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Abstract

Background and Objective: Liver fibrosis is a significant health problem developed as a response to a wound-healing process in injured
liver characterized by excessive deposition of fibers and extracellular matrix (ECM). This study aimed to clarify the ultra-structural events
that govern the ECM deposition and fibrosis progression using dimethylnitrosamine (DMN) induced liver fibrosis in rat's model.
Materials and Methods: Two groups of male rats were assigned, control and DMN. To induce liver fibrosis, rats were administered DMN
intraperitoneally (10 mg kg™, 3 days/week for 21 days). Statistical analysis of animal weights was performed by one-way analysis of
variance (ANOVA) and liver tissue was processed for electron microscopy examination. Results: Administration of DMN induced significant
body weight loss and severe pathological alterations. The hepatocytes went through apoptosis, the sinusoidal endothelial cells lost their
fenestrae and the quiescent hepatic stellate cells (HSCs) were activated, they lost their retinoid, acquired large nucleus and attained large
amount of fibers. In other words, HSCs were transformed into myofibroblasts (MFs) phenotype which synthesized ECM proteins and
produced fibrous scar. Furthermore, portal fibroblast (PFs) proliferated and produced large amount of fibers in portal and periportal area.
Lymphocytic infiltration, necrosis and cholangiocyte proliferation were contributed to liver fibrosis in this study. The most distinctive
features of the cellular events of hepatic fibrosis in this study were extensive deposition of ECM and collagens, primarily in portal and
periportal areas as well as massive fibrous appearance of the mitochondria of the hepatocytes. Conclusion: Activated portal fibroblasts
contributed highly to fibrosis in this study.
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INTRODUCTION

Liver fibrosis and cirrhosis has become one of the most
severe health problems around the world. Liver fibrosis is a
reversible wound healing reaction to acute or chronic hepatic
injury. During acute injury, the changesin liverarchitecture are
reversible. However, with chronicinjury, thereis a progressive
replacement of the liver parenchyma by scar tissue which can
be irreversible'?,

Liverfibrosis results from the collaboration of different cell
types. initiators of fibrogenesis,
coordinating the deposition of ECM in both normal and
fibrotic liver**and contributing to approximately 90% of ECM3,
HSCs are perisinusoidal cells located in Disse spaces between
hepatocytes and sinusoidal endothelial cells®. Moreover, HSCs
receive a wide range of signals mediated by cytokines from
injured hepatocytes and neighboring cells such as, Kupffer
cell, lymphocytes and sinusoidal endothelial cells (SECs),
resulting in fibrogenesis”.

Previous studies have revealed that during liver injury
HSCs become activated to myofibroblasts and proliferate
secreting fibrillar collagens, elastin and matrix proteins®®.
When the HSC is activated, it loses its retinoid and starts
expressing new receptors such as the platelet derived
growth factor (PDGF) receptor and transforming growth
factor-B(TGF-B) receptor. It also expresses new proteins such
as a-smooth muscle actin, which predominates within
vascular smooth muscle cells and plays an important role in
fibrogenesis®'®. Myofibroblasts have a crucial role in the
development of fibrogenesis. The myofibroblasts proliferate
and synthesize large amounts of extracellular component
proteins and have the ability to speed up wound repair by
contracting the edges of the wound'®. These cells have the
ability to contractand may contribute to portal hypertension?®.

Activation of the HSC into a myofibroblast can be
provoked by a range of chronic injuries to the liver such as
viral hepatitis, toxins, [non-] alcoholic steatohepatitis and
autoimmune disorders'. Previous studies have described
fibrosis in two stages activation and resolution. Activation
involves two phases, initiation and perpetuation, followed by
a resolution phase if the injury recedes'? Initiation describes
the pre-inflammatory stage. The first paracrine stimulation,
such as exposure to lipid peroxides and cytokines from
damaged neighboring cells. Once the cell is primed for
activation, perpetuation results to maintain an activated
phenotype and generate fibrosis2. Activation involves at least
seven discrete changes in cell behavior: Proliferation,

HSCs are the main
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chemotaxis, fibrogenesis, contractility, matrix degradation,
retinoid loss and WBC chemoattractant/cytokine release’?.

Kupffer cells also contribute to stellate cell activation
through stimulating matrix synthesis, cell proliferation and
release of retinoid by stellate cells through the actions of
cytokines (especially TGF-B) and reactive oxygen species'.

Endothelial cellsare also likely to participate in conversion
of TGF-B from the latent to active, profibrogenic form.
Accordingly, the HSC remodels the ECM into one rich fibril
collagens, particularly types | and lll. Subsequently, the ECM
components increase liver stiffness’>. Platelets provide
additional paracrine stimulation by PDGF, TGF-B™.

In normal liver, the basement membrane-like matrix of
the space of Disse is comprised primarily of collagens IV and
VI, which is replaced gradually by collagens | and Il and
cellular fibronectin during fibrogenesis'. Furthermore, this
accumulation of fibrillar ECM is associated with capillarization
of the sinusoids, displayed by a loss of the sinusoidal
endothelial fenestrae's. Eventually, the accumulation of
collagensincreases until vascular structures are linked and the
architecture of the liver is disrupted significantly'.

A recent study was done by Seki and Schwabe® has
reviewed the mechanisms that link inflammation with the
development of liver fibrosis, focusing on the role of
inflammatory mediators in HSC activation during fibrosis
progression and regression. The study has summarized the
contributions of different inflammatory cells as well as
cytokines, chemokines and damage associated molecular
patterns.

Brenner® has mentioned that hepatic fibrosis is strongly
associated with oxidative stress, increased transforming
growth factor-B, hepatocyte death and chronicinflammation.
Another study'®
source of reactive oxygen species, generated by membrane

suggested that hepatocytes are potent

injury and lipid peroxidation. In addition, Canbay et a/"
reported that hepatocyte apoptosis following injury promotes
the initiation phase of HSC activation.

The study of Nakamura et a/?° and Brenner® have
reported that transforming growth factor-Bis the most potent
fibrogenic cytokine and plays a critical role in the progression
of liver fibrosis.

The last stage is resolution of fibrosis which refers to
pathways that either drives the HSC to apoptosis or reversion
to a quiescent phenotype?'. The aim of this study was to
capture the main ultrastructural evidences and advances in
liver fibrosis and understanding the mechanisms to explore
the different views for therapy.
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MATERIALS AND METHODS

Chemicals: N-Nitrosodimethylamine (dimethyl n-nitrosamine,
DMN) Cat No: 591068 N-Nitrosodimethylamine-d 6,98 atom%
d Sigma (St. Louis, MO, USA).

Experimental animals: Fourteen male Wistar albino rats
weighing (90-116 g) were used in the experiment in
accordance with the guidelines of the Biochemical and
Research Ethical Committee at King Abdulaziz University,
Jeddah, Saudi Arabia. This study was done at the School
of Pharmacy of King Abdulaziz University in Jeddah, SA.
(2017).

Animals were housed in a well-ventilated
temperature-controlled room at22+23°Cwith 12 hlightand
dark cycles. Food consisted of standard laboratory rat chow
with free access to water. All experimental procedures were
performed between 08:00-11:00 am and care was taken to
avoid all stressful conditions.

Study design:

Group 1: Control treated orally with saline, for 3 weeks
Group 2: DMN treated (10 mg kg™' b.wt./day)for3 weeks
(3 days/week)

Ten microliter DMN diluted to 1 mL with 0.15 M sterile
NaCl.lt was given intraperitoneally (i.p.) on 3 consecutive days
of each week for 3 successive weeks?.

The morphological and behavioral changes were
monitored after administration of DMN. Animals were
weighedon 0, 7, 14, 21 days. Animals were anaesthetized and
sacrificed on 21st day from the beginning of the experiment.
Sample collection and preparation.

Groups were sacrificed at the end of the3rd week, under
ether anesthesia. The livers of all animals were rapidly
removed rinsed in cold saline. The liver specimens were fixed
in 2.5% glutaraldehyde for electron microscopy study?.

Table 1: Body and liver weight of the groups treated for 21 days

Statistical analysis:

Final b.wt.- Original b.wt.
Original b.wt.

Ratio of the total increase of b.wt. = x100

Relative liver bt = SV OWE 100
bwt,

Values  for  weight were expressed as mean
valuetstandard error. Statistical analysis was performed
by one-way analysis of variance (ANOVA) using SPSS 16.0
software (SPSS Inc., USA). Statistical significance was estimated
by t-test. The p<0.05 was considered statistically significant.

RESULTS

Body and liver weights: Administration of DMN for 3 weeks
has caused a significant decrease in body weight
(160.60%8.38) compared to the control (188.20£18.55). The
ratio of the total increase in body weight in DMN treated
group was significantly low (44.9%) compared to the control
group (88.5%) (Table 1). However, the relative liver weight in
DMN treated rats was (5.8%) compared to the control (5.2%).

Electron microscopy observations

Ultrastructure study: In control liver (G1), the hepatocyte
is polygonal two sides of each face hepatic sinusoids and
two sides face bile canaliculi. Small irregular microvilli project
into the space of Disse from the basal surface of the
hepatocytes. Two types of hepatocytes with rough (RER)
and smooth (SER) endoplasmic reticulum, dense
mitochondria, few lipid droplets, lysosomes and peroxisomes
were seen, cells with high density cytoplasm filled with
glycogen and cells with low density cytoplasm (Fig.1a, b).
The space of Disse separates hepatocytes from the
fenestrated endothelium. This space contains a basement
membrane-like matrix which is not electron dense. Hepatic
stellate cells are located in the space of Disse with variable size
lipid droplets (Fig. 1c). These cells are the primary storage site

Body weight (g)

Control group (G1)

DMN group (G2)

0 day 99.80+3.830 110.80+4.96
7 days 120.60+12.72 121.40£8.96
14 days 153.40+9.710 148.80+12.67
21 days 188.20+18.55 160.60+8.38*
Ratio of total increase in body weight (%) 88.50 44.90*

Liver weight 21 days 9.81£0.470 9.32+1.20
Relative liver weight (21days) (%) 5.20 5.80

Statistical analysis of rats body weights and liver weights during DMN intoxication. Body and liver weight were measured weekly throughout the study. Results are
analyzed by one way ANOVA and are presented as mean=standard error, p<0.05. *Indicates a significant difference between rats treated with DMN and the control
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Fig. 1(a-c): Transmission electron micrographs of control group (G1) showing (a) Several normal hepatocytes (H), with high and
low density cytoplasm, (b) Normal hepatocytes (H) with large number of mitochondria (M) and accumulations of
glycogen (Gly). Bile canaliculi (arrows) are sealed off by tight junctions to prevent bile from entering the sinusoids.
Note hepatic stellate cell (HSC) in Disse space with fat droplets, Kupffer cell (KC), lysosomes (L) and (c) Enlargement
from the previous figure shows hepatic stellate cell (HSC), endothelial cell with fenestrations (arrows), rough
endoplasmic reticulum (RER), mitochondria (M), peroxisomes (P)

of retinoid (vitamin A). Stellate cells in normal liver have
spindle-shaped cell bodies with oval or elongated nuclei. The
nuclei of hepatic stellate cells were heterochromatic and
indented by fat droplets. In control group, the stellate cells
were in the quiescent (inactive) state.

Administration of DMN (G2) caused liver damage. Upon
liver injury, stellate cells lost their lipid droplets and became
activated together with Kupffer cells. Hepatocytes lost their
microvilli and endothelial cells lost their characteristic
fenestrae (Fig. 2a-f).

Activation of the hepatic stellate cell is characterized by
the change of quiescent vitamin A rich cells into fibrogenic
and contractile myofibroblast with large nucleus and a thin
rim of cytoplasm neighbored by several bundles of collagen
fibers (Fig. 2a-c). Coarse collagen fibers in the space of
Disse and the portal area were also observed. The sinusoids
became dense and fibrous by excessive deposition of ECM
and collagen fibers. The perisinusoidal and perivenular
hepatocytes were separated from blood flow by collagenous
septa (Fig. 2d and e). Many hepatocytes were apoptotic
with fibrogenic fragments released from them (Fig. 2d).
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Hepatocytes were degenerated with numerous fatdroplets, in
variable sizes and autophagosomes, extensive short arrays of
RER, vesiculated SER as well as lysosomes, peroxisomes.

The activated Kupffer cell, were numerous attached to
the luminal surface of the sinusoidal endothelium with
irregular projections, variable sized vacuoles and a number of
lysosomes and phagolysosomes (Fig. 2b).

Capillarization of the hepatocyte endothelium was
characterized by the loss of hepatocyte microvilli and the
disappearance of endothelial fenestrations (Fig. 2f).

Bile ductules were extended in many areas (Fig. 29g).
Nuclei of different cell types were necrotic in many areas in
this group (Fig. 2h).

The portal tract was fibrous accompanied by
cholangiocyte proliferation. Dramatic changes in nuclear
shape and size of the bile ducts. Many ducts were obstructed
with distorted microvilli. Portal fibroblasts (PFs) were resided
underneath bile ducts, which were surrounded by large
amount of collagen fibers.

The most affected areas in the liver tissue were the portal
and periportal areas, revealing fibrotic portal space with
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Fig. 2(a-i): Transmission electron micrographs of DMN treated group (G2) shows (a) Activated hepatic stellate cell (HSC) with
reduced vitamin A content, surrounded by fibers (*). The hepatocytes lost their microvilli (H) and the endothelial cells
lost their fenestrae (thick arrow). Proliferated bile ductules many have deteriorated microvilli (arrows). Sinusoid(S), (b)
Hepatic stellate cell trans-differentiated from a quiescent vitamin A-rich cell to a myofibroblast (MF) with large nucleus
and lost retinoid droplets, surrounded by large amount of fibers (*) in Disse space. Hepatocytes (H) acquired variable
sizes of lipid droplets, sinusoid (S). Kupffer cell (K) with lysosomes and phagolysosome. Lymphocytic infiltration (ly),
(c) Enlargement of the above micrograph, with large amount of fibers (*) surrounds the myofibroblast (MF),
hepatocytes lost their microvilli (H) and plasma membrane definition, defenestrated thickened endothelium (arrows),
(d) Apoptotic hepatocyte (H) with large amount of fibers (*) surrounds it. Fibrogenic apoptotic fragment (A), the dense
fibrillar (ECM) in the sinusoid. Fat droplets (Fd) filled the upper part of the hepatocyte (thick arrow). Fibrocyte (FC), (e)
Fibroblasts surrounding the central vein (second layer cells). Separation of hepatocytes from blood flow by thick
collagenous septa (thick arrows). Necrotic defenestrated endothelial cell (arrows), (f) Enlargement of Fig. 2d
displaying capillarization, loss of hepatocyte microvilli H) and endothelial cell fenestrations (arrow), fibrous Dissie
space (DS) and sinusoid (S), smooth endoplasmic reticulum (SER), (g) Degenerated hepatocytes with extended bile
ductules (arrows), (h) Degenerated hepatocyte (H) with extensive short arrays of (RER), dense and ill-defined
mitochondria (M), lysosomes (L), Peroxisomes (P). Autophagosomes (AP) and (i) Fibrous portal area (PA) with dense
ECM, abnormal nuclear shape and partially obstructed bile duct (BD). The large amount of fibrous patches (*) inside
the portal space and the clumps of fibrous undefined mitochondria (M) in the hepatocytes. Necrotic nucleus (N).
Fibroblasts (FB) reside underneath of the bile duct epithelium, Fibrocyte (FC). Bile duct (BD) proliferation and
lymphocytes infiltration (Ly)
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excessive deposition of ECM proteins and fibrous
patches. Most of the hepatocytes became fibrous. The
mitochondria were abnormally spread and acquired
fibrous appearance.

DISCUSSION

The ultrastructural study has added greatly to researchers
knowledge of cellular structure and mechanism of fibrosis. The
present study, describes the cellular pathological events of
liver fibrogenesis in rats administered DMN. The pathological
hallmarks of liver fibrosis in this study are, the hepatocytes
were injured and went through apoptosis before fibrosis. The
quiescent stellate cells were activated and produced
extracellular matrix (ECM) proteins. The sinusoidal endothelial
cells (SECs) lost theirfenestrae which s called capillarization of
the sinusoids. The macrophages of the liver, the Kupffer cells,
activated and proliferated and the lymphocytes infiltrated the
injured liver and contributed to the inflammation. Moreover,
the mitochondria particularly in the portal area were
coagulated in abnormal fibrous appearance and become an
important indicator of liver fibrosis.

At a cellular level the perisinusoidal hepatic stellate cell
(HSQO) has been extensively studied as a key effector of
fibrogenesis*2'24,

In the present study, activation of HSC was evidenced by
transforming into myofibroblast phenotype cell, that is
contractile and fibrogenic, shed its retinoid droplets and
produced extraordinary amounts of collagen fibers and
fibrotic matrix deposition. Fibers were located around the
activated cells in Disse space as previous studies®?* and also
fibers were scattered in the hepatocytes. Collagen and other
extracellular matrix (ECM) components are deposited as a
response to liver wound-healing process?.

The HSC projections serve a vital role as the cell’s leading
edge in “sensing” chemotactic signals to generate a
contractile force?. Thisintimate contact between stellate cells
and their neighboring cell types may facilitate intercellular
transport of cytokines.

In the present study, bundles of collagens of periportal
fibroblasts were prominent. Activated myofibroblasts that
derived from perisinusoidal hepatic stellate cells and portal or
central veinfibroblasts were proliferated and produced excess
extracellular matrix (ECM)?” which led to fibrous portal tract
expansion.

Many studies have reviewed the origin of hepatic
myofibroblasts which are mainly originate from hepatic
stellate cells*'?> or from fibroblasts of portal areas??%?° or
from mesenchymal stem cells or circulating fibrocytes%3! or
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through a process of epithelial to mesenchymal transition
(EMT) involving either hepatocytes or cholangiocytes®.

Fibrosis results from the interaction of a number of
different cell types and results in the buildup of fibrillar
collagens as a result of both changes in matrix synthesis and
degradation3?.  Friedman* reported that the normal
subendothelial ECM is critical for maintaining the
differentiated functions of resident liver cells. Changes in the
microenvironment of the space of Disse (ECM) reflected on all
resident liver cellsand resultin phenotypic changes.In normal
liver, ECM s highly dynamic with a balance between synthesis
and degradation. However, this balance is disrupted where
the ECM becomes gradually insoluble and resistant to
protease digestion'. This postulation is in accordance with
results in the present study.

In addition, hepatic fibrosis is strongly believed to be
associated with oxidative stress, increased transforming
growth factor B, hepatocyte death and chronicinflammation?.
Oxidative stress generates reactive oxygen species (ROS)
which cause liver damage in various ways, such as permanent
changes to DNA, lipid peroxidation resulting in destruction of
biological membranes and inhibition of mitochondrial and
peroxisomal B-oxidation enzymes, leading to accumulation of
fatty acids in the hepatocytes, developing hepatic steatosis®*.
DNA damage, destruction of biological membranes,
accumulation of fatty acids in hepatocytes and steatosis, all
these manifestations were revealed in the present study as a
result of ROS after administration of DMN.

Chronic liver injury causes death of hepatocytes and
formation of apoptotic bodies, which release factors that
recruit inflammatory cells (neutrophils, monocytes,
macrophages and lymphocytes) to the injured liver. Hepatic
macrophages (Kupffer cells) produce TGF-B and other
inflammatory cytokines that activate collagen type | producing
myofibroblasts, which are not present in the normal liver®>3,
Hepatic macrophages are often found in close proximity to
fibrotic scars®, which suggest it may promote HSC
migration®¥. In the present study hepatocytes apoptosis was
evident. The apoptotic fragments released from hepatocytes
are fibrogenic, as also reported by Canbay et a/'®, who linked
apoptosis to fibrosis development. Apoptotic hepatocyte
bodies have been demonstrated to promote secretion of
proinflammatory and fibrogenic cytokines from macrophages
and directly promote HSC activation®3°. Moreover,
damage-associated molecular patterns (DAMPs) released from
dying hepatocytes may also promote fibrogenesis®. In the
present study, autophagy was frequently noticed. Autophagy
is not only an important cellular degradation mechanism but
also plays active role in apoptosis.
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Sinusoidal lining endothelial cells SECs represent the
safeguard against provoking agents such as toxins and
particles delivered to the liver via blood. These cells respond
to these conditions by defensive mechanisms called
capillarization, loss of fenestrae, to reduce the effect of the
toxin on the hepatic cells. Capillarization occurred in chronic
liver disease and precedes fibrosis*. The loss of fenestrae
prevent hepatocyte oxygenation and have deleterious effect
on liver physiology*' increasing resistance to blood flow and
may develop portal hypertension®. In the present study, the
SECs responded to DMN by thickened and defenestrated
endothelium to close the gaps and prevent or reduce
exchange between the sinusoid and the space of Disse. In
normal liver sinusoid, there is a non-electron dense basement
membrane matrix which comprises laminin and type IV
collagen. During the development of fibrosis this matrix
replaced by one rich in interstitial collagens particularly
collagens | and llI*'6, This accumulation of fibrillar ECM is
associated with a loss of the sinusoidal endothelial
fenestrae” s,

Previous studies have reported that in the chronically
injured liver, lymphocytes and HSCs are commonly localized
in very close proximity*® as evidenced in the present study
suggesting functional interactions.

Cholangiocytes are a rich source of inflammatory
cytokines. Bile duct proliferation often results in the
activation and expansion of myofibroblasts, surrounding
ducts®. A recent study of murine cholestatic liver fibrosis
demonstrated that HSCs and not portal fibroblasts are the
main  ECM-producing cell type. Together, these data
suggest that the interaction of cholangiocytes with
multiple cell types including lymphocytes, HSCs and portal
fibroblasts-contributes to chronicinflammation and fibrosisin
cholestatic liver disease?.

Several studies have described antifibrotic effects of
platelets'?¢. When the HSCis activated, it loses its retinoid and
starts expressing new receptors such as the platelet derived
growth factor (PDGF) receptor and transforming growth factor
(TGF-B) receptor. It also expresses new proteins such as o
smooth muscle actin. The activated HSC proliferates and
synthesizes extracellular matrix proteins to produce the
fibrous scar. The HSCs contract and may contribute to portal
hypertension®. Brenner® suggested that through the
production of the metalloproteinase, MMP2, the HSCs
contribute to the degradation of the normal extracellular
matrix. TGF-B exerts acritical role in the progression of
established fibrosis.

In the present study, as the liver becomes fibrotic,
the total content of collagens components increases,

accompanied by a shift in the type of ECM in the
subendothelial space sinusoids from the normal low-density
to high-density ECM. The extensive short and thick arrays of
rough endoplasmic reticulum in hepatocytes are indicative of
synthetic protein activity.

In the present study, liver resident activated hepatic
stellate cells (HSCs) and activated portal fibroblasts (PFs) are
the major source of the fibrous scar in the liver as mentioned
earlier by Iwaisako et a/? in PNAS.

CONCLUSION AND FUTURE
RECOMMENDATION

The present study has proved that PFs are major
contributor in fibrosis. This study has uncovered the intricate
ultrastructural mechanism that occurred during liver
fibrogenesis and giving the opportunities to develop
targeted therapies to reverse the fibrotic response of
chronic liver disease. This study may not only improve
understanding of this complex mechanism but also allow
one to focus on therapeutic molecules and inhibitors.
Authors expect that future research will focus on therapeutic
strategies.

SIGNIFICANCE STATEMENT

This study discovers the role of portal fibroblast that
can be beneficial for liver fibrosis induced rats. This study
will help the researchers to uncover the critical areas of
the origin of myofibroblasts and their role in pathological
wound healing that many researchers were not able to
explore. Thus a new theory on the contribution of portal
fibroblasts to liver fibrosis may be arrived at.
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