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Oxidative damage is a cellular threat that is responsible for many pathologic conditions
such as Alzheimer’s disease, Parkinson’s disease, chronic obstructive pulmonary disease
(COPD), cancer, and many more. The primary cytoprotective pathway within the cell that is
responsible for mitigating the harmful effects of oxidative stress is the antioxidant system. The
master regulator of the antioxidant system is the transcription factor, nuclear factor erythroid 2-
related factor 2 (NRF2) which operates by binding to the antioxidant response element (ARE)
and inducing the production of many antioxidant genes. It is known that the early response of
NRF2 is regulated by electrophilic interaction with Kelch-like ECH-associated protein 1 (Keapl)
and the delayed response is regulated by glycogen synthase kinase 3 beta (GSK-3p). There have
been many antioxidant natural products reported, including, but not limited to, broccoli,
Cinnamomum cassia oil, turmeric powder, sulforaphane, cinnamaldehyde, and curcumin. Many
of these function through interactions with Keapl in the early response. This study identified two
novel inducers of ARE activity: sabinene and tetrafluorohydroquinone. Further, Kenpaullone, is
another compound that has been identified to have effects on the delayed response, as it is a
known inhibitor of GSK-3p. Many studies have investigated the effects of these compounds on
the induction of NRF2, however, in this study, the effect of a dual-targeted treatment of HepG2

cells was investigated in attempts to regulate the NRF2 pathway through both the early and the



delayed response. This study showed that across multiple combinations of early response
inducers in combination with kenpaullone HepG2/NRF2 cells had an enhanced activity of the
ARE that was much greater than any compound or natural product could induce individually.
This suggests that enhanced activation of the ARE can occur through a dual-targeted treatment.

Further, the antioxidant pathway has been shown to have correlations to other
cytoprotective pathways such as xenobiotic metabolism and heat shock proteins. For example,
since many reactive oxygen species (ROS) are produced in the process of xenobiotic
metabolism, the antioxidant system and xenobiotic system are typically activated simultaneously.
Likewise, oxidative stress cannot only induce the antioxidant pathway but it can cause damage to
proteins as well, and therefore activate heat shock proteins. In light of the correlations between
NRF2 and other cytoprotective pathways, it would be logical to assume that enhanced activation
of the antioxidant pathway could lead to the activation of other protective mechanisms.
Therefore, this study also investigated the activation of xenobiotic metabolism and heat shock
proteins in response to the NRF2 activators mentioned previously. Interestingly, the results
indicate a novel activity of KP as an inducer of the xenobiotic response, as indicated by
cytochrome P450, family 1 subfamily a, polypeptide 1 (CYP1ALl), a classic marker for the
activation of the xenobiotic response element (XRE) by the aromatic hydrocarbon receptor
(AHR).

Not only did the results of this study indicate that enhanced activation of the ARE could
be achieved through a dual-targeting treatment, but also that attenuation of the activation
occurred at high concentrations, suggesting that a negative-feedback mechanism was responsible
for the inactivation of the antioxidant pathway. It has been well reported that the over-activation

of cytoprotective pathways can induce programmed cell death, therefore experimentation was



done to evaluate the potential activation of apoptosis at high concentrations of dual-targeted
treatment. However, using gPCR assessment the treatment concentrations used did not seem to
indicate attenuation of the NADPH quinone oxidoreductase-1 (NQO1), a classical marker of
ARE activation. Rather, p53 upregulated modulator of apoptosis (PUMA) expression seemed to
be reduced, and therefore the activation of apoptosis was not observed. In light of elevated
NQO1 expression, PUMA expression would not be expected to be elevated as these results are
consistent with the literature and are consistent with a relationship between cytoprotective

pathways and programmed cell death.
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Chapter 1 — Enhanced Activation of the Antioxidant Response
Element through coordinated targeting of the NRF2 Pathway



Introduction
The antioxidant pathway is highly studied due to the many clinical implications that are

correlated with this pathway. For example, cancer is the second leading cause of death in the
United States and physiologically, the antioxidant system is meant to protect the body against the
development of harmful cell conditions, which can be carcinogenic (Heron, 2021). However, in
the context of cancer, the antioxidant system can actually become hijacked and instead of
protecting the cell, it increases oncogenic cell survival allowing for the evasion of cell death as
well as resistance to chemotherapy (Sporn & Liby, 2012). Furthermore, the protection from
oxidative damage by the antioxidant system can help prevent the pathogenesis of many other
disease conditions such as diabetes, Alzheimer’s disease, Parkinson’s disease, hypertension
chronic obstructive pulmonary disease (COPD), and the aging process itself (Griendling et al.,
2021; Gureev, Popov, & Starkov, 2020; Oh & Jun, 2017; Percério et al., 2020; Sporn & Liby,
2012; Xu, Liu, & Song, 2020). Due to the vast implications regarding this pathway
understanding the detailed mechanistic aspects of its induction and attenuation would be very
useful. It is well understood that of the endogenous antioxidants produced, nuclear factor
erythroid 2-related factor 2 (NRF2), is considered the master regulator of cellular antioxidant
pathways (Jain & Jaiswal, 2007a).

NRF2 functions as a transcription factor that binds to an antioxidant response element (ARE)
(consensus sequence: 5-RTKAYnnnGCR-3'), found in the promoter region of target genes, and
regulates the production of a large number of antioxidant enzymes (Erickson, Nevarea, Gipp, &
Mulcahy, 2002). Under basal conditions, NRF2 activity is mediated by Kelch-like ECH-
associated proteinl (Keapl) also known as an inhibitor of NRF2 (INrf2) (Schematic. 1) (Oh &
Jun, 2017). Keapl is anchored to the cytoskeleton sequestering the Keap1l-NRF2 complex,
preventing it from initiating transcriptional activation. Keap1l is an adaptor protein that facilitates
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the interaction of NRF2 with Cullin3 (Cul3) containing ubiquitin ligase complex E3 (E3). Along
with the Cul3 and E3, RING-box protein 1 (Rbx1) is present in the complex and is needed for
the ubiquitination of NRF2 (Gureev et al., 2020; Oh & Jun, 2017; Zenkov et al., 2017).
Ubiquitination of NRF2 occurs at lysine residues and leads to its degradation by the 26S
proteasome (Jaramillo & Zhang, 2013). In this way, the cell can be maintained in a “ready” state
so the production of reactive oxygen species can be rapidly addressed without the need to

generate NRF2 de novo.

Step 1: Keapl Regulation

Basal Condition

/£
Cytoskeletonf,// Step 2: NRF2 Degradation

A
¥ 4

S0 £> Rrex1

{ )

Proteosome

Cytoplasm

Schematic 1. This figure illustrates the NRF2-Keapl Complex and the NRF2 degradation
process under basal conditions. Keapl sequesters NRF2 to the cytoskeleton, allowing other
proteins to associate and form a heterodimer, in which E2 tags the lysine residue of NRF2 with
ubiquitin, signaling NRF2 for degradation via the 26S proteosome.

Prior to its proteasomal degradation, NRF2 can be enlisted for duty in transcriptional
activation when cellular conditions dictate. This is done via Keapl modification. Keapl is
essential for monitoring the redox status of the cell and is part of the response system for
detecting conditions where NRF2 activity is needed for cytoprotective functions. Keapl has 25

cysteines that function as sensors for a wide variety of compounds that can affect the stability of



the Keap1l-NRF2 complex. In the presence of ROS or electrophilic modification of the thiol
groups on the cysteine residues of Keapl, the sequestering function of this protein will be
neutralized and allow for NRF2 to dissociate from the complex (Schematic 2) (Li, R., Jia, &

Zhu, 2019; Oh & Jun, 2017; Tonelli, Chio, & Tuveson, 2018; Zenkov et al., 2017).

Another factor that influences NRF2 activation is protein kinase C (PKC).
Serine/threonine PKC phosphorylates Ser40 on NRF2, therefore weakening the interaction with
Keapl, increasing its stability and nuclear import (Zenkov et al., 2017). PKC will also
phosphorylate glycogen synthase kinase 3 beta (GSK-3p) at Ser9, causing GSK-3 to be inactive
(Schematic 2) (Jain & Jaiswal, 2007b). Once NRF2 is translocated inside the nucleus, it will then
form heterodimers with small Maf proteins (sMaf) and bind to the ARE in the promoter region of
NRF2 target genes (Oh & Jun, 2017; Tonelli et al., 2018). The NRF2-sMaf will then increase the
transcription of genes that provide protection from ROS or other chemically reactive compounds
(Tonelli et al., 2018). Some of the enzymes upregulated by the NRF2/sMaf complex include
superoxide dismutase (SOD), NADPH: quinone oxidoreductase-1 (NQO1), heme oxygenase-
1(HO-1), carbonyl reductase 3(CBR3), and heat shock factor 1 (HSF1) (for a more extensive list
see Table 1) (Cornejo, Vargas, & Videla, 2013; Ebert, Kisiela, Malatkové, El-Hawari, & Maser,
2010; Hayes, Dinkova-Kostova, & McMahon, 2009; Huang et al., 2014; Oh & Jun, 2017; Paul,

Ghosh, Mandal, Sau, & Pal, 2018).
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Schematic 2. Depiction of NRF2 activation in the early response. Oxidative stress, electrophiles,
and PKC can interact with the cysteine residues of Keapl; causing NRF2 to dissociate from the
complex. Once free in the cytosol, NRF2 is available for the phosphorylation of Ser40, which
can occur via PKC. Upon phosphorylation, NRF2 will translocate into the nucleus where it
associates with sMaf and binds to the ARE to activate the transcription of antioxidant genes.

Enzymes upregulated by NRF2:

Superoxide dismutase S0D
Catalase CAT
Glutathione peroxidase GPx
Thioredoxin peroxidase TPx
Thioredoxin reductase TrxRs
Sulfiredoxin 5
Peroxiredaoxin Pry
NADPH:guinone oxidoreductase-1 NOO1
Heme oxygenase-1 HO-1
Glutathione reductase GR
Glutaredoxin Grx
Glutamate cysteine ligase GCL
Glutathione S-transferase Ya G5T Ya
Glutathione 5-transferase Yp G5T Yp
UDP-glucuronasyltransferase UGT
Sulfotransferase sULT
Carbonyl reductase 3 CBR3
Heat shock factor 1 H5F1
Manganese superoxide dismutase MnS0OD

Table 1. A partial list of the enzymes upregulated by NRF2.



The nuclear export of NRF2 is the delayed response of cells used to attenuate the
oxidative or electrophilic stress response. In other words, as the stress is relieved, the system
resets by exporting NRF2 from the nucleus thereby turning off the antioxidant response. This
pathway is mainly regulated by GSK-3p (Schematic. 3). There are two components that play a
role in the activation of GSK-3p. The first is having the Ser9 position de-phosphorylated and the
second is having the Tyr216 position phosphorylated by an unknown tyrosine kinase (Jacobs et
al., 2012; Jain & Jaiswal, 2007). Once GSK-3p is activated it will then phosphorylate Fyn, a
tyrosine kinase, at a threonine residue. Once this occurs, Fyn will be translocated inside the
nucleus where it will accumulate and eventually phosphorylate NRF2 on tyrosine 568.
Phosphorylated NRF2 will then bind to Crm1 and be exported from the nucleus where it will
undergo degradation (Jain & Jaiswal, 2007). Consequently, increases in GSK-3f lead to overall

decreases in NRF2 concentrations (Jain & Jaiswal, 2007; Lu et al., 2019).
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Schematic 3. Depiction of the delayed response mediating NRF2 export from the nucleus and
consequent downregulation of ARE-dependent transcription. Once activated GSK-3f will
phosphorylate a Fyn, which then translocates into the nucleus to phosphorylate the Tyr568 of
NRF2, which tags it for nuclear export and subsequent degradation.

Cytoplasm

Clinically, GSK-3p is significant because of its correlations with Alzheimer’s disease,
Parkinson’s disease, and other neurodegenerative disorders. Each of these conditions have been
demonstrated to have increased GSK-3f activity. Due to these implications, the modulation of
GSK-3p is well-studied (Demuro, Di Martino, Ortega, & Cavalli, 2021; Percério et al., 2020). Of
the many compounds researched, kenpaullone (KP) has emerged as a high-affinity inhibitor of
GSK-3p (Demuro et al., 2021; Guieu et al., 2021). The literature indicates that the 1Cso for KP
inhibition of GSK-3f is 0.023uM (Demuro et al., 2021; Leost et al., 2000). While many studies
discuss the inhibitory activity of KP on GSK-3p, there have not been any direct correlations

between KP and NRF2. However, due to the role of GSK-3p in the delayed response, and the



interaction of KP with GSK-3p, KP treatment would likely help induce the antioxidant system

(Demuro et al., 2021; Kitabayashi et al., 2019; Leost et al., 2000).

Not only is it possible that KP could lead to increased NRF2 activity, but there are likely
many other compounds that could potentially lead to a targeted enhancement of the antioxidant
system given its regulation by Keapl and GSK-3p. For example, many natural products such as
broccoli (BROC), cassia oil (CAS), and turmeric powder (TURPD), contain key compounds
such as sulforaphane (SFN), cinnamaldehyde (CIN), and curcumin (CURC) respectively. These
are also known to have antioxidant effects (Boo, 2020; Fahey et al., ; Gamet-Payrastre et al.,
2000; Tastan, Arioz, & Genc, 2017; Tayyem, Heath, Al-Delaimy, & Rock, 2006). Within each of
these natural products are many natural compounds that have various mechanisms of inducing
antioxidant activity. For instance, BROC contains sulforaphane (SFN), while TURPD contains
curcumin (CURC), both of these compounds are electrophilic and therefore have the potential to
induce NRF2 activity through modulation of Keapl (Nandini, Rao, Deepak, & Reddy, 2020;
Tastan et al., 2017; Tayyem et al., 2006). While the main mechanism of SFN induction of NRF2
is thought to primarily be the result of its interactions with Keapl, it has also been shown to
increase NRF2 through the epigenetic modification of the first 5 CpGs in the promotor region of
the NRF2 gene in TRAMP C1 cells (Baird & Yamamoto, 2020; Yang, Palliyaguru, & Kensler,
2015; Yin, Wang, Qing, Lin, & Wu, 2016; Zhang, Su, Khor, Shu, & Kong, 2013). Another
source of antioxidant induction is cinnamaldehyde (CIN), a major component of Cinnamomum
cassia (CAS), which has been demonstrated to induce NRF2 and alleviate ROS production in
human epidermal keratinocytes (Boo, 2020; Uchi, Hiroshi, MD, PhD, Yasumatsu, Morino-

Koga, Mitoma, Chikage, MD, PhD, & Furue, Masutaka, MD, PhD, 2016). A very similar



compound, cinnamic acid, has been shown to interact with the NRF2 and Keapl complex and

increase nuclear translocation through ROS and PKC signaling cascades (Hseu et al., 2018).

Due to the ability of these natural products and compounds to initiate induction of NRF2
via the early response, and KP’s ability to operate as a GSK-3f3 inhibitor of the delayed response,
this led to the hypothesis that targeted combination treatment could lead to enhanced activation
of the ARE. To illustrate this hypothesis, schematic 4, depicts the proposed mechanism of action
for our rationale. This data suggests that mechanistic enhancement of ARE activation does occur

through a targeted approach.

Other compounds

Cytoplasm

ARE o<t ol Target Genes

KP Nucleus

Schematic 4. Proposed mechanism of enhanced activation by Keapl activators combined with
the GSK-3p inhibitor, KP. It is hypothesized that through a coordinated approach that leads to
activation of the early response and inhibition of the delayed response the NRF2 activation of the
ARE would be enhanced through a combination treatment.



Materials and Methods

NRF2 ARE Luminescence Protocol
The HepG2/NFR2 cell line is a HepG2 ARE reporter cell line (NRF2 Antioxidant Pathway) and

was obtained from BPS Bioscience (Catalog #60513). This cell line contains a firefly luciferase
gene under the control of an antioxidant response element (ARE). HepG2/NRF2 cells were
cultured at 37°C under 5% COz2 in a complemented (10% FBS, pen-strep1X, 0.01% geneticin)
corning EMEM media. Cells were grown in a clear T-25 to about 70% confluency and then
transferred to an SPL Life Sciences Co., Ltd. DNase/RNase/DNA free (ISO 13485) white bottom
96-well plate. Cells were then administered the appropriate treatment in groups of four following
incubation of 20h at 37°C under 5% CO2. Growth media was aspirated and replaced with 25ul of
pure EMEM. To assess NRF2 activity, 25ul of a luciferase glo assay substrate (Promega, USA)
was added to each well. The 96-well plate was then placed on a shaker at 300-500rpm for at least
10min. A TECAN infinite M200 Pro plate reader was then used to measure luminescence for
each well. Quadruplicate values were then averaged and used to determine the fold induction in
comparison with the control. The standard deviation was also calculated for all replicate samples

to fall within 10% of the average value.

GSK3p Glo Assay

To measure the GSK3 activity, an in vitro assay was developed using recombinant GSK3f
(Millipore), Glycogen synthase peptide 2 from PC scientific as a substrate, ATP (Sigma), and
Kinase-Glo assay kit (Promega) to monitor ATP utilization. Reaction mixtures contained 20mM
tris-HCI (pH 7.5), 10mM MgClz, 5mM DTT, 25uM substrate peptide, 2uM ATP, and 10ng

GSK3p in a total volume of 40mL. The reaction was carried out for 29min at 30°C and quenched
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via the addition of 40ul Kinase-Glo reagent. After 10min, 1ml of deionized water was added,
and the luminescence intensity was recorded. A standard curve for ATP concentrations between
0.5-2uM was also prepared using the same protocol. To measure inhibition, the identical
reaction was carried out in the presence of 50nM kenpaullone, and the amount of ATP consumed
in the control vs. inhibited reactions was determined using the standard curve. All reactions
were carried out in duplicate. Duplicated values were then averaged and used to determine the
fold induction in comparison with the control. The standard deviation was also calculated to be

within 10% of the plotted values.

RTgPCR Protocol

HepG2/NRF2 cells were grown to 70% confluency at 37°C under 5% COz2 in a T-25. Once
confluency was reached, complemented EMEM was replaced and treated in a clear T-25 with the
appropriate SFN/KP concentration. A simple dose-response treatment was administered for each
compound as well as combination treatment groups. The cells were then allowed to incubate
under these conditions for 20h. Upon completion, RNA isolation was performed using 1ml of
TRIzol reagent (per T-25) and transferred to a 1.5ml conical tube following the Invitrogen
protocol. RNA concentration was then determined using a Thermo Scientific NanoDrop 2000
spectrophotometer. To prepare each sample, 2ug of RNA, 16ul of nuclease-free water, and 4ul of
RT reverse transcriptase Supermix (Invitrogen, Carlsbad, CA) were combined in a PCR tube.
The thermal cycler was set for Smin priming at 25°C, 20min reverse transcription at 46°C, and
Imin RT inactivation at 95°C. To prepare each sample, 2ul of cDNA, 6ul RNAse free water,
10ul SYBR Green, and 2ul 10X Primer master mix were combined in a PCR tube. Each sample
was then placed into the thermal cycler and subjected to 40 cycles of PCR. The thermal cycler

was set to begin with 3min at 95°C and then cycled through intervals of 10sec at 95°C, 10sec at
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60°C, 10sec at 72°C, ending with Ssec at 65°C and 95°C. Primers used were as seen in Table 2.
These were designed using the DNA sequence based on exons shared by all isoforms (if

possible) of the gene. Primer3 (https://bioinfo.ut.ee/primer3-0.4.0/) was then used to generate

primers that had a product size ranging between 80-140bps. The Tm was set to 60°C, a GC

clamp was added, and the GC content range was set to 40-60%.

Gene Forward primer Reverse Primer

GAPDH 5'-AGCGAGATCCCTCCAAAATC-3' 5'-GCAGAGATGATGACCCTTTTG-3'
ACTB 5’-ACCCAGATCATGTTTGAGACC-3" 5'-CCAGAGGCGTACAGGGATAG-3’
NQO1 5'-GTGGAGTCGGACCTCTATGC-3' 5'-AGTTCGCAGGGTCCTTCAG-3'
CYP1Al 5'-ATGAACCCCAGGGTACAGAG-3 5'-GAGTGTCGGAAGGTCTCCAG-3'
Hsp70/HSPA8 5'-AACCCTGATGAAGCTGTTGC-3’ 5'-TCCACCAGCAGTTTCAATACC-3"
HMOX1 5'-ACTTTCAGAAGGGCCAGGTG-3" 5'-GTAGACAGGGGCGAAGACTG-3
PUMA/BBC3 (version 1 — designed for 3 of 4 isoforms) 5-ACCTCAACGCACAGTACGAG-3’ 5'-GAGATTGTACAGGACCCTCCAG-3'
PUMA/BBC3 (version 2 — designed for 1 of 4 isoforms) 5'-AATTTGGCATGGGGTCTG-3 5'-AGATTGTACAGGACCCTCCAG-3'

Table 2. PCR Primers.

Compound/Natural Product Extraction and Dilution

To obtain a crude extract from natural products we developed a protocol to partition into various
concentrations for the treatment of HepG2/NRF2 cells. Broccoli (BROC) and cilantro (CIL)
were purchased from Walmart®. TURPD was purchased from Dwarka Organics. CAS 100%
pure essential oil obtained from Majestic Pure™ Cosmeceuticals. Trans-2-decenal (T2D) was
obtained from Tokyo Chemical Industry (TCI) Co. LTD. Curcumin (CURC)100mg (LOT:
3819205) from EMD Millipore Corp. (USA). 98+% Cinnamaldehyde (CIN) obtained from
Thermo Fisher Scientific. A mass of 1g of each natural product was weighed, crushed with
mortar and pestle, and diluted 1:2 in nuclease-free water. Each aliquot was then centrifuged at

5,000rpm for 5min. The supernatant was then isolated and used for serial dilution in DI water.
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Results and Discussion

Glycogen Synthase Kinase 3 (GSK3p) Inhibition by KP

KP inhibition of GSK-3p is a well-documented phenomenon in the literature (Demuro et al.,
2021; Kitabayashi et al., 2019; Li, Y., Zhang, Wan, Liu, & Sun, 2020). Fig 1.1 depicts the results
of an in vitro analysis of GSK-3p activity using a Kinase glo assay. Here activity of the enzyme
was monitored by measuring ATP consumption in the presence of the peptide substrate for GSK-
3. This figure shows an 80% reduction in the amount of ATP consumed in the enzymatic
reaction when 50nM KP was present. This demonstrates the inhibitory effect of KP on GSK-3f3

at nanomolar concentrations.

KP Inhibition of GSK3p
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Figure 1.1 In vitro activity of GSK-3f in the presence of S0uM kenpaullone (KP). Reactions
were carried out for 10min and activity was determined by ATP consumption. The data points
represented in this figure are the average of two individual samples for each group. P-value equal
to 0.02.
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Dose-Response Behavior of SFN and KP in Reporter Cells

As shown in Fig. 1.3, SFN (structure seen in Fig. 1.2) is a potent inducer of NRF2 activity in
HepG2/NRF2 cells resulting in a concentration-dependent increase in the ARE activation over
the range of 1uM to 25uM. At 25uM the activation appeared to be reaching saturation, which is
consistent with data in the literature suggesting the maximum effects are in this range and that
concentrations above this begin to have a negative impact on cell viability and lead to induction
of apoptosis (Andelova, Rudolf, & Cervinka, 2007; Clarke et al., 2011; Wang et al., 2012). Fig
1.3 indicated roughly a maximum 12-fold induction of NRF2 with the 25uM treatment of SFN

within this cell reporter system (p-value < 0.001).

Sulforaphane

Figure 1.2 Molecular structure of SFN.
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Figure 1.3 Luciferase activity in HepG2/NRF2 cells in response to increasing sulforaphane.
Values plotted on the Y-axis corresponds to the fold increase in luminescence compared to the
untreated samples. The standard deviation is based on four individual samples and is within 10%
of the plotted values. These results were statistically significant with a p-value <0.001.

As shown in Fig. 1.4, KP is a strong inducer of NRF2 in HepG2/NRF2 cells, with a
maximum threshold of induction between 7 and 8-fold which occurred around 5uM KP. Beyond
20uM KP induction decreased, potentially due to toxicity (p-value <0.01). This data suggests
that saturation began to occur around 5uM with no additional activation at higher concentrations.
This is consistent with the literature, as many of the effective doses ranges for various cell types
range from 0.5uM to 10puM and do not exceed 24h for 1uM and 2h for 10uM (Joo et al., 2018;
Kitabayashi et al., 2019; Yeo et al., 2021). The data shown in Fig. 1.3 and 1.4 confirm that in the
reporter system used in the current study, both SFN and KP are effective ARE inducers that
demonstrated saturation behavior consistent with observed induction characteristics seen using

other reporters. However, since the proposed molecular mechanisms for activation by these two

compounds differ, with one activating the early response and the other preventing the delayed
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response, the combined dose-response behavior of these compounds may be expected to produce

altered saturation patterns.
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Figure 1.4 Luciferase activity in HepG2/NRF2 cells in response to increasing kenpaullone.
Values plotted on the Y-axis corresponds to the fold increase in luminescence compared to the
untreated samples. The standard deviation is based on four individual samples and is within 10%
of the plotted values. The results were statistically significant with a p-value <0.01.

Dose-Response Behavior of Combined SFN and KP in Reporter Cells

Figure 1.5 shows the combined effect of varying concentrations of SFN and KP on ARE
activation. Alone, SFN 25uM SFN and OuM KP treatment produced the maximum 12-fold
induction, consistent with data previously presented in the literature (p-value <0.001) (Andelova
et al., 2007; Clarke et al., 2011; Wang et al., 2012). Conversely, OuM SNF with 5uM KP resulted
in a 13-fold induction, which was saturating for KP (p-value equal to 0.001). However,

combined at 4uM SFN and 5uM KP these compounds generated a 32-fold induction of
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luciferase activity in this ARE reporter system (p-value <0.001). This enhanced activation is 2-3
times higher than either compound could produce individually under saturating conditions. These
results suggest that by targeting both the activation and deactivation stages of induction a much
greater induction effect is achievable. Interestingly, the treatment containing 25uM SFN and
5uM KP resulted in a dramatic decrease in NRF2 activity. This is intriguing because individually
neither compound is cytotoxic. There are several potential explanations for this observation. It is
conceivable that this decrease in NRF2 activity could be due to some type of feedback down-
regulation of the antioxidant pathway. This could also explain the reduced luciferase expression
at high concentrations of KP alone. One possible mechanism by which this may occur is the
negative regulation of mMTORCL or p21 as both have been shown to have negative feedback on
NRF2, and both can be activated by AKT, a common activator not only of mTORC1 and AKT
but also NRF2, therefore it is possible overactivation of NRF2 is negatively regulated by a
feedback loop (Kapuy, Papp, Vellai, Banhegyi, & Korcsmaros, 2018; Matsuoka & Yashiro,
2014; Paladino, Conte, Caggiano, Pierantoni, & Faraonio, 2018; Romorini et al., 2016).
Regardless of the explanation, further investigation is warranted, as it could reveal important
connections between NRF2 and cell survival. Alternatively, extremely high levels of induction of
the antioxidant system could trigger a cellular death response; these possibilities will be
discussed in chapter 3.

Another interesting effect observed was the apparent variability in activation of the ARE
at the 15uM KP concentration. The data presented in Fig 1.5 along with multiple other trials
(Fig. 1.10, 1.15, 1.17, 1.19) indicate a decrease in luciferase activity moving from 5uM to 15uM
KP. However, on other occasions, the 15uM sample showed slightly elevated induction relative

to the 5uM concentration (Fig. 1.4, 1.13, 1.16, 1.18, 1.21).
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As it relates to the objective of this study overall, the data in Fig. 1.5, especially the
combinations of 4uM SFN with 5uM KP, demonstrates the ability of the combination treatment
to reach a much higher threshold of activation than either compound individually and supports

the model presented in schematic 4.
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Figure 1.5 Luminescence dose-response of HepG2/NRF2 cells to SFN & KP at 20hrs. Y-axis
shows the level of luminescence produced. The X-axis shows the effect of increasing SFN
concentrations. Z-axis shows the effect of increasing KP. The standard deviation for each data
point was less than 10% +/- of the plotted values. All data points were statistically significant
with a p-value <0.01.

NQO1 Induction via SFN and KP

Due to the results of enhanced ARE activation observed with SFN and KP combined treatments,
further evaluation of the activation of NRF2 by looking at key genes transcribed by NRF2
activity was carried out. As discussed previously, NQO1 is a traditional target of NRF2 activity,
therefore Fig. 1.6 shows RTgPCR results of NQO1 normalized to GAPDH. For this experiment,

there were six treatment groups for HepG2 cells selected based on the data seen in Fig. 1.5, and
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the experiments were carried out in T-25 culture plates. The results shown in Fig 1.6 correlates
with Fig 1.5 by indicating SFN has the ability not only to increase ARE activation but also the
induction of NQOL in a dose-dependent manner at 4uM and 25uM SFN, without KP. Likewise,
KP alone had the ability to induce NQO1 almost two-fold in comparison to SFN alone. The
combined effect at 25uM SFN and 5uM KP produced an enhanced expression that exceeded
either compound alone. This was interesting because ARE activation at this concentration in the
luciferase reporter system had the opposite effect and was decreased. It is possible that this
discrepancy is due to the use of HepG2 cells instead of HepG2/NRF2 cells. The impact of the
reporter construct on this attenuation may warrant further investigation. Another interesting
feature of this data is seen in the 4uM SFN and 5uM KP treatment. In the HepG2/NRF2 treated
cells the ARE assay indicated enhanced activation while here it appears that there is a decreased
expression of NQOL1 relative to KP alone, although a slight increase over the control is still
observed. It should be also noted that this data is based on single treatments in T-25 plates, so
they lack the statistical data necessary to validate the precise levels of induction. Despite the
caveats of NQOL induction correlations with ARE activation clearly indicates the enhanced
activation of the NRF2 pathway through combination treatment is possible as represented by the
generally increased expression of NQOL1 (Fig. 1.6). This data further supports the proposed

model that a multi-targeted approach can result in enhanced activity of the antioxidant pathway.
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Figure 1.6 RTgPCR fold-induction of HepG2 cell treatment with SFN and KP and analysis of
NQO1 induction. These results of fold induction were all normalized to the expression of
GAPDH for each treatment group. These columns were generated based on an n of 1 for each
treatment and therefore are not statistically significant.

Enhanced ARE activation with other ARE inducers

To further investigate the enhanced ARE activation seen with the combined treatment of SFN
and KP, the effects of KP with other ARE inducers were evaluated to see if the ability to enhance
activation of the ARE activity was more universal. Prior studies in this lab suggested the balm of
Gilead essential oil (BOG) was an ARE activator. The data presented in Fig. 1.7 demonstrates
the dose-response behavior for increasing concentrations of the BOG oil in water as represented
by the total percent of the oil in the solution. For example, 0.05% would represent 1ul of oil in
2L of DI water. This data indicated that BOG does have the ability to generate a modest
induction of ARE by itself leading to a maximum threshold of almost 4-fold induction at 0.2%
BOG. Concentrations above this produced a dramatic reduction in luciferase activity, indicating
a shutdown of NRF2 activation. Gas chromatography/mass spectrometry (GC/MS) analysis of

the oil indicated that the compound sabinene was a primary constituent of this oil, so studies to
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examine the ability of this compound to induce ARE activation in the reporter cell line were

carried out. In addition, enhanced activation via combined treatment with KP was also explored.
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Figure 1.7 Luciferase activity in HepG2/NRF2 cells in response to the increasing balm of Gilead
oil. Values plotted on the Y-axis corresponds to the fold increase in luminescence compared to
the untreated samples. The data points represented in this figure are the average of four
individual samples. P-value <0.05.

Sab (see Fig. 1.8 for molecular structure) did appear to have a slight induction of ARE
individually, though only about 2-fold (Fig. 1.9) (p-value <0.03). It was not as potent as BOG,
which could be due to other compounds in BOG oil that were also responsible for its antioxidant
properties. Figure 1.9 shows the dose-response behavior of Sab along the front row,
demonstrating the increase in luciferase activity based on Sab alone. Individually, KP had a
typical dose-response behavior up to 5uM as shown in the first column (p-value <0.001). The
induction by Sab reached a maximum of 2-fold around 3.10x10-°uM. However, the combined
effect of Sab and KP resulted in much higher induction at saturation; just as with the SFN and

KP combination data. Specifically, treatments consisting of 5uM KP and 3.10x10-%uM Sab to

3.10x10"uM Sab showed enhanced activation of NRF2 (p-value <0.04). The peak of this
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enhanced activation reached a maximum at 1.24x10-"uM Sab and 5uM KP. This combination
treatment resulted in an eight-fold increase in contrast to 1.24x10-/uM Sab alone and a two-fold
increase compared to 5uM KP alone. At higher concentrations of Sab such as 1.24x10°uM and
3.10x10°uM in combination with KP, the NRF2 induction decreased to a level similar to the KP
control. The results of both of Fig. 1.5 and Fig. 1.10 indicate that this enhanced activation of
ARE is not unique to SFN/KP but may be a more universal feature of KP. Additionally, it is
interesting that in both Fig. 1.5 and Fig. 1.10 at high levels of SFN and Sab respectively, there

was a decrease in the ARE induction — this will be addressed further in chapter 3.
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Figure 1.8 Molecular structure of Sab.
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Figure 1.9 Luminescence assay demonstrates the pattern of NRF2 induction with varying
concentrations of Sab and KP. Values plotted on the Y-axis corresponds to the fold increase in
luminescence compared to the untreated samples. The X-axis shows the effect of increasing Sab
concentrations. Z-axis shows the effect of increasing KP. This was performed in a 96-well plate,
with each treatment group being represented as the average of four samples. The standard
deviation is based on four individual samples and is within 10% of the plotted values. This data
was statistically significant and had a p-value <0.05.

To continue evaluating whether the enhanced activation of ARE, additional pure
compounds were tested with KP. To further evaluate the enhanced luciferase activity, the
compound tetrafluorohydroquinone (TFHQ), an electrophile, was used to evaluate its induction
of ARE, given the known fact that electrophiles can activate NRF2 via their interaction with
Keapl (Baird & Yamamoto, 2020; Jaramillo & Zhang, 2013; Juge, Mithen, & Traka, 2007; Li et
al., 2019; Tastan et al., 2017). Fig. 1.11A depicts the dose-response for TFHQ. In this
experiment, ARE induction reached maximum activation around 50uM TFHQ and then

attenuated as concentrations exceeded this treatment. This is the first report of this compound
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inducing ARE activation, so determining dose-response data was carried out as an initial
objective.

Once an effective dose-response for TFHQ was established it was then used in
combination with KP to observe the effects on ARE activity. The molecular structure of TFHQ
can be seen in Fig. 1.10. The effects of TFHQ alone, in Fig. 1.11B, shows that 50uM TFHQ can
induce ARE 3-fold in comparison with the no-treatment control group (p-value <0.01). However,
when 20uM TFHQ was combined with 5uM KP there was a 23-fold induction in comparison
with no treatment (p-value 0.112)and a 2-fold induction compared to the 5uM KP without
TFHQ. This again suggests that the enhanced activation of ARE could be the result of a
coordinated approach to targeting specific mechanisms of the NRF2 pathway, namely Keapl
(early response) and GSK-3f (delayed response). Once again, 50uM TFHQ and 5uM resulted in
a decreased induction of ARE compared with KP alone. This is consistent with other
combinations used previously. Additionally, it is interesting that there was only a marginal
enhancement of ARE activation with TFHQ for the 15uM KP data (back row). However, given
the observation that 15uM KP has been shown to attenuate ARE-dependent expression in many

experiments, this does not impact the overall interpretation of the data.
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Figure 1.10 Molecular structure of TFHQ.

24



12

10

|——|

Fold-induction
()}

o -
Control 25 uM 50 uM 100uM 200uM 250 uM
TFHQ Concentration

25.00

)
o
o
S

15.00

10.00
15uM KP

5uM KP
OuM KP

Fold-induction

5.00
gy -\\\\\\\‘y

OuMTFHQ 5uMTFHQ 20uMTFHQ 50uM TFHQ

0.00

Figure 1.11 ARE activation via TFHQ individually and in combination with KP. A)
Luminescence Dose-response of HepG2/NRF2 cells to TFHQ represented as fold-induction on
the Y-axis and increasing concentration of TFHQ on the X-axis. This data set was based on n=4
and had a p-value of <0.02. B) Luminescence assay demonstrates the pattern of NRF2 induction
with varying concentrations of TFHQ and KP. Values plotted on the Y -axis corresponds to the
fold increase in luminescence compared to the untreated samples. The X-axis shows the effect of
increasing TFHQ concentrations. Z-axis shows the effect of increasing KP. This was performed
in a 96-well plate, with each treatment group being represented as the average of four samples.
The standard deviation is based on four individual samples and was not within 10% of the
plotted values.
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Clearly, KP promotes enhanced activation with a number of other co-activators, which
presumably have their mode of action at the NRF2/Keapl complex. To evaluate whether the
enhanced activation of ARE was dependent on KP as one of the activators, the combined effects
of two classical activators (not KP) were investigated. To do so, three treatment groups were
established using SFN and TFHQ. The first group only contained SFN, the second only TFHQ,
and the third contained both SFN and TFHQ. Fig. 1.12 demonstrates dose-dependent induction
of the ARE using both pure compounds. SFN reached maximum activation of 10-fold at 4uM (p-
value <0.001), while TFHQ reached maximum activation of 7-fold induction at 50uM (p-value
<0.001). When combined, no enhanced activation was observed. For example, the maximum
activation for the combined treatment reached a 10-fold induction with both 4uM SFN and
20uM TFHQ (Fig. 1.12 rightmost black-dotted column) (p-value equal to 0.004). Interestingly, it
appears that the combined effect of these two ARE inducers led to a slightly reduced induction of
the antioxidant pathway relative to SFN alone. The fact that neither compound led to an
enhanced effect that was greater than either compound individually does suggest that KP is
significant in the enhanced induction of the antioxidant pathway described in this research. The

same effect is not replicated using other “traditional” ARE activators.
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Figure 1.12 Luminescence assay of NRF2 induction based on the treatment of SFN, TFHQ, and
both compounds combined. In each cluster (left, middle, right) the gray-dotted column is the
control and represents no treatment. In the left-most cluster of data, these treatments contain only
SFN. The gray-diagonally-striped column contains 1uM SFN. The black-dotted column consists
of 4uM SFN alone. The solid black column consists of 25uM SFN alone. In the middle data
cluster, only TFHQ was used for treatment. The gray-diagonally-striped column contains 5uM
TFHQ. The black-dotted column consists of 20uM TFHQ. The solid black column consists of
50uM TFHQ. The right-most data cluster consists of both SFN and TFHQ. The gray-diagonally-
striped column consists of 1uM SFN and 5uM TFHQ. The black-dotted column consists of 4uM
SFN and 20uM TFHQ. The solid black column consists of 25uM SFN and 50uM TFHQ. Each
of these columns is representative of the average of four individual samples and has a p-value of
<0.01.

Altogether, the combined data seen in Fig. 1.5, 1.9, and 1.11B shows that individually
KP, SFN, Sab, and TFHQ all have a positive effect on the ARE activation in this reporter
system. Moreover, the combined effect of KP with other inducers of NRF2 resulted in enhanced
activation of the ARE that was significantly greater than the individual effect of any of these
inducers. Furthermore, Fig. 1.12 suggests that the mechanism by which enhancement of the ARE
is activated is important — given, that in the absence of KP, enhanced activation did not occur.
This data is consistent with the hypothesis that enhanced activation of the ARE is achievable

through a targeted approach as represented in schematic 4.

27



Non-enhancing Pure Compounds & KP

Although it does appear that there are a variety of compounds that can synergize with KP to lead
to enhanced ARE induction, several compounds examined lacked ARE activation properties. As
part of the effort to explore potential antioxidant compounds that could lead to enhanced activity
with KP, trans-2-decenal (T2D), cinnamaldehyde (CIN), and curcumin (CURC) were also
evaluated, based on their expected ability to activate NRF2 (Baird & Yamamoto, 2020; Boo,
2020; Hseu et al., 2018; Tastan et al., 2017; Tayyem et al., 2006; Uchi, Hiroshi, MD, PhD et al.,

2016; Yin et al., 2016). These structures can be seen in Fig. 1.13.

Cinnamaldehyde Trans-2-decenal Curcumin

Figure 1.13 The molecular structures of CIN, T2D, and CURC.

Fig. 1.14 shows the effects of T2D and KP. The first row indicated that T2D did not have
a significant inductive effect on NRF2 by itself. Although 15uM appears to have a slight
induction of the ARE, generating an almost 2-fold activation, there did not seem to be as strong
an effect as seen with other compounds. As this is an aldehyde, the expectation was that its
electrophilic properties would activate the ARE. However, aldehydes are also air sensitive and
upon storage can become oxidized. It is possible that while in storage this compound became
oxidized and was no longer viable at the time of treatment, however, this was not confirmed

beforehand. The KP control (first column), did have a standard dose-dependent increase in ARE
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activation that correlates with data previously shown. The combined effect of T2D and KP did
not appear to produce the enhanced activation of ARE, however, this is likely due to the

ineffectiveness of T2D as an activator. Likewise, T2D did not lead to an attenuation of ARE.
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Figure 1.14 Luminescence assay demonstrates the pattern of NRF2 induction with varying
concentrations of T2D and KP. Values plotted on the Y-axis corresponds to the fold increase in
luminescence compared to the untreated samples. The X-axis shows the effect of increasing T2D
concentrations. Z-axis shows the effect of increasing KP. This was performed in a 96-well plate,
with each treatment group being represented as the average of four samples. The standard
deviation is based on four individual samples and is within 10% of the plotted values.

The next compound evaluated was CIN. The first row in Fig. 1.15 shows that even at
50uM CIN did not seem to have a significant increase in activation compared to the control (only
a 1.23-fold induction with 50uM CIN). The KP control (first column), demonstrated that KP did

induce luciferase expression. Similarly, to what was seen with T2D and KP in Fig. 1.14, Fig.
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1.15 also indicated that there was not a significantly enhanced effect in the combined treatment
of CIN and KP that was greater than KP alone. A minor effect was observed in the 1uM KP
treatment, however, the maximum induction did not exceed that observed with higher KP

concentrations. This is likely attributed to a lack of NRF2 activation by the CIN individually.
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Figure 1.15 Luminescence assay demonstrates the pattern of NRF2 induction with varying
concentrations of CIN and KP. Values plotted on the Y-axis corresponds to the fold increase in
luminescence compared to the untreated samples. The X-axis shows the effect of increasing CIN
concentrations. Z-axis shows the effect of increasing KP. This was performed in a 96-well plate,
with each treatment group being represented as the average of four samples. The standard
deviation is based on four individual samples and is within 10% of the plotted values.
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The last pure compound that was investigated was CURC. The data shown in Fig. 1.16,
indicated that CURC treatment alone did have a slight induction of ARE. The first row shows
that at 25uM CURC had a 2-fold induction of ARE. The first column again showed the expected
induction pattern via KP. However, the most intriguing aspect of Fig. 1.16 is that CURC seemed
to have a slightly different pattern of effects when combined with varying concentrations of KP.
At 1uM KP, it appears that 25uM of CURC did lead to enhanced activation of ARE, generating a
4-fold induction which is ~3x greater than 1uM KP alone. When combined with 5uM KP,
however, CURC did not lead to an enhanced activation that exceeded the threshold generated by
KP alone. Then lastly the back row indicated that at 15uM KP, there was attenuated ARE
induction. The mechanism by which this might have occurred is unknown. The data presented in
Fig. 1.16 does demonstrate some qualitative similarities with SFN and TFHQ that enhanced
activation does occur with 25uM CURC and 1uM KP and attenuation occurred at higher KP
doses. It is likely that other, currently unidentified, confounding variables are responsible for the

lack of enhancement at 5uM KP.
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Figure 1.16 Luminescence assay demonstrates the pattern of NRF2 induction with varying
concentrations of CURC and KP. Values plotted on the Y-axis corresponds to the fold increase
in luminescence compared to the untreated samples. The X-axis shows the effect of increasing
CURC concentrations. Z-axis shows the effect of increasing KP. This was performed in a 96-
well plate, with each treatment group being represented as the average of four samples. The
standard deviation is based on four individual samples and is within 10% of the plotted values.

Overall, the general lack of enhanced ARE activation by these three compounds is likely
due to the non-inducing behavior modeled in Fig 1.14, 1.15, 1.16 by T2D, CIN, and CURC,
respectively. This data is also consistent with our hypothesis that enhanced ARE activity would
be observed with the combination treatment of compounds able to activate the early response of
the NRF2 pathway in coordination with a compound regulating the delayed response, such as KP

(as modeled in schematic 4).
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Crude Extract Induction of NRF2

Having established an enhanced ARE induction effect of KP on several pure activator
compounds, experiments were then carried out using crude extract material with known ARE
induction effects. The extracts chosen were BROC (known to contain SFN), CIL (known to
contain T2D), CAS (known to contain cinnamaldehyde), and TURPD (known to contain CURC)
(Baird & Yamamoto, 2020; Boo, 2020; Foudah et al., 2021; Nandini et al., 2020; Tastan et al.,
2017; Tayyem et al., 2006).

The results in Fig. 1.17 demonstrate the effect of KP on reporter activation by BROC
extract on HepG2/NRF2 cells. Luminescence data from this figure indicate ARE activation by
both BROC and KP individually. Alone BROC had a modest dose-dependent induction of ARE
activation, resulting in slightly higher than a 2-fold induction at 0.01% BROC (p-value <.02).
Again, the KP control continued to demonstrate dose-dependent induction of ARE with
maximum induction of almost 5-fold. Of significance, is the observation that the combined effect
of BROC and KP in each row indicated enhanced activation. Synergistic induction of ARE with
a maximum effect was observed at 0.01% BROC and 1uM KP. This treatment resulted in a 6-
fold induction of ARE which is a 4-fold increase (p-value equal to 0.002) in comparison to 1M
KP alone. Similarly, at 5uM KP substantially enhanced induction of ARE was achieved in the
combined treatment. This time maximum induction occurred at a slightly lower concentration of
BROC, 0.005% BROC, and 5uM KP. Both the 0.005% BROC and 0.01% BROC with 5uM KP
had similar levels of activation generating a 7-fold induction (p-value equal to 0.01). This is
fairly comparable to the maximum induction seen at 1uM KP and is only ~2.1x greater than 5uM
KP without BROC. In the last row (15uM KP), another interesting set of data appeared. Again, it

appeared that the BROC and KP generated an enhanced activation of ARE and even climaxed at
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a lower concentration of BROC, reaching a 6-fold induction at 0.0025% BROC and 7-fold
induction at 0.005% BROC, both in combination with 15uM KP.

At the highest concentration of BROC (0.02%), there was a drop in ARE activation for
each of the KP combinations. This parallels some of the results found in previous data such as
SFN (Fig. 1.4) and TFHQ (Fig. 1.11). Again, these drops in NRF2 activity are interesting aspects

of the experiment that will be discussed in a later chapter.
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Figure 1.17 Luminescence assay demonstrates the pattern of NRF2 induction with varying
concentrations of BROC and KP. Values plotted on the Y-axis corresponds to the relative fold
increase in luminescence compared to the untreated samples. The X-axis shows the effect of
increasing BROC concentrations. Z-axis shows the effect of increasing KP. This was performed
in a 96-well plate, with each treatment group being represented as the average of four samples.
The standard deviation is based on four individual samples and is within 10% of the plotted
values. The p-value was <0.02.
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Figure 1.18 presents data showing the effect of CIL and KP on HepG2/NRF2 cell
induction of ARE. The first row indicated that CIL had a modest dose-dependent induction of
ARE. Alone, CIL was able to cause a 2-fold induction of NRF2 at 0.02% in comparison with the
control (p-value <0.04). Based on our data it does appear that CIL in combination with KP
enhances the induction of luciferase expression. The greatest enhanced activation occurred at
0.02% CIL and 15uM KP generating a 12-fold induction (p-value <0.001) in comparison with
the zero-treatment group and a 2-fold induction in comparison with 0% CIL and 15uM KP (p-
value <0.02). Interestingly, it appears that at these concentrations of CIL, a maximum saturation
was not achieved, as attenuation was not observed. It is likely this is the result of the
concentration range that was used. Further testing would need to be done to evaluate the
maximum threshold for CIL and to determine whether attenuation in the combined treatments

would occur as with the other treatments.
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Figure 1.18 Luminescence assay demonstrates the pattern of NRF2 induction with varying
concentrations of CIL and KP. Values plotted on the Y-axis corresponds to the relative fold
increase in luminescence compared to the untreated samples. The X-axis shows the effect of
increasing CIL concentrations. Z-axis shows the effect of increasing KP. This was performed in
a 96-well plate, with each treatment group being represented as the average of four samples. The
standard deviation is based on four individual samples and is within 10% of the plotted values.
The p-value was <0.04.

The last natural product that was investigated was CAS due to its known antioxidant
effects and it being a primary source of CIN. Fig. 1.19A shows the initial concentrations of CAS
extract used in the treatment of HepG2/NRF2 cells. The only treatment groups in this experiment
that produced any NRF2 activity were the control (first column), and the treatment groups

containing 0.015mg/ml CAS. The total luminescence at concentrations exceeding this threshold
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had a 10-fold decrease in NRF2 activity. It is likely that this decrease is due to cytotoxic
concentrations of CAS however further testing would be needed to confirm.

Fig. 1.19B shows a lower range of treatment concentrations of CAS. The first row
indicates that CAS alone had a slightly inductive effect on NRF2, specifically at 0.015mg/ml,
while KP alone followed the expected trend. When combined with 0.015mg/ml CAS, both 1uM
and 5uM KP resulted in enhanced activation of NRF2 resulting in a 7-fold increase in ARE
activity. Although, only the combination of 0.015mg/ml CAS and 5uM KP was statistically
significant (p-value <0.05). This data shows that the maximum threshold for CAS activation
occurred at 0.015mg/ml CAS and 1uM KP. A similar effect also occurred with 0.015mg/ml
CAS, 5uM KP. In comparison with Omg/ml CAS and 1uM KP, 0.015mg/ml CAS with 1uM KP
generated a 3-fold higher induction of NRF2. Likewise, 0.015mg/ml CAS with 5uM KP
generated a 2-fold higher induction in comparison to the Omg/ml CAS and 5uM KP, although
this comparison was not statistically significant (p-value 0.206). Once again, the NRF2 activity

was attenuated in reactions containing 15uM KP in the presence of CAS.

37



Fold-induction

Fold-induction
O N B O

Omg/ml 0.00098 0.00195 0.0039 0.0078 0.01565

CAS mg/ml mg/ml mg/ml mg/ml mg/ml
CAS CAS CAS CAS CAS

Figure 1.19 Luminescence assay demonstrates the pattern of NRF2 induction with varying
concentrations of CAS and KP. Values plotted on the Y-axis corresponds to the fold increase in
luminescence compared to the untreated samples. The X-axis shows the effect of increasing CAS
concentrations. Z-axis shows the effect of increasing KP. This was performed in a 96-well plate,
with each treatment group being represented as the average of four samples. The standard
deviation is based on a minimum of three individual samples. A two-tailed T-test indicated the
data in Fig. 19B only had a statistically significant comparison between the Omg/ml CAS, OuM
KP and 0.015mg/ml CAS, 5uM KP (p-value <0.05) and Omg/ml CAS, OuM KP compared to
5uM KP alone (p-value <0.001).
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Altogether, the data represented by the combination of crude extracts such as BROC,
CIL, and CAS, with KP (Fig. 1.17, 1.18, 1.19) demonstrates an enhanced ARE activation that is
greater than achievable by any of the ARE inducers used alone. The enhanced effect is likely due
to the antioxidant properties of these compounds that lead to the induction of the early response
in the NRF2 pathway as this is supported by the literature (Foudah et al., 2021; Nandini et al.,
2020; Uchi, Hiroshi, MD, PhD et al., 2016; Yang et al., 2015). These, combined with KP,

resulted in enhanced activity of luciferase consistent with our hypothesis.

NRF2 Induction via Combinations of Natural Products without KP

Although it is clear that KP can work in coordination with various natural products containing
antioxidant properties to enhance the induction of the antioxidant system, we wanted to confirm
that this effect was due to the specific combination with a GSK-f inhibitor. Therefore, we tested
combinations of two of the natural products shown to induce ARE activity in the absence of KP.
Results shown previously for the pure compounds SFN and TFHQ indicated no enhanced
activation, however, in the crude material, the possibility of the presence of non-Keap1-
dependent activation could not be ruled out. Based on the results from Fig. 1.17 and 1.18, BROC
and CIL were chosen to evaluate this effect.

Fig. 1.20 confirms that BROC and CIL alone have a positive effect on ARE activity.
BROC clearly had a more potent induction of ARE, leading to a greater than 4-fold increase (p-
value equals 0.002), which could be due to the SFN it contains, or other antioxidant compounds
found in this crude extract. Although CIL was not as potent, it still resulted in a relative increase
relative to the control, although this data was not statistically significant (p-value equals 0.066).
The combination of BROC & CIL appeared to have a very modest additive effect on the
antioxidant activation (p-value <0.001), however, in comparison with the enhanced activation
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observed in the KP treatments, this was minimal (Fig. 1.17, 1.18). This is likely due to the
absence of a GSK-3 inhibitor, such as KP, in the crude extract, although the small effect
observed could indicate the presence of a minor component capable of blocking GSK-3B to a
small degree. Without a significant inhibitor of the delayed response, these crude extract
combinations failed to produce enhanced luciferase activity, which is consistent with the
hypothesis represented in schematic 4 — that enhanced activity would result from a targeted

approach of both the early and the delayed response in the NRF2 pathway.
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Figure 1.20 Luminescence assay demonstrates NRF2 induction based on the treatment of crude
extracts. The leftmost cluster contains BROC alone. The middle cluster contains CIL alone. The
right-most cluster contains a combination of BROC and CIL. Each of the columns in this figure
represents the average of four individual samples within 10% of the standard deviation.

Altogether, this data supports the hypothesis that enhanced activation of the ARE occurs
in the presence of two inducers that simultaneously target both the early and the delayed
response of the NRF2 pathway. Based on the literature, it is likely that BROC and CIL do not

lead to enhanced activation, because they both contain a high amount of electrophiles, which
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would interact with Keapl in the early response mechanism of the NRF2 pathway, but not the

delayed response (Foudah et al., 2021; Nandini et al., 2020; Yang et al., 2015).

NRF2 Attenuating Natural Products

Curcumin is known to have antioxidant effects through its electrophilic interaction with Keapl
(Baird & Yamamoto, 2020; Boo, 2020; Tastan et al., 2017). Curcumin is a compound found
within the natural product turmeric powder (Tayyem et al., 2006). The data in Fig 1.16 indicated
that 25uM CURC and 1uM KP lead to enhanced activation of ARE, so it is reasonable to assume
that TURPD would have a similar effect. Interestingly, Fig. 1.21 did not indicate significant
enhancement in KP activation of the antioxidant pathway. On the contrary, TURPD appeared to
have an attenuating effect on the induction of NRF2, particularly at 15uM and 5uM KP. While
KP still acts as an activator, in the presence of TURPD, this effect appeared to be reversed in a
dose-dependent manner. A possible explanation for this is that since TURPD is a crude material,
there could be another compound within this complex mixture that is having a negative effect on
ARE activity, or possibly cell survival. Previous studies have shown that turmeric does have the
ability to enhance apoptosis via increased expression of Bax, and caspase-3 (Benzie, Wachtel-

Galor, & Packer, 2011).
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Figure 1.21 Luminescence assay demonstrates the pattern of NRF2 induction with varying
concentrations of TURPD and KP. Values plotted on the Y -axis corresponds to the fold increase
in luminescence compared to the untreated samples. The X-axis shows the effect of increasing
TURPD concentrations. Z-axis shows the effect of increasing KP. This was performed in a 96-
well plate, with each treatment group being represented as the average of four samples. The
standard deviation is based on four individual samples and was not within 10% of the plotted
values.
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Conclusion

Many pure compounds and natural products such as SFN, BROC, and CIL have been
shown to have antioxidant effects (Boo, 2020; Fahey et al., ; Gamet-Payrastre et al., 2000; Tastan
etal., 2017; Tayyem et al., 2006). In this study, we evaluated the ability to generate a dose-
response of the antioxidant system through the treatment of both pure compounds as well as
natural products. Our data indicates three novel aspects. The first novel result from this study was
the ability of Sab to induce NRF2 activity. We originally tested Sab, because it was a component
of the balm of Gilead oil, which previous data demonstrated had the ability to induce ARE
activation in our model.

The second novel discovery was the ability of TFHQ to induce NRF2. Although it has
been shown that electrophiles can interact with Keapl to induce the antioxidant system, TFHQ
had not previously been identified as an activator of this system. Our data does not confirm the
interaction of TFHQ with Keapl, but this would be the most likely mechanism by which it
activates NRF2.

However, the most interesting aspect of our data lies in the enhanced activation that was
demonstrated across multiple treatment combinations. Sab, TFHQ, SFN, BROC, and CAS all
demonstrated the ability to lead to enhanced activation of NRF2 when treated in conjunction
with KP (as seen in schematic 5). This is significant because it indicates that these trends are not
isolated phenomena. Based on what we know of the NRF2 pathway, it is likely that the impact of
these treatments is a result of the “dual targeting” approach. By treating HepG2/NRF2 cells with

compounds that likely interact with both the early and the late responses in the pathway a

43



tremendous increase in NRF2 activity was achieved. The strongest enhanced activation of the
ARE was the combination of 4uM SFN and 5uM KP, which lead to 32-fold induction (Fig. 1.4).

When HepG2/NRF2 cells are treated with SFN and TFHQ, there was no enhanced
activity of NRF2 based on the combined treatment. Again, the mechanism of TFHQ has not been
confirmed and would require further study, but it is likely that enhanced activity of NRF2 was
not achieved because these compounds operate through a similar mechanism.

In conclusion, our data demonstrate a dose-dependent response of NRF2 activation
through the treatment of multiple compounds. This data suggests that the NRF2 system can be
greatly enhanced by targeting regulators that increase the nuclear translocation of NRF2 and

decrease the nuclear export of NRF2; as modeled in schematic 5.

Combined Effect
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Delayed Response
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Schematic 5. Proposed mechanism by which coordinated treatment leads to enhanced ARE
activation in the HepG2/NRF2 reporter system. The left and middle columns illustrate the solo
induction of a particular compound on the activation of the antioxidant system. The right column
depicts the enhanced induction of the antioxidant system when targeted with a combination
treatment that utilizes different mechanisms.
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Introduction

In light of the enhanced ARE activation seen through multiple treatments in Chapter 1, the next
step was to evaluate the potential cross-talk between the antioxidant pathway and other
cytoprotective pathways in the body. NRF2 is the major regulator of the antioxidant pathway but
has also been shown to have connections to xenobiotic metabolism (Hayes, Dinkova-Kostova, &
McMahon, 2009; Kalthoff, Ehmer, Freiberg, Manns, & Strassburg, 2010; Shin et al., 2007). Both
NRF2 and the aryl hydrocarbon receptor (AHR) are transcription factors that regulate the
production of cytoprotective genes (Shin et al., 2007). Many of the ligands for AHR are
carcinogens and the AHR plays a major role in mitigating the toxic effects of these substances
(Shin et al., 2007). Ironically, the toxicity of certain chemicals is enhanced by the pathway
designed to eliminate them. For example, the CYP enzymes are a class of mono-oxygenases
thatcatalyze the oxidative metabolism of aromatic hydrocarbons leading to the production of
reactive electrophilic products that damage the cell and also may cause DNA damage resulting in
carcinogenesis. One major difference is how the two pathways are activated: NRF2 is regulated
via sequestration by Keapl, whereas AHR is activated by appropriate ligand binding. The ligand
for AHR could be endogenous or exogenous and include compounds such as dioxins, flavonoids,
and tryptophan photoproducts (Furue, Takahara, Nakahara, & Uchi, 2014). There are two major
categories of environmental compounds that activate AHR signaling: halogenated aromatic
hydrocarbons (HAH), such as 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD), and polycyclic
aromatic hydrocarbons (PAH), such as benzo(a)pyrene (Furue et al., 2014; Hayes et al., 2009;
Itkin et al., 2020; Zhang, N., 2011). Most AHR ligands are very hydrophobic and can enter the
cell via diffusion and bind with AHR (Furue et al., 2014; Itkin et al., 2020). When inactive, AHR
exists as a multiprotein complex containing two heat shock proteins 90s (hsp90), one
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immunophilin-like X-associated protein 2 (XAP2), and one co-chaperone protein p23 (Fig. 5)
(Furue et al., 2014; Itkin et al., 2020; Zhang, 2011). Upon ligand binding, this entire complex
will translocate to the nucleus (Furue et al., 2014; Hayes et al., 2009; Itkin et al., 2020; Shin et
al., 2007; Zhang, 2011). Once in the nucleus, the aryl hydrocarbon receptor nuclear translocator
(ARNT) will bind to the complex, and both hsp90s, the XAP2, and p23 will dissociate, leaving
ARNT, AHR and the ligand to be recruited to the xenobiotic response element (XRE), also
referred to as the dioxin response element. The XRE will then promote the transcription of a
battery of xenobiotic metabolism genes (Furue et al., 2014; Hayes et al., 2009; Itkin et al., 2020;
Shin et al., 2007). It is well established that the consensus sequence found in the promoter of
AHR genes is 5'-(T/G)INGCGTG(A/C)(G/C)A-3' (A Lusska, E Shen, & J P Whitlock, 1993; Yao
& Denison, 1992). Target genes of AHR include Cytochrome P450 family 1 subfamily A
polypeptide 1 (CYP1A1), CYP1A2, CYP1B1, aldehyde dehydrogenase 3al (Aldh3al), Gst
alpha 1 (Gstal), NAD(P)H: quinone oxidoreductase 1 (NQO1), and UDP-

glucuronosyltransferase 1a6 (Ugtla6) (Hayes et al., 2009; Itkin et al., 2020).
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Schematic 6. Model showing the general mechanism associated with AHR activation by
aromatic hydrocarbons. Aromatic hydrocarbons function as ligands for the AHR, which then
translocates into the nucleus and dissociates from the other components of the heterodimer.
ARNT, binds to the AHR and facilitates nuclear translocation and interaction with the XRE.

It has been discovered that TCDD, PAH, and other bifunctional inducers have the ability
to activate both the ARE and the XRE, resulting in target gene expression for both pathways,
indicating that the induction of these pathways is not completely independent from one another.
Although the details regarding the mechanistic activation of both the ARE and the XRE have not
been fully elucidated, it has been proposed that TCDD could cause increased ARE-dependent
gene expression by stimulating a protein-protein interaction between the AHR and NRF2, which
could increase the stability of the heterodimer complex recruited to ARE promoter sequences
(Hayes et al., 2009).

Additionally, it has been demonstrated that NRF2 plays a role in regulating the
production of AHR. More specifically, through NRF2 interaction with the ARE, there is an
increased transcription of AHR, and increased interaction downstream between the AHR and

XRE (Shin et al., 2007). In contrast, NRF2 can be controlled via NRF2 autoregulation as well as
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via AHR. AHR interaction at the XRE will also result in increased expression of NRF2 (Furue et
al., 2014; Li et al., 2019).

It should also be noted that as certain AHR ligands, such as dioxins, are metabolized by
CYP1A1, there is increased oxidative stress introduced in the cell (Furue et al., 2014). The large
increase in ROS will then be mitigated by the NRF2 antioxidant pathway (Oh & Jun, 2017).
Although all the relationships between NRF2 and AHR have yet to be fully understood, there has
been significant evidence pointing to the connection between these two cytoprotective pathways.
In light of the connections between NRF2 and AHR, this study investigated the possible
activation of AHR by the NRF2 activator KP and evaluated the potential for enhanced activation
of this pathway using methodologies described in the previous chapter.

Not only is NRF2 connected to AHR activation but also to heat shock proteins (HSP) —
another cytoprotective mechanism. These proteins are important for the folding of nascent
proteins, and the refolding of proteins that may have been damaged due to oxidative stress
(Hardesty & Kramer, 2001; Jones, Moussaud, & McLean, 2014). Furthermore, HSPs prevent
abnormal folding, the generation of redundant structures, and harmful nonnative proteins.
Finally, these chaperone proteins are able to target irreversibly denatured proteins for
degradation. When the cell experiences harmful conditions there is an upregulation in HSPs to
help mediate the effects and initiate cytoprotective processes (Jones et al., 2014; Sherman &
Goldberg, 2001).

Hsp 70 kDa (hsp70) and hsp90 are some of the most important chaperone proteins related
to the stress response. Yet, hsp90 is not only involved in managing protein misfolding but also in
functioning as a negative regulator of heat shock factor 1 (HSF-1), which is a transcription factor

involved in regulating the expression of heat shock proteins (Sherman & Goldberg, 2001; Zhang,
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Y. etal., 2011). Under basal conditions, hsp90 is bound to HSF-1, keeping it inactive (Fig. 4)
(Westerheide & Morimoto, 2005; Zhang et al., 2011). When stimulated, HSF-1 and hsp90 will
dissociate. Hsp90 will begin regulating protein folding and HSF-1 will cause induction of hsp70
and hsp90 via binding to the heat shock elements (HSEs) and increasing transcription (Jones et
al., 2014; Lazaro et al., 2017; Zhang et al., 2011). It is also unclear if HSF-1 can directly increase
hsp70 activity (Jones et al., 2014). Stimulation of HSF-1 can also occur via the presence of ROS
causing the binding of NRF2 to the ARE, located in the promoter region of HSF-1 and also via
an NRF2-independent mechanism (Zhang et al., 2011). Additionally, there has been a number of
studies indicating that there are a large number of substances that can induce both NRF2 and

hsp70 via HSF-1-dependent mechanisms (Satoh et al., 2015; Zhang et al., 2011).
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Schematic 7. Regulation of hsp70 and its ability to modulate protein folding.

Regardless of how these heat shock proteins are activated, it is very evident that in many
cases of cell stress or harmful conditions both the cytoprotective pathways of NRF2 and hsp70
are upregulated (Jones et al., 2014; Lazaro et al., 2017; Rinaldi Tosi, Bocanegra, Manucha, Gil

Lorenzo, & Vallés, 2011; Zhang et al., 2011). Due to the connections between NRF2, AHR and
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HSPs we hypothesized that activation of the antioxidant system could lead to activation of these

pathways as well.
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Materials and Methods

CYP1A1 Luminescence Protocol

The HepG2 cell line (HB-8065™) was obtained from ATCC. These cells were cultured at 37°C
under 5% CO2 in a complemented (10% FBS, pen-strep 1X) corning EMEM media. Cells were
grown in a clear T-25 to about 70% confluency and then transferred to a white bottom 96-well
plate. Cells were then administered the appropriate treatment in groups of four. Cells were then
allowed to incubate for 20h at 37°C under 5% CO2. The treatment solution was then aspirated
and washed with 50ul of 1X PBS. The media was then aspirated and replaced with 50ul of a
100uM solution of Luciferin-CEE (Promega, USA) in 100% EMEM. Luciferin-CEE is a
selective substrate for CYP1AL1 that is metabolized to produce luciferin in proportion to the
amount of enzymatic activity. HepG2 cells were then incubated for 3h at 37°C under 5% COe..
Once incubation was complete, 25ul of the media was transferred to a white bottom 96-well
plate along with 25ul of Luciferin Detection Reagent, containing the enzyme luciferase. The
plate was then incubated at RT for 20min. To assess CYP1AL1 activity, a TECAN infinite M200
Pro plate-reader was then used to measure luminescence for each sample. The standard deviation

was also calculated for all replicate samples to fall within 10% of the average value.

RT gPCR Protocol

HepG2/NRF?2 cells are grown to 70% confluency at 37°C under 5% COz2 in a T-25. Once
confluency was reached, complemented EMEM was replaced and treated in a clear T-25 with the
appropriate SFN/KP concentration. A simple dose-response treatment was administered for each
compound as well as combination treatment groups. The cells were then allowed to incubate

under these conditions for 20h. Upon completion, RNA isolation was performed using 1ml of
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TRIzol reagent (per T-25) and transferred to a 1.5ml microfuge tube following the Invitrogen
protocol. RNA concentration was then determined using a Thermo Scientific NanoDrop 2000
spectrophotometer. To prepare each sample, 2ug of RNA, 16ul of nuclease-free water, and 4l of
RT reverse transcriptase Supermix (Invitrogen, Carlsbad, CA) were combined in a PCR tube.
The thermal cycler was set for Smin priming at 25°C, 20min reverse transcription at 46°C, and
Imin RT inactivation at 95°C. To prepare each sample, 2ul of cDNA, 6ul RNAse free water,
10ul SYBR Green, and 2ul 10X Primer master mix were combined in a PCR tube. Each sample
was then placed into the thermal cycler and subjected to 40 cycles of PCR. The thermal cycler
was set to begin with 3min at 95°C and then cycled through intervals of 10sec at 95°C, 10sec at
60°C, 10sec at 72°C, ending with 5sec at 65°C and 95°C. Primers used can be seen in Table 2.
These were designed using the DNA sequence based on exons shared by all isoforms (if
possible) of the gene. Primer3 (https://bioinfo.ut.ee/primer3-0.4.0/) was then used to generate
primers that had a product size ranging between 80-140bps. The Tm was set to 60°C, a GC

clamp was added, and the GC content range was set to 40-60%.

RT-PCR Protocol

HepG2/NRF?2 cells are grown to 70% confluency at 37°C under 5% CO2 in a T-25. Once
confluency was reached, complemented EMEM was replaced and treated in a clear T-25 with the
appropriate SFN/KP concentration. A dose-response treatment using the concentrations indicated
in the results was performed for each compound as well as combination treatment groups. The
cells were then allowed to incubate under these conditions for 20h. Upon completion, RNA
isolation was collected using 1ml of TRIzol reagent (per T-25) and transferred to a 1.5ml

microfuge tube following the Invitrogen manufacturers protocol. RNA concentration was then
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determined using a Thermo Scientific NanoDrop 2000 To prepare each sample, 2ug of RNA,
16ul of nuclease-free water, and 4ul of RT reverse transcriptase Supermix (Invitrogen, Carlsbad,
CA) were combined in a PCR tube. The thermal cycler was set for Smin priming at 25°C, 20min
reverse transcription at 46°C, and 1min RT inactivation at 95°C. To prepare each sample, 2ng of
template DNA was added along with 1ul of Primer (forward), 1ul of Primer (reverse), 21ul
nuclease-free water, and 25ul of Tag 2X Master Mix and were combined in a PCR tube. Each
sample was then placed into the thermal cycler and subjected to 35 cycles of PCR. The thermal
cycler was set to begin with 3min at 95°C and then cycled through intervals of 20sec at 95°C,
30sec at 60°C, 30sec at 72°C, ending with Smin at 72°C. Primers used were as seen in Table 2.
These were designed using the DNA sequence based on exons shared by all isoforms (if
possible) of the gene. Primer3 (https://bioinfo.ut.ee/primer3-0.4.0/) was then used to generate
primers that had a product size ranging between 80-140bps. The Tm was set to 60°C, a GC

clamp was added, and the GC content range was set to 40-60%.

Agarose Gel Electrophoresis

Amplified PCR products were analyzed by 1.5% agarose gel electrophoresis. The agarose gel
consisted of 1X TAE (Genesee Scientific APEX 50X TAE Buffer. Cat #: 20-193) and 1.5%
agarose (Genesee Scientific APEX Agarose LE, Quick Dissolve. Cat #: 20-102QD) along with
12ul of 10mg/ml ethidium bromide (EtBr) to give a final concentration of 0.006%. 1Kb+ ladder
(Invitrogen) 5ul was loaded along with 10ul of each sample and electrophoresed for 40mins at

150V. Results were visualized using a BioRad ChemiDoc MP Imaging System.
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Results and Discussion

Investigation into the potential activation of cytoprotective pathways

As shown previously in Fig. 1.5, it was evident that there was an enhanced activation of the
NRF2 pathway as seen in the increased induction of NQO1. Additionally, the luminescence data
indicated enhanced activation of the ARE. Thedata reported in the literature led us to investigate
the potential activation of the HSPs and AHR, given that the reported ability of several different
compounds induce to NRF2 as well as hsp70, and AHR, quantitative PCR experiments were
carried out (Satoh et al., 2015; Zhang et al., 2011).

However, the results shown in Fig 2.1 did not indicate activation of hsp70 with either
SFEN or KP alone or when combined. This failed to support our hypothesis that the induction of
NRF2 might lead to increased activation of the heat shock proteins. Despite indications of
HSP70 activation through gPCR, it is worth noting that gel analysis was not performed with this
primer set and therefore in the absence of a positive control cannot be fully substantiated.

In contrast, the AHR pathway was also evaluated, given the reported connections
between the antioxidant gene induction and AHR-dependent pathways, an evaluation of the
effects of SFN and KP on the AHR was also evaluated. To probe AHR-dependent induction,
RTgPCR experiments were carried out with each pure compound along with the combination of
the two. CYP1AL1, a classical marker of AHR activity, was used to assess AHR induction (Hayes
et al., 2009; Itkin et al., 2020). Figure 2.1 evaluates the induction of CYP1A1 under the same
treatment conditions used for ARE activation. The data indicated that SFN alone did not cause
any significant induction of CYP1A1. These results are consistent with the literature, given that

previous studies have indicated that SFN has the ability to reduce CYP1A1 expression in rat
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liver cells, as well as acting as a competitive inhibitor of CYP isoforms (Maheo et al., 1997;
Yang et al., 2015; Yin et al., 2016; Zhou et al., 2007). Due to the fact that SFN can negatively
regulate CYP1AL1 at a transcriptional level, it makes sense that SFN alone does not lead to
CYP1ALl induction.

However, 5uM KP alone was able to induce CYP1AL. This is a novel finding as KP is a
known GSK3 inhibitor but has not been previously shown to induce CYP1A1 activation of the
AHR. The combinations of 5uM KP with 4uM and 25uM SFN respectively continued to show
CYP1AL expression; however, no enhanced activation was observed. Given that SFN negatively

impacts CYP1A1 expression these results are consistent with the literature.
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Figure 2.1 RTgPCR fold-induction of HepG2 cell treatment with SFN and KP and analysis of
CYP1AL1 induction. Normalized to GAPDH and ACTB. These columns were generated based on
an n of 1 for each treatment and therefore are not statistically significant.

To confirm the ability of KP to induce CYP1ALl expression, RT PCR was performed, and
the products were analyzed by electrophoresis on a 1.5% agarose gel to visualize the data. The
data shown in Fig. 2.3 indicates that in the OuM SFN, OuM KP control no induction of CYP1A1
was induced, as expected. However, 5uM KP alone was able to cause induction of CYP1A1 167-

fold using GAPDH and ACTB as internal controls.
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35 Cycles

OuM SFN, 0uM SFN, 4uM SFN, 25uM SFN,
0uM KP 5uM KP 5uM KP 5uM KP

Ladder GAPDH CYP1Al1 GAPDH CYP1Al GAPDH CYP1Al GAPDH CYP1Al

Figure 2.2 1.5% Agarose gel electrophoresis of mMRNA RT-PCR analysis of GAPDH (control)
and CYP1A1 with various treatment concentrations of SFN and KP. These columns were
generated based on an n of 1 for each treatment and therefore are not statistically significant.

The combined data from Fig. 2.1, 2.2, strongly suggests the novel finding that KP is able
to induce the AHR system, leading to increased expression of CYP1ALl. Although the initial
hypothesis was that AHR could be activated via increased activation of NRF2, the data does not
support this. As shown previously, combined KP and SFN treatments resulted in enhanced
activation of the ARE via the NRF2 pathway. However, KP treatment alone appears to activate
the AHR without the influence of SFN. This is easily rationalized as a direct binding and

activation of KP to the AHR. Since KP is aromatic (Fig. 2.3), this explanation for activation is

the simplest and most reasonable.
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Figure 2.3 Chemical structure of kenpaullone.

Determination of KP dose-response for AHR induction

Given the novel finding that KP has the ability to induce CY1P1A1, characterization of this
effect was established with a dose-response for CYP1A1 activity. To do so a luminescence assay
was used to measure the fold-induction of CYP1A1 after treatment with KP. The data presented
in Figure 2.4 suggests that the maximum induction of CYP1A1 occurred at 5uM KP resulting in

an 8-fold increase compared to the control (p-value <0.001).
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Figure 2.4 Luminescence assay indicating fold-induction of CYP1A1 activity in HepG2 cells
treated with KP. Each of these data points were based on four individual samples although not all
of the data was not within 10% of the standard deviation.

As an additional control, a known inducer of CYP1A1, BNF, was used to validate the
results with KP in this assay. The structure of BNF can be seen in Fig. 2.5. The results shown in

Fig. 2.6 indicate that saturation reached a maximum between 10-25uM, which is consistent with

the literature (Nannelli et al., 2009).

O

@)

BNF
Figure 2.5 Molecular structure of PNF.
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Figure 2.6 Luminescence assay indicating fold-induction of CYP1A1 activity in HepG2 cells
treated with BNF. Each of these data points represents the average of at least two individual
samples, although the standard deviation of this data was not within 10%.

Although it is likely that KP acts directly by binding to the AHR, a mechanism similar to
that observed in ARE activation could not be ruled out. For example, if KP affected a similar
delayed response in the AHR pathway, increased activation would also be an expected outcome.
To probe this, a known AHR activator, BNF was used in conjunction with KP. The expected
result under these conditions would be an enhanced activity of the AHR, similar to what was
seen in the dual-target treatment of the ARE. If KP is acting as an inhibitor of the delayed
response, there should be an increased fold-induction that is significantly greater than whether
KP or BNF individually. However, this is not what was observed in Fig. 2.7. The results of Fig
2.7 demonstrate the expected dose response for BNF (first row), which corresponds to the results
of Fig. 2.6. The first column contains the KP dose-response and displayed the same fold-

induction seen in Fig. 2.4. The combination of KP and BNF did not appear to lead to enhanced
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activation; in fact, it caused the opposite effect — attenuation. This suggests that KP is not acting
to inhibit the delayed response but acting as an AHR ligand that is being competitively inhibited.
Although 5uM KP with 1uM BNF did lead to a 6-fold induction, 5uM KP alone caused an 8-fold
induction and therefore an enhancement of CYP1A1 activity is not observed. Interestingly,
increasing concentrations of BNF seemed to attenuate the CYP1A1 induction of KP. It is
possible that because BNF is a potent AHR ligand, KP induction of CYP1A1 would become
competitively inhibited from activating the AHR via its aromatic structure. When comparing KP
and BNF it appears that BNF antagonizes the activity of KP. Another significant result is that KP
had the ability to cause a 9-fold induction at 5uM, compared to BNF, which generated a 3.5-fold
induction at 10uM. Therefore, KP seems to be a more effective activation of the AHR than BNF;
inducing a greater expression of CYP1A1 at a smaller concentration. Based on the data in this
experiment that KP could be a very important compound as it has the ability to behave as a

bifunctional activator of AHR and the ARE providing cytoprotective effects for the cell.
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Figure 2.7 Luminescence assay indicating fold-induction of CYP1A1 activity in HepG2 cells
treated with BNF and KP. Each of these data points represents the average of at least two
individual samples, although the standard deviation of this data was not within 10%.
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Conclusion

In conclusion, we found KP to be a novel inducer of CYP1A1 activity. The effective dose
response seems to reach a maximum threshold at 5pM KP. However, in combination with
antioxidant compounds and inducers of the AHR, it does not appear to cause any enhanced
activation of CYP1A1. The data presented in Fig. 2.6 indicates that CYP1AL activity is likely
increased due to KP acting as an AHR ligand and not via its inhibition of GSK-3f in the delayed

response of the antioxidant pathway.
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Chapter 3 — Potential Cross-talk between NRF2 and other
Cytoprotective Pathways
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Introduction

In the previous chapters the activation of NRF2 and AHR, along with HSP70, by compounds and
extracts associated with antioxidant action were evaluated. In this chapter, an attempt to
rationalize the attenuated ARE activation at high concentrations that were observed in multiple
experiments. There has been much data that suggests an overactivation of cytoprotective
pathways could lead to the induction of apoptosis. Therefore, it was hypothesized that the
attenuation of ARE activation observed in the combined treatment experiments was the result of

programmed cell death due to the over-stimulation of the NRF2 pathway.

It is understood that under normal conditions, NRF2 has cytoprotective functions and
typically prevents apoptosis and promotes cell survival. This has been evidenced by siRNA
knockdown of NRF2 resulting in increased proapoptotic Bax, decreased anti-apoptotic B-cell
lymphoma-2 (Bcl-2), and increased caspase-3 cleavage and apoptosis (as seen in Schematic 8)
(Lee, Lee, & Lee, 2015). However, GSK-3f has been shown to not only regulate NRF2 but also
to play a role in both cell survival pathways as well as apoptosis. GSK-38 is suggested to have
anti-apoptotic roles under normal conditions via murine double minute 2 homolog (MDM2)-
dependent breakdown of p53 (Jacobs et al., 2012). GSK-3f also has pro-apoptotic roles within
the cell. One of the conditions that leads to GSK-3p facilitation of apoptosis is oxidative stress.
GSK-3p leads to apoptosis by inhibiting cell survival transcription factors including HSF1 and
stimulating pro-apoptotic transcription factors including p53 (as seen in Schematic 9) (Grimes &
Jope, 2001; Jacobs et al., 2012; Watcharasit et al., 2002). Not only does GSK-3f promote p53
transcription it also regulates the intracellular localization of p53 (Jacobs et al., 2012).

Furthermore, GSK-3p has been shown to associate directly with p53 and phosphorylate the Ser-
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315, and Ser376 positions on p53 and increase the stability of p53 (Jacobs et al., 2012; Pluquet,
Qu, Baltzis, & Koromilas, 2005; Qu et al., 2004). Overall, one might rationalize that oxidative
stress will induce cytoprotective pathways initially, but at some point, it will switch to triggering

apoptosis when the cell is beyond repair.

Intrinsic Pathway Common Pathway

TR
Antioxidant
Response

Nucleus

Schematic 8. Effect of siRNA knockdown of NRF2. Results in decreased antioxidant pathway
activation. This leads to increased p53, pro-apoptotic Bax, enhanced cleavage of Caspase-3, and
decreased anti-apoptotic Bcl-2.

66



Pro-apoptotic effects Anti-apoptotic effects

J— w/o GSK-3P regulation

Pro-survival txn @ .;]:é—Cater:i;y—v :
factors: Np53:
CREB s

p53 degradation p53 degradation

J Apoptosis

Schematic 9. GSK-3p Regulation of Apoptosis. The left portion of the schematic depicts
mechanisms by which GSK-3p functions as pro-apoptotic. The cellular conditions ultimately
dictate what function active GSK-33 demonstrates. Under DNA damage, GSK-3f can inhibit the
increase of pro-survival transcription (txn) factors such as CAMP response element binding
protein (CREB) and heat shock factor 1 (HSF-1). Active GSK-3 can also inhibit MDM?2, which
is responsible for tagging p53 for degradation. The inhibition of MDM2 allows for p53 to
accumulate in the cell and induce apoptosis via the intrinsic pathway. Further GSK-3f can
directly increase the transcription of p53, the nuclear localization, and the stability of p53. GSK-
3B when active can bind to the C-terminal region of p53, as well as directly phosphorylate Ser-
33, Ser-315, and Ser-376. Increased nuclear localization of p53 could be facilitated by the direct
binding of GSK-3p as well as the increased transcription of specific genes that regulate
intracellular localization. The anti-apoptotic effects of GSK-3f can be facilitated by the
downstream negative regulation of f-Catenin, suppressing the inhibitory effect of f-Catenin on
p53 degradation, therefore allowing p53 to be degraded.
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It has been shown that an overexpression of hsp70 and hsp90 results in the inhibition of
apoptosis and hinders caspase activation (Garrido, C. et al., 1999; Garrido, Carmen et al., 2006;
Lanneau et al., 2008; Mosser et al., 2000). It also appears that HSPs can prevent both the

intrinsic and extrinsic pathways of apoptosis at the pre-mitochondrial level, along with the
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mitochondrial and post-mitochondrial levels (Lanneau et al., 2008). However, when HSPs are
unable to effectively reduce the accumulation of abnormal proteins to a level that is suitable for
cell survival, the accumulation of these abnormal proteins will instead induce programmed cell
death (Gabai, Meriin, Yaglom, Volloch, & Sherman, 1998; Sherman & Goldberg, 2001). The
mechanism by which this occurs has been well established (and can be seen in Schematic 10). It
has been shown that oxidative stress and heat shock function to inhibit the dephosphorylation of
c-Jun N-terminal kinase (JNK) (Meriin et al., 1999; Sherman & Goldberg, 2001). Decreased
dephosphorylation of JNK results in increased activity of INK. JNK, when active, has multiple
mechanisms by which it can then induce apoptosis. One mechanism is via phosphorylation of the
proapoptotic protein p53, therefore reducing its degradation and increasing p53 accumulation
(Fuchs, Adler, Pincus, & Ronai, 1998; Sherman & Goldberg, 2001). The second mechanism by
which JNK can induce apoptosis is independent of p53. This method involves the
phosphorylation of the antiapoptotic proteins B-cell lymphoma 2 (Bcl-2) and B-cell lymphoma-
extra large (Bcl-xL) therefore decreasing their activity and allowing apoptosis to progress
(Sherman & Goldberg, 2001; Srivastava, Mi, Hardwick, & Longo, 1999). The third way in
which JNK is involved in activating apoptosis is by activating the Fas ligand (FASL), which in
turn binds to the receptor on the cell and initiates a cascade of events leading to apoptosis (Faris
et al., 1998; Faris, Latinis, Kempiak, Koretzky, & Nel, 1998; Sherman & Goldberg, 2001).
Therefore, it is clear that there is a relationship between the failure of cytoprotective pathways

and the induction of apoptosis.
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Schematic 10. Three mechanisms by which JNK can induce apoptosis. Heat shock and
Oxidative stress inhibit the inactivation of INK, allowing it to stimulate apoptosis in three ways.
First, by phosphorylating Bcl-2, resulting in decreased anti-apoptotic activity; this allows Bax to
progress the intrinsic apoptotic pathway. Second by phosphorylating p53 to prevent its
degradation and allow for accumulation and progression of the intrinsic apoptotic pathway.
Third, by tagging the FASL to bind to the death receptor and initiate apoptosis via the extrinsic
pathway.

As discussed in chapter 2, there are connections between the NRF2 pathway and AHR.
However, the AHR has also been identified to have correlations with apoptosis. One study in
particular showed that the inhibition of AHR increased apoptotic events (Pollet et al., 2018).
Another study investigated the anti-apoptotic role of AHR. It was shown that TCDD interaction
with AHR resulted in suppressed induction of apoptosis (Bekki et al., 2015). The mechanisms
underlying the anti-apoptotic role of AHR have been studied in more detail but are beyond the

scope of this research. Yet it should be noted that AHR disrupts both the intrinsic and extrinsic
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signaling of apoptosis (Bekki et al., 2015; Chopra & Schrenk, 2011; Pru et al., 2009).
Furthermore, it has been shown that TCDD increased the expression of cyclooxygenase-2 (COX-
2) via the activation of AHR (Bekki et al., 2015; Tsujii & DuBois, 1995). COX-2 is a critical
enzyme in the inflammation pathway and plays a role in preventing apoptosis (Bekki et al.,
2015). Additionally, this is interesting because COX-2 expression is also known to be induced

via NRF2-dependent mechanisms (Jessen et al., 2020).

Programmed cell death, otherwise known as apoptosis, is a controlled mechanism for the
cell to commit suicide when the cell has been damaged and is beyond repair. Apoptosis can be
initiated via two distinct pathways: the extrinsic pathway and the intrinsic pathway. The extrinsic
pathway is regulated via ligand binding to the death receptor (Schematic 11) (Kalimuthu & Se-
Kwon, 2013; Merlin, Rupasinghe, Dellaire, & Murphy, 2021). One of the ligands responsible for
receptor-mediated apoptosis is FASL (Merlin et al., 2021; Sherman & Goldberg, 2001). Upon
extrinsic activation, the recruitment and activation of initiator caspases 8 and 10 will begin a
series of events that eventually lead to the main executioner caspase 3 (Kalimuthu & Se-Kwon,
2013; Merlin et al., 2021). Caspase enzymes are named for the cysteine proteases in the active
site that have the ability to cleave the aspartate residues of proteins (Rai, Tripathi, Sharma, &
Shukla, 2005). Increased caspase activity is responsible for the amplification of the apoptotic
pathway and irreversible cell death. Caspase 3 is important because it represents the beginning of
the execution pathway, which is the final cascade of events that follows both extrinsic and
intrinsic mechanisms of apoptotic initiation (Kumar Palai & Ranjan Mishra, 2015). Once caspase
3 is activated the cell will undergo DNA fragmentation, nuclear fragmentation, membrane
blebbing as well as other changes, all resulting from programmed cell death (Kalimuthu & Se-

Kwon, 2013; Levine, 1997).
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The intrinsic pathway, also known as the mitochondrial pathway, is mainly regulated by
the transcription factor p53. Under normal conditions, p53 is found at very low levels within the
cell and is known as the cellular gatekeeper for growth and division (Kalimuthu & Se-Kwon,
2013; Levine, 1997). Cell cycle progression and DNA repair are regulated by p53 under basal
conditions. Yet under stressful conditions and DNA damage, p53 is responsible for initiating the
intrinsic apoptotic pathway (Kalimuthu & Se-Kwon, 2013; Merlin et al., 2021). Within the
intrinsic pathway, there are a number of proteins within the Bcl-2 family. The most important
pro-apoptotic proteins include Bcl-2-associated X protein (Bax) and p53 upregulated modulator
of apoptosis (PUMA). Important anti-apoptotic proteins include Bcl-2 and Bcl-xL (Hardwick &
Soane, 2013; Merlin et al., 2021; Tsujimoto, 1998). Bcl-2 inhibits apoptosis by regulating the
release of cytochrome c from the mitochondria, while Bcl-xL inhibits apoptosis by associating
with p53 and preventing apoptotic activity (Dlugosz et al., 2006; Zilfou, Spector, & Lowe,

2005).

MDMZ2 acts as a negative regulator of p53 via ubiquitination and degradation, however
under conditions of cell stress, such as ROS and DNA damage, p53 will become activated and
accumulate within the cell (Kalimuthu & Se-Kwon, 2013; Merlin et al., 2021). One of the
mechanisms by which p53 accumulates is via the inhibition of the negative regulator MDM2 by
GSK-3p (Jacobs et al., 2012). Increased activity of p53 within the cell will result in the induction
of PUMA transcription (Zilfou et al., 2005). Once induced, PUMA then has multiple effects.
First, it has the ability to bind to Bcl-xL and allow for p53 to dissociate. Second, PUMA will
bind to other anti-apoptotic proteins, ultimately leading to the activation of Bax and the release
of cytochrome ¢ from the mitochondria (Kalimuthu & Se-Kwon, 2013; Yu & Zhang, 2008). The

activation of p53 will also result in the upregulation of Bax and downregulation of Bcl-2
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(Kalimuthu & Se-Kwon, 2013). These events then lead to the activation of caspase 3 and the

initiation of the execution pathway for programmed cell death (Merlin et al., 2021).
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Schematic 11. The extrinsic and intrinsic model for caspase-3 activation and ultimately
apoptosis. The extrinsic pathway is activated via ligand binding to the death receptor and a
cascade of subsequent signals that lead to caspase-3 activation. The intrinsic pathway is
stimulated by oxidative stress and DNA damage; both of which lead to the activation of p53 and
the subsequent proteins involved in activating caspase-3. Upon reaching caspase-3 the remaining
steps in the apoptotic pathway are the same for both intrinsic and extrinsic, hence the name
“common pathway”. Ultimately programmed cell death is the final result.

Overall, programmed cell death can be modulated through multiple cytoprotective
pathways. Oxidative stress can initiate apoptosis via the INK pathway, GSK-38, under the
correct conditions, can induce apoptosis, and NRF2 can lead to apoptosis by increasing p53. In
light of the connections between cytoprotective pathways and programmed cell death, it was

logical to investigate the potential induction of apoptosis. Data previously presented in chapter 1
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suggested that at high concentrations of a dual-targeted treatment of HepG2/NRF2 cells that a
maximum threshold was reached, and beyond that threshold it appeared to result in an over-
stimulation of the ARE reporter — this over-stimulation seemed to lead to attenuation of
luciferase activity. Given the data presented in the literature, it is reasonable to hypothesize that
apoptosis is induced as the result of an “over-stimulation” of the cytoprotective pathways and
that the attenuation of ARE activation at high concentrations could be due to the induction of

programmed cell death. This chapter will discuss the results of this investigation.
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Materials and Methods

NRF2 ARE Luminescence Protocol

The HepG2/NFR2 cell line is a HepG2 ARE reporter cell line (NRF2 Antioxidant Pathway) and
was obtained from BPS Bioscience (Catalog #60513). This cell line contains a firefly luciferase
gene under the control of an antioxidant response element (ARE). HepG2/NRF2 cells were
cultured at 37°C under 5% CO2 in a complemented (10% FBS, pen-strep 1X, 0.01% geneticin)
corning EMEM media. Cells were grown in a clear T-25 to about 70% confluency and then
transferred to an SPL Life Sciences Co., Ltd. DNase/RNase/DNA free (1SO 13485) white bottom
96-well plate. Cells were then administered the appropriate treatment in groups of four following
incubation of 20h at 37°C under 5% CO2. Growth media was aspirated and replaced with 25ul of
EMEM with no supplementation. To assess NRF2 activity, 25ul of a luciferase glo assay
substrate (Promega, USA) was added to each well. The 96-well plate was then placed on a
shaker at 300-500rpm for at least 10min. A TECAN infinite M200 Pro plate-reader was then
used to measure luminescence for each well. Quadruplicated values were then averaged and then
used to determine fold induction in comparison with the control. The standard deviation was also

calculated for all replicate samples to fall within 10% of the average value.

RT gPCR Protocol

HepG2/NRF?2 cells are grown to 70% confluency at 37°C under 5% CO2 in a T-25. Once
confluency was reached, complemented EMEM was replaced and treated in a clear T-25 with the
appropriate treatment concentration for KP, SFN, BRUS, or appropriate combinations. A simple
dose-response treatment was administered for each compound as well as combination treatment

groups. The cells were then allowed to incubate under these conditions for 20h. Upon
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completion, RNA isolation was performed using 1ml of TRIzol reagent (per T-25) and
transferred to a 1.5ml microfuge tube following the Invitrogen protocol. RNA concentration was
then determined using a Thermo Scientific NanoDrop 2000 spectrophotometer. To prepare each
sample, 2ug of RNA, 16ul of nuclease-free water, and 4pul of RT reverse transcriptase Supermix
(Invitrogen, Carlsbad, CA) were combined in a PCR tube. The thermal cycler was set for 5min
priming at 25°C, 20min reverse transcription at 46°C, and 1min RT inactivation at 95°C. Next,
2ul of cDNA, 6ul RNAse free water, 10ul SYBR Green, and 2ul 10X Primer master mix were
combined in a PCR tube. Each sample was then placed into the thermal cycler and subjected to
40 cycles of PCR. The thermal cycler was set to begin with 3min at 95°C and then cycled
through intervals of 10sec at 95°C, 10sec at 60°C, 10sec at 72°C, ending with 5sec at 65°C and
95°C. Primers used were as seen in Table 2. These were designed using the DNA sequence based
on exons shared by all isoforms (if possible) of the gene. Primer3 (https://bioinfo.ut.ee/primer3-
0.4.0/) was then used to generate primers that had a product size ranging between 80-140bps.

The Tm was set to 60°C, a GC clamp was added, and the GC content range was set to 40-60%.

Apoptosis Caspase Protocol

Caspase-Glo 3/7 assay was obtained (Promega, USA) and used to assess caspase-3 activity.
HepG2 cells were treated with various compound combinations in groups of three. Cells were
then incubated for 20h at 37°C under 5% CO2 96-well plate. Upon the completed treatment time,
the supernatant was aspirated and replaced with 25ul of 100% EMEM. To assess caspase activity
25ul of the substrate was added. A TECAN infinite M200 Pro plate-reader was then used to
measure luminescence for each well. The entire protocol was followed according to

manufacturer specifications.
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LDH Assay Protocol

Cell toxicity produced by various treatment groups was measured by lactate dehydrogenase
(LDH) leakage into the culture medium. After treatment of HepG2/NRF2 cells, the culture
medium was extracted and centrifuged at 3,000 rpm for 5 min in order to take a cell-free
supernatant. The LDH activity in the medium was measured using an LDH assay kit (Cayman
Chemical Co., Item no 601170). The test is based on the conversion of lactate into pyruvate in
the presence of LDH with a parallel reduction of nicotinamide adenine dinucleotide. Creation of
NADH and H+ from the reaction are used by diaphorase to catalyze the reduction of tetrazolium
salt to a highly-colored formazan which absorbs between 490-520nm; the quantity of formazan
is proportional to the amount of LDH released into the culture medium. 10ul of Assay Buffer
was added to each 96-well and incubated for 1h at 37°C. Aliquots of 75ul supernatant media
were transferred to a new transparent 96-well plate. To each well 75ul of LDH Reaction Solution
was also added. The reaction mixture was then incubated at 37°C for 30min. Absorbance was set
to 490nm and was recorded using a microplate spectrophotometer system TECAN infinite M200

Pro.
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Results and Discussion

Investigation into the potential induction of apoptosis

Due to the many correlations between cytoprotective pathways and apoptosis, the following
objective was to evaluate the possible activation of apoptosis in scenarios where pathways such
as the antioxidant system might be overactivated. For example, induction of the NRF2 pathway
using SFN and KP as demonstrated in chapter 1 resulted in initial activation at lower doses, but
higher combined dosing caused attenuation of the effect. The results in Fig 3.1 depicts the
enhanced induction seen in 4uM SFN with 5uM KP and the attenuation thereafter at 25uM SFN
and 5uM KP. Therefore, RTqPCR was used for the analysis of NQO1, an ARE-dependent
enzyme, and PUMAL1, a protein that is upregulated in response to the activation of p53-mediated
apoptosis. These were both normalized to GAPDH (see Fig. 3.2). For this experiment, there were
six treatment groups for HepG2 cells based on composite data acquired from SFN and KP

treatments in chapter 1.
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Figure 3.1 Luminescence dose-response of HepG2/NRF2 cells to SFN & KP at 20hrs. Y -axis
shows the level of luminescence produced. The X-axis shows the effect of increasing SFN
concentrations. Z-axis shows the effect of increasing KP. The standard deviation for each data
point was less than 10% +/- of the plotted values. All data points were statistically significant
with a p-value <0.01.

The results shown in Fig 3.2 support ARE data found in 3.1 which indicated SFN has the
ability not only to increase ARE activation but also the induction of NQOL1 in a dose-dependent
manner at 4uM and 25uM SFN, without KP. Likewise, KP alone had the ability to induce NQO1
almost two-fold in comparison to SFN alone. However, in the induction of NQO1, the combined
effect at 25uM SFN and 5uM KP produced an enhanced induction that exceeded either
compound alone. This was interesting, because ARE activation of the luciferase reporter at this
concentration had the opposite effect, and was decreased, even though there was an activation at

lower concentrations. It is possible that this discrepancy is due to the treatment of HepG2 cells
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instead of HepG2/NRF2 cells. The other interesting feature of this data lies in the 4uM SFN and
5uM KP treatment. In the HepG2/NRF2 treated cells, the ARE assay indicated enhanced
activation, while here it appeared that there is a decreased production of NQO1; although this
could be explained by the sample size of one. Each qPCR treatment group is represented by
RNA isolation from 1 T-25. Although each T-25 was seeded homogenously, it is possible that
the lack of statistical data for this point is the reason a decrease in NQO1 induction is observed.
Regardless, the treatments appeared to induce NQO1 expression relative to controls, at least
suggesting a proof of concept.

The effects of the combined treatment of SFN and KP on PUMA expression was also
evaluated. Of the four isoforms of PUMA found in humans, the PCR primer was designed to
bind to three of the four variants. Interestingly, Fig. 3.2 seemed to indicate that there was some
induction of apoptosis at 4uM SFN alone and minimal induction in all other treatment groups. In
fact, at high SFN and all combined treatments PUMA was actually down-regulated considerably.
This failed to directly support our hypothesis as it was originally presented that PUMA1 would
be highest at 25uM SFN and 5uM KP given the attenuation observed in the ARE activation.
However, the data does not contradict our hypothesis either. We predicted that an over-activation
of the antioxidant system would result in a negative-feedback that attenuates the cytoprotective
pathway and activates the apoptotic system. The gPCR data shown in Fig. 3.2 did not show the
same over-activation seen in the luminescence data, based on the NQO1 expression profile,
therefore increased induction of PUMA would not be expected as the qPCR data did not suggest
that a high enough threshold was reached to trigger apoptosis and shut down the antioxidant

system. However, because the luminescence data was done in a HepG2/NRF2 cell line and the
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RNA isolation and PCR was performed using HepG2 cells, a follow-up experiment was done in

the HepG2/NRF2 cell line, in order to identify potential cell line differences in behavior.

Gene Txn w/ SF & KP Tx

OO0uMSFN, OuM KP
O4uM SFN, OuM KP
W 25uM SFN, OuM KP
@ 0uM SFN, 5uM KP
B 4uM SFN, 5uM KP
® 25uM SFN, 5uM KP

w

ACTB NQO1 PUMA1

Figure 3.2 RTgPCR fold-induction of HepG2 cell treatment with SFN and KP and analysis of
NQO1 and PUMAZ1 induction. Normalized to GAPDH. These columns were generated based on
an n of 1 for each treatment and therefore are not statistically significant.

The experiment was repeated with the HepG2/NRF2 cell line under the same conditions.
Fig. 3.3 indicates that there was less NQO1 activation in the HepG2/NRF2 cell line than the
HepG2 cell line resulting in a maximum of a 3-fold induction instead of a 7-fold induction.
Despite the quantitative difference between the two cell lines, the qualitative results between
both experiments were consistent. Again, attenuation of expression for NQO1 was not observed
under the combined high-dose conditions. As with the HepG2 cells, the data shown in Fig. 3.3
did not indicate an increase in PUMAL compared to the control in the HepG2/NRF2 cell line. In
fact, reduced expression of PUMAL was observed.

Overall, neither cell line resulted in the expected result of apoptosis activation under

conditions that had previously been shown to over-activate the antioxidant pathway in the ARE

reporter system. Yet, because the NQOL1 data did not reach a threshold level, this data does not
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contradict the hypothesis, as both cell lines (Fig 3.2, 3.3) demonstrated induction of NQO1 with
no attenuation. This indicates the cytoprotective mechanism being initiated in both cell lines and
under such conditions, apoptosis would not be expected. Supporting this idea is the apparent
inverse relationship between NQO1 and PUMA induction, the 7-fold increase in NQOL1 in
HepG2 cells almost completely eliminates PUMA expression, while the more modest induction
in HepG2/NRF2 cells has a minimal effect on PUMA.

Although a loose correlation between NQO1 and PUMA expression was observed, there
are many questions that remain unanswered. Most importantly, the NQO1 data using RTqPCR
did not reproduce the observed attenuation seen in the luciferase reporter system, thus the

apoptotic markers would also not be expected, even if the two were related.

Gene Txn w/ SF & KP Tx

OOuMSFN, OuM KP
5+ O4uM SFN, OuM KP
4 4+ W 25uM SFN, OuM KP
[ 0uM SFN, 5uM KP
B4uM SFN, 5uM KP
B 25uM SFN, 5uM KP

Figure 3.3 RTgPCR fold-induction of HepG2/NRF2 cell treatment with SFN and KP and

analysis of NQO1 and PUMAL induction. Normalized to GAPDH. These columns were

generated based on an n of 1 for each treatment and therefore are not statistically significant.
Due to the unexpected results, attempts to validate our data regarding PUMAL were

carried out. To do this, RTPCR was performed and the results were analyzed using a 1.5%

agarose gel to ensure proper primer functioning in the assays. The results in Fig. 3.4 indicate that

81



GAPDH control, as well as NQO1, did result in the expected pattern of induction. Due to the

absence of a band for PUMAL1, the data from the RTgPCR were not validated for this gene.
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Figure 3. 4 RT PCR of HepG2/NRF2 cell treatment with SFN and KP and analysis of GAPDH,
NQO1, and PUMAL induction. Abbreviations used are as follows, G: GAPDH; N: NQO1; P:
PUMAL. These bands were generated based on an n of 1 for each treatment and therefore are not
statistically significant.

However, a subsequent experiment using the combination of Sab and KP was also
performed using RT-PCR and gel analysis. The data in Fig. 3.5 suggests that our PUMAL primer
did work properly and expression was highest under control conditions, as indicated in the
RTgPCR experiments. It appears that both 0.005% and 0.05% Sab did increase NQO1 induction,
as did 5uM KP. This data confirms what was observed in the ARE luminescence data, regarding
the activation of ARE by Sab and KP. The PUMA data, once again, suggests these treatments
reduce PUMA expression rather than induce expression. It appears there is some PUMA activity
with 0.005% Sab and 15uM KP. However, the highest concentration of 0.05% Sab and 15uM
KP, which was originally predicted to have the greatest induction of apoptosis, based on
luciferase data, instead had decreased PUMAL. Taken together, this data does not contradict the
stated hypothesis, given that no attenuation was achieved. Presumably, because an over-
activation threshold was not reached, in which case apoptosis would not be expected. However,

the data does support a model where NRF2 activation causes a reduction of p53 activity.

82



0% Sab 0% Sab 0% Sab 0.005% Sab 0.05% Sab
OuM KP 5uM KP 15uM KP 15uM KP 15uM KP

Ladder GAPDH NQO1 PUMA GAPDH NQO1 PUMA GAPDH NQO1 PUMA GAPDH NQO1 PUMA GAPDH NQO1 PUMA

Figure 3.5 RT-PCR of HepG2/NRF2 cell treatment with Sab and KP and analysis of GAPDH,
NQOL1, and PUMAL induction. These bands were generated based on an n of 1 for each
treatment and therefore are not statistically significant.

It is possible that the lack of observed attenuation in the gPCR could be due to the format
in which these experiments were carried out. For example, qPCR experiments were performed in
a T-25, as opposed to the 96-well plate platform used for luminescence. As an alternative attempt
to monitor apoptosis in HepG2/NRF2 cells in the 96-well format, the SFN and KP combination
was again used to evaluate caspase-3 induction via a luminescence assay, as caspase-3 is a
downstream marker of apoptosis. Fig. 3.6 indicates that in the presence of just 15uM KP, there
was a 3-fold induction of caspase-3, however, in the presence of SFN, that induction was
attenuated. This suggests that SFN has a protective effect against programmed cell death. The
fact that KP could induce apoptosis alone, at the highest concentration is consistent with the
variable results observed in the ARE reporter system where at times 15uM KP did cause

attenuation. Further, the fact that SFN appeared to protect against apoptosis would suggest that

KP alone was the cause, possibly through off-target effects rather than overactivation of the ARE
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as KP has been shown to have a small effect on the induction of apoptosis (Kitabayashi et al.,
2019). To further probe the source of the attenuation effect observed with SFN and KP, an
additional experiment using a positive control was carried out involving the compound BRUS

which is a suspected proapoptotic compound (Ye et al., 2018).

3.00
2.00

1.00

Fold-induction

0.00
OuM SFN 4uM SFN  25uM SFN

Figure 3.6 Caspase Luminescence assay demonstrates the pattern of ARE induction with
varying concentrations of SFN and KP. A) Y -axis shows the level of luminescence produced.
The X-axis shows the effect of increasing SFN concentrations. Z-axis shows the effect of
increasing KP. Each of the data points represents the average of three individual samples and is
within 10% of the standard deviation.

Brusatol Induction of Apoptosis

Brusatol (BRUS) was used as a positive control, as it is a known inducer of apoptosis (Ye et al.,
2018). Initially, BRUS was used in the luciferase reporter system to assess its effects on the ARE
reporter, with results shown in Fig. 3.7. This data indicates that alone, BRUS does not appear to
cause a significant decrease in ARE activation in HepG2/NRF2 cells on its own. There was a
modest reduction of 2-fold at 5uM BRUS. This may suggest that the activation of apoptosis

attenuates the ARE activation. While it is a known inducer of apoptosis, BRUS has also been
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shown to have the ability to inhibit NRF2. Therefore, it could cause attenuation of the ARE
activation due to its interaction with the antioxidant pathway (Cai, Liu, Han, & Yang, 2019; Ye
et al., 2018). However, despite the expected increase in ARE activation in response to the dose-
dependent administration of KP, BRUS showed a dose-dependent attenuation of the ARE
activation. This is represented in the back row of data in Fig. 3.7, where KP at 15uM produced a
4-fold induction of luciferase. Increasing BRUS from 0.2uM to 5uM resulted in a steady
reduction of the ARE reporter activity producing an approximately 10-fold reduction in signal
compared to control in the high dose combined treatment, and a more than 40-fold reduction
compared to KP alone. The near complete inactivation of the ARE at 5uM BRUS and 15uM KP
is similar to the type of decreased luminescence response seen in the maximum concentrations of
overactivated ARES as seen in the earlier experiments using SFN and KP, Sab and KP, TFHQ

and KP, along with BROC and KP, CAS and KP.
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Figure 3.7 Luminescence assay demonstrates the pattern of NRF2 induction with varying
concentrations of BRUS and KP. Y-axis shows the level of luminescence produced. The X-axis
shows the effect of increasing BRUS concentrations. Z-axis shows the effect of increasing KP.
Each of the data points represents the average of three individual samples and is not within 10%
of the standard deviation.

Having established that BRUS decreased activation of the ARE in HepG2/NRF2 cells,
subsequent studies using the primers made to evaluate apoptosis RTQPCR experiments were
carried out to confirm if the apoptosis marker PUMA responded to BRUS treatment alone or in
combination. This would help answer the question of whether or notBRUS is acting as an
inducer of apoptosis or an inhibitor of NRF2 in these conditions. Fig. 3.8 indicates the results of
BRUS and KP treatment groups in HepG2/NRF2 cells using RTqPCR. In this treatment setup, it
appeared that BRUS does attenuate the induction of NQO1, but only in combination with KP,

which is consistent with the ARE reporter data. Without KP there was a slight induction of
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NQO1 up to 2-fold in the presence of 5uM BRUS, the mechanism by which this could occur is
unknown.

Interestingly, when testing for PUMAL, there was only a 3-fold induction in the presence
of 5uM BRUS and 15uM KP. To further investigate, another primer, for the fourth isoform of
PUMA in human cells was designed and named PUMAZ2. Data with this primer indicated up to
13-fold activation of PUMA with BRUS and KP combinations. The qualitative results given in
Fig. 3.8 indicated that BRUS and KP do in fact trigger apoptosis based on reduced NQO1 and
increased PUMA.

This does not eliminate the possibility that BRUS utilizes another mechanism to inhibit
ARE activation as BRUS has also been reported to be a specific inhibitor of NRF2 directly (Cai
et al., 2019; Yu, Shang, Huang, Yao, & Song, 2020). It does, however, confirm that apoptosis is
being activated. Perhaps at the highest concentrations is not just apoptosis activated, but the
antioxidant system is deactivated as well. This would support the hypothesis that at higher
concentrations or overactivations of cytoprotective pathways through some form of cross-talk

could be shut down to allow for programmed cell death to take place.
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Figure 3.8 RTgPCR fold-induction of HepG2/NRF2 cell treatment with BRUS and KP and
analysis of ACTB, NQO1, PUMA1, and PUMAZ induction. Normalized to GAPDH. These
columns were generated based on an n of 1 for each treatment and therefore are not statistically
significant.

In addition to performing RTQPCR, the evaluation of apoptotic activity was assessed
using a caspase-3 luminescence assay. Fig. 3.9 shows that KP did have a modest induction of
caspase-3 which is consistent with the data presented in Fig. 3.8. Further, it showed BRUS alone
did not induce caspase activity. It was originally thought that caspase-3 induction would have
increased in a dose-dependent manner with increasing concentrations of BRUS, and yet it had a

modest reduction in caspase-3 activity. However, it did generate increased caspase-3 activity in

the presence of KP. These results are also consistent with the data presented in Fig. 3.8.
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Figure 3.9 Caspase Luminescence assay demonstrates the pattern of ARE induction with
varying concentrations of BRUS and KP. Y-axis shows the level of luminescence produced. The
X-axis shows the effect of increasing BRUS concentrations. Z-axis shows the effect of
increasing KP. Each of the data points represents the average of three individual samples and is
not within 10% of the standard deviation.

Overall, it appears that BRUS by itself does not increase markers for apoptosis. However,
at 15uM KP apoptosis is slightly stimulated and this effect can be enhanced by BRUS. In other
words, BRUS appears to sensitize the cells to KP-induced apoptosis. The data also suggests that
attenuated ARE activity observed with SFN and KP treatments, as well as other antioxidant
combinations, may not be apoptosis-related.

Investigation into the potential induction of necrosis

An alternative explanation for the attenuation seen in ARE activity is that at high concentration
combinations the cell experiences non-programmed cell death. Therefore, it was relevant to
investigate the possibility of necrotic activity. To evaluate necrosis an LDH luminescence assay
was used. Fig 3.10A indicates that in the presence of SFN and KP there is no more necrosis than
compared to the control. Triton X was the positive control indicating increased LDH and

necrosis. Fig. 3.10B evaluated the prevalence of necrosis with BRUS and KP. This data suggests

89



there was about a 20-25% increase in necrosis with the highest combination of 5uM BRUS and
15uM KP compared to the control. However, this data did not produce a strong necrotic
response, which suggests that of the two mechanisms for cell death, apoptosis is more likely to

be occurring than necrosis.
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Figure 3.10 LDH assay assessing necrosis prevalence A) with various treatment combinations of
SFN and KP. B) with BRUS and KP. For both graphs Triton X is the positive control, OuM SFN
and OpM KP is the negative control. Each of the data points represents the average of three
individual samples and is within 10% of the standard deviation.
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Conclusion

In summary, the results of this chapter indicate that the combination treatments of SFN and KP,
as well as Sab and KP, induced an increase of NQO1, suggesting that the antioxidant system is
being enhanced in the coordinated treatments. This data supports the hypothesis of enhanced
activity of the antioxidant system through a coordinated approach. However, the gPCR, RT-
PCR, and caspase-3 results from ARE activating combinations (Fig 3.2, 3.3, 3.4, 3.5,3.6) did not
indicate attenuation at high concentrations, as seen in the ARE reporter system. Additionally, it
was originally thought that the antioxidant-inducing combinations would lead to apoptosis when
the cytoprotective system of the cell reaches threshold and becomes over-activated. However,
this effect was not seen. This is likely because in the gPCR and RT-PCR experiments over
activation and attenuation of the antioxidant system were never achieved. Therefore, the
hypothesis that over-activation of the NRF2 pathway could induce apoptosis is still possible.
While BRUS has the ability to function as an inducer of apoptosis, it also has the ability
to inhibit NRF2 activity (Cai et al., 2019; Ye et al., 2018). Based on this dual function, the
attenuation in the ARE reporter system with the treatment of BRUS and KP could be the result
of either mechanism. After further evaluation of whether or not apoptosis was being induced by
BRUS, it appears that BRUS has a modest effect on PUMA induction but not on caspase-3 in the
HepG2/NRF2 cell line. Further, it appears that in the presence of KP, BRUS enhances the
induction of PUMA and caspase-3. The mechanism by which this occurs is not fully understood.
Lastly, the combination of ARE inducers did not lead to necrosis. Therefore, it is more probable
that under over-activation of the antioxidant system apoptosis would be induced, as this
explanation is consistent with the literature (Kapuy et al., 2018; Matsuoka & Yashiro, 2014;

Paladino et al., 2018; Romorini et al., 2016).
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