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Transforming Growth Factor-β1 Induces Transdifferentiation of Fibroblasts
into Myofibroblasts in Hypoxic Pulmonary Vascular Remodeling
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Abstract        The muscularization of non-muscular pulmonary arterioles is an important pathological feature
of hypoxic pulmonary vascular remodeling. However, the origin of the cells involved in this process is still
not well understood. The present study was undertaken to test the hypothesis that transforming growth
factor-β1 (TGF-β1) can induce transdifferentiation of fibroblasts into myofibroblasts, which might play a
key role in the muscularization of non-muscular pulmonary arterioles. It was found that mean pulmonary
arterial pressure increased significantly after 7 d of hypoxia. Pulmonary artery remodeling index and right
ventricular hypertrophy became evident after 14 d of hypoxia. The distribution of nonmuscular, partially
muscular, and muscular vessels was significantly different after 7 d of hypoxia. Immunocytochemistry
results demonstrated that the expression of α-smooth muscle actin was increased in intra-acinar pulmonary
arteries with increasing hypoxic time. TGF-β1 mRNA expression in pulmonary arterial walls was increased
significantly after 14 d of hypoxia, but showed no obvious changes after 3 or 7 d of hypoxia. In pulmonary
tunica adventitia and tunica media, TGF-β1 protein staining was poorly positive in control rats, but was
markedly enhanced after 3 d of hypoxia, reaching its peak after 7 d of hypoxia. The myofibroblast phenotype
was confirmed by electron microscopy, which revealed microfilaments and a well-developed rough endo-
plasmic reticulum. Taken together, our results suggested that TGF-β1 induces transdifferentiation of fibro-
blasts into myofibroblasts, which is important in hypoxic pulmonary vascular remodeling.
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Chronic obstructive pulmonary disease in humans is
associated with chronic hypoxia. The principal medical
consequences of chronic hypoxia include polycythemia
and pulmonary hypertension, and finally, cor pulmonale.
Laboratory animals subjected to decreased ambient oxy-
gen concentrations manifest similar physiological
responses, resulting in the occurrence of hypoxic pulmo-
nary hypertension. The pathophysiology of hypoxic pul-
monary hypertension is complex and involves vasocon-
striction as well as neomuscularisation and thickening of
the media and adventitia of pulmonary arterioles. The fi-
broblast is the most abundant cell type in normal connec-

tive tissues and plays a central role in synthesis, degradation,
and remodeling of the extracellular matrix in health and
disease. The majority of fibroblasts demonstrate the abil-
ity of converting into α-smooth muscle actin (α-SMA)-
containing myofibroblasts in response to specific stimuli.
Myofibroblasts are “hyperactivated” fibroblasts with prop-
erties of fibroblasts and muscle cells [1−3] that facilitate
tissue remodeling and wound healing and also play a patho-
logical role in fibrotic disease. Compared with their pre-
cursor cell type (referred to as stellate transformed [4] or
protomyofibroblasts [1]), activated myofibroblasts have
dramatically higher levels of extracellular matrix (ECM)
and cytokine secretion, increased contraction [3], and a
trademark stellate morphology with prominent stress fibers.
Histochemically, myofibroblasts are characterized by the
expression of α-SMA. They can also express other con-
tractile proteins, such as the striated-muscle isoforms of
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myosin heavy chain. Myofibroblast activation is strictly
regulated by cytokines that control differentiation,
proliferation, contraction, ECM secretion, and migration
to the site of wound healing or tissue remodeling [3]. After
completion of remodeling activities, myofibroblasts are
eliminated by apoptosis; however, when the myofibroblast
life cycle is not regulated properly, myofibroblasts persist
with continued force generation and ECM production, re-
sulting in pathological fibrosis, scarring, and fibrocontractile
disease [5].

Transforming growth factor-β1 (TGF-β1) is involved
in tissue repair by modulating the growth of mesenchymal
cells, augmenting the synthesis of several ECM proteins,
and facilitating the differentiation of fibroblasts [6]. In-
creased expression of TGF-β1 has been demonstrated in
human restenotic lesions. In experimental settings systemic
administration of TGF-β1 resulted in the formation
of a neointima rich in ECM proteins [7]. Conversely, anti-
TGF-β1 neutralizing antibodies reduced ECM proteins,
further pointing to the important role of TGF-β1 in vascu-
lar repair [8]. However, the roles of TGF-β1 and
myofibroblasts in the development of hypoxia-induced
pulmonary hypertension and the accompanying vascular
remodeling are incompletely understood. In this study, we
investigate the dynamic expression of TGF-β1 and
myofibroblast formation in a rat model of hypoxia.

Materials and Methods

Animals and hypoxia model

The protocol for exposure of rats to hypoxia and
normoxia was identical to that reported previously by our
laboratory [9]. In the present study, we used 40 male Wistar
rats purchased from the Animal Experimental Center of
Central South University, Changsha, China. The animals
weighed 220±10 g and the average age was 6–8 weeks.
They were randomly divided into five groups (eight rats in
each group). Each group of hypoxic rats was exposed for
a specified time period (3, 7, 14, or 21 d) for 8 h per day
intermittently to normobaric hypoxia (10.0%±0.5%
oxygen) in a ventilated chamber. Age- and weight-matched
control rats were maintained in normobaric 21% oxygen
(fresh air). To establish the hypoxic conditions the cham-
ber was flushed with a mixture of room air and nitrogen
from a liquid nitrogen reservoir. An oxygen analyser (HT-
6101; Kanda Electrical, Chengdu, China) was used to
monitor the chamber environment. Carbon dioxide was
removed with soda lime, excess humidity removed by

anhydrous calcium chloride, and boric acid was used to
keep ammonia levels within the chamber to a minimum.
The normoxic control rats were not kept in the chamber
but they were housed in the same room and treated in the
same fashion as the hypoxic rats.

Mean pulmonary arterial pressure (mPAP) measure-
ment

mPAP was measured as described previously [10]. Af-
ter rats were anesthetized with pentobarbital sodium (40
mg/kg intraperitoneally), a specially designed single-lumen
catheter was inserted into the main pulmonary artery
through the right jugular vein, at which point the position
of the catheter was judged by the waveform of the pres-
sure signal. The mPAP was measured with PowerLab
monitoring equipment (AD Instruments, Milford, USA).

Right ventricular hypertrophy index (RVHI)

After the measurement of mPAP, the rats were killed
and their lungs were collected for morphometry analysis,
in situ hybridiza tion and immunohistochemical
examination; their hearts were collected for measurement
of RVHI. For right ventricular hypertrophy measurement,
hearts were excised and atria were removed. The right
ventricular free wall was dissected, and each chamber
weighed. The ratio of right ventricular weight (RV) to
weight of left ventricle (LV) plus septum (S) [RV/(LV+S)]
was used as an index of right ventricular hypertrophy.

Vessel morphometric analysis and constituent ratio
of the three types of pulmonary vessels in the intra-
acinus pulmonary artery

Four micrometer lung sections were embedded in
paraffin, stained with hematoxylin-eosin, then examined
using light microscopy. At least five representative pul-
monary arterioles (outer diameter approximately 100−150
µm), chosen from three different sections from each
animal, were independently examined. The images of the
arterioles were captured and analysed with PIPS-2020
Image software (Chongqing Tianhai Company, Chongqing,
China) . To evaluate hypoxic pulmonary vascular
remodeling, the ratio of vascular wall area to external di-
ameter (WA%), the ratio of vascular lumen area to total
area (LA%), the number of smooth muscle cell nuclei in
pulmonary arteriole tunica media (SMC; per 1000 µm2)
and pulmonary artery media thickness were obtained. The
total number of intra-acinus pulmonary artery of unit area
(25 mm2) was counted. Moreover, the constituent ratio of
nonmuscular, partially muscular, and muscular arteries
was obtained.
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In situ hybridization of TGF-β1

In situ hybridization was performed using a detection
kit (Wuhan Boster Biological Technology, Wuhan, China).
The oligonucleotide probes (Wuhan Boster Biological
Technology) were designed according to the TGF-β1 se-
quences of rat. The sequences of probes against TGF-β1
mRNA were: 5'-ACCTGCAAGACCATCGACATG-
GAGCTGGTG-3'; 5'-TGTACAACAGCACCCGCGAC-
CGGGTGGCAG-3'; 5'-CTACCAGAAATATAGCAAC-
AATTCCTGGCG-3'.

Hybridization was performed on serial sections of for-
malin-fixed (containing 0.1% diethylpyrocarbonate) par-
affin-embedded lung tissues according to manufacturer’s
instructions. Briefly, sections were digested with pepsin
for 20 min at 37 ºC. After 2 h of prehybridization, sections
were incubated with digoxin-labeled single-stranded oli-
gonucleotide probes for 16 h at 38 ºC (negative controls
were incubated with blank probe solution). After unbound
probes were washed off, sections were incubated with
rabbit antibodies against digoxin and with biotinylated goat-
antirabbit secondary antibodies. Afterwards, sections were
incubated with streptavidin-horseradish peroxidase (HRP)
and visualized by a color reaction with diaminobenzidine
(Wuhan Boster Biological Technology). Brown and yel-
low colours indicated positive results. Finally, the sections
were counterstained with hematoxylin and mounted. Ex-
pression levels of mRNA were quantified by a pathology
image analysis system (PIPS-2020).

Immunohistochemistry analysis of TGF-β1 and α-SMA

A streptavidin-biotin complex kit (Wuhan Boster Bio-
logical Technology) was used for immunohistochemisty,
which was performed similar to that described previously
with minor modifications. Briefly, serial sections of for-
malin-fixed paraffin-embedded lung tissues were digested
with 3% H2O2 for 20 min at room temperature, then
preincubated with 10% non-immunized serum. Sections
were incubated with rabbit anti-TGF-β1 or anti-α-SMA
polyclonal antibody (at a working dilution of 1:100) over-
night at 4 ºC (negative controls were incubated with phos-
phate-buffered saline only). After unbound antibodies were
washed off, the sections were incubated with biotinylated
goat-antirabbit secondary antibodies and thereafter incu-
bated with streptavidin-HRP. Subsequently, sections were
visualized by a color reaction with diaminobenzidine as
the substrate. Brown and yellow colours indicated posi-
tive results (mainly cytoplasm). Finally, the sections were
counterstained with hematoxylin (resulting in blue nuclei)
and mounted. Expression levels of protein were quantified

by a pathology image analysis system (PIPS-2020).

Electron microscopy

For electron microscopy, tissue cultures were fixed in
cold 2.5% glutaraldehyde in 0.1 M of sodium cacodylate
buffer and postfixed in a solution of 1% osmium tetroxide,
dehydrated, and embedded in a standard fashion. The
specimens were then embedded, sectioned, and stained
by routine means for a JEO-1200 electron microscope
(JEOL, Tokyo, Japan).

Statistical analysis

Data were expressed as mean±SD. The group t-test
was used to compare data between two groups. ANOVA
was used to determine statistically significant differences
among multiple groups, with the Newman-Keuls test com-
paring statistical significance between two groups. Cat-
egorical data were expressed as frequency distribution and
the χ2 test was used. P<0.05 was considered as statisti-
cally significant.

Results

Chronic hypoxia increased mPAP

mPAP was measured as an indicator of pulmonary ar-
tery pressure in conscious rats. mPAP in normoxic rats
was 14.02±0.41 mmHg. As expected, the hypoxic ani-
mals developed pulmonary hypertension after 7 d of ex-
posure to hypoxia (P<0.05), reaching its peak level after
14 d of hypoxia, then remained on the high level (Table
1).

Chronic hypoxia leads to hypoxic pulmonary vascular
remodeling and right ventricular hypertrophy

As shown in Table 1, pulmonary arterioles in normoxic
animals were thin, whereas after 7 d of hypoxic exposure,
they developed increased medial thickness characteristic
of pulmonary hypertension. Quantification of these struc-
tural changes in several lung sections of all of the animals
exposed to each of the different hypoxia time periods (3,
7, 14 or 21 d) revealed significantly increased medial thick-
ness of pulmonary arterioles in hypoxic animals in com-
parison with normoxic controls. Right ventricular hyper-
trophy resulting from right ventricle pressure overload is
a hallmark of pulmonary hypertension. After 14 d of
hypoxia, RVHI was significantly increased in comparison
with the control (P<0.05). RVHI had increased further
after 21 d of hypoxia. This result indicated right ventricu-
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lar hypertrophy had developed after 14 d of exposure to
hypoxia.

Changes of constituent ratios of three types of pul-
monary arterioles after hypoxia

We observed the distribution of arterioles by wall struc-
ture in hypoxia-induced pulmonary hypertension. The dis-
tribution of nonmuscular, partially muscular, and muscu-
lar arterioles was significantly different (P<0.05) from 7
d in alveolar wall arterioles; muscular and partially muscu-
lar arteries increased at the expense of nonmuscular arte-
rioles (Fig. 1).

Dynamic analysis of α-SMA in alveolar wall arteri-
oles

In both normal and hypoxic lungs, bronchial smooth

muscle cells and the smooth muscle cells of pre-acinar
vessels associated with bronchioli and terminal bronchioli
expressed α-SMA. In the normal lung, in the thick-walled
oblique muscular artery, and in arterioles associated with
respiratory bronchioli at the entrance to the acinus, cells
expressing α-SMA were evident [Table 2 and Fig. 2(A)].
Alveolar duct and alveolar wall arterioles with cells ex-
pressing α-SMA were rare. Initially in hypoxia (3 d), the
distribution of α-SMA cells was similar to that throughout
the normal lung [Table 2 and Fig. 2(B)]. By 7 d, increased
numbers of α-SMA cells were evident in pre-acinar arte-
rioles of the hypoxic lung, but most intra-acinar arterioles
were still negative. At 14 d, alveolar arterioles with α-
SMA cells increased and septal cells at the entrance to al-
veolar ducts were also positive [Table 2 and Fig. 2(C)].
By 21 d, the number and intensity of α-SMA cells had
increased and small thick-walled alveolar wall and duct
arterioles with these cells were evident, including arteri-
oles with muscular walls as well as partially muscular

Table 1        Effects of different time periods of hypoxia on mPAP, right ventricular hypertrophy, and pulmonary artery remodeling
in rats

Group mPAP (mmHg) LA (%) WA (%) SMC PAMT (µm) RV/(LV+S) (%)

Control 14.02±0.41 64.5±1.3 35.5±1.3 5.5±1.0 11.9±0.6 23.6±0.5
Hypoxia for 3 d 14.58±0.28 63.0±0.9 37.0±0.8 5.8±0.8 12.0±0.5 23.3±1.7
Hypoxia for 7 d 18.41±0.37ac 52.2±0.8ac 47.8±0.8ac 6.1±0.8 12.3±0.5 24.0±0.9
Hypoxia for 14 d 21.17±0.23acd 39.7±0.4acd 60.3±0.4acd 7.1±0.8acd 15.0±0.3acd 25.0±1.8ac

Hypoxia for 21 d 22.24±0.21bcd 35.0±0.7bcde 65.0±0.7acde 9.1±0.8acde 23.0±0.8acde 27.7±1.0bcd

a P<0.05 compared with the control group; b P<0.01 compared with the control group; c P<0.05 compared with hypoxia for 3 d; d P<0.05 compared with hypoxia for
7 d; e 

P<0.05 compared with hypoxia for 14 d. mPAP, mean pulmonary arterial pressure; LA, the ratio of vascular lumen area to total area; PAMT, pulmonary artery media
thickness; RV/(LV+S), the ratio of right ventricular weight to weight of left ventricle plus septum; SMC, the number of smooth muscle cell nuclei in pulmonary arteriole
media per 1000 µm2; WA, the ratio of vascular wall area to external diameter. Data are represented as mean±SD (n=8).

Table 2        Comparison of α-smooth muscle actin (α-SMA)
expression in the wall of pulmonary arterioles of rat after dif-
ferent time periods of hypoxia

Group α-SMA

Control 0.1052±0.0084
Hypoxia for 3 d 0.1123±0.0092
Hypoxia for 7 d 0.1228±0.0098ab

Hypoxia for 14 d 0.1345±0.0104acd

Hypoxia for 21 d 0.1428±0.0110ace

a P<0.01 compared with the control group; b 
P<0.05 compared with hypoxia for

3 d; 
c 
P<0.01 compared with hypoxia for 3 d; 

d 
P<0.05 compared with hypoxia for

7 d; 
e 
P<0.01 compared with hypoxia for 7 d. Optical density values are repre-

sented as mean±SD (n=10).

Fig. 1        Changes of composition of nonmuscular arteriole
(NMA), partially muscular arteriole (PMA) and muscular arte-
riole (CMA) in rat after different time periods of hypoxia

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/38/1/29/261 by guest on 09 April 2024



Jan., 2006                                Yong-Liang JIANG et al.: TGF-β1 Induces Transdifferentiation of Fibroblasts into Myofibroblasts                                 33

http://www.abbs.info; www.blackwellpublishing.com/abbs

arterioles. All of the distal thick-walled arterioles had α-
SMA cells.

Hypoxia induces TGF-β1 mRNA and protein expres-
sion in pulmonary arterial walls

Table 3 shows control pulmonary arterioles displayed
low-level expression of TGF-β1 transcripts in medial
SMCs. Adventitial fibroblasts also showed a paucity of
TGF-β1 transcripts, TGF-β1 mRNA expression in pul-
monary arterial walls was increased significantly after 14
and 21 d of hypoxia, but showed no obvious changes
after 3 or 7 d of hypoxia [Fig. 3(A−C)]. TGF-β1 mRNA
was located predominantly in tunica adventitia and tunica
media. In pulmonary arterioles tunica adventitia and tu-
nica media, TGF-β1 protein staining was poorly positive
in control rats, but was markedly enhanced after 3 and 7
d of hypoxia, then weakened after 14 and 21 d of hypoxia
[Fig. 4(A−C)].

Ultrastructural characteristics of adventitial myofibroblast
and analysis of cell phenotype in alveolar wall arterioles

To examine the ultrastructural changes associated with
TGF-β1 induction, the smallest vessels were examined by

Fig. 2        Immunohistochemistry analysis of α-smooth muscle actin (α-SMA) protein expression in smooth muscle of
pulmonary arteries in rat
(A) α-SMA expression in smooth muscle of pulmonary vessels and bronchi in the control group. Magnification, 200×. (B) α-SMA expression in intra-acinar
pulmonary arteries 3 d after hypoxia. Magnification, 200×. (C) α-SMA expression in intra-acinar pulmonary arteries 14 d after hypoxia. Magnification, 200×.

Table 3        Effects of different time periods of hypoxia on
expression of transforming growth factor (TGF)-β1 gene in
pulmonary arteries of rats

Group TGF-β1 protein TGF-β1 mRNA

Control 0.042±0.012 0.145±0.018
Hypoxia for 3 d 0.198±0.031a 0.163±0.021
Hypoxia for 7 d 0.267±0.035ab 0.176±0.026
Hypoxia for 14 d 0.143±0.026abc 0.385±0.028abc

Hypoxia for 21 d 0.125±0.015abc 0.413±0.025abc

a P<0.01 compared with control group; 
b 
P<0.01 compared with hypoxia for 3 d;

c 
P<0.01 compared with hypoxia for 7 d. Data are represented as mean±SD (n=8).

Fig. 3        In situ hybridization of transforming growth factor (TGF)-β1 mRNA expression in pulmonary arteries of rat
(A) Pulmonary artery of control. In arterial adentitia (black arrow) and media (blank arrow), TGF-β1 mRNA staining was poorly positive. Magnification, 200×. (B)
Pulmonary artery after hypoxia for 7 d. In arterial adentitia (black arrow) and media (blank arrow), TGF-β1 mRNA staining was poorly positive. Magnification, 200×.
(C) Pulmonary artery after hypoxia for 14 d. In arterial adentitia (black arrow) and media (blank arrow), TGF-β1 mRNA staining was strongly positive. Magnification,
200×.
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electron microscopy. In the normal lung, they were con-
stituted in alveolus and endothelial cells [Fig. 5(A)], but at
the late stage of hypoxia (21 d), myofibroblast phenotype
was organized between elastic laminae. Aligning fibroblasts
were associated with the wall. Myofibroblasts formed the
walls of the smallest vessels [Fig. 5(B)]. All of these cells
were well-developed microfilaments.

Discussion

Hypoxic pulmonary vascular remodeling is an impor-

tant pathologica l fea ture of hypoxic pulmonary
hypertension, leading to increased pulmonary vascular re-
sistance and reduced compliance. It involves thickening
of all three layers of the blood vessel wall (due to hyper-
trophy and/or hyperplasia of the predominant cell type
within each layer), as well as extracellular matrix
deposition. Neomuscularisation of non-muscular arteries
and neo-intimal lesions also occur [11]. But the cell origin
is unclear for the muscularization of non-muscular pul-
monary arterioles in hypoxic pulmonary vascular
remodeling. Our results demonstrate that the hypoxic ani-
mals developed pulmonary hypertension after 7 d of ex-
posure to hypoxia; after 14 and 21 d, hypoxic animals
showed significantly increased medial thickness of pul-
monary arterioles and the muscularization of non-muscu-
lar pulmonary arterioles compared with normoxic controls.

Myofibroblasts represent highly specialized mesenchy-
mal cells that play a central role in tissue repair. However,
very little is known about the important role myofibroblast
differentiation might play in hypoxic pulmonary vascular
remodeling. We designed our experiments to specifically
characterize the myofibroblast phenotype, its induction by
TGF-β1, and the potential contribution to pathological
changes in hypoxic pulmonary vascular remodeling. Here,
we demonstrate that myofibroblast formation contributes
to muscularization of non-muscular pulmonary arterioles
and TGF-1 is capable of inducing myofibroblast
differentiation. Their formation is marked by the develop-
ment of bundles of microfilaments (stress fibers) and abun-
dant connections with the surrounding ECM. One of the
most prominent features of TGF-β1-inducing fibroblasts
is the appearance of α-SMA-positive myofibroblasts. Our
results demonstrate that in hypoxic pulmonary vascular
remodeling, the predominant contribution to myofibroblast

Fig. 4        Immunohistochemistry analysis of transforming growth factor (TGF)-β1 protein expression in pulmonary arteries of rat
(A) Pulmonary artery of control. In arterial adentitia (black arrow) and media (blank arrow), TGF-β1 protein staining was poorly positive. Magnification, 200×. (B)
Pulmonary artery after hypoxia for 7 d. In arterial adentitia (black arrow) and media (blank arrow), TGF-β1 protein staining was strongly positive. Magnification, 200×.
(C) Pulmonary artery after hypoxia for 14 d. In arterial adentitia (black arrow) and media (blank arrow), TGF-β1 protein staining was poorly positive. Magnification, 200×.

Fig. 5        Ultrastructural characteristics of alveolar wall
arteries in rat associated with transforming growth factor-β1
induction
(A) Ultrastructural characteristics of alveolar wall vessels in control lung. Small,
thin-walled alveolar wall vessel with the alveolus (alv) and endothelia cells (e)
Magnification, 5000×. (B) Ultrastructural characteristics of alveolar wall vessels
after hypoxia for 21 d. Myofibroblasts (asterisks) are organized between elastic
laminae (iel, internal elastic lamina; eel, external elastic lamina). Aligning fibro-
blasts are associated with the wall (fb). Magnification, 5000×.
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generation comes from resident fibroblasts, and others have
identified TGF-β1 as the key molecular switch in
myofibroblast generation [12,13]. Moreover, hypoxia might
also induce differentiation of pulmonary artery adventitial
fibroblasts into myofibroblasts [14]. These characteristics
are consistent with the primary role of newly-formed
myofibroblasts to close an open wound by means of ECM
protein synthesis (e.g., collagens) and contraction. Sub-
sequent  s tudies have confirmed the presence of
myofibroblasts in a wide range of other pathological con-
ditions that are associated with fibrogenesis and organ re-
modeling [15,16].

TGF-β1 is a member of the TGF-β cytokine superfam-
ily that coordinates differentiation of mesenchymal stem
cells during such distinct processes as organogenesis, bone
and neuronal tissue formation, and myofibroblast activa-
tion [17]. In the present study, hypoxia induced dynamic
changes in TGF-β1 expression, with the initial changes
involving the adventitia and media, as reflected by in situ
hybridization and immunohistochemistry findings. The
increase in TGF-β1 mRNA in adventitial and medial cells
was apparent as early as 3 d after hypoxia. The question
can be raised as to the mechanism(s) of TGF-β1 induc-
tion after vascular hypoxia, inasmuch as normal adventi-
tial fibroblasts are devoid of this cytokine. The ability of
TGF-β1 to induce its own expression suggests that its
release from degranulated platelets and activated macroph-
ages might initiate TGF-β1 upregulation in adventitial fi-
broblasts [18]. Furthermore, platelet-derived growth fac-
tor released from platelets early after vascular insult could
contribute to the induction of TGF-β1 [19]. Interestingly,
the TGF-β1 mRNA was not significantly increased until
14 d of hypoxia, yet TGF-β1 protein was markedly in-
creased after only 3 d of hypoxia. Moreover, after 14 and
21 d of hypoxia, when the TGF-β1 mRNA levels were at
their highest, protein levels started to drop. This suggests
a major alteration in post-transcriptional regulation.

In vivo and in vitro studies indicate that TGF-β1 is one
of the main inducers of the differentiation of fibroblasts
into myofibroblasts [12,13]. Prior studies have shown that
TGF-β1 induces adventitial myofibroblast differentiation
using a protein kinase Cα-dependent process [20]. The
origin of myofibroblasts in various tissues has been a sub-
ject of controversy [21]. The augmented synthetic func-
tion of myofibroblasts derived from various tissues, with
the accompanying deposition of collagens and fibronectin,
is consistent with the profibrotic effects of TGF-β1 [22].
Furthermore, myofibroblasts are capable of mediating
contraction of their surrounding environment.

Hypoxia might initiate a series of cellular events leading
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