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ABSTRACT
Lung cancer continues to be the leading cause of cancer related mortality worldwide. Lung
cancer is not a single disease but an umbrella that encompasses two major classifications, non-
small cell lung cancer (NSCLC) and small cell lung cancer (SCLC). SCLC represents about 15-
20% of all lung cancer cases and is almost exclusively diagnosed in smokers. Typically, patients
will respond very well to first line treatment, but face inevitable relapse. The fact that SCLC still
carries a grim 5-year survival rate of less than 5% highlights the lack of advancement in
treatment options to effectively improve patient response and survival. Capsaicinoids, in
particular Capsaicin (the spicy compound in chili peppers), have previously been reported to be
an advantageous adjunct treatment with traditional chemotherapeutic options in several cancer
types. One challenge to the use of capsaicin is the variety of side effects, such as gastrointestinal
pain, sweating and ulcers that are frequently reported with clinical administration. Synthetic non-
pungent capsaicinoids, which show many of the same bioactive properties as capsaicin may,
however, be a promising alternative. The studies in this dissertation investigated the use of
capsaicin and several non-pungent analogs as chemotoxic or adjuvant therapy for SCLC.
Utilizing various in vitro and in vivo models we investigated the synergistic effects of capsaicin
and camptothecin. We provide new evidence that capsaicin synergistically sensitizes SCLC to
the effects of camptothecin, inducing a rise in intracellular calcium levels and activating the
calpain pathway to induce apoptosis. Analysis of the antineoplastic capacity of various
capsaicinoid analogs found arvanil to be the most potent capsaicinoid at inducing apoptosis in
SCLC cell lines. Similar to capsaicin, arvanil also induced apoptosis in SCLC cell lines by
raising intracellular calcium levels leading to increased calpain activity. The chemotoxic potency

and non-pungent character of arvanil supports the future investigation of the adjuvant use of

XVi



arvanil with camptothecin or other chemotherapeutic agents to find a combination therapy that
provides the same synergistic effects as capsaicin, while lacking the adverse side effect profile.
Taken together, these studies demonstrate that capsaicin and arvanil have the potential to
successfully treat SCLC in combination with conventional chemotherapeutics, as well as

possibly treating other cancer types.

xvii



CHAPTER 1: INTRODUCTION
LUNG CANCER AND CAPSAICIN
Lung cancer

In 2018 cancer was the second leading cause of death worldwide. The incidence of
cancer in men has gone down slightly from 2008 to 2014, while the incidence of cancer in
women has stayed consistent since 1999 ("Cancer," 2018; Cronin et al., 2018). The mortality
associated with cancer, however, has decreased in both sexes (Cronin et al., 2018). Lung cancer
is the second most common form of cancer in both men and women, second to prostate and
breast cancer respectively. Lung cancer is the leading cause of cancer related death regardless of
sex. The mortality rate for lung cancer is about 53 per 100,000 for men; approximately 2.8 times
higher than for prostate cancer (Cronin et al., 2018). For women, the mortality rate is about 35
per 100,000, which is about 1.8 times higher than for breast cancer. Smoking has been identified
as a leading risk factor for lung cancer. It is estimated that tobacco use causes between 80 and
90% of all lung cancers (Latimer & Mott, 2015). While higher smoking rates among men likely
contribute to the apparent gender difference in lung cancer mortality rates, other risk factors for
lung cancer including first- or second-hand smoke, as well as environmental exposures, such as
asbestos and radon affect both genders equally.

Lung cancer is comprised of two major groups based on tissue histology, non-small cell
lung cancer (NSCLC) and small cell lung cancer (SCLC). NSCLC, which accounts for
approximately 80-85% of lung cancers, is further divided into subtypes; lung adenocarcinoma
(LAC), squamous cell carcinoma (SCC), large cell carcinoma (LCC) and neuroendocrine
carcinoid tumors (Friedman et al., 2019). Classification of each subtype of NSCLC is based on

the tissue of origin of the tumor. LAC, which is the most common form of lung cancer,



originates from the mucus-secreting glands in the lungs and is typically found in the outer
regions of the lung. SCC develops in the central air passages of a patient’s lungs and is the most
common type of NSCLC found in smokers. LCC is found anywhere in the lung and is
characterized by rapid growth and spread. Each subtype is then further characterized by defined
stages of progression (Latimer & Mott, 2015). NSCLC has a staging system ranging from stage 0
to stage 4, being the most critical. Treatment for NSCLC includes surgical removal for early
stage disease. Later stages of NSCLC are treated with chemotherapy, radiation, and targeted
immunotherapies. Generally speaking, NSCLC has a better survival rate, especially for those
diagnosed in early stages (Latimer & Mott, 2015). In recent years, new treatment options have
become available for NSCLC and have led to improved therapeutic outcomes and survival rates.
SCLC differs in a variety of ways from NSCLC. SCLC represents about 15-20% of all
lung cancer cases. While NSCLC can occur in patients who are never-smokers, SCLC is found
almost exclusively in smokers. SCLC arises from neuroendocrine cells of the lung (Alvarado-
Luna & Morales-Espinosa, 2016). SCLC also generally spreads much quicker and more
aggressively than NSCLC. There are no subtypes of SCLC, it is simply divided into two stages;
limited where the cancer is confined to one lung or extensive when the cancer has spread to
secondary locations outside of the single hemithorax region. About two-thirds of those diagnosed
with SCLC are already in the extensive stage. Initial treatment consists of a platinum-based
chemotherapy (cisplatin or carboplatin) combined with etoposide (Pietanza, Byers, Minna, &
Rudin, 2015). Despite high initial response rates of 60-80%, SCLC commonly develops
chemotherapeutic resistance, which leaves patients with no viable treatment options (Alvarado-
Luna & Morales-Espinosa, 2016; Bunn et al., 2016; Pietanza et al., 2015). Irinotecan is used as a

second-line agent in the treatment of refractory SCLC, however, it also induces frequent tumor



resistance in patients within 14-26 weeks (S. L. Wood, Pernemalm, Crosbie, & Whetton, 2015).
Radiotherapy is utilized in patients whose cancer is confined to the chest, and prophylactic
cranial irradiation is also used in some cases due to the common feature of secondary brain
metastases in SCLC (Pietanza et al., 2015). When diagnosed in the limited stage, the 5-year
survival rate for SCLC is about 25%. Extensive stage SCLC has a 5-year survival rate of almost
zero (Latimer & Mott, 2015). Despite the urgent need for more effective therapy, treatment
options for SCLC have not seen any significant progress in decades (Pietanza et al., 2015; Qiu et
al., 2017). Current therapeutic modalities only extend patient survival by 4 to 8 months,
compared to non-treatment. SCLC has been described as a “graveyard” for drug development
research. Given the grim outlook for those diagnosed with SCLC, identifying effective, novel
adjuvant or secondary treatment options is imperative.
Capsaicin

Natural compounds have been associated with medicinal benefits for hundreds of years
(Basith, Cui, Hong, & Choi, 2016). Capsaicin is the main pungent ingredient isolated from chili
peppers. It has commonly been utilized for its analgesic activity, and ability to treat pain and
inflammation associated with a variety of diseases (Chapa-Oliver & Mejia-Teniente, 2016; X. F.
Huang, Xue, Jiang, & Zhu, 2013). Capsaicin is considered to be the prototypical agonist of the
transient receptor potential vanilloid (TRPV) 1 receptor (Elokely et al., 2016; Hazan, Kumar,
Matzner, & Priel, 2015). The TRPV receptors are a family of cation channels and are responsible
for our sense of temperature. The analgesic activity of capsaicin is believed to involve TRPV1
signaling (Jara-Oseguera, Simon, & Rosenbaum, 2008). Diabetic neuropathy, arthritis, and skin
disorders are just a few of the maladies in which capsaicin has been shown to have potent

therapeutic pain-relieving properties (Janusz et al., 1993; Luo, Peng, & L1, 2011; Rollyson et al.,



2014). Capsaicin has also been shown to have potent antineoplastic activity against several
cancer types, including prostate, lung, and bladder (Basith et al., 2016; Chapa-Oliver & Mejia-
Teniente, 2016; Pramanik, Boreddy, & Srivastava, 2011; Srinivasan, 2016). There has also been
evidence that capsaicin has the ability to enhance the cytotoxic effect of FDA approved
chemotherapeutic agents, suggesting a potential role for capsaicin as an effective adjuvant
therapy to improve chemotherapeutic response- and survival-rates in SCLC (Dai et al., 2018;
Vendrely et al., 2017; N. Wang, Chaoran, Zhang, Zhai, & Lu, 2018; Zheng et al., 2016).

A potential hindrance to the use of capsaicin as a therapeutic agent, particularly following
oral administration, is the spectrum of unpleasant side effects associated with its pungent nature.
These side effects, which often include gastric pain, sweating, ulcers, and tearing of the eyes,
frequently cause patients to discontinue use, rendering any clinical trials useless or inconclusive
(Fuhrer, Vogelsang, & Hammer, 2011; Hammer, 2006; Hammer, Fuhrer, Pipal, & Matiasek,
2008; Hammer & Vogelsang, 2007). One potential way to circumvent this issue is to explore the
use of natural or synthetic derivatives of capsaicin (capsaicinoids), which may lack many of
these adverse effects. Various capsaicinoids have been extensively evaluated in order to
determine if they are able to maintain their anti-cancer activity, while minimizing their side
effect profile. Many of these compounds show much promise as viable treatment options for
lung cancer, as well as, other types of cancer (Luo et al., 2011; Macho et al., 2003).

Statement of hypothesis

There continues to be a lack of treatment options for those diagnosed with SCLC. The
studies in this dissertation focus on evaluating two major aspects of the use of capsaicin as an
adjuvant antineoplastic agent against SCLC to improve therapeutic response. The combinatorial

effects of capsaicin with a current chemotherapeutic agent is assessed first based on the



hypothesis that capsaicin is able to sensitize human SCLC cells to the chemotherapeutic effects
of camptothecin. These studies evaluate the possible synergy that occurs when these agents are
used concurrently both in vitro and in vivo. Signaling mechanisms controlling these effects are
also examined. Second, a study of a panel of synthetic capsaicin analogs was conducted to
identify potentially potent anti-cancer agents with equal or greater antineoplastic activity than
capsaicin, but without the adverse side effect profile. The signaling pathways activated by these
analogs are also examined and compared to capsaicin. Taken together, these studies have laid the
foundation for the use of capsaicin and capsaicinoids as potential adjuvant SCLC treatment
options. The long-term implications of this study will hopefully lead a way to increasing the
dismal survival rate of SCLC patients, as well as potentially utilizing the knowledge found to

treat additional types of cancers.
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ABSTRACT

Cytotoxic chemotherapy is the mainstay of cancer treatment. Conventional
chemotherapeutic agents do not distinguish between normal and neoplastic cells. This leads to
severe toxic side effects, which may necessitate the discontinuation of treatment in some
patients. Recent research has identified key molecular events in the initiation and progression of
cancer, promoting the design of targeted therapies to selectively kill tumor cells while sparing
normal cells. Although the side effects of such drugs are typically milder than conventional
chemotherapies, some off-target effects still occur. Another serious challenge with all
chemotherapies is the acquisition of chemoresistance upon prolonged exposure to the drug.
Therefore, identifying supplementary agents that sensitize tumor cells to chemotherapy-induced
apoptosis and help minimize drug resistance would be valuable for improving patient tolerance
and response to chemotherapy. The use of effective supplementary agents provides a two-fold
advantage in combination with standard chemotherapy. Firstly, by augmenting the activity of the
chemotherapeutic drug it can lower the dose needed to kill tumor cells and decrease the
incidence and severity of treatment-limiting side effects. Secondly, adjuvant therapies that lower
the effective dose of chemotherapy may delay/prevent the development of chemoresistance in
tumors. Capsaicinoids, a major class of phytochemical compounds isolated from chili peppers,
have been shown to improve the efficacy of several anti-cancer drugs in cell culture and animal
models. The present chapter summarizes the current knowledge about the chemosensistizing
activity of capsaicinoids with conventional and targeted chemotherapeutic drugs, highlighting
the potential use of capsaicinoids in novel combination therapies to improve the therapeutic

indices of conventional and targeted chemotherapeutic drugs in human cancers.



INTRODUCTION

The term capsaicinoid refers to the class of compounds found in the capsicum family
(also known as chili peppers) (Luo et al., 2011). The most common capsaicinoid is capsaicin,
responsible for the spicy characteristics of chili peppers. Other natural capsaicinoids isolated
from peppers include: capsiate, found in Japanese CH-19 sweet peppers; capsiconiate, found in
Capsicum baccatum L.; and resiniferatoxin (RTX), isolated from the cactus plant Euphorbia
resinifera and the Nigerian plant Euphorbia poissonii (Friedman et al., 2018; Luo et al., 2011).
All capsaicinoids display potent analgesic activity (Basith et al., 2016; Chapa-Oliver & Mejia-
Teniente, 2016; Evangelista, 2015; Srinivasan, 2016). Capsaicin is a common ingredient in over-
the-counter pain-relieving lotions and creams (Basith et al., 2016; Evangelista, 2015). The
analgesic activity of capsaicinoids is mediated by the transient receptor potential vanilloid
(TRPV) family of receptors, which is comprised of six members (TRPV1-TRPV6) (Satheesh et
al., 2016). All capsaicinoids are high affinity agonists of the TRPV1 receptor (Satheesh et al.,
2016). However, several lines of evidence have shown that capsaicinoids exert biological
functions that are independent of TRPV1 receptor activation or are mediated by other TRPV
receptors (Chapa-Oliver & Mejia-Teniente, 2016; Chow, Norng, Zhang, & Chai, 2007; Clark &
Lee, 2016; Diaz-Laviada & Rodriguez-Henche, 2014; Friedman et al., 2018; Lau et al., 2014;
Shintaku et al., 2012).

Early studies found that capsaicinoids exert potent chemopreventive activities in a variety
of human cancers including lung, prostate, pancreatic, cholangiocarcinoma and skin cancer.
Subsequent research demonstrated that capsaicinoids display anti-neoplastic activity in human
breast, lung, prostate, gastric, renal, oral and hepatocellular carcinoma (Basith et al., 2016;

Chapa-Oliver & Mejia-Teniente, 2016; Srinivasan, 2016). However, conflicting evidence also



exists on the anti-cancer activity of capsaicin. The long-term dietary administration of chili
peppers was found to produce neoplastic changes in the liver and cecum (Hoch-Ligeti, 1951).
More recent published reports indicated that capsaicin promoted the survival and growth of
bladder, colon and skin cancers (Bode & Dong, 2011; Hoch-Ligeti, 1951; Toth & Gannett,
1992). Similarly, studies by Erin et al., (2004 and 2006) showed that the administration of
capsaicin at high doses (125 mg capsaicin/kg body weight) increased breast cancer
aggressiveness and promoted mammary tumor metastasis to the lung and heart (Erin, Boyer,
Bonneau, Clawson, & Welch, 2004; Erin, Zhao, Bylander, Chase, & Clawson, 2006). The aim of
their studies was to demonstrate that capsaicin caused denervation of sensory neurons in breast
carcinomas and such denervation promoted breast cancer metastasis (Erin et al., 2004; Erin et al.,
2006). Apart from these few published reports, the majority of studies have confirmed that low
doses of capsaicin suppress the growth and progression of human cancers (Figure 1).

While capsaicinoids are accepted to be high affinity agonists of the TRPV1 receptor, the
anti-tumor activity of capsaicinoids appears to be predominantly independent of TRPV1 and
involves multiple molecular mechanisms, including activation of cell death mechanisms,
inhibition of mitogenic pathways and blockage of mitochondrial respiration, tumor angiogenesis
and metastasis (reviewed in (Chapa-Oliver & Mejia-Teniente, 2016; Clark & Lee, 2016; Diaz-
Laviada & Rodriguez-Henche, 2014; Friedman et al., 2018; Srinivasan, 2016). Recent studies
have indicated that capsaicinoids sensitize human cancer cells to the apoptotic effects of anti-
cancer drugs and compounds. These include phytochemicals, synthetic small molecules,
conventional chemotherapeutic drugs, as well as novel targeted signal-transduction inhibitors.
The present chapter will focus on the chemosensitization activity of capsaicinoids on

classifications of FDA-approved chemotherapeutic drugs that are used clinically for the



treatment of cancer patients. We will discuss the signaling pathways underlying the
combinatorial growth-inhibitory activity of capsaicinoids and the anti-cancer drugs in vitro and
in vivo. Finally, we will discuss the pharmacokinetic nature of the interaction between
capsaicinoids and the chemotherapeutic drug, whether it is additive, synergistic or antagonistic

and the statistical methods used to determine such drug-drug interactions.
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Figure 1. A schematic of the various anticancer and chemopreventive mechanisms
triggered by capsaicin in experimental models of carcinogenesis and metastasis.

ANTIMETABOLITES

Antimetabolites are a class of chemotherapeutic drugs which function by mimicking
endogenous molecules required for cell cycle progression (Chabner et al., 2011; Peters, 2014).
By mimicking these compounds, antimetabolites become incorporated into the DNA or RNA of
replicating cells, causing errors in these essential molecules. These errors lead to DNA/RNA
damage and subsequently cause cell death (Longley, Harkin, & Johnston, 2003; Longley &
Johnston, 2005). Knowledge of nucleic acid biosynthetic processes allowed for the development
of various antimetabolites, the earliest with clinical utility included methotrexate, 6-

mercaptopurine (6-MP) and 5-fluorouracil (5-FU; Figure 2A) (Burchenal et al., 1953; Farber &
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Diamond, 1948; Heidelberger et al., 1957; Jolivet, Cowan, Curt, Clendeninn, & Chabner, 1983;
Rutman, Cantarow, & Paschkis, 1954). Two shortcomings of antimetabolites are the dose-
dependent toxicities and development of drug resistance (Longley & Johnston, 2005; N. Zhang,
Yin, Xu, & Chen, 2008). One strategy to overcome these problems is to combine these potent
antimetabolite drugs with a bioactive nutritional compound that will act synergistically to reduce
the ICso of the main chemotherapeutic treatment (Cheung-Ong, Giaever, & Nislow, 2013). The
exploration of capsaicin in combination with antimetabolite agents is ongoing and has provided
some promising results.

Several studies have examined the combinatorial anti-cancer activity of 5-FU and
capsaicin. 5-FU is an integral part of the treatment regimens for a variety of malignancies,
including skin, colorectal, breast, pancreatic and gastrointestinal cancer (Sorrentino, Kim,
Foderaro, & Truesdell, 2012). Side effects of 5-FU include cardiotoxicity, along with diarrhea,
mucositis, myelosuppression, and thrombophlebitis (Sorrentino et al., 2012). Combination
chemotherapy involving 5-FU is the cornerstone of gastrointestinal tract adenocarcinomas
(Chabner et al., 2011; Tang, Feng, Liang, & Cai, 2016). The combination of capsaicin and 5-FU
was investigated in HGC-27 metastatic gastric cancer cells. Meral et al., (2014) showed that
various concentration combinations of 5-FU and capsaicin effectively inhibited the growth of
HGC-27 cells. Treatment with 50 uM 5-FU along with 12, 25, 50 or 100 uM capsaicin showed
significant decrease in cell viability when compared to the control at 24 and 48 hours (Meral et
al., 2014). The authors inferred that capsaicin at high concentrations ranging from 25-100 uM
sensitized HGC-27 human gastric cancer cells to 5-FU-induced apoptosis at 48 hours (Meral et
al., 2014). This group also assessed cell injury and found that 25-200 uM of capsaicin

significantly altered both LDH and glucose concentrations, while low concentrations of capsaicin
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(12 uM) caused no elevation of LDH or glucose levels. Such observations suggest that the
combinatorial growth-inhibitory activity of 5-FU and capsaicin is maximal at 50 pM 5-FU and
12 uM capsaicin, while capsaicin (as a single agent) displays marginal growth-inhibitory activity
and no cell injury (Meral et al., 2014). Although the authors claimed the interaction between 5-
FU and capsaicin to be synergistic, statistical analysis such as the Chou-Talalay isobologram
method to confirm synergy between the two drugs was not performed. The isobologram analysis
yields a factor known as combination index (CI). A value of CI lower than 1 indicates synergy
between the drugs. The CI equals 1 for additive drug interactions. If the CI is greater than 1, the

drugs are antagonistic to one another (Chou, 2008, 2010).
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Figure 2. Antimetabolites

(A) 5-Fluorouracil. (5-FU). (B) Gemcitabine. (C) Resiniferatoxin (RTX). (D) Signaling
mechanisms underlying 5-FU induced drug resistance in human CCA cells. The presence of
capsaicin along with 5-FU downregulates autophagy and triggers downstream apoptosis in
human CCA cells.

Human cholangiocarcinoma (CCA) is a diverse group of hepatobiliary cancers, which
originate from the biliary tree (Banales et al., 2016). CCAs are classified into intrahepatic
(1ICCA), perihilar (pCCA) and distal (dCCA) based on their anatomical location. The main
challenge of CCA therapy is its aggressive clinical course and chemotherapy-refractory nature
(Banales et al., 2016). Hong et al., (2015) analyzed the cytotoxicity of 5-FU in a panel of human
CCA cell lines, namely QBC939, MZ-ChA-1 and SK-ChA-1 (Z. F. Hong et al., 2015). They
observed that all three cell lines were relatively resistant to 5-FU and displayed growth-
inhibitory activity only at high concentrations above 100 uM. A similar trend was observed with
25-150 uM capsaicin at 48 hours, with 1Cso values approximately 100 uM in all the three cell

lines. Subsequently, the authors used varying concentrations of capsaicin (0, 20, 40 and 80 uM)
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in the presence or absence of varying 5-FU concentrations (0, 20, 40 and 80 uM). Capsaicin
sensitized QBC939 human CCA cells to 5-FU-induced apoptosis at multiple concentrations (Z.
F. Hong et al., 2015). Chou-Talalay isobologram analysis was performed and the interaction
between 5-FU and capsaicin was found to be synergistic at two combinations. The presence of
40 uM capsaicin along with 40 uM 5-FU lowered the ICso of 5-FU from 126 uM to 35 uM
(CI=0.69). Maximal synergy was observed at 40 uM capsaicin and 80 uM 5-FU (CI=0.48) in
QBC939 cells. When stained for Annexin-V the combination of 40 uM capsaicin along with 40
uM 5-FU showed significantly more Annexin-V-positive cells than that of either drug alone (Z.
F. Hong et al., 2015). The authors also showed capsaicin sensitized human CCA to the apoptotic
activity of 5-FU in athymic mouse models, lending strength to the study. The CCA-tumor-
bearing mice were administered 60 mg 5-FU/kg body weight/day, 150 mg capsaicin/kg body
weight/day or a combination of both. Notably, 5-FU and capsaicin alone did not have any impact
on tumor volumes, while the combination of the two drugs showed significantly greater anti-
tumor activity (Z. F. Hong et al., 2015). Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining on the CCA tumors (isolated from athymic mice) showed significant
increase in apoptosis in tumor-bearing mice treated with the combination of 5-FU and capsaicin
than either drug administered as single agents (Z. F. Hong et al., 2015).

Autophagy is one of the mechanisms underlying 5-FU-induced resistance of
gastrointestinal cancers (Tang et al., 2016). Established tumors need autophagy to protect
themselves from hostile microenvironments like hypoxia, nutrient deprivation and
chemotherapeutic drugs (Levy, Towers, & Thorburn, 2017; White, Mehnert, & Chan, 2015). The
synergistic anti-cancer activity of 5-FU and capsaicin was due to the ability of capsaicin to

inhibit 5-FU-induced autophagy of QBC939 human CCA cells. The treatment of QBC939 with
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40 uM 5-FU upregulated the expression of autophagic genes beclinl, atg5 and the autophagic
biomarker protein LC3II. The presence of 40 uM capsaicin along with 5-FU decreased the levels
of beclinl, atg and LC3II comparable to untreated cells. When the autophagy inhibitor 3-
methyladenine (3-MA) was incorporated along with 5-FU the above-mentioned 5-FU induced
alterations in beclinl, atg5 and LC3II were also reversed supporting that capsaicin has the ability
to chemosensitize resistant cells by inhibiting drug-induced autophagy (Z. F. Hong et al., 2015).
The mechanistic target of rapamycin (mTOR) pathway is a vital controller of cellular autophagy
(Levy et al., 2017; Paquette, El-Houjeiri, & Pause, 2018). mTOR is a serine/threonine protein
kinase comprised of two distinct complexes called mMTORC1 and mTORC2. The mTORCI1
complex plays a crucial role in autophagic signaling processes. The activity of mTORCI1 is
regulated by a diverse range of upstream signals such as growth and stress signals, as well as
cytoplasmic kinases like extracellular related kinase (ERK), phosphoinositol-3 kinase (PI-
3K)/Akt and ribosomal S6 kinase (RSK) (Paquette et al., 2018). Hong et al., (2015) observed that
5-FU inhibited the phosphorylation of Akt (Ser473) and pS6 (Ser235/236), while the presence of
capsaicin reversed 5-FU inhibition of Akt and pS6 phosphorylation (Z. F. Hong et al., 2015).
These findings suggest that capsaicin reduces chemoresistance to 5-FU by inhibiting 5-FU-
induced autophagy via the Akt/mTOR pathway to induce cell death (Figure 2D).

Gemcitabine (Figure 2B), an antimetabolite pyrimidine analog, is the first-line
monotherapy treatment for pancreatic cancer (Chabner et al., 2011). Vendrely et al., (2017)
examined the effect of three nutritional compounds namely, capsaicin, resveratrol and
sulforaphane on the anti-tumor activity of gemcitabine. Chou-Talalay isobologram analysis
showed that capsaicin and gemcitabine displayed synergistic growth-inhibitory activity in

CAPAN-2 human pancreatic cancer cells (CI=0.5). The maximal synergistic activity was
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observed with a combination of resveratrol, capsaicin and gemcitabine (CI=0.05). Subsequently,
the authors tested the anti-tumor activity of these drug combinations in athymic mice (Vendrely
etal., 2017). CAPAN-2 human pancreatic tumor-bearing mice were treated with 12.5 mg
gemcitabine/kg body weight three times a week by intraperitoneal (i.p.) injection. Resveratrol
(50 mg/kg body weight) and capsaicin (5 mg/kg body weight) were administered by oral gavage
three times a week. Treatment with resveratrol and capsaicin did not sensitize CAPAN-2 tumors
to the growth-suppressive effects of gemcitabine at the standard dose. Interestingly, when the
dose of gemcitabine was reduced by 33% (8.3 mg/kg body weight) such that gemcitabine alone
did not have any impact on the growth rate of CAPAN-2 tumors in athymic mice, the
combination with capsaicin and resveratrol to the low-dose gemcitabine fully restored the anti-
tumor response to gemcitabine equivalent to the full dose (12.5 mg/kg body weight).
Histological examination of the tumors showed increased therapeutic response in tumors treated
with low dose gemcitabine (8.3 mg/kg body weight), resveratrol and capsaicin (hereafter referred
as C+R+Gr) compared to the other treatment groups. The anti-tumor activity of C+R+Gr
correlated with increased Bax/Bcl2 ratio and decreased phospho-Akt/total Akt ratio, suggesting
that C+R+Gy selectively stimulated pro-apoptotic pathways with concomitant downregulation of
cell survival mechanisms (Vendrely et al., 2017).

Resiniferatoxin (RTX; Figure 2C) is a naturally occurring capsaicinoid isolated from the
latex of the cactus Euphorbia resinifera (Friedman et al., 2018). Hartel et al., (2006) examined
the combinatorial apoptotic activity of RTX with gemcitabine or 5-FU. Although RTX alone
displayed robust apoptotic activity in MIA-PaCa-2 and CAPAN-1 human pancreatic cancer cells,

it showed no synergistic interaction with gemcitabine or 5-FU in these studies. Statistical
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analysis could not confirm whether the interaction between RTX and 5-FU (or gemcitabine) was
additive (Hartel et al., 2006).
PLATINUM-BASED DRUGS

Platinum-based drugs are the standard of care for the treatment of many solid tumors and
are a vital component in both curative-intent and palliative combination chemotherapy regimens
(Chabner et al., 2011; Dasari & Tchounwou, 2014; Dilruba & Kalayda, 2016; Fuertes, Alonso, &
Perez, 2003). Combination chemotherapy involving cisplatin has been used for cancers of the
lung, ovaries, testes, solid head and neck tumors, and sarcomas (Chabner et al., 2011). The first
platinum drug, Cisplatin (cis-diamminedichloroplatinum; Figure 3A), was originally described in
the late 1900s for its ability to block binary fission in bacteria (Oun, Moussa, & Wheate, 2018).
Cisplatin directly binds to DNA causing intra/interstrand crosslinking, resulting in DNA damage
and subsequent apoptosis (Chabner et al., 2011).

A major drawback to the clinical use of platinum-based drugs is the dose-limiting
toxicities, including nephrotoxicity, which can lead to acute, and often-irreversible kidney injury
(Bai et al., 2017; Dilruba & Kalayda, 2016; Manohar & Leung, 2018; Oun et al., 2018).
Ototoxicity resulting in damage to cochlear hair follicles can cause permanent hearing loss
(Dilruba & Kalayda, 2016; Paken, Govender, Pillay, & Sewram, 2016). Neurotoxicity leading to
pain, weakness or numbness in the extremities, especially the hands and feet, has been reported
in patients. Hepatotoxicity, evidenced by increased hepatic enzymes in the serum, as well as
gastrointestinal and hematological toxicities have also been reported (Dasari & Tchounwou,
2014; Manohar & Leung, 2018; Oun et al., 2018). With toxicities affecting almost every major
organ system, one can see why dose monitoring and using the lowest dose possible is crucial

when treating patients. Newer drugs of this class, including carboplatin and oxaliplatin, have
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similar mechanisms of action as cisplatin, but display divergent dose-limiting toxicity profiles
(Kilari, Guancial, & Kim, 2016). The administration of carboplatin is associated with a lower
incidence of nausea and vomiting (relative to cisplatin) and a lower risk of nephrotoxicity and
ototoxicity in cancer patients (Dilruba & Kalayda, 2016; Oun et al., 2018). However, carboplatin
possesses greater myelosuppressive activity, while oxaliplatin has the lowest risk of

nephrotoxicity and ototoxicity amongst these drugs (Oun et al., 2018).
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Figure 3. Platinum-based drugs

(A) Cisplatin. (B) LH4. (C) LHS. (D) Stomach cancer cells acquire resistance to cisplatin by
increased expression of Aurora Kinase A. When capsaicin is added it stimulates the degradation
of Aurora Kinase thereby circumventing cisplatin induced drug resistance.

The clinical efficacy of platinum-based drugs is further limited by the development of
chemoresistance in tumor cells (Dasari & Tchounwou, 2014; Kilari et al., 2016). Almost all solid
tumors eventually develop resistance to cisplatin and its related compounds. Cisplatin-based
combination therapy frequently gives excellent initial outcomes in lung cancer patients.
However, the disease often relapses, and the tumor is unresponsive to cisplatin (Fennell et al.,

2016). The mechanisms underlying cisplatin resistance involve multiple pathways, including the
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elevation and conjugation by glutathione (GSH) and binding by metallothionein, which minimize
DNA binding by active forms of platinum-based drugs (Amable, 2016; Galluzzi et al., 2012;
Oun et al., 2018). Cisplatin resistance also involves the activation of DNA repair pathways,
dysregulation of p53 tumor suppressor gene function, amplification of the pro-survival
Ras/MAPK signaling pathway, and upregulation of heat shock proteins (HSP) in neoplastic cells
(Amable, 2016; Dasari & Tchounwou, 2014). Furthermore, the acquisition of cisplatin resistance
also involves down-regulation of drug uptake transporters and upregulation of the functional
activity of efflux transporters (Kilari et al., 2016). Despite these limitations, cisplatin-based
chemotherapy remains a standard of care for a variety of solid tumors (Dasari & Tchounwou,
2014; Dilruba & Kalayda, 2016). All of these observations have led to intense research to
identify potential compounds that can improve the therapeutic index of cisplatin, improve its
toxicity profile, circumvent drug resistance mechanisms, and augment its cytotoxic activity in
human cancers.

Recent interest has increased focus on natural fruit- and vegetable-derived compounds as
potential agents to reduce cisplatin nephrotoxicity and increase tumor sensitivity to
chemotherapy (Athira, Madhana, & Lahkar, 2016; Gomez-Sierra, Eugenio-Perez, Sanchez-
Chinchillas, & Pedraza-Chaverri, 2018). Garufi et al., (2016) investigated the growth-inhibitory
activity of cisplatin with capsaicin in human p53 mutant glioblastoma cells (Garufi, Pistritto,
Cirone, & D'Orazi, 2016). The authors treated U373 human glioblastoma cells with 100 uM
capsaicin, 2.5 pg/ml cisplatin or a combination of both drugs over 24 hours and observed that the
combination of capsaicin with cisplatin induced 3-fold higher cell death relative to either
capsaicin or cisplatin alone (Garufi et al., 2016). This study further showed that capsaicin

reactivated p53 function in U373 cells, using over-expression and siRNA techniques to confirm
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the role of the p53 wild type pathway in the growth-suppressive activity of capsaicin as a single
agent. The authors speculated that capsaicin was sensitizing U373 cells to cisplatin by restoration
of p53 wild type activity. The caveat of the study is the authors did not present direct
experimental evidence (by p53-siRNA and p53 plasmid vectors) showing that the enhanced
growth-inhibitory activity of cisplatin-capsaicin combination was mediated by the p53 pathway.
Notably, cell authentication experiments have shown that the U373 MG cell line (available at
ATCC and EACC) is genetically distinct from the original U373 MG cell line isolated by
Westmark et al., (1973) in Uppsala, Sweden (Ishii et al., 1999; "Misidentified Cell Lines," ;
Westermark, 1973). The U373 MG cell line obtained by ATCC and EACC was identical to
another human glioma cell line U251. Subsequently, both ATCC and EACC have discontinued
this cell line from their inventory.

Huh et al., (2011) analyzed the cooperative growth-suppressive activity of cisplatin and
capsaicin in human stomach cancers using a panel of Korean human stomach cancer cell lines
(Huh, Lee, Lee, Park, & Han, 2011). They treated SNUO1, SNU-5, SNU-16, SNU-601, SNU-
638 and SNU-668 cells with 100-500 uM cisplatin for 6 hours. The authors observed that out of
all the cell lines tested, SNU-668 was the most resistant to cisplatin, with an 1Cso value of over
500 uM (Huh et al., 2011). Subsequently, they tested whether 300 uM capsaicin could sensitize
SNU-668 cells to cisplatin-induced apoptosis. The combination of 20 uM cisplatin with 300 uM
capsaicin decreased viability of SNU-668 cells approximately 7-fold, relative to vehicle treated
or cisplatin only treated cells (Huh et al., 2011). Similarly, the combination of cisplatin and
capsaicin displayed 5-fold lower cell viability, compared to SNU-668 cells treated with capsaicin
alone. By using flow cytometry, Huh and colleagues were able to detect that the treatment of

SNU-668 cells with both capsaicin (300 uM) and cisplatin (20 uM) resulted in an accumulation
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of G1- and S-phase cells. When SNU688 cells were treated with cisplatin alone, the cells
accumulated in the G2/M-phase, which led to the conclusion that capsaicin overcame cisplatin-
induced G2/M-phase arrest in SNU-688 cells and caused accumulation in G1 (Huh et al., 2011).
TUNEL apoptosis assays revealed the treatment with 20 uM cisplatin alone caused apoptosis in
5.16% of SNU-668 cells; 300 uM capsaicin alone in 22.4% of cells; however, the combination
induced apoptotic cell death in 48.5% of cells. Capsaicin induced a greater magnitude of
apoptosis in SNU-668 cells than cisplatin probably due to the fact that SNU-688 cells are
cisplatin resistant and therefore have a low apoptotic response towards cisplatin. The
combination of cisplatin and capsaicin abolished the expression of both Bcl-2 and Bcel-xL.
Notably, cisplatin increased the expression of Bcl-2 in SNU-688, implying that Bcl-2 may be one
of the mechanisms underlying a cisplatin resistant phenotype.

Several lines of evidence show that overexpression of Aurora kinase A (Aurora A) leads
to tumor-acquired chemotherapeutic resistance, especially to cisplatin (Figure 3D) (Kuang et al.,
2017; Polacchini et al., 2016; L. Wang, Arras, et al., 2017; Xu et al., 2014). Aurora A is a serine
threonine kinase involved in several steps of mitosis, such as centrosome function, spindle
assembly, chromosome alignment and mitotic entry (Borisa & Bhatt, 2017). Treatment with
cisplatin was found to increase the expression of Aurora A levels in SNU-668 cells (Huh et al.,
2011). In contrast, the treatment of SNU-668 with 300 uM capsaicin almost abolished the levels
of Aurora A in these cells. The combination of cisplatin and capsaicin also decreased expression
of Aurora A below detectable levels, effectively inhibiting cisplatin-induced increase in Aurora
A. Experiments using the proteasome inhibitor MG132 revealed that capsaicin suppressed the
levels of cellular Aurora A via enhancement of proteasomal degradation (Huh et al., 2011). Such

capsaicin-induced degradation of Aurora A prevents cisplatin-induced nuclear factor kappa-B

21



(NF-kB) activation and survival of drug resistant SNU-338 cells (Huh et al., 2011). Therefore,
the inclusion of capsaicin along with cisplatin may provide a valuable strategy for overcoming
cisplatin resistance in human stomach cancer cells.

In other studies, the combination of cisplatin and capsaicin robustly decreased viability of
the human neuroblastoma cell line KELLY (Altun, Altun, Olgun, Pamukoglu, & Olgun, 2016).
KELLY cells were treated with 5 uM capsaicin, 100 uM cisplatin or a combination of both for
24 hours. WST-1 assays revealed that 5 uM capsaicin had no effect on the viability of these
cells. In contrast, 100 uM cisplatin decreased the viability by approximately 25% (Altun et al.,
2016). When 5 uM capsaicin was combined with 100 uM cisplatin there was a dramatic decrease
in the viability (by about 88%). Annexin-V/PI flow cytometric analysis revealed that the
combination of cisplatin and capsaicin induced greater magnitudes of apoptosis than either drug
alone (Altun et al., 2016).

Arzuman et al., (2014) synthesized a new platinum-based compound
tris(benzimidazole)chloroplatinum(Il) or LH4 (Figure 3B) (Arzuman, Beale, Chan, Yu, & Hugq,
2014) and examined the combinatorial activity of LH4 with various phytochemicals including
capsaicin. MTT assays were used to determine the concentration-dependent growth-inhibitory
activity of LH4 and cisplatin at concentrations ranging from 0.16-20 uM in three variants of the
human ovarian cancer cell line A2780 at 72 hours. These three variant ovarian cancer cell lines
are characterized by their chemoresistant behavior; A2780 is cisplatin sensitive, A2780¢R is
cisplatin resistant, and A27807PO473R ig picoplatin resistant (Arzuman et al., 2014). They
observed that capsaicin decreased the viability of all three lines. Using Chou-Talalay
isobologram, the authors found that the combination of LH4 and capsaicin was synergistic in

A2780 (C1=0.41), A2780°R (CI=0.48) and A2780%PO473R (C1=0.36) cells (Arzuman et al., 2014).
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They also investigated whether pretreatment with one of the drugs could enhance synergistic
growth suppressive activity. They pretreated all the cell lines with LH4 and then treated the cells
with capsaicin four hours later and revealed that the interaction remained synergistic in A2780
(CI=0.52), A2780°R (C1=0.94) and A2780%PO473R (C1=0.84) cells. A noteworthy observation is
the magnitude of synergy between LH4 and capsaicin was maximal when both drugs were added
simultaneously to the cells, especially in the platinum resistant A2780 cell lines (Arzuman et al.,
2014). The combination of capsaicin and LH4 added together to A2780 and A2780°*R showed
higher intracellular platinum levels than when LH4 was given alone (Arzuman et al., 2014). The
combination of LH4 and capsaicin induced a higher magnitude of intracellular platinum
accumulation in A2780°*R cells (6-7 fold higher than LH4 alone) than in the parent line A2780
(1.5 fold higher than LH4 alone). The combination of LH4 and capsaicin showed no changes in
platinum-DNA binding in A2780 and A2780°R cells, relative to LH4 alone. However, when the
cells were treated with capsaicin followed by LH4, there was a robust increase in the amounts of
platinum-DNA complexes in A2780°*R human ovarian cancer cells (Arzuman et al., 2014).

A monofunctional platinum (II) drug tris(quinoline)monocloroplatinum(Il) or LH5
(Figure 3C) (Arzuman, Beale, Yu, & Huq, 2016) was used to evaluate the combinatorial growth-
suppressive effects of LHS and capsaicin in human ovarian cancer cells. The authors observed
that the greatest synergistic effect was seen when both LHS and capsaicin were used to treat the
cells at the same time (the 0/0 protocol) in EDso, ED7s, and EDgg measured across A2780,
A2780°R and A27807PO473R human ovarian cancer cells (Arzuman et al., 2016). The picoplatin
resistant cell line A27807PO473R showed the lowest degree of synergy, when compared to the
other two cell lines. Although the authors have not performed any experiments to investigate the

signaling pathways underlying the synergistic growth-suppressive activity of LHS and capsaicin,
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they speculate that capsaicin induces an accumulation of cells in the G1-phase, while LHS causes
cell cycle arrest in the G2-phase and subsequent apoptosis via the p53 pathway. Experiments
involving pretreatment of LH5 followed by capsaicin 4 hours after (0/4 protocol) showed greater
magnitude of synergy and lower CI values than the 4/0 protocol, when LHS5 was added 4 hours
after capsaicin (Arzuman et al., 2016). Further studies are warranted to investigate why the 0/0
protocol showed a greater synergistic interaction than pretreatment of either drug.

Wang et al., (2018) have demonstrated that capsaicin synergizes with cisplatin in
osteosarcoma cells xenografted in athymic mice (Y. Wang et al., 2018). As a proof of concept,
they investigated the combinatorial activity of cisplatin and capsaicin in three human
osteosarcoma cell lines, namely MG63, 143B and HOS. The combination of 50 uM or 100 uM
capsaicin synergistically decreased cell viability of MG63 and 143B cells across a range of
cisplatin concentrations (16.7-66.7 uM). Furthermore, the combination of 100 uM capsaicin with
16.7 uM cisplatin induced a greater magnitude of apoptosis and cell cycle arrest in all
osteosarcoma cell lines than either drug administered alone (Y. Wang et al., 2018). This
correlated with enhanced upregulation of pro-apoptotic and cell cycle inhibitory proteins (Bax,
caspase-3, cytochrome C, p21, p18) and decreased expression of pro-survival biomarkers (Bcl-2,
survivin, cyclins D1, D3 and cdk4/6). Most interestingly, the presence of 100 uM capsaicin
increased the anti-invasive activity of cisplatin (Y. Wang et al., 2018). The functional activity of
matrix metalloproteinase-2 and -9 (MMP2 and MMP9) was suppressed to a greater extent when
cisplatin and capsaicin were added together than either drug alone. Finally, the administration of
20 mg capsaicin/kg body weight along with 4 mg cisplatin/kg body weight decreased the growth
rate of 143B human osteosarcoma tumors xenotransplanted in athymic mice more potently than

either drug administered alone (Y. Wang et al., 2018).
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Innovative studies have also examined the ability of capsaicin to diminish/minimize the
toxic side effects of cisplatin. A major toxic side effect of cisplatin is ototoxicity, which is
defined as hearing loss due to temporary or permanent damage to the sensory hair cells in the
cochlea (Oun et al., 2018; Paken et al., 2016). Altun et al., (2016) evaluated the possibility of
using capsaicin as a preventative agent to combat cisplatin-induced ototoxicity in murine mouse
ear organ corti cells (HEI-OC1) (Altun et al., 2016). The treatment of HEI-OC1 with 100 uM
cisplatin caused a 64% decrease in cell viability. Notably, 5 uM capsaicin did not impact the
viability of HEI-OCI1 cells (Altun et al., 2016). The combination of capsaicin and cisplatin
displayed lower growth-inhibitory activity (20% decrease in cell viability) relative to cisplatin
alone (64% decrease in cell viability). Gene expression analysis revealed that the combination of
cisplatin and capsaicin upregulated mitosis-related cell cycle genes (cdc25c), DNA repair genes
(Fancg, Mif, M1H3), and downregulated apoptosis-related genes (Bax, PARP2, p53), leading to
survival of HEI-OC1 ear organ corti cells (Altun et al., 2016).

Capsaicin was also shown to protect against cisplatin-induced nephrotoxicity. Shimeda et
al., (2005) induced nephrotoxicity in Sprague-Dawley rats by i.p. injection of 5 mg cisplatin/kg
body weight followed by 10 mg capsaicin/kg body weight by oral gavage twice daily for six days
after cisplatin administration. Cisplatin-induced nephrotoxicity was characterized by decreased
body weight, kidney GSH content and kidney superoxide dismutase (SOD) activity, an increase
in kidney weight, kidney malondialdehyde levels, serum creatinine, and blood urea nitrogen
(BUN) levels. The administration of capsaicin along with cisplatin significantly decreased BUN,
serum creatinine and kidney malondialdehyde levels and increased kidney SOD activity
(Shimeda et al., 2005). Capsaicin administration also reversed the cisplatin-induced increase in

kidney weight, returning kidneys to normal weights. The authors went on to show that capsaicin
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mitigated cisplatin-induced nephrotoxicity by scavenging free radicals (generated by cisplatin-
treatment) via the SOD pathway.

Jung et al., (2014) observed that capsaicin abrogated the growth-suppressive effect of
cisplatin in HK2 human renal proximal tubule cells. Subsequently, they extended their studies to
a mouse model to confirm the protective activity of capsaicin in cisplatin-induced nephrotoxicity
in C57BL6 mice (Jung et al., 2014; Shimeda et al., 2005). Their study design was slightly
different from Shimeda et al., (2005). The differences in cisplatin treatment regimens was most
likely due to rats being more susceptible to cisplatin nephrotoxicity than mice (Katayama et al.,
2011; Perse & Veceric-Haler, 2018). They orally administered three doses of capsaicin (2.5, 5, or
10 mg/kg body weight) once a day for five consecutive days. A single dose of cisplatin (5 mg/kg
body weight) was i.p. injected on day 4 (twelve hours after the administration of capsaicin). The
administration of cisplatin induced an 8-fold increase in serum creatinine and a 4-fold increase in
BUN. The pretreatment of mice with capsaicin at doses of 5 mg/kg body weight or 10 mg/kg
body weight decreased cisplatin-induced increases in serum creatinine and BUN levels. Notably,
the dose of 10 mg/kg body weight capsaicin, completely normalized creatinine and BUN levels
in mice. The kidneys of mice treated with cisplatin showed tubular and glomerular injury,
namely tubular dilation, vacuole formation and necrosis. However, when the mice were pre-
administered capsaicin, their kidney reverted to near normal morphology, with only slight
changes in glomeruli and minor edema of the tubular cells (Jung et al., 2014).

Several convergent studies have shown that oxidative stress, inflammation,
proinflammatory cytokines and toll-like receptors (TLR) contribute to tubular toxicity and
vascular injury observed in cisplatin-induced renal injury (Cenedeze et al., 2007; Kuhad,

Pilkhwal, Sharma, Tirkey, & Chopra, 2007; Mitazaki et al., 2013; Mukhopadhyay et al., 2010;
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Ramesh & Reeves, 2002; Sahu, Kuncha, Sindhura, & Sistla, 2013; Valles, Lorenzo, Bocanegra,
& Valles, 2014). Jung et al., (2014) observed that cisplatin induced the upregulation of
proinflammatory cytokines (TNF-a, IL-1B and IL-6), TLR4 and its ligands (high mobility group
box 1, HMBI1; advanced glycation end product, AGE) in the kidney. The pre-administration of
capsaicin (10 mg/kg body weight) abolished cisplatin-induced alterations in TNF-a, IL-18, IL-6,
TLR, HMBI1 and AGE in the kidneys of mice (Jung et al., 2014). Next, the authors examined the
effect of capsaicin on cisplatin-induced production of ROS in the kidney. The enzymes of the
NADPH oxidase family (NOX) play a vital role in ROS generation by catalyzing the transfer of
electrons from NADPH to molecular oxygen (Bedard & Krause, 2007). Out of seven NOX
1soforms, NOX4 (and to a lesser extent NOX2) have been implicated in cisplatin-induced
nephrotoxicity (Sedeek, Nasrallah, Touyz, & Hebert, 2013). Jung et al., (2014) measured ROS
levels in HK2 immortalized human proximal tubule cells (Jung et al., 2014). They observed that
the treatment of HK?2 cells with 30 uM cisplatin induced robust ROS activity. The presence of
100 uM capsaicin along with cisplatin decreased the ROS levels close to those observed in
vehicle-only treated cells. Similarly, the combination of 30 uM cisplatin and 100 pM capsaicin
reversed cisplatin-induced NOX4 expression in HK2 cells over 24 hours. IHC of kidney tissues
from cisplatin-treated mice showed vigorous expression of NOX-4 and 4-hydroxynonenal (4-
HNE; a biomarker for lipid peroxidation), which was reduced by pre-treatment with 10 mg
capsaicin/kg body weight (Jung et al., 2014). These findings suggest that capsaicin reduced
oxidative stress and ROS formation mediated by cisplatin treatment.

A previous study showed that increased expression of heme oxygenase-1 (HO-1) via
overexpression or pharmacological induction confers protection from cisplatin-induced

ototoxicity in both cell culture and in vivo mouse models (So et al., 2008). Traditionally, the

27



principal function of HO-1 is to catalyze the breakdown of heme into biliverdin, carbon
monoxide and iron (Loboda, Damulewicz, Pyza, Jozkowicz, & Dulak, 2016). Several congruent
studies have indicated that the induction of HO-1 functions as a defense mechanism, shielding
cells from the damaging effects of oxidative stress (Bolisetty, Zarjou, & Agarwal, 2017). The
disruption of HO-1 activity in rats or deletion of the HO-1 gene in mice results in exacerbation of
cisplatin-induced renal injury, emphasizing the protective role of this enzyme in cisplatin-
induced nephrotoxicity (Bolisetty et al., 2017). Jung et al., (2014) found that HO-1 was
substantially decreased in the kidneys of cisplatin-treated mice. When the mice were pretreated
with 2.5, 5.0 and 10 mg capsaicin/kg body weight (before the administration of cisplatin), there
was an induction of HO-1 protein levels in kidney homogenates (Jung et al., 2014). The
protective effect of capsaicin on the growth-suppressive activity of cisplatin (in HK2 cells) was
reversed in the presence of pharmacological inhibitors of the HO-1 pathway (namely ZnPP 1X)
or HO-1 siRNA. Notably, the treatment of HK2 cells with 100 uM capsaicin caused robust
upregulation of HO-1 levels starting at 6 to 24 hours. Taken together, the data of Jung et al.,
(2014) indicate a pivotal role of the HO-1 pathway in the cytoprotective activity of capsaicin
against cisplatin-induced nephrotoxicity (Jung et al., 2014). We believe that the protective
activity of capsaicin against cisplatin-induced nephrotoxicity is extremely clinically relevant.
Such observations may facilitate the design and application of novel capsaicin-cisplatin based
combination therapies that will improve the therapeutic index of cisplatin in cancer patients.
Furthermore, the synergistic cytotoxic activity of cisplatin and capsaicin suggests that lower
doses of cisplatin (along with capsaicin) may be required to achieve optimal therapeutic response

in patients. The ability to lower the dose of cisplatin administered to a patient, while maintaining
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or increasing potential cancer cell kill would be predicted to minimize the adverse effects and
toxicity profile of cisplatin, while improving health outcomes for cancer patients.
ANTHRACYCLINES

Anthracyclines are a class of chemotherapeutic drugs originally isolated from
Streptomyces peucetius bacteria (Arcamone et al., 1969; Chabner et al., 2011). Daunorubicin
(Figure 4A) is considered to be the prototypical anthracycline, being the first anthracycline
shown to have anti-cancer properties (Davis & Davis, 1979). A derivative of daunorubicin,
doxorubicin (Figure 4B), was the second anthracycline to be discovered and evaluated for its
antineoplastic activity (Baboota et al., 2014; Tacar, Sriamornsak, & Dass, 2013). Additional
derivatives and metabolites have since joined the anthracycline chemotherapy family, including
epirubucin, idarubicin and pirarubicin (Cersosimo & Hong, 1986; Hollingshead & Faulds, 1991;
Minotti, Menna, Salvatorelli, Cairo, & Gianni, 2004). Anthracycline drugs have the ability to
treat a variety of cancers, including both solid tumors and hematological malignancies (Chabner
et al., 2011). Doxorubicin intercalates into the DNA and RNA and inhibits topoisomerase II
function, preventing DNA and RNA replication, and inducing cell death in both normal and

cancerous cells (Baboota et al., 2014; Tacar et al., 2013) .

Daunorubicin Doxorubicin Pirarubicin

Figure 4. Anthracyclines
(A) Daunorubicin. (B). Doxorubicin. (C). Pirarubicin.

29



Similar to other nonspecific chemotherapeutic agents, doxorubicin has a variety of toxic
side effects associated with its use. Apart from nausea, gastrointestinal problems and
neurological disturbances, doxorubicin has been documented to cause toxicity in the liver, brain
and kidneys (Tacar et al., 2013). The dose-limiting toxicity of doxorubicin is acute and chronic
cardiotoxicity, characterized by myofibrillar loss, cytoplasmic vacuolization, apoptosis,
interstitial edema, and fibroplasia (Chatterjee, Zhang, Honbo, & Karliner, 2010; Y. Shi, Moon,
Dawood, McManus, & Liu, 2011). Due to the highly documented cardiotoxicity associated with
doxorubicin, different types of clinical restrictions have been put in place for use in patients.
Different types of drugs, such as beta-blockers or angiotensin II inhibitors, are now administered
with doxorubicin in hopes of lowering the chance of the patient experiencing cardiotoxicity
(Chatterjee et al., 2010). Due to the variety and severity of toxicities, the ability to use a lower
dose of doxorubicin while maintaining its antineoplastic qualities would be a valuable
therapeutic strategy to improve both the short-term and long-term safety of patients.

The second generation doxorubicin analog, pirarubicin (also called THP-Adriamycin or
THP-doxorubicin; Figure 4C), displays a wide spectrum of anti-tumor activity amongst solid
tumors of the urinogenital system like bladder cancer (Arakawa et al., 2011; Crijnen & De
Reijke, 2018). Almost 80% of all bladder cancers are superficial and do not invade surrounding
muscles (Crijnen & De Reijke, 2018). Intravesical chemotherapy involving pirarubicin is the
standard of care for non-invasive bladder cancer after transurethral resection of bladder tumors
(TURBT) (Arakawa et al., 2011; Crijnen & De Reijke, 2018). A drawback of this therapeutic
regimen is that the five-year recurrence rate amongst bladder cancer patients is relatively high
(greater than 30%) (Crijnen & De Reijke, 2018). The capsaicin-receptor TRPV1 functions as a

tumor suppressor in bladder cancer (Mistretta et al., 2014; Santoni et al., 2012). Capsaicin has
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been shown to induce robust apoptosis and prevent metastasis of human bladder cancers via a
TRPV1-dependent mechanism (Amantini et al., 2009; Santoni et al., 2012). Based on these
findings, Zheng et al., (2016) investigated the anti-tumor activity of the combination of the
TRPV1 agonist capsaicin in addition to the current standard of care, pirarubicin, in human
bladder cancer cell lines (Zheng et al., 2016).

The authors chose two human bladder transitional cell carcinoma cell lines (5637 and
T24) for their studies. The 5637 cells expressed robust amounts of TRPV1 (at both mRNA and
protein levels), whereas T24 cells are null for TRPV1 (Zheng et al., 2016). Their studies revealed
that capsaicin displayed growth-suppressive activity only in TPRV1 expressing 5637 cells (ICso
=150 uM) but not in the TRPV1 null T24 cells. Subsequently, they treated 5637 cells with a
range of concentrations of pirarubicin (0-800 uM) in the presence or absence of 150 uM
capsaicin for 12 hours and measured cell viability. They observed that the presence of capsaicin
along with pirarubicin decreased the 1Cso value of pirarubicin from 566 nM to 335 nM (Zheng et
al., 2016).

The predominant mechanism by which anthracycline compounds like pirarubicin
suppress cell growth is intercalation between DNA strands, causing S- or G2/M-phase cell cycle
arrest (Figure 5). Flow cytometry analysis revealed that the treatment of 5637 cells with 150 uM
capsaicin caused GO/G1 arrest at 12 hours. When pirarubicin was combined with capsaicin, there
was an elevation in the number of cells arrested in G2/M- and S-phase and a concomitant
decrease in the fraction of cells in GO/G1-phase (Zheng et al., 2016). The presence of TRPV 1
antagonist capsazepine partially reversed the observed elevation of G2/M- and S-phase

populations observed in the pirarubicin plus capsaicin treated 5637 cells. These findings suggest
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that the TRPV1 pathway is at least in part responsible for capsaicin-induced sensitization of 5637

cells to the anti-proliferative activity of pirarubicin.

DoXxORUBICIN

PCNA Transloi Oxidative Stress

v

Figure 5. A simplified schematic of the signaling mechanisms of the synergistic anticancer
activity of doxorubicin and capsaicin in human cancer cells.

One of the important proteins involved in the entry of cells into S-phase is proliferating
cell nuclear antigen (PCNA), which becomes elevated as cells progress from G1- to S-phase.
Translocation of PCNA from the cytosol to the nucleus then facilitates cell cycle progression
from S- to G2/M-phase (Zheng et al., 2016). The combination of capsaicin and pirarubicin did
not induce significant elevation of PCNA relative to each drug alone; however, it potently
blocked nuclear translocation of PCNA, thereby arresting the 5637 cells in S- and G2/M-phase
(Zheng et al., 2016).

A major factor that limits the efficacy of chemotherapy is the acquisition of multi-drug
resistance in tumors during prolonged treatment. The molecular basis of such drug resistance

(intrinsic or acquired) is multifactorial; however, drug efflux and drug metabolism mechanisms
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play a major role in this process (Chabner et al., 2011). Drug efflux is mediated by membrane-
bound transporters that pump many of these anticancer drugs back out of the cell. This process
decreases the bioavailability of the anti-cancer drug, and ablates their ability to kill cancer cells
(Miller, 2003). Out of the seven subfamilies of ATP-binding cassette (ABC) transporters, the
most extensively studied efflux transporter protein is the P-glycoprotein (P-gp), whose functional
activity is elevated in a diverse array of human cancers (Z. Chen et al., 2016). Li et al., (2018)
investigated the effect of capsaicin on the functional activity of P-gp in doxorubicin-resistant
Caco-2 human colon carcinoma cells (H. Li, Krstin, Wang, & Wink, 2018). The efflux of the
fluorescent dye Rho123 was used as a measure of cellular P-gp activity. The authors observed
that the treatment of Caco-2 cells with capsaicin resulted in a concentration-dependent cellular
retention of Rho123, implying that capsaicin blocked the activity of P-gp in Caco-2 cells.
Furthermore, they confirmed the inhibitory effect of capsaicin on P-gp activity in a second
resistant human leukemic cell line CEM/ADRS5000 and obtained similar results (H. Li et al.,
2018). This is in contrast with the observations of Sadzuka et al., (2008) who did not see any
effect of capsaicin on doxorubicin influx or efflux in Ehlrich ascitis carcinoma (EAC) cells and
M5076 ovarian carcinoma cells (Sadzuka, Hatakeyama, Daimon, & Sonobe, 2008). Such
differences may be explained by alterations in experimental design and in the nature of the
cancer cell lines, such as differences in expression or function of P-gp, used in the two
experiments. Sadzuka et al., (2008) measured total doxorubicin influx and efflux in neoplastic
cells, whereas Li et al., (2018) specifically measured P-gp activity in human colon cancer and
leukemia cell lines (H. Li et al., 2018; Sadzuka et al., 2008). There were also species differences
of the cell lines used in the two research papers. The experiments by Sadzuka et al., (2008) were

performed in M5076 murine ovarian sarcoma and mouse ascites carcinomas whereas the studies
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by Li et al., (2018) used doxorubicin resistant human colon cancer and leukemia cell lines for
their investigations (H. Li et al., 2018; Sadzuka et al., 2008). Whereas capsaicin blocks human P-
gp activity, it may have minimal impact on the functional activity of the abovementioned mouse
ABC transporters. If capsaicin does not regulate the functional activity of murine ABC
transporters, then doxorubicin transport in M5076 and EAC cells may not be sensitive to
capsaicin.

Subsequently, Li et al., (2018) explored the synergistic growth-inhibitory activity of
doxorubicin and capsaicin in Caco-2 cells (H. Li et al., 2018). They combined the serial dilution
doses of doxorubicin with fixed, non-toxic doses of capsaicin (IC19, IC20 or IC30) and determined
the effect of these combinations on the viability of Caco-2 cells (H. Li et al., 2018). All three
combinations of doxorubicin and capsaicin displayed synergistic growth inhibitory activity
(CI<1) and significantly reduced the ICso value of doxorubicin in Caco-2 cells. The magnitude of
the Cls was very similar across all three groups. They repeated the experiments in
CEM/ADRS5000 cells and obtained analogous results. The magnitude of CI was higher
(indicating less synergy) in CEM/ADRS5000 cells relative to Caco-2 cells (H. Li et al., 2018).

Studies in mouse models have indicated that capsaicin minimizes the acute cardiotoxic
side effects of doxorubicin administration. Patel & Mehta, (2017) administered capsaicin at two
doses (1 mg/kg body weight and 2 mg/kg body weight) to mice via intraperitoneal injections
daily for ten days (Patel & Mehta, 2017). On day eight they injected the mice with 20 mg
doxorubicin/kg body weight via i.p. Mice that were administered vehicle only or doxorubicin
alone served as one of the control groups of the study. The authors observed that the acute
administration of doxorubicin caused a reduction in the body and heart weights of the mice.

However, doxorubicin-induced decreases of body weight and heart weights were abrogated when
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the mice were pretreated with 1 mg capsaicin/kg body weight before doxorubicin administration
(Patel & Mehta, 2017). The authors observed that the acute administration of doxorubicin caused
cardiotoxicity as evidenced by elevation in creatinine kinase-muscle/brain (CK-MB), LDH and
tissue malonaldehyde (MDA) levels. Similarly, the amounts of antioxidant enzymes like SOD,
myocardial catalase (CAT) and GSH were reduced. The pre-administration of 1 mg capsaicin/kg
body weight significantly abrogated doxorubicin-induced elevation of CK-MB, LDH and MDA
levels (Patel & Mehta, 2017). Furthermore, capsaicin elevated the levels of SOD, CAT and GSH
(which were lowered by the administration of doxorubicin). Histological analysis of heart
sections from doxorubicin treated mice showed inflammation and cardiac necrosis as evidenced
by vascular dilatation and loss of myofibrils network. In contrast, the heart sections of mice
pretreated with 1 mg capsaicin/kg body weight before administration of doxorubicin were
morphologically and histologically normal and comparable to vehicle-treated mice (Patel &
Mehta, 2017).
CAMPTOTHECIN ANALOGS

Camptothecins are natural topoisomerase-1 inhibitors isolated from the Chinese tree
Camptotheca accuminata (Chabner et al., 2011). Camptothecin (Figure 6A) and its related
analogs form a tertiary complex with single-stranded DNA (during S-phase of the cell cycle) and
topoisomerase 1, leading to DNA damage and cell death (Chabner et al., 2011). Two synthetic
analogs of camptothecin, topotecan and irinotecan (Figure 6B and 6C), are used clinically for the
treatment of ovarian, SCLC and colorectal cancer (Chabner et al., 2011). Irinotecan is a prodrug,
which is cleaved by carboxylesterases in the tumor, liver or red blood cells to generate the active
drug SN-38, which displays 10-100 fold more potent anti-tumor activity than irinotecan

(Chabner et al., 2011).
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The dose-limiting toxicities of topotecan are mainly hematological in nature, causing
neutropenia, with or without thrombocytopenia in cells (Chabner et al., 2011). The dose-limiting
toxicity of irinotecan is severe diarrhea (experienced by about 35% of patients) with or without
neutropenia. Another challenge with irinotecan is poor bioavailability in the plasma and tissues
(Chabner et al., 2011). Although the active metabolite SN-38 can be measured in the plasma
(shortly after intravenous infusion), the amount of SN-38 is only 4% of the amount of irinotecan
injected, suggesting that only a small portion of the pro-drug is converted to the active form of
the drug. In contrast, intravenous topotecan is detected at about 25-35% in the plasma (Chabner
etal., 2011).

Studies in our laboratory focus on the cell biology of small cell lung cancer (SCLC).
SCLC is characterized by rapid doubling time, aggressive clinical course and a dismal survival
rate (Gazdar, Bunn, & Minna, 2017; Ujhazy & Lindwasser, 2018). Cisplatin-based
chemotherapy is the cornerstone for SCLC therapy. Initially, SCLC patients respond very well to
therapy, with 80-100% of patients showing remission; however, the tumors typically relapse
within a year and frequently do not respond to chemotherapy or radiation (Ujhazy & Lindwasser,
2018). A significant drawback with the cisplatin-etoposide regimen is its toxicity, which
frequently renders SCLC patients more susceptible to adverse symptoms upon subsequent
treatments. Patients with recurrent SCLC have very limited treatment options. The standard
second-line chemotherapy for recurrent SCLC, camptothecin (topotecan, irinotecan), has an
objective response rate of approximately 3% and little or no survival benefit (Ardizzoni, 2004;
Horita et al., 2015). A subset of patients also presents with refractory platinum-resistant SCLC,
which does not respond to cisplatin-based combination therapy from the beginning (Lara et al.,

2015).
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Irinotecan OH

SN-38 OH

Figure 6. Camptothecin analogs
(A) Camptothecin. (B) Topotecan. (C) Irinotecan. (D) SN-38.
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Figure 7. Combinatorial effects of capsaicin and camptothecin in small cell lung cancer

(A) Caspase-3 activity of DMS53 human small cell lung cancer cells when treated with various
concentrations of capsaicin (CAP). Data points denoted with a * are statistically significant
relative to control (p<0.05). (B) Caspase-3 activity of DMS53 human small cell lung cancer cells
when treated with various concentrations of camptothecin (campto) alone or in combination with
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10 uM capsaicin. Data points denoted with a * are statistically significant relative to campto
alone (p<0.05). (C) Tumor volumes of DMS53 xenograft mice treated with vehicle, 10 mg
capsaicin/kg food, 0.5 camptothecin/kg body weight (administered twice weekly), capsaicin in
combination with camptothecin as above-mentioned doses. Doses denoted with * are statistically
significant relative to the vehicle, capsaicin alone and camptothecin alone (p<0.05).

Studies in our laboratory have explored the ability of capsaicin to increase the anti-
neoplastic activity of camptothecin in human SCLC cell lines. Using a panel of three human
SCLC cell lines, namely DMS 114, NCI-H69 and NCI-H82, we performed apoptosis assays
using multiple concentrations of capsaicin (0-100 uM) and observed that 10 uM was the highest
concentration of capsaicin that did not trigger cellular apoptosis (Friedman et al., 2017). These
assays were repeated in DMS 53 human SCLC cells with similar results (Figure 7A). Apoptosis
was then evaluated following treatment with a concentration range of camptothecin (10 nM-100
uM) in the presence or absence of 10 uM capsaicin (Figure 7B). Isobologram analysis
demonstrated that capsaicin and camptothecin synergistically induce apoptosis (CI<1) in DMS
53 SCLC cells (Table 1). Signal transduction studies revealed that the combinatorial apoptotic
activity of capsaicin and camptothecin was mediated by increased intracellular calcium and
subsequent activation of the calpain family of calcium-sensitive proteases (Friedman et al.,
2017). This chemosensitizing mechanism of capsaicin on camptothecin-induced apoptosis was
further verified in H69 chicken chorioallantoic membrane (CAM) tumor models (Friedman et al.,
2017). Using a DMS 53 human SCLC xenograft mouse model, we found that the dietary
administration of capsaicin (10 mg/kg food in AIN-76A diet) along with 0.5 mg/kg
camptothecin (i.p. injection, twice/week) displayed greater anti-tumor activity relative to either
drug administered as a single agent (Figure 7C). Future studies in our laboratory aim to examine
the combinatorial activity of capsaicin with irinotecan, given its clinical use in the treatment of

lung cancer patients.
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Concentration of Concentration of Combination Index
Camptothecin Capsaicin (C1)
100 nM 10 uM 0.031
10 uM 10 uM 0.03
25 uM 10 uM 0.045
50 uM 10 uM 0.055
100 uM 10 uM 0.066

Table 1. Combination index of the growth inhibitory activity of camptothecin along with
capsaicin in DMS53 human small cell lung cancer cells
CI<1: Synergy CI=1: Additive CI>1: Antagonistic

The pharmacokinetics of irinotecan is complex and involves several transporters and drug
metabolizing enzymes (Mathijssen et al., 2001). Briefly, carboxylesterase enzymes transform
irinotecan to SN-38 (Figure 6D), which is subsequently converted by UGT1A1 to form SN-38G
(SN-38 Glucuronide), or by CYP3A4 to form APC (7-ethyl-10-[4-N-(5-aminopentanoic acid)-1-
piperidino]-carbonyloxycamptothecin (Mathijssen et al., 2001). The OAT1B1 transporter
predominantly mediates the hepatic uptake of SN-38 (Iusuf et al., 2014). Several studies have
indicated that capsaicin regulates bioavailability of drugs metabolized by CYP3A4 and inhibits
the activity of OAT1B1 (F. Chen, Zhai, Zhu, & Lu, 2015; Duan et al., 2013; X. J. Zhai, Shi,
Chen, & Lu, 2013).

Wang et al., (2018) explored if the presence of capsaicin could increase the
bioavailability of irinotecan and SN-38 in both cell culture and rat models (N. Wang et al.,
2018). They pretreated Sprague-Dawley rats daily with 3 mg capsaicin/kg body weight (by oral
gavage) for seven days. On the seventh day, 20 mg irinotecan/kg body weight was injected
intravenously, 30 minutes after capsaicin administration. They observed that the plasma

concentration of active SN-38 was about 1.5-fold higher in the capsaicin-pretreated mice relative

to mice treated with irinotecan only. The presence of capsaicin prevented SN-38 from binding to
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plasma protein and increased the unbound fraction of SN-38 by about 2.0-2.5-fold. Similarly, the
liver/plasma ratio (L/P ratio) for SN-38 was substantially lower in capsaicin-pretreated mice
compared to mice injected with irinotecan only. Taken together, these findings suggest that the
presence of capsaicin increases the bioavailability of SN-38 in the plasma so that it can display
greater anti-cancer activity (N. Wang et al., 2018). An innovative study by L. Wang et al., (2017)
involved the synthesis of an oral self-emulsifying hydrophobic drug delivery system in which
both SN-38 and capsaicin were encapsulated (referred to as 1-SEEDS) (L. Wang, Chen, et al.,
2017). Subsequently, the authors characterized the drug release profiles, morphology, and
droplet size of these polymeric encapsulated drug systems. They measured the effect of 1-
SEEDS on the viability of a panel of human cancer cell lines, namely HCT-116, SW680 (colon
carcinoma), MCF-7, MDA-MB231 (breast carcinoma) and H1299 (lung carcinoma). The
growth-inhibitory activity of 1-SEEDS in colon and breast cancer cell lines was 1.5-3.0-fold
higher than SN-38 alone. Furthermore, 1-SEEDS induced almost 2-fold higher apoptosis than
SN-38 alone and 4-fold higher apoptosis than capsaicin alone in HCT-116 cells (L. Wang, Chen,
et al., 2017). Studies in an athymic mice bearing HCT-116 human colon cancer tumors showed
that 30 mg 1-SEEDS/kg body weight suppressed the growth of HCT-116 tumors to a greater
extent than SN-38 or capsaicin-alone. The administration of 1-SEEDS did not produce any toxic
side effects, like hemolysis or alteration in the body weights of mice (L. Wang, Chen, et al.,
2017). Future research in the development of targeted drug delivery systems may make delivery
of both an anti-cancer drug and a chemosensitizing agent to the site of the tumor, in a selective
efficacious manner, a clinical reality. This would greatly improve the anti-tumor activity of these

compounds in human cancers.
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TARGETED SIGNAL TRANSDUCTION INHIBITORS

The proteasome inhibitor bortezomib (also called Velcade; Figure 8A) is used for the
treatment of patients suffering from multiple myeloma (Kouroukis et al., 2014). Bhutani et al.,
(2007) analyzed the combinatorial apoptotic activity of capsaicin and bortezomib in U266 human
multiple myeloma cells in vitro (Bhutani et al., 2007). The treatment of U266 cells with 25 uM
capsaicin along with 20 nM bortezomib increased the fraction of apoptotic cells by about 4-fold
compared to 20 nM bortezomib alone and by about 8-fold relative to 25 uM capsaicin alone. The
combinatorial apoptotic effects of capsaicin and bortezomib were mediated by disruption of
STATS3 activation and phosphorylation (Bhutani et al., 2007). Notably, a recent “Editor Note”
alerted readers about certain ambiguities in the figures of this published report, involving the
apoptosis assays performed with bortezomib and capsaicin (Bhutani et al., 2018). Figure 6A of
the paper by Bhutani et al., (2007) describes the combinatorial apoptotic activity of thalidomide
and capsaicin in U266 cells. Figure 6B shows that capsaicin sensitizes U266 cells to bortezomib-
induced apoptosis. The images used to represent controls and capsaicin-treated cells are identical
between Figure 6A and B. The editorial note mentions that the authors were unable to provide

the original data for these images at the time of institutional review (Bhutani et al., 2018).
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Figure 8. Targeted signal transduction inhibitors
(A) Bortezomib. (B) Sorafenib. (C). Gefitinib.

The anti-cancer drug sorafenib (Figure 8B) is an inhibitor of multiple receptor and
cytoplasmic kinases including vascular endothelial growth factor receptor 1 and 2 (VEGFR-1,
VEGFR-2), and platelet-derived growth factor-3 (PDGF-f) -tyrosine kinase (Wilhelm et al.,
2008). Sorafenib is the only systemic treatment for patients with unresectable hepatocellular
carcinoma (HCC). Clinical studies indicate that it prolongs overall survival of HCC patients by
approximately 2.8 months (Daher, Massarwa, Benson, & Khoury, 2018). A challenge with
sorafenib therapy is the acquisition of drug resistance upon long-term treatment (Niu et al.,
2017). Cell culture data suggest that sorafenib resistance may be partially abrogated by the use of

PI3K/Akt inhibitors (Matter, Decaens, Andersen, & Thorgeirsson, 2014; B. Zhai et al., 2014; H.
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Zhang, Wang, Liu, & Cao, 2018). Capsaicin triggers apoptosis and autophagy in many types of
human cancers by blocking the PI3K/Akt/mTOR pathway (Clark & Lee, 2016; Diaz-Laviada &
Rodriguez-Henche, 2014; Srinivasan, 2016). With this finding in mind, Dai et al., (2018)
investigated the combinatorial growth-suppressive activity of sorafenib and capsaicin in LM3,
Hep3B and HuH7 human HCC cell lines (Dai et al., 2018). The combined treatment of capsaicin
and sorafenib decreased the viability of all HCC cell lines to a greater magnitude than either drug
alone. The authors confirmed these findings using colony formation assays in LM3 cells,
showing that multiple concentrations of capsaicin (80, 100 and 120 pM) and sorafenib (2, 3 and
4 uM) showed synergistic inhibition (CI<I) of colony formation in all possible combinations
(Dai et al., 2018). The synergistic induction of apoptosis (by capsaicin and sorafenib) was
accompanied by an increase in pro-apoptotic proteins like Bax, cleaved caspase-3, cleaved PARP
and decrease of pro-survival proteins like Bcl-2 (Dai et al., 2018). Similarly, the combination of
capsaicin and sorafenib displayed synergistic autophagic activity upregulating autophagic
biomarkers Beclin-1 and LC3A/B-II and decreasing the levels of autophagy-specific substrate
P62. Furthermore, Boyden chamber and wound healing assays revealed that the treatment with
capsaicin (80 uM) along with sorafenib (4 uM) synergistically inhibited (CI<1) the migration
and invasion of LM3 cells (Dai et al., 2018). A notable point here is that it is unclear whether this
observed anti-migratory and anti-invasive activity is due to cell death or due to inhibition of cell
motility pathways. The combination of capsaicin and sorafenib decreased the expression of pro-
invasive proteins like vimentin, N-cadherin, MMP2 and MMP9, and increased the expression of
the epithelial biomarker E-cadherin. The authors further confirmed the synergistic anti-tumor
activity of sorafenib and capsaicin in LM3 human HCC tumors xenografted in athymic mice.

The administration of 2.5 mg capsaicin/kg body weight together with 50 mg sorafenib/kg body
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weight showed greater decrease in tumor volumes than when the drugs were administered as
single agents (Dai et al., 2018). The combinatorial anti-neoplastic activity of sorafenib and
capsaicin correlated with inhibition of EGFR, PI3K/Akt and activation of their downstream
substrates like mTOR and p70S6 kinase.

A similar study exploring the synergistic growth inhibitory activity of sorafenib and
capsaicin was performed by Zhang et al., (2018), using PLC/PRF/5, HuH7 and HepG2 human
HCC cells (S. S. Zhang et al., 2018). Chou-Talalay isobologram analysis revealed that 100 uM
capsaicin showed synergistic growth-suppressive activity with 3, 10 and 30 uM sorafenib. The
interaction between capsaicin and lower concentrations of sorafenib (0.3 or 1 uM) showed a
moderate-to-slightly antagonistic interaction. No synergy between capsaicin and sorafenib was
observed in normal liver cells. The combination of 200 uM capsaicin and 50 mg sorafenib/kg
body weight synergistically inhibited the growth of PLC/PRF/5 tumors in athymic mouse model
(S. S. Zhang et al., 2018). Analogous to the results of Dai et al., (2018), the combination of 5 or
10 uM sorafenib with 100 uM capsaicin showed robust apoptosis with inhibition of ERK and
STAT3 activation (Dai et al., 2018; S. S. Zhang et al., 2018).

Parashar et al., (2019) synthesized folic acid functionalized nanoparticles, enabling the
co-administration of the epidermal growth factor receptor (EGFR) inhibitor gefitinib (Figure 8C)
along with capsaicin (Parashar et al., 2019). Overexpression and activating mutations in EGFR
have been reported in 10-15% of caucasian non-small cell lung cancer (NSCLC) and in about
50% of Asian NSCLC patients. The EGFR inhibitors, namely gefitinib and erlotinib, are first
line therapies for such NSCLC patients (Hirsh, 2018). The authors characterized these gefitinib-
capsaicin-folic acid based nanoparticles (referred hereafter as Gnb-CAP-NP) by transmission

electron microscopy (TEM), measuring the particle size, drug loading, efficiency, drug
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entrapment efficiency and release kinetics (Parashar et al., 2019). Cell viability and cell
proliferation assays showed that Gnb-CAP-NP displayed greater growth-suppressive activity
relative to capsaicin-loaded folic acid nanoparticles (CAP-NP) or gefitinib-loaded nanoparticles
(Gnb-FA-NP) in A549 human NSCLC cells (Parashar et al., 2019). The encapsulated
formulations of gefitinib and capsaicin decreased the viability of A549 cells to a greater
magnitude than the unmodified compounds. The interaction between gefitinib and capsaicin was
synergistic (CI<I).

The enhanced growth-inhibitory effect of Gnb-CAP-NP was observed to be due to both
apoptosis and cell cycle arrest (Parashar et al., 2019). Cell cycle analysis revealed that Gnb-
CAP-NP induced GO/G1-phase arrest in A549 cells. Gnb-CAP-NP decreased the expression of
the pro-invasive protein MMP9, and the cell cycle regulatory protein p16, as well as an increase
of pro-apoptotic proteins (caspase-3 and caspase-9) in A549 cells. The intravenous
administration of Gnb-CAP-NP (releasing 20 mg/kg gefitinib and 10 mg/kg capsaicin
simultaneously) robustly suppressed urethane-induced lung carcinogenesis in both male and
female albino Wistar rats (Parashar et al., 2019). Drug delivery systems capable of co-
administration of the chemotherapeutic drug as well as the chemosensitizer may represent a
promising breakthrough for the treatment and management of human cancers.

RADIATION THERAPY

Radiation therapy is a modality of cancer therapy that involves administration of
high doses of radiation to kill cancer cells and shrink tumors. Radiotherapy induces the death of
cancer cells by causing DNA damage (Baskar, Dai, Wenlong, Yeo, & Yeoh, 2014; Eriksson &
Stigbrand, 2010). Apoptosis is the predominant mechanism of cell death in response to radiation

therapy, especially in hematopoietic cells and their malignant counterparts. However, radiation
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therapy can also initiate cell death by other mechanisms including cell cycle arrest, senescence,
and mitotic catastrophe (Eriksson & Stigbrand, 2010). As with chemotoxic therapeutics, the
predominant challenges of radiation therapy are also disease recurrence and tumor resistance.
The main reason for innate or acquired resistance to radiation therapy is still unknown, but
current evidence suggests that multiple pathways like hypoxia and DNA-repair enzymes
contribute to radiation resistance of neoplastic cells. Therefore, radiosensitizers like dietary
compounds, gold nanoparticles, and HSP inhibitors have potential to improve the efficacy of
radiation therapy for cancer.

Combined modality therapy refers to the combination of radiotherapy with drugs which
enhance the lethal effect of radiation on cancer cells (Tannock, 1989). The radiosensitizing
ability of capsaicin has been studied in human prostate cancer. Venier et al., (2013, 2015)
evaluated the effects of capsaicin and radiation therapy using three distinct human prostate cell
lines, namely LNCAP (androgen-receptor positive, wild type p53), DU145 (androgen-receptor
negative, mutant p53 P223L, and V274F) and PC3 (androgen-receptor negative, p53 null;
(Venier, Colquhoun, Klotz, Fleshner, & Venkateswaran, 2013; Venier et al., 2015). The authors
wanted to compare the radiosensitizing ability of capsaicin between prostate cancer cells and
normal prostate epithelial cells. They selected RWPE-1 as the normal prostate epithelial cell line
(undetectable androgen receptor expression, p53 null, Rb null). The authors measured the
radiosensitizing ability of capsaicin using colony formation assays. They treated LNCAP, PC-3
and RWPE-1 cells with radiation in the presence or absence of capsaicin for 5 days (Venier et
al., 2015). The capsaicin was added one hour prior to irradiation. The sensitizer enhancement
ratio (SER) was calculated by dividing the area under the curve (AUC) for vehicle (DMSO) and

the AUC for capsaicin-treated cells. The authors observed that the radiosensitizing activity of
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capsaicin was not concentration-dependent. LNCAP showed robust radiosensitizing activity of
capsaicin at all three concentrations (0.01, 1 and 10 uM; SER greater than 1). However, RWPE-1
only showed synergistic radiosensitization with capsaicin at the 10 uM dose (Venier et al., 2015).
It was found that the treatment of LNCAP and PC3 cells with radiation and capsaicin increased
the expression of the DNA damage marker phospho-H2AX and decreased the number of cells in
S-phase. The combinatorial growth-inhibitory activity of capsaicin and radiation was determined
to be independent of TRPV1 and correlated with decreased levels of phospho-NF-kB (Venier et
al., 2013; Venier et al., 2015). Previous studies by the same research group showed that the
radiosensitization of capsaicin coincided with upregulation of Bax, Bad, p21and p27 and
decrease in the levels of androgen receptor in a panel of human prostate cancer cell lines (Klotz
etal., 2011; Venier et al., 2012). Subsequently, the authors confirmed the radiosensitizing ability
of capsaicin in athymic mice xenografted with LNCAP tumors (Venier et al., 2015). Mice were
given a dose of 6 Gray (Gy) units of ionizing radiation on day 16 in the presence or absence of
capsaicin. HPLC analysis confirmed the presence of capsaicin and its metabolites in the serum of
mice. The combination of capsaicin and radiation significantly decreased the growth rate of
LNCAP tumors compared to vehicle-treated mice or mice administered each drug alone (Venier
et al., 2015). IHC analysis of the tumors revealed that radiation upregulated the expression of
NF-«B, which was decreased when capsaicin was included in the treatment regimen. Notably,
they did not observe any alteration of total NF-xB expression when they treated LNCAP cells in
vitro with radiation alone, capsaicin alone or in combination. However, they did observe that
capsaicin suppressed radiation-induced phospho-NF-kB levels in both LNCAP cells (in cell
culture) and in LNCAP tumors excised from athymic mice. The combination of radiation and

capsaicin resulted in sustained DNA damage in LNCAP tumors as evidenced by increased
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expression of the DNA damage marker y-H2AX in the sections prepared from LNCAP tumors
xenografted in athymic mice (Venier et al., 2015). Moreover, LNCAP tumor bearing mice
administered radiation in the presence of capsaicin showed significantly lower Ki-67 index (a
marker for cell proliferation) and androgen receptor expression. Conflicting data exists on the
radiosensitizing activity of capsaicin. Nishino et al., (2016) did not find any combinatorial
growth-inhibitory activity of radiation and capsaicin in A549 human lung adenocarcinoma cells
(Nishino et al., 2016). However, such divergent results can be explained by differences in
experimental design in the two studies. Whereas the studies described by Venier et al., (2015)
pretreated the cells with 10 uM capsaicin one hour prior to irradiation, Nishino et al., (2016)
treated cells with 10 uM capsaicin 5 minutes after irradiation (Nishino et al., 2016; Venier et al.,
2015). The data obtained from drug-combination studies are often dependent on the treatment
protocol (pretreatment versus adding both drugs simultaneously versus post-treatment). Also,
Nishino et al., (2016) used A549 human lung cancer cells for their studies. Other studies have
reported that capsaicin decreased the viability of A549 cells at high concentrations (above 200
uM) via inflammatory signaling and genotoxic stress mechanisms rather than apoptosis (Halme
et al., 2016; Lewinska, Jarosz, et al., 2015; Reilly et al., 2003). Such observations seem to
suggest that capsaicin may have divergent bioactivity depending on the nature of the cell line, the
concentration of capsaicin being used, or the time sequence of the experiments. The studies by
Klotz et al., (2011) and Venier et al., (2012, 2013 and 2015) used prostate cancer cells, whereas
Nishino et al., (2016) investigated the radiosensitizing activity of capsaicin in lung
adenocarcinoma and melanoma cells (Klotz et al., 2011; Nishino et al., 2016; Venier et al., 2013;

Venier et al., 2012; Venier et al., 2015). A strength of the research report by Venier et al., (2015)
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is that they validated their findings both in cell culture and athymic mouse models of prostate
cancer (Venier et al., 2015).
CONCLUSIONS AND FUTURE DIRECTIONS

The capsaicinoid family of nutritional compounds, isolated from chili peppers, can
sensitize multiple types of human cancers to the apoptotic effects of conventional, as well as
targeted anti-cancer drugs. However, only a handful of targeted therapies, namely sorafenib,
gefitinib and bortezomib, have been combined with capsaicin to investigate their combinatorial
growth inhibitory activity. It is hoped that several classes of targeted therapies like anti-
angiogenic agents, immunotherapies, hormonal agents and signal transduction inhibitors will
display synergistic anti-cancer activity upon combination with capsaicinoids. Recent research
has characterized novel drug delivery systems like liposomes and nanoparticles which
simultaneously release the chemosensitizer (capsaicin) and the anti-cancer drug namely SN-38 or
gefitinib.

The clinical application of capsaicin is limited by its unpleasant side effects including gut
pain, hyperalgesia, stomach cramps and nausea (Drewes et al., 2003; Hammer, 2006; O'Neill et
al., 2012). This drawback could be circumvented by natural non-pungent capsaicinoids, like the
capsiates, which retain the anti-tumor activity of capsaicin but do not produce the “heat-
sensation” of capsaicin and RTX (Friedman et al., 2018). Apart from natural non-pungent
capsaicinoids, structure-activity relationship studies have generated synthetic non-pungent
capsaicin analogs (Friedman et al., 2018). Future research involving the chemosensitization
activity of these non-pungent capsaicin analogs will facilitate the development of clinically

relevant combination therapies for the treatment and management of cancer.
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CHAPTER 3: CAPSAICIN SYNERGIZES WITH CAMPTOTHECIN TO INDUCE
INCREASED APOPTOSIS IN HUMAN SMALL CELL LUNG CANCERS VIA THE
CALPAIN PATHWAY
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ABSTRACT

Small cell lung cancer (SCLC) is characterized by excellent initial response to
chemotherapy and radiation therapy with a majority of the patients showing tumor shrinkage and
even remission. However, the challenge with SCLC therapy is that patients inevitably relapse
and subsequently do not respond to the first line treatment. Recent clinical studies have
investigated the possibility of camptothecin-based combination therapy as first line treatment for
SCLC patients. Conventionally, camptothecin is used for recurrent SCLC and has poor survival
outcomes. Therefore, drugs which can improve the therapeutic index of camptothecin should be
valuable for SCLC therapy. Extensive evidence shows that nutritional compounds like capsaicin
(the spicy compound of chili peppers) can improve the anticancer activity of chemotherapeutic
drugs in both cell lines and animal models. Statistical analysis shows that capsaicin synergizes
with camptothecin to enhance apoptosis of human SCLC cells. The synergistic activity of
camptothecin and capsaicin is observed in both classical and variant SCLC cell lines and in vivo,
in human SCLC tumors xenotransplanted on chicken chorioallantoic membrane (CAM) models.
The synergistic activity of capsaicin and camptothecin are mediated by elevation of intracellular
calcium and the calpain pathway. Our data foster hope for novel nutrition-based combination
therapies in SCLC.

INTRODUCTION

Small cell lung cancer (SCLC) accounts for about 15-20% of all lung cancer cases and is
the most aggressive type of lung cancers (Kahnert, Kauffmann-Guerrero, & Huber, 2016; Koinis,
Kotsakis, & Georgoulias, 2016). Cisplatin or carboplatin in combination with etoposide is the
standard of care for SCLC patients. Although this regimen initially works very well in SCLC

patients with a response rate of greater than 80%, the disease inevitably relapses within a year, at
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which point the tumor is non-responsive to cisplatin-based combination therapies (Alvarado-
Luna & Morales-Espinosa, 2016). Another drawback with the cisplatin- etoposide regimen is its
toxicity, which may render SCLC patients more susceptible to adverse symptoms upon
subsequent treatments (Stewart, 2004). Patients with recurrent SCLC have very limited options,
as the only standard chemotherapy with an FDA-approved drug, camptothecin (Figure 9A), has
an objective response rate of approximately 3% and little or no survival benefit (Asai, Ohkuni,
Kaneko, Yamaguchi, & Kubo, 2014). Clinical trials have explored the possibility of
camptothecin-based combination regimens for standard of care therapy for SCLC patients
(Stewart, 2004). Therefore, agents which can increase the therapeutic efficacy of camptothecin
may improve the outcomes of SCLC therapy. Several convergent studies have shown that dietary
compounds can sensitize neoplastic cells to the apoptotic effects of chemotherapeutic drugs (Ho
& Cheung, 2014; Mohan, Narayanan, Sethuraman, & Krishnan, 2013). Our published data show
that capsaicin (the spicy compound of chili peppers; Figure 9B) can induce robust apoptosis in
human SCLC cells in cell culture and mouse models (Lau, Brown, Dom, & Dasgupta, 2012; Lau
et al., 2014). Therefore, we conjectured that low doses of capsaicin (where it does not cause cell
death) may sensitize human SCLC cells to the apoptotic activity of camptothecin and its

derivatives.
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Figure 9. Structure of (A) camptothecin and (B) capsaicin
A survey of literature shows that capsaicin increases the therapeutic index of several

anticancer treatments. The administration of capsaicin increased the therapeutic efficacy of
radiation in prostate cancer. Monofunctional platinum-based drugs, like LHS, showed increased
apoptotic activity in combination with capsaicin (Arzuman et al., 2016). Similarly, the treatment
of stomach cancer cells with a combination of cisplatin and capsaicin caused greater apoptosis
than either of these agents given singly (Huh et al., 2011; Wiwanitkit, 2012). A similar effect
was also observed when capsaicin was given in combination with the doxorubicin analog
pirarubicin (Zheng et al., 2016). The present manuscript investigates for the first time the
anticancer activity of the combination of capsaicin and camptothecin. We show that low doses of
capsaicin (where it does not cause any apoptosis) synergizes with camptothecin to induce high

levels of cellular apoptosis in human SCLCs. We confirmed the synergistic apoptotic activity of
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capsaicin and camptothecin in classical human SCLC cell lines (NCI-H69 and DMS 114), as
well as the variant human SCLC cell line NCI-H82. Another innovative feature about our study
is that we have analyzed the synergistic interaction between these two drugs by the Chou-Talalay
1sobologram method (Chou, 2008, 2010).

The apoptotic activity of capsaicin-camptothecin combination was confirmed using two
independent apoptosis assays. Subsequently, we show that the combination of capsaicin and
camptothecin enhances apoptosis (compared to these agents given alone) in vivo, in human
SCLC tumors xenotransplanted on chicken chorioallantoic membranes (CAM) (Nowak-
Sliwinska, Segura, & Iruela-Arispe, 2014). We also examined the signaling pathways underlying
the combinatorial synergistic apoptotic activity of capsaicin and camptothecin. We found that the
synergistic apoptotic activity capsaicin and camptothecin was mediated by elevation of
intracellular calcium and activation of the calpain pathway both in cell culture and in chicken
CAM models. The results of our studies may lead to improved treatment regimens for SCLC.

MATERIALS AND METHODS
Reagents

Camptothecin, capsaicin, BAPTA-AM (1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-
tetraacetic acid tetrakis(acetoxymethyl ester) and calpeptin were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All cell culture reagents, including RPMI-1640, FBS, Trypsin-EDTA,
and HEPES, were purchased from American Type Culture Collection (ATCC; Manassas, VA,
USA). Sodium pyruvate, glucose, and penicillin-streptomycin solutions were obtained from

Corning (NY, USA).
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Cell culture

The human SCLC cell lines NCI-H82, NCI-H69 (hereafter referred to as H82 and H69)
and DMS 114 were purchased from ATCC (Manassas, VA). The ATCC used Short Tandem
Repeat (STR) profiling for authentication of these cells. H69 and H82 were cultured in RPMI-
1640 supplemented with 2 mM glutamine, 4.5 g/L glucose, 100 units/ml penicillin, 100 units/ml
streptomycin and 10% fetal bovine serum (FBS). DMS 114 was cultured in RPMI-1640
containing 2 mM glutamine, 25 mM HEPES, 1 mM sodium pyruvate, 4.5 g/L glucose, 100
units/ml penicillin, 100 units/ml streptomycin and 10% FBS. All cell lines were maintained in a
37°C humidified incubator with 5% carbon dioxide (NuAire Laboratory Equipment, Plymouth
MN).
Preparation of lysates

Cell lysates were made using detergent-based lysis protocol as described previously
(Hurley et al., 2017). Cells were harvested and washed three times with cold PBS. Cells were
then lysed with M2 lysis buffer (20 mM Tris, pH 7.6, 0.5% IGEPAL-CA-630, 250 mM NaCl, 3
mM EGTA, 3 mM EDTA, 4 uM DTT, 5 mM PMSF, 1 mM sodium fluoride, I mM sodium
orthovanadate, 25 pg/ml leupeptin, 5 pg/ml pepstatin, 5 pg/ml aprotinin, and 25 pg/ml trypsin-
chymotrypsin inhibitor) and the lysates were prepared as detailed elsewhere (Hurley et al., 2017).
The protein concentration of the lysate was measured using Bradford Reagent (Bio-Rad
Laboratories, Hercules, CA, USA).
Measurement of caspase-3 activity

DMS 114 human SCLC cells were cultured to 80% confluence as described above. On
the day of the experiment, the medium of the cells was changed to RPMI medium containing 1%

FBS. Subsequently, cells were treated with the indicated concentrations of the relevant drugs for
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24 hours at 37°C. A few of the drug treatments involved treating the human DMS 114 cells with
both camptothecin and capsaicin. In these cases, capsaicin was added 45 minutes before
camptothecin and then the cells were incubated for 24 hours at 37°C.

Cell lysates were made using the Caspase-3 Activity Kit (EMD Millipore Corporation,
Billerica, MA, USA). The protein concentration of the lysate was measured using Bradford
Reagent (Bio-Rad Laboratories, Hercules, CA, USA). An aliquot of the cell lysate containing
one hundred micrograms of protein was used for the measurement of caspase-3 activity,
according to the manufacturer’s protocol.

Each sample was measured in triplicate and the whole experiment was repeated three
times using independent sets of cell lysates. Caspase-3 Activity in untreated lysates was
considered to be equal to 1, and the activity observed in treated lysates was calculated as fold
increase relative to the untreated control sample. The experimental procedure was identical in
H69 and HS82 cells.

Cell death ELISA

DMS 114 human SCLC cells were cultured to 80% confluence in T-75 tissue culture
flasks (Nunc, Roskilde, Denmark). On the day of the experiment, the medium of the cells was
changed to RPMI medium containing 1% FBS. The DMS 114 human SCLC cells were treated
with the indicated concentration of the appropriate drug for 24 hours at 37°C. A few experiments
involved treating the human DMS 114 SCLC cells with both camptothecin and capsaicin. In
these cases, capsaicin was added 45 minutes before camptothecin, and then the cells were
incubated for 24 hours at 37°C.

Cells were then lysed with M2 lysis buffer (described above), and the lysates were

prepared as detailed above (Hurley et al., 2017). The protein concentration of the lysate was
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measured using Bradford Reagent (Bio-Rad Laboratories, Hercules, CA, USA). Twenty
micrograms of lysate were used for each sample. Cellular apoptosis was measured by the Cell
Death ELISA Kit (Roche Life Sciences, Indianapolis, IN, USA), according to manufacturer’s
protocol. The absorbance value of control untreated cells was taken as 1, and the absorbance of
drug-treated cells were graphically represented as fold-increase relative to the control. The
protocol was identical for H69 and H82 human SCLC cells. Each sample was measured in
duplicate and the entire experiment was repeated three times with independent sets of lysates.
Chicken chorioallantoic membrane (CAM) assay

Specific pathogen-free (SPF) fertile chicken eggs (Charles River Laboratories, North
Franklin, CT) were incubated at 37.5°C with 75% relative humidity and continuously rotated
slowly by an automatic egg turner (G.Q.F. Manufacturing Company, Savannah, GA). At Day 9,
eggs were candled and windows opened on the shell to expose the CAM (Nowak-Sliwinska et
al., 2014). H69 cells (1.5 X 10°) were suspended in 100 pL cold serum-free medium, mixed with
100 pL cold BD Matrigel Matrix (BD Biosciences, San Jose, CA) and treated with 10 uM
capsaicin or 1 uM camptothecin or a combination of 10 uM capsaicin and 1 uM camptothecin
(K. C. Brown et al., 2013; Lau et al., 2013). These cells were applied to the CAM of each
chicken embryo. Eggs were incubated at 37°C for seven days before tumor implants were
removed, photographed and weighed. A total of eight eggs were assayed for each group.
Preparation of tumor lysates from CAM

Chicken CAM experiments were performed as described above. After the H69 human
SCLC tumors were excised, they were snap frozen in liquid nitrogen. An aliquot of 30 mg of the
tumor was weighed and used to make tumor lysates. Tumor lysates were prepared using T-Per

lysis buffer (Pierce Biotechnology, Rockford, IL, USA), according to manufacturer’s protocol
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(K. C. Brown et al., 2013; Dasgupta et al., 2011; Lau et al., 2014; Lau et al., 2013). The caspase-
3 activity assay was performed with four independent sets of tumor lysates prepared from control
CAM H69 tumors, 10 uM capsaicin-treated CAM H69 tumors, 1 uM camptothecin-treated CAM
H69 tumors, and H69 CAM tumors treated with a combination of 1 uM camptothecin and 10
uM capsaicin. The cellular apoptosis in these lysates was measured by using the Caspase-3
Activity Kit (Chemicon, Temecula, CA, USA). Each sample was measured in triplicate and the
entire experiment was repeated four times with independent sets of lysates.
Measurement of calpain activity

H69 human SCLC cells were treated with 10 uM capsaicin or 1 uM camptothecin or a
combination of 10 uM capsaicin and 1 uM camptothecin (for 24 hours) in RPMI medium
containing 1% FBS. Subsequently, cells were harvested and washed twice with PBS. Cell lysates
were prepared using the assay buffer provided in the Sensolyte 520 Calpain Activity Assay Kit
(Anaspec, Freemont, CA, USA). An aliquot of the cell lysate containing two hundred
micrograms of protein was used for each replicate sample. The samples were incubated with 50
ul of calpain substrate for 60 minutes at 37°C (Guha et al., 2010; Lau et al., 2014). The rest of
the assay was performed according to manufacturer’s instructions. The fluorescence intensity
was measured using a Biotek Synergy?2 spectrofluorometer (Biotek Instruments, Winooski, VT,
USA) at excitation and emission wave- lengths of 490 and 520 nm, respectively. Each sample
was measured in duplicate and the whole experiment was repeated three times with independent
sets of lysates. Calpain activity in untreated lysates was considered to be equal to 1, and the
activity observed in treated lysates was calculated as fold increase relative to the untreated

control sample.
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The calpain enzyme activity assay was also performed using the tumor lysates from H69
tumors xenografted on chicken CAM (K. C. Brown et al., 2013; Dasgupta et al., 2011; Lau et al.,
2014; Lau et al., 2013). The tumor lysates were made as described above. An aliquot of two
hundred micrograms of the protein was used in the calpain assay. The methodology and data
representation of the assay was similar to the one described for H82 and H69 cells.

Statistical analysis

All data were plotted using GraphPad Prism 5 Software, Inc (La Jolla, CA, USA), and
results were represented as the mean + standard deviation (SD). Results from the control and
treated samples were compared using an analysis of variance (ANOVA) followed by a Tukey
posthoc multiple comparison test. All analyses were completed using a 95% confidence interval.
Data were considered significant when p<0.05.

All data involving combinatorial interactions between camptothecin and capsaicin were
evaluated by the Chou-Talalay isobologram analysis using the method of non-constant ratios
(Chou, 2008, 2010). The Chou-Talalay isobologram analysis (Calcusyn Graphing Software
Version 2.11, Biosoft Inc., Ferguson, MO, USA) is an established method to determine if two
drugs exhibit synergistic, additive or antagonistic interactions (Chou, 2008, 2010). This method
was used to examine whether camptothecin and capsaicin displayed a synergistic increase in
apoptotic activity. The Chou-Talalay isobologram analysis yields a parameter called the
combination index (CI). A CI below 1 is taken to be an indicator of synergism. The lower the

value of the CI, the stronger the synergy between the drugs.
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RESULTS
A concentration of 10 pM capsaicin does not cause significant apoptosis (p<0.05) in human
small cell lung cancer (SCLC) cell lines.

The first series of experiments analyzed the concentration dependent apoptotic activity of
capsaicin in human SCLC cell lines over 24 hours, using the caspase-3 activity assay. We
observed that the capsaicin displays little apoptotic activity until 10 uM and subsequently causes
robust apoptosis at 50 and 100 uM in DMS 114 human SCLC cells (Figure 10A). The highest
concentration at which capsaicin did not induce significant apoptosis (p<0.05) was 10 uM in
DMS 114 cells. The caspase-3 activity assay was repeated in two additional human SCLC cell
lines, H69 and H82, and similar results were obtained (Figure 10B and C). Our eventual goal
was to test if low doses of capsaicin (where it does not display apoptotic activity) could sensitize
human SCLC cells to camptothecin-induced apoptosis. Therefore, we selected the concentration

of 10 uM capsaicin for all our subsequent experiments.
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Figure 10. Concentration dependent apoptotic activity of capsaicin in human SCLC cells
over 24 hours, as measured by the caspase-3 activity kit

(A) Capsaicin displayed very little apoptotic activity until 10 uM, after which it induced robust
apoptosis at 50 uM and 100 uM in DMS 114 cells. (B) The apoptotic activity of capsaicin was
confirmed in H69 as well as H82 human SCLC cells (C) Each sample was measured in triplicate
and the whole experiment was repeated three times using independent sets of cell lysates.
Caspase-3 activity in untreated lysates was considered to be equal to 1, and the activity observed
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in treated lysates was calculated as fold increase relative to the untreated control sample.
Statistical analysis showed that 10 uM capsaicin (indicated by the box on the graph) was the
highest concentration at which capsaicin did not display significant apoptotic activity (p<0.05).
Values represented by the same letter are not statistically significantly different from each other.

The results obtained from the caspase-3 activity assay were verified using a second
apoptosis assay, the Cell Death ELISA Kit (Roche Life Science). We obtained similar results as
the caspase-3 activity assay. The treatment of DMS 114 cells with varying doses of capsaicin
caused little cell death until 10 uM, and after that the levels of cell death rose significantly over
24 hours (p<0.05) (Figurel1A). The experiment was repeated in H69 and H82 cells and similar
results were obtained (Figure 11B and C). Based on the data of these two assays we selected 10

UM capsaicin for our subsequent experiments.
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Figure 11. Cell Death ELISA assays were used to confirm the apoptotic activity of
capsaicin over 24 hours

(A) The apoptotic activity of capsaicin was minimal in DMS 114 human SCLC cells until a
concentration of 10 uM, after which it caused between 1.5 and 2.0-fold apoptosis at 50 uM and
100 uM over 24 hours. (B) The pro-apoptotic activity of capsaicin was verified in a classical
human SCLC cell line H69 and as well as a variant human SCLC cell line H82 (C) and
analogous results were obtained. Each sample was measured in triplicate and the whole
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experiment was repeated three times using independent sets of cell lysates. The absorbance
obtained in untreated lysates was considered to be equal to 1, and the activity observed in treated
lysates was calculated as fold increase relative to the untreated control sample. The highest
concentration at which capsaicin did not display significant apoptotic activity was 10 uM
(»<0.05). Values represented by the same letter are not statistically significantly different from
each other.

The combinatorial apoptotic activity of camptothecin and capsaicin is greater than these
drugs treated alone in human SCLC cells

Caspase-3 activity assays were performed to test the combinatorial apoptotic activity of
capsaicin (referred as CPZ) and camptothecin (referred as CPT) in DMS 114 human SCLC cells
(Figure 12A). DMS 114 cells were treated with multiple concentrations of camptothecin (0.01—
100 uM) in the presence or absence of 10 uM capsaicin. The 10 uM capsaicin was added 45 min
before the addition of camptothecin. Figure 12A shows that the combination of camptothecin and
capsaicin (indicated by solid black line with the black round dots) possessed greater apoptotic
activity than corresponding concentrations of camptothecin alone (dotted line with black square
dots) or capsaicin alone (Figure 10 and 11). The Chou-Talalay analysis was used to determine if
capsaicin synergized with camptothecin to induce enhanced apoptotic activity (Chou, 2008,
2010). As mentioned in Materials and Methods, a combination index (CI) below 1 is an indicator
of synergism; the lower the magnitude of CI (below 1) the greater the synergy (Chou, 2008,
2010). Figure 12A shows that the maximal synergy was observed for the combination of 10 uM
capsaicin and 1 uM camptothecin (CI = 0.095). The combination of 10 uM capsaicin and 10 uM
camptothecin was also synergistic (CI = 0.15); however, the magnitude of synergy was
decreased. Figure 12B represents the normalized isobologram of the capsaicin-camptothecin
combination in DMS 114 cells (Chou, 2008, 2010). The symbols on the isobologram indicate the
CI of the two drugs namely camptothecin (CPT) and capsaicin (CPZ). The numbers 1-6 next to

the symbols on the isobologram represent the different combination regimens (described in the
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legends). The closer the CI is to the zero value the stronger is the synergy between the two drugs.
Figure 12B shows that treatment number 3 (10 uM capsaicin and 1 uM camptothecin) showed

the maximal synergistic interaction.

66



A. B. Normalized Isobologram-DMS 114
> 1
= - 5- < 10 nM CPT+10 uM CPZ (1
S S[pMms 114 dd pMiCERd). %
s e s i~ 100 nM CPT+10 uM CPZ (2)
g 4F-—m onlycPT £ 4+ © 1uM CPT+10 uM CPZ (3)
§ C1=0.095 E . rs] 10 uM CPT+10 uM CPZ (4)
a 3 ,,’ Cl=0.150 2 /. 50 uM CPT+10 uM CPZ (5)
S J/ < 2] *’* 100 uM CPT+10 uM CPZ (6)
£ 2 c
)
1 —
g 19 2
Q A L L L J 0 34 5 6 2
- 0 1 2 T T 1
Z 0.01 041 1.0  10.0 100.0 0 05 1.0 15 20
W Concentration of Camptothecin (uM) Camptothecin
I
C D Normalized Isobologram-DMS 114
57 1 X 10 nM CPT+10 uM CPZ (1)
Srpms 114 g d d + 100 nM CPT+10 uM CPZ (2)
£ —e— CPT+10 uM CPZ 4 ® 1uM CPT+10 uM CPZ (3)
a c [ 10 uM CPT+10 uM CPZ (4)
® Zg 3 ¥ 50 uM CPT+10 uM CPZ (5)
‘é a A 100 uM CPT+10 uM CPZ (6)
o ©
3 S 2+
=
2
%) 14
o s
uo- 1 L ' 1 ' 3 4 2 5 6
T ¢ T T T B
0 0.01 0.1 1.0 10.0 100.0 0 0.2 0.4 0.6 0.8 4

Concentration of Camptothecin (uM)

Camptothecin

Figure 12. Capsaicin (CPZ) sensitizes human SCLC cells to the apoptotic activity of
camptothecin (CPT)
(A) Concentration dependent apoptosis observed in DMS 114 cells human SCLC cells in
response to camptothecin (10 nM—-100 uM; depicted by the dotted lines with square symbols).
Apoptosis was measured by Caspase-3 Activity assays. The solid black line (with circular
symbols) represents the concentrations of camptothecin (10 nM—100 uM) along with 10 uM
capsaicin. The data were evaluated by the Chou-Talalay isobologram and the combination
indices (CI) were determined. A CI value below 1 indicates synergy, the lower the CI value the
stronger is the synergy. The maximal synergy was observed for the combination of 1 uM
camptothecin and 10 uM capsaicin (CI = 0.095). The combination of 10 uM camptothecin and
10 uM capsaicin (CI = 0.15) showed lower synergy than the 1 uM camptothecin—10 uM
capsaicin combination. Each sample was measured in triplicate and the experiment was

performed three independent times. Values indicated by the same letters are not statistically
significant (p<0.05). (B) The normalized isobologram generated from the Chou-Talalay analysis
of Figure 12A. The CI of the various combination treatments are numbered 1-6 on the graph (the
details of the treatments are described in the legends). We observed that treatment # 3
(corresponding to 1 uM camptothecin and 10 uM capsaicin) has the lowest CI. (C) The results
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obtained from the caspase-3 activity assay were verified using the Cell Death ELISA assay in
DMS 114 cells and similar results were obtained. The apoptotic activities of varying
concentrations of camptothecin (CPT) are represented by the dotted lines with square symbols
over 24 hours. When 10 uM capsaicin (CPZ) was added to each of these treatments, the
magnitude of cell death was substantially increased (solid black lines with circular symbols). The
maximal synergy was obtained with a combination of 1 uM camptothecin and 10 uM capsaicin
(CI=0.067) followed by 10 uM camptothecin—10 uM capsaicin combination (CI = 0.261) in 24
hours. (D) The normalized isobologram obtained after the Chou-Talalay analysis of Figure 12C.
The combination treatment #3 (1 uM camptothecin and 10 uM capsaicin) has the lowest CI
followed by treatment #4 (10 uM camptothecin and 10 uM capsaicin).

The synergistic apoptotic activity of capsaicin and camptothecin in DMS 114 cells was
verified by a second apoptosis assay, the Cell Death ELISA Kit (Roche BioSciences). We
observed similar results as the caspase-3 activity assay. The combination of 10 uM capsaicin
(CPZ) with varying concentrations of camptothecin (CPT) produced increased apoptosis
(indicated by solid black line with the black round dots) compared to camptothecin alone (dotted
line with black square dots) or capsaicin alone (Figure 12C) in DMS 114 cells over 24 hours.
The values for the combination indices (CI) showed that 10 uM capsaicin displayed the maximal
synergy with 1 uM camptothecin (CI = 0.067) followed by 10 uM capsaicin and 10 uM
camptothecin (CI = 0.261; Figure 12C). Figure 12D shows the corresponding normalized
isobologram in DMS 114 cells. The pattern of CI in the isobologram corresponds to the Cell
Death ELISA Kit (Figure 12C). As can be observed, the combination of 10 uM capsaicin (CPZ)
and 1 uM camptothecin (CPT) has the lowest CI out of all other combinations. The results of
these experiments were repeated in H82 human SCLC cells (Figure 13A) and H69 human SCLC
cells (Figure 14A). Capase-3 Activity assays show that the synergistic interaction between 10
UM capsaicin (CPZ) and 1 uM camptothecin (CPT) is stronger in H82 than in DMS 114 and
H69 cells. Figure 13B represents the normalized isobologram of the capsaicin-camptothecin
combination in H82 as measured by the caspase-3 activity assay. A similar isobologram was also

obtained for H69 cells (Figure 14B). These combinatorial apoptotic activities of camptothecin
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and capsaicin were proved in H82 cells (Figure 13C) and H69 cells (Figure 14C) using the Cell
Death ELISA Kit. The pattern of synergy observed in the isobologram in both cell lines closely
parallels the results obtained by the caspase-3 activity assay (Figure 13D and 14D). Taken
together, the combination of 10 uM capsaicin (CPZ) and 1 uM camptothecin (CPT) displayed
the maximum synergy in all three human SCLC cell lines, and this combination was used for the

signal transduction experiments outlined later in the manuscript.
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Figure 13. The synergistic apoptotic activity of capsaicin (CPZ) and camptothecin (CPT) is
observed in multiple SCLC cell lines

(A) Caspase-3 activity assays were used to measure the pro-apoptotic activity of a range of
camptothecin concentrations (10 nM—100 pM; dotted lines with square symbols) in H82 human
variant SCLC cells over 24 hours. When 10 uM capsaicin was added along with camptothecin
there was a significant increase in cellular apoptosis (p<0.05; depicted by solid black lines) in
HS82 cells. Chou-Talalay isobologram analysis demonstrates that the greatest synergy was
observed for the combination of 1 uM camptothecin and 10 uM capsaicin (CI = 0.02).
Furthermore, the combination of 10 pM camptothecin and 10 uM capsaicin (CI = 0.133)
exhibited poorer synergy than the 1 uM camptothecin—10 uM capsaicin combination in H82
cells. Each sample was measured in triplicate and the experiment was performed three
independent times. Values indicated by the same letters are not statistically significant (p<0.05).
(B) The normalized isobologram generated from the Chou-Talalay analysis of Figure 13A. The
CI of the various combination treatments represented as points within the isobologram
(numbered 1-6 on the graph; the details of the treatments are described in the legends). (C) The
data obtained in the Cell Death ELISA assay (with H82 cells), closely match the caspase-3
activity assay; the utmost synergy was observed with a combination of 1 uM camptothecin
and10 uM capsaicin (CI = 0.014) followed by blend of 10 uM camptothecin—10 uM capsaicin
(CI=0.058) in H82 cells over 24 hours. (D) The normalized isobologram obtained after the
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Chou-Talalay analysis of Figure 13C. The combination regimen 3 (1 uM camptothecin and 10
UM capsaicin) has the lowest CI followed by regimen #4 (10 uM camptothecin and 10 uM
capsaicin).
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Figure 14. Camptothecin (CPT) and capsaicin (CPZ) induce synergistic cell death in the
classical human SCLC cell line H69

(A) Caspase-3 activity assays demonstrate that camptothecin (at concentrations ranging from 10
nM to 100 uM; dotted lines with square symbols) induce 4—5-fold apoptosis in H69 cells over 24
hours. When 10 uM capsaicin was added along with each of these concentrations of
camptothecin there was upregulation of apoptotic cell death (shown by solid black lines) in H69
cells. The highest synergy was observed 1 uM camptothecin and 10 uM capsaicin (CI = 0.023),
as measured by the Chou-Talalay analysis. We also noted that the amalgamation of 10 uM
camptothecin and 10 uM capsaicin (CI = 0.061) exhibited decreased synergy compared to the 1
uM camptothecin—10 uM capsaicin combination in H69 cells. Each sample was measured in
triplicate and the experiment was performed three independent times. Values indicated by the
same letters are not statistically significant (p<0.05). (B) The normalized isobologram generated
from the Chou-Talalay analysis of Figure 14A. The CI of the various combination modalities are
represented as points within the isobologram (these points are numbered 1-6 on the graph; the
details of the treatments are labelled in the legends) in H69 cells. (C) The outcomes obtained
from the caspase-3 activity assay were confirmed using the Cell Death ELISA assay in H69 cells

71



and parallel results were obtained. (D) The normalized isobologram obtained after the Chou-
Talalay analysis of Figure 14C. The combination treatment # 3 (1 uM camptothecin and 10 uM
capsaicin) has the lowest CI followed by treatment condition #4 (10 uM camptothecin and 10
UM capsaicin).
Capsaicin synergizes with camptothecin to display increased apoptotic activity in vivo in
chicken chorioallantoic membrane (CAM) assay

We wanted to study whether capsaicin and camptothecin display synergistic apoptotic
activity in vivo. For this purpose, we selected the chicken CAM model (K. C. Brown et al., 2013;
Lau et al., 2013; Nowak-Sliwinska et al., 2014). The advantage of the chicken CAM model is
that the concentrations used in cell culture can be directly translated in the chicken CAM
experiments. In contrast, the doses in mice experiments are usually expressed in mg/kg body
weight, and it is difficult to correlate these doses to the concentration of the drugs used in cell
culture models (Kain et al., 2014; Lokman, Elder, Ricciardelli, & Oehler, 2012). Keeping these
considerations in mind we opted for the chicken CAM model to determine whether capsaicin
could sensitize H69 human SCLC cells to the apoptotic activity of capsaicin. An aliquot of
1.5X10% H69 cells were treated with 1 uM camptothecin in the presence or absence of 10 pM
capsaicin and then implanted on the chorioallantoic membrane of a fertilized chicken egg. The
H69 cells formed tumors on the chicken CAM. The chicken CAM was incubated at 37°C for
seven days, and then the tumors were excised and weighed. Figure 15A shows that the
combination of 10 uM capsaicin and 1 uM camptothecin displayed significantly greater anti-
tumor activity than either of these agents alone (p<0.05). An aliquot of these tumors was snap
frozen in liquid nitrogen and lysates were made. Four independent sets of lysates were made for

every treatment. Caspase-3 activity apoptosis assays showed that the tumors treated with 10 uM

capsaicin and 1 uM camptothecin showed significantly greater apoptosis than 10 uM capsaicin
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alone or 1 uM camptothecin alone (p<0.05; Figure 15B). Each sample was measured in duplicate

and the entire experiment was repeated three independent times.
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Figure 15. The combination of 1 uM camptothecin and 10 pM capsaicin inhibited the
growth of human SCLC tumors in vivo in chicken chorioallantoic membrane (CAM) model
The tumor weights in the control group were taken as 100, and the tumor volumes in the rest of
the samples were calculated as percentage of control. (A) Chicken CAM assays showed that the
treatment of 10 uM capsaicin (as a single agent) did not significantly suppress the growth of H69
tumors xenotransplanted on chicken CAM (tumor weights = 92 + 18% relative to control;
p<0.05). The treatment of H69 tumors with 1 pM camptothecin caused a decrease in tumor
volumes (tumor volumes = 66 + 20.6% relative to control). However, the combination of 1 uM
camptothecin and 10 uM capsaicin decreased tumor volumes down to about 36 + 10% relative to
control. Each group was comprised of eight chicken CAMs. (B) After seven days, the tumors
were excised and snap frozen in liquid nitrogen. Four independent tumor lysates were made for
each sample. Caspase-3 apoptosis assays reveal that the control tumors (1-4) and capsaicin-
treated tumors (5-8) displayed very little apoptotic activity. Camptothecin-treated H69 tumors
(9—12) induced about 1.5-fold increase in caspase-3 activity. However, the H69 tumors treated
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with both 1 uM camptothecin and 10 uM capsaicin (13—16) displayed robust apoptotic activity
which was significantly higher than any of the drugs as single agents (p<0.05). Each sample was
measured in triplicate and the experiment was performed four independent times. Values
indicated by the same letters are not statistically significantly different (p<0.05).

The synergistic activity of capsaicin and camptothecin was dependent on intracellular
calcium and the calpain pathway

The signal transduction pathways underlying the combinatorial activity of capsaicin and
camptothecin was probed by using specific chemical inhibitors. Multiple convergent studies have
shown that the elevation of intracellular calcium and subsequent activation of the calpain
pathway is important in mediating camptothecin-induced apoptosis in several experimental
systems (Cao, Deng, & May, 2003; Mandic et al., 2002; D. E. Wood & Newcomb, 1999; D. E.
Wood et al., 1998). Similarly, our published data and those of others have also shown a role for
calcium signaling pathway and calpain activation in the apoptotic effects of capsaicin (Lau et al.,
2014; Oh & Lim, 2009). We conjectured that perhaps these two drugs were converging on the
calcium-calpain pathway and the amplification of this signaling network was responsible for the
synergistic apoptotic activity of capsaicin and camptothecin.

Caspase-3 Activity apoptotic assays were used to determine the role of intracellular
calcium in the apoptotic effects of capsaicin and camptothecin over 24 hours. The calcium
chelator BAPTA-AM potently abrogated the apoptotic activity of camptothecin-capsaicin
combination (Figure 16A) in H69 cells (Lau et al., 2014; Oh & Lim, 2009). The experiment was
repeated in H82 cells and similar results were obtained (Figure 16B). The role of the calpain
pathway in the synergistic apoptotic activity of capsaicin and camptothecin was analyzed by the

calpain inhibitor calpeptin. The presence of calpeptin ablated the synergistic apoptotic activity of

capsaicin and camptothecin (in H69 human SCLC cells), as measured by the caspase-3 activity
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(Figure 16C). The experiment was repeated in a second human SCLC cell line H82, and similar

results were obtained (Figure 16D).
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Figure 16. The combinatorial apoptotic activity of 1 puM camptothecin and 10 pM capsaicin
was mediated by intracellular calcium and the calpain pathway

(A) Caspase-3 activity assays indicate that the presence of 10 uM BAPTA-AM abrogated the
combinatorial apoptotic activity of capsaicin and camptothecin in both H69 and H82 (B) human
SCLC cells over 24 hours. (C) Similarly, the treatment of H69 human SCLC cells with 10 uM
calpeptin suppressed the synergistic apoptotic activity of 1 uM camptothecin and 10 uM
capsaicin (as measured by caspase-3 activity assays) in H69 cells. (D) The experiment was
repeated in H82 cells and similar results were obtained in 24 hours. Each sample was measured
in triplicate and the experiment was performed three independent times. Values indicated by the
same letters are not statistically significant (p<0.05).

The results obtained with BAPTA-AM and calpeptin were verified by using a second
apoptosis assay, the Cell Death ELISA Kit. The presence of BAPTA-AM reversed the
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combinatorial apoptotic activity of capsaicin and camptothecin in H69 human SCLC cells in 24
hours (Figure 17A). These experiments were repeated in H82 human SCLC cells and similar
results were obtained (Figure 17B). Similarly, we observed that calpeptin suppressed the
synergistic apoptotic activity of capsaicin and camptothecin in H69 human SCLC cells (Figure
17C), as measured by the Cell Death ELISA Kit. The assay was repeated in the human SCLC

cell line H82, and similar results were obtained (Figure 17D).
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Figure 17. H69 human SCLC cells were treated with 1 pM camptothecin, 10 pnM capsaicin
or a combination of 1 uM camptothecin and 10 pM capsaicin in the presence or absence of
10 uM BAPTA-AM for 24 hours

(A) Cell death ELISA assays show that BAPTA-AM reversed the apoptotic activity of the
capsaicin-camptothecin combination in H69 human SCLC cells. (B) The experiment was
repeated in H82 human SCLC cells and analogous results were obtained. (C) The calpain
inhibitor calpeptin suppressed cell death induced by a combination of 1 uM camptothecin and 10
UM capsaicin in H69 cells over 24 hours. (D) The entire experiment was repeated in the H82
variant human SCLC cells and similar results were obtained. Each sample was measured in
duplicate and the experiment was performed three independent times. Values indicated by the

same letters are not statistically significant (p<0.05).
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SCLC cells treated with 10 pM capsaicin and 1 pM camptothecin show increased calpain
activity relative to each of the drugs alone

The role of the calpain pathway in the synergistic apoptotic activity of 10 uM capsaicin
and 1 uM camptothecin was confirmed by the measurement of calpain activity in H69 and H82
cells. Figure 18A shows that the treatment of H69 human SCLC cells with 10 uM capsaicin and
1 uM camptothecin produces a potent increase in calpain activity (over 24 hours), which is
significantly greater than each of these drugs as single agents. The calpain activity (induced by
capsaicin-camptothecin combination) was abrogated by the intracellular calcium chelator
BAPTA-AM (Figure 18A; white bars). The experiment was repeated in the variant human SCLC
cell line and analogous results were obtained (Figure 18B).

We also observed that the combination of 10 uM capsaicin and 1 uM camptothecin
caused a 4-5-fold increase in calpain activity in H69 human SCLC cells in 24 hours, which was
suppressed by the calpain pathway inhibitor calpeptin (Figure 18C; white bars) (Lopatniuk &
Witkowski, 2011). The experiment was repeated in H82 cells and similar results were obtained

(Figure 18D).
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Figure 18. The combination of 1 pM camptothecin and 10 uM capsaicin potently stimulates
calpain activity in human SCLC cells

(A) H69 human SCLC cells treated with 1 uM camptothecin or 10 uM capsaicin or a
combination of both for 24 hours. Cell lysates were made and calpain activity was measured.
The combination of 1 uM camptothecin and 10 uM capsaicin induced greater than 4-fold
increase in calpain activity, which was greater than either drugs used as single agents. The
elevation of calpain activity (in response to the combination of 1 uM camptothecin and 10 uM
capsaicin) was dependent on the calcium pathway, as demonstrated by its abrogation by
BAPTA-AM. (B) The results of these experiments were confirmed using H82 human SCLC
cells. (C) The combination of 1 uM camptothecin and 10 uM capsaicin elevated specifically
calpain activity in H69 cells, and such elevation of calpain activity was blocked by the calpain-
specific inhibitor calpeptin over 24 hours. (D) The calpain enzyme assay was repeated in a
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second human SCLC cell line H82 and comparable results were obtained. Each sample was
measured in duplicate and the experiment was performed three independent times (p<0.05).

Finally, we tested whether calpain activity was upregulated in the H69 tumors implanted
on chicken CAM which had been treated with a combination of camptothecin and capsaicin.
Four tumor lysates were analyzed per treatment regimen. Figure 19 shows that the calpain
activity in the H69 tumors treated with 10 uM capsaicin and 1 uM camptothecin is substantially
higher than those treated with 10 uM capsaicin alone and 1 uM camptothecin alone. Our data
suggest that the synergistic apoptotic activity of capsaicin and camptothecin involves elevation
of intracellular calcium which in turn induces enhanced activation of calpain pathway, leading to

cellular apoptosis.

gr H69 CAM tumors:Calpain Activity
[+

Il Control (tumor lysates1-4)
=1 10 uM Capsaicin (tumor lysates 5-8)
=1 1 uM Camptothecin (tumor lysates 9-12)
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10 uM Capsaicin (tumor lysates 13-16)
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H69 tumor lysates

Figure 19. Elevation of calpain activity in H69 tumors treated with a combination of 1 pM
camptothecin and 10 pM capsaicin

Four independent tumor lysates were used for the assay for each sample. Calpain activity assays
show that 10 uM capsaicin-treated tumors (5-8) displayed very little increase of calpain activity
relative to control tumors (1— 4). Camptothecin-treated H69 tumors (9-12) induced modest
elevation increase in calpain activity. However, the H69 tumors treated with both 1 uM
camptothecin and 10 uM capsaicin (13—16) displayed a greater magnitude of increase in calpain
activity, relative of the drugs as single agents (p<0.05). Each sample was measured in duplicate
and the experiment was performed four independent times. Values indicated by the same letters
are not statistically significant (»<0.05).
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DISCUSSION

Camptothecin is primarily an inhibitor of topoisomerase 1. Topoisomerase 1 is an
enzyme which relaxes supercoiled DNA during DNA replication. During DNA replication and
repair, the enzyme topoisomerase 1 creates single strand breaks in the DNA. Camptothecin
forms a tertiary complex with topoisomerase 1 and the cleaved DNA, thereby blocking the
annealing of DNA sister strands (Nagourney, Sommers, Harper, Radecki, & Evans, 2003;
Stewart, 2004). This camptothecin-DNA-Topoisomerase 1 complex causes DNA damage and
eventually leads to cellular apoptosis. Other mechanisms of camptothecin-induced cell death
include cell cycle arrest at the G1 or G2/M phase (depending on the dose of drug used),
generation of reactive oxygen species, causing activation of apoptotic proteases of the calpain
family, and direct induction of cytosolic calcium which triggers apoptotic proteins of the Bcl-2
family, leading to cell death (Gokduman, 2016).

Camptothecin and its related compounds are used for second line therapy for a variety of
cancers including SCLC and is well tolerated (Asai et al., 2014). Patient-oriented studies show
that camptothecin is active against brain metastases in SCLC (Nagourney et al., 2003; Stewart,
2004). The clinic profile of camptothecin, its broad-spectrum anti-tumor activity, and its lack of
cross resistance with other anticancer agents has prompted clinical studies investigating the
feasibility of camptothecin being used in a first-line setting for SCLC patients (Asai et al., 2014;
Gokduman, 2016; Stewart, 2004).

A unique feature of camptothecin is its ability to induce enhanced anticancer activity with
multiple anti-neoplastic compounds (Gokduman, 2016; O'Brien, Eckardt, & Ramlau, 2007). In
many of these studies, the interactions between camptothecin and other cancer chemotherapeutic

drugs was found to be potentially synergistic (Asai et al., 2014; Gokduman, 2016; Stewart,
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2004). Although the combinatorial activity of other anticancer drugs (like cisplatin) has been
investigated with multiple dietary compounds, there are very few such studies involving
camptothecin. This study investigates for the first time the potential combinatorial apoptotic
activity of camptothecin and capsaicin in SCLC. We selected a concentration of capsaicin which
did not induce any cell death in SCLC, and when we combined it with varying concentrations of
camptothecin we found that the two agents synergistically enhance apoptosis within a range of
concentrations. A rare feature of our studies is that we used the Chou-Talalay isobologram
analysis to determine whether the interactions between capsaicin and camptothecin were truly
synergistic (Chou, 2008, 2010). Hormann et al., (2012) showed that the apoptotic efficacy of the
camptothecin analog topotecan was increased in the presence of the flavonoid genistein
(Hormann, Kumi-Diaka, Durity, & Rathinavelu, 2012). However, they did not perform any
statistical analysis to show whether the topotecan-genistein combination was additive or
synergistic. Similarly, several studies have shown that capsaicin increased the therapeutic
efficacy of cisplatin or radiation in stomach and prostate cancer, but rigorous statistical analyses
of the nature of the interaction between the two therapies were absent (Arzuman et al., 2016;
Chou, 2008; Huh et al., 2011; Wiwanitkit, 2012; Zheng et al., 2016).

The present manuscript also shows that the combination of capsaicin and camptothecin
showed increased anti-tumor activity in vivo (compared to the agents administered singly) in
chicken CAM models. Previous studies have shown that human cancer cells implanted on CAM
constitute an established model to study tumor growth in vivo (Canela et al., 2017; Dehelean et
al., 2013; Michaelis et al., 2015). The advantage of the chicken CAM model is that we can take
the optimal concentrations, found in cell culture models, and directly apply them in the in vivo

setting (Kain et al., 2014; Lokman et al., 2012). This is in contrast to athymic mouse models
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where dosages are translated to mg/kg body weight, and it is difficult to correlate whether the
concentration of the drug in vitro is similar to the dose of the drug in the tumor
microenvironment in vivo (de Jong, Essers, & van Weerden, 2014; M. Liu et al., 2013). Our
previous publications have already shown that the administration of capsaicin does not cause any
gross discomfort in mice (K. C. Brown et al., 2010; Lau et al., 2012; Lau et al., 2014). Our
published reports reveal that capsaicin displays significant bioavailability in the lungs of mice
(Rollyson et al., 2014). Taken together, our data suggest that the combination of camptothecin
and capsaicin has the potential for being a feasible strategy for therapy and management of
human SCLCs.

Several convergent studies have shown that the calpain super-family of calcium-regulated
intracellular cysteine proteases (Ono, Saido, & Sorimachi, 2016; Potz, Abid, & Sellke, 2016) are
involved in the biological activities of camptothecin. Calpains have been shown to mediate
camptothecin-induced apoptosis and play a role in camptothecin-induced DNA damage and drug
resistance (Cao et al., 2003; Mandic et al., 2002; D. E. Wood & Newcomb, 1999; D. E. Wood et
al., 1998). Our published data and those of other research laboratories show that calpains are also
vital regulators of capsaicin-induced apoptosis (Lau et al., 2014; Oh et al., 2008). Therefore, we
conjectured that perhaps an intracellular calcium and calpain pathway was the converging point
for the two drugs. We show that the combination of camptothecin and capsaicin amplifies
cellular calpain activity leading to a large increase in cellular apoptosis.

Although, the results presented in this manuscript are unique and innovative, our study
has a few limitations. One of the limitations of the study is that the synergistic apoptotic activity
of capsaicin and camptothecin has not been investigated in athymic mouse models. It is well

established that several pro-apoptotic and pro-survival proteins are substrates of the calpain
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pathway. These include p53, Bcl-2, Bel-xl, Bid, Bax, caspase-3, caspase-7, - 8, and -9, caspase-
12, and NFjB (Lopatniuk & Witkowski, 2011; Moretti, Del Bello, Allavena, & Maellaro, 2014).
Several of these proteins have been shown to be downstream targets of both camptothecin- and
capsaicin-induced apoptosis (Clark & Lee, 2016; Legarza & Yang, 2006). However, we do not
know the precise calpain substrates that are key players in the combinatorial activity of capsaicin
and camptothecin. Finally, we have yet to investigate whether capsaicin and camptothecin
display synergistic apoptotic activity in cisplatin- resistant human SCLC cells. These studies are
currently underway in the laboratory and will form the basis of a future publication.
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ABSTRACT

The nutritional compound capsaicin is the major spicy ingredient of chili peppers.
Although traditionally associated with analgesic activity, recent studies have shown that
capsaicin has profound antineoplastic effects in several types of human cancers. However, the
applications of capsaicin as a clinically viable drug are limited by its unpleasant side effects,
such as gastric irritation, stomach cramps, and burning sensation. This has led to extensive
research focused on the identification and rational design of second-generation capsaicin
analogs, which possess greater bioactivity than capsaicin. A majority of these natural
capsaicinoids and synthetic capsaicin analogs have been studied for their pain-relieving activity.
Only a few of these capsaicin analogs have been investigated for their anticancer activity in cell

culture and animal models. The present review summarizes the current knowledge of the growth-
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inhibitory activity of natural capsaicinoids and synthetic capsaicin analogs. Future studies that
examine the anticancer activity of a greater number of capsaicin analogs represent novel
strategies in the treatment of human cancers.
INTRODUCTION: CAPSAICIN

Capsaicin (trans-8-methyl-N-vanillyl-6-noneamide; Figure 20A) is the principal,
pungent ingredient of chili peppers in the plant genus Capsicum. The compound can be found
predominantly within the white pith and membrane of both cayenne and chili peppers (Chapa-
Oliver & Mejia-Teniente, 2016). It is a potent analgesic and is used topically to treat pain and
inflammation associated with a variety of diseases (Basith et al., 2016; O'Neill et al., 2012). The
analgesic activity of capsaicin is mediated by transient receptor potential subfamily vanilloid
member 1 receptor (TRPV 1), which belongs to the transient receptor potential superfamily of
cation-channel receptors (J. Chen et al., 2014). The transient receptor potential vanilloid receptor
family is comprised of six members (TRPV1-6). Capsaicin functions as the classic agonist of the
TRPV1 receptor (Caterina et al., 1997). The binding of TRPV1 to capsaicin trigger a plethora of
molecular events ultimately inducing to depletion of substance P, and desensitization of sensory
neurons leading to its analgesic activity. This paved the way for the isolation, design, and
synthesis of capsaicin-like compounds (which were TRPV 1 agonists) that displayed more potent

analgesic activity than capsaicin.
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Figure 20. Structures of natural capsaicinoids

(A) Pharmacophore of capsaicin. The blue structural moiety represents Region A; the red portion
of the structure represents Region B; the green alkyl side chain represents Region C. (B)
Structures of natural capsaicinoids, which have been investigated for their growth-inhibitory
activity in cell culture or animal models.

Emerging evidence shows that capsaicin displays anticancer activity in several human
cancers, both in cell culture and mouse models (for excellent reviews please refer to (Basith et
al., 2016; Chapa-Oliver & Mejia-Teniente, 2016; Clark & Lee, 2016; Diaz-Laviada &
Rodriguez-Henche, 2014; Srinivasan, 2016)). This led researchers to conjecture that natural and
synthetic TRPV1 agonists would display growth-inhibitory effects analogous to capsaicin.
Because a large number of TRPV1 agonists (which had been tested for analgesic activity) had
already been described in literature, they were initially investigated for their anticancer activity.

However, a majority of research studies have shown that the anticancer activity of capsaicin and
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capsaicin analogs is completely independent of TRPV 1 receptor. This is true of both natural
capsaicinoids and synthetic capsaicin mimetics (the reader is referred to excellent reviews and
papers (Basith et al., 2016; Chapa-Oliver & Mejia-Teniente, 2016; Clark & Lee, 2016; Ziglioli et
al., 2009). Although these natural synthetic capsaicin mimetics are TRPV1 ligands, their
anticancer activity does not involve the TRPV1 receptor (Lau et al., 2012). The anticancer
activity is mediated through the direct interaction of these compounds with key signaling
molecules of the cytoplasmic, mitochondrial, and metabolic survival pathways (Basith et al.,
2016; Chapa-Oliver & Mejia-Teniente, 2016; Clark & Lee, 2016; Diaz-Laviada & Rodriguez-
Henche, 2014; Srinivasan, 2016). The cellular pathways underlying the anticancer activity of
capsaicin are not fully understood; however, multiple mechanisms such as increase of
intracellular calcium, induction of calpain activity, reactive oxygen species (ROS) generation,
inhibition of coenzyme Q, suppression of mitochondrial respiration, and inhibition of
transcription factors like p53, signal transducer and activator of transcription (STAT) 3, and
nuclear factor kB have been involved (for excellent reviews, see (Bode & Dong, 2011; Cho, Lee,
& Choi, 2017; Clark & Lee, 2016; Fernandes, Cerqueira, Soares, & Costa, 2016; Lau et al.,
2012)). In addition to suppressing the growth of human cancer cells, capsaicin promotes the
apoptotic activity of cancer chemotherapy agents by multiple mechanisms (Arzuman et al., 2016;
Clark & Lee, 2016; Friedman et al., 2017; Huh et al., 2011; Vendrely et al., 2017). For example,
capsaicin has been reported to inhibit p-glycoprotein efflux transporters in KB-C2 human
endocervical adenocarcinoma cells. The presence of capsaicin in vinblastine-treated KB-C2 cells
increases the concentration of vinblastine in the cellular microenvironment and thereby sensitizes

these cells to undergo apoptosis (Khan, Maryam, Mehmood, Zhang, & Ma, 2015). The p-
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glycoprotein is a well-characterized transmembrane ATP-binding cassette, multidrug resistance 1
transporter involved in efflux of numerous drugs and other xenobiotics (Silva et al., 2015).

The development of capsaicin as a clinically useful drug for pain relief or cancer therapy
is hindered by its adverse side effects. The topical or oral administration of capsaicin in humans
causes skin redness, hyperalgesia nausea, intense tearing in the eyes, conjunctivitis,
blepharospasm (sustained, forced, involuntary closing of the eyelids), vomiting, abdominal pain,
stomach cramps, bronchospasm, and burning diarrhea (Drewes et al., 2003; Evangelista, 2015;
Hammer, 2006). Clinical trials exploring the pain-relieving activity of capsaicin have shown that
such side effects have results in patients discontinuing use of capsaicin due to its strong
pungency and nociceptive effect (Drewes et al., 2003; Evangelista, 2015; Hammer, 2006). Such
observations have led to research focused on the discovery and design of capsaicin-like
compounds, which display greater anticancer activity than capsaicin with a gentler side effect
profile. Another incentive for the design of capsaicin-based drug candidates is to obtain
compounds endowed with improved pharmacological activity, bioavailability, biologic half-life,
selectivity, specificity, and therapeutic index relative to capsaicin (Lau et al., 2012). The
anticancer activity of capsaicin is covered in several review articles (Chapa-Oliver & Mejia-
Teniente, 2016; Clark & Lee, 2016; Khan, Bi, Qazi, Fan, & Gao, 2015). However, the anticancer
activity of these natural and synthetic capsaicin-like compounds has yet to be summarized. The
present review fills this void of knowledge and discusses the growth-suppressive activity of
natural and synthetic capsaicin-like compounds in human cancers. Specifically, the growth-
inhibitory activity of these in both tissue culture and animal models will be discussed. We
believe that this detailed discussion of the anticancer activity of capsaicin analogs is both timely

and relevant, for the potential applications of such compounds in cancer therapy.
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STRUCTURE ACTIVITY RELATIONSHIP OF CAPSAICIN
The potential clinical application of capsaicin is restricted by its unfavorable side effect
profile. Clinical studies investigating the analgesic activity of capsaicin have shown that oral
capsaicin administration in humans leads to intense abdominal pain, hyperalgesia, stomach
cramps and nausea (Basith et al., 2016; O'Neill et al., 2012). These adverse side effects have
caused patients to abandon taking capsaicin. This has led to intense research involving capsaicin
structure activity relationship studies to isolate or develop new, less irritating analogs (Drewes et
al., 2003; Evangelista, 2015; Hammer, 2006). A second driving force behind the identification
and synthesis of capsaicin analogs is that of novel drug discovery that aims to generate new
capsaicin mimetics with better pharmacological and therapeutic profile than the parent molecule.
The structure of capsaicin can be broken down into three major areas, which are depicted in
Figure 20A. The three major regions are as follows: aromatic (Region A), amide (Region B), and
the hydrophobic (Region C) (Basith et al., 2016; Chapa-Oliver & Mejia-Teniente, 2016; Clark &
Lee, 2016; Diaz-Laviada & Rodriguez-Henche, 2014; X. F. Huang et al., 2013; Srinivasan,
2016).
ANTINEOPLASTIC ACTIVITY OF NATURAL CAPSAICIN ANALOGS
Capsiates
Data from several independent research laboratories have led to the discovery of natural
capsaicin-like compounds that resemble the structure of capsaicin but contain variations in
Regions A (aromatic), B (amide), or C (hydrophobic). There are few published reports about
natural capsaicin-like compounds (capsaicinoids) that have alterations in Region A (Gavaraskar,
Dhulap, & Hirwani, 2015; Ogasawara, Matsunaga, Takahashi, Saiki, & Suzuki, 2002). However,

several capsaicinoids having variations in Region B have been reported to suppress the growth of
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human cancer cells in cell culture. The non-pungent capsaicinoid, capsiate (Figure 20B3), is
isolated from a strain of peppers called CH-19 Sweet. Apart from capsiate, CH-19 Sweet is also
the source for two additional capsiate-like compounds, namely dihydrocapsiate and
nordihydrocapsiate (Figure 20B4 and BS5) (Macho et al., 2003; Watanabe, Ohnuki, & Kobata,
2011). These three compounds differ from capsaicin in Region B; dihydrocapsiate and
nordihydrocapsiate contain an ester bond instead of an amide bond between the vanillyl motif
and the fatty acid side chain. Dihydrocapsiate and nordihydrocapsiate also differ in Region C
relative to capsaicin. Dihydrocapsiate and nordihydrocapsiate have only saturated bonds in the
alkyl chain of Region C instead of a single double bond observed in capsaicin. Macho et al.,
(2003) studied the antiapoptotic activity of capsiate, dihydrocapsiate, and nordihydrocapsiate in
Jurkat human acute T-cell leukemia cells. They observed that all three compounds induced
apoptosis in a concentration-dependent manner when incubated with Jurkat cells.

Several convergent studies have indicated that capsaicin may also function as a tumor
promotor in skin cancer, breast cancer, and colon cancer (Bode & Dong, 2011). In contrast, all
capsaicin-like compounds (natural capsaicinoids or synthetic capsaicin mimetics) have shown
only growth-inhibitory activity toward numerous cell lines (Basith et al., 2016).
Nordihydrocapsiate further showed potent chemopreventive activity in an in vivo two-stage
model of mouse skin carcinogenesis. These findings would suggest that, in this experimental
model and with application of a promotor, nordihydrocapsiate may provide protection against
skin cancer (Macho et al., 2003). The mechanism of action of these capsiates was similar to
capsaicin and was mediated by inhibition of transcription factor nuclear factor kB, elevation of
reactive oxygen species, and loss of mitochondrial membrane potential (Figure 21A) (Macho et

al., 2003; Watanabe et al., 2011). Most interestingly, nordihydrocapsiate showed better
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proapoptotic activity than capsaicin in Jurkat cells, as reflected by the ICso values
(nordihydrocapsiate, ICs0=75 mM; capsaicin, ICs0=125 mM) (Macho et al., 2003). Both capsiate
and dihydrocapsiate displayed antiangiogenic activity in cell culture and mouse models (Figure
21A). These compounds suppressed vascular endothelial growth factor-induced angiogenesis in
human umbilical cord endothelial cells via direct suppression of Src kinase activity and

5FAK and vascular endothelial

phosphorylation of its downstream substrates, such as p12
cadherin. Most interestingly, capsiate and nordihydrocapsiate do not affect autophosphorylation
of the vascular endothelial growth factor receptor kinase insert domain/fetal liver kinase (Min et
al., 2004; Pyun et al., 2008). The antiangiogenic activities of the two compounds were

comparable to each other and to capsaicin. Such non-pungent capsaicinoids (capsiate and its

related compounds) may be more applicable in cancer therapy than capsaicin.

Apoptosis Autophagy - Down Regulated
of Cancer
STEM CELLS -
- - Up Regulated

Angiogenesis Apoptosis

Capsiate -
&
Dihydrocapsiate

Figure 21. Signaling pathways underlying the anticancer activity of natural capsaicinoids
(A) Capsiate and dihydrocapsiate. (B) Evodiamine and Rutaecarpine.

Evodiamine and Rutaecarpine

Evodiamine (EVO; Figure 20B6) and rutaecarpine (RUT; Figure 20B7) are alkaloids
isolated from the fruit of the Chinese medical plant Evodia rutaecapra, otherwise known as
Evodia fruit (Wu, Chien, Chen, & Chiu, 2016; Wu, Chien, Liu, Chen, & Chiu, 2017; Yu, Jin,
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Gong, Wang, & Liang, 2013). Capsaicin and EVO share pharmacophore elements, but their
lipophilic moiety (Region C) is different, encompassing a saturated isononenyl unsaturated group
in capsaicin, and two phenyl rings in evodiamine (De Petrocellis et al., 2014; Pearce et al., 2004;
S. Wang et al., 2015; T. Wang, Wang, & Yamashita, 2009). Wang et al., (2012, 2015) have
performed docking and molecular modeling on the pharmacophore of EVO and capsaicin and
observed a remarkable similarity between the pharmacophore of the two compounds (S. Wang et
al., 2015; Z. Wang et al., 2012). EVO has been characterized as a potent, selective agonist of the
TRPV1 receptor, similar to capsaicin (Ivanova & Spiteller, 2014; S. Wang et al., 2016). Cell
culture studies show that EVO displays growth-inhibitory activity in human breast cancer,
prostate cancer, leukemia, urothelial cell carcinoma, gastric cancer, osteosarcoma, oral cancer,
non-small lung cancer, colon cancer, glioma, glioblastoma, thyroid cancer, melanoma, and
cervical cancer cells (M. C. Chen et al., 2010; Du et al., 2013; Fang et al., 2014; Gavaraskar et
al., 2015; Hu et al., 2016; J. Huang et al., 2015; Kan et al., 2007; Khan, Bi, et al., 2015; T. J. Lee
et al., 2006; Sachita, Kim, Yu, Cho, & Lee, 2015; Shen et al., 2015; C. S. Shi et al., 2017; Wu et
al., 2017; F. Yang et al., 2017). However, EVO has been shown to be an antagonist of the aryl
hydrocarbon receptor as well (Yu et al., 2010). The growth-suppressive activity of EVO is
mediated by cell cycle arrest, apoptosis, and autophagy, which involve a symphony of
mechanisms (Figure 21B), including downregulation of survivin, Akt, STAT3, Mcl-1, B-cell
lymphoma-2 (Bcl-2) and cdc-p15, and upregulation of caspase-3, phosphatase and tensin
homolog, Bcl-2 associated killer, Bax, Fas ligand, microRNA-429, matrix metalloproteinase-9,
Jun kinase, cyclin B1, cdc25c¢, and cdc2-p161 (T. C. Chen, Chien, Wu, & Chen, 2016; Fan et al.,
2017; Fang et al., 2014; Han et al., 2016; J. Huang et al., 2015; Khan, Bi, et al., 2015; T. J. Lee et

al., 2006; Y. L. Li et al., 2016; Liu, Huang, Wu, & Wen, 2016; Meng et al., 2015; Peng et al.,
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2015; L. Wei, Jin, Cao, & Li, 2016; Wu et al., 2017; F. Yang et al., 2017; Zhu et al., 2011; Zou
et al., 2015). EVO-induced autophagy in human glioblastoma cells is mediated by Jun kinase,
Bcl-2, and elevation of Bax, intracellular calcium, and induction of ROS/nitric oxide (A. J. Liu,
S. H. Wang, K. C. Chen, et al., 2013; A.J. Liu, S. H. Wang, S. Y. Hou, et al., 2013). The
antitumor activity of EVO has been explored in athymic mouse models of human hepatocellular
carcinoma, colon cancer, and renal carcinoma (Wu et al., 2016; J. Yang et al., 2013; C. Zhang et
al., 2010). The anticancer activity of EVO in hepatocellular cancer (Figure 21B) may be
attributed to its ability to suppress B-catenin—mediated angiogenesis (L. Shi et al., 2016). In
contrast, EVO suppressed the growth of human renal carcinoma cells in vivo by inducing
phosphorylation of Bcl-2 (Wu et al., 2016). In addition, EVO targeted breast cancer stem-like
cells by activating p53 and p21 expression (Han et al., 2016). In gastric cancer stem cells, EVO
inhibited proliferation via inhibition of the Wingless/B-catenin pathway (Wen et al., 2015).

EVO has been shown to induce apoptosis in drug-resistant human cancer cells. EVO
displays antiproliferative activity in camptothecin-resistant human leukemia cells (Pan et al.,
2012).The mechanism of EVO-induced G2/M arrest involves the inhibition of topoisomerase 1
and 2 (Y. C. Lee et al., 2015). Similarly, EVO induces cell cycle arrest in Taxol-resistant ovarian
cancer cells and in Adriamycin-resistant human breast cancer cells (Liao et al., 2005; Zhong,
Tan, Wang, Qiang, & Wang, 2015). EVO triggers apoptosis in human colon cancer cells
resistant to oxaliplatin and cisplatin (Ogasawara, Matsubara, & Suzuki, 2001; Wen et al., 2015).
EVO sensitizes human cancer cells to the apoptotic effects of chemotherapeutic agents. EVO
synergizes with doxorubicin and gemcitabine to produce increased apoptosis in breast cancer and
pancreatic cancer cells, respectively (S. Wang et al., 2014; W. T. Wei et al., 2012). Likewise,

EVO enhances the efficacy of erlotinib in human lung cancer and in human ovarian cancers (Y.
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L. Lietal., 2016). Moreover, EVO sensitizes U§7MG human glioblastoma cells to the
proapoptotic effects of tumor necrosis factor-related apoptosis-inducing ligand. Hu et al., (2016)
observed that EVO sensitizes human gastric cancer cells to the growth-suppressive effects of
radiotherapy in vitro and in vivo (Hu et al., 2016). In addition to promoting apoptosis in various
cancer cells, EVO alters the ATP-binding cassette subfamily G member 2 breast cancer—resistant
protein transporter to increase chemosensitivity of colorectal cancer cells. EVO was not a
substrate inhibitor of ABCG2, as EVO diminished ABCG2 protein expression in HCT-116/L-
OHP cells, which increased cancer chemosensitivity to cisplatin (Sui et al., 2016). Additional
studies are needed to explore whether EVO can modify ABCG2 protein expression in other
cancer cells.

EVO displays antimigratory, anti-invasive, and anti-metastatic activity in human lung
cancer, breast cancer, and nasopharyngeal cancer cells in vitro and in mouse models. EVO exerts
anti-metastatic activity by multiple mechanisms, such as regulation of matrix metalloproteinase-
3 activity, p38 kinase activity, extracellular signal-regulated kinase activity, and Janus
kinase/STAT pathway, and downregulation of phosphoglucose isomerase (Du et al., 2013; Peng
etal., 2015; Zhao et al., 2015).

RUT is the second major alkaloid isolated from E. rutaecapra. It is a potent agonist of
TRPVI1 (Ivanova & Spiteller, 2014). RUT displayed antiproliferative activity in three-
dimensional spheroid models of human breast cancer cells (Guo et al., 2016). The antineoplastic
activity of EVO and RUT has led to intense research involving design and synthesis of second-
generation EVO-like or RUT-like analogs with improved anticancer activity (Figure 21B). The

reader is referred to some excellent reviews on this subject (Y. H. Hong et al., 2010; Li-Weber,
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2013; Song et al., 2013; Yu et al., 2013). Further studies are needed to investigate whether
TRPV1 signaling pathway plays a role in the anticancer activity of EVO and Rut.
Resiniferatoxin

The capsaicin analog resiniferatoxin (RTX; Figure 20B8) is a tricyclic diterpene isolated
from the latex of the cactus plant Euphorbia resinifera (Iadarola & Gonnella, 2013). RTX is one
of the most potent TRPV1 agonists ever described in literature (D. C. Brown, 2016). As can be
seen in the figure above, the structure of capsaicin and RTX closely resembles each other, except
that Region C is a diterpene moiety of the daphnane class (Carnevale & Rohacs, 2016).
Furthermore, pharmacophore clustering and docking studies reveal a close similarity between the
two compounds (Athanasiou et al., 2007; Carnevale & Rohacs, 2016; Elokely et al., 2016; Hartel
etal., 2006; Y. H. Lee, Im, Kim, & Lee, 2016). Based on previous studies, four sites represent
the pharmacophore of RTX, as follows: 1) 4-hydroxy-3-methoxyphenyl, 2) C20 ester, 3) C3-
keto, and 4) orthophenyl groups (X. F. Huang et al., 2013). The growth-inhibitory activity of
RTX has been investigated in multiple human cancer cells. Of these, RTX caused robust
apoptosis in human bladder cancer cell lines (T24, 5637) and in athymic mouse models
xenografted with T24 bladder cancer cells (Farfariello et al., 2014). However, it did not trigger
cell death in normal human urothelial cells. This observation is interesting because RTX
selectively targeted human bladder cancer cells, but not the normal urothelial cells.

RTX mimics capsaicin-producing selective apoptosis for human cancer cells while
sparing the normal cells (Lau et al., 2014). However, RTX differs by inducing prolonged cell
cycle arrest (within GO phase) in IEC-18 rat ileal epithelial cells. Such differences can be
explained by the fact that the IEC-18 is an immature epithelial cell line derived from rat

intestinal crypt, and therefore its growth characteristics cannot be compared with normal primary
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adult epithelial cells (Frey et al., 2004). Additionally, species-specific differences between rat
and human cell lines may explain the varying response of RTX between IEC-18 and normal
urothelial cells. In agreement with other studies, the growth-suppressive effects of RTX were
found to be independent of TRPV1 receptor and involved a decrease of cyclin D1 at mRNA and
protein levels (Frey et al., 2004). The compound resiniferanol-9, 13, 14 ortho-phenylacetate
(ROPA) is a hydrolysis product of RTX (Figure 20B9). Frey et al., (2004) investigated the
growth-inhibitory activity of ROPA on [EC-18 cells (Frey et al., 2004). ROPA was found to
induce a transient protein kinase C—dependent cell cycle arrest in G phase. The cell cycle—
inhibitory effects of ROPA were accompanied by a decrease in cyclin D1 levels and
simultaneous upregulation of p21 expression (Figure 22A) (Frey et al., 2004). In contrast, RTX
did not have any effect on p21 levels in IEC-18 cells. A remarkable observation was that the
growth- inhibitory activity of ROPA as well was found to be independent of the TRPV1 receptor
family (Frey et al., 2004). The apoptotic activity of RTX was mediated by diverse mechanisms
(Figure 22A) such as mitochondrial depolarization, generation of reactive oxygen species,
suppression of mitochondrial respiration, blockage of protein kinase C, inhibition of cyclin D1,
and induction of p21%a/CiP! (Athanasiou et al., 2007; Farfariello et al., 2014; Hartel et al., 2006;

Vercelli et al., 2014; Ziglioli et al., 2009).
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Figure 22. Signal transduction pathways mediating the antitumor activity of natural
capsaicinoids
(A) RTX and ROPA. (B) DHC.

Dihydrocapsaicin

The capsaicin analog dihydrocapsaicin (DHC) differs from capsaicin in the hydrophobic
Region C. It contains a saturated bond between C6 and C7 carbon atoms of Region C (Figure
20B2). DHC is less pungent than capsaicin based on the Scoville heat unites. The anticancer
activity of DHC has been observed in several human cancer cell lines, including human breast
cancer cells, colon cancer cells, and gliomas (Oh et al., 2008; Oh & Lim, 2009). A majority of
these studies have been done in cell culture. An intriguing observation was that DHC showed
greater growth-inhibitory activity than capsaicin in these cell lines. The growth-inhibitory effects
of DHC (Figure 22B) were mediated via cell cycle arrest, apoptosis, and autophagy inhibition of
cellular metabolism (Halme et al., 2016; Oh et al., 2008). The antitumor activity of DHC was
observed in athymic mouse models of human gliomas as well (Xie et al., 2016). However, the
drawback with DHC is that it has pungent and irritant properties like capsaicin (Schneider, Seul3-

Baum, & Schlich, 2014).
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ANTINEOPLASTIC ACTIVITY OF SYNTHETIC CAPSAICIN ANALOGS
N-Acylvanillamides

Among all synthetic analogs of capsaicin, the N-acylvanillamides (N-AVAMSs) are of the
most extensively researched for their analgesic activity (X. F. Huang et al., 2013; Kobata et al.,
2010; Melck et al., 1999). There are numerous studies that have investigated their anticancer
activities in diverse human cancer cell lines (Sanchez-Sanchez et al., 2015; Sancho et al., 2003;
Stock et al., 2012). This class of compounds is modified in the hydrophobic Region C of
capsaicin (Figure 23). Early studies experimented with substituting the acyl side chain with
saturated long-chain lipophilic groups. However, these compounds were inactive (Melck et al.,
1999). The introduction of long-chain unsaturated fatty acids fully restored the analgesic activity
of these compounds. The N-AVAMs are non-pungent and do not have the unfavorable side
effects of capsaicin. Structure activity studies experimented with the magnitude of unsaturation
in these side chain and the length of the side chain to yield capsaicin analogs with improved
analgesic activity and binding profile to TRPV1 (X. F. Huang et al., 2013). Recent studies
examined the growth-inhibitory activity of these unsaturated N-AVAMs (UN-AVAMs). Tuoya
et al., (2006) demonstrated that the UN-AVAM dohevanil (Figure 23A) induced a greater
magnitude apoptosis in MCF-7 human breast cancer cells than capsaicin in vitro (Tuoya et al.,
2006). Appendino et al., (2005) synthesized a panel of UN-AVAM compounds with varying
affinity for human TRPV1 receptor (Appendino et al., 2005; Appendino, Minassi, Morello, De
Petrocellis, & Di Marzo, 2002). Of these compounds, several studies have investigated the
growth-inhibitory activity of olvanil (Figure 23B), rinvanil (Figure 23C), and
phenylacetylrinvanil (PhAR; Figure 23D). The 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assays showed that olvanil decreased the viability of C6 rat
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glioma cells and EFM-19 breast cancer cells (Figure 24) (X. F. Huang et al., 2013; Melck et al.,
1999). Apart from being a potent TRPV 1 agonist, these compounds displayed weak binding and
activation of cannabinoid receptor 1 (CB1) and competitively inhibited the anandamide
membrane transporter. Luviano et al., (2014) studied the growth-inhibitory activity of rinvanil
and PhAR in J774, P388, and WEHI-3 mouse leukemic cell lines (Figure 24). PhAR showed
improved growth-inhibitory activity relative to rinvanil and capsaicin in all of the cell lines
studied (Luviano et al., 2014). Additionally, PhAR displayed some selectivity for leukemic cell
lines relative to normal mouse bone marrow cells (Luviano et al., 2014). However, contradictory
findings were found later by Sanchez-Sanchez et al., (2015), who analyzed the antiproliferative
and cytotoxic activity in a panel of human cervical cancer cell lines, namely HeLa, CaSki, and
ViBo. The growth-inhibitory activity of these compounds varied from cell line to cell line and
did not correlate with their binding profile to human TRPV1 receptor (Sanchez-Sanchez et al.,
2015). The researchers also observed that rinvanil showed selective growth-inhibitory effects on
the cervical cancer cells relative to normal lymphocytes, whereas PhAR showed no selectivity
between normal and tumor cells (Sanchez-Sanchez et al., 2015). Such variance in results may be
attributed to the nature of the cancer, species-specific differences (human cell lines versus mouse
cell lines) and the disparity in the methodology used in the two studies. Whereas the studies
performed by Luviano et al., (2014) studied the growth- inhibitory effects of PhAR and rinvanil
by the Sulforhodamine B assay, Sanchez-Sanchez et al., (2015) used the lactate dehydrogenase
assay to evaluate the effect of PhAR and rinvanil on normal lymphocytes (Luviano et al., 2014;

Sanchez-Sanchez et al., 2015).
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Figure 23. A panel of UN-AVAMs that have been investigated for their growth-suppressive
activity in cell culture or mice models

(A) Dohevanil. The first number in the rectangular brackets indicates the chain length and the
number after the colon indicates the number of double bonds. For example: [C22:6] written next
to dohevanil means dohevanil has a chain length of 22 carbon atoms and 6 double bonds in this
alkyl side chain. (B) Olvanil [C18:1]. (C) Rinvanil [C18:1]. (D) Phenylacetylrinvanil [C18:1].
(E) Arvanil [C20:4].

Di Marzo et al., (2002) developed arvanil, an extremely powerful TRPV1 agonist (Figure
23E). Arvanil is a very potent agonist of the TRPV1 and CB1 receptor (Di Marzo et al., 2002). It
also induces robust inhibition of anandamide membrane transporter and fatty acid amide
hydroxylase (De Petrocellis, Bisogno, Davis, Pertwee, & D1 Marzo, 2000; D1 Marzo et al., 2002;
Glaser et al., 2003; Melck et al., 1999). Experiments in cell culture systems showed that arvanil

suppressed the growth of C6 mouse glioma cells, Jurkat human T-cell leukemia cells, human
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breast cancer cells (MCF-7, T-47D, and EFM-19 cell lines), and prostate cancer cells (DU145,
PPC-1, and TSU cell lines; Figure 24) (De Lago et al., 2006; Di Marzo, Melck, De Petrocellis, &
Bisogno, 2000; W. Li & Moorell, 2014; Melck et al., 1999; Sancho et al., 2003). A majority of
these studies showed that the growth-suppressive activity of arvanil was independent of TRPV1
and CB1 receptor (Melck et al., 1999). Stock et al., (2012) investigated the antineoplastic activity
of arvanil in HG-astrocytoma cells organotypically grown in mouse brain slices (Figure 24).
Arvanil suppressed the growth of HG-astrocytoma at a relatively low concentration of 50 nM
(Stock et al., 2012). Subsequently, Stock et al., (2012) confirmed the antineoplastic activity of
arvanil in HG-astrocytoma tumors implanted in immunocompromised severe combined
immunodeficiency mice. They observed that arvanil suppressed the tumor growth rate of HG
astrocytomas better than temozolomide (the standard of care for astrocytoma patients). The
survival time of mice administered with arvanil was greater than vehicle-treated mice (Stock et
al., 2012). This study administered a combination of arvanil and temozolomide, which showed
an increase in survival times compared with either agent administered alone or mice
administered with vehicle only (Stock et al., 2012). Stock et al., (2012) observed that the
anticancer activity of arvanil in human astrocytomas was dependent on the TRPV1 receptor only
(Stock et al., 2012). These results are divergent from those found in human breast and prostate
cancer cells (Melck et al., 1999). Such different observations may be due to differences in the
cell biology of neuronal and non-neuronal human cancer cells. Small cell lung cancer is a
neuroendocrine tumor characterized by rapid doubling time, aggressive clinical course, and a
dismal 5-year survival rate. The N-AVAMs arvanil and olvanil suppressed the invasion of
human small cell lung cancer cell lines via the 5° AMP-activated protein kinase pathway (Hurley

etal., 2017).
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RPF, Epoxide-Based Analogs

de-Sa-Junior et al., (2013) synthesized a capsaicin mimetic called RPF101 (Figure 25A).
The structure of RPF101 differs from capsaicin, primarily in Region B, where the amide group
has been replaced by a bioisosteric sulfonamide (de-Sa-Junior et al., 2013). The alkyl side chain
in Region C was replaced with a benzene moiety. The antiproliferative and apoptotic activity of
RPF101 in MCF-7 human breast cancer was greater than capsaicin. RPF101 caused cell
shrinkage and pyknosis (Figure 24) in three-dimensional spheroid cultures of MCF-7 cells (de-
Sa-Junior et al., 2013). RPF101 caused a disruption of mitochondrial membrane potential,
dysregulation of microtubule formation, and mitotic catastrophe to induce cell cycle arrest and
apoptosis in human breast cancer cells (Figure 24) (de-Sa-Junior et al., 2013). The research
group further modified RPF101 to produce an analog RPF151 (Figure 25B) with better stability
and aqueous solubility properties (Ferreira et al., 2015). In addition, RPF151 displayed lower
hyperalgesia relative to capsaicin. MTT assays showed that RPF151 decreased cell viability
better than capsaicin in MDA-MB-231 human breast cancer cells. However, RPF151 did not
differentiate between MCF-10A normal human breast epithelial cells and breast cancer cells
(Ferreira et al., 2015). The mechanism of action of RPF151 was divergent from RPF101.
RPF151 induced cell cycle arrest at S-phase with concomitant decrease in cyclin A, D1, and D3
(Figure 24). RPF151 also induced apoptosis in MDA-MB-231 cells via downregulation of p21,
reduction of mitochondrial membrane potential, and activation of the tumor necrosis factor—
related apoptosis-inducing ligand pathway (Ferreira et al., 2015). The antineoplastic activity of
RPF151 was analyzed by nude mice model of human breast cancer, where it showed higher
antitumor activity than capsaicin. Most remarkably, the growth-suppressive activity of RPF151

is independent of the TRPV1 receptor.
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Figure 24. Signaling pathways underlying the antiproliferative and proapoptotic activity of
synthetic capsaicin analogs

Lewinska et al., (2015) synthesized a constrained capsaicin analog that contained an
epoxide motif in Region C of the capsaicin (Figure 25C). The growth-suppressive activity of
capsaicin epoxide (CE) compared with capsaicin was studied in a diverse array of cell lines using
the MTT assay (Lewinska, Chochrek, Smolag, Rawska, & Wnuk, 2015). Both capsaicin and CE
did not reduce the viability of human dermal fibroblasts. However, CE decreased the viability of
NIH/3T3 murine embryonic fibroblasts better than capsaicin (Lewinska, Chochrek, et al., 2015).

The varying results in this study could be due to species and lineage differences between human
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dermal fibroblasts and the NIH/3T3 cells. Similarly, the growth-inhibitory activity of CE was
found to be better than capsaicin in prostate cancer, breast cancer, cervical cancer, and renal
cancer cell lines. The human breast cancer cell line MCF-7 was found to be most responsive to
CE-induced cell death (Lewinska, Chochrek, et al., 2015). CE was shown to trigger robust

apoptosis in these cell lines by inducing oxidative stress (Figure 24).
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Figure 25. Capsaicin analogs containing a sulfonamide and epoxide motif in their structure
trigger apoptosis in human cancer cells
(A) RPF101. (B) RPF151. (C) Capsaicin epoxide.
Miscellaneous Capsaicin Analogs.

The TRPV1 antagonist capsazepine (Figure 26A) displayed potent antitumor activity in
human prostate cancer and osteosarcoma cells (J. K. Huang et al., 2006; J. H. Lee et al., 2017;

Teng et al., 2004). Gonzales et al., (2014) showed that capsazepine suppressed the growth of

human oral squamous cell carcinoma in cell culture and xenograft models in athymic mice
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(Gonzales et al., 2014). The apoptotic activity of capsaicin was found to be independent of
TRPV1 (J. K. Huang et al., 2006). The apoptotic activity of capsazepine was induced by
endoplasmic reticulum stress, increase of ROS, followed by increase of intracellular calcium in a
phospholipase C—independent pathway (Figure 27). Capsazepine was also found to be an
inhibitor of Janus kinase/STATS3 signaling in prostate cancer cells (J. K. Huang et al., 2006).
Capsazepine also sensitized A549 lung cancer cells to radiation therapy (Nishino et al., 2016).
Thomas et al., (2007, 2011, 2012) synthesized the capsaicin analog nonivamide (Figure 26B),
which decreased the viability of the immortalized human lung epithelial cell line BEAS-2B
overexpressing TRPV1 (referred in this work as TRPV1-OE cells) (Thomas et al., 2011; Thomas
et al., 2012; Thomas et al., 2007). Nonivamide and its analog N-(3-4
dihydroxybenzyl)nonivamide (Figure 26C) displayed potent growth-suppressive activity in
TRPV1-OE cells, and this process was mediated by the ROS oxidative stress pathway (Thomas
et al., 2007). Damiao et al., (2014) synthesized a variety of capsaicin analogs (Figure 26 C-E)
and tested for their cytotoxicity in BI6F10 (mouse melanoma), SK-MEL-28 (human melanoma),
NCI-H1299, NCI-H460 (human lung cancer), SK-BR-3, and MDA-MB-231 (human breast
cancer) cell lines (Damiao et al., 2014). The capsaicin analog N-(benzo[d] [1,3]dioxol-5-
ylmethyl)-4-methoxybenzamide (Figure 26D) decreased the viability of human NCI-H1299 cells
and mouse melanoma cells, comparable to capsaicin. Benzo[d][1,3]dioxol-5-ylmethyl
hexanonate (Figure 26E) showed greater growth-inhibitory activity in SK-MEL-28 cells than
capsaicin (Damiao et al., 2014), whereas its growth-suppressive effects are similar to capsaicin in
mouse melanoma cells. Furthermore, the authors performed exploratory data analysis and
molecular modeling on these both, N-(benzo[d][1,3]dioxol-5-ylmethyl)-4-methoxybenzamide

and benzo[d][1,3]dioxol-5-ylmethyl hexanonate. These in silico experiments suggested that aryl
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amides, esters, and alkyl esters may be promising scaffolds to develop capsaicin mimetics with
improved anticancer activity (Damiao et al., 2014). The compound MRS1477 (Figure 26F), a
positive allosteric modulator of TRPV1, was found to be very robust in inducing apoptosis in
human breast cancer cells in vifro and in athymic mouse model (Naziroglu et al., 2017). The
growth-inhibitory effects of MRS1477 were observed at five-fold lower concentration relative to
capsaicin. The proapoptotic activity of MRS1477 was mediated by the TRPV1 receptor

(Naziroglu et al., 2017).
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Figure 26. Miscellaneous capsaicin analogs that display growth-inhibitory activity in
human and mouse cancer cell lines

(A) Capsazepine, a TRPV1 antagonist. (B) Nonivamide. (C) N-(3-4
dihydroxybenzyl)nonivamide. (D) N-(Benzo[d][1,3]dioxol-5-ylmethyl)-4-methoxybenzamide
(N-BMB). (E) Benzo[d][1,3]dioxol-5yl-methyl hexanonate (BMH).
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Figure 27. Molecular mechanisms underlying the apoptotic activity of capsazepine and
nonivamide
CONCLUSIONS AND FUTURE DIRECTIONS

The nutritional compound capsaicin has shown potent anticancer activity in multiple
human cancers. However, the therapeutic potential of capsaicin has been limited by its
unpleasant side effects. This has led to intense research focused on the discovery and design of
natural and synthetic capsaicin-like compounds. A variety of natural capsaicinoids has been
isolated from peppers and other natural sources. Similarly, synthetic capsaicin analogs have been
designed by manipulating the pharmacophore of capsaicin. Another aim of the rational design of
capsaicin analogs has been to find compounds that will display better bioactivity and greater
therapeutic index. A promising class of synthetic non-pungent capsaicin mimetics are long-chain

unsaturated N-AVAMs. An exciting development in the field of capsaicin analogs has been the

synthesis of allosteric TRPV1 modulators for cancer therapy. However, a majority of these
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capsaicin mimetics have been tested for their analgesic activity and not their anticancer activity.
The growth-inhibitory activity of some capsaicin analogs has been predominantly analyzed in
cell culture and not in animal models. Such data underline the importance of examining the
antineoplastic of different types of synthetic capsaicin mimetics in athymic mouse and patient-
derived xenograft models. Capsaicin, capsiate, and EVO have been shown to display potent
antiangiogenic activity in both cell culture and mouse models. In contrast, there are no reports of
the antiangiogenic activity of other natural and synthetic capsaicin analogs. Another promising
area of research is the combinatorial anticancer activity of these capsaicin analogs with
conventional chemotherapy or radiation. The development of non-pungent second-generation
capsaicin mimetics with anticancer and antiangiogenic activity will pave the way for novel
treatment regimens in human cancers.
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CHAPTER 5: ANTI-CANCER ACTIVITY OF SYNTHETIC CAPSAICINOIDS IN
SMALL CELL LUNG CANCER
INTRODUCTION

Small cell lung cancer (SCLC) represents 15-20% of all lung cancer cases. SCLC is
characterized as being aggressive showing rapid growth and quick dissemination (Bunn et al.,
2016; Herbst, Heymach, & Lippman, 2008; Kalemkerian et al., 2013). Frequently, patients are
already in the extensive stage of disease at diagnosis, with the five-year survival rate being
almost non-existent. One of the major obstacles with SCLC treatment is its pervasiveness for
developing resistance to first line platinum-based chemotherapeutic options (Alvarado-Luna &
Morales-Espinosa, 2016; S. L. Wood et al., 2015). After resistance has developed, patients have
limited options for the next step of their treatment. Chemotherapeutic approaches typically only
extend a patient’s life by 4-8 months, emphasizing both the severity of the disease and the
continued lack of efficacious therapeutic modalities (Bunn et al., 2016; Latimer & Mott, 2015).
The lack of successful treatment options has plagued patients diagnosed with SCLC for decades.
The search for novel compounds or drugs to treat or augment chemotherapy currently used to
treat SCLC is imperative to improving response to therapy and reducing the mortality rates
associated with this disease (Alvarado-Luna & Morales-Espinosa, 2016; Bunn et al., 2016;
Koinis et al., 2016; Polley et al., 2016).

Capsaicin, the major pungent compound in chili peppers, has been studied extensively
for its analgesic properties. Along with being a potent analgesic, it has also been shown to have
anti-cancerous properties in a handful of malignancies such as lung cancer, prostate cancer and
melanoma (Basith et al., 2016; K. C. Brown et al., 2010; Lau et al., 2014; Meral et al., 2014;

Patowary, Pathak, Zaman, Raju, & Chattopadhyay, 2017). Capsaicin is an agonist of the
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transient receptor potential vanilloid (TRPV) family of receptors which can sense heat. This
receptor is why a chili pepper elicits a noxious heat sensation (Chapa-Oliver & Mejia-Teniente,
2016; Chow et al., 2007; Clark & Lee, 2016; Diaz-Laviada & Rodriguez-Henche, 2014;
Friedman et al., 2018; Lau et al., 2014; Shintaku et al., 2012). The clinical application of
capsaicin is hindered by its unpleasant side effect profile related to the heat sensation of
capsaicin (Basith et al., 2016; Patowary et al., 2017). Despite being a proven analgesic,
gastrointestinal burning, diarrhea, and abdominal discomfort are just a few of the many adverse
reactions reported by patients when being treated in clinical trials (Fuhrer et al., 2011; Hammer,
2006). The frequency of patient discontinuation of capsaicin therapy renders many trial
outcomes useless, making the proposal and implementation of capsaicin as a medicinal agent
challenging. One potential solution to this issue is to investigate the use of natural and synthetic
analogs of capsaicin (here after called capsaicinoids), both of which have also been shown to be
potent analgesics with similar anti-cancer effects of capsaicin (Appendino et al., 2002; Di Marzo
et al., 2002; X. F. Huang et al., 2013; Janusz et al., 1993). Due to the structural similarity and the
comparable analgesic activity of many of these capsaicinoids, it is plausible that these
compounds may also maintain similar, if not better, anti-cancer properties (potentially due, in
part, to therapeutic tolerability). In fact, previous studies have shown that non-pungent long-
chain capsaicinoids prevented invasion of lung cancer cells more effectively than capsaicin,
suggesting that further investigation to evaluate their potential clinical use is warranted (Hurley
etal., 2017).

The studies presented in this chapter evaluate the anti-cancer capabilities and mechanism
of capsaicinoids in SCLC. In order to compare the antineoplastic abilities of capsaicinoids to that

of capsaicin, a variety of assays were performed. We evaluated the cytotoxic potency of a panel
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of synthetic capsaicinoids to induce cell death in three SCLC cell lines first by MTT assay and
then by measuring caspase-3 activity, as well as a cell death ELISA. Following the evaluation of
the anti-cancer properties of multiple capsaicinoids, the most potent capsaicinoid was chosen to
further investigate the anti-cancer mechanisms of action and to compare it to that of capsaicin,
which had been established in previous studies by our laboratory (Lau et al., 2014). The selected
synthetic capsaicinoids evaluated in these studies are considered to be non-pungent, which
means they lack the adverse clinical side effects that are reported for capsaicin. The overall aim
of these studies was to determine if the synthetic capsaicinoids provide an equal, if not better
anti-cancer agent than capsaicin, and to evaluate and compare their mechanisms of action to that
of capsaicin. Identifying non-pungent capsaicinoid compounds with equivalent or greater
potency than capsaicin, in conjunction with understanding their mechanism of cytotoxicity, will
greatly benefit the search for adjuvant therapy options with potential to augment current
standard-of-care chemotherapeutic regimens and improve patient response and survival rates.
METHODS

Reagents

Capsaicin, arvanil, olvanil, BAPTA-AM (1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-
tetraacetic acid tetrakis(acetoxymethyl ester), Ruthenium Red (RR), AM-281, and calpeptin were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Livanil and Linvanil were synthesized by
our collaborator Dr. John Rimaldi at the University of Mississippi. All cell culture reagents,
including RPMI-1640, FBS, Trypsin-EDTA, and HEPES, were purchased from American Type
Culture Collection (ATCC; Manassas, VA, USA). Sodium pyruvate, glucose, and penicillin-
streptomycin solutions were obtained from Corning (NY, USA). Alveolar Epithelial Cell

Medium was purchased from ScienCell Research Laboratory.
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Figure 28. The molecular structures of capsaicin, olvanil, livanil, linvanil, and arvanil
The first number following the compound names in the brackets denotes the chain length. The
number following the colon represents the number of double bonds within the chain. For
example: Capsaicin has a 9-carbon chain with one double bond and is designated [C9:1].

Cell culture

Three human SCLC cell lines were utilized: NCI-H69 (H69), NCI-H82 (H82), and DMS
114. H69 is considered a classical representative SCLC cell line, isolated from a 55-year-old
male. H82 is a variant SCLC cell line, isolated from a 40-year-old. Both cell lines were isolated
from men via pleural effusion (Broers et al., 1988; Carney et al., 1985; Gazdar, Carney, Nau, &
Minna, 1985). DMS 114 is a human SCLC cell line isolated from a 68-year-old male and
characterized by Pettengill et al., (1980). Both H69 and H82 are suspension cell lines which
grow in aggregates. DMS 114 is an adherent cell line (Pettengill et al., 1980). All three cell lines
were grown and maintained in RPMI-1650 with 2 mM glutamine, 25 mM HEPES, 1 mM sodium
pyruvate, 4.5 g/L glucose, 100 units/mL penicillin, 100 units/mL streptomycin and 10% fetal
bovine serum (Friedman et al., 2017; Lau et al., 2014). All cell lines were purchased from ATCC
and grown in accordance with their suggestions. They were maintained in an incubator at 37°C
and 5% COa.. These cell lines have been widely utilized in SCLC studies and possess
characteristics similar to human patients (Broers et al., 1988; Carney et al., 1985; Pettengill et al.,
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1980). Human pulmonary alveolar epithelial (HPAEpiC) cells were purchased from ScienCell
Research Laboratory. HPAEpiCs were used to represent “normal” lung cells. They were
maintained in Alveolar Epithelial Cell Medium (basal medium) supplemented with 10% of fetal
bovine serum, 1% epithelial cell growth supplement, and 1% penicillin/streptomycin solution in
accordance with the supplier’s suggestions. They were maintained in an incubator at 37°C and
5% COa.
Treatment of cultured cells

Cells were grown to 70-80% confluency. Cells were then treated with each compound at
varying concentrations (10 nM, 100 nM, 1 uM, 2.5 uM, 5 uM, 10 uM, 20 uM) for 24 hours with
RPMI-1640 + 1% FBS. Vehicle controls were treated with 0.2% DMSO. When cells were
treated with BAPTA-AM (10 uM), RR (1 uM), or AM-281 (10 uM) the inhibitors were added
45 minutes before the capsaicinoid.
Preparation of lysates

Cell lysates were prepared according to a previously established protocol (Brown et al.,
2010). Cells were harvested, washed 3 times with cold PBS and added to M2 Lysis Buffer (20
mM Tris, pH 7.6, 0.5% IGEPAL CA-630, 250 mM NacCl, 3 mM EGTA, 3 mM EDTA, 4 uM
DTT, 5 mM PMSF, 1 mM sodium fluoride, 1 mM sodium orthovanadate, 25 ug/ml leupeptin, 5
pug/ml pepstatin, 5 pug/ml aprotinin and 25 pg/ml trypsin-chymotrypsin inhibitor). The lysates
were incubated on an orbital rocker at 4°C for 40 minutes, and cleared by centrifugation at
15,000 g for 15 minutes at 4°C. The supernatants were collected and stored at -80°C. Protein

concentrations were determined by Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA).
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Cell viability assay

Cells were seeded in 96-well plates at a density of 1.0 x 10* cells per well and allowed to
incubate for 24 hours to reduce cell stress. The cells were treated in RPMI + 1% FBS in triplicate
with each compound and concentration as indicated. After 24-hour incubation the cells were
analyzed using an MTT cell viability assay. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) was added to the cells and allowed to incubate for 2-4 hours.
During this time, viable cells reduced the MTT to purple formazan. The media was removed and
DMSO was added to solubilize the formazan. Absorbance was measured at 540 nm in a
microplate reader. Each cell line was performed independently with each compound in triplicate
on the plate. Each plate was performed three times. The cell viability of the treatment groups
were compared to the vehicle controls.
Caspase-3 activity assay

The colorimetric Caspase-3 Activity Assay was purchased from EMD Millipore
(Cambridge, MA) and run in accordance with the manufacturer’s specifications, using 100-150
ng protein aliquot in a 96-well plate in duplicate. Lysates were normalized using the Bradford
protein quantification method. The Caspase-3 Activity Assay detects the chromophore p-
nitroaniline (pNA). Following addition of the DEVD-pNA substrate to the cell lysate, pNA is
released following cleavage of the substrate by active Caspase-3. Optical density of pNA was
detected at 405 nm using a microplate reader. This assay was performed twice on three
independent sets of cell lysates (n=6). The procedure was repeated for all cell lines.
Cell death ELISA

The Roche Cell Death Detection sandwich ELISA was purchased from Roche. The

supplied 96-wells are precoated with anti-histone antibodies. Nucleosomes associated with
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apoptosis bind to the anti-histone antibodies if they are present in the sample. A secondary
antibody (anti-DNA-POD) with a reporter peroxidase was then added. Color change following
addition of the ABTS solubilizing solution was then analyzed by measuring absorbance at 405
nm (reference wavelength approximately 490 nm) with a microplate reader to provide a
quantitative reading. Due to the specificity of the antibodies to apoptotic-associated
nucleosomes, this assay shows apoptosis but not necrosis-related cell death. The manufacturer’s
protocol was followed using the previously described cell lysates normalized by Bradford protein
quantification method. The absorbance value of untreated control cells was set as 1 and the
absorbance of the compound treated cells were reported as a fold increase in cell death relative to
the control. The protocol was identical for all cell lines.
Calpain activity assay

SCLC cells were treated with either calpeptin or BAPTA-AM (10 uM) 45 minutes prior
to adding 20 uM arvanil in RPMI media containing 1% FBS, as described above, for 24 hours.
Cells were harvested and washed twice with PBS. Lysates were made using the provided buffer
in the Sensolyte 520 Calpain Activity Assay Kit (Anaspec, Freemon, CA, USA). Two hundred
micrograms of lysates were used and incubated with 50 pL of calpain substrate for 60 minutes at
37°C. The assay was performed according to manufacturer’s specifications. Fluorescence was
measured in a microplate reader with an excitation wavelength of 490 nm and an emission
wavelength of 520 nm.
Statistical analysis

Data were analyzed and plotted using GraphPad Prism 5 Software, Inc (La Jolla, CA,

USA), and represented as the mean + the standard deviation. The results were compared by one-
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way analysis of variance (ANOVA) followed by a Tukey post-hoc multiple comparison test.
Data were considered significant at p<0.05.
RESULTS

Arvanil, linvanil, and livanil reduce cell viability in SCLC cell lines

Initial experiments were conducted to evaluate the effects of four capsaicinoid
compounds on cell viability in three SCLC cell lines. Previously published studies from our
laboratory found that 10 uM capsaicin has no effect on the cell viability of SCLC cell lines; thus
10 uM capsaicin was selected as the reference concentration for comparing the potency of the
capsaicinoid compounds (Hurley et al., 2017). To evaluate and compare the cytotoxic potency of
the capsaicinoid compounds relative to capsaicin, cell viability was measured by MTT assay
following a 24-hour treatment of each cell line with 10 uM capsaicinoid (arvanil, linvanil,
livanil, olvanil; Figure 28) or 10 uM capsaicin. In H69 cells there was a significant decrease in
cell viability following treatment with 10 uM of arvanil, linvanil, and livanil but not olvanil or
capsaicin (Figure 29A). Livanil decreased cell viability by about 20%, while linvanil decreased
cell viability by about 30%. These findings were consistent in H82 (Figure 29B) and DMS 114
(Figure 29C) cells as well. Arvanil demonstrated the most potent effect on cell viability in all
three cell lines, decreasing cell viability by about 50% (Figure 29 A-C). Therefore, arvanil was

selected as the representative capsaisinoid in subsequent experiments.
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Figure 29. Effect of capsaicinoids on SCLC viability
The effect of capsaicin, olvanil, livanil, linvanil, and arvanil (10uM) on cell viability over 24
hours was compared in three SCLC cell lines by MTT assay; (A) H69, (B) H82 and (C) DMS
114. * denotes statistical difference from control. Data is represented as the mean = SD. * p
<0.05, ** p <0.01, *** p < 0.001.
Arvanil induces apoptotic cell death in SCLC cells but not normal lung cells

To elucidate the mechanism of cytotoxicity, each cell line was treated for 24 hours with a
concentration range of arvanil or capsaicin (10 nM, 100 nM, 1 uM, 2.5 uM, 5 uM, 10 uM, 20

uM) and caspase-3 activity was measured. Arvanil significantly increased caspase-3 activity at

lower concentrations than the capsaicin treated cells. Capsaicin treatment failed to induce
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caspase-3 activity at all concentrations, in all cell lines. In H69 cells, arvanil significantly
induced caspase-3 activity starting at a concentration of 2.5 uM (Figure 30A). In H82 cells,
arvanil significantly induced caspase-3 activity at a concentration of 5 uM (Figure 30B). DMS
114 cells were found to be the most susceptible to arvanil, showing induced caspase-3 activity at
1 uM (Figure 30C). This showed that arvanil is more potent than capsaicin at inducing the

apoptotic pathway in human SCLC cells.
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Figure 30. Comparison of caspase-3 activity induced by arvanil and capsaicin in SCLC cell
lines

Caspase-3 Activity Assay was used to compare the ability of arvanil and capsaicin (at identical
concentrations; 10 nM, 100 nM, 1 uM, 2.5 uM, 5 uM, 10 uM, 20 uM) to induce caspase-3
activity at 24 hours in (A) H69, (B) H82 and (C) DMS 114 cells. Data is represented as the mean
+ SD. * denotes statistically different from control; p<0.05.

Next, we wanted to evaluate whether arvanil-induced cell death was selective for cancer
cells by analyzing arvanil-induced cell death in normal lung cells. In order to evaluate the effects

on normal cells, normal human pulmonary alveolar epithelial cells (HPAEpiCs) were treated for
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24 hours with either 20 uM arvanil or capsaicin. Twenty micromolar was selected due to the fact
that it was statistically significant in all three SCLC cell lines. Previous data from our laboratory
also suggests that 20 uM capsaicin is ineffective at inducing significant cell death in various lung
cancer cell lines. Neither compound caused a significant increase in caspase-3 activity in
HPAEpiC cells (Figure 31A). This was further examined using the cell death ELISA to verify
the caspase-3 activity assay. Again, treatment with 20 uM arvanil or capsaicin failed to cause a
significant increase in cell death activity in HPAEpiCs (Figure 31B). This data suggests that

arvanil may be capable of selectively killing cancer cells while leaving normal lung cells

unharmed.
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Figure 31. Effect of arvanil and capsaicin on caspase-3 activity and cell death in normal

human pulmonary alveolar epithelial cells
Caspase-3 activity and cell death were evaluated in HPAEpiC cells following 24 hour treatment

with 20 uM arvanil or capsaicin. Results of the (A) caspase-3 activity assay and (B) cell death
ELISA showed that neither arvanil nor capsaicin caused a significant increase in caspase-3
activity or cell death in HPAEpiCs. Data is represented as the mean + SD. Statistical significance

was considered at p<0.05.

Arvanil does not induce cell death via the TRPYV receptor in SCLC

Next, we wanted to evaluate the signaling pathways through which arvanil may be
Initiating its anti-cancerous properties. Capsaicin is considered the prototypical TRPV agonist,
and previous research in our laboratory has shown that capsaicin-induced cell death is TRPV6

receptor-dependent in SCLC (Lau et al., 2014). To evaluate whether arvanil-induced cell death is
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also TRPV receptor-dependent, we used Ruthenium Red (RR), a potent generalized TRPV
receptor antagonist, to evaluate its ability to abrogate the effects of arvanil in SCLC. If arvanil-
induced cell death is TRPV receptor-dependent, RR should be able to block the effects of
arvanil. Figure 32 shows that when SCLC were pretreated with 10 uM of RR, arvanil still

induced a significant increase in caspase-3 activity in the three SCLC cell lines.
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Figure 32. Effect of TRPV receptor inhibition on arvanil-induced caspase-3 activity in
SCLC

To evaluate the role of TRPV receptor activation in arvanil-induced apoptosis, caspase-3 activity
was measured in SCLC cell lines in response to10 pm arvanil (Arv) following pretreatment with
10 uM ruthenium red (RR). (A) In H69 cells arvanil still induced a significant increase in
caspase-3 activity in the presence of RR. Similar results were found in (B) H82 and (C) DMS
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114 cells. Data is represented as the mean = SD. Values represented by the same letter indicate
no statistical difference from each other at p<0.05.

To validate the caspase-3 activity assay, the lysates treated with RR were then used to
perform a cell death ELISA. As seen with caspase-3 activity, pretreatment with RR was unable
to inhibit arvanil-induced cell death in all SCLC cell lines, H69, H82, and DMS 114 (Figure 33).
The inability of RR to prevent arvanil from inducing caspase-3 activity or cell death suggests

that the anti-cancer effects of arvanil are TRPV receptor independent.
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Figure 33. Effect of TRPV receptor inhibition on arvanil-induced cell death in SCLC
Fold change of cell death was evaluated when arvanil (Arv) was treated with 10 uM ruthenium
red (RR) to see if it could reverse the anti-cancer activity. (A) In H69 cells arvanil was able to
induce significant increases in cell death, as well as in (B) H82 cells and (C) DMS 114 cells.
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Data is represented as the mean = SD. Values represented by the same letter indicate no
statistical difference from each other at p<0.05.

Arvanil does not induce cell death of SCLC via the cannabinoid 1 receptor

After finding that TRPV receptor inhibition had no effect on the anti-cancer properties of
arvanil, a literature review showed that arvanil is a cannabinoid 1 receptor (CB1) agonist (Di
Marzo et al., 2002). AM 281 is a selective CB1 antagonist. To evaluate whether arvanil-induced
cytotoxicity is dependent on CBI1 interaction, cells were treated with 1 uM AM 281 45 minutes
before being treated with 20 uM arvanil. Blocking the CB1 receptor had no effect on arvanil-
induced caspase-3 activity in all three SCLC cell lines (Figure 34). Similar results were found
when these treatment groups were assessed by cell death ELISA. AM 281 had no effect on
arvanil-induced cell death in SCLC cells (Figure 35). The inability of AM281 to prevent arvanil
from inducing caspase-3 activity or cell death suggests that the anti-cancer effects of arvanil are

CBI1 receptor independent.
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Figure 34. Effect of cannabinoid 1 receptor inhibition on arvanil-induced caspase-3 activity
in SCLC

To evaluate the role of the cannabinoid 1 receptor (CB1) in the anticancer activity of arvanil in
SCLC, caspase-3 activity was evaluated in response to arvanil (Arv) following pretreatment with
1 uM AM-281. Following treatment with AM-281 to inhibit the CB1 receptor, arvanil was still
capable of inducing a significant increase in caspase-3 activity in all three cell lines; (A) H69,
(B) H82 and (C) DMS 114. Data is represented as the mean + SD. Values represented by the
same letter indicate no statistical difference from each other at p<0.05.
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Figure 35. Effect of cannabinoid 1 receptor inhibition on arvanil-induced cell death in

SCLC
To evaluate the effect of CB1 receptor inhibition on arvanil-induced cell death, SCLC cells were

treated with arvanil following pretreatment with 1 uM AM-281. CB1 inhibition had no effect on
inhibiting arvanil-induced cell death in SCLC. Arvanil was able to induce significant cell death
in the presence of AM-281 in all three SCLC cell lines; (A) H69, (B) H82 and (C) DMS 114.
Data is represented as the mean = SD. Values represented by the same letter indicate no

statistical difference from each other at p<0.05.

Arvanil induces apoptosis via intracellular calcium and the calpain pathway in SCLC

Since arvanil did not appear to induce its activity via the same receptors utilized by
capsaicin, we wanted to evaluate intracellular mechanisms that may play a role in producing the
anti-cancer properties of arvanil in SCLC. Previous studies in the laboratory have demonstrated a
relationship between capsaicin and intracellular calcium signaling, which activates the calpain

pathway and leads to apoptosis (Friedman et al., 2017; Lau et al., 2014). To determine whether
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intracellular calcium also plays a role in the apoptotic signaling of arvanil, our investigations
used the chemical calcium chelator BAPTA-AM to evaluate the effect of calcium modulation on
arvanil-induced apoptosis in SCLC. When H69, H82 and DMS 114 SCLC cells were pretreated
with 10 uM BAPTA-AM, 20 uM arvanil failed to induce caspase-3 activity, which remained at
control levels (Figure 36). The results of this experiment were further verified using the cell
death ELISA. In line with the caspase-3 activity assay, BAPTA-AM was able to ablate the

induction of cell death by arvanil in all three SCLC cell lines (Figure 37).
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Figure 36. Effect of intracellular calcium chelator on arvanil-induced caspase-3 activity in
SCLC

To evaluate the role of intracellular calcium in the apoptotic activity of arvanil in SCLC,
caspase-3 activity was evaluated following treatment of three SCLC cell lines with arvanil in the
presence of 10 uM BAPTA-AM, a potent calcium chelator. Arvanil was unable to induce
caspase-3 activity in the presence of BAPTA-AM in (A) H69, (B) H82 and (C) DMS 114 cells.
Data is represented as the mean = SD. Values represented by the same letter indicate no

statistical difference from each other at p<0.05.
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Figure 37. Effect of intracellular calcium chelation on arvanil-induced cell death in SCLC
To evaluate the role of intracellular calcium in the anti-cancer activity of arvanil in SCLC, cell
death was evaluated following treatment of three SCLC cell lines with arvanil in the presence of
10 uM BAPTA-AM, a potent calcium chelator. Arvanil was unable to induce cell death in the
presence of BAPTA-AM in (A) H69, (B) H82 and (C) DMS 114 cells. Data is represented as the
mean + SD. Values represented by the same letter indicate no statistical difference from each

other at p<0.05.

Given that intracellular calcium appears to be involved in the apoptotic mechanism of
action of arvanil, we wanted to evaluate whether arvanil-induced modulation of intracellular
calcium also induced the calpain pathway similar to capsaicin. To evaluate the role of the calpain
pathway, SCLC cell lines were treated with arvanil in the presence of calpeptin, a calpain

pathway inhibitor. Treatment with calpeptin significantly inhibited the activity of arvanil as
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measured by caspase-3 activity assay in H69, H82, and DMS 114 SCLC cell lines (Figure 38),

which was further verified using the cell death ELISA (Figure 39).
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Figure 38. Effect of calpeptin on arvanil-induced caspase-3 activity in SCLC

To evaluate the role of the calpain pathway in arvanil-induced caspase-3 activity in SCLC,
caspase-3 activity was evaluated following treatment of three SCLC cell lines with 20 uM
arvanil in the presence of 10 uM calpeptin (Cal), a calpain pathway inhibitor. Calpeptin
effectively abrogated the anti-cancer activity of arvanil, as arvanil was unable to induce
apoptosis in the presence of calpeptin in all three cell lines; (A) H69, (B) H82 and (C) DMS 114
cells. Data is represented as the mean = SD. Values represented by the same letter indicate no
statistical difference from each other at p<0.05.
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Figure 39. Effect of calpeptin on arvanil-induced cell death in SCLC

To evaluate the role of the calpain pathway in the anti-cancer activity of arvanil, cell death was
evaluated in all three SCLC cell lines following treatment with 20 uM arvanil in the presence of
10 uM calpeptin (Cal), a calpain pathway inhibitor. Calpeptin effectively abrogated the anti-
cancer activity of arvanil, as arvanil was unable to induce cell death in the presence of calpeptin
in all three cell lines; (A) H69, (B) H82 and (C) DMS 114. Data is represented as the mean + SD.
Values represented by the same letter indicate no statistical difference from each other at p<0.05.

Arvanil causes increased calpain pathway activity in SCLC

To further verify that arvanil was inducing apoptosis in the SCLC cell lines via induction
of the calpain pathway, a calpain activity assay was performed using two of the cell lines, H69
and H82. The calpain activity assay measured the amount of active calpain proteases present in
cell lysates from cells that had been treated with arvanil, with or without pretreatment with

BAPTA-AM. In both H69 (Figure 40A) and H82 (Figure 40B), calcium chelation effectively
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prevented the induction of calpain activity in response to arvanil. This suggests that calcium
plays a role in the arvanil-induced calpain pathway activation in SCLC cells. To further verify
that activation of the calpain pathway plays a role in arvanil-induced cytotoxicity, a calpain
activity assay was performed again on cells treated with arvanil in the presence of calpeptin, a
calpain pathway inhibitor. Similar to the effects of BAPTA-AM, the presence of calpeptin
brought the arvanil-induced calpain activity to control levels in both SCLC cell lines (Figure 40C

and D).
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Figure 40. Arvanil-induced calpain activity in the presence of calcium chelator (BAPTA-
AM) and calpain pathway inhibitor (calpeptin)

To evaluate the role of the calpain pathway in the anti-cancer activity of arvanil, a calpain
activity assay was used following treatment of SCLC cell lines with 20 uM arvanil in the
presence or absence of 10 uM BAPTA-AM (calcium chelator) or 10 uM calpeptin (Cal; calpain
pathway inhibitor). Pretreatment with BAPTA-AM abrogated arvanil-induced calpain activity in
(A) H69 and (B) H82 SCLC cell lines. Similarly, calpeptin effectively abrogated arvanil-induced
calpain activity in (C) H69 and (D) H82 SCLC cell lines. Data is represented as the mean + SD.
Values represented by the same letter indicate no statistical difference from each other at p<0.05.

CONCLUSIONS AND DISCUSSION
Small cell lung cancer remains a malady in which there are few therapeutic options that
significantly improve patient survival (Alvarado-Luna & Morales-Espinosa, 2016). Initial
responses to the first-line platinum-based combination treatments, such as cisplatin, plus
etoposide may cause initial hope in patients, but the inevitability of relapse is rarely avoided

(Pietanza et al., 2015; S. L. Wood et al., 2015). The studies in this chapter provide evidence that
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synthetic capsaicinoids may provide unique viable options to improve clinical response in SCLC
treatment. One of the main problems with current chemotherapy options is the large incidence of
side effects and the lack of cell selectivity, given the fact that standard chemotherapy often kills
normal cells along with the cancer cells (McGowan et al., 2017; Oun et al., 2018; Willers,
Azzoli, Santivasi, & Xia, 2013). In these studies, we found arvanil to be efficacious in its ability
to kill SCLC cells while having no apparent negative effect on normal human pulmonary
alveolar epithelial cells. This suggests that arvanil may have the unique capacity to selectively
target cancerous cells while preserving normal cells in the surrounding tissue. Previous work
from our laboratory shows that in SCLC capsaicin induces apoptosis via the TRPV6 receptor
leading to increased activity of the calpain pathway (Lau et al., 2014). Despite its structural
similarity to capsaicin, arvanil’s anti-cancerous properties appear to be independent of both the
TRPV and CBI receptors, as shown in Figures 33-36. While it remains unclear which receptors
are responsible for eliciting arvanil’s anti-cancer properties in SCLC, the fact that arvanil does
not act via the TRPV receptor suggests that arvanil should not induce a heat sensation similar to
capsaicin, and supports other studies which indicate that arvanil is non-pungent. Lacking the heat
sensation would lead to a more tolerable side effect profile, promoting patient compliance with
therapy. One similarity capsaicin and arvanil have are the induction of the calpain pathway, with
the calcium chelator BAPTA-AM and calpain inhibitor calpeptin being able to reverse the
apoptotic activity seen in SCLC.

These studies provide evidence that arvanil induces elevated intracellular calcium levels,
which leads to calpain pathway activation in SCLC cells. Calpains are a family of calcium-
activated proteases. The source of intracellular calcium that activates calpain activity is thought

to be the mitochondria, the endoplasmic reticulum, or an influx of extracellular calcium
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(Harwood, Yaqoob, & Allen, 2005; Laszlo Kovacs, 2014; M. J. Lee, Kee, Suh, Lim, & Oh,
2009; Moretti et al., 2014; Ono et al., 2016; D. E. Wood & Newcomb, 1999). It is generally
accepted that calpains play a role in cellular apoptotic signaling, as well as necrotic signaling.
Due to the fact that arvanil treatment led to increased calpain activity as well as caspase-3
activity, it is logical to postulate that the calpain activity is responsible for triggering arvanil-
induced apoptosis in this model. Further studies would be necessary to determine the specific
mechanism by which the calpain pathway is activating apoptosis since calpains are involved in
so many different biological pathways. Calpains have a growing list of substrates, such as
apoptosis inducing factor (AIF), p53, Bax, Bid, PARP, and cytosolic proteins/enzymes
(Lopatniuk & Witkowski, 2011; Ozaki, Yamashita, & Ishiguro, 2009; Potz et al., 2016; D. E.
Wood et al., 1998). Future studies to evaluate the role of caspase and calpain activation in
capsaicinoid-induced cytotoxicity will need to be performed in order to understand how the two
pathways may work together or independently. These studies will further our understanding of
capsaicinoid-induced apoptosis and how they can potentially be used in conjunction with other
chemotherapeutic agents to bolster their activity, reduce side effects, and improve clinical
outcomes in SCLC.

Further studies are also needed to evaluate livanil and linvanil, which also demonstrated
favorable anti-cancer activity in SCLC. If these analogs act in a similar way, they could prove
useful in other cancer types, with survival rates comparable to SCLC. Identifying the
mechanisms of action could also lead to additional modification of the capsaicin molecule to
allow it to target specific receptors/proteins. Long term ramifications of such studies could lead
to further modifications based on capsaicin as the parent compound, to be used concurrently with

current chemotherapeutic treatments in SCLC, as well as other cancer types. The possibility of
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additional interventions for cancer that could augment or deviate from the commonly used

standard-of-care treatments leads to hope for patients who have run out of options.
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CHAPTER 6: CONCLUSIONS AND DISCUSSION

Over the past several decades, researchers have demonstrated that capsaicinoids display a
wide variety of biological and physiological activities. Many of these compounds, capsaicin in
particular, demonstrate analgesic, positive cardiovascular, anti-obesity, anti-inflammatory, and
anti-tumor effects. The studies presented in this dissertation focused heavily on the anti-tumor
effects of capsaicinoids in SCLC. Our goal was to substantiate and promote the use of
capsaicinoids as a relevant chemopreventive or adjuvant chemotherapeutic option that may lead
to the development of new and advanced treatment strategies for SCLC.

Despite a decrease in smoking rates, SCLC rates remain consistent (Bunn et al., 2016;
Cronin et al., 2018; Jamal et al., 2016). Efforts to develop effective therapeutic treatments for
SCLC have been hindered by a variety of obstacles (Alvarado-Luna & Morales-Espinosa, 2016;
Bunn et al., 2016; Pietanza et al., 2015). Of considerable challenge is the fact that the majority of
SCLC patients are frequently diagnosed in later stages of the disease, after the cancer has
metastasized to distant parts of the body. SCLC treatment is further complicated by the
frequency of patients with refractory disease (relapse less than 45 days post treatment), resistant
disease (relapse 45-90 days post treatment), or the rapid acquirement of chemoresistance to first
line treatments in patients presenting with therapy sensitive disease (relapse more than 90 days
post treatment) (Pietanza et al., 2015). Regardless of the initial classification, for those with
refractory SCLC, or those who acquire chemoresistance, second line treatments rarely work,
with the median survival in patients with relapsed disease ranging from two to six months (Foy
et al., 2017; Gazdar et al., 2017; Pietanza et al., 2015). Though some advances have been made
in NSCLC treatment with the use of targeted therapies like gefitinib or erlotinib, the primary

treatment for patients with SCLC has not changed in several decades and remains limited to
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platinum-based combination therapy in conjunction with radiotherapy (Latimer & Mott, 2015; S.
L. Wood et al., 2015). The complexity of SCLC and its classification as a recalcitrant cancer
underline the need to identify new novel treatment options that will improve patient response to
chemotherapy, reduce side effects, and offer improved overall outcomes (Zeman, Brzezniak, &
Carter, 2017).

In Chapter 2, we reviewed and discussed the potential of capsaicin to be utilized as an
adjunctive treatment option in combination with several clinically relevant and widely used
chemotherapeutics. Numerous studies demonstrated that not only is capsaicin an effective
monotherapy for potentially treating various cancer types, but it also demonstrates the capacity to
effectively improve the response to chemotherapeutic agents when used in combination (Basith
et al., 2016; Chapa-Oliver & Mejia-Teniente, 2016; Friedman et al., 2018; Srinivasan, 2016).
Our published data presented in Chapter 3 further supported such findings, successfully
demonstrating that capsaicin enhanced the anti-cancer activity of camptothecin, as evidenced by
a greater induction of apoptosis at lower concentrations than camptothecin alone in three
separate human SCLC cell lines. The presence of using a quantitative method to assess drug
synergy is also a somewhat rare feature of our study. A mathematical calculation method allows
for one to see if a drug combination is synergistic quantitatively, not just by the subjective
opinion of a researcher (Chou, 2010). Using the Chou-Talaly method to analyze the data, we
were able to demonstrate that the interaction of capsaicin and camptothecin was in fact
synergistic in the SCLC cell lines and not simply additive or antagonistic. Another point
verifying the synergistic effects was the use of 10 uM capsaicin to sensitize the SCLC cell lines
when we have shown that at that concentration, capsaicin does not cause any apoptotic activity in

these cells at 24 hours. In the CAM model, H69 xenografted tumors showed a significant
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increase in caspase-3 activity, as well as a significant decrease in tumor weight. Similar to the
previous studies in our laboratory, both the in vitro and in vivo models showed evidence of a rise
in intracellular calcium levels leading to increased calpain activity. The origin of the rise in
intracellular calcium is most likely due to an influx of calcium via the TRPV6 cation channel, as
documented in other studies (Lau et al., 2014). TRPV6 was shown to be expressed in the SCLC
cell lines utilized in our studies, and its role in the anti-cancer activity of capsaicin was
recognized by using siRNA knock down of TRPV6 to reverse the effects of capsaicin. Future
studies investigating capsaicin and camptothecin could utilize TRPV6 siRNA to evaluate its role
in the ability of capsaicin to augment the effect of camptothecin in SCLC cells. It also may be
advantageous to investigate a capsaicin/camptothecin treatment option in cancers which have
already been shown to have higher levels of TRPV6 levels, for example prostate, colon, breast,
thyroid, and ovarian carcinomas (Lehen'kyi, Raphael, & Prevarskaya, 2012).

Despite its potential to sensitize human SCLC to the antineoplastic activity of
camptothecin, capsaicin’s potent and pungent side effects are a challenge to patient compliance,
compromising its efficacy. For this reason, additional studies in our laboratory were conducted to
investigate the use of non-pungent synthetic capsaicinoids which lack the characteristic heat
sensation associated with capsaicin administration. These analogs would lack the common
gastrointestinal discomfort or burning sensation side effects which typically cause
discontinuation of treatment. In Chapter 4 we discussed in detail multiple aspects of both natural
and synthetically derived capsaicin analogs. Some of the most intriguing studies were the
derivatization of unsaturated N-acylvanillamides or UN-AVAMSs. These are compounds that
maintain the main pharmacophore or “head” region of the capsaicin molecule but vary in the

length and saturation of the hydrophobic fatty acid chain (Figure 23). These compounds are non-
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pungent and lack the negative side effects of capsaicin (Appendino et al., 2005; X. F. Huang et
al., 2013; Tuoya et al., 2006). While arvanil, our UN-AVAM of interest, was originally reported
to be both a CB1 and TRPV1 agonist, several anti-cancer studies have shown that arvanil
induces growth suppression independently of both CB1 and TRPV1 (Di Marzo et al., 2002;
Sancho et al., 2003). It was therefore of great interest to investigate the potential anti-cancer
activity of these capsaicinoids in SCLC.

Through our investigation discussed in Chapter 5, we found that arvanil was in fact able
to induce apoptosis in several SCLC cell lines, similar to capsaicin. To compare the efficacy and
potency of these capsaicin analogs, we chose to compare the effects of each compound to the
effects found for capsaicin at 10 uM, a concentration at which capsaicin was unable to induce
apoptosis in SCLC cell lines. Arvanil proved to be the most effective analog, inducing apoptosis
in one SCLC cell line at as low as 1 uM (Lau et al., 2014). Importantly, we also noted that
arvanil concentrations as high as 20 uM, which induced significant apoptosis and cell death in all
SCLC cell lines, had no effect on normal human lung cells in culture. If arvanil were to be
utilized in the clinic, not only would it lack capsaicin’s adverse side effect profile, but it appears
to have the highly beneficial advantage of targeting cancerous cells while leaving normal cells
intact. This finding is important given the commonly associated off target effects of conventional
chemotherapeutics (Chabner et al., 2011; Cheung-Ong et al., 2013; Dasari & Tchounwou, 2014;
McGowan et al., 2017; Oun et al., 2018; Tannock, 1989). The addition of an adjuvant therapy
such as arvanil could lower the required dose of a toxic chemotherapy and would help reduce the
side effects associated with normal tissue damage. As described in Chapter 2, the side effect

profiles of commonly used chemotherapeutic drugs are extensive and often lead to death of
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healthy tissue along with the cancerous tissue. If arvanil has little to no cytotoxic effects on
normal cells, its addition would not contribute further off targets effects.

Unlike our previous studies with capsaicin, which indicated a role for TRPV6 in the
mechanism of action, the anti-cancer activity of arvanil proved to be independent of the TRPV
receptor family, maintaining its antineoplastic activity in the presence of a general TRPV
receptor antagonist. Studies also showed that CB1 had no role in arvanil’s antineoplastic activity.
Despite these upstream differences, the anti-cancer mechanisms of arvanil did demonstrate some
similarities to capsaicin. When treating SCLC cell lines with arvanil, the membrane permeable
calcium chelator, BAPTA-AM, was able to reverse the effects, indicating a role for increased
intracellular calcium in arvanil’s anti-cancer effects. The origin of this calcium, however, is still
unclear. The rise in intracellular calcium level caused by capsaicin in SCLC cells was found to
be dependent on TRPV6 receptor activity, indicating that capsaicin most likely induced an influx
of calcium from the extracellular space via the 7TRPV6 receptor. To evaluate if increased
intracellular calcium is caused in part by a TRPV independent influx of extracellular calcium in
arvanil treated cells, further studies would be necessary, possibly by using a membrane
impermeable calcium chelator. Also similar to capsaicin, arvanil caused an increase in calpain
pathway activity. The mechanistic role of the calpain pathway in cancer is somewhat unclear;
however, calpains are known to play an important role in cell cycle regulation and in some
instances, have been shown to promote cell progression in cancer. Despite claims of calpains
being important in the development of cancer, it is also known that calpain activity is required
for a handful of chemotherapeutic agents, such as cisplatin (Leloup & Wells, 2011). If calpain
activity were inhibited, such chemotherapeutic drugs could be rendered ineffective at promoting

cell death by the inability to cleave vital signaling proteins like caspase-3. So, despite the
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knowledge of calpains’ interaction in the development of cancer, it is also a vital signaling
pathway involved in the induction of cell death when trying to treat cancer (Mandic et al., 2002;
Moretti et al., 2014). In this dissertation, increased calpain activity was implicated in causing cell
death with capsaicin and camptothecin treatments, as well as treatments with the capsaicinoid
arvanil alone. This may suggest that in SCLC, increasing calpain activity with capsaicinoids may
offer a means of intervention.

There is still much to learn about how arvanil may function as an anticancer agent. Future
studies from this research will investigate the downstream pathways involved in arvanil’s
signaling mechanism. Calpain related substrates involve many that are required for the induction
of apoptosis, like p53, PARP, BCL-2, BAX, Bid, AIF, and caspases (Harwood et al., 2005;
Leloup & Wells, 2011; Moretti et al., 2014). Identifying which substrates are cleaved/activated
in addition to caspase-3, would potentially identify additional targetable mechanisms for
capsaicinoids in SCLC. In vivo models of SCLC are also still lacking and will contribute greatly
to elucidating the effects of arvanil in SCLC. Currently, studies are being planned to utilize a
patient derived xenograft (PDX) mouse model of SCLC. These models more effectively mimic
the tumor microenvironment than other orthotopic or syngeneic mouse models. Furthermore, the
results from such studies are critical to supporting the development of much needed human trials
and applications.

I believe that the most promising research to come from continuing these studies will
ultimately be the development of clinical combination therapies with capsaicinoids such as
arvanil and chemotherapeutic agents. The ability of arvanil to show apoptotic activity equivalent
to capsaicin but at lower concentrations suggests it too might work at sensitizing human SCLC to

chemotherapeutic agents such as camptothecin. It would also be important to combine capsaicin
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and arvanil with additional chemotherapeutics, such as irinotecan, etoposide, or cisplatin, to see
if they are able to sensitize SCLC lines to a variety of agents. Irinotecan is commonly the second
line of treatment for SCLC. If combination with capsaicin or arvanil improves patient response it
would be extremely clinically relevant to patients with refractory or recurrent disease. Future
studies evaluating the efficacy of combination treatments with capsaicin or arvanil and
chemotherapy in chemoresistant cell lines will also greatly further the field and help identify new
treatment modalities for therapy resistant patients. Using cisplatin resistant cell lines to mimic
the common occurrence of SCLC relapse, would have very relevant translational implications.
Xenografts of the resistant cell lines or PDX models from patients whose tumor was resistant to
cisplatin would mimic a human patient and provide an insight to see if combination therapies
with capsaicin or arvanil would work in a clinic. If these compounds were proven effective
against resistant tumors, it would further support the development of new therapy modalities to
treat patients with resistant disease.

Unfortunately, treatment failure, harsh side effects, and chemotherapy resistance aren’t
issues limited to SCLC patients, as patients with nearly every type of cancer suffer many of the
same fates. An adjunctive treatment, such as capsaicin or arvanil, could prove helpful in treating
a multitude of cancer types. I believe that the use of capsaicin or arvanil in conjunction with an
FDA approved chemotherapeutic agent is the most viable and advantageous application of the
knowledge obtained in these studies. Arvanil has even greater possibilities due to its non-pungent
nature. The use of combination therapy with an already FDA approved drug allows for a fast
track into clinical application, which means patients could begin to use capsaicin and arvanil in
the near future. The universal use of naturally derived products as a means of medicinal

intervention supports the use of compounds like capsaicinoids in cancer intervention, and more
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importantly, analogs of natural compounds such as arvanil, may hold even more promise than
their natural parent compounds. The potential therapeutic uses of capsaicinoids and their
synthetic analogs as single drugs or combination therapies are just starting to become realized,

and is exciting for medical doctors, researchers, and patients alike.

144



REFERENCES

Altun, Z., Altun, K., Olgun, Y., Pamukoglu, A., & Olgun, N. (2016). Friendship of Capsaicin
and Cisplatin in HEI-OC1 Cells. The Journal of Laryncology & Otology, 130, S150-
S151.

Alvarado-Luna, G., & Morales-Espinosa, D. (2016). Treatment for small cell lung cancer, where
are we now?-a review. Transl Lung Cancer Res, 5(1), 26-38. doi1:10.3978/].issn.2218-
6751.2016.01.13

Amable, L. (2016). Cisplatin resistance and opportunities for precision medicine. Pharmacol
Res, 106, 27-36. doi:10.1016/j.phrs.2016.01.001

Amantini, C., Ballarini, P., Caprodossi, S., Nabissi, M., Morelli, M. B., Lucciarini, R., . . .
Santoni, G. (2009). Triggering of transient receptor potential vanilloid type 1 (TRPV1)
by capsaicin induces Fas/CD95-mediated apoptosis of urothelial cancer cells in an ATM-
dependent manner. Carcinogenesis, 30(8), 1320-1329. doi:10.1093/carcin/bgp138

Appendino, G., De Petrocellis, L., Trevisani, M., Minassi, A., Daddario, N., Moriello, A. S., . ..
Di Marzo, V. (2005). Development of the first ultra-potent "capsaicinoid" agonist at
transient receptor potential vanilloid type 1 (TRPV1) channels and its therapeutic
potential. J Pharmacol Exp Ther, 312(2), 561-570. doi:10.1124/jpet.104.074864

Appendino, G., Minassi, A., Morello, A. S., De Petrocellis, L., & Di Marzo, V. (2002). N-
Acylvanillamides: development of an expeditious synthesis and discovery of new acyl
templates for powerful activation of the vanilloid receptor. J Med Chem, 45(17), 3739-
3745.

Arakawa, M., Nakamura, K., Yamada, Y., Kato, K., Katsuda, R., Tobiume, M., . . . Hasegawa,
T. (2011). Intravesical administration of pirarubicin against superficial bladder cancer:
Relationship between tumor tissue concentration and exposure time in the bladder or
therapeutic effect. Exp Ther Med, 2(5), 901-905. doi:10.3892/etm.2011.315

Arcamone, F., Cassinelli, G., Fantini, G., Grein, A., Orezzi, P., Pol, C., & Spalla, C. (1969).
Adriamycin, 14-hydroxydaunomycin, a new antitumor antibiotic from S. peucetius var.
caesius. Biotechnol Bioeng, 11(6), 1101-1110. doi:10.1002/bit.260110607

Ardizzoni, A. (2004). Topotecan in the treatment of recurrent small cell lung cancer: an update.
Oncologist, 9 Suppl 6, 4-13. doi:10.1634/theoncologist.9-90006-4

145



Arzuman, L., Beale, P., Chan, C., Yu, J. Q., & Hugq, F. (2014). Synergism from combinations of
tris(benzimidazole) monochloroplatinum(II) chloride with capsaicin, quercetin, curcumin
and cisplatin in human ovarian cancer cell lines. Anticancer Res, 34(10), 5453-5464.

Arzuman, L., Beale, P., Yu, J. Q., & Huq, F. (2016). Synthesis of
tris(quinoline)monochloroplatinum(II) Chloride and its Activity Alone and in
Combination with Capsaicin and Curcumin in Human Ovarian Cancer Cell Lines.
Anticancer Res, 36(6), 2809-2818.

Asai, N., Ohkuni, Y., Kaneko, N., Yamaguchi, E., & Kubo, A. (2014). Relapsed small cell lung
cancer: treatment options and latest developments. Ther Adv Med Oncol, 6(2), 69-82.
doi:10.1177/1758834013517413

Athanasiou, A., Smith, P. A., Vakilpour, S., Kumaran, N. M., Turner, A. E., Bagiokou, D, . ..
Bates, T. E. (2007). Vanilloid receptor agonists and antagonists are mitochondrial
inhibitors: how vanilloids cause non-vanilloid receptor mediated cell death. Biochem
Biophys Res Commun, 354(1), 50-55. doi:10.1016/).bbrc.2006.12.179

Athira, K. V., Madhana, R. M., & Lahkar, M. (2016). Flavonoids, the emerging dietary
supplement against cisplatin-induced nephrotoxicity. Chem Biol Interact, 248, 18-20.
doi:10.1016/j.cbi.2016.02.005

Baboota, R. K., Murtaza, N., Jagtap, S., Singh, D. P., Karmase, A., Kaur, J., . . . Bishnoi, M.
(2014). Capsaicin-induced transcriptional changes in hypothalamus and alterations in gut
microbial count in high fat diet fed mice. J Nutr Biochem, 25(9), 893-902.
doi:10.1016/j.jnutbio.2014.04.004

Bai, L., Gao, C., Liu, Q., Yu, C., Zhang, Z., Cai, L., . . . Liao, X. (2017). Research progress in
modern structure of platinum complexes. Eur J Med Chem, 140, 349-382.
doi:10.1016/j.ejmech.2017.09.034

Banales, J. M., Cardinale, V., Carpino, G., Marzioni, M., Andersen, J. B., Invernizzi, P., . . .
Alvaro, D. (2016). Expert consensus document: Cholangiocarcinoma: current knowledge
and future perspectives consensus statement from the European Network for the Study of
Cholangiocarcinoma (ENS-CCA). Nat Rev Gastroenterol Hepatol, 13(5), 261-280.
doi:10.1038/nrgastro.2016.51

Basith, S., Cui, M., Hong, S., & Choti, S. (2016). Harnessing the Therapeutic Potential of
Capsaicin and Its Analogues in Pain and Other Diseases. Molecules, 21(8), 1-28.
d0i:10.3390/molecules21080966

146



Baskar, R., Dai, J., Wenlong, N., Yeo, R., & Yeoh, K. W. (2014). Biological response of cancer
cells to radiation treatment. Front Mol Biosci, 1, 24. doi:10.3389/fmolb.2014.00024

Bedard, K., & Krause, K. H. (2007). The NOX family of ROS-generating NADPH oxidases:
physiology and pathophysiology. Physiol Rev, 87(1), 245-313.
doi:10.1152/physrev.00044.2005

Bhutani M, P. A., Nair AS, Kunnumakkara AB, Guha S, Sethi G, et al. (2018). Editor's Note:
Capsaicin Is a Novel Blocker of Constitutive and Interleukin-6—Inducible STAT3
Activation. Clinical Cancer Research, 24(17), 4346. doi:0.1158/1078-0432.CCR-18-
2524

Bhutani, M., Pathak, A. K., Nair, A. S., Kunnumakkara, A. B., Guha, S., Sethi, G., & Aggarwal,
B. B. (2007). Capsaicin is a novel blocker of constitutive and interleukin-6-inducible
STATS3 activation. Clin Cancer Res, 13(10), 3024-3032. doi:10.1158/1078-0432.CCR-
06-2575

Bode, A. M., & Dong, Z. (2011). The two faces of capsaicin. Cancer Res, 71(8), 2809-2814.
doi:10.1158/0008-5472.CAN-10-3756

Bolisetty, S., Zarjou, A., & Agarwal, A. (2017). Heme Oxygenase 1 as a Therapeutic Target in
Acute Kidney Injury. Am J Kidney Dis, 69(4), 531-545. doi:10.1053/j.ajkd.2016.10.037

Borisa, A. C., & Bhatt, H. G. (2017). A comprehensive review on Aurora kinase: Small molecule
inhibitors and clinical trial studies. Eur J Med Chem, 140, 1-19.
doi:10.1016/j.ejmech.2017.08.045

Broers, J. L., Pahlplatz, M. M., Katzko, M. W., Oud, P. S., Ramaekers, F. C., Carney, D. N., &
Vooijs, G. P. (1988). Quantitative description of classic and variant small cell lung cancer
cell lines by nuclear image cytometry. Cytometry, 9(5), 426-431.
doi:10.1002/cyt0.990090504

Brown, D. C. (2016). Resiniferatoxin: The Evolution of the "Molecular Scalpel" for Chronic
Pain Relief. Pharmaceuticals (Basel), 9(3). doi:10.3390/ph9030047

Brown, K. C., Perry, H. E., Lau, J. K., Jones, D. V., Pulliam, J. F., Thornhill, B. A., . ..
Dasgupta, P. (2013). Nicotine induces the up-regulation of the alpha7-nicotinic receptor
(alpha7-nAChR) in human squamous cell lung cancer cells via the Sp1/GATA protein
pathway. J Biol Chem, 288(46), 33049-33059. do0i:10.1074/jbc.M113.501601

147



Brown, K. C., Witte, T. R., Hardman, W. E., Luo, H., Chen, Y. C., Carpenter, A. B, . . .
Dasgupta, P. (2010). Capsaicin displays anti-proliferative activity against human small
cell lung cancer in cell culture and nude mice models via the E2F pathway. PLoS One,
5(4), €10243. doi:10.1371/journal.pone.0010243

Bunn, P. A., Jr., Minna, J. D., Augustyn, A., Gazdar, A. F., Ouadah, Y., Krasnow, M. A., . ..
Hirsch, F. R. (2016). Small Cell Lung Cancer: Can Recent Advances in Biology and
Molecular Biology Be Translated into Improved Outcomes? J Thorac Oncol, 11(4), 453-
474. doi:10.1016/j.jtho.2016.01.012

Burchenal, J. H., Murphy, M. L., Ellison, R. R., Sykes, M. P., Tan, T. C., Leone, L. A, . ..
Rhoads, C. P. (1953). Clinical evaluation of a new antimetabolite, 6-mercaptopurine, in
the treatment of leukemia and allied diseases. Blood, 8(11), 965-999.

Cancer. (2018, 9/12/2018). Retrieved from https://www.who.int/news-room/fact-
sheets/detail/cancer

Canela, M. D., Noppen, S., Bueno, O., Prota, A. E., Bargsten, K., Saez-Calvo, G., . . . Liekens, S.
(2017). Antivascular and antitumor properties of the tubulin-binding chalcone TUB091.
Oncotarget, 8(9), 14325-14342. doi:10.18632/oncotarget.9527

Cao, X., Deng, X., & May, W. S. (2003). Cleavage of Bax to p18 Bax accelerates stress-induced
apoptosis, and a cathepsin-like protease may rapidly degrade p18 Bax. Blood, 102(7),
2605-2614. doi:10.1182/blood-2003-01-0211

Carnevale, V., & Rohacs, T. (2016). TRPV1: A Target for Rational Drug Design.
Pharmaceuticals (Basel), 9(3), E52. doi:10.3390/ph9030052

Carney, D. N., Gazdar, A. F., Bepler, G., Guccion, J. G., Marangos, P. J., Moody, T. W, . ..
Minna, J. D. (1985). Establishment and identification of small cell lung cancer cell lines
having classic and variant features. Cancer Res, 45(6), 2913-2923.

Caterina, M. J., Schumacher, M. A., Tominaga, M., Rosen, T. A., Levine, J. D., & Julius, D.
(1997). The capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature,
389(6653), 816-824. doi:10.1038/39807

Cenedeze, M. A., Goncalves, G. M., Feitoza, C. Q., Wang, P. M., Damiao, M. J., Bertocchi, A.
P., ... Camara, N. O. (2007). The role of toll-like receptor 4 in cisplatin-induced renal
injury. Transplant Proc, 39(2), 409-411. doi:10.1016/j.transproceed.2007.01.032

148



Cersosimo, R. J., & Hong, W. K. (1986). Epirubicin: a review of the pharmacology, clinical
activity, and adverse effects of an adriamycin analogue. J Clin Oncol, 4(3), 425-439.
doi:10.1200/JC0O.1986.4.3.425

Chabner, B. A., Bertino, J., Cleary, J. O., T., Lane, A., Suptko, J. G., & D., R. (2011).
Chemotherapy of Neoplastic diseases. In L. L. Brunton (Ed.), Goodman and Gilman's
The Pharmacological Basis of Therapeutics (pp. 1677-1731). New York: McGrawHill
Medical.

Chapa-Oliver, A. M., & Mejia-Teniente, L. (2016). Capsaicin: From Plants to a Cancer-
Suppressing Agent. Molecules, 21(8), E931. doi:10.3390/molecules21080931

Chatterjee, K., Zhang, J., Honbo, N., & Karliner, J. S. (2010). Doxorubicin cardiomyopathy.
Cardiology, 115(2), 155-162. doi:10.1159/000265166

Chen, F., Zhai, X., Zhu, C., & Lu, Y. (2015). Effects of capsaicin on pharmacokinetics of
pitavastatin in rats. Xenobiotica, 45(2), 171-176. doi:10.3109/00498254.2014.956848

Chen, J., Luan, Y., Yu, R., Zhang, Z., Zhang, J., & Wang, W. (2014). Transient receptor
potential (TRP) channels, promising potential diagnostic and therapeutic tools for cancer.
Biosci Trends, 8(1), 1-10.

Chen, M. C., Yu, C. H., Wang, S. W., Pu, H. F., Kan, S. F., Lin, L. C., . . . Wang, P. S. (2010).
Anti-proliferative effects of evodiamine on human thyroid cancer cell line ARO. J Cell
Biochem, 110(6), 1495-1503. doi:10.1002/jcb.22716

Chen, T. C., Chien, C. C., Wu, M. S., & Chen, Y. C. (2016). Evodiamine from Evodia rutaecarpa
induces apoptosis via activation of JNK and PERK in human ovarian cancer cells.
Phytomedicine, 23(1), 68-78. doi:10.1016/j.phymed.2015.12.003

Chen, Z., Shi, T., Zhang, L., Zhu, P., Deng, M., Huang, C., . . . Li, J. (2016). Mammalian drug
efflux transporters of the ATP binding cassette (ABC) family in multidrug resistance: A
review of the past decade. Cancer Lett, 370(1), 153-164.
doi:10.1016/j.canlet.2015.10.010

Cheung-Ong, K., Giaever, G., & Nislow, C. (2013). DNA-damaging agents in cancer
chemotherapy: serendipity and chemical biology. Chem Biol, 20(5), 648-659.
doi:10.1016/j.chembiol.2013.04.007

149



Cho, S. C., Lee, H., & Choi, B. Y. (2017). An updated review on molecular mechanisms
underlying the anticancer effects of capsaicin. Food Sci Biotechnol, 26(1), 1-13.
doi:10.1007/s10068-017-0001-x

Chou, T. C. (2008). Preclinical versus clinical drug combination studies. Leuk Lymphoma,
49(11), 2059-2080. doi:10.1080/10428190802353591

Chou, T. C. (2010). Drug combination studies and their synergy quantification using the Chou-
Talalay method. Cancer Res, 70(2), 440-446. doi:10.1158/0008-5472.CAN-09-1947

Chow, J., Norng, M., Zhang, J., & Chai, J. (2007). TRPV6 mediates capsaicin-induced apoptosis
in gastric cancer cells--Mechanisms behind a possible new "hot" cancer treatment.
Biochim Biophys Acta, 1773(4), 565-576. doi:10.1016/j.bbamcr.2007.01.001

Clark, R., & Lee, S. H. (2016). Anticancer Properties of Capsaicin Against Human Cancer.
Anticancer Res, 36(3), 837-843.

Crijnen, J., & De Reijke, T. M. (2018). Emerging intravesical drugs for the treatment of non
muscle-invasive bladder cancer. Expert Opin Emerg Drugs, 23(2), 135-147.
doi:10.1080/14728214.2018.1474201

Cronin, K. A., Lake, A. J., Scott, S., Sherman, R. L., Noone, A. M., Howlader, N., . . . Jemal, A.
(2018). Annual Report to the Nation on the Status of Cancer, part I: National cancer
statistics. Cancer, 124(13), 2785-2800. doi:10.1002/cncr.31551

Daher, S., Massarwa, M., Benson, A. A., & Khoury, T. (2018). Current and Future Treatment of
Hepatocellular Carcinoma: An Updated Comprehensive Review. J Clin Transl Hepatol,
6(1), 69-78. doi:10.14218/JCTH.2017.00031

Dai, N, Ye, R., He, Q., Guo, P., Chen, H., & Zhang, Q. (2018). Capsaicin and sorafenib
combination treatment exerts synergistic antihepatocellular carcinoma activity by
suppressing EGFR and PI3K/Akt/mTOR signaling. Oncol Rep, 40(6), 3235-3248.
doi:10.3892/0r.2018.6754

Damiao, M. C., Pasqualoto, K. F., Ferreira, A. K., Teixeira, S. F., Azevedo, R. A., Barbuto, J. A.,
... Parise-Filho, R. (2014). Novel capsaicin analogues as potential anticancer agents:
synthesis, biological evaluation, and in silico approach. Arch Pharm (Weinheim),
347(12), 885-895. doi:10.1002/ardp.201400233

150



Dasari, S., & Tchounwou, P. B. (2014). Cisplatin in cancer therapy: molecular mechanisms of
action. Eur J Pharmacol, 740, 364-378. doi:10.1016/j.ejphar.2014.07.025

Dasgupta, P., Rizwani, W, Pillai, S., Davis, R., Banerjee, S., Hug, K., . . . Chellappan, S. P.
(2011). ARRB1-mediated regulation of E2F target genes in nicotine-induced growth of
lung tumors. J Natl Cancer Inst, 103(4), 317-333. doi:10.1093/jnci/djq541

Davis, H. L., & Davis, T. E. (1979). Daunorubicin and adriamycin in cancer treatment: an
analysis of their roles and limitations. Cancer Treat Rep, 63(5), 809-815.

de Jong, M., Essers, J., & van Weerden, W. M. (2014). Imaging preclinical tumour models:
improving translational power. Nat Rev Cancer, 14(7), 481-493. doi:10.1038/nrc3751

De Lago, E., Gustafsson, S. B., Fernandez-Ruiz, J., Nilsson, J., Jacobsson, S. O., & Fowler, C. J.
(2006). Acyl-based anandamide uptake inhibitors cause rapid toxicity to C6 glioma cells
at pharmacologically relevant concentrations. J Neurochem, 99(2), 677-688.
doi:10.1111/3.1471-4159.2006.04104.x

De Petrocellis, L., Bisogno, T., Davis, J., Pertwee, R., & Di Marzo, V. (2000). Overlap between
the ligand recognition properties of the anandamide transporter and the VR1 vanilloid
receptor: inhibitors of anandamide uptake with negligible capsaicin- like activity. FEBS
Lett, 483(1), 52-56.

De Petrocellis, L., Schiano Moriello, A., Fontana, G., Sacchetti, A., Passarella, D., Appendino,
G., & Di Marzo, V. (2014). Effect of chirality and lipophilicity in the functional activity
of evodiamine and its analogues at TRPV'1 channels. Br J Pharmacol, 171(10), 2608-
2620. doi:10.1111/bph.12320

de-Sa-Junior, P. L., Pasqualoto, K. F., Ferreira, A. K., Tavares, M. T., Damiao, M. C., de
Azevedo, R. A., . .. Parise Filho, R. (2013). RPF101, a new capsaicin-like analogue,
disrupts the microtubule network accompanied by arrest in the G2/M phase, inducing

apoptosis and mitotic catastrophe in the MCF-7 breast cancer cells. Toxicol Appl
Pharmacol, 266(3), 385-398. doi:10.1016/j.taap.2012.11.029

Dehelean, C. A., Feflea, S., Gheorgheosu, D., Ganta, S., Cimpean, A. M., Muntean, D., & Amiji,
M. M. (2013). Anti-angiogenic and anti-cancer evaluation of betulin nanoemulsion in
chicken chorioallantoic membrane and skin carcinoma in Balb/c mice. J Biomed
Nanotechnol, 9(4), 577-589.

151



Di Marzo, V., Griffin, G., De Petrocellis, L., Brandi, 1., Bisogno, T., Williams, W., . . . Martin,
B. R. (2002). A structure/activity relationship study on arvanil, an endocannabinoid and
vanilloid hybrid. J Pharmacol Exp Ther, 300(3), 984-991.

Di Marzo, V., Melck, D., De Petrocellis, L., & Bisogno, T. (2000). Cannabimimetic fatty acid
derivatives in cancer and inflammation. Prostaglandins Other Lipid Mediat, 61(1-2), 43-
61.

Diaz-Laviada, 1., & Rodriguez-Henche, N. (2014). The potential antitumor effects of capsaicin.
Prog Drug Res, 68, 181-208.

Dilruba, S., & Kalayda, G. V. (2016). Platinum-based drugs: past, present and future. Cancer
Chemother Pharmacol, 77(6), 1103-1124. doi:10.1007/s00280-016-2976-z

Drewes, A. M., Schipper, K. P., Dimcevski, G., Petersen, P., Gregersen, H., Funch-Jensen, P., &
Arendt-Nielsen, L. (2003). Gut pain and hyperalgesia induced by capsaicin: a human
experimental model. Pain, 104(1-2), 333-341.

Du, J., Wang, X. F., Zhou, Q. M., Zhang, T. L., Lu, Y. Y., Zhang, H., & Su, S. B. (2013).
Evodiamine induces apoptosis and inhibits metastasis in MDAMB-231 human breast
cancer cells in vitro and in vivo. Oncol Rep, 30(2), 685-694. doi:10.3892/0r.2013.2498

Duan, L., Yan, Y., Sun, Y., Zhao, B., Hu, W., & Li, G. (2013). Contribution of TRPV1 and
multidrug resistance proteins in the permeation of capsaicin across different intestinal
regions. Int J Pharm, 445(1-2), 134-140. doi:10.1016/j.ijpharm.2013.02.007

Elokely, K., Velisetty, P., Delemotte, L., Palovcak, E., Klein, M. L., Rohacs, T., & Carnevale, V.
(2016). Understanding TRPV1 activation by ligands: Insights from the binding modes of
capsaicin and resiniferatoxin. Proc Natl Acad Sci U S A, 113(2), E137-145.
doi:10.1073/pnas.1517288113

Eriksson, D., & Stigbrand, T. (2010). Radiation-induced cell death mechanisms. Tumour Biol,
31(4), 363-372. doi:10.1007/s13277-010-0042-8

Erin, N., Boyer, P. J., Bonneau, R. H., Clawson, G. A., & Welch, D. R. (2004). Capsaicin-
mediated denervation of sensory neurons promotes mammary tumor metastasis to lung
and heart. Anticancer Res, 24(2B), 1003-1009.

152



Erin, N., Zhao, W., Bylander, J., Chase, G., & Clawson, G. (2006). Capsaicin-induced
inactivation of sensory neurons promotes a more aggressive gene expression phenotype
in breast cancer cells. Breast Cancer Res Treat, 99(3), 351-364. doi:10.1007/s10549-006-
9219-7

Evangelista, S. (2015). Novel therapeutics in the field of capsaicin and pain. Expert Rev Clin
Pharmacol, 8(4),373-375. doi:10.1586/17512433.2015.1044438

Fan, X., Zhu, J. Y., Sun, Y., Luo, L., Yan, J.,, Yang, X., .. . Liang, H. P. (2017). Evodiamine
Inhibits Zymosan-Induced Inflammation In Vitro and In Vivo: Inactivation of NF-
kappaB by Inhibiting IkappaBalpha Phosphorylation. Inflammation, 40(3), 1012-1027.
doi:10.1007/s10753-017-0546-0

Fang, C., Zhang, J., Qi, D., Fan, X., Luo, J., Liu, L., & Tan, Q. (2014). Evodiamine induces
G2/M arrest and apoptosis via mitochondrial and endoplasmic reticulum pathways in
H446 and H1688 human small-cell lung cancer cells. PLoS One, 9(12), €115204.
doi:10.1371/journal.pone.0115204

Farber, S., & Diamond, L. K. (1948). Temporary remissions in acute leukemia in children
produced by folic acid antagonist, 4-aminopteroyl-glutamic acid. N Engl J Med, 238(23),
787-793. doi:10.1056/NEJM194806032382301

Farfariello, V., Liberati, S., Morelli, M. B., Tomassoni, D., Santoni, M., Nabissi, M., . . .
Amantini, C. (2014). Resiniferatoxin induces death of bladder cancer cells associated
with mitochondrial dysfunction and reduces tumor growth in a xenograft mouse model.
Chem Biol Interact, 224, 128-135. doi:10.1016/j.cbi.2014.10.020

Fennell, D. A., Summers, Y., Cadranel, J., Benepal, T., Christoph, D. C., Lal, R., . . . Ferry, D.
(2016). Cisplatin in the modern era: The backbone of first-line chemotherapy for non-
small cell lung cancer. Cancer Treat Rev, 44, 42-50. doi:10.1016/j.ctrv.2016.01.003

Fernandes, E. S., Cerqueira, A. R., Soares, A. G., & Costa, S. K. (2016). Capsaicin and Its Role
in Chronic Diseases. Adv Exp Med Biol, 929, 91-125. doi:10.1007/978-3-319-41342-6 5

Ferreira, A. K., Tavares, M. T., Pasqualoto, K. F., de Azevedo, R. A., Teixeira, S. F., Ferreira-
Junior, W. A., . . . Parise-Filho, R. (2015). RPF151, a novel capsaicin-like analogue: in
vitro studies and in vivo preclinical antitumor evaluation in a breast cancer model.
Tumour Biol, 36(9), 7251-7267. doi:10.1007/s13277-015-3441-z

153



Foy, V., Schenk, M. W., Baker, K., Gomes, F., Lallo, A., Frese, K. K., . . . Blackhall, F. (2017).
Targeting DNA damage in SCLC. Lung Cancer, 114, 12-22.
do1:10.1016/j.lungcan.2017.10.006

Frey, M. R., Clark, J. A., Bateman, N. W., Kazanietz, M. G., Black, A. R., & Black, J. D. (2004).
Cell cycle- and protein kinase C-specific effects of resiniferatoxin and resiniferonol
9,13,14-ortho-phenylacetate in intestinal epithelial cells. Biochem Pharmacol, 67(10),
1873-1886. doi:10.1016/j.bcp.2004.02.006

Friedman, J. R., Nolan, N. A., Brown, K. C., Miles, S. L., Akers, A. T., Colclough, K. W, . ..
Dasgupta, P. (2018). Anticancer Activity of Natural and Synthetic Capsaicin Analogs. J
Pharmacol Exp Ther, 364(3), 462-473. doi:10.1124/jpet.117.243691

Friedman, J. R., Perry, H. E., Brown, K. C., Gao, Y., Lin, J., Stevenson, C. D., . . . Dasgupta, P.
(2017). Capsaicin synergizes with camptothecin to induce increased apoptosis in human
small cell lung cancers via the calpain pathway. Biochem Pharmacol, 129, 54-66.
doi:10.1016/j.bcp.2017.01.004

Friedman, J. R., Richbart, S. D., Merritt, J. C., Brown, K. C., Nolan, N. A., Akers, A. T., . ..
Dasgupta, P. (2019). Acetylcholine signaling system in progression of lung cancers.
Pharmacol Ther, 194, 222-254. doi:10.1016/j.pharmthera.2018.10.002

Fuertes, M. A., Alonso, C., & Perez, J. M. (2003). Biochemical modulation of Cisplatin
mechanisms of action: enhancement of antitumor activity and circumvention of drug
resistance. Chem Rev, 103(3), 645-662. doi1:10.1021/cr020010d

Fuhrer, M., Vogelsang, H., & Hammer, J. (2011). A placebo-controlled trial of an oral capsaicin
load in patients with functional dyspepsia. Neurogastroenterol Motil, 23(10), 918-e397.
doi:10.1111/j.1365-2982.2011.01766.x

Galluzzi, L., Senovilla, L., Vitale, 1., Michels, J., Martins, I., Kepp, O., . . . Kroemer, G. (2012).
Molecular mechanisms of cisplatin resistance. Oncogene, 31(15), 1869-1883.
doi:10.1038/onc.2011.384

Garufi, A., Pistritto, G., Cirone, M., & D'Orazi, G. (2016). Reactivation of mutant p53 by
capsaicin, the major constituent of peppers. J Exp Clin Cancer Res, 35(1), 136.
doi:10.1186/s13046-016-0417-9

154



Gavaraskar, K., Dhulap, S., & Hirwani, R. R. (2015). Therapeutic and cosmetic applications of
Evodiamine and its derivatives--A patent review. Fitoterapia, 106, 22-35.
doi:10.1016/j.fitote.2015.07.019

Gazdar, A. F., Bunn, P. A., & Minna, J. D. (2017). Small-cell lung cancer: what we know, what
we need to know and the path forward. Nat Rev Cancer, 17(12), 765.
doi:10.1038/nrc.2017.106

Gazdar, A. F., Carney, D. N., Nau, M. M., & Minna, J. D. (1985). Characterization of variant
subclasses of cell lines derived from small cell lung cancer having distinctive
biochemical, morphological, and growth properties. Cancer Res, 45(6), 2924-2930.

Glaser, S. T., Abumrad, N. A., Fatade, F., Kaczocha, M., Studholme, K. M., & Deutsch, D. G.
(2003). Evidence against the presence of an anandamide transporter. Proc Natl Acad Sci
US A, 100(7), 4269-4274. doi:10.1073/pnas.0730816100

Gokduman, K. (2016). Strategies Targeting DNA Topoisomerase I in Cancer Chemotherapy:
Camptothecins, Nanocarriers for Camptothecins, Organic Non-Camptothecin
Compounds and Metal Complexes. Curr Drug Targets, 17(16), 1928-1939.

Gomez-Sierra, T., Eugenio-Perez, D., Sanchez-Chinchillas, A., & Pedraza-Chaverri, J. (2018).
Role of food-derived antioxidants against cisplatin induced-nephrotoxicity. Food Chem
Toxicol, 120,230-242. doi:10.1016/j.fct.2018.07.018

Gonzales, C. B., Kirma, N. B., De La Chapa, J. J., Chen, R., Henry, M. A., Luo, S., &
Hargreaves, K. M. (2014). Vanilloids induce oral cancer apoptosis independent of
TRPV1. Oral Oncol, 50(5), 437-447. doi:10.1016/j.oraloncology.2013.12.023

Guha, P., Dey, A., Dhyani, M. V., Sen, R., Chatterjee, M., Chattopadhyay, S., &
Bandyopadhyay, S. K. (2010). Calpain and caspase orchestrated death signal to
accomplish apoptosis induced by resveratrol and its novel analog hydroxystilbene-1
[correction of hydroxstilbene-1] in cancer cells. J Pharmacol Exp Ther, 334(2), 381-394.
doi:10.1124/jpet.110.167668

Guo, H., Liu, D., Gao, B., Zhang, X., You, M., Ren, H., . . . Xu, F. (2016). Antiproliferative
Activity and Cellular Uptake of Evodiamine and Rutaecarpine Based on 3D Tumor
Models. Molecules, 21(7), E954. doi:10.3390/molecules21070954

Halme, M., Pesonen, M., Salo, H., Soderstrom, M., Pasanen, M., Vahakangas, K., & Vanninen,
P. (2016). Comparison of in vitro metabolism and cytotoxicity of capsaicin and

155



dihydrocapsaicin. J Chromatogr B Analyt Technol Biomed Life Sci, 1009-1010, 17-24.
doi:10.1016/j.jchromb.2015.11.042

Hammer, J. (2006). Effect of repeated capsaicin ingestion on intestinal chemosensation and
mechanosensation. Aliment Pharmacol Ther, 24(4), 679-686. doi1:10.1111/5.1365-
2036.2006.03022.x

Hammer, J., Fuhrer, M., Pipal, L., & Matiasek, J. (2008). Hypersensitivity for capsaicin in
patients with functional dyspepsia. Neurogastroenterol Motil, 20(2), 125-133.
doi:10.1111/5.1365-2982.2007.00997.x

Hammer, J., & Vogelsang, H. (2007). Characterization of sensations induced by capsaicin in the
upper gastrointestinal tract. Neurogastroenterol Motil, 19(4), 279-287.
doi:10.1111/§.1365-2982.2007.00900.x

Han, S., Woo, J. K., Jung, Y., Jeong, D., Kang, M., Yoo, Y. J., ... Kim, W. Y. (2016).
Evodiamine selectively targets cancer stem-like cells through the p53-p21-Rb pathway.
Biochem Biophys Res Commun, 469(4), 1153-1158. doi:10.1016/;.bbrc.2015.12.066

Hartel, M., di Mola, F. F., Selvaggi, F., Mascetta, G., Wente, M. N., Felix, K., . . . Friess, H.
(2006). Vanilloids in pancreatic cancer: potential for chemotherapy and pain
management. Gut, 55(4), 519-528. doi:10.1136/gut.2005.073205

Harwood, S. M., Yaqoob, M. M., & Allen, D. A. (2005). Caspase and calpain function in cell
death: bridging the gap between apoptosis and necrosis. Ann Clin Biochem, 42(Pt 6), 415-
431. doi:10.1258/000456305774538238

Hazan, A., Kumar, R., Matzner, H., & Priel, A. (2015). The pain receptor TRPV1 displays
agonist-dependent activation stoichiometry. Sci Rep, 5, 12278. doi:10.1038/srep12278

Heidelberger, C., Chaudhuri, N. K., Danneberg, P., Mooren, D., Griesbach, L., Duschinsky, R., .
.. Scheiner, J. (1957). Fluorinated pyrimidines, a new class of tumour-inhibitory
compounds. Nature, 179(4561), 663-666.

Herbst, R. S., Heymach, J. V., & Lippman, S. M. (2008). Lung cancer. N Engl J Med, 359(13),
1367-1380. doi:10.1056/NEJMra0802714

156



Hirsh, V. (2018). Turning EGFR mutation-positive non-small-cell lung cancer into a chronic
disease: optimal sequential therapy with EGFR tyrosine kinase inhibitors. Ther Adv Med
Oncol, 10, 1758834017753338. doi:10.1177/1758834017753338

Ho, J. W., & Cheung, M. W. (2014). Combination of phytochemicals as adjuvants for cancer
therapy. Recent Pat Anticancer Drug Discov, 9(3), 297-302.

Hoch-Ligeti, C. (1951). Production of liver tumours by dietary means; effect of feeding chilies
[Capsicum frutescens and annuum (Linn.)] to rats. Acta Unio Int Contra Cancrum, 7(3),
606-611.

Hollingshead, L. M., & Faulds, D. (1991). Idarubicin. A review of its pharmacodynamic and
pharmacokinetic properties, and therapeutic potential in the chemotherapy of cancer.
Drugs, 42(4), 690-719. doi:10.2165/00003495-199142040-00010

Hong, Y. H., Lee, W. J., Lee, S. H., Son, J. K., Kim, H. L., Nam, J. M., . . . Jahng, Y. (2010).
Synthesis and biological properties of benzo-annulated rutaecarpines. Bio/ Pharm Bull,
33(10), 1704-17009.

Hong, Z. F., Zhao, W. X., Yin, Z. Y., Xie, C. R., Xu, Y. P, Chi, X. Q., . . . Wang, X. M. (2015).
Capsaicin Enhances the Drug Sensitivity of Cholangiocarcinoma through the Inhibition
of Chemotherapeutic-Induced Autophagy. PLoS One, 10(5), e0121538.
doi:10.1371/journal.pone.0121538

Horita, N., Yamamoto, M., Sato, T., Tsukahara, T., Nagakura, H., Tashiro, K., . . . Kaneko, T.
(2015). Topotecan for Relapsed Small-cell Lung Cancer: Systematic Review and Meta-
Analysis of 1347 Patients. Sci Rep, 5, 15437. doi:10.1038/srep15437

Hormann, V., Kumi-Diaka, J., Durity, M., & Rathinavelu, A. (2012). Anticancer activities of
genistein-topotecan combination in prostate cancer cells. J Cell Mol Med, 16(11), 2631-
2636. doi:10.1111/j.1582-4934.2012.01576.x

Hu, C., Gao, X., Han, Y., Guo, Q., Zhang, K., Liu, M., . . . Wang, J. (2016). Evodiamine
sensitizes BGC-823 gastric cancer cells to radiotherapy in vitro and in vivo. Mol Med
Rep, 14(1), 413-419. d0i:10.3892/mmr.2016.5237

Huang, J., Chen, Z. H., Ren, C. M., Wang, D. X., Yuan, S. X., Wu, Q. X., . .. He, B. C. (2015).
Antiproliferation effect of evodiamine in human colon cancer cells is associated with
IGF-1/HIF-1alpha downregulation. Oncol Rep, 34(6), 3203-3211.
doi:10.3892/0r.2015.4309

157



Huang, J. K., Cheng, H. H., Huang, C. J., Kuo, C. C., Chen, W. C,, Liu, S. L., . . . Jan, C. R.
(20006). Effect of capsazepine on cytosolic Ca(2+) levels and proliferation of human
prostate cancer cells. Toxicol In Vitro, 20(5), 567-574. doi:10.1016/5.tiv.2005.09.014

Huang, X. F., Xue, J. Y., Jiang, A. Q., & Zhu, H. L. (2013). Capsaicin and its analogues:
structure-activity relationship study. Curr Med Chem, 20(21), 2661-2672.

Huh, H. C., Lee, S. Y., Lee, S. K., Park, N. H., & Han, I. S. (2011). Capsaicin induces apoptosis
of cisplatin-resistant stomach cancer cells by causing degradation of cisplatin-inducible
Aurora-A protein. Nutr Cancer, 63(7), 1095-1103. doi:10.1080/01635581.2011.607548

Hurley, J. D., Akers, A. T., Friedman, J. R., Nolan, N. A., Brown, K. C., & Dasgupta, P. (2017).
Non-pungent long chain capsaicin-analogs arvanil and olvanil display better anti-invasive
activity than capsaicin in human small cell lung cancers. Cell Adh Migr, 11(1), 80-97.
doi:10.1080/19336918.2016.1187368

ladarola, M. J., & Gonnella, G. L. (2013). Resiniferatoxin for Pain Treatment: An Interventional
Approach to Personalized Pain Medicine. Open Pain J, 6, 95-107.
doi:10.2174/1876386301306010095

Ishii, N., Maier, D., Merlo, A., Tada, M., Sawamura, Y., Diserens, A. C., & Van Meir, E. G.
(1999). Frequent co-alterations of TP53, p16/CDKN2A, pl14ARF, PTEN tumor
suppressor genes in human glioma cell lines. Brain Pathol, 9(3), 469-479.

Iusuf, D., Ludwig, M., Elbatsh, A., van Esch, A., van de Steeg, E., Wagenaar, E., . . . Schinkel,
A. H. (2014). OATP1A/1B transporters affect irinotecan and SN-38 pharmacokinetics

and carboxylesterase expression in knockout and humanized transgenic mice. Mo/
Cancer Ther, 13(2), 492-503. doi:10.1158/1535-7163.MCT-13-0541

Ivanova, B., & Spiteller, M. (2014). Evodiamine and rutaecarpine alkaloids as highly selective
transient receptor potential vanilloid 1 agonists. Int J Biol Macromol, 65, 314-324.
doi:10.1016/j.ijbiomac.2014.01.059

Jamal, A., Phillips, E., Gentzke, A. S., Homa, D. M., Babb, S. D., King, B. A., & Neff, L. J.
(2016). Current cigarette smoking among adults in the United States. Morbidity and
Mortality Weekly Report. 67. Retrieved from
https://www.cdc.gov/mmwr/volumes/67/wr/mm6702al.htm

158



Janusz, J. M., Buckwalter, B. L., Young, P. A., LaHann, T. R., Farmer, R. W., Kasting, G. B., . .
.etal. (1993). Vanilloids. 1. Analogs of capsaicin with antinociceptive and
antiinflammatory activity. J Med Chem, 36(18), 2595-2604.

Jara-Oseguera, A., Simon, S. A., & Rosenbaum, T. (2008). TRPV1: on the road to pain relief.
Curr Mol Pharmacol, 1(3), 255-269.

Jolivet, J., Cowan, K. H., Curt, G. A., Clendeninn, N. J., & Chabner, B. A. (1983). The
pharmacology and clinical use of methotrexate. N Engl J Med, 309(18), 1094-1104.
doi:10.1056/NEJM198311033091805

Jung, S. H., Kim, H. J., Oh, G. S., Shen, A., Lee, S., Choe, S. K., ... So, H. S. (2014). Capsaicin
ameliorates cisplatin-induced renal injury through induction of heme oxygenase-1. Mol
Cells, 37(3), 234-240. doi:10.14348/molcells.2014.2322

Kahnert, K., Kauffmann-Guerrero, D., & Huber, R. M. (2016). SCLC-State of the Art and What
Does the Future Have in Store? Clin Lung Cancer, 17(5), 325-333.
doi:10.1016/j.¢cl1c.2016.05.014

Kain, K. H., Miller, J. W., Jones-Paris, C. R., Thomason, R. T., Lewis, J. D., Bader, D. M., . ..
Zijlstra, A. (2014). The chick embryo as an expanding experimental model for cancer and
cardiovascular research. Dev Dyn, 243(2), 216-228. doi:10.1002/dvdy.24093

Kalemkerian, G. P., Akerley, W., Bogner, P., Borghaei, H., Chow, L. Q., Downey, R. J., . ..
National Comprehensive Cancer, N. (2013). Small cell lung cancer. J Natl Compr Canc
Netw, 11(1), 78-98.

Kan, S. F., Yu, C. H.,, Pu, H. F., Hsu, J. M., Chen, M. J., & Wang, P. S. (2007). Anti-proliferative
effects of evodiamine on human prostate cancer cell lines DU145 and PC3. J Cell
Biochem, 101(1), 44-56. d0i:10.1002/jcb.21036

Katayama, R., Nagata, S., lida, H., Yamagishi, N., Yamashita, T., & Furuhama, K. (2011).
Possible role of cysteine-S-conjugate beta-lyase in species differences in cisplatin
nephrotoxicity. Food Chem Toxicol, 49(9), 2053-2059. doi:10.1016/;.fct.2011.05.017

Khan, M., Bi, Y., Qazi, J. L., Fan, L., & Gao, H. (2015). Evodiamine sensitizes U87 glioblastoma
cells to TRAIL via the death receptor pathway. Mol Med Rep, 11(1), 257-262.
doi:10.3892/mmr.2014.2705

159



Khan, M., Maryam, A., Mehmood, T., Zhang, Y., & Ma, T. (2015). Enhancing Activity of
Anticancer Drugs in Multidrug Resistant Tumors by Modulating P-Glycoprotein through
Dietary Nutraceuticals. Asian Pac J Cancer Prev, 16(16), 6831-6839.

Kilari, D., Guancial, E., & Kim, E. S. (2016). Role of copper transporters in platinum resistance.
World J Clin Oncol, 7(1), 106-113. doi:10.5306/wjco.v7.i11.106

Klotz, L., Venier, N., Colquhoun, A. J., Sasaki, H., Loblaw, D. A., Fleshner, N., &
Venkateswaran, V. (2011). Capsaicin, a novel radiosensitizer, acts via a TRPV6 mediated
phenomenon. Journal of Clinical Oncology, 29(7).

Kobata, K., Saito, K., Tate, H., Nashimoto, A., Okuda, H., Takemura, I., . . . Watanabe, T.
(2010). Long-chain N-vanillyl-acylamides from Capsicum oleoresin. J Agric Food Chem,
58(6), 3627-3631. doi:10.1021/j904280z

Koinis, F., Kotsakis, A., & Georgoulias, V. (2016). Small cell lung cancer (SCLC): no treatment
advances in recent years. Transl Lung Cancer Res, 5(1), 39-50. doi:10.3978/j.issn.2218-
6751.2016.01.03

Kouroukis, T. C., Baldassarre, F. G., Haynes, A. E., Imrie, K., Reece, D. E., & Cheung, M. C.
(2014). Bortezomib in multiple myeloma: systematic review and clinical considerations.
Curr Oncol, 21(4), €573-603. doi:10.3747/c0.21.1798

Kuang, P., Chen, Z., Wang, J., Liu, Z., Wang, J., Gao, J., & Shen, L. (2017). Characterization of
Aurora A and Its Impact on the Effect of Cisplatin-Based Chemotherapy in Patients with
Non-Small Cell Lung Cancer. Transl Oncol, 10(3), 367-377.
doi:10.1016/j.tranon.2017.02.010

Kuhad, A., Pilkhwal, S., Sharma, S., Tirkey, N., & Chopra, K. (2007). Effect of curcumin on
inflammation and oxidative stress in cisplatin-induced experimental nephrotoxicity. J
Agric Food Chem, 55(25), 10150-10155. doi:10.1021/jf0723965

Lara, P. N., Jr.,, Moon, J., Redman, M. W., Semrad, T. J., Kelly, K., Allen, J. W., . . . Gandara, D.
R. (2015). Relevance of platinum-sensitivity status in relapsed/refractory extensive-stage
small-cell lung cancer in the modern era: a patient-level analysis of southwest oncology
group trials. J Thorac Oncol, 10(1), 110-115. doi:10.1097/JT0O.0000000000000385

Laszlo Kovacs, Y. S. (2014). The Critical Role of Calpain in Cell Proliferation. Journal of
Biomolecular Research & Therapeutics, 03(03). doi:10.4172/2167-7956.1000112

160



Latimer, K. M., & Mott, T. F. (2015). Lung cancer: diagnosis, treatment principles, and

Lau, J.

Lau, J.

Lau, J.

Lee, J.

screening. Am Fam Physician, 91(4), 250-256.

K., Brown, K. C., Dom, A. M., & Dasgupta, P. (2012). Capsaicin: Potential Applications
in Cancer Therapy. In P. P. N. Claudio, R. M. (Ed.), Nutrition and Cancer From
Epidemiology to Biology (pp. 15-25). London: Bentham Press.

K., Brown, K. C., Dom, A. M., Witte, T. R., Thornhill, B. A., Crabtree, C. M., . ..
Dasgupta, P. (2014). Capsaicin induces apoptosis in human small cell lung cancer via the
TRPV6 receptor and the calpain pathway. Apoptosis, 19(8), 1190-1201.
doi:10.1007/s10495-014-1007-y

K., Brown, K. C., Thornhill, B. A., Crabtree, C. M., Dom, A. M., Witte, T.R., . ..
Dasgupta, P. (2013). Inhibition of cholinergic signaling causes apoptosis in human
bronchioalveolar carcinoma. Cancer Res, 73(4), 1328-1339. doi:10.1158/0008-
5472.CAN-12-3190

H., Kim, C., Baek, S. H., Ko, J. H., Lee, S. G., Yang, W. M., . .. Ahn, K. S. (2017).
Capsazepine inhibits JAK/STAT3 signaling, tumor growth, and cell survival in prostate
cancer. Oncotarget, 8(11), 17700-17711. doi:10.18632/oncotarget. 10775

Lee, M. J., Kee, K. H., Suh, C. H., Lim, S. C., & Oh, S. H. (2009). Capsaicin-induced apoptosis

Lee, T.

is regulated by endoplasmic reticulum stress- and calpain-mediated mitochondrial cell
death pathways. Toxicology, 264(3), 205-214. doi:10.1016/j.t0x.2009.08.012

J., Kim, E. J., Kim, S., Jung, E. M., Park, J. W_, Jeong, S. H., .. . Kwon, T. K. (2006).
Caspase-dependent and caspase-independent apoptosis induced by evodiamine in human
leukemic U937 cells. Mol Cancer Ther, 5(9), 2398-2407. doi:10.1158/1535-7163.MCT-
06-0167

Lee, Y.C, Lee, C. H., Tsai, H. P., An, H. W., Lee, C. M., Wu, J. C., . .. Lin, C. M. (2015).

Targeting of Topoisomerase | for Prognoses and Therapeutics of Camptothecin-Resistant
Ovarian Cancer. PLoS One, 10(7), €0132579. doi:10.1371/journal.pone.0132579

Lee, Y. H.,Im, S. A., Kim, J. W., & Lee, C. K. (2016). Vanilloid Receptor 1 Agonists, Capsaicin

and Resiniferatoxin, Enhance MHC Class I-restricted Viral Antigen Presentation in
Virus-infected Dendritic Cells. Immune Netw, 16(4), 233-241.
doi:10.4110/in.2016.16.4.233

161



Legarza, K., & Yang, L. X. (2006). New molecular mechanisms of action of camptothecin-type
drugs. Anticancer Res, 26(5A), 3301-3305.

Lehen'kyi, V., Raphael, M., & Prevarskaya, N. (2012). The role of the TRPV6 channel in cancer.
J Physiol, 590(6), 1369-1376. doi:10.1113/jphysiol.2011.225862

Leloup, L., & Wells, A. (2011). Calpains as potential anti-cancer targets. Expert Opin Ther
Targets, 15(3),309-323. doi:10.1517/14728222.2011.553611

Levy, J. M. M., Towers, C. G., & Thorburn, A. (2017). Targeting autophagy in cancer. Nat Rev
Cancer, 17(9), 528-542. doi:10.1038/nrc.2017.53

Lewinska, A., Chochrek, P., Smolag, K., Rawska, E., & Wnuk, M. (2015). Oxidant-based
anticancer activity of a novel synthetic analogue of capsaicin, capsaicin epoxide. Redox
Rep, 20(3), 116-125. do0i:10.1179/1351000214Y.0000000113

Lewinska, A., Jarosz, P., Czech, J., Rzeszutek, 1., Bielak-Zmijewska, A., Grabowska, W., &
Wnuk, M. (2015). Capsaicin-induced genotoxic stress does not promote apoptosis in
AS549 human lung and DU145 prostate cancer cells. Mutat Res Genet Toxicol Environ
Mutagen, 779, 23-34. doi:10.1016/j.mrgentox.2015.02.003

Li, H., Krstin, S., Wang, S., & Wink, M. (2018). Capsaicin and Piperine Can Overcome
Multidrug Resistance in Cancer Cells to Doxorubicin. Molecules, 23(3).
doi:10.3390/molecules23030557

Li, W., & Moorell, B. M. (2014). The effect of Arvanil on prostate cancer cells studied by whole
cell high resolution magic angle spinning NMR. Modern Chemistry and Applications,
2(1), 119-123.

Li, Y. L., Pan, Y. N, Wu, W. J., Mao, S. Y., Sun, J., Zhao, Y. M., . . . Lin, N. M. (2016).
Evodiamine induces apoptosis and enhances apoptotic effects of erlotinib in wild-type
EGFR NSCLC cells via S6K1-mediated Mcl-1 inhibition. Med Oncol, 33(2), 16.
doi:10.1007/s12032-015-0726-4

Li-Weber, M. (2013). Targeting apoptosis pathways in cancer by Chinese medicine. Cancer Lett,
332(2),304-312. doi:10.1016/j.canlet.2010.07.015

Liao, C. H., Pan, S. L., Guh, J. H., Chang, Y. L., Pai, H. C., Lin, C. H., & Teng, C. M. (2005).
Antitumor mechanism of evodiamine, a constituent from Chinese herb Evodiae fructus,

162



in human multiple-drug resistant breast cancer NCI/ADR-RES cells in vitro and in vivo.
Carcinogenesis, 26(5), 968-975. doi:10.1093/carcin/bgi041

Liu, A.J., Wang, S. H., Chen, K. C., Kuei, H. P., Shih, Y. L., Hou, S. Y., . .. Shih, C. M. (2013).
Evodiamine, a plant alkaloid, induces calcium/JNK-mediated autophagy and
calcium/mitochondria-mediated apoptosis in human glioblastoma cells. Chem Biol
Interact, 205(1), 20-28. doi:10.1016/j.cbi.2013.06.004

Liu, A.J., Wang, S. H., Hou, S. Y., Lin, C. J., Chiu, W. T., Hsiao, S. H., . . . Shih, C. M. (2013).
Evodiamine Induces Transient Receptor Potential Vanilloid-1-Mediated Protective
Autophagy in U87-MG Astrocytes. Evid Based Complement Alternat Med, 2013,
354840. doi:10.1155/2013/354840

Liu, H., Huang, C., Wu, L., & Wen, B. (2016). Effect of evodiamine and berberine on miR-429
as an oncogene in human colorectal cancer. Onco Targets Ther, 9, 4121-4127.
doi:10.2147/OTT.S104729

Liu, M., Scanlon, C. S., Banerjee, R., Russo, N., Inglehart, R. C., Willis, A. L., ... D'Silva, N. J.
(2013). The Histone Methyltransferase EZH2 Mediates Tumor Progression on the Chick
Chorioallantoic Membrane Assay, a Novel Model of Head and Neck Squamous Cell
Carcinoma. Transl Oncol, 6(3), 273-281.

Loboda, A., Damulewicz, M., Pyza, E., Jozkowicz, A., & Dulak, J. (2016). Role of Nrf2/HO-1
system in development, oxidative stress response and diseases: an evolutionarily
conserved mechanism. Cell Mol Life Sci, 73(17), 3221-3247. doi:10.1007/s00018-016-
2223-0

Lokman, N. A., Elder, A. S., Ricciardelli, C., & Oehler, M. K. (2012). Chick chorioallantoic
membrane (CAM) assay as an in vivo model to study the effect of newly identified
molecules on ovarian cancer invasion and metastasis. Int J Mol Sci, 13(8), 9959-9970.
doi:10.3390/ijms 13089959

Longley, D. B., Harkin, D. P., & Johnston, P. G. (2003). 5-fluorouracil: mechanisms of action
and clinical strategies. Nat Rev Cancer, 3(5), 330-338. do1:10.1038/nrc1074

Longley, D. B., & Johnston, P. G. (2005). Molecular mechanisms of drug resistance. J Pathol,
205(2), 275-292. doi:10.1002/path.1706

Lopatniuk, P., & Witkowski, J. M. (2011). Conventional calpains and programmed cell death.
Acta Biochim Pol, 58(3), 287-296.

163



Luo, X.J., Peng, J., & Li, Y. J. (2011). Recent advances in the study on capsaicinoids and
capsinoids. Eur J Pharmacol, 650(1), 1-7. doi1:10.1016/j.ejphar.2010.09.074

Luviano, A., Aguiniga-Sanchez, 1., Demare, P., Tiburcio, R., Ledesma-Martinez, E., Santiago-
Osorio, E., & Regla, 1. (2014). Antineoplastic activity of rinvanil and
phenylacetylrinvanil in leukaemia cell lines. Oncol Lett, 7(5), 1651-1656.
doi:10.3892/01.2014.1958

Macho, A., Lucena, C., Sancho, R., Daddario, N., Minassi, A., Munoz, E., & Appendino, G.
(2003). Non-pungent capsaicinoids from sweet pepper synthesis and evaluation of the
chemopreventive and anticancer potential. Eur J Nutr, 42(1), 2-9. doi:10.1007/s00394-
003-0394-6

Mandic, A., Viktorsson, K., Strandberg, L., Heiden, T., Hansson, J., Linder, S., & Shoshan, M.
C. (2002). Calpain-mediated Bid cleavage and calpain-independent Bak modulation: two
separate pathways in cisplatin-induced apoptosis. Mol Cell Biol, 22(9), 3003-3013.

Manohar, S., & Leung, N. (2018). Cisplatin nephrotoxicity: a review of the literature. J Nephrol,
31(1), 15-25. doi:10.1007/s40620-017-0392-z

Mathijssen, R. H., van Alphen, R. J., Verweij, J., Loos, W. J., Nooter, K., Stoter, G., &
Sparreboom, A. (2001). Clinical pharmacokinetics and metabolism of irinotecan (CPT-
11). Clin Cancer Res, 7(8), 2182-2194.

Matter, M. S., Decaens, T., Andersen, J. B., & Thorgeirsson, S. S. (2014). Targeting the mTOR
pathway in hepatocellular carcinoma: current state and future trends. J Hepatol, 60(4),
855-865. doi:10.1016/j.jhep.2013.11.031

McGowan, J. V., Chung, R., Maulik, A., Piotrowska, 1., Walker, J. M., & Yellon, D. M. (2017).
Anthracycline Chemotherapy and Cardiotoxicity. Cardiovasc Drugs Ther, 31(1), 63-75.
doi:10.1007/s10557-016-6711-0

Melck, D., Bisogno, T., De Petrocellis, L., Chuang, H., Julius, D., Bifulco, M., & Di Marzo, V.
(1999). Unsaturated long-chain N-acyl-vanillyl-amides (N-AVAMs): vanilloid receptor
ligands that inhibit anandamide-facilitated transport and bind to CB1 cannabinoid
receptors. Biochem Biophys Res Commun, 262(1), 275-284. doi:10.1006/bbrc.1999.1105

Meng, Z. J., Wu, N., Liu, Y., Shu, K. J., Zou, X., Zhang, R. X., ... Yin, L. J. (2015).
Evodiamine inhibits the proliferation of human osteosarcoma cells by blocking PI3K/Akt
signaling. Oncol Rep, 34(3), 1388-1396. doi:10.3892/0r.2015.4084

164



Meral, O., Alpay, M., Kismali, G., Kosova, F., Cakir, D. U., Pekcan, M., . .. Sel, T. (2014).
Capsaicin inhibits cell proliferation by cytochrome c release in gastric cancer cells.
Tumour Biol, 35(7), 6485-6492. doi:10.1007/s13277-014-1864-6

Michaelis, M., Agha, B., Rothweiler, F., Loschmann, N., Voges, Y., Mittelbronn, M., . . . Cinatl,
J., Jr. (2015). Identification of flubendazole as potential anti-neuroblastoma compound in
a large cell line screen. Sci Rep, 5, 8202. doi:10.1038/srep08202

Miller, D. (2003). Drug efflux transporters: Implications in drug delivery, disposition and
response. Advanced Drug Delivery Reviews, 55(1), 1-168.

Min, J. K., Han, K. Y., Kim, E. C., Kim, Y. M., Lee, S. W., Kim, O. H., . . . Kwon, Y. G. (2004).
Capsaicin inhibits in vitro and in vivo angiogenesis. Cancer Res, 64(2), 644-651.

Minotti, G., Menna, P., Salvatorelli, E., Cairo, G., & Gianni, L. (2004). Anthracyclines:
molecular advances and pharmacologic developments in antitumor activity and
cardiotoxicity. Pharmacol Rev, 56(2), 185-229. doi:10.1124/pr.56.2.6

Misidentified Cell Lines. Retrieved from
https://www.atcc.org/Products/Cells_and_Microorganisms/Cell Lines.aspx

Mistretta, F., Buffi, N. M., Lughezzani, G., Lista, G., Larcher, A., Fossati, N., . . . Lazzeri, M.
(2014). Bladder cancer and urothelial impairment: the role of TRPV1 as potential drug
target. Biomed Res Int, 2014, 987149. doi:10.1155/2014/987149

Mitazaki, S., Hashimoto, M., Matsuhashi, Y., Honma, S., Suto, M., Kato, N., . .. Abe, S. (2013).
Interleukin-6 modulates oxidative stress produced during the development of cisplatin
nephrotoxicity. Life Sci, 92(12), 694-700. doi:10.1016/5.1fs.2013.01.026

Mohan, A., Narayanan, S., Sethuraman, S., & Krishnan, U. M. (2013). Combinations of plant
polyphenols & anti-cancer molecules: a novel treatment strategy for cancer
chemotherapy. Anticancer Agents Med Chem, 13(2), 281-295.

Moretti, D., Del Bello, B., Allavena, G., & Maellaro, E. (2014). Calpains and cancer: friends or
enemies? Arch Biochem Biophys, 564, 26-36. doi:10.1016/j.abb.2014.09.018

Mukhopadhyay, P., Rajesh, M., Pan, H., Patel, V., Mukhopadhyay, B., Batkai, S., . . . Pacher, P.
(2010). Cannabinoid-2 receptor limits inflammation, oxidative/nitrosative stress, and cell

165



death in nephropathy. Free Radic Biol Med, 48(3), 457-467.
doi:10.1016/j.freeradbiomed.2009.11.022

Nagourney, R. A., Sommers, B. L., Harper, S. M., Radecki, S., & Evans, S. S. (2003). Ex vivo
analysis of topotecan: advancing the application of laboratory-based clinical therapeutics.
Br J Cancer, 89(9), 1789-1795. doi:10.1038/sj.bjc.6601336

Naziroglu, M., Cig, B., Blum, W., Vizler, C., Buhala, A., Marton, A., . . . Pecze, L. (2017).
Targeting breast cancer cells by MRS1477, a positive allosteric modulator of TRPV 1
channels. PLoS One, 12(6), €0179950. doi:10.1371/journal.pone.0179950

Nishino, K., Tanamachi, K., Nakanishi, Y., Ide, S., Kojima, S., Tanuma, S., & Tsukimoto, M.
(2016). Radiosensitizing Effect of TRPV1 Channel Inhibitors in Cancer Cells. Biol
Pharm Bull, 39(7), 1224-1230. doi:10.1248/bpb.b16-00080

Niu, L., Liu, L., Yang, S., Ren, J., Lai, P. B. S., & Chen, G. G. (2017). New insights into
sorafenib resistance in hepatocellular carcinoma: Responsible mechanisms and promising
strategies. Biochim Biophys Acta Rev Cancer, 1868(2), 564-570.
doi:10.1016/j.bbcan.2017.10.002

Nowak-Sliwinska, P., Segura, T., & Iruela-Arispe, M. L. (2014). The chicken chorioallantoic
membrane model in biology, medicine and bioengineering. Angiogenesis, 17(4), 779-804.
doi:10.1007/s10456-014-9440-7

O'Brien, M., Eckardt, J., & Ramlau, R. (2007). Recent advances with topotecan in the treatment
of lung cancer. Oncologist, 12(10), 1194-1204. doi:10.1634/theoncologist.12-10-1194

O'Neill, J., Brock, C., Olesen, A. E., Andresen, T., Nilsson, M., & Dickenson, A. H. (2012).
Unravelling the mystery of capsaicin: a tool to understand and treat pain. Pharmacol Rev,
64(4), 939-971. doi:10.1124/pr.112.006163

Ogasawara, M., Matsubara, T., & Suzuki, H. (2001). Inhibitory effects of evodiamine on in vitro
invasion and experimental lung metastasis of murine colon cancer cells. Bio/ Pharm Bull,
24(8), 917-920.

Ogasawara, M., Matsunaga, T., Takahashi, S., Saiki, I., & Suzuki, H. (2002). Anti-invasive and
metastatic activities of evodiamine. Bio/ Pharm Bull, 25(11), 1491-1493.

166



Oh, S. H.,, Kim, Y. S., Lim, S. C., Hou, Y. F., Chang, I. Y., & You, H. J. (2008).
Dihydrocapsaicin (DHC), a saturated structural analog of capsaicin, induces autophagy in
human cancer cells in a catalase-regulated manner. Autophagy, 4(8), 1009-1019.

Oh, S. H., & Lim, S. C. (2009). Endoplasmic reticulum stress-mediated autophagy/apoptosis
induced by capsaicin (8-methyl-N-vanillyl-6-nonenamide) and dihydrocapsaicin is
regulated by the extent of c-Jun NH2-terminal kinase/extracellular signal-regulated
kinase activation in WI38 lung epithelial fibroblast cells. J Pharmacol Exp Ther, 329(1),
112-122. doi:10.1124/jpet.108.144113

Ono, Y., Saido, T. C., & Sorimachi, H. (2016). Calpain research for drug discovery: challenges
and potential. Nat Rev Drug Discov, 15(12), 854-876. doi:10.1038/nrd.2016.212

Oun, R., Moussa, Y. E., & Wheate, N. J. (2018). The side effects of platinum-based
chemotherapy drugs: a review for chemists. Dalton Trans, 47(19), 6645-6653.
doi:10.1039/c8dt00838h

Ozaki, T., Yamashita, T., & Ishiguro, S. (2009). Mitochondrial m-calpain plays a role in the
release of truncated apoptosis-inducing factor from the mitochondria. Biochim Biophys
Acta, 1793(12), 1848-1859. doi:10.1016/j.bbamcr.2009.10.002

Paken, J., Govender, C. D., Pillay, M., & Sewram, V. (2016). Cisplatin-Associated Ototoxicity:
A Review for the Health Professional. J Toxicol, 2016, 1809394,
doi:10.1155/2016/1809394

Pan, X., Hartley, J. M., Hartley, J. A., White, K. N., Wang, Z., & Bligh, S. W. (2012).
Evodiamine, a dual catalytic inhibitor of type I and II topoisomerases, exhibits enhanced
inhibition against camptothecin resistant cells. Phytomedicine, 19(7), 618-624.
doi:10.1016/j.phymed.2012.02.003

Paquette, M., El-Houjeiri, L., & Pause, A. (2018). mTOR Pathways in Cancer and Autophagy.
Cancers (Basel), 10(1). do1:10.3390/cancers10010018

Parashar, P., Tripathi, C. B., Arya, M., Kanoujia, J., Singh, M., Yadav, A., & Saraf, S. A. (2019).
A facile approach for fabricating CD44-targeted delivery of hyaluronic acid-
functionalized PCL nanoparticles in urethane-induced lung cancer: Bcl-2, MMP-9,
caspase-9, and BAX as potential markers. Drug Deliv Transl Res, 9(1), 37-52.
doi:10.1007/s13346-018-0575-8

167



Patel, M. K., & Mehta, A. A. (2017). Beneficial effect of capsaicin on acute doxorubicin induced
cardiotoxicity in mice: possible role of oxidative stress. World Journal of Pharmacy and
Pharmaceutical Sciences, 6(2), 848-865.

Patowary, P., Pathak, M. P., Zaman, K., Raju, P. S., & Chattopadhyay, P. (2017). Research
progress of capsaicin responses to various pharmacological challenges. Biomed
Pharmacother, 96, 1501-1512. doi:10.1016/j.biopha.2017.11.124

Pearce, L. V., Petukhov, P. A., Szabo, T., Kedei, N., Bizik, F., Kozikowski, A. P., & Blumberg,
P. M. (2004). Evodiamine functions as an agonist for the vanilloid receptor TRPV1. Org
Biomol Chem, 2(16), 2281-2286. doi:10.1039/B404506H

Peng, X., Zhang, Q., Zeng, Y., Li, J., Wang, L., & Ai, P. (2015). Evodiamine inhibits the
migration and invasion of nasopharyngeal carcinoma cells in vitro via repressing MMP-2
expression. Cancer Chemother Pharmacol, 76(6), 1173-1184. doi:10.1007/s00280-015-
2902-9

Perse, M., & Veceric-Haler, Z. (2018). Cisplatin-Induced Rodent Model of Kidney Injury:
Characteristics and Challenges. Biomed Res Int, 2018, 1462802.
doi:10.1155/2018/1462802

Peters, G. J. (2014). Novel developments in the use of antimetabolites. Nucleosides Nucleotides
Nucleic Acids, 33(4-6), 358-374. doi:10.1080/15257770.2014.894197

Pettengill, O. S., Sorenson, G. D., Wurster-Hill, D. H., Curphey, T. J., Noll, W. W, Cate, C. C.,
& Maurer, L. H. (1980). Isolation and growth characteristics of continuous cell lines from
small-cell carcinoma of the lung. Cancer, 45(5), 906-918.

Pietanza, M. C., Byers, L. A., Minna, J. D., & Rudin, C. M. (2015). Small cell lung cancer: will
recent progress lead to improved outcomes? Clin Cancer Res, 21(10), 2244-2255.
doi:10.1158/1078-0432.CCR-14-2958

Polacchini, A., Albani, C., Baj, G., Colliva, A., Carpinelli, P., & Tongiorgi, E. (2016). Combined
cisplatin and aurora inhibitor treatment increase neuroblastoma cell death but surviving
cells overproduce BDNF. Biol Open, 5(7), 899-907. doi:10.1242/b10.016725

Polley, E., Kunkel, M., Evans, D., Silvers, T., Delosh, R., Laudeman, J., . . . Teicher, B. A.
(2016). Small Cell Lung Cancer Screen of Oncology Drugs, Investigational Agents, and
Gene and microRNA Expression. J Natl Cancer Inst, 108(10). doi:10.1093/jnci/djw122

168



Potz, B. A., Abid, M. R., & Sellke, F. W. (2016). Role of Calpain in Pathogenesis of Human
Disease Processes. J Nat Sci, 2(9).

Pramanik, K. C., Boreddy, S. R., & Srivastava, S. K. (2011). Role of mitochondrial electron
transport chain complexes in capsaicin mediated oxidative stress leading to apoptosis in
pancreatic cancer cells. PLoS One, 6(5), €20151. doi1:10.1371/journal.pone.0020151

Pyun, B. J., Choi, S., Lee, Y., Kim, T. W., Min, J. K., Kim, Y., . . . Kwon, Y. G. (2008).
Capsiate, a nonpungent capsaicin-like compound, inhibits angiogenesis and vascular
permeability via a direct inhibition of Src kinase activity. Cancer Res, 68(1), 227-235.
doi:10.1158/0008-5472.CAN-07-2799

Qiu, Y. F.,, Liu, Z. G., Yang, W. J., Zhao, Y., Tang, J., Tang, W. Z., . . . Wang, H. (2017).
Research progress in the treatment of small cell lung cancer. J Cancer, 8(1), 29-38.
doi:10.7150/jca.16822

Ramesh, G., & Reeves, W. B. (2002). TNF-alpha mediates chemokine and cytokine expression
and renal injury in cisplatin nephrotoxicity. J Clin Invest, 110(6), 835-842.
doi:10.1172/JCI15606

Reilly, C. A., Taylor, J. L., Lanza, D. L., Carr, B. A., Crouch, D. J., & Yost, G. S. (2003).
Capsaicinoids cause inflammation and epithelial cell death through activation of vanilloid
receptors. Toxicol Sci, 73(1), 170-181. doi:10.1093/toxsci/kfg044

Rollyson, W. D., Stover, C. A., Brown, K. C., Perry, H. E., Stevenson, C. D., McNees, C. A., . ..
Dasgupta, P. (2014). Bioavailability of capsaicin and its implications for drug delivery. J
Control Release, 196, 96-105. doi:10.1016/j.jconrel.2014.09.027

Rutman, R. J., Cantarow, A., & Paschkis, K. E. (1954). Studies in 2-acetylaminofluorene
carcinogenesis. III. The utilization of uracil-2-C14 by preneoplastic rat liver and rat
hepatoma. Cancer Res, 14(2), 119-123.

Sachita, K., Kim, Y., Yu, H. J., Cho, S. D., & Lee, J. S. (2015). In Vitro Assessment of the
Anticancer Potential of Evodiamine in Human Oral Cancer Cell Lines. Phytother Res,
29(8), 1145-1151. doi:10.1002/ptr.5359

Sadzuka, Y., Hatakeyama, H., Daimon, T., & Sonobe, T. (2008). Screening of biochemical
modulator by tumor cell permeability of doxorubicin. Int J Pharm, 354(1-2), 63-69.
doi:10.1016/j.ijpharm.2007.10.015

169



Sahu, B. D., Kuncha, M., Sindhura, G. J., & Sistla, R. (2013). Hesperidin attenuates cisplatin-
induced acute renal injury by decreasing oxidative stress, inflammation and DNA
damage. Phytomedicine, 20(5), 453-460. doi:10.1016/j.phymed.2012.12.001

Sanchez-Sanchez, L., Alvarado-Sansininea, J. J., Escobar, M. L., Lopez-Munoz, H., Hernandez-
Vazquez, J. M., Monsalvo-Montiel, 1., . . . Weiss-Steider, B. (2015). Evaluation of the
antitumour activity of Rinvanil and Phenylacetylrinvanil on the cervical cancer tumour
cell lines HeLa, CaSKi and ViBo. Eur J Pharmacol, 758, 129-136.
doi:10.1016/j.ejphar.2015.04.003

Sancho, R., de la Vega, L., Appendino, G., Di Marzo, V., Macho, A., & Munoz, E. (2003). The
CB1/VRI1 agonist arvanil induces apoptosis through an FADD/caspase-8-dependent
pathway. Br J Pharmacol, 140(6), 1035-1044. doi:10.1038/sj.bjp.0705532

Santoni, G., Caprodossi, S., Farfariello, V., Liberati, S., Gismondi, A., & Amantini, C. (2012).
Antioncogenic effects of transient receptor potential vanilloid 1 in the progression of
transitional urothelial cancer of human bladder. ISRN Urol, 2012, 458238.
doi:10.5402/2012/458238

Satheesh, N. J., Uehara, Y., Fedotova, J., Pohanka, M., Busselberg, D., & Kruzliak, P. (2016).
TRPV currents and their role in the nociception and neuroplasticity. Neuropeptides, 57,
1-8. doi:10.1016/j.npep.2016.01.003

Schneider, D. J., Seu3-Baum, 1., & Schlich, E. (2014). Comparison between Chemical Senses
Thresholds for Capsaicin and Dihydrocapsaicin in Aqueous Solutions and Identification
of the Area of Burning Sensation. Advance Journal of Food Science and Technology,
6(1), 36-41. doi:10.19026/ajfst.6.3027

Sedeek, M., Nasrallah, R., Touyz, R. M., & Hebert, R. L. (2013). NADPH oxidases, reactive
oxygen species, and the kidney: friend and foe. J Am Soc Nephrol, 24(10), 1512-1518.
doi:10.1681/ASN.2012111112

Shen, H., Zhao, S., Xu, Z., Zhu, L., Han, Y., & Ye, J. (2015). Evodiamine inhibits proliferation
and induces apoptosis in gastric cancer cells. Oncol Lett, 10(1), 367-371.
doi:10.3892/01.2015.3153

Shi, C. S., Li, J. M., Chin, C. C., Kuo, Y. H., Lee, Y. R., & Huang, Y. C. (2017). Evodiamine
Induces Cell Growth Arrest, Apoptosis and Suppresses Tumorigenesis in Human
Urothelial Cell Carcinoma Cells. Anticancer Res, 37(3), 1149-1159.
doi:10.21873/anticanres. 11428

170



Shi, L., Yang, F., Luo, F., Liu, Y., Zhang, F., Zou, M., & Liu, Q. (2016). Evodiamine exerts anti-
tumor effects against hepatocellular carcinoma through inhibiting beta-catenin-mediated
angiogenesis. Tumour Biol, 37(9), 12791-12803. doi:10.1007/s13277-016-5251-3

Shi, Y., Moon, M., Dawood, S., McManus, B., & Liu, P. P. (2011). Mechanisms and
management of doxorubicin cardiotoxicity. Herz, 36(4), 296-305. doi:10.1007/s00059-
011-3470-3

Shimeda, Y., Hirotani, Y., Akimoto, Y., Shindou, K., Ijir1, Y., Nishihori, T., & Tanaka, K.
(2005). Protective effects of capsaicin against cisplatin-induced nephrotoxicity in rats.
Biol Pharm Bull, 28(9), 1635-1638.

Shintaku, K., Uchida, K., Suzuki, Y., Zhou, Y., Fushiki, T., Watanabe, T., . .. Tominaga, M.
(2012). Activation of transient receptor potential A1 by a non-pungent capsaicin-like
compound, capsiate. Br J Pharmacol, 165(5), 1476-1486. doi:10.1111/5.1476-
5381.2011.01634.x

Silva, R., Vilas-Boas, V., Carmo, H., Dinis-Oliveira, R. J., Carvalho, F., de Lourdes Bastos, M.,
& Remiao, F. (2015). Modulation of P-glycoprotein efflux pump: induction and
activation as a therapeutic strategy. Pharmacol Ther, 149, 1-123.
doi:10.1016/j.pharmthera.2014.11.013

So, H., Kim, H., Kim, Y., Kim, E., Pae, H.O., Chung, H.T., Kim, H.J., Kwon, K.B., Lee, K.M.,
Lee, H.Y., et al. (2008). Evidence that cisplatin-induced auditory damage is attenuated by
downregulation of pro-inflammatory cytokines via Nrf2/HO-1. Journal of the Association
for Research Otolaryngology(9), 290-306.

Song, S., Chen, Z., Li, S., Huang, Y., Wan, Y., & Song, H. (2013). Design, synthesis and
evaluation of N13-substituted evodiamine derivatives against human cancer cell lines.
Molecules, 18(12), 15750-15768. doi:10.3390/molecules181215750

Sorrentino, M. F., Kim, J., Foderaro, A. E., & Truesdell, A. G. (2012). 5-fluorouracil induced
cardiotoxicity: review of the literature. Cardiol J, 19(5), 453-458.

Srinivasan, K. (2016). Biological Activities of Red Pepper (Capsicum annuum) and Its Pungent
Principle Capsaicin: A Review. Crit Rev Food Sci Nutr, 56(9), 1488-1500.
doi:10.1080/10408398.2013.772090

Stewart, D. J. (2004). Topotecan in the first-line treatment of small cell lung cancer. Oncologist,
9 Suppl 6, 33-42. doi:10.1634/theoncologist.9-90006-33

171



Stock, K., Kumar, J., Synowitz, M., Petrosino, S., Imperatore, R., Smith, E. S., . .. Glass, R.
(2012). Neural precursor cells induce cell death of high-grade astrocytomas through
stimulation of TRPV1. Nat Med, 18(8), 1232-1238. do0i:10.1038/nm.2827

Sui, H., Zhou, L. H., Zhang, Y. L., Huang, J. P., Liu, X., Ji, Q., ... Li, Q. (2016). Evodiamine
Suppresses ABCG2 Mediated Drug Resistance by Inhibiting p50/p65 NF-kappaB
Pathway in Colorectal Cancer. J Cell Biochem, 117(6), 1471-1481.
doi:10.1002/jcb.25451

Tacar, O., Sriamornsak, P., & Dass, C. R. (2013). Doxorubicin: an update on anticancer
molecular action, toxicity and novel drug delivery systems. J Pharm Pharmacol, 65(2),
157-170. doi:10.1111/5.2042-7158.2012.01567.x

Tang, J. C., Feng, Y. L., Liang, X., & Cai, X. J. (2016). Autophagy in 5-Fluorouracil Therapy in
Gastrointestinal Cancer: Trends and Challenges. Chin Med J (Engl), 129(4), 456-463.
doi:10.4103/0366-6999.176069

Tannock, 1. F. (1989). Combined modality treatment with radiotherapy and chemotherapy.
Radiother Oncol, 16(2), 83-101.

Teng, H. P., Huang, C.J., Yeh, J. H., Hsu, S. S., Lo, Y. K., Cheng, J. S., . . . Jan, C. R. (2004).
Capsazepine elevates intracellular Ca2+ in human osteosarcoma cells, questioning its
selectivity as a vanilloid receptor antagonist. Life Sci, 75(21), 2515-2526.
doi:10.1016/].1f5.2004.04.037

Thomas, K. C., Ethirajan, M., Shahrokh, K., Sun, H., Lee, J., Cheatham, T. E., 3rd, . . . Reilly, C.
A. (2011). Structure-activity relationship of capsaicin analogs and transient receptor
potential vanilloid 1-mediated human lung epithelial cell toxicity. J Pharmacol Exp Ther,
337(2),400-410. doi:10.1124/jpet.110.178491

Thomas, K. C., Roberts, J. K., Deering-Rice, C. E., Romero, E. G., Dull, R. O., Lee, J., . ..
Reilly, C. A. (2012). Contributions of TRPV1, endovanilloids, and endoplasmic
reticulum stress in lung cell death in vitro and lung injury. Am J Physiol Lung Cell Mol
Physiol, 302(1), L111-119. doi:10.1152/ajplung.00231.2011

Thomas, K. C., Sabnis, A. S., Johansen, M. E., Lanza, D. L., Moos, P. J., Yost, G. S., & Reilly,
C. A. (2007). Transient receptor potential vanilloid 1 agonists cause endoplasmic
reticulum stress and cell death in human lung cells. J Pharmacol Exp Ther, 321(3), 830-
838. do0i:10.1124/jpet.107.119412

172



Toth, B., & Gannett, P. (1992). Carcinogenicity of lifelong administration of capsaicin of hot
pepper in mice. In Vivo, 6(1), 59-63.

Tuoya, Baba, N., Shimoishi, Y., Murata, Y., Tada, M., Koseki, M., & Takahata, K. (2006).
Apoptosis induction by dohevanil, a DHA substitutive analog of capsaicin, in MCF-7
cells. Life Sci, 78(13), 1515-1519. doi:10.1016/;.1f5.2005.07.019

Ujhazy, P., & Lindwasser, O. W. (2018). Small cell lung cancer: updates and new concepts.
Transl Lung Cancer Res, 7(1), 1-3. d0i:10.21037/tlcr.2018.02.01

Valles, P. G., Lorenzo, A. G., Bocanegra, V., & Valles, R. (2014). Acute kidney injury: what
part do toll-like receptors play? Int J Nephrol Renovasc Dis, 7,241-251.
doi:10.2147/IJNRD.S37891

Vendrely, V., Peuchant, E., Buscail, E., Moranvillier, 1., Rousseau, B., Bedel, A., . . . Dabernat,
S. (2017). Resveratrol and capsaicin used together as food complements reduce tumor
growth and rescue full efficiency of low dose gemcitabine in a pancreatic cancer model.
Cancer Lett, 390, 91-102. doi:10.1016/j.canlet.2017.01.002

Venier, N. A., Colquhoun, A. J., Klotz, L., Fleshner, N., & Venkateswaran, V. (2013). Abstract
1591: Capsaicin enhances the effect of radiation in prostate cancer through NF«xB
suppression. Cancer Research.

Venier, N. A., Colquhoun, A. J., Loblaw, A., Fleshner, N. E., Klotz, L. H., & Venkateswaran, V.
(2012). Abstract 1449: Spicing up radiation treatment for prostate cancer. Cancer
Research, 72(8), 1449-1449.

Venier, N. A., Colquhoun, A. J., Sasaki, H., Kiss, A., Sugar, L., Adomat, H., . .. Venkateswaran,
V. (2015). Capsaicin: a novel radio-sensitizing agent for prostate cancer. Prostate, 75(2),
113-125. doi:10.1002/pros.22896

Vercelli, C., Barbero, R., Cuniberti, B., Racca, S., Abbadessa, G., Piccione, F., & Re, G. (2014).
Transient receptor potential vanilloid 1 expression and functionality in mcf-7 cells: a
preliminary investigation. J Breast Cancer, 17(4), 332-338.
doi:10.4048/jbc.2014.17.4.332

Wang, L., Arras, J., Katsha, A., Hamdan, S., Belkhiri, A., Ecsedy, J., & El-Rifai, W. (2017).
Cisplatin-resistant cancer cells are sensitive to Aurora kinase A inhibition by alisertib.
Mol Oncol, 11(8), 981-995. doi:10.1002/1878-0261.12066

173



Wang, L., Chen, Q., Wan, J., Wu, J., Zhou, L., Wang, H. C., . . . Wang, H. C. (2017). Self-
Emulsifying Hydrophobic Prodrug Conjugate That Enables the Oral Co-Administration
and Programmable Release of Dual Antitumor Drugs. Journal of Biomedical
Nanotechnology, 13(10), 1260-1271.

Wang, N., Chaoran, Z., Zhang, X., Zhai, X., & Lu, Y. (2018). Food—drug interactions involving
multiple mechanisms: A case study with effect of Capsaicin on the pharmacokinetics of
Irinotecan and its main metabolites in rat. J. Functional Foods, 40, 292-298.

Wang, S., Fang, K., Dong, G., Chen, S., Liu, N., Miao, Z., . . . Sheng, C. (2015). Scaffold
Diversity Inspired by the Natural Product Evodiamine: Discovery of Highly Potent and
Multitargeting Antitumor Agents. J Med Chem, 58(16), 6678-6696.
doi:10.1021/acs.jmedchem.5b00910

Wang, S., Wang, L., Shi, Z., Zhong, Z., Chen, M., & Wang, Y. (2014). Evodiamine synergizes
with doxorubicin in the treatment of chemoresistant human breast cancer without
inhibiting P-glycoprotein. PLoS One, 9(5), €97512. doi:10.1371/journal.pone.0097512

Wang, S., Yamamoto, S., Kogure, Y., Zhang, W., Noguchi, K., & Dai, Y. (2016). Partial
Activation and Inhibition of TRPV1 Channels by Evodiamine and Rutaecarpine, Two
Major Components of the Fruits of Evodia rutaecarpa. J Nat Prod, 79(5), 1225-1230.
doi:10.1021/acs.jnatprod.5b00599

Wang, T., Wang, Y., & Yamashita, H. (2009). Evodiamine inhibits adipogenesis via the EGFR-
PKCalpha-ERK signaling pathway. FEBS Lett, 583(22), 3655-3659.
doi:10.1016/j.febslet.2009.10.046

Wang, Y., Deng, X., Yu, C., Zhao, G., Zhou, J., Zhang, G., . . . Zhang, Y. (2018). Synergistic
inhibitory effects of capsaicin combined with cisplatin on human osteosarcoma in culture
and in xenografts. J Exp Clin Cancer Res, 37(1), 251. doi:10.1186/s13046-018-0922-0

Wang, Z., Sun, L., Yu, H., Zhang, Y., Gong, W., Jin, H., . . . Liang, H. (2012). Binding mode
pediction of evodiamine within vanilloid receptor TRPV1. Int J Mol Sci, 13(7), 8958-
8969. do0i:10.3390/ijms 13078958

Watanabe, T., Ohnuki, K., & Kobata, K. (2011). Studies on the metabolism and toxicology of
emerging capsinoids. Expert Opin Drug Metab Toxicol, 7(5), 533-542.
doi:10.1517/17425255.2011.562193

174



Wei, L., Jin, X., Cao, Z., & Li, W. (2016). [Evodiamine induces extrinsic and intrinsic apoptosis
of ovarian cancer cells via the mitogen-activated protein kinase/phosphatidylinositol-3-
kinase/protein kinase B signaling pathways]. J Tradit Chin Med, 36(3), 353-359.

Wei, W. T., Chen, H., Wang, Z. H., Ni, Z. L., Liu, H. B., Tong, H. F., . . . Lin, S. Z. (2012).
Enhanced antitumor efficacy of gemcitabine by evodiamine on pancreatic cancer via
regulating PI3K/Akt pathway. Int J Biol Sci, 8(1), 1-14.

Wen, Z., Feng, S., Wei, L., Wang, Z., Hong, D., & Wang, Q. (2015). Evodiamine, a novel
inhibitor of the Wnt pathway, inhibits the self-renewal of gastric cancer stem cells. Int J
Mol Med, 36(6), 1657-1663. doi:10.3892/ijmm.2015.2383

Westermark, B. (1973). The deficient density-dependent growth control of human malignant
glioma cells and virus-transformed glia-like cells in culture. Int J Cancer, 12(2), 438-451.

White, E., Mehnert, J. M., & Chan, C. S. (2015). Autophagy, Metabolism, and Cancer. Clin
Cancer Res, 21(22), 5037-5046. doi:10.1158/1078-0432.CCR-15-0490

Wilhelm, S. M., Adnane, L., Newell, P., Villanueva, A., Llovet, J. M., & Lynch, M. (2008).
Preclinical overview of sorafenib, a multikinase inhibitor that targets both Raf and VEGF
and PDGF receptor tyrosine kinase signaling. Mol Cancer Ther, 7(10), 3129-3140.
doi:10.1158/1535-7163.MCT-08-0013

Willers, H., Azzoli, C. G., Santivasi, W. L., & Xia, F. (2013). Basic mechanisms of therapeutic
resistance to radiation and chemotherapy in lung cancer. Cancer J, 19(3), 200-207.
doi:10.1097/PPO.0b013e318292¢e4e3

Wiwanitkit, V. (2012). Capsaicin induces apoptosis of cisplatin-resistant stomach cancer cells.
Nutr Cancer, 64(5), 781. doi:10.1080/01635581.2012.688913

Wood, D. E., & Newcomb, E. W. (1999). Caspase-dependent activation of calpain during drug-
induced apoptosis. J Biol Chem, 274(12), 8309-8315.

Wood, D. E., Thomas, A., Devi, L. A., Berman, Y., Beavis, R. C., Reed, J. C., & Newcomb, E.
W. (1998). Bax cleavage is mediated by calpain during drug-induced apoptosis.
Oncogene, 17(9), 1069-1078. doi:10.1038/sj.onc.1202034

175



Wood, S. L., Pernemalm, M., Crosbie, P. A., & Whetton, A. D. (2015). Molecular histology of
lung cancer: from targets to treatments. Cancer Treat Rev, 41(4), 361-375.
doi:10.1016/j.ctrv.2015.02.008

Wu, W. S., Chien, C. C., Chen, Y. C., & Chiu, W. T. (2016). Protein Kinase RNA-Like
Endoplasmic Reticulum Kinase-Mediated Bcl-2 Protein Phosphorylation Contributes to
Evodiamine-Induced Apoptosis of Human Renal Cell Carcinoma Cells. PLoS One, 11(8),
e0160484. doi:10.1371/journal.pone.0160484

Wu, W. S., Chien, C. C., Liu, K. H., Chen, Y. C., & Chiu, W. T. (2017). Evodiamine Prevents
Glioma Growth, Induces Glioblastoma Cell Apoptosis and Cell Cycle Arrest through
JNK Activation. Am J Chin Med, 45(4), 879-899. doi:10.1142/S0192415X17500471

Xie, L., Xiang, G. H., Tang, T., Tang, Y., Zhao, L. Y., Liu, D., ... Wu, D. H. (2016). Capsaicin
and dihydrocapsaicin induce apoptosis in human glioma cells via ROS and
Ca2+mediated mitochondrial pathway. Mol Med Rep, 14(5), 4198-4208.
doi:10.3892/mmr.2016.5784

Xu,J., Yue, C. F., Zhou, W. H., Qian, Y. M., Zhang, Y., Wang, S. W., . .. Liu, Q. (2014).
Aurora-A contributes to cisplatin resistance and lymphatic metastasis in non-small cell
lung cancer and predicts poor prognosis. J Transl Med, 12,200. doi:10.1186/1479-5876-
12-200

Yang, F., Shi, L., Liang, T., Ji, L., Zhang, G., Shen, Y., . .. Xu, L. (2017). Anti-tumor effect of
evodiamine by inducing Akt-mediated apoptosis in hepatocellular carcinoma. Biochem
Biophys Res Commun, 485(1), 54-61. doi:10.1016/).bbrc.2017.02.017

Yang, J., Cai, X., Lu, W, Hu, C., Xu, X., Yu, Q., & Cao, P. (2013). Evodiamine inhibits STAT3
signaling by inducing phosphatase shatterproof 1 in hepatocellular carcinoma cells.
Cancer Lett, 328(2), 243-251. doi:10.1016/j.canlet.2012.09.019

Yu, H., Jin, H., Gong, W., Wang, Z., & Liang, H. (2013). Pharmacological actions of multi-
target-directed evodiamine. Molecules, 18(2), 1826-1843.
doi:10.3390/molecules18021826

Yu, H., Tu, Y., Zhang, C., Fan, X., Wang, X., Wang, Z., & Liang, H. (2010). Evodiamine as a
novel antagonist of aryl hydrocarbon receptor. Biochem Biophys Res Commun, 402(1),
94-98. d0i:10.1016/j.bbrc.2010.09.122

176



Zeman, K. G., Brzezniak, C. E., & Carter, C. A. (2017). Recalcitrant small cell lung cancer: the
argument for optimism. J Thorac Dis, 9(3), E295-E296. d0i:10.21037/jtd.2017.03.40

Zhai, B., Hu, F., Jiang, X., Xu, J., Zhao, D., Liu, B, . . . Sun, X. (2014). Inhibition of Akt
reverses the acquired resistance to sorafenib by switching protective autophagy to

autophagic cell death in hepatocellular carcinoma. Mol Cancer Ther, 13(6), 1589-1598.
doi:10.1158/1535-7163.MCT-13-1043

Zhai, X. J., Shi, F., Chen, F., & Lu, Y. N. (2013). Capsaicin pretreatment increased the
bioavailability of cyclosporin in rats: involvement of P-glycoprotein and CYP 3A
inhibition. Food Chem Toxicol, 62, 323-328. doi:10.1016/j.fct.2013.08.068

Zhang, C., Fan, X., Xu, X., Yang, X., Wang, X., & Liang, H. P. (2010). Evodiamine induces
caspase-dependent apoptosis and S phase arrest in human colon lovo cells. Anticancer
Drugs, 21(8), 766-776. doi:10.1097/CAD.0b013e32833d26a9

Zhang, H., Wang, Q., Liu, J., & Cao, H. (2018). Inhibition of the PI3K/Akt signaling pathway
reverses sorafenib-derived chemo-resistance in hepatocellular carcinoma. Oncol Lett,
15(6), 9377-9384. doi:10.3892/01.2018.8536

Zhang, N., Yin, Y., Xu, S. J., & Chen, W. S. (2008). 5-Fluorouracil: mechanisms of resistance
and reversal strategies. Molecules, 13(8), 1551-1569.

Zhang, S. S., Ni, Y. H., Zhao, C. R., Qiao, Z., Yu, H. X., Wang, L. Y., . . . Gao, J. J. (2018).
Capsaicin enhances the antitumor activity of sorafenib in hepatocellular carcinoma cells
and mouse xenograft tumors through increased ERK signaling. Acta Pharmacol Sin,
39(3), 438-448. doi:10.1038/aps.2017.156

Zhao, L. C., Li, J., Liao, K., Luo, N., Shi, Q. Q., Feng, Z. Q., & Chen, D. L. (2015). Evodiamine
Induces Apoptosis and Inhibits Migration of HCT-116 Human Colorectal Cancer Cells.
Int J Mol Sci, 16(11),27411-27421. doi:10.3390/ijms161126031

Zheng, L., Chen, J., Ma, Z., Liu, W., Yang, F., Yang, Z., . . . Zeng, J. (2016). Capsaicin enhances
anti-proliferation efficacy of pirarubicin via activating TRPV 1 and inhibiting PCNA
nuclear translocation in 5637 cells. Mol Med Rep, 13(1), 881-887.
doi:10.3892/mmr.2015.4623

Zhong, Z. F., Tan, W., Wang, S. P, Qiang, W. A., & Wang, Y. T. (2015). Anti-proliferative
activity and cell cycle arrest induced by evodiamine on paclitaxel-sensitive and -resistant
human ovarian cancer cells. Sci Rep, 5, 16415. doi:10.1038/srep16415

177



Zhu, L. H.,Bi, W,, Liuy, X. D, Li,J. F., Wu, Y. Y., Du,B. Y., & Tan, Y. H. (2011). Induction of
apoptosis by evodiamine involves both activation of mitotic arrest and mitotic slippage.
Oncol Rep, 26(6), 1447-1455. doi:10.3892/0r.2011.1444

Ziglioli, F., Frattini, A., Maestroni, U., Dinale, F., Ciufifeda, M., & Cortellini, P. (2009).
Vanilloid-mediated apoptosis in prostate cancer cells through a TRPV-1 dependent and a
TRPV-1-independent mechanism. Acta Biomed, 80(1), 13-20.

Zou, Y., Qin, X., Xiong, H., Zhu, F., Chen, T., & Wu, H. (2015). Apoptosis of human non-small-
cell lung cancer A549 cells triggered by evodiamine through MTDH-dependent signaling
pathway. Tumour Biol, 36(7), 5187-5193. doi:10.1007/s13277-015-3174-z

178



APPENDIX A: IRB LETTER

MARSHALL
UNIVERSITY.

www.marshall.edu
Office of Research Integrity

February 28,2019

Jamie Friedman

Department of Biomedical Sciences

Byrd Biotechnology Science Building, Room 416
Joan C. Edwards School of Medicine

Marshall University

Dear Jamie:

This letter is in response to the submitted dissertation abstract entitled “Potential
Applications of Capsaicinoids in Small Cell Lung Cancer.” After assessing the abstract it
has been deemed not to be human subject research and therefore exempt from oversight
of the Marshall University Institutional Review Board (IRB). The Code of Federal
Regulations (45CFR46) has set forth the criteria utilized in making this determination.
Since the study does not involve human subjects as defined in DHHS regulation 45 CFR
§46.102() it is not considered human subject research. If there are any changes to the
abstract you provided then you would need to resubmit that information to the Office of
Research Integrity for review and determination.

I appreciate your willingness to submit the abstract for determination. Please feel free to

contact the Office of Research Integrity if you have any questions regarding future protocols
that may require IRB review.

Sincerely,

2.4\
R =>TUVNE SO b S
Bruce F. Day, ThD, CI%/—\

Director

WEARE... MARSHALL.

One John Marshall Drive ® Huntington, West Virginia 25755 © Tel 304/696-4303
A State University of West Virginia ® An Affirmative Action/Equal Opportunity Employer

179



APPENDIX B: JPET PERMISSIONS LETTER

Council

Edward T. Morgan
President

Emory University School of
Medicine

Wayne L. Backes
President-Elect

Louisiana State University Health
Sciences Center

John D. Schuetz

Past President

St. Jude Children’s Research
Hospital

Margaret E. Gnegy
Secretary/Treasurer
University of Michigan Medical
School

Jin Zhang
Secretary/Treasurer-Elect
University of California, San Diego

John J. Tesmer
Past Secretary/Treasurer
Purdue University

Carol L. Beck
Councilor
Thomas Jefferson University

Alan V. Smrcka

Councilor

University of Michigan Medical
School

Kathryn A. Cunningham
Councilor

University of Texas Medical
Branch

Mary E. Vore

Chair, Board of Publications
Trustees

University of Kentucky

Brian M. Cox
FASEB Board Representative
Bethesda, MD

Michael W. Wood
Chair, Program Committee
Neupharm LLC

Judith A. Siuciak
Executive Officer

ASPET - 1801 Rockville Pike, Suite 210 - Rockville, MD 20852 - Office: 301-634-7060 - aspet.org

£AS

'-. Transforming Discoveries into Therapies

January 30, 2019

Jamie Friedman

Marshall University

Biomedical Sciences

1700 Third Ave.

Huntington, WV 25701

Email: friedman4@marshall.edu

Dear Jamie Friedman:

This is to grant you permission to include the following article in your

dissertation entitled “Potential applications of capsaicinoids in small cell lung
cancer therapy” for Marshall University:

JR Friedman, NA Nolan, KC Brown, SL Miles, AT Akers, KW
Colclough, JM Seidler, JM Rimoldi, MA Valentovic, and P Dasgupta
(2018) Anticancer Activity of Natural and Synthetic Capsaicin
Analogs, J Pharmacol Exp Ther, 364(3):462-473; DOI:
https://doi.org/10.1124/jpet.117.243691

On the first page of each copy of this article, please add the following:

Reprinted with permission of the American Society for Pharmacology
and Experimental Therapeutics. All rights reserved.

In addition, the original copyright line published with the paper must be shown
on the copies included with your dissertation.

Sincerely yours,

WUA%

Richard Dodenhoff
Journals Director

Transforming Discoveries into Therapies

 fEdin

180



APPENDIX C: ABBREVIATIONS
3-MA...3-methyladenine
4-HNE...4-Hydroxynonenal
5-FU...5-fluorouracil
6-MP...6-mercaptopurine
ABC...ATP-binding cassette
AGE...advanced glycation end product
AIF...apoptosis inducing factor
ANOVA...analysis of variance
Arv...arvanil
AUC...area under the curve
Aurora A...Aurora kinase A
BAPTA-AM...(1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid tetrakis

(acetoxymethyl ester)
Bcl-2...B-cell lymphoma 2
BMH...Benzo[d][1,3]dioxol-5yl-methyl hexanonate
BUN...blood urea nitrogen
Cal...calpeptin
CAM...chicken chorioallantoic membrane
CAP-NP...capsaicin-loaded folic acid nanoparticles
CAT... catalase
CBI1...cannabinoid receptor 1

CCA...Human cholangiocarcinoma
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CCK-8...Cell Counting Kit-8
CDK1...cyclin B-bound cdc2
CE...capsaicin epoxide

CI...combination index
CK-MB...creatinine kinase-muscle/brain
CPT...camptothecin
CPT...Camptothecin

CPZ...capsaicin

dCCA...distal cholangiocarcinoma
DHC...dihydrocapsaicin

EAC...Ehlrich ascitis carcinoma
EDso...50% cytotoxic activity
ED7s...75% cytotoxic activity

EDyo... 90% cytotoxic activity
EGFR...epidermal growth factor receptor
ERK...extracellular related kinase
EVO...Evodiamine

FBS...fetal bovine serum
Gnb-CAP-NP...gefitinib-capsaicin-folic acid-based nanoparticles
Gnb-FA-NP...gefitinib-loaded nanoparticles
GSH...glutathione

H&E.. . hematoxylin and eosin staining

H2-DCFDA...2° 7’ dichlorodihydrofluorescien diacetate
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HCC.. .hepatocellular carcinoma

HEI-OCI1...mouse ear organ corti cells

HMBI...high mobility group box 1

HO-1...heme oxygenase-1

HPAEDpiC...Human pulmonary alveolar epithelial cells
HSP...heat shock proteins

1.p...intraperitoneal

1CCA....intrahepatic cholangiocarcinoma
IHC...immunohistochemistry

L/P ratio...liver/plasma ratio

LAC...lung adenocarcinoma

LCC...large cell carcinoma

MDA...malonaldehyde

MMP...matrix metalloproteinase

mTOR...mechanistic target of rapamycin
MTT...3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
N-AVAM...N-acylvanillamides
N-BMB...N-(benzo[d][1,3]dioxol-5-ylmethyl)-4-methoxybenzamide
NF-kB...nuclear factor kappa-B

NOX...NADPH oxidase family

NSCLC...non-small cell lung cancer
P-gp...p-glycoprotein

pCCA...perihilar cholangiocarcinoma
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PCNA.. .proliferating cell nuclear antigen
PDGF-B...platelet-derived growth factor-3
PDX...patient derived xenograft
PhAR...phenylacetylrinvanil
PI-3K...phosphoinositol-3 kinase
pNA...p-nitroaniline

Rho123...rhodamine 123

ROPA.. .resiniferanol-9, 13, 14 ortho-phenylacetate
ROS...reactive oxygen species
RR...Ruthenium Red

RSK...ribosomal S6 kinase
RTX...resiniferatoxin

RUT...rutaecarpine

SCC...squamous cell carcinoma
SCLC...small cell lung cancer
SD...standard deviation

SER...sensitizer enhancement ratio
SN-38G...SN-38 Glucuronide
SOD...superoxide dismutase
SPF...Specific pathogen-free
STAT...signal transducer and activator of transcription
STR...short tandem repeat

TEM...transmission electron microscopy
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TLR...toll-like receptors

TRPV... transient receptor potential vanilloid

TUNEL...Terminal deoxynucleotidyl transferase dUTP nick end labeling
TURBT...transurethral resection of bladder tumors
UN-AVAMs...unsaturated N-acylvanillamides

VEGFR...vascular endothelial growth factor receptor
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