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Background: Previous work has identified mast cells as the major source of chymase largely associated with a
profibrotic phenotype. We recently reported increased fibroblast autophagic procollagen degradation in a rat
model of pure volume overload (VO). Here we demonstrate a connection between increased fibroblast chymase
production and autophagic digestion of procollagen in the pure VO of aortocaval fistula (ACF) in the rat.
Methods and results: Isolated LV fibroblasts taken from 4 and 12 week ACF Sprague–Dawley rats have significant
increases in chymasemRNA and chymase activity. Increased intracellular chymase protein is documented by im-
munocytochemistry in the ACF fibroblasts compared to cells obtained from age-matched sham rats. To implicate
VO as a stimulus for chymase production, we show that isolated adult rat LV fibroblasts subjected to 24 h of 20%
cyclical stretch induces chymasemRNA and protein production. Exogenous chymase treatment of control isolat-
ed adult cardiac fibroblasts demonstrates that chymase is internalized through a dynamin-dependent mecha-
nism. Chymase treatment leads to an increased formation of autophagic vacuoles, LC3-II production,
autophagic flux, resulting in increased procollagen degradation. Chymase inhibitor treatment reduces cyclical
stretch-induced autophagy in isolated cardiac fibroblasts, demonstrating chymase's role in autophagy induction.
Conclusion: In a pure VOmodel, chymase produced in adult cardiac fibroblasts leads to autophagic degradation of
newly synthesized intracellular procollagen I, suggesting a new role of chymase in extracellular matrix
degradation.
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1. Introduction

Previous work has identified mast cells as the major source of
chymase that has been largely associated with a profibrotic phenotype.
In a pure volume overload (VO) induced by aortocaval fistula (ACF) or
primary mitral regurgitation (MR), we identified increased chymase
and mast cell degranulation at early and late stages in the progression
to left ventricular (LV) dilatation, LVwall thinning, cardiomyocyte elon-
gation and thinning, and heart failure [1–4]. We sought to understand
the reasons for the net extracellular matrix (ECM) breakdown and
lack of replacement of ECM in the pure VO, despite of the upregulation
of chymase and other renin-angiotensin system components. In addi-
tion to being the major Ang II-forming mechanism in the heart [5–7],
chymase activates MMPs [8–11], degrades fibronectin [12] and causes
apoptosis of vascular smooth muscle cells and cardiomyocytes through

disruption of the focal adhesion complex [13,14]. Until recently, these
chymase actions have been assigned to the interstitial compartment
within the extracellularmatrix. However, we recently demonstrated in-
tracellular chymase in cardiomyocytes during ischemia reperfusion in-
jury in the dog and that the chymase uptake in cardiomyocytes is
dynamin-mediated [15].

More recently, we reported increased fibroblast autophagic
procollagen degradation in a pure VO rat model [16]. Such a role of au-
tophagy in intracellular procollagen degradation has been demonstrat-
ed after TGF-β treatment in primarymesangial cells frommouse kidney
[17]. Other studies have demonstrated that chymase is produced in neo-
natal cardiac fibroblasts under glucose stimulation and is an important
Ang II-forming mechanism within the fibroblast [18–20]. In addition,
Husain and coworkers [21] showed evidence of chymase production
in human cardiac interstitial cells and emphasized the importance of
chymase production by endothelial cells and fibroblasts rather than
just mast cells alone. Verification of this finding would then elevate
the presence and location of chymase from the relatively sparse sites
of mast cells in the heart to a more prominent role in juxtaposition to
cardiomyocytes throughout the cardiac interstitium.
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Here, we demonstrate that chymase is produced within adult cardi-
ac fibroblasts themselves in response to the chronic stress of VO of ACF
and in isolated adult cardiac fibroblasts after cyclical stretch. In vitro
studies in fibroblasts show that chymase addition alone is sufficient to
induce autophagy in cardiac fibroblasts and promote intracellular deg-
radation of procollagen without affecting collagen mRNA transcript
levels. These studies report a heretofore unrecognized mechanism for
chymase production and uptake by fibroblasts and subsequent autoph-
agic degradation of intracellular procollagen. This process exacerbates
the ECM homeostatic imbalance by decreasing procollagen production
in the face of interstitial collagen degradation and results in net ECM
loss and adverse LV remodeling in a pure VO.

2. Experimental methods

2.1. Animal studies

Adult male Sprague–Dawley rats (200–250 g) at 10weeks old of age
were subjected to either shamor ACF surgery as described previously in
our laboratory [1–3,22]. Briefly, for induction of ACF, rats were anesthe-
tized with isoflurane (2% O2 at 2 L/min) 10 min prior to the surgery. A
ventral abdominal laparotomy was performed to expose the aorta and
caudalvenacava1.5cmbelowtherenalarteries.Theoverlyingadventitia
was removed by blunt dissection to expose the two vessels, taking care
not to disrupt the tissue connecting the vessels. Both vessels were then
occluded proximal and distal to the intended puncture site, and an 18-
guage needle was inserted into the exposed abdominal aorta and ad-
vanced through the medial wall into the vena cava to create the fistula.
The needle was withdrawn and the ventral aortic puncture was sealed
with cyanoacrylate. Creation of the ACF was visualized by the pulsatile
flowofoxygenatedblood into thevenacava.Theabdominalmusculature
and skin incisions were closed by standard techniques with absorbable
suture and auto clips. The control animals, sham, underwent general an-
esthesia and an abdominal incision without ACF. Rats were medicated
with buprenorphine (0.05 mg/kg; IP) preoperatively and at the end of
the day of surgery. Every effort was made to minimize any discomfort
to the animals used in these studies. The animals were euthanized fol-
lowing anesthesia with isoflurane and exsanguination by rapid removal
of the heart. This method is consistent with the recommendations of
the Panel of Euthanasia of the American VeterinaryMedical Association.
Allprocedureswereapprovedandperformedaccordingtotheguidelines
of the Institutional Animal Care andUse Committees of theUniversity of
Alabama at Birmingham (Animal Resource Program, Protocol
140909,251) and followed the National Institute of Health's “Guide for
the Care and Use of Laboratory Animals”.

2.2. Cardiac fibroblast isolation

4 or 12 weeks after sham or ACF surgery, adult rat LV fibroblasts
were isolated by recirculating perfusion buffer supplemented with
1 mg/ml collagenase type II (Invitrogen, CA) as previously described
[1]. Briefly, the heart was perfused with a buffer (120 mM NaCl,
15 mM KCl, 0.5 mM KH2PO4, 5 mM NaHCO3, 10 mM HEPES, and
5 mM glucose, at pH 7.0) for 5 min and digested with perfusion buffer
containing 1mg/ml collagenase II for 30min at 37 °C. The right ventricle
and atria were removed before the perfused-heart wasminced. The cell
suspension was then mixed with stop buffer (perfusion buffer contain-
ing 10 mg/ml bovine serum albumin) to prevent further digestion. The
cell suspensionwas added to amesh cell collector and the flow-through
was centrifuged at 80 g for 3min to removemost of the cardiomyocytes.
The supernatant containing mainly cardiac fibroblasts was centrifuged
at 400 g for 8min then resuspended in DMEM supplemented with anti-
biotics (penicillin/streptomycin, 1%), L-glutamine ascorbate and 10%
FBS. Cells were subjected to differential plating on uncoated cell culture
dishes (10 cm diameter) for 90 min. Non-adherent cells (mostly
cardiomyocytes, endothelial and smooth muscle cells) were removed.

We have demonstrated N95% purity of the prep with very little
myofibroblastdifferentiation [1]. Culturedcellsby thisprotocol routinely
showed positive staining for anti-vimentin (Millipore #AB5733; 1:500)
and no immunostaining with antibodies to anti-smoothmuscle alpha-
actinorfibronectin(1:100dilutions, Sigma-Aldrich,MO).Adult rat cardi-
ac fibroblasts were used at passages 1 and 2 in the current study.

2.3. Immunocytochemistry (ICC) of cardiac fibroblasts

Immunocytochemistry was performed on adult cardiac fibroblasts
isolated from sham or ACF rats, or normal fibroblasts subjected to me-
chanical stretch (24 h, 20% stretch, 1 Hz) or exposed to recombinant
human chymase (2.5 μg/ml for 2 h at 37 °C, Sigma-Aldrich #C8118).
The cells were fixed in 4% formaldehyde (Tousimis, Rockville, MD) for
20minat roomtemperature (RT)andwashed3 times inPBS, andperme-
abilized with 0.1% Triton-X-100 (Fisher #BP-151) for 15min at RT. 10%
normal serum (in 1% bovine serum/PBS) for 1 h at RT was used for
blocking, followedbyovernight incubationat4 °Cwithachymasemono-
clonal (Abcam #ab2377; 1:50) and a vimentin polyclonal antibody
(Millipore #AB5733; 1:500). Alexa Fluor 488- and 594-conjugated sec-
ondaryantibodies (1:700, Life Technologies/Invitrogen,OR)with theap-
propriate host combinationswere incubated for 1 h to stain.Nucleiwere
stainedwithDAPI(1.5μg/ml;Vector Laboratories,CA). Imageacquisition
and analyzing were performed using a Leica DM6000 epifluorescence
microscope and SimplePCI software as described previously [16].

2.4. Cardiac fibroblast chymase activity measurements

Cardiac chymase activity in LV fibroblasts was calculated based on
adding1nmol/Lofhighlypurified125I-Ang-(1–12) substrate to thefibro-
blastplasmamembranesanddeterminingtheamountof125I-AngIIprod-
uct formation as previously described [29]. Briefly, isolated cardiac
fibroblasts were homogenized in assay buffer (containing 25 mM
HEPES, 125 mM NaCl2 and 10 μM ZnCl2, pH 7.4) and centrifuged at
44,000 g for 60min to collect the native plasmamembranes. The plasma
membrane pallet was resuspended in assay buffer. Protein content was
measured using the BCA kit. For chymase activity and inhibition studies,
the plasmamembranes (50–100 μg)were preincubated for 10minwith
orwithout the chymase inhibitor-chymostatin (50 μM) in assay buffer.
Besides chymostatin, other inhibitors (Lisinopril for ACE, SCH39373 for
neprilysin,MLN-4760 for ACE2, amastatin for aminopeptidases, bestatin
for aminopeptidases, benzyl succinate for carboxypeptidases and PCMB
for cysteine proteases, each 50 μM)were also added to inhibit the renin-
angiotensin enzymes (ACE/ACE2/neprilysin), aminopeptidases and cys-
teineproteases.Afterpreincubationofplasmamembranewith the inhib-
itor cocktail, radiolabeled 125I-Ang-(1–12) substrate was added into the
reactionmediumand incubated for an additional 60min at 37 °C. At the
endof the incubation time, the reactionwas stoppedbyaddingequal vol-
ume of 1% phosphoric acid, mixed well and centrifuged at 28,000 g for
20min to remove the plasmamembranes. The clear supernatants were
filtered through 0.2 μmPVDFmembrane and injected onHPLC C-18 col-
umn and 125I-Ang II product generation from 125I-Ang-(1–12) by
chymasewasmeasured using an in-line flow-through gamma detector
(BioScan Inc., Washington, DC). The enzyme activity was defined as
fmoles of Ang II product formed from 125I-Ang-(1–12) substrate permin
permg of protein (fmol Ang II formation/min/mgprotein).

2.5. Application of extrinsic mechanical load

Cardiac fibroblasts (50,000 cells/cm2) were cultured on non-coated
Flexcell plates (Flexcell International Corp., Hillsborough, NC, USA) in
DMEMmedium containing 10% FBS, 2 mM glutamine, 10 U/mL penicil-
lin, and 100 μg/ml streptomycin. The media was changed 24 h before
initiation of the experiment and cells were subjected to cyclic strain
(1 Hz) on the Flexcell Strain apparatus (model FX-5000; Flexcell Inter-
national, Hillsborough, NC, USA) at a level of distension sufficient to
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