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Transient receptor potential (TRP) channels in skin are
crucial for achieving temperature sensitivity to maintain
internal temperature balance and thermal homeostasis,
as well as to protect skin cells from environmental stresses
such as infrared (IR) or near-infrared (NIR) radiation
via heat shock protein (Hsp) production. However, the
mechanisms by which IR and NIR activate TRP channels
and produce Hsps intracellularly have been independ-
ently reported. In this review, we discuss the relationship
between TRP channel activation and Hsp production,
and introduce the roles of several skin TRP channels in
the regulation of HSP production by IR and NIR expo-
sure.
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Despite a huge number of studies on the transient receptor
potential (TRP) superfamily of cation channels and heat
shock proteins (Hsps), a direct relationship between TRP
channel activation and Hsp induction is not independently
reported. TRP channels were discovered initially in Dro-
sophila retina [1] and were investigated mainly in the fields
of sensory transduction and biological sciences. More recently,
TRP channel studies have focused largely on mechano-
sensation, cell signaling, aging, and cancer research [1-4].
Among the many kinds of thermosensitive TRP channels
that are well known to exist in human skin [5], there have
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been few studies on TRP channels or Hsps [6—8]. However,
many kinds of thermosensitive TRP channels are activated
by heat, potentially inducing Hsps to respond to a wide vari-
ety of physiological and environmental insults. Mammalian
TRP channels consist of six-transmembrane (6-TM) cation-
permeable channels that are classified into six subfamilies
based on amino acid sequence homology: TRPC, TRPV,
TRPM, TRPP, TRPA, and TRPML [1]. The functional prop-
erties of these six subfamilies of TRP channels are listed
and exhibited elsewhere [9]. Four heat-activated channels,
TRPV1-4, and two cold-activated channels, TRPMS8 and
TRPAI, belong to temperature-sensitive transient receptor
potential channels, and are expressed in dorsal root ganglion
sensory neurons, skin, and other cells [10]. Temperature sen-
sitivity is crucial to protect against skin damage as well as
to maintain internal temperature balance or thermal home-
ostasis [5]. Thermo TRP channels, TRPV1,3,4, TRPMS, and
TRPAI, are known to be expressed in human keratinocytes
(KCs); two of them, TRPV1 and TRPAI, are expressed in
human skin fibroblasts (HDFs) [1,5], which are major reg-
ulators of skin cell proliferation and differentiation, in the
skin barrier, and in immune functions responding to skin
injury [5]. Furthermore, environmental stress in the skin also
induces Hsp production, which plays an important role in
triggering some molecular mechanisms involved in damage
recovery. According to the review by Kregel [11], the numer-
ous findings on the physiological functions of Hsps against
damage can be summarized as follows. The proposed func-
tions of each Hsp are (a) microfilament stabilization and
anti-apoptotic effect by Hsp27, (b) refolding of proteins and
aggregation of denatured proteins by Hsp 60, (c) cytopro-
tection due to protein folding by Hsp 70, (d) regulation of
steroid hormone receptor and protein translocation by
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Hsp90, (e) protein folding by Hsp 110/104 [12]. Among the
inducers of the heat shock response for protecting skin from
damage, environmental stresses such as temperature and
solar rays (ultraviolet, UV and infrared, IR) are the most effi-
cient agents to produce Hsps in human skin, but the effect of
IR (including near-infrared, NIR) on Hsp induction has not
been well studied. Therefore, NIR and IR are the most inter-
esting means of producing Hsps in human skin. How do IR
and NIR activate TRP channels? How do IR and NIR facili-
tate the production of Hsps intracellularly? What is the rela-
tionship between TRP channel activation and Hsp produc-
tion? To answer these questions, this review focuses on IR
and NIR exposure to produce Hsps by the activation of TRP
channels in the skin cell.

Reactive oxygen species (ROS) production by
electromagnetic waves, including IR and NIR

ROS is generally produced by ionizing radiation and the
excitation of water molecules by light. When living tissue is
exposed to radiation, including gamma and X-rays, water
molecules in the tissue are ionized to make hydrated elec-
trons, leading to the formation of superoxide radicals, hy-
droxyl radicals, and other free radicals. In the case of UV
rays and visible light, the ground state of water molecules is
excited and then hydroxyl radicals are mainly produced. On
the other hand, when the tissue is heated by external micro-
wave (EMW), which is called hyperthermia, hydroxyl radi-
cals are produced efficiently in the tissue (Fig. 1) [13]. The
following section describes how electromagnetic waves pro-
duce ROS with wavelength dependence.

Ultraviolet-B (UVB)-induced ROS production in skin
Among exogenous harmful UV rays, UVB (290 nm~
320 nm) plays the most valuable role in the field of photo-
dynamic therapy (PDT) [14]. UVB is also evaluated in the
clinical field, such as clinical sunburn, hyperpigmentation,
erythema, plaque-like thickening, loss of skin tone, deep
furrowing, and wrinkle formation [15]. UVB-induced skin
damage and carcinogenesis are also due to the ROS-
dependent depletion of several protein functions, which will
lead to senescence, differentiation, and connective tissue
degradation [16]. According to our recent findings (unpub-
lished data), the molecular mechanism underlying UVB’s
toxic effect was clearly elucidated. As is well known, KCs
possess several types of TRP channels, such as TRPC7,
TRPV1, TRPV3, TRPV4, TRPMS, and TRPA1l. Among
them, TRPV1 and TRPA1 were found to be sensitive to
ROS, including free radicals. And in human skin, HDF's are
equipped with TRPV1 and TRPA1, both of which are sensi-
tive to ROS. It is very reasonable to assume that ROS can
open TRP channels [17,18]. When a TRP channel is open,
Ca? and Na* enter the cytosol from extracellular space. The
increased Ca?* in the cytosol activates the mitochondrial
TCA cycle, which then generates ATP as well as ROS [19].
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Figure 1 Different ways to produce reactive oxygen species (ROS)
using different types of external microwave (EMW).

The ROS produced in the mitochondria damage induces
Hsps in the cell. Consequently, as ROS is generated any-
where in the cell, the cell could be injured. It is possible that
the Hsps provide ameliorative effects through their molecu-
lar chaperone, cytoprotective, and anti-inflammatory proper-
ties against ROS-induced damage in the skin [15,20-22].

High-temperature treatment

There are three ways to heat up living tissue: soaking of
the tissue in a high-temperature water bath, IR exposure, and
millimeter (high-frequency) microwave irradiation to the
body. The water bath method is the easiest method, while
the microwave method is problematic: intermittent high-
temperature exposure to the whole body is difficult to
achieve, and homeostasis prevents control over the tempera-
ture of the interior part of the body. For IR rays to be more
useful in the human body, they must reach deeper than about
2 cm beneath the skin surface. However, the main disadvan-
tage of IR ray is to become too scattered in the tissue, mak-
ing it impossible to specify the high-temperature region in
the skin and measure temperature of the internal region of
animal body except phantom model. The same situation
occurs in the case of micrometer waves (MMWs). When a
MMW irradiates living tissue, the high-frequency (>1 GHz)
wave oscillates water molecules vigorously, and the result-
ing friction with other molecules in the body produces heat.

As described previously, high-temperature treatment of
living tissue induces ROS production. In KCs, for example,
there are five heat-sensitive TRP channels: TRPV1, TRPV3,
TRPV4, TRPAI1, and TRPMS. It has already been estab-
lished that each channel covers different temperature ranges,
but the underlying heat-sensitive mechanism is unknown
(Fig. 2). Interestingly, the temperature-dependent coefficient
(Q,,) value of the responses is about 40, an exceptionally
high value for temperature changes [23]. Once the TRP
channel is open, mitochondrial complexes I and II are acti-
vated via the elevation of intra-mitochondrial Ca?', after
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Figure 2 Effects of heat exposure on the characteristics of TRPV1
channel.

which ROS is released from it intracellularly [24,25]. Unfor-
tunately, the heat-sensitive mechanism of TRP channels has
not been clarified completely. Recently, Voets ef al. proposed
a “two-state model” for temperature-sensitive channel gating
for the TRPV1 channel; the channel is activated upon mem-
brane depolarization, and the voltage dependence of acti-
vation is highly sensitive to temperature [26,27]. The sche-
matic model of the strong temperature dependence of a
thermossensitive TRP channel is ~1 equivalent charge per
channel, less than the ~14 equivalent charges in a shaker-
type voltage-gated K* channel. Although the two-state model
is probably the simplest scheme to describe the temperature
effect of channel opening, it also accurately describes tem-
perature and voltage dependence. Accordingly, we do not
hesitate to adopt the two-state theory as an appropriate
model in the present stage. As a result, we can explain how
the generation of ROS by hyperthermia is highly dependent
on the distribution of thermosensitive TRP channels.

NIR- and IR-induced ROS production in skin

NIR and IR possess two-sidedness for ROS production:
one is as a heat carrier to activate thermosensitive TRP chan-
nels [28,29]; the other is the way to make singlet oxygen, a
precursor of free radicals, by the activation of several mole-
cules [30,31]. Singlet oxygen production is sometimes called
a nonthermal effect, which is known to result in DNA dam-
age and cell death by directly attacking functional proteins
[32]. Also, NIR irradiation is adopted as a therapeutic option
for the treatment of wound healing disorders [33]. The IR
spectral region is divided into three categories: NIR (760~
3,000 nm), IR (3,000~30,000 nm), and far IR (30,000 nm~
1 mm). Among them, NIR wavelength, shorter than 1,100 nm
and longer than 1,850 nm, can reach deeper (>2 cm) tissues
[34], because in a specific range of wavelengths (1,100 nm <
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wave length <1,450 nm) will be absorbed largely by water
molecules. The survival wavelength of NIR can cause pho-
tochemical changes and induce several kinds of damage in
the tissue. However, it was very difficult to get direct evi-
dence that singlet oxygen is generated in water, because in
H,O the mean lifetime of singlet oxygen was very short,
~3.5 1 seconds. Recently, singlet oxygen was detected in
water by the use of two photons of IR [35].

Activation and inhibition of TRP channels

Among several kinds of TRP channels, it is easy to con-
jecture that the TRPV family is distributed in human skin. In
addition, both TRPMS8 and TRPA1 are expressed in the skin
as temperature sensors. Furthermore, although the TRPC
family does not belong to thermosensitive TRP channels, it
controls calcium entry under epidermal receptor stimulation,
which is an important part of a functional system for main-
taining skin homeostasis [36]. Therefore, in the following
section we summarize the role of TRP channels in the skin

[5].

TRPYV subfamily

Among the six subfamilies of TRPV channels, TRPV1,
TRPV3, and TRPV4 are known to be found in skin cells,
especially in KCs. TRPVI1-type channels are activated by
heat, low pH, and pro-inflammation [1]. It was also reported
that TRPV1-type channels are sensitive to some physical
stresses such as high (>42°C) temperature, membrane
stretching, and several chemicals (ethanol, lidocaine, mono-
acylglycerols, and 2-Aminoethoxydiphenyl borate, 2APB)
[37]. Ion selectivity, which is expressed as PCa/PNa, is
approximately 10 for chemical stimulation and 4 for physi-
cal stimulation [1]. TRPV1 is also expressed in dermal fibro-
blast [38]. The TRPV1 channel in skin was found to be
essential for the control of skin growth as well as for barrier
functions, cutaneous immunological functions, skin pathol-
ogy and several cutaneous diseases [5], and skin aging [38].
It is worth noting that TRPV1 can be activated directly by
OAG, a membrane-permeable diacylglycerol (DAG) analog,
although the 1-oleoyl-2-acetyl-sn-glycerol (OAG)-induced
calcium response is one-fifth of the capsaicin-induced signal
[39]. The activation of TRPV1 by membrane-permeable
OAG does not mean it is activated by G protein-coupled
receptor (GPCR), because DAG produced by the hydrolysis
of phosphatidylinositol 4,5-bisphosphate (PIP,) by phospho-
lipase ¢ (PLC) B is phosphorylated to phosphatidic acid (PA)
by DAG kinase immediately [40]. Interestingly, PIP, appears
to bind to the TRPV1 channel directly, causing channel inhi-
bition that is relieved by PLC B—catalyzed PIP, hydrolysis.
The C-terminal of TRPVI transcription disrupts the PIP,
binding site and impairs thermal responsiveness. Moreover,
TRPV3 is sensitive to warm temperature (33°C-39°C), and
PCa/PNa is around 3. Heat-activated TRPV3 current dis-
plays strong outward rectification, striking thermal hystere-
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sis, and sensitization following repeated activation [41]. The
TRPV3 channel’s roles in the skin include nociception, skin
integrity, wound healing, hair growth, and sebocyte func-
tions. Similar to the TRPV3 channel, the TRPV4 channel
covers a temperature range (27°C-34°C), and the ratio of
PCa/PNa is close to 6. Unlike TRPV1-TRPV3, TRPV4 is
apparently insensitive to activation by 2APB [42,43]. The
TRPV4 channel is involved in mechano-sensation, osmo-
sensation, nociception, modulation of cell migration, the
shear stress sensor, and control adherence junction in the
skin cochlea [44].

TRPA1

TRPA1, well known as a noxious cold pain sensor, is also
expressed highly in KCs [45] and in HDFs [44]. Interesting,
the role of this channel may be essentially different from
those of other TRPV channels, because it is directly acti-
vated by intracellular Ca?* through binding to the N-terminal
EF-hand domain of TRPA1 [46]. This mechanism underly-
ing this action was suggested to be activation and/or sensiti-
zation of TRPA1 channels by GPCR coupled to PLC f sig-
naling, such as bradykinin receptors [47]. In addition, since
TRPAL1 is involved in inflammatory pain (increased sensi-
tivity to painful stimuli), TRPA1 may underlie some compo-
nents of inflammatory hyperalgesia (increased sensory neu-
rons for cold hyperalgesia). Thus, TRPA1 is most likely a
chemical sensor for injury and inflammation [48]. Many
TRPAL ligands, such as mustard oil, acrolein, formalin, and
iodoacetamide, can activate TRPA1 extracellularly, while
acetaldehyde, H,0,, 15d-prostaglandin J2, and prostaglandin
A2 (PGA2), all of which are called reactive electrophilic
species (RES), work intracellularly [49]. These RESs are
generated under oxidative stress with the chemical reactivity
being transferred from ROS to RES [49]. It is likely that
these ROS promote disulfide formation between vicinal
thiol residues, resulting in TRPA1 dysfunction [49]. How-
ever, TRPA1 activation is recovered by the application of
dithiothreitol (DTT), which reduces the disulfide bond to the
—SH group of cysteine in TRPA1 [50].

The sensitivity of TRPALI to intracellular Ca** and ROS
accelerates cell depolarization, which will activate voltage-
dependent Ca** channels, leading to skin aging, carcinogen-
esis, and apoptosis [51]. Thus, TRPA1 may help regulate the
proliferation and differentiation of KCs and skin inflam-
mation [52]. Some functional properties of TRPA1 depend
on its ability to interact with TRPV1. The coexistence of
TRPA1 with TRPV1 seems to be important for the action of
an endogenous mediator, such as bradykinin or calcium [53].
Interestingly, Akopian et al. also found that TRPV1 can reg-
ulate the mediator of TRPA1 by Ca** through the PIP, sig-
naling pathway [54]. Thus, the physiological functions of
TRPA1 are summarized as follows: thermo-sensation, the
most versatile chemo-sensor, mechanical sensation (?), noci-
ception and, interestingly, olfactory transduction [44].

TRPMS

The TRPM channel controls certain skin functions, espe-
cially those related to melanocyte biology. TRPMS displays
a cold receptor of the body, and its activation can be modu-
lated by many cooling compounds and many other odorant
agents isolated from plants, e.g., linalool, geraniol, and
hydroxycitronellal [55,56]; and the selectivity of Ca®" is
about three times higher than that of Na* [1]. These results
were confirmed electrophysiologically using whole-cell patch
clamp experiments [26]. It was also confirmed that the
TRPMS8 channel was activated by depolarization, which
means that the TRPMS channel is very sensitive to changes
in the cell’s ionic balance. Thus it is natural to consider that
the TRPMS channel is involved in body temperature regula-
tion [57].

TRPC6 and TRPC7

The TRPC subfamily was established as the first recog-
nized mammalian TRP channel [58]. According to the results
obtained by Sakura et al., the TRPC subfamily is divided
into three groups on the basis of sequence alignments:
TRPC1/4/5, TRPC3/6/7, and TRPC2 [59]. TRPC1/4/5/7
channels are expressed in HaCaT, an immortal human kera-
tinocyte line [60], while Cai ef al. detected TRPC1/C5/C6/
C7 in gingival KCs [61]. TRPC7 is also a receptor-operated,
DAG-activated channel in KCs, mediating a PLC [4-
activated transducer current in intrinsic photosensitivity
[36,62]. Consequently, we focus here only on TRPC7, based
on the newest results published by Beck [60]. As was previ-
ously described, most of the TRPC subfamily shows similar
characteristics for activation by DAG and inhibition by
SKF96365. Thus, it is reasonable to discuss the character-
istics of TRPC6 and TRPC?7 as representative of the TRPC
subfamily in KCs, since these channels are activated by
membrane-permeable DAG [60]. And Muller et al. suggested
that TRPC6 is a specific channel for inducing KCs differen-
tiation [63]. Eventually, several members of the canonical
TRPC subfamily were identified in the skin, where they
mostly control the growth and differentiation of KCs under
physiological and pathological conditions [5]. After all, these
TRPC channels in the skin are considered to be significantly
involved in skin cell growth, barrier function, and cutaneous
diseases. Based on the above discussion, as TRP channel
open through oxidative stress, intracellular calcium eleva-
tion induces ROS and ATP production in mitochondria
resulting in disulfide bonds formation to protein dysfunc-
tion. A scenario is shown in Figure 3.

Hsp formation in skin cells

Among several mechanisms that ensure the survival of
cells, the most conserved mechanism of cellular protection
is the expression of Hsps [15,64]. This protection has been
called “stress tolerance”, because constitutive Hsps are
involved in protein folding and are translocated across the
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membrane as “molecular chaperones” [65]. So far, a large
number of Hsps have been identified as Hsp27, Hsp33,
Hsp60, Hsp70, Hsp90, and Hsp110 [11]. It was reported that
Hsp27, Hsp60, Hsp70, and Hsp90 are expressed in KCs. In
the following sections we discuss these questions: how are
Hsps induced? Is calcium involved in Hsp induction? How
are ROS and TRP channels involved in Hsp production?

Direct induction of Hsps by oxidative stress

Hsps are expressed in response to any kind of stress signal
that compromises cell survival. In mammals, Hsps are
expressed when body temperature is above 41°C. Thus irra-
diation of IR or NIR induces the increased expression of
Hsps, especially Hsp70 in skin [66,67]. Besides, not only
rising body temperature but also heavy metals (As, Cd),
ethanol, oxygen radicals, and peroxides are agents that can



30 BIOPHYSICS Vol. 11

induce heat-shock responses [68]. Based on these data,
Gabriele Multhoff proposed that the real inducer of Hsps is
the presence of denatured proteins within the cell [69]. This
hypothesis was supported by experiments in which heat-
shock responses were also induced by microinjection of
denatured protein into the cells [70]. Another example of
Hsp production was observed in an animal experiment by
ischemia and reperfusion in the liver, brain, heart, and kid-
ney [70]. This also explains that Hsp production is closely
related to oxidative stress effect, which is increased during
both ischemia and reperfusion [71,72]. However, ROS gen-
eration such as that by H,O, and hydroxyl radicals can lead
to irreversible protein damage, side-chain oxidation, non-
specific disulfide bond formation, thermal instability, aggre-
gation, and finally cell death [73,74]. After all, it is reason-
able to consider that Hsps and ROS are two sides of the same
coin [75].

Calcium and Hsps

According to the proposal of Kiang and Tsokos [76], Hsp
expression is modulated by cell signal transducers, such as
changes in intracellular pH, cAMP, Ca*', IP,, PKC, and pro-
tein phosphatases. Actually, increases in intra-cellular Ca**
greatly attenuate the translocation of heat-shock transcrip-
tion factor (HSF) from cytosol to nucleus, Hsp gene expres-
sion, and protein synthesis. IP, is important in the regulation
of Hsp protein expression, because treatment with pertussis
toxin, cholera toxin, and forskolin increased IP, production,
which led to the increased gene level of Hsp in human epi-
dural cells. In contrast, an inhibitor of IP, production dimin-
ishes the heat-induced expression of Hsps [77,78]. This is
supported by the finding that the binding of IP, to its receptor
of ER alters RNA splicing and regulates the expression of
multiple gene products [79]. The involvement of PKC and
phosphoprotein phosphatase is also confirmed. Together, the
previous results suggest that calcium signaling is also im-
portant to understand the molecular mechanism by which
heat produces Hsps. It is not so easy to combine hyperther-
mia and IP,-induced calcium signaling, but it will be possi-
ble if we assume that the involvement of TRP channels in the
hyperthermis induces Hsp production.

A tentative model of Hsp production by heat

We discuss the roles of several skin TRP channels in the
regulation of Hsps production via increased intracellular cal-
cium induced ROS generation after IR and NIR exposure.
Thus, the coexistence of TRPV1 and TRPA1 potentially sup-
ports a model to explain how hyperthermia can produce
Hsps in the cell. This coexistence fulfills the necessary and
sufficient conditions to produce Hsps; for Hsp production in
the nucleus, an IP, signal is needed. For IP, production, PLC
B must be activated; the Nishizuka school has already estab-
lished that a rapid increase in Ca?* is enough for PLC p acti-
vation in vitro. Also for in vivo study, a conditional tissue
specific knockout mice are established, blocking TRPV1 or

TRPAL1 in skin to further detect the production of Hsps after
IR/NIR exposure. Therefore, we hypothesize that the activa-
tion of TRP channels induces several types of Hsp proteins
via intracellular calcium elevation to protect human skin (the
largest organ of the human body) and maintain skin homeo-
stasis from harmful EMW and high temperature.
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