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Interstitial pneumonia induced by bleomycin treatment is exacer-
bated in Angptl2-deficient mice. Am J Physiol Lung Cell Mol
Physiol 311: L704 –L713, 2016. First published August 19, 2016;
doi:10.1152/ajplung.00005.2016.—Angiopoietin-like protein 2
(ANGPTL2) is a chronic inflammatory mediator that, when dereg-
ulated, is associated with various pathologies. However, little is
known about its activity in lung. To assess a possible lung
function, we generated a rabbit monoclonal antibody that specifi-
cally recognizes mouse ANGPTL2 and then evaluated protein
expression in mouse lung tissue. We observed abundant ANGPTL2
expression in both alveolar epithelial type I and type II cells and in
resident alveolar macrophages under normal conditions. To assess
ANGPTL2 function, we compared lung phenotypes in Angptl2
knockout (KO) and wild-type mice but observed no overt changes.
We then generated a bleomycin-induced interstitial pneumonia
model using wild-type and Angptl2 KO mice. Bleomycin-treated
wild-type mice showed specifically upregulated ANGPTL2 expres-
sion in areas of severe fibrosing interstitial pneumonia, while
Angptl2 KO mice developed more severe lung fibrosis than did
comparably treated wild-type mice. Lung fibrosis seen following
bone marrow transplant was comparable in wild-type or Angptl2
KO mice treated with bleomycin, suggesting that Angptl2 loss in
myeloid cells does not underlie fibrotic phenotypes. We conclude
that Angptl2 deficiency in lung epithelial cells and resident alveolar
macrophages causes severe lung fibrosis seen following bleomycin
treatment, suggesting that ANGPTL2 derived from these cell types
plays a protective role against fibrosis in lung.

angiopoietin-like protein 2; bleomycin-induced interstitial pneumo-
nia; protecting fibrosis

IDIOPATHIC PULMONARY FIBROSIS is defined as progressive inter-
stitial pneumonia with poor prognosis (15). It is believed that
recurrent injury to alveolar epithelial cells and accompanying
inflammation weaken tissue repair and promote fibrosis by
promoting activation and proliferation of fibroblasts (23).
Mechanisms underlying this activity, however, remain unclear,

and currently there are few effective treatments for this con-
dition (16, 21). Therefore, understanding these mechanisms
could suggest novel therapies.

Lung fibrosis reportedly occurs after abnormal repair re-
sponses, likely driven by chronic inflammation (6). Some
cytokines and chemokines induced by inflammation amplify
inflammatory responses and trigger fibroblast proliferation,
which is required for fibrosis development (47), suggesting that
suppression of chronic inflammation could inhibit lung fibrosis
progression.

Angiopoietin-like proteins (ANGPTLs), which exhibit an
NH2-terminal coiled-coil domain used for oligomerization and
a COOH-terminal fibrinogen-like domain, are structurally sim-
ilar to angiopoietins, which are Tie-2 receptor ligands (22). We
previously identified ANGPTL2 as a key mediator of chronic
inflammation and associated diseases, such as obesity-related
metabolic syndrome (41), cardiovascular disease (20, 42),
autoimmune disease (35, 36), carcinogenesis (1, 2), and tumor
metastasis (12, 29, 34). However, ANGPTL2 expression and
function in lung tissue has remained uncharacterized.

Given its inflammatory role in various diseases, we hypoth-
esized that ANGPTL2 expression might exacerbate lung dis-
eases associated with inflammation. To assess this function, we
generated mouse interstitial pneumonia models using wild-
type and Angptl2-deficient mice and assessed tissue injury. We
found that Angptl2 deficiency exacerbated lung fibrosis caused
by bleomycin. Furthermore, treatment of the mouse fibroblast
cell line 3T3-L1 with recombinant mouse ANGPTL2 protein
repressed induction of thrombospondin 1 (TSP1), collagen type
I (COL1) A1, and COL1A2 mRNAs. Overall, our findings
suggest that ANGPTL2 derived from lung epithelial cells and
resident alveolar macrophages may protect against excess fi-
brosis in lung.

MATERIALS AND METHODS

Animals. All animal experiments were performed with the approval
of the Institutional Animal Care and Use Committee of Kumamoto
University in strict accordance with relevant national guidelines. Only
male mice were used for experiments. Angptl2-deficient [Angptl2
knockout (KO)] and wild-type littermates on a C57BL/6N back-
ground were used in all experiments as described (41).
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Bleomycin mouse model. Male 9-wk-old Angptl2 KO and wild-type
mice were used. The average body weight for animals in all groups
was �20 grams. Mice were anesthetized with 2% isoflurane (Intervet,
Tokyo, Japan) and intraperitoneal pentobarbital sodium (Kyoritsu
Seiyaku, Ibaragi, Japan). Mice were intratracheally intubated and
administered 5 U/kg (mortality rate 40–50%) (26) or 3.5 U/kg
(mortality rate 10%) (38) from a stock solution of 1 U/40 �l 0.9%
saline. For bleomycin hydrochloride, 1 unit equals 1.042 mg, accord-
ing to the manufacturer (Nihon Kayaku, Tokyo, Japan).

Bone marrow transplantation. Mouse bone marrow transplantation
(BMT) procedures have been described (20). In brief, wild-type or
Angptl2 KO recipient mice received 9 Gy total body irradiation to
eradicate bone marrow (BM) cells and then underwent BMT 1 day
later. Thirty days later, recipients were treated with bleomycin.

Quantitative real-time PCR. Total lung RNA was extracted with
TRIzol reagent (Life technologies, Carlsbad, CA). Deoxyribonu-
clease-treated RNA was reverse transcribed with a PrimeScript RT
Reagent Kit (Takara Bio, Shiga, Japan). PCR was performed using
SYBR Premix Ex Taq II (Takara Bio). PCR products were analyzed
with a Thermal Cycler Dice Real Time system (Takara Bio), and
relative transcript abundance was normalized to that of ribosomal
protein S18 (Rps18). Oligonucleotides used for PCR were as follows:
mouse surfactant protein (SP)-A: forward, 5=-CAGCTTGCAG-
GCTCTGTGTG-3=, reverse, 5=-ACCATGGTTTCCGGGAGTG-3=;
mouse SP-B: forward, 5=-GCCAAGTGCTTGATGTCTACCTG-3=,
reverse, 5=-ATCCCTGGATTCTGTTCTGGCTTA-3=; mouse SP-C:
forward, 5=-GCTACATCATGAAGATGGCTCCAG-3=, reverse, 5=-
ACACAGGGTGCTCACAGCAAG-3=; mouse SP-D: forward, 5=-
CCTCAAGGCAAACCAGGTCCTA-3=, reverse, 5=-TGCATGC-
CAGGAGCACCTAC-3=; mouse Rps18: forward, 5=-TTCTGGC-
CAACGGTCTAGACAAC-3=, reverse, 5=-CCAGTGGTCTTGGT-
GTGCTGA-3=; mouse transforming growth factor (TGF)-�1: for-
ward, 5=-GTGTGGAGCAACATGTGGAACTCTA-3=, reverse, 5=-
TTGGTTCAGCCACTGCCGTA-3=; mouse TGF-�2: forward, 5=-
GGAGTTCAGACACTCAACACACCAA-3=, reverse, 5=-GCG-
GAAGCTTCGGGATTTATG-3=; mouse TGF receptor (TGFR)-1:
forward, 5=-TGCAATCAGGACCACTGCAATAA-3=, reverse, 5=-
GTGCAATGCAGACGAAGCAGA-3=; mouse TGFR-2: forward, 5=-

AAATTCCCAGCTTCTGGCTCAAC-3=, reverse, 5=-TGTGCTGT-
GAGACGGGCTTC-3=; mouse COL1A1: forward, 5=-GACAT-
GTTCAGCTTTGTGGACCTC-3=, reverse, 5=-GGGACCCTT-
AGGCCATTGTGTA-3=; mouse COL1A2: forward, 5=-AGGCTGA-
CACGAACTGAGGT-3=, reverse, 5=-ATGCACATCAATGTG-
GAGGA-3=; mouse tumor necrosis factor (TNF)-�: forward, 5=-
AAGCCTGTAGCCCACGTCGTA-3=, reverse, 5=-GGCACCAC-
TAGTTGGTTGTCTTTG-3=; mouse interleukin (IL)-6: forward, 5=-
CCACTTCACAAGTCGGAGGCTTA-3=, reverse, 5=-GCAAG-
TGCATCATCGTTGTTCATAC-3=; mouse CD68: forward, 5=-
CATCAGAGCCCGAGTACAGTCTACC-3=, reverse, 5=-AATTCT-
GCGCCATGAATGTCC-3=; and mouse TSP1: forward, 5=- CGAGT-
TGCAAAGGGAGATGT-3=, reverse, 5=-AGCAGCCTTTGTTCCT-
GAGA-3=.

Generation of ANGPTL2 monoclonal antibody. Recombinant
mouse ANGPTL2 COOH-terminally tagged with hexahistidine (con-
structed in the pQE vector; Qiagen, Hilden, Germany) was expressed
in Escherichia coli RosettapLacI cells (Merck, Kenilworth, NJ).
Induced protein found in inclusion bodies was washed thoroughly and
solubilized in a solution containing 6 M guanidine hydrochloride.
Solubilized protein was reduced with 10 mM dithiothreitol and
modified by 3-trimethylammoniopropyl methanethiosulfonate bro-
mide (TAPS; Wako, Osaka, Japan) according to a published proce-
dure (43). TAPS-modified proteins were desalted and recombinant
protein purified by metal chelating chromatography with a Talon
affinity column (Takara Bio). A portion of the purified protein was
refolded by dilution in a solution of a mixed disulfide (2 mM cysteine
and 0.5 mM cystine) and 2 M sodium lactate, pH 8.0, at 4°C for 14 h
under a nitrogen atmosphere. The refolded sample was desalted by
reverse-phase chromatography with a Source 30 matrix (GE Health-
care, Little Chalfont, UK). The sample eluted in acetonitrile-0.04%
trifluoroacetic acid buffer was freeze-dried and dissolved in 0.1%
acetic acid. A sample with an endotoxin level �0.3 EU/mg was stored
at �80°C until immunization.

The ANGPTL2 antibody raised in rabbits was generated by a
custom service (Abcam, Cambridge, MA). A single hybridoma clone
(2E3) was selected for use in immunostaining.

63k 
48k 
37k 

29k 
21k 

90k 
118k 

198k 

A                               B

Fig. 1. A: immunoblot analysis of human angiopoietin-like protein 2 (ANGPTL2) (hA2-flag), mouse ANGPTL2 (mA2-flag), mouse ANGPTL4 (flag-mA4),
mouse ANGPTL6 (flag-mAGF), and human ANGPTL6 (flag-hAGF) protein using an anti-mouse ANGPTL2 monoclonal antibody (RabMAb) (2E3). Red stars
and asterisks indicate ANGPTL2 protein and nonspecific bands, respectively. B: image showing representative ANGPTL2 2E3 immunostaining in wild-type
(WT, n � 1 mouse analyzed) or Angptl2 knockout (KO, n � 1 mouse analyzed) mouse lung. Scale bars, 100 �m. Experiments in A and B were performed one
time.
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Immunohistochemical staining. Dissected mouse lung tissues were
fixed in 4% paraformaldehyde/PBS (pH 7.4), washed in PBS for 15
min, dehydrated through a graded series of ethanol and xylene, and
embedded in a single paraffin block. Sections (5 �m) were cut,
air-dried, deparaffinized, and pretreated with 5 mM periodic acid
(Sigma-Aldrich, St. Louis, MO) for 10 min at room temperature to
inhibit endogenous peroxidases. Mouse specimens were incubated for
15 h with antibody against mouse ANGPTL2 (2E3, 25 ng/ml) and
then washed three times in PBS for 5 min each. Staining was
performed using the Tyramide Signal Amplification kit (PerkinElmer,
Boston, MA). Light field images were obtained using a BX50 micro-
scope equipped with a DP70 digital camera (Olympus, Tokyo, Japan).
For double immunofluorescence, after immunostaining for 2E3, spec-
imens were incubated 15 h with 100-fold diluted antibody against
aquaporin 5 (ab78465; Abcam), pro-SP-C (ab40897; Abcam), vimen-
tin (EPR3776; Abcam), or Iba1 (019–19741; Wako). After PBS
washing, sections were incubated with Alexa Fluor 488-labeled anti-
rabbit IgG (A21206; Life Technologies) and Texas Red-labeled anti-
streptavidin (PerkinElmer) as second antibodies. After PBS washing,
fluorescent images were obtained using the BZ-H1M system (Key-
ence, Osaka, Japan).

BAL preparation, ANGPTL2 measurement in BALF, and alveolar
cell staining. Bronchoalveolar lavage (BAL) procedures were previ-
ously described (11). Mouse lungs were lavaged intratracheally with
saline to obtain bronchoalveolar lavage fluid (BALF). Samples were
centrifuged at 820 g for 5 min at 4°C, and supernatants were assessed
by ELISA using an ANGPTL2 Assay Kit (IBL, Gunma, Japan),
according to the manufacturer’s instructions. To identify alveolar

cells, BALF were applied to cytospin slides, which were then centri-
fuged at 820 g for 5 min at room temperature. Alveolar cell staining
was performed using Diff-Quik (Sysmex, Hyogo, Japan) according to
the manufacturer’s protocol, and samples were observed at �200
magnification using a BX50 microscope equipped with a DP70 digital
camera (Olympus). The proportion (percentage) of each type of
alveolar cell was calculated based on cell morphology. Ten fields were
observed per sample by two observers.

Hydroxyproline assay. Hydroxyproline content of mouse lung was
evaluated colorimetrically as described (13), with modifications.
Lungs were dissected from other pulmonary structures and homoge-
nized in PBS (0.1 mg tissue/ml). An equal volume of HCl was added,
and samples were hydrolyzed at 110°C for 24 h. Five microliters of
each sample were mixed with 5 �l of citrate-acetate buffer [5% citric
acid (Sigma Aldrich), 1.2% acetic acid, 7.25% sodium acetate, and
3.4% sodium hydroxide]. One hundred microliters of chloramine-T
solution [1.4% chloramine-T (Tokyo Chemical Industry, Tokyo, Ja-
pan) in 10% 2-propanol and 80% citrate-acetate buffer] were added,
and the mixture was incubated for 20 min at room temperature.
Ehrlich’s solution (Sigma-Aldrich) was added, samples were incu-
bated at 65°C for 18 min, and absorbance at 550 nm was measured.
Standard curves were generated for each experiment using hydroxy-
proline (Wako) as a standard. Results were expressed as milligrams
hydroxyproline per gram lung tissue.

Cell culture. The mouse fibroblast cell line 3T3-L1 (IFO50416),
purchased from the JCRB Cell Bank (Osaka, Japan), was cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Wako) supplemented
with 10% FCS at 37°C in a humidified 5% CO2 atmosphere. Cells
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Fig. 2. ANGPTL2 is induced in alveolar epithelial
type I and type II cells in a bleomycin-induced
mouse interstitial pneumonia model. A: image
showing representative ANGPTL2 immunostain-
ing in wild-type mouse lung not treated with bleo-
mycin (left) (n � 3 mice analyzed). Right, higher-
magnification image of the squared area on left.
Filled arrowheads indicate alveolar epithelial type
I cells, arrows indicate alveolar epithelial type II
cells, and open arrowheads indicate an alveolar
macrophage. Scale bars, 100 (left) and 25 (right)
�m. B: image showing representative ANGPTL2
immunostaining of tissue from wild-type mice
within a fibrosing region 14 days after bleomycin
treatment (left) (n � 3 mice analyzed). Right,
higher-magnification image of squared area on
left. Scale bars, 100 (left) and 25 (right) �m.
Experiments in A and B were performed one time.
C: ANGPTL2 concentrations in bronchial alveolar
lavage fluid (BALF) at days 0 (n � 10 mice
analyzed) and 14 (n � 10 mice analyzed) after
bleomycin treatment. Data are means � SE from
one experiment. **P � 0.01 (unpaired 2-tailed
Student’s t-test).
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were plated at 2 � 105 cells/well in DMEM containing 10% FCS, and
then medium was changed to fresh medium containing 10 �g/ml
rANGPTL2 protein (48) or 0.1% acetic acid (solvent control). Cells
were then cultured 24 h before quantitative real-time PCR analysis of
genes relevant to collagen synthesis.

RNA sequencing. Sample libraries constructed from lung of wild-
type or Angptl2 KO mice were prepared using a NEBNext Ultra RNA
Library Prep Kit for Illumina (New England BioLabs). Sequencing
runs were performed on an Illumina Genome Analyzer IIx (Illumina);
38-bp reads were mapped to the human genome (hg19 from the
University of California Santa Cruz genome browser database) using
TopHat version 2.0.0 (44). Only reads with a Phred quality score �25
were analyzed. The BEDtools package (37) was used to filter rRNA
and tRNA, with rRNA and tRNA annotations downloaded from the
University of California Santa Cruz table browser.

To evaluate differential expression, gene expression data were
normalized, and gene annotations were added using the RegionMiner
with Genomatix Genome Analyzer (Genomatix, Munich, Germany)
software. The normalized expression (NE) value was based on the
following formula:

NE � 107 � number of readsregion ⁄

�number of readsmapped � lengthregion�
(3).

To prepare a list of up- or downregulated genes, all alternative gene
transcripts were used to calculate a mean log2 fold change in gene

expression level between wild-type and Angptl2 KO lungs. This
experiment was performed one time. RNA-seq data were deposited in
the DDBJ Sequence Read Archive (DRA), with accession number
DRA004194.

Statistical analysis. Data are reported as the means � SE. All
simple comparisons were performed using Student’s t-test, with P �
0.05 considered statistically significant.

To compute statistical significance of RNA-seq data, we used the
Audic-Claverie algorithm, where a P value for enrichment of reads in
KO compared with control samples was calculated for each transcript.
For multiple testing correction, P values were adjusted using the
Benjamini and Hochberg method (4).

RESULTS

Generation of a rabbit monoclonal antibody recognizing
mouse ANGPTL2. To evaluate ANGPTL2 function in mouse
lung, we first generated a new rabbit monoclonal antibody
(2E3) that specifically recognizes mouse ANGPTL2 (see MA-
TERIALS AND METHODS). Western blotting confirmed that 2E3
specifically reacts with mouse and human ANGPTL2 protein
but not with mouse ANGPTL4 or mouse or human ANGPTL6
(AGF) proteins (Fig. 1A). We also confirmed that 2E3 detects
ANGPTL2 protein in lung of wild-type but not Angptl2 KO
mice (Fig. 1B).

A

B

Fig. 3. Fluorescent images of ANGPTL2 and
other markers in normal and bleomycin-
treated wild-type mouse lung. A: representa-
tive image of immunohistochemical staining
for aquaporin 5 (top), pro-surfactant protein
C (middle), and iba1 (bottom) in normal lung
tissue (n � 3 mice analyzed). B: representa-
tive image of staining for vimentin (top) and
iba1 (bottom) in bleomycin-treated lung tis-
sue (n � 3 mice analyzed). Arrows show
cells that express both ANGPTL2 and the
marker of interest. Arrowheads show cells
that express the marker but not ANGPTL2.
Scale bars, 50 �m. Experiments in A and B
were performed one time.
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ANGPTL2 is upregulated in alveolar epithelial cells in a
bleomycin-induced interstitial pneumonia model. To determine
which lung cells express ANGPTL2, we immunostained nor-
mal mouse lung tissue using the 2E3 antibody (Fig. 2A) and
observed significant ANGPTL2 expression in both alveolar
epithelial type I and type II cells and in resident alveolar
macrophages. We then asked whether ANGPTL2 levels in-
crease in bleomycin-induced interstitial pneumonia in wild-
type mice after a single administration of bleomycin. We
observed that various cells, including alveolar epithelial cells,
showed stronger ANGPTL2 positivity in areas exhibiting se-
vere interstitial pneumonia than their counterparts in regions
with less tissue damage (Fig. 2B). We also observed that
ANGPTL2 protein levels in BALF of this model were signif-
icantly elevated compared with ANGPTL2 levels in BALF
from controls not treated with bleomycin (Fig. 2C).

To further examine ANGPTL2 expression in lung cell types,
we performed double immunofluorescence in normal lung to

assess potential colocalization of ANGPTL2 with aquaporin 5
(a marker of alveolar epithelial type I cells), pro-SP-C (a
marker of alveolar epithelial type II cells), and iba1 (a macro-
phage marker) (Fig. 3A). We confirmed that ANGPTL2 is
expressed in all three cell types (Fig. 2). We next assessed
ANGPTL2-expressing cells in bleomycin-induced interstitial
pneumonia (Fig. 3B) using vimentin as a marker of mesenchy-
mal cells, including fibroblasts (17), and found that vimentin-
expressing cells did not express ANGPTL2. When we checked
ANGPTL2 expression in macrophages in the bleomycin model,
we found that some macrophages expressed ANGPTL2, but
many did not. Because resident alveolar macrophages in nor-
mal lung tissue express ANGPTL2, this finding suggests that
ANGPTL2 may be expressed by macrophages but not by
recently recruited inflammatory monocytes.

Wild-type and Angptl2 KO mice exhibit comparable lung
phenotypes. To further assess ANGPTL2 function, we inves-
tigated potential lung phenotypes in Angptl2 KO mice (41). As

ββ
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B
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Fig. 4. Lung phenotypes in wild-type and
Angptl2 KO mice. A: representative micros-
copy images of hematoxylin and eosin
(H&E)-stained lungs from wild-type (n � 5
animals analyzed) and Angptl2 KO (n � 5
animals analyzed) mice not treated with
bleomycin. Scale bars, 100 �m. B: analysis
indicating proportion of macrophages, neu-
trophils, lymphocytes, and eosinophils in
bronchial alveolar lavage fluid of wild-type
(n � 5 animals analyzed) or Angptl2 KO
(n � 5 animals analyzed) mice. Experiments
in A and B were performed one time.
C: comparative expression of genes encod-
ing various surfactant proteins (SPs) in wild-
type (n � 6 animals analyzed) and Angptl2
KO (n � 6 animals analyzed) mouse lung.
mRNA levels in wild-type mice were set at
1. D: comparative expression of genes en-
coding transforming growth factor (TGF)
signaling-related genes in wild-type (n � 6
animals analyzed) and Angptl2 KO (n � 6
animals analyzed) mouse lung. mRNA levels
in wild-type mice were set at 1. E: hydroxy-
proline content in lung of wild-type (n � 5
animals analyzed) and Angptl2 KO (n � 5
animals analyzed) mice not treated with
bleomycin. Data are means � SE from 1 (E)
or 2 (C and D) different experiments. ns, Not
statistically significant.
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reported, Angptl2 KO mice are born alive at Mendelian ratios
and appear grossly normal (41). Lungs of Angptl2 KO mice
also showed no apparent morphological changes relative to
wild-type mice (Fig. 4A), and proportions of alveolar cell
subtypes in BALF from wild-type and Angptl2 KO mice were
comparable (Fig. 4B). RT-PCR analysis also indicated similar
levels of mRNAs encoding SPs (SP-A, SP-B, SP-C, and SP-D)
in mouse lung of both genotypes (Fig. 4C). Expression of TGF
family mRNAs (TGF-�1, TGF-�2, TGFR-1, and TGFR-2) in
lung of wild-type and Angptl2 KO mice was also comparable
(Fig. 4D), as was lung hydroxyproline content (Fig. 4E). These
results suggest that loss of Angptl2 alone is not sufficient to
cause fibrotic phenotypes in lung.

Lung fibrosis induced by bleomycin is potentiated in Angptl2
KO mice. We next asked whether development of lung fibrosis
induced by bleomycin is altered in Angptl2 KO mice. As
expected, we observed lung fibrosis in both wild-type and

Angptl2 KO mice 14 days after bleomycin treatment. However,
lung fibrosis was greater in Angptl2 KO relative to wild-type
mice at that time point (Fig. 5A). In addition, collagen depo-
sition in lung interstitium was greater in Angptl2 KO compared
with wild-type mice (Fig. 5A). Moreover, induction of collagen
type I (COL1A1 and COL1A2) mRNAs was greater in lungs of
Angptl2 KO mice, as was hydroxyproline content (Fig. 5, B
and C). On the other hand, induction of inflammatory cyto-
kines, such as TNF-� and IL-6, and of the macrophage marker
CD68 mRNA was comparable in lung of wild-type and Ang-
ptl2 KO mice. We conclude that enhanced lung fibrosis fol-
lowing bleomycin treatment seen in Angptl2-deficient mice is
likely not due to increased expression of inflammatory factors.

Angptl2 deficiency in alveolar epithelial cells but not my-
eloid-derived cells accelerates lung fibrosis. Myeloid-derived
cells, such as macrophages and neutrophils, play important
roles in lung fibrosis (5, 46, 47, 49). To examine whether

α
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Fig. 5. Lung fibrosis induced by bleomycin
treatment is potentiated in Angptl2 KO mice.
A: representative microscopy images of
H&E- or Masson trichrome-stained lungs of
wild-type (n � 3 animals analyzed) and
Angptl2 KO (n � 3 animals analyzed) mice
at days 0 or 14 after bleomycin treatment.
Scale bars, 100 �m. The experiment was
performed one time. B: comparative expres-
sion of genes encoding collagen 1A1 and
1A2 in wild-type (n � 6 animals analyzed)
and Angptl2 KO (n � 6 animals analyzed)
mouse lung. mRNA levels in wild-type mice
at day 0 were set at 1. C: hydroxyproline
content in lung of wild-type (n � 4 animals
analyzed) and Angptl2 KO (n � 4 animals
analyzed) mice at day 14 after bleomycin
treatment. D: comparative expression of
genes encoding tumor necrosis factor
(TNF)-	, interleukin (IL)-6, and CD68 in
wild-type (n � 6 animals analyzed) and
Angptl2 KO (n � 6 animals analyzed) mouse
lung. mRNA levels in wild-type mice at day
0 were set at 1. Error bars show SE from one
(B, C, and D) experiment. *P � 0.05 and
**P � 0.01.
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Angptl2 deficiency in myeloid-derived cells accelerates lung
fibrosis in our model, we performed BMT from either wild-
type or Angptl2 mutant donors into wild-type and Angptl2 KO
recipients and compared bleomycin-induced fibrosis. Figure
6A shows both the protocol of the BMT experiment (top) and
relationships between donors and recipients (bottom). Lung
fibrosis following bleomycin treatment was significant in Ang-
ptl2 KO recipients transplanted with either wild-type or Ang-
ptl2 KO BM cells (Fig. 6C) relative that seen in wild-type
recipients (Fig. 6B) transplanted with BM from either geno-
type. On the other hand, the extent of lung fibrosis between
recipients of the same genotype did not differ significantly
following BMT with cells of either genotype (Fig. 6, B and C),
and hydroxyproline content between recipients of the same
genotype also did not differ following transplantation of BMT

from either wild-type or Angptl2 KO mice (Fig. 6D). Given
that alveolar epithelial cells express ANGPTL2 (Fig. 2A), it is
likely that ANGPTL2 production by epithelial cells, rather than
myeloid-derived cells, may protect lung tissue from fibrosis.

Treatment of mouse fibroblasts with recombinant ANGPTL2
protein decreases TSP1 expression without altering TGF
signaling. Given that ANGPTL2 is a secreted protein (12), we
asked whether treatment with recombinant mouse ANGPTL2
protein (rANGPTL2) would downregulate TGF-related genes
in the mouse fibroblast cell line 3T3-L1 (Fig. 7A). However,
cells treated with rANGPTL2 did not show changes in expres-
sion of TGF family mRNAs (TGF-�1, TGF-�2, TGFR-1, and
TGFR-2) relative to controls. We then compared gene expres-
sion in Angptl2 KO and wild-type lung by RNA sequencing
and identified transcripts whose expression was markedly

A                                                            D

B

C

Fig. 6. ANGPTL2 expression in myeloid-
derived cells has little effect on fibrosis in-
duced by bleomycin. A: diagram showing
time course of the BMT experiment (top)
and relationships between donors and recip-
ients (bottom). B: representative microscopy
images of Masson trichrome-stained lungs at
day 14 after bleomycin treatment in tissues
from irradiated wild-type recipients trans-
planted with wild-type (n � 3 mice ana-
lyzed) or Angptl2 KO (n � 4 mice analyzed)
bone marrow (BM) cells. Scale bars, 100
�m. C: representative microscopy images of
Masson trichrome-stained lungs 14 days af-
ter bleomycin treatment in tissues from irra-
diated Angptl2 KO recipients transplanted
with wild-type (n � 3 mice analyzed) or
Angptl2 KO (n � 4 mice analyzed) BM.
Scale bars, 100 �m. D: hydroxyproline con-
tent in lung of wild-type (n � 3 animals
analyzed) or Angptl2 KO (n � 4 animals
analyzed) mice that had undergone BMT.
Data are means � SE from one (B, C, and D)
experiment. *P � 0.05 and **P � 0.01.
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changed by Angptl2 loss [Supplemental Tables S1 and S2
(Supplemental data for this article may be found on the Journal
website.)]. Among them, Thbs1, which encodes the TGF-
1-
activating factor THBS1 (or TSP1) (32), was upregulated in
lung of Angptl2 KO mice. Moreover, rANGPTL2 treatment of
3T3-L1 cells decreased levels of TSP1 mRNAs relative to
untreated controls (Fig. 7B). Accordingly, expression of
COL1A1 and COL1A2 mRNAs, which are downstream of
TGF-
1 signaling, decreased in rANGPTL2-treated 3T3-L1
cells (Fig. 7C). These results suggest that ANGPTL2 protein
potentially secreted from alveolar cells or macrophages may
protect tissues from fibrosis, at least in part, by reducing TSP1
mRNA in fibroblasts.

DISCUSSION

Here, we show that ANGPTL2 is expressed in alveolar type
I cells, type II cells, and alveolar macrophages in mouse lung
and that bleomycin-induced lung damage is more severe in
Angptl2 KO than in wild-type mice. Based also on results seen
following BMT, we propose that ANGPTL2 production by
lung epithelial cells is important for tissue repair after bleomy-
cin-induced damage.

We previously reported that ANGPTL2 is a proinflammatory
mediator (1, 2, 20, 41). Specifically, unregulated ANGPTL2
expression led to chronic inflammation, resulting in obesity-
related insulin resistance (41), type II diabetes (41), atheroscle-
rosis (20), and carcinogenesis (1, 2). Thus, we hypothesized
that ANGPTL2 expression in mice might worsen pathological
conditions associated with interstitial pneumonia induced by
bleomycin. Therefore, the finding reported here that lung

damage is more severe and lethal (data not shown) in Angptl2
KO relative to wild-type mice is unanticipated. One explana-
tion for this observation is that, in general, a moderate inflam-
matory response is required to repair damaged tissues and
maintain tissue homeostasis following injury (47). We con-
clude that ANGPTL2 secreted by lung epithelial cells may
serve that protective function in lung.

Culture of 3T3-L1 cells with mouse rANGPTL2 repressed
induction of TSP1, COL1A1, and COL1A2, suggesting that
ANGPTL2 protein inhibits a fibrotic response. Integrins report-
edly regulate fibrosis by activating TGF-
 (18). Specifically,
activation of integrins 	v
6, 	v
8, and 	3
1 promotes fibro-
sis (24, 25, 27, 31). TSP1 is downregulated by CCAAT-
enhancer-binding protein (CEBP) � (7), and integrin signaling
activates CEBPs (40). We showed previously that ANGPTL2
binds to integrin 	5
1 (41), which is expressed on fibroblasts
(28) and lung epithelial cells (19, 39). Therefore, we hypoth-
esize that ANGPTL2 may signal through integrin 	5
1 or an
as yet unidentified integrin expressed on fibroblasts to inhibit
TSP1 mRNA induction or block TGF-
 activation. These
possibilities should be tested in future studies.

TSP1 is a regulatory factor that activates TGF-
 (32), and
conversely, inhibition of TSP1 synthesis suppresses TGF-

activity (8). On the other hand, TSP1 KO does not protect mice
from lung fibrosis (14). Thus, other regulatory factors known to
activate TGF-
 (9) may be regulated by ANGPTL2. Further
analysis is required to confirm which signal pathways mediate
the protective effects of ANGPTL2.

In some chronic diseases, ANGPTL2 appears to promote
fibrosis by inducing TGF-related genes (30, 33). Although

β β

A

B                                   C

Fig. 7. Effect of recombinant mouse ANGPTL2
protein (rANGPTL2) treatment on fibroblasts.
A–C: comparative expression of transcripts encod-
ing TGF signaling-related factors (A), thrombos-
pondin 1 (TSP1, B), and collagen type I (COL1)
A1 and COL1A2 (C) in mouse fibroblast 3T3-L1
cells treated with solvent (Cont) (n � 6 plates
analyzed) or rANGPTL2 (n � 6 plates). mRNA
levels in Cont were set at 1. Error bars show SE from
two (A, B, and C) different experiments. *P � 0.05
and **P � 0.01.
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these activities seem contradictory, the potency of a fibrotic
response may depend on the microenvironment and whether
there is persistent or transient inflammation. Persistent inflam-
mation causes epigenetic changes reportedly related to fibrosis
(10, 45). The mouse bleomycin-induced fibrosis model exam-
ined here is a short-term experiment; thus, our results may
reflect transient effects of ANGPTL2, although this possibility
requires further analysis.

In summary, we show that ANGPTL2 may function in
preventing lung fibrosis. Our data also suggest that ANGPTL2
upregulation in lung could be useful in protecting against
fibrosis, although a caveat is that prolonged ANGPTL2 expres-
sion in lung could be a cancer risk (1, 2). Thus, it may be
necessary to develop a way to administer appropriate levels of
ANGPTL2 before this approach can be applied as therapy to
treat lung fibrosis.
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