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Abstract
Background Atopic dermatitis (AD) is a commonly encountered inflammatory skin disease. Although acute lesions of

acute AD are characterized by intense inflammation, the hallmarks of chronic AD lesions include lichenified fibrosis and

thickening of the upper dermis. The increased expression of transforming growth factor beta 1 (TGF-b1), a well-known

fibrogenic cytokine, is observed in chronic AD lesions. Tacrolimus (FK506) ointment has been reported to be effective for

treating AD as well as some TGF-b1-induced fibrotic diseases.

Objectives To evaluate the effect of tacrolimus on TGF-b1-stimulated cultured normal human dermal fibroblasts and

explore the potential signalling pathways involved.

Methods Fibroblasts cultured from healthy adult human foreskins were treated with TGF-b1 with or without tacrolimus.

The impact on cell viability and proliferation were assessed by [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide] (MTT) assay and BrdU incorporation assay respectively. Reverse transcription-polymerase chain reaction

(RT-PCR), quantitative real-time PCR, enzyme-linked immunosorbent assay (ELISA) and western blotting were

performed to evaluate the relevant expressions of mRNA or proteins in fibroblasts.

Results Our results revealed that the increased expressions of transforming growth factor-b receptor I (TGF-bRI) and

TGF-bRII in TGF-b1-treated fibroblasts were suppressed by tacrolimus treatment. In addition, tacrolimus significantly

inhibited fibroblast proliferation enhanced by TGF-b1. TGF-b1 increased type I collagen production, and this enhancing

effect was suppressed by tacrolimus. The down-regulation of MMP-1 and up-regulation of TIMP-1 induced by TGF-b1

were reversed by tacrolimus. The increase in phosphorylated p38 mitogen-activated protein kinase (p38MAPK) expres-

sion stimulated by TGF-b1 was down-regulated by tacrolimus. Moreover, the fibroblasts treated with p38MAPK inhibitor

significantly reduced type I collagen expression induced by TGF-b1.

Conclusions The present results demonstrated that tacrolimus significantly inhibited physiological functions of fibro-

blasts enhanced by TGF-b1 in vitro. Clinically, we propose that topical tacrolimus may not only reduce AD recurrence

but also ameliorate dermal fibrosis often seen in chronic AD lesions.
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Introduction
Atopic dermatitis (AD) is a chronic relapsing inflammatory skin

disease with increasing prevalence in both paediatric and adult

populations.1–3 Acute phases of AD lesions are characterized by

erythematous papules, excoriations, serous exudation and

extreme pruritus. On the other hand, chronic AD is character-

ized by thickened skin, accentuated skin markings (i.e. lichenifi-

cation) and fibrotic papules. Increased deposits of type I

collagen were considered the major event responsible for the

development of lichenification.4–6

Transforming growth factor b (TGF-b) is a multifunctional

cytokine that plays an important role in regulating cell growth,
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differentiation and biosynthesis of extracellular connective tis-

sue.7,8 TGF-b superfamily members transduce their signal from

the membrane to the nucleus through transmembrane type I

and type II receptors and their downstream effectors Smad

proteins.8,9 In addition to Smad-related signalling, the mitogen-

activated protein kinase (MAPK) pathway was shown to be an

important Smad-independent TGF-b activated cascade.10 In

mammals, three isoforms of TGF-b, namely TGF-b1, TGF-b2
and TGF-b3 have been identified, with TGF-b1 being the most

well studied. TGF-b1 is an important growth factor for promot-

ing fibrosis.9,11 Results from Toda et al.5 demonstrated that the

TGF-b1 expression was markedly enhanced in chronic AD

lesions. Therefore, it is likely that increased expression of TGF-

b1 in chronic AD lesions played an important role on the forma-

tion of skin thickening and lichenification.

Matrix metalloproteinase’s (MMPs) are a family of zinc- and

calcium-dependent endopeptidase that degrades the various

extracellular matrix proteins.12 In contrast, tissue inhibitors of

MMPs (TIMPs) are secreted proteins that block the activity of

MMPs with a one-to-one stoichiometry.12,13 Appropriate regula-

tion of MMPs and their inhibitors TIMPs during the tissue

repair processes is important for tissue remodelling. The aber-

rant expression of MMPs and TIMPs has been shown to be asso-

ciated with several inflammatory disease activities, including

AD,14,4 and this dysregulation of collagen degradation probably

contributed to development of lichenification in chronic AD

lesions.

Tacrolimus (FK506) ointment, a topical calcineurin inhibitor,

has been used to treat AD with sustained efficacy and no signifi-

cant side-effects.15–17 In addition to treating AD, tacrolimus has

also been reported to be effective for treating certain fibrotic skin

disorders such as scleroderma.18–20 Several studies have shown

that topical tacrolimus significantly improved the skin thicken-

ing and lichenification as reflected by reduced dermal thickness

in chronic AD lesions.21–23 These results suggested that in addi-

tion to immune suppressive effect, tacrolimus may also modulate

the physiological functions of dermal fibroblasts. Tacrolimus

is best known to exhibit its pharmacological effects on inflam-

matory cell including T cells, macrophages, eosinophils and

neutrophils.24,25 In contrast, little remains known regarding the

effects of tacrolimus on fibroblasts.

The current managements for AD focussed on alleviation of

inflammatory response during acute phase. The need for treating

lichenified lesions in AD was often ignored. In this study, we set

out to investigate if tacrolimus suppresses TGF-b1-stimulated

fibrotic responses in normal human fibroblasts.

Materials and methods

Cell culture and treatments
The fibroblasts used in our study were cultured from the

healthy adult human foreskins. Cell culture for fibroblasts was

performed as described elsewhere.26 Briefly, the adipose tissues

were removed by a sterilized scissor, and the remaining speci-

mens including epidermis and dermis were sectioned into

5 mm by 5 mm blocks and laid onto 100 mm2 Petri dishes.

The dishes were maintained semi-opened into laminar flow for

at least 40 min to adhere the blocks in the culture surface.

Once the blocks were fixed in the Petri dish surface, 10 mL of

Dulbecco’s minimal essential medium (DMEM) (Gibco BRL,

Gaithersburg, MD, USA) with 10% fetal bovine serum (Gibco),

penicillin (100 U/mL) and streptomycin (100 lg/mL) (Gibco),

was poured into the dishes. Then, the culture dishes were

maintained in a humidified incubator and the culture medium

was changed every 2 days. The fibroblasts gradually crawled

out the minced blocks in 7–10 days. The third or fourth pas-

sage of the cultured fibroblast was used in the following experi-

ments. In our study, the fibroblasts were cultured in the

serum-free medium for 24 h for synchronization. Then, the

cells were re-fed with medium containing 10% fetal bovine

serum (Gibco) for the following experiments. Tacrolimus (Cal-

biochem; San Diego, CA, USA.) used in this study was dis-

solved in dimethyl sulphoxide (DMSO) and then was diluted

with DMEM solution containing 10% fetal bovine serum (the

final concentration of DMSO in the culture medium was less

than 0.1%). The cultured fibroblasts were treated with TGF-b1
5 ng/mL (R&D Systems, Minneapolis, MN, USA), with or

without tacrolimus at doses of 100 and 1000 nmol/L. The

rationale for tacrolimus concentrations used in our study was

that fibroblasts treated with tacrolimus 1000 nmol/L demon-

strated no stimulatory effect on the expressions of collagen and

ECM components.27,28 Moreover, this dose closely corre-

sponded to the whole blood trough levels 9 100 in patients

receiving tacrolimus immunosuppressive therapy.29 Therefore,

in this study, we use 1000 nmol/L and a lower tacrolimus

100 nmol/L as the treated concentrations for the following

experiments.

Cell viability assay
A colorimetric method for determining the activity of living

cells was based on mitochondrial function and was determined

using an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-

razolium bromide] assay (CellTiter 96® non-radioactive cell

proliferation assay kit, Promega, Madison, WI, USA), as

described previously.30 Fibroblasts were seeded on 96-well

plates with a density of 3 9 103 cells/well and incubated over-

night. After treatments with tacrolimus 100 and 1000 nmol/L

for 1, 3 and 5 days, 20 lL of CellTiter reagent containing tetra-

zolium compound and electron coupling reagents were added

into each well to be catalyzed by mitochondrial dehydrogenase

enzymes in metabolically active cells. The plates were incubated

for 4 h and the colorimetric absorbance was recorded at

570 nm by a microplate reader (SpectraMax M5, Molecular

Devices, Sunyvale, CA, USA).
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BrdU assay
The proliferation of fibroblasts was assessed by 5-bromo-

2′-deoxyuridine (BrdU) incorporation assay using a commer-

cially available BrdU-enzyme-linked immunosorbent assay

(ELISA) cell proliferation assay kit (Roche, Basel, Switzerland).

Briefly, fibroblasts were seeded on 96-well plates at a density of

1 9 104 cells/well and incubated overnight. Then, the fibro-

blasts were treated and incubated for 1, 3 and 5 days. The trea-

ted cells were fixed and stained according to the manufacturer’s

instructions. The optical density was measured at 450 nm with

an ELISA plate reader (Model 450; Bio-Rad, Hercules, CA,

USA).

Reverse transcription-polymerase chain reaction
(RT-PCR)
Total RNA was extracted from treated fibroblasts using the

Trizol method (Gibco) and processed as recommended by the

manufacturer. Briefly, single-stranded cDNA was reverse tran-

scribed from total cellular RNA using the BcaBEST RNA PCR

kit (Takara Shuzo, Kyoto, Japan). The primers used for TGF-b
receptor I (TGF-bRI), TGF-b receptor II (TGF-bRII), MMP-1,

TIMP-1, type I collagen, GAPDH were summarized in

Table 1. The PCR products were electrophoresed through

1.8% agarose gels, stained with ethidium bromide and further

visualized by UV illumination. The visualized gels were

recorded and analysed on a digital imaging system (Alpha

Imager 2000, Alpha Innotech, San Leandro, CA, USA). Levels

of gene expression were expressed as the integrated density

value of PCR products normalized to that of the GAPDH in

the same sample.

Real-time quantitative polymerase chain reaction (real-
time PCR)
The total RNA of the treated fibroblasts was extracted using TRI

Reagent (Invitrogen, Carlsbad, CA, USA). Then, the extracted

RNA was treated with TURBO DNase (Applied Biosystems) for

25 min at 37°C. Two micrograms of TURBO DNase-treated

RNA were reverse transcribed using High Capacity RNA-to-

cDNA kit (Applied Biosystems, Foster City, CA, USA). The

cDNA samples were then diluted with nuclease-free water to a

final concentration equivalent to 20 ng/lL RNA input, and 6 lL
of these dilutions were then subjected to 40 cycles of quantitative

Real-time PCR with the SYBR Green Master Mix (Roche

Applied Science, Indianapolis, IN, USA) was performed using

ABI Prism 7500 Sequence Detection System (Applied Biosys-

tems). Primers for type I collagen (sense: 5′-GCCATCAAA

GTCTTCTGCAACAT-3′; antisense: 5′-ACCAGACATGCCTCTT

GTCCTT-3′) were tested alongside the normalizing gene b-actin
(sense: 5′-TCTGTGTGGATTGGTGGCTCT-3′; antisense: 5′-

GACTC ATCGTACTCCTGCTTGCT-3′). The fluorescent

signals were collected during extension phase, Ct values of the

sample were calculated, and the transcript levels were analysed

by 2�DDCt method.

Enzyme-linked immunoassay for MMP-1 and TIMP-1
production
Concentrations of secreted MMP-1 and TIMP-1 were deter-

mined by enzyme-linked immunoassay (R&D Systems, Minne-

apolis, MN, USA) in culture supernatants of fibroblasts. The

measurement of MMP-1 and TIMP-1 were carried out accord-

ing to the manufacturer’s instructions. The minimum detectable

dose of MMP-1 and TIMP-1 were 0.021 and 0.08 ng/mL respec-

tively.

Western blotting analysis
Total cellular proteins were extracted from treated fibroblasts

with lysis buffer (1.5% SDS, 0.0625 mol/L Tris-HCl and

1 mmol/L Na3VO4, pH 6.8) containing protease inhibitor

cocktail (Roche, Mannheim, Germany). For Western blot anal-

ysis, 40 lg of extracted total cellular proteins were subjected

to 10% sodium dodecyl sulphate-polyacrylamide gel electro-

phoresis. Subsequently, they were electroblotted onto a nitro-

cellulose membrane for 1 h using a Mini Trans-Blot Transfer

Cell (Bio-Rad) at 90 V. After blocking and washing, the nitro-

cellulose membrane was incubated overnight at 4 °C with the

following primary antibodies: pro-collagen IA1 (Santa Cruz

Biotechnology), total ERK1/2 (Cell Signaling, Beverly, MA,

USA), phosphorylated ERK1/2 (pERK1/2) (Cell Signaling),

total JNK (Cell Signaling), phosphorylated JNK (pJNK) (Cell

Signaling), total p38MAPK (Cell Signaling), phosphorylated

p38MAPK (pp38MAPK) (Cell Signaling) and GAPDH (BD

Biosciences, San Jose, CA, USA). Then, membranes were incu-

bated with HRP-labelled secondary antibody (Santa Cruz

Biotechnology, Santa Cruz, CA, USA) for 1 h at room temper-

ature. The immunoblots were developed using the ECL

Western detection reagent (Santa Cruz Biotechnology). The

results were analysed by digital imaging system (Alpha Imager

2000, Alpha Innotech Corp., San Leandro, CA, USA). For

Table 1 Primer sequence used for RT-PCR

Primer sequence Size (bp)

TGF-bRI F: 5′CGGCGTTACAGTGTTTCT3′ 483

R: 5′TGTCTTTATTGTCTGCTGCTAT3′

TGF-bRII F: 5′CGTGAAGAACGACCTAACCT3′ 104

R: 5′AGTTCCCACCTGCCCAC3′

MMP-1 F: 5′ GATCCAAGCCATATATGGACG 3′ 634

R: 5′ GCAGTTGAACCAGCTATTAGC 3′

TIMP-1 F: 5′ AAGATGCTGCTGTTCAGCGGG 3′ 607

R: 5′ GTCCTCAGGGCACTGCAGGAT 3′

Type I collagen F: 5′ GTGAACCTGGCAAACAAGGT 3′ 413

R: 5′ CTGGAGACCAGAGAAGCCAC 3′

GAPDH F: 5′ TCCTGTGGCATCCACGAAACT 3′ 319

R: 5′ GAAGCATTTGCGGTGGACGAT 3′
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MAPKs blocking test, 20 lmol/L PD98059 (ERK1/2 inhibitor)

(Sigma, St. Louis, MO, USA), 20 lmol/L SP600125 (JNK

inhibitor) (Sigma) and 20 lmol/L SB203580 (p38MAPK inhib-

itor) (Sigma) were added for 1 h, followed by addition of

TGF-b1. Then, the pro-collagen IA1 protein levels were

determined.

Statistical analysis
SPSS system for Windows version 12.0 (SPSS Inc., Chicago, IL,

USA) was used for statistical analysis. The results were expressed

as mean � standard deviation (mean � SD). The Student’s

t-test was used for statistical evaluation between control and

experimental groups in the study. A P-value of <0.05 is consid-

ered statistically significant.

Results

Tacrolimus reduced the expressions of TGF-b1-induced
TGF-bRI, TGF-bRII mRNA and proteins in fibroblasts
It has been well recognized that among the cytokines affecting

tissue fibrosis, TGF-b1 is a key mediator of fibrotic reactions.

The pro-fibrotic signalling cascade is activated by binding of

TGF-b1 to its type I and type II receptors. In our study, exoge-

nous TGF-b1 was introduced to simulate the condition in vivo

(i.e. high TGF-b1 environment in dermis of chronic AD lesions),

and RT-PCR and Western blotting were performed to examine

the expressions of TGF-bRI and TGF-bRII in fibroblasts. The

results showed that TGF-b1 significantly stimulated TGF-bRI
and TGF-bRII mRNA (Fig. 1a), and protein (Fig. 1b) expressions

in fibroblasts. In addition, tacrolimus 100 and 1000 nmol/L

treatments significantly suppressed the TGF-b1-enhanced
TGF-bRI and TGF-bRII mRNA (Fig. 1a), and protein (Fig. 1b)

expressions in fibroblasts.

Tacrolimus treatment alone showed no significant effect
on cell viability but significantly suppressed the TGF-b1-
induced proliferation in fibroblasts
The results shown in Fig. 2 A revealed that tacrolimus at 100

and 1000 nmol/L exhibited no significant effect on fibroblast

viability directly. Treatment with TGF-b1 significantly increased

the proliferation of fibroblasts on day 3 and day 5. However,

addition of tacrolimus 100 and 1000 nmol/L significantly sup-

pressed the enhancing effect of TGF-b1 on cell proliferation

(Fig. 2b).

Tacrolimus decreased the expression of TGF-b1-induced
type I collagen mRNA and protein in fibroblasts
The expression of type I collagen mRNA in fibroblasts was deter-

mined by RT-PCR. The results shown in Fig. 3a demonstrated

that type I collagen mRNA expression was markedly increased

by TGF-b1 stimulation. However, TGF-b1 induced type I colla-

gen mRNA expressions in fibroblasts were markedly decreased

by tacrolimus 100 and 1000 nmol/L treatment. To further vali-

date this phenomena, we used a more sensitive real-time quanti-

tative PCR assay to detect the expression of type I collagen

mRNA. As shown in Fig. 3b, the results from real-time PCR

were in line with those from RT-PCR. Moreover, Western blot-

ting showed that type I collagen protein expressions in fibro-

blasts correlated with the mRNA levels (Fig. 3c), demonstrating

that tacrolimus decreased the TGF-b1-induced type I collagen

expression.

The decreased expression of MMP-1 and increased
expression of TIMP-1 treated by TGF-b1 were reversed by
tacrolimus treatment
The deposition and degradation of type I collagen, the most

abundant ECM component, were modulated by the expressions

of MMPs and their tissue inhibitors (TIMPs). In this study, the

expressions of MMP-1 and TIMP-1 mRNA were examined by

RT-PCR. Our results showed that decreased MMP-1 mRNA and

increased TIMP-1 mRNA expressions were observed in fibro-

blasts treated with TGF-b1 (Fig. 4a). Furthermore, additional

tacrolimus treatment significantly enhanced MMP-1 mRNA

expression inhibited by TGF-b1, and decreased TIMP-1 mRNA

expression increased by TGF-b1 (Fig. 4a). To further quantify

the effects of TGF-b1 with or without tacrolimus treatments on

MMP-1 and TIMP-1 expressions, the ELISA assays specific for

human MMP-1 and TIMP-1 were performed using relevant cul-

ture supernatants. The supernatants were collected at 48 h after

treatments. The results shown in Fig. 4b demonstrated that the

values of MMP-1 in control group, TGF-b1 treated group, TGF-

b1 + tacrolimus 100 nmol/L group and TGF-b1 + tacrolimus

1000 nmol/L group were 40.5 � 8.7 ng/mL, 26.4 � 6.4 ng/mL,

42.1 � 10.1 ng/mL and 38.7 � 3.7 ng/mL respectively. The

concentrations of TIMP-1 in control group, TGF-b1 treated

group, TGF-b1 + tacrolimus 100 nmol/L group and TGF-

b1 + tacrolimus 1000 nmol/L group were 107.8 � 18.4 ng/mL,

220.1 � 23.4 ng/mL, 124.3 � 20.9 ng/mL and 89.4 � 12.4 ng/

mL respectively. In line with the results of mRNA expressions,

the decreased protein levels of MMP-1 and increased protein

levels of TIMP-1 stimulated by TGF-b1 were significantly

reversed by addition of tacrolimus.

Tacrolimus abrogated the TGF-b1-induced type I collagen
synthesis via downregulation of phosphorylated p38MAPK
expression in fibroblasts
In addition to TGF-b/Smad signalling pathways, MAPKs is

also reported to be involved in TGF-b1-mediated pathway.31

As demonstrated in Fig. 5a, TGF-b1 treatment enhanced

pERK1/2, pJNK and pp38MAPK expressions in fibroblasts.

However, only pp38MAPK, but not pERK1/2 and pJNK

expressions induced by TGF-b1, was markedly suppressed by

tacrolimus (Fig. 5a). TGF-b1 remains known to induce type I

collagen expression in dermal fibroblasts.32 Moreover, MAPK
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Figure 1 Tacrolimus reduced the
expressions of TGF-bRI and TGF-bRII
enhanced by TGF-b1 in fibroblasts. (a)
Cultured fibroblasts were treated with TGF-
b1 5 ng/mL with or without addition of
tacrolimus 100 and 1000 nmol/L for 24 h.
Then, the mRNA was extracted and
subjected to RT-PCR for determination of
TGF-bRI and TGF-bRII gene expressions. (b)
48 h after the same treatments as shown in
(a), the total cellular protein lysates were
prepared and subjected to Western blotting
analysis with antibody against TGF-bRI,
TGF-bRII or GAPDH. The bars indicated
mean � SD. Experiments were repeated
trice with similar results. Densitometric
analysis of (a) and (b) were derived from the
ratios of TGF-bRI and TGF-bRII to GAPDH
expressions of different treatment groups
normalized to the control group
respectively. The ‘M’ shown in graph (a)
stood for ‘Marker’. *P < 0.05 as compared
with control group; **P < 0.05 as compared
with TGF-b1-stimulated group.
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pathways activated by TGF-b1 play a role in TGF-b-stimulated

type I collagen expression in certain cells.33–35 To clarify how

tacrolimus reduced TGF-b1-induced type I collagen synthesis

in fibroblast in the context of MAPK pathways, specific

pharmacologic inhibitors of ERK1/2, JNK and p38MAPK were

used. The results shown in Fig. 5b demonstrated that the

inhibitors of ERK1/2 and JNK did not affect the enhancing

effect of TGF-b1 on type I collagen expression. However,

p38MAPK inhibitor SB203580 significantly decreased the colla-

gen I a1 expression induced by TGF-b1. These results sup-

ported the notion that inhibition of p38MAPK pathway by

tacrolimus is involved in reducing the increased type I collagen

expression stimulated by TGF-b1.

Discussion
Atopic dermatitis (AD) is a chronic relapsing skin disease char-

acterized by inflammation and lichenification. Similar to tissue

remodelling seen in asthmatic airways, chronic lichenified skin

lesions in human AD have often undergone tissue remodelling

due to chronic inflammation.36 Lichenified skin lesions charac-

terized by dermal fibrosis is the hallmark of chronic AD.37

Several studies have documented elevation of TGF- b1 expres-

sion in chronic AD skin lesions.5,38 TGF-b1 is well recognized as

the major inducer for tissue fibrosis due to its stimulatory effect

on ECM production and inhibitory effect on matrix proteins

degradation.39 Tacrolimus is known for its immune suppressive

effects and has been used extensively in patients with organ

transplant. In addition to immune suppression, tacrolimus has

also been associated with less renal interstitial fibrosis as com-

pared with other immune suppressant.40,41 These evidences sug-

gested that tacrolimus exhibits an anti-fibrotic effect. Therefore,

this study was designed to explore the effects of tacrolimus on

TGF-b1-stimulated cultured normal human fibroblasts in terms

of proliferation and collagen production, the two hallmarks of

skin lichenification.

A large body of evidences supported the role of excess TGF-b1
during the pathogenesis of tissue fibrosis.42–44 TGF-b exerts its

function by binding to TGF-bRI and TGF-bRII. Moreover,

TGF-b1 regulates TGF-bRI and TGF-bRII expressions in an

autocrine positive-feedback fashion.45–47 In agreement with pre-

vious studies demonstrating that TGF-b1 stimulation enhanced

the expression of TGF-b receptors in certain types of cells

including human lung fibroblasts,48,49 our results also showed

an increased expression of TGF-b receptor I and II in cultured

fibroblasts after TGF-b1 treatment. Addition of tacrolimus

markedly inhibited the TGF-b1 enhanced TGF-bRI and TGF-

bRII expressions in cultured fibroblasts. Therefore, tacrolimus

treatment was able to abrogate the autocrine positive loop

between binding of TGF-b1 with its cognate receptors via sup-

pression of TGF-b receptor expressions.

As an important fibrogenic mediator, TGF-b1 is reported to

induce proliferation in dermal fibroblasts via binding to its

cognate receptors, followed by activating the downstream Smad

pathway.50 Our results demonstrated that tacrolimus concentra-

tion at 100 and 1000 nmol/L did not influence the fibroblast via-

bility up to 5 days. However, 100 and 1000 nmol/L tacrolimus

significantly suppressed the enhancing effect of TGF-b1 on

fibroblast proliferation. These results indicated that tacrolimus

reduced fibroblast proliferation only in presence of excessive

TGF-b1 and the decreased expressions of TGF-bRI and TGF-

bRII by tacrolimus treatment may contribute to this phenome-

non.

Excess deposition of ECMs, especially collagens, in various tis-

sues is the key characteristic of fibrosis. Therefore, both

decreased degradation and increased formation of ECMs may
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Figure 2 Tacrolimus did not affect the viability of fibroblasts but
significantly reduced the proliferation increased by TGF-b1. (a) The
viability of cultured fibroblasts treated with tacrolimus 0, 100 and
1000 nmol/L for 1, 3 and 5 days was assessed by MTT assay. (b)
Cultured fibroblasts were treated with TGF-b1 5 ng/mL with or
without tacrolimus 100 and 1000 nmol/L and then incubated at
indicated time points for determination of cell proliferation. The
proliferation of fibroblasts at 1, 3 and 5 days after treatments was
determined using a 5-bromo-2′-deoxyuridine-enzyme-linked
immunosorbent cell proliferation assay. The data shown here
(mean � SD) were from one representative experiment performed
in triplicate, repeated three times with similar results. *P < 0.05 as
compared with control group; **P < 0.05 as compared with TGF-
b1-treated group.
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Figure 3 Tacrolimus significantly inhibited
the increased type I collagen synthesis by
TGF-b1. Cultured fibroblasts were treated
with TGF-b1 5 ng/mL with or without
addition of tacrolimus 100 and 1000 nmol/L
for 24 h (for mRNA detection) or 48 h (for
protein detection). Total mRNA and cellular
protein lysates were extracted and
subjected to RT-PCR/quantitative real-time
PCR (a/b) or Western blotting analysis (c)
respectively. The bars indicated
mean � SD. Experiments were repeated
trice with similar results. The graphs shown
here were the mean densitometric data
showing the ratios of type I collagen mRNA
or pro-collagen Ia1 proteins to GAPDH
expressions of different treatment groups
normalized to the control group
respectively. *P < 0.05 as compared with
control group; ** #P < 0.05 as compared
with TGF-b1-stimulated group. The ‘M’

shown in graph (a) stood for ‘Marker’.
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lead to tissue fibrosis. The imbalance between MMPs and their

specific inhibitors TIMPs has been implicated in pathogenesis of

many fibrotic diseases.51–53 More specifically, several studies

have demonstrated that decreased MMP-1 expression and

increased TIMP-1 expression resulted in ECMs accumulation

and facilitate the development of tissue fibrosis.52,54,55 It is well

established that TGF-b1 is a major inducer of tissue fibrosis at

various sites throughout the body.42 Previously, TGF-b1 was

reported to up-regulate production of type I collagen and

TIMP-1 expression, while down-regulating MMP-1 gene tran-

scription.56–59 Consistent with these previous results, our present

findings showed that TGF-b1 down-regulated MMP-1 mRNA

and up-regulated TIMP-1 mRNA expressions in fibroblasts.

Tacrolimus treatment significantly increased MMP-1 and

decreased TIMP-1 activities after TGF-b1 stimulation. The ratio

of increased TIMP-1 and decreased MMP-1 is often observed in

fibrotic diseases including scleroderma and keloids.53 Moreover,

this study demonstrated that the TGF-b1-induced type I colla-

gen synthesis was abrogated by tacrolimus. Therefore, it was

reasonable to propose that tacrolimus may reduce the dermal
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Figure 4 The decreased MMP-1 and
increased TIMP-1 mRNA expressions
induced by TGF-b1 were markedly reversed
by tacrolimus. Fibroblasts were cultured and
treated with TGF-b1 5 ng/mL followed by
addition of tacrolimus 0, 100 and
1000 nmol/L. (a) 24 h after treatment, the
total mRNA of treated fibroblasts was
isolated and the levels of MMP-1 and TIMP-
1 mRNA were determined by RT-PCR. (b)
MMP-1 and TIMP-1 protein concentrations
in supernatants after 48 h of treatment were
evaluated by ELISA. The data shown here
(mean � SD) were repeated trice with
similar results. Densitometric analysis of (a)
was derived from the ratios of MMP-1 and
TIMP-1 to GAPDH expressions of different
treatment groups normalized to the control
group respectively. *P < 0.05 as compared
with control group; **P < 0.05 as compared
with TGF-b1-treated group. The ‘M’ shown
in graph (a) stood for ‘Marker’.
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Figure 5 Tacrolimus abrogated TGF-b1-
induced type I collagen expression in
fibroblasts via inhibition of phosphorylated
p38MAPK signalling. (a) Culture fibroblasts
were stimulated with TGF-b1 5 ng/mL
followed by addition of tacrolimus 0, 100
and 1000 nmol/L and incubated for 30 min.
The levels of phosphorylated ERK1/2,
phosphorylated JNK and phosphorylated
p38MAPK were determined by Western blot
using phosphospecific antibodies. The
levels of ERK1/2, JNK and p38MAPK were
determined by Western blot using ERK1/2,
JNK and p38MAPK specific antibodies. The
expressions of each phosphorylated MAPK
proteins and each total MAPK proteins were
first normalized to GAPDH and then the
ratios of phosphorylated MAPK proteins to
their cognate total MAPK proteins of
different treatment groups were normalized
to the control group. (b) The cultured
fibroblasts were pre-treated with PD98059
(ERK1/2 inhibitor), SP600125 (JNK inhibitor)
and SB203580 (p38MAPK inhibitor) for
60 min and then stimulated with TGF-b1
5 ng/mL. Forty-eight h after treatment, the
proteins of treated cells were extracted and
subjected to Western blotting analysis for
detection of type I collagen expression
using pro-collagen I a1 specific antibody.
The results were expressed as mean � SD.
The immunoblots shown in (a) and (b) were
representative of two independent
experiments with similar data. *P < 0.05 as
compared with control group; **,#P < 0.05
as compared with TGF-b1-treated group.
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fibrosis induced by TGF-b1 through up-regulation of MMP-1

and down-regulation TIMP-1.

Asano et al.60 reported that tacrolimus showed an inhibitory

effect on TGF-b1-induced type I collagen production in normal

fibroblasts. In line with these results, we also found that the

TGF-b1-induced type I collagen in normal fibroblasts was signif-

icantly suppressed by tacrolimus. To clarify whether the effect of

tacrolimus on the TGF-b1-induced type I collagen expression

was caused by inhibition of TGF-b1 signalling or simple reduc-

tion of type I collagen basal expressions, the influence of various

concentrations of tacrolimus on type I collagen synthesis was

performed in our study. The results revealed that tacrolimus

treatment alone did not significantly affect the production of

type I collagen (Fig. S1, supplementary data). These results indi-

cated that the suppressive effect of tacrolimus on TGF-b1-
induced type collagen expressions was dependent on TGF-b1
signalling pathway. Subsequently, the molecular signalling

involved was investigated. MAPKs have been reported to play

important roles in signal transduction downstream of TGF-

b1.61,62 MAPKs comprise at least three protein kinases including

extracellular signal-regulated kinase 1/2 (ERK1/2), p38, and c-

Jun N-terminal kinase (JNK) in mammalian cells. Sato et al.32

demonstrated that activation of p38MAPK is critical for type I

collagen production by TGF-b1 in dermal fibroblasts. These

results suggested that p38MAPK pathway played an important

role on TGF-b1-induced type I collagen production in fibro-

blasts. As demonstrated in our results, the increased level of

phosphorylated p38MAPK by TGF-b1 treatment was signifi-

cantly abrogated by tacrolimus in fibroblasts. In addition, we

found that the enhanced expression of type I collagen induced

by TGF-b1 was significantly reduced by pre-treatment with

p38MAPK inhibitor. These results indicated that the inhibitory

effect of tacrolimus on phosphorylated p38MAPK expression

induced by TGF-b1 contributed to decreased collagen produc-

tion in dermal fibroblasts.

Current treatments for AD focused on acute lesions and

emphasized on suppression of inflammation.63 Little atten-

tion is paid to the management of dermal fibrosis in

chronic AD lesions. Although lichenification, resulting from

dermal fibrosis in chronic AD, is not life threatening, it can

have significant negative impact on life quality and attract

unwanted attention if lesions are located in exposed areas.

Our current results provided evidences suggesting that

tacrolimus may ameliorate dermal fibrosis in chronic AD via

inhibiting fibrotic responses in TGF-b1-stimulated dermal

fibroblasts. Recently, proactive tacrolimus ointment applica-

tion has been proposed to effectively prevent, delay and

reduce the occurrence of AD exacerbation.64,65 We propose

that proactive therapy using tacrolimus may not only reduce

disease recurrence but also improve dermal fibrosis fre-

quently observed in chronic AD. Further clinical validation

of this hypothesis is warranted.

Acknowledgements
This study was supported by a grand from the National Science

Council NSC 98-2320-B-037-009-MY3.

References
1 Williams H, Stewart A, von Mutius E, Cookson W, Anderson HR,

International Study of Asthma and Allergies in Childhood (ISAAC)

Phase One and Three Study Groups. Is eczema really on the increase

worldwide? J Allergy Clin Immunol 2008; 121: 947–954.
2 Odhiambo JA, Williams HC, Clayton TO et al. Global variations in

prevalence of eczema symptoms in children from ISAAC Phase Three.

J Allergy Clin Immunol 2009; 124: 1251–1258.
3 Lan CC, Lee CH, Lu YW et al. Prevalence of adult atopic dermatitis

among nursing staff in a Taiwanese medical center: a pilot study on

validation of diagnostic questionnaires. J Am Acad Dermatol 2009; 61:

806–812.
4 Katoh N, Hirano S, Suehiro M et al. Increased levels of serum tissue

inhibitor of metalloproteinase-1 but not metalloproteinase-3 in atopic

dermatitis. Clin Exp Immunol 2002; 127: 283–288.
5 Toda M, Leung DY, Molet S et al. Polarized in vivo expression of IL-11

and IL-17 between acute and chronic skin lesions. J Allergy Clin Immunol

2003; 111: 875–881.
6 Anthoni M, Wang G, Deng C et al. Smad3 signal transducer regulates

skin inflammation and specific IgE response in murine model of atopic

dermatitis. J Invest Dermatol 2007; 127: 1923–1929.
7 Massague J. TGF-beta signal transduction. Annu Rev Biochem 1998; 67:

753–791.
8 Piek E, Heldin CH, Ten Dijke P. Specificity, diversity, and regulation in

TGF-beta superfamily signaling. FASEB J 1999; 13: 2105–2124.
9 Massague J. How cells read TGF-beta signals. Nat Rev Mol Cell Biol 2000;

1: 169–178.
10 Zhang YE. Non-Smad pathways in TGF-beta signaling. Cell Res 2009; 19:

128–139.
11 Terrell TG, Working PK, Chow CP et al. Pathology of recombinant

human transforming growth factor-beta 1 in rats and rabbits. Int Rev Exp

Pathol 1993; 34 (Pt B): 43–67.
12 Woessner JF Jr. Matrix metalloproteinases and their inhibitors in connec-

tive tissue remodeling. FASEB J 1991; 5: 2145–2154.
13 Edwards DR, Beaudry PP, Laing TD et al. The roles of tissue inhibitors of

metalloproteinases in tissue remodelling and cell growth. Int J Obes Relat

Metab Disord 1996; 20 (Suppl 3): S9–S15.
14 Keyszer G, Lambiri I, Nagel R et al. Circulating levels of matrix metallo-

proteinases MMP-3 and MMP-1, tissue inhibitor of metalloproteinases 1

(TIMP-1), and MMP-1/TIMP-1 complex in rheumatic disease. Correla-

tion with clinical activity of rheumatoid arthritis versus other surrogate

markers. J Rheumatol 1999; 26: 251–258.
15 Ruzicka T, Bieber T, Schopf E et al. A short-term trial of tacrolimus oint-

ment for atopic dermatitis. European Tacrolimus Multicenter Atopic

Dermatitis Study Group. N Engl J Med 1997; 337: 816–821.
16 Boguniewicz M, Fiedler VC, Raimer S et al. A randomized, vehicle-con-

trolled trial of tacrolimus ointment for treatment of atopic dermatitis in

children. Pediatric Tacrolimus Study Group. J Allergy Clin Immunol 1998;

102: 637–644.
17 Hanifin JM, Ling MR, Langley R et al. Tacrolimus ointment for the treat-

ment of atopic dermatitis in adult patients: part I, efficacy. J Am Acad

Dermatol 2001; 44: S28–S38.
18 Morton SJ, Powell RJ. Cyclosporin and tacrolimus: their use in a routine

clinical setting for scleroderma. Rheumatology (Oxford) 2000; 39: 865–869.
19 Kim A, DiCarlo J, Cohen C et al. Are keloids really “gli-loids”?: high-level

expression of gli-1 oncogene in keloids. J Am Acad Dermatol 2001; 45:

707–711.
20 Berman B, Viera MH, Amini S et al. Prevention and management of

hypertrophic scars and keloids after burns in children. J Craniofac Surg

2008; 19: 989–1006.

© 2013 The Authors
Journal of the European Academy of Dermatology and Venereology © 2013 European Academy of Dermatology and VenereologyJEADV 2013

10 Lan et al.



21 Kang S, Paller A, Soter N et al. Safe treatment of head/neck AD with

tacrolimus ointment. J Dermatolog Treat 2003; 14: 86–94.
22 Saeki H, Furue M, Furukawa F et al. Guidelines for management of atopic

dermatitis. J Dermatol 2009; 36: 563–577.
23 Katsarou A, Armenaka M, Vosynioti V et al. Tacrolimus ointment 0.1%

in the treatment of allergic contact eyelid dermatitis. J Eur Acad Dermatol

Venereol 2009; 23: 382–387.
24 Hom JT, Estridge T. FK506 and rapamycin modulate the functional activ-

ities of human peripheral blood eosinophils. Clin Immunol Immunopathol

1993; 68: 293–300.
25 Sasakawa Y, Sakuma S, Higashi Y et al. FK506 suppresses neutrophil

chemoattractant production by peripheral blood mononuclear cells. Eur J

Pharmacol 2000; 403: 281–288.
26 Jones GE. Establishment, maintenance, and cloning of human primary

cell strains. In Pollard JW, Walker JM, eds. Animal Cell Culture, Vol. 5,

Humana Press, New Jersey, 1990: 13–23.
27 Ginevri F, Gusmano R, Altieri P et al. Expression of collagen by renal

fibroblasts treated with FK 506 in vitro. Transplant Proc 1998; 30:

957–958.
28 Gagliano N, Moscheni C, Tartaglia GM et al. A therapeutic dose of

FK506 does not affect collagen turnover pathways in healthy human gin-

gival fibroblasts. Transplant Proc 2008; 40: 1419–1424.
29 Gagliano N, Moscheni C, Dellavia C et al. Immunosuppression and gingi-

val overgrowth: gene and protein expression profiles of collagen turnover

in FK506-treated human gingival fibroblasts. J Clin Periodontol 2005; 32:

167–173.
30 Scudiero DA, Shoemaker RH, Paull KD et al. Evaluation of a soluble

tetrazolium/formazan assay for cell growth and drug sensitivity in cul-

ture using human and other tumor cell lines. Cancer Res 1988; 48:

4827–4833.
31 Javelaud D, Mauviel A. Crosstalk mechanisms between the mitogen-acti-

vated protein kinase pathways and Smad signaling downstream of TGF-

beta: implications for carcinogenesis. Oncogene 2005; 24: 5742–5750.
32 Sato M, Shegogue D, Gore EA et al. Role of p38 MAPK in transform-

ing growth factor beta stimulation of collagen production by sclero-

derma and healthy dermal fibroblasts. J Invest Dermatol 2002; 118:

704–711.
33 Chin BY, Mohsenin A, Li SX et al. Stimulation of pro-alpha(1)(I) colla-

gen by TGF-beta(1) in mesangial cells: role of the p38 MAPK pathway.

Am J Physiol Renal Physiol 2001; 280: F495–F504.
34 Kim SI, Kwak JH, Zachariah M et al. TGF-beta-activated kinase 1 and

TAK1-binding protein 1 cooperate to mediate TGF-beta1-induced

MKK3-p38 MAPK activation and stimulation of type I collagen. Am J

Physiol Renal Physiol 2007; 292: F1471–F1478.
35 Liu Y, Dai B, Xu C et al. Rosiglitazone inhibits transforming growth fac-

tor-beta1 mediated fibrogenesis in ADPKD cyst-lining epithelial cells.

PLoS ONE 2011; 6: e28915.

36 Oh MH, Oh SY, Yu J et al. IL-13 induces skin fibrosis in atopic dermatitis

by thymic stromal lymphopoietin. J Immunol 2011; 186: 7232–7242.
37 Leung DY, Boguniewicz M, Howell MD et al. New insights into atopic

dermatitis. J Clin Invest 2004; 113: 651–657.
38 Fedenko ES, Elisyutina OG, Filimonova TM et al. Cytokine gene expres-

sion in the skin and peripheral blood of atopic dermatitis patients and

healthy individuals. Self Nonself 2011; 2: 120–124.
39 Verrecchia F, Mauviel A. Transforming growth factor-beta and fibrosis.

World J Gastroenterol 2007; 13: 3056–3062.
40 Murphy GJ, Waller JR, Sandford RS et al. Randomized clinical trial of the

effect of microemulsion cyclosporin and tacrolimus on renal allograft

fibrosis. Br J Surg 2003; 90: 680–686.
41 Ji SM, Li LS, Sha GZ et al. Conversion from cyclosporine to

tacrolimus for chronic allograft nephropathy. Transplant Proc 2007;

39: 1402–1405.
42 Branton MH, Kopp JB. TGF-beta and fibrosis. Microbes Infect 1999; 1:

1349–1365.

43 Leask A, Abraham DJ. TGF-beta signaling and the fibrotic response.

FASEB J 2004; 18: 816–827.
44 Biernacka A, Dobaczewski M, Frangogiannis NG. TGF-beta signaling in

fibrosis. Growth Factors 2011; 29: 196–202.
45 Mori Y, Hatamochi A, Arakawa M et al. Reduced expression of mRNA

for transforming growth factor beta (TGF beta) and TGF beta receptors I

and II and decreased TGF beta binding to the receptors in in vitro-aged

fibroblasts. Arch Dermatol Res 1998; 290: 158–162.
46 Bock O, Yu H, Zitron S et al. Studies of transforming growth factors beta

1-3 and their receptors I and II in fibroblast of keloids and hypertrophic

scars. Acta Derm Venereol 2005; 85: 216–220.
47 Bran GM, Goessler UR, Schardt C et al. Effect of the abrogation of TGF-

beta1 by antisense oligonucleotides on the expression of TGF-beta-iso-

forms and their receptors I and II in isolated fibroblasts from keloid scars.

Int J Mol Med 2010; 25: 915–921.
48 Bloom BB, Humphries DE, Kuang PP et al. Structure and expression of

the promoter for the R4/ALK5 human type I transforming growth factor-

beta receptor: regulation by TGF-beta. Biochim Biophys Acta 1996; 1312:

243–248.
49 Zieske JD, Hutcheon AE, Guo X et al. TGF-beta receptor types I and II

are differentially expressed during corneal epithelial wound repair. Invest

Ophthalmol Vis Sci 2001; 42: 1465–1471.
50 Meran S, Thomas DW, Stephens P et al. Hyaluronan facilitates trans-

forming growth factor-beta1-mediated fibroblast proliferation. J Biol

Chem 2008; 283: 6530–6545.
51 Bou-Gharios G, Osman J, Black C et al. Excess matrix accumulation in

scleroderma is caused partly by differential regulation of stromelysin and

TIMP-1 synthesis. Clin Chim Acta 1994; 231: 69–78.
52 Kelly BC, Markle LS, Vickers JL et al. The imbalanced expression of

matrix metalloproteinases in nephrogenic systemic fibrosis. J Am Acad

Dermatol 2010; 63: 483–489.
53 Ulrich D, Ulrich F, Unglaub F et al. Matrix metalloproteinases and tis-

sue inhibitors of metalloproteinases in patients with different types of

scars and keloids. J Plast Reconstr Aesthet Surg 2010; 63: 1015–1021.
54 Eickelberg O, Kohler E, Reichenberger F et al. Extracellular matrix depo-

sition by primary human lung fibroblasts in response to TGF-beta1 and

TGF-beta3. Am J Physiol 1999; 276: L814–L824.
55 Fineschi S, Reith W, Guerne PA et al. Proteasome blockade exerts an anti-

fibrotic activity by coordinately down-regulating type I collagen and tis-

sue inhibitor of metalloproteinase-1 and up-regulating

metalloproteinase-1 production in human dermal fibroblasts. FASEB J

2006; 20: 562–564.
56 Chen SJ, Yuan W, Mori Y et al. Stimulation of type I collagen transcrip-

tion in human skin fibroblasts by TGF-beta: involvement of Smad 3.

J Invest Dermatol 1999; 112: 49–57.
57 Edwards DR, Murphy G, Reynolds JJ et al. Transforming growth factor

beta modulates the expression of collagenase and metalloproteinase

inhibitor. EMBO J 1987; 6: 1899–1904.
58 Denton CP, Abraham DJ. Transforming growth factor-beta and connec-

tive tissue growth factor: key cytokines in scleroderma pathogenesis. Curr

Opin Rheumatol 2001; 13: 505–511.
59 Yuan W, Varga J. Transforming growth factor-beta repression of matrix

metalloproteinase-1 in dermal fibroblasts involves Smad3. J Biol Chem

2001; 276: 38502–38510.
60 Asano Y, Ihn H, Yamane K et al. Differential effects of the immunosup-

pressant FK-506 on human alpha2(I) collagen gene expression and trans-

forming growth factor beta signaling in normal and scleroderma

fibroblasts. Arthritis Rheum 2005; 52: 1237–1247.
61 Moustakas A, Heldin CH. Non-Smad TGF-beta signals. J Cell Sci 2005;

118: 3573–3584.
62 Montenegro DE, Franklin T, Moscinski LC et al. TGFbeta inhibits

GM-CSF-induced phosphorylation of ERK and MEK in human myeloid

leukaemia cell lines via inhibition of phosphatidylinositol 3-kinase

(PI3-k). Cell Prolif 2009; 42: 1–9.

© 2013 The Authors
Journal of the European Academy of Dermatology and Venereology © 2013 European Academy of Dermatology and VenereologyJEADV 2013

Tacrolimus reduces dermal collagen production in chronic atopic dermatitis via suppressing p38MAPK pathway 11



63 Carbone A, Siu A, Patel R. Pediatric atopic dermatitis: a review of the

medical management. Ann Pharmacother 2010; 44: 1448–1458.
64 Wollenberg A, Reitamo S, Girolomoni G et al. Proactive treatment of

atopic dermatitis in adults with 0.1% tacrolimus ointment. Allergy 2008;

63: 742–750.
65 Wollenberg A, Bieber T. Proactive therapy of atopic dermatitis–an emerg-

ing concept. Allergy 2009; 64: 276–278.

Supporting information
Additional Supporting Information may be found in the online

version of this article:

Figure S1. Cultured fibroblasts were treated with tacrolimus 0,

1, 10, 100 and 1000 nmol/L and incubated for 48 h. Total

cellular protein lysates were extracted and subjected to Western

blotting analysis. GAPDH expression was served as internal con-

trol. The results showed that various concentrations of tacroli-

mus treatment did not significantly affect type I collagen

expression in normal human fibroblasts. The plots shown here

were from two different experiments with similar results.
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Supplementary data

Tacrolimus (nM) 0 1 10 100 1000

Exp. 1 Pro-collagen Iα1

GAPDH

Tacrolimus (nM) 0 1 10 100 1000

Exp. 2 Pro-collagen Iα1

GAPDH

Legend for figure:

Cultured fibroblasts were treated with tacrolimus 0, 1, 10, 100, and 1000 nM and

incubated for 48 hrs. Total cellular protein lysates were extracted and subjected to

Western blotting analysis. GAPDH expression was served as internal control. The

results showed that various concentrations of tacrolimus treatment did not

significantly affect type I collagen expression in normal human fibroblasts. The plots

shown here were from two different experiments with similar results.
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