
Smad3 signaling activates bone marrow-derived
fibroblasts in renal fibrosis
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Recent studies have demonstrated that bone marrow-derived fibroblasts contribute significantly to the pathogenesis of
renal fibrosis. However, the signaling mechanisms underlying the activation of bone marrow-derived fibroblasts in the
kidney are incompletely understood. As TGF-b1/Smad3 signaling has been shown to have an important role in the
pathogenesis of kidney fibrosis, we investigated the role of Smad3 in the activation of bone marrow-derived fibroblasts in
the kidney following obstructive injury using Smad3-knockout mice and Smad3-null monocytes. Compared with wild-
type mice, Smad3-knockout mice accumulated significantly fewer bone marrow-derived fibroblasts in the kidney after
obstructive injury. Furthermore, Smad3-knockout mice exhibited less myofibroblast activation and expressed less a-SMA
in the obstructed kidney. Consistent with these findings, genetic deletion of Smad3 reduced total collagen deposition
and suppressed the expression of extracellular matrix proteins. Moreover, wild-type mice engrafted with Smad3� /�

bone marrow cells displayed fewer bone marrow-derived fibroblasts in the kidney with obstructive injury and showed
less severe renal fibrosis compared with wild-type mice engrafted with Smad3þ /þ bone marrow cells. In cultured
monocytes, TGF-b1 induced phosphorylation of Smad3 and Smad3 deficiency abolished TGF-b1-induced expression of
a-SMA and extracellular matrix proteins. Taken together, our results demonstrate that Smad3 signaling has an essential
role in the activation of bone marrow-derived fibroblasts in the kidney during the pathogenesis of renal fibrosis.
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Renal fibrosis is a hallmark of chronic kidney disease re-
gardless of the underlying etiologies.1,2 Furthermore,
interstitial fibrosis is a key structural component of
obstructive nephropathy, which is the major cause of
chronic kidney disease in children.3 Renal interstitial
fibrosis is characterized by fibroblast activation and
excessive production and deposition of extracellular matrix
(ECM), which causes the destruction and collapse of renal
parenchyma and progressive loss of kidney function. Because
activated fibroblasts are the principal cells responsible for
ECM production, their activation is regarded as a key event
in the pathogenesis of renal fibrosis.4,5 Recent evidence
indicates that these cells may originate from bone marrow-
derived fibroblast progenitor cells.6–11

Bone marrow-derived fibroblasts termed fibrocytes are
derived from a subpopulation of monocytes via monocyte-

to-fibroblast transition.12–16 These cells express mesenchymal
markers such as collagen I, vimentin, and discoid domain
receptor 2 (DDR2), and hematopoietic markers such as
CD45 and CD11b.13,17–19 These cells in culture display an
adherent, spindle-shaped morphology and express a-SMA,
consistent with the concept that they can differentiate into
myofibroblasts.17–19 We and others have shown that bone
marrow-derived fibroblasts contribute significantly to the
pathogenesis of renal fibrosis.5,8,14 However, the molecular
mechanisms underlying the activation of these cells in the
kidney are incompletely understood.

TGF-b1 has a key role in the pathogenesis of renal fibrosis
through the activation of a cascade of intracellular signaling
pathways.20–23 Evidence suggests that activation of the Smad
signaling cascade is important in the regulation of ECM
protein expression and tissue fibrosis.24–28 Although Smad3
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is essential for the development of renal fibrosis, the cellular
and molecular mechanisms underlying its profibrotic actions
are not fully understood.

In this study, we examined the role of Smad3 in the acti-
vation of bone marrow-derived fibroblasts in the kidney in a
well-established model of tubulointerstitial fibrosis induced
by unilateral ureteral obstruction (UUO) using Smad3-
knockout (KO) mice and Smad3� /� monocytes. Our results
demonstrate that genetic disruption of Smad3 prevents the
development of renal fibrosis by suppressing the activation of
CD45þ myeloid fibroblasts.

MATERIALS AND METHODS
Animals
Animal experiments were approved by the Institutional An-
imal Care and Use Committee of Baylor College of Medicine
(IACUC permit no.: AN-5011). The investigation conforms
with the recommendations in the Guide for the Care and Use
of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1996). All efforts were made to minimize suffering. The
Smad3-KO mice on a background of C57BL6/J were kindly
provided by Dr Xiao-Fan Wang.29 Smad3-KO mice and WT
littermates at 8–12 weeks old were subjected to UUO surgery
as described.11,12,30,31 Mice were allowed to recover from
anesthesia and were housed in standard rodent cages with ad
libitum access to water and food until they were killed.

Renal Morphology
Mice were killed and perfused by injections of PBS into the
left ventricle of the heart to remove blood. One portion of the
renal tissue was fixed in 10% buffered formalin and em-
bedded in paraffin, cut at 5 mm thickness, and stained with
hematoxylin and eosin for initial evaluation, or picrosirius
red to identify collagen fibers. The picrosirius red-stained
sections were scanned using a microscope equipped with a
digital camera (Nikon, Melville, NY) and quantitative eva-
luation was performed using the NIS-Elements Br 3.0 soft-
ware as described.11 The collagen-stained area was calculated
as a percentage of the total area.

Quantitative Real-Time RT-PCR
Quantitative analysis of the target mRNA expression was
performed with real-time reverse transcription-polymerase
chain reaction (RT-PCR) by the relative standard curve
method. Total RNA was extracted from snap-frozen kidney
tissues with TRIzol Reagent (Invitrogen). Aliquots (1mg) of
total RNAwere reverse-transcribed and amplified in triplicate
using IQ SYBR Green Supermix reagent (Bio-Rad, Hercules,
CA) with a real-time PCR machine (Bio-Rad), according to
the manufacturer’s instructions. The specificity of real-time
PCR was confirmed by melting-curve analysis. The expres-
sion levels of the target genes were normalized to the GAPDH
level in each sample. The following are the primer sequences:
collagen I (forward, 50-TGCCGCGACCTCAAGATGTG-30

and reverse, 50-CACAAGGGTGCTGTAGGTGA-30); fibro-
nectin (forward, 50-CTTCTCCGTGGAGTTTTACCG-30 and
reverse, 50-GCTGTCAAATTGAATGGTGGTG-30); a-SMA
(forward, 50-ACTGGGACGACATGGAAAAG-30 and reverse,
50-CATCTCCAGAGTCCAGCACA-30); GAPDH (forward, 50-
TGCTGAGTATGTCGTGGAGTCTA-30 and reverse, 50-AGTG
GGAGTTGCTGTTGAAATC-30).

Immunofluorescence
Renal tissues were embedded in OCT compound, snap-
frozen on dry ice, cut at 5 mm thickness, and mounted on
microscope slides. After fixation, nonspecific binding was
blocked with serum-free protein block (Dako). Sections were
then incubated with rabbit anti-phospho-Smad3 antibody
(Rockland) followed by Alexa-488-conjugated donkey anti-
rabbit antibody (Invitrogen), rabbit anti-collagen I antibody
(Rockland), followed by Alexa-488-conjugated donkey anti-
rabbit antibody (Invitrogen), rabbit anti-fibronectin anti-
body (Sigma), followed by Alexa-488-conjugated donkey
anti-rabbit antibody (Invitrogen), or rabbit anti-a-SMA
antibody (Abcam), followed by Alexa-488-conjugated
donkey anti-rabbit antibody (Invitrogen). For double
immunofluorescence, renal tissues were fixed and stained
with primary antibodies, followed by appropriate secondary
antibodies sequentially. Slides were mounted with mounting
medium containing DAPI. Fluorescence intensity was
visualized using a microscope equipped with a digital camera
(Nikon, Melville, NY). Quantitative evaluation of sections
stained for a-SMA was performed using the NIS-Elements Br
3.0 software. The fluorescence-positive area was calculated as
a percentage of the total area.

Cell Isolation and Flow Cytometry
Renal cell isolation and flow cytometry were performed as
described.11 Briefly, kidneys were minced and incubated at
37 1C for 30min in PBS containing 0.25mg/ml Liberase TM
(Roche) and 10U/ml DNase (Roche). Cells were filtered
through a 40 mm strainer, washed, centrifuged, and
resuspended in FACS buffer. Cells (5� 105) were first
incubated with FITC-anti-CD45 (BD Biosciences, San Jose,
CA), and then goat-anti-DDR2 (Santa Cruz Biotech, Santa
Cruz, CA), followed by followed by anti-goat-APC (BD
Biosciences). Cells incubated with irrelevant isotype-matched
antibodies (BD Biosciences) and unstained cells were used as
controls. The cutoffs were set according to results of controls.
The fluorescence intensities were measured using a BD LSR II
flow cytometer (BD Biosciences). Data were analyzed using
the BD FACSDiva software.

Western Blot Analysis
Protein was extracted using the RIPA buffer containing a
cocktail of proteinase inhibitors (Thermo Fisher Scientific,
Rockford, IL) and quantified with Bio-Rad protein assay.
Equal amounts of protein were separated on SDS-poly-
acrylamide gels in a Tris/glycine buffer system, transferred
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onto nitrocellulose membranes, and blotted according to
standard procedures with primary antibodies (phospho-
Smad3, collagen I, fibronectin, and a-SMA). Membranes
were then stripped and reblotted with anti-GAPDH antibody
(Millipore, Billerica, CA). The specific bands of target pro-
teins were analyzed using an Odyssey IR scanner and band
intensities were quantified using NIH Image/J.

Bone Marrow Transplantation
Bone marrow transplantation was performed as described
previously.11 Briefly, bone marrow cells (5� 106) from WTor
Smad3-KO mice were transferred to lethally irradiated
WT C57BL/6 mice. After transplantation, mice were
allowed to recuperate for 2 months before induction of
kidney injury by UUO.

Monocyte Isolation and Culture
Monocytes from spleen of WT and Smad3-KO mice were
isolated as described.32 Monocytes were cultured in RPMI
1640 medium containing 10% FBS, 1% penicillin and
streptomycin in an atmosphere of 5% CO2, and 95% air at
37 1C. For TGF-b1 treatment, cells were starved for 24 h by
incubation with RPMI 1640 containing 1% FBS and then
exposed to vehicle or TGF-b1 at 10 ng/ml for 24 h.

Statistical Analysis
All data were expressed as mean±s.e.m. Multiple group
comparisons were performed by one-way ANOVA, followed
by the Bonferroni procedure for comparison of means. Com-
parisons between two groups were analyzed by the two-tailed
Student’s t-test. Po0.05 was considered statistically sig-
nificant.

RESULTS
Smad3 is Activated in CD45þ Myeloid Fibroblasts
during Renal Fibrosis
We first characterized the activation of Smad3 in the kidney
in a mouse model of tubulointerstitial fibrosis induced by
UUO. Kidney sections were stained with phospho-Smad3
antibody and examined with a fluorescence microscope.
Phospho-Smad3-positive signal was primarily detected in the
interstitial cells of obstructed kidney (Figure 1a). To de-
termine if Smad3 was activated in fibroblasts, renal sections
were stained for phospho-Smad3 and DDR2, a fibroblast-
specific marker, and examined with a fluorescence micro-
scope. DDR2-positive fibroblasts were stained positive for
phospho-Smad3 (Figure 1b). To examine if Smad3 was ac-
tivated in CD45þ myeloid fibroblasts, freshly isolated renal
cells were stained for CD45, collagen I, and phospho-Smad3.
CD45þ and collagen Iþ cells were stained positive for
phospho-Smad3, indicating that Smad3 in bone marrow-
derived fibroblasts are activated (Figure 1c). Western blot
analysis confirmed that Smad3 was activated in the kidney in
response to obstructive injury (Figures 1, d, and e).

Smad3 Deficiency Impairs Myeloid Fibroblast
Accumulation
To examine if Smad3 has a role in the accumulation of bone
marrow-derived fibroblasts in the obstructed kidneys, WT
and Smad3-KO mice were subjected to obstructive injury for
7 days. Kidney sections were stained for CD45 and pro-
collagen I. Our results showed that the accumulation of
CD45þ and procollagen Iþ fibroblasts was markedly
increased in injured kidneys of WT mice, whereas the
accumulation of CD45þ and procollagen Iþ fibroblasts was
significantly reduced in injured kidneys of Smad3-KO mice
(Figures 2a and b). Consistent with immunofluorescence
staining, flow cytometric analysis of freshly isolated renal
cells stained for CD45 and DDR2 demonstrated that Smad3
deficiency inhibited CD45þ and DDR2þ fibroblast
accumulation in the kidney compared with WTmice (Figures
2c and d). These data indicate that Smad3 has a role in the
accumulation of bone marrow-derived fibroblasts in the
kidney in response to obstructive injury.

Smad3 Deficiency Inhibits Myofibroblast Activation
As TGF-b1 signaling has been shown to promote maturation
of bone marrow-derived fibroblasts in vitro,19,33 we
determined if Smad3 deficiency influences the development
of myofibroblasts in the kidney. WT and Smad3-KO mice
were subjected to UUO for 14 days. Kidney sections were
stained with an antibody against a-SMA, a marker of myofi-
broblasts, and examined with a fluorescence microscope. The
results revealed that genetic deletion of Smad3 resulted in a
significant reduction in the number of myofibroblasts in
obstructed kidneys compared with WT mice (Figures 3a
and b). Consistent with these findings, real-time RT-PCR
showed that Smad3 deficiency significantly reduced the mRNA
expression of a-SMA compared with the level in WTmice with
UUO (Figure 3c). These findings were confirmed at the
protein levels by western blot analysis, which showed
that Smad3 deficiency significantly reduced the protein
expression levels of a-SMA in obstructed kidneys compared
with WT mice (Figures 3d and e). These results indicate that
Smad3 signaling has an important role in myofibroblast
activation in the kidney in response to obstructive injury.

Smad3 Deficiency Suppresses Renal Fibrosis
As Smad3 regulates the accumulation of bone marrow-
derived fibroblasts in the kidney in response to obstructive
injury, we then examined the effect of Smad3 deficiency on
the development of renal fibrosis. WT and Smad3-KO mice
were subjected to UUO for 14 days. WT mice developed
significant collagen deposition in obstructed kidneys as
demonstrated by picrosirius red staining. In contrast,
Smad3-KO mice displayed much less collagen deposition in
the kidney in response to obstructive injury (Figures 4a
and b). These data indicate that Smad3 has a critical role in
the pathogenesis of renal fibrosis.
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We next investigated the effect of genetic disruption of
Smad3 on the expression and accumulation of collagen I and
fibronectin, two major components of ECM. There was a
marked increase in the mRNA expression levels of collagen I
and fibronectin in obstructed kidneys of WT mice, whereas
genetic disruption of Smad3 significantly suppressed the
mRNA expression levels of these matrix components in

obstructed kidneys (Figures 5a and b). We then examined
ECM protein expression in the kidney in response to ob-
structive injury. Immunofluorescence staining revealed that
genetic disruption of Smad3 inhibited collagen I and fi-
bronectin protein expression in the obstructed kidneys com-
pared with WT mice (Figures 5c and d). These results were
confirmed by western blot analysis (Figures 5e–h). These data

Figure 1 Smad3 is activated in myeloid fibroblasts in the kidney after obstructive injury. (a) Representative photomicrographs of kidney sections

stained for phospho-Smad3 (green) and counter stained with 40 ,6-diamidino-2-phenylindole (DAPI) (blue) (original magnification: � 400).

(b) Representative photomicrographs of kidney sections stained for phospho-Smad3 (green) and discoid domain receptor 2 (DDR2) (red) and counter

stained with DAPI (blue) (original magnification: � 600). (c) Representative photomicrographs of isolated renal fibroblasts stained for CD45 (red),

phospho-Smad3 (green), and collagen I (blue). (d) Representative western blot analysis show activation of Smad3 in unilateral ureteral obstruction

(UUO) kidneys of wild-type (WT) mice. (e) Quantitative analysis of Smad3 phosphorylation in the control and UUO kidneys of WT mice. **Po0.01

vs WT controls (n¼ 6).
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indicate that genetic deletion of Smad3 prevents renal fibrosis
by inhibiting the production and deposition of ECM proteins.

Smad3 Deficiency in Bone Marrow-derived Cells
Reduces Renal Fibrosis
To determine the role of Smad3 in bone marrow-derived cells
in the development of renal fibrosis, we performed bone
marrow transplant with Smad3þ /þ or Smad3� /� bone
marrow cells. Compared with WT mice transplanted with
Smad3þ /þ bone marrow cells, WT mice transplanted with
Smad3� /� bone marrow cells accumulated fewer bone

marrow-derived fibroblasts (Figures 6a and b) and showed a
lesser degree of renal fibrosis (Figures 6c and d). These data
indicate that myeloid Smad3 signaling is important for
the activation of bone marrow-derived fibroblasts and the
development of renal fibrosis.

Smad3 Deficiency Inhibits Monocyte-to-Fibroblast
Transition In Vitro
To determine if Smad3 signaling regulates monocyte-to-
fibroblast transition in vitro, we treated monocytes
from spleens of WT and Smad3-KO mice with TGF-b1.

Figure 2 Smad3 deficiency suppresses the accumulation of bone marrow-derived fibroblasts in the kidney in response to obstructive injury. (a)

Representative photomicrographs of kidney sections from wild-type (WT) and Smad3-knockout (KO) mice 1 week after unilateral ureteral obstruction

(UUO) stained for CD45 (red), procollagen I (green), and 40 ,6-diamidino-2-phenylindole (DAPI) (blue). (b) Quantitative analysis of CD45þ and procollagen

Iþ fibroblasts in the kidney of WT and Smad3-KO mice 1 week after unilateral ureteral obstruction (UUO). **Po0.01 vs WT controls, þPo0.05 vs KO UUO

and #Po0.05 vs WT UUO (n¼ 4 per group). (c) Representative cytometric diagrams showing the effect of Smad3 deficiency on the accumulation of CD45

and discoid domain receptor 2 (DDR2) dual-positive fibroblasts in the kidney in response to UUO. (d) Quantitative analysis of CD45 and DDR2 dual-

positive fibroblasts in the kidney in response to UUO. **Po0.01 vs WT control, þPo0.05 vs KO UUO, and #Po0.05 vs WT UUO (n¼ 3–4 per group).
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Figure 3 Smad3 deficiency inhibits myofibroblast activation and a-smooth muscle actin (a-SMA) expression in obstructive nephropathy.

(a) Representative photomicrographs of a-SMA immunofluorescence staining in the kidney of wild-type (WT) and Smad3-knockout (KO) mice 2 weeks

after unilateral ureteral obstruction (UUO). (b) Quantitative analysis of a-SMA protein expression in the kidney of WT and Smad3-KO mice 2 weeks after

UUO. **Po0.01 vs WT controls, þPo0.05 vs KO UUO, and #Po0.05 vs WT UUO (n¼ 5 per group). (c) The mRNA levels of a-SMA in the kidney of WT

and Smad3-KO mice as determined by real-time reverse transcription-polymerase chain reaction (RT-PCR). *Po0.05 vs WT controls, þPo0.05 vs KO

UUO, and #Po0.05 vs WT UUO (n¼ 4 per group). (d) Representative western blot analyses show the levels of a-SMA protein expression in the kidney

of WT and Smad3-KO mice. (e) Quantitative analysis of a-SMA protein expression in the kidney of WT and Smad3-KO mice. **Po0.01 vs WT controls,
þPo0.05 vs KO UUO, and #Po0.05 vs WT UUO (n¼ 5 per group).
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Smad3� /� monocytes express less fibronectin and a-SMA
at basal conditions compared with Smad3þ /þ monocytes.
Treatment of Smad3þ /þ monocytes with TGF-b1
induced phosphorylation of Smad3 as well as expression of
collagen I, fibronectin, and a-SMA. In contrast, treatment of

Smad3� /� monocytes with TGF-b1 did not induce expres-
sion of collagen I, fibronectin, and a-SMA (Figure 7). These
data support our in vivo observations that Smad3 signaling
has an important role in the activation of bone marrow-
derived fibroblasts and pathogenesis of renal fibrosis.

Figure 4 Smad3 deficiency suppresses renal fibrosis and collagen deposition in the kidney. (a) Representative photomicrographs show kidney

sections stained with picrosirius red for assessment of total collagen deposition. (b) Quantitative analysis of renal interstitial collagen in different

groups as indicated. **Po0.01 vs wild-type (WT) controls, þPo0.05 vs knockout (KO) unilateral ureteral obstruction (UUO), and #Po0.05 vs WT UUO

(n¼ 6 per group).
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Figure 5 Smad3 deficiency inhibits collagen I and fibronectin expression in the kidney. (a) The mRNA levels of collagen I in the kidney of wild-type (WT) and

Smad3-knockout (KO) mice as determined by real-time reverse transcription-polymerase chain reaction (RT-PCR). *Po0.05 vs WT controls, þPo0.05 vs KO

unilateral ureteral obstruction (UUO), and #Po0.05 vs WT UUO (n¼ 4 per group). (b) The mRNA levels of fibronectin in the kidney of WT and Smad3-KO mice

as determined by real-time RT-PCR. *Po0.05 vs WT controls, þPo0.05 vs KO UUO, and #Po0.05 vs WT UUO (n¼ 4 per group). (c) Representative photomicro-

graphs of collagen I immunofluorescence staining in the kidney of WT and Smad3-KO mice at day 14 after UUO (original magnification: � 400). (d) Represen-

tative photomicrographs of fibronectin immunofluorescence staining in the kidney of WT and Smad3-KO mice at day 14 after UUO (original magnification:

� 400). (e) Representative western blot analyses show the protein levels of collagen I in the kidney of WT and Smad3-KO mice. (f) Quantitative analysis of colla-

gen I protein expression in the kidney of WT and Smad3-KO mice. *Po0.05 vs WT controls, þPo0.05 vs KO UUO, and #Po0.05 vs WT UUO (n¼ 4 per group).

(g) Representative western blot analyses show the protein levels of fibronectin in the kidney of WT and Smad3-KO mice. (h) Quantitative analysis of fibronectin

protein expression in the kidney of WT and Smad3-KO mice. *Po0.05 vs WT controls, þPo0.05 vs KO UUO, and #Po0.05 vs WT UUO (n¼ 4 per group).
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DISCUSSION
Activated fibroblasts are responsible for wound healing and
organ fibrosis. Recent studies have shown that bone marrow-
derived fibroblasts have a significant role in the pathogenesis
of renal fibrosis.8,11,14,34 The signaling mechanisms under-
lying the accumulation and activation of bone marrow-

derived fibroblasts in the kidney are incompletely
understood. We have previously shown that CXCL16 has
an obligatory role in the recruitment of myeloid fibroblasts
into the kidney and the development of renal fibrosis
in response to obstructive injury.11 In the present study,
we demonstrate that Smad3 signaling is pathologically

Figure 6 Smad3 deficiency in bone marrow-derived cells inhibits myeloid fibroblast accumulation and fibrosis. (a) Representative photomicrographs of

kidney sections from wild-type (WT) mice transplanted with Smad3þ /þ bone marrow cells and WT mice transplanted with Smad3� /� bone marrow

cells 1 week after unilateral ureteral obstruction (UUO) stained for CD45 (red), procollagen I (green), and 40 ,6-diamidino-2-phenylindole (DAPI) (blue).

(b) Quantitative analysis of CD45þ and procollagen Iþ fibroblasts in the kidney. **Po0.01 vs WT-WT controls, þPo0.05 vs KO-WT UUO, and
#Po0.05 vs WT-WT UUO (n¼ 5 per group). (c) Representative photomicrographs show kidney sections stained with picrosirius red for assessment of

total collagen deposition. (d) Quantitative analysis of renal interstitial collagen content in different groups as indicated. **Po0.01 vs WT-WT controls,
þPo0.05 vs KO-WT UUO, and #Po0.05 vs WT-WT UUO (n¼ 5 per group).
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important in the activation of myeloid fibroblasts and the
development of renal fibrosis because genetic disruption of
Smad3 inhibits the activation of bone marrow-derived
fibroblasts in the kidney in response to obstructive injury
in vivo and suppresses monocyte-to-fibroblast transition
in vitro. These data indicate that Smad3 signaling has an
important role in the transformation of bone marrow-
derived fibroblasts in the kidney.

TGF-b1 is a multifunctional cytokine that regulates ECM
production by signaling through the type I and type II serine/
threonine kinase receptors.35 TGF-b1 binds to receptor II and
results in the phosphorylation of receptor I. The activated
receptor I then directly signals to downstream intracellular
substrates, the receptor-associated Smads (R-Smads), Smad2

and Smad3, through phosphorylation. Activated R-Smads
heteroligomerize with the common Smad (Co-Smad),
Smad4, and translocate into the nucleus to regulate target
gene expression.36 A large body of evidence has shown that
TGF-b1 has a central role in the pathogenesis of renal
fibrosis.20–22 Smad3 is a major downstream signaling
molecule of TGF-b1 in mediating the pathogenesis of
fibrosis.27,37 In our study, we show that Smad3 signaling in
myeloid fibroblasts is activated in response to obstructive
injury in vivo. Genetic disruption of Smad3 suppressed the
accumulation of bone marrow-derived fibroblasts in the
kidney. These results indicate that Smad3 signaling has an
important role in the activation of bone marrow-derived
fibroblasts.

Figure 7 Smad3 deficiency inhibits tumor growth factor-b1 (TGF-b1)-induced monocyte-to-fibroblast transition. (a) Representative western blot

analyses show that Smad3 is activated in monocytes treated with TGF-b1. (b) The mRNA levels of collagen I as determined by real-time reverse

transcription-polymerase chain reaction (RT-PCR). *Po0.05 vs wild-type (WT) controls, þPo0.05 vs knockout (KO)-TGF-b1, and ##Po0.01 vs WT-TGF-b1
(n¼ 4 per group). (c) The mRNA levels of fibronectin as determined by real-time RT-PCR. *Po0.05 vs WT controls, þPo0.05 vs KO-TGF-b1, and #Po0.05

vs WT-TGF-b1 (n¼ 4 per group). (d) The mRNA levels of a-smooth muscle actin (a-SMA) as determined by real-time RT-PCR. **Po0.01 vs WT controls,
þPo0.05 vs KO-TGF-b1, and ##Po0.01 vs WT-TGF-b1 (n¼ 4 per group). (e). Representative western blot analyses show the protein levels of collagen I,

fibronectin, and a-SMA.
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Myofibroblasts are the active form of fibroblasts that are
generally considered to be the main source of increased ECM
deposition in renal fibrosis.4,5 Furthermore, experimental
and clinical studies have shown that the number of interstitial
myofibroblasts correlates closely with the severity of tubulo-
interstitial fibrosis and the progression of kidney disease.38–40

In the present study, we demonstrate that myofibroblasts
identified as a-SMA-positive cells accumulate in the kidney
of WT mice following obstructive injury, and their accumu-
lation is significantly reduced in the obstructed kidney of
Smad3-KO mice. These results strongly indicate that Smad3
signaling activates bone marrow-derived myofibroblasts in
the kidney.

A key feature of renal fibrosis is the marked increase and
deposition of extracellular matrix proteins, including col-
lagens and fibronectin. Morphometric analysis of picrosirius
red staining of kidney sections at day 14 after obstructive
injury demonstrates the presence of interstitial collagen de-
position. This collagen deposition is significantly attenuated
in the obstructed kidney of Smad3-KO mice. In keeping with
these findings, we further illustrate that the expression of two
major ECM proteins, collagen I and fibronectin, are markedly
increased in the obstructed kidney of WTmice, whereas these
responses are significantly attenuated in the injured kidney of
Smad3-KO mice.

Although studies have shown that activation of Smad3
signaling has an important role in the pathogenesis of renal
fibrosis, the cell types in which Smad3 is activated has not
been clearly defined. One study claims that activation of
Smad3 in tubular epithelial cells mediates renal fibrosis.27

Another study reports that Smad2/3 is activated in cells

located in renal interstitial space.41 Using a phospho-Smad3-
specific antibody, our results show that Smad3 is activated in
bone marrow-derived fibroblasts in the kidney in response to
obstructive injury. Furthermore, the results of bone marrow
chimeric experiments demonstrate that Smad3 signaling in
bone marrow-derived fibroblasts contribute significantly to
the pathogenesis of renal fibrosis following obstructive injury.
The importance of Smad3 signaling in the activation of bone
marrow-derived fibroblasts was further supported by our
in vitro studies.

In summary, our study defines a novel mechanism by
which Smad3 signaling regulates the pathogenesis of renal
fibrosis. In response to injury, activated Smad3 signaling
transforms CD45þ myeloid fibroblasts into myofibroblasts,
which contribute to the pathogenesis of renal fibrosis
(Figure 8). These data suggest that Smad3 signaling in bone
marrow-derived fibroblasts is essential for the development
of renal fibrosis.
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