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Abstract

Ultraviolet (UV) induces skin photoaging, which is characterized by thickening, wrinkling,

pigmentation, and dryness. Collagen, which is one of the main building blocks of human

skin, is regulated by collagen synthesis and collagen breakdown. Autophagy was found to

block the epidermal hyperproliferative response to UVB and may play a crucial role in pre-

venting skin photoaging. In the present study, we investigated whether far-infrared (FIR)

therapy can inhibit skin photoaging via UVB irradiation in NIH 3T3 mouse embryonic fibro-

blasts and SKH-1 hairless mice. We found that FIR treatment significantly increased procol-

lagen type I through the induction of the TGF-β/Smad axis. Furthermore, UVB significantly

enhanced the expression of matrix metalloproteinase-1 (MMP-1) and MMP-9. FIR inhibited

UVB-induced MMP-1 and MMP-9. Treatment with FIR reversed UVB-decreased type I

collagen. In addition, FIR induced autophagy by inhibiting the Akt/mTOR signaling pathway.

In UVB-induced skin photoaging in a hairless mouse model, FIR treatment resulted in

decreased skin thickness in UVB irradiated mice and inhibited the degradation of collagen

fibers. Moreover, FIR can increase procollagen type I via the inhibition of MMP-9 and induc-

tion of TGF-β in skin tissues. Therefore, our study provides evidence for the beneficial

effects of FIR exposure in a model of skin photoaging.

Introduction

Chronic exposure to ultraviolet (UV) irradiation is the major cause of skin damage that leads

to premature aging of the skin, which is called photoaging. Photoaging describes the clinical

signs including coarse wrinkles, roughness, laxity and pigmentation [1, 2]. Collagen, which is

one of the main building blocks of human skin, is derived from fibroblasts that are regulated

by both transforming growth factor-β (TGF-β), a cytokine that promotes collagen production,

and activator protein-1 (AP-1), a transcription factor that promotes collagen breakdown by

up regulating enzymes called matrix metalloproteinases (MMPs) [3]. The standard fibrillar
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collagen molecule is characterized by amino- and carboxy-terminal propeptide sequences.

These form the central triple helical structure of procollagen and collagen. Three α-chains are

intracellularly assembled into the triple helix following initiation of this process by the C-ter-

minal domain. Procollagen is secreted by cells into the extracellular space and converted into

collagen by the removal of the N- and C-propeptides via enzymes [4]. TGF-β induced Smad2

phosphorylation and the TGF-β/Smad axis is the main signaling pathway for collagen synthe-

sis in dermal fibroblasts [5]. UV irradiation generates increased reactive oxygen species (ROS)

levels in the skin and amplifies signals, which lead to the activation of mitogen-activated pro-

tein kinases (MAPKs) and phosphatidylinositol-3-kinase (PI3K)/Akt [6, 7]. These kinases ulti-

mately stimulate MMPs expression and can then cause collagen degradation [8].

Autophagy is a dynamic process of degrading unnecessary or dysfunctional cell compo-

nents that is activated in response to stress conditions, including starvation and misfolded pro-

tein accumulation [9–11]. Autophagy is tightly regulated by a number of pathways. The most

extensively studied pathway involves Akt/mTOR, which negatively regulates autophagy [12].

mTOR plays a critical role in several signaling pathways that control cell growth, proliferation,

angiogenesis, protein translation, energy homeostasis, and apoptosis [13]. UVB radiation is

the major environmental risk factor for developing skin cancer, which is the most common

cancer worldwide and is characterized by the aberrant activation of Akt/mTOR [14, 15]. Fur-

thermore, the inhibition of mTOR suppresses UVB-induced keratinocyte proliferation and

survival [15]. It has been reported that autophagy induction by mTOR inhibition in keratino-

cytes decreases proliferation. Therefore, the important roles of mTOR inhibition and autop-

hagy provide a new target and strategy for the better prevention of UV-induced skin damage

[16].

Far-infrared (FIR) radiation is an invisible electromagnetic wave with wavelengths that

range from 3 to 1,000 μm according to the International Commission on Illumination. Accu-

mulated evidence has revealed that FIR transfers energy that is perceived as heat by thermore-

ceptors in the surrounding skin and improves skin blood flow [17, 18]. Previous studies by us

and others found that FIR has both hyperthermic effect and biological effects [18–21]. Our

previous study indicated that FIR ameliorates burn-induced epidermal thickening, inflamma-

tory cell infiltration, and the loss of distinct collagen fibers in a rat burn model. Moreover, FIR

enhances autophagy and suppresses the activity of the NLRP3 inflammasome [21]. Recent evi-

dence has shown that FIR causes collagen regeneration and the infiltration of fibroblasts that

express TGF-β in wounds [19]. Of note, FIR can penetrate through skin and transfer energy

into deep tissue gradually through a resonance-absorption mechanism of organic and water

molecules [22]. Our recent study has demonstrated that FIR-induced promyelocytic leukemia

zinc finger protein activation in vascular endothelial cells protects the vascular endothelium in

diabetic mice from advanced glycation end products-induced injury [23]. Nevertheless, the

biological effects of FIR on photoaging are still poorly understood. Therefore, the aim of the

current study was to investigate whether FIR promotes collagen production and prevents

UVB-induced collagen degradation in UVB-irradiated fibroblast cells and hairless mice. Fur-

thermore, we analyzed whether FIR could enhance autophagy and ameliorate UVB-induced

epidermal thickening.

Materials and methods

Cell culture

NIH 3T3 mouse embryonic fibroblasts (ATCC: CRL-1658) were obtained from the American

Type Culture Collection (ATCC). The cells were cultured in Dulbecco’s modified Eagle

medium (DMEM) (Gibco BRL, Grand Island, NY) supplemented with antibiotics containing
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100 U/ml penicillin, 100 μg/ml streptomycin (Gibco BRL, Grand Island, NY) and 10% fetal

bovine serum (HyClone, South Logan, UT, USA). The cells were incubated in a humidified

atmosphere containing 5% CO2 at 37˚C. Exponentially growing cells were detached with

0.05% trypsin-EDTA (Gibco BRL, Grand Island, NY) in DMEM.

FIR exposure

A ceramic FIR generator, namely a WS TY301 FIR emitter (WS Far Infrared Medical Technol-

ogy, Taipei, Taiwan), was used to provide the FIR exposure. This FIR emitter generates electro-

magnetic waves with wavelengths in the range of 3~25 μm. During the FIR exposure, an

experimental group and a negative control covered with aluminum foil were set up in a culture

chamber of a LiveCellTM system (Pathology Devices, Westminster, MD, USA) at 37˚C with a

5% CO2 atmosphere. The details are described in our previous study [20].

Cell viability assay

Cellular viability was determined using the sulforhodamine B (SRB) assay. Cells were plated in

96 wells and exposed to FIR or TGF-β. After 12 or 24 h of incubation, the cells were fixed with

trichloroacetic acid solution for 1 hr and SRB (Sigma Chemical Co.) was added to each well for

1 h. The plates were washed and 20 mM of Tris buffer was added. Then, the solution was read

at 562 nm on an ELISA reader (Emax, Molecular Devices, Sunnyvale, CA, USA). The mean

absorbance of the non-exposed cells was used as the reference value for calculating 100% cellu-

lar viability.

Detection of collagen type I by ELISA

The culture medium of NIH 3T3 cells was collected to measure collagen type I using ELISA

(MyBioSource, San Diego, CA, USA) according to the manufacturer’s instructions. The optical

density of the peroxidase product was read using an ELISA reader (Emax, Molecular Devices,

Sunnyvale, CA, USA) at 450 nm. Based on a standard curve, the concentration of collagen type

I in each sample was determined.

Immunofluorescence microscopy

The cells were cultured on coverslips. After FIR treatment, the cells were fixed in 4% parafor-

maldehyde and blocked with 1% BSA for 30 min. This was followed by incubation with a spe-

cific antibody against LC3 (MBL, Japan) for 1 h. After washing, the cells were labeled with

DyLight™ 488-conjugated affinipure goat anti-rabbit IgG (Jackson ImmunoResearch Laborato-

ries, PA, USA) for 1 h and stained with DAPI. Finally, the cells were washed in PBS, cover-

slipped, and examined with a confocal microscope (Leica TCS SP5).

Western blot analysis

Total cellular protein lysates were prepared by harvesting the cells in a protein extraction

buffer for 1 h at 4˚C as described previously [24]. GAPDH expression was used as the protein

loading control. Anti-Akt, phospho-Akt, phospho-Smad2 phospho-p70S6 K, anti-TGF-β,

anti-Beclin 1 and anti-LC3 antibodies were obtained from Cell Signaling Technology (Ipswich,

MA, USA). Anti-MMP-1, anti-MMP-9, anti-procollagen type 1 and anti-GAPDH antibodies

were obtained from Proteintech (Rosemont, IL, USA); anti-Samd2/3 antibody was obtained

from Santa Cruz (Dallas, TX, USA); and anti-p70S6 K antibody was obtained from Abcam

(Cambridge, MA, USA).
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Ethics statement

All experiments on mice were performed according to the guidelines of our institute (the

Guide for Care and Use of Laboratory Animals, Taipei Medical University). The animal use

protocol listed below has been reviewed and approved by the Institutional Animal Care and

Use Committee of Taipei Medical University, Taiwan (Approval No: LAC-2014-0283). All sur-

gical procedure was performed under isoflurane anesthesia (Minrad Inc, PA, USA) and ani-

mals were euthanized by CO2 asphyxiation. All efforts were made to reduce unnecessary pain.

UVB irradiation of mouse skin

Male hairless mice (SKH-1, 8–10 weeks old) were purchased from Charles River Laboratory

(Wilmington, MA) and housed in the animal facility of Taipei Medical University. The mice

were housed for at least 7 days prior to the experiments in a ventilated and temperature-con-

trolled room and had access to water ad libitum. The mice were randomized into three treat-

ment groups (5 mice per group): (1) normal, (2) UVB (mice were exposed to UVB and then

covered with aluminum foil during the exposure to FIR for 30 min per time), and (3) UVB

+FIR (mice were exposed to UVB and exposed to FIR for 30 min per time). In the UVB group,

mice were exposed to 100 mJ/cm2 UVB radiation (one minimal erythematal dose = 100 mJ/

cm2) five times per week for the first week and then to 200 mJ/cm2 three times a week for 6

weeks thereafter. In the UVB+FIR group, mice were exposed to 100 mJ/cm2 UVB radiation for

the first week. Furthermore, the mice were exposed to 200 mJ/cm2 three times a week for 6

weeks UVB and exposed to FIR for 30 min five times a week. After sacrifice, some of the skin

tissues were snap frozen in liquid nitrogen and stored at -80˚C, and others were formalin-

fixed and paraffin-embedded for immunohistochemistry.

Histological analysis

The tissues were fixed in 10% formalin (in normal saline). After 3 days, the tissues were sec-

tioned using a microtome and stained with hematoxylin and eosin (H&E) for histological anal-

yses. The slides were examined microscopically and the images were recorded.

Masson stain

The paraffin-embedded skin specimens were measured using Masson’s trichrome stain Kit

(ScyTek Laboratories, Inc., UT, USA). The slides were stained with Bouin’s Fluid and Wei-

gert’s iron hematoxylin working solution. Furthermore, the slides were differentiated in phos-

phomolybdic-phosphotungstic acid solution and stained with aniline blue solution. Finally,

the stained skin specimens were dehydrated in series. The slides were examined microscopi-

cally and the images were recorded.

Immunohistochemical (IHC) staining analysis

The paraffin-embedded tissue sections were dried, deparaffinized, and rehydrated. Following

a microwave pretreatment in citrate buffer (pH 6.0), the slides were immersed in 3% hydrogen

peroxide for 20 min to block the activity of endogenous peroxidase. After extensive washing

with PBS, the slides were incubated overnight at 4˚C with the anti-LC3 (MBL, Japan) or anti-

MMP-9 (Proteintech, IL, USA) antibody. The sections were then incubated with the secondary

antibody for 1 h at room temperature, and the slides were developed using the UltraVision

Quanto HRP Detection kit (Thermo Scientific, IL, USA). Finally, the slides were counter-

stained using hematoxylin. Each slide was imaged.
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Statistical analysis

The data are expressed as the means ± SD. Statistical significance was determined using Stu-

dent’s t-test to compare between means or one-way analysis of variance with post-hoc Dun-

nett’s test [25]. The differences were considered significant when p< 0.05.

Results

FIR increases collagen synthesis but does not cause cell proliferation in

NIH 3T3 mouse embryonic fibroblasts

We investigated whether FIR affected cell viability in NIH 3T3 cells. The results showed that

TGF-β and FIR treatment did not cause cell proliferation or cell death (Fig 1A). Furthermore,

we determined whether FIR may increase collagen synthesis. The TGF-β/Smad axis is the

main signaling pathway for collagen synthesis in fibroblasts [5]. In tendon, bone and skin,

type I collagen is the major component of collagen fibrils [26]. Fig 1B shows that FIR signifi-

cantly increased the expression levels of TGF-β in a time-dependent manner. Type I collagen,

which is synthesized as a soluble precursor called procollagen type I, is the most abundant

structural protein in the skin and connective tissue [27]. Treatment of cells with FIR and

TGF-β enhanced the phosphorylation of Smad2 and procollagen type I (Fig 1C). TGF-β is a

positive control for the TGF-β/Smad axis. Therefore, TGF-β treatment significantly increased

the two proteins compared with FIR-exposed cells. In addition, treatment with FIR and TGF-β
increased the secretion of type I collagen (Fig 1D). These results indicated that FIR treatment

induced mild collagen synthesis but did not affect the viability of fibroblasts.

FIR inhibited UVB-induced MMP-1 and MMP-9 expression and restored

UVB-inhibited collagen type I

Skin that is damaged by UV irradiation has been shown to have elevated MMP levels, includ-

ing MMP-1 (collagenase) and MMP-9 (gelatinase) [28]. In the present study, we found that

UVB significantly enhanced the expression of MMP-1 and MMP-9 in NIH 3T3 cells in a dose-

dependent manner (Fig 2A). Furthermore, to determine whether FIR may have a beneficial

effect on UVB damaged fibroblasts, the effect of FIR on the UVB-induced MMP levels was

investigated (Fig 2B). The results showed that FIR inhibited UVB-induced MMP-1 and MMP-

9. In addition, FIR treatment increased secretion of type I collagen and significantly reversed

UVB-decreased type I collagen (Fig 2C). These results showed that FIR treatment increased

type I collagen by inhibiting MMP-1 and MMP-9.

FIR induces autophagy by inhibiting the Akt/mTOR signaling pathway in

NIH 3T3 cells

We investigated whether FIR induced autophagy in NIH 3T3 cells (Fig 3A and 3B). Microtu-

bule-associated protein light chain 3 (LC3) is widely used to monitor autophagy [29]. Thus, we

applied confocal microscopy to determine the percentage of cells with punctate LC3 staining.

The quantitative results showed a significant increase in LC3 immunopositive dots in NIH

3T3 cells that received FIR compared with control cells. We also detected the expression of

autophagy-related proteins by western blotting (Fig 3C). The expression levels of LC3-II and

Beclin 1 proteins increased with FIR treatment but were not affected by UVB treatment. Previ-

ous research has shown that the important pathway is Akt/mTOR, which negatively regulates

autophagy [12]. We found that the phosphorylation levels of Akt and p70S6K (immediate

downstream targets of mTOR) decreased in cells treated with FIR. In contrast, the levels of
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phosphorylated Akt and p70S6K increased in cells treated with UVB. These results indicated

that FIR induced autophagy by inhibiting the Akt/mTOR signaling pathway.

Effects of FIR on UVB-induced skin photoaging in hairless mice

In UVB-induced skin photoaging in a hairless mouse model, none of the treatment regimens

produced any obvious signs of toxicity in terms of the loss of body weight (Fig 4A). To investi-

gate the effects of FIR on skin photoaging in vivo, hairless mice were exposed to UVB radia-

tion. H&E staining showed the effects of FIR on histological changes of the dorsal skin (Fig 4B

and 4C). As expected, UVB-irradiated mice had thicker epidermal layers than did non-irradi-

ated mice. However, UVB-exposed and FIR-treated mice had thinner epidermal layers than

mice that were exposed to UVB alone. Furthermore, Masson’s trichrome stains were used to

evaluate the presence and distribution of collagen. As shown in Fig 5A, the collagen fibers of

UVB-irradiated mice were less dense and more erratically arranged compared to the dense,

Fig 1. Measurement of cell viability and collagen synthesis in NIH 3T3 cells treated with FIR or TGF-β. (A) Cell viability was measured in NIH 3T3 cells

treated with FIR for 30 min and cultured for 12, 24 or 48 h. Cells were treated with TGF-β (20 ng/ml) for 12, 24 or 48 h. (B) The expression levels of TGF-β
protein were measured by western blot analysis following treatment with FIR. Cells were treated with FIR for 3, 6 or 12 h. (C) The expression levels of

procollagen type 1, p-Smad2 and Smad2/3 proteins were measured by western blot analysis. Cells were treated with FIR for 30 min and cultured for 24 h.

Cells were treated with TGF-β (20 ng/ml) for 24 h. TGF-β is a positive control for the TGF-β/Smad axis. (D) Levels of collagen type 1 in the culture medium

were measured by ELISA. *p<0.05, FIR or TGF-β versus control. The data are presented as the means ± standard deviation of three independent

experiments.

https://doi.org/10.1371/journal.pone.0174042.g001
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regular fibers of non-irradiated mice. We also found that the FIR group showed an increased

abundance and density of collagen fibers compared with the UVB group. Next, the LC3 and

MMP-9 expression levels were examined in the skin tissue using IHC staining (Fig 5B and 5C).

Our results indicated that UVB irradiation induced the expression of MMP-9 but did not affect

the expression of LC3 compared with the skin of non-UVB-exposed mice. A significant de-

crease in skin tissue that expressed MMP-9 was observed in the FIR treatment group compared

with the UVB group. Additionally, FIR increased the levels of LC3 compared with UVB-

exposed and normal mice. In addition to IHC staining, proteins extracted from the skin tissue

were assayed by western blotting (Fig 5D). The results showed that MMP-9 and the phosphory-

lation of Akt were decreased and that the expression of TGF-β and procollagen type I were

increased in the FIR treatment group compared with the UVB treatment group. Furthermore,

the expression of LC3-II in the FIR group was higher than that in the UVB and normal groups.

Fig 2. Measurement of degradation of collagen by MMPs in NIH 3T3 cells treated with UVB and/or FIR. (A) MMP-1 and MMP-9 expression in UVB-

irradiated NIH 3T3 cells. Cells were irradiated with 40, 80 or 120 mJ/cm2 UVB for 48 h. (B) The expression levels of MMP-1 and MMP-9 proteins were

measured by western blot analysis following treatment with UVB and/or FIR. Cells were irradiated with 80 mJ/cm2 UVB for 24 h. Then, the cells were treated

with FIR for 30 min and cultured for 24 h. (C) Levels of collagen type 1 in the culture medium were measured by ELISA. Cells were irradiated with 80 mJ/cm2

UVB for 24 h. Then, the cells were treated with FIR for 30 min and cultured for 24 h. *p<0.05, UVB versus UVB+FIR. The data are presented as the

means ± standard deviation of three independent experiments.

https://doi.org/10.1371/journal.pone.0174042.g002
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Discussion

Recently, data accumulated by us and others have revealed that FIR can be investigated as a

potential therapeutic strategy in various diseases [20, 21, 30, 31]. However, the detailed mecha-

nism is unknown. UV is the primary external stress that leads to oxidative stress, which is initi-

ated by ROS and eventually results in premature skin aging [32]. Leung et al. found that

Fig 3. Measurement of autophagy and the Akt/mTOR signaling pathway in NIH 3T3 cells treated with UVB and/or FIR. (A) Immunofluorescence

staining of LC3 protein in NIH3T3 cells treated with UVB and/or FIR. Representative cell images showing punctate LC3 distribution using a confocal

microscope. Cells were irradiated with 80 mJ/cm2 UVB for 24 h. Then, the cells were treated with FIR for 30 min and cultured for 24 h. (B) Quantitative data

calculating the percentage of LC3-positive cells. Cells were irradiated with 80 mJ/cm2 UVB for 24 h. Then, the cells were treated with FIR for 30 min and

cultured for 24 h. *, p<0.05, versus control. The data are presented as the means ± standard deviation of three independent experiments. (C) The

expression levels of autophagic-related proteins were measured by western blot analysis following treatment with UVB and FIR alone or in combination.

Cells were irradiated with 80 mJ/cm2 UVB for 24 h. Then, the cells were treated with FIR for 30 min and cultured for 24 h. (D) The expression levels of Akt/

mTOR signaling-associated proteins were measured by western blot analysis. Cells were irradiated with 80 mJ/cm2 UVB for 24 h. Then, the cells were

treated with FIR for 30 min and cultured for 6 h.

https://doi.org/10.1371/journal.pone.0174042.g003
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ceramic-emitted FIR (cFIR) significantly inhibits intracellular peroxide levels and LPS-

induced peroxide production by macrophages. Furthermore, cFIR blocks ROS-mediated cyto-

toxicity [33]. Additionally, UV is known to induce the expression of MMPs, which are the key

enzymes that degrade collagen [34]. The degradation of collagen by MMPs is part of the der-

mal remodeling that results from skin exposure to UV. Thus, MMPs and collagen type I are

attractive targets for antiphotoaging research. In the present study, FIR could suppress the

UVB-induced expression of MMP-1 and MMP-9 (Fig 2). In our in vivo study, skin tissues

Fig 4. Body weight and epidermal thickness in dorsal skin of FIR-treated mice against UVB-induced skin damage. (A) Measurement of body weight

in hairless mice taken once per week. (B) H&E staining and its histogram estimated for epidermal thickness. (C) Quantitative data calculating the epidermal

thickness.

https://doi.org/10.1371/journal.pone.0174042.g004
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Fig 5. The protein expression and density of collagen fibers in a UVB-exposed hairless mouse model.

(A) Masson’s trichrome staining estimated for relative collagen density. IHC staining of skin tissues was used

Far-infrared suppresses skin photoaging

PLOS ONE | https://doi.org/10.1371/journal.pone.0174042 March 16, 2017 10 / 15

https://doi.org/10.1371/journal.pone.0174042


from hairless mice treated with UVB showed higher MMP-9 levels than did untreated mice.

Furthermore, significant decreases in the expression of MMP-9 were observed in the FIR treat-

ment group compared with the UVB group (Fig 5B and 5D). It has been reported that the

TGF-β/Smad pathway acts as a potent stimulator of the synthesis of type I collagen [5]. FIR has

previously been reported to mediate therapeutic effects on skin wound healing by stimulating

the secretion of TGF-β or by activating of fibroblasts [19]. Our research showed that TGF-β
and phosphorylation of Smad2 protein expression increased in NIH3T3 cells following FIR

treatment (Fig 1B and 1C). We also found that the expression of TGF-β and procollagen type I

were increased in the FIR treatment group compared with the UVB treatment group in a

model of UVB-induced skin photoaging in hairless mice (Fig 5D). Collagen fibers by Masson’s

trichrome stains were increased significantly in FIR-exposed mice compared with UVB-irradi-

ated mice (Fig 5A). Previous studies have demonstrated that procollagen is translocated into

the lumen of the endoplasmic reticulum (ER), in which a number of molecular chaperones

and enzymes assist its folding and trimerization. Then, procollagen is secreted by cells into the

extracellular space [4, 35]. In our study, we found that UVB can suppress the secretion of colla-

gen and that FIR can significantly reverse the UVB-inhibited collagen secretion (Figs 1D and

2C). Therefore, our results showed that FIR increased collagen by inhibiting collagen break-

down and inducing collagen production. In addition, our previous study found that FIR ame-

liorated the burn-induced epidermal thickening [21]. Another recent study concluded that

FIR pretreatment attenuates apoptosis and cell death in dehydration-stressed cultured kerati-

nocytes through the PI3K/Akt pathway [36]. In the present study, FIR-treated mice had thin-

ner epidermal layers than mice that were exposed to UVB alone (Fig 4B and 4C). Therefore,

FIR may affect not only fibroblasts but also keratinocytes.

The PI3K/Akt/mTOR signaling pathway is essential for cell growth and proliferation. Addi-

tionally, this pathway holds in check the balance between proliferation and autophagy [37].

Previous studies have demonstrated that TGF-β promoted hepatic stellate cells activation and

blocked autophagy by upregulating mTOR-p70S6K signaling [38]. However, we found that

FIR can increased the expression levels of TGF-β and autophagy (Figs 1B and 3). Several stud-

ies have indicated that mTOR signaling is activated by UVB and may play an important role in

skin tumorigenesis [15, 16]. Carr et al. found that rapamycin treatment or mTOR ablation

inhibited UVB activation of p70S6K and blocked the epidermal hyperproliferative response to

UVB [15]. Accumulated evidence has revealed that autophagy is a common consequence of

mTOR inhibition. Autophagy is the major cellular pathway for the degradation of long-lived

proteins and cytoplasmic organelles [16, 39]. More recently, data accumulated by us and others

have revealed that FIR induces autophagy in macrophages and neuroblastoma cells [21, 31]. In

the present study, FIR inhibited UVB-induced Akt/mTOR signaling both in vitro and in vivo
(Figs 3D and 5D). Additionally, FIR caused statistically significant increases in autophagy in

control and in UVB-treated fibroblasts (Fig 3). In the model of UVB-induced skin photoaging

in hairless mice, FIR can enhance autophagy-related protein in skin tissues (Fig 5C and 5D).

Previous research has shown that although a number of aging-associated pathways have been

characterized, the decrease in autophagy observed in almost all aging cells and tissues is be-

lieved to be a crucial contributor to the aging phenotype and age-related diseases [40]. Zhang

et al. found that miR-23a-regulated autophagy is a novel and important regulator of UV-

induced premature senescence [9]. However, the role of autophagy in photoaging has not been

thoroughly studied. Additionally, the underlying molecular mechanism linking autophagy to

to determine the expression levels of MMP-9 (B) and LC3 (C). (D) Western blot analysis of protein expression

in skin tissues.

https://doi.org/10.1371/journal.pone.0174042.g005
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photoaging is still not known. Therefore, the molecular mechanisms that determine how

autophagy affects UV-induced photoaging remain to be investigated.

FIR has previously been reported to mediate therapeutic effects in vitro and in vivo on vas-

cular endothelium and wound healing, but the potential therapeutic effects of FIR in photoag-

ing are still unknown. To our knowledge this is the first study to report that FIR suppresses

skin photoaging in UVB-exposed fibroblast and hairless mice (Fig 6). Our study provides evi-

dence that FIR increases collagen synthesis through the TGF-β/Smad pathway. Furthermore,

FIR inhibited UVB-induced MMP-1 and MMP-9 expression and restored UVB-inhibited col-

lagen type I. In addition, FIR induces autophagy by the inhibition of Akt/mTOR signaling

Fig 6. FIR pathways and effects in skin photoaging. FIR inhibits MMPs and leads to interference with collagen degradation. Furthermore, FIR

increases collagen synthesis through the TGF-β/Smad pathway. In addition, FIR-induced autophagy may be mediated by inhibition of the Akt/

mTOR signaling pathway. Autophagy can block the epidermal hyperproliferative response to UV and may suppress photoaging.

https://doi.org/10.1371/journal.pone.0174042.g006
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pathway. In UVB-induced skin photoaging in a hairless mouse model, FIR had thinner epider-

mal layers and an increased abundance and density of collagen fibers than mice that were

exposed to UVB alone. Therefore, FIR may be a potential option in the therapeutics of skin

photoaging by UVB radiation.
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