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Abstract
All-trans retinoic acid (ATRA) has been used for the treatment of acute promyelocytic leukemia. It remains unclear, however,

whether ATRA affects cyclooxygenase-2 (COX-2; an enzyme involved in prostaglandin production), PGE2, and thromboxane A2

(TXA2) (metabolic products of COX-2) by a transforming growth factor-b/Smad-signaling pathway, which plays important roles in

mesangial-cell proliferation and renal fibrosis. In this study, the mRNA and protein of Smad3, Smad7, and COX-2 were detected by

reverse transcription-polymerase chain reaction and Western blot, respectively, in mesangial cells stimulated by transforming

growth factor-b (TGF-b) and treated with ATRA at various concentrations and times. The protein level of PGE2 and TXA2 was also

measured by enzyme-linked immunosorbent assay. The localization of Smad3 and Smand7 was observed by confocal micro-

scope. Cell proliferation was detected by MTT assay, while apoptosis was determined using Hoechest staining. The expression of

Smad3, Smad7, and COX-2 mRNA and protein was increased by exogenous TGF-b, but inhibited by pretreatment of ATRA, in

dose and time-dependent manners. In addition, the expression of Smad3 and Smad7 was significantly reduced not only by

staurosporine, an inhibitor of threonine/serine protein kinases as well as smad, but also by NS-398, an inhibitor of COX-2. PGE2

and TXA2 were raised by TGF-b, but also decreased by ATRA, staurosporine, and NS-398. Moreover, ATRA reversed the trans-

location of Smad3 and Smad7 induced by TGF-b. Compared with the control, TGF-b also significantly enhanced proliferation and

inhibited apoptosis of mesangial cells. ATRA dose-dependently inhibited TGF-b-induced cell proliferation, but had no significant

effect on apoptosis in rat mesangial cells. Therefore, ATRA repressed COX-2, PGE2, and TXA2 via the TGF-b/Smad-signaling

pathway and inhibited mesangial-cell proliferation, which might subsequently prevent renal fibrosis.
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Introduction

Transforming growth factor-b (TGF-b), a multifunctional
cytokine, plays a crucial role in the development of
renal fibrosis in various glomerular and tubulointerstitial
injuries of kidney diseases.1,2 Smad proteins are not only
intracellular kinase substrates but also downstream signal
transduction factors of TGF-b receptors.3 After TGF-b
binds to its receptor, Smad2 and Smad3 are phosphory-
lated and heteromerized with Smad4 and then translo-
cated into the nucleus where they regulate
transcriptional activity and modify cell proliferation, dif-
ferentiation, migration, and apoptosis. Smad7 is the func-
tion-specific endogenous inhibitor of TGF-b, thereby

inhibiting phosphorylation, blocking signal transduction,
and regulating negative feedback.

Cyclooxygenase-2 (COX-2) is an important rate-limiting
enzyme for catalyzing arachidonic acid into prostaglandin
(PG), which is involved in the inflammation reaction in the

pathogenesis of renal diseases.4,5 Both glomerular macro-
phages and mesangial cells are the origins of COX-2.
PGE2, a leading member of the PG family, is widely distrib-

uted in various organ systems and plays a variety of bio-
logical roles such as regulating inflammation and immune

response.6,7 Thromboxane A2 (TXA2) is synthesized and
released by platelet AA under the action of COX-2 and
TXA2 synthase. However, TXA2 is unstable, rapidly
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degrading to TXB2. TXA2 contracts renal vascular and
glomerular mesangial cells, increases the peritubular vas-
cular loop resistance, and decreases the renal cortical blood
flow.8,9 TXA2 is also able to reduce the glomerular filtration
area, increases the permeability of the glomerular filtration
membrane, and induces proteinuria. Therefore, COX-2-
derived PG, particularly PEG2 and TXA2, has important
pathogenic effect on glomerular injury and renal function.

It has been shown that all-trans retinoic acid (ATRA)
regulates the proliferation and differentiation of various
renal inherent cells and inhibits glomerular proliferation,
inflammation, and extracellular matrix (ECM) secretion in
mesangial proliferative glomerulonephritis in rats.10

However, the possible mechanism of renoprotection
induced by ATRA has not been well defined. The main
objective of this study is to investigate the effects of ATRA
on the expression of COX-2 and its metabolites, PGE2 and
TXA2, in mesangial cells stimulated by TGF-b with a focus
on the TGF-b/Smad-signaling pathway, and this may pro-
vide a theoretical basis for applying ATRA in kidney
disease.

Materials and methods
Cell culture

The rat mesangial-cell line was a gift from the Laboratory of
Kidney Disease, Shanghai Changzheng Hospital. Cells
were cultured in RPMI1640 medium (Gibco, NY, USA)
and supplemented with 10% fetal bovine serum
(HyClone, UT, USA), 2 mM L-glutamine, 100 U/mL penicil-
lin G, and 100 U/mL streptomycin at 37�C under a humi-
dified atmosphere of 95% air/5% CO2. The fourth
generation of mesangial cells was randomly divided into
five groups: (a) the control group; (b) TGF-b (5 and 10 mg/
L; Pepro Tech EC Ltd, London, UK) group; (c) 10 mg/L TGF-
bþ 5 nM staurosporine group; (d) 10 mg/L TGF-bþ 10 mM
NS-398 group; (e) the treatment groups: the mesangial
cells were pretreated with ATRA (Sigma, MO, USA) at
ultimate concentrations of 0.001, 0.1 and 10 mM for 24 h
and then stimulated with 10mg/L TGF-b for different peri-
ods of 4, 12, and 24 h. The concentrations of different
reagents used in this study such as staurosporine or
NS-398 were optimized in preliminary studies.

MTT assay

Cell proliferation ability was detected by MTT assay. Rat
mesangial cells, 5� 104 cells/well, were planted into 96-
well plates and cultured under standard conditions until
60–70% confluence and then changed to serum-free RPMI
1640 medium for 24 h. The treatment of ATRA is the same as
above, while 10 mg/L TGF-b was added to different wells
for 0, 4, 12, 24, and 48 h, respectively. MTT (20 mL/well) was
added and developed for 4 h, and DMSO (150 mL/well) was
added finally. Optical densities of wells were examined at a
wave length of 450 nm.

Staining of apoptotic cells

The cells were seeded onto coverslips in 24-well plates at a
density of 5� 104 cells/well and then were treated in the

same way described above. Cells were fixed in freshly pre-
pared 4% paraformaldehyde solution in PBS (PH 7.4) for 1 h
at 4�C and washed with fresh PBS three times. The cells
were then stained with the nuclear stain Hoechst 33258
(10 ng/L, Sigma, MO, USA) for 1 h, washed with PBS, and
examined using a confocal microscope (Olympus, Tokyo,
Japan).

Flow cytometry analysis

Propidium iodide (PI, 50 ng/L) was used for the determin-
ation of cell death. After exposure to different experimental
conditions, the cells were trypsinized and incubated with PI
for 20 min at 37�C. The samples were then detected using a
flow cytometer (FACS, Becton-Dickinson, USA) and ana-
lyzed by MYCYCLE software.

RT–PCR analyses

To detect the expression of COX-2, Smad3, and
Smad7 mRNA, a set of reverse transcription-polymerase
chain reaction (RT–PCR) was performed. The primers of
COX-2, Smad3, Smad7, and housekeeping gene b-actin
were designed using the primer 5 software according to
the published GenBank database (http://www.ncbi.nlm.
nih.gov/) and synthesized by Sangon Biotech Co. Ltd
(Shanghai, China). Gene-specific primers are listed in
Table 1.

Total RNAs from rat mesangial cells were isolated using
Trizol reagent and quantified. For cDNA synthesis using
reverse transcription (RT), 1mg total RNA from each
sample was gently mixed with RT Master Mix containing
5�RT buffer, dNTP mixture, RNA enzyme inhibitors,
AMV reverse transcriptase, Oligo-dT, and RNase-free H2O
and incubated at 30�C for 10 min, 42�C for 45 min, and 95�C
for 5 min. One microliter cDNA from the RT reaction was
added to 19 -mL PCR cocktail containing 1 -mL sense primer,
1 -mL antisense primer, 2�Taq Master Mix, and 7mL H2O,
which were then amplified under different conditions. PCR
products were obtained after 35 (for COX-2, Smad3, and
Smad7) or 28 (for b-actin) cycles of amplification with an
annealing temperature of 55�C (for COX-2) and 57�C (for
Smad3, Smad7, or b-actin). PCR products were analyzed by
1.5% agarose gel electrophoresis containing ethidium brom-
ide and quantified digitally using Scion Image software.

Table 1 Primers for amplification of rat COX-2, Smad3, Smad7, and

b-actin

Primer Primer Sequence (50 to 30) Products

b-Actin Sense TTTAATGTCACGCACGATTTC 150 bp

Anti-sense CCCATCTATGAGGGTTACGC

COX-2 Sense ACGCTTCTCCCTGAAACCTTAC 378 bp

Anti-sense TTGATGGTGGCTGTCTTGGTA

Smad3 Sense AGGGCTTTGAGGCTGTCTACC 364 bp

Anti-sense GTCCATCGCTGGCATCTTCTG

Smad7 Sense CTCAGGCATTCCTCGGAAG 148 bp

Anti-sense CCATCGGGTATCTGGAGTAAG

Han et al. Effects of ATRA on signal pathway of COX-2 and Smad3&7 273
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



Western blot analysis

The protein expression of COX-2, Smad3, and Smad7 was
detected by Western blot. Rat mesangial cells were scraped
off and lysed in ice-cold lysis buffer, and total proteins
were quantified using a BCA protein assay kit (Pierce,
Rockford, USA). The proteins were separated by 10%
SDS–PAGE gel electrophoresis and then transferred to
nitrocellulose membranes at 0.37 A for 1 h. The membranes
were blocked at room temperature for 1 h in 5% (w/v)
non–fat-dried milk and then incubated with anti-Smad3,
anti-COX-2, and anti-Smad7 antibodies (Santa Cruz
Biotechnology, Inc, CA, USA) at 4�C overnight. The mem-
brane was washed, incubated with alkaline phosphatase-
conjugated secondary antibody (Santa Cruz Biotechnology,
Inc, CA, USA), and scanned by the Odyssey� Infrared
Imaging System (LI-COR Inc, USA) for semi-quantitative
analysis.

ELISA assay

The level of PGE2 and TXA2 in supernatants of mesangial
cells was determined by enzyme-linked immunosorbent
assay (ELISA). The cell-culture fluid collected at different
hours (4, 12, and 24 h) was measured using ELISA kits (R &
D Company Systems, Minneapolis, MN, USA). The meth-
ods were operated strictly according to the instruction of
manufacture. Each detection was repeated three times, and
the mean was taken for statistical analysis.

Immunofluorescence and confocal microscope
examination

Cells were grown on glass slides and treated in the same
way as above. After incubation, the cells were fixed with 4%
formaldehyde for 30 min, permeabilized in 0.2% Triton
X-100 for 15 min, blocked with 5% bovine serum albumin
(BSA), and incubated with the primary antibody (anti-
Smad3, anti-Smad7, Abcam, London, UK) overnight at
4�C. The next day, the slides were incubated with FITC-
conjugated goat antimouse IgG (Santa Cruz
Biotechnology) for 2 h at 37�C, stained with Hoechst stain
for 5 min at room temperature, washed, and mounted with
Tris–glycerol. The cells were examined using a confocal
laser scanning microscope.

Statistical analysis

The results are expressed as mean� standard error of the
mean. Statistical differences in two or multiple groups were
analyzed by t-test or one-way analysis of variance
(ANOVA). All statistical analyses were carried out by
SPSS 13.0 software (SPSS, Chicago, IL, USA). P values< 0.05
were considered to be statistically significant.

Results
Anti-proliferative effects of ATRA

The proliferative ability of cells was gradually increased
by 10mg/L TGF-b with prolonged incubation time and
peaked at 24 h, but significantly decreased by ATRA
treatment in a dose-dependent manner (P< 0.05).

Based on these findings and previous reports, the time
point of 24 h was chosen to further investigate the other
effects of TGF-b and ATRA on mesangial cells
(Figure 1).

Effects of ATRA on apoptosis in TGF-b-stimulated
mesangial cells

Flow cytometry analysis showed that the rate of apoptotic
cells, indicated by the sub-G1 peak in the representative
pictures, in the control, 10 mg/L TGF-b, or 10mM ATRA
and TGF-b group, was 8.38, 2.56, and 3.01%, respectively.
It was demonstrated that 10 mg/L TGF-b could inhibit apop-
tosis of mesangial cells (P< 0.05 versus control). In add-
ition, ATRA had no effect on apoptosis of mesangial cells
stimulated with TGF-b (P> 0.05 versus TGF-b alone,
Figures 2 and 3).

Effects of ATRA on TGF-b-induced COX-2 mRNA
expression

The level of COX-2 mRNA detected by RT–PCR was signifi-
cantly increased by 5mg/L TGF-b (track B) compared with
that in the control group (track A; P< 0.05), which was fur-
ther raised by 10mg/L TGF-b (track C; P< 0.05). Treatment
of staurosproine (track D) or NS-398 (track E) significantly
inhibited the increase of COX-2 mRNA induced by 10mg/L
TGF-b (P< 0.05, respectively). In the cells treated with
ATRA at different concentrations, the expression of COX-
2 mRNA was consistently reduced at 4, 12, and 24 h com-
pared with that of the cells treated by TGF-b (10 mg/L)
alone. Compared with the expression of COX-2 mRNA at
4 h, the expression of COX-2 mRNA declined sharply at
12 h and then slowed down at 24 h (track F, G, H; P< 0.05,
Figure 4).

Figure 1 Growth-inhibitory effects of ATRA on mesangial cells at different time

points (0, 4, 12, 24, and 48 h) determined by MTT assay. Data expressed as

means�SD are representative of three independent experiments. (a) Control;

(b) 10mg/L TGF-b; (c) 10mM ATRA; (d) 0.1 mM ATRA; (e) 0.001mM ATRA. aP<0.05

versus A; bP<0.05 versus B; cP<0.05 among C, D, and E
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Figure 2 Mesangial cells were stained with Hoechst 33258. Cell morphology was observed by a fluorescence microscope. (a) Control; (b) 10mg/L TGF-b; (c) 10mM

ATRA. aP<0.05 versus control; bP>0.05 versus TGF-b alone. (A color version of this figure is available in the online journal)

Figure 3 Effects of ATRA on apoptosis of TGF-b-stimulated mesangial cells was examined by flow cytometry. (a) The sub-G1 peak that indicates apoptosis was

marked in the representative histograms. (b) The rate of apoptosis was shown in the bar graphs. All results were representative of three independent experiments.
aP<0.05 versus control; bP>0.05 versus TGF-b alone. (A color version of this figure is available in the online journal)
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Effects of ATRA on TGF-b-induced Smad3 mRNA
expression

The change trend of Smad3 mRNA detected by RT–PCR
was consistent with that of COX-2 mRNA. The expression
of Smad3 mRNA was dose-dependently increased by 5 and
10 mg/L (track A, B, C; P< 0.05). However, the increased
Smad3 mRNA by 10 mg/L TGF-b was significantly blocked
by staurosproine and NS-398 (track D, E; P< 0.05). ATRA
similarly inhibited the increase of TGF-b-induced
Smad3 mRNA in a time and concentration-dependent
manner. Furthermore, the expression of Smad3 mRNA in
the cells treated with ATRA was decreased slightly at 12 h,
but intensely at 24 h (track F, G, H; P< 0.05, Figure 5).

Effects of ATRA on TGF-b-induced Smad7 mRNA
expression

The level of Smad7 mRNA detected by RT–PCR was also
significantly increased by 5 and 10 mg/L TGF-b (track A, B,
C; P< 0.05). The raised Smad7 mRNA by 10 mg/L TGF-b
was inhibited by staurosporine, NS-398 (track D, E;
P< 0.05). ATRA similarly downregulated the increase of
TGF-b-induced Smad7 mRNA in a time and concentra-
tion-dependent manner, with a sharp decrease at 12 h and
almost leveled out at 24 h (track F, G, H; P< 0.05, Figure 6).

COX-2 protein expression

Western blot results showed that the expression of COX-2
protein was significantly increased by TGF-b compared
with that in the control group (track A, B, C; P< 0.05).
The staurosproine and NS-398 group partially blocked
TGF-b-stimulated COX-2 protein expression (track D, E;
P< 0.05). After the treatment of ATRA at different concen-
trations, the COX-2 protein expression was decreased in

time and concentration-dependent manners, with a good
trend of gradual reduction at 4, 12 and 24 h (track F, G, H;
P< 0.05, Figure 7).

Smad3 protein expression

Western blot results showed that after TGF-b stimulation,
Smad3 protein expression was significantly increased, com-
pared with the control group (track A, B, C; P< 0.05).
The staurosproine and NS-398 group can partially block
TGF-b-stimulated Smad3 protein expression and reached
a statistical significance (track D, E; P< 0.05). After treat-
ments with different concentrations of ATRA, the Smad3
protein expression in mesangial cells was decreased in a
time and concentration-dependent manner. As shown in
Figure 5, the Smad3 protein expression was decreased grad-
ually from 4 to 12 h and more intensely at 24 h (track F, G, H;
P< 0.05, Figure 8).

Smad7 protein expression

Western blot results showed that after TGF-b stimulation,
Smad7 protein expression was significantly increased, as
compared with the control group (P< 0.05). Staurosproine
and NS-398 group partially blocked TGF-b-stimulated
Smad7 expression in mesangial cells, which was statistic-
ally significant (P< 0.05). After treatments of different con-
centrations of ATRA, Smad7 expression was decreased in
mesangial cells, in a time and concentration-dependent
manner, slightly at 12 h and intensely at 24 h (track F, G,
H; P< 0.05, Figure 9).

Level of PGE2 protein

The level of PGE2 protein detected by ELISA was signifi-
cantly increased by 5 and 10 mg/L TGF-b dose-dependently

Figure 4 Effects of ATRA on COX-2 mRNA expression detected by RT–PCR in mesangial cells. The mesangial cells were treated by 5 and 10mg/L TGF-b, as well as

staurosporine, NS-398, or ATRA at 0.001, 0.1, or 10mM for 4, 12, and 24 h. The mean results of three separate experiments were shown in the bar graph. aP< 0.05

versus A; bP<0.05 versus C; cP< 0.05 among F, G, and H
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as compared with that in the control group (P< 0.05).
Staurosproine and NS-398 significantly inhibited the
increase of PGE2 induced by 10 mg/L TGF-b (P< 0.05).
After the treatments of different concentrations of ATRA,
PGE2 was decreased in time and concentration-dependent
manners in mesangial cells (P< 0.05, Figure 10).

Level of TXA2 protein

The change patter of TXA2 protein detected by ELISA was
similar to that of PGE2. Briefly, the level of TXA2 was

significantly increased by TGF-b dose-dependently
(P< 0.05). The increase induced by 10 mg/L TGF-b was
inhibited by NS-398 and staurosproine (P< 0.05) as well
as different concentrations of ATRA in concentration and
time-dependent manners (P< 0.05, Figure 11).

Effects of ATRA on the subcelluar localization of
Smad3 and Smad7

Confocal microscope examination showed that Smad3 loca-
lized in the cytoplasm, while the majority of Smad7

Figure 5 Effects of ATRA on Smad3 mRNA expression detected by RT–PCR in mesangial cells. The mesangial cells treated by 5 and 10mg/L TGF-b, as well as

staurosporine, NS-398, or ATRA at 0.001, 0.1, or 10 mM for 4, 12, and 24 h. The mean results of three separate experiments were shown in the bar graph. aP<0.05

versus A; bP< 0.05 versus C; cP<0.05 among F, G, and H

Figure 6 Effects of ATRA on Smad7 mRNA expression detected by RT–PCR in mesangial cells. The mesangial cells treated by 5 and 10mg/L TGF-b, as well as

staurosporine, NS-398, or ATRA at 0.001, 0.1, or 10 mM for 4, 12, and 24 h. The mean results of three separate experiments were shown in the bar graph. aP<0.05

versus A; bP< 0.05 versus C; cP<0.05 among F, G, and H
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localized in the nucleus in the control group. When mesan-
gial cells were stimulated with 10 mg/L TGF-b, the fluores-
cence intensity of both Smad3 and Smad7 was significantly
higher than that in the control group (P< 0.05). However,
Smad3 mainly localized in the nucleus, but Smad7 could be
found in both nucleus and cytoplasm. In contrast, ATRA
treatments inhibited the translocation of Smad3 from the
cytoplasm to the nucleus and also inhibited the transloca-
tion of Smad7 from the nucleus to the cytoplasm, as the
fluorescence intensity was significantly decreased com-
pared with that in the TGF-b group (P< 0.05, Figures 12
and 13(a) and (b)).

Discussion

The effects of ATRA on COX-2, PGE2, TXA2, proliferation,
and apoptosis in mesangial cells stimulated by TGF-b were

observed in this study, with a focus on the TGF-b/Smad-

signaling pathway. The expressions of Smad3, Smad7, and
COX-2 mRNA and protein were significantly increased by

TGF-b dose and time-dependently, but were decreased by
staurosporine and NS-398. More interestingly, after pre-

treatment of ATRA at different concentrations and times,

the expression of Smad3, Smad7, and COX-2 was also sig-
nificantly reduced. In addition, PGE2 and TXA2, the meta-

bolic products of COX-2, were enhanced by TGF-b, but
reduced by staurosporine and NS-398, as well as ATRA.

Furthermore, the translocation of Smad3 and Smad7
induced by TGF-b was significantly revised by ATRA treat-

ment, while the proliferation of mesangial cells induced by
TGF-b was also inhibited by ATRA, but apoptosis was not

affected. Therefore, ATRA-repressed TGF-b induced the
expression of COX-2, PGE2, and TXA2 through TGF-b/

Figure 7 Effects of ATRA on COX-2 protein expression were detected using Western blot in mesangial cells. The mesangial cells treated by 5 and 10 mg/L TGF-b, as

well as staurosporine, NS-398, or ATRA at 0.001, 0.1, or 10mM for 4, 12, and 24 h. The mean results of three separate experiments were shown in the bar graph.
aP< 0.05 versus A; bP< 0.05 versus C; cP<0.05 among F, G, and H

Figure 8 Effects of ATRA on Smad3 protein expression were detected using Western blot in mesangial cells. The mesangial cells treated by 5 and 10mg/L TGF-b, as

well as staurosporine, NS-398, or ATRA at 0.001, 0.1, or 10mM for 4, 12, and 24 h. The mean results of three separate experiments were shown in the bar graph.
aP< 0.05 versus A; bP< 0.05 versus C; cP<0.05 among F, G, and H
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Figure 9 Effects of ATRA on Smad7 protein expression were detected using Western blot in mesangial cells. The mesangial cells treated by 5 and 10 mg/L TGF-b, as

well as staurosporine, NS-398, or ATRA at 0.001, 0.1, or 10 mM for 4, 12, and 24 h. The mean results of three separate experiments were shown in the bar graph.
aP<0.05 versus A; bP<0.05 versus C; cP<0.05 among F, G, and H

Figure 10 PGE2 protein detected by ELISA in the supernatant of cultured mesangial cells. The mesangial cells were treated by 5 and 10mg/L TGF-b, as well as

staurosporine, NS-398, or ATRA at 0.001, 0.1, or 10 mM for 4, 12, and 24 h. The mean results of three separate experiments were shown in the bar graph. aP<0.05

versus A; bP< 0.05 versus C; cP<0.05 among F, G, and H

Figure 11 TXA2 protein detected by ELISA in the supernatant of cultured mesangial cells. The mesangial cells were treated by 5 and 10mg/L TGF-b, as well as

staurosporine, NS-398, or ATRA at 0.001, 0.1, or 10 mM for 4, 12, and 24 h. The mean results of three separate experiments were shown in the bar graph. aP<0.05

versus A; bP< 0.05 versus C; cP<0.05 among F, G, and H
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Smad-signaling pathway, which suppressed mesangial-cell
proliferation and might subsequently prevent renal fibrosis.

A growing number of studies have recently shown the
renoprotective role of retinoic acid (RA) as a new class of
drug.10–13 RA has wide biological functions such as directly
or indirectly regulating a variety of growth factors, cyto-
kines, and kinases, among which TGF, CTGF, activator pro-
tein-1, interleukin-6, and tumor necrosis factors are mainly
associated with chronic renal fibrosis, but also in

inflammatory pathways in long-term renal ischemia-reper-
fusion injury.14–17 However, there were only limited data for
the effect and mechanism of ATRA in the treatment of renal
disorders. In this study, ATRA decreased the expression of
COX-2, Smad3, and Smad7 at mRNA and protein level in
time and dose-dependence manners in mesangial cells sti-
mulated by TGF-b. These results indicate that ATRA inhib-
ited COX-2 expression induced by TGF-b might be through
TGF-b/Smad-signaling pathway in mesangial cells.

Figure 12 Confocal microscope analysing the effects of ATRA on the subcellular localization of Smad3 in TGF-b-stimulated mesangial cells. (a) Smad3 was mainly

localized in the cytoplasm of the control cells. After the stimulation of 10mg/L TGF-b, not only the fluorescence intensity of Smad3 was increased, but also Smad3 was

translocalized in the nucleus. In contrast, ATRA treatments inhibited the translocation of Smad3 from the cytoplasm to the nucleus. (b) The quantitative analysis of

Smad3 level was shown in the bar graph. aP< 0.05 versus control; bP<0.05 versus TGF-b alone. (A color version of this figure is available in the online journal)
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TGF-b, a multifunction ambidirectional dominance
growth factor, has strong effects on inducing fibrosis.
TGF-b and a variety of other cytokines, autocrined by
mesangial cells and epithelial cells, promote cell division
and proliferation, ECM synthesis, and secretion and then
eventually lead to glomerular sclerosis.18 Kidney is also one
of the most active organs containing rich COX-1 and COX-2
to synthesize PG. The expression of COX-2, as well as
immunoreactivity, was increased in some residual

glomerular visceral epithelial cells and mesangial cells;
therefore, COX-2 also plays an important role in the devel-
opment of many renal diseases.

TGF-b also promotes the activation and/or expression of
phospholipase A2 in mesangial cells, and then the mem-
brane phospholipid is hydrolysed, which releases arachi-
donic acid, necessary substrate of COX-2, and produces
prostaglandin that eventually involves in renal inflamma-
tory responses.19 In order to observe the effect of TGF-b on

Figure 13 Confocal microscope analysing the effects of ATRA on the subcellular localization of Smad7 in TGF-b-stimulated mesangial cells. (a) The majority of

Smad7 was localized in the nucleus in the control group. When mesangial cells were stimulated with 10mg/L TGF-b, Smad7 was visible in both nucleus and cytoplasm;

and its fluorescence intensity was also significantly higher than that in the control group. ATRA treatments inhibited the translocation of Smad7 from the nucleus to the

cytoplasm, as the fluorescence intensity was significantly decreased compared with that in the TGF-b group. (b) The quantitative analysis of Smad7 level was shown in

the bar graph. aP<0.05 versus control; bP<0.05 versus TGF-b alone. (A color version of this figure is available in the online journal)
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COX-2, mesangial cells were stimulated by 5 and 10 mg/L
TGF-b for 4, 12, and 24 h, respectively. The expression of
COX-2 at both mRNA and protein level was increased
dose and time-dependently. Therefore, TGF-b induced the
increase of COX-2 not only at transcription level, but also at
translation level. In addition, TGF-b may also activate the
initiating factors of COX-2,20 which could stabilize COX-2
and prolong its half-life.

Moreover, the expression of PGE2 and TXA2, down-
stream metabolic products of COX-2, was also increased
by TGF-b in mesangial cells. The expression of PGE2 and
TXA2 was rapidly increased under the stimulation of
exogenous TGF-b at different concentrations and reached
a peak at 24 h. The reasonable statistical differences were
also revealed in the TGF-b-treated groups compared with
the control group; and in the groups treated TGF-b at dif-
ferent times. These results indicate that the expression of
PGE2 and TXA2 in renal mesangial cells stimulated by TGF-
b was consistent with that of COX-2.

According to the effect of Smad proteins on the signal
transduction of TGF-b family, it can be divided into three
categories: first, the control type of receptor Smads, includ-
ing Smad1, 2, 3, 5, and Smad8; second, common-mediated
Smads, namely Smad4; third, inhibitory Smads, including
Smad6 and Smad7.21 In this study, the level of
Smad3 mRNA and protein was significantly increased in
the mesangial cells treated by TGF-b, because Smad3 is
the direct bearers of TGF-b intracellular-signaling transmis-
sion and activation. After Smad3 is phosphorlated and acti-
vated, Smad3 is translocated into the nucleus, with the
participation of Smad2. The expression of Smad7 mRNA
and protein was also increased in TGF-b-treated mesangial
cells. This is consistent with the report from Park et al. 22

Smad7 is a specific endogenous inhibitor of TGF-b, whose
role is to inhibit the process of phosphorylation and prevent
the signal transduction of TGF-b. In addition, the transloca-
tion of Smad3 and Smad7 induced by TGF-b was reversed
by ATRA treatment, which further indicated that ATRA-
modulated mesangial cells stimulated by TGF-b was via
TGF-b/Smad-signaling pathway.

To confirm whether the increased expression of COX-2
in TGF-b stimulated mesangial cells is through the Smad-
signaling pathway, an inhibitor of threonine/serine protein
kinases, as well as Smad, staurosporine, was applied. It
was observed that not only the expression of Smad, but
also COX-2 was inhibited. The result suggests that staur-
osporine inhibited TGF-b/Smad-signaling pathway that
subsequently affected its downstream biological events
such as the expression of COX-2. The possible mechanism
may be that staurosporine prevents TGF-b-dependent for-
mation of Smad2/4 complex and inhibits Smad phosphor-
ylation and translocation into the nucleus. Staurosporine
may also inhibit TGF-b-signaling pathway by directly
binding activated TGF-b factors, reducing the number of
TGF-b receptors on the membrane, and affecting the
acetylation of transcription factors. When TGF-b was com-
bined with Smad, the activation of COX-2 promoter factor
was consequently reduced, and the expression of COX-2
was then decreased.

Additionally, after NS-398, a selective COX-2 inhibitor
was added, of course, the expression of COX-2, as well as
PGE2 and TXA2, was inhibited. Interestingly, the level of
Smad was also significantly decreased by NS-398. It has
been reported that NS-398 suppressed PGE2 synthesis and
induced collagen expression in hepatic stellate cells. The
mechanism may be that NS-398 affected the phosphoryl-
ation and nuclear translocation of Smads induced by
TGF-b, blocked the Smad accumulation in cells, and then
blocked the activation of TGF-b responding genes.23

Therefore, we speculated that COX-2 may be one of the
target genes regulated by TGF-b via Smad-signaling
pathway.

Renal fibrosis is characterized by glomerulosclerosis,
tubular atrophy, and ECM deposition, the final pathological
change of renal injury induced by many different causes.
Mesangial cells are the major cells to produce ECM, which
are most associated with the pathological process of glo-
merulosclerosis. Studies have shown that TGF-b promoted
glomerulosclerosis by inducing secretion and accumulation
of ECM. In the present study, TGF-b as astimulator induced
mesangial-cell proliferation, which was dose-dependently
inhibited by ATRA. These results indicate a beneficial
effect of ATRA that may be applied in treating mesangial
proliferative glomerulonephristis and preventing
glomerulosclerosis.

TGF-b has also been shown to be a potent modulator of
apoptosis in a variety of cell types, including human cho-
langiocarcinoma cells,24 podocytes,25 and hepatocellular
carcinoma cell lines.26 However, substantial evidence sug-
gests that TGF-b also have the ability to inhibit apoptosis in
many cell types, such as murine macrophages,27 lung mes-
enchymal cells,28 murine neurons,29 and fibroblast cells.30 It
has been reported that TGF-b inhibits mouse mesangial-cell
apoptosis via induction of autophagy.31 In our study, TGF-b
inhibited apoptosis of mesangial cells, which was consistent
with the previous reports. In addition, ATRA can induce a
variety of cell apoptosis, including normal human mam-
mary epithelial cells32 and vascular smooth muscle cells,33

but the reports about the effect of ATRA on mesangial-cell
apoptosis are rare. The result from this study showed that
ATRA had no significant effect on the apoptosis of mesan-
gial cells detected by flow cytometry, which was consistent
with the previous studies.34,35

In conclusion, ATRA inhibited the expression of COX-2,
PGE2, and TXA2 through TGF-b/Smad-signaling pathway
in TGF-b-stimulated mesangial cells and suppressed
mesangial-cell proliferation, which might subsequently
prevent renal fibrosis. The direct effects of ATRA on mesan-
gial function and renal fibrosis need to be further investi-
gated in both in vitro and in vivo models.
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