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ABSTRACT

The increased production of reactive oxygen species (ROS) is a hallmark of fibrosis and
cancer. In fibrosis, the release of ROS along with secretion of pro-fibrotic cytokines by
the immune cells during the inflammatory phase has been known to promote the
activation of fibroblasts and induce collagen deposition. In cancer, ROS also plays a
crucial role in various signaling cascades involved in cellular survival, proliferation,
resistance to apoptosis, angiogenesis, as well as metastasis. However, the results from
clinical studies involving antioxidant therapies in patients have been disappointing,

mostly due to the low bioavailability of the conventional antioxidant therapies.

Nanoparticles with intrinsic antioxidant properties have great potential to be used for
attenuating oxidative stress in various oxidative-induced diseases including fibrosis and
cancer. Our group has recently developed and optimized a polymer-coated mesoporous
silica nanoparticle (NP) for siRNA and drug delivery. The platform consists of a 50-nm
mesoporous silica nanoparticle (MSNP) core coated layer-by-layer with bioreducible
cross-linked 10-kDa polyethyleneimine (PEI) for effective siRNA binding and endosomal
escape, and polyethylene glycol (PEG) for preventing nanoparticle aggregation,
minimizing enzyme degradation of siRNAs, shielding the toxic effect of PEI, and

preventing recognition by the immune system.

In this dissertation, | sought to evaluate the antioxidant activity and siRNA delivery
efficiency of our NP platform for the treatment of fibrosis and cancer metastasis. In my
first project, | investigated the intrinsic antioxidant property of our NPs and assessed the
added benefit of silencing heat shock protein 47 (HSP47) as a gene target in a skin



fibrosis model. HSP47 is a collagen-specific molecular chaperone responsible for
proper assembly of collagen molecule and its overexpression has been observed in
numerous fibrotic diseases. To this end, | have made the novel discovery on the
antioxidant property of our nanoparticle which is attributed by its MSNP core. | also
found that the nanoparticle was far superior to n-acetyl cysteine (NAC) at modulating
pro-fibrotic markers. Intradermal administration of siHSP47-nanoparticles effectively
reduced HSP47 protein expression in skin to normal level. In addition, the antioxidant
MSNP also played a prominent role in reducing the pro-fibrotic markers, NOX4, alpha
smooth muscle actin (a-SMA), and collagen type | (COL I), as well as skin thickness of

the mice.

In my second project, | explored the therapeutic potential of the nanoparticle platform for
treating metastatic breast cancer. PLK1 was identified as the top therapeutic target for
TNBC cells and tumor initiating cells in a kinome-wide screen. NP inhibited cancer
migration and invasion in TNBC cells owing to its ROS and NOX4 modulating properties.
In vivo, siPLK1-NP knocked down 80% of human PLK1 mRNA expression in metastatic
breast cancer cells residing in mice lungs, inhibited distant metastasis from lung to other
organs, and reduced overall tumor burden. Long term treatment delayed the onset of

death in mice by 36 days and improved the overall survival.

In conclusion, in this dissertation | have shown that our NP platform has great potential
for the treatment of fibrosis and cancer. Given the most optimal gene target, our
nanoparticles will be able to provide combinatorial treatment not only for fibrosis and

cancer, but also for other types of oxidative-induced inflammatory diseases.
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Chapter 1: Introduction and Background

1.1 Introduction

The regulation of redox homeostasis is crucial for the maintenance of normal cellular
growth, metabolism, and survival. Oxidative stress is defined as the imbalance between
the production of reactive oxygen species (ROS) and the capability of the cell to elicit an
effective antioxidant response. At lower concentrations, ROS are important signaling
molecules involved in cellular proliferation, migration, and apoptosis [1, 2]. Several
sources of ROS in cells and tissue have been identified, including mitochondrial
electron transfer chain [3] and NADPH oxidase (NOX) enzymes [4]. At higher
concentrations, these molecules could be useful against pathogens, resulting in
increased leukocyte and platelet activation, and increased leukocyte recruitment [5].
While this is true in the context of innate immunity and inflammatory signaling in the
immune cells, most ROS are harmful to cells due to the accumulation of irreversible
damages to proteins, lipids, and most importantly, to DNA leading to mutations and cell

death [6, 7].

ROS and oxidative stress have been implicated in a number of diseases, including
fibrosis and cancer [8]. In particular, NOX-derived ROS has been found to be the main
source of oxidative stress which promotes key events in the development of fibrotic
diseases (such as skin fibrosis [9], idiopathic pulmonary fibrosis [10], liver fibrosis [11],
and kidney fibrosis [12]) as well as the initiation and progression of the cancer disease

[13].



To date, there is no cure for these diseases. Current approaches are limited to attempts
on slowing down disease progression in fibrotic diseases (such as pirfenidone for
pulmonary fibrosis). For cancer, there are several treatment approaches including,
chemotherapy, surgery, radiation, immunotherapy and other novel targeted therapies.
Cures can be achieved in some cases (e.g., when tumors are diagnosed early), but
resistance and recurrence are common. Chemotherapy and radiation also generate
ROS, which, at high levels, are toxic to cancer cells. Nevertheless, sub-lethal ROS
generated by these treatments were also reported to promote cancer invasion and
metastasis [14]. ROS are thus considered one of the mediators of drug resistance and

metastasis in cancer [14-16].

In recent years, antioxidants have drawn much attention as potential therapeutic
interventions due to their ability to fight oxidative stress (and thereby negate its role) in
fibrosis and cancer development. The main function of antioxidants is to scavenge or
neutralize free radical formation and inhibiting the deleterious downstream effects of
ROS. However, most antioxidants, taken orally, have limited absorption profiles, which
lead to low bioavailability and insufficient concentrations at the target site [17, 18]. To
overcome this issue, current research is focused on developing nanoparticles with
intrinsic antioxidant properties which can be functionalized to provide localized or
targeted therapy [19, 20]. These nanoparticles are mostly made up of inorganic
materials such as mesoporous silica, cerium oxide, and fullerene, which exhibit
antioxidant activities due to their ability to protect cells against oxidative stress in vitro
and in animal models [19]. The antioxidant capacities of these nanoparticles are thought

to be contributed by their redox and catalytic properties, electronic configuration, oxygen



vacancy defects, and, high-surface-to-volume ratio. Additionally, nanoparticles can be

designed to be multi-functional, also serving as delivery platforms for other therapeutics.

Much excitement has also been directed at the development of targeted therapies, a
strategy in which drugs are designed to block or interfere with a specific molecule in the
disease process. Small molecule drugs or monoclonal antibodies have garnered some
initial success, but a commonly encountered drawback is the propensity to develop
therapeutic resistance leading to the unfortunate exhaustion of treatment options. An
RNA interference strategy has attracted great interest as an alternative solution due to
its therapeutic potential in silencing disease-related genes with high specificity,
minimizing off-target effects commonly associated with small molecule inhibitors.
Although promising, the utility of siRNA as a therapeutic agent has been hindered by its
poor cellular uptake and short half-life [21]. To combat this, significant progress has
been made in recent years on the development of nanoparticles as gene delivery
platforms and silica nanoparticles have emerged as one of the more promising gene
delivery agents for treatment of various preclinical cancer disease models upon
systemic delivery [22, 23]. In addition, mesoporous silica nanoparticles (MSNP) have
also been reported to have reactive oxygen species (ROS) scavenging capability [24,
25], which will be beneficial for reducing oxidative stress-induced processes such as
fibrosis, carcinogenesis and metastasis. In addition, MSNP can be surface-modified
through covalent bonding or electrostatic interactions with polymers to facilitate gene
delivery into the cells [26]. Thus, MSNPs have great potential to be used as a gene

delivery agent for fibrosis and cancer treatments.



1.1.1 Overview of Reactive Oxygen Species (ROS)

Reactive species are broadly categorized into 4 groups: ROS, reactive nitrogen species
(RNS), reactive sulfur species (RSS), and reactive chloride species (RCS) [27]. Among
these groups, ROS is found to be the most abundantly produced [27]. ROS are
generally defined as oxygen-containing small species including superoxide anion radical
(02*), hydroxyl radical (OH®), hydroxyl ion (OH’), hydrogen peroxide (H»O.), singlet
oxygen ('0,), and ozone (Os) [4, 27]. ROS can be generated either by exogenous
sources such as UV radiation, toxic chemicals and drugs, physiological changes such
as aging or injury/inflammation [28], or by intracellular (endogenous) sources such as
NOX enzymes on the plasma membrane [4], myeloperoxidases (MPO) in phagocytes
[29], and as by-products of respiratory chain function in mitochondria [3]. As highlighted
in Figure 1.1, ROS generation is a cascade of reactions initiated by the production of
0,* inside the cells, contributed by endogenous and exogenous cellular sources.
Cellular defenses against these ROS molecules involve endogenous antioxidants such
as glutathione peroxidases (GPx), catalases (CAT), and superoxide dismutases (SOD).
Under normal physiological conditions, the formation and elimination of ROS is tightly
regulated through the help of the ROS-scavengers/endogenous antioxidants to maintain
homeostasis and avoid the harmful effects of oxidative stress. However, the elimination
process can become saturated and the increased accumulation of ROS leads to
permanent changes and/or damages to the DNA, lipids and proteins with detrimental

effects such as cell death, mutagenesis, carcinogenesis and fibrosis.
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Figure 1.1 Sources of ROS and key ROS molecules in signaling.

ROS generation is a cascade of reaction initiated by the production of *O; inside the
cells, contributed by endogenous and exogenous cellular sources. Molecular oxygen is
reduced to superoxide anion (O2*) by enzymes such as NOX and nitric oxide synthases
(NOS), or as by-products of redox reactions in mitochondrial respirations. O2*, being a
cell-impermeant molecule, is then rapidly dismutated to H,O, either spontaneously or
enzymatically by antioxidant enzyme superoxide dismutases (SODs). The intracellular
removal of H,O, can be categorized into three different mechanisms: 1) by the action of
catalase (CAT) and glutathione peroxidases (GPx) which reduces H,O, to water, 2)
through conversion of H,O, into hypochlorous acid (HOCI) and 'O, by the heme
enzyme myeloperoxidase (MPO) the neuthrophils which results in antimicrobial activity,
and 3) by Fenton reaction whereby H,0; is converted to the highly reactive OH® through
oxidation of Fe®* to Fe®*. The OH® produced will then react with H,O, to form O,*,
which, again, reacts with H,O, to form OH® and OH’, as a part of Haber-Weiss reaction.

2H,0
0, + 2H,0

HOCI + OH-




1.1.2 Roles of ROS in fibrosis

Fibrosis is a complex disease characterized by the excessive synthesis and
accumulation of extracellular matrices that occurs as a result of activation and
proliferation of fibroblasts and myofibroblasts. Fibrogenesis can be broadly categorized
into four different stages: 1) initiation of tissue injury, 2) inflammation and activation of
fibroblasts, 3) extracellular matrix (ECM) synthesis, and 4) deposition of ECM which
eventually leads to organ failure [30]. The causes of fibrosis vary greatly, but common
contributing factors include i) physical or chemical injury, ii) autoimmune disease (e.qg.,
systemic sclerosis) [31], iii) virus-induced (e.g., hepatitis C virus-induced liver fibrosis)
[32], iv) alcohol-induced (e.g., liver fibrosis) [33], v) hypertension (e.g., hypertensive
myocardial fibrosis), or vi) unknown (e.g., idiopathic pulmonary fibrosis) [31, 34, 395].
Notably, nearly 45% of all naturally-occurring deaths in the western world are attributed

to some form of fibrotic disease [36].

The release of ROS along with the secretion of chemokines and growth factors (such as
platelet-derived growth factor (PDGF), transforming growth factor beta (TGF-B),
connective tissue growth factor (CTGF), interleukin-6 (IL-6), and interleukin-13 (IL-13))
by immune cells during the inflammation phase are known to promote the activation of
fibroblast and collagen deposition in fibrosis [37, 38]. Among them, TGF-f is the most
potent profibrogenic cytokine which plays a vital role in regulating important biological
processes such as cellular proliferation, extracellular matrix (ECM) production, and
epithelial-mesenchymal transition (EMT) [28]. TGF-B mRNA and/or protein expression

has been found to be elevated in most fibrotic diseases in patients [39-41] as well as



experimental fibrosis models [42-44]. As shown in Figure 1.2, the presence of ROS
could activate TGF-$ signaling pathways, which then signal through either SMAD-
dependent or SMAD-independent pathways (e.g. phosphatidylinositol-3-kinase (PI3K),
c-Jun N-terminal kinases (JNK)) [45]. Increased TGF-f signaling also induces elevated
production of NOX4-generated ROS [46], which further stimulates the transcriptional
activities of pro-fibrotic genes such as collagen | (COLI), alpha smooth muscle actin
(aSMA), and NOX4. In addition, the presence of NOX4-generated ROS could activate
signaling pathways such as JNK and nuclea factor kappa B (NF«xB) [47, 48], and trigger
DNA oxidation as the initial step in a cascade of events which lead to myofibroblast

differentiation and overaccumulation of collagen deposition into ECM, leading to fibrosis.
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Figure 1.2. ROS contributes to the induction and persistence of TGF-f-mediated
fibrosis.

The presence of ROS induces the conversion of latent TGF-f3 complex to its active form,
which binds to its receptor and triggers signalling pathways such as SMAD2/3, PI3K,
and JNK. This in turn increases the transcriptional activity of various pro-fibrotic genes
such as NOX4, aSMA, and COL I. Increased in NOX4 expression also results in ROS
generation, which leads activation of other ROS-dependent signaling transduction
pathways such as, NFkB and JNK. Elevated ROS also causes irreversible DNA
damage, through oxidization of its bases. Together, enhanced ROS and activated TGF-
B signaling contributes to proliferation and transdifferentiation of fibroblast cells into
myofibroblast, and excessive ECM deposition leading to fibrosis.




1.1.3 Roles of ROS in cancer

Cancer is the second leading cause of death in the United States and was responsible
for 584,872 deaths in 2013 [49]. The number of new cancer cases is estimated to climb
to 22 million worldwide within the next two decades [50]. Metastases are the main
cause of cancer-related mortality, which accounts for 90% of death in cancer patients
[51]. Elevated ROS levels have been detected in most cancer cell lines [52] and have
been implicated in malignant progression and resistance to treatment [53]. As
highlighted in Figure 1.3, ROS plays a critical role in various signaling cascades relating
to survival, proliferation, resistance to apoptosis, neovascularization, invasion, and
extravasation and growth into a distant metastasis site [54, 55]. The roles of ROS in

cancer can be described as follows.
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Figure 1.3. ROS plays multiple roles in cancer progression.

ROS generated by multiple sources including chemotherapeutics, radiation,
inflammation, and hypoxia conditions contributes to genomic intsability of the cancer
cells, survival, resistance to apoptosis, proliferation, angiogenesis, invasion (through
invadopodia formation), as well as extravasation into a distant metastasis site.
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Effects of ROS on redox-mediated cellular mechanisms. ROS are capable of modifying

numerous cellular pathways by altering the DNA binding sites of redox-sensitive
transcription factors (such as hypoxia-inducible factor-1 alpha (HIF-1a), NFkB, activator
protein-1 (AP-1), and p53), or by oxidizing the cysteine residues on these molecules
[48]. At the post-translational level, ROS could also directly oxidize multiple types of
amino acids, such as methionine to sulfoxide and cysteine to sulfonic acids [56]. These
oxidative modifications on the amino acids will lead to structural and conformational
change of the tertiary protein structure, which might cause protein degradation by
proteasomes or activation/inhibition of the protein activities. Direct protein carbonylation
can also occur through oxidative attack on amino acids involved in catalysis such as

lysine, arginine, proline, and threonine, which leads to enzyme inactivation [56].

Role of ROS in__genomic instability. ROS generated from either the

extracellular/intracellular sources could also lead to DNA damage, which in turns
activate a number of stress response genes and DNA repair mechanisms. The redox-
sensitive p53 protein is an active transcription factor that is involved in numerous cell
processes including cell cycle arrest, senescence, and apoptosis [57]. In the presence
of excess ROS, p53 plays a crucial role in preventing the propagation of DNA damage
[58]. However, in cancer cells TP53 (gene which encodes p53) is a commonly mutated
gene varying from 10% occurrence in diseases such as hematopoeitic malignancies, to
close to 100% in high-grade serous carcinoma of the ovary [59]. In these cancers, DNA
damage will accumulate more readily due to inadequate DNA repair mechanisms,
resulting in gene mutation and/or deletion. The genomic instability will further activate a
number of oncogenes resulting in abnormal metabolic activity and decreased
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antioxidant production. All these events will eventually lead to an increase in

intracellular ROS production in a positive-feedback manner [60].

Role of ROS in tumor hypoxia and angiogenesis. As primary tumors continue to grow,

the demand for nutrients and oxygen supply will increase in parallel. However, these
demands are not always met in rapidly growing tumors and regions of the tumor will
become deprived of oxygen. In order to support tumor growth and proliferation in these
hypoxic microenvironments, cancer cells undergo several changes in order to adapt to
this oxygen- and nutrient-deprived state, including genotype selections favouring
survival (such as TP53 mutation [61]) and activation of hypoxia inducible factor-1 (HIF-
1) transcription factor [62]. The HIF family regulates a broad array of genes in response
to oxygen deprivation and has been comprehensively reviewed elsewhere [62, 63]. In
hypoxic conditions, the hydoxylation of HIF-1a is inhibited which prevents it from being
degraded as in normoxic conditions. The HIF-1a then dimerizes with HIF-1p, which later
binds to hypoxia response elements (HREs) on the DNA and stimulates the
transcription of its target genes, such as vascular endothelial growth factor (VEGF), N-
myc downstream-regulated gene (NDRG), and glucose transporter | [64]. These
hypoxia-responsive genes are involved in glucose transport, glycolysis, and
angiogenesis, allowing cancer cells to survive in such harsh environment. A hypoxic
microenvironment also contributes to ROS formation through the release of superoxide,
hydrogen peroxide, and hydroxyl radical from the mitochondrial electron transport chain,
and ROS, in turn, also stabilizes HIF-1a under both normoxic and hypoxic conditions

[65-67].
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Interplay between ROS and TGF-B signaling in cancer. Similar to fibrosis, the cross-talk

between ROS and TGF-f signaling in cancer has been well-documented and
comprehensively reviewed [68-70]. TGF-B1 is one of the most potent cytokines known
to contribute to immunosuppression of immune cells and promoting angiogenesis and

EMT in cancer cells.

TGF-B1 induces apoptosis in immune cells by directly supressing the production of
cytolytic factors in T-cells, inhibiting proliferation and differentiation of numerous
immune cells, and decreasing the tumor surface immunogenicity through inhibition of
major histocompatibility complex class Il antigens [71]. Gorelik et al. showed that T-cell
specific blockade of TGF-B signaling could enhance anti-tumor immunity by the

generation of CD8+-mediated tumor-specific cytotoxic T-cells response [72].

Tumor angiogenesis is vital for tumor growth and can also facilitate the dissemination of
tumor cells. TGF-B plays a critical role in promoting angiogenesis. The TGF-f SMAD-
dependent signaling pathway has been shown to induce vascular endothelial growth
factor (VEGF) expression. In addition, different levels of TGF-B expression show distinct
effects on angiogenesis: at low levels, TGF-B upregulates angiogenic factors including
VEGF, CTGF, and fibroblast growth factor (FGF), while at high levels, TGF- stimulates
smooth muscle cells recruitment and cell differentiation, while inhibiting endothelial cell

growth [73].

TGF-B is a major inducer of EMT and cell migration through a combination of SMAD-

dependent and -independent pathways (e.g., p38 MAPK) [74]. The downstream effects
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of the EMT response include transcriptional reprogramming which promotes inactivation
of genes (such as E-cadherin) that encodes for epithelial markers and activation of
genes for mesenchymal proteins such as N-cadherin and vimentin [75, 76].
Downregulation of E-cadherin is a common feature in many cancers such as metastatic
breast cancer [77] and non-small cell lung cancer (NSCLC) [78]. Studies have shown
that forced expression of E-cadherin in cancer cells in vitro could suppress cellular
migration and invasiveness [79], while forced expression of N-cadherin in cancer cells
caused the opposite effects [80]. The shift in expression from E- to N-cadherin and their
distinctive expression patterns reflects the EMT phenotype, which is associated with

cancer malignancy and metastasis [75].

In addition, TGF-B has been identified as a major contributor of intracellular ROS
production through NOX4 activation. NOX4-derived ROS has been implicated in the
EMT phenotype in pancreatic cancer cells [81], increased cell survival in urothelial
carcinoma [82], and increased cellular migration and invasiveness in breast cancer [83]

and ovarian cells [84], respectively.

Role of ROS in metastases. Metastasis is the main cause of cancer-related mortality,

which accounts for 90% of death in cancer patients [51]. The metastatic cascade, as
shown in Figure 1.3, is a complex process encompassing multiple steps, which lead to
cancer cell dissemination, such as: 1) loss of cellular adhesion, 2) increased motility and
invasiveness of cancer cells through ECM, 3) intravasation and entry into the circulation,
4) exit into a distant tissue (extravasation), and 5) colonization of a new foreign

environment [51]. ROS can activate several pathways involved in metastasis. For
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example, ROS can activate matrix metalloproteinases (MMPs), which can degrade
basement membranes and extracellular matrices, facilitating intravasation and
extravasation of cancer cells [85]. Furthermore, ROS generated by the NOX family (to
be discussed in the next section) was shown to be crucial for the formation of
invadopodia, actin-rich membrane protrusions of cancer cells that facilitate pericellular
proteolysis and invasive behavior [86]. Reduction of ROS using antioxidant such as N-
acetylcysteine (NAC) or NOX inhibitor, DPI, in cancer cells has the ability to decrease
cell viability [87], invasion and invadopodia formation [86], suggesting the role of

antioxidant in mitigating metastasis.

1.1.4 NOX4: the main source of ROS in fibrosis and cancer

NADPH oxidase (NOX) family and ROS. NOX family is comprised of seven members

including NOX1-5 and dual oxidase DUOX1-2, which are among the best-characterized
intracellular ROS-generating enzymes (as shown in Figure 1.4). All are transmembrane
flavoproteins, which generate superoxide by transferring an electron to an oxygen
molecule, resulting in superoxide anion (O2*), which is then either spontaneously (by
low pH) or catalytically (by SOD) dismutated to H,O,. Most NOXes require additional
subunits to be functional. Most NOXes, specifically NOX 1-3, bind to the
transmembrane protein p22phox, which further recruits cytosolic regulatory subunits
such as organizers (p47phox, p40phox, or NOXO1), activators (p67phox or NOXA1),
and small GTPases (Rac1 or Rac2) [88, 89]. NOX4, being the exception, only needs to
bind to p22phox and does not require cytosolic subunits for maximal oxidase activity. In

addition, H,O,, not superoxide anion, seems to be the predominant species that is
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detected in NOX4. NOX1-5 are mostly located at the plasma membrane of the cell, with
NOX4 being additionally detected in the endoplasmic reticulum (ER), mitochondrial
membrane, nuclear membrane, focal adhesions, and invadopodia [89]. Extensive
details on the structure and activation of NOX isoforms have been reviewed elsewhere

[4, 90, 91].
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Figure 0.1. Structure of NADPH oxidase family.

A) NOX1 activity requires p22phox, NOXO1 and NOXA1, and the small GTPase Rac. B)
NOX2 requires p22phox, p47phox, p67phox, and Rac. C) NOX3 requires p22phox and
NOXO1. D) NOX4 requires p22phox, it is constitutively active without the requirement
for other cytosolic subunits. E and F: NOX5, DUOX1, and DUOX2 are activated by Ca®
and do not appear to require subunits. Adapted from Physiological Reviews [4].
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High NOX4 expression in fibrosis. NOX4 mRNA expression has been found to be

upregulated in both pulmonary fibroblasts isolated from idiopathic pulmonary fibrosis
(IPF) patients [92] and skin fibroblasts from scleroderma patients [93], as well as in a
number of in vivo fibrosis models, including liver fibrosis [94], pulmonary fibrosis [95, 96],

diabetic neuropathy (kidney fibrosis associated with diabetes mellitus) [97].

As mentioned in the previous section (section 1.1.2), TGF-$ signaling is the major
contributor to fibrogenesis. TGF-B upregulates NOX4 expression through 2 major
pathways: the canonical SMAD2/3 [92, 98] and non-canonical PI3K pathways [99, 100].
Inhibition of TGF-B signaling using pharmacological inhibitors for SMAD3 or PI3K
abrogated NOX4 expression, suggesting that NOX4 expression is downstream of
SMAD [101] and/or PI3K [100] pathway. Suppression of NOX4 activity with a NOX
inhibitor diphenyleneiodonium chloride (DPI), siRNA, or the antioxidant N-acetylcysteine
(NAC), was shown to decrease the expression of alpha smooth muscle actin (a-SMA)
and collagen | (COL I) in fibroblasts collected from pulmonary fibrosis patients and in a

bleomycin-induced lung injury mouse model [92, 96].

High NOX4 expression in _cancer. High expression of NOX4 has been detected in

several cancer types including gliomas [89], melanoma [102], breast cancer [103],
ovarian cancer [103], and pancreatic cancer [81]. In cancer cell lines, elevated levels of
NOX4 are associated with PI3K/Akt-regulated cell proliferation and invasion [104], TGF-
B/SMAD3-driven EMT and cell migration [101], as well as Tks5-dependent invadopodia
formation [105]. Depletion of NOX4 with siRNA treatment significantly reduced tumor

growth in the in vivo models of bladder cancer [82], renal cancer [106], and
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glioblastoma [63]. These results suggest that NOX4-derived ROS is a potential target

for pharmacological intervention for cancer treatment.

1.2 Strategies to suppress oxidative stress

Antioxidants have been commonly described as substances that can delay, prevent or
remove oxidative damage to a target molecule [107]. Given that fibrotic and cancer cells
generally present with higher oxidative stress levels than normal cells, it is believed that

patients who suffers from those diseases will benefit from antioxidant supplementation.

1.2.1 Dietary antioxidant supplements

Dietary antioxidants including vitamin C (ascorbic acid), vitamin E (tocopherol), vitamin
A (B-carotene), and selenium have the ability to counteract oxidative damage and can

be obtained through food components such as fruits and vegetables.

Vitamin C is water-soluble and strong antioxidant. Vitamin C exists in two forms: L-
ascorbic acid and the oxidized form, dehydro-L-ascorbic acid. It can directly react with
hydroxyl and lipid peroxyl radicals to form H,O and lipid hydroperoxides. Vitamin C can
also neutralize vitamin E and glutathione radicals, and regenerate these antioxidants

[108].
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Vitamin E exists in at least 8 different isoforms (a-, B-, y-, 6-tocopherols, and a-, -, y-, o-
tocotrienols), which differ only in the number of methyl groups and in the side chains of
its aliphatic tails [109]. Only a-tocopherols isoform is the most retained in the body due
to the preferential transfer of a-tocopherol to the lipid particles by a liver a-tocopherol
transfer protein. The main role of vitamin E is to act as a chain-breaking antioxidant,

which prevents the propagation of lipid peroxidation [110].

Vitamin A is a fat-soluble vitamin and usually found in the diet as preformed vitamin A
from animal products such as meat and fish, and as pro-vitamin A from plant-based
products such as fruits and vegetable. B-carotene has the highest provitamin A activity
which is further metabolized to retinoic acid and retinol, the active form of vitamin A. -

carotene can physically quench 'O, and protect organisms from oxidative damage [111].

Selenium is an essential trace element which can be acquired from the diet by the
consumptions of nuts, meats, and fish. It is co-translationally incorporated into amino
acids such as selenocysteine and selenomethionine [112]. The selenium-containing
amino acids act as antioxidants by scavenging free radicals and repairing oxidized

selenium species.

A few clinical trials (summarized in Table 1.1) have been conducted, mainly using the
synthetic form of these antioxidants on healthy and at-risk populations [113-122]. These
observational studies were designed to provide evidence on the benefit of antioxidant
supplementation for reducing or lowering the risk of patients developing or dying from

cancer. However, most of the data were inconclusive, with the majority showing no
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protection or exhibiting harmful effects in the patient cohort. It is possible that this lack of
benefit is due to: 1) the difference in the chemical composition of antioxidants found in
food compared to those in supplements, 2) the disease-specificity of certain
antioxidants (i.e. some antioxidants are more effective than the others in protecting
against certain types of diseases), or 3) due to the low bioavailability, these
supplements could not reach sufficient intracellular levels to be effective [123].
Therefore, a more potent antioxidant that can be delivered to a specific diseased tissue
and with improved bioavailability is thought to be more beneficial than these antioxidant

supplements.

1.2.2 Enzyme related antioxidants

Glutathione (GSH), N-acetylcysteine (NAC), and superoxide dismutase (SOD) are
enzyme related antioxidants that act as the first-line defense against cellular oxidants.
The effects of these molecules have also been investigated in several clinical trials (see

Table 1.2), and the results from these studies will be discussed in details below.

GSH and NAC. is the main non-protein thiol in cells which acts as a reducing agent and

