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Abstract: Background: Chronic heart failure (CHF) is a common and serious complication of patients with ischemic
heart disease that may eventually lead to the development of pulmonary fibrosis. While other forms of pulmonary
fibrosis have been studied extensively, little is known about the mechanisms that lead to heart failure associated
with pulmonary fibrosis. The purpose of our study was to develop a rat pulmonary edema/fibrosis model induced by
chronically elevated left atrial pressure (LAP), simulating CHF pathophysiology. Methods: In adult rats, LAP was elevated by 15-20 mmHg through mechanical restriction of left ventricular diastolic filling with a maximum effect occurring at 7 days. Sham rats were surgically operated without LAP elevation. Lung tissues were analyzed for wet-to-dry
ratio, hydroxyproline content, cellular invasion, and tissue integrity. Lung compliance and airway resistance served
as pulmonary mechanical parameters. Hemodynamic parameters, including arterial pressure, heart rate, and cardiac output, were recorded in Sham and LAP elevated rats for 7 days. Results: With increased LAP, pulmonary
water content was significantly elevated accompanied by a decrease in lung compliance. Hydroxyproline markedly
increased with chronic left atrial pressure elevation, suggesting fibrosis development. Simultaneously, heart failure
induced a decrease in cardiac function. Conclusions: LAP elevation resulted in chronic pulmonary edema and tissue
fibrosis formation associated with pulmonary dysfunction as measured by decreased dynamic lung compliance.
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Introduction
More than 5 million people suffer from heart
failure (HF) in the United States with approximately 600,000 more cases per year at an estimated cost of 39 billion, including health care
services, medications, and lost productivity [1].
Furthermore, the incidence of congestive heart
failure is expected to increase over the next
several decades. Pulmonary dysfunction associated with HF continues to challenge the physicians caring for these patients. Substantial pulmonary complications, including decreased
lung compliance and arterial hypoxemia, occur
because of left-sided HF, in particular. These
complications correlate with the severity of
heart failure [2-7]. In addition, cardiogenic pulmonary fibrosis often develops with congestive
heart failure; however; the mechanism of pulmonary fibrosis development due to congestive
heart failure has not been widely researched
and is the focus of the present study.

Pulmonary fibrosis has been implicated in several models of congestive HF [2, 8-10]. In a myocardial infarction HF model, Ahmed [2] found
both increased collagen I mRNA levels and
increased fibrosis associated with increased
TGF-β and connective tissue growth factor levels in lung tissues [2]. Jasmin [8] showed structural remodeling of the lung, including increased
collagen deposition, with experimental HF. In a
chronic aortic banding model, structural remodeling in the lungs was also demonstrated [10].
Although chronic HF leads to irreversible changes in the lung architecture, the mechanisms of
tissue remodeling and its relationship to pulmonary fibrosis development in chronic HF are
poorly understood. During HF, left atrial pressure (LAP) increases significantly, causing increased pulmonary capillary pressures and
leading to excess fluid filtration and, subsequently, pulmonary edema development [11].
Though poorly understood, fibrosis is a typical
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response to the persistence of edema fluid in
almost any organ [12, 13]. Pulmonary edema
represents a serious clinical manifestation in
many patients suffering from congestive heart
failure [6]. While acute pulmonary edema does
not result in permanent pulmonary dysfunction if treated immediately, chronic pulmonary
edema can cause gradual but irreversible longterm lung impairment.
Presently, much research has focused on the
contribution of inflammation and cytokine secretion to idiopathic pulmonary fibrosis (IPF)
[14]. However, little research has been directed
to understanding the role of inflammation in
cardiogenic pulmonary fibrosis [15]. Thus, while
many cytokines are implicated as early mediators of fibrosis development in the lung in IPF,
little is known about which cytokines participate in the development of pulmonary fibrosis
after HF [16]. Although the role of TNF-α in
fibrosis development is not well-understood, it
is likely to have proinflammatory and profibrotic
effects [17, 18]. The role of pro-inflammatory
cytokines in the development of cardiogenic
pulmonary fibrosis is not clear.
We recently developed a rat model to study the
mechanism of pulmonary fibrosis development
in HF in which restricted left ventricular filling
causes chronically elevated left atrial pressure
(LAP). We utilized this model to explore the
hypothesis that chronic pulmonary edema due
to elevated LAP leads to an inflammatory
response with the subsequent release of profibrogenic cytokines and, eventually, pulmonary
fibrosis development. Furthermore, in our model of elevated LAP, there is a link between
chronic edema formation and chronic inflammation resulting in elevated TNF-α levels and
ultimately fibrosis development.
Material and methods
All procedures were approved by the University
of Texas Animal Welfare Committee and were
consistent with the National Institutes of Health “Guide for the Care and Use of Laboratory Animals” (NIH publication 85-23, revised
1985).
Animal model of heart failure
Adult Sprague Dawley rats (250-300 g) were
chronically instrumented under isoflurane anesthesia. A Tygon catheter was introduced into
the left ventricle through the apex of the heart
to record left ventricular end diastolic pressure
as a surrogate for LAP. A wire was placed
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through the left ventricle to restrict left ventricular filling during cardiac diastole. This procedure causes an increase in LAP of about 15-20
mmHg above baseline. At the end of the surgical procedure, the catheter was removed, the
lungs were carefully inflated, and the thorax
was closed. Intraoperative care was facilitated
by the infiltration of bupivacaine 0.25% into the
wounds. Suction was applied to the thoracic
drain before removal. Finally, the administration of isoflurane was discontinued, and animals were allowed to recover from surgery.
Buprenorphine was administered at 0.02 mg/
kg on one occasion after completion of the
surgery.
To measure cardiac function, an additional
group of animals subjected to HF was instrumented with a Tygon catheter introduced into
the abdominal aorta via the femoral artery to
simultaneously record heart rate and arterial
blood pressure. A 20-MHz Doppler flow probe
was positioned around the aorta to record cardiac output [19]. Intraoperative care and postoperative care were carried out as previously
described for the HF group.
Experimental design
Rats were randomized into either the heart failure (HF) group (with elevated LAP) or the sham
operated group (sham control). To assess the
role of the lung inflammatory process in prolonged heart failure, additional groups of animals subjected to elevated LAP were studied.
Macrophages and neutrophils were depleted
with platelet-activating factor acetylhydrolase
(PAF-AH) and cyclophosphamide (CTX), respectively. At the time of surgery to induce heart failure, an osmotic minipump was subcutaneously
inserted to deliver PAF-AH (30 µg/kg/hr) or CTX
(0.6 µg/kg/hr). After completion of all protocols, animals (HF and sham control) were sacrificed on day 7 and lung tissues were harvested in bloc, immediately freeze-clamped, and
stored at -70°C until studied.
Wet-to-dry lung weight ratios
Lungs were rinsed briefly in PBS, blotted, and
then weighed to obtain the wet weight. Lungs
were dried in an oven at 80°C for 5 days to
obtain the dry weights.
Lung fixation and histology in HF and sham
control rats at 0 and 7 days
Lungs were fixed by perfusion with neutral buffered formaldehyde before routine processing
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sample of dried homogenate was placed in 6N
HCL and hydrolyzed at 100°C for 12 hrs, followed by neutralization with HCL. Hydroxyproline was oxidized to a pyrrole, and then condensed with Ehrlich’s reagent. The absorption
at 558 nm was then measured to quantitate
the hydroxyproline content.
Fluorescence Immunostaining of endothelial
nitric oxide synthase (eNOS) and inducible
(iNOS)

Figure 1. Lung parameters measured 7 days after
the induction of heart failure (HF) compared to the
sham control. A. Lung wet to dry weight ratios indicating pulmonary edema development. B. Pulmonary
hydroxyproline content indicating collagen accumulation/fibrosis development. C. Dynamic lung compliance. *P<0.05; n=6 in the sham control group and
n=8 in the HF group.

and paraffin embedding. Multiple sections from each lobe were stained with hematoxylin.
Histological assessment of neutrophils and
macrophages was performed on Days 0 (surgery day) and 7 in rats with elevated LAP and
compared to sham control rats on Days 0 and
7.
Determination of cytokine production and
MPO activity in bronchoalveolar fluid (BALF) as
markers of inflammation in HF
BALF was collected by flushing the lung four
times with 5 ml of sterile, pyrogen-free, physiologic saline via a tracheal cannula. The recovered BALF samples were pooled and stored at
-20°C for later use. BALF concentrations of IL1β, TNF-α, and TGF-β1 were determined using
ELISAs specific for each cytokine under investigation. MPO activity was determined by a dianisidine-H2O2 method [20].
Lung collagen
Hydroxyproline content was measured as described by Bergman and Loxley [21]. Briefly, a
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Immunohistochemical staining for eNOS and
iNOS was performed on post-fixed sections of
lungs in 3.7% formaldehyde for 5 min and nonspecific staining was blocked by incubating
sections with 10% goat serum for 30 min at
room temperature. Stock antibody was diluted
1:1000 in 10% goat serum and specimens
were incubated for 30 to 45 min at 37ºC.
Coverslips were rinsed 2 to 3 times with 0.05%
Tween 20. Then, we incubated samples in diluted fluorescent secondary antibody 1:500 in
0.05% Tween 20 and 10% goat serum for 30
min at 37°C. Coverslips were examined on an
inverted Nikon Optiphot microscope (Nikon,
New York, NY) and scanned with a Fluorescence Microscope (Issaquah, WA) fitted with an
Olympus IX70 microscope with deconvolution
capabilities. Images were captured at the maximum fluorescence [22].
Data analysis
Data were analyzed with a one-way analysis
of variance (ANOVA) to assess overall significance. When differences were significant, multiple within-comparisons were performed using
Dunnett’s t test. When changes were significant, the magnitude of changes in each experimental condition was compared using an unpaired t-test. A p value less than 0.05 was considered significant. Data are expressed as
Mean ± SEM.
Results
Although measurements were also made at 2
and 4 days, the maximum effects of elevated
LAP were seen at 7 days. Consequently, only
data collected for 7 days are represented in the
following figures. Heart failure was induced by
restricting left ventricular filling as described
above. Seven days later the lungs were removed for measurement of pulmonary edema development, as measured by wet to dry weight
ratios. As shown in Figure 1, lungs harvested 7
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Table 1. Measurement of cardiac function in heart failure rats at
Day 7 as compared to sham control rats
Sham Control 7 days
97 ± 8
350 ± 15
57 ± 5
1.9 ± 0.4

Inflammation in the lungs after heart failure

HF 7 Days
92 ± 7
295 ± 12*
37 ± 4*
2.5 ± 0.3*

As compared to sham operated controls, no changes were
detected in lung histology in
rats subjected to elevated LAP
for 2 days (data not shown).
*, P<0.05, HF vs. sham control (n=5 in each group).
However, immuno-histochemical staining of lung tissue 7
days after induction of HF compared to sham controls shows
gross distortion of the lung
architecture and the development of patchy interstitial fibrogenesis (Figure 2). These morphological changes were accompanied by infiltration of
inflammatory cells into the lung
tissue, as shown in Figure 2.
Figure 2. Lung tissue sections stained with hematoxylin and eosin after 7
Specifically, elevated macrodays of sham control (A) and 7 days of heart failure (HF) (B) in rats. Changphages and neutrophils coes in alveolar architecture and increased inflammatory cell infiltration are
unts, as well as an increase in
shown. (M, macrophage; N, neutrophil; R, red blood cells).
myeloperoxidase activity, were
recorded in BALF from the HF
days after LAP elevation contained significangroup as compared to sham controls on Day 7
(Figure 3). Figure 4 shows elevated iNOS
tly more fluid compared to lungs from sham
expression, indicative of increased macrocontrols (3.94 ± 0.57 vs. 3.21 ± 0.17 ml/kg,
phage activity, in the HF group compared to
P<0.05). Hydroxyproline content was signifisham controls.
cantly higher in heart failure (HF) rats as compared to sham control rats (19.2 ± 3.4 vs. 16.3
Alterations in cytokine levels in BALF after in± 2.3 mg/kg) at 7 days. In addition, dynamic
duction of HF
lung compliance was significantly lower in HF
rats as compared to sham controls (0.13 ±
As shown in Figure 5, TNFα increased after
0.05 vs. 0.23 ± 0.05 ml/cm H2O, P<0.05) and
induction of HF; however, no changes in IL-1
airway resistance was markedly increased in
and, surprisingly, no changes in TGF-β were deHF rats compared to sham operated controls
tected. Figure 6 shows increased TNF-α spe(LAP rat resistance = 0.23 ± 0.08, sham opercific staining in the lungs of HF animals 7 days
ated control rat resistance = 0.12 ± 0.02 cm
after HF induction compared to sham control
H2O/ml/s; P<0.05; data not shown in Figure 1.
animals. Our data support the hypothesis that
As depicted in Table 1, our data show that
the presence of prolonged pulmonary edema in
blood pressure remained essentially unchangour model of HF is associated with infiltration
ed despite significant decreases in heart rate
of inflammatory cells, including macrophages
and cardiac output in HF animals as compared
and neutrophils and, subsequently, increased
to sham animals. The present study shows evilevels of proinflammatory cytokines, including
dence that cardiac performance is impaired in
TNF-α.
HF rats. It is well known that cardiac contractility may be positively correlated with heart rate,
Contribution of inflammatory cell infiltration
preload, and afterload. Although not recorded
to pulmonary fibrosis development in chronic
in the present study, our data indicate that
heart failure: loss of function
changes in hemodynamics were not compensated by the increase in systemic vascular
To demonstrate the contribution of macroresistance, suggesting a hidden cardiac dephages to the development of pulmonary fibropression.
sis, macrophages were depleted with PAF-AH.
MAP (mmHg)
HR (bts/min)
CO (ml/min)
SVR (units)
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Figure 3. Inflammatory cell numbers in BALF and myeloperoxidase activity (MPO) after induction of heart failure
(HF) compared to sham control rats at 0 and 7 days. *P<0.05; n=6 in sham control groups and n=8 in HF groups.

ing neutrophils with cyclophosphamide (CTX). Neutrophil depletion reduced collagen content and wet- to- dry weight ratios similar to macrophage depletion (Figure 8A-C), In contrast to macrophage depletion, neutrophils also inhibited
TNF-α secretion in the lungs
(Figure 8D).
Discussion
Our model of increased LAP
causes pulmonary edema (increased wet to dry ratio), pulmonary fibrosis development
Figure 4. Immunohistochemical staining for iNOS (red) in lung sections 7
as evidenced by increased hydays after induction of heart failure (HF) (B) or in the sham control (A). Indroxyproline content, and deducible NOS staining is indicative of increased macrophage activity. (Blue
creased lung compliance. Mois nuclear staining and green is F-Actin staining).
reover, our data support our
hypothesis that proinflammaFibrosis development was attenuated (Figure
tory cells mediate pulmonary fibrosis develop7A and 7B) after treatment with PAF-AH in HF
ment via increased cytokine secretion in HF.
rats compared to vehicle-treated HF rats. In
We hypothesize that the initial fluid accumulaaddition, wet- to- dry weight ratios in the lung
tion in the lungs following elevated LAP inducdecreased in the HF group treated with PAFes an inflammatory response with activation of
AH compared to the vehicle-treated HF group
neutrophils and macrophages. Cytokine pro(Figure 7C). Interestingly, macrophage depleduction by neutrophils and macrophages leads
tion did not seem to affect TNF-α levels (Fito more edema and neutrophil/macrophage
gure 7D) implying that at least one other proininfiltration, setting up a chronic damaging posiflammatory cytokine is involved in cardiogenic
tive feedback loop. Since fibrosis of the alveopulmonary fibrosis development.
lar wall is generally an irreversible process, an
The contribution of neutrophils to pulmonary
understanding of the mechanisms modulating
fibrosis development was assessed by depletthe fibrotic state is necessary to develop treat-
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Figure 5. Cytokine Levels in BALF after induction of heart failure (HF) compared to sham control rats at 0 and 7 days. *P<0.05, n=6 in sham control
group and n=8 in HF group.

Figure 6. Increased TNF-α expression in lungs from the heart failure (HF)
group (B) compared to the sham control group at 7 days (A). (green, F-actin;
blue, Nuclei; red, TNF-α).

ment strategies and drugs to prevent pulmonary fibrosis in patients with chronic heart
failure.
Current models for studying the development
of pulmonary fibrosis have limited physiological
and clinical relevance. Bleomycin-induced lung
injury, the most commonly used model for idiopathic pulmonary fibrosis (IPF), is relevant for
drug-induced pulmonary fibrosis but not for the
study of cardiogenic pulmonary fibrosis development [23]. The mechanisms for the development of pulmonary fibrosis with HF are likely to
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be somewhat different from
the mechanisms for drug- or
chemical-induced pulmonary
fibrosis. Our animal model of
HF is a relevant model that
mimics the pulmonary manifestations that occur with left
HF in patients [24]. Since pulmonary fibrosis development
is a well-known problem in HF,
mechanisms of pulmonary fibrosis development should be
studied in a physiologically relevant model of HF. Clinically,
cardiogenic pulmonary edema
is caused by the increase in
LAP when the left heart fails.
We have demonstrated that 7
days of LAP elevation resulted
in significant alteration of cardiac function, including decreases in heart rate and cardiac
output similar to previously described models of cardiac failure [24]. Fibrosis is a typical
response to the persistence of
edema fluid in almost any organ [12, 13]. The increased
LAP causes rapid fluid accumulation within the lung interstitial spaces in our model of
heart failure, mimicking a clinical scenario. To our knowledge,
this novel model has not been
utilized for studying the development of pulmonary fibrosis
development. Of the various
forms of left heart failure, mitral valve failure probably most
closely approximates pure left
atrial pressure elevation [25].

Our data show that chronic LAP elevation leads
to increases in lung edema, accompanied by
increased hydroxyproline and collagen formation. These changes were accompanied by significant changes in pulmonary dysfunction, as
shown by decreased dynamic lung compliance. Thus, our results are consistent with other
models of pulmonary fibrosis, including bleomycin silica administration [26]. Furthermore, pulmonary tissue architecture showed significant
changes over time in terms of fibrosis development associated with significant deterioration of the mechanical properties of the lung.
Am J Transl Res 2020;12(8):4639-4647
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Figure 7. The effects of macrophage depletion with platelet-activating factor acetylhydrolase (PAF-AH). A and B. Show collagen staining (blue) in the
lungs of rats with heart failure (HF) treated with vehicle (VEH) or with HF
treated with PAF-AH (7 days), respectively. C. PAF-AH treatment attenuated
HF-induced edema formation, as indicated by decreased wet-to-dry weight
ratio. D. TNF-α levels in the lung were not significantly altered after treatment with PAF-AH in the HF group compared to VEH treated HF group. *,
P<0.05, n=6 (HF + VEH) and n=6 (PAF-AH) treated group.

Figure 8. The effects of neutrophil depletion with cyclophosphamide (CTX).
A and B. Show collagen staining (blue) in the lungs of rats with heart failure
(HF) treated with vehicle (VEH) or with HF treated with CTX (7 days), respectively. C. CTX treatment (150 mg/kg) attenuated HF-induced edema formation, as indicated by decreased wet-to-dry weight ratio. D. Decreased TNF-α
levels in the lung after treatment with CTX in the HF group compared to VEH
treated HF group. *, P<0.05, n=6 (HF + VEH) and n=6 (CTX) treated groups.
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Specifically, no changes were
detected in lung histology in
rats subjected to LAP elevation
for 2 days; whereas an accumulation of red blood cells in
the alveolar occurs at 4 days
and was accentuated at 7 days
following elevated LAP, suggesting severe congestion. We
have further shown gross distortion of the lung architecture
that occurs 7 days after LAP
elevation. Long term elevation
of LAP induced alveolar damage associated with an increase in the thickness of the interstitial space due to cellular
infiltration. Increased LAP causes the initial pulmonary edema formation and inflammation of the lungs escalates the
edema formation. We also demonstrate that elevated LAP
results in the accumulation of
neutrophils and macrophages
in the lungs associated with increased wet-to-dry weight ratios. This was later demonstrated by the macrophage and neutrophil depletion experiments,
which prevent much of the edema formation in our model.
Therefore, our data support
our hypothesis that proinflammatory cells mediate pulmonary fibrosis development via
increased cytokine secretion in
HF. Interestingly, macrophage
depletion, as compared to neutrophil depletion, did not seem
to affect TNF-α levels implying
that at least one other proinflammatory cytokine is involved in cardiogenic pulmonary
fibrosis development.
Changes in our model resemble those of human pulmonary
fibrosis, namely inflammatory
cell infiltration, increased collagen content, and reduced lung
volumes and compliance. We
further propose the following
mechanisms to be involved in
pulmonary fibrosis formation
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due to chronic edema: When tissues, including
the lung, become edematous, the interstitial
matrix swells, thus increasing the space between adjacent cells and changing the environment surrounding the cells. Edema may, thus,
affect both cell-cell and cell-matrix interactions. According to previous studies, these changes in cell-matrix or cell-cell interactions
may result in fibrosis development [27]. Cellular contact with the extracellular matrix may
also regulate the synthesis of cytokines that
influence extracellular matrix production. As such, our data show that TNF-α was significantly
elevated in BAL fluid 7 days following HF, indicating pro-inflammatory activities in our model
of HF that is further substantiated by the neutrophil depletion experiment. Thus, our study
shows that activated neutrophils have an important role in initiating the inflammatory processes following elevated LAP, probably by releasing TNF-α. These results suggest that cell
interactions might play a major role in pulmonary fibrosis. Therefore, cross-talk between fibroblasts, neutrophils, and macrophages remains to be studied in our model of elevated LAPinduced pulmonary fibrosis.
In summary, we have developed a small animal
model of chronic LAP elevation mimicking the
left ventricular backward failure seen in chronic HF. The resulting chronic pulmonary edema
was associated with pulmonary tissue changes, including increased hydroxyproline and collagen content indicating fibrosis formation.
Furthermore, our studies show that activated
neutrophils have an important role in initiating
the inflammatory processes following elevated LAP, probably by releasing TNF-α. Consequently, our animal model is suitable for further
studies focusing on the mechanisms of pulmonary fibrosis formation associated with chronic
pulmonary edema.
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