Int. J. Mol. Sci. 2013, 14, 23700-23710; doi:10.3390/ijms 141223700

International Journal of

Molecular Sciences

ISSN 1422-0067
www.mdpi.com/journal/ijms

Article

Smad3 Deficiency Ameliorates Hepatic Fibrogenesis through
the Expression of Senescence Marker Protein-30,
an Antioxidant-Related Protein

Da-Hee Jeong ! Meeyul Hwang ! Jin-Kyu Park ! Moon-J ung Goo | Il-Hwa Hong !
Mi-Ran Ki ', Akihito Ishigami >, Ah-Young Kim ', Eun-Mi Lee ', Eun-Joo Lee '
and Kyu-Shik Jeong "*

' Department of Pathology, College of Veterinary Medicine, Kyungpook National University,

Daegu 702-701, Korea; E-Mails: daheej.kr@gmail.com (D.-H.J.); meeyulh@gmail.com (M.H.);
820jinkyu@hanmail.net (J.-K.P.); gopomoonj@hotmail.com (M.-J.G.); ihhong@gnu.ac.kr (I.-H.H.);
mrgee@hanmail.net (M.-R.K.); pretersensual@hanmail.net (A.-Y.K.);

nikeun@hanmail.net (E.-M.L.); miffy525@hanmail.net (E.-J.L.)

Aging Regulation, Tokyo Metropolitan Institute of Gerontology, Tokyo 173-0015, Japan;

E-Mail: ishigami@phar.toho-u.ac.jp

* Author to whom correspondence should be addressed; E-Mail: jeongks@knu.ac.kr;
Tel.: +82-53-950-5975; Fax: +82-53-950-5955.

Received: 11 September 2013, in revised form: 21 November 2013 / Accepted: 21 November 2013 /
Published: 4 December 2013

Abstract: Smad3 is a key mediator of the transforming growth factor (TGF)-B1 signaling
pathway that plays central role in inflammation and fibrosis. In present study, we evaluated
the effect of Smad3 deficiency in Smad3~"~ mice with carbon tetrachloride (CCly)-induced
liver fibrosis. The animals were received CCls or olive oil three times a week for 4 weeks.
Histopathological analyses were performed to evaluate the fibrosis development in the
mice. Alteration of protein expression controlled by Smad3 was examined using a
proteomic analysis. CClg-induced liver fibrosis was rarely detected in Smad3™~ mice
compared to Smad3™". Proteomic analysis revealed that proteins related to antioxidant
activities such as senescence marker protein-30 (SMP30), selenium-binding proteins
(SP56) and glutathione S-transferases (GSTs) were up-regulated in Smad3~" mice.
Western blot analysis confirmed that SMP30 protein expression was increased in Smad3 ™"~
mice. And SMP30 levels were decreased in CCly-treated Smad3™" and Smad3~~ mice.

These results indicate that Smad3 deficiency influences the proteins level related to
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antioxidant activities during early liver fibrosis. Thus, we suggest that Smad3 deteriorate
hepatic injury by inhibitor of antioxidant proteins as well as mediator of TGF-B1 signaling.
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1. Introduction

Smad proteins are intracellular mediators that respond to transforming growth factor (TGF)-f,
an important regulatory cytokine that affects the production, degradation, and accumulation of
extracellular matrix proteins during the development of liver fibrosis [1]. Smad proteins are involved
in intracellular signaling in response to TGF- family members. Smad proteins are classified as
receptor-regulated Smads (R-Smads), common mediator Smads (Co-Smads), or inhibitory Smads
(I-Smads). R-Smads are directly phosphorylated by receptors and translocate to the nucleus where they
bind to response elements and regulate gene expression [2]. Smad3 belongs to the R-Smads family.
This factor is phosphorylated by receptors and translocates to the nucleus where it activates
gene expression.

Impairment of the Smad pathway results in an escape from growth inhibition, thereby promoting cell
proliferation and contributing to carcinogenesis [3]. In particular, Smad3 is a major player in signal
transduction pathways associated with fibrogenesis [4]. And several fibrotic markers are attenuated in
Smad3 knockout (KO) mice, resulting in the hypothesis that directing Smad3 to a clinical target might
inhibit fibrosis [5,6]. In addition, the radiation-induced expression of a-smooth muscle actin (a-SMA)
in cutaneous fibroblasts of Smad3 KO mice is reduced to 25% of that found in cells from Smad3
wild-type (WT) mice [7,8]. When acute liver injury is induced by the administration of CCly,
Smad3 KO mice show approximately one-half of the induction of hepatic collagen type I mRNA
expression compared to Smad3 wild type (WT) mice [9]. These results have led to the speculation that
Smad3 signaling specifically mediates the fibrotic effects of TGF-B. But, previous studies of Smad3
targets in an animal model of liver injury did not reveal a clear-cut mechanism underlying such activity.

A hepatic proteomic analysis was also conducted to study thioacetamide-induced cirrhosis in
rats [10]. However, no proteomic analysis has unequivocally determined the relationship between
Smad3 and hepatic fibrogenesis.

Here, we investigated the influence of Smad3 on liver fibrogenesis by measuring hepatic protein
expression in Smad3 KO mice after CCl, treatment for 4 weeks. Histological and proteomic analyses were
used to monitor changes of protein expression during the course of hepatic fibrogenesis in these mice.

2. Results
2.1. Fibrotic Changes in Livers after the Chronic Administration of CCly

To evaluate the influence of Smad3 deficiency on hepatic fibrogenesis induced by repeated CCly
injection, we first examined the H & E-stained livers of Smad3 WT and Smad3 KO mice
(Figure 1A,B). Histological analysis revealed an increased hepatocyte population and loosening of the
cell-to-cell tight junctions in the Smad3 KO mice. When sections from the Smad3 KO mice were
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assessed with immunohistochemical staining using an anti-PCNA antibody (Figure 1D), hepatocyte
replication in the livers of Smad3 KO mice was found to be markedly greater than that found in
Smad3 WT mice (Figure 1C).

Figure 1. Histopathological analysis of livers from Smad3"" and Smad3™ mice. Liver
tissues from Smad3"”" (A and C) and Smad3™" (B and D) mice. Results for H & E staining
(A and B) and immunohistochemistry for PCNA (C and D) are shown. Scale bars represent
50 um. Inserts are high magnification fields from each figure. Scale bars represent 100 um.

Smad3+/+ Smad3-/-

Figure 2. Hepatic fibrotic changes of Smad3 mutant mice after CCl; treatment.
Liver tissues of CCly-treated Smad3™* (A, C and E) and Smad3™ (B, D and F) mice.
H & E stain (A and B); azan stain (C and D); and immunostain for a-SMA (E and F).
Scale bars represent 25 pum. Inserts (A and B) are von Kossa-stained samples of each
figure. Scale bars represent 100 um.

d Smad3+/+ CCly-treated Sm.
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After four weeks of exposure to CCly, liver fibrosis in the Smad3 WT mice was more severe than in
the Smad3 KO mice (Figure 2 and Table 1). However, more calcium deposition was detected in the
CCly-treated Smad3 KO mice compared to the CCls-treated Smad3 WT mice (inserts of Figure 2A,B).
These findings were observed focally in the centrilobular region and destroyed hepatocytes of the
CClg-treated Smad3 KO mice. The fibrotic changes were confirmed in liver tissues stained with azan
(Figure 2C,D). Additionally, immunohistochemical analysis revealed that the expression of a-SMA in
the livers of CCly-treated Smad3 WT mice was greater than that in the Smad3 KO mice (Figure 2E,F
and Table 1).

Table 1. Hepatic lesions and grade of fibrosis in the livers of Smad3-mutant mice after
the CCly-treatment.

Animal treatment

. Hepatic lesions after CCl;-treatment Grade * a-SMA B
(number of animals)
Smad3"" mice (n = 5) Normal 0.10+£022  0.74+0.25
Smad3*° mice (n = 5) Enlargement of hepatocyte 0.08+0.18 0.68 £0.22
CCl,-treated Smad3”" mice Pseudolobule formati.on, Degenerative 2604047 * 2404047 *
(n=5) and necrotic cells
CCly-treated Smad3"* mi Bridging fibrosis, S lci
s-treated Sma mice ridging fi ros1s,. .evere calcium L40+0.55% 1.84 %049 *
(n=5) deposition

A Grade of hepatic fibrosis—0, none; 1, short collagenous septa extended from central veins; 2, slender septa
link the central veins but lobular architecture is preserved; 3, pseudolobuli are formed by thin septa;
4, parenchyma is subdivided into smaller pseudolobuli by thin septa. Liver fibrosis was graded based on
previously reported scoring system [11]; ® Immunohistochemical expression for a-smooth muscle actin—0,
none; 1, mild; 2, moderate; 3, severe expression. Data are shown in Figure 2C; * Significant differences in
Smad3"" and Smad3*° mice (Student’s ¢ test, p value < 0.005).

2.2. Analysis of Smad3-Related Proteins in Liver after the Chronic Administration of CCly

To investigate possible differences of protein expression in the livers of Smad3 WT and Smad3 KO
mice, the overall protein content in liver tissues of both groups was analyzed by using two-dimensional
gel (2-DE) electrophoresis (Figure 3A) and mass spectrometry (MS). As a result, we found that ten
proteins were down-regulated and eight proteins were up-regulated in the Smad3 KO mice compared
to the Smad3 WT mice after four weeks of exposure to CCly treatment (Table 2). As shown in Figure 4A,
glutathione peroxidase, glutathione S-transferase theta 2 (GST class-theta 2), NADH-ubiquinone
oxidoreductase (subunit B14.7) and peroxiredoxin 6 (antioxidant protein 2) were significantly
increased in CCly treated Smad3 KO mice. These proteins play an important role in the defense against
oxidative stress by reducing reactive oxygen species (ROS). Next, we confirmed the proteomic result
by western blotting. SMP30 was increased in CCl4 treated Smad3 KO mice, compared to CCl4 treated
Smad3 WT mice (Figure 3B). Also, SMP30 protein level was elevated in control Smad3 KO mice,
compared to control Smad3 WT mice (Figure 3C).
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Figure 3. Substantial differentiated spots in liver tissues of Smad3 ™~ mice. (A) Gel images

of two dimensional gel electrophoresis (2-DE). Protein from liver tissue of Smad3

+4+

and

Smad3™" mice treated with CCly was separated on a pH 3—10 IPG strip in the first
dimension and on an SDS-PAGE (12%) gel in the second dimension; (B) Clearly visible
spots of the four proteins HSP70, SMP30, SP56 and GST are reproduced from
gel images (SDS-PAGE) on a zoom-in view. WT: Smad3"”" mice treated with CCly;
KO: Smad3™" mice treated with CCly; and (C) Immunoblot analysis for SMP30 and
B-actin (as an internal standard).
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Table 2. List of notably changed proteins in Smad3 KO mice liver after CCly treatment.

Accession MOWSE Masses MW Relative
Spot No. Protein Name b pI® a
No.*? Score Matched (%) (kDa) ratios
Down-regulated proteins in CCl -treated KO mice compared to CCl-treated WT mice
54 Rho guanine nucleotide exchange factor 7 Q9ES28 3.32 x 10 17 80 6.50 0.30
55 78 kDa glucose-regulated protein precursor P20029 1.48 x 107 36 72 5.10 0.21
Heat shock cognate 71 kDa protein 0 .
56 P63017 7.85 %10 44 70 5.40 0.36
(HSP 70)
Leucine-rich repeat LGI family .
57 Q8KI1S1 1.46 x 10 10 59 7.90 0.19
member 4 precursor
Adenosylhomocysteinase 4
59 . o ) P50247 7.03 x 10 13 48 6.10 0.18
(Liver copper binding protein)
60 Neutrophil cytosol factor 1 (NCF-1) Q09014 1.25 x 10* 12 45 9.10 0.15
61 Wnt-11 protein precursor P48615 1.77 x 10* 15 39 9.10 0.27
62 Uricase (Urate oxidase) P35688 1.33 x 10* 21 35 8.50 0.24
63 Thioether S-methyltransferase (TEMT) P40936 1.96 x 10° 15 30 6.00 0.43
64 Ferritin light chain 1 (Ferritin L subunit 1) P29391 9.28 x 10° 22 21 5.70
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Table 2. Cont.
Accession MOWSE Masses MW Relative
Spot No. Protein Name b pI¢ a
No. * Score Matched (%) (kDa) ratios
Up-regulated proteins in CCly-treated KO mice compared to CCly-treated WT mice

19 Selenium-binding protein 1(SP56) P17563 1.24 x 10* 18 52 6.00 286"

21 Senescence marker protein-30 (SMP30) Q64374 3.55 % 10° 22 33 5.20 2587

22,23 Glutathione S-transferase Mu 1 P10649 1.29 x 10° 21 26 7.70 261°
Glutathione peroxidase 3

65 P11352 8.77 x 10 10 22 6.70 5.07

(Cellular glutathione peroxidase)
Glutathione S-transferase theta 2 .
67 Q61133 1.12x 10 7 28 7.00
(GST class-theta 2)

NADH-ubiquinone oxidoreductase 3

66 Q9D8B4 4.40 x 10 10 15 8.60 12.15

subunit B14.7
68 Peroxiredoxin 6 008709 5.65 x 10° 19 25 5.70
69 Alpha-1-acid glycoprotein 1 precursor Q60590 2.60 x 10* 10 24 5.60 2.39

* Accession No.: Protein No. of SwissProt database; > MOWSE score: Based on the number of peptides matching the protein in the
database and the accuracy of those matches; ° MW and pI: Obtained from the MS fit search of proteinprospector database; ¢ Relative
ratio: Relative % volume of spot in KO compared to WT (1>, up-regulation in knockout type; 1<, down-regulation in knockout type);

* Significant differences in the Smad3"" mice (Student’s ¢ test, p value < 0.05).

Figure 4. Expression of p-Smad3 in the SMP30"" mice. Immunohistopathological
detection of p-Smad3 in liver tissues from (A) SMP30""; (B) CCly-treated SMP30"";
(©) SMP30""; and (D) CCly-treated SMP30"" mice. Cont indicates the non-treated
control. Expression of p-Smad3 in the CCl-treated liver significantly increased around the

central vein in SMP30" mice (D) compared to SMP30"* mice (B). Scale bars = 100 pm.

2.3. Increased Expression of Smad3 in SMP30 KO Mice

To confirm the relationship between Smad3 and SMP30 in vivo, we used SMP30 KO (SMP3 OY/_)
mice and analyzed phospho-Smad3 (p-Smad3) levels in their livers acutely damaged by CCly

treatment. Immunohistochemical examination revealed that an exposure to CCly increased p-Smad3
levels in the livers of SMP30 KO mice as well as WT mice; however, the SMP30 KO mice had

significantly more p-Smad3 than the SMP30 WT mice (Figure 4).
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3. Discussion

A major finding of the present study is that Smad3 deficiency significantly prevented CCls-induced
liver fibrosis by reducing antioxidant protein expression as well as blocking TGF-f signaling in the
liver. Treatment of Smad3 KO mice with CCly for 4 weeks successfully induced moderate liver
fibrosis. Findings from the histological analysis correlated with data from immunohistochemical
testing in which a-SMA was used as a fibrotic marker. All of these data suggested that the absence of
Smad3 resulted in reduced hepatic damage due to CCly treatment. On the other hand, high levels of
calcium deposition were observed in the centrilobular areas of Smad3 KO mice, indicating that the
hepatocytes had sustained severe damage. Haschek and Rousseaux demonstrated that increased
intracellular calcium contents exacerbate cellular damage, resulting in hepatic fibrosis [12].
Interestingly, CCls-treated Smad3 KO mice in the present study had more calcium deposition than
CCly-treated WT animals, but less fibrosis was found in the CCly-treated Smad3 KO mice. This is not
consistent with findings from the study by Haschek and Rousseaux. We questioned why Smad3
deficiency resulted in less fibrosis even with significant calcium deposition. So far, we have not
identified a clear reason for this result. We assumed that the high levels of calcium deposition in
CCly-treated Smad3 KO mice may not be related to severe cell damage because 1) an increase in
PCNA-positive signals (usually detected during active cell proliferation) was found in the CCly-treated
Smad3 KO mice, and 2) up-regulation of cell protective gene expression was identified during
proteomic analysis.

Proteomic evaluation demonstrated that CCly-treated Smad3 KO mice had increased expression of
antioxidant-related proteins such as SMP30, SP56, and GST. In particular, SMP30 expression was
markedly up-regulated in Smad3 KO mice (Table S1), compared to WT mice. SMP30 is a major
senescence marker and its expression is reduced during the aging process [13], SMP30 is also involved
in the vitamin C synthesis pathway; SMP30 KO mice cannot synthesize vitamin C in vivo [14]. In a
recent report, Son et al. demonstrated that SMP30 exerts a potent anti-oxidative effect and protects
neural cells from oxidative damage [15]. Thus, we assumed that deletion of the Smad3 protein
triggered an increase of SMP30 protein expression, resulting in the prevention of hepatic cell death due
to CCls-induced injury. Although further studies are required to determine whether SMP30 is a key
protein that directly prevented liver fibrosis in the present study, the fact that Smad3 deficiency led to
up-regulated SMP30 expression supports the speculation that SMP30 expression may play an opposing
role to that of Smad3 during the induction of hepatic fibrosis through an unknown mechanism.

The phenomenon was confirmed by another set of animal experiments with SMP30 KO mice,
indicating that SMP30 deficiency increases the levels of phospho-Smad3 which is a key protein to
promote liver fibrosis. To investigate the precise role of SMP30, we evaluated male SMP30 KO mice
with acute CCly-induced hepatotoxicity. After CCls-induced injury, the levels of phospho-Smad3 in the
SMP30 KO mice were significantly higher than those in the SMP30 WT littermates. Enhanced
expression of phospho-Smad3 in the SMP30 KO mice we observed concurred with our finding of
decreased hepatic fibrogenesis in Smad3 KO mice. In general, the phosphorylation of Smad3, a key
modulator of the TGF-B1 signaling pathway, is induced during hepatic fibrogenesis [2].

The expression of glutathione peroxidase, GST theta, NADH-ubiquinone oxidoreductase, and
peroxiredoxin 6 (antioxidant protein 2) was also up-regulated in Smad3 KO mice (data not shown).
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These proteins are involved in metabolism and are associated with the ROS defense systems [16].
In particular, peroxiredoxin 6 has been known as as an acidic calcium-independent phospholipase A2
and a non-selenium glutathione peroxidase. Since proteins related to the antioxidant system were more
highly expressed in Smad3 KO mice than in the Smad3 WT mice after CCly treatment, their presence
presumably provided a significant level of protection against hepatic fibrosis.

4. Material and Methods
4.1. Animals

Smad3 KO mice generated by targeted disruption of the Smad3 gene via homologous
recombination were kindly provided by Anita B Robert (National Cancer Institute, Bethesda, MD,
USA). These mutant mice were housed in a room at 22 + 2 °C, with a 12-h light-dark cycle and were
given food and water ad libitum. Genotypes of Smad3 mutant mice were determined using tail DNA
(Figure S1A). For PCR analysis, the Smad3 WT allele was detected using primer 1:
5'-CCACTTCATTGCCATATGCCCTG-3" and primer 2: 5'-CCCGAACAGTTGGATTCACACA-3".
This primer pair amplifies a fragment of 431 bp from Smad3 WT mice, but not from Smad3 KO mice.
DNA was also amplified using the primer 1 and primer 3: 5'-CCAGACTGCCTTGGGAAAAGC-3',
which is located in the pLoxpneo to detect the mutant Smad3 allele. In this case, a 284 bp fragment
was detected for the Smad3 KO allele, whereas no such signal was detected in the wild-type mice [17].
Smad3 KO mice were previously generated with the gene targeting technique and kindly provided by
Akihito Ishigami in Tokyo Metropolitan Institute of Gerontology (Tokyo, Japan) and heterozygous
female mice (SMP30"") were mated with male knockout mice (SMP30"") to produce male knockout
(SMP30"") and male wild type (SMP30"") littermates. Genotypes of SMP30 mutant mice were
determined as described previously (Figure S1B) [18].

4.2. Treatment of Animals

Six-week-old male Smad3 WT and Smad3 KO mice were divided into four groups: Smad3 WT,
Smad3 KO, CCls-treated Smad3 WT, and CCly-treated Smad3 KO mice. In the CCls-treated animals,
liver fibrosis was induced by intraperitoneal injection of 2 mL/kg of CCly (Wako Pure Chemical
Industries, Osaka, Japan) three times a week for 4 weeks. The mice were sacrificed 24 h after the last
injection. For the induction of acute liver injury, SMP30"" and SMP30"" mice were injected
intraperitoneally with CCly every 2 days for a week. Twenty-four hours after the third CCly injection,
liver tissues were collected from all mice.

4.3. Histopathological Evaluation of the Liver Tissue

Pieces of liver were rapidly fixed in 10% neutral buffered formalin and embedded in paraffin. The
sections were stained with hematoxylin and eosin (H & E), and azan. The severity of hepatic fibrosis
was graded on a scale of 0—4 as previously reported [11]. Calcium deposition in liver tissues from the
CClg-treated groups was evaluated using von Kossa stain. For immunohistochemistry, anti-PCNA
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-a-SMA (Sigma, St. Louis, MO, USA), and
anti-phosphorylated (phospho)-Smad3 (Cell Signaling Technology, Danvers, MA, USA) antibodies
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were used as primary antibodies. Antigen-antibody complexes were visualized by using an
avidin-biotin peroxidase complex solution and an ABC kit (Vector Laboratories, Burlingame, CA,
USA) with 3,3-diamino benzidine (Zymed Laboratories Inc., South San Francisco, CA, USA).

4.4. Preparation of Liver Tissue for Proteomic Analysis

Frozen liver tissue (200 mg) was homogenized in lysis buffer (40 mM Tris, 8 M urea, 4% CHAPS,
I mM EDTA, and 10 mM dithioerythritol). The protein concentration of the homogenates was
estimated using a commercial 2-D Quant Kit (Amersham Biosciences, Uppsala, Sweden) [19].

4.5. Two-Dimensional Gel Electrophoresis and Data Processing

A first-dimensional isoelectric focusing (IEF) experiment was carried out on commercial 18 cm,
immobilized pH gradient (IPG) strips (pH 3-10), in an IPGphor electrophoretic unit (Amersham
Biosciences, Pittsburgh, PA, USA). The second-dimension was separated on 12% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) at 15 °C in an Ettan DALTsix apparatus (Amersham Biosciences,
Pittsburgh, PA, USA). All samples were run in triplicate to ensure reproducibility of results. After
fixation, the gels were stained with Coomassie blue (Bio Basic Inc., Markham, ON, Canada). Spot
intensities in gel image were analyzed with PDQuest 2D Analysis Software (BioRad, Hercules, CA,
USA). Statistical analysis of the spot intensities was performed by Student’s #-test (p < 0.05). The
significance of level was taken more than two-fold changes of volume percentage [20].

4.6. Matrix-Assisted Laser Desorption/lonization Time of Flight Mass Spectroscopy (MALDI-TOF/MS)

Targeted spots were excised, and an in-gel digestion was performed. Briefly, enzymatic digestion
was performed by adding modified trypsin (Promega, Madison, WI, USA) in 50 mM ammonium
bicarbonate and 5 mM calcium chloride then incubation at 37 °C for 16 h. These spots were analyzed
by using MALDI-TOF/MS (Voyager-DE STR, Applied Biosystems, Foster, CA, USA). A database
search was then conducted with the MS-Fit (http://prospector.ucsf.edu) to locate possible matches.

4.7. Immunoblotting

Snap-frozen liver tissues were homogenized in a RIPA buffer containing 0.1 mM of Na;VO, and
Protease Inhibitor Cocktail Tablets (Roche, Mannheim, Germany). Protein samples (30 pg per lane)
were separated by 10% SDS-PAGE and electro-transferred to a PVDF membrane (Schleicher & Schuell,
Dassel, Germany). The primary antibodies used were anti-SMP30 antibody (SantaCruz Biothechnology,
Dallas, TX, USA), and anti-B-actin antibody (SantaCruz Biotechnology, Dallas, TX, USA). Specific
binding was detected by using the Super Signal West Dura Extended Duration Substrate (Pierce,
Rockford, IL, USA) and by exposure of the blots to Medical X-ray Film (Kodak, Tokyo, Japan).

4.8. Statistical Analysis

The results are expressed as the means + S.D. To compare values obtained from the two groups,
Student ¢ test was done. A value of p < 0.05 was considered significant.
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5. Conclusions

Results from the current investigation indicated that Smad3 likely participates in the antioxidant
defense system by regulating the production of antioxidant proteins such as SMP30 that protects
against liver injury and mediates TGF- signaling. A more depth-in study will be required to further
elucidate the underlying mechanism. Based on our findings, we suggest that the Smad3 may play a
critical role in hepatic fibrosis development mediated by the regulation of antioxidant gene expression
and TGF-p signaling.

Acknowledgments

This research was supported by the Bio-industry Technology Development Program (312062-5) of
iPET (Korea Institute of Planning and Evaluation for Technology in Food, Agriculture, Forestry and
Fisheries), Ministry for Food, Agriculture, Forestry and Fisheries, Korea.

We acknowledge Jin-Kyu Park, Moon-Jung Goo, II-Hwa Hong, Mi-Ran Ki: for supporting
experiments and providing critical comments; Akihito Ishigami: data analysis; Ah-Young Kim,
Eun-Mi Lee, Eun-Joo Lee: for assistance with experiments related to pathological data.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Biernacka, A.; Dobaczewski, M.; Frangogiannis, N.G. TGF-f signaling in fibrosis.
Growth Factors 2011, 29, 196-202.

2. Dooley, S.; Ten Dijke, P. TGF-B in progression of liver disease. Cell Tissue Res. 2012, 347,
245-256.

3. Han, G.; Wang, X.J. Roles of TGFp signaling Smads in squamous cell carcinoma. Cell Biosci.
2011, 28, 1-41.

4. Matsuzaki, K. Smad phosphoisoform signals in acute and chronic liver injury: Similarities and
differences between epithelial and mesenchymal cells. Cell Tissue Res. 2012, 347, 225-243.

5. Stramer, B.M.; Austin, J.S.; Roberts, A.B.; Fini, M.E. Selective reduction of fibrotic markers in
repairing corneas of mice deficient in Smad3. J. Cell Physiol. 2005, 203, 226-232.

6. Megiorni, F.; Cialfi, S.; Cimino, G.; de Biase, R.V.; Dominici, C.; Quattrucci, S.; Pizzuti, A.
Elevated levels of miR-145 correlate with Smad3 down-regulation in Cystic Fibrosis patients.
J. Cyst. Fibros. 2013, doi:10.1016/].jcf.2013.03.007.

7. Hu, B.; Wu, Z.; Phan, S.H. Smad3 mediates transforming growth factor-beta-induced
alpha-smooth muscle actin expression. Am. J. Resp. Cell Mol. Biol. 2003, 29, 397-404.

8. Flanders, K.C.; Major, C.D.; Arabshahi, A.; Aburime, E.E.; Okada, M.H.; Fujii, M.;
Blalock, T.D.; Schultz, G.S.; Sowers, A.; Anzano, M.A.; et al. Interference with transforming
growth factor-beta/Smad3 signaling results in accelerated healing of wounds in previously
irradiated skin. Am. J. Pathol. 2003, 163, 2247-2257.


http://www.ncbi.nlm.nih.gov/pubmed/22006249
http://www.ncbi.nlm.nih.gov/pubmed/22204491
http://www.ncbi.nlm.nih.gov/pubmed/21626291
http://www.ncbi.nlm.nih.gov/pubmed/21626291
http://www.ncbi.nlm.nih.gov/pubmed?term=Megiorni%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23632450
http://www.ncbi.nlm.nih.gov/pubmed?term=Cialfi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23632450
http://www.ncbi.nlm.nih.gov/pubmed?term=Cimino%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23632450
http://www.ncbi.nlm.nih.gov/pubmed?term=De%20Biase%20RV%5BAuthor%5D&cauthor=true&cauthor_uid=23632450
http://www.ncbi.nlm.nih.gov/pubmed?term=Dominici%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23632450
http://www.ncbi.nlm.nih.gov/pubmed?term=Quattrucci%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23632450
http://www.ncbi.nlm.nih.gov/pubmed?term=Pizzuti%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23632450
http://www.ncbi.nlm.nih.gov/pubmed/23632450

Int. J. Mol. Sci. 2013, 14 23710

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Liu, Z.; Huang, X.R.; Lan, H.Y. Smad3 mediates ANG Il-induced hypertensive kidney disease in
mice. Am. J. Physiol. Renal Physiol. 2012, 302, F986.

Low, T.Y.; Leow, C.K.; Salto-Tellez, M.; Chung, M.C. A proteomic analysis of
thioacetamide-induced hepatotoxicity and cirrhosis in rat livers. Proteomics 2004, 4, 3960-3974.
Mendler, M.H.; Kanel, G.; Govindarajan, S. Proposal for a histological scoring and grading
system for non-alcoholic fatty liver disease. Liver Int. 2005, 25, 294-304.

Haschek, W.M.; Rousseaux, C.G. Handbook of Toxicologic Pathology, 2nd ed.; Academic Press:
San Francisco, CA, USA, 2002; pp. 72-75.

Fujita, T.; Uchida, K.; Maruyama, N. Purification of senescence marker protein-30 (SMP30) and
its androgen-independent decrease with age in the rat liver. Biochim. Biophys. Acta 1992, 1116,
122-128.

Kondo, Y.; Inai, Y.; Sato, Y.; Handa, S.; Kubo, S.; Shimokado, K.; Goto, S.; Nishikimi, M.;
Maruyama, N.; Ishigami, A. Senescence marker protein 30 functions as gluconolactonase in
L-ascorbic acid biosynthesis, and its knockout mice are prone to scurvy. Proc. Natl. Acad. Sci. USA
2000, /03, 5723-5728.

Son, T.G.; Zou, Y.; Jung, K.J.; Yu, B.P.; Ishigami, A.; Maruyama, N.; Lee, J. SMP30 deficiency
causes increased oxidative stress in brain. Mech. Ageing Dev. 2006, 127, 451-457.

Andreyev, A.Y.; Kushnareva, Y.E.; Starkov, A.A. Mitochondrial metabolism of reactive oxygen
species. Biochemistry 2005, 70, 200-214.

Yang, X.; Letterio, J.J.; Lechleider, R.J.; Chen, L.; Hayman, R.; Gu, H.; Roberts, A.B.; Deng, C.
Targeted disruption of Smad3 results in impaired mucosal immunity and diminished T cell
responsiveness to TGF-B. EMBO J. 1999, 18, 1280-1291.

Ishigami, A.; Fujita, T.; Handa, S.; Shirasawa, T.; Koseki, H.; Kitamura, T.; Enomoto, N.; Sato, N.;
Shimosawa, T.; Maruyama, N. Senescence marker protein-30 knockout mouse liver is highly
susceptible to tumor necrosis factor-alpha- and Fas-mediated apoptosis. Am. J. Pathol. 2002, 161,
1273-1281.

Fountoulakis, M.; de Vera, M.C.; Crameri, F.; Boess, F.; Gasser, R.; Albertini, S.; Suter, L.
Modulation of gene and protein expression by carbon tetrachloride in the rat liver.
Toxicol. Appl. Pharmacol. 2002, 183, 71-80.

Gorg, A.; Obermaier, C.; Boguth, G.; Harder, A.; Scheibe, B.; Wildgruber, R.; Weiss, W.
The current state of two-dimensional electrophoresis with immobilized pH gradients.
Electrophoresis 2000, 21, 1037-1053.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).


http://www.ncbi.nlm.nih.gov/pubmed?term=Liu%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=22378822
http://www.ncbi.nlm.nih.gov/pubmed?term=Huang%20XR%5BAuthor%5D&cauthor=true&cauthor_uid=22378822
http://www.ncbi.nlm.nih.gov/pubmed?term=Lan%20HY%5BAuthor%5D&cauthor=true&cauthor_uid=22378822
http://www.ncbi.nlm.nih.gov/pubmed/22237801
http://www.ncbi.nlm.nih.gov/pubmed/22237801
http://www.ncbi.nlm.nih.gov/pubmed

	1. Introduction
	2. Results
	2.1. Fibrotic Changes in Livers after the Chronic Administration of CCl4
	2.2. Analysis of Smad3-Related Proteins in Liver after the Chronic Administration of CCl4
	2.3. Increased Expression of Smad3 in SMP30 KO Mice

	3. Discussion
	4. Material and Methods
	4.1. Animals
	4.2. Treatment of Animals
	4.3. Histopathological Evaluation of the Liver Tissue
	4.4. Preparation of Liver Tissue for Proteomic Analysis
	4.5. Two-Dimensional Gel Electrophoresis and Data Processing
	4.6. Matrix-Assisted Laser Desorption/Ionization Time of Flight Mass Spectroscopy (MALDI-TOF/MS)
	4.7. Immunoblotting

	5. Conclusions
	Acknowledgments
	Conflicts of Interest
	References

