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Abstract Dermal fibroblasts are differentiated mesen-

chymal cells that regulate the extracellular matrix through

the production of dermis components. Dermal fibroblasts

can be damaged by reactive oxygen species induced by

ultraviolet rays and chemicals. In addition to its effects on

the dermis, oxidative stress poses a major threat to

organisms and is believed to play an essential role in many

disease processes. In this study, we show that human der-

mal fibroblasts (HDFs) express sphingosine-1-phosphate

(S1P) receptors S1P1, S1P2, and S1P3. In addition, cell

viability of HDFs is increased by phytosphingosine-1-

phosphate (PhS1P) via regulation of the Jun N-terminal

kinase (JNK)/Akt pathway. Interestingly, regulation of the

JNK/Akt pathway by PhS1P attenuated H2O2-induced cell

growth arrest. Together, our data indicate that PhS1P

attenuates H2O2-induced growth arrest through regulation

of the signal molecules Akt and JNK, and suggest that

PhS1P may have value as an anti-aging material in cos-

metics and medicine.
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Introduction

The skin contains dermal fibroblasts, differentiated mesen-

chymal cells that are primarily responsible for the organiza-

tion of dermal composition through the synthesis of dermis

components such as collagens and elastin [7, 9]. In addition,

controlled degradation of the extracellular matrix (ECM) is

regulated through modulation of the expression of matrix

metalloproteinases (MMPs) in dermal fibroblasts [19]. These

fibroblasts have been isolated from the mouse dermis and

characterized as cells that are positive for nestin and fibro-

nectin, but not for vimentin and cytokeratin [5, 35]. In an

animal model, photoaging is induced by reactive oxygen

species (ROS) produced in response to UV [19]. ROS induce

destruction of dermis homeostasis and disarrangement of the

ECM through apoptosis, cell-cycle arrest, and dysregulation

of expression of ECM components such as collagens and

MMPs in dermal fibroblasts [19, 24, 26, 34]. Therefore, ROS

homeostasis is important for the maintenance of the normal

condition of dermal fibroblasts.
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In various eukaryotic species, sphingolipids are essential

membrane lipids and mediators of the stress response as

second messengers [6, 8, 10, 21, 29]. Sphingolipids are

regulated by metabolic enzymes such as sphingosine-1-

phosphate phosphatase, ceramidase, and sphingosine

kinase [25]. Among sphingolipids, representative metabo-

lites are ceramide, sphingosine, and sphingosine-1-phos-

phate (S1P). Ceramide and sphingosine are well-known

inducers of apoptosis [30]; however, S1P, which is syn-

thesized by type 1 and type 2 sphingosine kinases (SPHK1

and SPHK2), regulates cell proliferation and survival

through the S1P/Edg family of G-protein-coupled receptors

[20, 27, 28].

Phytosphingosine-1-phosphate (PhS1P) is abundant in

plants and fungi, but is also present in lesser amounts in

animals [18, 23]. PhS1P has been shown to stimulate

chemotactic migration in mouse fibroblasts [18]. Compared

with sphingosine-1-phosphate, PhS1P contains a hydroxyl

group at the fourth carbon of the sphingoid chain base. As a

result of this structural difference, PhS1P is a higher

affinity ligand for the S1P4/Edg-6 receptor than S1P [13].

In addition, the four S1P receptors (S1P1-4) appear to exert

different effects since S1P2 counteracts S1P1, and S1P3 in

angiogenesis and tumorigenesis [31, 32].

Therefore, it is important to determine the functions of

PhS1P in various cells, especially in human dermal fibro-

blasts (HDFs) in which the functions of PhS1P are impli-

cated in cosmetic applications. Here, we show that PhS1P

plays a critical role as an attenuator of G2/M arrest and cell

growth arrest in human dermal fibroblasts through repres-

sion of Jun N-terminal kinase (JNK) activity. Using PI

staining, we demonstrate that PhS1P regulates H2O2-

dependent G2/M arrest. We also show that production of

phospho-JNK is decreased by PhS1P and that the inhibition

of JNK phosphorylation by PhS1P is regulated by the PI3/

Akt pathway. Our results provide direct evidence that

PhS1P attenuates H2O2-induced apoptosis through the Akt-

JNK pathway.

Materials and methods

Materials

PhS1P was obtained from Damy Chemical Co. (Korea) and

Avanti Polar Lipids (USA). Anti- Akt, anti-p-Akt (Ser

473), anti-JNK, anti-p-JNK (Thr183/Tyr185), anti-rabbit,

and anti-mouse antibodies were purchased from Cell Sig-

naling Technology (USA). Anti-b-actin was purchased

from Sigma (USA). LY294002 was purchased from Cell

Signaling Technology and used at a 20 nM concentration.

SP600125 was purchased from Sigma and used at a 25 lM

concentration.

Cell culture

HDFs were purchased from Lonza (Switzerland) and

maintained in DMEM media containing 10 % fetal bovine

serum (Sigma) and 1 % penicillin/streptomycin (GIBCO,

USA) at 37 �C at 5 % CO2. Experiments were performed

with HDFs at passage numbers 5–10.

Reverse transcription polymerase chain reaction

(RT-PCR)

Total RNA was isolated using RiboEX (Geneall, Korea)

and used to synthesize first-strand cDNAs by reverse

transcription. Equal amounts of cDNA were used as PCR

templates to examine the expression of S1P1, S1P2, S1P3,

and S1P4. The primers used for PCR were designed by

Oligo PerfectTM Designer (Invitrogen, USA) as follows:

S1P1 forward primer, 50-AAATTCCACCGACCCATGT-

30; S1P1 reverse primer, 50-AGTTATTGCTCCCGTTG

TGG-30; S1P2 forward primer, 50-CCAAGCATTAT

GTGCTGTGC-30; S1P2 reverse primer, 50-CCAGAAGGA

GGATGCTGAAG-30; S1P3 forward primer, 50-TGGTCA

TCTGCAGCTTCATC-30; S1P3 reverse primer, 50-CGT

CTTCTTGCCAGACATCA-30; S1P4 forward primer, 50-A
GCCTTCTGCCCCTCTACTC-30; S1P4 reverse primer,

50-CAGAGGTTGGAGCCAAAGAC-30. PCR products

were separated by 1 % agarose gel electrophoresis, visual-

ized by ethidium bromide staining, and detected and cali-

brated using a bio-imaging system (Laurier Research

Instruments, Canada). Results were quantified using ImageJ

(Wayne Rasband, USA)

MTT assay

Cell viability was assessed using the 3-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

The MTT assay is widely used to determine cell viability

through measurement of mitochondrial reductase activity.

HDFs were exposed to the indicated concentration of

PhS1P or H2O2 for 24 h, treated with 0.5 mg/ml MTT in

culture plates, and incubated at 37 �C for 2 h. After incu-

bation, formazan crystals were dissolved in DMSO and the

resultant solutions were analyzed at an absorbance of

595 nm using a plate reader (Molecular Devices, USA).

Cell viability was represented by the relative optical den-

sity of each well.

Flow cytometry

Cell-cycle arrest was measured by propidium iodide (PI)

staining. Following PhS1P treatment, HDF cells were

grown for 24 h, harvested, and stained with PI in PI

staining buffer (50 lg/ml PI, 0.1 lg/ml RNase, 0.05 %
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Triton X-100 in 19 PBS). After staining, the HDFs were

washed with PBS and the fluorescence intensity was

determined at the FL2H detection channel (585 ± 42 nm)

by flow cytometry using a FACS Calibur (BD Biosciences,

USA). The percentage of cells with a sub-G1, G1, S, and

G2 DNA content was recorded to determine the apoptotic

proportion and cell-cycle rate of the cell population.

Western blot analysis

After treatment with PhS1P, cells were washed with ice-

cold PBS and harvested. Cells were lysed in RIPA lysis

buffer (50 mM Tris–Cl [pH 7.5], 150 mM NaCl, 1 % NP-

40, 0.5 % deoxycholic acid, 0.1 % SDS) and protein con-

centrations were determined using Protein assay (Bio-Rad,

USA). Lysate proteins were separated by SDS-polyacryl-

amide gel electrophoresis and transferred to nitrocellulose

membranes. Membranes were blocked with 5 % skim milk

for 1 h, and then incubated with anti-Akt, anti-p-Akt, anti-

JNK, anti-p-JNK antibodies. Proteins were visualized with

SuperSignal West Pico (Pierce, USA) and detected using

LAS-3000 (Fujifilm, Japan). Results were quantified using

Multi Gauge (Fujifilm), bundle software of LAS-3000.

Statistical analysis

The statistical significance of differences was determined

by the Student’s t test. A P value\0.05 was considered to

indicate statistical significance.

Results

Expression of sphingosine-1-phosphate receptors

in human dermal fibroblasts

We screened the expression of S1P receptors in HDFs by

RT-PCR using PCR conditions for each primer pair that

worked in a positive control sample (data not shown).

Remarkably, S1P1, S1P2, and S1P3 were expressed in HDFs

whereas S1P4 was not detectable (Fig. 1a). In addition, to

investigate the effects of PhS1P on the expression of S1P

receptors we performed RT-PCR on PhS1P-treated HDFs

and showed that the expression of S1P receptors was not

significantly regulated by PhS1P (Fig. 1b).

Phytosphingosine-1-phosphate increases cell viability

and decreases phosphorylation of JNK

We next investigated the effect of PhS1P on cell viability

using the MTT assay. As shown in Fig. 2a, PhS1P

increased cell viability in a dose-dependent manner. There

was a 23.2 % increase in proliferation at 24 h in HDF cells

treated with 5 lM PhS1P compared with untreated HDFs.

Under the same conditions as in Fig. 2a, western blot

analysis revealed a decrease in the level of phospho-JNK

and an increase in phospho-Akt in cells treated with PhS1P,

compared with non-treated HDFs (Fig. 2b).

Phytosphingosine-1-phosphate represses

phosphorylation of JNK through the PI3/Akt pathway

To further understand the signal transduction pathways

involved in PhS1P-induced survival in HDFs, we performed

western blot analysis of HDFs following treatment with

LY294002, a PI3K inhibitor. LY294002 blocked the PhS1P-

induced formation of phospho-Akt, but restored the level of

phospho-JNK that was decreased by PhS1P (Fig. 2c). These

results demonstrate that PhS1P decreased the generation of

phospho-JNK through Akt activation in HDFs.

Phytosphingosine-1-phosphate represses H2O2-induced

G2/M arrest and phosphorylation of JNK

In previous studies, H2O2 has been shown to regulate G2/M

arrest through the phosphorylation of JNK [22, 37]. There-

fore, we investigated whether PhS1P treatment led to inhi-

bition of G2/M progression in HDFs by cell-cycle analysis

Fig. 1 Expression of S1P receptors in HDFs. a Qualitative analysis

of the expression of S1P receptors (S1P1, S1P2, S1P3, and S1P4) in

HDFs by RT-PCR. Product sizes are as follows: S1P1, 250 bp; S1P2,

207 bp; S1P3, 170 bp; S1P4, 260 bp. The results are representative

data from experiments performed in triplicate. S1P4 was not detected

in HDFs. b HDFs were treated with the indicated concentrations of

PhS1P and incubated at 37 �C for 24 h. The effect of PhS1P on

expression of S1P receptors was determined by RT-PCR. The results

are representative data from experiments performed in triplicate. S1P4

was not detected in HDFs
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using flow cytometry. As shown in Fig. 3a, PhS1P resulted in

an evident decrease in the G2/M arrest of H2O2-treated HDFs.

We further assessed the ability of PhS1P to attenuate H2O2-

induced growth arrest using MTT as a reporter of cell via-

bility. As shown in Fig. 3b, PhS1P markedly increased the

viability of H2O2-treated HDFs. In particular, at 24 h the

viability of HDFs treated with 1,200 lM H2O2 was *60 %

for cells co-treated with 5 lM PhS1P, compared with

*30 % for treatment with H2O2 only. Treatment with 25 lM

SP600125, a JNK inhibitor, did not alter the effect of PhS1P

on the viability of H2O2-treated HDFs (Supplemental Fig. 1).

Under the same conditions as in Fig. 3b, the level of H2O2-

induced phospho-JNK was decreased by PhS1P (Fig. 3c).

These results suggest that PhS1P attenuated H2O2-induced

cell cycle arrest by regulation of JNK activity.

Discussion

Here, we identify PhS1P as an important attenuator of

H2O2-induced growth arrest in HDFs, suggesting that

PhS1P plays a role in the modulation of dermis homeosta-

sis. Phytosphingosine-1-phosphate, one of the sphingosine

metabolites, regulates chemotactic migration [18] via

G-protein coupled S1P receptors (S1P1, S1P2, S1P3, S1P4,

S1P5) on the cell surface or through intracellular actions

[11, 29]. The S1P receptors are reported to have different

functions [33]. In addition, previous studies showed that

PhS1P functions through S1P1 and S1P4 [3, 13]. Therefore,

bioactivity of PhS1P is determined by the expression of S1P

receptors or the affinity between sphingosine metabolites

and S1P receptors. In the present study, we found that HDFs

express S1P1, S1P2, and S1P3, but not S1P4 (Fig. 1). In

addition, we revealed that PhS1P induces HDF proliferation

(Fig. 2a). Accordingly, we suggest that PhS1P induces

signal transduction via S1P1.

S1P1 induces various signal transduction pathways

through Gi/o proteins coupled to G-proteins [16]. In par-

ticular, the induction of Gi/o by S1P1 activates Akt [12].

In this study, we observed that PhS1P activates Akt

(Fig. 2b). Interestingly, a previous study also showed that

PhS1P regulates the mitogen-activated protein kinases

Fig. 2 PhS1P induced proliferation through repression of JNK.

a HDFs were treated with the indicated concentrations of PhS1P

and incubated at 37 �C for 24 h. Cell viability was determined by

MTT assay. Results are expressed as the mean (±SE) percentage of

surviving cells for experiments performed in triplicate. Asterisks
indicates P \ 0.01 compared with non-treated HDFs. b HDFs were

treated with the indicated concentrations of PhS1P and incubated at

37 �C for 1 h. p-Akt, Akt, and p-JNK levels were determined by

western blotting. The bands of interest were further analyzed by

densitometer. The p-Akt and p-JNK levels were normalized against

the total Akt and JNK levels. b-actin was included as a loading

control. c HDFs were pretreated with LY294002 (PI3/Akt inhibitor)

for 1 h and then stimulated with PhS1P or H2O2 at 37 �C for 1 h.

p-Akt, Akt, JNK, and p-JNK levels were determined by western

blotting. The bands of interest were further analyzed by densitometry.

The p-Akt and p-JNK levels were normalized against the total Akt

and JNK levels. b-actin was included as a loading control
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(MAPKs) p38 and ERK through the PI3/Akt pathway

[16]. Activated Akt represses phospho-JNK (Fig. 2c), as

proposed by Kim et al. [17]. It has been shown that AKT

and JNK regulate each other by cross-talk [1]. However,

induction of a decrease in phospho-JNK by treatment with

SP600125 did not affect the recovery of viability in

PhS1P-treated HDFs (Supplemental Fig. 1). JNKs (present

in three isoforms—JNK1, JNK2, and JNK3) are a sig-

nificant subgroup of the MAPK superfamily [2]. JNKs are

phosphorylated and activated by JNNK1 and JNNK2,

which phosphorylate two specific tyrosine sites of JNKs

[4]. Activated JNKs are involved in the regulation of

various cellular functions such as cell proliferation,

differentiation, and apoptosis in stimuli- and cell type-

dependent manners [15, 36]. JNKs are activated by various

environmental stresses, UV radiation, heat shock, oxida-

tive stress, protein synthesis inhibitors, chemotherapeutic

agents, and proinflammatory cytokines [14]. In particular,

JNK activation by oxidative stress induces apoptosis and

growth arrest through activation of c-Jun [15]. Therefore,

we investigated whether PhS1P represses H2O2-induced

JNK activation and growth arrest, and showed that PhS1P

does indeed attenuate H2O2-induced G2/M arrest and

growth arrest (Fig. 3a, b). In addition, the induction of

phospho-JNK by H2O2 was decreased by PhS1P (Fig. 3c).

Together, our findings suggest that PhS1P attenuates

H2O2-induced cell growth arrest through the JNK/Akt

pathway.

In summary, we provide several lines of evidence that

PhS1P attenuates H2O2-induced cell growth arrest. First,

PhS1P induced cell growth and repressed JNK activity

(Fig. 2a, b). Second, PhS1P repressed JNK activity through

regulation of Akt (Fig. 2c). Lastly, the regulation of signal

proteins was attenuated by H2O2-induced growth arrest

(Fig. 3a–c). Therefore, we suggest that PhS1P could

function as an anti-aging material in cosmetic medicine

through its role in the regulation of stress-induced growth

arrest in dermal fibroblasts.

Fig. 3 PhS1P attenuated H2O2-induced G2/M arrest in HDFs. HDFs

were pretreated with the indicated concentration of PhS1P at 37 �C

for 1 h, stimulated with H2O2, and incubated at 37 �C for 24 h. a The

population of cells in each stage of the cell cycle was determined by

PI staining (Gating for each cell-cycle phase M1: sub-G1; M2: G1;

M3: S; M4: G2/M). The bar graph shows the mean percentage ± SE

of cell in G2/M for experiments performed in triplicate. Statistical

significance was determined by comparison with H2O2-treated HDFs

(*P \ 0.01). b Cell viability was determined by MTT assay. Results

are expressed as the mean percentage ± SE for experiments

performed in triplicate. c p-JNK, and JNK levels were determined

by western blotting. The bands of interest were further analyzed by

densitometry. The p-JNK levels were normalized against the total

JNK levels. b-actin was included as a loading control
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