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The hot chili pepper industry represents one of the most important staple foods in Mexico and many Asian countries. Nowadays, large amounts of waste materials are produced from the pepper supply chain that could be used as a source to obtain nutraceuticals. Among the most common and important bioactive compounds contained in pepper residues are the capsaicinoids, which are the responsible of the pungency of the pepper. Capsaicinoids, mainly capsaicin, may ameliorate obesity, gastric disorder, diabetes, cardiovascular diseases, cancer, rhinitis, asthma, immune system diseases, and important viral diseases as the recent COVID-19. The aim of this review is to review the industrial process for the extraction of capsaicinoids ingredients from pepper residues and to examine the relation of the capsaicin and other chili pepper phytochemicals to prevent and treat chronic diseases explained through the key role of the TRPV1 receptor. The extraction and incorporation of these compounds into nutraceutical formulations depend mainly on the development of new methods to improve not only the yield of a particular compound but the validation of the bioactivity and phytochemical characterization.
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INTRODUCTION

The annual production of chili peppers is about 3.2 millions of ton that correspond to the 3.5% of the Mexican agricultural Gross Domestic Product (GDP) (SAGARPA, 2017). Globally, the industry related with chili pepper production increased in other countries where this condiment is relevant for their gastronomy and other cultural purposes. The exportations of dry crushed chili pepper of countries like India, China, or Spain represent 6 billion USD of the global production and correspond to 65% of the chili pepper exportations (Carmona, 2013). Currently in Mexico, chili peppers are the most important cultivars for exportation, where 29.71% of the total production go to international market, mainly USA, Canada, and Guatemala (SAGARPA, 2017). Nevertheless, in order to guarantee this exportation, these products must meet rigorous quality criteria and a big amount of material is discarded. These crop waste materials correspond to 18.4% of the total national crops, which mainly includes seeds, and incomplete and defective fruits. These pepper wastes could be used as byproducts due to their content of compounds with antioxidant activity, which could be used to produce innovative ingredients (Sandoval-Castro et al., 2017).

In many of fruits and vegetables, only the epithelium or pulp is consumed but substantial amounts of nutraceutical compounds are present in the seeds, peels, and other components as peduncle, loculum or base that are not commonly consumed (Rudra et al., 2015). Extraction processes are the main critical phase to obtain bioactive compounds from waste material. Sample preparation is one of the essential factors to regulate the type and amount of bioactive compounds extracted. Extraction methods can be categorized into two main categories: conventional and innovative techniques (Sagar et al., 2018).

Enzymatic pre-treatment is as a novel and useful way to recover bound compounds from the cell wall and increase their yield of extraction (Sagar et al., 2018). The use of enzymatic treatments coupled to the oil extraction processes such as organic solvent extraction, supercritical fluids extraction, and others improve the yield of extraction resulting into promising high percentages of recovery (Stoica et al., 2016). Enzymatic techniques have been established fundamentally for the extraction of bioactive compounds from different seeds. Different elements including catalyst type, molecular size of plant materials, and the hydrolysis time are observed as main factors for extraction. Enzymatic treatment for extraction is contemplated as an eco-friendly method to extract oils and bioactive compounds because water is used as the solvent instead of organic solvents (Sagar et al., 2018). Cellulases, pectinases, beta-glucosidases, or enzymes cocktails are used to hydrolyze and degrade cell wall components and in consequence release the nutraceutical compounds that are linked to cell wall such as carotenoids, phenolic compounds, capsaicinoids, or other compounds of interest (Walczak et al., 2018).

Pepper seeds contain sterols, saponins and phenolic compounds responsible for the biological activities (Sung and Lee, 2016). Red pepper seed oils are abundant in polyunsaturated fatty acids, bioactive compounds such as polyphenols, tocopherols, and phytosterols (Chouaibi et al., 2019) that have been related with activities described previously and result an interesting field of study. Around 90% of capsaicinoids are located in the pericarp (fruit), which comprises 40% of the pepper, while the other 10% are found in the seeds and then their concentration in the waste parts is 102–154 mg/g while in non-waste material it is 250–450 mg/g of dry material (Oguzkan, 2019). Capsaicinoids have been used in traditional medicine for the treatment of cough, toothache, sore throat, rheumatism, antiseptic, antioxidant and immunomodulator (Sanati et al., 2018). They possess anti-inflammatory effects, antioxidant activity and anti-obesity properties, and have been related to anti-carcinogenic and anti-mutagenic properties that could be exploited as a new nutraceutical approach to the extracts related with chili peppers (Friedman et al., 2019).

Recently, the potential effects of the capsaicinoids under the immune responses have been studied. Grüter et al. (2020) reported that capsaicin exerts an immunomodulatory response on neurilemma cells due to the anti-inflammatory effect provoked by numerous biochemical neural pathways. Nowadays, the worldwide attention is focused in the global pandemic of COVID-19 and the scientific efforts are concentrated on finding alternative treatments to the viral disease, one of the research route is the evaluation of phytochemical compounds that could relieve the symptoms of the SARS-Cov-2 infection.



CHEMISTRY AND BIOSYNTHESIS OF CAPSAICINOIDS

Capsaicinoids (Figure 1A) are alkaloid compounds responsible for the pungency associated with consumption of Capsicum fruit. Capsaicinoids are highly volatile, pungent, hydrophobic, colorless, and odorless white crystalline powder, with a melting point of 60–65°C and a molecular weight of 305.4 Da (Sharma et al., 2013). The basic chemical structure of these compounds is an acid amide of vanillyl amine combined with branched-chain fatty acids from 7 to 13 carbons in length (Aza-González et al., 2011). Their pungency is mainly related to the benzene ring but also to the acyl chain length (Fattori et al., 2016). Although more than 10 structures exist, the most prominent forms are capsaicin and dihydrocapsaicin, accounting for almost 90% of capsaicinoids (Meghvansi et al., 2010). Nordihydrocapsaicin, homocapsaicin and homodihydrocapsaicin are present in lesser amounts (Tewksbury et al., 2006).
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FIGURE 1. Capsaicinoids (A) and capsinoids (B) chemical structure.


A similar group of compounds named capsinoids (Figure 1B) also have the beneficial effects of capsaicinoids but without the pungency (Hursel and Westerterp-Plantenga, 2010). Due to their slightly different structure, they stimulate receptors in the intestine but not in the mouth. This is a particularly valuable attribute, as many people struggle to consume capsaicinoids due to their “spiciness” (Luo et al., 2011). In contrast to capsaicinoids, capsinoids are esters of vanillyl alcohol with fatty acids similar to those of capsaicinoids (Fayos et al., 2019). This structural difference could also be responsible for the lower stability of capsinoids and a pungency 1,000 times lower than that of capsaicinoids (Tanaka et al., 2015).

Capsaicinoids are natural compounds related to defense mechanisms of plants against mammalian herbivores and fungi (Tewksbury et al., 2006). Their content in Capsicum fruit varieties is largely influenced by genetics, in which the total capsaicinoid content ranges from 720 to 4,360 ppm for cayenne (Capsicum annuum) cultivars, 1,110–7,260 ppm for jalapeno (Capsicum annuum jalapeño) cultivars, and 5,200–14,000 ppm for habanero (Capsicum chinense) cultivars. In addition to genetics, capsaicinoid content is influenced by the fertilization practices, environmental growing conditions, application of bioregulators, and maturity of the fruit (Sharma et al., 2013).

Capsaicinoids are synthetized primarily in the epidermal cells of placental tissue, with low levels found in the pericarp and seeds. L-phenylalanine and L-valine or L-leucine through vanillylamine are capsaicinoids precursors. The proposed pathway for synthesis of the vanillylamine moiety of capsaicinoids from L-phenylalanine is as follows: L-phenylalanine to trans-cinnamic acid by Phenyl Alanine Ammonialyase (PAL), trans-cinnamic acid to trans-p-coumaric acid by Cinnamic acid-4-hydroxylase (Ca4H), trans-p-coumaric acid to trans-caffeic acid by Coumaric acid-3-hydroxylase (Ca3H), trans-caffeic to trans-ferulic acid by Caffeic acid O-methyl transferase (CoMT), and vanillin to vanillylamine by Amino transferase (AMT) (Kehie et al., 2013). Furthermore, the proposed pathway for the biosynthesis of valine to 8-methyl-6-nonenoic acid is as follows: valine to alpha keto isovalerate by Branched Chain Amino acid Transferase (BCAT), alpha keto isovalerate to isobutyryl CoA, isobutyryl CoA to Malonyl CoA using the enzyme complex of Fatty Acid Thioesterase- Acyl Carrier Protein- Keto Acyl Synthase (FAT-Acl-KAS), Malonyl CoA to 8-methyl-6-nonenoic acid. Finally, vanillylamine and 8-methyl-6-nonenoic acid are condensed by the action of Capsaicin Synthase (CS) to obtain one molecule of capsaicin (Kehie et al., 2013). Commercially, the capsaicinoids are synthetized by the reaction of vanillylamine with 7-methyloct-5-ene1-carboxylic acid chloride.



TECHNOLOGICAL ADVANCES FOR THE EXTRACTION OF CAPSAICINOIDS

Among the different upstream processes, the extraction process is the main critical phase to obtain bioactive compounds from agricultural residues. The sample preparation is critical for the appropriate release of the phytochemicals form the residue matrix, which confers the essential factors to regulate the type and amount of bioactive compounds to extract. The industrial methods (pretreatment and extraction) to obtain capsaicinoids can be categorized into two main categories: conventional and innovative techniques (Sagar et al., 2018).

The conventional methods focus in using organic solvents as the extraction vehicle of capsaicinoids, by the implementation of different techniques such as solvent, hydro-distillation, Soxhlet, and maceration extraction (Table 1). Depending on the extraction conditions, the extraction yield, quality, and bioactivity of the extracted compounds is affected. The most extensively used method to recover capsaicinoids is based on the extraction with hexane, which is very toxic and produces residues that could compromise the quality of the compounds (Martins et al., 2017). However, various extraction methods for capsaicinoids have been developed expanding the extraction solvents alternatives to methanol, ethanol, acetonitrile, and water (Lu et al., 2017). The conventional methods, involving organic solvents reach an extraction yield between 70 and 80% of total capsaicinoids and the time of extraction is inversely proportional to the polarity of the solvent (Abdurahman and Olalere, 2016). Another extraction method is the hydro-distillation, which is the simplest technique to obtain capsaicinoids from residues materials but with low yield. Jiang et al. (2013) developed the hydro-distillation with an extraction yield of only 3.1% after 2 h of process. Furthermore, the Soxhlet method is another conventional method broadly used with higher extraction yields. Boonkird et al. (2008) extracted capsaicinoids using ethanol as solvent during 8 h at 78°C to obtain up to 92% of global yield. In another study, Santos et al. (2015) extracted the capsaicinoids from Malagueta pepper (Capsicum frutescens L.) using Soxhlet extraction with dichloromethane as a solvent to shift the mixture polarity to 3.1. This solvent modification allowed a recovery of 92.1% of the capsaicinoids. Despite these techniques provide higher extract yield and total content of capsaicinoids, they required high amount of solvents and longtime extractions that increases the cost and limit its applications due to the environmental and health regulations.


Table 1. Comparison of different extraction techniques used to recover capsaicinoids and other phytochemicals with potential beneficial effects on health.
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Nowadays, due to sustainability consciousness of consumers, industry and governments, modern methods require the minimal use of solvents that could negatively affect the environment. Additionally, there is a growing requirement for new extraction methods with shortened extraction time and reduced organic solvents utilization that not only prevent pollution but also decrease extraction costs. Among innovative technologies for the extraction of bioactive compounds from food by-products are the pressurized liquid extraction, microwave assisted extraction, ultrasound assisted extraction, enzyme-assisted extraction, and supercritical fluid extraction. The selection of extraction method must be fast, low-cost, adaptable, and effective.

The pressurized liquid extraction (PLE) is a technology that required small amounts of solvents, in which depending on the polarity of the target bioactive compounds a variety of green solvents may be used. This process involves the use of elevated temperatures and pressure with the liquid solvent to increase the mass transfer of the solvents within the solid matrix. Barbero et al. (2006), evaluated the use of water, ethanol and methanol as solvents to extract capsaicinoids from different varieties of pepper from Spain using pressurized liquid technologies at 200°C, 100 bar 30 min preheating sample and extraction cycles of 5 min. The methanol extracted the highest content of capsaicinoids (450 μmol/kg), followed by ethanol (400 μmol/kg) and water (250 μmol/kg). In another study, Liu et al. (2013), determined that the optimal conditions of capsaicin (97.1%), dihydrocapsaicin (97.9%), and nordihydrocapsaicin (97.6%) extraction from commercial Capsicum annuum were 100°C and 1 cycle of 30 min. Finally, Bajer et al. (2015), used water as solvent for the total recovery of capsaicinoids (28.9 μg/g) at 20 MPa, 200°C, 20 min of static and 10 min continuous extraction. Despite its short time of process, the cartridges used limits the load of residues to process, require the pretreatment of the materials to increase the yields of extraction and further downstream process (evaporation and drying) are required to eliminate the solvents.

Another innovative technology is the microwave assisted extraction (MAE), which is a technology that uses the microwave energy to heat solvents and its increase the diffusivity within the matrix. Similarly, to the PLE, the advantages of this process is to reduce the solvents amounts and time, in which the extraction efficiency depends on medium used to match the low polarity of capsaicinoids (Nazari et al., 2007).

In terms of adaptability at an industrial scale, the ultrasound-assisted extraction (UAE) has been widely studied for the recovery of bioactive compounds from natural products (Esclapez et al., 2011). This technology focus on the cavitation principle, which consist in forming small cavities to release energy into the matrix/solvent mixture. Sricharoen et al. (2017) found that the UAE produces an oleoresin rich in capsaicinoids, phenolics, carotenoids, flavonoids, and reducing sugars that could have a synergism to induce antioxidant and antidiabetic activity (Table 1).The scale-up process is feasible due to the low cost of equipment required and that could be easily integrated into the industry. Furthermore, water could be used as medium of reaction, thus avoiding the use of organic solvents. However, downstream process is required due to the poor selectivity of the extraction process.

Another innovative technology is the enzyme assisted extraction (EAE), which is as a novel and useful way to recover bound compounds from the cell wall and increase their yield of extraction (Sagar et al., 2018). The use of enzymatic treatments coupled to the oil extraction processes such as organic solvent extraction, an novel extraction technologies improves the yield of extraction resulting into promising high percentages of recovery (Stoica et al., 2016). Enzymatic techniques have been established fundamentally for the extraction of bioactive compounds from different seeds. Different elements including catalyst type, molecular size of plant materials, and the hydrolysis time are observed as main factors for extraction. Enzymatic treatment for extraction is contemplated as an eco-friendly method to extract oils and bioactive compounds because water is used as the solvent instead of organic solvents (Sagar et al., 2018). Cellulases, pectinases, beta-glucosidases, or enzymes cocktails are used to hydrolyze and degrade cell wall components and in consequence release the nutraceutical compounds that are linked to cell wall such as carotenoids, phenolic compounds, capsaicinoids, or other compounds of interest (Walczak et al., 2018). The utilization of enzymatic processes (Table 2) as a pre-treatment to increase the extraction yield, selectivity, quality, and purity of the capsaicinoids is a novel approach of the green extraction techniques. Baby and Ranganathan (2016) demonstrated that the use of commercial enzymes like Vizcozyme L for the extraction of capsaicinoids from entire fresh green chili peppers (Capsicum annum L.) increased by 22% the extraction yield compared with the conventional solvent extraction with methanol (Table 2). Nath et al. (2016) use an enzymatic pre-treatment to extract phenolic compounds, flavonoids, and carotenoids from mature fruits of Capsicum annum L., the enzymatic activity of pectinase from Aspergillus niger spores, Viscozyme L (Beta-glucanase), and cellulase from Trichoderma reesei was evaluated through the extraction yield shown that the use of an enzymatic treatment increased 30–50% the yield compared with the control. Enzymatic maceration of fruit pulp has positive results in color and flavor (de Farias et al., 2020). Commercial enzymes such as Pectinex AR (Pectinase), Celluclast 1.5 L (Cellulase) alone or in mixture increased 17.5% the extraction yield and changed the volatile composition of the extract improving the bioactive profile (Table 2). Lu et al. (2017) described that the use of an accurate temperature with a proper agitation speed could improve significantly the yield of extraction; using commercial pectinases and carbohydrases increased the extraction yield above 88% compared with conventional techniques from dehydrated chili pepper fruits. Gamarra Mendoza et al. (2020) demonstrated that cellulolytic enzymes obtained from Aspergillus niger spores increased 5 times the extraction yield of carotenoids and capsaicinoids from Capsicum baccatum fruits in contrast with solvent extraction (hexane:methanol) (Table 2). The hydrolytic action of the cellulases on the molecular structures of the cellulose in the cell wall improve the extraction of the bioactive compounds compared with the conventional methods. Baby and Ranganathan (2016) and Gamarra Mendoza et al. (2020), proposed that the increase in the capsaicin extraction due the enzymatic treatment is also related to a higher antioxidant activity. However, the EAE ha certain limitations in terms of industrial scale-up processes. Depending on the type of enzyme to use and environmental conditions that affects the enzyme efficiency, may require a high cost of investment.


Table 2. Increased yields and phytochemical changes obtained with different enzymes used to release capsaicinoids from chili pepper.
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Finally, the supercritical fluid extraction (SFE) is a green technology that uses elevated pressure and temperatures to reach a critical point, in which the solvent (carbon dioxide CO2) possess the diffusivity properties of a gas and the solvation power of a liquid. Nowadays, there a number of companies dedicated to install tailor-made industrial equipment's of SFE. For several decades the evaluation of how the different conditions of the SFE influenced into the capsaicinoids extraction yield and the quality of the extracts have generated important data to optimize and standardize these conditions. An interesting consideration in the use of the SFE is the cost of this green technology. de Aguiar et al. (2018) found that the optimal process that assured the minimal cost of manufacturing was reached at 240 min, 50°C and 15 MPa with a cost of 125.41 US$/kg of extract. However, to achieve an optimal process a profound knowledge of the mass transfer mechanism must be carried out and specific technology parts are required, which make this technology more expensive compared to UAS and EAE.

In order to enhance the yield of extraction with SFE, the use of coupled assisted technologies improve the mass transfer through convection and diffusion. Stoica et al. (2016) suggested that SFE might significantly increase the extraction yield of capsaicinoids using the most accurate combination of extraction conditions and the use of assisted technologies. Some of these assisted technologies are the use of ultrasound waves, microwaves, co-solvent extraction, enzymatic pre/during treatment. de Aguiar et al. (2020) showed that the use of SFE and PLE in the same process reduced 1.39 times the cost of manufacturing compared with the methods by separate. This suggests that the use simultaneous techniques could be economically affordable. Santos et al. (2015) improved the yield of extraction up to 77% compared to regular SFE (Table 1). The application of ultrasonic waves (US) in SFE processes as an alternative strategy to increase the extraction yield also enhance the quality of the bioactive compounds. Depending on the material matrix, US assisted SFE improved the extraction yield from the regular SFE by 6% (Luiz et al., 2016). In the case of the extraction of capsaicin using US assisted technology, Santos et al. (2015) found that the use of a US frequency of 360 W during 60 min enhanced the extraction yield up to 77% compared to regular SFE. Luiz et al. (2016) suggested that the use of 600 W frequency during 40 minutes improved the total capsaicinoids yield extraction into 45%.

Combining technologies is also relevant to produce stable ingredients with high contents of capsaicin. De Aguiar et al. (2016) applied ultrasound emulsification coupled with SFE to produce high stable emulsions rich in capsaicinoids using the modified food starch Hi-Cap100. Other interesting approach for the use of combined technologies is the use of microencapsulation by high speed homogenization and spray drying assembled with SFE to obtain highly stable capsaicinoids extracts. The process proposed by Wang et al. (2017) consisted on the homogenization of an extract obtained by SFE with starch sodium octenylsuccinate, soybean protein isolate, gelatin, and maltodextrin using high speed stirring and spray drying, giving a highly stable powder with high solubility properties that also provides additional protection for the lipophilic compounds of the capsicum oleoresins. In order to improve the bioavailability of lipophilic compounds in Capsicum oleoresins obtained by SFE, nanoemulsification with Tween 80 by coupled high pressure homogenization and ultrasonication produced highly stable nanoemulsions with good antimicrobial activity (Akbas et al., 2018).

The ultimate stage of the extraction process is the purification of the bioactive compounds. To obtain high purity capsaicin the methods currently used are the high-speed counter-current chromatography (HSCCC) and reversed-phase preparative chromatography but due to the elevated costs of the materials and equipment they are not suitable for the industrial production of pure capsaicin (Goll et al., 2013). Fan et al. (2017), propose the use of the macroporous adsorption resin (MAR) as an inexpensive alternative to obtain pure capsaicin after its extraction with an aqueous two-phase system; recovering 83.7% of the capsaicin with 50.3% of purity in the final product. Lu and Cui (2019) achieved a purity of capsaicin of 92% after Tunable Aqueous Polymer-Phase Impregnated Resin (TAPPIR) Extraction with an extraction yield of 95.82% and suggested that the combination of TAPPIR technology and reverse chromatography as a downstream processing technique is a practical approach for extracting and purifying capsaicin from the capsicum oleoresin.

Beyond extraction yield, the bioactivity of the extracts must be considered since capsaicinoids are extracted along with other phytochemicals such as carotenoids and phenolics compounds. The bioactivity of compounds like capsaicinoids, carotenoids, and phenolic acids from waste materials of chili pepper includes antioxidant activity, α-glucosidase inhibitory activity or anti-inflammatory, and immune regulatory activity (Liu et al., 2020). Sricharoen et al. (2017) found that the UAE produces an oleoresin rich in capsaicinoids, phenolics, carotenoids, flavonoids, and reducing sugars that could have a synergism to induce antioxidant and antidiabetic activity (Table 1).



CAPSAICINOIDS IN HUMAN HEALTH VIA TRPV-1 RECEPTOR

Capsaicin selectively binds to the vanilloid receptor subtype 1 (VR1), now on referred to as TRPV-1, a member of the superfamily of transient receptor potential ion channels. Friedman et al. (2017) suggested that the synthetic capsaicin analogs are a promising class of non-pungent compounds that mimetic with TRPV-1 receptor and enhance the pro-health properties of capsaicin without the side-effects of the natural compound. TRPV-1 is expressed peripherally in primary afferent nociceptors, and it is physiologically stimulated and sensitized by external factors like heat, protons, and various inflammatory mediators such as prostaglandins, metabolites, and others that make up an “inflammatory broth” (Gerner et al., 2008). New technologies related with painkillers could be either TRPV-1 agonists or antagonists. This breaking opportunity toward the intelligent drug design of TRPV-1 modulators requires a basic understanding of how known ligands interact with TRPV-1 and which are the possible reactions that these drugs could trigger.

TRPV-1 permits ions such as calcium and sodium to pass freely through the membrane of the primary sensory/nociceptive neurons, causing depolarization and excitation and leading to nociceptive responses that are related with analgesic and other kind of reactions (Figure 2). Capsaicin exhibits high selectivity for TRPV-1 and, in a very interesting way, it does not activate the other homologous channels related with the TRPV family. In several studies, two open states of TRPV-1 were determined at atomic resolution with either capsaicin or resiniferatoxin/double knot toxin (Yang and Zheng, 2017). A small electron density was observed inside the capsaicin-binding pocket in the capsaicin-bound structure. This provided so far, the most direct evidence of the location of bound capsaicin and could indicate how this cascade of electrons intervenes into the nociceptive responses (Yang et al., 2015). In the closed (apo)state of TRPV-1, an electron density was also observed, indicating that this pocket may be occupied by a lipid molecule in the absence of capsaicin (Yang and Zheng, 2017). Consequently, capsaicin may have to compete with a lipid molecule within a similar structure in order to bind and activate TRPV-1.


[image: Figure 2]
FIGURE 2. Capsaicin effect in TRPV-1 receptor.


Grüter et al. (2020) reported that TRPV-1 and its downstream molecules calcitonin gene-related peptide (CGRP) and Substance P are important for recognition of nociception and thermal inflammatory pain. Additionally, these authors have shown that an augmented expression of TRPV-1 in peripheral nerve terminals mediate thermal nociception in the Fabry disease mouse model. Moreover, previous studies demonstrated the key relation between TRPV-1 and P2Y receptors that are involved in the vasodilation and immune responses. The interaction of TRPV-1 and capsaicin could downregulate the receptor expression and reduce nociceptions that are proper to inhibition of pro inflammatory cytokines and oxidative stress in neurons (Khalid et al., 2019).


Anti-obesity and Gastric Disorders

Capsaicin may induce satiety by increasing the release of hormones from the intestine. In in vitro studies about stimulation of TRPV-1 with capsaicin in intestinal enteroendocrine cells, it was found a calcium-dependent release of glucagon like peptide-1 (GLP-1), which is directly related with the mediation of satiety (Szolcsányi and Pintér, 2013). GLP-1 concentration increased after a lunch that contained capsaicin (24 μg/mL of infusion in the lunch) in comparison with a placebo lunch (Van Avesaat et al., 2016). In some cases, the anti-obesity effects of capsaicinoids may be disguised by other factors related to age, sex, ethnic origin, and body composition related with a “desensitization” and a fragile response to capsaicin/TRPV-1 (Van Avesaat et al., 2016). Capsaicin induces satiety in a short amount of time (25 min) and, in consequence, decreases caloric intake, which, in turn, could lead to weight loss.

As a thermogenic compound, capsaicin in a concentration of 6 mg/kg of body weight increases catecholamine secretion from the adrenal medulla. Specific capsaicin-sensitive neurons are similarly affected by the administration of β-adrenergic blockers such the propranolol and metoprolol, drugs used in the treatment of hearth diseases and hypertension at a concentration less than a half that the chemical drugs (Figure 3) (Diepvens et al., 2007). In small rodents, after the direct administration (intraperitoneal and intragastric) of capsaicin and other capsaicinoids (135 mg/day), the whole-body energy spending significantly augmented, the adrenosympathetic nervous system was activated and by consequence increased the core temperature in 1%. These effects openly impact into the brown adipose tissue (BAT) thermogenesis, producing an anti-obesity property (Saito and Yoneshiro, 2013). Baskaran et al. (2017) demonstrated that feeding capsaicin (1 μM) boosted adipogenic and thermogenic proteins in BAT; these effects were primarily mediated by the activation of SIRT-1/PRDM-16-dependent mechanism and finally produced an anti-obesity effect. N-vanillil oleamide has been proved to increase lipolysis, decrease or inhibit adipogenesis, decrease weight of adipose tissue, modify the size and/or number of adipocytes, increase satiety and inhibit appetite, demonstrating an outstanding affinity toward the vanilloid receptor of subtype 1 (VR1/TRPV-1) (Leung, 2014).


[image: Figure 3]
FIGURE 3. Chemical structure of capsaicin and β-adrenergic blockers: propranolol and metoprolol.


Another potential mechanism related with the anti-obesity effects of the capsaicin is the gut microbiota. Wang et al. (2020), demonstrated that intergastrical administration of capsaicin at concentration of 2 mg/kg of body mass, suppressed obesity due to the increase of the relative abundance of some gut microorganisms such as Bacteroides, Coprococcus, Prevotella, Akkermansia, Odoribacter, and Allobaculum in obese mice. Additionally, the change in the relative abundances of SCFA-producing bacterial species enhanced acetate and propionate production by 5% compared with control which is beneficial for energy balance. Capsaicin also reduced Proteobacteria spp. such as Desulfovibrio, Escherichia, Sutterella, and Helicobacter, which can produce a chronic, low-grade inflammatory response related with higher risks of obesity (Wang et al., 2020). Previous studies demonstrated that capsaicin at concentrations greater that 10 μg/mL had bactericidal activity and inhibited the growth of certain bacteria among is H. pylori in vitro (Jones et al., 2006). Capsaicin administrated in a vehicle at concentration of 4 mM decreased H. pylori-induced gastric ulcer in human via topically or g.i., the reduction was related to the diminished IL-8 production and reduced NF-κB activity (Satyanarayana, 2006).

The gastroprotective effects of capsaicin recline in the modulation of the sensory neurons. Co-treatment of capsaicin (10 mg/kg of body mass) and L-nitro-arginine methyl ester (L-NAME, a NOS inhibitor) activated TRPV-1 located at gastric sensory neurons that stimulated the release of CGRP and NO in mice (Fattori et al., 2016). Treatment with capsaicin in mice at a concentration of 1–8 μg/mL of gastric acid level also decreased indomethacin-induced microbleeding (Mózsik et al., 2005).



Diabetes

Capsaicin consumption has a positive impact on the reduction of glucose and insulin levels in humans. Regular daily consumption of 5 mg of capsaicin diminished postprandial hyperinsulinemia in healthy adults (Yuan et al., 2016). Capsaicin also inhibits adipose tissue inflammatory responses in obesity (Kang et al., 2007). In vitro studies reported that capsaicin at a dose of 35 mg/kg of body mass overturns IL-6 and MCP-1 gene expression and protein discharge from adipose tissue and adipocytes; furthermore, dietary capsaicin significantly reduces seven times the adipose tissue macrophages and levels of inflammatory adipocytokines such as TNF-α, MCP-1, IL-6, and leptin and regularizes fasting glucose levels in obese mice (Xu et al., 2017). Obesity-related inflammatory proteins can block insulin signaling.

Recent advances in research have discovered that TRPV-1 receptors play a central role in the development and progression of diabetes type 1 and 2 (Xu et al., 2017). The ablation of TRPV-1 expressing sensory nerves by capsaicin modulates disease development and/or progression. The specific sensory nerves innervating the pancreas are major players in the progress of pancreatitis and islet inflammation and destruction. Capsaicin-induced permanent exclusion of TRPV1-expressing pancreatic sensory neurons decreases islet infiltration, insulin resistance, and β-cell stress in neonatal diabetes-prone non-obese diabetic (NOD) mice (Fattori et al., 2016). Therefore, capsaicin-induced depletion of TRPV1-expressing neurons prevents the development of diabetes in mice that are genetically predisposed to type 1 diabetes. Similarly, in Zucker diabetic fat (ZDF) rats, which are used to study various aspects of human type 2 diabetes, the capsaicin selective eradication of TRPV-1 expressing sensory fibers in the Langerhans islets prevented high plasma glucose levels and improved glucose tolerance and insulin secretion (Fattori et al., 2016).

Some studies demonstrate that resident macrophages use ATP receptors and more probably TRPV-1 receptors to, respectively, monitor beta cell activity and the acidity of the interstitial milieu in the islet. Since capsaicin activates the TRPV-1 activity, it is an important regulator of the islet activities. Identifying the microenvironment helps the macrophage gauge its production of factors that promote islet tissue stability (Yin et al., 2012). Islet macrophages are key actors in autoimmune destruction of the islet caused by type 1 diabetes and have a role in generating inflammation during type 2 diabetes (Weitz et al., 2018). The effects in diabetes are directly connected to the capsaicin-sensitive nerves in blood glucose control and mainly in the type 2 diabetes pathogenesis, since this specific diabetes type show progressive scarring of the pancreas and degenerating of the islet (Gram et al., 2017).

Interestingly, capsaicin also shields mice from the development of type 1 diabetes via TRPV-1 by a possible mechanism related to gut-mediated immune tolerance. Oral administration of 10 μg of capsaicin per kg of body mass could mitigate the proliferation and activation of autoreactive T cells in pancreatic lymph nodes (PLNs), protecting mice from diabetes development (Fattori et al., 2016).



Cardiovascular Disease

Capsaicinoids also have potential beneficial effects on the cardiovascular system. It is well-known that the cardiovascular system is plenty of capsaicin-sensitive sensory nerves, which play an extensive role in controlling cardiovascular function across the release of numerous neurotransmitters such as CGRP (Calcitonin gene-related peptide), substance P, and others. Capsaicin is able to stimulate the release of CGRP through activating TRPV-1 and consequently it has potential benefits on cardiovascular function (Peng and Li, 2010).

Capsaicin and dihydrocapsaicin inhibit platelet aggregation and the activity of clotting factors VIII and IX (Adams et al., 2009). This specific property intervenes directly to the benefits on the prevention of the onset and the lower incidence of cardiovascular diseases. Capsaicin is capable to insert into the plasma membrane of platelets and to alter membrane fluidity and/or ionic permeability (Panchal et al., 2018). Conversely, it has been discovered that TRPV-1 was indeed present in the human platelets and capsaicin was capable to induce the Calcium cation release from intracellular platelet supplies and successively contributed to ADP and thrombin induced platelet triggering (Harper et al., 2009).

The antioxidant property of capsaicinoids also contributes to their beneficial effects on cardiovascular system. The oxidation of low-density lipoprotein (LDL) is the inducting factor for the development and succession of atherosclerosis (Fattori et al., 2016). Capsaicin at concentration of 15 μg/kg of body mass reduced serum total cholesterol and lipid peroxide level in high-fat-fed rats (Manjunatha and Srinivasan, 2007). Regular ingest of chili fruits for 4 weeks (≈ 3 μg per day) or more augmented the resistance of serum lipoproteins to oxidation in adult men and women (Ahuja et al., 2006). These statements support the antioxidant property of capsaicinoids described above and their potential clinical value on the prevention of cardiovascular diseases, such as atherosclerosis, coronary heart disease, and others.



Anti-cancerogenic

Capsaicin also induces apoptosis in cancer cells and suppress carcinogenesis in some tissues like prostate, colon, skin, breast, lung, and bladder (Wang et al., 2016). In the specific case of prostate cancer, capsaicin may act by two different pathways: primarily, a direct pathway in which capsaicin acts like antagonist of coenzyme Q controlling electron transport. Increase in reactive oxygen species (ROS) induces cell damage and finally apoptosis. Secondly, in the indirect pathway, its interaction with the TRPV-1 receptor leads into the accumulation of Ca2+ cations into the cancer cells and consequently produces apoptosis (Wang et al., 2016). It is acknowledged that intracellular Ca2+ levels have a substantial effect on cancer cells and TRP channels, and they have imperative roles in intracellular oxidative stress and apoptosis. The upturn of intracellular calcium level leads to an intensification of ROS amount, mitochondrial membrane depolarization and apoptosis in cancer cells (Övey and Güler, 2020).

Furthermore, capsaicin activates the phosphorylation of the STAT3 transcriptors and also activates the pro-survival transcription factor Tyr705 p-STAT3 related to antitumoral processes such as apoptosis, mutagenesis, and tumor suppression (Bhatta et al., 2019). Moreover, these studies exposed that the use of capsaicin as complementary treatment could improve the cisplatin ototoxicity activating TRPV-1 and STAT1 with contrasting downstream signaling pathways (Bhatta et al., 2019). Chu et al. (2019) found out that capsaicin exerts a negative effect on cancer cell viability, and induced apoptosis of human melanoma via the activation of cleaved caspase-3 and PARP.

In specific cases such as prostate cancer, capsaicin results in a synergistic effect with Docetaxel activating in a more effective way the AMP-activated kinase that is related with energy homeostasis, blocks cell cycle, induces apoptosis, regulates autophagy and suppresses the anabolic processes required for rapid cell growth (Sánchez et al., 2019). Another line of evidence was presented by Mori et al. (2006) who showed that capsaicin inhibits the activation of the nuclear factor-kappa (NF-k) and tumor necrosis factor-alpha (TNF-α) in prostatic cancer cell lines. Similar evidence of anti-cancer effect has been shown in numerous conditions like gastric cancer (Huh et al., 2011; Wang et al., 2011), colon cancer (Lu et al., 2010), breast cancer (De-Sá-Júnior et al., 2013), lung cancer (Anandakumar et al., 2012), leukemia (Tsou et al., 2006), and hepatocellular carcinoma (Moon et al., 2012). Capsaicin treatment reduced significantly the metastatic load in transgenic adenocarcinoma of the mouse prostate (TRAMP) mice (Venier et al., 2015).

Zheng et al. (2016) demonstrated the activation of TRPV-1 by capsaicin blocked nuclear translocation of proliferating cell nuclear antigen and prove that TRPV-1 and capsaicin could be a target relation for the bladder cancer treatment. Likewise it was demonstrated that capsaicin drastically decreased the cell migration and invasion of cholangiocarcinoma HuCCT1 cells via the inactivation of the NF-κB/p65 signaling pathway and subsequently suppressed the expression of MMP-9. Xu et al. (2018), through the shRNA mediated knockdown of TRPV-1. Besides the role of TRPV-1 to promote the cancer cell apoptosis and avoid the damaged cell proliferation, the vanilloid receptor also possess anti-metastatic effects when it binds with capsaicin.



Anesthetic

Owing to their ability to relieve a variety of human pain disorders, the capsaicinoids (capsaicin mainly) have been used to prevent several clinical conditions related with pain at different scales including postmastectomy syndrome, urticaria, psoriasis, diabetic neuropathy, arthritis, pruritis, contact allergy, postsurgical neuromas, shingles (Herpes zoster), cluster headaches, urological disorders and many others (Howard and Wildman, 2006). Tumors progression occurs in an acidotic environment and this increases the interference of TRPV-1 antagonists that may relieve pain symptoms (Friedman et al., 2019).

Capsaicin interacts with transgerminal nerve endings, which release a neurotransmitter called substance P (neuropeptide with amino acid sequence as follows Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met [RPKPQQFFGLM]). Specifically in arthritis, capsaicin stimulates the release of substance P, after recurrent application, capsaicin drains the neuron of substance P and prevents its reaccumulation (Yang and Du, 2018). In rheumatoid arthritis (RA), capsaicin-sensitive sensory afferents densely innervate the articular capsule and the synovium. A distinctive characteristic of these nerve terminals is their dual nature: as regular afferents they participate in pain signaling on the central nervous system and they also control the inflammatory reaction by performing as afferents by the liberation of sensory neuropeptides (Borbély et al., 2018).

Capsaicin triggers non-neuronal TRPV-1, which provoke the liberation of interleukin (IL-)8, IL-6, and prostaglandin E2 (PGE2) (Salari et al., 2019). Additionally, inactivation of voltage-gated Na+ channels and direct pharmacological desensitization of plasma membrane TRPV-1 receptors may contribute to an instantaneous reduction on neuronal excitability and responsiveness. Microtubule depolymerization may interject fast axonal transport. In excessive concentrations of capsaicin than those required to TRPV-1, this antagonist can also reduce mitochondria dysfunction by openly inhibiting electron chain transport (Anand and Bley, 2011).

Capsaicin activates TRPV-1, which also obstructs Piezo proteins, a family of mammalian cation-selective ion channels that react to mechanical stretch (Borbiro et al., 2015). Obstruction of Piezo proteins occurs due to calcium-dependent stimulation of phospholipase Cδ (PLCδ), which depletes phosphoinositides. In fact, injection of phosphoinositides in the cytosol by expurgated inside-out patch clamp decreases rundown inner current of Piezo channels and reverts inactivation (Della Pietra et al., 2020). Therefore, the depletion of these phosphoinositides relates with inhibition of mechanical-stimulation of Piezo channels across inhibition of inward current.



Rhinitis and Asthma

Non-allergic rhinitis (NAR) or idiopathic rhinitis (IR) may be defined as chronic nasal symptoms, such as impediment and rhinorrhea that occur in relation to non-allergic, non-infectious triggers such as change in the weather, exposure to caustic odors or cigarette smoke, and barometric pressure differences (Van Gerven et al., 2014). Intranasal application of capsaicin has potential beneficial effects in this type of diseases, while this application is firstly irritating to the applied area, it can progressively desensitize the sensory neural fibers and decrease nasal hyper-responsiveness (Van Rijswijk et al., 2003). Studies report that the desensitization of sensory nerves with capsaicin relieves the NAR and IR symptoms for up to 9 months (Fattori et al., 2016). A recent study has shown that NAR/IR is related with an amplified expression of TRPV-1 in the nasal mucosa and substance P levels in nasal secretions. Systematic studies discovered that capsaicin employs its therapeutic action by ablating TRPV1-substance P nociceptive signaling pathway in the nasal mucosa (Van Gerven et al., 2014).



Capsaicin Effects as Immuno-Stimulant and COVID-19 Treatment

Capsaicin is directly related with other immune related syndromes. TRPV-1 was described as potential goal in autoimmune diseases as well as a modulator of neuroinflammation. The TRPV-1 receptor is a target for direct immuno-modulatory pathways in immune cells, especially on regulatory macrophages (Pedreiturria et al., 2018; Weitz et al., 2018). Nevius et al. (2012) showed that a capsaicin concentration of 10 μg by oral administration producing IL-10 instead of inflammatory cytokines in an autoimmune diabetes mouse model. This receptor is also known as part of indirectly immunomodulatory pathways when expressed in unmyelinated nerve fibers (Pedreiturria et al., 2018).

Nowadays, the importance of the enhancement of the immune system becomes an important public health care issue due to the SARS-Cov-2 pandemic outbreak. From the immunity point of view, COVID-19 patients have a lower level of lymphocytes, especially Natural Killer (NK) cells. Additionally, a mined immune system revealed the atrophy of spleen and lymph nodes along with the minimal lymphocytes infiltration into the lung lesion that leads the majority infiltration of monocytes and macrophages that conducts to the early endotracheal intubation. Finally, all these processes conclude into a mimicry of hypercoagulability, vasculitis, and multiple organs damage (Zhang et al., 2020).

The newest studies shown that the SARS-Cov-2 virus enters the cell via the angiotensin-converting enzyme-2 (ACE-2) (Prompetchara et al., 2020) and it is identified mostly by Toll-like receptor 7 (TLR7). Activation leads to the production of alpha interferon and the secretion of IL-12 and IL-6 and the production of CD8+ specific cytotoxic T cells that through the CD4+ T cell form the antigen-specific B cells and antibody production (Ahmadpoor and Rostaing, 2020). Giamarellos-Bourboulis et al. (2020), demonstrated that more than one fourth of SARS-Cov-2 patients shown Severe Respiratory Failure (SRF) and later can develop Macrophage Activation Syndrome (MAS), that finally leads into a general immune dysregulation subjugated by low expression of HLA-DR on CD14 monocytes, which is triggered by monocyte hyperactivation, disproportionate liberation of IL-6, and intense lymphopenia. All these combined pathogeneses provoked by the virus proliferation produce, in the majority of the cases, a cytokine storm also called Cytokine Release Syndrome (CRS) and symptoms of sepsis that are the cause of death in 28% of fatal COVID-19 cases. In all these cases the uncontrolled inflammation perpetrates multi-organ damage leading to organ failure, especially of the cardiac, hepatic, and renal systems, that eventually conducts to the death in the great majority of the clinical cases (Shi et al., 2020; Zirui Tay et al., 2020).

An interesting approach by Janda and Iadarola (2020) suggest that TRPV-1 receptor plays an important role in the prognosis of a very specific viral infections such as COVID-19. Some preclinical studies propose that since SARS-Cov-2 is linked to a strong immune response and an immense chain of reactions related with the immune system, the possible inhibition of afferent activity TRPV-1 fibers from the lung and airways could have a beneficial consequence on the compromised lung function. The scoop that could connect the TRPV-1 receptor to the COVID-19 is primarily based on finding a potent TRPV-1 agonist that can down regulate the inflammatory response. According with Nahama et al. (2020), the connection of TRPV-1 expressing innervation combined with the virally focused hyperinflammation in COVID-19 cases may be the root cause of the lethal characteristic of the disease particularly for the mature patients. They propose that interfering TRPV-1 signaling might decline the severity of the acute respiratory distress syndrome (ARDS) present in COVID-19 patients. Blocking lung sensory neurons signaling might result in inactivation of efferent system decreasing associated inflammation and cytokine storm adverse effects. Suppressing TRPV-1 afferent pathways as part of the treatment for COVID19-related pneumonia/ARDS will not only tackle the inherent pathophysiology of the viral infection and systemic inflammation but would also help to decrease the complications connected with the current gold-standard therapy (mechanical ventilation/oxygen therapy) in severely compromised patients. Silencing TRPV-1 positive nerve fibers could ultimately be additionally of interest to limit the progression of the disease from mild stages to acute respiratory distress.

Since numerous studies demonstrated that the protein responsible of the replication of the virus is the viral protease 3CL-protease and that the inhibition of this enzyme can stop the virus replication in the human body (Chen et al., 2005). This enzyme owns three functional domains where different compounds can bind and inhibit it, stopping the virus replication (Kumar et al., 2020). The major international research about possible treatments against the COVID-19 goes focused to develop or elucidate possible inhibition routes of the 3CL-Protease activity, exploring the use of a numerous group of chemical compounds like azithromycin, oseltamivir, ritonavir, indinavir, remdesivir, and other drugs used in diverse viral diseases as influenza A and B, and HIV (Kadil et al., 2020). Also based on molecular docking analysis, Das et al. (2020) reported a total of 33 compounds including natural products such as capsaicin, to investigate their blocking effects toward 3CL-protease. The capsaicin formed hydrogen bonds with 4 different sites of 3CL-protease (THR190, CYS145, HIS163, and PRO168) with an estimated free energy of binding of −8.15 kcal/mol. In another preliminary study, capsaicin was found to be in the active site and interacted with GLU166 hydrogen bonds but could not exhibit good binding affinity toward target enzyme (Barros et al., 2020).

Furthermore, RNA-dependent RNA polymerase (RdRp), is a key enzyme in virus life cycle for replication and a potential target to find therapeutic agents for COVID-19 (Elfiky, 2020). The molecular docking results of capsaicin with RNA dependent RNA polymerase (RdRp) showed a free energy of binding of −7.3 kcal/mol, similar to remdessivir drug with a value of −9.0 Kcal/mol (Elfiky, 2020). These results suggest that capsaicin may be used as COVID-19 antiprotease drug to prevent the viral replication of SARS-CoV-2. Efficient therapeutic strategies are important to identify drugs for novel viruses that influence the life cycle of viruses by inhibiting the entry and stopping the viral replication or targeting intracellular signal transduction pathways in order to treat the disease or control the further spread of the virus.

The actual fact that capsaicin acts like a TRPV-1 agonist, an anti-inflammatory compound and that could be used as a 3CL-protease and/or RNA-dependent RNA polymerase (RdRp) inhibitor, suggest that the study and subsequent development of a clinical product containing this chili pepper main compound or its derivatives could be promising to the COVID-19 alternative clinical treatment.




CONCLUSIONS

Chili pepper waste product are a potential source of capsaicin and other possible analogs that may interact with TRPV-1 receptor. The industrial and technological approach to the extraction, purification and possible use of these bioactive compounds from waste materials is an important field to focus the scientific efforts. Based on the identification of molecular targets, capsaicin along with other phytochemicals that may be recovered from waste could be incorporated into a new generation of nutraceuticals to motivate a greener production in Mexico and other countries. From the commercial point of view, capsaicin is considered an active ingredient to prevent or treat obesity, gastric disorders, arthritis, asthma, diabetes, and immune system diseases and combinations with other phytochemicals may improve its potential benefits for health.
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