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ARTICLE INFO ABSTRACT
Keywords: Aims: A peptide mimetic of a collagen-derived matricryptin (p1159) was shown to reduce left ventricular (LV)
MYOC.ardifﬂ scar dilation and fibrosis after 7 days delivery in a mouse model of myocardial infarction (MI). This suggested p1159
Matricryptin long-term treatment post-MI could have beneficial effects and reduce/prevent adverse LV remodeling. This study

Cardiac remodeling

L ¢ aimed to test the potential of p1159 to reduce adverse cardiac remodeling in a chronic MI model and to elucidate
Myocardial infarction

p1159 mode-of-action.

Materials and methods: Using a permanent occlusion MI rodent model, animals received p1159 or vehicle solution
up to 28 days. We assessed peptide treatment effects on scar composition and structure and on systolic function.
To assess peptide effects on scar vascularization, a cohort of mice were injected with Griffonia simplicifolia
isolectin-B4. To investigate p1159 mode-of-action, LV fibroblasts from naive animals were treated with
increasing doses of p1159.

Key findings: Matricryptin p1159 significantly improved systolic function post-MI (2-fold greater EF compared to
controls) by reducing left ventricular dilation and inducing the formation of a compliant and organized infarct
scar, which promoted LV contractility and preserved the structural integrity of the heart. Specifically, infarcted
scars from pl159-treated animals displayed collagen fibers aligned parallel to the epicardium, to resist
circumferential stretching, with reduced levels of cross-linking, and improved tissue perfusion. In addition, we
found that p1159 increases cardiac fibroblast migration by activating RhoA pathways via the membrane receptor
integrin a4.

Significance: Our data indicate p1159 treatment reduced adverse LV remodeling post-MI by modulating the
deposition, arrangement, and perfusion of the fibrotic scar.

Abbreviations: Ab, Antibody; BW, Body Weight; CD31, Platelet Endothelial Cell Adhesion Molecule 1; cDNA, Complementary DNA; CO, Cardiac Output; Ct,
Threshold Cycle; DO, Day 0; D7, Day 7; D14, Day 14; D21, Day 21; D28, Day 28; ECM, Extracellular Matrix; EDV, End-Diastolic Volume; EF, Ejection Fraction; ESV,
End-Systolic Volume; FBS, Fetal Bovine Serum; FS, Fractional Shortening; GS-IB4, Griffonia simplicifolia isolectin-B4; GTP, Guanosine Triphosphate; HF, Heart
Failure; HFpEF, Heart Failure with Preserved Ejection Fraction; HFrEF, Heart Failure with Reduced Ejection Fraction; HR, Heart Rate; Itg, Integrin; Itga3, Integrin
alpha 3; Itga4, Integrin alpha 4; Itgam, Integrin Subunit Alpha M; Itgbl, Integrin Beta 1; Itgb2, Integrin Beta 2; Itgb3, Integrin Beta 3; LAD, Left Anterior Descending
Coronary Artery; LOX2, Lysyl Oxidase; LV, Left Ventricle; LVAWd, Left Ventricle Anterior Wall End Diastole; LVAWS, Left Ventricle Anterior Wall End Sistole; LVIDd,
Left Ventricle Internal Diameter End Distole; LVIDs, Left Ventricle Internal Diameter End Sistole; LVPWd, Left Ventricle Posterior Wall End Diastole; LVPWs, Left
Ventricle Posterior Wall End Sistole; m.o., Month old; MI, Myocardial infarction, MMP, Matrix metalloproteinase; OCT, Optimal cutting temperature; OPN,
Osteopontin; P2, Passage 2; PBS, Phosphate Buffered Saline; PSR, Picro-Sirius Red; PVDF, Polyvinylidene Difluoride; qPCR, Quantitative Polymerase Chain Reaction;
RhoA, Ras Homolog Family Member A; RhoGDIa, Rho GDP-Dissociation Inhibitor 1 Alpha; RNA, Ribonucleic Acid; RV, Right Ventricle; s.c., subcutaneous; SFM,
Serum Free Media; SV, Stroke Volume; TGF-f, Transforming Growth Factor-Beta 1; W/D, Wet to Dry.
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1. Introduction

The lifetime risk of heart failure (HF) remains high; after 45 years of
age, HF rate varies across racial and ethnic groups from 20 % to 45 %
[1]. Moreover, the 5-year mortality for those with HF remains high
(39.4 % overall; 24.4 % for those 60 years of age and 54.4 % for those 80
years of age) [1,2]. Each year 1.2 million Americans have a myocardial
infarction (MI) and the risk for recurrent MIs is above 25 % [3]. Negative
prognosis after MI is mostly due to left ventricular adverse remodeling
and, despite significant advances in its treatment, MI remains the most
important cause of HF [4]. The annual economic impact of $150 billion
associated with this disease makes it a research priority [5,6]. After an
M]I, the infarcted area is replaced by an exaggerated fibrotic scar, which
decreases the heart's contractility [7]. Fibrosis in the left ventricle (LV)
post-MI reduces hemodynamic capacity, resulting in compensatory hy-
pertrophy of the survivor cardiomyocytes in an effort to restore and
maintain LV performance [8]. The extent of myocardial remodeling
post-MI associates with the patient's final prognosis and the evolution of
the resulting scar depends on the interaction between cardiac cells and
the extracellular matrix (ECM). Understanding the mechanisms
involved in adverse LV remodeling post-MI is highly desirable for the
development of new therapeutic approaches.

Matricryptins are bioactive fragments proteolytically released from
ECM proteins [9]. Several matricryptins have been shown to regulate
physiopathological processes, including angiogenesis, tumor growth,
and cell migration [10,11]. Natural matricryptins and mimetic synthetic
peptides currently are being investigated both in vitro and in animal
models as promising anti-cancer drugs. For instance, administration of
metastatin in vivo was inhibitory to tumor growth and local angiogen-
esis [12]; in a mouse model of bleomycin-induced lung fibrosis, genetic
depletion of FBLN1C1 (a fibulin 1 matricryptin) protected animals from
developing airway and lung remodeling and fibrosis by attenuation of
the TGFp signaling pathway and myofibroblast differentiation [13].
Since ECM degradation is a hallmark of tissue healing and remodeling,
the generation of myocardial matricryptins and their roles post-MI are of
high interest for the cardiac regenerative field.

Our laboratory identified a collagen-derived matricryptin (C-1158/
59) that gradually forms post-MI both in humans and mice [14].
Importantly, increasing levels of C-1158/59 associated with lower left
ventricular (LV) filling pressure in post-MI patients, suggesting a bene-
ficial role for C-1158/59. Indeed, our lab found that post-MI mice
treated for 7 days with p1159, a peptide mimetic of C-1158/59 cryptic
site, displayed less collagen deposition and an increase in local blood
vessel network, which resulted in reduced LV dilation [14]. These data
suggest that p1159 therapy post-MI may modulate the fibrotic scar
formation. However, its mechanisms of action are still unknown. The
goals of this study were two-fold: 1) To identify the receptor and
signaling pathway(s) activated by p1159 and 2) Test the hypothesis that
p1159 long-term therapy leads to attenuated adverse LV remodeling
post-MI.

2. Methods
2.1. Inclusion and exclusion criteria

For the MI experiments, inclusion criteria included: confirmation of
MI by both blanching and lack of movement of the LV downstream of
ligation, infarct size >40 % and ejection fraction (EF) below 40 % at day
7 post-MIL. Animals were excluded when MI was not confirmed either
during surgery (visual observation and lack of ST elevation on ECG) or 3
h after ligation (by echocardiography), when infarct size was lower than
40 % (quantified by strain analysis), and when EF was above 40 % at 7
days post-MI. We also excluded animals that died within 24 h of surgery.
Perioperative death within 24 h of MI in nonreperfused mice is usually
due to surgical errors (e.g., excessive bleeding or lung injury) or very
large infarct sizes and lethal arrhythmias [15].
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2.2. Animals

All experiments using vertebrate animal were conducted according
to the “Guide for the Care and Use of Laboratory Animals” [16] and were
approved by the Institutional Animal Care and Use Committee at the
East Carolina University in our fully accredited animal facility. Both
male and female C57BL/6 mice (Charles River stock #027), 4 to 6 m.o.,
were used in this study (n = 5-6/sex SHAM; n = 10-14/sex/treatment).

2.3. Permanent occlusion of coronary artery

Approximately 20 % of patients are hospitalized too late to receive
reperfusion therapy or due to other diseases are not eligible for reper-
fusion [3]. These patients will have an occluded artery that blocks the
blood flow to part of the LV and this can result in infarct sizes up to 45 %
of the LV [17,18]. Accordingly, to mimic these human clinical settings,
an infarct size of 40-50 % was induced by permanent occlusion of the
left anterior descending coronary artery (LAD). Animals received
treatment 3 h after infarction via an osmotic pump, implanted subcu-
taneously on the animals' back containing either p1159 (14 ng/day/kg
body weight) or saline solution (vehicle). Coronary ligation of the LAD
was performed as previously described [14]. Animals that were used as
SHAM controls went through the same surgical procedures but without
suturing the LAD.

2.4. Functional measurements and tissue collection

Echocardiograms were acquired 3-4 times for each animal, at
baseline (D0) and every 7 days post-MI until sacrifice at either day 14
(D14) or day 28 (D28). MI was validated at D7 and animals with an EF <
40 % were included in the study. After echocardiography, the infarcted
heart was harvested in full diastole and the LV and the right ventricle
(RV) were separated. The LV was sectioned in three parts: base (remote
zone), middle (border zone), and apex (infarcted zone). The infarcted
apex and the remote, non-infarcted, tissue were snap frozen in liquid
nitrogen and stored at —80 °C for RNA extraction. The border zone was
fixed in 10 % formalin and processed for histological analysis.

2.5. LV histological collagen quantification

LV sections were stained with Picrosirius Red (PSR) for collagen
quantification as previously described [14]. Total collagen (bright pink/
red stain) was quantified by a blinded individual using Image-Pro Pre-
mier Offline 9.1 Software (Media Cybernetics, Maryland). The total
collagen was quantified in each image individually in the infarcted and
border zones, averaged, and presented as percentage of area stained.

2.6. Collagen fiber orientation

To determine how collagen fibers remodel after MI with time and
whether p1159 treatment affects fiber alignment, we determined fiber
orientation during early remodeling (D7), mid-remodeling (D14), and
late remodeling (D28). PSR-stained slides were used and images were
acquired using a birefringence filter. All images were rotated until the
epicardial margin reached an angle of 0° for circumferential angle
normalization. The collagen fibers orientation (vector angles) were
determined using previously published image-processing code MatFiber
for automated fiber orientation analysis based on maximum intensity
gradients [19] and implemented in MATLAB (version R2019B, Math-
Works, Natick, MA) [20]. Average alignment of fibers was determined
by measuring the angles between —90 and +90° (in 10° orientation
bins) in subregions of the image and reporting the angular histograms of
average alignment. Fractions were plotted either by individual area -
infarcted zone and border zone - or combined area.
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2.7. Protein analysis

We performed immunoblots against collagen 1, collagen 3, decorin,
lysyl oxidase, periostin, osteopontin, and integrin alpha 4. Total protein
staining was used for normalization, once protein levels change after MI
impeding the use of a control protein.

2.8. Vessel quantification

A cohort of animals was treated + p1159 for 14 days post-MI and
vessels labeled with lectin for visualization of the vasculature in the
infarcted zone. Two hours prior to sacrifice, 50 pL of 1 mg/mL of Grif-
fonia simplicifolia isolectin-B4 Dylight594 conjugate (#DL-1207, Vector)
was injected into the retro-orbital sinus using a 31-gauge needle. The
middle LV section was frozen in liquid nitrogen and embedded later in
OCT medium for cryosectioning. Ten micrometer thickness sections
were obtained, fixed in 1:1 methanol/acetone solution for 10 min at
—20 °C, rehydrated in 1xPBS, and blocked with 5 % bovine serum al-
bumin in 1xPBS for 1 h at room temperature. Tissues were incubated
with CD31 antibody 1:100 dilution (#MCA2388GA, Bio-Rad) overnight
at 4 °C; the next morning slides were incubated with Alexa-Fluor sec-
ondary antibody 1:250 dilution (Invitrogen) for 1 h to counterstain the
total vessels. Sections were mounted with Vectashield DAPI (Vector)
medium and 3 random images of the ventricular wall from each sample
were captured using an Olympus IMT-2 fluorescent microscope. CD31
was detected in green color using FITC filter (470 nm excitation) and
Dylight594 was visualized in red color using a TxRed filter (585 nm
excitation). Percentage of stained areas were quantified using ImageJ
with standard threshold limits for each filter.

2.9. LV fibroblast isolation and culture

Naive mice were euthanized with an overdose of inhalational iso-
flurane and the heart removed. The LV was isolated, rinsed in sterile
saline solution, and weighted. Minced LVs were dissociated into single
cell suspension using collagenase II (600 U/mL) and DNase I (60 U/mL)
as we previously described [14]. Cells were incubated at 37 °C with 5 %
CO5 and cultured in complete DMEM/F12 media (supplemented with
10 % FBS and 1 % antibiotics/antimicotics) until passage 2 (P2).

2.10. Migration assay

Cardiac fibroblasts were plated in an Electric Cell-substrate Imped-
ance Sensing (#ECIS-1600R, Applied Biophysics®) and allowed to
proliferate until confluence. An electric wound (1400uA, 60,000 Hz, 20
s) was induced and the wells were rinsed to remove dead cells. The
media was replaced with serum free media (SFM, negative control) +
p1159 (100 nM or 500 nM). Complete media was used as positive
control (n = 6/group). Cell migration was recorded in real time for 48 h.
For the experiments testing integrin alpha 4 (Itga4) as the receptor for
p1159, cardiac fibroblasts were cultured in SFM with Itga4 blocking
antibody (#NBP1-26661, Novus Biologicals; Itga4i) 15 pg/mL for 2 h

Table 1
Treatments and respective control groups.

Treatment groups Media components

Negative control SFM

Positive control 10 % FBS

Itgo4i negative control SFM + Itga4i

Itgo4i positive control 10 % FBS + Itgadi

100 nM p1159 SFM + 100 nM p1159

500 nM p1159 SFM + 500 nM p1159

100 nM p1159 + Itgodi SFM + 100 nM p1159 + Itgodi
500 nM p1159 + Itga4i SFM + 500 nM p1159 + Itgo4i

SFM = serum free media, FBS = fetal bovine serum, Itga4i = integrin alpha 4
blocking antibody.
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before wound induction, followed by treatment as listed in Table 1.
2.11. Human cardiac fibroblasts culture and stimulation

To validate our findings across species, we cultured human cardiac
fibroblasts isolated from ventricles of adult heart (HCF, PromoCell # C-
12377) in fibroblast growth medium 3 (PromoCell) until P5. Confluent
cells were starved overnight in SFM and incubated with p1159 as
described above (Table 1). After incubation, cells were rinsed and either
fixed for immunofluorescence or lysed for protein and/or RNA extrac-
tion. Protein lysates were obtained with 1x ice cold lysis buffer with 1x
protease inhibitors (Abcam, ab152163), according to manufacturer's
instructions and quantified for immunoblotting.

2.12. Cell motility, RNA extraction, quantification and gene array

Gene arrays for mouse cell motility (#PAMM-128ZE, Qiagen) and
ECM, cell adhesion molecules, and receptors (#PAMM-013, Qiagen)
were used to determine p1159 dependent effects on both fibroblast
migration and ECM expression. Threshold cycle (Ct) values were
normalized by the internal control genes Actb, Gapdh, and Hsp90abl,
and final measurements were converted into 2~ to get the expression
fold change versus negative control.

2.13. Rho activation

Fibroblasts were cultured on sterile coverslips in 24-well plates until
cells reached 60 % confluence. The cells were starved overnight in low
serum media (LSM; DMEM/F12 with 0.5 % FBS). The treatment groups
listed on Table 1 were tested in triplicates and incubated for 3, 5, and 15
min to measure the stimulation of Rho activation by p1159 + Itga4i.
After each incubation, cells were fixed in 100 % ethanol for 20 min and
air dried. Cells were incubated overnight with primary antibodies
against Itga4 (Cell Signaling) and anti-RhoA mouse IgM Mab (Cyto-
skeleton). The next day, appropriate secondary antibodies, conjugated
with Alexa Fluor dyes were used at room temperature for 1 h to optimize
visual detection. Coverlips were mounted with Vectashield DAPI (Vec-
tor) medium and images were captured using an Olympus IMT-2 fluo-
rescent microscope under the same exposure conditions.

2.14. Co-localization of p1159 and Itga4

HCF were seeded in slides and stimulated with different doses of a
FITC-labeled p1159 + Itga4i as described above. Cells were fixed and
processed for immunofluorescence staining against Itga4. Single plane
images were collected using the Zeiss LSM 800 laser scanning confocal
microscope and analyzed with ZEN Blue 2012 software.

2.15. Statistical analysis

Power analysis was used to determine group sizes (GraphPad Stat-
Mate 2) based on previous data from our lab and others. Data are re-
ported as mean + SEM and outliers were identified using the Grubbs
method with an alpha set at 0.05 [21]. Outliers were included when it
did not affect the final statistical result; when the outlier affected overall
results, this was noted on the results section and the final statistical
analysis was presented with and without the outlier. Comparisons be-
tween groups were performed using unpaired t-test or Mann-Whitney
test when comparing two groups (e.g., immunoblots), one-way
ANOVA when comparing 3 groups or more followed by the Tukey
post hoc test when the Bartlett's variation test passed or using the
nonparametric Kruskal-Wallis test followed by Dunn post hoc test when
the Bartlett's variation test did not pass (e.g., mRNA analysis), and two-
way ANOVA followed by the Bonferroni's multiple comparisons test
when two independent variables were being tested across groups (e.g.,
echocardiography parameters). Survival analysis was performed using
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the Kaplan-Meier (nonparametric) method. A p < 0.05 was considered
significant (GraphPad Prism 9).

3. Results

Figures display aggregate data from both sexes, sex-specific data can
be found in the supplemental data.

3.1. p1159 long-term treatment improves cardiac function post-MI

Infarct sizes were measured both at D7 and D28 by serial echocar-
diography using strain analysis following manufacturer's instructions. At
D7, infarct size did not differ between saline and p1159-treated animals.
Interestingly, while infarct size in the vehicle control group had a sig-
nificant increase with time, mice treated with p1159 did not show an
increase in infarct size (Fig. 1A), suggesting that peptide treatment at-
tenuates the expansion of the infarcted scar. This effect could be a result
of reduced adverse remodeling and/or increased vessel reperfusion. Of
note, survival rates between treatments did not show significant dif-
ferences (Fig. 1B, saline 68 % versus p1159 83 %).

Serial echocardiography of mice treated with p1159, vehicle control,
and surgical controls (sham) were acquired before (baseline) and after
surgery every seven days (3 h, D7, D14, D21, and D28) to evaluate the
evolution of cardiac parameters and function post-MI (Fig. 1C and
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Table 2). As expected, all systolic parameters measured were different
between post-MI treatment groups and sham. Systolic function, as
measured by ejection fraction (EF), was significantly improved at D14,
D21, and D28 in the p1159-treated mice compared to saline controls
(Fig. 1D, D28 saline EF = 14 + 7, D28 p1159 EF = 28 + 14, and Sup-
plemental Fig. S1A).

The preload and afterload capacities of the LV were examined
respectively by end-diastolic (EDV) and end-systolic volumes (ESV) to
evaluate how p1159 treatment affects the LV integrity after ischemic
injury. Long-term pl159 therapy reduced LV dilation, as seen by
decreased EDV and ESV, compared to vehicle control, since D7 until the
end of the treatment (Fig. 1E-F). While both sexes showed reduced
dilation with peptide treatment, these differences were observed earlier
in males (Supplemental Fig. S1B-C).

Given that increased ESV can be an indicator for a larger infarcted
area [22], these data are consistent with our measurements of infarct
size as shown in Fig. 1A. Stroke volume (SV) only differed between
groups at D28, and this difference was driven by females (Table 2 A-C).
In addition, the LV interior diameters during diastole (LVIDd) and sys-
tole (LVIDs) were calculated to analyze the LV dimension in the cardiac
cycle. Changes in LV dimensions were found between groups after D7
post-MI, with p1159 treatment attenuating the expansion of LV diameter
compared to vehicle (Fig. 1G-H). These changes were temporally
distinct in males and females and more marked in males, indicating sex
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Fig. 1. Long term treatment with p1159 improved cardiac function post-MI. A. Infarct Size at D7 and D-28. While the saline group showed a significant increase in
infarct size with time (D7 to D28), p1159-treated animals maintained the same percentage of infarct size throughout the study. Infarct size measured by strain
analysis using echocardiography (*p < 0.05). B. Survival curves post-MI. Mortality rate post-MI did not differ between treatment groups. C. Representative images of
serial echocardiography (baseline, D14, and D28) post-MI of mice treated with p1159 or vehicle control (saline) in B- and M-mode of long-axis view. D. After D14,
p1159 treated animals display improved systolic function. Compared to controls, ejection fraction (EF) increased in p1159 treated mice at D14 to D28. E-H. p1159
attenuates eccentric remodeling post-MI by decreasing LV dilation. Compared to saline control, end-systolic (ESV) and end-diastolic volumes (EDV) decreased in
peptide treated mice (D7 to D28). Similarly, the LV interior diameter in diastole (LVIDd) and systole (LVIDs) were decreased in p1159 mice compared to vehicle. *p
< 0.05 versus same day peptide; “p < 0.05 versus same day saline and p1159. n = 5 sham, n = 21-24 animals/group.



Table 2
p1159 treatment blunts cardiac dysfunction post-MI. Echocardiographic parameters quantified serially across both sexes (A), males (B) and females (C). Values are mean + SEM.
(A) Both SHAM Saline pl159
sexes Days post-MI Days post-MI Days post-MI
Baseline 3h D7 D14 D21 D28 Baseline 3h D7 D14 D21 D28 Baseline 3h D7 D14 D21 D28
Body weight 27 £ 4.8 n/a n/a n/a n/a 27 + 29 + 4.6 n/a n/a n/a n/a 28 + 4.0 28 +£4.9 n/a n/a n/a n/a 28 + 4.3
(€3] 4.1
LV mass n/a n/a n/a n/a n/a 107 + n/a n/a n/a n/a n/a 146 + n/a n/a n/a n/a n/a 128 +
(mg) 20.6 31.1 28.0
Heart rate 441 + 399 477 £ 453 487 472 + 432 + 406 + 485 + 479 + 488 + 474 + 439 + 402 + 474 £ 49 477 £44 454+ 46 458 + 39
(BPM) 22 + 60 63 + 42 + 60 40 25 76 64" 50* 51* 48 33 50
ESV (uD) 27+9 27 + 26 + 28 + 27 + 28 + 25+8 58 + 110 + 123 + 136 + 150 + 23+8 47 + 70 + 28~ 81 + 84 + 85 +
10 13 19 16 14 16* 45* 57 69 74 13~ v 33007 39% 7 4207
EDV (pul) 65+ 18 53 + 53+ 64 + 57 + 64 + 66 £ 16 70 + 131 + 144 + 157 + 171 £ 57 £15 58 £ 16 89 + 28" 107 + 110 + 113 +
14 18 21 19 25 18+ 44* 51*% 67 74* " 327 37+ 7 39+ 7
SV (pL) 38+9 25 + 28 + 36 + 31+ 36 + 40 £ 10 12 + 21 + 8% 22 + 21 + 21 + 34+9 11 + 19 + 7+ 26+ 8 25+7 28 + 107
5+ 6 6 5 14 4% 9% 7% 7% 5%
EF (%) 60 + 6 50 + 54 + 60 + 56 + 56 + 62+7 17 + 17 + 18 + 16 + 14 + 61+7 19 + 22+ 9% 26 + 26 + 27 +
7 11 14 9 10 4+ 9% 11" 8" 8" 6" 9 107 1247
LVAWd 0.90 + 0.99 1.07 1.01 0.93 1.0 + 0.89 + 0.79 0.67 + 0.55 + 0.59 + 0.45 + 0.89 + 0.86 + 0.69 + 0.61 + 0.61 + 0.55 +
(mm) 0.11 + + + + 0.16 0.12 +0.18 0.23 0.17* 0.21* 0.22* 0.14 0.15 0.24 0.24* 0.24* 0.25*
0.20 0.09* 0.10 0.14
LVAWSs 1.18 £ 1.23 1.37 1.28 1.26 1.25 + 1.21 + 0.88 0.77 + 0.62 + 0.63 + 0.51 + 1.25 + 0.90 + 0.75 + 0.70 + 0.68 + 0.63 +
(mm) 0.19 + +0.15 + + 0.17 0.15 + 0.20 0.26* 0.22% 0.22* 0.27* 0.21 0.16* 0.28* 0.31* 0.31* 0.35*
0.19 0.14 0.19
LVIDd; EDD 3.85 + 3.88 3.84 3.98 3.92 4.03 + 3.85 + 4.33 5.68 + 5.81 + 6.01 + 6.10 + 3.69 + 4.00 + 4.77 + 5.05 + 5.30 + 5.19 +
(mm) 0.60 + + 0.37 + + 0.50 0.46 + 0.56 0.85* 1.04* 1.12* 1.06* 0.60 0.43 0.60* 0.73* 0.71% 7 0.82% 7
0.48 0.46 0.40
LVIDs; ESD 2.78 + 3.05 2.69 3.01 2.84 3.07 + 2.65 + 3.90 515+ 5.34 + 5.54 + 5.66 + 2.57 + 3.58 + 4.26 + 4.44 + 4.73 + 4.58 +
(mm) 0.73 + + 0.52 + + 0.48 0.51 + 0.97* 1.24* 1.16* 1.24* 0.62 0.43* 0.68* 0.91* 0.83% 7 1.00 7
0.51 0.56 0.44 0.57*
LVPWd 1.03 £ 0.86 1.05 1.14 1.01 1.00 + 1.08 £ 0.81 0.86 + 1.01 £ 0.94 + 0.87 + 1.02 £ 0.82 + 0.91 + 0.95 + 0.87 + 1.02 +
(mm) 0.24 + +0.19 + + 0.13 0.21 +0.16 0.27 0.36 0.29 0.37* 0.19 0.15* 0.29 0.32 0.26 0.30
0.16 0.15 0.14
LVPWs (mm) 1.25 + 1.07 1.30 1.30 1.26 1.19+ 1.33 + 0.91 1.03 + 117 + 1.09 + 0.99 + 1.28 + 0.95 + 1.04 + 1.11 + 1.03 + 1.18 +
0.19 + +0.23 + + 0.17 0.19 + 0.31 0.39 0.28 0.42* 0.19 0.20* 0.39 0.36 0.27 0.35
0.24 0.22 0.12 0.20*
FS SAX (%) 29.1 + 21.7 30.3 24.8 27.9 241 + 31.8 + 10.0 9.8 + 9.3+ 8.3+ 8.3+ 313+ 10.4 + 11.0 £ 12.6 + 11.0 + 13.0 =
9.6 +5.3 +8.3 +7.8 + 4.3 5.5 7.8 + 4.7 5.1 6.8 3.8 5.1* 7.5 4.1 5.2% 7.4% 4.8% 6.3"
Cardiac 17 £ 4 10 + 13+3 16 + 15+ 17 +£7 17 +£5 5+ 10 + 4~ 10 + 10 + 10 + 15+ 4 5+ 2% 9+ 3* 12+ 4 11+3 13+5
output 3% 3 2 3% 4% 3% 3
(mL/min)
LV mass/BW n/a n/a n/a n/a n/a 411 + n/a n/a n/a n/a n/a 5.25 + n/a n/a n/a n/a n/a 4.59 +
(mg/g) 0.61 0.98 0.77
RV mass/BW n/a n/a n/a n/a n/a 0.73 £ n/a n/a n/a n/a n/a 1.07 + n/a n/a n/a n/a n/a 0.91 +
(mg/g) 0.14 0.43 0.27
Tibia length n/a n/a n/a n/a n/a 17.45 n/a n/a n/a n/a n/a 17.56 + n/a n/a n/a n/a n/a 17.29 +
(mm) + 0.4 0.4 0.4
Lung W/D n/a n/a n/a n/a n/a 4.35 + n/a n/a n/a n/a n/a 4.26 + n/a n/a n/a n/a n/a 4.35 +
weight 0.7 0.6 0.5
ratio (mg)
Number of 11 11 11 11 11 11 21 21 21 21 21 21 24 24 24 24 24 24
samples
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(B) Males SHAM Saline p1159
Days post-MI Days post-MI Days post-MI
Baseline 3h D7 D14 D21 D28 Baseline 3h D7 D14 D21 D28 Baseline 3h D7 D14 D21 D28
Body weight 31+1.1 n/a n/a n/a n/a 30 £ 32+29 n/a n/a n/a n/a 31£1.8 33+37 n/a n/a n/a n/a 32+23
(€3] 1.9
LV mass (mg) n/a n/a n/a n/a n/a 119 + n/a n/a n/a n/a n/a 167 + n/a n/a n/a n/a n/a 149 +
22.4 32.1 29.4
Heart rate 455 + 418 + 450 + 431 + 453 + 485 + 429 + 405 + 501 +£77 474+64 485+59 480+t54 441 + 392 + 454 +45 478 £60 447 £ 51 448 + 38
(BPM) 17 69 57 33 27 44 27 88 43 54
ESV (u) 33+7 33+8 35+ 41 + 36 + 36 + 30+7 64 + 121 + 135+ 149 + 164 + 28+7 56 + 84 + 28* 89 +29* 86 + 33" 86 +
10 20 20 18 17* 57* 69+ 82* 87+ 13* 337
EDV (pul) 77 £12 60+8 67 % 80 + 71 £ 78 £ 74 £ 17 75 + 145 + 157 + 172 + 187 + 68 +£13 68 + 106 + 117 + 115 + 115 +
13 20 21 31 18 54* 60* 81* 86" 17 28* 28* 34+ 377
SV (pL) 44 +6 27 £ 314 38+6 35+3 48+ 44 +£ 12 11 + 24 + 9% 23+ 24 + 8* 23 £ 6* 40+ 9 12 £ 22 + 8% 28 £ 7% 29+6 29 +£11
3% 17 4% 10% 7%
EF (%) 57 + 4 45+7 47+4 50+ 52 + 55 + 60 +5 15 + 19 + 18 + 17 + 15 + 50+8 17 + 22 + 25 + 27 + 25 +
14 11 12 4% 11+ 12* 10" 9% 8" 9% 9% 10" 9%
LVAWd (mm) 0.89 + 1.04 1.06 1.02 0.94 0.97 + 091 + 0.79 + 0.71 + 0.61 + 0.65 + 0.54 + 0.98 + 0.84 + 0.75 + 0.63 = 0.65 + 0.65 +
0.09 +028 +0.06 +010 +£0.12 0.15 0.10 0.23 0.27 0.16* 0.20* 0.27* 0.12 0.11 0.21 0.32 0.25 0.26
LVAWSs (mm) 1.13 £ 1.23 1.34 1.23 1.24 1.26 + 1.24 + 0.89 + 0.84 + 0.69 + 0.70 + 0.61 + 1.36 + 0.88 + 0.82 + 0.75 + 0.74 + 0.76 +
0.10 +0.27 +£010 +0.16 +0.26 0.14 0.10 0.26* 0.31* 0.24* 0.21* 0.34* 0.16 0.17* 0.21* 0.37* 0.35* 0.37*
LVIDd; EDD 431 + 4.13 4.10 4.30 4.19 4.27 + 3.92 + 4.41 + 5.94 + 6.00 + 6.30 + 6.29 + 3.89 + 4.28 + 4.99 + 5.08 + 5.25 + 5.22 +
(mm) 0.04 +028 +039 +046 +£43 0.60 0.51 0.62 0.99* 1.34* 1.20* 1.16* 0.60 0.34 0.49* 0.64* 0.80* 0.86*
LVIDs; ESD 3.34 + 3.35 3.03 3.36 3.12 3.15+ 2.73 + 3.96 + 5.39 + 5.49 + 5.79 + 5.88 + 2.73 + 3.84 + 4.46 + 4.45 + 4.59 + 4.54 +
(mm) 0.11 +039 +054 +045 +£047 0.67 0.48 0.69* 1.17* 1.66* 1.26% 1.48* 0.67 0.32 0.53* 0.76* 0.87* 1.06%7"
LVPWd (mm) 0.97 + 0.87 1.00 1.05 1.05 0.98 + 1.18 + 0.81 + 0.91 + 0.96 + 0.94 + 0.79 + 1.10 + 0.82 + 0.99 + 115+ 1.00 + 1.02 +
0.15 +0.13 +£015 +0.16 +0.14 0.10 0.18 0.19 0.18 0.42 0.26 0.44* 0.15 0.15*% 0.22 0.28 0.19 0.19
LVPWs (mm) 1.23 £ 1.09 1.20 1.22 1.28 1.26 £ 1.42 + 0.91 + 1.10 + 1.14 + 1.09 £ 0.87 + 1.40 + 0.94 + 1.11 + 1.31 + 1.15 £+ 1.21 £
0.13 +019 +018 +015 +£0.14 0.16 0.15 0.17* 0.18 0.51 0.29 0.49* 0.18 0.22% 0.23 0.28 0.18 0.28
FS SAx (%) 22.6 + 19.1 26.5 22.0 25.9 26.6 + 30.6 + 10.5 £ 10.0 £ 11.2 + 8.5+ 85+ 30.7 £ 10.2 £ 10.6 £ 12.8 + 13.1 £ 13.9 £
2.4 + 4.8 + 6.6 + 3.0 + 3.8 6.1 6.1% 6.1% 6.0* 8.9% 4.1% 6.6* 9.3 4.6* 3.8% 6.4* 4.2% 8.1*
Cardiac 20£3 11 £ 14+3 17+4 162 20+9 19+5 4+ 12 + 5% 10 + 4% 11 + 3~ 11 + 18 £5 5+ 2% 10 + 3~ 14 £ 4 13+£2 13+57
output 3* 1= 3%
(mL/min)
LV mass/BW n/a n/a n/a n/a n/a 3.93 + n/a n/a n/a n/a n/a 5.37 + n/a n/a n/a n/a n/a 4.60 +
(mg/g) 0.52 1.11 0.78
RV mass/BW n/a n/a n/a n/a n/a 0.72 + n/a n/a n/a n/a n/a 0.93 + n/a n/a n/a n/a n/a 0.87 +
(mg/g) 0.19 0.32 0.23
Tibia length n/a n/a n/a n/a n/a 17.45 n/a n/a n/a n/a n/a 17.66 + n/a n/a n/a n/a n/a 17.43 +
(mm) + 0.5 0.3 0.6
Lung W/D n/a n/a n/a n/a n/a 4.30 £ n/a n/a n/a n/a n/a 4.00 £ n/a n/a n/a n/a n/a 412 £+
weight 0.5 0.6 0.3
ratio (mg)
Number of 5 5 5 5 5 5 10 10 10 10 10 10 10 10 10 10 10 10
samples
(C) Females SHAM Saline pl159
Days post-MI Days post-MI Days post-MI
Baseline 3h D7 D14 D21 D28 Baseline 3h D7 D14 D21 D28 Baseline 3h D7 D14 D21 D28
Body weight 23 +21 n/a n/a n/a n/a 24 + 26 +£3.7 n/a n/a n/a n/a 25+29 25+ 2.0 n/a n/a n/a n/a 25+ 2.2
(€3] 2.3
LV mass (mg) n/a n/a n/a n/a n/a 96 + n/a n/a n/a n/a n/a 127 + n/a n/a n/a n/a n/a 113 +
12.2 12.5 14.5

(continued on next page)
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Table 2 (continued)

(C) Females

SHAM

Saline

p1159

Days post-MI

Days post-MI

Days post-MI

Baseline 3h D7 D14 D21 D28 Baseline 3h D7 D14 D21 D28 Baseline 3h D7 D14 D21 D28
Heart rate 430 + 379 + 494 + 471 + 515 + 461 + 434 + 406 + 466 £ 43 484 + 491 + 468 43 437 + 409 + 489 + 477 + 460 + 464 +
(BPM) 21 48 65 42 68 37 23 67 36 46 26 48 49+ 31 42 40
ESV (uD) 21+8 21+9 19+ 16+7 19+4 22+7 22+7 53 + 98 + 112 + 125 + 137 + 19+7 41 +9 61 £ 24* 76 + 83 &+ 84 &+
12 13 25% 44 55% 62* 36" 45* 49+ 7
EDV (pul) 55+ 15 45 + 44 + 50+8 46+4 53+ 58 +£12 66 + 116 + 133 + 143 + 156 + 49 + 12 51+12 77 £ 22~ 100 + 105 + 111 +
16 16 11 17+ 24* 41+ 52% 61~ 33* 40+ 427
SV (pL) 33+8 24+7 2547 345 27+3 30x7 37+8 13 + 17 £ 6* 21+8 18 £ 5* 18 + 30t6 11 + 17 £ 5% 24+8 22 + 6 27 £ 97
5 8+ 4%
EF (%) 62+ 6 55+3 59+ 68+9 59+7 58+9 64+ 8 19 £ 16 £ 18 £ 14 + 14 + 62+6 20 + 23 + 26 + 25 + 28 +
12 4% 6 9% 6 7% 4% 9% 10% 10+ 1457
LVAWd (mm)  0.90 + 0.94 1.07 1.01 0.91 1.02 £ 0.86 + 0.79 + 0.63 + 0.49 + 0.53 + 0.36 = 0.83 + 0.87 + 0.64 + 0.59 + 0.58 + 0.48 +
0.14 +0.08 +0.12 £0.11 +0.17 0.18 0.13 0.14 0.18 0.17* 0.20* 0.12* 0.12 0.17 0.26 0.18 0.23 0.23*
LVAWSs (mm) 1.22 + 1.23 1.39 1.32 1.27 1.24 £ 1.18 £ 0.87 + 0.70 &+ 0.56 + 0.57 + 0.42 + 117 + 0.91 + 0.69 + 0.66 + 0.63 + 0.53 +
0.24 +0.09 +£019 +0.11 +0.14 0.20 0.19 0.15* 0.19* 0.19* 0.23* 0.14* 0.20 0.16 0.32* 0.27* 0.28* 0.31*
LVIDd; EDD 3.47 + 3.63 3.66 3.71 3.70 3.84 + 3.79 + 4.26 + 5.39 + 5.64 + 5.76 + 5.92 + 3.55 + 3.81 + 4.61 + 5.02 + 5.33 + 5.16 +
(mm) 0.58 +053 +£026 +026 +£0.21 0.32 0.41 0.52 0.58* 0.70* 1.02% 0.97* 0.59 0.39 0.64* 0.81* 0.66* 0.82*
LVIDs; ESD 232+ 2.75 2.46 2.72 2.61 2.99 + 2.57 + 3.85 4.88 + 5.21 + 5.31 + 5.46 + 2.45 + 3.41 + 4.11 + 4.44 + 4.86 + 4.60 +
(mm) 0.71 +046 +040 +049 +£0.27 0.32 0.54 0.47* 0.66* 0.75% 1.07* 1.01* 0.57 0.42* 0.75* 1.04* 0.80* 0.99*
LVPWd (mm) 1.08 £ 0.85 1.08 1.21 0.97 1.03 £ 0.98 + 0.81 + 0.80 + 1.06 + 0.94 + 0.94 + 0.96 + 0.82 &+ 0.86 + 0.81 + 0.76 + 1.02 +
0.30 +0.20 +£022 £0.11 +0.14 0.15 0.20 0.14 0.34 0.30 0.32 0.30 0.20 0.16 0.32 0.28 0.26 0.37
LVPWs (mm) 1.26 £ 1.05 1.36 1.36 1.25 1.13 £ 1.26 + 0.92 + 0.96 + 1.19 + 1.09 + 1.10 + 1.20 + 0.95 + 0.98 + 0.96 + 0.91 + 1.16 +
0.25 +030 +£025 +£025 +£0.10 0.16 0.20 0.24 0.42 0.28 0.29 0.34 0.17 0.20 0.47 0.34 0.29 0.40
FS SAx (%) 345+ 24.4 32.9 27.1 29.6 22.0 + 328 + 9.6 £ 9.6 + 7.8+ 8.2+ 8.1+ 31.6 + 10.5 £ 11.3 £ 125 £ 9.2 + 11.4 +
10.1 + 4.8 + 8.9 +10.1 + 4.2 4.5 9.3 4.0% 4.1% 4.4% 3.6% 3.8% 6.2 4.0* 6.2% 8.4% 4.8% 5.5%
Cardiac 14 £ 4 9+2 12+4 16+3 14+2 14+4 16 £ 4 6 + 3* 8 + 3" 10 £ 9+ 3% 8+ 3% 13+£2 4+ 2% 8 +3* 12+ 4 10+£3 12 + 47
output 3%
(mL/min)

LV mass/BW n/a n/a n/a n/a n/a 4.26 + n/a n/a n/a n/a n/a 5.14 + n/a n/a n/a n/a n/a 4.58 +
(mg/g) 0.69 0.89 0.78
RV mass/BW n/a n/a n/a n/a n/a 0.73 + n/a n/a n/a n/a n/a 1.19 + n/a n/a n/a n/a n/a 0.94 +
(mg/g) 0.09 0.49 0.29
Tibia length n/a n/a n/a n/a n/a 17.45 n/a n/a n/a n/a n/a 17.47 = n/a n/a n/a n/a n/a 17.19 +

(mm) + 0.4 0.5 0.3
Lung W/D n/a n/a n/a n/a n/a 4.40 + n/a n/a n/a n/a n/a 4.22 + n/a n/a n/a n/a n/a 452 +
weight 0.9 0.6 0.6
ratio (mg)
Number of 6 6 6 6 6 6 11 11 11 11 11 11 14 14 14 14 14 14
samples

" p < 0.05 against respective baseline.

* p < 0.05 against same day sham.
# p < 0.05 against same day saline.
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specificity in LV structural composition throughout time (supplemental
Fig. S1D-E). Of note, we did not observe differences in wall thicknesses
between groups.

Our data did not show treatment dependent sex-differences in most
parameters measured. Nonetheless, peptide treatment blunted LV dila-
tion to a higher extent in males (D7 to D28 EDV, ESV, LVIDd, and LVIDs
sham vs peptide p = NS) than in females (EDV, ESV, LVIDd, and LVIDs p
< 0.05 sham vs saline, Table 2). Several studies have reported sex dif-
ferences in MI occurrence and progression to HF [23]; nevertheless, no
significant sex differences have been reported on incidence of LV
remodeling post-MI [24]. It is possible that p1159 treatment has blunted
some sex differences; however, further studies using hormonal manip-
ulation and/or older animals will be necessary to examine peptide ef-
fects on sex-differences post-MI.

3.2. p1159 promoted fiber alignment in the infarcted area

We examined whether p1159 therapy affects the long-term levels of
collagen and the distribution and alignment of the collagen fibers, both
in the infarct and border zone post-MI. Infarcted LVs were stained with
picrosirius red to identify, quantify, and determine the orientation of
collagen fibers. When we analyzed the combined data from both sexes,
collagen levels from the border zone of vehicle control and p1159-
treated mice did not differ with time or between groups. The infarct
zone of p1159-treated mice showed an increase in collagen levels at D14
compared to saline, but this difference was not present at D28 (Fig. 2A).
Moreover, this effect was absent in the individual analysis of males and
females (supplemental Fig. S2). Importantly, collagen levels did not
continue to rise and no changes, either between groups or time-points,
were observed at D28. It is possible that increased fibroblast migration
during early remodeling accelerates collagen deposition by D14 stabi-
lizing the scar earlier. An earlier stable scar could explain the improved
EF and reduced dilation observed with peptide treatment. To determine
whether there were differences in the scar structure we analyzed scar
fiber alignment. Using a birefringence filter, the LV images stained with
PSR were digitally subtracted to isolate the collagen fibers from the
remaining tissue. All samples were normalized by their respective LV
circumferential section, i.e. pericardium = 0°, before identifying the
probability (percentage) of collagen fiber direction in 10 degree in-
crements (from —90° to +90°) using a previously reported MATLAB
algorithm [19]. As expected, collagen fiber orientation displayed higher
variation between treatments at D7; since at this time collagen is still
being secreted and granulation tissue is present [25]. While control LVs
showed higher numbers of fibers aligned at +20° to +40° in the border
zone, fibers in peptide treated mice aligned mostly at —20° to +10°, with
a significant higher number of fibers aligned at —10° compared to D7
controls (Fig. 2B). With time, fibers in the border zone aligned parallel to
the epicardium, with the highest probabilities between —20° and +20°,
independent of treatment. In contrast, the infarct zone of p1159-treated
mice at most time-points presented increased numbers of fibers with
angles close to 0° (D14 fibers at 10° p < 0.05 p1159 versus saline group).
In a circumferential section of LV, a 0° angle means the fiber is parallel
to the epicardium. In contrast, at the end of the study (D28) the control
group showed significantly increased number of fibers perpendicular to
the pericardium (—90°, —80°, and 90°) in the infarcted area.

3.3. Protein expression and ECM composition

The quality of the infarct scar together with the rate of wound
healing are determinants of how cardiac remodeling modulates ECM
protein synthesis and degradation according to the hemodynamic load,
which determines LV functionality [26]. Herein, we investigated how
p1159 long-term treatment is involved in ECM metabolism post-MI, by
measuring the levels of ECM proteins directly related to formation of the
infarcted scar. We started by determining levels of fibrillar collagen.
Levels of collagen type I were similar between p1159-treated mice and

Life Sciences 321 (2023) 121598

vehicle controls at D28 in both sexes (Fig. 2C). Notably, collagen type III
was increased in the infarct zone of mice treated with p1159 compared
to saline control, in addition to a decrease in its fragmentation (Fig. 2C,
top mid panels). We also quantified protein expression of osteopontin,
decorin, periostin, and lysyl oxidase. Osteopontin is an ECM glycopro-
tein that it is highly expressed by fibroblasts and macrophages post-MI,
and exaggerated levels have been associated with cardiac fibrosis and
systolic dysfunction [27]. Decorin is involved in the fibrillogenesis of
collagens, and it plays a role in the appropriate assembly of ECM post-MI
[28]. Likewise, periostin is necessary for cardiac healing post-MI since it
promotes assembly and collagen fibril formation [29,30]. Our data show
the levels of osteopontin, decorin and periostin from the infarcted LV of
mice treated + p1159 were similar, indicating that this matricryptin
does not appear to regulate these ECM molecules post-MI. Nonetheless,
lysyl oxidase (LOX2) was significantly decreased in female mice treated
with p1159, but not in males (Fig. 2C, bottom right panels). LOX2 in-
creases the collagen fiber cross-links post-MI [31] and exaggerated
levels would thus increase stiffness of the cardiac wall. Our data indicate
p1159 decreases LOX2 expression in a sex-specific manner. Reduced
collagen cross-linking in females would mean increased LV compliance
and contractility, which could also explain the improved EF observed in
females.

3.4. p1159 increases vessel perfusion in the infarct LV

To investigate whether p1159 has pro-angiogenic effects in vivo, we
systemically injected GS-IB4 2 h prior to euthanasia of mice treated +
p1159 for 14 days post-ML Isolectin binds to sugar residues of blood
vessels showing vessel perfusion and it also identifies the formation of
neovascular structures from the endocardium [32,33]. We counter-
stained the samples with an anti-CD31 (platelet endothelial cell adhe-
sion molecule 1) antibody, a potent marker for endothelial cell-cell
junction [34], to scale for total vessels. Both markers were imaged
(Fig. 3A) and quantified by the percentage area of IF staining on the LV
remote and infarct zones. In the remote zone, total vessels area was
decreased in p1159-treated mice, compared to vehicle control; however,
no changes were observed in the infarct zone between treatments
(Fig. 3B). On the other hand, while perfused vessel area was similar
between groups in the remote area, peptide-treated animals presented a
significant increase of GS-IBJ in the infarct zone compared to controls
(Fig. 3C), suggesting p1159 promoted vessel perfusion in the injured
tissue. To confirm this result, we calculated the ratio of perfused/total
vessel area (Fig. 3D). Animals that received pl1159 therapy had
increased area of functional/perfused vessels in the infarcted area,
indicating that p1159 supports vessel perfusion during the repair of the
damaged heart.

3.5. p1159 binds to integrin alpha 4 to stimulate cardiac fibroblast
migration

The process of cardiac repair in the infarcted site is highly regulated
by inflammatory and interstitial cells; of the latter, fibroblasts are the
key mediators responsible for secreting the fibrogenic components to
form the scar post-MI that will replace the necrotic loss of car-
diomyocytes [35]. To investigate the direct effects of p1159 in fibro-
blasts, we isolated LV fibroblasts from naive mice and stimulated cells
with different doses of the peptide (100 nM and 500 nM). The peptide
did not induce cell proliferation, differentiation, or cytotoxicity (data
not shown). Using an automated wound healing assay, we observed a
marked increase in migration rates compared to the negative control;
noteworthy, the 100 nM dose diluted in serum free media presented
similar migratory effects to those of the positive control group (complete
media, Fig. 4A). These data suggest that p1159 acts either as a direct
ligand for fibroblasts to induce cell motility or indirectly by affecting cell
substrate surface to promote migration; in vivo, this could impact
myocardial healing since enhanced cell migration affects LV remodeling
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Fig. 2. Long term treatment with p1159 alters scar composition and fiber alignment. A. Total collagen content. The border zone did not show any differences in total
collagen staining. However, at D14 p1159 presented increased levels of collagen compared to control. Combined quantification (infarct and border) did not show
groups differences. n = 21-24/group. B. Profile of collagen fibers alignment in relation to the pericardium. Collagen fiber alignment, represented in stacked bar
graphs, was significantly different between treatments. Specifically, at D7 and D14 the peptide-treated groups displayed more fibers aligned at —10/10° respectively
in the border and infarct zones. Conversely, the vehicle group displayed more misaligned fibers (—80/80°) at these time points. At D28, vehicle and peptide groups
displayed comparable levels of circumferentially aligned fibers (—10 to 10°); however, the vehicle groups showed higher amounts of misaligned fibers at —90, —80,
and 80°. *p < 0.05 versus same fiber angle saline. C. Scar composition at D28. Extracellular matrix proteins were quantified by immunoblotting in LVI lysates. No
changes were observed with peptide treatment in collagen 1, decorin, osteopontin, and periostin. Nonetheless, p1159 promoted secretion of collagen type 3. Of note,
collagen type 3 fragmentation was reduced in p1159 LVIs. Although combined data did not display statistical differences between groups, p1159-treated females
showed reduced scar cross-linking as measured by lysyl oxidase content. Data are normalized to total protein (TP, loading control) and presented as average + SEM,
n = 5-6/group.

n Remote Infarct

saline pl159 saline pl1159

CD31*/ DAPI

GS-1B,*/DAPI

Combined

-
[
1

E 304 — *
- © + - *
o
g 2 . ° ® 8
© o © a = °
20 & © 1.04
32 > s O °
O = 4 v, = o
3 Op ® o < —
R [ o oo 9_“' _ﬁ_ > o Og 2 M O (s —E—
%‘ T 2] N ©
(m] o oo e (7)) o o o® (14 ‘o
O . (O] oYoo o o °
0 . r r r olaflp M o P° 0.0 oo
saline p1159 saline p1159 saline p1159 saline p1159 saline p1159 saline p1159
Remote Infarct Remote Infarct Remote Infarct

Fig. 3. Long term treatment with p1159 alters vessel perfusion post-MI. A. Representative images of LV tissue stained for total vessel numbers (green, CD31+),
perfused vessels (red, isolectin+), and nuclei (blue, DAPI) in the remote (left panels) and infarcted (right panels) areas. B. Total vessel numbers. While less vessels
were observed in p1159 treated animals in the remote region, no difference was present between groups in the infarcted area. C. Perfused vasculature. p1159
treatment increased vessel perfusion in the infarcted area. D. Perfused/total vessels ratio. p1159 treated mice displayed increased ratio of perfused vessels per total
vessel numbers in the infarcted zone. *p < 0.05 between groups. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

during the reparative phase post-MI [36]. Fibroblast migration occurs by included 13 integrins. Overexpression of integrin alpha 3 (Itga3), [tga4,

adhesive interactions between cell surface proteins, specially integrins, Itgam, Itgpl, Itgp2, and Itgf3 were found in the infarcted area of p1159
and the surrounding ECM [37]. From the reported matricryptins, several treated mice (supplemental Fig. S3); of these, Itga4 presented a 3-fold
cellular receptors have already been identified and integrins represent increase compared to control (Fig. 4B, mRNA and protein).

most of the receptors for matricryptic sites (~41 %) [11]. To evaluate To validate these findings, we used the same automated wound
changes in receptor expression involved in p1159-mediated fibroblast healing assay with LV fibroblasts. At time of confluence, cells were
migration, we used D7 tissues from our MI tissue bank (+ p1159 treat- incubated + blocking antibody (Ab) against Itga4 diluted in SFM for 2 h
ment) to run a gene array panel for ECM molecules and receptors that prior to wounding. After wounding, media was replaced with SFM +
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Fig. 4. p1159 promotes fibroblast migration and this may occur via integrin-a4 (Itga4). A. LV fibroblasts treated with p1159 (100 nM in serum free media, SFM)
presented a significant increase in migration rate, which was similar to the positive control (10 % FBS), demonstrating strong pro-migratory properties. *p < 0.05
p1159 100 nM and 500 nM versus negative control (SFM); n = 6/group. B. p1159 in vivo treatment induces overexpression of Itga4 post-MI. Left panel: mRNA levels
n = 6/group; right panel: representative immunoblot image, TP = total protein stain (loading control), n = 4/group. **p < 0.01. C. The neutralizing antibody against
Itga4 inhibited p1159 induced fibroblast migration. Positive control (10 % FBS), negative control (SFM), and p1159 (100 nM and 500 nM) were treated + Itga4
neutralizing antibody (Itga4i). The impedance values were normalized before incubation with Itga4i and after wound. *p < 0.05 represents when both concentrations
of p1159 statistically differed from its respective groups with Itga4i, and from the negative controls; n = 6/group. D. Cardiac fibroblasts stimulated with p1159
overexpress Itga4 mRNA and this effect is abolished in the presence of Itga4i. Left panel: mRNA levels n = 6/group; right panel: representative immunoblot image,
TP = total protein stain (loading control), n = 4/group. *p < 0.05 E. Itga4 (red) co-localized with p1159 (green, FITC labeled) in human cardiac fibroblasts (HCF) and
that effect was inhibited in the presence of Itga4i. Blue = nuclei, yellow = co-localization. Scale bar = 5 ym. All graphs display average + SEM. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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p1159 or positive control (complete media). The blocking antibody
completely abolished the peptide-induced cell migration, suggesting
Itga4 is a fibroblast receptor for the collagen-derived peptide p1159
(Fig. 4C). We also tested the positive and negative controls + Itga4
blocking Ab and we did not see changes in the migratory profiles, giving
evidence that the blocking antibody on its own does not inhibit migra-
tion. Itga4 is known to bind to fibronectin, thrombospondin, and VCAM-
1 but it has not been reported to bind to collagen [38,39]. Our in vivo
data showed that Itgo4 is highly expressed in the infarcted LV of p1159-
treated mice at 7 days post-MI, with a 3-fold increase compared to
vehicle controls (Fig. 4B, mRNA and protein) and this was confirmed in
fibroblasts mRNA in vitro (Fig. 4D). Protein levels of Itga4 did not differ
between groups in cultured fibroblasts under the conditions tested.
These experiments were validated in primary mouse LV fibroblasts and
in human cardiac fibroblasts (HCF). While primary mouse fibroblasts
were used at P2 and HCF at P5, we cultured all cells on gelatin coated
flasks to prevent cell differentiation. However, it is possible that at P5
HCF could have some degree of fibroblast differentiation into myofi-
broblasts. If that was the case, we would expect to see increased levels of
Itga4 in HCF, since Itga4 has been reported to be overexpressed in
myofibroblasts compared to quiescent fibroblasts [40]. Finally, using a
FITC-labeled peptide we confirmed in vitro co-localization of p1159 and
Itga4 (Fig. 4E).

3.6. p1159 activates Rho pathways in fibroblasts

Several pathways have been reported to be involved in cell adhesion
and migration [41-43]. We used a motility gene array to investigate the
signaling pathways involved in p1159-induced fibroblast migration by
the Itga4 receptor. We found Rho GDP-dissociation inhibitor 1 alpha
(RhoGDIw), a molecule from the Rho GTPase pathway, to be changed
upon pl159 treatment. RhoGDI is a cytosolic molecule that holds
inactive Rho (GDP) preventing the continuation of the active (GTP-
bound) and inactive (GDP-bound) cycle in the membrane [44]. RhoGDI
was decreased by peptide treatment and the effect was abolished with
the use of Itga4 blocking Ab (Fig. 5A). To further test whether Rho
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GTPases are involved in p1159-induced fibroblast migration via Itga4,
we incubated fibroblasts (~50 % confluence) with Itga4 blocking Ab for
2 h in SFM followed by addition of p1159 (100 nM or 500 nM) or
respective controls (see Table 1); media was removed, and cells fixed at
different timepoints (3, 5 and 15 min post-p1159 treatment). Immuno-
fluorescent (IF) revealed that, like the positive control, Itga4 and RhoA
signals are highly increased in fibroblasts after 15 min treatment with
p1159, at both 100 nM and 500 nM doses (Fig. 5B, left panels). Notably,
cells that were previously incubated with Itga4 blocking Ab presented
very weak IF signals of Itga4 and RhoA activation, which was similar to
the negative control (Fig. 5B, right panels). The 3- and 5-minute treat-
ments did not show differences compared to the controls (data not
shown). Further investigations are required for a better understanding of
how RhoA is activated in fibroblasts when the upstream signal is trig-
gered by p1159.

4. Discussion

Our previous in vivo study, which evaluated cardiac changes post-MI
during p1159 short-term treatment (7 days), demonstrated that male
mice treated with p1159 display reduced LV dilation and fibrosis
compared to controls [14]. An important goal of this study was to extend
our previous findings to evaluate whether, and how, long-term peptide
treatment prevents adverse cardiac remodeling post-MI. We also
expanded our design to include both sexes to verify if p1159 acts in a
sex-specific manner. Compared to controls, animals treated with p1159
displayed a robust increase in EF signing an improvement in systolic
function. Additionally, p1159 significantly reduced LV dilation (lower
LV internal diameter and volume both at systole and diastole). Even
though the EF in peptide-treated mice is <40 % (threshold generally
accepted for systolic dysfunction in humans) at D28, it is important to
note that we used a model of permanent occlusion and these animals did
not received reperfusion. Therefore, a 2-fold increase in EF in a non-
reperfused infarcted LV is physiologically significant. Together, these
results indicate that pl1159 long-term therapy attenuates eccentric
remodeling post-MI, which results in decreased chamber volumes and
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Fig. 5. pl1159-induced migration may occur via Rho GTPase pathways. A. p1159-treatment reduced RhoGDI expression, and this effect was dependent on Itgo4.
Gene expression of cardiac fibroblasts treated with p1159 100 nM =+ Itga4 blocking antibody (Ab) and negative control (SFM). *p < 0.05 versus negative control
(SFM), #p < 0.05 versus 100 nM p1158/59. B. p1159 induces RhoA activation in fibroblasts. Representative immunofluorescence images of fibroblasts treated with
negative control (SFM), positive control (10 % FBS) and SFM + p1159 100 nM or 500 nM, indicating stimulation of Itga4 receptor (green) and activation of RhoA
(red). Right panels: Representative images of the same groups incubated 2 h prior with blocking antibody against Itga4 (Itga4 Ab), indicating that both Itga4 receptor
and RhoA signals were strongly decreased by fibroblasts treated with p1159 in the presence of the Ab. Magnification/scale bars: 20x = 50 pm; 40x = 20 pum. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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LV internal dimensions.

Alterations in the cardiac function post-MI are caused not only by
changes in the shape and size of the LV and the scar, but also by the
molecular structure and intrinsic composition of the fibrotic scar and
cardiac tissue. While an excessive fibrotic response is harmful and can
cause progressive cardiac dysfunction, the first reparative fibrosis is
essential for preventing ventricular wall rupture [45]. In our study, the
vehicle control group had a 32 % mortality rate (10/31 mice died) and
the p1159 group had 17 % mortality (5/29 animals); of these 60 %
displayed LV rupture (6/10 saline and 3/5 peptide). Due to the disparity
in mortality rates, we were not able to determine peptide effects on LV
rupture. Next, we measured the overall levels of interstitial fibrosis in
the infarcted scar. Since we observed such a striking difference between
treatments in LV dilation and function, we were surprised to note that by
D28 both groups had similar levels of interstitial fibrosis.

Further investigation led us to look at the structure and composition
of the scar. Myofiber orientation in the infarcted scar is an important
variable that defines the compliance and biomechanical properties of
the LV post-MI [46,47]. Throughout the study, the infarct zone of
p1159-treated mice presented increased numbers of fibers with angles
close to 0° (parallel to the epicardium). In contrast, at the end of the
study (D28) the control group showed significantly increased number of
fibers perpendicular to the pericardium. These findings indicate that
collagen fibers are more organized in the infarcted scar of the peptide
group during the healing process. Studies have shown that LV scars
containing a large percentage of collagen fibers oriented parallel to the
circumferential section (i.e. pericardium) tend to resist excessive
circumferential stretching, and usually deform in the radial and longi-
tudinal directions similarly to the noninfarcted myocardium [48]. Dr.
Holmes group developed a finite-element model of a LV infarct to
explore a wide range of infarct mechanical properties, including fiber
alignment [49]. They identified that the infarct zone with high longi-
tudinal stiffness, but low circumferential stiffness, can increase EDV,
leading to the best stroke volume [49]. In addition, Costa et al.
demonstrated that an heterogenous fiber orientation, compared to a
homogeneous pattern, can result in more reduced anisotropy and higher
local stress levels leading to impaired cardiac function that may lead to
LV rupture [50]. The parallel alignment of collagen fibers is an indica-
tive that the scar is less stiff and more compliant, while being resistant to
excessive stretching. Our data suggest p1159 treatment promotes fiber
alignment parallel to the epicardium, which leads to low circumferential
stiffness, promotes tissue compliance, and favors the formation of more
functional scar. This result could explain how p1159 treatment pre-
serves LV integrity by reducing chamber dilation and improving systolic
function. The formation of new collagen fibers and their alignment will
constitute the restored myocardium and dictate the biomechanical
properties and elasticity of the scar post-MI [51]. We then determined
which type of collagen fibers were present in the infarcted scar. While
fibrillar collagen type I is organized in parallel to other fibrils and it is
highly resistant to compliance, fibrillar collagen type III is the first
collagen to be secreted after a wound and it is more compliant than
collagen type I [52]. Though no differences were detected in levels of
collagen type I, collagen type III was increased in the p1159 group. An
increase in collagen III levels leads to a more compliant, less stiff, scar
that can more easily expand with blood inflow followed by favoring the
blood outflow with the contraction. This is in accordance with the
functional data, as peptide-treated mice presented improved ejection
fraction, compared to controls, demonstrating that p1159 treatment
conferred increased scar compliance. Moreover, increased compliance
can also contribute to adaptive remodeling by decreasing LV dilation,
which was also observed upon p1159 treatment (decreased EDV and
ESV compared to controls). Finally, this decrease in LV eccentric
remodeling is also validated by the decrease in LV internal diameter
during systole and diastole (LVIDs and LVIDd). In accordance with this
notion, LOX2 levels were reduced, compared to controls, in females
treated with p1159, indicating decreased fiber cross-linking and
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therefore a more compliant scar. Fiber deposition, cross-linking, matu-
ration, and degradation are all part of ECM dynamic remodeling after
the LV injury. LOX plays a critical role by regulating cross-linking be-
tween ECM fibers. However, high levels of LOX may promote early
cross-linking, which can be detrimental: first, by not allowing enough
time for an appropriate arrangement of ECM fibers causing impaired
fibrosis; and second, continuous cross-linking can increase the stiffness
of the scar leading to decreased compliance. Together, our proteomics
data indicate p1159 increases LV compliance which favors an increase in
ejection fraction. These data help to explain the observed improved
cardiac function. Our data support the notion that p1159 attenuates
adverse remodeling through generation of a more compliant tissue by
promoting collagen type III presence, improving fiber alignment, and
reducing cross-linking in the infarcted scar, more specifically in females.

To further investigate mechanisms that could explain improved
systolic function with peptide-treatment we measured vessel numbers
and perfusion in the infarcted LV. After an ischemic event, fibroblasts
and endothelial cells (ECs) undergo proliferation to form a vascularized
granulation tissue that will mature into the fibrotic-rich scar [53,54].
Angiogenesis is essential for tissue healing and regeneration post-injury
and, in mice, the angiogenic process occurs between days 7-21 post-MI
[55]. ECM and matricryptic sites participate in the regulation of
angiogenesis during remodeling and tissue healing [11]. Several studies
describe specific matricryptins as potent anti- or pro-angiogenic factors
[56,57]. Our previous study showed that p1159 may interact with
human umbilical vascular endothelial cells to induce the formation of
vasculogenic networks in vitro [14]. pl1159 treated LVs displayed
increased area of functional/perfused vessels in the infarcted area,
suggesting p1159 supports vessel perfusion. Although these data are
preliminary and further studies need to look at the underlying mecha-
nisms, these results suggest that p1159 may accelerate tissue healing in
the ischemic zone. The restoration of blood flow surrounding the
ischemic injury prevents loss of cardiomyocytes and maintains local
homeostasis [53]. Thus, the formation of new vessels in the border zone
is critical during cardiac remodeling. Interestingly, both total and
perfused vessel numbers were similar in the border zone of vehicle
control and p1159-treated mice at D14 (data not displayed). Together,
these results suggest p1159 is not pro-angiogenic, since we did not
observe increased total vessels area, but supports vessel perfusion.
Further studies will focus on the mechanisms underlying increased
vessel perfusion in the infarcted area resulting from p1159 therapy.

Finally, our in vitro studies demonstrate p1159 markedly increases
cardiac fibroblast migration and this effect is mediated by the membrane
receptor Itga4. Integrins are transmembrane receptors that mediate the
interactions between ECM and the actin cytoskeleton during cell adhe-
sion and migration [37]. A motility gene array revealed p1159
decreased expression of RhoGDI, a component from the Rho GTPase
pathway. Importantly, the effect was abolished with the use of an Itga4
blocking antibody. Typically, Rho family GTPases act as molecular
switches cycling between inactive and active forms [58]. RhoGDI
functions by extracting Rho family GTPases from membranes and sol-
ubilizing them in the cytosol; therefore, reduced RhoGDI suggests higher
levels of membrane-bound GTPases, which would lead to increased
migration. These results both support Itga4 as one receptor for p1159 in
fibroblasts and demonstrate that RhoA plays a key role in the peptide
induced fibroblast migration.

In summary, our study showed that compared to vehicle control,
p1159 treatment significantly increased fibroblast migration, promoted
deposition of collagen III in the post-MI scar, led to collagen fiber
alignment parallelly to the epicardium, and resulted in increased vessel
perfusion. These mechanisms likely work in concert to improve EF. An
increase in fibroblast migration may result in an earlier deposition of
scar components, which allows for more time for appropriate fiber
alignment. This in turn could result in lower circumferential stiffness
and a more homogeneous fiber orientation that increases tissue
compliance. Similarly, higher levels of collagen III also enhance tissue
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compliance. Together, the reduction in myocardial stiffness and increase
in myocardial compliance explain the improved EF. Finally, the
observed higher number of perfused vessels in the infarcted area of
p1159 animals, suggests a more functional myocardial scar, which
would also favor improved systolic function.

5. Conclusions

This study identified Itga4 as a potential receptor for matricryptin
p1159; additionally, we showed p1159 may regulate different cell types,
i.e. cardiac fibroblasts and ECs, and modulates tissue composition dur-
ing cardiac remodeling post-MI. Our data show that matricryptin p1159
attenuates adverse remodeling by stimulating cardiac fibroblast migra-
tion, via Itga4 receptor, to promote an earlier and organized maturation
of the infarct scar, thus decreasing LV dilation. Noteworthy, p1159
treatment promoted vessel perfusion in the ischemic injury, to preserve
local homeostasis and structural integrity, and improved systolic func-
tion in a non-reperfused MI model. The present study is the first study to
show that bioactive small extracellular matrix peptides (i.e. matri-
cryptins) could be candidate therapeutic targets for pathologies where a
vascular and stable scar are necessary. Additional research is needed to
investigate the use of matricryptins that may be potentially useful for the
treatment of human cardiac injury and remodeling.
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