

per minute [1]. About 30% comes from oxygen rich, nutrient poor arteries; the rest comes from 

the nutrient rich, oxygen poor portal vein. The liver's efficient, dual afferent blood supplies to 

maintain its high metabolic activities. Blood from both the hepatic artery and the portal vein 

enter proximal to each other next to bile ducts in a place termed the portal triad. Blood flows in 

from here and is filtered through plates of hepatocytes and drains into the central vein. Sinusoids 

composed of endothelial cells line each cord of hepatocytes and enclose the micro-vascular 

circulatory system of the liver. Blood flows into the hepatic artery and portal vein, filtering 

through the hepatic plates to the central vein. Bile flows in the opposite direction receiving 

components from the hepatic plates, and then drain through the bile ducts towards the gal bladder 

where it is stored (Figure 1-1). Bile is drained into the digestive tract to act as a detergent [2]. 

Three interpretations of this design exist include the classic lobule based on structural 

parameters, a portal lobule for bile drainage, and an acinus concept for oxygen gradients. The 

acinus concept is the most common because it provides the greatest functional explanation [3]. 

Cells nearest the portal triad are in zone 1 which has access to the highest concentration of 

nutrients and oxygen, while cells nearest the central vein are in zone 3 with the least amount of 

nutrients and oxygen (Figure 1-2). The unidirectional perfusion of blood in sinusoids creates 

different microenvironments for hepatocytes near the periportal venular inlets versus terminal 

hepatic venular outlets [4]. Interestingly, hepatocytes within Zone 3 have an increased DNA 

content (4N to 16N); predominant bi-nucleation and large in size similar features are seen in the 
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Zone 2 cells which are typically 16N. Conversely, hepatocytes within Zone 1 are smaller and 

usually single nucleated (2N) [5]. 

The many functions of the liver involve maintaining homeostasis of the body, metabolizing 

amino acids (forming ammonia and converting it to urea), lipids, xenobiotics, serum proteins and 

carbohydrates, converting glucose into glycogen for storage. The liver is also one of the main 

sites for insulin and glucagon degradation which assists the pancreas control blood glucose 

levels. In animals, regulation of blood glucose levels by the liver is a vital part of homeostasis. In 

hepatocytes, any extra glucose is stored as glycogen through phosphorylation into glucose-6-

phosphate (G6P) and, when needed, glucose can be released into the bloodstream through 

G6Pase. 

In addition, the liver maintains the colloid osmotic pressure of the blood by producing the 

most abundant plasma protein, albumin. It also produces other vital plasma proteins such as 

lipoproteins, glycoproteins including prothrombin and fibrinogen, and the nonimmune α- and β-

globulins. Although the liver does not actively produce hormones, it modifies the actions of 

hormones released by other organs. The liver stores and converts vitamins A, D and K taken up 

from the blood stream to a more functional form. Stellate cells store vitamin A as retinyl esters 

within their lipid pools. Vitamin A is important for vision as it is a component of rhodopsin (a 

pigment in the rods and cones of the eye) and for proper bone growth among others. Vitamin D3 

(cholecalciferol) is generated in the skin of animals when light energy is absorbed by a precursor 

molecule 7-dehydrocholesterol. Cholecalciferal is hydroxylated to 25-hydroxycholecalciferol by 

the enzyme 25-hydroxylase (CYP27, which is found in high concentrations in the liver) then it 

goes to the kidney to be further modified into the active form of 1,25-dihydroxycholecalciferol 
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which is involved in mineral metabolism and bone growth. The liver utilizes vitamin K for the 

production of clotting factors and synthesizing vitamin K-dependent coagulation factors.  

Processing large volumes of blood induces the liver to function as a detoxifying organ. 

Liver enzymes, such as alcohol dehydrogenase (ADH), cytochrome-P450 (CYP) and isoforms of 

uridine diphosphoglucuronate glucuronosyltransferase (UGT) allow for the alteration of 

chemical composition of many xenobiotics and their subsequent removal. The conversion of 

nonhydrophilic drugs to a more water soluble form aids in their excretion by the kidneys occurs 

in the liver. Homeostasis of blood iron levels depends directly on the ability of the liver to store 

and metabolize iron. 

To perform all of these different functions, the liver requires many different cell types 

which include hepatocytes, bile ductular epithelial cells, stellate cells, sinusoidal and vascular 

endothelial cells, liver specific macrophages and immune cells [1]. 

Cells of the Liver 

Hepatocytes 

Hepatocytes have a life span of 300-400 days and are capable of 86 doublings [6; 7]. Their 

division results in compensatory hyperplasia, which restores the liver mass after injury. The 

hepatocytes are the functional endocrine and exocrine cells of the hepatic lobule and make up to 

80% of cellular mass of the liver. One of the most important functions of hepatocytes is the 

production of bile. Gap- and tight-junctions on the sides of hepatocyte membranes help to 

distinguish the basolateral from the apical membrane domain. The basolateral domain has 

abundant microvilli which project into the space of Disse to maximize surface area to allow 

optimum exchange between hepatocytes and blood [1]. Hepatocytes communicate through these 

connections with the sinusoids, allowing cross-talk with each other and additional cell types. 

Cyclic nucleotides, inositol 1,4,5-trisphosphate, and calcium can enter through gap junctions to 
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lead to the propagation of calcium waves along the intact hepatic acinus, enabling a coordinated 

hepatocellular response to exogenous stimuli [4]. With fibrosis, hepatocytes lose some of their 

microvilli and the fenestrae of endothelial cells close, dwindling communication [Friedman, 

1993].  

Endothelial Cells  

Sinusoidal endothelial cells (SEC) are the main cell that makes up the sinusoid lining of 

the liver. They add up to about 20% of the total number of cells in the liver. Being one of the 

first cells exposed to xenobiotics in the blood they are primary response cells, changing shape 

and sending signals. SECs have been characterized as a unique type of endothelial lining 

consisting of endothelial cells with flattened processes perforated by small fenestrae of about 

100nm. It is well known that fenestrae diameter and porosity decreases from the pericentral to 

periportal regions; zone 3 has the highest fluid exchange capability [8]. This pore size is 

regulated by many endogenous factors and xenobiotics. SECs also possess an extensively 

invaginated plasma membrane, numerous vesicles and lysosome-like vacuoles, indicating a high 

endocytotic activity [8].  

Immune Cells  

Kupffer cells (KC) were first observed by Karl Wilhelm von Kupffer in 1876. KCs make 

up the largest population of tissue macrophages [9]. These cells dwell within the hepatic 

sinusoids as the resident macrophages of the liver. KCs contain many invaginations with proteins 

and carbohydrate molecules along the cell membrane, putatively to enhance its functions. KCs 

clear viruses, old red blood cells, bacteria and other foreign materials through endocytosis. KCs 

send out signals when they are activated (typically by neutrophils and reactive oxygen species) to 

prepare the liver to isolate these substances, producing free radicals, oxidants (via NADPH 

oxidase) and cytokines such as tumor necrosis factor alpha (TNFα). Oxidants activate KC NF-
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κB, causing an increase in TNFα production. TNFα induces neutrophil infiltration and stimulates 

mitochondrial oxidant production in hepatocytes, which are sensitized to undergo apoptosis [10]. 

KCs also release ecosinoids and leukotrine B4 which are known chemotactic factors for 

neutrophils [11]. KCs highly express F4/80 and Major Histo-Compatibility class I (MHC-I). 

Expression of MHC-II, CD1d, and CD86 are detected only at low amounts [12]. KCs produce 

IL1, IL6, TGF-β and latent TGFβ binding protein 1, 2 [13], TGFβR [14], matrix 

metalloproteinases 2, 9, 13, 14 and their inhibitors, TIMP-1 [15] and TIMP-2 [16]. This triggers 

stellate cells to lay down a protective layer of proteins, consisting of mainly collagen.  

Pitt cells are attached to endothelial lining of the sinusoids. Pitt cells are granular cells with 

a high natural killer cell activity, putatively to act against tumor and virus-infected cells [1]. Mast 

cells are a rich source of nerve growth factor and other cytokines to destroy foreign materials and 

accumulate in fibrotic liver. Other blood cells in the liver include neutrophils, T, natural killer 

(NK) and NKT cells. Neutrophils are present in the sinusoids of the liver and migrate to the site 

of inflammation and act as short-lived macrophages (1-2 days). Neutrophils and T cells express 

receptors for TGFβ and INFγ, attracting cytokines (through chemotaxis) that are produced by 

KCs, mast cells, ECs and by the neutrophils [17; 18]. Neutrophils are the first responders in an 

injury; they also can activate KCs which then notify the neutrophils and other cells (i.e. stellate 

cells) to release more factors.  

Stellate Cells 

Star-like cells were also first observed by Karl Wilhelm von Kupffer in 1876 and were 

shown to reside in the space of Disse and have a nucleus of about 40um. They were termed 

hepatic stellate cells (HSC) and represent 5-8% of normal liver cells [1]. These cells store 

vitamin A (nearly 90% of the total amount in the body) and lipids. Since vitamin A is lipid 

soluble this yields a very complimentary situation. They produce little amounts of collagen in 
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normal liver [19]. They are also defined by expression of ectodermal neural markers such as glial 

fibrillary acidic protein (GFAP) [20]. 

 HSC numbers increase significantly upon liver damage [21]. Liver fibrosis is a common 

consequence of chronic liver diseases and is an indirect result of the activation of HSCs. After 

liver damage, HSCs undergo a transition from a quiescent to an activated phenotype. The storage 

of fat or vitamin A dwindles, leading to vitamin A deficiencies and associated disorders. 

Activated HSC express α-smooth muscle actin (α-SMA), and multiple chemokines and growth 

factor receptors, including, leptin, endothelin and platelet-derived growth factor beta (PDGF) 

[21]. Activated HSCs upregulate the expression of TGFβ and establish an autocrine-loop 

whereby this cytokine upregulates the expression of collagen type I genes by transcriptional 

mechanisms involving peroxides [22; 23]. Both smooth muscle associated proteins are only 

expressed on HSCs when they are activated through liver injury. This is for contractile 

capabilities and regulating portal blood flow. Although HSCs may be the most important source 

of myofibroblasts in injury, HSCs are not the sole source. The portal area of the normal liver 

contains fibroblast-like cells (myofibroblasts), and the proximal bile ductules, up to the canals of 

Hering, are encircled by smooth muscle cells, which may proliferate, migrate and contribute to 

ECM production in response to biliary injury. 

In addition to actin, activated HSCs produce and deposit structural proteins such as 

collagen types I, III and IV, tenascin, indulin, laminin, entactin and perlecan directly into the 

space of Disse [21]. These proteins are deposited in areas of inflammation in an effort to contain 

the spread of infection. Until the 1980s, hepatocytes where considered the main source of 

extracellular matrix, but in fact HSCs are the main culprits. However, they can also produce 

proteinases, MMPs that degrade the ECM all while also producing their inhibitors TIMP-1 and -
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2. The main role in fibrosis reduction by HSCs is by their apoptosis and reduced hepatic 

expression of metalloproteinase inhibitors which results in spontaneous resolution [24]. HSCs 

also produce growth factors such as TGFβ, connective tissue growth factor (CTGF), hepatocyte 

growth factor (HGF) and epithelial growth factor (EGF) [21]. TGFβ is negated by TNFα and if it 

is blocked, not only are stellate cells are not activated, but the liver is protected from ethanol-

induced hepatic injury [25; 13]. 

HSCs may function as professional APCs for activation or restimulation of T cells through 

the space of Disse when the endothelial cell barrier is injured. HSCs activate T cell responses 

and express CD31 on their surface at a high density and present antigens to MHCI- and II-

restricted T cells for clearance [12]. According to Winau et al, HSCs (with >98.5% purity) are 

capable of inducing vigorous NKT cell responses in vitro and in vivo and promoting homeostatic 

proliferation of NKT cells through production of IL-15 [12].  

Biliary Cells 

Cells of bile ducts are commonly called biliary cells, bile duct cells or cholangiocytes. Bile 

is formed and secreted by hepatocytes and flows opposite of the blood flow through the bile 

caniculi into the canals of Herring and then to the bile ducts flowing into the larger common 

hepatic duct. If the animal has a gal bladder it would then be stored here until needed, otherwise 

it is immediately released down the common bile duct to the duodenum. If this flow is disturbed, 

bile can build up into the liver and cause inflammation, fibrosis and eventually cirrhosis. Biliary 

cells produce and express collagen type IV, laminin, entactin and perlecan. These cells also 

produce the growth factors TGFβ [26] and CTGF [27]. Oval cells reside in the same space, most 

likely further down in the canal of Herring and are drawn into the liver through injury, and can 

form more biliary cells or other liver cells in vivo. Biliary cells can also arise from hepatocytes, 
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proved by Michalopoulos in 2005 when he reported the findings from transplanted hepatocytes 

into a bile duct ligated rat [28].  

Oval Cells 

In 1956 E. Farber recognized the same cell type appearing in the liver after several 

different chemical injury models. He termed these small cells with high nuclear to cytoplasmic 

ratios as oval cells. Although debate continues as to the site of origin of these cells, they are 

universally considered to be the resident hepatic stem cell [29]. Stem cells are defined as cells 

that are undifferentiated, capable of self-renewal, with potential to differentiation into multiple 

lineages and having the flexibility to use all of these options. Oval cells are recognized as 

playing an important role in the etiology of hepatic growth and development [30]. They have the 

ability to proliferate clonogenically and differentiate into several lineages, including bile ductal 

epithelia, hepatocytes, intestinal epithelia, and exocrine pancreas [31]. 

In normal liver tissue, oval cells are almost beyond detection; however, stem cell activation 

leads to the profuse replication of these cells in the periportal regions of the liver. Oval cells are 

more readily seen after a severe liver injury in conjunction with hepatocyte inhibition such as the 

2AAF model [32]. This models shows that these cells expand from the Canal of Hering [29], 

from a stem cell niche and/or from the bone marrow [33], and enter hepatic parenchyma in the 

periportal regions where oval cells proliferate and differentiate into hepatocytes and bile duct 

cells [34]. When the bile ductular epithelia are damaged in periportal zones, oval cell 

proliferation is reduced [35].  

Morphologically, oval cells are small in size (approximately 10 μm), with a large nuclear 

to cytoplasmic ratio and an ovoid nucleus, thereby giving them their name. Oval cells are a 

heterogeneous cell population with several phenotypes. Oval cells possess characteristics similar 
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to ductular cells in their distinct isoenzyme profiles intermediate filaments (BSD7, OC2, OC3, 

OV-1, and OV-6), extracellular matrix proteins (CK8, 18, 19), enzymes and secreted proteins 

(alpha-fetoprotein, γ-glutamyl transferase) [36; 37; Nagy 1998]. They also possess hepatocyte 

features such as producing albumin. They express some hematopoietic stem cell markers such as 

CD-34, c-kit and Thy1 as well as Flt-3 [39; 40; 41; 33]. When they are present in the liver they 

differentiate toward both hepatic and bile ductular epithelial lineages. When going towards 

hepatocyte formation, it was shown that oval cells first differentiate into basophilic small 

hepatocytes and then into mature adult hepatocytes [42; 43]. 

Oval cells may constitute more than 50% of the liver during regeneration caused by 

administration of 2AAF/PH; it is thought that the cells form a transit amplifying compartment 

that includes undifferentiated progenitors, medially-differentiated transit cells, and newly 

differentiated hepatocytes [44]. Oval cells are similar to hepatocytes in that both require growth 

factors for cell cycle progression, and both cell types also require a ‘priming’ process in order to 

respond to these stimuli [45]. Oval cells express c-met, the receptor for HGF and therefore are 

growth responsive during the time of regeneration when HGF levels are high [46]. Instead of 

oval cells simply creating numerous bile ducts, there is morphologic evidence that these cells are 

potentially going through a preneoplastic process.  

Petersen et. al exposed rats to methylene dianaline (DAPM) 24hrs prior to hepatic damage 

(2-AAF/hepatic injury, PH or CCl4) [35]. Under these circumstances the bile ductular epithelium 

was destroyed and the oval cell response was severely inhibited. This study was the first to 

elucidate a direct association between the requirement of an intact bile ductular epithelium and 

the ability to mount an oval cell response. This data, however, does not prove that oval cells arise 

from bile ductular cells because the DAPM could have elicited either a direct or indirect toxic 



 

23 

effect upon the oval cells, which may have resulted in the inhibition of their activation. This 

study does support the idea that oval cells arise from the periportal zone, specifically from the 

canals of Hering [35]. Petersen reported in 1999 that oval cells also come directly from the bone 

marrow [47]. 

Liver Regeneration 

Under normal conditions, hepatocytes exhibit nominal replicative activity; only 1 in every 

20,000 hepatocytes undergoes mitotic division at any one given time point. Yet, hepatocyte 

division is the major driving force behind liver regeneration [48]. Compensatory hyperplasia of 

the liver (Figure 1-4), takes place in response to mild to severe liver injury resulting from 

surgical resection of a portion of the liver or exposure to destructive agents such as hepato-toxins 

or hepatotropic viruses. This term is utilized instead of regeneration due to the unusual response 

to gain enough tissue to function normally. Instead of gaining individual lobules back it will 

form one large lobule. The liver must be a certain size to do all the jobs necessary to keep at 

homeostasis. In 1931 Higgins and Anderson reported the first partial hepatectomy (PH), 

removing 69% of the liver in a rat [49]. Removal of as much as 80-90% of the liver can be 

restored in the absence of disease [1]. Rats have been subjected to 2/3 hepatectomy (12 times in 

all) with the liver able to regenerate itself. Each time, the liver is restored to its normal size 

within a few weeks (Figure 1-3). It has been estimated that one rat hepatocyte has the capacity to 

generate at least 50 livers [30]. 

In the rat, hepatocytes move from the G0 resting phase of the cell cycle into G1, as 

mediated by the cyclin D1 pathway within 15hrs of PH. Periportal hepatocytes are the first to 

undergo DNA synthesis and proliferation gradually spreads to include the hepatocytes located 

around the central vein. A large peak of DNA synthesis is observed at about 24hrs post PH, and a 

second, yet smaller peak at 48hrs. The smaller peak reflects DNA synthesis occurring in non-
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paranchymal cells (NPC) and pericentral hepatocytes (Figure 1-4). Unlike hepatocytes that 

display a wave of DNA synthesis from periportal to pericentral, NPCs across the lobule exhibit 

simultaneous DNA synthesis. The original liver mass is usually restored within 10 days of the 

hepatectomy.  

Liver regeneration involves a tightly regulation of cells to enter cell cycles after injury and 

to exit cell cycles after appropriate tissue remodeling. In the hepatocyte-driven injury response, 

almost all types of cells in liver proliferate at least once with some cells dividing two times after 

the completion of regeneration. Hepatocytes are the first to enter DNA synthesis in 12hrs after 

2/3 PH injury detected with bromodeoxyuridine labeling, followed by HSCs, KCs and then ECs 

as seen in figure 1-4. With organ maturity, the process of differentiation leads to the commitment 

of differentiated cells to constitutive functions that maintain homeostasis and specialize functions 

that serve organisms needs. In the mature livers of all species, proliferation of all cell types 

subsides to a low level, thus, the mature liver consists of two types of cells: intermediate cells, 

the hepatocytes, which replicate infrequently, but can respond to signals for replication, and 

replicating cells, the stem cells, SECs, KCs, and HSCs, bile duct epithelium, and granular 

lymphocytes (pit cells).  

The earliest event, occurring within one minute after, is a large increase in the blood level 

of hepatocyte growth factor (HGF) released from the remodeling ECM [50]. Active HGF then 

binds to its receptor c-met to lead the hepatocytes into the cell cycle. The amount of HGF 

putatively is in an inverse relationship with total liver mass of hepatocytes. The earliest event, 

occurring within one minute after injury, is a large increase in the blood level of HGF released 

from the remodeling ECM [50]. Several negative regulatory signals may include TGFβ [51], 
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p53, p21 and C/EBPα [52]. Mice lacking p53, p21 and C/EBPα show continuous hepatocyte 

turnover and hyperproliferation of hepatocytes [52].   

Other factors such as interleukin 6 (IL-6), tumor necrosis factor-beta (TNFβ), epidermal 

growth factor (EGF) and, an EGF homolog, transforming growth factor-alpha (TGFα) are also 

involved in this response. TGFα mRNA and protein levels increase markedly within hours after 

PH [53]. IL-6 and TNFα knockout mice both show significantly delayed regeneration after PH 

[54; 55; 56]. Less knowledge is known about the mechanisms to terminate liver regeneration.   

Several animal models of chemical hepatotoxicity have been developed to study the 

mechanisms regulating the proliferative response to liver injury. Among the most extensively 

utilized chemical agents are carbon tetrachloride (CCl4), which causes necrosis of the 

centrilobular regions of the liver, and allyl alcohol (AA) which causes periportal necrosis. In 

both models of acute hepatic injury, regeneration of the necrotic region is mediated by 

proliferation of mature hepatocytes and the oval cell response not activated to a degree of 

importance, if at all. 

Normally, hepatocyte-driven injury response is efficient to replace lost cells and serves as a 

primary source for liver repairs [30]. However, when damage to a liver is too profound or 

proliferation of hepatocytes is inhibited as a result of, either the metabolism of foreign 

compounds to hepatotoxic intermediates, or hepatotropic virus infection, progenitor cells such as 

oval cells are recruited to proliferate and replenish the function of damaged hepatocytes [36]. 

Morphologically, oval cells are small in size (approximately 10μm), with a large nucleus to 

cytoplasm ratio, with an oval shaped nucleus [29]. After activation, a large number of oval cells 

appear near bile ductules and then migrate into the hepatic parenchyma [57]. Activated oval cells 

firstly differentiate into basophilic small hepatocytes and eventually become mature adult 
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hepatocytes [29; 42]. Besides hepatocyte lineage, oval cells are also able to differentiate into 

intestinal type epithelium in rats in vivo [42], be induced to bile ductular epithelial cells [58] and 

pancreatic-like cells in culture [34]. The origins of oval cells remain controversial and several 

key questions regarding the molecular cues that initiate oval cell proliferation and direct lineage 

specific differentiation still remain. 

In progenitor-dependent injury response, although it is not clear whether the same positive 

and negative regulatory signals contribute to liver regeneration, injury-induced changes in 

cytokines and growth factors definitively modulate the fate of the facultative stem cells (oval 

cells) [59]. A distinct response associated with activation of oval cells is a large expansion of 

desmin-positive stellate cells and an increased production of growth factors and ECM molecules 

in the periportal regions of injured livers. It is believed that stellate cells secrete these growth 

factors such as HGF, TGFβ, TNFα and ECM components such as fibronectin and regulates 

expansion and differentiation of the oval cell population. In addition, the autocrine production of 

TGFβ, acidic fibroblast growth factor and insulin-like growth factor (IGF) II in oval cells is 

suggested to mediate the progenitor-dependent liver regeneration.  

Recently, analysis of morphological changes using immunoelectromicroscopy and 

immunostaining reveals that activated oval cells form elongated ductular structures, which are 

surrounded by basement membranes and terminated at hepatocytes located at the limiting plate 

and accompanied by activated and proliferating stellate cells. The surrounded base membranes 

may provide a substrate and scaffold for proliferation and migration of oval cells. More 

interestingly, a number of proliferating HSCs are always associated with these ductules and 

sometimes form direct cell-cell contact with the ductular epithelial cells. This connection 
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between oval cells and stellate cells may form the structural basis for the cross talk between these 

two cell types [60].   

Overview of the Extracellular Matrix 

Most of the cells in multicellular organisms are surrounded by a complex mixture of 

nonliving material that makes up the extracellular matrix (ECM). Hepatic ECM that separates 

parenchyma from sinusoids in the space of Disse is characterized by a basement membrane-like 

matrix with a low density and is critical for maintaining the differentiated functions of resident 

hepatic cells. The structure of the ECM in normal and fibrotic liver is based mainly upon 

collagens, proteoglycans and glycoproteins. This matrix is altered rapidly to the slightest 

metabolic changes of the cells producing it and then it in turn alters the biochemical and 

morphologic phenotype of those cells [61]. It can act as a positive as well as a negative regulator 

of functional differentiation depending on the cell type and the genes studied [62]. The ECM, a 

modulator of many cellular functions, controls and maintains the internal environment of all 

functions and structures while dispensing energy in the immediate distant area. 

The matrix binds growth factors and other signaling proteins to itself to create 

microenvironments [61; 19]. Cells attach to the ECM by means of transmembrane glycoproteins 

called integrins. The extracellular portion of integrins binds to various types of ECM proteins, 

the majority of which is made up from collagens, laminins and fibronectin. The intracellular 

portion binds to the actin filaments of the cytoskeleton. The ECM components may function as 

an affinity matrix for binding and immobilizing soluble growth and differentiation factors such 

as TGFβ, which binds to collagen IV, and control local regulation of these functions [63]. HGF 

and EGF are also major factors in this matrix.  

HGF is involved in the induction of cell proliferation and motility, induction of 

morphogenesis, stimulation of T cell adhesion to endothelium and migration, enhancement of 
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neuron survival, and regulation of erythroid differentiation [64]. HGF is found in large amounts 

in the ECM where it can create a local environment and be copiously released after injury. HGF 

may inhibit TGFβ expression [19]. EGF leads to a spread of HSCs within the space of Disse, 

perpetuating fibrotic disease [65]. A combination of TGFβ and EGF induce HSCs to migrate 

[65]. 

The space of Disse has a low-density ECM that allows rapid bidirectional macromolecular 

exchange with plasma. Around vessels, the ECM becomes denser, as it is packed with fibrillar 

collagens (except around bile ducts), structural collagens, laminins, heparin sulfate 

proteoglycans, fibronectins and integrins. Hepatic ECM separating parenchyma from sinusoids 

in the space of Disse is characterized by a basement membrane-like matrix with a low density 

and is critical for maintaining the differentiated functions of resident hepatic cells. 

Alpha-Smooth Muscle Actin 

Actin makes up the most abundant protein in many eukaryotic cell types. It polymerizes 

forming microfilaments that have an array of functions including regulating contractility, 

motility, cytokinesis, phagocytosis, adhesion, cell morphology, and providing structural support. 

It binds the intracellular portions of integrins to aid in cell attachment to the ECM. Alpha-

Smooth muscle actin (α-SMA), an isoform typical of smooth muscle cells (SMC) and present in 

high amounts in vascular SMC, was demonstrated in the cytoplasm of pericytes of various rat 

and human. In SMC and pericytes, α-SMA is localized in microfilament bundles for contractile 

functioning [66]. The first 125bp of the α-SMA promoter contains three regions that allow 

TGFβ-induced activation. A mutation in any one of these elements completely abolishes 

transcriptional activity [67]. HSCs (pericytes) produce α-SMA which is deposited in the 

regenerating and damaged areas. This contractile protein supports cell motility and acts as a 

structural support for proliferating cells.  
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Proteins of the Extracellular Matrix 

Collagens 

Collagen is the major protein in mammals, making up to 25% of all proteins in the body. It 

exists in many forms to support its unending set of functions. The uniting structural point of all 

collagens is that almost every third residue is glycine. The major functions of collagen are tensile 

strength, flexibility, motility, adhesion and overall tissue support [19]. The slightest of mutations 

in any of the collagens result in major defects such as osteogenesis imperfecti. The chief cell 

type that produces collagen in the liver is the HSC [21]. Other liver cells have been shown to 

produce small amounts of it as well, including hepatocytes and ECs [19]. Collagen accumulation 

protects the rest of the organ from spreading viruses and disease, and can provide a scaffold for 

regenerating liver cells. However, this accumulation also can cause the cells within to die due to 

lack of nutrients. Accumulation in the hepatic sinusoids obstructs blood flow which can also lead 

to portal hypertension, edema and ascites. Scarring leads to blocked blood flow, decreasing 

function/processing of nutrients, hormones, drugs, toxins and viruses [21]. Since 1986, TGFβ has 

been known to be an intrinsic regulator of collagens [68]. Collagens are dramatically increased 

upon chronic injury from chemicals such as CCl4 and AA [19]. The most abundant protein in the 

mammalian body is the fibrillar collagen type I (ColI). ColI transcripts contain CCAAT binding 

sequences that are highly conserved between species [69]. CAAT binding proteins and other 

transcription factors present in the liver bind these sequences. According to Yang et. al, ColI can 

serve as a chemoattractant stimulus for HSCs [65].  

Collagen Type IV  

Collagen type IV (ColIV) is non fibrillar collagen composed of at least six different α 

chains which form a sheet (mesh-like) structure. The most common form of this collagen 

molecule is the ubiquitous heterotrimer. Its molecules interact to form a complex network via 



 

30 

interactions of adjacent molecules, both laterally and at either terminus via disulfide bonding. 

Free deposits of ColIV are found in the subsinusoidal space to increase tensile strength to make 

up for the lack of basement membrane around the space of Disse [2003, Yang]. It is found 

throughout the liver, in both the central and periportal zones. Within the ECM, TGFβ can bind 

ColIV [48].  

Fibronectin 

In normal liver Fibronectin (FN) is found in the subcapsular connective tissue, septa, portal 

areas surrounding interstitial cells, and the space of Disse. FN is a glycoprotein that has functions 

associated with cell adhesion and migration. FN organizes cell-cell interactions and cell-ECM 

contacts by binding to different components of the ECM and to membrane-bound FN receptors 

(integrins) on cell surfaces [70]. It is found in BMs and throughout the ECM. It exists in two 

forms, termed cellular FN and plasma FN [48]. Cellular FN is made by fibroblasts, chondrocytes, 

endothelial cells, macrophages, as well as some epithelial cells. In the liver, HSCs and KCs are 

responsible for its production and deposition. FN is deposited in the ECM as filaments which are 

significantly insoluble. Plasma FN is synthesized by hepatocytes and represents about 1% of 

serum protein which is about 300 micrograms per mL [48]. The composition of FN depends on 

the tissue type and/or cellular conditions.  

FN is made up of about 5% carbohydrates which bind to proteins such as integrins, 

collagens, fibrin, heparin and it also binds to CTGF. FN anchors cells to collagens for adhesion 

[48]. It also alters cell morphology and surface architecture. The main function of FN is its 

involvement in cellular migration during development and regeneration, and regulation of cell 

growth and differentiation [70]. According to Yang et. al, FN can serve as a chemoattractant 

stimulus for HSCs [65]. FN also is a part of the provisional matrix during oval cell mediated 
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liver regeneration [70]. FN has been shown to bind IGFBP3 and to form ternary complexes with 

IGF-1 in human plasma to possibly sequester them into tissues [71].  

Laminin 

Laminin (LM) is a large ECM glycoprotein found in basement membranes of epithelia, 

surrounding blood vessels and nerves in established tissues. This protein interacts with cell 

surface receptors and has roles in cell migration during embryonic development and tissue 

organization [72]. LM subunits (A, B1, B2, S and M) in the perisinusoidal space of the rat liver 

have been detected in small streaks of basement membranes extending from the portobiliary tract 

and to a lesser degree from the central vein and perisinusoidal spaces [72]. LM is co-expressed 

with ColIV. LM is also a prominent component of the perisinusoidal matrix during development, 

injury and regeneration of the liver. It is present within the cytoplasm of hepatocytes, SEC and 

HSC during these times [19]. In fibrosis, the HSC are the main contributors of laminin. Due to its 

many isoforms of each subunit, it is difficult to view every possible place it is located.  

LMs are secreted and incorporated into cell-associated extracellular matrices. These 

proteins form independent networks associated with ColIV via nidogen [73] and through light, 

direct interactions with each other [74]. LMs also bind to cell membranes through integrin 

receptors and other plasma membrane molecules, such as the dystroglycan glycoprotein complex 

and Lutheran blood group glycoprotein [75]. Through these interactions, laminins critically 

contribute to cell attachment and differentiation, cell shape and movement, maintenance of tissue 

phenotype, and promotion of tissue survival. It has been shown in vitro that hepatocytes have an 

increased affinity for laminin post PH [76]. The main role of laminin may be to provide cell 

attachment for proper tissue organization during liver regeneration [77; 75]. Work done by 

Shakado in 1995 showed that laminin was crucial for SECs to form long tubular structures while 

advancing into a gel matrix [75].  
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Basement Membranes in the Liver 

Basement membranes (BM) are considered to be a part of the ECM. Nerves, bile ducts, 

arterial, and venous vessels have BM. In contrast, sinusoids are devoid of BM. Although 

perlecan and some Col IV are found in the space of Disse, neither laminin nor entactin is present, 

suggesting that at least one of these components is needed for the assembly of a BM. In other 

glandular structures, such as the thyroid and pancreas, endothelial and the epithelial BMs exit. 

The hepatocyte is the only epithelial cell in the body not separated from the vascular space by 

two continuous BMs [1]. BMs allow a rapid bidirectional macromolecular exchange between 

plasma and hepatocytes, but are not as tolerant as the rest of the ECM. The formation of BM-like 

structures in the space of Disse is characteristic of cirrhosis, a marked decrease in 

macromolecular exchange which leads to cell starvation, toxin buildup, and ultimately cell death 

[48]. BM matrix integrity, composition, and cell-matrix interactions play an important role in 

anchoring HSCs and preventing them from spreading within the space of Disse and potentially 

elsewhere in the liver [65]. 

Introduction to Liver Fibrosis 

Hepatic fibrosis is a scarring process that is associated with an increased and altered 

deposition of extracellular matrix in the liver [78]. It was historically thought to be a passive and 

irreversible process due to the collapse of the hepatic parenchyma leading to septa-forming 

condensation of pre-existing stroma. However, liver fibrosis is an active wound-healing process. 

Generally, renewing cells are more vulnerable to chemical injury than intermediate cells, which 

are largely quiescent.  

The main causes of liver fibrosis include chronic HCV infection, alcohol abuse, and 

nonalcoholic steatohepatitis (NASH). Chronic hepatic inflammation is tightly linked to fibrosis 

in virtually all individuals with liver disease and in experimental models of fibrogenesis [79]. 
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Fibrosis is a well-known histological and biochemical hallmark of cirrhosis, but fibrosis does not 

necessarily accompany cirrhosis. Originally fibrosis was defined by a WHO expert group in 

1978 “as the presence of excess collagen due to new fiber formation” [80]. Early clinical reports 

in the 1970s suggested that advanced liver fibrosis is potentially reversible. Even with this 

known, liver fibrosis received little attention until the 1980s, when HSCs were identified as the 

main collagen-producing cells in the liver [81]. 

The accumulation of ECM proteins alters the hepatic architecture by forming scar tissue. 

The subsequent development of nodules of regenerating hepatocytes defines cirrhosis. The 

nodules of a cirrhotic liver lack normal lobular organization and are surrounded by fibrous tissue 

which is formed by a combination of necrotic cellular debris and de novo ECM protein. Cirrhosis 

produces hepatocellular dysfunction and increased intrahepatic resistance to blood flow, which 

result in hepatic insufficiency and portal hypertension, respectively. In cirrhosis, increased 

pressure in the portal vein causes large veins (varices) to develop across the esophagus and 

stomach to bypass the blockage. The varices become fragile and can bleed easily. The essential 

features of cirrhosis are considered to be parenchymal necrosis, regeneration, and diffuse 

fibrosis, resulting in disorganization of the lobular architecture throughout the whole of the liver.  

Toxic injury to the liver causes cellular death through both apoptosis and necrosis. Any 

cellular injury results in sustained elevation of Ca2+ signaling, which triggers necrotic or 

apoptotic cellular death [82]. Particularly important is an activation of nuclear factor kappa B 

(NF-κB), which regulates production of cytokines and interferons [83]. Prolonged stress to the 

cell, particularly the endoplasmic reticulum, can stimulate pro-caspase-12, localized in the 

endoplasmic reticulum. When activated, caspase 12 stimulates other pro-apoptotic caspases [84]. 

After cell death, new cells must come in to replace the dead ones. Chronic injury results in 
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cellular regeneration via clonal expansion of the resident cells, mainly hepatocytes, which form 

hepatic foci. They are often referred to as 'regenerative' or 'hyperplastic' foci, implying concepts 

of pathogenesis rather than a morphological definition. They cannot be truly regenerative in that 

restitution to normal liver tissue does not occur [80]. At the cellular and molecular level, this 

progressive process is mainly characterized by cellular activation of hepatic stellate cells and 

aberrant activity of TGFβ and its downstream cellular mediators (CTGF). The complex signaling 

pathways of this pivotal cytokine during the fibrogenic response and its connection to other 

signal cascades are now understood in some detail. 

Hepatic stellate cell (HSC) activation is the hallmark of fibrosis. TGFβ is considered the 

most powerful mediator of HSC activation in vitro and in vivo [79]. Kupffer cells (KCs) are a 

main source of TGFβ in the liver and promote HSC activation and fibrogenesis [11; 25]. Since 

1989, KCs have been implicated in activating HSCs [85]. HSC activation and fibrogenesis were 

almost completely suppressed in KC-depleted mice with a significant reduction of hepatic 

fibrogenesis [25]. Because the transdifferentiation of quiescent HSCs to activated myofibroblast-

like HSCs is a key event in hepatic fibrogenesis [79; 86], it is likely that the sensitization of 

quiescent HSCs to TGFβ and KC induced activation of HSCs constitutes the main mechanism by 

which inflammation promotes fibrogenesis.   

HSCs become directly fibrogenic by synthesizing ECM proteins. In addition, the activated 

HSC itself proliferates and amplifies the fibrogenic response. Although the precise mechanisms 

responsible for HSC activation remain elusive, substantial insight is being gained into the 

molecular mechanisms underlying ECM production and cell proliferation in the HSC. The 

activated HSC becomes responsive to both proliferative (PDGF) and fibrogenic (TGFβ) 

cytokines. These cytokines activate both mitogen-activated protein kinase (MAPK) signaling, 



 

35 

involving p38, and focal adhesion kinase signaling cascades. Together, these regulate the 

proliferative response, activating cell cycle progression as well as collagen gene expression. 

SMAD and p38 MAPK signaling have been found to independently and additively regulate 

collagen type I gene expression by transcriptional activation while p38 MAPK, but not SMAD 

signaling, increases collagen mRNA stability, leading to increased synthesis and deposition [87].  

Fibroblasts other than HSCs are involved in hepatic fibrosis. The possibility of epithelial-

mesenchymal transition (EMT), which describes the transition of biliary epithelial cells or even 

hepatocytes to fibroblasts, is still under debate. The fibroblasts from EMT actively participate in 

the generation of fibrotic ECM as established in lung and kidney fibrosis [88]. The role of EMT 

in hepatic fibrosis remains unknown. 

The ECM is a complex structure aiding in the support, maintenance and regeneration of the 

liver. This matrix varies throughout the hepatic architecture to correspond to vast functions of 

this organ. The distribution of the ECM and its associated proteins is important to understand 

how the liver responds to injury. TGFβ and CTGF are the key factors for the job. AA and CCl4 

are two chronic injury models that demonstrate this occurrence [89; 90]. These two injury 

models cause damage to different regions of the liver. Each chemical is metabolized by utilizing 

molecules specific for their classification. However they both begin with an oxidation step.  

Chronic Allyl Alcohol Exposure 

AA is the smallest representative of allylic alcohols (CH2=CHCH2OH). This chemical is 

used in industries as a synthetic intermediate, an effective herbicide and pesticide. AA 

intoxication leads to periportal (piecemeal) necrosis, ductular proliferation, abundant connective 

tissue development, macro nodules, cirrhosis, calcium influxes and minimal oval cell infiltration 

[1; 19; 91; 92; 93]. This is a very useful model for periportal injury because few chemicals cause 

this type of damage. Some examples of periportal injuries come from iron overloading from 
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ferrous sulfate, high levels of exposure from yellow phosphorus, acetic acid and aspirin, and 

acute viral hepatitis associated with cocaine and labetalol [94].  

AA oxidation occurs through alcohol dehydrogenase (ADH). The periportal region 

possesses higher concentrations of ADH which correlates with the periportal necrosis seen by 

AA exposure. AA exerts a dose-dependent toxicity on the cells which is inversely related to 

cellular glutathione (GSH) [95]. GSH is a ubiquitous tripeptide (including a cysteine) that acts as 

a powerful antioxidant. It exists in almost every cell of the body, and without it other 

antioxidants like vitamin E and C are not able to function efficiently [19]. AA toxicity can be 

prevented by inhibitors of ADH and augmented by the aldehyde dehydrogenase (ALDH) 

inhibitor disulfiram, which lead to the discovery that toxicity is produced by a metabolite, 

specifically the aldehyde acrolein (CH2=CHCH=O) as noted from many references [96; 91; 97].  

Acrolein is oxidized by ALDH and has been shown to require NAD+ [98]. This yields free 

radicals, and protons are transferred to selenium oxide or alpha carbonyl compounds like ketones 

which are converted to diketones. ALDH are grouped into classes (ALDH1–7), and there are 

around 17 ALDH enzymes in human [99]. ALDH2, 3 and 5 are capable of detoxifying acrolein 

[100]. Since ALDH2 in rat liver is more concentrated in periportal than in perivenous cells [101] 

and NAD+ is at a higher concentration around the periportal regions, this region is targeted and 

damaged. ALDH2 has a low km for acetaldehyde and catalyzes most acetaldehyde oxidation in 

the liver. It is expressed constitutively, is present exclusively in mitochondria and is NAD+-

dependent [93]. Acrolein, with ALDH, is an excellent substrate for glutathione-S-transferases 

[92] and forms adducts with GSH and protein thiols in isolated hepatocytes [95]. In cells 

depleted of GSH, acrolein may react with essential macromolecules and thereby lead to 

structural and functional derangement and, eventually, irreversible injury. Binding of acrolein to 
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protein thiols alters secondary and tertiary protein structure leading to conformational changes 

and loss of enzymatic activity [95; 98].  

To date, very little data exists on the chronic exposure of AA. Jung reported that after 16 

weeks of twice weekly exposure (0.62 mmol/kg) severe fibrosis occurs [94].  

Chronic Carbon Tetrachloride Exposure 

Carbon tetrachloride (CCl4) does not occur naturally. It is produced by chlorination of 

carbon disulfide.  It may be a byproduct of dichloromethane and chloroform production as it was 

first discovered in 1839 by H.V. Regnault, a French chemist and physician. CCl4 is an ozone 

depleting gas, and has a strong aromatic odor. CCl4 is very stable in air; evaporates quickly and 

has a half-life of 30-100 years [102]. It has been shown not to bio-accumulate in animals or soil. 

It has been used commercially in the production of pesticides, solvents, and antiseptics.  

CCl4 is primarily metabolized by the membrane bound enzyme cytochrome P4502E1 

(CYP2El), which mediates reduction of the toxin [103; 1]. CYP2B1 and B2 are also capable of 

this action with this chemical [104]. CYP2El is found more prominently on the membranes of 

the endoplasmic reticulum (ER) [1]. CYP2E1 is constitutively expressed at low levels 

throughout the body with very high levels of expression in liver, and to a lesser extent in skin, 

lung and intestine. In the liver, CYP2E1 is concentrated within the centrilobular region, 

specifically in the first 3-4 layers of hepatocytes around the central vein [1]. Here, CCl4 is 

transformed into a trichloromethyl free radical [1]. In vitro studies indicated that this radical may 

interact directly with all four DNA bases, with a particular affinity for guanine and adenine 

[105].  

Trichloromethyl free radicals may also react immediately with lipids and cytochromes, 

leading to a distinct, locally necrosis. Trichloromethyl free radical can also undergo anaerobic 

reactions, which may result in the formation of such toxic compounds as chloroform, 



 

38 

hexachloroethane, and carbon monoxide [1]. This radical reacts with GSH to form GSH-

containing radicals [106] and has been considered to directly act on hepatocytes since 1973 

[107]. This formation causes lipid peroxidation in the ER, damage to the plasma membrane and 

an increase to intracellular calcium content [108]. Lipid free radicals and peroxides fare less 

reactive, and diffuse out to cells throughout the lobule. These radicals can, however, cause 

oxidative damage to cell membranes and ER. Lipid peroxidation also results in the production of 

aldehydes which require metabolism by ALDH to prevent adduct formation with cellular 

macromolecules [108; 109; 110].  

Smuckler in 1976 confirmed that CCl4 induces steatosis by disruption of lipid transport. 

Synthesis of fat was not increased. He also reported that decreased lipid transport was due to 

problems with protein synthesis based on inadequate ribosomal activity. Many hepatocyte 

proteins, including albumin, are essential for transporting lipids out of a cell are now reduced 

leading to more downstream effects [111].  

In 1936 Cameron reported that in acute studies, CCl4 has been shown repeatedly to cause 

massive necrosis of the central vein within 24hr of exposure followed by rapid proliferation of 

the remaining cells within 5-6d to reach full restoration if it was a one time exposure [111]. 

Chronic exposure leads to a much more serious problem. Repeated exposures lead to more 

central vein damage and necrosis, and subsequential periportal damage, micro nodules, excessive 

lipid build up (steatosis), abundant connective tissue development, disruption in calcium 

homeostasis, streaming cords of fibrous tissue, cirrhosis, oval cell and biliary cell infiltration and 

has significant risk of cancer [1; 19; 111; 112]. In rats treated twice weekly with CCl4 for four 

weeks, significant liver fibrosis with septae formation occurred. When CCl4 treatment was 

terminated at four weeks, the liver fibrosis resolves completely and normal liver histology was 
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restored. Interestingly, upon termination of CCl4 treatment, 50% of the activated HSCs 

underwent apoptosis with an accompanying increase in MMPs and decrease in TIMPs [24]. In 

another study by Ruchirawat acute CCl4 was shown to cause a blockage of DNA methylation, 

and over ten years later it was shown by Varela-Morieras that hypomethylation occurs with 

chronic exposure, leading to the disruption of the careful balancing act of gene regulation [113; 

114]. 

Degradation of Pre-Existing Matrix 

Current evidence indicates that matrix degradation is of central importance for hepatic 

fibrogenesis [15; 116], but it is also involved in liver regeneration and carcinogenesis [15; 117; 

118]. Matrix metalloproteinases (MMPs) are the main enzymes that degrade ECM proteins. They 

have a broad substrate specificity which degrades collagens, laminins, fibronectins, 

proteoglycans as well as other matrix components. Expression of MMPs in hepatocytes and 

mesenchymal cells may be mediated by the transcription factor AP-1. This transcription factor is 

upregulated by many pathological stimuli, including inflammatory cytokines, growth factors and 

other stress signals. AP-1 represents a single component of a complex, dynamic network of 

signaling pathways involved in the response to hepatic injury, so it is likely that several other 

factors co-regulate MMP expression [119]. 

MMPs are secreted from cells into the extracellular space as proenzymes, which are 

subsequently activated by HSC cell surface-associated proteases. The active enzymes are, in 

turn, inhibited by a family of TIMPs. This combination of positive and negative regulation 

governs matrix degradation. Additional matrix proteases have been implicated in liver ECM 

remodeling. Progelatinase A is secreted by activated HSCs in culture. This proenzyme is 

activated by a protein complex found within the HSC membrane. The activation of matrix 

proteases at the HSC membrane indicate that the active HSC is able to independently remodel 
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matrix by breaking down existing ECM as new ECM is produced [19]. Degradation of existing 

matrix does not necessarily limit fibrosis, as numerous growth factors adhered to the 

extracellular matrix are liberated, creating a new and progressive microenvironment through 

which the fibrogenic message is passed [120]. The balance between these two competing HSC 

functions determines whether or not fibrosis occurs. 

Overview of the Transforming Growth Factor Beta 

There are over 100 distinct members of the TGFβ superfamily sharing at least one 

conserved amino acid domain [121]. This protein was discovered by Roberts in 1983 while 

conducting studies on fibroblasts that had been retrovirally transformed in vitro. This growth 

factor has been described as both heat and acid stable, and may be extracted from a wide variety 

of cells [122]. TGFβ is a 25 kD cytokine that inhibits epithelial cell and lymphocyte 

proliferation. Conversely, it is able to stimulate proliferation and extracellular matrix production 

by fibroblasts [89; 123]. TGFβ is also known to play a key role in tissue remodeling and in 

immunological self-tolerance [124]. In addition to being directly secreted by cells, a reservoir of 

TGFβ is covalently bound to the N-terminus of collagen IIA [125].  

Significant production of this cytokine occurs within hepatic fibroblasts and macrophages, 

and represents a major component of the secretory vesicles of platelets. Work by Carr in 1986 

showed that TGFβ is inhibited during severe liver injury, allowing cell proliferation. In cultures 

of primary rat hepatocytes, TGFβ bound its receptor with an apparent Kd of 93.1 pM. This 

binding constant was found to be transiently diminished following partial hepatectomy, returning 

to normal by 96 hours [126].  

Three members of the TGFβ family (TGFβ1, 2 and 3) have been identified in mammals. 

TGFβ4 and 5 are found in the chicken and Xenopus respectively. TGFβ requires proteolytic 

cleavage to an active form before it will bind to its receptor. Cleavage also mediates the release 
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of extracellular TGFβ from the ECM. To date, five TGFβ receptors have been identified 

(TGFβR1-5). TGFβR1 is expressed predominantly by hematopoietic progenitor cells, where it 

has been shown to form a heterotetramer with TGFβR2 [127].   

Activation of Transforming Growth Factor Beta 

As mentioned previously, TGFβ is synthesized in a latent precursor form that is 

subsequently cleaved to the 112 amino acid active form [128]. TGFβ1 is considered to be the 

predominant isoform of the molecule in most cell types and is highly conserved among 

mammalian species. Unless specified otherwise, TGFβ will refer to TGFβ type 1 throughout the 

remainder of this report. 

N-terminus cleavage of the TGFβ pro-peptide occurs within the Golgi apparatus. The 

truncated C-termini dimerize via disulphide bond formation between conserved cysteine 

residues, giving rise to the secretable, latent form [129]. Further cleavage by extracellular 

proteases generates the biologically active form of the molecule. Activated TGFβ readily forms a 

complex with α2 macroglobulin in serum, and is rapidly cleared by the liver resulting in a t1/2 of 

only 3 minutes [130]. The latent form does not complex with α2 macroglobulin and is able to 

persist for a much longer time in serum [131].  

TGFβ displays a high affinity for the type II receptor [132]. TGFβ binding to the type II 

receptor mediates the formation of a heterotetramer composed of two type I and type II subunits. 

Constitutively active kinase activity associated with the type II receptor trans-phosphorylates 

specific serine residues on the type I receptor, initiating an intracellular signaling cascade which 

is propagated to the nucleus [132]. 

The activated TGFβ receptor tetramer phosphorylates members of the Smad protein 

family, likely Smad 2 and 3. These proteins form a complex with Smad 4 within the nucleus and 

recruit additional proteins that form a transcription complex that initiates gene transcription. 
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There is evidence that the TGFβR tetramer is rapidly endocytosed via a clathrin dependant 

process. However, this internalization is not required for Smad phosphorylation and is likely a 

mechanism for receptor recycling [127; 132]. 

Biological Activity of Transforming Growth Factor Beta 

TGFβ has been shown to elicit multiple biological effects dependant on cell type and the 

presence of other growth factors. It can either stimulate or inhibit cell proliferation and may 

regulate the action of other growth factors [133]. TGFβ stimulates the synthesis of major 

extracellular matrix proteins, including collagen, proteoglycans, glycosaminoglycans, fibronectin 

and integrins. TGFβ also facilitates ECM deposition by inhibiting the synthesis of matrix 

metalloproteinases (MMPs) and inducing the production of tissue protease inhibitors (TIMPs). 

This influence on protease activity is species, tissue and cell type specific. TGFβ has also been 

demonstrated to play a key role in carcinogenesis, as it is able to regulate expression of both 

proto-onco genes and tumor suppressor genes. 

TGFβ has also been shown to function through both the mitogen-activated protein kinase 

(MAPK) and the phosphatidylinositol 3-kinase (PI3K) signaling cascades. Together, these 

regulate proliferative responses, activating cell cycle progression as well as collagen gene 

expression. Smad and MAPK signaling have been found to independently and additively 

regulate collagen I gene expression while MAPK, but not Smad signaling increases collagen I 

mRNA stability [87]. With respect to liver fibrosis, TGFβ mediated activation of Smad 2/3, 

appears to be the key signaling pathway [124]. 

Overexpression of TGFβ in rodent models yields an increased expression of protease 

inhibitors, such as TIMP and PAI-1 resulting in excessive matrix accumulation. This increase in 

protease inhibition coupled with an increased rate of matrix deposition forms the cornerstone of 

fibrosis [120]. TGFβ has been reported to reduce the production of collagenases MMP-1 and 
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stromelysin MMP-3, but enhance the expression of the inhibitors TIMP-1 and TIMP-3 in human 

lung fibroblasts, myometrial smooth muscle cells and articular chondrocytes [134; 135]. In 

addition, the production of several matrix components, such as collagen and fibronectin, is 

induced by TGFβ1 [125]. 

Latent TGFβ is rapidly taken up by the liver cells including hepatocytes [131; 136]. High 

levels of TGFβ within the hepatocytes can lead to apoptosis [136]. When exogenous TGFβ is 

administered following 70% partial hepatectomy, hepatocytes and stellate cells were inhibited 

from proliferating, but not the endothelial cells [137]. This is consistent with another report 

demonstrating that TGFβ can act synergistically with endothelial growth factor (EGF) to either 

stimulate or inhibit endothelial cell colony formation in vitro, depending on concentration. TGFβ 

treated livers eventually recover from partial hepatectomy, as hepatocytes overcome inhibition 

and proliferate. Recently, TGFβ has been shown to stimulate CTGF expression in hepatocytes 

[138; Gressner OA, 2007]. TGFβ can be inhibited by addition of TGFβRII [139]. 

Overview of Connective Tissue Growth Factor 

During tissue repair and early development, TGFβ gene expression is coordinately 

regulated with connective tissue growth factor (CTGF) [140]. This is putatively due to the 

TGFβ-responsive element located within the CTGF promoter [141]. With respect to signaling 

molecules, SMADs, ras/MEK/ERK, PKC are required during CTGF induction by TGFβ in 

cultured mesangial cells [142]. CTGF is a cysteine-rich secretory protein of 36-38 kDa, that 

belongs to the CCN protein family, named after CTGF, cysteine-rich 61, and nephroblastoma 

overexpressed proteins [143]. All members of this family exhibit a high degree of amino acid 

sequence homology (50-90%) possess a secretory signal peptide at their N-terminus and contain 

four distinct protein modules. Module 1 is homologous to the N-terminal cysteine-rich regions of 

the six "classic" insulin like growth factor binding proteins (IGFBP-1 to -6) [143], and contains a 
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motif (GCGCCXXC) that is involved in binding insulin like growth factor (IGF) with low 

affinity [144]. The physiological role of this binding site still remains to be defined. Module 2 

contains a von Willebrand type C domain (vWC) that occurs in von Willebrand factor (vWF) as 

well as various mucins, thrombospondins, and collagens [143] and may be involved in 

oligomerization [145]. Module 3 is a thrombospondin type 1 domain (TSP1) that contains the 

local motif WSXCSXXCG and appears to be a cell attachment factor that binds sulfated 

glycoconjugates [143; 146]. Module 4 is a C-terminal module that also occurs in the C-termini of 

a variety of unrelated soluble proteins including TGFβ and PDGF [143] and is responsible for 

dimerization and receptor-binding [143]. The bioactive form of porcine CTGF is contained 

within the 103 C-terminal residues of the primary translational product [147] and thus supports 

the proposed role of module 4 in binding cell surface receptors [143]. Pi et al reported that the C- 

and N-terminal ends of CTGF are able to bind fibronectin [148].  

Biological Significance of Connective Tissue Growth Factor 

CTGF is associated with immediate early growth responsive genes that putatively regulate 

the proliferation/differentiation of various connective tissue cell types during embryogenesis 

[147]. It is a cysteine-rich, matrix-associated, heparin, perlacan, fibronectin and integrin-binding 

protein that promotes endothelial cell growth, migration, adhesion and survival, while 

stimulating ECM production [149], chemotaxis, proliferation and angiogenesis. However, CTGF 

can act as cell growth inhibitor and induce apoptosis. In some cases, it is intrinsically 

nonmitogenic and augments the activity of other growth factors [150]. In addition, CTGF was 

shown to be positively regulated by vascular endothelial growth factor, epidermal growth factor, 

fibroblast growth factor [151], plasma clotting factor VIIa, thrombin [152; 153] and by 

lysophosphatidic acid and serotonin activation of heptahelical receptors [154] but negatively 

regulated by tumor necrosis factor-α [155].  
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CTGF was first identified in conditioned media containing human umbilical vein 

endothelial cells in culture and was found to be mitogenic and chemotactic to cells of connective 

tissues such as fibroblasts [156]. Besides fibroblasts, it is expressed in, and acts on endothelial 

cells, skeletal and smooth muscle cells, chondrocytes, epithelial cells, neural cells and 

hepatocytes. It has also been implicated in several normal physiological processes, including 

those related to embryo development and differentiation [150], endochondral ossification [157], 

and female reproductive tract function in the uterus and ovary [158]. Upregulation of CTGF has 

been linked to many pathogeneses including fibrosis [159], tumor desmoplasia [160], wound 

healing, and tissue regeneration. A rodent model with CTGF knocked out showed impaired 

chondrocyte proliferation, angiogenesis, ECM production and turnover and abnormal skeletal 

growth [161]. 

In liver, CTGF is normally expressed in a very low level, except for a local upregulation in 

portal and central vein endothelia and in myocytes of portal arteries [27]. However, a significant 

induction of CTGF transcripts has been found in liver injury [162] and pathogenesis including 

liver fibrosis in animal models and in human chronic liver diseases [Paradis, 1999; 164]. 

Activated stellate cells are found to be a major cellular source of CTGF in fibrotic and CCl4-

injuried rat livers. When added in primary stellate cell cultures, CTGF strongly promote stellate 

cell proliferation, migration and produce collagen type I [163]. Recently, proliferating epithelial 

cells in bile duct and in hepatocytes have also been shown to produce CTGF mRNA by studying 

the temporospatial expression of CTGF in rats with acute and chronic hepatic fibrogenesis [27; 

88] CTGF is known to induce phosphorylation of p42/44 MAPK and protein kinase B in primary 

mesangial cells via a β integrin dependent manner [165]. These signaling pathways are likely the 

mechanism through which CTGF induces phenotype changes in target cells. The multiligand 
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receptor, low density lipoprotein receptor (LRP)-related protein/2-macroglobulin receptor is a 

protein complex that binds CTGF and mediates internalization and degradation to negatively 

regulate serum CTGF levels [166].   

During liver fibrosis, CTGF expression is strongly up-regulated. This increase may be 

easily measured in serum. This finding is corroborated by the fact that CTGF levels decrease in 

fully developed, end stage cirrhosis, when the fibrotic process is complete [88]. 

Specific Aims of this Study 

Chronic chemical injuries occur throughout the world as medical and industrial 

environments continue to expand. The liver is responsible for the metabolism of the majority of 

these chemicals. The resulting metabolites may either be useful or toxic by-products. Allyl 

alcohol and carbon tetrachloride are chemicals which affect the general public in a variety of 

ways. These chemicals injure different zones of the liver. The goal of this research was to 

investigate differences in the fibrotic response to chronic hepatic portal zone injury versus 

chronic central zone injury. This lead to the desire to understand how the ECM is laid down 

during these chronic liver injuries. For this study we specifically asked how can protein and 

nucleic acids be extracted from archival formalin fixed paraffin embedded (FFPE) fibrotic liver? 

Is a periportal injury more severe than a pericentral injury? Where are these proteins expressed, 

and what is the composition of these proteins in the ECM? To begin answering these questions, 

experiments were performed to:  

• optimize extractions from fresh, archival and chronic injury archival FFPE tissue 

• characterize fresh, archival and chronic injury archival FFPE tissue through IHC  

This study incorporated methods from molecular genetics, molecular biology, toxicology, and 

pathology.  
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Figure 1-1 Hepatic microarchitecture and blood flow. Red arrows indicate blood flow and green 

arrows indicate the direction of bile flow. ©2003 M. H. Ross All rights reserved. 

 
 
Figure 1-2 Liver acinus. The three zones of the liver radiating toward the central veins. ©2003 

M. H. Ross All rights reserved. 

 
 
Figure 1-3 Growth of remaining three liver lobes after ⅔ partial hepatectomy in the rat. 

Compensatory hyperplasia results in the liver regaining original tissue mass in 
approximately 10 to 14 days.6 ©1931 American Medical Association. All Rights 
Reserved. 

 
 
Figure 1-4 Amount of resident hepatic cells within the cell cycle during the time following ⅔ 

partial hepatectomy. Hepatocytes represent the proliferative driving source behind 
liver regeneration. ©1997 AAAS. All Rights Reserved. 
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CHAPTER 2 
MATERIALS AND METHODS 

Experimental Animals 

Male Fisher-344 rats (Fredricks Laboratories, Fredrick, MD) were used for all experiments 

described. The dosage for chronic exposure to either allyl alcohol (AA) or carbon tetrachloride 

(CCl4) (Sigma, St. Louis, MO) was determined mathematically calculating the LD10 dose. 

Chronic dose of AA consisted of 0.001 mL/kg (7.4 mg/kg) body weight in a dilution of 1:50 

vol/vol in 0.9% saline solution. Chronic dose of CCl4 was given as 0.38 mL/kg (300 mg/kg) of 

body weight in a 1:1 vol/vol dilution in corn oil. These chemicals were administered by i.p. 

injection using a pattern of five consecutive days of injections followed by two days of rest for a 

duration of 90 days. They were given this treatment at the same time of the day for everyday 

treated. This exposure pattern would closely mimic an average worker's exposure during a three-

month period. The animals were sacrificed 5-6hr after the final injection. Two hours prior to 

sacrifice, animals were injected with BrdU (50 mg/kg body weight) for determination of DNA 

synthesis as described by Lindroos et al. [50]. All procedures regarding animals were conducted 

according to institutionally approved protocols.  

Animal Sacrifice and Tissue Collection 

All animals utilized for tissue collection were euthanized by administration of an overdose 

of pentobarbital (1.0 mL/100g body weight, Sigma). This is consistent with the 

recommendations of the panel on euthanasia of the American Veterinary Medical Association 

and the Guide for the Use and Care of Laboratory Animals (U.S. Department of Health and 

Human Services/NIH Publication #86-23). After euthanasia, sections of liver were collected for 

paraffin embedding. These sections were fixed O/N in 10% Neutral Buffered Formalin (Richard-

Allan Scientific, Kalamazoo, MI). The formalin was then exchanged for PBS and embedded in 
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paraffin. All paraffin sections were cut to a 5μm thickness. Liver sections were collected at the 

following time points: day 15, 30, 40, 45, 55, 60, 65, 70 and 90.  

Protein Isolation, Purification and Quantification 

Fresh Normal Rat Liver Extraction  

Protein was isolated from formalin fixed paraffin embedded (FFPE) rat liver tissue. 

Controls used were snap frozen normal rat liver (NRL) tissue, fresh FFPE NRL and archival 

FFPE NRL. Whole liver sections from snap frozen NRL were cut into small pieces (about 150-

200µg) and added to 10ml of RIPA buffer (50mM Tris-Cl pH 7.4, 250mM NaCl, 5mM EDTA, 

50mM NaF) with proteinase inhibitors (per 1mL of RIPA buffer 30µl Aprotinin, 10µL 1mM 

leupeptin, 10µL 100mM phenylmethylsulfonyl fluoride  (PMSF) and 10µL Na orthovandate 

were added). The fresh tissue is kept on ice for the remainder of the procedures until it is ready 

for analysis. The fresh tissue is disrupted utilizing either a homogenizer (10sec at a time until the 

proper consistency is reached) or a needle (18-26.5 gauge) and syringe where it is pipetted up 

and down until tissue was thoroughly homogenized. The sample was vortexed for 30sec and then 

centrifuged at 10,000xg at 4ºC for 10min to remove excess lipids and DNA. The supernatant was 

collected into 2.0mL screw cap tube and place in -80ºC until use.  

Formalin Fixed Paraffin Embedded Tissue Extraction 

For FFPE tissues, preceding methods were necessary due to paraffin and formalin 

contaminations. The following was performed individually and in different combinations. 

Tissues were either cut on a microtome or a portion of the liver section was dissected out with a 

scalpel. They were then subjected to paraffin removal via heat and or xylene treatments. The 

buffer solution (RIPA and proteinase inhibitors) was altered through chemical composition, 

protease inhibitors and pH. More stringent disruption methods were added. Cleanup was also 
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necessary and performed through acetone precipitation(s). Samples were analyzed through a 

modified Lowry assay from Bio-Rad (DC protein assay, Bio-Rad, Hercules, CA).  

Amounts and sizes of tissues were varied by cutting the samples on a microtome from 5-

40µm thick, yielding 5 to 500µm total, or by removing a piece with a scalpel from about 150-

200µg. This piece is subjected to either going straight into the next step or is broken down into 

smaller pieces with a mallet. Tissues were heated to varying times and temperatures to allow 

paraffin to melt and assist in breaking the crosslinking. Heating was performed on aluminum foil 

upon a hot plate or inside a plastic heat sealed bag in boiling or near boiling (90°C) water. 

Paraffin removal through xylene was performed for 5min x 2 to 30min x 2 followed by 

dehydration through 100% ethanol (EtOH) 5min then 30 min, 90% EtOH for 5min then 30min, 

70% EtOH for 5min and then into a buffer solution. In the buffer solution, the tissue was either 

transferred into a plastic bag and disrupted with a mallet, or into a tube to be homogenized as 

described for normal tissue.  

Buffer solutions were altered through a variety of techniques. Altering the pH was the first 

attempt, ranging from a very acidic 2.0 to a highly caustic 13.4. The next option in altering the 

buffer was changing the percent of chemicals such as SDS from 0% up to 2% (typical is 0.1%) 

and EDTA (from 1mM to 10mM with 5mM being standard). Citrate buffer was added to the 

solution to aid in the removal of protein crosslinking.  

Then protein handling was considered. The proteins typically are used the same day as 

extraction and are not frozen. Freeze/thaw cycling was performed from one to three times. 

Boiling was also performed at varying times (0-20min) in the varying solutions for crosslink 

removal.  
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Acetone Precipitation 

The appropriate amount of acetone was cooled to -20°C and added in four times the 

volume of the protein/RIPA buffer solution. The samples were either vortexed or inverted then 

incubated at -20°C for 1hr to overnight, and then were centrifuged for 10min at 14000xg at 4°C. 

The supernatant was saved for further extraction. The pellet was allowed to dry at RT for 10-

25min, not allowing it to over dry. Buffer is added to reconstitute the protein in the appropriate 

amounts depending on the pellet size and subsequent spectrophotometer reading (DC protein 

assay). This step was repeated as necessary.  

Protein Quantification with DC Protein Assay 

Blank and protein standards were made in 1ml tube with 1uL sample and 24μL RIPA 

Buffer without Protease Inhibitor Solution in 1ml clear tube. In another 1ml tube 125µL Reagent 

A per reaction and 2.5µL Reagent S per reaction from the DC Protein Assay (Bio-Rad) were 

mixed. Note: Reaction number equals Sample number plus 5. 125µL of combined solutions A& 

S was added to each reaction. When ready to measure 1ml Reagent B was added and tubes 

vortexed. 5-10min after the addition of solution B the OD of the samples were measured in 

disposable cuvettes in Spectrophotometer set to 750nm. 

Running Gel  

The sponge on gel pouring apparatus was dampened and the plates cleaned with alcohol. 

The plates were then aligned and secured in gel pouring apparatus. The gels were poured using 

electronic or plastic Pasteur pipettes. They were poured to approximately 1-1.25cm below the 

top of the plate. Butyl alcohol was added to top of glass to prevent bubbles and smiling of gel. 

After 30min the remaining solution in the 15ml tube was inverted to determine if gel solidified. 

The butyl alcohol was removed and the gel rinsed with Milli-Q H2O until the odor dissipated. 
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Stacking Gel 

The gels were pored using electronic or plastic Pasteur pipettes to slightly below top of 

glass and the comb inserted. After 10-15min, the gel was ready to run after gently removing 

comb and rinsing the wells with Milli-Q H2O. 

Western Blot Analysis 

Protein Sample Preparation 

The amount of protein to be loaded per well was determined based on the source of 

isolation, archival or fresh FFPE, and the sensitivity of the antibody being used for detection. 

Samples were added to the appropriate amount of buffer and placed in a screw cap 2.0mL tube. 

5µL of 5X Western Loading Buffer per lane was added to each tube. Each sample was boiled for 

0-20min and then incubated at RT for 5min to cool. The samples were immediately loaded and 

any remaining solution placed on ice and returned to storage at -80°C. Each well of 0.75-1.5mm 

gel was loaded with 15-40µL. 

Electrophoresis of the Western Gel 

The gel was loaded in the running apparatus with small plate facing inward. The inner 

chamber was filled with 1X Running Buffer till full and over flows and the outer chamber was 

filled 2.0 inches. 15-40μL of samples was loaded per well with 3μL of Protein Standard 

(kaleidoscope, Bio-Rad) within the appropriate well. Any empty lanes were filled with 5μl of 5X 

Western Loading Buffer. The gel was run at 60-80 Volts (based on individual set up flow rates of 

the bubbles) until the loading die had migrated out of the stacking gel. Then the gel was run at 90 

Volts until the loading die ran the length of the gel. 

Transferring of a Western Gel to a PVDF Membrane 

The upper left corner of the Immuno-Blot® PVDF (Bio-Rad) membrane was cut and the 

membrane was labeled with pencil. It was then dipped in methanol and soaked in water for five 
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minutes then in 1X transfer buffer for 20min. Sponges and filter papers were also soaked in 

transfer buffer. The gel plates were opened and the stacking gel/wells were removed. The gel 

was submerged in 1X transfer buffer. A sandwich consisting of black assembly tray, sponge, 

filter paper, gel, PVDF membrane, filter paper, sponge, and red assembly tray along with an ice 

block and stir bar were placed in the transfer apparatus. The transfer apparatus was filled with 

1X transfer buffer and placed on a stir plate. The transfer buffer was stirred continuously while 

transferring to ensure the apparatus would not overheat. The proteins were transferred at 150 

milliamps for 60min for a 75mm gel and 90min for a 150mm gel. 

Coomassie Staining of Western Gel 

In order to determine protein banding patterns or efficiency of transfers, the gel was placed 

in 20mL of methanol, 7.5mL of glacial acetic acid, and 72.5mL of Milli-Q H2O and shaken at 

RT for 30min. The gel was stained with Coomassie (0.4g of Coomassie blue R350 (Sigma), 

80mL methanol, 40mL glacial acetic acid, and 280mL Milli-Q H2O) for 30min at RT. It was 

then destained as desired in 500ml methanol, 100ml glacial acetic acid, and 400mL Milli-Q H2O. 

A Kimwipe® (Kimberly-Clarke, Roswell, GA) was placed in the solution and as it was saturated 

with color it was replaced until the desired level of destaining was achieved.  

Silver Staining of Western Gel 

The SilverQuest™ Silver Staining Kit (Invitrogen, Carlsbad, CA) provides a more 

sensitive detection of proteins than the Coomassie stain. All solutions were made at the time of 

use. First the gel was soaked in 7% acetic acid for 7min, transferred to 200mL of 50% methanol 

for 20min X 2, rinsed in 200mL water for 10min X 2, and 5min before the end of the final water 

rinse the staining solution was made. The gel was then soaked in the staining solution for 15min, 

rinsed in 200mL of water 5min X 2. The gel was soaked in developing solution until bands were 

visible, about 2 to 15min then stopped by rinsing in water 3 changes of water. Cellophane was 
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then wrapped around the gel and affixed on a glass plate that is larger than the gel, the bubbles 

were removed and it was allowed to dry overnight before it was cut to size.   

Probing of Western Membrane 

The membrane was blocked for 1hr at RT or overnight with a blocking solution consisting 

of 5g skim milk and 100mL 1X PBS, then washed with PBS-T for 5min. The membrane was 

probed with the appropriate concentration of primary antibody overnight at 4ºC. The membrane 

was then rinsed 3x for 5min each with 1X PBS. The appropriate horseradish peroxidase 

conjugated secondary antibody was applied in 1X PBS for 30min to 1hr shaking at RT. The 

membrane was then rinsed again 3X with 1X PBS.  

Developing of Western Membrane with ECL Plus™ 

Excess liquid was removed from the membrane and it was placed within a plastic bag. 

25μL of Solution A mixed with 1mL of Solution B ECL Plus™ reagents (GE Healthcare, 

Piscataway, NJ) was incubated on the membrane for 5min. Excess ECL Plus™ reagent was 

removed. Film was exposed to the membrane for 5sec to overnight depending on the brightness 

of the banding pattern. The membrane was then stripped if further probing was necessary. 

Membrane Stripping for Reprobing 

20mL of 5X stripping solution was diluted to 1X with 80ml water (100ml total). Then 

714μL β-Mercaptoethanol was added and membrane placed within the solution. The membranes 

were incubated in closed Tupperware container at 56ºC for no longer than 30min with 

intermittent shaking. The membrane was then washed for 5-8 X 5min each with 1X PBS-T until 

all residual B-Mercaptoethanol was removed. Membranes were then reblocked with milk and 

reprobed as mentioned. 
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Nucleic Acid Isolation, Purification and Quantification 

RNA Isolation and Analysis 

RNA isolation methods included optimizing crude extraction through a homogenizer, 

syringe, grinder and/or mallet; varying pH (2-13.4); heat extractions (melting sections on a hot 

plate to varying times and/or varying boiling times), changing the percent of chemicals like SDS 

from 0.1% up to 2% and EDTA. RNAzol Bee is used by adding 20μL of the RNAzol Bee 

solution, 80μL of RNAse free water,  350μL RLT/Beta-Mercaptinoethanol and 250μL 100% 

EtOH to 30-50μL of RNA solution. Then inverting the solution before pipetting 700μL into the 

Qiagen Minispin cleanup pink columns. The columns were then centrifuged for 15sec at 

10,000RPM and the collection tube was emptied, 500μL of Buffer RPE was added then 

centrifuged for 15sec at 10,000RPM and repeated for 2min. Excess buffer was removed by full 

speed centrifugation for 1min. A new tube was used to elute with of RNase-free water in the 

amount according to the pellet size (10-50μL). Then directly frozen at -80ºC or put in 55ºC water 

bath for 10min and inverted then either used or froze at -80ºC, or inverted at room temperature 

and the concentrations were determined by spectrophotometry. Another method used was a kit 

from Ambion, RecoverallTM Total Nucleic Acid Isolation (Ambion, Austin, TX). This kit also 

did not yield any product for RNA or DNA.  

Reverse Transcription PCR 

RNA was converted into cDNA through reverse transcription PCR (rtPCR) in the 

following procedure. 1-5μg of RNA was added to a mixture of 10mm dNTPs (1μL per 20μl 

reaction), random hexamers (2.5μL per 20μL reaction) and water then were incubated at 65ºC 

for 5min then ice for 1min. Then 5μL of 10x RT buffer, 0.1x DDT and RNase Out are added in a 

2:2:1 respectfully. The samples were mixed and incubated at 42ºC for 2min and 1μL of 
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Superscript II was added to each and continued at 42ºC for another 50min until terminated at 

70ºC for 15min. 1μL of RNase H was added and incubated at 37ºC for 20min to rid the samples 

from any residual RNA. All products are from Invitrogen's Superscript II kit. The cDNA was 

processed as DNA as listed in PCR Analysis.  

DNA Isolation and Analysis 

Altered methods utilized included optimizing crude extraction through a homogenizer, 

syringe, grinder and/or mallet; varying pH (2-13.4); heat extractions (melting sections on a hot 

plate to varying times and/or varying boiling times), changing the percent of chemicals like SDS 

from 0.1% up to 2% and EDTA. The main issue is contamination of cellular debris and formalin 

cross-linking, so the tissues were isolated and washed multiple times. Isolation and washing were 

also varied. Samples are reisolated through Promega's DNA Wizzard, Sigma's PCI mix, or plain 

phenol, then are mixed via vortexing or inverting for a range of times (1min-4hrs) then 

centrifuged at 14000xg for 10-15min at 4ºC. The top clear supernatant is removed with or 

without the white protein layer while discarding the bottom phenol layer. Either isopropanol (at 

1:1) or 100% ethanol (1:2.5) is added with 1/10th volume of 3M sodium acetate pH 5.2 to 

visualize DNA in solution or pelleting. This continued until the protein layer was no longer 

visible which decreased the concentration, but more efficiently purified the DNA for PCR 

analysis.  

PCR Analysis 

DNA concentrations were measured with a spectrophotometer but they were not 

completely accurate due to the contamination problems faced with utilizing fibrotic, archival 

formalin fixed paraffin embedded tissues. A substantial amount of DNA was lost with multiple 

isolations and washings. PCR was performed with 0.5-5μg of DNA, GAPDH primers at varying 
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concentrations of .25-1μL, dNTPs at 0.6μL, 2μL Eppendorph's smart taq buffer with magnesium 

balance, 0.2μl Fisher brand Taq in a 20μL reaction. GAPDH primers were as followed: Forward: 

ATCACTGCCACTCAGAAGAC; Reverse: AACACTGAGCATCTCCCTCA. The PCR was 

performed at a melting temperature of 95ºC for 5min followed by 25-40 cycles of 95ºC for 

30sec, 58ºC for 1min and 72ºC for 1-1.5min and finished by 10min at 72ºC. The samples were 

cooled to RT or stored in 4ºC before being loaded into a 1.5-2% agarose gel with 1% ethidium 

bromide.  

Histological Analysis 

Hematoxylin and Eosin Staining of Paraffin Embedded Tissue 

Tissue sections of 5μM in size were cut and placed in a 42ºC water bath. There were then 

lifted from the bath with a Superfrost™ Plus (Thermo Fisher Scientific Inc., Waltham, MA) 

positively charged slide. The slides were air dried overnight at RT. The paraffin was removed 

and the slides rehydrated by incubating them in Xylene 2 x 5min, 100% ethanol 2 x 2min, 95% x 

ethanol 2 x 1min, and distilled H2O for 1min. If an antigen retrieval step is necessary, it is 

performed at this point then rinsed with distilled water before proceeding. Nucleic acids and 

other positively charged molecules were then stained with Hematoxylin 7211 (Richard-Allan 

Scientific, Kalamazoo, MI) for 2min 15sec and rinsed with distilled H2O for 2 x 1min. The blue 

color of the Hematoxylin was intensified by incubating the slides in Clarifier™ 1 (Richard-Allan 

Scientific) for 1min, distilled H2O for 1min, Bluing Reagent (Richard-Allan Scientific) for 1min, 

distilled H2O for 1min, and 80% EtOH for 1min. Proteins were then stained a pink color with 

Eosin-Y (Richard-Allan Scientific) for 1min 30sec. The tissue was then dehydrated for 

coverslipping with 2 x 1min 95% EtOH, 2 x 1min 100% EtOH, and 3 x 1min Xylene. Coverslips 

were then applied with Cytoseal™ XYL (Richard-Allan Scientific).  
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Gomori's Trichrome 

Tissue sections of 5μM in size were cut and placed in a 42ºC water bath. There were then 

lifted from the bath with a Superfrost™ Plus positively charged slide. The slides were air dried 

O/N at RT. The sections were then put into Xylene 5min x 2; 100% EtOH 2min x 2; 95% EtOH 

3min; H2O 1min; Bouin's (preheated) 1hr 56°, rinse in running tap H2O 3-8min until yellow 

color is removed; Hematoxylin 10min; Rinse in running tap H2O 5min; Trichrome 15min; 1% 

Acetic Acid 1min; Rinse in distilled H2O 30sec; 100% EtOH 1min x 2; Xylene 1min x 3; 

Cytoseal/Coverslip (Trichrome kit: Richard Allan: 87021). 

Chromagen Staining  

Tissue sections of 5μM in size were cut and placed in a 42ºC water bath. There were then 

lifted from the bath with a Superfrost™ Plus positively charged slide. The slides were air dried 

O/N at RT. The paraffin was removed and the slides rehydrated by incubating them in Xylene 2 

x 5min, 100% Ethanol 2 x 2min, 95% EtOH 2 x 1min, and distilled H2O for 1min. If an antigen 

retrieval step is necessary, it is performed at this point then rinsed with distilled water before 

proceeding. The slides were then transferred to a slide cassette holder and rinsed with TBS-T 

5min. Liver contains endogenous biotin, biotin receptors, and avidin binding sites and in order to 

utilize The Vectastain Elite kit (a very sensitive procedure), they must be blocked to prevent 

nonspecific staining. Another source of nonspecific staining can occur with the secondary 

antibody when this kit can bind to the antigens of the antibody source. Serum blocking was 

utilized by taking the serum of the animal that the secondary antibody was made. To conserve 

time and the avidin and biotin solutions, they were diluted by performing two serum blocking 

steps. Avidin (15ul/ml of 1mL TBS-T with 4 drops avidin) 15min and washed in TBS-T 5min, 

then biotin (15uL/mL of 1mL TBS-T with 4 drops biotin) 15min and washed in TBS-T 5min. 

The primary antibody is added to the optimum concentration (as listed in the following table) 
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diluted in an antibody diluent (Invitrogen, Carlsbad, CA), covered (polyethylene class 4, cut just 

smaller than the size of the slide) and kept overnight at 4°C. The slides were uncovered and 

washed with TBS-T 5min then the secondary antibody (1:200) is added 30min. Then washed in 

TBS-T 5min, ABC 30 min, wash in TBS-T 5 min and then DAB (in 2.5mL tap water 1 drop 

buffer, 1 drop H2O2, 2 drops DAB) to optimize; H2O 1-5 min; Hematoxylin to optimize; H20 

15sec x 1; 1min x 1; Clarifying solution if necessary up to one min. Bluing optimize; H20 1min; 

70% EtOH 1min; 95% EtOH 1min; 100% EtOH 1min x 2; Xylene 1 min x 3; Cytoseal™ XYL  

and coverslipped. 

 All chromagen stains were run with matching Immunoglobulin controls. Avidin/biotin 

solutions (SP-2001), normal serum (Goat, Horse and Mouse), secondary antibodies (goat, rabbit 

and mouse), ABC kit (PK-7100), DAB kit (SK-4100) were utilized at room temperature and are 

from Vector Laboratories, Burlingame, CA. TBS-T is 1X TBS with 0.1% Tween-20.  

All samples were photographed using an Olympus microscope and Optronics digital 

camera (Olympus, Melville, NY) 

Antigen Retrieval 

Trypsin digest: 10min 37° (Lab Vision: AP-9008-3A and -1B, Fremont, CA) rinse with 

water and resume. Proteinase K digest: 10min 37° (Dako: S3020) rinse with water and resume. 

Citra retrieval: pH 6.0, 1x Sodium Citrate in H20; 7min in a microwave at 50% power, 18min 

cooling (Sigma: S1804), rinse with water and resume.  

Immunohistochemistry Analysis 

 BrdU and α-SMA were analyzed for the number of cells that stained positive. Each were 

viewed at 200x magnification and counted in 10 random fields. Days 15, 45 and 90 of AA and 

CCl4 treatment were utilized. Hepatocytes and non-hepatocytes were counted for BrdU. 

Activated hepatic stellate cells were counted for α-SMA. Microsoft Excel was utilized to find the 
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average and standard deviations and the p-values were found using the t-test from 

http://www.graphpad.com. The significance between AA and CCl4 at days 15, 30, 45, 60, 70 and 

90 for each hepatocyte and non-hepatocytes for BrdU and for stellate cells, days 15, 45 and 90 of 

treatment for α-SMA were in put into the t-test.  

Table 2-1 List of antibodies utilized 
Primary Cat # Co. Dilution Retrieval Secondary 

BrdU M0744 Dako 1:200 None Donkey anti-mouse 
Fibronectin ab23751 Abcam 1:200 Trypsin Digest Donkey anti-mouse 
CTGF ab6992 Abcam 1:800 None Goat anti-mouse 
Collagen IV ab13966 Abcam 1:100 Trypsin Digest Goat anti-mouse 
α-SMA A5228 Sigma 1:200 Trypsin Digest Donkey anti-mouse 
Laminin Z0097 Dako 1:25 Proteinase K Goat anti-rabbit 
TGFβ sc-146 Santa Cruz 1:100 Citra Goat anti-rabbit 
AFP A0008 Dako 1:600 Trilogy Goat anti-rabbit 
CD31 sc-1506 Santa Cruz 1:50 Citra Rabbit anti-goat 
vWF sc-8068 Santa Cruz 1:600 Citra Rabbit anti-goat 

 



 

61 

CHAPTER 3 
RESULTS 

Optimizing Protein and Nucleic Acid Extractions from Archival Formalin Fixed Paraffin 
Embedded Tissue  

  Despite repeated attempts at purification, electrophoretic resolution of discrete protein 

bands from archival tissue was not possible (Figure 3-1B). However, we attempted to resolve 

beta actin on Western blots of archival tissue. Fresh NRL displayed a strong band of the 

appropriate molecular weight (Figure 3-1A). There was no corresponding band in the archival 

tissue lane (Figure 3-1A). Interestingly, fresh formalin fixed NRL also failed to produce a beta 

actin band by Western blot (Figure 3-1A).   

Amplification of a region of the GAPDH gene in DNA isolated from archival, paraffin 

embedded NRL was possible (Figure 3-1C). However, PCR amplification of DNA isolated from 

archival, paraffin embedded allyl alcohol (AA) and carbon tetrachloride (CCl4) treated liver was 

less successful (Figure 3-1D). As double stranded DNA is much more stable than single stranded 

RNA, RT-PCR was not attempted on archival tissue.   

Assessing the Allyl Alcohol and Carbon Tetrachloride Chronic Liver Injury Models 

Tissue from formalin fixed, paraffin embedded blocks were cut into 5μm sections and 

stained. Time points from days 15, 30, 40, 45, 54, 60, 65, 68, 70 and 90 were used. Days 15, 30, 

45, 60, 70 and 90 are shown in H&E. Immunohistochemical data are presented from d15, 45 and 

90. All chromagen stains were run with normal rat liver (NRL) and a matching immunoglobulin 

controls. The samples were photographed using an Olympus microscope and Optronics digital 

camera Olympus, Melville, NY).  
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Optimizing Protein and DNA Extractions from Archival Formalin Fixed Paraffin 
Embedded Tissue  

  Despite repeated attempts at purification, electrophoretic resolution of discrete protein 

bands from archival tissue was not possible (Figure 3-1B). However, we attempted to resolve 

beta actin on Western blots of archival tissue. Fresh NRL displayed a strong band of the 

appropriate molecular weight (Figure 3-1D). There was no corresponding band in the archival 

fibrotic tissue lanes (Figure 3-1D). Interestingly, fresh formalin fixed NRL also failed to produce 

a beta actin band by Western blot (Figure 5A).   

Amplification of a region of the GAPDH gene in DNA isolated from archival, paraffin 

embedded NRL was possible (Figure 3-1C). However, PCR amplification of DNA isolated from 

archival, paraffin embedded AA and CCl4 treated liver was less successful (Figure 3-1D). As 

double stranded DNA is much more stable than single stranded RNA, RT-PCR was not 

attempted on archival tissue.   

Overall Evaluation of the Two Injury Models 

As expected, the AA model showed signs of necrosis around the portal triad (PT) with 

relatively little damage around the central vein (CV) (Figure 3-2 A6). In addition, ductular 

proliferation, connective tissue accumulation and cirrhosis were evident in this model. 

Accumulation of small cells with morphology consistent with oval cells was also seen in this 

model. In contrast to the AA model, CCl4 injury induced mainly centrilobular necrosis. Also 

apparent in this model were ductular proliferation, micro nodule formation, lipid storage within 

hepatocytes (steatosis) and massive fibrosis eventually leading to cirrhosis. 
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Hepatocyte and Non-Parenchymal Cell Proliferation in Chronic AA and CCl4 Models 

Cell proliferation during the time course of AA and CCl4 chronic injury was determined 

by BrdU incorporation into newly synthesized DNA. BrdU labeling of NRL and rat liver 24hr 

following PH were used as negative and positive controls, respectively. Analysis of the BrdU 

staining pattern in AA treated livers indicates concentrations of proliferating cells within 

localized pockets, highlighting the need to count many different microscopic fields. This is best 

demonstrated in the non-parenchymal fraction of AA d90 (Figure 3-3) where several fields 

contained greater than 200 proliferating cells while the average was only 91. In the CCl4 model, 

two waves of hepatocyte proliferation were noted with peaks at d45 and d90 (Table 3-1). The 

AA model also involved an ebb and flow with respect to hepatocyte proliferation, though this 

was much less pronounced than in the CCl4 model. Non-parenchymal cell proliferation appears 

to lag behind hepatocyte proliferation in these models with a robust peak of proliferation noted at 

d90 in the AA model. As expected, normal rat liver shows very little proliferation (Figure 3-4C). 

Partial hepatectomy rat liver, 24hr following surgery demonstrates massive proliferation of the 

hepatocyte cell fraction (Figure 3-4D). A peak of non-parenchymal cell proliferation is noted 

several days later (data not shown). 

Alpha Fetoprotein Expression by Hepatic Oval Cells in Chronic AA and CCl4 Models 

To determine the degree of oval cell participation in these two injury models, the oval 

slides were stained for the oval cell marker AFP. Adult NRL contains very few, if any, AFP+ 

cells, and was used as a negative control (Figure 3-5C). The AA model has previously been 

shown to induce an oval cell response. In agreement with this notion, a population of AFP+ 

hepatic oval cells develops over the time course of chronic AA injury (Figure 3-5A). Analysis of 

higher magnification fields shows the AFP+ oval cells in the AA model are arranges in duct like 

structures (Figure 3-5E). These structures are also found in the CCl4 model, though they are quite 
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rare; oval cells are found scattered throughout the fibrotic cord structures (Figure 3-5F). Also 

seen in the CCl4 model are several AFP+ transitional hepatocytes are apparent at later time points 

(Figure 3-5B).  

Trasnsforming Growth Factor Beta  Expression by Hepatic Cells in Chronic AA and CCl4 
Models 

The profibrotic cytokine TGFβ was used to identify tissue microenvironments conducive 

to the accumulation of ECM. Normal liver demonstrated very mild TGFβ expression that was 

more evident in the portal zone (Figure 3-6C). TGFβ was found to be expressed by a variety of 

cell types in each of the chronic injury models. In the CCl4 model, TGFβ is strongly expressed 

by non-parenchymal cells that are in intimate contact with fibrotic cords. A more diffuse TGFβ 

staining is evident in the population of small hepatocytes peripheral to the necrotic zone in early 

time points (Figure 3-6B1). Expression of TGFβ by these cells subsides by middle to late time 

points (Figure 3-6B2-3 and F). In the AA model, early time points indicate mild TGFβ 

expression by hepatocytes within the portal zone (Figure 3-6A1). In later time points, expression 

shifts to the non-parenchymal cell fraction within areas of fibrosis (Figure 3-6A2-3). Large areas 

of non-specific staining are apparent within the necrotic zones in later AA time points (Figure 3-

6A3). 

Connective Tissue Growth Factor Expression by Hepatic Cells in Chronic AA and CCl4 
Models 

CTGF has been shown to be a downstream mediator of TGFβ expression and was used as 

an additional indication of a pro-fibrotic microenvironment (70). Early time points in the AA 

model shows punctate expression of CTGF by individual hepatocytes within the central zone 

(Figure 3-7A1). Expression of this factor increases to involve a majority of the central zone 

hepatocytes in the mid time points and eventually decreases by later time points (Figure 3-7A2-

3). Also, occasional non-parenchymal cells within areas of fibrosis are positive for CTGF. This 
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is especially true at the later time points (Figure 3-7E). In contrast to the AA model, CTGF 

expression in the CCl4 model continually increases over the time course of injury (Figure 3-7 

B1-3). Analysis of high magnification d90 slides demonstrates CTGF expression both by 

hepatocytes as well as non parenchymal cells (Figure 3-7F). NRL showed little staining 

concentrated mainly within the endothelial cells associated with the hepatic circulatory system 

(Figure 3-7C). 

 Alpha-Smooth Muscle Actin Expression by Hepatic Stellate Cells in Chronic AA and CCl4 
Models 

 We used α-SMA to identify activated HSCs in each chronic liver injury model. As 

expected, NRL strongly expresses α-SMA in vessel walls and in occasional HSCs (Figure 3-

8C1-2). Both the AA and CCl4 injury models demonstrate increasing α-SMA expression by cells 

associated with areas of fibrosis throughout the time course of these studies (Figure 3-8A1-3,B1-

3). α-SMA expression appears to be confined to within the fibrotic regions in the AA model 

while many α-SMA+ cells are evident within the regenerating nodules found in later time points 

of the CCl4 model (Figure 3-8 E-F). Quantification of the α-SMA+ cells within each of these 

models demonstrates a significantly greater number of HSCs in the CCl4 model as compared to 

the AA model (Figure 3-9 and Table 3-2). 

Collagen Expression by Hepatic Cells in Chronic AA and CCl4 Models 

Molecular signaling through TGFβ and CTGF promote collagen synthesis and deposition 

by HSCs. Interstitial collagen types I, II and III (Figure 3-10) and type IV (Figure 3-11) were 

identified within the fibrotic areas in both the AA and CCl4 injury models. Trichrome staining 

demonstrated an initial increase in periportal, interstitial collagen between the early and middle 

time points (Figure 3-10 A1-2). As the injury proceeds, little additional collagen seems to be 

deposited (Figure 3-10 A2-3). Higher magnification images reveal light staining for collagen 
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within the portal zone indicating a relatively diffuse ECM (Figure 3-10 D). IHC for collagen type 

IV shows a similar staining pattern in the AA injury model (Figure 3-11 A1-3). Interstitial 

collagen staining in the CCl4 model demonstrates progressive deposition of this ECM component 

throughout the time course of injury (Figure 3-10 B1-3). Staining appears to be much more 

intense in this model indicating a well organized, dense accumulation of ECM surrounding and 

bridging the central zones (Figure 3-10 E). The staining pattern for collagen IV is very similar to 

interstitial collagen with progressive pericentral deposition and concentration at the later time 

points (Figure 3-11 B1-3, F). Accumulations of collagen, clearly border the regenerative nodules 

in the CCl4 model, where as a very light deposition of collagen is present within the necrotic 

zones of the AA model (Figure 3-10 D, E). NRL displayed the expected staining patterns for 

these collagens with strong concentrations found bordering vessels and within the basement 

membrane of the biliary tree (Figures 3-10, 3-11 C1-2).  

Laminin Expression by Hepatic Cells in Chronic AA and CCl4 Models 

Laminin is another component of ECM. This matrix protein has been shown to play a role 

in migration of cells to regions of injury. Laminin staining was used as an indication of cell 

trafficking potential through fibrotic regions. NRL was used as a reference for comparison 

(Figure 3-12 C1-2). In the AA model, laminin does not appear to accumulate throughout the time 

course of injury (Figure 3-12 A1-3). Diffuse laminin staining within the periportal necrotic zone 

is likely non-specific (Figure 3-12 A3, E). Conversely, strong progressive laminin deposition is 

apparent in the pericentral fibrotic regions of the CCl4 model (Figure 3-12 B1-3, F). Laminin has 

also been used to identify the organization of hepatic parenchyma. Ordered cords of hepatocytes 

are observed in NRL (Figure 3-12 C2). It is interesting to note that hepatocytes within the 

regenerative nodules at later time points of the CCl4 injury do not appear to be well organized 

(Figure 3-12 F).  
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Fibronectin Expression by Hepatic Cells in Chronic AA and CCl4 Models 

Fibronectin has been shown to be a major component of the provisional matrix associated 

with oval cell proliferation (Pi, accepted for publication, Hepatology 2007). As there is a 

significant oval cell component to the regenerative response to AA injury as compared to CCl4 

injury, fibronectin was stained in each of these models. Fibronectin deposition in the AA model 

becomes apparent by the mid time points. Dense tendrils of fibronectin are seen to arborize from 

the portal zone into the hepatic parenchyma (Figure 3-13 A2). By later time points, fibronectin 

remains within the enlarged necrotic regions surrounding the portal veins, though organization is 

lost (Figure 3-13 A3, E). The CCl4 model demonstrates much less fibronectin deposition 

throughout the entire time course of injury (Figure 3-13 B1-3). The strongest indication of 

fibronectin may be seen within the basement membrane surrounding areas of proliferating bile 

ducts (Figure 3-13 B3, F). In NRL, fibronectin is found surrounding all vessels and ducts 

(Figures 3-13 C1 and 2). Week expression is noted outside of these structures even by d15 in 

both models.  
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Table 3-1 Proliferating (BrdU+) hepatocytes (H) and non-hepatocytes (NH) over the time course 
of chronic AA and CCl4 liver injuries. Column one of each H and NH represents the day 
of treatment, column two and three are the average number of cells positive for BrdU 
after AA and CCl4 treatment, and column four shows the statistical difference between 
the two chronic injury models represented by a p-value generated from t-test analysis for 
each time point.  

 
H AA CCl4 P-Value  NH AA CCl4 P-Value 

d15 7+/- 3 14+/-4 0.0003  d15 6+/-2 30+/-5 0.0001 
d30 2+/-1 7+/-2 0.0001  d30 10+/-3 15+/-7 0.0525 
d45 9+/-5 36+/-14 0.0001  d45 25+/-12 9+/-3 0.0007 
d60 7+/-4 8+/-3 0.5350  d60 28+/-10 27+/-6 0.7894 
d70 6+/-10 30+/-7 0.0001  d70 31+/-18 15+/-5 0.0144 
d90 14+/-14 28+/-16 0.0518  d90 91+/-61 20+/-4 0.0017 

 

Table 3-2 Activation of HSCs over the time course of chronic AA and CCl4. Column one shows 
the days of treatment. Column two represents the average number of HSCs in a 200x 
in field for AA. Column three represents the average number of HSCs in a 200x field 
for CCl4. Column four represents the p-value determined by a t-test between the two 
models during the time course. 

 

HSCs AA CCl4 P-value 

d15 1+/-2 27+/-8 0.0001 

d45 27+/-7 74+/-20 0.0011 

d90 59+/-11 82+/-17 0.0347 
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Figure 3-1 Protein and Nucleic Acid analysis of AA and CCl4 archival paraffin embedded 
formalin fixed tissue. (A) Western blot analysis of beta actin in fresh normal rat liver 
tissue (FNRL), freshly paraffin embedded, formalin fixed normal rat liver (FNRLF), and 
archival paraffin embedded, formalin fixed normal rat liver (ANRLF). (B) Coomassie 
blue staining was done on 3 different isolation procedures of archival paraffin embedded, 
formalin fixed normal rat liver (NA1-3). NA1 represents protein with only basic 
purification. NA2 has two additional rounds of purification. NA3 has four additional 
rounds of purification. (C) PCR amplification of GAPDH in DNA samples from fresh 
NRL (FT1-2), archival formalin fixed, paraffin embedded tissue (AP1-2) and fresh 
formalin fixed, paraffin embedded tissue (FP1-2). (D) PCR amplification of GAPDH in 
purified DNA samples from fresh formalin fixed, paraffin embedded NRL (lane 2), 
archival AA treated rat liver (lane 3-9), archival formalin fixed, paraffin embedded NRL 
(lane 10), archival CCl4 treated rat liver (lane 11-14). 
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Figure 3-2 Hematoxylin and Eosin analysis of AA (A) and CCl4 (B) treated rat livers 90 days 
following initiation of injury. Time course of chronic AA injury: A1=d15, A2=d30, 
A3=d45, A4=d60, A5=d70, A6=d90. Time course of chronic CCl4 injury: B1=d15, 
B2=d30, B3=d45, B4=d60, B5=d70, B6=d90. Labeling points out the central vein 
(CV) and portal triad (PT). A and B, original magnification=200X. A1-B6, original 
magnification=100X. 
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Figure 3-2 Continued 
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Figure 3-3 Proliferating (BrdU+) cells over the time course of chronic AA (blue) and CCl4 (pink) 

liver injuries.  
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Figure 3-4 Immunohistochemical labeling of proliferating, BrdU+ nuclei. (A1-3) AA injury at 
d15, 45 and 90, respectively. (B1-3) CCl4 injury at d15, 45 and 90, respectively. (C) 
NRL (D) Rat liver, 24hr following partial hepatectomy. Original 
magnifications=200X. 
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 Figure 3-5 AFP+ hepatic oval cells in the portal regions of rat liver. (A1-3) AA injury at d15, 45 

and 90, respectively. (B1-3) CCl4 injury at d15, 45 and 90, respectively. (C) NRL. 
(D) immunoglobulin control. (E-F) Higher magnification of d90 AA and D90 CCl4, 
respectively. A and B original magnification=600X, C-F original 
magnification=1000X. 
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Figure 3-6 TGFβ expression during chronic liver injury. (A1-3) AA injury at d15, 45 and 90, 
respectively. (B1-3) CCl4 injury at d15, 45 and 90, respectively. (C1-2) NRL. (D) 
immunoglobulin control. (E-F) Higher magnification of d90 AA and d90 CCl4, 
respectively. A and B original magnification=600X, C1 original magnification=200X, 
C2-D original magnification=600X, E-F original magnification=200X. 
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Figure 3-7 CTGF expression during chronic liver injury. (A1-3) AA injury at d15, 45 and 90, 

respectively. (B1-3) CCl4 injury at d15, 45 and 90, respectively. (C1-2) NRL. (D) 
immunoglobulin control. (E-F) Higher magnification of d90 AA and D90 CCl4, 
respectively. A and B original magnification=600X, C1 original magnification=200X, 
C2-D original magnification=600X, E-F original magnification=200X. 
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Figure 3-8 Alpha-Smooth Muscle Actin (α-SMA) expression during chronic liver injury. (A1-3) 
AA injury at d15, 45 and 90, respectively. (B1-3) CCl4 injury at d15, 45 and 90, 
respectively. (C1-2) NRL. (D) immunoglobulin control. (E-F) Higher magnification 
of d90 AA and D90 CCl4, respectively. A and B original magnification=600X, C1 
original magnification=200X, C2-D original magnification=600X, E-F original 
magnification=200X. 
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Figure 3-9 Activated HSCs over the time course of chronic AA (blue) and CCl4 (pink) liver 
injuries. Figure 3-10: Trichrome staining for Collagen I during chronic liver injury.  
(A1-3) AA injury at d15, 45 and 90, respectively. (B1-3) CCl4 injury at d15, 45 and 
90, respectively. (C1-2) NRL. (D-E) Higher magnification of d90 AA and D90 CCl4, 
respectively. A and B original magnification=600X, C1 original magnification=200X, 
C2-F original magnification=600X.  
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Figure 3-10 Trichrome staining for collagen I during chronic liver injury.  (A1-3) AA injury at 
d15, 45 and 90, respectively. (B1-3) CCl4 injury at d15, 45 and 90, respectively. (C1-2) 
NRL. (D-E) Higher magnification of d90 AA and D90 CCl4, respectively. A and B 
original magnification=600X, C1 original magnification=200X, C2-F original 
magnification=600X. 
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Figure 3-11 Collagen type IV in chronic liver injury models by immunohistochemistry. (A1-3) 

AA injury at d15, 45 and 90, respectively. (B1-3) CCl4 injury at d15, 45 and 90, 
respectively. (C1-2) NRL. (D) immunoglobulin control. (E-F) Higher magnification 
of d90 AA and D90 CCl4, respectively. A and B original magnification=600X, C1 
original magnification=200X, C2-F original magnification=600X. 
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Figure 3-12 Laminin deposition in chronic liver injury models by immunohistochemistry.  (A1-

3) AA injury at d15, 45 and 90, respectively. (B1-3) CCl4 injury at d15, 45 and 90, 
respectively. (C1-2) NRL. (D) immunoglobulin control. (E-F) Higher magnification of 
d90 AA and D90 CCl4, respectively. A and B original magnification=600X, C1 original 
magnification=200X, C2-F original magnification=600X. 
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Figure 3-13 Fibronectin in chronic liver injury models by immunohistochemistry. (A1-3) AA 

injury at d15, 45 and 90, respectively. (B1-3) CCl4 injury at d15, 45 and 90, 
respectively. (C1-2) NRL. (D) immunoglobulin control. (E-F) Higher magnification 
of d90 AA and D90 CCl4, respectively. A-C1 original magnification=200X, C2-F 
original magnification=400X. 
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CHAPTER 4  
DISCUSSION 

The overall goal of this project was to investigate differences in the fibrotic response to 

chronic hepatic portal zone injury versus chronic central zone injury. Deposition of ECM in each 

of these injuries is orchestrated by an extensive series of molecular signals, which interact with 

inflammatory cells as well as fibroblasts. Classical wound repair theory dictates that the 

inflammatory cell component of the response to injury governs the activity of tissue fibroblasts 

which, in turn, synthesize ECM as a scaffold on which new cells may migrate and proliferate. In 

the context of chronic injury, this process often goes awry resulting in the inappropriate 

accumulation of acellular matrix or a fibrotic "scar". Our models of chronic liver injury 

demonstrate that this process may be significantly different depending on the location of injury 

across the hepatic lobule. 

Analysis of Archival Tissue 

Initially, we attempted to purify protein suitable for Western blot analysis from archival 

formalin fixed, paraffin embedded tissue. This would have benefited the current study by 

allowing for quantification of molecular signals and ECM components from the vast archive of 

injury models accumulated in this laboratory. The initial challenge was to extract wax free tissue 

from paraffin blocks. This proved to be easily accomplished by heating sections of tissue (up to 

40μm) in xylene for up to 1 hour. The fixed tissue proved to be fairly resilient to SDS treatment 

and a solution of 2% SDS was required to completely solubilize tissue homogenates. We found 

that supernatants from tissues processed in this manner contained protein that could be 

precipitated with cold acetone. 

We soon discovered that the proteins isolated from these samples were not usable for 

Western blot analysis (Figure 3-1 A). It is likely that residual crosslinking of protein, a result of 



 

84 

the initial formalin fixation, was hampering migration through the gel. Acidification or alkylation 

is a well known method for disrupting formalin crosslinking of proteins for 

immunohistochemistry. Samples were treated with buffers of various pH with or without a cation 

chelators. However, proteins still could not be reproducibly resolved by electrophoresis (Figure 

3-1 B). 

Attempts to isolate amplifiable DNA from archival tissue met with marginal success 

(Figure 3-1 C, D). Faint bands of amplified DNA were identifiable following PCR amplification. 

The isolation procedure proved to be unreliable in terms of reproducibility. RT-PCR of RNA 

from archival tissue seemed very unlikely, so we chose to concentrate on immunohistochemistry 

to describe the fibrotic response to chronic liver injury. 

Immunohistochemical Analysis of Archival Tissue 

Analysis of H&E stained tissues gave the expected results (Figure 3-2). Chronic AA 

induced periportal necrosis and CCl4 induced pericentral necrosis. We were intrigued that early 

time points form the AA treated animals demonstrated a very mild initial injury as compared to 

the CCl4 model. This was somewhat surprising as these animals appeared to be much sicker 

throughout the course of treatment. Later time points provided an answer to this contradiction. 

While the AA injury induced a minor initial injury, damage continued to accumulate over the 

course of treatment. In contrast to this, the CCl4 model induced relatively severe injury in the 

early to mid time points (Figure 3-2). However, as treatment continued, the rate of tissue 

destruction appeared to slow. A possible explanation for this lies in the toxicology underlying 

each of these injury models. 

 AA is metabolized by the portal zone cells which may be considered relatively immature 

and have a low ploidy of only 2N. Oval cells that proliferate from the portal zone subsequently 

differentiate into immature hepatocytes that are able to metabolize AA. These cells would be 



 

85 

subjected to the toxic metabolite and die. Additionally, mature hepatocytes that enter the cell 

cycle have been shown to transiently adopt an immature phenotype with respect to xenobiotic 

metabolism [167]. This may render hepatocytes in the mid and central zones susceptible to AA 

induced damage. The ploidy of the cell determines how quickly the cell can replicate; the fewer 

the copies of chromosomes, the more quickly the cell can divide. Since the periportal cells are 

damaged, they are not able to repopulate the zone and the mid and pericentral zone cells are left 

to repopulate the liver. The closest cells are in the mid zone and have an average ploidy of 16N 

which means the cells would have to copy 8 times as many chromosomes as the original 

periportal cells. It is however possible to divide without replication and yield two 8N cells, but 

this is a less frequent event. The fact that these cells take longer to divide means that a lag time 

may occur, and by the time the cells replicate, another dose of AA is given which damages more 

cells and the liver may not able to heal.  

There may be another reason why we did not see an attempt to heal the liver. A study by 

Jung in 2000 reported that a certain dose was needed to yield the proper response (36mg/kg body 

weight, given twice weekly for up to 16 weeks) [94]. Jung used Sprauge-Dawely rats which are 

known to show different responses to chemicals than the Fischer-344 rats. Our study utilized 

7.4mg/kg body weight given 5 days consecutively with 2 days consecutively off for up to 13 

weeks. Perhaps their procedures lead to the development of reactive oxygen species which 

stimulate the hepatic stellate cells to lay down a protective scar to prevent further exposure of the 

chemical to the enclosed area. The most striking aspect of the AA model is the lack of 

proliferating hepatocytes (Figure 3-3,4). This phenomenon is difficult to explain, and was 

evident in each AA treated animal examined throughout this study. Even though it would take 

longer to divide, these hepatocytes should still be proliferating. As mentioned above, it is 
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possible that as mature hepatocytes enter the cell cycle, they become transiently able to 

metabolize AA and are either destroyed or their proliferative ability is diminished. Since the 

periportal tissue is damaged, oxygen and nutrients are not able to reach the rest of the liver by the 

later time points leading to additional stress and necrosis. This massive necrosis that develops in 

these animals over time recruits inflammatory cells. There is robust proliferation of non-

parenchymal cells in the AA model, particularly at the later time points. We suspect that these 

inflammatory cells are responsible for the high rate of proliferation seen in the non-parenchymal 

fraction. 

In contrast to our AA chronic injury model, CCl4 is metabolized by mature central zone 

hepatocytes with an average of 4N. Destruction of these cells would result in the proliferation of 

oval cells and portal zone hepatocytes that would, for a time, be unable to metabolize the toxin. 

The periportal cells, as mentions above are on average only 2N and can rapidly divide to 

repopulate the liver. Proliferation data shows that the CCl4 model induces robust proliferation of 

hepatocytes by d45 followed by a lack of proliferating cells by d60 then a new surge of 

hepatocyte proliferation is seen by d90 within the regenerating nodules (Figure 3-3). This is the 

expected regenerative response to the loss of hepatic tissue. There is modest proliferation of the 

non-parenchymal cell fraction in this model through all time points. These cells likely contain 

inflammatory cells recruited to the necrotic areas, as well as fibroblasts and oval cells that are 

participating in tissue regeneration and remodeling. Because the periportal tissue is not 

completely damaged, CCl4 injured liver can still receive nutrients and oxygen, except perhaps to 

the hepatic foci which were created by the response to the reactive oxygen species created from 

the metabolism of this chemical as seen by Jung for AA and by the numerous studies of chronic 

CCl4 treatment. These walled off foci might be called regenerating nodules in this case because, 
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at later time points in this treatment, activated hepatic stellate cells and ECM proteins are seen 

infiltrating the atypical hepatocytes bundle. 

An overall evaluation of the oval cell response in these two injury models shows a greater 

number of AFP+ cells in chronic AA (Figure 3-5). This is consistent with published research 

demonstrating that AA is able to recruit liver progenitor cells to the portal zone to affect repair. 

Interpretation of this data is complicated by several facts. The first of these is that only a portion 

of the oval cell population is AFP+. We can not rule out the possibility that the CCl4 model 

induces a population of oval cells that do not express AFP. Additional markers for oval cells are 

known, but antibodies for these markers do not work on formalin fixed tissue. The second 

complicating factor involves the morphology of the AFP+ cells seen in later time points of AA 

injury. These cells do not display the classical oval nuclei. Histologically, these cells resemble 

mature cholangiocytes. Because these cells are generally arranged into ducts that are within a 

fibrous matrix, and do not make contact with hepatocytes, we feel that these cells most likely 

represent early progeny of oval cells. They likely have moved toward the cholangiocyte lineage, 

but retain expression of AFP. One note in this stain is that oval cells are a heterogeneous 

population in which not all oval cells express AFP, perhaps these are further differentiated. 

Despite the problems with oval cell quantification associated with using AFP as a marker, it may 

be safely concluded that each of these models induces a degree of oval cell proliferation. 

The molecular microenvironment in regions of injury plays an important role in 

mediating the repair of damaged tissue. While not a direct part of this study, inflammatory cells 

are known to be the ultimate source of a majority of these molecular signals. TGFβ is a known 

regulator of hepatic stellate cell phenotype. As such, we analyzed slides from each injury model 

for TGFβ expression by immunohistochemistry. The expression pattern for this cytokine differed 
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greatly between these two models. In the CCl4 model, pockets of non-parenchymal cells within 

the zones of injury strongly express TGFβ (Figure 3-6 B1-3). This is likely the result of cytokine 

expression by inflammatory cells recruited to these areas. Less intense staining is evident within 

a sub-population of hepatocytes within the undamaged parenchyma. Numerous pycnotic nuclei 

are present in this hepatocyte population bringing into question the specificity of this staining 

(Figure 3-6 B1); it has been noted that hepatocytes may take up latent TGFβ from the circulation 

and the large amount seen here (Figure 3-6 A1) can lead to apoptosis [136]. As the injury 

progresses, the necrotic central zone begins to contract, concentrating the TGFβ+ non-

parenchymal cells into the developing fibrotic area. TGFβ+ hepatocytes are seen infrequently at 

these later time points. Early time points in the AA injury model bear a striking similarity to the 

CCl4 model (Figure 3-6 A1, B1). However, mid to late time points TGFβ staining remains 

relatively diffuse within poorly organized zones that resemble granulation tissue (Figure 3-6 A3). 

There also appeared to be a slight decrease in total TGFβ in the later time points of the AA 

model. As expected, the distribution of TGFβ expressing cells in each of these models correlates 

with the regions of developing fibrosis. 

CTGF has been shown to be a downstream mediator of TGFβ with respect to hepatic 

stellate cell activation [163]. We expected to see CTGF expressed in a similar pattern as TGFβ. 

The AA model showed occasional expression of CTGF by mid zone hepatocytes (Figure 3-7 

A2). The number of hepatocytes expressing CTGF increased to involve a majority of the healthy 

hepatocytes by the middle time points. Expression of this factor diminished over time, with only 

sporadic expression seen at the final time point. Interestingly, this decrease in expression at the 

later time points correlated with the decrease in TGFβ expression noted above. CTGF expression 

in the CCl4 model was also found predominantly within the hepatocyte population. As with 



 

89 

TGFβ, CTGF expression was seen to consistently increase throughout the time course of the 

study. While CTGF has classically been considered to be produced mainly by hepatic stellate 

cells, recent studies confirm that hepatocytes may express this factor in response to hepatic 

injury [88]. In our injury models, hepatocytes do, indeed, appear to be the major source of CTGF 

(Figure 3-7). 

TGFβ and CTGF are critical in the activation of hepatic stellate cells to a matrix 

synthesizing phenotype. A hallmark of hepatic stellate cell activation is the expression of α-

smooth muscle actin (SMA). In the CCl4 model, α-SMA+ cells are easily identified, even in the 

earliest time points (Figure 3-8 B1-3). The number of these cells generally increases over the 

course of injury. α-SMA+ cells are seen throughout the fibrotic regions of the liver particularly 

within the fibrous cords that encircle the regenerative nodules. It is worth noting that α-SMA+ 

hepatic stellate cells are found infiltrating these nodules in the later time points (Figure 3-8 F). It 

is possible that these stellate cells provide matrix for organization of the hepatic micro-

architecture within the nodules. In contrast to the CCl4 model, the AA model shows very few α-

SMA+ stellate cells in the early time points. While the number of these cells does increase over 

the time course of injury, it never reaches the numbers seen in the CCl4 model (Figure 3-8 A1-3, 

Figure 3-9). The stellate cells are the primary source of ECM seen in these models; it is not 

surprising that fewer stellate cells are present in the less fibrotic AA model. It is also possible 

that the α-SMA+ fibroblasts in the AA model are not of stellate cell origin but are myofibroblasts 

that surround bile ducts and vessels in the portal triad [168] and may not perform in the same 

manner.    

Hepatic stellate cell activation ultimately leads to matrix deposition. The major 

constituents of this matrix are collagens, laminins and fibronectin. The pathologic accumulation 



 

90 

of these proteins results in a fibrotic scar that diminishes liver function. When this progresses to 

cirrhosis, the life of the organism is jeopardized. Each of the aforementioned matrix proteins 

were assessed in our chronic injury models. Collagen represents the most abundant protein found 

in the ECM. In both the AA and CCl4 models, collagen progressively accumulates at the zone of 

injury (Figures 3-10,11). Trichrome staining shows that the collagen that accumulates in the 

periportal zone in the AA model is much less densely arranged than in the CCl4 model (Figure 3-

10 A1-3). This is an interesting observation as the AA model shows very little accumulation of 

collagen IV, which is known to crosslink collagen I into tighter bundles (Figure 3-11 A1-3). 

Laminin is also much less abundant in the AA model than the CCl4 model. Laminin has been 

shown to bind to collagen IV, so it is not surprising that very little laminin is present in the 

injured zones of the AA model which are also devoid of collagen IV (Figure 3-12 A1-3). In the 

mid time points, many regions of fibronectin deposition may be seen radiating from the portal 

zone into healthy hepatic parenchyma (Figure 3-13 A2). At these same time points, many AFP+ 

oval cells are present in the portal zone. Our laboratory has previously shown that a fibronectin 

rich provisional matrix is associated with proliferating oval cells, and we suspect this is driving 

the deposition of fibronectin in the AA model. 

Overall, it appears that collagen I is produced by stellate cells at the zone of injury in 

each of the models included in this study. Increased profibrotic cytokine activity in the 

pericentral, CCl4 injury model correlates with robust stellate cell activation within the damaged 

zone. These activated fibroblasts secrete a dense matrix of collagen I that is cross-linked by 

collagen IV which is bound with laminin. However, matrix modification by collagen IV occurs 

only in the CCl4 model resulting in a much tighter matrix as compared to the AA model. The 

dense nature of the fibrotic scar may prevent remodeling by proteinases allowing this ECM to 
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persist. As with cirrhosis in the human liver, this matrix decreases liver function, forcing an 

attempt at compensation which is evidenced by the development of regenerative nodules within 

the matrix. However, these nodules lack appropriate organization and do little to resolve the 

situation. Matrix accumulation in the AA model is not as extensive as in the CCl4 model. Despite 

this fact, chronic AA administration results in a much sicker animal than chronic CCl4. This is 

likely due to continued injury by AA in the portal zone which, over time, enlarges the necrotic 

area. The CCl4 induced injury does not appear to worsen significantly at later time points 

suggesting that the remaining hepatocytes may not metabolize the toxin. From a clinical 

standpoint, this would suggest that chronic portal zone injury may be more easily managed so 

long as the source of injury is identified and removed. Central zone injury may be less damaging 

to the hepatic parenchyma over time, though the resulting fibrosis is persistent and may continue 

to impair liver function even after the source of injury is removed.   
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CHAPTER 5 
FUTURE DIRECTIONS 

This study would benefit from utilizing in situ hybridization for TGFβ, CTGF, Col I and 

IV, FN and LM. This would show where and which cells are producing these cytokines and 

proteins. In addition to these already studied proteins, integrins that bind cells to the ECM can be 

stained for. Also, since immune cells are so important to this model, KC, neutrophil and T cell-

specific markers would also be utilized. In addition, MMPs and TIMPs need to be studied 

through IHC and in situ hybridization. It is anticipated that by understanding the molecular 

mechanisms responsible for stellate cell proliferation and excess ECM production new 

therapeutic targets will be identified for the treatment of liver fibrosis. 

The obvious future direction would be to repeat this experiment to acquire fresh tissue to 

quantify RNA and protein expression. Also, treatment would be considered and more animals 

would be added to alleviate fibrosis and necrosis at varying levels of disease. Treatment could 

include the addition of MMPs, siRNA, cell transplantation (oval cells and other bone marrow 

cells). The use of proteinases would seem to be the most logical first step to overcome these 

diseases. If this is not sufficient, interruption of the ECM proteins at the translational step would 

be next. If this fails, cell transplantation therapies would be considered. The capacity of bone 

marrow cells to differentiate into hepatocytes and intestinal cells was confirmed in male to 

female human transplants. These cells are easier to obtain than other tissue-specific stem cells, 

and more have more plasticity. This plasticity could be a problem and since oval cells in the bone 

marrow could provide a more specific liver progenitor cell. Oval cells are still rather plastic, so 

hepatocytes would also be tested. 
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