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SUMMARY
Liver is a vital organ and plays a major role in metabolism. Many diseases such as
Wilson's disease, hepatitis (B and C), liver cancer or genetic defects leads to fibrosis and
ultimately degeneration of the liver. Activation of hepatic stellate cells (HSCs) plays a role in
the development of liver fibrosis. Therefore therapies to inhibit activated HSCs are crucial in
repairing liver fibrosis. Sodium nitroprusside (SNP), a Nitric oxide (NO) donor, is a potential
pharmacological agent which can initiate the apoptotic pathways of activated HSCs. It is
believed that the endogenous factors released by mesenchymal stem cells (MSCs) during
liver injury ameliorate liver fibrosis and a concomitant improvement in liver functions. This
study is focused on making use of a pharmacological pre-treatment strategy to enhance the
potential of mesenchymal stem cells to repair the CCl4-induced liver fibrosis in mouse
model.
Firstly, liver fibrosis was induced by injecting 1ml/kg CCl4 in mice twice a week for 4
weeks. HSCs were isolated from mice liver and cultured. On the 8th day of culture, activated
HSCs were divided into four groups: only serum free medium was added in control group,
250 µM SNP group, 1 mM L-NAME + 250 µM SNP group and 1 mM L-NAME group. LNAME was used as a NO inhibitor. After 18 hours of treatment, cell viability and apoptosis
induction was analyzed. The cell viability by trypan blue assay showed higher number of
dead cells 29 ± 4.4% vs 5.17 ± 1.17% in 250 µM SNP group vs control group. 45.50% vs
10.40% apoptosis was observed by DAPI nuclear staining in 250 µM SNP group vs control
group. Similarly, Annexin V staining showed induction of apoptosis in activated HSCs by
SNP. Gene expression analysis by reverse transcriptase PCR (RT-PCR) for HSCs specific
genes: αSMA, TIMP, MMP13 and collagen IαI demonstrated that SNP inhibited the activated
HSCs. On the other hand no increase in hepatocytes apoptosis was observed in response to
SNP.
In second phase of the study, 50 mM and 100 mM SNP per kg body weight was
selected for further experiments after estimation of NO released by SNP in the mouse serum.
Groups of mouse model (n =10) with CCl4-induced liver fibrosis were treated with both
doses of SNP twice a week for 4 weeks. Gene expression analysis for fibrotic (αSMA,
collagen 1α1, TIMP and NFĸB) and hepatic (CK18) markers revealed that treatment with 100
viii

mM SNP resulted in a decreased expression of fibrotic genes and increased expression of
hepatic gene. Immunohistochemical analysis further demonstrated a decrease in the
expression of fibrotic genes (αSMA and iNOS) and increase in hepatic genes (CK18 and
eNOS) in 100 mM SNP group. Histology and liver functions were also improved in 100 mM
SNP group.
In 3rd phase of the study, animals were divided into five groups (n = 11). Group1 was
vehicle control, group2 CCl4 control, group3 MSCs transplanted group, group4 SNP treated
group and group5 was SNP and MSCs combined treatment group. After induction of liver
fibrosis by CCl4, 100 mM SNP was injected intraperitonealy to group4 and group5 twice a
week for 4 weeks. After 4 weeks of SNP treatment, 1×106 MSCs were transplanted in group3
and group5. The animals were sacrificed after 4 weeks of MSCs transplantation. Histological
analysis revealed homing of PKH26 labeled MSCs in the injured livers. Gene expression for
albumin was increased 1.16 fold vs 0.42 fold in group5 vs group2. The expression of fibrotic
genes was down regulated in group5 vs group2: αSMA 1.62 vs 3.01 fold, collagen 1α1 1.05
vs 4.57 fold, TIMP 1.07 vs 3.25 fold and NFκB 0.90 vs 2.48 fold. Immunohistochemical
analysis also demonstrated a decrease in the expression of fibrotic markers (α-SMA, collagen
1α1 and iNOS) and increased expression of hepatic markers (albumin, CK18 and eNOS) in
group5 vs group2 or other groups. Liver fibrosis estimated by Sirius red staining was reduced
up to 0.40% vs 4.47% in group5 vs group2. Liver functions were also improved in group5 vs
group2 as shown by the reduction in the levels of serum bilirubin 0.26 ± 0.05 mg/dl vs 1.34 ±
0.08 mg/dl and alkaline phosphatase (ALP) 220 ± 17 U/l vs 810 ± 27 U/l.
In conclusion, this study demonstrated that SNP inhibited the activated HSCs in
mouse model having CCl4-induced liver fibrosis. Combine treatment with 100 mM SNP and
1×106 MSCs down regulated the expression of fibrotic markers and up-regulated the hepatic
markers accompanied by an improvement in the histology and liver functions. The present
study is expected to provide the information that may form the basis of new options for the
treatment of liver fibrosis by using a combination of SNP and bone marrow derived MSCs.
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Chapter 1

INTRODUCTION
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Cell based therapies offer promising potential for repairing injured organs in many
degenerative diseases and is the most fascinating area of contemporary biology. In the past,
injury to the terminally differentiated organs was thought to be irreversible. However, recent
studies have shown that cellular therapies have substantial potential in the regeneration of
organs and glands such as brain, pituitary, liver, thyroid, kidney, spleen, pancreas, heart,
ovary, testis etc.
Adult stem cells (ASCs) are undifferentiated cells in a population of differentiated
cells in all adult tissues. The major sources of ASCs are bone marrow, cornea, retina, brain,
blood, kidney, liver, heart, dental pulp, pancreas etc. Primary function of these cells is to
maintain and repair the tissue in which they are found (Jiang et al., 2002). ASCs not only
reside locally in specific niches but may also be recruited through circulation to actively
participate in the regeneration of various injured tissues (Abbattista and Schena, 2004). ASCs
are responsible for replacement of apoptotic cells with new ones to maintain tissue
homeostasis. Survival of stem cells in tissues depends upon signals from their local microenvironment often referred to as the ‘stem cell niches’ (Bonventre, 2003).
Bone marrow is considered to be the major source of ASCs and is the most
intensively investigated cell type in adult tissues. Bone marrow is a rich source of different
types of cell populations. Among these are present the hematopoietic stem cells, which form
all types of blood cells and are the best characterized population of stem cells (Gunsilius et
al., 2001). Another important type of stem cells present in bone marrow is called the
mesenchymal stem cells (MSCs). MSCs grow in cultures as plastic adherent cells and are an
attractive cell source for cellular therapy of many diseases (Kan et al., 2005; Srivastava and
Ivey, 2006). Clinical studies with MSCs have shown promising results in repairing the
myocardium and vessels of limb ischemia (Stamm et al., 2003).
Mammalian liver is a vital organ involved in maintaining homeostasis in body.
Synthesis of numerous essential molecules takes place in liver. Liver extracts and
metabolizes a plethora of nutrients and xenobiotics entering into the body, stores and exports
metabolic products and neutralizes numerous foreign antigens and microbes from the gut
(Arias et al., 2009). Different diseases like Wilson's disease, hepatitis (B and C), cirrhosis
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and liver cancer affect the liver. Liver cirrhosis and liver cancer cause 1.5 million deaths per
year worldwide (Poynard et al., 2010).
Viral infections, alcohol abuse and hepatotoxins are some of the main causes of liver
injury. Liver injury is often described by widespread hepatocyte damage associated with an
increase in extracellular matrix (ECM) proteins including collagen I and III, proteoglycans,
fibronectin, and laminin, leading to fibrosis and scar development. Injured hepatocytes and
their metabolites are activators of kupffer cells (Wu and Zern, 2000; Guimaraes et al., 2006).
Activated kupffer cells release a number of cytokines such as transforming growth factor-α
(TGF-α), platelet-derived growth factor (PDGF), tumor necrosis factor-α (TNF-α) and
reactive oxygen species (ROS) (Wu et al., 1998). These factors activate hepatic stellate cells
(HSCs) which upon activation lose vitamin A storing ability and transform into
myofibroblasts (Murphy et al., 2002; Kisseleva and Brenner, 2006). Activated HSCs express
αSMA in the periportal and perisinusoidal areas (Pinzani and Rombouts, 2004) and
synthesize collagens (Eng and Friedman, 2000; Zhang et al., 2000; Maher, 2001; Lee et al.,
2004; Bataller and Brenner, 2005; Jiang et al., 2006).
In liver fibrosis the wound healing myofibroblasts replace the injured hepatic tissue
with scar tissue at the site of injury (Elsharkawy et al., 2005; Moreira, 2007). Activation of
HSCs resulted in the excess production of ECM proteins and tissue inhibitor of
metalloproteinase (TIMP). The increased activity of TIMPs inhibited the matrix
metalloproteinases (MMPs) and prevents the degradation of the ECM proteins by these
MMPs leading to a fibrogenic state. Friedman, (2008) demonstrated that upon removal of the
underlying cause of liver injury, activated HSCs, a source of collagen production and other
factors of liver fibrosis, undergo apoptosis. During spontaneous recovery from experimental
liver fibrosis, loss of activated HSCs has been demonstrated to be through apoptosis or
programmed cell death (Issa et al., 2001). This has highlighted the control of HSCs apoptosis
for further investigation as induction of apoptosis in HSCs has been recently evidenced as
useful antifibrotic treatment (Parekkadan et al., 2007; Langer et al., 2008).
Liver has amazing regenerative ability with up to 70 % of the liver tissue can be
regenerated. However, the hepatocyte regenerative capacity is impaired by harmful processes
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caused by toxins or viral agents and cancer or cirrhosis (Tarlá et al., 2006). In these
circumstances, exogenous treatments can be helpful for recovery of damaged liver as
spontaneous reversal of liver fibrosis is not common in humans. Pegylated interferon alone
and in combination with ribavirin is being used as an antiviral therapy to reduce the viral load
and thus inhibit progression of fibrosis. However, antiviral therapy can cause liver toxicity
and relapse can also occur. Liver transplantation is so for considered the best available
therapy for end-stage liver failure. However, due to the lack of available donor livers,
immune rejection and cost of the transplant, alternative solutions have to be developed
(Carvalho et al., 2008; Lysy et al., 2008).
There has been a great interest in the therapeutic application of bone marrow derived
MSCs (Verfaillie et al., 2002). MSCs were first described in 1970 from bone marrow isolates
by Friedenstein et al., (1970). Now these cells can be obtained from various tissue sources
like bone marrow, cord blood, adipose tissue, umbilical cord tissue etc. Some promising in
vitro studies and clinical trials showed that MSCs are lesser immunogenic and possibly able
to induce tolerance (Aggarwal and Pittenger, 2005; Zhao et al., 2005) by secretion of certain
factors which decrease inflammatory and immune responses (Haviryaji et al., 2008;
Techung, 2010). Different types of stem cells like MSCs, hematopoietic stem cells and adult
liver stem progenitor cells have potential to differentiate into hepatic lineage both in vitro and
in vivo (Barry and Murphy, 2004; Jang et al., 2004; Saji et al., 2004; Kuo et al., 2008;
Yamamoto et al., 2008; Liang et al., 2009; Shuk et al., 2010). The hepatic potential of MSCs
was first described by Lee et al (2004). Therefore, MSCs can be a useful source for cellular
therapy in treating liver fibrosis.
Transformation of HSCs from their quiescent state to a fibrotic cell state critically
affects hepatic repair and may also impact the outcome of cell based therapies. Bone marrow
derived MSCs have the ability to repair damaged liver (Houlihan and Newsome, 2008;
Alison et al., 2009). However, extensive fibrosis, scar development and lack of survival may
influence their regenerative ability. Strategies targeting the removal of activated HSCs have
shown promise to reduce fibrosis and augment liver functions (Krizhanovsky et al., 2008;
Moreno et al., 2010). A combined approach aimed at specific removal of activated HSCs
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would improve hepatic milieu allowing MSCs to better survive, engraft and differentiate into
hepatocytes.
Nitric Oxide (NO) plays an integral role in gene expression, apoptosis, mitogenesis in
essentially every organ and remodeling of vascular networks through down-stream signaling
pathways some of which are mediated through protein kinase G (Lee et al., 2005; Inukai et
al., 2010). It is a highly reactive free radical produced by the catalytic reaction of L-lysine
via nitric oxide synthases (Dai et al., 2010). NO has both physiological as well as
pathophysiological signaling properties. Water soluble and lipid soluble properties allow NO
to pass through cell membranes and inside cells it acts on target molecules to induce cellular
apoptosis. Induction of apoptosis in different types of cells is time and concentration
dependent (Rishi et al., 2007; Wang et al., 2007). In HSCs, NO promotes apoptosis through a
signaling mechanism that involves mitochondrial dysfunction in vitro (Langer et al., 2008).
Many synthetic compounds are reported to generate NO such as furoxan, nitrate,
diazeniumdiolate and sodium nitroprusside (SNP). SNP has been used as an
antihypertensive, vasodilator for congestive heart failure and an antidote to ergot alkaloid
poisoning compounds (Nitropress package insert, Abbott—US). SNP has also been accepted
for the treatment of pulmonary hypertension in pediatric patients (Benitz et al., 1996;
Palhares et al., 1998). Therefore, due to its clinical utility, it can be used as a treatment for
liver fibrosis.
Apoptosis, the programmed cell death, is regulated through discrete pathways and
plays an important role in homeostasis. Phenotypical changes associated with apoptosis
include cell shrinkage, chromatin condensation, nuclear fragmentation, membrane blebbing
and apoptotic body formation (Joza et al., 2002). Carbon tetrachloride (CCl4) has been
widely used to induce liver fibrosis in experimental rodents. Highly reactive trichloromethyl
free radical causes liver cell necrosis by changing the permeability of the cell membranes,
lysosomes and mitochondria through lipid peroxidation (Black et al., 2004; Ozdogan et al.,
2005; Kim et al., 2006; Iredale, 2007). CCl4 activates transcription factors NF-кB, a
transcription factor complex which is essentially involved in the induction of several
inflammatory cytokines (Liu et al., 1995). Therefore, in the present study CCl4
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administration for four weeks has been used to induce liver injury as demonstrated by Hauso
et al., (2008).
Viewing the perspective of HSCs apoptosis and repair potential of MSCs in liver
fibrosis, this study was designed to investigate the effect of NO and MSCs in the repair of
liver fibrosis. The first half of the study concentrates on the effect of NO on activated HSCs
in vitro and on CCl4-induced liver fibrosis mouse model and the second half determines the
combine effect of NO and MSCs on liver fibrosis. Our intended hypothesis was to probe the
combined effect of NO and MSCs as each treatment alone has been shown to be protective
against hepatic injury (Langer et al., 2008; Lysy et al., 2008; Cho et al., 2010; Dai et al.,
2010).
Firstly, to determine the effect of NO on activated HSCs, mouse HSCs were cultured
and characterized. Activated HSCs were treated with SNP to determine the induction of
apoptosis in these cells. Secondly, the mouse model having CCl4-induced liver fibrosis was
prepared by injecting CCl4 intraperitoneally. Liver fibrosis mouse model animals were
treated with 50 mM and 100 mM SNP per kg body weight to determine the in vivo effect of
SNP on liver fibrosis. Gene expression and histological analysis revealed a reduction in liver
fibrosis by 100 mM SNP. Thirdly, liver fibrosis mouse model was treated with 100 mM SNP
and MSCs alone and also with SNP+MSCs combine treatment. MSCs showed localization in
almost all parts of the liver. Gene expression and histological analysis revealed both
structural and functional improvement by combined treatment of SNP and MSCs.
This thesis reports that pre-treatment of CCl4-induced liver fibrosis model with a
pharmacological agent (SNP, a NO donor) improves the potential of MSCs to repair the liver
fibrosis in mouse model. Combine treatment has augmented the repair potential of stem cells
and resulted in reduction of liver fibrosis and improvement of liver functions. Therefore,
apoptosis of HSCs represents an additional beneficial effect for MSCs based cellular therapy
and seems a better strategy in the treatment of liver fibrosis. The present study is the first
report exploring the combine impact of nitric oxide (NO) and MSCs on liver fibrosis.
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Section I
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WHAT ARE STEM CELLS?
Stem cells are biological cells capable of proliferation, self renewal and
differentiation into a diverse specialized cell types. They are found at all stages of human
development and play a vital role in the development, maintenance and repair of the human
body. Stem cells have potential to treat degenerative diseases and major traumatic injuries. In
disease conditions, stem cells could be developed into healthy versions of the cells and can
replace the non-functional or damaged cells. The ability to replace defective or damaged cells
through cell replacement therapy allows the treatment of various genetic and degenerative
conditions such as: retinal degeneration, muscular dystrophies, Alzheimer's disease,
Parkinson's disease, arthritis, spinal cord injuries, diabetes, cardiac diseases, liver diseases,
motor neuron disease, blood disorders etc.

HISTORY OF STEM CELLS

Many scientists have been interested in cell biology since the advent of microscopes.
Discovery of cell is a key to the understanding of human development. In the mid 1800’s
cells were recognized as the building blocks of living organisms and capable of giving rise to
other cells. Cell propagation and differentiation were also witnessed for the first time. In
1878 attempts were made to fertilize mammalian eggs outside of the human body.
Embryonic stem cells, bone marrow stem cells, cord blood cells, cell lines and some primary
cells are contesting in the race of regenerative stem cell therapy. In past few years, this
therapy has shown great promise in clinical trials (wollert et al., 2004).
Stem cell research can be traced back to 1960s when Leroy Stevens, a scientist
working at the Jackson Laboratory in Bar Harbor, Maine, determined teratocarcinomas to
originate from embryonic germ cells in mice and identified as a kind of stem cell. He was the
first person to identify the pluripotent tendencies of these cells. In 1968, the first bone
marrow transplant was performed successfully to treat two siblings with severe combined
immunodeficiency. Later in 1975, Beatrice Mintz and Karl Illmensee, from the Institute for
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Cancer Research Philadelphia, demonstrate that embryonic stem cells can give rise to
organisms.
Developments in biotechnology during 1980s and 1990s introduced techniques for
targeting and altering genetic material and methods for growing human cells in the
laboratory. These advances really opened new avenues for human stem cell research. Joseph
Altman and Gopal Das for the first time came up with the evidences of neurogenesis in
adults, which is a stem cell activity in human brain. This was followed by the discovery of
hematopoietic stem cells in human cord blood in the year 1978 and mouse embryonic stem
cells discovered by Gail Martin. Later in 1998, James Thomson brought about the first
human embryonic stem cell line. Two research teams developed methods for culturing
embryonic stem (ES) cells (Thomson et al., 1998) and embryonic germ (EG) cells
(Shamblott et al., 1998). Another scientist, Gerhart, isolated pluripotent stem cells from fetal
tissue obtained from terminated pregnancies. However, harvesting and therapeutic use of ES
cells are associated with a number of problems both methodological and ethical. Then, in
1999 and 2000, scientists discovered that manipulating adult mouse tissues could produce
different cell types. This meant that cells from bone marrow could produce nerve or liver
cells and cells in the brain could also yield other cell types. These discoveries were exciting
for the field of stem cell research with the promise of greater scientific control over stem cell
differentiation and proliferation.

PROPERTIES OF STEM CELLS
Stem cells posses the ability to go through numerous cell divisions while maintaining
the undifferentiated state, a property known as self renewal. The capacity of organisms or
cells to change their phenotype in response to environmental changes is known as plasticity.
Stem cells can be classified on the basis of their plasticity. Different types of stem cells vary
in their degree of plasticity, or developmental resourcefulness.
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a. Totipotent Cells

These cells have the ability to construct a complete, viable, organism. The fertilized
egg is said to be totipotent cell as it has the potential to give rise to all human cells, such as
brain, liver, blood or heart cells. These are the most versatile type of cells. The first few cell
divisions in embryonic development produce more totipotent cells (Mitalipov et al., 2009).
After four days of embryonic cell division, the cells begin to specialize into pluripotent cells.

b. Pluripotent Cells

These cells like totipotent cells can give rise to all tissue types. However, unlike
totipotent cells, they cannot give rise to an entire organism. On the fourth day of
development, the embryo forms two layers, an outer layer which will become the placenta,
and an inner mass which will form tissues of the developing human body. These inner cells
though they can form nearly any human tissue but cannot do so without the outer layer; so
are pluripotent (Zaehres and Schöler, 2007).

c.

Multipotent Stem Cells

These are less plastic and more differentiated cells. They give rise to a limited range
of cells within a tissue type. The offspring of the pluripotent cells become the progenitors of
such cell lines as blood cells, skin cells and nerve cells. At this stage, they are multipotent.
They can become one of several types of cells within a given organ. For example,
multipotent blood stem cells can develop into red blood cells, white blood cells and platelets.

d. Oligo-potent

Oligo-potent cells have the capacity to differentiate into only a few cells such as
lymphoid or myeloid stem cells.

e. Uni-potent
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Uni-potent cells have committed to give rise only one cell type (Zaehres and Schöler,
2007) but posses the property of self-renewal which distinguishes them from non-stem cells.

CLASSIFICATION OF STEM CELLS
Stem cells are often classified with regard to their origin. Depending on origin of
stem cells, they have different properties. According to this classification scheme, three kinds
of stem cells are: Embryonic stem cells, embryonic germ cells, and adult stem cells
(Chapman et al., 1999).

Embryonic Stem Cells (ESCs)

ESCs are originated from inner cell mass of an early (4-5 day old) embryo called
blastocyst. Once removed, the cells of the inner cell mass can be cultured into embryonic
stem cells. These cells have strong capacity for self-renewal and plasticity. ESCs can give
rise to all the derivatives of three primary germ layers: ectoderm, endoderm and mesoderm.
Therefore, they can develop into each and every of 200 cell types of the adult body when
given sufficient and necessary stimulation for a specific cell type (Wobus and Boheler,
2005). Transplant rejection, teratoma formation and ethical concerns are a few hurdles that
embryonic stem cell researchers are facing today.

Embryonic germ cells (EGCs)

Embryonic germ cells have characteristics similar to embryonic stem cells. But, they
are collected from the fetus later in the developmental process from a region known as the
gonadal ridge (which would eventually develop into the sex organs). Though, these cells can
give rise to the three germ layers that can make all the organs of body. The cell types that
develop from embryonic germ cells are slightly more limited than those that develop from
embryonic stem cells.
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Adult Stem Cells (ASCs)

In adult organisms, stem cells and progenitor cells act as a repair system for the body,
replenishing adult tissues. They originate from mature adults and can differentiate into a
limited number of cell types. Therefore, they are known as multipotent stem cells. Adult stem
cells serve as a fresh source of cells in living organisms. They replace cells that need to be
replaced on a regular basis in a living organism such as blood (which has a 120 day lifespan)
and other connective tissues. ASCs are found in all tissues of the growing human being. They
have potential to transform themselves into many cell types under appropriate culture
conditions. The available evidence indicates that ASCs derived from adult tissues have
immense therapeutic potential in various disorders like ischemic heart diseases (Assmus et
al., 2006), stroke (Chopp and Li, 2002), traumatic brain injury and acute myocardial
infarction (Zhang et al., 2007b; Zhang et al., 2008).

BONE MARROW AS A SOURCE OF STEM CELLS

Bone marrow is the spongy tissue found in the hollow interior of bones like hip and
thigh bones. It constitutes 4% of total body weight, i.e. approximately 2.6 kg (5.7 lbs.) in
adults. Bone marrow is active in providing a continual supply of red blood cells, white blood
cells and platelets to meet the body's demand for oxygenation, immunity and coagulation.
Bone marrow has long been regarded as the only source of adult stem cells. It is extremely
complex organ with several different types of primitive cells.

Hematopoietic Stem Cells

Hematopoietic Stem Cells are the best characterized population of stem cells in bone
marrow (Gunsilius et al., 2001). These cells are negative for lineage markers but express
hematopoietic marker CD45 as well as CD34, CD133 and CD117. They are capable of self
renewal as well as differentiation into all types of mature blood cells.
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Mesenchymal Stem Cells (MSCs)
MSCs (also known as stromal cells) are a heterogeneous population of bone marrow
stem cells that grow in cultures as adherent cells and differentiate into osteoblasts,
chondroblasts, and adipocytes (Pittenger and Martin, 2004). These cells express stro-1, CD90
(Thy-1), CD 106 (vascular cell adhesion molecule-1) and CD13 but not CD45. However,
because of lack of consensus regarding the specific markers expressed by these cells, the true
potential for plasticity of MSCs remains scantily defined.

Figure 2.1. Hematopoietic and stromal stem cell differentiation (© 2001 Terese Winslow).

Endothelial Progenitor Cells (EPCs)

EPCs share common precursor with hematopoietic stem cells (Asahara and
Kawamoto, 2004; Urbich and Dimmeler, 2004). EPCs express CD34, VEGFR, Ties-2 and
are negative for CD45. Following release from the bone marrow, EPCs circulate in
peripheral blood, home to various adult tissues and participate in the regeneration of
vasculature in adult organs.
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Side Population (SP) Cells

SP cells are identified by their ability to extrude Hoechst dye via the ABCG2
transporter on the membrane. Although SP cells are isolated independently of classic
antigenic marker, they are enriched for HSCs. Antigenic characterization suggests that SP
cells are a sub fraction of the long term repopulating cells.
Multi-potent Adult Progenitor Cells (MAPCs)

These are adherent cells that can be cultured indefinitely and possess the potential to
differentiate into cells expressing endodermal, mesodermal, and ectodermal antigens. Thus,
MAPCs exhibit a highly plastic behavior with a broad differentiation potential (Jiang et al.,
2002).

BONE MARROW STEM CELLS and cellular therapy
A number of in vitro and in vivo studies have revealed the immune-regulatory
properties of MSCs. Some in vitro studies suggest that MSCs not only inhibit almost all cells
participating in the immune response, but also release various soluble factors that might be
involved in the immunosuppressive activity of MSCs (Krampera et al., 2006; Nauta and
Fibbe, 2007; Karussis et al., 2008). MSCs transplantation in myocardial infarcts decreases
the protein production and gene expression of inflammatory cytokines and increases
functional recovery (Guo et al., 2007). Therefore, anti-inflammatory action of MSCs is one
of the mechanisms underlying the tissue-protective effects.
In animal models of ischemia and Parkinson’s disease, MSCs characteristically
migrate toward damaged tissues possibly in response to signals (chemokines and their
receptors) that are up-regulated under injury conditions (Li et al., 2001; Chen et al., 2003). In
ischemic brain lesions, it is speculated that damage in the nigrostriatal system of Parkinson’s
disease animal models induced by neurotoxins increases the expressions of SDF-1α and
CXCR4, leading to the recruitment and homing of MSCs (Stumm et al., 2002; Chamberlain
et al., 2007). In MG-132, which is a nonspecific proteasome inhibitor, induced Parkinson's
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disease rat model, there was a progressive decline in the number of tyrosine-hydroxylaseimmunoreactive (TH-ir) cells. MSCs treatment of MG-132-treated rats dramatically
increased TH-ir cell survival by approximately 50% (Park et al., 2008).
In the past it was widely accepted that the regenerative capacity of human
myocardium is insufficient to compensate for the severe loss to heart muscles following a
myocardial infarction (Abbate et al., 2002). However, the hearts of some vertebrates such as
zebrafish and newts show regenerative response after injury (Poss, 2007; Borchardt and
Braun, 2007). Many studies have demonstrated that adult mammalian myocardium has a
population of resident cardiac stem cells with the potential to differentiate into
cardiomyocytes and other cell types such as endothelial and vascular smooth muscle cells
(Beltrami et al., 2003; Martin et al., 2004; Laugwitz et al., 2005). There are certain barriers
that can prevent the regeneration of myocardium including ischaemia, inflammation and
fibrosis. Scarring protects the injured heart from aneurismal dilation and catastrophic rupture,
but the non-contractile nature of the scar results in reduced ventricular function. Although the
inflammatory responses are essential for promoting angiogenesis and progenitor-cell
recruitment, but excessive inflammation also prevents the recruitment and survival of
progenitor cells. This can also reduce the success of exogenous cell therapies (Segers and
Lee, 2008).
Bone marrow derived haematopoietic cells were the first adult stem cells reported to
differentiate into cardiomyocytes when transplanted into infracted heart mouse model (Leri
et al., 2005). Jackson et al., (2001) reported that labeled haematopoietic stem cells
transplanted to animal models of myocardial infarction differentiated to cardiomyocytes but
at an exceptionally low rate. Other investigators have demonstrated the ability of bone
marrow derived mesenchymal stem cells (MSCs) to acquire a cardiomyocyte phenotype
under specific conditions in vitro (Wollert and Drexler, 2005; Caplan and Dennis, 2006).
Paracrine growth factors released by MSCs can provide support for other cells present in
injured myocardium and this could be the major mechanism for the beneficial effects of these
cells (Gnecchi et al., 2006).
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Regenerative medicine using stem cells is an attractive treatment for many diseases.
Kang et al., (2005) reported that MSCs can express the liver specific marker AFP, and
produce albumin in urea when cultured in the presence of cytokines, fibroblast-growth factor
(FGF-4) and hepatocyte growth factor (HGF) in vitro. MSCs co-culture with fetal liver cells
expressed albumin, CK18 and AFP after 2 weeks of culturing (Lange et al., 2006). The
capacity of bone marrow cells (BMCs) to differentiate into hepatocytes has been confirmed
by “GFP/CCl4 model” (Terai et al., 2002; Terai et al., 2003). In CCl4 liver fibrosis model,
Liv8-negative BMSCs population showed efficient repopulation and transdifferentiation into
hepatocytes (Yamamoto et al. 2004). Kuo et al., (2008) reported that mesenchymal stem cellderived hepatocytes and mesenchymal stem cells engrafted into recipient liver and
differentiated into functional hepatocytes. They have described that mesenchymal stem cells
were resistant to reactive oxygen species in vitro, reduced oxidative stress in recipient mice,
and accelerated repopulation of hepatocytes after liver damage, suggesting a possible role for
paracrine effects.
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Human digestive system consists of a tubular part (stomach, small intestine, and large
intestine) and glandular organs (liver and spleen). Liver is a chemical factory of the body
which receives thirty per cent of the blood pumped through the heart in one minute.

Fig.2.2. Human Digestive System (www.vitallywell.net)
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Location and Gross Anatomy of Liver

Liver locates under the lower right rib cage and occupies much of the upper right
quadrant of the abdomen with a portion extending into the upper left quadrant. It is the
largest glandular organ of the body and weighs about 3 lb (1.36 kg). It is somewhat larger in
men than in women. Its greatest horizontal measurement ranges from 20 to 22 cm
(approximately 8 inches), vertically it extends 15 to 18 cm and in thickness it ranges from 10
to 13 centimeters. Visceral peritoneum covers the liver entirely except for a small area where
it connects to the diaphragm. Falciform ligament is formed by folding back of the peritoneum
on itself. This falciform ligament separates the liver into two unequal lobes: a large right lobe
and a smaller left lobe.

Fig. 2.3. Gross anatomy of Liver (www.jimbaun.com)

The major blood vessels entering the liver on its inferior surface in a centrally placed
groove called porta hepatis, which anatomically separates the quadrate and caudate lobes.
The liver has two sources of blood supply: fully oxygenated blood from the hepatic artery,
which is a major branch of the celiac axis (the main artery that crosses the abdomen) and
partially oxygenated blood from the large portal vein, which in turn receives all venous blood
from the spleen, pancreas, gallbladder, lower esophagus and the remainder of the
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gastrointestinal tract including stomach, small intestine, large intestine and upper portion of
the rectum. At the porta hepatis the portal vein divides into two large branches, each going to
one of the major lobes of the liver. The porta hepatis is also the exit point for the hepatic
ducts. These channels are the final pathway for a network of smaller bile ductules
interspersed throughout the liver that serve to carry newly formed bile from liver cells to the
small intestine via the biliary tract.

Microscopic Anatomy of Liver

The smallest anatomic and functional units of the liver are called lobules. These are
formed of cords or plates of hepatocytes which are the functional cells of the liver.
Hepatocytes occupy about 80 percent volume of the liver (Kmiec, 2001). The plates of
hepatocytes are separated from one another by spaces called sinusoids, or hepatic capillaries.
Sinusoids are lined by thin endothelial cells that have openings through which fingerlike
projections (microvilli) allow direct accessibility of the hepatocyte to the bloodstream.
Venous blood from all the lobules then flows into the hepatic vein, which empties into the
inferior vena cava. Bile produced by the hepatocytes is conducted to bile duct by small
channels known as bile canaliculi.

The other major cell of the liver: the Kupffer cell adheres to the wall of the sinusoid
and projects into its lumen. . Kupffer cells are part of the mononuclear phagocyte system.
They remove foreign substances from the blood and trap bacteria. Small spaces (Disse
spaces) are present in places between the hepatocyte and the sinusoidal endothelium which
drains interstitial fluid into the hepatic lymph system. Hepatocytes perform many functions
like; conversion of ammonia into urea in the urea cycle. In smooth endoplasmic reticulum of
the liver cells, cytochromes (combinations of heme from hemoglobin with various proteins)
and certain enzymes undertake the important hepatic functions of the drug and hormonal
metabolism and also cholesterol synthesis. Hepatic lipocytes (fat-storing or Ito cells) are
located in the space of Disse. These are also known as HSCs. They are star-shaped cells and
are distributed throughout the liver. In normal liver, their main function is the storage of
lipids and vitamin A (Iredale et al., 1992).
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Fig.2.4. Microscopic structure of liver (http://www.britannica.com)

Biliary System and Bilirubin Metabolism

Liver produces bile which is collected in bile capillaries. Bile capillaries merge to
form bile ducts. Bile duct drains into right and left hepatic ducts, which combine to form the
common hepatic duct. The bile is stored and concentrated in gall bladder during the fasting
state. Liver assists intestinal digestion by secreting 700 to 1200 ml of bile per day. Bile is an
alkaline, bitter-tasting, a yellowish green fluid consisting of bile salts, cholesterol, bilirubin (a
pigment), electrolytes and water. It is formed by hepatocytes and secreted into the canaliculi.
Bile salts are required for the intestinal emulsification and absorption of fats.
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Bilirubin is produced as a byproduct of destruction of aging red blood cells. It gives
bile a greenish black color and produces the yellow tinge of jaundice. Macrophages of the
mononuclear phagocyte system destroyed the aged red blood cells in spleen and liver. Within
these cells, hemoglobin is separated into its component parts: heme and globin. The globin is
further degraded into its constituent amino acids which are recycled to form new proteins.
The heme moiety is converted to biliverdin by the enzymatic cleavage of iron. The iron
attaches to transferrin in the plasma and can be stored in the liver or used by bone marrow to
make new red blood cells. The biliverdin is enzymatically converted to bilirubin in the
macrophage of the mononuclear phagocytic system and then is released into the plasma. In
the plasma, bilirubin binds to albumin and is known as un-conjugated bilirubin or free
bilirubin which is lipid soluble.

Figure 2.5. Bilirubin Metabolism (http://ahdc.vet.cornell.edu)

Un-conjugated bilirubin moves from plasma in the sinusoids and into the hepatocytes.
Within hepatocytes, it joins with glucuronic acid to form conjugated bilirubin, which is water
soluble. Conjugation transforms bilirubin from a lipid-soluble substance to a water-soluble
substance that can cross biologic membranes and can be excreted in the bile. When
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conjugated bilirubin reaches the distal ileum and colon, it is deconjugated by bacteria and
converted to urobilinogen. Most of the urobilinogen is then excreted in the urine, and a small
amount is eliminated in feces.

Functions of Liver

Liver is a vital organ performing functions required to maintain homeostasis in the
organism. The functional tissue (parenchyma) of the liver is composed of at least seven
distinct types of cells; hepatocytes, cholangiocytes, sinusoidal endothelial cells,
macrophages, lymphocytes of several different phenotypes, dendritic cells, and stellate cells.
Liver synthesizes numerous essential molecules of diverse sort; extracts and metabolizes a
plethora of nutrients and xenobiotics entering into the body, stores and exports the metabolic
products and neutralizes numerous foreign antigens and microbes from the gut. Thus, it is
very important organ for the survival of life with an array of biochemical functions (Arias et
al., 2009).
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Hepatic fibrosis is overly enthusiastic wound healing response to the liver injury in
which excessive accumulation of ECM proteins and imbalance between ECM production and
ECM degradation results in the formation of scar tissue at the site of injury. Formation of
scar tissue is a normal body response to injury but during liver fibrosis this healing process
goes wrong (Highleyman and Franciscus, 2007). Recent developments in the understanding
of hepatic fibrogenesis process confirm that this is a dynamic process with respect to both
cell and extracellular matrix (ECM) turnover (Dufour et al., 1998; Sobesky et al., 1999).
The normal liver has pivotal role in maintaining the homeostasis of the body. Liver
has an excellent regeneration ability which enables it to withstand against functional
parenchymal loss. Sometimes this ability is impaired when liver is subjected to a continuous
hepatic injury. Irrespective of the cause, liver injuries generally result in accumulation of
matrix proteins leading to a condition called fibrosis. In injured liver, oxidative stress
produced by different sources can induce liver fibrosis. The cytochrome P450IIE1 enzyme is
found in hepatocytes and is one of the potential sources of oxidative stress. This enzyme is
induced by ethanol. Similarly, the phagocytic NADPH oxidase in the Kupffer cells is another
potential source of oxidative stress.
During the progression of chronic liver injury, all hepatic cells undergo certain
changes like acapillarization of the sinusoids and activation of Kupffer cells. These activated
cells produce a variety of chemokines and cytokines. Lymphocytes infiltrate the injured liver
and contribute to the inflammation. These chemokines and cytokines activated Hepatic
stellate cells (HSCs), which are the main source of ECM proteins. In normal liver HSCs are
the major storage sites for Vitamin A and lipid droplets (Dai et al., 2010). In response to liver
injury, HSCs undergo dramatic phenotypic change from normal Vitamin A storing cells to
proliferative, fibrogenic and inflammatory phenotype.
During the early stages of liver injury, collagen type III, type V and fibronectin
accumulate in the space of Disse (Burt et al., 1990). As the injury progresses to chronic
stage, there is an increase in the deposition of collagen type I, type IV, undulin, elastin,
laminin, dermatan, chondroitin sulphate and heparan sulphate proteoglycans (Bataller and
Brenner, 2005). Hyaluronan is increased more than eight folds which is normally a minor
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component of the space of Disse (Gressner and Haarmann, 1988). The neomatrix laid down
in the space of Disse may itself contribute to the disease associated changes in the phenotype
of HSCs, sinusoidal endothelial cells and hepatocytes (Friedman et al., 1989; McGuire et al.,
1992).
Progression of liver injury causes ECM spurs link the vascular structures which
ultimately results in the distortion of the normal and fenestrated architecture of the liver
sinusoids, the process is known as acapillarization of the vessels. This impairs the normal
bidirectional exchange between the portal venous blood and hepatocytes causing the
metabolizable substances to bypass the liver and reach the systemic circulation
(portosystemic shunting). This blockage of vessels also prevents substances, produced in the
liver, to reach the blood. This process further complicates problems such as
hyperbilirrubinemia,

hepatic

encephalopathy,

hypoalbuminemia

and

deficiency

coagulation factors (Moreira, 2007).

Figure 2.6. Cytokine production during liver fibrosis (Poynard and Afdhal, 2010)

of
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The immune system is activated in response to hepatocytes injury: due to viral
infection, heavy alcohol consumption, toxins, trauma etc. The inflammatory immune cells
start to release cytokines, growth factors and other chemicals that direct HSCs to activate and
produce collagen, glycoproteins (fibronectin), proteoglycans etc. These substances are
deposited in the liver causing the build-up of ECM proteins. In normal healthy liver, the
synthesis (fibrogenesis) and breakdown (fibrolysis) of matrix proteins are going side by side
balancing each other. But in a diseased liver, the process of fibrolysis is impaired resulting in
the accumulation of ECM proteins. This distorts the hepatic architecture by forming a fibrous
scar (Wu and Zern, 2000; Gines et al., 2004).
During the progression of liver injury HSCs act as major collagen and other
extracellular matrix (ECM) proteins producing cells. HSCs are located within the space of
Disse in the liver sinusoids and comprising of the 15% of the total cell number in liver
(Friedman, 1996). Activated HSCs lose vitamin A droplets, upregulate synthesis of
extracellular matrix proteins and differentiate into myofibroblast-like phenotype (Friedman,
2008). The activation process of HSCs consists of two distinct phases: Initiation phase and
perpetuation phase. In the initiation phase, HSCs undergo initial changes towards
myofibroblast-like differentiation and become more responsive to proliferative and
fibrogenic cytokines by up-regulation of membrane receptors. Then in the perpetuation
phase, the activated phenotype will be perpetuated by the continued release of mediators
from chronically inflamed and injured tissue (Gressner and Weiskirchen, 2006).
After activation of HSCs, the gene expression of ECM proteins, matrix-degrading
enzymes (MMPs) and their respective inhibitors (TIMPs) is up-regulated (Jiang et al., 2006;
Bataller and Brenner, 2005). Prolonged injury insult results in the failure to respond to
negative feedback regulation of collagen synthesis and results in the deposition of crosslinked type I collagen fibrils. These collagen fibrils are resistant to proteolytic degradation
causing the alteration in the normal liver extracellular matrix proportion and organ
architecture (Jiang, F. and Stefanovic B. 2008).
CCl4 is a heptotoxin, induces liver damage leading to fibrosis and even leads to
chronic stage cirrhosis. CCl4 metabolism is regulated through Cytochrome P450IIEI enzyme.
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This enzyme cleaves the CCl4 to Trichloromethyle (CCl3). This radical couple with oxygen
to form trichloromethyleperoxyle (.OOCCl3) and these free radicals act as ROS and alter the
functions of lipids and nucleic acids leading to cell death and ultimately fibrosis (Ruch et al.,
1986; Weber et al., 2003). Severity of injury is time and dose dependent (Nakajima et al.,
1982).
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Liver fibrosis is a dynamic process in which fibrogenic and fibrolytic pathways coexist and interact with each other. The resolution of fibrosis has been well characterized after
removal of the insulting agent (bile duct ligation and carbon tetrachloride infusion) in animal
models of liver injury and also after successful treatment of chronic liver disease in humans
(Hammel et al., 2001; Dixon et al., 2004; Iradele et al., 1998). But, the over-expression of
TIMP and HSCs activation may persist even after eradication of the underlying cause of liver
injury, which can prevent the resolution of fibrosis (Benyon and Iredale, 2000). Moreover,
several fundamental questions are still to be answered about the reversibility of liver fibrosis.

Figure 2.7. Schematic diagram of reversal of liver fibrosis (Friedman, 2004)

Drug Therapies
Despite of the insults, the prognosis of diseases occur at a slow pace due to the
regenerative capacity of the liver. Mechanism of fibrosis and genetic effects are the main
regulators of the rate at which matrix proteins accumulate during fibrosis. Different strategies
have been opted as therapies for liver fibrosis. Clearance of virus in HBV and HCV, abstain
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from alcohol and removal of excess iron and copper may cure the primary disease (Dixon et
al., 2004). Anti inflammatory agents are used to eliminate activation of stellate cells.
Inhibition of hepatic stellate cell was applied through Vitamin E as an antioxidant.
Corticosteroids have been also used against autoimmune hepatitis. TNF-α and NF-kβ
modulators have also been used in this context (Raetsch et al., 2002). Hapatoprotectants are
being used as antifibrotic therapy like hepatocyte growth factors, synthetic mimetic for HGF
and insulin like growth factors (Kim et al., 2005; Sanz et al., 2005). Sylimarin obtained from
Silybum marianum is used as antifibrotic drug (Kawada et al., 1998).

Bone Marrow derived Stem cells Transplantation

Bone marrow derived stem cells are among the most promising candidates for clinical
applications. Bone marrow derived stem cells either called bone marrow stromal cells
(BMSCs) or mesenchymal stem cells (MSCs), have expressed a greater degree of plasticity
in vitro (Bianco and Robey, 2000). In addition to the traditional osteogenic, chondrogenic
and adipogenic lineages, they have been shown to give rise to lineages of completely
different embryonic origin like neurons and cardiomyocytes. It could be an attractive
treatment for patients with liver disease as studies have reported the capacity of bone marrow
cells to differentiate into hepatocytes (Alison et al., 2000; Korbling et al., 2000; Theise et al.,
2000; Okamoto et al., 2002).
There are three different types of mechanisms that are postulated to explain MSCs
role in liver repair: transdifferentiation, cell fusion and a bystander effect. Transformation of
an adult cell into a different type of cell is known as Transdifferentiation. Genomic
reprogramming induced by a specific microenvironment seems to be the basis of this process.
Liver tissue damage induced by toxin administration is more efficient in promoting
transdifferentiation than other types of injury. Cell fusion occurs during mammalian
development when myelomonocytic cells fuse to form osteoclasts or giant cells and
myoblasts fuse to form myotubes. Finally, the bystander effect is the mechanism by which
animals that have been administered bone marrow appears to have an improvement in liver
injury. Recent studies have demonstrated that mobilized hematopoietic cells accelerate liver
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repair mainly by stimulating resident hepatocytes proliferation (Allen et al., 2005; Yannaki et
al., 2005).
MSCs can be induced to transdifferentiate into hepatocyte-like colonies by using
culture medium containing the serum of liver failure patients in combination with specific
growth factors such as fibroblast growth factor (FGF), oncostatin M and hepatocyte growth
factor (Yamazaki et al., 2003; Saji et al., 2004). In vitro differentiation of MSCs to
hepatocyte like cells can be induced by co-culture with liver cells (Lange et al., 2006) and
pellet culture (Ong et al., 2006). Organ specific microenvironment is more suitable for MSCs
to differentiate into required cell type. Jang et al, (2004) reported that purified hematopoietic
stem cells can differentiate into albumin secreting hepatocytes when co-cultured with CCl4
treated liver tissue.

Figure 2.8. MSCs in CCl4 liver fibrosis model (Jang et al., 2004)
There are different suggested mechanisms about the differentiation of MSCs into
hepatocytes. One of these is that these BM-derived cells fuse with damaged hepatocytes after
transplantation and start expressing the genes that of mature hepatocytes (Vassilopoulos et
al., 2003; Wang et al., 2003). Transplanted MSCs also secreted the soluble factors that
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protect the liver as they possess antiapoptotic and promitotic properties (Van Poll et al.,
2008). Transgenic studies with fumarylacetoacetate hydrolase-deficient mice and albumin
urokinase transgenic mice showed that transplanted MSCs could differentiate into mature
hepatocytes and restore liver function (Lagasse et al., 2000).
The isolation of MSCs is easier than other tissue specific stem cells. In the field of
cardiovascular diseases, clinical studies have been performed to evaluate the use of MSCs in
regenerating the myocardium (Stamm et al., 2003). MSCs transplanted to the liver were
shown to differentiate into albumin-producing hepatocytes, as an increase in the serum
albumin level was detected. An improvement in liver fibrosis after MSCs transplantation was
also reported by Sakaida, (2006). Human clinical trials with hepatocyte transplantation have
not produced any therapeutic effects due to less number of cells to achieve a biological effect
(Fox et al., 1998; Muraca et al., 2002). They also have shown to produce hepatocellular
carcinoma and cholangiocarcinoma cells in rodents and is a concern for their use.
Gordon et al. (2006) have applied MSCs to chronic liver disease conducted on a very
small number of patients. Results showed some improvement but study has no control group
or a sufficient follow-up period to define real efficacy. In the study of Sato et al. (2005)
human bone marrow derived MSCs were differentiated into hepatocyte-like cells at day 28,
when xenografted directly into rat livers. This was revealed by positive immunostaining for
human specific alpha-fetoprotein (AFP), albumin, cytokeratin19 (CK19), cytokeratin18
(CK18) and asialiglycoprotein receptor. Human umbilical cord blood-derived mesenchymal
stem cells resolve the liver fibrosis in rats with CCl4-induced cirrhosis (Jung et al., 2009).
But, the results are notorious as they vary across different animal models, CCl4 treatment
protocols and in vitro conditions (Zhao et al., 2005; Oyagi et al., 2006).

Hepatic Stellate Cells and Liver Fibrosis
In normal liver HSCs are situated within the space of Disse in liver sinusoids and
comprising of 15% of the total cell number of liver (Friedman, 2000). They are present in a
ratio of about 3.6 to 6 cells per 100 hepatocytes (or 1:20). HSCs have a star like
configuration due to their dendritic cytoplasmic processes (Geerts, 2001). The quiescent
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phenotype of the HSCs has stored vitamin A and regulates contractility of the sinusoids.
They perform a variety of functions like: production of the metalloproteinases for the
degradation of the normal extracellular matrix, production of reactive oxidative species
generated by NADPH oxidase to induce oxidative stress, production of chemokines and
cytokines such as MCP-1 for the chemotaxis of leukocytes as well as for their own chemotaxis etc. HSCs are also the major source of the primary mytogen for hepatocytes, the
hepatocyte growth factor (HGF).
Hepatocytes, Kupffer cells, platelets, epithelial cells, sinusoidal endothelial cells and
neutrophils are known to interact with stellate cells. These cell types release a subset of
mediators that have diverse effects on HSCs. The population of HSCs was increased in
alcoholic liver disease and in other animal models of chronic liver disease (Wu and Zern,
2000). Activated HSCs express new receptors (platelet derived growth factor receptor and
transforming growth factor-β receptor) and proteins (α smooth muscle actin). The
transforming growth factor-β (TGF-β) is the most potent fibrogenic cytokine. TGF-β induces
fibrosis through multiple mechanisms including; direct activation of HSCs, stimulating
synthesis of multiple ECMs, inhibiting ECM degradation by stimulating the production of
tissue inhibitors of metalloproteases (TIMPs) and increasing its own synthesis through the
AP-1site on its own gene (Hellerbrand et al., 1999; Borkham-Kamphorst et al., 2004;
Gressner and Weiskirchen, 2006; Yoshiji et al., 2006).
A variety of mediators and molecules including monocyte chemotactic protein type 1,
endothelin1, angiotensin II, leptin, tumor necrosis factor β (TNF-β) and integrins have been
shown to be fibrogenic by causing inhibition of HSC apoptosis (Shi et al.,1997; Cho et
al.,2000). Kupffer cells and damaged hepatocytes produce reactive oxygen species which
have a role in the activation of HSCs and in the recruitment of inflammatory cells. Activated
HSCs themselves start secreting inflammatory chemokines. NADPH oxydase is produced by
HSCs which in turn produce reactive oxidative species causing fibrosis. Mice with NADPH
oxidase p47 subunit knocked out are resistant to hepatic fibrosis (DeMinicis et al., 2008).
Thus, a vicious cycle is formed whereby fibrogenic and inflammatory cells stimulate each
other and carry on a process of liver damage and repair.
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In culture conditions, HSCs differentiate from a quiescent phenotype to activated
myofibroblasts, similar to HSCs activation during fibrosis (Friedman et al., 1992). Liver
fibrosis is characterized by the excessive accumulation of extracellular matrix proteins
(ECM), produced by HSCs (Lindquist et al., 2000). With the activation of HSCs the gene
encoding ECM, cytoskeleton and components of protein synthesis machinery are
preferentially up-regulated (Jiang et al., 2006). Integrin-linked kinase, an intracytoplasmic
integrin associated signaling molecule has an important role in fibrogenesis both in vitro and
in vivo in experimental models (Shafiei and Rockey, 2006).
The matrix metalloproteinases (MMP), a family of zinc dependent endoproteinases,
have the capability to degrade various ECM components particularly expressed by HSCs and
Kupffer cells (Arthur, 1998). MMP-1 is the best characterized interstitial collagenase which
is widely expressed in human tissues including the liver. Other human interstitial
collagenases with a more limited cell expression include neutrophil collagenase (MMP-8),
collagenase 3 (MMP-13), MMP-2 and MMP-14 (Ohuchi et al., 1997). However, during
advanced fibrosis interstitial collagenolytic activity decreases which would promote net
collagen deposition.
Endogenous

MMP

inhibitors,

also

known

as

the

tissue

inhibitors

of

metalloproteinases (TIMPs) are evidenced as collagenase inhibitors in fibrotic liver. Knittel
et al., (1999) reported that expression of both TIMP-1 and TIMP-2 is increased in human and
rat model of fibrotic liver. Several studies reported that HSCs are an important source of
these TIMPs in injured liver (Benyon et al., 1996; Weng et al., 2009). In in-vitro cultures,
TIMP-1 reduces apoptosis of activated HSCs (Murphy et al., 2002). The resulting increase in
TIMP:MMP ratio in liver promotes fibrosis by protecting deposited ECMs from degradation
by MMPs. Therefore, the activation of HSCs triggered not only by circulating and locally
released mediators, but also by alterations in the ECM itself, as there is direct interaction
between these cells and adjacent matrix fiber molecules.
Therefore, activated HSCs produce a fibrogenic environment within the liver through
a combination of ECM overproduction, diminished MMP activation and inhibition of active
MMPs by TIMPs. So, theoretically decrease in ECM production and/or increase in ECM
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degradation could potentially be a benefit in the regression of fibrosis. Activation of HSCs is
the key point in the development of hepatic fibrogenesis. Therefore, removal or inhibition of
HSCs’s activation can be crucial in curing hepatic fibrogenesis.

Inhibition or Apoptosis of Activated HSCs

The research being carried out in the past has greatly refined the understanding of the
molecular mechanisms involved in liver fibrosis. HSCs are involved in most of the
mechanisms governing liver fibrosis. Fibrosis can be resolved by reducing the transformation
of quiescent stellate cells to activated myofibroblasts. There are several important steps in the
activation of HSCs which have been identified as potential therapeutic targets in preventing
or treating liver fibrosis. As discussed earlier, TGF-β and PDGF are the important mediators
in the process of liver fibrosis. Substances with TGF-β inhibitory activity have been shown to
significantly reduce liver fibrosis in animal models (Kondou et al., 2003). Pirfenidone is
known to be an antifibrotic agent and proven to be effective in the animal model studies of
lung fibrosis, kidney fibrosis, bronchiolitis obliterans and liver fibrosis. Its antifibrotic
properties are due to inhibition of TGF-β and PDGF (Garcia et al., 2002; Sario et al., 2002).
Imatimib mesylate inhibits the PDGFR tyrosine kinase and effectively prevents
development of liver fibrosis (Yoshiji et al., 2005). Combination of imatimib mesylate and
perindopril used for the dual inhibition of PDGF and TGF-β proved to be more effective in
CCl4-induced liver fibrosis in rats. Similarly, HSCs also express PPARγ nuclear receptors.
Thiazolidinediones is a synthetic PPARγ ligands, is known to down-regulate HSCs activation
(Marra et al., 2000; Galli et al., 2002). The intracellular signaling pathways for PDGF, TGFβ and PPARγ receptors are well understood. Inhibitors to these receptors are being explored
in vivo or in cultured stellate cells (Beno et al., 1995). Matrix production can be inhibited
directly by blocking matrix synthesis and processing or indirectly by inhibiting the activity of
TGF-β. Matrix production can be inhibited by neutralizing this potent cytokine (Gressner et
al., 2002). Monoclonal antibodies to neutralize the TGF-β and protease inhibitors to block
TGF-β activation has been tested both in Animal and culture studies (George et al., 1999;
Okuno et al., 2001; Friedman, 2004).
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Figure 2.9. Phenotypic features of hepatic stellate cell activation and resolution (Friedman,
2000)
In renin angiotensin pathway, the increased angiotensin II binds to its AT1 receptor in
HSCs leading to the activation of NADPH oxidase with subsequent HSCs activation.
Angiotensin converting enzyme inhibitors (ACE inhibitors) and angiotensin receptor
blockers (ARBs) can be effective drugs in preventing the progression of hepatic fibrosis
(Moreno et al., 2010). Focal adhesion kinase (FAK) is a non-receptor tyrosine and its auto
phosphorylation and sub membranous localization is crucial for biological processes like cell
proliferation, migration, survival and prevention of apoptosis. It also plays an important role
in the activation of HSCs. The modulation of FAK by neutralizing with anti FAK antibody
induces the apoptosis of HSCs (Liu et al., 2002). Adiponectin, a natural counter-regulator to
leptin, can be a useful agent in the treatment of liver fibrosis (Kamada et al., 2003; Ding et
al., 2005). Leptin is produced by activated HSCs (Saxena et al., 2004) and can directly
influence wound healing process as animals deficient in leptin have reduced hepatic injury
and fibrosis (Ikejima et al., 2001; Saxena et al., 2002).
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In the past hepatic fibrosis was considered to be an irreversible process. But, evidence
from animal model and human clinical studies indicate that even advance fibrosis is
reversible (Arthur, 2002; Issa et al., 2004). A recent study by Parekkadan et al. (2007)
reported that the induction of HSCs apoptosis is a potential antifibrotic treatment. The
concept is that if the activated HSCs can be eliminated from the injured liver through
apoptosis, this will remove the fibrogenic cell and allow the resolution of fibrous scar as with
the reduction in liver fibrosis there is selective cell death of activated HSCs (Iredale et al.,
1998). Drugs that can induce apoptosis of activated HSCs have been evidenced to reverse
liver fibrosis. Apoptosis of activated HSCs results in the absence of TIMPs as they are
produced by HSCs. This allows the collagenase to degrade the ECMs in the fibrous scar
(Brenner, 2009).
As discussed earlier, oxidative stress is known to play a key role in the process of
hepatic fibrosis by means of HSCs activation. Therefore, compounds with antioxidant
properties can be useful in the resolution of fibrosis. There are many agents with antioxidant
activity such as N-acetylcystein, resveratrol, quercetin, glutathione and α-tocopherol. These
have shown to interfere with fibrogenesis in vitro (Gressner and Weiskirchen, 2006).
Silymarin, a natural flavonoid component of the milk thistle Silybum marianum functions as
an anti-oxidant and may decrease hepatic injury (Kawada et al., 1998). Alpha-tocopherol
(vitamin E) was reported to suppress fibrogenesis (Pietrangelo et al., 1995), but not in all
studies of experimental fibrogenesis (Brown et al., 1997).
Rapamycin is an immunosuppressive drug which is used after liver transplantation. It
has an added advantage of inhibiting HSCs proliferation (Zhu et al., 1999). But, Trotter,
(2003) reported that rapamycin causes an increase in hepatic artery thrombosis. Gliotoxin, a
toxic fungal metabolite, was the first agent used to stimulate HSCs apoptosis in vivo by
increasing the caspase3 level as adding caspase inhibitor z-VAD-FMK reduces the
oligonucleosomal DNA fragmentation. There was a reduction in the number of activated
HSCs, but disappointingly there was no improvement in the liver functions and also induces
necrosis of hepatocytes (Wright et al., 2001; Dekel et al., 2003). Therefore, its clinical use is
limited due to the lack of cell and tissue specificity. Hagens et al., (2006) reported that
Kupffer cells, liver endothelial cells and hepatocytes were also affected by gliotoxin along
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with HSCs. Therefore, the concept of HSCs apoptosis induction to treat liver fibrosis is
valuable but there is need to develop a HSCs specific therapy to prevent adverse effects.
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Nitric oxide and its Biological Role
Nitric oxide (NO) is one of a series of compounds of nitrogen and oxygen which are
often referred collectively by the name “oxides of nitrogen” and by the generic formula NOx.
Medical scientists and chemists have shown that nitric oxide plays an important role in the
human body. Most of the oxides of nitrogen are corrosive and poisonous, but two of them;
nitrous oxide (N2O) and nitric oxide (NO) have important biological effects. N2O has long
been used as an anaesthetic gas. It is also called laughing gas because of its intoxicating
effects. NO causes relaxation of blood vessels, and is therefore a key to treating heart
problems and related ailments. NO has short lifetime in the body and is synthesized in situ
from the amino acid L-arginine, which in the presence of oxygen is broken down by an
enzyme known as nitric oxide synthase into nitric oxide and another amino acid called Lcitrulline.

Fig. 2.10. NO production in the body
Furchgott R.F., Ignarro L.J. and Murad F. won the 1998 Nobel Prize of Medicine for
discovering the physiological effects of nitric oxide. They showed that nitric oxide acts as a
signal transmitter between cells. The most important effect of nitric oxide is to relax the walls
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of blood vessels, called vasodilation which results in lowering blood pressure and an increase
in the flow of blood. The physiological effects are cussed by interaction between the NO
molecule and the complex organic molecules that form blood vessels. There are two
important areas of medicine in which the physiological effects of nitric oxide play a central
role; heart disease and sex.
Atherosclerosis is a heart condition in which chest pain called angina pectoris is
caused by an insufficient supply of blood to the heart. For more than 100 years, doctors have
prescribed nitroglycerine pills as a pain reliever for patients suffering from angina. The
molecular formula of nitroglycerine is C3H5N3O9 and the structural formula is:
H2C–ONO2

HC–ONO2

H2C–ONO2
Research has shown that nitroglycerine releases nitric oxide in the body, which in turn dilates
the blood vessels and allows more blood to flow towards heart. NO helps to control a variety
of processes in body including nerve signaling, immune function, tissue turnover and dilation
of blood vessels (Hibbs, 1991, MacMicking et al., 1997). It acts as a messenger molecule that
acts on a variety of endothelial tissues in the circulatory system (e.g. blood vessels and
capillaries) causing them to relax. As they relax, they open up and allowing more blood to
flow (Moncada et al., 1991; Dawson et al., 1992). Similarly, erection of sexual organs occurs
by dilation of the appropriate blood vessels and is triggered by nitric oxide. This is how the
anti-impotence drug Viagra works. In the late 1980s, it was discovered that human body
produces its own NO which acts as an important neurotransmitter. And when NO was
discovered to be the neurotransmitter to erectile tissues, it spawned the development of
Viagra.
Nitric oxide is highly reactive and diffuses freely across membranes, but only has a
lifetime of few seconds. It plays an important role in the regulation of protein structure
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through its ability to react with sulphur-containing residues in certain proteins via a process
known as S-nitrosylation. This combination of properties makes it ideal as a signaling
molecule both between adjacent cells and within a single cell. The inner lining of blood
vessels (endothelium) uses nitric oxide to signal the surrounding smooth muscles to relax
resulting in the vasodilation and increasing blood flow. Phagocytes release Nitric oxide as
part of the human immune response. It is also toxic to bacteria and other human pathogens.
The nutrients required for muscle-tissue growth and repair are transported via the circulatory
system and delivered by tiny capillaries. Vasodilation enhances circulation to the muscles
and improves nutrient delivery.
Endogenous NO is produced by the oxidation of nitrogen atom of the amino group
guanidine fragment of L-lysine. This reaction is catalyzed by NO synthase (Palmer and
Ashton, 1998; Dai et al., 2010). Endothelial cells lying adjacent to HSCs produce Nitric
oxide (NO) and plays a vital role in the remodeling of vascular networks through paracrine
signaling pathways. Some of these signaling pathways are mediated though its downstream
targets guanylate cyclase and protein kinase G (PKG) (Rudic, 1998). Soluble guanylate
cyclase, a widely distributed enzyme found in cytosolic fraction of almost all mammalian
cells is the main intracellular receptor of NO. This enzyme is also responsible for cGMP
accumulation in cells.
The locomotion of HSCs is integral to biological and disease processes in liver.
Angiogenesis based invasion of metastatic liver lesions requires migration of HSCs during
the process of hepatic scarring and fibrosis. NO plays important role in the remodeling of
vascular networks mediated through protein kinase G (PKG). Both PKG and NO inhibit
migration of HSCs by inhibiting the formation of filopodia spikes. Locomotion of HSCs and
formation of actin positive filopodia spikes are fundamental to different biological and
disease processes (Lee et al., 2005).
In healthy liver, endothelial NO synthase (eNOS) derived NO exerts paracrine effects
on HSCs resulting in the inhibition of vasoconstriction, proliferation and migration of HSCs
(Failli et al., 2000; Lee et al., 2005; Perri et al., 2006). But during fibrosis, the normal
mechanism of eNOS derived NO generation is impaired resulting in the portal hypertension
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(Langer and Shah, 2006). Langer et al. (2008) studied the effect of NO on the survival of
HSCs in vitro and reported that NO promote HSCs apoptosis through a signaling mechanism
that involves mitochondrial dysfunction. HSCs apoptosis may represent an additional
beneficial effect of NO donors for therapy of hepatic fibrosis. This represents a paradigm
shift in our understanding of liver fibrosis, since classic teachings have emphasized that
cirrhosis is irreversible.
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MATERIAL & METHODS
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Animals

Studies were performed on C57BL/6 mice 6-8 weeks old. The animals were kept and
maintained in the animal house facility of National Centre of Excellence in Molecular
Biology, University of The Punjab, Lahore, Pakistan. All animal handling and experimental
procedures were in accordance with the guidelines approved by the institutional committee of
animal care.

Hepatocyte Isolation and Culturing

C57BL/6 mice 6-8 weeks old and with CCl4-induced liver fibrosis were used for
hepatocytes isolation and purification using a modified method described by Riccalton-Banks
et al., (2003). Briefly, mouse was injected with heparin Sulphate (20 units/ml; BS M and B
Co., LTD, China) and then anaesthesia was achieved by injecting 200 μl of 10% (1:10)
pentobarbital solution in saline (5μl /100mg body weight) intraperitoneally. After cleaning
and shaving, the animal was placed on its back and opened the abdominal cavity. The Hank’s
Balanced Salt Solution (HBSS; Gibco, USA) and 0.05 % collagenase (100 units/ml; type IV;
Gibco, USA) solution were oxygenated in a laminar flow hood and pre-warmed in 37oC
water bath. The right lateral and medial liver lobes were perfused with HBSS for 15 minutes
at the rate of 5ml/minute until the blood was flushed out and color changed from dark red
brown to uniform light tan. Then liver was perfused with 0.05% collagenase solution at the
rate of 5ml.minute.
Liver was removed from the animal and transferred to a sterile petri dish in 0.05%
collagenase solution. Gall bladder was removed and liver was disrupted with curved forceps
and shaked gently in the collagenase solution to make suspension of single cells. Filtered the
cell suspension through 70μm cell strainer and centrifuged for 3 minutes at 4oC and 50 x g.
Supernatant was removed and the pellet was re-suspended in oxygenated HBSS and again
centrifuged at 50 x g for 3 minutes. After three repeated centrifugations, hepatocyte pellet
was resuspended in Roswell Park Memorial Institute (RPMI; Invitrogen Inc, USA) medium.
The viability of isolated hepatocytes was determined by the trypan blue exclusion test. Cells
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were cultured in RPMI medium supplemented with 100 Units/ml penicillin, 100 µg/ml
streptomycin, 50 ng/ml EGF and 10% FBS and incubated at 37oC in 5% CO2 atmosphere.

Sodium Nitroprusside Treatment of Hepatocytes and Apoptosis Assessment

To quantitate apoptosis in response to SNP (Sigma, USA), hepatocytes were plated in
two 6-well collagen coated plates at a density of 2.5 × 103 cells/well and allowed to attach.
After 2 hours, cells were washed and new serum free medium was added. Group one was
control group and other was treated with 250 μM SNP for 18 hours. 250 µM SNP
concentration was reported to induce apoptosis in HSCs (Langer et al., 2008).
To verify the apoptotic phenotype, hepatocyte culture was analyzed for nuclear
staining with DAPI. Cells were incubated in 4% PBS solution containing 10 µg/ml 4'6diamidino-2-phenylindole (DAPI; Sigma Aldrich, USA) at 37oC for 10 minutes. The
morphology of the cell nuclei was observed using a fluorescence microscope IX-51
(Olympus, Japan). Nuclei were considered to be of normal phenotype when glowing
homogeneously bright. Apoptotic nuclei were identified by the condensed chromatin
gathering at the periphery of the nuclear membrane or a total fragmented morphology of
nuclear bodies. Cells were counted and the percentage of apoptotic nuclei was determined.

Hepatic Stellate Cells Isolation and Culturing

HSCs from CCl4-induced liver fibrotic mice were isolated and purified by using a
method described by Blomhoff and Berg, (1990). Animals were prepared for perfusion as
described earlier on page 47. The right lateral and medial liver lobes from C57BL/6 mouse
were perfused first with HBSS at the rate of 6 ml/minute and continued perfusion with 0.2%
Pronase E (Fluka, Japan). Then liver was perfused with HBSS containing 0.05% collagenase
IV and 0.05% pronase E at 37oC. Liver was separated from the mouse and minced by using
curved forceps. Minced liver was agitated at 37oC for 30 minutes in 0.05% collagenase IV
and 0.05% Pronase E solution in HBSS. The cell suspension was filtered through 70μm
sterile nylon filter and Parenchymal fraction was separated at low speed centrifugation (50 ×
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g). The supernatant was enriched in non-parenchymal fraction and centrifuged at 1800rpm
for 10 minutes. The supernatant was discarded and the cells were washed with HBSS twice
by centrifugation at 1800 rpm for 10 minutes. The cell pellet was obtained after discarding
the supernatant and HSCs were isolated using triple layer density gradient percoll (Sigma
Aldrich, USA). Then cells were washed in 10 ml Dulbecco’s Modified Eagles Medium
(DMEM; Gibco, USA). The final pellet was re-suspended in 10 ml DMEM containing 20 %
FBS and 0.1% penicillin/streptomycin. The cells were plated at a density of 2.5 × 103 cells
per well in 6-well plate and allowed to attach overnight. HSCs 24 hours after seeding
(quiescent) and on day 8 (activated) were used for further experiments (Jameel et al., 2010).

Apoptosis Induction in Hepatic Stellate Cells by Sodium Nitroprusside
The density of 2.5 × 103 HSCs per well was determined to be an optimum value as
cells were more resistant to apoptotic stimuli in more confluent conditions (Malhi et al.
2006). To evaluate apoptosis of HSCs in response to SNP, cells were divided into four
groups: serum free medium was added in control group, 250 μM SNP group, 1mM L-NAME
+ 250 μM SNP group and 1mM L-NAME group. Samples were taken at different time
intervals; 6 hours, 12 hours and 18 hours for the estimation of NO release. L-NAME was
used as NO inhibitor.

Nitric Oxide Release Assay

Nitric oxide concentration after 6, 12 and 18 hours in the culture medium of different
treatment groups was assessed by the amount of nitrite concentration in the medium. Briefly,
the medium was aspirated and centrifuged to pellet the suspended cells. 100μl of culture
medium was reacted with equal volume of Griess reagents prepared according to
manufacturer‘s instructions (Oxford biomedical research Inc, USA) and placed on a shaker at
room temperature for 10 minutes. The resulting color product was quantified at a wavelength
540 nm by Elisa plate reader (SpectraMax PLUS384, USA). The concentration of nitrite was
determined using a standard graph curve made from NaNO2.
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Apoptosis Analysis

To verify the apoptotic phenotype, HSCs were analyzed for nuclear staining with
DAPI. Cells were incubated in 4% DAPI solution in PBS (10 µg/ml) at 37oC for 10 minutes.
The morphology of the nuclei was observed as described on page 48. Cells were counted and
the percentage of apoptotic nuclei was determined.
Apoptosis of HSCs was also assessed by Annexin V staining. Cells were incubated
with Annexin V for 15 minutes and then fixed with 2% paraformaldehyde for 10 minutes.
Cells were stained with DAPI for 15 minutes (Jung et al., 2010). Slides were analyzed for
fluorescence using a BX-61 microscope (Olympus, Japan) equipped with DP-70 camera. Six
high power fields were selected and annexin V positive cells were counted. The percentage
of cells was calculated in each treatment group.

Cell Viability Assay

Cell viability was assessed by trypan blue exclusion method after treating HSCs with
250 μM SNP for 18 hours. The medium was aspirated from the culture plate, washed with
PBS and then trypan blue solution (Sigma Aldrich, USA) was added. The cells were
incubated at 37oC for 10 minutes. Cells were washed with PBS and analyzed under phase
contrast microscope (Motterlini et al., 1995). Six high power fields were selected per
treatment. Dead cells were calculated by dividing the number of trypan blue positive cells by
total number of cells examined and then multiplied by 100.

Gene Expression Analysis of HSCs
RNA Extraction from HSCs and cDNA Synthesis

Total RNA was extracted from four groups of HSCs mentioned earlier by using
TRIZOL RNA isolation kit according to the manufacturer’s protocol (Invitrogen Inc, USA).
Briefly, 1 ml TRIZOL was added to the each well of 6-well plate. After complete lysis of
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cells, samples were taken in 1.5 ml centrifuge tubes. Chloroform (200 μl) was added to help
separate the phases. Samples were centrifuged at 12000 × g and 2-8oC for 15 minutes to
separate into three phases. The aqueous phase was isolated and RNA was precipitated by
isopropanol and centrifugation at 12000 × g and 2-8oC for 10 minutes. RNA pellet was
washed with 75% ethanol and partially air dried. RNA pellet was then dissolved in DEPC
(diethyl pyrocarbonate) treated water and quantified by Spectrophotometer (NanoDrop, ND1000).
The first strand cDNA was synthesized using 1.5µg RNA and oligo dT primers at
42°C for 60 minutes with a Reverse Transcription enzyme (Fermentas). Briefly, added the
following reagents into a sterile tube on ice:

Total RNA

1.5 μg

Oligo (dT)18 primer (0.5µg/µl)

1.0 μl

Total Volume with Nuclease free water

12.0 μl

Mixed gently, centrifuged for a short time and incubated at 65°C for 5 minutes. Then Chilled
on ice and added the following components in the indicated specific order:

5X Reaction Buffer

4.0 μl

RiboLock™ RNase Inhibitor (20 u/μl)

1.0 μl

10 mM dNTP Mix

2.0 μl

RevertAid™ H Minus M-MuLV Reverse Transcriptase (200 u/μl)

1.0 μl

Total volume

20.0 μl

Mixed gently, centrifuged and incubated for 60 minutes at 42°C. At the end, the
reaction was terminated by heating at 70°C for 5 minutes and cDNA was stored at -20°C
until further use.
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Reverse Transcriptase-PCR (RT-PCR)

RT-PCR was performed for the expression of genes which are specifically expressed
by HSCs. HSCs markers; αSMA, Desmin, MMp13, TIMP and collagen 1α1 were amplified.
Primer sequences and their annealing temperatures were given in Table 3.1. Briefly, 1µl
cDNA was denatured at 94°C for 4 minutes, 35 cycles of denaturation at 94oC for 45
seconds, annealing at 56°C-58°C for 45seconds and extension at 72°C for 45 seconds,
followed by a final extension at 72°C for 10 minutes. Amplified products were
electrophorized on 2% agarose gel stained with ethidium bromide.

Primer Designing

Sequences of the genes were taken from NCBI. Gene Specific primers were designed
by using online software Primer3 (http://frodo.wi.mit.edu/primer3/). Primer sequences are
given in Table 3.1.
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Table 3.1: Primer sequences of various genes
Genes

Sequence

αSMA (F)

CTGACAGAGGCACCACTGAA

αSMA (R)

AGAGGCATAGAGGGACAGCA

Collagen1α1(F)

GCCAAGAAGACATCCCTGAA

Collagen1α1(R)

GGCAGAAAGCACAGCACTC

TIMP (F)

CATCTGGCATCCTCTTGTTG

TIMP (R)

CTCGTTGATTTCTGGGGAAC

Albumin (F)

CGACTATCTCCAGCAAACTG

Albumin (R)

GTCTCAGCAACAGGGATACA

CK18 (F)

TGAGACAGAACTAGCCATGC

CK18 (R)

CACTTCCACAGTCAATCCAG

NF-кB (F)

GCACCTGTTCCAAAGAGCAC

NF-кB (R)

GTGGAGTGAGACATGGACACAC

Desmin (F)

GTGAAGATGGCCTTGGATGT

Desmin (R)

TGTGTAGCCTCGCTGACAAC

MMP13 (F)

ATGGACCTTCTGGTCTTCTGG

MMP13 (R)

ATGGCTTTTGCCAGTGTAGG

β-Actin (F)

ACTGCTCTGGCTCCTAGCAC

β-Actin (R)

ACATCTGCTGGAAGGTGGAC

Product Size

Temperature
(oC)

123

58

195

57

140

57

240

56

208

57

200

58

201

58

218

58

115

58
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Isolation and Culturing of MSCs

MSCs were isolated from the femur and tibia of 6-8 weeks old C57BL/6 mice
according to the protocol described by (Khan et al., 2009). Briefly, the bone marrow
suspension was passed through 100μm cell strainer and centrifuged at 1200 rpm for 10
minutes at room temperature. Supernatant was discarded and the cell pellet was re-suspended
in Iscove’s modified Dulbecco’s medium (IMDM; MP Biomedicals, USA) with 20% fetal
bovine serum (FBS). Then cells were cultured in IMDM medium supplemented with 20%
FBS (Sigma, USA), 100μg/ml streptomycin and 100U/ml penicillin in a 25 cm2 culture flask.
The Cells were incubated at 37°C in an atmosphere containing 5% CO2. The culture medium
was changed on the third day of plating; cells were washed with phosphate buffered saline
(PBS; Gibco, USA) to remove debris, erythrocytes and dead cells and then medium was
changed after every two days. When cells reached 70-80% confluency, they were detached
with 0.25% Trypsin and 0.1% EDTA by incubating the flask at 37oC for 5 minutes. The cell
suspension was centrifuged at 1200rpm for 10 minutes. After centrifugation, the cell pellet
was re-suspended in serum supplemented IMDM medium and cultured in two 25 cm2 culture
flasks.

Preparation of CCl4 -induced Liver Fibrosis Mouse Model
To induce hepatic fibrosis in C57BL/6 mice, 1ml/kg body weight CCl4 was
administered twice a week for 4 weeks to mice as described previously (Mohsin et al., 2011).
CCl4 was dissolved in olive oil in equal volume (1:1). Animals were divided equally (n = 10)
into four groups; vehicle control group, CCl4 control group, 50 mM SNP group and 100 mM
SNP group.

In Vivo Nitric Oxide Release Assay

Nitric oxide concentration in the serum of different SNP treated (50 mM, 100mM and
150 mM) and control animals was assessed from the amount of nitrite in the serum which is a
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stable reaction product of nitric oxide with molecular oxygen. The Griess reagent prepared
according to the manufacturer‘s instruction (Oxford biomedical research Inc, USA) was
added to the serum samples and the OD was measured at 540 nm by ELISA plate reader.
Serum concentration of total nitrite was measured 4 hours after last SNP treatment.

SNP Treatment of CCl4-induced Liver Fibrosis Mouse Model
After 4 weeks of CCl4 injections, 50 mM and 100 mM SNP were injected to fibrotic
animals twice a week for four weeks. Both groups received SNP dissolved in 200µl normal
saline intraperitoneally. During this period animals continued to receive CCl4 injections twice
of week. After 4 weeks of SNP treatment, blood samples were taken and animals were
sacrificed for gene expression and immunohistochemical analysis as mentioned on page 5760. 100 mM SNP dose was selected for further experiments. Further experiments were
designed with 5 groups of animals. Mice were randomly divided into five groups (n = 11).
Group1 was vehicle control, group2 CCl4 control group, group3 MSCs transplanted group,
group4 SNP treated and group5 was SNP treated and MSCs transplanted group. All groups
received CCl4 for four weeks except vehicle control group. After 4 weeks of CCl4 treatment,
100 mM SNP was dissolved in normal saline (200 µl) and injected intraperitoneally to
group4 and group5 twice a week for 4 weeks. During the SNP treatment period CCl4
injections were continued to all groups except group1.

PkH26 Labeling of MSCs and Transplantation

After 2-3 passages, MSCs were trypsinised and cells were stained with PKH26
fluorescent cell linker dye (Sigma, Germany) as described previously (Kim et al., 2008;
Zhang et al., 2009). Animals were anesthetized and abdomen was neatly cut below
diaphragm. Labeled MSCs were transplanted in group3 and group5 (n = 11) in a
concentration of 1 × 106 cells/100µl/animal at 3 different points directly in the left lateral
lobe of the liver with 30G syringe. Mice from group4 were sham operated and received PBS.
All animals were sutured and shifted to separate cages. Animals received CCl4 injections
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once a week during post transplantation period. Animals were sacrificed after 28 days of
MSCs transplantation.

Gene Expression Analysis after SNP and MSCs Treatments
RNA Extraction from Mice Liver and cDNA Synthesis

Total RNA from mouse liver was extracted using TRIZOL kit (Invitrogen, USA)
(Invitrogen). Briefly, 80mg liver tissue was taken and minced in 1 ml TRIZOL. After
mincing and homogenizing, the sample was incubated for 2-3 minutes at room temperature
and proceeded as described on page 50-51 for RNA extraction and cDNA synthesis.

Reverse Transcriptase PCR (RT-PCR) Analysis after SNP Treatment

Polymerase chain reaction (PCR) was carried out as described on page 52. Liver
fibrosis genes: αSMA, collagen 1α1, TIMP and NF-кB and hepatic gene: CK18 were
amplified and analyzed on 2% agarose gel.

Primer sequences of the genes and their

annealing temperatures are given in table 3.1.

Figure 3.1. Representative Scheme of Reverse Transcription Polymerase Chain Reaction
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Real Time PCR Analysis after SNP and MSCs Combine Treatment

Analysis of gene expression in control and treated groups (n = 3 from each group)
was performed with quantitative Real Time PCR. Briefly, Real-time quantitative RT-PCR by
using the ABI Prism 5700 Sequence Detection System was performed with 2 μl of the singlestranded cDNA with SYBR Green PCR super Mix (BioRad Lab, CA, USA). The expressions
of αSMA, collagen 1α1, TIMP, NF-κβ and Albumin were analyzed using SDS software
(ABI). β-Actin was used for normalization (Tiberio et al., 2008).

Organ Procurement and Processing of Liver for Histological Analysis
Cryopreservation

For cryo sections, liver tissues were fixed in 4% Paraformaldehyde for 4 hours at 4°C
and then infiltrated in 30% sucrose at 4°C for 2 hours. Tissues were embedded in Tissue-Tek
OCT (Sakura Torrance, CA, USA). Sections 5 μm thick were mounted on glass slides and
stored at -70oC.

Paraffin Embedding
Livers were isolated and fixed in 4% paraformaldehyde at 4oC overnight. Liver
tissues were then sequentially dehydrated by increasing ethanol grades (70%, 80%, 95% and
100%) and then cleared in xylene for 20 minutes. livers were infiltrated in paraffin at 65°C
for 30 minutes. Paraffin embedded liver sections 5 μm thick were mounted on glass slides.

Detection of Labeled MSCs Transplanted in Fibrotic Liver

The labeled MSCs were localized by tracking PKH26 labeled MSCs in CCl4 injured
liver tissue. Fluorescence images were taken by a BX-61 microscope equipped with DP-70
camera and image acquisition software.
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Double Immunostaining for αSMA and Apoptosis
Selective apoptosis of HSCs was estimated by TUNEL assay kit (Millipore) and
αSMA antibody. Sections were rehydrated and fixed in 4% paraformaldehyde for 10 minutes
and incubated with α-SMA antibody (1:400, Sigma) at 37°C for 60 minutes. Then sections
were incubated with TUNEL reaction mixture in a humidified chamber at 37°C for 60
minutes. Primary antibody incubation was followed by FITC and Texas Red incubation for
30 minutes in dark. Nuclei were stained with DAPI for 16 minutes at room temperature
(Ramos et al., 2006). The slides were mounted and observed under the microscope. Three
sections were selected for each mouse and three mice per treatment.

Immunohistochemical Analysis of Fibrotic Liver

Paraffin embedded tissue sections from control and treated groups were analyzed for
the detection of different genes. Briefly, sections were rehydrated and washed with PBS.
Sections were fixed in 4% paraformaldehyde for 15minutes and then blocked with 10%
normal donkey serum to inhibit nonspecific binding. Following serum blocking, sections
were incubated either for 90 minutes at 37°C or at 4°C overnight in humid conditions with
the following primary antibodies of specified dilutions: αSMA (1:400, Sigma), collagen 1α1
(1:50, Santa Cruz), eNOS (1:50, Abcam) and iNOS (1: 50, Abcam).
The sections were incubated with an enzyme conjugated specific secondary antibody
FITC (1:100) against αSMA and Collagen1α1 for 1 hour at 37°C in humid conditions.
Sections were then counter stained with DAPI for 16 minutes at room temperature and
mounted with Vectashield (Vector Labs Inc, Canada) mounting medium. Fluorescence
images were taken by a BX-61 microscope. For eNOS and iNOS, after primary antibody
incubation sections were treated with enzyme conjugated specific secondary antibodies.
Slides were treated with the chromogen substrate 3, 3’-Diaminobenzidine Tetra
hydrochloride (DAB) until the characteristic color was developed followed by staining with
hematoxylin. The sections were then cleared in Xylene and mounted with cytoseal. Images
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were taken by a BX-61 microscope. Three sections were selected for each mouse and three
mice per treatment.
Frozen sections were air dried and washed with PBS for 5 minutes twice. Sections
were fixed in chilled methanol and blocked with 10% normal donkey serum for 45 minutes at
room temperature. Following serum blocking, sections were incubated at 4°C overnight in
humidified conditions with the following primary antibodies of specified dilutions: albumin
(1:50, Abcam) and CK18 (1:50, Santa Cruz). Sections were then incubated for 1 hour at
37°C in humidified conditions with FITC (flourocinisothiocynate) conjugated secondary
antibody for albumin and TRITC conjugated secondary antibody for CK18. Sections were
counter stained with DAPI and mounted with Vectashield mounting medium. Fluorescence
images were taken by a BX-61 microscope. Three sections were selected for each mouse and
three mice per treatment.

Assessment of Liver Fibrosis by Sirius Red Staining

Collagen was assessed by Sirius red staining in control and treated liver sections.
Paraffin embedded liver sections were de-waxed and hydrated. Nuclei were stained with
hemotoxyline (Sigma, USA) for 15 minutes and then picrosirius red stain (Direct red 80,
Sigma, USA) was applied for 60 minutes. Sections were dehydrated in ethanol grades (70%,
80%, 95% and 100%) and in xylene (Mohsin et al., 2011). Images of the fibrotic area were
taken by a BX-61 microscope. Percent fibrotic area of each image was measured and
calculated by the Image J software. Three sections were selected for each mouse and three
mice per treatment.

Blood Biochemical Tests for Liver Functions

Blood samples were taken from all control and treated groups (n = 11 from each
group). Serum was isolated and the amount of bilirubin (Diazyme Europe, Gmbh) and ALP
(Bioassay system, USA) was estimated using commercial kits according to the
manufacturer’s protocol (Hu et al., 2006).
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Statistical Analysis

All data were presented as mean ± SEM. Significant differences between the
experimental groups were determined by using one way ANOVA with Bonferroni’s post-hoc
test. Graphs were made by Graph-Pad prism software. A p-value less than or equal to 0.05
was considered statistically significant.
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Chapter 4

RESULTS
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Section I
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Effect of SNP on Hepatocytes

Hepatocytes were isolated by perfusion method of Riccalton-Banks et al., (2003) and
cultured on collagen coated plates. The cells showed attachment after two hours when the
medium was changed to serum free medium and 250 µM/ml SNP medium. To test the
concept that NO promotes apoptosis in activated HSCs selectively, mouse hepatocytes were
treated with 250 μM SNP for 18 hours. Apoptosis was analyzed by DAPI nuclear staining
and Trypan blue exclusion assay.

DAPI Nuclear Staining

Cells with DAPI stained nuclei were defined as apoptotic or dead cells (Malhi et al.,
2006). The number of dead cells per field was counted and showed that SNP has no
significant effect on hepatocytes (Figure 4.1. A).

Figure 4.1. A. Quantification of DAPI-stained hepatocyte’s nuclei. Data was mean ± SEM (p was not
significant).
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Trypan Blue Exclusion Assay

Hepatocytes did not show any significant loss of viability when exposed to SNP for
18 hours. The cells were stained with trypan blue and the number of dead cells per field
showed no significant loss of viability as compared to control (Figure 4.1. B).

Figure 4.1. B. Effect of SNP treatment on viability of hepatocytes. Data was mean ± SEM (p was not
significant).

Hepatic Stellate Cells characterization

HSCs cultured in 6-well plates, showed attachment after two hours of culturing. On
the 8th day of culture HSCs become activated and characterized for the expression of αSMA,
Desmin, MMP 13, TIMP and collagen 1α1 genes by RT-PCR. The expression of these HSCs
specific genes was increased in cultured activated HSCs (Figure 4.2. B). Morphology of
activated HSCs changed after treatment with 250 µM SNP for 18 hours. Activated HSCs
were rounded and flattened. However, these activated HSCs became condensed and smaller
after treatment with SNP. While, the effect of SNP has been reduced in groups treated with
L-NAME (Figure 4.2. A).
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Figure 4.2. A. Morphology of the activated HSCs after treatment with SNP and L-NAME. (A)
Control (B) SNP, (C) SNP + L-NAME, (D) L-NAME.

Figure 4.2. B. Characterization of cultured HSCs by RT-PCR. Cultured HSCs expressed HSCs genes:
αSMA, Desmin, MMP 13, TIMP and collagen 1α1. qHSCs (quiescent HSCs), aHSCs (activated
HSCs).
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SNP Induced Apoptosis of Activated HSCs
To evaluate the effect of SNP on activated HSCs, HSCs were treated with 250
µM SNP for 18 hours. 1mM L-NAME was used to inhibit the effect of SNP on HSCs.
Apoptosis was analyzed by Trypan Blue Assay, DAPI nuclear Staining, RT-PCR
analysis and Annexin V Staining.
Trypan Blue Assay

The cells were stained with trypan blue and the numbers of dead cells per field were
counted. HSCs showed a significant decrease in viability when exposed to 250 μM SNP for
18 hours. However, L-NAME reduced the effect of SNP on HSCs (Figure 4.3).

Figure 4.3. Effect of SNP treatment on HSCs viability. All values were expressed as mean ± SEM (p
< 0.05 for SNP vs. control and other treatments).

DAPI Nuclear Staining
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45.50% activated HSCs showed morphological feature of apoptosis after treatment
with 250 µM SNP as compared to 10.40% in control group. However, the effect of SNP has
been reduced when L-NAME was added to different groups (Figure 4.4).

Figure 4.4. Apoptosis assessment by DAPI nuclear staining. A = control HSCs, B = SNP, C = SNP +
L-NAME, D = L-NAME and E = Quantification of DAPI-stained HSCs nuclei. All values were
expressed as mean ± SEM (p < 0.05 for SNP vs. control and other treatments).

Gene Expression Analysis

Gene Expression analysis showed reduction in the expression of HSCs genes in SNP
treated group. However, the expression of these genes was increased in L-NAME treated
groups. This showed that SNP inhibited the activated HSCs while L-NAME has inhibited the
effect of SNP (Figure 4.5).
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Figure 4.5. SNP treatment reduced the expression HSCs specific genes. I = Control, II = SNP treated,
III = SNP + L-NAME treated and IV = L-NAME treated.

Apoptosis Detection by Annexin V Staining

For confirmation whether apoptosis has been induced by SNP, Annexin V apoptosis
detection assay was performed. The number of annexin V positive cells increased to 46.67 ±
2.87 in SNP treated group versus 6.83 ± 1.67 in control group. This increase in cell death was
diminished after L-NAME treatment as combine treatment (SNP + L-NAME) showed less
annexin V positive cells 15.33 ± 1.86 (Figure 4.6).
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Figure 4.6. Annexin V binding assay for different treatments. The HSCs of all the groups were
stained with annexin V (green) for the detection of apoptotic cells. DAPI was used to counter stain
nuclei. Significantly high number of annexin V positive cells were detected in SNP treated group
compared to control and other treatments. Control (A), SNP (B), SNP + L-NAME (C), L-NAME (D)
and E = Quantification of Annexin V positive cells. All values were expressed as mean ± SEM (p <
0.05 for SNP vs. control and other treatments).

In Vitro and In Vivo Assay for Nitric Oxide Release

Nitric oxide (NO) produced by 250 µM SNP was estimated by measuring total nitrite
concentrations in the culture medium treated with SNP after 6, 12 and 18 hours. The level of nitrite
concentration was increased after SNP treatment. The level of nitrite concentration was reduced after
treatment with L-NAME (Fig. 4.7.A).
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Figure 4.7. A. Nitrite concentration (μM) in HSCs cultures after 6, 12 and 18 hours. All values were
expressed as mean ± SEM (p < 0.05 for SNP vs. control and other treatments).

The optimum dose of SNP in mice was determined prior to initiating the in vivo
experiments. CCl4-induced fibrotic mice were treated with three different doses of SNP: 50
mM, 100 mM and 150 mM. Nitrite concentration in serum was significantly higher in 100
mM SNP group as compared to 50 mM SNP and control group. 150 mM SNP has not shown
any significant increase as compared to 100 mM SNP (Fig. 4.7. B).
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Figure 4.7. B. Nitrite concentration (μM) in mouse serum. All values were expressed as mean ± SEM
(p < 0.05 for 100 mM SNP vs. control and 50mM SNP).
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Section II
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Exogenous Administration of SNP Reduced Fibrosis in CCl4 Injured Liver
Groups of mouse model having CCl4 induced liver fibrosis were treated with 50 mM
and 100 mM SNP twice a week for 4 weeks. After last SNP injection, mice were sacrificed
and fibrosis was analyzed by gene expression analysis, immunostaining of α-SMA, CK18,
iNOS and eNOS, Sirius red staining and liver function tests.

Gene Expression Analysis

To assess apoptosis or inhibition of activated HSCs by SNP and in turn reduction in
fibrosis; the expression of fibrotic markers (αSMA, Collagen IαI, TIMP and NFкB) and
hepatic marker (CK18) was analyzed by RT-PCR. The expression of αSMA, Collagen IαI,
TIMP and NFкB were considerably increased in CCl4 control group as compared to vehicle
control, while the expression of CK18 was decreased. 100 mM SNP treatment resulted in
reduced expression of fibrotic markers while the expression of hepatic marker was increased
as compared to 50 mM SNP group and CCl4 control group (Figure 4.8).

Figure 4.8. RT-PCR analysis of fibrotic and hepatic markers. 100 mM SNP reduced the expression of
αSMA, collagen1α1, TIMP and NF-кB genes in fibrotic mouse while the expression of CK18 gene
was increased.
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Immunohistochemical Analysis
Immunohistochemical staining of fibrotic (αSMA and iNOS) and hepatic (CK18 and
eNOS) markers revealed the effect of SNP on CCl4-induced liver fibrosis mouse model as
follows;

αSMA Immunostaining

αSMA is a marker of activated HSCs and expresses in CCl4-injured fibrotic liver
tissue. The expression of αSMA was reduced in 100 mM SNP group (Figure 4.9D) as
compared to CCl4 control group and 50 mM SNP group (Figure 4.9. B & C). Reduced
expression of αSMA demonstrated the inhibition of activated HSCs in CCl4-injured fibrotic
liver after 100 mM SNP treatment.

Figure 4.9. Immunohistochemical expression of αSMA in fibrotic liver. 100 mM SNP group showed
decreased expression of αSMA as compared to 50 mM SNP and CCl4 control groups (magnification
200X). (A) = Vehicle, (B) = CCl4 control, (C) = 50 mM SNP and (D) = 100 mM SNP.
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Immunostaining of Cytokeratin18 (CK18)

CK18 is a type I intermediate filament expressed in the liver. It is useful in
maintaining the integrity of epithelial cells. Apoptosis of hepatocytes causes the aggregation
and ultimately degradation of CK18 (Bantel et al., 2000). Induction of fibrosis with CCl4
resulted in decreased expression of CK18 as compared to vehicle control group. CK18
expression was increased in 100 mM SNP group as compared to 50 mM SNP and CCl4
control groups (Figure 4.10).

Figure 4.10. Immunohistochemical expression of CK18 in fibrotic liver. Treatment with 100 mM
SNP resulted in the increased expression of CK18 (magnification 200X). A = Vehicle, B = CCl4, C =
50 mM SNP and D = 100 mM SNP.

Immunostaining of iNOS

Among three isoforms of nitric oxide synthase, inducible nitric oxide synthase
(iNOS) expression is increased in response to different patho-physiological conditions as in
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CCl4-induced liver fibrosis. Treatment with 100 mM SNP reduced the expression of iNOS
which was increased after CCl4 treatment (Figure 4.11).

Figure 4.11. Immunohistochemical expression of iNOS in fibrotic liver (Magnification 200X). A =
Vehicle, B = CCl4, C = 50 mM SNP and D = 100 mM SNP.

Immunostaining of eNOS

Endothelial nitric oxide synthase (eNOS), a constitutive form of nitric oxide synthase
expressed by endothelial cells was found to decrease in the CCl4-induced fibrotic liver. 100
mM SNP treatment increased the eNOS expression as compared to 50 mM SNP and CCl4
control groups (Figure 4.12). Among three isoforms of nitric oxide synthase eNOS is known
to have a cyto-protective effect on different fibrotic organs.
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Figure 4.12. Immunohistochemical expression of eNOS in fibrotic liver (Magnification 200X). A =
Vehicle, B = CCl4, C = 50 mM SNP and D = 100 mM SNP.

Sirius Red Staining

During CCl4 injury collagens deposite in liver and cause its fibrosis. Fibrosis was
analyzed by sirius red staining. Sirius red is a histochemical stain which stains the collagen
contents of liver (Figure 4.13). Quantitative analysis performed by Image J software revealed
that after treatment with 100 mM SNP, % fibrotic area was reduced to 1.45 % as compared to
3.35 % in 50 mM SNP group and 4.00% in CCl4 control group.
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Figure 4.13. Estimation of collagen levels in different treatment groups. Staining with Sirius red
demonstrated that collagen levels were greater after CCl4 injury and were reduced by treatment with
100 mM SNP. A: vehicle control, B: CCl4 control, C: 50mM SNP, D: 100mM SNP, E: Graphical
representation of %fibrotic area estimated by image J software. All values were expressed as mean ±
SEM. (p < 0.05 for 100mM SNP vs control and 50 mM SNP).
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Functional Recovery after SNP Treatment

To evaluate improvement in hepatic functions, serum concentrations of bilirubin and
ALP have been measured from different experimental groups. CCl4-induced fibrotic insult
increases the bilirubin and ALP concentrations in mouse serum. After 4 weeks, serum
bilirubin level in 100 mM SNP group was significantly lowered to 0.54 ± 0.08 mg/dl as
compared to CCl4 control group 1.3 ± .09 mg/dl and 50 mM SNP group 0.96 ± 0.09 mg/dl
(Figure 4.14. A). Similarly, serum ALP level in 100 mM SNP group was significantly
lowered to 455.4 ± 52.12 units/L as compared to CCl4 control group 801.6 ± 7.53 units/L and
50 mM SNP group 627.6 ± 51.41 units/L (Figure 4.14. B).
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Figure 4.14. A. Bilirubin concentrations in different experimental groups. All values were expressed
as mean ± SEM (p < 0.05 for 100mM SNP vs control and 50 mM SNP).

Figure 4.14. B. ALP concentrations in different experimental groups. All values were expressed as
mean ± SEM (p < 0.05 for 100mM SNP vs control and 50 mM SNP).
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Section III
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Homing of Transplanted MSCs

Enhanced homing and localization of PKH26/DAPI labeled MSCs was observed in
CCl4 injured liver. The cells were observed in all lobes of the liver indicating cell migration
from left lateral lobe to other injury sites as well (Figure 4.15 A). SNP pre-treated animals
showed better homing of MSCs with significant increase in the number of cells observed
than non SNP treated MSCs group (Figure 4.15 B).

Figure 4.15. A. Representative fluorescence micrographs of mouse fibrotic liver transplanted with
PKH26 labeled MSCs. DAPI is in blue and PKH26 is red (Magnification = 200X).

Figure 4.15. B. Quantification of engrafted cells in MSCs and SNP+MSCs groups. Values were
expressed as ±SEM (*p < 0.05 for SNP + MSCs vs MSCs group).
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Exogenous SNP Administration and MSCs Transplantation Reduced
Fibrosis in CCl4 injured Liver

After analyzing the results of SNP treatment, 100 mM SNP dose was selected for
further experiments. Animals were divided in 5 groups as described in material and methods.
Animals of group4 and group5 were treated with 100 mM SNP twice a week for 4 weeks.
MSCs were transplanted to the animals of group3 and group5 one day after last SNP
injection. The control and treated groups were sacrificed on 28th day of MSCs
transplantation. The fibrosis was analyzed through real time PCR, TUNEL assay,
immunostaining of α-SMA, collagen 1α1, CK18, iNOS, eNOS and albumin, Sirius red
staining and liver function tests.

Gene Expression Profiling

Gene expression profiling was conducted in experimental groups receiving
separate/combine treatment of SNP and MSCs. The gene expression of α-SMA, collagen 1α1,
TIMP and NFĸB were down-regulated and albumin level was up-regulated in group5 (Figure
4.16). Likewise, the group3 and group4 also showed reduction in fibrotic genes but less than
group5. HSCs are believed to be the main ECM producing cells in the liver and express αSMA. A 3.01 fold increase in α-SMA expression was observed in group2 and was reduced to
2.93 fold and 1.96 fold in group3 and group4 respectively. In group5, α-SMA expression was
reduced to 1.62 fold which is significantly lower than control and other treatment groups.
Collagen 1α1 level was decreased to 1.05 ± 0.03 vs 4.57 ± 0.04 fold in group5 vs group2.
TIMP level was decreased to 1.07 ± 0.07 vs 3.25 ± 0.02 fold in group5 vs group2 and NF-kB
was decreased to 0.90 ± 0.05 vs 2.48 ± 0.05 fold in group5 vs in group2. Albumin expression
was increased to 1.16 ± 0.09 vs 0.42 ± 0.02 fold in group5 vs group2.
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Figure 4.16. A. Gene expression profiling for fibrotic and hepatic markers in different experimental
groups after 4 weeks of MSCs transplantation. Group1 = Vehicle control, Group2 = CCl4 control,
Group3 = MSCs, Group4 = SNP, Group5 = SNP+MSCs

Figure 4.16. B. Real time PCR analysis revealed that fibrotic genes showed significant reduction in
their expression levels on combine treatment with SNP+MSCs as compared to control. Albumin
expression was up-regulated on combine treatment. Values were expressed as mean ± SEM (p < 0.05
for SNP+MSCs vs control and other treatments, n = 3).

Estimation of Apoptosis in different Experimental Groups
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Double immunostaining with TUNEL and αSMA indicated that SNP treatment
significantly increased the apoptosis of HSCs with reduced expression of αSMA. Combined
treatment has less number of apoptotic cells as compared to SNP treatment group but the
expression of αSMA was reduced as compared to SNP, MSCs and CCl4 control group. This
suggests that SNP has selectively induced apoptosis of HSCs (Figure 4.17).

Figure 4.17. Apoptosis of activated HSCs in fibrotic liver. TUNEL Assay revealed increased
apoptosis in αSMA positive cells (Red Arrows) after SNP treatment as compared to other treatment
groups. The expression of αSMA (Green arrows) was considerably reduced in SNP and SNP+MSCs
groups (magnification 200X).

Immunohistochemical analysis
Immunohistochemical analysis of fibrotic (αSMA, collagen 1α1 and iNOS) and
hepatic (CK18, eNOS and albumin) markers revealed the combine and separate effects of
SNP and MSCs on CCl4-induced liver fibrosis mouse model as follows;

Immunostaining of αSMA
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αSMA is a marker of liver fibrosis and expresses in CCl4-injured fibrotic liver. Its
expression increases after CCl4 induced liver fibrosis as shown in group2. SNP+MSCs
treatment resulted in the decreased expression of αSMA in group5 as compared to control
and other treatment groups conferring the real time PCR results. αSMA was stained green
and nuclei were counter stained with DAPI (Figure 4.18).

Figure 4.18. Immunohistochemical expression of αSMA in different experimental groups.
SNP+MSCs treatment resulted in decreased αSMA expression (E) as compared to other treatment
groups (magnification 200X). (A) = Vehicle, (B) = CCl4, (C) = MSCs, (D) = SNP, (E) = SNP+MSCs.

Immunostaining of collagen 1α1
The up-regulation of collagen 1α1 is resulted due to liver fibrosis. It accumulates in
liver after CCl4-induced fibrosis. SNP+MSCs combine treatment decreased the expression of
collagen1α1 in group5 as compared to group2, group3 and group4. These findings
demonstrated a reduction in the fibrosis by SNP+MSCs treatment (group5). Collagen 1α1
was stained green and nuclei were counter stained with DAPI (Figure 4.19).
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Figure 4.19. Immunohistochemical expression of Collagen1α1 in fibrotic liver. In SNP+MSCs group
collagen1α1 expression was decreased (magnification 200X). A= Vehicle, B = CCl4, C = MSCs, D =
SNP, E = SNP+MSCs.

Immunostaining of Cytokeratin18 (CK18)

Induction of liver fibrosis by CCl4 resulted in a decreased expression of CK18. CK18
expression was increased by SNP+MSCs treatment as compared to MSCs and SNP alone
treatments. Figure 4.20 revealed an increased expression of CK18 in group5 as compared to
control and other treatment groups.
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Figure 4.20. Immunohistochemical expression of CK18 in fibrotic liver. CK18 expression was
improved by SNP+MSCs treatment (magnification 200X). A= Vehicle, B = CCl4, C = MSCs, D =
SNP, E = SNP+MSCs.

Immunostaining of iNOS

The iNOS level increases in CCl4-induced fibrotic liver injury. After 4 weeks of
MSCs transplantation, iNOS expression was decreased in group5 (SNP+MSCs) as compared
to group2 (CCl4 control), group3 (MSCs) and group4 (SNP). This reduced expression of
iNOS in group5 suggests a decrease in the damage to fibrotic liver by combine treatment
(Figure 4.21).
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Figure 4.21. Immunohistochemical expression of iNOS in fibrotic liver. iNOS expression was
reduced in SNP+MSCs group as compared to other treatment groups (magnification 200X). A =
Vehicle, B = CCl4, C = MSCs, D = SNP, E = SNP+MSCs).

Immunostaining of eNOS

CCl4-induced liver fibrosis resulted in the decreased expression of eNOS. eNOS is
known to have a cytoprotective effect in different fibrotic organs. In group5 (SNP+MSCs),
eNOS expression was increased significantly as compared to group2 (CCl4 control), group3
(MSCs) and group4 (SNP) (Figure 4.22). This enhanced expression of eNOS in group5
suggests a reduction in the damage to fibrotic liver.
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Figure 4.22. Immunohistochemical expression of eNOS in fibrotic liver. SNP+MSCs treatment
resulted in enhanced eNOS expression as compared to other treatment groups (magnification 200X).
A = Vehicle, B = CCl4, C = MSCs, D = SNP, E = SNP+MSCs.

Immunostaining of Albumin

Albumin is the major plasma protein produced in the liver and is essential for
maintaining the oncotic pressure in the vascular system. A decrease in oncotic pressure due
to a low albumin level allows fluid to leak out from the interstitial spaces into the peritoneal
cavity and produces ascites. CCl4-induced liver fibrosis injury decreased albumin levels in
mice. Analysis by immunostaining revealed that the expression of albumin was increased in
group5 (SNP+MSCs) as compared to other treatment groups (Figure 4.23).
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Figure 4.23. Immunohistochemical expression of albumin in fibrotic liver. Group5 showed enhanced
expression of albumin as compared to other treatment groups (magnification 200X). A = Vehicle, B =
CCl4, C = MSCs, D = SNP, E = SNP+MSCs.

Transplanted MSCs Expressed Albumin

Hepatic tissue sections from transplanted groups were stained for albumin.
Immunohistochemical analysis revealed more MSCs were differentiated into albumin
positive cells in SNP+MSCs group (group5) as compared to the MSCs only group (group3).
Moreover, increased number of transplanted PKH26 labeled MSCs in group5 co-expressed
the albumin suggesting differentiation of MSCs into albumin positive cells (Figure 4.24).
DAPI was used as a nuclear stain.

93

Figure 4.24. Albumin expression by PKH26 labeled MSCs. Increased numbers of MSCs (white
arrows) co-expressed albumin in SNP+MSCs group as compared to MSCs group (Magnification
200X).

Reduction in Liver Fibrosis by Combine Treatment

Combine treatment resulted in a significant reduction of liver fibrosis as assessed by
Sirius red staining (Figure 4.25). Quantification of fibrosis done by image J software showed
a marked increase in the % fibrotic area after CCl4 administration (4.47 ± 2.44). SNP+MSCs
treatment significantly reduced the % fibrotic area to 0.40 ± 0.39 in group5 as compared to
other treatment groups (MSCs group = 1.98 ± 1.59 and SNP group = 1.32 ± 0.44).
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Figure 4.25. Estimation of collagen by Sirius red staining. Collagen levels were greater in CCl4
control group and were reduced on combine treatment with SNP and MSCs. A: Normal, B: CCl4
injury, C: MSCs, D: SNP, E: SNP+MSCs, F: Graphical presentation of collagen levels estimated by
image J software. All values were expressed as mean ± SEM (p < 0.05 for SNP+MSCs vs control and
other treatments).
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Improvement in Liver Functions

To further evaluate the role of SNP+MSCs combine treatment in preventing heptocellular injury, the serum concentrations of bilirubin and ALP were measured from control
and treatment groups. The serum bilirubin level (Figure 4.26. A) in group5 was reduced to
0.26 ± 0.05 (mg/dl), which was significantly lower than group2 (1.34 ± 0.08 mg/dl), group3
(0.95 ± 0.08 mg/dl) and group4 (0.55 ± 0.05 mg/dl). Similarly, the serum ALP level (Figure
4.26. B) in the group5 was reduced to 220 ± 17 units/L which was significantly lower than
group2 (810 ± 27 units/L), group3 (550 ± 26 units/L) and group4 (420 ± 19 units/L).
Collectively, these results indicate a superior ability of SNP+MSCs treatment to augment
hepatic functions compared to MSCs and SNP alone treatments.
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Figure 4.26. Liver function tests in control and treatment groups. A: Elevated levels of Serum
bilirubin levels were significantly reduced in SNP+MSCs group although alone treatments also
reduced the bilirubin levels versus CCl4 group. B: Serum alkaline phosphatase levels were reduced
significantly in SNP+MSCs group as compared to alone treatment groups and CCl4 control group. All
values were expressed as mean ± SEM. (p < 0.05 for SNP+MSCs vs control and other treatments).
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Chapter 5

DISCUSSION
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Fibrosis has been well recognized in many chronic liver diseases including hepatitis,
cholestatic disease, hemochromatosis, steatohepatitis etc. These conditions usually initiated
with an inflammatory phase leading to fibrosis after chronic oxidative stress (Kurose et al.,
1997). During this phase, leukocytes and Kupffer cells produce a large amount of cytokines
especially TGF-β and TNF-α. These activate the HSCs leading to proliferation, motility,
contractility and increased synthesis of ECM proteins by HSCs. Oxidative stress specifically
produced by 4-hydroxynonenal, a profibrotic stimulus, up-regulates the pro-collagen and
TIMP1 genes (Zamara et al., 2004). The role of NO in fibrosis has been studied in past. In
cirrhotic patients, impaired NO bioavailability produces increased resistance to portal blood
flow. Similarly, in animal models, NO production from eNOS was attenuated in fibrotic
animals and this decrease in eNOS results in a relative state of vasoconstriction of HSCs
(Shah et al., 1999).
Bone marrow derived MSCs can be the candidates for clinical application in liver
fibrosis due to their capacity of trans-differentiation (Houlihan and Newsome, 2008). In
addition to the traditional osteogenic, chondrogenic, adipogenic lineages, they have been
shown to give rise lineages of completely different embryonic origin like neurons and
cardiomyocytes (Alison et al., 2009). Several studies have shown the therapeutic effects of
MSCs in liver diseases (Sato et al., 2005; Oyagi et al., 2006; Van Poll et al., 2008).
However, controversial observations were also reported by some studies (Vig et al., 2006;
Popp et al., 2007). Studies have shown that bone marrow derived stem cells can be a source
of collagen and thus contributed to liver damage (Kisseleva and Brenner, 2006; Russo et al.,
2006). Therefore, improvement in liver environment is essential for the outcome of MSCs
based cellular therapy.
Follistatin and Gliotoxin have been examined for their ability to induce apoptosis in
HSCs (Patella et al., 2006; Hagens et al., 2006). Hagens et al., (2006) reported that Gliotoxin
inhibited the activated HSCs in vivo along with kuffer cells, liver endothelial cells and to
some extent hepaotocytes as well. Higher concentrations of NO induce apoptosis in many
cell types primarily by the effect of peroxynitrite that increases mitochondrial permeability
(Balakirev et al., 1997; Hortelano et al., 1997). NO can exert antifibrogenic action as it has
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negative regulatory properties specifically on activated HSCs migration, contraction and
proliferation (Lee et al., 2005; Perri et al., 2006; Dai et al., 2010). Contrary to this, NO is a
crucial mediator in juvenile hepatocytes proliferation during liver regeneration (Inukai et al.,
2010). Therefore, inhibiting the activated HSCs can be a potential therapeutic target for
treating liver fibrosis (Jeong et al., 2006; Lim et al., 2011).
Bone marrow derived MSCs have the ability to repair damaged liver (Alison et al.,
2009) however, extensive fibrosis, scar development and lack of survival may influence the
regenerative ability. Earlier, Segers and Lee, (2008) reported that inflammation and fibrosis
prevented the regeneration of myocardium. Improvement in the liver environment can be
achieved through the inhibition of activated HSCs and then transplantation of MSCs would
yield better results. A previous study reported improvement in liver fibrosis with combine
treatment of growth factor (FGF2) and MSCs by regulating the expressions of
metaloprotienases (MMPs) and ultimately a reduction in matrix proteins was observed
(Ishikawa et al., 2007). Strategies targeting the removal of activated HSCs have shown to
reduce fibrosis and augment liver functions (Krizhanovsky et al., 2008; Moreno et al., 2010).
A combined approach aimed at specific removal of activated HSCs would improve hepatic
milieu allowing MSCs to better survive, engraft and differentiate into hepatocytes. Therefore,
in this study, SNP, a NO donor, has employed for the induction of HSCs apoptosis in
combination with MSCs transplantation in a mouse model of liver fibrosis.
Myofibroblast like phenotype of HSCs is a typical aspect of liver inflammation. The
phenotypic changes identified in the culture conditions were similar to the injured liver as the
expression of αSMA is the hallmark of HSCs activation both in culture and in the injured
liver (Bachem et al., 1993; Kinnman et al., 2001; Cassiman and Roskams, 2002). Activated
HSCs are characterized by a loss of vitamin A storing ability and enhanced collagen and
TIMP expression (Bataller and Brenner, 2005; Friedman et al., 2008; Iredale, 2007). In first
phase of this study, hepatocytes and HSCs were isolated from CCl4-injured mouse liver and
cultured. HSCs transform from a non-proliferative to a highly proliferative state over a period
of eight to ten days (Jameel et al., 2010) and express α-SMA and other profibrotic genes
(Friedman et al., 1992; Iredale et al., 1996). Both quiescent and activated HSCs were
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characterized by gene expression analysis. Results showed that the expression of activated
HSCs specific genes: αSMA, Desmin, TIMP, MMP13 and Collagen IαI was increased in
activated HSCs as compared to quiescent HSCs (Figure 4.2).
Sodium nitroprusside (SNP) induced the apoptosis of activated HSCs and decreased
their survival as evident by trypan blue assay, DAPI nuclear staining and Annexin V staining
(Figure 4.3, 4.4, 4.6). Gene expression analysis showed that the expression of αSMA, TIMP,
MMP13 and collagen IαI genes in activated HSCs was decreased after treatment with 250
µM SNP (Figure 4.5). Contrary to this, SNP has not shown any significant effect on the
viability of hepatocytes (Figure 4.1). A previous study also reported SNP mediated apoptosis
of HSCs (Langer et al., 2008). Preconditioning with L-NAME before induction of SNP
mediated apoptosis had a protective effect against apoptosis as L-NAME inhibited the effect
of NO. L-NAME inhibited or decreased the NO concentration in culture medium treated with
250 µM SNP (Figure 4.7. A). The results are in accordance with the previous studies
demonstrated the inhibition of NO by L-NAME (Bryant et al., 1995; Hyman et al., 2001).
Nitric oxide has both water soluble and lipid soluble properties and can pass through
cell membranes. Inside cells, it acts on target molecules and induces apoptosis both by
caspase-dependent and caspase-independent pathways in various tissues (Vieira and
Kroemer, 2003; Bonavida et al., 2006; Rishi et al., 2007; Wang et al., 2007). Therefore, the
effect of exogenous NO administration to CCl4-induced liver fibrosis model would be
beneficial in reducing liver fibrosis as demonstrated in the 2nd phase of this study.
Considering the effect of SNP treatment on activated HSCs that resulted in their apoptosis invitro, SNP treatment was applied to CCl4-induced liver fibrosis mouse model in second phase
of this study.
Nitric oxide is a free radical, produced by the catalytic reaction of L-lysine via nitric
oxide synthases or generated from synthetic compounds such as furoxan, nitrate,
diazeniumdiolate and SNP. 50 μM SNP could release 5 μM NO in vitro after 4 hours (Smith
and Dasgupta, 2001; Du et al., 2006). In this study, serum NO concentration measured after 4
hours of last SNP injection was increased in animals treated with 50 mM and 100 mM SNP,
while 100 mM and 150 mM did not show any significant difference (Figure 4.7. B).
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Therefore, 50 mM and 100 mM SNP per kg body weight doses were selected to treat CCl4induced liver fibrosis. At the end of SNP treatment, animals were sacrificed and analyzed for
histological and functional improvement of liver. Results revealed that liver functions were
improved and fibrosis was reduced in 100 mM SNP group.
αSMA is a structural protein present in the cytoskeleton of smooth muscle cells and is
expressed by activated HSCs in liver fibrosis (Maher, 2001). CCl4 induced liver fibrosis
model showed greater intensity of αSMA expression and αSMA positive cells were observed
in perisinusoidal spaces and in the fibrous septa (Hauso et al., 2008). Gene expression
analysis by RT-PCR revealed that after treatment with 100 mM SNP, there is a decreased
expression of αSMA (Figure 4.8). Similar results were obtained with immunohistochemical
expression of αSMA in 100 mM SNP group (Figure 4.9). The expression of mouse
interstitial collagens in parallel with TIMP during recovery from liver fibrosis indicated that
the extensive remodeling might be correlated with attenuation of TIMP, collagen 1α1 and
NFĸB expressions in SNP 100 mM group (Figure 4.8). Accumulation of collagen fibers after
CCl4 and SNP administration has been observed by Sirius red staining. SNP 100 mM group
showed reduction in the deposition of collagens in fibrotic liver tissue (Figure 4.13). Previous
studies have reported the removal of activated HSCs resulted in down regulation of markers
of activated HSCs like: αSMA, collagen 1α1, TIMP and NFĸB (Friedman et al., 1989; Gaça
et al., 2003). The results of this present study are in accordance with these studies.
Nitric oxide is a key determinant of blood vessel tone and hepatic blood supply. The
role of NO in chronic liver disease has been studied in the past. It is believed that the
incidence of endotoxemia resulted in increased NO production in liver cirrhosis which is
responsible for the hyperdynamic circulation (Vallance and Moncada, 1991). In chronic liver
injury, two isoforms of NOS were expressed differently. In the model of CCl4-induced liver
fibrosis, eNOS expression was significantly reduced but the expression of iNOS was
increased. Inhibition or absence of iNOS activity occurs in attenuated hepatic fibrosis (Aram
et al., 2008). NO generated by iNOS reacts with the superoxide anion to form peroxinitrite,
which causes injury via direct oxygen injury and protein tyrosine nitration (Beckman, 1996;
Radi et al., 2001). NO generated from eNOS is essential to maintain micro-vascular blood
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flow and exhibit protective effect against hepatic injury (Wang et al., 1995; Cauwels, 2007).
Endothelial NO synthase (eNOS) is constitutively expressed by the endothelial cells of the
adult liver, while iNOS is undetectable under normal physiological conditions (Nowicki et
al., 2003). In juvenile rats endogenous NO contributed to the proliferation of hepatocytes.
Contrary to this, eNOS exerts paracrine effects on adjacent hepatic stellate cells, culminating
the inhibition of vasoconstriction, proliferation and migration (Lee et al., 2005; Perri et al.,
2006). Therefore, decrease in iNOS and increase in eNOS activity is of interest.
In the model of CCl4-induced liver fibrosis, eNOS expression was reduced but
expression of iNOS was increased. Treatment with 100 mM SNP resulted in the decreased
expression of iNOS and increased expression of eNOS (Fig 4.11 & 4.12). This improvement
in the fibrotic and inflammatory gene expression linked to the assessed improvement of
hepatic functions showed by increased expression of CK18 (Figure 4.10) and reduction in the
serum levels of bilirubin and ALP (Figure 4.14). This suggests a protective effect of SNP on
liver function in hepatic fibrosis due to the apoptosis/inhibition of activated HSCs.
Treatment with 100 mM SNP resulted in the reduction of activated HSCs in vivo and
ultimately reduced the accumulation of ECM proteins. Therefore, 100 mM SNP was selected
for further experiments. Two groups of animals having CCl4-induced liver fibrosis were
treated with 100 mM SNP for 4 weeks before the transplantation of MSCs in SNP treated and
SNP non-treated groups (group5 and group3 respectively). The results of this third phase of
the study showed better histological and functional improvement in group5 (SNP+MSCs) as
compared to group3 (MSCs) and group4 (SNP). Improved hepatic microenvironment
resulted in a significant increase in the number of transplanted cells localized in group5
compared to group3 (Figure 4.15) coinciding with previous findings demonstrated direct
homing of MSCs to the injured liver (Mohsin et al., 2011).
Previous studies showed that αSMA and collagen 1α1 levels were found elevated after
treatment with CCl4 (Xu et al., 2002; Hui-Xiang et al., 2008). Elevated levels of these
structural genes: αSMA and collagen 1α1 in CCl4-induced liver fibrotic mice were the
indicatives of HSCs activation and in turn liver fibrosis. Removal or inhibition of the
activated HSCs as demonstrated by the Tunnel assay (Figure 4.17), resulted in down
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regulation of these genes as demonstrated earlier (Domitrović et al., 2009; de Meijer et al.,
2010). NF-kB is another factor involved in the activation of HSCs to myofibroblasts in the
liver (Friedman et al., 2008). Gene expression analysis by Real Time PCR showed that in
group5 (SNP+MSCs), expression of fibrotic genes: αSMA, collagen 1α1, TIMP and NF-kB
was reduced significantly as compared to either MSCs alone or SNP alone treatment groups
(Figure 4.16). This demonstrated an improvement in liver structure and in turn reduction in
liver fibrosis.
During liver injury, production of excessive ECM takes place and increased activity
of TIMP prevents the degradation of the ECM proteins leading to a fibrogenic state. Upon
removal of the underlying cause of liver injury, a process known as remodeling is started. In
this process HSCs undergo apoptosis and the activity of TIMP decreases, allowing MMPs to
exert their fibrolytic activity resulting in reduction of collagens deposited in the fibrotic area
(Benyon and Iredale, 2000). This highlights the importance of removal of the inhibitory
influence of TIMPs on collagenase activity. TIMP-1 and TIMP-2 are produced by activated
HSCs and the hepatic reduction in TIMP-1 and TIMP-2 is a consequence of the reduction in
the numbers of activated HSCs (Iredale et al., 1998). This study has demonstrated upregulation of TIMP and collagen 1α1 genes after CCl4-induced liver fibrosis and down
regulation of these genes was observed after SNP+MSCs combine treatment (Figure 4.16).
Immunohistochemical analysis further corroborated the real time PCR results
indicating reduction in the expression of α-SMA and collagen 1α1 concurrent with increased
cytokeratin-18 and albumin expression in group5 as compared to CCl4 control group and
both single treatment groups (Figure 4.18, 4.19, 4.20, 4.23). The expression of two isoforms
of NOS in the liver has suggested that in fibrotic liver injury there is an up-regulation of
iNOS and down regulation of eNOS as in other diseases like ischemic reperfusion injury
(Goligorsky et al., 2002). SNP+MSCs combine treatment considerably normalized the
expression of iNOS and eNOS in CCl4-induced liver fibrosis mouse model (Figure 4.21,
4.22). Similarly, Sirius red staining demonstrated a significant decline in % fibrotic area in
group5 providing evidence of considerable augmentation of hepatic microenvironment and
reduction in fibrosis (Figure 4.25).
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Functionality of the injured liver is lost due to the accumulation of ECM proteins. On
combine treatment, increased MSCs differentiation was observed in SNP+MSCs group
(group5) as compared to MSCs only group (group3) evidenced by the expression of albumin
(Figure 4.24). In addition, significant reduction in the bilirubin and ALP serum levels was
observed in group5 as compared to CCl4 control group and SNP or MSCs alone (Group3 &
4) treatment groups (Figure 4.26). Bilirubin and ALP serum levels have been used previously
in various studies (Hu et al., 2006; Jiang and Stefanovic, 2008; Mohsin et al., 2011) as
indicators of improved liver function, thereby meriting the use of both these parameters.
Combination therapy for the treatment of liver fibrosis in murine models has been
reported in recent past. Qiao et al., (2011) have demonstrated that transplantation of predifferentiated MSCs together with baicalin administration showed an effective therapeutic
regimen in liver fibrosis. Their study reported an improvement in liver functions however,
fibrotic area was not reduced by this combine treatment. In an earlier study, salidroside and
MSCs have been applied in a rat model of liver fibrosis. Both salidroside and MSCs
demonstrated a synergistic effect when salidroside preconditioned MSCs were transplanted
in fibrosis model (Ouyang et al., 2010). In this present study, combination therapy of SNP
and MSCs has been applied to CCl4-induced liver fibrosis mouse model. Liver fibrosis
mouse model was firstly treated with SNP for 4 weeks and then MSCs were transplanted to
the SNP treated and SNP non-treated animals. Results demonstrated an increased number of
MSCs differentiated into albumin positive cells in combine treatment (SNP+MSCs) group
(Figure 4.24) when compared to other treatment groups. This increase could be the
consequence of enhanced survival of MSCs in the liver fibrosis model pre-treated with SNP.
In addition, fibrosis was reduced as assessed by different fibrotic markers and liver functions
were improved. SNP has been demonstrated a safer pharmacological agent in the treatment
of different diseases (Benitz et al., 1996; Palhares et al., 1998). Therefore, using SNP in
combination with MSCs could be a superior strategy for the treatment of liver fibrosis.
Autologous stem cell therapy represents an attractive treatment modality for liver
fibrosis however; extensive fibrosis and scar formation can limit the efficacy of the therapy.
Activated HSCs play a critical role in mediating liver fibrosis, significantly contributing
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towards the prognosis of the disease. NO and MSCs both offered a comparable hepatoprotective effect on liver fibrosis injury (Dai et al., 2010; El-Ansary et al., 2010). MSCs
transplantation in NO pretreated injured liver tissue demonstrates better survival,
differentiation and functional improvement. These findings establish an efficient way to
enhance MSCs ability to repair liver fibrosis by targeting HSCs apoptosis through
administration of NO. The interaction between NO and HSCs in vivo seems to be too
complex to be described as stimulatory/inhibitory categories. However, present study
addressed the histopathological impact of NO and MSCs on the liver fibrosis injury. In
conclusion, transplantation of MSCs together with NO pretreatment of the injured liver tissue
represents a novel and promising strategy to augment the repair ability of stem cells in liver
fibrosis.
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