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Abstract

In a pure volume overloaded (\VO) heart, interstitial collagen loss is degraded by matrix
metalloproteinases (MMPs) that leads to left ventricular (LV) dilatation and heart failure. Cardiac
fibroblasts are the primary source of extracellular matrix proteins that connect cardiomyocytes.
The goal of this study was to determine how VO affects intracellular procollagen in cardiac
fibroblasts. Using the aortocaval fistula (ACF) model in Sprague-Dawley rats, we demonstrate
that cardiac fibroblasts isolated from 4 and 12 wk ACF animals have decreased intracellular
procollagen | compared to the fibroblasts from age-matched shams. The reduction of procollagen |
is associated with increased autophagy as demonstrated by increased autophagic vacuoles and
LC3-11 expression. To test the relationship between autophagy and procollagen degradation, we
treated adult cardiac fibroblasts with either an autophagy inducer, rapamycin, or an inhibitor,
wortmannin, and found that procollagen I protein levels were decreased in fibroblasts treated with
rapamycin and elevated in wortmannin-treated cells. In addition, we demonstrated that VO
induces oxidative stresses in cardiac fibroblasts from 4- and 12 wk ACF rats. Treatment of
cultured cardiac fibroblasts with an oxidative stress-inducing agent (DMNQ) induces autophagy
and intracellular procollagen I and fibronectin degradation, which is reversed by wortmannin but
not by the global MMP inhibitor (PD166793). Mechanical stretch of cardiac fibroblasts also
induces oxidative stress and autophagic degradation of procollagen I and fibronectin. Our results
suggest that in addition to the well-known effects of MMPs on extracellular collagen degradation
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in VO, there is a concurrent degradation of intracellular procollagen and fibronectin mediated by
oxidative stress-induced autophagy in cardiac fibroblasts.
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Volume overload, cardiac fibroblast; oxidative stress; autophagy; intracellular procollagen; matrix
metalloproteinase

1. Introduction

A pure cardiac volume overload (VO) caused by aortocaval fistula (ACF) or primary mitral
regurgitation (MR) is initially marked by inflammation and oxidative stress that eventually
progresses to left ventricular (LV) dilatation, LV wall thinning, cardiomyocyte elongation
and thinning, and heart failure [1-7]. This adverse eccentric LV remodeling is associated
with a loss of interstitial collagen matrix that connects cardiomyocytes to each other and
leads to spherical LV dilatation and heart failure. A large body of work from multiple
laboratories has documented an upregulation of matrix metalloproteinases (MMPS) in
mediating this extracellular collagen breakdown in the LV remodeling of a pure VO [2,
7-10]. MMP inhibitors have been shown to attenuate extracellular collagen loss and LV
dilatation in the ACF rats [11]. Pretreatment with MMP inhibition decreases oxidative stress
and improves LV diastolic and systolic dysfunction in vivo at the 4 week time point in the
ACF mouse [12]. Taken together, these studies suggest that increased inflammation and
oxidative stress in a pure VO leads to MMP activation, interstitial collagen loss, LV
dilatation and heart failure.

The fibroblast is the most plentiful cell type in the heart and plays a critical role in the
maintenance of extracellular matrix (ECM) homeostasis [13, 14]. Cardiac fibroblasts are the
primary source of ECM proteins as well as proteins involved in ECM degradation that
include MMPs and tissue inhibitors of MMPs (TIMPs) [14]. The ECM proteins include
fibrillar collagen types I and fibronectin, as well as less abundant type IlI, 1V, V and VI-
collagen, laminin, elastin, and proteoglycans. The synthesis of ECM proteins can be
regulated by various growth factors such as platelet-derived growth factor, basic fibroblast
growth factor and TGF- in development or disease conditions [14]. In vitro treatment of rat
cardiac fibroblasts with interleukin-1f3, TNF-a or oxidative stress decreases collagen
synthesis and increases MMP activities [15, 16]. However, how collagen synthesis and
degradation are balanced within fibroblasts is largely unknown in VO.

Autophagy is a major cellular pathway that degrades misfolded/aggregated proteins and
damaged organelles. Autophagy involves the formation of double membrane vesicles called
autophagosomes that enclose macromolecular aggregates and cellular organelles for
degradation by the lysosomes [17]. It can be upregulated by both external and intracellular
stress signals that include amino acid starvation, endoplasmic reticulum (ER) stress, hypoxia
and oxidative stress. Besides MMPs that degrade proteins in the extracellular space,
emerging evidence suggests that autophagy is involved in procollagen degradation within
the fibroblasts. In mesangial cells from mouse kidney, autophagy promotes intracellular
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degradation of type I procollagen in response to TGF-p1 treatment [18]. In rat cardiac
fibroblasts, p2-adrenergic stimulation triggers autophagy and procollagen degradation [19].

In current study, we investigate the role of cardiac fibroblasts in ECM degradation in
response to pure VO. We report a marked increase of autophagy associated intracellular
procollagen degradation in cardiac fibroblasts isolated from 4 and 12 wk ACF rats, for
which we have identified as compensated and decompensated stages of ACF VO in the rat
[7]. Invitro studies with isolated cardiac fibroblasts demonstrate that the autophagic
degradation of procollagen I and fibronectin is increased when the fibroblast cells are treated
with either oxidative stress or mechanical stretch. Thus in a pure VO, this process
exacerbates the ECM homeostatic imbalance by decreasing ECM production in the face of
interstitial ECM loss through MMP activation.

2. Materials and methods

2.1. Animal studies

Adult male Sprague-Dawley rats (200-250g) at 12 weeks of age were subjected to either
sham or ACF surgery, as described previously in our laboratory [1-5, 7, 20]. Briefly, rats
were anesthetized with isoflurane (2% at 2L/min oxygen) in a well-ventilated aseptic area 10
min prior to the surgery. After the surgery, the skin was closed using metallic wound clips.
Rats were administered with buprenorphine (0.05 mg/Kg; IP) preoperatively and after
surgery. Every effort was made to minimize any discomfort to the animals used in these
studies and the animals were euthanized following anesthesia with isofluorane and
exsanguination after 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 140909251) and followed the National Institute of
Health's ‘Guide for the Care and Use of Laboratory Animals’.

2.2. Echocardiographic measurement

Echocardiography was performed prior to sacrifice using the Visualsonics imaging system
(Vivo 2100, Toronto, Canada) with the rats under isoflurane anesthesia as previously
described [2, 5, 7]. Echocardiography dimensions (wall thickness and chamber diameter)
were obtained using software included in the Visualsonics system.

2.3. Isolation of cardiac fibroblasts

Adult rat cardiac fibroblasts were isolated by recirculating perfusion buffer supplemented
with 1 mg/mL type Il collagenase (Invitrogen, CA) as previously described [1]. Briefly, the
heart was perfused with perfusion buffer (120 mmol/L NaCl, 15 mmol/L KCI, 0.5 mmol/L
KH,PO4, 5 mmol/L NaHCOg3, 10 mmol/L HEPES, and 5 mmol/L glucose, pH 7.0) for 5 min
and digested with perfusion buffer containing 1 mg/mL collagenase 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
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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 and washed by PBS twice then resuspended in DMEM supplemented with
antibiotics (penicillin/streptomycin, 1%), L-glutamine and 10% FBS. Cells were subjected
to differential plating on uncoated cell culture dishes (10 cm diameter) for 120 min. Non-
adherent cells (mostly cardiomyocytes, endothelial and smooth muscle cells) were removed.
We previously demonstrated that the purity of the preparation is greater than 95% with very
little myofibroblast differentiation [2]. Cultured cells by this protocol were vimentin-positive
after immunostaining with anti-vimentin antibody (Millipore #AB5733; 1:500) and negative
for smooth muscle alpha-actin or fibronectin (1:100 dilutions, Sigma-Aldrich, MO). Adult
rat cardiac fibroblasts were used from passages 2 to 3 in all of the described studies.

2.4. Monitoring autophagy by immunoblotting and fluorescence microscopy

The increase in autophagy was monitored by immunoblotting with an LC3-specific
antibody. Briefly, cardiac fibroblasts were lysed in RIPA buffer containing protease and
phosphatase cocktail inhibitors (Thermo Fisher Scientific, IL). Lysates (10-40 pug) were
separated on a 4-20% gradient Bis/Tris gel (Invitrogen, CA) by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis and transferred to P\VDF membranes. The
membranes probed with primary antibodies overnight (4°C), and then with appropriate
horse-radish-peroxidase-conjugated secondary antibodies (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 at 1:500 dilution. Immunoblotting
of GAPDH (GeneTax, Cat. #GT239) was used as a loading control. The normal control
fibroblasts were treated with the autophagy enhancer (rapamycin) or inhibitor (wortmannin)
for 24 h with 0.5 uM and 50 nM concentrations, respectively. 2,3-Dimethoxy-1, 4-
naphthoquinone (DMNQ), an inducer of intracellular superoxide anion formation, was
purchased from Sigma-Aldrich (Cat. #5439) and used at 5 uM for 16 h to treat the cultured
fibroblast cells. PD166793, a broad spectrum MMP inhibitor, was purchased from Tocris
Bioscience and used at 100 pM for 16 h.

2.5. Monitoring of procollagen | and fibronectin protein expression in cardiac fibroblasts

The expression of procollagen in cardiac fibroblast cells was determined by immunoblotting
as described above. A rabbit polyclonal antibody against collagen | was purchased from
Abcam (Cat. #ab34710) and used at 1:500 dilution. A mouse monoclonal antibody against
fibronectin was also purchased from Abcam (Cat. #ab6328) and used at 1:1000 dilution.

2.6. Extrinsic mechanical stretch and transmission electron microscopy of cardiac

fibroblasts

Cardiac fibroblasts (50,000 cells/cm?) were cultured on BioFlex culture plates without any
coating (Flexcell International Corp., Hillsborough, NC, USA) in DMEM medium
containing 10% FBS, 2 mM glutamine, 10 U/mL penicillin, and 100 mg/mL streptomycin as
previously described [2, 21]. The medium was changed 24 h before initiation of the
experiment and cells were subjected to cyclic strain on the Flexcell Strain system (model
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FX-5000) 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. Cyclic stretch was
performed for 24 h at 1 Hz without interruptions. After stretch, cardiac fibroblasts were
fixed overnight in 2.5% glutaraldehyde in Sorensen's phosphate buffer (Electron
Microscopy Sciences, PA, #15980). 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 ultrastructure. At least 3 samples of each condition were examined
and representative images were shown in the figures.

2.7. Measurement of interstitial collagen (Collagen Volume Percent) in rat LV tissue

Interstitial collagen in LV tissue of 4 and 12 wk sham and ACF rat was analyzed as
previously described [2]. All measurements were performed in a blinded manner. Results
are presented as the mean + SEM values computed from the average of individual
measurements obtained from each heart.

2.8. Assessment of oxidative stress in cardiac fibroblasts isolated from sham and ACF rats

The production of reactive oxygen species (ROS) was monitored with 5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein (CM-DCF, Life Technologies, Cat. #C6827),
a ROS-sensitive fluorescent indicator, as previously described by our laboratory [1]. Briefly,
cardiac fibroblasts isolated from sham and ACF rats were cultured for 36 h in a 4-chamber
slides (BD Bioscience) and incubated with 4 upM CM-DCF dye solution for 20 min in a dark
humidity chamber at RT. Cells were washed 3 times with 1X serum free medium at RT,
chambers were removed, and slides were coverslipped with 1X serum free medium, CM-
DCF images were captured using a Leica DM6000 Epifluorescence microscope at 488 nm
excitation. Mean fluorescence intensity (a.u.) and background were measured using
SimplePCI software. Data was expressed as net intensity.

2.9. Measurement of MMP-2 activity by gel zymography

The activity of matrix metalloproteinases (MMP) in isolated cardiac fibroblasts were
measured as described previously [2]. Cell lysates (5 ug) were separated by running a 10%
SDS-PAGE in a gelatin-containing gel followed by zymography according to the
manufacturer's instructions (Novex, Invitrogen). The bands corresponding to the MMP-2
activity were scanned and quantified with Image J. Data were expressed as fold changes
relative to the sham control.

2.10. Quantitation of mMRNA levels

Total RNA was extracted from cardiac fibroblasts from 4 and 12 wk sham and ACF rats,
and from isolated normal fibroblasts after 24 h of 20% cyclical stretch using RNeasy Mini
Kit (catalog no. 74106; Qiagen) according to the manufacturer's protocol as previously
described in our lab [22]. Total collagen | was evaluated using Assay-On-Demand primer
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mix (Collal, collagen type I, alpha 1, assay ID: Rn01463848 m1). Ribosomal protein,
large, PO (Rplp0; assay ID: Rn00821065_g1) was studied in parallel as internal controls.
TagMan One-Step RT-PCR reactions were performed in 25 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 pl). Five 1-log serial dilution reactions were conducted in duplicate. The input
amount of target mRNA was normalized to Rplp0 mRNA as an endogenous control. Results
are plotted as fold changes relative to sham or normal control.

2.11. Statistical analysis

All data were presented as means =+ SE. An unpaired Student's t-test was used to compare
age-matched shams versus ACF groups and to compare control versus stretch groups. One-
way ANOVA with Student-Newman-Keuls post hoc test was used in Figures 3 and 5 to
determine the effects of rapamycin, wortmannin, DMNQ and PD166793 on cardiac
fibroblasts. A P-value of less than 0.05 was used for statistical significance.

3. RESULTS
3.1. LV remodeling in 4 and 12 wk ACF rats

Previously, we reported a differential regulation of genes related to inflammation and ECM
homeostasis during different stages of ACF [7]. In our analysis, we found that the 4-5 wk
ACF is the compensated stage and 12-15 wk ACF is the decompensated stage. In the current
study, echocardiography was performed to determine the level of LV remodeling in 4- and
12-wk ACF rats and age-matched sham animals. Table 1 shows significant increases of LV
end-diastolic dimension (LVEDD), LV end-systolic dimension (LVESD) and LV end-
diastolic dimension/posterior wall thickness ratio (LVEDD/PW) in both 4 and 12 wk ACF
rats compared to the sham controls. These results indicate an eccentric remodeling of the
heart in chronic ACF rats as we have shown previously [2, 4, 7]. In the 12 wk ACF rats,
there is a significant decrease in LV fractional shortening (LVFS) and velocity of
circumferential shortening (VCFr), while the LVFS and VCFr in 4 wk ACF rats does not
differ from age-matched shams, indicating decreased systolic function and decompensation
in 12 weeks of ACF.

3.2. Increased autophagy and procollagen degradation in cardiac fibroblasts of ACF rats

Cardiac fibroblasts have been shown to play a critical role in LV remodeling due to their
function in the generation of extracellular matrix [19, 23, 24]. We first analyzed the
ultrastructure of cardiac fibroblasts isolated from 4 wk ACF rats in comparison to the sham
controls. The formation of autophagic vacuoles was evident in cardiac fibroblasts isolated
from the ACF animals as shown by transmission electron microscopy (TEM) (Fig. 1A).
Since the type-11 microtubule-associated protein 1 light chain 3 (LC3-11) is widely used as a
marker of autophagy induction, we measured the level of LC3-11 production in cardiac
fibroblasts from the sham and ACF rats by immunoblotting. As shown in Figs. 1B & 1C, the
level of LC3-11 increased ~3 fold in cardiac fibroblasts isolated from 4 wk ACF rats
compared to the age-matched shams, indicating that ACF induces autophagic activity in
cardiac fibroblasts. Protein level of procollagen | in cardiac fibroblasts isolated from ACF
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rats was decreased ~50% (Figs. 1B & 1C). The mRNA levels of collagen I, however, were
the same in cardiac fibroblasts of the sham and ACF animals (Fig. 1D), suggesting that the
change of procollagen | after 4 wk ACF was a posttranscriptional effect. At 12 weeks of
ACF, the LC3-11 levels were increased ~1.5 fold and procollagen I levels were reduced
~50% when compared to the age-matched shams (Fig. 2), indicating that the loss of
procollagen production was a long-term effect. In addition, examination of isolated
fibroblasts from 12 wk ACF hearts by TEM also demonstrated large autophagic vacuoles as
the 4 wk ACF fibroblasts.

3.3. Degradation of procollagen | is mediated through autophagy in cardiac fibroblasts

Because we saw a corresponding induction of autophagy and loss of procollagen | upon
ACF, we tested whether autophagy induction promoted procollagen | degradation. We
compared the effects of the autophagy inducer (rapamycin) with the autophagy inhibitor
(wortmannin) on the procollagen | levels in cardiac fibroblasts isolated from normal adult
rats and cultured with either 0.5 uM rapamycin or 50 nM wortmannin for 24 h. Rapamycin
treatment induced an increase of autophagic vacuoles as indicated by increased labeling of
Cyto-1D (Fig. 3A) as well as LC3-I1 production as shown by immunoblotting (Figs. 3B &
3C). Correspondingly, the level of procollagen | was reduced after rapamycin treatment. In
contrast, inhibition of autophagy by wortmannin, a PI3-kinase inhibitor, increased the level
of procollagen 1. There were no significant changes in the collagen 1 mRNA transcripts after
rapamycin or wortmannin treatment (Fig. 3D). These results suggest that autophagy is
directly involved in the degradation of procollagen I.

3.4. Oxidative stress induces autophagic degradation of procollagen in cardiac fibroblasts

We previously reported that there is an increased oxidative stress in cardiomyocytes from 24
hr and 8 wk ACF rats [1, 3, 21]. Here we tested whether oxidative stress also occurred in
cardiac fibroblasts isolated from ACF rats. Cardiac fibroblasts were cultured and loaded
with CM-DCEF, a fluorescent indicator for ROS. Fig. 4 shows that cardiac fibroblasts from 4
and 12 wk ACF rats have a ~2 fold increase in DCF fluorescence compared to the sham
controls, indicating that the fibroblasts isolated from the ACF rats were undergoing
oxidative stress.

Next, we tested if the oxidative stress promoted the intracellular procollagen degradation by
inducing autophagy. Cardiac fibroblasts isolated from normal adult rats were cultured with
or without DMNQ, a cell-permeable redox cycling quinone that generates superoxide
production. In Fig. 5, we show that DMNQ treatment increases LC3-11 production ~2 fold,
confirming that oxidative stress induces autophagy. Furthermore, the increased autophagy
parallels a 50% decrease of procollagen I levels. Fibronectin levels were also decreased by
DMNQ, indicating that oxidative stress induced autophagy affects the breakdown of ECM
proteins in general. To further support the connection between the oxidative stress-induced
autophagy and the degradation of ECM proteins, we demonstrated that DMNQ effects on
procollagen and fibronectin levels were reversed by autophagy inhibition (wortmannin
treatment), suggesting that autophagy was responsible for the loss of ECM proteins. In
contrast, the broad-spectrum MMP inhibitor (PD166793) did not reverse the effects of
DMNQ on procollagen and fibronectin degradation, suggesting MMP activation does not
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degrade intracellular procollagen and fibronectin before they are secreted to the extracellular
environment.

3.5 Mechanical stretch induces autophagy-mediated procollagen/fibronectin loss and
oxidative stress in cardiac fibroblasts

The results above suggest that chronic VO in vivo in ACF rats reduces intracellular collagen
production through the activation of autophagy. Next, we used normal adult cultured cardiac
fibroblasts undergoing cyclic mechanical stretch to simulate VO in vitro. TEM analyses of
stretched fibroblasts demonstrated the presence of multiple perinuclear late-stage autophagic
vacuoles defined by the presence of electron dense debris (Fig. 6A), along with a 2-fold
increase in the LC3-11 and significant loss of intracellular procollagen I and fibronectin
protein (Fig. 6B) without significant changes on their mRNA levels (Fig. 6C). To test if
these changes are due to the increased oxidative stress, we measured the production of
reactive oxygen species (ROS) after cyclic stretch of fibroblasts for 24 h and found a 5-fold
increase in CM-DCF fluorescence in stretched fibroblasts (Fig. 6D). These in vitro
experiments of cyclic stretch suggest that like the conditions in VO, mechanical stretch-
induced oxidative stress may be an important stimulus to autophagy-mediated ECM loss in
isolated cardiac fibroblasts.

3.6. Interstitial collagen loss is associated with MMP-2 activation in ACF rats

The interstitial collagen in LV heart tissues from 4 and 12 wk ACF rats was reduced ~30%
compared to the sham controls (Figs 7A & 7B). It is widely accepted that the loss of
extracellular matrix proteins such as collagen is attributed to the increased activity of MMPs
[10]. Indeed, the MMP-2 level was increased ~3.5 fold and ~4 fold in 4 and 12 wk ACF
cardiac fibroblasts, respectively, compared to age-matched shams (Fig. 7C).

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 increased cardiac renin, angiotension-converting
enzyme (ACE), chymase activity, and Ang Il levels [2, 25]. Here we demonstrate that
during the course of a compensated (4 wk) and decompensated (12 wk) stage in VO, cardiac
fibroblasts produce a strong autophagic response that leads to increase intracellular
degradation of procollagen and fibronectin. The results of the current investigation
demonstrate a heretofore-unrecognized role of autophagy that contributes to the excessive
loss of ECM in the process of LV dilatation.

The fibroblast is the most plentiful cell type in the rat heart and is the source of ECM
proteins, MMPs and tissue inhibitors of MMPs (TIMPs) [13, 27]. Much has been written
about the pathophysiologic importance of upregulation and balance of MMPs and TIMPs for
LV remodeling in models of coronary artery occlusion [26], later stages of pressure overload
[24] and pure VO [8-10]. It is of interest that Schaper and coworkers demonstrated that LV
dilatation and a decrease in LV ejection fraction that occurs in the later stages of pressure
overload in human aortic stenosis is associated with an increased MMP/TIMP ratio [24]. It
has been suggested that this imbalance is an important mechanism of LV dilatation that
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occurs early and throughout the course of a pure VO [7]. In VO, there is a strong correlation
between MMP-2 activation and the ECM collagen degradation as we reported in ACF rats
[1, 2,9, 10].

One of the major factors in MMP activation is increased oxidative stress that occurs during
cardiac injury [27]. Indeed, we have demonstrated increased cardiomyocyte oxidative stress
with cyclical stretch in vitro and in both early and later 8 wk ACF cardiomyocytes [1, 3, 21].
Here we demonstrate a similar finding of increased oxidative stress in fibroblasts stretched
invitro and in fibroblasts taken from 4 and 12 wk ACF left ventricles (Fig. 3 and Fig. 6).
We found that cardiac fibroblasts isolated from 4 and 12 wk ACF rats also have elevated
MMP-2 activity compared to sham controls (Fig. 7C). Increased oxidative stress can
activate MMP-2 and thus mediate collagen degradation in the extracellular space. Consistent
with this notion, we demonstrated that the global MMP inhibitor PD166793 prevents
interstitial collagen loss in LV tissue of 24 hours VO heart [1]. However, PD166793 has no
effect on oxidative stress-induced procollagen degradation (Fig. 5); indicating MMP-2 is not
involved in intracellular procollagen degradation.

Previous studies from our lab demonstrate increased LV MMP-2 activity at an early 2 wk
stage and late 12 wk ACF but not at 4 wk ACF rats [7]. In the current investigation, we
provide evidence of increased autophagy in cardiac fibroblasts taken from both 4 and 12 wk
ACEF left ventricles. The induction of autophagy is demonstrated by the elevated LC3-11
expression and increase in autophagic vacuoles by TEM. Thus, under all conditions of ACF
invivo, and DMNQ treatment and cyclical stretch in vitro, there is oxidative stress induction
in fibroblasts that is associated with the decrease in procollagen I. A further connection
between autophagic induction and intracellular procollagen breakdown is demonstrated in
Fig. 3 where pharmacologic autophagy enhancement or inhibition in isolated fibroblasts has
directionally opposite effects on the procollagen | protein but no influence on its MRNA.

Previous studies have also demonstrated a similar finding of autophagic digestion of
procollagen under stimuli other than oxidative stress. Stimulation of fibroblast autophagic
procollagen digestion has also been demonstrated by beta-adrenergic stimulation of adult rat
cardiac fibroblasts [19] and in TGF- stimulated mouse kidney mesangial cells [18]. In both
studies, the investigators speculated that the autophagic procollagen breakdown is a
compensatory mechanism that reduces fibrosis in the presence of excessive adrenergic
stimulation that occurs in heart failure and in TGF-p-mediated kidney fibrosis, respectively.
Aging dermal fibroblasts also have decreased collagen production [28, 29] and increased
autophagic procollagen digestion, which has also been implicated in the matrix loss and
decreased tensile strength in the aging skin [30]. Taken together, these collective studies in
fibroblasts support our findings that autophagy plays a role in ECM homeostasis through
intracellular degradation of procollagen and fibronectin in the VO heart.

Important to the net collagen loss in a pure VO, our studies demonstrate a dual function of
cardiac fibroblasts on ECM loss by decreasing collagen production through autophagy and
secreting MMPs to degrade interstitial collagen. While the balance of MMP/TIMP activity
in different stages of LV remodeling may fluctuate [7-8, 31], the induction of autophagy and
procollagen decrease at both a compensated stage of 4 wk ACF and decompensated stage of
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12 wk ACF demonstrate a continual loss of collagen via autophagy. Many extracellular and
intracellular signals might stimulate autophagy under VO; however, we posit that the
combined stimulus of adrenergic drive in a pure VO [32] and oxidative stress may represent
the chronic stimuli that turn on this autophagic response as well as a secretory MMP activity
in fibroblasts. The combination of both events sets up a multi-mechanistic and unremitting
collagen loss between cardiomyocytes and results in adverse LV eccentric remodeling.

In summary, we provide evidence that cardiac fibroblasts produce less collagen in the VO
heart. This finding is consistent with the mounting evidence for the wide range of dynamic
functional and phenotypic alterations of fibroblasts including cytokine production and
transformation in response to various cardiac stresses [23, 33, 34]. The fact that fibroblasts
make up approximately two-thirds of the cell population in the heart combined with their
strategic location in the cardiac interstitium further underscore the importance of fibroblasts
in adverse eccentric LV remodeling in VO.

5. Conclusion

The current study shows that in the ACF model of VO, cardiac fibroblasts have an increased
autophagic degradation of newly synthesized intracellular procollagen I and fibronectin.
This further disturbs the ECM homeostatic balance in the heart by decreasing fibroblast
procollagen | production in the face of increased interstitial ECM degradation by MMPs and
results in net ECM loss and adverse LV remodeling in a pure VO.
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transforming growth factor

tumor necrosis factor

endoplasmic reticulum

transmission electron microscopy
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CM-DCF 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein
LV left ventricular
LVEDD LV enddiastolic dimension
LVESD LV end-systolic dimension
LVEDD/PW LV end-diastolic dimension/posterior wall thickness ratio
FS fractional shortening
VCFr velocity of circumferential shortening
LC3-l1and Il type-I and Il microtubule-associated protein 1 light chain 3
TIMP tissue inhibitor of MMP
PO pressure overload
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Highlights

e Volume overload (VO) induces oxidative stress and autophagy in cardiac
fibroblasts from 4 and 12 wk aortocaval fistula (ACF) rats.

» ACEF rats have decreased intracellular procollagen in cardiac fibroblasts.

e  The intracellular procollagen and fibronectin degradation is mediated through
autophagy and is induced by oxidative and mechanical stresses.

» Both intracellular procollagen degradation by autophagy and interstitial collagen
breakdown by matrix metalloproteinases contribute to the extracellular matrix
loss and LV remodeling in VO.
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Fig. 1. Cardiac fibroblasts isolated from 4 wk ACF rats have an increased level of autophagy and

decreased procollagen |

(A) Cardiac fibroblasts are isolated from 4 wk sham and ACF rats. TEM analysis
demonstrates an increase of autophagic vacuoles. (B) Cardiac fibroblast expression of
procollagen I and an autophagic marker (LC3-11) in 4 wk sham and ACF rats are shown by
immunoblotting with GAPDH as loading control. (C) Quantification of procollagen | and
LC3-11 in sham and ACF rats. (D) Fold changes of fibroblast collagen | mRNA level from 4
wk sham and ACF rats. n = 6. *P<0.05 vs. age-matched shams. Nuc: nucleus; av:

autophagic vacuoles.
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Fig. 2. Cardiac fibroblasts isolated from 12 wk ACF rats have an increased level of autophagy
and decreased procollagen |

(A) TEM of cardiac fibroblasts isolated from 12 wk sham and ACF rats demonstrates a
marked increase of autophagic vacuoles. (B) Representative Western blot images of

procollagen | and LC3. (C) Quantification of procollagen | and the LC3-11 in 12 wk sham
and ACF rats. (D) Fold changes of fibroblast collagen I mRNA level from sham and ACF
rats. n = 6. *P<0.05 vs. age-matched shams. Nuc: nucleus; av: autophagic vacuoles.
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Fig. 3. Procollagen | is decreased by autophagy enhancer (rapamycin) and increased by
autophagy inhibitor (wortmannin)

Cardiac fibroblasts isolated from adult rats are cultured in 6-well plates before 0.5 pM
rapamycin or 50 nM wortmannin treatments for 24 h. (A) Rapamycin increases the
formation of autophagic vacuoles as labeled by Cyto-ID (green). (B) Representative western
blot images showing rapamycin treatment increases the LC3-11 expression and decreases
procollagen | protein in fibroblasts while wortmannin treatment has opposite effects. (C)
Quantification of LC3-I1, procollagen I protein and (D) collagen | mRNA after rapamycin or
wortmannin treatments. n = 5, *P<0.05 vs. control (Ctrl).
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Fig. 4. Oxidative stress is increased in isolated cardiac fibroblasts from 4 and 12 wk ACF rats
Analysis of ROS by 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein (CM-DCF), a

fluorescent marker of oxidative stress, in isolated fibroblasts from 4 and 12 wk ACF rat
hearts indicates a significant increase in ROS in ACF rats. n = 80 cells/group. *P<0.05 vs.
age-matched shams.
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Fig 5. Autophagic degradation of procollagen is induced by DMNQ
Cardiac fibroblasts are isolated from adult normal rat and cultured in 6-well tissue culture

plates followed by treatments with DMNQ (5 uM) and an MMP inhibitor (PD166793, 100
UM) or an autophagy inhibitor (wortmannin, 50 nM) for 16 h. (A) Representative images of
immunoblotting show an increased expression of LC3-11 and decreased level of intracellular
procollagen | and fibronectin by DMNQ that are reversed by autophagy inhibition not MMP
inhibition. (B-D). Quantitative results of LC3-11, procollagen | and fibronectin protein
expression, respectively. n = 5. *P<0.05 vs. untreated control (Ctrl).
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Fig. 6. Mechanical stretch results in increased autophagy and decreased procollagen | and
fibronectin in isolated cardiac fibroblasts

Normal rat cardiac fibroblasts are cultured in BioFlex culture plates and then subjected to 24
h, 20% cyclic stretch (1 Hz). (A) TEM demonstrates the formation of perinuclear autophagic
vacuoles in isolated fibroblasts after stretch. Nuc: nucleus, av: autophgic vacuoles. (B)
Western blot demonstrates an increase in LC3-11 and decrease in procollagen | and
fibronectin in stretched versus unstretched control cells. n = 5, *P<0.05 vs. control (Ctrl).
(C) Quantitative RT-PCR shows no significant changes in collagen | and fibronectin mRNA
after stretch. (D) There is a 5-fold increase in ROS production after stretch as demonstrated
by CM-DCEF staining.
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(A) Interstitial collagen in LV of 4 and 12 wk sham and ACF rats are stained with PASR

and (B) the collagen volume percentages quantified as described in the M

aterials and

methods. (C) MMP-2 activity in isolated cardiac fibroblasts is analyzed by gel zymography.

n = 6. *P<0.05 vs. age-matched shams
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Body weight, heart rate and LV functional parameters at 4 and 12 wk rats.

Table 1

4wk Sham 4wk ACF 12wk Sham 12wk ACF

(n=6) (n=6)  (n=6) (n=6)
BODY WT (gm) 3436 35945 472+22 485+26
HR (beats/min) 348+5 321 15* 335+18 322+8
LVEDD (mm) 7.3+0.2 103:02° 82%02 113402
LVESD (mm) 4.740.2 66:02° 5101 77402"
LVEDD/PW 4.3+0.3 6.510.5* 4.8+0.2 6.4t0.6*
LVFS (%) 40+3 36+3 42+2 30 1-1*
VCFr 7.4+0.4 6.7+0.3 7.4%0.3 4.81—0.1*

Values are expressed as mean + SEM. In each group, values in parentheses represent n.

Page 22

*
P<0.05 vs. age-matched shams. ACF: aortocaval fistula; HR: heart rate; LVEDD: Left ventricular (LV) end-diastolic dimension; LVESD: LV
end-systolic dimension; LVEDD/PW: LV end-diastolic dimension to posterior wall thickness ratio; LV FS: LV fractional shortening; VCFr:

velocity of circumferential shortening.
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