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Abstract

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 chymase mRNA and chymase activity. Increased
intracellular chymase protein is documented by immunocytochemistry 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 chymase mRNA and protein production. Exogenous chymase treatment of
control isolated adult cardiac fibroblasts demonstrates that chymase is internalized through a
dynamin-dependent mechanism. Chymase treatment leads to an increased formation of autophagic
vacuoles, LC3-11 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 VO model, 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, LV wall thinning, cardiomyocyte elongation 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 addition to
being the major Ang Il-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
extracellular matrix. However, we recently demonstrated intracellular chymase in
cardiomyocytes during ischemia reperfusion injury 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 autophagy in intracellular procollagen degradation
has been demonstrated after TGF-f treatment in primary mesangial cells from mouse kidney
[17]. Other studies have demonstrated that chymase is produced in neonatal cardiac
fibroblasts under glucose stimulation and is an important Ang I1-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.

Here, we demonstrate that chymase is produced within adult cardiac fibroblasts themselves
in response to the chronic stress of VO of ACF and in isolated adult cardiac fibroblasts after
cyclical stretch. /n vitro studies in fibroblasts show that chymase addition alone is sufficient
to induce autophagy in cardiac fibroblasts and promote intracellular degradation of
procollagen without affecting collagen mMRNA transcript levels. These studies report a
heretofore unrecognized mechanism for chymase production and uptake by fibroblasts and
subsequent autophagic 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.
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2. Experimental methods

2.1. Animal studies

Adult male Sprague—-Dawley rats (200-250 g) at 10 weeks old of age were subjected to
either sham or ACF surgery as described previously in our laboratory [1-3,22]. Briefly, for
induction of ACF, rats were anesthetized with isoflurane (2% O, at 2 L/min) 10 min prior to
the surgery. A ventral abdominal laparotomy was performed to expose the aorta and caudal
vena cava 1.5 cm below the renal arteries. The overlying adventitia 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 advanced
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 flow of oxygenated blood into the vena cava. The abdominal
musculature and skin incisions were closed by standard techniques with absorbable suture
and auto clips. The control animals, sham, underwent general anesthesia 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 following
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 Veterinary
Medical Association. All procedures were approved and performed according to the
guidelines of the Institutional Animal Care and Use Committees of the University 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 Il (Invitrogen,
CA) as previously described [1]. Briefly, the heart was perfused with a buffer (120 mM
NaCl, 15 mM KCI, 0.5 mM KH,PO,4, 5 mM NaHCO3, 10 mM HEPES, and 5 mM glucose,
at pH 7.0) for 5 min and digested with perfusion buffer containing 1 mg/ml collagenase 11
for 30 min at 37 °C. The right ventricle and atria were removed before the perfused-heart
was minced. The cell suspension was then mixed with stop buffer (perfusion buffer
containing 10 mg/ml bovine serum albumin) to prevent further digestion. The cell
suspension was added to a mesh cell collector and the flow-through was centrifuged at 80 g
for 3 min to remove most of the cardiomyocytes. The supernatant containing mainly cardiac
fibroblasts was centrifuged at 400 g for 8 min then resuspended in DMEM supplemented
with antibiotics (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 >95% purity of the prep with very little myofibroblast
differentiation [1]. Cultured cells by this protocol routinely showed positive staining for anti-
vimentin (Millipore #AB5733; 1:500) and no immunostaining with antibodies to anti-
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smooth muscle alpha-actin or fibronectin (1:100 dilutions, Sigma-Aldrich, MO). Adult rat
cardiac 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
ACEF rats, or normal fibroblasts subjected to mechanical stretch (24 h, 20% stretch, 1 Hz) or
exposed to recombinant human chymase (2.5 pg/ml for 2 h at 37 °C, Sigma-Aldrich
#C8118). The cells were fixed in 4% formaldehyde (Tousimis, Rockville, MD) for 20 min at
room temperature (RT) and washed 3 times in PBS, and permeabilized with 0.1% Triton-
X-100 (Fisher #BP-151) for 15 min at RT. 10% normal serum (in 1% bovine serum/PBS) for
1 h at RT was used for blocking, followed by overnight incubation at4 °C with a chymase
monoclonal (Abcam #ab2377; 1:50) and a vimentin polyclonal antibody (Millipore
#AB5733; 1:500). Alexa Fluor 488- and 594-conjugated secondary antibodies (1:700, Life
Technologies/Invitrogen, OR) with the appropriate host combinations were incubated for 1 h
to stain. Nuclei were stained with DAPI (1.5 pg/ml; Vector Laboratories, CA). Image
acquisition and analyzing were performed using a Leica DM6000 epifluorescence
microscope and SimplePCl software as described previously [16].

2.4, Cardiac fibroblast chymase activity measurements

Cardiac chymase activity in LV fibroblasts was calculated based on adding 1 nmol/L of
highly purified 1251-Ang-(1-12) substrate to the fibroblast plasma membranes and
determining the amount of12%]-Angllproduct formation as previously described [29]. Briefly,
isolated cardiac fibroblasts were homogenized in assay buffer (containing 25 mM HEPES,
125 mM NaCl, and 10 uM ZnCly, pH 7.4) and centrifuged at 44,000 g for 60 min to collect
the native plasma membranes. The plasma membrane pallet was resuspended in assay buffer.
Protein content was measured using the BCA kit. For chymase activity and inhibition
studies, the plasma membranes (50-100 pg) were preincubated for 10 min with or without
the chymase inhibitor-chymostatin (50 M) 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 pM) were also added to inhibit the renin-
angiotensin enzymes (ACE/ACE2/neprilysin), aminopeptidases and cysteine proteases.
After preincubation of plasma membrane with the inhibitor cocktail, radiolabeled 1251-Ang-
(1-12) substrate was added into the reaction medium and incubated for an additional 60 min
at 37 °C. At the end of the incubation time, the reaction was stopped by adding equal
volume of 1% phosphoric acid, mixed well and centrifuged at 28,000 g for 20 min to remove
the plasma membranes. The clear supernatants were filtered through 0.2 um PVDF
membrane and injected on HPLC C-18 column and 1251-Ang Il product generation

from 125]-Ang-(1-12) by chymase was measured using an in-line flow-through gamma
detector (BioScan Inc., Washington, DC). The enzyme activity was defined as fmoles of
Ang |1 product formed from 1251-Ang-(1-12) substrate per min per mg of protein (fmol Ang
Il formation/min/mg protein).
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2.5. Application of extrinsic mechanical load

Cardiac fibroblasts (50,000 cells/cm?) were cultured on non-coated Flexcell plates (Flexcell
International Corp., Hillsborough, NC, USA) in DMEM medium containing 10% FBS, 2
mM glutamine, 10 U/mL penicillin, and 100 pg/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 International, Hillsborough, NC,
USA) at a level of distension sufficient to promote an increment of approximately 20% in
surface area at the point of maximal distension on the culture surface. The cyclic stretch was
performed for 24 h at 1 Hz without interruptions. In the case of chymase inhibition, the
specific chymase inhibitor, TEI-F00806 [15] (100 uM) was added to the medium prior to
stretch.

2.6. Chymase and transferrin uptake in cardiac fibroblasts

Rat cardiac fibroblasts were grown for one day in 4-chamber culture slides (BD Falcon, BD
Biosciences). The medium was replaced with serum-free medium containing either 0.1%
DMSO (vehicle control) or 80 pM dynasore (Selleckchem, MA) and incubated in a 37 °C
tissue-culture incubator for 30 min. Recombinant human chymase (2.5 pug/ml, Sigma-
Aldrich, MO) or transferrin-Alexa 594 (5 ug/ml, Life Technologies, OR) was added to the
medium and incubated for an additional 2 h at 37 °C. The cells were chilled on ice, washed
three times with PBS (for the transferrin-Alexa 594 uptake experiments) or with PBS with
0.5 M NacCl (for the chymase uptake experiments) followed by three washes with isotonic
PBS, and then fixed with 3% formaldehyde in PBS. The uptake of recombinant human
chymase in rat fibroblasts was analyzed by immunocytochemistry. The uptake of transferrin-
Alexa 594 was examined directly under fluorescence microscopy using a Leica DM6000
epifluorescence microscope as described above.

2.7. Monitoring autophagy and procollagen degradation by immunoblotting

The increase in autophagy was monitored by immunablotting with an LC3-specific
antibody. Briefly, cardiac fibroblast cells were lysed in RIPA buffer containing protease and
phosphatase cocktail inhibitors (Thermo Fisher Scientific, IL). Lysates (10-40 pg) were
separated on a 4-20% gradient Bis/Tris gel (Invitrogen, CA) by sodium dodecy! sulfate
(SDS)-polyacrylamide gel electrophoresis, transferred to PVDF membranes and probed with
primary antibodies overnight (4 °C) and then with appropriate horse-radish-peroxidase-
conjugated secondary antibodies (1:2000-1:5000). Bands were visualized by enhanced
chemiluminescence (Thermo Fisher Scientific, IL), scanned and analyzed by image J
software (NIH, Bethesda, MD). A rabbit polyclonal antibody against LC3 was purchased
from Sigma-Aldrich (Cat. # L8918) and used in 1:500 dilutions. Rabbit polyclonal antibody
against collagen | was purchased from Abcam (Cat. #ab34710) and used at 1:500 dilution.
GAPDH (GeneTax, Cat. #GT239) was used as a loading control for immunoblotting.

2.8. Measurement of autophagic influx

Autophagy flux in cardiac fibroblasts was measured using a plasmid expressing mCherry
and GFP-tagged LC3 (pBABE-puro mCherry-EGFP-LC3B; Addgene, 22,418). Cardiac
fibroblasts grown on 4-well chamber slides were transfected using Lipofectamine® 3000
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Reagent from Invitrogen. 24 h after transfection, the cells were treated with 2.5 pg/ml
recombinant human chymase, 5 UM rapamycin, and 100 uM chloroquine for 2 h followed
by3%formaldehyde fixation prior to image acquisition as described above. The number of
red and green punctate in at least 40 transfected cells in each group were counted using
Image Pro Software (MediaCybernetics®). The progression of autophagy is started with the
formation of autophagosomes shown as yellow punctate vesicles because they are marked
with both red and green fluorescence. When the autophagosomes fuse with the lysosomes to
form autolysosomes, the GFP green fluorescent signal is lost because the acidic environment
quenches the GFP fluorescence. The augmented appearance of red-only labeled
autolysosomes is an indication of the autophagic flux.

2.9. Transmission electron microscopy of cardiac fibroblasts after chymase treatment

Isolated adult cardiac fibroblast cells were treated with 2.5 pug/ml recombinant human
chymase for 2 h. Cardiac fibroblasts were then fixed overnight in 2.5% glutaraldehyde in 0.1
M sodium cacodylate buffer (Electron Microscopy Sciences, PA). Transmission electron
microscopy (TEM) was performed by EMLABS, Inc., Birmingham, AL. After post-fixation
with 1% osmium tetroxide in 0.1 M cacodylate buffer, fibroblasts were dehydrated with a
graded series of ethanol and embedded in Epon resin. Semi-thin (0.5 um) and ultra-thin (90
nm) sections were cut, mounted on copper grids, and post-stained with uranyl acetate and
lead citrate. Sections were viewed at 60 kv with a Philips 201 transmission electron
microscope (FEI Co., OR) for qualitative changes in the cellular ultrastructure.

2.10. mRNA quantitation by RT-PCR

Total RNA from the cardiac fibroblasts isolated from 4 and 12 week sham and ACF rats, or
from isolated control fibroblasts after 24 h of 20% cyclical stretch, or from isolated control
fibroblasts treated with recombinant chymase was extracted using the RNeasy Mini Kit
(catalog no. 74,106; Qiagen) according to the manufacturer’s protocol as previously
described [23]. Briefly, mRNA transcripts of chymase and collagen were evaluated by real
time RT-PCR using Assay-On-Demand primer mix of Mcpt2 and Collal, respectively
(Mcpt2, mast cell protease 2, assay ID: Rn00756479_g1; Collal, collagen type I, alpha 1,
assay ID: Rn01463848_m1). The rat chymase Mcpt2 has 60% identical amino acid sequence
comparing to the human chymase CMAL. Ribosomal protein, large, PO (Rplp0; assay ID:
Rn00821065_g1) was used in parallel as internal controls. TagMan One-Step RT-PCR
reactions were performed in 20 pl final volumes containing 5 pl (10x dilution of stock) of
RNA sample, AmpErase UNG (2x, 10 pl), MultiScribe reverse transcriptase and RNase
inhibitor (40x, 1 ul), primers and probe (20x, 1 ul), and RNase-free water (3 ul).
Quantitative real-time PCR was performed using the ABI PRISM 7500 sequence detection
system. Chymase and collagen | mRNA levels relative to sham or control were calculated
using the AACt method.

2.11. Statistical analysis

All data were presented as mean = SEM (standard error of mean). An unpaired Student’s t-
test was used to compare age-matched shams versus ACF groups and to compare control
versus treated groups. One-way ANOVA with Student—-Newman—Keuls post hoc test was
used in Figs. 6, 7. A p value of less than 0.05 was used for statistical significance.
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3.1. Chymase is increased in cardiac fibroblasts isolated from the 4 and 12 week ACF rats

Previous studies by our laboratory demonstrated significant LV dilatation in ACF rat hearts
at the compensated (4 week) and decompensated stages (12 week) of VO [1-3,16].
Immunohistochemistry demonstrates an increase in intracellular chymase in the cytoplasm
and nucleus in 4 and 12 week ACF compared to age-matched shams (Fig. 1A and C). The
relative fluorescence intensity of chymase per cell is increased ~8-fold and 10-fold in 4 and
12 week ACF rats, respectively, when compared to age-matched sham controls (Fig. 1B and
D). Fibroblast chymase activity, as monitored as chymostatin-inhibitable Ang-I1 formation
using 1251-Ang-(1-12) substrate followed by HPLC analysis (Fig. 2), was increased 20.52
+ 3.81 fmol/min/mg protein and 50.30 + 11.55 fmol/min/mg protein at 4 and 12 week ACF
rats, respectively, compared to age-matched shams. Chymase mRNA was also increased 1.8
+ 0.25-fold and 3.2 £ 0.34-fold in LV fibroblasts isolated from 4 week and 12 week ACF
rats, respectively, compared to age-matched shams (Fig. 3). In combination, the results
provide evidence for increased fibroblast chymase production and activity in ACF
fibroblasts at the compensated and decompensated stages of VO.

3.2. Exogenous chymase is internalized in isolated cardiac fibroblasts

Previous results demonstrate that chymase is taken up into cardiomyocytes by a dynamin-
mediated process [15]. Given that chymase is a secreted protein, we also tested for this mode
of chymase uptake in isolated adult cardiac fibroblasts. Recombinant human chymase (2.5
pg/mL) was added to isolated adult rat cardiac fibroblasts grown in 4-well chamber slides
and incubated for 2 h at 37 °C. The results in Fig. 4A show chymase uptake by the
fibroblasts (Fig. 4A, left panel) is blocked by pretreatment with dynasore (80 uM), an
inhibitor for dynamin, a GTPase protein that is required for endocytosis (Fig. 4A, right
panel). The dynasore pretreatment is also shown to block transferrin uptake by the
transferrin receptor, a receptor known to require dynamin for uptake through clathrin-coated
pits. The results illustrate that chymase is rapidly taken up by cardiac fibroblasts through a
dynamin-mediated endocytic process.

3.3. Exogenous chymase induces autophagy and procollagen degradation in cardiac

fibroblasts

We have previously shown that chymase treatment of isolated adult dog cardiomyocytes
results in mitochondrial degeneration and autophagic vacuole formation [15]. To test if this
occurs in adult rat cardiac fibroblasts, transmission electron microscopy (TEM) and western
blot analyses were performed to monitor for autophagy induction and the expression of a
marker of autophagosome formation, the type-Il1 microtubule-associated protein 1 light chain
3 (LC3-II). These analyses were performed after a 2-h treatment with recombinant human
chymase (2.5 pg/ml). Fig. 5A and B demonstrate that chymase-treated cardiac fibroblasts
have a dramatic increase in autophagic vacuoles and the LC3-11 production in chymase-
treated fibroblasts is increased to 2.59 + 0.54 fold compared to the control. The increased
autophagy was associated with a 42 + 7% decrease in procollagen | protein as shown by
immunoblotting (Fig. 5C) with no apparent change of the collagen | mMRNA levels (Fig. 5D).
Interestingly, chymase treatment also results in a ~ 60% increase in chymase mRNA as
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shown by RT-PCR (Fig. 5E), indicating that exogenous chymase addition to cardiac
fibroblasts induces chymase mRNA production in the fibroblasts.

3.4. Chymase induces autophagic flux in cardiac fibroblasts

To further assess the dynamics of autophagy induced by chymase, rat adult cardiac
fibroblasts were transfected with a plasmid expressing mCherry-GFP tandem-tagged LC3.
The use of this plasmid allows for the differentiation between the formation of
autophagosomes (shown in yellow) versus autolysosomes (shown in red), and therefore
serves as a measure of autophagic flux in the cells, i.e., the conversion of the former to the
latter [24]. Fig. 6 demonstrates that chymase treatment promotes a marked increase of
autolysosomes (Fig. 6B, illustrated in red) compared with the control (Fig. 6A). Rapamycin
treatment, a known inducer of autophagy, produces results similar to chymase treatment
(Fig. 6D). The chymase and rapamycin-induced increase of autolysosome formation is
attenuated by chloroquine treatment (CQ, Fig. 6C and E), an inhibitor of the conversion of
autophagosomes to autolysosomes. Quantitation of LC3 puncta in at least 40 cells from each
group (Fig. 6F) shows that the percentage of red-only autolysosomes is increased from 31.5
+ 6% in control cells to 70.9 £ 2.8% in chymase-treated fibroblasts and to 73.8 + 2.8% in
rapamycin-treated cells. These effects are decreased to 37.4 + 4% and 29.1 + 4% with the
addition of CQ, respectively. These results demonstrate that chymase treatment, much like
rapamycin treatment, induces autophagy that proceeds successfully to the autolysosome
stage where protein degradation occurs.

3.5. Mechanical stretch induces chymase expression and autophagy in isolated fibroblasts

To connect pure fibroblast stretch with induction of chymase transcription, we subjected
isolated adult rat cardiac fibroblasts to 20% stretch at 1 Hz for 24 h. The results shown in
Fig. 7 demonstrate a 3.6-fold increase in chymase protein by immunocytochemistry,
particularly in the nuclei (Fig. 7A and B) and nearly a 6-fold increase in chymase mRNA
levels after cyclical stretch of adult rat cardiac fibroblasts (Fig. 7C). To establish a
connection between chymase and autophagy induction in the cardiac fibroblasts, we treated
the fibroblasts with a chymase inhibitor (TEI-FO0806, 100 uM) prior to and during the 24 h
of cyclical stretch. The results indicated that induction of autophagy by LC3-11 production is
significantly attenuated by chymase inhibition (Fig. 7D and E). This suggests an autocrine
effect mediated by fibroblast chymase production on procollagen degradation.

4. Discussion

The pathophysiologic mechanisms of VO are related to not just an ECM breakdown, but
also to a failure to replace ECM, in spite of activation of the profibrotic mechanisms
triggered by an increased renin-angiotensin/chymase system [1,25]. Much has been written
about the pathophysiologic importance of upregulation of matrix metalloproteinases
(MMPs) in ECM breakdown in a pure VO [26-28]. However, we and others have reported a
decrease in interstitial collagen and hydroxyproline levels in the ACF rats at 4 and 15 weeks,
suggesting a decrease in collagen production [1,3,25]. Here we show that during the course
of VO, cardiac fibroblasts produce chymase and that chymase induces a strong autophagic
response that leads to increased intracellular degradation of procollagen I. The results of the
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current investigation demonstrate a heretofore unrecognized mechanism by which chymase
has a negative effect on the production of collagen in VO.

Analysis of compensated and decompensated VO in 4 and 12 week ACF rats demonstrates
an increase in chymase mRNA and protein in isolated LV fibroblasts. Furthermore,
chymase-mediated Ang Il-forming capacity from Ang-(1-12) is increased in these ACF
fibroblasts. In addition, cyclical stretch of cardiac fibroblasts results in an increase in
chymase mRNA and protein. These results suggest that adult cardiac fibroblasts are an
important source of chymase under the hemodynamic stress of a pure VO. In addition to the
mast cells that were considered to be the major source of chymase [5], chymase has been
reported to be produced in neonatal cardiac fibroblasts under glucose stimulation [18-20]
and in cardiac interstitial cells such as endothelial cells and fibroblasts of the human heart
failure heart [21]. These findings are consistent with our recent studies demonstrating
chymase within atrial myocytes in human atrial appendage tissue [29-31]. The connection
of chymase production to hemodynamic stretch is also exemplified by our work
demonstrating chymase within left atrial myocytes of humans with enlarged left atria
undergoing the MAZE procedure for atrial fibrillation and increasing right and left atrial
chymase activity in proportion to the severity of left heart disease in patients [30].

Fibroblasts isolated from ACF rat hearts, after chymase treatment, or after cyclical stretch
demonstrate chymase inside the cell, and interestingly, illustrate a prominent location in the
nucleus (Figs. 1, 4 and 7). Since chymase is a secreted protein, we speculated that chymase
may enter cardiac fibroblasts from extracellular spaces. Indeed, our /n vitro studies
demonstrate exogenous chymase is rapidly internalized to fibroblasts by a dynamin-
mediated process as we reported recently in cardiomyocytes [15]. A similar endocytic
uptake mechanism has been proposed for neutrophil elastase in human lung tumor cells
[32,33], granzyme B in lymphocytes [34] and myeloperoxidase in endothelial cells [35]. In
addition to the potential for fibroblast chymase uptake, increased chymase mRNA in
fibroblasts in response to ACF or mechanical stretch supports a transcriptionally regulated
response in cardiac fibroblasts. However, the mechanism for the nuclear localization of
chymase remains to be elucidated. In support of an intra-nuclear renin angiotensin system,
renal Ang Il receptors have been reported to be predominantly localized to the nucleus after
cell surface ligand binding and subsequent internalization, which in turn is linked to nitric
oxide production in rat kidney [36]. Future studies will delve into the compartmentalization
of chymase within the cell and how chymase-mediated intracellular Ang Il formation may
be functionally connected to nuclear AT receptors [18].

The current study also demonstrates a new function for chymase in the induction of
autophagic digestion of procollagen. First, increased fibroblast chymase in ACF rats is
associated with the evidence of increased autophagy as determined by LC3-I1 elevation and
TEM evidence of increased autophagic vacuoles and increased procollagen degradation [16].
Second, to establish that chymase originates from the fibroblasts and is related to autophagy
induction, 24-h cyclic stretch of adult rat cardiac fibroblasts /n vitro recapitulated /in vivo
findings of an increase in chymase and autophagy induction that is blocked by a chymase
inhibitor. Third, chymase treatment of control LV fibroblasts also increases LC3-I1 and
autophagic vacuoles by TEM and a decrease in procollagen | levels. These /n vitro
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experiments demonstrate that chymase plays a previously unrecognized role to downgrade
the ECM level through the induction of autophagy. Based on previous reports, chymase may
induce autophagy through several potential mechanisms. First, chymase may induce
autophagy through its Ang-11 forming function. It was shown recently by Liu et al. that rat
cardiac fibroblasts stimulated with Ang-I1 have activated autophagy [37]. Second, chymase
may induce autophagy indirectly by inducing p-adrenergic and TGF-f signaling pathways.
Both have been shown to stimulate autophagy in rat cardiac fibroblasts [38] and mouse
kidney mesangial cells [17], respectively. Another explanation is that chymase breakdown of
fibronectin and the focal adhesion complex may generate an outside-in signal to induce
autophagy. This chymase-mediated reaction has been shown to be initiated from the cell
surface and has been implicated in apoptosis in isolated smooth muscle cells [14] and in our
previous studies in the pure VO in the rat [39] and dog [40].

The fibroblast is the most plentiful cell type in the heart and is the source of ECM proteins,
MMPs and tissue inhibitors of MMPs (TIMPs) [41]. Chymase-mediated Ang Il formation,
MMP activation, and fibronectin degradation have been thought to occur in the cardiac
interstitial space. The ability to produce chymase and its potential role in autophagic
procollagen degradation opens a new paradigm of the fibroblast in ECM homeostasis. The
significance of these findings underscores the ability of fibroblasts to produce chymase and
to induce procollagen degradation and supports the wide range of dynamic functional and
phenotypic alterations of fibroblasts including cytokine production and transformation in
response to various cardiac stresses [42—44]. Given the extensive distribution of fibroblasts
compared to mast cells in cardiac tissue, these results now emphasize the importance of
fibroblast chymase in the LV remodeling process in VO. It is therefore anticipated that
inhibition of chymase will have therapeutic benefits for various heart disease of LV
dysfunction. Our recent report demonstrates significant improvement in LV remodeling and
function achieved by addition of chymase inhibition to ACE inhibition over ACE inhibition
alone in experimental myocardial infarction in the hamster [45]. Furthermore, renin
inhibitors, ACE inhibitors, and Ang Il receptor blockers have fallen short of expectations in
the long-term treatment of cardiovascular disease [46]. Currently, a new type of chymase
inhibitor, BAY1142524, is in phase-II clinic trial (NCT02452515 — clinicaltrials.gov) to
treat patients with LV dysfunction after myocardial infarction. However, our data suggests
chymase has intracellular functions to regulate the ECM production. Understanding all of
the intracellular functions of chymase in both cardiac fibroblasts and myocytes is clearly an
important next step that requires careful examination since these intracellular chymase-
mediated functions might be divergent from ACE inhibitors or type 1 Ang Il receptor
blockers which act at the cell surface.
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Sham

Sham ACF

Chymase protein is increased in cardiac fibroblasts isolated from 4 and 12 week ACF rats
compared to age-matched shams as shown by Immunocytochemistry. Cardiac fibroblasts
were isolated from 4 week (A) and 12 week (C) sham and ACF rats followed by indirect
fluorescence microcopy using chymase (red) and vimentin (green) antibodies. DAPI: blue.
Quantitation of chymase fluorescence intensity in at least 40 cells demonstrates a marked
increase in chymase protein in fibroblasts isolated from 4 week (B) and 12 week (D) ACF

rats compared to the age-matched shams.
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Fig. 2.

Chymase activity is increased in cardiac fibroblasts isolated from 4 and 12 week ACF rats
compared to age-matched shams. Cardiac fibroblasts were isolated from 4 week (A) and 12
week (B) sham and ACF rats were analyzed for chymase activity as described in the
Experimental methods section. (A, B) Representative HPLC chromatograms showing
chymase activity based on 125]-Ang-11 formation from the hydrolysis of 1251-Ang-(1-12).
The increased chymase activity is blocked when chymostatin is presented in the reaction
mixture (C). (D) Bar graph demonstrates that chymase activity is increased in cardiac
fibroblast cells isolated from 4 and 12 week ACF rats compared to age-matched shams. n =
4 each. There is also a significant increase in chymase activity in 12 week ACF fibroblasts
vs. 4 week ACF fibroblasts. *~ < 0.05.
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Fig. 3.

Cr?ymase MRNA is increased in cardiac fibroblasts isolated from 4 and 12 week ACF rats
compared to age-matched shams. Cardiac fibroblasts were isolated from 4 week (A) and 12
week (B) sham and ACF rats were analyzed for chymase mRNA by real-time PCR as
described in the Experimental methods section. There is a marked increase of chymase
mRNA in cardiac fibroblasts isolated from ACF rats. n = 6 each. *~< 0.05.
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A. Chymase Chymase + Dynasore

B. Transferrin Transferrin + Dynasore

Fig. 4.
Exogenous chymase is internalized to adult cardiac fibroblasts through dynamin-mediated

endocytosis. (A), Adult rat cardiac fibroblast cells were incubated with recombinant human
chymase (2.5 pg/ml) for 2 h followed by ICC analysis with anti-chymase (red) and anti-
vimentin (green) antibodies. There is marked chymase entry into the cytoplasm and nuclei of
the fibroblasts (left panel) that is prevented by pretreatment with dynasore, a dynamin
inhibitor (80 puM, right panel). (B), Control experiments reveal that dynasore treatment
prevents transferrin uptake by fibroblasts. Rat cardiac fibroblasts were incubated with 5
ug/ml transferrin-Alexa 594 (red) for 2 h followed by fluorescence microscopy. There is
marked entry of transferrin into the fibroblast cytoplasm (left panel) that is prevented by
pretreatment with dynasore (right panel). n = 3. DAPI: blue.

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 December 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fuetal.

Page 18

.. -

&

Ctrl Chymase

r

LC3-1

LCa-1~>= s |15 kDa

LC3-I/GAPDH
(Normalized to Ctrl)

= - !
o ;o= ;N O,

37 kDa

’ Ctrl Chymase

o
m

Ctrl Chymase

N.S

w

0.8 4

-

Procollagen || s s

~150 kDa 0.6

04

(Relative to Ctrl)
(=]
0

Chymase mRNA
(Relative to Ctrl)

Procollagen IIGAPDH
o
o

(Normalized to Ctrl)
Collagen 1 mRNA

02
GAPDH —> | s =37 kDa o 4

Ctrl Chymase ctrl Chymase ctrl Chymase

Fig. 5.

Cr?ymase treatment induces autophagy and procollagen degradation in cardiac fibroblasts.
(A), Adult rat cardiac fibroblasts were treated with chymase (2.5 pg/ml) for 2 h and then
processed for TEM analyses. There is a marked increase of autophagic vacuoles. av:
autophagic vacuoles; Nuc: nucleus; ER: rough endoplasmic reticulum; MT: mitochondria.
(B), The expression of an autophagic marker, LC3-11, was analyzed by immunoblotting.
Chymase treatment increases LC3-11 expression, n = 4. (C), Chymase treatment results in a
50% reduction of procollagen | protein as measured by immunoblotting with no change in
collagen I mRNA as shown by RT-PCR (D), n =4, N.S.: not significant. (E) Chymase
treatment increases chymase mRNA as shown by RT-PCR. n = 4, *P< 0.05 vs. control.
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Fig. 6.

Cr?ymase induces autophagic flux in adult cardiac fibroblasts. Adult cardiac fibroblast cells
grown on 4-well chamber slides were transfected with the plasmid expressing mCherry-
GFP-LC3 as described in the Experimental methods. 24 h after transfection, the cells were
treated for 2 h with (A) mock control, (B) 2.5 pug/ml recombinant chymase (Chy), (C)
Chymase and 100 uM chloroquine (CQ), (D) 5 uM Rapamycin (Rapa), or (E) 5 uM
Rapamycin and CQ. The formation of autophagosomes and autolysosomes during
autophagy process was analyzed by fluorescence microscopy. (F), Quantitation of red-only
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puncta in at least 40 transfected cells from each group demonstrates an increased autophagic
flux in cardiac fibroblasts treated with chymase or rapamycin. *~ < 0.05.
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Fig. 7.
Mechanical stretch of adult rat cardiac fibroblasts induces chymase production and

autophagy that is inhibited by a chymase inhibitor. Adult rat LV fibroblasts cultured in
Flexcell plates were subjected to 20% cyclic stretch (1 Hz) for 24 h. (A), Representative
images of ICC shows an increased chymase protein in stretched fibroblasts. Chymase: red;
Vimentin: green; Blue: DAPI. (B), Quantitation of fluorescence intensity of at least 40 cells
demonstrates a 3.6-fold increase of chymase protein upon stretch. (C), Quantitative RT-PCR
shows a ~ 6 fold increase of chymase mRNA after stretch. (D), Adult cardiac fibroblasts
were pretreated with 100 uM chymase inhibitor (TEI-FO0806) and subjected to cyclic stretch
for 24 h. Western blot demonstrates that stretch-induced LC3-11 production is attenuated by
chymase inhibitor. (E), Bar graph shows the results of 4 experiments. *~ < 0.05.
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