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Abstract Transient receptor potential vanilloid 1
(TRPV1) is a Ca**-permeable cation channel activated by
a variety of physicochemical stimuli. The effect of hypoxia
(Po,, 3%) on rat TRPV1 overexpressed in HEK293T has
been studied. The basal TRPV1 current (Itrpy;) Was partly
activated by hypoxia, whereas capsaicin-induced TRPV1
(Itrpvi,cap) Was attenuated. Such changes were also sug-
gested from hypoxia- and capsaicin-induced Ca®" signals
in TRPV1-expressing cells. Regarding plausible changes of
reactive oxygen species (ROS) under hypoxia, the effects
of antioxidants, vitamin C and tiron, as membrane-imper-
meable and -permeable, respectively, were tested. Both
Itrpyi and Itgrpyi,cap Were increased by vitamin C, while
only Itrpy; Was slightly increased by tiron. The hypoxic
inhibition of Itrpvi,cap Was still persistent under hypoxia/
vitamin C. Interestingly, hypoxia/tiron strongly inhibited
both Itgpyi and Itrpyicap- Also, with vitamin C applied
through a pipette solution, hypoxia inhibited Itgpy; and
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Itrpvi,cap- In contrast, hypoxia and hypoxia/tiron had no
effect on the Itrpy; induced by acid (pH 6.2, Itrpvi Acid)-
Taken together, hypoxia partly activated TRPV1 while it
decreased their sensitivity to capsaicin. Putative changes of
ROS under hypoxia might underlie the side-specific effects
of ROS on TRPVI1: inhibitory at the extracellular and
stimulatory at the intracellular side, respectively. The dif-
ferential effects of hypoxia on Itrpvicap and Itrpvi acid
suggested that the intracellular ROS increase might atten-
uate the pharmacological potency of capsaicin.
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Introduction

Transient receptor potential vanilloid 1 (TRPV1), also
called capsaicin receptor, is a member of thermosensitive
TRPV family (TRPV1-4) non-selective cation channels.
TRPV1 is richly expressed in the C-type neurons of dorsal
root ganglion (DRG) and trigeminal ganglion where
TRPV1 mediates noxious stimuli into pain sensation [1-4].
The expression of TRPV1 is not limited to sensory neurons
but also found in urothelial cells, keratinocytes, monocytes,
endothelium, and arterial smooth muscle cells [5-9].
Owing to the relatively high permeability to Ca’",
activation of TRPV1 increases cytosolic Ca** concentra-
tion (A[Ca”]c) which is a critical step of various intra-
cellular signaling cascades [9, 11-13]. The increased
[Ca®"). also performs as a negative feedback mechanism
for TRPV1: desensitization of TRPV1 by repetitive or
sustained stimulation under physiological conditions [14—
16]. In addition to capsaicin, a wide variety of physico-
chemical conditions are known to activate TRPV 1: noxious
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heat (>43°C), protons (acidic pH), and endogenous lipid-
derived molecules [9, 10]. Despite the large number
of studies on the various conditions affecting TRPV1
activity, investigation on the influence of acute hypoxia is
very rare.

Hypoxia is associated not only with tissue ischemia but
also with a variety of pathological conditions such as
inflammation, chronic obstructive pulmonary disease, and
sleep apnea [17-19]. Because the tissue ischemia would
lead to local acidosis, ischemic pain might be partly caused
by pH changes in addition to various inflammatory sub-
stances. In a previous study of DRG neurons, using cap-
saicin- or acidic pH-induced A[Ca®"]. as a signal reflecting
the TRPVI activity, an effect of anoxia on TRPVI was
investigated [20]. In that study, anoxia not only increased
the basal [Ca®"]. but also augmented the capsaicin-induced
A[Caz“L]C [20]. Another recent study showed facilitation of
TRPV1 activity by chronic hypoxia combined with hyper-
glycemia [21]. In this study, TRPV1 activity was function-
ally upregulated via protein kinase C (PKC)e- and hypoxia-
inducible factor-1 alpha (HIF-1a)-dependent signaling
pathway, without increases in protein expression. Such
results might have implications with regard to diabetic
pain syndrome where hyperglycemic can be combined with
inflammatory chronic hypoxia.

Although the aforementioned studies give rise to
intriguing ideas about the hypoxic regulation of TRPV1,
direct investigation of acute hypoxia on TRPV1 activity is
still lacking. The study by Ristoiu et al. [21] is limited to
chronic (>24 h) effect of hypoxia, and their measurements
were performed under normoxic condition. In the study of
anoxic effects on TRPV1, only A[Caz“L]C was measured
[20]. Because [Ca2+]C is determined by various factors in
addition to the Ca’" permeable channels, one cannot
exclude the influence from the Ca®' release from intra-
cellular stores (e.g., ER) and the altered electrical driving
forces (e.g., Kt channel activity) from membrane potential.
Therefore, direct measurements of electrical current under
voltage clamp conditions are definitely required to pre-
cisely elucidate the effects of acute hypoxia on TRPV1
activity. Accordingly, we performed whole-cell patch
clamp studies in HEK293T cells overexpressing rat
TRPVI1, and investigated the effects of hypoxia (3% of
fractional O, concentration) on TRPV1 activity.

Materials and methods
Cell culture and transfection
HEK?293T cells were cultured in DMEM media (GIBCO,

Grand Island, NY, USA) supplemented with 10%
(v/v) fetal bovine serum (GIBCO) and 1% penicillin/
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streptomycin (GIBCO) at 37°C in an atmosphere of 20%
0,/5% CO,. One-day cultured cells were then transiently
transfected with 0.5 pg of rat TRPV1 using FuGENE 6
reagent (Roche Molecular Biochemicals, Indianapolis, IN,
USA) according to the manufacturer’s protocol. An amount
of 0.1 pg green fluorescent protein (GFP)-expressing vec-
tor was used for cotransfection with TRPV1 to mark the
cells. HEK293T cells expressing TRPV1 were detached
3640 h after transfection and used for whole-cell patch
clamp recordings.

Electrophysiological measurements

Electrophysiological meaurements were performed in the
conventional whole-cell recording mode at room temper-
ature (22-25°C). Membrane currents were measured using
an Axopatch-200B patch clamp amplifier (Axon Instru-
ments, Foster City, CA, USA). pCLAMP software v.10.2
and Digidata-1322A (Axon Instruments) were used to
acquire data and apply command pulses. Transfected
HEK?293T cells were transferred into a bath (approximately
0.1 ml) mounted on the stage of an inverted microscope
(IX50; Olympus, Osaka, Japan) and perfused with HEPES
buffered normal Tyrode (NT) solution at 5 ml/min. Patch
pipettes with a free-tip resistance of about 2.5-3.5 MQ
were used.

The bath solution was made hypoxic by bubbling with
100% N, gas in a separate glass reservoir for at least
20 min before the perfusion. The reservoir was connected
to the experimental chamber using oxygen-impermeable
Tygon tubing (Saint-Gobain, Korea). Partial pressure of
oxygen [Po, (%)] was measured in the experimental
chamber using the oximeter (MI-730; Microelectrodes,
Bedford City, NH, USA). Upon perfusion with N,-bubbled
NT solution, Pg, (%) of the bath solution was lowered from
21% to approximately 3%. In some cases, the perfusing
solution was made moderately hypoxic by bubbling with
93% N»/7% O, gas, which made the Po, of the bath
solution 8-9%.

Fura-2 spectrofluorimetry

Ca*" concentration [Ca*"]. was measured using the fluo-
rescent Ca®" indicator Fura-2 acetoxymethyl ester (Fura-2
AM). HEK293T cells expressing TRPV1 were loaded with
Fura-2 AM (2 uM, 20 min, 25°C) and washed twice with
fresh NT solution. The Fura-2 loaded cells were transferred
into a microscope stage bath (approximately 0.1 ml)
mounted on the stage of an inverted microscope (IX 70;
Olympus) and perfused with HEPES buffered NT solution
at 5 ml/min. Fluorescence was monitored using a Poly-
chrome IV monochromator (TILL Photonics, Martinsried,
Germany), a Cascade 650 CCD camera (Roper Scientific,
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Sarasota, FL, USA) and Metafluor software (Universal
Imaging, Downingtown, PA, USA) at excitation wave-
lengths of 340 and 380 nm, and an emission wavelength of
510 nm. At the end of each experiment, Ca’T-free solution
with 5 mM EGTA were applied to produce a minimum
fluorescence ratio (R ;,; 340/380 nm). Then, 2 uM iono-
mycin and 10 mM CaCl, were applied to confirm a max-
imum ratio of fluorescence (Rpax). The [C212+]C was
calculated from the equation, [Ca’") =Ky x b x (R —
Roin)/(Rmax — Rmin), Where Ky is the dissociation constant
224 nM for Fura-2 and b is the ratio of fluorescence
excitation intensities at 380 nm under Ca’**-free Ca®'-
saturated conditions. The percent values of [Ca”]C were
calculated as: [Ca’"1% = [(R — Ruin)/(Rmax — Rumin)] X
100.

Experimental solution and chemicals

The NT bath solution used for the patch clamp was com-
posed of 140 NaCl, 4 CsCl, 0.5 MgCl,, 1.8 CaCl,, 10
HEPES, 10 glucose and 10 sucrose (in mM) and was of pH
7.4 adjusted with NaOH. The calcium-free bath solution
for some experiments included 0.5 EGTA instead of 1.8
CaCl,. To change the pH of the bath solution, 2-(N-mor-
pholino)ethanesulfonic acid (MES)/HEPES solution was
prepared by replacing HEPES with equimolar amounts of
MES and HEPES (5 mM, respectively). Normal Tyrode
bath solution used for Fura-2 fluorimetry was composed of
3.6 KCl, 145 NaCl, 1 MgCl,, 5 glucose and 10 HEPES (in
mM), and was of pH 7.2 adjusted with NaOH. The pipette
solution contained (in mM) 140 CsCl, 1 MgCl2, 3 MgATP,
10 HEPES and 5 EGTA and was titrated to pH 7.25 with
CsOH. Capsaicin, capsazepine, hydrogen peroxide, ascor-
bic acid (vitamin C), tiron, and amiloride were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Data analysis and statistics

Data was managed and analyzed using Origin v.7.0 soft-
ware (Microcal Software, Piscataway, NJ, USA). Statistical
results are presented as the mean =+ standard error of the
mean (SEM). Paired Student’s ¢ tests were used as appro-
priate to evaluate for significance, which was accepted for
the P value <0.05.

Results
Partial activation of TRPV1 by hypoxia
Whole-cell patch clamp using Cs*-rich pipette solution

was applied to GFP and TRPV1 co-expressed HEK293T
cells. Cells were held at —20 mV and ramp-like

depolarization (from —80 to 80 mV, 0.32 V/s) was repet-
itively applied every 10 s. The relatively depolarized
holding voltage (—20 mV) was chosen to minimize the
desensitization of TRPV1 upon the stimulation with cap-
saicin. At room temperature without specific stimuli, the
current to voltage relation (I-V curve) of TRPVI-
expressing cells showed outwardly rectification with
reversal potential close to 0 mV, a known property of
TRPV1 current (Itgpvi). Under this control condition,
changing into the hypoxic bath solution (Po,, 3%)
increased the amplitudes of outwardly rectifying Itrpv
(n = 18; Fig. la). In each tested cell, full activity of
TRPV1 (Itrpvi.max) Was confirmed by applying 2 pM of
capsaicin, and the amplitudes of inward current at —20 mV
were normalized to the capsaicin-induced Itrpvimax at
—20 mV. The normalized amplitudes of Itgrpy; were
7.0 £ 1.1 and 11.7 £ 2.1% in control and hypoxia,
respectively (n = 18, P < 0.05; Fig. la, right). We also
tested the effect of moderately hypoxic condition (Po,,
9%), which did not affect the basal Itgpy; (n = 10;
Fig. 1a, right). The partial activation of TRPV1 by hypoxia
was confirmed by using TRPV1 antagonist, capsazepine.
The outwardly rectifying Itrpy; Wwas eliminated by
5 pM capsazepine, under which hypoxia had no effect on
the membrane conductance (Fig. 1b, left). Also, both
the hypoxia-induced inward current and basal Itrpy;
were abolished by 0.5 uM capsazepine (Fig. 1b, right).
In GFP-only transfected HEK293T cells, the mem-
brane conductance was significantly lower than those of
TRPV1-expressed cells, and the slopes of linear I~V curves
were not affected by either hypoxia or 2 M capsaicin
(Fig. 1c¢).

Inhibition of capsaicin-activated TRPV1 by hypoxia

Next, we investigated the effects of hypoxia on TRPV1
current induced by capsaicin. Because micromolar ranges
of capsaicin induced very large inward currents with fast
desensitization in TRPV1-overexpressed cells, 50-200 nM
of capsaicin was applied at —20 mV of holding voltage.
Also, ramp pulses were applied every 10 s to obtain I-V
curves. To our surprise, the TRPV1 current induced by
capsaicin  (Itrpvi,cap) Was decreased by hypoxia in a
reversible manner (Fig. 2a). The Itrpyi cap normalized to
ITrRPvimax at —20 mV was decreased to 55 £ 7.8% by
hypoxia (3% Po,) of the capsaicin-induced current, and
reversed to 89 + 3.7% by reoxygenation (n = 10; Fig. 2a,
right). Interestingly, different from the effect on Itgrpy, the
moderate hypoxia (9% Po,) decreased Itrpvicap tO
63 £ 93% (n = 7; Fig. 2a, right).

The inhibition of Itgpyicap Was similarly observed
when capsaicin was applied during hypoxia. To minimize
the run-down of Itgrpy; by repetitive application of
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capsaicin [6], the concentration of capsaicin was lowered to
50 nM, and the CaCl, of the bath solution was omitted
(nominal Ca’>"-free NT). At —20 mV, capsaicin was
applied briefly (15-20 s) four times as demonstrated in
Fig. 2b. Before the third application, cells were exposed
to hypoxia, and they returned to normoxia before the
fourth application of capsaicin. The amplitude of Itrpv1 cap
at —20 mV was decreased by the pretreatment with
hypoxia (Fig. 2b). When normalized to the first response,
the transient inward currents (Itrpvi,cap at —20 mV) were
decreased to 57.6 = 10.7% by hypoxia (3% Po,) pre-
treatment, and partly reversed to 68.4 + 10.3% by return-
ing to normoxia (n = 5; Fig. 2b, right, closed bars). The
inhibition of Itrpy 1 cap by moderate hypoxia (9% Po,) was
also summarized as bar graphs (n = 14; Fig. 2b, right,
open bars). It is notable that the partial activation of
TRPV1 (Itrpvi) was consistently observed while the
response to capsaicin (Itrpvi,cap) Was attenuated during
hypoxia (Fig. 2b, left).
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No effect of hypoxia on acid-activation of TRPV1

Next, we investigated whether hypoxia affects the activation
of TRPV1 by acidic pH. It has been reported that HEK293T
cells express acid-sensing ion channels (ASIC) that are also
activated by acidic pH [13]. Actually, both GFP-only and
TRPV1-overexpressed HEK293T cells showed a transient
inward current at pH 6.2, which was inhibited by 30 uM
amiloride (Fig. 3a, inset). Consistent with the known prop-
erty of ASIC, the amiloride-sensitive inward current spon-
taneously decayed to baseline at pH 6.2. In contrast, TRPV 1
showed relatively constant activity under the same acidic
pH, which was distinguishable from the ASIC current
(Fig. 3a). Therefore, the responses of acidic pH-induced
TRPV1 currents (Itrpvi acia) to hypoxia were analyzed at
20 s of pH 6.2 application (Fig. 3b, c). Similar to the pro-
tocol shown in Fig. 2b, pH 6.2 was applied four times where
the third was applied during hypoxia; ITrpvi.acia Was not
affected by hypoxia (n = 20; Fig. 3b, c).
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Fig. 2 Inhibition of capsaicin-activated TRPV1 current (Itrpvi,cap)
by hypoxia. a Representative current trace showing response to
hypoxia during activation by 200 nM capsaicin. Vertical lines reflect
current responses to the repetitive ramp-like pulses from —80 to
80 mV every 10 s. Right summary of inward currents at —20 mV in
response to 200 nM capsaicin (normoxia, Control), capsai-
cin 4 hypoxia [3% (n = 10) or 9% (n = 7), closed bar and hatched
bar, respectively], and capsaicin 4 reoxygenation (Reoxy). In each
cell, current amplitudes were normalized to the control current
induced by 200 nM capsaicin. b An exemplary current trace at

Effects of H,O, and antioxidants on TRPV1

It is supposed that the production of reactive oxygen spe-
cies (ROS) from NADPH oxidases (NOX) and mitochon-
dria would be affected during hypoxia, although the
direction of changes in ROS production is controversial
[22]. To get a clue for the mechanisms of hypoxic regu-
lation of TRPV1, we tested the effects of H,O, (100 uM),
vitamin C (1-2 mM, membrane impermeable ROS scav-
enger) and tiron (100 M, membrane permeable ROS
scavenger) on Itgpy; and Itrpvi,cap- Interestingly, all the
three agents induced a partial activation of Itgrpy (Figs. 4a
and 5a) while their effects on Itgpyi cap Were different
(Figs. 4d and 5b, right). Itrpvi,cap Was increased by pre-
treatment with vitamin C (n = 14; Fig. 5b) whereas the
pretreatments with H,O, or tiron had no significant effect
(n = 10 and 14; Figs. 4d and 5b, respectively).

The hypoxic inhibition of Itgrpyicap Was still observed
under the pretreatment with vitamin C and tiron (n = 20 and
10; Figs. 5c and 6a, respectively). However, different from the
effects of the co-treatment with vitamin C and hypoxia

lllcap @ -20 mV

Control

(%) _ T
100

N

80+

~,
,

AVAL, @ -20 mV
g

9% 0:

-

st 2nd 3rd 4th
Cap (50 nM)

—20 mV holding voltage showing the repetitive activation of TRPV1
by 50 nM capsaicin (horizontal line). Hypoxia was applied between
the second and the fourth applications of capsaicin. Note that the
basal current was increased by hypoxia while the amplitude of
transient inward current (Itrpvi,cap) Was decreased. Right summary
of amplitudes of Itrpy,cap normalized to the first response (hatched
bar) and their changes by 3% Po, (n = 5, closed bars) and 9% Po,
(n = 14, open bars)

(vitamin C/hypoxia), the application of tiron with hypoxia
(tiron/hypoxia) markedly suppressed the basal current (Itrpy1)
as well as the capsaicin response (Itrpyicap, # = 10). Also,
recovery of Itrpyicap from the inhibition by hypoxia/tiron
treatment was poor (Fig. 6a). While tiron is a membrane
permeable antioxidant, vitamin C is an impermeable one.
Interestingly, when 1 mM vitamin C was included in the
pipette solution, hypoxia inhibited Irgpy; as well as Itrpyi cap
(n = 7; Fig. 6b). It has also to be noted that Itrpy1 acia Was
not affected even by tiron/hypoxia (n = 5; Fig. 6c).

Effects of hypoxia on [Ca*"]. in HEK293T cells
expressing TRPV1

Lastly, it was examined whether the hypoxic modulations
of Itgpvi and Itgpyicap are reflected as changes in
[Ca”]c. Fura-2 was loaded in HEK293T cells transfected
with GFP and TRPV1. The cells showing GFP fluorescence
were used for study. Consistent with the activation of
TRPV1 by hypoxia alone, the basal [Ca®"]. was slightly
increased by hypoxia, which was not observed in non-
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Fig. 3 No effect of hypoxia on acidic pH-activated TRPV1 current
(Itrpvi.acia)- @ Representative current trace at —20 mV holding
voltage showing the response to acidic condition (pH 6.2) in GFP-
only (left) and TRPV1 + GFP-expressed (right) HEK293T cells. A
transient inward current was induced by the acidic pH in both cell
groups whereas a sustained inward current was additionally observed
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transfected cells (Fig. 7a, inset). Those cells showing
hypoxic increase in [Ca®"]. also respond to capsaicin with
large A[Ca”]c. Normalized increases in fluorescence ratio
[A(R — Ruyin)/(Rinax — Rmin) X 100 (%)] were 5.03 & 1.5
and 5591 +4.7% for hypoxia and 1 UM capsaicin,
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1st 2nd 3rd 4th
Cap (50 nM)

respectively (n = 9; Fig. 7b). Repetitive application of
20 nM capsaicin induced transient A[Ca”]c, and the
amplitudes of transient A[Ca”]C were decreased under
hypoxia (Fig. 7c, d). Such results were consistent with the
inhibition of Itrpvi,cap by hypoxia.
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Fig. 5 Effects of vitamin C and tiron on TRPV1 and Itrpyicap-
a Summary of /-V curves in response to 2 mM vitamin C in HEK293T
cell expressing TRPV1 (n =4, left panel). Current traces were
obtained from the ramp-like pulses (upper inset), and the amplitudes
of inward current at —20 mV were measured (lower inset, vertical
expansion of -V curve). The bar graphs in right panel shows summary
of the currents measured at —20 mV and their increase by vitamin C
(n = 4), tiron (100 uM, n = 7), and H,O, (n = 5). For comparison,
the amplitudes of inward current at —20 mV were normalized to the
control in each cell. b Representative current trace at —20 mV holding
voltage showing the repetitive activation of TRPV1 by 50 nM

Discussion

In the present study, results from the patch clamp experi-
ment and Fura-2 spectrofluorimetry demonstrate intriguing
dual effects of hypoxia on TRPVI1 activity: the partial
activation of TRPV1 and the attenuated response to cap-
saicin. Because the hypoxic increase of membrane con-
ductance was not observed in GFP-only-expressing cells,
we interpret that the effects of hypoxia is specific to
TRPVI1. The abolishment of hypoxic activation of TRPV1
by capsazepine also indicate the regulation of TRPV1 by
hypoxia. In contrast to the hypoxic inhibition of Itrpv1,caps

I/lcon @ -20 mV

AUAl,@ -20 mV

VitC  Tiron H202

con

Tiron

1st 2nd 3rd 4th Cap 1st 2nd” 3rd 4th Cap

N
i

N
i

1st

2nd 3rd 4th Cap

capsaicin (horizontal bars). 1 mM vitamin C was applied before the
third stimulus of capsaicin, which augmented Itgrpvicap (left panel).
Summary of the capsaicin-induced inward currents normalized to the
first response. Itrpvicap Was increased by vitamin C pretreatment
(n = 14, middle panel) while not changed by tiron pretreatment
(n = 14, right panel). ¢ Effects of vitamin C on the hypoxic inhibition
of Itrpyicap Vitamin C was applied together with hypoxia (Vit
C/Hypox) before the third application of 50 nM capsaicin. Both the
increase of basal inward current and the suppression of Itrpvi.cap by
hypoxia was observed. Summary of the capsaicin-induced inward
currents normalized to the first response (n = 20, right panel)

the pH-dependent activation of TRPV1 (Itrpvi acia) Was
not affected by hypoxia.

Hypoxia is a micro-environmental factor shared by
various pathological inflammatory conditions. In vivo,
the P, of parenchymal tissues and cells would be less
than the ambient Pp,, and might be close to the mod-
erate hypoxic conditions (9% Po,) that we tested here.
In this respect, it was noticeable that the relatively less
hypoxia (9% Po,) did not affect Itgpy; while still
inhibiting Itrpyi,cap (Figs. 1a and 2a). This implies that
the partial activation of Itgpy; might actually occur in
vivo.
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At first, we assumed that hypoxia combined with ago-
nistic conditions such as capsaicin and acidic pH would
significant amplify the TRPV1 activity. Such an idea had
been suggested in a previous study in which Henrich and
Buckler [20] measured capsaicin-induced A[Ca”]C in
DRG neurons. In contrast to the results of DRG neurons,
our patch clamp study showed the inhibition of Itrpyi cap
and no change in Itrpyi acia- Although the reason(s) for
such inconsistency is still unclear, there are actually several
differences in the experimental conditions between the
previous study and ours. While we applied hypoxia (3%
Po,), Henrich and Buckler [20] used anoxia or anoxia
combined with glucose-free as the conditions mimicking
ischemia. In addition, they used excitable cells (DRG
neurons) that would presumably show complex changes in
[Ca®"]. owing to the voltage-gated Ca*" channels under
the oxygen deprivation. Regarding the experimental con-
ditions of [Ca”]C measurement by Henrich and Buckler,
one might also suspect that the anoxia might have impaired
the Ca®" removal mechanisms and/or recruited additional
Ca”* influx pathways in DRG neurons. In comparison, our
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1st 2nd 3rd

4th pH 6.2

study was more straightforward and showed relatively
direct effects of hypoxia on TRPV1 under the voltage-
clamp conditions.

Mechanisms of the hypoxic regulation of TRPV1

As for the mechanism, it was proposed that the changes in
Po, influence the oxidative conditions and the conforma-
tions of associated biomolecules. However, the responses
of Itrpy; and Itrpyicap to the tested antioxidants were
highly complex and confusing at first glance. In summary,
(1) both Itgpy; and Itrpyicap Were augmented by vitamin
C, and (2) Itrpy; was increased while Itrpyi cap Was not
affected by tiron or by H,O,. When combined with
hypoxia, (1) Itgrpy: Wwas increased and Itrpvicap Was
inhibited by vitamin C/hypoxia, and (2) both Itgpy; and
Itrpvi,cap Were inhibited by tiron/hypoxia or by intracel-
lular vitamin C/hypoxia. Although we do not yet have
concrete evidence, such differential responses might be due
to dual effects of intracellular and extracellular ROS and
their interactions with the antioxidants having different
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Fig. 7 Effects of hypoxia on [Ca®]. in TRPVI-expressing
HEK?293T cells. a Exemplary traces of [Ca®*). for TRPV1-express-
ing (solid lines) and empty (dotted line) HEK293T cells. [Ca®t). was
increased by hypoxia in TRPV1-expressing HEK293T cells but not in
empty HEK293T cells (see inset for the vertical expansion). The
expression of TRPV1 was confirmed from the large increase in
[Ca®t]. by 1 pM capsaicin. b Summary of normalized [Ca®*].
increase caused by hypoxia and 1 pM capsaicin (n = 9), respectively.
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Fig. 8 A schematic model for the O,-dependent modulation of TRPV1
activity. Hypothetical dual effects of ROS on TRPV1 at the extracel-
lular and intracellular sides of the plasma membrane are proposed.
Hypoxia might increase intracellular ROS via a putative mitochondria-
dependent manner. The activation by capsaicin might be hindered by
hypoxia per se or by intracellular ROS-dependent oxidation

membrane permeability. Vitamin C, when applied to the
bath solution, would primarily affect the extracellular
environment, whereas the membrane permeable tiron could

The fluorescence ratio were normalized to the maximum R,,,, and
Rin obtained by ionomycin (2 pM) and EGTA (5 mM) at the end of
each experiment (see “Materials and methods”). ¢ Representative
trace of [Ca2+]C showing the transient increases in [Caz'*']C (A[Ca2+]c)
by 20 nM capsaicin. Under hypoxia, the A[Ca’*]. by 20 nM
capsaicin was attenuated. d Summary of A[Ca**]. normalized to
the first response to 20 nM capsaicin (n = 6)

play as an antioxidant at both sides of the plasma mem-
brane. In addition, we hypothesize that the modulating
effects of ROS on TRPV1 might be opposite: inhibition by
extracellular ROS whereas a certain level of intracellular
ROS is critical or supportive for TRPV1 (Fig. 8). Under
hypoxia, either reduced extracellular ROS or increased
intracellular ROS might partly activate TRPV 1. With tiron/
hypoxia or intracellular vitamin C/hypoxia, the stimulatory
effects of intracellular ROS might be selectively removed,
and lead to the inhibition of Itgrpy (Fig. 6).

According to the literature, the effects of H,O, and
oxidative/reducing conditions on TRPV1 are controversial
[23]. Even in the same report, both reducing and oxidizing
agents (e.g., dithiothreitol and diamide) showed positive
effects on TRPV1, suggesting that multiple sites of TRPV1
are affected in a complex manner [23]. In comparison, our
present study showed only a weak positive effect of H,O,
on Itrpy; Without change in the amplitude of Itrpvi,cap. It
has to be noted that the concentration of H,O, (100 pM)
used in this study was relatively low compared with the
previous studies (10 mM). The putative side-dependent
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dual effects of ROS on TRPV1 might also be responsible
for the indefinite results (Fig. 8).

The mechanism for the hypoxic inhibition of Itrpvi,cap
is even more shadowy than the hypoxic regulation of
Itrpy;- In the present study, it has to be considered that
the concentration of capsaicin to test the effects on
Itrpvi,cap Was relatively low (50-200 nM). In addition,
the previously known antiperoxidative property of cap-
saicin [24] should also be considered. Taken together, the
ROS scavenging by capsaicin might have decreased an
effective concentration of capsaicin near the plasma
membrane under hypoxia (Fig. 8). However, the different
O,-sensitivity of Itrpy; and Itrpyi cap (Figs. 1a and 2a)
suggested that the underlying mechanisms would not be
common.

Additional intriguing result was that hypoxia had no
effect on Itrpyi acia- Because the amino acid residues and
conformations in the TRPV1 protein are differentially
responsible for the pH, capsaicin, and heat [12, 16, 25], our
results might suggest a specific effect of hypoxia on cap-
saicin binding site(s) of TRPV1. Considering the exquisite
sensitivity of TRPV1 to a variety of endogenous lipid-
derived molecules [26], hypoxia might alter such intrinsic
regulatory mechanisms for TRPV1.

TRPV1 activation induces Ca®" influx as well as
depolarizing the inward current. Therefore, the activation
of TRPV1 by hypoxia, albeit relatively small, might have
physiological implication in the cells intrinsically
expressing TRPV1. The hypoxic regulation of cellular
functions and acute O, sensation is often associated with
intracellular Ca®" signals [22]. The expression of TRPV1
has been suggested in vascular endothelium and pul-
monary arteries where O, sensation and contractile
responses are critical issues [8, 27]. In addition, the
expression of TRPV1 in the immune cells might play a
role in their behavior under hypoxic inflammatory con-
ditions, while the functional significance of TRPV1 seems
different depending on the types of immune cells tested
[28, 29].

Taken together, the partial activation of TRPV1 and
associated Ca®" signals might participate in the physio-
logical responses of vascular tissues to hypoxia. However,
because the acidic pH effect on Itrpy; Was not altered by
acute hypoxia, the role of acute hypoxia itself in ischemic
and inflammatory pain would be insignificant. The inhibi-
tion of Itrpyicap Suggests an intriguing possibility that
hypoxia might attenuate the activation of TRPV1 by lipid-
derived agonists.
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