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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. 

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. 



 

1.   Introduction 

The transient receptor potential (TRP) channels are an important group of receptors that 

respond to different physical stimuli and other chemical signals (Chen et al., 2020). Of these 

channels, the transient receptor potential cation channel subfamily V member 1 (TRPV1) is one 

of the most well-known and studied. The receptor is also known as the capsaicin receptor due 

to its discovery through the molecule, but it also responds to heat and acid (Caterina et al., 

1997). TRPV1, when activated, results in the influx of ions, typically divalent, with a preference 

for Ca²⁺ (Seebohm and Schreiber, 2021). This activation results in a cascade of downstream 

signaling to the brain, ultimately leading to a feeling of pain (Price, 2007; Willis, 2009). TRPV1’s 

role in pain signaling has made it a popular target for drug discovery; however, despite years of 

research, only capsaicin has made it to pharmaceutical markets (Koivisto et al., 2021). 

TRPV1 responds to a wide range of different natural agonists, such as capsaicin, 

resiniferatoxin (RTX), snake double-knot toxin (Bae et al., 2015), and centipede toxin RhTx (S. 

Yang et al., 2015). Of these molecules, RTX and capsaicin have had the most success as 

therapeutics. RTX is a stronger agonist than capsaicin and, when bound to TRPV1, can lead to 

cell death due to a toxic amount of calcium influx (Koivisto et al., 2021). This has been 

leveraged as a “molecular scalpel” to ablate neurons in individuals with intractable pain (Brown, 

2016). 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, RTX’s niche 

applications have made capsaicin a more reliable molecule for pain treatment in daily use. 

Capsaicin comes from chilis, the fruit of different Capsicum spp. There are five 

domesticated species of chili: 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). Conversely, chilis have been bred to produce extremely spicy varieties. These 

chilis contain not only capsaicin, but a myriad of related molecules called capsaicinoids. 

Capsaicinoids share a similar structure to capsaicin, that is, the vanilloid head, amide neck, and 

acyl tail (Figure 1). To this day, there are about 25 capsaicinoids described throughout the 

https://paperpile.com/c/ulg9AN/EDKK1
https://paperpile.com/c/ulg9AN/aa0v
https://paperpile.com/c/ulg9AN/aa0v
https://paperpile.com/c/ulg9AN/1hNc
https://paperpile.com/c/ulg9AN/IjAP0+mYn6X
https://paperpile.com/c/ulg9AN/0pzl
https://paperpile.com/c/ulg9AN/Pf6Jn
https://paperpile.com/c/ulg9AN/PvtUt
https://paperpile.com/c/ulg9AN/PvtUt
https://paperpile.com/c/ulg9AN/0pzl
https://paperpile.com/c/ulg9AN/TR6U
https://paperpile.com/c/ulg9AN/TR6U
https://paperpile.com/c/ulg9AN/OGaUX
https://paperpile.com/c/ulg9AN/AOpAw
https://paperpile.com/c/ulg9AN/Cb16J


literature (Figure 1). Since all capsaicinoids contain the needed vanilloid head to activate 

TRPV1, they all should be able to bind to the channel to a certain degree and contribute to the 

overall spiciness of the chili. 

 

Figure 1. Previously characterized capsaicinoids from literature. To date, there are 25 different 

capsaicinoids described throughout the 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 the full thesis Figure 6 and is also known as NE-191550. 

The first way to determine the heat (i.e., spiciness) of a chili was 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 at which pain was no longer experienced was called the Scoville unit or Scoville Heat 

Unit (SHU) (Scoville, 1912). 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 

https://paperpile.com/c/ulg9AN/QUjE
https://paperpile.com/c/ulg9AN/384BJ+ESxfL
https://paperpile.com/c/ulg9AN/384BJ+ESxfL
https://paperpile.com/c/ulg9AN/Ij9nt+GAtkn


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. 

Natural products (i.e., secondary metabolites), such as capsaicin, 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). Untargeted metabolomics has 

provided an alternative to this once cumbersome method. This has been made possible through 

modern mass spectrometry (MS)—in particular, high-resolution mass spectrometry (HR-MS) 

and tandem mass spectrometry (MS/MS)—in combination with computational tools, which have 

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). 

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 

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 MetaboAnalyst (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., 

https://paperpile.com/c/ulg9AN/6iwG5
https://paperpile.com/c/ulg9AN/o6Gkb
https://paperpile.com/c/ulg9AN/1pTdY
https://paperpile.com/c/ulg9AN/9eGIU+UTNQy+k80PG
https://paperpile.com/c/ulg9AN/xl2p9
https://paperpile.com/c/ulg9AN/xl2p9
https://paperpile.com/c/ulg9AN/ELC2S
https://paperpile.com/c/ulg9AN/Vywsa
https://paperpile.com/c/ulg9AN/EHnH9
https://paperpile.com/c/ulg9AN/4xIJa
https://paperpile.com/c/ulg9AN/sZMsx


2020), 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 2). 

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

study, especially one focused on natural product discovery (Figure 2). 

 

 

Figure 2. 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.  

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 

https://paperpile.com/c/ulg9AN/sZMsx
https://paperpile.com/c/ulg9AN/zfudH
https://paperpile.com/c/ulg9AN/tOMjq
https://paperpile.com/c/ulg9AN/GGKwF


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. 

3. Material and methodology 

3.1 Plant collection & sample preparation 

Chili fruits were obtained through collaboration with the Botanical Garden of the Faculty 

of Tropical AgriSciences, CZU Prague. Chilis were grown annually in a standard horticultural 

substrate enriched with cow manure. Pest treatment was minimal, using acetamiprid only as 

needed. Ripe fruits (based on size, color, shape) from 40 varieties across four domesticated 

Capsicum species were harvested between August and October. Fruits (and some stems) were 

immediately frozen on dry ice, stored at −80 °C, lyophilized, and ground under liquid nitrogen for 

storage and extraction. Samples per variety were pooled, not maintained as biological 

replicates. 

3.2 Extraction & isolation of capsaicinoids 

Capsaicinoids were extracted from 1 g chili powder using two rounds of ethyl acetate 

(EtOAc), followed by acetonitrile:hexane partitioning. The acetonitrile fraction was used for 

analysis and isolation. For large-scale isolation, lyophilized pooled samples (50–89 g) 

underwent sequential maceration in EtOAc. Extracts were processed via normal-phase flash 

chromatography and then purified by preparative HPLC using XBridge C18 columns. 



Chromatographic conditions and gradients were optimized between extractions to improve 

purity and yield of individual capsaicinoids. 

3.3 Dereplication 

A dereplication step was implemented to avoid re-isolating known compounds. Rexays 

and wikidata were mined for already known capsaicinoids. Mining resulted in 25 known 

capsaicinoids. Dereplicated capsaicinoids molecular formulas were matched to SIRIUS formula 

predictions and confirmed through MS/MS analysis. 

3.4 UPLC–HRMS analysis and untargeted analysis 

Samples were analyzed using a Thermo Fisher Orbitrap ID-X MS coupled to a Vanquish 

Duo UHPLC (Thermo) and BEH C18 column (Waters). A water/ACN gradient with 0.1% formic 

acid (Fisher) was used. Ionization parameters included: 60,000 resolution, 100–1000 m/z range, 

HCD fragmentation at 35%, and MS/MS exclusion on previously targeted features. Standards 

were run for reference (e.g., capsiate, vanillin) (MedChemExpress). Data was processed via 

mzmine (v4.0.8) for feature detection of all the compounds in the sample. Further analysis was 

done through GNPS (FBMN) and SIRIUS. All parameters used in detail can be found in the full 

thesis. 

3.5 Structural characterization (NMR, UV, ECD) 

Isolated compounds were characterized using 1D and 2D NMR (Bruker 500/600 MHz), 

UV, and ECD spectroscopy. For NMR, UV or ECD samples were dissolved in CD₃CN or 

DMSO-d₆. Final structures were determined via COSY, HSQC, and HMBC, with reference data 

available in Chapter 7 of the full thesis. Purity was confirmed using UPLC (1.5 min method) by 

comparing UV peak area and exact mass. 

3.6 TRPV1 activity assay 

TRPV1 activation was evaluated using a HEK293 Flp-In cell line stably expressing 

inducible rat TRPV1 (rTRPV1). Cells were grown in Adv-DMEM/F12 with 10% FBS and induced 

using doxycycline. Following induction, cells were loaded with Fluo-4 dye, washed, and plated in 

384-well plates. Compound addition and calcium flux measurements were performed on the 

FDSS μCell platform (Hamamatsu). Samples were dispensed using an Echo 650. Data 



normalization and dose–response curve fitting were completed in ScreenX 2.0 and GraphPad 

Prism using a four-parametric logistic model. All compound activity data and statistics are in the 

full thesis Chapter 8. 

4. Results 

4.1 Untargeted metabolomics of different chili varieties and compound 

isolation 

A total of 40 chili varieties, representing four domesticated Capsicum species and a 

range of pungency levels (SHU), were extracted and analyzed via UPLC-MS/MS. Data were 

processed using mzmine, SIRIUS (i.e., structure predictions), and CANOPUS (i.e., compound 

classification).  N-acyl amines were the most abundant compound class predicted by SIRIUS 

(~12.3%). Capsaicinoids comprised 6.85% of features, the 4th most, while phenylethylamines 

comprised about 1%. Heatmap clustering of CANOPUS predicted capsaicinoids revealed 

variety-specific metabolic profiles, however capsaicin and dihydrocapsaicin were typically the 

most abundant. An exception was the variety Lemon Drop, which contained more 

dihydrocapsaicin than capsaicin. A GNPS-based molecular network focusing on capsaicinoid-

related features was leveraged to target novel vanilloids (Figure 3). 



 

Figure 3 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. 

Selected chili extracts containing capsaicinoids selected in Figure 3 were pooled 

together and used for isolation of the target compounds. Using normal-phase and reverse-

phase chromatography and NMR, we isolated and characterized 18 capsaicinoids, including five 

novel structures (Figure 4). 



 

Figure 4 New compounds isolated from Capsicum. Red box highlights novel structures. Other isolated 

capsaicinoids: 19, 22, 25, 30, and 31. 

4.2 rTRPV1 assays: crude extracts and individual compounds 

An inducible rTRPV1 cell line (irTRPV1–FlpIn293) functionality was validated using 

confocal microscopy and capsaicin-triggered calcium influx. Using crude extracts, rTRPV1 

activation was strongly correlated with MS feature area corresponding to capsaicinoid content 

(Pearson = 0.86). Removing the feature area for capsaicin and dihydrocapsaicin still yielded a 

strong correlation (Pearson = 0.77). To further understand this relation, individual capsaicinoids 

were tested. 

Most EC50 values of tested capsaicinoids were inline with previously reported studies. 

Most changes in structure resulted in a decreased potency to TRPV1 (Figure 5). Shortening or 

hydroxylation of the acyl tail resulted in the greatest reduction in rTRPV1 potency. AMG-517 

was used to confirm compound-specific activity to rTRPV1 (Figure 5). 



 

Figure 5 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 the full thesis Chapter 8, Table 2 and all other information about the curves can be found in full 

thesis 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.  

4.3.3 Modulation Assays 

Combination assays were used to explore potential modulatory effects between 

capsaicinoids and capsaicin. Low-potency or non-active analogs generally acted as positive 

modulators to capsaicin rTRPV1 activity. Notably, vanillin (a biosynthetic precursor) increased 

capsaicin’s potency by nearly 10-fold (Figure 6) 



 

Figure 6 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 the full thesis Chapter 8, Table 6. 

5. Discussion 

5.1 Untargeted Metabolomic Exploration of Novel Vanilloids in Chilis 

Since n-acyl amines serve as precursors to the capsaicinoid tail (Figure 1), we were not 

surprised they were one of the largest classes. In contrast, only a few compounds were 

predicted to be phenylethylamines, which are associated with the capsaicinoid head. The limited 

amount of phenylethylamines may indicate that they are a limiting factor in capsaicinoid 

biosynthesis and diversification; this idea agrees with previous findings that phenylethylamines 

are rapidly converted into capsaicinoids (Ogawa et al., 2015). Surprisingly, no molecules were 

predicted to be capsinoids. 

Capsinoids are structurally related to capsaicinoids and were first identified in 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 

https://paperpile.com/c/ulg9AN/Nlvd
https://paperpile.com/c/ulg9AN/lCRAY


form an ester bond.  The enzyme pAMT, which produces vanillyl alcohol (i.e., a capsinoid 

precursor), may require a specific point mutation (Lang et al., 2009); however; trace amounts of 

vanillyl alcohol were found in some varieties—approximately 1000-fold lower than a 1 mM 

standard. This would support an additional hypothesis that a cinnamyl alcohol dehydrogenase 

(CAD) is necessary for vanillyl alcohol formation (Sano et al., 2022).  One other reason that 

capsinoids may be missing is due to their in-source fragmentation during UPLC-MS/MS 

analysis, thus these compounds would be too low of an intensity to be identified.  

The molecular network presented in Figure 3 revealed that most capsaicinoid variation 

occurred on the acyl tail, which is consistent with previous literature. Of the 70 nodes analyzed, 

28 (40%) were successfully annotated. The remaining unannotated nodes likely correspond to 

further variations of known capsaicinoid structures. 

5.2 Isolated Capsaicinoids 

In total, 18 capsaicinoids were isolated, including five with structures reported here for 

the first time and others previously described only via synthesis (Figure 4). Capsaicinoids 

isolated differend in tail length, hydroxylation, and, in some cases, modifications to the vanilloid 

head. We suspect other capsaicinoids that were not isolated to contain similar modifications 

Capsaicinoids 19 and 22 have been previously identified (Gannett et al., 1988; Wang et 

al., 2020), while 41, 44, and 45 have only been synthesized and not previously reported from 

chili sources (Ježo, 1975; Nelson, 1919; F. Yang et al., 2015). Capsaicinoid 43 was identified 

through enzymatic synthesis (Kobata et al., 1998a), and only capsaicinoid 42 has been 

tentatively identified in C. chinense and C. annuum without 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., 
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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., 2020).  

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. 

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) 

5.3 TRPV1 Activation Assays 

5.3.1 TRPV1 Activation by Crude Extracts 

All crude extracts, isolated compounds, and selected standards were tested on the 

rTRPV1 assay. The rTRPV1 receptor shares 83% sequence similarity with human TRPV1 

(Neuberger et al., 2023), and both respond similarly to capsaicin. Most crude extracts activated 

rTRPV1 at ≥60% response, with Miniature Chocolate Bell (S25) showing only partial activation 

at the highest dose tested. This may be due to low capsaicinoid content or the presence of 

inhibitory compounds. 

A positive correlation was observed between crude extract activity and total SIRIUS 

predicted capsaicinoid content, suggesting possible additive effects. These correlations still 
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existed even when capsaicin and dihydrocapsaicin were removed. To ensure these correlations, 

future studies should include more varieties and replications (Schober et al., 2018). 

5.3.2 TRPV1 Activation by Individual Compounds 

The capsaicinoid tail modification is typically tolerated in rTRPV1 activation, but it is 

known that shortening the tail decreases potency (Yin et al., 2019). The amide neck can tolerate 

some changes(Vu et al., 2020; Yin et al., 2019), while the vanilloid head is the least tolerable to 

changes due its role in channel activation (Walpole et al., 1996). Despite many studies on 

synthetic analogs and rTRPV1 activation(Lee et al., 2004, 2003; Park et al., 2004; Ryu et al., 

2008), natural capsaicinoids remain understudied.  

Of the 24 tested compounds (excluding capsaicin), only six had previously been 

screened. Compounds 22, 41, and 43 have previously reported TRPV1 activity (Yin et al., 

2019). Standards 11, 26, and 9 were previously tested on dorsal root ganglia, which express 

TRPV1, yielding slightly higher EC50 values (Walpole et al., 1996). Compounds 23 and 26 were 

previously tested on CHO cells expressing rTRPV1 (Cho et al., 2012), producing EC50 values 

within threefold of our results. 

Compounds 11, 25, and 26, which contain minor tail variations, showed slightly reduced 

activity. Capsaicinoids with hydroxylation (e.g., 30, 46–49) experienced drastic reduction in 

potency when compared to capsaicin, likely due to reduced van der Waals interactions in the 

TRPV1 hydrophobic binding pocket. Variations in tail length also influenced potency: 

compounds with 1-carbon differences showed similar activity to capsaicin, while those with 2–5 

carbons fewer showed drastically reduced potency. Compound 9 (olvanil) showed potency 

similar to capsaicin but had a reduced efficacy. We attribute the reduced efficacy due to the 

possible different binding confirmations in the tail (Vu et al., 2020). 

5.3.3 TRPV1 Modulation Assays 

Based on our results from crude extract correlations, we were curious if non-potent and 

low-potency capsaicinoids modulated TRPV1 activity. Experiments indicated that low-potency 

and non-activating analogs (43, 44, 10, 35) can act as positive modulators in either a synergistic 

or additive manner (Figure 6) (Tallarida, 2011; Zhao et al., 2010). Since our irTRPV1–FlpIn293 

overexpressed rTRPV1, it was expected that the amount of rTRPV1 would outweigh any 

endogenous expression of other TRPV1-modulating proteins. TRPV1 channel opening begins 
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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. 

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 
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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, all capsaicinoids 

should be considered when determining the SHU. Further studies are needed to understand the 

full mechanism behind this modulation. 
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