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Abstract
Chronic left ventricular failure causes pulmonary congestion with increased lung weight and
type-2 pulmonary hypertension. Understanding the molecular mechanisms for type-2 pulmonary
hypertension and the development of novel treatments for this condition requires a robust
experimental animal model and a good understanding of the nature of the resultant pulmonary
remodeling. Here we demonstrate that chronic transverse aortic constriction causes massive
pulmonary fibrosis and remodeling, and type-2 pulmonary hypertension in mice. Thus, aortic
constriction-induced left ventricular dysfunction and increased left ventricular end-diastolic
pressure is associated with up to 5.3-fold increase in lung wet weight and dry weight, pulmonary
hypertension and right ventricular hypertrophy. Interestingly, the aortic constriction-induced
increase in lung weight was not associated with pulmonary edema, but resulted from profound
pulmonary remodeling with a dramatic increase in the percentage of fully muscularized lung
vessels, marked vascular and lung fibrosis, myofibroblast proliferation, and leukocyte infiltration.
The aortic constriction-induced left ventricular dysfunction was also associated with right
ventricular hypertrophy, increased right ventricular end-diastolic pressure and right atrial
hypertrophy. The massive lung fibrosis, leukocyte infiltration and pulmonary hypertension in mice
after transverse aortic constriction clearly indicate that congestive heart failure also causes severe
lung disease. The lung fibrosis and leukocyte infiltration may be important mechanisms in the
poor clinical outcome in patients with end-stage heart failure. Thus, the effective treatment of left
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ventricular failure may require additional efforts to reduce lung fibrosis and the inflammatory
response.
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Introduction
Pulmonary hypertension (PH) secondary to left ventricular systolic or diastolic dysfunction
or to valvular disease is classified as type-2 PH.1 The occurrence of PH in the setting of
elevated left atrial pressure (pulmonary venous hypertension) has been recognized since the
1940's. In 1945, Andre Cournand et al published the pulmonary artery pressure trace in a
case of “rheumatic valvulitis with hypertension in the lesser circulation”.2 The pulmonary
artery systolic pressure was over 80mmHg. It is predicted that up to 60% of patients with
severe left ventricular (LV) systolic dysfunction and up to 70% of patients with LV diastolic
dysfunction may develop PH, but the detailed pulmonary remodeling in type-2 PH is not
well defined. The presence of PH in these patients is associated with a worse prognosis.3–6

In view of the growing prevalence of LV systolic and diastolic failure, the clinical
importance of type-2 PH is becoming more prominent. Here we report a dramatic increase
of lung weight, massive pulmonary fibrosis, leukocyte infiltration, profound vascular
remodeling, type-2 PH and right ventricular dysfunction in mice in response to LV systolic
pressure overload produced by chronic transverse aortic constriction (TAC). However, the
marked increase of lung weight four weeks post-TAC in mice with severe LV dysfunction
was not the result of an increase of lung water content. Our findings suggest that the
effective treatment of LV end-stage heart failure may also require additional efforts to
reduce lung fibrosis and the inflammatory response.

Materials and Methods
Please see http://hyper.ahajournals.org for the detailed Methods.

Experimental animals
C57B6J (Jackson Laboratory) mice were used for the described studies. This study was
approved by the Institutional Animal Care and Use Committee of University of Minnesota.
Study was conducted in accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

Induction of PAH with TAC or hypoxia in mice
Male mice at age 10–14 weeks were used for the minimally invasive TAC procedure as we
have previously described.7–10 For induction of PAH with hypoxia, mice were exposed to
hypobaric hypoxia.9

Sample Preparation
Heart, lung, and other major organs were harvested and weighed. The ratio of RV weight to
left ventricle (LV) + septum (S) was calculated as an index of RV hypertrophy.9, 11 The
airways of the upper right lobe were perfused and fixed in 10% buffered formalin for
histological analysis. Visual comparable inflation of the lung lobes were observed in all
tissues.
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Measure lung water content and RT-PCR
Lung (lower right lobe) wet weight was first determined. The lung tissue was then dried at
58°C to a constant weight. The dry weight of lung tissue was then determined. The relative
water content of lung tissue was calculated using the following equation: Lung water content
= (lung wet weight – lung dry weight)/lung wet weight × 100%.

The sequences of the primers used for quantitative real-time PCR are provided in Table S1.

Results
The TAC-induced increases of lung weight and RV hypertrophy are related to the degree of
LV failure

Previous studies demonstrated that TAC-induced LV hypertrophy and LV dysfunction are
associated with increases in lung weight,8,9,12,13 left atrial weight8 and RV weight.
However, no study has carefully investigated the relationships of these parameters. To
further understand the cardiac and pulmonary changes occurring secondary to LV
dysfunction, we determined the relationships of LV hypertrophy, LV dysfunction, and
increases of left atrial weight, lung weight and RV weight in a group of mice after moderate
TAC-induced LV hypertrophy and dysfunction. As demonstrated in Figure 1, the increases
of LA weight, lung weight, RV weight and their ratio to body weight after TAC are
significantly related to the increase of LV weight or it's ratio to bodyweight in these mice,
but their relationships are in a nonlinear fashion (Figure 1A–C). However, the decrease of
LV ejection fraction was correlated to the increase of the ratio of LV weight to bodyweight
in a largely linear fashion (Figure 1D). The increase of LA weight, lung weight, RV weight
and their ratio to bodyweight after TAC are all significantly correlated to the decrease of LV
ejection fraction (Figure 1E–G). Increase of the ratio of RV weight to bodyweight (a reliable
marker for pulmonary hypertension) was also correlated to the increase of the ratio of lung
weight to body weight in a nonlinear fashion (Figure 1H).

TAC-induced severe LV dysfunction is an effective cause of increases in lung weight, PA
and RV hypertrophy in mice

To further determine whether the degree of LV failure affects the severity of TAC-induced
lung remodeling and RV hypertrophy, mice after TAC were divided into a severe LV failure
group (HF, when LV ejection fraction is less than 50%), or mild/moderate heart failure
group (M-HF, when LV ejection fraction is greater than 50%). The data obtained from these
groups were further compared with the data obtained from a group of control C57B6J mice
(control, or Ctr) and a group of C57B6J mice subjected to 3 weeks of hypoxia (Hypoxia)
(Figure 2, Table S1). As shown in Figure 2, hypoxia causes no LV dysfunction, and no LV
or LA hypertrophy, but did cause a small but significant increase in the ratio of lung weight
to body weight, and approximately 50% RV hypertrophy. HF and M-HF mice had decreased
LV ejection fraction, 42.7±1.85% and 66.2±3.42%, respectively (Control LV ejection
fraction was 80.1±1.07%) (Figure 2A). Both HF and M-HF mice had significant LV
hypertrophy, LA hypertrophy, and a significant increase in the ratio of lung weight to body
weight (Figure 2B–D), although these increases were significantly greater in the HF group.
Interestingly, all of the HF mice had an increase of lung weight above 50%, while only one
of twelve M-HF mouse had lung weight increased over 50%, indicating that lung weight is a
highly reliable marker for LV dysfunction. The M-HF group had no RV hypertrophy and a
minimal increase of lung weight, while the HF group had a dramatic increase of lung weight
and significant RV hypertrophy (Figure 2D, E). Neither the hypoxia nor the M-HF group
develop RA hypertrophy, while the HF group had significant RA hypertrophy (HF
0.22±0.02 vs M-HF 0.15±0.01 vs Hypoxia 0.13±0.01) (Figure 2F), indicating that RV
dysfunction developed in the HF group but not in the hypoxia or M-HF groups.
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LV and RV hemodynamics in the control group, the TAC-induced M-HF or HF groups, and
the hypoxia group are presented in Figure 2G–L and Table S3. Both the M-HF and HF
groups had significant increases in LV systolic pressure. As compared to the M-HF group,
the HF group had a significantly smaller increase in LV systolic pressure (Figure 2G),
reaffirming reduced LV function in this group. Both the M-HF and HF groups had
significant increases in LV end-diastolic pressure (LVEDP), decreased LV contractility, and
increased RV systolic pressure. However, these changes were more significant in the HF
group (Figure 2H–L). The TAC-induced HF group also had a significant increase in RV
end-diastolic pressure. The RA hypertrophy in this group is consistent with the increased
RV end-diastolic pressure and the occurrence of ascites in some of the mice. As expected,
the hypoxia group had no significant alterations in LV pressure, LVEDP or LV contractility
(Figure 2G–I), but had a significant increase in RV systolic pressure and a small but
significant increase in RV end-diastolic pressure (Figure 2K,L). The increase in RV pressure
in the M-HF or HF groups was similar or greater to that in hypoxia-induced PH (Figure
2K,L), indicating that TAC-induced HF is an effective cause of pulmonary hypertension in
mice.

We further determined the degree of RV fibrosis and cardiac myocyte hypertrophy in
response to hypoxia, TAC-induced M-HF or TAC-induced HF. Consistent with the severity
of RV hypertrophy in the hypoxia and HF groups, histological analysis indicated a
significant increase in RV fibrosis (Figure S1A, B) and cardiac myocyte cross-sectional area
(Figure S1A, C) in these groups, indicating that both fibrosis and cardiac myocyte
hypertrophy contributed to the RV hypertrophy.

The TAC-induced increase in lung weight is not merely the result of pulmonary edema
LV failure often causes significant increases of lung weight and this is a reliable marker for
LV dysfunction.8,9,12,13 The increases in lung weight are commonly ascribed to pulmonary
edema or increased interstitial fluid. To determine whether the increase in lung weight was a
result of pulmonary edema, we determined the relative water content of lung tissue in the
sham group, M-HF group and HF group. Surprisingly, while the TAC-induced HF group
had a ~3 fold increase in lung weight, this was not the result of increased water content in
the lung tissue (Figure 3A). This observation was highly reproducible in the TAC-induced
HF model, but contradicts the accepted concept of chronic congestion in heart failure.

TAC-induced HF causes profound lung vascular remodeling and lung fibrosis
We further determined the percentage of non-muscularized (NM), partially muscularized
(PM), and fully muscularized small arteries (FM) in mice under control conditions, after
TAC-induced M-HF or HF, and after 3 weeks of hypoxia. TAC-induced M-HF or HF and
hypoxia all caused increases in fully muscularized small arteries, but these increases were
greater in the TAC-induced HF group than in the hypoxia or M-HF groups (Figure 3B). The
M-HF, HF and hypoxia groups all had significant decreases in non-muscularized small
arteries but these decreases were significantly greater in the HF group than in the other two
groups (Figure 3B), indicating that TAC-induced HF is a highly effective model in causing
PH and pulmonary vascular remodeling.

Interestingly, the HF group showed prominent pulmonary vascular and perivascular
remodeling as indicated by marked vascular wall thickening and vascular lesions (Figure 4,
Figure S2–5). The HF group also showed thickened alveolar septa (Figure S2–4) and focal
collapsed alveolar airspaces filled with fibroblasts (Figure S4,5), collagen (Figure 4, Figure
S6–8), and leucocytes (Figure 5A–C). Staining for smooth muscle α-actin was increased in
the area with fibrosis (Figure S4), as in the lung vessels (Figure S4–5), in the HF group,
indicating proliferation of smooth muscle cells and myofibroblasts. As compared with
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control and M-HF groups, the HF group also showed prominent vascular and perivascular
fibrosis (Figure 4A–H) and broadly diffused lung collagen deposition in all of the HF mice
(Figure S6, Figure 4D), together with patches of lung fibrosis in some of HF mice (Figure
4C,E,I–K). In addition, data obtained from the whole lung in 3 HF mice reveal that lung
fibrosis and vascular remodeling are common phenomena throughout the entire lung.

Lung fibrosis, vascular fibrosis and myofibroblast proliferation are often associated with
increased TGF-β signaling. In support of an increase in lung TGF-β signaling in HF mice,
TGF-β mRNA was significantly increased in the TAC-induced HF group. However, the
increase in TGF-β mRNA was similar between the hypoxia group and the TAC-induced HF
group (Figure S9A). Western blot showed that TGF-β protein content was also increased in
the M-HF and HF groups (Figure 6A,B). Consistent with the observed interstitial lung
fibrosis, real-time quantitative PCR showed that both hypoxia and TAC-induced HF caused
increases in lung collagen I and collagen III (Figure S9B–C), but these increases were
markedly greater in the TAC-induced HF group than in the hypoxia group (Figure S9).
Western blot showed that collagen I and collagen III protein contents were also increased in
the M-HF and HF groups (Figure 6A,C,D).

HF causes lung inflammation
Histological analysis demonstrated accumulation of leukocytes and macrophages in the
alveoli, inside the vessels, in the vascular wall of large vessels and in the interstitial space of
lung tissues obtained from the TAC-induced HF group (Figure 5A–C). The increased
infiltration of macrophages was confirmed by staining with macrophage-specific marker
Mac-2 (Figure 5B), while the infiltration of neutrophils was confirmed using a specific
antibody against mouse neutrophil clone 7/4 (Figure 5C).14

In addition, the mRNA of the proinflammatory cytokines TNF1α, MCP-1, TLR 4 were all
increased in lung tissues from the hypoxia, M-HF and HF groups, and these increases were
markedly greater in the TAC-induced HF group than in the other groups (Figure S9D–F).
IL-1β, VCAM and ICAM-1 were all increased in lung tissues from the hypoxia, M-HF and
HF groups, but the increases were similar (Figure S9G–I). Western blots showed that
TNF1α, ICAM and VCAM protein contents were also increased in M-HF and HF groups
(Figure 6A, E–G).

Discussion
Here we report massive pulmonary fibrosis, vascular remodeling, type-2 PH and right
ventricular dysfunction in response to LV systolic pressure overload produced by chronic
transverse aortic constriction in mice. Strikingly, the dramatic increase of lung weight in
mice four weeks after TAC, with severe LV dysfunction, was not the result of an increase of
lung water but was associated with massive lung fibrosis, leukocyte infiltration and
profound vascular remodeling. This observation was highly reproducible in the TAC-
induced HF model, but is contrary to the accepted concept of pulmonary edema or
congestion in chronic heart failure. The prominence of lung fibrosis in this model may
provide novel insights regarding the progression of, and clinical treatment for, end-stage LV
dysfunction. The lung fibrosis and remodeling may be an important mechanism for the poor
clinical outcome in patients of end-stage heart failure. Thus, the effective treatment of LV
end-stage heart failure may also require additional efforts to reduce lung fibrosis and
inflammatory response.

The increase in LV after-load caused by TAC leads to pathologic LV hypertrophy, a
decrease in LV ejection fraction and an increase in LV end-diastolic pressure. The increased
LV filling pressure resulted in impressive LA hypertrophy, an increase in pulmonary artery
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pressure, right ventricular (RV) hypertrophy, and RV dysfunction, as indicated by increased
RV end-diastolic pressure and RA hypertrophy. TAC-induced LV dysfunction also caused a
dramatic increase in the percentage of fully muscularized small pulmonary arteries, marked
lung fibrosis, myofibroblast proliferation, and leukocyte infiltration. The potential
mechanism of TAC-induced pulmonary remodeling and mortality is summarized in Figure
6H. These changes mirror the histological remodeling described in human pulmonary
venous hypertension secondary to mitral stenosis, and left ventricular failure.15–17

The massive lung fibrosis in this type-2 PH model suggests that an effective treatment of LV
end-stage heart failure may require additional efforts to reduce lung fibrosis. In the context
of the poor clinical outcome for patients with lung fibrosis, the mission to treat lung fibrosis
in type-2 PH model can be very challenging. A team effort from experts in the field of heart
failure, pulmonary hypertension and lung fibrosis is likely to be required to achieve optimal
treatment of congestive heart failure. Moreover, the considerable lung fibrosis may be an
important mechanism for the poor clinical outcome in patients with end-stage heart failure.

Given the important role for TGF-1β in lung fibrosis, vascular fibrosis and fibroblast
proliferation, increased lung TGF-1β mRNA and protein contents in heart failure mice
suggest that the TGF-1β signaling pathway might contribute to the development of lung
fibrosis and remodeling in this model. Whether disruption of the TGF-1β signaling pathway
can attenuate the development of lung fibrosis requires further careful investigation.

The pulmonary vascular remodeling, PH and RV hypertrophy caused by TAC-induced LV
failure was greater than that produced by hypoxia (10% oxygen exposure). The increases in
lung TGF-1β, TNFα, MCP-1, IL-1β, TLR-4, ICAM (Intercellular Adhesion Molecule-1)
and VCAM (Vascular Cell Adhesion Molecule-1) mRNA or protein content, that have been
previously observed in hypoxia-induced PH mice, were also observed in lung tissues from
mice with TAC-induced PH. These data indicate that TAC-induced type 2 PH model shares
some characteristics in common with those observed in hypoxia-induced PH in mice. Since
ICAM and VACM facilitate leukocyte-endothelial interaction and leukocyte infiltration, the
increased lung ICAM and VCAM protein in TAC-induced PH mice might be partially
responsible for the increased lung leukocyte infiltration. The prominent lung inflammatory
response in this type-2 PH model suggests that attenuation of lung inflammation may be a
potentially useful approach to treat heart failure and type-2 PH.

There are two major limitations for our study. First, although we have not observed any
evidence of an increase of lung water content in any of our heart failure mice (mice with
either moderate or severe LV dysfunction), it is not clear whether there may have been
transient lung edema earlier in the development of the model. Second, the mouse TAC-
induced PH model is relatively acute compared to the more chronic course observed in
patients with mitral stenosis or left ventricular failure. Therefore, this mouse model may not
fully mimic the clinical type-2 PH. Nevertheless, similar histological findings have been
described in the clinical situation suggesting that the TAC-induced PH mouse model is
clinically relevant. Moreover, given that thousands of genetically modified mouse strains are
currently available, and thousands of tissue-specific gene knockout or knockin mouse strains
will become available, the TAC-induced PH mouse model is likely to be a valuable tool to
explore molecular mechanisms or novel therapeutic approaches for type-2 PH.

Perspectives
Pulmonary hypertension (PH) secondary to chronic left ventricular failure is classified as
type-2 PH. It is predicted that up to 60% of patients with severe LV systolic dysfunction and
up to 70% of patients with LV diastolic dysfunction may develop PH. Understanding the
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molecular mechanisms for type-2 PH and the development of novel treatments for this
condition requires a robust experimental animal model and a good understanding of the
nature of the resultant pulmonary remodeling. Here we demonstrate that pressure overload
produced by transverse aortic constriction causes up to 5.3-fold increase in lung wet weight
and dry weight, massive pulmonary fibrosis, and type-2 PH in mice. Interestingly, the
pressure overload-induced increase in lung weight was not associated with pulmonary
edema, but resulted from profound pulmonary remodeling with a dramatic increase in the
percentage of fully muscularized lung vessels, marked vascular and lung fibrosis, and
leukocyte infiltration. The considerable lung fibrosis, leukocyte infiltration and PH in mice
after pressure overload, mimic findings in clinical mitral stenosis and clearly indicate that
pulmonary venous hypertension also causes severe lung disease. The massive lung fibrosis
may be an important mechanism in the poor clinical outcome in patients with end-stage
heart failure. Our findings suggest that the effective treatment of LV end-stage heart failure
may require significant efforts to reduce lung fibrosis and inflammation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

• Chronic pressure overload produced by TAC causes a dramatic increase of lung
weight, massive pulmonary fibrosis, leukocyte infiltration, and type-2 PH in
mice.

• • The increase of lung weight in mice with chronic heart failure was not the
result of an increase of lung water content.

What Is Relevant?

• The massive lung fibrosis, leukocyte infiltration and PH in mice after TAC
indicate that chronic systemic hypertension causes severe lung and pulmonary
vascular disease.

Summary

• Chronic heart failure causes severe lung disease.

• The effective treatment of end-stage heart failure may require additional efforts
to reduce lung fibrosis and inflammation.
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Figure 1. The TAC-induced increases of lung weight and RV hypertrophy are related to the
degree of LV hypertrophy and failure
(A–D) Correlations between LV weight and LA weight, lung weight, RV weight or LV
ejection fraction; (E–G) Correlations between LV ejection fraction and LA weight, lung
weight , or RV weight; (H) correlation between increase of lung weight and RV weight.
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Figure 2. Alterations of heart and lung anatomic data and cardiac function in four experimental
groups
(A) LV ejection fraction in each group; (B) Relative LV hypertrophy, (C) LA hypertrophy,
(D) increase of lung weight, (E) RV hypertrophy, and (F) RA hypertrophy; (G) HF group
shows reduced LV systolic pressure as compared with M-HF group; (H) HF group shows
increased LV end-diastolic pressure as compared with other groups; (I,J) HF group shows
reduced LV contractility; (K) M-HF and HF groups show increased end-diastolic RV
pressure, and (L) increased RV systolic pressure. *p<0.05 vs control group; #p<0.05 vs.
corresponding M-HF group.
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Figure 3. Chronic TAC and hypoxia cause no pulmonary edema, but cause pulmonary vascular
remodeling
(A) Chronic TAC-induced increase of lung weight is not related to pulmonary edema or
water retention; (B) Distribution of nonmuscular, partially muscular, and fully muscularized
small arteries in mice after chronic hypoxia or TAC-induced M-HF and TAC-induced HF.
*p<0.05 vs control group; #p<0.05 vs. corresponding M-HF group.
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Figure 4. TAC-induced HF causes massive lung fibrosis in mice
Masson's Trichrome staining was used to show the relative collagen deposition (the blue
staining) in lung tissues from control (A), M-HF (B) and HF mice (C–K). (B) The general
lung structure of M-HF mice is not dramatically changed, but collagen deposition is
increased. (C–K) show prominent lung vascular or perivascular fibrosis, and severe focal
fibrosis in collapsed lung tissues in HF mice.
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Figure 5. TAC-induced HF causes diffuse lung leukocyte infiltration in mice
(A) Masson's Trichrome staining shows impressive leukocyte infiltration in lung tissues
from HF mice compared to controls. (B) The increased infiltration of macrophages was
confirmed by staining with macrophage specific marker Mac-2, and (C) the infiltration of
neutrophils was confirmed using an antibody specific for neutrophil clone 7/4.
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Figure 6. Chronic TAC and hypoxia increased expression of genes related to lung fibrosis and
inflammation
(A,B) Expression of TGF-1β; (A,C) Collagen-I; (A,D) collagen-III; (A,E) TNFα; and
(A,F,G) adhesion molecules ICAM and VECAM in lung tissues from control group, TAC-
induced M-HF or HF groups. (H) The diagram shows the potential mechanism of TAC-
induced pulmonary remodeling, pulmonary hypertension and mortality. *p<0.05 vs control
group; #p<0.05 vs. corresponding M-HF group.
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