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Abstract

The dietary compound capsaicin is responsible for the “hot and spicy” taste of chili peppers and
pepper extracts. It is a valuable pharmacological agent with several therapeutic applications in
controlling pain and inflammation. Emerging studies show that it displays potent anti-tumor
activity in several human cancers. On a more basic research level, capsaicin has been used as a
ligand to activate several types of ion-channel receptors. The pharmacological activity of
capsaicin-like compounds is dependent on several factors like the dose, the route of administration
and most importantly on its concentration at target tissues. The present review describes the
current knowledge involving the metabolism and bioavailability of capsaicinoids in rodents and
humans. Novel drug delivery strategies used to improve the bioavailability and therapeutic index
of capsaicin are discussed in detail. The generation of novel capsaicin-mimetics and improved
drug delivery methods will foster the hope of innovative applications of capsaicin in human
disease.

1. Introduction

Capsaicinoids are a group of compounds responsible for the spicy, pungent taste of hot chili
peppers (Capsicum annuum and Capsicum frutescens) [1, 2]. The family of capsaicinoids is
primarily comprised of capsaicin, dihydrocapsaicin, nondihydrocapsaicin,
homohydrocapsaicin, homodihydrocapsaicin and nonivamide (Fig. 1) [2]. The “heat-
sensation” of capsaicin arises due to the binding of capsaicin to transient receptor potential
vanilloid (TRPV) ion-channel receptors [3]. Capsaicin functions as a high affinity agonist of
the TRPV1 receptor [4]. Other capsaicinoids besides capsaicin also produce the “heat-
sensation” via the TRPV1 receptor. However, some of the biological activities of capsaicin,
like its anti-neoplastic, cardioprotective effects, have been found to be independent of the
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TRPV1 receptor. More research is required to elucidate the molecular mechanism
underlying these TRPV1-independent effects of capsaicinoids.

2. Pharmacological effects of capsaicinoids

2.1 Effects of high-dose capsaicinoids

The biological effects of capsaicinoids are dependent on the dose of these compounds
administered and the time of exposure [5]. Exposure to high doses of capsaicin (above 100
mg capsaicin per kg body weight) for a prolonged time causes peptic ulcers, accelerates the
development of prostate, stomach, duodenal, and liver cancers and enhances breast cancer
metastasis [5, 6].

2.2 Effects of low-dose capsaicinoids

2.2.1 Anti-cancer effects—Several convergent studies indicate that low-doses of
capsaicin display a cancer-chemopreventive, anti-neoplastic activity [7] [8]. Capsaicin
induces robust apoptosis in multiple types of human cancer cells both in vitro and in mice
models. Recent studies have focused on the potential of capsaicin as a viable anti-cancer
drug applicable to the management and treatment of human small cell lung cancer, breast
cancer, prostate cancer and colon cancer. Data from our lab as well from other researchers
show that low doses of capsaicin are well tolerated in mice; weight, food intake and water
intake are identical between vehicle-treated mice and capsaicin-treated mice [7, 9].

Nutritional compounds have been investigated in combination with standard
chemotherapeutic drugs like cisplatin for treatment of several human cancers [10]. Capsaicin
potentiates the apoptotic activity of cisplatin in human stomach cancer and attenuates
cisplatin-induced renal toxicity in rodent models [11, 12].

2.2.2 Analgesic effects—Capsaicinoids have been extensively studied for their analgesic
activity [4, 13]. The oral or local administration of capsaicin reduces inflammation and pain
from rheumatoid arthritis, fibromyalgia and chemical hyperalgesia [14]. Low concentrations
of capsaicin are included in over-the-counter analgesic creams. High concentrations of
capsaicin have been explored as treatment for neuropathic pain (e.g., Qutenza/NGX-4010),
postoperative pain (e.g. Adlea; Anesiva Inc.) and cluster headaches (e.g., Civamide;
Winston Laboratories) [15, 16]. The reader is referred to several excellent reviews on this
subject [4, 14, 17-19].

2.2.3 Other pharmacological effects—Capsaicin has been found to display
cardioprotective activity [4]. Capsaicinoids block platelet aggregation and activity of
clotting factors VII1 and 1X [20]. The anti-platelet and anti-coagulant activity of capsaicin
was independent of TRPV1 [21]. Capsaicin inhibits oxidation of LDL (low density
lipoproteins), reduces total serum cholesterol and lipid peroxide levels in rat models [13].
The administration of low dose capsaicinoids exerts beneficial effects on the gastrointestinal
system such as gastric epithelium restitution, repair of gastric mucosa and increase of
mucosal blood flow [13]. Finally, capsaicinoids show anti-obesity activity by enhancing
energy expenditure of the body [22].
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The pharmacological effects of capsaicinoids are dependent on their attaining a suitable
concentration at the target organ site. The bioavailability of capsaicin has been studied in
several animal models [13]. However, since most of the studies exploring the anti-cancer
and analgesic activity of capsaicinoids has been studied in mice (or rat) models, the present
review will focus on the bioavailability of capsaicinoids in rodents and humans.
Subsequently, we will describe the current strategies used by researchers to improve the
delivery of capsaicin to target tissues, thereby increasing the scope of improving its
therapeutic index.

3. Biotransformation of capsaicin in vitro

3.1 Liver

Early studies established that the majority of capsaicin is metabolized in the liver (Fig. 2)
[23]. Several laboratories investigated the hepatic metabolism of capsaicinoids in vitro using
hepatic microsomes and S9 fractions [24]. The metabolism of capsaicin was faster in the rat
and human liver microsomes than the corresponding 9000g supernatant (S9 fraction).
Chanda et al. (2008) observed that capsaicin was completely metabolized within 20 minutes
in rat and human microsomes. The most abundant hepatic metabolite was 16-
hydroxycapsaicin, followed by 16,17-dehydrocapsaicin. In human liver microsomes, five
metabolites were detected, the most abundant being 16-hydroxycapsaicin, 17-
hydroxycapsaicin and 16,17-dehydrocapsaicin (Fig. 2) [25].

The metabolism of capsaicin was slower in the S9 fractions compared to hepatic
microsomes and different metabolites were obtained [25]. Chanda et al., (2008) reported that
the major metabolites detected in the S9 fractions from the rats were vanillylamine, 16-
hydroxycapsaicin and 16,17-dehydrocapsaicin [25]. In contrast, Reilly et al., (2003) did not
detect any vanillylamine or vanillin metabolites in the S9 fraction [24]. In a recent
publication Reilly et al., (2013) have identified 5,5'-dicapsaicin as a novel metabolite of
capsaicin in the liver [26]. This is an intriguing finding because 5,5’-dicapsaicin and 4’-O-5-
dicapsaicin ether metabolites are usually generated during peroxidase-mediated capsaicinoid
metabolism [27]. Data from Reilly et al., (2013) seems to suggest that P450 enzymes can
oxidize capsaicin to generate free radical intermediates. No dicapsaicin metabolites were
detected by Chanda et al., (2008). This may be explained by the fact that Reilly and his co-
workers used a much longer incubation period of 60 minutes and a 100 times higher
concentration of 100 uM capsaicin compared to Chanda et al., (2008) [24]. Similarly, the
concentration of capsaicin used by Reilly et al., (2013) in the dicapsaicin experiments was
500 puM [26]. Such higher concentrations of capsaicin may have impacted metabolic
pathways as capsaicin has been reported to inhibit some CYP isozymes of human P450 [24,
28].

The hepatic metabolism of dihydrocapsaicin was studied in vitro by using extracts of Wistar
rat livers [29, 30]. The dihydrocapsaicin was metabolized to vanillylamine and 8-
methylnonanoic acid. The vanillylamine was subsequently transformed to vanillin.
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Studies by Reilly et al., (2003) showed that the metabolism of capsaicin in lung microsomes
was 20-40 fold slower than the liver microsomes in both rat and humans [24]. The
metabolites obtained using human lung microsomes were similar to the liver microsomes.
Such slower metabolism of capsaicinoids in the lung suggests a tissue-specific nature of
metabolic pathways. Alternately, it may be possible that the respiratory tissues have low
amounts of enzymes which metabolize capsaicin. The authors also observed that the 1Csq
values for cytotoxicity assays involving capsaicin are two-fold higher in BEAS-2B and
Ab49 lung epithelial cells as compared to HepG2 hepatic epithelial cells [24]. However, it
must be noted that the cytotoxic effects of capsaicin are mediated in part by TRPV receptors
on target cells. Therefore, the relative expression of TRPV receptors on lung tissue (versus
liver tissue) would be an important determinant in the cytotoxic activity of capsaicin in
human lung and liver cells. Studies by Athaniousou et al., (2007) have shown that capsaicin
causes apoptosis in H460 human lung adenocarcinoma cells, by regulating enzymes
involved in mitochondrial respiration (in a TRPV-independent manner). Again, the levels of
these mitochondrial enzymes may vary between lung and liver tissue which could explain
the results obtained by Reilly and his colleagues [24].

The metabolism of capsaicin is very slow in the skin. Capsaicin is metabolized in human
skin by about 20 hours, and the predominant metabolites include vanillylamine and vanillic
acid (Fig. 3) [25]. Wang et al., (2001) studied the skin absorption of capsaicin from
capsaicin-containing commercial creams. The transport of capsaicin was dependent on the
amount of capsaicin present in the cream and follows first order kinetics across the skin
barrier [31].

The intestinal absorption of capsaicin in vitro was done using everted intestinal sacs isolated
from rats [32]. It was observed that capsaicin was robustly absorbed both into intestinal
tissues, jejunum and serosal fluid. Kawada et al., (1984) studied the in situ metabolism of
capsaicin using ligated loops of stomach, jejunum and ileum [30]. The application of 1 mM
capsaicin led to rapid absorbance of the compound in the lumen within one hour; the
absorbance rate was 50% in the stomach, 80% in the jejunum and 70% in the ileum. This
indicated that capsaicin was absorbed better in the jejunum and ileum as compared to the
stomach. The authors repeated these studies with dihydrocapsaicin and obtained similar
results [30].

4. Bioavailability and metabolism of capsaicinoids in vivo

4.1 Topical administration in skin

Capsaicin is robustly absorbed from the skin upon topical administration [4]. Several
capsaicin-based creams or patches are available as over-the-counter medications [33]. These
contain 0.025%-1% capsaicin and are commonly used for pain relief. Pershing et al., (2004)
evaluated the metabolism of capsaicin in the human stratum corneum following a single
topical exposure of a 3% solution containing 55% capsaicin [34]. The uptake of capsaicin
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into the stratum corneum was very rapid, at one minute after the application. The experiment
was repeated using dihydrocapsaicin (35% dihydrocapsaicin in 3% solution) and a mixture
of capsaicinoids (10% capsaicinoids in 3% solution), and similar results were obtained. The
capsaicinoids were comprised of nordihydrocapsaicin, homodihydrocapsaicin,
homocapsaicin and nonivamide. The authors also tried three different vehicles, namely
mineral oil (MO), propylene glycol (PG) and isopropyl alcohol (IPA). IPA delivered three
times greater amount of capsaicin and dihydrocapsaicin to the skin than PG and MO [34].
These observations may be explained by the fact that capsaicin and dihydrocapsaicin are
more soluble in alcohol-based vehicles like IPA rather than non-polar viscous solvents like
PG and MO. The volatile nature of IPA delivers a greater amount of capsaicin in the stratum
corneum, relative to non-volatile viscous vehicles like PG and MO. Taken together, the
maximal concentration of capsaicinoids in the skin was dependent on the relative solubility
of these compounds in the vehicle.

The effects of intradermal capsaicin injection (0.1 pg — 250 pg) in humans, were dependent

on the dose injected and the frequency of injections [4]. The injection site was primarily the
forearms and the feet. The patients reported heat-sensitivity, visual flare at the injection site,
primary hyperalgesia and secondary hyperalgesia [4]. Other effects of intradermal capsaicin
injection include secondary tactile allodynia, increase in blood flow, increase of temperature
and vasodialation.

4.2 Oral and gastrointestinal administration

Previous studies show that capsaicin is rapidly absorbed from the stomach and the intestine
following oral administration. Such absorption of capsaicin does not involve active
transporter proteins and is a passive process [4]. The amount of capsaicin absorbed ranges
from 50%-90% depending on the experimental model used. Suresh and Srinivasan, (2010)
administered capsaicin by oral gavage at a dose of 30 mg capsaicin/kg body weight in
Wistar albino rats [35]. The distribution of capsaicin was studied in the liver, kidney,
intestine, serum and blood by HPLC analysis. Blood and intestine showed the peak
concentration of capsaicin at one hour [35]. The liver and kidney displayed maximal
amounts of capsaicin in 3 hours and 6 hours, respectively. The authors added up the
concentrations of capsaicin found in tissues (liver, kidney, intestine, serum and blood) one
hour post administration and observed that about 24.4% of the initially administered
capsaicin was localized in these tissues. However, after 24 hours this percentage dropped
down from 24.4% to 1.24% and after 48 hours it further decreased to 0.057%. No capsaicin
was detected four days after oral gavage. These results suggest that capsaicin is rapidly
metabolized in all the above tissues.

Emerging studies show that capsaicin displays potent anti-tumor activity in animal models
of lung cancer, breast cancer, colon cancer and gastric cancer [36—-39]. An established model
to investigate the anti-cancer activity of compounds in vivo is the nude mouse model
(athymic mouse model). In these experiments human cancer cell lines are injected
subcutaneously in the scapula or the flank of immunodeficient nude mice. A nude mouse
contains a mutation which causes a disruption of the Foxnl1 gene or the HNF-3/forkhead
homolog 11 gene [40]. The genetic mutation of the Foxnl gene results in a lack of body hair
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and an inhibited immune system due to a greatly reduced number of T cells [40]. Almost all
of the rodent-based studies involving the bioavailability of capsaicin are done in rats, not in
mice. We investigated the bioavailability of capsaicin in nude mice after oral administration.
We chose oral administration because nutritional compounds like capsaicin are often
administered via dietary methods.

Four week old male nude mice were obtained from Charles River Laboratories and
acclimatized for one week [41, 42]. They were housed in autoclaved cages with ad libitum
access to food and water in HEPA-filtered racks and closely monitored by animal facility
staff. All procedures involving nude mice were conducted according to the Animal Care and
Use guidelines in a facility accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC) International and were approved by the Institutional
Animal Care and Use Committee (IACUC) of Joan C. Edwards School of Medicine,
Marshall University (protocol #515).

After acclimatization, the mice were divided into twelve groups comprised of eight mice
each [41, 42]. The schema of the study is shown in Fig. 4A. The protocol of the study is
based on the method of Zhang et al., (2010) [43]. The mice in the treatment group were
administered 10 mg capsaicin per kg body weight (dissolved in ethanol) by oral gavage. The
control group was administered ethanol only. The capsaicin-treated mice and the
corresponding control-mice were euthanized at 1, 2, 4, 6 and 8 hours post oral gavage
(Figure 4A). The lung, liver, blood and kidney of each mouse was collected and snap frozen
in liquid nitrogen. Subsequently, 50 mg of the organs were used to make lysates using T-Per
lysis buffer (Pierce Biotechnology), according to manufacturer’s protocol [44]. An aliquot of
100 pg of protein was used to measure the capsaicin content using the Beacon Capsaicin
Plate kit (Beacon Analytical Systems, ME). Capsaicin was robustly detected in the serum at
1 hour after administration of capsaicin (Figure 4B). The liver, lungs and kidney contained
the highest level of capsaicin at 2 hours after capsaicin oral gavage. The lung contained a
higher level of unchanged capsaicin from 1 hour up to 8 hours post administration. In
contrast, no capsaicin was detected in the liver, kidney or serum at 8 hours after oral gavage
[41, 42]. The results of our studies agreed with those of other published reports which
showed that the lung metabolized capsaicin slower than liver or blood [24, 30]. Our
laboratory is investigating the growth-inhibitory effects of capsaicin in human lung cancer.
The fact that capsaicin is metabolized slowly in the lung implies that there is a higher
amount of unmodified capsaicin which can exert potent anti-tumor activity on lung tumors.
We believe that the results of our experiments are relevant for all researchers working in the
field of drug discovery and cancer.

The metabolism of dihydrocapsaicin following oral administration (at a dose of 20 mg
dihydrocapsaicin per kg body weight using a stomach feeding tube) was studied in Wistar
Rats. The analysis of urine specimens revealed that dihydrocapsaicin was metabolized to
vanillyl alcohol (37.6%), vanillic acid (19.2%) or vanillylamine (4.7%) as free forms or as
their glucuronides. Furthermore, 8.7% of unchanged dihydrocapsaicin was detected in the
urine. The authors also observed that the metabolism of dihydrocapsaicin was maximal in
the liver, then the kidney, followed by the lung and was very low in the brain [29]. This data
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is analogous with the pattern of capsaicin metabolism in vitro (using microsomal
preparations), where the lung was found to metabolize capsaicin slower than the liver [24].

The gastrointestinal absorption of capsaicin and dihydrocapsaicin has been studied in male
Wistar rats. All the studies report that the 85-95% of the administered capsaicin is rapidly
absorbed from the gastrointestinal lumen [30]. Most of the capsaicin is metabolized in the
liver. A small amount of capsaicin was found to be hydrolyzed in the small intestine in vivo.
The absorbed capsaicin was detected in the portal blood and partly metabolized to 8-methyl
nonanoic acid [29]. Donnerer et al., (1990) administered capsaicin intragastrically to
anesthetized male Sprague-Dawley rats [45]. Similar to the results of Kawada et al., (1984),
Donnerer et al., (1990) observed that capsaicin was readily absorbed across the
gastrointestinal tract and detected in portal blood. In both these studies, the amount of intact
capsaicin (or dihydrocapsaicin) in the portal blood was higher when the capsaicinoids were
absorbed solely from the stomach, as compared to the stomach and intestine [29, 45]. This
data seem to suggest that the majority of the capsaicin was absorbed from the stomach and
the intestine plays a minor role in this process.

Chaiyasit et al., (2009) studied the pharmacokinetics of orally administered capsaicinoids
(C. frutescens extract) in humans [46]. Twelve healthy volunteers were administered 5 g of
C. frutescens extract. The pharmacokinetic parameters were measured in the blood after the
administration of capsaicinoids in the form of a gel capsule. Blood was collected from the
volunteers every 10 minutes for the first one hour and every fifteen minutes for the next one
hour [46]. The half-life of capsaicin in the blood was found to be about 25 minutes. The
peak plasma concentration of capsaicin (Tpeak) was 2.5 ng/mL (~8.2 nM) at 45 minutes.
After 105 minutes, no capsaicin was detected in the blood of the volunteers.

4.3 Systemic administration of capsaicin

Donnerer et al., (1990) compared the tissue-specific distribution of capsaicin after
intravenous and subcutaneous injection of capsaicin [45]. The amount of unchanged
capsaicin in the brain and spinal cord was five-fold higher than that of the trunk blood upon
intravenous administration [4, 23, 45]. Ninety minutes after subcutaneous injection of
capsaicin, the levels of unmodified capsaicin were lower in the brain, spinal cord and the
trunk blood, relative to intravenous administration of capsaicin. They did not examine the
levels of capsaicin in the liver. This void in knowledge was filled by Saria et al., (1982) who
observed that intravenous injection of capsaicin in rats led to rapid metabolism of capsaicin
within 3 minutes in the liver and the blood [23]. An interesting finding of these studies was
that intravenous capsaicin administration leads to the rapid entry of capsaicin in the central
nervous system. However, the levels of capsaicin in the brain, spinal cord, liver and blood
are greatly decreased 10 minutes after administration. The authors hypothesized that such
decrease of unchanged capsaicin may be due to formation of conjugates or its redistribution
into the adipose tissue [23]. A second point to note is that the brain and spinal cord
metabolized capsaicin much more slowly than the liver upon intravenous administration of
capsaicin. This pattern of metabolism is similar to the one observed after oral administration
of capsaicin [35].
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Saria et al., (1982) also studied the bioavailability of capsaicin after a single subcutaneous
injection of 50 mg capsaicin/kg body weight in Sprague Dawley rats [23]. The earliest time
point that capsaicin was detected in the kidney, blood, brain and spinal cord was about ten
minutes. The absorption of capsaicin in adipose tissue was a slower process and was only
detected at 30 minutes post injection. The levels of capsaicin in all of these above-mentioned
tissues steadily increased from ten minutes and attained maximum values at about 5 hours.
The fact that capsaicin was detected early, yet its level increased very slowly (over several
hours) suggests a slow diffusion process from the site of injection. It is known that several
drugs display a slow rate of diffusion after subcutaneous injection. The reason for this is that
the drug has to travel through several cell membranes and organ capillaries before it reaches
the systemic circulation. In contrast, oral gavage, intragastric routes and intravenous
injections leads to direct entry of capsaicin into the systemic bloodstream.

4.4 Miscellaneous administration of capsaicin

Kawada et al., (1985) analyzed the metabolism of capsaicin after intraperitoneal (IP)
injection in anesthetized male Wistar rats. They observed that capsaicin was rapidly
metabolized after injection. The maximal amount of capsaicin was detected in the thigh
venous blood 16 minutes after the IP injection and the amount steadily decreasing until
about 40 minutes post injection. The half-life of capsaicin was about 12 minutes [47].

Another major application of capsaicin is in pepper sprays. Reilly et al., (2002) used
anesthetized Wistar rats to recapitulate exposures to pepper sprays in animals [48]. The rats
were placed in nose-only exposure apparatus and exposed to aerosols generated from
solutions of capsaicinoids for 15 minutes. The solutions used were 0, 1, 5 and 50 mg/ml
capsaicinoids containing 55% capsaicin, 35% dihydrocapsaicin, 2.8% nonivamide, 4.3%
nonhydrocapsaicin, 1.5% homodihydrocapsaicin and 1.4% homocapsaicin. The authors
analyzed capsaicin, dihydrocapsaicin and nonivamide in the liver, lung and blood of the rats.
The concentrations of capsaicinoids were found to be dependent on the dose received by the
rat. At the highest dose (50 mg/ml), the metabolism of capsaicin was found to be maximal in
the liver, followed by blood and least in the lung [48]. In contrast, the metabolism of
dihydrocapsaicin and nonivamide were found to be slowest in the blood.

An interesting fact to note is that the bioavailability and half-life of capsaicin is quite low in
the plasma, irrespective of the route of administration. This has led to extensive research
aimed at devising strategies to improve the drug-delivery properties of capsaicin, enhance its
half-life and augment its bioavailability in target tissues and organs (see Section 5).

5. Advanced Drug Delivery Systems

One of the most prevalent pharmacological applications of capsaicin is pain management.
Topical capsaicin formulations like creams, lotions, and patches are used for relief of
musculoskeletal and neuropathic pain [14, 18]. It is not surprising that the majority of drug
delivery studies have aimed to improve the transdermal delivery of capsaicin. We provide a
description of advanced drug delivery strategies involving capsaicin below.
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5.1. Enhancers, sustained release patches, and gel-formulations

Zi et al., (2008) investigated the delivery properties of capsaicin using hydroxypropyl-beta-
cyclodextrin (HPbetaCD) as a solubilizer and a permeation enhancer. HPbetaCD formed a
hydrophilic inclusion complex with capsaicin. It was observed that capsaicin formulated
with 2% HP-beta-CD displayed increased percutaneous absorption and penetration flux
through isolated rat skin [49].

Other methods which increase the transport of the capsaicin analog nonivamide across the
skin are electroporation and iontophoresis [50]. Electroporation was found to increase the
permeation of nonivamide across isolated mouse skin. Transdermal iontophoresis refers to
the transport of charged ions in a medium across the skin with the help of an applied electric
field. Transdermal iontophoresis has been investigated in conjunction with other physical
enhancement techniques such as low frequency ultrasound and erbium:YAG (yttrium-
aluminum-garnet) laser to increase the transdermal delivery of nonivamide [50]. The
combination of erbium:YAG laser treatment and ultrasound along with iontophoresis
increased the skin permeation of nonivamide relative to vehicle-treated controls. In addition,
the use of the erbium:YAG laser treatment method enabled the authors to precisely and
reversibly control the removal of the stratum corneum.

A high concentration capsaicin dermal patch (capsaicin content = 179 mg capsaicin per
patch) called NGX-4010 has been developed to treat patients with neuropathic pain
associated with postherpetic neuralgia (PHN) [4]. Clinical trials have shown that a 60-
minute application of NGX-4010 provided rapid and sustained relief to patients suffering
from PHN. The concentration of capsaicin in the plasma of patients 60 minutes after
application was about 1.38 ng/ml [28]. As mentioned earlier, the highest amount of
capsaicin found in the plasma of patients was about 17.8 ng/mL or 58 nM. The elimination
half-life of capsaicin in the plasma was found to be 1.34 hours [51, 52]. This is considerably
higher than the tq/» value of 25 minutes observed by Chaiyasit et al., (2009) [46]. The heat-
sensation and erythema produced by the NGX-4010 patch were described by the patients as
mild to moderate.

Cho et al., (2012) performed a double-blind randomized controlled clinical trial testing the
efficacy of a 0.1% capsaicin hydrogel patch for relief of chronic myofascial neck pain in
patients [53]. Fifty seven patients were part of this study. The authors reported that there was
a decrease in neck disability index (NDI), visual analog scale (VAS) and Beck’s depression
index (BDI) in the intervention group at two and four weeks after the trial was commenced.
The authors did not find any difference in the final outcomes between the placebo group and
the treatment group. The authors suggest that the lack of outcome measures may have been
due to irritation and pain caused by the placebo patch. Another issue was the proper
placement of both the placebo patch and the capsaicin patch. Further patient-oriented studies
are required to clarify the feasibility of capsaicin in the management of chronic myofascial
neck pain in patients.

Clinical trials have also investigated the ability of a 0.025% capsaicin patch to decrease the
pain associated with diabetic neuropathy [54]. Although the patch was well tolerated in
patients, it provided no relief from pain. The abovementioned data seem to suggest that
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those transdermal patches containing high amounts of capsaicin provide better pain relief in
patients than low concentration capsaicin dermal patches.

Wang et al., (2001) have evaluated the skin absorption of capsaicin formulated as chitosan
and carboxymethyl-chitosan (CMC)-sodium hydrogels. They found that the rate of
permeation of capsaicin across the skin in vitro is greater from hydrogels than capsaicin-
containing creams. Previous studies have shown that capsaicin penetrates the skin via a
lipoidal pathway. Therefore the partitioning of the capsaicin from the hydrogel to the
stratum corneum depends on the polarity of the hydrogel. The chitosan and CMC-sodium
hydrogels are more hydrophilic than creams (which are oil in water formulations).
Therefore, the lipophilic capsaicin would preferentially partition into the non-polar stratum
corneum. This is in agreement with the observation that the rate of permeation of capsaicin
across the skin depends on the nature of the hydrogel; non-ionic hydrogels showed slower
rate of capsaicin transport than cationic or anionic hydrogels [31]. In cases of non-ionic
hydrogels, the solubility of capsaicin may also be important in governing its rate of release
from the polymer. Wang et al., (2001) also noticed that increasing the cross-linking of the
hydrogels decreased the release rate of capsaicin from the polymer-matrix. This
phenomenon may be explained by polymer entanglement and reduction of pore size of the
hydrogel, as the crosslinking of the polymer increases. The lower pore size and higher
viscosity of the hydrogel will retard the rate at which capsaicin diffuses out of the matrix.

The thermosensitive hydrogel polyethylene glycol-polylactic-co-glycolic acid (PEG-PLGA)
was used a vehicle for capsaicin in rat models of bladder irritation [55]. The advantage of
this capsaicin-thermosensitive hydrogel is that it is a liquid at body temperature and could be
administered intravesically into the bladder. The capsaicin-hydrogel was well tolerated and
safe. It significantly decreased bladder contraction compared to capsaicin solution in
ethanol. The advantage of the thermosensitive hydrogel is its amphiphilic nature,
biodegradability and biocompatibility. The polymer was designed to be chemically robust so
that it would be unaffected by urine constituents such as urea and electrolytes. However, this
polymer does degrade slowly in aqueous environments, which makes it attractive for
systemic administration and long-acting, repeatable formulations of capsaicin.

Peng et al., (2010) used controlled release cubic phase gels made from glycerol monooleate
(MO), propylene glycol (1,2-propanediol, PG), and water for transdermal delivery of
capsaicin. The amount of capsaicin used in these cells was about 2.5 mg/g of gel. The
authors studied the release rate of capsaicin from these cubic gels in vitro using HPLC
analysis [56]. They found that capsaicin was efficiently released from these cubic gels;
however the release rate of capsaicin was dependent on the amount of water in the gel
formulation.

5.2. Films, microemulsions, vesicles and liposomes

The capsaicin analog nonivamide has been encapsulated in film-forming emulsions
containing Eudragit® NE 30D (NE) and/or Eudragit RS30D® (RS) [57]. The permeability
of nonivamide contained in Eudragit® NE 30D (NE) was found to rise with increase in the
amount of NE added to the film-forming emulsions in in vitro permeability experiments
[57]. However, this result was not observed in permeability experiments using pig ear skin.
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Chen et al., (2010) prepared capsaicin-chitosan microsphere (CCMS) tablets for sustained
delivery of capsaicin to the intestine [58]. Eudragit® L 100 was used to prepare the CCMS-
enteric-coated tablets by the process of wet granulation. The CCMS tablets released
capsaicin efficiently according to first order kinetics. Tan et al., (2014) recently tested the
anti-obesity effects of CCMS microspheres in obese rats [59]. The CCMS tablets were well
tolerated by the rats and there was no evidence of gross toxicity or discomfort. The CCMS
tablets produced a greater decrease in body weight, body mass index, organ index, body fat,
proportion of fat to body weight, and serum lipids, relative to capsaicin alone. Most
interestingly, the anti-obesity effect of CCMS tablets was better than the Orlistat, which is
the standard of care for reducing obesity in patients. The favorable drug delivery and safety
profile of CCMS enteric coated tablets could have potential applications in the systemic
administration of capsaicin in patients.

Huang et al., (2008) have explored microemulsion techniques to improve the transdermal
delivery of the capsaicinoid nonivamide [60]. They prepared mixed surfactant-based
microemulsions comprising of Tween-80 and Span 20. They used ethanol as a cosurfactant,
isopropyl myristate as the oil phase and water as the external phase. Experiments showed
that these mixed surfactant microemulsions increased the transdermal delivery of
nonivamide by 3.7-7.1 fold relative to controls [60].

Other sustained release formulations of capsaicin include encasement in flexible membrane
vesicles (FMVs) made of phospholipids and surfactants. The capsaicin-FMVs were mixed
with a Carbopol® 934 hydrogel to facilitate topical application. Raza et al., (2011)
compared the pharmacological activity of capsaicin-FMV-gel to capsaicin containing
liposomes. The capsaicin-FMV-gel showed better permeability across the skin of LACA
mice ex vivo. They also displayed improved analgesic activity in the radiant tail flick mouse
model. The capsaicin-FMV-gel also caused less redness, burning and itching sensation on
the skin, compared to capsaicin containing creams. It would have been interesting to
compare the sensory profile of capsaicin-FMV-gel to capsaicin-liposomes. However, the
authors have not performed this experiment in their published report. Zhu et al., have
attempted to encapsulate capsaicin in mixed polymeric micelles consisting of
polyvinylpyrrolidome (PVP)/sodium cholate/phospholipid mixed system. Pharmacokinetic
experiments in rats revealed that these capsaicin-loaded polymeric micelles displayed a
prolonged plasma half and a two-fold higher oral bioavailability, relative to free capsaicin.
In addition, this formulation was well tolerated and caused no gastric irritation in rats [61].

Niosomal carriers have been explored for transdermal drug delivery of capsaicin. Niosomes
are non-ionic surfactant-based vesicles generated from the self-assembly of non-ionic
amphiphiles. The closed bilayer structure, biocompatibility, biodegradability and non-
immunogenic nature of niosomes makes them excellent drug carriers. Data by Tavano et al.,
(2011) reveal that transdermal delivery of capsaicin was greater with capsaicin-niosomes
than with capsaicin-microemulsion formulation. Similarly, the percutaneous permeation
ability of capsaicin-niosmes was superior to that of capsaicin-microemulsions. The authors
measured the rate of capsaicin released over 12 hours from both these formulations. The
amount of capsaicin released from niosomes was greater than microemulsions. This can be
explained by the fact that the microemulsions were considerably more viscous than the
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niosomes. The capsaicin diffuses faster from the niosomal matrix than the microemulsions,
where the capsaicin molecule has to overcome the immiscible oil phase to reach the skin
[62].

Linderroth et al., (2009) have designed a unique drug-targeting system which combines
liposomes and the prodrug strategy. They designed a liposome made from
glycerophospholipids which was activated by the enzyme secretory phospholipase-2
(SPLAy). This enzyme sPLA, is over expressed on most human cancer cells. Therefore, the
authors decided to encapsulate capsaicin (which has anti-cancer activity) in these liposomes.
The treatment of these liposomes with sPLA, hydrolyzed the liposome and released the
capsaicin. MALDI-TOF experiments showed that SPLA, released 90% of the capsaicin
within 24 hours. The colon cancer cell line Colo 205 releases robust amounts of SPLA, in
the supernatant. The authors used the Colo 205 supernatant and showed that all the capsaicin
within the liposome was released within 24 hours. It would be interesting to see if these
capsaicin-loaded prodrug-liposomes display potent anti-tumor activity in colon tumor
xenografts in nude mouse models [63].

5.3. Nanotechnology based delivery systems

A diverse array of nanotechnologies has been used to improve the bioavailability of
capsaicinoids. Contri et al., (2011) encapsulated capsaicin and dihydrocapsaicin in
polymeric nanocapsules. The encapsulation efficiency for both of these capsaicinoids was
close to 100%, and the formulation had a shelf life of about 90 days. A similar study was
conducted by Kim et al., (2011) who tested the release profile of capsaicin from poly(d,I-
lactide-co-glycolide) [PLGA]-nanoparticles. The authors observed that the loading
efficiency and release profile of capsaicin was sensitive to slight changes in the oil water
ratio used during the loading of the PLGA-nanoparticles [64]. This can be explained by the
fact that capsaicin is water-insoluble and any attempt to increase the amount of water in the
oil-water emulsion will result in lower loading efficiency and decreased release of capsaicin.
The authors compared the capsaicin-release profiles from three types of nanoparticles,
namely poly(L-lactide) [PLLA]-nanoparticles, PLGA-nanoparticles and poly-e-caprolactone
(PCL)-nanoparticles. The PLLA-nanoparticles showed higher capsaicin-encapsulation
efficiency, improved sustained release profiles and better shelf life than the other two
matrices. The difference in release pattern of capsaicin between all three polymers seems to
result from the difference in the crystallinity between them. The degree of crystallinity of
PLLA is greater than PLGA or PCL. The capsaicin gets trapped in the crystalline matrix of
PLLA and defuses out at a steady sustained rate, with progressive degradation of the matrix.
However, a major caveat of these studies is that they have not tested the delivery of
capsaicin-nanoparticles in any biological experimental system.

Solid-lipidic nanoparticles (SLN) and nanostructured lipid carriers (NLC) have been
explored for the transdermal delivery of capsaicin [65]. SLNs are comprised of crystallized
lipid droplets and are organized in a highly-ordered crystalline structure. The cargo drug (in
this case capsaicin) is considered to be a part of the lipid crystalline matrix of SLNSs. In
contrast, NLCs have a less ordered crystalline structure. The relatively more flexible
structure of NLCs makes them superior drug delivery agents to the SLNs. Capsaicin-loaded
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NLCs showed superior permeation through skin and better retention in the stratum corneum
than capsaicin-containing SLNs. The in vivo pharmacological efficacy of capsaicin-loaded
NLCs was evaluated in LACA mice model. The capsaicin-NLC was formulated into a gel
using stearic acid. The capsaicin-NLC gel showed greater permeability and retention across
mouse skin, compared to conventional capsaicin-containing creams. The analgesic activity
of capsaicin-NLC gel (as measured by the radiant mouse tail flick experiment) was also
superior to that of capsaicin-containing cream [65].

Nano-vesicular ethosomal formulations of capsaicin have been investigated for the treatment
of inflammatory musculoskeletal diseases like arthritis [66, 67]. The permeability of these
nano-ethosomal formulations was found be greater than capsaicin containing creams in ex
vivo human skin models. Experiments in rat models revealed that ethosomal capsaicin
decreased edema in rat paws. The ethosomal capsaicin also displayed improved anti-arthritic
activity and analgesic activity compared to the capsaicin-containing cream. The same
research group did a subsequent study where they created an ethosomal formulation of the
capsaicinoid extract of the Bhut Jolokia (the hottest chili pepper in the world) and tested its
anti-arthritic activity [66]. They observed that the topical ethosomal formulation of Bhut
Jolokia caused substantial decrease in joint swelling, hyperalgesia, edema and pain-
sensation in Freund’s adjuvant inducted arthritis in Wistar albino rats. The anti-arthritic
activity of capsaicin was also explored in nano-transfersomes and similar results were
obtained as those of the ethosomal formulations of capsaicin.

Nanofiber mats have been investigated for transdermal delivery of capsaicinoids.
Opanasopit et al., (2013) compared the capsaicin-release profiles of two types of nanofiber
mats: one made from polyvinylalcohol (PVA) and the other from cellulose acetate (CA)
[68]. The nanofiber mats loaded varying amounts (0.5-2%) of capsicum extract (CE). The
authors observed that the release rate and permeability of capsaicin using shed snake skin
showed that the transport of capsaicin across the skin was higher in CE-loaded PVA-
nanofibers compared to CE-loaded CA-nanofibers. The higher release rate and permeability
of CE-PVA nanofibers was ascribed to the highly erosive nature of PVA. PVA has a high
susceptibility to release its cargo in aqueous media. As the CE-loaded PV A-nanofibers
encounter the aqueous microenvironment of the skin, the PVA fibers start releasing
capsaicin at a rapid pace. The release rate of CE-loaded PV A-nanofibers is about 60-fold
higher than CE-loaded CA-nanofibers. The higher amounts of capsaicin in the skin
microenvironment lead to improved permeation rates across the skin.

Another approach used by researchers has been to encapsulate capsaicin in nanoparticles
followed by incorporation of chitosan hydrogel to improve its permeability across the skin
[69]. The capsaicin-nanoparticles showed increased rates of adhesion and retention (of
capsaicin) in human skin relative to free capsaicin mixed with chitosan hydrogel. Such
increased retention in the epidermis and dermis led to more efficient diffusion and delivery
of capsaicin to the deeper layers of the skin.

An important question which arises from these data is whether the sensory effects of
capsaicin-nanoparticles are better than existing capsaicin formulations. Nanovesicle
formulations (transferosomes and ethosomes) of Bhut Jolokia chili peppers displayed better
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tolerability and compliance in patients than Thermagel (a commercial formulation of
capsaicin). Toxicological studies have showed that nano-ethosomal formulations of
capsaicin showed no signs of skin irritation, redness or gross toxicity in rat models.
Similarly, capsaicin-containing SLNs and NLCs showed no changes in the histopathology of
skin upon topical administration. Overall, the side- effect prolife of nano-formulations of
capsaicin were much milder than free capsaicin [64, 65, 67, 69].

6. Conclusions and future directions

The nutritional compound capsaicin is widely used as a topical analgesic [4]. Recent studies
have shown that capsaicin has anti-cancer, cardioprotective and anti-obesity effects [7, 13].
The half-life of capsaicin in the lung and the skin is higher than that of the liver [24, 25, 34].
This implies that capsaicin-based drugs may prove to be more efficacious in lung or skin
ailments.

A major challenge in the clinical application of capsaicin is its short half-life and low
bioavailability. Another caveat of capsaicin (as a drug) is that it produces a burning
sensation, and the resulting discomfort limits patient compliance. Several strategies have
been explored to improve the bicavailability of capsaicin. These include hydrogel
formations, encapsulation in liposomes and iontophoresis [62, 70, 71]. More recently,
nanotechnology has been used to produce continuous release formulations of capsaicin [64,
65, 67, 69, 72]. The advantage of such sustained-release formulations is two-fold. First, they
induce a more continuous and prolonged release of capsaicin to the target organ site. For
example, most of the sustained-release topical formulations display better skin permeability
than capsaicin-creams. Whereas most of the long-acting capsaicin formulations have been
primarily designed for transdermal delivery, it is probable that they could be adapted for
other forms of administration [59, 61]. Second, such a “reservoir effect” may decrease the
dosage of capsaicin required for treatment, and this will lead to fewer side effects in patients.
This is especially true for nanoparticle-based capsaicin formulations which cause minimum
discomfort in animal models. Capsaicin-nanoparticles are also compatible with other drugs
and may be used in combination therapy. Desai et al., (2013) found that capsaicin-
nanoparticles showed synergism with TNF-a-siRNA to decrease skin inflammation in
mouse models [72]. Systematic structure-activity studies will lead to the identification of
second- generation capsaicin-mimetics which will not have the unpleasant side effects of
capsaicin and will possess greater pharmacological activity than capsaicin. Long-acting
capsaicin analogs and capsaicin-mimetics will form the basis of novel pharmacological
interventions against a wide array of human diseases like chronic pain, atherosclerosis and
cancer.
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Fig. 1.
Structure of capsaicin and capsaicinoids.
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Fig. 2.
A schematic diagram showing the metabolites of capsaicin in rodent and human liver.
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Fig. 3.
A schematic diagram showing the metabolites of capsaicin in human skin.
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| Capsaicin Group |

y

Oral Gavage: el Gavage:_ .
10 mg/kg Capsaicin
Ethanol .
in Ethanol
OHr 1Hr 2Hr 4Hr 6Hr 8Hr OHr 1Hr 2Hr 4Hr 6Hr
(B)
Time (h) Liver Lung Kidney Serum
(ng/mg tissue) (ng/mg tissue) (ng/mg tissue) (ng/pL)
1 246 £0.07 494 +0.26 0.90+0.03 1.17 £ 0.01
2 6.73+0.19 11.88 £ 0.11 1.70+£0.14 1.06 £ 0.01
4 1.58 + 0.08 2.64 +0.06 2.15+0.04 0.68 £ 0.02
6 0.33+0.01 1.25+0.12 141+0.12 0.05 +0.003
8 0 0.49 £ 0.05 0 0

Data from [41,42]

Fig. 4.

(A) A flow-chart representing the experiment involving the bioavailability of capsaicin in
nude mouse (B). A table summarizing the tissue distribution of orally administered capsaicin

in nude mouse.
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