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Abstract 

The transient receptor potential channel vanilloid 1 (TRPV1), also known as the pain and heat receptor, 

is an important drug target due to its role as a sensory receptor that responds to different stimuli: chemical pain 

causing agonists, heat and acidity (protons). TRPV1 is activated by several natural pain-causing agonists, 

such as resiniferatoxin, capsaicin, and double knot toxin. Of these stimuli, capsaicin, a small vanilloid found in 

Capsicum spp.(chilis), is one of the most investigated agonists because of its ability to activate the receptor, 

but not completely destroy the cell post activation. Because of this, capsaicin has been utilized as an analgesic 

over-the-counter medicine.  

 

Capsaicin is not the only molecule to agonize TRPV1, but all related molecules found in chilis called 

capsaicinoids contain the required vanilloid head to agonize TRPV1. Furthermore, capsaicin is often found as 

a mixture of capsaicinoids, even when sold as a analgesic patch or cream. We hypothesized that capsaicinoids 

together add to the agonism of TRPV1 and not solely capsaicin. In addition, chilis have been selectively bred 

to become dangerously spicy, thus it was also hypothesized that this may have resulted in a stronger agonist 

than capsaicin. Ultimately, to answer these questions, we completed an untargeted metabolomics screening of 

40 different chili varieties to identify novel capsaicinoids and then test them on a rat (rTRPV1) activation assay. 

 

Our untargeted metabolomics study resulted in a directed isolation of 18 capsaicinoids, with five novel 

capsaicinoid structures, eight capsaicinoids reported for the first time from Capsicum spp., and five previously 

reported capsaicinoids. We tested those 18 compounds, along with five other capsaicinoids and three other 

related compounds on the rTRPV1 activation assay. It was found that even small deviations from the capsaicin 

structure result in decreased activity, exemplified by a single hydroxylation on the capsaicin tail reducing 

TRPV1 potency by 100-fold. Lastly, we tested capsaicin in combination with a non-activating analog and 

weakly activating capsaicinoids and found that these compounds tend to act as positive modulators. While a 

more potent molecule than capsaicin was not found, our results from the capsaicin combination assay indicate 

that TRPV1 activation by capsaicinoids should be considered as a mixture and not just capsaicin. 

 

 

 

 

KEY WORDS 

Untargeted metabolomics, TRPV1, Capsaicinoids, Vanilloids, Natural Products, Computational metabolomics 
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Abstrakt 

Přechodný receptorový potenciálový kationtový kanál podrodiny V člen 1 (TRPV1), také známý jako 

receptor bolesti a horka, je důležitým terapeutickým cílem díky své funkci senzorického receptoru, reagujícího 

na různé podněty: chemickou bolest způsobenou agonisty, horko a kyselinu (protony). TRPV1 je aktivován 

několika přirozenými agonisty způsobujícími bolest, jako je resiniferatoxin, kapsaicin a toxin s dvojitým uzlem. 

Z těchto stimulátorů je kapsaicin, malý vanilloid nacházející se v chilli papričkách (Capsicum spp.), jedním z 

nejvíce prozkoumaných agonistů, protože dokáže aktivovat receptor aniž by zničil samotnou buňku. Z tohoto 

důvodu se kapsaicin používá jako volně prodejné analgetikum.. 

 

Kapsaicin není jedinou molekulou, která agonizuje TRPV1, ale řada příbuzných molekul - kapsaicinoidů 

- nacházejících se v chilli papričkách, obsahuje vanilloidovou hlavu nutnou pro aktivaci TRPV1. Kapsaicin se 

často vyskytuje jako směs kapsaicinoidů, i když se prodává jako analgetická náplast nebo krém. Na základě 

toho jsme vyslovili hypotézu, že všechny kapsaicinoidy společně přispívají k agonismu TRPV1, a nikoli pouze 

samotný kapsaicin. Navíc chilli papričky prošly procesem selektivního šlechtění za účelem vyšší pikantnosti. 

Další hypotézou tedy bylo, že šlechtění mohlo vést k produkci ještě silnějšího agonisty než je kapsaicin. Tyto 

hypotézy jsme testovali pomocí necíleného metabolomického screeningu 40 různých odrůd chili, abychom 

identifikovali nové kapsaicinoidy a a poté provedli testy aktivace s potkaním TRPV1 receptorem (rTRPV1). 

 

Naše necílená metabolomická studie vedla k izolaci 18 kapsaicinoidů zahrnujících: 5 úplně nových 

kapsaicinoidových struktur, 8 kapsaicinoidů poprvé objevených v rostlinách Capsicum spp. a 5 již dříve 

objevených kapsaicinoidů. Těchto 18 látek jsme testovali spolu s pěti dalšími kapsaicinoidy a třemi příbuznými 

látkami v testu aktivace rTRPV1. Zjistili jsme, že i malé odchylky od struktury kapsaicinu mají za následek 

sníženou aktivitu, jako například hydroxylace na konci molekuly, která 100krát snižuje účinnost. Na závěr jsme 

testovali efekt kapsaicinu v kombinaci s neaktivujícími analogy a slabě aktivujícími kapsaicinoidy a zjistili jsme, 

že tyto sloučeniny mají tendenci působit jako pozitivní modulátory. I když nebyla nalezena silnější molekula 

než kapsaicin samotný, naše výsledky získané pomocí této kombinace látek naznačují, že aktivace TRPV1 

kapsaicinoidy by měla být zkoumána v kontextu směsi látek a nikoli pomocí samotného kapsaicinu. 

 

 

 

 

KLÍČOVÁ SLOVA 

Necílená metabolomika, TRPV1, kapsaicinoidy, vaniloidy, přírodní látky, výpočetní metabolomika 
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1. Introduction 

1.1 TRP proteins and TRPV 

Physical stimuli and other chemical signals are often detected in different organisms by transient 

receptor potential (TRP) channels (Chen et al., 2020). The first TRP channel was discovered in 1969 from a 

Drosophila mutant defective to light sensing (Cosens and Manning, 1969). Since this discovery, over 100 other 

TRP proteins have been identified (Li, 2017). Mammals only express 28 of these proteins, 27 in humans (Wu 

et al., 2010). Using homology, the TRP family can be divided into seven subfamilies: TRPC (canonical), TRPV 

(vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPP (polycystin), TRPML (mucolipin), and TRPN (Drosophila 

NOMPC) (Li, 2017), Figure 1. Recently, a discovery of a new TRP yeast channel named TRPY has 

established an 8th TRP category (Li, 2017). Since these channel proteins are highly multifunctional, typically 

acting upon several metabolic pathways upon activation or inhibition, they have been often sought after as 

promising drug targets (Koivisto et al., 2021). Among these families, one of the most investigated is the TRPV 

family. 

 

The TRPV name comes from the discovery of the first TRPV channel, transient receptor potential 

cation channel subfamily V member 1 (TRPV1), which binds to the vanilloid capsaicin (compound 1, Figure 2), 

but is also sensitive to heat and protons (Caterina et al., 1997). TRPV proteins are all homotetramers with six 

membrane helices (S1-S6) that form a voltage gated protein-like orientation, with resemblance to voltage-

gated potassium channels (Kv); however, they are functionally different from Kv (Seebohm and Schreiber, 

2021; Yu and Catterall, 2004). The TRPV family also shares a similar large cytosolic N-terminus and a shorter 

C-terminus (Gaudet, 2008). In general, TRPV proteins can be divided into two groups: those that are 

thermosensitive (TRPV1-4) and those that are Ca2+ sensitive (TRPV5 and TRPV6). Regardless, preference for 

divalent cations, particularly Ca2+, extends to all TRPV channels (Seebohm and Schreiber, 2021). While the 

stimuli, distribution and role of TRPV receptors vary greatly from type to type, they all share a common function 

of the movement of divalent ions, and in the cases of TRPV1-4 also monovalent ions, across the plasma 

membrane (Seebohm and Schreiber, 2021; Zhang et al., 2023). 

 

As briefly mentioned above, TRPV channels, and in general TRP channels, have distinctive expression 

patterns and many different variants which result in channel expression distributed throughout most tissues. 

This provides a double-edged solution and problem, as TRP channels make great drug targets; however, their 

wide distribution and post-activation physiological effects result in off-tissue targeting and other downstream 

negative side effects (Koivisto et al., 2021). TRPV1, the first discovered TRPV channel, is one of the most 

investigated targets due to its unique role in pain sensation and its established role as a viable drug target. 

https://paperpile.com/c/hAclWj/Kdm2
https://paperpile.com/c/hAclWj/mRBa
https://paperpile.com/c/hAclWj/oTUe
https://paperpile.com/c/hAclWj/i2iS
https://paperpile.com/c/hAclWj/i2iS
https://paperpile.com/c/hAclWj/oTUe
https://paperpile.com/c/hAclWj/oTUe
https://paperpile.com/c/hAclWj/JnLK
https://paperpile.com/c/hAclWj/h6qN
https://paperpile.com/c/hAclWj/kJrP+iJzP
https://paperpile.com/c/hAclWj/kJrP+iJzP
https://paperpile.com/c/hAclWj/upE4
https://paperpile.com/c/hAclWj/iJzP
https://paperpile.com/c/hAclWj/iJzP+KbHH
https://paperpile.com/c/hAclWj/JnLK
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Figure 1 Homology grouping of the different TRP channels. There are many different subtypes of each of these families, 

which are distributed throughout different types of tissue and with a different variety of functions. The creation of this 

diagram did not include TRPY. While it is important to be aware of the different types of TRP proteins, due to the scope of 

this thesis, further details on all the subtypes will not be described here. (Figure was reused from Nilius and Owsianik, 

2011). 

1.1.1 Discovery of TRPV1 

The TRPV1 discovery was largely driven by the effects of capsaicin, a small pain causing vanilloid 

(compound 1, Figure 2). Before the discovery, it was already known that the receptor was likely located on a 

nociceptor-type neuron, as these neurons are associated with the signaling of pain (Fields, 1987). 

Furthermore, it was known that capsaicin was able to both excite and then subsequently inhibit different 

subtypes of nociceptors, which was expanded to its role as an analgesic (Bevan, 1999). Capsaicin (compound 

1, Figure 2) was first thought to act through membrane perturbation resulting in the indirect activation of other 

receptors (Feigin et al., 1995); however, this indirect action was disputed as there were several studies 

showing that capsaicin acted in a dose-dependent manner (Szolcsányi and Jancsó-Gábor, 1976, 1975). 

Further suggestion that capsaicin targets a specific receptor was that nociceptive-like neurons produced a 

similar response to the vanilloid resiniferatoxin (RTX), (compound 2, Figure 2) (Szallasi and Blumberg, 1989) 

and that responses to both of these vanilloids were inhibited by capsazepine (compound 3, Figure 2) (Bevan 

et al., 1992). Capsaicin’s target receptor was eventually identified through its use as a molecular probe by 

agonizing increasingly smaller pools of cDNA from rat dorsal root ganglion until a single cDNA transcript 

https://paperpile.com/c/hAclWj/EP1M
https://paperpile.com/c/hAclWj/EP1M
https://paperpile.com/c/hAclWj/kQN1
https://paperpile.com/c/hAclWj/It8o
https://paperpile.com/c/hAclWj/VIW9
https://paperpile.com/c/hAclWj/wtjv+leBv
https://paperpile.com/c/hAclWj/Q8hG
https://paperpile.com/c/hAclWj/3CPR
https://paperpile.com/c/hAclWj/3CPR
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remained, TRPV1 (Caterina et al., 1997). It was found that this receptor responds to agonists that cause pain 

(i.e., capsaicin and RTX), heat and protons, thus it was coined as the pain and heat receptor (Caterina et al., 

1997). The discovery of TRPV1 by David Julius was one of the key discoveries that led him to receive a Nobel 

Prize in Physiology or Medicine in 2021 (Andolfo et al., 2022). It took 15 years of building on this discovery to 

obtain the structure of TRPV1 (Liao et al., 2013), with many studies still being conducted on this complex 

receptor.  

 

Figure 2 Three important compounds in the discovery of TRPV1. Compound 1, capsaicin, and compound 2, RTX, were 

two important vanilloids that both agonize TRPV1, which is found on nociceptive receptors and the dorsal root ganglion. 

The first reported median effective concentration (EC50) values were 711.9 nM for capsaicin and 39.1 nM for RTX 

(Caterina et al., 1997). Compound 3, capsazepine, was found to be the competitive antagonist of the TRPV1 receptor 

(Bevan et al., 1992). The highlighted blue regions of capsaicin and RTX are known as the vanilloid head and are 

important for binding. Created with BioRender.com 

1.1.2 Structure and capsaicin binding to TRPV1 

Before the complete structure of TRPV1 was determined, only the structures of the N-terminus and C-

terminus domains were solved (Lau et al., 2012; Lishko et al., 2007). Both regions reside in the cytosol and 

have important regulatory functions. The N-terminus contains an ankyrin repeat domain (ARD) and contains 

several binding sites for both ATP (triphosphates) and calmodulin (Figure 3). ATP was found to reduce 

tachyphylaxis (i.e., diminished activation from repeated exposure) and that without ATP, TRPV1 showed 

almost no activation after repeated exposure (Lishko et al., 2007). Overall, ATP is considered more of a 

sensitizing molecule. Conversely, calmodulin, a well-known ubiquitous calcium regulator known to interact with 

the N-terminal region of TRPV1 (Rosenbaum et al., 2004) was found to be a needed partner to promote 

tachyphylaxis (Lishko et al., 2007). Calmodulin also interacts with the C-terminal region (Figure 3) (Numazaki 

et al., 2003). Calmodulin bound to Ca2+ has a higher affinity for the C-terminus than the N-terminus and 

https://paperpile.com/c/hAclWj/h6qN
https://paperpile.com/c/hAclWj/h6qN
https://paperpile.com/c/hAclWj/h6qN
https://paperpile.com/c/hAclWj/7T6v
https://paperpile.com/c/hAclWj/GHFp
https://paperpile.com/c/hAclWj/h6qN
https://paperpile.com/c/hAclWj/3CPR
https://paperpile.com/c/hAclWj/XuxI+lyWL
https://paperpile.com/c/hAclWj/XuxI
https://paperpile.com/c/hAclWj/V6zg
https://paperpile.com/c/hAclWj/XuxI
https://paperpile.com/c/hAclWj/lQna
https://paperpile.com/c/hAclWj/lQna
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mutations to the C-terminus binding site have led to slower desensitization whereas mutations in the N-

terminus have led to abolished desensitization (Lau et al., 2012). Ultimately, the two binding sites of calmodulin 

indicate different regulatory pathways for TRPV1, which still require further biochemical studies for complete 

understanding (Lau et al., 2012).  

 

Despite no crystal structure of TRPV1, Julis and his team, upon discovery of TRPV1, leveraged 

homology search to propose a structure of a 6-transmembrane helix with a cytosolic N- and C- terminus 

(Caterina et al., 1997; Hardie and Minke, 1993; Montell and Rubin, 1989). Upon cryo-EM analysis of TRPV1, it 

was undoubtedly confirmed that monomeric TRPV1 contains a six transmembrane repeat with cytosolic N- and 

C-terminal regions (Figure 3) which come together to form a homotetramer (Liao et al., 2013). TRP proteins 

are known to share at least 16 allosteric binding sites (Yelshanskaya and Sobolevsky, 2022) and TRPV1 is 

activated by heat, acid, and several different natural agonists, such as capsaicin, RTX, and snake double-knot 

toxin (Bae et al., 2015), and centipede toxin RhTx (S. Yang et al., 2015). The many different binding sites and 

variety of agonists make TRPV1 an extremely complex protein, with an incomplete understanding of all the 

modes of action upon ligand interaction. Of the molecules and activators of TRPV1, capsaicin, and in general, 

vanilloids, have been thoroughly investigated. 

 

Figure 3 One monomer of TRPV1 shown in a lipid bilayer. TRPV1 is known to be activated by many different natural 

agonists, however, this study focused on the activation of TRPV1 by chili containing compounds caused by capsaicinoids. 

TRPV1 activation results in the influx of cations with preference to divalent ions (Caterina et al., 1997). TRPV1 N-terminal 

https://paperpile.com/c/hAclWj/lyWL
https://paperpile.com/c/hAclWj/lyWL
https://paperpile.com/c/hAclWj/h6qN+3zRZ+f75v
https://paperpile.com/c/hAclWj/GHFp
https://paperpile.com/c/hAclWj/bOmJ
https://paperpile.com/c/hAclWj/3Xa3
https://paperpile.com/c/hAclWj/8H7l
https://paperpile.com/c/hAclWj/h6qN
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and C-terminal regions also contain important regulatory domains that can bind to ATP or calmodulin. Created with 

BioRender.com 

 

Capsaicin has been found to bind deep into the transmembrane pocket in a “tails-up, heads-down” 

configuration, Figure 4 (Yang and Zheng, 2017). The exact mechanism of how capsaicin enters the channel is 

not fully understood, but there are assumptions that due to capsaicin’s lipophilic nature, capsaicin is able to 

first pass through the plasma membrane and enter the protein from the cytosolic side (Domene et al., 2022). 

The binding pocket of capsaicin is made up of the S3, S4 and the S4-S5 linker (Figure 4), where the capsaicin 

vanilloid head (Figure 1), interacts with the S4-S5 which initiates an outward movement and subsequent 

opening of the S6 activation gate (Yang and Zheng, 2017), Figure 4. Initial studies around the capsaicin tail 

were problematic due to its flexible nature, making it hard to find the exact conformation it took when inside the 

binding pocket (F. Yang et al., 2015). However, with a series of experiments using synthetic capsaicin analogs 

with varying alkyl tail lengths, it was found that the tail is important in stabilizing the opening of the channel 

likely through van der Waals forces (F. Yang et al., 2015). Despite capsaicin binding to TRPV1 causing an 

activation of the receptor, this state is only partially activated when compared to stronger agonists like RTX or 

double-knot toxin (Cao et al., 2013). 
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Figure 4 Capsaicin in the TRPV1 binding pocket. This structure was created using Protein Imager(Tomasello et al., 2020) 

from a Cryo-EM structure of TRPV1 in complex with capsaicin (PDB: 7LPB) (Kwon et al., 2021). (Figure was repurposed 

from Smith et al., 2024)) 

1.1.2.1 Localization of TRPV1 in the body and its function as a pain receptor 

TRPV1 is distributed throughout different tissue types found in the body, but it is predominantly found in 

primary afferent fibers (i.e., peptidergic sensory neurons) (Alawi and Keeble, 2010), in the peripheral nervous 

system (e.g., dorsal root ganglion, other ganglion types or small nerves), and in the central nervous system 

(e.g., thalamus, striatum and amygdala) (Bollimuntha et al., 2011). However, TRPV1 is also found in different 

organ tissues, such as the pancreas, liver and heart (Bollimuntha et al., 2011). TRPV1 is also found in the 

gastrointestinal tract (Alawi and Keeble, 2010), and different tissue types related to the cardiovascular system 

and respiratory system (Seebohm and Schreiber, 2021). Due to this almost cosmopolitan distribution of 

TRPV1, studying the effects of this receptor is extremely tedious and difficult. For the context of this thesis, 

focus will be on TRPV1 as a pain receptor. 

 

As previously mentioned, TRPV1 responds to different chemical and noxious stimuli, such as capsaicin, 

resiniferatoxin, heat, acid (Caterina et al., 1997), double-knot toxin (Bae et al., 2015) and centipede toxin RhTx 

(S. Yang et al., 2015). The activation of TRPV1 found on the nociceptor fibers (Ochoa and Torebjörk, 1989) 

results in the influx of cations that initiate the sensation of pain (Willis, 2009). While the pain signal originates in 

primary afferent neurons, it is transduced to synaptic terminals found in the spinal cord by releasing signaling 

(e.g., glutamate, substance P and neurokinin A) into the spinal cord dorsal horn (i.e., second order neurons), 

Figure 5. Second order and higher order nociceptive neurons may be activated by these signaling molecules, 

thus sending a signal of pain to the brain (Willis, 2009), Figure 5. 
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Figure 5 Simplified diagram of TRPV1 pain signaling. TRPV1 signaling originates at the site of noxious stimuli, where a 

signal is transmitted down a primary afferent neuron. Upon reaching the terminal synaptic cleft, the neuron can release 

further signaling molecules, such as glutamate (Glu), substance p (Sp) and neurokinin A (NeA). These molecules 

stimulate the second order neurons, which then send a signal to the brain indicating the presence of pain (Price, 2007; 

Willis, 2009). Created with BioRender.com 

 

1.1.2.2 TRPV1 and taste 

One interesting tidbit to mention is the relationship between pain and taste. As capsaicin is found in 

chilis, a widely used ingredient in many culinary recipes, its accompanying pain is often associated with taste. 

Despite extensive studies on this relation, there is little evidence that supports the idea that TRPV1 exists in 

taste cells (Roper, 2014). Two supporting cases for this is the lack of TRPV1 in taste cells by antibody staining 

(Ishida et al., 2002; Moon et al., 2010) and that mice with a TRPV1 knockout behaved similarly to wild-type 

mice in salt sensing (Lyall et al., 2004). However, TRPV1 may indirectly affect taste. In another TRPV1 

knockout study in mice, it was found that capsaicin can reduce preference for sucrose and inhibit sodium 

channels in taste cells (Costa et al., 2005). Furthermore, the release of transmitters (Figure 5) as a response 

to TRPV1 activation may result in an increase in the tongue’s temperature or by directly interacting with nearby 

taste cells (Emir, 2017). While TRPV1’s complete influence on taste is still being explored, there is no doubt 

that TRPV1 is present in somatosensory tissue within the oral cavity (Emir, 2017). Conversely to human 

TRPV1, chickens contain a TRPV1 mutation, which renders them insensitive to capsaicin, therefore allowing 

the eating of chili seeds without the accompanying pain (Chu et al., 2020). 
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1.1.2.3 TRPV1 SNPs and capsaicin 

Another consideration for TRPV1 induced pain, particularly by capsaicin, is based on the TRPV1 allele 

among different populations. Nonsynonymous single-nucleotide polymorphisms (SNPs) are often investigated 

on a population scale to track observable differences in the genotype and the phenotype. One important study 

to highlight is from Xu and colleagues (Xu et al., 2007), in which they screened six nonsynonymous single-

nucleotide polymorphisms of TRPV1 with a capsaicin based activity screening (Xu et al., 2007). It was found 

that variants TRPV1T469I (rs224534), TRPV1I585V (rs8065080), and TRPV1T469I/I585V had the same activity 

compared to the wild-type TRPV1, but TRPV1P91S (rs222749) and TRPV1I315M (rs222747) had a greater 

expression level than other variants (Xu et al., 2007). SNP TRPV1P91S is located near the N-terminal of TRPV1, 

while TRPV1I315M is found in the ankyrin repeat region of the N-terminal (Xu et al., 2007). Thus, populations 

with greater expression of these two SNPs may experience greater sensitivity to spicier foods. These findings, 

in particular, that TRPV1I585V has a similar EC50 to the TRPV1wt, are complicated by the research from Okamoto 

et.al. in which they studied Japanese adults’ sensitivity to capsaicin and heat while comparing their TRPV1 

SNPs (Okamoto et al., 2018). Okamoto et. al. found that there was no relation between SNPs and heat 

induced pain, but there was an increased sensitivity to capsaicin pain for those with TRPV1I585V. This SNP is 

found on the 5th alpha-helix of TRPV1. Further complicating the situation, when capsaicin was tested with 

HEK293 cell lines with recombinant protein expression of TRPV1I585V, it was found to be less sensitive to 

capsaicin (Wang et al., 2016). Okamoto et. al. attributed these differences to their assay testing capsaicin at 

low-activating thresholds and also pointed out that there can be different expression levels of the SNPs 

between different tissues compared to testing using recombinant protein screening (Okamoto et al., 2018). 

Furthermore, the study by Okamoto et. al. used a relatively small sample set of only 26 people and pain 

reporting studies are known to contain self-reporting biases (Boring et al., 2022; Karos et al., 2018). 

 

Capsaicin is often used to induce cough; therefore, several studies have also investigated TRPV1 

SNPs’ involvement in this matter. One study comparing 470 healthy participants to 301 with asthma found that 

TRPV1I585V reduced symptoms of wheezing. Their functional studies also showed reduced sensitivity to both 

capsaicin and heat (Cantero-Recasens et al., 2010). This finding agrees with the previously mentioned study 

by Wang et al. (2016), where they also found this SNP to reduce sensitivity to capsaicin. Another study found 

that TRPV1I585V in combination with TRPV1P91S produces an effect on producing two coughs; however, these 

effects are poorly described along with using a small sample set (Liviero et al., 2020). Further expanding on 

TRPV1I585V studies: one report of TRPV1I585V found that participants had a faster onset of pain when capsaicin 

was applied topically to the skin, but were overall less sensitive to the capsaicin (Forstenpointner et al., 2017). 

The TRPV1I585V variant has also been linked to other phenotypes without consideration of capsaicin. For 

example, those with painful knee osteoarthritis who have the TRPV1I585V variant were found to be less 

sensitive to peripheral pain (Valdes et al., 2011). Another comparative study found those with the TRPV1I585V 
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variant were less prone to experience chronic migraines (Yakubova et al., 2021). These SNPs highlight the 

diverse range of phenotypes that TRPV1 can produce, thus further highlighting it as a potential drug target. 

1.1.3 TRPV1 as a drug target for pain 

One of the major attractions of TRPV1 as a drug target, in particular antagonists, is that it provides a 

novel route of pain relief. That is, many pain relieving drugs target the inflammatory response and signals 

involving the transmission of pain, while TRPV1 targeted provides pain relief by blocking the initial sensor of 

the pain (Szallasi et al., 2007). Interestingly, different immunosensing players are known to interact with 

TRPV1 by either activating or sensitizing TRPV1 (Szallasi et al., 2007). Furthermore, it has been found that the 

μ-opioid receptor is coexpressed with TRPV1 and that the agonist morphine influences the phosphorylation 

interaction of TRPV1 (Vetter et al., 2006). It is also known that phosphorylation promotes sensitization (Bhave 

et al., 2002; Premkumar and Ahern, 2000) and that dephosphorylation favors desensitization (Jung et al., 

2004; Mohapatra and Nau, 2005). Ultimately, TRPV1 and modulation of its phosphorylation provide a viable 

alternative to narcotic and non-narcotic pain relief. 

 

Despite many synthetic antagonistic drugs targeting TRPV1, there have been many drawbacks to their 

application. One major drawback is that these antagonistic drugs have been found to cause hyperthermia 

(Szallasi et al., 2007). While minor fevers (i.e., hyperthermia) can be treated with antipyretic drugs (Gavva et 

al., 2007), more devastating side effects were due to burn injuries which is highlighted by Janssens Mavatrep 

(JNJ-39439335, compound 4, Figure 6) (Manitpisitkul et al., 2015; Moran and Szallasi, 2018). Merck phase I 

clinical trial drug MK-2295 (compound 5, Figure 6) also greatly reduced the response to noxious heat but was 

withdrawn due to fears of burn side effects (Eid, 2011). A phase II drug, AZD1386 (compound 6, Figure 6), 

was withdrawn due to no significant analgesic effect (Miller et al., 2014). Another promising drug that did not 

make it past phase II/III was SB-705498 (compound 7, Figure 6) (Asiri and Zaheen Hassan, 2023; Holland et 

al., 2014) also due to possible hyperthermia (Garami et al., 2020). At the time of writing this thesis, and to the 

best of our knowledge, there have not been any successful antagonists of TRPV1 to make it to market. 

Conversely, naturally occurring agonists, in particular capsaicin, have found commercial success in agonistic 

pain treatment. 
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Figure 6 Example antagonistic and agonistic drugs targeting TRPV1. Compounds 4 - 7 are antagonists that did not make 

it through FDA approval, while compounds 8 and 9 were unsuccessful agonists. However, zucapsaicin achieved some 

success in Canadian markets. Lastly, compound 10, capsiate, was explored more as a dietary molecule and struggled to 

find success as a commercially approved FDA drug. 

1.1.3.1 Natural product agonists of TRPV1: vanilloids 

Capsaicin can act as a pain reliever due to its ability to internalize TRPV1 at therapeutic concentrations 

(Figure 7). However, since capsaicin is still an agonist used in therapeutic pain-relieving applications, 

ironically, it can cause burning and stinging at application sites (Altman et al., 1994). Since these side effects 

do exist, alternative agonists that can produce a similar phenotype, but with reduced TRPV1 activity have been 

explored. Particularly, vanilloids (e.g., capsaicin and RTX, Figure 2), which contain the vanilloid head that 

initiates the TRPV1 channel opening have been explored. A cis configuration of capsaicin, Civamide, also 

known as zucapsaicin (compound 8, Figure 6), made it to phase III clinical trials for the treatment of knee pain, 

but was declined FDA approval (Mobasheri et al., 2024), despite better tolerance than capsaicin (Sałat et al., 

2014). Civamide did make it through to Canadian markets (Mobasheri et al., 2024) known as Zuacta; however, 

the drug has since been discontinued due to undisclosed business reasons (“Discontinuation report ZUACTA,” 

2020).  

 

Other capsaicin-like molecules have been explored, in particular, olvanil (NE-19550) and capsiate, 

compounds 9 and 10, respectively (Figure 6). Olvanil, NE-19550, was first synthesized almost 40 years ago 

(Brand et al., 1987), but was later found to be a naturally occurring substance in Capsicum oleoresin (Kobata 

et al., 2010). Olvanil, unlike capsaicin, can produce similar desensitization effects but results in no 

hyperalgesia (i.e., increased pain sensation) (Alsalem et al., 2016). Furthermore, olvanil was able to produce 

anti-inflammatory effects without typical NSAID suppression of arachidonic acid metabolism (Brand et al., 

1990). Despite reported potential, NE-19550, nor any other olvanil analog, has made it to any pharmaceutical 

market. One other capsaicin-like molecule, which technically does not belong to capsaicinoids, is the natural 

TRPV1 agonist capsiate, compound 10, Figure 6. Capsiate was found in nonpungent cultivars of sweet pepper 

and differs from capsaicin in the connectivity of the vanilloid head — capsaicin is connected by an amide bond 

while capsiate is connected by an ester bond (Kobata et al., 1998b). Capsiate was found to activate TRPV1 

with a similar potency as capsaicin on direct TRPV1 activation and nociceptive activation when injected but did 

not produce similar effects when applied externally to the skin surface, eye or mouth (Iida et al., 2003). Most 

uses for capsiate have not been explored as an analgesic but rather as a metabolism-boosting supplement 

(Ludy et al., 2012). Ultimately, capsiate has seen market success as unregulated dietary supplements but not 

as an officially regulated drug. One of the major problems with capsiate, compared to capsaicin, is that 

capsiate is unstable in polar, aqueous solvents (Iida et al., 2003; Sutoh et al., 2001). 
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The last natural vanilloid, RTX (compound 2, Figure 2), is found in the spurge Euphorbia resinifera, 

which produces a white latex that causes pain and irritation when touched (Ernesto Fattorusso, Virginia 

Lanzotti, Orazio Taglialatela-Scafati, Gian Cesare Tron, Giovanni Appendino, 2001). This pain is caused by 

RTX, a super potent activator, more than capsaicin, of TRPV1 (Caterina et al., 1997). RTX shares the same 

binding pocket as capsaicin but forms a tighter binding to TRPV1 than capsaicin (Elokely et al., 2016). Unlike 

capsaicin, which produces a shorter response, RTX results in a slower, prolonged response and therefore 

continuous influx of calcium ions (Brown, 2016; Kárai et al., 2004). This excess amount of cation influx can 

result in cytotoxicity and the death of the cell, as depicted in Figure 7 (Koivisto et al., 2021). This cell toxicity, in 

combination with RTX’s high affinity and selectivity to TRPV1, has made it a unique tool as a “molecular 

scalpel” (Brown, 2016). This unique way of inducing cell death can be used to ablate neurons, and in turn, has 

been explored as an intractable pain treatment. At the time of writing, there are two ongoing clinical trials that 

explore RTX as a “molecular scalpel”: NCT00804154 and NCT0252261. Furthermore, RTX has a larger 

therapeutic window than capsaicin (Szallasi, 2023); however, RTX contains a complex structure making it 

harder to produce at a larger scale. Current synthesis takes 15 steps and has less than a 5% yield (Vasilev et 

al., 2022). Ultimately, despite all the research, only capsaicin has made it through this vigorous process of 

going from small molecule to medicine.  
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Figure 7 TRPV1 activation by agonists can be generalized to three dosage levels. The mildest, sensitization, occurs when 

a noxious stimulus like capsaicin, heat or acid results in neuronal depolarization, thus signaling pain to the brain. A 

second dosage is represented by a therapeutic amount of capsaicin, which results in the internalization of TRPV1 (Sanz-

Salvador et al., 2012) and therefore desensitization to noxious stimuli. This still requires the activation of the receptor; 

therefore, a side effect of therapeutic capsaicin can be initial burning and pain. Lastly, molecules like RTX or even 

supratherapeutic doses of capsaicin can result in a toxic level of calcium influx, which leads to cell death through osmotic 

swelling. The full mechanism of cell death from TRPV1 influx toxicity is incompletely described (Koivisto et al., 2021). 

Created with BioRender.com 

1.2 Chilis  

Chilis are classified botanically as the fruit of different species of Capsicum (Solanaceae). There are 

five domesticated species: C. annuum var. annuum, C. chinense, C. frutescens, C. baccatum var. pendulum, 

and C. pubescens; but there are 26 known species in general (Liu et al., 2023). Not all species produce the 

pain causing compound capsaicin, such as the sweet bell pepper (C. annuum). For those that do produce 

capsaicin, the compound has been found to be produced in the placenta of the chili. Since the placenta is 

connected to the seeds and the rest of the reproductive body, capsaicin can spread throughout the entire fruit 

(i.e., the pericarp), Figure 8. The highest concentration of capsaicin is found in oil-like structures on the 

placenta called blisters (Aza-González et al., 2011; Suzuki et al., 1980). These blisters contain compounds 

other than capsaicin called capsaicinoids. Capsaicinoids share a similar structure to capsaicin, that is, the 

vanilloid head, amide neck and acyl tail, Figure 9. Since they share a similar structure as capsaicin, they are 

also able to activate TRPV1 at varying potencies. Ultimately, capsaicin and capsaicinoids have made chilis a 

highly versatile fruit that has been utilized for many applications other than culinary and pain relieving purposes 

as previously mentioned, but also in cosmetic applications, repellents, and dietary supplements (Aza-González 

et al., 2011) 
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Figure 8 Photo of Habanero. This photo from the work of Aza-González et al. (2011) highlights the blisters that form on 

the placenta of the chili (Aza-González et al., 2011). A locule is a region inside of the ovary with a well-defined enclosed 

region (Simpson, 2020). 

1.2.1 Capsaicin and capsaicinoids — general overview 

There are about 25 different capsaicinoids that have been described throughout the literature (Figure 9 

and Chapter 8, Table 1) (Attuquayefio and Buckle, 1987; Constant et al., 1996; Higashiguchi et al., 2006; 

Ishimov et al., 2011; Jurenitsch et al., 1979a; Kobata et al., 2010, 1998b; Ochi et al., 2003; Wang et al., 

2020a). Two other capsaicinoids, linvanil and myrvanil, have been putatively identified in Capsicum oleoresin, 

but were not absolutely confirmed (Kobata et al., 2010) and therefore are not included in the list of 25. While 

Kobata et al. acknowledge that linvanil and myrvanil were only putative candidates based on MS analysis 

(Kobata et al., 2010), some studies have claimed a structure without confirmation by NMR or reference 

standard (Ishimov et al., 2011) or were published before the depositing of NMR data to a repository was a 

standard practice (Jurenitsch et al., 1979b). Ultimately, many capsaicinoid structures published lack reliable 

reference MS or NMR spectral data. Contemporary practices follow the principle FAIR, “FAIR – Findable, 

Accessible, Interoperable, and Reusable” standards (Wilkinson et al., 2016), which allows for easier access to 

reference data. Regardless, while many capsaicinoids have been described, their biosynthetic expression is 

still not fully understood.  
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Figure 9 Previously characterized capsaicinoids from literature. To date, there are 25 different capsaicinoids described 

throughout literature. The capsaicinoid structure can be broken into three parts: a — the vanilloid head, b — the amide 

neck, and c — the acyl tail. Most capsaicinoid structures vary based on their acyl tail by varying degrees of length, 

oxidation and saturation. Olvanil, structure 9, was previously mentioned in Figure 6 and is also known as NE-191550. 

1.2.2 Capsaicin and capsaicinoids — biosynthesis 

While this thesis is not centered around the biosynthesis of capsaicinoids, an understanding of a few 

key steps is important for later discussion. Capsaicinoid biosynthesis can be divided into three major steps: 

formation of the vanilloid head, formation of the acyl tail and then lastly the combination of those two units 

(Figure 10). Synthesis of the vanilloid head begins with compound 34 (Figure 10), phenylalanine, which enters 

the phenylpropanoid pathway and is eventually converted into vanillin, compound 35 (Figure 10) (Fujiwake et 

al., 1982a, 1982b; Sukrasno and Yeoman, 1993). The first enzyme in this pathway to the formation of vanillin, 

phenylalanine ammonia-lyase (PAL) has also been linked to capsaicin biosynthesis (Phimchan et al., 2014). 

The more important step to highlight is the conversion of vanillin to vanillylamine, compound 36 (Figure 10), by 

a putative aminotransferase (pAMT) (Curry et al., 1999; Gururaj et al., 2012). The pAMT has been recently 

further confirmed and suggested to be renamed as vanillin aminotransferase (VAMT) (Nakaniwa et al., 2024). 

This conversion from vanillin to vanillylamine by pAMT is a key step in the regulation of capsaicinoid 

biosynthesis. Firstly, based on a metagenomic analysis of pAMT homologs, it was found that evolutionary 

changes in pAMT may have been needed for vanillylamine formation and the establishment of pungency in 

chilis (Kusaka et al., 2024). Furthermore, mutations in pAMT have been linked to loss-of-function alleles that 

have been found in lower pungent chilis (i.e., lower levels of capsaicinoids) (Sano et al., 2023; Tanaka et al., 
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2015) or even to the formation of vanillyl alcohol, compound 37 (Figure 10) and the subsequent formation of 

capsiate (Lang et al., 2009). However, it has also been speculated that capsiate, and in general capsinoid 

biosynthesis, is not solely related to the mutated pAMT, but also requires a cinnamyl alcohol dehydrogenase 

(CAD) for vanillyl alcohol formation (Sano et al., 2022). 

 

The other important step in capsaicin biosynthesis is the formation of the acyl tail. This begins with 

valine, compound 38 (Figure 10), which is converted into isobutyryl-CoA (compound 39, Figure 10), which 

enters the fatty acid synthesis pathway where the amino acid is extended and eventually leaves the pathway 

and becomes compound 40 (Figure 10) (Aluru et al., 2003; Thiele et al., 2008). The subsequent acyl tail can 

then be combined with either the vanillylamine or vanillyl alcohol by capsaicin synthase (Pun1) (Han et al., 

2013; Stewart et al., 2005). This gene has also been speculated to be involved in the regulation of capsaicinoid 

biosynthesis, especially since the expression of this gene can be induced by both wounding and heating of the 

fruit (Kirke et al., 2018). Despite decades of work on this biosynthetic pathway, the complete understanding of 

the regulation of capsaicinoid biosynthesis is still not fully understood. Regardless of full understanding, chilis 

have been able to breed in a selective manner for the creation of “dangerously” spicy varieties.  
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Figure 10 A brief overview of the biosynthesis of capsaicinoids and capsinoids. Compounds: 34 — Phenylalanine, 35 — 

Vanillin, 36 — Vanillylamine, 37 — Vanillyl alcohol, 38 — Valine, 39 — Isobutyryl-CoA, and 40 — 8-methyl-6-nonenoyl-

CoA. Other abbreviations: PAL — Phenylalanine ammonia-lyase pMAT — putative aminotransferase, Mu — mutated 

putative aminotransferase, CAD — cinnamyl alcohol dehydrogenase and FAS — fatty acid synthesis (Aza-González et 

al., 2011). 

1.2.3 Capsaicin and capsaicinoids — the want for more pain 

There is an inherent irony in the consumption of spicy foods. Capsaicin, both a molecule that causes 

pain which should act as an evolutionary deterrent, also acts as an analgesic and, for some, a molecule that 

brings pleasure (Fu et al., 2018). Directed evolution has been used to selectively breed almost inhumane 

levels of chilis (Atwal, 2023; Naves et al., 2022). These chilies have been used to make extremely spicy 

sauces, seasonings and other food products. While incidents are isolated, there has been at least one reported 

death from consuming excessively spicy foods; one individual experienced cardiopulmonary arrest when 

participating in the spicy tortilla chip challenge (The Associated Press, 2024). While the individual had a 

preexisting heart condition (The Associated Press, 2024), this does not reduce the severity of the increasingly 

dangerous level of spice. Why people like spicy foods and the extent of why different genders or cultures prefer 

spicy foods are relatively understudied and are harder to make absolute conclusions. Based on a meta-

analysis of 8 different studies on gender and spicy food preference, it was found that in 7 out of the 8 studies, 

males prefer spicy food over females (Siebert et al., 2022). Expanding from genders to cultures, the same 

meta-analysis suggested that spicy food consumption tends to be higher in some Asian countries, the US and 

Mexico, but ultimately it depends on person-to-person (Siebert et al., 2022). Of the studies, one by Rozin and 

Schiller highlights the complexity of chili consumption. They found that Mexicans reported eating several chilis 

a day, compared to Americans who limited their chili consumption to one or twice a week, and had only a 

slightly higher — non-significant — threshold for the spice (Rozin and Schiller, 1980). This threshold was 

based on eating increasingly spicy snacks (Rozin and Schiller, 1980). The similar thresholds, despite the two 

nationalities consuming a different amount of chilis, suggest that this preference for spicy food may be an 

acquired taste and that there is an enjoyment of the pain (Rozin and Schiller, 1980). 

 

Why people eat spicy food and whether there is an underlying genetic difference between the 

preference for spicy and non-spicy food is still not fully understood. In the few studies investigating spice and 

taste preference, methods utilizing 6-n-propylthiouracil have not provided any conclusive information (Siebert 

et al., 2022). To the best of our knowledge, there has been no thorough investigation of TRPV1 SNPs and 

preferences for spicy or non-spicy foods. Most current research has found that chili and spicy food preference 

is psychological and that the liking may be acquired over time (Rozin and Schiller, 1980). Furthermore, this 

pain can be related to a psychological enjoyment of the body's defense mechanism (Rozin and Schiller, 1980); 

this pleasure has been considered a type of “benign masochism” (Fu et al., 2018). While less explored, chili 

consumption may not be a form of pleasure but rather a result of peer pressure (Gardner and Steinberg, 2005), 
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which is exemplified by the death of the “one-chip challenge” (The Associated Press, 2024). While the why 

question may be understudied, the method to measure chili’s heat is not. 

1.2.3 The Scoville unit and the underestimation from targeted analysis 

The first way to determine the heat (i.e. spiciness) of a chili was first developed over 100 years ago. It 

was based on an ethanolic extract of a chili mixed with glucose and serially diluted to a non-activating amount 

of extract. The dilutions were then sampled by taste testers and the dilution where pain was no longer 

experienced was called the Scoville unit or Scoville heat unit (SHU) (Scoville, 1912), Figure 11. Thus, a chili 

with a 250,000 SHU requires a 250,000x dilution to remove the effects of the extract. Since the development of 

this method, more modern analytical approaches have been developed using gas chromatography (Thomas et 

al., 1998; Todd et al., 1977) or high-performance liquid chromatography (Collins et al., 1995; Othman et al., 

2011). These methods are based on determining the quantity of capsaicin or other capsaicinoids and 

calculating the SHU based on an intrinsic SHU value for the given analyte and multiplying it by its 

concentration. The problem with this methodology is that it only takes into consideration a few capsaicinoids, 

despite most of the known capsaicinoids containing a structure that would allow for TRPV1 binding. 

Furthermore, it is known that capsaicinoid profiles are inconsistent both inter- and intra-species (Zewdie and 

Bosland, 2001). Resulting targeted analysis may be limiting in the underestimation of SHUs and the discovery 

of novel capsaicinoids, especially those that may have been a result of selective breeding. Untargeted 

metabolomics, the study of the entire metabolome, may offer an advantageous solution to the matter.  

 

Figure 11 Example of a traditional Scoville measurement. The measurement was based on a series of chili extract 

dilutions and taste testing (Scoville, 1912). Created with BioRender.com  
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1.3 Computational metabolomics 

Natural products (i.e., secondary metabolites) have long been exploited through both traditional and 

modern medicines (Atanasov et al., 2021). The identification of pharmacologically relevant secondary 

metabolites is often an arduous shot-in-the dark process: a) obtain crude extracts from secondary metabolite 

producing organisms (i.e., plants, yeast, bacteria, and so forth), b) test extracts for bioactivity, c) fractionate 

biologically active extract(s), d) test fractions for bioactivity, e) repeat the process until a single bioactive 

compound is identified (Muchiri and van Breemen, 2021). Modern mass spectrometry (MS), in particular high-

resolution mass spectrometry (HR-MS) and tandem mass spectrometry (MS/MS), in combination with 

computational tools, has provided a new approach to this once tedious method of bioactive small molecule 

discovery (Damiani et al., 2025; Reinhardt et al., 2025; Smith et al., 2024). 

1.3.1 Mass spectrometry  

Mass spectrometry (MS) is one the essential techniques in a scientist's analytical toolkits. In MS, 

measurements of target molecules are completed by first ionizing the sample matrix. Ionized molecules are 

then sent to a detector and measured. The reported units are often presented as a ratio of the mass to the 

charge of the ion, known as the mass-to-charge ratio (m/z) (Garg and Zubair., n.d.). MS analysis is often used 

for small molecules, but can be extended to many other applications, such as the analysis of polymers 

(Hanton, 2001) and proteins (Zhang et al., 2010). In recent years, metabolomic studies (i.e., total metabolome 

analysis) have seen increased use and success with MS-based applications (Dettmer et al., 2007). One 

reason for this success is the development of high-resolution mass analyzers with greater resolving power, 

which allows for accurate mass measurements and chemical formula prediction (Dettmer et al., 2007; Xian et 

al., 2012). The second major driving force for success has been the development of hybrid MS instruments 

that allow the combination of different mass analyzers with the capability of tandem mass spectrometry 

(MS/MS) (Glish and Burinsky, 2008; Heiles, 2021). MS/MS is when a small molecule is selected and 

fragmented into smaller ions; fragmentation ions can provide structural insights into the parent ion. 

 

The success of high-resolution tandem mass spectrometer-based applications for metabolomic studies 

is not only due to the mass spectrometer, but also its combination with an ultra-high performance 

chromatography system (UPLC-MS/MS). UHPLC systems are sometimes substituted with gas 

chromatography (GC) depending on the analyte. Instruments that couple chromatography provide separation 

of small molecules before reaching the mass detector giving metabolites additional metadata, such as 

retention times (i.e., time from injection to detector). By having both an m/z and a retention time, compounds in 

metabolic studies can be annotated with greater confidence, which is standard practice in targeted 

metabolomic studies (Reisdorph et al., 2019; Xiao et al., 2012). 
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1.3.1.1 Targeted and untargeted metabolomics 

Targeted and untargeted metabolomics studies are used to investigate the metabolites (i.e. small 

molecules) in complex biological samples. One of the greatest differences between the two is that untargeted 

metabolomics investigates all molecules in the samples, even those that are unknown, while targeted 

metabolomics involves a set of predefined targeted compounds by using a library of standards (Roberts et al., 

2012). Because of this, targeted metabolomic studies are often considered hypothesis driven while untargeted 

metabolomics is hypothesis generating. Furthermore, unlike targeted metabolomics, which looks for specific 

metabolites and can be completed with a predefined list of molecules, untargeted metabolomic data 

processing often requires full-fledged software that requires a greater level of experience for successful 

implementation (Figure 12). Therefore, due to the increased complexity of data processing in untargeted 

metabolomic studies and from the work with unknown metabolites, there have been a plethora of 

computational tools developed for scientists to help alleviate this complexity (Schrimpe-Rutledge et al., 2016).  

 

 

Figure 12 Untargeted metabolomic workflow that was used in this thesis. This is just one of many ways that an 

untargeted metabolomic workflow can be structured. Experimentation begins with sample collection, processing and 

analysis on the UPLC-MS/MS. Mzmine is used for feature detection (i.e. chromatographic peaks that represent a 

metabolite) which can be used for downstream untargeted metabolomics software, such as GNPS or SIRIUS. 

Concurrently, tools like Reaxys and Wikidata can be used to mine information about metabolites that have already been 

identified. Lastly, Python can be leveraged for this data mining or for other statistical analysis with an mzmine output.  
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1.3.2 The tools of untargeted metabolomics 

As mentioned, untargeted studies often require dedicated software that creates a list of metabolites 

found in each analyzed sample. Some examples of software are MS-DIAL (Tsugawa et al., 2015), XCMS 

(Tautenhahn et al., 2012), and mzmine (Schmid et al., 2023). For the rest of this thesis, mzmine will be the 

only software referenced. One of the major advantages of mzmine is the strong collaborative community that 

has built other post-data processing software that is compatible with mzmine’s output of a feature table. A 

feature is a meaningful MS signal (i.e, a chromatographic LC-MS peak) that is representative of a metabolite 

found in the sample, thus a feature table is a list of all meaningful MS signals from all samples in a single table 

(Heuckeroth et al., 2024). The feature table can be exported for statistical analysis with applications like 

Metaboanalysist (Pang et al., 2024) or Python. The feature table is also accompanied by a file that contains all 

the MS/MS information, which is in a format easily adapted to tools for molecular networking, such as feature-

based molecular networking (FBMN) on the Global Natural Products Social Molecular Networking (GNPS) 

platform (Nothias et al., 2020) or MetGem (Olivon et al., 2018) or in-silico compound and molecular class 

prediction with SIRIUS (Dührkop et al., 2019) and CANOPUS (Dührkop et al., 2020), respectively (Figure 12). 

These tools, when combined, can greatly reduce the complexity of an untargeted metabolomic study, 

especially one focused on natural product discovery. 

 

1.3.2.1 Feature-based molecular networking 

One of the early limitations of MS/MS analysis was the inability to meaningfully interpret fragmentation 

spectra. MS molecular networking provided an alternative visualization by representing MS/MS features as 

nodes and clustering based on similar fragmentation patterns (Watrous et al., 2012). The core mathematics 

behind molecular networking leverages an already established cosine similarity matching that has been used 

in MS/MS fragmentation matching to MS/MS library and reference standards (Stein and Scott, 1994). 

However, classical molecular networking had its limitations, namely the inability to utilize MS information, such 

as retention time or the isotope pattern of the associated MS/MS precursor (Watrous et al., 2012). To alleviate 

these problems, Dorrestein and colleagues improved upon their previous tools of classical molecular 

networking by incorporating this missing data. This new method, FBMN, was able to resolve isomers due to 

the incorporation of the retention time. Furthermore, it was able to utilize the peak area of a feature and not 

only the individual spectral counts (Nothias et al., 2020). While FBMN greatly improved the state of the art, 

FBMN does not fully solve the problem of deciphering unannotated features. Therefore, other tools must be 

used in combination with FBMN to optimize feature annotation (Figure 12). 

1.3.2.2 SIRIUS, CANOPUS and the future 

Artificial intelligence and machine learning based solutions have become increasingly prevalent for the 

annotation of unknown MS features in natural product drug discovery (Gangwal and Lavecchia, 2025; 
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Mullowney et al., 2023). One of the most relevant is SIRIUS, a support vector machine trained on known 

molecules’ MS/MS fragmentation, which is used to create molecular fingerprints of unknown MS/MS spectra. 

These fingerprints are then matched to known molecules in databases and act as putative candidates for an 

unknown feature (Dührkop et al., 2019). Another tool developed by the Böcker group is CANOPUS, a deep 

neural network that is able to predict molecular classes from the MS/MS fragmentation of unknown metabolites 

(Dührkop et al., 2020). These tools provide exports that can act as metadata and be overlaid with nodes and 

networks created by FBMN (Figure 12). When combined, untargeted metabolomics studies, especially those 

investigating natural product discovery, become less convoluted. This thesis highlights the combination of 

these tools and how they can be applied directly to pharmacologically relevant molecules (Figure 12). 

2. Hypotheses and objectives of the work 

Chilis are a unique food that contains the pain-causing molecule capsaicin. The pain associated with 

capsaicin is due to the agonism of the transient receptor potential cation channel subfamily V member 

1(TRPV1). Despite this pain when willingly ingested, it has not been a deterrent for consumption amongst the 

human population. Contrary to expectations, farmers have bred varieties of chili to extreme levels of spice, with 

consumers regularly participating in contests to consume these potentially dangerous chilis. The pain level of a 

given chili has been defined by the Scoville value, a measurement of how many dilutions are needed to 

neutralize the taste of the capsaicin. This measurement has been modernized through the targeted HPLC 

analysis of capsaicin and its analog dihydrocapsaicin, which is then converted to a Scoville unit. However, this 

analysis does not consider any other capsaicinoids, molecules related to capsaicin, found in chilies. We 

hypothesized that directional breeding of spicier varieties may have resulted in stronger agonists to TRPV1 

than capsaicin.  

 

Objectives: 

1. Complete an untargeted metabolomic study of different spicy chili varieties and identify potential novel 

capsaicinoids. 

2. Isolate target compounds and test them in a TRPV1 activation assay. 

3. Create the most comprehensive library of capsaicinoids and their TRPV1 activation.  
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3. Material and methodology 

3.1 Plant collection and sample preparation 

To obtain chilis, we began a collaboration with the Botanical Garden of the Faculty of Tropical 

AgriSciences of the Czech University of Life Sciences in Prague. The garden grows the chilis annually with 

seed sowing beginning in January or February and the growing of plants continuing into summer and 

sometimes early fall. Chilis are treated with acetamiprid only in cases of pest infestation. Varieties were 

confirmed by the botanical garden or verified dealers using morphological traits. Ripe chilis, based on fruit 

coloration (Po et al., 2018), were harvested on several occasions between the months of August and October. 

The fruits of 40 different varieties were collected covering a wide range of heat levels (Chapter 8, Table 3) and 

four of the five domesticated chili species. Chilis were grown in an ordinary horticultural substrate fertilized with 

cow manure. Chilis and sometimes stems were collected at ripeness – based on size, shape and color – and 

immediately placed on dry ice. Samples were stored at −80 °C until further processing, in which they were 

crushed into a powder with a pestle and mortar under liquid nitrogen, lyophilized and again stored at −80 °C 

until extraction and analysis. It should be noted that several chilis were collected for each variety and pooled 

together but were not kept as separate biological replicates. 

3.2 Chili extraction and capsaicinoid isolation 

25 ml of ethyl acetate (EtOAc) was added to 1 g of chili powder and then agitated by an IKA dispenser 

for 1 minute. This process was completed twice for each variety, with individual extracts pooled, evaporated 

and then subjected to acetonitrile:hexane partitioning (1:1). The acetonitrile portion was dissolved to 1 mg/ml in 

acetonitrile (ACN). A portion of the sample was diluted to 0.2 mg/ml and analyzed as a single technical 

replicate on UPLC-HRMS. Individual capsaicinoids were isolated in two batches. Both consisted of maceration 

in EtOAc, fractionation on normal-phase flash chromatography and final isolation of the compound with HPLC. 

3.2.1 Isolation of individual capsaicinoids 

First large-scale extraction. Pooled varieties (see Chapter 8, Table 3) of lyophilized chilis were mixed 

together, cca. 50 g. The mixture was submerged in excess EtOAc and stirred; this was completed 3 times for 2 

hours, 4 hours and 16 hours. Each portion of EtOAc was filtered and evaporated under rotary evaporation to 

leave a crude extract. The evaporated solvent was reused for extraction. Ultimately, all extracts were pooled 

together, filtered and then fractionated on normal-phase flash chromatography on a CombiFlash Rf 200 system 

(Teledyne, Thousand Oaks, CA, USA). Flow rate: 30 ml/min. Mobile phase A: Cyclohexane. Mobile phase B: 

EtOAc. 0 → 45 minutes of isocratic 45% B; 45 → 75 minutes gradient from 45% B to 100% B; 75 → 85 
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minutes 100% B. Individual fractions were pooled into 7 bigger fractions based on UPLC-MS/MS analysis. 

Individual capsaicinoids were isolated from the pooled fractions using a 1260 Infinity II Preparative LC system 

(Agilent), a 19 mm × 250 mm Waters XBridge C18 column and a Milli-Q water:ACN (Fisher) gradient. 

Gradients were 55 minutes and started at either 25% or 30% ACN and went to 100% ACN. 

Second large-scale extraction. The second extraction was like the first but with optimized procedures. 

Differences include: variety of chilis used (see Chapter 8, Table 3), the number of extractions went to 6 times 

at 1 hr and 30 minutes each but the last extraction was overnight, and 89 g of chilis were used. Other changes 

were in optimized chromatography as follows: normal-phase flash chromatography. Mobile phase A: 

cyclohexane. Mobile phase B: EtOAc. 0 → 8.4 minutes isocratic 10% B, 8.4 → 16.8 minutes 10% → 20% 

B,16.8 → 34.9 minutes isocratic 20%B, 34.9 → 36.9 minutes 20% → 40%B, 36.9 → 56.9 minutes isocratic 

40%B, 56.9 → 70 minutes 40% → 100%B, 70 → 78 minutes 100% B. Fractions were again pooled based on 

different capsaicinoid distribution. Pooled fractions were again separated into pure compounds on the Agilent 

preparative HPLC, but with a 10 mm × 250 mm Waters XBridge C18 column. All HPLC methods were fit 

optimized with XBridge C18 3.5 μm column (Waters) and transferred to the preparative HPLC. Capsaicinoids 

were isolated using two isocratic hold steps with ACN; depending on the target, the % of ACN differed. 

3.3 Dereplication of capsaicinoids 

To reduce the possibility of isolating known compounds, Reaxys and Wikidata were queried to obtain 

all known capsaicinoids. Our pipeline identified 25 previously reported capsaicinoids from Capsicum (Figure 9, 

Chapter 8, Table 1). Chemical formulas of known capsaicinoids were leveraged as a matching tool to the 

predicted SIRIUS chemical formulas and further confirmed annotation by manually investigating MS/MS. 

Resulting matching metabolites were taken only as putative results, especially due to the alkyl tail isomers that 

are hard to characterize with MS/MS alone. Two other putative capsaicinoids were excluded, linvanil and 

myrvanil, which have been suggested to be found in Capsicum oleoresin (Kobata et al., 2010). 

3.4 UPLC–HRMS analysis 

Analysis was completed on an Orbitrap ID-X mass spectrometer (Thermo Fisher) coupled to a 

Vanquish Duo UHPLC system (Thermo Fisher). The column compartment was set to 40 oC. A Waters Acquity 

BEH C18 150 × 2.1 mm, 1.7 μm, 130 Å column (Waters Corporation) was used. Injections were completed with 

1 μl. For instrument QC, a Waters Vion mix (Waters Corp.) was used. Mobile phase A: LC–MS-grade water + 

0.1% MS-grade formic acid. Mobile phase B: LC–MS-grade acetonitrile + 0.1% MS-grade formic acid (Thermo 

Fisher). The flow rate was set to 0.350 ml/min. 0 minutes 5%B → 0.5 minutes 5%B → 15.5 minutes 100%B → 

17.3 minutes 100%B → 17.3 minutes 5%B → 19.3 minutes end of run. The ion source was set to 3000 V, the 

gas mode was set to static, 50 sheath gas (arb), 10 aux gas (arb), 1 sweep gas (arb). The ion transfer tube’s 
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temperature was set at 325 oC and the vaporizer temperature was 350 oC. The following Orbitrap parameters: 

resolution — 60,000, scan range of 100–1000 m/z, rf lens — 45%, maximum injection time — 118 seconds, 

MS/MS — 0.6-second cycles, with 1.0 × 105 signal intensity triggering the MS/MS. An exclusion list was built 

with fragmented ions in a 5 ppm tolerance for 2 seconds after initial triggering. Isotopes were also excluded. 

Apex detection was used at a FWHM value of 4 and a 50% window. The MS/MS isolation window was 0.8 m/z, 

with HCD fragmentation with a fixed energy mode at 35%. The Orbitrap was used for MS/MS detection with a 

resolution of 15,000 and 80 ms maximum injection time. Capsaicinoid standards (MedChemExpress) were 

diluted to 10 μM, capsiate (MedChemExpress) and vanillin (Fluka) to 100 μM, and 4-hydroxy-3-methoxybenzyl 

alcohol (Alfa Aesar) to 1 mM, all with LC-MS grade ACN. All raw data have been deposited; see Chapter 10 

for more info. 

3.5 Untargeted metabolomics data processing 

UPLC–HRMS Thermo Fisher .raw files were converted to .mzML files using MSconvert. Recommended 

values for MSconvert were used from mzmine documentation (li-chin, 2023). The converted files were 

processed using mzmine version 4.0.8 (Heuckeroth et al., 2024; Schmid et al., 2023). Processed mzmine data 

(i.e., the feature table) was exported to .mgf files using both the SIRIUS and GNPS export. Exported files were 

processed on GNPS’s feature-based molecular networking platform and SIRIUS version 4.13.3. All exports 

from SIRIUS, GNPS and mzmine were post-processed using Python scripts for database dereplication and 

statistics. All data processing outputs and python scripts are made available for download, see Chapter 10 for 

links. 

 

3.5.1 mzmine processing parameters 

Mass detection: MS — Centroid at “Noise Levels” set to 1.0 × 104 and MS/MS at 1.0 × 103.  

Chromatogram building: ADAP Chromatogram Builder Module — minimum of 6 consecutive scans, a minimum 

group intensity of 5.0 × 104, a minimum absolute height of 1.0 × 105 and m/z tolerance for scan-to-scan 

matching of 0.001 m/z or 3.5 ppm. 

Smoothing: Savitzky–Golay filter with retention time smoothing and 5 points. 

Feature deconvolution: Local minimum resolver — chromatographic threshold of 0.95%, a minimum search 

range of 0.05 (retention time or mobility), 5.0% minimum relative height, a minimum peak height of 1.0 × 105, a 

minimum ratio of peak top/edge of 3.00, a peak duration of 0–2 and a minimum of 6 scans. “MS/MS scan 

pairing” checked — MS1 to MS2 precursor tolerance of 0.0020 or 5 ppm, feature edges as a retention time 

filter, 25.0 as a minimum relative feature height, 1 minimum required signal and 1% minimum signal intensity. 

https://paperpile.com/c/hAclWj/IXAh
https://paperpile.com/c/hAclWj/3Ltq+U4XC
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Isotope grouping: 13C isotope filter — 0.001 m/z tolerance or 2 ppm and a retention time tolerance of 0.03 

minutes, monotonic shape checked, keep the most intense isotope signal. Isotope peakfinder — 0.0010 m/z or 

2 ppm tolerance, maximum charge of isotope m/z to 1 and search for the single most intense scans 

Feature Grouping: Join aligner — m/z tolerance of 0.010 or 3.50 ppm and a retention time tolerance of 0.07 

min; m/z and RT weights were set to 1. 

Gap Filling: Feature finder — intensity tolerance 15%, 0,0010 mz tolerance, 3.5 ppm, 0.07 RT tolerance, 6 

minimum scans. 

Duplicate removal: Duplicate peak filter — new average mode, 0.0010 m/z and 3.0 ppm tolerance and a 0.01 

retention time tolerance. 

Background subtraction: Feature list blank subtraction — 1 detection in blank, based on peak area with 

maximum ratio type and features only above a 300 %-fold change were kept. 

Adduct identification: Correlation grouping — 0.01 RT tolerance, 0 and 0 were used for minimum feature height 

and intensity. A minimum of 1 sample was required with 60% overlap and all gap-filled features were excluded. 

Six points, with 3 points on the edge, were required for feature shape correlation and required 85% Pearson. 

Ion identity networking — 0.0010 m/z or 3 ppm mass tolerance and a 0 height. Smaller networks without major 

ion, delete smaller networks: link threshold (set to 4) and delete networks without monomer were all enabled. 

The ions used were: [M]+, [M+H]+, [M+NH4]+, [M+Na]+, [M+K]+, [M+2H]2+ and [M-H20]+]. An additional ion 

was manually added to the mzmine list, [M+ethylamine]+ (46.0651).  

List filtering: Feature list rows filter — 1 isotope per feature. MS/MS scan and feature IDs were reset. 

Spectral matching: Spectral library search — using created capsaicinoid library, merged MS/MS spectra, 

precursor tolerance of 0.0010 or 5 ppm, spectral tolerance of 0.0015 m/z or 10 ppm, removed precursor, 

minimum of 5 matched signals, weighted cosine similarity based on MassBank and a minimum score of 0.8; all 

unmatched signals were kept and matched to zero 

3.5.2 GNPS and SIRIUS parameters 

.mgf files exported from mzmine and uploaded to GNPS and SIRIUS. For GNPS and FBMN 

processing, the precursor and fragment mass tolerance were set to 0.0075 Da. Minimum cosine pairing was 

set to 0.65, with 5 minimum matched fragments and 500 Da maximum shift in precursor. Network TopK was 

set to 15 and the component size was 150; all other parameters were kept default. SIRIUS processing was 

completed with version 4.13.3. “Orbitrap” was used for the mass analyzer and “bio databases” for compound 

prediction. m/z values greater than 800 Da were excluded, while all other parameters were kept default.  
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3.6 Structural characterization of isolated compounds: NMR, UV, ECD and 

QC 

To determine the exact structure of the isolated capsaicinoids, isolated compounds were dissolved in a 

minimal amount of CD3CN or DMSO-d6. Capsaicinoids were then analyzed on a 500 or a 600 MHz Bruker 

Avance III HD spectrometer (Billerica, MA, USA) (1H at 500.0 or 600.1 MHz and 13C at 125.7 or 150.9 MHz). 

Solvent peaks were used in spectral referencing: CD3CN δ = 1.94 for 1H and 1.32 ppm for 13C and DMSO-d6: δ 

= 2.50 for 1H and 39.52 ppm for 13C. To obtain the complete structure of the capsaicinoids, 1H and 13C were 

completed for 1D experiments and H,H-COSY, H,C-HSQC and H,C-HMBC were completed for 2D correlation 

experiments. Due to the limited quantity of some samples, not all carbon signals were visible through 1D 13C 

analysis. All structures were obtained using the 2D experiments. All raw data were deposited on the NP-MRD 

and Zenodo (Chapter 10) and all hydrogen and carbon annotations can be found in Chapter 7. 

 

In addition to NMR, UV and circular dichroism experiments were completed on all capsaicinoids. For 

UV determination, a Thermo Fisher Nanodrop Onec spectrophotometer was used with DMSO as a blank. A 1 

μl portion of each sample was analyzed to obtain the UV value. UV values can be found in Chapter 8, Table 2. 

Electronic circular dichroism (ECD) was also completed with the use of a Jasco 1500 spectrometer (Jasco, 

Tokyo, Japan). Both ECD and absorption spectra were measured from 180 nm to 350 nm in 10 nm/min 

intervals, with an 8-second response time and 3 accumulations. Samples were dissolved in a small portion of 

CD3CN to reach a concentration of about 1.5 mM and then transferred to a cylindrical quartz cell (0.02 cm 

path). All spectra were corrected for baseline signal. 

 

Lastly, the purity of all isolated compounds and purchased standards was determined. The quality 

control (QC) was performed using a short 1.5-minute method with a 10%-95% ACN gradient on an ACQUITY 

UPLC BEH C18 column (1.7μm, 2.1x50mm, Waters) and with an ACQUITY UPLC I-Class (Waters) system for 

analysis. To identify the molecule, the mass spectra exact mass was used and then the area under the curve 

for the corresponding UV peak (diode array detector) was used to determine the purity of the compound. 

3.7 TRPV1 activity assay 

A Hek293 cell line stability expressing rTRPV1 was gifted to us from the Whitehead Institute at MIT. 

This cell line is based on a Tet-on system to induce expression. We called this cell line irTRPV1-FlpIn293 as it 

was created using the FlpIn system (Thermo Fisher). Cells were grown in Advanced Dulbecco's Modified 

Eagle Medium (Adv-DMEM/F12, #12634) supplemented with 10% FBS, 1% Pen Strep, and 1% Glutamax (all 

Gibco, Thermo Fisher Scientific). To induce rTRPV1 expression, doxycycline (Sigma-Aldrich, St. Louis, Mi., 

USA) was added to the cells at a working concentration of 1 μg/ml. To help keep the cells in a viable state, 
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ruthenium red (Merck KGaA, Darmstadt, Germany) was added at a working concentration of 10 mM. After 

induction, cells were grown for 24 hours and then transferred to a 384-well plate (3674, Corning, Corning, NY, 

USA). Cells were first washed and detached using 0.5% trypsin–EDTA in PBS (Gibco), resuspended in Adv-

DMEM/F12 + 10% FBS + 10 μM RR, and then counted so that cells could be seeded at 3×104 per well. On the 

next day, the calcium dye, Fluo-4 direct solution (Invitrogen, Thermo Fisher Scientific), was added to each well. 

The dye was prepared in HHBS buffer at a pH ~ 7.4. Cells with the dye were incubated for 30 minutes at 37 oC 

and then for an additional 40 minutes at room temperature. Cells incubated with dye were washed using the 

BlueWasher (BlueCatbio NH Inc., Lebanon, NH, USA). Media was replaced with HHBS + 10 μM 

sulfinpyrazone (Merck KGaA) by a Certus (Fritz Gyger AG, Gwatt, Switzerland) dispenser. The well plate with 

cells was then transferred to FDSS μCell (Hamamatsu, Hamamatsu City, Japan) and incubated for 10 more 

minutes at ~ 30°C before analysis. All compounds, both purchased and isolated, were prepared on a separate 

plate via an Echo dispenser 650 (Beckman Coulter Inc.,Brea, CA, USA). All standards and samples were 

prepared in DMSO as 10 mM stocks and diluted to a working concentration using HHBS + 10 μM 

sulfinpyrazone via Certus. The purchased compounds: capsiate (both MedChemExpress), vanillin (Honeywell 

Fluka) and 4-hydroxy-3-methoxybenzyl alcohol (Alfa Aesar) and AMG-517 (TargetMol, Boston, MA, USA), all 

other standards were purchased from MedChemExpress (Monmouth Junction, NJ, USA). Before the addition 

of compounds, baseline measurement was completed for 40 seconds with data collection every 0.339 

seconds. While still recording, cells were then contemporaneously titrated with compounds by the FDSS 

machine and analyzed for 5 minutes. To obtain max signal, which was used for normalization, 1% Triton X-100 

was added (Merck KGaA). Data was normalized from ScreenX 2.0 from the Institute of Molecular Genetics 

CAS and then analyzed on GraphPad Prism version 10.2.2. All dose/concentration-response curves were 

plotted using the four parametric logistic function made using least-square fit and separately handled replicates 

and are represented with the following equation:  

 

 

 

 

All other relevant data regarding replicates and statistics can be found in Chapter 8, Tables 4-6. 
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4. Results 

4.1 Plant collection and untargeted metabolomics 

Experimentation began with the collection of 40 different varieties of chili from the Botanical Garden of 

the Faculty of Tropical AgriSciences of the Czech University of Life Sciences in Prague (Figure 13 and 

Chapter 8, Table 3). The collected varieties cover four out of the five domesticated chili species and a wide 

range of SHU values. All varieties were first extracted on a small scale using EtOAc and analyzed on our 

UPLC-MS/MS method (Figure 13). Raw files were processed with mzmine (Schmid et al., 2023), which 

resulted in the output of a feature table (i.e., a list of all metabolites). The resulting features were first explored 

utilizing SIRIUS (Dührkop et al., 2019), an in-silico tool for compound structure prediction based on MS/MS 

spectra. It also contains a module, CANOPUS (Dührkop et al., 2020), which predicts the compound classes 

(e.g., alkaloid, terpene, capsaicinoid, etc.) for all features. 

 

 

Figure 13 Example of collected chilis and chromatogram. A wide range of varieties with different SHU were collected. The 

complete list can be found in Chapter 8, Table 3. The spiciest chili used was the Carolina Reaper, which at the time of 

testing had the highest rating of SHU in the world. The Miniature Chocolate Bell variety was one of the few non-pungent 

varieties. Example UPLC-MS/MS chromatogram of Carolina Reaper extract. 

https://paperpile.com/c/hAclWj/U4XC
https://paperpile.com/c/hAclWj/3xh1
https://paperpile.com/c/hAclWj/dx6T
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CANOPUS identified the largest molecular class as “N-acyl amines”, precursors corresponding to the 

capsaicinoid tail, with 12.3% of features identified belonging to that group (Figure 14 A). Precursors 

corresponding to the vanilloid head, phenylethylamines, simple phenolic acids and derivatives of cinnamic 

acid, counted for about 1-2% of all features (Figure 14 A). Capsaicinoids were also one of the largest 

predicted groups present with 6.85% of feature coverage (Figure 14 A). Utilizing features predicted to be 

capsaicinoids, varieties were clustered together based on feature abundance and visualized with a heat map 

(Figure 14 B). While there was some intra-species clustering, we did not observe any absolute grouping based 

on a species’ capsaicinoid profile. Most capsaicinoid profiles were unique to the variety; however, capsaicin 

and then dihydrocapsaicin were typically the most abundant. The variety Lemon Drop was an exception, as it 

contained more dihydrocapsaicin than capsaicin.  

 

Figure 14 Exploration of untargeted data with SIRIUS and python (A) Five important classes from the CANOPUS 

predictions as a percentage of all features identified. (B) Clustering and heatmap of all metabolites predicted to be 

capsaicinoids by CANOPUS. Compound 1 — capsaicin and compound 11 — dihydrocapsaicin are highlighted. Rows 

were normalized by taking the log10 of each peak area and then dividing it by the most abundant feature per row (i.e. in a 
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variety). The resulting normalized scale is from 0 to 1. Species are color-coded as follows: yellow (#F0E442) – C. 

chinense, blue (#0072B2) – C. annuum, sky blue (#56B4E9) – C. baccatum, orange (#E69F00) – C. frutescens. 

 

Lastly, a feature-based molecular network was created through the GNPS platform (Nothias et al., 

2020), which was used to identify novel capsaicinoids (Figure 15). We focused on the network that contained 

features predicted to be capsaicinoids by CANOPUS. Nodes were further confirmed by checking for the 

vanilloid head MS/MS fragment of m/z = 137(Wu et al., 2019). This network was leveraged to select targets for 

isolation based on MS/MS fragmentation indicative of hydroxylation, tail length, or dimerization. These 

compounds were targeted based on the assumption that they could produce a wide range of TRPV1 

activations. 

 

Figure 15 Capsaicinoid network from crude variety screening. Nodes that contained a predicted chemical formula from 

SIRIUS that matched a chemical formula of a known capsaicinoid were labeled as a dereplicated capsaicinoid. 

Compounds labeled iso had the same mass of a known capsaicinoid but a different retention time. Nodes labeled with 

+OH showed in-source fragmentation indicative of hydroxylation. Potential capsaicinoids were nodes that may have had a 

fragment ion indicative of a vanilloid head, but also other fragments that possibly suggest a different molecular class. 

https://paperpile.com/c/hAclWj/WYEz
https://paperpile.com/c/hAclWj/WYEz
https://paperpile.com/c/hAclWj/Y9W3
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4.2 Isolation of capsaicinoids 

To isolate target capsaicinoids, extraction was scaled up using pooled varieties of chilis that contained 

the target compounds. Chilis were macerated in EtOAc, followed by normal-phase chromatography and then 

reverse-phase chromatography to isolate individual compounds. Structures were confirmed with NMR analysis 

(Figure 16 A & B). In total, 18 capsaicinoids were isolated, five with a novel structure (Figure 16 C and 

Chapter 8, Table 2). Two of the 18 structures were determined using a mixture of NMR (Chapter 7) and 

MS/MS fragmentation (Chapter 9) compared to the confirmed molecules. Ultimately, 26 out of 50 nodes (52%) 

were annotated with a high degree of confidence (Figure 16 D). 

 

 

Figure 16 Isolation of capsaicinoids (A) Workflow of capsaicinoid isolation: A liquid extraction of chilis (a) was first 

fractionated by normal-phase flash chromatography (b), then target capsaicinoids were isolated on HPLC (c) and finally 

the structure was confirmed with NMR (d). (B) HPLC chromatogram from one of the pooled flash fractions highlighting the 

isolation of individual compounds. (C) Structures of the capsaicinoids isolated in this thesis, the red box highlights 
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structures that are novel. (D) The molecular network of the pooled chili extraction. Some capsaicinoids were not in this 

network but are found in smaller networks (not shown). 

 

4.3 rTRPV1 activation assays 

A series of rTRPV1 activation assays were performed with a cell line gifted to us from the Whitehead 

Institute for Biomedical Research (Boston, MA, USA) (Smith et al., 2024). The cell line is based on a Flp-In T-

REx-293 system that contains the rTRPV1 gene, which is under a tetracycline repressor and upon the addition 

of a small molecule (i.e., doxycycline) it induces the expression of rTRPV1. This cell line was coined irTRPV1–

FlpIn293. The rTRPV1 response was measured using fluo-4 dye, which binds to intracellular calcium upon 

rTRPV1 activation. The functionality of the cell line was evaluated using both immunochemical staining with 

imaging from confocal microscopy and a functional response assay with capsaicin (Figure 17). 

 

 

Figure 17 Different experiments testing the functionality of the rTRPV1 receptor. (A) rTRPV1 antibody staining of the 

irTRPV1-FlpIn293. The top row of cell images shows irTRPV1-FlpIn293+Doxy (induced expression), while the bottom row 

shows -Doxy. Blue staining is of the nucleus with DAPI, and the green signal is rTRPV1 (Santa Cruz sc-398417 (1:200, 1 

hour, RT) + Abcam ab150115 (1:800, 1 hour, RT)) (B) Calcium influx response with different concentrations of capsaicin: 

the left side in blue is rTRPV1 expressing, while the right side in red is without induced rTRPV1. 

https://paperpile.com/c/hAclWj/h2KG
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4.3.1 Crude extracts 

Most experiments completed were using the top of the response curve (Figure 18 A) to build either 

dose- or concentration-response curves. We were curious to determine if any correlation existed between 

capsaicinoid amounts (i.e., sum of all MS peak areas in each variety) and the median effective dose (ED50) 

values. We speculated that if capsaicinoids are additive, there should be a positive trend between these two 

values. When correlating all CANOPUS predicted capsaicinoid features of a variety to its ED50, there was a 

strong Pearson correlation of 0.86, thus suggesting a possible additive effect of capsaicinoids (Figure 18 B). 

All data for sum intensity and ED50 values can be found in Chapter 8, Tables 3 & 4. 

 

Expanding on the previous comparison, other groupings of features were compared to the ED50 values. 

Keeping only capsaicin and dihydrocapsaicin, a similar correlation was obtained, Pearson =0.85 (Figure 18 C). 

To determine how much capsaicin and dihydrocapsaicin may have been influencing the original correlation of 

all capsaicinoids (Figure 18 B), we kept all capsaicinoids but removed all feature areas corresponding to 

capsaicin and dihydrocapsaicin (Figure 18 D). To determine this, even without those two compounds, a strong 

relation between capsaicinoid content and ED50 values remained, Pearson = 0.77. Lastly, all feature areas 

were grouped together (Figure 18 E) with or without capsaicinoids (Figure 18 F). Both situations produced 

strong correlations: all features — Pearson = 0.78 and all features without capsaicinoids — Pearson = 0.71. 
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Figure 18 Traces and dose curve experiments (A) Example traces that were used for all subsequent experiments, tops of 

responses were used to build dose-response curves. All compounds or mixtures were applied contemporaneously. (B) 

Pearson correlation of crude extract capsaicinoid content compared to their corresponding −LogED50 values. Each point 

on the curve is one chili variety, the x-axis is the sum intensity of the MS peak area for all predicted capsaicinoids, and the 

y-axis is −LogED50. Varieties S7 and S25 were removed from data analysis; this removal did not change the overall 

positive slope of the line. All sum intensity data can be found in Chapter 8, Table 3 and all crude extract −LogED50 values 

can be found in Chapter 8, Table 4. Other graphs use different combinations of the Log sum intensity of different feature 

groupings within a given variety compared to its corresponding −LogED50. (C) Comparison of MS sum feature area for 

only capsaicin and dihydrocapsaicin, Pearson = 0.85. The sum area of these two features consists of [M+H]+, [M+Na], 

[M+ethylamine]+ and [2M+H]+ adducts. (D) This plot is similar to panel B, but all peak areas corresponding to capsaicin 

and dihydrocapsaicin were removed, leaving all other capsaicinoids, Pearson = 0.77. (E) This curve uses all features 

found in each variety, Pearson = 0.78. (F) This is a similar correlation to panel E, but all capsaicinoid feature areas were 

removed, Pearson = 0.71. 

4.3.2 Individual compounds 

After testing crude extracts, individual capsaicinoids, both purchased and isolated, were tested on 

rTRPV1 activation. All EC50 values obtained from the experiments can be found in Chapter 8, Table 2 and 

more detailed data on the curves can be found in Chapter 8, Table 5. Capsaicinoids tested had a wide range 

of rTRPV1 activation; several were selected and highlighted in Figure 19 A. Compounds that contain similar 

structures (i.e., similar number of carbons and saturation), such as nordihydrocapsaicin (20), had similar EC50 

values to capsaicin (Figure 19 A & B). Compounds that have a modification to the vanilloid head (53) or have 

a shorter acyl tail (43) had reduced potency to rTRPV1 when compared to rTRPV1 (Figure 19 A & B). Lastly, 

compounds with a tail longer than capsaicin, capsaicinoid 9, had similar potency to capsaicin but reduced 

efficacy (Figure 19 A & B). All compounds were tested in combination with AMG-517, a known antagonist of 

rTRPV1. Data indicated that the antagonist was successfully blocking the capsaicinoid from activating the 

receptor (Figure 19 C). 
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Figure 19 Individual capsaicinoids rTPRV1 activation and inhibition. (A) Select curves that highlight the wide range of 

rTRPV1 activation due to differences in capsaicinoid structure. All EC50 values can be found in Chapter 8, Table 2 and all 

other information about the curves can be found in Chapter 8, Table 5. (B) Summary of how changes in capsaicin’s 

structure affect rTRPV1 activation. (C) All compounds were mixed at a concentration close to their EC50 value with 1.7 μM 

AMG-517. Cells were also treated without AMG-517 for comparison. Unlike other experiments, the area under the 

response curve was used for inhibition evaluation. As both the capsaicinoid and inhibitor were added contemporaneously, 

the capsaicinoid may have outcompeted the inhibitor in certain cases.  
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4.3.3 Modulation assays 

Lastly, to determine if capsaicinoids were interacting with each other, non-potent to non-activating 

analogs and related capsaicinoids were tested in combination with capsaicin. To determine the working 

concentration, capsaicin at its EC10, EC50 and EC90 was tested in combination with a full-dose response curve 

of a related capsaicinoid (Data not shown). Curves of capsaicinoids with capsaicin added to them were 

compared to curves without to determine the modulation amount. Following this, a full capsaicin dose-

response curve was then tested with determined modulating amounts of analog. Most non-active compounds 

resulted in positive modulation of capsaicin rTRPV1 activation (Figure 20). Vanillin (compound 35), a small 

precursor to capsaicin biosynthesis, produced the largest modulation with capsaicin being 10x more potent 

when added (Figure 20). All information on modulation assays can be found in Chapter 8, Table 6. 

 

 

Figure 20 Dose-response curves of capsaicin in combination assay. Most non-active to low-potency analogs or related 

capsaicinoids acted as positive modulators of capsaicin. Concentrations of capsaicinoids that were mixed with capsaicin: 

43 and 44 – 1.7 μM, 49 – 0.2 μM, 10 – 1.7 μM, 35– 1 μM. Detailed information on curves can be found in Chapter 8, 

Table 6. 
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5. Discussion 

5.1 Untargeted metabolomic exploration of novel vanilloids in chilis 

It was not surprising that the N-acyl amines are some of the most abundant compounds in the chili 

extracts as these molecules are precursors to the capsaicinoid tail (Figure 9 & 10). Conversely, there were 

only a few compounds that were predicted to be phenylethylamines, simple phenolic acids and derivatives of 

cinnamic acid; molecules that correspond to capsaicinoid head. We speculate that vanilloid head-like 

molecules may be the limiting factor in the biosynthesis and diversification of capsaicinoids. This idea is 

supported by a previous study which found that phenylethylamines are quickly converted into capsaicinoids 

(Ogawa et al., 2015). Surprisingly, there were no molecules predicted to be capsinoids. 

 

Capsinoids are structurally related compounds to capsaicinoids and are also found in Capsicum. The 

first discovered capsinoid was capsiate (compound 10) from a non-pungent variety of C. annuum (Kobata et 

al., 1998b). The difference between capsaicinoids and capsinoids is based on the connection to the vanilloid 

head: capsaicinoids are connected from their acyl tail to the vanilloid head by an amide bond while capsinoids 

are condensed together to form an ester bond. Because of the ester bond, capsinoids are more susceptible to 

degradation in polar solvents but should be stable in non-polar solvents like our extraction solvent ethyl acetate 

(Sutoh et al., 2001). Thus, the lack of capsinoids in our sample should not be caused by the extraction solvent. 

As mentioned, the pAMT to produce vanillyl alcohol (i.e., capsinoid precursor) may require a point mutation 

(Lang et al., 2009); however, trace amounts of vanillyl alcohol were found in some varieties (1000-fold lower 

signal intensity than a 1 mM standard). This would support the hypothesis that a CAD is needed for vanillyl 

alcohol formation as it was found in the same sample along with capsaicinoids. One last consideration is that 

capsinoids easily fragment in-source under our ionization methods. Capsiate’s base peak signal is based on a 

vanilloid head fragment and contains only a small [M+H]+ peak (Chapter 8, Table 2). Since capsinoids easily 

fragment in-source, it may result in too low intensity or a nonexistent [M+H]+ peak, which would result in no 

MS/MS detection and no subsequent CANOPUS prediction nor molecular networking. Tuning a particular 

ionization method for capsinoids should be considered for future studies. 

 

When exploring the molecular network in Figure 15, several nodes were found that indicated most 

alterations of the capsaicinoid structure occurred on the tail, which is expected based on the diversity of N-acyl 

amines and what has been published in previous studies. Upon completion of this study, 28 out of the 70 

nodes (40%) were annotated. Other unannotated capsaicinoids likely reflect further variations of the molecules 

identified in this thesis. 

https://paperpile.com/c/hAclWj/XJwH
https://paperpile.com/c/hAclWj/g9BB
https://paperpile.com/c/hAclWj/g9BB
https://paperpile.com/c/hAclWj/7jtX
https://paperpile.com/c/hAclWj/AmFs
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5.2 Isolated capsaicinoids 

As previously stated, 18 capsaicinoids were isolated, five with a structure reported for the first time, and 

several other structures that were only obtained through synthesis (see Figure 16). As expected, these 

compounds varied with different degrees of tail length, hydroxylation, and — surprisingly— some with a 

modified vanilloid head. In total, 26 out of 50 nodes (52%) were annotated. As with the previous network, the 

remaining unannotated nodes are likely capsaicinoids with varying tail length, saturation, or hydroxylation.  

 

Capsaicinoids 19, 22 and 41–45 were expected to have different tail lengths based on SIRIUS formula 

prediction and manual MS/MS spectral investigations, which were confirmed with the isolation of targets and 

NMR analysis. Both capsaicinoids 19 and 22 have been previously identified (Gannett et al., 1988; Wang et al., 

2020b), and capsaicinoids 41, 44 and 45 have only been chemically synthesized and have never been 

reported from a chili species (Ježo, 1975; Nelson, 1919; F. Yang et al., 2015). Capsaicinoid 43 was previously 

identified through enzymatic synthesis (Kobata et al., 1998a). Only capsaicinoid 42, which was synthesized, 

had tentative identification in C. chinense and C.annuum without any NMR or reference standard confirmation 

(Buitimea-Cantúa et al., 2020; Stipcovich et al., 2018; Sweat et al., 2016; Takahashi et al., 1976). 

 

Several capsaicinoids had an oxidized tail: 30, 46, 47, 48, and 49. The first identified hydroxylated 

capsaicinoid, ω-hydroxycapsaicin 30, was first reported as a product of capsaicin P450 oxidation (Reilly et al., 

2003) but was later isolated from C. annuum (Ochi et al., 2003). More recently, ω-hydroxycapsaicin was found 

to be a product of microbial transformation of capsaicin (Deng et al., 2022). Similar to ω-hydroxycapsaicin, 

capsaicinoid 46 was linked to human cell line oxidation, while capsaicinoid 47 has only been known to be a 

product of microbial P450 processing or other epiphytic modulation (Ma et al., 2021; Migglautsch et al., 2018; 

Xin et al., 2017). To the best of our knowledge, capsaicinoids 48 and 49 are structures first reported in this 

project.  

 

Two capsaicinoids contained an additional unsaturation, capsaicinoid 25 and 50. Capsaicinoid 50 is 

firstly reported in our work, while capsaicinoid 25 was previously found in C. annuum (Wang et al., 2020b).  

 

Several nodes identified contained possible modifications to the vanilloid head, but most of those 

compounds were low abundant and contained MS/MS spectra with hard-to-generate structures. Conversely, 

capsaicinoids 51 and 52 were isolated for the first time and contained a unique double vanilloid head structure. 

We postulate that these capsaicinoids are likely enzymatic products as photocatalyzed products would 

resemble insertion-like capsaicinoids as in 31. Capsaicinoid 51 was confirmed with NMR, while capsaicinoid 52 

was confirmed with MS/MS annotation based on capsaicinoid 51. Ultimately, while the compounds were 

identified in multiple harvests, the structure is inherently unstable based on NMR and MS measurements.  

 

https://paperpile.com/c/hAclWj/QIBe+nTNr
https://paperpile.com/c/hAclWj/QIBe+nTNr
https://paperpile.com/c/hAclWj/Tcar+1Hmb+olaZ
https://paperpile.com/c/hAclWj/5aNc
https://paperpile.com/c/hAclWj/qsRN+GCv3+4D89+LKW6
https://paperpile.com/c/hAclWj/OJz4
https://paperpile.com/c/hAclWj/OJz4
https://paperpile.com/c/hAclWj/WuRN
https://paperpile.com/c/hAclWj/bQuB
https://paperpile.com/c/hAclWj/NBXE+VP9G+fkKC
https://paperpile.com/c/hAclWj/NBXE+VP9G+fkKC
https://paperpile.com/c/hAclWj/nTNr
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Lastly, two dimers, capsaicinoids 31 and 53, were isolated. Capsaicinoid 53, 5,5’-dicapsaicin, structure 

was determined through NMR, while capsaicinoid 31 was determined based on MS/MS differences. 

Capsaicinoid 53 has never been reported from direct Capsicum isolation, however, it has been found as a 

product of different reactions (Tateba and Mihara, 1991)(Bernal and Barceló, 1996)(Henderson et al., 

1999)(Reilly et al., 2013; Tian et al., 2019)(Martínez-Juárez et al., 2004). 

 

We tried to determine the absolute configuration of chiral capsaicinoids 30, 48 and 49 (Data not shown) 

using standard circular dichroism experiments. No absolute structures were confirmed from the experiments, 

which was likely caused by the flexibility between the chromophore and the chiral center itself(Saito and 

Schreiner, 2020). 

 

Finally, all capsaicinoids and standards were tested for purity, which can be found in Chapter 8, Table 

2. Most of the compounds were found to have a purity of 90% or greater. Impurities consisted of unknown 

unrelated compounds, isomers of the target compound or capsaicinoids (about 100-1000 times less intense 

than the target compound, assuming they have similar ionization efficiency). Of concern, the dimers did 

indicate degradation into monomers, which may influence subsequent EC50 values. The most concerning was 

capsiate, which was analyzed to be 50% purity, while the manufacturer reported > 94% (Alomone Labs). QC 

testing occurred several months after initial rTRPV1 assaying and the capsiate is known to be unstable in 

DMSO (Sutoh et al., 2001), the testing and storage solution. We suggest in future studies to use an alternative 

solvent or to prepare capsinoid samples at the time of testing.  

 

5.3 TRPV1 activation assays 

We tested all crude extracts, isolated compounds and several purchased standards on the rTRPV1 

assay. rTRPV1 shares high homology with human TRPV1 (hTRPV1), with 83% sequence similarity 

(Neuberger et al., 2023). Furthermore, rTRPV1 and hTRPV1 respond similarly to capsaicin activation. 

Noticeable differences between rTRPV1 and hTRPV1 are that rTRPV1 is less sensitive to the antagonists 

capsazepine and ruthenium red (McIntyre et al., 2001). While all results discussed below should be repeated 

on the hTRPV1 receptor to confirm activity, our results should be comparable to hTRPV1 activity based on the 

aforementioned.  

5.3.1 TRPV1 activation by crude extracts 

Most of the crude extracts resulted in rTRPV1 activity with a response of 60% or greater; however 

Miniature Chocolate Bell (S25) elicited only partial activation at highest concentration tested. This slight 

https://paperpile.com/c/hAclWj/SWKQ
https://paperpile.com/c/hAclWj/Q3Mh
https://paperpile.com/c/hAclWj/BS3pj
https://paperpile.com/c/hAclWj/BS3pj
https://paperpile.com/c/hAclWj/CIPeU+OscI6
https://paperpile.com/c/hAclWj/4y4p5
https://paperpile.com/c/hAclWj/d6t7L
https://paperpile.com/c/hAclWj/d6t7L
https://paperpile.com/c/hAclWj/7jtX
https://paperpile.com/c/hAclWj/f678
https://paperpile.com/c/hAclWj/Mb3t


Smith 51 
 
activation can be due to a lower capsaicinoid concentration; however, the inclusion of an inhibitor or negative 

modulator in the mixture cannot be ruled out.  

 

The positive correlation comparing crude extract activity to capsaicinoid concentration, Figure 18 B, 

indicated that there may be some additive effects from all capsaicinoids present. A positive correlation was 

found even when different MS feature groupings were compared, indicating that there may be non-vanilloids 

influencing rTRPV1 activation or that, in general, spicier varieties are more metabolically active than non-

pungent varieties. Subsequent studies should consider increasing both the number of varieties and replicates 

to obtain a more jointly normally distributed representation (Schober et al., 2018). This correlation was taken 

only as a suggestion that there may be an additive effect; thus, capsaicinoids were tested in combination to 

confirm this speculation. 

 

5.3.2 TRPV1 activation by individual compounds 

Capsaicinoids’ least susceptible region of change is the acyl tail moiety; however, it is known that the 

shortening of the tail does reduce potency (Yin et al., 2019). Following the tail, the amide neck can tolerate 

changes, but alterations can affect binding and potency (Vu et al., 2020; Yin et al., 2019), which is exemplified 

by molecules like piperine (Dong et al., 2019; McNamara et al., 2005) or gingerols (Dedov et al., 2002; Yin et 

al., 2019). The most sensitive region to change is the vanilloid head (Walpole et al., 1996). Despite the 

extensive structural-activity relationship of capsaicinoids and TRPV1 and the many studies utilizing synthetic 

analogs (Lee et al., 2004, 2003; Park et al., 2004; Ryu et al., 2008), naturally occurring capsaicinoids have 

remained underexplored. This thesis has helped fill in those gaps in natural capsaicinoid rTRPV1 activation 

(Chapter 8, Table 2). 

 

Of the 24 compounds tested, excluding capsaicin, only six of them have been previously screened for 

TRPV1 activity. Our literature studies indicated that capsaicinoids 22, 41 and 43 have been previously tested 

for TRPV1 activation (Yin et al., 2019). Capsaicinoids 11, 26 and 9 were purchased standards that have been 

previously tested, but on dorsal root ganglia, which express TRPV1. The dorsal root ganglia testing produced 

slightly higher median effective concentration (EC50) values of 0.19 μM, 0.55 μM and 0.17 μM (Walpole et al., 

1993). Differences in our results from their experiments are expected since testing occurred on a different 

system. Lastly, capsaicinoids 23 and 26 have already been tested in a 45Ca2+ uptake assay which used 

rTRPV1-expressing Chinese hamster ovary cells and resulted in EC50 values of 0.061 μM and 0.072 μM, 

respectively (Cho et al., 2012). Differences in EC50 values between our results and the previous study differed 

almost threefold in magnitude, but still within an acceptable range considering differences in the system and 

experimentation. To the best of our knowledge, there have been no other tests of capsaicinoids reported 

herein.  

https://paperpile.com/c/hAclWj/KH0A
https://paperpile.com/c/hAclWj/ACWQ
https://paperpile.com/c/hAclWj/9IuI+ACWQ
https://paperpile.com/c/hAclWj/kCF9+QhJS
https://paperpile.com/c/hAclWj/ACWQ+vviF
https://paperpile.com/c/hAclWj/ACWQ+vviF
https://paperpile.com/c/hAclWj/neGE
https://paperpile.com/c/hAclWj/TUjY+MdDX+bQbB+rOEY
https://paperpile.com/c/hAclWj/ACWQ
https://paperpile.com/c/hAclWj/vHTy
https://paperpile.com/c/hAclWj/vHTy
https://paperpile.com/c/hAclWj/dNoc
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5.3.2.1 Modification of the tail 

It is well established that the vanilloid head is key for later stages in TRPV1 gating (Chu et al., 2020; 

Dong et al., 2019; Fan Yang et al., 2015), but the tail is needed to both initiate the binding of capsaicin and 

stabilize this open state (Fan Yang et al., 2015). Capsaicin’s tail was found to first enter towards the S3 and S4 

segments of the binding site (Fan Yang et al., 2015; Yang and Zheng, 2017), followed by the binding of the 

neck which allows the vanilloid head to interact with the S4-S5 linker (Vu et al., 2020; Yang and Zheng, 2017; 

Yin et al., 2019). The binding to the vanilloid head initiates a movement of the S4-S5 linker which is coupled to 

the movement of the S6 helix, with which the capsaicin tail interacts and thus stabilizes the opening (Fan Yang 

et al., 2015; Yang and Zheng, 2017).  

 

Several capsaicinoids (11, 25 and 26) shared the same number of carbons as capsaicin but contained 

changes in connectivity or saturation, which resulted in a small loss of TRPV1 activity (Figure 19 A&B). Since 

these changes do not greatly affect the overall tail polarity, van der Waals interactions needed for channel 

stabilization remain relatively unperturbed. Conversely, capsaicinoids (30 and 46-49) that contained the same 

number of carbons but were hydroxylated had EC50 values reduced by 10- to 150- fold depending on the 

location of the hydroxylation. Since the TRPV1 channel opening is stabilized by the hydrophobic tail and 

requires S6 helix movement for activation, it is likely that the polar hydroxyl group reduces the van der Waals 

interactions and limits the movement of the S6 helix. Capsaicinoids (13, 20 and 26) which differed by a single 

carbon atom had comparable EC50 values to capsaicin, 1-6 times less potent. Of the compounds, 

nordihydrocapsaicin had the most similar EC50 value (0.05 μM) to capsaicin and dihydrocapsaicin (Figure 19 

A&B). 

 

Other tail differences were marked by capsaicinoids with 2-5 fewer carbons and changes in 

connectivity, which resulted in 15-fold lower activity to almost non-active molecules. N-vanillyl octanamide (22) 

was the only exception with three to five times less potency than capsaicin. Interestingly, capsaicinoids 9 and 

43/44, both differed by six carbons when compared to the capsaicin structure and shared partial antagonism to 

TRPV1; however, capsaicinoid 9 had similar potency to capsaicin. It is known that short-tailed capsaicinoids, 

like 43 and 44, are unable to achieve the same opening and stabilization as capsaicin (F. Yang et al., 2015). 

Capsaicinoid 9’s (olvanil) bulky tail may result in an unfavorable conformation inside the binding pocket which 

reduces the interaction and stabilization with the S6 helix (Vu et al., 2020). Ultimately, EC50 values obtained for 

individual capsaicinoids were appropriate based on previous literature findings.  

https://paperpile.com/c/hAclWj/dqUb+QhJS+0a0H
https://paperpile.com/c/hAclWj/dqUb+QhJS+0a0H
https://paperpile.com/c/hAclWj/dqUb
https://paperpile.com/c/hAclWj/iYvV+dqUb
https://paperpile.com/c/hAclWj/ACWQ+iYvV+9IuI
https://paperpile.com/c/hAclWj/ACWQ+iYvV+9IuI
https://paperpile.com/c/hAclWj/iYvV+dqUb
https://paperpile.com/c/hAclWj/iYvV+dqUb
https://paperpile.com/c/hAclWj/Tcar
https://paperpile.com/c/hAclWj/9IuI
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5.3.3 TRPV1 modulation assays 

Often, capsaicin-containing products are sold as mixtures of capsaicinoids and not solely capsaicin. 

The capsaicinoid mixture will vary greatly in both amount and composition depending on the variety and the 

chosen extraction method. Since a trend between capsaicinoid content and ED50 values was observed, a 

series of experiments were conducted to determine if capsaicinoids act in a synergistic manner. Modulation 

experiments consisted of adding a non-activating or low-potency capsaicinoid or analog to a capsaicin with a 

full dose-response curve (Chapter 8, Tables 3 & 4). Capsaicin curves with potential modulators were 

compared to the capsaicin curve without. Depending on the left shift of the curve with the modulator, we 

considered the effects to be either additive or synergistic (Chapter 8, Table 6) (Tallarida, 2011; Zhao et al., 

2010). Our results suggest that, in general, less potent analogs tend to act as positive modulators and increase 

the overall potency of capsaicin. In particular, compounds 43, 44, 10, and 35 resulted in the greatest 

modulation of capsaicin rTRPV1 activation (Figure 20 and Chapter 8, Table 6). 

 

It was previously shown that a similar capsaicin modulation from ATP was linked to G-protein-coupled 

purinergic receptors(Tominaga et al., 2001). However, it is unlikely that our modulation is a result of non-

TRPV1 interactions. Since our irTRPV1–FlpIn293 overexpressed rTRPV1, it was expected that the amount of 

rTRPV1 would outweigh any endogenous expression of other TRPV1-modulating proteins. Furthermore, only 

the tops of traces were considered (Figure 18 A); therefore, we were investigating immediate responses from 

capsaicinoid activation. While we do not attribute TRPV1 modulation to other receptors, further studies are 

needed to confirm this.  

 

TRPV1 channel opening begins with the binding of the vanilloid head of capsaicin ((Jara-Oseguera et 

al., 2019; Yang et al., 2018); however, a single molecule cannot fully activate the channel on its own (Liu et al., 

2019). Furthermore, it has been found that the channel gating is key on the cytosolic side for full opening and 

ion permeability (Jara-Oseguera et al., 2019; Yang et al., 2018). Because of the importance of opening at the 

receptor’s gate, it may be possible for a single molecule of capsaicin to evoke a full channel response if there 

is the presence of another vanilloid that can influence the initial gating. TRPV1 is also an allosteric protein, and 

in general, the family of TRPV proteins is known to share 16 different ligand-binding sites (Yelshanskaya and 

Sobolevsky, 2022). While it is likely that these small molecules are interacting in the known vanilloid pocket, it 

cannot be completely ruled out that these small molecules are interacting with a known or unknown allosteric 

site. Ultimately, it appears that these small non-pungent vanilloids, compounds 43, 44, 10, and 35, either 

collectively aid the facilitation of the channel opening or increase its stability in the open state through the 

vanilloid head. In future studies, the exact mechanism of this positive modulation needs to be further 

investigated.  

 

 

https://paperpile.com/c/hAclWj/s0lh+ecI7
https://paperpile.com/c/hAclWj/s0lh+ecI7
https://paperpile.com/c/hAclWj/UJBB
https://paperpile.com/c/hAclWj/K87P+cEZv
https://paperpile.com/c/hAclWj/K87P+cEZv
https://paperpile.com/c/hAclWj/JOha
https://paperpile.com/c/hAclWj/JOha
https://paperpile.com/c/hAclWj/K87P+cEZv
https://paperpile.com/c/hAclWj/bOmJ
https://paperpile.com/c/hAclWj/bOmJ
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6. Conclusions 

Untargeted metabolomic studies have been previously combined with biological readouts, but the 

combination of untargeted metabolomics to identify novel ligands with a specific biological target remains a 

relatively underexplored area. A novel pipeline was applied for the investigation of TRPV1 activating 

capsaicinoids and resulted in the creation of the single largest library of naturally occurring vanilloids from 

Capsicum sp. Most capsaicinoids contain an unmodified vanilloid head with variations mostly occurring on the 

tail either by varying length or with the presence or absence of oxidation or double bonds. We did identify two 

capsaicinoids with a modified head, but these molecules were unstable based on repeated analysis and were 

not further investigated. 

 

While TRPV1 agonist discovery was the main goal of this thesis, our untargeted metabolomics study 

expanded further than this original scope. We found that the capsaicinoid fingerprint between varieties was 

inconsistent, thus making them unreliable for identification. This finding agrees with the previous targeted 

studies claiming that capsaicinoids are not a viable option for chemotaxonomic investigation (Zewdie and 

Bosland, 2001). Furthermore, this inconsistency should be considered when capsaicinoids are implemented in 

medicinal products. The untargeted screening identified very few molecules that were predicted by CANOPUS 

to be vanilloid-like precursors. This lack of analogs may be a limiting factor in both capsaicinoid biosynthesis 

and diversity.  

 

The combination of crude extract ED50 values combined with untargeted metabolomics, to the best of 

our knowledge, has not been explored before. This combination suggests that capsaicinoids are potentially 

acting in either an additive or synergistic manner. When testing individual capsaicinoids, we found that the 

slightest deviation from the capsaicin structure reduced the activity of a given capsaicinoid. In particular, the 

shortening of the tail resulted in an inactive analog, which agrees with previous studies on capsaicinoids. Long-

tail capsaicinoids, while able to activate TRPV1, unlike short-tailed analogs, are less efficient at channel 

opening than capsaicin. Of the findings, the reduction of TRPV1 activity by a single hydroxylation raises 

poignant considerations when storing capsaicinoids (i.e., oxidation should be avoided to maintain potency). 

Despite the reduced potency, we found that these molecules can modulate capsaicin potency. 

 

Our initial hypothesis that capsaicinoids may interact with each other in an additive manner was 

supported when testing non-activating to weakly-activating capsaicinoids in combination with capsaicin. Non-

activating ligands can act like antagonists, which was not the case with capsaicinoids. In fact, non-activating 

capsaicinoids acted as positive modulators to TRPV1. Of the non-activating, vanillin, which is found in chilis, 

may add to the overall potency of a given variety. While chilis contain mostly capsaicin and dihydrocapsaicin, 

https://paperpile.com/c/hAclWj/qHws
https://paperpile.com/c/hAclWj/qHws
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all capsaicinoids should be considered when determining the SHU. Further studies are needed to understand 

the full mechanism behind this modulation. 

 

7. NMR 

 

Nornorcapsaicin 19, Capsicum8-P4,P5 

1H NMR (500.0 MHz, CD3CN) δ = 6.86 (d, 1H, J2′,6′ = 1.9, H2′), 6.74 (d, 1H, J5′,6′ = 8.0, H5′), 6.71 (ddt, 1H, J6′,5′ = 

8.0, J6′,2′ = 1.9, J6′,CH2 = 0.7, H6′), 6.65 (bs, 1H, NH), 6.42 (bs, 1H, OH), 5.34–5.47 (m, 2H, H4 and H5), 4.22 (d, 

2H, JCH2,NH = 6.0, 1′–CH2), 3.82 (s, 3H, OCH3), 2.16–2.26 (m, 5H, H2, H3 and H6). 

13C NMR (125.7 MHz, CD3CN) δ = 172.8 (C1), 148.1 (C3′), 146.1 (C4′), 139.2 (C5), 132.3 (C1′), 126.7 (C4), 

121.0 (C6′), 115.4 (C5′), 112.1 (C2′), 56.6 (OCH3), 43.3 (1′–CH2), 37.0 (C2), 31.7 (C6), 29.4 (C3), 22.8 (C7). 

 

22, Capsicum8-P10 

1H NMR (500.0 MHz, CD3CN) δ = 6.85 (d, 1H, J2′,6′ = 1.9, H2′), 6.75 (d, 1H, J5′,6′ = 7.9, H5′), 6.71 (ddt, 1H, J6′,5′ = 

8.0, J6′,2′ = 1.9, J6′,CH2 = 0.7, H6′), 6.65 (bs, 1H, NH), 6.42 (bs, 1H, OH), 4.22 (d, 2H, JCH2,NH = 6.0, 1′–CH2), 3.82 

(s, 3H, OCH3), 2.13 (m, 2H, H2), 1.57 (m, 2H, H3), 1.21–1.33 (m, 8H, H4, H5, H6 and H7), 0.88 (m, 3H, H8). 

13C NMR (125.7 MHz, CD3CN) δ = 173.6 (C1), 148.1 (C3′), 146.1 (C4′), 132.4 (C1′), 121.0 (C6′), 115.4 (C5′), 

112.0 (C2′), 56.6 (OCH3), 43.2 (1′–CH2), 36.9 (C2), 32.5 (C6), 29.9 (C4 or C5), 29.8 (C4 or C5), 26.6 (C3), 23.3 

(C7), 14.4 (C8). 
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25, Capsicum8-P14 

1H NMR (500.0 MHz, CD3CN) δ = 6.85 (d, 1H, J2′,6′ = 2.0, H2′), 6.74 (d, 1H, J5′,6′ = 8.0, H5′), 6.70 (ddt, 1H, J6′,5′ = 

8.0, J6′,2′ = 1.9, J6′,CH2 = 0.7, H6′), 6.67 (bs, 1H, NH), 6.44 (bs, 1H, OH), 5.93–6.05 (m, 2H, H5 and H6), 5.53–5.60 

(m, 2H, H4 and H7), 4.22 (d, 2H, JCH2,NH = 6.0, 1′–CH2), 3.82 (s, 3H, OCH3), 2.20–2.35 (m, 5H, H2, H3 and H8), 

0.98 (d, 6H, J9,8 = 6.7, H9). 

13C NMR (125.7 MHz, CD3CN) δ = 172.8 (C1), 148.1 (C3′), 146.1 (C4′), 140.8 (C7), 132.3 (C1′), 132.1 (C5), 

131.7 (C4), 128.3 (C6), 121.0 (C6′), 115.4 (C5′), 112.1 (C2′), 56.6 (OCH3), 43.3 (1′–CH2), 36.5 (C2), 31.8 (C8), 

29.3 (C3), 22.6 (C9). 

  

ω-hydroxycapsaicin 30, Capsicum11-P8 

1H NMR (500.0 MHz, CD3CN) δ = 6.85 (d, 1H, J2′,6′ = 2.0, H2′), 6.75 (d, 1H, J5′,6′ = 8.1, H5′), 6.70 (ddt, 1H, J6′,5′ = 

8.1, J6′,2′ = 2.0, J6′,CH2 = 0.7, H6′), 6.69 (bs, 1H, NH), 6.44 (bs, 1H, 4′–OH), 5.44 (dtd, 1H, J6,7 = 15.4, J6,5 = 6.7, 

J6,8 = 1.0, H6), 5.32 (ddt, 1H, J7,6 = 15.4, J7,8 = 7.4, J6,5 = 1.3, H7), 4.22 (d, 2H, JCH2,NH = 6.0, 1′–CH2), 3.82 (s, 

3H, OCH3), 3.26–3.34 (m, 2H, H9), 2.56 (t, 1H, JOH,9 = 5.9, 9-OH), 2.11–2.22 (m, 3H, H2 and H8), 2.00 (m, 2H, 

H5), 1.57 (m, 2H, H3), 1.35 (m, 2H, H4), 0.93 (d, 3H, JCH3,8 = 6.8, 8-CH3). 

13C NMR (125.7 MHz, CD3CN) δ = 173.6 (C1), 148.2 (C3′), 146.0 (C4′), 134.4 (C7), 132.4 (C1′), 130.9 (C6), 

121.0 (C6′), 115.4 (C5′), 112.0 (C2′), 67.82 (C9), 56.6 (OCH3), 43.2 (1′–CH2), 40.4 (C8), 36.6 (C2), 33.0 (C5), 

29.7 (C4), 26.0 (C3), 17.1 (8-CH3). 
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41, Capsicum10-P3 

1H NMR (500.0 MHz, CD3CN) δ = 6.85 (d, 1H, J2′,6′ = 2.0, H2′), 6.75 (d, 1H, J5′,6′ = 8.0, H5′), 6.70 (ddt, 1H, J6′,5′ = 

7.9, J6′,2′ = 1.9, J6′,CH2 = 0.7, H6′), 6.65 (bs, 1H, NH), 6.41 (bs, 1H, OH), 4.22 (d, 2H, JCH2,NH = 6.0, 1′–CH2), 3.82 

(s, 3H, OCH3), 2.13 (m, 2H, H2), 1.56 (m, 2H, H3), 1.26–1.33 (m, 6H, H4, H5 and H6), 0.88 (m, 3H, H7). 

A small amount of the sample did not allow for 13C NMR measurement. 

 

 

42, Capsicum8-P9 

1H NMR (500.0 MHz, CD3CN) δ = 6.86 (d, 1H, J2′,6′ = 2.0, H2′), 6.74 (d, 1H, J5′,6′ = 8.1, H5′), 6.71 (ddt, 1H, J6′,5′ = 

8.0, J6′,2′ = 1.9, J6′,CH2 = 0.6, H6′), 6.65 (bs, 1H, NH), 6.41 (bs, 1H, OH), 4.22 (d, 2H, JCH2,NH = 6.0, 1′–CH2), 3.82 

(s, 3H, OCH3), 2.13 (m, 2H, H2), 1.47–1.60 (m, 3H, H3 and H6), 1.29 (m, 2H, H4), 1.18 (m, 2H, H5), 0.86 (d, 6H, 

J7,6 = 6.7, H7). 

13C NMR (125.7 MHz, CD3CN) δ = 173.7 (C1), 148.2 (C3′), 132.4 (C1′), 121.0 (C6′), 115.4 (C5′), 112.0 (C2′), 

56.6 (OCH3), 43.2 (1′–CH2), 39.4 (C5), 36.9 (C2), 28.6 (C6), 27.7 (C4), 26.8 (C3), 22.9 (C7). 

  

43, Capsicum10-P3 

Structural analysis was performed for a mixture of compounds 43 and 44. 

1H NMR (500.0 MHz, CD3CN) δ = 6.86 (d, 1H, J2′,6′ = 1.9, H2′), 6.75 (d, 1H, J5′,6′ = 8.1, H5′), 6.69–6.72 (m, 1H, 

H6′), 6.64 (bs, 1H, NH), 6.41 (bs, 1H, OH), 4.23 (d, 2H, JCH2,NH = 6.0, 1′–CH2), 3.82 (s, 3H, OCH3), 2.13 (m, 2H, 

H2), 1.60 (sextet, 2H, J3,2 = 7.4, H3), 0.91 (t, 3H, J4,3 = 7.4, H4). 

13C NMR (125.7 MHz, CD3CN) δ = 173.5 (C1), 148.3 (C3′), 146.1 (C4′), 132.5 (C1′), 121.0 (C6′), 115.4 (C5′), 

112.0 (C2′), 56.6 (OCH3), 43.2 (1′–CH2), 38.8 (C2), 19.9 (C3), 14.0 (C4). 
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44, Capsicum10-P3 

Structural analysis was performed for a mixture of compounds 43 and 44. 

1H NMR (500.0 MHz, CD3CN) δ = 6.85 (d, 1H, J2′,6′ = 1.9, H2′), 6.75 (d, 1H, J5′,6′ = 8.1, H5′), 6.69–6.72 (m, 1H, 

H6′), 6.64 (bs, 1H, NH), 6.41 (bs, 1H, OH), 4.23 (d, 2H, JCH2,NH = 6.0, 1′–CH2), 3.82 (s, 3H, OCH3), 2.37 (septet, 

1H, J2,3 = 6.8, H2), 1.08 (d, 6H, J3,2 = 6.9, H3). 

13C NMR (125.7 MHz, CD3CN) δ = 173.5 (C1), 148.3 (C3′), 146.1 (C4′), 132.5 (C1′), 120.8 (C6′), 115.4 (C5′), 

111.9 (C2′), 56.6 (OCH3), 43.1 (1′–CH2), 35.9 (C2), 19.9 (C3). 

 

45, Capsicum10-P6 

1H NMR (500.0 MHz, CD3CN) δ = 6.86 (d, 1H, J2′,6′ = 1.9, H2′), 6.75 (d, 1H, J5′,6′ = 8.1, H5′), 6.71 (ddt, 1H, J6′,5′ = 

8.1, J6′,2′ = 2.0, J6′,CH2 = 0.7, H6′), 6.66 (bs, 1H, NH), 6.41 (bs, 1H, OH), 4.23 (d, 2H, JCH2,NH = 5.9, 1′–CH2), 3.82 

(s, 3H, OCH3), 2.00–2.04 (m, 3H, H2 and H3), 0.91 (m, 6H, H4). 

13C NMR (125.7 MHz, CD3CN) δ = 172.9 (C1), 148.1 (C3′), 146.0 (C4′), 132.5 (C1′), 121.0 (C6′), 115.4 (C5′), 

112.0 (C2′), 56.6 (OCH3), 46.2 (C2), 43.2 (1′–CH2), 27.0 (C3), 22.7 (C4). 

 

46, Capsicum-P10-16 

1H NMR (500.0 MHz, CD3CN) δ = 6.85 (d, 1H, J2′,6′ = 2.0, H2′), 6.75 (d, 1H, J5′,6′ = 8.1, H5′), 6.70 (ddt, 1H, J6′,5′ = 

8.1, J6′,2′ = 1.9, J6′,CH2 = 0.7, H6′), 6.65 (bs, 1H, NH), 6.42 (bs, 1H, OH), 4.22 (d, 2H, JCH2,NH = 6.0, 1′–CH2), 3.82 
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(s, 3H, OCH3), 2.59 (septet, 1H, J8,9 = 6.9, H8), 2.45 (t, 2H, J6,5 = 7.3, H6), 2.13 (m, 2H, H2), 1.57 (m, 2H, H3), 

1.50 (m, 2H, H5), 1.26 (m, 2H, H4), 1.02 (d, 6H, J9,8 = 6.9, H9). 

13C NMR (125.7 MHz, CD3CN) δ = 215.4 (C7), 173.5 (C1), 148.1 (C3′), 146.1 (C4′), 132.4 (C1′), 121.0 (C6′), 

115.4 (C5′), 112.0 (C2′), 56.6 (OCH3), 43.2 (1′–CH2), 41.3 (C8), 40.7 (C6), 36.7 (C2), 29.5 (C4), 26.4 (C3), 24.2 

(C5), 18.5 (C9). 

 

47, Capsicum-P10-17 

1H NMR (500.0 MHz, CD3CN) δ = 6.86 (d, 1H, J2′,6′ = 2.0, H2′), 6.75 (d, 1H, J5′,6′ = 8.1, H5′), 6.71 (ddt, 1H, J6′,5′ = 

8.0, J6′,2′ = 2.0, J6′,CH2 = 0.7, H6′), 6.66 (bs, 1H, NH), 6.42 (bs, 1H, OH), 4.23 (d, 2H, JCH2,NH = 6.0, 1′–CH2), 3.82 

(s, 3H, OCH3), 2.66 (m, 1H, H6), 2.39 (m, 1H, H7), 2.15 (m, 2H, H2), 1.37–1.65 (m, 7H, H3, H4, H5 and H8), 

0.95 (d, 3H, J9,8 = 6.7, H9), 0.91 (d, 3H, J9,8 = 6.9, H9). 

13C NMR (125.7 MHz, CD3CN) δ = 173.4 (C1), 148.1 (C3′), 146.0 (C4′), 132.4 (C1′), 121.0 (C6′), 115.4 (C5′), 

112.1 (C2′), 64.6 (C7), 58.1 (C6), 56.6 (OCH3), 43.3 (1′–CH2), 36.7 (C2), 32.6 (C5), 31.4 (C8), 26.4 (C3 or C4), 

26.3 (C3 or C4), 19.3 and 18.6 (C9). 

 

48, Capsicum11-P9 

1H NMR (500.0 MHz, CD3CN) δ = 6.85 (d, 1H, J2′,6′ = 1.9, H2′), 6.75 (d, 1H, J5′,6′ = 8.0, H5′), 6.70 (ddt, 1H, J6′,5′ = 

8.0, J6′,2′ = 2.0, H6′), 6.67 (bs, 1H, NH), 6.45 (bs, 1H, 4′–OH), 4.22 (d, 2H, JCH2,NH = 6.0, 1′–CH2), 3.82 (s, 3H, 

OCH3), 3.64 (m, 1H, H9), 2.48 (m, 1H, 9–OH), 2.13 (m, 2H, H2), 1.56 (m, 2H, H3), 1.35 (m, 2H, H8), 1.24–1.31 

(m, 8H, H4, H5, H6 and H7), 1.07 (d, 3H, J10,9 = 6.1, H10). 

13C NMR (125.7 MHz, CD3CN) δ = 173.6 (C1), 148.1 (C3′), 146.0 (C4′), 132.4 (C1′), 121.0 (C6′), 115.4 (C5′), 

112.0 (C2′), 67.8 (C9), 56.6 (OCH3), 43.2 (1′–CH2), 40.1 (C8), 36.9 (C2), 30.3, 30.1 and 29.9 (C4, C5 and C6), 

26.6 (C3 or C7), 26.5 (C3 or C7), 23.9 (C10). 
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49, Capsicum11-P11 

1H NMR (500.0 MHz, CD3CN) δ = 6.85 (d, 1H, J2′,6′ = 1.9, H2′), 6.75 (d, 1H, J5′,6′ = 8.1, H5′), 6.71 (ddt, 1H, J6′,5′ = 

8.0, J6′,2′ = 1.9, J6′,CH2 = 0.6, H6′), 6.67 (bs, 1H, NH), 6.44 (bs, 1H, 4′–OH), 4.22 (d, 2H, JCH2,NH = 6.0, 1′–CH2), 

3.82 (s, 3H, OCH3), 3.22 (m, 1H, H7), 2.37 (bd, 1H, JOH,7 = 5.5, 7–OH), 2.14 (m, 2H, H2), 1.52–1.61 (m, 3H, H3 

and H8), 1.24–1.46 (m, 6H, H4, H5 and H6), 0.86 and 0.85 (2 × d, 2 × 3H, J9,8 = 6.6, H9). 

13C NMR (125.7 MHz, CD3CN) δ = 173.6 (C1), 148.1 (C3′), 146.0 (C4′), 132.4 (C1′), 121.0 (C6′), 115.4 (C5′), 

112.0 (C2′), 76.5 (C7), 56.6 (OCH3), 43.2 (1′–CH2), 36.9 (C2), 34.8 (C6), 34.4 (C8), 30.0 (C4), 26.6 (C3 or C5), 

26.6 (C3 or C5), 19.3 and 17.6 (C9). 

 

50, ISO-276 

1H NMR (500.0 MHz, DMSO-d6) δ = 8.33 (t, 1H, JNH,CH2 = 5.9, NH), 7.01 (dd, 1H, J3,2 = 15.1, J3,4 = 10.6, H3), 

6.82 (d, 1H, J2′,6′ = 2.0, H2′), 6.70 (d, 1H, J5′,6′ = 8.0, H5′), 6.64 (dd, 1H, J6′,5′ = 8.0, J6′,2′ = 2.0, H6′), 6.14 (dd, 1H, 

J4,5 = 15.4, J4,3 = 10.5, H4), 6.07 (dd, 1H, J5,4 = 15.3, J5,6 = 6.4, H5), 5.98 (d, 1H, J2,3 = 15.1, H2), 4.22 (d, 2H, 

JCH2,NH = 5.9, 1′–CH2), 3.73 (s, 3H, OCH3), 2.40 (m, 1H, H6), 1.00 (d, 6H, J7,6 = 6.8, H7). 

Small amount of the sample did not allow for 13C NMR measurement. 
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51, JS-ISO-21-20-442 

1H NMR (600.1 MHz, CD3CN) δ = 7.03 (d, 1H, J2′′,6′′ = 1.9, H2′′), 6.92 (d, 1H, J5′,6′ = 8.1, H5′), 6.86–6.88 (m, 2H, 

H2′ and H6′′), 6.80 (d, 1H, J5′′,6′′ = 8.1, H5′′), 6.76 (dd, 1H, J6′,5′ = 8.1, J6′,2′ = 2.0, H6′), 6.69 (bs, 1H, NH), 5.33–

5.42 (m, 2H, H6 and H7), 4.94 (s, 2H, 1′′–CH2), 4.24 (d, 2H, JCH2,NH = 6.0, 1′–CH2), 3.85 (s, 3H, 3′′–OCH3), 3.78 

(s, 3H, 3′–OCH3), 2.22 (m, 1H, H8), 2.15 (m, 2H, H2), 1.97 (m, 2H, H5), 1.57 (m, 2H, H3), 1.34 (m, 2H, H4), 0.95 

(d, 6H, J9,8 = 6.8, H9). 

13C NMR (150.9 MHz, CD3CN) δ = 173.6 (C1), 150.7 (C3′), 148.2 (C3′′), 148.2 (C4′), 147.0 (C4′′), 138.7 (C7), 

133.8 (C1′), 130.0 (C1′′), 127.8 (C6), 122.3 (C6′′), 120.4 (C6′), 115.5 (C5′′), 114.9 (C5′), 112.9 (C2′′), 112.5 (C2′), 

71.8 (1′′–CH2), 56.7 (3′′–OCH3), 56.3 (3′–OCH3), 43.1 (1′–CH2), 36.7 (C2), 32.9 (C5), 31.8 (C8), 30.0 (C4), 26.1 

(C3), 23.0 (C9). 

 

53, Capsicum11-24 

1H NMR (500.0 MHz, CD3CN) δ = 6.85 (d, 2H, J2′,6′ = 2.0, H2′), 6.69 (d, 2H, J6′,2′ = 2.1, H6′), 6.68 (bs, 2H, NH), 

5.31–5.41 (m, 4H, H6 and H7), 4.26 (d, 4H, JCH2,NH = 6.0, 1′–CH2), 3.85 (s, 6H, OCH3), 2.21 (m, 2H, H8), 2.13 

(m, 4H, H2), 1.95 (m, 4H, H5), 1.57 (m, 4H, H3), 1.32 (m, 4H, H4), 0.93 (d, 12H, J9,8 = 6.8, H9). 

13C NMR (125.7 MHz, CD3CN) δ = 173.3 (C1), 148.6 (C3′), 144.2 (C4′), 138.5 (C7), 131.0 (C1′), 127.6 (C6), 

126.0 (C5′), 122.7 (C6′), 110.8 (C2′), 56.7 (OCH3), 43.5 (1′–CH2), 36.7 (C2), 32.8 (C5), 31.8 (C8), 29.9 (C4), 26.0 

(C3), 23.1 (C9). 
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8. Tables

Table 1 

Metadata for all capsaicinoids previously isolated from Capsicum or used in this study. 

Struc. is short for structure and ref. is short for reference. 

 

Chemical Name 
Struc. 

No. 
SMILES 

Molecular 
Formula 

Isolation 
Source 

NMR 
Data Ref. 

Ref. 

Capsaicin 1 COC1=CC(CNC(=O)CCCC\C=C\C(C)C)=CC=C1O C18H27NO3 -- 
NP00478
67 

-- 

Dihydrocapsaicin 11 COC1=C(O)C=CC(CNC(=O)CCCCCCC(C)C)=C1 C18H29NO3 -- -- -- 

Homocapsaicin 12 
COC1=C(O)C=CC(CNC(=O)CCCCC\C=C\C(C)C)=C
1 

C19H29NO3 
C. annuum 
L. var. 
annuum 

-- (Jurenitsch et al., 
1979) 

Homocapsaicin-I 13 COC1=CC(CNC(=O)CCCC\C=C\CC(C)C)=CC=C1O C19H29NO3 

C. annuum 
L.; C. 
annuum L. 
var. 
annuum 

-- (Jurenitsch et al., 
1979; Wang et al., 
2020 ) 

Homocapsaicin-II 14 
CCC(C)\C=C\CCCCC(=O)NCC1=CC=C(O)C(OC)=C
1 

C19H29NO3 
C. annuum 
L. var. 
annuum 

-- (Jurenitsch et al., 
1979) 

Homodihydrocapsaicin; 
homodihydrocapsaicin I 

15 COC1=C(O)C=CC(CNC(=O)CCCCCCCC(C)C)=C1 C19H31NO3 
C. annuum 
L. var. 
annuum 

-- 
(Jurenitsch et al., 
1979) 

Homodihydrocapsaicin-II 16 CCC(C)CCCCCCC(=O)NCC1=CC=C(O)C(OC)=C1 C19H31NO3 

C. annuum 
L.; C. 
annuum L. 
var. 
annuum 

-- (Jurenitsch et al., 
1979; Wang et al., 
2020 ) 

N-vanillyl-4,8-
dimethylnonanamide 

17 COC1=CC(CNC(=O)CCC(C)CCCC(C)C)=CC=C1O C19H31NO3 

C. annuum 
L.; C. 
annuum L. 
var. 
annuum 

-- (Jurenitsch et al., 
1979; Wang et al., 
2020 ) 
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Norcapsaicin 18 COC1=C(O)C=CC(CNC(=O)CCC\C=C\C(C)C)=C1 C17H25NO3 

C. annuum 
L.; C. 
annuum L. 
var. 
annuum 

-- (Jurenitsch et al., 
1979; Wang et al., 
2020 ) 

Nornorcapsaicin 19 COC1=C(O)C=CC(CNC(=O)CC\C=C\C(C)C)=C1 C16H23NO3 
C. annuum 
L. (from 
Uzbekistan) 

NP03419
21 (Ishimov et al., 

2011) 

Nordihydrocapsaicin; 7-
methyl-N-vanillyloctamide; 
Norhydrocapsaicin 

20 COC1=C(O)C=CC(CNC(=O)CCCCCC(C)C)=C1 C17H27NO3 

C. annuum 
var. 
Yatsubusa; 
C. annuum 
L. (from 
Uzbekistan 

-- 
(Attuquayefio and 
Buckle, 
1987;Jurenitsch et 
al., 1979) 

Nordihydrocapsaicin II 21 CCC(C)CCCCCC(=O)NCC1=CC=C(O)C(OC)=C1 C18H29NO3 
C. annuum 
L. (from 
Uzbekistan) 

-- 
(Ishimov et al., 

2011) 

N-vanillyl octanamide; 
Caprylsaeure-
vanillylamid; 

22 CCCCCCCC(=O)NCC1=CC=C(O)C(OC)=C1 C16H25NO3 

C. annuum 
L. (from 
Uzbekistan)
; C. 
annuum L. 
var. 
annuum 

NP03419
22 

(Ishimov et al., 
2011; Jurenitsch et 
al., 1979) 

 Caprylic acid 
vanillylamide 

N-vanillyl decanamide; 

23 CCCCCCCCCC(=O)NCC1=CC=C(O)C(OC)=C1 C18H29NO3 

C. annuum 
L.; C. 
annuum L. 
var. 
annuum 

NP03419
23 

(Jurenitsch et al., 
1979; Wang et al., 
2020 ) 

Vanillyl N-decoylamide 

N-Vanillylundecanamide; 
N-Vanillyl-undecanamid; 
N-(4-Oxy-3-methoxy-
benzyl)-
undecylsaeureamid; N-(4-
hydroxy-3-
methoxybenzyl)-
undecamide 

24 CCCCCCCCCCC(=O)NCC1=CC=C(O)C(OC)=C1 C19H31NO3 
C. annuum 
L. (from 
Uzbekistan) 

-- 
(Ishimov et al., 

2011) 
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N-vanillyl-4E,6E-dien-8-
methylnonanamide 

25 COC1=CC(CNC(=O)CC\C=C\C=C\C(C)C)=CC=C1O C18H25NO3 
C. annuum 
L. 

-- (Wang et al., 2020) 

Nonivamide; N-(4-
hydroxy-3-
methoxybenzyl)nonanami
de 

26 CCCCCCCCC(=O)NCC1=CC(OC)=C(O)C=C1 C17H27NO3 
Capsicum. -- 

(Constant et.al., 
1996)  (oleoresin) -- 

Palvanil 27 
CCCCCCCCCCCCCCCC(=O)NCC1=CC(OC)=C(O)
C=C1 

C24H41NO3 
Capsicum 
(oleoresin) 

-- 
(Kobata et al., 2010) 

Stevanil; N-
Vanillyloctadecanamide; 
N-(4-hydroxy-3-
methoxybenzyl)octadecan
amide; N-vanillyl-
stearamide; N-Vanillyl-
stearamid; N-Vanillyl-
stearinamid; 
Stearinsaeure-
vanillylamid 

28 
CCCCCCCCCCCCCCCCCC(=O)NCC1=CC(OC)=C(
O)C=C1 

C26H45NO3 
Capsicum 
(oleoresin) 

NP03419
24 

(Kobata et al., 2010) 

Olvanil; N-(3-methoxy-4-
hydroxybenzyl)oleamide; 
N-vanillyloleamide 

9 
CCCCCCCC\C=C/CCCCCCCC(=O)NCC1=CC(OC)=
C(O)C=C1 

C26H43NO3 
Capsicum 
(oleoresin) 

-- 

(Kobata et al., 2010) 

Livanil; (Z,Z)-N-[(4-
hydroxy-3-
methoxyphenyl)methyl]-
octadeca-9,12-dienamide; 
N-vanillyl-9Z,12Z-
octadecadienamide; N-
vanillyllinoleamide 

29 
CCCCC\C=C/C\C=C/CCCCCCCC(=O)NCC1=CC(O
C)=C(O)C=C1 

C26H41NO3 
Capsicum 
(oleoresin) 

-- 

(Kobata et al., 2010) 

ω-Hydroxycapsaicin 30 
COC1=C(O)C=CC(CNC(=O)CCCC\C=C\C(C)CO)=C
1 

C18H27NO4 C. annuum -- 
(Ochi et al., 2003) 

6'',7''-dihydro-5',5'''-
dicapsaicin 

31 
CC(C)CCCCCCC(=O)NCC1=CC(=C(C(=C1)C2=CC(
=CC(=C2O)OC)CNC(=O)CCCCC=CC(C)C)O)OC 

C36H54N2O
6 

C. annuum 
NP03419
25 (Ochi et al., 2003) 
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Capsaicin-β-D-
glucopyranoside 

32 
COC1=CC(CNC(=O)CCCC\C=C\C(C)C)=CC=C1O[C
@@H]1O[C@H](CO)[C@@H](O)[C@H](O)[C@H]1
O 

C24H37NO8 
C. annuum 
var. 'High 
Heat' 

NP03419
26 (Higashiguchi et al., 

2006) 

Dihydrocapsaicin-β-D-
glucopyranoside 

33 
COC1=CC(CNC(=O)CCCCCCC(C)C)=CC=C1O[C@
@H]1O[C@H](CO)[C@@H](O)[C@H](O)[C@H]1O 

C24H39NO8 
C. annuum 
var. 'High 
Heat' 

NP03419
34 

(Higashiguchi et al., 
2006) 

N-heptanoate 
vanillylamide 

41 COC(C=C(CNC(CCCCCC)=O)C=C1)=C1O C15H23NO3 
Newly 
isolated 

NP03419
35 

-- 

Nornordihydrocapsaicin 42 COC(C=C(CNC(CCCCC(C)C)=O)C=C1)=C1O C16H25NO3 
Newly 
isolated 

NP03419
27 

-- 

N-vanillylbutyramide 43 COC(C=C(CNC(CCC)=O)C=C1)=C1O C12H17NO3 
Newly 
isolated 

NP03419
28 

-- 

N-vanillyl-isobutyramide 44 COC(C=C(CNC(C(C)C)=O)C=C1)=C1O C12H17NO3 
Newly 
isolated 

NP03419
29 

-- 

N-Isovalerylvanillylamin 45 COC(C=C(CNC(CC(C)C)=O)C=C1)=C1O C13H19NO3 
Newly 
isolated 

NP03419
30 

-- 

N-(4-hydroxy-3-
methoxybenzyl)-8-methyl-
7-oxononanamide 

46 
COC(C=C(CNC(CCCCCC(C(C)C)=O)=O)C=C1)=C1
O 

C18H27NO4 
Newly 
isolated 

NP03419
31 

-- 

Epicapsaicin 47 
COC(C=C(CNC(CCCCC1C(O1)C(C)C)=O)C=C2)=C
2O 

C18H27NO4 
Newly 
isolated 

NP03419
32 

-- 

N-vanillyl-9-
hydroxydecanamide 

48 COC(C=C(CNC(CCCCCCCC(O)C)=O)C=C1)=C1O C18H29NO4 
Newly 
isolated 

NP03419
36 

-- 

N-vanillyl-7-hydroxy-8-
methylnonamide 

49 COC(C=C(CNC(CCCCCC(O)C(C)C)=O)C=C1)=C1O C18H29NO4 
Newly 
isolated 

-- -- 

N-vanillyl 6-Methyl-2,4-
heptadienamide 

50 COC(C=C(CNC(/C=C/C=C/C(C)C)=O)C=C1)=C1O C16H21NO3 
Newly 
isolated 

NP03419
33 

-- 

N-vanillyl-capsaicin ether 51 
COC(C=C(CNC(CCCC/C=C/C(C)C)=O)C=C1)=C1O
CC2=CC(OC)=C(C=C2)O 

C26H35NO5 
Newly 
isolated 

-- -- 

N-vanillyl-
dihydrocapsaicin ether 

52 
COC(C=C(CNC(CCCCCCC(C)C)=O)C=C1)=C1OCC
2=CC(OC)=C(C=C2)O 

C26H37NO5 
Newly 
isolated 

-- -- 

5,5'-dicapsaicin 53 
O=C(NCC1=CC(OC)=C(C(C2=CC(CNC(CCCC/C=C/
C(C)C)=O)=CC(OC)=C2O)=C1)O)CCCC/C=C/C(C)C 

C36H52N2O
6 

Newly 
isolated 

-- -- 

Capsiate 10 CC(C)C=CCCCCC(=O)OCC1=CC(=C(C=C1)O)OC C18H26O4 
C. annuum 
L. 

-- 
(Kobata et al., 1998) 
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Vanillin 35 COC1=C(C=CC(=C1)C=O)O C8H8O3 -- -- -- 

4-Hydroxy-3-
methoxybenzyl alcohol 

37 COC1=C(C=CC(=C1)CO)O C8H10O3  -- -- -- 

 

 

Table 2 

Summary of properties of used compounds; RT – UPLC-HRMS retention time, m/z [M+H]+ – base peak mass2, UVmax – maximum UV 

absorbance, EC50 - median effective concentration on TRPV1. 
1 Novel capsaicinoids 
2 Base peak represents the m/z value at the apex of the [M+H]+ peak. For compounds 24, 39 and 41, the neutral losses are the most abundant 
base peak ion. Neutral losses result in capsaicin for capsaicinoid 24 or the vanilloid head for compounds 39 and 41. 
3 Compounds were isolated in a mixture. 
4 n.d. - values were not able to be determined. 
5 Compounds were not tested due to instability. 

Compound  
number Name 

Purchased or 
isolated 

Amount 
[mg] Description 

RT 
(min) 

m/z 
[M+H]+ UVmax Purity 

EC50 
[μM] 

1 Capsaicin Purchased -- White powder 10.54 306.2064 --   0.04 

                    

11 Dihydrocapsaicin Purchased -- White powder 11.25 308.2219 -- 100% 0.05 

                    

13 Homodihydrocapsaicin I Purchased -- Yellow powder 12.31 322.2382 -- 100% 0.32 

                    

19 Nornorcapsaicin Isolated 0.24 Yellow-orange residue 8.93 278.1749 283.5 93.95% 0.81 

                    

20 Nordihydrocapsaicin Purchased -- Off-white powder 10.61 294.2066 -- 100% 0.05 

                    

22 N-vanillyl octanamide Isolated 1.13 Yellow oily residue 9.67 280.1906 284 100% 0.15 

                    

23 N-Vanillyldecanamide Purchased -- White powder 11.65 308.224 -- 100% 0.2 

                    

25 
N-vanillyl-4E,6E-dien-8-
methylnonanamide Isolated 1.29 Yellow oily residue 10.09 304.1908 247 94.59% 0.14 

                    

26 Nonivamide Purchased -- White powder 10.74 294.2067 -- 100% 0.18 
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9 Olvanil Purchased -- White powder 16.23 418.3317 -- 98% 0.12 

                    

30 ω-Hydroxycapsaicin Isolated 0.43 Yellow residue 7.18 322.2016 284 94.60% 5.56 

                    

31 
6″,7″-Dihydro-5′,5‴-
dicapsaicin Isolated 0.62 Yellow residue 13.88 611.4063 247 79.94% 10.27 

                    

32 
Capsaicin β-D-
glucopyranoside Purchased -- White powder 8.81 306.2069 2 -- 100% 4.69 

                    

41 
N-Heptanoate 
vanillylamide Isolated 0.22 White residue 8.72 266.1748 243.5 76.68% 1.81 

                    

42 Nornordihydrocapsaicin Isolated 0.28 White residue 9.5 280.1906 284 86.73% 1.04 

                    

45 N-isovalerylvanillylamin Isolated 0.51 Yellow residue 6.4 238.1436 284 93.80% 2.84 

                    

46 

N-(4-Hydroxy-3-
methoxybenzyl)-8-
methyl-7-
oxononanamide Isolated 0.55 Yellow residue 7.94 322.2014 283.5 92.77% 0.56 

                    

47 Epicapsaicin Isolated 0.26 Yellow residue 8.08 322.2017 284.5 85.40% 0.6 

                    

481 
N-vanillyl-9-
hydroxydecanamide 1 Isolated 0.41 Yellow residue 7.35 324.2169 284 100% 6.33 

                    

491 
N-vanillyl-7-hydroxy-8-
methylnonamide 1 Isolated 0.87 Yellow residue 7.66 324.217 284 100% 1.46 

                    

501 
N-vanillyl 6-Methyl-2,4-
heptadienamide 1 Isolated 0.31 Yellow residue 9.03 276.1595 258.5 93.41% 1.2 

                    

511 
N-vanillyl-capsaicin 
ether 1 Isolated < 1.0 Yellow residue 11.58 442.2591 -- – 5 – 5 

                    

521 
N-vanillyl-
dihydrocapsaicin ether 1 Isolated < 1.0 Yellow residue 12.19 444.2745 -- – 5 – 5 
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53 5,5′-Dicapsaicin Isolated 0.21 Yellow residue 13.37 609.3901 243.5 79.71% 4.46 

                    

10 Capsiate Purchased -- White powder 13.51 137.0596 2 -- 50.20% 490.9 

                    

35 Vanillin Purchased -- White powder 5.62 153.0545 -- 100% n.d.4 

                    

37 
4-Hydroxy-3-
methoxybenzyl alcohol Purchased -- Off-white powder 3.87 137.0596 2 -- 93.19% n.d.4 

                    

43, 443 
N-Vanillylbutyramide / 
N-vanillyl-isobutyramide Isolated 0.4 White residue 5.43/5.48 224.128 244.5 89.77% n.d.4 

                    

                    

 

Table 3 

Summary of chili varieties analyzed in the present study. 
1Samples used in the first large-scale extraction.      
2Samples used in the second large-scale extraction .     
3The values of Scoville Units presented in this table were obtained from either the Botanical Garden of the Faculty of Tropical AgriSciences of the 
Czech University of Life Sciences in Prague or an established chili dealer. Capsaicinoid profiles and how they are measured when determining the 
Scoville Units (27) are susceptible to many factors of variance. Ultimately, Scoville Units are never absolute and are only a way to gauge a variety’s 
heat level.       
4Capsaicinoid Intensity is the log of the sum precursor intensity of all SIRIUS predicted capsaicinoid features.       
5The log sum intensity for features corresponding only to capsaicin and dihydrocapsaicin.     
6Capsaicinoid Intensity Reduced is the log of the sum precursor intensity of all features predicted to be capsaicinoids by SIRIUS but the peak area 
corresponding to capsaicin and dihydrocapsaicin were removed.      
7The log sum intensity of all features.         
8The log sum intensity for all features that were not predicted to be capsaicinoids by SIRIUS.   

  Common Name Species 
Scoville Units 

(SHU)3 
Capsaicinoid  

Intensity 4 
Only capsaicin and 
dihydrocapsaicin5 

Capsaicinoid 
Intensity 
Reduced6 

All detected 
features7 

All non-
capsicinoid 
features8 

S1 Lemon Drop 
Capsicum 
baccatum 15,000–30,000 15.76 15.60 

13.96 

16.80 16.36 

S2 Escabeche C. baccatum 12,000–17,000 17.82 17.72 15.83 18.79 18.29 

S3 Capsaicum.B C. baccatum ≤ 200,000 17.76 17.61 16.07 18.71 18.20 
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S4 
Pimenta Trepaderra 
de Werner C. baccatum 70,000–100,000 16.26 16.19 

13.77 
17.40 17.01 

S5 Glocken C. baccatum 5,000–30,000 16.87 16.70 15.13 17.90 17.44 

S6 Criolla Sella C. baccatum 25,000–30,000 16.49 16.42 14.04 17.85 17.54 

S7 Black Prince C. annuum 10,000–30,000 16.43 16.29 14.55 17.41 16.93 

S8 Thai Culinary Hot2 C. annuum 25,000–40,000 16.35 16.15 14.73 17.74 17.45 

S9 Fish Pepper C. annuum 5,000–30,000 16.56 16.34 15.01 18.03 17.76 

S10 Chips C. annuum N/A 16.95 16.77 15.23 18.02 17.60 

S11 Hot Fish C. annuum 10,000–20,000 17.48 17.43 15.03 18.75 18.40 

S12 Sahuaro C. annuum 500 16.26 16.05 14.67 17.63 17.33 

S13 
Trinidad Moruga 
Scorpion1 C. chinense 800,000–1,000,000 18.49 18.50 

15.49 
19.12 18.29 

S14 Brasilian Hot Bonnet C. chinense 100,000–350,000 17.42 17.26 15.64 18.63 18.26 

S15 Habanero C. chinense 100,000–350,000 18.14 18.15 14.97 18.87 18.16 

S16 Naga Morich1 C. chinense ≤ 1,040,000 18.44 18.45 15.48 19.17 18.45 

S17 Dorset Naga2 C. chinense 
1,000,000–
1,500,000 18.41 18.40 

15.82 
19.17 18.48 

S18 Chilhuacle C. annuum 5,000–15,000 16.85 16.51 15.67 18.06 17.70 

S19 Pendulum C. baccatum 5,000–15,000 12.45 12.37 9.89 16.58 16.56 

S20 Peri Peri C. frutescens 30,000–100,000 13.72 13.63 11.26 16.52 16.46 

S21 Hungarian Black C. annuum 500–2,500 13.35 12.77 12.54 17.01 16.98 

S22 
African Bird's Eye 
Chili C. frutescens 80,000–150,000 15.93 15.81 

13.87 
17.52 17.29 

S23 
Jalapeno Summer 
Heat2 C. annuum 10,000 14.44 14.25 

12.67 
16.78 16.68 

S24 Bolivian Rainbow C. annuum 10,000–30,000 16.24 16.03 14.67 17.40 17.02 

S25 
Miniature Chocolate 
Bell C. annuum 0 8.11 7.96 

6.19 
16.99 16.99 

S26 Vezena Piperka C. annuum ≤ 10,000 15.07 14.78 13.70 16.73 16.52 

S27 Carolina Reaper1,2 C. chinense 
1,150,000–
2,200,000 18.38 18.37 

15.69 
19.06 18.29 

S28 
Habanero Madame 
Jeanette C. chinense 100,000–350,000 18.00 17.72 

16.73 
18.56 17.66 

S29 
Habanero White 
Long C. chinense ≤ 300,000 16.98 16.97 

13.75 
17.58 16.75 

S30 7 Pot Brain Yellow C. chinense ≤ 1,400,000 18.41 18.39 15.83 19.08 18.30 

S31 
Trinidad Congo 
Red1,2 C. chinense 250,000–350,000 18.46 18.09 

17.41 
18.98 18.02 

S32 Limon C. chinense 15 000–30 000 17.55 17.54 14.48 18.19 17.40 
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S33 
Trinidad Congo 
Yellow1 C. chinense 100,000–350,000 19.30 19.31 

16.64 
19.95 19.12 

S34 
Trinidad Scorpion 
Butch T1,2 C. chinense 

1,000,000–
1,500,000 17.82 17.51 

16.61 
18.44 17.63 

S35 Naga Bhut Jolokia C. chinense ≤ 1,000,000 17.89 17.90 14.79 18.68 18.03 

S36 
Jamaican Hot 
Yellow2 C. chinense ≤ 100,000 17.65 17.58 

15.45 
18.61 18.10 

S37 
Chocolate 
Habanero C. chinense ≤ 500,000 18.96 18.98 

16.12 
19.64 18.84 

S38 Habanero White2 C. chinense 300,000–450,000 18.24 18.24 15.45 18.75 17.73 

S39 Fatalii White2 C. chinense 125,000–325,000 18.76 18.79 15.79 19.45 18.67 

S40 
Habanero Large 
Brown1 C. chinense 100,000–350,000 17.71 17.64 

15.45 
18.46 17.78 

    

Table 4  

Detailed overview of properties of dose-response curves of extracts (S1-S40).   

Each curve consists of at least 7 concentration points in triplicates. Least square non-linear fit with separately handled, each replication was used to 

determine the curves. Two curves (S7 and S25) were manually removed from the correlation because of low potency (S25) or poor fit (S7). ED50 = 

median effective dose         

extract no. Variety name Top ED50 logED50 HillSlope R squared 

S1 Lemon Drop 0.842 3.98E-04 -3.401 0.942 0.967 

S2 Escabeche 0.827 6.44E-05 -4.191 0.962 0.985 

S3 Capsaicum.B 0.743 3.28E-05 -4.484 1.243 0.876 

S4 Pimenta Trepaderra de Werner 0.664 5.94E-05 -4.226 1.522 0.979 

S5 Glocken 0.866 2.66E-04 -3.576 0.873 0.942 

S6 Criolla Sella 0.689 1.54E-04 -3.811 1.015 0.942 

S7 Black Prince 0.496 1.78E-06 -5.749 0.597 0.751 

S8 Thai Culinary Hot 0.820 1.88E-04 -3.726 0.830 0.947 

S9 Fish Pepper 0.735 6.60E-05 -4.180 1.127 0.983 

S10 Chips 0.745 4.68E-05 -4.330 1.505 0.974 

S11 Hot Fish 0.762 2.16E-05 -4.665 1.291 0.944 

S12 Sahuaro 0.690 1.18E-04 -3.930 0.999 0.969 

S13 Trinidad Moruga Scorpion 0.752 1.35E-05 -4.870 0.903 0.968 

S14 Brasilian Hot Bonnet 0.730 4.46E-05 -4.350 1.328 0.989 

S15 Habanero 0.824 3.31E-05 -4.480 0.969 0.985 

S16 Naga Morich 0.673 1.78E-05 -4.749 1.234 0.947 
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S17 Dorset Naga 0.770 3.77E-05 -4.424 0.956 0.898 

S18 Chilhuacle 0.733 8.34E-05 -4.079 10.860 0.969 

S19 Pendulum 0.928 2.49E-03 -2.604 1.185 0.984 

S20 Peri Peri 0.888 8.69E-04 -3.061 0.596 0.953 

S21 Hungarian Black 0.703 6.51E-04 -3.186 1.088 0.946 

S22 African Bird's Eye Chili 0.650 9.34E-05 -4.030 1.054 0.917 

S23 Jalapeno Summer Heat 0.792 4.68E-04 -3.330 0.983 0.955 

S24 Bolivian Rainbow 0.602 3.51E-05 -4.455 2.038 0.959 

S25 Miniature Chocolate Bell 0.137 2.50E-03 -2.603 73.280 0.885 

S26 Vezena Piperka 0.722 2.16E-04 -3.665 1.241 0.897 

S27 Carolina Reaper 0.760 1.59E-05 -4.800 0.998 0.964 

S28 Habanero Madame Jeanette 0.840 8.70E-05 -4.061 0.474 0.918 

S29 Habanero White Long 0.741 2.75E-05 -4.561 0.598 0.901 

S30 7 Pot Brain Yellow 0.811 2.42E-05 -4.616 0.793 0.922 

S31 Trinidad Congo Red 0.697 2.95E-05 -4.530 1.490 0.857 

S32 Limon 0.705 3.79E-05 -4.421 1.312 0.847 

S33 Trinidad Congo Yellow 0.901 3.86E-05 -4.414 0.702 0.942 

S34 Trinidad Scorpion Butch T 0.666 1.78E-05 -4.749 0.704 0.921 

S35 Naga Bhut Jolokia 0.640 2.83E-05 -4.549 1.831 0.972 

S36 Jamaican Hot Yellow 0.653 2.75E-05 -4.560 0.926 0.945 

S37 Chocolate Habanero 0.851 4.80E-05 -4.318 0.707 0.948 

S38 Habanero White 0.978 1.27E-04 -3.898 0.513 0.918 

S39 Fatalii White 0.705 2.79E-05 -4.555 1.255 0.942 

S40 Habanero Large Brown 0.730 4.22E-05 -4.375 1.795 0.950 

         

Table 5 

Detailed overview of the activity of isolated compounds and standards on rTRPV1 receptor measured by calcium influx assay. 

Values are normalized to capsaicin. The curves were fitted using at least 10 concentration points measured as triplicates in two or more 

experiments. The least square non-linear fit was used to calculate the confidential intervals and other values. The comparison of models by using 

extra sum-of-squares F tests was used to determine statistical difference to capsaicin curve (EC50 = median effective concentration, CI = 

confidence interval, * p<0.05, ** p< 0.01, *** p < 0.001, **** p < 0.0001)            

No. Name Top   
Top  

95%CI EC50   
EC50  
95%CI 

Hill 
Slope 

Hill Slope  
95%CI 

Log 
EC50 

R 
squared 
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1 Capsaicin 0.9951   0.9273 to 1.072 
3.98E-

08 
  

2.600e-008 to 6.381e-
008 

0.892 0.6583 to 1.317 -7.4 0.9572 

11 Dihydrocapsaicin 1.0330 - 0.9840 to 1.089 
4.87E-

08 
- 

3.687e-008 to 6.657e-
008 

0.925 0.7166 to 1.231 
-

7.312 
0.9782 

13 
Homodihydrocapsaicin 
I  

1.1220 * 1.007 to 1.295 
3.17E-

07 
**** 

1.632e-007 to 7.651e-
007 

0.543 
0.4268 to 
0.6875 

-
6.499 

0.9653 

19 nornorcapsaicin 0.7781 **** 
0.7197 to 
0.8556 

8.07E-
07 

**** 
6.179e-007 to 1.181e-

006 
1.514 1.016 to 3.059 

-
6.093 

0.9369 

20 Nordihydrocapsaicin 1.0840 ** 1.026 to 1.149 
5.34E-

08 
- 

3.890e-008 to 7.646e-
008 

0.952 0.7276 to 1.324 
-

7.273 
0.9770 

22 N-vanillyl octanamide 0.9366 ** 
0.8960 to 
0.9805 

1.47E-
07 

**** 
1.203e-007 to 1.790e-

007 
1.685 1.228 to 2.581 

-
6.833 

0.9820 

23 N-Vanillyldecanamide 1.1430 ** 1.033 to 1.301 
1.98E-

07 
**** 

1.047e-007 to 4.524e-
007 

0.561 
0.4391 to 
0.7213 

-
6.704 

0.9659 

25 
N-vanillyl-4E,6E-dien-
8-methylnonanamide 

0.9428 - 0.8844 to 1.014 
1.41E-

07 
**** 

9.707e-008 to 2.155e-
007 

0.710 
0.5719 to 
0.8901 

-
6.851 

0.9769 

26 Nonivamide  1.0460 - 0.9771 to 1.132 
1.82E-

07 
**** 

1.259e-007 to 2.810e-
007 

0.849 0.6575 to 1.124 -6.74 0.9764 

9 Olvanil 0.4035 **** 
0.3589 to 
0.4483 

1.19E-
07 

**** 7.418e-008 to ??? 2.961 1.143 to ??? 
-

6.926 
0.7535 

30 ω-hydroxycapsaicin 0.9003 ** 
0.8468 to 
0.9628 

5.56E-
06 

**** 
4.703e-006 to 6.694e-

006 
1.433 1.237 to 1.672 

-
5.255 

0.9853 

31 
6'',7''-dihydro-5',5'''-
dicapsaicin 

0.9067 - 0.8032 to 1.098 
1.03E-

05 
**** 

7.474e-006 to 1.742e-
005 

1.051 0.8352 to 1.300 
-

4.988 
0.9847 

32 
Capsaicin β-D-
glucopyranoside 

1.0160 - 0.9522 to 1.094 
4.69E-

06 
**** 

3.913e-006 to 5.761e-
006 

1.396 1.161 to 1.706 
-

5.329 
0.9892 

41 
N-heptanoate 
vanillylamide 

1.1360 **** 1.100 to 1.176 
1.81E-

06 
**** 

1.633e-006 to 2.018e-
006 

1.651 1.430 to 1.904 
-

5.741 
0.9945 

42 nornordihydrocapsaicin 0.9481 - 0.9000 to 1.004 
1.04E-

06 
**** 

8.582e-007 to 1.295e-
006 

1.199 0.9836 to 1.489 
-

5.982 
0.9883 

43&44 
N-vanillylbutyramide / 
N-vanillyl-
isobutyramide 

n.d.                 

45 
N-
Isovalerylvanillylamin 

0.7995 **** 
0.7679 to 
0.8342 

2.84E-
06 

**** 
2.517e-006 to 3.204e-

006 
1.528 1.309 to 1.805 

-
5.547 

0.9922 

46 

N-(4-hydroxy-3-
methoxybenzyl)-8-
methyl-7-
oxononanamide 

0.8420 *** 
0.7905 to 
0.9023 

6.02E-
07 

**** 
4.807e-007 to 7.655e-

007 
1.757 1.154 to 2.959 

-
6.221 

0.9712 

47 epicapsaicin 1.1010 ** 1.038 to 1.178 
1.11E-

06 
**** 

8.768e-007 to 1.456e-
006 

0.983 0.8160 to 1.196 
-

5.955 
0.9883 

48 
N-vanillyl-9-
hydroxydecanamide 

0.9653 - 0.8031 to 1.390 
6.33E-

06 
**** 

3.645e-006 to 2.064e-
005 

0.972 0.6429 to 1.443 
-

5.199 
0.9503 



Smith 73 
 

49 
N-vanillyl-7-hydroxy-8-
methylnonamide 

0.9056 ** 
0.8537 to 
0.9702 

1.46E-
06 

**** 
1.186e-006 to 1.877e-

006 
1.133 0.9167 to 1.415 

-
5.835 

0.9882 

50 
N-vanillyl 6-Methyl-2,4-
heptadienamide 

0.7776 **** 
0.7308 to 
0.8358 

1.20E-
06 

**** 
9.415e-007 to 1.596e-

006 
0.996 0.8176 to 1.226 

-
5.921 

0.9881 

53 5,5'-dicapsaicin 0.8330 **** 
0.7836 to 
0.8890 

4.46E-
06 

**** 
3.848e-006 to 5.265e-

006 
1.850 1.462 to 2.524 

-
5.351 

0.9861 

10 capsiate n.d.     
4.91E-

04 
**** ??? 1.808 1.362 to ??? 

-
3.309 

0.9666 

35 vanillin n.d.                 

37 
4-Hydroxy-3-
methoxybenzyl alcohol 

n.d.                 

8 Zucapsaicin 1.0230 - 0.9636 to 1.093 
6.19E-

08 
- 

4.321e-008 to 9.366e-
008 

0.782 0.6174 to 1.009 
-

7.208 
0.9752 

 

 

 

 

  

Table 6  

Detailed overview of the activity of compounds in combination with capsaicin on rTRPV1 receptor measured by calcium influx assay.  

The single concentrations (column concentration) were added to a dilution series representing an expanded dose–response curve of capsaicin. 

Values are normalized to capsaicin. The curves were fitted using at least 10 concentration points measured as triplicates. The least square non-

linear fit with detection and elimination of outliers was used to calculate the confidential intervals and other values. The comparison of models by 

extra sum-of-squares F tests was used to determine statistical difference between capsaicin curve and combinations’ curves (EC50 = median 

effective concentration, CI = confidence interval, * p<0.05, ** p< 0.01, *** p < 0.001, **** p < 0.0001)  

Comp. is compound, Sig. Dec. is significant decrease, inter. is interaction.           

    

Comp. 
No. 

EC50 
[μM]  

concentration 
in combo  

[μM] Bottom Top 

Top  
95% 
CI 

EC50  
[μM]   

EC50  
95% CI 

Hill 
Slope 

Hill 
Slope 
 95% 

CI logEC50 R2  

EC50 
Fold 
Change 

sig. 
dec. 
of 

EC50 
elevated 
bottom 

Type of 
inter. 

1 0.04   0.018 0.964 

0.9265 
to 
1.004 0.0347   

2.784e-
008 to 
4.292e-
008 1.055 

0.9042 
to 
1.238 -7.460 0.9377         
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30 5.56 1.67 0.475 0.877 

0.7972 
to 
0.9958 0.0041 * 

1.628e-
009 to 
1.665e-
008 1.163 

0.4922 
to ??? -8.391 0.6623 8.5293 yes yes 

additive 
/synergy 

 
 

30 5.56 0.50 0.009 0.847 

0.8066 
to 
0.9203 0.0188 * 

??? to 
3.358e-
008 2.931 

1.547 
to ??? -7.593 0.9916 1.8427 yes no synergy 

 
 
 

31 10.27 1.67 0.042 0.955 

0.8693 
to 
1.047 0.0393 - 

2.490e-
008 to 
5.907e-
008 1.257 

0.9051 
to 
1.903 -7.406 0.9762 0.8831 no no - 

 
 
 

31 10.27 0.50 0.000 0.968 

0.9222 
to 
1.013 0.0461 - 

3.747e-
008 to 
5.868e-
008 1.081 

0.9527 
to 
1.302 -7.337 0.9948 0.7528 no no - 

45 2.84 0.21 0.038 0.967 

0.9211 
to 
1.026 0.0175 **** 

1.347e-
008 to 
2.346e-
008 1.216 

0.9682 
to 
1.604 -7.758 0.9840 1.9874 yes no synergy 

48 6.33 0.21 0.036 0.872 

0.8318 
to 
0.9278 0.0172 *** 

1.346e-
008 to 
2.365e-
008 1.412 

1.077 
to 
2.009 -7.763 0.9815 2.0116 yes no synergy 

 
 
 

49 1.46 0.21 0.138 1.063 

0.9451 
to 
1.265 0.0205 - 

1.001e-
008 to 
5.448e-
008 0.608 

0.4290 
to 
0.8761 -7.688 0.8964 1.6909 no yes additive 

 
 
 

49 1.46 0.08 0.054 0.995 

0.9263 
to 
1.083 0.0419 - 

3.199e-
008 to 
5.555e-
008 1.200 

0.9641 
to 
1.503 -7.378 0.9757 0.8285 no no - 

19 ##### 1.67 0.012 0.961 

0.9257 
to 
1.004 0.0090 **** 

7.188e-
009 to 
1.164e-
008 1.197 

0.9495 
to 
1.523 -8.047 0.9824 3.8636 yes no synergy 

 
 
 

35 n.d. 1.00 0.022 0.837 

0.7944 
to 
0.8797 0.0027 **** 

1.966e-
009 to 
3.550e-
009 1.666 

1.173 
to 
4.616 -8.571 0.9270 12.9066 yes no synergy 

 
 
 

35 n.d. 0.10 0.000 0.863 

0.8236 
to 
0.9117 0.0151 **** 

1.182e-
008 to 
2.050e-
008 1.389 

1.084 
to 
1.997 -7.820 0.9943 2.2906 yes no synergy 
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35 n.d. 0.05 0.000 0.990 

0.9161 
to 
1.060 0.0432 * 

3.291e-
008 to 
6.175e-
008 0.923 

0.8064 
to 
1.166 -7.365 0.9885 0.8033 no no - 

37 n.d. 1.04 0.021 0.874 

0.8427 
to 
0.9093 0.0114 **** 

9.538e-
009 to 
1.399e-
008 1.566 

1.288 
to 
1.903 -7.942 0.9876 3.0368 yes no synergy 

 
 
 

43&44 n.d. 20.00 0.026 1.010 

0.9478 
to 
1.096 0.0210 * 

1.540e-
008 to 
3.072e-
008 0.935 

0.7501 
to 
1.186 -7.678 0.9782 1.6514 yes no synergy 

 
 
 

43&44 n.d. 1.67 0.065 0.959 

0.8691 
to 
1.089 0.0162 * 

9.431e-
009 to 
2.978e-
008 0.673 

0.4567 
to 
1.019 -7.792 0.9760 2.1474 yes no synergy 
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9. MS/MS annotation 
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10. Data Availability 

All scripts for post-processing mzmine data can be found at 

https://github.com/jdsmith145/Capsaicinoids. Raw data from the metabolomics study, including 

all batch files and processed data files can be found in the MassIVE repository under reference 

number MSV000096223. All NMR spectra were reported to the NP-MRD (np-mrd.org); 

individual identifiers can be found in Chapter 8, Table 1. All MS data, along with all mzmine 

exports, molecular network analysis and NMR data were also deposited at Zenodo doi: 

10.5281/zenodo.15088148. Lastly, all data related to the biological assays can also be found at 

Zenodo doi: 10.5281/zenodo.14204350. 
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