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Nonstandard Abbreviations  

AMPK: 5' AMP-activated protein kinase 

AMT: Anandamide Membrane Transporter  

ATP: Adenosine triphosphate 

Bax: Bcl-2 associated X protein 

Bik: Bcl-2 associated killer  

Bcl-2: B-cell lymphoma-2 

BMH: Benzo[d][1,3]dioxol-5-ylmethyl hexanoate  

BCRP/ABCG2: ATP-binding cassette sub-family G member 2 breast cancer 

resistant protein 

CB1: Cannabinoid Receptor 1 

Cdc25c: cell division cycle 25 homolog C 

CE: Capsaicin Epoxide  

DHC: Dihydrocapsaicin 

EVO: Evodiamine 

FAK: Focal adhesion kinase 

JAK: Janus Kinase 

KDR/FLK: Kinase insert domain/fetal liver kinase 

Mcl-1: Myeloid cell leukemia differentiation protein-1 

MTT: (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) 

N-AVAM: N-acylvanillamides 

NF-κB: Nuclear factor kappa B 

N-BMB: N-(Benzo[d][1,3]dioxol-5-ylmethyl)-4-methoxybenzamide 
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NDN: N-(3,4-dihydroxybenzyl)nonamide 

NUCC’s: Normal urothelial cells  

PDX: Patient-derived xenograft  

PTEN: Phosphatase and tensin homolog 

PhAR: Phenylrinvanil  

PGI:Phsophaoglucoisomerase 

ROPA: Resiniferanol-9,13,14 ortho-phenylacetate  

ROS: Reactive Oxygen Species 

RTX: Resiniferatoxin 

RUT: Rutaecarpine 

STAT3: Signal Transducer and activator of transcription 3 

SCID: severe combined immunodeficiency 

TRP: Transient Receptor Potential  

TRAIL: TNF-related apoptosis-inducing ligand  

TRPV1: Transient Receptor Potential subfamily Vanilloid member 1 receptor 

TRPV1-OE: BEAS-2B human lung epithelial cells overexpressing the TRPV1 

UN-AVAM: unsaturated N-acylvanillamides  

VE-cadherin: Vascular endothelial cadherin 

VEGF: Vascular Endothelial growth Factor 

Wnt: Wingless 

WWOX: WW domain containing oxidoreductase 
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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 anti-neoplastic 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 anti-cancer activity in cell culture and animal models.  

The present review summarizes the current knowledge on the growth-inhibitory activity 

of natural capsaicinoids and synthetic capsaicin analogs. Future studies that examine 

the anti-cancer activity of a greater number of capsaicin analogs represent novel 

strategies in the treatment of human cancers. 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 15, 2017 as DOI: 10.1124/jpet.117.243691

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #243691  

 

6 

 

 

INTRODUCTION: CAPSAICIN  

Capsaicin (trans-8-methyl-N-vanillyl-6-noneamide, Fig. 1A) is the principle, 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 and Mejia-Teniente, 2016). It is a potent analgesic and is used topically 

to treat pain and inflammation associated with a variety of diseases (O'Neill et al., 2012; 

Basith et al., 2016). The analgesic activity of capsaicin is mediated by transient receptor 

potential subfamily vanilloid member 1 receptor (TRPV1), which belongs to the transient 

receptor potential (TRP) superfamily of cation-channel receptors (Chen et al., 2014). 

The transient receptor potential vanilloid (TRPV) receptor family is comprised of six 

members (TRPV1-6). Capsaicin functions as a classical agonist of the TRPV1 receptor 

(Caterina et al., 1997). The binding of TRPV1 to capsaicin triggers a plethora of 

molecular events ultimately inducing to depletion of Substance P, 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 TRPV1 agonists) that 

displayed more potent analgesic activity than capsaicin. 

Emerging evidence shows that capsaicin displays anti-cancer activity in several human 

cancers, both in cell culture and mice models (for excellent reviews please refer to 

(Diaz-Laviada and Rodriguez-Henche, 2014; Srinivasan, 2015; Basith et al., 2016; 

Chapa-Oliver and Mejia-Teniente, 2016; Clark and Lee, 2016). This led researchers to 

conjecture that natural and synthetic TRPV1 agonists would display growth-inhibitory 

effects analogous to capsaicin.  Since, a large number of TRPV1 agonists (which had 
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been tested for analgesic activity) had been already described in literature, they were 

initially investigated for their anti-cancer activity.  However, a majority of research 

studies have shown that the anti-cancer of capsaicin and capsaicin-analogs is 

completely independent of TRPV1 receptor. This is true of both natural capsaicinoids 

and synthetic capsaicin-mimetics (the reader is referred to excellent reviews and 

papers).  Although, these natural and synthetic capsaicin-mimetics are TRPV1 ligands 

their anti-cancer activity does not involve the TRPV1 receptor (Lau et al., 2012). The 

anti-cancer activity of capsaicinoids is mediated the direct interaction these compounds 

with key signaling molecules of the cytoplasmic, mitochondrial and metabolic survival 

pathways (Diaz-Laviada and Rodriguez-Henche, 2014; Srinivasan, 2015; Basith et al., 

2016; Chapa-Oliver and Mejia-Teniente, 2016; Clark and Lee, 2016).  The cellular 

pathways underlying the anti-cancer activity of capsaicin are not fully understood; 

however multiple mechanisms like increase of intracellular calcium, induction of calpain 

activity, ROS generation, inhibition of coenzyme Q, suppression of mitochondrial 

respiration, inhibition of transcription factors like p53, STAT3 and NF-κB have been 

shown to be involved (for excellent reviews (Bode and Dong, 2011; Lau et al., 2012; 

Clark and Lee, 2016; Fernandes et al., 2016; Cho et al., 2017).  In addition to 

suppressing the growth of human cancer cells, capsaicin promotes the apoptotic activity 

of cancer chemotherapy agents by multiple mechanisms (Huh et al., 2011; Arzuman et 

al., 2016; Clark and Lee, 2016; Friedman et al., 2017; 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 the vinblastine (Khan et 
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al., 2015b) in the cellular microenvironment and thereby sensitizes these cells to 

undergo apoptosis. The p-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; Hammer, 2006; Evangelista, 2015). Clinical trials 

exploring the pain-relieving activity of capsaicin have shown that such side effects have 

resulted in patients discontinuing use of capsaicin due to its strong pungency and 

nociceptive effect (Drewes et al., 2003; Hammer, 2006; Evangelista, 2015). Such 

observations have led to research focused on the discovery and design of capsaicin-like 

compounds, which display greater anti-cancer 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, 

biological half-life, selectivity, specificity and therapeutic index relative to capsaicin (Lau 

et al., 2012). The anti-cancer activity of capsaicin is covered in several review articles, 

(Khan et al., 2015; Clark and Lee, 2016; Chapa-Oliver and Mejia-Teniente 2016). 

However, the anti-cancer 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 
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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 anti-cancer activity of capsaicin analogs is both timely and relevant, for 

the potential applications of such compounds in cancer therapy.  

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 (O'Neill et al., 2012; Basith et al., 2016). 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 analogues, (Drewes et al., 2003; Hammer, 2006; Evangelista, 2015).  

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 Fig. 1A. The 

three major regions are: aromatic (Region A), amide (Region B) and the hydrophobic 

(Region C). (Huang et al., 2013; Diaz-Laviada and Rodriguez-Henche, 2014; 

Srinivasan, 2015; Basith et al., 2016; Chapa-Oliver and Mejia-Teniente, 2016; Clark and 

Lee, 2016):  

Anti-neoplastic Activity of Natural Capsaicin Analogs  
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Capsiates: Data from several independent research laboratories have led to the 

discovery of natural capsaicin-like compounds which 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) 

which have alterations in Region A (Ogasawara et al., 2002; Gavaraskar et al., 2015).  

However, several capsaicinoids having variations in Region B have been reported to 

suppress the growth of human cancer cells in cell culture.  The non-pungent 

capsaicinoid, Capsiate (Fig. 1B3) is isolated from a strain of peppers called CH-19 

Sweet. Apart from capsiate, the CH-19 Sweet is also the source for two additional 

capsiate-like compounds namely dihydrocapsiate and nordihydrocapsiate (Fig. 1B4, 

Fig. 1B5) (Macho et al., 2003; Watanabe et al., 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 and 

associates studied the anti-apoptotic activity of capsiate, dihydrocapsiate and 

nordihydrocapsiate in Jurkat human acute T-cell leukemia cells (Macho et al., 2003).  

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 and Dong, 2011). In 

contrast, all capsaicin-like compounds (natural capsaicinoids or synthetic capsaicin 
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mimetics) have shown only growth inhibitory activity towards 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, that 

nordihydrocapsiate may provide protection against skin cancer (Macho et al., 2003). 

The mechanism of action of these capsiates were similar to capsaicin and were 

mediated by inhibition of transcription factor NF-κB, elevation of reactive oxygen 

species and loss of mitochondrial membrane potential [Fig. 2A; (Macho et al., 2003; 

Watanabe et al., 2011)]. Most interestingly, nordihydrocapsiate showed better pro-

apoptotic activity than capsaicin in Jurkat cells, as reflected by the IC50 values 

(nordihydrocapsiate: IC50=75 µM, capsaicin: IC50=125 µM) (Macho et al., 2003).  Both 

capsiate and dihydrocapsiate displayed anti-angiogenic activity in cell culture and 

mouse models (Fig. 2A). These compounds suppressed VEGF-induced angiogenesis in 

human umbilical cord endothelial cells via direct suppression of Src Kinase activity and 

phosphorylation of its downstream substrates, such as p125FAK and VE-cadherin. Most 

interestingly, capsiate and nordihydrocapsiate without affecting autophosphorylation of 

the VEGF receptor KDR/Flk-1 (Min et al., 2004; Pyun et al., 2008).  The anti-angiogenic 

activities of the two compounds was comparable to each other and to capsaicin.  Such 

non-pungent capsaicinoids (capsiate and its related compounds) may be more 

applicable in cancer therapythan capsaicin. 

Evodiamine (EVO) and Rutaecarpine (RUT):  Evodiamine (EVO; Fig. 1B6) and 

Rutaecarpine (RUT; Fig. 1B7) are alkaloids isolated from the fruit of the Chinese 
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medical plant Evodia Rutaecapra, otherwise known as Evodia fruit (Yu et al., 2013; Wu 

et al., 2016; Wu et al., 2017). 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 (Pearce et al., 

2004; Wang et al., 2009; De Petrocellis et al., 2014; Wang et al., 2015).  Wang et al. 

(2012 and 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 (Wang et al., 2012; Wang et al., 2015). EVO 

has been characterized as a potent, selective agonist of the TRPV1 receptor, similar to 

capsaicin (Ivanova and Spiteller, 2014; 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 (Lee et al., 2006; Kan et al., 2007; Chen et al., 2010; Du et al., 

2013; Fang et al., 2014; Gavaraskar et al., 2015; Huang et al., 2015; Khan et al., 2015a; 

Sachita et al., 2015; Shen et al., 2015; Hu et al., 2016; Shi et al., 2017; Wu et al., 2017; 

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 

are mediated by cell cycle arrest, apoptosis and autophagy, which involve a symphony 

of mechanisms (Fig. 2B) including downregulation of survivin, Akt, STAT3, Mcl-1, Bcl-2 

and cdc-p15 and upregulation of caspase-3, PTEN, Bik, Bax, Fas-ligand, microRNA-

429, matrix metalloproteinase-9, Jun kinase, cyclin B1, cdc25c and cdc2-p161 (Lee et 

al., 2006; Zhu et al., 2011; Fang et al., 2014; Huang et al., 2015; Khan et al., 2015a; 
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Meng et al., 2015; Peng et al., 2015; Zou et al., 2015; Chen et al., 2016; Han et al., 

2016; Li et al., 2016; Liu et al., 2016; Wei et al., 2016; Fan et al., 2017; Wu et al., 2017; 

Yang et al., 2017). 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 (Liu et al., 2013a; Liu et al., 2013b). The anti-tumor activity of EVO has been 

explored in athymic mouse models of human hepatocellular carcinoma, colon cancer 

and renal carcinoma (Zhang et al., 2010; Yang et al., 2013; Wu et al., 2016). The anti-

cancer activity of EVO in hepatocellular cancer (Fig. 2B) may be attributed to its ability 

to suppress β-catenin-mediated angiogenesis (Shi et al., 2016).   On the other hand, 

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 Wnt/β-cateninin pathway 

(Wen et al., 2015).  

EVO has been shown to induce apoptosis in drug-resistant human cancer cells.  EVO 

displays anti-proliferative 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 (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 et al., 2015).  EVO triggers apoptosis in human colon 

cancer cells resistant to oxaliplatin and cisplatin (Ogasawara et al., 2001; Wen et al., 

2015).  EVO sensitizes human cancer cells to the apoptotic effects of chemotherapeutic 
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agents.  EVO synergizes with doxorubicin and gemcitabine to produce increased 

apoptosis in breast cancer and pancreatic cancer cells, respectively (Wei et al., 2012; 

Wang et al., 2014). Likewise, EVO enhances the efficacy of erlotinib in human lung 

cancer and in human ovarian cancers (Li et al., 2016; Yue et al., 2013. Moreover, EVO 

sensitizes U87MG human glioblastoma cells to the pro-apoptotic effects of TRAIL. 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 sub-

family G member 2 breast cancer resistant protein (BCRP/ABCG2) 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 anti-migratory, 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 MMP-

3 activity, p38 kinase activity, ERK activity, JAK/STAT pathway and downregulation of 

phosphoglucose isomerase (Du et al., 2013; Peng et al., 2015; Zhao et al., 2015). 

Rutaecarpine (RUT) is the second major alkaloid isolated from Evodia Rutaecapra. It is 

a potent agonist of TRPV1 (Ivanova and Spiteller, 2014).  RUT displayed anti-

proliferative activity in 3D spheroid models of human breast cancer cells (Guo et al., 
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2016).  The anti-neoplastic 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 anti-cancer activity (Fig. 2B). The reader is referred to some excellent reviews 

on this subject (Hong et al., 2010; Li-Weber, 2013; Song et al., 2013; Yu et al., 2013). 

Further studies are needed to investigate whether TRPV1 signaling pathway play a role 

in the anticancer activity of EVO and Rut. 

Resiniferatoxin (RTX): The capsaicin analog resiniferatoxin (RTX; Fig. 1B8) is a 

tricyclic diterpene isolated from the latex of the cactus plant Euphorbia resinifera 

(Iadarola and Gonnella, 2013).  RTX is one of the most potent TRPV1 agonists ever 

described in literature (Brown, 2016).  As can be seen in the figure above the structure 

of capsaicin and RTX closely resemble each other with except that the region C is a 

diterpene moiety of the daphnane class (Carnevale and Rohacs, 2016).  Furthermore, 

pharmacophore clustering and docking studies reveal a close similarity between the two 

compounds (Hartel et al., 2006; Athanasiou et al., 2007; Carnevale and Rohacs, 2016; 

Elokely et al., 2016; Lee et al., 2016). Based on previous studies, four sites represent 

the pharmacophore of RTX: 1) 4-hydroxy-3-methoxyphenyl, 2) C20 ester, 3) C3-keto 

and 4) orthophenyl groups (Huang et al., 2013).  The growth inhibitory activity of RTX 

has been investigated in multiple human cancer cells.  Out 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 (NUCCs).  This observation is 

interesting because RTX selectively targeted human bladder cancer cells but not the 

normal urothelial cells.   
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  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 G0 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 to 

normal primary 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 NUCCs.  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 (Fig. 1B10).  Frey et al. (2004) investigated the growth-inhibitory activity 

of ROPA on IEC-18 cells (Frey et al., 2004). ROPA was found to induce a transient 

PKC-dependent cell cycle arrest in G1 phase.  The cell-cycle inhibitory effects of ROPA 

were accompanied by a decrease in cyclin D1 levels and simultaneous upregulation of 

p21 expression (Fig. 3A) (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 

(Fig. 3A) 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 p21waf1/Cip1 (Hartel et al., 2006; Athanasiou et al., 2007; Ziglioli 

et al., 2009; Farfariello et al., 2014; Vercelli et al., 2014).  
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Dihydrocapsaicin (DHC): 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 (Fig. 1B2).  DHC is less pungent than capsaicin based on 

the Scoville heat unites. The anti-cancer 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 and 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 

(Fig. 3B) were mediated via cell cycle arrest, apoptosis, and autophagy inhibition of 

cellular metabolism (Oh et al., 2008; Halme et al., 2016). The anti-tumor 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 et al., 2014). ) 

Anti-neoplastic Activity of Synthetic Capsaicin Analogs 

 N-acylvanillamides (N-AVAMs): Amongst all synthetic analogs of capsaicin, the N-

AVAMs are of the most extensively researched for their analgesic activity (Melck et al., 

1999; Kobata et al., 2010; Huang et al., 2013). There are numerous studies which have 

investigated their anti-cancer activities in diverse human cancer cell lines (Sancho et al., 

2003; Stock et al., 2012; Sanchez-Sanchez et al., 2015). This class of compounds is 

modified in the hydrophobic Region C of capsaicin (Fig. 4). 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 
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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 (Huang et al., 2013). Recent 

studies examined the growth-inhibitory activity of these unsaturated N-acylvanillamides 

(UN-AVAMs). Tuoya et al., (2006) demonstrated that the UN-AVAM dohevanil (Fig. 4A) 

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., 2002; Appendino et al., 2005). Out of these compounds, several studies have 

investigated the growth-inhibitory activity of olvanil (Fig. 4B), rinvanil (Fig. 4C) and 

phenylacetylrinvanil (PhAR) (Fig. 4D). MTT assays showed that olvanil decreased the 

viability of C6 rat glioma cells and EFM-19 breast cancer cells (Melck et al., 1999; 

Huang et al., 2013) (Fig. 5A). Apart from being a potent TRPV1 agonist, these 

compounds displayed weak binding and activation of cannabinoid receptor 1 (CB1) and 

competitively inhibited the anandamide membrane transporter (AMT). Luviano et al. 

(2014) studied the growth-inhibitory activity of rinvanil and PhAR in J774, P388 and 

WEHI-3 mouse leukemic cell lines (Fig. 5A). PhAR showed improved growth inhibitory 

activity relative to rinvanil and capsaicin in all 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 anti-proliferative 
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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). 

Di Marzo et al., (2002) developed arvanil, an extremely powerful TRPV1 agonist, (Fig. 

4E). Arvanil is a very potent agonist of the TRPV1 and CB1 receptor (Di Marzo et al., 

2002). It also induces robust inhibition of AMT and fatty acid amide hydroxylase (Melck 

et al., 1999; De Petrocellis et al., 2000; Di Marzo et al., 2002; Glaser et al., 2003). 

Experiments in cell culture systems showed that arvanil suppressed the growth of C6 

mouse glioma cells (De Lago et al., 2006), Jurkat human T-cell leukemia cells (Sancho 

et al., 2003), human breast cancer cells (MCF-7, T-47D and EFM-19 cell lines) and 

prostate cancer cells (DU145, PPC-1, and TSU cell lines) (Fig. 5A) (Melck et al., 1999; 

Di Marzo et al., 2000; Li and MooreII, 2014). A majority of these studies showed that the 

growth-suppressive activity of arvanil was independent of TRPV1 and CB1 receptor 
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(Melck et al., 1999). Stock et al., (2012) investigated the anti-neoplastic activity of 

arvanil in HG-astrocytoma cells organotypically grown in mouse brain slices (Fig. 5A). 

Arvanil suppressed the growth of HG-astrocytoma at a relatively low concentration of 50 

nM (Stock et al., 2012). Subsequently, Stock and associates (2012) confirmed the 

antineoplastic activity of arvanil in HG-astrocytoma tumors implanted in 

immunocompromised SCID mice. They observed that arvanil suppressed the tumor 

growth-rate of HG-astrocytoma’s 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 to 

either agent administered alone or mice administered with vehicle only (Stock et al., 

2012). Stock and colleagues (2012), observed that the anti-cancer activity of arvanil in 

human astrocytoma’s 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 five-year survival rate. The N-AVAMs Arvanil and olvanil suppressed the 

invasion of human small cell lung cancer cell lines via the AMPK pathway (Hurley et al., 

2016). 

RPF, Epoxide-based Analogs: De-Sa-Junir et al. (2013) synthesized a capsaicin-

mimetic called RPF101 (Fig. 6A). The structure of RPF101 differs from capsaicin 

primarily in Region B, where the amide group has been replaced by a bioisosteric 
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sulfonamide (de-Sa-Junior et al., 2013). The alkyl side chain in Region C was replaced 

with a benzene moiety.  The anti-proliferative and apoptotic activity of RPF101 in MCF-7 

human breast cancer was greater than capsaicin. RPF101 caused cell shrinkage and 

pyknosis (Fig. 5B) in 3D 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 (Fig. 5B) (de-Sa-Junior et al., 2013). The research group 

further modified RPF101 to produce an analog RPF151 (Fig. 6B) 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 (Fig. 5C).  RPF151 also induced apoptosis in MDA-

MB-231 cells via downregulation of p21, reduction of mitochondrial membrane potential 

and activation of the TRAIL pathway (Ferreira et al., 2015).  The anti-neoplastic activity 

of RPF151 was analyzed by nude mice model of human breast cancer, where it showed 

higher anti-tumor activity than capsaicin.  Most remarkably, the growth-suppressive 

activity of RPF151 is independent of the TRPV1 receptor. 

Lewinska et al., (2015) synthesized a constrained capsaicin analog which contained an 

epoxide motif in Region C of the capsaicin (Fig. 6C).  The growth-suppressive activity of 

capsaicin epoxide (CE) compared to capsaicin was studied in a diverse array of cell 
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lines using the MTT assay (Lewinska et al., 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 et al., 2015). The 

varying results in this study could be due to species and lineage differences between 

human 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 et al., 2015). CE was shown 

to trigger robust apoptosis in these cell lines by inducing oxidative stress (Fig.6D) 

 Miscellaneous Capsaicin Analogs: The TRPV1 antagonist capsazepine (Fig. 7A) 

displayed potent anti-tumor activity in human prostate cancer and osteosarcoma cells 

(Teng et al., 2004; Huang et al., 2006; Lee et al., 2017). 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. The apoptotic activity of capsaicin was 

found to be independent of TRPV1 (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 (Fig.8).  

Capsazepine was also found to be an inhibitor of JAK/STAT3 signaling in prostate 

cancer cells (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 (Fig. 7B) which decreased the viability of 

the immortalized human lung epithelial cell line BEAS-2B overexpressing TRPV1 

(referred here forth as TRPV1-OE cells) (Thomas et al., 2007; Thomas et al., 2011; 
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Thomas et al., 2012). Nonivamide and its analog N-(3,4-dihydroxybenzyl)nonamide 

(NDN; Fig. 7C) displayed potent growth-suppressive activity in TRPV1-OE cells, and 

this process was mediated by the ROS (reactive oxygen species) oxidative stress 

pathway (Thomas et al., 2007). Damilao et al. (2014) synthesized a variety of capsaicin 

analogs (Fig.7C-E) and tested for their cytotoxicity in B16F10 (mouse melanoma), SK-

MEL-28 (human melanoma), NCI-H1299, NCI-H460 (human lung cancer), SK-BR-3 and 

MDA-MB-231 (human breast cancers) cell lines (Damiao et al., 2014). The capsaicin 

analog N-(Benzo[d][1,3]dioxol-5-ylmethyl)-4-methoxybenzamide (N-BMB; Fig. 7D) 

decreased the viability of human NCI-H1299 cells and mouse melanoma cells, 

comparable to capsaicin. Benzo[d][1,3]dioxol-5-ylmethyl hexanoate (BMH; Fig. 7E), 

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-BMB and BMH. These “in silico” experiments 

suggested that aryl amides, esters and alkyl esters may be promising scaffolds to 

develop capsaicin-mimetics with improved anti-cancer activity (Damiao et al., 2014). 

The compound MRS1477 (Fig. 7F), a positive allosteric modulator of TRPV1 was found 

to be very robust in inducing apoptosis in human breast cancer cells in vitro and in 

athymic mouse model (Naziroglu et al., 2017).  The growth-inhibitory effects of 

MRS1477 were observed at 5-fold lower concentration relative to capsaicin.  The pro-

apoptotic activity of MRS1477 was mediated by the TRPV1 receptor (Naziroglu et al., 

2017). 
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CONCLUSIONS AND FUTURE DIRECTIONS  

The nutritional compound capsaicin has shown potent anti-cancer 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 have 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 which 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 capsaicin-mimetics have been tested for their analgesic activity and 

not their anti-cancer 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 anti-neoplastic of different types of synthetic 

capsaicin-mimetics in athymic mouse and patient-derived xenograft (PDX) models.  

Capsaicin, capsiate and EVO have been shown to display potent anti-angiogenic 

activity in both cell culture and mouse models. In contrast, there are no reports of the 

anti-angiogenic activity of other natural and synthetic capsaicin analogs. Another 

promising area of research is the combinatorial anti-cancer activity of these capsaicin-

analogs with conventional chemotherapy or radiation. The development of non-pungent 
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second generation capsaicin-mimetics with anti-cancer and anti-angiogenic activity will 

pave the way for novel treatment regimens in human cancers. 
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Figure Legends 

 
 
Fig1.  Structure 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) Structure of natural 

capsaicinoids, which have been investigated for their growth inhibitory activity in cell 

culture or animal models. 

Fig 2. Signaling pathways underlying the anti-cancer activity of natural capsaicinoids. 

(A) Capsiate and dihydrocapsiate (B) EVO and RUT (C) (RTX) (D) DHC 

Fig 3. Signal transduction pathways mediating the anti-tumor activity of natural 

capsaicinoids. (A) RTX and ROPA (B) DHC 

Fig. 4. A panel of UN-VAMs 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 20 carbon atoms and 6 double bonds in this alkyl side chain. (B) Olvanil 

[C18:1]. (C) Rinvanil [C18:1]. (D) Phenylacetylrinvanil (PhAR) [C18:1]. (E) Arvanil 

[C20:4]. 

Fig 5.  Signaling pathways underlying the anti-proliferative and pro-apoptotic activity of 

synthetic capsaicin analogs 
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Fig 6.  Capsaicin analogs containing a sulfonamide and epoxide motif in their structure 

trigger apoptosis in human cancer cells. (A) RPF101. (B) RPF151. (C) Capsaicin-

epoxide 

Fig 7.  Miscellaneous capsaicin analogs which display growth inhibitory activity in 

human and mouse cancer cell lines. (A) Capsazepine, a TRPV1 antagonist. (B) 

Nonivamide (C) N-(3-4 dihydroxy) nonivamide. (D) N-(Benzo[d][1,3]dioxol-5-ylmethyl)-4-

methoxybenzamide (N-BMB). (E) Benzo[d][1,3]dioxol-5yl-methyl hexanoate (BMH). (F)  

MRS1477. 

Fig 8.  Molecular mechanisms underlying the apoptotic activity of capsazepine and 

nonivamide. 
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