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The synthesis of extracellular matrix including collagen during wound healing responses involves signal-
ing via reactive oxygen species (ROS). We hypothesized that NADPH oxidase isoform Nox4 facilitates the
stimulatory effects of the profibrotic cytokine transforming growth factor (TGF) b1 on collagen production
in vitro and in vivo. TGFb1 stimulated collagen synthesis and hydrogen peroxide generation in mouse car-
diac fibroblasts, and both responses were attenuated by a scavenger of superoxide and hydrogen perox-
ide (EUK-134). Furthermore, by expressing a dominant negative form of Nox4 (Adv-Nox4DNADPH) in
fibroblasts, TGFb1-induced hydrogen peroxide production and collagen production were abrogated, sug-
gesting that Nox4-dependent ROS are important for TGFb1 signaling in collagen production. This was con-
firmed by the inhibitory effect of an adenovirus carrying siRNA targeting Nox4 (Adv-Nox4i) on TGFb1-
induced collagen synthesis and expression of activated myofibroblasts marker smooth muscle alpha
actin. Finally we used a mouse model of subcutaneous sponge implant to examine the role of Nox4 in
the local stimulatory effects of TGFb1 on collagen accumulation in vivo. TGFb1-induced collagen accumu-
lation was significantly reduced when the sponges were instilled with Adv-Nox4DNADPH. In conclusion,
Nox4 acts as an intermediary in the signaling of TGFb1 to facilitate collagen synthesis.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The synthesis of extracellular matrix is crucial for tissue repair
and remodeling during normal wound healing responses. On the
other hand, extensive accumulation of matrix proteins in fibrotic
scars during pathological conditions such as pressure overload,
myocardial infarction and lung inflammation tends to compromise
normal tissue functions [1,2]. Fibroblasts and activated myofibro-
blasts identified in scarred tissues are responsible for matrix pro-
tein production [3,4]. Matrix protein collagen is predominantly
found in fibrotic tissues and its synthesis is modulated by a profib-
rotic cytokine transforming growth factor b (TGFb) [1]. Indeed an
exogenous application of TGFb to incisional wounds accelerated
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collagen production and improved healing efficiency in rats [5].
In a clinical situation, there was a concomitant increase in gene
expression of TGFb and collagen 1 in endomyocardial biopsies from
patients with dilated cardiomyopathy [6] while augmented
expression of TGF b1 and its receptor was observed in human car-
diac hypertrophy [7]. The intervention to block TGFb might be con-
sidered as a strategy for suppressing matrix protein synthesis, but
this would have undesired systemic side effects due to the multiple
activity of TGFb [8]. TGFb has been shown to modulate a variety of
biological and pathological responses such as vasculogenesis [9],
inflammation [10] and cancer progression [11]. Therefore further
characterization of the downstream signaling pathway of TGFb in
generation of matrix proteins might provide an alternative anti-fi-
brotic strategy for this large group of fibrotic disorders.

Recently, the generation of ROS from NADPH oxidase has been
implicated in TGFb1-induced collagen and fibronectin expression
in cultured mouse [12] and human [13] cardiac fibroblasts and hu-
man lung fibroblasts [2]. Liu et al. [14] recently showed the inhib-
itory effect of oral administration of a NADPH oxidase inhibitor
apocynin on pressure overload-induced collagen deposition and
TGFb expression in the myocardium of rabbits. Others demon-
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strated a reduction in interstitial fibrosis in the myocardium of
Nox2 type NADPH oxidase-deficient mice following myocardial
infarction [15] or pressure overload [16] in comparison to wild-
types. Targeted deletion of NADPH oxidase isoform Nox4 with tra-
cheal administration of siRNA also suppressed bleomycin-induced
lung fibrosis in mice [2]. However the precise role of NADPH oxi-
dase in mediating TGFb-induced collagen production is poorly de-
fined. We therefore hypothesized that TGFb-induced collagen
synthesis is dependent on NADPH oxidase isoform Nox4-derived
ROS generation in cultured mouse cardiac fibroblasts. We then
used a murine model of sponge implant [17] to investigate
whether an intervention targeting NADPH oxidase isoform Nox4
affects the local stimulatory effects of TGF b1 on collagen accumu-
lation in vivo.

2. Materials and methods

2.1. Cell culture

Cardiac fibroblasts were isolated from male mice (C57B/L6, 16–
20 weeks old) and cultured and characterized as previously de-
scribed [18]. Briefly, freshly excised mouse cardiac ventricles were
minced and digested in serum free Dulbecco’s Modified Eagle Med-
ium (DMEM from Invitrogen, USA) containing collagenase I (1 mg/
mL, Sigma–Aldrich, Australia) and trypsin (2 mg/mL, Sigma–Aldrich)
at 37 �C. The supernatant was transferred to culture medium (DMEM
supplemented with 10% fetal calf serum, penicillin (100 U/mL, Invit-
rogen) and streptomycin (100 lg/mL, Invitrogen) every 20–25 min,
and cardiac fibroblasts collected from three digestive cycles were
pelleted, resuspended in fresh culture medium, and cultured at
37 �C in 5% CO2. Cells cultured from passages 2 and 3 were used.

2.2. Treatment with pharmacological inhibitors

Fibroblasts (105 cells/cm2) seeded in 6-well or 12-well plates
were serum starved overnight prior to TGFb1 stimulation (10 ng/
mL for 24 h). To examine a role of ROS generation and TGFb signal-
ing on collagen production, a mimetic of superoxide dismutase and
catalase (EUK-134, 1 lM) and an inhibitor of TGFb type 1 receptor
ALK5 (SB431542, 10 lM) were applied 1 h before TGFb1 treatment.
Treated cells were then harvested at the indicated time point as
shown in Fig. S1 and subjected to Amplex� Red assay (Invitrogen)
for hydrogen peroxide (H2O2) determination, RNA isolation, and
Sircol assay (BiColor, UK) for soluble collagen production.

2.3. Adenovirus infection with Adv-Nox4DNADPH and Adv-Nox4i

To suppress the ROS generating capacity of Nox4, we infected
fibroblasts with adenoviruses carrying a dominant-negative mu-
tant of Nox4 lacking the NADPH binding domain (Adv-
Nox4DNADPH). To knock down Nox4 gene expression, we used aden-
oviral vectors expressing RNA interference targeting human Nox4
nucleotides 418–436 from the start codon (Adv-Nox4i). Adenovi-
rus expressing b-galactose (Adv-LacZ) and GFP (Adv-GFP) was used
as a control for Adv-Nox4DNADPH and Ad-Nox4i respectively. Fibro-
blasts were infected in reduced serum medium (Opti-MEM, Invit-
rogen, USA) for 24 h at a multiplicity of infection (MOI) of 2500.
Fibroblasts were then incubated in culture medium for 24 h and
then serum-deprived overnight before TGFb1 stimulation (10 ng/
mL for 24 h) prior to Amplex� Red assay, RNA isolation, and Sircol
assays (Fig. S1).

2.4. Hydrogen Peroxide (H2O2) measurement

Extracellular H2O2 was detected using Amplex� Red assay as
previously described [19]. Briefly, fibroblasts (105 cells/cm2) were
seeded in 12-well plates overnight and then subjected to inhibitor
treatment or adenovirus infection as described in Fig. S1. Following
treatments, trypsinised cells were then suspended in Krebs-HEPES
buffer (HBSS, in mM: NaCl 98.0, KCl 4.7, NaHCO3 25.0, MgSO4 1.2,
KH2PO4 1.2, CaCl2 2.5, d-glucose 11.1 and Hepes-Na 20.0) contain-
ing Amplex� Red reagent (10 mM). Fluorescence was then mea-
sured with excitation and emission at 480 nm and 530 nm,
respectively, using a Polarstar microplate reader (BMG Labtech,
Germany) at 37 �C. Fluorescence values were normalized to cell
numbers determined by Alamar Blue cell viability assays as
according to manufacturer’s instructions (Life Technologies, USA).

2.5. Gene expression detected by real time-PCR

Cells (105 cells/cm2) seeded in 6-well plates were subjected to
inhibitor treatment or adenovirus infection (Fig. S1). Cells were
then collected in 0.5 mL TriReagent and total RNA was extracted
according to the manufacturer’s protocol (Ambion, Austin, TX,
USA). Total RNA was reverse-transcribed to cDNA (100 ng) using
high capacity cDNA reverse transcription kit (No. 4374996, Applied
Biosystems, USA) at 25 �C for 10 min, 37 �C for 120 min and 85 �C
for 5 min. Real-time PCR reactions were performed in a 7300
real-time PCR system (Applied Biosystems) using TaqMan Univer-
sal PCR master mix and predesigned gene-specific probe and pri-
mer sets (TaqMan Gene Expression Assays, Life Technologies) for
mouse Nox2 (Mm00432775_m1), Nox4 (Mm00479246_m1), colla-
gen 1a2 (Mm01165187_m1) and human Nox4 (Hs00418356_m1
for determining Nox4 expression in cells infected with
Ad-Nox4DNADPH illustrated in Fig. 3A). 18s (rat: Forward primer:
5-CGGCTACCACATCCAAGGAA-3; reverse primer: 5-GCTGGAAT-
TACCGCGGCT-3; probe: 5-VIC-TGCTGGCACCAGACTTGCCCTCTAM-
RA-3 and human: Hs99999901_s1 for human Nox4; purchased
from Life Technologies) was used as the housekeeping gene.

2.6. Sircol collagen assay for acid-soluble collagen determination

Sircol collagen assay was used to measure the release of newly
synthesized acid-soluble collagen in the conditioned media
[12,20]. Cells (105 cells/cm2) seeded in 6-well plates were treated
with inhibitors or infected with adenoviruses (Fig. S1). The release
of collagen in media was then determined using Sircol collagen as-
say according to manufacturer’s instruction (Bicolor, UK) and nor-
malized to the amount of proteins from cells using Bradford assays
as described previously [21].

2.7. Murine subcutaneous sponge implant

Animal study has been conducted in accordance with St. Vin-
cent’s Hospital Animal Ethics Committee guidelines (Melbourne,
Victoria, Australia) and the Australian National Health and Medical
Research Council guidelines for the care and health of animals.
Polyvinyl alcohol sponge discs (8 mm diameter with 1 mm thick-
ness, PVA Unlimited, Warsaw, IN, USA) immersed with Adv-LacZ
(1 � 108 pfu/lL), Adv-LacZ+TGFb1 (10 ng/mL), Adv-Nox4DNADPH

(1 � 108 pfu/lL) or Adv-Nox4DNADPH + TGFb1 (10 ng/mL) were
placed subcutaneously in the dorsal skin of a male C57B/L6 mouse
(16–20 weeks). Two weeks after sponge implant, animals were
euthanized and sponges were harvested, cleaned of connective tis-
sues and fixed in 4% paraformaldehyde overnight. Paraffin embed-
ded sections (4 lm) were stained with Masson trichrome to
identify collagen deposition. The collagen content was assessed
by video microscopy under 20� magnification with the com-
puter-assisted stereological toolbox (CAST) system (Olympus,
Albertsturd, Denmark) [22]. Fifty randomly selected fields with
12 points per field were counted. Collagen counts were then esti-
mated by dividing the number of points in each of selected fields
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that fell randomly on collagen by the total number of points
counted on a blinded manner. To identify endothelial cells and
fibroblasts, sections were subjected to enzymatic-mediated anti-
gen retrieval with 0.1% Proteinase K (pH 7.8) at 37 �C for 3 min
or to heat-mediated antigen retrieval in the citrate buffer (pH 6
at 90 �C for 30 min), respectively. Endogenous peroxidase activity
was quenched with 3% H2O2. The sections were blocked with total
protein block solution (Dako) or 10% swine serum (Dako) respec-
tively for 30 min, and then incubated with rat anti-mouse CD31
for endothelial cells (1:150, 0.5 mg/mL, MEC13.3/#553370, BD Bio-
sciences Pharmingen) or rabbit polyclonal vimentin antibody for
fibroblasts (1:900, 4 mg/mL, ab7783, Abcam) for 1 h. Sections were
then incubated with biotinylated rabbit anti-rat IgG for CD31
(1:200, Dako) or swine anti-rabbit for vimentin (1:400; Vector Lab-
oratories) for 30 min, followed by avidin–biotinylated-peroxidase
complex (Vectastain Elite ABC kit, Vector Laboratories) and de-
tected by DAB chromogen (DAKO). Sections were counterstained
with hematoxylin and mounted in DPX (VWR International, Poole,
UK). Rat IgG and rabbit IgG (Dako) were used as negative controls.

2.8. Statistical analysis

Data are expressed as mean ± standard error of the mean (SEM).
The mean data were analyzed with one-way analysis of the vari-
ance (ANOVA) followed by post hoc Tukey analysis. A value of
P < 0.05 was regarded as statistically significant. All values are nor-
malized to values obtained from corresponding control condi-
tioned media without TGFb1 treatment.
3. Results

3.1. Profibrotic effect of TGFb1 is mediated by ROS in cardiac fibroblasts

TGF-b1 (10 ng/mL) significantly increased collagen 1 mRNA le-
vel (Fig. 1A) and the release of newly synthesized collagen in the
media (Fig. 1B). Such response was accompanied by an increase
in H2O2 generation (Fig. 1C). To clarify whether TGFb1 effects were
mediated via TGFb/activin signaling, we co-treated the cells with
Fig. 1. Effect of TGFb1 on collagen and hydrogen peroxide production and NADPH oxid
collagen 1 mRNA expression (A), release of soluble collagen in the culture media (B) and
TGF receptors I activine link kinase SB431542 (SB, 10 lM) and a superoxide dismutase an
TGFb1 (D). TGFb1-induced Nox4 mRNA upregulation was abrogated by SB431542 (E). ⁄P
TGFb1 and the inhibitor of TGFb type 1 receptor/ALK5 (SB431542,
10 lM). SB431542 inhibited the stimulatory effects of TGFb1 on
collagen 1 mRNA expression (Fig. 1A), soluble collagen release
(Fig. 1B) and H2O2 production (Fig. 1C), confirming that TGFb1 re-
sponses required ALK5 activation. To examine the role of ROS gen-
eration, fibroblasts were pretreated with a superoxide dismutase
and catalase mimetic EUK-134 (1 lM) to scavenge H2O2. EUK-
134 abolished the induction of TGFb1 on collagen 1 gene expres-
sion (Fig. 1A), soluble collagen accumulation (Fig. 1B) and H2O2

generation (Fig. 1C).

3.2. TGFb1 upregulated Nox4 gene expression

A previous study showed that NADPH oxidase was a major
source of ROS generation in human cardiac fibroblasts [13] and
we found that ROS production was implicated in TGFb1-driven re-
sponses. We therefore determined which NADPH oxidase isoform
was involved. TGF-b1 did not affect Nox2 gene expression
(Fig. 1D) but it significantly upregulated Nox4 mRNA expression
(Fig. 1E) in cardiac fibroblasts. In contrast, Nox1 was not detected
in mouse cardiac fibroblasts. Furthermore, Nox4 upregulation by
TGF-b1 was inhibited by co-treatment with SB431542 (Fig. 1E).

3.3. Suppressing Nox4 activity and gene expression reduced TGFb1

mediated responses

We next infected fibroblasts with an adenovirus carrying dom-
inant-negative mutant of Nox4 lacking the NADPH binding domain
(Adv-Nox4DNADPH) to suppress ROS generation activity of Nox4.
Over 90% of fibroblasts were infected with a control adenovirus
carrying LacZ (Adv-LacZ) at a MOI 2500 (Fig. S2A). Furthermore,
fibroblasts infected with Adv-Nox4DNADPH (at MOI 2500) showed
a remarkable elevation of dominant-negative mutant form of
Nox4 mRNA (Fig. 2A), confirming a successful infection of fibro-
blasts with Adv-Nox4DNADPH. Suppressing the ROS generating
capacity of Nox4 with Adv-Nox4DNADPH abolished the stimulatory
effect of TGFb1 on H2O2 production (Fig. 2B), collagen 1 gene
expression (Fig. 2C) and release of soluble collagen (Fig. 2D). We
ase mRNA expression in mouse cardiac fibroblasts. TGFb1 (T, 10 ng/mL) stimulated
hydrogen peroxide generation (C). All responses were attenuated by an inhibitor of
d catalase mimetic EUK-134 (EUK, 1 lM). Nox2 mRNA expression was unaffected by
< 0.05 from control; #P < 0.05 from TGFb1 treatment alone, n = 4–8 experiments.



Fig. 2. Suppressing Nox4 with Ad-Nox4DNADPH reduced TGFb1 driven responses in mouse cardiac fibroblasts. Cardiac fibroblasts expressing Adv-Nox4DNADPH (2500 MOI)
showed a massive increase in Nox4 gene expression compared to control and LacZ treated cells (A). The stimulatory effect of TGFb1 (10 ng/mL) on hydrogen peroxide
production (B), collagen 1 mRNA expression (C), release of soluble collagen in the culture media (D) was abolished by Adv-Nox4DNADPH (MOI 2500). ⁄P < 0.05 from control or
Adv-LacZ, #P < 0.05 from Adv-LacZ with TGFb1 treatment, n = 4 experiments.
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also used an adenovirus carrying interference RNA against Nox4
(Adv-Nox4i) to suppress Nox4 gene expression and found that
TGFb1-induced responses were also inhibited. Following an infec-
tion of Ad-Nox4i, basal Nox2 gene expression (Fig. S3A) was not af-
fected while Nox4 gene expression (Fig. S3B) was markedly
reduced in cardiac fibroblasts, indicating the specificity of Adv-
Nox4i. Adv-Nox4i significantly attenuated TGFb1-induced H2O2

generation (Fig. S3C), collagen 1 gene expression (Fig. S3D) and
the myofibroblast differentiation marker smooth muscle alpha ac-
tin (Fig. S3E). In summary, TGFb1-induced collagen synthesis re-
quired Nox4-derived H2O2 production.

3.4. Suppressing Nox4 activity attenuated TGFb1 mediated fibrogenesis
in vivo

To substantiate that TGFb1-induced collagen production was
dependent on Nox4 activity in vivo, we used a murine subcutane-
ous sponge model to test whether Adv-Nox4DNADPH treatment af-
fect collagen deposition in sponges instilled with TGFb1 (10 ng/
mL). X-gal blue staining of Adv-LacZ treated sponges revealed the
presence of adenovirus even after 14 days of sponge implant
(Fig. S2B), confirming the presence of adenoviruses throughout
the 14-day experimental period. Examination of Masson trichrome
stained section (Fig. 3A) showed collagen deposition (in blue) and
cell infiltration throughout the sponge matrix (identified in black).
Higher magnification of the trichrome stained section revealed col-
lagen accumulation around sponge matrix and blood vessels with
red blood cells within the lumen (Fig. 3A). To characterize the cell
types infiltrated the sponges, sections were stained with vimentin
for fibroblasts [23] and CD31 for endothelial cells. Vimentin-posi-
tive fibroblasts (Fig. 3B) and CD-31-positive endothelial cells
(Fig. 3C) were detected in the interstices of sponge matrix. Quanti-
fication of collagen content in trichrome stained sections showed
increases in collagen contents in sponges instilled with TGFb1

(Fig. 4A, B and E). This response was abrogated by Adv-Nox4DNADPH

(Fig 4C–E).

4. Discussion

Excessive accumulation of collagen in tissues during wound
healing can be deleterious affecting normal tissue functions in dis-
eases such as myocardial infarction [24]. In the present study, we
demonstrated that Nox4 is an effector that facilitates TGFb1-in-
duced collagen production in cultured cardiac fibroblasts. Further-
more, we showed for the first time that suppressing Nox4 with
Adv-Nox4DNADPH attenuated the stimulatory effect of TGFb1 on col-
lagen accumulation in sponges in mice. Given the limited thera-
peutic options for fibrotic disorders, targeting Nox4 could be a
potential therapeutic strategy to treat pathological tissue fibrosis
under the influence of TGFb1 such as myocardial infarction.

NADPH oxidase is a multimeric enzyme system dedicated to
ROS production and Nox4 has recently been implicated in the
modulation of fibrogenic responses in murine models of pressure
overload [16] and bleomycin-induced lung injury [2]. Accumula-
tion of interstitial collagen in hypertrophic heart induced by aortic
constriction was found to be reduced in mice with cardiac-specific
deletion of Nox4 when compared to wildtypes [16]. Little is known
about how Nox4 affects the production of extracellular matrix such
as collagen in vivo, apart from several in vitro studies illustrating a
role of Nox4 signaling in the profibrotic activity of TGFb [2,13].
TGFb1 is a profibrotic cytokine implicated in fibrotic disorders
[25] and it is also a profibrotic mediator of fibrosis-promoting pep-
tides angiotensin II and aldosterone [1]. We therefore employed an
in vivo murine subcutaneous sponge implantation model [17] to
investigate this aspect. After 14 days post-implantation of sponges,
immunohistochemical characterization of sponges demonstrated



Fig. 3. Histological examination of subcutaneous sponge implant in mouse. Higher magnification of the box insert in (A), (B) and (C) is shown on the adjacent panels. Masson
trichrome staining of a cross section (4 lm) of sponges (A) and a higher magnification image revealed collagen accumulation (in blue) and a blood vessel containing red blood
cells (RBC) in the interstices of sponge matrix (in black). Immunohistochemical staining of sponge sections with vimentin for identifying fibroblasts (B) and CD-31 for
characterizing blood vessels (C). Positive immunohistochemical staining is shown in brown (B, C). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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an invasion of fibroblasts and formation of blood vessels lining
positive for the endothelial marker CD31. Therefore this model al-
lows us to explore matrix protein deposition by infiltrated cells
including fibroblasts in angiogenesis during wound healing
response.

Deposition of collagen in the pressure overload model can be
complicated by the contribution of other redox-sensitive profibrot-
ic factors such as angiotensin II or shear stress [26]. On the other
hand, the subcutaneous sponge model allows an instillation of
TGFb1 in sponges to examine the local stimulatory effect of TGFb1

on collagen accumulation without undesired systemic effects. We
demonstrated for the first time that suppressing Nox4 activity with
Ad-Nox4DNADPH attenuated collagen synthesis driven by exoge-
nous application of TGFb1 in vivo. The efficiency of the adenovirus
construct on blocking Nox4-mediated ROS generation has been
confirmed in our systems and other previous studies [27,28]. This
novel finding agrees with a recent study by Hecker et al. [2], who
showed the inhibitory effect of tracheal administration of Nox4
siRNA on bleomycin-induced collagen accumulation in mouse
lungs. TGFb1 upregulation had been implicated in bleomycin-in-
duced lung injury but the level was not determined by Hecker
et al. [2]. On the other hand, our study provides evidence that
Nox4 is involved in the local stimulatory effects of TGFb1 on colla-
gen accumulation in vivo.



Fig. 4. Effect of Adv-Nox4DNADPH on collagen deposition in a murine sponge model. Masson trichrome staining of cross section (4 lm) of sponges implanted subcutaneously
in mouse for 14 days. Sponges were treated with a control adenovirus (Adv-LacZ, 1 � 108 pfu) or a dominant negative mutant form of Nox4 (Adv-Nox4DNADPH, 1 � 108 pfu) to
suppress its ROS generation capacity. Co-incubation of TGFb1 (10 ng/mL) in the sponges augmented collagen deposition and this response was impaired by Adv-Nox4DNADPH.
Scale bar represents 50 m). A bar graph summarizes the degree of collagen deposition in TGFb1 instilled sponges treated with Adv-LacZ and Adv-Nox4DNADPH. Collagenous
connective tissue (arrow) is shown in blue while PVA sponge matrix is shown in black. ⁄P < 0.05 from Adv-LacZ and #P < 0.05 from Adv- LacZ + TGF, n = 6 experiments. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Suppressing Nox4 with either Ad-Nox4DNADPH or Ad-Nox4i in
cardiac fibroblasts suppressed the stimulatory effect of TGFb1 on
H2O2 production, collagen synthesis and expression of contractile
smooth muscle alpha actin, indicating that Nox4-dependent ROS
production facilitates TGFb1-mediated profibrotic responses. In
the present study, although ROS inducing enzymes Nox2 and
Nox4 were both detected in mouse cardiac fibroblasts, we found
that TGFb1 specifically stimulated Nox4 gene expression without
affecting Nox2. The specific stimulatory effect of TGFb1 on Nox4
has also been demonstrated in human cardiac fibroblasts [13]
and other cell types including mouse endothelial cells [29]. Amara
et al. [30] recently showed that the gene and protein expression of
Nox4, but not other Nox isotypes, was upregulated in pulmonary
fibroblasts derived from patients with idiopathic pulmonary fibro-
sis, suggesting that upregulation of Nox4 would have a role in fi-
brotic responses.

TGFb1 is classically known to activate Smad2/3 proteins to in-
duce cellular events leading to collagen production in fibroblasts
[31]. Medina et al. [32] recently found that TGFb augmented pro-
tein expression of ALK5 and phosphorylation of Smad2 and Smad3
in intestinal myofibroblasts. The use of siRNA targeting these pro-
teins also led to a reduction in collagen 1 gene expression [32],
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implicating TGFb/ALK5/Smad pathway in collagen gene upregula-
tion. We found that TGFb-induced Nox4 gene upregulation and
ROS generation were inhibited by ALK5 inhibitor, suggesting that
Nox4 activation occurs downstream of Smad. One way that ROS
generation modulates collagen synthesis is by inducing phosphor-
ylation of redox sensitive mitogen activated protein kinase (MAPK)
involved in collagen synthesis. Hu et al. [12,20] demonstrated that
overexpressing TGFb in mouse cardiac fibroblasts induced phos-
phorylation of both p38 and p44/42 MAPKs and collagen produc-
tion. The induced phosphorylation of MAPKs were inhibited by
non-selective NADPH oxidase inhibitors apocynin and diphenylene
iodonium [12,20], implicating a role of NADPH oxidase in modulat-
ing redox sensitive MAPKs to facilitate TGFb1-mediated collagen
synthesis. On the other hand, Cucoranu et al. [13] showed that
Nox4 activation prolonged the phosphorylation of Smads 2/3 in
human cardiac fibroblasts. Therefore TGFb1-induced ROS genera-
tion through Nox4 activation may also act as a feed forward mech-
anism to maintain Smad activation, thereby facilitated collagen
production in mouse cardiac fibroblasts. It should be noted that
the decrease in collagen synthesis could be partly attributable to
a reduction in the transformation of fibroblasts to activated myofi-
broblasts characterized by an expression of smooth muscle alpha
actin [4]. Transformation of resident fibroblasts to activated myo-
fibroblasts, is mediated by TGFb signaling and is a key process dur-
ing tissue fibrosis [33]. Activated myofibroblasts identified in
healing wound has been shown to potentiate collagen production
and participate in the contractile phase of tissue remodeling [4].

In summary, we provided the novel finding that Nox4 signaling
facilitates TGFb1-induced collagen synthesis in vivo in mice. Tissue
fibrosis found in injured tissues such as myocardial infarction rep-
resents a large group of disorders that have limited treatment op-
tions [1]. Targeting TGFb1 downstream via the profibrotic mediator
Nox4 could be a potential anti-fibrotic therapy. Interestingly,
Chablais and Jazwinska [23] recently identified the requirement
of TGFb/Smad signaling in the formation of collagen rich scars for
the subsequent cardiac regeneration from an infarcted myocar-
dium of zebrafish. Blocking TGFb signals with SB431542 impaired
the collagen synthesizing capacity of fibroblasts and myofibro-
blasts identified in infarcted zone during repair as well as prolifer-
ation of cardiomyocytes during the regeneration phase [23].
Whether Nox4 participates in TGFb1-mediated scar-based repair
and cardiac regeneration awaits further investigation but charac-
terization of such signaling pathway may benefit regeneration of
tissues for repairing fibrotic organs such as hearts following myo-
cardial infarction.
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