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A B S T R A C T

Compelling evidence suggests that far-infrared ray (FIR) possesses beneficial effects on emotional disorders.
However, the underlying mechanism conveyed by FIR remains unclear. Recently, we demonstrated that ex-
posure to FIR induces antioxidant potentials via up-regulation of glutathione peroxidase (GPx)-1 gene. The
antioxidant potentials might be important for the modulation on the neuropsychotoxic conditions. Exposure to
FIR protects from methamphetamine (MA)-induced memory impairments via phosphorylation of ERK 1/2 sig-
naling by positive modulation of protein kinase C δ (PKCδ), M1 muscarinic acetylcholine receptor (M1 mAChR),
and nuclear factor E2-related factor 2 (Nrf2) transcription factor. In addition, exposure to FIR positively mod-
ulates MA-induced behavioral sensitization via attenuating mitochondrial dysfunction by down-regulation of
dopamine D1 receptor. In this mini-review, we have discussed with the protective potentials mediated by FIR
against MA-induced psychotoxic burdens.

1. Introduction

Infrared radiation is an invisible electromagnetic wave with longer
wavelengths than visible light. The International Commission on
Illumination subdivided infrared rays into three broad categories based
on wavelength: (1) near-infrared ray (0.7–1.4 μm), (2) middle infrared
ray (1.4–3 μm), and (3) far-infrared ray (FIR) (3–1000 μm) (Toyokawa
et al., 2003; Vatansever and Hamblin, 2012). Among them only FIR
transfer energy in the form of heat (Plaghki et al., 2010). According to
the clinical applications, FIR treatment has been divided into two ca-
tegories; 1) FIR emitter composed of electrified ceramic plates, which is
placed 20 cm above a patient and steadily increases the skin tempera-
ture (Karstens et al., 2006), and 2) FIR dry sauna therapy (Teraoka
et al., 2004); which unlike traditional saunas, transfer heat directly
without using air as a medium (Ishi et al., 1991). In terms of standard

experimental conditions for animals, FIR panel was positioned at the
height of 40 cm above the mice. This panel emits FIR ranging from 5 to
20 μm. The panel surface temperature was controlled at 40 °C. (Mai
et al., 2018a, 2018b, 2018c; Nagasawa et al., 1999; Shui et al., 2015;
Tran et al., 2016; Udagawa and Nagasawa, 2000).

Although precise mechanism on the cerebral thermoregulation
mediated by FIR remains to be further elucidated, neuroimaging and
magnetic resonance studies have revealed that FIR exposure eventually
increases the temperature of body tissues, resulting in high motility of
water molecules due to a decrease in the size of water clusters (Inoue
and Kabaya, 1989). Therefore, it might be speculated that FIR stimu-
lates the penetration of water molecules into various sites inside of the
body tissue and also modulates dynamic functions of humoral factors in
the body fluid (Imamura et al., 2001; Vatansever and Hamblin, 2012).

Health benefits of FIR have been reported in diverse morbid
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conditions (Lin et al., 2008; Nagasawa et al., 1999; Shui et al., 2015;
Vatansever and Hamblin, 2012). It is also well-known that exposure to
FIR exhibits antioxidant and anti-inflammatory potentials (Chang et al.,
2016; Mai et al., 2018a, 2018b, 2018c; Tran et al., 2016; Vatansever
and Hamblin, 2012). In addition, FIR treatment facilitates the anti-de-
pressive efficacy (Tsai et al., 2007). Similarly, we demonstrated that
exposure to FIR protects against acute restraint stress-induced oxidative
damage via induction of GPx-1 gene (Tran et al., 2016).

Interestingly, it was reported that constant exposure to stress en-
hances abusive potentials (Deroche et al., 1992; Hahn et al., 1986; Leao
et al., 2009; Pacchioni et al., 2002). Although pharmacodynamic of MA
is similar to those of amphetamines, MA is highly addictive because of
high CNS penetration rate and long lasting action. MA drug abuse also
can be allied with a high risk of stressful conditions, i.e., homelessness,
unemployment, and antisocial behavior (Glasner-Edwards and Mooney,
2014).

MA drug abuse leads to schizophrenia-like symptoms, such as hal-
lucination and delusion (Yui et al., 1997, 2002). Moreover, clinical
reports suggested that chronic MA use causes cognitive impairment
(Scott et al., 2007). We demonstrated that repeated MA treatment in-
duces recognition memory impairments and can be used as an animal
model for schizophrenia and MA psychosis (Kamei et al., 2006; Tran
et al., 2018).

Up to now, efficient pharmacological modulators against MA-in-
duced disorder have not been developed yet (Forray and Sofuoglu,
2014). This mini-review highlighted the therapeutic potentials medi-
ated by FIR against MA-induced psychotoxicity (i.e., memory impair-
ments and behavioral sensitization).

2. Exposure to FIR positively modulates protein kinase Cδ (PKCδ)
in the prefrontal cortex (PFC) of the mice

PKC, a well-known cognitive kinase, plays an important regulatory
role in cellular signaling (Talman et al., 2016). In particular, PKCδ is a
major proinflammatory kinase, which regulates oxidative stress, apop-
tosis, and dopaminergic system (Dang et al., 2015; Kanthasamy et al.,
2003; Nam et al., 2015; Nguyen et al., 2015). MA treatment selectively
and specifically induces PKCδ out of other isoenzymes (Shin et al.,
2011), and causes memory impairments (Tran et al., 2018). Exposure to
FIR inhibits induction of PKCδ, and subsequently protects against MA-
induced memory impairments (Mai et al., 2018b). Importantly, we re-
cently demonstrated that PKC activator, bryostatin-1, significantly ac-
tivates PKCδ, and counteracts FIR-mediated protective effects against
MA-induced memory impairments (Mai et al., 2018c). Moreover, the
memory-enhancing effect of FIR is comparable to that of genetic de-
pletion of PKCδ (Mai et al., 2018b, 2018c; Tran et al., 2018). Therefore,
we propose that PKCδ might be a molecular target for FIR against MA-
induced memory dysfunction.

It has been demonstrated that FIR increases endothelial nitric oxide
synthase (eNOS) gene expression (Akasaki et al., 2006; Park et al.,
2013a), which might lead to the normalization of autonomic nervous
activity (Kuwahata et al., 2011). Furthermore, inhibition of PKCδ
modulates eNOS (Iwase et al., 2000; Monti et al., 2010) and glutathione
system (Ghigo et al., 1996; Hofmann and Schmidt, 1995). Therefore, it
is plausible that FIR-mediated up-regulation of eNOS and GSH might
down-regulate PKCδ activation, which might be important for FIR-
mediated neuroprotective potentials (Mai et al., 2018a, 2018b, 2018c).

3. Exposure to FIR facilitates nuclear factor E2-related factor 2
(Nrf2)-dependent glutathione system in the prefrontal cortex
(PFC)

MA treatment decreases reduced glutathione (GSH) levels, and it
facilitates oxidation-dependent memory impairments (Mai et al.,
2018b, 2018c; Tran et al., 2018). GSH plays a critical role in preventing
oxidative stress induced by MA (Kim et al., 1999; Mai et al., 2018b;

Shin et al., 2014). MA-induced endoplasmic reticulum stress might be
responsible for the GSH depletion (Krasnova and Cadet, 2009; Yang
et al., 2018), and might cause up-regulation of the enzymes, responsible
for GSH biosynthesis through the Nrf2/antioxidant responsive element
(ARE) signaling (Jayanthi et al., 2009). Activation of Nrf2 also requires
induction of c-glutamylcysteine ligase modifier subunit (GCLm), c-
glutamylcysteine ligase catalytic subunit (GCLc), and glutathione per-
oxidase (GPx) (Mai et al., 2018c; Singh et al., 2008). Exposure to FIR
positively modulates Nrf2-related system, and protects against MA-in-
duced impaired recognition memory (Mai et al., 2018c). This positive
modulation of the Nrf2 system might be essential for FIR-mediated
antioxidative potential in response to MA.

4. Exposure to FIR positively modulates interaction between M1
muscarinic acetylcholine receptor (M1 mAChR) and ERK 1/2 in the
prefrontal cortex (PFC)

mAChRs are divided into five subunits (i.e., M1-M5) (Nathan et al.,
2013). It is well-known that a selective M1 antagonist (i.e., dicyclo-
mine) causes memory dysfunction (Kim et al., 2013; Nathan et al.,
2013). Consistently, M1 mAChR activation is critical for enhancing
memory function via JAK2/STAT3 signaling pathway (Kim et al., 2013;
Park et al., 2013b). Repeated MA treatment significantly down-reg-
ulates M1 mAChR, and results in recognition memory impairment (Mai
et al., 2018c). A selective agonist of M1 mAChR (i.e., GSK1034702)
enhances cognitive function, and M1/M4 agonists (i.e., xanomeline)
improve psychosis-related symptoms (Foster et al., 2014; Nathan et al.,
2013). Similarly, exposure to FIR rescues MA-induced memory im-
pairments via up-regulation of M1 mAChR (Mai et al., 2018c). There-
fore, it is plausible that FIR-mediated memory enhancing effects require
M1 mAChR against MA (Mai et al., 2018c).

ERK1/2 signaling plays a critical role in psychostimulant-induced
neural plasticity (Nestler, 2001; Valjent et al., 2001), in association
with memory impairments (Zhu et al., 2012). ERK 1/2 activation in PFC
protects against MA-induced memory impairments (Kamei et al., 2006;
Tran et al., 2018), whereas inactivation of ERK1/2 impairs memory
function in rodents (Schafe et al., 2000; Tran et al., 2018). Exposure to
FIR attenuates MA-induced memory dysfunction via activation of ERK1/

2 signaling by the interactive modulation between M1 mAChR and Nrf2
(Mai et al., 2018c). Importantly, we demonstrated that pharmacological
inhibitor of ERK, i.e., U0126, or M1 mAChR antagonist, i.e., dicyclo-
mine, counteracts against FIR-mediated memory enhancing potentials
(Mai et al., 2018c). More importantly, these protective potentials of FIR
are comparable to those by clozapine, or genetic depletion of PKCδ in
mice (Kamei et al., 2006; Mai et al., 2018b, 2018c; Tran et al., 2018),
suggesting that FIR application can be a potential therapeutic tool in
response to MA-induced memory impairments.

5. Exposure to FIR positively modulates dopamine D1 receptor
and c-Fos immunoreactivity (c-Fos-IR) in the striatum

It has been well-known that dopamine receptors mediate MA-in-
duced behavioral sensitization. Earlier studies have demonstrated that
dopamine D1 or D2 receptor antagonists attenuate MA-induced beha-
vioral sensitization (Kuribara, 1995; Kuribara and Uchihashi, 1994). In
contrast, Shuto et al. (2006) reported that activation of D1 receptor
reversed MA-induced behavioral sensitization. However, we and others
have demonstrated that D1 receptor antagonist, SCH23390, attenuates
MA-induced behavioral sensitization (Kelly et al., 2008; Mai et al.,
2018a). Moreover, recently we reported that FIR attenuates MA-in-
duced behavioral sensitization via down-regulation of dopamine D1
receptor. We also demonstrated that the protective potentials by do-
pamine D1 receptor antagonist, i.e., SCH23390, are comparable to
those by FIR (Mai et al., 2018a). Therefore, the role of D1 receptor
remains to be further explored against MA-mediated drug dependence.
Previously, we showed that exposure to FIR attenuates c-Fos-IR and
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oxidative burdens induced by acute restraint stress (Tran et al., 2012).
Similarly, exposure to FIR attenuates MA-induced increase in c-Fos-IR
in the nucleus accumbens, and consequently alleviates oxidative da-
mage (Mai et al., 2018a; Tran et al., 2016).

6. Exposure to FIR restores homeostasis of enzymatic antioxidants
in the striatum

We demonstrated that MA treatment significantly decreases GPx-1
expression (Kim et al., 1999; Tran et al., 2018), and that depletion of
GPx-1 potentiates oxidative stress-responsible neurotoxicity (Shin et al.,
2008, 2014; Tran et al., 2016). Consistently, genetic overexpression of
GPx-1 inhibits against oxidative stress-responsible neurotoxicity (Lubos
et al., 2011). Importantly, it is plausible that the loss of homeostasis in
enzymatic antioxidants (i.e., between GPx and superoxide dismutase)
might cause behavioral sensitization in rodents (Tran et al., 2017). It
has been reported that FIR induces antioxidant potentials via the
homeostasis in response to behavioral sensitization-evoked oxidative
burdens (Mai et al., 2018a, 2018c; Tran et al., 2016).

7. Exposure to FIR attenuates mitochondrial dysfunction in the
striatum

We have reported that MA induces mitochondrial dysfunction with
behavioral sensitization (Mai et al., 2018a; Shin et al., 2016, 2017).
Repeated MA treatment caused mitochondrial dysfunction (i.e., mi-
tochondrial transmembrane potential, and accumulation of in-
tramitochondrial Ca2+), decreased mitochondrial complex I activity,
and mitochondrial oxidative burdens (Mai et al., 2018a; Shin et al.,
2016, 2017). Importantly, drug abuse can alter mitochondrial-related
genes (Sokolov et al., 2003). In addition, mitochondrial alteration in
drug dependence has been recognized (Feng et al., 2013; Liou et al.,
2014; Mai et al., 2018a). Recently we reported that recovery of mi-
tochondrial function may be important for alleviating behavioral sen-
sitization induced by MA (Mai et al., 2018a). Similarly, one report in-
dicated that FIR provides protective effects on a neurodegenerative cell
model of spinocerebellar ataxia type 3 via improvement in mitochon-
drial respiratory function (Chang et al., 2016). Our findings also sug-
gested that exposure to FIR ameliorates mitochondrial dysfunction
possibly via inhibition of dopamine D1 receptor, and induction of mi-
tochondrial antioxidant enzyme (Mai et al., 2018a).

8. Conclusion

It is recognized that there is no feasible therapeutic approach
available against psychotoxic effects induced by MA. Importantly, here
we suggest that exposure to FIR protects from MA-induced psycho-
toxicity. Memory enhancing activity of FIR against MA requires up-
regulation of M1 mAChR, Nrf2-dependent system, and ERK1/2 by in-
hibiting PKCδ phosphorylation. Exposure to FIR also protects against
behavioral sensitization induced by MA via attenuating mitochondrial
dysfunction by up-regulation of GPx-1. Recovery of mitochondrial
function may be helpful for FIR-mediated psychoprotective activity.
The antipsychotic potentials by FIR may be, at least in part, comparable
to those by clozapine. Combined, we propose that application of FIR
might constitute a potential therapeutic tool against neuropsychotoxic
conditions induced by MA or possibly other psychostimulants (Fig. 1).
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