
Fight fire with fire: Neurobiology of capsaicin-induced analgesia 
for chronic pain

Vipin Arora1, James N. Campbell2, Man-Kyo Chung1

1Department of Neural and Pain Sciences, School of Dentistry, Program in Neuroscience, Center 
to Advance Chronic Pain Research, University of Maryland, Baltimore, Maryland 21201

2Centrexion Therapeutics, Boston, Massachusetts, 02109

Abstract

Capsaicin, the pungent ingredient in chili peppers, produces intense burning pain in humans. 

Capsaicin selectively activates the transient receptor potential vanilloid 1 (TRPV1), which is 

enriched in nociceptive primary afferents, and underpins the mechanism for capsaicin-induced 

burning pain. Paradoxically, capsaicin has long been used as an analgesic. The development of 

topical patches and injectable formulations containing capsaicin has led to application in clinical 

settings to treat chronic pain conditions, such as neuropathic pain and the potential to treat 

osteoarthritis. More detailed determination of the neurobiological mechanisms of capsaicin-

induced analgesia should provide the logical rationale for capsaicin therapy and help to overcome 

the treatment’s limitations, which include individual differences in treatment outcome and 

procedural discomfort. Low concentrations of capsaicin induce short-term defunctionalization of 

nociceptor terminals. This phenomenon is reversible within hours and, hence, likely does not 

account for the clinical benefit. By contrast, high concentrations of capsaicin lead to long-term 

defunctionalization mediated by the ablation of TRPV1-expressing afferent terminals, resulting in 

long-lasting analgesia persisting for several months. Recent studies have shown that capsaicin-

induced Ca2+/calpain-mediated ablation of axonal terminals is necessary to produce long-lasting 

analgesia in a mouse model of neuropathic pain. In combination with calpain, axonal 

mitochondrial dysfunction and microtubule disorganization may also contribute to the longer-term 

effects of capsaicin. The analgesic effects subside over time in association with the regeneration of 

the ablated afferent terminals. Further determination of the neurobiological mechanisms of 

capsaicin-induced analgesia should lead to more efficacious non-opioidergic analgesic options 

with fewer adverse side effects.
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1. Introduction

Chronic pain, defined as pain that lasts for longer than three months after the onset of the 

initial injury or disease, affects approximately 20% of Americans (Dahlhamer et al., 2018). 

The high prevalence of pain and pain-related diseases is a leading cause of disability and a 

major contributor to the global disease burden. Chronic pain is challenging to treat due to the 

limited efficacy and adverse side effects of first-line therapies. Although opioids are 

clinically useful when appropriately indicated, opioid use may lead to addiction. Moreover, 

opioid use carries major risks. Tachyphylaxis is common and paradoxical opioid-induced 

hyperalgesia may occur (Hoffman et al., 2017). In particular, the rising opioid overdose 

death rate has raised questions about the practice of prescribing opioids, and current 

guidelines discourage opioid use to treat chronic pain. Thus, the need for novel nonopioid, 

non-addictive treatments for the effective management of chronic pain is paramount.

Capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide) is an active ingredient found in chili 

peppers and similar plants of the capsicum plant family. These plants contain between 0.1% 

and 2.0% capsaicin, and are common food additives. Topical application of capsaicin 

produces burning pain in humans, and has been used as a valuable tool for producing 

standardized experimental pain in humans and experimental animals. Acute and long-term 

pharmacological actions of systemically and locally administered capsaicin in multiple 

species have been thoroughly reviewed (Holzer, 1991; Szallasi and Blumberg, 1999). In 

particular, early studies using capsaicin established fundamental concepts in pain 

neurobiology, such as classification of subtypes of primary afferents, concepts of primary 

and secondary hyperalgesia, and central sensitization signaling in spinal cord (Treede et al., 

1992; Sluka and Willis, 1997; O’Neill et al., 2012). Topical capsaicin has also been used as a 

reliable model for testing the efficacy of newly developed analgesic compounds (Wang et 

al., 2008; Wallace et al., 2016). Importantly, despite its strong algogenic effects, capsaicin 

has long been used as an analgesic agent—as early as 7000 BC (Lembeck, 1987; Watson, 

1994). The first formal report of the pain-reducing properties of topical hot alcoholic pepper 

extract concerned toothache treatment (Turnbull, 1850; Szallasi and Blumberg, 1999). After 

decades of research and development, topical capsaicin has been identified as a valuable 

non-opioidergic drug for alleviating pain with few side effects, adding to its role in imbuing 

food with piquancy and in producing pain with pungency (Schumacher, 2010; Anand and 

Bley, 2011; O’Neill et al., 2012; Szallasi and Sheta, 2012; Szolcsanyi and Pinter, 2013; 

Chung and Campbell, 2016). In addition, the therapeutic application of topical capsaicin has 

been extended to numerous other conditions, such as itch in psoriasis, obesity, urological, 

airway, cardiovascular and gastrointestinal disorders, and cancer (Basith et al., 2016; Fattori 

et al., 2016).
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Herein, we provide an overview of capsaicin’s major therapeutic applications to treat 

chronic pain. We discuss neurobiological and pharmacological mechanisms of capsaicin’s 

long-lasting analgesic effects on chronic pain.

2. Development of topical formula of capsaicin

Since capsaicin’s pharmacological adoption began in the mid-19th century, topical capsaicin 

has been available in several different concentrations and formulations including gels, 

creams, sprays, and patches (Hall et al., 2020). Formulas of topical capsaicin during early 

development contained low concentrations (<1%), and required frequent and continuous 

administration for prolonged periods of time, e.g., 3 or 4 applications daily for a minimum 

of six weeks (Watson et al., 1993) were necessary. Nevertheless, studies showed 

inconclusive efficacy for the use of low concentrations of capsaicin in treating chronic pain 

(Derry and Moore, 2012). The development of patches containing a high concentration of 

capsaicin (8%) (Qutenza developed by NeurogesX and currently supplied by Grünenthal) 

greatly enhanced the utility of capsaicin as an analgesic (Backonja et al., 2008). The 

therapeutic utility of Qutenza for chronic pain treatment has been extensively reviewed 

previously (Anand and Bley, 2011; Mou et al., 2013; Uceyler and Sommer, 2014; Bonezzi et 

al., 2020). Compared to a 0.4% capsaicin control patch, Qutenza produces long-lasting 

analgesia for self-reported pain in patients with postherpetic neuralgia (PHN). A single 60-

min application produces analgesia lasting for 3 months, and the patient can be re-treated 

every 3 months. After topical application of Qutenza, systemic absorption of capsaicin is 

limited, and elimination is rapid with a half-life of 1.6 hours (Babbar et al., 2009). Absorbed 

capsaicin is metabolized by multiple cytochrome P450 enzymes in liver (Reilly et al., 2003). 

In the range of systemic concentrations achieved following topical application (<58 nM), 

capsaicin does not induce or inhibit cytochrome P450 enzymes in liver and is unlikely to 

affect metabolism of other drugs (Babbar et al., 2010). Thus, topical capsaicin has not shown 

drug interactions, and can be safely used in combination with other commonly used 

analgesics. Topical capsaicin shows only modest adverse side effects, the most common of 

which involve a small transient elevation of blood pressure, and local reactions, such as 

burning pain, erythema, and pruritus at the site of application (Simpson et al., 2010). 

Repeated treatments were well tolerated by patients during 52 weeks of observation (Galvez 

et al., 2017). Nonetheless, the repeated administration of capsaicin raised a concern, because 

metabolism of capsaicin in skin is slow (Chanda et al., 2008), and capsaicin has been 

suggested to have carcinogenic potential (Hwang et al., 2010; Bley et al., 2012). However, 

the carcinogenic potential of capsaicin appears to be related to impurities in capsaicin 

extracts, and evidence for carcinogenic effects of pure capsaicin is lacking. Moreover, 

capsaicin-induced anti-cancer effects are better established (Bley et al., 2012). Based on 

these therapeutic efficacy and safety data, Qutenza was approved by the US Food and Drug 

Administration in 2009 for the management of neuropathic pain associated with PHN, and 

was approved in 2020 for the management of neuropathic pain associated with diabetic 

peripheral neuropathy. In the European Union, Qutenza has been approved for the treatment 

of peripheral neuropathic pain in adults either alone or in combination with other medicinal 

products for pain.
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Currently other formulations of capsaicin are also under development. CNTX-4975 by 

Centrexion is an injectable capsaicin for treating Morton’s neuroma and pain associated with 

osteoarthritis of the knee (Campbell et al., 2016; Stevens et al., 2019). A liquid form of high-

concentration capsaicin (CGS-200 by Propella Therapeutics) is also under development for 

treating painful knee joint osteoarthritis.

3. Therapeutic efficacy of topical capsaicin for chronic pain

Currently approved therapeutic applications and peer-reviewed publications from clinical 

trials of topical capsaicin are summarized in Table 1.

3.1. Neuropathic pain in humans

Neuropathic pain is chronic pain that arises as a direct consequence of a lesion or disease 

affecting the somatosensory system. Approximately 7–10% of the population suffers from 

pain with neuropathic characteristics (van Hecke et al., 2014). Neuropathic pain may be 

associated with diabetic neuropathy, PHN, amputation (i.e., phantom limb pain), surgery or 

trauma, stroke or spinal cord injury, trigeminal neuralgia, HIV infection, chemotherapy-

induced peripheral neuropathy, and other disorders. Current pharmacotherapy for 

neuropathic pain is primarily based on systemic medications (tricyclic antidepressants, 

serotonin-/norepinephrine-reuptake inhibitor antidepressants, pregabalin, gabapentin, etc.) 

(Finnerup et al., 2015; Bannister et al., 2020). However, systemic therapies are marred by 

potentially serious adverse effects (e.g., cognitive impairment and dizziness), and most 

patients have only modest pain relief (Bannister et al., 2020). Therefore, topical treatments 

(e.g., capsaicin and local anesthetics) have been used to provide relief for neuropathic pain 

due to abnormalities in the peripheral nervous system (Pickering et al., 2017). Capsaicin is 

recommended as a second-line drug for treating peripheral neuropathic pain by the 

Neuropathic Pain Special Interest Group of the International Association for the Study of 

Pain (Finnerup et al., 2015). The German Society for Neurology guidelines have 

recommended the capsaicin 8% dermal patch as a first-line option for localized neuropathic 

pain and as a second-line option for neuropathic pain of any cause (Binder and Baron, 

2016).

To date, more than 200 randomized controlled trials (RCT) for the medical treatment of 

neuropathic pain have been published, and many systematic reviews of pharmacologic 

treatments for patients with neuropathic pain have been conducted to evaluate the efficacy of 

topical capsaicin in different modalities of neuropathic pain, such as post-herpetic neuralgia, 

post-traumatic or post-surgical nerve injury, and HIV-induced neuropathy (Mou et al., 2013; 

Finnerup et al., 2015; Derry et al., 2017; Galvez et al., 2017; van Nooten et al., 2017; Anand 

et al., 2019). A single application of capsaicin relieves PHN and HIV-associated neuropathic 

pain beginning from approximately three days following treatment, and lasting 

approximately five months (Brown et al., 2013; Mou et al., 2014). Aside from self-reported 

pain, topical capsaicin attenuates mechanical allodynia in patients with peripheral 

neuropathy (Moller et al., 2006; Kennedy et al., 2010; Campbell et al., 2016), and its 

efficacy has been shown to be superior even to pregabalin (Cruccu et al., 2018). The FDA 

has also approved the application of Qutenza in painful diabetic neuropathy. A network 
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meta-analysis of 25 RCTs showed considerable efficacy of the capsaicin 8% patch compared 

to placebo and compared to centrally acting agents in patients with diabetic neuropathic pain 

(van Nooten et al., 2017). The capsaicin 8% patch provides efficacious pain relief similar to 

duloxetine, pregabalin, or gabapentin. Importantly, the oral medications were associated 

with significantly elevated risk of somnolence, dizziness, and discontinuation compared with 

placebo; none of these events was reported in association with the capsaicin 8% patch (van 

Nooten et al., 2017). In patients with chronic painful chemotherapy-induced peripheral 

neuropathy, the capsaicin 8% patch also reduced spontaneous pain, mechanical allodynia, 

and cold-evoked pain (Anand et al., 2019). Topical capsaicin also shows efficacy in patients 

with phantom limb pain by reducing spontaneous pain from stump and phantom pain, and 

decreasing the area of static and dynamic allodynia (Privitera et al., 2017). Trials are 

currently underway to determine the effects of topical capsaicin on neuropathic pain in 

patients with cancer, spinal cord injury, or breast surgery (clinicaltrials.gov; NCT03317613, 

NCT02869867, NCT03794388).

3.2. Knee osteoarthritis in humans

Osteoarthritis (OA) is one of the most prevalent and disabling chronic degenerative diseases; 

250 million people worldwide have symptomatic knee OA, and this is predicted to increase 

sevenfold by 2030 (Dobson et al., 2018). Despite the condition’s clinical and financial 

burdens, no approved disease-modifying OA drugs are currently available. Pain is among the 

most prevalent symptoms of knee OA. However, it remains unclear what drives pain in knee 

OA, nor is it clear why some people develop pain while others do not. For treatment of OA 

pain, acetaminophen is used as first-line therapy in symptomatic OA, and second-line agents 

include topical agents (capsaicin and topical nonsteroidal anti-inflammatory drugs) (Nelson 

et al., 2014).

A systematic review cited efficacy of topical capsaicin cream (0.025% or 0.075%, four times 

daily) compared to placebo for pain from OA of multiple joints (Laslett and Jones, 2014). 

More recently, a liquid form of high-concentration topical capsaicin (5%; CGS-200-5 by 

Propella Therapeutics) is also under development for treating painful knee joint OA. In a 

phase 2 study (clinicaltrials.gov; NCT03528369), one hour application of CGS-200-5 on 

skin around knees on 4 consecutive days decreased the Western Ontario and McMaster 

Universities Osteoarthritis Index (WOMAC) OA total scores. A recent potential advance in 

OA pain management is the development of an intra-articular capsaicin formulation, thereby 

overcoming likely limited permeability of topical capsaicin into the knee joint (Stevens et 

al., 2019). Capsaicin injection into the knee joint was well tolerated and provided dose-

dependent improvement in knee OA pain with walking. Onset of improvement occurred as 

early as one week after treatment, and capsaicin injection (1.0 mg) produced a significant 

decrease in OA knee pain through 24 weeks. A 0.5 mg capsaicin intraarticular dose also 

significantly improved pain, albeit to a lesser degree, at 12 weeks. Phase 3 trials are in 

progress.

3.3. Other chronic pain conditions

Some painful conditions are highly predictable, and pre-emptive treatment can be useful. 

Clinical trials have supported the utility of preoperative submucosal injection of capsaicin 
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(0.1 mg) for attenuating acute post-operative pain following third molar extraction (Neubert 

et al., 2017). Perioperative administration of capsaicin decreases post-operative acute pain 

after herniotomy or total knee arthroplasty (Aasvang et al., 2008; Hartrick et al., 2011). 

Capsaicin also showed efficacy in idiopathic pain conditions, such as cluster headaches 

(Saper et al., 2002), temporomandibular disorders (Campbell et al., 2017), and burning 

mouth syndrome (Imamura et al., 2019). It is noteworthy that intrathecal delivery of 

resiniferatoxin (RTX), a highly potent vanilloid analog of capsaicin, is under development to 

treat intractable cancer pain in humans (Sapio et al., 2018) (clinicaltrials.gov; 

NCT00804154).

4. Ablation of TRPV1+ nerve terminals by capsaicin: a major contributor 

to analgesic treatment for chronic pain

4.1. Desensitization vs defunctionalization

Following more than 100 years of dormancy since the first formal report of the pain-

reducing properties of topical hot alcoholic pepper extract for toothache (Turnbull, 1850), 

mechanistic studies using capsaicin were revitalized in the wake of the noted report of the 

activation of nociceptive sensory nerves by the application of capsaicin, and of reduced 

nerve responsiveness subsequent to topical application of capsaicin (Jancso N and Jancso A, 

1949; Jancso G and Santha, 2015). Pioneering work by the Jancso group showed that 

capsaicin reducec the responsiveness of sensory nerve endings to chemical irritants in 

rodents; they found that repeated application of capsaicin into eyes, skin, or airways led to 

gradual insensitivity to subsequently applied capsaicin or other irritants, which lasted for 

days, a phenomenon they termed ‘desensitization’ (Jancso N and Jancso A, 1949; Jancso G 

and Santha, 2015). Subsequent studies in humans showed that topical application of 

capsaicin induced the loss of sensitivity not only to following applications of capsaicin, but 

also to various other chemical stimuli, such as histamine, bradykinin, and menthol 

(Wallengren and Hakanson, 1992; Green and Shaffer, 1993; Cliff and Green, 1996; Lo 

Vecchio et al., 2018). The quality and duration of sensory loss appears to depend primarily 

on the dose of capsaicin, which led to development of nomenclatures to indicate the effects 

of topical capsaicin on neural responses more accurately (Holzer, 1991). When the dose of 

topical capsaicin in initial administration is low, subsequent neural responses are reduced to 

the following administration of capsaicin, but not to other irritants, and is reversible within a 

couple of hours. This condition is referred to ‘specific desensitization’ (Holzer, 1991) or 

‘tachyphylaxis’ (Szolcsanyi and Pinter, 2013). By contrast, when the dose of topical 

capsaicin during initial application is high, subsequent neural responses are reduced not only 

to capsaicin but also to other irritants or stimuli. This condition is referred to ‘non-specific 

desensitization’ or ‘defunctionalization’ (Holzer, 1991). The term ‘desensitization’ as 

initially used by Jancso and Jancso (Jancso N and Jancso A, 1949) encompasses both 

specific and nonspecific desensitization. In the literature, the term ‘desensitization’ has been 

used to indicate either the original meaning or only specific desensitization. Here, we will 

use the term ‘specific desensitization’ to indicate tachyphylaxis and ‘defunctionalization’ to 

indicate non-specific desensitization (Fig. 1A). We will further classify defunctionalization 

into two types based on capsaicin dose, duration, reversibility, and putative biological 

mechanisms. A relatively low dose range of capsaicin induces defunctionalization that is 
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reversible within hours. This ‘short-term’ defunctionalization is likely due to functional 

impairment of primary afferents without structural changes (Fig. 1A). In contrast, high doses 

of topical capsaicin induce loss of sensation that is not readily reversible but lasts for months 

(Fig. 1A). This ‘long-term’ defunctionalization is likely mediated by structural ablation of 

afferent terminals. Of note, specific desensitization, reversible defunctionalization, and 

defunctionalization with ablation of afferent terminals are not always discretely segregated, 

but rather exist in a continuum with considerable overlap. For example, high dose capsaicin 

may cause initial functional impairment followed by structural ablation. Low dose capsaicin 

can cause both specific desensitization and short-term defunctionalization at the same time. 

Multiple repeated topical applications of low doses of capsaicin can result in an 

accumulation of capsaicin due to its slow metabolism in skin (Chanda et al., 2008), and thus 

might gradually produce short-term as well as long-term defunctionalization.

Understanding of neurobiological mechanisms underlying effects of capsaicin was greatly 

enhanced by the discovery of transient receptor potential vanilloid subfamily member 1 

(TRPV1), the gene encoding the capsaicin receptor (Caterina et al., 1997). TRPV1 is a 

selective target of capsaicin and RTX. TRPV1 is a polymodal receptor that is critical to the 

sensing of various stimuli, such as noxious heat, protons, and endogenous lipid ligands 

(Schumacher, 2010; Chung et al., 2011). TRPV1 is a non-selective cationic ion channel, and 

its activation by agonists results in an influx of sodium and calcium through TRPV1, 

producing depolarization of neurons and action potential firing. The TRPV1 receptor is 

highly expressed primarily on C and some Aδ nociceptive sensory nerves, particularly those 

that detect painful or noxious sensations (nociceptors). Therefore, activation of TRPV1 

results in the perception of pain, a process known as nociception. Indeed, knockout of 

TRPV1 in mice completely abolished pain behaviors in response to capsaicin or RTX 

(Caterina et al., 2000), and the discovery of TRPV1 has offered a mechanistic explanation as 

to how capsaicin produces burning pain. Further studies established that TRPV1 is a key 

molecule in peripheral sensitization associated with inflammation and injury, which 

rationalized the development of specific antagonists of TRPV1 as potential analgesics 

(Holzer, 2008; Schumacher, 2010; Chung et al., 2011; Szallasi and Sheta, 2012; Brederson 

et al., 2013). Studies have also revealed detailed mechanisms of neural responses following 

the topical administration of capsaicin (Holzer, 2008; Schumacher, 2010; O’Neill et al., 

2012; Chung and Campbell, 2016). Specific desensitization following topical capsaicin is 

likely due to receptor desensitization of TRPV1 (Fig. 1D). Short-term defunctionalization 

via functional impairment is largely mediated by inactivation or inhibition of neuronal ion 

channels following activation of TRPV1 by capsaicin (Fig. 1C). Long-term 

defunctionalization via structural ablation is mediated by TRPV1 and Ca2+-dependent 

localized ablation of afferent terminals (Fig. 1B). In the following sections, we will discuss 

potential contributions of these TRPV1-dependent mechanisms to the analgesic effects of 

topical capsaicin.

4.2. Topical capsaicin mediates ablation of nociceptive nerve terminals localized at the 
site of capsaicin treatment

Capsaicin was found not only to activate but also to induce degeneration of a subset of 

primary afferent neurons (Jancso et al., 1977). An electron microscopic study showed that a 
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single systemic injection of high-dose capsaicin (50 mg/kg) caused loss of a large proportion 

of primarily small-diameter neurons and axonal terminals in the spinal cord dorsal horn of 

neonatal rats. In adult rats, the systemic administration of capsaicin at a higher dose (100 

mg/kg) also induced the degeneration of dorsal root ganglia (DRG) neurons and 

unmyelinated axons (Jancso et al., 1985). However, in adult rats, the extent to which 

degeneration of saphenous nerve fibers occurred was 45%, which is considerably less than 

the 70% observed in neonatal rats (Jancso et al., 1977; Jancso et al., 1985). RTX is more 

potent than capsaicin in producing excitotoxic effects; intraperitoneal injection of RTX (200 

μg/kg) ablated TRPV1+ DRG neurons and central terminals in dorsal horn, and depleted 

unmyelinated fibers in the sciatic nerves by >90% (Pan et al., 2003). In addition to systemic 

injection, local delivery of capsaicin or RTX into the sensory ganglia can also produce 

ablation of primary afferents. For example, intraganglionic or peri-ganglionic injection of 

RTX can produce ablation of TRPV1+ afferents in different species (Karai et al., 2004; 

Tender et al., 2005; Brown et al., 2015; Unger et al., 2019; Wang et al., 2019). On the other 

hand, injection of relatively low doses of capsaicin or RTX close to the skin’s peripheral 

terminals produces reversible ablation restricted to peripheral terminals without the ablation 

of somata located in the sensory ganglia (Neubert et al., 2003; Yu and Premkumar, 2015; 

Wang et al., 2017b). Likewise, intrathecal injection of capsaicin also ablates the central 

terminals within the spinal cord without affecting TRPV1+ afferent soma in DRG 

(Cavanaugh et al., 2009). In humans, topical application or localized injection of capsaicin is 

unlikely to induce excitotoxicity in soma (i.e., capsaicin does not cause destruction of 

TRPV1+ afferent somata within sensory ganglia) because the capsaicin dose is not high 

enough to produce systemic effects. For example, the capsaicin 8% patch contains a total of 

179 mg of capsaicin, which corresponds to a dose of approximately 3 mg/kg when the entire 

amount is absorbed. In a pharmacokinetic study, the maximum detectable plasma 

concentration in patients after a 60 min exposure to topical 8% capsaicin patch was 17.8 

ng/ml (mean 1.9 ng/ml) (Babbar et al., 2009). Nonetheless, this is not comparable to the 

dose (>100 mg/kg) required to destroy TRPV1+ afferent somata within ganglia in adult rats. 

The amounts of capsaicin used for injection into a knee joint (1 mg per injection) or 

Morton’s neuroma (0.1 mg) are even lower (Campbell et al., 2016; Stevens et al., 2019). 

Therefore, in humans, it is reasonable to postulate that topical application or local injection 

of capsaicin exerts its effects by ablating only the peripheral terminals at the site of treatment 

without further proximal effects (Fig. 1A).

4.3. Analgesia for neuropathic pain by the ablation of epidermal nerve fibers: More 
complicated than it sounds like

Robust reduction of epidermal nerve fiber density (ENFD) after the application of high 

concentrations of capsaicin in human skin was shown by staining skin biopsies with a pan-

axonal marker, PGP 9.5 (Simone et al., 1998; Polydefkis et al., 2004; Rage et al., 2010). In 

healthy volunteers, the 8% capsaicin patch produces an 80% reduction in ENFD after one 

week (Kennedy et al., 2010). Intraepidermal fibers were ablated as early as one day 

following intradermal injection of capsaicin in humans (Simone et al., 1998; Rage et al., 

2010). Long-term effects of capsaicin on somatosensation are not straightforward, and its 

effects on thermal and mechanical sensitivity and pain are inconsistent in different studies 

(Table 2). Nonetheless, it is well accepted that a high concentration of capsaicin decreases 
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heat sensation and heat pain for a prolonged period of time. Reduction of ENFD may 

underpin such reduced warmth detection, laser-evoked heat pain, and flare response 

(Landmann et al., 2016; Lo Vecchio et al., 2018). By contrast, capsaicin application did not 

affect tactile sensitivity or cold pain, and caused only a marginal decrease in mechanical 

pain (Lo Vecchio et al., 2018). The correlation between reduced ENFD and loss of heat pain 

appears to represent straightforward evidence for capsaicin-induced analgesia. However, 

capsaicin-induced reduction of ENFD does not necessarily guarantee analgesia for 

neuropathic pain. ENFD reduction is not necessarily associated with loss of sensation to 

mechanical stimuli. A noted paradox in the study of neuropathic pain relates to the 

association of a decrease in denervation with an increase in pain. In principle, reduced 

innervation should be associated with loss of function, i.e., loss of pain. However, multiple 

neuropathic pain conditions, such as diabetic neuropathy and chemotherapy-induced 

neuropathy, or idiopathic chronic pain conditions, such as fibromyalgia, are accompanied by 

reductions in ENFD (Caro and Winter, 2014; Landowski et al., 2016) (Fig. 2A, B). Under 

these conditions, ENFD reduction is often associated with increased rather than decreased 

pain. One can have loss of sensation in conjunction with mechanical hyperalgesia as 

demonstrated in psychophysical studies in human patients. For example, stroking pain 

(dynamic allodynia) can be prominent whereas punctate hyperalgesia (static hyperalgesia) is 

less obvious. The paradox of “hyperalgesia associated with denervation” can be explained 

by sensitization of uninjured remaining afferents (Campbell and Meyer, 2006). For example, 

in the spared nerve injury where one of the overlapping nerves that innervates the foot is left 

intact while the others are axotomized, striking hyperalgesia emerges, and mechanical 

allodynia is associated with sensitization of the uninjured nerves (Chen et al., 2018). One 

potential explanation of this paradox is that Wallerian degeneration of injured fibers leads to 

an increase in pronociceptive factors, such as nerve growth factor (NGF) and tumor necrosis 

factor, which in turn can cause sensitization of the remaining fibers (Wu et al., 2002; 

Schafers et al., 2003; Obata et al., 2004) (Fig. 2B).

Investigations of cutaneous nerves have demonstrated preferential degeneration of fibers 

with different neurochemical identities (Bechakra et al., 2017): At 2 weeks following partial 

ligation of the sciatic nerve, the density of epidermal nerve fibers expressing PGP9.5, a 

panneuronal marker, or P2X3, a marker of non-peptidergic nociceptors, was decreased, 

whereas the density of calcitonin gene-related peptide (CGRP)-expressing peptidergic 

afferents in the footpad did not differ (Fig. 2A, B). In other studies, peptidergic afferents 

were reduced one to two weeks after the nerve injury, but demonstrated early regeneration 

(Grelik et al., 2005; Taylor et al., 2012). Several other nerve injury or nerve reconstruction 

studies have demonstrated similar preferential regeneration of peptidergic afferents 

compared to non-peptidergic afferents (Peleshok and Ribeiro-da-Silva, 2011; Duraku et al., 

2013; Kambiz et al., 2015; Tsuboi et al., 2015). Consequently, more peptidergic afferents 

remain in skin than non-peptidergic afferents after nerve injury. In a recent study, patients 

with painful diabetic neuropathy showed increased density of dermal peptidergic fibers 

compared to patients without pain or healthy controls (Karlsson et al., 2020). Interestingly, 

in rats with peripheral neuropathy, mechanical hyperalgesia correlated with a reduction of 

P2X3-expressing epidermal nociceptors (Bechakra et al., 2017). Selective ablation of non-

peptidergic afferents using isolectin B4 conjugated with saporin increased mechanical 

Arora et al. Page 9

Pharmacol Ther. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hyperalgesia in mice with CCI (Taylor et al., 2012). This is in contrast with the contribution 

of non-peptidergic afferents to mechanical hyperalgesia under inflammation (Pinto et al., 

2019). A plausible explanation is that the greater degeneration of non-peptidergic epidermal 

nociceptors leads to greater sensitization of the remaining peptidergic afferents, and these 

remaining peptidergic fibers maintain mechanical hyperalgesia (Fig. 2B). Indeed, in a spinal 

nerve ligation model, mechanical hypersensitivity following injury of lumbar 5 afferents 

were maintained by lumbar 4 (uninjured) afferents, and capsaicin treatment on lumbar 4 

afferents abolished mechanical hypersensitivity (Jang et al., 2007). Since peptidergic 

afferents are enriched with TRPV1, selective effects of capsaicin on the remaining and 

sensitized peptidergic fibers may explain the therapeutic benefits of capsaicin in neuropathic 

pain (Fig. 2C).

4.4. Capsaicin provides analgesia for neuropathic pain only in cases where hyperalgesia 
is maintained by TRPV1+ epidermal nerve fibers

Based on the aforementioned morphological and functional studies, we postulate that 

TRPV1+ peptidergic afferents likely persist after nerve injury, and that peptidergic 

nociceptive afferents likely become sensitized and contribute to the maintenance of 

neuropathic pain. Indeed, it has long been hypothesized that a subpopulation of patients with 

painful neuropathy have abnormal sensitization of unmyelinated nociceptors (“irritable 

nociceptors”) (Fields et al., 1998). In patients with painful neuropathy, polymodal and 

mechanically insensitive C-nociceptors are hyperexcitable, which correlates with mechanical 

hyperalgesia and spontaneous burning pain (Ochoa et al., 2005). Patients with painful 

neuropathy show greater capsaicin-induced vasoactive reactions than patients without pain 

or healthy volunteers (Forstenpointner et al., 2019). Since mechanically insensitive C-

nociceptors mediate axon reflex flare, burning pain, and secondary hyperalgesia through 

central sensitization in humans (Schmelz et al., 2000b; Schmelz et al., 2000a; Sauerstein et 

al., 2018), these reports suggest the possibility that a subset of TRPV1+ afferents are 

hyperexcitable, and contribute to the maintenance of chronic pain in peripheral neuropathy. 

In preclinical studies, however, the contribution of TRPV1-expressing afferents to 

neuropathic pain, especially mechanical allodynia, is unclear. Multiple studies have shown 

that TRPV1 is involved in thermal hyperalgesia following nerve injury (King et al., 2011; 

Urano et al., 2012; Hirai et al., 2014; Abooj et al., 2016), which is consistent with the idea 

that TRPV1 and TRPV1+ nociceptors primarily mediate heat pain (Cavanaugh et al., 2009). 

By contrast, most reports have disputed their involvement in neuropathic mechanical 

allodynia—inhibition, knockout, or knockdown of TRPV1 does not affect mechanical 

hyperalgesia following neuropathy (Caterina et al., 2000; Urano et al., 2012; Hirai et al., 

2014). Genetic ablation of TRPV1+ neurons or chemical ablation of TRPV1+ afferents 

neither prevented nor attenuated mechanical hyperalgesia following neuropathy (Ossipov et 

al., 1999; King et al., 2011; Mishra et al., 2011; Nakao et al., 2012; Zhang et al., 2014; Ma et 

al., 2015; Abooj et al., 2016). These data contrast sharply with the aforementioned clinical 

data, as well as with multiple preclinical studies implicating TRPV1 and TRPV1+ afferents 

in mechanical hyperalgesia following neuropathy (Pomonis et al., 2003; Rashid et al., 2003; 

Kanai et al., 2005; Culshaw et al., 2006; Christoph et al., 2007; Kissin et al., 2007; Kim et 

al., 2008; Watabiki et al., 2011; Labuz et al., 2016). The source of this discrepancy is 

unclear. Diverse pathophysiological mechanisms among the various peripheral neuropathy 
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conditions may be a factor. Presumably, TRPV1 contributes to mechanical hyperalgesia in 

cases where TRPV1+ nociceptors are relatively intact and abnormally sensitized (Fig. 2B). 

In severe or advanced neuropathy conditions that accompany substantial loss of TRPV1+ 

afferents, TRPV1 may not contribute to the maintenance of neuropathic pain, and capsaicin 

therapy is likely to be less effective.

Recent studies have suggested that TRPV1 and TRPV1+ afferents are clearly involved in 

orofacial mechanical hyperalgesia following chronic constriction injury of the infraorbital 

nerve (ION-CCI) in mice (Kim et al., 2014; Wang et al., 2020). Systemic treatment with 

RTX prevented development of mechanical allodynia following ION-CCI. Importantly, focal 

injection of capsaicin into facial skin attenuates mechanical hyperalgesia lasting for >two 

weeks in this model (Wang et al., 2020). As well, capsaicin-induced analgesia for 

mechanical hyperalgesia is abolished by the inhibition of capsaicin-induced ablation of 

afferent terminals in skin (Wang et al., 2020). These data indicate that TRPV1+ nerve 

terminals remaining after ION-CCI maintain neuropathic pain, and that capsaicin-induced 

ablation of TRPV1+ afferent terminals is necessary to induce analgesia for mechanical 

hyperalgesia. This notion is further supported by the fact that chemogenetic inhibition of 

TRPV1-lineage afferents in skin attenuates mechanical hyperalgesia (Wang et al., 2020). 

Therefore, reduced ENFD following capsaicin treatment in this model produces analgesia 

for neuropathic pain (Fig. 2C). Notably, in ION-CCI, the TRPV1 channel itself also 

contributes to the maintenance of neuropathic pain in a site-specific manner (Fig. 3); 

inhibition of TRPV1 channels in the central terminals within the trigeminal subnucleus 

caudalis attenuates mechanical hyperalgesia, whereas inhibition of TRPV1 channel in the 

peripheral terminals does not (Kim et al., 2014; Wang et al., 2020). Therefore, we conclude 

that sensitization of TRPV1 in the central terminals mediates mechanical hyperalgesia in 

mice with ION-CCI, whereas TRPV1 expressed in the peripheral terminals enables these 

structures to respond to topical capsaicin and produces analgesia (Fig. 3).

TRPV1+ afferents also contribute to spontaneous ongoing pain in mice with peripheral 

inflammation (Wang et al., 2017a). Administration of capsaicin to facial skin attenuates 

ongoing non-evoked pain in mice with ION-CCI, and chemogenetic inhibition of TRPV1+ 

afferents in mice with ION-CCI likewise reduces ongoing pain (Wang et al., 2020). 

Nonetheless, the mechanisms whereby topical capsaicin reduces spontaneous pain are not 

clear. In humans, peripheral neuropathy patients show increased spontaneous firing of C-

nociceptors (Ochoa et al., 2005; Serra et al., 2012). In rats, spontaneous activity from 

uninjured C fibers occurs as injured fibers degenerate (Wu et al., 2002). However, there is no 

evidence supporting the notion that topical capsaicin decreases such spontaneous firing of 

nociceptors. Even so, it is curious how capsaicin-induced ablation of afferent terminals can 

reduce spontaneous firing of nociceptors that is apparently initiated at the site of neuroma 

rather than nerve terminals. One possibility is that capsaicin-induced ablation of afferent 

terminals deprives nociceptors of the supply of factors contributing to the hyperactivity, such 

as NGF. NGF plays a profound role in modulation of nociceptor activity under conditions of 

tissue and nerve injury (Barker et al., 2020). Localized administration of neutralizing anti-

NGF antibody into the hindpaw attenuates mechanical and thermal hyperalgesia in rats with 

neuropathic injury (Dai et al., 2020). It is possible that capsaicin-induced ablation of ENFD 
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reduces the effects of NGF supplied from skin, which leads to the reduction in hyperactivity 

of nociceptors, as suggested previously (Anand and Bley, 2011).

4.5. Capsaicin-induced analgesia for other pathological pain conditions

The effect of capsaicin-induced ablation on pain associated with knee OA is less 

complicated considering the clear roles of intra-articular TRPV1+ afferents and TRPV1 in 

OA pain. Pharmacological or genetic inhibition of TRPV1 attenuates OA-induced 

hyperalgesia, such as weight-bearing imbalance, in rodent models (Barton et al., 2006; 

Honore et al., 2009; Helyes et al., 2010). TRPV1 also contributes to inflammation-induced 

edema of the knee joint (Szabo et al., 2005; Hoffmeister et al., 2011). Intra-articular 

injection of JNJ-17203212, a TRPV1 antagonist, reduced inflammation-induced 

sensitization of knee joint afferents to mechanical stimuli (Kelly et al., 2015). Hyaluronic 

acid inhibits TRPV1 in knee joint afferents, which likely mediates analgesia (Caires et al., 

2015). Treatment with TRPV1 antagonist alleviates stair-climbing-induced pain in patients 

with knee OA (Manitpisitkul et al., 2018). Consistently, intra-articular injection of RTX or 

capsaicin improves weight-distribution behavior in knee arthritis models in rats, mice and 

dogs (Kissin et al., 2005a; Kalff et al., 2010; Abdullah et al., 2016; Kim et al., 2016). In 

humans, capsaicin-induced ablation of TRPV1+ afferent terminals within the knee joint can 

relieve hyperalgesia associated with OA, as was shown in a clinical trial (Stevens etal., 

2019).

Recent results released from a clinical trial (clinicaltrials.gov; NCT03528369), yet 

unpublished, showed that repeated topical application of high concentrations of a liquid 

form of capsaicin on skin around the knee joint reduced pain from OA. This effect is 

surprising and puzzling, since it is not known if penetration and accumulation of capsaicin 

inside the knee joint is high enough to produce comparable effects on intra-articular 

TRPV1+ nerves as injectable capsaicin could do. If skin and joint afferents are innervated by 

the same primary afferents—which has not yet been demonstrated—ablation of cutaneous 

afferents might affect sensitivity of intra-articular afferents through unknown mechanisms 

(e.g., deprivation of NGF supply from skin). Although afferent inputs from knee joint and 

overlying skin converge in the spinal cord, it is unclear if transdermal capsaicin-induced 

ablation of cutaneous afferents reduces central sensitization in spinal cord.

Pain management in cases of burn injury is also challenging. RTX has shown efficacy in a 

rat model of full-thickness burn injury-induced hyperalgesia. RTX injection at the site of the 

burn injury reverses thermal and mechanical hyperalgesia throughout the recovery period, 

suggesting the role of TRPV1+ afferents in thermal and mechanical hyperalgesia in this 

model (Salas et al., 2017). In a partial-thickness burn injury rat hindpaw model, 

administration of TRPV1 antagonist to the hindpaw did not attenuate mechanical 

hyperalgesia, whereas intrathecal administration did, robustly (Green et al., 2016). Such site-

specific effects of TRPV1 and the contribution of TRPV1+ afferents to mechanical 

hyperalgesia are reminiscent of the results observed in ION-CCI studies illustrated in Fig. 3.

The effects of capsaicin on preventing post-surgical hyperalgesia appear to be conflicting. 

Capsaicin instillation prior to incision in rat hindpaw prevents the development of 

spontaneous foot lifting, guarding behaviors, and thermal hyperalgesia, which correlated 
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with the reduction of epidermal nerve fibers (Hamalainen et al., 2009; Uhelski et al., 2020). 

In these studies, capsaicin treatment did not affect the development of mechanical 

hyperalgesia. By contrast, the instillation of higher concentrations of capsaicin or injection 

of RTX prevented the development not only of thermal but also of mechanical hyperalgesia 

(Kissin et al., 2005b; Pospisilova and Palecek, 2006), suggesting a conflicting role for 

TRPV1+ afferents in mechanical hyperalgesia under these conditions.

4.6. Regeneration of ablated nerve terminals may determine duration of analgesia

Capsaicin-induced analgesia for neuropathic pain is not permanent, and the capsaicin 8% 

patch may require reapplication at 12-week intervals (Mou et al., 2013). The capsaicin 8% 

patch reduces ENFD by 80% at week 1, which is decreased to 20% at Week 12, and is 

almost fully recovered at week 24 (Kennedy et al., 2010). In mice, capsaicin-induced 

reduction of epidermal nerve fibers recovers by 8 weeks (Wang et al., 2017b). Capsaicin-

induced analgesia for mechanical hyperalgesia in mice with ION-CCI disappears by 

approximately 7 weeks (Wang et al., 2020). Following complete recovery of mechanical 

hyperalgesia, a second capsaicin injection produces similar analgesia. Therefore, in both 

humans and rodents, the duration of capsaicin-induced analgesia may depend on the 

regeneration of ablated afferent terminals and reinnervation of the target area (Fig. 2D). A 

key question that has yet to be answered is what are the consequences of nerve regeneration 

following capsaicin-induced ablation under chronic pain conditions. Does nerve 

regeneration lead to recovery of physiological function (normal sensitivity) or pathological 

function (allodynia or spontaneous pain)? A partial answer is suggested by the finding that a 

patient with small fiber neuropathy treated with topical capsaicin showed reduced pain 

accompanied by normalization of ENFD (Trouvin and Perrot, 2019). A recent study in 

patients with painful chemotherapy-induced peripheral neuropathy also suggested that the 

regeneration of afferents following capsaicin treatment normalizes sensory functions (Anand 

et al., 2019). The reduction of ENFD in painful chemotherapy-induced peripheral 

neuropathy is partially restored 3 months after a single application with 8% capsaicin and is 

accompanied by reductions in spontaneous pain and mechanical allodynia (Anand et al., 

2019). Therefore, it is reasonable to assume that some regenerated fibers are normal nerve 

fibers without pathological hypersensitivity (Fig. 2D).

Mechanisms of regeneration of nerve terminals ablated by capsaicin are not fully 

understood. Peptidergic afferent terminals denervated by capsaicin treatment undergo 

regeneration as evidenced by the expression of growth associated protein 43, which is 

facilitated by treatment with NGF (Schicho et al., 1999). Interestingly, recent studies suggest 

that capsaicin induces preferential regeneration of TRPV1+ afferents. Exposure of 

dissociated DRG neurons to capsaicin (10 μM) for more than 24 hours enhanced axonal 

outgrowth (Frey et al., 2018; Poitras et al., 2019). This process was Ca2+- and TRPV1-

dependent, and involved the activation of protein kinase A and pro-regenerative 

transcriptional factor Cyclic adenosine monophosphate Response Element-Binding Protein 

(Frey et al., 2018). Therefore, topical capsaicin induces ablation of nociceptive terminals, 

and is likely to trigger regenerative machinery in TRPV1+ afferents simultaneously so that 

TRPV1+ afferents are preferentially regenerated compared to TRPV1-negative nociceptors. 

Determining more detailed neurobiological mechanisms for the regeneration of afferent 
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terminals that are affected by both peripheral neuropathy and capsaicin should help to 

improve capsaicin therapy. For example, selective interference with the regeneration of the 

hypersensitive afferents may increase the duration of analgesia. Alternatively, selectively 

facilitating regeneration of normal afferents may attenuate hyperalgesia while enhancing the 

restoration of physiological sensation.

5. Other neurobiological contributors to capsaicin-induced analgesia

5.1. Capsaicin-induced functional impairment of TRPV1+ nerve terminals may induce 
analgesia

In humans, topical capsaicin initially increases thermal sensitivity but this is followed by a 

decrease in thermal sensitivity (Carpenter and Lynn, 1981; Simone and Ochoa, 1991). 

Intradermal injection of capsaicin induces hyposensitivity to pinprick stimuli as early as 15 

min after injection and lasting for less than 24 hours (LaMotte et al., 1991). Electrically 

evoked potentials from human skin are reduced two hours after the application of topical 

capsaicin, but is recovered after 3 days (Papagianni et al., 2018). In rats, RTX injection to 

the hindpaws initially induces thermal hyperalgesia followed by thermal hypoalgesia 

approximately 2–3 hours after injection (Neubert et al., 2003; Neubert et al., 2008). 

Mechanical hyperalgesia induced by complete Freund’s adjuvant is modestly reduced after 2 

hours following intraplantar injection of capsaicin (100 μg) and persists over 24 hours (Ma 

et al., 2015). Electrophysiological studies have shown that capsaicin inhibits axonal 

conduction (Such and Jancso, 1986) (Fig. 1B). Upon perineural application, capsaicin (100 

μM) produces nerve discharge of Aδ and C fibers, followed by blockade of axonal impulse 

propagation. Since this inhibitory effect is reversible, and the capsaicin concentration is low, 

it is unlikely that the inhibitory effect is mediated by axonal ablation, but the finding 

suggests that capsaicin defunctionalizes axons through functional impairment without 

structural ablation. Capsaicin (1 μM) also inhibits action potential firing in dissociated 

sensory neurons from rodents (Liu et al., 2001; Ma et al., 2015). This inhibitory effect was 

abolished in neurons from TRPV1 knockout mice and was dependent on the influx of 

extracellular Ca2+ (Ma et al., 2015). In rat DRG neurons, capsaicin inhibits voltage-

dependent Na+ currents (Su et al., 1999; Liu et al., 2001), and this effect depends on TRPV1 

(Onizuka et al., 2011). Capsaicin also decreases high voltage-activated Ca2+ currents, which 

is prevented by a TRPV1 antagonist (Wu et al., 2005). Therefore, capsaicin-induced 

activation of TRPV1 leads to the inhibition of voltage-dependent Na+ and Ca2+ currents in 

the afferent terminals, which in turn inhibits action potential initiation and conduction in 

TRPV1+ afferents resulting in short-term defunctionalization (Fig. 1B). A recent study 

showed that capsaicin also inhibits Piezo2, a mechanosensitive ion channel, in sensory 

neurons through Ca2+-dependent depletion of membrane phospholipid (Borbiro et al., 2015). 

Since Piezo2 colocalizes with TRPV1 in DRG and contributes to mechanical pain in mice 

and humans (Murthy et al., 2018; Szczot et al., 2018), capsaicin-induced inhibition of 

Piezo2 can contribute to functional inhibition of nociceptors (Fig. 1B), which may underpin 

the mechanical insensitivity to pinprick (“analgesic bleb”) lasting for approximately 22h 

after capsaicin injection in humans (LaMotte et al., 1991).
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The relative contribution of capsaicin-induced short-term defunctionalization to analgesia 

for chronic pain in humans may be called into question. Since the ablation of afferent 

terminals following the application of capsaicin in high doses occurs as early as 1 day after 

treatment in both humans and rodents (Simone et al., 1998; Neubert et al., 2003; Wang et al., 

2017b), analgesia lasting longer than 1 day may be entirely attributable to the structural 

ablation (Fig. 1A, 2C). Under these conditions, capsaicin-induced functional impairments 

may contribute to transient analgesia immediately following capsaicin application before 

ablation of nerve terminals occurs. In a mouse model of neuropathic pain (Wang et al., 

2020), capsaicin-induced attenuation of mechanical hyperalgesia was evident 1 day after 

capsaicin injection, but was not evident after 6 hours, suggesting that the acute functional 

effects of capsaicin on nerve excitability and conduction might not contribute to analgesia 

for neuropathic pain. However, in the case where capsaicin concentration is not high enough 

to produce ablation of afferent terminals, analgesia can be attributed to functional 

impairment of nociceptive afferents. A single 2-hour application of a patch containing 

0.04% capsaicin does not reduce ENFD (Malmberg et al., 2004). Therefore, a single 

application of a low concentration of capsaicin (e.g., over-the-counter cream containing 

0.025% capsaicin) might produce analgesia resulting from short-term defunctionalization 

via functional impairment. Since short-term defunctionalization following administration of 

a low concentration of capsaicin is transient and reversible (Such and Jancso, 1986), any 

analgesia achieved by a low concentration of capsaicin is also likely to be transient and 

reversible. Therefore, frequent applications over long periods would be necessary for 

effective analgesia. However, repeated application of 0.075% capsaicin reduces ENFD 

(Nolano et al., 1999), suggesting that repeated application of low concentrations of capsaicin 

will likely produce analgesia primarily through ablation of afferent terminals (Fig. 1C) 

rather than through functional impairment of the nociceptive nerve terminals. Thus, the 

ablation achieved by repeated low doses of capsaicin must be localized to cutaneous nerve 

terminals, as shown by the fact that 10 weeks of daily treatment with topical capsaicin 

(0.75%) in rat hindpaw does not affect neuropeptide content of nerves nor the numbers of 

DRG neurons (McMahon et al., 1991).

5.2. Desensitization of TRPV1+ afferents via receptor desensitization of TRPV1 likely 
produces transient analgesia

Capsaicin-induced analgesia is also attributable to a diminished TRPV1 channel function 

following capsaicin-induced activation. Upon activation with capsaicin, an influx of 

extracellular Ca2+ through TRPV1 triggers multiple Ca2+-dependent processes, including 

activation of calmodulin and calcineurin, leading to diminished responses of TRPV1 to 

prolonged or subsequent applications of capsaicin (Koplas et al., 1997; Numazaki et al., 

2003; Vyklicky et al., 2008; Joseph et al., 2013). This diminished response is reversible 

(Vyklicky et al., 2008). This phenomenon is called “desensitization of TRPV1”. Receptor 

desensitization of TRPV1 likely contributes to reduced responses of TRPV1 located at nerve 

endings following multiple capsaicin applications (Fig. 1C). Since persistent TRPV1 

activation leads to inflammatory hyperalgesia in multiple injury conditions (Honore et al., 

2009; Helyes et al., 2010; Wang et al., 2018a), capsaicin-induced receptor desensitization of 

TRPV1 likely contributes to transient analgesia for inflammatory pain. In 

electrophysiological recordings in a rat ex vivo spinal cord-tail preparation (Dray et al., 
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1990), application of low concentration of capsaicin (<2 μM) diminished responses to 

subsequent capsaicin applications but not to bradykinin or heat. This desensitizing effect of 

capsaicin disappears within several hours, likely mediated by receptor desensitization of 

TRPV1. In contrast, a higher concentration of capsaicin (20 μM) impairs responses not only 

to capsaicin but also to other stimuli, suggesting the involvement of short-term or long-term 

defunctionalization. Again, however, it is difficult to dissect the relative contribution to 

capsaicin-induced analgesia in humans of desensitization of TRPV1+ afferents through 

receptor desensitization of TRPV1 or through short-term or long-term defunctionalization. 

In contrast, since RTX produces no TRPV1 receptor desensitization, RTX-induced analgesia 

is unlikely to be attributable to TRPV1 receptor desensitization (Caterina et al., 1997).

5.3. Release of anti-nociceptive neuropeptides may contribute to analgesia

Systemic capsaicin injection in adult rats reduces the amount of substance P by 

approximately 50% in spinal dorsal horn (Jessell et al., 1978). Intrathecal capsaicin also 

reduces substance P in rat spinal cord and reduces thermal sensitivity, as well (Yaksh et al., 

1979). These reductions were not accompanied by reductions in morphine binding in spinal 

dorsal horn (Jessell et al., 1978), which suggested the depletion of the releasable pool of 

substance P without degeneration of primary afferents. Based on the proposal that substance 

P is an excitatory transmitter associated with nociception in the dorsal horn (Henry, 1976), 

capsaicin-induced depletion of substance P was suggested as a potential mechanism of 

capsaicin-induced desensitization effects. However, systemic and intrathecal capsaicin can 

cause degeneration of central terminals of primary afferents even without destroying soma 

(Chung et al., 1990; Cavanaugh et al., 2009), and it is unlikely that substance P is depleted 

by capsaicin without the occurrence of structural changes in the central terminals of primary 

afferents. Although preclinical studies show some evidence supporting the role of substance 

P in nociception, clinical trials of neurokinin 1 receptor in humans did not show analgesic 

effects (Hill, 2000). Therefore, capsaicin-induced depletion of substance P from TRPV1+ 

afferents does not sufficiently explain clinical analgesia. On the other hand, capsaicin 

treatment induces the release of somatostatin—an anti-nociceptive neuropeptide—from 

TRPV1+ neurons to produce systemic analgesia for inflammatory pain (Szolcsanyi et al., 

1998; Helyes et al., 2004; Petho et al., 2017). In patients with lower-back pain, topical 

capsaicin decreases pain, and is accompanied by a threefold increase in plasma somatostatin 

(Horvath et al., 2014). Since a somatostatin receptor 4 agonist attenuates neuropathic pain 

(Kantas et al., 2019), capsaicin-induced analgesia for chronic neuropathic pain might also be 

attributable to somatostatin released from primary afferents, especially during the initial 

period immediately after administration of both low and high doses of capsaicin.

5.4. Conditioned pain modulation probably does not contribute to analgesia for chronic 
pain

Administration of capsaicin produces widespread activation of brain circuits. A study using 

functional magnetic resonance imaging comparing awake rats with or without TRPV1 

expression showed that capsaicin administration activates circuitry involved in sensory and 

affective pain as well as pain modulation, including the anterior cingulate, insular, 

somatosensory cortex, amygdala, parabrachial nucleus, and periaqueductal gray (Yee et al., 

2015). A key question is whether the capsaicin-induced activation of brain circuits produces 
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analgesia in patients. For example, capsaicin can produce conditioned pain modulation: the 

application of capsaicin to cheek skin attenuates pain caused by electrical stimulation of 

tooth pulp in humans (Kemppainen et al., 1997). Such ‘pain inhibition by pain’ paradigm 

has been used in rodent models for studying mechanisms of descending noxious inhibitory 

control (DNIC). In this model, mechanical sensitivity measured from hindpaw is reduced by 

capsaicin injection into a forepaw as a conditioning stimulus (Da Silva et al., 2018; Phelps et 

al., 2019; Tobaldini et al., 2019; Yoneda et al., 2020). Capsaicin-induced DNIC involves 

capsaicin-induced altered functions of limbic and descending pain modulatory circuitry, 

such as the anterior cingulate cortex and prelimbic cortex, nucleus accumbens, amygdala, 

periaqueductal gray, and rostral ventromedial medulla (Da Silva et al., 2018; Phelps et al., 

2019; Tobaldini et al., 2019). Capsaicin injection into the hindpaw reduces the jaw opening 

reflex, which is prevented by the injection of opioid antagonists or dopamine antagonists 

into the nucleus accumbens (Gear et al., 1999). Although it is reasonable to postulate that 

capsaicin-induced DNIC contributes to capsaicin-induced analgesia for pathological pain, 

the supporting evidence for this is meager. Since capsaicin-induced DNIC lasts for about one 

hour (Da Silva et al., 2018), it is possible that DNIC is involved in transient analgesia 

achieved with a low concentration of capsaicin rather than weeks of long-lasting analgesia 

achieved using a high concentration of capsaicin. Furthermore, in rats with neuropathic pain 

or knee OA pain, capsaicin-induced DNIC is impaired (Phelps et al., 2019; Yoneda et al., 

2020), suggesting that capsaicin is unlikely to produce DNIC effects in patients with OA or 

neuropathic pain. However, analgesics such as duloxetine and tapentadol are known to 

reverse DNIC impairment in rats (Lockwood and Dickenson, 2019; Yoneda et al., 2020), 

suggesting that in patients taking these analgesics capsaicin treatment may enhance 

analgesia immediately after the application of capsaicin. Kappa opioid agonists or tyrosine 

receptor kinase B agonists (Kato et al., 2019; Phelps et al., 2019) also normalize capsaicin-

induced DNIC, and may improve the analgesic effects of capsaicin. Since topical capsaicin 

acutely induces altered function of cortical and subcortical structures involved in pain 

perception and modulation (Da Silva et al., 2018; Phelps et al., 2019; Tobaldini et al., 2019), 

and placebo analgesia share common brain structures (Geuter et al., 2017), it is also 

noteworthy that analgesia achieved by topical capsaicin may include expectancy-induced 

analgesia. Further study on the central mechanisms of capsaicin-induced analgesia is 

warranted.

5.5. Capsaicin-induced procedural pain is not necessary for analgesia

Among the barriers to the wider application of capsaicin treatment is the intense burning 

pain that patients experience during the procedure. In patients with Morton’s neuroma or OA 

pain, the extent of procedural pain upon capsaicin injection is not associated with the extent 

of analgesia (Campbell et al., 2016; Stevens et al., 2019). Therefore, capsaicin-induced 

procedural pain is not likely associated with its therapeutic effects, and a reduction in 

capsaicin-induced discomfort may increase patient tolerance during the procedure. However, 

except for nerve block anesthesia, which is not applicable in most cases, no effective means 

of preventing capsaicin-induced procedural pain is currently known. Topical lidocaine 

administered prior to the application of the capsaicin 8% patch does not greatly attenuate 

burning pain (Knolle et al., 2013; Kern et al., 2014). One possibility is exposure of the skin 

at the site of capsaicin application to cold, which has been found to attenuate burning pain 
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(Knolle et al., 2013). An ongoing trial is testing the effects of refrigerated cushions on 

capsaicin-induced procedural pain in patients with neuropathic pain (clinicaltrials.gov; 

NCT02869867). Cold reduces action potential conduction from nerve endings by 

inactivating voltage-gated sodium channels (Zimmermann et al., 2007). One potential 

concern in cold application is whether decreased temperature at the site of capsaicin 

application might affect the therapeutic efficacy of capsaicin due to the inhibitory effects of 

cold temperature on capsaicin-induced TRPV1 activation (Chung and Wang, 2011). 

However, cold temperature (20°C) does not affect the reduction of ENFD by topical 

capsaicin in humans (Knolle et al., 2013), suggesting that pre-emptive cooling of the site for 

local application of capsaicin may offer a means of attenuating procedural pain in patients. 

Further studies of the mechanisms of capsaicin-induced pain and capsaicin-induced ablation 

may lead to the development of new methods to selectively attenuate pain without 

compromising the efficacy of capsaicin-induced ablation.

It is possible that capsaicin-induced burning pain and analgesia are driven by a specific 

subset of TRPV1+ afferents. Capsaicin-induced burning pain in humans correlates with 

sustained discharge of mechano-insensitive, heat-insensitive C fibers rather than polymodal 

nociceptors (Schmelz et al., 2000a). If the subset of mechano-insensitive C fibers can be 

selectively silenced, it may eradicate procedural pain. Recent single-cell transcriptomic 

studies subclassified TRPV1+ primary afferents from DRG into different classes (Usoskin et 

al., 2015; Li et al., 2016). In one study, TRPV1+ afferents were clustered into seven groups, 

most of which were mechanoheat-sensitive polymodal nociceptors (Li et al., 2016). In deep 

somatic afferents, acetylcholine receptor subunit alpha-3 (Charna3) labels mechano-

insensitive nociceptors (Prato et al., 2017), which may account for procedural pain upon 

injection of capsaicin into the knee joint. Therefore, selective silencing of Charna3+ nerves 

in knee joint may attenuate procedural pain upon injection of capsaicin. However, Charna3+ 

mechano-insensitive afferents are not found in skin (Prato et al., 2017), and the molecular 

signature of the mechano-insensitive heat-insensitive C fibers in skin remains unknown.

Non-pungent capsaicin analogs are under development with the aim of reducing procedural 

pain. For example, olvanil, arvanil, or palvanil activates TRPV1 with slower kinetics than 

capsaicin, and produces only modest eye-wiping responses upon corneal application in 

rodents (Ursu et al., 2010; De Petrocellis et al., 2011). Olvanil reduces capsaicin-induced 

thermal hyperalgesia in vivo, and induces receptor desensitization in dissociated sensory 

neurons in vitro (Alsalem et al., 2016). Palvanil pretreatment attenuates capsaicin-induced 

eye wiping and this effect lasts less than 6 hours (De Petrocellis et al., 2011). These reports 

suggest that analgesic mechanisms operate through receptor desensitization of TRPV1. 

Olvanil may also induce short-term defunctionalization, since olvanil leads to inhibition of 

VDCC through a TRPV1/Ca2+/calmodulin-dependent process in dissociated sensory 

neurons (Wu et al., 2006). However, it is unclear if the non-pungent capsaicin-like 

compounds readily produce long-term defunctionalization. Systemic daily treatment with 

palvanil is necessary to attenuate thermal and mechanical hyperalgesia following spared 

nerve injury (Luongo et al., 2012). NE-21610, a capsaicin analogue, produces brief 

moderately intense pain in humans, which is followed by profound heat hypoalgesia for a 

week (Davis et al., 1995a). Pretreatment with NE-21610 prevents the development of heat 

and mechanical hyperalgesia from burn injury in humans (Davis et al., 1995b). With further 
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development, non-pungent vanilloid analogues that produce efficient ‘non-painful ablation’ 

should be assessed for their potential therapeutic utility.

5.6. Capsaicin is not for everyone: Individual differences of capsaicin-induced analgesia

Individual differences characterize the experience of pain and have been a topic of keen 

interest to pain researchers for many years (Fillingim, 2017). The conditions and the 

pathophysiological states that determine the onset of neuropathic pain are diverse, and 

clinical neuropathic pain conditions are heterogenous with individual differences. In 

addition, the complexity and multiplicity of underlying pathophysiological processes 

occurring in individual patients provoke different responses to a single treatment. Individual 

patients also experience differences in the therapeutic efficacy of capsaicin, and not all 

patients benefit from capsaicin treatment (Martini et al., 2012; Martini et al., 2013; Treede et 

al., 2013). Approximately 44% of patients with PHN have been shown to experience pain 

relief of 30% or more, and 10% of patients exhibit complete pain relief in response to 

capsaicin treatment (Mou et al., 2014). Therefore, it is important to identify reliable 

predictors of patient responses to capsaicin treatment.

Baseline pain prior to treatment can be a predictor. Variability of pain prior to treatment, 

baseline pain scores, and time with preexisting pain are associated with analgesic effects 

(Martini et al., 2013; Hoper et al., 2014; Maihofner and Heskamp, 2014; Katz et al., 2015; 

Serrano et al., 2017) (Table 3). In a meta-analysis of 1,248 patients across four RCTs, 

responses to the capsaicin 8% patch were better in a group characterized by younger female 

patients with a shorter duration of pain prior to the treatment, low baseline pain, and 

variability in baseline pain score (Martini et al., 2013). Other studies also reported better 

responses to topical capsaicin in patients with shorter duration of neuropathic pain and lower 

baseline pain intensity (Hoper et al., 2014; Katz et al., 2014; Maihofner and Heskamp, 

2014). Importantly, a favorable response to topical capsaicin was predicted in patients 

showing analgesia by topical local anesthetics (Martini et al., 2013). These results suggest 

that capsaicin likely produces greater analgesia if patients do not have a rigid and fully 

manifested chronic pain process associated with a severe central plastic change.

Other studies suggest that sensory phenotypes defined through standardized testing can also 

be used as a surrogate marker of underlying mechanisms of pain generation and as a 

predictor of responses to capsaicin treatment. Patients with neuropathic pain syndromes 

show a wide spectrum of sensory symptoms that depend upon multiple yet entirely 

unidentified factors involving diverse underlying central and peripheral mechanisms (Maier 

et al., 2010; Baron et al., 2017). An unbiased clustering of ~900 peripheral neuropathy 

patients with diverse etiologies based on quantitative sensory profiles showed that 

approximately one third of patients clustered to a group showing significant sensory gain 

(without sensory loss) (Baron et al., 2017). This group of patients showed heat, cold, and 

mechanical hyperalgesia, which may have been mediated by sensitized nociceptors (Fields 

et al., 1998). Indeed, responders to capsaicin treatment demonstrated more intensive cold 

and mechanical pinprick hyperalgesia than non-responders, though warmth detection and 

heat pain were the same (Mainka et al., 2016). Consistently, absence of allodynia is 

associated with responders (Katz et al., 2015). High sensory neuropathic abnormality scores 
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as well as the presence of burning and pressure-evoked pain were weakly but not 

significantly associated with treatment response (Hoper et al., 2014). A recent study 

suggested that thermal sensitivity may also be a predictor of response to capsaicin (Serrano 

et al., 2017). Patients with significant differences in only one of either the warm sensation 

threshold or the heat pain threshold between the neuropathic pain area and the contralateral 

side were more likely to respond than patients with significant differences in both the warm 

sensation threshold or the heat pain threshold, regardless of increase or decrease. These 

reports suggest that patients with localized neuropathic pain maintained by sensitized 

peripheral nociceptors with partial damage of peripheral nerves will respond better to 

capsaicin than patients with widespread centralized pain and severe nerve damage. This may 

be due to the dynamic change of TRPV1+ afferents during the progression of neuropathy. 

For example, progression of diabetic neuropathy decreases TRPV1+ ENFD 

(Narayanaswamy et al., 2012). Results of autopsy of patients with painful neuropathy shows 

reduced TRPV1+ ENFD compared to control skin (Lauria et al., 2006). In advanced lesions, 

TRPV1+ afferents are denervated and topical capsaicin cannot reach the target site. 

Therefore, density of TRPV1+ ENFD is suggested to be a predictor of capsaicin efficacy 

(Bonezzi et al., 2020), an intriguing possibility that needs to be validated.

Variation of capsaicin-induced analgesia is also evident in preclinical models, and the effects 

of capsaicin or RTX treatment on neuropathic pain are variable (Ossipov et al., 1999; Rashid 

et al., 2003; Kissin et al., 2007; Kim et al., 2008; King et al., 2011; Mishra et al., 2011; 

Nakao et al., 2012; Zhang et al., 2014; Ma et al., 2015; Abooj et al., 2016). Multiple factors 

may explain this variation. As in humans, it is possible that TRPV1+ afferents contribute to 

mechanical hyperalgesia to different extents in different peripheral neuropathy models. 

Presumably, TRPV1 contributes to mechanical hyperalgesia in cases where nociceptors are 

relatively intact and abnormally sensitized. For example, the ION-CCI model involves use of 

chromic gut for loose ligation of ION (Wang et al., 2020), which induces strong 

inflammatory responses (Ma et al., 2012). Since TRPV1-dependent thermal hyperalgesia is 

evident (Urano et al., 2012), this model likely involves a greater role for TRPV1+ 

nociceptors and, hence, exhibits a greater degree of capsaicin-induced analgesia. 

Determining the pathophysiological mechanisms underlying differential analgesia by 

capsaicin in various models may yield important clues with respect to individual variation 

among patients.

It is also possible that genetic and epigenetic variations may contribute to individual 

differences. TRPV1 variants are known to affect activation and receptor desensitization of 

TRPV1 in vitro, and single amino acid variations impact capsaicin-induced responses in 

rodents (Wang et al., 2016; Joseph et al., 2019). In humans, single nucleotide polymorphism 

of TRPV1 affects pain sensitivity (Valdes et al., 2011; Forstenpointner et al., 2017; Okamoto 

et al., 2018). However, it is not known whether TRPV1 variants affect capsaicin-induced 

analgesic effects. Furthermore, TRPV1 expression is distinct depending upon the sex and 

strain of mice (Ono et al., 2015; Payrits et al., 2017). The expression of TRPV1 is also under 

the control of epigenetic regulation (Crow et al., 2015), and capsaicin causes the epigenetic 

regulation of other genes (Wang et al., 2018b). Aside from TRPV1, capsaicin-induced 

analgesia is likely affected by variations of a number of other genes involved in neuronal 

excitability and ablation of axonal terminals. The aggregate effects of these genetic and 
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epigenetic factors may contribute to individual differences in capsaicin-induced pain and 

analgesia.

5.7. Non-neuronal TRPV1-expressing cells may not affect therapeutic efficacy and 
toxicity

TRPV1 is functionally expressed in non-neuronal cells in humans, such as keratinocytes 

(Denda et al., 2001) and synoviocytes (Kochukov et al., 2006). Keratinocytes are in 

proximity to nociceptors, and a recent study indicates that TRPV1 in keratinocytes can 

transduce nociceptive information (Pang et al., 2015). Although mouse keratinocytes do not 

express TRPV1 endogenously, transgenic overexpression of TRPV1 using a keratin 

promoter in TRPV1 KO mice showed that activation of TRPV1 limited to keratinocytes 

induces c-fos expression in the ipsilateral spinal cord, and is associated with acute paw-

licking nocifensive behaviors (Pang et al., 2015). Since topical application of capsaicin 

simultaneously affects TRPV1 in nerve terminals and in keratinocytes, we may ask whether 

TRPV1 in keratinocytes contributes to analgesic effects or side effects following topical 

application of capsaicin. However, the supporting evidence for this is meager. It is not 

known whether TRPV1 in keratinocytes contributes to the maintenance of chronic pain. 

Clinical studies report no side effects of topical capsaicin with respect to skin integrity aside 

from localized skin reactions, such as erythema, pruritus, and pain (Derry et al., 2013). Pre-

emptive injection of capsaicin before skin incision does not interfere with wound healing 

(Uhelski et al., 2020). Primary keratinocytes from human skin biopsies exhibit lower levels 

of TRPV1 mRNA compared to sensory ganglia (Facer et al., 2007). Moreover, neither 

capsaicin nor RTX induces cytotoxicity in the HaCaT human keratinocyte cell line or in 

primary keratinocytes from skin biopsies (Pecze et al., 2008). Interestingly, human 

keratinocytes contain a splice variant form of TRPV1—TRPV1b (Pecze et al., 2008)—

which functions as a dominant negative of TRPV1 (Vos et al., 2006). Therefore, it is 

unlikely that topical application of capsaicin produces analgesia or adverse side effects 

through the activation or receptor desensitization of TRPV1 in keratinocytes or through cell 

death of keratinocytes.

TRPV1 is expressed in human synovium, and is upregulated in synovial samples taken from 

patients with OA (Kochukov et al., 2006; Engler et al., 2007; Kelly et al., 2015). Activation 

of TRPV1 in synoviocytes leads to the generation of reactive oxygen species and 

proinflammatory cytokines from synoviocytes (Engler et al., 2007; Hu et al., 2008; Westlund 

et al., 2010; Terenzi et al., 2013). These reports suggest that intra-articular injection of 

capsaicin may either aggravate or alleviate osteoarthritic conditions. However, it is not 

known whether TRPV1 in synovium contributes to capsaicin-induced analgesia or synovial 

changes following local administration of capsaicin. A single intra-articular injection of 

RTX in osteoarthritic dogs improves gait and weight bearing for 4 months or longer, with no 

detectable signs of accelerated osteoarthritic progression (Iadarola et al., 2018). Likewise, a 

single intra-articular injection of capsaicin does not impair healing of tendon or joint 

articular cartilage in rabbits (Friel et al., 2015). Therefore, intra-articular capsaicin appears 

to be a safe and effective treatment for OA pain, despite its effects on the function or 

structure of synoviocytes.
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6. Mechanisms of vanilloid-induced ablation of nociceptive nerve 

terminals

As discussed above, long-lasting analgesia achieved with high doses of capsaicin primarily 

depends on axonal ablation without the degeneration of soma in the sensory ganglia. Most 

studies regarding capsaicin-induced toxicity have focused on mechanisms of cell death 

(Holzer, 1991; Zhai et al., 2020), and the mechanisms of ablation of nociceptive terminals 

remain poorly understood. In this section, we will discuss potential mechanisms of 

capsaicin-induced ablation of nociceptor terminals.

6.1. Cytosolic increase in Ca2+

Axotomy-induced degeneration of axons from sensory nerves in explant cultures of DRG 

depends on extracellular Ca2+ (George et al., 1995). To determine the contribution of Ca2+-

dependent mechanisms underlying capsaicin-induced ablation of axonal terminals, a novel 

in vitro preparation was developed to quantify capsaicin-induced effects in real-time (Wang 

et al., 2017b). Using dissociated DRG neurons from TRPV1-lineage reporter mice in a 

multicompartmental microfluidic chamber, the effects of capsaicin application restricted to 

the axons (avoiding exposure to soma) were monitored (Fig. 4A). In this assay, capsaicin 

induced beading and ablation of GFP labeled axonal terminals as early as 1 min (Fig. 4B–

D). This approach excludes indirect axonal ablation as a consequence of cell death. Ca2+ 

influx through TRPV1 is necessary for capsaicin-induced beading and ablation of axonal 

terminals (Fig 3E), shown by the fact that chelation of extracellular Ca2+ or TRPV1 

knockout prevents capsaicin-induced ablation. In addition to Ca2+-influx through the 

TRPV1 pore, other sources of Ca2+ increase can contribute to capsaicin-induced axonal 

ablation. Interestingly, however, pharmacological inhibition of the voltage-gated Ca2+ 

channels and depletion of Ca2+ stores does not affect capsaicin-induced ablation (Wang et 

al., 2017b) (Fig. 4F), and neither does inhibition of Ca2+-activated Cl− channels. Therefore, 

Ca2+ influx through the TRPV1 pore is the dominant source of Ca2+ in the production of 

capsaicin-induced axonal ablation (Wang et al., 2017b).

6.2. Mitochondrial dysfunction

Mitochondrial effects likely contribute to capsaicin-induced ablation of nociceptor terminals. 

Injection of capsaicin into skin also increases mobility of mitochondria toward peripheral 

terminals (Sajic et al., 2013). Consequently, mitochondrial redistribution may result in the 

accumulation of mitochondria in axonal terminals in the skin to better supply energy and to 

maintain Ca2+ homeostasis at the site of capsaicin injection. However, mitochondrial 

dysfunction at the capsaicin injection site contributes to axonal degeneration (Chiang et al., 

2015). In adult mice, repeated intradermal injection of 1% capsaicin into the hindpaw 

induces axonal swelling and reduction in density after 7 days, suggesting ablation of afferent 

terminals. Capsaicin-treated unmyelinated axons contained swollen and shortened 

mitochondria as well as decreased neurofilament densities. In dissociated DRG neurons, 

capsaicin was observed to induce axonal swelling, which was accompanied by a reduction in 

the length of mitochondria and motility within axons. These changes in mitochondria were 

attenuated by Ca2+ chelators or capsazepine. Transfection with a dominant negative mutant 
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Drp1—a mitochondrial protein responsible for mitochondrial fission—attenuated capsaicin-

induced decreases in mitochondrial length as well as axonal swelling and degeneration in 
vitro (Chiang et al., 2015). This study suggests that capsaicin-induced fission and loss of 

function of mitochondria are associated with axonal swelling and degeneration following 

application of capsaicin. It is possible that capsaicin-induced fission of mitochondria reduces 

the functional capacity of mitochondria to buffer cytosolic Ca2+ increase, which in turn may 

augment other, as yet undefined, Ca2+-dependent pathways. Alternatively, mitochondrial 

fission accompanies other detrimental changes in mitochondria, such as the opening of the 

mitochondrial permeability transition pore (mPTP). Degeneration of explanted sciatic nerve, 

a model of Wallerian degeneration, induces mitochondrial swelling and axonal degeneration. 

In addition, pharmacological inhibition or knocking down of cyclophilin D, a component of 

mPTP, attenuates axonal degeneration, suggesting that mPTP contributes to axonal 

degeneration of the sciatic nerves (Barrientos et al., 2011). At the site of capsaicin 

application, mitochondrial swelling occurs at the axonal terminals in vivo (Szolcsanyi et al., 

1975; Chiang et al., 2015). Since the capsaicin-induced increase in cytosolic Ca2+ is 

sequestered to mitochondria (Wang et al., 2017b), and mitochondrial Ca2+ overloading 

triggers the opening of mPTP (Duchen, 2004), capsaicin may lead to the opening of mPTP 

to induce axonal ablation. Furthermore, capsaicin-induced death of DRG neurons is 

attenuated by pharmacological inhibition of mPTP (Shin et al., 2003). The opening of mPTP 

is enhanced in the presence of reactive oxygen species (ROS); however, dissipation of the 

mitochondrial membrane potential and inhibition of mPTP or ROS are not critical 

contributors to capsaicin-induced ablation of TRPV1-expressing nerve terminals (Wang et 

al., 2017b) (Fig. 4F). Of note, capsaicin also directly interferes with mitochondrial function. 

In isolated mitochondria from rat liver, capsaicin inhibits respiration (Chudapongse and 

Janthasoot, 1976). This direct toxicity of capsaicin on mitochondria occurs at high 

concentrations, the IC50 is approximately 20 μg/mg protein, and the concentration of 

capsaicin in reacting solutions is approximately 88 μM. Nevertheless, it would be difficult to 

unambiguously delineate the contribution of direct or indirect effects of capsaicin on 

mitochondria, or to connect these effects to capsaicin-induced nerve terminal ablation in 
vivo. Consequently, the role of mitochondria in capsaicin-induced nerve terminal ablation 

remains an open question.

6.3. Disruption of axonal cytoskeleton

Disruption of cytoskeleton in axons contributes to axonal degeneration and pathology 

following axonal injury. The axonal cytoskeleton is mainly composed of neurofilaments and 

microtubules. Axonal microtubules are stiff cytoskeletal structures that contribute to the 

maintenance of structural integrity and intracellular molecular traffic (Fletcher and Mullins, 

2010). Neurofilaments are intermediate filaments and are less stiff than microtubules. 

Neurofilaments are crosslinked to one another, forming a structural matrix of axons. Axonal 

degeneration involves degradation of axonal neurofilaments as well as disruption of 

microtubules (Ma, 2013). The mechanisms of microtubule degradation likely involve Ca2+-

dependent processes. The polymerization of microtubules is sensitive to Ca2+, and high 

concentrations of Ca2+ enhance depolymerization, presumably by increasing the GTP 

hydrolysis rate (O’Brien et al., 1997).
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Capsaicin inhibits anterograde and retrograde axoplasmic transport by causing 

disorganization of axonal microtubules and neurofilaments in dissociated sensory neurons. 

This disorganization is accompanied by an increase in axoplasmic Ca2+ (Kawakami et al., 

1993). Capsaicin mediates Ca2+ influx through TRPV1 activation, which likely triggers the 

Ca2+-dependent processes that enhance depolymerization and disrupt the axonal 

cytoskeleton. Close interactions of TRPV1 with microtubules likely enhance disruption of 

microtubules following TRPV1 activation. The carboxy terminal domain of TRPV1 interacts 

with and stabilizes microtubules (Goswami et al., 2004); activation of TRPV1 results in the 

disruption of dynamic microtubules containing tyrosinated tubulins but not of stable 

microtubules or neurofilaments (Goswami et al., 2006). TRPV1-mediated reorganization of 

microtubules is not entirely dependent on Ca2+ influx (Goswami and Hucho, 2007; 

Goswami et al., 2007; Goswami et al., 2011), suggesting that interactions between 

microtubules and TRPV1 are complicated. Overall, these reports suggest that vanilloid-

induced activation of TRPV1 may result in cytoskeleton disorganization, and therefore may 

induce ablation of axons.

6.4. Activation of calpains

Calpains are Ca2+-dependent cysteine proteases that fulfill various critical physiological 

functions (Goll et al., 2003). Aberrant activation of calpains has been associated with 

multiple disorders, such as traumatic brain injury, spinal cord injury, neurodegenerative 

diseases, and peripheral neuropathies (Ma, 2013). Among 15 mammalian calpains, the best 

characterized are calpain-1 (μ-calpain) and calpain-2 (m-calpain). These two subtypes show 

different Ca2+ sensitivities, and calpain-2 requires a higher Ca2+ concentration for 

proteolytic activity than calpain-1 (Goll et al., 2003). The association between calpains and 

axotomy-induced axonal degeneration is established. Axonal degeneration of sensory nerves 

following axonal injury or damage by chemotherapeutic agents is attenuated by 

pharmacological inhibition of calpains (George et al., 1995; Wang et al., 2004). Regulation 

of calpain activity by calpastatin, an endogenous inhibitor of calpain, determines the extent 

of axonal degeneration following axonal injury (Ma et al., 2013; Yang et al., 2013). Shear 

stress injury in cultured neurons induces focal increases in intra-axonal Ca2+ and calpain; 

these foci produce axonal beadings. These findings suggest a causal relationship between 

localized axonal increases in Ca2+, calpain dynamics, and the formation of axonal beading 

(Kilinc et al., 2009). Because cytoskeletal components, such as neurofilaments and 

microtubules, are proteolytic targets of calpains, C2+-dependent activation of calpains is 

thought to contribute to axonal degeneration following axonal injury (Ma, 2013). Both 

calpain-1 and calpain-2 are expressed in sensory ganglia neurons. Calpain-2 is expressed 

both in large myelinated neurons and CGRP-positive neurons in DRG, and is upregulated 

following neuropathic injury (Zang et al., 2015). Calpain-1 is upregulated in DRG neurons 

in a rat model of diabetic neuropathy, and calpain inhibitors can attenuate capsaicin-induced 

death of dissociated DRG neurons (Chard et al., 1995). Multiple lines of evidence suggest 

that calpains play a key role in capsaicin-induced axonal ablation (Wang et al., 2017b): (1) 

MDL28170, an inhibitor of the Ca2+-dependent calpain protease activity, and overexpression 

of calpastatin or knockdown of calpain-2 diminishes capsaicin-induced axonal beading and 

ablation. (2) Histological assessment or longitudinal in vivo imaging of epidermal nerve 

terminals in the hindpaws of TRPV1-lineage reporter mice shows that MDL28170 prevents 
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capsaicin-induced ablation (Wang et al., 2017b; Wang et al., 2020) (Fig. 5A). (3) Capsaicin-

induced calpain-dependent ablation of TRPV1+ nerve terminals is necessary for analgesia 

(Wang et al., 2020). In mice with ION-CCI, capsaicin-induced hyperalgesia for neuropathic 

pain is substantially prevented by pretreatment with MDL28170 (Wang et al., 2020) (Fig. 

5B). In aggregate, these findings indicate that TRPV1/Ca2+/calpain-dependent signaling is a 

dominant contributor to capsaicin-induced analgesia for neuropathic pain.

Despite the dominant role of calpain, it is likely that effects mediated by microtubules, 

mitochondria, and calpains cooperate to induce axonal degeneration. In shear stress injury of 

cultured neurons, calpain activity, microtubule disruption, and mitochondria co-localize 

within localized areas of axonal swelling (Kilinc et al., 2008, 2009). Microtubule stability is 

also affected by calpains (Billger et al., 1988). Although it is unclear whether calpains 

degrade microtubules, it is known that calpains degrade microtubule-associated proteins that 

regulate the stability of microtubules, which results in proteolysis of tubulin (Billger et al., 

1988). Therefore, enhanced activation of calpains may indirectly alter the stability of 

microtubules. Microtubules and mitochondria also interact with one another during 

axotomy-induced axonal degeneration (Park et al., 2013). Energy depletion is an early 

phenomenon following axotomy, and is associated with axonal microtubule organization. 

Such destabilization of microtubules in turn induces mitochondrial swelling. Therefore, 

microtubules, mitochondria, and calpains may dynamically interact with one another 

throughout the axonal degenerative processes following axotomy, and similar interactions 

may also occur in capsaicin-induced axonal ablation.

Despite their potential similarity, the mechanisms underlying capsaicin-induced axonal 

ablation may be distinct from those of Wallerian degeneration, and therefore, must be 

determined independently. Vanilloid-induced axonal ablation apparently occurs more rapidly 

than axotomy-induced Wallerian degeneration (Ma et al., 2013). Ablation of epidermal 

nerve terminals occurs as early as 6 hours following the injection of capsaicin into the 

hindpaw, and peaks after 1 day (Wang et al., 2017b). In contrast, axotomy-induced axonal 

degeneration involves more complex initiation processes during the 24 hour latency phase 

before the onset of axonal degeneration. Swift elevation of Ca2+ following capsaicin 

application is likely to induce a relatively rapid ‘chemical axotomy’ in localized regions of 

axonal terminals, which may be followed by Wallerian degeneration-like processes within 

ablated axonal fragments. Therefore, it is possible that the same factors that contribute to 

capsaicin-induced ablation may also act to induce degenerative processes, as suggested in 

axotomy-induced Wallerian degeneration. From a therapeutic standpoint, it is important to 

identify the mechanisms underlying early chemical axotomy following capsaicin 

application. Understanding these mechanisms may be helpful for developing novel 

approaches aimed at improving analgesia through enhancing selective ablation by vanilloids 

with less pungency and greater efficacy.

7. Conclusion

The medical benefits of capsaicin have been suggested for more than a hundred and fifty 

years, and numerous studies have been conducted in animal and human populations to 

understand its clinical uses. High concentrations of topical capsaicin have been found to be 
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effective for treating chronic pain, and the 8% capsaicin patch is approved in the US and EU 

for post-herpetic neuralgia, HIV-associated painful neuropathy, and painful diabetic 

neuropathy. Topical capsaicin is particularly effective for treating conditions in which 

hyperalgesia is localized and driven by hyperexcitable nociceptors. Topical capsaicin treats 

not only ongoing spontaneous pain, but also mechanical hyperalgesia and mechanical 

allodynia. The efficacy is comparable or even superior to oral analgesics, such as pregabalin. 

The safety of topical capsaicin is well validated, and adverse side effects, such as procedural 

pain, erythema, or reduced heat sensitivity, are considered to be minor issues. The patch 

form is optimal for targeting large areas of skin (e.g., post-herpetic neuralgia or diabetic 

neuropathy), whereas the injectable form is under development for precise delivery of 

capsaicin to focal lesions (e.g., Morton’s neuroma or intraoral post-operative pain). 

Understanding neurobiological mechanisms of capsaicin-induced analgesia is important for 

further improving therapy by decreasing procedural pain, attenuating pathological pain 

without interfering with physiological sensation, and establishing criteria for prediction of 

patient populations who will respond well to the therapy. Capsaicin-induced analgesia is also 

an excellent model for investigating the contribution of nociceptive primary afferents to the 

development and maintenance of chronic pain conditions. Different doses of capsaicin 

produce different degrees and durations of analgesia through mechanistically distinct effects 

on the function and structure of primary afferent terminals. Transient modest analgesia 

achieved using low doses of capsaicin involves the desensitization of capsaicin receptors and 

short-term defunctionalization of nerve endings, whereas long-lasting analgesia that persists 

for several months achieved by high doses of capsaicin is mediated by long-term 

defunctionalization via ablation of afferent terminals. TRPV1/Ca2+/calpain-mediated 

ablation of axonal terminals by capsaicin is necessary for analgesic treatment of neuropathic 

pain. In combination with calpain, axonal mitochondrial dysfunction and microtubule 

disorganization may also contribute. Elucidating the molecular and neural circuitry 

mechanisms underlying capsaicin-induced analgesia will enhance our understanding of 

peripheral mechanisms of neuropathic pain.
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ION-CCI chronic constriction injury of infraorbital nerve

OA osteoarthritis

mPTP mitochondrial permeability transition pore

NGF nerve growth factor

PHN postherpetic neuralgia

RCT randomized controlled trials

RTX resiniferatoxin

TRPV1 transient receptor potential vanilloid subfamily member 1

VDCC voltage-dependent calcium channel

VDSC voltage-dependent sodium channels
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Figure 1. Potential contributors to capsaicin-induced analgesia.
A. Diagrammatic depiction of neurobiological effects following topical administration of 

capsaicin. In this review, topical capsaicin-induced neural effects are classified based on the 

dose of capsaicin, analgesic quality, duration and reversibility, and mechanistically classified 

as long-term defunctionalization via structural ablation, short-term defunctionalization via 

functional impairment and specific desensitization. Each phenomenon has apparent 

mechanistic linkages with the processes shown in B, C, or D.
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B. High concentrations of capsaicin or RTX activate TRPV1 and mediate influx of large 

amounts of Ca2+, leading to the activation of Ca2+-dependent protease calpain. Ablation of 

axonal terminals by calpain activation results in long-term defunctionalization of TRPV1+ 

afferents and mediates long-lasting analgesia for chronic pain.

C. Low concentrations of capsaicin activate TRPV1 to induce Ca2+ influx and subsequent 

inactivation of voltage-dependent sodium channels (VDSC), voltage-dependent calcium 

channels (VDCC), and Piezo2, a mechanosensitive ion channel. Inactivation of these 

channels results in blockade of transduction of sensory stimuli, initiation and conduction of 

action potentials, which produces short-term defunctionalization via functional impairment, 

and leads to transient analgesia.

D. Low concentrations of capsaicin produce TRPV1 activation and Ca2+ influx, which leads 

to receptor desensitization of TRPV1 ion channels. TRPV1 receptor desensitization 

decreases the response of TRPV1 to endogenous ligands or inflammatory mediators, and in 

turn reduces TRPV1-dependent hyperalgesia.

The relative contribution and evidence supporting the contribution to analgesia for chronic 

pain is strongest in A and weakest in C.
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Figure 2. Hypothesis of capsaicin-induced analgesia for neuropathic pain.
A. Epidermal nerve fibers are composed of non-peptidergic and peptidergic TRPV1+ 

nociceptors.

B. Partial nerve injury induces preferential degeneration of non-peptidergic afferents, which 

reduces epidermal nerve fiber density (ENFD). Wallerian degeneration and inflammation 

sensitize uninjured remaining peptidergic afferents.

C. The remaining subpopulation of afferents is sensitive to capsaicin, and high 

concentrations of topical capsaicin begin to ablate afferent terminals within 1 day to produce 

analgesia for neuropathic pain.

D. Capsaicin triggers regenerative processes in TRPV1+ afferents, and the ablated afferents 

are regenerated in 24 weeks (8 weeks in mice), at which point neuropathic pain returns. 

Retreatment with capsaicin induces analgesia in both humans and mice.

As severity of neuropathy increases or is characterized by more chronic progression, 

degeneration of TRPV1+ epidermal fibers increases, and topical capsaicin is unlikely to 

produce analgesia.
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Figure 3. The effects of manipulating TRPV1+ afferents in contrast to blockage of the TRPV1 
channel in a trigeminal neuropathic pain model.
In mice with chronic constriction injury of infraorbital nerve (ION-CCI), chemogenetic 

inhibition of peripheral or central terminals of TRPV1+ afferents reduces mechanical 

hyperalgesia. Chemogenetic inhibition was performed by the administration of clozapine-N 

oxide to TRPV1Cre mice expressing inhibitory DREADD receptor. Pharmacological 

inhibition of TRPV1 channel function at central terminals within the trigeminal subnucleus 

caudalis attenuates mechanical hyperalgesia, whereas inhibition at peripheral terminals has 

no effect. Capsaicin administration at peripheral terminals activates TRPV1 and induces 

ablation of terminals of TRPV1+ afferents to produce analgesia for mechanical hyperalgesia. 

Summary of results from two publications (Kim et al., 2014; Wang et al., 2020).
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Figure 4. Ca2+-dependent calpain-mediated capsaicin-induced ablation.
A. A schematic of multicompartmental culture of DRG neurons in a microfluidic chamber 

(MFC). Primary afferent neurons were dissociated from TRPV1-GFP reporter mice and 

plated in one side of the MFC. Axonal terminals cross the barrier and reach the compartment 

on the other side (axonal compartment). Capsaicin application was restricted to the axonal 

compartment, where time-lapse imaging was performed.

B-D. Representative time-lapse imaging of axonal terminals from MFC. Fluorescence 

signals from GFP were monitored before and after the axonal compartment was exposed to 

capsaicin (100 μM). Scale bar in B, 10 μm; arrow heads, ablated fibers; arrows, beaded 

fibers; asterisk, fibers not affected.

E. TRPV1-mediated Ca2+ influx through TRPV1 pore is necessary for capsaicin-induced 

ablation of axonal terminals. Chelation of extracellular Ca2+ (EGTA), genetic knockout, or 

pore blocking (by ruthenium red) of TRPV1 prevents capsaicin-induced ablation of TRPV1-

lineage axons. In addition, capsaicin-induced ablation is decreased by pharmacological 

inhibition of calpain, a Ca2+-dependent protease, by MDL28170, by siRNA knockdown of 

calpain, or by overexpression of calpastatin (cast), an endogenous inhibitor of calpain. 

Activation of calpain likely induces subsequent cytoskeletal degradation, which leads to 

ablation of axonal terminals.

F. Factors/mechanisms that do not contribute to capsaicin-induced ablation: voltage-

dependent Ca2+ channels (VDCC, inhibited by nifedipine); transient receptor potential 

subfamily M member 4 (TRPM4, a Ca2+-activated non-selective cationic channel, inhibited 

by 9-Phenanthrol); anoctamin 1 (ANO1, a Ca2+-activated Cl− channel inhibited by A-01); 

mitochondrial permeabilization transition pore (mPTP, inhibited by cyclosporine A or 

TRO19622); Ca2+ from endoplasmic reticulum (ER, depleted by thapsigargin); or reactive 
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oxygen species (ROS, scavenged by PBN or antioxidant supplement). A-D, reproduced from 

Wang et al., 2017 (Wang et al., 2017b). E and F, summary of results from Wang et al., 2017 

(Wang et al., 2017b).
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Figure 5. Capsaicin-induced calpain-mediated ablation is necessary for capsaicin-induced 
analgesia of neuropathic pain.
A. Longitudinal in vivo two-photon imaging of GFP+ afferent terminals in intact hindpaw of 

a mouse expressing membrane-bound GFP from the TRPV1 locus. (Left) To assess changes 

in GFP+ afferent terminals, the same site was imaged repeatedly – before (Baseline) and 3 

days after intraplantar injection of vehicle (Veh) or MDL28170 (MDL; a calpain inhibitor) 

followed by capsaicin. (Right) The proportion of GFP+ pixels/total pixels in the imaged area 

was calculated. N=7 hindpaws from 5 mice per group. **p<0.01 in Sidak posthoc assay 

following two-way ANOVA.

B. Mechanical hyperalgesia in facial skin following chronic constriction injury of 

infraorbital nerve (ION-CCI) is attenuated by intradermal injection of capsaicin. Co-

administration of capsaicin with MDL abolishes capsaicin-induced analgesia (compare 

CCI/Cap/MDL (red) with CCI/Cap/Veh (blue)). Two-way RM ANOVA followed by 

Bonferroni post-test (CCI/Cap/Veh vs CCI/Cap/MDL); ***p<0.0005, ****<0.0001. 

Reproduced from Wang et al., 2020 (Wang et al., 2020).
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