
ROS-induced endothelial stress contributes to
pulmonary fibrosis through pericytes and Wnt signaling
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Pulmonary fibrosis is a grave diagnosis with insidious progression, generally considered as a consequence of
aberrant epithelial wound healing and excessive scarring. This process is commonly modeled in animals by local
bleomycin administration, resulting in peribronchial inflammation and subsequent fibrosis. We have previously described
initiation and early development of distal pulmonary fibrosis following repeated subcutaneous bleomycin injections
(systemic administration). The aim of this study was to identify mechanisms for the development of pulmonary fibrosis,
which we hypothesize is related to endothelial stress and activation. Bleomycin was administered subcutaneously 3 times/
week during 0.33–4w, and parenchymal alterations were studied. In addition, we used microvascular endothelial cells to
investigate effects of bleomycin in vitro. Our results confirmed that systemic administration of bleomycin exerts oxidative
stress indicated by an increase in Sod1 at 0.33, 1, and 4w (Po0.05). Endothelial cells were activated (increased CD106
expression) from 1w and onwards (Po0.05), and p21 expression was increased 2–3 times throughout the study (Po0.05)
as were the number of β-catenin-positive nuclei (Po0.001). Wnt3a was increased at 0.33, 1, and 4w (Po0.01) and Wnt5a
from 1w and onwards (Po0.001). The present study suggests that bleomycin-induced reactive oxygen species (ROS)
causes DNA stress affecting the endothelial niche, initiating repair processes including Wnt signaling. The repeated
systemic administrations disrupt a normally fine-tuned balance in the Wnt signaling. In addition, pericyte differentiation
was affected, which may have significant effects on fibrosis due to their ability to differentiate into myofibroblasts. We
conclude that the endothelial niche may have an important role in the development of pulmonary fibrosis and warrants
further investigations.
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Pulmonary fibrosis is a grave and debilitating diagnosis of
unknown or inadequately known pathology. The insidious
progression of clinical pulmonary fibrosis has seriously
hampered the understanding of the pathological development
and mechanisms, but it is now generally recognized that
an aberrant epithelial wound healing in association with
dysregulated fibroblast proliferation and matrix synthesis has
a key role in the disease development.1

To investigate the initiation and early development of
pulmonary fibrosis animal models are commonly used, one of
the most common being local bleomycin administration.
Local (intratracheal) bleomycin administration causes epithe-
lial necrosis and severe inflammation severely affecting all
cells within the central part of the lung, which is followed by
development of a heterogeneous fibrosis and later resolution.
Bleomycin exerts it's effect through generation of reactive
oxygen species (ROS), which results in oxidative stress in lung
also after systemic administration.2,3 In addition, the

oxidative effects of bleomycin in vitro have also been well
described.4,5 In contrast to intratracheal administration of
bleomycin, repeated subcutaneous administrations result in a
systemic exposure, and cause distal fibrosis that develops in
parallel with mild inflammation.6 The mechanisms behind
these events are unknown, although it is likely that the
endothelial niche is involved as previous studies have
described systemic bleomycin administration (albeit at a
higher dose) to result in capillary damage.7

The endothelial niche consists of endothelial cells and
pericytes, which are vascular-associated progenitors. Pericytes
were originally defined by their location within the basement
membrane of vessels, spanning multiple endothelial cells, and
for being crucial for endothelial integrity. Loss of these
progenitors has been associated with endothelial dysfunction.8

Recently, pericytes have been suggested to be a type of
mesenchymal stem cells (MSCs) due to their capacity to
differentiate into osteoblasts, chondrocytes, and adipocytes.9
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An important regulator of stem cell homeostasis is the
Wingless/Integrase-1 (Wnt)-signaling pathways,10 which are
believed to keep stem cells in a dedifferentiated and self-
renewal state.11,12 Wnt signaling is an evolutionary conserved
signal transduction cascade, transmitting signals through
cell–cell contact and regulates cell fate, polarity, differentiation,
migration and thereby organogenesis and fetal development.13

Small RhoGTPases represent key mediators for facilitating
Wnt-induced intracellular signaling, promoting transcrip-
tional as well as morphological changes in cell behavior.14

Wnt signaling is essential during fetal lung development,15 but
is also involved in tissue repair16 and stem cell homeostasis10

in adults. In addition, several studies have shown the
importance of Wnt signaling in pulmonary fibrosis.17,18

The aim of the present study was to identify a mechanism
for the development of pulmonary fibrosis following
subcutaneous bleomycin administration. For greater accu-
racy, we used histology enabling us to specifically investigate
the lung parenchyma.

Our results suggest that bleomycin induces endothelial
stress and repeated exposures disrupt a normally fine-tuned
Wnt balance, causing MCS-like pericytes to alter phenotype.19

We hypothesize that these involvements ultimately lead to
pulmonary fibrosis, likely by differentiation of pericytes into
myofibroblasts, as recently described.20 As pericytes have the
ability to differentiate into myofibroblasts as well as to exert
regulatory influences on adjacent cells, understanding the
effects of Wnt signaling in pericytes, now emerges as an
important objective to understand the early events of
pulmonary fibrosis.

Some of the results of this study have previously been
reported in the form of an abstract.19

MATERIALS AND METHODS
Model
We used a previously described model where subcutaneous
bleomycin injections were used to initiate pulmonary fibrosis.6

Briefly, 0.1 ml bleomycin (500 IE/ml, Bleomycinsulphate,
Bleomycin Baxter, Baxter Medical AC, Kista, Sweden) was
administered (using a 30 gauge needle) subcutaneously on the
back, 3 times/week for up to 4 weeks, and animals were killed
24 h after final injection. Controls received saline injections.
Animals were kept housed under barrier conditions, with food
and water ad libitum. All protocols were approved by the local
ethics committee (Malmö/Lund, Sweden; number M275-10).
Following killing, tissues were fixed in in 4% formaldehyde,
dehydrated, and embedded in paraffin.

Immunohistochemistry
In all, 4.5 μm sections were processed for immunohistochem-
istry (IHC) according to standard protocol. Briefly, sections
were rehydrated and allowed to equilibrate in TBS buffer for
15 min. The sections were pretreated with Proteinase K
solution (20 mg/ml) in 37 °C for 30 min. The primary
antibody was applied, diluted in Dilution buffer (TBS

supplemented with 1% BSA) and incubated in room
temperature for 1.5–2 h (room temperature) or overnight
(4 °C). Following incubation with primary antibody, the slides
were rinsed and secondary antibody+nuclear marker DAPI
was applied. The dilution of the secondary antibody used was
1:200. DAPI was used at a concentration of 30 μM and further
diluted 1:200 when mixed with the secondary antibody. The
mixture of secondary antibody and DAPI was incubated for
45 min–1 h in room temperature before rinsing. The slides
were mounted in fluorescent mounting medium and stored in
− 20 °C before analysis. The following antibodies were used
within this study: Sod1 (1:300, ab13498, Abcam, Cambridge,
UK), p21 (1:200, ab7960, Abcam), CD106/VCAM-1 (1:200,
ab19569, Abcam), NG2 (1:100, MAB5384A4, EMD Millipore
Corporation, Billerica, MA, USA), Wnt3a (1:300, 09-162,
EMD Millipore), Wnt5a (1:100, ab72583, Abcam), β-catenin
(1:100, AF1329, R&D Systems, Minneapolis, MN, USA),
CD31 (1:100, ab56299, Abcam), Vimentin (1:600, ab92547,
Abcam), CDC42 (1:500, ab64533, Abcam), panRho-
RacCDC42 (1:300, ab69091, Abcam), and α-SMA (1:2500,
C6198, Sigma, St Louis, MO, USA).

Histological Analysis
All analyses were performed by digital imaging and the
software ImageJ (v1.44j; Wayne Rasband, NIH, USA) was
used. All slides were analyzed in a blinded manner where
images of the lung parenchyma were obtained randomly.
To be able to compare between slides, a starting point
at the bottom part of the section close to (directly under)
the pleura was selected. From this starting point, the next
image was taken 2–4 image fields right and 1–3 upwards
from the starting image. A variable number of images of each
slide were taken, ranging from 4 to 10, depending on the
magnification and staining. Analysis of the images was
performed slightly different depending on the parameter
studied:

(1) The positively labeled area was measured using a
threshold to define positive staining. This area was
related to the total tissue area, thus giving the results as
fraction of positive staining of total tissue area (%).

(2) The number of positively labeled cells (or nuclei, in the
case of β-catenin) was counted and related to the tissue
area, thus results are given as number of positively labeled
cells (nuclei)/area.

Transmission Electron Microscopy
To investigate the integrity of the vascular wall, we used
transmission electron microscopy (TEM) and studied samples
from control animals and animals subjected to 2w of
bleomycin. Within the samples, vascular walls of capillaries
were investigated for signs of endothelial dysfunction, and we
sought to identify pericytes within the vascular wall to
determine their presence.
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Microvascular Endothelial Cells
Primary lung microvascular endothelial cells (from C57/bl6
mice, product number C57-6011) were purchased (CellBio-
logics, Chicago, IL, USA) and grown according to instructions
provided by the supplier in complete mouse endothelial cell
culture medium (M1168, CellBiologics).

Bleomycin Administration In Vitro
For experiments, cells were plated in gelatinase-coated 12-well
plates and grown to confluency, according to the manufac-
turer's instructions. Before bleomycin administration, med-
ium was changed and bleomycin (Baxter, 1 IE/ml in NaCl)
was added to a final concentration in medium of 0.3 IE/ml.
The experiment was performed twice and data are given as
mean of the two experiments. Cells were harvested after 24 h
for extraction of total RNA using RNeasy (Qiagen GmBH,
Hilden, Germany) according to the manufacturer's instruc-
tions (Qiagen).

RT-qPCR
The quantity of RNA was measured by spectrophotometry
using a NanoDrop 2000c (Thermo Fisher Scientific, Gothen-
burg, Sweden). Total RNA (1 μg) was reverse-transcribed
using superscript II according to the manufacturer's manual
(Invitrogen, Carlsbad, CA, USA) and stored at − 70 °C. In all,
5 μl cDNA (diluted 1:250) was mixed with 15 μl SYBR-green
PCR master mix (Applied Biosystems, Life Technologies) and
amplified by RT-qPCR using Agilent Technologies (Santa
Clara, CA, USA). The samples were held for 10 min at 95 °C,
before being cycled for 40 cycles of 30 s at 95 °C, 1min at 59 °C,
and 1 min at 72 °C. Each sample was analyzed in triplicate.
Reactions were performed using MX3000P 96-well plates
(Agilent Technologies). Primers detecting Sod-1 and p21
(PrimerDesign, Southampton, UK), and RhoA and Rac1
(Eurofins GmbH, Ebersberg, Germany) were used:

Sod1
S: TTGGGCAAAGGTGGAAATGAA, AS: ACTCAGACCA

CACAGGGAAT
p21
S: TGACTCCAGCCCCAAACAT, AS: GGGAGGGAGCCA

CAATACA
RhoA
S: ACAACTGCATCCCAGAACCT, AS: TACCACAAGCTC

CATCACCA
Rac1
S: TATGGGACACAGCTGGACAA, AS: GGACTCACAAG

GGAAAAGCA.

Statistical Analysis
Results were statistically tested using Analyse-it for Microsoft
Excel (Analyse-it Software, Ltd, Leeds UK). For determination
of statistical differences between the different groups the
Kruskal–Wallis combined with the LSD post hoc test was
performed, and all groups were compared pairwise. Po0.05

was considered as statistically significant, and data are, if not
stated otherwise, given as mean± s.d.

RESULTS
Representative images of all IHC stainings, at all time points
including negative controls can be found in the Supplement
(Supplementary Figure 1).

Confirmation of Oxidative Stress in Lung
To confirm that bleomycin exert oxidative stress on lung
tissue, we investigated the expression of the ROS-neutralizing
enzyme Superoxide dismutase-1 (Sod1) and a marker of cell
stress, p21, in lung.

Significantly increased expression of Sod1 (Figure 1a and c)
was found at 0.33, 1w, and 4w (0.15± 0.06%, 0.19± 0.09%,
and 0.19± 0.06%), compared with controls 0.08± 0.04%
(P= 0.0288, 0.0058, and 0.003, respectively). At 2 and 3 weeks,
the expression of Sod1 was normalized.

The number of p21-positive cells (Figure 1d and g) was
increased 2–3 times after one dose of bleomycin (P= 0.0004–
0.0197), compared with controls (85± 47 cells/mm2), and
remained increased throughout the study.

Administration of bleomycin to microvascular endothelial
cells in vitro showed no increased mRNA expression of Sod1
(Figure 2a), whereas expression of p21 was increased 2.5–3.7
times (Figure 2b).

Bleomycin Induces Endothelial Stress
We wanted to investigate the effect of bleomycin in the
endothelial niche and we therefore investigated the expression
of CD106 (VCAM-1), which is a hallmark of activated
endothelial cells. Our results showed that CD106 increased
slowly (Figure 3a and c), and was significantly increased at
1w (0.15± 0.08% of tissue area), 2w (0.29± 0.13%), 3w
(0.24± 0.1%), and 4w (0.26± 0.06%) compared with
controls (0.13± 0.07%). Interestingly, the variation was
relatively large, but decreased over time, suggesting a variable
perfusion of the lung and thus exposure to bleomycin.

The increased expression of CD106 confirmed an effect of
bleomycin on the endothelial niche, and we therefore wanted
to investigate the pericytes within the niche by staining for
NG2 (Figure 3d and f). Our results showed that the number
of NG2-positive cells decreased rapidly after one bleomycin
administration, and remained decreased at 1 and 2w (43± 13
and 55± 13 cells/mm2, respectively) compared with controls
(75± 12 cells/mm2). The numbers were normalized at 3w,
but at 4w the number of NG2-positive cells were again
decreased (46± 13 cells/mm2). Importantly, we found no
obvious signs of endothelial dysfunction (e.g., significant
edema or endothelial apoptosis/necrosis). We noted however
that the intensity of the NG2 staining appeared to be lower
after bleomycin, ie, positive cells appeared less bright.

Double stainings for CD106/α-SMA (Figure 3g) and NG2/
α-SMA (Figure 3h) were made to investigate whether
activated endothelial cells or pericytes expressed α-SMA.
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The results suggest expression of actin in some endothelial
cells (Figure 3g, arrowheads) and potentially also pericytes
(Figure 3g, arrow), although little co-positivity of CD106 and
α-SMA was found. Some scattered cells co-positive for NG2
and α-SMA were found (Figure 3h, arrowhead), in addition
to cells positive only for NG2 (Figure 3h, arrow).

To further study the integrity of the endothelial cell layer
we used TEM, and found the endothelial cell layer to be
structurally similar after 2w of bleomycin compared with
control (Figure 4). We were able to identify pericytes in both
controls and bleomycin 2w, with very similar morphology,
and in this high magnification we were also able to detect a

Figure 1 Subcutaneous bleomycin generates ROS and induces DNA stress in lung. To confirm oxidative stress in lungs following bleomycin
administrations, Superoxide dismutase (Sod)-1 was investigated (a). Sod1 (red staining) increases rapidly after the first bleomycin injection (0.33w),
compared with controls (b). At 2 and 3w, the levels are normalized, but at 4w (c) a significant increase is again present. Cellular effects of the
bleomycin-induced ROS were confirmed by staining with p21 (d), which is expressed within the nucleus (blue) in response to DNA stress. In similarity to
Sod1, p21 (red staining) also increases rapidly, after one injection (f, 0.33w) compared with controls (e), but remains increased throughout the study,
shown here at 4w (g). Nuclear localization of p21 can be clearly seen as purple staining. Data are given as either fraction (%) labeled area of total tissue
area (a) or number of positively labeled nuclei/mm2 (d), and given as mean± s.d. Scale bars represent 20 μm in all images. Bleomycin-treated groups
were compared with controls using the Kruskal–Wallis test combined with LSD post hoc test, *Po0.05, **Po0.01, and ***Po0.001. LSD, least significant
difference; ROS, reactive oxygen species.
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slight edema within the vascular wall after bleomycin
administration.

Effects on Wnt3a and Wnt5a
Wnt3a increased rapidly (Figure 5a), after one injection
(132± 28 cells/mm2) compared with controls (45± 10 cells/
mm2), but decreased rapidly again. The expression was normal
at 2 and 3w. However, at 4w the number of Wnt3a-positive
cells was again significantly increased (155± 21 cells/mm2).

Wnt5a also increased after bleomycin, but responded more
slowly and was significantly increased at 1w (0.2± 0.1% of tissue
area) compared with controls (0.07± 0.05% of tissue area) and
onward, peaking at 4w (2.3± 0.9% of tissue area, Figure 5b).

Wnt3a is able to initiate canonical (Wnt/β-catenin)
signaling, but is in itself not a marker for this signaling
cascade. We therefore investigated the number of cells where

β-catenin was relocalized to the nucleus, which is a hallmark
of ongoing canonical signaling. Our results showed that the
number of β-catenin-positive nuclei was increased at all times
compared with controls (Po0.001 for all), and peaked at 4w
when 271± 69 positively stained nuclei/mm2 were found
compared with 36± 10 in controls (Figure 5c).

The expression patterns of both Wnt3a and Wnt5a along
with β-catenin suggest their expression to be connected, but
temporally shifted with Wnt3a and β-catenin responding
more rapidly to tissue stress, whereas Wnt5a reacted slower
(Figure 5d). At 3w both Wnt3a and Wnt5a decreased slightly,
whereas β-catenin showed no such trend. All markers of Wnt
signaling peaked at 4w.

Furthermore, double stainings were performed for Wnt3a
+NG2, Wnt5a+NG2, and Wnt3a+Wnt5a to investigate
co-localization of these markers (Figure 6). The images
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Figure 2 Bleomycin exerts effects on microvascular endothelial cells in vitro. To investigate the reaction to bleomycin exposure on endothelial cells,
lung microvascular endothelial cells were exposed to bleomycin in vitro (confluent cells were exposed to bleomycin 0.3 IE/ml, for 24 h) and the reaction
analyzed by RT-qPCR. Our results failed to show any effect of bleomycin on Sod1 transcription (a), whereas bleomycin increased expression of p21
2.5–3.7 times (b), RhoA 2x (c), and Rac1 2.7–4.8 times (d). The experiment was repeated twice, and results are given as mean of these two experiments.

Figure 3 Bleomycin affects the endothelial niche. To determine whether the oxidative stress affects the endothelial cells, we visualized CD106 (VCAM1,
green staining), which is expressed on activated endothelial cells (a). In comparison with controls (b) we found endothelial cells to be activated at 1, 2
(c), 3 and 4w, whereas no increases were found at 0.33w. The other cell type of the endothelial niche is pericytes, and we therefore investigated the
number of pericytes using NG2 as a marker (d). Surprisingly, compared with controls (e) we found the number of NG2-positive cells (green staining) to
decrease rapidly following bleomycin administrations; and were significantly decreased at 0.33 (f), 1, 2, and 4w. Double stainings for CD106/α-SMA (g)
and NG2/α-SMA (h) were made to investigate whether activated endothelial cells or pericytes expressed α-SMA. The results suggest expression of actin
in some endothelial cells (g, arrowheads) and possibly also pericytes (g, arrow), although no co-positivity of CD106 and α-SMA was found. Few cells
were found to be co-positive for NG2 and α-SMA (h, arrowhead), in addition to cells positive only for NG2 (h, arrow). Scale bars represent 20 μm in all
images, and vessels are indicated by v. Data are given as either fraction (%) labeled area of total tissue area (a) or number of positively labeled cells/
mm2 (d), and given as mean± s.d. Bleomycin-treated groups were compared with controls using the Kruskal–Wallis test combined with LSD post hoc
test, *Po0.05, **Po0.01, and ***Po0.001. LSD, least significant difference.
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showed that pericytes were weakly positive for Wnt3a in
healthy lung (Figure 6a), but after one injection (0.33w) the
number of pericytes was decreased and Wnt3a expression was
increased (Figure 6b). We found Wnt5a expression at low
levels, but seldom in pericytes, in healthy lung (Figure 6c). In

contrast, after 4w of bleomycin, total Wnt5a expression
increased and some Wnt5a-positive pericytes could be seen
(Figure 6d). Double staining for Wnt3a and Wnt5a showed
both double-positive cells and Wnt3a single-positive cells.
Very few Wnt5a single-positive cells were found in normal
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lung (Figure 6e). Following one bleomycin administration,
the expression of Wnt3a was increased, and the cells rarely
expressed Wnt5a (Figure 6f). After 4w of bleomycin however,
several cells co-positive for Wnt5a and Wnt3a were found
(Figure 6g).

Recently, a study described a switch from canonical to non-
canonical signaling in hematopoietic stem cells (HSCs), and
the small RhoGTPase CDC 42 mediated the transition.21

We therefore investigated tissue expression of CDC42 in

lung parenchyma, and found a tendency toward increased
expression (P= 0.099) at 0.33w (361± 56 cells/mm2)
compared with controls (250± 28 cells/mm2), whereas the
expression was significantly decreased at later time points
(Figure 7a and c).

Wnt3a signaling is believed to initiate endothelial-to-
mesenchymal transition (EndMT), and vimentin has been
described as a marker for EndMT.22 We therefore investigated
the expression of vimentin in lungs and found increased levels
at 1, 3, and 4w (68± 14, 96± 14, and 93± 11 cells/mm2,
respectively) compared with controls (57± 7 cells/mm2,

Figure 7d and f). A very strong tendency (P= 0.052) toward
increased expression was found already at 0.33w (68± 14
cells/mm2), suggesting that vimentin rapidly responded to
bleomycin-induced tissue damage and stress, correlating
relatively well with nuclear β-catenin positivity.

Bleomycin Affects Small RhoGTPases
RhoGTPases are crucial in processes requiring cytoskeletal
rearrangement, including proliferation, contraction, and
migration, as well as involved in Wnt signaling. A pan-
RhoRacCDC42 marker showed that RhoGTPases were
increased at 0.33w (1.72± 0.16% of tissue area, P= 0.0064),
1w (5.29± 0.99%, Po0.0001), 2w (1.64± 1.04%, P= 0.0182),
3w (2.4± 1.53%, P= 0.0008), and 4w (3.57± 1.15%,
Po0.0001) compared with controls (0.49± 0.29%).

In vitro experiments confirmed that both RhoA and Rac1
were increased (2 and 2.7–4.8 times, respectively) in
microvascular endothelial cells following bleomycin admin-
istration (Figure 2c and d). A migration assay showed no
effect of bleomycin on the migration capacity of endothelial
cells in vitro (data not shown).

DISCUSSION
We have previously described that repeated subcutaneous
bleomycin administrations induced pulmonary fibrosis in
parallel with inflammation, and how this process developed
over time.6 It was however unknown how bleomycin may
induce this effect. Our results here show that repeated
subcutaneous bleomycin administrations affect the entire
endothelial niche, activate Wnt signaling, and develop into
fibrosis over time.

Bleomycin is used in high doses as an anticancer drug,
exerting its effect by generating ROS, which diffuses freely
over the cell membranes and causes single- and/or double-
stranded DNA damage.23 When initiating pulmonary fibrosis
with bleomycin, the most common administration route is
intratracheal administration, which causes tissue necrosis,
followed by an extensive inflammation and subsequent
fibrosis. However, we have previously shown that repeated
subcutaneous administration of a low-dose bleomycin results
in a very different process, where fibrosis and inflammation
develop in parallel resulting in increased proliferation rather
than apoptosis.6

Within the present study, we found signs of oxidative stress
(identified by Sod1) and DNA stress (p21 positivity) locally in
lung, thus confirming the induction of oxidative stress by
bleomycin in accordance with previous descriptions.2,3

Interestingly, Sod1 was normalized at 2 and 3w, despite
continuous bleomycin administrations. This may indicate the
presence of other ROS-neutralizing enzymes, development of
tolerance, or depletion of Sod1 protein. However, it is
important to note that these time points (2 and 3w) coincided
with inflammation, as the numbers of neutrophils and
macrophages peaked at these time points. This time shift
pattern may indicate that inflammation itself elicited

Figure 4 Representative transmission electron microscopy (TEM) images.
We investigated endothelial niche, using TEM and were able to identify
pericytes in both controls (a and b) and after 2w of bleomycin (c and d).
We did not find any lesser number of pericytes after bleomycin, and the
pericytes appeared morphologically similar. Endothelial cells showed no
apparent differences, but a slight edema was found after bleomycin,
however no apoptotic endothelial cells were found (arrows).
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processes to minimize oxidative stress within the tissue, and
these processes were also able to cope with the exogenous
oxidative stress caused by bleomycin. A recent study
highlights the proliferative effects and importance of ROS in
wound healing and regeneration, showing that ROS is
fundamental in responses to tissue damage.24 In accordance
with this study, we found small RhoGTPases, crucial in
cytoskeletal rearrangement, including proliferation14 to be
increased, which we also found in our previous study.6 With
the exception of Sod1, we were also able to confirm these
increases in vitro, where microvascular endothelial cells were
exposed to bleomycin. Sod1 was unaffected in vitro, which
may suggest a fast response that has normalized at 24 h when
the cells were harvested. This suggestion is supported by a
study investigating Sod2 expression in response to bleomycin,
found mRNA to peak at 6 h after addition of bleomycin, and
normalized at 24 h.4 It is also likely that endothelial cells
respond differently to oxidative stress in vitro, likely due to the
absence of pericytes that are known to be important in the
regulation of endothelial homeostasis.

From our previous work, we know that several types of
structural cells within lung proliferate in response to
subcutaneous bleomycin administrations, e.g., alveolar type

1-cells, fibroblasts, and endothelial cells.25 Due to close
proximity, bleomycin can theoretically affect a large number
of cell types directly via diffusing ROS, and we thus wanted to
investigate whether bleomycin activates the endothelial cells
specifically. To determine this, we investigated the expression
of CD106/VCAM-1, which is a marker of activated endothe-
lial cells. We found that the tissue expression of CD106 was
increased and we thus conclude that endothelial cells are
indeed activated by subcutaneous bleomycin administrations.
Interestingly, the increased expression of CD106 correlated
relatively well with the neutrophilia previously described
within this model.6 This is further supported by an elegant
study in vitro, where bleomycin exposure was found to
increase the expression of CD106 on microvascular endothe-
lial cells.26

As endothelial cells are activated by bleomycin adminis-
tration it appears likely that also pericytes are affected, and we
therefore investigated the number of NG2-positive cells.
Unfortunately, there are no truly specific pericyte markers,
but NG2 is a relatively specific marker for pericytes in the
lung. The number of pericytes was significantly decreased at
most time points, which was unexpected, as we found no
obvious signs of endothelial dysfunction. It has been shown

Figure 5 Canonical and non-canonical Wnt signaling during development of pulmonary fibrosis. We visualized Wnt3a (a) and Wnt5a (b) over time and
found them to show an apparent temporal pattern, where Wnt3a increased rapidly following bleomycin, whereas Wnt5a responded slower. However, to
quantify canonical signaling, we quantified the number of nuclei positive for β-catenin (c), and found these to be significantly increased at all times,
peaking at 3 and 4w. The expression pattern of Wnt3a, β-catenin and Wnt5a expression of Wnt3a, Wnt5a, and β-catenin over time can be found in (d).
Data are given as either fraction (%) labeled area of total tissue area (a), number of positively labeled cells/mm2 (b), or nuclei/mm2 (c) and given as
mean± s.d. Bleomycin-treated groups were compared with controls using the Kruskal–Wallis test combined with LSD post hoc test, *Po0.05, **Po0.01,
and ***Po0.001. LSD, least significant difference.
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that inflammation may result in loss of microvascular pericyte
coverage,27,28 however as the inflammatory response in our
model was relatively modest, this appeared unlikely. Yet, to
investigate pericytes closer, we studied tissue from controls
and 2w (when inflammation peaks) using TEM. We were able
to identify pericytes in both controls and after bleomycin
administrations, with no apparent morphological differences.
We thus conclude that the decreased NG2 staining most likely
represented a decreased expression of NG2, rather than loss
of cells.

The exact nature of pericytes is debated, but recent studies
have highlighted their complex nature and importance.
Pericytes were recently determined to exhibit trilineage
differentiation properties and colony-forming activity similar
to MSC.9 Intriguingly, a current study showed that perivas-
cular MSC-like Gli1+ cells differentiate into myofibroblasts in
response to tissue damage, and contribute to tissue fibrosis.20

These Gli1+ cells have the ability to gain or loose the NG2
positivity suggesting them to be a differentiation state of
pericytes.20 Together, these results suggest that pericytes are
MSC-like cells in a specific differentiation state, and our
results are in accordance with this elegant study. Taken
together, others and our results indicate a key role of pericytes
in the development of pulmonary fibrosis, but also entail
problems such as how to study a cell type that dynamically
changes surface markers, and how to define a pericyte.

Important regulators of progenitor and stem cells are the
Wnt-signaling pathways,10 which are believed to keep these
cells dedifferentiated and in a self-renewal state.11,12 Wnt
signaling is also important during wound healing where
canonical signaling stabilizes the β-catenin complex within
the cytosol and relocalizes this complex to the nucleus,
resulting in gene transcription. Target genes of β-catenin
include genes involved in tissue repair, and regeneration such
as cyclinD1, CD44, and VEGF.13 Canonical Wnt signaling is
normally strictly regulated, and one control mechanism is
non-canonical signaling (induced by, e.g., Wnt5a), which
inhibits gene expression.29 The involvement of Wnt signaling
in the development of fibrosis can therefore be expected by
several reasons, and has previously been described17,18,30 and
reviewed.31 Interestingly, the number of cells positive for
Wnt3a and β-catenin did not correlate completely, as Wnt3a
was normalized at 3w, whereas β-catenin was increased,
which may indicate an effect of other Wnt:s, not investigated
within this study. A complete mapping of the Wnt signaling
was unfortunately beyond the scope of this study due to the
highly complex nature of this signaling pathway; two main
transduction pathways (canonical and non-canonical), two
different non-canonical pathways (Wnt/PCP and Wnt/Ca2+),
several Wnt ligands and receptors whose interactions are not
yet fully mapped as well as complicated regulatory
mechanisms.

Figure 6 Expression and co-localization of NG2+Wnt3a, NG2+Wnt5a, and Wnt3a+Wnt5a at various time points. Pericytes (green) are weakly positive for
Wnt3a (red) in healthy lung (a), but after one injection (0.33w) the number of pericytes has decreased and Wnt3a expression is increased (b). Wnt5a
(red) is normally expressed at very low levels, and seldom by pericytes (green) in healthy lung (c) whereas after 4w of bleomycin increases total Wnt5a
expression and some Wnt5a-positive pericytes can be seen (d). Double staining for Wnt3a (red) and Wnt5a (green) shows double-positive cells, as well
as Wnt3a single-positive cells. Very few Wnt5a single-positive cells were found in normal lung (e). Following one bleomycin administration (0.33w), the
expression of Wnt3a is increased, whereas cells rarely express Wnt5a (f). After 4w of bleomycin however, several cells co-positive for Wnt5a and Wnt3a
are found (g). Nuclei are labeled with DAPI (blue). DAPI, 40 ,6-diamidino-2-phenylindole.
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Wnt3a signaling is believed to initiate EndMT, and
vimentin has been described as a marker for EndMT.22

Furthermore, we identified α-SMA-positive endothelial cells,
which is indicative of EndMT. However, pericytes within the
blood–brain barrier are known to express high amounts of
vimentin,32 and it is possible that the increased vimentin

expression within our study partly represents an increase in
the number or activity of pericytes rather than EndMT. Our
data thus suggest that both EndMT and pericyte-to-
mesenchymal transition occurs within this model.

In contrast to Wnt3a, which was relatively abundant in
healthy lung, Wnt5a expression was found to be very low in

Figure 7 Effects of bleomycin administration on CDC42 and vimentin. CDC42 has been described to mediate a switch from canonical to non-canonical
signaling. We therefore investigated the expression of CDC42 (a) in tissue (red staining) and found a tendency toward increased positivity at 0.33w
(when canonical signaling was increased) compared with controls (b) but from 1w the number of CDC42-positive cells was significantly decreased, with
the lowest numbers at 2w (c). Vimentin has among other things been described as a marker of endothelial-to-mesenchymal transition (EndMT) and
EndMT genes are among genes induced by canonical signaling. We therefore investigated the number of vimentin-positive cells (d, red staining) at
different time points, and found vimentin to be increased compared with controls (e) at 1, 3 (f), and 4w. Data are either given as number of positively
labeled cells/mm2 or given as mean ± s.d. Scale bar represents 20 μm in all images. Bleomycin-treated groups were compared with controls using the
Kruskal–Wallis test combined with LSD post hoc test, *Po0.05, **Po0.01, and ***Po0.001. LSD, least significant difference.
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healthy lung. We found Wnt3a to increase rapidly in response
to bleomycin, whereas Wnt5a increased more slowly. This
likely indicates a temporal shift in Wnt3a and Wnt5a
expression, which may be interpreted as Wnt5a exerting
control over canonical signaling. The complex interplay
between canonical and non-canonical signaling clearly
warrants further investigation.

We could histologically confirm a low expression of Wnt3a
but not Wnt5a in pericytes in healthy lungs. After bleomycin,
however, most NG2-positive cells were also expressing
Wnt5a, whereas few NG2-positive cells expressed Wnt3a.
These results may suggest that increased Wnt3a is associated
with the loss of NG2-expression, although it is currently
unknown whether Wnt3a is a cause of, or a result from,
decreased NG2 expression.

A recent study described the switch from canonical to
non-canonical Wnt signaling in HSC, and pinpointed a role
of the small Rho GTPase CDC42 mediating the transition.21

Our results show that the tissue expression of CDC42 is
significantly decreased from 1w when Wnt5a is significantly
increased, which may suggest a similar switch being present
within the lung parenchyma.

When investigating alterations over time, we detected a
‘normalization’ at 3w, which was lost at 4w, when most
parameters were significantly increased compared with
controls. This may suggest a biphasic development, and
based on the results within this study, we believe this may be
due to a collapse in regenerative control mechanisms, as this
coincided with a marked increase in canonical signaling
(increased number of β-catenin-positive nuclei). It appears
that a shift occurs around the 3rd week, from an acute but
normal wound repair, into a more chronic process.

By using a histological approach we were able to specifically
investigate a defined lung compartment, the parenchyma. The
interactions between cells within this compartment are of
utmost importance, and it is likely that cellular communica-
tion is a key process in the development of pulmonary
fibrosis. Based on our results, we conclude that bleomycin-
induced oxidative stress causes mild tissue damage and DNA
stress, affecting the entire endothelial niche. The tissue
damage activates repair processes involving canonical and
non-canonical Wnt-signaling and due to the repeated
exposures, disrupts a normally fine-tuned Wnt balance,
which causes MSC-like pericytes to alter phenotype. As
pericytes may differentiate into myofibroblasts, understand-
ing the effects of Wnt signaling in the endothelial niche now
emerges as an important objective to understand the early
events of pulmonary fibrosis.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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