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ABSTRACT: The pathogenesis of idiopathic pulmonary fibrosis (IPF) is probably the result of

interplay between cytokines/chemokines and growth factors. The renin–angiotensin (Ang) system

is involved, although its profibrotic effect is attributed to Ang II. However, recent studies suggest

that renin, through a specific receptor, is implicated in fibrogenesis.

In this study, the expression of renin and renin receptor was examined in normal and IPF lungs

and fibroblasts. Normal human lung fibroblasts were stimulated with renin or transfected with

renin small interfering RNA (siRNA), and the expression of transforming growth factor (TGF)-b1

and a-1-type I collagen was analysed.

Normal lungs and lung fibroblasts expressed renin, which was strongly upregulated in IPF

lungs and fibroblasts (,10-fold increase; p,0.05). Immunocytochemistry showed intense renin

staining in IPF fibroblasts. Renin-stimulated lung fibroblasts displayed an increase in the

expression of TGF-b1 (mean¡SD 1.86103¡0.26103 versus 1.26103¡0.36103 mRNA copies per

18S ribosomal RNA; p,0.01) and collagen (5.936102¡0.666102 versus 3.286102¡0.56102;

p,0.01), while knocking down renin expression using siRNA provoked a strong decrease of both

molecules. These effects were independent of Ang II, since neither losartan nor captopril

decreased these effects. Renin also decreased matrix metalloprotease-1 expression and induced

TGF-b1 activation (163¡34 versus 110¡15 pg active TGF-b1 per mg total protein).

These findings highlight the possible role of renin as an Ang II-independent profibrotic factor in

lung fibrosis.
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I
diopathic pulmonary fibrosis (IPF) is a pro-
gressive and devastating disease characterised
by the expansion of the fibroblast/myofibro-

blast population and excessive accumulation of
extracellular matrix, resulting in progressive and
severe distortion of the lung architecture [1, 2].

Despite numerous studies performed in human
disease and in experimental models, the molecular
mechanisms that underlie lung fibrosis are still
uncertain. Transforming growth factor (TGF)-b
seems to play a major profibrotic role, inducing
fibroblast to myofibroblast differentiation and in-
creasing collagen expression [3, 4]. However, the
fibrotic lung reaction is probably the final result
of a complex interplay between growth factors,
cytokines and chemokines [5, 6].

Renin is a protease that, unlike other aspartyl
proteases, has only one known substrate, angio-
tensinogen, which is cleaved by renin to form

angiotensin (Ang) I [7]. Then, Ang-converting
enzyme (ACE) converts Ang I into Ang II. The
renin–Ang system is essential for the control
of blood pressure and fluid homeostasis. Impor-
tantly, the existence of a local autocrine/paracrine
renin–Ang system has been demonstrated, which
is physiologically active in many tissues [8].

Studies in different organs, including the lung,
indicate that the renin–Ang system plays an
important role in fibrogenesis, although the effect
is primarily attributed to the actions of Ang II
through the Ang type 1 (AT1) receptor [9–12].

Recently, however, it was demonstrated that renin
can directly induce a marked dose- and time-
dependent increase of TGF-b1 in human and rat
mesangial cells and, consequently, of various ex-
tracellular matrix components [13]. Importantly,
the activation of the renin/pro-renin receptor in
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mesangial cells induced the synthesis of TGF-b through Ang II-
independent mechanisms.

To date, there are no studies dealing with renin expression and
activities in the lung. The aim of our study was to examine the
expression of renin and renin receptor in normal and IPF lungs
and fibroblasts, and evaluate the effect of renin on different
fibroblast activities. Our results revealed that renin is upregu-
lated in IPF lungs and fibroblasts, and increases collagen
synthesis and TGF-b expression.

METHODS
Materials
Antibodies for renin, extracellular signal-regulated kinase
(ERK)1/2, phosphorylated ERK1/2, b-tubulin, smooth muscle
a-actin (aSMA) and (pro-)renin receptor were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Peroxidase-
conjugated secondary antibodies were purchased from Invi-
trogen (Life Technologies, Grand Island, NY, USA). Captopril,
losartan, radioimmunoprecipitation assay (RIPA) buffer and
protease inhibitor cocktail was obtained from Biorad (Hercules,
CA, USA), and phosphatase inhibitors were obtained from Sigma
(St Louis, MO, USA). Recombinant human pro-renin was ob-
tained from Cayman Chemical (Ann Arbor, MI, USA).

Cell culture
Primary human fibroblasts from IPF (n58) and control lungs
(n54) were obtained as previously described [14]. Fibroblasts
(passages 5–8) were cultured at 37uC in 5% CO2/95% air in 25-
cm2 flasks containing Ham’s F-12 medium supplemented with
10% fetal bovine serum, 100 U?mL-1 penicillin, 100 mg?mL-1

streptomycin and 2.5 mg?mL-1 amphotericin B.

Western blotting
Cells reaching 80% confluence were cultured in serum-free
medium. The conditioned media were recovered, concentrated
25-fold and dialysed in columns with a 3,000-Da molecular mass
limit (3000 YM; Millipore, Billerica, MA, USA). All procedures
were performed in the present of the protease inhibitors 4-
(2-aminoethyl)benzenesulfonylfluoride hydrochloride, EDTA,
bestatin, E-64, leupeptin and aprotinin (Millipore). For extrac-
tion of intracellular proteins, cells were lysed in RIPA buffer
containing protease inhibitor cocktail and phosphatase inhibi-
tors. 8 mg protein was run on 7–12% sodium dodecylsulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) gels, followed
by immunoblotting. Conditions for each antibody were per-
formed according to the manufacturer’s instructions. Protein
concentration was determined by Bradford assay (Biorad).

Gelatine zymography
SDS-PAGE gels containing gelatine (1 mg?mL-1) were used to
identify proteins with gelatinolytic activity present in serum-
free conditioned media from human lung fibroblasts stimu-
lated with renin. Each lane was loaded with 0.3 mg protein [15].

Stimulation with human recombinant renin
Normal lung fibroblasts were plated at subconfluent density in
25-cm2 flasks and grown for 24 h in serum-free medium. The
medium was then exchanged for serum-free medium contain-
ing 10 nM human recombinant renin and the fibroblasts were
cultured for a further 3 h. Total RNA was extracted with
TrizolTM (Life Technologies) and the cell supernatants were

frozen at -70uC until use. In parallel experiments, fibroblasts
were pre-incubated with losartan or captopril at concentrations
of 10 nM, 1 h before the addition of renin. To evaluate the role
of the renin receptor, in some experiments, fibroblasts were
pre-incubated for 1 h at 37uC with a polyclonal anti-renin
antibody (16 nM; Santa Cruz antibody sc67390).

ELISA
Active TGF-b1 was measured in 3 mg conditioned media using
a commercial ELISA technique, according to the manufac-
turer’s instructions (Emax; Promega, Madison, WI, USA).

Immunocytochemistry
Fibroblasts (16104) were incubated on coverslips with serum-
free medium for 24 h. Fibroblasts were fixed with acetone–
methanol (1:1) at -20uC for 2 min and incubated with anti-human
renin monoclonal antibody (Serotec, Kidlington, UK) at 37uC for
30 min followed by biotinylated goat anti-mouse immuno-
globulin G for 20 min (Biogenex, San Ramon, CA, USA). 3-
amino-9-ethyl-carbazole (Biogenex) in acetate buffer containing
0.05% H2O2 was used as substrate. Cell nuclei were counter-
stained with haematoxylin. Coverslips were viewed with a 1681
microscope (Olympus, Tokyo, Japan), and images were captured
using an Evolution MP camera (Media Cybernetics Inc.,
Bethesda, MD, USA) and processed using Photoshop (Adobe
Systems Inc., San Jose, CA, USA). Image analysis was performed
using Image Pro-Plus 4.5 (Media Cybernetics Inc.); quantification
was expressed as pixel mean density (pmd).

RT-PCR and quantitative real-time PCR amplification
Total RNA and proteins were extracted with TrizolTM, according
to the manufacturer’s instructions. 1 mg total RNA was reverse
transcribed using the Advantage RT-for-PCR kit (Clontech, Palo
Alto, CA, USA). Quantitative real-time PCR amplification was
performed with an i-Cycler iQ detection system (Biorad) [14].
PCR was performed with a cDNA working mixture in a 25-mL
reaction volume containing 3 mL cDNA, PCR Master Mix 206,
Taqman probes for TGF-b1, aSMA, a-1 type I collagen and renin,
and 1 mL of 206 Taqman 6-carboxyfluorescein–minor groove
binder probes (Applied Biosystems, Foster City, CA, USA). For
the renin receptor, we used primers designed from sequence
GI:15011917 using Primer-BLAST (Basic Local Alignment Search
Tool). The sequences were: sense 59-CATTGTCCATGGGCT-
TCTCT-39; and antisense 59-GCATTCTCCAAAGGGTACGA-39.
For real-time PCR, we used SYBR1 Green PCR Master Mix
(Applied Biosystems) and 10 pmol of each primer. The dynamic
range was determined for each PCR product by copy number
serial dilutions of 161010 to 16102; all PCRs were performed in
triplicate. Results were expressed as the number of copies of the
target gene normalised to 18S ribosomal RNA (rRNA) (4352930E;
Applied Biosystems).

Small interfering RNA
Small interfering RNA (siRNA) was designed as described
previously [16, 17]. The sequences of renin siRNA oligonucleo-
tides were designed using Clontech RNAi Designer (http://
bioinfo.clontech.com/rnaidesigner/) and the homology was
verified by BLAST. Two complementary oligonucleotides
(Applied Biosystems) were synthesised, and were cloned into
the pSIREN-retroQ-Tet vector (BD Clontech, High Wood, CA,
USA) according to the manufacturer’s instructions.
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Transfection of packaging cells
RetroPack PT67 cells (Clontech) were seeded into a six-well plate
at 80% confluence (16106 cells?well-1) 24 h before transfection;
4 mg DNA and 10 mL lipofectamine 2000 were used for trans-
fection. PT67 cells were diluted at a ratio of 1:20 and plated at 24 h
post-transfection. The transfected PT67 cells were cultured for
10 days with 2 mg?mL-1 puromycin (Clontech), and large, healthy
colonies were isolated and transferred into individual wells and
plates. After 24 h, the medium was replaced and to determine the
efficiency of the infection, small cellular subpopulations were
treated with antibiotic. The infected cells were used for
experiments or for selection as soon as possible, but not before
24 h post-infection. Quantitative PCR was used to verify the
inhibition of renin expression. Filtered medium containing viral
particles harbouring the siRNA or empty vector (Luc) siRNA
(20 mL) was added to fibroblasts in 2 mL low-glucose Dulbecco’s
modified Eagle’s medium for infection. The infected fibroblasts
were diluted at a ratio of 1:10 24 h later and then puromycin was
added to a final concentration of 0.5 mg?mL-1. 2 weeks later, large,
healthy colonies were isolated and transferred into individual
wells and plates.

Collagen measurement
Collagen was quantified in conditioned medium using the
Sircol collagen assay (Biocolor Ltd, Carrickfergus, UK) [18]. For

these experiments, 1 mL Sirius red dye was added to 100 mL
conditioned medium and mixed for 30 min at room tempera-
ture. After centrifugation at 10,0006g for 10 min, the collagen-
bound dye was dissolved with 1 mL of 0.5 M NaOH and
absorbance at 540 nm was measured by spectrophotometry
(Nanodrop 1000; Thermo Scientific, Waltham, MA, USA).

Statistical analysis
Data are presented as mean¡SD. Data were analysed using
unpaired t-test or by one-way ANOVA followed by Dunnett’s
test. Analysis of correlation was carried out with Spearman’s
test. A p-value ,0.05 was considered statistically significant.

RESULTS

Renin expression is increased in IPF lungs and IPF
fibroblasts
Eight IPF and four normal human lung fibroblast strains were
cultured at subconfluence, and the levels of renin expression
were quantified by real-time PCR. As illustrated in figure 1a,
fibroblasts from IPF lungs showed a 10-fold increase in their
basal levels of renin mRNA compared with normal lung
fibroblasts (4.76106¡1.26106 versus 0.46106¡0.16106 renin
mRNA copies per 18S rRNA; p,0.01). No differences were
found in the expression of the renin receptor (fig. 1b), although
a tendency to be higher in IPF fibroblasts was observed at the
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FIGURE 1. Expression of renin and renin receptor in different strains of fibroblasts. Fibroblasts were cultured to early confluence, and the expression of renin and its receptor was

measured by real-time PCR. a) Renin was overexpressed in fibroblasts derived from patients with interstitial pulmonary fibrosis (IPF) (n58) compared with fibroblasts derived from

humancontrol lungs (n54).b) No differenceswere detected in the expressionof the renin receptor. c) Cell lysatesprepared fromnormaland IPF lungswere analysed byWesternblotting

for renin receptor expression as described in the Methods section. d) No significant differences in protein level were detected by dosimetric analysis. rRNA: ribosomal RNA. **: p,0.01.
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protein level (fig. 1c and d). The increased expression of renin
by the IPF fibroblasts was confirmed at the protein level by
immunocytochemistry. As exemplified in figure 2, IPF fibro-
blasts showed an intense cytoplasmic staining of renin that
appeared to be located in the endoplasmic reticulum and Golgi
apparatus. Quantitative analysis demonstrated a significant
increase of renin staining in IPF fibroblasts compared with
normal lung fibroblasts (159¡4.8 versus 125¡8.4 pmd; fig. 2e).

Likewise, the levels of renin mRNA expression were signifi-
cantly increased in IPF lungs (n57) compared with normal lungs
(n55) (17.56105¡13.86105 versus 1.96105¡0.66105 mRNA
copies per 18S rRNA; p,0.05; fig. 3a). Also, the levels of renin
receptor showed a tendency to be increased, although the result
did not reach statistical significance (185.56105¡193.56105

versus 20.76105¡86105 renin receptor mRNA copies per 18S
rRNA; p50.06; fig. 3b). Interestingly, there was a positive
correlation between the expression of renin and the receptor;
thus, the four patients with higher expression of renin also had
higher expression of the receptor (Spearman r50.65, p,0.05).

Renin upregulates TGF-b1 and collagen expression through
an Ang II-independent mechanism
To evaluate putative profibrotic effects of renin, recombinant
renin was used to stimulate two different normal human lung
fibroblast strains, and the expression of TGF-b1 and a-1 type I
collagen was measured by real-time PCR. As shown in figure 4,
renin significantly increased the levels of both TGF-b1
(1.86103¡0.26103 versus 1.26103¡0.36103 TGF-b1 mRNA
copies per 18S rRNA; p,0.01; fig. 4a) and collagen (5.93
6102¡0.666102 versus 3.286102¡0.56102 a-1 type I collagen
mRNA copies per 18S rRNA; p,0.01; fig. 4b). Pre-treatment of
the cells with a specific anti-renin receptor antibody abolished
renin-induced collagen increase (fig. 4c). This effect was inde-
pendent of Ang II, since losartan, a specific inhibitor of the
receptor AT1, and captopril, an inhibitor of ACE, did not
decrease the renin-induced overexpression of TGF-b1 or collagen.
When fibroblasts were stimulated with Ang II, the levels of
expression of TGF-b1 and a-1 type I collagen were also increased
(online supplementary fig. S1A and B); however, as expected,
this increment was abolished by losartan. Stimulation with renin
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FIGURE 2. Immunocytochemical staining of renin. Fibroblasts from a, b) interstitial pulmonary fibrosis (IPF) and c) control lungs were plated on coverslips and incubated
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also increased the expression of aSMA (fig. 4d), although this
result was not confirmed at the protein level (fig. 4e).

Renin decreases matrix metalloprotease 1 expression but
has no effect on matrix metalloprotease 2
Human lung fibroblasts were treated with renin, and the
expression of matrix metalloprotease (MMP)-1 and MMP-2, two
enzymes that have been associated with the pathogenesis of IPF,
was examined [19]. Stimulation with renin caused a significant
decrease in the expression of MMP-1 (fig. 5a), while it showed
no effect on MMP-2 expression (fig. 5b) or activity (fig. 5c).

It has been suggested that the effect of renin is mediated by
ERK1/2 [13]. To investigate whether the stimulation of human

lung fibroblasts by renin activated the ERK1/2 signalling
pathway, total and phosphorylated ERK1/2 were quantified in
cell extracts by Western blot. As illustrated in figure 6a and b,
treatment of fibroblasts with renin strongly stimulated phos-
phorylation of ERK1/2. The temporal profile of ERK1/2
activation showed an increase that reached a plateau at 20–
30 min, with a gradual decline thereafter.

Renin induces TGF-b1 activation through an
Ang II-independent mechanism
Two different normal human lung fibroblast cell lines were
stimulated with renin and the levels of active TGF-b1 were
assessed in the conditioned medium by ELISA. As shown in
figure 6c, renin stimulation significantly increased the levels of
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active TGF-b1, which was not affected by the ACE inhibitor or
the AT1 receptor blocker.

Silencing renin induces a marked decrease of TGF-b and
collagen expression
To determine the significance of a loss of renin on fibroblast
behaviour, human normal lung fibroblasts were transiently
transfected with renin siRNA. With the siRNA, we achieved
,75% silencing of renin, as measured by PCR (fig. 7a); this
decrease was confirmed at the protein level by Western blotting
of conditioned media (fig. 7b). Real-time PCR was used to
determine the effect of renin siRNA on TGF-b, collagen and
aSMA expression. As shown in figure 7c, compared with the
levels observed in normal fibroblasts and fibroblasts treated
with the virus packaged with the empty Luc construct, silencing
of renin caused a significant decrease in the expression of TGF-
b1 (control 1.846102¡0.486102, Luc 1.266102¡0.426102 and
renin siRNA 0.426102¡0.246102 TGF-b1 mRNA copies per
18S rRNA; p,0.01).

Collagen expression was also significantly decreased at the
mRNA (control 5.26102¡0.66102, Luc 4.76102¡0.116102 and
renin siRNA 0.746102¡0.46102 a-1 type I collagen mRNA per
18S rRNA; p,0.01) and protein levels, where the inhibition of the
expression of renin provoked ,50% decrease of secreted collagen

in the fibroblast-conditioned media (fig. 8a and b). aSMA
expression did not show changes (data not shown).

DISCUSSION
The development of IPF and other fibrotic lung disorders
involves the activation of fibroblasts, their differentiation to
myofibroblasts and the exaggerated production of extracellular
matrix proteins, with subsequent aberrant architectural remo-
delling. The pathogenesis of IPF, the most aggressive inter-
stitial lung disease, is believed to be related to dysregulated
cross-talk between epithelial cells and fibroblasts, and medi-
ated by a complex interplay among various cytokines, che-
mokines and growth factors, with a central role of TGF-b. In
this context, several studies have implicated the renin–Ang
system in lung fibrogenesis, but its profibrotic effects have
been attributed primarily to Ang II [20].

Our results demonstrate, for the first time, that human lungs
express renin and that this expression is strongly upregulated
in IPF lung tissues. Likewise, IPF fibroblasts showed a 10-fold
increase of renin expression and displayed an intense cytoplas-
mic immunoreactive renin signal compared with normal human
lung fibroblasts. However, the results of our in vitro experiments
support a profibrotic role of renin, since stimulation of human
lung fibroblasts with renin induced the overexpression of
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TGF-b, a pivotal fibrogenic factor, and of collagen, the main
component of the fibrotic scar. Our results also showed that
normal human fibroblasts stimulated with renin release in-
creased amounts of active TGF-b1. Interestingly, renin also pro-
voked a decrease of MMP-1, an effect that is also observed when
fibroblasts are treated with TGF-b [21]. Moreover, knocking
down renin expression using siRNA caused an important
decrease of the basal expression of TGF-b1 and collagen;
however, this did not affect basal aSMA expression. A similar
effect was described in mesangial cells, where it was found that
the targeting of the renin receptor with siRNA abolished renin-
induced upregulation of TGF-b1, indicating a direct effect
through this receptor [13].

Our understanding of the renin and renin–Ang systems has
evolved considerably over the last few years. Thus, the renin–
Ang system, which has traditionally been viewed as circulatory
system specific, may also act locally, and recent evidence
indicates that a complete, functional renin–Ang system exists
within cells [22]. However, the physiological role of this system
and its implications in tissue pathology remain to be determined.

Recently, identification of a specific 350 amino acid protein,
(pro-)renin receptor, has increased the complexity of the
system. Although renin was previously considered only as
an enzyme responsible for the cleavage of angiotensinogen to
form Ang I, a growing body of evidence indicates that renin
and pro-renin binding to the receptor trigger intracellular
signalling that, in turn, modifies gene expression [23]. Thus,
renin exhibits novel receptor-mediated actions, independent of
Ang II, which appear to be mediated by extracellular ERK1/2
of the mitogen-activated protein kinase pathway [24–26]. In
this context, our results also demonstrated that renin stimula-
tion induces a substantial activation of ERK1/2 in human lung
fibroblasts, corroborating the role of this pathway in the up-
regulation of profibrotic genes, such as those encoding TGF-b1
and collagen. Importantly, recent evidence indicates that the
(pro-)renin receptor binds both renin and its inactive precursor
pro-renin, and their binding triggers intracellular signalling
that upregulates the expression of fibrogenic mediators [27]. In
our study, we also measured the levels of the renin receptor in
both lungs and fibroblasts and, although we observed a
tendency towards increased expression in the IPF lungs and
fibroblasts, the results did not reach statistical difference.
However, an interesting observation was a strong correlation
in the IPF lungs between the expression of renin and of its
receptor.

Previous studies have suggested that renin may play a
profibrotic role in vivo, as it has been demonstrated in the
clipped kidney of Goldblatt rats treated for hypertension [28].
However, studies in other organs, including the lungs, are
scant. As in other tissues, Ang II has typically been considered
the main effector of the renin–Ang system in lung repair and
remodelling. Thus, it has been shown that Ang II causes
apoptosis of alveolar epithelial cells and is a potent inducer of
pro-collagen production by human lung fibroblasts both effects
via activation of the type 1 receptor and, at least in part, via the
autocrine action of TGF-b [29–31]. Nevertheless, our findings
demonstrated that renin has a direct effect on human lung
fibroblasts, since inhibition of Ang II by losartan or of ACE by
captopril had a minimal or no effect on the renin-induced
upregulation of the fibrotic mediators TGF-b1 and collagen.
These results clearly support the notion that in lung mesen-
chymal cells, renin is able to induce the upregulation of
profibrotic molecules through an Ang II-independent pathway.

In a recent study, primary human mesangial cells isolated from
healthy kidneys were used to evaluate the renin- and pro-
renin-triggered gene expression profiles. It was shown that
both have a similar transcriptional signature that is indepen-
dent of Ang production. Importantly, the changes in gene
expression induced by renin and pro-renin were consistent
with the development of organ damage and fibrosis, primarily
through TGF-b mechanisms [32].

Our findings and the aforementioned studies in kidney fibrosis
indicate that renin by itself may play an important role in
extracellular matrix accumulation and suggest that the inhi-
bition of the (pro-)renin/receptor system may decrease the
release of fibrillar collagens and fibrotic factors, such as TGF-b.
In this context, it was recently demonstrated that aliskiren, an
orally effective, direct renin inhibitor, markedly prevented
cardiac hypertrophy, inflammation and fibrosis, and renal
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FIGURE 8. Effect of downregulation of renin on collagen production. Human

lung fibroblasts were treated with renin small interfering RNA (siRNA), and a) a-1

type I collagen (col I) gene expression was examined by real-time PCR and

b) collagen protein levels were measured in the conditioned medium using the

Sircol collagen assay (Biocolor Ltd, Carrickfergus, UK). Downregulation of renin

caused a significant decrease of collagen synthesis. Results represent two

independent experiments performed with one transfected fibroblast strain in

triplicate. rRNA: ribosomal RNA; Luc: empty vector. **: p,0.01.
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glomerulosclerosis caused by cuff injury in endothelial nitric
oxide synthase-deficient mice [33]. In our study, targeted renin
gene silencing by siRNA in cultured human lung fibroblasts
ameliorated the expression of collagen and TGF-b1 expression.

In summary, our findings highlight the possible role of renin as
an Ang II-independent profibrotic factor in lung fibrosis. IPF is
by far the most aggressive interstitial lung disease, and most
patients die from this disorder within a few years of diagnosis.
While the pathogenic mechanisms are incompletely under-
stood, the disease is probably the result of the abnormal ex-
pression and regulation of a variety of genes that arise from a
combination of individual susceptibility and environmental
triggers. The results of our study indicate that renin can be one
of the mediators involved in the pathogenesis of this disorder.
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