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Abstract
Background The bleomycin mouse model is the most prevalent animal model used to study idiopathic
pulmonary �brosis (IPF), ranging from basic pathophysiological mechanisms to therapeutic modalities.
High mortality rates, inconsistencies in disease induction, and great severity of the disease phenotype
have limited its utility and clinical relevance. In this study, we identify conditions in the mouse bleomycin
model that maintain the desired IPF phenotype found in patients while avoiding the usual, associated
rapid mouse mortality.

Methods In two independent studies, we analyzed the effects of incremental intratracheal (IT) high (1-3
U/kg) and low (0.05-0.5 U/kg) bleomycin doses on pulmonary �brosis in mice. We observed dose effects
on weight loss, morbidity and mortality, in�ammation, lung collagen content, presence of various
biomarkers in bronchoalveolar lavage �uid (BALf), and histology 14 days post-treatment, when the
animals were in the active phase of �brosis.

Results We characterize the �brotic effects of various bleomycin doses in mice on pulmonary
in�ammation, myo�broblast activation, vascular leakiness, angiogenesis, and extracellular tissue
remodeling. Higher bleomycin doses induced acute disease with severe and saturated responses, extreme
and progressive weight loss, and high morbidity and mortality rates. In contrast, lower doses of
bleomycin induced a milder and chronic response, featuring robust, active-phase �brosis with mild weight
loss and no mortality.

Conclusion Here we demonstrate that the bleomycin mouse model can be used to reproduce symptoms
of IPF patients in an animal by using low doses of bleomycin. Low concentrations of bleomycin induce
chronic and progressive �brosis with no mortality.

Background
Idiopathic pulmonary �brosis (IPF) is a devastating, progressive disease marked by excessive scarring,
which leads to increased tissue stiffness, loss in lung function, and, ultimately, death. Recent studies
suggest an increasing prevalence of IPF and growing numbers of associated mortality [1]. IPF is
characterized by progressive �broblast and myo�broblast proliferation and extensive deposition of
extracellular matrix (ECM) [2], resulting in abnormal remodeling of the lung parenchyma. The
determination of disease mechanisms remains a di�cult challenge in the �eld, and currently there are no
reliably effective therapies for treating IPF in the clinic.

Animal models are essential for de�ning basic pathophysiological mechanisms and identifying new
therapeutic agents. Models that closely simulate the symptoms of disease in patients are essential to
improve clinical success rates for drug testing [3]. The bleomycin mouse model is the most prevalent
system used for studying IPF. Single bleomycin administration effectively replicates several of the
pathogenic molecular changes associated with IPF and is used as a model for patients with active
disease [4].
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While this model has proven useful in examining may aspects of IPF, such as understanding the
pathology of disease, identifying potential targets for medication, and establishing all treatments
currently in use [5], high mortality and extreme disease severity limit its clinical utility. High doses of
bleomycin induce intense and acute �brosis and high rates of mortality in animals, whereas in patients,
IPF manifests as a slow, chronic decline in health spanning several years [1]. In past studies utilizing the
bleomycin mouse model, inconsistent rates of mortality and disease magnitude are reported over the
course of a few weeks [6–8]. Death and intense disease severity mask the pathobiological effects that
are essential to understanding disease mechanism and pathology and limit this model’s clinical utility.

We report here the relationship between bleomycin dose and �brotic endpoints with the objective of
improving the bleomycin mouse model by inducing a milder, less acute disease that avoids mortality. To
address the shortcomings of the model’s current utilization, we report the effect of a wide range of
bleomycin doses on pulmonary in�ammation, vascular leakiness, and remodeling of lung architecture.
These data provide the conditions of the bleomycin mouse model that produce a chronic disease
phenotype that mirrors the clinical symptoms of IPF, affording a more clinically relevant disease model.

Material And Methods
Animals

Experiments were carried out with the approval of the PRISM Institutional Animal Care and Use
Committee. 10- to 12-weeks-old C57BL/6J female mice (Jackson Laboratory, USA) were used for the
studies. Animals were acclimatized for a period of 7 days in pathogen-free conditions, under a 12 h
normal-phase, light-dark cycle with food and water ad libitum. Animals were maintained under these
conditions until the end of the study.

 

Induction of pulmonary �brosis and times for endpoint analysis

To induce pulmonary �brosis, we introduced pharmaceutical-grade bleomycin (Zydus-Hospira Oncology
Private Ltd., India) dissolved in 1X PBS by intratracheal (IT) injection. To observe dose-dependent effects
of bleomycin on various endpoints of disease phenotype in mice, we executed two independent
experiments. For the high-dose response study, groups of randomly divided mice (n=5) were dosed IT
with 1 U/kg, 1.5 U/kg, 2 U/kg, or 3 U/kg bleomycin, or PBS only. Groups of mice in the low-dose response
study (n=5) were treated IT with 0.05 U/kg, 0.1 U/kg, 0.25 U/kg, or 0.5 U/kg bleomycin, or PBS only. We
began with high-dose response studies and executed the low-dose experiments based on observations
and outcomes of the former. Brie�y, on day 0, female C57BL/6J (8-10 weeks) mice were anesthetized by
intraperitoneal injection of Xylazine: ketamine (10:80 mg/kg) and then challenged with a single IT
injection of bleomycin dissolved in 50 μL of PBS with a 31-gauge needle attached to a Hamilton syringe.
Control mice received 50 μL of PBS only. Animals were sacri�ced on day 14 post- challenge. Animals
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were euthanized with Euthasol (100-120 mg/kg), and bronchoalveolar lavage (BAL) was performed. The
lungs were collected for estimation of lung collagen content and histopathology.

BAL and sample collection

Animals were sacri�ced, and BAL was performed. Brie�y, mice were terminally anaesthetized, and the
trachea was cannulated using a 20-gauge catheter. BAL was performed 4 times using 0.3 ml of 1X PBS
(pH 7.4). The total volume of each BAL aspirate was pooled. A 20 μL aliquot of BAL �uid (BALf) was
mixed with 20 μL of Turk’s solution for the leukocytes counts. Aliquots of 120 μL BALf were collected, and
the remaining �uid was centrifuged at 10,000 RPM for 10 min at 4°C. 250 μL aliquots of centrifuged BALf
were collected and stored at -80°C for cytokine estimations. Cell pellets were mixed with rat serum to
prepare smears on frosted glass slides. After BAL, the right lungs were harvested, washed in 1X PBS, and
stored at -80°C for lung collagen estimation. The left lungs were collected and �xed in 10% neutral
formalin buffer (NBF) for histology.

Assessment of general health and pulmonary in�ammation

All mice were monitored daily for health, weight loss, and mortality over the entire duration of the study.
To assess pulmonary in�ammation, BALf samples were analyzed for total leukocytes and differential
cells counts. Total leukocyte count was performed by mixing BALf 1:1 with Turk’s solution, and cells were
counted using a hemocytometer (Hausser Scienti�c Horsham, PA, USA). Total differential cell counts
were performed at 100X magni�cation using light microscopy (BX2, Olympus, Tokyo, Japan). 500 cells
were stained with Leishman stain and cells manually evaluated by morphology and counted
macrophages, lymphocytes, or neutrophils.

 

Assessment of right lung collagen content, lung weight, and lung index

Fibrosis was assessed by quantifying total soluble collagen in the lung using the Sircol collagen assay kit
(Biocolor Ltd., UK). Brie�y, wet right lungs were weighed and homogenized in 2 mL of CHAPS buffer. The
lung homogenate was mixed with an equal volume of acid pepsin solution (5 mg/ml of 0.5 M acetic
acid), incubated overnight at 4°C, centrifuged, and the supernatant was assayed for soluble collagen
according to the manufacturer's instructions. Absorbance at 555 nm was read on a VersaMax ELISA
microplate reader (Molecular Devices, LLC. CA, USA). Lung collagen data were expressed as µg of soluble
collagen per right lung. To obtain the lung index (i.e. lung weight to weight ratio), the wet weight of right
lung (mg) was divided by weight (g) of animals.

Assessment of pro�brotic environment of lung and vascular leakiness.

Pro�brotic biomarkers of lung �brosis were analyzed by assessing cytokine levels in BALf, determined by
using commercially available ELISA assays, following to the manufacturer’s instructions. Quantikine
ELISA kit for TGF-β1, IL-6, TIMP1, VEGF, IL-13, C-reactive protein (CRP), and WISP1 (R&D Systems, San
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Diego, CA, USA). Colorimetric detection of protein concentration in BALf supernatants was measured by
using the bicinchoninic acid (BCA) assay. Absorbances were determined at 570 nm using a
spectrophotometer, and proteins concentrations were calculated based on a bovine serum albumin (BSA)
standard curve.

Assessment of histopathology and severity of lung �brosis

Animals were sacri�ced. Left lungs were removed and stored in 10% NBF. The lung tissues were
processed per routine histopathology procedure. Brie�y, lung tissue was embedded in para�n and then
cut into 5μm thick sections that were then stained with hematoxylin and eosin (H&E). The severity of
interstitial �brosis among the groups was compared per the modi�ed Ashcroft scale, as described by
Ashcroft and co-workers [9].

Statistical Analysis

All data are presented as the mean ±standard error of the mean (S.E.M.). The data were analyzed with
one-way ANOVA, followed by Dunnett’s test for multiple comparisons, comparing to controls. A p-value <
0.05 was set as statistically signi�cant.

Results

High-dose bleomycin induction of pulmonary �brosis
Bleomycin induces severe weight loss and mortality.

We assessed the dose-response effect of 1–3 U/kg bleomycin administered via IT injection on clinical
signs such as weight loss, mortality, and health, examined daily. We observed signi�cant (p < 0.001) dose-
dependent mortality in bleomycin-challenged mice compared to control, PBS-treated animals. The percent
survival was 100%, 83%, 44%, and 0%, corresponding to 1, 1.5, 2, and 3 U/kg bleomycin challenge,
respectively (Fig. 1a). Animals treated at these doses also exhibited signi�cant weight loss compared to
controls. The percentage of weight change was progressive and severe from day 0 of bleomycin
challenge to the endpoint. The mice did not recover from weight loss (Fig. 1b). An average of 15–25%
weight loss was observed at 1–2 U/kg bleomycin, and challenge with 3 U/kg bleomycin resulted in 45%
loss (Fig. 1c).

Bleomycin induces severe pulmonary in�ammation.

We assessed the in�ammatory response in animals challenged with IT administration of 1, 1.5, and 2
U/kg bleomycin. As noted previously, animals did not survive bleomycin treatment at 3 U/kg. BALf
samples were harvested, and the in�ammatory response was assessed by performing differential cell
count. We observed an 8- to 14-fold increase (p < 0.001) in total leucocytes count (Fig. 1d). Differential
counts indicate signi�cant increases in levels of macrophages (p < 0.001), lymphocytes (p < 0.01), and
neutrophils (p < 0.05) in bleomycin-challenged animals. The pulmonary in�ammation observed in treated



Page 6/21

animals was due to in�ltration of lymphocytes (45–60%), macrophages (35–45%), and neutrophils (4–
12%) in response to injury from bleomycin challenge, compared to controls (Fig. 1e-g, respectively).

Bleomycin induces severe lung �brosis and increases vascular leakiness.

We assessed the dose effects of bleomycin challenge on lung parameters, including measurement of
lung collagen content, lung weight, and lung index. Animals treated with 1, 1.5, and 2 U/kg showed a 9- to
11-fold signi�cant increase in lung collagen content (p < 0.001), a 2.1- to 2.5-fold increase in lung weight
(p < 0.001), and a 1.7- to 1.9-fold increase in lung index (p < 0.001), respectively, compared to controls
(Fig. 2a-c, respectively). Vascular leakiness was analyzed by estimating protein content in BALf samples.
We observed a signi�cant increase in BALf protein content (p < 0.001), averaging 19- to 27-fold higher
with bleomycin treatment than controls (Fig. 3a).

Bleomycin increases levels of BALf biomarkers and �brosis mediators.

We tested the effect of bleomycin dose escalation on biomarkers that play a key role in pulmonary
�brosis. BALf samples were collected following treatment with increasing doses of bleomycin (1–2
U/kg). We examined the effect of pro�brotic mediators involved in the activation of myo�broblasts in
response to bleomycin challenge. Results showed a signi�cant increase in levels of TGF-β1 and VEGF (p 
< 0.001) (Fig. 3b and d, respectively), compared to controls, whereas we observed a highly variable,
insigni�cant increase of IL-6 (Fig. 3c). Bleomycin induced a marked increase in TIMP1, a biomarker of
tissue remodeling in pulmonary �brosis, with levels signi�cantly increased (p < 0.001) over control
animals (Fig. 3e). Similarly, the levels of CRP, a biomarker indicative of decline in lung function, were
signi�cantly higher (p < 0.001) in treated mice compared to controls (Fig. 3f). These results indicate that
the level of relevant biomarkers of pulmonary �brosis are all signi�cantly elevated in bleomycin-treated
compared to control animals; however, little difference was discerned between these doses with the
methods of detection utilized here.

Low-dose bleomycin induction of pulmonary �brosis
Bleomycin induces dose-dependent weight loss without mortality.

In addition to the high mortality and disease severity in mice in response to high doses (> 1 U/kg) of
bleomycin, we established a dose-response relationship using lower doses (0.05–0.5 U/kg). A single IT
challenge with bleomycin at 0.1, 0.25, or 0.5 U/kg induced signi�cant weight loss (p < 0.05), but this was
not evident at 0.05 U/kg bleomycin, as compared to control animals (Fig. 4a-b). In the 0.25 and 0.5 U/kg
bleomycin treatment groups, weight loss was progressive until day 7, at which point it stabilized between
days 7–10, followed by weight recovery until sacri�ce. In contrast, animals challenged with 0.05 and 0.1
U/kg bleomycin did not exhibit signi�cant weight loss throughout the duration of the 14-day study
(Fig. 4a). Animals averaged 1.4, 4.84, 7.32, and 8.46% weight loss in a dose-dependent manner in
response to challenges with 0.05, 0.1, 0.25, or 0.5 U/kg bleomycin, respectively (Fig. 4b). No mortality was
observed in any of the low-dose bleomycin-challenged groups.
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Bleomycin induces dose-dependent pulmonary in�ammation.

We analyzed BALf samples to assess the dose-dependent response of 0.05–0.5 U/kg bleomycin on
in�ammation, as described above, and calculated a 3- to 14-fold increase in total leukocyte count that
was markedly signi�cant (p < 0.01) at 0.1–0.5 U/kg bleomycin (Fig. 4c). Macrophage levels signi�cantly
increased (p < 0.01) in animals treated with 0.1, 0.25, and 0.5 U/kg bleomycin over controls, and the
increase was more modest in animals dosed at 0.05 U/kg bleomycin (Fig. 4d). The lymphocyte levels
also dose-dependently increased and was most signi�cant (p < 0.01) between 0.1–0.5 U/kg bleomycin
(Fig. 4e). A similar pattern was observed in neutrophil levels, with signi�cant (p < 0.01) increases at 0.25
and 0.5 U/kg (Fig. 4f). Overall, the increase in total BALf cells can be summarized as 65–85%
macrophages, 12–30% lymphocytes, 2–4% neutrophils, and 0% eosinophils. This is in marked contrast to
the cell count of control samples that were solely macrophages (Fig. 4c-f).

Bleomycin induces dose-dependent increases in vascular leakiness and lung �brosis.

Vascular leakiness in response to low-dose bleomycin challenge was assessed using the same methods
utilized in the high-dose studies. BALf samples were obtained from 0.05–0.5 U/kg bleomycin- and PBS-
challenged mice. Dose-dependent, elevated levels of BALf protein content were observed in bleomycin-
treated mice as compared to controls and found to be most signi�cant (p < 0.01) in animals challenged
with 0.1–0.5 U/kg bleomycin. Increased BALf protein content was 3.3-, 4.6-, 8.8-, and 11.3-fold in
response to treatment with 0.05, 0.1, 0.25, and 0.5 U/kg bleomycin, respectively, over controls (Fig. 5d).
The effect of treatment on lung parameters was also assessed. The administration of 0.1–0.5 U/kg
bleomycin signi�cantly (p < 0.01) elevated lung collagen content, lung weight, and lung index in a dose-
dependent manner, compared to control animals. Increased lung collagen content was 3.2-, 5.3-, and 8.7-
fold greater than controls in mice treated with 0.1, 0.25, and 0.5 U/kg bleomycin, respectively (Fig. 5a).
Lung weight was 1.5, 1.8, and 1.9-fold (Fig. 5b) increased, and lung index was 1.5, 1.8, and 1.9-fold
(Fig. 5c) increased in mice challenged with 0.1, 0.25, 0.5 U/kg bleomycin, respectively. No signi�cant
increase in collagen content (1.5-fold), wet weight of right lung (1.1-fold), nor lung index (1.1-fold) was
observed in mice dosed with 0.05 U/kg bleomycin, compared to controls (Fig. 5a-c).

Bleomycin induces dose-dependent increases of BALf �brosis biomarkers.

We assessed the effect of 0.05–0.5 U/kg bleomycin challenge on levels of pro�brotic biomarkers,
speci�cally TGF-β1, IL-13, IL-6, WISP1, and VEGF, present in BALf samples. TGFβ-1 (Fig. 6a), IL-6 (Fig. 6c),
WISP1 (Fig. 6d), and VEGF (Fig. 6e) levels were elevated in a dose-dependent manner, whereas IL-13
levels (Fig. 6b) did not respond accordingly. Signi�cant increases (p < 0.05) in levels of TGFβ-1, IL-13, and
WISP1 were observed at all doses of bleomycin. In contrast, IL-6 levels signi�cantly increased (p < 0.05) at
0.25–0.5 U/kg bleomycin, while VEGF levels increased signi�cantly (p < 0.05) only at 0.5 U/kg bleomycin,
compared to controls. We also observed dose-dependent responses to bleomycin challenge in the levels
of TIMP1 and CRP (Fig. 6f-g, respectively), which are used as biomarkers of lung architecture remodeling
and function. In 0.25–0.5 U/kg bleomycin-challenged mice, increased levels were detected of TGF1-β-1
(4-6-fold), IL-13 (4–5 fold), IL-6 (8–13 fold), WISP1 (35–42 fold), VEGF (1.2–1.36 fold), TIMP1 (1,500-
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2,500 fold), and CRP (34–39 fold), compared to control. In 0.1 U/kg bleomycin-challenged mice, elevated
levels of TGF-β1 (1.8-fold), IL-13 (2.5-fold), IL-6 (2.4-fold), WISP1(13-fold), VEGF (0.8-fold), TIMP1 (164-
fold), and CRP (20-fold) were observed over control. At 0.05 U/kg bleomycin challenge, increases in levels
of TGF-β1 (1.6-fold), IL-13 (3.54-fold), IL-6 (2.42-gold), WISP1 (6.87-fold), VEGF (0.75-fold), TIMP1 (92-
fold), and CRP (13.2-fold) were observed, over control mice (Fig. 6a-g).

Bleomycin induces dose-dependent �brotic changes and severity in lung tissue.

In histological examinations of harvested lungs, the control and 0.05 U/kg bleomycin-treated animals
(Fig. 7a-b, respectively) revealed predominately normal lung architecture. However, in animals dosed with
0.1 U/kg bleomycin, histology revealed profound �brotic changes exhibited as disjointed, knot-like
formations, contiguous �brotic walls, and �brotic masses (Fig. 7c). Furthermore, mouse lungs collected
from animals treated with 0.25 and 0.5 U/kg bleomycin (Fig. 7d-e, respectively) revealed signi�cant
in�ltration of in�ammatory cells, thickening of alveolar septa, damage to the lung tissue, and the
deposition of extracellular matrix in lung parenchyma. The �brotic changes in the lungs were quanti�ed
using the modi�ed Ashcroft scale. We found a positive correlation between concentrations of bleomycin
and lung architecture loss and �brosis (Fig. 7f). Consistent with other features of �brosis that we
investigated, dose-dependent changes were detected.

In all, with high concentrations of bleomycin administration, we elicited acute pulmonary �brosis in mice
accompanied by high mortality and progressive, severe weight loss. We also successfully induced
�brosis in mice using < 1 U/kg bleomycin with no mortality. At these lower concentrations, we established
a dose-dependent relationship between bleomycin concentration and disease severity and con�rmed this
relationship both at the molecular and gross level.

Discussion
In the present study, we systematically investigated the effects of varying doses of bleomycin on
developing pulmonary �brosis in mice by characterizing a set of endpoints. We elicited a reliable and
incremental disease phenotype in response to low-dose (0.05–0.5 U/kg) bleomycin treatment. In contrast,
we observed a severe response and mortality in animals that were treated IT with high (1–3 U/kg)
bleomycin doses. Our data present the calibrated response of mice to bleomycin challenge that will be
useful for future research and drug development efforts to understand further the mechanisms of
pulmonary �brosis and its response to novel therapies.

In reading past reports, we found di�culties in comparing various studies. Inconsistencies in the source
and quality (research-grade or pharmaceutical-grade) of bleomycin greatly impacts outcomes [4, 10, 11].
Furthermore, doses of bleomycin are reported with differing units (U/kg or mg/kg) without traceable,
stoichiometric conversions. This brings about limitations in comparing �ndings across studies and in
comparing our data with previous reports. Therefore, despite the plethora of IPF studies that have been
conducted, we compare our data with only a handful that, like us, used pharmaceutical-grade bleomycin
with doses measured in U/kg. Common across most studies is administration of high doses of



Page 9/21

bleomycin. Here we show that low doses still induce �brotic pro�les but without acute disease and
mortality.

With high doses (1–3 U/kg) of bleomycin, we observed progressive yet severe weight loss without
recovery. Mortality was observed starting as early as 7 days post-bleomycin treatment. In the end, 56%
and 100% mortality were observed with 2 and 3 U/kg bleomycin, respectively. This is consistent with
previous reports of 40% and 90% mortality using 1.5 and 2.5 U/kg IT bleomycin, respectively [6]. However,
other studies report no mortality with 1.5 U/kg bleomycin administered by oropharyngeal aspiration,
suggesting that different methods of drug administration generate distinct responses in this model [18–
20].

Our endpoint analysis of mice treated with 1–2 U/kg bleomycin showed signi�cantly increased levels of
in�ammation involving lymphocytes, macrophages, and neutrophils compared to controls. Additionally,
we observed statistically signi�cant increases in collagen content in the lung, accompanied by increased
lung weight and lung index in treated animals compared to untreated mice. Analysis of biomarkers in
BALf showed signi�cant increases in TGF-β1, IL-6, VEGF, TIMP1, and CRP levels, all of which are
consistent with previous reports [12–17].

Because we observed high mortality and severe weight loss in mice challenged with 1–3 U/kg bleomycin,
we reasoned that incrementally dosing lower concentrations of bleomycin (< 1 U/kg) would avoid acute,
lethal disease, but we were unsure if lung �brosis would continue to be induced. Decreasing doses may
allow us to capture a more granular understanding of the �brotic responses that were likely lost or
masked in the high-dose studies and allow us to reveal the correct dosage needed to elicit a chronic form
of disease.

As we aimed to achieve, mice administered 0.1, 0.25, or 0.5 U/kg bleomycin IT exhibited signi�cant, dose-
dependent weight loss without mortality but still clearly exhibited �brotic pro�les. Weight loss capped at
8.46% in the 0.5 U/kg bleomycin-treated mice. At 0.25 and 0.5 U/kg bleomycin, weight declined until day
7, stabilized until day 10, and then recovered up until the time of sacri�ce. Similarly, past reports show
that bleomycin induces severe and progressive weight loss up to days 7–10 post-treatment, followed by
recovery from day 10 onward until sometimes complete recovery at day 21 [18].

We observed dose-dependent in�ammation, characterized by signi�cant 3- to 14-fold increases in total
counts of leukocytes, macrophages, lymphocytes, and neutrophils. In total, macrophages dominated the
cell counts at 65–85%, while lymphocytes were comprised 12–30% and neutrophils made up 2–4% of
total cell count. Counts in control mice were 100% macrophages.

A similar dose-dependent pattern was observed in lung collagen content, lung weight, and lung index. All
three parameters increased with bleomycin concentration. Measurement of protein concentration of BALf
revealed vascular leakiness. Increasing concentrations of bleomycin corresponded with increasing BALf
protein concentration. These readouts are all consistent with past reports [19].
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We also examined pathophysiological mechanisms involved in the �brotic response. Levels of clinically
relevant, molecular targets and mediators of �brosis were analyzed in BALf samples collected from mice
subjected to 0.05–0.5 U/kg bleomycin. Results showed dose-dependent changes in the expression levels
of key pro-�brotic cytokines and growth factors involved in the activation of myo�broblasts during
�brogenesis, mediation of in�ammation, angiogenesis, matrix remodeling, and indicators of lung
function.

We show increased TGF-β1 levels with bleomycin treatment. This is supported by past studies that found
that TGF-β1 has a pivotal role in the development of tissue �brosis in IPF [20, 21]. It modulates
transcription of downstream target genes, including procollagen I and III, via transmembrane receptor
serine/threonine kinases and the cytoplasmic Smad-2/3 signaling pathways [22]. TGF-β1 promotes ECM
accumulation, speci�cally collagen and �bronectin, and drives phenotypic changes in �broblasts [23].

IL-13 content increased to similar levels at all doses of bleomycin, but all were above IL-13 levels in
untreated mice. IL-13, a Th2 cytokine is increased in the blood and BALf of patients with IPF, and its levels
are directly correlated with disease severity [24]. IL-13 promoted pulmonary �brosis in radiation-induced
lung �brosis models, and IL-13 inhibition decreased �brotic changes in pulmonary �brosis in mice [25].
Mechanistically, IL-13 differentiates human lung �broblasts to myo�broblasts through a c-Jun N-terminal
kinases-dependent pathway [26]. In a recent study utilizing the bleomycin mouse model, sphingosine-1-
phosphate receptor-2 (S1PR2) was found to facilitate pulmonary �brosis through potentiating the IL-13
pathway in macrophages [27].

We also observed IL-6 levels increase dose-dependently in mice. IL-6 is a pleiotropic cytokine and
functions as a proin�ammatory and pro�brotic factor in �brosis pathogenesis [28]. It is expressed and
secreted by various cells, including alveolar macrophages, lung �broblasts, and �brocytes [29]. In addition
to the TGF-β/Smad3 pathway, the signaling loop of IL-6/gp130/Stat3 has a crucial role in disease
pathogenesis [30], and blockade of IL-6 signaling during the chronic stages of lung injury has a bene�cial
effect on lung �brosis [31].

Similarly, we observed increased levels of WISP1 in all doses of bleomycin. WISP1 mediates IL-6-
dependent cell proliferation through a mechanism orchestrated by a variety of pro�brotic biomarkers,
including Wnts, TGF-β1, and TNF-α, in primary human lung �broblasts [32]. In vivo increases of WNT/β-
catenin signaling leads to the expression of the proin�ammatory cytokines IL-1β and IL-6 in alveolar
epithelial type cells in the bleomycin mouse model [33, 34]. Dysregulated activation of WISP1 plays a key
role in IPF [35], and heightened expression of WISP1 in AECII cells was reported in both the mouse
bleomycin model and IPF patients. Neutralizing WISP1 with antibodies attenuates lung �brosis, reduces
collagen deposition, expresses genes associated with epithelial-mesenchymal transition, and increases
survival in the bleomycin mouse model [36].

We observed elevated levels of VEGF and TIMP1 with bleomycin treatment, indicating angiogenesis,
which is a prominent histopathological feature of IPF. This is supported by past reports that implicate
these proteins in �brogenesis. VEGF is a biomarker for angiogenesis and is the target of several IPF
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therapies [37]. TIMP1 is a protein expressed on macrophages and epithelial cells that promotes cell
proliferation [38–40]. TIMP1 showed a greater fold increase than the other biomarkers we assessed,
suggesting that it may be a primary contributor to �brogenesis.

We detected a direct, dose-dependent correlation between bleomycin concentration and CRP levels. CRP
levels can potentially be included as a predictive biomarker for lung function analysis in the bleomycin
mouse model like in clinical studies. In patients CRP is used as biomarker of decline in lung function and
a determinant of survival in respiratory illnesses. High CRP levels are predictive of short survival time and
greater deterioration of lung activity [41, 42].

Lastly, we used histopathology to con�rm our molecular and mechanistic readouts with higher-level,
physical changes in lung tissue that resulted from bleomycin treatment. We utilized the modi�ed Ashcroft
scale to correlate the severity of �brosis with bleomycin insult [9]. Lung architecture was preserved in
animals treated with 0.05 U/kg bleomycin and was similar to lungs of controls. 0.1 U/kg bleomycin
induced moderate �brotic changes, and 0.25 and 0.5 U/kg elicited profound changes, such as deposition
of �brotic masses in lung tissue. These observations are consistent with results of previous studies that
utilized bleomycin in the high-dose range. Although these doses are much lower than those used in some
previous studies [10, 15], we achieved similar levels of disease severity.

Conclusion
In summary, we present conditions to achieve chronic �brosis in the bleomycin model by using < 1 U/kg
bleomycin administered by IT. At these doses, we observed no mortality, mild and recoverable weight loss,
and concentration-dependent changes in biomarkers and in�ammation. These features are more
reminiscent of clinical phenotypes of IPF patients than most past studies, in which high bleomycin doses
elicited acute, severe �brosis with mortality. We hope that our proposed conditions will assist in
dissecting the mechanism and pathobiology of IPF and ultimately lead to more promising therapies.
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Figures

Figure 1

Effect of intratracheal (IT) high bleomycin doses on clinical signs and pulmonary in�ammation: (a) %
survival (Kaplan-Meier plots), (b) % weight change, and (c) % avg. weight loss, and levels of (d)
leukocytes cells (TLC), (e) macrophages, (f) lymphocytes, and (g) neutrophils. Data are expressed as
mean ±SEM of n=3-5 mice/group; *p <0.05; **p<0.01; and ***p<0.001 vs. control.
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Figure 2

Effect of IT high bleomycin doses on lung parameters (a) right lung collagen content, (b) wet weight of
right lung, and (c) lung index. Data are expressed as mean ±SEM of n=3-5 mice/group. *p <0.05;
**p<0.01; and ***p<0.001 vs. control.

Figure 3

Effect of IT high bleomycin doses on lung �brosis biomarkers and vascular leakiness in BALf: (a) Total
BALf protein content; pro�brotic biomarkers (b) TGFβ1, (c) IL-6, and (d) VEGF; angiogenesis biomarker (d)
VEGF; tissue remodeling biomarker (e)TIMP1; indicator of lung function (f) c-Reactive protein. Data are
expressed as mean ± SEM of n=3-5 mice/group. *p<0.05; **p<0.01; and ***p<0.001 vs. control.
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Figure 4

Effect of IT low bleomycin (low doses on clinical signs and pulmonary in�ammation: (a) % weight
change, (b) % avg. weight loss, and levels of (c) leukocytes, (d) macrophages, (e) lymphocytes, and (f)
neutrophils. Data are expressed as mean ±SEM of n=5 mice/group. *p <0.05; **p<0.01; and ***p<0.001
vs. control.

Figure 5

Effect of IT low bleomycin doses on lung parameters and vascular leakiness: (a) Right lung collagen
content, (b) wet weight of right lung, (c) lung index, and (d) protein content. Data are expressed as mean ±
SEM of n=5 mice/group. *p <0.05; **p<0.01; and ***p<0.001 vs. control.
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Figure 6

Effect of IT low bleomycin doses) on lung �brosis biomarkers in BALf :(a) TGFβ1, (b) IL-13, (c) IL-6, (d)
WISP1, (e)VEGF; angiogenesis biomarker (e)VEGF; tissue remodeling biomarker (f) TIMP1; lung function
biomarker (g) c-Reactive protein. Data are expressed as mean ± SEM of n=5 mice/group. *p <0.05;
**p<0.01; and ***p<0.001 vs. control.

Figure 7
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Effect of IT low bleomycin doses) on lung pathology and severity of �brosis. Representative
histopathological images (100X magni�cation) of haematoxylin (H) and eosin (E) staining of mice lung
treated with (a) PBS, (b)0.05 U/kg bleomycin , (c) 0.1U/kg bleomycin , (d) 0.25 U/kg bleomycin, (e) 0.5
U/kg bleomycin; severity of �brosis (f) modi�ed Ashcroft scale. Data are expressed as mean ± SEM of
n=5 mice/group. *p <0.05; **p<0.01; and ***p<0.001 vs. control.
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