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Abstract
Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic lung disease without effective therapy. Animal models
effectively reproducing IPF disease features are needed to study the underlying molecular mechanisms. Tree shrews are
genetically, anatomically, and metabolically closer to humans than rodents or dogs; therefore, the tree shrew model presents
a unique opportunity for translational research in lung fibrosis. Here we demonstrate that tree shrews have in vivo and
in vitro fibrotic responses induced by bleomycin and pro-fibrotic mediators. Bleomycin exposure induced lung fibrosis
evidenced by histological and biochemical fibrotic changes. In primary tree shrew lung fibroblasts, transforming growth
factor beta-1 (TGF-β1) induced myofibroblast differentiation, increased extracellular matrix (ECM) protein production, and
focal adhesion kinase (FAK) activation. Tree shrew lung fibroblasts showed enhanced migration and increased matrix
invasion in response to platelet derived growth factor BB (PDGF-BB). Inhibition of FAK significantly attenuated pro-
fibrotic responses in lung fibroblasts. The data demonstrate that tree shrews have in vivo and in vitro fibrotic responses
similar to that observed in IPF. The data, for the first time, support that the tree shrew model of lung fibrosis is a new and
promising experimental animal model for studying the pathophysiology and therapeutics of lung fibrosis.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic and pro-
gressive interstitial lung disease of unknown cause, char-
acterized by fibrosis of the lung parenchyma [1]. Despite
considerable research efforts, there is no effective therapy
for IPF. Prognosis is poor as the median survival following
a diagnosis of IPF remains ~3–5 years [2, 3]. The exact
pathogenesis of IPF remains an enigma. Current evidence
suggests that IPF is likely the result of loss of control of
diverse cellular and molecular pathways. The aberrant
intersection of alveolar epithelium injury and repair, fibro-
blast activation and invasion, the rise of myofibroblast, and
dysfunction of other cell types including macrophages, stem
cells, and fibrocytes, contribute to the pathogenesis of IPF
[2]. Myofibroblasts, compared to other involved cell types,
are generally accepted as the cell type predominantly
responsible for increased production of extracellular matrix
(ECM) proteins, which subsequently leads to destruction of
lung structure and fibrosis in IPF [4, 5].

Fibrotic tissues in the lung, liver, and kidney show pro-
minent myofibroblasts [4–6], supporting that myofibroblast
differentiation is one critical step during the development of
fibrotic disorders. Recent evidence indicates that the sources
of myofibroblasts are variable among different organs [4].
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Fibroblast migration into the wounded area and differentiation
into myofibroblasts exist in normal and pathologic wound
healing, such as fibrotic tissue remodeling. Focal adhesion
kinase (FAK) plays an important role in fibroblast migration
and myofibroblast differentiation in primary lung fibroblasts
derived from IPF patients [7]. Transforming growth factor
beta-1 (TGF-β1) is a major pro-fibrotic mediator that induces
myofibroblast differentiation and promotes fibrotic responses
in lung, liver, and kidney [8]. Enhanced expression of α-
smooth muscle actin (α-SMA) is the hallmark of myofibro-
blast differentiation [4, 5, 9]. Formation of α-SMA-containing
cytoplasmic filaments is another hallmark of myofibroblasts;
these α-SMA-containing cytoplasmic filaments enhance the
contractile phenotype of myofibroblasts, which is required for
wound healing [4, 9–11]. Animal models of lung fibrosis,
including mouse and rat models, have provided critical insight
into the pathogenesis of IPF and were able to recapitulate
some but not all pathologic features of human IPF [12].

Tree shrew, a native species to Southeast Asia and
Southwest China, belongs to the order of Scandentia. They
are small diurnal mammals (150–220 g) closely related to
the human and primate [13–18]. Whole genome phyloge-
netic analysis has confirmed that tree shrews are genetically
much closer to humans and nonhuman primates than dogs
or rodents [13–15]. Many metabolic and anatomic struc-
tures of tree shrew are more similar to humans than dogs or
rodent [14–16]. Tree shrew striatum resembles that of
humans and primates. Similar to the human eye, a col-
lagenous lamina cribrosa exists in the tree shrew eye, but
not in mice or rats [17–21]. Tree shrews have been used in
studies of lung cancer [22], Zika virus infection [23], and
H1N1 influenza [24]. Tree shrews closely mimic the
influenza viral infection seen in humans [24]. Notably, tree
shrews infected by Zika virus developed the common rash
seen in patients infected by Zika virus [23]. Thus, the tree
shrew has unique advantages as animal model of human
diseases and presents a unique opportunity to advance
translational research.

In this study, we present data for an experimental tree
shrew model of lung fibrosis. Bleomycin-induced injury
resulted in lung fibrosis and pro-fibrotic responses in tree
shrews, with evidences of increased hydroxyproline levels,
increased expression of collagen, fibronectin, and α-SMA,
and increased activation of FAK in lung tissues. In vitro, in
response to TGF-β1, tree shrew primary lung fibroblasts
have increased α-SMA expression, the hallmark of myofi-
broblast differentiation, increased ECM protein production,
and increased FAK activation. PDGF-BB treated tree shrew
lung fibroblasts have enhanced cell migration and invasion
when compared to vehicle controls. Inhibition of FAK
signaling significantly blocked TGF-β1 induced myofibro-
blast differentiation and ECM production, and blocked
platelet derived growth factor BB (PDGF-BB) induced cell

migration and invasion. These findings support that the tree
shrew lung fibrosis model shares common fibrotic responses
and pro-fibrotic signaling pathways that are seen in
human IPF.

Materials and methods

Reagents

Transforming growth factor-β1 (TGF-β1) was obtained
from R&D Systems (Minneapolis, MN). The following
antibodies were purchased: phospho-FAK [pY397] (Bio-
source, Camarillo, CA), procollagen alpha 1 type 1 (1A1)
and fibronectin (Santa Cruz Biotechnology, Santa Cruz,
CA), FAK (Cell Signaling, MA), α-SMA (American
Research Products, Belmont, MA), and glyceraldehyde 3-
phosphate dehydrogenase (G3PDH) (Research Diagnostics,
Flanders, NJ). All antibodies purchased are against human
antigens. Antibodies designed against human antigens
detect tree shrew antigens successfully [25–29]. Chemicals
were purchased from Sigma-Aldrich (St. Louis, MO) and
Fisher Scientific (Waltham, MA).

Tree shrew model of lung fibrosis

All animal interventions were approved by Institutional
Animal Care and Use Committee at the University of
Alabama at Birmingham. Both male and female tree
shrews (3–5 month old) were challenged with bleomycin
(1.75 U/kg body weight) using an intratracheal catheter
similarly as described previously for mouse model of lung
fibrosis [7]. The Ashcroft scoring system was used to
assess the pulmonary fibrotic changes in lung tissue sec-
tions. Fibrotic lesional areas were measured on hema-
toxylin and eosin (H&E) stained lung tissue sections by
morphometric methodology.

Lung collagen determination and Masson’s
trichrome staining

The whole lung collagen level was determined by whole
lung hydroxyproline level [30]. The harvested lungs were
hydrolyzed in 6M HCl at 110 °C for 24 h, and the amount
of hydroxyproline in the above lung acid hydrolysates was
performed by colorimetric assay as described [31]. Collagen
deposition in lung tissue sections (5–10 µm, paraffin
embedded tissues) was localized by Masson’s trichrome
staining using a commercially available staining kit
according to the manufacturer’s instructions (Poly Scien-
tific, Bay Shore, NY). Positive area was measured based on
pooled results from series sections and represented as the
percentage of positive area over the total lung area.
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Cell and cell culture

Primary human lung fibroblasts were described previously
[7, 32]. Isolation and propagation of primary tree shrew
lung fibroblasts were performed similarly as described
previously [32]. Briefly, fibroblasts were maintained and
propagated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and
antibiotics. Experiments were performed on early passages
(passage 2–4) of primary lung fibroblasts.

Whole lung and cell protein extracts

Whole lung or cell homogenates were prepared in detergent
lysis buffer containing 1% NP-40 with the following inhi-
bitors, 100 μM phenylmethanesulfonyl fluoride (PMSF),
10 μg/ml Aprotinin, 10 μg/ml Leupeptin, and 100 μM
sodium vanadate, and 20 μg/ml TLCK [9]. The resultant
supernatants after centrifugation (14,000 × g for 20 min at
4 °C) were analyzed by immunoblotting immediately or
stored at −80 °C until used.

Western blotting

Immunoblotting was performed using 1% NP-40 whole lung
tissue lysates or whole cell lysates as described previously
[33]. Briefly, equivalent micrograms of lysates were electro-
phoresed on a disulfide-reduced 8–12% SDS-PAGE, trans-
ferred to Immobilon-P membrane (Millipore Corp., Bedford,
MA) for probing, and developed with the enhanced chemi-
luminescence system (Fisher Scientific).

Adenoviral vectors

Adenoviral vectors expression FAK-related non-kinase
(FRNK) and green fluorescent protein (GFP) is described
previously [32].

Cell migration and invasion assays

The wound closure monolayer scratch motility assay and
transwell invasion assay were performed similarly as
described previously [32]. Briefly, fibroblasts were plated in
serum-free DMEM with 1% BSA for 24 h. The monolayer
was scratched, and the wound area covered by cell migra-
tion over indicated time on digital photomicrograph images
was calculated. Mitomycin C was added to inhibit cell
proliferation after PDGF-BB treatment. The invasion assay
was performed in two-well Boyden-type transwells. Briefly,
lung fibroblasts (4 × 104 cells) in serum-free DMEM media
with 1% BSA were plated onto 8 µm filters coated with
Matrigel on the top surface of the insert well and PDGF-BB
containing media at the bottom well, and allowed to invade

at 37 °C with 5% CO2 for 36 h. Remaining cells on the top
surface were removed and the invaded cells were fixed,
stained, and counted. Conditions were assayed in replicas of
three or four, repeated two to four times, and the data
analyzed and presented as the mean ± SE.

Lactate assay

Lactate levels were determined by using colorimetric and
fluorometric method. Briefly, samples were prepared from
tree shrew lung tissue on day 21 after bleomycin treatment, or
cell culture lysate or culture medium from primary tree shrew
lung fibroblasts treated with or without 5 ng/ml TGF-β1.
Lactate levels were determined by lactate assay kit according
to the manufacturer’s instructions (BioVision, Milpitas, CA).

Statistical analysis

Data were analyzed using the Student’s t test analysis
(Sigma Plot, SPSS Inc.) for differences between two
groups, and expressed as mean ± SE. All experiments were
repeated at least three times.

Results

Bleomycin induces lung fibrosis in tree shrews

To establish the tree shrew model of lung fibrosis, bleomycin
was intratracheally instilled into tree shrews (1.75 U/kg body
weight). Lungs were harvested on day 21 after bleomycin
exposure and pro-fibrotic responses were determined. Using
several measures, the fibrotic responses to bleomycin was
significantly increased when compared to that in control
(Fig. 1). H&E staining and morphometric evaluation
demonstrate that a significant portion of lung is fibrotic
in bleomycin-treated tree shrews (Fig. 1a, b). Masson’s tri-
chrome staining shows that the fibrotic collagen area is sig-
nificantly increased in bleomycin-treated tree shrews (Fig. 1a,
c). Bleomycin-treated tree shrews have about 1.4-fold greater
hydroxyproline levels compared to saline treated tree shrews
(Fig. 1d), supporting a significant increase of collagen content
in bleomycin-treated tree shrews compared to control.

Bleomycin induces myofibroblast differentiation,
increases production of extracellular matrix (ECM)
proteins, and activates FAK signaling in tree shrews

To examine the effect of bleomycin on pro-fibrotic
responses, expression of α-SMA, a hallmark of myofibro-
blast differentiation, was examined in bleomycin-treated
tree shrews. Whole lung α-SMA expression level is
increased about 2.7-fold in bleomycin-treated tree shrews
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when compared to saline controls (Fig. 2a, b). Expression of
procollagen and fibronectin was examined in whole lung
lysates by western blot (Fig. 2a). Procollagen level was
increased about 2.1-fold in bleomycin-treated tree shrews
compared to saline controls (Fig. 2a, c). Fibronectin level
was increased about 3.2-fold in bleomycin-treated tree
shrews when compared to saline treated controls (Fig. 2a,
d). Cell migration toward wounded area is a part of wound
healing process, and cell–matrix interaction is necessary.
FAK plays an important role in integrin engagement with
ECM proteins [34–36]. FAK activation is required for cell
migration and invasion, and promotes myofibroblast dif-
ferentiation and resistance to apoptosis [36–38], which
support a role for FAK in the pro-fibrotic responses and
lung fibrosis. Therefore, we examined FAK activation in
bleomycin-treated tree shrew lung tissues. FAK activation,
by phosphorylation of Tyr397 (Y397), was increased nearly
2.5-fold in bleomycin-treated tree shrews compared to
control (Fig. 2a, e). These data clearly indicate that tree
shrews have increased pro-fibrotic responses and fibrotic
remodeling in the lungs of bleomycin exposed tree shrews.

Primary tree shrew lung fibroblasts become pro-
fibrotic by differentiation to myofibroblasts through
a FAK-mediated pathway in response to TGF-β1

To determine the pro-fibrotic responses of tree shrews,
primary tree shrew lung fibroblasts and primary normal

human lung fibroblasts were treated with TGF-β1 to com-
pare the pro-fibrotic responses (Fig. 3). In response to TGF-
β1, α-SMA expression was increased in tree shrew and
human lung fibroblasts (Fig. 3a, b), suggesting myofibro-
blast differentiation induced by TGF-β1 in the fibroblasts.
Next, we examined the ECM production in primary tree
shrew fibroblasts in response to TGF-β1, a central pro-
fibrotic process. Expression of procollagen and fibronectin
was significantly increased in TGF-β1 treated fibroblasts
when compared to controls (Fig. 3a). In response to TGF-
β1, collagen expression was increased by 2.2- and 3.1-fold
in tree shrew and human lung fibroblasts, respectively, and
fibronectin expression was increased by 3.3- and 2.8-fold in
tree shrew and human lung fibroblasts (Fig. 3c, d). FAK and
Smad3 mediate TGF-β1 signal transduction and myofibro-
blast differentiation [39, 7]. TGF-β1 induced activation of
FAK and Smad3 in tree shrew and human lung fibroblasts
(Fig. 3a, e, f).

To determine whether FAK plays a similar role in tree
shrew fibroblasts as seen in human fibroblasts in response
to TGF-β1 [7, 32], FRNK was overexpressed to inhibit
FAK in tree shrew fibroblasts. We have previously shown
that FRNK overexpression inhibits FAK in normal and
IPF human lung fibroblasts [32]. Overexpression of GFP
was used as a control. FRNK expression inhibited TGF-β1
induced FAK activation in tree shrew lung fibroblasts
(Fig. 3g, k). Similarly, FRNK overexpression reduced
TGF-β1 induced increased expression of α-SMA,

Fig. 1 Bleomycin induces lung
fibrosis in tree shrews. a Tree
shrews were intratracheally
instilled with bleomycin
(1.75 U/kg) or saline. Lungs
were harvested at day 21 and
stained with hematoxylin and
eosin (H&E) or Masson’s
Trichrome (original
magnification ×40, scale bar=
100 µm). b The severity of lung
fibrosis was analyzed by
Ashcroft score. c Masson’s
Trichrome positive areas were
morphometrically quantified and
represented as the percentage of
total lung areas in serial lung
tissue sections. d Lung
hydroxyproline levels
(normalized to that in saline
treated tree shrews). Data were
shown as mean ± S.E. n= 5 for
bleomycin-treated tree shrews.
n= 6 for saline treated tree
shrews. *p < 0.01; **p < 0.001.
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collagen, and FN in tree shrew lung fibroblasts
(Fig. 3g–j). Control GFP expression had no noticeable
effect on TGF-β1 induced responses (Fig. 3g–k). These
data suggest that FAK signaling is critical for TGF-β1
induced pro-fibrotic responses in tree shrew derived lung
fibroblasts.

Platelet derived growth factor BB (PDGF-BB) induces
migration and invasion in primary tree shrew lung
fibroblasts; FAK is required for migration and
invasion induced by PDGF-BB

We next studied whether tree shrew fibroblasts respond to
PDGF-BB with enhanced migration and invasion compare
to that in human fibroblasts. PDGF-BB significantly pro-
moted cell motility in tree shrew fibroblasts based on wound
healing assays, and that is similar to PDGF-BB induced cell
motility in human fibroblasts (Fig. 4a). FRNK expression
abrogated PDGF-BB induced cell motility in tree shrew and
human fibroblasts (Fig. 4a). Whereas GFP expression had
no noticeable effect (Fig. 4a). Furthermore, PDGF-BB
induced invasion through Matrigel in tree shrew and human
fibroblasts (Fig. 4b). Blocking FAK signaling by FRNK
overexpression significantly reduced PDGF-BB induced
invasion through matrix gel in tree shrew and human
fibroblasts (Fig. 4b).

Lactate, the product of glycolysis, is increased in
primary tree shrew lung fibroblasts in response
to TGF-β1

Dysregulated glycolysis is recently reported as one important
mechanism contributing to the pathogenesis of IPF [40, 41].
Dysregulated glycolysis results in increased lactate, an end-
product of glycolysis, in fibroblasts from subjects with IPF
[40, 41]. Lactate is increased in tree shrews with bleomycin
treatment when compared to that in saline controls (Fig. 5a).
In line with data in lung tissues, intracellular and extracellular
lactate content are increased in response to TGF-β1 in cul-
tured primary tree shrew fibroblasts (Fig. 5b, c). The data
show that tree shrews and tree shrew fibroblasts exhibit a
phenotype of increased glycolysis in response to bleomycin
and TGF-β1 (Fig. 5). Our data support that the molecular
mechanisms underlying IPF pathogenesis are shared in the
tree shrews, and the tree shrew model of lung fibrosis is a
unique and promising experimental animal model for study-
ing the pathophysiology and therapeutics of lung fibrosis.

Discussion

The pathogenesis of IPF still remains an enigma. The
prognosis of IPF is poor with median survival being about

Fig. 2 Bleomycin induces pro-fibrotic responses in tree shrews. a
Tree shrews were intratracheally instilled with bleomycin (1.75 U/kg)
or saline. Lungs were harvested at day 21. Whole lung lysate was
analyzed by western blot for the levels of α-SMA, collagen (through
procollagen, pro-col), and fibronectin (FN). GAPDH served as the
loading control (n= three individual tree shrews in each group).

Representative images are shown. b Densitometry analysis of α-SMA
expression as shown in a. c Densitometry analysis of procollagen
expression as shown in a. d Densitometry analysis of FN expression as
shown in a. e Densitometry analysis of FAK Y397 phosphorylation as
shown in a. Data were shown as mean ± S.E. *p < 0.01; **p < 0.001.
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3–5 years after diagnosis, making IPF the deadliest inter-
stitial lung disease [2, 3, 42]. Animal models of lung
fibrosis are critical to understand the pathogenesis of IPF.
Preclinical studies with animal models have contributed to
clinical trials that led to the FDA approved drugs pirfeni-
done and nintedanib [43, 44]; however, the efficacy of
pirfenidone and nintedanib in IPF is limited. Current animal
models of lung fibrosis recapitulate some but not all

pathologic features of human IPF [7, 12]. Because of
this limitation, new animal models of lung fibrosis that
recapitulate pathologic features of human IPF are critical to
discover novel, druggable targets to conquer this deadly
disease.

Here, we provide data to establish a new and novel
experimental lung fibrosis model in tree shrews, a diurnal
mammal that shares more similarity in metabolic and

Fig. 3 TGF-β1 induces pro-
fibrotic responses in tree
shrew lung fibroblasts. a Tree
shrew and normal human lung
fibroblasts were serum starved
and then treated with TGF-β1
(5 ng/ml) for 24 h. Equivalent
amount of cell lysate was
western blotted with the
indicated antibodies. b–f
Densitometry analysis of
expression of α-SMA, pro-col,
and FN, also activation of FAK
and Smad3, as shown in
a. Blank bars for tree shrew
fibroblasts. Black bars for
human fibroblasts. g Tree shrew
lung fibroblasts were treated as
in a. We have previously shown
that FRNK overexpression
inhibits FAK and myofibroblast
differentiation in human lung
fibroblasts. Here, FRNK and
control GFP overexpression
were mediated by adenoviral
vectors in tree shrew lung
fibroblasts. h–k Densitometry
analysis of expression of
α-SMA, pro-col, FN, and
activation of FAK, as shown in
g. Data were shown as mean ± S.
E. *p < 0.01; **p < 0.001.
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anatomic structure with humans than rodents or dogs
[14–16]. Bleomycin instillation through intratracheal route
induces pro-fibrotic responses and lung fibrosis in tree
shrews that recapitulate some pathologic features in IPF and
are comparable to that seen in human lung fibrosis [7, 12].
The in vivo findings were evaluated by histological and
biochemical methods in tree shrews challenged with or
without bleomycin (Figs. 1, 2). Furthermore, the fibrotic
responses were evaluated in vitro in primary lung fibroblasts
derived from tree shrews. Tree shrew primary lung fibro-
blasts respond to the pro-fibrotic effects of TGF-β1 and
show increased myofibroblast differentiation, matrix protein
synthesis, and activation of Smad3 and FAK (Fig. 3). In
response to PDGF-BB, tree shrew lung fibroblasts show
increased motility and invasion through Matrigel (Fig. 4).
Importantly, these pro-fibrotic responses in tree shrew pri-
mary lung fibroblasts are comparable to that in primary
human lung fibroblasts.

FAK plays an important role in cell migration and
invasion [34]. In cancer, FAK signaling is required for

cancer cell migration and metastasis; therefore, FAK
inhibitors have been evaluated for cancer treatment [34].
We and others have demonstrated that FAK signaling
regulates fibroblast cell motility, increases myofibroblast
differentiation, and promotes myofibroblast survival
[32, 33, 36–38]. FAK activation is increased in the fibrotic
lungs in tree shrews treated with bleomycin (Fig. 1).
To gain insights into the FAK signaling involved in pro-
fibrotic responses in tree shrews, FAK signaling was
inhibited by FRNK overexpression (Fig. 3). Inhibition of
FAK activation reduced TGF-β1 induced myofibroblast
differentiation and ECM protein expression (Fig. 3), and
blocked PDGB-BB induced cell motility and invasion
through Matrigel in primary tree shrew and primary
human lung fibroblasts (Fig. 4). These findings suggest
that FAK is an important player in mediating pro-fibrotic
responses and FAK-mediated signaling is shared between
tree shrew and human lung fibroblast.

Rodent models have been widely accepted and used
for the study of IPF. These experimental animal models

Fig. 4 PDGF-BB promotes cell motility and invasion through
FAK-mediated signaling pathway in tree shrew lung fibroblasts.
a Tree shrew and normal human lung fibroblasts were serum starved
and then treated with PDGF-BB (4 ng/ml) and followed by wound
closure monolayer scratch motility assays. FRNK and control
GFP overexpression were mediated by adenoviral vectors in lung
fibroblasts. The percentage of wound area covered by cell migration
was normalized to controls (without PDGF-BB) within each type of

fibroblasts. b Tree shrew and normal human lung fibroblasts were
serum starved and subjected to transwell invasion assays. The top
surface of transwells were pre-coated with Matrigel. The bottom
medium contained PDGF-BB (4 ng/ml). The data were pooled and
presented as the fold invasion over the controls (without PDGF-BB)
within each type of fibroblasts. Data were shown as mean ± S.E. *p <
0.01; **p < 0.001.

Fig. 5 Tree shrew lung fibroblasts show increased glycolysis
reprogramming in response to TGF-β1. a lung extract from
bleomycin-instilled tree shrew (n= 5) have increased lactate compared
to saline instilled tree shrews (n= 6). b Primary tree shrew lung

fibroblasts have increased lactate from cell lysate in response to TGF-
β1. c Primary tree shrew lung fibroblasts have increased lactate in cell
culture medium in response to TGF-β1, suggesting increased release of
lactate. Data were shown as mean ± S.E. *p < 0.01; **p < 0.001.
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have generated important insights and provided valuable
knowledge for the understanding of IPF pathogenesis.
However, the biological nature of these rodent animal
models set limitations for the study of IPF human diseases
[12]. Indeed, all current animal models of lung fibrosis have
limitations to fully recapitulate the pathological features
seen in human IPF [12]. Thus, new animal models of lung
fibrosis are still in demand to study human IPF. Although
nonhuman primates may represent the most attractive model
to study the complicated human disease like IPF, the high
cost in addition to other barriers in nonhuman primate
models of human diseases is likely one major weakness for
its wide application for IPF research. The current study
provide data to support an experimental model of lung
fibrosis in tree shrews. The current study cannot fully assess
if the tree shrew model of lung fibrosis can recapitulate the
pathological features of human IPF better than other animal
models, due to that the scope of current work is limited by
the number of tree shrews and time points tested. Additional
studies are required to fully evaluate the tree shrew as
human-like model of IPF; many questions remains to be
answered, including but not limited to whether the tree
shrew model resembles human IPF pathological features, its
versatility, the availability of genetically modified animal
lines, the availability to test therapeutically and response to
the clinically approved drugs such as nintedanib and pir-
fenidone, whether the immunological and inflammatory
responses resembles human IPF, and whether the fibrosis
self-resolve over time or progressive. Bleomycin model
itself has limitations [45, 46]. Therefore, it will be ideal if
the tree shrew model can be tested by using other fibrotic
inducing methods such as FITC, silica, or viral vector-based
delivery of active TGF-β1, to induce lung fibrosis in tree
shrews, and compare the fibrotic signaling and lung fibrosis
results with that obtained from the bleomycin-induced
model. Another potential limitation is that tree shrews cost
much less than nonhuman primates, but higher than mice.
We expect that tree shrews provide many advantages over
commonly used animal models since they are genetically,
biologically, and structurally closer to humans and nonhu-
man primates than rodents or dogs [13–18]. Tree shrews
share some biological structures with humans and that do
not exist in mice or rats [17–21]. Notably, tree shrews share
similar physical response with human in response to dis-
ease. Tree shrews infected by Zika virus have developed
physical signs similar to that of humans, the common rash
in infected patients, but that has not been observed in
rodents [23]. The current study demonstrates, for the first
time, a preclinical tree shrew model of lung fibrosis, which
shares common pro-fibrotic responses and signaling path-
ways observed in human IPF and in human lung fibroblasts.
Taken together, the results strongly suggest that the tree
shrew model of lung fibrosis is a new and promising

experimental animal model for studying the pathophysiol-
ogy and therapeutics of lung fibrosis.
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