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BACKGROUND AND PURPOSE
Since endothelin (ET) may act as pro-fibrotic mediator, expression and release of ET isoforms, their receptors and potential
pro-fibrotic ET effects were studied in human lung fibroblasts.

EXPERIMENTAL APPROACH
MRC-5 and primary human lung fibroblasts (phLFb) were cultured. Expression of prepro-ET isoforms was determined by qPCR
and release of ET-1 by ELISA. ET receptor function was analysed by real-time measurement of dynamic mass redistribution
(DMR). Incorporation of [3H]-thymidine was determined as measure of proliferation and that of [3H]-proline for collagen
synthesis. Phospho-p42/44 MAP kinase was determined by Western blot.

KEY RESULTS
ET-1 is the predominant ET in human lung fibroblasts (hLF), and TGF-b caused a further, selective and sustained up-regulation
of ET-1 resulting in increased extracellular ET-1 accumulation. hLFb express mRNA encoding ET-A and ET-B receptors.
Expression of both receptors was confirmed at protein level. ET-1 induced marked DMR signals, an effect that involved ET-A
and ET-B receptors. Stimulatory effects of ET-1 on hLFb proliferation and collagen synthesis were mediated exclusively via ET-A
receptors. ET-1, again via ET-A receptors, induced rapid activation of ERK MAPK, shown to be a crucial cellular signal in
ET-1-induced collagen synthesis. ET-1-induced activation of ERK and collagen synthesis was, in contrast to corresponding
effect of a muscarinic agonist, largely insensitive to pertussis toxin.

CONCLUSIONS AND IMPLICATIONS
hLFb are endowed with all elements necessary to build a functional autocrine/paracrine endothelinergic system, which
appears to drive pro-fibrotic airway and lung remodelling processes, effects for which only ET-A, but not ET-B receptors
appear to be of significance.

Abbreviations
BQ123, cyclo(D-Trp-D-Asp-Pro-D-Val-Leu); BQ788, N-cis-2,6-dimethylpiperidinocarbonyl-b-tBu-Ala-D-Trp(1-
methoxycarbonyl)-D-Nle-OH; d.p.m., disintegration per minute; DMR, dynamic mass redistribution; ET, endothelin;
FCS, fetal calf serum; hLFb, human lung fibroblasts; MEK, MAPK-activating enzymes; phLFb, primary human lung
fibroblasts; qPCR, real-time reverse transcription-PCR
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Introduction

Endothelins are a family of small peptides of 21 amino acids
(ET-1, -2 and -3). They are synthesized as large precursor
proteins (prepro-ET) that are processed by a cascade of differ-
ent proteases resulting in big-ET and finally the active ET (for
review, see, e.g. Polikepahad et al., 2006; Khimji and Rockey,
2010). The last step is mediated by endothelin-converting
enzyme (ECE), of which several isoenzymes have been
described, some of them located intracellularly and some
appear to act as ectoenzymes on the extracellular cell surface
(for review, see, e.g. Battistini and Jeng, 2001; Corder, 2001).
ET-1 is one of the most potent constrictors of vascular smooth
muscle, and its role in the pathophysiology of pulmonary
hypertension has extensively been studied (for review, see
Shao et al., 2011). In addition, ET-1 is a potent constrictor of
airway smooth muscle and may exert various pro-fibrotic
effects. Therefore, it is also considered to participate in the
pathogenesis of pulmonary fibrosis and obstructive airway
disease (e.g. Chalmers et al., 1997; Goldie and Henry, 1999;
Polikepahad et al., 2006; Ross et al., 2010, Swigris and Brown,
2010). There is evidence that ET-1 is synthesized and released
by different pulmonary cells, among them pulmonary fibrob-
lasts and airway epithelial cells, and increased levels of ET-1
were observed in asthmatic patients (Pégorier et al., 2007).
Moreover, the levels of ET-1 in exhaled breath condensate
appear to correlate with the severity of asthma (Zietkowski
et al., 2008). In different experimental models, ET-1 was
shown to promote pulmonary inflammatory reactions, par-
ticularly cellular infiltration (e.g. Bhavsar et al., 2008a,b;
Landgraf and Jancar, 2008) and the release of cytokines (e.g.
Gallelli et al., 2005; Iwata et al., 2009) and prostanoids (Juer-
gens et al., 2008). Furthermore, as ET-1 acts also as prolifera-
tive stimulus in airway smooth muscle (Panettieri et al., 1996)
and fibroblasts (Gallelli et al., 2005), it may significantly con-
tribute to airway and lung remodelling processes. Although
there are several reports describing pro-fibrotics effects of ET-1
in rat and human pulmonary fibroblasts (e.g. Gallelli et al.,
2005; Préfontaine et al., 2008), a detailed analysis of the
expression of ET isoforms and ET receptors and their poten-
tial regulation in human pulmonary fibroblasts as well as a
detailed pharmacological characterization of their functions
are still missing.

Therefore, the present study aimed to explore systemati-
cally the expression and release of ET isoforms, their recep-
tors, as well as potential functional effects of ET and
ET-activated cellular signals in human lung fibroblasts. The
present data show that human lung fibroblasts are endowed
with all elements necessary to build a functional autocrine/
paracrine endothelinergic system that appears to be involved
in the regulation pro-fibrotic features.

Methods

Culture of lung fibroblasts
MCR-5 human lung fibroblasts (CCL-171, ATCC, Manassas,
VT) were grown in Eagle’s minimal essential medium (MEM)
supplemented with 10% FCS, 2 mM L-glutamine, Earle’s BBS
adjusted to contain 2.2 g·L-1 sodium bicarbonate, 0.1 mM

non-essential amino acids, 1.0 mM sodium pyruvate,
100 U·mL-1 penicillin and 100 mg·mL-1 streptomycin. Cells
were grown in a humidified incubator at 37°C and 5% CO2,
and passaged by trypsinization at nearly confluence.

Primary human lung fibroblasts (phLFb) were established
from normal areas of surgically resected lung tissue, which
was obtained from lung cancer patients after thoracotomy
(Matthiesen et al., 2006). Anonymous lung tissue of male
Caucasians was obtained from patients who gave informed
consent. The protocol for obtaining human tissue was
approved by the local ethical review board for human studies
(Ethics Committee, Medical Faculty, University of Bonn,
Germany). Tissue consisting of lung parenchyma and small
airways was cut into small pieces, treated with pronase
(1 mg·mL-1, Calbiochem Novabiochem, San Diego, CA) at
37°C for 30 min, placed in cell culture plates and incubated
in Eagle’s MEM supplemented as described above, with FCS
increased to 15%. After 2 weeks, fibroblasts had grown out
from the tissue and were passaged by standard trypsinization.
For experiments described here, cells of passage 3–11 were
used.

Extraction of RNA and real-time reverse
transcription-PCR
Total RNA was isolated by help of silica-gel-based membranes
according to manufacturer’s instructions including an addi-
tional DNase digestion protocol to beware any contamina-
tion by genomic DNA (Qiagen, Hilden, Germany). First
strand cDNA was synthesized using Omniscript reverse tran-
scriptase (Qiagen).

Quantitative PCR was performed by monitoring the fluo-
rescence of SYBR Green dye on a Statagene Mx3000P real
time PCR system. Applied primer pairs (based on human
EMBL sequences) were specific for prepro-ET-1, 5′-TTATCAG
CAGTTAGTGAGAGG-3′ and 5′-GAAGGTCTGTCACCAATG
TG-3′; prepro-ET-2 5′-TGAGGGACATTTCCACAGTCAAG-3′
and 5′-CGGTTGCTCCTGGTTTGTAGC-3′, prepro-ET-3 5′-TAT
CGGCCTGGTGTCTATAC-3′ and 5′-AGTGGACTCCAAGCTA
ACTC-3′, ET-A receptor, 5′-GCTCTTTGCTGGTTCCCTGTT-3′
and 5′-GGTCATCAGACTTTTGGACTGG-3; ET-B receptor,
5′-TCTTTTGCCTGGTCCTTGTCT-3′ and 5′-GCAGTTTTTGAA
TCTTTTGCTCAC-3′; collagen I-a1, 5′-TGCTGGTCCCAAA
GGTGCTGATG-3′ and 5′-GACCAGGCTCACCACGGTCT-3′;
and the housekeeping gene GAPDH, 5′-CTGCACCACCAA
CTGCTTAGC-3′ and 5′-GGCATGGACTGTGGTCATGAG-3′,
which was used for normalization. The cycling conditions
were 10 min polymerase activation at 95°C and 40 cycles at
95°C for 30 s, 58°C for 30 s and 72°C for 30 s. The threshold
was automatically set by the software. The crossing point of
the amplification curve with the threshold represents the ‘Ct’.

Fluorescence data from each sample were analysed with
the 2-[DDCt] method: fold induction = 2-[DDCt], where DDCt = [Ct

GI (unknown sample) - Ct GAPDH (unknown sample)] - [Ct

GI (calibrator sample) - Ct GAPDH (calibrator sample)], GI is
the gene of interest. Furthermore, DCt = 35 was set as detec-
tion limit, and the fold expression over detection limit
(235-DCt) was used as a measure of the expression levels.

Endothelin ELISA
MRC-5 cells were cultured for 24 h in presence of 10% FCS
followed by 48 h in presence of 1% FCS and absence or
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presence of TGF-b. Thereafter, medium changed and cells
incubated for further 1 to 8 h. Then the supernatant were
collected for ET-1 determination by a highly sensitive (detec-
tion limit 0.41 pg·mL-1) and specific (cross-reactivity for
ET-1100%, ET-2 21%, ET-3 3.6%, human big-ET-1 < 0.1%),
commercially available ELISA (Stressgen, Enzo Life Sciences
GmbH, Lörrach, Germany).

Dynamic mass redistribution (DMR)
DMR measurements were carried out using the beta version
of the Epic® device (Corning, NY). A detailed protocol of this
technique has recently been published (Schröder et al., 2011).
MRC-5 were seeded in a density of 15 000 cells per well in
384-well Epic® fibronectin-coated microplates with 40 mL of
growth medium (Eagle’s MEM, 10% FCS, 2 mM L-glutamine
and 1% penicillin/streptomycin) and cultured at 37°C in an
atmosphere of 5% CO2 for 20 h to achieve confluent cell
layers. After cell culture medium had been removed and the
cells had been washed twice with 50 mL of assay buffer per
well (HBSS with 20 mM HEPES, pH 7.0), cells were allowed to
rest in 30 mL of assay buffer for 2 h in the Epic® reader at a
constant temperature of 28°C. After addition of 10 mL of test
compound, dissolved in assay buffer, DMR responses were
monitored for up to 3 h as described previously (Kebig et al.,
2009; Schröder et al., 2010; Lamyel et al., 2011). In case of
antagonist pretreatment, compounds were added to the assay
buffer in the appropriate concentration directly after the
washing procedure.

[3H]-Thymidine incorporation
Cells were trypsinized, harvested and seeded into 12-well
dishes at a density of 4 ¥ 104 cells per well. In most experi-
ments, cells were first cultured for 24 h in presence of 10%
FCS, followed by 18 h under FCS-free conditions. Thereafter,
test drugs were added and present for 30 h under FCS-free
conditions, and [3H]-Thymidine (37 kBq) was present during
the last 24 h. In one series of experiment, cells were seeded at
density of 2*105 per well and cultured from the onset under
FCS-free conditions in absence or presence of ET-1 for 30 h.
[3H]-thymidine was present during the last 24 h. At the end of
incubation, cells were washed in ice-cold PBS, and radioac-
tivity was incorporated into DNA was extracted as described
previously (Freitag et al., 1996; Matthiesen et al., 2006).
Briefly, cells were denatured in TCA (5%) for 10 min, washed
in ice-cold PBS and DNA was extracted during incubation
for 1 h in 0.1 mol·L-1 NaOH at 37°C; 300 mL portions of
the supernatant solution were neutralized, combined with
scintillation cocktail (PerkinElmer, Rodgau–Jügesheim,
Germany), and radioactivity was determined by liquid scin-
tillation spectrometry in a Packard 2100 TR liquid scintilla-
tion analyser. External standardization was used to correct
for counting efficiency. [3H]-thymidine incorporation was
expressed either in absolute terms (d.p.m) or as percentage of
the mean of the control group of each series of experiments.

Cell count
Cells were grown in serum-free medium in absence or pres-
ence of test substances for 28 or 48 h and trypsinized at
the end of the incubation period. Cells were resuspended
in medium, and 200 mL of cell suspension were diluted

into 10 mL of a ready-to-use isotonic saline solution
(CASYton®). This dilution was counted immediately in a
CASY®CellCounter+Analyzer System (Innovatis, Bielefeld,
Germany).

[3H]-proline incorporation
Collagen synthesis and deposition into the extracellular
matrix were assessed by [3H]-proline incorporation assays
originally developed by Peterkofsky and Diegelmann (1971)
and subsequently established also in our laboratory (Haag
et al., 2008). Cells were trypsinized, harvested and seeded
into 12-well dishes at a density of 105 cells per well. Cells were
first cultured for 24 h in the presence of 10% FCS, followed by
an additional 18–24 h under FCS-free conditions. Thereafter,
[3H]-proline (37 kBq) was added alone or in combination
with test drugs, and cells were cultured for further 24 h. At
the end, culture medium was removed, and cells were washed
twice with 4°C cold PBS followed by 1–2 h incubation in
1 mL 20% trichloroacetic acid (TCA) at 4°C. Denaturated cells
were scraped off, transferred into a reaction tube and centri-
fuged at 15 000¥ g for 10 min. The pellet was washed with
1 mL 10% TCA and centrifuged again at 15 000¥ g for 5 min
dissolved in 300 mL 0.2 M NaOH followed by neutralization
with 300 mL 0.2 M HCl; 300 mL portions were combined with
scintillation cocktail (PerkinElmer), and radioactivity was
determined by liquid scintillation spectrometry in a Packard
2100 TR liquid scintillation analyser. External standardiza-
tion was used to correct for counting efficiency. [3H]-Proline
incorporation was expressed either in absolute terms (d.p.m.)
or as percentage of the mean of the control group of each
series of experiments.

In previous experiments, it was confirmed by collagenase
digestion that total radioactivity incorporated into proteins
largely reflects de novo synthesis of collagen (Haag et al.,
2008).

QuickZyme collagen assay
Collagen synthesis was additionally assessed by QuickZyme
Soluble Collagen Assay (QuickZyme BioSciences, Leiden, the
Netherlands). Cells were cultured for 24 h in presence of 10%
FCS, followed by an additional 24 h under FCS-free conditions
in absence or presence of test substances. At the end, culture
medium was removed, and cells were washed with 4°C cold
PBS followed by overnight incubation in 500 mL 0.5 M acetic
acid at 4°C. Denaturated cells were scraped off, and the extract
centrifuged at 3000¥ g for 10 min. The supernatant was ana-
lysed according to the manufacturer’s instructions.

Western blot analysis
Cellular proteins were extracted in RIPA buffer [50 mM Tris–
HCl pH 7.5, 150 mM NaCl, 0.5% sodium deoxycholat, 1%
Nonidet P-40, 0.1% (w/v) SDS, 2 mM EDTA pH 8.0] or NP-40
buffer [100 mM Tris–HCl pH 7.5, 100 mM NaCl,10 mM
MgCl2, 100%(v/v) Nonidet P-40] containing the protease
inhibitors PMSF (1 mM), pepstatin A (0.7 mg·mL-1) and
leupeptin (0.5 mg·mL-1); 10–20 mg protein-equivalents were
mixed with reducing protein loading buffer (Roti-Load 1,
Roth, Karlsruhe, Germany) and boiled for 10 min at 70°C.
Samples were separated on 4–12% acrylamide Tris–glycine
precast gels (Invitrogen, Karlsruhe, Germany) using the
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precast MOPS-Buffer-System (Invitrogen) and transferred
(20% methanol, 25 mM Tris, 14.4% glycine) to PVDF mem-
branes (Millipore, Billerica, MA). Blots were blocked in 5%
dried milk protein TBST (150 mM NaCl, 50 mM Tris, 0.05%
Tween 20), and proteins were detected by use of a mouse
monoclonal antibody against a-smooth muscle actin (clone
1A4, Sigma-Aldrich, München, Germany) or rabbit polyclo-
nal anti-human phospho-p44/42 MAPK (Cell Signaling Tech-
nology, Beverly, MA), rabbit polyclonal anti-rat ERK2 (C-14)
(Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclo-
nal anti-ET-A receptor (Santa Cruz Biotechnology, H-60) and
rabbit polyclonal anti-ET-B receptor (Santa Cruz Biotechnol-
ogy, H-74) antibodies. The ‘housekeeping’ protein a-tubulin
was detected with a mouse monoclonal anti-human
a-tubulin antibody (Cedar Lane, Hornby, Canada). Bands
were visualized by peroxidase-conjugated secondary goat
anti-rabbit IgG-HRP (Biorad, Hercules, CA) or anti-mouse
(Santa Cruz Biotechnology) antibodies employing BM
chemoluminescence blotting substrate POD (Roche, Man-
nheim, Germany). Then blots were exposed to Hyperfilm ECL
(Amersham Biosciences, Piscataway, NJ).

Statistical analysis
All values are means with SEM of n experiments. Statistical
significance of differences was evaluated by ANOVA followed
by Dunnett’s or Bonferroni’s test using GraphPad InStat
(GraphPad Software, San Diego, CA). P < 0.05 was accepted as
significant.

Drugs and materials
Bosentan was a gift from Actelion (Freiburg, Germany). All
other drugs were purchased, BQ123 [Cyclo(D-Trp-D-Asp-Pro-
D-Val-Leu)], BQ788 (N-cis-2,6-dimethylpiperidinocarbonyl-
b-tBu-Ala-D-Trp(1-methoxycarbonyl)-D-Nle-OH) and big-
endothelin-1 (1–31) from Bachem (Bubendorf, Switzerland);
human endothelin-1, oxotremorine sesquifumarate,
penicillin–streptomycin solution, pertussis toxin, TGF-b,
trypsin were from Sigma (Deisenhofen, Germany); SIS3
(6,7-dimethoxy-2-((2E)-3-(1-methyl-2-phenyl-1H-pyrrolo[2,
3-b]pyridin-3-yl-prop-2-enoyl))-1,2,3,4-tetrahydroisoquino-
line) was from Calbiochem (Darmstadt, Germany); desoxy-
nucleotide mixture was from Fermentas (St. Leon-Rot,
Germany); Eagle’s MEM with Earl’s salts and L-glutamine,
non-essential amino acids from PAA (Cölbe, Germany); fetal
calf serum (FCS) from Biochrom (Berlin, Germany); Taq DNA-
polymerase from Invitrogen Omniscript reverse transcriptase,
RNeasy Mini kit, QuantiTectTM SYBR Green PCR kit and
RNase-free DNase set from Qiagen; [3H]-thymidine and
[3H]-proline from PerkinElmer. Oligodesoxynucleotides for
qPCR were obtained from Eurofins MWG Operon (Ebersberg,
Germany).

Results

Expression of ET isoforms and ET receptor
subtypes in human lung fibroblasts
As shown in Figure 1, phLFb as well as cells of the MRC-5
human lung fibroblast cell line clearly express mRNA encod-
ing prepro-ET-1 and prepro-ET-2, but in both cell types the

levels of prepro-ET-1 mRNA were about 100-fold higher than
those of the ppET-2 (Figure 1A). mRNA for prepro-ET-3 was
below detection limit in both, phLFb and MRC-5 cells. Both,
phLFb and MRC-5 human lung fibroblasts express also mRNA
for ET-A and ET-B receptors. Whereas MRC-5 cells expressed
similar levels of mRNA for ET-A and ET-B receptor, in phLFb,
the levels of mRNA for ET-A receptors were significantly lower
than those for the ET-B receptor (Figure 1B). The expression
of ET-A and ET-B receptor proteins could be confirmed by
Western blot analysis using specific, commercially available
polyclonal antibodies (Figure 1C). The immunoblot for ET-B
receptor showed one band at about 70 kDa, which is in the
range of the expected molecular weight, and an additional
band of lower molecular weight, which may reflect a cellular
degradation product still recognized by the antibody. The
immunoblot for ET-A receptor showed also two bands, both
with molecular weights lower than the expected molecular
weight. Nonetheless, the larger band may reflect an ET-A
receptor signal as it corresponds to a specific band of about
45 kDa seen in ET-A receptor transfected cells (antibody ref-
erence sheet of Santa Cruz).

Effects of TGF-b and ET receptor antagonists
on ET expression and release
TGF-b caused in a concentration-dependent manner a strong,
sustained and selective increase in the expression of prepro-
ET-1, in both, MRC-5 and phLFb (Figure 2). Concentrations
of TGF-b higher than those shown in Figure 2 (5 ng·mL-1) did
not cause stronger effects (n = 3; data not shown). In both,
MRC-5 and phLFb, the low levels of prepro-ET-2 mRNA
further decreased (Figure 2B), and prepro-ET-3 mRNA
remained below detection limit (n = 9; data not shown) after
24 h exposure to 1 ng·mL-1 TGF-b. The marked stimulatory
effect of TGF-b on prepro-ET-1 was already seen within 1 h
(Figures 3 and 4), persisted after 72 h (Figure 2B) and also
after one week (data no shown) of exposure.

In MRC-5 cells, it was further demonstrated that after
inhibition of de novo RNA synthesis by actinomycin D,
prepro-ET-1 mRNA showed a rapid decline, with a half-life of
about 30 min (Figure 3A). In presence of actinomycin D, the
stimulatory effect of TGF-b was prevented (Figure 3B). On
the other hand, inhibition of protein synthesis by cyclohex-
imide resulted in a rapid, marked increase in prepro-ET-1
mRNA, about eightfold within 1.5 h and about 18-fold after
4.5 h (Figure 4). Strikingly, in presence of cycloheximide,
the stimulatory effect of TGF-b was markedly augmented,
resulting in a more that 40-fold increase in prepro-ET-1
mRNA after 1 h exposure to TGF-b and cycloheximide
(Figure 4).

Bosentan, which alone had no effect of the expression of
prepro-ET-1 mRNA, prevented the up-regulation of prepro-
ET-1 mRNA caused by a sub-maximally effective concentra-
tion of TGF-b (0.3 ng·mL-1, Figure 5). Likewise, the ET-A
receptor selective antagonist BQ123 (1 mM) also prevented
the increase in prepro-ET-1 mRNA expression caused by 24 h
exposure to 0.3 ng·mL-1 TGF-b (102 � 13% vs. controls,
n = 4), whereas the ET-B receptor selective antagonist BQ788
(0.1 mM) did not affect TGF-b (0.3 ng·mL-1)-induced
up-regulation of prepro-ET-1 mRNA (n = 3; data not shown).
The increase in prepro-ET-1 mRNA expression caused by
1 ng·mL-1 TGF-b (838 � 125%, n = 11) was neither affected by
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the ET-A receptor selective antagonist BQ123 (1 mM, 877 �

204%, n = 6) nor the ET-B receptor selective antagonist BQ788
(0.1 mM, 877 � 174%, n = 7).

ET-1 accumulation in the culture medium of MRC-5 cells
could also be measured. Under control conditions, it
amounted to 6.8 � 0.3 pg·mL-1 (ª3 nM) at the end of a 6 h
incubation period, corresponding to 44.8 � 2.6 pg mg-1

protein (n = 74). TGF-b caused in a concentration-dependent
manner also a strong increase in the accumulation of ET-1

(Figure 6A), resulting in a maximal accumulation of 34 �

7 pg·mL-1 ET-1 (ª15 nM) in presence of 0.3 ng·mL-1 TGF-b
(n = 17). Interestingly, to note that the concentrations of
TGF-b that caused maximal increase in ET-1 accumulation
(0.1–0.3 ng·mL-1) were lower than those required for maximal
effect on prepro-ET-1 mRNA expression (1 ng·mL-1, Figure 2),
in other words, the further substantial increase in mRNA seen
at 1 ng mg-1 TGF-b did not result in a corresponding further
increase in ET-1 accumulation. Nonetheless, in line with

C

Figure 1
Expression of prepro-ET-1 (ppET-1), -2 and -3 (A) and ET-A and ET-B receptors (B) in MRC-5 and primary (phLFb) human lung fibroblasts. Cells
were grown in presence of 10% FCS in 35 mm culture dishes to confluency. Either total RNA was isolated, treated with DNase and used for
quantitative real-time PCR with primers specific for the respective human sequences or proteins were extracted and used for immunoblot analysis
using commercially available antibodies against ET-A and ET-B receptor protein (C). (A and B) Height of columns: mRNA expression as n-fold over
detection limit (2(35-DCt)), given are means � SEM of n � 6. Significance of differences: **P < 0.01 versus respective value in MRC-5 cells.
(C) Representative samples of SDS-PAGE of four similar experiments.

BJPEndothelinergic stimulation of lung fibroblasts

British Journal of Pharmacology (2013) 168 471–487 475



observations on mRNA levels, the up-regulation of ET-1
accumulation by a sub-maximally effective concentration
of TGF-b was also significantly attenuated by bosentan
(Figure 6B).

In order to test whether ET converting enzyme activity
could have been a limiting factor for the accumulation of
ET-1 under the present culture conditions, the conversion of
big-ET-1 into ET-1 was studied. Addition of big-ET-1 to con-
fluent cell cultures resulted in concentration- and time-
dependent accumulation of ET-1 in the supernatant.
Maximal rate of conversion appears to occur at a concentra-
tion of 100 nM big-ET-1, and steady-state conditions (where
formation and degradation might be balanced) appear to be

reached after about 6 h (Figure 7). Notably, the ET-1 concen-
trations during 6 h incubation with 100 nM big-ET-1 were
about 40 times higher than those observed during a 6 h
collection period after exposure to maximally stimulating
concentrations of TGF-b. Pretreatment of the cells with TGF-b
(0.3 ng·mL-1 for 48 h) did not affect accumulation of ET-1
during 3 or 6 h incubation with 1, 10 or 100 nM big-ET-1
(data not shown; each point n � 6).

TGF-b causes selective down-regulation of
ET-B receptor expression
In both, MRC-5 cells and phLFb, TGF-b caused in a
concentration-dependent manner a marked and persistent

TGF-b [ng mL–1] TGF-b [ng mL–1]

Figure 2
Effects of TGF-b on expression of prepro-ET-1 (ppET-1) and prepro-ET-2 (ppET-2) in MRC-5 and primary (phLFb) human lung fibroblasts. After
dissemination, cells were cultured for 24 h in presence of 10% FCS followed by 24 or 72 h (A, as indicated) or 24 h (B) in presence of 1% FCS
and absence or presence of TGF-b (0.1–1 ng·mL-1). Thereafter, total RNA was isolated, treated with DNase and used for quantitative real time PCR.
Height of columns: ppET-1 or -2 mRNA (DCt over GAPDH) is expressed as % of the control of the individual cell preparation, given are means �

SEM of n � 6. Significance of differences: *P < 0.05; **P < 0.01; ***P < 0.001 versus respective value in absence of TGF-b.

Figure 3
Time-dependent effects of actinomycin D (30 mM, A) and effect TGF-b (1 ng·mL-1, 1 h) in absence and presence of actinomycin D (Act, present
15 min before TGF-b, B) on expression of prepro-ET-1 (ppET-1) in MRC-5 human lung fibroblasts. After dissemination, cells were cultured for 24 h
in presence of 10% FCS followed by up to 4 h in presence of 1% FCS and absence or presence test drugs. Thereafter, total RNA was isolated,
treated with DNase and used for quantitative real time PCR. Ordinate (A) and height of columns (B): ppET-1 mRNA (DCt over GAPDH) is expressed
as % of the control of the individual cell preparation, given are means � SEM of n � 4. Significance of differences: ***P < 0.001 versus Ctr.;
+++P < 0.001 versus value in presence of TGF-b alone; ns, not significant versus Act alone.
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down-regulation of the expression of ET-B receptor mRNA,
whereas the expression of the ET-A receptor was not signifi-
cantly affected by TGF-b in MRC-5 cells and only slightly
reduced in phLFb after prolonged (72 h) exposure (Figure 8).

ET-1-mediated changes in DMR signals
In order to check whether ET receptors in MRC-5 human lung
fibroblasts are functional, effects of ET-1 on cellular DMR
were measured. DMR allows label-free real-time analysis of
cellular responses to GPCR activation in live cells (e.g.
Schröder et al., 2010). In a previous study, it was observed
that Gs-signalling in MRC-5 cells causes a negative DMR
signal (Lamyel et al., 2011). In the present study, ET-1 caused
in a concentration dependent manner a marked positive
DMR signal, with an EC50 of 56 nM (Figure 9A and B). The
effect of 0.3 mM ET-1 was inhibited in a concentration-
dependent manner by the non-selective ET receptor antago-
nist bosentan (Figure 9C and D). The ET-A receptor selective
antagonist BQ123 (1 mM) inhibited the effect of 0.3 mM ET-1
by only about 35% (Figure 9E and F), and increasing the
concentration of BQ123 to 10 mM did not consistently cause
a further reduction (data not shown). The ET-B receptor selec-
tive antagonists BQ788 (0.1 mM) alone attenuated only mar-
ginally the effect of 0.3 mM ET-1 but caused a marked further
inhibition in presence of 1 mM BQ123, resulting in an almost
complete suppression of the signal in the presence of both
antagonists (Figure 9E and F).

Endothelinergic stimulation of human lung
fibroblast proliferation
In order to investigate whether fibroblast proliferation is
regulated by endothelinergic mechanisms, the effects of ET-1
and its receptor antagonists on [3H]-thymidine incorporation
were studied. As shown in Figure 10A, in MRC-5 fibroblasts
bosentan and the ET-A receptor selective antagonist BQ123
caused in concentration-dependent manner a reduction in
[3H]-thymidine incorporation, maximally by about 45%,
whereas the ET-B selective antagonist BQ788 showed no sig-
nificant effects. ET-1 alone caused only a minor increase in
[3H]-thymidine incorporation, maximally by about 15%.
However, ET-1 was able to surmount in a concentration-
dependent manner the inhibitory effect of bosentan
(Figure 10B). In phLFb, bosentan caused also a reduction in
[3H]-thymidine incorporation, but the maximum effect (an
inhibition by about 25%) was smaller than that observed in
MRC-5 cells. Correspondingly, the stimulatory effect of ET-1
on its own was somewhat larger in phLFb than in MRC-5 cells
(Figure 10B and C). With intention to reduce the influence of
a possible endogenous endothelinergic tone, one series of
experiments was performed in which ET-1 was added imme-
diately after cell dissemination, and cells were incubated for
30 h with [3H]-thymidine present for the last 24 h. Under
these conditions, consistently a stronger proliferative effect
(increases in [3H]-thymidine incorporation by about 48%)
was observed in MRC cells (Figure 10D). However, also
under these conditions, the proliferative effect in phLFb
was stronger than in MRC-5 cells, with increases in [3H]-
thymidine incorporation by about 100%. Noteworthy, for

Figure 4
Effects of cycloheximide (CHX, 30 mM, left-hand ordinate) or TGF-b
in absence or presence of 30 mM CHX (right-hand ordinate) on
expression of prepro-ET-1 (ppET-1) in MRC-5 human lung fibrob-
lasts. After dissemination, cells were cultured for 24 h in presence of
10% FCS followed by 1.5 or 4.5 h in presence of 1% FCS and
absence or presence of cycloheximide (30 mM, left-hand ordinate) or
1 h TGF-b (1 ng·mL-1) and/or cycloheximide (30 mM, 1.5 h, i.e.
present 30 min before TGF-b). Thereafter, total RNA was isolated,
treated with DNase and used for quantitative real time PCR. Height
of columns: ppET-1 mRNA (DCt over GAPDH) is expressed as % of
the control of the individual cell preparation, given are means � SEM
of n � 6. Significance of differences: ***P < 0.001 versus respective
Ctr.; +++P < 0.001 versus respective value in presence of TGF-b or CHX
alone.

Figure 5
Effects of TGF-b and/or bosentan (Bos) on expression of prepro-ET-1
(ppET-1) in MRC-5 and primary (phLFb) human lung fibroblasts.
After dissemination, cells were cultured for 24 h in presence of 10%
FCS followed by 24 or 72 h in presence of 1% FCS and absence or
presence of 0.3 ng mL-1 TGF-b and/or 10 mM Bos. Thereafter, total
RNA was isolated, treated with DNase and used for quantitative real
time PCR. Height of columns: ppET-1 (DCt over GAPDH) is expressed
as % of the control of the individual cell preparation, given are means
� SEM of n � 6. Significance of differences: **P < 0.01 versus Ctr.;
+P < 0.05 versus respective value in absence of Bos.
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both cells types, the maximum effect appears already reached
at lower concentrations of ET-1 than under conditions
described in Figure 10A–C.

The growth stimulatory effect of ET-1 was also demon-
strated in MRC-5 cells by an increased cell count. When cells
were cultured under FCS-free condition for 28 and 48 h (con-
ditions comparable with those in Figure 10D), the number of
cells under control conditions was 45 000 � 5300 (at 28 h,
n = 22) and 63 500 � 3850 (at 48 h, n = 18, P < 0.05 vs. 24 h).

Exposure to ET-1 (10 nM) caused an increase in the number of
cells by 70% and 80% respectively (Figure 10E). For compari-
son addition of 1% FCS for 28 h caused an increase by 70%.
In presence of bosentan (10 mM) alone, cell count tended to
be reduced after 28 h and was significantly reduced by 35%
after 48 h (Figure 10E). In addition, bosentan prevented the
stimulatory effect of ET-1 (Figure 10E).

Endothelinergic control of myofibroblast
differentiation
In confirmation of previous observations (Lamyel et al.,
2011), MRC-5 cells cultured under standard conditions
showed expression of a-smooth muscle actin, a marker of
myofibroblast differentiation, and after 24 h exposure to
bosentan a clear reduction in a-smooth muscle actin protein
levels by about 50% was observed (Figure 11), whereas ET-1
10 nM (Figure 11) or 100 nM (data not shown) induced only
a minor increase by about 20%. In presence of TGF-b
(0.3 ng·mL-1, 24 h), which alone caused an increase in
a-smooth muscle actin by about 120%, bosentan had no
effect (Figure 11).

Endothelinergic stimulation of human lung
fibroblast collagen synthesis
In MRC-5 cells, collagen synthesis (determined by
[3H]-proline incorporation) was increased by ET-1 in a
concentration-dependent manner, maximally by about 75%
(Figure 12A). Bosentan and the ET-A receptor selective
antagonist BQ123 caused a reduction in [3H]-proline incor-
poration by about 20% (Figure 12A), whereas the ET-B recep-
tor selective antagonist BQ788 in a concentration of 100 nM
(Figure 12A) had no significant effect. The effect of ET-1 was
effectively, but in a surmountable manner, antagonized by
bosentan and BQ123, whereas BQ788 had no effects
(Figure 12A). The above-described DMR experiments sug-
gested that blockade of ET-A receptors could unmask an ET-B-

TGF-b [ng mL–1]

Figure 6
Concentration-dependent effects of TGF-b (A) and effects of 0.03 ng·mL-1 TGF-b in absence and presence of bosentan (Bos, 10 mM) (B) on release
of ET-1 by MRC-5 human lung fibroblasts. After dissemination, cells were cultured for 24 h in presence of 10% FCS followed by 48 h in presence
of 1% FCS and absence or presence of test substances as indicated. The last medium change was performed 6 h before the supernatant were
collected for ET-1 determination by ELISA. ET-1 accumulation is expressed as % of the control of the individual cell preparation, given are means
� SEM of n � 12. Significance of differences: **P < 0.01; ***P < 0.001 versus Ctr.; +P < 0.05 versus respective value in absence of Bos.
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Figure 7
Time- and concentration-dependent conversion of big-ET-1 into ET-1
by MRC-5 human lung fibroblasts in culture. Big-ET-1 at the concen-
trations given was added to nearly confluent cultures in absence of
FCS for 1 to 8 h, as indicated, followed by determination of ET-1
accumulation in the supernatant. Given are means of n � 6, for
clarity of the figure without SEM, which were between 5% and 15%
of the respective mean value.
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receptor-mediated effect. Therefore, BQ788 was also studied
in presence of BQ123 either alone or in combination with 10
or 100 nM ET-1, but again failed to affect [3H]-proline incor-
poration (data not show; each n = 6–9).

In phLFb, none of the antagonists showed a significant
effect (Figure 12B), whereas ET-1 caused a concentration-
dependent increase in [3H]-proline incorporation comparable
with that observed in MRC-5 cells (Figure 12B). Like in
MRC-5 cells, the effect of ET-1 was effectively, but in a sur-
mountable manner, antagonized by bosentan and the ET-A
selective antagonist BQ123, whereas the ET-B-selective
antagonist BQ788 did not significantly affect the ET-1
response (Figure 12B).

The stimulatory effect of ET-1 on collagen synthesis was
also demonstrated using the QuickZyme collagen assay
which is based on the specific binding of the dye Sirius Red to
collagen. The amount of collagen detected in extracts of
control cultures was 5.1 � 0.7 mg (n = 5). Exposure to ET-1 for
24 h caused in concentration-dependent manner a marked
increase, maximally by 170% at 10 nM (Figure 12C).

Finally, it could be demonstrated that ET-1 enhances also
the mRNA expression of collagen I-a1, a major collagen type
in lung fibroblasts. As shown in Figure 13, after 24 h exposure
to ET-1 (10 and 100 nM), collagen I-a1 mRNA was enhanced
by about 60%, an effect blocked by bosentan, which alone
had no effect (Figure 13).

Since TGF-b enhanced prepro-ET-1 expression and ET-1
release, it was further studied whether a putative stimulatory
effect of TGF-b on collagen synthesis involves ET-1. TGF-b
in the relatively low concentrations of 0.3 and 1.0 ng·mL-1

enhanced [3H]-proline incorporation by 60% and 73% respec-
tively (Figure 14A). Presence of bosentan under control con-
ditions resulted (like in the preceding experiments, Figure 12)
in a reduction of [3H]-proline incorporation by about 20%. Of
the enhanced [3H]-proline incorporation in presence of
TGF-b, a significantly larger fraction was sensitive to ET recep-
tor blockade by bosentan compared with control conditions
(Figure 14B). The ET-A-receptor-selective antagonist BQ123
(1 mM) caused a similar reduction in [3H]-proline incorpora-
tion, whereas the ET-B-receptor-selective antagonist BQ788
(100 nM) was again without effect (data not shown; each
n = 6).

ET-1-induced activation of ERK MAPK and
its role in collagen synthesis
We previously reported that muscarine receptor mediated
stimulation of proliferation and collagen synthesis in human
lung fibroblasts was mediated by activation of the ERK MAPK
pathway (Matthiesen et al., 2007; Haag et al., 2008). As
shown in Figure 15A, ET-1, similar to the muscarinic agonist
oxotremorine, induced a rapid and transient increase in
phospho-p42/44, i.e. activation of the ERK MAP kinase
pathway. The maximum effect of ET-1, an increase by 310%
was seen at 100 nM and was somewhat larger than that of
oxotremorine (10 mM, also a maximally effective concentra-
tion; Matthiesen et al., 2007; Haag et al., 2008). However,
pre-treatment with pertussis toxin, which alone tended to
reduce basal levels of phospho-p42/44, largely attenuated the
increase in phospho-p42/44 induced by oxotremorine, but
not that by ET-1 (Figure 15). When expressed in relation to
untreated controls as shown in Figure 15, the ET-1-induced
increase in phospho-p42/44 was somewhat reduced, but
when expressed in relation to the respective (somewhat
reduced) PTX value, an increase in phospho-p42/44 by more

TGF-b [ng mL–1]

TGF-b [ng mL–1]

C

TGF-b [ng mL–1]

Figure 8
Effects of TGF-b on expression of ET-A and ET-B receptors in MRC-5
and primary (phLFb) human lung fibroblasts. After dissemination
cells were cultured for 24 h in presence of 10% FCS followed by 24,
72 h or 7 days in presence of 1% FCS and absence or presence of
TGF-b at the concentrations indicated. Thereafter, total RNA was
isolated, treated with DNase and used for quantitative real time PCR.
Height of columns: ET-A or ET-B mRNA (DCt over GAPDH) is
expressed as % of the control of the individual cell preparation, given
are means � SEM of n � 3. Significance of differences: ***P < 0.001;
**P < 0.01; *P < 0.05 versus respective controls.
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than 400% is seen. The ET-A receptor selective antagonist
BQ123 caused a 30% reduction of the basal phospho-p42/44
levels and was able to oppose the stimulatory effect of ET-1
(Figure 15C), whereas the ET-B receptor selective antagonist
BQ788 showed no effects, neither in absence nor presence of
ET-1. It should be mentioned that the solvent DMSO alone
(in the concentration present with BQ788) significantly
attenuated the stimulatory effect of ET-1. Therefore, the data
in Figure 15C show effects in relation to respective controls in
absence of presence of the solvent.

In correspondence to the above observation, the stimu-
latory effect of oxotremorine (in confirmation of previous
data; Haag et al., 2008), but not that of ET-1 on collagen
synthesis was prevented by pertussis toxin (Figure 16A).
Nonetheless, the activation of the ERK–MAPK pathway
appears to be crucially involved also in the ET-1-induced
collagen synthesis, as PD 098059 (a specific inhibitor of the
MAPK-activating enzyme, MEK) (Dudley et al., 1995) pre-
vented the ET-1-mediated stimulation of collagen synthesis
(Figure 16B).

Figure 9
ET-1-induced DMR in MRC-5 human lung fibroblasts in absence and presence of bosentan (Bos) or the ET-A (BQ123) or ET-B (BQ788) receptor
selective antagonist. Cells were seeded in a density of 15 000 cells per well in 384-well Epic fibronectin-coated microplates with 40 mL of growth
medium cultured at 37°C for 20 h to achieve confluent cell layers. Thereafter, cell culture medium was replaced by 30 mL assay buffer per well
(HBSS with 20 mM HEPES, pH 7.0), and cells were allowed to rest in assay buffer in absence or presence of antagonists for 2 h in the Epic® reader
at 28°C. After addition of 10 mL of ET-1 (final concentrations 0.01–1 mM), DMR responses were monitored for 1 h. Indicated are real-time
recordings of ET-1-induced DMR-signals from representative experiments (A, C and E, means � SEM of three to four measurements run in
parallel). ET-1-induced concentration–effect curve (B) resulted from the maximal DMR signals within 1800 s: log IC50 is 7.25 � 0.11 (ET-1 1 mM,
bottom and slope factor are fixed to 100 %, 0% and 1, respectively; n = 5). Height of columns (D and F): maximal DMR signal evoked by 0.3 mM
ET-1 in presence of antagonists at the concentrations given, expressed as % of the ET-1 response in absence of antagonists, means � SEM,
n = 3–5. Significance of differences: *P < 0.05; **P < 0.01 versus ET-1 response in absence of antagonists.
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Discussion
The present study shows that human lung fibroblasts are
endowed with all elements of a functional autocrine/
paracrine endothelinergic system. They express prepro-ET
and are able to process it to the active mediator. They also
express functional ET receptors that appear to regulate ‘pro-
fibrotic’ features.

MRC-5 cells and phLFb express mRNA for prepro-ET-1
and prepro-ET-2, but no transcript for prepro-ET-3. However,
in both MRC-5 cells and primary cells, mRNA levels for

prepro-ET-1 largely exceeded those for prepro-ET-2, indicat-
ing that ET-1 is the predominant ET in human lung fibrob-
lasts. Under standard culture conditions, mRNA levels for
prepro-ET-1 and prepro-ET-2 were somewhat higher in
MRC-5 cells than in phLFb. However, the expression of
prepro-ET-1 mRNA is highly up-regulated by TGF-b, up to
about ninefold in MRC-5 and more than 15-fold in phLFb,
resulting in nearly similar expression levels in both cell types.
The stimulatory effect of TGF-b was rapid in onset and did
not show any fatigue during prolonged exposure suggesting
that pathological conditions with prolonged elevation of

Figure 10
Effects of bosentan, the ET-A (BQ123) and ET-B (BQ788) receptor selective antagonist and ET-1 in absence or presence of bosentan (Bos) on
[3H]-thymidine incorporation (A–D) or cell count (E) in MRC-5 and primary (phLFb) human lung fibroblasts. A–C: 4 ¥ 104 cells were seeded in
12-well dishes and first cultured for 24 h in presence of 10% FCS, followed by additional 24 h under FCS-free conditions. After a 24 h, FCS-free
period test drugs were added as indicated for 30 h. [3H]-Thymidine (37 kBq) was present for the last 24 h (i.e. it was added 6 h after addition of
test drugs). (D) 7.5 ¥ 104 cells were seeded in 12-well dishes and cultured from the onset under FCS-free conditions for 30 h. ET-1 was present
from the beginning, and [3H]-thymidine during the last 24 h. Cellular radioactivity is expressed as % of the mean value of the controls of each
cell preparation. (E) 7.5 ¥ 104 cells were seeded in 12-well dishes and cultured from the onset under FCS-free conditions for 28 or 48 h in absence
or presence of test substance. Cell count is expressed as % of the mean value of the controls of each cell preparation Given are means � SEM
of n � 9 (A–D) and n = 18–22 (E) experiments. Significance of differences: *P < 0.05; **P < 0.01; ***P < 0.001 versus respective controls; +P < 0.01
versus respective value in presence of bosentan alone; #P < 0.01; ##P < 0.001 versus respective value in absence of bosentan.
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TGF-b might be accompanied by a sustained up-regulation of
ET-1 expression.

The stimulatory effect of TGF-b on ET expression is con-
fined to ET-1, as TGF-b did not induce the expression of
prepro-ET-3 and caused even a reduction of the already low
levels of prepro-ET-2 (Figure 2B).

Expression of ET-1 mRNA in human lung fibroblasts
appears to be highly regulated. As a consequence of the short
half-life (30 min), prepro-ET-1 mRNA levels are expected to
reflect immediately changes in prepro-ET-1 gene transcription.
In fact, prepro-ET-1 mRNA levels were increased about seven-
fold already after 1 h exposure to TGF-b (Figures 3 and 4).

TGF-b-induced up-regulation of prepro-ET-1 mRNA was
prevented by actinomycin D, indicating that it is caused by

increased gene transcription. The rapid onset of the TGF-b
effect and the observation that it occurred also in presence of
cycloheximide suggest a direct regulation of prepro-ET-1
mRNA gene expression by TGF-b signalling pathways. That
cycloheximide caused a rapid increase in prepro-ET-1 mRNA
indicates that prepro-ET-1 gene expression is under inhibitory
control of short-living regulatory peptides, which appear also
to oppose the stimulatory effect of TGF-b, as the TGF-b
response was markedly enhanced in presence of cyclohex-
imide (Figure 4).

Accumulation of the biological active ET-1 in culture
media could also be detected and exposure to TGF-b resulted
in increased levels. Strikingly, the maximum effect of TGF-b
on ET-1 accumulation was seen at concentrations that

A
B

Figure 11
Effects of the ET-1 (10 nM), TGF-b (0.3 ng·mL-1) and/or bosentan (Bos, 10 mM) on a-smooth muscle actin (a-SMA) expression in MRC-5 human
lung fibroblasts. 3 ¥ 105 cells were seeded in 35 mm dishes and cultured for 24 h in presence of 10% FCS. After a 24 h FCS-free period, cells were
cultured for additional 24 h in FCS-free medium in absence or presence of test substances. Cellular proteins were extracted and Western blot
analysis for a-SMA and a-tubulin was performed. (A) Samples of original Western blots. (B) Densitometric analysis of a series of Western blots, ratio
a-SMA/a-tubulin, expressed as % of controls. Given are means � SEM of n � 7, significance of differences versus Ctr.: *P < 0.05, **P < 0.01.

A B C

Figure 12
Concentration-dependent effects of ET-1 in absence and presence or bosentan (Bos) or the ET-A (BQ123, 1 mM) or ET-B (BQ788, 100 nM)
receptor-selective antagonist on [3H]-proline incorporation (A, B) and collagen content (C) in MRC-5 (A, C) and primary (B, phLFb) human lung
fibroblasts. 105 cells were seeded in 12-well dishes and first cultured for 24 h in presence of 10% FCS, followed by additional 24 h under FCS-free
conditions. Thereafter (A, B), [3H]-proline (37 kBq) was added alone or in combination with test drugs and cells were cultured for further 24 h.
Radioactivity incorporated in cellular and extracellular protein was determined. (C) Cells were cultured for 24 h in absence of presence of ET-1 and
collagen content of cell extracts determined by QuickZyme collagen assay. Data are expressed as % of the mean value of the controls of each cell
preparation. Given are means � SEM of n � 9 (A, B) or n = 4–5 (C) experiments. Significance of differences: *P < 0.05; **P < 0.001 versus controls
(absence of drugs); +P < 0.05; #P < 0.01 versus respective value in absence of antagonists.
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induced only sub-maximal increase in prepro-ET-1 mRNA
(compare Figures 2A and 6A). A simple relationship between
prepro-ET-1 mRNA levels and ET-1 accumulation may not be
expected, since ET-1 accumulation is determined by a
number of processes, including translation into the precursor
protein, its processing to big-ET-1, release of big-ET-1, conver-
sion to ET-1 and finally degradation of the active peptide.
Since the concentrations of ET-1 accumulating in presence of
exogenous big-ET-1 were about 40-fold higher (Figure 7) than
those observed in media from cells stimulated with TGF-b
(Figure 6), limited ET converting enzyme activity can be
excluded. Limited translation and/or limited processing of
the precursor protein may account for the non-linear rela-
tionship between mRNA levels and accumulation of the
active peptide.

At present, two ET receptors, ET-A and ET-B, have been
identified; and mRNA for both receptors was found to be
expressed in MRC-5 and phLFb. ET-B receptor mRNA appears
to be strongly regulated, as indicated by the marked down-
regulation by TGF-b, whereas expression of ET-A receptors
appears to be constitutive (Figure 8B and C). Constitutive
expression of ET-A receptors, but strong regulation of ET-B
receptor expression has also been described for other tissues,
for example rat mesenteric artery (Uddman et al., 2002).

To check whether ET receptors in human lung fibroblasts
are functional, ET-1-induced cellular DMR was measured in
MRC-5 cells. DMR allows label-free real-time analysis of
signalling pathway activation by GPCRs in living cells
(Antony et al., 2009; Schröder et al., 2010). The direction
of G-protein pathway mediated DMR depends on the
cell-type (Schröder et al., 2010), and we recently showed that
in MRC-5 cells b2-adrenoceptor agonists, like direct activation

Figure 13
Effect of ET-1 in absence or presence of bosentan (Bos) on collagen
I-a1 mRNA expression in MRC-5 human lung fibroblasts; 105 cells
were seeded in 12-well dishes and first cultured for 24 h in presence
of 10% FCS, followed by additional 24 h under FCS-free conditions
in absence or presence of test substances at the concentrations
given. Thereafter, total RNA was isolated, treated with DNase and
used for quantitative real time PCR. Height of columns: collagen I-a1
mRNA (DCt over GAPDH) is expressed as % of the control of the
individual cell preparation, given are means � SEM of n � 6.
Significance of differences: ***P < 0.01 versus control (Ctr.);
+++P < 0.001 versus respective value in absence of Bos.
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Figure 14
Effects of TGF-b and of bosentan (Bos, 10 mM) in absence and presence of TGF-b on [3H]-proline incorporation in MRC-5 (A); 105 cells were seeded
in 12-well dishes and first cultured for 24 h in presence of 10% FCS, followed by additional 24 h under FCS-free conditions. Thereafter, [3H]-proline
(37 kBq) was added alone or in combination with test drugs, and cells were cultured for further 24 h. Radioactivity incorporated in cellular and
extracellular protein was determined and is expressed as % of the mean value of the respective controls (in absence or presence of TGF-b) of each
cell preparation. Given are means � SEM of n � 8 experiments. Significance of differences: ***P < 0.001 versus respective Ctr.; +P < 0.05 versus
respective value in absence of TGF-b.
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Figure 15
Western blot analysis of phospho-p42/44 (ERK1/2) MAPK in MRC-5 human lung fibroblasts. Cells were cultured in 55 mm dishes to nearly
confluence, serum-starved for 24 h and exposed to 100 nM ET-1, 10 mM oxotremorine (Oxo), or vehicle (Ctr.) for 5–30 min (as indicated, A) or
5 min (B and C). In the respective experiments, pertussis toxin (PTX, 50 ng·mg-1) was present 6 h and the ET-A (BQ123, 1 mM) or ET-B (BQ788,
100 nM) receptor antagonist 30 min prior to exposure to ET-1. In controls, cells were treated with solvent at the respective time points (i.e. 5 min
and additionally 30 min or 6 h before cell lysis respectively). Cell lysates were prepared, and 25 mg was separated in 4–10% acrylamide Tris–glycine
gels, immobilized to PVDF membranes and detected by antibodies specific for phosphorylated and unphosphorylated ERK. Densitometrical
quantification of the p44/42 bands was performed, and values (arbitrary units, normalized over unphosphorylated ERK) are expressed as % of the
respective control, in absence or presence of ET-1 and absence or presence of the solvent DMSO (which was required to dissolve BQ788). Given
are means � SEM of n = 4–14. Significance of differences: *P < 0.05, **P < 0.01, ***P < 0.001 versus respective Ctr.; #P < 0.01 versus respective
value in absence of PTX; ++P < 0.05 versus respective value in presence of PTX alone.
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of AC by forskolin, induced negative DMR (Lamyel et al.,
2011). In the present experiments, ET-1 induced in a
concentration-dependent manner a positive DMR. The non-
selective ET receptor antagonist bosentan inhibited ET-1-
induced DMR in a manner suggesting a competitive
interaction. Combination of the ET-A and ET–B receptor
selective antagonists BQ123 and BQ788, in concentrations,
in which they may selectively block the respective receptor
(Ishikawa et al., 1994), inhibited the ET-1-induced DMR
much more effectively than each antagonist alone. This indi-
cates that in MRC-5 human lung fibroblasts both ET receptors
are functional. BQ788 alone had only minor effects indicat-
ing that ET-A receptors alone are able to induce almost the
full DMR response. However, after blockade of ET-A receptors,
ET-B receptors appear to be able to maintain a substantial
response.

Bosentan attenuated the up-regulation of prepro-ET-1
expression and ET-1 accumulation induced by sub-maximal
concentrations of TGF-b (Figures 5 and 6B), indicating that
ET-1 may contribute in a kind of auto-regulatory positive
feedback to the regulation of its own expression and release.
This effect appears to be mediated via ET-A receptors, since
only BQ123, but not BQ788 mimicked the effect of bosentan.
A similar ET-A receptor-mediated feedback mechanism was
also described for the TNF-a-induced up-regulation of ET-1 in
human airway smooth muscle cells (Knobloch et al., 2009).

In both, MRC-5 cells and phLFb, ET-1 exerted proliferative
effects as measured by [3H]-thymidine incorporation. Under
standard culture conditions (Figure 10A–C), ET-1 induced
only a minor proliferative effect. However, bosentan caused a
marked inhibition, indicating that endogenously released
ET-1 exerts already a significant proliferative signal. The

inhibitory effect of bosentan was surmountable by exogenous
ET-1, indicating a competitive interaction between ET-1 and
bosentan, and supporting that the effect of bosentan was
caused by specific ET receptor blockade. As only BQ123, but
not BQ788, mimicked the effect of bosentan, it is concluded
that ET-A receptors mediate the proliferative stimulus. In
phLFb, the inhibitory effect of bosentan was smaller, but on
the other side ET-1 exerted a stronger proliferative effect.
These functional observations are in line with lower expres-
sion levels of ET-1 in phLFb compared with MRC-5 cells. ET-1
mediated stronger proliferative effects, when applied already
at the time of cell dissemination, presumably a condition
with a lower endogenous ET-1 tone and in line with this
conclusion, the potency of exogenous ET-1 was also higher.
Under these conditions, a proliferative effect of ET-1 was
confirmed by cell count. In contrast to present observations,
Préfontaine et al. (2008) reported that ET-A and ET-B receptor
were involved in ET-1-induced proliferation in rat lung
fibroblasts, whereas Gallelli et al. (2005) showed in line with
the present data that in phLFb only ET-A receptors mediate
proliferative effects. Thus, species difference in the role of
ET-A and ET-B receptors must be considered.

Endogenously released ET-1 appears to drive also myofi-
broblast differentiation as bosentan inhibited a-smooth
muscle actin expression. However, ET-1, although up-
regulated by exposure to TGF-b, appears not to be involved in
TGF-b-induced myofibroblast differentiation, as bosentan did
not affect TGF-b-induced up-regulation of a-smooth muscle
actin expression (Figure 11).

Furthermore, ET-1 stimulated also collagen synthesis as
measured by [3H]-proline incorporation in MRC-5 cells and
phLFb. In agreement with the already discussed higher

Figure 16
Effects of ET-1 (10 nM), oxotremorine (Oxo, 10 mM) and/or pertussis toxin (PTX, 50 ng·mL-1) (A) and/or PD 098059 (PD, at the concentrations
given) (B) on [3H]-proline incorporation in MRC-5 human lung fibroblasts; 105 cells were seeded in 12-well dishes. Cells were first cultured for 24 h
in presence of 10% FCS, followed by additional 24 h under FCS-free conditions. Thereafter, [3H]-proline (37 kBq) was added alone or in
combination with test drugs, and cells were cultured for further 24 h. In the respective experiments, PTX was present 6 h and PD 30 min prior
to the exposure to ET-1 or Oxo. Radioactivity incorporated in cellular and extracellular protein was determined and is expressed as % of the mean
value of the controls of each cell preparation. Given are means � SEM of n = 9 experiments. Significance of differences: ***P < 0.001 versus Ctr.;
+++P < 0.001 versus respective value in presence PTX or ET-1 alone; #P < 0.01; ##P < 0.001 versus respective value in presence of ET-1 alone.
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endogenous endothelinergic tone in MRC-5 cells compared
to phLFb, bosentan and the ET-A receptor antagonist BQ123
caused a significant reduction of [3H]-proline incorporation
in MRC-5 cells, but not in phLFb. Nonetheless, in both cell
types, bosentan and BQ123 effectively antagonized the effect
of ET-1 in a surmountable manner, whereas BQ788 was inef-
fective. Direct determination of collagen by the QuickZyme
collagen assay confirmed the marked stimulatory effect of
ET-1 on collagen synthesis. The observation, that ET-1
up-regulated the mRNA of collagen I-a1, a major collagen
type in lung fibroblasts, indicates that enhanced collagen
gene transcription may at least contribute to the up-
regulation of collagen synthesis.

Activation of ERK–MAPK has been shown to be crucially
involved in muscarinic receptor mediated stimulation of pro-
liferation (Matthiesen et al., 2007) and collagen synthesis
(Haag et al., 2008) in MRC-5 cell. In the present experiments,
ET-1, like oxotremorine, induced a rapid, but transient acti-
vation of the ERK-MAPK (Figure 15A). In agreement with
previous findings that muscarinic receptors in human lung
fibroblasts are Gi coupled (Matthiesen et al., 2006; 2007; Haag
et al., 2008), pertussis toxin prevented oxotremorine-induced
ERK activation. It inhibited, however, only partially activa-
tion of ERK caused by ET-1 (Figure 15), indicating that ET-1-
induced ERK activation may be mediated in part via Gi, but to
a large extent also via pertussis-insensitive G-proteins, possi-
ble Gq or G11/12. In correspondence, pertussis toxin prevented
muscarinic stimulation of collagen synthesis, but inhibited
only partially ET-1-induced collagen synthesis (Figure 15A).
Nonetheless, inhibition of ERK MAP kinase pathway by PD
098059 abolished ET-1-induced stimulation of collagen syn-
thesis (Figure 16B), proving that this pathway is crucially
involved not only in proliferative effects of ET-1 (Gallelli
et al., 2005) but also in its effects on collagen synthesis.

In conclusion, human lung fibroblasts express a func-
tional autocrine/paracrine endothelinergic system, which
may, in interaction with other mediators such as TGF-b, drive
pro-fibrotic features. Thus, ET-1 is highly up-regulated by
TGF-b and can mediate stimulatory effects on proliferation,
myofibroblast differentiation and collagen synthesis.
Although ET-B receptors are expressed in human lung fibrob-
lasts and their functional significance could be demonstrated
by DMR, all other so far studied effects of ET-1 appear to be
mediated exclusively by ET-A receptor activation.
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