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Insulin-like growth factor binding protein (IGFBP)-3 is one of six characterized binding 

proteins to insulin-like growth factor (IGF)-I and II, and is primarily produced by the liver.  

IGFBP-3 has been shown to play a role in cell proliferation and differentiation in a variety of 

different cell and tissue types, including several different types of cancer.  Recently, IGFBP-3 

has been identified as a potent chemoattractant for hematopoietic stem cells and endothelial 

progenitor cells both in vitro and in vivo.  Since hematopoietic stem cells share many common 

characteristics and cell markers with the hepatic stem cell population known as “oval cells” and 

because IGFBP-3 is primarily produced in the liver, we hypothesized that IGFBP-3 may act as a 

chemoattractant for the oval cells during this specific type of liver regeneration.  Additionally, 

IGFBP-3 production has been linked to the TGF-beta superfamily, a pathway known to be 

induced during oval cell proliferation.   

In this study, we set out to determine whether IGFBP-3 plays a role in the proliferation, 

migration and/or differentiation of the oval cell population during this specific type of liver 

regeneration.  Through the use of the 2AAF/PHx liver regeneration model in the rat, we found 

that IGFBP-3 is elevated in liver and serum of animals during peak days of oval cell activation.  

Furthermore, in vitro assays found that WB-344 cells, a liver stem cell line similar to oval cells, 
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were induced to migrate in the presence of IGFBP-3.  When expression of IGFBP-3 was 

knocked down during oval cell activation in vivo through the use of IGFBP-3 siRNA, we found 

oval cell proliferation to be highly upregulated compared to control animals and observed the 

appearance of numerous atypical ductular structures, which were OV-6 and Ki67 positive.  

Finally, quantitative real-time PCR analysis of IGFBP-3 siRNA treated livers found that 

expression of TGF-beta family members, including TGF-betaRII and Smads 2, 3, and 4 were 

significantly downregulated compared to untreated liver.  Therefore, we determined that 

IGFBP-3 may function as a potent chemoattractant of oval cells during specific types of liver 

regeneration and may be involved in regulating oval cell proliferation and differentiation in vivo 

via the TGF-beta pathway.  
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CHAPTER 1 

INTRODUCTION 

The Liver 

Anatomy and Physiology 

The largest solid organ of the human body, the adult liver weighs approximately 

1400-1600 grams, constituting 2-5% of the adult total body weight.  In the adult rat, the liver 

weighs approximately 7-8 grams, constituting about 5% of the total body weight (1).  

Structurally, the human and rat liver differ, due to the fact that the human liver is comprised of 4 

distinct liver lobules, whereas the adult rat liver is comprised of 5 lobules.  The liver possesses a 

dual blood supply in which blood enters the organ from the portal vein and the hepatic artery.  

The majority of the incoming blood supplied to the liver is received from the portal vein, which 

transports nutrient rich blood from the intestinal epithelia of the gastrointestinal tract.  While this 

blood is essentially deprived of oxygen, additional blood supplied to the liver is received by the 

hepatic artery, which is an oxygen-rich source.  The flow of blood from these sources allows for 

chemicals, nutrients, and toxins to be introduced into the organ where they can be stored or 

metabolically converted and released back into the bloodstream (1).  Additionally, bile, which is 

produced and secreted by hepatocytes in the liver, is transported in an opposing direction to the 

flow of blood in the organ via a complex network of excretory biliary ducts.  Taken together, the 

hepatic artery, portal vein and bile duct form network of vessels which is often referred to as the 

portal triad. 

The structure of the liver can be histologically divided into hepatic lobules which are 

comprised of rows of hepatocytes that are stacked and organized into plates approximately 

one-cell wide.  These plates are arranged into cords that radiate from a central vein and can 

bifurcate or merge freely with an adjacent cord.  Individual hepatic plates can measure 0.3 to 0.5 
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mm in length from the central vein and contain approximately 20 hepatocytes (2, 3).  In the 

center of each of these lobules are the efferent vessels or what is known as the central hepatic 

vein.  Surrounding each of these hexagonal shaped lobules at the angles are the portal triads, 

which are comprised of the afferent blood vessels which include the portal vein, hepatic artery, 

and the bile ducts.  In the intercellular space between adjacent hepatocytes, bile canaliculi are 

formed which connect the portal ends of the hepatic plates with the epithelial cells of the bile 

ducts or ductules.  Separating each hepatic plate are sinuosoid spaces which connect the portal 

vein to the hepatic vein.  This grid-like arrangement of vessels and capillary-like spaces allows 

for adequate blood flow to reach all of the cells and for removal of blood and metabolites out of 

the liver (1).  

Although the hepatic lobule is described as the histological unit of the liver parenchyma, 

the liver acinus is defined as the functional unit of the liver (4).  The liver acinus is described as 

being a mass of liver parenchyma that receives a blood supply from the terminal branches of the 

afferent blood vessels and is drained by a terminal branch of the bile duct.  Cells in the liver 

acinus are arranged into three elliptical zones with no distinct boundaries between these zones.  

Zone 1 contains hepatocytes which surround the portal triad and is the zone that contains the 

highest concentration of nutrients and oxygen as blood enters the organ from the afferent vessels.  

Zone 3 contains hepatocytes that surround the central vein and is the least oxygenated zone.  

Zone 2 is described as being the intermediate zone between Zones 1 and 3.  In this acinar 

structure, blood flows from Zone 1 to Zone 3, whereas bile flows in the opposing direction from 

Zone 3 to Zone 1.  Hepatocytes, based on their proximal location within the acinus, can vary in 

their structure and phenotype in order to carry out various metabolic functions within these 

zones. 
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Hepatic Cell Types  

The liver includes a variety of cell populations which can be classified as being either 

parenchymal or non-parenchymal in origin.  These cell types have been shown to express 

specific cell markers which aid in their identification and, in some cases, reflect the various 

functions the cells are capable of performing (5-9).  A list of these varying cell surface markers 

are summarized in Table 1-1.  The intricate cell to cell interactions and the organization of these 

cells within the liver architecture facilitate many of the diverse functions of the liver.  

Parenchymal cells 

Hepatocytes account for the largest population of cells (60-65%) within the rodent liver, 

comprising approximately 90% of the total liver weight.  Hepatocytes are described as being 

large, polygonal shaped cells approximately 30-40 m in diameter.  Hepatocytes are a highly 

metabolically active cell population and therefore contain a vast array of organelles to carry out 

various functions within the organ.  Approximately 15% of the total cell volume within the 

hepatocyte is occupied by smooth and rough endoplasmic reticulum.  In addition to this, 

hepatocytes contain over 1,000 mitochondria and approximately 50 Golgi complexes per cell (1).  

Hepatocytes carry out the majority of the metabolic processes of the liver including (but not 

limited to) the production of bile, synthesis and secretion of plasma proteins such as albumin, 

and the conversion of toxic ammonia in the circulatory system to urea. 

Bile duct epithelial cells, also referred to as cholangiocytes, represent approximately 3-5% 

of the total liver weight are the second group of cells classified under parenchymal cells of the 

liver.  When bile is produced and secreted by the hepatocytes, it is drained into a network of 

channels that are lined by these bile duct epithelial cells.  These channels begin inside the 

parenchymal lobule at the canals of Hering and flow into a series of branches that comprise the 

biliary tree.  Although the bile duct epithelial cells represent only a small portion of the total 
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liver, they are responsible for performing a variety of functions within the liver parenchyma.  

Bile epithelial cell functions including modification of bile though the secretion of water and 

bicarbonate, and the absorption of molecules such as glucose and proteins (10).   

Non-parenchymal cells 

Hepatic stellate cells (formerly referred to in the literature as Ito cells, fat-storing cells, 

and/or vitamin A storing cells) were first identified in the 1870’s by Von Kupffer and later 

characterized by Ito and Nemoto in 1952.  Stellate cells are named for the star-like appearance 

and are located in the normal liver within the space of Disse and beneath endothelial cells.  

Stellate cells represent 5-8% of the total cells within the liver and have been shown to play a role 

in maintaining the extracellular matrix (ECM) of the liver.  In addition to this, stellate cells play 

a role in vitamin A metabolism and store approximately 50-80% of all retinoids found in the 

body (11).  Under normal conditions in the liver, stellate cells are in a quiescent state and 

become activated in response to liver injury.  When activated, stellate cells express markers such 

as desmin and -smooth muscle actin and begin to transform into mature, myofibroblast cells.  

During this time, activated hepatic stellate cells migrate to sites of liver injury or damage where 

they secrete cytokines and synthesize copious amount of extracellular matrix components such as 

collagen, proteoglycan and adhesive glycoproteins.   

Stellate cells are also capable of degrading interstitial and basement membrane collagens 

through the production and secretion of proteins such as matrix metalloproteinases (MMPs) (1).  

Production of these factors are important for the infiltration of certain types of cells involved in 

regeneration, such as the liver stem cell population known as oval cells.  The phenomenon of 

oval cell-mediated liver regeneration and many of the factors regulating their activation in the 

liver following injury will be discussed in further detail later on in this chapter. 
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Kupffer cells, like stellate cells, are star-like in appearance and were first described by Von 

Kupffer in the 1870’s.  Kupffer cells are located within the sinusoidal spaces and are found 

attached to the sinusoidal walls within the liver.  Kupffer cells function as specialized 

macrophages within the liver by removing old and damaged cells in addition to picking up 

foreign materials such as endotoxins.  When activated, Kupffer cells secrete a myriad of 

cytokines, growth factors and proteases such as TNF- , interleukin-1 and -6 (IL-1 and IL-6) and 

reactive oxygen species (12).  Several of these factors have been shown to activate the 

proliferation of hepatocytes and stellate cells and act as chemoattractants for inflammatory cells 

following injury to the liver.  Additionally, during liver injury, Kupffer cells have been shown to 

produce TGF- 1 which maintains elevated cytokine levels within the liver and activates hepatic 

stellate cells to begin TGF- 1 production via a paracrine loop (13, 14). 

Sinusoidal endothelial cells (SECs) of the liver comprise the sinusoidal wall, also referred 

to as the endothelium or the endothelial lining.  Sinusoidal endothelial cells can be distinguished 

from other endothelial cells based on the presence of numerous fenestrae.  These fenestrae 

present on the surface of endothelial cells function by filtering fluids and removing solutes and 

particles that pass from the sinusoidal lumen and the space of Disse (1).  Additionally, SECs 

express several cell membrane receptors which allow them to clear specific proteins from the 

blood, such as hyaluran and components of the extracellular matrix, via endocytosis.  Therefore, 

SECs act as a sieve by removing macromolecule waste products from the blood, thus preventing 

them from passing to the parenchymal or stellate cells.  In addition to this, SECs have also been 

shown to play a role in regulating lipoprotein metabolism in the liver. 
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Functions of the Liver 

As previously stated, the liver is the largest parenchymal organ in the body and as such, it 

is responsible for performing a variety of functions in order to maintain homeostasis.  

Additionally, because of its large size and intricate vascular network, the liver at any one point in 

time will contain a significant portion of the total blood volume within the body.  Because of 

this, the liver functions not only by filtering and detoxifying the blood, but also acts as a storage 

site for excess compounds such as vitamins, minerals and glucose, found in the bloodstream. 

Some of the other major functions of the liver that will be discussed further in this section 

include the production of bile and the synthesis of blood proteins such as albumin and clotting 

factors. 

Detoxification of blood 

One of the most important functions of the liver is the removal of foreign substances from 

the bloodstream.  This includes the removal of a broad spectrum of microorganisms, such as 

bacteria and viruses, in addition to various toxins and chemicals, such as drugs and alcohol.  

Enzymes such as alcohol dehydrogenase (ADH), cytochrome-P (CYP) and uridine 

glucuronosyltransferase (UGT) aid in the chemical modifications of several compounds and 

facilitate their removal from the bloodstream.  Furthermore, the ability of the liver to convert 

non-hydrophyllic drugs to a more water-soluble form allows them to be safely excreted by the 

kidneys. 

Bile secretion 

Another important function of the liver is the production of bile.  Production begins with 

the hepatocytes which secrete bile acids produced from cholesterol metabolism into the bile 

caniliculi.  Here, the bile acids mix with other components excreted by the epithelial cells such as 

water, bicarbonate, and phospholipids.  Bile is drained from the liver via the common bile duct 
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and is stored in the gallbladder until needed (15).  When food in the gastrointestinal tract enters 

the duodenum, it stimulates the contraction of the gall bladder to release stored bile into the 

small intestine.  Here, bile functions as a surfactant, emulsifying fats for easier absorption in the 

small intestine.   

Storage of vitamins and nutrients 

The liver is responsible for storing excess fat soluble vitamins such as vitamin A, D, E and 

K and some water soluble vitamins such as vitamin C and B.  The liver releases these vitamins 

into the bloodstream or bile when the body becomes deficient.  In addition to this, minerals such 

as iron, copper, zinc and magnesium are stored in the liver. 

The liver is also the largest storage site for glycogen in the body following carbohydrate 

metabolism.  During carbohydrate metabolism, the liver regulates blood glucose levels by 

converting excess glucose into glycogen which decreases the levels of glucose in the blood.  

When blood glucose levels become too low, the liver can effectively metabolize glycogen back 

into glucose, thus increasing blood glucose levels. 

Liver Regeneration 

Hepatocyte-Driven Regeneration 

The liver is a unique organ in that it has the capacity to regenerate itself following physical 

injury, such as that caused by performing a two-thirds partial hepatectomy (PHx) (16), or 

chemical damage as a result of exposure to certain types of toxins such as carbon tertrachloride 

(CCl4).  Under normal conditions, the liver in both humans and rodents is seemingly quiescent, 

with fewer than 1 in 10,000 hepatocytes undergoing replication at any one point in time.  

Following injury to the liver, hepatocytes are the main cell responsible for reconstituting the 

organ.   
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The process of liver regeneration following partial hepatectomy alone begins with 

hepatocytes moving from a resting G0 phase to the G1 phase of the cell cycle within hours after 

the surgical removal of the organ.  Hepatocyte proliferation begins in the periportal region of the 

liver and spreads to the centrilobular region.  This regeneration requires each hepatocyte to 

undergo approximately 1.4 rounds of replication to restore the liver to its original size.  The early 

events following partial hepatectomy are largely regulated by cytokines such as TNF-  and IL-6.  

Production of these cytokines leads to the activation of transcription factors such as NF B, AP-1 

and STAT3, which in turn activate the transcription of growth factors such as HGF and TGF- .  

Production of HGF and TGF-  induces significant DNA replication in the hepatocytes which 

occurs in two separate waves during this process of regeneration.  The first wave of DNA 

synthesis in hepatocytes occurs 24 hours following partial hepatectomy, while the second, 

smaller wave of DNA synthesis occurs 48 to 72 hours after surgery.  Following hepatocyte 

replication, bile duct epithelial cells are the next cell type to undergo replication in the liver, with 

peak DNA synthesis occurring 48 hours after surgery. Stellate and Kupffer cell replication 

follow close behind with sinusoidal epithelial cells being the last group of cells undergoing 

replication at Days 3-8 post PHx (17).  

Although this process is commonly referred to in the literature as “liver regeneration”, the 

correct term for this phenomenon is actually compensatory hyperplasia.  Compensatory 

hyperplasia describes the process of the remaining liver lobules increasing in size, where the end 

result of this process is not a re-growth of the anatomical form of the liver, but rather a 

restoration of the organ to its original mass and functional capacity (18).  Completion of this 

process can take approximately 10-14 days in a rodent model whereas in human, completion of 

the process can take up to 2 months.   
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Oval Cell-Mediated Liver Regeneration  

Oval cell involvement during the process of liver regeneration is a unique and specific 

phenomenon which only occurs when hepatocyte proliferation is impaired or inhibited (19).  In 

the liver, under normal conditions, very few if any oval cells can be detected within the 

parenchyma of the organ.  This would suggest that oval cells are only activated and present in the 

liver for specific purposes when hepatocytes are functionally unable to regenerate the liver mass 

due to chemical insult or injury. 

Activation of the oval cell compartment in an animal model can be accomplished through 

several different procedures including carcinogenesis induced by azo-dyes, choline 

deficient/ethionine-containing diets (CDE diet) and D-galactosamine or through direct injury to 

the liver produced by a partial hepatectomy in combination with chemicals such as 

N-2
-
acetylaminofluorene (2AAF), dipin or CCl4 (19-21).  For the purposes of this research, to be 

described in further detail later on in this report, the process of oval cell activation was 

accomplished through the implantation of a 2AAF pellet, to prevent proliferation of the resident 

hepatocytes, followed by a 70% partial hepatectomy in a rat model.  Administration of 2AAF 

prior to removal of the liver inhibits the cyclin D1 pathway within the hepatocytes, preventing 

them from undergoing proliferation.  This model is considered the gold standard in oval cell 

activation and is commonly referred to as the 2AAF/PHx protocol.  Oval cells are capable of 

generating both hepatocytes and bile duct cells, thereby qualifying them as bipotential progenitor 

cells in adult livers (22).   

Morphologically, oval cells are small in size, approximately 10 m in diameter, with a 

large, ovoid nucleus and very little surrounding cytoplasm (23).  Oval cells can also be identified 

in histological sections by their basophilic staining in comparison to the surrounding 
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hepatocytes.  During oval cell-mediated liver regeneration, oval cells can be visualized 

infiltrating the liver parenchyma in and around the periportal regions of the liver lobule (24).  

Histologically, oval cells are identified in the liver by their expression of specific markers such 

as OV-6, α-fetoprotein (AFP), and CK19 (24-26).  In both the human and rat, oval cells 

proliferate and differentiate in close proximity to the stellate cells within the liver.  Previous 

studies have also shown that stellate cells and oval cells have a unique relationship where the 

stellate cells can enhance oval cell growth and differentiation via secretion of growth factors and 

through direct cell to cell interaction with the oval cells (27).   

Multiple signaling pathways and growth factors have been shown to contribute to both 

early and late events in oval cell activation.  These growth factors include -fibroblast growth 

factor ( FGF), hepatocyte growth factor (HGF), transforming growth factor (TGF)- , and 

TGF- 1 (28, 29).  Both stellate cells and oval cells have been shown to produce TGF-  and 

FGF within 24 h following surgical resection of the liver, which coincides with an increase in 

DNA synthesis in both of these cell populations (28).  Expression of HGF and TGF- 1 during 

regeneration has also been linked to stellate cells, although oval cells have also been shown to 

express low levels of TGF- 1 mRNA when they first enter the liver (30, 31).  Additionally, oval 

cells have been shown to express receptors for all of these growth factors, further supporting a 

molecular basis for the role of stellate cells influencing the growth of oval cells during this 

process (30, 32, 33).  Interestingly, many of the growth factors which activate oval cell 

proliferation are similar to those that stimulate hepatocyte replication following partial 

hepatectomy, despite the fact that oval cells and hepatocytes rarely undergo replication at the 

same time.  One of the major differences between the two types of liver regeneration however, is 
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the secretion of interferon-  during oval cell proliferation, which is not expressed during 

hepatocyte activation (34, 35).   

The origin of these hepatic stem cells currently remains a topic of debate.  There are many 

researchers that believe that oval cells are derived from the ductular cells of the canals of Hering, 

whereas others speculate that they arise from an extrahepatic source such as the bone marrow.  

Numerous studies conducted in both animal models and humans have suggested that bone 

marrow cells (BMCs) may give rise to oval cells (25, 36-38).  Evidence to support this theory is 

derived from the observations that oval cells express a variety of hematopoietic stem cell 

markers such as Thy-1, CD34, c-kit and Flt-3 (39-41).   

Oval Cells and Cancer 

The stem cell theory of cancer in the liver was first proposed more than 50 years ago, 

however, the theory is difficult to prove conclusively because it is unclear whether stem cells, 

such as oval cells, are directly taking part in carcinogenesis or if the presence of these cells in 

tissue is the result of impaired hepatocyte function and death.  When the liver is exposed to a 

carcinogen or chronic injury, such as that caused by repeated exposure to inflammatory 

cytokines as a results of viral infection, cell proliferation is required to correct for cell damage 

and death in order to maintain the integrity and functionality of the organ.  This in turn causes 

any proliferative cell in the liver, including oval cells, to be potentially susceptible to neoplastic 

transformation. 

It has been reported that oval cells may be capable of participating in the formation of 

certain types of cancer in the liver, including hepatocellular carcinoma (HCC) and 

cholagiocarcinoma (CCC) (42-44).  The possibility of oval cells participating in hepatic cancers 

was first proposed in 1956 by Farber et al. based on their initial observations of oval cells 
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undergoing morphological changes during early chemical carcinogenesis (23).  The direct 

involvement of oval cells in HCC carcinogenesis was first demonstrated by Dumble et al., where 

oval cells that were isolated from p53-null mice formed tumors when transplanted into nude 

mice (42).   

Several studies have also identified cells expressing a progenitor cell phenotype that were 

present in HCC liver sections.  In a study by Wu et al., immunonhistological analysis of HCCs 

found that 28-50% of HCCs expressed markers of progenitor cells such as CK7 and CK19 and 

that these cells appeared to express an intermediate phenotype between progenitor and mature 

hepatocytes (45).  In addition to this, they noted that HCCs expressing hepatocyte and biliary cell 

markers such as albumin, CK7, and CK19 carried a significantly poorer prognosis and higher 

recurrence after surgical resection and liver transplantation (45).  These findings bring up another 

important problem with the stem cell theory of cancer, being that many believe HCCs are not the 

results of neoplastic changes in progenitor cells, but rather a regression or “dedifferentiation” of 

mature hepatocytes (46). 

Insulin-Like Growth Factors  

Insulin-like growth factors (IGF)-I and II, formerly referred to in the literature as 

somatomedins, are structurally similar to insulin, hence their name, and have been shown to bind 

with reduced affinity to the insulin receptor (47, 48).  IGF-I and II have been shown to mimic 

nearly all the functions of insulin in the body and play a role in lipoprotein metabolism (49).  

Production of IGF-I is primarily regulated by a pituitary hormone known as growth hormone 

(GH) (50).  When GH binds to its receptor, GHR, IGF-I production from the liver is initiated.  

The liver is the major source of IGF production as well as the primary source for IGF binding 

proteins that carry IGFs in circulation.  IGF-I is an important autocrine, paracrine and endocrine 

hormone necessary for proper cell growth and survival, and has been shown to play an integral 
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role in development in nearly every cell of the body (50).  In addition to this, the IGF-I receptor 

is distributed throughout the body with most cells expressing multiple copies of the receptor.  

Interestingly however, the liver expresses very little IGF-IR compared to other tissues.   

IGF-I and II are closely related in both their structure and function as potent mitogenic 

growth factors although, the two proteins differ in the time points at which they are expressed in 

the body.  For example, in the rat, IGF-II is expressed at high levels in the fetus which diminish 

shortly after birth, whereas IGF-I expression increases after birth, with continued expression into 

adulthood.  Therefore, IGF-II function appears to be limited to prenatal developmental stages, 

whereas IGF-I plays an integral role in postnatal growth and further development (47, 51). 

Insulin-Like Growth Factor Binding Proteins  

Insulin-like growth factor binding proteins (IGFBPs) are a group of highly conserved 

proteins that function mainly by binding to and regulating the bioavailability of IGF-I and, to a 

lesser extent, IGF-II (52).  Although more than a dozen IGFBPs have been identified, IGFBPs 

1-6 remain the most well known and best characterized binding proteins in the current literature.  

IGFBPs have been shown to either inhibit or facilitate the promitogenic and anti-apoptotic 

effects of IGF-I and II by several mechanisms.  First, by binding to IGFs, IGFBPs can prevent 

IGFs from interacting with their respective receptors, thus inhibiting cell proliferation.  In 

addition to this, it is believed that IGFBPs can interact directly with the IGF receptors to block 

the binding of IGFs, which also leads to an overall reduction in cell proliferation.  However, by 

binding to IGFs, IGFBPs have been shown to extend the half-life of these proteins in circulation 

and prevent their subsequent degradation (53).  Proteolytic cleavage of IGFBPs by serine 

proteases, cathepsins, and matrix metalloproteinases, results in the formation of IGFBP 

fragments that have reduced or no affinity for the IGFs.  Therefore, when IGFBPs are cleaved, 

IGFs are released, thus enhancing the amount of free IGFs available to the cell and leading to 
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increased cell proliferation.  A schematic diagram of these IGF-dependent mechanisms is 

depicted in Figure 1-1 and adopted from Firth and Baxter, 2002 (54).  

Insulin-Like Growth Factor Binding Protein-3 

Insulin-like growth factor binding protein (IGFBP)-3 is perhaps the most important and 

most studied IGFBP in today’s literature.  IGFBP-3 is a 40-43 kDa glycoprotein which exists in 

circulation as a 150 kDa complex along with an 80 kDa acid labile subunit (ALS), and IGF-I 

(55).  Approximately 98% of IGF-I found in the blood is bound by IGFBPs, approximately 80% 

of which is bound exclusively by IGFBP-3.  Under normal conditions in the liver, un-bound 

IGF-I has a half-life of approximately 30 to 60 minutes in circulation (56).  However, the half-

life of IGF-I is greatly increased when IGFBP-3 is bound to it, extending the half-life from 30 to 

60 minutes to approximately 10 to 20 hours in circulation (57, 58).  Like IGF-I, production of 

IGFBP-3 is dependent on GH and is primarily produced by the liver, although each are 

synthesized by different cell types.  IGF-I has been shown to be produced by hepatocytes, along 

with IGFBP-1 and 4, whereas IGFBP-3 is produced by non-parenchymal cells, such as Kupffer 

cells (59-61). 

IGFBP-3 was first identified and characterized over 20 years ago by several different 

groups and in several different animal models (62-65).  Early comparison studies by Albiston 

and Herrington have shown that IGFBP-3 is fairly conserved across species and also found that 

rat and human IGFBP-3 proteins are approximately 83% homologous (65).  At first discovery, 

IGFBP-3 was believed to function only as a carrier for IGFs in circulation, thus modulating the 

biological functions of these proteins.  However, recent studies supports that IGFBP-3, in 

addition to performing various IGF-dependent functions, also exerts a variety of 

IGF-independent functions.   
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The discovery of IGF-independent functions of IGFBP-3 were first shown in various in 

vitro studies using cells that either lacked the IGF receptor, or in cells that do not produce or 

respond to endogenous IGF-I or II.  In experiments performed by Rajah et al. using a mouse 

fibroblast cell line lacking the IGF-IR, it was found that apoptosis was significantly increased 

following exposure to IGFBP-3, both by exogenous administration of the protein or by 

transfecting cells with an IGFBP-3 plasmid (66).  In addition to this, a study by Perks et al., 

utilizing a breast cancer cell line that does not respond to IGF-I, found that IGFBP-3 enhanced 

call apoptosis following exposure of these cells to a ceramide analog, C2 (67).  More concrete 

evidence of these IGF-independent functions were later shown through the use of mutated 

IGFBP-3 analogs that are unable to bind to the IGFs (68, 69).  Here, the generation of several 

key amino acid substitutions in the IGF binding site within the IGFBP-3 protein created a 

marked reduction (>80-fold) in IGF binding.  In these studies, the mutated form of IGFBP-3 was 

found to promote apoptosis, which was concluded to be a function independent of IGFs due to 

the inability of IGFBP-3 to bind to these proteins and modulate their activity (68, 69).   

Although the exact mechanisms by which IGFBP-3 mediates these IGF-independent 

functions are not well known, there is recent evidence suggesting that IGFBP-3 may potentiate 

these functions by nuclear translocation and through the interaction with nuclear receptors such 

as retinoid X receptor (RXR)- .  Binding of the nuclear RXR-  by IGFBP-3 was shown to 

be required for IGFBP-3 induced apoptosis, a process which was further enhanced with the 

addition of RXR ligands (70).  The presence of IGFBP-3 in the nucleus has been identified in a 

variety of cell types including several types of cancers (71-73).  Additional studies have found 

that the key residues necessary for nuclear translocation of IGFBP-3 (228-232) are identical to 

those previously shown to be required for association with proteins present in the extracellular 
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matrix (ECM) of the cell (74).  Interestingly, a study by Bhattacharyya et al. determined that 

IGFBP-3 could induce apoptosis in a human prostate cancer cell line without being secreted or 

through translocation into the nucleus of these cells (75).  In addition to being a secreted protein, 

IGFBP-3 contains a nuclear localization signal (NLS) which allows it to be translocated into the 

nucleus of cells where it has been shown to induce apoptosis independently of IGFs (71, 72, 76, 

77).  In these experiments, Bhattacharyya et al. generated IGFBP-3 mutants which lacked a 

signal peptide, preventing the secretion of IGFBP-3 into the extracellular space, and IGFBP-3 

protein which had been fused to MDGEA at the C-terminal NLS domain, preventing the protein 

from being translocated to the nucleus of the cell.  Generation of these IGFBP-3 mutants would 

cause IGFBP-3 protein to remain within the cytoplasm of the cells which produced IGFBP-3, 

where they could interact with intracellular signaling pathways from the cytosol.  Results of this 

experiment were the first to demonstrate that a nonsecreted form of IGFBP-3 which could not be 

translocated to the nucleus, could induce apoptosis in pancreatic cancer cells though intracellular 

mechanism and in an intracrine manner (75).   

IGFBP-3 has also been shown to regulate cell growth independently of IGF-I through the 

interaction with the newly identified TGF-  receptor type V (TGF- RV), which researchers are 

calling the putative IGFBP-3 receptor.  In studies by Leal et al., it was found that IGFBP-3 could 

directly bind to TGF- RV, leading to an inhibitory effect on growth and proliferation of mink 

lung epithelial cells in vitro.  These were some of the first studies which could conclusively link 

IGFBP-3 to the direct activation of the TGF-  pathway (78, 79).   

IGFBP-3 and cancer 

The role of IGFBP-3 during cancer progression is somewhat complex and often times 

ambiguous in the literature.  As IGFBP-3 has been shown to regulate the bioavailability of IGFs 
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both in vitro and in vivo, IGFBP-3 can either enhance or inhibit the mitogenic and antiapoptotic 

effects of IGFs.  This, in turn, can either inhibit or enhance the proliferation of cancer cells.  

Additionally, several groups have also found that IGFBP-3 can alter cell proliferation and 

migration through IGF-independent mechanisms.   

IGFBP-3, in an IGF-independent manner, has been shown to inhibit proliferation and 

stimulate apoptosis of breast cancer cell lines in vitro (80).  Additionally, clinical studies 

involving IGFBP-3 have shown that high serum levels of the protein are often correlated with a 

reduced risk of developing cancer in post-menopausal women.  These findings are supported by 

several clinical studies which determined that patients with low serum levels of IGFBP-3 are at 

an increased risk of developing other types of cancer such as colon, prostate and ovarian cancer 

(81-83).  In addition to this, a study by Gong et al. found that mRNA expression of IGFBP-3, -1 

and -4 were significantly down-regulated in patients with human hepatocellular carcinoma 

(HCC) in comparison to patients with normal or cirrhotic livers (84).  Several of these studies 

also determined a correlation between low IGFBP-3 levels and increased tumor grade and 

aggressiveness (80, 83).  These studies suggest that IGFBP-3 may play an important role in 

suppressing tumor cell proliferation and may also function as a suppressor of tumor metastatic 

invasion. 

Although the majority of studies have shown IGFBP-3 to inhibit proliferation and promote 

apoptosis, there have been several reports of tumors and cancer cell lines expressing high levels 

of IGFBP-3 and that, when IGFBP-3 is lost, the ability of these cells to migrate and proliferate is 

inhibited.  For example, a study by Xi et al. determined that a human metastatic melanoma cell 

line, WM266-4, expressed a 16-fold increase in IGFBP-3 compared to primary cell lines.  

Additionally, when IGFBP-3 expression was knocked down though the use of siRNA, the cells 
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displayed on overall decrease in their invasive and proliferative potential (85).  In addition to this 

study, other groups have also reported increased IGFBP-3 expression in colorectal cancers and 

renal carcinomas.  In a clinical study of patients with renal adenocarcinomas, 17 of the 18 

patients displayed elevated levels of IGFBP-3.  Additionally, patients with the highest levels of 

IGFBP-3 mRNA were more likely to present with metastatic tumors localizing to other areas of 

the body such as the lymph nodes (86).  These studies suggest that IGFBP-3 may enhance cancer 

cell migration in vivo and promote the metastatic ability of the cells to invade other organs.  

Additionally, these results suggest that IGFBP-3 may be an important biomarker for the clinical 

assessment of highly aggressive tumors in humans. 

IGFBP-3 and stem cells 

As IGFBP-3 has been shown to regulate cell proliferation and migration, in either an 

IGF-independent or dependent manner, some groups have investigated the role of IGFBP-3 and 

its effect on stem cell populations both in vitro and in vivo.  The majority of the research 

involving stem cells and IGBFP-3 has been conducted on hematopoietic stem cell populations.  

This is of particular interest to our lab because oval cells have been shown to share several cell 

surface markers with hematopoietic stem cells including Thy-1, CD-34, c-kit and Flt-3 (36, 37, 

87, 88).  

In a study by Liu et al., it was found that exogenous administration of IGFBP-3 to 

primitive hematopoietic cells (CD34+CD38-) enhanced cell proliferation while maintaining the 

ability of these cells to produce functional progenitors.  These finding may have major 

implications for the expansion of these cell in vitro for future use in transplantation studies (89).  

In addition to this, previous works by Chang et al. and Lofqvist et al. have demonstrated the 

profound effects that IGFBP-3 has had on inducing the migration of CD34+ stem cells and 

endothelial progenitor cells to areas of retinal damage in oxygen-induced retinopathy mouse 



 

33 

models.  Additonally, Chang et al. was also able to show that IGFBP-3 was capable of inducing 

the differentiation of these cells into endothelial cells in a dose dependent manner, leading to 

increased tube formation and vessel repair (90, 91).  Another unique finding presented by both 

groups was the protective effect IGFBP-3 provided in the retina, which resulted in decreased 

vascular damage during hypoxic injury, increased blood vessel stabilization and increased 

angiogenesis.  Overall, both studies demonstrated that addition of exogenous IGFBP-3, or 

over-expression of the protein through the use of plasmids, could protect against vascular 

damage, promote a higher rate of vascular repair, and induce stem cell migration and 

differentiation in these models.   

IGFBPs and Liver Regeneration 

Several studies have investigated the role of IGFBPs during liver regeneration induced by 

chemical injury or following partial hepatectomy alone however; few if any research to date has 

investigated the role of IGFBPs during oval cell-mediated liver regeneration as a result of 

2AAF/PHx.  Some of the first studies to implicate a potential role for IGFBPs during liver 

regeneration were conducted on animal models utilizing partial hepatectomy alone.  It was 

observed in these studies that IGFBP-1 protein and mRNA levels, in the serum and liver 

respectively, were dramatically increased following resection of the liver lobes in both rat (92, 

93) and in mice (94), following partial hepatectomy alone.  However, a decrease in IGFBP-1 

following liver injury would be expected, due to the fact that IGFBP-1 is primarily produced in 

the liver by hepatocytes, which are also the primary cell type responsible for liver regeneration 

following partial hepatectomy alone.  However, additional studies have suggested that IGFBP-1, 

which has been shown to be elevated during fetal liver development, also plays a key role in the 

regenerative process of the adult liver as well (95).  In a study by Leu et al, it was determined 

that IGFBP-1 also plays an important role in protecting hepatocytes from Fas-mediated apoptosis 
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during liver regeneration.  In these studies, it was also found that animals lacking IGFBP-1 

displayed an increase in hepatocellular injury and apoptosis following exposure to CCl4 (96).   

Additional studies have also shown that IGFBP-4, another IGFBP primarily produced by 

hepatocytes, could potentially be involved in liver regeneration following partial hepatectomy 

alone (97).  A study by Demori et al. found that IGFBP-4 levels in the liver and serum increased 

significantly within 6 to 12 hours following partial hepatectomy alone in the rat.  In contrast, a 

study by Phillips et al. found that serum levels of IGFBP-3 and IGF-1 significantly decreased in 

PHx experiments (98).  Ultimately however, they concluded that this decrease was most likely 

the result of significant tissue loss, as the production of both of these proteins primarily occurs 

within the liver and the result of decreased nutrient intake by the animals following surgery.   

Another study which supports the potential role for these proteins during liver regeneration 

was found in experiments performed by Caro et al.  Here, they found that following liver injury, 

expression of the IGF-IR is significantly upregulated, whereas in the normal liver, very few cells 

express the receptor for IGF-I (99).  This suggests an integral role for IGFBPs following liver 

injury which may be mediated by IGF-dependent mechanisms. 

Transforming Growth Factor-  Signaling Pathway 

The transforming growth factor (TGF)-  superfamily consists of a large number of 

structurally related, secreted and dimeric proteins which includes three distinct classes of 

proteins: the TGF- s themselves, activins and bone morphorgenic proteins (BMPs).  All of the 

proteins of the TGF-  superfamily function by binding to transmembrane, enzyme-linked 

receptors with a serine/threonine kinase domain located on the intracellular portion of the 

receptor.  These serine/threonine kinase receptors can be further classified as being type I or type 

II receptors (100). 
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TGF-  is a potent inhibitor of cell cycle progression for most epithelial and endothelial 

cell, as well as for hematopoietic cells.  Studies have identified three TGF-  ligands that are 

present in all mammals which include TGF- 1, TGF- 2, and TGF- 3.  TGF- 1 is the major 

form present in adults, whereas expression of TGF- 2 and TGF-  occurs primarily in the 

developmental stages.  All TGF-  ligands signal through a heteromeric complex of type I and 

type II TGF-  receptors.  Generally, activation of the TGF- pathway occurs when a 

TGF- ligand binds to the TGF-  type II receptor, which results in the recruitment and activation 

of a type I receptor.  Activation of the type I receptor leads to the phosphorylation of intracellular 

signaling intermediates of the TGF-  pathway known as Smads (100).  Activated TGF-  

receptors phosphorylate Smad2 and Smad3, causing the Smads to dissociate from the receptor 

and bind to Smad4, the common mediator.  The phosphorylated Smad complex then moves into 

the nucleus where it is incorporated into transcriptional complexes, binds to DNA, and activates 

a target set of genes for transcription. 

TGF-  and Liver Regeneration 

TGF-  plays a significant role in the regulation of cell growth and proliferation, both in 

normal liver and in many hepatic diseases.  In the normal liver, TGF-  regulates two important 

primary hepatocyte functions which include growth inhibition and induction of apoptosis 

(101-104).  Normal liver usually contains very little expression of TGF-  however, following 

injury, TGF-  is upregulated, most predominantly by nonparenchymal cells such as stellate cells 

and Kupffer cells (105). 

Within the liver, activation of the TGF-  pathway has been shown to inhibit the 

proliferation of hepatocytes during hepatocyte driven liver regeneration yet enhance the 

proliferation of oval cells during oval cell-mediated liver regeneration (29, 106).  This is also 
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consistent with findings that demonstrate elevated levels of TGF- 1 mRNA during peak days 

(Days 9-11) of oval cell proliferation following 2AAF/PHx (107).  Resent research by Nguyen et 

al. suggests that this difference in responsiveness to TGF-  between the two cell types is 

associated with differences in TGF-  sensitivity.  The difference in TGF-  sensitivity between 

hepatocytes and oval cells may be due to the increased expression of Smad6 present in oval cells 

compared to hepatocytes.  Smad6 has been shown to inhibit TGF-  signaling by interacting with 

the type-I receptor, which in turn inhibits the ability of the receptor to phosphorylate Smad2.  

Therefore, Smad2 is not activated and does not translocate to the nucleus to initiate transcription 

of target TGF-  genes.  This was confirmed by the lack of phosphorylated Smad2 

(phosphor-Smad2) staining found in oval cells compared to hepatocytes in the livers of animals 

fed a choline deficient, ethionine supplemented (CDE) diet (108).  This suggests that an 

additional component to the TGF-  pathway enabling oval cell proliferation is activated in an 

environment where hepatocyte proliferation is inhibited. 

TGF-  and IGFBP-3 

Several signaling pathways are involved in the upregulation of IGFBP-3, which in turn, 

activate additional downstream signaling pathways which are involved in regulating cellular 

activities including proliferation, apoptosis, migration and angiogenesis.  An overview of some 

of the pathways involved in IGFBP-3 expression can be seen in Figure 1-2.  Members of the 

TGF-  superfamily have been shown to stimulate IGFBP-3 protein and mRNA production by 

both IGF-dependent and IGF-independent mechanisms (109).  Since this discovery, additional 

groups have published reports demonstrating that both TGF- 1 and TGF- 2 enhance IGFBP-3 

mRNA and protein expression in a variety of cell lines in vitro (110, 111).  Like IGFBP-3, 

TGF-  has been shown to either stimulate cell growth or inhibit cell proliferation and promote 
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apoptosis depending on the condition and cell type (112).  In a study by Cohen et al., activation 

of the TGF-  pathway by administration of TGF- 1 in human smooth muscle airway cells 

increased IGFBP-3 mRNA and protein expression and led to a two-fold increase in cell 

proliferation (113).  TGF-  has also been shown to increase cell proliferation in studies 

involving cancer cells.  In a study by Kansra et al., IGFBP-3 was found to mediate the TGF- 1 

induced proliferation of highly metastatic colon carcinoma cell lines (140).  In addition to this, 

both these studies found that production of IGFBP-3 through activation of the TGF pathway was 

inhibited through the use of antisense oligomers to IGFBP-3 or through the use of neutralizing 

IGFBP-3 antibodies, thus further demonstrating a connection between these two pathways.  

Although several groups at this time demonstrated a correlation between TGF-  activation 

and enhanced IGFBP-3 expression, a direct mechanism linking the two pathways remained 

unknown until studies by Leal et al. and Fanayan et al. shed some light on this phenomenon.  

Studies by Leal et al. were the first to demonstrate a putative receptor for IGFBP-3 by which the 

protein mediated its IGF-I-independent functions.  In experiments utilizing mink lung epithelial 

cells, it was discovered that IGFBP-3 binds directly to a newly discovered TGF-  receptor, 

TGF- R type V (TGF- RV).  The TGF- R type V is approximately 400 kDa in size and appears 

to bind both TGF- 1 and IGFBP-3 with similar affinity.  In these studies, it was determined that 

IGFBP-3 could not only bind to TGF- RV directly, but that IGFBP-3 could also inhibit the 

interaction of the ligand TGF- 1 from interacting with the receptor (78, 79).  This was one of the 

first studies to imply that IGFBP-3 may have a direct role in the TGF-  pathway by binding to a 

specific TGF-  receptor.   

In addition to this, studies by Fanayan et al. were the first to show that IGFBP-3 can 

directly bind to TGF-  type II receptor, which in turn, stimulates the phosphorylation of TGF-  
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receptors type I and the signaling intermediates Smad2 and Smad3 in breast cancer cell lines 

(114).  Additionally, activation of this pathway by IGFBP-3 binding was shown to inhibit the 

proliferation of these cancer cell in vitro (114, 115).  Results of these studies were further 

confirmed by Kuemmerle et al. who found that IGFBP-3 displaced TGF- 1 binding to TGF- RII 

and TGF- RV in a concentration dependent manner and inhibited growth of smooth muscle cells 

in vitro (116).   

In addition to studies reporting that IGFBP-3 can bind directly to TGF-  receptors, a study 

by Gui et al. determined that IGFBP-3 may be able to bind directly to the latent form of TGF-  

in vitro, thus further suggesting a direct interaction between IGFBP-3 and the TGF-  pathway 

(117).  Results of this study found that IGFBP-3 was able to bind directly to LTBP-1, a 

component of the large latent TGF-  complex.  LTBPs are structural components of the 

extracellular matrix which bind and sequester TGF-  to the ECM and allow for TGF-  to 

interact with the plasma membrane (118).  Interestingly, several groups have found that the 

interaction of the large latent complex with the plasma membrane is dependent on the mannose-

6-phosphate/IGF-II receptor (119, 120).  Gui et al. determined that the interaction between 

IGFBP-3 and LTBP-1 could occur when IGFBP-3 was either unsaturated or saturated with IGF-I 

protein (117).  Therefore, Gui et al. hypothesized that the IGFBP-3/IGF-I complex can bind to 

the large latent complex TGF-  via an interaction with LTBP-1 and that proteolysis of this 

complex at the plasma membrane would release both TGF-  and IGF-I (117).   
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Figure 1-1.  Proposed pathways of IGF-dependent functions and activities of IGFBPs.  The 

mitogenic activity of IGFs, mediated through IGF-IR, is inhibited by being 

sequestered by soluble IGFBPs.  Proteolysis of IGFBPs causes IGFs to be released 

from the binary complexes, leading to increased IGF activity.  Cell-associated 

IGFBPs have been reported to either potentiate or inhibit the effects of the IGFs. 

Figure adopted from Firth and Baxter, 2002. 
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Figure 1-2.  Overview of pathways involved in IGFBP-3 action.  A variety of proteins and cell 

signaling factors regulate IGFBP-3 expression.   

 



 

41 

Table 1-1.  Markers used for identifying liver cells. 

Markers Oval cells Hepatocytes Bile duct cells Stellate cells Endothelial cells 

CK7 - - + - - 

CK8 + + + - - 

CK18 + + + - - 

CK19 + - + - - 

ALB +/- + - - - 

AFP + - - - - 

GGT + - + - - 

OV-6 + - + - - 

OV-1 + - + - - 

HES-6 - + - - - 

Desmin - - - + - 

SE1 - - - - + 

ALB, albumin; AFP, alpha-fetaprotein; CK, cytokeratin; GGT, gamma-glutamyl transpeptidase; 

HES, hairy and enhancer of split. Legend: + = Expression of marker, - = No expression of 

marker.  Table adopted and compiled from studies by Shiojiri et al. 1991; Marceau et al. 1986, 

1990; VanEkyen and Desmet, 1993; Dunsford and Sell, 1989.  
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CHAPTER 2 

STUDY DESIGN AND SPECIFIC AIMS 

Oval cell-mediated liver regeneration is a highly complex process that involves the 

coordination of several signaling factors, chemokines and cytokines to allow for proper 

maintenance of the liver architecture.  When hepatocyte proliferation is inhibited, a hepatic stem 

cell population, referred to as “oval cells”, is activated to aid in liver regeneration.  The function 

of IGFBP-3 during this process of oval cell activation is of particular interest because it is 

produced in liver and has been shown to induce migration and differentiation of other stem cell 

populations both in vitro and in vivo.  Additionally, IGFBP-3 production has been linked to the 

TGF-  superfamily, a pathway known to be induced during oval cell proliferation.  In this study, 

we set out to determine whether IGFBP-3 plays a role in the oval cell proliferation, migration 

and differentiation during this specific type of regeneration (107, 121). 

Insulin-like growth factor binding protein-3 (IGFBP-3) is one of six characterized binding 

proteins to insulin-like growth factor-I (IGF-I) and is the most abundant IGF binding protein 

found in circulation (54).  IGFBP-3 plays an important role in regulating IGF-I function by 

binding to approximately 75% of free IGF-I in the serum (55).  By binding to IGF-I, IGFBP-3 

has been found to regulate the bioavailability of IGF-I as well as prolong its half-life in 

circulation (122).  In addition to this, several groups have identified key functions of IGFBP-3 

that appear to be independent of IGF-I.   

Recently, IGFBP-3 has been shown to act as a potent inducer of hematopoietic stem cell 

migration and differentiation both in vitro and in vivo (91).  Due to the fact that IGFBP-3 is 

produced in the liver and has been shown to activate other stem cell populations in vivo, we 

asked the question of whether or not IGFBP-3 could potentially play a role in regulating the 

migration, proliferation and/or differentiation of the hepatic oval cells during oval-cell mediated 
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liver regeneration.  Additionally, we asked whether the possible effects of IGFBP-3 during oval 

cell-mediated liver regeneration involved activation of the TGF- 1 pathway.  In order to address 

these questions, the following specific aims were established: 

 Specific Aim I:  To detect the presence of IGFBP-3 protein and RNA in liver during oval 

cell-mediated liver regeneration. 

 Specific Aim II:  To determine if IGFBP-3 plays a role in oval cell migration 

proliferation, and/or differentiation during oval cell-mediated liver regeneration and 

 Specific Aim III:  Determine how oval cell function is altered when expression of 

IGFBP-3 in the liver is knocked down and to determine a possible signaling pathway that 

is involved in mediated IGFBP-3 function during this process. 

Specific Aim I 

Identifying IGFBP-3 expression in the liver during oval cell-mediated regeneration is an 

essential first step toward determining a potential role for this protein during this phenomenon.  

By detecting and measuring IGFBP-3 levels during this process, we were able formulate a 

hypothesis as to how liver regeneration may be affected when expression of IGFBP-3 was 

altered.  Previous studies have shown changes in IGFBP-3 expression during liver regeneration 

following partial hepatectomy alone (98) however; a role for IGFBP-3 during oval cell based 

liver regeneration following 2AAF/PHx had not yet been determined. 

To detect the presence of IGFBP-3 in the liver, RNA and protein were isolated from whole 

rat livers obtained from animals that had undergone 2AAF/PHx.  RNA and protein isolated from 

these livers as described in the methods and materials, which were then subjected to RT-PCR 

and Western blot analysis, respectively.  As IGFBP-3 is a secreted protein, serum was isolated 



 

44 

from whole blood taken via venous heart puncture from animals that received 2AAF/PHx and 

analyzed for IGFBP-3 expression.   

Specific Aim II

Many of the underlying factors governing oval cell-mediated liver regeneration in vivo 

have yet to be characterized.  As recent research has shown, IGFBP-3 acts as a potent inducer of 

cell migration, proliferation and differentiation in hematopoietic stem cells and endothelial 

progenitor cells both in vitro and in vivo (90, 91).  In light of these experiments and the similarity 

in oval cell and hematopoietic surface markers, we asked whether IGFBP-3 is essential to oval 

cell migration and proliferation during liver regeneration following 2AAF/PHx.   

Many of the activities of the IGFs and IGFBPs are closely linked with the processes of the 

liver.  Although one of the known receptors for IGF-I, IGF-R, has been shown to be expressed 

by nearly every cell in the body, it is not expressed by hepatocytes in the normal liver.  Studies 

have shown however, that the number of IGF binding sites increases dramatically in these cells 

during liver regeneration (99).  This suggests an integral role for IGF-IGFBP system during the 

process of liver regeneration which may be essential to oval cell recruitment and proliferation.  

However, due to the unique nature of IGFBP-3 to both inhibit and promote the proliferative and 

anti-apoptotic effects of IGF-I, as well as display IGF-I independent activities, it is unclear at the 

beginning of this study whether or not IGFBP-3 would enhance or inhibit oval cell activation 

within the 2AAF/PHx model.  To begin to address some of these issues, we performed transwell 

migration and MTT proliferation assays using isolated Thy-1+ oval cells from rat livers during 

peak time points during our 2AAF/PHx model (Days 9-11) in addition to utilizing a liver stem 

cell line similar to that of oval cells, the WB-344 cell line.  These in vitro experiments helped 

determine what effects IGFBP-3 may have on oval cell activities during liver regeneration.   
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Specific Aim III 

Multiple signaling pathways have been shown to contribute to both early and late events in 

oval cell activation, which are initiated by several growth factors including -fibroblast growth 

factor ( FGF), hepatocyte growth factor (HGF), transforming growth factor (TGF)- , and 

transforming growth factor (TGF)- 1 (18, 28).  In addition to this, several groups have also 

shown that activation of the TGF-  pathway induces IGFBP-3 mRNA and protein expression 

(109).  Previous research, in our lab and others, has shown that increasing levels of TGF- 1 

seem to correlate with peak days of oval cell proliferation in the 2AAF/PHx model (107, 121).  

This indicates that the TGF-  pathway is active during this time period and may be initiating the 

production of cytokines and growth factors which are involved in oval cell proliferation.   

Since activation of the TGF-  pathway has been shown to induce IGFBP-3 expression, and 

studies in our lab have demonstrated TGF-  activation during oval cell proliferation, we have 

chosen to focus on this particular pathway to determine if TGF-  is inducing IGFBP-3 

production and if production of IGFBP-3 is facilitating oval cell proliferation during liver 

regeneration.   
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CHAPTER 3 

METHODS AND MATERIALS 

Experimental Animals 

All procedures were performed on Male Fisher-344 rats (Charles River Laboratories Inc., 

Wilmington, MA) approximately 8  to 10 weeks of age. All animals were maintained on standard 

laboratory chow and daily cycles of alternating 12 hours of light and dark.  Rats were euthanized 

at the appropriate time points (n=3 per time point) by administration of an overdose (150 mg/kg) 

of Nembutal sodium solution (OVATION Pharmaceuticals, Inc., Deerfield, IL) via an injection 

into the peritoneal cavity.  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).  All procedures involving animals were approved by the University of Florida IACUC. 

Oval Cell Activation Model 

The basic design of the 2AAF/PHx model of oval cell induction was described previously 

by Petersen et al. (25).  Continuous administration of 2AAF in the form of a 28-day time release 

pellet (Innovative Research Inc., Sarasota, FL) was used to suppress proliferation of mature 

hepatocytes prior to partial hepatectomy.  Briefly, animals were anesthetized with isoflurane 

prior to the surgical procedures.  Upon anesthetization, a 2AAF pellet (70 mg/28 day release, 2.5 

mg/day) was implanted in the peritoneal cavity of the animal.  One week later, a 70% surgical 

resection of the liver was performed under general anesthesia as previously described (16).   

Isolation of Thy-1+ Oval Cells 

Isolation of hepatic oval cells from rat livers during peak days of proliferation (Days 9-11) 

was accomplished through the use of a two-step collagenase perfusion of the organ.  The first 

step of the perfusion involved the use of a wash solution to remove all blood from the liver, 
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followed by administration of a collagenase solution to digest the extracellular matrix 

components of the organ, leaving the structure of the cells intact.   The partially digested liver 

was then passed through a nylon mesh above an autoclaved beaker containing sterile PBS to 

remove additional cell matrix components.  Cells that passed through the nylon mesh were 

collected in the beaker below and then centrifuged at 500x g to separate the parenchymal fraction 

of cells from the non-parenchymal cell fraction.  Following centrifugation, the Thy-1+ oval cells 

were further isolated from the nonparenchymal cell fraction via MACS.  To accomplish this, the 

non-parenchymal cell fraction, which contains the oval cell population, was incubated with a 

FITC-conjugated mouse anti rat Thy-1 antibody for 1 hr.  Following primary antibody 

incubation, the cell fraction was then incubated with anti-FITC magnetic beads for 1 h and then 

passed through a magnetic column to separate out the Thy-1+ oval cells.  The columns were then 

removed from the magnetic field and washed several times with sterile PBS to remove adhered 

cells.  The cell fraction, now enriched for Thy-1+ oval cells, were then re-suspended in oval cell 

medium (IMDM, 10% FBS, and 1% insulin) for later use in the various in vitro assays. 

Models of IGFBP-3 Inhibition in the Rat 

In order to determine if IGFBP-3 plays a role during oval cell activation in the rat 

following 2AAF/PHx, we utilized two different animal models to suppress IGFBP-3 expression 

in the liver.  The first model of IGFBP-3 inhibition was based on a modified protocol adopted 

from previous studies by Priego et al. and Granado et al. (123, 124).  In this study, they 

demonstrated that administration of LPS through daily intraperitoneal (i.p.) injections at various 

concentrations ranging from 5 g/kg to 1 mg/kg could significantly reduce IGFBP-3 mRNA 

levels in the liver and circulating IGFBP-3 protein levels in the serum (123).  
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However, in order to determine a more direct “cause and effect” relationship between loss 

of IGFBP-3 expression and oval cell activation in the liver following 2AAF/PHx, we devised a 

second model for inhibiting IGFBP-3 expression through the use of multiple siRNA constructs 

designed against rat IGFBP-3.  Schematic diagrams of these models including are depicted in 

Figures 3-1 and 3-2. 

LPS Administration  

Male Fisher-344 rats underwent 2AAF/PHx to activate the oval cell population in the liver 

as previously described in the methods and materials section.  One group of animals (Group A) 

received i.p. injections of LPS (serotype 055:B5; Sigma Chemical, St.
 
Louis, MO) diluted in 

sterile PBS at a concentration of 5 g/kg daily, while a second group of animals (Group B) 

received injections of LPS at a concentration of 5 g/kg every other day, both starting on Day 0 

post-PHx.  Animals (n=3 per group) were sacrificed on Day 9 post-PHx and tissue samples 

collected as previously described in the methods and materials section.   

In vivo Delivery of IGFBP-3 siRNA  

Silencer In vivo Ready Pre-Designed siRNAs (Applied Biosystems, Foster City, CA) 

against rat IGFBP-3 were used for all siRNA experiments.  Three different siRNA constructs to 

IGFBP-3 (AM16831, #199977, #59620, #47753) were administered to all animals in 

combination with the 2AAF/PHx protocol to obtain optimal knockdown results.  All siRNAs 

were diluted in sterile PBS, and a total siRNA concentration of 200 M (100 M per injection) 

was administered to rats via a tail vein injection on Day 6 and again on Day 8 post-PHx (n=3).  

In addition to siRNA, another group of rats (n=3) received 250 ng of IGFBP-3 protein via tail 

vein injection on Days 6 and again on Day 8 post-PHx.  As a control, Silencer Select negative 

control siRNAs (Applied Biosystems, Foster City, CA) were also administered to rats via tail 
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vein injections on Day 6 and Day 8 post-PHx at a total siRNA concentration of 200 M (100 M 

per injection).  All rats (n=3 per condition) were euthanized at Day 9 post-PHx through injection 

of an overdose (150 mg/kg) of Nembutal sodium solution (OVATION Pharmaceuticals, Inc., 

Deerfield, IL) via an injection into the peritoneal cavity.  Animals that received siRNA during 

the 2AAF/PHx protocol and animals that received siRNA in combination with IGFBP-3 during 

the 2AAF/PHx protocol were then compared to animals at Day 9 post-PHx that did not receive 

any siRNA or exogenous protein injections. 

Tissue Collection 

For 2AAF/PHx experiments, animals were sacrificed at standard time points which 

included Days 0, 3, 7, 9, 11, 13, 17, and 22.  For LPS and IGFBP-3 siRNA studies, animals were 

sacrificed on Day 9 of the 2AAF/PHx protocol.  Following euthanasia, tissue from brain, heart, 

lung, liver, pancreas, spleen, kidney, and intestine was collected for paraffin embedding and 

frozen tissue sectioning.  Additional tissue samples were also taken at this time for isolation of 

RNA and protein. Blood was also collected from experimental animals at time of sacrifice via a 

heart puncture.  Serum was isolated from the blood samples through the use of blood collection 

tubes and centrifugation at 12,000 g for 10 min for later use in ELISA studies.  Blood serum and 

samples for protein and RNA were snap frozen in liquid nitrogen and kept at -80ºC until 

isolation was performed.  Tissues for paraffin embedding were fixed overnight in 10% NBF 

(Richard-Allan Scientific, Kalamazoo, MI).  The following day, formalin was exchanged for 

PBS or 70% ethanol, and the tissue cassettes were then submitted for paraffin embedding by the 

University of Florida Molecular Pathology Core Facility. Tissue collected for frozen sectioning 

was immediately placed in cassettes containing Tissue-Tek OCT Compound (Sakura Finetek 
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U.S.A., Inc., Torrance, CA) and snap frozen in a histobath containing 2-methylbutane.  Frozen 

tissue cassettes were then stored at -80ºC until sectioning. 

Immunohistochemistry and Immunofluorescence 

Immunohistochemistry and immunofluorescence were performed either on 5 μm 

paraffin embedded or OCT frozen sections.  For morphology studies, 5 μm paraffin sections 

were stained with hematoxylin and eosin.  The following antibodies were utilized: Ki67 at 1:100 

(556003, BD Pharmingen, San Jose, CA), IGFBP-3 at 1:100 (sc-6004, Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA), and OV-6 at 1:150 (a generous gift from Dr. Stewart Sell, 

Ordway Research Institute; Albany, NY).  Staining was visualized using the appropriate 

biotinylated secondary antibody with the Vectastain Elite kit and DAB (Vector Laboratories, 

Burlingame, CA).  For IF, Alexa Fluor 488 donkey anti mouse and Alexa Fluor 568 donkey 

anti-goat (Invitrogen, Carlsbad, CA, USA) were used as secondary antibodies at 1:1000.  

Vectastain kit with DAPI (Vector Laboratories, Burlingame, CA) was used for nuclear staining.  

All slides were visualized using an Olympus B51 microscope and pictures taken on an Olympus 

U-TVO.5xc camera (Olympus, Melville, NY) with MagnaFire.  A complete list of the antibodies 

and the retrieval methods used for IHC experiments are shown in Table 2-1. 

Protein Analysis 

Protein Isolation and Quantification  

Approximately 50 mg of pooled rat liver tissue was used to obtain protein lysate for 

various Western blot experiments.  The tissues were macerated and then placed in RIPA buffer 

containing with Protease Inhibitor.  The tissue was then pipetted up and down several times with 

an 18 gauge needle and syringe until thoroughly homogenized.  The sample was then vortexed 

and centrifuged at 10,000 x g at 4 C to separate out the protein and to remove excess lipids and 
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DNA.  The supernatant was then collected in a fresh screw-cap tube.  The protein concentration 

of these samples was then quantified using the Bio-Rad DC Protein Assay (Bio-Rad, Hercules, 

CA) as per manufacturer’s instructions.  Samples were then measured in disposable cuvettes 

through the use of a spectrophotometer set to 750 nm. 

Western Blot Analysis 

For all Western blot experiments, 25 g of protein from pooled rat liver or pooled serum 

samples were utilized.  Samples were added to wells of 10% SDS-polyacrylamide precast gels 

and separated by electrophoresis.  The gels were then transferred to Immuno-Blot PVDF 

membrane (Bio-Rad, Hercules, CA) using standard techniques.  Membranes were blocked 

overnight in a 5% skim milk solution at 4 C.  Following this blocking step, membranes were 

then incubated with their respective primary antibody overnight at 4 C and then incubated with 

an HRP-conjugated secondary antibody for 1 to 2 h at room temperature. For development of the 

membrane, ECL plus Western blotting detection kit (Amersham Biosciences, Piscataway, NJ) 

was utilized.  Antibodies used for immunoblotting were as follows: IGFBP-3 at 1:1000 (Santa 

Cruz #sc-6008) and β-Actin at 1:5000 (Abcam #3280); and horseradish peroxidase 

(HRP)-conjugated IgG secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA).  

RNA Analysis 

RNA Isolation and Quantification 

Approximately 50 mg of pooled rat liver tissue was used to obtain RNA for RT-PCR and 

qRT-PCR experiments.  The tissue was first macerated and then RNABee Reagent was added to 

the tissue.  The solution was then pipetted up and down several times with an 18 gauge needle 

and syringe until thoroughly homogenized.  The homogenized samples were incubated for 5 min 

at RT to allow for the complete dissociation of the nucleoprotein complexes.  Chloroform was 
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then added to the tubes followed by brief vortexing.  The samples were then centrifuged at 

12,000 x g for 15 min at 4 C.  The upper aqueous phase of the supernatant was transferred to a 

fresh tube and the RNA was precipitated out through the addition of 70% isopropanol.  The 

samples were incubated for 10 min at RT and then centrifuged at 12,000 x g for 10 min at 4 C.  

Following centrifugation, the supernatant was removed and the RNA pellet which had formed at 

the bottom each tube was washed with 75% ethanol.  Samples were then vortexed and 

centrifuged at 7500 x g for 5 min at 4 C.  The RNA pellet was then air-dried and then dissolved 

in RNase-free water.  To measure the RNA concentration of each sample, the absorbance was 

analyzed at OD of 260 and 280 nm in a spectrophotometer.  The RNA samples were then stored 

in fresh screw-cap tubes and stored at -80 C until further use. 

RT-PCR  

The following primers were used for detection of mRNA in liver tissue obtained from 

2AAF/PHx animals.  IGFBP-3 Forward Primer: 5' GAAACACCACTGAGTCTGA-

GGAGGACC 3’ and IGFBP-3 Reverse Primer: 5’ GCGACACTGTTTCTTCTTATAGA-

ACCCCTTC 3’.  These primers generated a 352 bp fragment.  The thermocycler conditions used 

to amplify cDNA products were as follows: 95 C for 4mins, 30 cycles of 95 C for 30sec, 60 C 

for 30sec, 72 C for 1 min, and 72 C for 7 min for the final elongation step.  GAPDH primers 

were used as a positive control and primer sequences were as follows: Forward Primer 5’ 

TGAGGGAGATGC-TCAGTGTT 3’ and Reverse Primer: 5’ ATCACTGCCACTCAGAAGAC 

3’.  Following the PCR reaction, loading dye was added to each sample and then loaded into the 

wells of a 2% agarose mini-gel containing Ethidium Bromide, along with an appropriate 

molecular weight ladder.  Separation of bands was visualized using a UV light box and final 

pictures of the gels were taken using the GelDoc XR system (Bio-Rad, Hercules, CA). 
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Real-Time RT-PCR 

Quantitative Real-Time RT-PCR was performed using SA Biosciences TGF  BMP 

Signaling Pathway SuperArray pre-designed plates (PARN-035).  The list of primers used on 

these plates can be obtained from the SABiosciences website.  RNA isolation was performed as 

previously described (125).  cDNA was generated using the SuperScript III First Strand 

Synthesis System (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.  The 

standard conditions used for real-time PCR were as follows: 95°C for 10 minutes followed by 40 

cycles of 15s denaturation at 95°C, 30s annealing/elongation at 55°C.  SYBR® Green signal was 

measured at each step, and each sample normalized to -actin as an internal control.  Mean fold 

gene expression was calculated with SA Biosciences software using the Delta Delta CCT 

method. 

Enzyme-Linked Immunosorbent Assays  

Detection of secreted levels of IGFBP-3 in rat serum was performed using a 

mouse/rat IGFBP-3 ELISA kit (REF E031, Mediagnost Ltd., Reutlingen, Germany) as per 

manufacturer’s instructions.  Blood was collected via heart puncture from rats at the time of 

sacrifice on Day 9 post-PHx.  Blood was placed in collection tubes, inverted several times and 

allowed to sit at room temperature for 20 to 30 minutes.  Blood was then centrifuged for 10 

minutes at 12,000 rpm at 4 C.  The serum layer was then collected and frozen at -80°C until 

further analysis.  ELISA plate readings were obtained using a microplate reader emitting a 

wavelength of 450 nm (Reference filter ≥590 nm). 

Transwell Migration Assays 

Cell motility was assessed as previously described by Jung et al. (126).  WB-344 cells and 

isolated Thy-1+ oval cells were seeded at a concentration of 1x10
5
 cells/well onto transwell 
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membrane filters with a pore size of 5 m (Corning Incorporated Costar, Corning, NY, USA).  

Transwell plates were pre-coated with 0.006% collagen in 0.1% acetic acid for 3 h at 37 C.  

WB-344 cells were fed with DMEM/F12 50:50 media containing 10% FBS and Thy-1+ oval 

cells fed with IMDM containing 10% FBS and 1% insulin.  All cells were allowed to attach 

overnight at 37°C, 5% CO2.  To initiate migration, IGFBP-3 protein (Millipore Corp, Billerica, 

MA) was added to the lower chambers of the transwell plates at various concentrations (0.1 

ng/ml, 1 ng/ml, and 10 ng/ml) in migration buffer (respective cell medium without FBS, 

containing 0.5% BSA).  The assay was allowed to continue at 37°C, 5% CO2 for 6 h prior to 

termination.  As a negative control, some lower wells contained only migration buffer (without 

IGFBP-3),or migration buffer with IGFBP-3 at 1 ng/ml added to the upper wells only, or 

IGFBP-3 added to both the lower and upper wells.  Migration assays were performed a minimum 

of three times to ensure statistical significance. 

MTT Proliferation Assay 

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma] proliferation 

assays were performed as previously described (127).  WB-344 cells (1×10
4 

cells/well) were 

seeded in 96-well plates in DMEM/F12 50:50 (with 10% FBS) and were incubated at 37°C, 5% 

CO2, overnight.  The next day, medium was removed and the cells were cultured in serum free 

medium (DMEM/F12 50:50 with 0.5% BSA) containing either IGFBP-3 (1 ng/ml) alone, IGF-I 

(1 ng/ml) alone, or IGFBP-3 with IGF-I (both 1 ng/ml).  Plates were then incubated for 24 or 

48 h at 37°C, 5% CO2.  At the respective time-point, the MTT assay was terminated and the 

plates were then analyzed using spectrophotometer at a wavelength of 570 nm. 
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Statistical Analysis 

All results are presented as the means ±s.d, and all data shown were compiled from three 

separate experiments.  Student’s t-test was used to analyze the differences between two groups. 

Values were regarded as significant at * P < 0.05 and ** P < 0.005.  All error bars represent s.d. 
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Figure 3-1.  Schematic diagram of LPS based animal experiments.  As with the standard 

2AAF/PHx protocol, animals received a 2AAF pellet, which was implanted into the 

intraperitoneal cavity, followed by two-thirds partial hepatectomy a week later.  A.  

One group of animals (n=3) received daily i.p. injections of LPS at 5 g/kg beginning 

on Day 0 post-PHx and ending on Day 9 before being sacrificed.  B.  A second group 

of animals (n=3) received LPS injections every other day beginning on Day 0 

post-PHx and ending on Day 8 post-PHx.  All animals were sacrificed on Day 9 

post-PHx. 

 

 

Figure 3-2.  Schematic diagram of siRNA based animal studies.  As with the standard 

2AAF/PHx protocol, animals received a 2AAF pellet, which was implanted into the 

intraperitoneal cavity, followed by two-thirds partial hepatectomy a week later.  A.  

One group of animals (n=3) received IGFBP-3 siRNA injections via the tail vein on 

Day 6 and Day 8 post-PHx.  B.  A second group of animals (n=3) received IGFBP-3 

siRNA injections via the tail vein in combination with IGFBP-3 protein on Day 6 and 

Day 8 post-PHx.  All animals were sacrificed on Day 9 post-PHx. 
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Table 3-1.  Antibodies used for immunohistochemistry experiments. 

Antibody Host Concentration Section Retrieval Company 

IGFBP-3 Goat 1:100 Paraffin Citrate Santa Cruz 

IGFBP-3 Rabbit 1:100 Frozen None Santa Cruz 

Ki67 Mouse 1:100 Paraffin Citrate BD Biosciences 

AFP Mouse 1:150 Paraffin Trilogy Dako 

OV-6 Rabbit 1:150 Frozen None Gift from Dr. S. Sell 

Thy-1 Mouse 1:100 Cell cytospin None BD Biosciences 

CYP3A2 Rabbit 1:100 Paraffin Citrate Fitzgerald 
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CHAPTER 4 

ANALYSIS OF IGFBP-3 EXPRESSION DURING OVAL CELL-MEDIATED LIVER 

REGENERATION IN THE RAT  

Introduction 

Although IGFBP-3 is primarily produced in the liver under normal conditions by non-

parenchymal cells such as Kupffer cells (61), changes in expression of IGFBP-3 during oval cell-

mediated liver regeneration have never been examined.  As previously stated, several reports 

have demonstrated either increased or decreased expression of other IGFBPs following partial 

hepatectomy alone and have shown that IGF-IR is upregulated in response to liver injury 

(93, 95, 97, 99, 128).  In addition to this, oval cells have been previously shown to express 

IGF-II (29), which suggests a possible role for the IGFBPs during oval cell-mediated liver 

regeneration, which may be IGF-dependent.   

To verify whether or not IGFBP-3 is expressed during oval cell-mediated liver 

regeneration, rat livers were harvested at standard time points (n=3 animals per time point) from 

rats that had previously undergone 2AAF/PHx.  As a control, livers were also harvested from 

normal rats that had not been implanted with a 2AAF pellet or undergone a two-thirds partial 

hepatectomy.   

Protein and RNA were then isolated from these liver samples and utilized for Western blot 

and RT-PCR analysis respectively to determine expression levels of IGFBP-3 during oval 

cell-mediated liver regeneration.  Some liver was also used for paraffin and frozen tissue 

sectioning and stained for IGFBP-3 to further examine the expression pattern of this protein and 

to determine if oval cells express IGFBP-3.  In addition to this, serum was collected during 

sacrifice at these time points for ELISA analysis to determine IGFBP-3 levels in the blood 

during 2AAF/PHx.  
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Results 

Expression of IGFBP-3 in the Liver and Serum During Oval Cell-Mediated Liver 

Regeneration 

RT-PCR analysis of cDNA obtained from whole, pooled liver samples from animals that 

had undergone 2AAF/PHx determined that IGFBP-3 mRNA is in fact present at all time points 

during this protocol (Figure 4-1A).  In addition to this, Western blot analysis performed on 

protein isolated from these same liver samples determined that IGFBP-3 protein is also present at 

all time points during the 2AAF/PHx protocol (Figure 4-1B).  In figure 4-1B, expression of 

IGFBP-3 protein becomes slightly decreased in the days following partial hepatectomy 

(Days 0-3).  In contrast, IGFBP-3 expression increased beginning on Day 9 of the 2AAF/PHx 

protocol (Figure 4-1C, **P< 0.005).  IGFBP-3 protein levels remained elevated in comparison to 

the normal rat until Day 17, after which IGFBP-3 levels began to decrease and returned to basal 

levels by Day 22.  The increased presence of IGFBP-3 protein at peak days of oval cell 

proliferation was further confirmed though the analysis of serum harvested from these same 

animals.  ELISA analysis of secreted IGFBP-3 determined thatIGFBP-3 protein levels at Days 9 

and 11 post-PHx were  significantly higher compared to serum levels of IGFBP-3 normal 

animals (Figure 4-2, *P< 0.05).  By Day 13, serum levels began to decrease and returned to basal 

levels by Day 22 of the study.   

The presence of IGFBP-3 protein in the liver was further confirmed by histological 

analysis through the use of an IGFBP-3 specific antibody.  IGFBP-3 expression in the normal 

liver appeared to be evenly distributed throughout the tissue, as evidence by positive IGFBP-3 

signaling in cells located in between hepatocytes as seen in Figure 4-3, A and B.  However, on 

Day 9 post-PHx, the distribution and intensity of IGFBP-3 protein expression is altered in 

comparison to normal liver tissue.  Highly positive areas of IGFBP-3 staining can be found in 
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cells surrounding the central vein (Figure 4-3, C and D).  In addition to this, there are a few 

scattered cells around the periportal region of the liver lobule, in close proximity to the 

infiltrating oval cells, which also stain positive for IGFBP-3 protein expression (Figure 4-3, E 

and F).   

IGFBP-3 is Expressed by Non-Parenchymal Cells During Peak Days of Oval Cell 

Proliferation in the Regenerating Liver 

Due to the fact that IGFBP-3 levels in the liver become elevated during peak days of oval 

cell proliferation, we set out to determine whether or not IGFBP-3 protein was being produced 

by the oval cells themselves.  Following a two-step collagenase digestion of the liver and simple 

gravitational enrichment of the isolated liver cells, we obtained the NPC fraction of cells which 

were then adhered to glass microscope slides and dual-stained for expression of IGFBP-3 and the 

oval cell marker, Thy-1.  Results of this dual immunofluorescent stain indicate a lack of 

co-localization between Thy-1 and IGFBP-3 (Figure 4-4).  This would indicate that the Thy-1+ 

oval cells do not express IGFBP-3, and that another cell population, most likely the Kupffer 

cells, is responsible for the increase in IGFBP-3 expression during oval cell-mediated liver 

regeneration. 

Discussion 

Through these experiments, we were able to demonstrate that IGFBP-3 protein and mRNA 

are present in the liver during oval cell-mediated liver regeneration.  Additionally, we 

determined that IGFBP-3 protein expression is increased, both in the liver and as a secreted 

protein in the serum, during peak days of oval cell proliferation (Days 9-11).  Although protein 

levels of IGFBP-3 in the liver remain elevated until approximately Day 17, IGFBP-3 levels in 

the serum begin to decrease shortly after Day 11 post-PHx in the rat.  This decrease in detected 

IGBFP-3 levels secreted into the serum may be due to increased levels of matrix 



 

61 

metalloproteinases (MMPs) in the liver, which are believed to facilitate oval cell infiltration into 

the regenerating liver and have also been found to degrade IGFBP-3.  MMPs function by 

degrading basement membrane protein and play a key role in matrix remodeling during 

morphogenesis and tissue repair (129).  Previous studies by Van et al. have shown that MMP-2 

and MMP-9 mRNA levels are elevated in the liver during oval cell-mediated regeneration and 

correlate with peak days of oval cell proliferation (130).  In this study, MMP-2 and MMP-9 

mRNA levels were shown to reach maximum levels at Days 9-14 post-PHx and decreased 

thereafter.  In addition to this, in situ hybridization experiments determined that MMP-2 and 

MMP-9 were predominantly expressed by the oval cell themselves at these time points (130).  

Interestingly, MMPs such as MMP-2, -7 and -9, have also been shown to cleave IGFBP-3 at 

specific proteolytic cleavage sites (131, 132).  This process is yet another mechanism by which 

IGFs are released from IGFBP-3 and therefore free to interact with their respective IGF receptor 

to initiate proliferative and antiapoptotic cell functions (133).   

Another possible explanation for the difference in IGFBP-3 protein in the liver and 

secreted IGFBP-3 at Days 11 and 13 is that IGFBP-3 protein in the liver is binding to cell surface 

receptors, such as the TGF- RV, or is translocated into the various liver cells through retinoid X 

receptors, thus protecting the protein from MMP degradation and maintaining elevated levels of 

IGFBP-3 in the liver as detected by Western blot analysis.  Therefore, as oval cells begin 

infiltrating the liver and increasing production of MMPs, such as MMP-2 and 9, excess or 

unbound IGFBP-3 protein in the liver may be cleaved, resulting in decreased levels of whole 

IGFBP-3 protein that is able to reach the bloodstream in rats at the later time points (Days 13 and 

17) following 2AAF/PHx.  Additional studies would need to be conducted in order to determine 

the exact mechanism by which IGFBP-3 levels in the liver help mediate oval cell activation and 
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to determine if IGFBP-3 protein is somehow protected from degradation during oval cell 

infiltration into the damaged liver. 

IGFBP-3 staining of liver tissue at Day 9 post-PHx demonstrates a unique change in 

IGFBP-3 protein distribution compared to normal liver tissue.  At Day 9 post-PHx, we report an 

increase in IGFBP-3 expression around the central vein, with a few scattered cells positive for 

IGFBP-3 around the portal triad region.  The unequal distribution of IGFBP-3 protein in the liver 

suggests that IGFBP-3 may act as a potential chemoattractant of these oval cells across a 

concentration gradient during oval cell-mediated regeneration.  It is well established that oval 

cells entering the liver at the periportal region begin rapidly proliferating and undergo the 

process of differentiating into small, basophilic hepatocytes, and eventually mature hepatocytes.  

Distribution of IGFBP-3 during the peak of oval cell proliferation suggests that oval cells initiate 

the regenerative process, where IGFBP-3 concentrations are relatively low, and then migrate 

toward the central vein, where IGFBP-3 concentrations are much higher.   

Dual IF staining of non-parenchymal cells demonstrated that IGFBP-3 expression does not 

co-localize with the Thy-1+ oval cell population, which would indicate that oval cells do not 

produce IGFBP-3.  However, previous reports have demonstrated the that oval cells are capable 

of responding to several factors secreted by other non-parenchymal cell populations, such as the 

stellate cells, which secrete factors such as HGF, TGF-α and TGF-β (29).  Therefore, it possible 

that oval cells are activated in response IGFBP-3 protein production from another non-

parenchymal cell population during oval cell-mediated liver regeneration.  As oval cells have 

been shown to express IGF-II, it is possible that IGFBFP-3, which can bind both IGF-I and 

IGF-II, may mediate oval cell migration and proliferation in an IGF-dependent manner during 

this specific type of liver regeneration.   
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In addition to the change in IGFBP-3 distribution in the liver during oval cell-mediated 

liver regeneration, there also appears to be a shift in the types of cells that are positive for 

IGFBP-3 expression at Day 9 post-PHx in comparison to normal liver.  In normal liver, IGFBP-3 

is expressed by non-parenchymal cells such as Kupffer cells however; it appears in liver sections 

at Day 9 post-PHx that several hepatocytes around the central vein and a few scattered around 

the portal triad are strongly positive for IGFBP-3 expression (Figure 4-3).  Although previous 

reports state that IGFBP-3 mRNA and protein are not produced by hepatocytes in the liver under 

normal conditions (60, 61), it is possible that hepatocytes may begin to produce IGFBP-3 mRNA 

and/or protein in response to their inhibited ability to proliferate (as a result of 2AAF 

administration) or in response to liver injury during oval cell-mediated liver regeneration.  

However, it is unclear at this point whether hepatocytes are expressing the protein directly or if 

IGFBP-3 is merely binding to cell surface receptors present on the hepatocytes.  Further 

experiments will need to be conducted in order to determine which of the two possibilities is 

occurring during oval cell-mediated liver regeneration. 
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Figure 4-1.  Expression of IGFBP-3 mRNA and protein in liver during the 2AAF/PHx time course.  A.  

RT-PCR analysis of normal rat liver (NRL) and liver taken at standard 2AAF/PHx time 

points verifies IGFBP-3 mRNA expression during oval cell-mediated liver regeneration.  B. 

Western blot analysis performed on protein isolated from liver taken at standard 2AAF/PHx 

timepoints and probed for IGFBP-3.  Protein from NRL was used as a control.  IGFBP-3 

significantly decreased following PHx (Day 0), and then increased significantly to levels 

greater than NRL by Day 9.  Levels remained elevated until Day 17 and then decreased to 

baseline levels by Day 22.  C.  Semi-quantitative analysis of IGFBP-3 protein expression.  

Data shown were compiled from three independent experiments. Expression was normalized 

to -actin and significance calculated compared to control animals.  **P < 0.005. 
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Figure 4-2.  Enzyme-linked immunosorbent assay for IGFBP-3 protein expression in rat serum 

during oval cell-mediated liver regeneration.  Serum from untreated rats (NRL) was 

used as a control.  Levels of IGFBP-3 decreased after PHx (Day 0) and continued to 

decrease until Day 7 post-PHx.  At Days 9 and 11, IGFBP-3 levels were significantly 

increased compared to NRL serum levels. By Day 13, serum levels again decreased 

and returned to approximately baseline levels by Day 22. * P < 0.05 

 



 

66 

 

Figure 4-3.  Changes in IGFBP-3 protein distribution during hepatic regeneration.  A-F. IHC analysis of 

IGFBP-3 expression in the normal rat liver (A and B) and at Day 9 post-PHx (C-F).  In the 

normal liver, IGFBP-3 expression is distributed throughout the tissue, with areas of strong 

signal in the interstitial space between adjacent hepatocytes (A and B).  Following 

2AAF/PHx, there is an increase in IGFBP-3 expression at Day 9 around the central vein 

(C and D).  IGFBP-3 expression can also be found around the portal triad region in Day 9 

post-PHx tissue, where oval cell infiltration into the regenerating liver is taking place (E and 

F).  Oval cells do not appear to be positive for IGFBP-3 expression.  Portal triad (PT), Central 

vein (CV).  A, C, E, 10x; B, D, F, 20x. 
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Figure 4-4.  IGFBP-3 is not expressed by Thy-1+ oval cells at Day 9 post-PHx in the rat.  Dual 

immunofluorescent stain of a cytospins using cells obtained from the NPC fraction of 

the liver following a two-step collagenase digestion of the organ.  NPCs were stained 

with antibodies specific for Thy-1 and IGFBP-3 expression.  Merged image indicates 

that Thy-1+ oval cells do not expression IGFBP-3.  20x magnification.   
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CHAPTER 5 

IGFBP-3 INDUCES OVAL CELL AND WB-344 CELL MIGRATION AND INHIBITS IGF-I 

INDUCED PROLIFERATION IN VITRO 

Introduction 

To determine whether IGFBP-3 could act as a potential chemoattractant and induce oval 

cell migration, we established transwell migration assays utilizing Thy-1+ isolated oval cells at 

Day 9 post-PHx and WB-344 rat liver epithelial cells, a cell line that displays liver stem cell 

properties.  WB-344 cells are cells that have been isolated from the liver of an adult male 

Fischer-344 rat.  The phenotypic property of these cells in culture resembles the bipotential 

nature of the hepatic stem cell population known as oval cells and are therefore used as model 

for the studying the in vitro properties of these oval cells (134, 135).  In addition to promoting 

cell migration, several groups have reported the effects of IGFBP-3 on either promoting or 

inhibiting the proliferative ability of cells both in vitro and in vivo (115, 136, 137).  To determine 

what effect IGFBP-3 has on oval cell proliferation, we established several MTT proliferation 

assays again using WB-344 stem-like cell line.  Because IGFBP-3 has been shown to mediate 

many of its effects either independently or dependently on the presence of IGF-I, we included 

IGF-I at equal concentrations to IGFBP-3.   

Results 

Oval Cell and WB-344 Cell Migration Assays 

In the presence of IGFBP-3, there was a significant increase in the number of migrating 

Thy-1+ oval cells in wells containing IGFBP-3 at 0.1 ng/ml and 1.0 ng/ml, compared to the 

number of cells induced to migrate in chambers containing media with FBS alone (Figure 5-1).  

Interestingly, IGFBP-3 at the highest concentration (10 ng/ml) appeared to inhibit oval cell 

migration in comparison to control wells containing FBS alone.  The effect of IGFBP-3 on oval 

cell migration was further confirmed through the use of WB-344 cells under the same conditions 
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and concentrations of IGFBP-3.  As with the Thy-1+ oval cells, there was a significant increase 

in the number of migrating WB-344 cells in the presence of IGFBP-3, with relatively similar 

effects at concentrations of 0.1 ng/ml and 1.0 ng/ml (Figure 5-2).  However, unlike oval cell 

migration, the most significant number of migrating WB-344 cells were detected in chambers 

containing the highest concentration of IGFBP-3 (10 ng/ml).  The reason for this difference 

between the two cell lines in high concentrations of IGFBP-3 is unclear however; the results of 

these assays suggest that IGFBP-3 can act as a potent chemoattractant for both WB-344 and 

Thy-1+ oval cells at relatively low concentrations.  Based on results obtained from using the 

Thy-1+ oval cells, we believe that IGFBP-3, at high concentrations, may negatively regulate the 

migration of these cells in vivo. 

WB-344 Cell Proliferation Assays 

Following exposure to IGF-I at 1 ng/ml for 24 h, WB-344 cell proliferation was 

significantly increased compared to cells in BSA alone.  Alternatively, WB-344 cells exposed to 

IGFBP-3 showed little difference in cell proliferation after 24 h (Figure 5-3).  However, when 

cells were exposed to IGF-I in the presence of IGFBP-3, cellular proliferation was significantly 

suppressed (*P<0.05).  Following 48 h and 72 h of exposure, no significant changes in 

proliferation could be detected in any of the experimental conditions. 

Discussion 

In conclusion, in vitro migration assays determined that both isolated oval cell and 

WB-344 cells are responsive to IGFBP-3 at low concentrations, indicating that IGFBP-3 may act 

as a potential chemoattractant to oval cells during liver regenerations.  The inhibitory effects that 

high levels of IGFBP-3 displayed on oval cell migration may indicate that there is a fine balance 

between oval cell migration and IGFBP-3 levels in the liver in order to properly regulate oval 

cell activity during this process.  As Western blot and ELISA analysis has shown, IGFBP-3 
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protein levels are initially low in the liver and serum in the first few days following partial 

hepatectomy.  This decrease in IGFBP-3, in addition to other factors, may initiate an oval cell 

response, leading to an increase in oval cell migration into the injured liver.  As the process of 

oval cell-mediated liver regeneration continues, we see an increase in IGFBP-3 protein 

expression in the serum and liver which correlates with the peak of oval cell proliferation.  Here, 

increased IGFBP-3 levels in the liver and serum may act to inhibit further oval cell migration 

into the regenerating organ.  This theory is supported by the difference in tissue distribution of 

IGFBP-3 protein that is detected in the liver.  At Day 9 post-PHx we see a high amount of 

IGFBP-3 staining around the central vein, with little IGFBP-3 around the portal triad region 

where infiltrating oval cells are seen entering the liver.  It is possible that IGFBP-3 acts to 

stimulate oval cell migration in a concentration dependent manner from the portal triad region 

towards the central vein where IGFBP-3 levels are increased.  Once oval cells reach the area of 

liver surrounding the central vein, they encounter elevated IGFBP-3, possibly signaling them to 

stop migrating and begin differentiating toward either the hepatocyte or biliary lineage. 

In addition to promoting cell migration, IGFBP-3 was found to inhibit cell proliferation in 

the presence of IGF-I when added at equal concentrations.  Because IGFBP-3 has been shown to 

mediate many of its effects either independently or dependently on the presence of IGF-I, these 

experiments leads us to believe that IGFBP-3 induced effects on oval cell activation may be 

IGF-dependent.  Based on the known functions of IGFBP-3, this phenomenon suggests that 

IGFBP-3 may be binding to free IGF-I in the culture medium and sequestering it, which may 

inhibit IGF-I from promoting cell proliferation in vitro.  Due to the similarities between oval 

cells and the WB-344 cell line, these results would suggest that hepatic oval cells may be 

responsive to IGF-I and that the effects mediated by IGFBP-3, in vitro or in vivo, may be IGF-I 
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dependent.  Further experiments would need to be performed to determine if oval cells express 

the receptor for IGF-I, which would further suggest a possible role for IGFBP-3 mediated 

migration and proliferation which is dependent on the presence of IGF-I.   
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Figure 5-1.  IGFBP-3 acts a potent chemoattractant for Thy-1+ oval cells at low concentrations.  

Analysis of transwell migration assays using Thy-1+ isolated oval cells and various 

concentrations of IGFBP-3 (0.1, 1, and 10 ng/ml) added to the bottom wells.  Oval 

cell migration increased significantly in the presence of IGFBP-3 with relatively 

similar effects at 0.1 ng/ml and 1.0 ng/ml.  When the highest concentration of 

IGFBP-3 was used (10 ng/ml), oval cell migration was significantly inhibited.  Data 

shown were compiled from three independent experiments. *P < 0.05, **P<0.005. 
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Figure 5-2.  IGFBP-3 acts as a potent chemoattractant for the WB-344 oval cell line at various 

concentrations.  Analysis of transwell migration assays using WB-344 cells and 

various concentrations of IGFBP-3 (0.1, 1, and 10 ng/ml) added to the bottom wells.  

WB-344 cell migration increased significantly in the presence of IGFBP-3 with 

relatively similar effects at 0.1 ng/ml and 1.0 ng/ml.  The most dramatic increase in 

cell migration was seen when the highest concentration of IGFBP-3 was used 

(10 ng/ml).  Data shown were compiled from three independent experiments.  

*P <0.05. **P<0.005. 
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Figure 5-3.  IGFBP-3 inhibits IGF-I induced proliferation of WB-344 cells.  MTT proliferation 

assays were performed on WB-344 cells in vitro.  After 24 h, IGFBP-3 alone had no 

effect on WB-344 cell proliferation.  IGF-I (1 ng/ml) significantly increased WB-344 

cell proliferation compared to cells treated with media containing BSA (0.5%) alone.  

When IGFBP-3 (1 ng/ml) and IGF-I were added together, the proliferative effect of 

IGF-I was significantly inhibited.  Following 48 h and 72 h, all conditions showed 

relatively the same amount of WB-344 cell proliferation.  Data shown were compiled 

from three independent experiments. *P < 0.05. 
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CHAPTER 6 

LPS ADMINISTRATION DURING LIVER REGENERATION INHIBITS IGFBP-3 

EXPRESSION AND REDUCES OVAL CELL ACTIVATION IN VIVO 

Introduction 

Endotoxin, also known as lipopolysaccharide (LPS), is a cell wall component that 

surrounds Gram-negative bacteria such as E. coli, which often provokes a strong immune 

response in both humans and animals.  Previous studies have shown that LPS administration to 

rats is effective at reducing gene expression of IGF-I in the liver, which in turn, greatly reduces 

the amount of circulating IGF-I present in the serum (138).  The inhibitory effect of LPS on the 

IGF-I axis is also exerted on IGFBP-3.  Studies by Priego et al. found that rats treated with very 

low concentrations of LPS (5 g/kg) displayed decreased levels of secreted IGFBP-3 protein and 

mRNA in the liver, with no significant changes in the levels of IGF-I protein and mRNA levels 

in serum and liver, respectively (123, 139).  Decreased protein expression of IGFBP-3 in liver is 

believed to be the result of increased activation of Kupffer cells in response to LPS treatment.   

To determine if LPS induced suppression of IGFBP-3 expression in the liver during oval 

cell-mediated liver regeneration could significantly alter oval cell activation during this 

phenomenon, we established two experimental animal models.  One group of rats received 

2AAF/PHx in combination with either daily injections of LPS (Group A) or 2AAF/PHx in 

combination with LPS injections every other day (Group B), both beginning on Day 0.  Based on 

the aforementioned studies, we chose to administer the lowest possible dose of LPS necessary to 

inhibit IGFBP-3 production in the liver without producing any significant changes in IGF-I 

expression in the liver.  At the conclusion of these experiments, analysis of the LPS treated livers 

from Groups A and B found that there was no significant difference in oval cell activation 

between the two experimental groups.  Therefore, all results shown in this section are 
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representative of the group of animals that received daily, i.p. LPS injections at a concentration 

of 5 g/kg (Group A). 

Results 

Confirmation of Reduced IGFBP-3 Expression in the Liver Following LPS Administration 

RT-PCR analysis of RNA isolated from LPS treated animals demonstrated that IGFBP-3 

mRNA is still present in the liver during oval cell-mediated liver regeneration, indicating that 

LPS does not completely inhibit IGFBP-3 gene transcription in the liver (Figure 6-1A).  

However, Western blot analysis of LPS treated animals demonstrates a significant reduction in 

IGFBP-3 protein (~60% decrease) in the livers of these animals in comparison to animals at Day 

9 post-PHx alone and normal, untreated animals (Figure 6-1, B and C).  A reduction in IGFBP-3 

protein was further confirmed through ELISA analysis.  Serum harvested from LPS treated 

animals at Day 9 post-PHx displayed significantly reduced levels of circulating IGFBP-3 protein 

in comparison to both normal liver and liver from animals at Day 9 post PHx alone (Figure 6-2).  

These results are support the findings of the aforementioned studies by Priego et al. in which 

LPS was shown to significantly suppress IGFBP-3 protein expression in liver and serum of 

treated rats.  These findings however, are the first to show that LPS in combination with 

2AAF/PHx confers a similar response in IGFBP-3 protein expression. 

LPS Administration Results in Decreased Oval Cell Activation Following 2AAF/PHx in the 

Rat 

Once we confirmed that IGFBP-3 protein in rat liver and serum were significantly 

suppressed in animals treated with LPS following 2AAF/PHx, we then set out to determine what 

effects this would have on the oval cell response during the peak of cell proliferation during liver 

regeneration.  Hematoxylin and eosin staining of LPS treated livers at Day 9 post-PHx revealed 

that although small, ovoid cells are present in the liver tissue at this time point, there was a 
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dramatic decrease in the number of these cells infiltrating in and around the portal triad region in 

comparison to untreated animals at Day 9 following 2AAF/PHx alone (Figure 6-3).  To further 

confirm that these small, ovoid cells are in fact the oval cell population, we then performed OV-6 

staining on these livers.  Day 9 post-PHx is a well established time point that is used to mark the 

peak of oval cell proliferation.  At this stage during oval cell-mediated liver regeneration, we 

would expect to find numerous OV-6 positive oval cells that are actively undergoing 

proliferation in order to compensate for the loss of liver tissue and inactivation of hepatocyte 

activity.  However, Figure 6-4 clearly shows the dramatic reduction in the number of OV-6 

positive cells infiltrating the liver around the portal triad region in the LPS treated livers at Day 9 

post-PHx in comparison to untreated animals at Day 9 post-PHx.  In addition to the reduction in 

the oval cell response in these LPS treated livers; we also noted a decrease in the number of cells 

that were actively undergoing proliferation as evidenced by a lack of Ki67 positive staining in 

the cells surrounding the periportal region of the liver lobule (Figure 6-5).  At Day 9 post-PHx 

alone, there are several small, ovoid shaped cells around the periportal region which are Ki67 

positive whereas the LPS treated livers display few if any cells that are positive for Ki67.   

To further confirm that the loss of IGFBP-3 protein expression in the liver correlates with a 

significant decrease in oval cell activation in the LPS treated livers, we performed a dual 

immunofluorescent stain for IGFBP-3 and OV-6 expression.  Here, at Day 9 post-PHx we again 

see large number of OV-6 positive cells around the portal triad region of liver, the presence of 

which is absent in the LPS treated livers at Day 9 (Figure 6-6).  In addition to this, we also see a 

large amount of positive staining for IGFBP-3 protein expression in this region in the untreated 

livers at Day 9 post-PHx.  When these images are merged, we see that there are cells which are 

highly positive for IGFBP-3 which are directly adjacent (or in close proximity) to the infiltrating 
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OV-6 positive oval cells in the portal triad region at Day 9 post-PHx alone.  In contrast however, 

very little IGFBP-3 staining is present in the LPS treated livers at Day 9 post-PHx (Figure 6-6, 

merge). 

Due to the fact that LPS acts as a toxin and triggers physiological and endocrinological 

responses to sepsis within the body, we wanted to determine if any functional changes within the 

cells of these LPS treated livers could account for the reduced oval cell response in comparison 

to untreated livers at Day 9 post-PHx.  Cytochrome P450 (P450) enzymes are responsible for the 

metabolism of various drugs, xenobiotics, and endogenous substrates.  CYP3A2 is one of the 

major P450 enzymes in liver microsomes which is found only in male rats, and is the main 

isoform responsible for the production of reactive oxygen species (ROS) in comparison to other 

P450 isoforms.  Immunohistochemical analysis of CYP3A2 expression in these livers shows a 

dramatic increase in P450 staining in animals treated with LPS in comparison to untreated 

animals at Day 9 post-PHx (Figure 6-7).   

Discussion 

LPS is known to trigger several physiological and endocrinological responses to sepsis 

within the body including secretion of inflammatory cytokines, and cell apoptosis.  Because of 

this, the direct effects of LPS on oval cell activation during liver regeneration are difficult to 

determine and decreased oval cell activation following LPS treatment may not necessarily be the 

result of changes in IGFBP-3 expression.  Although LPS administration during oval cell-

mediated liver regeneration was found to suppress IGFBP-3 protein levels in serum and in the 

liver, it is unclear if this decrease alone is a direct factor in the decreased presence of oval cells 

during liver regeneration, or if reduced oval cell activation is a side effect of LPS induced 

toxicity in the rat.  This notion that administration of LPS during oval cell-mediated liver 

regeneration induced toxicity within the liver is supported by the finding of increased P450 
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expression in LPS treated livers in comparison to Day 9 post-PHx alone.  Therefore, it would 

appear that administration of LPS triggers an increase in P450 expression in the liver, which in 

turn may lead to elevated levels of reactive oxygen species, activation of TNF-  signaling, or 

activation of other signaling pathways which could account for the decrease in the number of 

oval cells during liver regeneration. 

In light of this, we determined that a direct cause and effect relationship between IGFBP-3 

and oval cell activation during 2AAF/PHx needed to be established.  We therefore decided to 

utilize siRNA to directly target and knockdown IGFBP-3 expression during oval cell-mediated 

liver regeneration. 
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Figure 6-1.  LPS inhibits IGFBP-3 protein expression in livers at Day 9 following 2AAF/PHx.  

A.  RT-PCR analysis of RNA isolated from NRL, and livers at Day 9 post-PHx alone 

or in combination with LPS treatment.  IGFBP-3 mRNA is detected in the liver 

following administration of LPS. B. Western blot analysis determined that IGFBP-3 

expression is significantly down regulated in the liver at Day 9 in animals that 

received LPS compared to livers at Day 9 following 2AAF/PHx alone.  C.  

Semi-quantitative analysis of IGFBP-3 protein expression.  Data shown were 

compiled from three independent experiments.  Expression was normalized to -actin 

and significance calculated compared to control animals.  **P <0.005 
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Figure 6-2.  LPS administration results in a significant reduction in circulating IGFBP-3 protein 

in serum at peak oval cell proliferation.  Enzyme-linked immunosorbent assay for 

IGFBP-3 protein expression was performed on rat serum harvested from normal, 

untreated animals and animals that received 2AAF/PHx alone or in combination with 

LPS.  Animals treated with LPS during the 2AAF/PHx time course show dramatically 

reduced IGFBP-3 protein levels in serum compared to control animals and animals at 

Day 9 post-PHx.  **P <0.005 
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Figure 6-3.  LPS administration leads to a reduction in oval cell response at Day 9 post-PHx.  

Hematoxylin and eosin staining of Day 9 liver tissue from animals that received 

2AAF/PHx alone (A-B) and 2AAF/PHx in combination with LPS administration 

(C-D).  Note the reduction of infiltrating oval cells around the portal triad region of 

the liver in LPS treated animals (C-D) compared to animals at Day 9 following 

2AAF/PHx alone (A-B).  A and C, 10x, B and D, 20x.   
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Figure 6-4.  LPS administration reduces the number of OV-6 positive oval cells at Day 9 

following 2AAF/PHx.  A, B, C.  OV-6 staining of liver sections at Day 9 following 

2AAF/PHx alone.  D, E, F.  OV-6 staining of LPS treated livers at Day 9 post-PHx.  

Note the significant reduction in OV-6 positive cells around the portal triad region of 

the liver in the LPS treated animals compared to 2AAF/PHx alone at Day 9 post PHx. 

A and D, 5x; B and E, 20x; C and F, 40x. 
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Figure 6-5.  LPS administration reduces the number of proliferating cells during oval 

cell-mediated liver regeneration.  A-B.  Representative Ki67 stain of liver at Day 9 

post-PHx alone.  C-D.  Ki67 stain of LPS treated liver at Day 9 post-PHx.  Note the 

difference in the number of proliferating, KI67 positive cells around the portal triad 

region in livers treated with 2AAF/PHx alone compared to LPS treated livers taken at 

Day 9 post-PHx.  A and C, 10x; B and D, 20x. 
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Figure 6-6.  Dual immunofluorescent staining of livers at Day 9 post-PHx confirms loss of 

IGFBP-3 expression and reduction in OV-6 positive oval cells in LPS treated 

animals.  A.  Representative dual-IF stain of a Day 9 post-PHx liver section from an 

untreated animal.  Note the large number of OV-6 positive oval cells infiltrating into 

the liver from the portal triad during peak oval cell proliferation.  Also present in the 

sections are a number of cells that are positive for IGFBP-3 expression.  Merge image 

again confirms that the OV-6 positive oval cells do not express IGFBP-3.  

B. Representative dual-IF stain of a Day 9 post-PHx liver section from an LPS treated 

animal.  Note the reduction in OV-6 positive cells in these LPS treated livers.  Also, 

there is a reduction in the amount of IGFBP-3 staining around the portal triad region 

compared to untreated Day 9 post-PHx livers, further confirming that LPS reduces 

IGFBP-3 protein expression in the liver.  A and B, 20x. 
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Figure 6-7.  LPS treated animals display increased expression of the cytochrome P450 isoform 

CYP3A.  A-B.  Representative P450 staining of liver at Day 9 post-PHx alone.  C-D.  

P450 staining of liver taken from LPS treated animals at Day 9 post-PHx.  LPS livers 

display a significant increase in P450 expression compared to animals at Day 9 

post-PHx alone.  A and C, 10x; B and D, 20x. 
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Figure 6-8.  Normal rat liver control stains.  A.  Representative normal liver tissue stained for 

OV-6.  As expected, the only OV-6 positive cells in normal liver are the bile duct 

epithelial cells.  B.  Representative Ki67 stain of normal rat liver stained to determine 

cell proliferative activity.  Normal rat liver contains very few cells at any given time 

point that are actively undergoing replication as evidenced by few, if any Ki67 

positive cells.  C.  P450 stain of normal rat liver showing characteristic expression of 

cytochrome P450.  A-C, 10x. 
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CHAPTER 7 

KNOCKDOWN OF IGFBP-3 ENHANCES OVAL CELL ACTIVATION AND ALTERS 

OVAL CELL DIFFERENTIATION DURING LIVER REGENERATION 

Introduction  

Based on the results of our in vitro experiments demonstrating that IGFBP-3 at low levels 

can act as a chemoattractant and inhibit IGF-I induced cell proliferation, we hypothesized that 

IGFBP-3 may play a role in regulating the activation of oval cells in vivo.  We therefore set out 

to inhibit IGFBP-3 expression during the peak of oval cell proliferation by utilizing siRNA 

technology in our 2AAF/PHx model of oval cell induction.  In order to accomplish this, a 

combination of three different siRNA constructs against IGFBP-3 were utilized to maximize 

knockdown of IGFBP-3 expression in the liver.  In addition to this, we performed a recovery 

experiment in which animals received injections of exogenous IGFBP-3 protein in addition to 

siRNA treatment.  As with previous experiments, RNA and protein were isolated from livers 

which were harvested at the peak of oval cell proliferation (Day 9 post-PHx).    

Results 

Confirmation of IGFBP-3 Knockdown in siRNA Treated Animals  

Western blot analysis of pooled liver protein at Day 9 post-PHx confirmed a significant 

loss of IGFBP-3 protein in animals that received IGFBP-3 siRNA during oval cell-mediated liver 

regeneration (Figure 7-1, A).  Semi-quantitative analysis determined that this difference in 

protein expression accounts for an approximate 84% decrease in IGFBP-3 protein compared to 

animals that received 2AAF/PHx alone and an 80% decrease compared to animals that received 

negative control siRNA (Figure 7-1, B).  Additionally, IGFBP-3 expression levels in animals 

treated with additional IGFBP-3 protein was almost equal to that of levels seen in animals that 

had been treated with 2AAF/PHx alone or those treated with negative control siRNA at Day 9 

post-PHx (Figure 7-1, B).   
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In addition to Western blot analysis, secreted levels of IGFBP-3 protein were also 

measured using ELISA techniques.  Similar to previous results, secreted IGFBP-3 levels in the 

serum were again significantly decreased in animals treated with IGFBP-3 siRNA at Day 9 

(Figure 7-2).  Animals that received IGFBP-3 siRNA in addition to exogenous IGFBP-3 protein 

displayed significantly increased levels of IGFBP-3 levels in their serum compared to animals 

treated with IGFBP-3 siRNA alone.  However, the levels were not as high as those detected in 

animals treated with negative control siRNA or at Day 9 post-PHx. 

As final confirmation of suppressed protein expression as a result of siRNA treatment, 

liver sections were stained for the expression of IGFBP-3 protein.  At Day 9 post-PHx, IGFBP-3 

protein in the liver is highly expressed in cells around the central vein, spreading outward toward 

the portal triad region (Figure 7-3, A and B).  Strong IGFBP-3 staining can also be detected in a 

few cells which surround the infiltrating oval cells at this time point.  In contrast, IGFBP-3 

staining of liver from animals treated with IGFBP-3 siRNA alone showed a dramatic reduction 

in IGFBP-3 protein in the cells surrounding the portal triad region and the cells surrounding the 

central veins (Figure 7-3, C and D).  However, it is interesting to note that livers treated with 

exogenous IGFBP-3 protein in addition to IGFBP-3 siRNA display elevated levels of IGFBP-3 

around the central vein and in a few cells around the portal triad region (Figure 7-3, E and F).  

This pattern of IGFBP-3 staining is phenotypically similar to IGFBP-3 staining found in Day 9 

post-PHx livers (Figure 7-3, A and B) and in those animals treated with negative control siRNA 

(Figure 7-9, C). 

Loss of IGFBP-3 Expression Results in Increased Oval Cell Proliferation and the 

Formation of Atypical Ductular Structures 

Hemotoxylin and eosin staining of liver sections from IGFBP-3 siRNA treated animals at 

Day 9 post-PHx show a dramatic increase in the number of small ovoid cells present around the 
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periportal region of the liver compared to sections from animals that received 2AAF/PHx alone 

(Figure 7-4) or negative control siRNA (Figure 7-9, A).  IGFBP-3 siRNA treated livers also had 

a much higher appearance of cells in this region that were actively undergoing proliferation at 

Day 9 post-PHx, as demonstrated by an increased number of Ki67 positive cells (Figure 7-4) 

compared to Day 9 post-PHx alone and animals treated with negative control siRNA at Day 8 

post-PHx (Figure 7-4 and Figure 7-9, B).  Most noteworthy about IGFBP-3 siRNA treated livers 

was the appearance of numerous atypical ductular structures around the portal triad regions 

(Figure 7-5).  These structures were not seen in liver sections in animals that received negative 

control siRNA or in sections from animals that received 2AAF/PHx alone.  Proliferative staining 

of these sections found that the cells within theses duct-like structures are actively undergoing 

proliferation, as evidence by an increase in Ki67 positive cells within this region (Figure 7-5). 

To further confirm the presence of increased oval cell infiltration in IGFBP-3 siRNA 

treated animals, we performed dual immunofluorescent staining utilizing an IGFBP-3 specific 

antibody and an antibody against OV-6, a known oval cell and biliary cell marker.  IGFBP-3 

staining of liver sections confirmed the loss of IGFBP-3 protein expression in siRNA treated 

livers around the portal triad region of the liver compared to negative control siRNA (Figure 7-8) 

and Day 9 post-PHx alone (Figure 7-6, A).  IGFBP-3 siRNA treated livers showed a marked 

increase in the appearance of OV-6 positive oval cells around the portal triad at Day 9 compared 

to 2AAF/PHx alone at Day 9 (Figure 7-6, A and B).  Merged images of these stains show that 

the OV-6 positive oval cells are not expressing IGFBP-3 in the liver during oval cell-mediated 

regeneration (Figure 7-6, merge).  Addition of exogenous IGFBP-3 protein to IGFBP-3 siRNA 

treated liver demonstrated a marked return in IGFBP-3 protein as evidence by increased 
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IGFBP-3 positivity in these liver sections, as well as a phenotypically normal OV-6 staining 

pattern as compared to Day 9 post-PHx liver (Figure 7-6, A and C). 

Addition of Exogenous IGFBP-3 Protein Results in Reduced Formation of Atypical 

Ductular Structures During Oval Cell-Mediated Regeneration 

Further histological analysis of the atypical ductular structures present in IGFBP-3 siRNA 

treated livers revealed that they, like oval cells, are OV-6 positive (Figure 7-7, C and D).  The 

presence of these OV-6 positive ducts could were not detected in liver sections from Day 9 

2AAF/PHx alone (Figure 7-7, A and B) or in liver sections from negative control siRNA treated 

animals (Figure 7-9, D).  However, when IGFBP-3 protein was administered to animals in 

combination with IGFBP-3 siRNA, the appearance of the OV-6 positive atypical ductular 

structures were greatly reduced (Figure 7-7, E and F).  In addition to this, animals treated with 

exogenous protein also displayed patterns of oval cell infiltration and OV-6 staining that was 

phenotypically similar in appearance to that seen in Day 9 post-PHx alone liver sections or in 

liver sections taken from animals at Day 9 post-PHx that received negative control siRNA 

(Figure 7-9)  

Discussion 

The results of these experiments demonstrated that administration of IGFBP-3 siRNA in 

the days leading up to the peak of oval cell proliferation was sufficient enough to produce a 

significant knockdown of IGFBP-3 protein expression compared to animals at Day 9 post-PHx 

alone and animals treated with negative control siRNA.  Animals treated with IGFBP-3 siRNA 

displayed a significant decrease in IGFBP-3 protein, both in the liver and serum, as evidenced by 

Western blot and ELISA analysis.   

In addition to this, suppression of IGFBP-3 protein during peak oval cell activation leads to 

an over-proliferation of oval cells as evidenced by increased Ki67 staining around the portal triad 
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region in comparison to control animals.  In addition to increased oval cell proliferation in these 

siRNA treated livers, we also noted the unique appearance of numerous atypical ductular 

structures which were not present in the negative control siRNA treated animals or in animals 

that received 2AAF/PHx alone.  Due to the fact that administration of 2AAF inhibits 

proliferation of the resident hepatocytes in the regenerating liver, it is believed that these atypical 

ductular structures were derived from the oval cell population.  The hypothesis that these 

atypical ductular structures are derived from the oval cell population is further supported by the 

findings that these structures, like the oval cells, are OV-6 positive.  This further suggests that 

IGFBP-3 may play a regulatory role in the ability of these cells to undergo controlled 

proliferation and may affect their ability to differentiate toward the hepatocyte lineage in vivo. 

Although reduced expression of IGFBP-3 protein during oval cell-mediated liver 

regeneration leads to an increased presence of oval cells at Day 9 post-PHx, these cells do not 

appear to be functioning properly to aid regeneration of the organ.  This is evidenced both by 

their tendency to favor differentiation toward bile ductular structures rather than basophilic 

hepatocytes and by evidence of reduced liver weights compared to overall body weight at Day 9 

post-PHx in the absence of IGFBP-3 (Figure 7-10).  Under normal conditions of oval 

cell-mediated liver regeneration, the average liver weight at Day 9 post-PHx was 6.4 grams, or 

approximately 3.3% of the animal’s total body mass.  However, animals treated with siRNA had 

significantly lower liver weights at Day 9 post-PHx, weighing in at an average of 4.4 grams, or 

approximately 2.3% of total body mass.  The overall reduction in liver weight in siRNA treated 

animals compared to Day 9post-PHx alone suggests that oval cell function and contribution to 

liver regeneration was impaired, most likely due to their inability to differentiate toward the 

hepatocyte lineage as a result of reduced IGFBP-3 expression in the liver.  Overall, addition of 
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exogenous IGFBP-3 protein to siRNA treated animals appeared to have a varied effect on the 

liver weights of these animals in comparison to total body mass, indicating that oval cell function 

may still be slightly improved in some of these livers. 
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Figure 7-1.  Western blot analysis of siRNA treated animals confirms knockdown of IGFBP-3 

protein expression in the liver.  A.  Western blot analysis performed on protein 

isolated from livers taken at Day 9 post-PHx and probed for IGFBP-3 protein.  Note 

the significant reduction in IGFBP-3 protein levels siRNA treated animals compared 

to negative control siRNA and 2AAF/PHx treated animals alone at Day 9.  Addition 

of exogenous IGFBP-3 protein resulted in a significant return of protein expression 

compared to negative control siRNA and untreated livers at Day 9 post-PHx. B. 

Semi-quantitative analysis of IGFBP-3 protein expression.  Data shown were 

compiled from three independent experiments.  Expression was normalized to -actin 

and significance calculated by comparison to control animals. **P<0.005. 
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Figure 7-2.  IGFBP-3 siRNA treated animals display decreased circulating IGFBP-3 levels in 

serum.  ELISA results from pooled rat serum taken at Day 9 post-PHx.  Note the 

significant reduction in IGFBP-3 secreted protein in animals treated with IGFBP-3 

siRNA in comparison to Day 9 post-PHx alone and negative control siRNA.  

Addition of exogenous IGFBP-3 protein resulted in a slight increase in serum 

concentrations of IGFBP-3 compared to controls.  Data shown were compiled from 

three independent experiments.  * P< 0.05, **P<0.005. 
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Figure 7-3.  IHC analysis of IGFBP-3 siRNA treated animals confirms loss of IGFBP-3 protein 

in liver.  A and B.  Day 9 post-PHx alone.  C and D. IGFBP-3 siRNA treated liver at 

Day 9.  E and F. IGFBP-3 siRNA plus IGFBP-3 protein treated liver at Day 9 post-

PHx..  In IGFBP-3 siRNA treated liver, there is a significant loss of IGFBP-3 

expression in the cells surrounding the portal triad region compared to Day 9 post-

PHx alone.  Note that addition of exogenous IGFBP-3 protein appears to correct for 

the loss of protein due to siRNA treatment.  A, C, E, 10x.  B, D, F, 20x. 
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Figure 7-4.  Loss of IGFBP-3 expression results in increased oval cell activation.  A.  H&E stain of liver 

at Day 9 post-PHx.  B.  Ki67 stain of liver at Day 9 post-PHx.  C.  H&E stain of IGFBP-3 

siRNA treated liver at Day 9.  D.  Ki67 stain of IGFBP-3 siRNA treated liver at Day 9.  Note 

the increased appearance of small ovoid cells around the portal triad region of the liver.  The 

number of cells that are actively undergoing proliferation are increased compared to Day 9 

post-PHx alone.  E.  H&E stain of liver treated with IGFBP-3 siRNA and IGFBP-3 protein at 

Day 9 post-PHx.  F.  Ki67 stain of liver treated with IGFBP-3 siRNA and IGFBP-3 protein.  

Note how the sections of liver treated with IGFBP-3 siRNA in combination with IGFBP-3 

protein display a phenotypically normal oval cell response for this time point with equal 

distribution of Ki67 positive cells around the portal triad region of the liver compared to Day 

9 post-PHx.  A-F, 20x. 
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Figure 7-5.  Loss of IGFBP-3 during peak days of oval cell proliferation leads to the formation of 

atypical ductular structures in liver.  A.  Representative H&E stain of an atypical 

ductular structure found in IGFBP-3 siRNA treated animals at Day 9 post-PHx.  B.  

Ki67 stain of atypical ductular structure found in liver treated with IGFBP-3 siRNA 

at Day 9 post-PHx.  In animals treated with IGFBP-3 siRNA, we noted the 

appearance of numerous atypical ductular structures that were not present in Day 9 

post-PHx alone or in negative control siRNA treated animals.  Note that the cells in 

these structures are actively undergoing proliferation as evidences by Ki67 positive 

staining.  A and B, 20x. 
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Figure 7-6.  Dual IF stain confirms loss of IGFBP-3 expression in siRNA treated animals and 

increased OV-6 expression at Day 9 post-PHx.  A.  Dual IF staining of liver at Day 9 

post-PHx alone.  B.  Dual IF staining of liver taken from IGFBP-3 siRNA treated 

liver at Day 9 post-PHx.  C.  Dual IF staining of liver taken from animals treated with 

IGFBP-3 siRNA and IGFBP-3 protein at Day 9 post-PHx.  Here, IGFBP-3 is 

expressed by cells around the portal triad region of the liver at Day 9 post-PHx alone 

(A, left).  Activation of oval cells at Day 9 is confirmed by the presence of OV-6 

staining (A, middle).  Dual staining demonstrates that the OV-6 positive oval cells do 

not express IGFBP-3 (A, merge).  IGFBP-3 staining confirms loss of protein 

expression due to IGFBP-3 siRNA treatment (B, left) compared to 2AAF/PHx alone.  

OV-6 staining shows an increase in the number of positive oval cells around the 

portal triad region in livers treated with IGFBP-3 siRNA (B, middle).  Note that 

addition of exogenous IGFBP-3 protein results in a return of IGFBP-3 positive 

expression in the cells around the portal triad region.  Also, the OV-6 positive oval 

cells are arranged in formation similar to that of the OV-6 positive cells present in 

Day 9 post-PHx alone liver tissue.  A-C, 20x 
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Figure 7-7.  Addition of exogenous IGFBP-3 results in reduced formation of atypical ductular structures 

during peak days of oval cell proliferation.  A and B.  OV-6 staining of liver at Day 9 

post-PHx.  C and D.  OV-6 stain of IGFBP-3 siRNA treated animals.  E and F.  OV-6 

staining of liver taken from animals that received IGFBP-3 protein in addition to IGFBP-3 

siRNA.  OV-6 staining of frozen liver sections taken from siRNA animals shows a 

phenotypical change in arrangement of oval cells at Day 9.  The oval cells are arranged in 

numerous ductular formations.  Note the reduction in the number of atypical ductular 

structures found in these sections.  A, C,-E, 10x.  B, D, F, 20x. 
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Figure 7-8.  Dual IF stain of negative control siRNA treated liver.  As with untreated liver at Day 

9 post-PHx, negative control siRNA treated liver at Day 9 post-PHx displays elevated 

IGFBP-3 protein expression around the portal triad region in addition to characteristic 

OV-6 staining for this time point.  All images taken at 20x magnification. 
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Figure 7-9.  Control stains for negative control siRNA treated animals at Day 9 post-PHx..  

A. Representative H&E stain.  B.  Representative Ki67 stain.  C.  IGFBP-3 stain.  

D. OV-6 stain of a negative control siRNA treated liver.  Note the phenotypically 

normal oval cell response at Day 9 post-PHx and positive IGFBP-3 expression around 

the portal triad region.  A-D, 20x.   
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Figure 7-10.  Knockdown of IGFBP-3 protein during oval cell-mediated liver regeneration 

resulted in reduced liver weights in comparison to overall body weight at Day 9 

post-PHx.  Animals treated with IGFBP-3 siRNA had significantly lower liver 

weights at Day 9 post-PHx compared to animals at Day 9 post-PHx alone or animals 

treated with negative control siRNA at Day 9 post-PHx.  Addition of exogenous 

IGFBP-3 protein resulted in varied liver weights at Day 9 post-PHx.  Data shown are 

the averages of three animals per condition.  * P< 0.05. 
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CHAPTER 8 

KNOCKDOWN OF IGFBP-3 CORRELATES WITH DECREASED EXPRESSION OF TGF-  

PATHWAY MEMBERS 

Introduction 

Activation of the TGF-  pathway has been associated with IGFBP-3 production in a 

variety of different cell types, including several different types of cancers (111, 140).  IGFBP-3 

has also been shown to directly regulate cell proliferation through specific interactions with 

TGF-  receptors, such as TGF- RV and TGF- RII, and TGF-  dependent signaling 

mechanisms, such as Smads 2,3 and 4 (141).  Several groups have also demonstrated a 

connection between the TGF-  pathway and oval cell mediated liver regeneration in which 

mRNA and protein levels of TGF- 1 were found to be upregulated during peak days of oval cell 

proliferation (103, 107, 121).  We therefore asked whether these IGFBP-3 mediated effects in the 

liver during oval cell regeneration are dependent on the activation of the TGF-  pathway and if 

suppression of IGFBP-3 via siRNA is associated with changes in the expression of genes 

associated with the TGF-  family.   

Results 

Quantitative real-time-PCR analysis confirmed that IGFBP-3 siRNA treated animals had 

reduced IGFBP-3 expression, with a more than 9-fold reduction in IGFBP-3 mRNA compared to 

controls (Figure 8A).  Animals treated with additional IGFBP-3 protein showed a 3-fold decrease 

in IGFBP-3 mRNA.  A significant reduction in IGF-I mRNA expression was also detected in 

animals treated with IGFBP-3 siRNA alone or with additional IGFBP-3 protein (>8-fold and 

>7-fold down-regulation, respectively).  Interestingly, mRNA levels of the proto-oncogene Myc 

were significantly increased following siRNA treatment (Figure 8-1).  This suggests that 

IGFBP-3 may play a role in regulating cell proliferation in the liver during oval cell activation.    
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Although no differences in TGF- 1 mRNA expression was detected, we noted a 

significant fold reduction (>7-fold decrease) in mRNA expression of TGF- RII in IGFBP-3 

siRNA treated animals (Figure 8-2).  Addition of exogenous IGFBP-3 protein appeared to 

correct somewhat for this loss however, TGF- RII mRNA was still significantly reduced in 

comparison to the controls at Day 9.  In addition, mRNA expression of Smad 2, 3, and 4 were 

also significantly down regulated in IGFBP-3 siRNA treated animals.   

Discussion 

In conclusion, qRT-PCR analysis confirms a greater than 9-fold loss of IGFBP-3 mRNA 

expression in siRNA treated animals at Day 9 post-PHx in comparison to animals at Day 9 

post-PHx alone and negative control siRNA treated animals.  In these experiments, we also noted 

a dramatic decrease in IGF-I mRNA when IGFBP-3 expression was suppressed with siRNA.  

These results further suggest that the effects mediated by IGFBP-3 during the peak of oval cell 

proliferation may be IGF-I dependent.  Another interesting observation in these experiments was 

a greater than 8-fold increase in mRNA expression of the proto-oncogene, Myc.  Upregulation of 

this proto-oncogene in combination with the increased presence of atypical ductular structures in 

these livers following siRNA treatment suggests that loss of IGFBP-3 expression may be the 

beginning stages of cancer progression and preneoplastic changes that are occurring in the liver 

during the peak of oval cell proliferation.   

Although, no changes in TGF- 1 mRNA expression were detected following siRNA 

treatment, we did note the significant decrease in mRNA expression of TGF-  receptors I and II, 

as well as downstream transcription factors of the TGF-  pathway including Smads 2, 3 and 4.  

These results indicate that IGFBP-3 mediated effects in the liver, in addition to possibly being 
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IGF-dependent, may involve the activation of the TGF-  pathway via the TGF-  receptors I and 

II, and activation of Smads 2-4. 
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Figure 8-1.  Quantitative real-time PCR analysis confirms a significant knockdown of IGFBP-3 

mRNA in siRNA treated animals.  Analysis of the TGF- BMP signaling pathway 

determined that IGFBP-3 and IGF-I mRNA were significantly reduced in comparison 

to Day 9 post-PHx alone and animals treated with negative control siRNA.  In 

addition to this, the proto-oncogene Myc, was significantly upregulated in IGFBP-3 

siRNA treated animals.  A fold increase or decrease greater than 2-fold was 

considered statistically significant.  Data shown are based on the results of three 

independent experiments.  

 



 

108 

 

Figure 8-2.  IGFBP-3 siRNA results in reduced mRNA expression of several key TGF-  

pathway members.  Quantitative real-time PCR analysis of RNA from pooled liver 

samples displays a significant knockdown of TGF- RI and TGF- RII mRNA, as well 

as mRNA from downstream transcription factors Smads 2, 3, and 4 in IGFBP-3 

siRNA treated animals at Day 9 post-PHx.  Addition of exogenous IGFBP-3 protein 

resulted in a return in mRNA expression to some of these factors.  A fold increase or 

decrease greater than 2-fold was considered statistically significant.  Data shown are 

based on the results of three independent experiments. 
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CHAPTER 8 

SUMMARY OF RESULTS AND FUTURE DIRECTIONS 

Summary 

This is the first study to examine the role of IGFBP-3 on oval cell activation both in vitro 

and in vivo and is the first report to demonstrate the presence of IGFBP-3 in the liver during this 

phenomenon.  In this study, we demonstrated that IGFBP-3 mRNA and protein are expressed in 

the rat liver during oval cell-mediated regeneration, and that IGFBP-3 protein is elevated during 

known days of peak oval cell proliferation in the liver and in the serum.  Additionally, in vitro 

studies of Thy-1+ isolated oval cells and the WB-344 cell line determined that exposure to 

exogenous IGFBP-3 protein at various concentrations enhanced transwell cell migration.  These 

results, taken with IHC results showing the unequal distribution of IGFBP-3 protein in the liver 

at Day 9 post-PHx, suggest that IGFBP-3 may promote oval cell migration across a 

concentration gradient.  Distribution of IGFBP-3 during the peak of oval cell proliferation 

suggests that oval cells initiate the regenerative process, where IGFBP-3 concentrations are 

relatively low, and then migrate toward the central vein, where IGFBP-3 concentrations are 

much higher.   

In addition to promoting oval cell migration, IGFBP-3 inhibited IGF-I induced WB-344 

cell proliferation in vitro, suggesting that IGFBP-3 may regulate the proliferation of oval cells in 

an IGF-dependent manner.  The notion that IGFBP-3 may regulate oval cell proliferation was 

further supported by IHC analysis in IGFBP-3 siRNA treated animals which showed that loss of 

IGFBP-3 protein resulted in an increase in oval cell proliferation as evidenced by increased 

numbers of OV-6 and Ki67 positive cells at Day 9 post-PHx.  Most remarkable and noteworthy 

about these IGFBP-3 siRNA treated livers were the unique appearance of numerous atypical 

ductular structures, which were not present in the livers of animals treated with 2AAF/PHx alone 
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or with negative control siRNA.  Further histological analysis of these ductular structures 

determined that the cells present in these formations were actively undergoing proliferation and 

were OV-6 positive, indicating that these cells were derived from the oval cell population.  These 

findings further support a role for IGFBP-3 in the regulation of oval cell proliferation, where loss 

of IGFBP-3 results in an uncontrolled increase in proliferation, possibly leading to a “back-log” 

of oval cells around the periportal region of the liver.  This increase in cell numbers may inhibit 

the oval cells from receiving the proper differentiation cues from the surrounding liver 

parenchyma, resulting in the oval cells to differentiate toward the default biliary lineage.  It is 

also possible that IGFBP-3 itself plays a role in oval cell differentiation, where loss of IGFBP-3 

inhibits oval cells from differentiating toward the hepatocyte lineage. 

Although LPS treatment of animals during oval cell mediated liver regeneration resulted in 

a significant decrease in oval cell activation, it was unclear whether this result was specifically 

linked to reduced IGFBP-3 expression in the liver, or if reduced oval cell presence was the 

results of an side effect from LPS induced toxicity.  Although very low amounts of LPS was 

administered to animals following 2AAF/PHx, it is possible that accumulating levels of LPS 

over time may have impacted the expression levels of IGF-I, or other IGFBPs, during this time 

course.  In addition, LPS has been shown to activate several signaling pathways in the liver 

which could have negatively impacted the ability of the oval cells to function normally during 

the process of liver regeneration. 

Previous studies have shown that IGFBP-3 is involved in negatively regulating cell growth 

and inducing cell apoptosis in a variety of different cells types, including several types of cancer 

cells (66, 80).  Additionally, several antiproliferative agents such as TGF- , TNF- , and p53, 

have been shown to induce IGFBP-3 expression (109-111, 142, 143), further supporting the role 
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of IGFBP-3 as a negative regulator of cell growth and proliferation.  Interestingly, previous 

studies have also determined that oval cells may contribute to various types of cancers in the 

liver including hepatocellular carcinoma and cholangiocarcinoma (23, 144).   

In our studies, we have shown that loss of IGFBP-3 expression during the peak of oval cell 

proliferation resulted in an increase in cell proliferation during oval cell-mediated liver 

regeneration and noted the appearance of numerous atypical ductular structures which may be 

the result of preneoplastic changes and evidence of early stages of cancer progression occurring 

within the liver.  In addition to increased cell proliferation, several groups have also reported a 

link between decreased IGFBP-3 levels and increased tumor cell invasiveness, tumor grade, 

more advanced tumor stage and overall lowered survival rate compared to patients with normal 

or elevated IGFBP-3 levels (81, 83).  Results of these studies suggest that IGFBP-3 may play an 

important role in regulating cell proliferation and may act as an invasion-metastasis suppressor in 

certain types of cancer.  

Finally, qRT-PCR analysis of IGFBP 3 siRNA treated liver detected decreased mRNA 

expression levels of several key components of the TGF-  family, including Smads 2, 3 and 4, 

and TGF- receptors I and II.  Interestingly, TGF- 1 mRNA levels remained unchanged 

following IGFBP-3 siRNA, indicating that IGFBP-3 effects on the TGF-  pathway are on 

downstream targets.  These results are supported by previous studies which found that IGFBP-3 

can directly bind and interact with TGF-  receptors I and II.  Results of these experiments 

indicate a potential role for IGFBP-3 regulation of oval cell proliferation and differentiation in 

vivo and that the regulation of these functions appears to involve activation of the TGF-  

pathway.   
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Future Directions 

Although we have shown that IGFBP-3 is produced in the liver during oval cell-mediated 

liver regeneration, further studies would need to be conducted in order to determine which cell 

type (or types) in the liver is responsible for the increase in IGFBP-3 protein in liver and serum.  

We have shown through IHC results of isolated non-parenchymal cells at Day 9 post-PHx that a 

cell population within the non-parenchymal fraction is producing IGFBP-3.  Additionally, these 

results have also determined that the oval cells themselves are not positive for IGFBP-3 

expression.  Results of our experiments in which liver sections were stained for IGFBP-3 at Day 

9 post-PHx have found that cells, which phenotypically appear to be hepatocytes located around 

the central vein and portal triad, are positive for IGBFP-3 expression.   

Previous studies by other groups have determined that, under normal conditions within the 

liver, hepatocytes do not express IGFBP-3 protein or IGFBP-3 mRNA (60, 61).  Therefore, it 

would be interesting and novel to determine if hepatocytes begin to express IGFBP-3 mRNA or 

protein during oval cell-mediated liver regeneration.  In order to accomplish this, a dual stain for 

IGFBP-3 and a hepatocyte marker, such as albumin or HES-6, could be performed to verify that 

these IGFBP-3 positive cells at Day 9 post-PHx are in fact hepatocytes.  Next, hepatocytes, like 

non-parenchymal cells, can be isolated during the peak of oval cell proliferation via a two-step 

collagenase digestion and perfusion of the liver.  RNA and protein from these isolated 

hepatocytes could then be examined via RT-PCR, Western blot and/or IHC to determine if 

hepatocytes during oval cell mediated liver regeneration being transcribing IGFBP-3 mRNA or 

producing IGFBP-3 protein respectively. 

Additionally, we have shown that oval cells are responsive to IGFBP-3 and are induced to 

migrate in the presence of low levels of IGFBP-3 protein, as demonstrated in the in vitro 

migration assays.  Based on the results of our experiments, IGFBP-3 was found to inhibit IGF-I 



 

113 

induced proliferation, and qRT-PCR experiments showed decreased levels of IGF-I mRNA 

expression following IGBFP-3 siRNA.  Therefore, we believe the effects of IGFBP-3 during 

oval cell-mediated liver regeneration to be IGF-dependent.  To further verify that the effects of 

IGFBP-3 are dependent on IGF-I, it would be important to determine if oval cells express the 

IGF-I receptor to which IGF-I can bind to.  This could be accomplished through IHC analysis 

and dual IF staining with OV-6.  The presence of the IGF-I receptor on the surface of oval cells 

would be a strong indicator that IGFBP-3 mediated effects are IGF-dependent.   

In addition to IGF-dependent effects of IGFBP-3, qRT-PCR analysis demonstrated a 

decrease in mRNA expression levels of several TGF-  pathway members, including TGF-  

receptors I and II, and downstream transcription factors such as Smads 2, 3 and 4, when 

IGFBP-3 expression was suppressed.  This would suggest that IGFBP-3 mediated effects may 

also involve activation of the TGF-  pathway.  However, in order to conclusively demonstrate an 

interaction between IGFBP-3 and the proteins of TGF-  pathways, additional experiments would 

need to be conducted to verify if there are changes in the phosphorylation and activation of these 

proteins when IGFBP-3 expression is decreased.  In order to accomplish this, Western blot 

analysis of total TGF- R protein or Smad protein can be compared to the amount of 

phosphorylated proteins that are present in the liver during oval cell mediated liver regeneration.  

A decrease or loss of phosphorylated protein levels in comparison to total protein levels during 

oval cell-mediated liver regeneration would indicate that loss of IGFBP-3 expression results in 

decreased activation of the TGF-  pathway and downstream transcription factors. 

Additionally, to further verify an interaction between the TGF-  pathway and IGFBP-3, 

future studies utilizing a TGF-  inhibitor or neutralizing antibody could be used in various in 

vitro experiments using isolated oval cells or the WB-344 cell line.  In our in vitro migration 
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assays, we found that IGFBP-3 protein at low concentration levels could induce oval cell and 

WB-344 cell migration.  However, if cell migration were suppressed in the presence of IGFBP-3 

protein at low concentration and a TGF-  receptor inhibitor, it would suggest a possible 

interaction between IGFBP-3 and the TGF- Rs during of oval cell migration.  As previous 

studies have also shown that IGFBP-3 can interact with TGF- type V receptor (78, 79), it would 

be interesting to determine if oval cells or cells that express IGFBP-3 in the liver also expressed 

this newly identified TGF-  receptor.  Unfortunately, although characterized, the TGF-  type V 

receptor has yet to be cloned, making it difficult to find commercially available antibodies for 

use in IHC or Western blot experiments.  

In addition to these future studies, it would also be interesting to determine the outcome of 

oval cell mediated liver regeneration using a IGFBP-3 null mouse line in combination with the 

DDC mouse model of oval cell induction.  Previous studies utilizing IGFBP-3 transgenic mice 

have reported that Igfbp3
-/-

 mice displayed similar IGF-I expression levels in comparison to 

Igfbp3
+/-

 and Igfbp3
+/+

 litter mates and that no difference in birth weight, litter size, or postnatal 

growth between these groups could be detected (90, 145).  Although the DDC model of oval cell 

induction in the mouse differs from the 2AAF/PHx model in the rat, the use of an Igfbp3 null 

mouse line could help to determine how the absence of IGFBP-3 effects oval cell activation 

throughout the entire process of oval cell-mediated liver regeneration. 
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