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ABSTRACT 

 

Current treatments for hepatic fibrosis are still elusive because of the lack of efficient 

and safe drugs. The pathogenesis of hepatic fibrosis suggests multi-target drugs might have 

therapeutic potential. This dissertation research aimed to confirm the antifibrotic effects of 

the combination of the bioactive mammalian lignan, enterolactone (ENL), and selected 

tyrosine kinase inhibitors (TKIs) and to explore whether these effects involve peroxisome 

proliferator-activated receptor gamma (PPARγ), oxidative stress, and/or endoplasmic 

reticulum (ER) stress, known pathways of lignan and TKI action. 

A standard PPARγ competitive binding assay was conducted to assess whether three 

multi-target TKIs and ENL were PPARγ agonists. Binding affinity to the rosiglitazone 

binding site of PPARγ was low. However, a PPARγ transactivation assay and PPARγ-related 

biological functional assays, adipogenesis and glucose uptake assays, provided evidence of 

potential PPARγ partial agonism by gefitinib and ENL. Evaluation of the expression changes 

of several fibrotic markers (e.g., collagen I, -SMA, MMP2/MMP9, and TIMP-1,) using 

human hepatic stellate cells (HSC), LX-2 cells, at both mRNA and protein level by real-time 

PCR and ELISA/western blot, respectively, demonstrated that Gefitinib had the greatest 

ability to attenuate HSC activation and ECM production and was chosen as the model TKI 

for further investigation. 

Next, qPCR was used to quantify changes in the expression of biomarkers of HSC 

proliferation and activation (e.g., -SMA, collagen I, TIMP-1, and MMP2) and possible 

pathways (e.g., PPARγ, β-catenin/Wnt, Nrf2) for the antifibrotic effects of ENL and/or 

gefitinib in TGF-1-stimulated LX-2 cells. The combination of gefitinib and ENL attenuated 

the fibrotic biomarkers to a greater extent than using each compound alone. In further 

experiments evaluating reactive oxygen species (ROS) production, caspase-3/7 apoptosis, 

and changes in the expression of PPARγ, Nrf2, and ER stress markers, the data suggested 

that PPARγ, oxidative stress, and ER stress-induced apoptosis might be involved in the 

antifibrotic response of gefitinib and ENL. 

The antifibrotic role of secoisolariciresinol diglucoside (SDG) and its metabolites were 

also investigated in a hypercholesterolemic rat model of hepatic lipidosis. This study 

indicated that SDG caused modest improvement in serum lipid parameters and hepatic 

lipidosis, with mild effects on fibrotic biomarkers of non-alcoholic fatty liver disease in 

hypercholesterolemic rats. 



 iii 

In conclusion, these studies suggest the potential of the combination of ENL and 

gefitinib as a therapeutic approach in hepatic fibrosis. PPARγ, oxidative stress, and the ER 

stress-induced apoptosis can be potential pathways to attenuate markers of hepatic fibrosis.  

Further studies should be done to clarify whether ENL and gefitinib attenuate hepatic fibrosis 

through PPARγ, oxidative stress, and/or the ER stress response in vivo. 
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1. INTRODUCTION 

Hepatic fibrosis is a worldwide health issue with high risk of complications such as 

portal hypertension, liver failure, and carcinoma1. Hepatic fibrosis is defined as a wound-

healing response following continuous liver injury and is associated with inflammatory and 

oxidative stress responses and excessive accumulation of ECM proteins. A variety of liver 

diseases may cause fibrogenesis, which is characterized as fibrosis or fibrotic scars at the 

sites of damaged hepatocytes. These diseases include inflammatory conditions, alcohol-

induced or non-alcohol-induced liver injuries, and cancer that ultimately result in the 

development of fibrotic lesions2. Despite significant efforts made in the area of antifibrotic 

therapy in the past decades, specific antifibrotic drugs for the liver are still elusive because of 

the lack of both efficient and safe drugs on the market, especially for the late stage of liver 

fibrosis, i.e., cirrhosis2-4. Increasing evidence supports a view that fibrosis may be reversible, 

and the degree and recovery of fibrosis depend on the type and duration of the liver injury5. 

Therefore, reliable diagnosis and treatment methods for hepatic fibrosis at an early stage of 

liver disease are critical to avoid further hepatic health risks6. 

According to the pathology of liver fibrosis, the resolution of fibrogenesis is a multi-

cellular and multi-target process7, 8. Multi-target drug families such as the tyrosine kinase 

inhibitors (TKIs), which are primarily marketed for cancer therapy, are reported to have 

antifibrotic effects. Literature evidence has demonstrated the ability of some TKI drugs to 

favorably modulate renal fibrosis, pulmonary fibrosis, and tumour fibrosis9-11. However, the 

mechanisms of TKIs’ antifibrotic action in the fibrotic pathway are not fully understood. In 

the literature, PPARγ is suggested to play a role in the activation of fibroblasts and the 

fibrogenesis process12. Computational docking model data suggested a list of TKIs exhibit 

similar binding affinity to PPARγ as its known full agonist, rosiglitazone, indicating that 

TKIs might cause cellular responses via PPARγ agonism13. However, an obvious issue of 

TKI drugs is their toxicity when used in anti-cancer treatments. The adverse effects caused by 

TKI drugs are significant at their common dose14.  

Natural products and herbal medicines have demonstrated antifibrotic effects in many 

types of systemic scleroses such as lung fibrosis and liver fibrosis15, 16. Over half of the 

current therapeutic drugs for cancer and liver diseases on the market are natural products or 

extracts from natural products17. The use of natural products to prevent liver lesions has been 

confirmed for many different compounds18. Among those natural products, lignans have 

shown anti-inflammatory effects, induction of PPARγ expression, amelioration of oxidative 
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stress, and enhanced endoplasmic reticulum (ER) stress response – factors that have key roles 

in liver fibrosis19-22. Attenuation of oxidative stress relates with PPARγ activation reduced 

hepatic fibrosis in rats, and ER stress-related pathways contribute to the hepatic stellate cell 

(HSC) activation in liver fibrosis23, 24. Both oxidative stress and ER stress are believed to be 

involved in the pathology of liver fibrosis and there might be a close linkage between the 

two25. Moreover, the ER stress-induced apoptosis might be an important way to deplete the 

key player of fibrogenesis, activated HSCs26. Flaxseed lignans are also reported to have long-

term safety27. Though the TKI drugs have been shown to have an impact on fibrosis, the 

effects are neither guaranteed nor always safe because of unexpected adverse effects14. A 

possible way to resolve the troublesome toxicity of TKIs is to reduce the dosage of these 

drugs when used in combination with safer compounds if they may work via certain similar 

pathways. Natural products receive increasing interest for their safety and their potential 

ability to reduce the dose levels of pharmaceutical agents and thereby decrease the risk of 

adverse effects while maintaining favorable therapeutic outcomes. The combination of 

flaxseed lignans with the TKIs for liver fibrosis may result in an enhancement of the TKI 

effect, which may be mediated through modulation of PPARγ expression and function, 

oxidative stress, and/or the ER stress response.  

This dissertation research aimed to confirm the antifibrotic effects of the combination of 

the bioactive mammalian lignan, enterolactone (ENL), and selected TKI drugs, and to explore 

possible molecular targets of the combination using models of liver fibrosis. A human hepatic 

stellate cell line, LX-2 cells, was used as in vitro hepatic fibrosis model, and transforming 

growth factor-beta 1 (TGF-β1) was applied to stimulate LX-2 cells. ENL was used as a model 

flaxseed lignan, and three TKI model drugs demonstrating high in-silico PPARγ-binding 

affinity, ibrutinib, gefitinib, and dabrafenib, to understand the combinatorial antifibrotic effects 

and mechanisms in hepatic fibrosis. Furthermore, the choice of these drugs as my TKI models 

was also based on their target differences. Ibrutinib is utilized as a multi-target TKI drug, while 

gefitinib targets epidermal growth factor receptors (EGFR), a key target in cancer signaling 

and other fibroproliferative diseases, and dabrafenib as a non-EGFR-TKI28-30. As severe side 

effects occur when applying some certain target TKI drugs, we hope to identify generic 

mechanisms for TKI drugs in hepatic fibrosis and to understand the general interaction of 

lignans with antifibrotic TKIs in liver fibrosis. The dissertation research may lead to subsequent 

research that will identify the ability to reduce the administered dosage of TKIs when combined 

with lignans, which may decrease the risk of toxicity and increase the antifibrotic effects. My 

dissertation research may then provide experimental preclinical support for the application of 
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the combination of flaxseed lignans and TKIs as therapeutic alternatives in hepatic fibrosis.  

 

2. RESEARCH QUESTION 

Do flaxseed lignans combined with TKI drugs favorably modulate hepatic antifibrotic 

biomarkers to a further extent than using each compound alone and do these effects 

involve PPARγ, oxidative stress, and/or the ER stress response?  

3. HYPOTHESES 

1. The TKIs, ibrutinib, gefitinib, dabrafenib, and the flaxseed lignan, ENL, are PPARγ 

agonists. 

2. TKIs, ibrutinib, gefitinib, and/or dabrafenib, will decrease HSC activation, extracellular 

matrix (ECM) protein production, and proliferation. 

3. Reduction in HSC activation will involve PPARγ, oxidative stress signaling, and/or 

induction of apoptosis via the ER stress response. 

4. In combination, ENL will enhance the antifibrotic effects of certain TKI drugs via 

PPARγ signaling and through modulation of oxidative stress or induction of ER stress-

induced apoptosis. 

5. In a non-alcoholic fatty liver disease in vivo rat model, oral flaxseed lignan 

administration will modulate hepatic fibrosis biomarkers and reduce hepatic lipidosis. 

4. OBJECTIVES 

Objective 1: To determine whether TKIs and ENL are agonists of PPARγ  

1. To determine whether TKIs (ibrutinib, gefitinib, and dabrafenib) and ENL bind to and 

induce transactivation of PPARγ.   

• Determine the binding affinity of ibrutinib, gefitinib, and dabrafenib to PPARγ 

using a competitive binding assay. 

• Assess the ability of ibrutinib, gefitinib, and dabrafenib to cause transactivation of 

PPARγ using a transactivation reporter assay in a PPARγ-transfected cell-based 

(HepG2) system.  

• Determine if the mammalian flaxseed lignan, ENL, is an agonist of PPARɣ using 

similar methods for TKIs as indicated above. 

2. To confirm the biological response of TKIs and ENL as agonists of PPARγ. 

• Determine if ENL and TKIs, ibrutinib, dabrafenib, and gefitinib are functional 

PPARγ partial agonists by measuring the adipogenic activity as response indicators 
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of partial agonism in differentiated mouse 3T3-L1 pre-adipocytes.  

• Assess the glucose uptake activities of the TKIs and ENL in adipocytes as a second 

biological functional assay in differentiated mouse 3T3-L1 pre-adipocytes.  

 

Objective 2: To determine whether the flaxseed mammalian lignan, ENL, and 

certain TKIs (ibrutinib, gefitinib, and dabrafenib) can suppress HSC activation in 

TGF-β1-activated human HSCs (LX-2 cells).   

• Quantify changes in mRNA and protein expression of biomarkers of HSC 

proliferation and activation (, -SMA, collagen I, TIMP-1, and MMP2) and 

possible pathways for their antifibrotic effects (e.g., PPARγ, β-catenin/Wnt, Nrf2) 

after stimulation with TGF-1 and treatment with or without ENL and/or TKI 

model drugs (ibrutinib, gefitinib, or dabrafenib) in the human hepatic stellate cell 

line, LX-2 cell. (Note: Considering the secretion and regulating effects of TGF-β 

and its crosstalk with PDGF, we will not use TGF-β and PDGF as biomarkers 

because we are using TGF-β as an initiator of fibrogenesis in LX-2 cells.)  

• Assess HSC ER stress-induced apoptotic and oxidative stress response in the 

presence and absence of ENL or TKIs and detect fibrotic biomarker changes at 

levels of mRNA and protein expression (induction of ER stress apoptotic response 

markers such as CHOP and ATF4).  

 

Objective 3: To assess changes in fibrotic biomarker expression following chronic 

administration of flaxseed lignans in a rat model of non-alcoholic fatty liver disease. 

• Assess the histological and lipid profile changes in flaxseed lignan supplemented 

hypercholesterolemic rats.   

• Assess hepatic fibrotic biomarker changes at both mRNA and protein levels in 

flaxseed lignan supplemented hypercholesterolemic rats.   
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5. LITERATURE REVIEW 

5.1  Hepatic Fibrosis  

Chronic fibroproliferative diseases including inflammatory bowel disease, chronic 

kidney disease, pulmonary fibrosis, and liver fibrosis have become a major health issue31. 

About 45% of all deaths are attributed to fibroproliferative diseases, which make it the 

leading cause of morbidity and mortality in the developed world and afflicts millions of 

individuals worldwide32. The Canadian Liver Foundation estimated that one in ten 

Canadians, more than three million people, has some form of liver disease, and the death rate 

from liver disease has risen almost 30% over a period of eight years 

(https://www.liver.ca/wp-content/uploads/2017/09/Liver-Disease-in-Canada-E-3.pdf). 

Chronic liver disease and cirrhosis, the final pathological result of chronic liver disease and a 

late stage of fibrosis, was one of the top 15 causes of death in 2014 in the United States33-35. 

In particular, non-alcoholic fatty liver disease (NAFLD), which composes 24% of total 

chronic liver disease, has been an economic and clinical burden estimated at $1.005 trillion 

and €334 billion for the United States and four major European countries over a 10-year 

period, respectively33-35. Hepatitis C infection and NAFLD are considered the most important 

liver diseases in the developed world in the 20th and 21st centuries, respectively36. Other 

causes of liver injury also contribute to liver fibrosis, such as alcoholic fatty liver disease, 

cholestatic disorder, and metabolic dysfunction37. 

The pathology of hepatic fibrosis is quite complicated but most chronic liver diseases 

follow similar common courses36. Liver fibrosis is defined as a deregulated wound-healing 

response after continuous injury associated with inflammatory and oxidative stress responses 

and excessive accumulation of ECM proteins, particularly fibrotic collagen such as type I and 

type III collagen38. With the formation of fibrotic scars in the hepatic sinusoidal structure, 

architectural modifications of the liver occur because of liver remodeling and regeneration, 

which will finally lead to liver dysfunction or carcinoma37. Hepatic fibrogenesis is initiated 

with hepatic myofibroblast activation, caused by different kinds of stimuli, followed by 

multicellular processes leading to ECM production and fibrotic scar formation39. Almost all 

kinds of chronic liver damage initiate hepatic fibrogenesis, which may ultimately lead to 

cirrhosis, liver failure, and hepatocarcinoma40.  

The continuous liver insult usually causes inflammatory and oxidative responses in 

attempts to repair the damaged hepatocytes. Recruitment and migration of macrophages and 

HSCs occur at the sites of damaged hepatocytes and commence secretion of inflammatory 
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cytokines and chemokines to initiate fibrogenesis41. The secretion of cytokines or 

chemokines can stimulate quiescent HSCs, switching these cells to an activated and 

proliferative phenotype. Among these cytokines and chemokines, TGF-β and platelet-derived 

growth factor (PDGF) are considered to be the most predominant profibrogenic factors 

stimulating the activation of HSCs42. HSC activation leads to recruitment and migration of 

other cells within the liver, release of inflammatory mediators and reactive oxygen species 

(ROS), and excessive ECM deposition by activated myofibroblasts and differentiated 

HSCs43.  Excessive ECM deposition, which forms the fibrotic scar, follows from an 

imbalance of synthesis and degradation of ECM due to the changed secretion ratio of matrix 

metalloproteinases (MMPs) and tissue inhibitor of metalloproteinases (TIMPs)16. Another 

major factor involved in liver fibrosis is the oxidative stress pathway. Oxidative stress is 

implicated in many liver diseases, including hepatitis, fatty liver diseases, and metabolic liver 

disease44. ROS generated by the injured hepatocytes is a well-characterized stimulator of 

HSCs activation and collagen secretion of these activated HSCs45. As these cellular activities 

proceed, the fibrotic scar is formed in the injured liver, and with further liver remodeling, 

complete loss of hepatocyte function in the fibrotic scar region ultimately occurs46. 

Subsequently, chronic hepatitis progresses to repeated cycles of hepatocyte apoptosis and 

regeneration, along with increased fibrotic ECM stiffness and loss of normal functions of 

cells in the liver, leading to cirrhosis or other serious hepatocellular diseases35, 47.  

 

5.1.1 Pathology of Hepatic Fibrosis 

As a wound-healing response to both acute and chronic liver injuries, the pathology of 

hepatic fibrosis is quite complicated48. The most common causes of liver fibrosis are 

inflammation with hepatitis B or C virus, autoimmune diseases, and metabolic disorders, as 

well as alcohol abuse and drug toxicity1, 49.  The development of liver fibrosis is the result of 

a multi-cellular process, which implicates the involvement of different cell types, such as 

hepatocytes, macrophages, endothelial cells, and mesenchymal cells50. The injury to 

hepatocytes results in a complicated inflammatory response with production of pro-fibrotic 

mediators and fibrogenic cytokines that activate the quiescent HSCs and/or other fibrogenic 

cells, among which HSCs are considered to be a key and major cell source of 

myofibroblasts43. The two major ways liver injuries generate stimuli that activate the HSCs 

are: 1) the migration and accumulation of inflammatory cells, and 2) the activation of 

macrophages (mainly Kupffer cells)51. Activated HSCs and macrophages are considered to 
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be the major cellular source of ECM accumulation, where HSCs are known as “master 

producers” while macrophages are “master regulators” during the progression of liver 

fibrosis52. 

HSCs compose about 5 to 15% of the cells in the normal liver, existing as a non-

parenchymal quiescent phenotype, which are considered to be the major ECM-producing 

cells in injured liver after stimulation53, 54. As non-parenchymal cells, HSCs function to 

maintain a normal level of ECM. In healthy liver, these fibroblasts stay quiescent and are 

involved in routine production of ECM to maintain homeostasis55. Continuous liver injury 

causes perpetuation of stellate cell activation, mainly HSCs, in the liver and their 

transformation to myofibroblasts53. For instance, damage to hepatocytes causes inflammatory 

reactions that lead to activation and migration of HSCs, subsequently leading to the 

accumulation of ECM and the formation of fibrotic scars in the injured area within the liver52. 

HSCs undergo complex activation processes in their transformation from a quiescent 

phenotype to activated fibroblast-like cells that include upregulation of alpha-smooth muscle 

action (-SMA), increased accumulation of collagen, mainly type-I and -IV, and the 

expression of TGF-β and PDGF-β43, 56. Once activated, HSCs lose vitamin A and switch their 

phenotype to a highly proliferative and productive form and are also characterized by an 

enhanced survival because of stimulation of the nuclear factor-kappa B (NF-ϰB) pathway43, 

57. Quiescent HSCs express a wide range of MMPs and their activators as well as their 

inhibitors TIMPs58. On the other hand, activated HSCs repress the expression of MMPs and 

increase the expression of TIMPs, which dramatically reduces the collagenolytic activity and 

degradation of ECM within the liver, causing the accumulation of ECM proteins51. 

The accumulation of myofibroblast precursor cells is identified as an essential feature 

of tissue fibrosis37. As the major cell source of myofibroblasts, HSCs are responsible for liver 

fibrosis once activated into the fibrogenic phenotype, secreting fibrotic proteins and 

cytokines. Activated HSCs are demonstrated to be the primary source of collagen type I and 

-SMA, which are the major components of the fibrotic scar in hepatic fibrosis59, 60. 

However, in addition to HSCs, other cell types involved in the pathogenesis of liver fibrosis 

are derived from fibroblasts of the liver resident cells such as portal connective tissue, and 

portal and central veins, and bile duct epithelial cells61. Bone marrow-derived fibrocytes are 

also described as fibrogenic myofibroblasts62. Similar to HSCs, other sources of 

myofibroblasts show the same characteristics – highly proliferative and productive ability for 

ECM components, mainly collagen type I and -SMA – and the recruitment of 



 8 

myofibroblast-like cells arise to promote the process of fibrogenesis. Regardless of the origin, 

myofibroblasts are responsible for liver remodeling and proliferation of hepatocytes, ECM 

deposition during liver repair, and the enzymes involved in matrix degradation and scar 

formation61, 63. Evidence suggests a cross-talk between the mechanisms of activated HSCs 

and other fibroblast-like cells, but the mechanism is still unknown, and conflicting 

information remains63. 

Hepatic macrophages are the major immune cells supporting the progression of liver 

fibrosis64. Liver injury leads to the local recruitment of immune cells and to the activation 

and migration of macrophages within the liver, which can further promote the fibrotic 

process via secretion of inflammatory and fibrogenic cytokines50. Macrophages can promote 

hepatic fibrogenesis by producing a range of cytokines, chemokines, and other soluble 

mediators that directly influence the behavior of HSCs and other myofibroblasts, such as 

TGF-β and galectin-3, tumor necrosis factor-alpha (TNF-α), and the potent mitogen PDGF37, 

65. Chronic insults such as inflammatory responses stimulate the pro-fibrotic macrophages to 

secrete proliferative cytokines and chemokines, which induce the activation and proliferation 

of the quiescent HSCs (Figure 5.1). Activated HSCs are responsible for the secretion and 

accumulation of ECM proteins, forming the fibrotic scar in the liver. During the resolution of 

hepatic fibrosis, which is a reverse process of fibrogenesis, macrophages switch to a pro-

resolution phenotype leading to the removal of pro-fibrotic stimuli. Concurrently, the 

antifibrotic cytokines, such as tumor necrosis factor-related apoptosis-inducing ligand 

(TRAIL) and certain kinds of MMPs, cause the deactivation and apoptosis of the expanded 

HSC population and the degradation of fibrotic scars, mainly the ECM protein, contributing 

to the resolution of hepatic fibrosis37, 66.  
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Figure 5.1 The cellular mechanisms of hepatic fibrogenesis and resolution of fibrosis in the 

liver. Chronic hepatic insults stimulate inflammatory responses and profibrotic 

cytokine/chemokine secretion which subsequently induce the activation of quiescent hepatic 

stellate cells (HSCs), contributing to the fibrogenesis in the liver. In contrast, with the 

removal of stimuli, the production of existing extracellular matrix (ECM) degrading enzymes 

and deactivation factors for myofibroblasts, the existing ECM, and the activated HSCs can be 

eliminated to resolve the fibrosis within the liver. Adapted from Pellicoro et al (Permission 

license number: 4831430631176)37.  
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Oxidative stress is also implicated in the pathogenesis of liver diseases, contributing to 

the progression of liver injuries. Oxidative stress induces cell proliferation and ECM 

synthesis of HSCs, thus promoting hepatic fibrosis67. Since the liver is a multifunction organ 

responsible for detoxification and maintenance of body metabolic homeostasis, it is the first 

organ exposed to xenobiotics after absorption from the gastrointestinal (GI) tract68. A variety 

of continuous insults cause chronic liver diseases associated with oxidative stress, such as 

alcohol, drugs, and high-fat diet67. As a metabolically active organ, the liver is vulnerable to 

ROS and has established an antioxidant system to destroy this by-product of normal 

metabolism in the liver69. When elevated and sustained, ROS antioxidant systems of the liver 

are inadequate thus promoting cellular damage and liver disease69. Hence, modulation of 

hepatic oxidative stress can be a potential approach to treat various liver diseases including 

liver fibrosis. 

 

5.1.2 Current Therapeutic Approaches  

Considerable progress has been made in understanding the pathology and development 

of hepatic fibrosis in the past decades, especially clarification of the cellular and molecular 

mechanisms involved in fibrogenesis70. Hepatic fibrosis is no longer considered a passive and 

irreversible process but a reversible process once the stimuli are removed46. Increasing 

evidence supports a view that even advanced fibrosis may be reversible, and the degree and 

recovery of fibrosis depend on the type and duration of the liver injury5. When the injury is 

acute, fibrosis is taken over by resolution of inflammation, replacement of the apoptotic cells, 

resolution of the activated HSCs, and removal of accumulated ECM5, 71, 72. However, when 

the injury is sustained, the regeneration process is insufficient and liver tissue is gradually 

replaced by scar tissue50.  

The possible chemotherapies designed to mitigate hepatic fibrosis can be divided into 

three categories60: (1) Inhibition of etiologies: Hepatic fibrosis is the result of the wound-

healing response of the liver to repeated injury and is associated with alterations in both the 

quality and composition of ECM because of increased production as well as decreased 

degradation2. Myofibroblasts may undergo apoptosis and inactivation when the etiologies are 

cleared. (2) Inactivation of myofibroblasts/HSCs: Although control and clearance of the 

etiology can retard fibrosis progression and lead to fibrosis regression, antifibrotic therapies 

that selectively target activated myofibroblasts/HSCs and the increased production of ECM 

are not yet available60. Since ROS and inflammation play important roles in hepatic 
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fibrogenesis, regulation of ROS and inflammation might be strategies for the treatment of 

liver fibrosis by inhibiting injury73. As the activated myofibroblasts are crucial for hepatic 

fibrogenesis by increasing cell proliferation, generating excessive ECM, and expressing -

SMA, it is important to cause inactivation, apoptosis, and quiescence of HSCs or other 

myofibroblasts to treat liver fibrosis74. (3) The degradation of the ECM: Since net deposition 

of ECM is the final common result of liver fibrosis, the ideal antifibrotic drug should 

decrease the production of ECM proteins and increase the degradation of accumulated ECM 

sufficiently75. 

Currently, there are merely drugs available for the elimination or inhibition of the 

etiology of liver fibrosis. For different kinds of hepatitis, some anti-inflammatory drugs may 

be helpful to eliminate the stimuli to HSC activation but not sufficient to remove the fibrotic 

scars. For alcoholic liver diseases, cessation of drinking is the most effective approach to stop 

the development of liver fibrosis. Natural or synthetic steroid treatments and nutritional 

supplements, as well as natural and herbal medications, are all considered to be therapies for 

alcoholic liver injury76. However, the removal of these insults is only effective for early-stage 

fibrotic patients60. Eventually, unresolved liver fibrosis results in end-stage liver disease and 

requirement for liver transplantation. Transplant rejection remains a significant issue for 

liver-transplant patients72.  Hence, a better understanding of the key pathways or targets is 

needed to develop appropriate therapeutic strategies for hepatic fibrosis at an early stage of 

the pathogenic process. Therapies targeting myofibroblasts activation and activation-related 

cytokines, as well as the degradation of the ECM, can be envisioned with a better 

understanding of hepatic fibrogenesis77. Hopefully, synthetic compounds or drugs from 

natural products will be developed to block the fibrogenesis and resolve the existing fibrosis 

in the liver78. 

 

5.1.3 Possible Antifibrotic Mechanisms and Potential Targets 

The most important and common way to treat liver fibrosis is the combination of 

removing the cause of liver injury, amelioration or resolution of the development of the 

activated myofibroblasts, and enhancement in the degradation of ECM. Although the 

pathogenesis of liver fibrosis involves many cytokines, enzymes, and other fibrogenic 

factors, the usual target for enhanced degradation of ECM is the HSC-derived 

myofibroblasts, which is considered the major contractile ECM-producing cell source52. The 

molecular mechanisms of HSC activation and liver fibrogenesis involve a complex array of 
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cytokines and chemokines in HSCs and other cells with enormous crosstalk between different 

signaling pathways79. By removing the pro-inflammatory or pro-fibrotic factors, the activated 

HSCs will undergo deactivation with senescence, apoptosis, and reversion, switching back to 

a quiescent state80. However, upon switching back to a quiescent state, HSCs can be re-

activated more readily in the presence of new fibrogenic initiators such as TGF-β or PDGF81. 

This suggests only the elimination of activated HSCs can resolve liver fibrosis effectively82.  

Apoptosis is considered an essential mechanism for cell clearance, which is 

significantly important in the resolution of hepatic fibrosis83. There are three major apoptotic 

signaling pathways: the mitochondrial pathway, the death receptor-associated pathway, and 

the ER stress-associated pathway. Current literature evidence shows that ER stress-induced 

apoptosis might play a pivotal role in the elimination of activated HSCs to treat liver 

fibrosis84. ER as a critical organelle in almost every kind of cell in mammals, is essential for 

cellular homeostasis and can be an important modulator for cell death by inducing the 

apoptotic response85. Since the inactivation of HSCs is not sufficient for the resolution of 

liver fibrosis (because the deactivated HSCs are more likely to be reactivated by any 

subsequent insult to the liver), elimination of the deactivated HSCs is essential for the 

resolution of liver fibrosis without relapse. Thus, current research increasingly focuses on the 

elimination of the myofibroblasts in the liver by selective induction of HSC apoptosis26.  

 

According to current literature evidence, it is a promising strategy to treat hepatic 

fibrosis using antifibrotic agents which may cause apoptosis of the activated and/or 

deactivated HSCs and degradation of accumulated ECM components86, 87. The possible 

mechanisms may include modulation of different cell signaling pathways such as TGF-

/Smad, NF-B, Peroxisome Proliferator-Activated Receptor gamma (PPARγ), M2-type 

pyruvate kinase isozyme (PKM2), and/or PI3K-Akt/mTOR are also reported to be crucial for 

certain fibrosis. Beyond the aforementioned factors, ER stress can trigger pro-apoptotic 

response in hepatic fibrosis and can also cause apoptosis of the major myofibroblast – the 

activated HSCs26. 

 

 

5.1.3.1 TGF-β and PDGF 

TGF-β is known as a master modulator of cell proliferation, differentiation, and 

migration, and TGF-β and PDGF are probably the most important cytokines in the hepatic 
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fibrogenesis process88, 89. TGF-β, which is secreted by non-parenchymal cells in the liver, 

controls many cellular processes such as cell growth, morphogenesis, differentiation, and 

matrix remodeling. Controversially, TGF-β1 also inhibits the cell cycle in the G1 phase, 

supporting its role in the inhibition of cell proliferation and induction of apoptosis89. There 

are three isoforms of TGF-β identified in mammals, TGF-β1, TGF-β2, and TGF-β3, with 

about 80% homology at protein level but reside on different chromosomes90. TGF-β1 is 

reported as the most prominent isoform and demonstrates an array of profibrotic functions by 

stimulating fibroblasts and ECM deposition via its interaction with certain Smad signaling 

proteins91, 92. TGF-β2 and TGF-β3 are critical for embryonic development and scarless 

wound healing93.  

TGF-β diversely affects a vast range of different cells, stimulating many downstream 

factors. Any disturbance of TGF-β homeostasis or overexpression of TGF-β may lead to 

pathological conditions by causing dysfunction in cell proliferation and/or other cellular 

processes93. Signaling via TGF-β begins at the cell surface with binding to its receptor, a 

constitutively active, membrane-bound kinase94. Binding to TGF-β receptors triggers many 

cellular responses such as the TGF-β/Smad, Wnt/β-catenin, The Mammalian Target of 

Rapamycin (mTOR), and EGFR signaling pathways, modulating epithelial-to-mesenchymal 

transition (EMT), mesenchymal transition, and myofibroblast activation95. Subsequently, 

TGF-β/Smad pathway involves the phosphorylation of certain TGF-β-associated 

transcriptional regulators, Smads (e.g., Smad2 and Smad3), transforming into a complex state 

of cellular regulation and crosstalk with other pathways in the liver such as PDGF, 

Phosphoinositide 3’-kinase (PI3K), and PPARγ96, 97. Various studies demonstrated that 

different kinds of sustained liver injury cause an inflammatory response, and then the 

immune cells produce active TGF-β as well as ROS or other inflammatory or non-

inflammatory factors to generate fibrotic proteins5. In mouse and rat HSCs, TGF-β1 showed 

upregulation on PDGF-β receptor, which requires the activation of PI3K pathway98. TGF-β1 

also has an inhibitory effect on PPARγ expression and its transactivation via β-catenin 

pathway in rat HSCs99. In a bile duct ligation (BDL) rat model, Hypoxia-Inducible Factor 1 

(HIF1) induced activation of HSCs and EMT is inhibited by inhibition of TGF-β1 receptor 

kinase, which was also confirmed in a human hepatic stellate cell line, LX-2 cells100. 

TGF-β plays a central role in the initiation and maintenance of fibrogenesis and ECM 

production in many fibrotic diseases, such as dermal fibrosis, pulmonary fibrosis, and hepatic 

fibrosis101-103. TGF-β, mainly TGF-β1, stimulates fibroblast proliferation and synthesis of 
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ECM proteins, developing or promoting fibrotic scar in different organs104. The HSC is both 

a predominant target of this factor and an important source of TGF-β105, 106. TGF-β1 

stimulates the proliferation of many mesenchymal cells including HSCs, fibroblasts, and 

osteoblasts both in vitro and in vivo89. Stimulation of the activation and transdifferentiation of 

HSCs by TGF-β1 is considered as the key fibrogenic regulator in liver fibrogenesis, 

subsequently causing the stimulation of matrix protein synthesis, autoinduction of 

inflammatory cytokines, and the regulation of unbalanced MMPs to TIMPs ratio90, 103. After 

HSC activation, the autocrine expression of TGF-β1 by HSCs became an important source of 

TGF-β1103. Thus, TGF-β1 can be used as a stimulator for the activation of HSCs and initiate 

the hepatic fibrogenesis process. Inhibition of TGF-β signaling can be a primary target for the 

resolution of liver fibrosis. 

PDGF signaling is also an important mediator for activated HSCs and fibroblast 

proliferation, similar to TGF-β’s role in liver fibrosis107. PDGF stimulates fibroblast-like cells 

and production of ECM components108. PDGF receptors (PDGFR) belong to the receptor 

tyrosine kinases (RTKs). Ligand binding to PDGFRs in human fibrotic livers may have pro-

fibrotic effects via the modulation of ROS generation and inflammatory response leading to 

the excessive deposition of ECM and de novo expression of fibronectins74. Both PDGF 

antagonists and siRNAs may attenuate fibrogenesis and reduce HSC proliferation in animal 

models107. Furthermore, the TKI drugs, Imatinib and Nilotinib, can suppress fibrosis via the 

blockade of PDGF signaling109. The literature also indicates a close relationship between 

TGF-β and PDGFR in liver fibrosis. For example, PDGFR mediates induction of ErbB 

ligands via TGF-β with a positive feedback loop through ErbB, while in murine fibroblasts, 

TGF-β cooperates with RTKs including PDGF and ErbB, which indicates that TGF-β and 

PDGF have crosstalk during the hepatic fibrogenensis94.  

 

Given their significant role as critical pro-fibrotic factors, new therapeutic approaches 

targeting TGF-β or PDGF secretion, receptor activation, or downstream signal transduction 

may attenuate HSC activation and its subsequent events in liver fibrogenesis96, 110. In fibrotic 

diseases, TGF-β controls many pro-fibrotic mediators including PDGF, endothelin, and Wnt 

signaling directly or indirectly111-113. TGF-β also upregulates the expression of PDGFR in 

activated HSCs98. In cultured HSCs, TGF-β is also reported to decrease the expression of 

PPARγ via β-catenin/Wnt pathway, contributing to the production of collagen I alpha 1 and 

fibrogenesis66, 99.  In conclusion, both TGF-β and PDGFR serve as pro-fibrotic factors in liver 

fibrogenesis and may serve as therapeutic targets in drug development.  
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5.1.3.2 Oxidative stress  

Oxidative stress-induced damage appears to be a common feature in hepatic 

fibrogenesis, regardless of the etiology114. Oxidative stress refers to an imbalanced state 

between reactive oxygen species (ROS) and antioxidant abilities in the body, causing cellular 

damage if the disturbance continues. Oxidative stress may ultimately contribute to the 

development of cancer, cardiovascular disease, diabetes, and other diseases115-117. ROS 

include free radicals, which are defined as chemical species containing unpaired electron(s), 

increasing the reactivity of their molecule or atom118. Examples of common ROS and 

reactive nitrogen species (RNS) include hydrogen peroxide (H2O2), superoxide anion (O2·-), 

nitric oxide (NO·), hydroxyl radical (·OH), peroxynitrite (ONOO-), and formation is often 

catalyzed by transition metals such as iron and copper115, 118. An important intracellular 

source of ROS is the mitochondrial electron transport chain when electrons escape from 

electron carriers to oxygen118-120.  

Defense mechanisms may be stimulated by exposure to free radicals and include 

preventive and repair systems, as well as physical and antioxidant defences121. Endogenous 

antioxidant safeguard systems and dietary exogenous antioxidants defend the body against 

oxidative damage caused by ROS or other kinds of oxidative stress under normal 

physiological conditions122, 123. The endogenous antioxidant defense system includes 

enzymes, such as superoxide dismutase (SOD), glutathione (GSH), GSH peroxidase (GPx), 

and catalase, and antioxidants such as vitamins C and E, which help maintain a delicate 

oxidative-antioxidative balance to ensure a low net production of ROS118. Excessive 

production of ROS and/or a decreased capacity of antioxidants affect cellular functions 

including those of mitochondria, contributing to the progression of multiple cellular 

dysfunction or pathogenesis of chronic diseases124, 125. However, ROS production also can be 

useful. For example, the production of O2·- and H2O2 by phagocytes contributes to their 

pathogen-killing mechanism, while ROS-induced apoptosis in cancer cells makes ROS an 

anti-tumorigenic species116, 118.  

Both experimental and clinical data suggest that hepatic oxidative stress plays a pivotal 

role in the initiation and progression of fibrosis and is involved in the activation of HSCs as 

well as the accumulation of ECM and the formation of fibrotic scar126-128. Oxidative stress is 

demonstrated not only as the cause of, but also as a mediator in, the fibrogenesis involved in 

multiple cellular responses129. However, activated HSCs are more capable of removing 
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reactive oxidative intermediates than quiescent cells130. At the early stage of liver fibrosis, 

oxidative stress may directly activate Kupffer cells following liver insults of different 

etiologies, and subsequently initiate the activation of different cellular pathways including 

PDGF, TGF-β, MAPK, and PI3K pathways114. In the progression of fibrotic scar, ROS-

related mediators also may be involved in the overexpression of ECM with profibrotic 

cytokines131. Increased oxidative insults, mainly by ROS, to hepatocytes initiate the 

progression of fibrosis by inducing the production of profibrogenic mediators, or directly 

stimulate HSCs into fibrogenic and proliferative myofibroblasts, possibly through the 

modulation of TGF-β- or MMP2-mediated pathways132, 133. The Nuclear erythroid 2-related 

factor-2 (Nrf2) plays a considerable role in protecting the liver against disease through 

regulating a multifaceted cellular antioxidant defense134.  

Nrf1 and Nrf2, two members of the vertebrate Cap’n’Collar (CNC) transcription factor 

family, are key regulators of oxidative stress regulating various genes in the antioxidant 

response135. Nrf2 is a master regulator of multi-cytoprotective responses, including cell 

maintenance, growth, and proliferation, and a new target for drug development and 

repurposing for a certain cluster of diseases136. Nrf2 is repressed by being bound to the 

cytoskeletal anchoring protein Kelch-like ECH-associated protein (Keap1) on the N-terminal 

portion134. When the complex is stimulated by oxidative or electrophilic stress, Nrf2 

dissociates from Keap1 and then translocates to the nucleus, playing a role in detoxification 

and the elimination of toxic xenobiotics. The activation of Nrf2 shows protective effects 

against oxidative stress, inflammation, and fibrosis in the liver44, 134. Nrf1 shares similarities 

with Nrf2 in structure and bioactivity, such as their regulatory transcriptional effects on 

targeting ER stress135. However, some observations suggest that Nrf1 exhibits unique 

functions separate from Nrf2, such as an ER targeting sequence responsible for anchoring 

NRF1 to the ER membrane137. Taken together, Nrf1 and Nrf2 are implicated in multiple liver 

diseases and have potential to protect the liver by integrating diverse functions. 

 

5.1.3.3 PPARγ 

PPARs, members of the ligand-activated nuclear hormone receptor superfamily, regulate 

the expression of many proteins involved in lipid and glucose metabolism, fatty acid 

oxidation, and energy homeostasis, with subsequent regulation of inflammation, cell 

proliferation, lipid homeostasis, adipogenesis, and wound healing response138-140. The three 

subtypes of PPARs, PPARα, PPARγ, and PPARβ/δ, have isotype-specific but partially 
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overlapping expression patterns. PPARα is expressed highly in the liver, kidney, heart, and 

other tissues and serves as the receptor for endogenous or xenobiotic ligands such as 

fibrates141. PPARα plays a crucial role in lipid metabolism and atherogenesis, as well as 

vascular function. PPARβ/δ is expressed highly in the brain, skin, and adipose tissue, and is 

known as a promoter for lipid catabolism, but its exact function is not completely known142. 

PPARγ, known as the most researched PPAR isoform, is present in adipocytes at a high level, 

and now is considered as a multifunctional nuclear receptor for many diseases. PPAR 

isoforms have many endogenous ligands and a number of synthetic ligands. After ligand 

binding, the transcriptional activity of all PPARs is mediated by PPAR:RXR heterodimers 

that subsequently bind to peroxisome proliferator response elements (PPREs), regulating the 

transcription of their target downstream genes143.  

PPARγ is composed of multiple domains including the A/B domain, ligand-

independent activation domain (AF-1 region), DNA-binding domain (DBD) (C-domain), 

hinge region (D-domain), the ligand-binding domain (LBD), and ligand-dependent activation 

domain (AF-2 region)144. The LBD consists of 12 ⍺-helices, arranged in an anti-parallel helix 

sandwich, and four short β strands as an anti-parallel β sheet145. PPARγ ligands bind to the 

LBD, which consists of approximately 250 amino acid near the C-terminal of the protein, and 

then undergo heterodimerization with retinoid X receptor (RXR) subunit with association of 

coactivator molecules, and the mediation of the PPARγ activity is directly caused by the 

changes of AF-2 domain146. PPARγ has a large internal hydrophobic ligand-binding pocket 

which is located within the LBD147. As shown in Figure 5.2, analyses of 3D crystal 

structures of the PPARγ reveal that PPARγ has a Y-shape ligand binding cavity with an 

outside Ω-loop148. The large Y-shaped hydrophobic ligand-binding pocket of PPARγ can be 

divided into two sub-pockets, the AF-2 and β-sheet sub-pockets149, 150. Endogenous or 

synthetic ligands bind to the hydrophobic core within the helix 12 (H12) region, which is 

referred as the AF-2 binding sub-pocket, or bind to H2’-H3 region, which is referred as the β-

sheet binding sub-pocket, or bind to the Ω loop, causing conformational changes by altering 

or stabilizing the hydrogen bond network of the nuclear receptor147, 151-153. Consequently, the 

ligand bound may have more than two binding modes in one single binding site. Full agonists 

bind to both AF-2 and β-sheet sub-pockets, which are near H12 and helix 3 region (H3) of 

PPARγ, respectively, and fully activate two sites of the LBD by hydrogen bond with one or 

more amino acids, such as His323, His449, Ser289, Tyr327, and Tyr473148, 154. Full agonism 

would induce PPARγ structural change to a fully activated form, subsequently interfere with 

its coregulators or heterodimer interfaces, stimulating transcriptional responses to its 
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downstream factors such as NF-B and PKM2, which play important roles in many cellular 

processes155-157. Unlike the full agonists, binding to both AF-2 and β-sheet sub-pockets, some 

partial agonists only bind to the β-sheet sub-pocket or the Ω loop without direct contact with 

H12, and the binding may occur at different binding sites, such as His266, Ser245, Ser289, 

Tyr327, and Lys367150, 158, 159. Partial agonists may induce selective conformation changes or 

partial activation of PPARγ, which subsequently may improve their pharmacokinetic (PK) 

properties with wider safety range160. 

 

 

Figure 5.2 The 3D configuration model of PPARγ ligand binding domain (LBD) with 

superposition of know agonists. Full (orange) and partial (cyan) agonists are binding to 

different sites with PPARγ. Helix 12 (H12, yellow), β-sheet binding pocket (blue), and Ω-

loop (red) are shown with all the other regions (grey). The 3D model was made by Waku 

(Permission license number: 4831421286787)148. 

 

PPARγ may regulate HSC activation in liver fibrosis161. PPARγ depletion is associated 

with HSC activation, whereas increasing PPARγ expression induces HSC quiescence and 
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inhibits activation of markers such as α-SMA and collagen I161. Type I TGF-β can suppress 

the expression of PPARγ in HSCs, while deficiency of PPARγ will lead to constitutive 

secretion of TGF-β and continuous accumulation of α-SMA and collagen I12. PPARγ can also 

be attenuated by the Erk-MAPK pathway, which is a downstream response of Raf and Ras 

signaling and can be induced by the PDGF-PI3K-Akt pathway162. In HSCs, PPARγ is 

triggered by macrophage-derived cytokines, Raf-Erk pathway, and p38 pathway, mainly 

modulating cell differentiation, metabolism, and proliferation12, 161.  

The PPARγ ligands have anti-proliferative and antifibrotic effects on activated HSCs as 

well as inducing HSCs apoptosis through a mechanism involving the extrinsic apoptosis 

pathway163. In preclinical animal models, rosiglitazone, a known full agonist of PPAR, 

demonstrates antifibrotic activity by inhibiting TGF-β1-induced expression of connective 

tissue growth factor (CTGF)161. This suggests PPARγ might be a key regulator of ECM 

production in hepatic fibrosis by inhibiting HSC proliferation and inducing apoptosis in 

HSCs. Therapeutic approaches targeting PPARγ agonism have been investigated recently. 

The major studied agonists of PPARγ are now focusing on the pan agonists of PPARs, full 

agonists of PPARγ, and the partial agonists or non-agonist ligands of PPARγ142, 164.  

 

5.1.3.3.1 Pan-agonists or Dual agonists of PPARs  

Pan agonists of PPARs are considered as potential anti-diabetic drugs and anti-

hyperlipidemic drugs with a wide therapeutic window via the activation of PPARs165. 

Clinically, PPAR pan-agonists are being evaluated with positive observations in diabetes and 

other metabolic diseases, indicating that PPAR pan-agonists can serve as a new generation of 

drugs for PPAR-related diseases166. Individually, PPARα, as a key activator of lipid 

metabolism, plays an important role in fatty acid oxidation, promoting the expression of 

genes required for lipid metabolism via hepatic AMPK-SREBP-1 and PPARα-dependent 

pathways167. PPAR activation shows high activity towards inhibiting cell growth and 

inducing apoptosis in human cancer cells168. Pan agonists of PPARs have received great 

interest in the past decades, due to the reduced risk of side effects that are typically induced 

by full activation of one single PPAR or dual PPARs165. In fact, significant progress in the 

development of new drugs include pan-agonists and dual agonists of PPARs have been made 

since 1990141, 169.  

Dual agonists for PPARα and PPAR have a potential role in chronic disease due to their 

homology and ability to regulate lipid homeostasis and the inflammatory response141. Dual 
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agonists such as ragaglitazar demonstrate anti-hyperglycemic and anti-hyperlipidemic effects 

in rodents and humans170. However, PPAR dual agonists may enhance the risk of 

carcinogenesis due to overexpression of PPARα in rats171. In liver fibrosis PPAR pan- or 

dual-agonists may have opposing effects on the pathogenesis process. For example, in human 

HSCs, PPARα activity is reduced by inhibition of adenosine monophosphate-activated 

protein kinase (AMPK) signaling in hepatocytes and is also influenced by mitogen-activated 

protein kinase (MAPK) and PI3K pathways167. This is in contrast with the mechanism that 

attenuates liver fibrosis where activation of AMPK and MAPK pathways are thought to 

stimulate the production of IL-6, a cytokine involved in the activation of the fibrogenesis 

processes39, 172. PPAR β/δ’s role in liver injury remains uncertain and its function in liver 

fibrosis is still unknown, but it is reported that in CCl4-injured mouse model, activation of 

PPAR𝛿 increased proliferation and decreased apoptosis of activated HSCs with involvement 

of PI3K activation173. PPARγ activation has anti-inflammatory effects in macrophages, 

reduction in the activation of HSCs, and resolution of activated HSCs to the quiescent 

phase174. Consequently, pan agonists of PPARs might show a bi-directional effect on liver 

fibrosis. Challenges remain in the development of pan- or dual agonists of PPARS. PPAR 

agonists, though, have become potential candidates for the treatment of liver fibrosis because 

the PPAR agonism is not dependent on the upstream pathway of MAPK, Janus tyrosine 

kinases (JAK), and/or PI3K175. 

 

5.1.3.3.2 PPARγ full agonists 

PPAR full agonists, such as thiazolidinediones (TZDs), are widely applied for the 

therapy of type II diabetes and Alzheimer’s disease176. Full agonists bind to and activate 

PPAR and subsequently stimulate the downstream factors, improving insulin sensitivity, 

glucose metabolism, and immune response177. PPAR full agonists bind to the helix 12 

region of PPAR and fully activate the two sites of the LBD, by the hydrogen-bonding 

interaction with five amino acids, Ser289, His323, His449, Tyr327, and Tyr473154. Full 

agonism by PPAR full agonists will induce structural change to a fully activated form, 

subsequently stimulating different responses via transactivation or transrepression of the 

downstream factors such as PKM2 and NF-B155-157. Rosiglitazone, a known full agonist of 

PPAR, has an antifibrotic effect in the liver through its influence on HSCs178.  

Although PPAR full agonists have potential for significant clinical efficacy, such 
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compounds are associated with uncontrolled adverse effects such as weight gain, peripheral 

edema, bone loss, and heart failure155. The first TZD, troglitazone, a PPAR full agonist, was 

approved by the Food and Drug Administration (FDA) in 1997 and withdrawn in 2000 due to 

hepatotoxicity179. Subsequent TZDs, rosiglitazone (approved in 1999) and pioglitazone 

(approved in 1999), had black box warnings due to potential adverse effects such as ischemic 

toxicity and carcinogenicity180, 181. These unwanted adverse effects limit the administration of 

PPAR full agonists. Partial agonists or non-agonist ligands of PPAR represent a possible 

solution to the adverse effects of full agonists12. A partially activated PPAR will have a 

lower opportunity to cause adverse effects without significant reductions in their bioactivity. 

Consequently, interest has grown to develop PPAR partial agonists rather than full agonists 

to avoid the significant side effects associated with the full agonists147. 

 

5.1.3.3.3 PPARγ partial agonists and non-agonist ligands  

Recent studies reported that a moderate reduction of PPAR activity by PPAR partial 

agonists improved insulin sensitivity and high-fat diet-induced obesity without serious side 

effects176. Due to the lack of safety for the PPAR full agonists, many partial agonists have 

been developed in an attempt to reduce the side effects caused by full agonists182. An 

alternative binding behavior of PPAR partial agonists occurs during the interaction with 

PPAR. The partially activated form is established by weak hydrogen-bonding at the helix-12 

region of the ligand binding domain (LBD)155. Partial agonists interact mainly with Ser342 in 

arm III through a hydrogen bond, and several hydrophobic interactions with arm II of the 

LBD, but do not bind to arm I usually occupied by full agonists153. Since the binding of 

PPAR partial agonist is weaker than that of full agonists, the spatial structural modifications 

of PPAR (the transactivation) are weaker than full agonists155. Alternatively, partial agonists 

can inhibit the phosphorylation of PPAR at a different domain such as Ser273153. Partial 

agonists have a reduced ability to transactivate PPAR resulting in lower side effects than the 

full agonists, yet demonstrate similar biological functions such as improved insulin 

sensitivity to increase glucose uptake153, 183.  

Non-agonist PPAR ligands might have potent biological activity while avoiding 

undesirable adverse effects related to the classic full agonists12. SR1664, a non-agonist 

PPAR ligand, is identified as an anti-diabetic compound with similar functions as PPAR 

partial agonists, but without the adverse effects of full agonists184. With a different binding 



 22 

pattern (binding to helix-11 rather than helix-12), non-agonist ligands of PPAR block 

CDK5-mediated phosphorylation to perform anti-diabetic effects similar to PPAR full 

agonist rosiglitazone184. This study suggests that non-agonist ligands of PPAR may serve as 

potential drugs for PPAR-related diseases.  

Identification of PPAR partial agonists can be done from both structural and biological 

aspects. Methods to identify partial agonists include computational 3D modelling for 

structural binding simulations, PPAR competitive binding assay, and PPAR-transactivation 

assay, as well as adipogenesis and/or glucose uptake assay in adipocytes to determine 

biological function185, 186. With the biological benefits of both partial agonists and non-

agonist ligands of PPAR, it is possible to identify and develop a new generation of drugs 

targeting PPAR in a selective manner.  

 

5.1.3.3.4 PPARγ in Hepatic fibrosis 

Besides the known role of PPAR in the modulation of lipid metabolism and glucose 

homeostasis, PPAR is also reported to be a modulator of HSC proliferation, differentiation, 

and metabolism at the transcriptional level12. The basal endogenous expression of PPAR is 

abundant in different types of cells in the liver, including hepatocytes, macrophages, and 

fibroblasts187. In mesenchymal cells, such as HSCs and other sources of myofibroblasts, 

TGF-β1 is an inhibitor for the expression of PPAR via the TGF-β/Smad pathway188. 

Deficiency of PPAR would cause constitutive secretion of TGF-β1 and enhanced production 

of collagen I in cell culture models, which suggests that PPAR is possibly involved in the 

processes of hepatic fibrogenesis189. Two natural PPARγ partial agonists showed anti-

proliferative and proapoptotic effects, as well as modulation of oxidative stress related to 

their binding properties158. Moreover, PPAR has close linkage with many other cell 

signaling pathways such as PI3K/Akt-mTOR pathways with subsequent modulation of 

downstream targets such as PKM2156.  

PKM2, an isoform of pyruvate kinase, is a multifunctional sensor which can act as a 

metabolic regulator of glycolysis, and therefore plays a role in cell proliferation and 

apoptosis, interaction with immunological factors, and other physiological effects190-192. 

Pyruvate kinases are rate-limited glycolytic enzymes that catalyze the irreversible 

transphosphorylation between phosphoenolpyruvate and adenosine diphosphate, which 

produces pyruvate and adenosine triphosphate (ATP)193. PKM2 is one of the four isoforms of 
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pyruvate kinase, which are PKM1, PKM2, PKL, and PKR. PKM2 has an important 

metabolic function in glycolysis, catalyzing the last step of glycolysis when it exists in the 

active tetrameric form191. In its less active dimeric form, carbon sources are shunted to 

macromolecule synthesis curtailing ATP production191. Inhibitors of PKM2 appear to rely on 

the hypothesis that proliferating cells are highly dependent on energy, and reduced activity of 

PKM2 inhibits energy regeneration193. PKM2 is capable of regulating the production of 

cytokines and progression of mitosis, which are critical in the activation of inflammatory 

responses and cell proliferation190. PKM2 may be modulated by many transcriptional factors 

such as PPAR and HIF1-α156, 194. 

Activated HSCs switch to a glycolytic phenotype with upregulation of several targets, 

including PKM2, which has an impact on the population of glycolytic cells63. In mice, CCl4 

injection increased the expression of PKM2 protein which was reduced after antifibrotic 

compound administration195. In another fibrotic mouse model, PKM2 is recruited via the 

isoform switch from PKM1, causing energy depletion which further leads to fibrosis196. 

PKM2 also can be modulated by both PPARγ and PI3K-Akt/mTOR pathway, and 

transcription of PKM2 is induced by a signaling cascade including EGFR and NF-B197.  

In hepatic fibrosis models, the activation of transcriptional nuclear factor kappa B (NF-

B) is commonly found in the major myofibroblasts – HSCs – during the fibrogenesis 

process, and inhibitors of NF-B can block the fibrogenesis198, 199. Nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-B) is a family of protein dimeric complexes 

which controls the transcription of DNA, production of cytokines, and cell survival. Recent 

evidence also indicates that NF-B is a key regulator for inflammatory responses and cell 

proliferation in the liver via the modulation of a wide range of target genes200, 201.  It is also 

reported that NF-B promotes the production of collagen in carbon tetrachloride-induced 

liver fibrosis in mice202. Thus, blocking of NF-B signaling might be a way to inhibit the 

activation of HSCs and might be a preventive target for liver fibrosis caused by infection203. 

NF-B is also reported to be triggered by EGFR activation and has close relationships with 

other signaling pathways such as TGF-β/Smad pathway, JNK (Jun N-Terminal Kinase)/ERK 

(extracellular-signal regulated kinase) pathway200, 203, 204. Nonetheless, NF-B has crosstalk 

with many different cellular signaling pathways, such as Gli3, TLR5, and MAPK, which can 

either enhance liver fibrogenesis or inhibit fibrosis depending upon the state of cell signaling 

pathway activation202.  

As another cellular signaling pathway which has close linkage with PPARγ, PI3Ks can 
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also regulate many cell functions such as proliferation, migration, adhesion, and survival in 

cancer cells as well as in the liver probably via reprogramming of metabolism, specifically an 

upregulation in aerobic glycolysis205, 206. Activated PI3K represents a key signaling molecule, 

along with the activation of the downstream factor, protein kinase B (Akt/PKB), causing 

stimulation of cell proliferation and inhibition of apoptosis via stimulating tyrosine kinase 

activity207. Akt-mTOR is a critical downstream survival pathway after activation by a PDGF 

activator in HSCs42. Activation of the PI3K pathway is a key pathway for HSC proliferation 

and collagen I production in activated HSCs, and the inhibition of PI3K can deactivate HSCs 

and reduce HSCs proliferation and causing a reduction in the production of collagen I and α-

SMA without changing the intracellular unprocessed collagen intermediates, a mechanism 

that might be similar in fibrosis as with cancer207-209. Additionally, mTOR upregulates the 

activity of Sterol regulatory element-binding proteins 1 (SREBP1) and PPAR, key 

transcriptional regulators of lipid and cholesterol homeostasis, while inhibition of mTOR 

reduces the expression of PPAR and other targets involved in lipid metabolism210, 211. Taken 

together, the PI3K/Akt-mTOR pathway is involved in the development and the resolution of 

hepatic fibrosis related to PPAR. Furthermore, Inhibition of PI3K plays a major role in the 

regulation of cell autophagy and apoptosis via Akt/mTOR modulation, which indicates that 

the PI3K/Akt-mTOR pathway might be a key signaling pathway to target to control the 

pathophysiology of pulmonary fibrosis212.  In liver cirrhosis patients, though, the inhibition of 

PI3K-Akt pathway regulates the balance of proinflammatory and anti-inflammatory 

cytokines such as interleukins (ILs) bidirectionally, which suggests modulation of PI3K-

Akt/mTOR pathway is not a potential therapeutic target on its own213.  

 

The literature provides evidence that PPAR agonists have potential to attenuate liver 

fibrosis in CCl4-induced rats via non-parenchymal cell apoptosis and PPAR activation, 

working on many downstream factors such as PKM2, PI3K pathway as well as NF-B156, 210, 

214. Moreover, treatment with PPAR ligand reveals the antifibrotic effects of PPAR in a 

liver fibrotic mouse model (Pioglitazone, PPAR full agonist), and in activated human HSCs 

and different fibrotic rat models (rosiglitazone, PPAR full agonist)174, 215. Over the past 

decade, research on the regulatory role of PPAR in liver fibrosis has been done at both the 

pathological and therapeutic levels. Activation of PPAR attenuates ECM production and 

modulates the HSC phenotype during the fibrogenesis12, 161. Collectively, the literature 

evidence indicates that PPAR may be an important novel pathway in regulating fibrosis, and 
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PPAR partial agonists can be potential drug candidates for liver fibrosis.  

 

5.1.3.4 ER Stress-induced Apoptosis in HSCs 

ER stress responses may induce cellular dysfunction and cell death via apoptosis216. In 

eukaryotic cells, the ER is a central organelle responsible for normal cellular function and 

cell survival217. It is responsible for the folding, post-transcriptional modification, and 

translocation of proteins, which are then transported to the Golgi complex and subsequently 

secreted out from the cell or displayed on the plasma surface216. The ER is also responsible 

for the synthesis of lipids and sterols, as well as the storage of free calcium218. Disruption of 

ER homeostasis, known as ER stress, is initiated by accumulation of unfolded, misfolded or 

excessive protein, lipid imbalances, or changes in the ionic conditions of the ER lumen217, 218. 

To solve the accumulation of unfolded or misfolded protein in the ER, a group of cellular 

signaling pathways is activated, termed unfolded protein response (UPR), to induce 

transcriptional programs219.  

Three ER-transmembrane protein sensors are activated by prolonged ER stress. These 

include activating transcription factor 6 (ATF6), protein kinase RNA-like ER kinase (PERK), 

and inositol-requiring protein-1 (IRE1), mediating UPR pathways220. ATF6 is a bZIP 

transcription factor of the CREB/ATF family which is induced via regulated-intramembrane 

proteolysis (RIP) under ER stress221. PERK is a kind of type I ER transmembrane protein 

with a sensor at the luminal side and a cytoplasmic domain with Ser/Thr kinase activity, and 

the active PERK can phosphorylate its downstream targets such as eukaryotic initiation factor 

2⍺ (eIF2⍺) and Nrf2222. IRE1 is a serine/threonine protein kinase/endoribonuclease encoded 

by the ERN1 gene, which consists of an ER luminal domain and two cytosolic domains220. 

The IRE1 pathway regulates chaperone induction, ER-associated degradation, and the 

response of the ER to the stress223. Among the action of these signaling proteins, many 

cellular signals are involved working as downstream or transcriptional factors, eventually 

leading to cell death via intrinsic or mitochondrial-mediated pathways222, 224, 225.  

Prolonged ER stress can promote cell death via apoptosis in many types of cells, such 

as macrophages, endothelial cells, and cardiomyocytes226, 227. In cancer cells, an evolved way 

for cell survival to adapt to unfavorable microenvironment was caused by persistent UPR, for 

example, the activated IRE1⍺ induces vascular regeneration and angiogenesis possibly via 

HIF-1⍺ and vascular endothelial growth factor (VEGF)228. Not only the IRE1/XBP1 pathway 

was impacted, but it is also reported that at least one of the branches of the UPR response 
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would be activated in a variety of human cancer cells, PERK-eIF2⍺-ATF4 pathway is also 

demonstrated to be activated which plays a complex role in tumor development229. However, 

many cancer cells suppress ER stress signaling to promote tumor progression, and the 

activation of Nrf2 could provide aid for this progress230.  In activated HSCs, the downstream 

pro-apoptotic signals of ER stress can be triggered to initiate cell apoptosis, including CHOP 

(C/EBP-homologous protein, also known as GADD153), JNK, and caspase26. As a common 

target for IRE1, ATF6, and PERK, CHOP may interact with other transcriptional factors or 

kinases, participating in ER stress-related actions like apoptosis via several different 

pathways, including Bcl-2, JNK, or caspase-1285. Another possible mechanism involved in 

the ER stress-induced apoptosis is the cholesterol-driven pathway211. Taken together, ER 

stress-induced apoptosis might serve as a therapeutic target for fibroproliferative disease, 

however, the complex mechanism remains uncertain, especially in chronic liver diseases.  

5.1.3.5 Wnt/β-catenin Pathway in HSCs 

A novel strategy to treat liver fibrosis is to inhibit the Wnt/β-catenin pathway to 

deactivate HSCs which are responsible for the hepatic fibrogenesis231. The Wnt signaling 

pathway is an important regulator for cell proliferation, differentiation, and embryonic 

development232. The Wnt signaling pathway contains numerous components, including 19 

known Wnt receptors and over 15 co-receptors, which have complicated crosstalk and 

regulatory mechanisms with many other cellular signaling pathways233. Wnt proteins 

intervene in various biological processes via canonical and non-canonical Wnt signaling, the 

two pathways distinguished by the dependency of β-catenin234.  

At resting state, the Frizzled protein on the cell membrane is not bound by Wnt protein, 

and β-catenin in the cytoplasm is assembled in a complex with axin, APC, CK1α, and 

GSK3β, and subsequently is phosphorylated and degraded. In the activated phase, Wnt 

proteins bind to Frizzled/LRP complex on the cell membrane, leading to canonical or 

noncanonical Wnt pathways activation66. In canonical β-catenin/Wnt signaling pathway, β-

catenin is the key molecule that mediates the signaling from the cell membrane to the 

cytoplasm, and eventually to the nucleus, causing transcriptional modulation of its target 

genes. When Wnt proteins bind to Frizzled protein receptor and its co-receptor, lipoprotein 

receptor-related protein (LRP)- 5/6, the complex triggers the destruction of the β-catenin 

complex, which stops the degradation of β-catenin. This allows β-catenin to accumulate in 

the cytoplasm and translocate to the nucleus, where it activates the transcription of its 

downstream factors by binding with T-cell factors (TCF) and lymphoid enhancer binding 
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factor (LEF) proteins233. In β-catenin-independent non-canonical Wnt signaling, there are two 

main pathways which are described. One is the planar cell polarity (PCP) pathway, which is 

prominently regulating cytoskeleton and cell polarity. PCP and canonical Wnt pathways are 

characterized as repressing each other. The other noncanonical Wnt signaling is the Wnt-Ca2+ 

pathway, which is involved in inflammation and cancer through the release of Ca2+ and 

activation of transcriptional regulators235.  

Wnt signaling promotes hepatic fibrogenesis by enhancing the activation of HSCs. 

Wnt3a and Wnt5a are confirmed to participate in the activation and proliferation of HSCs 

both in vitro and in vivo236, 237. In HSCs, PPAR induction represses Wnt signaling, while 

Wnt pathway serves to inhibit the trans-differentiation of HSC via epigenetic repression of 

PPAR238. It is also reported that cholesterol selectively activates canonical Wnt signaling239. 

Certain natural products attenuate the degree of hepatic fibrosis by downregulating the 

canonical β-catenin/Wnt pathway240. Controversially, in metformin treated cultured-HSCs, 

canonical Wnt signaling is induced241. Overall, it is promising that either canonical or non-

canonical signaling pathways may be involved in the process of fibrogenesis and can be a 

therapeutic target pathway for hepatic fibrosis.  

Other possible ways reported for the treatment of liver fibrosis include targets such as 

TAM receptors (Tyro3, Axl, and Mer), which control inflammation and homeostasis and 

TRAIL-dependent mechanism242, 243. All the involved cell types, as well as the cell signaling 

pathways, may have crosstalk with each other, pointing to different results of the liver 

condition. The resolution of hepatic fibrosis, as well as fibrogenesis, is a complex process 

with multicellular and multi-signaling responses.   

 

Although considerable progress in understanding the process of fibrogenesis and 

therapeutic targets on hepatic fibrosis has been made in the past years, appropriate clinical 

therapies for liver fibrosis are still limited244, 245. Current therapeutic options for hepatic 

fibrosis are limited due to variants of liver fibrosis pathology, severe side effects of the drugs, 

and clinical complications246, 247. To better understand the pathology, progression, and 

resolution of hepatic fibrosis, further research is necessary and must involve different 

experimental models.    

 

5.1.4 Experimental Models of Hepatic Fibrosis 

Many different experimental models are available today to mimic the complex hepatic 
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fibrogenesis processes in many aspects including the cellular interactions and signaling 

pathways248. Since hepatic fibrosis results from a sustained wound healing response to 

continuous insults, the progression of the disease is usually related to multicellular 

dysfunction249. In hepatic fibrosis research, it is important to establish experimental models 

that can mimic the pathophysiology of liver fibrosis to study the ongoing nature of liver 

fibrogenesis and the resolution of the process. Currently, liver fibrosis models include in 

vitro, ex vivo, and in vivo models each with different strengths and weaknesses in the 

investigation of hepatic fibrogenesis and its resolution. 

 

5.1.4.1 In Vitro Models of Hepatic Fibrosis 

In vitro models are essential for in-depth research of the mechanisms involved in 

hepatic fibrogenesis as well as the resolution of liver fibrosis. Human and animal primary 

HSCs and cell lines are commonly used in vitro models in the investigation of liver fibrosis. 

The major advantages of using in vitro models to study liver fibrosis include: 1) Avoidance 

of species differences as investigations can involve human cell lines, and 2) Replacement of 

animal use to understand basic molecular mechanisms of drug action. A major disadvantage 

for using in vitro models is that such models fail to capture the complexity of fibrogenesis, 

which is a multi-cellular as well as a multi-pathway process with involvement of different 

cells and mediators50. The commonly used in vitro models are primary human or animal 

HSCs, human HSC lines, and co-culture systems.  

 

5.1.4.1.1 Primary HSCs  

Primary HSCs serve as a good model to reflect the processes of liver fibrogenesis and 

the resolution of liver fibrosis in vitro248. At present, primary HSCs from both human and 

animal livers are widely used for the research on liver fibrosis 248. HSC isolation and 

culturing strategies have been developed to mimic the ECM scaffold in the liver, including 

culturing on Matrigel or in suspension250, 251. The available isolation strategies for HSCs are 

based on enzymatic digestion by collagenase, pronase, and DNase, followed by purification 

procedures to ensure a pure population of primary human HSCs for further studies54. The 

development of techniques for primary HSCs isolation and cultivation helps to understand 

HSC function in liver pathophysiological processes, providing a platform for great 

achievements in related research areas252. However, a significant limitation for use of primary 
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human HSCs is the limited availability of healthy human liver for cell isolation, as well as the 

low transfection efficiency253. Even if primary HSCs are successfully isolated and cultured, 

the inability to passage these cells in culture is problematic for continuous studies253. This 

suggests a need for a stable and repeatable cell model to duplicate the fibrogenesis process to 

study human liver fibrosis in vitro. 

 

5.1.4.1.2 Hepatic Stellate Cell Lines 

Although liver fibrosis is a complex process, HSCs are responsible for as much as 80% 

of the total fibrillary protein, such as collagen I, in fibrotic liver. Hence, human HSCs can 

serve as a representative model for liver fibrosis in vitro46. The usage of cell lines may offer 

many advantages, such as the ease of culture and reproducibility of results from passage to 

passage. The human HSC lines Lieming Xu-1 (LX-1) and LX-2 were generated from primary 

HSCs of a male human liver248. The LX-1 cell line was generated from a primary T antigen 

immortalized clone culture in Dulbecco’s modified eagle medium (DMEM) with 10% fetal 

bovine serum (FBS), while the LX-2 cell line was selected from a subline of LX-1 cells under 

low serum media conditions (1-2% FBS). Based upon their genetic characteristics, both LX-1 

and LX-2 cell lines are utilized as cell line models for liver fibrosis worldwide. Both cell 

lines retain key features of activated HSCs, such as expression of PDGFR, glial fibrillary 

acidic protein (GFAP), and α-SMA, and ability to secrete pro-collagen, TIMPs, and MMPs54, 

254. Some other cell lines are applied for specific purposes such as LI90 cell line, which was 

the first human HSC immortalized cells for the study of drug targets in HSC activation, and 

TWNT-4 cell line, which was generated for antifibrotic drug testing248. 

Undoubtedly, the most commonly used human hepatic stellate cell line is LX-2, with 

conserved characteristics of gene expression (98.7% similarity with primary HSCs), cytokine 

secretion, and fibrotic protein production253. The LX-2 cell line is also widely utilized in the 

study of lipid metabolism, tissue engineering, and endocrinology, besides the common areas 

of cellular biology and hepatology254-257. LX-2 cells retain key features of cytokine signaling, 

similar gene expression, relatively high transfection efficiency, and fibrotic responses, 

making it a highly suitable in vitro model for human hepatic fibrosis253. At low passages, LX-

2 cell line is a good in vitro hepatic fibrotic model to mimic the pathophysiological response, 

and the experimental data may be translated to the human disease condition. As normal 

human stellate cells, LX-2 cells can also be used to assess the differences between quiescent 

and activated human HSCs with the typical properties as observed in primary culture, but 
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under low serum culture conditions258. Isolated HSC lines from rat and mouse are also used 

as tools for liver fibrosis but are not as popular as human cell lines259.  

Although the genetic profile and phenotype switch of LX-2 cells are well characterized, 

the unavoidable disadvantages caused by the subculture of these cells are still bothersome. 

The expression of cell markers and the functionality of the LX-2 cell line demonstrated 

stability for only ten passages, and the reported research was usually done within a range of 

three to ten passages without significant phenotype alterations252, 254.  With repeated 

passaging, LX-2 cells may undergo genotypic or phenotypic drift, which may lead to 

heterogeneity in their sublines254. An even more important limitation of the monoculture is 

that LX-2 itself does not perfectly reflect cell migration features observed in vivo and the 

correlation of HSCs with other mesenchymal and parenchymal cells within the process of 

fibrogenesis and resolution. 

 

5.1.4.1.3 Co-culture Models 

Although useful and easy to perform, the research based on monoculture may not 

adequately reflect the complicated processes of fibrogenesis and the interaction between 

different therapeutic targets with treatment248. Even though HSCs serve as the central 

modulator of liver fibrosis and eventually carcinoma, hepatic fibrogenesis is still a multi-

cellular process, including the recruitment of inflammatory cells, as well as the migration of 

different types of cells such as endothelial cells, HSCs, and certain macrophages42, 260-262. 

Thus, it is necessary to develop reasonable co-culture model(s) to study the dynamic 

responses of key potential cell types. Currently, there are many well-established methods for 

hepatic co-cultures that include two and three cell types in attempts to mimic the 

microenvironment of the liver. Due to the involvement of parenchymal as well as non-

parenchymal cells in the sinusoidal structure, endothelial cells, Kupffer cells, and HSCs are 

usually considered in co-cultures for liver fibrosis263.  

One typical simple example is the co-culture system of hepatocytes and HSCs, usually 

primary hepatocytes with hepatic stellate cell line in a quiescent state248. Recently, the use of 

this co-culture system demonstrated that cell interaction is important to stimulate fibrogenesis 

via lipid accumulation264. For this model, several different methods are available to culture 

hepatocytes and HSCs together for different purposes. LX-2 cells in hanging cell inserts were 

placed in 6-well plate with Huh7 cells to discover the mechanisms of sorafenib resistance in 

hepatocellular carcinoma microenvironment with HSCs involvement265. Primary 
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macrophages and cholangiocytes are isolated and cocultured together onto monolayer to 

measure apoptosis and cytokine secretion via certain mechanisms266. Other models for liver 

fibrosis such as co-culture of HSCs and macrophages, Kupffer cells, or endothelial cells, with 

or without hepatocytes, were also established for certain purposes267-269. More complicated 

co-culture systems (i.e., more cell types involved in the model) enhance the opportunity to 

reflect the real in vivo response in liver fibrosis. For instance, a co-culture of four liver cell 

types was established by plating hepatocytes on top of a precultured confluent layer of non-

parenchymal cells270. Another 3D co-culture system consisting of hepatocytes in a collagen 

gel and a mixture of mesenchymal cells on top of the gel contained all liver cell types but this 

system did not allow for direct cellular interactions between different cell types271. Such 

systems make it more difficult to determine proper co-culture conditions and result in 

complications in the interpretation of experimental outcomes. Thus, the cell types composed 

in the co-culture system, as well as the pattern of the system, should be determined by the 

purpose of the study, and the interpretation of results would depend upon the system and 

culture condition.  

 

5.1.4.2 Ex vivo Models of Hepatic Fibrosis 

Precision-cut liver slices are a common ex vivo model and have been used in the study 

of liver fibrosis. Liver slices are an alternative model to overcome some deficiencies of cell 

culture models such as the diffusion and penetration of the pathological and therapeutic 

molecules into the pre-cut organ slices272. Precision-cut liver slices came into attention as a 

potential model to study liver fibrosis because this model maintained cell-to-cell interactions 

and cellular interactions with the ECM50. Although precision-cut liver slices from human 

liver have successfully been used to investigate antifibrotic compounds, limitations include 

diffusion and penetration of the pathological and therapeutic molecules throughout the liver 

slice, as well as the duration of the slice viability, where incubation times generally could not 

exceed 72 hours272-274.  

 

The combined usage of different in vitro and ex vivo models to study fibrogenesis and 

resolution of liver fibrosis has contributed considerable understanding to the molecular 

mechanisms of this process. However, their limitations in mimicking the real condition of 

liver fibrosis necessitate the use of in vivo models for hepatic fibrosis to better appreciate the 

development of fibrosis and possible therapeutic approaches for its resolution.  
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5.1.4.3 In vivo Models of Hepatic Fibrosis 

Several common in vivo models for hepatic fibrosis are available to address the 

different causes of liver fibrosis in human. These in vivo models overcome the failure of in 

vitro models as they consider the involvement of other tissues and systemic factors such as 

the immune system and the impact of other organs50. Continuous liver injury resulting from 

chemical, nutritional, and biological stimuli, or interrupted blood flow and reperfusion, often 

lead to liver fibrosis coupled with a series of subsequent responses including inflammation, 

oxidative stress, immune cell recruitment, and cell survival, proliferation, migration, and 

differentiation275. Thus, there could be many ways to induce the development of liver fibrosis 

in vivo.  

 

5.1.4.3.1 Diet- or Chemical-stimulated Models  

Diet-induced or chemical-stimulated liver fibrosis animal models are widely used to 

study nutritional and toxic etiological factors and the underlying mechanisms to reverse 

fibrogenesis in the liver. Several frequently applied diet-induced in vivo animal models have 

contributed to the study of liver fibrosis for decades276. A high-fat diet fed for seventeen 

weeks in mice induces liver fibrosis as chronic non-alcoholic steatohepatitis (NASH) or 

NAFLD277. Fifteen to twenty weeks of dietary Vitamin A depletion for mice and ten-week 

choline-deficient diet for rats also leads to liver fibrosis278, 279. Ethanol-induced liver fibrosis 

is also used, which may mimic alcoholic fatty liver diseases and could be a good model, 

combined with the presence or absence of other dietary factors81, 248.  

A number of chemical-stimulated models are available to cause liver fibrosis. The 

common compounds used in the literature include carbon tetrachloride (CCl4) and dimethyl-

nitrosamine (DMN), usually by intraperitoneal injection to mice or rats. CCl4 induces 

hepatotoxicity following bioactivation by hepatic cytochrome P450 (CYP450) enzymes 

concomitant with lipid peroxidation and eventually leads to liver injury accompanied by 

fibrogenesis280. DMN modulates the expression of drug-metabolizing enzymes causing 

hepatocyte necrosis and nodular degeneration281. CCl4 administered twice a week for at least 

ten weeks, or DMN once daily continuous administration for five weeks, induces hepatic 

fibrosis in rats or mice203, 214. These chemical derived models are popular because of their 

reproducibility and similarity of mechanisms in human liver fibrosis248.   
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Diet- or chemical-induced hepatic fibrosis is not limited to the above models. Different 

diet or chemicals and their combination along with different durations of administration to 

stimulate hepatic fibrosis in animals can be considered to reach the diverse goals of fibrosis 

research.  

 

5.1.4.3.2 Infection- or Surgery-induced Models 

In addition to diet-induced models, two additional experimental models of hepatic 

fibrosis are infection- and surgery-induced liver fibrosis. Although immunologic responses 

are involved in almost all pathological causes of liver fibrogenesis, other than the 

inflammatory responses caused by indirect causes, distinct models of infection can result in 

fibrosis. Surgery-induced models, which are induced by common bile duct ligation (BDL), 

are also known as biliary derived models282.  

Infection-induced liver fibrosis models include but are not limited to infections caused 

by endotoxin, virus, heterologous serum, or parasites in rodents or other species248. Inhibition 

of pro-inflammatory cytokine Il-17 signaling results in an antifibrotic effect via reductions in 

collagen production in fibroblasts283. Hepatitis B virus is also reported to induce fibrosis in 

mice284. The immune response caused by any kind of infection contributes to the secretion of 

pro-fibrotic cytokines or chemokines subsequently contributing to HSC activation and thus to 

hepatic fibrogenesis248.  More recently, it was demonstrated that endotoxin, or 

lipopolysaccharide (LPS), contributes to liver fibrosis by activating HSCs or modulating the 

immune response205. 

Common BDL is a well-known surgery model leading to biliary fibrosis, which is 

usually applied in rats and mice. The ligation of the bile duct evokes the proliferation of 

fibroblasts and bile duct cells, with subsequent increases in biliary pressure. This causes 

inflammatory reactions and pro-fibrotic cytokine production by biliary epithelial cells, 

generating cholestatic injury to the liver285. Although the BDL model is feasible technically 

and is an appropriate model for portal hypertension, one of the drawbacks is that BDL results 

in many secondary complications in the animal, which makes the interpretation of fibrosis 

difficult286.  

 

5.1.4.3.3 Genetic models for Hepatic Fibrosis 

Genetic models are available to investigate liver fibrosis in animals. These models 
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allow assessment of the role of specific signaling pathways in hepatic fibrosis. Gene 

knockout technology is popular because it leads to many breakthroughs in liver fibrogenesis 

research287. For instance, liver TGF-βIIR knockout mice indicated that the absence of TGF-β 

signaling plays a dominant role in reducing hepatic fibrogenesis288. There are also other 

knockout models for different targets used to study certain signaling pathways and genetic 

models have been widely used in the past decades. Additionally, diet combined with genetic 

models helps to confirm certain pathways – the deficient gene expression in that model, as 

well as the importance of the diet-related factors278, 289. Despite the availability of different 

knock-out models, the mechanisms of every single phenotype, as well as the interaction 

between different genes, are still unclear287. Further progress on genetic models for liver 

fibrosis is needed.  

 

None of the aforementioned in vitro, ex vivo, or in vivo models accurately reflect the 

many kinds of chronic liver disease induced fibrosis in human. Often, investigators use two 

or more models to assess the pathogenesis and reversal of hepatic fibrosis to overcome the 

weakness of a single model depending upon the purpose of their study59. As the development 

and resolution of liver fibrosis is a multi-cellular and multi-pathway process, in vivo models 

are necessary to study the antifibrotic effects and mechanism(s) of multi-target drugs as 

potential antifibrotic therapies.  

 

5.2  TKIs and Possible Mechanisms of TKI Action in Hepatic Fibrosis 

The traditional therapeutic approach concept of considering “one disease, one 

medicine” is generally inadequate for a number of human chronic diseases. Since the 

sequencing of the human genome and our advanced knowledge of molecular networks of 

disease, an emerging concept, “several diseases, one medicine”, provides a rationale to a new 

therapeutic approach – drug repurposing136, 290. With a need for network medicine, multi-

target drugs provide an opportunity to make this new concept an alternative approach for 

human disease, especially for chronic diseases. 

Tyrosine kinases (TKs) are key regulators of signaling transduction pathways that 

regulate normal cell processes such as differentiation, metabolism, and apoptosis291. TKs also 

play a key role in many diseases such as hypertension, cancer, and cirrhosis as the pathologic 

activation of these enzymes may drive the development of processes such as abnormal cell 

proliferation and activation of fibrotic pathways109. Transactivation of TKs has an essential 
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role in inflammation and healing response by activating target proteins via interfering with a 

number of TK transduction cascades292. Consequently, the TKs play key roles in many 

diseases including sclerosis, and fibrosis and pathological activation of TKs may cause 

fibrogenesis and other diseases293. Small molecule TKIs block the kinase domains after 

entering the cell and inhibit the downstream activities293. As a class of multi-target drugs, 

some TKIs show promise as a new therapy for liver fibrosis. Both preclinical and clinical 

studies have demonstrated antifibrotic effects of TKIs in different fibrotic diseases, such as 

imatinib, gefitinib, and nintedanib for pulmonary fibrosis, ibrutinib for pancreatic fibrosis, 

and imatinib and sorafenib for liver fibrosis9-11, 281, 294-296. Increasing evidence suggests that 

there is a potential for certain TKIs to serve as antifibrotic agents in hepatic fibrosis.  

TKs can be classified into receptor and non-receptor TKs. Receptor TKs activate 

intracellular pathways by transducing extracellular signals into the cell, while non-receptor 

TKs transduce signals within the cytoplasm297. Tyrosine phosphorylation or 

autophosphorylation of the intracellular kinase domain then leads to the activation of receptor 

and non-receptor TKs and regulates a wide variety of cell processes, including metabolism, 

growth, proliferation, and apoptosis109, 292. Single or multiple kinase inhibitors targeting 

receptor or non-receptor TKs account for about a quarter of current drug development and 

have demonstrated promising results in suppressing fibrosis. However, the mechanisms 

through which the TKI drugs affect the fibrotic pathway are still not clear and little evidence 

has been reported for hepatic fibrosis specifically298. Based on the understanding of TKs and 

TKIs, we investigated the antifibrotic effects and possible mechanisms of TKIs as  

repurposed therapeutic agents in liver fibrosis. 

 

5.2.1 RTKs 

RTKs mediate the transfer a phosphate group from ATP to a protein within the cell. 

This function has considerable influence on cell growth and cytokine signaling pathways299. 

RTKs contain a transmembrane domain, and therefore act as membrane receptors. Ligand 

binding to these receptors activates signal transduction pathways that modulate cell growth 

and cytokine secretion300, 301. Over 58 RTKs have been identified, including EGFR, fibroblast 

growth factor receptors (FGFR), PDGFR, VEGFR, and hepatocyte growth factor receptors 

(MET)299, 300. RTKs are common drug discovery targets for a number of proliferation 

dysfunction diseases and immune disorders299. Except for the insulin receptor (InsR), which 

are disulfide linked dimers, all known RTKs exist as monomers in the cell membrane. Ligand 
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binding induces the dimerization of the monomeric receptors, while insulin rearranges a 

heterotetrameric structure of InsR. Both binding formats induce auto-phosphorylation of the 

RTK’s cytoplasmic domain with the following signaling pathways291.  

 

5.2.1.1 EGFR 

The EGFR/ErbB family plays a key role in cell proliferation, differentiation, and 

growth. The EGFR/ErbB family consists of four transmembrane RTKs: EGFR/HER1 

(Human Epidermal Growth Factor Receptor 1), ErbB2/HER2, ErbB3/HER3, and 

ErbB4/HER4302. EGFR is important for the growth of some cancer cells and fibrotic 

diseases109, 303. Downstream factors of EGFR signaling include the MAPK, PI3K-Akt-

mTOR, and JAK, which are all involved in the development and resolution of fibrogenesis 

(Figure 5.3)304, 305. Inhibition of PI3K/Akt-mTOR pathway in cancer with EFGR mutations 

can suppress glycolysis, promoting cellular glucose metabolism306. Once bound by ligands, 

EGFR/HER would modulate different pathways including Raf, PI3K, MAPK, and NF-B 

and significant crosstalk exists between these pathways to modulate cell growth and 

proliferation305. In vitro studies suggest EGFR enhances the expression of TGF- receptor in 

dermal fibroblasts, but the mechanism is not clear307. As well, evidence suggests that ErbB 

receptor activation contributes significantly to lung fibrosis and cooperates with PDGF in 

TGF--stimulated responses94, 308. Inhibition of EGFR prohibited the development of 

pulmonary fibrogenesis in rodents309. PKM2 regulation may pose another possible pathway 

through which TKI drugs might modulate liver fibrosis at a metabolic level because pyruvate 

kinase has an intracellular domain with TK activity63. Gefitinib, as an EGFR-TKI, might 

function through the modulation of nuclear PKM2 followed by signal transducer and 

activator of transcription (STAT) activation in cancer cells310. This suggests a possible link 

between pyruvate kinase and TK in liver fibrosis. According to the above aspects, PKM2 

might be a putative novel mechanism of TKI drugs in fibrosis resolution. 

The administration of several EGFR-TKIs increases the production of proinflammatory 

cytokines, leading to cell apoptosis in intestinal epithelial cells via triggering ER stress 

response311. In cancer cells treated with erlotinib, an EGFR-TKI, suppression of autophagy 

acts synergistically with the EGFR-TKI to overcome drug resistance via modulating ER 

stress-induced apoptosis312. One of the underlying cellular mechanisms might be that 

upregulation of CHOP increases PERK and then induces eIF2α phosphorylation to 

subsequently switch the ER stress response from pro-adaptive to pro-apoptotic signaling, 
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finally leading to apoptosis of cancer cells313, 314. Since the ER stress response is involved in 

EGFR-TKI-stimulated apoptosis of intestinal epithelial and cancer cells, it is promising that 

EGFR-TKIs might work via similar mechanisms in other cell proliferation dysfunction 

conditions such as hepatic fibrosis.  
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Figure 5.3 The main transduction pathways regulated by the epidermal growth factor 

receptors (EGFR) family members—EGFR/HER1, HER2, HER3, and HER4. Many 

pathways are involved in the modulation of EGFR, playing roles in many cellular processes 

such as cell proliferation and nuclear transcription. Adapted from Fornaro et al (Permission 

license number: 4831430901474)305. 
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5.2.1.2 FGFR/VEGFR/PDGFR  

Many RTKs are implicated in the development and progression of fibrosis, including 

FGFR, VEGFR, and PDGFR293. All these RTKs have shown potential to be antifibrotic 

targets in hepatic fibrosis, such as sorafenib targeting VEGFR and PDGFR for hepatic and 

lung fibrosis, and brivanib targeting FGFR and VEGFR for hepatic fibrosis315.  

The FGFR pathway plays an essential role in angiogenesis, wound healing, and cell 

migration. Consequently, therapeutic approaches targeting FGFR have become popular in the 

chemotherapy field316. Most FGFs contain a heparin sulfate proteoglycan region and a high 

sequence homology region, the binding of FGFRs by these ligands may cause the activation 

of many downstream pathways involved in many cellular processes, such as MAPK/ Erk, 

PKM2, PI3K/Akt, and STAT transcription factors317, 318. Inhibition of FGFRs by sunitinib 

may contribute to the effect in renal and gastrointestinal stromal tumors319. However, in 

recent decades, FGFR signaling has been well studied for tumorigenesis but not fibrosis.  

VEGF signaling can stimulate the production of ECM molecules and may have pro-

fibrotic effects in many renal diseases320, 321. VEFG belongs to the VEGF/PDGF family of 

heparin-binding growth factors with a highly conserved receptor-binding cystine-knot 

structure322. There are five ligands for three types of VEGF receptors (VEGFR1, 2, and 3), 

accounting for the complexity of the downstream modulation by this signaling pathway293. 

VEGF is secreted by many cell types including diverse tumor cells, macrophages, and aortic 

vascular smooth muscle cells323. Oxygen tension is reported as a key physiological modulator 

of VEGF expression via binding of the HIF-1 to HRE, which may be involved in the 

modulation of hepatic fibrogenesis322. The literature and experimental evidence for the 

profibrotic role of VEGF, though, is still limited.  

Several small molecule TKIs have shown an ability to inhibit certain promising targets 

for fibrosis such as Abelson murine leukemia viral oncogene homolog (Abl) and PDGF 

receptor108. In the progression of hepatic fibrogenesis, PDGF signaling becomes activated 

due to tissue injury, promoting the wound-healing response107. As indicated above, PDGF 

and TGF- are mediators which can induce the activation of many downstream signaling 

pathways such as Erk, PI3K/Akt-mTOR in activated HSCs207. Given the crucial role of 

PDGF in fibrosis, inhibition of PDGFR seems to be a promising therapeutic approach for 

tissue fibrosis293.  
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5.2.1.3 Other RTKs 

InsR is another target for TKIs which can show further downstream manipulation on 

P85 and PI3K, and PPAR agonist rosiglitazone modulates insulin sensitivity and insulin-

receptor-substrate protein serine phosphorylation324. Furthermore, there are many non-RTKs 

that might serve as targets in fibrosis. 

 

5.2.2 Non-RTKs 

Compared with the RTKs, non-RTKs cannot bind to ligands but can be activated by TKs 

in the cytoplasm, consequently initiating transcriptional responses via modulating 

downstream signaling cascades292. There are 32 non-RTK, placed into 10 subfamilies based 

upon their kinase domain sequence300. Among the non-RTKs, some can mediate the TGF--

induced fibrotic progression, such as c-Abl, c-Kit, and Src kinases297. Nilotinib, a TKI of 

breakpoint cluster region (Bcr)-Abl used primarily for chronic myeloid leukemia, has 

antifibrotic activity to attenuate the development of liver fibrosis in experimental fibrosis via 

multiple pathways108. Dasatinib and imatinib, also as Bcr-Abl TKIs, show ability to increase 

PPAR expression at both gene and protein level, suggesting that these TKIs have an 

opportunity to treat disease via the modulation of PPAR which regulates proliferative or 

apoptotic downstream targets such as PKM2, PI3K, and STAT156, 325. Bcr-Abl TKIs are also 

reported to induce the expression of many genes involved in ER stress signaling pathways. 

Nilotinib shows ability to induce ER stress and apoptosis in H9c2 cells, as well as in 

imatinib-resistant leukemic cells326, 327. It is believed that members of JNK cell signaling 

pathway bridge ER stress response and apoptosis via the upregulation of cytochrome c-

mediated cell death pathways, such as c-Jun and c-Fos mRNA and protein327-329. Current 

literature evidence illustrates that ER stress-induced apoptosis might be a pathway involved 

in TKI’s effects on cell proliferation dysfunction diseases.  

 

The accumulated evidence, thus far, indicates that certain selective TKIs that 

specifically modulate HSCs or other cells or pathways during the fibrogenesis might be 

repurposed for this disease state330. Usage of TKIs with ability to inhibit different key 

receptors, such as gefitinib as an EGFR inhibitor, ibrutinib as a multi-target TKI drug with its 

major target BTK/BMX, and Dabrafenib as a non-ErbB (B-raf) TKI drug, may help elucidate 

novel mechanisms involving the well-known pathways through which some TKIs may 
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favorably modulate liver fibrosis pathogenesis.  Use of different targeted TKI drugs might 

provide a broader map for TKIs in hepatic fibrosis to provide guidance for further drug 

discovery and development. 

Unfortunately, the clinically available TKIs have dose and treatment limiting toxicities 

such as cardiotoxicity, lung toxicity, hepatotoxicity, and gastrointestinal upset14, 315, 331, 332. An 

option to improve their clinical effectiveness might be their combined administration with 

natural products that have additive or synergistic effects to allow for dosage reduction of 

TKIs for effective treatment of liver fibrosis. Recent studies indicate that the lignans 

upregulate the expression and activity of PPARγ and may have a considerable influence on 

the activity of PPARγ333. Considering the possibility of lower toxicity with PPARγ partial 

agonists and the possible activation effects of lignans on PPARγ, the combination of lignans 

and PPARγ partial agonists might be beneficial for the resolution of liver fibrosis without 

undesirable adverse responses. 

 

5.3 Flaxseed Lignans   

5.3.1 Brief Overview on Natural Products 

The medical use of natural products, including herbal remedies, traditional medicines, 

and other products, has become increasingly popular in the past decades because of their 

diverse biological and pharmacological activities which indicate a therapeutic potential 

against many diseases334, 335. Natural products, as a source of numerous therapeutic agents, 

are usually defined as secondary metabolites produced by organisms that show biological 

functions against a broad range of challenges including infections, fibrogenesis, as well as 

cancer17,336. Over the past 85 years, natural products have shown important capability in 

cancer and infectious diseases, becoming a source of innovation in drug discovery and 

development337. The most commonly studied natural products for liver injury are curcumin 

(the polyphenolic pigment in turmeric), oxymatrine (extracted from the roots of Sophora 

plants), different kinds of lignans, wogonin (a mono-flavonoid isolated from Scutellaria 

radix), among others17, 188, 260, 338. These studies suggest an ability to treat fibrosis and resolve 

the progression of fibrosis in the liver. 

Nearly half of liver therapy agents today are natural products or derived from natural 

products. In the US and Europe, approximately 65% of liver disease patients take natural 

products as a treatment for liver disorders and other pathological conditions17. Many natural 

products have clinical efficacy for liver fibrosis. For example, metformin can suppress TGF-
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β-induced fibrosis through inhibition of EMT338. Curcumin has an ability to inhibit many pro-

inflammatory and pro-fibrotic cytokines, including inhibition of NF-B pathway, as well as 

exhibiting anti-oxidative responses in many liver diseases via modulation of various 

targets339. In general, natural products might mediate antifibrotic effects through mechanisms 

that include anti-inflammatory responses, inhibition of cytokines, modulation of nuclear 

receptors, and modulation of epithelial-mesenchymal and mesenchymal-epithelial 

transitions15. 

 In the present age of natural product drug discovery, natural products have become a 

preference for many human diseases due to the low toxicity risk and demonstrated 

efficacy340. This is true of the plant lignans, an important family of natural products, which 

exist as glycosides in many foods such as flaxseed, sesame seed, and vegetables341. Lignans, 

as natural plant polyphenols, are secondary plant metabolites derived biosynthetically from 

phenylpropanoids with low molecular weight342. Lignans are found in various foods 

including plant seeds, vegetables, and fruits, and are highly concentrated in the hull of 

flaxseed suggesting that they are major components contributing to the beneficial effects of 

flaxseed343. Lignans are a large group of secondary metabolites produced from the oxidative 

dimerization of two phenylpropanoid units344. Lignans, neolignans, and other types are 

continuously reported and studied, including the dibenzylbutanes, arylnaphthalenes, 

benzofurans, oligomeric lignans, and hybrid lignans345. As lignans are extensively distributed 

in plants with potent anti-viral, anti-fungal, antioxidant, and insecticidal actions, lignans may 

play an important role in plant defense against various pathogens346. Lignans receive 

attention as potential therapeutic compounds because of their diverse bioactivities such as 

antioxidant and anti-inflammatory activities342. Among plant derived foods, flaxseed contains 

the highest concentration of the lignan, secoisolariciresinol diglucoside (SDG), which is 

receiving increasing attention due to its health benefits347.  

 

5.3.2 Flaxseed Lignans 

Flaxseed, historically used as an industrial oil, a source of fiber production, as well as 

food, is gaining increasing interest as a functional supplement because of its biological and 

pharmacological activities348. Flaxseed contains 35-45% oil, of which around 50% is ⍺-

linolenic acid (ALA, omega-3 fatty acids), 20% protein, 25% fiber, lignans, and 

micronutrients including minerals and vitamins349. Among thse components of flaxseed, 

dietary fiber, ALA, and lignans, have been identified as three major components that elicit 
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the biological activities of flaxseed350. As one of the richest sources of plant lignans and a 

rich source of dietary fiber as well as ALA, flaxseed can lower serum and hepatic triglyceride 

and cholesterol levels in hyperlipidemic patients, as well as maintain the healthy intestinal 

environment351-353. It is also reported that flaxseed consumption improves lipid abnormalities 

and reduces systemic inflammation in hemodialysis patients with lipid homeostatic problems, 

but the mechanism is not clear354. 

Flaxseed is particularly rich in lignans, mainly SDG, and also contain small quantities 

of the lignans matairesinol, pinoresinol, and isolariciresinol350. SDG exists in the flaxseed 

hull as an oligomer complexed with hydroxymethylglutaric acid and following oral 

consumption may undergo hydrolysis forming Secoisolariciresinol (SECO), with further 

metabolism to the mammalian lignans, enterodiol (END) and enterolactone (ENL), by the 

colonic microflora355. SECO, END, and ENL may undergo subsequent phase II metabolism 

in the mammalian system, usually by uridine 5′-diphospho-glucuronosyltransferases (UGTs) 

and sulfotransferases and exist systemically primarily as lignan conjugates of glucuronic acid 

and sulfates356. Previous data of our lab demonstrated that conjugates of SECO, END, and 

ENL primarily exist in the systemic circulation with low levels of parent SECO, END, and 

ENL357. Current knowledge of flaxseed lignans shows that these major components are 

involved in the health benefits attributed to flaxseed or flaxseed extracts350, 358.  

 

5.3.2.1 Biological Function of Flaxseed Lignans 

Flaxseed lignans, as a group of unique biphenolic structural compounds, have shown 

various pharmacological functions such as anti-cancer, antiviral, cardiovascular protection, 

and antioxidant activities345. Flaxseed consumption is associated with a reduction in the risk 

of breast cancer possibly due to the abundant SDG as well as its metabolites, END and ENL, 

via suppression of cell proliferation and induction of apoptosis350, 359. END and ENL are also 

reported to show anti-tumor effects against prostatic carcinoma as well as colon cancer, 

probably working via hormone dependent or independent pathways360. Inverse association 

between serum concentration of ENL and breast cancer risk has been reported in breast 

cancer cases361, 362. SDG and its metabolites can inhibit lipid peroxidation with higher 

antioxidative ability than Vitamin E363.  

Flaxseed lignans also have purported health benefits against many chronic diseases 

including obesity and diabetes, with reported ability to protect lung and liver function 

through anti-inflammatory and antioxidant properties21, 364, 365. SDG may inhibit the gene 
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expression of phosphoenolpyruvate carboxykinase, a key enzyme responsible for 

gluconeogenesis in the liver366. Epidemiological studies also demonstrated that high 

concentrations of ENL in the serum are associated with low risk of acute coronary events367, 

368. Since the components of flaxseed may provide health benefits, more people turn to the 

consumption of flaxseed or flaxseed derived products in Canada as well globally for 

chemoprevention and therapeutic purposes369, 370.  

 

5.3.2.2 Pharmacokinetics and Safety Properties of Flaxseed Lignans 

Experimental and clinical studies indicate that the enterolignans, END and ENL, are the 

major metabolites of flaxseed plant lignans (e.g., SDG) and their aglycones (e.g., SECO)371. 

The oral bioavailability of flaxseed lignans is influenced by the product form, as well as 

gastrointestinal bacterial populations372. Upon oral consumption, the glucose groups are 

cleaved from SDG to produce the aglycone SECO. SECO is subsequently catalyzed by 

bacterial metabolic enzymes to END and then to ENL. During the absorption process, the 

enterolignans undergo phase II metabolism to produce conjugated forms such as ENL-

glucuronide before their entrance into the systemic circulation. Most of the lignan dose is 

excreted from the body as the conjugated metabolites371. SECO, END, and ENL and their 

conjugated metabolites reach the systemic circulation and may be responsible for the health 

benefits370.  

 

5.3.2.2.1 Bioavailability of Flaxseed Lignans  

The bioavailability of flaxseed lignans depends upon the form and consumption pattern 

of flaxseed supplementation, as this influences the access to and residence time of the lignan 

in the GI tract347. Low oral bioavailability of certain lignans limits the usage of flaxseed 

lignans as a therapeutic agent because of the extensive first-pass effect after oral 

administration356. Changing the formulation of flaxseed products may help the absorption of 

flaxseed lignans. For instance, long-term intake of roasted flaxseed powder improved both 

blood pressure and lipid profiles in dyslipidemic patients, but no bioavailability data have 

been reported for this formulation yet373. In a crossover study, the relative bioavailability of 

enterolignans for crushed flaxseed was increased significantly compared to whole flaxseed 

from 28% to 43%, possibly due to the improved accessibility of intestinal bacteria to the 

lignan in crushed flaxseed347. In another reported PK study in male Wistar rats, the oral 
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bioavailability for SECO is approximately 25%, while the values for END and ENL are less 

than 1%355. Enterohepatic recirculation of mammalian lignans is reported in humans and 

pigs374, 375. In a human PK study, an increased exposure of ENL and a second peak of END in 

plasma after oral administration of purified SDG demonstrated that both END and ENL 

undergo enterohepatic recycling374.  

Disease condition can also alter the absorption of flaxseed lignans. In hepatic fibrotic 

rats, the relative bioavailability of lignans is significantly higher than in normal rats, 

suggesting that the absorption of lignans might be enhanced in hepatic fibrosis patients376. 

Other lifestyle-related diseases may also influence the absorption of flaxseed lignans either 

through modulation of bacterial metabolism prior to the absorption of lignans into the 

systemic circulation or through changes in first pass metabolism377. So, it is crucial to 

determine the intake of flaxseed lignans as precursors of enterolignans which are the likely 

bioactive compounds mediating the health benefits of flaxseed consumption. 

 

5.3.2.2.2 Distribution of Flaxseed Lignans 

Flaxseed lignans are widely distributed to the whole body as conjugated forms. The 

apparent volume of distribution and plasma protein binding of flaxseed lignan metabolites 

increased with hydrophobicity due to greater tissue partitioning of these lignan metabolites, 

which has been confirmed in rats (SDG<SECO<END)355. SDG is the most polar lignan form, 

with decreasing polarity observed with the aglycone, SECO, and the mammalian lignans, 

END and ENL. The serum concentrations of SECO, END, and ENL reaches steady state 

within 2 weeks378. In rats, lignans accumulate in the GI tract, lung, liver, kidney, skin, and 

uterus or prostate with considerable concentrations379, 380.  

Serum protein binding of flaxseed lignans showed an ascending order with 

hydrophobicity where SECO, END, and ENL had values of 67%, 93%, and 98%, and ENL 

showed no partitioning and accumulation into red blood cells355. Furthermore, both END and 

ENL are reported to bind to human sex binding globulin (SHBG) and the binding affinities 

are influenced by the substitution pattern of aromatic rings both in vitro and in humans381. In 

rats with increasing levels of SDG consumption, END concentrations increased accordingly 

in the liver, prostate, lung, and testes, indicating that the accumulation of lignans within these 

organs may suggest a potential benefit under certain pathological conditions382. Overall, the 

distribution of flaxseed lignans is influenced by many factors and, therefore, impact the 

effects of flaxseed lignans depending upon the amount of active compounds reaching the site 
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of action.  

 

5.3.2.2.3 Metabolism and Elimination of Flaxseed Lignans  

Flaxseed lignans undergo biotransformation by bacterial and mammalian enzyme 

systems prior to their entry into the systemic circulation following oral administration. SDG 

undergoes deglycosylation by microflora in the colon to its aglycone form, SECO. SECO 

subsequently undergoes dehydroxylation and demethylation to END, which is further 

oxidized to produce ENL. Ther enterolignans, END and ENL, undergo limited cytochrome 

P450 enzyme-mediated metabolism, typically hydroxylation at aromatic and aliphatic sites 

producing mostly monohydroxylated metabolites355, 383. The flaxseed lignans undergo phase 

II metabolism such as glucuronidation or sulfation by UGT or sulfotransferase enzymes, 

respectively, in both intestinal and hepatic cells, and the conjugated END and ENL are the 

major end-products of flaxseed lignans (Figure 5.4)357, 384. The involvement of conjugation in 

the liver and the GI tract, in addition to enterohepatic recirculation, leads to a considerable 

increase in the exposure of the intestine to lignans385.  

In rats, flaxseed lignans have short beta half-lives in ascending order of SDG (0.5h), 

END (1.8h), and SECO (4h) and are eliminated within 48 hours after SDG administration355. 

The elimination half-lives of END and ENL are 4.4 and 12.6 hours, respectively, predicted at 

steady state after dietary supplementation of lignans in humans347. The flaxseed lignans are 

mainly excreted by feces and urine. About 77% of the radioactivity detected in the urine after 

oral administration of radiolabeled SDG in rats existed mainly in the form of conjugates355. 

Almost 48% of administered lignan is fecally excreted in pigs, and both fecal and urine 

excretion were observed in humans, presenting as metabolites, not as parent compound375, 386. 

Food consumption and age impact both the urinary and fecal excretion of flaxseed lignans, 

for instance, premenopausal women with different diets showed a difference in the lignan 

urinary excretion while vegetarian diet increased the excretion of ENL in young women but 

not in senior vegetarians387, 388.  
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Figure 5.4 Metabolic pathway of flaxseed lignan, secoisolariciresinol diglucoside 

(SDG) in the GI tract. SDG undergoes glycolysis and fermentation to yield its aglycone form 

secoisolarisiresinol (SECO). SECO is then converted into enterodiol (END) by diverse 

bacteria, most of which is metabolized to ENL by serial reactions371. ENL, as well as END 

and SECO, undergo conjugation to yield its glucuronidated or sulfated forms (not shown in 

the picture).  
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5.3.2.2.4 Safety of Flaxseed Lignans  

As research continues into the potential health benefits of flaxseed lignan products, it is 

necessary to determine the safety properties of long-term use, especially long-term 

supplementation in both healthy populations and populations with chronic health conditions. 

Whole flaxseed products contain cyanogenic glycosides and linatine, an anti-pyridoxine 

factor known to impact the safety and tolerability of flaxseed consumption. Although high 

doses (e.g., 1 kg) of ground flaxseed could cause acute cyanide toxicity in humans, daily 

intake of five tablespoons of flaxseed results in cyanide exposures well below the acute toxic 

dose389. As well, no genotoxicity was found at various endpoints when treated with SECO, 

END, and ENL in hamster V79 fibroblasts up to 100 µM390.  

Clinically, no adverse effects were observed in a safety evaluation in the healthy 

population with flaxseed lignan supplementation at a daily dose of 543 mg for six months391. 

This observation is also confirmed in another double blind placebo controlled study of long-

term consumption of SDG which caused no adverse effects in older adults who have chronic 

health conditions392. In a pilot study in cystic fibrosis patients, daily intake of 40 g ground 

flaxseed was safe and well-tolerated as well21. Currently, flaxseed or flaxseed products are 

considered safe and tolerable without adverse effects when applied daily391. However, further 

study is necessary in the larger population of both healthy subjects and patients. Furthermore, 

as coadministration of flaxseed lignans with other drugs is attracting more attention, the 

safety profile for any drug combined with flaxseed or flaxseed products should be 

investigated to support the usage of combinations without adverse effects.   

 

5.3.3 Flaxseed Lignans’ Antifibrotic Potential in Hepatic Fibrosis 

Clinical trials of natural products surveyed on the FDA website showed that many 

natural products, such as curcumin and lignans, have anti-proliferative activity and liver 

protective effects393. Lignans extracted from Schisandra Chinensis have antifibrotic effects 

by attenuating TGF-β1 stimulated phosphorylation and transcriptional activity in 

cardiovascular fibrosis394. Pharmacological studies demonstrated that flaxseed lignans can 

exhibit anti-cancer and antifibrotic abilities in liver both in vitro and in vivo395, 396. In 

hyperlipidaemic rats, administration of flaxseed lignans contributes to the beneficial effects 

of hypocholesterolaemia364. In a pilot study, flaxseed had anti-inflammatory and antioxidant 

properties without serious adverse effects in cystic fibrosis patients21. SDG has shown 

protective properties in various diseases such as liver necrosis and diabetes by modulating 
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multiple cellular signaling pathways397. ENL and END have demonstrated protective 

efficacies against breast cancer and prostate cancer, as well as diabetes398. Flaxseed lignans 

may also reduce the risk of liver diseases when exposed to oxidative stress and/or 

infections364, 399. Collectively, the research suggests flaxseed lignans have potential ability 

against proliferative dysfunction disease and inflammation-induced damage.  

 

5.3.3.1 Flaxseed Lignans and PPARγ 

PPAR may be involved in the antifibrotic effects of flaxseed lignans400. Lignans, 

including ENL, can reduce circulating cholesterol via increasing the expression of PPAR 

and LXR-α, which are key regulators of fatty acid homeostasis and cholesterol efflux 

transporters333, 400-402. In rats, SECO administration increased the expression of PPAR by 

17%364. In high-fat fed mice, SDG reduced liver fat accumulation, and the secondary 

metabolite END induced the mRNA expression of PPAR and its DNA binding activity in 

adipocytes in a concentration-dependent manner343. In HepG2 cells, the anti-inflammatory 

effects and PPAR transactivation of lignans are closely related to the upregulation of the 

three PPARs subtypes and the peroxisome proliferator response elements (PPRE)403. The 

upregulation of PPARγ may contribute to the ability of lignans to modulate cholesterol 

homeostasis and to increase intestinal barrier integrity and anti-inflammatory status, since 

conjugated ENL, mainly ENL-glucuronide, is reported to upregulate the expression of 

PPARγ and insulin induced gene-1 (INSIG-1) while downregulating the expression of 

SREBP-1, which are major modulators in cholesterol metabolism385, 404. As well, certain 

lignans, Leoligin and ENL, are reported as weak agonists of PPAR343, 405. Given the 

potential role of PPARγ in hepatic fibrosis, treatment with PPARγ ligands may show 

antifibrotic effects for liver fibrosis. In rats, overexpression of PPARγ inhibits fibrotic protein 

production, and a synthetic PPARγ agonist reduced liver fibrosis both in vivo and in vitro406. 

A PPARγ agonist also showed repression of fibrogenesis via PI3K-Akt pathway in TGF-β-

induced myofibroblasts407. Taken together, it is possible that flaxseed lignans may act as 

PPAR agonists or as transcriptional modulators for PPAR to serve as antifibrotic 

compounds or enhancers of other antifibrotic drugs. However, little experimental evidence is 

available that supports flaxseed lignans ability to suppress liver fibrosis via the upregulation 

of PPAR expression or binding and transactivation of PPAR.  
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5.3.3.2 Flaxseed Lignans and TGF-β 

Flaxseed lignans may modulate the activity of the pro-fibrotic cytokine TGF-β and 

attenuate the activation of HSCs in fibrotic models408. For instance, the lignans, sauchinone 

and sesamin, suppress fibrosis via downregulation of TGF-/Smad signaling pathway in liver 

fibrosis and myocardial fibrosis, respectively409, 410. In lung-injured mice, flaxseed lignans 

show radiation mitigating properties on the process of pulmonary fibrosis via downregulation 

of TGF-β1365. Fibrotic processes associated with high TGF-β1 in lung tissue, then, might be 

blunted when the injury is continuing408. Another study in a mouse model confirmed dietary 

flaxseed reduced the proliferative stimulus of TGF-β1 and prevented the development of 

fibrosis365. In TGF-β stimulated AML12 cells, lignan schizandrin inhibited fibrogenesis and 

EMT transition, antagonizing TGF-β-induced fibrosis411. The ability of flaxseed lignans to 

reduce key cytokines in the liver also suggests flaxseed lignans as a possible therapeutic 

agent in the resolution of liver fibrogenesis. 

 

5.3.3.3 Flaxseed Lignans and ER Stress-induced Apoptosis  

Accumulating evidence suggests that ER stress is involved in a wide range of 

pathologies including hepatic fibrosis26. A strategy to resolve liver fibrosis is to eliminate the 

activated HSCs. One of the pathways for this purpose is to induce the ER stress-induced 

apoptosis of the activated HSCs. Lignans are known to induce ER-stress and cause apoptosis. 

For instance, arctigenin, a lignan derived from Arctium lappa L, is reported to modulate ER 

stress via activating AMPK pathways with subsequent reduction in ATP production in 

mitochondria, finally protecting cells against ER stress in HepG2 cells412. Schisandrin B, 

another active lignan from Schisandra Chinensis, induces apoptosis and inhibits proliferation 

of human hepatoma cells via the modulation on ER stress and caspase-3 dependent 

pathway20, 413. In cancer cells, ENL modulated the lipid and cholesterol metabolism related to 

the regulation of PPARγ, ER stress, and mitochondrial function414. Taken together, it is 

highly possible that flaxseed lignans may help resolve hepatic fibrosis via ER stress, or the 

resolution could act through ER stress-related pathways, but the exact mechanisms need 

investigation in hepatic fibrosis models.  

 

5.3.3.4 Flaxseed Lignans and Cholesterol  

As both ER stress-mediated apoptosis and hepatic fibroblasts show a relationship with 
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cholesterol homeostasis, it is possible that flaxseed lignans would have antifibrotic effects via 

modulation of cholesterol-related pathways. Literature evidence suggests that sesamin shows 

anti-atherogenic effects not only via the transactivation of PPAR but also has ability to 

improve cholesterol efflux from macrophages, acting as an anti-atherosclerosis agent415. This 

effect is confirmed by another study using arctigenin, which promotes cholesterol efflux to 

prevent the development of atherosclerosis in THP-1 macrophages via the same mechanism – 

PPAR related pathways416. Chronic supplementation of dietary flaxseed lignans is reported 

to decrease the serum total and low-density lipoprotein cholesterol (LDL-C) levels and 

hepatic lipid accumulation independently in a dose-dependent manner in 

hypercholesterolaemic patients and patients with peripheral artery disease364, 378, 417. In cancer 

cells, ENL caused modulation of cholesterol metabolism targets including FASN, SREBPs, 

INSIG-1, and LDL receptor (LDLR), as well as the intracellular vesicular cholesterol 

trafficking414. Along with its effects on PPARγ and ER stress markers, the same study 

indicated that there might be a linkage between cholesterol, ER stress, and PPARγ in cancer 

cells, which might also be a potential mechanism in hepatic fibrosis. 

5.3.3.5 Flaxseed Lignans and Other Possible Mechanisms  

Other pathways may be involved in the effects of flaxseed lignans in hepatic fibrosis. 

Lignans show an inhibitory response on TNF𝛼-induced NF-B transcriptional activity in 

HepG2 cells19. This suggests lignans might have anti-proliferative effects on the progression 

of fibrosis via the NF-B pathway. This is also supported by another lignan, arctigenin, 

which can suppress TGF-β1-induced secretion of proinflammatory and profibrotic cytokines 

in epithelial cells via the modulation of Erk and ROS/MAPK/NF-B pathways418. Sesamin, a 

lignan derived from sesame seeds, attenuates liver fibrosis via inhibition of EMT, collagen I 

and α-SMA secretion, and several downstream signaling pathways of TGF-β1 stimulation 

both in primary fibroblasts and A549 cells419. Other natural products such as curcumin also 

show inhibition of VEGF expression through the PDGF/Erk and mTOR pathways in 

HSCs401.  

 

Overall, flaxseed lignans may have antifibrotic effects via several different signaling 

pathways in hepatic fibrosis and may also enhance the response of other drugs, such as TKIs, 

targeting similar pathways in the suppression and resolution of activated hepatic 

myofibroblasts in hepatic fibrosis. Furthermore, there might be overlapping mechanisms 

between the TKIs and flaxseed lignans and their co-administration may show synergistic 
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effects in liver fibrosis while reducing the risk of side effects caused by TKIs.  
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6. MATERIALS AND METHODS  

6.1 Objective 1: Are TKIs and ENL full agonists or partial agonists of PPARγ?  

Since PPARγ is a ligand-activated transcription factor, evaluation of agonist activity of 

the ENL and TKIs requires assessments of their binding affinity to the LBD of PPARγ and 

the capability to modulate the transcription of PPARγ. Potential partial agonists should have 

similar biological function as full agonists of PPARγ with reduced binding affinity and 

transactivation compared with full agonists. Consequently, the following assays were 

conducted to determine if the chosen TKIs and ENL are full or partial agonists of PPARγ.  

 

6.1.1 Chemicals, Reagents, and Supplies 

DMEM (Hyclone, Cat.: SH30243.01) was purchased from GE Healthcare Life 

Sciences (Pittsburgh, PA, USA). Eagle's Minimum Essential Medium (EMEM, Cat: 

ATCC® 30-2003™) was purchased from ATCC (Manassas, VA, USA). DMEM (no glucose, 

Gibco, Cat.: 11966-025), FBS (Gibco, Cat: 12483020), penicillin-streptomycin-glutamine 

(Gibco, Cat.: 10378016), was purchased from ThermoFisher Scientific (Waltham, MA, 

USA). PolarScreen™ PPARγ-Competitor Assay Kit, Green (Cat.: PV6136) was purchased 

from Invitrogen (Burlington ON, Canada). Cignal PPAR reporter (Luc) Kit (Cat.: CCS-

3026L) was purchased from Qiagen (Toronto, ON, Canada) and Dual-Glo luciferase assay 

system (Cat.: E2920) was purchased from Promega (Madison, WI, USA). Adipogenesis 

assay kit (Cell-based) (Cat.: ab133102) was purchased from Abcam (Toronto, ON, Canada). 

2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG, CAS: 186689-

07-6, MW: 342.26) and rosiglitazone (CAS: 122320-73-4) were purchased from Sigma 

(Oakville, Ontario, Canada). Ibrutinib (Cat.: S2680, MW: 440.5) and dabrafenib (Cat.: 

S2807, MW: 519.56) were purchased from Selleck Chemicals LLC (Houston, Texas, USA). 

Gefitinib (Cat.: 184475-35-2) and FMOC-L-Leucine (FMOC-L-Leu/FMOC, N-[(9H-fluoren-

9-ylmethoxy)carbonyl]-L-leucine, CAS: 35661-60-0) were purchased from Cayman 

Chemical (Ann Arbor, MI, USA).  

6.1.2 PPARγ Competitive Binding assay   

To assess the competitive binding affinities of TKIs and flaxseed lignans, the PPARγ 

competitive binding assay for ibrutinib, dabrafenib, gefitinib, and ENL was performed with 

the PolarScreenTM PPARγ-Competitor Assay Kit, Green, following the manufacturer’s 

instructions. The kit provides the PPARγ protein and a novel fluorescent ligand, Fluormone™ 
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Tracer, to determine the relative affinity of the tested compounds for PPARγ. When the 

PPARγ protein forms a complex with Fluormone™ Tracer, the polarization value is high, and 

when compounds displace the Fluormone™ Tracer from the complex, the polarization 

decreases. Competitive binding affinity was measured through changes in fluorescence using 

a multi-detection microplate reader SYNERGY HT (BioTek, Winooski VT, USA) at an 

excitation wavelength of 485 nm and an emission wavelength of 528 nm. Rosiglitazone and 

FMOC-L-Leu, known full and partial agonists of PPARγ respectively, were used as positive 

controls. Fluorescence values were plotted against the log value of the concentrations of 

rosiglitazone (0.05 – 10,000nM), ibrutinib (0.5 – 50,000 nM), dabrafenib (0.01 – 10,000 nM), 

gefitinib (0.06 – 33,333 nM), ENL (0.01 – 200,000 nM), FMOC-L-Leu (0.02 – 10,000 nM). 

The relative affinity of the test compounds for PPARγ was determined by calculating the 

relative IC50 values from the binding plots. Curve fitting was performed using a nonlinear 

regression model (one site-fit Log IC50) of GraphPad Prism v6.0 (GraphPad Software, La 

Jolla CA, USA).  

6.1.3 PPARγ Transactivation assay   

The transactivation potential of the test compounds on the nuclear receptor, PPARγ, 

were assessed in PPARγ-transfected HepG2 cells (purchased from ATCC, cultured according 

to the recommended method) using the Cignal PPAR reporter (Luc) Kit and Dual-Glo 

luciferase assay system, according to the manufacturer’s instructions. The Renilla luciferase 

is used as a control reporter from the same sample for reporter normalization, and the 

changes of firefly luciferase are used to interpret the transcriptional changes in the system. 

For example, a decrease in firefly luminescence with unchanged Renilla luminescence 

indicates a specific impact on the experimental condition. HepG2 cells were transfected with 

the PPARγ reporter and negative control plasmids along with the PPARγ expression vector in 

96-well plates. After 16 hours of transfection, cells were treated with the known PPARγ full 

agonist rosiglitazone (100 nM, 30 µM, and 50 µM), the known partial agonist FMOC-L-Leu 

(50 µM), ibrutinib (200 nM, 2 μM, and 30 µM), dabrafenib (200 nM, 2 μM, and 50 μM), 

gefitinib (50 µM), and ENL (50µM). The firefly luciferase and Renilla luciferase were 

measured by the aforementioned microplate reader. Transactivation was expressed as relative 

ratios by normalizing the relative luciferase activity (Firefly/Renila) to the vehicle (0.1% 

dimethyl sulfoxide/DMSO) treated control group.  
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6.1.4 Adipogenic and Glucose uptake assays 

To evaluate the biological function of the test compounds as potential PPARγ partial 

agonists, adipogenic and glucose uptake assays were done in mouse 3T3-L1 preadipocytes to 

help determine if ENL and the three TKIs (ibrutinib, dabrafenib, and gefitinib) have similar 

biological functions as the PPAR full agonists since adipogenesis and glucose uptake 

activities are considered as end-point downstream targets of PPARγ420. Mouse 3T3-L1 

preadipocyte cell line (obtained from the Department of Biology, University of 

Saskatchewan) was used to detect the adipogenesis and glucose uptake activities of the test 

compounds, at concentrations of 1 µM, 20 µM, and 50 µM for ibrutinib, dabrafenib, 

gefitinib, and ENL, using rosiglitazone and FMOC-L-Leu as full and partial agonists of 

PPARγ. Undifferentiated 3T3-L1 preadipocytes were cultured in T75 flasks and maintained 

in a growth medium composed of DMEM with 10% calf serum, and 1% 

penicillin/streptomycin. For the differentiation of the 3T3-L1 preadipocytes, the cells were 

propagated into 24-well plates or 96-well plates for the adipogenic assay and glucose uptake 

assay, respectively. The induction medium used for the preadipocyte differentiation was 

composed of 0.25 mM dexamethasone, 0.5 mM 3-isobutylmethylxanthine, and 200 nM 

insulin. The insulin medium used after the induction medium was prepared by adding insulin 

solution at a final concentration of 200 nM to DMEM containing 10% FBS. 

For the adipogenic assay, treated adipocytes were measured by an adipogenesis assay 

kit (Cell-based) according to the protocol of the manufacturer. The 3T3-L1 preadipocytes 

were propagated into 24-well plates at a cell density of 1×105 per well. Two-days post-

confluent, the cells were treated by induction medium with or without the test compounds as 

indicated in the instructions of the kit on Day 0, using rosiglitazone and FMOC-L-Leu as 

PPARγ full and partial agonist controls. On day 3, an insulin medium with the treated 

compounds was used in the treatment group to replace the induction medium. The medium 

for all the groups was changed every other day. Briefly, the classic Oil Red O staining for 

lipid droplets was extracted and quantified by the absorbance measurements at 490 nm by 

microplate reader after the dye was conveniently extracted from the lipid droplets. On day 7 

after differentiation, Oil red staining for the lipid droplets was extracted and transferred into 

96-well plates, then absorbance at 490 nm (O.D. value) was measured to quantify the 

adipogenic activity. 

For the glucose uptake assay, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-

Deoxyglucose (2-NBDG) was used to detect the glucose uptake activities of test compounds 
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in the treated 3T3-L1 preadipocytes, using rosiglitazone as PPARγ full agonist control, while 

FMOC-L-Leu as PPARγ partial agonist control. The 3T3-L1 preadipocytes were propagated 

into 96-well plates at a density of 1×104 per well. The cells were differentiated after 2-days 

post-confluence with induction medium for two days, then the medium was switched to 

insulin medium for two more days, and then the same medium without insulin was used for 

eight more days. With a total differentiation period of ten days, cells were treated with the 

test compounds in the same medium for 72 hours. After treatment, the treatment medium was 

switched to glucose- and serum-free medium for three hours, and then insulin was added to 

the medium for half hour before adding the 2-NBDG compound into the wells. After 15 

minutes of incubation with 2-NBDG, the cells were washed with ice-cold Phosphate Buffered 

Saline (PBS) once and the fluorescence of the cells in 100 µL PBS was measured 

immediately at an excitation wavelength of 485 nm and an emission wavelength of 528 nm 

(excitation/emission = 485/520 nm) to quantify the glucose uptake activity.  

 

6.2 Objective 2: To determine whether certain TKIs (ibrutinib, gefitinib, and 

dabrafenib) and ENL can suppress HSC activation through modulation of 

PPARγ or other pathways in activated human HSCs, LX-2 cells.   

To evaluate the antifibrotic abilities of the tested compounds, suppression of HSC 

activation was evaluated by measuring the changes in expression of fibrotic biomarkers at 

both mRNA and protein levels in a human hepatic stellate cell line, LX-2, by appropriate 

methods.  

To determine the possible mechanisms of suppression of HSC activation, PPARγ, 

PKM2, and key factors of Wnt signaling pathway were assessed by qPCR and western blot 

assays. All experiments with treatments were done in TGF-β1-stimulated LX-2 cells, 

nonTGF-β-stimulated LX-2 cells and/or TGF-β1-stimulated LX-2 cells treated with the 

vehicle control (0.1% or 1% DMSO) as negative controls.  

 

6.2.1 HSC Culture  

The human hepatic stellate cell line, LX-2 cell, was acquired from Millipore Sigma 

(Cat: SCC064) and cultured according to company protocols, since the LX-2 human hepatic 

stellate cell line has been considered as a highly suitable model of hepatic fibrosis253. DMEM 

(Hyclone, Cat.: SH30222.01) was purchased from GE Healthcare Life Sciences (Pittsburgh, 
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PA). DMEM high glucose medium with 2% FBS and 1% of penicillin and streptomycin was 

used for the cell culture (10% FBS for thawing, medium was changed to 2% FBS after 

overnight culture) in T75 flasks. LX-2 cells were plated as appropriate into different multi-

well cell culture plates one day before and were stimulated for 6 hours with 2.5 ng/mL of 

TGF-β1, human recombinant (Cat: TGFB1-005, Empowering Stem Cell R&D, USA) in 

advance of the presence or absence of the test compounds or vehicle control (0.1% or 1% 

DMSO). After different treatment periods with the compounds, assessment on activated 

HSCs involved measurements of cell proliferation, cell migration, total RNA extraction, and 

qPCR for biomarkers of HSC activation (e.g., -SMA, TGF-β, collagen I, TIMP-1, MMP2) 

at mRNA level and western blot or ELISA for these same markers at protein level. 

Chemicals, reagents, and common cell culture supplies used for the following experiments 

were as described in Section 6.1.1. 

6.2.2 MTT assays for TKIs in TGF-β1-stimulated LX-2 cells 

To determine the appropriate concentrations for the test compounds, MTT assays (Cat: 

M6494, ThermoFisher, Canada) were used for the TKI drugs and ENL in TGF-β1-stimulated 

LX-2 cells. The MTT proliferation assay measures the cell proliferation rate and cell viability 

when there are metabolic events that lead to apoptosis or necrosis. The yellow tetrazolium 

MTT can be reduced by metabolically active cells to produce intracellular purple formazan, 

which can be solubilized and quantified by spectrophotometric methods. LX-2 cells were 

seeded onto 96-well plates at a density of 10,000 cells/well with an overnight 

growth/attachment. TGF-β1 at a final concentration of 2.5 ng/mL was introduced to activate 

the LX-2 cells for 6 hours before treatment with TKIs. After 72 h incubation in the presence 

and absence of test compounds, the growth medium was removed followed by one wash with 

ice-cold PBS. MTT solution (0.5 mg/mL) was added to each well in a volume of 100 µL 

growth medium. The incubation with MTT was terminated after 4 hours of incubation in the 

dark at 37°C, 5% CO2 by removing the MTT solution. Then, 100 µL of DMSO was added to 

each well with 10 minutes of low-speed shaking in the dark. Finally, the absorbance at 570 

nm was measured using a multi-detection microplate reader. Then the absorbance (O.D. 

value) versus concentration curve was drawn to calculate the IC50 value for the compounds 

by GraphPad Prism v6.0. 

6.2.3 Calcein-AM assay for ENL in TGF-β1-stimulated LX-2 cells  

As previous work of our lab suggests the lignans interact with MTT reagent, the effect 
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of FMOC-L-Leu, ENL on cell viability of TGF-β1-stimulated LX-2 cell was confirmed by 

Calcein-AM assay (Cat: ab228556, Abcam, Canada) according to the kit manual. Calcein-

AM is a non-fluorescent, hydrophobic compound that can easily penetrate live cells and 

undergo hydrolysis by intracellular esterases to produce a hydrophilic and fluorescent 

compound that can be quantified within the cytoplasm to reflect the number of viable cells. 

Briefly, LX-2 cells were seeded into 96-well plates at a density of 10,000 cells/well with an 

overnight growth/attachment. TGF-β1 at a final concentration of 2.5 ng/mL in the medium 

was introduced to activate the LX-2 cells for 6 hours before treatment with ENL. After 72 h 

incubation in the presence and absence of FMOC-L-Leu and ENL, the medium was removed, 

and the wells were washed with 200 µL ice-cold PBS once. Then 100 µL Calcein-AM 

working solution (2 µM) was added to each well. After 30 minutes of incubation in the dark 

at 37°C, 5% CO2, the fluorescence was read at an excitation wavelength of 485 nm and an 

emission wavelength of 528 nm using a multi-detection microplate reader. Then the 

fluorescence versus concentration bar graph was drawn to indicate the cytotoxicity of the 

drugs in TGF-β1-activated LX-2 cells. 

6.2.4 Scratch wound healing assay 

The effects of gefitinib and ENL on migration potential of LX-2 cells were detected by 

the scratching wound healing assay. LX-2 cells were seeded into 6-well plates at a density of 

3×105 cells/well and grown overnight at 37°C, 5% CO2. Artificial wounds were created in 

confluent cell monolayers using a sterilized 10 µL pipette tip to make a straight scratch 

within each well of the plate containing cells. After washing with PBS, the cells were induced 

with or without TGF-β1 for 6 hours before treatment with gefitinib and ENL separately or in 

combination at different concentrations for another 18 hours. The scratched wounds were 

photographed at 0-hour and 24-hour after stimulation using an Olympus microscope. Cell 

migration ability was assessed by measuring the width of the wound for three fields per well 

at different time points using Image J software (version 1.41). 

6.2.5 Apoptosis assay 

The effect of gefitinib and ENL on apoptosis of LX-2 cells was detected by Caspase-

3/7 fluorescence assay kit (Cat: 1009135; Cayman chemicals, Canada). Caymen’s Caspase-

3/7 fluorescence assay kit employs a specific substrate, N-Ac-DEVD-N’-MC-R110, which 

can be cleaved by active caspase-3 or -7 to generate a highly fluorescent product. The 

activation of caspase-3 and -7 then can be quantified as an endpoint of the apoptotic cascade 



 59 

irrespective of the cause of apoptosis. LX-2 cells were seeded into 96-well plates at a density 

of 5×104 cells/well and grown overnight at 37°C, 5% CO2. After washing with PBS, the cells 

were induced with or without TGF-β1 for 6 hours before treatment with gefitinib and ENL 

separately or in combination at different concentrations for 0h, 6h, 12h, 24h, and 48h. After 

treatment, the apoptosis assay was performed according to the manual script from the 

company. The fluorescence intensity was read using microplate reader (excitation = 485 nm; 

emission = 535 nm). Then the fluorescence was normalized to the vehicle control group, the 

relative apoptosis ratio was calculated to reflect the apoptosis response of the compounds. 

6.2.6 Oxidative stress assay 

The superoxide production by mitochondria of gefitinib- and/or ENL- treated LX-2 

cells was measured by MitoSox Red mitochondrial superoxide indicator (Cat: M36008, 

Invitrogen, Canada), and the total antioxidant capacity of gefitinib and/or ENL was detected 

by an antioxidant assay kit (Item No. 709001; Cayman chemicals, Canada). As mitochondria 

serve as the major intracellular source of ROS, a MitoSOX red mitochondrial superoxide 

indicator, which is permeant to live cells targeted to the mitochondria and oxidized by 

superoxide, is used to reflect ROS production in mitochondria by detecting the superoxide in 

the mitochondria of live cells. LX-2 cells were seeded into 96-well plates at appropriate 

density and grown overnight at 37°C, 5% CO2. The cells were stimulated by TGF-β1 for 6 

hours prior to the treatment with gefitinib and/or ENL for 0.5, 1, and 3 hours. Then, 

superoxide production and total antioxidant capacity were measured by the appropriate kits 

according to the manufacturer. For superoxide production, the fluorescence was measured, 

and the relative fluorescence was calculated to determine the effect of the treatments on the 

production of superoxide in LX-2 cells. Absorbance at 750 nm was read and plotted and the 

antioxidant concentration was calculated to reflect the total antioxidant capacity of the 

treatment with gefitinib and/or ENL.  

6.2.7 Real-time PCR  

Quantitative reverse transcription-polymerase chain reaction (qPCR) analysis for 

fibrotic biomarkers and possible mechanistic biomarkers (e.g., PPARγ, PKM2, ER stress-

related, and oxidative stress targets) were evaluated in TGF-β1-activated LX-2 cells. LX-2 

cells were plated as appropriate into 6-well plates and stimulated for 6 hours with TGF-β1 

(2.5 ng/mL) before treatments with the presence and absence of the model TKIs and ENL for 

18 hours. At the termination of the treatments, the PBS-washed cells were scraped off from 
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the plates and pelleted for RNA isolation and following procedures.  

Total RNA was isolated by RNeasy Plus Mini Kit (Cat: 74136, QIAGEN, Canada) 

according to the kit manual. The RNA concentration was measured at 260 and 280 nm using 

NanoVue Plus spectrophotometer (GE lifescience, USA). After the total RNA was isolated, 

SuperScript™ VILO™ cDNA synthesis kit (Cat: 11754-050 and 11754-250, Life 

Technologies, Canada) was used for the reverse transcription. The synthesized cDNA was 

normalized to the same concentration and then used for qPCR, using Power SYBR™ Green 

PCR Master Mix (Cat:  4367659, ThermoFisher, Canada). The primers were designed using 

the IDT PrimerQuest Tool and PubMed gene database, the primers’ sequence information is 

shown in Table 6.1. The Ct value was detected and analyzed using BioRad CFX96 Touch™ 

Real-Time PCR detection system, and the results were reported by comparing the 2(-ΔΔCt) 

values to reflect the expression changes of the target genes after treatment, using β-actin as 

reference gene for the calculation.  

 

Table 6.1 Primer sequences used for LX-2 cell samples in quantitative Polymerase 

Chain Reaction (qPCR) 

Primers  Sequence (5′ to 3′) 

ACTB F: GGACCTGACTGACTACCTCAT 

R: CGTAGCACAGCTTCTCCTTAAT 

GAPDH F: CAAGAGCACAAGAGGAAGAGAG 

R: CTACATGGCAACTGTGAGGAG 

COL1A1 F: CGATGGATTCCAGTTCGAGTATG 

R: CTTGCAGTGGTAGGTGATGTT 

ACTA2 F: TGTTCCAGCCATCCTTCATC 

R: GCAATGCCAGGGTACATAGT 

TIMP1  F: CTGATGACGAGGTCGGAATTG 

R: TGTTGTTGCTGTGGCTGATA 

MMP2 F: TGCTGAAGGACACACTAAAGAA 

R: CGCATGGTCTCGATGGTATT 

TGFB1 F: CGTGGAGCTGTACCAGAAATAC 

R: CACAACTCCGGTGACATCAA 

PPARG F: GTGCAGGAGATCACAGAGTATG 

R: GTGGACTCCATATTTGAGGAGAG 
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PKM2 F: GCTGACTCCTGCATAGGTTATC 

R: GCGAATGCCTCAGAGTAGAAA 

MMP9 F: CCGGACCAAGGATACAGTTT 

R: GCGGTACATAGGGTACATGAG 

ATF4 F: GGAGATAGGAAGCCAGACTACA 

R: GGCTCATACAGATGCCACTATC 

ATF6 F: CTTCGAGGATGGGTTCATAGAC 

R: CCAGAGCACCCTGAAGAATAC 

CHOP F: CTCACTCTCCAGATTCCAGTCA 

R: GACCACTCTGTTTCCGTTTCC 

NRF2 F: GCAAGTTTGGGAGGAGCTATTA 

R: GTTTGGCTTCTGGACTTGGA 

CTNNB1 F: TACCATTCCATTGTTTGTGCAG 

R: TGAAGAGAGAGCTGGTCAGCTC 

AXIN2 F: GAGTGGACTTGTGCCGACTTCA 

R: GGTGGCTGGTGCAAAGACATAG 

WNT1 F: GAGCCACGAGTTTGGATGTT 

R: AGAGAAGAGTGGAGAGGGATTG 

WNT3A F: CCATCCTCTGCCTCAAATTCT 

R: CTCCGTTGGACAGTGGATATAG 

WNT5A F: CACCAGAGCAGACAACCTATTT 

R: CATCACAACACGGAGGAATCA 

Note: F – forward primer, R – reverse primer 

 

6.2.8 ELISA 

To detect changes in expression of fibrotic biomarkers at the protein level, LX-2 cells 

were plated as appropriate into 12-well plates and stimulated with TGF-β1 (2.5 ng/mL) for 6 

hours in advance of the treatment. Then the cells were treated with test compounds for 24, 48, 

and 72 hours. The levels of pro-collagen I alpha 1 in the cell extracts as well as in 

supernatants and MMP9 in the supernatants were measured by standard ELISA kits (Cat: 

ab210966 (human pro-collagen I alpha 1) and ab100610 (human MMP9); Abcam, Canada), 

following the manufacturer instructions for pro-collagen I⍺1 and MMP9. The concentrations 

for each protein were measured in duplicate, interpolated from each standard curve, and 
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corrected for the dilution factor. The dilution factor corrected concentrations were plotted, 

and two-way ANOVA followed by Dunnett test was performed between the treated groups 

with the TGF-β1-stimulated cells at the same time point.  

6.2.9 Western blot 

To assess possible mechanisms of antifibrotic effects of the tested compounds, changes 

in certain protein targets were measured by western blot. LX-2 cells were plated as 

appropriate into 6-well plates for overnight incubation. The cells were stimulated with TGF-

β1 (2.5 ng/mL) for 6 hours in advance of the treatment. Cells were then treated with test 

compounds or vehicle control for another 18, 30, and 66 hours. The resulting cell pellet was 

lysed using RIPA lysis buffer (Cat: 89900, ThermoFisher, Canada) with Halt™ Protease and 

Phosphatase Inhibitor Single-Use Cocktail (Cat: 78843S, ThermoFisher, Canada), the lysates 

were centrifuged at 14,000 ×g for 15 minutes and the protein samples were collected for 

further measurement.  

The total protein level was measured by Pierce™ BCA protein assay kit (Cat: 23225, 

ThermoFisher, Canada) according to the manuals. Changes in expression of PPARγ, PKM2, 

⍺-SMA, ATF4, CHOP, and Nrf2 protein were done by western blot. The samples, at 

reducing condition, with Bolt LDS agent were heated at 70°C for 10 minutes and then an 

equal amount of protein was loaded for electrophoresis in MES running buffer at 200V for 23 

minutes through 10% SDS polyacrylamide gels at an equal amount of protein. Blots were 

transferred to nitrocellulose membranes at 10V for 60 minutes. Total protein was stained by 

SYPROⓇ Ruby protein blot stain (Cat: S11791, ThermoFisher, Canada) and viewed by 

BioRad Chemdoc™ imaging system. The membranes were subsequently blocked with 5% 

skim milk in TBS at room temperature for 1 hour with gentle agitation. The blots were then 

probed overnight at 4°C with primary antibodies at appropriate concentrations for PPARγ 

(mouse monoclonal IgG, Cat: SC-7273), PKM2 (rabbit polyclonal IgG, Cat: SC-292640), ⍺-

SMA (mouse monoclonal IgG, Cat: 14-9760-82), ATF4 (rabbit polyclonal IgG, Cat: PA5-

78832), CHOP (mouse monoclonal IgG, Cat: ab11419), Nrf2 (rabbit polyclonal IgG, Cat: 

16396-1-AP) and β-actin (mouse monoclonal IgG, Cat: SC-47778). The next day, the blots 

were rinsed with TBS-tween (0.1%) and probed with the appropriate secondary antibodies for 

1 hour at room temperature with gentle agitation. After washing, the chemiluminescent 

substrate was used for semi-quantification by BioRad Chemdoc™ imaging system. The 

results are expressed as ratios of integrated density values of corresponding protein bands 

from treated to untreated control cells. Statistical analysis was carried out by one-way 
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ANOVA, followed by Tukey test.  

 

6.3 Objective 3: Whether flaxseed lignans exhibit antifibrotic effects in high-

cholesterol diet-induced fatty liver rats. 

6.3.1 Comparative oral PK study of purified SDG and SDG-enriched polymer 

complex in female Wistar rats 

Twenty-four female Wistar rats around 300 g of body weight were surgically implanted 

with a jugular vein cannula at least 24 hours prior to the PK study. Rats were divided into 

four subgroups for two compounds with two sampling time frames per compound after one-

week acclimatization. After full recovery from cannulation surgery, rats were fasted 

overnight, and pre-dose blood samples were collected via jugular vein cannulation before a 

single oral administration of purified SDG (purity: 96.1%) or SDG-enriched complex (both 

obtained from Prairie Tide Chemicals Inc. as a gift, Saskatoon, SK, Canada) at an SDG-

equivalent dose of 40 mg/kg by oral gavage. Blood samples were collected via jugular vein 

cannulation at 15, 30, 45 min, and 1, 1.5, 2, 4, 8 h from one subgroup after dosing, and 12, 

16, 20, 24, 32, 40, and 48 h from the second subgroup after dosing. Plasma samples were 

obtained with centrifugation after blood sampling into lithium heparinized microcentrifuge 

tubes (GE Healthcare Life Sciences Mississauga, ON, Canada). Rat blank plasma was 

obtained from rats under the UACC Animal & Tissue Share program.  The plasma 

concentrations of SDG metabolites, including free and glucuronide conjugated forms of 

SECO, END, and ENL (purchased from Sigma, Oakville, ON, Canada), were measured using 

appropriate LC-MS/MS methods. This work was approved by the University of 

Saskatchewan’s Animal Research Ethics Board and adhered to the Canadian Council on 

Animal Care guidelines for humane animal use (Appendix B – Certificate of Approval). 

 

6.3.2 Comparative efficacy study of purified SDG and SDG-enriched polymer 

complex in female hypercholesterolemic Wistar rats 

Thirty-five female Wistar rats were randomized to either standard diet (N=5), 

LabDietⓇ ProlabⓇ RMH 5P00, or 1% high cholesterol diet (N=10 each treatment), Modified 

LabDietⓇ 5P00 with ~1% total cholesterol, throughout a one-week acclimatization period. 

Subsequently, rats in the 1% high cholesterol diet group were administered purified SDG 

(purity: 96.1%) or SDG-enriched polymer complex (SDG equivalent dose was 6 mg/kg, both 



 64 

obtained from Prairie Tide Chemicals Inc. as a gift, Saskatoon, SK, Canada) in Ensure® 

Nutritional drinks (strawberry flavor, bought from Real Canadian Superstore, Saskatoon, SK, 

Canada) orally with syringes once daily for 3 weeks. Blood samples were collected under 

isoflurane anesthesia at 2 weeks after dosing via saphenous vein puncture and at 23 days via 

abdominal aorta puncture. Serum samples were obtained with centrifugation after the blood 

sampling. The body weight and liver weight were measured at the end of the study. ALT and 

AST levels in serum were detected to reflect liver function. Serum total cholesterol (TC), 

triglyceride (TG), high-density lipoprotein cholesterol (HDL-C) were detected after 14 days 

and 23 days of treatment with purified SDG and SDG polymer by using Stanbio Cholesterol 

LiquiColor® Test kit and Stanbio Triglycerides LiquiColor® Test kit, and Sigma HDL and 

LDL/VLDL Quantitation kit, respectively. LDL-C was calculated by these three parameters 

according to equation [TC-TG/5-(HDL-C)]421. After 23 days of treatment, body and liver 

weight were measured to calculate the body weight gain and liver to body weight ratio. Liver 

tissues were collected into 10% formalin solution or RNAprotect Tissue Reagent (Cat 

No.: 76104, Qiagen, Hilden, Germany) for follow-up histology and molecular biological 

experiments, respectively. Histological changes in the liver tissue were observed by slicing 

the samples, which were stored in formalin with appropriate approach, and scoring was 

blinded and conducted by an independent pathologist according to the criteria in Table 6.2. 

From tissue samples stored in the RNAprotect Tissue Reagent, RNA and protein samples 

were isolated using Qiagen Midi RNase kit and ThermoFisher T-PER™ tissue protein 

extraction reagent according to the manuals for qPCR and western blot assays. The RNA 

samples underwent reverse transcription to cDNA and were diluted to the same concentration 

before qPCR analysis. 

 

Table 6.2 The criteria used for histological scoring of the degree of severity of non-

alcoholic fatty liver disease. 

  Definition   Score 

Steatosis <5%  
 

0 

  5% - 33% 
 

1 

  33% - 66%  
 

2 

  >66%  
 

3 

Lobular inflammation No foci 
 

0 

  <2 foci per 200×field 1 

  2-4 foci per 200×field 2 
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  >4 foci per 200×field 3 

Ballooning None  
 

1 

  Few balloon cells 1 

  Many cells/prominent ballooning 2 

Note: NAS (NAFLD activity score) = steatosis + lobular inflammation + ballooning 

 

6.3.3 Real-time PCR  

Quantitative reverse transcription-polymerase chain reaction (qPCR) analysis for 

fibrotic biomarkers was evaluated in rat liver protein samples. After 30 days of high 

cholesterol diet with 23 days of SDG supplementation, the rat liver samples were collected 

into RNAprotect Tissue Reagent for qPCR and western blot assays. Total RNA was isolated 

from homogenized rat liver tissue samples using RNeasy Midi kit (Cat: 75144, Qiagen, 

Canada) according to the kit manual. The RNA concentration was measured at 260 and 280 

nm using NanoVue Plus spectrophotometer (GE lifescience, USA). After the total RNA was 

isolated, OneScript® Plus cDNA Synthesis Kit (Cat: G236, Applied Biological Materials 

(abm), Canada) was used for reverse transcription. cDNA was used for the real-time PCR 

reaction, using PowerUp SYBR™ Green PCR Master Mix (Cat: A25778, ThermoFisher, 

Canada). The primers were designed using IDT PrimerQuest Tool and PubMed gene 

database, the primers’ sequence information is shown in Table 6.3. The Ct value was 

detected and analyzed using BioRad CFX96 Touch™ Real-Time PCR detection system, and 

the result was reported by comparing the 2(-ΔΔCt) values to reflect the expression changes of 

the target genes, using Hrpt1 as reference gene for the normalization.  

 

Table 6.3 Primer sequences used for rat liver samples in quantitative Polymerase Chain 

Reaction (qPCR) 

Primers  Sequence (5′ to 3′) 

Hrpt1 F: CAGTCCCAGCGTCGTGATTA 

R: GGCCTCCCATCTCCTTCATG 

Collagen I⍺1 F: CCAATGGTGCTCCTGGTATT 

R: GTTCACCACTGTTGCCTTTG 

⍺-sma F: GCTCCTCCAGAACGCAAATA 

R: CAGCTTCGTCATACTCCTGTTT 

Timp-1  F: GATTTGTGCACCTGGCAATAC 

R: AGAGAAAGAAAGATGGAGGAAAGG 
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Mmp2 F: CACCAAGAACTTCCGACTATCC 

R: TCCAGTACCAGTGTCAGTATCA 

Note: F – forward primer, R – reverse primer 

 

6.3.4 Western blot 

To assess possible antifibrotic effects of flaxseed lignans, changes in fibrotic protein 

targets, including collagen I, Mmp2, and Timp1 were measured by western blot. After the 

termination of treatment, rat liver samples were collected into RNAprotect Tissue Reagent 

for further study. Homogenized rat liver tissue samples were lysed in T-PER tissue protein 

extraction reagent with protease inhibitor according to manufacturer protocols. The samples 

were centrifuged at 14,000 × g for 20 minutes to remove the debris. The supernatants were 

collected for further analysis. The protein concentrations were determined by Pierce™ BCA 

protein assay kit according to the manual. The samples were heated at 70°C for 10 minutes 

with Bolt LDS agent and electrophoresed in MES running buffer for 23 minutes at 200V 

through 4-12% SDS polyacrylamide gels at equal amount of protein, followed by the 

transference to nitrocellulose membranes at 10V for 60 minutes. Total protein was stained by 

SYPROⓇ Ruby protein blot stain and viewed by BioRad Chemdoc™ imaging system. The 

membranes were subsequently blocked with 5% skim milk in TBS at room temperature for 2 

hours with gentle agitation. The blots were then probed overnight at 4°C with primary 

antibodies at appropriate concentrations of Collagen I (rabbit polyclonal IgG, Cat: PA1-

26204), Mmp2 (rabbit recombinant monoclonal IgG, Cat: ab181286), and Timp1 (rabbit 

polyclonal IgG, Cat: ab61224). The next day, the blots were rinsed with TBS-tween (0.1%) 

and probed with appropriate secondary antibodies for 1 hour at room temperature with 

agitation. After washing, the chemiluminescent substrate was used for semi-quantification. 

The results are expressed as ratios of integrated density values of corresponding protein 

bands from treated to untreated control cells. 

 

6.4 Statistical analysis  

All data are reported as mean ±/+ SD (or mean ±/+ SEM for data from the animal 

study). Statistical analysis for the replicates on one occasion was carried out by one-way 

ANOVA or non-parametric one-way ANOVA for the histological score, or two-way 

ANOVA, followed by Dunnett or Tukey test. Differences were considered significant when 
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P<0.05.  



 68 

7. RESULTS 

7.1 Objective 1: To determine whether TKIs and ENL are either full agonists or 

partial agonists of PPARγ  

A list of TKIs was reported with high binding affinities to PPARγ similar to 

rosiglitazone using a computational docking model, which indicated a possibility that TKIs 

serve as PPARγ agonists in many diseases13. Rather than detecting the conformational 

changes by direct binding assessment, the aim was determine the relative binding affinities of 

TKIs with the rosiglitazone binding site based upon the aforementioned in silico evidence 

using a competitive binding assay kit, followed by Guasch’s methods in screening natural 

products as PPARγ partial agonists186.  

The first objective was to experimentally corroborate the binding pattern to PPARγ for 

three of the reported TKI’s, ibrutinib, dabrafenib, and gefitinib, as well as the mammalian 

lignan, ENL. A competitive binding assay kit with rosiglitazone as a positive control was 

used to confirm the binding affinities of the tested compounds at the common binding site. In 

addition to the assessment of this competitive binding activity, the ability of the compounds 

to transactivate PPARγ was necessary to confirm these compounds as agonists of PPARγ. 

The ability of the compounds to transactivate PPARγ was assessed using PPARγ-transfected 

HepG2 cells, a commonly used cell line for transfection with PPARγ and the Dual-Glo 

luciferase system. Based upon the PPARγ binding affinity and transactivation activity of the 

tested compounds, these experiments would glean whether the compounds were possible full 

or partial agonists of PPARγ. Biological functional assays were further used to confirm the 

pattern of agonism, following the screening method of Guasch’s group186. According to this 

screening method, PPARγ-related biological functions are detected in differentiated 3T3-L1 

mouse adipocytes to assess the compounds’ abilities to modulate PPARγ specific biological 

responses including adipogenesis and glucose uptake activity.  

 

7.1.1 PPARγ competitive binding assay  

A PPARγ competitive binding assay was applied to detect the competitive binding 

affinities of ibrutinib, dabrafenib, gefitinib, and ENL to PPARγ using rosiglitazone and 

FMOC-L-Leu as positive controls. The relative binding affinities of the compounds were 

determined by measuring the shift of fluorescence value, and the relative IC50 values of the 

compounds were determined from the binding plots by a non-linear regression model using 
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GraphPad Prism v6.0. 

The relative IC50 values of PPARγ competitive binding assay for rosiglitazone and 

FMOC-L-Leu were similar to values of 110 nM and 4.8 µM, respectively, reported in the 

literature186, 422, 423 (Table 7.1). Ibrutinib showed a relative IC50 value over 50 μM, but 

solubility limitations precluded the ability to construct a complete cytotoxicity curve. The 

relative IC50 value for dabrafenib was undetermined from the binding plot, while the relative 

IC50 values for gefitinib and ENL were determinable, but similarly to dabrafenib without 

showing a binding saturation when the concentration approached 300 and 200 µM, 

respectively (Figure 7.1). 

 

Table 7.1 The competitive binding affinities, represented as relative IC50 values, of the 

tyrosine kinase inhibitors and enterolactone (ENL). 

Compounds Rosiglitazone FMOC Ibrutinib Dabrafenib Gefitinib ENL 

Relative 

IC50 
111.3 nM 2 µM > 50 μM NA > 50 μM > 50 μM 

Note: NA-not available. FMOC: FMOC-L-Leucine. ENL: enterolactone. Data shown as 

mean of six replicates, performed on three occasions. 
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Figure 7.1 PPARγ competitive binding assay results for ibrutinib (a), dabrafenib (b), 

gefitinib (c), enterolactone (ENL), (d), rosiglitazone (e), and FMOC-L-Leucine (FMOC, f), 

performed as binding percentage using the PolarScreenTM PPARγ-Competitor Assay Kit. a: 

ibrutinib has a relative IC50 value over 50 μM calculated from the concentration range from 

0.5 nM to 50,000 nM (could not go higher due to the solubility limitation); b: the relative IC50 

value of dabrafenib is not available by the plot (no binding trend from the experimental data); 

c: gefitinib has a relative IC50 value of 62 µM; d: ENL has a relative IC50 value of 117µM; e: 

rosiglitazone has a relative IC50 value of 111.3 nM as a known agonist of PPARγ; f: FMOC 

has a relative IC50 value of 2 µM. The data were analyzed by a nonlinear regression model of 

GraphPad Prism v6.0. The data are reported as mean ± SD of six replicates, performed on 

three occasions. 
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7.1.2 PPARγ transactivation assay 

Following agonist binding to PPARγ, the receptor interacts with its coactivators or 

corepressors to activate cellular transcriptional processes142. Hence, assessment of 

competitive binding affinity alone is not adequate to understand whether the tested 

compounds are agonists of PPARγ, and subsequently the ability of the potential agonists to 

transactivate PPARγ was confirmed. Dual-Glo Luciferase reporter assay was performed to 

determine the transactivation of PPARγ by ibrutinib, dabrafenib, gefitinib, and ENL in 

PPARγ-transfected HepG2 cells, using rosiglitazone and FMOC-L-Leu as PPARγ full and 

partial agonist controls, respectively. In this assay, rosiglitazone strongly increased the 

relative luciferase ratio (Firefly/Renila) in PPARγ-transfected HepG2 cells compared to 

untreated cells, and FMOC-L-Leu gave a moderate increase (Table 7.2). Ibrutinib and 

dabrafenib did not produce transactivation at concentrations of 200 nM or 2 µM but 

dabrafenib produced moderate transactivation at a higher concentration (50 µM) with 

statistical significance. Gefitinib and ENL also produced moderate transactivation at 50 µM. 

The higher concentrations (30 or 50 µM) of ibrutinib, dabrafenib, gefitinib, and ENL 

were used to conduct a maximal transactivation measurement for those compounds. The 

relative transactivation potential (relative luciferase ratio to the negative control group) of 

rosiglitazone at the same concentration is about 20-times higher than ibrutinib, 3-times higher 

than dabrafenib and gefitinib, and 10-times and 8-times higher than ENL and known PPARγ 

partial agonist FMOC-L-Leu, respectively (P<0.05) (Table 7.2). 



 

7
2
 

Table 7.2 The relative luciferase ratio for ibrutinib, dabrafenib, gefitinib, and enterolactone (ENL) in PPARγ-transfected HepG2 cells. 

Note: Transactivation of PPARγ was assessed in PPARγ-transfected HepG2 cells using rosiglitazone as a full agonist positive control and 

FMOC-L-Leucine (FMOC-L-Leu) as a partial agonist control. The ability of the compounds to transactivate PPARγ was presented by the 

relative luciferase ratio normalized to the negative control provided within the kit. Data are reported as mean ± SD, N=3, done on three 

occasions; *P<0.05 when compared with the vehicle control using one-way ANOVA followed by Dunnett test.

Compounds Concentration Relative luciferase ratio Compounds Concentration Relative luciferase ratio 

Ibrutinib 

200 nM 1.4 ± 0.4 Gefitinib 50 µM 8.5 ± 0.6* 

2 µM 1.1 ± 0.0  ENL 50 µM 10.7 ± 0.6* 

30 µM 2.4 ± 0.8 FMOC-L-Leu 50 µM 7.7 ± 3.0* 

Dabrafenib 

200 nM 1.1 ± 0.0 

Rosiglitazone 

100 nM 2.0 ± 0.2 

2 µM 1.1 ± 0.2 30 µM 47.6 ± 2.0* 

50 µM 7.4 ± 2.6*    
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7.1.3 Adipogenesis and Glucose uptake assays 

Although binding and transactivation assays suggested the potential of the tested 

compounds to act as PPARγ partial agonists, the biological function of the compounds should 

be detected to confirm their effect on PPARγ specific downstream biological processes, such 

as glucose uptake and adipogenesis activity. If the compounds have low to moderate binding 

affinity to PPAR but fail to stimulate adipogenesis yet enhance insulin-stimulated glucose 

uptake in vitro, then these compounds have the potential to be PPAR partial agonists186.  

To assess the possibility that the TKIs and ENL act as partial agonists, PPAR-

mediated biological functional assays were conducted to confirm the ability of the 

compounds to modulate PPARγ-related responses. Adipogenesis and glucose uptake assays 

were performed in mouse 3T3-L1 preadipocytes. These assays were conducted to distinguish 

partial and full agonists of PPAR according to the methods described by Guasch et al 

screening procedures186.  

As shown in Figure 7.2, adipogenic activity was increased to 1.9, 2.5, and 3.3 times of 

the vehicle control by 1, 20, and 50 µM of rosiglitazone, respectively. The induction was 

higher when concentration increased. FMOC-L-Leu increased adipogenic activity by 34% 

and 38% of the vehicle control at 20 and 50 µM, respectively. Dabrafenib increased 

adipogenesis by around 60%, 88%, and 135% of vehicle control at concentrations of 1, 20, 

and 50 µM, respectively, with a similar concentration-related increase as rosiglitazone. 

Ibrutinib increased adipogenesis by approximately 136%, 175%, and 265% of the vehicle 

control at concentrations of 1, 20, and 50 µM, respectively. ENL showed no induction on 

adipogenic activity, while gefitinib increased adipogenesis by 33%, 50 and 60% at 1, 20, and 

50 µM, respectively, similarly in pattern with FMOC-L-Leu.  

After 3 days of treatment with the compounds, glucose uptake activity was significantly 

increased by 90% by 50 µM of rosiglitazone and was not significantly changed by lower 

concentrations of rosiglitazone and FMOC-L-Leu. Ibrutinib increased glucose uptake activity 

by 70% and 72% at concentrations of 20 and 50 µM, respectively. Gefitinib increased 

glucose uptake activity by 81% and 115% at concentrations of 20 and 50 µM, respectively, 

while ENL increased glucose uptake activity by 89% only at 50 µM. Dabrafenib gave the 

strongest effect and increased glucose uptake activity by 142%, 314%, and 401% at 

concentrations of 1, 20, and 50 µM, respectively. (Figure 7.3). 
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Figure 7.2 The adipogenesis assay was performed to detect PPAR-mediated biological 

functions of the compounds in mouse 3T3-L1 adipocytes. The adipogenic activities of 

different compounds at different concentrations (1 μM, 20 μM, and 50 μM) were detected by 

absorbance measurement at 490 nm after extraction of the Oil Red staining, using the same 

concentrations of rosiglitazone as a full agonist positive control and FMOC-L-Leucine 

(FMOC) as a partial agonist control. The relative lipid accumulation to the vehicle control 

was plotted. Vehicle control (grey) used DMSO at a final concentration of 1%. Data were 

reported as mean + SD of six replicates; *P<0.05 when compared with vehicle control using 

two-way ANOVA followed by Dunnett test. 
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Figure 7.3 The glucose uptake assay was performed to detect PPAR-mediated biological 

functions of the compounds in mouse 3T3-L1 adipocytes. The glucose transport activities of 

different compounds at different concentrations (1 μM, 20 μM, and 50 μM) for 3 days are 

shown by reading the fluorescence of 2-NBDG at (Ex/Em =485/528 nm) using same 

concentrations of rosiglitazone as a full agonist positive control and FMOC-L-Leucine 

(FMOC) as a partial agonist control. Vehicle control (grey) used DMSO at a final 

concentration of 1%. Data are shown as % of glucose uptake stimulation with vehicle control 

which was considered 100% insulin stimulation. Data are reported as mean + SD of six 

replicates; *P<0.05 compared with vehicle control using two-way ANOVA followed by 

Dunnett test.  
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7.2 Objective 2: To determine whether ENL and certain TKIs (ibrutinib, gefitinib, 

and dabrafenib) can suppress HSC activation in TGF-β1-activated human HSCs 

(LX-2 cells).   

As the tested TKIs and ENL might be PPARγ agonists or partial agonists according to 

the first objective, they might suppress HSC activation through PPARγ-related mechanisms. 

To confirm this, the next goal was to evaluate the suppression of fibrotic biomarkers in a cell 

culture model of hepatic fibrosis. A common-used human HSC cell line, LX-2 cell, was used 

and stimulated with one of the major stimuli of hepatic fibrosis, TGF-β1, as the cell culture 

model to investigate the antifibrotic potential and possible mechanisms of the TKIs and/or 

ENL in hepatic fibrosis.  

 

7.2.1 MTT and/or Calcein-AM assays for TKIs and ENL in TGF-β1-stimulated 

LX-2 cells 

7.2.1.1 MTT assay for TKIs in TGF-β1-stimulated LX-2 cells 

To identify appropriate concentrations for use in the assay systems, first, the effect of 

the three TKI drugs on activated LX-2 cell viability was assessed using the MTT assay. After 

LX-2 cells were seeded into 96-well plates, the cells were stimulated with TGF-β1 at a 

concentration of 2.5 ng/mL at 24-hour post-seeding. Six hours after stimulation, the cells 

were treated with ibrutinib, gefitinib, and dabrafenib for 72 hours. The O.D. value at 570 nm 

was plotted against concentration. The relative IC50 values for the test compounds were 

calculated from the plots by a nonlinear regression model using GraphPad Prism v6.0.  

Ibrutinib gave a relative IC50 value around 5 µM in TGF-β1-stimulated LX-2 cells, 

which is about 4 times lower than in the nonTGF-β-stimulated LX-2 cell (Figure 7.4 plot a 

and b); gefitinib had a relative IC50 value around 13 µM in the activated LX-2 cells (Figure 

7.4 plot c); dabrafenib at the tested highest concentration of 100 µM did not reach 50% of the 

maximum inhibitory effect on the cell viability; hence, the IC50 value of dabrafenib was 

considered as over 100 µM (Figure 7.4 plot d).  
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Figure 7.4 The effects of ibrutinib, gefitinib, and dabrafenib on cell viability in TGF-β1-

activated LX-2 cells as determined by MTT assay. Cells were treated with compounds for 72 

hours prior to the addition of MTT for cytotoxicity determination. The IC50 values for the test 

compounds were calculated from the plots by a nonlinear regression model using GraphPad 

Prism v6.0. a) ibrutinib in nonTGF-β1-stimulated LX-2 cells, the IC50 value calculated from 

this plot was 26 µM; plot b) ibrutinib in TGF-β1-stimulated LX-2 cells, the IC50 value 

calculated from this plot was 5 µM; c) gefitinib in TGF-β1-stimulated LX-2 cells, the IC50 

value of gefitinib in activated LX-2 cells was 13 µM; d) dabrafenib in TGF-β1-stimulated 

LX-2 cells, the IC50 value of dabrafenib in activated LX-2 cells was over 100 µM. The data 

were analyzed by a nonlinear regression model of GraphPad Prism v6.0. The data are 

reported as mean ± SD of six replicates (done on two occasions). 
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7.2.1.2 MTT and Calcein-AM assays for ENL in TGF-β1-stimulated LX-2 cells  

Previous work in the Alcorn laboratory suggested that lignans may interact with MTT 

reagent. Hence, both MTT and Calcein-AM assays were used to assess cell viability which 

work via different mechanisms using two different kinds of dyes. These assays were 

conducted to determine the cytotoxicity of ENL and FMOC-L-Leu in activated LX-2 cells424. 

After LX-2 cells were seeded to 96-well plates, the cells were stimulated with TGF-β1 at a 

concentration of 2.5 ng/mL 24 hours later. Six hours after stimulation, the cells were treated 

with ENL and FMOC-L-Leu for 72 hours. The absorbance at 570 nm and fluorescence were 

read at the end of the treatment by MTT or Calcein-AM assay, respectively.  

Both assays showed that even the highest concentrations of ENL (50 µM) did little to 

impact cell viability of TGF-β1-stimulated LX-2 cells (Figure 7.5A), suggesting ENL was 

not toxic to the activated LX-2 cells at high concentrations. FMOC-L-Leu, the known PPARγ 

partial agonist, had a sharp decrease in cell viability when the concentration increased from 

20 µM to 50 µM (Figure 7.5B).  
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Figure 7.5 Cell viability of TGF-β1-activated LX-2 cells following enterolactone (ENL) and 

FMOC-L-Leucine (FMOC, PPAR partial agonist control) treatment determined by MTT 

and Calcein-AM assays. A) ENL (concentrations from 2 nM to 50 µM); B) FMOC 

(concentrations from 1 nM to 50 µM). Cells were treated with the tested compounds for 72 

hours prior to the addition of MTT or Calcein-AM for cytotoxicity determination. The data is 

reported as relative cell viability comparing with the 1% DMSO treated TGF-β1-activated 

LX-2 cells, described as mean + SD of four replicates, done on two occasions. * for MTT 

assay and # for Calcein-AM assay P<0.05 compared with each assay’s vehicle control using 

one-way ANOVA followed by Tukey test. 
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7.2.2 Several factors impact gene expression of fibrotic biomarkers and PPARγ 

in non-TGF-β1 and TGF-β1-activated LX-2 cells  

Following determination of the cytotoxicity of the TKIs and ENL in activated LX-2 

cells, preliminary studies were conducted to identify optimal assay conditions with respect to 

the concentration of TGFβ1 and stimulation time post cell seeding necessary to induce 

appropriate changes in the expression of the biomarkers of fibrosis, as well as treatment 

exposure times to the TKIs and ENL.  Human recombinant TGFβ1 was used to activate 

quiescent the LX-2 cells to establish the in vitro model of hepatic fibrosis – the activated 

HSC. To optimize the time of TGF-β1 stimulation as well as treatment exposure with the 

TKIs in LX-2 cells for assessment of changes in fibrotic biomarkers (collagen I ⍺1, α-SMA) 

and possible signaling mechanisms (PPARγ), gene expression changes were assessed by 

qPCR using non-stimulated LX-2 cells as reference for the calculation. Difference was 

considered significant when the relative mRNA expression was beyond 2 or below 0.5. 

 

7.2.2.1 The concentration of TGF-β1 and the duration of cell-seeding and 

stimulation impacts the expression of fibrotic biomarkers. 

When LX-2 cells were stimulated with human recombinant TGF-β1 at different final 

concentrations (1, 2.5, and 5 ng/mL) 24 or 28 hours after plating, the expression of COL1A1 

and ACTA2 were increased significantly except ACTA2 with 12 hours stimulation at 1 ng/mL 

of TGF-β1. Duration of cell plating before TGF-β1stimulation influenced the gene expression 

of fibrotic biomarkers. With a seeding time of 24h, TGF-β1 stimulation showed greater 

changes in expression of fibrotic biomarkers as compared with a 28h post-seeding time, as 

shown in Figure 7.6.  

The duration of TGF-β1stimulation and the concentration of TGF-β1 influenced the 

fibrotic biomarkers as well. With treatment started at 24 hours after cell seeding, both 

COL1A1 and ACTA2 were increased at a final concentration of 2.5 ng/ml of TGF-β1 with 24 

hours stimulation (Figure 7.6).  

Hence, 2.5 ng/mL of TGF-β1 applied at 24 hours after cell seeding was used for 

subsequent evaluations. Taken COL1A1 and ACTA2 expression changes together into 

consideration, duration of stimulation of 24 hours seemed a better choice than shorter 

stimulation. This needed confirmation when treated with the tested compounds.  



 81 

 

 

 

 

Figure 7.6 The mRNA expression of COL1A1 (A) and ACTA2 (B) in TGF-β1-stimulated 

LX-2 cells. The final concentrations of TGF-β1 were 5, 2.5, 1, and 0 ng/mL. 24 hours 

(12h/24h-24h) or 28 hours (12h/24h-28h) after seeding cells to 96-well plate, the cells were 

stimulated with TGF-β1 for 12h and 24 h. The mRNA expression of COL1A1 and ACTA2 

were measured by qPCR, using β-actin as reference gene for the calculation. The data are 

reported as mean + SD (N=3). * Induction or reduction when the relative mRNA expression 

beyond 2 or below 0.5, respectively. 
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7.2.2.2 mRNA expression changes of the fibrotic biomarkers in TGF-β1-

activated LX-2 cells 

According to the results on the optimization of the duration of cell seeding and TGF-β1 

stimulation, other fibrotic biomarkers were detected to confirm the fibrogenic activity of 

TGF-β1 in LX-2 cells. Activation of LX-2 cells with TGF-β1 for 24 hours significantly 

upregulated mRNA expression of COL1A1, MMP2, and TIMP1 relative to the non-TGF-β1-

stimulated LX-2 cells, while no significant increase was observed for 𝛼-SMA (Figure 7.7).  
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Figure 7.7 The mRNA expression changes of fibrotic biomarkers in nonTGF-β and TGF-β1-

activated LX-2 cells. The cells were stimulated with TGF-β1 at a final concentration of 2.5 

ng/mL for 24 hours. The mRNA expressions of ACTA2, COL1A1, MMP2, TGFB1, and 

TIMP1 were detected by qPCR, using β-actin as reference gene for the calculation. The data 

are reported as mean + SD (N=3, performed on three occasions). *Induction or repression 

when the relative mRNA expression beyond 2 or below 0.5, respectively. 
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7.2.2.3 The time of administration of TKIs after stimulation impacts the 

expression of fibrotic biomarkers. 

After cell seeding time and stimulation conditions were established as above, the 

treatment exposure time was then optimized using 2 and 10 µM of ibrutinib. The qPCR data 

indicated treatment with ibrutinib showed the best outcome when applied 6 hours after 

stimulation with TGF-β1 in LX-2 cells. At 6 hours of exposure to TGF-β1 before treatment 

caused an increase in COL1A1 and ACTA2 expression compared with nonTGF-β1-activated 

LX-2 cells. Following treatment with 1 µM of rosiglitazone at 12 hours after TGF-β1 

stimulation, (rosiglitazone was used as a PPARγ full agonist control for all treatment groups), 

the expression of COL1A1 was decreased compared to the vehicle-treated TGF-β1 activated 

LX-2 cells, while no changes were observed for ACTA2 expression. Ibrutinib, at 

concentrations of 2 and 10 µM, decreased the expression of COL1A1 further when was 

applied at 6 hours after TGF-β1 stimulation than at 0 and 12 hours (Figure 7.8).  

Consequently, the dosing time of TKI treatment was set to 6 hours after TGF-β1 

stimulation. Along with the concentration and duration of the stimulation, 24 hours of total 

stimulation with 2.5 ng/mL of TGF-β1 and treatment applied 6 hours later seemed 

appropriate to investigate the ability of TKIs to suppress the biomarkers of hepatic fibrosis in 

vitro.  
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Figure 7.8 The mRNA expression of COL1A1 (A) and ACTA2 (B) after treatment with 

ibrutinib at different time points in TGF-β1-stimulated LX-2 cells. 2.5 ng/mL of TGF-β1 was 

applied to Non-TGF-β-stimulated LX-2 cells 24 hours after plating. Ibrutinib was applied at 

the same time with TGF-β1, 6 and 12 hours after TGF-β1 stimulation. The mRNA expression 

of COL1A1 and ACTA2 was measured by qPCR, using β-actin as reference gene for the 

calculation. The data are reported as mean + SD (N=3, performed on three occasions). 

*Induction or repression when the relative mRNA expression was beyond 2 or below 0.5, 

respectively. 
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7.2.3 Changes in fibrotic biomarkers in TGF-β1-stimulated LX-2 cells  

After the optimization of cell culture conditions necessary to stimulate the expression 

of biomarkers of hepatic fibrosis in activated LX-2 cells, the ability of TKI’s and ENL to 

suppress the expression of the hepatic biomarkers was subsequently assessed in TGF-β1-

activated LX-2 cells in the absence and presence of TKI drugs and ENL using qPCR and 

Elisa. The key hepatic fibrotic biomarkers, including collagen Iα1, MMP2, TGF-β1, and 

TIMP1, are highly expressed in TGF-β1-activated LX-2 cells compared to non-TGF-β1-

stimulated LX-2 cells. As dabrafenib showed a significant induction of glucose uptake 

activity, it is believed that there might be other pathways involved in the modulation of 

PPARγ-related mechanism. Thus, dabrafenib was excluded for further study on the 

antifibrotic effects of TKIs.  

Both ibrutinib and gefitinib reduced collagen Iα1 expression in activated LX-2 cells at 

certain concentrations, especially for gefitinib (Figure 7.9). TGF-β1 stimulation increased the 

expression of COL1A1, MMP2, TGFB1, and TIMP1 compared with the non-TGF-β1-

stimulated LX-2 cells, while no differences were observed with ACTA2 expression. Ibrutinib 

suppressed ACTA2, COL1A1, MMP2, TGFB1, and TIMP1 at 0.5 µM but increased ACTA2, 

MMP2, and TIMP1 at 5 µM, while no biological significant modulation was observed with 

the targets at other concentrations. Gefitinib considerably decreased the expression of 

COL1A1 and MMP2 in a concentration-dependent manner. ACTA2 was increased by gefitinib 

to 2.2-fold at 1 µM and remained similar to the vehicle control at 2 and 10 µM. Gefitinib 

reduced TGFB1 and TIMP1 expression as well, but the concentration-response relationship is 

not as clear as COL1A1and MMP2. However, because TGF-β1 is used as a stimulator for the 

hepatic fibrosis model, it might not be appropriate to use the expression of TGFB1 as an 

indicator for antifibrotic effects of the compounds. 
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Figure 7.9 The relative mRNA expression of hepatic fibrotic biomarkers in TGF-β1-

stimulated LX-2 cells after treatment with ibrutinib (0.5, 1, 5μM) or gefitinib (1, 2, 10 μM) 

for 24 hours (6 hours of stimulation with 18 hours of treatment with different concentrations 

of compounds), using β-actin as reference gene and the vehicle-treated activated LX-2 cells 

as control for the calculation. Rosiglitazone (1 μM) was used as positive control. Data are 

presented as mean + SD of triplicates on three occasions. * significant induction or repression 

when the relative mRNA expression beyond 2 or below 0.5, respectively.  
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The secretion of ECM during fibrogenesis is one of the major characteristics of hepatic 

fibrosis. To understand the effects of TKIs and ENL on ECM production, ELISA was 

performed for collagen I⍺1 and MMP9 in TGF-β1-stimulated LX-2 cells after treatment with 

ibrutinib, dabrafenib, and gefitinib at different concentrations for 24h, 48h, and 72h (Figure 

7.10). Pro-collagen I⍺1 was detected in samples from the cell extracts as well as in the 

supernatants, while MMP9 was detected for the supernatant samples by the appropriate 

ELISA kits. The concentrations of the target proteins were determined by the corresponding 

standard curve, and the relative ratio of the different groups to the activated LX-2 cells at the 

same time point was reported.  

TGF-β1 induced the production and secretion of pro-collagen I⍺1 and decreased the 

secretion of MMP9 in LX-2 cells when compared with nonTGF-β1-treated LX-2 cells 

(Figure 7.10). TGF-β1 stimulated the production of pro-collagen I⍺1 in cell extracts at 24 

and 72 hours after stimulation. The secretion of pro-collagen I⍺1 in the supernatants was 

increased by the TGF-β1 stimulation as well at 24, 48, and 72 hours. MMP9 was reduced by 

TGF-β1 stimulation in supernatants at 48 and 72 hours. In TGF-β1-stimulated LX-2 cells, 

rosiglitazone at 1 µM showed no significant effect on pro-collagen I⍺1 and MMP9 but 

caused an increasing trend on MMP9 at 24, 48 to 72 hours after treatment.  

Ibrutinib decreased the production of pro-collagen I⍺1 significantly in cell extracts only 

at 5 µM after 72 hours of treatment. The secreted pro-collagen I⍺1 was reduced while MMP9 

was increased by 5 µM of ibrutinib at both 48 and 72h. Gefitinib decreased protein 

production and secretion of pro-collagen I⍺1 in both the cell extracts and supernatants in a 

concentration- and time-dependent pattern. Gefitinib also induced the production of MMP9 

in the TGF-β1-stimulated LX-2 cells at 5 µM with 72 hours of treatment.  

Dabrafenib also caused reduction of pro-collagen I⍺1 protein expression at 1 µM in a 

time-dependent manner in TGF-β1-stimulated LX-2 cells. However, the pattern of expression 

changes changed at higher concentrations of dabrafenib, such that pro-collagen I⍺1 protein 

induction occurred at 72h with 5 µM of dabrafenib. This suggests that there might be 

multiple cellular signaling pathways involved in the modulation of fibrotic biomarkers in 

hepatic fibrotic processes, leading to different cellular responses. Further study should be 

performed to investigate possible mechanisms of the regulation of dabrafenib in hepatic 

fibrosis.  

  



 89 

 

 

 

 

 

 

 

 

 

 

 

 



 90 

 

 

Figure 7.10 Protein expression changes of Pro-collagen I⍺1 and MMP9 in TGF-β1-activated 

LX-2 cells. The LX-2 cells were treated with or without ibrutinib, dabrafenib, and gefitinib 

for 24, 48, and 72 hours, using the vehicle-treated TGF-β1-activated LX-2 as normalization 

reference and rosiglitazone at 1 μM as a potential positive control. Pro-collagen I⍺1 was 

detected in cell extract (A) and supernatants (B) at 24 h, 48h (not in cell extracts), and 72 h, 

while MMP9 was detected in the supernatants of the cell culture at 24 h, 48 h, and 72 h (C). 

Evaluations were performed in duplicate using TGF-β1-activated LX-2 cells at the same time 

point as reference.  (Rosi: rosiglitazone, at concentration of 1 μM; ibrutinib, at concentrations 

of 0.5, 1, 5 μM; dabrafenib, at concentrations of 1, 2, 5 μM; gefitinib, at concentrations of 1, 

2, 5 μM). The data were reported as mean + SD of duplicates on two occasions. #, *, and▲ 

means P<0.05, compared with vehicle-treated TGF-β1-stimulated LX-2 cells at the same 

time point using one-way ANOVA followed by Tukey test.  
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According to the gene and protein expression changes of the fibrotic markers in the 

TGF-β1-stimulated LX-2 cells, gefitinib demonstrated the greatest ability to attenuate HSC 

activation and ECM production when compared with the other two TKIs. Thus, gefitinib was 

chosen as the TKI drug model for the next steps of investigation, along with the assessment 

on the combination with ENL in activated LX-2 cells. Although gefitinib downregulated the 

expression of COL1A1, MMP2, and TIMP1 with a concentration-dependent trend in TGF-β1-

activated LX-2 cells, ENL showed no clear trend on those fibrotic biomarkers, and there were 

no biologically significant changes when the compounds were used alone (Figure 7.11). In 

combination, ENL and gefitinib decreased COL1A1 and the reduction was stronger when the 

concentration of gefitinib increased, with significance at a high concentration of ENL. The 

combination caused modest downregulation of MMP2 and TIMP1. However, the pattern of 

these changes was not observed at 10 µM of gefitinib with 1µM of ENL. As minor changes 

to the cell culture conditions and the treatment may impact the expression of the fibrotic 

biomarkers (namely cell plating density and time when seeded qPCR results might differ on 

different occasions). Since a similar trend was observed, the mRNA expressional changes 

indicated that the combination of ENL and gefitinib improved fibrotic biomarker expression 

in TGF-β1-activated LX-2 cells. Further study on the state of the LX-2 cells should be done 

to better understand this in vitro model in the investigation of hepatic fibrosis.  
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Figure 7.11 The relative mRNA expression of fibrotic biomarkers (collagen I⍺1 (COL1A1), 

MMP2, and TIMP1) in TGF-β1 stimulated LX-2 cells after treatment with gefitinib (1 and 10 

μM), enterolactone (ENL, 1 and 50 μM), and the combination of gefitinib (G, 1 and 10 µM) 

and ENL (E, 1 and 50 µM) for 24 hours (6 hours of stimulation with 18 hours of treatment 

with different concentrations of compounds), using β-actin as reference gene and TGF-β1-

activated LX-2 cells as control for the calculation. Data are presented as mean + SD of 

triplicates on three occasions. *Induction or reduction when the relative mRNA expression 

beyond 2 or below 0.5, respectively. 
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At the protein level, gefitinib, at a concentration of 10 µM, decreased the production 

and secretion of pro-collagen I⍺1 protein in both the cell extracts and cell culture 

supernatants in TGF-β1-stimulated LX-2 cells. The reduction was higher when the 

concentration increased or when the treatment was longer (Figure 7.12). ENL had little 

impact on the production of pro-collagen I⍺1 protein in both cell extracts and supernatants 

when used alone. In combination, gefitinib with ENL decreased the production of pro-

collagen I⍺1 in cell extracts to a further extent than using gefitinib alone, a trend that was 

related to concentration and time. However, the secretion of pro-collagen I⍺1 into the 

supernatants was increased by the combination of ENL with low concentrations of gefitinib 

to about 2 times of the vehicle control after 24 hours of treatment. 

The protein expression changes of ⍺-SMA, another fibrotic marker, were measured by 

western blot in TGF-β1-activated LX-2 cells after treatment with gefitinib and/or ENL 

(Figure 7.13). After 24h treatment, ⍺-SMA was decreased by ENL and its combination with 

gefitinib, but the changes caused by gefitinib were not significant. With longer treatment, 

gefitinib caused a reduction in ⍺-SMA protein expression. ENL and the combination of ENL 

with gefitiib still showed a reduction, but the extent was lower than at 24h. There was no 

clear concentration-response relationship with respect to ⍺-SMA modulation by the 

treatments. 
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Figure 7.12 Protein expression changes of pro-collagen I⍺1 in TGF-β1-stimulated LX-2 cells 

after treatment with gefitinib and/or enterolactone (ENL). LX-2 cells were stimulated for 6 

hours before treatment with or without gefitinib and/or ENL at different concentrations for 24 

and 48h, gefitinib at concentrations of 1, 3, and 10 µM; ENL at concentrations of 1, 10, and 

50 µM; and combination of gefitinib (1 and 10 µM) and ENL (1, 10, and 50 µM). Pro-

collagen I⍺1 was measured in cell extracts (A) and supernatants (B), using TGF-β1-

stimulated LX-2 cells at the same time point as normalization references. The data were 

reported as mean + SD of duplicates on three occasions. # * means P<0.05, compared with 

the vehicle-treated TGF-β1-stimulated LX-2 cells at the same time point using two-way 

ANOVA followed by Tukey test.   
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Figure 7.13 Protein expression of ⍺-SMA in TGF-β1-activated LX-2 cells after treatment 

with gefitinib and/or enterolactone (ENL). The LX-2 cells were stimulated for 6 hours before 

treatment with or without gefitinib and/or ENL at different concentrations for 18 and 42h. A 

and B) TGF-β1-activated LX-2 cells were treated with gefitinib of 1 and 10 µM (lanes 1 and 

2) or ENL of 1 and 50 µM (lanes 3 and 4); C and D) The TGF-β1-activated LX-2 cells were 

treated with the combination of gefitinib (1 and 10 µM) and ENL (1 and 50 µM) (lanes 5, 6, 

7, and 8), using vehicle-treated TGF-β1-activated LX-2 cells as control (lane 9) and total 

protein stained by SYPRO Ruby blot stain reagent (A’ and B’ for A and B, respectively, 

protein ranges from 10 to 250 kDa according to BioRad Precision Plus Protein Dual Color 

Standards, where the dual-color bands were stained as the red in panel A’ and B’) as 

normalizing reference. The relative expression of ⍺-SMA for each group was normalized to 

the TGF-β1-activated LX-2 group, located at the red arrow on the blot. The data were 

reported as mean + SD of duplicates on two occasions. * and # mean P<0.05, compared with 

the vehicle-treated TGF-β1-stimulated LX-2 cells at the same time point using one-way 

ANOVA followed by Dunnett test. 
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7.2.4 Scratch wound healing assay for gefitinib and ENL in TGF-β1-stimulated 

LX-2 cells  

Hepatic fibrosis is characterized as a dynamic wound healing response of the liver, 

which is believed to be one therapeutic target to resolve fibrotic scars within the liver, 

making the recovery of hepatic fibrosis or even cirrhosis possible425. Since liver fibrosis is 

defined as a wound healing response, inhibition of cell migration by gefitinib and/or ENL 

was evaluated by the wound healing response assay. The width of the artificial wound was 

measured and performed as mean ± SD for duplicates on three occasions measured by Image 

J according to Zoe imager (Table 7.3). Compared with TGF-β1-stimulated LX-2 cells at 24 

hours of treatment, gefitinib and ENL inhibited cell migration and the inhibition was 

increased when the concentration increased from 1 to 10 µM, though ENL inhibition of 

migration was milder. In combination, gefitinib and ENL showed a greater inhibition on cell 

migration than each compound alone. Images were taken by Olympus due to their higher 

resolution (Figure 7.14).  
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Table 7.3 The width of the wound for three fields per well after treatment with gefitinib 

and/or enterolactone (ENL) for 24h in TGFβ1-stimulated LX-2 cells. 

Treatment Width 

Before treatment (0h) 304.94 ± 42.46 µm 

Non-TGF-β1-treated LX-2 cells 44.89 ± 2.08 

TGF-β1-stimulated LX-2 cells 37.38 ± 4.11 

Gefitinib - 1 µM 61.93 ± 7.57* 

Gefitinib - 3 µM 148.89 ± 7.84* 

Gefitinib - 10 µM 183.79 ± 6.33* 

ENL - 1 µM 55.68 ± 1.19* 

ENL - 10 µM 115.95 ± 8.86* 

ENL - 100 µM 127.36 ± 1.98* 

Gefitinib + ENL - 1+1 µM 71.28 ± 3.03* 

Gefitinib + ENL - 1+10 µM 115.95 ± 8.86* 

Gefitinib + ENL - 1+100 µM 154.33 ± 1.58* 

Gefitinib + ENL - 10+1 µM 207.75 ± 4.94* 

Gefitinib + ENL -10+100 µM 226.07± 5.61* 

Note: * means P<0.05 when compared with the vehicle-treated TGF-β1-stimulated LX-2 

cells at 24 hours after treatment with gefitinib and/or ENL using one-way ANOVA followed 

by Tukey test (data were shown as mean ± SD for duplicates, done in three occasions).  
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Figure 7.14 The wound healing assay endpoint images for gefitinib (G) and/or enterolactone 

(ENL or E) for 24 hours, using NonTGF-β-stimulated LX-2 and TGF-β1-activated LX-2 as 

controls. LX-2 cells were seeded at appropriate density into 6-well plates for overnight 

attachment. A scraped gap was made by using a 10 µL clear micropipette tip in each well 

right before the cells were stimulated with TGF-β1 at 2.5 ng/mL 6 hours before treatment 

with gefitinib and/or ENL at different concentrations for 18 hours. The cell migration was 

observed and imaged by Olympus microscope, original magnification 400 ×. The gaps were 

indicated by two white lines, the inhibition on cell migration was revealed by the number of 

cells migrated to the gap after treatment, compared with the pre-treatment with both the 

nonTGF-β-stimulated and TGF-β-stimulated LX-2 cells after 24 hours. 
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7.2.5 Possible mechanisms of the attenuation of activated LX-2 cells by 

gefitinib and ENL 

As indicated by the wound healing assay and the gene and protein expression changes 

of the key fibrotic biomarkers, gefitinib and ENL seem to exhibit antifibrotic potential in 

activated HSCs. As possible mechanisms of the suppression of HSC activation, PPARγ, 

PKM2 as a potential downstream factor of PPARγ, and key factors of the Wnt, Nrf2, and ER-

stress related signaling pathways were assessed as a preliminary study. Markers including 

PPARγ, Nrf2, and ATF4 and CHOP, as markers of ER-stress pathway, were chosen for this 

preliminary evaluation in TGF-β1-stimulated LX-2 cells. All treatments with different TKIs 

and/or ENL were performed in TGF-β1-stimulated LX-2 cells, TGF-β1-stimulated LX-2 

cells and/or non-TGF-β1-stimulated LX-2 cells along with appropriate negative vehicle 

controls. 

 

7.2.5.1 PPARγ-related changes by gefitinib and ENL in LX-2 cells  

7.2.5.1.1 PPARG mRNA expression changes by ibrutinib in Non-TGF-β1-

stimulated LX-2 cells 

To confirm the involvement of PPARγ in HSCs activation, the endogenous expression 

and the changes of PPARG after treatment with ibrutinib were first measured by qPCR in 

nonTGF-β1-stimulated LX-2 cells. PPARG mRNA expression was low and relatively 

unchanged after treatments with ibrutinib and rosiglitazone for 12 hours, 24 hours, and 72 

hours in nonTGF-β1-stimulated LX-2 cells (Figure 7.15). The results indicated that cytokine 

activation should be applied to the LX-2 cells for PPARγ study and evaluations should be 

conducted in TGF-β1-stimulated LX-2 cells. 
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Figure 7.15 The relative PPARG mRNA expression in nonTGF-β1-stimulated LX-2 cells 

after treatment with rosiglitazone and ibrutinib for 12h, 24h, and 72h (compared with the 

vehicle control group), using β-actin as reference gene for the calculation. Data are presented 

as mean + SD of triplicates on three occasions. It is considered significant induction or 

repression when the relative mRNA expression is beyond 2 or below 0.5, respectively. 
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7.2.5.1.2 PPARG and PKM2 mRNA expression changes by TKIs in TGF-

β1-stimulated LX-2 cells 

To confirm the involvement of PKM2 as a downstream factor of PPARγ, the 

expression changes of PKM2 and PPARG was measured by qPCR in TGF-β1-stimulated LX-

2 cells after 18 hours of treatment with ibrutinib and gefitinib, using rosiglitazone at 1 μM as 

positive control for PPARγ. At 1 μM, rosiglitazone showed no significant modulation of both 

PPARG and PKM2. PKM2 mRNA expression was upregulated 3-fold by treatment of 

ibrutinib at concentration of 5 μM and PPARG was downregulated 3-fold at the same 

concentration of ibrutinib in TGF-β1-activated LX-2 cells. Gefitinib decreased the mRNA 

expression of PKM2 in TGF-β1-activated LX-2 cells by 2-fold while the impact on PPARG 

was mild at all concentrations of gefitinib for 18 hours (Figure 7.16).   
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Figure 7.16 The relative PPARG and PKM2 mRNA expression in TGF-β1-stimulated LX-2 

cells with treatment of ibrutinib at 1 and 5 µM (A) and gefitinib at 1, 3, and 10 µM (B) for 18 

hours), using β-actin as reference gene and TGF-β1-activated LX-2 cells as control for the 

calculation while rosiglitazone at 1 μM was used as a positive control. Data were presented as 

mean + SD of triplicates on three occasions. *Induction or reduction when the relative 

mRNA expression beyond 2 or below 0.5, respectively. 
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7.2.5.1.3 Protein changes of PPARγ by gefitinib and ENL in TGF-β1-

stimulated LX-2 cells  

To confirm the involvement of PPARγ and PKM2 in the antifibrotic response of 

gefitinib and/or ENL, a preliminary study on the effects of test compounds on PPARγ and 

PKM2 protein expression was conducted by western blot. Normalized to β-Actin, the result 

showed that low concentrations of ibrutinib had no impact on both PPARγ and PKM2 while 

higher concentrations increased PPARγ expression after 6 hours of TGF-β1 stimulation with 

another 42 hours treatment (Figure 7.17). The expression of PPARγ protein was not changed 

by TGF-β1 stimulation in LX-2 cells and PKM2 was decreased by the stimulation. As well, 

rosiglitazone did little impact on both PPARγ and PKM2 protein comparing with the vehicle 

control.  

Based upon these results and other works in the Alcorn lab related to TKIs and ENL, 

the expression of β-actin fluctuated at the same loading amount, suggesting an effect on the 

β-actin protein by TGF-β1 and the TKI treatments. Based upon the current results and the 

reported work of TKIs on housekeeping proteins, it is possible that the expression of common 

control proteins for western blot would be modified by TKIs and lignans. Because of the 

expression difference between reference genes within different treatments, the results were 

not appropriate for further investigation. Thus, normalization using total protein was used for 

subsequent western blot assays. 
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Figure 7.17 Preliminary study on the protein expression changes of PPARγ and PKM2 as 

measured by western blot. The activated LX-2 cells were treated with different 

concentrations of ibrutinib for 42 hours, using rosiglitazone as positive control and non-TGF-

β1-stimulated LX-2 and TGF-β1-activated LX-2 as negative controls. The relative expression 

of both PPARγ (open), PKM2 (grey), and β-actin (dark) was calculated, using β-Actin as 

reference protein, and relative expression for each group was normalized to the PPARγ or 

PKM2 protein levels of activated LX-2 group.  

 

   

A 
PPARγ (55 KDa) 
β-Actin (42 KDa) 

B 
PKM2 (63 KDa) 
β-Actin (42 KDa) 
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With a modification of the western blot protocol, PPARγ protein expression was 

detected in TGF-β1-activated LX-2 cells after treatment with the combination of gefitinib and 

ENL, using total protein as reference. Following 18 h of treatment with gefitinib and/or ENL 

after a 6 h TGF-β1 stimulation period, gefitinib increased PPARγ protein expression which 

was related to increases in concentration, while ENL failed to alter PPARγ expression 

(Figure 7.18 A and B). The combination of gefitinib and ENL increased the induction of 

PPARγ with increasing concentrations (Figure 7.18 C and D). 

With longer treatment, PPARγ expression increased further with gefitinib and/or ENL 

treatment (Figure 7.19). The combination increased PPARγ expression to a further extent 

with a reverse relationship to concentration at 10 µM of gefitinib, a concentration which 

approaches the IC50 value of gefitinib in TGF-β1-stimulated LX-2 cells. However, the 

combination of gefitinib and ENL caused a decreasing trend in the induction of PPARγ with 

increasing concentrations and when gefitinib was at a high concentration (10 µM), a 

concentration that approaches the IC50 value obtained from the MTT assay.  
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Figure 7.18 PPARγ protein expression changes as measured by western blot in LX-2 cells 

stimulated with TGF-β1 for 6 hours followed by treatment with gefitinib or enterolactone 

(ENL) or their combination for another 18 hours. A and B: The TGF-β1-activated LX-2 cells 

were treated with gefitinib (1, 3, and 10 µM) or ENL (1, 10, 100 µM); C and D: The TGF-β1-

activated LX-2 cells were treated with the combination of gefitinib (1 and 10 µM) and ENL 

(1, 10, and 100 µM), using vehicle-treated TGF-β1-activated LX-2 cells as control and total 

protein stained by SYPRO Ruby blot stain reagent (A’ and C’ for A and C, respectively, 

protein ranges from 10 to 250 kDa according to BioRad Precision Plus Protein Dual Color 

Standards, where the dual-color bands were stained as the red in panel A’ and B’) as 

normalizing reference. The relative expression of PPARγ for each group was normalized to 

the TGF-β1-activated LX-2 group, located at the red arrow on the blot. The data were 

reported as mean + SD of duplicates on two occasions. * means P<0.05, compared with the 

vehicle-treated TGF-β1-stimulated LX-2 cells using one-way ANOVA followed by Dunnett 

test. 

 

 

 

  

* *

*

0
4
8

12
16

T
G

F
β
1

1
µ

M

3
µ

M

1
0
µ

M

1
µ

M

1
0
µ

M

1
0
0
µ

M

 LX-

2 Gefitinib ENL

R
el

at
iv

e
p
ro

te
in

le
v
el

 o
f 

P
P
A

R
γ

B

*
*

0
2
4
6
8

10

T
G

F
β
1

1
+

1
µ

M

1
+

1
0
µ

M

1
+

1
0
0
µ

M

1
0
+

1
µ

M

1
0
+

1
0
0
µ

M

 LX-2 Combination (Gefitinib+ENL)

R
el

at
iv

e
p
ro

te
in

le
v
el

 o
f 

P
P
A

R
γ

D

C 

PPARγ (55 
KDa) 
 

A 
PPARγ  
(55 KDa) 
 

A’ 

C’ 



 107 

ThermoFisher 

Ladder (KDa) 
250 

130 
100 

70 
55 

35 
25 

 

15 

 

10 

 

 

 

 
 

Figure 7.19 PPARγ protein expression changes as measured by western blot in LX-2 cells 

stimulated with TGF-β1 for 6 hours followed by treatment gefitinib or ENL or their 

combination for another 42 hours. The TGF-β1-activated LX-2 cells were treated with 

gefitinib (1 and 10 µM), ENL (1 and 50 µM), or the combination of gefitinib (1 and 10 µM) 

and ENL (1 and 50 µM), using vehicle-treated TGF-β-activated LX-2 cells as control and 

total protein stained by SYPRO Ruby blot stain reagent (A’, protein ranges from 10 to 250 

kDa according to ThermoFisher PageRuler™ Plus Prestained Protein Ladder) as normalizing 

reference. The relative expression of PPARγ for each group was normalized to the TGF-β1-

activated LX-2 group, located at the red arrow on the blot. The data were reported as mean + 

SD of duplicates on two occasions. * means P<0.05, compared with the vehicle-treated TGF-

β1-stimulated LX-2 cells and # means P<0.05, compared with the treatment of gefitinib at 1 

µM using one-way ANOVA followed by Tukey test. 
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7.2.5.2 Preliminary study on gene expression of Wnt pathway 

To confirm the involvement of the Wnt pathway as a possible mechanism for the 

suppression of hepatic biomarkers of fibrosis in LX-2 cells, an initial qPCR study on β-

catenin and several Wnt isoforms was performed in TGF-β1-stimulated LX-2 cells, in the 

presence and absence of ENL and FMOC-L-Leu, along with the measurement on PPARγ and 

collagen I (Figure 7.20). Comparison of activated LX-2 cells with the nonTGF-β1-stimulated 

LX-2 cells suggested PPARγ and Wnt pathways may be involved in the process of HSCs 

activation. For instance, PPARG, AXIN2, and WNT1 expression were significantly decreased 

in TGF-β1-activated LX-2 cells compared with nonTGF-β1-activated LX-2 cells, while 

COL1A1 and WNT5A expression was increased in the TGF-β1-activated LX-2 cells. Mild 

resolution in some of the treatment groups occurred after 18-hour incubation including 

PPARG, AXIN2, and WNT3 but without biologically significant changes, while CTNNB1, 

which codes for β-catenin, was decreased when treated with 10 µM of FMOC-L-Leu, 1 and 

10 µM of ENL. As there was no pattern found in the gene expression changes for both 

canonical and non-canonical Wnt pathways, ENL may not work via the Wnt pathway 

primarily for potential antifibrotic effects. Further study at the protein level will need to be 

done in the future. 
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Figure 7.20 The relative mRNA expression of PPARG, COL1A1, and β-catenin/Wnt related 

targets in TGF-β1-stimulated LX-2 cells with the treatment of FMOC-L-Leucine (FMOC) 

and enterolactone (ENL), using β-actin as reference gene and TGF-β1-activated LX-2 cells as 

control for the calculation. Data are presented as mean + SD of triplicates on three occasions. 

*Induction or repression when the relative mRNA expression was beyond 2 or below 0.5, 

respectively. 
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7.2.5.3 Oxidative stress assay for gefitinib and ENL in TGF-β1-activated LX-2 

cells 

7.2.5.3.1 Mitochondrial ROS production changes by gefitinib and ENL in 

TGF-β1-activated LX-2 cells 

Oxidative stress is indicated to play a role in the pathology of hepatic fibrosis and may 

serve as a therapeutic target for antifibrotic agents. TGF-β was reported to increase hydrogen 

peroxide production in rat HSCs133. As mitochondrial production of ROS is related to the 

activation of HSCs and PPARγ-related pathways, mitochondrial ROS production was 

measured using MitoSox Red mitochondrial superoxide indicator to reflect oxidative stress in 

TGF-β1-activated LX-2 cells treated in the absence or presence of gefitinib and/or ENL.  

As shown in Figure 7.21, TGF-β1-stimulated LX-2 cells showed a greater superoxide 

production with 1 hour of treatment which is consistent with the literature133, but there was 

no difference at the other time points. Gefitinib reduced superoxide production at 1 hour and 

the reduction became higher when the concentration increased from 1 to 10 µM. ENL at 50 

µM mildly decreased superoxide production. The combination of gefitinib and ENL 

decreased the superoxide production earlier (i.e., at 0.5 h) and the attenuation generally 

increased when the concentration increased. All treatment groups showed no significant 

differences in superoxide production in activated LX-2 cells with a longer treatment at 3h, 

which agrees with the literature426. This is also confirmed with the antioxidant capacity assay, 

as the cell pellet samples were collected and homogenized by a hand-held vortex 

homogenizer, such that there was large variation for different groups (results of the total 

antioxidant capacity not shown).  
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Figure 7.21 Mitochondrial superoxide production in TGF-β1-stimulated LX-2 cells treated 

with gefitinib and enterolactone (ENL). LX-2 cells were stimulated with TGF-β1 for 6 hours 

before treatment with gefitinib or ENL or their combination for another 0.5, 1, and 3 hours. 

The TGF-β-activated LX-2 cells were treated with gefitinib (1 and 10 µM), ENL (5, 50 µM), 

and the combination of gefitinib (1 and 10 µM) and ENL (1 and 50 µM), using non-TGF-β 

stimulated LX-2 cells as a negative control. Data are presented as mean + SD of triplicates on 

three occasions. * # means P<0.05, comparing with the vehicle-treated TGF-β1-stimulated 

LX-2 cells at the same time point, using two-way ANOVA followed by Tukey test. 
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7.2.5.3.2 Nrf2 protein changes by gefitinib and ENL in TGF-β1-activated 

LX-2 cells 

Since Nrf2 is believed to be involved in the antioxidant response and the ER stress-

related pathway, protein expression changes of Nrf2 were determined after treatment with 

gefitinib and ENL in TGF-β1-stimulated LX-2 cells. Nrf2 protein expression was decreased 

by half but with no significance in TGF-β1-activated LX-2 cells when treated with gefitinib 

at both 0.5 h and 1 h following 6 hours of TGF-β1 stimulation, when compared with vehicle-

treated activated LX-2 cells (Figure 7.22). ENL showed a similar insignificant decrease at 

0.5 h and returned to normal expression levels at 1 h. However, when combined, there was 

induction on Nrf2 at both 0.5 h and 1 h after treatment at the highest concentrations of 

gefitinib and ENL (i.e., 10 µM of gefitinib with 50 µM of ENL). At 3 h after treatment, all 

groups showed similar Nrf2 expression with the vehicle-treated group (data not shown). 
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Figure 7.22 The expression changes of Nrf2 protein were measured by western blot. LX-2 

cells were stimulated with TGF-β1 for 6 hours before treatment with gefitinib, enterolactone 

(ENL), or their combination for another 0.5h (A) and 1h (C). The TGF-β1-activated LX-2 

cells were treated with gefitinib (1, and 10 µM), ENL (1, and 50 µM), or with the 

combination of gefitinib (1 and 10 µM) and ENL (1 and 50 µM), using vehicle-treated TGF-

β1-activated LX-2 cells as control and total protein stained by SYPRO Ruby blot stain 

reagent (A’ and C’ for A and C, respectively, protein ranges from 10 to 250 kDa according to 

ThermoFisher PageRuler™ Plus Prestained Protein Ladder) as normalizing reference. The 

relative expression of Nrf2 for each group was normalized to the TGF-β1-activated LX-2 

group (B and D), located at the red arrow on the blot. The data were reported as mean + SD 

of duplicates on two occasions. * means P<0.05, compared with the vehicle-treated TGF-β1-

stimulated LX-2 cells and # means P<0.05, compared with the treatment of gefitinib at 10 

µM using one-way ANOVA followed by Tukey test.  
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7.2.5.4 Apoptosis-related assays for gefitinib and ENL in TGF-β1-stimulated LX-

2 cells  

As HSCs play a key role in the development of hepatic fibrosis, elimination of 

activated HSCs through induction of apoptosis of these cells in fibrotic liver might be an 

efficient therapeutic approach to treat hepatic fibrosis427. Thus, it is important to understand 

the effects of treatment on apoptosis of activated LX-2 cells in this study.  

7.2.5.4.1 Caspase-3/7 apoptosis induction by gefitinib and ENL in TGF-β1-

activated LX-2 cells 

According to the literature, a relationship may exist between oxidative stress and ER 

stress, and a potential target mechanism is ER stress-induced apoptosis to deplete activated 

myofibroblasts428. First, a caspase-3/7 apoptosis assay was conducted to assess whether 

gefitinib and ENL may cause apoptosis of TGF-β1-stimulated LX-2 cells. Compared with 

vehicle control, gefitinib induced apoptosis at both 6 and 12 hours after treatment (longer 

treatments were optimized also but without further changes in the extent of apoptosis than 

12-hour treatment, Figure 7.23). ENL also caused apoptosis but without a significant 

concentration-response relationship. Gefitinib and ENL in combination increased apoptosis 

of activated LX-2 cells in a trend related to concentration, and the induction effect of the 

combination was stronger than using gefitinib or ENL alone.  
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Figure 7.23 Caspase-3/7 apoptosis assay results of gefitinib and/or enterolactone (ENL) in 

TGF-β1-stimulated LX-2 cells. LX-2 cells were seeded into 96-well plate at appropriate 

density for overnight attachment. The cells were stimulated with TGF-β1 at 2.5 ng/mL for 6 

hours before treatment with gefitinib (1, 3, and 10 µM), ENL (1, 10, and 50 µM), and the 

combination of gefitinib (1 and 10 µM) and ENL (1, 10, and 50 µM) for 6 and 12 hours. 

Caspase-3/7 caused apoptosis kit was used to detect the apoptosis following the kit manual. 

The relative fluorescence was calculated to reflect the apoptosis induced by the treatments, 

expressed as % of the vehicle-treated TGF-β1-stimulated LX-2 cells as reference. Data were 

shown as mean + SD of duplicates on two occasions. * and # mean P<0.05 when compared 

with the vehicle-treated control group at 24 and 48 h, respectively, while ▲ and △ mean 

P<0.05 when compared with the treatment of gefitinib at the same concentration at 24 and 48 

h, respectively, using one-way ANOVA followed by Tukey test. 
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7.2.5.4.2 ER-stress related pathway  

After confirmation of induction of apoptosis, ER stress was explored to determine its 

involvement in the induction of apoptosis429. ER stress is reported to be involved in the 

pathology of liver fibrosis and might serve as a mechanism for TKI and ENL suppression of 

HSC activation26. ER stress-induced apoptosis might underscore the suppression of activated 

HSCs in liver fibrosis, leading to regression and resolution of fibrogenesis. To evaluate 

gefitinib- and ENL-mediated ER stress-induced apoptosis, the mRNA expression of three 

major biomarkers of ER stress branches was determined by qPCR and two of those were 

continued with protein detection by western blot.  

Compared to nonTGF-β1 stimulated LX-2 cells, TGF-β1 dramatically decreased the 

mRNA expression of CHOP, ATF4, and ATF6 in LX-2 cells, which indicated the 

involvement of ER stress-related pathways. ENL induced levels of the apoptotic marker, 

CHOP, by 2.5-fold at the highest concentration (100 µM) (Figure 7.24A). At their highest 

concentrations, gefitinib and ENL also induced its upstream marker, ATF4. In combination, 

gefitinib and ENL significantly induced the expression of ATF4 and CHOP, and the pattern 

depended upon the relative combination of ENL and gefitinib concentrations (Figure 7.24B).  
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Figure 7.24 The relative mRNA expression of ER-stress related markers, including CHOP, 

ATF4, and ATF6 in TGF-β1-stimulated LX-2 cells with treatment of gefitinib (1, 3, and 10 

µM), ENL (10, 50, and 100 µM), and the combination of gefitinib (1 and 10 µM) and ENL 

(1, 10, 50, and 100 µM), using β-actin as reference gene and TGF-β1-activated LX-2 cells as 

control for the calculation (Data were presented as mean + SD of three replicates on three 

occasions). A) the TGF-β1 activated LX-2 cells were treated with gefitinib (1, 3, 10 µM) or 

ENL (10, 50, 100 µM) alone for 24 hours (6 hours of stimulation with 18 hours of treatment 

with different concentrations of compounds); B) the activated LX-2 cells were treated with 

the combination of gefitinib (1 or 10 µM) and ENL (1, 10, 50, or 100 µM) for 24 hours. Data 

were shown as mean + SD of triplicates on three occasions. *Induction or repression when 

the relative mRNA expression was beyond 2 or below 0.5, respectively. 
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After measurement of mRNA expression of the key ER stress-related apoptotic 

markers, protein expression of ATF4 and CHOP was assessed by western blot. Since ATF6 

showed no significant changes at the mRNA level, protein expression of ATF6 was not 

monitored. ATF4 protein expression was measured in activated LX-2 cells with treatments of 

gefitinib and ENL, alone and in combination (Figure 7.25). Gefitinib increased ATF4 

expression to 4 times of the vehicle control at 10 µM with 48 hours of treatment. ENL did 

little to impact ATF4 protein expression when used alone. However, when treated with the 

combination of ENL and gefitinib, ATF4 expression was further induced, and the induction 

was higher when concentration increased.  

CHOP protein was also induced by gefitinib at 10 µM to about 3 times of the vehicle 

control at 72 hours of treatment (Figure 7.26). ENL had no significant effect on CHOP 

protein expression. The combination of gefitinib and ENL increased CHOP protein 

expression with a similar concentration-dependent trend, which is similar to the changes in 

PPARγ at 48h after treatment.  
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Figure 7.25 ATF4 protein expression changes were measured by western blot in gefitinib 

and/or enterolactone (ENL) treated LX-2 cells. LX-2 cells were stimulated with TGF-β1 for 6 

hours before the treatment for 42 hours (consider this as 48h treatment for results 

interpretation). The TGF-β1-activated LX-2 cells were treated with gefitinib (1 and 10 µM), 

ENL (1 and 50 µM), or with the combination of gefitinib (1 and 10 µM) and ENL (1 and 50 

µM), using vehicle-treated group as negative control and using total protein stained by 

SYPRO Ruby blot stain reagent (A’, protein ranges from 10 to 250 kDa according to 

ThermoFisher PageRuler™ Plus Prestained Protein Ladder) as normalizing reference. The 

relative expression of ATF4 for each group was normalized to the TGF-β1-activated LX-2 

group (B), located at the red arrow on the blot. The data were reported as mean + SD of 

duplicates on two occasions. * means P<0.05, compared with the vehicle-treated TGF-β1-

stimulated LX-2 cells, and # means P<0.05, compared with the treatment of gefitinib at 10 

µM using one-way ANOVA followed by Tukey test. 
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Figure 7.26 The changes in CHOP protein expression were measured by western blot in LX-

2 cells. LX-2 cells were stimulated with TGF-β1 for 6 hours before the treatment with 

gefitinib, enterolactone (ENL), or their combination for 66 hours (with a total treatment time 

of 72 hours). The TGF-β1-activated LX-2 cells were treated with gefitinib (1 and 10 µM), 

ENL (1, 10, 50 µM), or with the combination of gefitinib (1 and 10 µM) and ENL (1 and 50 

µM), using vehicle-treated group as negative control and total protein stained by SYPRO 

Ruby blot stain reagent (A’, protein ranges from 10 to 250 kDa according to ThermoFisher 

PageRuler™ Plus Prestained Protein Ladder) as normalizing reference. The relative 

expression of CHOP for each group was normalized to the vehicle-treated TGF-β1-activated 

LX-2 group (B), located at the red arrow on the blot. The data were reported as mean + SD of 

duplicates on two occasions. * means P<0.05, compared with the vehicle-treated TGF-β1-

stimulated LX-2 cells, and # means P<0.05, compared with the treatment of gefitinib at 10 

µM using one-way ANOVA followed by Tukey test. 
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7.3 Objective 3: Whether flaxseed lignans exhibit antifibrotic effects in fatty livers of 

high cholesterol diet-fed rats. 

An opportunity arose to assess the potential of ENL, the mammalian lignan metabolite 

of SDG, to suppress markers of hepatic fibrosis in a non-alcoholic fatty liver rat model. In a 

study involving a comparative PK and efficacy analysis between purified SDG and SDG-

enriched polymer complex in diet-induced hypercholesterolemic rats, the ability of flaxseed 

lignans to mitigate liver injury in non-alcoholic fatty liver disease was assessed by 

comparison of the expression of markers of hepatic fibrosis, as well as serum and liver lipid 

levels in control and SDG treated rats. A comparative oral PK study between the purified 

SDG and SDG-enriched polymer complex was furthermore conducted in attempts to relate 

serum ENL levels with changes in serum and hepatic lipids and markers of hepatic fibrosis. 

 

7.3.1 Comparative oral PK study of purified SDG and SDG-enriched polymer 

complex in female Wistar rats 

A comparative PK study in normal rats was conducted to support the efficacy analysis 

by identifying the major form of circulating lignans that may relate to the potential effects in 

hypercholesterolemia rats. Purified SDG and SDG polymer complex were administered 

orally to normal female Wistar rats and free and conjugated forms of the SDG metabolites, 

SECO, END, and ENL, were analyzed by LC-MS/MS. Area under curve (AUC), reflecting 

the exposure of lignans in rats, was calculated from the plasma concentration versus time (C-

T) data using the linear trapezoidal method. The terminal slope of semi-logarithmic C-T 

profile provided an estimate of terminal rate constant, k, following a linear regression. Free 

forms of SECO, END, and ENL were rarely detectable in the rat plasma. Plasma 

concentrations of all samples for both free SECO and ENL were below the low level of 

quantification (LLOQ), only free END was quantifiable at 8- and 12-hour time points (data 

not shown here). Total SECO was sparsely detected before 4 hours of administration. Only 

the total level of END and ENL could be plotted and the area under curve of these two 

metabolites was calculated as shown in Table 7.4 and Figure 7.27, respectively.  

Similar exposures for total ENL and total END were found in both purified SDG and 

SDG polymer treated groups. Total ENL had an AUC of 2475.0±183.1 in purified SDG 

group and 2480.4±822.0 in SDG polymer group, while total END had an AUC of 

1541.7±1018.3 in purified SDG group and 1687.7±709.1 in SDG polymer group, all without 
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significant differences according to two-way ANOVA followed by Tukey test.  

 

Table 7.4 The area under curve (AUC) for enterolactone (ENL) and enterodiol (END) in 12 

mg/kg secoisolariciresinol diglucoside (SDG) treated female Wistar rats after oral 

administration. AUC was determined for each individual rat in each subgroup and shown as 

mean ± SD (N=5 for purified SDG and N=7 for SDG polymer). When P <0.05, it suggests a 

significant difference between the groups using two-way ANOVA followed by Tukey test. 
 

Administered 

SDG 

AUC0-12h AUC12-48h AUClast AUCinf 

ENL purified SDG 432.1±81.8 1486.5±146.9 556.4±229.1 2475.0±183.1 

SDG polymer 422.1±99.0 1255.3±421.7 691.7±572.8 2480.4±822.0 

END purified SDG 1174.9±822.9 333.7±263.2 18.1±23.8 1541.7±1018.3 

SDG polymer 1257.2±454.3 615.7±440.8 24.3±29.8 1687.7±709.1 

Note: AUC0-12h is the area under curve from 0 to 12 hour; AUC12-48h is the area under curve 

from 12 to 48 hour. 

AUClast=Clast/k. 

AUCinf=AUC0-12h+AUC12-48h+AUClast. 
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Figure 7.27 Plasma concentration versus time profile for total enterolactone (ENL) and 

enterodiol (END) in single oral dose pharmacokinetic study in female Wistar rats. Purified 

secoisolariciresinol diglucoside (SDG) or SDG polymer were administered orally at an 

equivalent dosage of 12 mg/kg into rats, and jugular blood samples were collected at 0, 15, 

30 minutes, and 1, 1.5, 2, 3, 4, 8, 12, 16, 20, 24, 32, 40, and 48 hours from two subgroups of 

animals. The plasma concentrations of free and total secoisolariciresinol (SECO), END, and 

ENL were detected by appropriate LC-MS/MS methods. Data were shown as mean + SD of 

each group, N=5 for purified SDG and N=7 for SDG polymer.  
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7.3.2 Comparative efficacy of purified SDG and SDG-enriched polymer 

complex in female hypercholesterolemic Wistar rats 

The liver protective effects of purified SDG and SDG polymer were investigated in 

female Wistar rats supplied with 1% high cholesterol diet. After 23 days of treatment with 

SDG enriched products, body and liver weights were measured before subsequent liver tissue 

sampling. The final body weight, body weight gain, liver weight, as well as the liver to body 

weight ratio of the high cholesterol diet groups (N=10) were normalized to the standard diet 

group (N=5). The liver to body weight ratio in purified SDG treated group was decreased by 

about 10% as compared with the vehicle-treated high cholesterol diet group, which was 

significantly different from the vehicle control (Figure 7.28). However, there were no other 

differences in both SDG-products treated groups when compared with the control group. 
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Figure 7.28 The relative final body weight, weight gain, liver weight, and liver body weight 

ratio of the purified secoisolariciresinol diglucoside (SDG) or SDG polymer treated female 

Wistar rats. The final body weight (open), weight gain (light grey), liver weight (dark grey), 

and liver to body weight ratio (black) were normalized to the standard diet group. Data were 

reported as mean + SD, N=10 (N=5 for the reference group). *, #, ▲, and △ P <0.05 

suggesting a significant difference from the normal diet group using one-way ANOVA 

followed by Tukey test.  
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The histological images of different treatment groups showed the presence of hepatic 

steatosis and lobular inflammation in the 1% high cholesterol diet rats. These histological 

changes were scored by a blinded pathologist. Although there was no significant difference 

between the different treatmet groups, there was a slight reduction of lobular inflammation 

score (decreased from 1 to 0.7) in the purified SDG treated group, as well as the steatosis 

level, decreased from 1.8 in the vehicle control group to 1.3 in the purified SDG group. The 

non-alcoholic fatty liver disease activity score also was lower in the purified SDG treated 

group (with a score of 2) than the non-treated high cholesterol diet group (scored as 2.8) as 

indicated in Figure 7.29 and Table 7.5.  

 

Table 7.5 Hepatic histological scores for female Wistar rats fed a 1% cholesterol diet and 

treated with daily purified secoisolariciresinol diglucoside (SDG) or SDG-polymer for 23 

days (Data shown as mean of each treatment group). 

Group Normal 
1% cholesterol 

without treatment 

1% cholesterol 

with purified 

SDG 

1% cholesterol 

with SDG 

Polymer 

Steatosis 0 1.8 1.3 1.4 

Lobular 

inflammation 
0.2 1 0.7 1 

NAS (NAFLD 

activity score) 
0.2 2.8 2 2.4 

Note: Data were shown as mean of the histological score, which was scored according to 

standard pathological criteria in Table 2.  
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Figure 7.29 Liver histology with hematoxylin and eosin (H&E) staining of female Wistar 

rats fed 1% high cholesterol diet for 30 days and treated with oral doses of vehicle, purified 

secoisolariciresinol diglucoside (SDG), or SDG polymer with equivalent SDG dose of 6 

mg/kg or fed a standard diet for 30 days and treated with vehicle for 23 days. Liver samples 

were collected, and H&E stained after 23 days of vehicle control with 1% high cholesterol 

diet (A), treatment with purified SDG (B) or SDG polymer (C), and the standard diet control 

group (NC). Representative images are presented at 40X. 
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The effects of purified SDG and SDG polymer on cholesterol and lipid homeostasis 

were also measured by determination of serum lipid parameters including total cholesterol 

(TC), triglycerides (TG), and HDL-C after 14 and 23 days of treatment. LDL was calculated 

by subtracting HDL-C and very low-density lipoprotein cholesterol (VLDL-C) (calculated as 

one-fifth the level of TG) from TC. The normalized levels of these four serum lipid 

parameters to the standard diet are indicated in Figure 7.30. The high cholesterol diet had 

little impact on the TG level but increased TC and LDL to 2.5 and 5.5 times of the normal 

diet group at 14 days of treatment and after 23 days remained at around 2 and 3 times of the 

normal control. Both SDG-enriched products showed a limited impact on TC at both 14 and 

23 days after treatment, or on TG at 23 days. After 14 days of treatment, SDG polymer 

showed a 40% increase in TG. Although with no significant changes, LDL showed a trend 

towards reduction with both purified SDG and SDG polymer treated groups in a treatment 

duration-dependent manner. The high cholesterol diet caused a reduction in HDL in rats to 

about 60% of the normal diet rats. At 14 days of treatment, SDG polymer increased the HDL 

level to around 80% of the normal diet group, but at end of treatment both SDG treated 

groups showed no difference in HDL when compared with the high cholesterol diet group.  

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were 

measured to reflect liver damage after 23 days of treatment with purified SDG and SDG 

polymer. Purified SDG had no effect on ALT and AST levels, while SDG polymer 

significantly increased the ALT/AST ratio compared to the high-cholesterol diet control 

(Figure 7.31).   
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Figure 7.30 The relative levels of total cholesterol (TC), triglyceride (TG), high-density 

lipoprotein cholesterol (HDL-C), and low-density lipoprotein (LDL) in purified 

secoisolariciresinol diglucoside (SDG) or SDG polymer treated female Wistar rats. All four 

parameters are the measured levels compared to the normal diet group, the high-cholesterol 

diet group without lignan treatment applied as control (open), high-cholesterol diet with 

purified SDG labeled as purified SDG (grey), while high-cholesterol diet with SDG polymer 

labeled as SDG polymer (black). Data were reported as mean + SEM (N=10 for the high 

cholesterol diet group, N=5 for the normal diet group), *P<0.05 indicates a significant 

difference between the groups indicated using two-way ANOVA followed by Tukey test.  

 

  

*
*

*

0

1

2

3

4

5

6

7

14 days 23 days 14 days 23 days 14 days 23 days 14 days 23 days

TC TG HDL LDL

R
el

at
iv

e 
ra

ti
o
s 

to
 n

o
rm

al
 d

ie
t 

g
ro

u
p

High cholesterol diet Purified SDG  SDG polymer



 130 

 

 

Figure 7.31 The AST/ALT ratio of 23-day purified secoisolariciresinol diglucoside (SDG) 

and SDG polymer treated female Wistar rats. The AST and ALT activities were detected and 

normalized to the standard diet group. Data were shown as mean + SEM (N=10 for fatty liver 

groups and N=5 for normal diet group). *indicates a significant difference (P <0.05) from the 

High-Cholesterol Diet group using one-way ANOVA followed by Dunnett test. 
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7.3.3 The gene and protein expression changes in the rat liver from SDG 

treated group  

The antifibrotic potential of the flaxseed lignans in vivo was evaluated by qPCR and 

western blot assessment of fibrotic biomarkers in rat liver in rats treated with or without 

purified SDG in 1% high cholesterol diet fed Wistar rats (Figure 7.32). Col1⍺1 was slightly 

increased in hypercholesterolemic rat liver but with no biological significance and was not 

changed by SDG treatment. However, the expressions of Mmp2, Timp1, and Acta2 were 

decreased by the high cholesterol diet. The expression of Mmp2 was increased slightly but 

not significantly by purified SDG. Timp1 expression was not significantly affected by the 

purified SDG compared to the high cholesterol diet group. The expression of Acta2 was 

increased by purified SDG to 2.6-fold of the high cholesterol diet group.  

The expression of Collagen I protein was decreased by purified SDG treatment. In 

pooled rat liver samples, Collagen I expression in the whole rat liver sample was increased in 

the 1% high cholesterol diet group, and purified SDG decreased the Collagen I protein in the 

fatty liver (shown in Figure 7.33A and B). This was also observed in the individual samples, 

but the low purity of the protein samples derived from the fatty liver made it difficult to get 

clear bands of Collagen I protein and quantify on the western blot (Figure A1, Appendix A).  

The expression of Mmp2 protein was increased in the high cholesterol diet control 

group to 3-fold of the normal control (Figure A2, Appendix A) which is consistent with the 

higher production of Collagen I (Figure A1). The expression of Mmp2 was reduced non-

significantly by SDG to 0.7-fold of the high cholesterol diet group (Figure A2, Appendix 

A). The expression of Timp1 was increased to 5-fold of normal control in the high 

cholesterol diet group, while purified SDG slightly reduced the protein expression of Timp1 

in the fatty liver samples with no statistical significance (Figure A3, Appendix A).   
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Figure 7.32 The relative mRNA expression of hepatic fibrotic biomarkers (Acta2, Colla1, 

Mmp2, and Timp1) in the liver tissue of purified secoisolariciresinol diglucoside (SDG) and 

SDG polymer treated female hypercholesterolaemic Wistar rats. The 1% high cholesterol diet 

group was used as control and β-actin was used as reference gene for the calculation. Data are 

presented as mean + SD of triplicates. *Induction or repression when the relative mRNA 

expression was beyond 2 or below 0.5, respectively. 
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Figure 7.33 The relative expression of Collagen I in rat liver tissue after treatment with 

purified secoisolariciresinol diglucoside (SDG) in high cholesterol diet induced Wistar rats. 

The expression of Collagen I in pooled rat liver (A) and the relative expression for each 

group were normalized to the 1% high cholesterol diet group (B), using total protein stained 

by SYPRO Ruby blot stain reagent (A’, protein ranges from 10 to 250 kDa according to 

BioRad Precision Plus Protein Dual Color Standards where the dual-color bands were stained 

dark in panel A’) as normalizing reference. Data were shown as mean + SD of the relative 

expression of Collagen I protein (N=5 for the normal control group and N=10 for high 

cholesterol diet and SDG groups), located at the red arrow on the blot. * means P<0.05 when 

comparing with the high cholesterol diet group using one-way ANOVA followed by Tukey 

test.  
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8. DISCUSSION 

Hepatic fibrosis results from most chronic liver injuries and is a clinical challenge 

globally425. Treatment options for hepatic fibrosis, especially its end-stage cirrhosis, are still 

limited at present. Both TKI drugs and flaxseed lignans are reported as multi-target 

compounds that may have antifibrotic potential in attenuating hepatic fibrotic biomarkers330, 

430. Furthermore, the combination of the two may favorably modulate hepatic antifibrotic 

biomarkers to a further extent than using each compound alone. In the past decades, great 

progress has been made in understanding the cellular mechanisms of liver fibrosis with the 

recognition of the central role of HSCs in fibrotic response431. This dissertation research 

aimed to confirm the antifibrotic effects of the combination of selected TKI drugs and the 

bioactive mammalian lignan, ENL, and to explore possible cellular mechanisms including 

PPARγ, oxidative stress, and ER stress-induced apoptosis, using an in vitro hepatic fibrosis 

model. Three TKIs, including ibrutinib, dabrafenib, and gefitinib, were used for the screening 

of both antifibrotic response and PPARγ agonism, and gefitinib alone and in combination 

with ENL was chosen for further evaluation of the antifibrotic response and mechanisms 

involved in hepatic fibrosis. Furthermore, an opportunity was presented to evaluate the 

antifibrotic effect of flaxseed lignans in vivo in a diet-induced hypercholesterolemic rat 

model of NAFLD. The results of this current work provides some experimental evidence for 

the application of the combination of bioactive mammalian lignan and TKI drugs as 

therapeutic alternatives in hepatic fibrosis. 

 

8.1 PPARγ agonism of the tested compounds 

PPARγ is well known as a treatment for type 2 diabetes and metabolic disorders and 

has drawn increasing interest as a potential therapeutic target for proliferative dysfunction 

diseases432. Upon either full or partial activation by ligands, PPARγ elicits transcription of a 

variety of genes in many tissues involving metabolism and cell proliferation433. However, the 

unwanted side effects of PPARγ full agonists limit their therapeutic application434. Recent 

literature evidence indicated that PPARγ partial activation offers a potential improvement of 

the balance between efficacy and safety as such compounds exhibit similar biological 

functions devoid of the disappointing adverse effects associated with full agonists435. A list of 

repurposing TKI drugs has been studied in fibrotic diseases, and many natural products have 

shown PPARγ activation via agonism in many proliferation dysfunction diseases. Thus, we 

aimed to study the possibility of compounds from these two groups as agonists or partial 
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agonists of PPARγ. Based upon these findings, we planned to proceed with further 

evaluations of the potential of TKI’s and natural products in hepatic fibrosis as PPARγ plays 

a key role in HSC activation and regression436. 

In-silico docking modeling demonstrated that several marketed anti-cancer TKI drugs 

including ibrutinib, dabrafenib, and gefitinib have similar binding affinities to PPARγ as 

rosiglitazone, a known PPARγ full agonist13. Such compounds may have the potential to 

mitigate the dysfunction in cellular proliferation associated with many fibrotic diseases9-11. 

However, these tyrphostin compounds also associate with non-negligible toxicity at their 

common doses in cancer therapy, which might limit their repurposing to other diseases 

involving dysfunction in cell proliferation14. Natural products also have been studied for their 

potential to activate PPARγ, beyond their traditional medical and dietary usage22. The plant 

lignans have shown promising anti-proliferative effects with a good safety profile, and ENL, 

one of the major bioactive flaxseed lignan metabolites, was reported to modulate PPARγ-

related responses437-439. Thius current study aimed to experimentally confirm the PPARγ 

agonism pattern of three TKI compounds, ibrutinib, dabrafenib, and gefitinib, as well as the 

mammalian lignan, ENL, to allow future investigations into their anti-proliferative 

mechanisms and potential to combine ENL with TKIs to improve their safety and efficacy in 

hepatic fibrosis.  

The data suggest that gefitinib and ENL are potential PPARγ partial agonists. Based 

upon the current screening pipelines for novel PPARγ ligands, transactivation assay 

combined with a PPARγ binding assay are considered the well-established and commonly 

used methods440. Guasch and colleagues used Polarscreen PPARγ competitive assay, Dual-

Luciferase reporter assay in HepG2 cells, and adipogenesis and glucose uptake assays in 

3T3-L1 preadipocytes after computational analysis to identify PPARγ partial agonists of 

natural products186. As well, other researchers applied one or more of the three assays in the 

identification of partial agonists of PPARγ, combined with in silico docking models441-443. 

Such studies provided the support to proceed with our exploratory experimental evaluations 

of ibrutinib, dabrafenib, and gefitinib, as well as the lignan, ENL, as putative ligands of 

PPARγ. 

The competitive binding affinity and transactivation activity to PPARγ of the three 

TKIs and ENL was compared to known full and partial agonists of PPARγ, rosiglitazone and 

FMOC-L-Leu, respectively. In a PPARγ competitive binding affinity assay, ibrutinib, 

dabrafenib, and gefitinib illustrated weak binding to the rosiglitazone’s PPARγ binding site. 

Using a cell-based transactivation assay in PPARγ-overexpressed HepG2 cells, the tested 
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TKI compounds and ENL also showed limited ability to transactivate PPARγ. Based upon 

the low binding affinity and more limited ability to transactivate PPARγ relative to the full 

agonist, rosiglitazone, it seemed these compounds exhibited characteristics of PPARγ partial 

agonism because partial agonists are known to bind differently to the ligand-binding domain 

of PPARγ and exhibit weaker binding properties that lead to lowered transcriptional activity 

of this nuclear receptor186. This was in strong contrast to the results reported from the 

computational docking model in the literature, which suggested high affinity to PPARγ13.  

This lack of experimental consistency with in silico computation methods was not surprising 

since all binding affinity estimation methods have important limitations, and the success of 

the docking programs is usually system dependent and relies on the quality of the underlying 

scoring functions444. Lack of corroboration between in silico computational analysis and 

experimental verification studies is not uncommon in the literature. Furthermore, it was 

shown that flaxseed lignans act as weak PPARγ agonists and ENL induces PPARγ binding 

activity, which is consistent with the binding characteristics of lignans in the literature343, 445. 

The experimental data agreed with the literature in that ENL exhibited weak binding and 

ability to transactivate to PPARγ similar to other partial agonists.  

To support the competitive binding and transactivation studies, the biological function 

of the compounds was assessed since PPARγ partial agonists are also reported to stimulate 

glucose uptake in adipocytes, but typically are unable to induce adipogenesis in preadipocyte 

cells186, 446. Ibrutinib, gefitinib, and ENL stimulated glucose uptake in differentiated mouse 

preadipocytes with a similar pattern as rosiglitazone and FMOC-L-Leu, while gefitinib and 

ENL showed limited adipogenic activity in mouse adipocytes similar to FMOC-L-Leu. Thus, 

the PPARγ-mediated biological function of the tested compounds is suggested to be similar 

to the known partial agonist indicating that gefitinib and ENL are possibly partial agonists of 

PPAR. This is supported by the literature where PPARγ partial agonists may have 

considerable anti-diabetic activity as full agonists but may exhibit weak anti-obesity 

potency447. Collectively, the binding, transactivation, and biological activity assays suggest 

ENL and gefitinib are potential PPARγ partial agonists, while possibly having a limited 

effect on adipogenesis.  

Interestingly, dabrafenib was detected with weak binding and a poor ability to 

transactivate PPARγ, yet increased glucose uptake at higher concentrations at levels 

considerably greater than rosiglitazone. Ibrutinib and dabrafenib also demonstrated ability to 

stimulate adipogenesis where increasing concentrations caused greater stimulation of 
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adipogenesis in a pattern similar to rosiglitazone. Although it cannot be ruled out that 

ibrutinib and dabrafenib are partial agonists of PPARγ, the marked increase in glucose uptake 

by dabrafenib and induction of adipogenesis suggests other binding sites or mechanisms 

beyond PPARγ. The in silico docking model of the literature suggested that ibrutinib and 

dabrafenib form a single hydrogen bond at Tyr-327 and Ser342 with a similar total binding 

energy with rosiglitazone13. The weak competitive binding affinity and transactivation 

activity of dabrafenib to PPARγ suggested a partial PPARγ agonism pattern of dabrafenib, 

while the glucose uptake activity of ibrutinib was similar to the control compounds as well as 

the tested compounds. However, the stimulation of glucose uptake activity of dabrafenib and 

the adipogenic activity of both ibrutinib and dabrafenib were stronger than other compounds. 

This induction of adipogenesis by ibrutinib and dabrafenib and the increase of glucose uptake 

by dabrafenib might be due to its ability to bind to alternative binding sites on PPARγ or by 

crosstalk with PPARγ by dabrafenib’s target cell signaling. Other than the common binding 

sites of PPARγ full agonists, ibrutinib binds to other amino acids including the main binding 

sites for PPARγ partial agonists, for instance, Ser-342, Leu-330, and Leu-33313. Ibrutinib, as 

a multi-target TKI with high selectivity for Bruton’s tyrosine kinase, may also suppress AKT 

and MAPK pathways in certain cell lines, which are believed to interact with PPARγ 

pathways162, 448. Dabrafenib, as a second BRAF kinase inhibitor on both the wild type BRAF 

and the mutant BRAF V600E, is now suggested to target other kinases which may also lead 

to a modulation of glucose uptake activity via PPARγ and other pathways449, 450. For instance, 

as a BRAF kinase inhibitor, dabrafenib might have an impact on the expression and 

phosphorylation of PPARγ via MEK/ERK pathway and subsequently affect glucose uptake 

activity451, 452. Based upon the current data on the binding and transactivation of ibrutinib and 

dabrafenib on PPARγ, it is likely that ibrutinib and dabrafenib are potential partial agonists, 

but the significant induction on adipogenesis with ibrutinib and dabrafenib as well as 

increased glucose uptake with higher exposure of dabrafenib suggests further study should be 

performed to confirm the PPARγ agonism of ibrutinib and dabrafenib as well as the 

mechanisms through which ibrutinib and dabrafenib enhances adipogenesis and how 

dabrafenib modulates glucose uptake.   

As the goal was to focus on the downstream effects of PPARγ agonism rather than 

focus on the confirmation of their exact binding interaction with PPARγ, it is clear that 

pitfalls existed with the exploratory examination of the TKI’s and ENL as agonists of 

PPARγ, although the methods used are common and well-established. For instance, PPARγ is 

known to have multiple binding sites, and use of a competitive binding kit specifically for 
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rosiglitazone’s binding site might overlook the possible interaction of the tested compounds 

with alternative PPARγ binding sites147, 453. The focus remained on the rosiglitazone binding 

site due to the results reported from in silico docking analysis of the TKIs with 

rosiglitazone’s binding site on PPARγ13. It is possible that there are other binding sites or 

conformational changes for one or all of the tested compounds as indicated in the literature, 

and further assessments are necessary to verify the exact binding pattern of the compounds to 

PPARγ182, 454.  

Alternatively, ibrutinib, dabrafenib, gefitinib, as well as ENL may regulate PPARγ 

through ligand-independent mechanisms. As a phosphoprotein, PPARγ’s transcriptional 

activity depends on the relative interplay of kinases and phosphatases455. Inhibition of 

phosphorylation of ser273 on PPARγ can decrease the activation of PPARγ447. Hence, the 

TKIs, as kinase inhibitors, may block the phosphorylation of PPARγ, thereby lowering its 

transcriptional activity. In proliferative cancer cells, ENL also can decrease the 

phosphorylation of key kinase pathways, which might suggest an ability to inhibit PPARγ 

phosphorylation456, 457. For both the TKIs and ENL, ligand-independent mechanisms 

involving inhibition of PPARγ phosphorylation as a mechanism to explain the improved 

insulin sensitivity and glucose uptake in preadipocytes warrants further investigation.  

In conclusion, ENL and gefitinib are potential partial agonists of PPARγ based on their 

poor PPARγ binding affinities and limited ability to transactivate PPARγ while stimulating 

glucose uptake without an ability to induce adipogenesis. Although the actual structural 

transformation caused by the partial agonism should be clarified, all but ibrutinib and 

dabrafenib may be partial agonists. Given that multi-target TKIs and the flaxseed lignan 

metabolites are known to inhibit kinase function, ligand-independent mechanisms involving 

inhibition of PPARγ phosphorylation may have a role and warrant further investigation.  

 

8.2 The antifibrotic potential and possible mechanisms of PPARγ-related TKIs with 

ENL 

Hepatic fibrosis remains a severe global health problem caused by various liver injuries 

and is characterized by the accumulation of proliferative HSCs and ECM458. Based upon the 

significant progress made in our understanding of the role of HSCs in fibrogenesis, recent 

studies have indicated the potential to target HSC activation as well as promote matrix 

degradation and HSC apoptosis as an approach to mitigate and even reverse hepatic fibrosis, 
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particularly during early disease development459. Suppression of transdifferentiated HSCs has 

been applied as antifibrotic therapeutic options, possibly via TGF-β inactivation, AMPK 

activation, inhibition of NF-B, or activation of p53, and when the activation and 

proliferation of HSCs are suppressed and apoptosis of HSCs stimulated, the progression of 

hepatic fibrosis can be inhibited or reversed460-462. Several TKIs have shown antifibrotic 

effects in several organ systems. For instance, gefitinib and imatinib show antifibrotic effects 

in the lung, while ibrutinib and sorafenib demonstrated antifibrotic effects in the pancreas and 

liver, respectively, suggesting that certain TKIs may serve as antifibrotic agents in hepatic 

fibrosis11, 281, 294-296. Similarly, natural products have gained increasing interest as antifibrotic 

agents promising long-term safety, and possibly working through inhibition of HSC 

activation or suppression of ECM deposition463.  

Based on the literature suggesting antifibrotic effects of the TKIs and lignans in other 

organ systems, exploratory studies of the possible role of these compounds were conducted in 

an in vitro model of hepatic fibrosis. Ibrutinib, gefitinib, and ENL applied alone were able to 

suppress the expression of the major fibrotic biomarkers within a modest range of 

concentrations in TGF-β1-stimulated LX-2 cells. Since dabrafenib showed no significant 

ability to suppress the biomarkers of fibrosis, it was not continued with further evaluation in 

combination studies with ENL. As well, Ibrutinib, with a relative IC50 value of about 5 µM in 

TGF-β1-stimulated LX-2 cells, caused no significant reductions in fibrotic biomarkers at 1 

µM, although higher but toxic concentrations did result in a modest response. Consequently, 

ibrutinib was also removed from consideration for further investigations involving the 

combination of ENL with the TKIs. With the in vitro evidence of reduction in biomarkers of 

fibrosis for gefitinib, subsequent studies evaluating the combination of TKIs and ENL 

focused only on gefitinib. This focus was supported by literature evidence of the ability of 

gefitinib to modulate cell migration in non-small cell lung cancers, inhibit the proliferation of 

hepatic biliary epithelial cells, and increase the rate of hepatic cellular apoptosis in rats464, 465. 

As a known EGFR inhibitor, gefitinib may have antifibrotic effects through direct 

suppression of HSC activation via inhibition of EGFR and TGF-β1; however, the mechanism 

of EGFR and its ligands in fibrosis remains unclear466. This current work confirmed that 

gefitinib may inhibit the migration and expression of fibrotic markers of HSCs and induce the 

apoptosis of HSCs. As a potential PPARγ partial agonist, gefitinib might influence hepatic 

fibrosis beyond direct inhibition of EGFR.  

According to the results, the combination of ENL with gefitinib further attenuated the 
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expression of the hepatic fibrotic biomarkers than using gefitinib alone in vitro. Furthermore, 

the combination of ENL with gefitinib caused greater suppression of HSC migration and 

induced apoptosis to a greater extent than using gefitinib alone. The ability of ENL to 

enhance gefitinib’s effects is consistent with the literature of other proliferative diseases such 

as cancer467. Studies have shown that natural products may serve as anti-cancer agents 

through inhibition of EGFR, PDGFR, or other tyrosine kinase receptors signaling468. ENL 

may enhance gefitinib’s activity through similar mechanisms but needs confirmation in future 

analyses.   

Although alone ENL weakly inhibited the migration of HSC, it further enhanced the 

ability of gefitinib to prevent the migration of activated HSC as compared to gefitinib alone. 

Since the motility of the activated HSCs partially determines the wound healing response, the 

ability to inhibit the migration of activated HSCs is an important mechanism in preventing or 

resolving hepatic fibrosis469. The flavonolignan, silibinin, was shown to inhibit the migration 

of HSCs possibly related to its induction of PPARγ expression470. In this study, gefitinib also 

upregulated the protein level of PPARγ when used alone and further increased PPARγ 

protein expression in combination with ENL in a concentration- and time-related manner. 

Hence, as partial agonists of PPARγ and ability to induce PPARγ expression, the inhibition 

of HSC migration by gefitinib and ENL may, in part, act through the PPARγ pathway. This 

was shown with ergosterol, an active natural product, which attenuated HSCs activation and 

ROS production by upregulating PPARγ471. Further, studies have shown that PPARγ 

expression in quiescent HSCs in the normal liver is higher than in proliferative HSCs, and 

ligands of PPARγ have the ability to reverse the activation of collagen production by 

HSCs472. Finally, PPARγ agonists have been reported to have antifibrotic effects in different 

hepatic fibrosis models, so it is possible that gefitinib and ENL may exert antifibrotic effects 

via PPARγ-related pathways473, 474. This assertion is supported by studies that have shown the 

PPARγ pathway can be a therapeutic target for hepatic fibrosis by reversing HSC activation, 

and mediate anti-proliferative and antifibrotic effects involving either PPARγ-dependent or -

independent pathways79, 475-477. It was attempted to provide further supportive evidence of the 

involvement of PPARγ through assessment of PKM2, a common downstream factor of 

PPARγ. Gefitinib did modulate the mRNA expression level of PKM2 in activated HSC cells, 

but PKM2 expression changes were different when gefitinib was combined with ENL. 

Possibly other cell signaling pathways are involved in the modulation of PKM2, indicating 

that PKM2 is not a specific downstream factor of PPARγ.  

Research has shown that the TGF-β/Smad pathway plays a pivotal role in hepatic 
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fibrogenesis478. It has been reported that TKIs and natural products have antifibrotic action 

via modulation of the TGF-β pathway15, 330. For instance, active EGFR was reported to 

promote proliferation and survival of hepatic progenitors and was associated with the 

apoptotic process induced by TGF-β in these cells466. Kaerophyllin, one kind of lignan, was 

reported to inhibit TGF-β1 induced LX-2 activation479. Unfortunately, the involvement of 

this pathway could not be assessed as TGF-β1 was used to stimulate the LX-2 cells, as 

activated HSCs was the primary focus for evaluating the potential of TKIs and ENL in 

attenuating biomarkers of hepatic fibrosis. This is an important limitation of the work and 

further studies should be conducted to address the role of TGF-β in the antifibrotic effects of 

TKIs and ENL in hepatic fibrosis. For instance, LPS could be used to stimulate HSCs, 

followed by measurement on the TGF-β pathway, or a co-culture cellular system including 

immunocytes with HSCs can be used to study the role of TGF-β in fibrogenic and antifibrotic 

processes480. 

Recent investigations suggest several cellular signaling pathways might be involved in 

the antifibrotic effects of PPARγ agonists. Rosiglitazone, a known PPARγ full agonist, is 

reported to inhibit TGF-β1 mediated fibrosis via Smad2 pathway in autosomal dominant 

polycystic kidney disease animal model481. Activation of PPARγ may also repress the 

PDGFβ receptor and subsequently attenuate HSC mobility and angiogenesis probably via 

interference with other transcription factors such as NF-kB and PI3K-Akt-mTOR 

pathways482, 483. Other than the better-known signaling pathways that might be involved in 

the antifibrotic response of PPARγ agonists, TLR-4-related pathway is considered a novel 

mechanism via which a PPARγ agonist relieves fibrosis in nutrition deficient diet-induced 

non-alcoholic fibrotic steatohepatitis mice474. Free cholesterol accumulation was believed an 

important promotor of TLR4 signal transduction and the HSCs became more sensitive to 

profibrotic stimulators484. Previous work of the Alcorn lab found that ENL modulated the 

expression of PPARγ, and also improved key markers of free cholesterol accumulation 

including SREBP-1 and INSIG-1 in Caco-2 cells385. Thus, it is possible that PPARγ partial 

agonism may help modulate free cholesterol accumulation and adipogenic activity in HSCs, 

to reduce the fibrosis within the liver. This should be confirmed by assessing those 

cholesterol-related biomarkers both in vitro and in vivo in hepatic fibrosis models in the 

future. 

The results also indicate that there might be enhanced apoptosis of activated HSCs with 

the combination of gefitinib and ENL, suggesting promise to resolve hepatic fibrosis by 

depleting HSCs, the key player in the process of fibrogenesis. The combination of gefitinib 
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and ENL showed time- and concentration-related effects on stellate cell migration and 

apoptosis. Gefitinib induced the expression of ATF4 and CHOP, accordingly, at both gene 

and protein levels. In combination with ENL, the expression of both markers were induced to 

a further extent in a concentration-related manner. This indicates an involvement of ER 

stress-induced apoptosis in the potential antifibrotic effects of the treatment in human HSCs. 

According to the literature, although deactivation of HSCs results in decreased proliferation 

as well as production of fibrotic markers, HSC deactivation is not adequate for reversal of 

hepatic fibrosis, because the deactivated HSCs are more likely to be reactivated than the 

quiescent type81. Thus, the depletion of activated HSCs by apoptosis becomes critical to 

reverse hepatic fibrogenesis485. Different cellular signaling pathways were reported to be 

involved in the apoptosis of HSCs, among those possible apoptosis-related proteins, one 

major pathway to cause apoptosis is cellular stress26.  

ER stress is considered an important contributor to hepatic fibrosis and the therapeutic 

targeting of ER stress in HSCs is an attractive target in antifibrotic therapy26. With the ER 

stress response, the IRE1⍺ and PERK branches would be activated by autophosphorylation, 

while ATF6 might be induced by proteolytic processing, leading to an ER stress response486, 

487. The IRE1⍺ pathway, as the most conserved branch of the three, is responsible for both 

the activation and the autophagy of HSCs depending on the p38 MAPK pathway and its 

blockage reduced the fibrotic response of mouse HSCs428. In CCl4-induced fibrosis of rat and 

cultured HSCs, the Ire1 pathway regulated the expression of TGF-β expression and ⍺-sma488. 

Clear examples of the involvement of ER stress in HSC apoptosis include etoposide, a 

chemotherapy agent, which induced apoptosis of activated human HSCs through ER stress 

and caspase-dependent mitochondrial pathways489. As well, caffeine activated IRE1⍺ in 

HSCs with concomitant increases in CHOP and cytosolic calcium, suggesting that ER stress-

induced apoptosis might be involved in caffeine’s effect490. ATF6⍺ is likely to play a role in 

HSC activation, as in cardiac fibrosis, where activation of ATF6⍺ promoted ECM protein 

production and inhibition of ATF6⍺ suppressed HSC activation to stimuli491, 492. 

Among the three branches, the PERK pathway plays a key role in modulating both 

proapoptotic and antioxidant response and PERK activation would upregulate proapoptotic 

ATF4/CHOP signaling, which could serve as an antifibrotic strategy493. The potential for 

gefitinib and ENL to induce ER stress was investigated by evaluating the expression of 

several key markers of ER stress-related pathways including ATF6 at mRNA level, CHOP 

and ATF4 at both mRNA and protein levels. The results suggested ER stress-induced 
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apoptosis may be involved in the suppression of activated HSCs by treatment with the 

combination of gefitinib and ENL. However, studies have suggested that CHOP, although is 

necessary, alone would not be sufficient to fully induce cell death, which usually requires 

cooperation between CHOP with ATF4494. This is consistent with our results on the 

expression changes of ATF4 and CHOP at both mRNA and protein levels in the TGF-β1-

activated LX-2 cells. Thus, ATF4/CHOP signaling might be involved in the possible effects 

of gefitinib and ENL.  

Another important role of PERK is its effect on antioxidant responses through the 

activation of Nrf2. This transcription factor provides a protective effect at the onset of ER 

stress by increasing the production of phase II detoxifying enzymes and antioxidants such as 

GSH495. Moreover, Nrf2 is reported to dimerize with ATF4 to regulate the oxidative stress-

response496. However, as both Nrf2 and ATF4/CHOP are downstream signaling pathways of 

PERK, Nrf2 might perform as a negative regulator of CHOP expression directly or indirectly, 

yet the mechanism is not clear497. Of note, although the mechanism of the relationship 

between oxidative stress and ER stress is yet not clear, it is believed that chronic ER stress 

may initiate oxidative stress via release of calcium from the ER to induce ROS production in 

mitochondria497, 498. In turn, mitochondrially produced ROS contributes to the sensitivity of 

the cells to ER stress-induced apoptosis497, 498. In this current study, the MitoSox red reagent 

indicated that there was higher ROS production within TGF-β1-stimulated LX-2 cells, and 

treatment with gefitinib and ENL reduced ROS production at an earlier stage of LX-2 

activation. This may be related to the increased expression of Nrf2 within the cells, possibly 

via PERK signaling499. With prolonged stimulation, ER stress-induced cell apoptosis may 

occur possibly via the ATF4/CHOP pathway. Further assessment is required to identify the 

relationship between the two pathways and to determine if PERK is the same upstream factor 

of the two pathways. 

There is still controversy regarding the role of ER stress in hepatic fibrosis. The UPR 

has a protective role, and activation of UPR in HSCs would facilitate the removal of damaged 

organelles or fibrotic cells. However, sustained ER stress response can be detrimental500, 501. 

As far as it is known, prolonged ER stress in hepatocytes may lead to hepatocellular damage 

or apoptosis, which may lead to fibrogenesis by causing activation of HSCs490, 502. The tight 

interrelationship between TGF-β/SMAD and UPR signaling contributes to the HSC 

activation during fibrogenesis via IRE1⍺ signaling488. Upregulation of SMAD2 was also 

reported to be involved in PERK-mediated fibrogenesis in mice HSCs503. Thus, a better 

understanding of the function of ER stress and ER stress-induced apoptosis in hepatic fibrosis 
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has become an emerging research area of interest.  

Oxidative stress is another possible mechanism involved in the antifibrotic effects of 

potential antifibrotic compounds in HSCs. In this study, TGF-β1 induced ROS production in 

LX-2 cells, which is consistent with the literature96. Oxidative stress is a common feature of 

chronic liver disease and is involved in the etiology of hepatic fibrosis by activating HSCs, 

and recent studies indicated oxidative stress could be pro-apoptotic irrespective of the liver 

injury504, 505. In an arsenic-induced hepatic fibrosis mouse model, chronic arsenic exposure 

results in oxidative stress and activation of HSCs, leading to the development of liver 

fibrosis131. TGF-β is reported to induce the expression of several NAPDH oxidases (Noxs) in 

different types of cells to produce ROS, and among the Nox enzymes, Nox4 was found to be 

associated with ER and mitochondria, mediating fibrogenic responses506. Gefitinib and a high 

concentration of ENL reduced ROS production at one hour, while the combination of 

gefitinib and ENL reduced the ROS production further and earlier. This suggests the 

involvement of decreased oxidative stress in the combination effect of gefitinib and ENL in 

this in vitro fibrosis model. Besides the oxidative stress-dependent modulation, PERK-

dependent induction of the nuclear translocation of Nrf2 is also a possible mechanism of Nrf-

2-mediated cyto-protection effects499. 

Based upon the current results and the literature evidence, the expression of Nrf2 was 

evaluated to determine whether it had a role in the antioxidant activity with the combination 

of gefitinib and ENL. The literature indicates an ability of Nrf2 to suppress the expression of 

genes involved in lipogenesis, inflammation, oxidative stress, and fibrosis498. (+ )-

Lariciresinol, an active lignan derived from Rubia pholippinensis, exhibits antioxidant 

potential through upregulation of Nrf2-mediated heme oxygenase-1 expression507. Although 

there is little evidence for TKIs’ direct modulation of Nrf2, in cancer cell lines, EGFR-TKIs 

possibly inhibit the PI3K/AKT/mTOR pathway which leads to an imbalance between 

mitochondrial ROS production and antioxidant defense by Nrf2508. The crosstalk between 

Nrf2 and PERK/ATF4 pathways was also supportive evidence for us to speculate the 

influence of Nrf2 expression. The current results indicated that treatment with the 

combination of gefitinib and ENL induces Nrf2 protein expression in activated LX-2 cells, 

suggesting that Nrf2 might play a role in the antioxidant response of the combination of 

gefitinib with ENL. Further studies are needed to identify the dimerization and the 

phosphorylation of Nrf2 and ATF4, as well as the changes of PERK to define the roles of 

PERK-Nrf2 and PERK-ATF4-CHOP pathways.  

In summary, PPARγ, oxidative stress, and ER stress pathways are possibly involved in 
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the attenuation of biomarkers of hepatic fibrosis, and there might be underlying crosstalk 

between these three possible pathways (Figure 8.1). Further investigations are needed to 

confirm their inter-relationship, for instance, the relationship between oxidative stress and 

ER-stress-induced apoptosis in activated HSCs. Other possible key mechanisms involved in 

liver fibrosis, for example, inflammatory responses, are additionally believed to be involved 

in the process, since fibrogenesis can be initiated by inflammation509.  

The ability of ENL to enhance gefitinib’s effects on the suppression of biomarkers of 

hepatic fibrosis suggests a possibility of reducing the dose of gefitinib when co-administered 

with ENL if applied therapeutically in the context of hepatic fibrosis. Dose reductions can 

reduce the risk of dose-limiting side effects in the treatment of chronic disease. The 

cytotoxicity assays in this study showed that gefitinib had an acceptable range of non-toxic 

concentrations, while ENL exhibited no cytotoxicity in activated LX-2 cells. At lower 

concentrations of gefitinib with higher concentrations of ENL, the combination caused the 

attenuation of fibrotic biomarkers. ENL may help reduce the potential toxicity of gefitinib as 

a therapeutic measure in hepatic fibrosis by helping to reduce the dose of gefitinib required to 

therapeutically manage hepatic fibrosis.  
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Figure 8.1 A schematic model of the possible mechanisms involved in the antifibrotic effects of the combination of gefitinib and enterolactone 

(ENL) related to PPARγ, oxidative stress, and ER stress. With chronic liver insults, hepatic stellate cells (HSCs) would be activated possibly 

involving processes like oxidative stress and ER stress. PPARγ would play a central role in the potential antifibrotic effects of antifibrotic agents. 

Possible agonists may activate PPARγ which in turn would transcriptionally activate fibrotic downstream factors, including Wnt pathways, 

antioxidant response, and ER stress-related pathways. These potential mechanisms may cause inhibition of cellular oxidative stress, cell 

proliferation, and migration as well as induction of apoptosis and antioxidant responses in the fibrotic HSCs.
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8.3 Other possible antifibrotic mechanisms of TKIs with ENL 

TKIs, as multitarget kinase inhibitors, are known to inhibit the phosphorylation of 

protein targets at tyrosine and serine sites. Such inhibition might have some direct effects on 

elevated tyrosine kinase activity449, 510. In this current work three different subtypes of TKIs 

were chosen including the EGFR inhibitor, gefitinib, the multitarget TKI, ibrutinib, and a 

non-EGFR-TKI, dabrafenib. Based on our results, many of the subsequent experiments 

focused on gefitinib. EGFR, as an important RTK, is a therapeutic agent for cancer 

treatment304. The latest research suggests that myofibroblasts express EGFR, which may be 

involved in cell proliferation, and administration of an EGFR inhibitor could mitigate the 

proliferation of myofibroblasts in BDL mice via reducing the phosphorylation of EGFR511. 

Tumor necrosis factor-like weak inducer of apoptosis was found to promote HSC migration 

and collagen production by upregulating the phosphorylation of EGFR/Src and PI3K/AKT 

pathways, while inhibition of the PI3K/AKT pathway attenuated the expression of MMP9512. 

Recent evidence also showed that reductions in EGFR levels in eIF2⍺ phosphorylation-

deficient hepatocytes were critical for cell susceptibility to oxidative stress, which supports 

this current work regarding the relationship between oxidative stress and ER stress in the in 

vitro hepatic fibrosis model – gefitinib and ENL treated activated LX-2 cells513. Although 

collective evidence showed that an EGFR inhibitor prevented fibrogenesis in HSCs by 

reducing the phosphorylation of EGFR, yet EGFR deletion in HSCs alone or all liver cells 

showed no effect on the progression and resolution of CCl4-induced hepatic fibrosis466. Taken 

together, EGFR-mediated pathway and its inhibitor may play a role in the progression of liver 

fibrosis, and EGFR could be a therapeutic target for liver diseases including liver fibrosis. In 

this current study, the potential antifibrotic effect of gefitinib may be related to an EGFR-

related mechanism. Furthermore, there might also be direct inhibition of other cellular 

signaling factors, such as PERK and Wnt pathways, but further studies are needed to confirm 

the involvement of EGFR-related pathways and other possible mechanisms.  

Lignans have been reported to demonstrate antioxidant and anti-inflammatory effects, 

as well as antifibrotic effects514, 515. Polyphenolic compounds including lignans can target 

inflammatory mediators via TLR-4/NR-kB signaling pathways in neuroinflammatory 

disease516. Schisandrin, another kind of active lignan, induced HO-1 expression to result in an 

anti-inflammatory response in macrophages related to Nrf-2, PI3K/Akt, and ERK 

activation517. In carbon tetrachloride-induced rats, sesamin showed protective effects against 

hepatic fibrosis through antioxidant and anti-inflammatory effects505. Flaxseed lignan 
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complex supplementation for more than three months is also reported to reduce inflammation 

and LDL oxidation in diabetic obese people, and SDG decreased local inflammation likely 

via NF-kB activity in mice518, 519. Taken all these together, it is possible that flaxseed lignans 

may exert antifibrotic effects related to anti-inflammatory and antioxidant responses. 

In activated HSCs, both canonical and noncanonical Wnt signaling pathways were 

reported to be induced520. Elevation of canonical Wnt signaling caused alteration of cell 

morphology and cell proliferation in fibroblasts, and the canonical Wnt antagonism was 

reported to inhibit HSC activation520, 521. In rat HSCs, non-canonical Wnt was found to be 

involved in the activation of HSC or Kupffer cells and HSC apoptosis522. In this study, a 

preliminary study on the Wnt/β-catenin pathway at the mRNA expression level showed that 

β-catenin and several Wnt subtypes might be involved in the activation of HSCs, which is 

consistent with the literature231. From the limited data on mRNA, there seems to be a close 

linkage between PPARγ and Wnt/β-catenin pathway with regards to the suppression of 

fibrotic biomarkers. Thus, it is possible that PPARγ and Wnt/β-catenin pathways are involved 

in the activation of HSCs in hepatic fibrogenesis and can be therapeutic targets for hepatic 

fibrosis. However, ENL showed no significant modulation of either the canonical and non-

canonical Wnt pathways; thus, further investigations of the Wnt signaling pathways at protein 

level in the in vitro hepatic fibrosis model are warranted to make confirm that Wnt signaling 

pathways play a role in the antifibrotic response of gefitinib and ENL.  

 

8.4 The antifibrotic potential of SDG in hypercholesterolemia rats 

Patients with NAFLD or NASH and progressive hepatic fibrosis are at the highest risk 

for severe liver disease523. NAFLD, paralleling the epidemic of type 2 diabetes and obesity, is 

the most prevalent form of chronic liver disease with a global prevalence of 25%524, 525. 

NAFLD has become the leading cause of morbidity and mortality related to the liver within 

recent decades524, 525. NAFLD, with a wide spectrum of pathologies ranging from non-

inflammatory lipid accumulation to NASH, is also recognized as a common cause of fibrosis 

resulting eventually in cirrhosis and hepatocellular carcinoma526, 527. Lifestyle diseases 

including hypercholesterolemia and hypertriglyceridemia are associated with NASH and free 

cholesterol accumulation in HSCs is involved in the pathogenesis of hepatic fibrosis484. Diets 

high in cholesterol are believed to contribute to the pathogenesis of non-alcoholic fatty liver 

with fibrotic steatohepatitis, due to increases in TC, LDL, and the LDL to HDL ratio, lipid 

accumulation, as well as activation of inflammatory signaling such as NF-kB and MAPK and 
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attenuation of antioxidant signaling like Nrf2528. To manage hypercholesterolemia and 

hypertriglyceridemia, lifestyle changes including healthy diet, physical exercise, and drug 

treatment, such as statins, are applied529, 530. In the evolution of NAFLD, steatosis and 

steatohepatitis represent different stages, and insulin resistance might be a factor in the 

progression from steatosis to steatohepatitis with fibrosis526. A previous study of our 

laboratory suggested ENL may alter cholesterol trafficking with Caco-2 epithelial cells and 

can suppress the expression of LDLR and HMG-CoA reductase, which are involved in 

cholesterol synthesis and uptake in hepatocytes, at both RNA and protein levels364, 385, 531.  

Given the evidence for the role of lignans to reduce hepatic lipidosis, the ability of 

lignans to reduce biomarkers of hepatic fibrosis was explored in an animal model of diet-

induced hypercholesterolemia. In a study that replicated a previous study design in the 

Alcorn laboratory a comparative analysis of the PK and efficacy of purified SDG and SDG 

enriched product was conducted364. The results confirmed the ability of SDG to modulate 

cholesterol homeostasis. The LDL level was reduced in both purified SDG and SDG polymer 

treated groups, and purified SDG showed a greater effect on TG and HDL modulation than 

SDG polymer. This is consistent with the previous work in the Alcorn laboratory and results 

reported on the ability of flaxseed lignans to modulate cholesterol both preclinically and 

clinically385, 395, 417. These data suggest that oral supplementation with SDG helps improve the 

lipid profile in non-alcoholic fatty liver disease rats, possibly playing a role in lipid 

homeostasis. Purified SDG caused modest reductions in hepatic steatosis and lobular 

inflammation of non-alcoholic fatty liver in high cholesterol diet-fed rats, and mild 

improvements in the ALT/AST ratio with 23 days of daily oral SDG administration. This 

indicates that SDG supplementation might help improve the fatty liver condition. In a 

previous study in the laboratory, SDG and its metabolites including ENL were shown to 

improve hepatic lipid accumulation and lipid metabolism in an animal model430. In the 

current study, an important limitation of the study was inadequate induction of 

hypercholesterolemia and fatty liver in high cholesterol diet fed rats due to a shortage in the 

supply of a high cholesterol diet. This, in turn, led to a shorter treatment period with SDG 

relative to the previously reported study in the Alcorn lab. Further studies should be done to 

confirm the hepatic protective effects of SDG-enriched products in non-alcoholic fatty liver 

disease in vivo. 

It is reported that elevated plasma cholesterol levels in NAFLD and NASH patients are 

associated with oxidative stress and ER stress because free cholesterol might be stored in the 

liver by accumulating LDL with triglycerides and apolipoproteins followed by secretion of 
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lipoproteins into the systemic circulation532. In this study, the HDL level at 14 days of 

administration of SDG polymer was increased, but no significant changes occurred in other 

lipoprotein levels. This is consistent with a pioglitazone trial, which indicated that HDL 

increased with NASH resolution, but no significant changes were observed for LDL and 

other lipoprotein levels533. As pioglitazone is a PPARγ agonis, this literature evidence 

suggests that PPARγ agonists may modulate cholesterol levels in NASH patients. In the 

NASH rabbit model associated with metabolic syndrome, inhibition of NASH development 

and adipose tissue function were accompanied by enhanced mitochondrial function and 

insulin sensitivity534. This indicates that PPARγ, which may modulate adipogenesis and 

insulin sensitivity, may play a role in mitochondrial function and metabolism in NASH 

patients. Such effects might have important consequences in the antifibrotic effects of such 

therapeutic agents.  

Subsequently, we evaluated mRNA and protein levels of fibrotic biomarkers in the 

liver tissues of rats administered purified SDG to determine whether SDG treatment 

suppressed biomarker expression. The mRNA expression of Acta2 showed an unexpected 

change in the rat liver samples, which is hard to explain with the current results of the study. 

First, the expression of Acta2 in whole rat liver remains unclear in fatty liver as there are 

different cell types in the liver that can produce ⍺-sma. Second, the sample area of the study 

may be critical for the monitoring of fibrotic ⍺-sma. These were also observed in the 

preliminary western blot study which makes the outcome hard to interpret. Thus, ⍺-sma 

protein expression in the rat liver samples was not used as a marker of fibrosis. The hepatic 

production of Collagen I protein was reduced in the purified SDG treated group, and Mmp2 

and Timp1 expression were changed in accordance with Collagen I expression at both gene 

and protein levels in the liver samples. As an inhibitor of Mmp2, the changes in the 

expression of Timp1 agrees with changes in Collagen I and Mmp2 expression, which 

suggests that purified SDG has modest effects on the expression of fibrotic biomarkers in this 

high-cholesterol diet-induced NAFLD rat model. This is consistent with the literature which 

indicated that dietary flaxseed lignan components mitigated pulmonary fibrosis by decreasing 

the collagen deposition in lung tissues and reduced lung inflammation and oxidative stress 

response408. Increased degradation of Collagen I protein caused by the increased level of 

collagenase might result in the overall decrease of Collagen I protein in the SDG-treated 

hypercholesterolemic rats. It is also reported that flaxseed and flaxseed oil helped to decrease 

the expression of EGFR and HER2 in breast cancer models with changes in the membrane 
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phospholipid fatty acid profile535. The limited literature along with the in vivo study suggest 

that SDG and its metabolites have potential to mitigate liver fibrosis. The exact mechanisms 

involved in the possible antifibrotic effects of flaxseed lignans are unclear but may involve 

cholesterol modulation, insulin sensitivity, and mitochondrial ROS. This is agreeable with the 

in vitro study in human HSCs, yet further study should be done to confirm the antifibrotic 

effects of SDG or its metabolites and to identify the possible mechanism(s) of antifibrotic 

modulation in vivo.  

A PK analysis was conducted in attempt to relate plasma concentrations to the observed 

effects. The lignan metabolites, SECO, END, and ENL undergo extensive glucuronidation 

(and some sulfate conjugation) and exist mostly as conjugates (of glucuronic acid and 

sulfate)27, 364. Unconjugated lignan metabolite was barely detectable requiring the assessment 

of total area under the plasma concentration versus time curve (AUC) (conjugate plus 

unconjugated) of the lignan metabolites. The total AUC of END was higher than the ENL 

AUC in the SDG polymer group but lower than ENL in the purified SDG group. Based upon 

the known PK properties of flaxseed lignans, orally administered SDG would be converted to 

SECO completely within 20 hours; however, SDG was not detected in plasma and urine and 

SECO is partially absorbed into systemic circulation536, 537. SECO is then converted into END 

and ENL, which are absorbed into systemic circulation in small amounts and can be 

metabolized to its conjugates27, 364. Furthermore, the literature indicates that END and ENL 

accumulate in liver, testes, and prostate in a dose-dependent pattern in male rats with the 

majority of lignan metabolites found in the liver in rats380, 382.  In this study, total END was 

detected between 2 h and 24 h, and total ENL was detected in almost all blood samples 

including pre-dose samples, which is consistent with the literature and is due to the 

abundance of lignans in foods374. Since ENL and its glucuronide form are believed to be the 

most bioactive form of mammalian lignans and lignan metabolites accumulate in the liver, it 

is possible that the higher levels of total ENL associated with purified SDG administration, 

resulted in greater improvements in serum and hepatic lipids and changes in biomarkers of 

hepatic fibrosis as observed with the purified SDG form relative to the SDG enriched 

complex. Further study is needed to identify the possible antifibrotic effects of lignan 

administration alone and in conjunction with the TKI, gefitinib, and how efficacy relates to 

the relative dose and blood concentrations of lignan metabolites and gefitinib.  
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9. SUMMARY AND CONCLUSIONS 

In conclusion, we suggest gefitinib and mammalian lignan, ENL, are potential partial 

agonists of PPARγ because of their weak PPARγ binding affinities and limited ability to 

transactivate PPARγ while stimulating glucose uptake without an ability to induce 

adipogenesis. Although PPARγ partial agonism requires confirmation with specific 

conformational and functional studies, we believe this potential PPARγ partial agonism could 

explain, in part, their possible therapeutic role in fibroproliferative diseases.  

As well, the in vitro work suggests that gefitinib has a mild antifibrotic response in 

activated LX-2 cells, while the in vivo study suggests lignans, in particular ENL, may 

attenuate hepatic lipidosis and fibrotic markers in the NAFLD rat model, along with 

modulation of serum cholesterol levels. In combinatory studies, the in vitro work also 

suggests ENL enhances gefitinib’s ability to attenuate the biomarkers of hepatic fibrosis. 

PPARγ, oxidative stress, and ER stress pathways are possibly involved in the attenuation of 

fibrotic biomarkers in vitro, and there might be underlying crosstalk between these three 

possible pathways. Co-administration of ENL with gefitinib has potential to lead to dose 

reductions of gefitinib, and hence greater safety, in the treatment of hepatic fibrosis. With 

further study, the roles and crosstalk of these pathways would be clarified and used as 

putative therapeutic targets for hepatic fibrosis.
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10. FUTURE WORK 

This current study demonstrates that gefitinib and ENL might be PPARγ partial 

agonists according to the binding, transactivation, and biological activity on PPARγ. But the 

binding of these compounds with PPARγ was not clarified in terms of direct binding to 

PPARγ. This is a shortcoming since this PPARγ agonism-like response can involve PPARγ 

ligand-independent modulation or crosstalk with other cell signaling pathways. Further study 

on the veritable structural modification following binding by the compounds should be 

confirmed to support the possibility that these compounds are PPARγ partial agonists. These 

studies can involve surface plasmon resonance and/or X-ray crystallization and structure 

determination, using known full and partial agonists as positive controls and known 

antagonists as negative controls. The ability of the compounds to alter phosphorylation of 

PPARγ also needs assessment to verify the actual mechanism of how the compounds 

modulate PPARγ, and linkage of other cell signaling mechanisms on PPARγ-related response 

should be investigated to confirm the PPARγ-related function of these compounds, especially 

ibrutinib and dabrafenib. 

During the course of this study, many factors were discovered to impact the state of the 

human hepatic stellate cell line, LX-2 cells. Further work is required to identify stable cell 

culture conditions and optimal stimulation with TGF-β1 to ensure consistent outcomes when 

using this system as an in vitro hepatic fibrosis model. Furthermore, TGF-β1 is a key 

stimulator for hepatic fibrosis, but it is not sufficient to only use TGF-β1 to reflect the 

complexity of all kinds of chronic liver insults. To better mimic fibrogenesis in vitro, a co-

culture system with certain types of hepatic cells such as Kupffer cells, hepatocytes, and 

HSCs can be utilized. Appropriate co-culture systems would consider the different 

pathophysiological responses of hepatic fibrogenesis and, therefore, would allow a greater 

understanding of the antifibrotic mechanisms of potential therapeutic agents.  

Since inflammation plays an essential role in the pathological process of hepatic 

fibrosis regardless of etiology, the anti-inflammatory response of the combination of TKIs 

and lignans may be the next goal. The involvement of inflammatory factors in the 

fibrogenesis of HSCs and the anti-inflammatory response of gefitinib and ENL would be 

assessed by measuring the expression of key inflammatory biomarkers at both mRNA and 

protein levels in mono-cellular culture system, such as activated LX-2 cells, and also in a co-

culture system with HSCs, immune cells, and hepatocytes. The relationship between anti-

inflammatory properties and other mechanisms, including PPARγ, antioxidant, and ER 
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stress-related apoptosis pathways, would also be evaluated by assessing changes in the 

expression of the markers of these pathways at both gene and protein levels in the 

aforementioned cellular systems. Co-culture system for this investigation could involve 

Kupffer cells, as the main immune cells during the fibrosis process, with HSCs and 

hepatocytes. Also, a non-alcoholic fatty liver disease rat model could be used to define the 

role of inflammation in fatty liver.  

As the preliminary western blot assay on PKM2 suggested that PPARγ is not a unique 

upstream factor of PKM2, other more specific PPARγ downstream factors should be 

considered to confirm the mechanism of PPARγ’s role in the resolution of hepatic fibrosis. 

Also, the relationship of PPARγ with other pathways should be clarified further, for instance, 

the relationship between PPARγ and ER-stress induced apoptosis, as well as PPARγ with 

oxidative stress. These relationships should be evaluated for a better understanding on the 

role of these important pathways. To study this, in vitro studies would be performed in 

human HSCs, the mRNA and protein expression changes in the aforementioned signaling 

pathways would be detected after treatment with the tested compounds, with or without 

PPARγ antagonist, or using siRNA in the cell system. Furthermore, the involvement and the 

possible role of PPARγ in animal models should be assessed to confirm the mechanisms of 

potential antifibrotic agents.  

As discussed above, PPARγ might modulate Wnt pathways in fibrogenic HSCs, which 

might contribute to the antifibrotic effects in hepatic fibrosis. However, the involvement of 

Wnt pathways in the antifibrotic response of the TKIs and ENL in LX-2 cells could not be 

defined due to limited mRNA expression changes with application of the combination of 

gefitinib and ENL. Canonical- and/or non-canonical-Wnt pathways at protein level or 

biological level should be assessed to verify the involvement of Wnt pathways in the 

resolution of liver fibrosis by the combination of gefitinib and ENL, as well as the 

relationship between canonical and non-canonical Wnt pathways in the possible antifibrotic 

effects. If Wnt signaling is indeed involved, the relationship of Wnt pathways with PPARγ 

and other pathways should be further evaluated.  

A better understanding of the relationship between oxidative stress and ER stress is also 

necessary. Currently, evaluations on PERK-related pathways, namely, Nrf2 and ATF4 

signaling, and the dimerization between Nrf2 and ATF4 should be assessed. With 

clarification of the relationship between Nrf2 and PERK/ATF4, there may be more 

supportive evidence for depletion of a key player of hepatic fibrosis – myofibroblasts. 

Besides, we are also investigating the role of mitochondrial ROS and the relationship 
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between oxidative stress and ER stress-related pathways in HSCs related with activation. 

This would result in the linkage of this project to another project investigating TKIs and ENL 

combinations in cancer in the Alcorn lab, which will lead to a broader understanding of the 

role of TKIs and ENL in proliferation dysfunction diseases. 

Another important mechanism of gefitinib might be through inhibition of 

phosphorylation of EGFR or other cellular signaling pathways. In the future, the role of 

EGFR-mediated pathways in the attenuation of HSCs related with activation should be 

evaluated to identify the major mechanism(s) of the antifibrotic effects of gefitinib and the 

relationship between the major cellular signaling pathways by using EGFR inhibitor or 

EGFR siRNA in the cell culture model with treatment with gefitinib and/or ENL. This would 

involve assessments of changes in the biomarkers of fibrosis and the potential cellular 

pathways that might be involved. Although the focus was on gefitinib, another goal would be 

to define more general evidence for potential-PPARγ-agonist TKIs that can be applied in 

hepatic fibrosis. More PPARγ-related TKIs could be screened in liver fibrosis models to gain 

a better understanding of the repurposing potential of TKIs in liver fibrosis. 

Evidence from the Alcorn lab indicates that ENL and ENL glucuronide modulates 

cholesterol homeostasis. This suggests a greater focus should be placed on the glucuronic 

acid conjugate of ENL in future in vitro evaluations of the potential of ENL to suppress HSC 

activation and the mechanisms through which ENL-glucuronide may mediate these effects 

including the role of PPARγ, oxidative stress, ER stress-induced apoptosis-related pathways. 

The next step then would be the assessment on the antifibrotic ability and mechanisms of the 

combination of ENL or its conjugates with gefitinib in vivo to preclinically determine the 

antifibrotic effects and toxicity. Although this study started with the speculation that PPARγ-

related mechanisms are involved in the antifibrotic effects, the complexity of the pathology 

and the resolution of hepatic fibrosis suggests that other signaling pathways are likely 

involved in the effects of gefitinib and ENL in hepatic fibrosis. Our results provide an 

impetus for further study into the therapeutic potential of these compounds alone and in 

combination for hepatic fibrosis. 

In summary, an overall aim will be to generally map out the antifibrotic and anti-

proliferative mechanisms of PPARγ-related TKIs and mammalian lignans in 

fibroproliferative diseases both in vitro and in vivo, providing necessary evidence for further 

drug discovery research for liver disease, especially for hepatic fibrosis.  
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APPENDIX A 

 

 
 

 

Figure A 1. The expression of collagen I in rat liver tissue after treatment with purified 

secoisolariciresinol diglucoside (SDG) in high cholesterol diet induced Wistar rats. The 

expression of collagen I in the individual rat liver samples were run separately, using total 

protein stained by SYPRO Ruby blot stain reagent (A’ and B’, protein ranges from 10 to 250 

kDa according to ThermoFisher PageRuler™ Plus Prestained Protein Ladder) as normalizing 

reference. The expression of Collagen I protein was detected for each individual rat, located 

at the red arrow on the blot. N=5 for the normal control group and N=10 for high cholesterol 

diet and SDG groups.  
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Figure A 2. The relative protein expression of Mmp2 in rat liver samples after treatment with 

purified secoisolariciresinol diglucoside (SDG) in high cholesterol diet induced Wistar rats. 

The relative expressions of Mmp2 in individual rat liver samples (A) and mean of relative 

expression for each group was normalized to the 1% high cholesterol diet group (B), using 

total protein stained by SYPRO Ruby blot stain reagent (A’ and B’, protein ranges from 10 to 

250 kDa according to ThermoFisher PageRuler™ Plus Prestained Protein Ladder) as 

normalizing reference. Data were shown as mean ± SD of the relative expression of Mmp2 

protein in panel B, located at the red arrow on the blot (N=5 for the normal control group and 

N=8 for high cholesterol diet and SDG groups). * indicates significantly (P< 0.05) different 

from the High cholesterol diet control, by one-way ANOVA followed by Tukey test. 
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Figure A 3. The relative protein expression of Timp1 in rat liver samples after treated with 

purified secoisolariciresinol diglucoside (SDG) in high cholesterol diet supplied Wistar rats. 

The relative expressions of Timp1 in individual rat liver samples (A) and the mean relative 

expression for each group were normalized to the 1% high cholesterol diet group (B), using 

total protein stained by SYPRO Ruby blot stain reagent (A’ and B’, protein ranges from 10 to 

250 kDa according to ThermoFisher PageRuler™ Plus Prestained Protein Ladder) as 

normalizing reference. Data were shown as mean ± SD of the relative expression of Timp1 

protein in panel B, located at the red arrow on the blot (N=5 for the normal control group and 

N=10 for high cholesterol diet and SDG groups). * indicates significantly (P< 0.05) different 

from the High cholesterol diet control, by one-way ANOVA with Tukey test.  
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