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Effects of piperine, the pungent component of black pepper,
at the human vanilloid receptor (TRPV1)
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1 We have characterised the effects of piperine, a pungent alkaloid found in black pepper, on the
human vanilloid receptor TRPV1 using whole-cell patch-clamp electrophysiology.

2 Piperine produced a clear agonist activity at the human TRPV1 receptor yielding rapidly activating
whole-cell currents that were antagonised by the competitive TRPV1 antagonist capsazepine and the
non-competitive TRPV1 blocker ruthenium red.

3 The current—voltage relationship of piperine-activated currents showed pronounced outward
rectification (25+4-fold between —70 and + 70 mV) and a reversal potential of 0.0 +0.4mV, which
was indistinguishable from that of the prototypical TRPV1 agonist capsaicin.

4 Although piperine was a less potent agonist (ECso=37.94+1.9uM) than capsaicin
(ECs50=0.29+0.05 uM), it demonstrated a much greater efficacy (approximately two-fold) at TRPV1.
5 This difference in efficacy did not appear to be related to the proton-mediated regulation of the
receptor since a similar degree of potentiation was observed for responses evoked by piperine
(230+20%, n=11) or capsaicin (284 +32%, n=8) upon acidification to pH 6.5.

6 The effects of piperine upon receptor desensitisation were also unable to explain this effect since
piperine resulted in more pronounced macroscopic desensitisation (#;,=9.9+0.7s) than capsaicin
(t12>20s) and also caused greater tachyphylaxis in response to repetitive agonist applications.

7 Overall, our data suggest that the effects of piperine at human TRPV1 are similar to those of
capsaicin except for its propensity to induce greater receptor desensitisation and, rather remarkably,
exhibit a greater efficacy than capsaicin itself. These results may provide insight into the TRPV1-
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mediated effects of piperine on gastrointestinal function.
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Introduction

Piperine (1-peperoylpiperidine), the primary pungent alkaloid
in black peppercorns derived from the fruit bodies of
Piper nigrum, is commonly ingested in many diets throughout
the world. In addition to its common utility as a gustatory
enhancer, it has found many rather diverse applications
ranging from brandy flavouring to its use as an insecticide
(Budavari et al., 1989). It is also reported to have antioxidant
activity yielding potentially beneficial results versus the
damaging effects of a high-fat diet (Naidu & Thippeswamy,
2002; Vijayakumar et al., 2004) and is reported to exhibit
antidiarrhoeal and gastroprotective properties in rodents
(Bajad et al., 2001; Szolcsanyi & Bartho, 2001).

Immediately following ingestion, piperine is often described
as tasteless; however, this initial impression is subsequently
surpassed by a recognisable sharp, peppery, ‘burning’ after-
taste. This burning sensation is thought to occur via the
activation of the heat and capsaicin receptor TRPV1. Such
claims are based on pioneering studies that demonstrated that
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piperine shares a common binding site with other natural plant
products such as capsaicin and resiniferatoxin on the ‘vanilloid
receptor’ expressed in native tissue (Szolcsanyi, 1983; Patac-
chini et al., 1990; Szallasi & Blumberg, 1991). Subsequent
supporting studies further defined a common site of action for
piperine and capsaicin (Green, 1996) and demonstrated the
ability of piperine to activate whole-cell currents in rat sensory
neurones isolated from trigeminal ganglia (Liu & Simon,
1996a; reviewed by Szallasi & Blumberg, 1999).

Vanilloid receptor-1, which is now referred to as TRPV1,
was the first member of the vanilloid (V) subgroup of transient
receptor potential (TRP) channels to be identified at the
molecular level (Caterina et al., 1997, reviewed by Gunthorpe
et al., 2002). Many naturally occurring pungent compounds
have now been demonstrated to be bona fide activators of
TRPVI1. These include the true vanilloid compounds (those
bearing a 4-hydroxy-3-methoxybenzyl or ‘vanillyl’ group) such
as the cactus extract resiniferatoxin, the ginger extracts
zingerone and gingerol, and the nutmeg and clove oil
constituent eugenol (Szallasi & Blumberg, 1999; Dedov et al.,
2002). Many nonvanilloids are also agonists at TRPV1 and
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include the triprenyl phenols such as the fungal extract
scutigeral, many unsaturated dialdehyde sesquiterpenes (found
in a diverse array of plants, fungi, insects and other animals)
and piperine (Sterner & Szallasi, 1999). More recently other
ligands, which may act as endogenous activators of TRPV1
(also referred to as ‘endovanilloids’), have been identified (see
Van Der Stelt & Di Marzo (2004) for review). These include
anandamide, N-arachidonyl dopamine, and eicosanoids such
as 12-(S)-hydroperoxyeicosatetraenoic acid (Zygmunt et al.,
1999; Hwang et al., 2000; Smart et al., 2000; Huang et al.,
2002).

These discoveries point towards a broad agonist pharmacol-
ogy for TRPVI1 which, due to its heat and proton sensitivity
(Caterina et al., 1997, Tominaga et al., 1998), is an exquisite
molecular integrator of multiple chemical and physical stimuli
to which the receptor is exposed. This, combined with the
documented expression of TRPV1 in human sensory neurones
involved in pain pathways and gastrointestinal (GI) function
(Hayes et al., 2000; Ward et al., 2003), means that TRPV1
represents a good target for pharmaceutical intervention. At
present, both agonist and antagonist strategies are thought to
have merit for the treatment of a whole range of conditions
ranging from inflammatory and neuropathic pain, to bladder
dysfunction and irritable bowel syndrome (see Szallasi &
Appendino (2004) for a review). Indeed with particular respect
to the latter, it is noteworthy that recent reports also suggest
that TRPV1 may actually be upregulated in such chronic
conditions further contributing to the pathophysiology of such
debilitating diseases (Chan et al., 2003; Schicho et al., 2004).

Given the interesting effects of piperine reported above, with
the noted absence of experimental data on its activity at
recombinant TRPV1, we have characterised the pharmaco-
logical and biophysical properties of piperine at human
recombinant TRPV1 expressed in HEK293 cells using the
patch-clamp technique and compared its activity to the
prototypical agonist capsaicin. We find that the effects of
piperine at human TRPV1 are consistent with it acting as an
agonist at the receptor but that it shows a clear propensity
to induce receptor desensitisation and, rather remarkably, a
greater efficacy than capsaicin itself. Some of this work has pre-
viously been published in abstract form (McNamara et al., 2004).

Methods
Cloning and expression of human TRPV']

A human embryonic kidney cell line stably expressing human
TRPVI (hTRPV1.HEK?293 cells) was generated as described
previously (Hayes et al., 2000). Cells were cultured on plastic
tissue culture dishes in modified Eagles’s medium with Earle’s
salts and supplemented with 10% fetal bovine serum,
nonessential amino acids and 0.2 mM L-glutamine while being
maintained under 5% CO, at 37°C. For electrophysiological
experiments, cells were plated at a 30,000 cellscm™ density
onto 19mm glass coverslips coated with poly-L-lysine with
experiments being performed 24-48 h thereafter.

Electrophysiological techniques

Whole-cell patch-clamp experiments were performed accord-
ing to standard methods, using an Axopatch 200B amplifier,

as described previously (Hayes et al., 2000). Thick-walled
borosilicate glass electrodes (GC120F10; Harvard Apparatus)
having 1.5-4MQ resistance were used to record currents
following drug application using an automated three-barrelled
solution switching device (Warner Instruments SF-77B). The
extracellular solution consisted of (mMm): NaCl, 130; KCl, 5;
BaCl,, 2; MgCl,, 1; glucose, 30; HEPES-NaOH, 25; pH 7.3
and electrodes were filled with intracellular solution as follows
(mMm): CsCl, 140; MgCl,, 4; EGTA, 10; HEPES-CsOH, 10;
pH 7.3. Concentration—response curves were generated by
comparing the peak response evoked by a test concentration of
agonist to that evoked by a previous control current recorded
in response to 1 uM capsaicin. Current—voltage relationships
were established by measuring the net agonist-evoked current
response during a voltage ramp (—70 to +70mV). A baseline,
obtained from the mean of two or three voltage-ramps in
control solution prior to drug addition, was subtracted from
the mean of three to five voltage-ramps at peak current in
presence of drug (see Figure 2c). In these experiments, all data
were normalised to the initial current obtained at the holding
potential of —70mV.

Drugs and reagents

Piperine (97%) was obtained from Sigma (U.K.); capsaicin
and capsazepine were from Tocris (Bristol, U.K.) and
ruthenium red from RBI. All cell culture media were obtained
from Life Technologies (Paisley, U.K.). Stock solutions of
piperine (100 mM), capsaicin (10 mM) and capsazepine (10 mM)
were prepared in dimethylsulphoxide (DMSO), while ruthe-
nium red (10 mM) was dissolved in distilled water. All drugs
were diluted to working concentrations from frozen aliquots
using the extracellular solution defined above. The maximum
DMSO concentration used was 0.1% and, in control experi-
ments, this was without effect on the cells used (data not
shown).

Data analysis

Data were acquired and analysed using the pClamp 9.0
software suite (Axon Instruments) and Origin (Microcal
Software Inc., MA, U.S.A.). Data given are typically
mean +s.e.m. Statistical significance was assessed using two-
tailed paired or unpaired Student’s ¢-test, ANOVA or Planned
Comparisons as indicated.

Results

Piperine is an agonist at the human vanilloid receptor
TRPVI

We studied the effects of piperine and capsaicin (Figure 1a) on
HEK?293 cells stably expressing the human TRPV1 receptor
(hTRPV1.HEK?293 cells). At a holding potential of —70mV,
application of piperine (100 uM) led to the appearance of large
inward currents similar, but not identical, in appearance to
those gated by 1uM capsaicin (Figure 1). Piperine-mediated
currents activated more rapidly (the 30-70% growth time for
the piperine-gated current was 620+60ms compared to
1690+ 370 ms for capsaicin; P<0.05, n=6; paired Student’s
t-test) and were typically larger than those gated by capsaicin
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Figure 1 Piperine activates human TRPVI. (a) The chemical
structures of the vanilloid capsaicin and the related nonvanilloid
congener piperine, which lacks the 4-hydroxy-3-methoxybenzyl or
‘vanillyl” group of capsaicin, are shown. (b) Capsaicin (1uM; a
concentration close to Emax, see Figure 3) activated robust inward
currents in hTRPV1.HEK?293 cells demonstrating the clear expres-
sion of human TRPVI in these cells. In the same cells, piperine
(100 uM) typically activated larger currents which had a distinct
kinetic profile due to the effects of desensitisation. The traces
shown are from one experiment and are typical of five others.
Mean data for these experiments were: Iyiperine = 16004360 pA and
Lapsaicin =610+ 140pA; P<0.01, n=06, Student’s paired test).
Capsaicin and piperine were without effect on parental wild-type
HEK293 cells (data not shown).

piperine = 16001360 pA  and  ILpsaicin =610+ 140 pA, n=06;
P<0.01, Student’s paired test). Piperine-gated currents also
showed a greater degree of agonist-induced desensitisation
reaching 50% of their initial peak response (¢;) in 9.94+0.7s
(n=06). In contrast, capsaicin evidenced little ability to induce
macroscopic desensitisation during applications lasting 20s
(Figure 1b). Neither agent had any effect on parental wild-type
HEK?293 cells (data not shown).

To confirm that the piperine-activated currents were indeed
mediated via TRPV1, we characterised their current—voltage
relationship and pharmacology. Current—voltage relationships
for piperine- and capsaicin-gated currents were calculated
using a voltage-ramp protocol (—70 to +70mV at
0.14mVms™') applied prior to, during and following the
recovery of the agonist induced response (Figure 2a). This
protocol allowed the net agonist-induced current responses to
be generated by subtracting the mean background current
from the agonist-evoked current obtained from voltage-ramps,
which coincided with the steady-state phase of the response.
Using this protocol, piperine-gated currents were found to be
indistinguishable from those of capsaicin. The current—voltage

relationship obtained for piperine was outwardly rectifying
(L 70mv/I—70mv=25+4 compared to 24+5 for capsaicin,
n=15; P=0.87, unpaired Student’s t-test) and exhibited a
reversal potential close to zero mV (E.,=0.0+04mV
compared to —1.0+0.8mV for capsaicin, n=5; P=0.29,
unpaired Student’s -test) as expected for a non-selective cation
channel such as TRPV1 (Figure 2b).

Consistent with an action at TRPV1, the currents gated by
piperine in hTRPV1I.HEK?293cells were also antagonised by
coapplication of the competitive TRPV1 antagonist capsaze-
pine (10 uM) or the noncompetitive antagonist ruthenium red
(10 uM), resulting in rapid inhibition of 94+5.1% (n=3) or
95+4.7% (n=4) compared to control, respectively (Figure 2¢
and d).

Piperine shows greater efficacy at TRPV'I than capsaicin

Given our initial data above which showed that 100 uM
piperine-gated currents were nearly three-fold larger than
those of 1uM capsaicin, we sought to profile the concentra-
tion-response relationships for these agonists in detail to
determine if a difference in efficacy rather than potency was
responsible for these observations. To minimise any contribu-
tion of receptor desensitisation to our concentration—response
profiles for capsaicin and piperine, all data were generated by
normalising the response to a test concentration of the agonist
under study to that of a control response evoked by 1um
capsaicin immediately beforehand. Using this protocol, the
concentration-response curve generated for capsaicin yielded an
ECs, of 2924+ 54nM and Hill coefficient of 1.2+0.2 (n=3-10
per concentration; Figure 3a), similar to values reported for
capsaicin activation of the rat recombinant receptor by
electrophysiological methods (Caterina et al., 1997; Gunthorpe
et al., 2000) and to ECss reported for human TRPVI1
determined by oocyte electrophysiology and calcium imaging
(Hayes et al., 2000; Smart et al., 2001).

The concentration—response profile for piperine clearly
indicates the less potent nature of this compound with an
ECs of 37.94+1.9uM and associated Hill coefficient of
3.7+0.5 (n=5-9 per concentration) indicating an apparently
greater degree of cooperativity involved in the activation of
TRPV1 by piperine (Figure 3a). In these experiments, piperine
again clearly exhibited a significantly higher efficacy than
capsaicin with a two-fold larger response at 100uM
(286+91%) compared to 10uM capsaicin (130+7%). Un-
fortunately, higher concentrations of piperine could not be
examined in these experiments due to the limited solubility of
piperine in the extracellular solution used. This should not,
however, have confounded our results regarding the compara-
tive efficacy of the compounds in question since any reduction
in the piperine response due to poor solubility would only
serve to reinforce the opposite conclusion. Nevertheless, we
decided to pursue a second approach to accurately measure the
comparative efficacy of these compounds. In these further
experiments (Figure 3b), we first activated TRPV1 receptors
by application of 1 uM capsaicin. Once a steady-state response
was achieved, we then switched into a solution bearing 100 uM
piperine before once again returning to the original agonist
solution containing 1uM capsaicin (n=4). In these experi-
ments, it is clear that 100 uM piperine produces a much larger
current than capsaicin (Figure 3b and c) confirming the greater
efficacy of this agonist.
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Figure 2 Rectification and pharmacological properties of piperine-gated currents. (a) The current—voltage relationship for
piperine- and capsaicin-activated currents was established using a voltage-ramp protocol (see top inset) ranging from —70 to
+70mV. A series of voltage-ramps (15x —70mV to +70mV at 0.14mVms™') was used to capture data prior to, during and
following the recovery of the agonist-induced response. The net agonist-evoked current was calculated by subtracting the mean
background current from the agonist-evoked current obtained from ramps, which coincided with the steady-state phase of the
response. The example shown is for a piperine-evoked response where the agonist was applied for the duration indicated by the bar.
Similar experiments were conducted for capsaicin. (b) A plot of the current—voltage relationship obtained for piperine (30 uM dotted
line; n = 5) and capsaicin (1 uM, solid line; n = 5) from pooled data generated from experiments similar to those in (a). Currents were
normalised to the steady-state current observed at —70mV and then averaged across cells. Occasional error bars (+ 1s.e.m.) are
shown at 10mV intervals. Piperine responses show clear outward rectification (7 7omv/I_70mv =25+4 compared to 24+5 for
capsaicin; P=0.87, unpaired Student’s -test) and exhibit a reversal potential close to zero (E.,=0.0+0.4mV compared to
—1.0+0.8mV for capsaicin; P=0.29, unpaired Student’s ¢-test). (c) Piperine-evoked currents (clear bar; 30 uM) were inhibited by
coapplication of capsazepine 10 uM or ruthenium red 10 uM (grey bars). (d) Pooled data showing the % block of the piperine-evoked
current expressed by capsazepine, (n=3) and ruthenium red, (n=4).
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Acid potentiates the piperine-activated current

TRPVI is extremely sensitive to the effect of extracellular
protons (acidification) which can potentiate, gate and even
inhibit the receptor at progressively lower pHs (Tominaga
et al., 1998; Jordt et al., 2000; Gunthorpe et al., 2004). We
therefore sought to examine if the greater efficacy demon-
strated by piperine may be linked to this mechanism. To do
this, we quantified the effects of acidification to pH 6.5 on
both piperine and capsaicin responses (Figure 4). The effects of
pH 6.5 were studied by first activating the currents at pH 7.3
(standard extracellular pH) before switching to an equivalent
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agonist solution at pH 6.5. In both cases, the inward current
size increased rapidly in response to acidification, an effect that
was rapidly reversible on return to pH 7.3 (Figure 4a and b).
The degree of acid-induced augmentation was similar for
piperine 230+20% (n=11) and capsaicin 284+32% (n=2;
P>0.05, unpaired Student’s ¢-test; Figure 4c) and was similar
to the level of potentiation reported previously for other
TRPV1 agonists such as olvanil and resiniferatoxin at pH 6.5
(Gunthorpe et al., 2004).

Desensitisation of hTRPV1 in response to piperine

The temporal effects of TRPV1 agonists are often largely
shaped by their ability to elicit receptor desensitisation.
Following on from our initial observation, that piperine
produced a greater degree of macroscopic desensitisation than
capsaicin, we were interested to examine the effects of piperine
on desensitisation and tachyphylaxis (defined as the diminu-
tion of response upon repeated application of agonist) in more
detail. Repeated applications of a high concentration of either
piperine (n=_8) or capsaicin (n=7) to TRPV1 expressing cells
resulted in clear tachyphylaxis (Figure 5). Piperine produced a
progressively greater reduction in response magnitude with
each repeated application compared to capsaicin (P <0.05 for
second application; P<0.01 for third to eighth application,
using Planned Comparisons) resulting in a diminution of the
response after eight applications to 18 +5.1% of the original
current, compared with 54+7.9% for capsaicin. Our results
therefore highlight a clear propensity for piperine to cause
greater TRPV1 receptor desensitisation and tachyphylaxis
than capsaicin.

Discussion

We have shown that piperine, like capsaicin and a range of
other natural plant products utilised as gustatory enhancers, is
an effective agonist at the human TRPVI1 receptor. These
vanilloid and nonvanilloid agents alike clearly have the ability

<

Figure 3 Piperine exhibits greater efficacy than capsaicin at the
human TRPVI. (a) The concentration-response relationship for
capsaicin (0.01-10 uM) and piperine (10-100 uM) are shown. These
normalised data were generated by measuring the net currents
evoked in response to a test concentration of agonist and are
expressed as a percentage of a preceding 1 uM capsaicin control
response recorded in the same cell. Data are expressed as the
mean+s.e.m., where n=23-10 individual cells. The ECs, for
capsaicin was 292+54nM (Hill coefficient of 1.2+0.2; n=3-10
per concentration). The concentration—response profile for piperine
clearly indicates the less potent nature of this compound with an
ECsy of 379uM+1.9 (Hill coefficient 3.7+0.5; n=5-9 per
concentration) indicating a greater efficacy and degree of coopera-
tivity for piperine than for capsaicin. (b) A representative trace from
an experiment designed to quantify the relative difference in efficacy
between a 1 uM capsaicin and 100 uM piperine activated response
(n=4). A TRPV1 response was first-evoked by capsaicin (black bar)
before subsequent addition of piperine. Upon switching to the
solution containing piperine the peak response was significantly
increased and a greater degree of receptor desensitisation was
evident. (¢) Mean data from the experiments described in (b)
showing a 3.9+0.4 fold increase in TRPVI1 current by addition of
piperine. Control experiments in which the solution was switched
from 1 uM capsaicin to a second identical 1 uM capsaicin solution
yielded no change in peak current.
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to evoke a painful burning sensation sufficient to be a
deterrent to most animals and yet, somewhat paradoxically,
these agents are still ingested by humans (Szallasi & Blumberg,
1999). Such agents also have the potential to offer therapeutic
benefit by desensitisation of the TRPV1 receptor directly and/
or by a rather more nonselective ‘defunctionalisation’ of the
sensory neurones bearing such receptors (Szallasi & Blumberg,
1999; Geppetti & Trevisani, 2004). Again, the latter is well
known to us all and is easily appreciated from ones experience
regarding the ability to eat ‘hotter’ and ‘hotter’ food, albeit
with continued practice.

Piperine is less potent but more efficacious at human
TRPVI

Our detailed characterisation of the effects of piperine on
TRPV1 clearly defines that this compound is not only a full
agonist at the receptor but that it actually shows greater
efficacy than the prototypical vanilloid receptor ligand
capsaicin. Clearly, piperine shows a lesser potency than
capsaicin at TRPV1 consistent with its relative pungency-taste
threshold of 10.5 uM vis-a-vis 0.6 uM for capsaicin (Szolcsanyi
& Jancso-Gabor, 1975); however, the greater efficacy versus
the receptor becomes apparent when sufficient concentrations
are reached to define the maximum obtainable current in the
concentration—response profile.

Although the efficacy of many TRPV1 agonists such as
resiniferatoxin, capsiate and gingerols have been characterised
in detail in direct functional assays employing TRPVI
(Caterina et al., 1997; Dedov et al., 2002; lida et al., 2003),
none have been shown to have maximal efficacy greater than
that of capsaicin. Similar findings have also been reported for
anandamide and related analogues, PPAHYV, and N-arachido-
noyldopamine as determined by calcium imaging or calcium
uptake (Jerman et al., 2000; Ross et al., 2001; Huang et al.,
2002). There are some reports, however, that RTX can
produce a greater increase in intracellular [Ca®*] than
capsaicin although this may be due to either an interaction
with internal Ca®" stores (Marshall et al., 2003) or the ability
of this compound to interact with protein kinase C pathways
as a result of its phorbol ester activity (Harvey et al., 1995).

Given the above, our results with piperine could be
considered to be somewhat puzzling, however, few studies
have ever characterised the effects of piperine at native
receptors and this is the first to examine the effects of piperine
at the recombinant TRPV1. We are confident that a species
difference, or indeed a difference between the native and
recombinant receptor, does not underlie these findings since
we have observed qualitatively similar effects of piperine in

>

Figure 4 Modulation of the piperine-activated TRPV1 current by
acid. (a) A typical recording trace showing the dramatic potentiation
of a capsaicin-(1 uM, black bar)-mediated TRPV1 response by
extracellular acidification from pH 7.3 to pH 6.5 (grey bar). In these
experiments, pH 6.5 was selected for study as it is a subagonist pH
versus TRPV1 (data not shown). pH 6.5 potentiated the capsaicin
response by 284 +32% (n=238). (b) A similar protocol was employed
to study the effects of acidification on the piperine response.
Switching from pH 7.30 to pH 6.5 potentiated the piperine-(30 uM
gated response, white bar) by 230+20% (n=11) (c) Pooled data
showing that capsaicin and piperine are similarly modulated by acid
(pH 6.5). The data are expressed as a percentage of the mean current
recorded in response to the agonist at pH 7.3.

studies on rat dorsal root ganglion neurones (McNamara &
Gunthorpe, unpublished observations). Nevertheless, the
previous reports on the effects of piperine on rat trigeminal
ganglion cells by Liu & Simon (1996a) suggested that, rather
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Figure 5 Piperine produces a greater degree of desensitisation than
capsaicin. The effects of piperine and capsaicin on TRPVI
desensitisation and tachyphylaxis were compared using a repeated
applications protocol. Representative traces showing the typical
profile of responses obtained during eight repeated applications of
(a) 1 uM capsaicin (closed bar) or (b) 100 uM piperine (open bar) are
shown. (b) Agonists were applied for 20 s with intervening washout
periods of 1 min (indicated by the gaps). (c) The pooled data from
the experiments described in (a and b) are given. Agonist responses
are expressed as a percentage of the initial current for each of eight
repeated applications of capsaicin (n=7) or piperine (n=S38).
*P<0.05; **P<0.01 versus the corresponding capsaicin-mediated
response.

than a full or more efficacious agonist than capsaicin, piperine
was in fact a partial agonist of the receptor. We noted with
interest, however, that these studies compared pooled normal-
ised data from independent experiments on a large number of
TG neurones in culture and it is therefore possible that any
differences in efficacy would not be highlighted in these data.
This, combined with the effects of pronounced desensitisation
exhibited by the TG neurone preparation (Liu & Simon,
1996a), may have confounded the ability to identify this
interesting aspect of piperine pharmacology. We must note,
however, that it is also equally plausible that TRPV1 receptors
in the trigeminal ganglia may differ from those in recombinant
and DRG preparations as has been previously suggested to
explain differences in the pharmacology of capsazepine and
indeed capsaicin (Liu & Simon, 1996b).

We cannot currently explain why piperine, a structurally
similar molecule to capsaicin (Figure 1a), which is thought to
act at the same site on the receptor (as defined by displacement
of [PH]Resiniferatoxin, Szallasi & Blumberg, 1991), should
show this greater efficacy. Piperine-gated currents were clearly
similar to those of capsaicin in many respects including their

rectification properties, regulation by protons (see below) and
sensitivity to capsazepine and ruthenium red. These properties
are typical of those reported for other TRPVI agonists
(Caterina et al., 1997; Tominaga et al., 1998), suggesting that
piperine activates the receptor by an essentially similar
mechanism. Piperine did, however, display a greater degree
of cooperativity than capsaicin, as indicated by the larger Hill
coefficient of 3.7+0.5 (cf. 1.24+0.2 for capsaicin). This could
be interpreted as an indication that piperine-mediated activa-
tion of TRPV1 involves a greater number of interacting sites
than are required for capsaicin-gating of the receptor. As
TRPV1 is likely to be a tetrameric complex based on
biochemical evidence and analogy to the structurally similar
K" channels (Kedei et al., 2001), multiple agonist binding sites
are probable. Although many studies have found positive
cooperativity for other TRPV1 ligands (typically ~2), none
reach the value obtained here for piperine. It remains possible
that piperine may therefore recruit more TRPV1 subunits in
the gating mechanism or have additional binding sites on the
TRPV1 receptor.

Possible sites of action of piperine on TRPV1

A number of elegant studies have recently begun to shed light
on the key structural elements of the TRPV1 receptor which
may contribute key amino acids to the vanilloid binding site
(Jordt & Julius, 2002; Gavva et al., 2004). Through the study
of natural species variations in vanilloid pharmacology such as
the relative insensitivity of birds (Jordt & Julius, 2002) and
lesser sensitivity of rabbits (Gavva et al., 2004) to capsaicin it
is now known that amino acids such as Y511 and T550 in
the region of transmembrane 3 and 4 of the receptor are key
determinants of the vanilloid binding site. Whether or not
these and/or additional residues are also required for the
activity of piperine will therefore be an interesting piece of
work for the future. The prevalence of a large number of
natural and synthetic piperine analogues (Ribeiro et al., 2004)
should also be of use in progressing such studies and may shed
light on whether the 1,3-benzodioxole group or the increased
rigidity or planarity of the piperine structure (cf. capsaicin)
may underlie its pharmacological properties.

Regulation of responses to piperine by protons

The polymodal nature of TRPV1 encompasses its sensitivity
to ambient temperature and surrounding pH. At core body
temperature, acidification to pH 6.4 is sufficient to activate
TRPV1 by reducing its heat threshold from >42°C to below
37°C. Even at room temperature TRPVI can be directly
activated by protons, but acidification to a more extreme pH
of <6.0 is required (Tominaga et al., 1998; Jordt & Julius,
2002; Gunthorpe et al., 2004). Lowering the pH in the acidic
range no doubt results in protonation of key extracellular sites
(Jordt et al., 2000) and stabilisation of an open state of the
channel (Ryu et al., 2003) such that TRPV1 receptor activity is
increased, however, further acidification can actually lead to
blockade of the receptor (Gunthorpe et al., 2004). In this
study, we have demonstrated a similar level of potentiation by
pH 6.5 on the current activated by piperine and capsaicin. This
suggests that these ligands activate the receptor by a similar
mechanism, which is then subject to modulation by protons.
Presumably, this also reflects the fact that the protonatable
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sites on TRPV1, which contribute to this effect (Jordt ez al.,
2000), are likely to be different to those mediating capsaicin
(Welch et al., 2000) and by inference, piperine binding. Our
data serve to highlight the regulation of piperine responses by
acid, which is of key importance given the range of pHs to
which TRPV1 is exposed in the GI tract (Ward et al., 2003),
and suggests that differences in the pH regulation of the
receptor are unlikely to explain the higher efficacy of piperine
observed.

Piperine effects on TRPV'1 desensitisation

As noted above, the temporal effects of TRPV1 agonists are
often largely shaped by their ability to elicit receptor
desensitisation. Indeed, the therapeutic potential of agonists
such as resiniferatoxin has been extrapolated from their ability
to induce lasting desensitisation of sensory neurones following
initial receptor activation (Szallasi & Blumberg, 1999).
Previous reports utilising native tissue have documented a
clear ability of piperine and capsaicin responses to cross
desensitize (Szolcsanyi, 1983), while electrophysiological stu-
dies have documented agonist-evoked TRPV1 desensitisation
and tachyphylaxis in DRG neurones, TG neurones and
recombinant preparations in response to for example capsaicin
and zingerone (Liu & Simon, 1996a; Liu et al., 2000).

Our data demonstrate that piperine induces greater receptor
desensitisation and tachyphylaxis than capsaicin. Although
there are few reports in the literature regarding this aspect of
piperine action, it is clear that our finding contrasts those of
Liu & Simon (1996a), who compared capsaicin and piperine
responses in TG neurones and concluded that piperine induces
a lesser degree of tachyphylaxis than capsaicin. As discussed
above, it is possible that differences in the native TRPVI
receptor of TG neurones may underlie these differences,
although they may also reflect differences in the recording
conditions employed. We chose to replace extracellular Ca*™*
with Ba?* so as to reduce the Ca®*-dependent component of
desensitisation (Koplas et al., 1997), and gain a more accurate
insight into the agonist-induced desensitisation profile ob-
tained. In terms of its physiology, it is interesting to note that
the greater degree of desensitisation produced by piperine may
help shape its apparent pungency and will contribute to its
long lasting effects versus TRPV1 in the body. In terms of an
agonist-based therapeutic desensitisation strategy, molecules
exhibiting this property could conceivably offer therapeutic
potential and the search for such molecules with little or no
pungency may yet pay dividends.

Although few papers have explored the physiology and
pharmacology of piperine in detail, those that have pertain to
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