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Abstract

Far infrared light has been used in many medical procedures. However, the detailed biologi-

cal mechanisms of infrared light’s effects have not yet been elucidated. Many researchers

have pointed out the thermal effects of treatments such as infrared saunas, which are

known to increase blood flow. Alzheimer’s disease (AD) is associated with gradual

decreases in brain blood flow and resulting dementia. In this study, we attempted to clarify

the beneficial effects of far infrared light using the 5xFAD mouse, a transgenic model of AD.

We exposed 5xFAD mice to far infrared light for 5 months. Among the far infrared-exposed

AD mice, body weights were significantly decreased, and the levels of nerve growth factor

and brain-derived neurotrophic factor protein were significantly increased in selected brain

areas (compared to those in non-irradiated AD mice). However, cognition and motor func-

tion (as assessed by Morris water maze and Rota Rod tests, respectively) did not differ

significantly between the irradiated and non-irradiated AD mouse groups. These results indi-

cated that exposure to far infrared light may have beneficial biological effects in AD mice.

However, the experimental schedule and methods may need to be modified to obtain

clearer results.

Introduction

The electromagnetic wave, which was discovered by Heinrich Rudolf Hertz in 1887, is a wave

function that proceeds in a specific direction while crossing electric and magnetic fields. Elec-

tromagnetic waves have many characteristics such as reflection, transparency, absorption,

refraction, and scattering. Examples of electromagnetic wave applications include the clinical

use of X-ray imaging to visualize internal organs, and the heating of objects by the reflection

of infrared (IR) waves [1]. Additionally, mobile phone and television systems employ
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electromagnetic wave-based technologies. Indeed, the use of electromagnetic waves is essential

to the comforts of our modern daily life.

Electromagnetic waves are classified by differences in wavelength, which has important

effects on their various characteristics. Based on wavelength, waves are characterized as radio

waves, microwaves, IR, visible light, ultraviolet, and X-rays [1]. Far IR (FIR) is a type of IR illu-

mination corresponding to wavelengths ranging from 3 to 1000 μm. FIR is known to warm the

body with almost no adverse effects, in contrast to ultraviolet rays. As a result, FIR is widely

used in heaters, blankets, bedrock baths, and the like. One possible mechanism by which FIR

light works is that the absorbed IR rays stimulate molecules arranged in bonded lattices [2],

resulting in more violent vibration of the molecules and warming of the substances. It has

been proposed that FIR light may have the effect of dilating microvessels, thereby activating

blood circulation and strengthening metabolism. However, the mechanism whereby FIR light

exerts effects such as heat retention remains unclear.

Alzheimer’s disease (AD) is a severe neurodegenerative disorder, and the number of AD

patients is gradually increasing worldwide. The best-known symptom of AD is the attenuation

of memory function [3]. The major pathological change associated with AD is the appearance

of amyloid plaques and tau hyperphosphorylation in brain tissue [4]. The onset and progres-

sion of AD may be related to decreases in brain blood flow [5,6]. The mean age of AD patients

typically exceeds 60 years, and the aging process is closely related to AD onset [7]. Because

blood capillary dysfunction induces limitations of oxygen supply in the brain and leads to the

accumulation of cholesterol and blood clots over time, AD patients often simultaneously

exhibit increased risks of arteriosclerosis and cerebrovascular disease [8]. Disorders such as

AD, dementia, cardiovascular disease, arteriosclerosis, hypercholesterolemia, hypertension,

and diabetes are intricately intertwined. Many factors, such as aging, oxidative damage, and

genetic factors, are associated with this complex problem [9]. AD-derived cognitive decline is

closely related to alterations of neurotrophic factor levels, such as nerve growth factor (NGF)

and brain-derived neurotrophic factor (BDNF) [10], and changes in blood flow [11]. NGF and

BDNF play important roles in the maintenance of cognitive functions. Although some reports

have indicated that FIR therapy promotes blood circulation [12], the detailed relationship

between FIR exposure and AD-related cognitive dysfunction has not yet been elucidated. Here

we evaluated the effects of FIR light in a transgenic mouse model of AD. FIR irradiation was

provided using a fabric that emits FIR light, and cognitive function and neurotrophic factor

protein expressions of FIR-exposed AD-transgenic mice were measured using the Morris

water maze and western blotting, respectively.

Materials and methods

Animals and reagents

All animal experiments were performed with the approval of the Animal Protection and

Ethics Committee of the Shibaura Institute of Technology, Tokyo, Japan (Approval number

17006). 5xFAD transgenic mice (#008730, MMRRC034848, B6.Cg-Tg(APPSwFlLon,

PSEN1�M146L�L286V)6799Vas/Mmjax, Alias/5XFAD) were purchased from The Jackson

Laboratory (Bar Harbor, ME, USA) and self-bred prior to use in these experiments. Eight-

month-old AD-transgenic mice were used in this study. Following entry into the study, these

mice were maintained for a 5-month period in the presence of a section of fabric that generates

FIR light (AD-FIR, n = 6) or in the presence of a section of a similar fabric that does not emit

in the FIR range (AD, n = 6) (Fig 1). C57BL/6 male mice of the same age were purchased from

Sankyo Labo Service Corp. Inc. (Tokyo, Japan) and used as control groups in the presence or

absence of FIR fabric. (Control, n = 5, Control-FIR, n = 5) All mice were maintained under
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conditions of controlled temperature (22 ± 2˚C), a 12-h light/dark cycle, and were provided

with free access to food and water. Food consisted of normal diet pellets (Labo MR Stock) pur-

chased from Nosan Corp. (Kanagawa, Japan). The body weights and weights of consumed

food (food intake) were measured once per week, and the relative body weights (normalized to

the starting value for the respective animal) were calculated from the data. After the treatment

period, cognition and motor function were assessed using tests as described below. Following

assessments, blood (for serum) was collected from each mouse, mice were euthanized, and

samples of brain (cerebral cortex (Cortex), cerebellum (Cer), and hippocampus (Hip)) were

collected for analysis. All other chemical agents were obtained from FUJIFILM Wako Pure

Chemical Corp. (Osaka, Japan).

Exposure of AD mice to FIR light

Fabric with ores that emit FIR light was a gift of PMC Co., Ltd. (Ishikawa, Japan; product

name: Alpha Slim; U.S. FDA registration number: 30 in 09747901). The fabric swatches were

replaced once per week throughout the 5 months of the study. To ensure proximity between

the fabric and the animals, the volume of crumpled paper, which is typically used as a flooring

material, was decreased from the usual amount, and AD control animal cages were supplied

with the same fabric lacking the ore additive. In pilot studies, we tested multiple variations of

how the fabric was placed in the animal cages, in order to prevent gnawing on the fabric by the

animals. Each cage also was provided with an enrichment tool. The radiation emission of the

ores was measured by Toyama Industrial Technology Center using a FIR spectroradiometer

(#JIR-E500, JEOL Ltd.) (Measurement No. 832, 1/17/2014). The highest emission wavelength

was between 8 to 10 μm, and it produced about 1 W/cm2/sr.

Cognitive performance

Cognitive functions were assessed by Morris water maze and Rota Rod tests, as described pre-

viously [13,14] with some modifications. Tests were administered using equipment purchased

from Muromachi Kikai Co., Ltd. (Tokyo, Japan).

Fig 1. The animal cages with a fabric that generates FIR light or with a control fabric. Sections of fabric derived

from the same source cloth were present in both cages, but the fabric in one case was impregnated with a compound

that generates far IR light.

https://doi.org/10.1371/journal.pone.0253320.g001
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The Morris water maze apparatus (140 cm in diameter and 45 cm in height) consisted of a

pool constructed of acrylic resin. The bottom of the pool was divided into four quadrants by

lines and was set up with four different visible marks positioned around the pool. A submerged

platform was placed in the center of one quadrant. The water temperature of the pool was

maintained at 22 ± 2 ˚C. Before starting the cognitive performance trials, the animals were

acclimated to the pool and to handling by the experimenter by being allowed to swim freely

for 60 s in the absence of a platform and by being handled over a 3-day period. The cognitive

trials were performed 4 times per day over an interval of 5 consecutive days. All trials were per-

formed at the same time of day and were carried out every 3 h (starting at 10:00, 13:00, 16:00,

and 19:00). Thus, we performed a total of 20 trials per mouse. The platform was maintained in

the same location of the pool for all trials. The escape latency (time to reach the goal), swim-

ming distance, swimming speed, and the proportion of time spent swimming in the quadrant

containing the platform were measured using ANY-maze software (version 6.19; Stoelting Co.,

Wood Dale, IL, USA).

After finishing the water maze test, we performed the Rota Rod test the next day. The Rota

Rod speed was set to accelerate from 5 to 50 rpm over 120 s and the time and speed (in rpm)

required for the animal to fall from the Rota Rod were measured. Before starting the Rota Rod

study, all mice were allowed to walk for 1 min at the same rod speed (5 rpm). After 1 min, the

Rota Rod speed gradually accelerated up to 50 rpm for 2 min, and the rod speed was main-

tained until the mice fell off the bar. The trials were performed three times and were conducted

every 20 min. All tests started at 10:00 and were performed in order.

Blood analysis

Prior to euthanasia, blood was collected without an anti-coagulant. Following clotting

(approximately 30 min at room temperature (RT)), the samples were centrifuged in a clinical

centrifuge, and the resulting serum supernatants were transferred to fresh tubes, flash frozen,

and stored at -80˚C until analysis. The samples were assessed for selected clinical chemistry

parameters (including total protein, albumin, aspartate aminotransferase (AST), alanine ami-

notransferase (ALT), alkaline phosphatase (ALP), lactic acid dehydrogenase (LDH), and oth-

ers) at an external testing agency (Oriental Yeast Co., Ltd., Tokyo, Japan).

Western blotting

All brain samples were homogenized in phosphate-buffered saline (PBS) and used for western

blotting as described previously [15], with some modifications. Following homogenization,

sample lysates were centrifuged; the resulting supernatants (protein extracts) were used for the

blotting, and protein contents were determined using the Bradford assay (Bio-Rad protein

assay, #500-0006JA, Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manu-

facturer’s protocol. Aliquots of the protein extracts corresponding to 10 μg total protein each

were separated on 10% sodium dodecyl sulfate (SDS) -polyacrylamide gels and transferred to

nitrocellulose (NC) membranes (ClearTrans; FUJIFILM Wako Pure Chemical Corp.). First,

the NC membranes were stained with Ponceau S solution (Merck KGaA, Darmstadt, Ger-

many) and imaged. Next, the NC membranes were washed and incubated in blocking solution

(Tris-HCl-buffered saline, pH 7.6 (TBS), containing 0.1% Tween 20 and 2% non-fat skim

milk) for 1 h at RT. Following blocking, the membranes were washed at RT in TBS containing

0.1% Tween 20, and then incubated overnight at 4 ˚C with each primary antibody. The pri-

mary antibodies were as follows: rabbit recombinant monoclonal anti-brain-derived neuro-

trophic factor (BDNF) antibody [EPR1292], 1:2500 (#ab108139, Abcam plc., Cambridge, UK);

rabbit polyclonal anti-nerve growth factor (NGF) antibody (H-20), 1:500 (#sc-548, Santa Cruz
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Biotechnology Inc. (SCBT), Dallas, TX, USA); rabbit polyclonal anti-tropomyosin receptor

kinase (Trk) A antibody (763), 1:3200 (#sc-118, SCBT); and rabbit polyclonal anti-TrkB anti-

body (H-181), 1:250 (#sc-8316, SCBT). The NC membranes then were incubated for 1 h at RT

with the secondary antibody (horseradish peroxidase (HRP) -conjugated anti-rabbit immuno-

globulin G (IgG) antibody (Promega Corp., Madison, WI, USA) at 1:4000). All western blot-

ting experiments were performed at least three times. All chemiluminescent signals were

generated by incubation with the detection reagents (Immobilon; Merck KGaA) according to

the manufacturer’s protocol. The relative intensities were determined using an LAS-3000

imaging system (FUJIFILM Wako Pure Chemical Corp.). Expression ratios were calculated

against those of the Ponceau S staining intensities using Image J software (version 1.53a;

National Institutes of Health, Bethesda, MD, USA).

Statistical analysis

Data are expressed as means ± SE, and were analyzed using JMP 15.0 software (SAS Institute

Japan Inc., Tokyo, Japan). P values of less than 0.05 were considered statistically significant.

The detailed statistical methods are described in the individual figure captions.

Results

Far IR irradiation does not significantly attenuate body weight gain in AD

mice

To clarify the biological effects of FIR light, we measured the body weights of control and AD

mice that were housed with a fabric that either emitted FIR light or with one that did not. The

relative body weight gain (normalized baseline) of AD mice was nominally (but not signifi-

cantly) attenuated in animals housed with the fabric that generates FIR light (compared to

those housed with control fabric) (Fig 2). However, there was no significant difference in the

controls in the presence or absence of FIR light, and food intake weight did not differ in the

presence or absence of FIR light between the two animal groups (Fig 3).

Fig 2. Relative body weights in treatment groups. Body weight was measured once per week for 5 consecutive

months. Values were normalized to baseline (defined as 100%). Data are expressed as means ± SE (Control, n = 5;

Control-FIR, n = 5; AD, n = 6; AD-FIR, n = 6). The timeline shows the treatment period. Statistical analysis was

performed using a two-way analysis of variance (ANOVA). There was no significant difference in the presence or

absence of IR light between the two mouse groups by two-way ANOVA. N.S., not significant (p� 0.05). However, a

direct comparison of the body weight ratios during each week of housing showed that the relative body weights of AD

mice maintained in the presence of IR light were significantly lower than those of the AD group (�p< 0.05, ��p< 0.01,
���p< 0.001; two-tailed non-paired Student’s t-test).

https://doi.org/10.1371/journal.pone.0253320.g002
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Measurement of cognitive function of AD mice maintained in the presence

or absence of FIR light

To clarify the effect of FIR light on the cognitive function of AD mice, we measured (at five

months after the start of housing in the presence or absence of FIR irradiation) learning ability

using the Morris water maze task (Fig 4A). The mice were subjected to swim tests four times

per day on five consecutive days. The time to achieve the goal did not differ significantly in

any mouse groups. The goal time on the final day of housing of the AD mice in the presence of

the FIR irradiation was nominally lower than that in the unexposed AD group (housed with-

out). At the same time points, motor function was assessed using the Rota Rod test (Fig 4B and

4C). The goal time and rod speed of AD mice were significantly higher than those of the con-

trols in the presence or absence of FIR. There was no significant difference with or without

FIR.

Changes in serum parameters of AD mice in the presence or absence of FIR

exposure

After the cognitive performance tests, the mice were bled and euthanized, and various seg-

ments of the brain were recovered. Serum was tested for multiple clinical chemistry parame-

ters (Table 1). Some parameters of AD mice were significantly lower than those of the controls

in the presence or absence of FIR. Notably, there was no significant difference in any of the

parameters in the presence or absence of FIR exposure of the two mouse groups. The concen-

trations of bilirubin (both total and indirect) and, lipid parameters were nominally lower in

Fig 3. Daily mean food intake (g/day/mouse) in the presence and absence of FIR light. Food intake was measured

once per week, and the mean per capita per diem consumption was calculated over the entire 5-month study period.

Because all mouse groups were maintained on the same food pellets, daily caloric intake was not calculated separately.

Data are expressed as means + SE (Control, n = 5; Control-FIR, n = 5; AD, n = 6; AD-FIR, n = 6). Comparisons in the

presence or absence of FIR in both mouse groups were performed using a Tukey-Kramer’s test. N.S., not significant

(p� 0.05).

https://doi.org/10.1371/journal.pone.0253320.g003
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the FIR-exposed AD group compared to the unexposed AD group, but these differences fell

short of significance.

FIR exposure influences neurotrophic factor protein levels in the brains of

AD mice

Finally, we checked the effects of FIR exposure on the levels of two major neurotrophic factors,

NGF and BDNF. The levels of these factors, and of their respective receptors (TrkA and TrkB),

were assessed in the cerebral cortex, cerebellum and hippocampus using western blotting (Fig

5). NGF and mature BDNF protein expressions were nominally higher in FIR-exposed mice

compared to the unexposed mice. The NGF protein level in the hippocampus was significantly

higher in the FIR-exposed AD mice than in the unexposed AD mice. However, the level of the

NGF receptor, TrkA did not differ significantly in any mouse groups in any of the assessed

brain regions. The level of mature BDNF and of total BDNF protein (where total = precursor

+ mature) protein expression in the cerebral cortex were significantly higher in the FIR-

Fig 4. Assessment of cognitive and motor functions in the presence or absence of FIR light of the two mouse

groups using (respectively) the Morris water maze test (A) and the Rota Rod test (B)(C). Data are expressed as

means + SE (Control, n = 5; Control-FIR, n = 5; AD, n = 6; AD-FIR, n = 6). Data in Fig 4A were analyzed using two-

way ANOVA; data in Fig 4B and 4C were analyzed using Tukey-Kramer’s tests. N.S., not significant (p� 0.05).
��p< 0.01 vs. Control, ++p< 0.01 vs. Control-FIR.

https://doi.org/10.1371/journal.pone.0253320.g004
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exposed AD mice than in the unexposed AD mice. The TrkB protein level in the cerebellum

was significantly lower in the FIR-exposed AD mice than in the unexposed AD mice. How-

ever, the levels of the BDNF precursor protein did not differ significantly in any mouse groups

for any of the tested brain regions.

Table 1. Changes in serum parameters for control and AD mice maintained in the presence or absence of FIR light.

Control Control-FIR AD AD-FIR

Total protein [g/dL] 7.200±0.589 6.760±0.278 5.467±0.154 5.660±0.404

Albumin [g/dL] 4.240±0.194 4.280±0.102 3.600±0.106 3.580±0.229

Albumin/Globulin 1.425±0.111 1.550±0.161 1.933±0.092 1.740±0.068

Fe [μg/dL] 311.8±37.20 298.8±30.44 159.0±5.279# 161.8±11.67$

AST [IU/L] 292.75±57.523 222.67±44.86 83.00±18.50# 88.60±10.94

ALT [IU/L] 106.8±19.86 168.0±65.07 58.67±13.01 55.40±7.548

ALP [IU/L] 301.5±53.45 310.3±58.70 212.0±5.241 218.60±16.773

LDH [IU/L] 2006.0±171.92 1689.2±179.06 1291.2±69.491 1148.8±194.87

LAP [IU/L] 58.25±8.087 51.67±8.906 32.0±1.26 32.8±2.15

Total cholesterol [IU/L] 221.6±8.846 185.6±10.74 91.17±2.54## 80.40±8.611$$

Ester type cholesterol [IU/L] 176.2±6.606 144.8±5.886 79.33±1.838## 66.60±8.134$$

Triglyceride [mg/dL] 53.0±1.26 85.33±10.27 68.50±12.24 34.00±8.12$

E/T [%] 79.25±1.031 66.33±12.15 87.17±0.792# 82.20±1.59

HDL-cholesterol [mg/dL] 102.8±6.659 91.33±6.707 60.50±1.628# 52.80±6.651$

LDL-cholesterol [mg/dL] 31.00±4.123 27.33±4.551 7.00±0.45# 7.80±0.66$

Total bile acid [μmol/L] 9.00±2.39 9.60±1.72 2.66±0.33 4.00±1.15

Total bilirubin [mg/dL] 0.083±0.017 0.087±0.020 0.113±0.004 0.082±0.034

Indirect bilirubin [mg/dL] 0.078±0.012 0.080±0.016 0.083±0.012 0.058±0.019

#, ## Control vs AD,
$, $$Control-FIR vs AD-FIR.

Data are expressed as means ± SE (Control, n = 5; Control-FIR, n = 5; AD, n = 6; AD-FIR, n = 6). Data were analyzed by Tukey-Kramer’s test. AST, aspartate

aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; LDH, lactic acid dehydrogenase; LAP, leucine aminopeptidase; E/T, ratio of cholesterol

ester to total cholesterol; HDL, high density lipoprotein; LDL, low density lipoprotein.

https://doi.org/10.1371/journal.pone.0253320.t001

Fig 5. Western blotting analysis of the levels of each protein. Images of western blots for each protein examined in

cortex (Cortex), cerebellum (Cer), and hippocampus (Hip) were scanned and digitized to determine band intensities,

which were normalized to the intensity of staining by Ponceau S for the respective sample. Data are expressed as

means ± SE (Control, n = 5; Control-FIR, n = 5; AD, n = 6; AD-FIR, n = 6). The data were analyzed using Tukey-

Kramer’s tests. N.S., not significant (p� 0.05). � p< 0.05, �� p< 0.01 vs. AD.

https://doi.org/10.1371/journal.pone.0253320.g005
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Discussions

FIR exposure does not alter body weight gain in AD mice

The main purpose of this study was to clarify the potential health benefits of FIR light. Specifi-

cally, we assessed the effect of FIR light on AD-transgenic mice, given that FIR exposure may

affect blood flow and change the oxygen concentration in small vessels in the brain. The blood

flow volume gradually decreases during aging [16] and in AD [17]. The early stage of AD

shows brain atrophy and neuronal cell death [18]. It is well known that amyloid plaques and

hyperphosphorylation of tau protein induce neuronal cell death [4]. Decreased blood flow

leads to decreased oxygen levels and under-nutrition, accelerating the progression of AD.

We monitored body weight and food intake in mice during aging from 8 to 12 months,

over the course of 5 months of IR exposure (or lack thereof). The two groups differed based on

the presence of a swatch of experimental (IR-emitting) or control (non-emitting) fabric in

their cages, with the two types of fabric differing based on the former being impregnated with

an ore/compound that emits FIR light. The relative body weight gain (normalized to baseline)

in FIR-exposed AD mice was nominally (though not significantly) attenuated compared to

that of the unexposed AD mice. In contrast, food intake weight did not differ significantly any

of the mouse groups. Thus, the FIR-exposed AD mice consumed a similar amount of food as

the unexposed AD mice, but gained (nominally) less weight. This difference may be attribut-

able to increased metabolic function. It has been reported that exposure to FIR light by leg

hyperthermia, saunas, or heat therapy in humans relieves the symptoms of diabetes [19]. In

other work, Masuda et al. showed that FIR light sauna therapy decreases 8-epi-prostaglandin

F(2α) (PGF2α) levels in humans [20]. Under standard conditions (i.e., in the absence of IR

exposure), the ratio of body weight gain of AD mice tends to be lower than that of age-matched

controls, and lipid data also tend to worsen in AD mice compared to the controls. Using a

mouse model, Washington et al. reported that ceramic particles absorb heat emitted from the

body, and then re-emit the associated thermal energy back into the body as IR radiation [21].

In separate work, we showed (as confirmed by an external verification organization) that the

fabric used in the present study emits FIR light with wavelengths of 8 to 10 μm. Warming of

the cage floor to approximately 37˚C would also be expected to cause the fabric to absorb heat,

which may in turn be released as FIR light, to which the animals would be exposed. However,

mice prefer cooler conditions of approximately 23˚C. It is difficult to explain this apparent

conflict in housing conditions. We have not defined the detailed mechanism of the nominal

weight gain attenuation effect on the AD mice of the FIR light that was shown in this study. It

may be much better to use high fat-diet-treated mice for assessing the weight gain attenuation

effects of FIR exposure. Currently, we are monitoring the respiratory quotients in FIR-exposed

mice to assess metabolism. Clearly, further investigation will be needed to clarify this effect

and its mechanism.

FIR exposure enhances NGF levels in the hippocampus of AD mice

To clarify the effects of FIR exposure on cognitive function, we assessed learning ability using

the Morris water maze task. This test measures the time taken by mice to reach a hidden acrylic

platform [13]. The test times did not differ significantly for AD mice housed in the presence or

absence of FIR light, although the times on the final day of testing were nominally (though still

not significantly) lower in the FIR-exposed AD mice compared to the unexposed AD mice.

Learning ability in the Morris water maze is known to decrease significantly as mice age, and

to be lower in AD animals compared to age-matched controls [14]. We confirmed that the

swimming speed did not differ between the two groups (Control, 0.1259 m/sec; Control-FIR,
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0.130 m/sec, AD, 0.1282 m/sec; AD-FIR, 0.1378 m/sec), nor did motor function as assessed

using the Rota Rod apparatus. These results showed that FIR exposure did not alter cognitive

or motor function in AD mice. Purushothuman et al. [22] reported that exposure to near infra-

red light attenuates amyloid beta deposition and neurofibrillary tangles in the cerebellum

region of APP/PS1 and K3 transgenic mouse models. Moreover, some researchers have

pointed out the beneficial biological effects of microwaves against neurodegenerative disorders

[23,24]. In this study, we used the 5xFAD strain. This strain contains five mutations, and

symptoms tend to appear quickly and strongly compared to other AD transgenic models. Offi-

cial information from the Jaxon Laboratory (https://www.jax.org/strain/006554) indicates that

1.5 months of age is when beta amyloid accumulation is first observed. In our experiments, the

starting age of AD-transgenic mice was 8 months old. Previously, we checked beta amyloid

deposition in the hippocampus of a 6-month-old mouse of the same strain (S1 Fig). It is possi-

ble that beta amyloid aggregation has already occurred considerably by 8 months of age, and

the experiment started late. However, the literature indicates that it is exceedingly rare to dem-

onstrate a correlation between brain/cognitive function and a specific treatment. Science-

based evidence for successful treatments remains difficult to obtain in this research field, an

observation that is an ongoing challenge.

To assess whether FIR exposure affects brain function, we measured the brain levels of two

specific neurotrophic factors and their cognate receptors in AD mice. Notably, we found that

the levels of NGF protein in the hippocampus, and of mature BDNF in the cerebral cortex,

were significantly higher in the FIR-exposed AD mice than in the unexposed AD mice. Both

neurotrophic factors play important roles in the maintenance of neuronal activity, and deple-

tion of these factors is intimately related to progressive cognitive decline in AD [25,26]. NGF/

TrkA signaling also is attenuated in rodent models of aging, including cognitive decline via

impairment of cholinergic function [27]. Administration of exogeneous BDNF has been

shown to improve cognitive function in AD mice [28]. The depletion of neurotrophic factors

may induce impairment of many neuronal functions, such as synaptic [29], dendritic [30], and

axonal degeneration [31]. In the present study, FIR light did not influence cognitive function

in AD mice. However, after exposure to FIR light, the concentration of selected neurotrophic

factor levels clearly changed in some brain regions in AD mice. Exposure of AD mice to FIR

light for longer intervals may result in better differentiation from unexposed animals. Further

investigation will be needed to elucidate the possible beneficial effects of FIR exposure in

AD mice, including the incorporation of changes in the experimental protocol and exposure

period.

FIR exposure does not change serum parameters in AD mice

Assessment of terminal serum chemistry in the AD mice revealed that most parameters did

not differ significantly between the FIR-exposed mice and the unexposed mice. Some parame-

ters in the AD mice were significantly lower than in the control mice in the presence or

absence of FIR light. However, the levels of TGs and the E/T ratio in the FIR-exposed AD mice

were nominally (but not significantly) lower than those in the unexposed AD mice. It is possi-

ble that the decrease of TG levels may depend on the attenuation of weight gain in the FIR-

exposed AD mice. The E/T ratio is also strongly correlated to the cholesterol metabolism.

HDL cholesterol was nominally decreased in the FIR-exposed AD mice compared to the unex-

posed AD mice, though this effect did not achieve significance. Together, these results indi-

cated that FIR exposure may influence liver function and lipid metabolism. However, the

levels of AST and ALT did not differ in FIR-exposed mice compared to the unexposed AD

mice. Further investigation is needed to clarify the mechanism. A review of the literature did
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not reveal previous references showing a relationship between FIR exposure and changes in

liver function including TG levels and E/T ratio. If FIR exposure does affect blood flow, these

parameters might be improved in AD mice.

Conclusions

In this study, we examined the possible biological effects on AD mice of long-term exposure to

FIR light. Notably, neither cognition nor motor function in AD mice was improved after FIR

exposure in our experimental model. The destiny of this AD mouse model already has been

decided by genetic engineering. It may be very difficult to alter this fate by non-invasive meth-

ods. In that respect, it may be much better to use normal-aged mice for testing the possible bio-

logical effects of FIR exposure. We also used normal mice in this study, but the number of

animals was small and could not clearly detect the biological effect of FIR exposure. However,

changes were seen in body weight and in the levels of neurotrophic factors in specific brain

segments in AD mice exposed to FIR light. Although there is room for improvement in our

experimental method including the number of animals, exposure period, and housing condi-

tions, some biological parameters for AD mice clearly were altered in our experiment. FIR

light is already used clinically. We hope our basic data will be of use in the development of

future research and potential treatments.

Supporting information

S1 Fig. Aβ(1–40) expression in the hippocampal region of a 6-month-old AD-transgenic

mouse. After circulation fixation, we obtained sections and stained them using anti-Aβ(1–40)

antibody. The scale bar is 20 μm.

(TIF)

Author Contributions

Conceptualization: Koji Fukui, Masahiro Kohno.

Data curation: Koji Fukui, Yugo Kato, Masahiro Kohno.

Formal analysis: Koji Fukui, Yugo Kato.

Investigation: Koji Fukui, Shunsuke Kimura, Yugo Kato.

Methodology: Koji Fukui.

Project administration: Koji Fukui.

Resources: Koji Fukui, Masahiro Kohno.

Supervision: Koji Fukui.

Visualization: Koji Fukui, Yugo Kato.

Writing – original draft: Koji Fukui.

Writing – review & editing: Koji Fukui.

References
1. Vatansever F, Hamblin MR. Far infrared radiation (FIR): its biological effects and medical applications.

Photonics Lasers Med. 2012; 4:255–266. https://doi.org/10.1515/plm-2012-0034 PMID: 23833705

2. Lee MS, Baletto F, Kanhere DG, Scandolo S. Far-infrared absorption of water clusters by first-principles

molecular dynamics. J Chem Phys. 2008; 128(21):e214506. https://doi.org/10.1063/1.2933248 PMID:

18537432

PLOS ONE Effects of far infrared light on AD mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0253320 June 17, 2021 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253320.s001
https://doi.org/10.1515/plm-2012-0034
http://www.ncbi.nlm.nih.gov/pubmed/23833705
https://doi.org/10.1063/1.2933248
http://www.ncbi.nlm.nih.gov/pubmed/18537432
https://doi.org/10.1371/journal.pone.0253320


3. Khalsa DS. Stress, Mediation, and Alzheimer’s disease prevention: Where the evidence stands. J Alz-

heimer’s Dis. 2015; 48(1):1–12. https://doi.org/10.3233/JAD-142766 PMID: 26445019

4. Bondi MW, Edmonds EC, Salmon DP. Alzheimer’s disease: Past, Present, and Future. J Int Neuropsy-

chol Soc. 2017; 23(9–10):818–831. https://doi.org/10.1017/S135561771700100X PMID: 29198280

5. van der Kleij LA, Petersen ET, Siebner HR, Hendrikse J, Frederiksen KS, Sobol NA, et al. The effects of

physical exercise on cerebral blood flow in Alzheimer’s disease. Neuroimage Clin. 2018; 20:650–654.

https://doi.org/10.1016/j.nicl.2018.09.003 PMID: 30211001

6. Cruz Hernández JC, Bracko O, Kersbergen CJ, Muse V, Haft-Javaherian M, Berg M, et al. Neutrophil

adhesion in brain capillaries reduces cortical blood flow and impairs memory function in Alzheimer’s dis-

ease mouse models. Nat Neurosci. 2019; 22(3): 413–420. https://doi.org/10.1038/s41593-018-0329-4

PMID: 30742116

7. Stakos DA, Stamatelopoulos K, Bampatsias D, Sachse M, Zormpas E, Vlachogiannis NI, et al. The Alz-

heimer’s disease amyloid-beta hypothesis in cardiovascular aging and disease: JACC focus seminar. J

Am Coll Cardiol. 2020; 75(8):952–967. https://doi.org/10.1016/j.jacc.2019.12.033 PMID: 32130931

8. Nielsen RB, Parbo P, Ismail R, Dalby R, Tietze A, Beӕndgaard H, et al. Impaired perfusion and capillary

dysfunction in prodromal Alzheimer’s disease. Alzheimers Dement (Amst). 2020; 12(1):e12032. https://

doi.org/10.1002/dad2.12032 PMID: 32490139

9. Shabir O, Berwick J, Francis SE. Neurovascular dysfunction in vascular dementia, Alzheimer’s and ath-

erosclerosis. BMC Neurosci. 2018; 19(1):62. https://doi.org/10.1186/s12868-018-0465-5 PMID:

30333009

10. Budni J, Bellettini-Santos T, Mina F, Garcez ML, Zugno AI. The involvemwnt of BDNF, NGF and GDNF

in aging and Alzheimer’s diseases. Aging Dis. 2015; 6(5):331–341. https://doi.org/10.14336/AD.2015.

0825 PMID: 26425388

11. Sumiyoshi E, Matsuzaki K, Sugimoto N, Tanabe Y, Hara T, Katakura M, et al. Sub-chronic consumption

of dark chocolate enhances cognitive function and releases nerve growth factors: A parallel-group ran-

domized trial. 2019; 11(11):2800. https://doi.org/10.3390/nu11112800 PMID: 31744119

12. Chang Y. The effect of far infrared radiation therapy on inflammation regulation in lipopolysaccharide-

induced peritonitis in mice. SAGE Open Med. 2018; 6:2050312118798941. https://doi.org/10.1177/

2050312118798941 PMID: 30210795

13. Fukui K, Onodera K, Shinkai T, Suzuki S, Urano S. Impairment of learning and memory in rats caused

by oxidative stress and aging, and changes in antioxidative defense systems. Ann N Y Acad Sci. 2001;

928:168–175. https://doi.org/10.1111/j.1749-6632.2001.tb05646.x PMID: 11795507

14. Fukui K, Omoi N, Hayasaka T, Shinnkai T, Suzuki S, Abe K, et al. Cognitive impairment of rats caused

by oxidative stress and aging, and its prevention by vitamin E. Ann N Y Acad Sci. 2002; 959:275–284.

https://doi.org/10.1111/j.1749-6632.2002.tb02099.x PMID: 11976202

15. Fukui K, Nakamura K, Shirai M, Takatsu H, Urano S. Long-term vitamin E-deficient mice exhibit cogni-

tive dysfunction via elevation of brain oxidation. Free Radic Res. 2014; 48(6):649–658.

16. Tarumi T, Zhang R. Cerebral blood flow in normal aging adults: cardiovascular determinants, clinical

implications, and aerobic fitness. J Neurochem. 2018; 144(5):595–608. https://doi.org/10.1111/jnc.

14234 PMID: 28986925

17. Zhang N, Gordon ML, Goldberg TE. Cerebral blood flow measured by arterial spin labeling MRI at rest-

ing state in normal aging and Alzheimer’s disease. Neurosci Biobehav Rev. 2016; 72:168–175. https://

doi.org/10.1016/j.neubiorev.2016.11.023 PMID: 27908711

18. Willette AA, Kapogiannis D. Does the brain shrink as the waist expands? Ageing Res Rev. 2015;

20:86–97. https://doi.org/10.1016/j.arr.2014.03.007 PMID: 24768742

19. Sharma N, Shin EJ, Kin NH, Cho EH, Nguyen BT, Jeong JH, et al. Far-infrared ray-mediated antioxidant

potentials are important for attenuating psychotoxic disorders. Curr Neuropharamacol. 2019; 17

(10):990–1002. https://doi.org/10.2174/1570159X17666190228114318 PMID: 30819085

20. Masuda A, Miyata M, Kihara T, Minagoe S, Tei C. Repeated sauna therapy reduces urinary 8-epo-pros-

taglandin F(2alpha). Jpn Heart J. 2004; 45(2):297–303. https://doi.org/10.1536/jhj.45.297 PMID:

15090706

21. Washington K, Wason J, Thein MS, Lavery LA, Hamblin MR, Gordon IL. Randomized controlled trial

comparing the effects of far-infrared emitting ceramic fabric shrts and control polymer shirts on transcu-

taneous PO2. J Text Sci Eng. 2018; 8(2):349. https://doi.org/10.4172/2165-8064.1000349 PMID:

30381796

22. Purushothuman S, Johnstone DM, Nandasena C, van Eersel J, Ittner LM, Mitrofanis J, et al. Near infra-

red light mitigates cerebellar pathology in transgenic mouse models of dementia. Neurosci Lett. 2015;

591(30):155–159. https://doi.org/10.1016/j.neulet.2015.02.037 PMID: 25703226

PLOS ONE Effects of far infrared light on AD mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0253320 June 17, 2021 12 / 13

https://doi.org/10.3233/JAD-142766
http://www.ncbi.nlm.nih.gov/pubmed/26445019
https://doi.org/10.1017/S135561771700100X
http://www.ncbi.nlm.nih.gov/pubmed/29198280
https://doi.org/10.1016/j.nicl.2018.09.003
http://www.ncbi.nlm.nih.gov/pubmed/30211001
https://doi.org/10.1038/s41593-018-0329-4
http://www.ncbi.nlm.nih.gov/pubmed/30742116
https://doi.org/10.1016/j.jacc.2019.12.033
http://www.ncbi.nlm.nih.gov/pubmed/32130931
https://doi.org/10.1002/dad2.12032
https://doi.org/10.1002/dad2.12032
http://www.ncbi.nlm.nih.gov/pubmed/32490139
https://doi.org/10.1186/s12868-018-0465-5
http://www.ncbi.nlm.nih.gov/pubmed/30333009
https://doi.org/10.14336/AD.2015.0825
https://doi.org/10.14336/AD.2015.0825
http://www.ncbi.nlm.nih.gov/pubmed/26425388
https://doi.org/10.3390/nu11112800
http://www.ncbi.nlm.nih.gov/pubmed/31744119
https://doi.org/10.1177/2050312118798941
https://doi.org/10.1177/2050312118798941
http://www.ncbi.nlm.nih.gov/pubmed/30210795
https://doi.org/10.1111/j.1749-6632.2001.tb05646.x
http://www.ncbi.nlm.nih.gov/pubmed/11795507
https://doi.org/10.1111/j.1749-6632.2002.tb02099.x
http://www.ncbi.nlm.nih.gov/pubmed/11976202
https://doi.org/10.1111/jnc.14234
https://doi.org/10.1111/jnc.14234
http://www.ncbi.nlm.nih.gov/pubmed/28986925
https://doi.org/10.1016/j.neubiorev.2016.11.023
https://doi.org/10.1016/j.neubiorev.2016.11.023
http://www.ncbi.nlm.nih.gov/pubmed/27908711
https://doi.org/10.1016/j.arr.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24768742
https://doi.org/10.2174/1570159X17666190228114318
http://www.ncbi.nlm.nih.gov/pubmed/30819085
https://doi.org/10.1536/jhj.45.297
http://www.ncbi.nlm.nih.gov/pubmed/15090706
https://doi.org/10.4172/2165-8064.1000349
http://www.ncbi.nlm.nih.gov/pubmed/30381796
https://doi.org/10.1016/j.neulet.2015.02.037
http://www.ncbi.nlm.nih.gov/pubmed/25703226
https://doi.org/10.1371/journal.pone.0253320


23. Grillo SL, Duggett NA, Ennaceur A, Chazot PL. Non-invasive infra-red therapy (1072 nm) reduces β-

amyloid protein levels in the brain of an Alzheimer’s disease mouse model, TASTPM. J Photochem

Photobiol B. 2013; 123:13–22. https://doi.org/10.1016/j.jphotobiol.2013.02.015 PMID: 23603448

24. Shaw VE, Peoples C, Spana S, Ashkan K, Benabid AL, Stone J, et al. Patterns of cell activity in the sub-

thalamic region associated with the neuroprotective action of near-infrared light treatment in MPTP-

treated mice. Parkinsons Dis. 2012; 2012:e296875. https://doi.org/10.1155/2012/296875 PMID:

22666627

25. Canu N, Amadoro G, Triaca V, Latina V, Sposato V, Corsetti V, et al. The intersection of NGF/TrkA sig-

naling and amyloid precursor protein processing in Alzheimer’s disease neuropathology. Int J Mol Sci.

2017; 18(6):1319. https://doi.org/10.3390/ijms18061319 PMID: 28632177

26. Tuszynski MH, Thal L, Pay M, Salmon DP, Sang UH, Bakay R, et al. A phase 1 clinical trial of nerve

growth factor gene therapy for Alzheimer disease. Nat Med. 2005; 11:551–555. https://doi.org/10.1038/

nm1239 PMID: 15852017

27. Schliebs R, Arendt T. The cholinergic system in aging and neuronal degeneration. Behav Brain Res.

2011; 221(2):555–563. https://doi.org/10.1016/j.bbr.2010.11.058 PMID: 21145918

28. Nagahara AH, Merrill DA, Coppola G, Tsukada S, Schroeder BE, Shaked GM, et al. Neuroprotective

effects of brain-derived neurotrophic factor in rodent and primate models of Alzheimer’s disease. Nat

Med. 2009; 15(3):331–337. https://doi.org/10.1038/nm.1912 PMID: 19198615

29. Chen AI, Zang K, Masliah E, Reichardt LF. Glutamatergic axon-derived BDNF controls GABAergic syn-

aptic differentiation in the cerebellum. Sci Rep, 2016; 6:e20201. https://doi.org/10.1038/srep20201

PMID: 26830657

30. Harward SC, Hedrick NG, Hall CE, Parra-Bueno P, Milner TA, Pan E, et al. Autocrine BDNF-TrkB sig-

naling within a single dendritic spine. Nature. 2016; 538(7623):99–103. https://doi.org/10.1038/

nature19766 PMID: 27680698

31. Marer KJ, Suetterlin P, Dopplapudi A, Rubikaite A, Adnan J, Maiorano NA, et al. BDNF protes axon

branching of retinal ganglion cells via miRNA-132 and p250GAP. J Neurosci. 2014; 34(3):969–979.

https://doi.org/10.1523/JNEUROSCI.1910-13.2014 PMID: 24431455

PLOS ONE Effects of far infrared light on AD mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0253320 June 17, 2021 13 / 13

https://doi.org/10.1016/j.jphotobiol.2013.02.015
http://www.ncbi.nlm.nih.gov/pubmed/23603448
https://doi.org/10.1155/2012/296875
http://www.ncbi.nlm.nih.gov/pubmed/22666627
https://doi.org/10.3390/ijms18061319
http://www.ncbi.nlm.nih.gov/pubmed/28632177
https://doi.org/10.1038/nm1239
https://doi.org/10.1038/nm1239
http://www.ncbi.nlm.nih.gov/pubmed/15852017
https://doi.org/10.1016/j.bbr.2010.11.058
http://www.ncbi.nlm.nih.gov/pubmed/21145918
https://doi.org/10.1038/nm.1912
http://www.ncbi.nlm.nih.gov/pubmed/19198615
https://doi.org/10.1038/srep20201
http://www.ncbi.nlm.nih.gov/pubmed/26830657
https://doi.org/10.1038/nature19766
https://doi.org/10.1038/nature19766
http://www.ncbi.nlm.nih.gov/pubmed/27680698
https://doi.org/10.1523/JNEUROSCI.1910-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24431455
https://doi.org/10.1371/journal.pone.0253320

