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ABSTRACT 

The effects of retinoic acid on the activation of Smad 

induced by transforming growth factor-β1

Moo Suk Park

Department of Medicine 

The Graduate School, Yonsei University 

(Directed by Professor Sung Kyu Kim)

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive fibrotic interstitial 

lung disease associated with fibroblast proliferation due to unknown etiology. 

Increasing number of recent studies investigate the role of TGF-β1 for the 

pathogenesis and treatment of IPF. TGF-β regulates the cell proliferation, 

differentiation, apoptosis, embryonic development, wound healing, and 

angiogenesis through phosphorylation of Smad protein. Retinoic acids (RAs), 

active vitamin A derivatives, also play a critical role in cell differentiation, 

proliferation, and apoptosis. The relationship between RA and TGF-β1 signal 

pathway is recently being investigated with role of lung fibrosis. This study 

was investigated to find out whether TGF-β1 signal pathway was activated in 

the lung tissues from IPF patients and RA inhibited phosphorylation of Smad 

2/3 induced by TGF-β1. It may provide a new experimental basis for RA 

treatment in IPF patients. 

Immunohistochemical staining of lung tissues from 28 patients with IPF 
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showed that expression of phosphorylated-Smad2/3 (p-Smad2/3) and type 

II TGF-β1 receptor (TβRII), major signaling molecules acting downstream 

of TGF-β1 signal pathway, were increased. A549 cells were incubated for 

24 hours and then the reactive proteins were electrophoresed on a 10% 

SDS-PAGE gel after stimulated with three different retinoic acids, TGF-β
1, and TGF-β1 in combination with RA, respectively. The levels of Smad 

proteins and p-Smad2/3 were analyzed by immunoblotting. TGF-β1 increased 

the phosphorylation of Smad2/3. When A549 cells were pre-stimulated with 

TGF-β1 prior to RA treatment, RA completely inhibited the phosphorylation 

of Smad2/3 induced by TGF-β1. However, A549 cells were pre-treated with 

RA prior to TGF-β1 stimulation, RA could not suppress the phosphorylation 

of Smad2/3 induced by TGF-β1. These different results might be induced by 

interactions between TGF-β1 and RA which provide a variety of mechanisms 

through subtle alterations in Smad protein. In conclusion, RA had inhibitory 

effects on the activation of Smad induced by pre-stimulated TGF-β1. RA 

may be a new therapeutic agent for the treatment of IPF patients who have 

activated and over-stimulated TGF-β1 pathway.

����������������������������������������������������������������������

Key Words: Idiopathic pulmonary fibrosis, transforming growth factor-β, retinoic 

acid, Smad
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The effects of retinoic acid on the activation of Smad induced 

by transforming growth factor-β1

Moo Suk Park

Department of Medicine

The Graduate School, Yonsei University 

(Directed by Professor Sung Kyu Kim)

I. INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is defined as a specific form of chronic 

progressive fibrotic interstitial lung disease associated with fibroblast 

proliferation of unknown etiology. The prognosis of IPF is grave and the 

mean survival time is 2～3 years1. Several previous studies have shown 

that the pathogenesis of IPF was chronic progressive fibrosis resulting from 

chronic inflammatory reaction after parenchymal lung injury of unknown 

etiology2,3. The treatment of IPF consists of anti-inflammatory and immu- 

nosuppressive drugs including glucocorticoid, azathioprine, and cyclophos- 

phamide. However, these drugs were minimally effective in IPF4-7, which 

suggest other mechanisms exist in the pathogenesis of IPF.

Recently, it is becoming clear that the primary sites of ongoing injury 

and repair are the regions of fibroblastic proliferation, so-called fibroblast 

foci. Small aggregates of actively proliferating myofibroblasts and fibroblasts 

constitute many microscopic sites of ongoing alveolar epithelial injury and 

activation associated with evolving fibrosis8-10. IPF represents a form of 
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abnormal wound healing in the lung that is characterized by fibroblast–

myofibroblast migration and proliferation, decreased myofibroblast apoptosis, 

and increased activity and responses to fibrogenic cytokines, specially 

transforming growth factor-β1 (TGF-β1)
9-11. 

TGF-β, a member of a family of dimeric polypeptide growth factors, regulates 

the cell proliferation, differentiation, apoptosis, embryonic development, 

wound healing, and angiogenesis. Increasing number of recent studies 

investigate the role of TGF-β1 for the pathogenesis and treatment of IPF. 

TGF-β binds to pairs of receptor serine/threonine kinases, known as the 

TGF-β type I (TβRI) and type II receptors (TβRII), forming a heterotetra- 

meric receptor complex. In this complex, TβRII phosphorylates a serine/ 

threonine-rich region, called the GS region, that is located N-terminal to the 

canonical kinase domain of TβRI. Phosphorylation of TβRI induces Smad 

2/3 phosphorylation which in turn is released to propagate the signal of 

TGF-β. Activated Receptor-Smad–Smad4 complexes achieve high affinity 

and selectivity for target gene. Several hundred genes are regulated by 

TGF-β in this fashion, of which two-thirds are activated by the signal and 

the rest are repressed12. 

Smad proteins are major signalling molecules acting downstream of TGF-

β signal. Eight Smads are known in mammals and classified into three 

groups based on their structures and functions. Receptor-regulated Smad 

(R-Smad) are directly phosphorylated by type I receptor kinase,  including 

Smad1, 5, and 8 for bone morphogenic proteins (BMPs) and Samd2 and 

3 for TGF-β and activin. The second class of the Smad family is common 

mediator Smad (Co-Smad) that is shared by distinct signal pathways. The 

third class is inhibitory Smads (I-Smad) including Smad6 and 7 that interfere 

with signalling by R-Smads and Co-Smad12. Changes in the level of Smad 

are implicated in human fibroblasts13 and epithelial cells14 after treatment of 
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glucocorticoid and interferon-γ, and in rat lung after bleomycin15.

Retinoic acids (RAs), active vitamin A derivatives, play a critical role in 

the development and homeostasis of virtually every tissues through their 

regulatory effects on cell differentiation, proliferation, and apoptosis16,17. It 

has been established that RA exerts its action through the activation of 

retinoic acid receptors (RARs) and retinoid X receptors (RXRs) that regulate 

various transcriptional factors18. Understanding the roles of RA can provide 

new insights about the products of oncogenes and suppressor genes and 

chronic fibrosis of human organs because it is associated with TGF-β1 

signal pathway. Unfortunately, the association was not consistent among 

the several studies. Cao et al reported that all-trans retinoic acid (ATRA) 

inhibited the phophorylation of Smad2/3 in HL-60 cells19.

However, Pendaries et al demonstrated a contrary result that RARs may 

function as coactivators of Smad pathway in the presence of their antagonist, 

a phenomenon that contrasts with their known role20.

This study was investigated to find out whether expression of type II 

TGF-β1 receptor (TβRII) and phosphorylated-Smad2/3 (p-Smad2/3), major 

signaling molecules acting downstream of TGF-β1 signal pathway, were 

increased in the lung tissues from IPF patients, and whether RA could 

inhibit the phosphorylation of Smad2/3 induced by TGF-β1. This result 

may provide a new experimental basis for a new therapeutic agent in the 

treatment of IPF.
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II. MATERIALS AND METHODS

  1. Study materials

    A. Lung tissues from IPF patients

Forty-one patients were diagnosed as IPF by surgical biopsy, at Severance 

Hospital, Yonsei University College of Medicine in Seoul, Korea, between 

1995 and 2004. Twenty-eight cases in which tissue paraffin blocks were 

available were included in this study. The study population consisted of 

16 men and 12 women. The mean age of patients at the time of surgery 

was 60.5±10.0 years. 

    B. Human epithelial cell line

A549 cell line (human epithelial cell line; American Type Culture Collection, 

Rockville, MD), was cultured and used for the experiment of interaction 

between RA and TGF-β1.

    C. Chemicals and antibodies

The p-Smad2/3 antibody, goat polyclonal antibody for immunohistochemical 

staining, was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA). TβRII antibody was from Upstate (Lake Placid, NY, USA). Secondary 

antibody used was streptavidin-peroxidase conjugate, LSAB®2 from DACO 

corp (CA, USA).

TGF-β1 was purchased from Calbiochem (San Diego, CA, USA). Three 

retinoic acids including all-trans retinoic acid (ATRA), 9-cis RA, and 13- 

cis RA were from Sigma (St. Louis, MO, USA). Primary antibodies of Smad 

proteins for western blot were obtained from Cell Signaling Technology
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(Danvers, MA, USA) and Zymed (South San Francisco, CA, USA). β-actin 

was used for negative control and obtained from Delta Biolabs (Gilroy, CA, 

USA). 

Table 1. Characteristics of primary and secondary antibodies of Smad protein

Primary
antibody

Manufactures Dilution
Secondary 
antibody

Dilution

Smad1 Cell Signaling Technology 1:200 anti-rabbit 1:1000

Smad2 Cell Signaling Technology 1:200 anti-mouse 1:1000

Smad3 Cell Signaling Technology 1:200 anti-rabbit 1:1000

Smad4 Cell Signaling Technology 1:200 anti-rabbit 1:1000

Smad5 Cell Signaling Technology 1:100 anti-rabbit 1:1000

Smad7 Zymed 1:100 anti-rabbit 1:1000

p-Smad1 
(ser463/465)

Cell Signaling Technology 1:100 anti-rabbit 1:1000

p-Smad2 
(ser465/467)

Cell Signaling Technology 1:200 anti-rabbit 1:1000

p-Smad3 
(ser433/435)

Cell Signaling Technology 1:200 anti-rabbit 1:1000

β-actin Delta Biolabs 1:500 anti-rabbit 1:1000
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2. Study methods

    A. Immunohistochemical staining

Immunohistochemistry was performed on formalin-fixed, paraffin-embedded 

tissue sections, which were cut to a thickness of 4-m. Slides were depa- 

raffinized via submersion in a series of xylene baths. Rehydration was 

performed using graded alcohol. Deparaffinized sections were repeatedly 

pretreated by 120℃  microwave epitope retrieval (750 W during 5 minutes 

in citrate buffer 10 mmol; pH 6.0). The sections were then immersed for 

15 minutes in distilled water containing 3% hydrogen peroxidase, in order 

to block any endogenous peroxidase activity. After washing with PBS, 

5% blocking serum was used for blocking non-specific antigen-antibody 

reactions. Sections were incubated at 4℃  overnight with primary goat 

polyclonal p-Smad2/3 and TβRII antibody at a dilution of 1:100. The 

primary antibody was detected using secondary biotinylated antibody and 

a streptavidin-peroxidase conjugate (LSAB®2 System, HRP), according to 

manufacturer’s instructions. Diaminobenzidine, DAB (Novocastra, CA, USA) 

was used as a chromogen, and commercial hematoxylin was used for 

counterstaining. Routinely processed tissue sections of breast cancer were 

used as positive staining controls, and were also stained without primary 

antibody in order to verify staining specificity.

TβRII and p-Smad2/3 reflected the activation of TGF-β1 signal pathway. 

All of the slides were independently evaluated and scored for percentage 

of positive cells, by lung special pathologist (SH Cho), who were blinded 

to the subject’s clinical information. The immunoreactivities of p-Smad2/3 

and TβRII were classified as negative (less than 10% of counted positive 

cells), mild (1+, 10~25% positive cells), moderate (2+, 25~50%), and strong 

positive expression (3+, more than 50% expressed positive cells). A 10% 

labeling index was applied as a cutoff point for the positive expression 

of p-Smad2/3 and TβRII.
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    B. Cell culture and chemical stimulation

A549 cells were cultured in RPMI 1640 medium (Gibco BRL, Grand Island, 

NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco BRL). 

Cells were subcultured 2-3 times weekly to maintain a log phase growth 

and incubated at 37℃ with 5% CO2 for 24 hours durations.

To find the optimal concentration of TGF-β1 to induce change of Smad4 

protein, TGF-β1 was dissolved in 4 mM HCL and 10% FBS and final 

concentrations of 0, 0.1, 0.5, 1.0, 5.0, and 10.0 ng/mL were obtained. They 

were tested by western blotting for Smad4 protein. To find the time-dependent 

effect of TGF-β1 to induce phosphorylation of Smad2/3, incubation time 

of A549 cells after TGF-β1 stimulation was applied for 0, 15 and 30 minutes, 

and 1, 6, 12, and 24 hours, respectively.

To find the dose-dependent effects of RA on the activation of Smad, RAs 

were dissolved in dimethyl sulfoxide (DMSO; final concentration of DMSO in 

culture medium was 0.1%) and final concentration of RAs reached 10-7, 10-6, 

and 10-5 mol/L. They were tested by western blotting for the Smad2, 3, and 4.

As a negative control, cells were incubated with only cell culture medium. 

To test the effects of RA on the activation of Smad induced by TGF-β1, 

A549 cells were stimulated as follows: 1) control, 2) TGF-β1, 3) RA, and 

4) TGF-β1 in combination with RA: pre-stimulated TGF-β1 prior to RA 

treatment, and 5) TGF-β1 in combination with RA: pre-treated RA prior to 

TGF-β1 stimulation, respectively. After stimulation, A549 cells were incubated 

for 24 hours, and then processed for western blot as described below19.
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    C. Western blot analysis

2 × 106cells were dissolved in 100 mm dish plates and pre-incubated 2 

hours with RPMI 1640 medium. After 24 hours with or without chemical 

stimulation, cells were washed twice with cold PBS, then scraped and 

solubilized in a RIPA-B buffer containing 0.5% nonidet P-40, 20 mM Tris- 

HCL (pH 8.0), 50 mM NaCl, 50 mM NaF, 100µM Na3VO4, 1 mM DTT, 50

µg/mL PMSF, 20µg/mL aprotinine, and 20µg/mL leupeptine. After 30

minutes in 4℃, cell lysates were cleared of debris by centrifugation st 4℃, 

12,000 rpm, for 20 minutes. The lysates were applied to the 10% SDS- 

PAGE gel and transferred to nitrocellulose membranes (Amersham Bios- 

ciences, Piscataway, NJ, USA). The membranes were blocked at room 

temperature with 5% skim milk in TBST (1X TBS, 0.1% Tween 20). 

After washing twice in TBST, the membranes were incubated with the 

primary Smad antibodies for 2 hours at room temperature. The mem- 

branes were then washed triple times for 10 minutes in TBST, and 

incubated with the relevant HRP-conjugated secondary antibodies (1:1000 

dilution with 3% BSA in TBST) for 1 hour. After washing triple times 

in TBST, the reactive proteins were visualized by an enhanced chemilu- 

minescence (ECL) detection system (Amersham Biosciences, Pittsburg, PA, 

USA). Primary antibodies for Smad protein were listed in Table 1. 
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III. RESULTS

  1. Immunohistochemical staining of TβRII and p-Smad2/3 in lung 

tissues from IPF patients

TβRII and p-Smad2/3 reflects the activation of TGF-β1 signal pathway. 

To find out whether the TβRII and p-Smad2/3 were expressed in lung 

tissues from IPF patients, immunohistochemical staining was performed. 

Immunoreactivities were graded as negative, mild, moderate, and strong 

positive expression. The immunohistochemical staining showed that TβRII 

was strongly expressed in epithelial cells, fibroblasts, and macrophages 

around honey-combing area and specially fibroblastic foci in the lung 

tissues from IPF patients. The expression of TβRII was negative, mild, 

moderate, and strong in 6 (21.4%), 6 (21.4%), 6 (21.4%), and 10 (35.7%) 

cases, respectively. As like TβRII, p-Smad2/3 was prominently expressed 

in honey-combing area and specially fibroblastic foci. The expression of 

p-Smad2/3 was negative, mild, moderate, and strong in 0, 5 (17.9%), 8 

(28.6%), and 15 (53.6%) cases, respectively. The TβRII and p-Smad2/3, major 

signal molecules of TGF-β1, were strongly expressed in lung tissues from IPF 

patients (Figure 1 & 2, and Table 2).
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Figure 1. Immunohistochemical staining of type II TGF-β1 receptor

expression in lung tissues from idiopathic pulmonary fibrosis patients.

The immunohistochemical staining showed that TβRII was prominently 

expressed in epithelial cells, fibroblasts, and macrophages around honey- 

combing area and specially fibroblastic foci in the lung tissues from IPF 

patients. 

A) Positive control of breast cancer, × 200, B) Positive expression in IPF tissue,

×2 00, C) Negative expression in IPF tissue, × 200.

Figure 2. Immunohistochemical staining of phosphorylated Smad2/3 expression

in lung tissues from idiopathic pulmonary fibrosis patients.

The immunohostochemical staining showed that p-Smad2/3 was strongly 

expressed in honey-combing area and specially fibroblastic foci in the lung 

tissues from IPF patients. 

A) Positive control of breast cancer, × 200, B) Strong positive expression in IPF 

tissue, × 200, C) Mild positive expression in IPF tissue, × 200.
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Table 2. Immunoreactivity grades of expressed type II TGF- β1 receptor and 

phosphorylated Smad2/3 in lung tissues from idiopathic pulmonary fibrosis 

patients

Grade (% of 
positive cells)

Sample number (%)

Type II TGF-β1 receptor Phosphorylated-Smad2/3

0 (-, <10%)  6 (21.4) 0 (0)

1 (1+, 10-25%)  6 (21.4)   5 (17.9)

2 (2+, 25-50%)  6 (21.4)   8 (28.6)

3 (3+, > 50%) 10 (35.7)  15 (53.6)

Immunohistochemical staining was performed with antibodies of TβRII and 

p-Smad2/3 in lung tissues from 28 IPF patients. The immunoreactivities of 

expressed TβRII and p-Smad2/3 were classified as negative (less than 10 

% of counted positive cells), mild (1+, 10～25% positive cells), moderate (2+, 

25～50%), and strong positive expression (3+, more than 50% expressed posi- 

tive cells). 

  2. The effects of retinoic acid on the activation of Smad induced by 

TGF-β1

    A. Concentration-dependent changes of Smad4 induced by TGF-β1 

in A549 cells

To evaluate the changes of Smad4 induced by TGF-β1, the concentrations of 0, 

0.1, 0.5, 1.0, 5.0, and 10.0 ng/mL TGF-β1 were prepared for stimulation. The 

western blot showed that the level of Smad4 was increased even after 

stimulated with the smallest dose (0.1 ng/mL) of TGF-β1. The optimal concentra- 

tion of TGF-β1 was determined as 1.0 ng/mL, which induced the strongest 

level of Smad4 protein in A549 cells (Figure 3).
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Figure 3. Concentration-dependent changes of Smad4 induced by TGF-β1.

After stimulated with various concentrations of TGF-β1, A549 cells were 

incubated 24 hours and then the reactive proteins were electrophoresed on a 

10% SDS-PAGE gel. The levels of Smad4 were analyzed by immunoblotting. 

The optimal concentration of TGF-β1 was determined as 1.0 ng/mL, which 

induced the strongest level of Smad4 in A549 cells. 

    B. Phosphorylation of Smad2/3 induced by TGF-β1

To understand the early molecular mechanism involved in the TGF-β1- 

induced activation of Smad, the activation of Smad2/3 was examined by 

analyzing the phosphorylation status of its molecule using phospho-specific 

antibody. TGF-β1 stimulation induced the phosphorylation of Smad2/3 in 

A549 cells. Time-course analysis revealed that the phosphorylation of Smad 

2/3 was detected within 15 minutes after TGF-β1 stimulation and lasted 

for 24 hours. The phosphorylation of Smad2/3 was reached at peak within 

1 hour after TGF-β1 stimulation in A549 cells by western blot. The phos- 

phorylation of Smad2/3 was time-dependantly decreased after 6 hours of 

TGF-β1 stimulation. This result indicated that the optimal time of TGF-β1 

stimulation induced peak level of Smad2/3 phosphorylation was 1 hour. 

The level of Smad2/3 was slightly increased within 15 minutes, and then 

decreased within 1 hour according to the increment of p-Smad2/3 after TGF-

β1 stimulation. The level of Smad2/3 was increased at the time of p-Smad 
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2/3 decrease. It was sustained up to 24 hours. These results implied that a 

possible mechanism of deactivation of Smad2/3 after TGF-β1 stimulation was 

dephosphorylation.

Figure 4. Time-dependent phosphorylation of Smad2/3 induced by TGF-β1.

After stimulated with 1 ng/mL TGF-β1, A549 cells were incubated at the 

indicated time, and then the reactive proteins were electrophoresed on a 

10% SDS-PAGE gel. The protein levels of Smad2/3 and p-Smad2/3 were 

analyzed by immunoblotting. The phosphorylation of Smad2/3 was reached 

at peak within 1 hour after TGF-β1 stimulation.

    C. The changes of Smad2, 3, and 4 induced by retinoic acid

To evaluate the effect of RA on the Smad2, 3, and 4, A549 cells were treated 

with 10-7, 10-6, and 10-5 mol/L concentration of RAs. After treated with RA in 

A549 cells, the protein levels of Smad were detected by immunoblotting. The 

protein levels of Smad2, 3, and 4 were not changed by RA treatment compared 

to control (Figure 5). These results indicated that RA did not change the levels 

of Smad2, 3, and 4 without reference to concentration of RA in A549 cells.
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Figure 5. Dose-dependent changes of Smad induced by retinoic acids  

(ATRA; all- trans retinoic acid, RA; retinoic acid, Con.; control).

After stimulated with various concentrations of the three RAs, A549 cells 

were incubated for 24 hours, and then proteins were electrophoresed on a 

10% SDS-PAGE gel. The levels of Smad2, 3, and 4 were analyzed by 

immunoblotting. The levels of Smad2, 3, and 4 were not changed by RA 

treatment compared with control. 

    D. The effects of retinoic acid on the activation of Smad induced 

by TGF-β1

This study was investiged that the effects of retinoic acid on the phosphory- 

lation of Smad2/3 induced by TGF-β1 in A549 cells. 

When control (only medium) was administered in A549 cells, the protein 

levels of Smad proteins were noted in Figure 6. The activated forms of 

Smad2/3, p-Smad2/3, were not detected in control. After stimulated with 

TGF-β1, the levels of Smad2/3 were increased and p-Smad2/3 was presented 

compared to control. The levels of Smad1 and 5 was similar, but Smad7, 

inhibitory Smad, was slightly decreased compared to control. This result 

indicated that TGF-β1 activated Smad pathway by phosphorylation of Smad2/3.

The three RAs had similar effects on Smad in A549 cells. The RAs 

selectively inhibited the phosphorylation of Smad2/3, but not Smad1, 2, 

3, 4, and 5. The level of Smad7 was slightly increased compared to control. 
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In A549 cells pre-stimulated with TGF-β1 1 hour prior to RA treatment, 

the RA completely inhibited the phosphorylation of Smad2/3 without 

changes of the levels of Smad2, 3, 4, 5, and 7 as shown by western blot

(Figure 6). When A549 cells were simultaneously stimulated with RA and 

TGF-β1, the phosphorylation of Smad2/3 was inhibited (data not shown). These 

results demonstrated that RA inhibited the phosphorylation of Smad2/3 induced 

by TGF-β1.

Figure 6. The effects of retinoic acid on the activation of Smad induced 

by TGF-β1 in A549 cells pre-stimulated with TGF-β1 1 hour prior to RA 

treatment (ATRA; all- trans retinoic acd, RA; retinoic acid). 

A549 cells were stimulated with TGF-β1, RA, and TGF-β1 1 hour prior to 

RA treatment, respectively. A549 cells were incubated for 24 hours, and then 

the proteins were electrophoresed on a 10% SDS-PAGE gel. The levels of 

Smad proteins were analyzed by immunoblotting. TGF-β1 activated the Smad 

pathway by phosphorylation of Smad2/3. By contrast, RA completely inhi- 
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bited the phosphorylation of Smad2/3. In A549 cells pre- stimulated with 

TGF-β1 1 hour prior to RA treatment, the RA completely inhibited the phos- 

phorylation of Smad2/3 induced by TGF-β1 without changes of the levels of 

Smad2, 3, 4, 5, and 7.

However, in contrast to previous result, pre-treatment with RA 1 hour prior 

to TGF-β1 stimulation did not suppress the phosphorylation of Smad2/3. No 

changes were observed in the level of Smad2, 3, 4, and 5 (Figure 7). This 

result implied that the pre-treatment with RA prior to TGF-β1 stimulation 

could not suppress the phosphorylation of Smad2/3. 

Figure 7. The effects of retinoic acid on the activation of Smad in A549 

cells pre-treated with RA 1 hour prior to TGF-β1 stimulation (ATRA; all- 

trans retinoic acd, RA; retinoic acid).

A549 cells were stimulated with TGF-β1, RA, and pre-treatment with RA 

1 hour prior to TGF-β1 stimulation, respectively. A549 cells were incubated 



-19-

for 24 hours, and then the proteins were electrophoresed on a 10% SDS- 

PAGE gel. The levels of Smad proteins were analyzed by immunoblotting. 

In A549 cells pre-treated with RA prior to TGF-β1 stimulation could not 

suppress the phosphorylation of Smad2/3 induced by TGF-β1.

After changing time interval between pre-treatment with RA and followed 

TGF-β1 stimulation to 30 minutes and 24 hour, RA still could not suppress 

the phosphorylation of Smad2/3 induced by TGF-β1 (Figure 8). Regardless 

of time interval pre-treatment with RA could not suppress the phophorylation 

of Smad2/3 induced by TGF-β1.

Figure 8. Changing time interval between pre-treatment with RA and 

followed TGF-β1 stimulation to 30 minutes and 24 hours(ATRA; all- trans 

retinoic acd, RA; retinoic acid).

After changing time interval between pre-treatment of RA and followed 

TGF-β1 stimulation to 30 minutes and 24 hours, A549 cells were incubated 

for 24 hours, and then the proteins were electrophoresed on a 10% SDS- 

PAGE gel. The levels of p-Smad2/3 were analyzed by immunoblotting. 

Regardless of time interval, pre-treatment with RA could not suppress the 

phophorylation of Smad2/3 induced by TGF-β1.
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IV. DISCUSSION

This study have demonstrated that RA inhibited the phosphorylation of Smad 

2/3 induced by TGF-β1. This result suggested that RA might be a new 

therapeutic agent for the treatment of IPF patients who have activated and 

over-stimulated TGF-β1 signal pathway. 

To find out whether TGF-β1 signal was activated, expressions of TβRII 

and p-Smad2/3 were analyzed with imuunohistochemical staining in the 

lung tissues from IPF patients. It was previously reported that TGF-β1 was 

prominently expressed in lung sections with advanced pulmonary fibrosis 

and honeycombing. In lungs with early lesions of IPF and only inflammatory 

changes, TGF-β1 was present in alveolar macrophages but not in epithelial 

cells. In normal lungs, TGF-β1 was not expressed in alveolar macrophages, 

epithelial cells, and extracellular matrices21. Also TβRII were present on 

most cells in areas of honeycomb of IPF patients22. Venkatesan et al 

showed that the phosphorylation and nuclear accumulation of Smad2/3 were 

significantly increased in fibrotic lungs by bleomycin instillation in rat 

lung15. Inman et al also demonstrated that the strength and duration of the 

TGF-β1 signaling was likely to be reflected by the concentration of activated 

Smads and the activity of the TGF-β1 receptors in the cells23. This study 

confirmed that the TβRII and p-Smad2/3, major signal molecules of TGF-β1 

pathway, were prominently expressed in the lung tissues from IPF patients. 

Retinoids are family of regulatory molecules that undoubtedly play a 

fundamental role in controlling cellular proliferation and differentiation. 

There is a good evidence that interactions between retinoids and TGF-β 

modulate the balance between cellular proliferation and differentiation24. 

Several studies have investigated three points of views as followed: first, 

proliferation and differentiation of embryonic cells24-30, second, oncogenic 
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gene and tumor suppressor gene in cancer cells31-34, and third, fibrosis of 

human organs including liver, kidney, and lung35-44.

Mahmood et al reported that exposure of early neural plate stage embryos to 

RA caused reduced expression of TGF-β1. The down-regulation of intracellular 

TGF-β1 was observed up to 48 hours after initial exposure to RA24. The 

loss of extracellular TGF-β1 staining in neuroepithelium and in migrating 

cranial neural crest cells after RA treatment may be biologically significant 

with respect to retinoid-induced craniofacial defects, which involve abnormal 

neural crest cell migration and an altered pattern of gene expression within 

the neuroepithelium25. RA also reduced the level of TGF-β1 in skin26 and 

retina27. In contrast, RA has also been shown to increase the expression 

of TGF-β1 protein in the fetal palate28. Later study showed different results 

because they had a different tissue-specificity and a distinct spatiotemporal 

status. In contrast to embryonic cells, RA increased expression of TGF-β1 

in leukemic cells31,32 and breast cancer cell lines33. Nugent and Greene 

suggested that a mechanism by which TGF-β/RA cross-talk can operate 

in both directions, namely RA inducing TGF-β1 expression and TGF-β1 

facilitating the action of RA by regulating the expression of the retinoic 

acid-binding protein29. 

RA not only affect the expression level of TGF-β1, but also its pathway 

directly. A recent study showed that ATRA inhibited phosphorylation of 

Smad2/3 and increased Smad7. This data for the first time demonstrated 

a role for RA-induced hypochondrogenesis through regulation of the 

TGF-β1 pathway and suggested a role for TβRII/Smad in retinoid-induced 

cleft palate30. Present study also demonstrated that RA inhibited the 

phosphorylation of Smad2/3. These evidences indicated that RA may be 

effective in preventing the progression of IPF patients who have activated 

TGF-β1 signal pathway.
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TGF-β1 in combination with ATRA acted synergistically to inhibit growth, to 

down-regulate Bcl-2 mRNA and Bcl-2 protein expression, and to stimulate 

apoptosis of these cells. Another study demonstrated that a combination 

treatment with ATRA and TGF-β1 led to the enhancement of ATRA- 

induced suppression of cell proliferation, which was accompanied by 

inhibition of ATRA-induced apoptosis in human leukemia HL-60 cells34. 

These results for the effects of RA on the expression of TGF-β1 have 

been conflicting; depending on cell type, culture conditions, and types of 

RA, both increases and decreases have been reported. Our study showed 

that RA completely inhibited the phosphorylation of Smad2/3 induced by 

TGF-β1. However, pre-treatment with RA prior to TGF-β1 stimulation could 

not suppress the phosphorylation of Smad2/3. We changed the time intervals 

between pre-treatment with RA and followed TGF-β1 stimulation from 30 

minutes to 24 hours, but the result was same. The reason was hypothesized 

as followed. In case of pre-treated RA prior to TGF-β1 stimulation, RA could 

not suppress the phosphorylation of Smad2/3 because RA pre-treated cells had 

a higher responsiveness of TβIIR induction as like HL-60 leukemic cells45 and 

the induction of TβIIR lead to increased response of the cells to exogenous 

TGF-β1 and consequently increased phosphorylation of Smad2/3. These results 

suggested that interactions between RA and TGF-β1 altered activation of Smad 

through a variety of mechanisms. 

Present study showed that RA inhibited the phosphorylation of Smad2/3 

induced by TGF-β1. However, the mechanism of inhibiting phosphorylation of 

Smad2/3 was not investigated. Several recent studies showed how RA 

inhibited the TGF-β1. Cao et al reported that ATRA decreased the levels 

of p-Smad2/3, possibly by retinoic acid receptor-α (RAR-α)-dependent 

activation of a putative phosphatase activity and okadaic acid, an inhibitor 

of protein serine/threonine phosphatases, by blocking the ability of ATRA 
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to reduce the level of p-Smad2 in cells treated with both TGF-β1 and 

ATRA19. Salbert et al reported that RA could directly down-regulate TGF-β1 

promoter transcription. Both ATRA and 9-cis RA are able to repress the 

TGF-β1 promoter activity via at least three different retinoid receptors: 

RAR-α, RAR-β, and RXR-α46. The last mechanism is that fusion proteins 

of retinoid receptors also antagonize TGF-β-induced growth inhibition of 

lung epithelial cells47. Our study demonstrated that the elevated level of 

Smad2/3 decreased according to the increment of p-Smad2/3 after TGF-β1 

stimulation, and the level of Smad2/3 was increased at the time of p- 

Smad2/3 decrease. RA did not changed the levels of Smad2/3. These 

results implied that a possible mechanism of deactivation of Smad2/3 after 

TGF-β1 stimulation was dephosphorylation by unknown phosphatase which 

might enhanced activity by RA treatment. Further studies on how RA inhi- 

bits phosphorylation of Smad2/3 should be investigated to use RA for treat- 

ment of IPF.

TGF-β1 involves in not only the pulmonary fibrosis, but also renal and 

hepatic fibrosis. The beneficial effects of ATRA and 13-cis RA on glomerular 

damage are presumably due to a marked reduction in renal TGF-β1 and TβRII 

expression35,36 and anti-fibrotic ability of 9-cis RA which antagonize TGF-

β1 in glomerular mesangial cell37. In contrast to kidney, the effects of RA on 

hepatic fibrosis are conflicting between two different animal models either 

with or without hepatic parenchymal necrosis. In CCl4-treated rats, in which 

liver fibrosis was accompanied by parenchymal damage, RA suppressed 

the progression of fibrosis indirectly by reducing hepatic necrosis, probably via 

in part interference with the secretion of tumor necrosis factor-α from Kupffer 

cells38. On the other hand, the same RA exacerbated hepatic fibrosis in porcine 

serum-treated rats, in which hepatic fibrosis was induced without parenchymal 

necrosis, via direct action of RA on hepatic stellate cells. It activated latent 
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TGF-β on the cell surface, and induced TGF-β-mediated production of 

collagen39. Thus, the apparently conflicting effects of RA on hepatic fibrosis may 

partly be explained by the difference in target genes and target cells in spite of 

the same organ.

Our study is not first to investigate the effects of RA on pulmonary 

fibrosis. It is known that RA inhibited the TGF-β1-induced collagen 

production by normal human lung fibroblast40 and by fibroblast from both 

IPF and neonatal lung41. These inhibitory effects of RA on TGF-β1 is 

closely related to phosphorylation of Smad342,43. An up-to-date study also 

demonstrated that ATRA prevented radiation- or bleomycin-induced pulmonary 

fibrosis through reduced production of IL-6, TGF-β1, and collagen from 

human fetal lung fibroblast cells44. These data may provide a rationale to 

explore clinical use of ATRA for the prevention of radiation-induced 

pulmonary fibrosis, but also for other pathologic conditions involving 

pulmonary fibrosis such as IPF.

Our observations suggested that interactions between RA and TGF-β1 

altered activation of Smad through a variety of mechanisms. Because RA 

completely inhibited phosphorylation of Smad2/3 induced by TGF-β1, RA 

may be a new therapeutic agent for the treatment of IPF patients who have 

activated and over-stimulated TGF-β1 signal pathway.
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V. CONCLUSION

This study demonstrated that immunohistochemical staining of lung tissues 

from 28 IPF patients showed strongly expressed TβRII and p-Smad2/3 which 

were major signaling molecules acting downstream of TGF-β1 signal pathway. 

Furthermore, in A549 cells pre-stimulated with TGF-β1 prior to RA treatment, 

RA completely inhibited the phosphorylation of Smad2/3 induced by 

TGF-β1. However, in A549 cells pre-treatment with RA prior to TGF-β1 

stimulation, RA could not suppress the phosphorylation of Smad2/3 induced by 

TGF-β1. Our observations suggested that interactions between RA and TGF-β1 

altered activation of Smad through a variety of mechanisms. Because RA 

completely inhibited phosphorylation of Smad2/3 induced by TGF-β1, RA may 

be a new therapeutic agent for the treatment of IPF patients who had activated 

and over-stimulated TGF-β1 signal pathway.
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ABSTRACT(IN  KOREAN)

레레레티티티노노노익익익산산산이이이 형형형질질질전전전환환환성성성장장장인인인자자자 -β1 (TGF-β1)에에에 의의의해해해
유유유발발발된된된 Smad 활활활성성성화화화에에에 미미미치치치는는는 영영영향향향

<지도교수 김김김 성성성 규규규 >

연세대학교 대학원 의학과

박박박 무무무 석석석

특발성폐섬유증 (idiopathic pulmonary fibrosis, IPF)은 알려지지 않은 원
인에 의해 폐에 섬유모세포가 증식하면서 섬유화가 진행되어 , 대개
진단 후 3년 이내에 사망하는 치명적인 폐질환이나 아직 효과적인 치
료 약제가 없는 실정이다 . 최근 IPF의 병리 기전으로 형질전환성장
인자 -β1(transforming growth factor-β1, TGF-β1)에 의해 조직 복구가 과
도하게 일어나면서 세포외 기질 침착 및 폐조직 파괴가 유발되어 나
타나는 것으로 알려져 있다 . TGF-β는 세포막의 serine/threonine kinase 

수용체에 결합하여 세포질 내의 Smad2 및 Smad3 단백질을 인산화 시
키고 , 세포핵 내로 이동하여 표적 유전자 (target gene)를 활성화한다 . 

레티노익산 (retinoic acid, RA)은 비타민 A의 유도체로 세포의 분화 , 증
식 , 발생 , 성장 등에 관여하는 것으로 알려져 있으며 , 여러 인자의 활
성화 또는 억제와 관련이 있다 . 본 연구는 레티노익산이 TGF-β1에 의
해 유발된 Smad 활성화에 미치는 영향을 관찰함으로써 향후 레티노
익산이 특발성폐섬유증의 치료제로서 가능성에 있는 지에 대해 알아
보고자 하였다 . 
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IPF로 확진된 28예 환자들의 폐조직에서 면역조직화학염색을 통하여
TGF-β1의 중요한 신호전달 물질인 II형 수용체 (TβRII)와 인산화 -Smad2/3 

(p-Smad2/3)의 발현이 증가되어 있음을 알 수 있었다 . A549 세포에 대
하여 배양 배지만 투여된 대조군 , TGF-β1만 투여된 경우 , 세 가지 RA 

(ATRA, 9-cis RA 및 13-cis RA)가 각각 투여된 경우 , TGF-β1과 RA 두
가지 모두 투여된 경우 각각에 대해 western blot을 시행하였다 . 1.0 

ng/mL의 TGF-β1이 투여된 지 15분 후에 Smad2, 3이 증가되면서 인산
화 Smad2/3도 함께 증가된 양상을 보였고 , 자극 1시간 후에 Smad2/3 

인산화가 가장 증가하였고 , 6시간 이후에는 점차 감소하였다 . Smad1, 

4, 5는 변화가 없었고 , 억제성 Smad인 Smad7은 약간 감소하였다 . ATRA, 

9-cis RA 및 13-cis RA가 각각 투여된 경우 그 농도와 관계없이 RA는
Smad2, 3, 4 단백질에 영향을 주지 않았다 . TGF-β1으로 먼저 자극한
이후에 RA를 투여한 경우에는 Smad1, 2, 3, 4, 5, 7의 큰 변화 없이
Smad2/3의 인산화를 RA가 완전히 억제하는 것이 관찰되었다 . 그러나
RA를 전처치한 후 TGF-β1을 나중에 투여한 경우에는 Smad2/3 인산화
가 RA에 의해 억제되지 않는 것이 관찰되었다 . 두 약물의 투여 간격
을 1시간에서 30분 및 24시간으로 변화를 주어 실험하였으나 , 투여
간격과 상관없이 Smad2/3 인산화가 RA에 의해 억제되지 않았다 . 이러
한 이유는 RA로 전처치된 세포는 오히려 TβRII에 더 예민하게 반응
하여 TGF-β1의 자극에 대해 Smad2/3의 인산화를 더 증가시킬 수도 있
는 것으로 추론되었다 . 

이상의 결과를 종합하여 볼 때 RA와 TGF-β1의 상호작용은 다양한 기
전을 통해 Smad 인산화의 변화를 가져오며 , TGF-β1이 활성화되어 있
는 상태에서 RA가 Smad2/3의 인산화를 효과적으로 억제하므로 TGF-β1

이  활성화되어 있는 특발성페섬유증 환자의 치료제로서 RA가 유용할
것으로 판단된다 .

����������������������������������������������������������������������

핵핵핵심심심되되되는는는 말말말 : 특발성폐섬유증 , 형질전환성장인자 , 레티노익산 , Smad


	TABLE OF CONTENTS
	ABSTRACT
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	1. Study materials
	A. Lung tissues from IPF patients
	B. Human epithelial cell line
	C. Chemicals and antibodies


	2. Study methods
	A. Immunohistochemical staining
	B. Cell culture and chemical stimulation
	C. Western blot analysis



	III. Results
	1. Immunohistochemical staining of TβRII and p-Smad2/3 in lung tissues from IPF patients
	2. The effects of retinoic acid on the activation of Smad induced by TGF-β1
	A. Concentration-dependent changes of Smad4 induced by TGF-�1
	B. Phosphorylation of Smad2/3 induced by TGF-β1
	C. The changes of Smad2, 3, and 4 induced by retinoic acid
	D. The effects of retinoic acid on the activation of Smad induced by TGF-β1


	IV. DISCUSSION
	V. CONCLUSION
	REFERENCES
	ABSTRACT(IN KOREAN)



