
Reversal of maladaptive fibrosis and compromised
ventricular function in the pressure overloaded heart
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Stanley Hoffman2 and Dhandapani Kuppuswamy1

Chronic ventricular pressure overload (PO) results in congestive heart failure (CHF) in which myocardial fibrosis develops in
concert with ventricular dysfunction. Caveolin-1 is important in fibrosis in various tissues due to its decreased expression
in fibroblasts and monocytes. The profibrotic effects of low caveolin-1 can be blocked with the caveolin-1 scaffolding
domain peptide (CSD, a caveolin-1 surrogate) using both mouse models and human cells. We have studied the beneficial
effects of CSD on mice in which PO was induced by trans-aortic constriction (TAC). Beneficial effects observed in TAC mice
receiving CSD injections daily included: improved ventricular function (increased ejection fraction, stroke volume, and
cardiac output; reduced wall thickness); decreased collagen I, collagen chaperone HSP47, fibronectin, and CTGF levels;
decreased activation of non-receptor tyrosine kinases Pyk2 and Src; and decreased activation of eNOS. To determine
the source of cells that contribute to fibrosis in CHF, flow cytometric studies were performed that suggested that
myofibroblasts in the heart are in large part bone marrow-derived. Two CD45+ cell populations were observed. One
(Zone 1) contained CD45+/HSP47 − /macrophage marker+ cells (macrophages). The second (Zone 2) contained
CD45moderate/HSP47+/macrophage marker − cells often defined as fibrocytes. TAC increased the number of cells in Zones
1 and 2 and the level of HSP47 in Zone 2. These studies are a first step in elucidating the mechanism of action of CSD in
heart fibrosis and promoting the development of CSD as a novel treatment to reduce fibrosis and improve ventricular
function in CHF patients.
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Cardiac hypertrophy begins as an adaptive (compensatory)
mechanism in response to pathological or physiological
stimulation to decrease ventricular wall stress and main-
tain cardiac function. For example, when a pathological
stimulation such as pressure overload (PO) persists for an
extended period of time (as in individuals with hypertension
or aortic stenosis), the heart is no longer able to accom-
modate the increased workload and proceeds into decom-
pensatory processes that lead to congestive heart failure
(CHF). One key feature of pathological hypertrophy is
fibrosis, the overaccumulation of extracellular matrix
(ECM) proteins, particularly collagen I, due to the
enhanced expression and decreased degradation of these
proteins, resulting in cardiac scarring and impaired
ventricular function.

The source of cells that overexpress collagen I and other
ECM proteins in the fibrotic heart and other tissues is
controversial. The major issue is whether under pathological
conditions resident fibroblasts become activated into myofi-
broblasts, or whether the pathological conditions cause the
transdifferentiation into myofibroblasts of exogenous cells
(eg, from the bone marrow (BM)) that are recruited into the
heart or of local cells (eg, endothelial cells). Some studies
support the concept that resident cardiac fibroblasts (origin-
ally of epicardial and endothelial origin) are the main cell type
involved in the overexpression of collagen I in fibrosis.1–3

However, other studies support the concept that in response
to cardiac stress (eg, hypertension, ischemia-reperfusion
injury, myocardial infarction (MI), PO, Angiotensin II
infusion), circulating BM-derived cells migrate into the

1Division of Cardiology, Department of Medicine, Gazes Cardiac Research Institute, Charleston, SC, USA and 2Division of Rheumatology, Department of Medicine, Medical
University of South Carolina, Charleston, SC, USA
Correspondence: Dr Dhandapani Kuppuswamy, PhD, Division of Cardiology, Gazes Cardiac Research Institute, 114 Doughty Street, Charleston, SC 29425-2221, USA.
E-mail: kuppusd@musc.edu
3These authors contributed equally to this work.

Received 28 September 2016; revised 21 November 2016; accepted 1 December 2016

370 Laboratory Investigation | Volume 97 April 2017 | www.laboratoryinvestigation.org

Laboratory Investigation (2017) 97, 370–382
© 2017 USCAP, Inc All rights reserved 0023-6837/17

http://dx.doi.org/10.1038/labinvest.2016.153
mailto:kuppusd@musc.edu
http://www.laboratoryinvestigation.org


stressed heart and differentiate into myofibroblasts.4–11 It is
also noteworthy that the number of circulating putative
CD45+/collagen I+ myofibroblast precursors (referred to as
fibrocytes) is extremely high in human patients with
hypertensive heart disease.12

Besides being a structural protein involved in the formation
and function of plasma membrane caveolae, caveolin-1 is
present on cytoplasmic membranes and regulates the function
of multiple signaling mechanisms including the MAP kinase
family, the protein kinase C family, G proteins, growth factor
receptor tyrosine kinases, non-receptor tyrosine kinases
(NTKs), Akt and eNOS activation, and TGFβ-induced
signaling.13–20 Caveolin-1 is present at high levels in
fibroblasts, adipocytes, endothelial cells, and epithelial cells.
It is present at relatively low levels in monocytes and other
leukocytes, yet still is functionally important.

Caveolin-1 has been shown to be involved in fibrosis in
multiple organs. Lung, skin, and cardiac fibrosis are observed
in caveolin-1 KO mice.21–24 In lung fibrosis, caveolin-1 is
underexpressed in fibroblasts and monocytes in humans
(scleroderma (SSc) patients) and mice (treated with
bleomycin).13,24–28 This deficiency leads to the overexpression
of collagen by fibroblasts, the hypermigration of monocytes
toward several chemokines due to enhanced chemokine
receptor expression, and to the enhanced differentiation of
monocytes into myofibroblasts.13,25,27,29,30 Similarly, in heart
fibrosis induced by cryoinjury or MI or associated with atrial
fibrillation, caveolin-1 expression is low in certain cell types
and is associated with ECM accumulation and impaired
cardiac function.31–33

The effects of caveolin-1 deficiency both in cells and in
animals can be reversed either by using virus encoding full-
length caveolin-1 (ref. 14) or using the caveolin-1 scaffolding
domain peptide (CSD, amino acids 82–101 of caveolin-1).
CSD enters cells34,35 and acts as a surrogate for full-length
caveolin-1 by inhibiting kinases.20,36 CSD inhibits all of the
profibrotic cellular functions associated with low caveolin-1
(collagen overexpression by myofibroblasts, monocyte hyper-
migration, monocyte differentiation into myofibroblasts) as
well as inhibiting tissue fibrosis in mouse skin and
lung25,27,29,30,37,38 and heart,31,32 where CSD reduced the
number of M2 macrophages in an MI model and decreased
collagen accumulation in a cryoinjury model. However, no
previous studies have focused on the potential beneficial effect
of CSD in a PO model for CHF.

Here we have evaluated the ability of CSD to inhibit the
progression of fibrosis and heart failure in a mouse model in
which PO is caused by transverse aortic constriction (TAC).
CSD had remarkably beneficial effects on fibrosis (expression
of collagen I and the collagen chaperone HSP47) and heart
function determined by echocardiography. While CSD has
previously been shown to reduce the number of M2
macrophages in a MI model32 and to decrease collagen
accumulation in a cryoinjury model,31 here we have made the
novel observations that: (1) CSD inhibits myocardial fibrosis

in a PO model, (2) CSD has a beneficial effect on ventricular
function in this model, (3) CSD reverses PO-induced NTK
and eNOS activation in vivo, and (4) HSP47 (which is a
surrogate marker for cells that express collagen I32) levels are
greatly increased in the PO myocardium, reversed by CSD,
and is localized in cells expressing CD45, suggesting that these
myofibroblasts are of bone marrow origin.

MATERIALS AND METHODS
Animals
Male, 10–12-week-old wild-type C57BL/6 J mice were
purchased from Jackson Laboratory (Bar Harbor, Maine,
USA). All procedures were performed under a protocol
approved by the Medical University of South Carolina
(MUSC) Institutional Animal Care and Use Committee.

Transverse Aortic Constriction
Left Ventricular (LV) PO was induced by tying a suture
around the transverse aorta over a 27-gauge blunted needle
causing occlusion of the aorta and a stenotic lumen. The
needle was withdrawn. Control mice underwent Sham
surgery. Mice were killed by cervical dislocation under deep
isoflurane anesthesia. Hearts were removed for biochemical
studies or fixed with formalin for histochemistry and
immunohistochemistry (IHC).

Echocardiography (Echo)
Echocardiography was performed at baseline (before sham or
transverse aortic constriction (TAC) surgery), and at various
times after surgery depending on experimental protocol (see
below). Echocardiography was conducted using the Vevo2100
imaging system (VisualSonics, Toronto, ON, Canada). The
22–55MHz linear transducer probe (MS550D) was used for
two-dimensional B-mode and M-mode analyses. Heart rate
was maintained at 400–550 bpm via isoflurane anesthesia.
End-diastolic LV dimensions and posterior wall thickness
were measured according to the American Society of
Echocardiography guidelines as applied to mice. LV wall
thickness was measured at the level of the intraventricular
septum and the posterior wall. Offline analyses of M-mode
images of the parasternal short-axis view at papillary level
were performed using VisualSonics Vevo2100 1.2.0 software
to calculate ejection fraction (EF), end-diastolic volume
(EDV), and posterior wall thickness (WTh). B-mode images
of the parasternal long-axis were used to calculate cardiac
output (CO), stroke volume (SV), EF, and EDV.

CSD Experimental Protocols
CSD (amino acids 82–101 of caveolin-1, DGIWKAS
FTTFTVTKYWFYR-NH2), was purchased from Elim. Two
separate protocols were used depending on the purpose of the
experiment. In the long-term protocol used for LV function
studies and IHC, TAC mice were evaluated by Echo at 1 week
after surgery. At this point daily CSD or vehicle treatments
(i.p. injections of 100 μl of CSD (50 μg/kg/day) or vehicle
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(1% DMSO)) were initiated in both TAC and Sham animals.
Echo measurements were performed in all mice at 4 and 6 wk.
Animals were killed at 4 and 6 week. In a second short-term
protocol used for flow cytometry experiments and RT-PCR
studies, daily CSD and vehicle treatments were initiated the
day of surgery. Mice were killed at 2 weeks. Samples for
western blotting were obtained from both protocols.

Western Blotting
Experiments were performed as previously described39 with
minor modifications. Soluble and insoluble fractions of left
ventricle (LV) were prepared. Briefly, LV (50 mg wet weight)
were isolated and homogenized using a T25 Ultra-Turrax
homogenizer for 1 min on ice in 1 ml of radioimmunopre-
cipitation assay (RIPA) buffer (50 mM Tris–HCl (pH 7.4),
1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 0.1%
sodium dodecyl sulfate and protease and phosphatase
inhibitors). The homogenate was kept on ice for 15 min,
then centrifuged at 10 000 g for 15 min. The soluble fraction
was mixed with an equal volume of 2 × Sample Buffer and
boiled; the insoluble pellet fraction was suspended in 0.5 ml
1 × Sample Buffer and boiled, then reclarified. Samples were
resolved by SDS-PAGE at 4 °C (Invitrogen 4–12% Bis-Tris
Gels, 1 × MOPS buffer) and transferred to Invitrolon PVDF
membranes (ThermoFisher Scientific (Invitrogen), Waltham,
MA, USA). Membranes were blocked, incubated with
primary antibodies (Table 1), washed, incubated with HRP-
labeled secondary antibodies, and detected by enhanced
chemiluminescence.

RT-PCR
For quantitative assessment of relative mRNA levels, total
RNA was isolated from the LV tissue samples using RNeasy
mini kits (Qiagen, Santa Clarita, CA, USA). cDNA was
synthesized using 0.5 μg total RNA using iScript cDNA
synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA)
containing iScript reaction mixture and iScript reverse
transcriptase. The entire reaction was cycled for 5 min at
25 °C, 30 min at 42 °C, and 5 min at 85 °C. RT-PCR was
performed using SsoAdvanced Universal SYBR Green Super
Mix Kit (Bio-Rad Laboratories, Hercules, CA, USA) and
analyzed using iCycler iQ real-time PCR detection system
(Bio-Rad Laboratories). Validated PrimePCR primers (Bio-
Rad Laboratories) were purchased for the following genes;
Collagen I, Fibronectin, HSP47, CTGF (connective tissue
growth factor, CCN2), and GAPDH. The thermal cycling
parameters were: Polymerase activation, 30 s at 95 °C;
denaturation, 40 cycles at 95 °C for 10 s each; and annealing,
60 °C for 30 seconds. GAPDH was used as an internal control
for normalizing target gene expression levels as described.40

Histochemistry and IHC
Mouse hearts were fixed with formalin for 12–18 h,
dehydrated with several ethanol and xylene washes, and
embedded in paraffin. Tissue sections (0.7 μm thick) were

stained with Picrosirius Red to detect collagen deposition. To
detect HSP47, paraffin-embedded tissue sections were heated
in an oven at 60 °C for 1 h before deparaffinization and
rehydration into water. Antigen retrieval was performed using
Citrate Buffer (10 mM Citric Acid, 0.05% Tween 20, pH 6) at
90 –100 °C in a water bath for 20 min. After cooling, slides
were washed in water followed by 1 × PBS and blocked with
10% Normal Donkey Serum in PBS for 1 h at room
temperature (RT) in a humid chamber. Directly labeled
anti-HSP47 (Table 1) at a final 2 μg/ml was incubated with
slides in humid conditions at RT for 5 h. Slides were then
washed with 1 × PBS and stained with the nuclear stain DAPI
at RT for 30 min.

Cell Isolation/Flow Cytometry
Total heart cells were isolated as previously described with
minor modifications.41 Briefly, mice were anesthetized using
isoflurane (5% in 100% oxygen in induction chamber) and
treated with heparin (200 IU, i.p. injection). Anesthesia was
maintained using nose cones. The thoracic region was cleaned
using sterile gauze. A bilateral thoracotomy was performed
and the heart and greater vessels removed and perfused at
constant pressure (70 mmHg) at 37 °C for 5 min with buffer
(113 mM NaCl/4.7 mM KCl/0.6 mM KH2PO4/0.6 mM
NaHPO4/1.2 mM Mg2SO4/0.032 mM phenol red/12 mM
NaHCO3/10 mM KHCO3/10 mM HEPES/30 mM taurine/
10 mM 2,3-butanedione monoxime (BDM)/5.5 mM glucose
(pH 7.4). The tissue was then perfused with the same buffer
containing Liberase blendzyme (Roche) (0.25 mg/ml)/trypsin
(0.14 mg/ml)/CaCl2 (12.5 μM). The heart was removed from
the cannula when it became palpably flaccid due to the effect
of the enzymes. The LV including the septum was dissected,
minced, and gently agitated for 5 min to disperse cells into
fresh buffer containing 5% fetal bovine serum to block
further digestion.

For flow cytometry, isolated cells were collected by
centrifugation at 1200 r.p.m. for 10 min at 4 °C, resuspended
in 1 ml of Cytofix/Cytoperm (554722, BD Biosciences), and
incubated for 20 min at 4 °C to fix and permeabilize the cells
before immunolabeling. Cells were then washed in FACS
buffer (BD Perm/Wash Buffer, Product #554723, BD
Biosciences) and resuspended in FACS buffer/Fc Block (1 μg
per 1 × 106 cells, Product #564220, BD Biosciences) for
30 min at 4 °C. Samples were labeled with the antibodies
summarized in Table 1. All incubations with antibody were
30 min at 4 °C in FACS buffer on a rocker at low speed. All
washes and resuspensions were done with FACS buffer.
Immunolabeled cells were analyzed on a Guava Easycyte 8HT
(Millipore, Norwood, OH, USA). At least 20 000 events were
recorded per sample.

Statistical Analyses
Values are presented as mean± s.e.m. Differences were
analyzed between groups using one-way analysis of variance
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(ANOVA) followed by a post hoc Tukey’s multiple compar-
ison to determine statistical significance.

RESULTS
Decreased levels of caveolin-1 have been linked to fibrosis in
several diseases. CSD has been demonstrated to serve as a
surrogate for caveolin-1 and thereby to reverse fibrosis in vivo
in the lungs29,38 and heart both in a cryoinjury model31 and a
myocardial infarction (MI) model.32 In this paper, we focus
on a distinct model; PO-induced hypertrophy and cardiac
failure.

CSD Inhibits PO-Induced Fibrosis In Vivo
Fibrosis in TAC-induced PO was determined in terms of the
levels of collagen and the collagen chaperone HSP47 (which
has frequently been used as a surrogate marker for collagen)
in the LV by western blotting, by IHC for HSP47, and by
Picrosirius Red Staining for collagen (Figure 1). Western blots
showed a 3-fold increase in collagen and 4-fold increase in
HSP47 levels induced by TAC at all time points tested. This
increase was significantly inhibited by CSD with progressively
better inhibition as the length of time of CSD treatment

increased (Figures 1a and c). IHC for HSP47 showed a 7-fold
increase in the number of positive cells in TAC mice treated
with vehicle (Figure 1b). CSD decreased staining down to the
baseline level observed in Sham mice. Similarly, Picrosirius
Red staining showed a 3-fold increase in collagen volume in
TAC mice that was decreased to baseline with CSD treatment
(Figure 1d).

The effects of TAC and CSD on the expression of proteins
associated with fibrosis were further evaluated by RT-PCR
(Figure 2). These studies confirmed the results of Western
blotting experiments, showing that the expression of collagen
I and HSP47 are greatly increased by TAC and that this
increase is inhibited by CSD. In addition, RT-PCR studies
demonstrated that fibronectin and connective tissue growth
factor (CTGF) expressions are increased by TAC and
inhibited by CSD.

PO-Induced Maladaptive Changes are Suppressed by
CSD
We evaluated the effects of CSD on PO-induced changes in
heart function in terms of EF, CO, and SV and geometry in
terms of WTh and EDV. Both M-mode (Figure 3) and B-mode

Table 1 Antibodies used in experiments

Flow cytometry

Specificity (description) Label Product # Concentration

CD45 (Rat anti-mouse, clone 30-F11) PE-Cy7 BD 552848 0.50 μg/ml

Collagen Iα1 C-terminal propeptide (Rabbit anti-human, polyclonal) None Ref. 75 1.67 μg/ml

CD11b (Rat anti-mouse, clone M1/70) AF647 BD 557686 1 μg/ml

CD16 (Rat anti-mouse, clone 2.4G2) APC BD 558636 1 μg/ml

CD68 (Rat anti-mouse, clone FA-11) APC BioLegend 137008 1 μg/ml

HSP47 (Mouse anti-rat, clone M16.10A1) AF647a Enzo ADI-SPA-70 1 μg/ml

Western blotting

Specificity (description) Product #

Collagen Iα1 C-terminal telopeptide (Rabbit anti-human, polyclonal) Ref. 75

HSP47 (Mouse anti-rat, clone M16.10A1) Enzo ADI-SPA-70

β1-integrin (Rabbit anti-human, polyclonal) Cell signaling 4706

β3-integrin (Rabbit anti-human/mouse, polyclonal) Cell signaling 4702

Pky2 pTyr402 (Rabbit anti-human, polyclonal) Cell signaling 3291

Src pTyr416 (Rabbit anti-human, polyclonal) Cell signaling 2101

GAPDH (Mouse anti-human, clone 6C5) Fitzgerald 10R-G109A

Actin (Rabbit polyclonal) Sigma-Aldrich A2066

eNOS (Rabbit anti-human monoclonal) Cell signaling 32027

eNOS pSer1177 (Rabbit anti-human polyclonal) Cell signaling 9571

Abbreviation: AF, Alexa Fluor.
aLabeled using an Alexa Fluor 647 Protein Labeling Kit (Invitrogen, Carlsbad, CA, A-20173) as described by the manufacturer.
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(Figure 4) data are presented. M-mode echo measurements of
TAC mice treated with vehicle showed a progressive decrease in
heart function (EF) over the entire 6 weeks of the experiment as
well as pathological changes in geometry (WTh and EDV). In

contrast, in CSD-treated TAC mice, a significant improvement
was observed in EF and WTh between 4 and 6 weeks.

B-mode echo measurements were used to analyze SV and
CO along with EF and EDV. These measurements also

Figure 1 CSD reverses the effect of TAC on HSP47 and Collagen I levels. Mice were treated as described in the Methods. For Sham control, samples
from 6 weeks after surgery were used. LV tissue was used for histochemical analyses or extracted with RIPA buffer and the resulting soluble and
insoluble fractions used in western blotting experiments. (a) The RIPA soluble protein fractions from mice receiving the indicated treatments were
analyzed by Western blotting using antibodies against HSP47 and GAPDH (loading control). (b) LV from the indicated mice (6 weeks after surgery) were
stained with anti-HSP47 (red), and co-stained with DAPI (blue) to detect nuclei. The graph quantifies HSP47 staining intensity per field in arbitrary units.
Graph data were obtained from 10 fields per slide, three to four mice per category. (c) The RIPA insoluble protein fraction from mice receiving the
indicated treatments were Western blotted using antibodies against Collagen I and actin (loading control). (d) LV tissue from the indicated mice
harvested 6 weeks after surgery was stained with Picrosirius red. The graph quantifies collagen volume fraction, calculated from photomicrographs
using Sigma Scan Pro-5. At least 25 fields per mouse, two mice per category were used. **Po0.01, TAC vs Control; ^Po0.05, TAC+CSD vs TAC+Vehicle;
^^Po0.01, TAC+CSD vs TAC+Vehicle.
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showed a progressive decrease in heart function (EF, SV, and
CO) and an increase in EDV. In CSD-treated TAC mice EF,
SV, and CO showed a significant improvement while EDV
was not improved. The beneficial effects were particularly
striking when the data for individual mice at 6 week were
compared for each parameter (Figure 4, right panels). Almost
every TAC mouse that received CSD showed an SV and a CO
comparable to Sham mice and better than TAC mice that
received vehicle (Po0.001 for SV and CO comparing TAC
+CSD to TAC+vehicle). These data suggest that long-term
CSD treatment in mice with PO causes a significant beneficial
effect.

CSD Inhibits PO-Induced Changes in Integrin Levels and
Activation of Pyk2 and Src
We recently demonstrated that NTKs regulate cardiac fibrosis
in that treatment with a specific NTK inhibitor, dasatinib,
suppressed cardiac fibroblast proliferation and ECM deposi-
tion (fibronectin assembly).42 Moreover, we found that NTK
activation is regulated by β3-integrin.39 To determine whether
the antifibrotic effect of CSD also involves the inhibition of
changes in integrin levels and NTKs activation, we assessed
the levels of β1-integrin, β3-integrin, phospho-Pyk2-Y402,
and phospho-Src-Y416 in LV extracts (Figure 5). Both β1 and
β3-integrin levels were increased 3-fold as early as 2 weeks
after surgery and continued to be elevated throughout the 6-
week experiment. Moreover, the level of the higher molecular
form of β3-integrin (shown previously to be the activated
form43) was increased 10-fold. CSD significantly decreased
these increases in integrin levels (Figure 5). Analyses of NTK
activation reveal that Pyk2 is activated at least 5-fold and c-Src
is activated at least 2-fold throughout the time course of the
experiment and CSD significantly inhibit NTK activation

(Figure 5). Analyses of total Pyk2 and c-Src levels showed no
changes due to PO (not shown). These results mimic those
obtained with HSP47 and collagen I (Figure 1).

CSD Inhibits PO-Induced Changes in eNOS
Caveolin-1 directly interacts with eNOS and blocks its
activation.20 eNOS activation involves both phosphorylation
at multiple sites including serine-1177 (S1177) and homo-
dimerization. Activated eNOS then couples with a ferrous–
dioxygen complex to generate NO.44,45 We observed
increased levels of the eNOS homodimer in the TAC heart
using an antibody specific for phosphorylated S1177
(Figure 6). Although a total eNOS antibody recognized the
monomere, it did not detect dimers suggesting that the level
of phosphorylation is higher in eNOS dimers than mono-
mers. In mice treated with CSD, the level of phosphorylated
eNOS dimers in TAC hearts was reduced to baseline level.
However, the level of monomeric eNOS (140 kDa) detected
using either the S1177 antibody or the total eNOS antibody
was not affected by TAC or by CSD (Figure 6).

HSP47+ Cells in the PO Myocardium are CD45moderate

To determine the origin of the HSP47+ cells that appear in
the PO heart (Figure 1), we analyzed total heart cells by flow
cytometry using antibodies against HSP47, CD45, and several
other markers. In both Sham and TAC hearts, when flow
cytometry data was plotted as a scatter plot for CD45 and
HSP47 fluorescence, there were three obvious cell popula-
tions; CD45high/HSP47− , CD45moderate/HSP47+, and CD45-/
HSP47− that we will refer to respectively as Zones 1, 2, and 3
(Figure 7a). The % of cells in Zones 1 and 2 was increased
about 2.5-fold by TAC (Figure 7b). To evaluate whether the
moderate level of CD45 positivity in Zone 2 (Near IR-B

Figure 2 RT-PCR evaluation of effects of TAC and CSD on fibrosis. LV samples from the indicated mice 2 weeks after surgery were used for quantitative
RT-PCR analyses of (a) Collagen I, (b) HSP47, (c) fibronectin, and (d) CTGF message levels. GAPDH was used for normalization. The expression level of
each gene in vehicle-treated Sham mice was defined as 1 arbitrary unit. At least three mice were used for each group with analyses performed in
duplicate. **Po0.01, TAC vs Control; ^Po0.05, TAC+CSD vs TAC+vehicle.

Caveolin-1 surrogate is beneficial in failing heart
D Pleasant-Jenkins et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 97 April 2017 375

http://www.laboratoryinvestigation.org


Channel) could be due to spillover from the HSP47 channel
(Red Channel), we performed single label experiments with
antibodies labeled with the appropriate fluors. We observed
no spillover either from the Near IR-B Channel into the Red
Channel or from the Red Channel into the Near IR-B channel
(Figure 7c).

To determine whether CD45+ and CD45moderate cells
differed in their levels of macrophage markers, we also
included antibodies against CD11b, CD16, and CD68 in these
experiments. Although HSP47 levels were high in Zone 2 and
negligible in Zones 1 and 3; CD11b, CD16, and CD68 levels
were high in Zone 1 and negligible in Zones 2 and 3
(Figure 8a). Therefore, the cells in Zone 1 have the
characteristics of macrophages, whereas the cells in Zone 2

have the characteristics of fibrocytes. The markers detected on
cells in Zone 1, 2, and 3 are summarized in Figure 8b.

DISCUSSION
Reactive myocardial fibrosis is observed as a common
feature in patients with hypertension or aortic stenosis
and contributes to maladaptive ventricular remodeling
and cardiac dysfunction, including loss of diastolic
compliance.46–50 Our present work using a mouse TAC
model to induce LVPO shows several observations supporting
the concept that the CSD peptide (a surrogate for caveolin-1)
regulates the progression of TAC-induced heart failure and
fibrosis and that CSD can be developed as a treatment for
heart failure: (1) TAC mice exhibit compromised ventricular

Figure 3 CSD suppresses hypertrophy and improves ventricular function. Baseline 2-D Echo data were collected before Sham or TAC surgery to ensure
that all mice were similar. Mice were treated as described in the Methods. M-mode echocardiographic measurements were used to quantify: (a) LV
ejection fraction (EF); (b) LV end-diastolic volume (EDV) and (c) LV posterior wall thickness (WTh). Each group contained four mice for Sham and at least
nine mice for TAC. Scatter plots on the right of (a–c) show data for individual mice (one symbol per mouse, four mice per group for Sham mice, nine
mice per group for TAC mice) at the 6 week time point. In addition, P-values are shown in these scatter plots comparing Sham+Vehicle to TAC+Vehicle
and comparing TAC+Vehicle to TAC+CSD.
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function. CSD blocks or reverses these effects on EF (ejection
fraction), CO (cardiac output), SV (stroke volume), and
posterior wall thickness (WTh). (2) CSD treatment decreases
the TAC-induced overexpression of proteins directly involved
in fibrosis both at the protein level (collagen I, HSP47)
and the mRNA level (collagen I, HSP47, CTGF, fibronectin).

(3) CSD treatment inhibits the expression of integrins
(β1, β3) and the activation of NTKs (Pyk2 and Src) involved
in the regulation of fibrosis. (4) Flow cytometry studies
suggest that the population of cells that express high levels of
HSP47 in TAC hearts is BM-derived because these cells are
moderately positive for CD45.

Figure 4 CSD improves ventricular function and cardiac output (CO). Baseline 2-D Echo data were collected before Sham or TAC surgery to ensure that
all mice were similar. Mice were treated as described in the Methods. B-mode Echo measurements were used to quantify: (a) LV ejection fraction (EF);
(b) end-diastolic volume (EDV); (c) stroke volume (SV), and (d) CO. Scatter plots on the right of (a–d) show EF, EDV, SV and CO data for individual mice
(one symbol per mouse, four mice per group for Sham mice, nine mice per group for TAC mice) at the 6 week time point. In addition, P-values are
shown in these scatter plots comparing Sham+Vehicle to TAC+Vehicle and comparing TAC+Vehicle to TAC+CSD.
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The antifibrotic role of caveolin-1 in several organs is well
established under various pathological conditions.13,24–28,51

However, only a very few studies have explored caveolin-1 in
the heart. Studies performed in caveolin-1 KO mice show that:
(1) Caveolin-1 loss can lead to cardiac hypertrophy, fibrosis,
and compromised contractile function;23,52 (2) Myocardial
cryoinjury in WT mice results in fibrosis mostly around blood

vessels, but interstitial areas are also affected in KO mice;31 (3)
MI causes exacerbated cardiac dysfunction and mortality in KO
mice;53 and (4) MI causes exacerbated fibrosis by promoting
M2 macrophage activation.32 Furthermore, caveolin-1 defi-
ciency is linked to cardiac fibrosis in patients with atrial
fibrillation.33 However, the critical role played by caveolin-1
during PO-induced cardiac fibrosis has not yet been explored.

Figure 5 CSD inhibits increases in integrin levels and NTK activation. Mice were treated as described in the ‘Materials and Methods’ section. For Sham
control, samples from 6 weeks after surgery were used. LV tissue was extracted with RIPA buffer and the resulting soluble fraction used in western
blotting experiments using antibodies against β1-integrin, β3-integrin, phospho-Pyk2-Y402, phospho-Src-Y416, and GAPDH (loading control). A
representative Western blot is shown in (a). Densitometric quantification of data from three independent experiments is (b) β1-integrin, (c) β3-integrin
upper band, (d) β3-integrin both bands, (e) pPyk2, and (f) pSrc. **Po0.01, TAC vs Sham; ^Po0.05, TAC+CSD vs TAC+vehicle, ^^Po0.01 TAC+CSD vs
TAC+vehicle.
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We propose three stages at which CSD may be having a
beneficial effect: (1) CSD may inhibit the recruitment of
BM-derived cells into fibrotic tissue. (2) CSD may inhibit the

differentiation of monocytes into fibrocytes/myofibroblasts.
These possibilities are supported by our previous studies
indicating that caveolin-1 regulates monocyte migration and
differentiation into fibrocytes/myofibroblasts via a mechan-
ism involving TGFβ receptors, Smad 2/3, Src, Lyn, MEK, and
ERK.25,30,37 (3) CSD may inhibit collagen I expression by
fibroblasts. We and others previously showed that caveolin-1
regulates collagen I production in lung fibroblasts via
mechanisms involving PKCε, PKCα, MEK, ERK, JNK, Smad
2/3, and Akt.13,14,24,38 Moreover, in studies on cardiac
fibroblasts, we have previously shown that collagen I
expression is regulated by a signaling mechanism involving
β1 and β3 integrins and the non-receptor tyrosine kinases
(NTKs) Src and Pyk2.39,42,43 Similar to our previous findings,
both β1 and β3 integrins showed increased expression in PO
myocardium. We now show that CSD affects integrin-
mediated NTK signaling, almost completely reversing TAC-
induced activation down to baseline levels. These observations
are consistent with literature demonstrating the ability of
caveolin-1 to interact with both receptor tyrosine kinases and
NTKs and inhibit their activities.54,55

Caveolin-1 has been linked to the inhibition of eNOS
expression and activation and NO production by endothelial

Figure 6 CSD inhibits eNOS activation. Mice were treated as described in
the Methods. For Sham control, samples from 6 weeks after surgery were
used. LV tissue was extracted with RIPA buffer and the resulting soluble
fraction used in Western blotting experiments using antibodies against
phospho-eNOS-S1177 and total eNOS. Thin arrow indicates the position
of dimeric eNOS (280 kDa), open arrow indicates monomeric eNOS
(140 kDa). Similar results were obtained in independent experiments.

Figure 7 Increased numbers of HSP47+ cells in TAC hearts. Cells were isolated from control (Sham) and TAC mice 2 week after surgery and analyzed by
flow cytometry using antibodies against CD45, HSP47, CD11b, CD16, and CD68 (Figure 8). (a) CD45 vs HSP47 scatter plots. Note that there are more
cells in TAC mice in Zones 1 and 2 than in Control mice. (b) Quantification of the % of cells in Zones 1 and 2 in three independent experiments (%
total cells ± s.e.m.). *Po0.05. (c) Cells were labeled with no antibody (blue trace), a PE-Cy7-labeled antibody which is detected in the Near IR-B channel
(green trace), or a AlexaFluor647 labeled antibody which is detected in the Red channel (red trace). Note that as expected cells labeled with PE-Cy7 are
detected in the Near IR-B channel but not in the Red channel while cells labeled with AlexFluor647 are detected in the Red channel but not in the Near
IR-B channel.
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cells.20 Although NO production has beneficial effects on the
cardiovascular system due to causing vasodilation and
increased blood flow, excessive NO production can cause
detrimental effects in PO myocardium56 by promoting
superoxide production.57,58 Just as TAC-induced NTK
activation that was reversed by CSD, TAC-induced activation
of eNOS that was reversed by CSD. The loss of eNOS activity
due to CSD could have been expected to increase blood
pressure in our experiments; however, we know from the
literature that CSD treatment does not alter blood
pressure.59,60 Therefore, the beneficial effects of CSD are
not related to a decrease in blood pressure.

Monocyte-derived cells have been proposed to play roles in
the progression of fibrosis both as precursors to the
myofibroblasts that overexpress ECM proteins and as
precursors to macrophages that overexpress cytokines and
chemokines that activate fibroblasts into myofibroblasts and
recruit inflammatory cells from the circulation. Whether

these populations are entirely distinct is controversial. Cells
intermediate in the differentiation of monocytes to myofi-
broblasts have been referred to as fibrocytes and are
recognized by their co-expression of the hematopoietic
cell marker CD45 and the mesenchymal cell marker
collagen I61–63 (or a surrogate marker for collagen I such as
HSP47 (ref. 32). The functions of fibrocytes and macrophages
overlap in that both secrete profibrotic cytokines and
chemokines32,64,65 and in that some cells have been described
as collagen-producing macrophages.66 A specific feature of
macrophages is their phagocytic activity. Macrophages also
express markers (eg, CD11b, CD16, CD68) which we show
are not present on heart CD45moderate/HSP47+ fibrocytes.

Although more experiments need to be performed, we have
never detected HSP47+ cells in the circulation of TAC
animals. Therefore, we conclude that HSP47 is expressed at
high levels in CD45moderate cells only after they are recruited
into the heart. Our other observations on HSP47 add to its

Figure 8 Analyses of macrophage markers. The experiment is described in the legend to Figure 7. (a) The data shown represent the average from three
independent experiments of the mean fluorescence intensity (MFI) ( ± s.e.m.) for each indicated marker in arbitrary units. The value in Zone 2 was set to
100 arbitrary units. *Po0.05 for HSP47 Sham Zone 2 vs TAC Zone 2. For HSP47 Zone 2 vs HSP47 Zones 1 and 3, CD11b Zone 1 vs CD11b Zones 2 and
3, CD16 Zone 1 vs CD16 Zones 2 and 3, and CD68 Zone 1 vs CD68 Zones 2 and 3, Po0.001. (b) Data from Figures 7 and 8a are summarized in
tabular form.
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importance in heart fibrosis. Western blotting, IHC, and
RT-PCR studies all demonstrate a major increase in HSP47
levels in TAC hearts that is reversed by CSD. These
observations are consistent with the fact that HSP47 has
been used successfully as a therapeutic target in rats in which
myocardial infarction was induced.67

To further determine whether the CD45moderate /HSP47+
cells that we detect in increased numbers with elevated levels
of HSP47 in the TAC heart can be considered to be fibroblast
precursors or even fibroblasts themselves, we have initiated
fibroblast cultures. Indeed, we find by flow cytometry that
heart fibroblasts from fibrotic tissue, express CD45, collagen
I, and HSP47 (not shown), strongly suggesting that heart
fibroblasts can be BM-derived. This conclusion agrees with
the work of Entman and colleagues6,9,68–70 showing that
during ischemic cardiomyopathy and heart failure, BM
monocytes recruited into the tissue differentiate into
CD45+ mesenchymal cells and contribute to fibrosis and
adverse remodeling. This conclusion also agrees with
studies10,71–73 demonstrating a contribution of hematopoietic
cells to mesenchymal cell populations in fibrotic tissue using
chimeric mouse models wherein genetically-tagged
(eg, EGFP) cells are used to reconstitute the BM of irradiated
mice. This conclusion is challenged by investigators who have
depended on Cre drivers for lineage specificity and on the
failure to stain fibrotic tissues for CD45,2,3,74 a difficult
protein to detect without proper fixation.

In the present study, we have shown in an animal model in
which PO results in heart failure with reduced ejection
fraction, that CSD has a significant beneficial effect on heart
function and morphology. Thus, CSD may potentially be
developed as a therapeutic for suppressing cardiac fibrosis and
improving ventricular function in patients with CHF with
reduced ejection fraction. Given that a major portion of
human heart failure patients exhibit a preserved ejection
fraction, it will be interesting in future experiments to use a
less restrictive version of TAC surgery or an Angiotensin II
infusion model to determine whether CSD may also be a
beneficial treatment for heart failure with preserved ejection
fraction.
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