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a b s t r a c t

TRPV1 is a non-selective cationic channel that is activated by capsaicin, acidic pH and

thermal stimuli. Sustained TRPV1 channel activation causes severe cytotoxicity that leads

to cell death. In this study, we investigated the mechanisms of capsaicin-induced cyto-

toxicity in HEK293 cells stably expressing TRPV1 with a focus on protein synthesis regulation

and cytoskeleton reorganization. Capsaicin inhibited protein synthesis in TRPV1-expressing

HEK cells with an IC50 of 15.6 nM and depolymerized microtubules within 10 min after

exposure. These effects were completely blocked by pretreatment of cells with the TRPV1

antagonist A-425619, both in the presence and absence of extracellular calcium. Protein

synthesis inhibition induced by capsaicin was not a result of eIF2a hyperphosphorylation,

but rather closely correlated with cytosolic calcium elevation caused by calcium flux

through cell surface and intracellular TRPV1, and/or ER calcium depletion through intra-

cellular TRPV1. Microtubule dependent cell process shrinkage may serve as a mechanism

for rapid alteration of the neurotransmission network upon TRPV1 activation. Taken

together, the present studies demonstrate that intracellular pool of TRPV1 plays an impor-

tant role in regulating cell morphology and viability upon receptor activation.
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1. Introduction

TRPV1 is a non-selective, ligand-gated, cationic channel that

can be activated by capsaicin, noxious heat and protons [1]. It is

expressed primarily on small diameter nociceptive neurons

that integrate responses to multiple noxious stimuli [2,3]. In

addition to peripheral sensory neurons, TRPV1 mRNA, protein

and function are also detected in central nervous system as well

as in non- neuronal cell types including epithelial cells from
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respiratory tissues, bladder and tongue [4–6]. TRPV1 gene

knockout in mice, and TRPV1 receptor antagonism in rat both

result in reduced thermal hyperalgesia in response to inflam-

mation, suggesting that TRPV1 plays a pathological role in pain

sensation [7–12]. Endogenous ligands anandamide, N-arachi-

donoyl-dopamine (NADA), N-oleoyldopamine (OLDA) (which

are also agonists of cannabinoid receptor CB1), and 12-

hydroperoxytetraenoic acid (12-HPETE) (which is the product

of lipoxygenase), have also been shown to activate TRPV1
R1, vanilloid receptor 1; CAP, capsaicin; DRG, dorsal root ganglion;
-40, Nonidet P-40; ER, endoplasmic reticulum; PM, plasma mem-
ium levels; RTX, resiniferatoxin; CPZ, capsazepine; A-425619, 1-

.
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[13–15]. Thus, TRPV1 is involved in multiple cellular processes

and is regulated via complicated signal transduction pathways.

TRPV1 activation leads to neuron desensitization and even

neuron damage depending on the strength of stimulation and

the duration of activation [16–19]. This cytotoxic property has

been clinically applied to relieve bladder over-reactivity and

pain [20,21]. TRPV1 mediated cytotoxicities have been found to

include DNA fragmentation, protein synthesis inhibition,

cytokine production, caspase activation and lipid metabolism

[22–25]. Recent studies on the mechanisms of TRPV1-mediated

cytotoxicities were primarily focused on TRPV1 channels

located on the plasma membrane (TRPV1PM). However, over

90% of TRPV1 channels are localized on the intracellular

membrane compartment (such as TRPV1ER), and are also

functional in response to agonist stimulation [26–28]. Upon

ligand binding, intracellular TRPV1 is able to translocate

calcium ions from intracellular calcium stores into cytosolic

compartment [26,27]. However, thephysiological consequences

of intracellular TRPV1 activation remain obscure. In this study,

we focused on the involvement of intracellular TRPV1 on

protein synthesis and cytoskeleton integrity, two processes that

are highly dependent on cellular calcium homeostasis. Our

observation provides insight into the potential role of intracel-

lular TRPV1 oncytotoxicity, revealingthe cellular processes that

are involved in TRPV1-mediated cell death.
2. Materials and methods

2.1. Cell line stably expressing recombinant rat TRPV1

HEK 293 cells were maintained in DMEM medium (Invitrogen,

Carlsbad, CA) supplemented with 10% FBS (Hyclone, Logan, UT),

2 mM glutamine and 1� Penicillin–Streptomycin (Invitrogen,

Carlsbad, CA). 24 h before transfection, cells were split into 6 cm

tissue culture plates. Five micrograms of pCIneo-rTRPV1

plasmid DNA previously described [29] was transfected into

the cells using Lipofectamine reagent according to manufac-

turer’s instructions (Invitrogen,Carlsbad,CA).Forty-eight hours

after transfection, cells were split 1:10 into selection medium

containing 0.3 mg/ml Geneticin (Invitrogen, Carlsbad, CA).

Geneticin resistant colonies were picked 10 days later. The

homogeneity and purity of the cell population in each colony

were further determined by immunofluorescence using anti-

TRPV1 antibody. The HEK rat TRPV1/C2 cell line contained over

95% TRPV1 positive cells was amplified and used for biochem-

ical and pharmacological characterization of rat TRPV1.

2.2. Antibodies

Two different TRPV1 antibodies were used in this study. ABRK1

antibody was raised against peptide SRTRLFGKGDSEEAC

corresponding to amino acids 45–58 of human and rat TRPV1

from Anaspec (San Jose, CA) [30]. TRPV1 P-19 antibody raised

against the N-terminal region of rat TRPV1 in goat was obtained

from Santa Cruz Biotechnology (Santa Cruz, CA). eIF2a pan

antibody (AHO0821) and S51 phosphospecific antibody

(PHF0024) were obtained from Biosource (Camarillo, CA).

a-Tubulin monoclonal antibody was from Sigma–Aldrich

(St. Louis, MO).
2.3. FLIPR assay

Capsaicin evoked calcium flux was measured by Fluorometric

Imaging Plate Reader (FLIPR; Molecular Devices, Sunnyvale,

CA) as described previously [29]. Briefly, cells were plated into

96 well black wall Bio-coat tissue culture plates at the density

of 50,000 cells/well 24 h before assay. After the cells were

preloaded with 1.14 mM fluo-4 AM (Invitrogen, Carlsbad, CA)

for 2 h, cells were washed with DPBS (2� 0.25 ml) to remove

extracellular fluo-4 AM. Fluorescent readings were made over

a 4 min period at 1–5 s intervals following addition of agonist

to the cells. Antagonist was added 3 min before addition of

agonist. Capsaicin (Sigma–Aldrich, St. Louis, MO) and Resini-

feratoxin (LKT Laboratories, St. Paul, MN) were used as TRPV1

agonists. TRPV1 antagonist capsazepine was from Sigma–

Aldrich (St. Louis, MO) and A-425619 was synthesized in

Abbott Laboratories (Abbott Park, IL). The peak increase in

relative fluorescent units over the baseline fluorescence was

calculated for each well, and expressed as a percentage of the

maximum response to TRPV1 agonist. Concentration–

response data were analyzed using a four-parameter logistic

Hill equation in GraphPad Prism (San Diego, CA).

2.4. Immunoprecipitation and Western blot analysis

HEK rat TRPV1/C2 cells were harvested and lysed in PBS buffer

containing 0.5% DOC and 0.5% NP-40 on ice for 10 min to extract

both cytosolic and membrane bound proteins. Two hundred

micrograms of cell lysate was diluted to 1 ml with PBS for each

immunoprecipitation assay. Four microliters of ABRK1 anti-

body was added to the diluted cell lysate followed bycontinuous

rotation for more than 3 h at 4 8C. Thirty microliters of protein A

agarose beads (Invitrogen, Carlsbad, CA) were subsequently

added to capture the immune complex. Following centrifuga-

tion, the beads were washed with buffer containing 37.5 mM

NaCl, 2.5 mM Tris 8.3, 1.25 mM EDTA, 0.025% Triton X-100 and

1� complete protease inhibitors cocktail (Roche, Indianapolis,

IN) for 4� 10 min at 4 8C. Protein was eluted from protein A

agarose beads by adding SDS sample buffer and heating at

100 8C for 3 min. Immunoprecipitated TRPV1 protein was

fractionated on 4–12% Bis–Tris SDS-PAGE (Invitrogen, Carlsbad,

CA) and transferred onto PVDF membrane (Invitrogen, Carls-

bad, CA) for Western blot analysis. Goat anti-TRPV1 N-terminal

P-19 antibody diluted 1:300 was used to detect TRPV1 protein.

The immune reactive signals were detected by HRP conjugated

secondary antibody and ECL-plus (Amersham Bioscience,

Buckinghamshire, UK).

2.5. Protein synthesis assay

HEK 293 or HEK rat TRPV1/C2 cells were plated onto 24 well

plates 48 h before protein synthesis assay. Prior to the assay,

cells were rinsed and incubated in starvation medium

(methionine- and cystine-free DMEM medium supplemented

with 2 mM L-glutamine, obtained from Invitrogen Carlsbad,

CA) for 15 min to deplete the methionine and cystine. Then,

200 ml of EasyTag EXPRESS [35S] Protein Labeling Mix (Perkin-

Elmer, Boston, MA) prepared in starvation medium at the

concentration of 10 mCi/ml together with TRPV1 agonist,

antagonists and/or calcium chelator EGTA were added to
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each well to metabolic label newly synthesized protein. EGTA

and non-selective channel blocker ruthenium red (RR) were

from Sigma–Aldrich (St. Louis, MO). After 1-h incubation at

37 8C, the medium was removed and the cells were washed

and harvested into clean tubes. Following centrifugation at

1000 � g for 3 min at 4 8C, the cell pellets were resuspended in

protein extraction buffer containing 150 mM NaCl, 50 mM Tris

8.8, 6 mM EDTA, 2.5% Triton X-100, 5 mM methionine, 5 mM

cysteine and 1 mg/ml BSA to extract the total cellular proteins.

After centrifugation at 10,000 � g for 10 min at 4 8C, the soluble

cell extracts were transferred to a clean tube and were

precipitated with acetone at final concentration of 80% for

10 min at room temperature. Precipitates protein were

centrifuged at 10,000 � g for 5 min and were washed once

with 80% acetone to remove unincorporated radioactivities.

Protein pellets were resolubilized in 50 ml of PBS buffer

containing 2% SDS. Ten microliters of the protein solution

was mixed with 1 ml EcoLume scintillation fluid (ICN, Costa

Mesa, CA) and counted in LS 6500 Multi-purposes scintillation

counter (Beckman Coulter, Fullerton, CA) for 1 min.
Fig. 1 – Characterization of HEK rTRPV1/C2 stable cell line. (A) D

blot analysis. TRPV1 protein was immunoprecipitated from 200

293 cells or HEK rTRPV1/C2 cells using ABRK1 antibody. The im

Nupage gel and blotted with TRPV1 P-19 antibody. (B) Dose–resp

calcium flux measured by FLIPR assay in HEK rTRPV1/C2 cell line

11.3 W 0.9 and 5.71 W 1.01 nM, respectively. (C) Dose–response c

attenuate 20 nM capsaicin induced calcium influx in FLIPR assa

A-425619 are calculated to be 74.73 W 6.86 and 6.32 W 0.54 nM, r

(n = 6–10).
2.6. Microtubule structure

HEK rat TRPV1/C2 cells were cultured in chamber #1.5 cover-

glasses(NalgeNuncInternationalCorp.,Naperville, IL) for2days

in 37 8C/5% CO2 tissue culture incubator and were rinsed with

HBSS buffer (Invitrogen, Carlsbad, CA) right before staining.

After treatingcellswith200 nMcapsaicinfor10 min,or10 mMA-

425619 5 min before capsaicin treatment, TubulinTracker

(Oregon Green 488 Taxol), the fluorescent live cell microtu-

bule-binding reagent (Invitrogen, Carlsbad, CA) was mixed with

20% Pluronic F-127 (Invitrogen, Carlsbad, CA) and applied to the

cells at the final concentration of 250 nM. Cells were incubated

with TubulinTracker at 37 8C for 30 min and were then rinsed

with pre-warmed HBSS buffer. Microtubule structure was

immediately observed under the confocal microscope.

2.7. Confocal microscopy

Microtubules stained with TubulinTracker were observed with

Zeiss LSM5 PASCAL inverted confocal microscope (Carl Zeiss
etermination of rat TRPV1 protein expression by Western

mg of total protein lysate prepared from untransfected HEK

munoprecipitates were fractionated on 4–12% Bis–Tris

onse curves of capsaicin and Resiniferatoxin (RTX) induced

. EC50 for capsaicin and Resiniferatoxin are calculated to be

urves of TRPV1 inhibitors capsazepine and A-425619 to

y in HEK rTRPV1/C2 cell line. Ki values for capsazepine and

espectively. Data represented mean W standard deviation
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MicroImaging, Inc., Thornwood, NY). Images were captured

with aPlan-Fluar 100� oil lenses (numerical aperture, 1.45). Live

cell calcium imaging studies of HEK rat TRPV1/C2 cells were

recorded using Time Series Macro with 3 s (Fig. 5A) and 6 s

intervals (Fig. 5B), respectively. Images were captured with LD

Plan-Neofluar 40� air lenses (numerical aperture, 0.6). Fluor-

escent intensities were measured at 12-bit depth by confocal

microscope on selected regions of interest (ROIs). The whole

recording lasted for 1800 s and the fluorescence changes of the

first 600 and 800 s are plotted in Fig. 5A and B, respectively.
Fig. 2 – Capsaicin inhibits protein synthesis in TRPV1

expressing cells. (A) Capsaicin inhibited total protein

synthesis in HEK rTRPV1/C2 cells. Total protein synthesis

was measured with [35S]-methionine metabolic labeling in

HEK rTRPV1/C2 cells in the absence or presence of 200 nM

capsaicin for 20, 40 and 60 min. Femto moles of [35S]-

methionine incorporation per 106 cells were plotted

against the function of time. Data represented

mean W S.E.M. from two independent experiments. (B)

Capsaicin inhibits protein synthesis via TRPV1 receptor.

Dose–response effects of capsaicin on protein synthesis

were studied in untransfected HEK 293 and HEK rTRPV1/

C2 cells. Newly synthesized protein was measured by

[35S]-methionine incorporation over a period of 60 min.

Data represented mean W S.E.M. from three independent

experiments.
3. Results

3.1. Characterization of HEK rat TRPV1/C2 stable cell line

HEK293 cells stably expressing rat TRPV1 (HEK rTRPV1/C2) were

established to study the cellular events involved in TRPV1

activation. Full-length rat TRPV1 protein was expressed in HEK

rTRPV1/C2 cell line but not in untransfected HEK293 cells. This

was determined by immunoprecipitation with TRPV1 N-

terminal antibody ABRK-1 followed by Western blot analysis

using TRPV1 P-19 antibody (Fig. 1A). Application of capsaicin to

HEK rTRPV1/C2 cells initiated a marked elevation of [Ca2+]i
(Fig. 1B), while no response was detected in untransfected

HEK293 cells (data not shown). Dose–response curves using

capsaicin and Resiniferatoxin showed that these agonists

stimulated calcium influx in HEK rTRPV1/C2 stable cells with

EC50 values of 11.3� 0.9 nM (n = 10) and 5.71� 1.01 nM (n = 6),

respectively (Fig. 1B). Capsaicin (20 nM) evokedcalcium flux was

inhibited by pre-treating cells with the TRPV1 antagonist

capsazepine (Ki = 74.73� 6.86 nM, n = 6) or A-425619

(Ki = 6.32� 0.54 nM, n = 6) (Fig. 1C).

3.2. Capsaicin treatment inhibits total cellular protein
synthesis

Elevation of intracellular calcium concentration usually corre-

lates with protein synthesis inhibition [31]. To study whether

capsaicin evoked [Ca]i elevation through TRPV1 activation

inhibits protein synthesis, and whether this contributes to

capsaicin cytotoxicity, total protein synthesis was measured in

the HEK rTRPV1/C2 cell line. Protein synthesis was determined

by incorporation of [35S]-methionine in metabolic labeling

experiments. In the absence of capsaicin, newly synthesized

protein increased linearly with time, with 72.7� 5.4 fmoles

(n = 2) of [35S]-methionine incorporated per 106 cells in 60 min.

Treatment with 200 nM capsaicin reduced [35S]-methionine

incorporation to 14.7� 0.4 fmoles (n = 2) per 106 cells in the

same time period (Fig. 2A). Plot of [35S]-methionine incorpora-

tion versus capsaicin showed that capsaicin inhibited total

protein synthesis in HEK rat TRPV1/C2 cells in a concentration

dependent manner with an IC50 value of 15.6� 1.9 nM (n = 3);

but had no effect on untransfected HEK 293 cells (Fig. 2B).

3.3. Capsaicin inhibits protein synthesis both in the
presence and absence of extracellular calcium

To investigate the role of TRPV1 plays in capsaicin-induced

protein synthesis inhibition, total protein synthesis was
studied in the presence of TRPV1 agonist capsaicin and/or

antagonist A-425619 [32]. Treatment with 200 nM capsaicin

reduced protein synthesis to 13.6 � 2.5% (n = 13) in HEK

rTRPV1/C2 cells compared to a no capsaicin treatment

(Fig. 3A). Pre-incubation of cells with either 1 or 10 mM of

the TRPV1 specific antagonist A-425619 for 5 min prior to

capsaicin treatment reversed the inhibition of protein synth-

esis to 112 � 15.18% (n = 3) and 109.5 � 22.2% (n = 3) of control,

respectively. A-425619 at 10 mM showed no effect on its own

(120.5% � 8.6%, n = 3 of control remained) (Fig. 3A). This result

is consistent with capsaicin inhibiting protein synthesis

through TRPV1 activation.



Fig. 3 – Determination of protein synthesis rates under different cellular calcium levels. (A) Protein synthesis levels of HEK

rTRPV1/C2 cells in the presence of 200 nM capsaicin, 5 mM EGTA, 1 or 10 mM of A-425619 either alone or in different

combinations were measured by [35S]-methionine incorporation. (B) Protein synthesis levels of HEK rTRPV1/C2 cells in

response to capsaicin and 10 mM of ruthenium red (RR) either in the absence or presence of 5 mM EGTA were measured by

[35S]-methionine incorporation. The percentages of newly synthesized protein relative to untreated cells were plotted. Data

represented mean W S.E.M. (n = 3–13).
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To determine how TRPV1PM versus TRPV1ER are involved in

protein synthesis inhibition, 5 mM EGTA was included in the

metabolic labeling medium to chelate the extracellular

calcium. The presence of 5 mM EGTA reduced extracellular

free calcium from 1.8 mM to 0.0224 mM (calculated using EGTA

calculator [33]), which is about 5-fold lower than cellular

calcium concentrations under steady state (10�7 M) and is

considered as zero [Ca2+]o. Under these conditions, 98.4 � 7.9%

(n = 13) of protein synthesis remained during 60 min of

metabolic labeling. However, treating cells with 200 nM

capsaicin and 5 mM EGTA together reduced protein synthesis

to 7.6 � 1.58% (n = 13) of control (Fig. 3A). Pretreatments with 1

or 10 mM A-425619 was able to reverse protein synthesis

inhibition to 87.7 � 15.6% (n = 3) and 103.8 � 13.65% (n = 3) of

control, respectively (Fig. 3A). These results suggested that

capsaicin induced protein synthesis may not be solely

mediated by cytosolic calcium increment, depletion of

intracellular calcium store, such as ER, through TRPV1ER

might also play a role.

To further evaluate the contribution of TRPV1ER to

capsaicin induced protein synthesis inhibition, 10 mM ruthe-

nium red was used together with 5 mM EGTA to ensure no

calcium influx from extracellular source [27]. Unlike A-425619

that is permeable through cell and inhibits TRPV1 both on the

plasma membrane and on the intracellular membrane

compartment, ruthenium red has limited membrane perme-

ability. Ruthenium red preferentially inhibits cell surface

channels but has reduced efficacy on intracellular channels. It

has been reported that, 0.1 mM ruthenium red completely

blocked 10 mM capsaicin induced calcium influx through cell

surface TRPV1PM. However, 10 mM of ruthenium red was only

sufficient to block TRPV1ER induced by low concentration of

capsaicin (<1 mM), but not high concentration of capsaicin

(>20 mM) under zero [Ca2+]o condition [27]. When we included
the 10 mM of ruthenium red in the metabolic labeling medium,

it has no effect toward total protein synthesis alone, regardless

of extracellular calcium. 104.6 � 4.9% (n = 3) and 98.3 � 13.8%

(n = 3) of protein synthesis relative to control remained in the

absence and presence of 5 mM ETGA, respectively (Fig. 3B).

Ten micromolar of ruthenium red also reversed 200 nM

capsaicin induced protein synthesis inhibition both in the

absence and presence of 5 mM EGTA, 118.6 � 4.8% (n = 3) and

107.1 � 12.0% (n = 3) of protein synthesis relative to control

remained, respectively (Fig. 3B). When capsaicin concentra-

tion was elevated to 10, 20 and 200 mM, the concentrations

known to cause calcium efflux out of ER in the presence of

ruthenium red [27], total protein synthesis was reduced to

71.5 � 5.7, 54.6 � 1.0 and 16.3 � 0.9% (n = 3), respectively

(Fig. 3B). Taken together, based on the results of both A-

425619 and ruthenium red, we concluded that, capsaicin

induced protein synthesis inhibition was primarily due to

calcium efflux out of the ER compartment through TRPV1ER

under zero [Ca2+]o condition.

3.4. Capsaicin treatment causes microtubules
depolymerization

The microtubule structure in TRPV1-expressing cells upon

capsaicin treatment was studied using TubulinTracker that

binds the polymerized microtubules [34]. After treating cells

with 200 nM capsaicin for 10 min in DPBS buffer containing

0.9 mM CaCl2, microtubules were severely depolymerized. The

long fiber like structures of microtubules shrank into short

spikes and small dots (Fig. 4A and B). If cells were treated with

TubulinTracker before capsaicin exposure, the Taxol–micro-

tubule complexes were resistant to capsaicin and remained

polymerized (data not shown). Pretreatment of cells with 10 mM

A-425619 was able to block capsaicin induced microtubule



Fig. 4 – Microtubule structures of HEK rTRPV1/C2 cells in response to capsaicin treatment. Microtubule structures of HEK

rTRPV1/C2 cells were studied by staining with TubulinTracker 10 min after the cells were treated with (A) DPBS buffer, (B)

200 nM capsaicin, (C) 10 mM A-425619, (D) 10 mM A-425619 alone for 5 min followed by 10 mM A-425619 + 200 nM capsaicin
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Fig. 5 – Capsaicin stimulates calcium flux from TRPV1 that

are both on the plasma membrane and intracellular

compartment. HEK rTRPV1/C2 cells that have been

growing on chamber coverglasses for 2 days were loaded

with flou-4 AM in DPBS buffer for 1 h before treatment.

After removing the calcium dye, cells were replaced with

DPBS buffer (A) or DPBS buffer with 5 mM EGTA (B) and

were recorded under the Zeiss LSM5 PASCAL confocal

microscope. Fluorescent images were captured every 3 s in

(A) and 6 s in (B). Addition of 200 nM capsaicin was

indicated with arrowheads on the X-axis. Fluorescence

changes of the first 600 s for (A) and 800 s for (B) were

presented. Baseline fluorescence at the starting point of

recording was set at 0 for each cell. Traces of four

representative cells in (A) and two representative cells in

(B) were plotted against the function of time.
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disassembly, while it has no effect on microtubule structure by

itself (Fig. 4C and D). When the extracellular calcium was

chelated with 5 mM EGTA, microtubule fiber-like structure was

not disrupted (Fig. 4E). Treatment with 200 nM of capsaicin and

5 mM EGTA together again caused microtubule depolymeriza-

tion (Fig. 4F), which could be blocked by pretreatment of cells

with 10 mM A-425619 (Fig. 4G–J) or 10 mM ruthenium red (data

not shown).

3.5. Cytosolic calcium redistribution in response to
capsaicin treatment

The above experiments clearly showed that capsaicin treat-

ment induced protein synthesis inhibition and microtubule

depolymerization in TRPV1-expressing cells. To correlate

these events with alterations of cytosolic calcium levels, we

studied the calcium changes in individual cells by confocal

microscopy using live cell time series recordings. HEK rTRPV1/

C2 cells were loaded with fluo-4 AM for 1 h before TRPV1

agonist or antagonist was applied. In calcium-containing

medium, capsaicin treatment triggered calcium influx within

20 s. Over 95% of the cells responded to capsaicin stimulation

(Fig. 5A). The strong green fluorescence sustained without

significant decay for 20 min in most of the cells, only 5 out of

78 cells in the observation field showed abrupt reduction of

fluorescent intensity between 10 and 20 min after capsaicin

application, which is an indication of plasma membrane

eruption. During the period of recording, the sizes of the cells,

being measured based on the area at the scanning section,

increased 25.2 � 4.5% (n = 7) 500 s after capsaicin treatment,

while no cell enlargement was observed (0.27 � 1%, n = 7)

when 10 mM of A-425619 was applied before capsaicin

treatment (Table 1). 29.4% of the cells (20 out of 68 cells)

exhibited significant shrinkage of cell processes after exposure

to capsaicin, and this effect was blocked by pre-incubating

cells with 10 mM A-425619 as well (Table 1).

When cells were incubated with 5 mM EGTA, 200 nM

capsaicin treatment stimulated a couple of fluorescent sparks

in each cell, but the overall signal intensities were very low,

ranging from 2 to 20% of the signals observed in calcium-

containing buffer (Fig. 5B). The onset of fluorescence started

more than 50 s after capsaicin application, which is longer

than that in calcium-containing buffer. Most of the fluorescent

signals lasted less than 30 s (Fig. 5B). Five minutes after

capsaicin application, fluorescence intensities of the cells

were below the starting point. The reduction of fluorescent

baseline suggested that, in the presence of 5 mM EGTA, 200 nM

capsaicin-induced calcium flux was initiated from a limited

calcium source (likely the intracellular calcium store) but not

from an unlimited and uniform extracellular buffer system.

Meanwhile, no significant changes were observed on the sizes

of the cells over the period of capsaicin treatment, but the cell

movement and the shrinkage of the cell processes were

similar as those observed in calcium-containing buffer

(Table 1).
for another 10 min. Figures (E–H) are same treatments as those

included in all incubation. Representative fluorescent images tak

objective were shown. Bar = 10 mm.
3.6. eIF2a phosphorylation level did not change upon
capsaicin treatment

To study the mechanism leading to capsaicin-induced protein

synthesis inhibition, we tested the eukaryotic initiation factor

eIF2a phosphorylation level. As an important factor in

peptide-chain initiation, eIF2a is regulated through phosphor-

ylation in response to different stress conditions such as

nutrition deprivation, viral double-stranded RNA, elevated
in (A–D), respectively, except that 5 mM of EGTA was

en with LSM5 PASCAL confocal microscope under 100T oil



Table 1 – Morphological changes of TRPV1 expressing cells upon capsaicin treatment

Increment of
cell size (%) (n = 7)

Shrinkage of
cell processes

Microtubule structure

200 nM capsaicin 25.2 � 4.4 29.4% (20 out of 68 cells) Depolymerized

200 nM capsaicin + 10 mM A-425619 0.27 � 1.1 1.7% (1 out of 60 cells) Intact

200 nM capsaicin + 5 mM EGTA 2.6 � 0.7 23.7% (18 out of 76 cells) Depolymerized

200 nM capsaicin + 5 mM EGTA + 10 mM A-425619 �0.64 � 0.76 6.3% (3 out of 48 cells) Intact

Microtubule structure was determined using TubulinTracker. Size of the cell body was measured based on the area of each cell in the confocal

microscopy scanning section, the percentages represented mean � S.E.M. of area increment of seven cells after capsaicin treatment. Shrinkage

of cell processes was measured as percentage of cells showed significant reduction on length of processes after capsaicin treatment in the

observation filed. The number of cells with obvious process shrinkage and the number of total cells in the whole observation field are

presented in parenthesis.
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cellular calcium concentration and misfolded proteins to halt

protein synthesis [35,36]. By using monoclonal antibodies that

recognized total eIF2a and the phosphorylated form of eIF2a in

Western blot analysis, we found that 200 nM of capsaicin

treatment did not significantly induce eIF2a phosphorylation

either in the presence or absence of extracellular calcium

(Fig. 6). We therefore conclude that eIF2a phosphorylation is

not the major mechanism for capsaicin-induced protein

synthesis inhibition.
4. Discussion

TRPV1 is distributed both on the plasma membrane

(TRPV1PM) and intracellular membrane compartment, such

as the ER (TRPV1ER). Although the function and regulation of

TRPV1 on the cell surface, whose activation directly corre-

lates with membrane depolarization and neuron excitation

has been studied extensively, the consequences of intracel-

lular TRPV1 activation were not known. In this study, we

investigated the contribution of the intracellular pool of

TRPV1 to capsaicin-induced cytotoxicity. The studies in this

report focused on two cellular processes, protein synthesis

and microtubule integrity, both of which are highly sensitive
Fig. 6 – eIF2a phosphorylation state was not changed upon

capsaicin treatment. Fifty micrograms of total cell lysates

from HEK rTRPV1/C2 cells that were treated with 200 nM

capsaicin, 5 mM EGTA, 10 mM A-425619 either alone or in

different combinations for 60 min were fractionated on 4–

12% Bis–Tris Nupage gel. The levels of phosphorylated and

total eIF2a were detected by Western blot analysis using

eIF2a phosphospecific antibody PHF0024 (1:200) and pan

eIF2a antibody AHO0802 (1:1000). The level of a-tubulin

showed equal loading of total protein in different lanes.
to calcium concentration. By comparing the protein synthesis

rates and microtubule structures at the physiological calcium

level, and at low-or-no extracellular calcium conditions, we

demonstrated that calcium release from intracellular cal-

cium stores through TRPV1ER activation was indeed sufficient

to cause protein synthesis inhibition and microtubule

depolymerization.

Capsaicin-induced cytotoxicity has been applied in clinical

therapeutics long before its mechanism was known. Upon

cloning of the capsaicin receptor TRPV1 in 1997 [1], under-

standing of the functional mechanisms of the receptor greatly

improved. Previous studies have shown that the TRPV1

agonists capsaicin and Resiniferatoxin have strong cytotoxi-

cities and cause protein synthesis inhibition, DNA fragmenta-

tion, membrane disruption and eventually cell death when

applied to both TRPV1-expressing cells and even some cell

types without TRPV1 expression. Unlike the TRPV1-indepen-

dent cytotoxicity of capsaicin that usually requires higher

concentration of capsaicin (25–100 mM) and longer exposure

time (a few days) [22,23], capsaicin-induced protein synthesis

inhibition and microtubule depolymerization in TRPV1-

expressing cells are very potent and rapid. Moreover, these

were reversed by treatment with the TRPV1 antagonist A-

425619. Through application of TRPV1 antagonist and EGTA,

we concluded that intracellular calcium mobilization is

responsible for both of these cellular events.

Intracellular calcium homeostasis is important for normal

cellular functions, such as metabolism, energy regeneration,

structure integrity and trafficking processes [37–39]. In the

resting state, cytosolic calcium is maintained at low concen-

tration (�10�7 M) by the function of Ca-dependent ATPase,

which pumps calcium from the cytosol to the extracellular

medium or into intracellular calcium stores (ICS), such as the

ER. During cell activation, calcium flows into the cytosol

through calcium channels that are either located on the

plasma membrane and/or endomembrane surrounding the

ICS. These events are followed by rapid return back to resting

level [40]. It has been well-documented in the paper by Karai

et al. [27] that at least four sources contribute to vanilloid-

stimulated [Ca2+]i elevation: calcium influx from TRPV1PM,

calcium efflux from TRPV1ER, calcium-induced calcium

release (CICR) and store-operated calcium entry. We studied

the calcium redistribution upon capsaicin treatment using live

cell confocal microscopy. Instead of applying periodic stimu-

lation, cells were incubated in agonist or antagonist contain-

ing buffer throughout the recording period. In normal calcium
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buffer, drastic [Ca2+]i elevation is observed upon capsaicin

treatment (Fig. 5A). This correlated with 86% protein synthesis

inhibition. Unlike the treatment with Resiniferatoxin that

caused cell membrane burst and cell lysis within 2 min of

exposure [37], no significant cell lysis was observed immedi-

ately after 200 nM capsaicin treatment, because strong

intracellular calcium fluorescence was sustained over a period

of 20 min. Thus, 73% of protein synthesis inhibition observed

20 min after capsaicin treatment was not the result of rapid

cell lysis (Fig. 2A). In the presence of 5 mM EGTA, free calcium

in the buffer system was reduced from 0.9 mM to 8 nM in the

calcium imaging recordings and from 1.8 mM to 22 nM in the

protein synthesis assay (calculated using EGTA calculator

[33]). Under these conditions, calcium influx from extracel-

lular sources and the subsequent CICR are not likely to occur in

response to capsaicin stimulation. All of the calcium mobi-

lization resulted from calcium efflux out of ER. The small and

reoccurring peaks in response to capsaicin indicated repeated

depletion and replenishing of calcium in the ER through

TRPV1ER and other calcium channels located on ER. The

reduced baselines upon treatment also confirmed that there is

a finite source of calcium for each cell. This condition of

calcium fluctuation correlated with 93% protein synthesis

inhibition. When we included 10 mM ruthenium red together

with 5 mM EGTA to ensure zero calcium influx from extra-

cellular source [27], protein synthesis was not affected with

200 nM capsaicin treatment. The same result was obtained

with A-425619 pre-treatment, which efficiently passes

through plasma membrane and inhibits both TRPV1PM and

TRPV1EM. All these data suggest that elevation of cytosolic

calcium from both extracellular sources and intracellular

sources can inhibit protein synthesis. What is more, depletion

of intracellular calcium store, such as ER, through activation of

TRPV1ER is sufficient for protein synthesis inhibition.

Only high concentration (>20 mM) but not low concentra-

tion (<1 mM) of capsaicin was able to activate TRPV1ER in the

presence of 10 mM ruthenium red according to what was

reported in Karai’s paper [27]. Mechanisms such as reduced

agonist concentration in cytosolic compartments due to

membrane binding or decreased accessibility of agonist to

TRPV1ER were proposed to explain this phenomenon. In

addition, we speculate that the increased threshold of

capsaicin on TRPV1ER activation could be due to inhibition

of TRPV1ER by ruthenium red that leaked into the cells.

Ruthenium red is a negatively-charged molecule that is not

cell permeable in many cell types in micro-imaging experi-

ments. However, it is permeable through the neuron plasma

membrane [41]. The penetration through non-neuronal cells

such as HEK293 cells could be much weaker, but may not be

absolutely exclusive. Since ruthenium red is a potent channel

blocker, residual amounts in the cell may be sufficient to

decrease channel conductance. The reduced potency for

capsaicin to stimulate TRPV1ER in the presence of ruthenium

red is consistent with this hypothesis.

Calcium can inhibit protein synthesis through different

mechanisms depending on which pool of calcium is altered.

Isolated elevation of cytoplasmic calcium blocks protein

synthesis at the peptide elongation step [42], while calcium

depletion from the ER inhibits protein synthesis at the

translation initiation step. Thapsigargin (TG), an irreversible
inhibitor of ER Ca-dependent ATPase that pumps calcium

from cytosol into ER, induces polyribosome disaggregation

and translation initiation blockade [43]. Moreover, the eIF2a

phosphorylation state increases 2–3-fold, which is also

believed to repress translation initiation [35]. The conse-

quence of TRPV1ER activation is similar to Ca-dependent

ATPase inhibition by Thapsigargin in that they both result in

calcium depletion from ER and calcium overload in cytosol

[27]. To figure out the mechanism by which capsaicin inhibits

protein synthesis, we checked the phosphorylation status of

eIF2a. However, under conditions that correlated with either

protein synthesis or protein synthesis inhibition, no signifi-

cant changes of eIF2a phosphorylation was observed. Due to

the presence of both TRPV1PM and TRPV1ER, intracellular

calcium status differs depends on extracellular calcium

conditions. So we speculate that, under normal extracellular

calcium level, capsaicin primarily causes drastic elevation of

cytosolic calcium through TRPV1PM and TRPV1ER, but ER

calcium is not depleted because of calcium reentry through

channels like Ca-dependent ATPase on ER, therefore, protein

synthesis is likely blocked at peptide elongation step. Under

zero [Ca2+]o condition, capsaicin causes calcium depletion

from ER and the transient calcium overload in cytosol, protein

synthesis is likely blocked at the translation initiation step, but

not through phosphorylation of eIF2a.

Microtubules are one of the major components of the

cytoskeleton. Microtubule structure is not only correlated with

cell morphology, but also constitutes a network for vesicle

trafficking in the cells. In neurons, whose cell bodies are very

far away from the processes terminals, microtubule-mediated

protein trafficking is crucial since the neuron terminals are the

sites for cell signaling and cell–cell interaction. Microtubule

disassembly is cytotoxic because it causes vesicle accumula-

tion and impairs neurotransmitters release [44]. Capsaicin-

induced microtubule depolymerization was initially reported

in Goswami et al. [45]. In our study, instead of using tubulin

antibody, we used TubulinTracker that only binds with

polymerized microtubules to observe microtubule structures.

Dramatic differences were observed before and after capsaicin

treatment by confocal microscopy. Microtubules disas-

sembled upon elevation of cytosolic calcium originating from

either extracellular sources or from intracellular calcium

stores. The TRPV1 specific antagonist A-425619 and the non-

selective channel antagonist ruthenium red, that completely

block intracellular calcium elevation, also reversed capsaicin-

induced microtubule disassembly. Comparing the changes of

cell size and the shrinkage of cell processes with the integrity

of microtubules upon capsaicin treatment, we found the

shrinkage of cell processes correlated more tightly with

depolymerization of microtubule structure, while the swelling

of cells was not as relevant and could be due to osmotic effect.

Thus, it is possible that shrinkage of cell processes could

rapidly terminate signal transduction mediated via synaptic

contact between neurons through capsaicin-induced micro-

tubule disassembly. It also suggests a self-defense mechanism

in neurons to quickly terminate the excitatory signals through

regulation of neuron morphology.

Although protein synthesis and microtubule disassembly

seem quite disconnected, they are actually closely related

cellular processes. It has been reported that microtubules and
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the ER are interdependent organelles. Attachment of the ER to

the microtubule cytoskeleton is a prerequisite for ER main-

tenance [46]. In addition, microtubules also function as a

docking framework for translational machinery. Messenger

RNA, ribosomal and polyribosome proteins were reported to

associate with microtubules to ensure efficient protein

translation [47–49]. Collapse of microtubules could directly

affect protein synthesis simply by disassembling the compo-

nents of translational machinery. This provides an explana-

tion for the concurrent events of protein synthesis inhibition

and microtubule depolymerization during capsaicin stimula-

tion. However, microtubule integrity is not the only factor for

normal protein synthesis, because protein synthesis inhibi-

tion was not reversed when we stabilize microtubules with

Taxol before capsaicin treatment (data not shown), suggesting

that other component(s) were also required.

In summary, this study investigated the mechanisms of

TRPV1-mediated cytotoxicities and revealed the role and

contribution of intracellular TRPV1 in capsaicin-induced

protein synthesis inhibition and microtubule depolymeriza-

tion. Our study provides molecular basis for physiological

consequences of TRPV1 activation, thus enabling a better

understanding of TRPV1 as a therapeutic target for pain

sensation.
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