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USAMRMC Proposal Number PR151029 

Title: "Cellular Plasticity in the Diabetic Myocardium" 

DoD Award Number W81XWH-16-1-0621 

Final Report from 09/01/2016 to 08/31/2020 

1. Introduction

Heart tissue fibrosis and loss of blood vessels are prominent pathologic 

abnormalities in diabetics and lead to the development of heart failure.  Moreover, 

reduced angiogenesis after a heart attack is responsible for defective myocardial repair in 

diabetic subjects.  Although the negative impact of diabetes on heart function and repair 

is widely appreciated, the cellular alterations and molecular signals involved in fibrosis 

and blood vessel loss in diabetes remain unknown.  Applying genetic fate mapping tools, 

we have uncovered an unexpected plasticity and heterogeneity in reparative cells and 

identified common cellular links between angiogenesis and fibrosis.  We investigate the 

role of these novel biological mechanisms in the pro-fibrotic and angiostatic effects of 

diabetes, focusing on the contribution of pericytes and endothelial cells in the cardiac 

tissue repair process.  

2. Keywords

Diabetes, cardiomyopathy, heart failure, fibrosis, angiogenesis, vascular rarefaction, 

pericytes, endothelial cells, endothelial-to-mesenchymal transition, cellular plasticity, 

extracellular matrix, lineage tracing, cell fate mapping, gene expression profiling, 

signaling pathways 
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3. Accomplishments

Major Scientific Goals of the Project

The project has the following three major goals: 

a) Determine the contribution of pericytes to the development of cardiac fibrosis

in diabetic mice (AECOM);

b) Evaluate the role of endothelial cells in the development of cardiac fibrosis in

diabetic mice (VUMC);

c) Identify sex-specific molecular pathways promoting fibrosis and causing blood

vessel loss in diabetic hearts (AECOM & VUMC).

Scientific Accomplishments of the Project 

a) Contribution of pericytes to cardiac fibrosis in diabetic hearts (Work performed

at (AECOM).

A1: Characterization of the db/db mouse as a model of diabetic cardiac fibrosis,

associated with diastolic dysfunction.

We have characterized the db/db mouse as a model of cardiac fibrosis and 

diastolic dysfunction that recapitulates characteristics of human heart failure with 

preserved ejection fraction (HFpEF). This work was published in the American Journal 

of Physiology- Heart Circulatory Physiology (Alex et al AJP-Heart 2018). Moreover, we 

have systematically studied gender-specific responses in this model. Our experiments 

demonstrated that obese diabetic db/db mice in a C57Bl6J background exhibit cardiac 

remodeling, associated with modest ventricular dilation, accompanied by marked left 

ventricular hypertrophy, accompanied by modest elevations in systemic blood pressures 

in the absence of systolic dysfunction (Figure 1-3). Elevated left ventricular end-diastolic 

pressure (LVEDP) in db/db mice suggests significant diastolic dysfunction (Figure 4-5). 

Db/db mice exhibited increased deposition of collagen, in the absence of an increase in 

the density of interstitial cells (Figures 6-9).  Fibrosis in diabetic hearts occurs in the 

absence of myofibroblast conversion (Figure 10). Hypertrophic changes, chamber 

dilation and diastolic dysfunction are more prominent in female animals (Figure 11-12). 

Thus, the db/db mouse model recapitulates features of HFpEF observed in human patient 
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populations and is particularly useful in understanding the pathogenesis of cardiac 

dysfunction associated with metabolic disease.  
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Figure 1: Both male and female db/db mice in a C57BL6J background exhibit severe 
obesity, increased adiposity and overt diabetes. A-C: Body weight (BW) was markedly 
higher in db/db mice when compared with age-matched WT controls. When compared with 
age-matched WT mice, female db/db mice had a more impressive increase in BW than 
male animals (female db/db mice: 2.38-fold higher BW than age-matched WT mice at 6 
months of age and 2.37-fold higher at 12 months vs. male db/db mice: 1.88-fold at 6 
months, and 1.74-fold at 12 months of age). D-F: MRI showed a marked increase in body 
fat content in both male and female db/db mice at 2 and 6 months of age. G-H DEXA 
performed at 4 months of age also showed that db/db mice had a marked increase in total 
(G) and abdominal fat content (H). Although there was significant variability, both male
and female db/db animals exhibited a marked increase in fasting plasma glucose levels at
2 and 6 months of age. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Body weight
sample size; WT mice: 1mo n=37, 2mo n=63, 4mo n=58, 6mo n=91, 12mo n=22; db/db
mice: 1mo n=11, 2mo n=35, 4mo n=45, 6mo n=68, 12mo n=24.  Male: WT 1mo n=16,
2mo n=23, 4mo n=32, 6mo n=53, 12mo n=11; db/db: 1mo n=7, 2mo n=22, 4mo n=29,
6mo n=38, 12mo n=10. Female: WT 1mo n=21, 2mo n=40, 4mo n=31, 6mo n=38, 12mo
n=11, db/db: 1mo n=4, 2mo n=13, 4mo n=16, 6mo n=30, 12mo n=14. MRI fat content:
n=12-16/group; males n=5-9/group; females n=4-8/group. DEXA: n=7-16/group. Fasting
plasma glucose: n=18-49/group, males: n=9-27/group, females n=9-22/group.

Figure 2: Female db/db mice have a modest, but significant elevation in systolic and 
diastolic blood pressure. A: At 4 months of age, obese diabetic db/db mice had a 
significant elevation in systolic blood pressure (SBP) and a trend towards higher diastolic 
blood pressure (DBP). Gender-specific analysis showed that male db/db mice had a trend 
towards increased SBP and no significant difference in DBP when compared with lean WT 
controls. Female db/db mice had significantly increased SBP and DBP, when compared 
with age-matched WT controls (*p<0.05, **p<0.01, male mice: n=10-11/group, female 
mice: n=7-8/group, male+female: n=18/group). 
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Figure 3: Obese diabetic db/db mice exhibit cardiac remodeling with preserved 
ejection fraction. A. When compared with lean WT animals, db/db mice had significantly 
higher LV mass at 2 and 6 months of age. B-C: Both male and female db/db mice had 
increased LV mass at 6 months of age. However, the increase in LV mass was exaggerated 
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in female db/db mice. At 6 months of age, male db/db mice had a 15.1% higher LV mass 
than age-matched WT animals, whereas female db/db animals at the same age exhibited a 
46.4% increase. D: LVEDV was increased in db/db mice. E-F: Female mice had earlier 
ventricular dilation than male animals. G-I: Obese diabetic db/db mice and age-matched 
WT controls had comparable ejection fraction. J-L: The global remodeling index was 
assessed to compare maladaptive hypertrophic remodeling between groups. J: At 6 months 
of age, db/db mice had a lower remodeling index than corresponding lean WT controls. K-
L: Female, but not male db/db mice had a significant reduction in the global remodeling 
index, indicating accentuated hypertrophic remodeling (*p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001; male mice: n=19-44/group, female mice: n=12-37/group, male+female 
mice: n=29-81/group). 
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Figure 4: Tissue Doppler imaging suggests that db/db mice develop diastolic 
dysfunction. A-C: Both male and female db/db mice and age-matched WT controls had 
comparable heart rate. D-F: Mitral inflow Doppler showed no significant differences in the 
E/A ratio between groups. Tissue Doppler imaging showed that the E’/A’ ratio was 
significantly reduced in both male and female db/db mice at 6 months of age. The E/E’ 
ratio was significantly increased in both male and female db/db mice at 6 months of age. 
These findings suggest that db/db mice develop diastolic dysfunction. Tissue Doppler 
imaging may be more sensitive than mitral inflow Doppler in detecting changes in diastolic 
function in mice (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; male mice 7-19/group, 
female mice: 7-16/group, male+female: 14-35/group). 

Figure 5: Obese diabetic db/db mice have significantly higher LVEDP than lean WT 
animals at 6 months of age.  A: db/db mice had significantly higher LVEDP than age-
matched lean WT mice. B-C: Gender-specific analysis showed that male db/db mice had a 
trend towards increased LVEDP (B), whereas female animals (C) had significantly higher 
LVEDP (*p<0.05; male mice: n=6-7/group; female mice: n=3-7/group; male+female mice: 
n=10-13/group). 
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Figure 6: Obese diabetic db/db mice exhibit a marked increase in cardiomyocyte 
size without a significant increase in the density of interstitial cells. A: WGA lectin 
histochemistry was used to quantitatively assess cardiomyocyte size. DAPI staining was 
used for quantification of interstitial cell density. B-D: Both male and female db/db mice 
had a marked increase in cardiomyocyte size at 2 and 6 months of age. E-G: Interstitial 
cell density was comparable between groups (*p<0.05, **p<0.01, ***p<0.001, male 
mice: n=4/group, female mice: n=4/group, male+female: n=8/group). Scalebar=50µm. 
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Figure 7: Obese diabetic db/db mice do not have replacement fibrosis, but exhibit 
thickening of the perimysial collagen network, and increased endomysial collagen. A-
B: Picrosirius red staining was used to identify perimysial collagen fibers that form the 
sheath that groups cardiomyocytes into bundles (long arrows) and endomysial collagen 
fibers surrounding each individual cardiomyocyte (short arrows). There was no evidence 
of replacement fibrosis in any of the db/db hearts. C-E: Semiquantitative analysis showed 
that db/db mice have accentuated endomysial collagen at 6 months of age. The increased 
endomysial collagen score in male or female mice did not reach statistical significance. F-
H: Perimysial collagen thickness was markedly increased in db/db mice at 6 and 12 months 
of age. Both female and male mice had increased perimysial collagen thickness at 6 months 
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of age. (*p<0.05, **p<0.01, ***p<0.001; ^p<0.05, ^^p<0.01 vs. corresponding 6 month 
group; male mice: n=4/group, female mice: n=4/group, male+female: n=8/group). 
Scalebar=50µm. 

Figure 8: db/db mice exhibit expansion of the peri-adventitial collagen network in 
coronary arterioles. Periarteriolar collagen was identified using picrosirius red staining in 
male and female WT and db/db mouse hearts (white arrows). Please note the increased 
perimysial thickness (arrowheads) and the accentuated deposition of endomysial collagen 
(black arrow) in db/db mouse hearts (quantified in Figure 7). Quantitative analysis showed 
that at 12 months of age, the periadventityial collagen area was higher in arterioles of db/db 
mice than in corresponding vessels of WT mouse hearts. Both male and female animals 
exhibited expansion of the periadventitial collagen area (*p<0.05, **p<0.01, ***p<0.001, 
male mice: n=19-45 vessels/group, female mice: n=19-35 vessels/group, male+female: 
n=50-70 vessels/group). Scalebar=50µm. 
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Figure 9: Female db/db mice show significant hypertrophy of the coronary arteriolar 
media. Quantitative analysis of the picrosirius red-stained sections (shown in Figure 8) 
suggested that db/db mice had a significantly higher mean arteriolar area, when compared 
with WT mice at 6 and 12 months of age (A). Male mice had a trend towards increased 
arteriolar area at 12 months of age (B). Female mice had significantly higher arteriolar area 
at both 6 and 12 month timepoints (C). D-E: a-SMA immunofluorescence illustrates 
hypertrophy of the arteriolar media (arrows) in female db/db mice(*p<0.05, **p<0.01, 
****p<0.0001, male mice: n=19-45 vessels/group, female mice: n=19-35 vessels/group, 
male+female: n=50-70 vessels/group). Scalebar=50µm. 



16	

Figure 10: Increased collagen deposition in db/db hearts is not associated with 
myofibroblast conversion. A-C: Immunohistochemical staining for Fibroblast Activation 
Protein (FAP), a marker for activated fibroblasts, in lean WT (A), uninjured diabetic (B), 
and infarcted WT C57BL6J (C) mouse hearts. No FAP+ cells are noted in WT or diabetic 
myocardium. In contrast, abundant FAP+ fibroblasts infiltrate the infarcted myocardium 7 
days after coronary occlusion (arrows – C). Counterstained with eosin. D-F: Periostin 
staining in lean WT (D), uninjured diabetic (E), and infarcted WT C57BL6J (F) mouse 
hearts. In injury sites and in fibrotic tissues, activated myofibroblasts typically exhibit 
periostin expression. Please note the complete absence of periostin immunoreactivity in 
db/db hearts (E). In contrast, infarcted hearts (F) exhibit periostin expression in activated 
myofibroblasts and in the surrounding extracellular matrix (arrows). G-I: a-SMA 
immunofluorescence was used to identify activated myofibroblasts as spindle-shaped 
immunoreactive cells located outside the vascular media. In uninjured WT (G) and db/db 
(H) hearts, a-SMA is exclusively localized in the arteriolar media (arrowheads). I: Please
note the abundant a-SMA-expressing myofibroblasts in the infarcted myocardium
(arrows). Images show sections from 6 month old-mice, representative of at least 4
different animals per group. Scalebar=50µm.
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Figure 11: Fibroblasts in db/db hearts show increased collagen synthesis. A-B: 
Cryosections from 6 month-old lean WT and db/db mouse hearts were stained with an anti-
collagen type I antibody. DAPI counterstaining was used to identify collagen I-expressing 
interstitial cells. C: db/db hearts had a higher density of collagen I-expressing interstitial 
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cells that did not reach statistical significance (p=0.05, n=8/group). Gender-specific 
analysis showed a trend towards higher density of collagen I-expressing cells in female 
db/db hearts (n=4/group). In vitro, cardiac fibroblasts harvested from 4 month-old db/db 
mice had a 2.0-3.0-fold increase in baseline collagen I and collagen III mRNA expression 
when compared with fibroblasts from WT hearts. Activated fibroblasts from db/db hearts 
were less responsive to TGF-b1 stimulation. TGF-b1 (10ng/ml) stimulation for 4h 
stimulated collagen I and III mRNA synthesis in WT cells, but did not significantly 
increase expression of collagens in db/db fibroblasts. (**p<0.01, ^p<0.05, ^^p<0.01 vs. 
corresponding unstimulated cells, n=7-8/group). Scalebar=25µm. 

Figure 12: Male db/db mice have microvascular rarefaction. A-B: Microvascular 
density was assessed in db/db and lean WT mouse hearts using Griffonia Simplicifolia-I 
lectin staining. db/db mice had a trend towards reduced microvascular density at 6 and 12 
months of age. Although female db/db mice had comparable microvascular density with 
age-matched WT controls, male animals exhibited a markedly lower microvascular density 
(**p<0.01, ***p<0.001; male mice: n=4/group, female mice: n=4/group, male+female: 
n=8/group). Scalebar=50µm.  

A2) Characterization of the cardiac pericytes. 

Fibroblasts and pericytes are often considered related interstitial cell populations with 

common functional properties. In order to explore the distribution and function of 

pericytes in the myocardium, we have developed pericyte/fibroblast dual reporter mice 
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(NG2dsred/PDGFRaGFP mice). Using dual immunofluorescence and flow cytometry, we 

demonstrated that NG2+ perivascular cells (pericytes) and PDGFRa+ fibroblasts are 

distinct populations in mouse hearts with minimal overlap (Figures 13, 14).   

Figure 13: Fibroblasts and pericytes represent distinct populations of myocardial 
interstitial cells. A: NG2 is an established and reliable marker of pericytes in many 
tissues29. Because anti-NG2 antibodies are suboptimal for immunohistochemical studies, 
we used NG2Dsred pericyte reporter mice to identify pericytes in the mouse heart. Dual 
staining for Griffonia simplicifolia isolectin B4 (GS-IB4) and NG2 identifies abundant 
pericytes in the adult mouse heart as periendothelial cells (arrows). B. In order to examine 
possible overlap between pericyte and fibroblast populations, we generated 
NG2Dsred;PDGFRaEGFP pericyte/fibroblast dual reporter mice. In the adult mouse heart, 
NG2+ pericytes (arrows) and PDGFRa+ fibroblasts (arrowheads) represent distinct 
interstitial cell populations without significant overlap. C-F. Flow cytometric analysis of 
interstitial cells from NG2Dsred;PDGFRaEGFP pericyte/fibroblast dual reporter mice. Viable 
(7AAD-), and metabolically active (calcein+) cells were gated, and the CD31-CD45- cell 
population (non-endothelial, non-hematopoietic cells) was subgated to identify NG2+ 
pericytes and and PDGFRα+ fibroblasts (E) F: The percentage of interstitial cells identified 
as NG2+ pericytes and PDGFRα+ fibroblasts (n=4). Please note the significant population 
of pericytes along with a more abundant population of PDGFRa+ fibroblasts.  
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Figure 14: Flow cytometric characterization of interstitial cells in the mouse heart. A. 
CD31+ endothelial cells represent the most abundant population. Large populations of 
CD45+ hematopoietic cells, and of CD31-/CD45- interstitial cells (pericytes and 
fibroblasts are also identified. B. The majority of CD31-/CD45- interstitial cells are 
PDGFRa+/NG2- fibroblasts. A significant population of PDGFRa-/NG2+ pericytes is 
also identified. Double positive  (NG2+/PDGFRa+) and double negative (NG2-/PDGFRa-
)  interstitial cells are very rare. C-D: The “fibroblast marker” MEFSK4 does not label the 
majority of PDGFRa+ fibroblasts (C) and NG2+ pericytes (D) in the mouse heart.  

A3. PDGRFa+ fibroblasts express higher amounts of matrix genes in comparison to 

NG2+ pericytes. 

In order to compare the transcriptomic profile of interstitial cell populations (fibroblasts 

and pericytes), we assessed gene expression in NG2+ pericytes and PDGFRa+ fibroblasts 

sorted from mouse hearts. Preliminary analysis showed that fibroblasts had much higher 

expression levels of structural collagens (Figure 15) 
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Figure 15: PDGFRa+ fibroblasts sorted from fibroblast/pericyte dual reporter mice exhibit 
much higher expression of collagen I and collagen III mRNA, in comparison to NG2+ 
pericytes.  

A3. Diabetes is associated with microvascular rarefaction. Effects on pericyte density and 
localization. 

We developed diabetic pericyte reporter mice to compare microvascular density and 
pericyte numbers between db/db;NG2dsred mice and lean wildtype NG2dsred littermates. 
Microvascular density was significantly lower in obese diabetic mice (Figure 16). Vascular 
rarefaction was associated with a trend towards reduced density of perivascular NG2+ cells 
(pericytes). 

Figure 16: A. db/db mice have significantly lower microvascular density than lean 
wildtype littermates. Although the density of NG2+ cells was not significantly reduced (B), 
there was a trend towards reduced numbers of microvessel-associated NG2+ cells (C, 
pericytes). This finding may reflect loss of microvascular localization of NG2+ cells, due 
to acquisition of a fibroblast-like phenotype. This hypothesis will be tested using lineage 
tracing studies in inducible NG2-CreERT2 mice. 

A4: Effects of high glucose on pericyte gene expression. 
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We examined the effects of 2 different concentrations of glucose on gene expression in 
human brain pericytes. The 17mM concentration simulates an environment of moderate 
hyperglycemia, whereas the very high concentration (25mM) recapitulates the effects of 
severe hyperglycemia. A PCR array was performed to examine the effects of high 
glucose on the transcriptomic profile of human brain pericytes. Moderately high glucose 
(17mM) increased synthesis of several fibrogenic genes (Figure 17), including a-smooth 
muscle actin (a-SMA)/Acta2, col1a2, col3a1, TGFb3, Tgbr1, Tsp1, and CCN2. Very 
high glucose (25mM) induced a pro-inflammatory phenotype (Figure 18), increasing 
levels of IL1a, TNFa, and MMP3. Thus, in pericytes, moderate increases in glucose 
concentration promote expression of fibrosis-associated genes, while very high glucose 
may induce inflammatory activation. 

Figure 17: Effects of glucose on transcription of fibrosis-associated genes in human brain 
pericytes. Moderately high glucose concentration (17mM) induces expression of Acta2/a-
SMA, collagen genes, Tgfb3, Tgfbr1 and Thbs1/TSP-1 (*p<0.05, **p<0.001, 
****p<0.0001, n=8/group).  
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Figure 18: High glucose concentration (25mM) triggers acquisition of a pro-
inflammatory profile in human brain pericytes, inducing synthesis of Il1a, TNFa and 
MMP3 mRNA (*p<0.05, n=8). 

b) The role of endothelial-to-mesenchymal transition in diabetic cardiomyopathy

(Work performed at VUMC)

We are using Cre/Lox-based cell lineage tracing strategies to assess the 

contribution of endothelial cells to the generation of extracellular-matrix-producing cells 

in diabetic mouse hearts, thereby increasing interstitial fibrosis and leading to myocardial 

dysfunction.  Specifically, we crossed the Tie1-Cre mice that express Cre recombinase in 

endothelial cells to the R26RstopYFP (Rosa-YFP) mice in order to generate double 

transgenic Tie1-Cre-YFP mice to uniquely label endothelial cells and their cellular 

deriatives.  These mice were bred to each other and genotyped in order to generate Tie1-

Cre-YFP mice that are homozygote for both the Cre recombinase and R26RYFP loci.  

Double homozygote Tie1-Cre-YFP mice were then crossed with db/+ heterozygotes to 

generate db/+ Tie1-Cre Rosa-YFP mice and non-diabetic Tie1-Cre Rosa-YFP siblings as 

controls.  db/+ heterozygotes were then crossed to each other to generate db/db Tie1-Cre 

Rosa-YFP mice and non-diabetic Tie1-Cre Rosa-YFP siblings as controls.   

Twelve hearts representing healthy control and diabetic genotypes of both sexes, 

displaying typical echocardiography parameters of healthy and disease phenotypes, were 

processed to obtain 60 sections/per heart for immunofluorescence and other histological 

analyses.  Cardiac tissue sections have been analyzed by immunohistological techniques 

to compare the effect of diabetes on cardiac inflammation, vascular density, vascular 
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rarefaction, fibrosis, endothelial-to-mesenchymal (EndMT) transition and Sca1+/CD31- 

pericytes with properties of cardiac progenitor cells.  

c) Molecular characterization of sex-specific DCM progression (Work performed

collaboratively at VUMC and AECOM)

To determine molecular mechanisms linked to diabetic cardiomyopathy, we have 

isolated RNA samples from whole hearts and analyzed gene expression profiles using 

deep RNA sequencing.  Because diabetic males and females display distinct histological 

and physiological abnormalities in the heart (Alex et al., 2018), we have isolated RNA 

samples from whole hearts of obese and diabetic db/db male and female mice at 3 distinct 

time points and established gene expression profiles by deep RNA sequencing. 

Specifically, we have prepared RNA samples from whole hearts of 2, 6 and 12 

month-old male and female obese db/db mice and age-matched lean siblings as controls, 

with three mice per group for a total of 36 samples.  The hearts were isolated at AECOM 

and shipped to VUMC were RNA samples were prepared and submitted to the 

VANTAGE 

genomics Core at 

VUMC for quality 

control.  All 

samples had RNA 

Integrity Numbers 

above the required 

threshold for 

further processing 

and were 

sequenced using 

the Illumina 

NovaSeq6000 on 

paired-end-150 

flow cell runs at 32 

million pass-filter 

Figure 19. Clustering of all 36 RNA sequencing samples shows that most 
replicates have clustered together and that samples from obese diabetic mice 
cluster separately from lean controls.  However, some diabetic samples at 2 
months (marked by asterisk) are close to lean samples, indicative of fewer 
gene expression changes at early disease stages.  
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(PF) reads per sample.  The RNA-seq data were then analyzed using Vanderbilt 

Technologies for Advanced Genomics Analysis and Research Design (VANGARD) 

resources.  Aligning reads to mouse genome revealed excellent and uniform Mapping 

Quality, with low Zero Mapping Quality and high percentage of proper paired reads. 

We subsequently performed clustering analysis using DESeq2.  The results 

showed that replicate samples clustered together along disease status and time points and 

separately for male and female samples, providing a first indication that there are 

significant disease-stage- and sex- specific gene expression changes in diabetic hearts 

(Figure 19).  Of note, month 2 samples aligned close to, or in some instances intercalated 

with lean samples, likely reflecting a variability in the early onset of disease phenotypes 

as also seen in Echo data of young db/db mice. 

Principal Component Analysis (PCA) of the entire gene expression dataset shows 

clear separation of lean from diabetic samples in Principal Component (PC) 1, suggesting 

that there is a core group of genes that represent a universal, i.e., time- and sex- 

independent molecular signature of DCM (Figure 20A).  Furthermore, diabetes-regulated 

Figure 20. Principal Component Analysis (PCA).  A) Samples from db/db hearts are labeled as 
obese/diabetic in red.  Samples from lean, non-diabetic mice are labeled in blue.  The results show 
clear separation of diabetic samples from lean controls along Principal Component 1 (PC1), which 
accounts for 21% of the variable gene expression among samples.  B) Diabetic samples were 
color-labeled according to time point (2, 6, and 12 months) and sex (male M /female F). Diabetic 
samples are labeled D, and lean L.   Asterisk marks the lone diabetic female month 2 (DF2) 
sample that clustered closer to lean samples.  Samples belonging to the same time point and sex 
were circled for easier identification of time- and sex-specific clusters.  The results show that both 
male and female diabetic samples become more diverse from lean samples as time progresses.      
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genes show clear time-dependent groups with distinct 2-, 6- and 12-month clusters 

(Figure 20B).  We postulate that early gene expression changes at 2 months of age 

represent desease drivers, whereas changes at later points are characteristics of 

established DCM (6 months) or are consequences of the ensuing HF (12 months). 

To identify the putative roles of dysregulated genes in diabetic hearts, we 

employed Ingenuity Pathway Analysis.  The pathway analyses revealed that the majority 

of the universally dysregulated genes in diabetic hearts, independent of age and sex, 

relate to the following pathways and biological processes. 

UNIVERSAL PATHWAYS OF DIABETIC 
CARDIOMYOPATHY 

Cardiomyocyte Contractility 
Cation homeostasis – transport 
Calcium handling/Calcium channels 
Gated channel activity 
Calcium release from cytoplasmic reticulum/Sarcolema 
Cardiomyocyte development, contraction, conduction, polarization (hypertrophic 
response) 
Contractile machinery, Z-disc, I-disc, filaments, etc. 
Heart rate regulation 

Metabolism 
Fatty acid metabolism – lipid metabolism – lipid, fatty acid oxidation 
Carbohydrate / Glucose Metabolism 
Pyruvate metabolism 
Insulin response 
Downregulation of insulin receptor 
ATP generation 
Cellular respiration 
NOS biosynthesis 
Mitochondrial membrane 
Oxidoreductase system 

Inflammation/Fibrosis 
Monocyte migration 
Leukocyte chemotaxis 
Cytokine secretion 
MHC II downregulation  
Drastic M1/M2 polarization   
Suppression of IFN – signaling 
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ECM stiffening, reorganization 
Laminins, Collagens 

Vascular Dysfunction 
Vasoconstriction 
Suppression of Nppb, inhibitor of RAAS, promotor of vasorelaxation 
SMC constriction 
Endothelial development, migration 
Vasculogenesis NOS-mediated signal transduction 

Neuropathy 
Neuronal death  
Axon growth, Synapses 

Our results are in line with known characteristics of diabetic heart disease.  

However, a number of genes within each pathway have not been implicated in diabetic 

cardiomyopathy before, thus representing potential novel biomarkers and therapeutic 

targets that we will actively pursue in future studies.  

Representative examples of genes that are unversally expreesed in diabetc hearts 

are shown in Figure 21.   

Taken together, our discoveries have led to new testable hypotheses that we will 

explore in future approaches taking advantage of human disease databases and Electronic 

Health Records (EHR) such as BioVU, and mechanistic studies in animal models using 

available cell-specific knockout mice, CISPR/Cas9 technology to generate novel research 

tools, or suitable chemical agents. 

Fig. 21. Universal gene changes in diabetic (black squares) vs lean (black circles) heart samples.  Each dot 
is the average of 3 mice and represents one of 3 time points (at 2, 6, 12 months) separately for males and 
females. TPM: Transcripts Per Kilobase Million. * p<0.05; *** p<0.001; **** p< 0.0001.
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Training opportunities and professional development 

Cassandra Awgulewitsch is a graduate student in the Cell and Developmental 

Biology Training Program who worked on the project.  Cassandra has received a 

fellowship from the NIH-sponsored T32 training grant “Program in Cardiovascular 

Mechanisms: Training in Investigation” (T32HL007411).  Since joining our laboratory, 

she has published a first author review article on the role of endothelial cell plasticity in 

homeostasis and disease (Awgulewitsch et al., 2017), and co-authored a manuscript on 

the role of BMP signaling inhibition in cardiomyocyte differentiation (Bylund et al., Stem 

Cells & Dev., 2017).  The primary training of Cassandra is laboratory work under the 

direct supervision of Dr. Hatzopoulos.  Cassandra has performed the breeding of Tie1-

Cre-YFP mice to db/+ heterozygotes to generate diabetic and non-diabetic Tie1-Cre 

Rosa-YFP mice for lineage tracing experiments.   She has also spearheaded the RNAseq 

data analyses.  Her training includes daily informal interactions, weekly data review in 

face-to-face meetings (or Zoom meetings during the pandemic), and weekly laboratory 

meetings and journal clubs.  She presented her work in the Research Exchange seminars 

at VU, and posters in the Cardiovascular Research Day, and Program in Developmental 

Biology Retreat at VU.  She also attended the Basic Cardiovascular Sciences Scientific 

Sessions, July 29 - August 1, 2019 in Boston, MA. 

David Wu is a MD/PhD student in the Human Genetics Training Program at 

Vanderbilt University School of Medicine.  David has completed two years of Medical 

School and started his PhD thesis work in our laboratory in September 2017.  After 

completion of his thesis, he will return for an additional two years to Vanderbilt School of 

Medicine to finish his medical degree.  David has used the electronic medical records at 

VUMC that are also linked to genotyping data to search for novel associations between 

diabetic cardiomyopathy and genes of interest as emerge from the RNAseq studies. He has 

presented his research in the Cardiovascular Research Day, and the Human Genetics 

Retreat at VUMC.    

An essential component of the training program of both students involved 

participation in Journal Clubs organized weekly by the Cell & Developmental Biology 

Department and the Human Genetics Institute throughout the academic year and Work-in-



29	

Progress Cardiovascular Research Conference Series (CVRC).  The CVRC meetings are 

formal seminars by graduate students, post-doctoral fellows, cardiology fellows and 

faculty, giving trainees an excellent opportunity to organize their findings, develop and 

defend hypotheses, and refine their communication skills. There were also numerous 

departmental seminars each week in the VUMC campus from prominent visiting 

investigators, closely related to the scientific interests of graduate students.  

Cassandra and David also had the opportunity to take part in local annual scientific 

meetings such as the Graduate Student Research Symposium (GSRS), the Program in 

Developmental Biology retreat and the Cardiovascular Research Day at VUMC. These 

meetings brought nationally recognized scientists for seminars exposing trainees to the 

latest in contemporary research and giving students an opportunity to present their own 

work to a broader audience as posters, or short oral presentations.  Finally, both students 

have supervised the work of junior investigators in the laboratory (e.g., rotating graduate 

students, undergraduates and research assistants), which helped develop their leadership 

and mentoring skills. 

How were the results disseminated to communities of interest? 

Most of the findings have been disseminated during presentations and discussions 

in work-in-progress meetings such as CVRC and teleconferences between the partnering 

institutions.  Many of the findings outlined above resulted in several high-impact 

publications in top-quality journals. The concepts explored in this proposal have 

significantly contributed to development of our paradigm on the pathogenesis of diabetic 

fibrosis and diabetes-associated cardiomyopathy, and are discussed in a series of invited 

review manuscripts and editorials (please see “products”). 

Future plans 

Our RNAseq data have uncovered significant differences in gene activity in 

diabetic hearts between female and male mice.  We will continue validation of the 

primary RNAseq data using histological, molecular and cellular techniques.  We are 
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using bioinformatics tools to analyze in depth the assembled gene expression profiling 

data in order to identify genetic pathways activated or suppressed commonly or 

specifically in diabetic males as compared to diabetic females, thereby developing critical 

insights and novel hypotheses about sex-specific causes or effects of DCM.   These 

analyses will likely yield new insights in the development of diabetic cardiomyopathy 

and may identify new targets to treat heart disease in diabetic patients.  Moreover, efforts 

will focus on preparation of the large data sets for publication and dissemination to the 

scientific community.  

4. Impact

HFpEF is a major cause of morbidity and mortality worldwide. There is currently 

no effective treatment for patients with HFpEF. Although cardiac fibrosis has been 

implicated in the pathogenesis of HFpEF, the cellular basis for fibrotic remodeling of the 

ventricle is poorly understood. Metabolic diseases (such as obesity and diabetes) are 

associated with an increased incidence of HFpEF; however, the pathophysiological 

mechanisms responsible for this association remain unknown. Our experiments have 

established a model of HFpEF due to metabolic disease that can be used to dissect 

cellular and molecular mechanisms.  This is of outstanding significance for 

pathophysiologic dissection in vivo and the development of future therapeutic strategies 

to combat diabetic cardiomyopathy.  Moreover, the importance of our studies extends 

beyond the cardiovascular field, as diabetes-associated tissue fibrosis has an impact on 

other organs (such as the kidney and the liver). 

5. Changes/Problems

No changes or problems to report 

6. Products

Publications: 
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Chemokines in cardiac fibrosis

Ruoshui Li, Nikolaos G Frangogiannis
The Wilf Family Cardiovascular Research Institute, Department of Medicine (Cardiology), Albert 
Einstein College of Medicine, Bronx NY

Abstract

Several members of the chemokine family are involved in regulation of fibrosis. This review 

manuscript discusses the role of the chemokines in the pathogenesis of myocardial fibrosis. The 

CC chemokine CCL2 exerts fibrogenic actions through recruitment and activation of monocytes 

and macrophages expressing its receptor, CCR2. Other CC chemokines may also contribute to 

fibrotic remodeling by recruiting subsets of fibrogenic macrophages. CXC chemokines containing 

the ELR motif may exert pro-fibrotic actions, through recruitment of activated neutrophils and 

subsequent formation of neutrophil extracellular traps (NETs), or via activation of fibrogenic 

monocytes. CXCL12 has also been suggested to exert fibrogenic actions through effects on 

fibroblasts and immune cells. In contrast, the CXCR3 ligand CXCL10 was found to reduce cardiac 

fibrosis, inhibiting fibroblast migration. Chemokines are critical links between inflammation and 

fibrosis in myocardial disease and may be promising therapeutic targets for patients with heart 

failure accompanied by prominent inflammation and fibrosis.

Keywords

chemokine; fibrosis; fibroblast; macrophage; heart failure; myocardial infarction; extracellular 
matrix

Introduction

Fibrotic remodeling is a common pathologic abnormality found in most myocardial 

diseases. The adult mammalian heart has negligible regenerative capacity; thus, following 

myocardial infarction the myocardium heals through formation of a collagen-based scar, 

resulting in reparative fibrosis. In many other pathophysiologic conditions, including 

pressure overload, metabolic disease and certain genetic cardiomyopathies, increased 

deposition of extracellular matrix proteins may occur in the absence of significant 

cardiomyocyte death, resulting in interstitial or perivascular fibrosis. Excessive deposition of 
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fibrous tissue in the cardiac interstitium may promote both systolic and diastolic 

dysfunction. Moreover, fibrotic changes may play an important role in the pathogenesis of 

arrhythmias and conduction defects. Although, activated fibroblasts and myofibroblasts are 

the main cellular effectors of fibrosis, producing large amounts of extracellular matrix 

proteins, other cell types, including immune cells, vascular cells and cardiomyocytes may 

contribute to the fibrotic response, by secreting fibrogenic growth factors and matricellular 

proteins[1]. In many myocardial conditions, fibroblast activation is triggered by an 

inflammatory response, involving recruitment of fibrogenic leukocytes in the remodeling 

myocardium[2].

Chemokines are a family of chemotactic cytokines with a critical role in leukocyte 

trafficking in homeostasis and disease. Based on their structure, chemokines can be 

classified into four subfamilies (CC, CXC, CX3C and XC), depending on the number of 

aminoacids between their first two highly-conserved cysteine residues. In CC chemokines, 

the first two cysteines are adjacent, whereas CXC and CX3C chemokines have one and three 

non-conserved aminoacids respectively between the two cysteines (hence the CXC and 

CX3C designations). XC chemokines have only one cysteine residue near the N-terminus. 

This structural classification has important functional implications, determining which 

leukocyte populations are recruited by each subfamily. CC chemokines predominantly 

recruit mononuclear cells. In contrast, a subgroup of CXC chemokines that contain the ELR 

sequence (glutamic acid-leucine-arginine) immediately preceding the CXC motif, serve 

primarily as neutrophil chemoattractants. In injured and inflamed tissues, chemokines bind 

to glycosaminoglycans on the endothelial surface, or in the extracellular matrix and signal 

by interacting with G-protein-coupled seven-transmembrane chemokine receptors[3].

The pro-inflammatory actions of chemokines have been implicated in the pathogenesis of 

tissue fibrosis in the heart[4] and in other organs[5]. Although actions on immune cells are 

likely responsible for most of the effects of the chemokines in fibrosis, evidence suggests 

that certain members of the chemokine family may also exert direct actions on fibroblasts 

(Figure 1). This review manuscript summarizes recent progress in understanding the role of 

chemokines in myocardial fibrosis.

Immune cells in cardiac fibrosis

The idea that chronic inflammation may promote fibrotic tissue remodeling is not new [6]. 

Although activated fibroblasts and myofibroblasts are the central effector cells in tissue 

fibrosis [7],[8], serving as the main source of extracellular matrix proteins, their activation 

involves in many cases recruitment of immune cells that synthesize large amounts of 

fibrogenic growth factors, such as Transforming Growth Factor (TGF)-β [9]. Macrophages 

are recruited and activated following injury and secrete fibrogenic cytokines, growth factors 

and matricellular proteins [10]. Lymphocytes also infiltrate injured tissues and may stimulate 

fibrogenic cascades [11]. Mast cells accumulate and degranulate in many fibrotic conditions 

and may contribute to fibroblast activation by releasing their fibrogenic granular contents, 

including growth factors, matrix metalloproteinases and the mast cell-specific proteases 

tryptase and chymase [12],[13]. It has been suggested that certain leukocyte subsets may 

exhibit characteristics of fibroblast progenitors and may be directly involved in the 
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pathogenesis of fibrosis by converting to activated myofibroblasts [14],[15]. Although, in the 

injured heart, the contribution of circulating cells to the fibroblast population is likely to be 

limited [16],[17], there is no doubt that immune cell populations can play a critical role in 

cardiac fibrosis by secreting fibroblast-activating mediators [2]. Recruitment and activation 

of fibrogenic immune cells in injured and remodeling tissues, including the myocardium, is 

dependent on induction of chemokines [4]

Induction of chemokines in fibrotic hearts

Based on their patterns of expression, chemokines can be divided into homeostatic and 

inflammatory groups. Homeostatic chemokines are constitutively expressed and are 

implicated in cell homing in lymphoid organs. Inflammatory chemokines, on the other hand, 

show low levels of expression in normal tissues, and are markedly upregulated following 

injury regulating recruitment of leukocytes. Some members of the chemokine family (such 

as CXCL12/Stromal cell-Derived factor (SDF)-1 have both homeostatic and inflammatory 

roles, showing both constitutive expression, and induction in inflamed tissues. Fibrotic 

conditions are associated with induction of several inflammatory chemokines.

Injury rapidly upregulates chemokine expression in the myocardium, inducing a wide range 

of inflammatory CC and CXC chemokines, in cardiac endothelial cells, macrophages, 

fibroblasts and cardiomyocytes (Table 1) [18]. Increased chemokine levels have been 

consistently documented in experimental models of cardiac fibrosis [1],[19], and in patients 

with fibrotic cardiomyopathic conditions [20]. Several mechanisms have been implicated in 

activation of the chemokine system in injured and remodeling hearts. First, in myocardial 

diseases associated with cardiomyocyte death, necrotic cells release damage-associated 

molecular patterns (DAMPs), stimulating Toll-like receptor (TLR) signaling responses, and 

promoting downstream activation of the Nuclear Factor (NF)-κB system and chemokine 

transcription [21]. Second, activation of the inflammasome results in release of active 

Interleukin (IL)-1β, stimulating chemokine expression [22]. Third, injury-associated release 

and activation of proteases generates extracellular matrix fragments that induce chemokine 

expression in many different cell types. Fourth, mechanical stress may activate 

neurohumoral signals (such as angiotensin II), thus stimulating pro-inflammatory signaling, 

resulting in induction of chemokines [23]. Neurohumoral activation of calcium (Ca2+) /

calmodulin (CaM)-dependent kinase IIδ has been suggested to promote induction of CCL2 

in pressure overload models [24],[25]. Fifth, oxidative stress has been extensively implicated 

in induction of the chemokine response following myocardial injury [26].

The role of the chemokines in cardiac fibrosis

CC chemokines

The CCL2/CCR2 axis—CCL2/monocyte chemoattractant protein (MCP)-1 is the best-

studied member of the CC chemokine family in myocardial disease. CCL2 is markedly 

upregulated in experimental models of ischemic and non-ischemic cardiac fibrosis [27],[28],

[29] and is overexpressed in myocardial samples from patients with heart failure [20].

Studies using genetic loss-of-function approaches or pharmacologic inhibition in mouse

models support the notion that CCL2 and its main receptor CCR2 play a critical role in
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myocardial fibrosis. In a mouse model of reperfused myocardial infarction, CCL2 disruption 

attenuated myofibroblast infiltration [30]. In a model of hypertensive fibrosis administration 

of an anti-CCL2 antibody reduced fibrotic remodeling [29]. In a model of ischemic non-

infarctive cardiomyopathy induced through brief repetitive ischemia/reperfusion, CCL2 loss 

attenuated interstitial fibrosis and improved dysfunction [27]. Moreover, in models of 

diabetic cardiomyopathy, genetic and pharmacologic inhibition of CCR2 arttenuated fibrosis 

[31].

Which cellular mechanisms mediate the fibrogenic actions of CCL2/CCR2? CCL2-mediated 

cardiac fibrosis is predominantly attributed to recruitment and activation of CCR2+ 

monocytes and macrophages, resulting in release of fibrogenic mediators, such as TGF-β 
and osteopontin, capable of activating cardiac fibroblasts [27],[30],[32],[33]. The 

mammalian heart contains a resident macrophage population, derived predominantly from 

yolk sac and fetal monocyte progenitors [34]. In normal hearts, these macrophages have the 

capability to self-renew; however, following infarction, the cardiac macrophage population 

markedly expands through recruitment of abundant CCR2+ monocytes [35].[36]. Thus, 

myocardial injury enriches the heart with a wide range of macrophage phenotypes with 

distinct functional properties. Some of these cells have been suggested to exert 

cardioprotective actions [35]; others may contribute to phagocytosis of dead cells and repair 

of the infarcted heart[37], whereas some subsets may exert pro-inflammatory[38], 

fibrogenic, or angiogenic actions. Much like remodeling mouse hearts, human failing hearts 

also contain CCR2+ and CCR2-negative macrophage subsets with distinct functional 

properties [39]. Single cell transcriptomic analysis may contribute to identification of 

specific fibroblast-activating macrophages in remodeling hearts.

Whether in addition to its effects on monocytes and macrophages, CCL2 induces cardiac 

fibrosis through actions on other cell types remains poorly documented. Lymphocytes have 

been implicated in the pathogenesis of cardiac fibrosis [40]; however, the potential 

involvement of CCL2 in their recruitment remains unknown. Although some studies have 

suggested that CCL2 may directly stimulate fibroblast activation [41], in mouse cardiac 

fibroblasts, CCL2 stimulation had no significant effects on profibrotic gene expression 

profile and proliferative activity[27].

The potential role of other CC chemokines in cardiac fibrosis—Induction of 

several other members of the CC chemokine subfamily (including CCL3, CCL4, CCL5, 

CCL12 and CCL24) has been reported in experimental models of cardiac fibrosis [42],[43],

[44,45]. These chemokines may recruit distinct subpopulations of leukocytes, thus 

contributing to the pathogenesis of cardiac fibrosis. CCL5 and CCL3 may stimulate fibrosis 

through recruitment of monocytes and lymphocytes expressing the CCR5 receptor. In the 

ischemic myocardium, CCL5 was found to form heteromers with neutrophil-derived a-

defensin, that bind to CCR5 mediating monocyte recruitment [46]. CCL5 neutralization in a 

model of myocardial infarction attenuated collagen deposition; however the effects on 

fibrotic remodeling were indirect, related to attenuated infarct size due to reduced 

inflammatory injury [47]. Other studies have suggested that CC chemokine-induced 

leukocyte infiltration may also play a role in suppression of post-infarction inflammation 

through recruitment of anti-inflammatory monocyte and lymphocyte subsets. In a model of 
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myocardial infarction, CCR5 was implicated in recruitment of regulatory T cells in the 

infarcted myocardium, suppressing inflammation and attenuating adverse matrix remodeling 

[48],[49]. Evidence suggesting direct effects of CCR5 ligands in non-infarctive cardiac 

fibrosis is lacking. In a model of hypertension induced through administration of 

desoxycorticosterone acetate (DOCA) and angiotensin II, global loss of CCR5 did not affect 

myocardial fibrosis [50].

CCL24 has been implicated in activation of fibrogenic pathways in the lung and skin [51]; 

however, its potential role in cardiac fibrosis remains unknown. As a potent eosinophil 

chemoattractant, CCL24 may be involved in the pathogenesis of fibrosis in eosinophilic 

myocarditis [52]. The marked induction of CCL24 in regenerating neonatal hearts [53] adds 

an intriguing layer of complexity to the possible actions of this CC chemokine in myocardial 

disease.

CXC chemokines in cardiac fibrosis

ELR+ CXC chemokines

ELR+ CXC chemokines act predominantly as neutrophil chemoattractants, signaling 

through the CXCR1 and CXCR2 receptors. CXCL8/Interleukin-8 is the prototypical ELR+ 

CXC chemokine in humans and acts as a potent neutrophil chemoattractant, binding CXCR1 

with high affinity. In contrast, rodents lack a CXCL8 homologue, but have several ELR+ 

CXC chemokines with similar functional properties. In addition to their role in neutrophil 

recruitment, ELR+ CXC chemokines have also been suggested to play a role in angiogenesis 

[54] and fibrosis. Several recent investigations have demonstrated that disruption of CXCR2

signaling may attenuate cardiac fibrosis, presumably through attenuation of leukocyte

infiltration. CXCL1 and CXCL2 are upregulated in spontaneously hypertensive rat hearts,

and CXCR2 inhibition attenuates cardiac fibrosis, hypertrophy and dysfunction [55].

However, the fibrogenic and pro-hypertrophic actions of CXCR2 may be indirect, involving

effects on blood pressure regulation. CXCL1, one of the CXCR2 ligands has been reported

to contribute to the development of angiotensin-induced cardiac fibrosis [23]. The fibrogenic

effects of CXCR2 ligands have been attributed to recruitment of fibrogenic monocyte

subpopulations [23],[56]. Neutrophils, may also contribute to the fibrogenic actions of ELR+

CXC chemokines through secretion of proteases that generate fibrogenic matrix fragments,

or through release of fibrogenic growth factors and cytokines. Neutrophils can also release

their decondensed chromatin and form large extracellular DNA networks, called neutrophil

extracellular traps (NETs). NETosis has been implicated in fibrogenic activation in the heart

and other organs [57],[58],[59]. However, considering the short life span of neutrophils in

the injured myocardium, their relative role as cellular effectors of fibrosis is unclear.

CXCR3 ligands: the role of CXCL10

The CXCR3 ligands (CXCL9, CXCL10 and CXCL11) are the best characterized group of 

ELR-negative CXC chemokines. These chemokines do not stimulate neutrophil chemotaxis, 

but have been implicated in recruitment of lymphocyte subsets. Moreover, CXCL10 has 

been suggested to exert direct actions on fibroblasts and endothelial cells that may have 

important implications in the regulation of cardiac fibrosis. Evidence in both large animal 
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models and rodents suggests that CXCL10/interferon-γ-inducible protein (IP)-10 is 

consistently induced following cardiac injury [60],[61]. Global loss-of-function studies in 

mice suggested that CXCL10 may exert anti-fibrotic actions. CXCL10-mediated inhibition 

of fibrosis may involve recruitment of anti-fibrotic leukocyte subpopulations, or direct de-

activating effects on cardiac fibroblasts [60],[61]. In vitro experiments in cardiac fibroblasts 

showed that CXCL10 inhibits growth-factor-mediated fibroblast migration [61], through 

interactions with proteoglycans that were independent of CXCR3 [62].

CXCL4/platelet factor (PF)-4 has also been implicated in cardiac remodeling [63] through 

effects that may involve, at least in part, interactions with CXCR3 [64]. Exogenous infusion 

of CXCL4 perturbed repair of the infarcted heart, inhibiting macrophage phagocytosis and 

increasing MMP levels [63]. Unfortunately, very limited information is available on the role 

of endogenous CXCL4 in fibrotic remodeling of the heart. Pharmacologic inhibition 

experiments supported the notion that heterophilic interactions between CXCL4 and CCL5 

may contribute to NET formation, accentuating ischemic inflammatory injury [65].

CXCL12/SDF-1

CXCL12/SDF-1 is a multifunctional ELR-negative chemokine with a critical role in 

cardiovascular development [66] and in angiogenesis [67,68]. CXCL12 is induced following 

myocardial injury, and has been suggested to play an important role in regulation of 

cardiomyocyte survival, inflammation and neovessel formation in healing infarcts [69],[70]. 

A growing body of evidence suggests that CXCL12 may be implicated in the pathogenesis 

of fibrosis in several different organs. Several studies have suggested that CXCL12 may 

exert fibrogenic actions through activation of its main receptor, CXCR4. CXCR4 inhibition 

attenuated cardiac fibrosis in a genetic model of murine cardiomyopathy due to cardiac-

specific overexpression of the stress kinase MSt1 [71], and in models of diabetic fibrotic 

cardiomyopathy [72] and cardiorenal syndrome [73]. The cellular basis for the fibrogenic 

actions of CXCL12 remains poorly understood. CXCL12-induced fibrosis has been 

attributed to direct effects on fibroblast migration, to recruitment of fibroblast progenitors 

[74], or to activation of fibrogenic macrophages [75]. In vitro studies suggest direct 

activating effects of CXCL12 on fibroblasts. CXCL12 stimulation promotes proliferation 

and induces collagen synthesis in cardiac fibroblasts [76]. It has been suggested that 

CXCR4-mediated activation of a migratory phenotype in cardiac fibroblasts may not 

necessarily require CXCL12, but may also involve chemokine-independent interactions of 

the receptor with high-mobility group box-1 (HMGB1) [77], a DAMP released in the injured 

myocardium. On the other hand, some CXCL12 actions may be CXCR4-independent, 

involving the CXCR7 receptor. In a model of cardiac fibrosis induced through isoproterenol 

infusion, administration of a CXCR7 inhibitor attenuated cardiac fibrosis [78].

CX3CL1/Fractalkine

The CX3C chemokine CX3CL1/fractalkine is rapidly released following myocardial injury 

[79], and chemoattracts monocytes/macrophages expressing the CX3CR1 receptor. 

Considering the involvement of macrophages in tissue fibrosis, an important role for 

CX3CL1 in fibrotic remodeling has been suggested. However, in vivo studies investigating 
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the role of the CX3CL1/CX3CR1 axis in fibrosis have produced conflicting results. In a 

model of hepatic fibrosis CX3CL1/CX3CR1 signaling was found to inhibit macrophage-

driven fibrogenesis [80]. In contrast, studies in models of renal fibrosis suggested pro-

fibrotic actions of the CX3CL1/CX3CR1 axis [81],. Although CX3CR1+ macrophages are 

abundant in the infarcted and remodeling myocardium [82], the role of CX3CL1/CX3CL1 in 

cardiac fibrosis has not been systematically studied. In a model of viral myocarditis, global 

loss of CX3CR1 accentuated inflammation and increased fibrosis [83]; however, the cellular 

basis for these effects is unclear. In experimental models of heart failure induce through 

myocardial infarction or left ventricular pressure overload, CX3CL1 was found to promote 

dysfunction. These detrimental actions were attributed to effects on cardiomyocyte function 

and fibroblast phenotype [84]. Moreover, in a complex model of unilateral nephrectomy 

followed by angiotensin II infusion, loss of CX3CR1 did not affect myocardial fibrosis [85].

Chemokines as therapeutic targets in cardiac fibrosis

Considering their role in tissue inflammation and fibrosis, several members of the 

chemokine family are attractive therapeutic targets in human fibrotic conditions. Early phase 

clinical trials using therapeutic approaches neutralizing the CCL2/CCR2 axis, or dual 

CCR2/CCR5 inhibition have suggested beneficial effects in patients with fibrosis-associated 

conditions, such as diabetic nephropathy [86],[87], HIV-associated fibrogenic activation [88] 

and non-alcoholic steatohepatitis [89],[90] (Table 2). In contrast, a phase 2 trial using an 

anti-CCL2 neutralizing antibody in patients with idiopathic pulmonary fibrosis did not show 

protective effects. Clinical studies examining the effects of chemokine inhibition in patients 

with cardiac fibrotic conditions have not been performed. A large amount of experimental 

evidence suggests that some members of the chemokine family may be attractive therapeutic 

targets for patients with heart failure associated with prominent inflammatory and fibrotic 

changes. CCL2/CCR2, the best studied chemokine/chemokine receptor pair in myocardial 

disease, has been implicated in the pathogenesis of both ischemic and non-ischemic 

cardiomyopathy, and may be a promising target for therapeutic intervention. However, a lot 

of additional information is needed to support the case for chemokine-based therapeutics in 

heart failure. Although emerging evidence supports the notion that inflammation may play 

an important role in heart failure with preserved ejection fraction (HFpEF) [91],[92] and 

experimental studies suggest that macrophages may contribute to diastolic dysfunction [93], 

whether CCL2 or other CC chemokines are involved in disease progression remains 

unknown. The pathophysiologic heterogeneity of human HFpEF that cannot be recapitulated 

by any animal model is a major challenge for successful clinical translation. Therapeutic 

implementation of chemokine targeting approaches will require identification of heart failure 

patients with prominent chemokine responses that may be causally involved in progression 

of adverse remodeling.

Moreover, chemokine targeting in heart failure patients may carry significant risks, related to 

the need for prolonged inhibition of pathways involved in responses to injury and repair. 

Some members of the chemokine family, including CCL2, have also been implicated in 

arteriogenesis and may play a role in formation of collateral vessels in patients with chronic 

ischemic heart disease [94]. Other chemokines, such as CXCL12 have been suggested to 

exert pro-survival actions on cardiomyocytes [95], while recruiting angiogenic progenitors 
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and promoting angiogenesis [96]. Thus, in some cases the benefits of any anti-fibrotic 

effects of chemokine inhibition may be outweighed by the abrogation of important 

protective and reparative actions.

Design of therapeutic strategies targeting the chemokine system should also carefully 

consider and exploit the temporal and spatial patterns of chemokine induction and activity 

following myocardial injury (Figure 2). Following myocardial infarction, the rapid and 

intense upregulation of pro-inflammatory CC and CXC chemokines in the infarct plays an 

important role in reparative fibrosis by recruiting activated monocytes, activating phagocytic 

macrophages and promoting growth factors expression and release. As professional 

phagocytes clear the infarct from dead cells and matrix debris, the inflammatory response in 

the infarct zone is suppressed; this is a crucial event for cardiac repair. However, in large 

infarcts, extensive loss of contractile cardiomyocytes results in profound hemodynamic 

perturbations, chronic activation of neurohumoral pathways and a low-grade chemokine-

driven inflammatory reaction in the non-infarcted remodeling myocardium [97],[98]. These 

inflammatory changes may play a major role in the pathogenesis of chronic post-infarction 

heart failure.

Conclusions:

Our understanding of the role of the chemokines in fibrotic remodeling of the heart remains 

limited. Future studies need to focus on identification of specific chemokine/chemokine 

receptor pairs that regulate recruitment of fibrogenic leukocytes in the injured myocardium, 

on dissection of leukocyte-derived mediators responsible for chemokine-driven fibrosis, and 

on the potential role of direct actions of chemokine family members on fibroblasts. 

Moreover, we need to expand our knowledge on the patterns of expression and potential role 

of chemokines in human cardiac fibrosis. Targeting fibrogenic immune cells may hold 

promise as a therapeutic strategy in subpopulations of heart failure patients exhibiting 

prominent fibrotic responses.
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Figure 1: Chemokine actions in cardiac fibrosis.
Both CC (CCL) and CXC (CXCL) chemokines have been implicated in the pathogenesis of 

cardiac fibrosis. CC chemokines, such as CCL2, may promote fibrosis through recruitment 

of fibrogenic monocytes and activation of macrophages that produce growth factors and 

cytokines. CXC chemokines containing the ELR motif may promote fibrosis by recruiting 

neutrophils. Activated neutrophils may stimulate fibroblasts by generating neutrophil 

extracellular traps (NETs) or by secreting proteases and growth factors. Effects of ELR+ 

CXC chemokines on recruitment of fibrogenic mononuclear cells have also been suggested. 

Both CC and CXC chemokines may be involved in chemoattraction of lymphocytes with 

pro-fibrotic properties. Although the effects of chemokines in regulation of fibrosis are 

generally attributed to leukocyte recruitment, direct actions of some members of the family 

on fibroblasts cannot be excluded. The CXCR3 ligand CXCL10 exerts anti-fibrotic actions, 

inhibiting fibroblast migration through CXCR3-independent effects that may involve 

proteoglycans (Neut, neutrophil; Mo, monocyte; Ma, macrophage; L, lymphocyte; EC, 

endothelial cells).
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Figure 2: The spatiotemporal dynamics of chemokine actions in cardiac repair and post-
infarction heart failure.
A. Following myocardial infarction, release of damage-associated molecular patterns

(DAMPs) by dying cardiomyocytes and degraded extracellular matrix rapidly stimulates

marked upregulation of pro-inflammatory CC and CXC chemokines in the infarct zone. As

macrophages (Ma) clear the infarct from dead cells and matrix debris, the chemokine

response is suppressed. However, in large infarcts, the profound hemodynamic perturbations

caused by massive loss of contractile cardiomyocytes causes a low-grade chronic

upregulation of pro-inflammatory chemokines in the non-infarcted myocardium. B. In the

infarct, early induction of chemokines recruits pro-inflammatory leukocytes, resulting in

expansion of phagocytic macrophages and fibroblast activation. The early chemokine

response is important for reparative fibrosis. C. In the chronic remodeling phase, high

intraventricular pressures increase wall stress and trigger neurohumoral activation,

promoting low-level chemokine induction, followed by recruitment and activation of
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fibrogenic monocytes and macrophages that may cause interstitial fibrosis, contributing to 

the pathogenesis of adverse remodeling and post-infarction heart failure. EC, endothelial 

cell; Ly, lymphocyte.
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Table 1:

Chemokines in cardiac fibrosis

Chemokine Chemokine 
receptors

Cellular source in models of 
cardiac fibrosis

Cellular targets and effects References

CCL2 CCR2, CCR4 Macrophages, endothelial cells 
and fibroblasts have been 
reported as major sources of 
CCL2 in remodeling hearts. 
CCL2 upregulation in stressed 
and injured cardiomyocytes has 
also been demonstrated.

The fibrogenic actions of CCL2 likely involve 
recruitment of proinflammatory and fibrogenic 
CCR2+ monocytes and macrophages. May directly 
activate fibroblasts; however, the in vivo significance 
of such effects is unclear. Has been suggested to 
recruit fibroblast progenitors. May also promote 
arteriogenesis.

[27],[30],[32],
[33],[24],[25]

CCL3 CCR1, 
CCR4, CCR5

In a model of myocarditis, 
macrophages and dendritic cells 
were the main source of CCL3.

May stimulate recruitment of pro-inflammatory 
leukocytes that may promote fibrosis. In 
myocarditis, CCL3 was found to play a critical role 
in virus-induced inflammation.

[99],[100],
[101]

CCL4 CCR5, CCR8 CCL4 is upregulated in infarcted 
and remodeling hearts; however 
its cellular localization has not 
been systematically studied. 
Macrophages, endothelial cells 
and fibroblasts are likely cellular 
sources.

Although CCL4 is upregulated in injured and fibrotic 
hearts, its role in myocardial biology remains 
unknown.

[48]

CCL5 CCR5, 
CCR3, CCR1

Although many cell types 
(including macrophages, 
platelets, endothelial cells and 
fibroblasts) are known to 
produce CCL5, its cellular 
localization in fibrotic hearts has 
not been studied.

In a model of infarction, CCL5 was found to 
promote fibrosis, likely by accentuating 
inflammatory injury. May form heteromers with α-
defensin, stimulating leukocyte recruitment. CCR5-
mediated recruitment of anti-inflammatory leukocyte 
subsets has been suggested to restrain inflammation 
following infarction.

[47],[46],[48]

CCL24 CCR3 In myocarditis, macrophages 
were the main cellular source of 
CCL24. CCL24 levels were 
markedly increased in 
regenerating neonatal mouse 
hearts. However, its cellular 
localization has not been 
studied.

Although CCL24 has been implicated in fibrosis in 
other organs, whether it is involved in myocardial 
fibrosis is unknown. In eosinophilic myocarditis. 
CCL24 may promote fibrosis by recruiting 
eosinophils.

[53],[52]

CXCL8 CXCR1, 
CXCR2

Leukocytes, endothelial cells 
were found to be major sources 
of CXCL8 in infarcted and 
remodeling hearts. Fibroblasts 
and lymphocytes are also 
capable of secreting CXCL8.

May promote fibrosis by recruiting and activating 
neutrophils. Fibrogenic actions of CXCL8-activated 
neutrophils may involve formation of neutrophil 
extracellular traps (NETs). CXCL8 may also exert 
angiogenic actions.

[102],[103]

CXCL1 and 
other 
CXCR2 
ligands

CXCR2 Macrophages, vascular cells, 
fibroblasts and mast cells can 
produce CXCR2 ligands.

CXCR2 ligands may promote fibrosis through 
recruitment of fibrogenic leukocyte subsets. 
CXCR2-mediated inflammation may indirectly 
promote fibrosis by increasing systemic blood 
pressure.

[23],[56],[55]

CXCL4 CXCR3 Platelets, macrophages Although the involvement of CXCL4 in cardiac 
fibrosis has not been systematically studes, 
exogenous CXCL4 was found to increase MMP 
activity and to inhibit macrophage phagocytosis. 
CXCL4 may also be involved in lymphocyte 
recruitment.

[63], [65]

CXCL10 CXCR3, PG Endothelial cells, leukocytes CXCL10 exerts anti-fibrotic actions, inhibiting 
fibroblast migration and has also been suggested to 
have angiostatic properties. May also be involved in 
recruitment of lymphocytes.

[60],[61],[62]

CXCL12 CXCR4, 
CXCR7

Vascular cells, leukocytes, 
fibroblasts and cardiomyocytes

CXCL12 exerts a wide range of actions on all cell 
types involved in cardiac remodeling. Effects on 
inflammatory leukocyte recruitment, angiogenesis 
(through recruitment of progenitors), and 
cardiomyocyte survival have been reported. 
Fibrogenic actions may involve direct effects on 

[71],[72],[73],
[74],[75],[76],
[77],[78],[104]
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Chemokine Chemokine 
receptors

Cellular source in models of 
cardiac fibrosis

Cellular targets and effects References

fibroblast migration, or activation of fibrogenic 
macrophages.

CX3CL1 CX3CR1 Endothelial cells, macrophages In a model of viral myocarditis, CX3CR1 was found 
to inhibit fibrosis; however, the cellular basis for 
these effects is unclear. In other tissues both 
fibrogenic and anti-fibrotic actions of CX3CL1 have 
been reported. Although macrophages are the most 
likely cellular targets of CX3CL1 in fibrotic and 
remodeling hearts, some experimental studies have 
suggested actions on many different cell types, 
including cardiomyocytes, fibroblasts and 
endothelial cells.

[83], [84]

Curr Opin Physiol. Author manuscript.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Li and Frangogiannis Page 20

Table 2:

Targeting the chemokines in human fibrosis-associated conditions

Condition Anti-chemokine approach Findings Reference

Lupus nephritis Inhibition of CCL2 (and other CC 
chemokines) through 
administration of bindarit

In a randomized double-blind clinical trial, treatment of acute 
lupus nephritis patients with bindarit reduced proteinuria. 
Fibrosis-related endpoints were not assessed.

[105]

Diabetic nephropathy 
(albuminuria)

Treatment with a CCR2 inhibitor 
(CCX140-B)

In a randomized double-blind placebo-controlled trial, CCR2 
inhibition reduced proteinuria in patients with type 2 diabetes. 
Fibrosis-related endpoints were not assessed.

[86]

Diabetic nephropathy 
(albuminuria)

Treatment with emapticap pegol 
(NOX-E36), an L-aptamer that 
binds and inhibits CCL2.

In a phase IIa study, CCL2 inhibition was safe and well-
tolerated and reduced the albumin to creatinine ratio. Fibrosis-
related endpoints were not assessed.

[87]

Idiopathic pulmonary 
fibrosis (IPF)

Monoclonal anti-CCL2 
neutralizing antibody (carlumab)

In a phase 2 trial, CCL2 inhibition did not affect forced vital 
capacity and the change in diffusing capacity in IPF patients.

[106]

HIV-infected patients Oral CCR2/CCR5 antagonist 
(cenicriviroc)

In HIV-infected patients on stable antiretroviral therapy, 
cenicriviroc reduced plasma biomarkers of fibrosis

[88]

Hepatic fibrosis 
associated with HIV 
infection

Oral CCR2/CCR5 antagonist 
(cenicriviroc)

Cenicriviroc decreased the enhanced liver fibrosis index in 
HIV-infected patients.

[107]

Non-alcoholic 
steatohepatitis 
accompanied by liver 
fibrosis

Oral CCR2/CCR5 antagonist 
(cenicriviroc)

In a phase 2b randomized-controlled trial (CENTAUR) 
cenicriviroc was well tolerated and reduced fibrosis 
progression.

[89],[90]
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The role of Smad signaling cascades in cardiac fibrosis 

Anis Hanna , Claudio Humeres , Nikolaos G. Frangogiannis *
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A B S T R A C T

Most myocardial pathologic conditions are associated with cardiac fibrosis, the expansion of the cardiac interstitium through deposition of extracellular matrix (ECM) 
proteins. Although replacement fibrosis plays a reparative role after myocardial infarction, excessive, unrestrained or dysregulated myocardial ECM deposition is 
associated with ventricular dysfunction, dysrhythmias and adverse prognosis in patients with heart failure. The members of the Transforming Growth Factor (TGF)-β 
superfamily are critical regulators of cardiac repair, remodeling and fibrosis. TGF-βs are released and activated in injured tissues, bind to their receptors and 
transduce signals in part through activation of cascades involving a family of intracellular effectors the receptor-activated Smads (R-Smads). This review manuscript 
summarizes our knowledge on the role of Smad signaling cascades in cardiac fibrosis. Smad3, the best-characterized member of the family plays a critical role in 
activation of a myofibroblast phenotype, stimulation of ECM synthesis, integrin expression and secretion of proteases and anti-proteases. In vivo, fibroblast Smad3 
signaling is critically involved in scar organization and exerts matrix-preserving actions. Although Smad2 also regulates fibroblast function in vitro, its in vivo role in 
rodent models of cardiac fibrosis seems more limited. Very limited information is available on the potential involvement of the Smad1/5/8 cascade in cardiac 
fibrosis. Dissection of the cellular actions of Smads in cardiac fibrosis, and identification of patient subsets with overactive or dysregulated myocardial Smad- 
dependent fibrogenic responses are critical for design of successful therapeutic strategies in patients with fibrosis-associated heart failure.   

1. Introduction

The term “cardiac fibrosis” describes the expansion of the cardiac
interstitium due to net accumulation of extracellular matrix (ECM) 
proteins [1],[2]. Cardiac fibrosis is not a single disease entity, but rather 
a pathologic response that can be appropriate or inappropriate, 
depending on the context. For example, following myocardial infarction, 
massive loss of cardiomyocytes overwhelms the negligible regenerative 
capacity of the adult mammalian heart, and activates a fibrogenic 
response that ultimately results in scar formation. Despite the absence of 
contractile function, the collagen-based scar plays an important pro-
tective role, maintaining the structural integrity of the ventricle and 
preventing catastrophic mechanical complications, such as cardiac 
rupture [3],[4],[5],[6],[7]. Formation of scar following myocardial 
infarction is part of a reparative response and results in “replacement 
fibrosis”. In many other myocardial pathologic conditions, such as hy-
pertensive heart disease, aortic stenosis, or diabetic cardiomyopathy, 
cardiac fibrosis develops insidiously in the absence of significant loss of 
cardiomyocytes and involves predominantly the interstitial and peri-
vascular areas. These changes may contribute to the pathogenesis of 
heart failure by promoting both systolic and diastolic dysfunction and 
may be critically implicated in the development of heart failure with 
preserved ejection fraction (HFpEF) [8],[9]. 

The members of the TGF-β superfamily play a critical role in 

regulation of cardiac fibrotic responses [10],[11]. In humans, the TGF-β 
superfamily is composed of 33 members. that can be subclassified into 
several subfamilies. The three TGF-β isoforms, TGF-β1, β2 and β3 are the 
best studied members of the family in myocardial diseases [12]. The 
superfamily also includes the Growth differentiation factors (GDFs), the 
activins, the bone morphogenetic proteins (BMPs), the inhibins, the 
nodal and anti-Mullerian hormone proteins. Following myocardial 
injury, several members of the TGF-β superfamily are induced and/or 
activated and modulate the phenotype of both cardiomyocytes and non- 
cardiomyocytes [13],[14],[15],[16],[17]. The best characterized 
intracellular effectors of the TGF-β superfamily proteins are the Smads, a 
group of 8 structurally related proteins in humans with homologues that 
have been identified in both vertebrates and invertebrates. The founding 
member of the family is the product of the Drosophila gene Mothers 
against decapentaplegic (Mad), which was found to mediate signaling 
through the BMP homologue decapentaplegic (Dpp) [18]. In parallel, the 
Sma proteins were identified as Mad homologues in nematodes. Thus, 
the term “Smad”, (combining Sma and Mad) was coined to name the 
vertebrate members of this family [19]. From a functional perspective, 
the Smads are classified into 3 groups: a) the Receptor Activated Smads 
(R-Smads: Smad1, Smad2, Smad3, Smad5 and Smad8), responsible for 
TGF-β superfamily signaling, b) the common Smad (Co-Smad), Smad4, 
which binds to the R-Smads forming the signaling complex and c) the 
inhibitory Smads (I-Smads: Smad6 and Smad7), which are involved in 
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negative regulation of R-Smad-mediated cascades [20]. 
Fibroblasts, immune cells, vascular cells and cardiomyocytes, the 

main cellular effectors of cardiac fibrosis are highly responsive to TGF-βs 
and activate Smad-dependent signaling cascades that play a critical role 
in regulation of the fibrogenic transcriptional program. This review 
manuscript discusses the role of Smad-dependent signaling cascades in 
cardiac fibrotic conditions. 

2. The TGF-β signaling cascade: from the cell surface to the
nucleus

The heart contains latent stores of TGF-β [21] that can be rapidly 
activated following injury [22] through interactions of the latent TGF-β 
complexes with proteases [23],[24], specialized matrix proteins (such as 
ED-A fibronectin and thrombospondin-1) [25],[26],[27] and cell sur-
face integrins [28]. Moreover, in many fibrosis-associated myocardial 
conditions, infiltration with platelets capable of releasing large amounts 
of TGF-β from their granules [29], and de novo synthesis of TGF-β iso-
forms in cardiomyocytes, fibroblasts, immune cells and vascular cells 
[30],[17],[16], further increase the amounts of activatable TGF-βs in the 
site of injury. Several other members of the TGF-β superfamily are also 
upregulated in the injured and remodeling myocardium, including 
activins [31], BMPs [15] and GDFs [13]. 

All TGF-β superfamily members transduce signals through binding to 
characteristic combinations of type I and type II TGF-β receptors (TβRs) 
[32]. Humans have 7 type I TβRs, (also known as activin-like receptor 
kinase (ALK)1-7), and 5 type II TβRs (TβRII, ActRII, ActRIIB, AMHRII 
and BMPRII) [33]. The three TGF-β isoforms (TGF-β1, -β2, and -β3) act 
through a single type II receptor (TβRII) that may interact with ALK5 
[34], or ALK1 (or both) depending on the cell type and the context [35], 
[36],[37],[38]. Some studies have suggested that ALK2 and ALK3 may 

also mediate certain TGF-β-induced actions [39]. Other members of the 
superfamily use different TGF-β receptor combinations. Activins signal 
through ALK4, or ALK7 after binding to the ActRII or ActRIIB type II 
receptors. On the other hand, the members of the BMP family signal 
through a range of combinations, including one of the type I receptors 
ALK1 ALK2, ALK3 and ALK6 and one of the ActRII, ActRIIB and BMPRII 
type II receptors [40] [41]. 

Binding of a TGF-β superfamily member to its receptors triggers 
formation of a heterotetrameric complex, composed of two type I and 
two type II receptor molecules (Fig. 1). Subsequently, the phosphory-
lated type I receptor interacts with and phosphorylates members of the 
R-Smad family at the carboxyterminal Ser-Ser-X-Ser (SSXS) motif, acti-
vating a Smad-dependent (canonical) signaling cascade. Type I re-
ceptors have preferred Smad partners: ALK5, ALK4 and ALK7
phosphorylate Smad2 and Smad3, whereas ALK1, ALK2, ALK3 and
ALK6 phosphorylate Smad1, Smad5 and Smad8 [42]. After phosphor-
ylation by the type I receptor, the R-Smads dissociate from the receptor
and form trimeric complexes with the common Smad, Smad4. These
complexes can be either homomeric or heteromeric: one Smad4 mole-
cule can bind to two molecules of the same R-Smad, or may form a mixed
complex, composed of two different R-Smads (Smad2 and Smad3, or
even Smad1 and Smad3). Subsequently, the R-Smad/Smad4 complex
translocates to the nucleus, where it binds to Smad-binding elements or
GC-rich sequences in the promoter regions of target genes, regulating
their transcription [43].

The Smad cascades are modulated through the effects of accessory 
receptors (such as betaglycan and endoglin) [42], interactions with 
cytoplasmic proteins, and negative feedback pathways. Endoglin has 
been suggested to regulate the balance between Smad1/5 and Smad2/3 
cascades in response to TGF-βs. It is predominantly expressed in endo-
thelial cells and in activated fibroblasts, and negatively regulated ALK5- 

Fig. 1. Signaling cascades activated by the 
TGF-β superfamily. 
TGF-β superfamily ligands signal by binding 
to distinct combinations of two type II, and 
two type I receptors. TGF-βs bind TβRII 
inducing transphosphorylation of the type I 
receptor ALK5. Activated ALK5 phosphory-
lates the receptor-activated Smads (R- 
Smads) Smad2 and Smad3, which then form 
a heterotrimeric complex with the common 
Smad, Smad4, promoting the translocation 
of the Smad complex to the nucleus. In-
teractions between the Smad complex and 
transcriptional activators or repressors 
regulate transcription of target genes. In 
some cell types, TGF-βs may also act through 
another type I receptor, ALK1, stimulating 
Smad1/5/8 signaling. BMPs also bind to 
their specific type II receptors, subsequently 
activating type I receptors (ALK2, ALK3, 
ALK6) and phosphorylating Smad1/5. 
Smad1 and Smad5 then bind to Smad4 and 
translocate to the nucleus regulating tran-
scription. In addition to the Smad-dependent 
signaling, TGF-β superfamily members may 
also signal through non-canonical Smad-in-
dependent cascades. The inhibitory Smads 
(Smad6 and Smad7) negatively regulate 
TGF-β superfamily cascades. Accessory re-
ceptors, such as endoglin and betaglycan, 
modulate TGF-β signaling. The cartoon was 
designed using Servier Medical Art (https:// 
smart.servier.com/).   
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Table 1 
In vitro effects of Smad signaling cascades in regulation of cardiac fibroblast phenotype  

Species Culture Condition Smads manipulation Role of Smad Reference 

Human Collagen pads Pharmacologic Smad3 inhibition with SIS3. Smad3 mediates TGF-β1-induced α-SMA and α11 integrin expression. [104] 
Rat Culture plates Pharmacologic Smad3 inhibition with SIS3. Smad3 mediates TGF-β1-induced LOX expression. [102] 
Rat 

(neonatal) 
Culture plates Pharmacologic Smad3 inhibition with SIS3. Smad3 mediates TGFβ1-induced cytoprotective and antiapoptotic effects in fibroblasts exposed to simulated ischemia/ 

reperfusion 
[106] 

Rat 
(neonatal) 

Culture plates Pharmacologic Smad3 inhibition with SIS3. Smad3 promotes cardiac myofibroblast conversion by mediating TGF-β1-induced downregulation of FoxO3a. [98] 

Mouse Culture plates Smad2/Smad3 siRNA knockdown.  • Smad3 mediates baseline collagen I, collagen IV, fibronectin and TSP1 synthesis.
• Smad2 mediates baseline collagen V, fibronectin, periostin and versican. 

[109] 

Mouse Collagen pads/ 
Culture plates. 

Smad2/Smad3 siRNA knockdown.  • Smad3, but not Smad2, mediates α2 and α5 integrin expression.
• Both Smad 2 and Smad3 stimulate α-SMA incorporation into stress fibers 

[92] 

Mouse Collagen pads Fibroblasts from global Smad3 null mice Smad3 mediates TGF-β1-induced transcription of tissue transglutaminase. [103] 
Mouse Culture plates Fibroblasts from global Smad3 null mice Smad3 mediates TGFβ–induced collagen III and tenascin-C synthesis. [100] 
Mouse Collagen pads Fibroblasts from global Smad3 null mice Smad3 mediates TGF-β-induced TIMP1 upregulation and MMP3/MMP8 suppression, promoting a matrix-preserving 

phenotype. 
[93] 

Mouse Collagen pads/ 
Culture plates 

Fibroblasts from global Smad3 null mice.  • Smad3 accentuates contraction of fibroblast-populated lattices.
• Smad3 mediates expression of Integrins α2, α5 and β3 in pad fibroblasts.
• Smad3 mediates α-SMA synthesis only in plated fibroblasts. 

[7] 

Mouse 
Collagen pads/ 
Culture plates Fibroblasts from global Smad3 null mice.  

• Smad3 mediates anti-proliferative and promigratory effects of TGF-β.
• Smad3 mediates contraction of fibroblast-populated lattices.  
• Smad3 stimulates CTGF and extracellular matrix gene synthesis. 

[94] 

Mouse Culture plates Fibroblasts from global Smad3 null mice. Smad3 mediates angiotensin II-induced upregulation of Collagen I, α-SMA, TNF-α, IL-1β, and MCP-1. [140] 

Mouse Collagen pads/ 
Culture plates 

Cre overexpression in fibroblasts from Smad2, Smad3 and Smad2/ 
3 fl/fl mice to delete loxP-targeted Smads.  

• Smad3 (but not Smad2) mediates TGF-β1-induced fibroblast-populated pad contraction.
• Both Smad2 and Smad3 stimulate expression of extracellular matrix genes (Col1a1, Col1a2, Col3a1, Fn1, Fbln1, Tnc), 

matrix regulators (Loxl2, Adam12, Adam30, Sparc) and cell adhesion genes (Itga2, Itga8, Itgb3). 
[101]

A
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Smad2/3 responses, while enhancing ALK1-Smad1/5/8 signaling [44], 
[45],[46]. Betaglycan, on the other hand can either activate or inhibit 
TGF-β signaling responses, depending on its expression levels, and on 
contextual factors [47], [48]. Several other transmembrane molecules 
(including CD44 and neuropilin-1) [49],[50] have been reported to act 
as non-selective co-receptors that may modulate TGF-β responses, while 
interacting with other growth factors and bioactive mediators. 

Negative feedback mechanisms act to restrain overactive Smad 
signaling responses. At the receptor level, TGF-β-induced overexpression 
of the cell surface pseudo-receptor BAMBI (BMP and activin membrane- 
bound inhibitor) competes with TβRI for ligand binding [51],[52] and 
may suppress TGF-β/R-Smad responses[53]. The I-Smads Smad6 and 
Smad7 are induced following TGF-β stimulation and compete with R- 
smads for their binding to activated TβRI or Smad4, while also medi-
ating TβRI degradation by recruitment of Smurf ubiquitin ligases [54]. 
Moreover, the nuclear co-repressors Ski and SnoN can bind to the 
translocated R-Smad/Smad4 complex promoting its degradation via 
Smurf2, or directly preventing transcription of Smad-target genes by 
recruiting histone deacetylases [55]. 

It should be emphasized that, in addition to Smad signaling cascades, 
TGF-βs also activate non-canonical signaling pathways, such as mitogen- 
activated protein kinase (MAPK), TGF-β-activated kinase 1 (TAK1), Rho 
GTPase, phosphatidylinositol3-kinase/AKT and focal adhesion kinases 
(FAK) [56] [57] [58]. These non-canonical pathways extensively 
interact with the Smad-mediated cascades and add additional layers of 
complexity to the biology of the TGF-β response [59],[60],[61], More-
over, because these non-Smad cascades are also common downstream 
effector pathways for a wide range of mediators, dissection of their 
relative role in mediating effects of TGF-β superfamily members is 
challenging. 

3. Can Smads be activated through mechanisms independent of 
TGF-β superfamily members? 

Although the members of the TGF-β superfamily are considered the 

main activators of Smad signaling, a growing body of evidence suggests 
that TGF-β-independent mechanisms may also contribute to Smad 
activation in certain cell types. In epithelial cell lines, viral infection has 
been suggested to activate Smads in a TGF-β-independent manner [62]. 
In macrophages, phagocytosis rapidly and consistently activated Smad3 
in the absence of TGF-β secretion [30], In NK cells, effects of Smad4 were 
found to be TGF-β-independent [63]. Experiments in renal mesangial 
cells suggested that advanced glycation end-products may activate R- 
Smads through a TβRII-independent mechanism [64]. The significance 
of TGF-β-independent Smad signaling in cardiac fibrosis has not been 
documented. Although the fibrogenic actions of angiotensin II are 
associated with marked activation of Smad2 and Smad3, these effects 
are likely indirect and involve activation and induction of TGF-β [65], 
[66]. Thus, Smad activation in fibrotic cardiac conditions should be 
viewed as the result of induction and/or activation of TGF-β superfamily 
members. 

4. The cellular basis of cardiac fibrosis 

As the main matrix-producing cells, activated fibroblasts are the key 
cellular effectors of myocardial fibrosis, regardless of underlying etiol-
ogy [67]. In many cardiac fibrotic conditions, fibroblasts convert to 
secretory myofibroblasts, expressing contractile proteins, such as 
α-smooth muscle actin (α-SMA), and producing large amounts of 
structural matrix proteins and fibrogenic matricellular macromolecules 
[68],[69],[70],[71]. Myofibroblasts contribute to the fibrotic response, 
not only by secreting matrix proteins, but also by producing proteases, 
such as matrix metalloproteinases (MMPs), and their inhibitors [72], 
[73], thus regulating matrix metabolism. Emerging evidence suggests 
that myofibroblast conversion is not required for fibrogenic activation. 
In a mouse model of type 2 diabetes, increased interstitial and peri-
vascular collagen deposition was not associated with myofibroblast 
conversion [74]. Moreover, single cell transcriptomic analysis suggests 
that in remodeling hearts, high matrix gene synthesis in fibroblast 
subpopulations may occur in the absence of myofibroblast 

Fig. 2. Smad-mediated actions in cardiac fibroblasts. 
The Smad proteins are key intracellular effectors of cascades involving TGF-β superfamily signaling. In cardiac fibroblasts, receptor-activated Smads regulate 
viability, proliferation, migration, transcriptional profile, phenotype and function. Smad3 activates fibroblast synthesis of extracellular matrix (ECM) proteins, while 
preserving the ECM by reducing protease-mediated matrix degradation. Smad3 also promotes the conversion of cardiac fibroblasts to myofibroblasts, and regulates 
myofibroblast alignment and formation of an organized scar by regulating integrin expression. Moreover, Smad3 tightly regulates cardiac fibroblast numbers by 
regulating proliferation and apoptosis. Smad2, has been reported to modulate fibroblast gene expression in vitro; however, its’ in vivo effects are more limited. The 
role of Smad1/5/8 in regulation of cardiac fibroblast phenotype is not known. The cartoon was designed using Servier Medical Art (https://smart.servier.com/). 
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transdifferentiation [75],[76]. Thus, alternative pathways of fibroblast 
activation may significantly contribute to cardiac fibrotic responses. The 
expansion and activation of fibroblasts and myofibroblasts in remodel-
ing hearts may also involve several other cell types, including immune 
cells, cardiomyocytes and vascular cells. Macrophages and lymphocytes 
have been implicated in fibroblast activation through secretion of 
fibrogenic growth factors, cytokines and matricellular proteins [77], 
[78],[79],[80]. Mast cells may also contribute to fibrotic cardiac 
remodeling by releasing their fibrogenic granular contents [81],[82]. 
Under conditions of ischemic, mechanical or metabolic stress, car-
diomyocytes are also capable of producing fibrogenic mediators and 
may contribute to fibroblast activation [83],[84]. Vascular endothelial 
cells can also produce bioactive mediators that stimulate fibroblasts. 
Several studies have suggested that endothelial cells may undergo 
endothelial-to-mesenchymal transition (EndMT) [85],[86],[87] thus 
directly participating in the myocardial fibrotic response. However, 
several publications using robust lineage tracing strategies in models of 
myocardial infarction and pressure overload have challenged the 
contribution of EndMT in cardiac fibrotic conditions [88],[89],[90]. 

The bulk of the experimental evidence suggests a major contribution 
of fibroblast Smad3 signaling in the cellular responses leading to 
myocardial fibrosis. In contrast, evidence supporting the role of other 
Smad proteins in fibroblast activation, and data on the potential 
involvement of Smad cascades in fibrogenic activation of other cell types 

are limited. 

5. Smad signaling cascades in fibroblasts

Activation of Smad2 and Smad3 has been extensively demonstrated
in fibroblasts infiltrating fibrotic and remodeling hearts; in contrast, 
much less evidence is available on Smad1/5/8 activation [91],[17], 
[92]. In isolated cardiac fibroblasts TGF-β isoforms, but not BMPs, 
rapidly activate Smad2 and Smad3 signaling [91],[93]. In vitro, Smad3 
is a central activating signal for cardiac fibroblasts that regulates several 
different functions (Table 1, Fig. 2) [10]. First, Smad3 induces myofi-
broblast conversion, increasing α-SMA expression and promoting its 
incorporation into stress fibers, the hallmark of myofibroblast transition 
[94],[95]. Smad3-mediated myofibroblast conversion involves direct 
effects on α-SMA transcription [94], [96], and may be accentuated by 
indirect actions, such as upregulation of fibronectin [7], a specialized 
matrix protein that stimulates acquisition of a myofibroblast phenotype 
[97] or downregulation of the transcription factor Forkhead box protein
O3a (FoxO3a) [98], a signal that inhibits myofibroblast conversion
[98,99]. Second, Smad3 stimulates the transcription of structural and
matricellular extracellular matrix proteins, including type I and type III
collagens, fibronectin, periostin and tenascin-C [7,94], [100], [101],
and induces synthesis of matrix-crosslinking enzymes, such as lysyl- 
oxidase [102] and tissue transglutaminase [103]. Third, Smad3

Table 2 
In vivo Effects of Smad Signaling in Cardiac Fibrosis  

Model Intervention Role of Smad Proposed Mechanism Reference 

Age-associated changes Cardiomyocyte-specific Smad4 
knockout mouse 

Cardiomyocyte Smad4 protected the heart from 
age-associated hypertrophy and fibrosis. 

Smad4-mediated protection of 
cardiomyocytes from injury, or 
suppression of fibrogenic signals. 

[160] 

Non-reperfused MI Myofibroblast-specific Smad2 or 
Smad3 loss. 

Myofibroblast Smad3   

a. Regulates organization of myofibroblast 
arrays.

b. Mediates alignment of structural collagen 
fibers in the infarct 

Myofibroblast Smad2 does not play a major role 
in infarct healing. 

Smad3-mediated integrin α2 and 
α5 activation. 

[92] 

Reperfused MI Global Smad3 null mice 
Smad3 mediates cardiac collagen deposition in 
the infarct, the border zone and the remote 
remodeling. 

Smad3-mediated synthesis of 
extracellular matrix genes and 
TIMPs. 

[100] 

Reperfused MI Global Smad3 null mice 
Smad3 mediates deposition in the infarct, 
promotes myofibroblast conversion, but reduces 
myofibroblast proliferation. 

Smad3-mediated anti-proliferative 
actions, α-SMA expression, 
induction of ECM proteins and 
CTGF. 

[94] 

Reperfused and non-reperfused 
MI 

Myofibroblast-specific Smad3 loss 

Myofibroblast Smad3:   

a. Prevents late cardiac rupture.
b. Mediates formation and organization of well- 

aligned arrays of myofibroblasts. 

Smad3-mediated activation of α5 
integrin-NOX2 axis. 

[7] 

Pressure overload (TAC) 
Myofibroblast-specific Smad3 KO 
mice 

Myofibroblast Smad3 preserves the extracellular 
matrix and attenuates collagen degradation 

Smad3-mediated inhibition of 
collagenase (MMP3/8)-driven 
matrix degradation, 

[93] 

Pressure overload (TAC) 
Overexpression of a 
cardiomyocyte-specific, 
latency-resistant TGF-β mutant 
transgene. 

Conditional Fibroblast and 
Myofibroblast-specific TβR1, TβR2, 
Smad2, Smad3 and Smad2/3 null 
mice. 

Fibroblast Smad3, but not Smad2, mediates the 
fibrotic response in the pressure-overloaded heart 
and in a genetic model of cardiac TGF-β 
overactivation. 

Smad3-mediated transcription of 
matrix genes. [101] 

Pressure overload (TAC). Global Smad3 null mice Smad3 mediates myocardial fibrosis Smad3-mediated collagen 
synthesis. 

[141] 

Pressure overload 
ALK5 inhibition using a small 
molecule inhibitor (SM16) ALK5 mediates fibrosis and diastolic dysfunction. 

Smad2/3-mediated expression of 
pro-fibrotic genes. [142] 

Angiotensin II infusion Global Smad3 null mice 
Smad 3 mediates angiotensin II-induced cardiac 
fibrosis. 

Smad 3-mediated induction of 
TGFβ1, CTGF, collagen I/III and 
α-SMA. 

[140] 

db/db mouse Obese diabetic db/db mice with 
partial or complete Smad3 loss. 

Smad3 promotes fibrosis in obese diabetic mice. Smad3-mediated suppression of 
MMP activity. 

[133] 

T. Cruzi infection 
Pharmacological ALK5 inhibition 
with GW788388. ALK5 mediates fibrosis. 

Smad2/3-mediated matrix 
synthesis. [165] 

TAC, transverse aortic constriction; CTGF, connective tissue growth factor; ECM, extracellular matrix; MI, myocardial infarction; MMP, matrix metalloproteinase; 
NOX, NADPH Oxidase; SMA, smooth muscle actin; TIMP, Tissue inhibitor of metalloproteinases. 
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promotes a matrix-preserving phenotype characterized by suppressed 
synthesis and reduced activity of matrix metalloproteinase (MMP)-3 and 
MMP-8 and induction of anti-proteases, such as Tissue Inhibitor of 
Metalloproteinases (TIMP)-1 [93],[91]. Fourth, Smad3 stimulates 
fibroblast expression of α2, α5, β3and α11 integrins, facilitating in-
teractions between the fibroblasts and the extracellular matrix; these 
interactions may be important for formation of an organized scar [7] 
[104], Fifth, Smad3 may promote fibroblast migration and may enhance 
the capacity of fibroblasts to contract free-floating collagen lattices [94] 
(which is an indicator of fibroblast activation and is independent on 
myofibroblast conversion) [105]. Sixth, some studies have suggested 
that Smad3 may increase fibroblast viability under conditions of stress 
by exerting anti-apoptotic actions [106]. Finally, in addition to all these 
activating actions, Smad3 inhibits fibroblast proliferation, suggesting 
that Smad3-dependent myofibroblast activation is accompanied by tight 
regulation of the density of cardiac fibroblasts. The effects of Smad3 on 
cardiac fibroblasts are modulated through interactions with Smad- 
independent pathways [102],[7],[107], or through synergistic in-
teractions with other fibrogenic transcription factors, such as scleraxis 
[108]. 

In vitro studies using isolated cardiac fibroblasts also suggest a sig-
nificant role for Smad2 in activation of a fibrogenic transcriptional 
program (Fig. 2), albeit with less consistent effects on functional activ-
ity. siRNA knockdown experiments suggested that Smad2 enhances 
fibronectin, periostin and versican expression by unstimulated cardiac 
myofibroblasts [109]. Smad2 deletion experiments using Cre-expressing 
adenovirus transfection in Smad2 fl/fl cardiac fibroblasts suggested 
broad effects of Smad2 in TGF-β-induced extracellular matrix gene 
synthesis. Moreover, Smad2 knockdown was found to inhibit incorpo-
ration of α-SMA into myofibroblast stress fibers [92]. However, in 
contrast to the critical effects of Smad3, Smad2 did not mediate integrin 
synthesis in cardiac fibroblasts [92] and Smad2 loss did not affect 
fibroblast-mediated contraction of collagen lattices [96]. The distinct 
effects of Smad2 and Smad3 on fibroblast gene transcription and func-
tion may be due to distinct patterns of activation and nuclear trans-
location, or to different interactions with co-repressors and co-activators 
that may affect their transcriptional targets. 

Very limited information is available regarding the role of the 
Smad1/5/8 pathway in cardiac fibroblast phenotype and function. 
Findings from studies examining the role of Smad1 signaling in fibro-
blast responses in other organs have produced conflicting results. In lung 
fibroblasts, Smad1 activation was found to be enhanced by the accessory 
receptor betaglycan and antagonized the stimulatory actions of ALK5/ 
Smad3 signaling [110]. In contrast, in a mouse model of fibrosis due to 
forced expression of ALK5 that recapitulates features of scleroderma, 
activation of a fibrogenic program was surprisingly found to be depen-
dent on Smad1 [111], and was attributed to a ALK5/ALK1/Smad1 axis. 
In cardiac fibroblasts, inhibition of matrix gene expression by BMP7 was 
attributed to activation of Smad1 signaling [112]. The significance of 
these observations in regulation of cardiac fibrotic responses in vivo is 
not known. 

6. The inhibitory Smads as negative regulators of fibroblast 
function 

The I-Smads, Smad6 and Smad7 lack the carboxyterminal SSXS motif 
and cannot be phosphorylated upon binding to type 1 receptors, but act 
to inhibit signals transduced by TGF-β superfamily ligands through in-
teractions with TβRs or R-Smads [113]. Smad6 preferentially inhibits 
BMP responses, mediated through ALK3 and ALK6, whereas Smad7 in-
hibits both TGF-β and BMP-induced cascades [114]. Several molecular 
mechanisms have been proposed to explain the inhibitory effects of I- 
Smads on TGF-β superfamily signaling. First, I-Smads may directly 
associate with TGF-β receptors, inhibiting TβRI kinase activity, or simply 
interfering with R-Smad:TβR binding [115],[116],[117]. Second, I- 
Smads may form a complex with the transmembrane pseudoreceptor 

BAMBI, inhibiting TβR-driven R-Smad activation [52]. Third, I-Smads 
may interact with the Smurf1 and Smurf2 type E3 ligases promoting 
degradation of R-Smads [118],[119]. Fourth, I-Smads may interfere 
with formation of the R-Smad:Smad4 complex [120]. 

Whether Smad6 is involved in regulation of fibrosis has not been 
investigated. Smad7 on the other hand has been suggested to act as a 
negative regulatory signal that may inhibit myocardial fibrosis. In vitro, 
Smad7 synthesis is induced upon TGF-β stimulation and Smad7 over-
expression in cardiac fibroblasts suppresses collagen synthesis [121], 
[122]. The in vivo role of Smad7 in regulation of cardiac fibrotic re-
sponses is supported predominantly through associative data. In models 
of ventricular remodeling, Smad7 induction may serve as a TGF- 
β-induced endogenous inhibitory signal that restrains fibrogenic acti-
vation [121],[123]. In contrast, in other pathologic conditions, such as 
atrial fibrillation, atrial fibrosis has been attributed to reduced Smad7 
levels in response to neurohumoral activation [124]. Direct in vivo ev-
idence documenting the role of endogenous Smad7 in regulation of 
fibroblast responses is lacking. Two published studies demonstrated 
increased cardiac fibrosis in a hypomorphic Smad7 mutant line in which 
exon 1 of the Smad7 gene was deleted (Smad7Δex1)[125],[126]. Unfor-
tunately, the significance of these findings is unclear, as these animals 
exhibit preserved Smad7 functions due to the presence of an intact MH2 
domain, the key effector domain involved in Smad7 interactions with 
TβRs and R-Smads [117],[127]. 

7. Smad activation in immune cells and endothelial cells may 
trigger fibrogenic responses 

In addition to their effects on fibroblasts, Smad signaling may 
regulate phenotype and function of other cell types, thus contributing to 
their fibrogenic actions. In macrophages Smad3 plays an important role 
in activation of a phagocytic program, but also mediates the transition of 
macrophages to an anti-inflammatory phenotype in response to 
phagocytosis [30]. Phagocytic Smad3 null macrophages had impaired 
capacity to synthesize fibrogenic TGF-βs [30]. Whether this defect has 
an impact on the fibrogenic potential of macrophages has not been 
tested. In endothelial cells, Smad3 has been implicated in EndMT in a 
model of diabetic renal injury [128]. Whether Smad-dependent EndMT 
contributes to cardiac fibrosis has not been tested. However, this 
mechanism is unlikely considering the strong evidence from lineage 
tracing studies suggesting that the majority of activated fibroblasts in 
cardiac fibrotic conditions are not derived from endothelial cells [88], 
[89],[90],[129]. 

8. The role of Smad signaling cascades in homeostasis of the 
cardiac ECM network. 

Smad cascades are critically involved in cardiac development [130]; 
however, their role in homeostasis of the adult heart is poorly under-
stood. The adult mouse myocardium has high levels of constitutive 
Smad2 and Smad3 expression; however, baseline Smad2/3 phosphory-
lation is low [109]. In vivo studies showed that fibroblast-specific 
Smad3 (but not Smad2) loss modestly but significantly attenuated 
collagen levels in young adult mouse hearts, without affecting cardiac 
geometry or function [109]. These findings support the notion that 
fibroblast Smad3 signaling may play a role in maintaining the basal 
levels of collagen in the myocardium; however, this effect is not critical 
for preservation of function. Whether other Smad cascades are involved 
in homeostasis of the cardiac ECM network has not been investigated. 

9. Smad signaling cascades in conditions associated with 
cardiac fibrosis (Table 2). 

9.1. The role of Smad cascades in reparative fibrosis of the infarcted heart 

Myocardial infarction results in sudden loss of up to a billion 
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cardiomyocytes, activating an inflammatory reaction that clears the 
infarct from dead cells and matrix debris and sets the stage for fibroblast- 
driven repair [131],[132]. Formation of a scar is critical for preservation 
of the structural integrity of the infarcted ventricle; however, excessive, 
unrestrained or expanded fibrosis may cause adverse remodeling, 
contributing to systolic and diastolic dysfunction and to the pathogen-
esis of heart failure. Induction and activation of TGF-βs in the infarcted 
myocardium is associated with activation of Smad2 and Smad3 in all cell 
types involved in cardiac repair, including border zone cardiomyocytes, 
infarct fibroblasts and macrophages [91],[92],[30]. The relative 
contribution of various members of the TGF-β superfamily in Smad2/3 
activation remains unclear. The 3 TGF-β isoforms, the major activators 
of Smad2 and Smad3 cascades exhibit distinct patterns of induction 
following myocardial infarction with early upregulation of TGF-β1 and 
TGF-β2 and delayed increase in TGF-β3 levels [16],[30]. Early studies 
using mice with global germline loss of Smad3 provided insights into the 
role of the pathway in fibrosis of the infarcted heart. Complete absence 
of Smad3 attenuated collagen deposition in the infarcted and remodel-
ing myocardium, despite increased infiltration of the infarct with myo-
fibroblasts [91],[94]. Based on in vitro studies, the effects of global 
Smad3 loss were attributed to alterations in fibroblast phenotype and 
function, leading to attenuated expression of structural collagens, 
tenascin-C and fibronectin, and reducing secretion of Connective Tissue 
Growth Factor (CTGF)/CCN2, a downstream mediator of TGF-β-induced 
fibrogenesis [94]. However, considering the broad effects of Smad3 on 
all cell types involved in cardiac repair and remodeling, and the effects 
of Smad3 signaling on baseline homeostasis [133], dissection of cellular 
mechanisms using the global loss-of-function model is challenging. 

Investigations using cell-specific loss-of-function models have 
significantly enhanced our understanding of the role of Smad cascades in 
myocardial infarction. (Table 2). Studies using cardiomyocyte-specific 
knockouts suggested that cardiomyocyte Smad3 signaling is not impli-
cated in cardiac homeostasis, but contributes to the pathogenesis of 
adverse remodeling and dysfunction following reperfused myocardial 
infarction [7]. The detrimental actions of cardiomyocyte Smad3 in post- 
infarction ventricular dysfunction were attributed to pro-apoptotic ef-
fects that may involve activation of oxidative pathways and to induction 
and activation of MMP2 that may accentuate matrix degradation, 
causing adverse dilative remodeling [7]. 

On the other hand, Smad3 loss in infarct myofibroblasts perturbed 
repair of the infarcted heart, increasing the incidence of catastrophic 
late rupture in the model of non-reperfused infarction, and accentuating 
adverse remodeling in the model of reperfused infarction. Impaired 
repair in the absence of myofibroblast Smad3 signaling was related to 
perturbed fibroblast:extracellular matrix interactions that resulted in 
formation of a disorganized scar [7]. Smad3 plays an important role in 
induction of fibroblast integrins, the cell surface proteins that link the 
cells to the extracellular matrix [7]. Smad3-mediated integrin synthesis 
in fibroblasts is critically involved in activation of an oxidative response, 
that promotes a reparative program. Moreover, integrin synthesis may 
be important for scar organization, contributing to myofibroblast 
alignment in the healing infarct [7], a process that may involve 
expression of polarity genes [134]. In contrast to the critical role of 
myofibroblast Smad3 in cardiac repair, Smad2 activation in myofibro-
blasts did not play a significant role in post-infarction repair [92]. 
Although both Smad2 and Smad3 are activated in infarct myofibro-
blasts, only Smad3 is involved in integrin upregulation [92]. 

The role of the Smad1/5/8 cascade in the pathogenesis of post- 
infarction fibrosis remains unknown. Smad1 activation in the infarcted 
ventricle may involve induction of both BMPs and TGF-βs. Car-
diomyocyte Smad1 has been suggested to play a protective role 
following ischemic injury through effects that may involve activation of 
anti-apoptotic signals [135]. Whether these effects result in reduced 
fibrosis has not been tested. Moreover, direct effects of Smad1 signaling 
in fibroblast activation have not been explored. 

9.2. Smad signaling in fibrotic remodeling of the pressure-overloaded 
heart 

Myocardial activation of the Smad2/3 pathway has been reported in 
both adult and pediatric patients with heart failure [136]. Adult patients 
with dilated cardiomyopathy exhibited higher levels of myocardial 
Smad2/3 activity; this was associated with a more prominent fibrotic 
response [136]. Left ventricular pressure overload is the predominant 
pathophysiologic perturbation responsible for cardiac remodeling and 
fibrosis in patients with chronic hypertension or aortic stenosis. Studies 
in animal models of pressure overload induced through transverse aortic 
constriction or through neurohumoral activation showed robust 
myocardial activation of Smad2 Smad3 [137],[138] and Smad1 [139]. 
The molecular links between mechanical stress and activation of Smad 
signaling cascades remain poorly understood, but may involve angio-
tensin II-mediated actions and subsequent activation and induction of 
TGF-βs in the cardiac interstitium. Early studies using global loss-of- 
function approaches suggested that Smad3 mediates fibrosis and ven-
tricular dysfunction in a model of angiotensin II infusion [140], and may 
promote fibrosis following pressure overload [141]. Moreover, ALK5 
inhibition attenuated dysfunction and inhibited fibrosis in rodent 
models of left ventricular pressure overload; these protective actions 
were attributed to inhibition of Smad2/3 signaling [142],[143],[144]. 
However, considering the broad effects of Smad3 on all cells involved in 
cardiac remodeling and fibrosis (including cardiomyocytes, vascular 
cells, fibroblasts and immune cells), dissection of cell biological mech-
anisms responsible for the effects of R-Smads requires cell-specific 
interventions. 

Experiments in fibroblast and myofibroblast-specific knockout mice 
have suggested an important role for Smad3 signaling in activation of 
fibroblasts in failing and remodeling hearts. These actions appear to 
have a major impact on cardiac function. Deletion of Smad3 (but not 
Smad2) from cardiac fibroblasts attenuated the cardiac fibrotic response 
to pressure overload. The fibrogenic actions of Smad3 were attributed to 
increased transcription of extracellular matrix genes, including type I 
and type III collagens, periostin, fibronectin, tenascin-C, and to upre-
gulation of integrins [96]. In an independent study focusing on the role 
of fibroblast Smad3 in pressure overload-induced cardiac remodeling, 
early activation of Smad3 in myofibroblasts protected from systolic 
dysfunction by preserving the extracellular matrix through down-
modulation of collagenases. The findings suggested that Smad3 
signaling in activated myofibroblasts plays a crucial role in TGF- 
β-mediated suppression of the collagenases MMP3 and MMP8 and in 
upregulation of TIMP1, inhibiting fragmentation of the matrix under 
conditions of mechanical stress. In the absence of Smad3 in fibroblasts, 
increased MMP8-mediated proteolytic activity was associated with 
collagen denaturation and generation of pro-inflammatory matrix 
fragments that enhance inflammation, promote cardiomyocyte 
apoptosis and cause dysfunction. [93]. Thus, activated myofibroblasts 
may play an important protective role in the early stages of cardiac 
remodeling. 

9.3. Smad signaling in fibrosis of the diabetic heart. 

Diabetes, obesity and metabolic dysfunction are associated with an 
increased incidence of fibrosis that involves not only the myocardium 
[145],[146],[74] but also other organs, such as the liver and kidney 
[147]. Cardiac fibrosis may contribute to the pathogenesis of diastolic 
dysfunction and to the development of Heart Failure with Preserved 
Ejection Fraction (HFpEF), a common form of heart failure in diabetic 
and obese subjects [148]. Myocardial induction of TGF-β superfamily 
members and activation of Smad2 and Smad3 cascades have been 
consistently reported in animal models of type 1 and type 2 diabetes 
[149],[150],[133],[151]. In contrast, evidence of activation of the 
Smad1/5/8 cascade in the diabetic heart is lacking; however, Smad1 
activation in the diabetic kidney has been implicated in mesangial 
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expansion [152]. Activation of the TGF-β/Smad2/3 axis in the diabetic 
myocardium may reflect, at least in part, the effects of hyperglycemia on 
expression of TGF-β receptors [153]. Moreover, diabetes-associated 
activation of the renin-angiotensin-aldosterone system (RAAS), oxida-
tive stress, chronic stimulation of inflammatory cytokines and protein 
kinase C (PKC) activation may induce de novo synthesis of TGF-β, or 
activate latent stores, leading to stimulation of Smad2 and Smad3 
signaling cascades [154],[155],[156]. 

Our knowledge on the role of Smad3 in diabetic cardiac fibrosis is 
derived from experiments using a global haploinsufficiency model. In 
the db/db mouse model of obesity-associated type 2 diabetes, Smad3 
heterozygotes had attenuated fibrosis and improved diastolic function, 
associated with reduced collagen deposition and increased MMP activ-
ity. The reduction in interstitial collagen in animals with partial loss of 
Smad3 was associated with mild ventricular dilatation [133]. The 
findings are consistent with an important role for Smad3 in mediating 
fibrosis in diabetic hearts. However, considering the broad effects of 
Smad3 in all myocardial cells, whether these findings reflect Smad- 
dependent actions on fibroblast activity remains unknown. Moreover, 
the role of other R-Smads in diabetes-associated fibrosis is not known. 

9.4. Smad signaling in aging-associated fibrosis 

Senescence of the heart is associated with structural and morpho-
logical changes as hypertrophy and fibrosis that may lead to increased 
ventricular stiffness and impaired diastolic function [157]. Loss of one 
TGF-β1 allele in TGF-β1 heterozygous mice ameliorated age-associated 
myocardial fibrosis and reduced myocardial stiffness [158]. Whether 
aging-associated fibrosis is due to activation of Smad signaling pathways 
in fibroblasts remains unknown. Smad signaling in cardiomyocytes 
plays an important role in cardiac homeostasis in aging hearts [159]. 
Mice with cardiomyocyte-specific Smad4 loss exhibited increased hy-
pertrophy associated with reduced cardiomyocyte survival and accen-
tuated fibrosis as they aged [160],[159]. Fibrotic remodeling in the 
absence of cardiomyocyte Smad4 may be due to cell death and subse-
quent activation of a reparative program, or may reflect paracrine ef-
fects of stressed, or injured cardiomyocytes on interstitial fibroblasts. 

Moreover, perturbed Smad signaling may explain the impaired 
reparative response of the senescent heart to injury. 24-month old mice 
exhibited increased post-infarction ventricular dilation, associated with 
markedly reduced deposition of collagen in the infarct zone [161]. The 
pathologic alterations noted in senescent mouse infarcts resembled the 
pathology of healing infarcts in mice with myofibroblast-specific Smad3 
loss [7]. Moreover, fibroblasts harvested from senescent mouse hearts 
exhibit blunted Smad2 activation in response to TGF-β stimulation 
[161]. These observations support the intriguing hypothesis that the 
aging-associated impairment in repair following myocardial infarction 
may be related to attenuated TGF-β/Smad2/3 activation [162]. Per-
turbed Smad3 signaling in senescent fibroblasts may reflect a reduced 
reparative reserve that may be responsible for formation of a disorga-
nized scar, composed of a fragmented matrix network. These age- 
associated alterations may reduce the tensile strength of the infarct, 
accentuating adverse remodeling and promoting post-infarction heart 
failure. 

9.5. Smad signaling in myocarditis-induced cardiac fibrosis 

Myocardial fibrosis is an important cellular mechanism responsible 
for development of dysfunction in patients with myocarditis who 
develop chronic dysfunction and cardiomyopathy. TGF-βs have been 
implicated in the pathogenesis of myofibroblast activation and fibrosis 
in models of autoimmune [163] and viral myocarditis[164]. However, 
evidence supporting the involvement of Smad signaling cascades in 
myocarditis-induced fibrosis is scarce. In a mouse model of chronic 
myocarditis due to Chagas disease, ALK5 inhibition was found to 
attenuate fibrosis[165]. The protective actions were attributed to 

inhibition of Smad2/3 activity. 

9.6. Smad signaling in valve fibrosis 

Patients with mitral valve prolapse exhibit myxomatous degenera-
tion of the valve, associated with activation of valve interstitial cells, 
matrix remodeling and valve fibrosis. In patients with mitral valve 
prolapse who underwent repair for severe mitral regurgitation, Smad2/ 
3 activation was noted in fibrotic valve tissue and was associated with 
extracellular matrix deposition [166],[167]. Smad2/3 signaling was 
implicated in activation of a fibrogenic phenotype in valve interstitial 
cells [167]. In addition to fibrotic involvement of the mitral valve, pa-
tients with mitral valve prolapse also exhibit myocardial interstitial 
remodeling that is independent of the volume overload associated with 
severe mitral regurgitation [168]. These myocardial fibrotic changes 
may explain the high incidence of arrhythmias in patients with severe 
mitral valve prolapse. It is tempting to hypothesize that a common 
Smad-dependent mechanism may be involved in the pathogenesis of 
valvular and ventricular fibrosis in patients with malignant mitral valve 
prolapse. However, evidence supporting this notion is lacking. 

10. Targeting Smads in cardiac fibrosis 

TGF-β signaling pathways are critically involved in cardiac fibrosis, 
remodeling and dysfunction and represent promising therapeutic targets 
[12],[169],[170]. Targeting R-Smad signaling is feasible; however, the 
cell-specific and context-dependent actions of Smad cascades and our 
limited knowledge on the effects of key members of the Smad family 
hamper therapeutic translation, posing several major challenges. First, 
Smad3 activation plays distinct roles in various cell types that greatly 
affect outcome following myocardial injury. In the infarcted heart, 
fibroblast and macrophage Smad3 activation serves a reparative role, 
whereas cardiomyocyte Smad3 activation promotes dysfunction [7], 
[30]. Thus, development of effective therapeutics targeting the Smad3 
cascade would require cell-specific interventions. Second, human pa-
tients with heart failure or myocardial infarction exhibit remarkable 
pathophysiologic heterogeneity. Following myocardial infarction, some 
patients may have excessive pro-inflammatory activation and defective 
matrix deposition, thus developing dilative ventricular remodeling and 
systolic dysfunction, while others have accentuated fibrotic responses 
and may develop diastolic dysfunction. Accentuated fibrosis may 
involve overactive Smad3 signaling; however effective therapeutic 
strategies would require identification of fibrosis-prone patients using 
biomarkers or imaging strategies[171]. Third, the effects of Smad3 in-
hibition in patients with heart failure may be dependent on the severity 
of fibrotic remodeling and the phenotype of fibrotic lesions. In chronic 
hypertensive heart failure, sustained or overactive Smad3 activation in 
interstitial cells is likely to be detrimental, promoting matrix deposition 
and accentuating diastolic dysfunction. However, in the early stages of 
hypertensive cardiac remodeling, Smad3-dependent activation of myo-
fibroblasts may exert protective matrix-preserving actions that preserve 
the matrix that surrounds the cardiomyocytes and prevent release of 
pro-inflammatory matrikines [93]. Third, our current knowledge on the 
role of Smad cascades in myocardial disease is limited to evidence on the 
role of Smad3 in cardiomyocytes and fibroblasts. We currently have very 
limited information regarding the role of Smad3 in regulation of 
lymphocyte, dendritic cell and vascular cell function in the remodeling 
heart, and we know very little regarding the potential role of endoge-
nous Smad2 and Smad1/5/8 cascades in myocardial disease. Fourth, 
considering the role of Smad signaling pathways in cardiac and vascular 
homeostasis and in tissue repair, chronic therapy to inhibit Smad3 or 
Smad4 may carry significant risks [133],[159]. 

11. Conclusions 

Smad signaling cascades play a critical role in cardiac fibrotic 
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responses; however, our current understanding of their actions is not 
sufficient to design therapeutic interventions. Moreover, the context- 
dependent and cell-specific actions of receptor-activated Smads pose 
major challenges in therapeutic implementation. Extensive experi-
mental work is needed to study the patterns and mechanisms of Smad 
activation in myocardial diseases and the role of specific members of the 
family in regulating phenotype and function of the cells involved in 
cardiac remodeling. Moreover, clinical investigations are needed to 
identify heart failure patient subpopulations with perturbed or over-
active Smad responses in order to tailor therapeutic interventions. 
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Hanna A, Shinde AV, Frangogiannis NG. Validation of diagnos-
tic criteria and histopathological characterization of cardiac rupture in
the mouse model of nonreperfused myocardial infarction. Am J
Physiol Heart Circ Physiol 319: H948–H964, 2020. First published
September 4, 2020; doi:10.1152/ajpheart.00318.2020.—In patients
with myocardial infarction (MI), cardiac rupture is an uncommon but
catastrophic complication. In the mouse model of nonreperfused MI,
reported rupture rates are highly variable and depend not only on the
genetic background and sex of animals but also on the method used
for documentation of rupture. In most studies, diagnosis of cardiac
rupture is based on visual inspection during autopsy; however, criteria
are poorly defined. We performed systematic histopathological anal-
ysis of whole hearts from C57BL/6J mice dying after nonreperfused
MI and evaluated the reliability of autopsy-based criteria in identifi-
cation of rupture. Moreover, we compared the cell biological envi-
ronment of the infarct between rupture-related and rupture-indepen-
dent deaths. Histopathological analysis documented rupture in 50% of
mice dying during the first week post-MI. Identification of a gross
rupture site was highly specific but had low sensitivity; in contrast,
hemothorax had high sensitivity but low specificity. Mice with rupture
had lower myofibroblast infiltration, accentuated macrophage influx,
and a trend toward reduced collagen content in the infarct. Male mice
had increased mortality and higher incidence of rupture. However,
infarct myeloid cells harvested from male and female mice at the peak
of the incidence of rupture had comparable inflammatory gene ex-
pression. In conclusion, the reliability of autopsy in documentation of
rupture in infarcted mice is dependent on the specific criteria used.
Macrophage-driven inflammation and reduced activation of collagen-
secreting reparative myofibroblasts may be involved in the pathogen-
esis of post-MI cardiac rupture.

NEW & NOTEWORTHY We show that cardiac rupture accounts
for 50% of deaths in C57BL/6J mice undergoing nonreperfused
myocardial infarction protocols. Overestimation of rupture events in
published studies likely reflects the low specificity of hemothorax as
a criterion for documentation of rupture. In contrast, identification of
a gross rupture site has high specificity and low sensitivity. We also
show that mice dying of rupture have increased macrophage influx
and attenuated myofibroblast infiltration in the infarct. These findings
are consistent with a role for perturbations in the balance between
inflammatory and reparative responses in the pathogenesis of postin-
farction cardiac rupture. We also report that the male predilection for
rupture in infarcted mice is not associated with increased inflamma-
tory activation of myeloid cells.

cardiac rupture; fibroblast; inflammation; macrophage; myocardial
infarction

INTRODUCTION

Despite a steady reduction in mortality rates over the past
three decades, acute myocardial infarction (MI) remains a
deadly disease. In-hospital mortality for ST elevation MI
(STEMI) is 4.6% for men and 7.4% for women (90). Patients
with non-STEMI have a slightly lower in-hospital mortality
than STEMI patients (3.9 and 4.8% for men and women,
respectively) (90). In human MI patients, early death is most
often due to dysrhythmias or acute pump failure leading to
cardiogenic shock (47, 73). In the era of interventional reper-
fusion, mechanical complications of acute MI (such as left
ventricular free wall rupture, ventricular septal rupture, or
acute mitral regurgitation due to rupture of the papillary mus-
cle) have become uncommon. The incidence of rupture has
decreased from as high as 20% in the 1970s and 1980s to as
low as 1–3% in the current era (28). However, the conse-
quences of rupture remain catastrophic, as it may account for
5–20% of all in-hospital mortality after MI (28). It should be
noted that the true incidence of free wall rupture may be
underestimated, as many sudden pre-hospitalization deaths in
MI patients may be due to rupture (41). Patients surviving
acute MI remain at high risk for adverse remodeling of the
ventricle, which is typically associated with development of
chronic heart failure, increased incidence of arrhythmias, and
increased late mortality.

Understanding the cellular mechanisms and molecular path-
ways involved in cardiac injury, repair, and remodeling is
critical for the development of new therapeutic strategies for
MI patients. Over the past 25 years, mouse models of MI have
emerged as key tools for dissection of molecular mechanisms
and for designing and testing therapeutic interventions (57, 66).
Undoubtedly, the strength of the mouse model lies in the
systematic analysis of functional, cell biological, molecular,
and proteomic end points that, when coupled with relevant
genetic or pharmacological interventions, can contribute to
dissection of cellular responses and molecular networks. How-
ever, in clinical trials, mortality rate and incidence of adverse
cardiac events represent the most important end points when
the effects of various therapeutic approaches in acute MI are
tested. Thus, acquisition of translationally relevant insights
from mouse models requires systematic study of mortality end
points and careful identification of the cause of death. Unfor-
tunately, systematic pathological analysis of the cause of death
in mice undergoing MI protocols is challenging and often
impractical. It is widely believed that in mouse models of
nonreperfused MI cardiac rupture is the predominant cause of
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death, typically occurring during the first week after coronary
occlusion (60, 65). In most studies, rupture is assessed through
visual inspection by identifying a blood clot around the heart
and in the chest cavity (hemothorax) or a perforation site in the
infarcted ventricular wall (27, 65, 71, 97).

Considering the obvious challenges in identifying a rupture
site that is a few micrometers wide through visual inspection,
we performed systematic histopathological analysis of the
whole heart to identify structural causes of death in mice dying
after nonreperfused MI. In contrast to the very high incidence
of rupture reported in the majority of studies using gross
pathologic criteria, only 50% of deaths during the first week
post-MI could be attributed to histopathologically documented
rupture. The reliability of visual inspection for identification of
rupture was dependent on the specific criteria used: identifica-
tion of a rupture site had high specificity but low sensitivity,
whereas addition of hemothorax as a criterion markedly in-
creased sensitivity but reduced specificity. Mice with rupture
had lower cardiac myofibroblast infiltration and accentuated
macrophage influx compared with animals with -non-rupture-
related deaths. Male mice had increased mortality and higher
incidence of rupture; however, this was not associated with
consistent differences in inflammatory gene expression in my-
eloid cells.

METHODS

Mouse model of nonreperfused MI. Animal studies were approved
by the Institutional Animal Care and Use Committee at Albert
Einstein College of Medicine and conformed with the Guide for the
Care and Use of Laboratory Animals, published by the National
Institutes of Health. A model of nonreperfused myocardial infarction
induced through coronary ligation was used, as previously described
by our group (80). Female and male C57BL/6J mice (49 mice: 20
males and 29 females), 2–4 mo of age, were anesthetized using
inhaled isoflurane (4% for induction, 2% for maintenance). For
analgesia, buprenorphine (0.05–0.2 mg/kg sc) was administered at the
time of surgery and ~12 h thereafter for 2 days. Additional doses of
analgesics were given if the animals appeared to be experiencing pain
(based on criteria such as immobility and failure to eat). Intraopera-
tively, heart rate, respiratory rate and electrocardiogram were contin-
uously monitored, and the depth of anesthesia was assessed using the
toe pinch method. The left anterior descending coronary artery was
occluded. Mice were followed for 7 days. Dead mice underwent
autopsy to determine the cause of death. Mice with rupture were
identified through visual inspection. Criteria for rupture included
visualization of a perforation site (rupture site, RS) and a thrombus or
blood in the chest (hemothorax, Hem). Hearts were then harvested for
histological analysis, fixed in zinc-formalin (Anatech, Ltd., Fisher
Scientific) and embedded in paraffin.

Histological analysis. For histopathological analysis, murine hearts
were fixed in zinc-formalin (Z-fix; Anatech, Battle Creek, MI), and
embedded in paraffin. Infarcted hearts were sectioned from base to
apex at 250-�m intervals, thus reconstructing the whole heart, as
previously described (10, 11, 40). Ten sections (5 �m thick) were cut
at each level. To determine the final infarct size, the first section at
each partition was stained with hematoxylin and eosin (H&E). To
identify the site of the rupture, sections from all levels were carefully
examined.

Quantitative morphometry. Morphometric parameters were quan-
titatively assessed using Zen 2.6 Pro software (Zeiss Microscopy,
White Plains, NY). The infarcted and noninfarcted areas were mea-
sured at each level, and the volume of the infarct and of the nonin-
farcted remodeling myocardium at each level was calculated as:
infarct volume � infarct area � 300 �m (250 �m � 10 sections � 5

�m � 300 �m) and volume of noninfarcted myocardium � nonin-
farcted area � 300 �m. The total volume of the infarcted and
noninfarcted myocardium was calculated as the sum of the volumes of
each partition. Scar size was measured by dividing the volume of the
infarct to the total volume of the left ventricle (left ventricular
volume � infarct volume � volume of noninfarcted myocardium)
and was expressed as a percentage.

To measure infarct thickness, maximum and minimum dimensions
were measured from the endocardial to the epicardial surface of the
transmural infarct wall at each level. The average minimum and
average maximum wall thicknesses were then calculated. Similarly,
maximum and minimum thickness of the noninfarcted segments was
measured from all levels, and the average maximum and minimum
thickness was calculated. Mean wall thickness of the infarct and of the
noninfarcted area was the average of the maximum and minimum wall
thickness.

Infarct length was calculated by measuring the length of the
endocardial surface of the transmural infarct at each level, cutting
through (excluding) the papillary muscles. The average length from
all levels was reported as length of the infarct.

Immunohistochemistry. For histopathological analysis, murine
hearts were fixed in zinc-formalin and embedded in paraffin. For
comparisons of histological parameters between mice with and with-
out rupture, only mice that died between 3 and 7 days after coronary
occlusion were included; thus, one mouse that died in the absence of
rupture 2 days after coronary occlusion was excluded (rupture group:
5.0 � 0.53 days, n � 7; no rupture group: 5.16 � 0.4, n � 6).
Picrosirius red staining was used to label the collagen fibers, as
previously described (1). To identify myofibroblasts in the infarct,
sections were stained with an anti-�-smooth muscle actin (�-SMA)
antibody (1:100 dilution, Sigma, F3777), as previously described (80).
Myofibroblasts were identified as spindle-shaped �-SMA-positive
cells located outside the vascular media. Macrophages were stained
using anti-Mac2 antibody (CL8942AP; Cedarlane, Burlington, ON,
Canada) in 1:200 dilution, as previously described (25). Briefly,
sections were deparaffinized, and heat-mediated antigen retrieval was
performed for 25 min during incubation of the slides in citrate buffer,
pH 6.0 (Sigma, C9999). Sections were then blocked with 10% serum
of the species in which the secondary antibody was raised for 1 h and
then incubated overnight at 4°C with the primary antibody. Sections
were then washed and incubated with a fluorescently labeled second-
ary antibody for 1 h at room temperature. Autofluorescence quenching
was performed using TrueBlack Lipofuscin Autofluorescence
Quencher (23007; Biotium, Fremont, CA). Slides were mounted using
Fluoro-Gel II with DAPI (17985; EMS, Hatfield, PA). Slides were
then scanned using Zen 2.6 Pro software and the Zeiss Imager M2

microscope (Carl Zeiss Microscopy, White Plains, NY).
Machine learning-based quantitative analysis of myofibroblast

density. Using default algorithms of the Intellesis Trainable Segmen-
tation module of Zen 2.6 Pro software, an artificial intelligence
(AI)-based model was trained on multiple fields of different regions of
the myocardium to segment the images and identify myofibroblasts.
Objects of interest were defined as the DAPI-�-SMA double-positive
profiles, excluding vascular smooth muscle cells (VSMCs). The
unstained myocardium (including VSMCs) was considered as back-
ground. By use of the Image Analysis module, specific settings were
incorporated in the trained model to count the segmented objects.
Automatic analysis of 10 fields from two different levels of the murine
heart was performed using the trained model. Validation of the AI model
was performed by manually counting myofibroblast density in 20 fields
from four different mice with ImageJ software. There was an excellent
correlation (r � 0.98) between the AI-based quantification and the myo-
fibroblast density derived through manual counting (Fig. 1, A–C).

Machine learning-based quantitative analysis of macrophage
density. Similarly, an AI-based model was trained to segment the
images and identify macrophages. DAPI-Mac2 double-positive ob-
jects were identified as the objects of interest, while the unstained
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myocardium was considered the background. By use of the Image
Analysis module, specific settings were incorporated in the trained
model to count the segmented objects. Automatic analysis of 10 fields
from two different levels of the murine heart was performed using the
trained model. Validation of the AI model was performed by manually
counting macrophage densities in 20 fields from different mice with
ImageJ software. There was an excellent correlation (r � 0.97) be-
tween the AI-based quantification and the manual counts (Fig. 1,
D–F).

Machine learning-based quantitative analysis of collagen content.
An AI-based model was trained on multiple fields of different regions
of the myocardium to segment Picrosirius red-stained collagen fibers.
Red fibrillar staining was considered the object of interest, while the
unstained myocardium was considered the background. By use of the
Image Analysis module, specific settings were incorporated in the
trained model to count the segmented objects. Automatic analysis of
10 fields from two different levels of the murine heart was performed
using the trained model. Validation of the AI model was performed by
quantifying the collagen content in 20 fields from different mice with
ImageJ software. There was an excellent correlation (r � 0.83) be-

tween the AI-based quantification and the measurements using the
standard approach (Fig. 1, G–I).

Dual immunofluorescence for identification and quantification of
M1 and M2 macrophages. Dual immunofluorescent staining was
performed to identify M1 and M2 macrophages. Staining for inducible
nitric oxide synthase (iNOS) using a rabbit anti-iNOS antibody
(dilution 1:100; Abcam, Cambridge, MA) was used as an M1 marker,
whereas staining for arginase-1 (Arg1) using a rabbit anti- Arg1
antibody (dilution 1:100; Genetex, Irvine, CA) was used as an M2

marker. Sections were deparaffinized, and heat-mediated antigen
retrieval was performed for 25 min during incubation of the slides in
citrate buffer, pH 6.0 (Sigma, C9999). Sections were then blocked
with 10% serum for 1 h and then incubated overnight at 4°C with
Mac2 antibody together with anti-iNOS or anti-Arg1 antibodies.
Sections were then washed and incubated with fluorescently labeled
secondary antibodies for 1 h at room temperature. Autofluorescence
quenching was performed using TrueBlack Lipofuscin Autofluores-
cence Quencher (23007, Biotium). Slides were mounted using Fluoro-
Gel II with DAPI (17985, EMS). Sections were then scanned using
Zen 2.6 Pro software and the Zeiss Imager M2 microscope. Mac2-

Fig. 1. Validation of artificial intelligence (AI)-based quantification protocols of myofibroblast density, macrophage density, and collagen content. A–C: �-smooth
muscle actin (�-SMA) immunofluorescence was used to identify myofibroblasts as spindle-shaped immunoreactive cells located outside the vascular media (A,
arrows). Arrowheads show vascular smooth muscle cells (VSMCs). The Intellesis Trainable Segmentation module of Zen 2.6 Pro software (Carl Zeiss
Microscopy, New York, NY), an AI-based model, was trained on multiple fields of different regions of the myocardium to segment the images and identify
myofibroblasts. Objects of interest were defined as the DAPI-�-SMA double-positive profiles, excluding VSMCs. B: unstained myocardium (including VSMCs)
was considered the background. The trained AI-based model exhibited excellent correlation with manual measurement of myofibroblast density in the same fields
(r � 0.98, P � 0.0001, n � 20). D–F: Mac2 immunofluorescence was used to identify macrophages (arrows). The AI-based quantification model was validated,
showing excellent correlation with manual counts (r � 0.97, P � 0.0001, n � 20). G–I: Picrosirius red staining was used to label collagen fibers. The AI-based
quantification model showed excellent correlation with manual quantification of collagen content (r � 0.83, P � 0.0001, n � 20). Scale bar, 20 �m.
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positive cells were identified as macrophages. iNOS�/Mac2� cells
were manually counted using ImageJ software to assess the density of
M1 macrophages. Similarly, Arg1�/Mac2� cells were manually
counted to assess the density of M2 macrophages.

Isolation of infarct myeloid cells and mRNA extraction. Four male
and four female C57BL/6J mice underwent 4-day coronary occlusion
protocols to harvest myeloid cells. Myocardial tissue from individual
mice was finely minced and placed into a digestion buffer cocktail (1
mL) of 0.5 mg/mL Liberase TH research grade, no. 05401151001,
Millipore Sigma), 20 U/mL DNase I ((no. D4513, Sigma-Aldrich), 10
mmol/L HEPES (Invitrogen), and 0.1% sodium azide in HBSS with
Ca2� and Mg2� (Invitrogen). The tissue was then shaken at 37°C for
5 min, and cells were then passed through a 40-�m nylon mesh. The
digestion process was repeated four times, cell suspension was col-
lected after it was passed through nylon mesh each time, and finally

the total pooled cell suspension was centrifuged (10 min, 500 g, 4°C).
Up to 108 cells were reconstituted with 180 �L of MACS buffer
(Miltenyi Biotec, 130-091-376). Cells in MACS buffer were incu-
bated with 20 �L of Anti-Ly-6G MicroBeads UltraPure (Cat. No.
130-120-337), incubated for 10 min at 4°C, and then washed once and
centrifuged. The cells were resuspended in MACS buffer and passed
through a MS column (Cat. No. 130-042-201) in a MACS separator
(Miltenyi Biotec, 130-090-312). The magnetically labeled Ly6G�

cells were retained on the column. The unlabeled cells (Ly-6G
negative flow through) were collected and washed once with MACS
buffer (Ly6G- cells) and centrifuged at 500 g for 10 min. Subsequently,
the cell pellet (per 108 Ly6G– cells) was again resuspended in 180 �L of
MACS buffer, incubated with 20 �L of CD11b microBeads (Miltenyi
Biotec, Cat. No. 130-049-601) at 4°C for 15 min, and then washed once
and centrifuged. Resuspended cells went through a MACS column set in

Fig. 2. Sex-specific mortality in infarcted mice and use of visual inspection vs. systematic histological analysis to identify the cause of death. A: when compared
with female (F) C57BL/6J mice, male (M) animals had significantly higher post-myocardial infarction (MI) mortality (**P � 0.009), and a trend toward increased
cardiac rupture rates (P � 0.054, n � 29 F, 20 M). To identify rupture-related deaths, visual inspection criteria were used. Criteria for rupture included a blood
clot or blood in the chest (hemothorax; B and C, arrows) or presence of a cardiac rupture site. D–N: systematic histological analysis was performed by sectioning
the entire heart from base to apex at 300-mm partitions and staining the first section of each partition (D–N shows consecutive myocardial sections used to
systematically study the cause the death. Scale bar, 1 mm.
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a MACS separator. The magnetically labeled CD11b� cells were re-
tained on the column. Ly6G-CD11b� cells (macrophages) were flushed
out and harvested for RNA isolation.

PCR array. Gene expression in macrophages harvested from male
and female mice was compared after 4 days of coronary occlusion.
For PCR array, total RNA was extracted using the TRIzol reagent
(Qiagen, 79306). A total of 400 ng of RNA was transcribed into
cDNA using the RT2 first-strand kit (Qiagen, 330404). Quantitative
PCR was then performed using the RT2 Profiler Mouse PCR Array
Chemokines & Receptors (PAMM-022ZE-4) from Qiagen according
to the manufacturer’s protocol. The same thermal profile conditions
were used for all primer sets: 95°C for 10 min, 40 cycles at 95°C for
15 s, followed at 60°C for 1 min. The data obtained were analyzed
using the 	Cq method. Gene expression levels were normalized to the
levels of GAPDH.

Statistical analysis. For all analyses, normal distribution was tested
using the Shapiro–Wilk normality test. For comparisons of two groups
unpaired two-tailed Student’s t test using (when appropriate) Welch’s
correction for unequal variances was performed. The Mann–Whitney
test was used for comparisons between two groups that did not show
Gaussian distribution. For comparisons of multiple groups, one-way
ANOVA was performed followed by Tukey’s multiple comparison
test. The Kruskal–Wallis test, followed by Dunn’s multiple compar-
ison posttest was used when one or more groups did not show
Gaussian distribution. Survival analysis was performed using the
Kaplan–Meier method. Mortality was compared using the log rank
test. Correlation analysis between manual and AI-based quantifica-
tions was done using the Pearson correlation coefficient (Pearson’s r).
Data are expressed as means � SE. Statistical significance was set at
P � 0.05.

RESULTS

Male C57BL/6J mice exhibit higher mortality than female
animals following nonreperfused MI. Forty-nine mice on a
C57BL/6J background (20 males and 29 females) underwent
nonreperfused MI protocols and were followed for 7 days.
Mortality during the first week post-MI was 28.6%; deaths
occurred between days 2 and 7 (mean: 4.9 � 0.38, n � 14).
Male animals had significantly higher mortality than female
mice (Fig. 2A, males: 50% vs, females: 13.79%, P � 0.0067).
There was no significant difference in the time of death
between male and female animals [male, 5 � 0.37 days, n �
10; female, 4.5 � 1.04 days, n � 4, P � not significant (NS)].

Visual inspection has low specificity for identification of
cardiac rupture in mice dying following MI. The majority of
published studies use visual inspection criteria to determine
whether rupture is the cause of death in mice undergoing MI
protocols. In our study, visual inspection during autopsy (Fig.
2, B and C) suggested that 10 of 14 deaths (71.4%) were due
to cardiac rupture based on the identification of a rupture site
or the presence of hemothorax. To validate the findings of
visual inspection, we performed systematic histopathological
analysis of all dead mouse hearts, examining myocardial sec-
tions from base (Fig. 2D) to apex (Fig. 2N) at 250-mm intervals
(Fig. 2, D–N). Histological evidence of rupture was found in
only 50% of dead mice (Fig. 3, A–E), typically involving the
left ventricular free wall at an apical level. In the other 50% of
the dead mice, histological analysis documented the absence of
rupture (Fig. 3, F–J). Next, we validated specific gross-patho-
logical criteria for documentation of rupture, using systematic
histological analysis as the “gold standard.” The presence of
hemothorax, or the combined criterion of hemothorax and an
identifiable rupture site had a high sensitivity (85.7%) but a
relatively low specificity (42.8%) for documentation of rupture
in infarcted mice (Table 1). On the other hand, identification of
a rupture site or the combined presence of hemothorax and a
rupture site were highly specific (85.7%) but had low sensitiv-
ity (28.6%). Both rupture-related and rupture-independent
deaths were more common in male mice (25% of male mice
and only 6.9% of female mice had post-MI cardiac rupture,
P � 0.054). There was no significant difference in the time of
death due to rupture (mean: 5 � 0.53 days, n � 7, range: 3–7
days) versus no rupture (4.7 � 0.56 days, n � 7, range: 2–7
days) for male (rupture: 4.8 � 0.58, n � 5 versus no rupture:

Fig. 3. Histological documentation of left ventricular free wall rupture in mice dying after myocardial infarction (MI). A–E: consecutive sections show the site
of the intramural rupture track (arrowheads) in an animal dying of rupture 3 days after permanent coronary occlusion. Arrows show the borders of the ruptured
area. F–J: systematic histological analysis of myocardial sections documents the absence of rupture in a representative mouse that died 3 days after coronary
occlusion. Scale bar, 200 �m.

Table 1. Sensitivity and specificity of gross pathological
criteria used for documentation of rupture

RS Hem RS and Hem RS or Hem

Sensitivity 28.6 85.7 28.6 85.7
Specificity 85.7 42.8 85.7 42.8

RS, rupture site; Hem, hemothorax.
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5.2 � 0.49, n � 5) or female mice (rupture: 5.5 � 1.5, n � 2;
versus no rupture: 3.5 � 1.5, n � 2).

Mice dying of rupture and animals with rupture-independent
deaths have comparable infarct size and infarct wall thickness.
To examine whether rupture was associated with larger in-
farcts, we compared the morphometric characteristics of the
infarcted and noninfarcted myocardial segments between mice
dying of rupture and animals that died from non-rupture-
related causes. Systematic quantitative analysis of hearts sec-
tioned serially from base to apex showed that mice with rupture
and those dying from other infarct-related causes had compa-
rable infarct size (Fig. 4A), infarct volume (Fig. 4B), and

volume of noninfarcted myocardium (Fig. 4C), maximal, min-
imal, and mean thickness of the infarcted and noninfarcted
myocardium (Fig. 4, D–I) and infarct length (Fig. 4I). Thus,
rupture of the infarcted heart was independent of the size of the
infarct or the thickness of the infarcted and noninfarcted
segments.

Mice dying of rupture have lower myofibroblast density and
a trend toward reduced collagen content in the infarcted area.
We next examined whether cardiac rupture might reflect im-
paired infiltration of the infarct with activated myofibroblasts.
Myofibroblast density in the infarct zone was markedly lower
in mice dying of cardiac rupture compared with animals dying

Fig. 4. Rupture is not associated with larger infarcts or thinner infarct walls. Comparison of morphometric end points between mice dying of rupture (R) and
animals dying in the absence of rupture (no rupture, NR) showed no significant differences between groups. Infarct size (A), infarct volume (B), volume of
noninfarcted myocardium (C), maximal, minimal, and mean thickness of the infarcted wall (D, E, F, respectively), maximal, minimal, and mean wall thickness
of the noninfarcted myocardial segments (G, H, I, respectively), and infarct length (J) were comparable between groups (P � not significant, n � 6–7/group).
Time points studied histologically were comparable between groups, as there was no significant difference in time of death (R group: 5.0 � 0.53 days, n � 7;
R group: 5.16 � 0.4, n � 6).

Fig. 5. Rupture is associated with attenuated myofibroblast infiltration in the healing infarct. A: artificial intelligence (AI)-based quantitative analysis
showed that mice dying of cardiac rupture had markedly lower myofibroblast density in the infarcted myocardium (I) compared with mice dying the
absence of rupture (***P � 0.0001, n � 6–7/group). No significant differences were noted in the border zone (BZ) and in the remote remodeling myocardium
(R). B–H: representative images show identification of �-smooth muscle actin (�-SMA) � myofibroblasts in infarcted hearts (short arrows). Infarcted segments
in mice dying of rupture (C) have attenuated myofibroblast infiltration. H: please note the absence of myofibroblasts in the rupture site (long arrow). Time points
studied histologically were comparable between groups, as there was no significant difference in the time of death (rupture group: 5.0 � 0.53 days, n � 7; no
rupture group: 5.16 � 0.4, n � 6). Scale bar, 50 �m.
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due to rupture-independent pathology (P � 0.001; Fig. 5,
A–C). Very few myofibroblasts could be identified in the area around
the rupture track (Fig. 5H). In contrast, no significant differences were
noted in myofibroblast density in border and remote areas of the
noninfarcted myocardium (Fig. 5, A and D–G).

Picrosirius red staining was used to label collagen fibers.
Mice dying from cardiac rupture exhibited a trend toward
reduced collagen content in the infarct zone (P � 0.07; Fig. 6,
A–C). Collagen was virtually absent in the areas neighboring
the rupture site (Fig. 6H). No significant differences in collagen

content were noted in the noninfarcted border and remote
myocardial segments (Fig. 6, A and D–G).

Mice dying of rupture have higher macrophage density in
the infarct zone. Mac2 immunohistochemistry was used to
label macrophages. Mice dying of rupture had significantly
higher macrophage density in the infarct zone (P � 0.05;
Fig. 7, A–C). Abundant Mac2� macrophages were found
along the edges of the rupture track (Fig. 7H). In contrast,
macrophage density in the noninfarcted border and remote
myocardial segments was comparable between groups (Fig.

Fig. 6. Rupture is associated with a trend toward reduced collagen deposition in the healing infarct. A: quantitative analysis using a machine learning approach
showed that collagen content in the infarct (I) was lower in mice dying of rupture (Rupt) compared with animals dying without rupture (N-rupt). However, the
difference did not reach statistical significance (P � 0.07, n � 6–7/group). No significant differences were noted in the border zone (BZ) and in the remote
remodeling myocardium (R). B–H: representative images show labeling of collagen fibers using Picrosirius red staining (short arrows). H: collagen was absent
in the rupture site (long arrow). Time points studied histologically were comparable between groups, as there was no significant difference in the time of death
(rupture group: 5.0 � 0.53 days, n � 7; no rupture group: 5.16 � 0.4, n � 6). Scale bar, 50 �m.

Fig. 7. Rupture is associated with increased macrophage infiltration in the infarcted segment. A: quantitative analysis using a machine learning approach showed
that macrophage density in the infarct (I) was lower in mice dying of rupture (Rupt) compared with animals dying without rupture (N-rupt) (*P � 0.05, n �
6–7/group). No significant differences in macrophage density were noted in the border zone (BZ) and in the remote remodeling myocardium (R). B–H:
representative images show labeling of macrophages using Mac2 immunofluorescence (short arrows). Mice dying of rupture had significantly increased
macrophage infiltration (C). H: a significant number of Mac2� macrophages (short arrows) are noted in the edge of the rupture site (long arrow). Time points
studied histologically were comparable between groups, as there was no significant difference in the time of death (rupture group: 5.0 � 0.53 days, n � 7; no rupture
group: 5.16 � 0.4, n � 6). Scale bar, 50 �m.
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7, A and D–G). To examine potential associations between
rupture-related death and macrophage polarization, we iden-
tified M1-like and M2-like macrophages by using the M1

marker iNOS and the M2 marker Arg1. No significant
differences were noted in the density of M1 or M2 macro-
phages between animals with rupture and mice that died
without rupture (Fig. 8).

Infarct myeloid cells harvested from male and female mice
have comparable inflammatory gene expression profiles. To
examine whether the increased incidence of rupture in male
mice reflected overactive inflammatory responses in myeloid
cells, we compared cytokine and chemokine gene expression in
sorted myocardial CD11b� myeloid cells harvested from male

and female mice after 4 days of permanent coronary occlusion
(the time point corresponding to the peak incidence of cardiac
rupture). Expressions of most inflammatory mediators in-
volved in postinfarction remodeling [including C-C motif li-
gand (CCL)2, CCL3, CCL4, CCL5, CCL9, C-X3-C motif
ligand (CX3CL)1, C-X-C motif ligand (CXCL)10, IL-1
,
IL-6, and TNF�] were comparable between cells harvested
from male and female animals (Table 2). Expressions of CCL8
and CXCL2 were significantly higher in cells harvested from
female mouse infarcts. There were no significant differences in

2-integrin, chemokine receptor or Toll-like receptor (TLR)2
and TLR4 levels between groups (Table 2). Thus, the increased
incidence of cardiac rupture in male mice could not be attrib-

Fig. 8. Rupture is not associated with signifi-
cant changes in the density of M1 vs. M2

macrophages. Quantitative analysis showed no
significant differences in the density of induc-
ible NO synthase (iNOS)�/Mac2� M1-like
macrophages (A) and arginase-1 (Arg1)�/
Mac2� M2-like macrophages (B) between
groups (n � 6–7/groups). C–H: dual immuno-
fluorescence for macrophage marker Mac2
(red) and M1 marker iNOS was used to iden-
tify M1 macrophages. I–N: dual immunofluo-
rescence for Mac2 (red), and M2 marker Arg1
was used to identify M2 macrophages. Time
points studied histologically were comparable
between groups, as there was no significant
difference in the time of death (rupture group:
5.0 � 0.53 days, n � 7; no rupture group: 5.16
� 0.4, n � 6). Scale bar, 50 �m.
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uted to differences in leukocyte inflammatory gene expression
levels.

DISCUSSION

The majority of published studies suggest that left ventric-
ular free wall rupture is the predominant cause of death in mice
undergoing nonreperfused MI protocols (27, 65, 71, 97). How-
ever, there is substantial variation in the reported rupture rates,
which is dependent not only on sex and the genetic background
of the animals but also on the specific criteria used for docu-
mentation of rupture (Table 3). Although most studies use
gross pathology to document rupture, the specific criteria vary.
Typically, studies using hemothorax as a diagnostic criterion
for rupture report very high rupture rates, whereas investiga-
tions requiring identification of a perforation site upon autopsy
report much lower rupture rates (Table 4). Our study clarifies
the basis for the conflicting findings. Systematic histological
analysis of the infarcted heart from base to apex (Fig. 2)
identified a rupture site in only 50% of mice dying following
nonreperfused MI (Figs. 2 and 3), consistent with other histo-
pathological studies in C57BL/6 mice (Table 3). Our findings
show that hemothorax is highly sensitive for identification of
rupture but has relatively low specificity. In contrast, gross
identification of a perforation site is very specific for rupture
but has low sensitivity, missing a large number of rupture
events (Table 1).

Moreover, our experiments provide a systematic character-
ization of the histopathological characteristics of cardiac rup-
ture in mice. When compared with infarcted mice dying in the
absence of rupture, ruptured hearts had comparable infarct size
and infarct wall thickness but exhibited increased macrophage
infiltration accompanied by reduced myofibroblast content.
Male mice had a significantly higher incidence of rupture than
female animals. However, the increased susceptibility of male
mice to rupture could not be explained by increased inflam-

Table 2. Inflammatory gene expression in infarct myeloid
cells from male and female mice

Gene Name Gene: GAPDH P Value

M F

Complement component 5a
receptor 1

0.01384 0.01186 0.7648

Chemokine (C-C motif) ligand 11 0.001534 0.005988 0.1437
Chemokine (C-C motif) ligand 12 0.004248 0.002895 0.7157
Chemokine (C-C motif) ligand 17 0.001263 0.002920 0.4909
Chemokine (C-C motif) ligand 19 0.004525 0.004905 0.9018
Chemokine (C-C motif) ligand 2 0.01989 0.01860 0.9172
Chemokine (C-C motif) ligand 22 0.002595 0.0006138 0.4856
Chemokine (C-C motif) ligand 24 0.001781 0.0004637 0.4692
Chemokine (C-C motif) ligand 25 0.0005090 ND 0.3559
Chemokine (C-C motif) ligand 26 0.001375 0.002190 0.4123
Chemokine (C-C motif) ligand 3 0.01030 0.009001 0.8329
Chemokine (C-C motif) ligand 4 0.008491 0.01264 0.4811
Chemokine (C-C motif) ligand 5 0.004289 0.002758 0.5280
Chemokine (C-C motif) ligand 6 0.1727 0.07732 0.3568
Chemokine (C-C motif) ligand 7 0.01639 0.02507 0.3653
Chemokine (C-C motif) ligand 8 0.005768 0.01586 0.0257
Chemokine (C-C motif) ligand 9 0.009111 0.003166 0.1254
Chemokine (C-C motif) receptor 1 0.006143 0.01291 0.2774
Chemokine (C-C motif) receptor 10 0.003331 ND 0.4226
Chemokine (C-C motif) receptor 1-

like 1
0.003002 ND 0.4226

Chemokine (C-C motif) receptor 2 0.007806 0.01448 0.4072
Chemokine (C-C motif) receptor 3 0.006727 0.004839 0.5371
Chemokine (C-C motif) receptor 4 0.0005084 0.001546 0.2750
Chemokine (C-C motif) receptor 5 0.004950 0.01017 0.2352
Chemokine (C-C motif) receptor 6 0.0003573 0.0005493 0.7640
Chemokine (C-C motif) receptor 7 0.005574 0.007365 0.6991
Chemokine (C-C motif) receptor 8 ND ND
Chemokine (C-C motif) receptor 9 0.003901 ND 0.3912
Chemokine (C-C motif) receptor-

like 1
0.0006560 0.0006533 0.9972

Chemokine (C-C motif) receptor-
like 2

0.004157 0.001810 0.3649

Chemokine-like receptor 1 0.003178 0.002272 0.7852
Cklf-like Marvel Tm domain

containing 2a
ND 0.0004849 0.3559

Cklf-like Marvel Tm domain
containing 3

0.01266 0.01048 0.7589

Cklf-like Marvel Tm domain
containing 4

0.003410 0.0006223 0.4047

Cklf-like Marvel Tm domain
containing 5

ND ND

Cklf-like Marvel Tm domain
containing 6

0.003730 0.01734 0.0642

Chemokine (C-X3-C motif) ligand 1 0.001861 0.001978 0.9398
Chemokine (C-X3-C) receptor 1 0.001722 0.002541 0.6002
Chemokine (C-X-C motif) ligand 1 0.002253 0.002495 0.8746
Chemokine (C-X-C motif) ligand 10 0.01534 0.008975 0.0814
Chemokine (C-X-C motif) ligand 11 ND ND
Chemokine (C-X-C motif) ligand 12 0.05222 0.1065 0.3271
Chemokine (C-X-C motif) ligand 13 0.002535 0.007473 0.1327
Chemokine (C-X-C motif) ligand 14 0.0001556 ND 0.3559
Chemokine (C-X-C motif) ligand 15 0.0009104 0.0005166 0.6322
Chemokine (C-X-C motif) ligand 16 0.008578 0.009264 0.8886
Chemokine (C-X-C motif) ligand 2 0.01357 0.02451 0.0080
Chemokine (C-X-C motif) ligand 3 0.003016 0.002059 0.4415
Chemokine (C-X-C motif) ligand 5 0.003116 0.001180 0.5320
Chemokine (C-X-C motif) ligand 9 0.0001775 ND 0.3559
Chemokine (C-X-C motif) receptor 1 ND ND
Chemokine (C-X-C motif) receptor 2 0.0004524 ND 0.4226
Chemokine (C-X-C motif) receptor 3 ND ND
Chemokine (C-X-C motif) receptor 4 0.02041 0.01743 0.7842
Chemokine (C-X-C motif) receptor 5 0.001828 0.1638
Chemokine (C-X-C motif) receptor 6 ND 0.001712 0.3559
Chemokine (C-X-C motif) receptor 7 0.001689 0.002191 0.7732

Continued

Gene Name Gene: GAPDH P Value

M F

Duffy blood group, chemokine
receptor

ND 0.0005270 0.3559

Formyl peptide receptor 1 0.001797 0.001522 0.9107
G protein-coupled receptor 17 0.002156 0.001442 0.6295
Hypoxia-inducible factor 1� 0.01286 0.01349 0.9058
Interferon-� ND ND
Interleukin-16 0.0009023 0.0002709 0.3070
Interleukin-1
 0.04332 0.03605 0.6744
Interleukin-4 0.003591 0.00005937 0.3314
Interleukin-6 0.01221 0.008579 0.5687
Integrin-�M 0.02596 0.02443 0.8738
Integrin-
2 0.04285 0.04131 0.9220
Mitogen-activated protein kinase-1 0.02609 0.01908 0.4511
Mitogen-activated protein kinase-14 0.008821 0.009484 0.8759
Platelet factor 4 0.06353 0.04216 0.2131
Pro-platelet basic protein 0.006339 0.007147 0.8091
Slit homolog 2 (Drosophila) 0.0004225 ND 0.1389
Transforming growth factor-
1 0.05729 0.05662 0.9558
Toll-like receptor 2 0.01014 0.008979 0.7833
Toll-like receptor 4 0.003651 0.0007350 0.1473
Tumor necrosis factor 0.001179 0.0009175 0.8138
Thymidine phosphorylase ND ND
Chemokine (C motif) ligand 1 0.006992 0.4226
Chemokine (C motif) receptor 1 ND ND

M, male; F, female; ND, not determined.
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matory activation of immune cells. Myeloid cells isolated from
male and female mouse infarcts had comparable expressions of
a wide range of inflammatory genes (Table 2).

Why are mice so susceptible to post-MI cardiac rupture?
Even when the most rigorous and specific approaches for
documentation are used, the incidence of rupture in young
adult mice with coronary occlusion remains remarkably high

compared with the incidence of similar events in human MI
patients. Several factors related to the characteristics of the MI
model and the quality of cardiac repair in mice may explain the
high susceptibility of mice to rupture. First, the extensive
transmural MI induced by coronary occlusion in mice and the
absence of significant collateral circulation increase the likeli-
hood of cardiac rupture. In human MI patients, rupture is more

Table 3. Rupture-related mortality in wild-type mice undergoing nonreperfused myocardial infarction protocols

Strain Sex Age, wk Mortality, %
Duration of
Follow-up

Rupture rates, rupture �
100/total deaths Rupture Assessment Criteria Ref.

C57BL/6J M�F 18 45 7 33 Hem or RS (43)
C57BL/6 M 8–10 35.6 28 78.7 Autopsy (not otherwise specified) (46)
C57BL/6J M�F 10–12 35 28 100 Hem and RS (14)
C57BL/6 M 12 46.6 56 92 Hem and RS (87)
C57BL/6 M 8–12 22.7 7 80 Hem and RS (93)
C57BL/6J M�F 12 42 28 63 (M), 38.5 (F) Hem and RS (48)
C57BL/6 M 8–10 52 7 60.6 Hem (45)
C57BI/6J M�F N/A 45 14 100 Autopsy (not otherwise specified) (15)
C57BL/6 M 8–16 75 28 100 Autopsy (not otherwise specified) (2)
N/A M�F N/A 12 7 100 Autopsy (not otherwise specified) (26)
C57Bl/6J M�F N/A 40 7 100 Autopsy (not otherwise specified) (75)
C57BL/6 M 10 55 28 96 Hem and/or RS (96)
C57BL/6J M 8–12 40 28 100 Autopsy (not otherwise specified) (77)
C57BL/6 M 8–12 41 56 80 RS (7)
C57BL/6 M 8–12 20 14 83 Autopsy (not otherwise specified) (12)
C57BL/6 M 12–20 65 14 26.1 Autopsy (not otherwise specified) (84)
C57BL/6/129/svj M 8–12 34.6 42 11.5 RS (50)
C57BL/6 M 8–12 39.3 28 57.7 Histology (64)
C57BL/6 M 10–12 35 28 85 Autopsy (not otherwise specified) (53)
C57BL/6J M�F 8–12 16 28 73 Hem or RS (85)
C57BL/6 M 12 58 28 92 Autopsy (not otherwise specified) (81)
C57BL/6 M 10–12 48 28 62.5 Hem and RS (58)
C57BL/6 M�F N/A 44 28 63.6 Histology (46)
C57BL/6J M 16 60 28 100 Autopsy (not otherwise specified) (39)
C57BL/6 � FVB F 12–14 15 7 100 Hem and/or RS (83)
C57BL/6 M 10–16 51 28 70 Hem or RS (97)
C57BL/6 M 10 50 7 100 Autopsy (not otherwise specified) (92)
C57BL/6 M 9–12 50 28 87.4 Hem and RS (82)
C57BL/6 M�F 7–8 60 120 100 Autopsy (not otherwise specified) (70)
C57BL/6 M 8–10 22 14 100 Hem and RS (71)
C57Bl/6 M 8–10 53 7 55.8 Histology (59)
C57BL/6 M 8 31 5 33.6 RS (54)
C57BL/6 M 8–10 41 28 69.7 Hem and RS (44)
C57BL/6 M 9–12 27.1 7 100 Hem (63)
C57BL/6 M�F N/A 40 28 85.5 Hem (34)
C57BL/6 M 10–12 19.8 28 100 Autopsy (not otherwise specified) (3)
C57BL/6 M�F 12–16 6 14 50 RS and Histology (88)
C57BL/6J M 11–12 28 10 75 Hem and Infusion (67)
FVB M�F N/A 43.2 20 55 Hem (86)
C57BL/6 M N/A 66 7 40 Autopsy (not otherwise specified) (61)
C57BL/6 M 8–28 25 30 33.6 Infusion (32)
C57BL/6 M 10–12 40 28 80 Hem (49)
FVB/njcl F 8–12 35 28 88 Hem (37)
C57BL/6J M 10–18 15% 14 60 Histology (78)
C57BL/6 M N/A 40 10 100 Autopsy (not otherwise specified) (69),
C57BL/6J M 8 46 7 68 Autopsy (not otherwise specified) (79)
C57BL/6J M 12–13 54 28 38.5 Histology (65)
C57BL/6 M 12–16 23.5 7 100 Autopsy (not otherwise specified) (42)
C57BL/6 M 8–12 N/A N/A 30 RS (36)
BalbC M 10–12 6 28 33.3 Hem (89)
C57BL/6 M 10–12 19 28 81.8 Hem (89)
FVB M 10–12 37 28 45.8 Hem (89)
129S6 M 10–12 42.8 28 93.3 Hem (89)
Swiss M 10–12 14.5 28 75 Hem (89)
FVB/N M�F 12–16 16.5 (M), 15.7 (F) 7 7.8 (M), 0 (F) Hem and RS (27)
C57BL/6 M�F 12–16 25.5 (M), 11.2 (F) 7 56 (M), 45.5 (F) Hem and RS (27)
129sv M�F 12–16 45.6 (M), 11.3 (F) 7 93.4 (M), 72.8 (F) Hem and RS (27)

M, male; F, female; N/A, not available; Hem, hemothorax (clot or blood in chest); RS, rupture site in gross pathology.
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common in individuals with single-vessel disease that lack
collateral circulation (62, 72), a situation more likely to result
in transmural infarction. The mouse model of permanent cor-
onary occlusion recapitulates this clinical scenario. Second, the
absence of significant hypertrophy and fibrosis in young adult
mice increases the likelihood of rupture. In contrast, in human
patients MI typically affects older subjects who may exhibit
baseline hypertrophic and fibrotic changes due to preexisting
coronary disease or other comorbid conditions (such as hyper-
tension, diabetes, obesity, and metabolic dysfunction). The
typical patient with rupture has a first infarct without any
preexisting fibrotic or hypertrophic remodeling (21). Third,
myocardial scars in mice exhibit marked thinning during in-
farct healing compared with large animals (11, 17) and may be
more susceptible to rupture. According to Laplace’s law, ten-
sion in the ventricular wall is proportional to the radius and
inversely proportional to the thickness of the wall. Although
direct comparisons with human infarcts are impossible, the
marked reduction in wall thickness in mouse infarcts, coupled
with the impressive dilative remodeling in infarcted mouse
hearts, may significantly increase wall stress, resulting in
rupture. Finally, patients with MI are typically admitted to the
coronary care unit, resting and receiving treatment. The con-
tinuous activity of infarcted mice may result in exercise-related
systemic and intracardiac pressure increases that may precipi-
tate rupture.

The cell biological response in ruptured hearts. Following
MI, massive necrosis of cardiomyocytes triggers an intense
myocardial inflammatory reaction, inducing recruitment of
neutrophils (13) and proinflammatory monocytes (18). Subse-
quent activation of fibrogenic macrophages in the infarct re-
sults in secretion of growth factors, such as TGF
, that mediate
formation of organized myofibroblast arrays in the infarct (52),
triggering secretion and deposition of extracellular matrix
(ECM) proteins. Dysregulation in the sequence of inflamma-
tory and reparative cellular responses may play an important
role in the pathogenesis of cardiac rupture.

In human patients, left ventricular free wall rupture can
occur as early as a few hours or as late as several weeks after
MI (94). Early rupture has been suggested to account for a
significant percentage of pre-hospitalization deaths in MI pa-
tients (41). These rupture events occur before the infarct is
infiltrated with significant numbers of leukocytes (6) and well
before replacement with scar tissue. Thus, rupture events
occurring during the first 24 h after MI cannot be attributed to
overactive inflammatory cell infiltration or to perturbed acti-
vation of reparative cells. Massive cardiomyocyte death, ac-
companied by rapid activation of proteases in the interstitium
of myocardial segments subjected to high wall stress, may
account for early rupture in human patients. In C57BL6J mice,

we did not observe rupture-related deaths within the first 24 h
of MI. Thus, the cellular mechanisms underlying early rupture
cannot be studied using the mouse model.

All rupture events in mice with nonreperfused MI occurred
between days 3 and 7 following coronary occlusion at time
points corresponding to the inflammatory and early reparative
phase of cardiac repair (23). Comparison of the cellular com-
position of mice dying with and without rupture identified
several distinct characteristics of ruptured hearts:

First, macrophage density is significantly increased in in-
farcted segments of mice dying of rupture, and significant
numbers of macrophages are noted in the edge of the rupture
track (Fig. 7). Increased influx of proinflammatory macro-
phages may result in local activation of proteases, thus degrad-
ing the cardiac ECM and precipitating rupture. To examine
whether rupture is associated with perturbations in the ratio of
proinflammatory vs. anti-inflammatory macrophages, we per-
formed immunofluorescent staining for the M1 marker iNOS
and the M2 marker Arg1. No significant differences in the
density of M1-like and M2-like macrophages were noted in
animals dying with or without rupture (Fig. 8). The findings do
not support the notion that macrophage polarization is directly
involved in cardiac rupture. However, it should be emphasized
that systematic study of inflammatory mediator expression
(rather than assessment of single M1/M2 markers) is required to
gain insights into the phenotypic characteristics of macro-
phages in tissues. Unfortunately, harvesting macrophages from
ruptured hearts to examine relations between inflammatory
gene expression and rupture events is impractical.

Second, ruptured hearts exhibited reduced myofibroblast
density in the infarct zone (Fig. 5). Recruitment and activation
of fibroblasts play a crucial role in repair of the infarcted heart,
generating a scar that protects the ventricle from catastrophic
mechanical failure (52, 69). In mice with reduced activation of
myofibroblasts, attenuated collagen synthesis may fall below
the threshold needed to maintain the structural integrity of the
infarct wall, thus leading to cardiac rupture. This notion was
also supported by findings showing a trend toward reduced
collagen content in ruptured hearts (Fig. 6).

Balance between proinflammatory and matrix-preserving
cascades in the pathogenesis of cardiac rupture. A large body
of evidence derived from in vivo experiments in genetically
manipulated mice suggests that uncontrolled activation of
proinflammatory signaling cascades (reviewed in Table 5),
impaired fibroblast activation, and overactive matrix degrada-
tion (reviewed in Table 6) are the predominant mechanisms
that mediate postinfarction cardiac rupture. It should be noted
that in most studies documentation of rupture was based on
visual inspection criteria; thus, the findings may more accu-

Table 4. Postinfarction rupture rates in male C57Bl6 mice based on assessment through various strategies

Strategy Rupture Deaths (%) (mean) Rupture Deaths (%) median Rupture Deaths (%) (range) Number of Studies (n)

Gross pathology (any criteria) 77.9 81.8 26.1–100 31
RS 47.9 33.6 30–80 3
Hem 80.6 80.9 60.6–100 4
RS � Hem 77.7 75.0 56–100 10
Gross pathology (criteria not specified) 83.8 96.0 26.1–100 14
Histology 53 56.8 38.5–60 4

RS, rupture site, Hem, hemothorax.
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rately reflect effects on total mortality rather than rupture-
specific deaths.

Direct activation of inflammatory cascades in leukocytes
(14) and indirect stimulation of proinflammatory signals
through release of cardiomyocyte- or fibroblast-derived medi-
ators (93) (2) have been implicated in the pathogenesis of
rupture. Moreover, loss of critical suppressive signals that
inhibit or restrain inflammation has also been found to increase
the incidence of cardiac rupture accentuating leukocyte infil-
tration (50). However, inflammation is not uniformly detrimen-
tal: some inflammatory pathways are critical for repair of the

infarcted heart and protect from rupture, presumably by acti-
vating matrix-secreting mesenchymal cells (29, 64).

On the other hand, activation of reparative fibroblasts and
stimulation of matrix-preserving pathways play a critical role
in protection of the infarcted heart from rupture. Several
members of the matrix metalloproteinase (MMP) family may
promote rupture by degrading the cardiac ECM (36, 65)
Several matricellular proteins that promote myofibroblast ac-
tivation [such as periostin (69, 79), osteoglycin (88), and
SPARC (secreted protein, acidic, cysteine-rich) (78)] were
found to protect from cardiac rupture. Moreover, fibroblast-

Table 5. Inflammatory signals involved in the pathogenesis of cardiac rupture

Gene/Protein Mechanism Ref.

Cyclic GMP-AMP synthase
(cGAS)

cGAS was suggested to cause rupture following MI by acting as a pattern recognition receptor that stimulates
proinflammatory programs and by inhibiting activation of reparative macrophages.

(8)

CD8 Mice deficient in functional CD8� T cells had improved survival but increased incidence of cardiac rupture,
suggesting that CD8� T cells may be involved in effective scar formation.

(43)

IL-35 IL-35 protected from post-MI cardiac rupture, promoting reparative macrophage responses and improving
repair.

(46)

Toll-like receptor 7 (TLR7) TLR7 was implicated in cardiac rupture through effects on leukocyte cytokine expression. (14)
Muscle atrophy F-box (MAFbx) The E3 ubiquitin ligase MAFbx was implicated in cardiac rupture post-MI, presumably by inducing

inflammatory cell infiltration.
(87)

Heat shock protein-B1 (HSPB1) Cardiomyocyte-specific HSPB1 signaling was found to protect from post-MI cardiac rupture by inhibiting
inflammatory activation.

(93)

12/15-Lipoxygenase (LOX) 12/15 LOX was implicated in the pathogenesis of cardiac rupture, presumably by enhancing synthesis of
proinflammatory lipid mediators.

(48)

Apoptosis inhibitor of
macrophage (AIM)

AIM was implicated in the pathogenesis of post-MI cardiac rupture, presumably through recruitment of
proinflammatory macrophages.

(45)

CD36 Activation of a CD36-Mertk axis protects from cardiac rupture by promoting phagocytosis of dead cells by
activated macrophages.

(15)

Granulocyte/macrophage
colony-stimulating factor
(GM-CSF)

Fibroblast-derived GM-CSF was implicated in post-MI cardiac rupture, presumably through recruitment of
proteolytic/inflammatory neutrophils and monocytes.

(2)

Glucocorticoid receptor (GR) Inactivation of GR altered the functional differentiation of monocyte-derived macrophages in the infarcted
myocardium and was suggested to cause higher rupture-related mortality.

(26)


-Adrenergic receptor (
2AR) Myeloid 
2ARKO (through bone marrow transplantation) mice displayed 100% mortality resulting from post-
MI cardiac rupture. 
2ARKO mice had reduced leukocyte infiltration in infarcted hearts.

(30)

Calpastatin Male mice overexpressing calpastatin had increased rates of post-MI cardiac rupture. KO mice exhibited
reduced infiltration of M2 macrophages and CD4� T cells.

(91)

TGF
 receptor 1 (T
RI) Conditional cardiomyocyte specific TGF
 receptor 1 knockout displayed marked decline in neutrophil
recruitment and attenuated MMP9 activity with reduced post-MI cardiac rupture rates.

(75)

MIF MIF-deficient mice had lower rates of post-MI cardiac rupture, associated with reduced myocardial leukocyte
infiltration, and reduced activity of MMP-2 and -9, p38, and JNK MAPK.

(96)

IL-23 IL-23KO mice exhibited increased post-MI cardiac rupture rates, presumably through higher expression of
proinflammatory cytokines and increased infiltration with immune cells.

(77)

Haptoglobin Haptoglobin-deficient mice displayed increased post-MI cardiac rupture rates, presumably through increased
leukocyte infiltration in the infarct, reduced PAI-1 activity and enhanced VEGF� expression.

(4)

5-Lipoxygenase 5-Lipoxygenase-null mice exhibited higher post-MI cardiac rupture rates, with more abundant
proinflammatory macrophages and decreased collagen deposition and fibroblast migration.

(7)

D6 D6-null mice exhibited increased post-MI cardiac rupture rates, presumably through enhanced infiltration of
neutrophils and Ly6Chi monocytes and increased MMP-9 and -2 activity in the infarct.

(12)

Fibulin-2 Fibulin-2 mice exhibited lower post-MI cardiac rupture rates with attenuated inflammatory cell infiltration and
MMP-2 and -9 expression.

(84)

GDF-15 GDF-15 deficient mice had enhanced recruitment of PMN leukocytes associated with increased rates of post-
MI cardiac rupture.

(50)

Syndecan-4 (Syn4) Syn4 KO mice exhibited increased rates of post-MI cardiac rupture, associated with suppressed inflammation
and impaired granulation tissue formation in the heart after MI.

(64)

Gp130 Cardiomyocyte-specific Gp130 KO was associated with increased post-MI cardiac rupture rates, presumably
through enhanced STAT3 activation and increased expression of IL-6.

(38)

Timp4 Timp4�/� mice had increased post-MI cardiac rupture rates, associated with increased neutrophil infiltration. (53)
Class A macrophage scavenger

receptor (SR-A)
SR-A�/� mice exhibited higher rates of post-MI cardiac rupture, presumably due to augmented gelatinolytic
activity, increased MMP-9 and TNF� and reduced IL-10 mRNA in the infarcted myocardium.

(85)

TNF� TNF��/� mice exhibited markedly reduced post-MI cardiac rupture rates, presumably due to reduced
inflammatory cell infiltration, cytokines, and MMP-9 and -2 expression in the infarct.

(81)

FrzA FrzA overexpression protected from rupture, attenuating leukocyte infiltration and reducing MMP9 and
MMP2 expression in the infarct.

(5)

MI, myocardial infarction; KO, knockout.
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Table 6. Role of fibroblast activation and extracellular matrix remodeling in cardiac rupture

Gene/Protein Mechanism Ref.

Hsp47 Fibroblast-specific activation of Hsp47 was found to protect from cardiac rupture my promoting
reparative myofibroblast activation.

(51)

TLR9 TLR9 signaling protects from rupture by activating myofibroblasts possibly through an interaction with
HMGB1.

(58)

Smad3 Myofibroblast-specific Smad3, but not Smad2, signaling protects from late rupture post-MI by
triggering an integrin-mediated response in myofibroblasts, thus contributing to formation of an
organized scar.

(40, 52)

IL-35 IL-35 protects from post-MI cardiac rupture promoting reparative macrophage responses and
improving repair.

(46)

miR-144 miR-144 was implicated in the pathogenesis of cardiac rupture, presumably through effects on ECM
remodeling.

(35)

Mast cell protease 4 Chymase mast cell protease 4 was implicated in post-MI cardiac rupture, presumably through effects
on matrix remodeling.

(39)

Heme oxygenase-1
(Hmox1)

Mice deficient in Hmox1 had lower rates of post-MI cardiac rupture, with greater collagen type I
production compared with wild-type mice.

(83)

Dectin-2 Dectin-2 KO mice demonstrated lower post-MI cardiac rupture rates with increased expression of �-
smooth muscle actin and collagen I/III and reduced MMP-2 and -9 expression.

(97)

miR-155 mir-155-deficient mice exhibited lower rates of post-MI cardiac rupture, associated with more
abundant myofibroblasts and a– increased collagen disposition in the infarct.

(92)

CD39 CD39-deficient mice demonstrated lower post-MI cardiac rupture rates associated with elevated fibrin
and collagen deposition and increased reparative macrophage influx to the infarcted area.

(82).

NEIL3 Neil3�/� mice showed increased post-MI myocardial rupture, presumably through ECM dysregulation
and increased levels of MMP-2.

(70)

TLR9 TLR9 was suggested to reduce post-MI cardiac rupture rates presumably through proliferation and
differentiation of cardiac fibroblasts.

(71)

Hand1 Hand1�/� mice had decreased cardiac rupture rates associated with lower MMP-9 activity. (59)
CD28 CD28KO mice had higher post-MI cardiac rupture rates, lower collagen deposition, and lower

myofibroblast numbers.
(54)

Twinkle Twinkle overexpression reduced post-MI cardiac rupture rates presumably through suppression of
MMP-2 and -9 in the border zone of the infarct.

(44)

Follistatin-like 1 Conditional ablation of Fstl1 in S100a4-expressing fibroblast lineage cells was reported to reduce
numbers of myofibroblast and expression of ECM proteins in the infarct, and demonstrated increased
post-MI cardiac rupture.

(63)

Girdin Girdin S1416A knock-in mice (in which the Akt phosphorylation site is replaced with alanin) had
reduced cardiac myofibroblast proliferation and collagen deposition that was implicated in higher rates
of post-MI cardiac rupture.

(34)

Sirtuin 7 Sirt7�/� mice showed high susceptibility to cardiac rupture, associated with reduced myofibroblast
differentiation and perturbed TGF
 responses.

(3)

Osteoglycin Osteoglycin-null mice had significantly increased post-MI cardiac rupture rates. Tissue disruption and
impaired collagen fibrilogenesis were implicated.

(88)

Phospholipase A2

receptor (PLA2R)
PLA2R-deficient mice exhibited higher rates of post-MI cardiac rupture, associated with decreased
numbers of myofibroblasts and attenuated collagen deposition in the infarcted myocardium. PLA2R
was implicated in migration and proliferation of myofibroblasts through interactions with integrin-
1.

(67)

Melusin Melusin overexpression reduced post-MI cardiac rupture rates, increasing matricellular protein
expression in the infarcted area.

(86)

MMP-28 MMP-28 deletion increased post-MI cardiac rupture rates, presumably through impaired M2

macrophage activation and reduced deposition of ECM proteins.
(61)

Syndecan-4 Syndecan-4 KO mice exhibited increased rates of post-MI cardiac rupture, associated with suppressed
inflammation and impaired granulation tissue formation in the heart post-MI.

(64)

TIMP3 TIMP3�/� mice exhibited increased rates of post-MI cardiac rupture presumably through increased
MMP activity, activated EGFR signaling, decreased myofibroblast numbers, and collagen deposition.

(32), (49)

Bcrp1/Abcg2 Bcrp1/Abcg2 KO mice exhibited higher post-MI cardiac rupture rates, with reduced capillary,
myofibroblast, and macrophage densities in the peri-infarction area.

(37)

SPARC SPARC-null mice exhibited increased rates of post-MI rupture, associated with disorganized
granulation tissue formation and defective scar maturation.

(78)

Biglycan Biglycan-deficient mice had higher post-MI rupture rates. Impaired collagen matrix organization was
implicated.

(95)

Periostin Periostin�/� mice had increased post-MI rupture rates, associated with lower numbers of
myofibroblasts and impaired collagen fibril formation in the infarct.

(69, 79)

MMP-2 MMP-2-null mice exhibited reduced post-MI cardiac rupture, presumably through reduced gelatinolytic
activity, and attenuated ECM degradation.

(65)

Factor XIII FXIII�/� mice had markedly higher post-MI cardiac rupture rates, associated with lower collagen I
and higher MMP-9 levels.

(68)

Angiotensin II
receptor (AT2R)

AT2R-null mice had increased post-MI rupture rates, associated with reduced collagen deposition in
the infarct.

(42)

uPA, TIMP1 uPA�/� mice exhibited low post-MI cardiac rupture rates. In addition, gene transfer of TIMP1
protected mice from rupture-related death.

(36)

MI, myocardial infarction; KO, knockout; MMP, matrix metalloproteinase.
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specific TGF
/Smad3 signaling prevents late rupture follow-
ing MI by stimulating integrin-dependent activation of infarct
myofibroblasts (52). Considering that excessive ECM deposi-
tion in the infarcted heart may promote adverse remodeling and
cause diastolic dysfunction, timely activation and suppression
of fibroblast-driven matrix-preserving pathways are needed to
protect from rupture while preventing exaggerated fibrosis
(24). A recent study using single-cell transcriptomics sug-
gested that mouse strains with lower susceptibility to cardiac
rupture have early activation of matrix-producing myofibro-
blasts (22).

The male predilection for cardiac rupture: only in mice?
Our findings confirm the increased susceptibility of male mice
to cardiac rupture, reported in many published studies (9, 20,
27). Published studies have suggested sex-specific patterns of
inflammatory mediator synthesis and release in male and fe-
male patients with myocardial infarction (31, 76). The reduced
incidence of rupture in female mice has been attributed to
reduced myocardial inflammation and lower levels of matrix-
degrading proteases at time points corresponding to the peak of
rupture (20). We used a PCR array to examine whether male
mice have increased inflammatory gene expression in myeloid
cells. Our findings did not show significant differences be-
tween male and female mice in levels of a wide range of
inflammatory mediators, including the chemokines CCL2,
CCL3, CCL4, CCL5, CCL9, CX3CL1, and CXCL10 and the
cytokines IL-1
, IL-6, and TNF�, 
2-integrin and TLRs (Ta-
ble 2). Our findings suggest that the increased susceptibility of
male C57BL/6 mice to cardiac rupture is not due to differences
in the gene expression profile of myeloid cells. Studies in
mouse models of cardiac injury have suggested sex-specific
differences in inflammatory gene expression patterns in neu-
trophils (16) and dendritic cells (74). Cardiomyocytes, fibro-
blasts (19), and vascular cells may also exhibit sex-specific
differences in expression of inflammatory mediators or pro-
teins involved in matrix remodeling that may explain the
protective effects of female sex in postinfarction rupture. It
should be emphasized that the male predilection for cardiac
rupture seems to be specific to mice. In human patients, several
studies have demonstrated that female sex is associated with an
increased risk of rupture after MI (33, 55, 56). The species
specificity may reflect, at least in part, the much younger age of
mice undergoing experimental MI protocols compared with the
human population. The vast majority of women suffering MI
are elderly and postmenopausal. The protection noted in fe-
male mice may reflect hormonal actions of estrogens in young
premenopausal animals (9).

Conclusions. Cardiac rupture remains a catastrophic com-
plication and a significant cause of death for patients with MI.
The mouse model of nonreperfused MI is associated with a
high incidence of rupture. Although histopathology is the gold
standard for documentation of cardiac rupture, systematic his-
tological analysis of all mice dying following MI may be
impractical, considering the costly and highly laborious pro-
cess required for documentation. Thus, most published studies
have used gross pathology for rupture assessment and have
generated highly variable results. Our study demonstrates that,
if appropriately performed, gross pathology can be a useful
alternative to histology but has significant limitations depend-
ing on the specific autopsy criteria used for documentation of
rupture. Hemothorax is highly sensitive but has relatively low

specificity, whereas gross identification of a perforation site is
very specific but lacks sensitivity. Moreover, we characterize
the cellular composition of the infarct in mice dying with or
without rupture. We show that rupture is associated with
increased macrophage infiltration and reduced myofibroblast
recruitment in the infarcted segments. In the era of single-cell
transcriptomics, identification of subsets of immune and repar-
ative cells that may be associated with cardiac rupture may
provide key insights into the cellular mechanisms underpinning
this catastrophic complication.
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The significance of COVID-19-associated

myocardial injury: how overinterpretation of

scientific findings can fuel media sensationalism

and spread misinformation

Nikolaos G. Frangogiannis *

The Wilf Family Cardiovascular Research Institute, Department of Medicine (Cardiology), Albert Einstein College of Medicine, 1300 Morris Park Avenue, Forchheimer G46B,
Bronx, NY 10461, USA

This editorial refers to ‘Pathological features of COVID-19-

associated myocardial injury: a multicentre cardiovascular

pathology study’, by C. Basso et al., doi:10.1093/eurheartj/

ehaa664.

Evidence of myocardial injury is found in a significant fraction
of hospitalized coronavirus disease 2019 (COVID-19) patients.
Elevation of serum troponins, the most common COVID-19-associ-
ated myocardial abnormality, is found predominantly in patients with
underlying cardiovascular disease, and is associated with increased
mortality.1,2 Whether biochemical evidence of myocardial injury
reflects primary severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2)-mediated cardiac disease or secondary consequences
of demand ischaemia remains unknown. Although it has been sug-
gested that SARS-CoV-2 may gain entry into cardiomyocytes by
binding to the abundant angiotensin-converting enzyme 2 (ACE2)
expressed on the cell membrane, evidence supporting the role
of myocarditis in COVID-19 myocardial pathology remains scant.
Importantly, characterization of the pathological myocardial changes
in COVID-19 patients is limited to case reports and small case
series.3,4

In the current issue of the European Heart Journal, Basso and co-
workers5 provide the first systematic histopathological analysis of the
myocardial alterations in patients dying from COVID-19. In an inter-
national multicentre study, the authors assessed cardiac pathology in
21 consecutive autopsies. The mechanism of death for the majority
of the patients was adult respiratory distress syndrome (ARDS). All
but one of the patients had underlying conditions known to cause

cardiac remodelling, including a prior history of ischaemic heart dis-
ease, hypertension, diabetes, and renal failure. The authors report
that 86% of the patients exhibited widespread myocardial macro-
phage infiltration. A small fraction of patients (14%) had changes
consistent with lymphocytic myocarditis, defined as the presence of
multifocal inflammatory infiltrates associated with cardiomyocyte in-
jury, not due to some other cause. Evidence of a recent myocardial
infarction was found in one patient, whereas microvascular thrombi
were noted in four patients. The study highlights the broad spectrum
of cardiac injury patterns noted in critically ill COVID-19 patients,
that may include acute coronary events, microvascular thrombosis,
and myocardial inflammation. However, the study also has significant
limitations. First, the findings cannot be generalized to all COVID-19
patients, but only represent subjects who died of the disease due to
respiratory failure. Secondly, relationships between myocardial path-
ology and perturbations of systolic or diastolic function were not
studied. Thirdly, the study cannot establish a causative relationship
between SARS-CoV-2 and myocardial inflammation. Older patients
with hypertension, diabetes, chronic renal failure, and chronic ischae-
mic heart disease often exhibit chronic low level myocardial inflam-
matory activation associated with interstitial macrophage
infiltration.6,7 Due to the absence of a control group with comorbid-
ities comparable with the COVID-19 patient population, the role of
the viral infection in the pathogenesis of the myocardial changes can-
not be determined. Interpretation is further complicated by the po-
tential impact of demand ischaemia, due to fever and tachycardia
typically associated with respiratory failure, on myocardial pathology.
Moreover, in the absence of molecular evidence documenting the

The opinions expressed in this article are not necessarily those of the Editors of the European Heart Journal or of the European Society of Cardiology.
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.presence of the virus, the lymphocytic infiltrate found in a small num-
ber of COVID-19 patients may not represent myocarditis. Thus, the
myocardial pathological alterations observed in the current study
may not reflect specific effects of the virus, but rather the consequen-
ces of critical illness in a population with a high prevalence of underly-
ing conditions.

The findings of the current study are consistent with the notion
that direct COVID-19-mediated cardiac pathology may be uncom-
mon (Figure 1). In hospitalized COVID-19 patients, elevated serum
troponin levels are commonly found and are more prominent in
patients with underlying conditions.8 However, biochemical evidence
of cardiac injury is not unique to COVID-19. Patients with severe
community-acquired pneumonia, requiring intensive care, typically
exhibit increased troponin levels.9 Increased myocardial demand due
to fever and tachycardia, and reduced supply due to hypoxaemia and
hypotension, can result in myocardial ischaemia in vulnerable
patients, and may explain the evidence of myocardial injury common-
ly found in high-risk COVID-19 patients.10 Moreover, systemic in-
flammatory activation leading to cytokine storm may promote
dysfunction, whereas prothrombotic effects may trigger plaque rup-
ture, precipitating coronary events.11 The evidence documenting
SARS-CoV-2 myocarditis as a cause of cardiac dysfunction is limited
to case reports. In a case series studying 14 patients who succumbed

to COVID-19 in Washington State, one patient with lymphocytic
myocarditis and evidence of myocardial viral RNA was identified. In a
study of 39 consecutive COVID-19 autopsy cases from Germany,
41% of patients had evidence of myocardial viral presence in the ab-
sence of significant inflammation.12 The long-term significance of viral
infection in COVID-19 patients remains unknown.

The authors should be complimented, not only for producing the
first systematic investigation of myocardial pathological changes in
COVID-19, but also for an objective and unbiased discussion that
acknowledges the limitations of the study, without overinterpreta-
tions and hype. Adoption of careful and objective approaches for
data interpretation and dissemination of scientific findings is critical to
overcome the challenges of the pandemic. In most research fields,
interest in specialized scientific articles typically remains limited within
specific groups of researchers with related interests, and overinter-
preted findings are filtered through the collective perspective of the
scientific community. In contrast, the COVID-19 literature generates
broad interest and can have an immediate impact on the public.
Throughout the world, hundreds of journalists scan the COVID-19
literature; most of them have no scientific background. Considering
that the attention generated by a news article, quantified by the num-
ber of readers, clicks, and comments, is a major measure of journalis-
tic success, it is not surprising that many journalists tend to prioritize

Figure 1 The causes of COVID-19-associated cardiac injury in adult patients. In hospitalized COVID-19 patients, myocardial injury defined as re-
lease of troponins is common (found in 10–45% of patients), and is found predominantly in critically ill individuals with comorbid conditions.
Although it has been suggested that SARS-CoV-2 may enter ACE2-expressing cardiomyocytes and cause direct injury, current evidence suggests
that COVID-19-associated myocarditis is uncommon, even in patients who succumb to the disease. In the majority of patients with COVID-19-
related myocardial disease, cardiomyocyte injury probably reflects the imbalance between myocardial supply and demand due to the consequences
of the critical illness, amplified by pre-existing cardiovascular disease. Cytokine storm-mediated cardiac depression may also represent an uncommon
cause of myocardial injury in COVID-19 patients. Moreover, it has been suggested that activation of a thrombotic state, vascular inflammation, and re-
lease of cytokines may precipitate plaque rupture in patients with pre-existing atherosclerotic disease, causing acute myocardial infarction. However,
such events have rarely been documented. This cartoon was designed using Servier Medical Art (https://smart.servier.com/).
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..sensationalism over accuracy. As a result, overinterpreted scientific
studies can fuel sensationalist news stories, ultimately leading to mis-
information of the public.

Recent dramatic headlines regarding the ‘devastating’ and ‘linger-
ing’ consequences of COVID-19 on the myocardium illustrate this
major problem. Cardiac magnetic resonance imaging in 100 patients
who recovered from COVID-19 showed that the majority (78%) had
subtle increases in non-specific indicators associated with inflamma-
tion (1.9% higher native T1 and an 8.3% increase in native T2) in com-
parison with a risk factor-matched control group that had no history
of a respiratory infection.13 All patients had normal systolic function.
Despite the absence of any robust evidence of inflammatory activity,
these observations were interpreted by the authors as suggestive of
an ‘ongoing perimyocarditis’ and indicative of a ‘considerable burden
of inflammatory disease in large and growing parts of the population’.
These statements fuelled dramatic warnings in the lay and scientific
press suggesting that SARS-CoV-2 has a ‘devastating impact on the
myocardium’, ‘ravages the heart in many ways’, and ‘can have lasting
effects on heart health’ (https://www.sciencemag.org/news/2020/07/
brain-fog-heart-damage-covid-19-s-lingering-problems-alarm-scien
tists; Supplementary material online, Table S1). Such sensationalist
statements are currently not supported by evidence. We simply have
no information on any long-term effects of SARS-CoV-2 in the heart.

Speculative discussions and dissemination of doomsday scenarios
can have a major negative impact in our fight against the pandemic,
not only by increasing anxiety levels and by spreading fear, but also by
undermining public confidence in science. It is up to the scientific
community to ensure that the messages communicated in scientific
manuscripts are supported by robust evidence. Our goal should not
be to publish a ‘newsworthy’ paper in order to attract attention, but
rather to present the facts and to support data-driven conclusions.

Supplementary material

Supplementary material is available at European Heart Journal online.
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Abstract
Heart failure exhibits remarkable pathophysiologic heterogeneity. A large body of evidence suggests that regardless of the
underlying etiology, heart failure is associated with induction of cytokines and chemokines that may contribute to the patho-
genesis of adverse remodeling, and systolic and diastolic dysfunction. The pro-inflammatory cytokines tumor necrosis factor
(TNF)-α, interleukin (IL)-1, and IL-6 have been extensively implicated in the pathogenesis of heart failure. Inflammatory
cytokines modulate phenotype and function of all myocardial cells, suppressing contractile function in cardiomyocytes, inducing
inflammatory activation in macrophages, stimulating microvascular inflammation and dysfunction, and promoting a matrix-
degrading phenotype in fibroblasts. Moreover, cytokine-induced growth factor synthesis may exert chronic fibrogenic actions
contributing to the pathogenesis of heart failure with preserved ejection fraction (HFpEF). In addition to their role in adverse
cardiac remodeling, some inflammatory cytokines may also exert protective actions on cardiomyocytes under conditions of
stress. Chemokines, such as CCL2, are also upregulated in failing hearts and may stimulate recruitment of pro-inflammatory
leukocytes, promoting myocardial injury, fibrotic remodeling, and dysfunction. Although experimental evidence suggests that
cytokine and chemokine targeting may hold therapeutic promise in heart failure, clinical translation remains challenging. This
review manuscript summarizes our knowledge on the role of TNF-α, IL-1, IL-6, and CCL2 in the pathogenesis of heart failure,
and discusses the promises and challenges of targeted anti-cytokine therapy. Dissection of protective and maladaptive cellular
actions of cytokines in the failing heart, and identification of patient subsets with overactive or dysregulated myocardial inflam-
matory responses are required for design of successful therapeutic approaches.

Keywords Heart failure . Cytokine . Chemokine . Inflammation . Interleukin-1 . TNF-α

Introduction

Heart failure is a condition in which the heart either cannot
pump enough blood tomeet the needs of various tissues or can
do so only at the cost of increased filling pressures [1, 2].
Based on the ejection fraction, the most commonly used indi-
cator of systolic function, heart failure patients can be classi-
fied into two major groups. Heart failure patients with reduced
ejection fraction (HFrEF) exhibit depressed systolic function.
On the other hand, the term heart failure with preserved

ejection fraction (HFpEF) is used for patients who have the
same heart failure symptoms, in the absence of significant
reductions in ejection fraction. Elevated filling pressures in
HFpEF patients are caused predominantly by perturbations
in diastolic function. Epidemiologic studies have demonstrat-
ed that HFpEF accounts for almost half of all incident heart
failure [3]. Both HFrEF and HFpEF have a poor prognosis.
Although approaches targeting neurohumoral pathways have
shown beneficial effects in patients with HFrEF, effective
therapeutic strategies for HFpEF are lacking.

A major obstacle that hampers development of new thera-
peutics in heart failure is the pathophysiologic heterogeneity
of the disease. The clinical syndrome of heart failure can be
triggered by a wide range of pathophysiologic changes, in-
cluding myocardial ischemia and infarction, pressure or vol-
ume overload, metabolic dysregulation, genetic perturbations
in sarcomeric protein function, and responses to viral infec-
tions. Regardless of underlying etiology, heart failure is
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associated with both local and systemic activation of inflam-
matory signaling cascades [4]. In patients with myocarditis or
inflammatory cardiomyopathies, inflammation is the primary
cause of heart failure [5]. Moreover, cytokine-mediated in-
flammation has been implicated in acute stress-induced car-
diomyopathy [6], an enigmatic entity that may be associated
with major emotional or physical stress [7], and may also be a
rare cause of myocardial injury in patients with coronavirus
disease 2019 (COVID-19) [8, 9]. In most other cases, activa-
tion of an inflammatory program reflects a reparative or pro-
tective response to other primary injurious processes.
Regardless of the underlying etiology, excessive, unre-
strained, or dysregulated inflammation may exacerbate myo-
cardial injury, thus contributing to the progression of heart
failure. The inflammatory response in the failing heart is char-
acterized by induction and activation of a wide range of pleio-
tropic cytokines and chemokines that modulate phenotype and
function of all myocardial cells. The complexity and pleiotro-
py of inflammatory mediators have hampered therapeutic im-
plementation of therapeutic strategies targeting the inflamma-
tory response.

This review manuscript discusses the potential role of the
best-studied and most promising pro-inflammatory cytokines
and chemokines as therapeutic targets in heart failure, We
focus on the prototypic inflammatory cytokines tumor necro-
sis factor (TNF)-α, interleukin (IL)-1 and IL-6, and on the CC
chemokine CCL2/monocyte chemoattractant protein (MCP)-
1.We summarize the cell biological actions of these mediators
in the failing heart and their potential contribution to dysfunc-
tion and heart failure progression. Finally, we discuss the
promises and challenges of cytokine and chemokine targeting
in heart failure patients.

Inflammatory Cytokines in the Pathogenesis
of Chronic Heart Failure

A large body of evidence, derived through both experimental
and clinical studies, supports an important role for inflamma-
tory cytokines and chemokines in the pathogenesis of myo-
cardial dysfunction and adverse cardiac remodeling. Marked
elevations of circulating pro-inflammatory cytokines are con-
sistently noted in heart failure patients, in both HFrEF and
HFpEF subpopulations [10, 11]. Cytokine levels are further
increased in patients exhibiting an acute decompensation [12]
and seem to predict clinical outcome [13]. Patients with ische-
mic cardiomyopathy in the absence of myocardial infarction
exhibit induction of chemokines in chronically ischemic myo-
cardial segments, accompanied by recruitment of inflammato-
ry leukocytes [14]. Moreover, several studies using experi-
mental animal models of heart failure induced through a wide
range of pathophysiologic perturbations showed that disrup-
tion of pro-inflammatory cytokine signaling may exert

beneficial actions [15–17]. However, this evidence should
not be interpreted as suggestive of unidimensional deleterious
effects of inflammatory cytokine signaling in failing hearts.
Inflammatory cytokines are highly pleiotropic and multifunc-
tional. Several members of the cytokine and chemokine fam-
ilies are upregulated in response to myocardial injury and may
exert important protective actions on cardiomyocytes [18],
while activating reparative programs [19]. Although there is
little doubt that dysregulated, excessive, or prolonged inflam-
matory responses precipitate or worsen heart failure in human
patients, the relative contribution of inflammatory signaling
likely depends on the underlying etiology of the disease. In
patients developing heart failure due to viral myocarditis, in-
flammatory injury may be the primary cause of dysfunction
and adverse remodeling [5, 20]. In contrast, in other heart
failure etiologies, the role of inflammatory cytokines is less
convincingly documented. All types of myocardial injury re-
sult in secondary activation of an immune response. Several
lines of evidence support the notion that regardless of the
underlying etiology of heart failure, cytokine and chemokine
induction promote dysfunction and progressive remodeling of
the myocardium. First, inflammatory cytokines have negative
inotropic effects [21]. Second, inflammatory cytokines may
promote cardiomyocyte apoptosis [22]. Third, pro-
inflammatory cytokines may activate a matrix-degrading pro-
gram, inducing matrix metalloproteinases, and triggering ex-
tracellular matrix degradation [23], thus depriving
cardiomyocytes from key matrix-driven signals that preserve
homeostatic function. Fourth, chronic pro-inflammatory cyto-
kine activation may stimulate a fibrogenic program, leading to
induction of fibrogenic growth factors, expansion of activated
fibroblasts, and subsequent deposition of extracellular matrix
(ECM) proteins in the cardiac interstitium. Inflammation-
mediated interstitial fibrosis may increase myocardial stiff-
ness, contributing to the pathogenesis of HFpEF [24, 25]. To
what extent these detrimental actions outweigh any protective
effects of the inflammatory mediators is dependent on the
pathophysiologic context and on the cytokine-specific pat-
terns of inflammatory activation.

Pro-Inflammatory Cytokines in Heart Failure

TNF-α

The multifunctional cytokine TNF-α is the best-studied in-
flammatory mediator in heart failure. In the early 1990s, ob-
servations suggesting that HFrEF patients have markedly ele-
vated circulating TNF-α levels [10] triggered a large body of
experimental work to investigate the effects of TNF-α in the
failing heart. Although clinical trials showed that anti-TNF
approaches do not benefit human heart failure patients, the
insights gained by studying the role of TNF-α in the
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myocardium contributed significantly to our understanding of
the complex role of inflammation in heart disease, and the
clinical investigations highlighted the challenges of therapeu-
tic translation.

Expression and Role of TNF-α in Heart Failure

Increased myocardial expression of TNF-α has been consis-
tently documented in experimental models of heart failure
[26, 27] and in human patients with cardiomyopathic condi-
tions [28]. Several different cell types contribute to the in-
creased expression of TNF-α in injured and failing hearts, in-
cluding cardiomyocytes [27], macrophages [29], vascular cells
[29], and mast cells [30]. The mechanisms of TNF-α induction
may involve activation of mechanosensitive signaling cascades
[27], neurohumoral signaling, or responses to damage-
associated molecular patterns (DAMPs) released by injured
cardiomyocytes. Several lines of evidence support the notion
that TNF-α may play a causative role in heart failure. First,
mice with cardiac-specific overexpression of TNF-α develop
dilated cardiomyopathy [22, 31, 32] and infusion of TNF-α
impairs LV systolic and diastolic function in dogs [33].
Second, TNF deletion attenuated dysfunction in a model of left
ventricular pressure overload [15], and TNF-α antagonism re-
duced adverse remodeling and improved hemodynamics in
models of volume overload and post-infarction heart failure
[34, 35]. Third, in human heart failure patients, higher circulat-
ing levels of TNF-α were associated with increased mortality
rates in both HFrEF and HFpEF subpopulations [36].

Cell Biological Mechanisms Responsible for the Effects
of TNF-α in Heart Failure

TNF-α-mediated adverse remodeling and heart failure progres-
sion may involve effects on cardiomyocytes, macrophages, and
the extracellular matrix (Fig. 1). In cardiomyocytes, TNF-α exerts
negative inotropic actions by perturbing calcium homeostasis [37]
and may trigger an apoptotic response by activating intrinsic cell
death pathways [38]. In macrophages, TNF-αmay stimulate syn-
thesis of other pro-inflammatory cytokines with pro-apoptotic,
negative inotropic, and matrix-degrading properties [39], and
may upregulate expression of inducible nitric oxide synthase
(iNOS) [40]. In fibroblasts, TNF-α may disrupt the balance be-
tween matrix metalloproteinases (MMPs) and their inhibitors,
leading to ECM degradation [41, 42]. Finally, in the microvascu-
lature, TNF-α increases permeability through modulation of en-
dothelial cyclooxygenase-2, [43] and induces expression of endo-
thelial adhesionmolecules, such as intercellular adhesionmolecule
(ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 [44],
thus enhancing adhesive interactions between circulating leuko-
cytes and the endothelial lining. Neutrophils or pro-inflammatory
monocytes may be trapped in the cardiac microcirculation, thus
contributing to tissue injury and cardiac dysfunction.

Several studies have suggested that in addition to its effects
in progression and accentuation of adverse remodeling and
dysfunction, TNF-α may also exert protective actions on in-
jured or stressed cardiomyocytes. In a model of non-
reperfused MI, global deletion of TNF receptors (TNFRs)
was associated with increased infarct size, suggesting that
TNF-α signaling may transduce cytoprotective signals [18].
In a genetic model of cardiomyopathy due to desmin loss,
TNF-α was found to have cytoprotective actions by promot-
ing formation of an alternative cytoskeletal network that pre-
vents deterioration of cardiac function [45]. Whether this
mechanism can be generalized in other models of heart failure
remains unknown. In isolated rat hearts, low-dose TNF-α im-
proved hemodynamics; the favorable actions were attributed
to the inhibitory effect of TNF-α on cardiomyocyte calcium
influx that may have reduced intracellular calcium overload
[46]. In addition, TNF-α protected mitochondrial respiratory
function following anoxia/reoxygenation injury presumably
due to modulation of reactive oxygen species (ROS) and
sphingolipids [47]. The conflicting findings suggesting both
protective and injurious effects of TNF-α in vivo may reflect
dose-dependent effects or differences in the balance between
TNFR1 versus TNFR2 signaling in various cell types and
experimental models. It has been suggested that the deleteri-
ous effects of TNF-α on cardiac remodeling may be mediated
through TNFR1 signaling; in contrast, TNFR2 actions may be
beneficial [39]. However, the cell-specific actions of TNFR
signaling in vivo and their role in mediating cardiac remodel-
ing have not been systematically investigated.

TNF-α Antagonism in Patients with Heart Failure

The in vivo evidence on the deleterious effects of TNF-α in
the failing myocardium, and early clinical studies suggesting
attenuated dysfunction in small groups of patients receiving
TNF-α antagonists [48] fueled large clinical trials to investi-
gate the effectiveness of TNF-α blockade in HFrEF patients.
Unfortunately, the results were disappointing [49]. The
Randomized Etanercept North AmerIcan Strategy to Study
AntagoNism of CytokinEs (RENAISSANCE) and Research
into Etanercept CytOkine antagonism in VEntriculaR dys-
function (RECOVER) trials tested the effects of TNF-α an-
tagonism through administration of soluble TNFR
(etanercept) in patients with heart failure and systolic dysfunc-
tion. Both trials were halted prematurely due to the lack of
clinical benefit. In addition, the data from both trials were
combined in the Randomized Etanercept Worldwide
Evaluation (RENEWAL) trial; however, again etanercept
had no effect on the primary endpoint of death or heart failure
hospitalization in HFrEF patients [50]. The phase II Anti-
TNF-α in Congestive Heart Failure (ATTACH) trial exam-
ined the effects of infliximab, a chimeric monoclonal anti-
TNF-α antibody in HFrEF patients. TNF-α antagonism using
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infliximab had adverse effects, increasing all-cause mortality
and heart failure hospitalizations in comparison with conven-
tional treatment [51]. The conflicting findings between the
highly promising animal model investigations and early clin-
ical studies, and the disappointing large clinical trials are frus-
trating, but may be explained considering the heterogeneity of
heart failure and the pleiotropic effects of the cytokines. First,
in human patients the (well-described) protective effects of
TNF-α on cardiomyocytes may be more prominent than any
deleterious actions. Second, human heart failure populations
are pathophysiologically heterogeneous. Thus, TNF-α antag-
onism may afford benefit in a yet unidentified subset of pa-
tients with prominent cytokine-mediated injury. Third, dose-
dependent effects of the cytokine may complicate design of
effective therapy. Failing hearts may require an optimal level
of TNF-α activity to preserve function and to prevent exces-
sive remodeling. In addition, intrinsic biological actions of the
anti-TNF agents may have contributed to the adverse effects
of the treatment in some clinical trials. TNFR antagonists may
also act as agonists (referred to as “stimulating antagonists”)
and may stabilize the cytokine under certain conditions [52].

IL-1

The IL-1 family has 11 cytokine members and 10 receptors
[53]; IL-1α/IL-1β, IL-18, and the IL-33/ST2 axis are the best-
studied members of the family in the cardiovascular system. A
large body of experimental evidence supports the notion that
members of the IL-1 family may play an important role in
progression of heart failure and in the pathogenesis of systolic
dysfunction [54, 55]. However, the potential effectiveness of
IL-1 targeting in patients with heart failure has not been
established.

Expression and Role of IL-1 in Heart Failure

IL-1 is consistently upregulated in experimental models of
heart failure due to a wide range of etiologies, including myo-
cardial infarction [56], left ventricular pressure overload [57,
58], transgenic overexpression of calcineurin [59], and diabet-
ic cardiomyopathy [60]. Moreover, myocardial IL-1β induc-
tion has been reported in patients with cardiomyopathic con-
ditions [61]. Heart failure is also associated with activation of

Fig. 1 Cellular actions of TNF-α and IL-1 in heart failure. The pleiotropic
cytokines TNF-α and IL-1 have been implicated in both post-infarction heart
failure (HF) and in non-ischemic HF by modulating phenotype and function
of cardiomyocytes, immune cells, fibroblasts, and vascular cells. Both TNF-α
and IL-1 have negative inotropic actions and induce apoptosis in
cardiomyocytes. Moreover, both TNF-α and IL-1 induce MMP expression,

promoting degradation of the cardiac extracellular matrix (ECM), and stimu-
late inflammatory signaling in leukocytes and vascular endothelial cells.
However, several studies have suggested that TNF-α may exert protective
actions on cardiomyocytes under conditions of stress, by regulating calcium
homeostasis and by preserving mitochondrial function. The cartoon was de-
signed using Servier Medical Art (https://smart.servier.com/)
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the inflammasome [62], a molecular platform of several com-
ponents that is involved in caspase-1-mediated processing of
pro-IL-1β into its active form. Several cell types may contrib-
ute to IL-1 synthesis and activation in injured and failing
hearts, including immune cells, fibroblasts, vascular cells,
and cardiomyocytes [57, 62–64].

Extensive experimental evidence suggests an important
role for IL-1 signaling in the pathogenesis of cardiac dys-
function and adverse remodeling associated with heart fail-
ure. Mice with genetic disruption of IL-1 signaling due to
loss of IL1R1, the signaling receptor for IL-1, had attenuat-
ed adverse remodeling after myocardial infarction,
exhibiting suppressed inflammatory responses [16].
Pharmacologic targeting of IL-1 cascades also showed pro-
tective effects in experimental models. Administration of
recombinant IL-1Ra (anakinra) protected the heart from ad-
verse remodeling in rodent models of post-infarction and
non-ischemic heart failure [65, 66]. Treatment with anti-
IL-1β antibodies was also effective in heart failure models.
In both diabetic and non-diabetic rats with post-infarction
heart failure, administration of the anti-IL-1β antibody
gevokizumab attenuated dilative remodeling and improved
ventricular function, reducing hypertrophy and fibrosis
[67]. However, some studies have suggested that endoge-
nous activation of sub-inflammatory levels of IL-β may
also play an adaptive role following pressure overload me-
diating growth factor-induced compensatory hypertrophy
[68].

What Are the Cellular Mechanisms of IL-1-Mediated Heart
Failure?

As the prototypical pleiotropic pro-inflammatory cytokine,
IL-1 acts on many different cell types (Fig. 1). Although the
cellular basis for IL-1-driven cardiac remodeling and dysfunc-
tion has not been systematically studied, associative data and
in vitro experiments suggest several potential mechanisms.
First, much like TNF-α, IL-1 suppresses systolic cardiomyo-
cyte function through effects that may involve disruption of
calcium handling [69] or suppression of β-adrenergic re-
sponses [70]. Second, IL-1 exerts pro-apoptotic actions on
cardiomyocytes [71]. Third, IL-1 induces leukocyte mobiliza-
tion and activation, thus stimulating downstream inflammato-
ry responses [72, 73]. Fourth, IL-1 may stimulate adhesion
molecule expression in endothelial cells [74], promoting ad-
hesive interactions with circulating leukocytes and increasing
recruitment of inflammatory cells in the myocardium. Fifth,
IL-1 promotes a matrix-degrading phenotype in fibroblasts,
contributing to disruption of critical matrix–cardiomyocyte
interactions required for cell survival [73]. Sixth, IL-1-driven
matrix degradation may ultimately activate fibroblast-
mediated matrix protein synthesis, resulting in accentuated
fibrosis [75] through increased expression of fibrogenic

growth factors. Seventh, IL-1 may increase arterial stiffness
[76] and microvascular inflammation, thus contributing to the
pathogenesis of HFpEF. Finally, in heart failure associated
with autoimmune myocarditis, the effects of IL-1 may involve
dendritic cell activation and subsequent stimulation of
autoreactive CD4+ T cells [77].

Targeting the IL-1 System in Human Heart Failure Patients

In the Canakinumab Anti-Inflammatory Thrombosis
Outcomes Study (CANTOS) trial, treatment of patients with
prior myocardial infarction and evidence of active inflamma-
tion (suggested by elevated high sensitivity C-reactive protein
(hsCRP)) with the anti-IL1β monoclonal antibody
canakinumab had modest favorable effects, reducing the risk
of the composite endpoint (non-fatal myocardial infarction,
non-fatal stroke or death) by 15% in comparison with standard
treatment [78]. The study supported the role of IL-1β in the
pathogenesis of atherothrombotic disease and also generated
observations that may be important in understanding and
treating heart failure. A pre-specified exploratory analysis of
the CANTOS data showed that IL-1β inhibition reduced the
rate of heart failure hospitalizations or heart failure–related
death in a dose-dependent manner [79]. Although the
CANTOS trial was not designed to examine the effectiveness
of IL-1β targeting in heart failure, the findings are consistent
with animal model experiments and suggest that canakinumab
may have therapeutic benefit in subsets of heart failure pa-
tients. Animal model studies also support protective actions
of gevokizumab, another anti-IL-1β antibody, in patients with
post-infarction heart failure [67]. In addition, other smaller
studies further support this concept. In two small clinical stud-
ies in HFrEF patients, anakinra treatment improved indicators
of systolic function [80]. In a small group of patients with
HFpEF and elevated hsCRP, treatment with anakinra reduced
NT-proBNP, but failed to improve indicators of cardiorespi-
ratory fitness [81]. Moreover, in patients with rheumatoid ar-
thritis, treatment with anakinra improved indicators of left
ventricular and vascular function [76, 82]. Thus, IL-1 inhibi-
tion may hold promise as therapy for subpopulations of heart
failure patients exhibiting prominent pro-inflammatory
activation.

IL-6

IL-6 is the prototypical member of the gp130 cytokine family
of cytokines that also includes several other cytokines that
have been implicated in the pathogenesis of cardiovascular
diseases, such as IL-11, leukemia inhibitory factor (LIF),
cardiotrophin-1, and oncostatin-M. These cytokines transduce
signals through the common signaling receptor subunit gp130
[83], activating Janus kinases and triggering STAT3
phosphorylation.

Cardiovasc Drugs Ther

Author's personal copy



Expression and Role of IL-6 in Heart Failure

IL-6 is consistently upregulated in experimental models of
cardiac injury and heart failure regardless of the underlying
etiology, and is expressed by cardiomyocytes, infiltrating
mononuclear cells, and fibroblasts [30, 84–86]. Moreover, in
pressure-overloaded hearts, IL-6 induction is accompanied by
upregulation of the IL-6 receptor (IL-6Rα) [86]. Increased IL-
6 expression may reflect the stimulatory effects of neurohu-
moral pathways, Toll-like receptor (TLR) agonists, or other
pro-inflammatory cytokines (such as TNF-α and IL-1) on
myocardial cells, or infiltrating leukocytes. During heart fail-
ure progression, negative regulatory mechanisms may be ac-
tivated to restrain expression of IL-6 and other pro-
inflammatory cytokines. Degradation of IL-6 mRNA by the
RNAse regnase-1 has been suggested as a mechanism
restraining IL-6 expression and pro-inflammatory actions in
the pressure-overloaded myocardium [87]. Although several
clinical studies have demonstrated that failing hearts have in-
creased myocardial IL-6 expression in comparison with non-
failing myocardium [88], other investigations failed to show
increased IL-6 synthesis in heart failure [89], but reported
increased levels of downstream components of the IL-6 sig-
naling cascade, such as gp130. The conflicting findings may
reflect sampling at different stages of the disease, study of
different subsets of heart failure patients, or activation of the
IL-6/IL-6R axis [90] in rejected donor hearts, typically used as
controls in many studies.

Experimental studies on the role of IL-6 in heart failure have
produced conflicting findings, dependent on the model, the
pathophysiologic context, and the type of interventions used
to study the effects of IL-6 signaling. The bulk of the evidence
suggests that the effects of IL-6 signaling in the failing heart are
primarily pro-inflammatory and may accentuate dysfunction.
Persistent gp130/STAT3 signaling enhanced inflammation in
remodeling infarcted hearts [91]. Moreover, in the pressure-
overloaded myocardium, genetic loss of IL6 improved cardiac
function and attenuated hypertrophy through actions attributed
to abrogation of CaMKII-dependent effects on cardiomyocytes
[92]. However, other investigations using similar genetic ap-
proaches found no significant effects of IL6 deletion on the
pressure-overloaded heart [93]. Pharmacologic blockade of
IL-6 through administration of an anti-IL6R antibody attenuat-
ed dilation and improved function in a model of post-infarction
heart failure [94].

The Pleiotropic Actions of IL-6 in the Failing Heart: The Impact
of Cell-Specific Effects and Trans-Signaling

IL-6 is notorious for its pleiotropic actions on many different
cell types involved in heart failure, including macrophages,
lymphocytes, cardiomyocytes, fibroblasts, and vascular cells.
Moreover, the concept of IL-6 trans-signaling contributes an

additional layer of complexity to IL-6-mediated actions.
Classic IL-6 signaling involves binding of the cytokine to the
IL-6R on the cell surface, and subsequent association of the IL-
6/IL-6R complex with gp130, which dimerizes and initiates
signaling. However, IL-6 can also signal in the absence of cell
surface IL-6R. A Disintegrin and Metalloprotease (ADAM)
proteases can cleave IL-6R from the cells, generating soluble
IL-6R (sIL-6R), which may associate with IL-6, stimulating
gp130 signaling on cells that do not express IL-6R on their
surface [95]. This mechanism called “trans-signaling” signifi-
cantly expands the cellular repertoire of IL-6 and complicates
interpretation of its cellular actions (Fig. 2) [83]. Unfortunately,
very little is known regarding the relative in vivo role of classic
and trans IL-6 signaling in the failing heart.

In heart failure, IL-6 has important modulatory effects on
several different cell types. In cardiomyocytes, IL-6 exerts
negative inotropic effects [96] and promotes a hypertrophic
response [97–99] through the gp130/STAT3 pathway, but
may also exert protective actions, mediated through preserva-
tion of mitochondrial function [100]. In fibroblasts, IL-6 pro-
motes proliferation and stimulates ECM synthesis [101–103].
The combined effects of IL-6 on cardiomyocytes and fibro-
blasts may play an important role in the pathogenesis of
HFpEF. In experimental mouse studies, infusion of IL-6
caused concentric hypertrophy and fibrosis, and increased
myocardial stiffness [97]. IL-6 also has potent modulatory
effects on macrophages and lymphocytes. Both pro- and
anti-inflammatory effects of IL-6 have been reported
[104–107]; trans-signaling has been suggested to exert pro-
inflammatory actions, whereas canonical IL-6 signaling may
be anti-inflammatory [108]. The in vivo role of IL-6 in inflam-
mation is likely dependent on the relative contribution of mac-
rophage and lymphocyte subsets, and on the relative role of
classic versus trans-signaling in each specific inflammatory
condition. In the absence of cell-specific dissection in vivo,
it is impossible to define the role of inflammatory signaling in
mediating the in vivo effects of IL-6 in failing hearts.

Targeting IL-6 in Human Heart Failure

Extensive evidence suggests that IL-6 plays a crucial role in
the post-inflammatory hepatic acute phase response and is
implicated in autoimmunity. Based on this evidence, IL-6
has been considered an attractive therapeutic target in many
conditions associated with inflammation. The IL-6 receptor
neutralizing antibody tocilizumab has been approved as effec-
tive therapy for patients with moderate to severe rheumatoid
arthritis and temporal arteritis, and for the treatment of the
cytokine release syndrome associated with CAR-T cell thera-
pies. Experimental evidence demonstrating involvement of
IL-6 signaling in the pathogenesis of heart failure suggests
that treatment with tocilizumab may also be effective in heart
failure patients. However, clinical studies supporting this
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notion are lacking. In patients with rheumatoid arthritis in the
absence of cardiovascular disease, tocilizumab reduced the
circulating levels of N-terminal pro-B-type natriuretic peptide
(NT-proBNP) [109]; this finding may reflect cardioprotective
actions that may attenuate heart failure development. A phase
II clinical trial tested the effectiveness of tocilizumab in reduc-
ing ischemic myocardial injury in acute coronary syndromes.
In non-ST elevation myocardial infarction (non-STEMI) pa-
tients, a single dose of tocilizumab administered prior to cor-
onary angiography was safe and attenuated troponin T release
and systemic inflammation [110]. Although IL-6 blockade
reduced serum CRP, levels of the chemokines CXCL10 and
CCL4 were increased, highlighting the complexity of IL-6
actions on inflammatory cascades [111].

It should be noted that the use of anti-IL-6 therapeutics is
complicated by the classic versus trans-signaling actions of
the cytokine. Anti-IL-6R antibodies block all modes of IL-6
signaling, whereas soluble gp130 selectively inhibits IL-6
trans-signaling by binding to the IL-6–sIL-6R complex. The
effects of various IL-6 targeting strategies on the failing heart
have not been systematically investigated.

CCL2 and the Chemokines

Chemokines are small (8–12 kDa) chemotactic cytokines that
regulate cell migration and positioning in development, ho-
meostasis, and inflammation [112]. On a structural basis,

Fig. 2 IL-6 signaling and cellular actions in the failing heart. The wide
range of cellular targets of IL-6 and the complexity of IL-6 signaling may
explain its pleiotropic actions in heart failure. IL-6 has been reported to
exert both pro- and anti-inflammatory actions, stimulates fibroblast pro-
liferation and ECM synthesis, and promotes cardiomyocyte hypertrophy.
The potential role of trans-signaling adds a layer of complexity to IL-6
actions. Classically, IL-6 signals through binding to the IL-6 receptor (IL-
6R) which in turn associates with the dimerized gp130 receptor subunit
gp130 to form a receptor complex that activates Janus kinases and

triggers STAT3 phosphorylation. Cells lacking the IL-6R may also be
affected by IL-6 through trans-signaling. ADAMproteases can cleave IL-
6R from cell surface, generating soluble IL-6R (sIL-6R), which may
associate with IL-6, stimulating gp130/STAT3 signaling on cells lacking
IL-6R. While classic IL-6 signaling may be anti-inflammatory, trans-
signaling has been suggested to exert pro-inflammatory actions. The rel-
ative contributions of canonical and trans IL-6 signaling in heart failure
have not been systematically studied. This cartoon was designed using
Servier Medical Art (https://smart.servier.com/)
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chemokines can be subclassified into four subfamilies: the
XC, CC, CXC, and CX3C chemokines. From a functional
perspective, chemokines can be “homeostatic” (constitutively
expressed in certain tissues and involved in basal leukocyte
trafficking and formation of lymphoid organs), “inflammato-
ry” (members inducible following injury with effects in leu-
kocyte recruitment and activation) [113–115], or may exhibit
both homeostatic and inflammatory roles. The inflammatory
CC chemokine CCL2/MCP-1 is the best-studied member of
the family in heart failure and has been suggested as a thera-
peutic target in conditions associated with myocardial injury
and adverse remodeling [116].

Expression and Role of CCL2 in Failing Hearts

CCL2 is markedly and consistently upregulated in experimen-
tal models of cardiac injury, remodeling and heart failure [19,
57, 117–119]. In infarcted and in failing hearts, CCL2 has
been localized in endothelial cells [117], vascular smooth
muscle cel ls [120], mononuclear cel ls [17], and
cardiomyocytes [119]; its induction may involve activation
of TLR signaling, neurohumoral cascades, or pro-
inflammatory cytokine-mediated pathways [115]. Studies in
human patients also demonstrated CCL2 upregulation in fail-
ing hearts. CCL2 was overexpressed in myocardial samples
from patients with ischemic [14], dilated [121], or hypertro-
phic cardiomyopathy [122].

Extensive experimental evidence suggests that CCL2 con-
tributes to adverse remodeling, dysfunction, and fibrosis in
models of infarctive and non-infarctive heart failure
(Table 1). In models of myocardial infarction, CCL2 deletion
and anti-CCL2 gene therapy improved adverse remodeling
[124], at the expense of delayed phagocytosis of dead
cardiomyocytes with granulation tissue [19]. In a model of
ischemic fibrotic cardiomyopathy induced through brief repet-
itive ischemia followed by reperfusion, CCL2 contributed to
macrophage recruitment, fibrotic remodeling, and systolic
dysfunction [17]. Moreover, in a model of left ventricular
pressure overload, CCL2 neutralization attenuated diastolic
dysfunction, reducing fibrosis [120]. Clinical studies have al-
so generated associative data consistent with an important role
of CCL2 in heart failure. In HFrEF patients, high circulating
CCL2 levels were associated with more severe symptoms and
worse systolic dysfunction [130]. Moreover, in patients with
advanced heart failure, high circulating levels of CCL2 were
associated with increased mortality [131].

What Is the Cellular Basis for the Effects of CCL2 on
Cardiac Remodeling and Dysfunction?

Immune cells are the most likely major cellular targets of CCL2
in failing hearts. As an inducible inflammatory CC chemokine,
CCL2 is markedly upregulated following injury, binds to

proteoglycans on the endothelium or the ECM, and promotes
recruitment of pro-inflammatory CCR2+ monocytes. In the in-
farcted and remodeling myocardium, CCR2+ monocytes may
promote injury and exacerbate dysfunction by secreting pro-
inflammatory cytokines and matrix-degrading proteases.
CCL2-driven pro-inflammatory signaling may accentuate car-
diomyocyte death; disruption of the CCL2/CCR2 axis in ex-
perimental models of myocardial infarction was reported to
reduce infarct size inmany [132–135] but not in all studies [19].

CCL2 may also exert potent fibrogenic actions on the
remodeling myocardium [17]. CCL2-mediated fibrosis
has been attributed primarily to recruitment and activa-
tion of monocytes and macrophages, resulting in in-
creased synthesis of fibrogenic mediators, such as
TGF-β and osteopontin [17, 19, 136]. Whether CCL2
may also exert direct fibrogenic actions through effects
on resident cardiac fibroblasts or their progenitors re-
mains controversial. Although CCL2 has been reported
to stimulate pro-fibrotic signaling in skin, liver, and lung
fibroblasts [137–139], in cardiac fibroblasts, CCL2 did
not affect matrix gene synthesis or proliferative activity
[17]. It has also been suggested that CCL2 may exert
fibrogenic actions through recruitment of circulating fi-
broblast progenitors [126, 140]. However, the evidence
supporting this notion is associative, based on co-
localization of relatively non-specific hematopoietic cell
and fibroblast markers in the same cells. Lineage tracing
studies have consistently demonstrated that most activat-
ed fibroblasts in failing hearts are derived from resident
fibroblast populations, and not from circulating hemato-
poietic cells [141–143] Thus, the potential role of CCL2-
mediated recruitment of fibroblast progenitors in cardiac
fibrosis remains unclear [144].

It has also been suggested that CCL2 may exert direct
actions on cardiomyocytes, increasing injury-associated death
and promoting dysfunction. Some studies have suggested that
CCL2 may promote cardiomyocyte apoptosis through induc-
tion of the ribonuclease monocyte chemoattractant protein-1-
induced protein (MCPIP, originally proposed to function as a
transcription factor), also known as regnase-1 [145, 146].
However, regnase-1/MCPIP can be induced by a wide range
of inflammatory mediators, and is known to restrain inflam-
mation by degrading cytokine RNAs in immune and non-
immune cells [147]. Although the bulk of the experimental
evidence suggests that CCL2 contributes to adverse remodel-
ing (while playing a role in cardiac repair), some studies using
CCL2-overexpressing mice have suggested cardioprotective
actions of CCL2 in ischemia/reperfusion, mediated through
effects that may involve attenuation of oxidative stress
[148]. These findings may reflect the consequences of base-
line alterations in the cardiac microenvironment in CCL2-
overexpressing mice undergoing ischemia protocols, rather
than direct protective actions of CCL2 on cardiomyocytes.
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CCL2 as a Therapeutic Target in Heart Failure

Considering the extensive evidence suggesting a causative
role for CCL2 in cardiac remodeling and dysfunction, an-
tagonism of the CCL2:CCR2 axis holds promise as heart
failure therapy. Other CC chemokines may also be in-
volved in recruitment of pro-inflammatory leukocytes;
thus, combined targeting of several CC chemokine recep-
tors may increase the effectiveness of the approach.
Despite decades of experimental work on the biology of
the chemokines, implementation of chemokine-targeting
therapeutics in inflammatory conditions remains at an early
stage. In a phase II clinical trial, treatment with an anti-
CCR2 antibody failed to improve symptoms in patients

with rheumatoid arthritis [149]. Another phase II trial using
the dual CCR2/CCR5 inhibitor cenicriviroc in patients
with non-alcoholic steatohepatitis showed promise, sug-
gesting attenuation of inflammation-driven fibrosis [150].
The effectiveness of CC chemokine targeting in human
patients with heart failure has not been tested. Despite the
established role of the CCL2/CCR2 axis in cardiac remod-
eling, several concerns are raised regarding the potential
effects of CC chemokine inhibition. First, macrophages
do not exert solely pro-inflammatory actions, but also serve
to downregulate inflammation and to stimulate angiogene-
sis. Experimental studies have suggested that CCL2 may
play a role in arteriogenesis [151], a process that may be
important for preservation of myocardial perfusion in

Table 1 Experimental studies investigating the role of the CCL2/CCR2 axis in heart failure

Heart failure model Intervention Effects on cardiac function and
remodeling

Cellular target and molecular mechanism Reference

Rat model of pressure
overload through
suprarenal aortic
constriction

Anti-CCL2 neutralizing
antibody

Anti-CCL2 antibody
ameliorated diastolic
dysfunction.

Decreased macrophage recruitment, fibroblast
proliferation and TGF-β production
associated with attenuated myocardial
fibrosis

[120]

Mouse model of left
ventricular pressure
overload

CCR2 antagonist and
antibody-mediated
CCR2+ cell depletion

CCR2 antagonist and depletion
of CCR2+ cells attenuated
LV dilation and systolic
dysfunction

Attenuated CCR2+ macrophage recruitment,
cardiomyocyte hypertrophy, and cardiac
fibrosis

[123]

Mouse model of
non-reperfused myocardial
infarction

Anti-CCL2 gene therapy Anti-CCL2 therapy attenuated
LV dilatation and systolic
dysfunction, and increased
post-MI survival

Attenuated interstitial fibrosis, macrophage
infiltration, and TNF-α and TGF-β1 levels

[124]

Mouse model of reperfused
myocardial infarction

CCL2 KO and antibody
neutralization

CCL2 KO mice had reduced
post-infarction dilative
remodeling

Attenuated myofibroblast proliferation,
reduced macrophage recruitment and
activation, associated with reduced fibrosis
and delayed granulation tissue formation

[19]

Mouse model of ischemic
cardiomyopathy induced
through brief repetitive
ischemia/reperfusion

CCL2 KO and antibody
neutralization

CCL2 KO mice had improved
systolic function, evidenced
by increased fractional
shortening

Reduced fibroblast proliferation and
macrophage recruitment associated with
attenuated interstitial fibrosis

[17]

Mouse model of
ischemia/reperfusion

Depletion of CCR2+
macrophages (by
injecting DT in
CCR2-DTR mice)

Depletion of CCR2+
macrophages improved LV
systolic function, and
reduced LV dilation

Reduced infarct size and attenuated
cardiomyocyte hypertrophy

[125]

Mouse model of angiotensin
II-induced cardiac
remodeling

CCL2 KO CCL2 loss did not affect
systolic function, but
attenuated fibrosis

Attenuated fibrogenic effects of Ang-II, and
the expression of TNF-α and TGF-β1

[126]

Mouse model of aging CCL2 KO Aged CCL2 KO mice had
attenuated diastolic
dysfunction

Reduced leukocyte infiltration, associated with
attenuated fibrosis

[127]

Mouse model of
streptozotocin-induced
diabetes

CCR2 KO
CCR2 inhibitor

CCR2 KO and inhibitor
improved cardiac function
and reduced LV dilation in
diabetic mice

Attenuated cardiomyocyte apoptosis and
induced polarization of M2 macrophages. In
addition, CCR2 KO reduced myocardial
fibrosis presumably due to decreased
macrophage-driven inflammation and
oxidative stress

[128]

N/A Transgenic
Cardiomyocyte-spec-
ific CCL2
overexpression

Cardiomyocyte-specific CCL2
overexpression in mice
induced cardiac hypertrophy
and dilation

Induced myocardial inflammation and fibrotic
changes attributed to inflammatory cell
recruitment and activation

[129]

KO knockout
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patients with heart failure. Targeting CCR2 may not selec-
tively inhibit recruitment of pro-inflammatory macro-
phages, but may also perturb downstream inflammatory
responses that recruit protective leukocyte subsets in the
remodeling myocardium. Second, use of dual CC chemo-
kine inhibitors to target inflammation in heart failure may
also reduce recruitment of lymphocyte subpopulations in-
volved in suppression of inflammation, such as regulatory
T cells (Tregs) [152].

The Challenges of Clinical Translation

Therapeutic translation is always challenging, especially
when dealing with a pathophysiologically heterogeneous
condition, such as heart failure. Despite the promising
experimental findings in animal models, targeting pro-
inflammatory chemokines and cytokines has not yet pro-
duced therapeutic benefit in patients with heart failure.
Several major challenges have hampered therapeutic
translation. First, documentation of clinical benefits in
human heart failure populations requires well-designed
and very expensive clinical trials with long follow-up.
Thus, the pace of testing candidate agents in clinical
trials is predictably slow. Second, animal models are in-
herently suboptimal tools for prediction of therapeutic
efficacy. The strength of animal model studies lies in
the provision of cell biological insights using reductionist
approaches and standardized protocols. No animal model
can recapitulate the pathophysiologic heterogeneity of
human heart failure. Thus, a major priority in clinical
heart failure research is the pathophysiologic stratifica-
tion of human patient populations and the identification
of patient subsets with excessive or dysregulated inflam-
matory responses. Use of inflammatory biomarkers and
imaging strategies may contribute to identification of pa-
tients that may benefit from targeted cytokine therapeu-
tics [153]. Third, the need for chronic administration of
cytokine or chemokine inhibitors to delay progression of
heart failure is a major concern. Pro-inflammatory signal-
ing plays an important role in the defense against infec-
tions, in reparative responses to injury, and in control of
tumors. Moreover, some members of the cytokine family
have been suggested to exert important protective actions
on cardiomyocytes under condi t ions of s t ress .
Considering the perils of chronic administration of anti-
cytokine therapeutics, it may be preferable to focus on
clinical settings associated with rapid inflammation-
driven cardiac remodeling, such as post-infarction heart
failure [154] or acute myocarditis. In these conditions,
brief cytokine inhibition may have lasting effects on the
remodeling process, protecting from the development of
heart failure.

Conclusions

Over the last 30 years, experimental and clinical studies
have greatly contributed to our understanding of the role
of inflammation in the pathogenesis of heart failure.
Despite early disappointments in clinical translation,
targeting inflammatory mediators remains a promising and
attractive direction in heart failure therapeutics. Successful
implementation of cytokine targeting approaches in heart
failure patients will require dissection of specific pro-
inflammatory pathways with a critical role in dysfunction
and progression of adverse remodeling, and identification
of patient subpopulations with dysregulated or overactive
inflammatory responses that may derive maximal benefit
from targeted cytokine or chemokine inhibition.
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Myocardial ischemia and infarction, both in the acute and chronic phases, are associated with cardiomyocyte loss and

dramatic changes in the cardiac extracellular matrix (ECM). It has long been appreciated that these changes in the cardiac

ECM result in altered mechanical properties of ischemic or infarcted myocardial segments. However, a growing body of

evidence now clearly demonstrates that these alterations of the ECM not only affect the structural properties of the

ischemic and post-infarct heart, but they also play a crucial and sometimes direct role in mediating a range of biological

pathways, including the orchestration of inflammatory and reparative processes, as well as the pathogenesis of adverse

remodeling. This final part of a 4-part JACC Focus Seminar reviews the evidence on the role of the ECM in relation to the

ischemic and infarcted heart, as well as its contribution to cardiac dysfunction and adverse clinical outcomes.

(J Am Coll Cardiol 2020;75:2219–35) © 2020 by the American College of Cardiology Foundation.
S o far in this JACC Focus Seminar we have
covered basic extracellular matrix (ECM)
biology in Part 1, the role of ECM in vascular

disease in Part 2, and the involvement of ECM in
myocardial interstitial fibrosis (MIF) in nonischemic
heart disease in Part 3. Here, in Part 4, we address
the role of ECM in ischemic heart disease.

In the majority of patients, ischemic heart disease
is caused by atherosclerosis of the epicardial coronary
arteries, which leads to an imbalance between oxygen
supply and demand. Typically, a coronary luminal
narrowing of >75% does not cause a reduction in
resting blood flow, but precludes an increase in oxy-
gen supply when myocardial demand is increased
(upon exercise, during tachyarrhythmia, and so on),
resulting in ischemia. When atherosclerotic disease is
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the area subserved by the vessel leads to cessation of
oxidative phosphorylation, depletion of high energy
phosphates, and increased accumulation of metabo-
lites in the ischemic myocardium. After 15 to 20 min
of occlusion, disruption of aerobic metabolism in
cardiomyocytes results in irreversible changes that
eventually lead to cardiomyocyte death. As we review
in this paper, both chronic ischemia and acute MI are
associated with profound changes in the ECM
network. Furthermore, mounting evidence suggests
that in ischemic and infarcted hearts, ECM alterations
not only accompany the pathological changes in car-
diomyocytes, but also play a crucial role in mediating
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HIGHLIGHTS

� Myocardial ischemia and infarction are
associated with dynamic changes in the
composition of the ECM network.

� In addition to their structural role, ECM
proteins modulate cellular phenotype
and function.

� Specialized matrix proteins transduce
signals that regulate inflammation,
fibrosis, and angiogenesis.

ABBR EV I A T I ON S

AND ACRONYMS

ECM = extracellular matrix

MI = myocardial infarction

MIF = myocardial interstitial

fibrosis

MMP = matrix metalloprotease

PGP = proline-glycine-proline

TGF = transforming growth

factor

VEGF = vascular endothelial

growth factor
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injurious pathways, orchestrating inflamma-
tory and reparative processes, and contrib-
uting to the pathogenesis of adverse
remodeling.

THE ECM IN THE INFARCTED HEART

In adult mammals with MI, massive loss of
cardiomyocytes overwhelms the extremely
limited endogenous regenerative capacity of
the heart (1). Thus, the infarcted myocardium
heals through replacement of dead myocar-
dium with a matrix-based scar. The myocar-
� Targeting the ECM may attenuate
remodeling and enhance repair and
regeneration following infarction.
dial reparative response can be divided into 3
distinct, but overlapping phases: inflammatory, pro-
liferative, and maturation. As the infarcted myocar-
dial segments heal, noninfarcted areas remodel in
response to hemodynamic loading and to the effects
of immune cells and fibroblasts accumulating in the
infarct border zone. The dynamic changes in ECM
composition not only affect the structure and me-
chanics of the heart, but also play a critical role in
regulation of the cellular responses in the infarcted
and remodeling myocardium. During the inflamma-
tory phase, fragments of ECM generated through
early activation of proteases may serve as damage-
associated molecular patterns that activate immune
cells, triggering an inflammatory reaction. Moreover,
extravasated plasma proteins enrich the ECM,
generating a plastic network of provisional matrix
that serves as a conduit for immune and reparative
cells. Phagocytosis of dead cells and matrix debris by
professional phagocytes inhibits inflammation, lead-
ing to the proliferative phase of infarct healing,
characterized by activation of myofibroblasts and
neovessel formation. Enrichment of the cardiac ECM
through deposition of matricellular proteins plays a
critical role in spatial regulation of growth factor
signaling cascades, restricting the fibrotic response to
areas of injury. In addition, activated fibroblasts
secrete large amounts of structural ECM proteins,
forming a scar. As the infarct matures, cross-linking
of the ECM provides structural stability, while
increasing ventricular stiffness. In viable myocardial
segments, pressure and volume loads cooperate to
induce chronic progressive deposition of collagen in
the interstitium, thus contributing to the pathogen-
esis of post-infarction heart failure.

THE ROLE OF ECM IN THE INFLAMMATORY PHASE

OF INFARCT HEALING. Activation of matrix-
degrading proteases and generation of matrix frag-
ments are the earliest ECM perturbations in infarcted
hearts. In some studies, ischemic changes in the
interstitial matrix have been reported to precede
irreversible cardiomyocyte injury. In a porcine model,
matrix metalloproteinase (MMP) activation was first
detected in the cardiac interstitium after 10 min of
coronary occlusion (2). Early MMP activation is fol-
lowed by fragmentation of fibrillar collagens and
other structural ECM proteins. In a pig MI model,
release of type I collagen fragments in the serum was
documented after 30 min of coronary occlusion (3). In
ultrastructural studies, the earliest alterations in
collagen morphology, described as “irregular
arrangement” of collagen fibers, were noted after
40 min of coronary occlusion and were followed by a
reduction in the density of collagen fibrils 2 h after
the acute event (4). Early increases in MMP activity in
the ischemic myocardium reflect activation of latent
stores, presumably through reactive oxygen species-
mediated pathways (5). At a later stage, ischemic
cardiomyocytes, fibroblasts, vascular cells, and im-
mune cells synthesize and release large amounts of
proteases in the infarcted myocardium (6). Members
of the collagenase family (such as MMP1), gelatinases
(including MMP2 and MMP9), and cathepsins are up-
regulated in the infarcted heart (7,8) and also
contribute to ECM fragmentation.

ECM FRAGMENTS AS REGULATORS OF THE

INFLAMMATORY AND REPARATIVE RESPONSE.

Protease-mediated ECM fragmentation generates
bioactive peptides that can modulate inflammatory,
fibrogenic, or angiogenic responses (9,10) (Figure 1).
The terms matrikines and matricryptins have been
used to describe these biologically active matrix
fragments. Although universally accepted defini-
tions are lacking, the term matrikine is typically
used to describe any fragment of an ECM molecule
with biological properties distinct from those of the
full-length molecule. On the other hand, the term
matricryptin refers to a subtype of matrikines that



FIGURE 1 Generation of Matrix Fragments and Formation of a Plasma-Derived Provisional Matrix During the Inflammatory Phase of

Cardiac Repair

(A) Immunohistochemistry for fibrinogen/fibrin (black) shows deposition of plasma-derived proteins (including fibrin and fibronectin) that

enrich the cardiac extracellular matrix (ECM) during the early stages of infarct healing (arrows). Counterstained with eosin. Scale

bar ¼ 120 mm. Data from our own work in a canine model of reperfused myocardial infarction (13). (B) Schematic cartoon illustrating the

dramatic changes in the interstitial ECM network during the inflammatory phase of infarct healing. Rapid activation and induction of pro-

teases, such as matrix metalloproteases (MMPs) and cathepsins, in the infarcted myocardium generates ECM fragments (matrikines and

matricryptins) that modulate the phenotype of fibroblasts, macrophages (Ma) and endothelial cells (EC). MMPs have a wide range of sub-

strates and process cytokines and chemokines, regulating their proinflammatory actions. Recruitment and migration of leukocytes (L), fi-

broblasts, and vascular cells in the infarcted heart requires interactions between cell surface integrins (ITG) and provisional matrix proteins

(such as fibrin and fibronectin). Thus, the provisional matrix plays an important role in regulation of inflammatory, fibrogenic, and

angiogenic responses.
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require proteolytic processing to expose a func-
tional domain and exert their biological actions (11).
Although the rapid and prolonged activation of
proteases may release a wide range of matrix frag-
ments in the cardiac interstitium, their profile, time
course of release, and potential involvement in
regulation of myocardial inflammation and repair
remain poorly understood. In the infarcted
myocardium, all constituents of the cardiac ECM
(including fibrillar collagens, elastin, basement
membrane proteins, fibronectin, hyaluronan, and
newly-secreted matricellular macromolecules)
(12–15) may be targeted by proteases to generate
fragments (Table 1). Peptides derived from fibrillar
collagens and elastin have been implicated in acti-
vation of immune cells in models of inflammation
and tissue injury (10,16). Extensive evidence in
models of pulmonary inflammation suggests that
the tripeptide proline-glycine-proline (PGP) and its
acetylated form ac-PGP are generated from collagen
through a multistep proteolytic cascade that in-
volves MMP8, MMP9, and prolyl endopeptidase (17),
and may act as a potent neutrophil chemoattractant
signaling through activation of the chemokine re-
ceptor CXCR2 (18). Although PGP generation has
been demonstrated in pressure-overloaded hearts
(19), evidence implicating this proinflammatory
matrikine in post-MI inflammation is lacking. Low
molecular weight hyaluronan fragments may also
exert potent proinflammatory actions in injured tis-
sues by activating toll-like receptor signaling path-
ways (20). Interestingly, it has been suggested that
impaired clearance of these fragments may prolong
and accentuate proinflammatory signaling in leuko-
cytes and vascular cells (21,22), thus accentuating
adverse remodeling after MI. Proteolytic processing of
laminins by MMP2 and MMP14 has also been demon-
strated to yield neutrophil chemoattractant peptides
(23), while fibronectin fragments have been identified
in the infarcted heart and are suggested to reduce



TABLE 1 Generation of ECM Protein Fragments in the Infarcted Heart

ECM Protein Animal Models Human Patients Proposed Role

Fibrillar
collagens
(collagen I,
collagen III)

In the pig MI model, release of type I collagen
fragments in the serum has been documented
after 30 min of coronary occlusion (3).

Experiments in the isolated perfused heart showed
that global ischemia generates collagen I and III
fragments (153).

Cathepsin K–specific collagen I fragments were
found in infarcted mouse hearts (8).

The collagen I a1 C-1158/59 fragment was identified
in infarcted mouse hearts, generated through
effects of MMP2 and MMP9 (24).

In patients with MI, an early increase in collagen
degradation markers is noted (154).

Plasma levels of carboxy-terminal telopeptide of
type I collagen (CITP) reflect collagen I
degradation, are higher in MI patients with
systolic dysfunction (155), and correlate with the
extent of acute injury (156).

Plasma CITP levels 24 or 72 h after acute MI are
associated with late mortality (157) and adverse
remodeling (158). A reduction in the ratio of
biomarkers reflecting synthesis vs. degradation
of collagen was also associated with worse post-
MI remodeling (159).

Although collagen fragments have been
suggested to exert proinflammatory actions,
their role in initiation and progression of the
post-MI inflammatory response has not been
documented.

Late generation of the collagen I a1 C-1158/59
matricryptin may promote repair by activating
fibroblasts and vascular cells (4).

Elastin N/A Elastin fragments were identified in the serum of
patients with MI (160).

Overexpression of elastin fragments (typically
absent from myocardial infarcts) attenuated
adverse remodeling in a rat MI model (161).

Collagen IV Canstatin, a 24kDa polypeptide cleaved from the a2
chain of type IV collagen is found in infarcted rat
hearts (30).

N/A Canstatin may promote activation of infarct
myofibroblasts (30).

Tumstatin, a cleaved fragment of collagen type IV
a3 chain, may generate a matricryptin that
modulates fibroblast activation, angiogenesis,
and cardiomyocyte survival (28,162).

Collagen XVIII Endostatin, a 20 kDa fragment of collagen XVIII, is
up-regulated in a rat MI model (163).

Serum endostatin levels were increased in patients
with MI (164).

Endostatin inhibition in a rat MI model was
reported to worsen outcomes (163).

Endostatin may stimulate fibroblast proliferation
(25), while exerting potent angiostatic actions
(26).

Fibronectin Fibronectin fragments were identified in the post-
ischemic cardiac lymph (reflecting the cardiac
extracellular environment) in a canine model of
reperfused MI.

N/A Fibronectin fragments reduced monocyte very
late antigen-5 expression, attenuating the
migratory capacity of monocytes in response
to chemokines (15).

CITP ¼ carboxy-terminal telopeptide of collagen type I; MI ¼ myocardial infarction.
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monocyte migratory capacity in response to chemo-
kines (15).

It should be emphasized that the effects of matri-
kines and matricryptins are not limited to the in-
flammatory phase of infarct healing. Prolonged
activation of proteases in the infarcted myocardium
generates ECM fragments for several days after MI. In
addition to their effects on immune cells, matrix
fragments may also modulate the fibroblast and
vascular cell phenotype (24). Endostatin, a 20kDa
fragment of collagen XVIII, may stimulate fibroblast
proliferation (25) while exerting potent angiostatic
actions (26). MMP9-mediated cleavage of collagen IV
generates tumstatin, a fragment with angiostatic
properties (27) that can be further degraded to pro-
duce fragments that promote a proliferative and
migratory phenotype in cardiac fibroblasts (28). Can-
statin, another collagen IV-derived fragment, may
also activate fibroblasts, stimulating their prolifera-
tion and enhancing fibroblast-derived MMP synthesis
(29,30).
BROAD EFFECTS OF MMPs IN REGULATION OF THE

INFLAMMATORY RESPONSE. In addition to their role
in ECM remodeling, MMPs regulate inflammatory and
reparative cascades through proteolytic processing of
cytokines, chemokines, and growth factors. Several
members of the MMP family can process the cell
membrane-anchored precursor of tumor necrosis
factor-a to generate the active cytokine (31). MMP3
and the gelatinases MMP2 and MMP9 can also process
prointerleukin-1b, generating the biologically active
form of the cytokine in a caspase 1–independent
manner (32). Furthermore, MMPs are implicated in
the complex multistep cascade that leads to genera-
tion of mature transforming growth factor (TGF)–b
from secreted latent complexes (33). MMPs also pro-
cess several members of the chemokine family,
including CXCL12/stromal cell-derived factor (SDF)-1
and CCL2/monocyte chemoattractant protein (MCP)-1,
exerting diverse and often conflicting actions that
may either potentiate or inactivate the effects
of the chemokine (34–38). Furthermore, MMPs
may disperse chemokine gradients by degrading
glycosaminoglycan binding sites that are critical for
chemokine immobilization on the endothelial cell
surface and subsequent interaction with activated
leukocytes (39). Considering the critical involvement
of chemokines and cytokines in leukocyte recruit-
ment, repair, and remodeling of the infarcted
myocardium (40–42), MMP-dependent processing of
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inflammatory mediators may be a central regulatory
mechanism in the post-infarct heart.

Discoveries suggesting subcellular localizations of
some MMP family members in the cytosol, mito-
chondria, or the nucleus have added complexity to
our understanding of the role of MMPs in cardiac
repair. It has been suggested that intracellular MMPs
may have a wide range of substrates, including
cytoskeletal proteins, signal transducers, enzymes,
and transcriptional regulators (43). MMP-mediated
degradation of contractile proteins, such as myosin
and actinin, has been implicated in the pathogenesis
of ischemic myocardial dysfunction (44,45). In vitro
studies demonstrated that MMPs may also function in
a nonproteolytic manner, regulating signal trans-
duction or transcription (46). The in vivo significance
of these functions remains to be fully defined.

THE DEPOSITION OF A PLASMA-DERIVED PROVISIONAL

MATRIX REGULATES THE POST-INFARCTION

INFLAMMATORY RESPONSE. Proteolytic degradation
of the native myocardial ECM is accompanied by the
formation of a highly plastic provisional matrix
network that supports migration and differentiation
of immune, vascular, and reparative cells, contrib-
uting to scar formation (13,47). In models of vascular
injury and of cutaneous repair, progressive changes
in the composition of the provisional matrix have
been described (48). Early provisional matrix is
comprised predominantly of extravasated proteins
(such as fibrinogen-derived fibrin and plasma fibro-
nectin) (49). As immune cells and fibroblasts migrate
into the injured tissue, the provisional matrix is
enriched with a cell-derived component, comprised
of cellular fibronectin and proteoglycans (50). Studies
describing the cellular events in infarcted mammalian
hearts suggest a similar transition ECM composition
(13,51). Rapid induction and release of cytokines and
growth factors, such as tumor necrosis factor-a and
vascular endothelial growth factor (VEGF), may be
responsible for increased vascular permeability
(52,53), leading to extravasation of fibrinogen and
fibronectin in the infarct zone (13,54). The role of the
components of the provisional matrix in regulation of
the inflammatory response following MI remains
poorly supported by experimental in vivo evidence.
In a mouse model of reperfused MI, fibrin-mediated
proinflammatory actions were suggested to extend
ischemic injury (55). Both fibrinogen and fibronectin
contain integrin binding sites that may play a crucial
role in adhesion and migration of leukocytes in the
infarcted heart (56,57), and which may transduce
signals that modulate cytokine and chemokine
expression by macrophages (58–60). In addition to
the direct effects of its components on inflammatory
cells, the provisional matrix may also serve as a
reservoir for cytokines and growth factors that
mediate the transition to the proliferative phase of
cardiac repair.

THE ROLE OF ECM IN THE PROLIFERATIVE PHASE

OF INFARCT HEALING. The clearance of dead cells
and matrix debris from the infarcted myocardium
triggers a series of anti-inflammatory cascades that
suppress leukocyte recruitment and generate a
reparative environment. Infarct macrophages un-
dergo phenotypic transitions, expressing and
releasing mediators (like TGF-b and interleukin-10)
that suppress inflammation, while promoting myofi-
broblast activation (61–63). Resident cardiac fibro-
blasts undergo myofibroblast conversion (64),
expressing contractile proteins such as a-smooth
muscle actin, and secreting collagens and other
structural ECM proteins that are necessary for pro-
tection of the infarcted myocardium from cata-
strophic rupture (65). Although other cell types such
as macrophages may produce collagen following
myocardial injury (66), their relative contribution as a
source of structural ECM proteins is limited, and
activated myofibroblasts represent the main collagen-
synthesizing cells in the healing infarct. Myofibro-
blast activation requires the cooperation of several
different cell types, including macrophages, lym-
phocytes, vascular cells, and border zone car-
diomyocytes, which secrete growth factors and
matricellular proteins, converting the ECM into a
signaling hub that localizes fibroblast-activating me-
diators into the infarct zone.

Transition to the proliferative phase of cardiac
repair is marked by dramatic changes in the
composition of the provisional matrix. The fibrin-
based plasma-derived provisional network is lysed
by fibrinolytic enzymes (67). In vivo studies suggest
that the timely clearance of the fibrin-based provi-
sional matrix by the plasminogen/plasmin system
plays a crucial role in regulation of the reparative
response. Plasminogen null mice exhibit marked
defects in infarct healing, associated with impaired
recruitment of reparative cells and perturbed
replacement of dead cardiomyocytes with granula-
tion tissue (68,69). As the fibrin network is lysed,
activated macrophages and interstitial cells generate
a cell-derived ECM that contains cellular fibro-
nectin, hyaluronan, and proteoglycans (51,70).
The cell-derived provisional matrix is further
enriched with a range of matricellular macromole-
cules (13,71) and transduces key activating signals in
fibroblasts, immune cells, vascular cells, and



CENTRAL ILLUSTRATION Matricellular Proteins Regulate Inflammatory, Reparative, Angiogenic and Fibrogenic
Cellular Responses During the Proliferative Phase of Infarct Healing

Frangogiannis, N.G. et al. J Am Coll Cardiol. 2020;75(17):2219–35.

(A) Immunohistochemical staining using a peroxidase-based strategy (black) shows expression of the matricellular proteins osteopontin (OPN) (left) and thrombo-

spondin (TSP)-1 (right) in the infarcted myocardium. Counterstained with eosin. Scale bar ¼ 100 mm. Data are from our own work in a canine model of reperfused

myocardial infarction (13,152). Each matricellular protein shows a unique pattern of localization, likely reflecting distinct cellular sources and mechanisms of regulation.

OPN is predominantly expressed by macrophages (left, arrows), whereas TSP-1 is deposited in the infarct border zone (right, arrows). (B) Schematic cartoon

illustrating the complex matrix environment in the proliferative phase of infarct healing. Cell-derived fibronectin, hyaluronan, and a wide range of matricellular

proteins (OPN, TSP-1, TNC/tenascin-C, periostin, SPARC, osteoglycin, and members of the CCN family) and proteoglycans enrich the infarct ECM and regulate as-

sembly of the collagen-based structural matrix, while modulating a variety of cellular responses in cardiomyocytes, fibroblasts, macrophages, and vascular cells. CCN ¼
CYR61 (cysteine-rich angiogenic inducer 61)/CTGF(connective tissue growth factor)/NOV(nephroblastoma overexpressed).
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TABLE 2 Expression and Role of Matricellular Proteins in Myocardial Infarction

Matricellular
Protein

Expression
Following MI Function Possible Mechanisms of Action

Thrombospondin
(TSP)-1

Transient up-regulation and deposition in the
infarct border zone during the proliferative
phase of healing in mouse, rat, and canine
models of MI (71,165). In human patients
with end-stage heart failure, TSP-1
expression may be reduced, suggesting
that injury-associated TSP-1 induction is
transient (166).

Protects the infarcted heart from adverse
remodeling, limiting expansion of
inflammation and extension of fibrosis (71).

May activate TGF-b (167,168). May inhibit MMPs
(169,170). May exert angiostatic actions (171).
May modulate nitric oxide signaling and
inflammation (172). May regulate ECM assembly
and cross-linking (173). The relative contribution
of these actions in TSP-1–mediated modulation
of the reparative and remodeling responses
following MI has not been studied.

TSP-4 Markedly up-regulated in experimental
models of MI (174).

Although TSP-4 has been suggested to exert
protective actions in pressure-overloaded
hearts (175,176), its role in MI has not been
systematically studied.

Unknown.

Tenascin C Transient up-regulation in infarcted area,
border zone, and remote remodeling
myocardium has been documented in
animal models of MI (177,178) and in
human patients with ischemic
heart disease.

May contribute to myocardial regeneration
in fish and amphibians (147,179).

Promotes fibrosis and accelerates adverse
t-MI remodeling in adult mammals
(85,180).

May exert proinflammatory actions, in part through
activation of Toll-like receptor signaling (181).
May promote fibrogenic actions and may drive
persistence of fibrotic lesions (182). May
promote recruitment of myofibroblasts (85).
May modulate angiogenesis (183). May regulate
macrophage recruitment (184) and polarization
(87).

SPARC Abundant, but transient up-regulation in
infarcted myocardium, predominantly
localized in macrophages and
myofibroblasts (185,186).

Protects from cardiac rupture.
May promote systolic dysfunction during the

early post-ischemic phase (185,186).

May play a role in procollagen processing and
collagen fibril assembly (185,187). May
accentuate growth factor signaling, promoting
fibroblast activation (185). May exert inotropic
actions on cardiomyocytes (188). May restrain
angiogenesis (189), and inhibit angiogenic
actions of VEGF in endothelial cells (190).

Osteopontin Markedly and transiently up-regulated
following MI, primarily localized in
galectin-3hi/CD206þ macrophages
(42,191,192).

Protects from adverse remodeling (35). May promote proliferation and integrin-dependent
activation of cardiac fibroblasts (193).

May transduce survival signals (194), and activate a
matrix-synthetic program in fibroblasts (195).
May promote cardiomyocyte hypertrophy (196),
and regulate metabolic pathways involved in
diastolic dysfunction (197). May promote
angiogenic responses (198). May activate
macrophages to express galectin-3, promoting a
fibrogenic phenotype (198).

Periostin Marked, but transient up-regulation in
activated myofibroblasts in the infarct,
border zone, and remodeling
area (199,200).

Protects from cardiac rupture, while promoting
late fibrosis in remodeling segments
(199,200).

Has been suggested to promote a regenerative
response in neonatal mouse myocardial
injury (201) and may even activate a
regenerative program in adult mice (151).

May promote migration and activate a matrix-
synthetic program in cardiac fibroblasts
(199,200). May regulate collagen fibrillogenesis
(202).

Has been suggested to promote cell cycle entry in
cardiomyocyte progenitors and in
cardiomyocytes (151). However, genetic
manipulations of periostin in mouse models
failed to confirm the significance of these actions
(203).

CCN2 Marked, but transient up-regulation in
infarcted hearts (204–206).

Cardiomyocyte-specific CCN2 overexpression
studies suggested that CCN2 reduces infarct
size following ischemia/reperfusion and
attenuates adverse remodeling in
nonreperfused infarction (204,205). In
contrast, antagonism of endogenous CCN2
using a neutralizing antibody had no effects
on infarct size (207). CCN2 inhibition
experiments in a model of nonreperfused
MI suggested that CCN2 may accentuate
adverse remodeling, promoting hypertrophy
and fibrosis (207).

May activate prosurvival pathways in
cardiomyocytes.

May attenuate inflammation and promote fibrogenic
activation (207). Studies using genetic
approaches in models of cardiac remodeling did
not support the proposed critical role of CCN2 as
a downstream effector of TGF-b (208). CCN2
and CCN5 have been suggested to exert
opposing actions in remodeling and fibrosis of
the pressure-overloaded heart (206); however,
interactions between CCN family members in MI
have not been investigated.

CCN ¼ CYR61 (cysteine-rich angiogenic inducer 61)/CTGF(connective tissue growth factor)/NOV(nephroblastoma overexpressed); ECM ¼ extracellular matrix; MI ¼ myocardial infarction; MMP, matrix
metalloprotease; SPARC ¼ secreted protein, acidic and rich in cysteine; TGF ¼ tissue growth factor; TSP ¼ thrombospondin; VEGF ¼ vascular endothelial growth factor.
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surviving border zone cardiomyocytes (Central
Illustration).

The conversion of fibroblasts to activated myofi-
broblasts also occurs, which requires a close associa-
tion with TGF-b–secreting macrophages (72) and local
activation of latent TGF-b in the infarcted area. The
deposition of specialized components of the matrix
network plays a critical role in spatially-restricted
TGF-b activation in the healing infarct. In vitro and
in vivo evidence suggest that the ED-A splice variant
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of fibronectin mediates TGF-b1–induced myofibro-
blast conversion (73,74). However, the interactions
between ED-A fibronectin and the TGF-b signaling
cascade remain poorly understood. It has been sug-
gested that ED-A fibronectin may act by immobilizing
the large latent TGF-b complex within the ECM (75),
thus localizing this growth factor in the area of
fibroblast accumulation. Proteases, cell surface
integrins, and matricellular proteins may then coop-
erate to liberate the active TGF-b dimer from latent
stores, triggering downstream fibrogenic signaling
pathways (76). In addition to its role in stimulating
TGF-b–driven fibroblast-activating responses, fibro-
nectin may also play an important role in angiogen-
esis. The heparin II domain of fibronectin binds to
VEGF (77) and may promote angiogenic activation of
endothelial cells, thus stimulating neovessel forma-
tion in the infarct.

The modulation of interactions between growth
factors and proteoglycans has profound effects on
reparative, fibrogenic, and angiogenic cascades. In-
duction of sulfatases in the infarcted heart can
remove 6-O-sulfate groups from heparan sulfate in
the extracellular compartment, thus perturbing in-
teractions between VEGF-A and heparan sulfate, and
increasing responsiveness to the angiogenic effects of
VEGF (78). Inhibition of heparin sulfate sulfation may
also affect bioactivity of several other cytokines,
chemokines, and growth factors, including CXCL12
and TGF-bs.

THE EFFECTS OF MATRICELLULAR PROTEINS. The
term “matricellular protein” was coined to highlight
the effects of structurally unrelated, injury-associated
ECM components that regulate cellular functions by
modulating signaling cascades (79,80). Prototypical
matricellular proteins have a limited structural role,
but are overexpressed in injured and remodeling tis-
sues, and bind to structural matrix proteins and cell
surface receptors (like integrins or syndecans), trans-
ducing cytokine and growth factor signals, or modu-
lating the activity of proteases and other bioactive
mediators (71). The family includes secreted protein,
acidic and rich in cysteine (SPARC); thrombospondins
(TSP)-1, -2, and -4; tenascin-C and -X; periostin;
osteopontin; and themembers of the CCN (Cystein rich
protein 61/ Connective tissue growth factor)/Nephro-
blastoma overexpressed gene) family (81). The term is
also used to describe other secreted proteins that may
exhibit some matricellular functions within the broad
range of their effects (including the galectins, fibulins,
and small leucine rich proteoglycans such as osteo-
glycin). Considering the growing evidence suggesting
that even prototypical matricellular proteins may act
as intracellular mediators or exert cytokine-like func-
tions, the term may be more useful to describe specific
functions that govern the interactions between the
ECM and cellular elements, rather than to define a
group of proteins. In the infarcted heart, neurohu-
moral signals, cytokines, and growth factors induce
the expression and secretion of a wide range of
matricellular proteins in fibroblasts, macrophages,
cardiomyocytes, and vascular cells (Central
Illustration) (13,82,83). Our current understanding of
the role of matricellular proteins in the infarcted heart
is derived from studies using genetically targetedmice
(71,84). Although each member appears to exert
unique actions in vivo (Table 2), several unifying pat-
terns have emerged on the functional properties of
matricellular macromolecules. First, matricellular
proteins act onmany cell types, modulating fibroblast,
macrophage, and vascular cell phenotypes, and regu-
lating survival, hypertrophy, and dysfunction of
border zone cardiomyocytes (85–87). However, the
relative significance of these cell-specific actions of
matricellular proteins is unclear. Second,matricellular
proteins may also contribute to the cellular plasticity
of interstitial cells observed in healing infarcts (88–91),
both through direct actions and via modulation of
growth factor-mediated pathways. Third, several
members of the family exhibit a highly selective
localization in the infarct border zone (92), possibly
reflecting macrophage-derived secretion in this
leukocyte-rich environment, or the unique in-
teractions between surviving cardiomyocytes, mac-
rophages, and fibroblasts in this area. The localized
induction of matricellular proteins in the infarct
border zone highlights their role in spatial regulation
of cellular responses. Large amounts of growth factors
and cytokines are secreted in the infarct border zone
and could diffuse into neighboring viable areas, pro-
moting fibrogenic or inflammatory responses. The se-
lective induction and deposition of matricellular
proteins may serve to localize inflammation and
fibroblast activation within the area of injury,
restraining the fibrotic response and protecting from
adverse remodeling. Fourth, members of the matri-
cellular family are transiently up-regulated in the
healing infarct. Although the mechanisms responsible
for removal of matricellular proteins from the healing
area remain poorly understood, the signals involved in
their clearance may protect the infarcted heart from
expansion of the fibrotic response following injury.

DEPOSITION OF FIBRILLAR COLLAGENS IN THE

INFARCTED HEART. De novo fibrillar collagen syn-
thesis (i.e., collagens I and III) confers mechanical
strength to the healing scar, thus protecting the
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infarcted myocardium from rupture and attenuating
dilative remodeling. In addition to their structural
role, fibrillar collagens may also transduce signals to
interstitial immune and vascular cells. Infarct myofi-
broblasts are capable of secreting large amounts of
collagens in response to neurohumoral stimuli or
growth factors (such as TGF-b), and are the major
collagen-synthesizing cells in the healing infarct (93).
Although the functional heterogeneity of fibroblasts
is increasingly appreciated (94,95), whether exag-
gerated matrix synthesis marks a distinct subset of
myofibroblasts remains unknown.

In experimental models of MI, type III procollagen
exhibits early induction, followed by the marked up-
regulation of procollagen I synthesis (93,96). Whether
the time course of collagen isoform synthesis reflects
isoform-specific effects of various fibrogenic stimuli
is unknown. The relative expression of collagen I and
III has been suggested to regulate cardiac compli-
ance. Collagen I forms thick and stiff fibers; in
contrast, the fine reticular collagen III fibers are more
compliant and may improve elasticity of the infarcted
ventricle.

The synthesis of procollagens by infarct myofibro-
blasts is followed by secretion of soluble procollagen
protein in the infarct zone (Figure 2). Subsequent
processing of procollagen chains and assembly of fi-
brils is of critical significance for formation of an
organized scar. Cleavage of the C-terminal propeptide
attached to procollagen involves the C proteinase
bone morphogenetic protein 1 (97), which is induced
in the infarcted heart (98,99). Secreted frizzle-related
protein 2 (Sfrp2) is also up-regulated in infarct fibro-
blasts and likely enhances the bone morphogenetic
protein 1-procollagen interaction, promoting collagen
processing (99). In addition, collagen processing may
require further interactions with matricellular pro-
teins, such as SPARC (100).
THE ROLE OF NONFIBRILLAR COLLAGENS. Myocar-
dial infarction is also associated with the induction of
nonfibrillar collagens: a subfamily of collagens that
do not form large fibrillar bundles, but that can
associate with type I or III collagen fibrils to regulate
anchoring, networking, and organization of the ECM
(101). Some nonfibrillar collagens may exert signaling
functions through binding to cell surface receptors.
Other members of the family may be proteolytically
cleaved, generating bioactive fragments that regulate
the fibroblast or vascular cell phenotype. Collagen VI,
the best studied nonfibrillar collagen in MI, has been
suggested to exert protective effects, reducing the
size of the infarct and attenuating adverse remodel-
ing (102). Specific actions of collagen VI on car-
diomyocyte survival and activation of reparative
myofibroblasts have been proposed to explain the
protective effects (103,104).

THE ECM IN SCAR MATURATION. Maturation of the
healing infarct is associated with cross-linking of
the collagenous ECM and reduction of the cellular
content of the scar. The molecular signals sup-
pressing fibrogenic activation in the mature scar
remain enigmatic. As the scar matures, there is a
progressive reduction of the density of activated
myofibroblasts in the infarct zone (105). Some
descriptive studies have documented apoptosis of
infarct fibroblasts, suggesting that cell-specific acti-
vation of an apoptotic program may be involved
(106,107). Depletion of growth factors and clearance
of matricellular proteins required for fibroblast
survival may be sufficient to trigger fibroblast death
or quiescence in the mature infarct (108,109).
Whether active secretion of specific proapoptotic or
deactivating signals that target infarct fibroblasts
also plays a role in negative regulation of the
fibrogenic response remains unknown. Recent line-
age tracing approaches have suggested that fibro-
blasts persist in the mature infarct, but that they
transition to a distinct phenotype that produces
tendon genes and that may be specialized to sup-
port the scar (110). However, the mechanisms
responsible for cell-specific activation of a proapo-
ptotic program in the late phase of infarct healing
have not been investigated, and the acquisition of a
quiescent phenotype may precede apoptosis of
infarct myofibroblasts. Vascular cells may also
respond to the mature ECM environment by un-
dergoing changes that profoundly affect the
morphology and function of the infarct microvas-
culature. As the scar matures, infarct microvessels
acquire a coat of mural cells through activation of
platelet-derived growth factor receptor (PDGFR)-b
signaling (105,111), while uncoated vessels regress.
The composition of the ECM modulates interactions
between pericytes and endothelial cells (112,113);
however, the role of such actions in the maturation
of infarct microvessels has not been investigated.

CHRONIC ECM EXPANSION IN THE NONINFARCTED

REMODELING MYOCARDIUM MAY PLAY A ROLE IN

HEART FAILURE PROGRESSION. In the presence of a
large MI, massive loss of contractile tissue results in
increased ventricular filling pressures, and typically
also with progressive fibrotic changes in viable
myocardial segments (114). The deposition of inter-
stitial collagen in the noninfarct zone is attributed to
the pathophysiological effects of pressure and vol-
ume loads, and may be dependent on neurohumoral
pathway activation (115). Moreover, in viable



FIGURE 2 The Time Course of Collagen Deposition in the Healing Infarct

Staining of canine infarct border zones with picrosirius red to identify collagen fibers at 3, 14, and 28 days after reperfused myocardial MI (1 h

of coronary occlusion followed by reperfusion). Collagen is identified by the red staining, with cardiomyocytes in light brown. Note the early

disruption of the collagen network, accompanied by limited de novo synthesis at 3 days (A). After 14 days, extensive collagen deposition is

noted in the healing infarct (B). The mature scar (28 days [C]) exhibits a dense matrix network, typically associated with collagen cross-

linking. Data from our own work in a canine model of reperfused MI (13). Scalebar ¼ 100 mm.
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segments, increased wall stress may locally activate
mechanosensitive cascades in macrophages and fi-
broblasts, triggering MIF (see Part 3 of this review
series) and expansion of the cardiac interstitial matrix
network (116,117).

THE ECM IN CHRONIC ISCHEMIC CARDIOMYOPATHY

Alterations in the ECM network have been exten-
sively documented in patients with ischemic cardio-
myopathy, even in the absence of frank MI. Patients
with chronic ischemic cardiomyopathy typically
exhibit MIF (118), and have increased myocardial
collagen levels (119) associated with accentuated
MMP expression (120,121) and increased deposition of
matricellular proteins such as tenascin-C (122).
Considering the high prevalence of comorbidities
(including hypertension, diabetes, and metabolic
dysfunction) that may profoundly affect ECM depo-
sition and remodeling, the relative impact of chronic
ischemia in the matrix remodeling patterns noted in
ischemic cardiomyopathy patients is unclear.

Pathophysiologically oriented studies examining
the effects of brief intermittent ischemic insults, or
low-flow ischemia on the myocardial ECM are limited.
Some animal evidence suggests that ischemia may
cause significant alterations in the ECM network,
even in the absence of infarction. In a pig model,
reduction of coronary flow to 50% of baseline for
90 min was sufficient to activate MMP9, but had no
effects on the structure of cardiac ECM (123). Whether
longer intervals of chronic ischemia stimulate MMP-
mediated matrix degradation remains unknown. In
a mouse model, daily brief repetitive myocardial
ischemia and reperfusion for 7 days was associated
with interstitial collagen deposition and increased
expression of the matricellular protein tenascin-C in
the absence of a completed infarction (124). The
activation of oxidative stress pathways by brief re-
petitive ischemic insults was implicated in the
observed fibrotic changes. This suggests that repeti-
tive ischemic events of low duration or intensity may
be sufficient to trigger remodeling of the cardiac ECM
in the absence of cardiomyocyte necrosis (125). A
small clinical study supports this notion, demon-
strating that in patients undergoing aortocoronary
bypass surgery, MMP2 and MMP9 are activated in the
myocardium following reperfusion after cardioplegia
(126).

THERAPEUTIC OPPORTUNITIES: TARGETING

THE ECM IN ISCHEMIC HEART DISEASE

MATRIX-BASED STRATEGIES TO PRESERVE THE

STRUCTURE, GEOMETRY AND FUNCTION OF THE

REMODELING HEART AFTER MI. Because of its
importance in preserving cardiac structural integrity
and function (127), and its role in the regulation of
cellular responses in cardiac injury, repair, and
remodeling (71), the cardiac ECM may provide unique
opportunities for therapeutic interventions.
Following acute MI, cardiac rupture is an uncommon
but dramatic complication, typically associated with
accentuated matrix degradation (128), perturbed
deposition of new structural matrix (129), or disor-
ganized architecture of the scar (65). The application
of patches containing ECM proteins may be sufficient
to restore the structural integrity of the ventricle in
acute left ventricular free wall rupture (130).

The effects of biomaterial scaffolds have been
extensively studied in experimental MI models. Im-
plantation of cellular or acellular ECM bioscaffolds
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and administration of injectable materials have been
reported to exert beneficial actions on the infarcted
heart (131–135), not only by improving the mechanical
properties of the healing scar, but also by modulating
inflammatory and reparative signals, by stimulating
prosurvival pathways and promoting angiogenesis
(136). Composite cell-matrix scaffolds can also be
effective cell delivery platforms to enhance the
reparative actions of cell therapy (137). Recently,
transendocardial injection of VentriGel (Ventrix, San
Diego, California), a cardiac ECM hydrogel derived
from decellularized porcine myocardium, was tested
in 15 patients with chronic remodeling and moderate
left ventricular dysfunction following MI (138).
Although the study supported the safety and feasi-
bility of the approach, it was not designed to evaluate
efficacy, and large randomized clinical trials testing
the efficacy of ECM hydrogels have not been per-
formed. More importantly, despite extensive experi-
mental work, there is currently no consensus
regarding the optimal composition and method of
administration of biomaterials following MI. Sys-
tematic study of the effects of various strategies in
large animal models of MI is needed prior to attempts
for therapeutic translation.

In chronic ischemic heart disease, there is little
doubt that ECM deposition needs to be tightly
regulated: excessive accumulation of cross-linked
collagens may increase stiffness, promoting dia-
stolic dysfunction, whereas overactive protease-
driven matrix degradation pathways may promote
dilative remodeling, causing systolic dysfunction.
Established therapeutic approaches, such as
angiotensin-converting enzyme inhibition, angio-
tensin type 1 receptor blockade, b-adrenergic re-
ceptor antagonism, and mechanical unloading, all
act to modulate the deposition and metabolism of
ECM proteins (139) and may exert their protective
actions (at least in part) by targeting the ECM
network. However, the implementation of direct
approaches to target matrix remodeling has been
hampered by the broad effects of proteases in the
infarcted myocardium, while attempts to inhibit
MMPs in patients with MI have produced mixed
results. Thus, early nonselective MMP inhibition
with doxycycline attenuated dilative remodeling in
patients surviving MI complicated by left ventricu-
lar systolic dysfunction (140). In contrast, adminis-
tration of a selective oral MMP inhibitor in patients
with MI and reduced ejection fraction showed no
significant protection from adverse remodeling
(141). The wide range of actions of MMPs that may
affect not only ECM remodeling, but also the mo-
lecular signals involved in inflammation and repair,
complicates interpretation of these findings. As also
suggested in the context of MIF in the nonischemic
heart (see Part 3 of this series), it is likely that
successful approaches targeting the ECM may
require the development and validation of bio-
markers or imaging methods to identify patient
subpopulations with specific patterns of ECM alter-
ations (142). Thus, individuals with overactive ma-
trix synthetic responses following infarction may
require different approaches compared to patients
with predominantly protease-driven matrix
degradation.

TARGETING THE MATRICELLULAR PROTEINS. The
critical role of the ECM in repair and remodeling of
the infarcted heart suggests that therapeutic ap-
proaches modulating the biochemical composition
and mechanical properties of the matrix may hold
promise for patients with MI. Strategies based on
matricellular proteins seem particularly attractive,
as they could allow localized modulation of growth
factor and cytokine signaling in the infarct area.
However, despite evidence suggesting the critical
actions of matricellular proteins in the infarcted
heart, therapeutic translation is hampered by the
complexity of their biological actions. The effects of
the matricellular proteins are exerted through
many cell types and may be context-dependent,
depending on the local cytokine environment and
the ECM composition. Moreover, matricellular pro-
teins have multiple functional domains with
different actions. Thus, successful therapeutic
implementation of therapies based on matricellular
proteins will likely require the identification of the
functional domains responsible for their protective
or detrimental actions in vivo (71,143). Considering
the known limitations of in vivo models, this is a
daunting task.

MATRIX INTERVENTIONS FOR CARDIAC REGENERATION.

ECM modulation may also hold the key to a visionary
research goal: cardiac regeneration. This notion is
based on several findings. First, in cardiomyocyte
progenitors and neonatal cardiomyocytes, a
compliant, elastin-containing ECM promotes cell cy-
cle entry (144,145). Second, in zebrafish, fibronectin
deposition has been suggested to play a critical role in
myocardial regeneration (146), and in amphibians, a
matrix network containing fibronectin, hyaluronan,
and the matricellular protein tenascin-C has been
suggested to activate a regenerative program (147).
Third, in experimental cell therapy studies in
mammalian models of cardiac injury, the application
of matrix-based patches containing progenitor cells
showed enhanced effectiveness (148,149). Whether
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such effects may be due to direct actions of specific
matrix proteins on cardiac progenitors, or reflect
matrix-dependent activation of other cell types (like
immune or vascular cells) remains unknown. Fourth,
mammalian models of infarction have suggested
regenerative actions of certain matricellular macro-
molecules that may promote the proliferation of
differentiated cardiomyocytes. For example, agrin, a
large extracellular heparan sulfate proteoglycan,
promotes cardiomyocyte cell cycle re-entry in both
neonatal and adult mice (150). In addition, the
matricellular protein periostin triggers cell cycle re-
entry in differentiated adult cardiomyocytes
through integrin-dependent mechanisms, which re-
sults in improved cardiac function when adminis-
tered as an epicardial gelfoam patch following
infarction (151). Nevertheless, these promising early
findings should be viewed with caution. Considering
that the specialized ECM proteins suggested to be
critical in regeneration of fish, amphibian, and
neonatal mouse hearts are also induced following
adult mammalian cardiac injury in the absence of
regeneration, it is unlikely that simple ECM-
modulatory strategies will be sufficient to remuscu-
larize adult mammalian hearts. Myocardial regener-
ation may require not only a “regenerative” matrix
profile, but also enhanced phenotypic plasticity of
progenitor cell populations, and a favorable local
cytokine and growth factor microenvironment.

SUMMARY AND CONCLUSIONS

Both acute MI and chronic myocardial ischemia are
associated with profound changes in the ECM
network. Furthermore, these ECM changes not only
alter the cardiac interstitial milieu and its functional
properties, but a growing body of evidence suggests
that the ECM itself plays a key role in modulating both
beneficial and adverse pathways, including inflam-
mation and post-MI remodeling, but also cardiac
repair. In this context, and also the broader context of
the entire cardiovascular system as reviewed in this
series, the therapeutic targeting of the ECM and its
many players is a compelling clinical avenue of
research that is certain to see intense future interest.
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Abstract
In the infarcted myocardium, cardiomyocyte necrosis triggers an intense inflammatory reaction that not only is critical for cardiac
repair, but also contributes to adverse remodeling and to the pathogenesis of heart failure. Both CC and CXC chemokines are
markedly induced in the infarcted heart, bind to endothelial glycosaminoglycans, and regulate leukocyte trafficking and function.
ELR+ CXC chemokines (such as CXCL8) control neutrophil infiltration, whereas CC chemokines (such as CCL2) mediate
recruitment of mononuclear cells. Moreover, some members of the chemokine family (such as CXCL10 and CXCL12) may
mediate leukocyte-independent actions, directly modulating fibroblast and vascular cell function. This review manuscript dis-
cusses our understanding of the role of the chemokines in regulation of injury, repair, and remodeling following myocardial
infarction. Although several chemokines may be promising therapeutic targets in patients with myocardial infarction, clinical
implementation of chemokine-based therapeutics is hampered by the broad effects of the chemokines in both injury and repair.

Keywords Chemokine . Leukocyte . Myocardial infarction .

Cardiac remodeling . CCL2 . CXCL12

Introduction

Myocardial infarction (MI) is a leading cause of morbidity and
mortality worldwide [1]. Sudden occlusion of a coronary artery
results in complete loss of perfusion in themyocardial segments
subserved by the vessel. Severe and sustained ischemia triggers
a wavefront of cardiomyocyte death [2], leading to loss of large
amounts of cardiac muscle. Because the adult mammalian heart
has negligible regenerative capacity, repair of the infarcted heart
is dependent on inflammation-driven formation of a scar.

Over the last 40 years, new pharmacologic therapies [3, 4]
and the successful implementation of early reperfusion [5]
have significantly reduced mortality in patients presenting
with acute MI. However, improved survival resulted in an
expanding pool of MI patients who survive the acute event,
but remain at a high risk for development of chronic heart
failure. The pathobiology of post-infarction heart failure is

linked with “cardiac remodeling,” a complex process that in-
volves both infarcted and non-infarcted myocardial segments
and results in progressive functional deterioration and an in-
creased incidence of arrhythmias, typically associated with
chamber dilation. The severity of post-infarction remodeling
is dependent not only on the size of the infarct, but also on the
qualitative characteristics of the reparative response [6]. Thus,
following infarction, the cellular responses involved in repair
may also contribute to adverse remodeling of the heart.

Inflammation is a key driver of repair and remodeling of
the infarcted heart. Chemokines, a family of chemotactic cy-
tokines with critical roles in leukocyte trafficking, are crucial
mediators of inflammation in injury and repair. Over the last
20 years, a growing body of evidence has suggested that se-
quential mobilization of immune cell subpopulations in the
infarcted heart is orchestrated by the chemokines and may
play an important role in cardiac repair and remodeling [7,
8]. This review manuscript discusses our current understand-
ing of the role of the chemokines in the infarcted heart.

The chemokine Family

Chemokines are small (8–12 kDa) chemotactic cytokines that
regulate cell migration and positioning in development,
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homeostasis, and inflammatory injury [9]. In mammals, the
chemokine family consists of more than 50 ligands that can be
classified into 4 groups based on the positioning of their initial
cysteine residues: XC, CC, CXC, and CX3C chemokine li-
gands. Thus, the CC chemokine ligands (CCLs) have two
cysteine residues adjacent to each other, whereas the CXC-
chemokine subfamily (CXCLs) has two cysteine residues sep-
arated by an amino acid [10]. The CX3C chemokine group
has three amino acids between two cysteine residues and the
XC chemokine group has only one N-terminal cysteine resi-
due. Of the four chemokine groups, CCLs (28 members) are
the largest subfamily, followed by the CXC-chemokines (17
members), whereas the CX3C and XC chemokine classes
only have 1 and 2 members, respectively. Two subgroups of
CXCLs have been identified based on the presence of the
glutamic acid-leucine-arginine (ELR) motif in the
aminoterminal region: the ELR+ and ELR−CXC chemokines
[10]. This structural classification has important functional
implications. Most CC chemokines are strong mononuclear
cell chemoattractants, whereas ELR+ CXC chemokines have
been implicated in neutrophil recruitment [11].

From a functional perspective, many members of the che-
mokine family can be categorized into inflammatory or homeo-
static subgroups. The homeostatic chemokines are constitutive-
ly expressed in certain tissues and may be implicated in basal
leukocyte trafficking and in formation of lymphoid organs.
Inflammatory chemokines, on the other hand, are markedly
upregulated in injured tissues and are key mediators in inflam-
matory reactions, controlling leukocyte recruitment and activa-
tion [12, 13]. This classification is crude and may represent an
oversimplification, as several members of the chemokine
family are expressed in normal tissues and play a role in ho-
meostasis, but may also be induced following injury regulating
inflammatory cell infiltration. However, the differences between
inflammatory and homeostatic chemokines have an evolution-
ary origin. Inmammals, inflammatory chemokines evolved rap-
idly, presumably in response to strong selective pressures when
each species faced a new pathogen [14, 15]. For this reason, the
profile and functional properties of inflammatory chemokines
exhibit species-specific differences. In contrast, homeostatic
chemokines are relatively ancient in evolutionary terms, and
their functions are well conserved between species.

In sites of injury, inducible inflammatory chemokines are
bound to glycosaminoglycans on the endothelial surface and
on the extracellular matrix, and are presented to circulating or
trafficking leukocytes, thus interacting with the corresponding
chemokine receptors on the leukocyte surface [16, 17].
Chemokine receptors are G protein-coupled and signal via
pertussis toxin-sensitive Gi-type G proteins. Most receptors
recognize more than one chemokine, and certain chemokines
may bind to several receptors. Despite their promiscuity, che-
mokine receptors only bind chemokines within the same
group: CCR chemokine receptors bind to CCL chemokines,

whereas CXCR receptors bind CXCL chemokines. Some
studies have suggested that certain non-chemokine ligands,
such as extracellular matrix degradation peptides [18], and
the cytokine macrophage migration inhibitory factor (MIF)
[19] can also signal through chemokine receptor binding
[20–22].

The Phases of Cardiac Repair

Followingmyocardial infarction, severe and prolonged loss of
perfusion in the myocardium subserved by the occluded ves-
sel results in massive necrosis of cardiomyocytes. Because the
adult mammalian heart has negligible regenerative capacity,
repair of the infarcted myocardium is dependent on formation
of a collagen-based scar. The reparative response following
infarction can be divided into three distinct, but overlapping,
phases: the inflammatory phase, the proliferative phase, and
the maturation phase [6]. During the inflammatory phase, dan-
ger signals released from necrotic cardiomyocytes trigger both
systemic and myocardial inflammatory reactions, associated
with induction of cytokines and chemokines, and subsequent
mobilization of abundant neutrophils, monocytes, and lym-
phocytes that infiltrate the infarcted myocardium.
Professional phagocytes clear the infarct from dead cells and
matrix debris and undergo conversion to an anti-inflammatory
phenotype that sets the stage for recruitment and activation of
mesenchymal reparative cells, leading to the transition to the
proliferative phase of healing [23–25]. During the prolifera-
tive phase of cardiac repair, activated myofibroblasts infiltrate
the infarct predominantly derived from resident fibroblast
populations [26], and deposit large amounts of extracellular
matrix proteins in the infarcted area. Recruitment and organi-
zation of the myocardial scar, containing aligned
myofibroblasts, is critical for protection of the infarcted myo-
cardium from catastrophic rupture and provides mechanical
support attenuating chamber dilation [27]. At this stage, acti-
vation of angiogenic pathways promotes formation of
neovessels, ensuring sufficient perfusion of the highly cellular
and metabolically active infarct. The maturation phase fol-
lows, associated with cross-linking of the extracellular matrix
and quiescence of fibroblasts that no longer exhibit
myofibroblast characteristics [28], but serve a supportive role
for the mature scar [29]. Tight temporal regulation, sequential
activation, and spatial containment of the cellular events asso-
ciated with cardiac repair are critical to protect the infarcted
heart from adverse remodeling and from the development of
heart failure. Although early inflammatory activation may be
required for leukocyte-mediated clearance of the infarct from
dead cells and debris and for stimulation of a reparative pro-
gram, excessive, prolonged, or expanding inflammation may
cause sustained tissue damage, promoting adverse remodeling
and accentuating fibrosis, and causing dysfunction. Given
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their critical role in regulating inflammation and repair, it is
not surprising that several members of the chemokine family
have been implicated in repair and remodeling of the infarcted
heart, and in the pathogenesis of post-infarction heart failure.
Most inducible chemokines are markedly upregulated during
the inflammatory phase of cardiac repair and mediate recruit-
ment and activation of leukocyte subpopulations. However,
some members of the family exert important actions during
the proliferative phase, modulating angiogenic and fibrogenic
responses (Fig. 1).

Regulation of Chemokine Synthesis
in the Infarcted Myocardium

Both CC and CXC chemokines are markedly upregulated
during the inflammatory phase of infarct healing. Many dif-
ferent cell types, including activated monocytes, macrophages
[30], and lymphocytes [31], cytokine-stimulated vascular

endothelial cells [32, 33] and fibroblasts [34–36], and ische-
mic, hypoxic, or stressed cardiomyocytes [37–39] have been
suggested to serve as a cellular source of chemokines in the
infarcted heart. In the infarcted myocardium, necrotic and
stressed/injured cells, and the damaged extracellular matrix,
release bioactive mediators that act as danger signals, termed
danger-associated molecular patterns (DAMPs). DAMPs bind
to cognate pattern recognition receptors (PRRs) of the innate
immune system on surviving parenchymal cells and infiltrat-
ing leukocytes to activate chemokine transcription.

Which DAMPs Stimulate Chemokine Synthesis
Following Myocardial Infarction?

Although necrotic cardiomyocytes and damaged extracellular
matrix can release a broad range of DAMPs, whether specific
bioactive alarmins are responsible for chemokine upregulation
in the infarct remains unknown. High mobility group box-1
(HMGB1) released by dying cells has been identified as a key

Fig. 1 The role of the chemokines in the infarcted myocardium.
Induction of chemokines in the infarcted myocardium plays a critical
role in leukocyte trafficking, but may also modulate phenotype and
function of non-immune cells. Inflammatory CC and CXC chemokines
bind to glycosaminoglycans on the endothelial surface and interact with
leukocytes expressing the corresponding chemokine receptors. ELR+
CXC chemokines mediate neutrophil (N) infiltration, but may also act
on the microvasculature (MV), exerting angiogenic actions. CXCL10

may act as an anti-fibrotic and angiostatic mediator. CXCL12 has been
reported to exert a wide range of actions on leukocytes, cardiomyocytes,
endothelial cells, and fibroblasts and may promote recruitment and dif-
ferentiation of progenitor cells, stimulating angiogenesis. CC chemokines
(including CCL2, CCL3, CCL4, CCL5, CCL7, CCL21, and CCL25) are
involved in recruitment of mononuclear cell subpopulations and may
modulate macrophage phenotype. Mo, monocyte

J. of Cardiovasc. Trans. Res.

Author's personal copy



alarmin following myocardial infarction [40, 41], and can
stimulate chemokine synthesis by endothelial cells [42] and
fibroblasts [43] through activation of RAGE (receptor for ad-
vanced glycation end products). Necrotic cardiomyocytes also
release large amounts of interleukin (IL)-1α [44], a key early
damage signal that may stimulate chemokine synthesis in
macrophages, vascular cells, and fibroblasts through
MyD88-dependent signaling. RNA released by necrotic or
injured cells also serves as an important pro-inflammatory
stimulus in the infarcted heart [45], and may activate chemo-
kine transcription. Heat shock proteins released by injured
cardiomyocytes may also stimulate chemokine upregulation,
contributing to activation of the post-infarction inflammatory
response [46, 47] (Fig. 2).

Activation of Toll-like Receptor (TLR)-Mediated
Pathways

DAMP-mediated chemokine induction in the infarcted heart
involves activation of TLRs, the major PRRs on myocardial
cells [48]. Following MI, TLRs expressed on leukocytes or

parenchymal cells recognize DAMPs released by necrotic
cells, triggering downstream NF-κB and MAPK pathways
that stimulate chemokine induction. Experimental studies
have suggested important roles for TLR2, TLR3, TLR4, and
TLR7 in activation of the post-infarction inflammatory re-
sponse. TLR4 signaling increased leukocyte infiltration in
the infarcted myocardium [49–51], accentuating chemokine
synthesis and release [52]. TLR4 activation in leukocytes
has been consistently reported in patients with myocardial
infarction and was associated with enhanced inflammatory
activity [53, 54]. Leukocyte TLR2 has also been implicated
in post-infarction inflammation [55], and may act, at least in
part, through stimulation of chemokine synthesis [56]. TLR3
may also be involved in mediating chemokine-induced in-
flammation following myocardial infarction [45, 57].
Leukocyte TLR7 was also found to enhance post-infarction
inflammation, promoting cardiac rupture following infarction
[58], through actions that may involve increased chemokine
expression [59]. It should be emphasized that the in vivo ac-
tions of TLRs in the infarcted heart extend beyond induction
of chemokine synthesis and may also involve modulation of

Fig. 2 Mechanisms of chemokine induction in the infarcted heart.
Following myocardial infarction, dying cardiomyocytes release
damage-associated molecular patterns (DAMPs) including high mobility
group box-1 (HMGB1), heat shock proteins (HSP), extracellular RNA
(eRNA), and interleukin (IL)-1α. DAMPs induce chemokine expression
by endothelial cells (EC), macrophages, and fibroblasts through

activation of innate immune pathways. Moreover, activation of the com-
plement cascade, extracellular matrix (ECM) fragments generated
through protease actions, and newly synthesized cytokines (such as
TNF-α and IL-1β) also stimulate chemokine synthesis in the infarcted
heart, promoting leukocyte infiltration. TLR, Toll-like receptor
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cardiomyocyte survival [60] and effects on fibroblast pheno-
type and activity [61, 62].

DAMP-mediated TLR signaling triggers chemokine synthe-
sis in the myocardium by activating the nuclear factor (NF)-κB
system in resident myocardial cells and in hematopoietic cells.
NF-κB activation in myocardial cells following infarction may
involve an MyD88/IRAK-1 pathway [63] that ultimately leads
to nuclear translocation of NF-κB and subsequent transcription
of a large portfolio of genes including inflammatory cytokines,
CXC and CC chemokines, and adhesion molecules. NF-κB
activation is well documented following myocardial infarction
in both experimental animals and human patients [64–66], and
has been demonstrated to mediate upregulation of both CXC
[65] and CC chemokines [67–70].

The role of the Complement Cascade in Stimulating
Chemokine Synthesis in the Infarcted Heart

The complement system is an important component of the
innate immune response following myocardium infarction.
Necrotic myocardial cells release subcellular membrane con-
stituents rich in mitochondria, which are capable of triggering
the early acting components (C1, C4, C2, and C3) of the
complement cascade [71]. Ischemic myocardial injury rapidly
activates C3 cleavage leukotactic products in the infarcted
myocardium [72]. In vitro studies have suggested that the
pro-inflammatory actions of complement components (such
as C5a) may be mediated at least in part through chemokine
upregulation [73]. The role of the complement cascade in
activating the chemokine response following myocardial in-
farction is supported by some limited in vivo evidence. C6-
deficient rabbits exhibited reduced neutrophil infiltration fol-
lowing infarction, associated with attenuated myocardial
CXCL8/interleukin (IL)-8 expression [74].

Cytokine-Induced Chemokine Upregulation in the
Infarcted Myocardium

A large body of evidence suggests that induction of
chemokines in the infarcted myocardium may be amplified
by effects of pro-inflammatory cytokines, such as tumor ne-
crosis factor (TNF)-α and interleukin (IL)-1β. TNF-α-
deficient mice exhibit lower expression of chemokines and
adhesion molecules after reperfused infarction [75]. Mice
lacking the type I IL-1R (the only signaling receptor for IL-
1) exhibit decreased chemokine expression associated with
attenuated neutrophil and macrophage infiltration in the in-
farcted myocardium [76, 77]. In addition to the chemokine-
inducing effects of pro-inflammatory cytokines, mast cell-
derived pro-inflammatory mediators, such as histamine and
tryptase, are also released in the infarcted myocardium [78]
and can induce endothelial chemokine synthesis and secretion
[79, 80].

The role of the Chemokines in myocardial
Injury, Repair, and Remodeling

In the infarcted heart, the chemokine system orchestrates leu-
kocyte migration [7, 8] by forming chemotactic gradients,
which are localized to the area of injury. Gradient formation
is dependent on binding of chemokines to glycosaminogly-
cans located on the endothelial surface and on the extracellular
matrix. Endothelial chemokines interact with rolling leuko-
cytes that express the corresponding chemokine receptors.
Chemokine signaling promotes leukocyte integrin activation,
triggering adhesive interactions between leukocytes and endo-
thelial cells that ultimately lead to extravasation of the inflam-
matory cells in the infarct border zone [81, 82]. In extravasat-
ed leukocytes, chemokine:chemokine receptor interactions in-
duce directed cell migration to the site of injury through acti-
vation of phosphoinositide-specific phospholipase C (PLC)
and phosphoinositide 3-kinase (PI3K) pathways [83–85]. In
addition to their effects on immune cells, some members of
the chemokine family have been suggested to modulate be-
havior of other cell types involved in cardiac repair and re-
modeling, including vascular cells, fibroblasts, and
cardiomyocytes [33, 86–88].

CXC Chemokines

ELR+ CXC Chemokines

ELR+ CXC chemokines not only are critically involved in
chemotactic recruitment of neutrophils, but also exhibit angio-
genic properties [89]. Several members of the ELR+ CXC
subfamily are upregulated in the infarcted myocardium and
have been suggested to play a role in neutrophil infiltration,
regulation of cardiomyocyte injury, and angiogenesis. The
prototypic ELR+ CXC chemokine CXCL8/IL-8 is markedly
upregulated in infarcted myocardial segments in experimental
animal models of myocardial infarction, and its expression is
accentuated by reperfusion [90, 91]. Although as a potent
neutrophil chemoattractant IL-8 would be expected to play
an important role in recruitment of neutrophils in infarcted
segments [92], robust experimental data documenting specific
cellular actions of IL-8 in vivo are lacking. The absence of an
IL-8 homolog in rodents precludes study of its role in myo-
cardial infarction using mouse models. In a canine model,
recombinant IL-8 markedly increased adhesion of neutrophils
to isolated cardiomyocytes [90]. In contrast, an in vivo study
in a rabbit model of reperfused myocardial infarction showed
that administration of a neutralizing anti-IL-8 antibody prior to
reperfusion reduced infarct size without affecting neutrophil
infiltration [93]. Another study in mice suggested that effects
on both leukocytes and cardiomyocytes may mediate the ac-
tions of ELR+CXC chemokines in the infarcted heart. Loss of
CXCR2, the main receptor for the ELR+ CXCLs, markedly
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reduced inflammatory leukocyte recruitment in murine in-
farcts in vivo [87]; however, experiments in a Langendorff
system suggested that, in the absence of circulating leuko-
cytes, CXCR2 may protect ischemic cardiomyocytes [87]. In
addition to their potential role in acute injury following myo-
cardial infarction, IL-8 and other CXCR2 ligands may also
modulate repair by exerting angiogenic actions. In a mouse
model of myocardial infarction, CXCR2 blockade attenuated
infarct angiogenesis [94]. Moreover, in a rabbit model,
lentiviral IL-8 overexpression significantly enhanced
neovessel formation in the infarcted heart [95].

A potential role of IL-8 in accentuating myocardial injury
following infarction is also supported by clinical investiga-
tions. In patients with acute STEMI undergoing percutaneous
coronary intervention (PCI), higher plasma IL-8 levels were
associated with larger infarcts and adverse outcome [96].

ELR-Negative CXC Chemokines

In contrast to ELR-containing CXC chemokines, CXC
chemokines lacking the ELR motif fail to attract granulocytes,
but have been implicated in lymphocyte chemotaxis [97–99],
and may exert pronounced effects on vascular cells and fibro-
blasts, exhibiting angiostatic and anti-fibrotic properties
[100–102]. The ELR-negative CXC chemokine CXCL10/
interferon-γ-inducible protein (IP)-10 is markedly upregulated
in both canine and mouse myocardial infarcts [33, 103], and is
predominantly localized in microvascular endothelial cells
[33]. Experiments using global knockout mice suggested that
endogenous CXCL10 protects the infarcted heart from exces-
sive fibrotic remodeling, limiting infiltration of the infarct with
activated myofibroblasts [86]. The anti-fibrotic effects of
CXCL10 are mediated, at least in part, through inhibition of
growth factor-induced fibroblast migration [86]. CXCL10-
mediated inhibition of fibrosis was not mediated through
CXCR3, the main functional receptor of the chemokine
[104], but involved interactions with proteoglycans [105].

Stromal cell-derived factor (SDF)-1/CXCL12 is a non-
ELR containing CXC chemokine with a critical role in car-
diovascular development [106] and angiogenesis [107, 108].
CXCL12 induction is noted in healing infarcts [109–115] and
has been suggested to exert a wide range of actions on vascu-
lar cells, cardiomyocytes, and immune cells. Extensive evi-
dence suggested that CXCL12 accentuates infarct angiogene-
sis through recruitment of endothelial progenitor cells, or via
direct stimulation of angiogenesis pathways [116–127].
Effects of CXCL12 on cardiomyocytes are controversial.
Several studies have suggested protective actions of
CXCL12 on cardiomyocyte survival, mediated through acti-
vation of anti-apoptotic pathways [122, 125, 128]. In contrast,
other studies have suggested that high concentrations of
CXCL12 may trigger apoptosis through a TNF-α-mediated

pathway [88]. CXCL12-induced activation of inflammatory
cells may also accentuate injury following infarction [129].

Experiments using pharmacologic inhibition of CXCL12
have also produced contradictory results (Table 1).
Continuous inhibition of CXCR4, the main receptor for
CXCL12, resulted in scar expansion and exacerbated cardiac
systolic and diastolic dysfunction after myocardial infarction
[130]. In contrast, other studies suggested beneficial effects of
CXCR4 inhibition in rat and mouse models of myocardial
infarction [131, 132]. The conflicting observations likely re-
flect the context and dose-dependent, multifunctional, and
pleiotropic actions of CXCL12/CXCR4 signaling, and the
complexity of the cardiac reparative process. Therapeutic ma-
nipulation of the CXCL12/CXCR4 axis following infarction
requires careful consideration of the timing and spatial local-
ization of the intervention, the specific cellular targets affect-
ed, and the local concentration of the chemokine. An addition-
al layer of complexity may be contributed by effects of
CXCL12 mediated through the CXCR7 receptor. CXCL12/
CXCR7 signaling has been suggested to protect the infarcted
heart from adverse remodeling, presumably through effects on
the microvasculature [133].

Because of its prominent role in progenitor cell homing and
differentiation [110], CXCL12 may hold promise in the ongo-
ing quest for cardiac regenerative strategies. Although in adult
infarcted hearts, CXCL12 overexpression does not induce car-
diomyocyte proliferation [117], a recent study suggested that
the unique ability of the neonatal mammalian heart to regener-
ate may involve CXCL12 actions. In neonatal myocardial in-
jury, cardiac regeneration required CXCL12/CXCR4-
dependent arterial reassembly, mediated through migration of
arterial endothelial cells that formed collateral neovessels [134].

The Proinflammatory Actions of the CC Chemokines

Members of the CC chemokine subfamily are potent mono-
nuclear cell chemoattractants and have been implicated in
chemotactic recruitment of proinflammatory monocytes in
the infarcted region [135]. CCL2/Monocyte chemoattractant
protein (MCP)-1, the best-studied CC chemokine in myocar-
dial pathology, is rapidly upregulated in the infarcted myocar-
dium and is predominantly expressed by endothelial cells and
infiltrating leukocytes [30, 32, 103, 136, 137]. Over the last
15 years, experimental studies in animal models have revealed
a critical role for CCL2 in recruitment, activation, and differ-
entiation of monocytes and macrophages in the infarcted heart
(Fig. 3). These actions were found to have major implications
in cardiac injury, repair, and remodeling.

The adult heart contains a significant population of resident
macrophages [138]. Based on their expression of the CCL2
receptor CCR2, resident myocardial macrophages can be di-
vided into CCR2− and CCR2+ subsets derived from embry-
onic and adult hematopoietic lineages, respectively
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Table 1 Studies examining the role of the CXCL12/CXCR4 axis in myocardial infarction (MI)

MI model Species Experimental tool Major findings Ref.

Non-reperfused
MI

Mouse Conditional cardiomyocyte-specific
CXCR4 −/− mouse models

Cardiomyocyte-specific CXCR4 loss did not affect infarct
size, collagen content, and cardiac function following MI

[177]

Reperfused MI Rats Adenoviral CXCR4 overexpression CXCR4 overexpression accentuated infarct size and worsened
cardiac dysfunction following MI. These effects were
associated with increased influx of inflammatory cells and
enhanced cardiomyocyte apoptosis

[129]

Non-reperfused
MI

Mouse Cxcr4 +/− mice CXCR4 +/− mice had smaller infarcts, associated with
decreased neutrophil content, but also exhibited impaired
angiogenesis following MI

[178]

Non-reperfused
MI

Rat and
mouse

Cardiomyocyte-specific
CXCL12-overexpressing transgenic
(Tg) rats and CXCL12 conditional
knockout (cKO) mice

Cardiomyocyte-specific CXCL12 KO mice had preserved
cardiac function, reduced remodeling, and attenuated fibrosis
following MI

CXCL12 overexpressing rats had impaired cardiac function
post-MI, accompanied by enhanced fibrosis

[37]

Non-reperfused
MI

Rats Transplantation of CXCL12-expressing
cardiac fibroblasts into the
peri-infarct zone

Transplantation of CXCL12-expressing fibroblasts
improved left ventricular function and increased
left ventricular mass post-MI

[110]

Non-reperfused
MI

Mouse Injection of CXCL12 into the center
of the infarct

CXCL12 treatment reduced scar size and improved cardiac
function by promoting angiogenesis

[118]

Non-reperfused
MI

Rat Tail vein infusion of syngeneic
CXCL12-overexpressing mesenchymal
stem cells

Cell therapy with CXCL12-overexpressing MSCs increased
cardiac myocyte survival, vascular density, and cardiac
myosin-positive area within the infarct zone. There was no
evidence of cardiac regeneration

[117]

Non-reperfused
MI

Rat Transplantation of CXCL12-expressing
syngeneic skeletal myoblasts

Cell therapy with CXCL12-expressing myoblasts promoted
stem and progenitor cell migration, activated cell survival
signaling, and enhanced angiogenesis in the infarcted heart

[121]

Reperfused MI Mouse CXCL12 treatment prior to coronary
ischemia

Administration of the CXCR4 antagonist
AMD3100

Pretreatment with CXCL12 decreased infarct size by inhibiting
apoptosis in cardiomyocytes. CXCL12-induced attenuation
of infarct size was blocked by CXCR4 inhibition

[128]

Non-reperfused
MI

Rat Administration of the CXCR4 antagonist
AMD3100

CXCR4 blockade reduced infarct size, improved systolic
function, and partially suppressed the increased expression of
atrial natriuretic peptide mRNA in the non-infarcted
left ventricle

[131]

Non-reperfused
MI

Mouse Intracardiac CXCL12 administration CXCL12 treatment attenuated dysfunction and decreased
cardiac dilation after MI, promoting survival of
cardiomyocytes, increasing infarct angiogenesis. These
effects were attributed to enhanced Akt activation and
accentuated VEGF expression

[116]

Non-reperfused
MI

Mouse Chronic administration of the CXCR4
antagonist AMD3100

CXCR4 blockade increased scar size and exacerbated
cardiac systolic and diastolic dysfunction

[130]

Non-reperfused
MI

Mouse Acute or chronic administration of the
CXCR4 antagonist AMD3100

Single-dose AMD3100 injection administered after the onset of
myocardial infarction increased circulating endothelial
progenitor cell (EPC) counts and myocardial vascularity,
reduced fibrosis, and improved cardiac function and survival
in mice. In contrast, continuous infusion of AMD3100 over a
2-week period worsened outcome following MI by blocking
EPC incorporation

[132]

Non-reperfused
MI

Rats Sustained release of a CXCL12 analog
from injectable hydrogels

Sustained release of CXCL12 analog enhanced endothelial
progenitor cell chemotaxis, improved vascularity, ventricular
geometry, ejection fraction, cardiac output, and contractility post-MI

[119]

Non-reperfused
MI

Sheep Injection of a CXCL12 analog in the
infarct border zone

Treatment with the CXCL12 analog enhanced endothelial
progenitor cell chemotaxis, increased capillary and arteriolar
density, reduced infarct size, and attenuated dysfunction post-MI

[120]

Non-reperfused
MI

Rat Intracardiac administration of recombinant
CXCL12, or infusion of anti-CXCL12
antibody

CXCL12 administration reduced cell apoptosis, increased vessel
density, and improved cardiac function. Treatment with
the anti-CXCL12 antibody had the opposite effects

[127]

Non-reperfused
MI

Mouse Intramyocardial injection of CXCL12 CXCL12 injection improved ventricular function, and increased
border zone vessel density post-MI

[126]

Non-reperfused
MI

Mouse CXCL12-Annexin V fusion protein
to localize CXCL12 in the area of necrosis

CXCL12-Annexin V treatment attenuated cell apoptosis,
enhanced angiogenesis, reduced infarcted size, and
improved cardiac function post-MI

[125]
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[139–142]. Cardiomyocyte death triggers alarmin-mediated
activation of resident CCR2+ macrophages, stimulating
MyD88-dependent chemokine synthesis [143] and subse-
quent recruitment of inflammatory leukocytes. Fate mapping
and flow cytometric studies revealed that the marked expan-
sion of the macrophage population in the infarcted myocardi-
um is predominantly driven by recruitment of circulating
monocytes [144]. During the proliferative phase of cardiac
repair, proliferation of mature macrophages serves to maintain
the infarct macrophage population [144, 145]. In the remod-
eling of non-infarcted myocardium, chronic expansion of
macrophage populations is noted, derived both from increased
local macrophage proliferation and through recruitment of
monocytes [146].

The critical role of CCL2 in recruitment of monocytes and
expansion of macrophages following myocardial infarction is
supported both by antibody inhibition and by genetic loss-of-
function experiments (Table 2) [135, 147–150]. Disruption of
the CCL2/CCR2 axis in experimental models of myocardial
infarction was reported to reduce infarct size in many
[149–152], but not in all, studies [135]. Moreover, CCL2/
CCR2 inhibition was associated with attenuated adverse re-
modeling following myocardial infarction [135, 153].
Importantly, in addition to its protective actions against dila-
tive post-infarction remodeling, complete global loss of CCL2
also delayed replacement of dead cardiomyocytes with gran-
ulation tissue, suggesting impaired phagocytic removal of
dead cells, and/or perturbation of the reparative response

Fig. 3 Role of CCL2 in the infarcted myocardium. CCL2 plays a crucial
role in recruitment of proinflammatory CCR2+monocytes (Mo), but may
also modulate macrophage (Ma) phenotype, promoting expression of
cytokines and matrix metalloproteinases (MMPs). In vivo, CCL2 has
been implicated in myofibroblast activation and in angiogenesis;

however, whether these actions are due to direct effects of the chemokine
on fibroblasts (F) and vascular cells (MV, microvessels), or simply reflect
alterations in the profile of infiltrating macrophages, remains unknown.
EC, endothelial cell
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Table 2 Selected studies examining the role of CC chemokines in experimental myocardial infarction (MI)

Chemokine/
chemokine
receptor pair

MI model Species Chemokine-related model Major findings Ref.

CCL2/CCR2 Non-reperfused
MI

Mouse CCR2−/− mice CCR2 loss impaired infiltration of macrophages in infarcted tissue,
reduced infarct size and collagen deposition, and ameliorated
post-MI remodeling

[153]

Reperfused MI Mouse CCL2 −/− mice,
anti-CCL2 antibody

CCL2 −/− mice exhibited decreased and delayed macrophage
infiltration in the healing infarct and delayed replacement of
injured cardiomyocytes with granulation tissue; decreased
mRNA expression of the cytokines TNF-α, IL-1β, TGF-β2,
TGF-β3, and IL-10; diminished myofibroblast accumulation,
attenuated left ventricular remodeling, but similar infarct size
when compared with wild-type animals. Infarct angiogenesis
was comparable between CCL2 −/− and wild-type animals.
CCL2 antibody inhibition resulted in defects comparable with
the pathological findings noted in infarcted CCL2−/− animals
without an effect on macrophage recruitment, suggesting that
CCL2 may modulate macrophage phenotype or may alter the
profile of recruited cells

[135]

Reperfused MI Mouse CCR2−/− mice CCR2 loss reduced macrophage infiltration and decreased infarct
size

[179]

Non-reperfused
MI

Mouse CCR2 antagonist and
CCR2−/− mice

CCR2 disruption decreased monocyte/macrophage and
neutrophil recruitment

[149]

Reperfused MI Rat Intravenous injection of
anti-CCL2 antibody

CCL2 blockade reduced infarct size and decreased intercellular
adhesion molecule (ICAM)-1 mRNA expression and infiltration
of macrophages

[136]

Non-reperfused
MI

Mouse Anti-CCL2 gene therapy Anti-CCL2 therapy reduced post-MI mortality and attenuated di-
lative remodeling and contractile dysfunction, reducing intersti-
tial fibrosis, recruitment of macrophages, and myocardial cyto-
kine gene expression

[180]

Reperfused MI Mouse Cardiac-specific CCL2
overexpression

Transgenic overexpression of CCL2 attenuated post-MI dysfunc-
tion

[181]

Reperfused MI Mouse Administration of a
non-agonist
(competitive) CCL2 mutant

CCL2 inhibition reduced infarct size, decreased monocyte
infiltration, and attenuated fibrosis post-MI

[147]

Reperfused MI Mouse CCR2-siRNA knockdown
in Ly-6Chigh monocytes

CCR2 inhibition reduced infarct size and attenuated infiltration of
the infarct with monocytes and macrophages

[151]

Reperfused MI Mouse Anti-CCL2 Reduced the infarct size and lessened myocardial inflammation [148]

Non-reperfused
MI

Mouse CCR2 siRNA Decreased early infiltration of pro-inflammatory monocytes and
apoptotic cardiomyocytes in the infarcted heart; promoted an-
giogenesis and reduced infarcted size

[152]

Non-reperfused
MI

Mouse CCR2 antagonist CCR2 inhibition reduced infarct size, decreasing recruitment of
Ly6Chigh inflammatory cells

[150]

CCL7/CCRs Non-reperfused
MI

Rat Transplantation of CCL7
(MCP-3)-expressing cardiac
fibroblasts into the infarct
border zone

Transplanted CCL7-expressing cells enhanced homing of injected
mesenchymal stem cells in the infarcted myocardium, reduced
cardiac dilation, and improved cardiac function

[159]

Non-reperfused
MI

Mouse B cell-selective CCL7 defi-
ciency

Loss of CCL7 in B cells reduced monocyte mobilization, limited
myocardial injury, and improved heart function post-MI

[31]

CCL5/CCRs Non-reperfused
MI

Mouse Rat anti-mouse CCL5/
RANTES mAb

Anti-CCL5 reduced infarct size, reduced infiltration with
neutrophils and macrophages, and attenuated systolic
dysfunction

[160]

CCLs/CCRs Non-reperfused
MI

Mouse Treatment with the CC
chemokine binding
protein evasin-4

The CC chemokine inhibitor reduced macrophage and neutrophil
recruitment and superoxide production in the infarcted heart,
reduced infarct size, and improved cardiac function and survival

[164]

CCL21/CCR7 Non-reperfused
MI

Mouse Anti-CCL21 monoclonal
antibody

Anti-CCL21 diminished neutrophil and macrophage recruitment in
the infarct; and ameliorated cardiac dilation and dysfunction
post-MI

[162]

CCLs/CCR1 Non-reperfused
MI

Mouse CCR1 −/− mice CCR1 loss reduced early recruitment of neutrophils, but also
accelerated monocyte/lymphocyte infiltration and improved in-
farct healing

[165]

CCLs/CCR5 Reperfused MI Mouse CCR5 −/− mice CCR5 loss markedly increased proinflammatory cytokine and
chemokine levels in the infarct associated, perturbing

[167]
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[135]. CCL2 actions in cardiac repair and remodeling may
involve several cellular mechanisms. First, CCL2 may be cru-
cial for recruitment of specific subsets of proinflammatory and
phagocytic monocytes to the infarct area [135, 154]. Second,
CCL2 may modulate macrophage phenotype. In vitro studies
have suggested diverse and often contradictory effects of
CCL2 onmonocyte and macrophage cytokine expression pro-
files. CCL2 induced IL-1 [155] and IL-6 synthesis [156] in
monocytes, but was also found to suppress M1-associated
cytokine synthesis by macrophages, while promoting IL-10
expression [157]. Third, at least some of the effects of CCL2
may involve actions on fibroblasts, cardiomyocytes, or vascu-
lar endothelial cells. Although in vitro studies have demon-
strated effects of CCL2 on interstitial and vascular cells, the
in vivo significance of these actions remains poorly docu-
mented. In vivo, CCL2 loss markedly reduced myofibroblast
density in the infarct [135]; however, this effect may reflect
attenuated activation and recruitment of fibrogenic macro-
phages, rather than loss of direct effects of CCL2 on cardiac
fibroblasts. In vitro, CCL2 stimulation did not affect expres-
sion of fibrosis-associated genes by isolated mouse cardiac
fibroblasts [158].

Evidence supporting the role of other CC chemokines in
repair and remodeling of the infarcted heart is more limited. In
experimental models, CCL3, CCL4, CCL5, CCL7, CCL21,
and CCL25 were found to be significantly upregulated in
infarcted myocardium [31, 103, 159–162]. Moreover, small
clinical studies have demonstrated increased circulating levels
of CC chemokines in patients with myocardial infarction
[163]. CCL5 neutralization significantly reduced infarct size
and attenuated systolic dysfunction in a mouse model of non-
reperfused infarction [160, 164]; considering the negligible
amounts of salvageable myocardium in permanent coronary
occlusion models (due to the complete and permanent absence
of perfusion), the mechanism of protection remains enigmatic.
Deletion of CCR1, a receptor binding to CCL3, CCL5, CCL7,
and CCL23, loss of CCR9, the receptor for CCL25, and

CCL21 inhibition were also reported to reduce the size of
the infarct, decrease inflammation, and attenuate dysfunction
following myocardial infarction [161, 162, 165].

Do CC Chemokines Mediate Suppression of
Inflammation by Recruiting Anti-inflammatory
Leukocytes?

CCR5 acts as a receptor for several CC chemokines, including
CCL3, CCL4, and CCL5 [166]. Surprisingly, in a mouse mod-
el of myocardial infarction, CCR5 loss was associated with
accentuated adverse remodeling and increased inflammatory
activity [167, 168]. Adverse outcome in the absence of CCR5
was attributed to impaired recruitment of anti-inflammatory
monocytes and regulatory T cells (Tregs) [167]. These find-
ings suggest that certain chemokine-chemokine receptor inter-
actions may attenuate inflammation by promoting recruitment
of leukocyte subsets with anti-inflammatory properties.

The Role of CX3CL1/Fractalkine

Fractalkine/CX3CL1, the only member of the CX3C chemo-
kine subfamily, is expressed by NK cells, monocytes, and T
cells and has unique functions, both as a leukocyte
chemoattractant and as an adhesion molecule. Increased myo-
cardial CX3CL1 expression has been reported in infarcted and
remodeling hearts [169, 170]. Moreover, in human patients
with myocardial infarction, circulating CX3CL1 levels rapid-
ly increase after reperfusion [171], and may independently
predict major adverse cardiac events [172]. CX3CL1 neutral-
ization delayed the progression of left ventricular enlargement
following myocardial infarction [169, 173]. CX3CL1-
mediated post-infarction remodeling has been attributed to
accentuation of fibroblast proliferation [173], to enhanced
MMP expression, to injurious effects on cardiomyocytes, to
accentuated endothelial adhesion molecule expression [169],
and to increased leukocyte recruitment [174].

Table 2 (continued)

Chemokine/
chemokine
receptor pair

MI model Species Chemokine-related model Major findings Ref.

recruitment of CD4+/foxp3+ regulatory T cells and
anti-inflammatory monocytes; impaired repression of post-MI
inflammation was associated with worse cardiac dilation

Non-reperfused
MI

Mouse CCR5 −/− mice CCR5 loss impaired macrophage activation, increased collagen
fragments, and aggravated post-MI cardiac remodeling

[168]

Reperfused MI Rat Anti-CCR5 antibody
and CCR5 agonist

CCR5 inhibition diminished inflammatory response and infarct
size, while CCR5 agonist accentuated cardiac injury

[182]

CCLs/CCR9 Non-reperfused
MI

Mouse CCR9 −/− mice CCR9 loss attenuated inflammation, apoptosis, and structural and
electrical remodeling through suppression of NF-κB andMAPK
signaling. CCR9 loss also improved survival rate and attenuated
dysfunction, decreasing infarct size

[161]
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Chemokines as Therapeutic Targets Following
Myocardial Infarction

Considering their marked induction in the infarcted myocar-
dium and their proposed role in mediating inflammatory inju-
ry, proinflammatory chemokines, such as CCL2, are attractive
therapeutic targets for patients with myocardial infarction. It
should be emphasized that some chemokine-driven inflamma-
tion and macrophage activation is needed for clearance of the
infarct from dead cells and for activation of a reparative pro-
gram [135]. However, the chemokine response needs to be
tightly controlled. Prolonged, overactive, and spatially unre-
strained chemokine signaling following infarction may result
in accentuated inflammation, promoting adverse remodeling.
Therapeutic implementation of chemokine targeting ap-
proaches will require identification of patient subpopulations
with overactive chemokine responses following infarction.
These patients may require chemokine inhibition to protect
the myocardium from adverse remodeling [175].

Chemokine-based therapeutics may also hold promise in
optimization of cardiac repair. CXCL12 administration may
promote recruitment of reparative cells, increasing infarct an-
giogenesis, attenuating dysfunction, and improving left ven-
tricular mechanics [116, 119, 120, 128]. Experimental studies
suggest that pro-survival effects of CXCL12 on ischemic
cardiomyocytes may also contribute significant therapeutic
benefit [116]. Despite these promising findings, clinical trans-
lation is challenging. CXCL12 is also known to exert proin-
flammatory actions [131, 132] that may have injurious conse-
quences, accentuating or prolonging inflammatory cascades.
Identification of the optimal temporal window for spatially
restricted administration of CXCL12 may be important in or-
der to design effective therapy. Clinical evidence on the effects
of CXCL12 therapy in human patients withmyocardial infarc-
tion is lacking. However, in a phase II clinical trial in patients
with ischemic heart failure, CXCL12 gene therapy was safe
but did not meet the primary endpoint for functional improve-
ment [176].

Conclusions

Over the last 25 years, we have identified members of the
chemokine family as key mediators in cardiac injury, repair,
and remodeling. Experimental studies have suggested that
certain chemokines may represent attractive therapeutic tar-
gets for patients with myocardial infarction. Unfortunately,
the biological complexity of the chemokine system, the chal-
lenges in identification of reparative and detrimental cellular
function of each chemokine, and the remarkable pathophysi-
ologic heterogeneity of post-infarction cardiac remodeling in
human patients pose major challenges for clinical translation.
Development of successful therapeutic approaches targeting

the chemokines will require not only understanding of the cell
specific actions of chemokines in the infarcted heart and the
underlying mechanisms, but also development of strategies
for pathophysiologic stratification of myocardial infarction
patients, in order to identify subjects with overactive myocar-
dial inflammation that may be likely to benefit from targeted
interventions inhibiting proinflammatory chemokines.
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A B S T R A C T

The heart contains an abundant fibroblast population that may play a role in homeostasis, by maintaining the
extracellular matrix (ECM) network, by regulating electrical impulse conduction, and by supporting survival and
function of cardiomyocytes and vascular cells. Despite an explosion in our understanding of the role of fibroblasts
in cardiac injury, the homeostatic functions of resident fibroblasts in adult hearts remain understudied. TGF-β-me-
diated signaling through the receptor-activated Smads, Smad2 and Smad3 critically regulates fibroblast function.
We hypothesized that baseline expression of Smad2/3 in fibroblasts may play an important role in cardiac home-
ostasis. Smad2 and Smad3 were constitutively expressed in normal mouse hearts and in cardiac fibroblasts. In
cultured cardiac fibroblasts, Smad2 and Smad3 played distinct roles in regulation of baseline ECM gene synthesis.
Smad3 knockdown attenuated collagen I, collagen IV and fibronectin mRNA synthesis and reduced expression
of the matricellular protein thrombospondin-1. Smad2 knockdown on the other hand attenuated expression of
collagen V mRNA and reduced synthesis of fibronectin, periostin and versican. In vivo, inducible fibroblast-spe-
cific Smad2 knockout mice and fibroblast-specific Smad3 knockout mice had normal heart rate, preserved cardiac
geometry, ventricular systolic and diastolic function, and normal myocardial structure. Fibroblast-specific Smad3,
but not Smad2 loss modestly but significantly reduced collagen content. Our findings suggest that fibroblast-spe-
cific Smad3, but not Smad2, may play a role in regulation of baseline collagen synthesis in adult hearts. However,
at least short term, these changes do not have any impact on homeostatic cardiac function.

1. Introduction

The adult mammalian heart contains a large population of fibrob-
lasts [1–3] located in the cardiac interstitium. Resident cardiac fibrob-
lasts can be activated in response to a wide range of injurious stimuli
and play an important role in cardiac repair [4] [5], while contributing
to adverse remodeling of the injured ventricle [6–10]. A growing body
of evidence challenges the notion that fibroblasts are unidimensional
cells that simply serve to produce extracellular matrix (ECM) proteins.
Fibroblasts exhibit remarkable transcriptomic heterogeneity [11], and
can sense microenvironmental cues, undergoing phenotypic and func-
tional changes [12,13]. In response to stimulation with neurohumoral
signals, cytokines, growth factors, and components of the ECM, fibrob-
lasts can acquire inflammatory, matrix-synthetic, matrix-degrading, or
angiogenic phenotypes [4,14,15] [5,16], serving as key orchestrators of
reparative, fibrogenic and angiogenic cellular responses.

The members of the Transforming Growth Factor (TGF)-β superfam-
ily are crucial activators of fibroblasts in injured and remodeling hearts
[17,18]. In vitro, stimulation of cardiac fibroblasts with TGF-βs trig

gers myofibroblast conversion, and promotes a matrix-preserving pheno-
type, inducing synthesis of structural collagens and upregulating expres-
sion of tissue inhibitors of metalloproteinases (TIMPs) [19,20]. Follow-
ing binding to their receptors, TGF-βs act through signaling cascades in-
volving intracellular effectors, the receptor-activated Smads (R-Smads)
[4,21,22], or by transducing Smad-independent pathways [23–25]. Al-
though both Smad2 and Smad3 are activated in fibroblasts infiltrat-
ing infarcted and remodeling hearts, cell-specific loss-of-function studies
suggested that Smad3 signaling plays a more important role in fibroblast
activation in models of myocardial infarction and left ventricular pres-
sure overload [4,21,26,27]. In contrast, myofibroblast-specific Smad2
loss had only transient effects on the reparative and fibrotic response to
myocardial infarction [26].

Considering the evidence suggesting involvement of fibroblasts in
cardiac repair and remodeling [9,28], the focus on the role of fibrob-
lasts in myocardial injury models is well-justified. However, cardiac fi-
broblasts may also be implicated in myocardial homeostasis, preserv-
ing structural integrity, facilitating impulse conduction, and support-
ing cardiomyocyte and microvascular function. The cardiac intersti
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tial ECM, produced and maintained predominantly by fibroblast-like
cells, provides essential structural support to the myocardium, preserv-
ing the mechanical properties of the ventricle. Moreover, the interstitial
ECM proteins may transduce key signals to cardiomyocytes, promoting
survival and supporting contractile function. Thus, baseline activity of
cardiac fibroblasts may be important in cardiac homeostasis.

We hypothesized that fibroblast-specific Smad2 and/or Smad3 sig-
naling may be important in regulation of baseline fibroblast function in
adult mouse hearts. In order to test this hypothesis, we generated mice
with inducible Smad2 and Smad3 disruption in quiescent collagen-ex-
pressing fibroblasts, and we performed in vitro experiments investigat-
ing the effects of Smad2/Smad3 loss on baseline ECM gene expression
in cultured cardiac fibroblasts.

2. Materials and methods

2.1. Smad2 and Smad3 knockdown experiments in cultured cardiac
fibroblasts

In order to examine the effects of Smad2 and Smad3 knockdown
on cardiac fibroblast gene expression, fibroblasts were isolated and cul-
tured from normal mouse (C57/BL6J) hearts as previously described
[20,29]. Freshly dissected whole mouse hearts were minced and incu-
bated in Liberase TM (Roche, 5401119001) supplemented with RNase
I (Invitrogen™, AM2294) at recommended concentration for 30 min
at 37 °C. Tissues were disrupted by pipetting up and down with a
1000 μL tip. Cell suspensions were seeded in culture dishes (Corning,
Cat#: 353003, Falcon® 100 mm × 15 mm) with DMEM/F12 (Gibco™,
11320082) plus 10% FBS (Gibco™, 10100147), without antibiotic-an-
timycotic added. After 48 h incubation at 37 °C in 5% carbon dioxide,
the medium and nonadherent cells were aspirated and fresh medium
was added instead. Cells were ready to passage after another 48 h in-
cubation, when they grew to 80%–90% confluence. Mouse cardiac fi-
broblasts at passage 1 were seeded at 80% confluence (100 mm dishes)
in DMEM/F12+10% FBS and were either transfected with 50 nM
ON-TARGET plus mouse Smad2 siRNA, Smad3 siRNA, Smad2
siRNA+Smad3 siRNA, or transfected with a non-silencing control siRNA
(Dharmacon) using Lipofectamine® 3000 Reagent (ThermoFisher Sci-
entific). The ON-TARGET modification is shown to dramatically de-
crease the off-target effects of the siRNA [30]. Fibroblasts cultured in
plates were transfected with Smad2, Smad3, Smad2 + Smad3, or con-
trol scrambled siRNA for 72 h in DMEM/F12 with 10% FBS. Afterwards,
cells were rinsed twice with DPBS, and then 1 mL Trizol solution was
added in each dish for cell lysis and RNA extraction. Extracted RNA was
used for PCR array analysis (n = 4/group).

2.2. Generation of conditional fibroblast-specific Smad2 and Smad3 KO
mice

All animal studies were approved by the Institutional Animal Care
and Use Committee at Albert Einstein College of Medicine. All ani-
mals were housed in the Albert Einstein College of Medicine animal
institute (Ullman Building), a disease-free rodent facility. Animal care
was in strict accordance with AAALAC and NIH guidelines. In order
to study the role of fibroblast-specific Smad2 and Smad3 in home-
ostasis, Col1α2-CreERT mice (purchased from The Jackson Laboratory,
Stock No: 029235) were bred with Smad2 fl/fl mice (purchased from
The Jackson Laboratory, Stock No: 022074) or Smad3 fl/fl mice (from
our colony) [4] to generate Col1α2-Cre;Smad2 fl/fl animals,
Col1α2-Cre;Smad3 fl/fl animals and corresponding Smad2 fl/fl, Smad3
fl/fl controls. The Col1α2-CreERT line has been previously demonstrated
to selectively target cardiac fibroblasts [31–33]. Tamoxifen (Sigma,
T5648) was dissolved in 5% ethanol and 95% corn oil to make a
20 mg/mL stock solution. Tamoxifen was administered intraperi

toneally every 24 h for 5 consecutive days (75 mg/kg/day) to gener-
ate mice with inducible Smad2 loss (FS2KO, Col1α2-Cre; Smad2 fl/fl
animals treated with tamoxifen), animals with inducible Smad3 loss
(FS3KO, Col1α2-Cre; Smad3 fl/fl animals treated with tamoxifen), and
corresponding tamoxifen-treated Smad2 fl/fl and Smad3 fl/fl controls.
Mice were 4 weeks old during initiation of tamoxifen treatment and
were followed up for 8 weeks. Both male (M) and female (F) mice were
studied. A total of 27 Smad2 fl/fl (M, n = 13, F, n = 14), 25 FS2KO
(M, n = 12, F, n = 13), 20 Smad3 fl/fl (M, n = 11, F, n = 9), and 21
FS3KO mice (M, n = 11, F, n = 10) were studied.

2.3. Isolation and culture of cardiac fibroblasts from FS2KO, FS3KO and
control mice, protein extraction and western blotting

In order to confirm loss of Smad2 and Smad3 in cardiac fibroblasts,
cells were isolated from Smad2 fl/fl, FS2KO, Smad3 fl/fl, and FS3KO
mice at 4 weeks after tamoxifen injection and cultured in DMEM/F12
(Gibco™, 11320082) with 10% FBS (Gibco™, 10100147) as described
above. Briefly, medium was changed every 48 h and experiments were
performed on fibroblasts at passage 1, when cells grew to 80%–90% con-
fluence (100 mm dish). Protein was extracted from cardiac fibroblasts as
previously described [34]. Western blotting was performed using anti-
bodies to Smad2 (Cell Signaling Technology, 5339), Smad3 (Cell Signal-
ing Technology, 9523), and GAPDH (Santa Cruz, 25778). The gels were
imaged by ChemiDoc™ MP System (Bio Rad) and analyzed by Image
Lab 3.0 software (Bio Rad).

2.4. Echocardiography

Echocardiographic studies were performed in FS2KO, FS3KO and
corresponding Smad2 fl/fl and Smad3 fl/fl control animals at baseline,
and 4 weeks and 8 weeks after tamoxifen administration, using the Vevo
2100 system (VisualSonics. Toronto ON), as previously described [35].
Parasternal long-axis (PSLAX) M-mode was used for measurement of sys-
tolic and diastolic ventricular and wall diameters. PSLAX IVS tool was
used to measure the end-diastolic thickness of the left ventricular an-
terior wall (LVAWd), and the end-diastolic thickness of the left ven-
tricular posterior wall (LVPWd), The left ventricular end-diastolic vol-
ume (LVEDV) and the left ventricular end-systolic volume (LVESV) were
measured as indicators of dilative remodeling. The left ventricular ejec-
tion fraction (LVEF = [(LVEDV-LVESV) / LVEDV] × 100%) was mea-
sured for assessment of systolic ventricular function. Dimensions of the
ascending aorta were measured using PSLAX-B mode images. Electro-
cardiography was used to calculate heart rate from >10 cardiac cycles.
For assessment of diastolic function, we performed Doppler echocar-
diography and tissue Doppler imaging (TDI), as previously described
[36]. Transmitral LV inflow velocities were measured by pulsed-wave
Doppler. Peak early E wave (E) and late A wave (A) filling velocities
were measured. TDI was obtained by placing a 1.0-mm sample volume
at the medial annulus of the mitral valve. Analysis was performed for
the early (e′) and late (a′) diastolic velocity. The mitral inflow E veloc-
ity-to-tissue Doppler e′ wave velocity ratio (E/e′) was calculated to as-
sess diastolic function. All Doppler spectra were recorded for 3–5 car-
diac cycles at a sweep speed of 100 mm/s. The echocardiographic offline
analysis was performed by a sonographer blinded to the study groups.

2.5. Assessment of Smad2 and Smad3 expression and phosphorylation in
normal mouse tissues and in cultured cardiac fibroblasts

In order to assess baseline expression and phosphorylation levels
of Smad2 and Smad3, organs (heart, lung, spleen, liver, kidney, skin,
pancreas and thymus) were harvested from 8 week-old WT C57Bl6J
mice. Protein was extracted as previously described [34]. Halt™ Phos
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phatase Inhibitor Cocktail (Thermo Scientific™, 78420) was used to pre-
serve the phosphorylation state of proteins during and after tissue ly-
sis or protein extraction. Fibroblasts isolated from WT C57/BL6J and
Smad3 KO mouse hearts [19] were cultured in 100 mm dishes with
DMEM/F12 plus 10% FBS. When cells at passage 1 grew to 80%–90%
confluence, medium was changed to DMEM/F12 without serum
overnight. TGF-β1 (10 ng/mL, 30 min) was added as positive control for
phosphorylation of Smad2 and Smad3. Western blotting was performed
using antibodies to p-Smad2 (Cell Signaling Technology, 3108), Smad2
(Cell Signaling Technology, 5339), pSmad3 (Cell Signaling Technology,
9520), Smad3 (Cell Signaling Technology, 9523), and GAPDH (Santa
Cruz, 25778).

2.6. Histology and machine learning-based quantitative analysis of
myocardial collagen content

For histopathological analysis murine tissues were fixed in zinc-for-
malin (Z-fix; Anatech, Battle Creek, MI), and embedded in paraffin. In
order to assess collagen content, sections were stained with picrosir-
ius red to label the collagen fibers. Picrosirius red-stained slides were
scanned using the bright field settings of Zen 2.6 Pro software and the
Zeiss Imager M2 microscope (Carl Zeiss Microscopy, New York NY). Us-
ing default algorithms of the Intellesis Trainable Segmentation module
of Zen 2.6 Pro software (Carl Zeiss Microscopy, New York NY), a model
was trained on multiple fields of different regions of the baseline my-
ocardium to segment SR stained collagen fibers. Red fibrillar staining
representing interstitial and perivascular collagen was considered the
object of interest, while the rest of myocardium was considered as back-
ground. Automatic analysis of 10 fields from 3 different sections from
each mouse heart was performed using the trained model. Collagen con-
tent was expressed as the percentage of the picrosirius red-stained area
to the total myocardial area.

2.7. RNA extraction, qPCR and qPCR array analysis

TRIzol (Invitrogen™) based method was used to extract total RNA
from cultured fibroblasts at passage 1 according to the manufacturer's
instructions. RNA concentration was measured by a spectrophometer at
260 nm and 280 nm. For each reverse transcription reaction, 1 μg of
total RNA was converted to cDNA using iScript ™ cDNA synthesis kit
(Bio-Rad, 1708890). Quantitative PCR (qPCR) was performed using Sso-
Fast EvaGreen Supermix reagent (Bio-Rad) on the CFX384™ Real-Time
PCR Detection System (Bio-Rad) and the thermal cycler apparatus from
Bio-Rad follow the manufacturer's recommendations: enzyme was acti-
vated at 95 °C for 30 s, followed by 40 cycles of 5 s at 95 °C, 5 s at 60 °C.
In order to confirm loss of Smad3 and Smad2 in vivo, qPCR was per-
formed with the following primer pairs: GAPDH forward 5′-AGGTCGGT-
GTGAACGGATTTG-3′, GAPDH reverse 5′-TGTAGACCATGTAGTTGAG-
GTCA-3′, Smad2 forward 5′-ATCTTGCCATTCACTCCGCC-3′, Smad2 re-
verse 5′-TCTGAGTGGTGATGGCTTTCTC -3′, Smad3 forward
5′-CACGCAGAACGTGAACACC-3′, and Smad3 reverse 5′-GGCAGTA-
GATAACGTGAGGGA-3′, The housekeeping gene GAPDH was used as in-
ternal control. The qPCR procedure was repeated three times in indepen-
dent runs; gene expression levels were calculated using the ΔCT method.

In order to assess gene expression of extracellular matrix-related
genes in cultured fibroblasts following Smad2 or Smad3 knockdown,
we used the RT2 Profiler™ PCR Array Mouse Extracellular Matrix &
Adhesion Molecules (QIAGEN, PAMM-013ZE) according to manufac-
turer's protocol. RNA extraction was performed using Trizol. A total
of 400 ng RNA was reverse-transcribed into cDNA using the RT2 first
strand kit. The same thermal profile conditions were used for all primers
sets: 95 °C for 10 min, 40 cycles at 95 °C for 15 s followed at 60 °C
for 1 min. The data obtained were exported to SABiosciences

PCR array web-based template where it was analyzed using the ΔCT
method.

2.8. Statistical analysis

For comparisons of two groups unpaired, 2-tailed Student's t-test us-
ing (when appropriate) Welch's correction for unequal variances was
performed. The Shapiro-Wilk test was used to assess normality of the
distributions. The Mann-Whitney test was used for comparisons between
2 groups that did not show Gaussian distribution. For comparisons of
multiple groups, 1-way ANOVA was performed followed by Tukey's mul-
tiple comparison test. For comparisons of several groups with control
Dunnett's test was used. The Kruskall-Wallis test, followed by Dunn's
multiple comparison post-test was used when one or more groups did
not show Gaussian distribution.

3. Results

3.1. Constitutive expression of Smad2 and Smad3 in normal mouse tissues
and in cultured cardiac fibroblasts

We used western blotting to study the expression of Smad2 and
Smad3 in normal mouse tissues and in cultured cardiac fibroblasts.
All tissues studied showed significant constitutive expression of Smad2
(Fig. 1A). The thymus, pancreas, skin, spleen and lung had the high-
est levels of Smad2 expression (Fig. 1A, C). Constitutive expression of
p-Smad2 was low in all organs studied. The skin, lung and heart exhib-
ited identifiable bands of p–Smad2 (Fig. 1A). Smad3 was also ubiqui-
tously expressed in mouse tissues (Fig. 1B, D). The liver, kidney and
heart had the highest levels of Smad3 expression (Fig. 1B, D). Constitu-
tive p-Smad3 expression was low in all organs studied. Cultured cardiac
fibroblasts had high levels of baseline Smad2 and Smad3 expression, but
low levels of Smad2 and Smad3 phosphorylation (Fig. 1A–B). As ex-
pected, TGF-β1 stimulation triggered Smad2 and Smad3 phosphoryla-
tion in cardiac fibroblasts. Specificity of the antibodies was confirmed
using Smad3 KO cells (Fig. 1A–B).

3.2. Smad3 mediates collagen I transcription, whereas Smad2 stimulates
collagen V synthesis in cultured cardiac fibroblasts

qPCR demonstrated that Smad2 siRNA KD (for 72 h) in cultured
serum-stimulated cardiac fibroblasts specifically reduced Smad2 levels
without affecting Smad3 expression (Fig. 2A). A PCR array was used
to examine the effects of Smad2 and Smad3 KD on matrix gene synthe-
sis (Table 1). Smad3 KD markedly attenuated Smad3 synthesis without
affecting Smad2 levels (Fig. 2B). Combined Smad2 and Smad3 knock-
down markedly reduced levels of both Smad2 and Smad3 (Fig. 2A–B).
Smad3, but not Smad2 KD significantly attenuated collagen I a1 expres-
sion (Fig. 2C) mRNA expression. Neither Smad2 nor Smad3 KD signif-
icantly affected transcription of collagen II a1 and collagen III a1 (Fig.
2D–E). Combined Smad2 and Smad3 KD attenuated synthesis of colla-
gen I a1 and collagen II a1, but did not affect collagen III a1 levels (Fig.
2C–E). Smad2, but not Smad3 KD significantly reduced collagen V a1
expression (Fig. 2F), whereas collagen VI levels were not affected by
Smad2, Smad3 or combined Smad2 and Smad3 KD (Fig. 2G).

3.3. Smad3, but not Smad2 mediates collagen IV a1 mRNA synthesis in
cardiac fibroblasts

Next, we examined the effects of Smad2 and Smad3 on expression
of basement membrane genes by cardiac fibroblasts. Smad3 KD, but not
Smad2 KD attenuated collagen IV a1 synthesis; however, effects on col-
lagen IV a2 and collagen IV a3 gene expression did not reach statistical
significance (Fig. 3A–C).
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Fig. 1. Constitutive expression of Smad2 and Smad3 in mouse tissues and in cultured cardiac fibroblasts. All mouse tissues had significant constitutive expression of Smad2 (A). The
thymus (Th), pancreas (P), skin (Sk), spleen (Sp) and lung (Lu) had the highest levels of Smad2 expression (A, C). Constitutive expression of p-Smad2 was low in all organs studied (A).
The skin (Sk), lung (Lu) and heart (H) had identifiable bands of p–Smad2 (A). Smad3 was also ubiquitously expressed in mouse tissues (B, D). The liver (Li), kidney (Ki) and heart (H) had
the highest levels of Smad3 expression (B, D). Constitutive p-Smad3 expression was low in all organs studied. Relative expression of Smad2 (C) and Smad3 (D) was normalized to the total
amount of protein, due to marked differences in baseline expression of the housekeeping protein GAPDH between tissues. Cultured cardiac fibroblasts (WT F) had high levels of baseline
Smad2 and Smad3 expression, but low levels of Smad2 and Smad3 phosphorylation (A–B). TGF-β1 stimulation (TGF) triggered Smad2 and Smad3 phosphorylation in cardiac fibroblasts.
Specificity of the antibodies was confirmed using Smad3 KO cells (S3KO F) (A–B). n = 4.

3.4. Smad2 restrains laminin α2 chain mRNA synthesis

Smad3 KD had no significant effects on laminin α1, α2 and β2 expres-
sion (Fig. 3D–F). In contrast, Smad2 KD significantly increased laminin
α2 transcription (Fig. 3E) without affecting laminin α1 and β2 levels
(Fig. 3D, F).

3.5. Role of Smad2 and Smad3 in expression of specialized matrix proteins
by cultured cardiac fibroblasts

Next, we examined the role of Smad2 and Smad3 in expression
of fibronectin and matricellular genes by cardiac fibroblasts. Smad2,
Smad3 and combined Smad2/Smad3 KD attenuated expression of fi-
bronectin in cardiac fibroblasts (Fig. 4A), suggesting that both Smad2
and Smad3 are involved in mediating fibronectin transcription in car
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Fig. 2. Effects of Smad2 and Smad3 on baseline collagen gene transcription in cardiac fibroblasts. The effectiveness and specificity of Smad2 and Smad3 KD was demonstrated using qPCR
(A–B). Full PCR array data on the effects of Smad2 and Smad3 KD on ECM and adhesion molecules gene synthesis are provided in Table 1. Smad3, but not Smad2 KD significantly
attenuated collagen I a1 mRNA expression (C). Neither Smad2 nor Smad3 KD affected transcription of collagen II a1 and collagen III a1 (D–E). Combined Smad2 and Smad3 KD attenuated
synthesis of collagen I a1 and collagen II a1, but did not affect collagen III a1 levels (C-E). Smad2, but not Smad3 KD significantly reduced collagen V a1 expression (F), whereas collagen
VI levels were not affected by Smad2, Smad3 or combined Smad2 and Smad3 KD (G). (⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001, ⁎⁎⁎⁎p < 0.0001 vs control (C), n = 4/group, ANOVA followed
by Dunnett's multiple comparisons test).

diac fibroblasts. In contrast, Smad2 and Smad3 had distinct effects on
synthesis of matricellular genes. Tenascin-C expression was significantly
reduced in Smad2 and Smad2/Smad3 KD cells, but not in Smad3 KD fi-
broblasts (Fig. 4B). Effects of Smad2 and Smad3 KD on SPARC expres-
sion were not statistically significant (Fig. 4C). Smad3 KD significantly
increased osteopontin/Spp1 mRNA expression (Fig. 4D). Smad2KD and
combined Smad2/Smad3 KD, but not Smad3 KD attenuated expression
of periostin (Fig. 4E). Versican expression was attenuated in Smad2, but
not in Smad3 KD cells (Fig. 4F). Thrombospondin (TSP)-1/Thbs1 was
the highest expressed TSP in cultured cardiac fibroblasts. Smad3 KD and
combined Smad2/Smad3 KD, but not Smad2 KD significantly reduced
TSP-1 synthesis (Fig. 4G). In contrast, effects of Smad2 and Smad3 KD
on TSP-2/Thbs2 expression did not reach statistical significance (Fig.
4H). Low levels of TSP-3/Thbs3 expression were noted in cardiac fibrob-
lasts; Smad2 KD, but not Smad3 KD increased TSP-3 expression levels
(Fig. 4I).

3.6. Effects of Smad2 and Smad3 on fibroblast expression of proteases

Cardiac fibroblasts expressed high levels of several proteases, in-
cluding members of the ADAMTS (a disintegrin and metallopro

teinase with thrombospondin motifs) and matrix metalloproteinase
(MMP) families. Smad3 loss significantly reduced baseline mRNA ex-
pression of ADAMTS1 and ADAMTS5. In contrast, Smad2 KD did not
affect ADAMTS1 levels, but significantly increased ADAMTS5 expres-
sion (Fig. 5A–B). Smad2 and Smad3 had distinct effects in regulation of
MMP and TIMP mRNA synthesis. Smad2 KD increased MMP1a, MMP2
and MMP14 mRNA expression, suggesting that Smad2-mediated actions
restrain MMP synthesis (Fig. 5C–E). In contrast, Smad3 KD had no ef-
fects on MMP1a, but reduced MMP2 expression and increased MMP14
synthesis (Fig. 5C–E). Smad3, but not Smad2 disruption significantly re-
duced TIMP-3 expression (Fig. 5F).

3.7. Effects of Smad2 and Smad3 on fibroblast adhesion molecule
expression

Expression of adhesion molecules by fibroblasts modulates their ma-
trix-synthetic and matrix remodeling properties [37]. Both Smad2 and
Smad3 mediated ICAM-1 synthesis by cardiac fibroblasts. Smad2 KD,
Smad3 KD and cells with combined Smad2 and Smad3 KD had signifi-
cantly attenuated expression of ICAM-1 (Fig. 6A). Fibroblasts also ex-
hibited significant expression of NCAM-1 (Fig. 6B) and VCAM-1 (
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Table 1
Effects of Smad2, Smad3 and combined Smad2/Smad3 loss on extracellular matrix gene synthesis by cardiac fibroblasts.

Gene name
Gene
symbol Smad2 KD Smad3 KD

Smad2 + Smad3
KD

Fold p-Value Fold p-Value Fold p-Value

A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1motif,
1

Adamts1 1.20 0.1026 0.57 0.0004 † 1.07 0.9612

A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1motif,
2

Adamts2 1.00 >0.9999 0.79 0.4414 0.95 0.9259

A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1motif,
5

Adamts5 1.79 0.0011 † 0.46 0.0172 † 1.21 0.5691

A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1motif,
8

Adamts8 0.71 0.3369 1.99 0.0009 † 0.91 0.9268

CD44 antigen Cd44 0.85 0.0811 0.57 0.0006 † 0.64 0.002 †

Cadherin 1 Cdh1 ND – ND – ND –
Cadherin 2 Cdh2 0.78 0.0617 0.77 0.0421 † 0.83 0.1401
Cadherin 3 Cdh3 0.44 0.0342 † 1.40 0.2144 0.62 0.0955
Cadherin 4 Cdh4 ND – ND – ND –
Contactin 1 Cntn1 0.82 0.9399 0.63 0.8804 1.31 0.9942
Collagen type I, alpha1 Col1a1 0.86 0.2259 0.75 0.034 † 0.58 0.001 †

Collagen type II, alpha1 Col2a1 0.53 0.1216 0.42 0.0645 0.34 0.028 †

Collagen type III, alpha1 Col3a1 1.02 >0.9999 0.76 0.4218 0.99 0.99
Collagen type IV, alpha1 Col4a1 0.89 0.2537 0.57 0.0001 † 0.79 0.0168 †

Collagen type IV, alpha2 Col4a2 0.97 0.8428 0.86 0.2308 0.85 0.0984
Collagen type IV, alpha3 Col4a3 1.23 0.9918 0.66 0.5862 0.81 0.7044
Collagen type V, alpha1 Col5a1 0.59 0.0003 † 0.83 0.1002 0.53 <0.0001 †

Collagen type VI, alpha1 Col6a1 0.93 0.9558 0.73 0.3592 0.98 0.9818
Connective tissue growth factor Ctgf 0.96 0.9705 0.73 0.1052 0.58 0.0115 †

Catenin (Cadherin associated protein), alpha1 Ctnna1 0.96 0.8678 0.90 0.3221 1.00 0.9981
Catenin (Cadherin associated protein), alpha2 Ctnna2 1.19 0.9997 0.58 0.3288 1.03 0.8801
Catenin (Cadherin associated protein), beta1 Ctnnb1 1.00 >0.9999 0.95 0.8839 1.20 0.0875
Extracellular matrix protein 1 Ecm1 0.92 0.6037 1.20 0.0914 1.26 0.0351 †

Elastin microfibril interfacer 1 Emilin1 1.13 0.8245 0.75 0.2225 0.86 0.4733
Ectonucleoside triphosphate diphosphohydrolase 1 Entpd1 0.88 0.7972 0.66 0.1511 0.90 0.9441
Fibulin 1 Fbln1 0.63 0.2275 0.93 0.9068 0.90 0.8722
Fibronectin 1 Fn1 0.71 0.0011 † 0.76 0.0061 † 0.63 0.0002 †

Hyaluronan and proteoglycan link protein 1 Hapln1 4.11 0.0337 † 3.29 0.4624 1.20 >0.9999
Hemolytic complement Hc 1.32 0.7713 1.30 0.79 0.81 0.8101
Intercellular adhesion molecule 1 Icam1 0.66 0.0003 † 0.81 0.0217 † 0.71 0.0011 †

Integrin alpha2 Itga2 0.72 0.1937 0.63 0.0375 † 0.77 0.2425
Integrin alpha3 Itga3 1.23 0.5389 1.27 0.419 1.07 0.9919
Integrin alpha4 Itga4 0.85 0.0618 0.54 <0.0001 † 0.59 <0.0001 †

Integrin alpha5 Itga5 0.84 0.1638 1.07 0.689 0.90 0.5138
Integrin alpha1, epithelial-associated Itgae ND – ND – ND –
Integrin alpha L Itgal 2.13 0.0003 † 0.39 0.0185 † 0.95 0.977
Integrin alpha M Itgam 1.27 0.4943 1.33 0.3749 1.18 0.7086
Integrin alpha V Itgav 0.86 0.1827 1.03 0.964 0.95 0.8274
Integrin alpha X Igtax 1.42 0.278 1.30 0.5194 1.30 0.4876
Integrin beta1 Itgb1 0.69 <0.0001 † 0.96 0.7791 0.78 0.0017 †

Integrin beta2 Itgb2 1.45 0.1434 1.06 0.983 1.12 0.8774
Integrin beta3 Itgb3 0.75 0.2061 0.92 0.7783 0.85 0.3933
Integrin beta4 Itgb4 0.88 0.3398 0.93 0.553 0.92 0.4494
Laminin,alpha1 Lama1 0.69 0.9534 0.94 >0.9999 0.59 0.6767
Laminin,alpha2 Lama2 1.91 0.003 † 1.11 0.9619 1.36 0.2962
Laminin,alpha3 Lama3 0.86 0.7634 0.37 0.2565 0.78 0.6245
Laminin, beta2 Lamb2 1.36 0.2233 1.13 0.8831 1.46 0.1447
Laminin, beta3 Lamb3 0.94 >0.9999 0.55 0.4203 0.65 0.5299
Laminin, gama1 Lamc1 1.14 0.1251 1.06 0.6642 0.96 0.8442
Matrix metallopeptidase 10 Mmp10 0.77 0.3023 1.21 0.9662 0.57 0.0399 †

Matrix metallopeptidase 11 Mmp11 1.34 0.1113 1.42 0.0496 † 1.46 0.0414 †

Matrix metallopeptidase 12 Mmp12 1.37 0.8689 1.90 0.2164 1.60 0.4346
Matrix metallopeptidase 13 Mmp13 1.56 0.0317 † 0.54 0.0739 0.99 >0.9999
Matrix metallopeptidase 14 Mmp14 1.27 0.0205 † 1.31 0.0108 † 1.44 0.001 †

Matrix metallopeptidase 15 Mmp15 0.51 0.0092 † 1.03 0.9927 0.72 0.1573
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Table 1 (Continued)

Gene name
Gene
symbol Smad2 KD Smad3 KD

Smad2 + Smad3
KD

Fold p-Value Fold p-Value Fold p-Value

Matrix metallopeptidase I, alpha Mmp1a 2.23 <0.0001 † 0.88 0.7969 1.94 0.0004 †

Matrix metallopeptidase 2 Mmp2 1.42 0.0098 † 0.65 0.0085 † 0.96 0.7422
Matrix metallopeptidase 3 Mmp3 1.52 0.5465 1.08 0.9911 2.01 0.1364
Matrix metallopeptidase 7 Mmp7 ND – ND – ND –
Matrix metallopeptidase 8 Mmp8 1.90 0.1009 1.26 0.9574 1.13 0.9999
Matrix metallopeptidase 9 Mmp9 1.91 0.1663 1.52 0.3911 1.24 0.9028
Neural cell adhesion molecule 1 Ncam1 0.56 0.0071 † 0.85 0.4708 0.33 0.0003 †

Neural cell adhesion molecule 2 Ncam2 ND – ND – ND –
Platelet/endothelial cell adhesion molecule 1 Pecam1 1.01 0.9991 1.11 0.6413 1.20 0.1953
Periostin, osteoblast specific factor Postn 0.62 0.0017 † 0.86 0.2503 0.38 <0.0001 †

Selectin, endothelial cell Sele 0.83 0.6299 1.22 0.5334 1.71 0.0076 †

Selectin, lymphocyte Sell ND – ND – ND –
Selectin, platelet Selp 0.99 0.9978 0.69 0.0193 † 1.02 >0.9999
Sarcoglycan, epsilon Sgce 1.57 0.0127 † 0.98 0.9993 1.27 0.357
Secreted acidic cysteine rich glycoprotein Sparc 1.19 0.1279 0.92 0.6975 1.05 0.9429
Sparc/osteonectin, cwcv and kazal-like domains proteoglycan 1 Spock1 ND – ND – ND –
Secreted phosphoprotein 1 Spp1 1.59 0.6204 2.31 0.028 † 1.39 0.7043
synaptotagmin 1 Syt1 1.72 0.8436 1.12 0.9061 0.92 0.9725
Transforming growth factor, beta induced Tgfbi 0.68 0.0226 † 1.27 0.0538 † 0.72 0.0414 †

Thrombospondin 1 Thbs1 0.90 0.4343 0.76 0.0224 † 0.70 0.0045 †

Thrombospondin 2 Thbs2 0.52 0.0658 0.89 0.8188 0.56 0.0745
Thrombospondin 3 Thbs3 1.66 0.0525 † 1.30 0.8955 0.97 >0.9999
Tissue inhibitor of metalloproteinase 1 Timp1 1.10 0.8511 0.81 0.5181 0.99 >0.9999
Tissue inhibitor of metalloproteinase 2 Timp2 1.12 0.7962 1.51 0.0167 † 1.59 0.0067 †

Tissue inhibitor of metalloproteinase 3 Timp3 0.77 0.3058 0.43 0.0078 † 0.30 0.0016 †

Tenascin C Tnc 0.64 0.0067 † 0.80 0.1059 0.72 0.0196 †

Vascular cell adhesion molecule 1 Vcam1 1.87 0.0008 † 1.00 0.9944 1.62 0.0221 †

Versican Vcan 0.61 0.0092 † 1.06 0.9172 0.84 0.3146
Vitronectin Vtn ND – ND – ND –

ND-not detected.
† P value <0.05.

Fig. 6C). Smad2 KD, but not Smad3 KD reduced NCAM-1 mRNA ex-
pression. In contrast, Smad2 KD increased VCAM-1 mRNA levels, sug-
gesting that Smad2 signaling may restrain VCAM-1 synthesis. CD44 has
been critically implicated in fibroblast activation [38], serving as a lig-
and for hyaluronan [39] and osteopontin [40], and accentuating TGF-β
signaling. Smad3 KD, but not Smad2 KD significantly attenuated CD44
expression in cardiac fibroblasts (Fig. 6D).

3.8. Effects of Smad2 and Smad3 on Ecm1 and emilin1 expression

The extracellular matrix protein ECM1 is upregulated in aging hearts
and has been suggested to act as a fibroblast activator [41]. Cardiac
fibroblasts synthesized significant amounts of ECM-1 mRNA. Neither
Smad2 nor Smad3 KD had significant effects on ECM1 expression; how-
ever, combined KD of Smad2 and Smad3 increased ECM1 mRNA lev-
els (Fig. 6E). Emilin-1 is a member of the emilin family of extracellular
matrix proteins, involved in elastogenesis and in regulation of fibrob-
last proliferation. Cardiac fibroblasts expressed significant amounts of
EMILIN-1; however, Smad2 and Smad3 KD did not affect EMILIN-1 ex-
pression (Fig. 6F).

3.9. Generation of mice with fibroblast-specific Smad2 and Smad3 loss

Our in vitro studies suggested an important role of Smad2 and
Smad3 in regulating matrix gene transcription in cardiac fibroblasts
cultured in serum. In order to test the in vivo role of Smad2 and
Smad3 in regulating structure and function of the adult heart, we gen-
erated mice with inducible fibroblast-specific loss of Smad2 and

Smad3 (FS2KO and FS3KO mice respectively) using the Col1α2-CreERT
driver. In order to document cell-specific loss of Smad2 and Smad3, car-
diac fibroblasts were harvested from the hearts of FS2KO, Smad2 fl/fl,
FS3KO and Smad3 fl/fl mice, 4 weeks after tamoxifen injection. Subse-
quently, hearts were digested with Liberase and cell suspensions were
seeded in dishes with DMEM/F12 plus 10% FBS. Medium was changed
every 48 h until fibroblasts grew to 80%–90% confluence. Documenta-
tion of Smad2 and Smad3 loss were performed on cells at passage 1.
FS2KO cardiac fibroblasts had a significant 50% reduction in Smad2
mRNA and protein expression, when compared with cardiac fibroblasts
harvested from Smad2 fl/fl hearts (Fig. 7A–C). In contrast, fibroblasts
from FS3KO and Smad3 fl/fl mice had comparable Smad2 expression
levels (Fig. 7A, D–E). FS3KO mice had a statistically significant 60%
reduction in Smad3 mRNA and protein levels (Fig. 7F, I–J). Smad3 ex-
pression was comparable between FS2KO and Smad2 fl/fl cardiac fi-
broblasts (Fig. 7F, G–H).

3.10. FS2KO mice have normal baseline cardiac geometry, and preserved
systolic and diastolic function

In order to examine whether fibroblast-specific Smad2 disruption af-
fects baseline cardiac geometry and function, we performed echocar-
diographic analysis in FS2KO and Smad2 fl/fl mice at baseline and
4–8 weeks after tamoxifen injection. Male and female FS2KO mice had
comparable left ventricular ejection fraction, LVEDV and LVESV with
corresponding Smad2 fl/fl controls (Fig. 8A–F). End-diastolic left ven-
tricular anterior wall thickness was comparable between groups in both
male and female mice (Fig. 8G–H). Female FS2KO mice had a mod
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Fig. 3. Effects of Smad2 and Smad3 KD on fibroblast expression of basement membrane genes. Smad3 KD, but not Smad2 KD attenuated collagen IV a1 synthesis (A); however, effects
on collagen IV a2 and collagen IV a3 gene expression did not reach statistical significance (B–C). Smad3 KD had no significant effects on laminin α1, α2 and β2 mRNA expression (D–F).
In contrast, Smad2 KD significantly increased laminin α2 transcription (E) without affecting laminin α1 and β2 levels (D, F). (⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001 vs control (C), n = 4/
group, ANOVA followed by Dunnett's multiple comparisons test).

est but statistically significant reduction in left ventricular posterior
wall thickness (⁎p < 0.05), when compared with age- and sex-matched
Smad2 fl/fl controls (Fig. 8J). Dimensions of the ascending aorta were
comparable between groups (Fig. 8K–L). No significant differences in
heart rate were noted (Fig. 8M–N). Tissue Doppler imaging showed that
FS2KO mice and corresponding Smad2 fl/fl controls had comparable E/
E' ratio, suggesting that Smad2 loss in cardiac fibroblasts does not sig-
nificantly affect baseline diastolic function (Fig. 8O–P).

3.11. FS3KO mice have normal left ventricular geometry and preserved
systolic and diastolic function

In order to examine the effects of fibroblast-specific Smad3 dis-
ruption on cardiac geometry and function, we compared echocardio-
graphic endpoints between FS3KO and Smad3 fl/fl mice at baseline
and 4–8 weeks after tamoxifen injection. Male and female FS3KO mice
had comparable left ventricular ejection fraction, LVEDV, LVESV, and
end-diastolic left ventricular anterior and posterior wall thickness with
corresponding Smad3 fl/fl controls (Fig. 9A–J). Dimensions of the as-
cending aorta (Fig. 9K–L) and heart rate (Fig. 9M–N) were also compa-
rable between groups. Tissue Doppler imaging showed that FS3KO mice
and corresponding Smad3 fl/fl controls had comparable E/E′ ratio, sug

gesting that Smad3 loss in cardiac fibroblasts does not significantly af-
fect baseline diastolic function (Fig. 9O–P).

3.12. Fibroblast-specific Smad3, but not Smad2, loss reduces collagen
content in uninjured myocardium

In order to examine the effects of fibroblast-specific Smad2 and
Smad3 on the extracellular matrix network, we stained myocardial sec-
tions with Sirius red to label collagen fibers. 8 weeks after tamoxifen
injection, FS2KO and FS3KO mice appeared to have normal patterns of
endomysial, perimysial and perivascular collagen (Fig. 10A–H). In or-
der to perform unbiased quantitative analysis of collagen content with
validated a machine learning approach using Zen intellesis software
(Fig. 10I–K). Quantitation of collagen content showed that FS2KO and
Smad2 fl/fl controls had comparable myocardial collagen content (Fig.
10L). In contrast, FS3KO mice had a modest, but significant reduction
in myocardial collagen content when compared with Smad3 fl/fl ani-
mals (Fig. 10M), suggesting that Smad3 may play a role in regulation
of tissue collagen content under homeostatic conditions. In order to ex-
amine whether these changes are associated with alterations in fibrob-
last expression of matrix genes, we compared matrix gene expression
between fibroblasts harvested from FS3KO and FS2KO mice and corre
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Fig. 4. Effects of Smad2 and Smad3 on fibroblast expression of fibronectin and matricellular genes. Smad2, Smad3 and combined Smad2/Smad3 KD attenuated expression of fibronectin
mRNA (Fn1) in cardiac fibroblasts (A). Tenascin-C (TnC) expression was significantly reduced in Smad2 and Smad2/Smad3 KD cells, but not in Smad3 KD fibroblasts (B). Effects of Smad2
and Smad3 KD on SPARC expression were not statistically significant (C). Smad3 KD significantly increased osteopontin/Spp1 mRNA expression (D). Smad2KD and combined Smad2/
Smad3 KD, but not Smad3 KD attenuated expression of periostin (Postn, E). Versican (Vcan) expression was attenuated in Smad2, but not in Smad3 KD cells (F). Smad3 KD and combined
Smad2/Smad3 KD, but not Smad2 KD significantly reduced TSP-1 synthesis (G). In contrast, effects of Smad2 and Smad3 KD on TSP-2/Thbs2 expression did not reach statistical signifi-
cance (H). Smad2 KD, but not Smad3 KD increased TSP-3/Thbs3 expression levels (I). (⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001, ⁎⁎⁎⁎p < 0.0001 vs. control (C), n = 4/group, ANOVA followed
by Dunnett's multiple comparisons test).

sponding controls (Fig. 11, Tables 2 and 3). Cardiac fibroblasts from
FS3KO mice had significantly reduced baseline expression of Col2a1
(Fig. 11C), Col4a1 (Fig. 11G), Col4a2 (Fig. 11I), thrombospondin-1
(Fig. 11M) and TIMP3 (Fig. 11O), and trends towards decreased ex-
pression levels of Col1a1, Col3a1 and Col5a1 that did not reach statis-
tical significance (Fig. 11A, E, K). These findings supported the notion
that fibroblast Smad3 plays a role in regulation of baseline matrix syn-
thesis in normal adult hearts. In contrast, fibroblasts from FS2KO only
exhibited a modest but significant reduction in TSP-1 expression levels
(Fig. 11N), without any significant changes in expression levels of any
other matrix genes (Fig. 11). Thus, the findings of the fibroblast-specific
analysis of gene expression were consistent with the histological quan-
tification of collagen, suggesting that Smad3, but not Smad2, may play
a role in regulation of baseline matrix gene expression in adult mice.

4. Discussion

Our study reports for the first time that Smad2 and Smad3 play im-
portant and distinct roles in regulation of baseline ECM gene synthesis
in cultured cardiac fibroblasts. Moreover, in adult mouse hearts fibrob

last-specific Smad3, but not Smad2 is involved in regulation of collagen
content. Although mice with fibroblast-specific Smad3 disruption had
reduced myocardial collagen content and exhibited attenuated expres-
sion of several ECM genes in cardiac fibroblasts, these perturbations had
no short-term consequences on left ventricular function.

4.1. Smad2 and Smad3 signaling activate distinct aspects of the ECM
transcriptome

Both Smad2 and Smad3 have been suggested to transduce criti-
cal TGF-β-induced activating signals in fibroblasts. We have previously
demonstrated that in cultured cardiac fibroblasts, Smad3 signaling stim-
ulates TGF-β-driven fibroblast to myofibroblast conversion [19], and
mediates, at least in part, the matrix-synthetic and matrix-preserving
fibroblast response triggered by TGF-β [19,21]. Pro-fibrotic effects of
Smad3 have also been reported in renal [42], lung [43] and dermal fi-
broblasts [44]. In contrast, the effects of Smad2 on fibroblast pheno-
type have been less consistent. Some studies have reported a role for
Smad2 in mediating TGF-β-driven ECM gene synthesis by renal fibrob-
lasts [45]. Other investigations suggested that Smad2 is not involved
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Fig. 5. Effects of Smad2 and Smad3 on fibroblast expression of ADAMTS and MMP family members. Smad3 KD significantly reduced Adamts1 (A) and Adamts5 (B) mRNA expression levels.
In contrast, Smad2 KD had no effects on Adamts1 expression and accentuated Adamts5 synthesis (A–B). Smad2 KD increased expression of MMP1a (C), and MMP2 (D). In contrast, Smad3
KD had no effects on MMP1a expression, and reduced MMP2 levels (C–D). Smad2 and Smad3 KD significantly increased MMP14 expression (E). TIMP3 levels were markedly reduced
following Smad3 KD (F). (⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001, vs. control (C), n = 4/group, ANOVA followed by Dunnett's multiple comparisons test).

Fig. 6. Effects of Smad2 and Smad3 loss on fibroblast expression of adhesion molecules. Both Smad2 and Smad3 mediated ICAM-1 synthesis by cardiac fibroblasts. Smad2 KD, Smad3
KD and cells with combined Smad2 and Smad3 KD had significantly attenuated expression of ICAM-1 (A). Fibroblasts also exhibited significant expression of NCAM-1 (B) and VCAM-1
(C). Smad2 KD, but not Smad3 KD reduced NCAM-1 mRNA expression. In contrast, Smad2 KD increased VCAM-1 mRNA levels, suggesting that Smad2 signaling may restrain VCAM-1
synthesis. Smad3 KD, but not Smad2 KD significantly attenuated CD44 expression in cardiac fibroblasts (D). Cardiac fibroblasts synthesized significant amounts of ECM-1 mRNA. Neither
Smad2 nor Smad3 KD had significant effects on ECM1 expression; however, combined KD of Smad2 and Smad3 increased ECM1 mRNA levels (E). Cardiac fibroblasts expressed significant
amounts of EMILIN-1; however, Smad2 and Smad3 KD did not affect EMILIN-1 expression (F). (⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001 vs control (C), n = 4/group, ANOVA followed by
Dunnett's multiple comparisons test).

in regulation of ECM gene synthesis by activated myofibroblasts [46],
and have suggested that Smad2 actions may oppose the fibrogenic ef-
fects of Smad3 [47]. Differences in the strategies used to disrupt Smad2
and Smad3, study of distinct fibrosis-associated genes that may be dif-
ferentially regulated by Smad2 and Smad3, and the heterogeneity of fi-
broblasts harvested from various tissues may account for the conflict-
ing findings. Our study suggests that in isolated cardiac fibroblasts cul

tured in the presence of serum, both Smad2 and Smad3 are implicated
in baseline ECM gene expression. Smad2 mediated Col5a1, Lama2, TnC,
Postn and Vcan synthesis, whereas Smad3 stimulated Col1a1, Col4a1
and Thbs1 expression (Figs. 2–4). Fibronectin (Fn1) gene synthesis was
mediated through both Smad2 and Smad3 (Fig. 4A). Our findings do
not support the notion that Smad2 may oppose actions of Smad3 on
ECM gene synthesis. The distinct targets of Smad2 and Smad3 may ex
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Fig. 7. Documentation of fibroblast-specific Smad2 and Smad3 loss in FS2KO and FS3KO animals. FS2KO cardiac fibroblasts had a significant 50% reduction in Smad2 mRNA and protein
expression, when compared with cardiac fibroblasts harvested from Smad2 fl/fl hearts (A–C). In contrast, FS3KO fibroblasts and Smad3 fl/fl fibroblasts had comparable Smad2 expression
levels (A, D–E). FS3KO mice had a statistically significant 60% reduction in Smad3 mRNA and protein levels (F, I–J). Smad3 expression was comparable between FS2KO and Smad2 fl/fl
cardiac fibroblasts (F, G–H) (⁎⁎p < 0.01, ⁎⁎⁎⁎p < 0.0001, n = 4/group, unpaired t-test).

plain conflicting conclusions between various in vitro studies that may
have assessed effects on the fibrogenic profile of fibroblasts on the basis
of expression of selected ECM genes.

4.2. The role of fibroblasts in cardiac homeostasis

In developing hearts, fibroblasts have been suggested to play a role
in formation of myocardial tissue [48,49]. However, whether fibrob-
lasts in adult hearts play an important role in regulation of cardiac struc-
ture and function remains unknown. The adult mammalian heart con-
tains a large population of fibroblasts [1], predominantly derived from
epicardial sources [7,8]. In the adult myocardium, cardiac fibroblasts
may regulate homeostatic function through several different pathways.
First, continuous secretion of ECM proteins by fibroblasts may be impor-
tant in preservation of the matrix network, providing mechanical sup-
port to the myocardium. Second, fibroblasts express gap junction pro-
teins (such as Cx43 and Cx45) [50], and may be involved in regula-
tion of cardiac electrical activity. Third, through their close spatial as-
sociation with cardiomyocytes and vascular cells, fibroblasts may sup-
port cardiomyocyte survival and contractile function, and may control
the density and function of the microvasculature. The signals involved
in baseline regulation of fibroblast function are poorly understood. Fi

broblast-specific loss-of-function approaches suggest that both activat-
ing and inhibitory signals may be involved in regulation of fibrob-
last populations in adult hearts. Platelet-derived growth factor receptor
(PDGFR)-α signaling is critically involved in maintenance of the fibrob-
last population in adult mouse hearts [51]. On the other hand, constitu-
tive activity of the Hippo pathway kinases large tumor suppressor kinase
(LATS)1 and LATS2 promotes fibroblast quiescence in the myocardium
[52], suggesting that maintaining the resting fibroblast state is an active
process.

4.3. Fibroblast-specific Smad3 regulates collagen content in the adult mouse
heart

In vivo, inducible fibroblast-specific disruption of Smad3 signifi-
cantly reduced myocardial collagen content (Fig. 10). In contrast, fi-
broblast-specific Smad2 loss had no significant effects on myocardial
collagen levels. Moreover cardiac fibroblasts harvested from FS3KO
mice exhibited lower levels of expression of several ECM genes (Fig.
11). The effects of Smad3 loss on ECM gene synthesis were less im-
pressive in cells harvested from FS3KO animals (Fig. 11), when com-
pared to the effects of Smad3 siRNA KD (Figs. 2–7). This may be due to
the higher efficiency of siRNA KD, or may reflect compensatory mecha
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Fig. 8. Fibroblast-specific Smad2 loss does not affect baseline cardiac geometry, systolic and diastolic function. Echocardiographic analysis was performed in FS2KO and Smad2 fl/fl mice
at baseline and 4–8 weeks after tamoxifen injection. Male and female FS2KO mice had comparable LVEF, LVEDV and LVESV with corresponding Smad2 fl/fl controls (A–F). End-diastolic
left ventricular anterior wall thickness was comparable between groups in both male and female mice (G-H). Female FS2KO mice had a modest but statistically significant reduction in left
ventricular posterior wall thickness (⁎p < 0.05), when compared with Smad2 fl/fl controls (J). Dimensions of the ascending aorta were comparable between groups (K–L). No significant
differences in heart rate were noted (M–N). Tissue Doppler imaging showed that FS2KO mice and corresponding Smad2 fl/fl controls had comparable E/E′ ratio, suggesting that Smad2 loss
in cardiac fibroblasts does not significantly affect baseline diastolic function (O–P). Sample size: Smad2 fl/fl (males, n = 13; females, n = 14), FS2KO (males, n = 12; females, n = 13).
ANOVA followed by Sidak's multiple comparisons test.

nisms that may preserve ECM synthesis in vivo. Taken together, our
findings suggest that Smad3, but not Smad2 plays a role in maintaining
ECM synthesis in adult hearts.

4.4. Attenuated collagen deposition in FS3KO mice has no short-term impact
on cardiac systolic and diastolic function

Despite the reduction in myocardial collagen content in FS3KO
hearts, fibroblast-specific Smad3 loss had no effects on cardiac systolic
and diastolic function (Fig. 9). Our observations and the recently re-
ported absence of systolic dysfunction in fibroblast-specific PDGFR-α
KO mice (despite a prolonged reduction in fibroblast density) [51] are
consistent with a limited role for baseline fibroblast actions in func-
tion of the adult heart. Moreover, global loss of the transcription fac-
tor scleraxis, an important regulator of fibroblast function had no effects
on echocardiographically-assessed left ventricular function [53,54], de-
spite a marked reduction in fibroblast density and activity [53]. Thus,
low level baseline activity of cardiac fibroblasts may be sufficient to
preserve the structural integrity and function of the adult mammalian
heart. Although this is a plausible interpretation of the data, several
limitations of our study preclude definitive conclusions regarding the
absence of a homeostatic role of fibroblast-specific R-Smads. First, us

ing the Col1a2-CreERT driver, we achieved only 50–60% loss of Smad2
and Smad3 in cardiac fibroblasts. Residual Smad2/3 expression may
be sufficient to support fibroblast function and preserve myocardial
homeostasis. Second, functional and histological analyses were per-
formed 8 weeks after tamoxifen administration for cell-specific Smad2
and Smad3 deletion. The relatively long half-life of many ECM pro-
teins in normal adult hearts [55] may limit the consequences of reduced
ECM gene transcription on cardiac function. Longer intervals of fibrob-
last-specific R-Smad deletion may be associated with significant changes
in ECM structure and cardiac function. Third, we did not examine the
effects of combined fibroblast-specific Smad2 and Smad3 loss in vivo.
Disruption of both pathways may cause more pronounced perturbations
in the ECM network that could be associated with dysfunction. Fourth,
in young animals, a relatively modest attenuation of collagen content
may not significantly affect myocardial mechanisms. However, the ef-
fects of fibroblast-specific Smad3 loss may become functionally signif-
icant in aging hearts, attenuating senescence-associated collagen depo-
sition that may contribute to diastolic dysfunction [56]. Unfortunately,
due to the practical challenges of cell-specific loss-of-function studies in
senescent mice, the hypothesis that disruption of fibroblast activation
may limit aging-associated diastolic dysfunction has not been tested.
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Fig. 9. Fibroblast-specific Smad3 loss does not affect baseline cardiac geometry, systolic and diastolic function. Echocardiographic endpoints were compared between FS3KO and Smad3
fl/fl mice at baseline and 4–8 weeks after tamoxifen injection. Male and female FS3KO mice had comparable LVEF, LVEDV, LVESV, and end-diastolic left ventricular anterior and posterior
wall thickness with corresponding Smad3 fl/fl controls (A–J). Dimensions of the ascending aorta (K–L) and heart rate (M–N) were also comparable between groups. Tissue Doppler imaging
showed that FS3KO mice and corresponding Smad3 fl/fl controls had comparable E/E′ ratio, suggesting that fibroblast-specific Smad3 loss does not significantly affect baseline diastolic
function (O–P). Sample size: Smad3 fl/fl (male, n = 11; female, n = 9), FS3KO mice (male, n = 11; female, n = 10). ANOVA followed by Sidak's multiple comparisons test.

4.5. What is the basis for the contrasting in vivo and in vitro observations?

The impressive effects of Smad2 and Smad3 KD on baseline gene ex-
pression of cultured cardiac fibroblasts seem to contrast the unimpres-
sive in vivo consequences of fibroblast-specific Smad2 and Smad3 loss.
The contrasting findings of in vitro and in vivo experiments reported
in our study reflect, at least in part, the inherent problems in study-
ing resting fibroblasts using in vitro models. Fibroblasts are highly dy-
namic cells; their phenotype is dependent on the culture environment.
When cultured in plates, a significant proportion of cardiac fibroblasts
undergoes myofibroblast conversion, thus exhibiting characteristics of
injury-associated cells [57]. The use of serum during the culture process
may have further accentuated fibroblast activation in our experiments
assessing ECM gene synthesis. Thus, the significant effects of Smad2 and
Smad3 on baseline gene expression in cultured cardiac fibroblasts may
reflect activation responses, rather than a role for R-Smads in fibroblast
homeostasis.

4.6. Conclusions

In recent years, the cardiovascular community has focused on the
role of fibroblasts in pathologic conditions, such as myocardial infarc

tion and heart failure. This is very well-justified, considering the impor-
tant role of fibroblasts in reparative, fibrotic and remodeling responses.
However, the potential role of fibroblasts in cardiac homeostasis has
been neglected. Our findings suggest that fibroblast-specific Smad3 sig-
naling may play a role in regulating collagen content in normal adult
hearts. Although attenuated collagen deposition in FS3KO hearts had no
impact on left ventricular function in young adult mice, chronic modula-
tion of baseline fibroblast activity may have significant effects on age-as-
sociated fibrosis and diastolic dysfunction.
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Fig. 10. Inducible fibroblast-specific Smad3 loss reduces myocardial collagen content. Myocardial sections from Smad2 fl/fl (A, E), FS2KO (B, F), Smad3 fl/fl (C, G) and FS3KO (D, H)
mice were stained with picrosirius red to label interstitial (A-D) and perivascular (E–H) collagen fibers (arrows). Mice were studied 8 weeks after tamoxifen injection, FS2KO and FS3KO
mice appeared to have preserved myocardial structure. Quantitative analysis of collagen content was performed using a machine learning-based system for objective unbiased analysis. I-K:
The artificial intelligence-guided model was tested using 16 different field from 4 mice and showed excellent correlation (r2 = 0.93, p < 0.0001, n = 16) with manual measurements. L:
FS2KO mice and Smad2 fl/fl controls had comparable myocardial collagen content (p = NS, n = 9–21/group, Mann-Whitney test). M: When compared with Smad3 fl/fl animals, FS3KO
mice had a modest, but significant reduction in myocardial collagen content (⁎p < 0.05, n = 8–10/group, Mann-Whitney test). Scalebar = 50 μm.
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Fig. 11. Fibroblasts harvested from FS3KO hearts exhibit attenuated synthesis of ECM genes. When compared with Smad3 fl/fl cardiac fibroblasts, FS3KO fibroblasts had significantly
lower mRNA expression of Col2a1(C), Col4a1 (G), Col4a2 (I), Thrombospondin-1/Thbs1 (M) and TIMP3 (O), and exhibited trends towards reduced expression of Col1a1 (A), Col3a1 (E)
and Col5a1 (K). In contrast, when compared with corresponding Smad2 fl/fl controls, fibroblasts harvested from FS2KO hearts had comparable expression of Col1a1 (B), Col2a1 (D),
Col3a1 (F), Col4a1 (H), Col4a2 (J), Col5a1 (L) and TIMP3 (P). Thbs1 levels were significantly reduced in the absence of Smad2 (N). n = 4/group. Unpaired t-test.
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Table 2
Baseline extracellular matrix gene expression levels in cardiac fibroblasts from fibroblast-specific Smad2 KO (FS2KO) mice.

Gene name
Gene
symbol

Smad2 fl/fl
(mean ± SEM) FS2KO (mean ± SEM) p-Value

A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1motif,
1

Adamts1 0.05011±0.004495 0.05468±0.002875 0.4241

A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1motif,
2

Adamts2 0.1242±0.008133 0.1495±0.01546 0.1978

A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1motif,
5

Adamts5 0.07718±0.01298 0.1003±0.01372 0.2665

A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1motif,
8

Adamts8 4.250e-005±4.787e-006 6.750e-005±1.702e-005 0.2070

CD44 antigen Cd44 0.1194 ± 0.003434 0.1327 ± 0.007079 0.1422
Cadherin 1 Cdh1 ND ND –
Cadherin 2 Cdh2 0.01873 ± 0.003922 0.02185 ± 0.002256 0.5166
Cadherin 3 Cdh3 0.0001700±3.162e-005 0.0001100±2.799e-005 0.2052
Cadherin 4 Cdh4 ND ND –
Contactin 1 Cntn1 ND ND –
Collagen type I, alpha1 Col1a1 1.322±0.09085 1.298±0.06676 0.8358
Collagen type II, alpha1 Col2a1 0.01105±0.004770 0.004953±0.002213 0.2907
Collagen type III, alpha1 Col3a1 3.325±0.2212 3.958±0.5178 0.3038
Collagen type IV, alpha1 Col4a1 0.4297±0.03268 0.4059±0.04170 0.6693
Collagen type IV, alpha2 Col4a2 0.1384±0.008707 0.1169±0.009966 0.1554
Collagen type IV, alpha3 Col4a3 0.0001200±2.614e-005 0.0001700±4.163e-005 0.3484
Collagen type V, alpha1 Col5a1 0.1914±0.01411 0.1818±0.009520 0.5945
Collagen type VI, alpha1 Col6a1 0.3600±0.04680 0.3853±0.03039 0.6657
Connective tissue growth factor Ctgf 2.578±0.2733 2.827±0.1393 0.4485
Catenin (Cadherin associated protein), alpha1 Ctnna1 0.08657±0.008150 0.1025±0.007268 0.1950
Catenin (Cadherin associated protein), alpha2 Ctnna2 0.05011±0.004495 0.05468±0.002875 0.4241
Catenin (Cadherin associated protein), beta1 Ctnnb1 0.1322±0.005469 0.1472±0.006247 0.1213
Extracellular matrix protein 1 Ecm1 0.05011±0.004495 0.05468±0.002875 0.4241
Elastin microfibril interfacer 1 Emilin1 0.08706±0.006891 0.09406±0.004824 0.4369
Ectonucleoside triphosphate diphosphohydrolase 1 Entpd1 0.05011±0.004495 0.05468±0.002875 0.4241
Fibulin 1 Fbln1 0.008356 ± 0.001318 0.007695 ± 0.001472 0.7491
Fibronectin 1 Fn1 0.05011 ± 0.004495 0.05468 ± 0.002875 0.4241
Hyaluronan and proteoglycan link protein 1 Hapln1 ND ND –
Hemolytic complement Hc ND ND –
Intercellular adhesion molecule 1 Icam1 0.04526±0.003715 0.08703±0.008140 0.0034 †

Integrin alpha2 Itga2 0.05011 ± 0.004495 0.05468 ± 0.002875 0.4241
Integrin alpha3 Itga3 0.006343 ± 0.0004632 0.006505 ± 0.0006678 0.8489
Integrin alpha4 Itga4 0.004250 ± 0.0006292 0.008163 ± 0.001345 0.0388 †

Integrin alpha5 Itga5 0.07631 ± 0.01056 0.06432 ± 0.003967 0.3287
Integrin alpha1, epithelial-associated Itgae ND ND –
Integrin alpha L Itgal 0.0002500±8.165e-006 0.0002975±3.705e-005 0.2922
Integrin alpha M Itgam 2.250e-005±9.465e-006 4.250e-005±1.887e-005 0.3801
Integrin alpha V Itgav 0.07016 ± 0.01001 0.07201 ± 0.007132 0.8854
Integrin alpha X Igtax 0.05011 ± 0.004495 0.05468 ± 0.002875 0.4241
Integrin beta1 Itgb1 0.3718 ± 0.03817 0.4283 ± 0.02015 0.2390
Integrin beta2 Itgb2 0.05011 ± 0.004495 0.05468 ± 0.002875 0.4241
Integrin beta3 Itgb3 0.007356 ± 0.0006389 0.007835 ± 0.0005224 0.6857
Integrin beta4 Itgb4 0.05011 ± 0.004495 0.05468 ± 0.002875 0.4241
Laminin,alpha1 Lama1 0.0007726±7.470e-005 0.0006245±9.608e-005 0.6857
Laminin,alpha2 Lama2 0.008000 ± 0.001080 0.008758 ± 0.001548 0.7020
Laminin,alpha3 Lama3 ND ND –
Laminin, beta2 Lamb2 0.1242 ± 0.008133 0.1495 ± 0.01546 0.1978
Laminin, beta3 Lamb3 0.0001549±2.649e-005 0.0002531±9.019e-005 0.3365
Laminin, gama1 Lamc1 0.05011 ± 0.004495 0.05468 ± 0.002875 0.4241
Matrix metallopeptidase 10 Mmp10 0.0009981±0.0002581 0.0009728±5.866e-005 0.9291
Matrix metallopeptidase 11 Mmp11 0.05011±0.004495 0.05468±0.002875 0.4241
Matrix metallopeptidase 12 Mmp12 0.0001067±2.493e-005 0.0001167±4.918e-005 0.8617
Matrix metallopeptidase 13 Mmp13 0.05011±0.004495 0.05468±0.002875 0.4241
Matrix metallopeptidase 14 Mmp14 0.07840±0.007007 0.07942±0.004432 0.9059
Matrix metallopeptidase 15 Mmp15 0.0007500±0.0002500 0.001201±0.0001180 0.2857
Matrix metallopeptidase I, alpha Mmp1a 0.0005438±0.0001033 0.0004808±7.519e-005 0.6394
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Table 2 (Continued)

Gene name
Gene
symbol

Smad2 fl/fl
(mean ± SEM) FS2KO (mean ± SEM) p-Value

Matrix metallopeptidase 2 Mmp2 0.04275±0.006897 0.04616±0.003666 0.6781
Matrix metallopeptidase 3 Mmp3 0.1488±0.03419 0.1464±0.03906 0.9641
Matrix metallopeptidase 7 Mmp7 ND ND –
Matrix metallopeptidase 8 Mmp8 0.001260±0.0001659 0.001073±0.0002067 0.5064
Matrix metallopeptidase 9 Mmp9 ND ND –
Neural cell adhesion molecule 1 Ncam1 0.01511±0.001621 0.01639±0.002848 0.7091
Neural cell adhesion molecule 2 Ncam2 ND ND –
Platelet/endothelial cell adhesion molecule 1 Pecam1 0.05011±0.004495 0.05468±0.002875 0.4241
Periostin, osteoblast specific factor Postn 0.01174±0.002937 0.008773±0.001060 0.3781
Selectin, endothelial cell Sele 0.05011±0.004495 0.05468±0.002875 0.4241
Selectin, lymphocyte Sell ND ND –
Selectin, platelet Selp 0.02509 ± 0.007001 0.04889 ± 0.01727 0.3429
Sarcoglycan, epsilon Sgce 0.03075±0.003301 0.03869±0.003668 0.1588
Secreted acidic cysteine rich glycoprotein Sparc 3.999±0.08188 4.519±0.4423 0.3261
Sparc/osteonectin, cwcv and kazal-like domains proteoglycan 1 Spock1 ND ND –
Secreted phosphoprotein 1 Spp1 0.1475±0.004519 0.1012±0.03215 0.2461
synaptotagmin 1 Syt1 ND ND –
Transforming growth factor, beta induced Tgfbi 0.002250±0.0002500 0.002053±0.0004777 0.8000
Thrombospondin 1 Thbs1 1.907±0.1020 1.467±0.1256 0.0349 †

Thrombospondin 2 Thbs2 0.05250±0.008005 0.03626±0.002433 0.2000
Thrombospondin 3 Thbs3 0.002192 ± 0.0001814 0.001634 ± 0.0002342 0.1087
Tissue inhibitor of metalloproteinase 1 Timp1 0.05011±0.004495 0.05468±0.002875 0.4241
Tissue inhibitor of metalloproteinase 2 Timp2 1.399±0.05310 1.565±0.1505 0.3375
Tissue inhibitor of metalloproteinase 3 Timp3 1.265±0.1647 1.547±0.1258 0.2228
Tenascin C Tnc 0.1975±0.02316 0.1565±0.006735 0.1399
Vascular cell adhesion molecule 1 Vcam1 0.1053±0.01070 0.1123±0.008587 0.6282
Versican Vcan 0.01832±0.005616 0.01193±0.0009556 0.3399
Vitronectin Vtn ND ND –

ND-not detected.
† P value <0.05.

17



UN
CO

RR
EC

TE
D

PR
OO

F

S. Huang et al. BBA - Molecular Cell Research xxx (xxxx) xxx-xxx

Table 3
Baseline extracellular matrix gene expression levels in cardiac fibroblasts from fibroblast-specific Smad3 KO (FS3KO) mice.

Gene name
Gene
symbol

Smad3 fl/fl
(mean ± SEM) FS3KO (mean ± SEM) p-Value

A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type
1motif, 1

Adamts1 0.08552±0.008394 0.08235±0.004471 0.7504

A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type
1motif, 2

Adamts2 0.2270±0.04090 0.1796±0.01951 0.3359

A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type
1motif, 5

Adamts5 0.1784±0.02840 0.1528±0.01668 0.4669

A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type
1motif, 8

Adamts8 5.750e-005±1.109e-005 5.750e-005±1.315e-005 >0.9999

CD44 antigen Cd44 0.1203 ± 0.008070 0.1126 ± 0.007737 0.5179
Cadherin 1 Cdh1 ND ND –
Cadherin 2 Cdh2 0.03067 ± 0.004226 0.02008 ± 0.001042 0.0510
Cadherin 3 Cdh3 0.0001100±2.273e-005 8.250e-005±3.065e-005 0.4982
Cadherin 4 Cdh4 ND ND –
Contactin 1 Cntn1 ND ND –
Collagen type I, alpha1 Col1a1 1.584 ± 0.2012 1.129 ± 0.03113 0.0571
Collagen type II, alpha1 Col2a1 0.01022 ± 0.006811 0.0003875 ± 0.0001616 0.0286 †

Collagen type III, alpha1 Col3a1 6.392 ± 0.8426 4.811 ± 0.4546 0.1496
Collagen type IV, alpha1 Col4a1 0.6953 ± 0.05561 0.5286 ± 0.02332 0.0327 †

Collagen type IV, alpha2 Col4a2 0.1737 ± 0.01462 0.1355 ± 0.004078 0.0457 †

Collagen type IV, alpha3 Col4a3 0.0001325±1.493e-005 7.000e-005±8.165e-006 0.0104 †

Collagen type V, alpha1 Col5a1 0.2166 ± 0.03011 0.1440 ± 0.009342 0.0609
Collagen type VI, alpha1 Col6a1 0.4923 ± 0.03000 0.4311 ± 0.03351 0.2223
Connective tissue growth factor Ctgf 2.001 ± 0.05805 1.694 ± 0.2973 0.3795
Catenin (Cadherin associated protein), alpha1 Ctnna1 0.1082 ± 0.008349 0.07824 ± 0.004927 0.0215 †

Catenin (Cadherin associated protein), alpha2 Ctnna2 0.08552 ± 0.008394 0.08235 ± 0.004471 0.7504
Catenin (Cadherin associated protein), beta1 Ctnnb1 0.1350 ± 0.006237 0.1192 ± 0.005547 0.1065
Extracellular matrix protein 1 Ecm1 0.08552 ± 0.008394 0.08235 ± 0.004471 0.7504
Elastin microfibril interfacer 1 Emilin1 0.1401 ± 0.01728 0.1160 ± 0.005231 0.2288
Ectonucleoside triphosphate diphosphohydrolase 1 Entpd1 0.08552 ± 0.008394 0.08235 ± 0.004471 0.7504
Fibulin 1 Fbln1 0.006493 ± 0.001556 0.004165 ± 0.0005900 0.2114
Fibronectin 1 Fn1 0.08552 ± 0.008394 0.08235 ± 0.004471 0.7504
Hyaluronan and proteoglycan link protein 1 Hapln1 ND ND –
Hemolytic complement Hc ND ND –
Intercellular adhesion molecule 1 Icam1 0.05568 ± 0.004796 0.05175 ± 0.002562 0.4975
Integrin alpha2 Itga2 0.08552 ± 0.008394 0.08235 ± 0.004471 0.7504
Integrin alpha3 Itga3 0.003108 ± 0.0003279 0.002097 ± 0.0005673 0.1739
Integrin alpha4 Itga4 0.008000 ± 0.001954 0.006000 ± 0.0009129 0.3895
Integrin alpha5 Itga5 0.04811 ± 0.007806 0.03566 ± 0.001261 0.2090
Integrin alpha1, epithelial-associated Itgae ND ND –
Integrin alpha L Itgal 0.0005550 ± 0.0001202 0.002135 ± 0.0004533 0.0151 †

Integrin alpha M Itgam 0.007605 ± 0.0006380 0.02065 ± 0.006379 0.1330
Integrin alpha V Itgav 0.07837 ± 0.008046 0.06176 ± 0.002823 0.0994
Integrin alpha X Igtax 0.08552 ± 0.008394 0.08235 ± 0.004471 0.7504
Integrin beta1 Itgb1 0.4998 ± 0.04867 0.3983 ± 0.03534 0.1425
Integrin beta2 Itgb2 0.08552 ± 0.008394 0.08235 ± 0.004471 0.7504
Integrin beta3 Itgb3 0.006515 ± 0.0007208 0.005433 ± 0.0005200 0.2691
Integrin beta4 Itgb4 0.08552 ± 0.008394 0.08235 ± 0.004471 0.7504
Laminin,alpha1 Lama1 0.0006850 ± 0.0004440 0.0003373 ± 0.0001388 0.8857
Laminin,alpha2 Lama2 0.01510 ± 0.002387 0.01050 ± 0.001041 0.1276
Laminin,alpha3 Lama3 ND ND –
Laminin, beta2 Lamb2 0.2270 ± 0.04090 0.1796 ± 0.01951 0.3359
Laminin, beta3 Lamb3 0.0003100±5.642e-005 0.0003403±4.560e-005 0.6912
Laminin, gama1 Lamc1 0.08552 ± 0.008394 0.08235 ± 0.004471 0.7504
Matrix metallopeptidase 10 Mmp10 0.0009200 ± 0.0002996 0.0007273±7.612e-005 0.5724
Matrix metallopeptidase 11 Mmp11 0.08552 ± 0.008394 0.08235 ± 0.004471 0.7504
Matrix metallopeptidase 12 Mmp12 0.02601 ± 0.0005370 0.02907 ± 0.007396 0.7067
Matrix metallopeptidase 13 Mmp13 0.08552 ± 0.008394 0.08235 ± 0.004471 0.7504
Matrix metallopeptidase 14 Mmp14 0.08783 ± 0.006574 0.08574 ± 0.006208 0.8857
Matrix metallopeptidase 15 Mmp15 0.0005925±7.157e-005 0.0005000±0.0002887 >0.9999
Matrix metallopeptidase I, alpha Mmp1a 0.007983±0.002195 0.006278±0.001565 0.5505
Matrix metallopeptidase 2 Mmp2 0.04454±0.006701 0.04175±0.001250 0.7081
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Table 3 (Continued)

Gene name
Gene
symbol

Smad3 fl/fl
(mean ± SEM) FS3KO (mean ± SEM) p-Value

Matrix metallopeptidase 3 Mmp3 0.3447±0.08269 0.3010±0.07823 0.7144
Matrix metallopeptidase 7 Mmp7 ND ND –
Matrix metallopeptidase 8 Mmp8 0.004628±0.001785 0.002308±0.0005025 0.2574
Matrix metallopeptidase 9 Mmp9 ND ND –
Neural cell adhesion molecule 1 Ncam1 0.01641±0.003805 0.008610±0.0006935 0.1313
Neural cell adhesion molecule 2 Ncam2 ND ND –
Platelet/endothelial cell adhesion molecule 1 Pecam1 0.08552±0.008394 0.08235±0.004471 0.7504
Periostin, osteoblast specific factor Postn 0.01017±0.001744 0.005487±0.001245 0.0714
Selectin, endothelial cell Sele 0.08552±0.008394 0.08235±0.004471 0.7504
Selectin, lymphocyte Sell ND ND –
Selectin, platelet Selp 0.01438±0.001676 0.008881±0.0005781 0.0211 †

Sarcoglycan, epsilon Sgce 0.03166±0.002014 0.03925±0.002428 0.0571
Secreted acidic cysteine rich glycoprotein Sparc 4.222 ± 0.3581 3.930 ± 0.2464 0.5262
Sparc/osteonectin, cwcv and kazal-like domains proteoglycan 1 Spock1 ND ND –
Secreted phosphoprotein 1 Spp1 0.2215±0.04578 0.08450±0.03218 0.0499 †

synaptotagmin 1 Syt1 ND ND –
Transforming growth factor, beta induced Tgfbi 0.002168±0.0003201 0.004750±0.001031 0.0538
Thrombospondin 1 Thbs1 2.199 ± 0.2340 1.497 ± 0.1276 0.0389 †

Thrombospondin 2 Thbs2 0.05461±0.01732 0.03425±0.005618 0.6857
Thrombospondin 3 Thbs3 0.0009700±0.0001891 0.0006808±0.0001137 0.2378
Tissue inhibitor of metalloproteinase 1 Timp1 0.08552±0.008394 0.08235±0.004471 0.7504
Tissue inhibitor of metalloproteinase 2 Timp2 1.001 ± 0.04551 1.126 ± 0.1519 0.4593
Tissue inhibitor of metalloproteinase 3 Timp3 1.766 ± 0.1795 1.133 ± 0.07485 0.0173 †

Tenascin C Tnc 0.1372 ± 0.01384 0.1166 ± 0.006884 0.2324
Vascular cell adhesion molecule 1 Vcam1 0.05594±0.009035 0.04700±0.002160 0.4002
Versican Vcan 0.008155±0.001039 0.005431±0.0008986 0.0946
Vitronectin Vtn ND ND –

ND-not detected.
† P value <0.05.
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Editorial
Monocyte subsets as predictors of adverse events in patients with
atherosclerosis
Human monocytes are divided into 3 major populations, clas-
sical, nonclassical, and intermediate, based on their surface expres-
sion of the pattern recognition receptor CD14 and the Fc gamma III
receptor CD16.1,2 This classification has been suggested to have
important implications in the pathophysiology of human disease,
as the 3 subsets of human monocytes exhibit distinct transcrip-
tomic and functional profiles. Classical monocytes (CD14þþ/
CD16-) constitute the majority of circulating monocytes, and can
be recruited to injured and inflamed tissues, where they secrete
large amounts of proinflammatory cytokines. Nonclassical mono-
cytes (CD14þ/CD16þ) represent the first line of defense in
pathogen-related responses and have been traditionally associated
with an anti-inflammatory phenotype. Intermediate monocytes
(CD14þþ/CD16þ) exhibit a unique chemokine receptor profile
and have been implicated in the pathogenesis of several distinct in-
flammatory conditions.

A large body of evidence implicates monocytes in the progres-
sion of atherosclerosis, and in the pathogenesis of plaque rupture
that may lead to thrombosis-related organ infarction.3 Driven by
the need to identify high-risk patients, several investigations have
tested the hypothesis that a quantitative analysis of circulating
monocyte subsets may be useful in cardiovascular risk assessment
in both normal subjects and in patients with known atherosclerotic
disease. Unfortunately, these studies have produced conflicting re-
sults, reflecting our limited understanding of the functional and
transcriptomic heterogeneity of human monocytes.

In this issue of the journal, Hopfner and coworkers4 prospec-
tively examined the relation between the number of circulating
monocyte subsets and the incidence of acute cardiovascular events
in a patient population with angiographically documented coro-
nary artery disease. The authors found that a higher absolute num-
ber of classical monocytes was associated with increased incidence
of the predefined combined endpoint (nonfatal myocardial infarc-
tion, cardiovascular death, and nonhemorrhagic cerebrovascular
event). In contrast, intermediate, nonclassical, and total monocyte
counts showed no significant association with cardiovascular
events. The data are consistent with the notion that the proinflam-
matory phenotype of classical monocytes may contribute to
adverse events in patients with atherosclerotic disease. However,
the key question remains: can the quantitative assessment of circu-
lating monocyte subsets be used to identify patients at high risk for
cardiovascular events?
Peer review under responsibility of Hellenic Society of Cardiology.
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1. The relation between circulating monocyte subsets and
cardiovascular risk

Published evidence paints a rather confusing picture regarding
the value of classical monocytes in identifying high-risk patients
with atherosclerotic disease. Consistent with the findings of this
study, an investigation in 700 randomly selected subjects from the
cardiovascular arm of the Malmo Diet and Cancer Study showed
that the percentage and number of classical monocytes could pre-
dict cardiovascular events.5 However, links between increased circu-
lating classical monocyte counts and vulnerable plaque pathology
have not been demonstrated. In patients undergoing carotid endar-
terectomy, circulating classical monocytes did not associate with
vulnerable plaque characteristics.6 In another study, circulating clas-
sical monocytes were reduced in patients with signs of plaque neo-
vascularization, an event that may lead to plaque destabilization.7

The predictive value of other monocyte subsets also remains contro-
versial. In contrast to the lack of an association between intermedi-
ate CD14þþ/CD16 þ monocytes and adverse events suggested by
this study, other investigations demonstrated significant relations
between intermediate cells and plaque stability. In two independent
studies, circulating CD14þþ/CD16 þ monocyte counts were associ-
atedwith the evidence of plaque vulnerability, as assessed by virtual
histology intravascular ultrasound8, or through optical coherence
tomography.9 The conflicting findings of the various studies may
be due, at least in part to the study of patient populations with
different baseline characteristics, and to the use of very different
endpoints to assess clinical outcome or plaque vulnerability. Impor-
tantly, contrasting observations and confusing messages likely also
reflect the limitations of traditional human monocyte phenotyping
using the “classical/nonclassical/intermediate” subtype model. In
the era of advanced cellular phenotyping and of single-cell
transcriptomics, this model may have outlived its usefulness.
2. The need for more sophisticated approaches to subtype
human monocytes

The reliance on CD14/CD16 flow cytometric analysis may pro-
vide a crude perspective on the profile of circulating cells, but is
of relatively limited value in the assessment of functional pheno-
types and in the identification of subtypes with distinct cytokine
expression profiles. Several new and emerging strategies may be
used to improve the functional phenotyping of monocytes in pa-
tients with atherosclerotic disease. First, standard flow cytometry
using CD14 and CD16 is suboptimal for the study of intermediate
s is an open access article under the CC BY-NC-ND license (http://creativecommons.
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and nonclassical monocytes, which are frequently contaminated.10

New gating schemes, taking into account the shared coexpression
of surface markers, may be helpful in improving the purity of
monocyte subset populations. Second, even when optimally used,
cell surface markers do not provide direct information on the cyto-
kine expression profile of monocyte subsets. Studies identifying
distinct monocyte subsets on the basis of cytokine expression, cyto-
kine, and chemokine receptor levels, or investigations directly
assessing the downstream activation of specific proinflammatory
pathways may provide an improved definition of functional mono-
cyte subtypes. Third, new single-cell transcriptomic approaches
offer a unique new opportunity for the identification of novel
monocyte subsets with distinct functional properties. Fourth, new
studies should examine to what extent circulating monocyte sub-
sets reflect plaque pathology. Considering the localized inflamma-
tory activation that may be responsible for the rupture of an
unstable plaque, the baseline profile of circulating monocytes
may not provide information on the changes associated with the
acute event. However, the systematic characterization of circulating
monocytes may be helpful in the identification of vulnerable pa-
tients who may exhibit chronic activation of proinflammatory
leukocyte subpopulations.

3. Assessment of monocyte profile may identify vulnerable
patients who may benefit from anti-inflammatory
interventions

The visionary therapeutic goal for patients with atherosclerosis
is to replace nonspecific therapies with approaches targeting spe-
cific pathophysiological perturbations.11 There is an urgent need
for the pathophysiological stratification of patients with atheroscle-
rosis, to identify subjects whomay benefit from strategies targeting
specific pathogenetic pathways. The characterization of circulating
monocyte subsets in patients with atherosclerosis may identify
vulnerable individuals with baseline inflammatory activation,
who may benefit from aggressive anti-inflammatory therapy.
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Abstract
Purpose of Review This review aims to summarize recent
findings regarding the plasticity and fate switching among
somatic and progenitor cells residing in the vascular wall of
blood vessels in health and disease.
Recent Findings Cell lineage tracing methods have identified
multiple origins of stem cells, macrophages, and matrix-
producing cells that become mobilized after acute or chronic
injury of cardiovascular tissues. These studies also revealed
that in the disease environment, resident somatic cells become
plastic, thereby changing their stereotypical identities to adopt
proinflammatory and profibrotic phenotypes.
Summary Currently, the functional significance of this hetero-
geneity among reparative cells is unknown. Furthermore,
mechanisms that control cellular plasticity and fate decisions
in the disease environment are poorly understood.
Cardiovascular diseases are responsible for the majority of
deaths worldwide. From a therapeutic perspective, these novel
discoveries may identify new targets to improve the repair and
regeneration of the cardiovascular system.

Keywords Endothelial-to-mesenchymal transition . Cellular
plasticity . Vascular wall . Perivascular cells . Stem cells .

Cardiovascular homeostasis

Introduction

In the last decade, a number of discoveries have revolution-
ized our view about how the cardiovascular system maintains
its structure during homeostasis, repairs itself after acute inju-
ry, or responds to chronic pathological conditions such as
atherosclerosis, hypertension, or heart failure. Specifically,
the application of cell lineage tracing techniques—which were
originally designed to identify the contribution of various cell
types in organ development—has uncovered multiple origins
of seemingly similar cell types, including stem cells, macro-
phages, and extracellular matrix (ECM)-producing cells that
becomemobilized to repair cardiovascular tissues [1–5]. They
have documented that resident mature cells change their ste-
reotypical identities to adopt proinflammatory and profibrotic
phenotypes in the disease environment and also assume stem
cell characteristics, thereby contributing to tissue maintenance
under normal conditions [3, 6]. These findings have painted a
new complex landscape of cardiovascular biology in adults. In
this landscape, the vascular wall has emerged as the central
hub of activity with endothelial cells (ECs) in the vascular
wall intima, smooth muscle cells (SMCs) in the media, and
perivascular progenitor cells in the adventitia showing a wide
gamut of plasticity and differentiation potential. These recent-
ly recognized processes present new challenges to understand
organ maintenance, but they also offer new opportunities to
moderate disease progression, improve cardiovascular tissue
repair, and promote regeneration.

Lineage Tracing or Cell Fate Mapping

Lineage tracing, also called cell fate mapping, is based on genet-
ically tagging the genome of cells in permanent fashion with a
gene expressing a fluorescent or other color marker. In this way,
tagged cells and their progeny, no matter which cell types they
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become, or how they respond to environmental conditions, can
be followed throughout the organism [7, 8]. Genetic tagging
depends on two components that are typically generated as two
independent transgenic mouse lines. The first line is designed to
express a recombinase enzyme, usually Cre in mice, under the
regulatory elements of an endogenous gene promoter [9]. This is
accomplished by embedding the Cre recombinase coding se-
quences within a gene locus or by creating a transgenic construct
with Cre expression under the regulatory control of specific tran-
scriptional elements. Depending on the gene locus and promoter/
enhancer elements chosen in the design, Cre recombinase is
expressed in select cell types, for example endothelial cells or
cardiomyocytes [10, 11].

The second mouse line takes advantage of the ubiquitous
ROSA locus that was originally described by the group of
Philippe Soriano [12]. The ROSA locus is engineered to ex-
press a fluorescent or color marker such as green fluorescence
protein or β-galactosidase in all cell types, but expression is
blocked by a STOP signal [13]. The STOP signal is flanked by
LoxP sites that can be recombined by Cre recombinase to
remove the STOP signal, thus allowing expression of the
marker gene in the cell where recombination took place.
Expression is maintained in all of this cell’s progeny, because
the transcriptional elements of the ROSA locus are active in
most cell types.

This technique allows precise tagging of cells based on
their characteristic gene expression profiles and has provided
an improved tool to trace cell lineages compared to previously
used methods that were based on localized infection of cells
with genetically modified viruses expressing traceable gene
markers, or simple injection of carbon particles and other dyes
to locally mark and follow cells during development.

Many variations on this basic theme have been developed
over the years, including inducible recombinases like CreERT

that are activated by tamoxifen, thus allowing cell labeling at a
defined time point [14, 15]. Inducible tagging is especially
useful to lineage trace cells in adult mice, avoiding cell label-
ing during embryonic development, or for pulse chase exper-
iments at distinct time points during disease progression.
Another powerful tool is the Confetti mouse, which carries a
multicolor reporter with four distinct fluorescent protein genes
(red, yellow, nuclear green, and membrane-bound cyan) in the
ROSA locus [16]. The fluorescent protein coding sequences
are organized in tandem among alternating LoxP sites in a
way that recombination of the ROSA-Confetti allele leads to
stochastic expression of any of the four distinct fluorescent
proteins. The construct is designed such that random recom-
bination activates only one of the fluorescent protein genes,
randomly labeling each targeted cell and its descendants with
the same single color. As a result, this fate mapping strategy
can distinguish cells that are clonally related, i.e., generated
from a single originating cell versus independently derived.
This powerful technique can also minimize the possibility that

cells were falsely labeled by ectopic Cre expression or Cre
transfer between cells due to fusion. Alternative multi-color
lineage tracing methods using the Rainbow mice have also
been developed for clonal analyses [17, 18].

However, it should be noted that these techniques have
several limitations that might lead to false conclusions. Most
of these artifacts can be attributed to the promoter used to
drive recombinase expression. Ectopic promoter expression
or leaky or weak promoters can label the wrong cell types,
or just a random subpopulation of relevant cells, thus leading
to over- or underestimation of the contribution of different cell
types to a biological process. Moreover, embryonic labeling,
fusion, or genetic material transfer from cell to cell might lead
to artificial labeling and incorrect inferences about genuine
cellular progeny. Safeguarding against such potential artifacts
by using multiple, independent, cell-specific and strong pro-
moters, inducible Cre recombinases, Cre antibodies, pulse-
labeling and chasing experiments, multicolor labeling for
clonal analyses, and comparing lineage tracing results to mice
expressing gene markers under the same promoter without
Cre recombination is required to address these concerns and
validate experimental conclusions [19•].

Despite these limitations, application of lineage tracing
tools in adult disease models has broadened our perspective
about how cells behave under pathophysiological conditions
and revealed an amazing plasticity, especially for cells located
within and around the vascular wall of blood vessels.

Intima Layer—Endothelial Cell Plasticity

The quintessential plastic cell type in the vascular wall is the
endothelial cells that line up the inner layer of all blood vessels
in the body. The plasticity of endothelial cells has been first
recognized in the embryo where it was discovered that hema-
topoietic stem cells emerge from endothelial cells in the ven-
tral wall of the dorsal aorta and subsequently colonize a suc-
cession of hematopoiesis sites in the liver, the spleen, and
finally the bone marrow [20–25]. The properties of the
hemogenic endothelium have been recapitulated in vitro using
human iPS cell-derived endothelial cells [26].

A second site where endothelial cells give rise to a different
cell type is in the developing valves and septa in the heart [6, 27,
28]. During cardiac development, endothelial cells lining the
endocardial cushions undergo endothelial-to-mesenchymal tran-
sition (EndMT), giving rise to valvular interstitial cells that pro-
ceed tomigrate, colonize the cardiac jellywithin valve tissue, and
become the major extracellular matrix (ECM)-producing cell
type in the developing and mature valves.

Endothelial-to-Mesenchymal Transition

EndMT is a specialized form of epithelial-to-mesenchymal
transition or EMT [6, 29]. During this process, epithelial cells
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lose expression of E-cadherin, or VE-cadherin in the case of
endothelial cells, and replace them with N-cadherin. Either E-
cadherin or VE-cadherin proteins are present in cellular junc-
tions and required for cell-cell adhesion; thus, their suppres-
sion loosens cells within the epithelial or endothelial layers,
allowing them to become mobile and migrate [30, 31].
EndMT is also accompanied by loss of typical endothelial-
specific markers, such as CD31 and vWF [30]. The downreg-
ulation of endothelial properties is followed by upregulation
of genes characteristic of mesenchymal cells such as SMA,
Vimentin, Periostin, FSP-1, and PDGFRα/β as well as reor-
ganization of the cytoskeleton that transforms endothelial cells
to fibroblast-like cells [30]. The initial EndMT step of down-
regulation of cadherin expression is accomplished by a num-
ber of transcriptional repressors such as Snail, Twist and Slug
[32–34]. These repressors are direct targets of EndMT-
promoting pathways such as TGFβ/BMP, Wnt, and Notch
signaling [33–37, 38•, 39].

EndMT has now been recognized as taking place in various
diseases, especially during fibrosis after acute injury or be-
cause of chronic pathological conditions [6, 29, 40].
Numerous studies using lineage tracing of endothelial cells
have revealed that a significant portion of ECM-producing
cells in various pathological conditions is of endothelial origin
(estimates vary but usually range between 20 and 30%).
Specifically, this has been shown in various models of lung
fibrosis and pulmonary hypertension [41–44]; kidney fibrosis
after acute or chronic injury [45–47]; the heart after acute
ischemic injury such as myocardial infarction and chronic
fibrosis caused by constant pressure overload [38•, 48••, 49,
50]; intestinal fibrosis [51]; stiffening of the arterial wall in
hypertension [52•]; plaque formation in atherosclerosis [53•,
54•]; vascular graft stenosis [55•, 56]; vascular calcification
[57]; diabetic retinopathy [58]; valve thickening [59]; and the
generation of fibroblast-like cells that support tumor growth
[60]. However, the field is not without controversy, since other
studies have refuted the extent of EndMT contribution in fi-
brosis and pointed to proliferation and activation of resident
fibroblasts as the main source of myofibroblasts after acute or
chronic injury [61•, 62•].

Furthermore, EndMT has been identified as the cause of
inherited or sporadically occurring cerebral cavernous
malformations that lead to brain hemorrhages [63]. Cerebral cav-
ernous malformations are vascular lesions that manifest when
tight endothelial cell connections, which are required to maintain
the integrity of the blood-brain barrier, break down due to acqui-
sition of mesenchymal properties by endothelial cells.

Endothelial-to-Mesenchymal Transition Yields Mesenchymal
Stem Cells

A fascinating aspect of EndMT is that besides yielding ECM-
producing cells, it can also yield mesenchymal cells with stem

cell characteristics (MSCs) [34, 64]. At the moment, the rela-
tionship between the generation of profibrotic and regenera-
tive cells is not clear. It is possible that EndMT is a naturally
occurring phenomenon that is required for tissue homeostasis.
It is also likely that this same process under various stress
conditions turns functional tissue to scar formation as a nec-
essary step to prevent tissue rupture, for example in the heart
after myocardial infarction, or becomes maladaptive during
chronic pathological conditions or aging [1].

Consistent with this scenario, we have recently discovered
using lineage tracing that endothelial cells give rise to smooth
muscle cells in the medial layer of coronary arteries, stem cell
antigen-1 (Sca-1, alternatively known as lymphocyte antigen
6 complex, locus A, or Ly-6A) progenitor cells in the adven-
titial layer, and ventricular cardiomyocytes during cardiac ho-
meostasis [19•]. Endothelial cell-derived cardiomyocytes
were organized in clonal clusters, presumably of single-cell
origin. Pulse-chase experiments showed that generation of
individual clusters is rapid and efficient. These new endothe-
lial cell-derived cardiomyocytes comprise approximately
0.3% of the total cardiomyocyte population, but they are con-
fined to specific regions of the heart in the right and left ven-
tricular walls and the junctions between the two ventricles
[19•]. Endothelial derived-Sca1+ progenitor cells in the adven-
titia of coronary arteries constitute about 30–40% of the total
Sca1+ population. Interestingly, the perivascular Sca1+ cells
are the only endothelial progeny with high proliferation rates.
The endothelial cell-fate maps are remarkably similar to those
obtained by lineage tracing of Sca1+ cells, suggesting that
endothelial cells or endothelial-like cells are upstream of
Sca1+ progenitors [19•, 65•]. In support of these findings in
the adult heart, a recent study showed that endothelial cells are
a source of smooth muscle cells and pericytes in the heart
during development [66].

Besides cardiomyocytes, endothelial cell progeny in other
tissues include osteogenic cells, adipocytes, and skeletal mus-
cle [29, 67–69]. This plasticity of endothelial cells in various
tissues may be linked to their potential to transdifferentiate to
multipotent MSCs.

Endothelial-to-Mesenchymal Transition Activation

What triggers EndMT in disease? Vascular inflammation has
been implicated as a key inducer of EndMT in pathological
conditions, and EndMT may be an adaptive response to en-
dothelial injury [30, 51, 53•, 55•, 70, 71]. Shear stress is also
known to induce EndMT [72]. Vascular inflammation stimu-
lates signaling pathways such as TGFβ/SMAD and Wnt/β-
catenin, which are key inducers of EndMT [38•, 48••, 73–77].
At the molecular level, evidence shows that FGF suppresses
TGFβ signaling and EndMT [78]. FGF binding to FGFR1
leads to phosphorylation and activation of ERK signaling that
in turns induces expression of miR let-7b [55•]. Let-7b blocks
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TGFβ signaling by suppressing expression of TGFβ and its
receptor TGFβR1. Inflammatory cytokines induced after
acute or in chronic injury inhibit FGFR signaling, reducing
let-7b levels, further potentiating TGFβ signaling in endothe-
lial cells and, thus, inducing EndMT.

Inflammation and shear stress have been shown to activate
expression of the transcription factor Kruppel-like factor 4
(KLF4), which is known to promote TGFβ/BMP signaling
in endothelial cells [79]. KLF4 activation has been recently
identified as the major inducer of EndMT in cerebral cavern-
ous malformations, suggesting that KLF4 might be a key trig-
ger of pathological EndMT [80, 81]. Additional regulators of
EndMT include Notch signaling, several miRs, endothelin 1,
Tie1 tyrosine kinase receptors, and sonic hedgehog signaling,
providing a wide range of potential targets to regulate EndMT
in pathological conditions [29, 37, 82–87].

Media and Adventitia—Smooth Muscle and Perivascular
Cells

Although most of our knowledge about cell plasticity in dis-
ease has so far come from studies on endothelial cells and
EndMT, several reports have shown that smooth muscle cells
(SMCs) in the media of blood vessels and adventitia
perivascular cells have also the potential to transform to other
cell types and acquire proinflammatory and profibrotic
phenotypes.

Studies have hinted to the plasticity of SMCs in atheroscle-
rotic lesions and their transformation to macrophage-like cells
in both mouse models and atherosclerotic lesions in human
patients [88, 89]. Recent studies using SMC-specific pro-
moters such as Myh11 and SM22 to mark and lineage trace
SMCs within atherosclerotic lesions found that SMCs lose
their characteristics and give rise to cells that exhibit pheno-
types of other cell lineages, including macrophages and mes-
enchymal stem cells (MSCs) [90, 91•, 92]. Interestingly, using
Confetti mice, it was shown that SMCs that lose SMC char-
acteristics and undergo transition to macrophage phenotypes
also begin to proliferate and clonally expand within athero-
sclerotic plaques, thus exacerbating plaque growth [93].

Although the mechanisms of SMC plasticity are not well
understood, it appears that pathways implicated in EndMTare
also in play in the transformation of SMCs. For example, FGF
and TGFβ appear to regulate SMC plasticity [94]. In addition,
SMC-specific conditional knockout of KLF4 resulted in re-
duced numbers of SMC-derived MSC- and macrophage-like
cells [91•]. These findings indicate that KLF4-dependent tran-
sitions in SMC phenotype are critical in atherosclerosis. Of
note, inactivation of KLF4 in vivo in mice led to a significant
reduction in atherosclerotic lesion size and increased plaque
stability, supporting the important role of the SMC-to-
macrophage transition in atherosclerosis [91•].

The adventitia not only has been long recognized as a niche
for cardiovascular and mesenchymal progenitor cells that con-
tribute to organ homeostasis but also respond to disease stim-
uli (recently reviewed in [95]). Lineage tracing of Tcf21+ cells
in the adventitia of coronary arteries revealed that vascular
wall cells expressing this basic helix-loop-helix transcription
factor migrate into vascular lesions of ApoE−/− and Ldlr−/−

mice before disease initiation.While Tcf21 lineage traced cells
are distributed throughout the early lesions, in mature lesions,
they contribute to the formation of a subcapsular layer of cells
and become associated with the fibrous cap acquiring charac-
teristics of SMCs [96].

Sca1+ progenitor cells reside in the vascular adventitia
[97–99]. These pluripotent cells emerge during embryogene-
sis and persist into adulthood. In healthy arteries of adult mice,
Sca1+ progenitors maintain ECs and SMCs and generate
vascular-like branching structures when cultured on Matrigel
[100]. However, in atherosclerosis and vascular injury, Sca1+

cells can transition into a mesenchymal phenotype and con-
tribute to fibrosis [97, 101–103].

Hypertension causes arterial wall stiffening because of ex-
cessive production and deposition of collagen in the adventitia
of large arteries, exacerbating blood pressure elevation and
causing end-organ damage. A new study showed that most of
the collagen-producing cells in the adventitia are Sca1+ cells
[52•]. Lineage tracing and flow cytometry analyses revealed
that a portion of profibrotic cells is derived from transformation
of resident Sca1+ progenitor cells to matrix-producing cells, a
second portion is derived from EndMT, and a third portion is
derived from circulating bone marrow fibrocytes.

A recent publication has shown that Gli1+ MSCs, residing
in the perivascular area in many organs, including the kidney,
lung, liver, and heart, expand after injury and transform to
myofibroblasts after injury, substantially contributing to organ
fibrosis [104•]. Interestingly, genetic ablation of these Gli1+

MSCs attenuated fibrosis and improved organ function.
Collectively, these lineage tracing studies suggest that progen-
itor cells in the adventitia of large vessels, which are necessary
for vascular wall and tissue maintenance during homeostasis,
become profibrotic under pathological conditions.

Conclusions

Recent discoveries have uncovered a complex picture of cel-
lular activity around blood vessels that is important for organ
homeostasis that also plays a critical role in various patholog-
ical processes. This activity depends partly on cell plasticity
and the adoption of proinflammatory and profibrotic pheno-
types by resident somatic cells in the intima, media, and ad-
ventitia layers, and partly on switching the differentiation po-
tential of progenitor cells that normally regenerate organ struc-
tures during homeostasis to reparative cells that contribute to
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atherosclerotic plaque growth, interstitial fibrosis, and scar
formation (Fig. 1).

The best understood process so far is EndMT that trans-
forms endothelial cells to ECM-producing cells after acute
injury or under chronic pathological conditions such as heart
failure, hypertension, and atherosclerosis. It is conceivable
that EndMT-derived ECM-producing cells have distinct func-
tions than activated resident myofibroblasts, regarding their
spatiotemporal contribution in the fibrotic process, the type
of ECM proteins they synthesize, or their pro- and anti-
inflammatory properties. On the other hand, it is also possible
that the endothelial origin of ECM-producing cells is not im-
portant and that the disease environment is the primary deter-
minant of cellular function. In this case, the multiple sources
might be a means to generate the necessary cell numbers in a
short period of time. It is also likely that both the origin and
environment contribute to cellular heterogeneity. For exam-
ple, the environment may dictate profibrotic properties during
the initial stages of scar formation, but the origin may define
long-term survival and specific roles in scar maintenance and
neovascularization. In either case, targeting EndMTcould reg-
ulate specific subpopulations of ECM-producing cells or just
reduce the burden of collagen-producing cells.

Although the functional significance of cellular plasticity
and fate switching in tissue repair and regeneration is poorly
understood, there is evidence that these processes take place in
human diseases as well. Histological analyses have identified
hallmarks of EndMT in lung fibrosis, blood vessel graft ste-
nosis, and vascular malformations [56, 105], recently
reviewed in [40]. There is also evidence of SMC contribution
to macrophages during atherosclerotic plaque formation in

human patients [89]. Determining the mechanisms regulating
the transition of vascular and perivascular cells to proinflam-
matory and profibrotic cell types, and understanding the pre-
cise role of these cells in pathological conditions, should lead
to new therapeutic strategies to improve clinical outcomes in
patients with cardiovascular disease.
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Coordinated Proliferation and Differentiation
of Human-Induced Pluripotent Stem Cell-Derived Cardiac

Progenitor Cells Depend on Bone Morphogenetic
Protein Signaling Regulation by GREMLIN 2

Jeffery B. Bylund,1,2 Linh T. Trinh,1 Cassandra P. Awgulewitsch,1 David T. Paik,1,3,*

Christopher Jetter,1 Rajneesh Jha,4 Jianhua Zhang,5 Kristof Nolan,6 Chunhui Xu,4

Thomas B. Thompson,6 Timothy J. Kamp,5 and Antonis K. Hatzopoulos1,3

Heart development depends on coordinated proliferation and differentiation of cardiac progenitor cells (CPCs),
but how the two processes are synchronized is not well understood. Here, we show that the secreted Bone
Morphogenetic Protein (BMP) antagonist GREMLIN 2 (GREM2) is induced in CPCs shortly after cardiac
mesoderm specification during differentiation of human pluripotent stem cells. GREM2 expression follows
cardiac lineage differentiation independently of the differentiation method used, or the origin of the pluripotent
stem cells, suggesting that GREM2 is linked to cardiogenesis. Addition of GREM2 protein strongly increases
cardiomyocyte output compared to established procardiogenic differentiation methods. Our data show that
inhibition of canonical BMP signaling by GREM2 is necessary to promote proliferation of CPCs. However,
canonical BMP signaling inhibition alone is not sufficient to induce cardiac differentiation, which depends on
subsequent JNK pathway activation specifically by GREM2. These findings may have broader implications in
the design of approaches to orchestrate growth and differentiation of pluripotent stem cell-derived lineages that
depend on precise regulation of BMP signaling.

Keywords: cardiomyocyte differentiation, human pluripotent stem cells, BMP signaling, GREMLIN 2

Introduction

Human embryonic stem (ES) and induced pluripotent
stem (iPS) cells differentiate to a variety of distinct tissue-

specific cell types, providing a unique resource to study human
embryonic development and disease mechanisms [1–4]. A
major challenge in this endeavor is to enrich the differentiation
of pluripotent stem cell to specific cell types with desired
characteristics [5–8]. Specifically for cardiomyocytes (CMs),
several experimental protocols have emerged that stimulate
differentiation of ES and iPS cells toward the cardiac lineage
by exploiting pathways that regulate embryonic cardiovascu-
lar development, optimizing extracellular matrix substrates,
using timely application of chemical compounds, or combi-
nations of the above [9–13]; however, robust differentiation

has been based on empirical trial and error approaches without
a clear understanding of how the balance between growth and
differentiation of progenitor cells is regulated during expan-
sion of the cardiac lineage.

We have previously shown in zebrafish that the secreted
Bone Morphogenetic Protein (BMP) antagonist Gremlin 2
(Grem2), also called Protein Related to Dan and Cerberus
(PRDC), is expressed in pharyngeal mesoderm during the
initial formation of the cardiac tube and is necessary for
cardiac laterality and proper differentiation of CMs [14,15].
More recently, we found that Grem2 promotes cardiac lin-
eage expansion during differentiation of mouse ES cells
[16,17]. However, whether GREM2 plays a role in the ex-
pansion or differentiation of human cardiac progenitor cells
(CPCs), or both, is not known.
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Using human pluripotent stem cells, we show that GREM2
expression is induced in NKX2.5+ CPCs during the initial
steps of their differentiation and promotes the formation of
contracting CMs. The GREM2 effect depends on dual positive
effects on CPC proliferation and differentiation that depend on
sequential inhibition of the canonical, p-SMAD-mediated
BMP signaling and activation of the noncanonical JNK
pathway, respectively. This novel regulation of BMP signaling
provides a unique mechanism to optimize the growth and
differentiation of human CMs.

Materials and Methods

Human pluripotent stem cell culture

Human iPS (hiPS) cell lines iMR90 and DF 19-9-11 from
WiCell were cultured under feeder-free conditions in mTeSR1
or Essential 8 (E8) media (Stem Cell Technologies) as pre-
viously described [18]. Briefly, cells were thawed and seeded
onto six-well plates coated with 8.7 mg/cm2 growth factor-
reduced Matrigel (Corning) in mTeSR1 or E8 media sup-
plemented with 10 mM Y-27632 dihydrochloride (Tocris
Bioscience) to promote cell survival and attachment. Media
were exchanged daily until cells reached *60%–70% con-
fluence. Cells were passaged using Versene EDTA cell dis-
sociation reagent (Thermo Fisher Scientific/Gibco) and seeded
onto Matrigel-coated plates in mTeSR1 or E8 media sup-
plemented with 10 mM Y-27632 dihydrochloride at a split
ratio of 1:15–1:20. Cells were kept in a copper-lined humid-
ified incubator (Thermo Fisher Scientific) at 37�C with a 5%
CO2 atmosphere.

Human ES (hES) cells WA07 were cultured in conditioned
media as previously described [19]. Briefly, cells were cul-
tured in mouse embryonic fibroblast (MEF)-conditioned
medium supplemented with basic fibroblast growth factor
(bFGF) (8 ng/mL). Cells were cultured for 4–6 days or until
colonies occupied 75%–80% of well surface area. Cells were
then passaged by rinsing with Dulbecco’s phosphate-buffered
saline and incubating with collagenase (200 U/mL) for 5–
10 min at 37�C to dissociate them into small clumps. Clumps
were then plated onto six-well cell culture plates precoated
with 1 mL/well of 50mg/mL Matrigel (Corning). Cells were
kept in a copper-lined humidified incubator (Thermo Fisher
Scientific) at 37�C with a 5% CO2 atmosphere.

iPS cell differentiation

hiPS cells were differentiated using the ‘‘Matrix Sand-
wich’’ method, the GiWi method, or the BMP/Activin A
method, as already described [11,20,21]. In all differentia-
tion methods, cells were allowed to become 80%–90%
confluent and then dissociated by incubating in Versene
EDTA cell dissociation reagent (Thermo Fisher Scientific/
Gibco) for 10 min at room temperature. After incubation,
cells were triturated to dissociate into a single-cell suspen-
sion. Single-cell preparations were centrifuged for 5 min at
200 g and cell pellets were resuspended in cell culture media
for plating.

For the ‘‘Matrix Sandwich’’ method, cells were resus-
pended in E8 or mTeSR1 media (Stem Cell Technologies)
supplemented with 10mM ROCKi (Y-27632 dihydrochloride;
Tocris) and plated onto Matrigel-coated (8.7mg/cm2) 12-well
culture plates at a density of 500,000 cells per well. Fresh E8

or mTeSR1 media were given daily until cells became 90%
confluent. When 90% confluent, cells were overlaid with
8.7mg/cm2 growth factor-reduced Matrigel (Corning) in E8
or mTeSR1 media. After 24 h, the matrix coating solution
was removed and fresh E8 or mTeSR1 media were added
until cells were 100% confluent. Cells were then treated with
1 mL/well of day 0 media (RPMI 1640 media supplemented
with B27 minus insulin, coated with 8.7mg/cm2 Matrigel, and
100 ng/mL Activin A; R&D Systems). Exactly 24 h later, day
0 media were aspirated and cells were treated with 1.5 mL/well
of day 1 media (RPMI 1640 media supplemented with B27
minus insulin) (Life Technologies), 5 ng/mL of hBMP4 (R&D
Systems), and 10 ng/mL human bFGF (Life Technologies).

Four days after addition of day 1 media, cells were treated
with 1 mL/well basal differentiation media (RPMI 1640
media supplemented with B27 plus insulin). Cells treated
with GREM2 received 1 mL/well of RPMI 1640 media with
B27 minus insulin supplemented with 150 ng/mL GREM2
exactly 48 h after adding day 1 media (day 3). At day 5,
GREM2-treated wells received basal differentiation medium
with 150 ng/mL of GREM2. Media in all wells were replaced
daily. Cells were treated in a similar manner with 50 ng/mL
NOGGIN or 1.5mg/mL DAN, based on their specific activi-
ties (R&D Systems). GREM2 wild-type protein and mutated
versions of GREM2 were synthesized, purified, and measured
for activity as previously described [22–24].

The BMP/Activin A method followed the same proto-
col as described for the ‘‘Matrix Sandwich’’ method, but
without the Matrigel overlay steps.

For the GiWi method, cells were resuspended in E8 media
(Stem Cell Technologies) supplemented with 10mM ROCKi
(Y-27632 dihydrochloride; Tocris) and plated onto Matrigel-
coated (8.7mg/cm2) 12-well culture plates at a density of
500,000 cells per well. Once cells were 100% confluent
(typically 3–4 days after seeding), differentiation was started
by adding 2 mL/well of day 0 media (RPMI 1640 with B27
minus insulin and 12mM CHIR 99021). Exactly 24 h after
adding day 0 media, cells were treated with 2 mL/well early
differentiation media (RPMI 1640 with B27 minus insulin).
After 48 h, 1 mL/well of conditioned media was removed
from differentiating cells and combined with 1 mL early
differentiation media and supplemented with 2mM IWR-1
endo (Tocris). After 48 h, cells were treated with 2 mL/well of
late differentiation media (RPMI 1640 with B27 plus insulin).
Late differentiation media were then replaced daily.

The hES cells were differentiated as previously described
[25]. Briefly, WA07 hES cells were rinsed with 2 mL DPBS
and incubated with 2 mL Versene (EDTA; Life Technolo-
gies) for 10 min at 37�C. Versene was aspirated and replaced
with 1 mL/well of MEF-conditioned media supplemented
with 8 ng/mL of bFGF. hES cells were triturated to produce a
single-cell suspension and seeded onto 24-well Matrigel-
coated (8.7mg/cm2) plates at a density of 400,000 cells per
well. Cells were given fresh media daily until 100% confluent.
Once 100% confluent, cells were given 1 mL/well day 0 me-
dium (RPMI 1640 with 2% B27 minus insulin and 100 ng/mL
Activin A). Cells were incubated at 37�C for 24 h and then
treated with 1 mL/well of day 1 medium (RPMI 1640 with
2% B27 minus insulin and 10 ng/mL BMP4). After 4 days,
the medium was replaced with late differentiation medium
(RPMI 1640 with 2% B27). 1 mL/well of fresh late differ-
entiation media was added to each well every other day.
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Reverse transcriptase quantitative polymerase
chain reaction

Cells were collected from each well using Tryp-LE Select
(Thermo Fisher Scientific) and centrifuged at 200 g for 5 min
to pellet. Cell pellets were lysed using RLT buffer, and RNA
was isolated using the RNeasy Mini Kit following the man-
ufacturer’s instructions (Qiagen). cDNA was generated by
reverse transcription of 1–3mg of RNA as we have previously
reported [16]. cDNA samples were amplified using GoTaq
qPCR Master Mix (Promega) in a Bio-Rad CFX thermo-
cycler. Relative gene expression levels were calculated using
the delta-delta Ct method [26,27]. Relative primer efficien-
cies were determined using the Real-time PCR Miner algo-
rithm and confirmed experimentally using the slope of the
standard curve from plotting log(DNA copy number) versus
Ct value [28]. Amplification primer sequences are reported in
Supplementary Table S1 (Supplementary Data are available
online at www.liebertpub.com/scd).

Cell quantification

Cells were dissociated into single-cell suspensions using
Tryp-LE Express (Life Technologies), stained with trypan
blue (diluted 1:2 in PBS or cell culture media) to exclude
dead cells and quantified using a Bio-Rad TC-10 automated
cell counter. For DAPI-stained cells, cell numbers were
quantified by dividing three fields of view from three in-
dependent wells per condition into quadrants and manually
counting the number of nuclei visible in each quadrant.

Immunofluorescence

Cells were seeded onto Matrigel-coated (8.7mg/cm2) 12-
well plastic culture plates (Thermo Fisher Scientific) at a
density of 500,000 cells per well and differentiated as de-
scribed above for the ‘‘Matrix Sandwich’’ method. Cells were
fixed at the desired time points (differentiation days 4, 5, 6,
and 10) by rinsing with 500mL DPBS and incubating in 4%
paraformaldehyde in PBS at 4�C for 5 min. The PFA solution
was then aspirated and cells were rinsed with 1· PBS five
times. Fixed cells were permeabilized by incubating with
400mL permeabilization buffer (0.2% Triton X-100 in
1· PBS) in each well at room temperature for 1 h. Nonspecific
binding was then blocked using 400mL/well of blocking so-
lution (5% nonfat dry milk in permeabilization buffer) for 2 h
at room temperature with gentle rocking. For all subsequent
steps, a minimum of 350mL of solution was added to each
well. Cells were then washed 3 · 5 min with 400mL/well of
1· PBS at room temperature. After washing, cells were in-
cubated with primary antibodies in incubation buffer (0.1%
Triton X-100, 1% BSA in 1· PBS) overnight at 4�C with
gentle rocking. Next, cells were washed 3 · 3 min each, with
PBST (0.2% Tween-20 in 1· PBS) followed by 3 · 3 min each
with 1· PBS. Cells were then incubated with secondary anti-
bodies diluted in incubation buffer for 1 h at room temperature
in the dark. Finally, cells were then washed 2 times, 3 min
each, with 1· PBS and stored in 400mL 1· PBS for imaging.

Imaging was done using a Leica DM IRB Inverted Mi-
croscope or a Zeiss Laser Scanning Microscope (LSM 880).
Image analysis and volume rendering were done using NIS
Elements, Zen, ImageJ/FIJI, and Imaris software suites. Pri-
mary antibodies recognizing phospho-HISTONE H3 (Santa

Cruz Biotechnology; Cat. No. sc-8656-R, 1:500), NKX2.5
(Santa Cruz Biotechnology; sc-8697, 1:50), GREM2 (Pro-
teinTech; 13892-1-AP, 1:100), and a-ACTININ (Sigma;
A7811, 1:500) were applied. We have also tested anti-GREM2
rabbit polyclonal antibodies from GeneTex (GTX108414),
Abcam (ab102563), and R&D Systems (AF2069) at a 1:100
dilution. The fluorescent dye 4¢,6-diamidino-2-phenylindole
(DAPI; Invitrogen) was added during the final 15 min of sec-
ondary incubation at a 1:10,000 dilution to stain nuclei.

Flow cytometry

Differentiated hiPS cells were washed once with DPBS
minus Mg2+ and Ca2+, incubated with 1 mL/well Accutase at
room temperature for 15 min, and triturated to break up into
single cells. Accutase was diluted by adding two volumes of
late differentiation medium per well and contents were trans-
ferred to 15-mL conical tubes through mesh strainer caps to
remove large cell clumps. Before centrifugation and after vi-
sual confirmation of complete cell detachment and single-cell
dissociation with Accutase, the total cell number per well was
quantified using the Bio-Rad TC-10 automated cell counter
as described above. Cell suspensions were then centrifuged at
200 g for 5 min to pellet cells. Cell pellets were rinsed 1· time
with DPBS minus Mg2+ and Ca2+ and repelleted. Washed
pellets were resuspended in 500mL Fix/Perm buffer (fixation/
permeabilization solution; BD Biosciences), transferred to 5-
mL round-bottomed flow cytometry tubes (BD Biosciences),
and incubated for 40 min on ice. Cells were then pelleted at 300
g for 5 min and supernatant was aspirated. Cells were washed
2· times with Perm/Wash buffer (BD Bioscience) and pelleted
by centrifugation at 300 g for 5 min. Cells were blocked by
adding 100mL blocking buffer (BD Bioscience) to each tube
and incubating on ice with gentle rocking for 30 min.

Primary antibodies recognizing NKX2.5 (Abcam; ab91196)
and MYH6 (Abcam; ab50967) at a 1:100 dilution were added
directly to the cell suspensions in each tube and incubated for
2 h on ice with gentle rocking. To wash out primary antibodies,
3 mL of Perm/Wash buffer was added to each tube and then
centrifuged at 300 g for 5 min. Supernatant was aspirated and
cells were washed with 2 mL/tube fresh Perm/Wash solution
and centrifuged at 300 g for 5 min. For secondary antibody
incubation, cell pellets were suspended in 100mL blocking
buffer with secondary antibodies at 1:400 dilutions. Cells were
incubated with rocking for 30 min on ice and then washed twice
with Perm/Wash buffer. Cells were then suspended in Flow
Assay Buffer (BD Biosciences) and the percentage of NKX2.5+

and MYH6+ cells was determined using FACS Aria flow cyt-
ometer and analyzed using FACS Diva (BD Bioscience) or
FlowJo (FlowJo, LLC) software in the Vanderbilt University
Shared Flow Cytometry Resource Laboratory. The total num-
ber of CMs per well was calculated by multiplying the total cell
number per well (as described above) by the percentage of
NKX2.5+ or MYH6+ cells as determined by flow cytometry.

Western blotting

Protein samples from differentiated hiPS cells (DF 19-9-
11; WiCell) were isolated using the RIPA buffer, including
the protease inhibitor cocktail and phosphatase inhibitor
cocktail 2 and 3 (Sigma) diluted at 1:100. Cell lysates were
shaken at 4�C for 30 min and centrifuged at 12,000 rpm at
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4�C for 15 min. Protein concentration in supernatants was
measured using the Pierce BCA protein assay (Thermo
Fisher Scientific). Fifteen micrograms of protein (adjusted
to 7.5 mL with distilled water) was then mixed with 7.5 mL
of 2· Laemmli sample buffer (Bio-Rad) containing b-
mercaptoethanol (Sigma). Proteins were denatured at 95�C
for 5 min and then placed on ice for another 5 min. Electro-
phoresis was run using sodium dodecyl sulfate polyacrylamide
gels with 1· MOPS SDS running buffer (Life Technologies).
Size fractioned proteins were transferred to nitrocellulose
membranes (Bio-Rad) using the semidry system.

Membranes were blocked with 5% dry milk or 5% BSA
(Sigma) in Tris-buffered saline (Corning) containing 1%
Tween-20 (Sigma) (1· TBST) for 1 h at room temperature
or 4�C, respectively. Next, membranes were incubated
overnight with antibodies recognizing phosphorylated
SMAD1/5/9 or total SMAD1 and phosphorylated or total
JNK 1&2 (Cell Signaling) diluted at 1:1,000, NKX2.5
(Santa Cruz Biotechnology, sc-8697) diluted at 1:500, and
b-ACTIN (Sigma Aldrich, A1978) diluted at 1:5,000 in 5%
BSA in 1· TBST. Next day, membranes were washed 3
times, 5 min each with TBST and incubated for 2 h at room
temperature with peroxidase-conjugated secondary anti-
bodies ( Jackson ImmunoResearch) diluted 1:5,000 in 5%
dry milk-TBST. Three 5-min washes were performed to
wash away unbound secondary antibodies. Signals were
detected using SuperSignal West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific) and images were taken
with ChemiDoc Touch System (Bio-Rad). Protein band in-
tensities were quantified using ImageJ.

Luciferase assays

CGR8 mouse ES cells were transfected with the BRE2-
Luc reporter construct with luciferase expression under the
control of two canonical BMP signaling responsive ele-
ments of the Id2 gene [16,29]. Cells were treated for 8 h with
40 ng/mL BMP4, 50 ng/mL GREM2, and/or 300 ng/mL
BMP decoy protein L51P [30]. Firefly luciferase activity
was normalized to Renilla luciferase activity to account for
transfection efficiency.

Results

GREM2 is expressed in differentiating human
pluripotent stem cells during CPC expansion
and differentiation

We have previously shown that grem2 expression in
zebrafish embryos first appears within the pharyngeal arch
mesoderm, adjacent to the cardiac field, during the early
stages of heart tube formation [14,15]. In mouse embryos,
we found that Grem2 expression appears around embryonic
day 8 and overlaps with the nascent cardiac field area [16].
To determine whether GREM2 is associated with early
human cardiac development, we cultured and differentiated
the hiPS cell line DF 19-9-11, using the ‘‘Matrix Sandwich’’
method that was designed for efficient CM differentiation
[20]. We then isolated RNA samples at consecutive days of
differentiation and analyzed the temporal program of car-
diogenic development by reverse transcriptase quantitative
polymerase chain reaction (RT-qPCR). As shown in Fig. 1,
expression of the T BRY gene that marks mesoderm for-

mation is transiently induced at days 2–3 after initiation of
differentiation, followed by sequential expression of mark-
ers specific to early cardiogenic mesoderm (MESP-1), CPCs
(NKX2.5, ISL1, and KDR or VEGFR2), and CMs (TNNT2,
MYH6). Expression of endothelial and hematopoietic genes
(CD31, VE-CADHERIN, HBBY) was at low levels (data not
shown), likely because the ‘‘Matrix Sandwich’’ method is
optimized specifically for cardiac differentiation.

To place GREM2 expression in the context of other BMP
signaling components during hiPS cell differentiation, we
analyzed expression of select BMP ligands, BMP receptors,
and BMP antagonists. Our results show that CERBERUS
LIKE 1 and CHORDIN are transiently induced during me-
soderm formation, in accordance with their expression pat-
terns in other species [16,31–33], whereas NOGGIN is
expressed at later time points of differentiation. GREM2
expression appears after mesoderm formation, coincidently
with early cardiac markers such as NKX2.5, and continues to
rise during cardiac differentiation (Fig. 1). The expression of
BMP2 and BMP4 is in line with their respective roles in
cardiac differentiation in mice, with BMP2 being expressed
first during cardiogenic specification and followed by BMP4
[34,35]. In contrast to the dynamic expression of BMP li-
gands and BMP antagonists during cardiac differentiation,
BMP receptors (BMPR2, ALK3, ALK6) appear to be con-
stantly expressed throughout the differentiation process.

A similar expression pattern for GREM2 was also ob-
served in (1) the WA07 hES cells and (2) the independently
reprogrammed hiPS cell line iMR90 C4 (Supplementary
Fig. S1). Furthermore, because the ‘‘Matrix Sandwich’’
method of cardiac cell differentiation depends on timely
activation and withdrawal of BMP signaling, which may
influence expression of BMP ligands and antagonists, we
used the distinct GiWi differentiation protocol that relies on
sequential activation and inhibition of canonical Wnt sig-
naling [11]. Our results show a similar induction profile of
GREM2 during cardiac differentiation following the GiWi
protocol, indicating that the GREM2 expression pattern is
independent of the differentiation method used (Supple-
mentary Fig. S1).

Taken together, our data demonstrate that GREM2 ex-
pression starts after mesoderm formation, during the initial
phase of CPC specification, and is retained throughout CPC
expansion and differentiation to CMs. GREM2 is unique
among BMP antagonists to follow the cardiac differentiation
pattern, although NOGGIN is also expressed within specific
time windows of cardiac differentiation. The GREM2 ex-
pression pattern is consistent with our previous studies in
zebrafish and mouse development, as well as mouse ES cell
differentiation [14–16], indicating that GREM2 expression
and possibly function have been conserved during evolution
from lower vertebrates to humans. Furthermore, the GREM2
expression pattern is consistent among different hES and
iPS cell lines and independent of the applied differentiation
protocol, suggesting that GREM2 is inherently linked to the
early stages of the cardiac differentiation process.

GREM2 is expressed in human CPCs
and differentiated CMs

To determine the cellular source of GREM2, we per-
formed immunofluorescence staining on fixed cells during
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early (day 5 and 7) and late (day 10) differentiation stages
using primary antibodies against GREM2, and antibodies
recognizing typical cardiac-specific proteins, such as the
transcription factor NKX2.5 and the sarcomeric component
a-ACTININ.

To identify antibodies specific for detection of human
GREM2 protein in cultured cells, we screened four distinct,
commercially available, anti-GREM2 primary antibodies.
To this end, we used HEK293 cells transiently transfected
with a plasmid expressing the human GREM2 cDNA under

the regulation of the CMV promoter, or empty vector as
control. Transfected cells were fixed, stained, and imaged
using a fluorescence microscope (Supplementary Fig. S2).
Three antibodies gave a specific signal and the one with the
best signal to noise ratio was subsequently selected for
immunolabeling of differentiating iPS cells.

We found that GREM2 is expressed in NKX2.5+ cells at
differentiation day 5 and 7 (Fig. 2A and Supplementary
Fig. S3A, B). GREM2 protein expression persists in a-
actinin+ CMs at day 10 of differentiation (Fig. 2B and

FIG. 2. GREM2 is expressed in CPCs and cardiomyocytes. Immunofluorescence analysis of differentiating hiPS cells. (A)
CPCs at differentiation day 5, marked with NKX2.5 (red), express GREM2 (green). White arrows mark NKX2.5- cells that
also lack GREM2 expression (upper panels). Scale bar, 30 mm. Three-dimensional reconstruction using z-stack confocal
microscopy images illustrates GREM2 expression in NKX2.5+ cells (lower panels). Scale bar, 30 mm. (B) Differentiated
cardiomyocytes at differentiation day 10, marked with a-ACTININ (red), express GREM2 (green; upper panels). Scale bar,
30 mm. Three-dimensional reconstruction of confocal microscopy images (lower panels) shows GREM2 expression in
differentiated cardiomyocytes with sarcomeric structures. Scale bar, 20 mm. DAPI staining (blue) marks cell nuclei.
ACTN2, a-ACTININ; CPC, cardiac progenitor cell.
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Supplementary Fig. S3C). GREM2 was not detected in
NKX2.5- cells, suggesting that GREM2 expression is con-
fined to the cardiac lineage during iPS cell differentiation
and acts in an autocrine manner.

BMP signaling antagonism is required
for CM differentiation

The GREM2 expression data described above suggest
that BMP signaling antagonism is necessary for CM dif-
ferentiation. To test this possibility, we treated differenti-
ating iPS cells with an L51P mutant of BMP2 that was
shown to bind the BMP antagonist NOGGIN, but unable to
bind BMPRI and activate BMP signaling, thus acting as a
BMP ligand decoy [30]. To test the ability of the BMP
decoy to block GREM2, we first transfected CGR8 mouse
ES cells with a plasmid containing the firefly luciferase gene
under the control of the BMP signaling response elements
from the Id2 gene promoter (BRE2-Luc) [16,29]. Optimal
concentrations for effective BMP signaling inhibition by
GREM2 were first determined by titrating increasing con-
centrations of GREM2 in cells exposed to a constant BMP4
amount (Supplementary Fig. S4). The cells were then trea-
ted with BMP4, GREM2, and/or the BMP decoy. The re-
sults show that BMP4 induces canonical BMP (BRE2-Luc)
signaling, whereas the BMP decoy alone does not signal nor
does interfere with BMP4 signaling activation (Fig. 3A).
GREM2 inhibits BMP4 activity, where GREM2 alone does
not induce BRE2-Luc activity, as expected. Moreover, co-
incubation of BMP4, GREM2, and the BMP decoy restored
canonical BMP signaling, indicating that the BMP decoy
effectively blocks the inhibitory effect of GREM2 (Fig. 3A).

Treatment of differentiating human pluripotent stem cells
with the BMP decoy protein starting at day 4 of differenti-
ation, when CPCs first appear and GREM2 expression is
induced, caused a significant reduction in cardiac gene ex-

pression levels and reduced the percentage of contracting
cells in culture (Fig. 3B). These data suggest that BMP
signaling inhibition is required for cardiogenic differentia-
tion of human pluripotent stem cells.

GREM2 enhances the cardiogenic potential
of differentiating iPS cells

The results described above suggest inhibition of BMP
signaling is necessary for CM differentiation of hiPS cells.
To test whether GREM2 can further enhance human CM
differentiation, we added GREM2 protein to differentiating
iPS cells from day 3 onward, when cardiogenic mesoderm
appears and endogenous GREM2 expression begins to rise.
The ‘‘Matrix Sandwich’’ protocol (SP) served as a positive
control, whereas a modified, truncated ‘‘Matrix Sandwich’’
differentiation protocol (MP) without any factor addition
after mesoderm induction at day 3 served as the baseline or
negative control (Fig. 4A).

Visual comparison of cultures revealed that GREM2 pro-
tein addition accelerated the appearance of contracting cells,
indicating the presence of CMs at day 7, which is 1 day
earlier than the ‘‘Matrix Sandwich’’ method and 3 days
earlier than the negative control. In addition, GREM2 also
increased the overall areas of contracting cells, suggesting
further expansion of the cardiac lineage (Fig. 4B, C).

In agreement with the visual observations, analysis of
RNA samples prepared at days 10 and 14 of differentiation
showed that addition of GREM2 leads to a further increase in
cardiac-specific gene expression levels compared to the
‘‘Matrix Sandwich’’ method (Fig. 4D). To quantify the long-
term effects of GREM2 on CM yields, we performed flow
cytometry analysis at differentiation day 30 using antibodies
recognizing the cardiac-specific myosin heavy chain MYH6.
We also used antibodies recognizing NKX2.5, the expression
of which is maintained in mature CMs, thus providing an

FIG. 3. BMP ligand antagonism is required for cardiac differentiation of hiPS cells. (A) BMP decoys block the inhibitory
effects of GREM2. Mouse ES cells were transfected with the BRE2-Luc reporter construct with luciferase expression under
the control of two canonical BMP signaling responsive elements of the Id2 gene. Cells were treated for 8 h with BMP4,
GREM2, and the L51P BMP2 decoy in various combinations as indicated. In the presence of the BMP decoy, GREM2
inhibition of BMP signaling is aborted. One-way ANOVA with Dunnett’s test was performed to compare the experimental
groups to the no treatment control group. ***P < 0.001. (B) RT-qPCR gene expression analysis of RNA samples isolated
from DF 19-9-11 iPS cells at day 7 and 10 of differentiation with or without BMP decoy treatment shows a reduction in
cardiac gene expression in samples treated with the BMP decoy. n = 3 replicates per condition. Student’s t-test. *P < 0.05;
**P < 0.01. (C) iPS cells treated with the BMP decoy BMP have a significant reduction in the percentage of contracting cells
at differentiation day 10. n = 3 replicates per condition. Student’s t-test. ***P < 0.001. ES, embryonic stem; RT-qPCR,
reverse transcriptase quantitative polymerase chain reaction.
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FIG. 5. GREM2 promotes proliferation of CPCs. Immunofluorescence staining of CPCs during iPS cell differentiation.
Cells were treated with GREM2 and compared to ‘‘Matrix Sandwich’’ (SP) and baseline negative controls (MP) as
described in Fig. 4A. (A) Representative images of cell cultures stained at differentiation day 4 with the cardiovascular
progenitor marker KDR (red) and the active proliferation marker pHH3 (green) show that GREM2 treatment increases the
total number of proliferative cells. Scale bars, 30 mm. (B) Staining at day 5 with the CPC marker NKX2.5 (red) shows
colocalization with pHH3 (green), indicating increased proliferation of CPCs in GREM2-treated cultures of differentiating
iPS cells. Representative double-positive cells are marked by arrows. Scale bars, 100mm. DAPI staining (blue) marks cell
nuclei. pHH3, phospho-HISTONE H3.
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independent marker to quantify cardiac cells. The data
showed that GREM2 treatment gives rise to increased num-
bers of CMs compared to the ‘‘Matrix Sandwich’’ method
(Fig. 4E). Specifically, GREM2 treatment increased the per-
centage of MYH6+ cells from *83% in the optimal Sand-
wich protocol (SP) to *93% and approximately doubled the
total number of cells, thus increasing the total number of
CMs/well, as shown in Fig. 4E. Similarly, the percentage of
NKX2.5+ cells increased from *70% to *88%.

Using engineered GREM2 mutants that retain or lose
BMP binding activity showed that BMP binding is required
for cardiogenic differentiation (Fig. 4F). The positive effect
of GREM2 was also evident using an independent hiPS cell
line, iMR90 C-4, indicating that the procardiogenic prop-
erties of GREM2 are not limited to a single pluripotent stem
cell line (Supplementary Fig. S5). Taken together, these data
demonstrate that GREM2 protein addition during cardiac
differentiation accelerates and enhances the cardiogenic
potential of differentiating hiPS cells.

GREM2 promotes proliferation of CPCs

Using western blotting analysis of NKX2.5 protein, we
found that GREM2 does not affect the initial induction of
early cardiac genes, but leads to expansion of cardiac lineage
markers at subsequent differentiation stages (Supplementary
Fig. S6). Instead, the GREM2 expression during the initial
appearance of CPCs and its stimulatory effect on cardiac
differentiation raised the possibility that GREM2 promotes
proliferation of CPCs. To directly test this possibility, we
stained GREM2-treated differentiating iPS cells with anti-
bodies recognizing the phosphorylated form of HISTONE H3
(pHH3) that is specifically phosphorylated during the mitosis
and meiosis phases of cell division, thereby marking prolif-
erating cells. The ‘‘Matrix Sandwich’’ (SP) and baseline
(MP) protocols as outlined above in Fig. 4A served as pos-
itive and negative controls, respectively.

Our results demonstrate that addition of GREM2 protein at
day 3 leads to a five- to sixfold increase in pHH3+ cells at day
4 (Fig. 5A and Supplementary Fig. S7). At this stage, pHH3
colocalizes with cell colonies expressing the early cardio-
vascular progenitor-specific membrane receptor KDR (or
VEGFR2) [10]. Notably, KDR expression diminishes in SP
cultures compared to MP and even more in GREM2-treated
cells, likely due to acceleration of cardiac differentiation and
loss of vascular markers, which is consistent with the timing
of appearance of contracting cells under the different proto-
cols at later stages (Fig. 4B). At day 5, pHH3 is specifically
found in the nuclei of NKX2.5+ CPCs (Fig. 5B). The im-
munofluorescence analysis results show that GREM2 pro-
motes proliferation of CPCs. Interestingly, the ‘‘Matrix
Sandwich’’ protocol, which requires BMP4 addition at dif-
ferentiation days 3–5, initially generates less proliferating
CPCs than the other conditions (Fig. 5A, B, and Supple-
mentary Fig. S7). However, the ‘‘Matrix Sandwich’’ protocol
eventually promotes CM differentiation after BMP4 removal
at day 5, but not to the same extent as addition of GREM2.

BMP inhibition promotes proliferation of CPCs

The results described in the previous sections show that
GREM2 promotes proliferation of CPCs. To test whether

GREM2-mediated inhibition of BMP is sufficient to also
stimulate cardiac differentiation, we compared the effects of
GREM2 to two additional, distinct BMP antagonists,
namely NOGGIN and DAN (Fig. 6A). All three BMP an-
tagonists led to suppression of the canonical BMP signaling
target gene ID2, respectively, showing they function as
expected (Fig. 6B). Treatment with any of the three BMP
antagonists led to a significant increase in overall cell
numbers (Fig. 6C). Costaining of differentiating iPS cells at
day 6 with antibodies recognizing NKX2.5 and pHH3
showed that GREM2-treated cells had higher proliferation
rates than baseline. NOGGIN and DAN also increased CPC
proliferation, compared to baseline (Fig. 6D). Of note, there
were comparable numbers of NKX2.5+ cells at day 6 in
control and BMP antagonist-treated differentiating iPS cells,
further suggesting that GREM2 and BMP signaling antag-
onists do not affect the specification of CPCs.

To test whether BMP signaling inhibition is sufficient to
promote CM differentiation, we isolated RNA samples at
day 10 of differentiation from cells treated as shown in
Fig. 6A. qPCR analysis showed that GREM2 led to induc-
tion of cardiac-specific gene markers characteristic of con-
tracting CMs such as MYH6 and TNNT2, but NOGGIN and
DAN had minimal or no effect (Fig. 6E). Therefore, al-
though all three BMP antagonists enhanced proliferation of
NKX2.5+ cells, induction of CM differentiation was a
characteristic specific to GREM2.

GREM2 enhancement of cardiac differentiation
requires JNK activation

We have previously shown that GREM2 inhibited ca-
nonical BMP, that is, SMAD1/5/8-mediated signaling
shortly after treatment of differentiating mouse ES cells,
followed by JNK signaling activation at later stages.
Moreover, we found that this dual effect on canonical BMP
signaling inhibition and the subsequent noncanonical JNK
signaling activation is a unique property of GREM2 among
BMP antagonists [16]. To test whether JNK activation
drives cardiogenic differentiation of hiPS cells by GREM2,
we prepared protein samples at differentiation days 4, 5, 6, 7,
and 8 of GREM2- and NOGGIN-treated cells. The ‘‘Matrix
Sandwich’’ and baseline protocols served as positive and
negative controls, respectively (as described in Fig. 4A).
Western blotting analysis using antibodies recognizing acti-
vated phospho-SMAD1/5/8 showed that both GREM2 and
NOGGIN effectively blocked SMAD phosphorylation 24 h
after treatment (Fig. 7A). Phospho-SMAD1/5/8 levels be-
came undetectable in all samples at subsequent time points
(not shown). We did not detect JNK phosphorylation at days
4–7 (not shown). In contrast, western blotting showed that
phospho-JNK1/2 protein was specifically activated by
GREM2 at day 8, but not NOGGIN (Fig. 7A). Of note, we
did not detect JNK activation by the Matrix Sandwich method
at this stage, suggesting that either alternative procardiogenic
mechanisms are induced by this method or that GREM2
accelerates JNK signaling activation.

To test whether JNK activation by GREM2 drives human
CM differentiation, we exposed GREM2-treated differenti-
ating iPS cells to the JNK signaling-specific chemical in-
hibitor TCS JNK 6o ( JNKi 6o) [36,37] or vehicle control.
Visual observations and RNA analysis by qPCR showed that
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JNK signaling inhibition abolished the stimulatory effect of
GREM2 on the cardiac lineage expansion (Fig. 7B, C). Of
note, JNK inhibition was effective when applied during
differentiation of CPCs after day 5. In summary, our data
show that GREM2 coordinates cardiogenic output in a 2-
step mechanism, initially inhibiting canonical BMP signal-
ing to promote CPC proliferation followed by induction of
differentiation through JNK signaling activation (Fig. 7D).

Discussion

Our data demonstrate that expression of the secreted BMP
antagonist GREM2 is induced in pluripotent stem cell-
derived human CPCs shortly after the specification of car-
diac mesoderm. GREM2 expression is maintained in CPCs
throughout their differentiation and persists in differentiated
CMs. BMP signaling antagonism is required for cardiac
lineage development, since BMP ligand decoys that bind
antagonists, but do not activate BMP receptors, abort CM
differentiation. Our results further show that GREM2 in-
creases cardiac gene expression and CM differentiation, a
process that depends on JNK signaling activation. Interest-
ingly, although BMP antagonists such as NOGGIN and
DAN equally stimulate CPC proliferation, only GREM2
efficiently promotes differentiation to CMs.

BMP ligands play crucial roles at various stages of car-
diac development [38], starting from the initial cardiogenic
specification of mesoderm [39], to subsequent cardiac tube
assembly, asymmetric looping and jogging [40], ventricular
identity [41], outflow track and cushion formation [35], and
CM differentiation [42]. Although canonical BMP signaling
induces NKX2.5 gene in the cardiac crescent to generate
CPCs, BMP signaling needs to be suppressed to allow
proliferation and expansion of CPCs. Interestingly, during
mouse secondary heart field development, Nkx2.5 sup-
presses BMP signaling by blocking pSmad1, forming a
negative regulatory loop that promotes proliferation of
CPCs [43]. Our results show that this mechanism likely
applies to human CPCs as BMP signaling inhibition by
NOGGIN, GREM2, or DAN proteins promotes proliferation
of CPCs.

On the contrary, elegant gain- and loss-of-function studies
in mouse embryos have shown that persistent BMP signal-
ing inhibition prevents differentiation of CPCs [43]. Our
data confirm that NOGGIN and DAN prevent expression of
genes specific to differentiated CMs, including sarcomere
proteins such as MYH6 and TROPONIN T2. In contrast,
GREM2, after the initial stimulation of CPC proliferation,
leads to superinduction of cardiac differentiation. We have
previously shown that GREM2 has the unique property
among BMP antagonists, after its prescribed canonical BMP
signaling inhibition, to subsequently induce JNK signaling
activation that is required for cardiac differentiation [16].
Our results indicate that this GREM2 property is responsible
for promotion of human cardiac cell differentiation as well,
since JNK signaling inhibition aborts the procardiogenic
effect of GREM2. These findings are consistent with pre-
vious reports that have implicated JNK signaling in car-
diogenic differentiation of pluripotent stem cells [44,45].

Recent crystallographic evidence revealed that GREM2
folds into a unique tertiary shape that has not been described
before. Specifically, GREM2 dimerizes in a head-to-tail

manner, unlike the head-to-head pairing of NOGGIN
[24,46,47]. This head-to-tail arrangement gives rise to large,
constrained, and arching hydrophobic surfaces on the three-
dimensional structure, which precludes Grem2 from wrap-
ping around BMP dimers as NOGGIN does [24,46,47]. We
currently test whether this unique structural arrangement is
also critical for the function of GREM2 in regulating both
proliferation and differentiation of CPCs. Future biochemi-
cal analyses may further identify critical structural motifs
that could be exploited to design molecules that mimic the
biological effects of GREM2, such as the ability to selec-
tively alter its BMP inhibitory and JNK activating proper-
ties. Recognizing these mechanisms may offer additional
novel insights in the cardiac differentiation process. More-
over, due to the wide interest in regulating BMP signaling in
a number of human diseases, BMP signaling inhibitors are
being developed for clinical use [48,49]. Thus, our findings
may facilitate future repurposing of these new pharmaco-
logical resources for coordinated growth and differentiation
of stem cell populations.

We recently established that during embryonic develop-
ment in zebrafish, grem2 first appears in the pharyngeal
mesoderm next to the forming heart tube [14,15]. Loss- and
gain-of-function approaches demonstrated that Grem2 is
necessary for proper cardiac tube jogging and looping,
cardiac laterality, and CM differentiation by suppression of
Smad1/5/8 phosphorylation [15]. Although left/right asym-
metry and complex morphogenetic processes cannot be
replicated in cell culture, our data show that the critical role
of GREM2 in CM differentiation has been conserved across
species and applies to human pluripotent stem cells. More-
over, we found that Grem2 is critical for atrium formation in
zebrafish and promotes differentiation of pluripotent mouse
ES cells to atrial-like CMs [16]. We did not detect prefer-
ential induction of atrial- versus ventricular-specific genes in
the examined early stages of GREM2-treated hiPS cells
(data not shown). Because human CMs take longer to ma-
ture in culture than mouse cells [50], it is likely that longer
treatment periods might be required to test whether GREM2
can regulate chamber identity in iPS cell-derived CMs.

In the adult mouse heart, we recently discovered that
Grem2 is highly induced in peri-infarct CMs at the end of
the inflammatory phase after myocardial infarction. Using
genetic gain- and loss-of-Grem2-function mouse models and
chemical compounds that inhibit BMPs, we found that
Grem2 modulates the magnitude of the inflammatory re-
sponse and keeps inflammation in check through suppres-
sion of canonical BMP signaling [51]. Grem2 levels after
myocardial infarction correlate with functional recovery,
suggesting a new strategy to control inflammation of cardiac
tissue after acute ischemic injury and improve cardiac
function. It is intriguing that the BMP developmental
pathway that initiates cardiac specification is also among the
earliest induced after ischemic injury in the adult heart, but
assumes a very different role. It is also intriguing that
Grem2 induction takes place in peri-infarct CMs indicating
that reactivation of CM-specific expression of Grem2 takes
place under pathological conditions. However, unlike in
developing CMs, Grem2 does not induce cell proliferation
in the adult heart. Understanding how this property is lost in
adult CMs might open the way to unlock cardiac regener-
ative mechanisms.
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Over one million Americans experience myocardial infarction (MI) annually, and the
resulting scar and subsequent cardiac fibrosis gives rise to heart failure. A specialized cell-
cell adhesion protein, cadherin-11 (CDH11), contributes to inflammation and fibrosis in
rheumatoid arthritis, pulmonary fibrosis, and aortic valve calcification but has not been
studied in myocardium after MI. MI was induced by ligation of the left anterior descending
artery in mice with either heterozygous or homozygous knockout of CDH11, wild-type mice
receiving bone marrow transplants from Cdh11-deficient animals, and wild-type mice
treated with a functional blocking antibody against CDH11 (SYN0012). Flow cytometry
revealed significant CDH11 expression in noncardiomyocyte cells after MI. Animals given
SYN0012 had improved cardiac function, as measured by echocardiogram, reduced tissue
remodeling, and altered transcription of inflammatory and proangiogenic genes. Targeting
CDH11 reduced bone marrow–derived myeloid cells and increased proangiogenic cells in
the heart 3 days after MI. Cardiac fibroblast and macrophage interactions increased IL-6
secretion in vitro. Our findings suggest that CDH11-expressing cells contribute to
inflammation-driven fibrotic remodeling after MI and that targeting CDH11 with a blocking
antibody improves outcomes by altering recruitment of bone marrow–derived cells, limiting
the macrophage-induced expression of IL-6 by fibroblasts and promoting vascularization.
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Introduction
Every year over one million Americans experience a myocardial infarction (MI), which significantly reduc-
es cardiac function and potentiates the progression to heart failure by increasing the risk of  recurrent infarc-
tions (1). The process of  infarct healing requires complex interactions between resident and recruited cells, 
which must coordinate the clearance and replacement of  damaged tissue with a stable and robust collagen 
scar to prevent cardiac rupture.

Immune cells — including neutrophils, monocytes, and macrophages, among others — are recruited from 
the blood within the first few hours after MI and critically participate in the healing and remodeling process. 
Resident cardiac macrophages also participate in stabilizing the heart after cardiac injury (2). Following the 
successful clearance of necrotic tissue and cell debris by immune cells, resident mesenchymal cells — including 
cardiac fibroblasts (CFs) — proliferate and differentiate into an activated, hypersecretory, hypercontractile, 
tissue remodeling phenotype known as myofibroblasts. This highly cellularized stage of cardiac remodeling, 
termed the granulation phase, is characterized by the resolution of inflammatory signaling and the transition 
to fibrotic remodeling and scar formation by activated myofibroblasts. In the following weeks, myofibroblasts 
deposit and remodel collagen into a compact scar, which can sustain the biomechanical integrity of the myo-
cardial wall (3). However, excess inflammation and reparative activity can ultimately lead to expansion of the 
infarct area and further diminished cardiac function (4, 5).

Development of  treatment strategies for MI is made particularly challenging by the precise and nec-
essary timing of  both chemical signals and cellular activity throughout these phases of  remodeling. Many 
treatments targeting specific growth factor cascades have failed to maintain the delicate balance between 

Over one million Americans experience myocardial infarction (MI) annually, and the resulting scar 
and subsequent cardiac fibrosis gives rise to heart failure. A specialized cell-cell adhesion protein, 
cadherin-11 (CDH11), contributes to inflammation and fibrosis in rheumatoid arthritis, pulmonary 
fibrosis, and aortic valve calcification but has not been studied in myocardium after MI. MI was 
induced by ligation of the left anterior descending artery in mice with either heterozygous or 
homozygous knockout of CDH11, wild-type mice receiving bone marrow transplants from Cdh11-
deficient animals, and wild-type mice treated with a functional blocking antibody against CDH11 
(SYN0012). Flow cytometry revealed significant CDH11 expression in noncardiomyocyte cells after 
MI. Animals given SYN0012 had improved cardiac function, as measured by echocardiogram, 
reduced tissue remodeling, and altered transcription of inflammatory and proangiogenic genes. 
Targeting CDH11 reduced bone marrow–derived myeloid cells and increased proangiogenic cells in 
the heart 3 days after MI. Cardiac fibroblast and macrophage interactions increased IL-6 secretion in 
vitro. Our findings suggest that CDH11-expressing cells contribute to inflammation-driven fibrotic 
remodeling after MI and that targeting CDH11 with a blocking antibody improves outcomes by 
altering recruitment of bone marrow–derived cells, limiting the macrophage-induced expression of 
IL-6 by fibroblasts and promoting vascularization.
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necessary and excessive inflammation and fibrosis and often have adverse side effects on the surviving car-
diomyocytes (CMs), causing additional loss of  contractile potential (6–8).

Cadherin-11 (CDH11) is a cell-cell adhesion protein expressed by inflammatory cells and activated 
fibroblast-like cells in multiple inflammatory and fibrotic disease models — including rheumatoid arthritis, 
pulmonary fibrosis, and aortic valve calcification (9–11) — but its function in infarct healing has not yet 
been studied. CDH11 (or OB-cadherin) was originally described in osteoblasts and has been shown to affect 
cell migration and exfiltration in cancer studies (12, 13), but the role of  CDH11 in bone marrow–derived 
cell (BMDC) recruitment and CF contractility in the heart has not been studied. CDH11 expression has 
been observed in CFs but is minimally expressed by CMs in culture and has not been well studied in the 
myocardium in vivo (14). CDH11 engagement promotes the expression of  the proinflammatory cytokine 
IL-6 as well as profibrotic signaling factors and myofibroblast markers, such as TGF-β1, in diseased joints, 
lungs, and heart valves (9–11, 15, 16). Thus, we hypothesized that genetic and pharmacologic targeting of  
CDH11 after MI would reduce inflammation-driven fibrotic scar expansion and improve cardiac outcomes.

Results
To establish the therapeutic potential of  targeting CDH11 in the heart after MI, we first wanted to identify 
the cardiac cell populations on which CDH11 is expressed. Flow cytometric analysis of  non-CM cardiac 
cell populations — including cardiac endothelial cells (CECs: CD45–CD31+), cardiac mesenchymal cells 
(CMCs: CD45–CD31–), and BMDCs (CD45+) (Supplemental Figures 1 and 2; supplemental material avail-
able online with this article; https://doi.org/10.1172/jci.insight.131545DS1) — revealed that BMDCs 
constitute the majority of  non-CMs in the heart 3 days after infarct (86.2% of  live cells). By 7 days after 
infarct the largest cardiac cell population was CMCs (52.3% of  live cells); activated myofibroblasts likely 
made up a majority of  this population (Figure 1, A and B, and Supplemental Figure 3A). Gene expression 
analysis by qPCR confirmed higher Cdh11 transcription in non-CMs relative to CMs and revealed a signif-
icant increase in non-CM Cdh11 transcription that was nearly 10-fold higher than that in sham-operated 
hearts (sham) by 7 days after MI (Supplemental Figure 4, A and B).

Flow cytometry further revealed that each non-CM population in the heart had some level of  CDH11 
expression (Figure 1, A–C) and that the overall percentage of  CDH11+ cells in infarcted hearts was increased 
relative to sham by 7 days after infarct (18.2% of  live cells vs. 6.9% of  live cells in sham; Supplemental Fig-
ure 4C). Percentages of  both CDH11+ BMDCs and CDH11+ CMCs increased between days 3 and 7 after 
MI but remained unchanged over time in sham hearts. Despite constituting less than 3% of  all live cells in 
the heart, the percentage of  CDH11+ CECs was decreased relative to sham at both 3 and 7 days after MI 
and changed over time in both surgical conditions (Figure 1, A–C). While CDH11+ CECs comprised a 
markedly lower percentage of  all CDH11+ cells identified in infarcted hearts relative to sham at both 3 and 
7 days, CDH11+ CMCs made up the majority of  all CDH11+ cells after 7 days in both surgical conditions. 
The percentage of  BMDCs expressing CDH11 constituted a significant fraction of  all CDH11+ cells in the 
heart 3 days after MI (63.6% of  CDH11+ cells vs. 30.5% of  CDH11+ cells in sham) and was reduced back to 
sham levels by 7 days after MI (Figure 1, A–C), consistent with the time course of  inflammation resolution.

We next analyzed our flow cytometry data to determine which BMDC subsets had CDH11 expression 
(Figure 1, D–F). After infarct, we observed a significant increase in myeloid lineage cells (CD45+CD11b+) 
— including neutrophils (CD45+CD11b+Gr-1/CD86hi), M1-like macrophages (CD45+CD11b+Gr-1/
CD86intCD206–), and M2-like macrophages (CD45+CD11b+Gr-1/CD86intCD206+) (17) — as well as a 
reduction in bone marrow–derived proangiogenic cells (CD45+CD11b–CD31+) and nonmyeloid lineage 
BMDCs (CD45+CD11b–), which are predominately lymphocytes (Supplemental Figure 3A). Though most 
BMDC subsets had detectable amounts of  CDH11 expression, less than 1% of  all Gr-1/CD86lo BMDCs 
— eosinophils and monocytes — were CDH11+. The largest population of  CDH11+ BMDCs was M2-like 
macrophages (Figure 1D), and the percentage of  BMDCs that were CDH11+ M2-like macrophages was 
increased relative to sham by 7 days after MI (14.1% of  CD45+ cells vs. 9.5% of  CD45+ cells in sham). Sim-
ilar to CECs, there were fewer CDH11+ bone marrow–derived proangiogenic cells in the heart at both 3 and 
7 days after infarct compared with sham (Figure 1F). Though CDH11+ neutrophils comprised a relatively 
small percentage of  all BMDCs, they represented a significant percentage of  all CDH11+ BMDCs and 
were elevated at day 3 after MI relative to sham (27.0% of  CDH11+CD45+ cells vs. 10.1% CDH11+CD45+ 
cells in sham). CDH11+ M1-like macrophages were also elevated at day 3 after infarct, albeit not signifi-
cantly. Nonetheless, the percentages of  both CDH11+ neutrophils and CDH11+ M1-like macrophages 
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Figure 1. Specific cell populations in the heart express CDH11 after MI. Non-CM populations, including cardiac endothelial cells (CECs), cardiac mesenchymal cells 
(CMCs), and bone marrow–derived cells (BMDCs), express a baseline amount of CDH11 (hatched wedges) that is increased after MI. Pie chart radii (A) are scaled by 
either the number of live single cells (top) or the number of CDH11+ cells (bottom) relative to sham hearts at day 3. Representative dot plots (B) show changes in 
CDH11 expression (magenta) within each population (colored gates). CDH11+ cells (C) within each population are shown as either a percentage of live cells (top) or of 
all CDH11+ cells (bottom). CDH11 expression in BMDC (CD45+) subpopulations (D) revealed predominant expression in neutrophils and M1- and M2-like macro-
phages (light blue, dark green, and light green, respectively). Representative dot plots (E) show changes in CDH11 expression (magenta) within each subpopulation 
(colored gates). CDH11+ cells (F) within each subpopulation are shown as either a percentage of all BMDCs (top) or all CDH11+ BMDCs (bottom). Percentages of each 
population, relative to all live cell events, are denoted within colored gates. Data are presented as mean ± SEM, with n = 3–6 per group; dots in C and F denote 
individual animals. Pie charts represent average values. Significance was determined by 2-way ANOVA with a Holms-Sidak’s multiple comparison test. *P < 0.05 
between sham and MI at the same time, ^P < 0.05 over time; color of significance marker denotes group. 
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were decreased to sham levels by 7 days after infarct. In contrast, the percentage of  all CDH11+ BMDCs 
that were either CDH11+ M2-like macrophages or CDH11+ bone marrow–derived proangiogenic cells 
increased between 3 and 7 days after infarct, whereas CDH11+ nonmyeloid cells remained unchanged after 
MI and were reduced at day 7 relative to sham (Figure 1F). A similar flow cytometric analysis profiling 
cells isolated from the peripheral blood after MI confirmed that the vast majority of  cells (>90% of  live 
cells) were CD45+ (Supplemental Figure 3B), and it revealed that only a small fraction of  cells (<2% of  live 
cells) expressed CDH11 (Supplemental Figure 4D). Of  the CDH11+ cells in the blood, little difference was 
observed between sham and MI (Supplemental Figure 5).

Next, we sought to evaluate the effect of  CDH11 signaling on cardiac remodeling in vivo and found 
that there was no difference in ejection fraction (EF) or left ventricular (LV) mass among Cdh11+/+, Cdh11+/–

, and Cdh11–/– mice following MI (Figure 2, A and B). However, LV volume was increased in Cdh11+/+ and 
Cdh11+/– mice, but not in Cdh11–/– mice, between 7 and 21 days after infarct. By day 21, LV diastolic volume 
was increased in Cdh11+/+ mice relative to that in Cdh11+/– and Cdh11–/– mice (Figure 2, C and D), and 
mixed-effects analysis identified a significant difference in LV diastolic volume among genotypes (Figure 
2C). In addition, genetic deletion of  CDH11 appeared to provide a survival benefit in the first week after 
MI, with an observed incidence of  29% survival for Cdh11+/+ mice, 63% survival for Cdh11+/– mice, and 57% 
survival for Cdh11–/– mice. To further investigate the role of  CDH11 in BMDCs, we induced MI in wild-
type mice receiving bone marrow from Cdh11+/+, Cdh11+/–, and Cdh11–/– donors (Figure 2E and Supplemen-
tal Figure 6). Though most of  the mice (8 of  10) that received Cdh11–/– bone marrow died before complete 
bone marrow reconstitution at 6 weeks after transplantation, Cdh11+/– bone marrow recipients showed 
improved EF between 7 and 21 days and reduced LV mass 7 days after MI, relative to Cdh11+/+ bone mar-
row recipients (Figure 2, F and G). Mixed-effects analysis identified a significant difference among geno-
types and significant interaction between genotype and time for LV mass (Figure 2G). LV volume was not 
different between mice receiving either Cdh11+/+ or Cdh11+/– bone marrow (Figure 2, H and I).

Having demonstrated a role for CDH11 in remodeling after MI, we hypothesized that blocking CDH11 
adhesion and activity may therapeutically reduce MI-induced adverse ventricular remodeling and heart 
failure. Thus, we treated mice with i.p. injections of  either a CDH11-blocking antibody (SYN0012) or 
IgG2a isotype control beginning 24 hours after induction of  MI. EF (Figure 3A) and LV mass (Figure 3B) 
were preserved in SYN0012-treated animals relative to IgG2a for up to 56 days following MI. Further, the 
increased LV dilation observed in the IgG2a-treated mice was curtailed in the animals receiving SYN0012, 
resulting in preserved ventricular volume at both diastole (Figure 3C) and systole (Figure 3D) for up to 56 
days after MI. Mixed-effects analysis identified an overall significant difference between treatment groups 
and significant interactions between treatment and day for EF and LV volume. Though survival after MI 
was improved with CDH11 blockade (82% survival for SYN0012 vs. 65% survival for IgG2a), it was not 
found to be statistically significant (P = 0.20; Supplemental Figure 7).

Given the changes in LV structure and function observed by echocardiography, we next wanted to 
quantify tissue mechanical properties and the extent of  cardiac remodeling after infarct. In particular, 
median stiffness of  infarcted areas from both SYN0012- and IgG2a-treated hearts, as measured by 
atomic force microscopy (AFM) (Supplemental Figure 8), was decreased below the measured range of  
sham myocardial stiffness by 7 days after MI (Figure 4A). However, by 21 days, infarct stiffness from 
both treatment groups was increased relative to sham, with the median and range of  stiffness values 
from IgG2a-treated infarcts exceeding that of  time-matched SYN0012-treated infarcts. By 56 days 
after MI, the median stiffness of  SYN0012-treated infarcts had returned to the sham stiffness range, 
while the stiffness of  IgG2a-treated infarcts remained elevated (Figure 4A). Automated histological 
quantification (Supplemental Figure 9) determined that infarcts from SYN0012-treated animals were 
thicker and spanned less of  the LV circumference than IgG2a at both 21 and 56 days after MI (Figure 
4, B–D, and Supplemental Figure 10, D and E). There were no measured differences in cardiac hyper-
trophy or remote interstitial fibrosis between treatments (Supplemental Figure 10, A–C), and despite 
differences in infarct remodeling, we observed no difference in CF contractility following SYN0012 
treatment in vitro. Whereas Cdh11-knockout reduced collagen gel contraction by CFs (Supplemental 
Figure 11A), SYN0012 treatment did not affect CF contraction (Supplemental Figure 11B), suggesting 
a potentially critical role for CDH11 activation in modulating the myofibroblast phenotype and pro-
moting interactions with specific immune cell populations in order to determine the extent of  cardiac 
remodeling after infarct.
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Figure 2. CDH11 mediates remodeling after MI in a partially bone marrow–
derived cell–dependent manner. Echocardiographic analysis of infarcted hearts 
revealed that ejection fraction (A), left ventricular (LV) mass (B), and LV volume (C 
and D) were significantly changed from baseline in all groups (A–D). In addition, 
Cdh11+/– and Cdh11–/– mice had significantly reduced LV mass and diastolic volume 
relative to Cdh11+/+ controls at 21 days after MI. WT recipients of Cdh11+/– bone 
marrow (E) had significantly higher EF at 21 days than at 7 days (F) and signifi-
cantly lower LV mass at 7 days after MI (G) than age-matched Cdh11+/+ bone 
marrow recipients. There was little difference in LV volume (H and I) between 
donor groups. Data are presented as mean ± SEM. Significance was determined by 
mixed-effect analysis, with a Holms-Sidak’s multiple comparison test. *P < 0.05 
relative to Cdh11+/+, #P < 0.05 relative to baseline, ^P < 0.05 between time points; 
color of significance marker denotes group.
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To determine which cells contribute to the preserved cardiac remodeling in response to pharmacologic 
CDH11 blockade, we again used flow cytometry to quantify the percentages of non-CMs in the heart and 
peripheral blood after infarct (Figure 5). SYN0012 treatment did not alter the percentages of the primary non-
CM cardiac cell populations — CECs, CMCs, and BMDCs — relative to IgG2a treatment, despite trends toward 
decreased CMCs and increased BMDCs after infarct in SYN0012-treated hearts (Figure 5, A–C). Further exam-
ination of BMDC subsets revealed that SYN0012 treatment decreased the percentage of specific myeloid lineage 
cells — particularly, neutrophils and M1-like macrophages — in the heart at 3 days after MI (Figure 5, D–F). 
Though the ratio of M1/M2-like macrophages in the heart was not altered with SYN0012 treatment (Supple-
mental Figure 12, A–C), the early reduction in neutrophils and M1-like macrophages suggests that CDH11 
blockade alters the expression of cell populations in the heart to result in a more proresolving inflammatory envi-
ronment after infarct. SYN0012 also resulted in an increase in bone marrow–derived proangiogenic cells and 
nonmyeloid BMDCs in the heart 3 days after infarct; differences relative to IgG2a in all populations were gone 
by day 7, consistent with the time course of inflammation resolution. The distribution of circulating cells in the 
peripheral blood was largely unaffected by SYN0012 treatment, aside from a higher M1/M2-like macrophage 
ratio in the peripheral blood at day 3 after infarct, relative to IgG2a (Supplemental Figure 12F). The observed 
increase was a result of decreased circulating levels of M2-like macrophages and suggests that SYN0012 treat-
ment may alter macrophage recruitment to the heart after infarct (Supplemental Figure 13, D–F).

We next examined transcriptional levels of  multiple inflammatory and fibrotic genes over the 21-day 
time course of  remodeling after MI (Figure 6 and Supplemental Figure 14). SYN0012 treatment decreased 

Figure 3. CDH11 blockade improves functional outcomes after MI. Echocardiographic analysis of infarcted hearts 
revealed that ejection fraction (A), left ventricular (LV) mass (B), and LV volume (C and D) was significantly changed 
from baseline in all groups. SYN0012-treated hearts had significantly higher ejection fraction at 7 and 21 days after 
infarct, and reduced LV volume at 21 and 56 days after infarct, compared with IgG2a-treated controls; LV mass was 
not different between treatments at any time point. Data are presented as mean ± SEM. Significance was deter-
mined by mixed-effect analysis with a Holms-Sidak’s multiple comparison test. *P < 0.05 between treatments, ^P 
< 0.05 between time points; color of significance marker denotes treatment group.
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transcription of  the proinflammatory cytokine Il6 at 3 days after MI, relative to IgG2a treatment (Figure 6A). 
Representative immunostaining further confirmed that there was a reduction in IL-6 expression in the infarct 
region of  SYN0012-treated hearts (~80% of  staining intensity of  sham; Figure 6B). Transcription of  Cdh11 
was increased at both 7 and 21 days after MI, relative to sham but was not significantly affected by SYN0012 
treatment (Figure 6C). Interestingly, SYN0012 treatment reduced transcription of  proangiogenic signaling 

Figure 4. CDH11 blockade 
limits fibrotic remodeling after 
MI. Atomic force microscopy 
was used to quantify local 
tissue stiffness, as shown 
by representative stiffness 
color maps (A). Calculation of 
median stiffness values from 
each scan revealed a decrease 
at 7 days after MI, with all 
of the IgG2a hearts falling 
outside the range of the sham 
myocardium. Median stiffness 
values increased by 21 days and 
remained elevated out to 56 
days in IgG2a-treated hearts, 
whereas SYN0012-treated 
hearts increased to a lesser 
extent at 21 days and were 
restored to sham levels by 56 
days after MI; the interquar-
tile range of stiffness values 
was larger in IgG2a-treated 
infarcts than SYN0012-treated 
infarcts, which were similar to 
the range of sham myocardi-
um. Representative Masson’s 
trichrome–stained sections 
denote scar location (yellow 
line), as identified by a custom 
image processing algorithm (B). 
Images were used to quantify 
the fractional scar length as a 
percentage of cardiac circum-
ference (C) and the average 
thickness along the infarct 
length (D). Data are presented 
as mean ± SEM; each dot rep-
resents the average of either 
5 independent measurements 
(A) or 3 independent images (C 
and D) from individual animals, 
with n = 3–4. Significance was 
determined by 2-way ANOVA 
with Holm-Sidak’s multiple 
comparison test. *P < 0.05 
between treatments, ^P < 0.05 
between time points
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Figure 5. CDH11 blockade modulates expression of specific cell populations after MI. CDH11 blockade by SYN0012 treatment does not signifi-
cantly alter the percentages of non-CM populations (cardiac endothelial cells [CECs], cardiac mesenchymal cells [CMCs], and bone marrow–derived 
cells [BMDCs]) in the heart after MI, relative to IgG2a isotype control (A and B). Pie chart radii are scaled by the number of live single cells for each 
treatment and time, relative to sham hearts at day 3 (denoted by dotted circles). Representative dot plots (C) show changes in expression of each 
population (colored gates). Separation of BMDC populations (D) revealed that SYN0012 treatment results in a significant reduction in neutrophils 
(light blue) and M1-like macrophages (dark green) in addition to increased bone marrow–derived proangiogenic cells (BMD-PACs, red) and nonmy-
eloid BMDCs (or lymphocytes, brown) at day 3 after infarct; differences in all populations between treatments were gone by day 7 (E). Representa-
tive dot plots (F) show changes in expression of each subpopulation (colored gates). Percentages of each population, relative to all live cell events, 
are denoted within colored gates. Data are presented as mean ± SEM, with n = 4–7 per group; dots in B and E denote individual animals. Pie charts 
represent average values. Significance was determined by 2-way ANOVA with a Holms-Sidak’s multiple comparison test. *P < 0.05 between treat-
ments at the same time, ^P < 0.05 over time; color of significance marker denotes treatment group

https://doi.org/10.1172/jci.insight.131545


9insight.jci.org   https://doi.org/10.1172/jci.insight.131545

R E S E A R C H  A R T I C L E

factors Fgf2 and Vegfa1, relative to IgG2a. In particular, IgG2a-treated hearts had increased Fgf2 transcrip-
tion, relative to sham, at 7 and 21 days after MI (Figure 6D). While Vegfa1 transcription was not different 
from sham at any time point, SYN0012 treatment reduced transcription at 7 and 21 day after infarct, relative 
to IgG2a (Figure 6E); however, SYN0012-treated animals appeared to have more muscularized vessels — 
likely arterioles — in the infarct region at 21 days after MI (Figure 6F). Smooth muscle α-actin (αSMA) is a 
contractile form of  actin expressed in both myofibroblasts and smooth muscle cells, which surround arteries 
and arterioles. Albeit not statistically significant, SYN0012 treatment resulted in an approximately 14% 
reduction in the expression of  αSMA+ myofibroblasts in infarcted regions, relative to IgG2a.

Based on our findings of increased CDH11 expression in bone marrow–derived macrophages and resident 
CMCs (which we expect to be primarily CFs), we next wanted to determine if  interactions between these cell 
populations might regulate the expression or transcription of proinflammatory, profibrotic, or proangiogenic 
factors (Figure 7). Indeed, in vitro CF-macrophage cocultures with varying CF/macrophage ratios confirmed 
previously reported findings that CDH11-dependent interactions between CFs and macrophages promote IL-6 
secretion by CFs (ref. 18 and Figure 7A). Of note, macrophages alone expressed very low levels of IL-6, sug-
gesting that CFs are the main source of IL-6 in CF-macrophage cocultures. Treatment with SYN0012 reduced, 
but did not prevent, secretion of IL-6 by CFs (Figure 7B). Gene expression analysis by qPCR further revealed 
that Mmp13 transcription was increased in a manner dependent upon the CF/macrophage ratio but was not 
significantly affected by SYN0012 treatment, despite a slight increase relative to IgG2a in the 50:50 culture 
condition (Supplemental Figure 16, A and B). Tgfβ1 transcription was also increased by CF-macrophage inter-
actions in a similar manner to Mmp13 (Supplemental Figure 16C), but transcription of proangiogenic factors 
Fgf2 and Vegfa1 was not affected by varying CF/macrophage ratios (Supplemental Figure 16, D and E). Tran-
scription of macrophage polarization markers Cd14 and Mrc1 was unaffected by SYN0012 treatment, whereas 
expression of Arg1 — a marker of M2 macrophage polarization — was increased relative to IgG2a treatment 
in the 50:50 culture condition (Supplemental Figure 16, F and G).

Discussion
Our findings reveal that CDH11 is expressed primarily in non-CMs of the ischemic heart and suggest a func-
tional role for CDH11 in resolving tissue breakdown and promoting myocardial remodeling. Cdh11 transcrip-
tion is nearly 10-fold higher at 7 days after MI, as compared with sham (Supplemental Figure 4, A and B), 
suggesting a prominent role in myofibroblasts, which are particularly active when the bulk of scar formation 
occurs between 2 and 3 weeks after MI (3). However, the observation that Cdh11 is also significantly upregu-
lated as early as 3 days after infarct suggests that other cell types — particularly those derived from infiltrating 
inflammatory cells, such as neutrophils, monocytes, and macrophages — may also contribute to CDH11-medi-
ated cardiac remodeling. Flow cytometric analysis confirmed that CDH11 was expressed in the ischemic heart 
and further revealed that there was baseline CDH11 expression in approximately 5% of all non-CMs (Supple-
mental Figure 4C), distributed evenly among CECs, CMCs, and BMDCs. Three days after MI, the majority 
of CDH11+ cells were BMDCs, whereas by day 7, the majority of CDH11+ cells were CMCs, consistent with 
the time course of inflammation resolution and myofibroblast activation (Figure 1, A–C). Note that increased 
CDH11 expression is known to be a hallmark of myofibroblast phenotype in other cardiovascular cell types, 
such as aortic valve interstitial cells (19). At both 3 and 7 days after MI, the majority of CDH11+ BMDCs were 
myeloid lineage neutrophils and macrophages with either M1-like or M2-like polarization. At each time point, 
the highest expression of CDH11 was found in M2-like macrophages (Figure 1, D–F), consistent with prior 
reports of CDH11 expression in activated macrophages (20). The time-dependent expression of CDH11 in the 
ischemic heart suggests that targeting of CDH11 after MI has the potential to mitigate both early neutrophil- 
and macrophage-mediated inflammation and tissue breakdown and later myofibroblast-mediated collagen 
deposition and remodeling to result in substantial functional improvement in the heart after infarct.

When evaluating the effect of  CDH11 on cardiac remodeling in vivo, we found that Cdh11–/– mice did 
not have significantly altered EF after MI when compared with Cdh11+/+ controls (Figure 2A). While LV 
volume continued to increase in Cdh11+/+ and Cdh11+/– mice between day 7 and 21, the LV dimensions of  
Cdh11–/– animals did not change significantly over this period, suggesting that CDH11 contributes to the 
fibrotic remodeling phase of  MI healing (Figure 2, B–D). A larger percentage of  Cdh11+/– and Cdh11–/– 
animals survived the first week after MI than Cdh11+/+ animals, suggesting that the presence of  CDH11 in 
the immune cells present during the initial inflammatory phase of  healing may contribute to the negative 
remodeling that leads to cardiac rupture in mice. Transplantation of  bone marrow from Cdh11–/– donors 
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was fatal to most of  the WT recipients, likely due to impaired localization of  hematopoietic cells to the 
bone marrow niche (ref. 12 and Supplemental Figure 6). However, surviving Cdh11+/– bone marrow recipi-
ents had improved EF 3 weeks after MI and reduced LV mass, relative to Cdh11+/+ bone marrow recipients, 
1 week after MI (Figure 2, F–I). It is interesting to note that the cohort that received bone marrow trans-
plants had less severe responses to MI, which might be due to the inherent effects of  irradiation and bone 
marrow transplantation on modulating the expression of  macrophage populations and after MI remodel-
ing (21). Overall, these data suggest that CDH11 has important functional roles in multiple resident and 
recruited cell types, including the migration and localization of  BMDCs and the activity of  myofibroblasts. 
Note that Cdh11–/– aortic valve interstitial cells have reduced contractility (19), which we also observed in 
Cdh11–/– CFs but notably did not observe in wild-type CFs treated acutely with SYN0012 (Supplemental 
Figure 11). This defect in CF contractility and other reported effects of  the permanent global knockout of  

Figure 6. CDH11 blockade reduces inflammatory signaling and improves vascular maturity after MI. SYN0012 treatment significantly decreased tran-
scription of Il6 (A) at 3 days after MI, relative to IgG2a. Immunostaining of infarct regions of hearts 3 days after MI showed decreased IL-6 expression 3 
days after MI, primarily in the non-CMs — costained with αSMA and CD45 (cf. Supplemental Figure 15) of the infarct (B). Transcription of Cdh11 (C) was 
significantly increased above sham at days 7 and 21 in both treatment groups. Transcription of both Fgf2 (D) and Vegfa1 (E) was decreased by SYN0012, 
relative to IgG2a. Analysis of histological sections showed a significant increase in the number of muscularized vessels found in the infarct (IN) region of 
SYN0012-treated animals, but no difference in the number of myofibroblasts per field of view (F). Vessels in the border zone (BZ) and epicardial inflamma-
tory tissue (IT) were not counted. Red arrows indicate myofibroblasts, white arrows indicate arterioles, and the yellow box is magnified below. Scale bar: 
100 μm (B); 500 μm (F). Data are presented as mean ± SEM; dots in F represent individual animals. Significance was determined by 2-way ANOVA analysis 
with a Holms-Sidak’s multiple comparison test (A–E) or a 2-tailed Student’s t test (F). *P < 0.05 between treatments, #P < 0.05 relative to sham,  
^P < 0.05 between time points; color of significance marker denotes treatment group.
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CDH11 (22, 23) in the native cells of  the heart are likely the reason we did not see the same improvement in 
EF and changes in LV volume after MI in the genetic model as in the bone-marrow recipient mice or acute 
SYN0012-treated animals.

Previous studies have shown that genetic and pharmacologic targeting of  CDH11 improves functional 
responses in both fibrotic lung disease and aortic valve calcification (10, 11). Herein, CDH11 blockade 
by SYN0012 treatment appears to preserve cardiac function as early as 7 days after MI and prevents the 
continued functional decline observed with IgG2a treatment out to 56 days (Figure 3A). LV volume was 
not different at 7 days, but the dramatic increases in both diastolic and systolic volume between 7 and 
56 days in IgG2a-treated animals were prevented by pharmacological inhibition of  CDH11 by SYN0012 
(Figure 3, C and D). This observation, combined with increased Cdh11 transcription occurring at day 7 
after MI, suggests that CDH11-expressing cells play an active role in LV remodeling and dilation during 
the fibrotic phase of  infarct healing. Albeit not statistically significant, twice as many IgG2a-treated mice 
died between days 3 and 7 after MI — the highest risk time period for cardiac rupture (3) — than in the 
SYN0012-treated cohort (Supplemental Figure 7). Indeed, SYN0012-treated mice also showed increased 
survival rates relative to prior reports using the same surgical model of  MI (24). This difference in mortality 
is likely a consequence of  altered tissue breakdown and inflammation-mediated softening of  the myocar-
dial wall, consistent with the reduction in stiffness observed by AFM measurements at day 7 after MI; by 
day 21, and even more so at day 56, we observed high stiffness variability in IgG2a-treated infarcts, whereas 
SYN0012-treated infarcts had more consistent stiffness values within the range of  sham animals (Figure 4).

Having identified a clear functional effect of  CDH11 blockade in limiting myocardial remodeling and 
infarct expansion after MI, we investigated which cell types and molecular mechanisms may mediate this 
process. Flow cytometry–based assessment of  primary non-CM populations in the ischemic heart revealed 
that SYN0012 treatment did not affect the overall percentages of  CMCs or BMDCs at 3 or 7 days after 
MI (Figure 5, A–C). However, further analysis of  specific BMDC subpopulations revealed that targeting 
CDH11 alters the early expression of  myeloid lineage neutrophils and macrophages, shifting the balance 
from proinflammatory macrophages and neutrophils to prohealing macrophages and proangiogenic non-
myeloid cell populations 3 days after MI (Figure 5, D–F). This reduction in neutrophils and M1-like mac-
rophages may contribute to the reduced tissue remodeling observed following SYN0012 treatment. Indeed, 
reduced neutrophil influx has been shown to improve cardiac remodeling and prolong survival after MI 
by reducing proinflammatory signaling and promoting macrophage polarization toward a proreparative 
M2-like phenotype (25, 26). High neutrophil-to-lymphocyte ratios (NLRs) have been shown to be a reliable 
predictor of  myocardial damage following acute coronary events (27). At 3 days after MI, we observed a 
slight reduction in NLR in the blood with SYN0012 treatment (0.342 ± 0.038 vs. 0.402 ± 0.121 with IgG2a; 
P = 0.69, t test) but a significant decrease in cardiac NLR (0.457 ± 0.068 vs. 1.458 ± 0.304 with IgG2a;  

Figure 7. Coculture of macrophages and cardiac fibroblasts increases proinflammatory and profibrotic signaling. 
Coculture of macrophages and cardiac fibroblasts (CFs) promotes secretion of IL-6 by CFs in a macrophage-dependent 
manner (A). CDH11 blockade by SYN0012 treatment significantly reduced IL-6 secretion in CF-macrophage cocultures 
at high macrophage concentrations (B). Secreted IL-6 was measured in media of CF-macrophage cocultures by ELISA. 
Data are presented as mean ± SEM; each dot represents a biological replicate (n = 3). Significance was determined by 
1- and 2-way ANOVA, with a Holms-Sidak’s multiple comparison tests. ^P < 0.05 between macrophage conditions, #P < 
0.05 relative to CF-only control, *P < 0.05 between treatments; color of significance marker denotes treatment group.
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P = 0.017, t test), suggesting that CDH11 blockade alters the distribution of  cardiac immune cell populations 
in a manner that reduces myocardial damage and leads to preserved cardiac function. Despite showing dif-
ferences in the heart, the percentages of  myeloid cells and proangiogenic cells circulating in the peripheral 
blood were not significantly different 3 days after MI (Supplemental Figure 13). In fact, the ratio of  M1/
M2-like macrophages in the blood was significantly increased, suggesting that the SYN0012 likely has an 
effect on the preferential recruitment of  proangiogenic cells and M2-like macrophages to the heart. In light 
of  these findings, future studies could test whether expression of  adhesion molecules such as ICAM-1 or 
selectins expressed by circulating leukocytes and cardiac cells are responsible for an increase in cell recruit-
ment. Alternatively, the unique mechanical environment within the heart may preferentially affect prolifera-
tion of  recruited immune cells in a CDH11-dependent manner. Indeed, CDH11 deficiency has been shown 
to reduce macrophage recruitment, migration, proliferation, and expression of  M2-macrophage markers 
— such as ARG1 and CD206 — in pulmonary fibrosis (28).

We observed a reduction in Il6 transcription with SYN0012 treatment at 3 days after infarct, pri-
marily in non-CMs (Figure 6A). IL-6 is a proinflammatory cytokine that has been shown to have a 
multifaceted role in cardiovascular disease. IL-6 signaling has been shown to promote the infiltration, 
migration, and polarization of  macrophages as well as the activation of  myofibroblasts (7, 29–31). Con-
versely, there is also evidence that blocking IL-6 leads to worsened outcomes after ischemic injury by 
reducing CM viability and angiogenesis (32–34). By leveraging CDH11 to selectively target non-CMs 
in the heart, we have identified a therapeutic strategy that effectively limits the negative cell activating 
effects of  IL-6 without interfering with its function in CMs. The decrease in Il6 transcription, and the 
corresponding reduction in IL-6 expression in infarcted area of  representative hearts, was evident at 3 
days after infarct (Figure 6, A and B). This is consistent with the time point of  increased inflammatory 
macrophages and neutrophils in the heart (Figure 1, D–F) and the transition from the inflammatory to 
proliferative phases of  healing. As such, there has been an increasing interest in designing treatment 
strategies around the role of  macrophages — and the associated secreted factors and proinflammatory 
signaling — in the process of  healing and cardiac remodeling after MI (35–38).

We hypothesized that CDH11 regulates the interactions between CFs and macrophages in the heart 
after MI, noting that macrophage activity has been shown to alter CF function in the ischemic heart inde-
pendent of  CDH11 (39). Interactions between macrophages and CFs have been reported to regulate IL-6 
expression in response to TGF-β1 signaling and fibrosis (18). CDH11-dependent CF-macrophage interac-
tions in the lungs have also been shown to create a self-sustaining profibrotic niche via local production 
of  latent TGF-β1 by macrophages that can be activated by myofibroblasts (20). TGF-β1 is a key signal to 
trigger the resolution of  inflammation and initiation of  fibrotic remodeling after MI (40, 41). We found 
decreased Il6 transcription and protein expression — a hallmark of  CF-macrophage interactions — in 
SYN0012-treated hearts, relative to IgG2a, at 3 days after MI (Figure 6, A and B). Our coculture data con-
firm that interactions between macrophages and CFs promote the expression of  IL-6 through a partially 
CDH11-dependent mechanism (Figure 7, A and B). The reduction in the number of  macrophages in the 
heart after 3 days is likely responsible for the reduction in IL-6 expression and the beneficial modulation of  
both inflammation and fibrosis observed with SYN0012 treatment.

Interestingly, following CDH11 blockade we observed a reduction in transcription of  both Fgf2 and 
Vegfa1, two proangiogenic genes often associated with improved revascularization and better outcomes 
following MI (42–45). However, we also observed an increase in muscularized vessels (i.e., arterioles) in 
infarcted areas of  SYN0012-treated hearts at 21 days after MI; this corresponds to a time when angiogenic 
gene expression has run its course (46). We speculate that SYN0012 may either preserve native vasculature 
or hasten maturation of  new vasculature, such that the hypoxic conditions that typically drive angiogenic 
signaling are reduced (47). Blocking CDH11 in endothelial cells could also attenuate endothelial-to-mes-
enchymal transitions, potentially contributing to preservation of  the native vasculature (10, 48). The pro-
portion of  CECs in the heart over both time points was slightly reduced with SYN0012 treatment, but the 
increased recruitment of  proangiogenic cells, combined with a reduction in early inflammatory cell infiltra-
tion, may contribute to a restoration or preservation of  infarct vascularization (Figure 5).

Overall, our data reveal that CDH11 engagement plays important roles in the recruitment of  specific 
BMDC populations to the heart after MI that work in concert to promote persistent collagen deposition 
and fibrotic remodeling by activated myofibroblasts. Importantly, targeting CDH11 with SYN0012 in mice 
does not prevent the acute inflammatory and reparative response, but rather it selectively acts on several 
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cell populations to reduce the duration of  inflammation and the extent of  fibrotic remodeling resulting 
in a smaller, more stable infarct. We believe that this effect is mediated, in part, by limiting early recruit-
ment of  myeloid lineage BMDCs — including neutrophils and M1-like macrophages — and by reducing 
macrophage-induced expression of  IL-6 by CFs. Further, SYN0012 treatment promotes recruitment of  
proangiogenic immune cells to the heart and results in the preservation of  arterioles in the infarct area. 
Taken together, this work has identified CDH11 as a potential therapeutic target to reduce inflammatory 
and fibrotic remodeling following MI by selectively targeting a host of  active non-CMs responsible for the 
initiation and progression of  cardiac fibrosis and heart failure.

Methods
Further information and expanded methods can be found in the Supplemental Methods.

Mice. Cdh11-deficieint mice on a mixed C57BL/6 and C129 background were initially obtained from R. 
Civitelli (Washington University School of  Medicine, St. Louis, Missouri, USA), and Cdh11+/+, Cdh11+/–, 
and Cdh11–/– littermate controls were obtained from Cdh11+/– breeding pairs. Wild-type C57BL/6J mice (for 
antibody treatment studies) and B6.SJL-PtprcaPepcb/BoyJ mice expressing the CD45.1 allele (for bone mar-
row transplantation studies) were purchased from The Jackson Laboratory. All genotypes were maintained 
on their respective backgrounds for more than 10 generations.

Animal studies. MI was induced in 12- to 16-week-old male mice by permanent coronary artery liga-
tion, as previously described (24). For antibody treatments, mice were administered either 10 mg/kg 
CDH11 functional blocking antibody (SYN0012; with permission from Roche) or an isotype control 
antibody (IgG2a) resuspended in sterile saline. Antibodies were delivered by i.p. injection every 4 days, 
beginning 1 day after surgery, with the last treatment given on day 17 after infarct. For bone marrow 
transplantation studies, 6-week-old B6.SJL-PtprcaPepcb/BoyJ mice expressing the CD45.1 allele were 
lethally irradiated with a 10-Gy split dose from a Cs137 source. Bone marrow from age- and sex-matched 
Cdh11+/+, Cdh11+/–, and Cdh11–/– donors was isolated and transplanted into irradiated recipients by ret-
ro-orbital injection (1 × 106 cells in 100 μL) within 24 hours of  irradiation. Transplant efficiency was 
confirmed by flow cytometry of  isolated bone marrow showing simultaneous expression of  the donor 
CD45.2 allele and absence of  the original CD45.1 allele (Supplemental Figure 6). To allow for recon-
stitution of  the bone marrow, recipient mice received MI by permanent LAD ligation 6 weeks after 
transplantation (Figure 2E). Mice were euthanized by CO2 inhalation in accordance with university 
guidelines at 3, 7, 21, and up to 56 days after infarct for further processing.

Echocardiography. EF, LV mass, and LV volume in both systole and diastole were measured from 
short-axis cardiac M-mode images captured on a Vevo 2100 small-animal ultrasound system (VisualSon-
ics). A minimum of  6 independent measures of  LV diameter and wall thickness were used to calculate met-
rics of  cardiac function and geometry for each mouse at each time point. Echocardiographic measurements 
cardiac structure and function were made just prior to MI (baseline) and at days 7, 21, and 56 days after 
surgery. Mice with an EF reduced by less than 5% or greater than 70% at 7 days after MI were excluded 
from subsequent analyses.

Cell studies. For separation of  CMs from non-CMs, slow perfusion of  whole hearts with a 2% collage-
nase solution was used to digest the ECM and isolate cells, which were separated into CM and non-CM 
fractions by centrifugation for 10 minutes at 90 g (49). CFs were isolated from 8-week-old Cdh11+/+ and 
Cdh11–/– mice bred onto the Immorto mouse line (to allow for higher passage numbers). Hearts were isolat-
ed, minced, and digested in a 2% collagenase solution supplemented with trypsin for the last 10 minutes 
of  a 40-minute digest. Cells were then rinsed with PBS, transferred to gelatin-coated plates, and cultured 
in DMEM supplemented with 10% FBS, 1% penicillin/strep, and IFN-γ at 33°C to maintain the immor-
talized phenotype. Prior to experimental use, cells were replated in DMEM supplemented with 10% FBS 
and 1% penicillin/strep and grown at 37°C for 48 hours to deactivate the immortalized gene. Macrophage 
exfiltration was stimulated by i.p. injection of  1 mL of  4% thioglycollate media into C57BL/6 mice. After 
72 hours, mice were sacrificed, and the i.p. cavity was flushed with 10 mL cold RPMI media to collect the 
cells. After washing in cold PBS, cells were plated in RPMI media supplemented with 10% FBS on tissue 
culture plastic and allowed to adhere for 1 hour. Nonadherent cells were then rinsed away, and all remain-
ing cells were taken to be macrophages (50). For CF-macrophage coculture experiments, 50,000 CFs were 
plated in each well of  a 12-well plate and allowed to adhere for 20 minutes prior to exposure to media 
containing between 0 and 50,000 macrophages. Cell suspensions were diluted to a final volume of  1.3 mL 
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per well. For antibody treatments, samples were incubated with antibody (10 μg/ml of  either SYN0012 or 
IgG2a) for 15 minutes before plating. After 48 hours in culture, conditioned media were removed from each 
well and IL-6 secretion was measured with a DuoSet mouse IL-6 ELISA (R&D Systems), according to the 
manufacturer’s instructions. After boiling, 100 μl of  each sample was added in duplicate and compared 
against a provided standard (Figure 7, A and B).

Flow cytometry. Cells from the hearts and peripheral blood of  sham or MI animals were isolated at 3 
and 7 days after surgery and immediately placed in a solution of  ice-cold FACS buffer (5% FBS in PBS). 
Hearts were minced and digested in 1.4 mg/mL of  type II collagenase solution in HBSS for 30 minutes 
at 37°C. Isolated cells were filtered through a 70-μm cell strainer into room temperature red blood cell 
lysis buffer prior to staining with DAPI (1:100,000; Thermo Fisher Scientific) to label dead cells and 
conjugated antibodies for Ter-119 (1:100; violetFluor 450 clone TER-119; Tonbo Biosciences), CD45.2 
(1:100; PerCP-Cy5.5 clone 104; Tonbo Biosciences), CD31 (1:100; PE-Cy7 clone MEC13.3; BioLegend), 
CD11b (1:100; PE clone M1/70; eBioscience), CD206 (1:100; APC clone MR6F3; eBioscience), CD86 
(1:100; FITC clone GL1; eBioscience), and Gr-1 (1:100; FITC clone RB6-8C5; eBioscience). Staining 
for CDH11 was performed in a 2-step process with an unconjugated primary antibody (1:100; clone 
23C6; from M. Brenner [Division of  Rheumatology, Immunology, Allergy, Brigham and Women’s Hos-
pital and Harvard Medical School, Boston, Massachusetts, USA] [ref. 51]), followed by a PE secondary 
antibody (1:100; PE clone; RMG1-1; BioLegend). Using this strategy, we identified BMDCs (CD45+), 
CECs (CD45–CD11b–CD31+), and CMCs (CD45–CD11b–CD31–) — primarily myofibroblasts. Within 
the BMDC population, we gated for bone marrow–derived proangiogenic cells (CD45+CD11b–CD31+), 
myeloid lineage cells (CD45+CD11b+), and nonmyeloid lineage cells (CD45+CD11b–CD31–). Within 
the myeloid cell population, we identified various subpopulations, including neutrophils (CD45+CD-
11b+Gr-1/CD86hi), eosinophils (CD45+CD11b+Gr-1/CD86loSSChi), monocytes (CD45+CD11b+Gr-1/
CD86loSSClo), and macrophages (CD45+CD11b+Gr-1/CD86int) (17). We further assessed macrophage 
polarization by gating for proinflammatory (M1-like) macrophages (CD45+CD11b+Gr-1/CD86intCD206–) 
and proresolving (M2-like) macrophages (CD45+CD11b+Gr-1/CD86intCD206+) (Supplemental Figure 1). 
The NLR was computed by dividing the number of  positively identified neutrophils by the number of  
nonmyeloid BMDCs in each sample (27). Note that antibodies specific for CD45.1 (1:100; PE clone A20; 
BD Biosciences) and CD45.2 (1:100; FITC clone 104; BD Biosciences) were used for assessment of  bone 
marrow engraftment efficiency (Supplemental Figure 6). More details about the gating strategy are pre-
sented in the Supplemental Methods (Supplemental Figures 1 and 2).

Histology. Following euthanasia, a subset of  hearts was dissected into PBS, weighed (Supplemental Fig-
ure 10, A and B), and submerged briefly in a KCl solution to relax the CMs. Relaxed hearts were then bisect-
ed along the transverse plane (orthogonal to the long axis of  the heart), embedded in OCT media, and fro-
zen. Frozen blocks were cryosectioned into 10-μm sections, mounted onto glass slides, and stored at –20°C. 
Prior to staining with Masson’s trichrome (MilliporeSigma) to identify regions of  healthy myocardium (red/
pink), collagen/ECM deposition (blue), and cell nuclei (black), slides were brought to room temperature, 
OCT media were dissolved in PBS, and sections were fixed in Bouin’s solution. To quantify infarct morphol-
ogy from Masson’s trichrome–stained sections, a semiautomated image-processing pipeline was developed 
based on local ventricular thickness measurements and color segmentation (Supplemental Figure 9 and refs. 
52, 53). Image quantification was performed on 3 sections per heart separated by at least 300 μm.

Immunohistochemistry. Frozen slides were brought to room temperature, OCT media were dissolved in 
PBS, and tissue sections were fixed in 4% paraformaldehyde with 0.3% Triton-X for 10 minutes followed by 
blocking in 1% BSA in PBS for 1 hour. Sections were then stained for αSMA (Cy3, c1A4; MilliporeSigma), 
CD31 (Alexa Fluor 594, c390; Biolegend), CD45 (FITC CD45.2; BD Pharmingen), or IL-6 (polyclonal 
ab6672; Abcam). Sections stained with nonconjugated antibodies were incubated at a 1:100 dilution in 1% 
BSA overnight at 4°C. Sections were then rinsed with PBS and incubated with fluorescently tagged second-
ary antibody (goat anti-rabbit Alexa Fluor 647, A27040; Thermo Fisher Scientific) for 1 hour at a 1:300 dilu-
tion in 1% BSA. Sections stained with directly conjugated antibodies were incubated at a 1:100 dilution in 
1% BSA for 1 hour at room temperature. Stained slides were mounted in ProLong Gold with DAPI to visu-
alize cell nuclei. Muscularized vessels smaller than approximately 100 μm in diameter and myofibroblasts 
(defined as αSMA+ cells not colocalized with endothelial cells) were manually counted, and IL-6 staining 
in the infarcted region was quantified by measuring the average fluorescent intensity within the infarct area 
(manually segmented in ImageJ [NIH]) and the myocardium as a whole (Supplemental Figure 15).
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AFM. Infarct stiffness was quantified by AFM using the Biocatalyst AFM and the peak force quantita-
tive nanomechanical mapping mode developed by Bruker. Tissue sections were brought to room tempera-
ture, and OCT media were dissolved in PBS and blocked in 10% FBS for 20 minutes prior to scanning with 
the AFM. All measurements were made in PBS and were acquired from at least 5 separate 10 × 10 μm2 
areas from a minimum of  2 different sections per mouse (Supplemental Figure 8).

Collagen gel contraction. CFs were diluted in a 1.28 mg/mL collagen solution derived from PureCol 
(Advanced Biomatrix) to a final concentration of 250,000 cells/mL and were poured into a Teflon ring in a 
suspension well. After polymerizing for 1 hour, DMEM supplemented with 10% FBS and 1% penicillin/strep 
was added to release the collagen gel. Images were acquired immediately after release and at multiple times 
over the next 48 hours. Gel contraction was assessed by measuring surface area using ImageJ. For comparison 
of IgG2a and SYN0012 treatments, antibody was added to the cell/gel mixture at a final concentration of 20 
μg/ml prior to pouring; media added to the well also contained 10 μg/ml antibody (Supplemental Figure 11).

qPCR. Hearts from sham and MI animals were isolated under RNAse-free conditions and immediately 
flash frozen. For isolation of  mRNA and transcriptional analysis of  specific profibrotic and inflammato-
ry genes of  interest, samples were subsequently thawed and lysed in TRIZOL with chloroform-induced 
phase separation according to the manufacturer’s instructions. Similarly, cells from CF-macrophage cocul-
tures were lysed in TRIZOL for isolation of  mRNA (Figure 7, C–E, and Supplemental Figure 16). cDNA 
was synthesized using the Superscript IV kit (Invitrogen) using 500 ng mRNA. Real-time qPCR was used 
to amplify targets from the cDNA using SYBR green master mix (Bio-Rad) and specific primer sets of  
interest (Supplemental Table 1). The BIO-RAD CFX96 C1000 system was used to quantify gene tran-
scription in each sample, relative to Gapdh (forward: ATGACAATGAATACGGCTACAG and reverse: 
TCTCTTGCTCAGTGTCCTTG). For all in vivo transcription levels, after MI samples were normalized to 
the average of  all 3 and 7 day sham values (Supplemental Figure 14).

Statistics. Data throughout the manuscript are presented as mean ± SEM. Two-tailed Student’s t 
tests were used to determine significant effects between 2 groups. One- or two-way ANOVAs and linear 
mixed-effects models with restricted maximum likelihood were used to determine statistical differenc-
es between different sample groups over multiple time points, with post hoc Holms-Sidak’s tests used to 
account for multiple comparisons. An overall value of  P < 0.05 was considered significant in all statistical 
comparisons. Specific details regarding statistical tests performed for each measured variable are outlined 
in the Supplemental Methods.

Study approval. All animal procedures were approved by the Institutional Animal Care and Use Com-
mittee at Vanderbilt University.
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Abstract
Bone morphogenetic protein signaling has long been established as a crucial pathway

during embryonic development. In recent years, our knowledge of the function of bone

morphogenetic protein signaling has expanded dramatically beyond solely its important

role in development. Today, the pathway is known to have important homeostatic functions

across multiple different tissues in the adult. Even more importantly, bone morphogenetic

protein signaling is now known to function as a driver of diseases in the adult spanning

different organ systems. In this review, we will explore the functions of bone morphogenetic

protein signaling in diseases of inflammation. Through this exploration, we will highlight the

value and challenges in targeting bone morphogenetic protein signaling for therapeutic interventions.
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tory arthritis

Experimental Biology and Medicine 2019; 244: 147–156. DOI: 10.1177/1535370219828694

Introduction

Bone morphogenetic protein (BMP) ligands are part of the
transforming growth factor-b (TGF-b) superfamily. As their
name suggests, BMPs were first observed in the pioneering
work by Urist1 in 1965 where their activity was found to
induce ectopic bone formation. Although later Urist was
able to isolate the bone inducing proteins,2 it was not
until two decades later that these proteins were individu-
ally cloned and characterized.3 Since then, BMPs have been
studied extensively outside of their established role in bone
and cartilage and found to possess a multitude of functions
in the embryonic development of other organ systems,
including blood, heart, vasculature, brain, lung, kidney,
and limbs. This review will focus on the emerging role
BMPs play in inflammatory processes across organ systems
in the adult.

Signaling and regulatory components in the
BMP pathway

Subclassification of the more than 15 known BMPs based
on phylogenetic analysis of amino acid and nucleotide

similarity creates particular subgroups of these ligands:
BMP2/4, BMP5/6/7/8, BMP9/10, and BMP12/13/14.4

It is important to note that BMP1 does not function
like the rest of the BMP family. Although able to induce
bone and cartilage development, BMP1 is not part of
the TGF-b superfamily of proteins. Instead, it is a procolla-
gen C-proteinase that functions in collage maturation.5 The
rest of the BMP family of proteins function as signaling
ligands that bind to target receptors on the cell surface.

Before being secreted into the extracellular space where
they become active, BMPs are first synthesized as precursor
proteins in the cytoplasm. These pre-pro-peptides consist
of an N-terminal signal peptide that is required for secre-
tion, a prodomain that plays an important regulatory role
for the folding of the active protein, and a C-terminal part
that contains the mature peptide that is capable of binding
to and activating its receptors.6 BMP precursors form
dimers in the cytoplasm that are subsequently cleaved by
convertases to generate the mature BMP ligand that is
being secreted into the extracellular space.

Once secreted, BMP ligands bind to their receptors on
the surface of target cells to form a heterotetramic complex
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consisting of two dimers of type I and type II receptors7

(Figure 1). This complex formation allows the constitutive-
ly active type II receptor to transphosphorylate the type I
receptor, and activation of the type I receptor causes con-
formational changes that lead to phosphorylation of down-
stream proteins known as R-Smads (Smad1, Smad5, and
Smad8). Activated, phosphorylated R-Smads in the cyto-
plasm subsequently form complexes with co-Smad
(Smad4), and together, they translocate into the nucleus
where they associate with coactivators and corepressors
to regulate gene expression.7 In addition to this so-called
canonical signaling pathway, noncanonical BMP signaling
pathways that are independent of Smads have also been
identified. These include the Rho-GTPase, JNK/P38, and
PI3K/AKT pathways in addition to various branches of
the MAPK pathway.8–10

In addition to the diversity present in downstream sig-
naling pathways, there also exists diversity within the
interactions between BMP ligands and the membrane-
bound BMP receptors. Both ligand-independent

homodimerization and ligand-dependent heterodimeriza-
tion of BMP type I receptors with effective signal transduc-
tion have been observed with certain type I receptor
isoforms.11 Moreover, certain heterodimeric complexes
can only be assembled through binding with a specific
BMP heterodimeric ligand.12 Such complexities allow for
an additional layer of signal regulation and coordination.

Adding to this complexity, BMP signaling is regulated
by both intracellular and extracellular modulators.
Extracellularly, BMP ligands are inhibited by proteins like
Chordin, Noggin, and the Cerberus and Dan family of pro-
teins, a protein family that includes Gremlin 2 (Grem2).
While both Noggin and Grem2 possess a cysteine knot
motif and form dimers,13,14 their structure and the way
they inhibit BMP ligands are very different. Noggin forms
a head-to-head dimer that creates a clamp-like structure to
bind to BMP dimers, inhibiting ligand activity by effective-
ly masking the type I and type II receptor binding surfa-
ces.14 Grem2 forms a head-to-tail dimer,13,15 and along its
convex surface, one Grem2 monomer binds to a single
monomer of the BMP dimer complex, where it interferes
with the type II, but not the type I, receptor binding sur-
face.16 The other monomer of the Grem2 dimer is free to
interact with another BMP dimer complex, and this second
BMP dimer can then interact with another Grem2 dimer,
creating a so-called “daisy chain” reaction. Grem2 demon-
strates both a strong and broad inhibition of BMP ligands17

and a strong specificity for the BMP subfamily of ligands
within the TGF-b superfamily.15

Intracellularly, BMP signaling is regulated by a variety of
mechanisms. Specific miRNAs can regulate expression of
various components of the BMP signaling pathway,7

whereas specific intracellular phosphatases like protein
phosphatase 1 can dephosphorylate both phosphorylated
R-Smads and phosphorylated type I receptors.18,19

Moreover, a class of inhibitory Smads or I-Smad (Smad6
and Smad7) play an important role in negative feedback
inhibition of BMP signaling.20 The complexity stemming
from the many downstream signal transducers, both
canonical and noncanonical, and the multiple layers of reg-
ulation allow BMP signaling to coordinate and precisely
modulate a wide range of biological processes.

BMP signaling is crucial for development

Since their initial discovery, BMPs have been extensively
studied in embryonic development utilizing primarily
mouse, zebrafish, and frog models. Such studies have
found that BMP signaling is indispensable for numerous
developmental processes. Deletion of BMP2, BMP4, or
BMP10 is embryonically lethal,21–23 and loss of BMP7 or
BMP11 results in death shortly after birth.24,25 Similarly,
deletion of BMP-responsive receptors, BMPR1-A, ActR1A,
and BMPR226–28 or knocking out of downstream trans-
ducers like Smad1, Smad5, Smad4, and the inhibitory
Smad7 are also embryonically lethal.29–32

In particular, BMP4 is critical during early gastrulation
as its function is required for the differentiation and forma-
tion of the mesoderm,22,33 from which arises a number of
tissues and cell types, including vascular, cardiac, skeletal,

Figure 1. BMP signal transduction. Bone morphogenetic proteins transduce

signals in target cells by binding to a heterotetramic complex composed of two

dimers of type I and type II receptors. This allows the constitutively active type II

receptor to transphosphorylate the type I receptor, causing conformational

changes that lead to activation of both canonical pathways and non-canonical

pathways like the Rho-GTPase, JNK/P38, PI3K/AKT, and MAPK pathways.

Through the canonical pathway, ligand-receptor complex formation leads to

phosphorylation of R-Smads (Smad1/5/8), which are then able to form com-

plexes with co-Smads (Smad4). Together, the complex translocates into the

nucleus where it associates with coactivators and corepressors to regulate gene

expression. BMP ligands can be regulated both by extracellular modulators

including protein antagonists and by intracellular modulators like inhibitory

Smads (Smad6/7). Adapted from Wang et al.45
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and smooth muscles, and definitive hematopoietic stem
cells (HSCs) – cells that will continue to supply blood
cells into adulthood. Moreover, BMP4 is important to the
function of the HSC microenvironment with deficiencies
leading to reductions in both HSC function and numbers.34

BMP2 is necessary for further mesoderm development
and is important for the proper development of the heart
and the amnion and chorion.21 In the heart, BMP2 is critical
for endocardial cushion formation, development of the
valves, and myocardial patterning,35,36 whereas BMP10 is
essential for cardiac growth and chamber maturation.23

BMP signaling is also important for controlling the differ-
entiation of cardiac progenitor cells into cardiomyo-
cytes.37,38 At the early stages of embryonic development,
BMP signaling is critical to the proper generation of left/
right axis patterning, affecting tissues including the devel-
oping heart.39–42 Moreover, in the central nervous system,
BMP signaling is important for directing neuronal differen-
tiation and autoregulation of neurogenesis.43,44 These and
other studies have revealed the essential role BMPs play in
normal development in these and many other biological
systems, including reproductive and endocrine organs.45

Similarly, BMP antagonists also play important roles
during embryonic development. In mice, Chordin is crucial
for neural induction,46 and both Noggin and Chordin have
important but overlapping roles in development of the
forebrain and left-right axis patterning of the developing
embryo.47 Additionally, Noggin is necessary for the devel-
opment of the axial skeleton in mice.48 Deleting Chordin
leads to stillborn mice, while Noggin knockout mice die at
birth.47,48 In contrast, Grem2 is required for atrial develop-
ment and cardiac laterality in zebrafish,49 but it appears to
be dispensable for mouse development.50

BMP signaling in inflammatory processes

Developmental studies in genetic models have cemented
the critical roles of BMP signaling throughout embryogen-
esis. More recent studies have investigated the role of BMP
signaling in adult pathophysiological conditions, revealing
a broad influence on homeostasis and disease states such as
pulmonary hypertension, cancer, and anemia.51,52 Recent
discussions about BMP involvement in other diseases
have been reviewed elsewhere.45,53,54 Here, we will focus
on the emerging roles of BMPs as key mediators of a variety
of inflammatory conditions.

BMP signaling promotes the inflammatory phenotype
of endothelial cells in atherosclerosis

Atherosclerosis has long been viewed as an inflammatory
disease.55–57 Plaque formation begins with initial endothe-
lial dysfunction that leads to accumulation of lipids in arte-
rial intima and infiltration of immune cells. Markers of
dysfunction include upregulation of cell surface molecules
such as E-selectin, VCAM-1, and ICAM1, which play essen-
tial roles in the roll on, adhesion, and recruitment of
immune cells.

Typically, inflammatory cytokines such as TNF-a and IL-
1 induce cell adhesion receptors in endothelial cells, but
they also induce expression of BMP ligands in endothelial

cells.58 Many studies have pointed out that BMPs further
promote the inflammatory phenotype of endothelial cells.
In particular, BMP4 is selectively expressed in endothelial
cells of atherosclerotic lesions in human coronary arteries.59

Moreover, BMP4 is upregulated in endothelial cells in
response to shear stress and increases endothelial expres-
sion of membrane adhesion molecules, leading to enhanced
leukocyte adhesion.59,60 Likewise, BMP2 also upregulates
expression of adhesion molecules and promotes leukocyte
adhesion.50,61 Some of these pro-inflammatory effects may
be further accentuated in diabetes,58 a known risk factor for
atherosclerosis. In addition to enhancing adhesion of
inflammatory cells, BMP2 also induces chemotaxis of
monocytes, key immune cells implicated in the pathogen-
esis of atherosclerotic plaques, and impairs their differen-
tiation into anti-inflammatory M2 macrophages.62 The
recruitment of these pathogenic inflammatory cells is fur-
ther enhanced through BMP-mediated impairment of
endothelial barrier function.63

Consequently, inhibiting BMP signaling with extracellu-
lar protein inhibitors such as the BMP-binding endothelial
regulator protein BMPER and Noggin, or with small mole-
cule chemical inhibitors such as DMH1 suppresses vascular
inflammation and lessens recruitment of leukocytes.63–67

Taken together, these studies suggest that BMP signaling
promotes vascular inflammation through direct effects on
the endothelium and infiltrating leukocytes and that block-
ing BMP signaling attenuates the inflammatory response.
Thus, BMPs and downstream effectors of BMP ligands may
be attractive therapeutic targets formanaging inflammatory
vessel diseases including atherosclerosis.

BMP signaling in vascular calcification

A clinically relevant consequence of chronic inflammation
in atherosclerosis is vascular calcification. This results from
a highly regulated process where non-osteoblastic cells,
including vascular smooth muscle cells (VSMCs) and peri-
cytes, differentiate into osteoblast-like cells that mineralize
the vascular matrix in the tunica media through abnormal
deposition of calcium phosphate.68 Highlighting the simi-
larities between calcification and bone formation, recent
evidence suggests an important role for BMP signaling in
this pathological process.

VSMCs typically exist in the tunica media as quiescent,
differentiated cells, and function to maintain vascular tone
through their contractile abilities. However, they are also
able to enter a synthetic state characterized by proliferation
and production of extracellular matrix,69 and such a tran-
sition is accompanied by loss of cell markers associated
with contractility.70 Expressed in calcified human athero-
sclerotic plaques,71 BMP2 inhibits proliferation in
VSMCs72,73 and induces loss of contractility markers once
growth arrest has been established.74

This suggests either a role for BMP2 in VSMCs that is
dependent on proliferation status or one that facilitates
along a continuum in promoting the transdifferentiation
process. Moreover, BMP2 also induces expression of
genes in VSMCs that are crucial for osteogenic differentia-
tion and bone formation, including Msx-2 and Runx2.75–78
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Deficiency in these genes leads to defects in osteoblast dif-
ferentiation and large defects in both endochondral and
intramembranous ossification.77,79,80 Recent studies con-
firm the role of Runx2 and Msx-2 in the osteogenic conver-
sion of VSMCs.77,81 These studies highlight the molecular
similarities between the processes of vascular calcification
and bone formation, and taken together, strongly posit a
role for BMP signaling in vascular calcification. Moreover,
studies have shown that BMP inhibition can also attenuate
vascular calcification.67,82–84

BMP signaling in tissue fibrosis

Another consequence of chronic vascular inflammation
involves induction of processes leading to extracellular
matrix (ECM) protein deposition in the adjacent tissue.
Under normal conditions, this process functions to repair
and preserve tissue architecture and functional integrity
after injury. However, pathological dysregulation of inflam-
mation can lead to excessive deposition and an aberrant
process of tissue fibrosis that impairs normal organ func-
tion. A myriad of profibrotic cytokines released by infiltrat-
ing leukocytes act to directly activate fibroblasts,
upregulate production of the fibrogenic cytokine TGF-b,
increase ECM protein synthesis, and reduce degradation
of matrix proteins through downregulating expression of
matrix metalloproteinases.85,86

Because of this intimate relationship between inflamma-
tion and fibrosis, canonical BMP signaling may initially
play an indirect positive role through promoting the
recruitment of infiltrating leukocytes by endothelial cells
into the tissue and thus enhancing the magnitude of the
profibrotic signal elicited by these cells. Interestingly,
within the tissue itself however, BMP7, through a Smad-
dependent antagonism of downstream TGF-b signaling,87

exerts anti-fibrotic effects. While BMP7 is downregulated in
pathological fibrosis of organs, its exogenous administra-
tion or overexpression is both anti-fibrotic and functionally
protective in disease models of chronic kidney disease,88–94

liver fibrosis,95 and pulmonary fibrosis.87,96–98 The differen-
tial roles of BMP signaling in tissue fibrosis, from enhance-
ment at the endothelial level through leukocyte recruitment
to regulation at the interstitial tissue level through antago-
nism of TGF-b signaling, reflect not only the specialized
roles served by individual BMP ligands, but also points
to a built-in regulatory element that modulates the overall
effects of BMP signaling in promoting tissue fibrosis
through inflammation.

BMP signaling in endothelial tomesenchymal transition

In addition to these molecular processes, endothelial to
mesenchymal transition (EndMT) is a cellular process acti-
vated in response to inflammation that significantly con-
tributes to the resulting consequences of vascular
calcification and tissue fibrosis. In response to inflammato-
ry cytokines, endothelial cells undergo a phenotypic con-
version from a differentiated endothelial cell state to a more
undifferentiated mesenchymal fibroblast-like cell state.
During this process, these cells lose cell-to-cell adhesions
and endothelial markers like CD31 and gain mesenchymal

characteristics, including ECM protein production and
markers like a-smooth muscle actin and fibroblast specific
protein 1.99,100 The resulting multipotent mesenchymal cell
is able to differentiate and contribute to multiple different
cell types to serve needed functions. Under pathological
conditions, it can contribute to the fibroblast population
within the tissue to help promote fibrosis in circumstances
such as after acute or chronic injury,101–104 or it can also
contribute to an osteoprogenitor cell population that
underly the pathophysiology of vascular calcification.105

The process of EndMT in the adult is well known to be
activated by TGF-b signaling,99–103 while signaling through
the BMP subfamily of ligands, in particular BMP2 and
BMP4, is well known to induce EndMT during embryonic
development.35,106 In the adult, these ligands likely func-
tion similarly to promote this developmentally active pro-
gramming. This is supported by in vitro evidence
demonstrating treatment of cultured endothelial cells
with either BMP4 or TGF-b2 induced acquisition of mesen-
chymal stem cell-like features.107 Moreover, inhibition of
canonical BMP signaling by DMH1 a dorsomorphin ana-
logue which specifically inhibits activation of Smad1/5/
8,108,109 also inhibits EndMT in vitro. In addition, BMP6
has also been shown to pathologically promote EndMT in
a disease model of cerebral cavernous malformation both in
vitro and in in vivo.110 Interestingly, BMP7 inhibits EndMT
both in vitro and in vivo.104,111 The discrepancy can be
explained by the observation that an interaction between
activated Alk2 and activated Alk5 BMP receptors is neces-
sary for EndMT.107 Administration of either TGF-b2 or
BMP4 activates both receptors to allow an interaction,
whereas BMP7 solely activates Alk2, preventing the neces-
sary Alk2-Alk5 interaction. Taken together, these findings
demonstrate the important and complex role BMP signal-
ing plays in endothelial function and disease pathology
beyond the initial inflammatory response.

BMP signaling regulates the inflammatory response
following cardiac ischemic injury

Inflammation is a critical component of tissue repair fol-
lowing acute or during chronic tissue injury. For example
in the heart, the systemic inflammatory response following
myocardial infarction (MI) allows infiltration of immune
cells into the heart to help clear cellular debris, and this
acute process is essential to proper tissue healing and
repair.112–116 Our group and others have measured BMP
expression in the heart and found that BMP2 is upregulated
following MI in mice.50,117 Our results show that BMP2 is
transiently induced during the inflammatory phase and
promotes a pro-inflammatory phenotype in endothelial
cells50 (Figure 2). This upregulates expression of adhesion
molecules and increases the number of infiltrating inflam-
matory cells in the heart. Moreover, we found that the acute
inflammatory cytokine TNF-a upregulates BMP2 expres-
sion endothelial cells and the two work synergistically to
promote the inflammatory phenotype in endothelial cells.

BMP2 also upregulates the expression of its own antag-
onist Grem2 (Figure 2), and consequently, Grem2 expres-
sion, but not expression of other BMP antagonists, follows
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the increasing levels of BMP2 following MI. This temporal
coordination of BMP regulation is important in modulating
tissue inflammation as shown by gain or loss of Grem2
function in mice. Specifically, loss of Grem2 function by
homologous recombination promoted pro-inflammatory
changes in endothelial cells and led to both greater levels
of infiltrating inflammatory cells in the heart and worsened
functional outcomes following MI.50 Administering DMH1
rescued this pro-inflammatory phenotype. Moreover,
cardiac-specific overexpression of Grem2 limited tissue
inflammation and improved functional recovery.50 These
findings build upon earlier studies demonstrating the role
BMPs have in promoting vascular inflammation through
eliciting changes in endothelial cells that promote leuko-
cyte recruitment. In addition, they introduce endogenous
regulatory mechanisms highlighting the crucial role of
endogenous BMP antagonists in limiting inflammation
and the therapeutic value of regulating BMP signaling.

BMP signaling in chronic inflammatory arthritis

At the intersection of bone pathology and inflammation,
studies of rheumatoid arthritis (RA) and ankylosing spon-
dylitis (AS) offer unique opportunities to explore the role of
BMPs in inflammatory processes related to a system in
which they already have an established presence. The path-
ogenesis of both diseases involves immune-mediated
inflammatory processes. RA is characterized by synovial
inflammation, progressive joint damage, and bone loss,
while AS is characterized by chronic enthesitis, initial
bone destruction, and aberrant bone repair leading to
spinal fusion and dysfunction.

BMP signaling appears to be beneficial in RA but not in
AS. BMP2 and BMP6 are expressed in synovium from RA
patients, and expression in patient-derived fibroblast-like
synoviocytes in vitro becomes strongly up-regulated in

response to pro-inflammatory cytokines IL-1b, TNF-a, or
IL-17.118,119 However, BMP4 expression in synoviocytes
decreases in response to TNF-a,118 aligning with clinical
studies observing lower BMP4 mRNA levels in the syno-
vium of RA patients relative to controls.120

The pro-inflammatory cytokines IL-17 and TNF-a
induce a pro-inflammatory phenotype within synoviocytes
marked by increased expression of pro-inflammatory cyto-
kines IL-6 and GM-CSF, increased expression of the chemo-
kine IL-8, and increased production of metalloproteinases
MMP2 and MMP3. Expression and activity of these prod-
ucts are strongly implicated in the pathogenesis of
RA.121,122 Blocking BMP signaling with the canonical
BMP inhibitor DMH-1 further augments this response
and potentiates the induction of the pro-inflammatory phe-
notype in synoviocytes.118 On the contrary, inducing BMP
signaling with exogenous BMP6 reduced the expression of
these products and interfered with the induction of a pro-
inflammatory phenotype in synoviocytes.

In an in vivo model of AS, however, blocking BMP sig-
naling through systemic gene transfer of the BMP antago-
nist Noggin slowed the initiation and progression of
disease through regulating pathological bone remodel-
ing.123 The discrepancy in the role of BMP between these
two disease states warrants further exploration and may be
explained by the inherent differences between the disease
pathophysiology of RA and that of AS. Moreover, it is likely
that outcomes depend on cellular context, antagonistic
effects of specific BMP subgroups such as BMP2/4 against
BMP6/7, or differential activation of canonical versus non-
canonical BMP signaling pathways. Nonetheless, these
studies suggest not only an important role for BMP in
well-recognized inflammatory diseases, but also in regulat-
ing inflammatory processes that drive disease.

BMP signaling in anemia of inflammation

Regulation of circulating iron is coordinated by several key
proteins. As the sole exporter of intracellular iron, ferropor-
tin functions to release intracellular iron in intestinal epi-
thelial cells, hepatocytes, and macrophages into the
circulation. An excess in circulating iron stimulates the
expression of hepcidin in the liver, and releasing the protein
into the circulation allows it to bind ferroportin to induce its
internalization and degradation.124 Likewise, a deficiency
in iron also suppresses hepcidin expression. This negative
feedback control allows for appropriate circulating iron
stores, and perturbations to this system can have clinical
consequences. Inflammatory cytokines such as IL-6 that are
generated by a variety of diseases, including infection or
autoimmune disorders, induce the hepatic expression of
hepcidin, and the resulting reduction in circulating iron
leads to anemia.125

Induction of hepcidin in response to inflammatory stim-
uli and, thus, iron levels is dependent on BMP signaling.
During homeostasis, BMP6 is the predominant BMP ligand
that functions in iron homeostasis and transduces its signal
through the BMP coreceptor, hemojuvelin.124,126,127

Expression of BMP6 in the liver is regulated by serum
iron levels reflecting dietary intake,128 and deficiency in

Figure 2. BMP signaling regulates the endothelial inflammatory response after

ischemic injury. Ischemic injury induces local TNF-a production which promotes

expression of BMP2 in endothelial cells. The two signaling proteins upregulate

expression of cell adhesion molecules (CAMs), which enhances recruitment and

infiltration of circulating leukocytes into the tissue. BMP2 also induces expres-

sion of its antagonist Grem2, creating a negative regulatory loop that regulates

BMP activity to limit tissue inflammation.
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BMP6 leads to hepcidin deficiency and subsequent iron
overload in tissues and organs.129 It appears that other
BMP ligands are unable to compensate for loss of BMP6
in vivo despite their ability to induce hepcidin expression
in hepatocytes in vitro.130 BMP2, however, may at least play
a partial redundant role in inducing hepcidin expression.
Hepcidin induction by either acute or chronic iron loading
does not require BMP2, although hepcidin induction in
either scenario is submaximal and relatively blunted.131

On the other hand, intact BMP6 function is absolutely crit-
ical to hepcidin induction by acute iron loading.
Additionally, inhibition of BMP6 but not BMP2/4 signifi-
cantly decreases hepcidin levels and increases serum
iron.126 Moreover, BMP2 appears to be able to induce hep-
cidin expression independent of hemojuvelin, though at a
lower efficiency.124

At the receptor level, the BMP type II receptors ActR2a
and BMPR2 perform redundant roles in transducing sig-
nals to induce hepcidin expression. Deficiency in both
receptors is required to reduce levels of hepcidin in vivo
and is necessary to reduce BMP6-mediated induction of
hepcidin expression as well as basal levels of hepcidin
expression in vitro.132 In addition, both of the BMP type I
receptors Alk2 and Alk3 are individually necessary for hep-
cidin induction by BMP2 stimulation in culture and also for
hepcidin induction by iron challenge in vivo.133 However,
when compared to a liver-specific deletion of Alk2, liver-
specific deletion of Alk3 results in a much more severe iron
overload phenotype and near abolishment of both basal
BMP signaling and hepcidin expression. This suggests dif-
ferential functions of these receptors with Alk3 individual-
ly promoting basal levels of BMP signaling and hepcidin
expression, and Alk2 being a necessary component in addi-
tion to Alk3 only in the context of promoting hepcidin
expression in response to BMP signal transduction and
iron. This may be the result of the unique ability of Alk3
receptors to homodimerize and transduce signals for
inducing hepcidin expression in the absence of ligand bind-
ing.11 Downstream, Smad4 is also required for mediating
hepcidin expression.134

The important roles of these BMP signaling mediators
during homeostasis are also evident in response to inflam-
matory stimuli. Deficiencies in either BMP6 or hemojuvelin,
and not in BMP2,131 lead to impaired induction of hepcidin
and hypoferremia in response to inflammation compared
to normal controls,124,129 but inflammatory induction of
hepcidin persists in isolated or combinatory deficiencies
of either when compared to baseline.135 This suggests that
inflammation may induce hepcidin through pathways
independent of BMP signaling. Nonetheless, inhibiting
BMP signaling with BMP antagonists or LDN-193189, an
inhibitor of BMP type I receptor ameliorates anemia of
inflammation and iron deficiency in mice.135,136 These find-
ings are consistent with observations that hepatocyte-
specific deletion of BMP type I receptor, Alk3, attenuates
phenotype of anemia of inflammation in mice.137 Taken
together, these studies suggest a pivotal role for BMP6 as
a regulator of circulating iron both in homeostasis and
chronic inflammatory conditions that warrants therapeutic
considerations.

Conclusion and future directions

In the recent decade, our understanding of the role of BMP
signaling has expanded beyond its initially discovered role
in the skeletal system and outside its prominent and crucial
roles in development. It is now well-recognized that BMPs
are essential to a plethora of different processes throughout
the body in the adult both during homeostasis and in dis-
ease states. Components of BMP signaling are prominently
emerging as direct coordinators of inflammatory processes
across various cell types from immune cells to endothelial
and connective tissue cells. As the general role of inflam-
mation in disease continues to develop and the intersection
between immunology and other medical fields continues to
grow, defining the multifaceted roles of BMP signaling in
inflammation will allow greater insight into the molecular
mechanisms that drive disease.

Already, recent studies have uncovered insight into the
nonredundant roles of both specific BMP ligands and BMP
antagonists that possess context-specific functions such as
BMP6 in the regulation of circulating iron in response to
inflammation, BMP2 and BMP4 in mediating inflammatory
phenotype of endothelium in response to stress or tissue
injury, and Grem2 in limiting post-injury tissue inflamma-
tion. This likely reflects the functional heterogeneity that
exists among BMP ligands and their antagonists. Thus, spe-
cial precautions should be taken regarding designing inter-
ventions targeting BMP signaling as broad inhibition of all
BMP ligands to limit endothelial or tissue inflammation
may also perturb iron homeostasis. With the increasing
availability of small molecule BMP inhibitors and a recent
pre-clinical study successfully utilizing such a com-
pound,138 it may be worth considering their pharmaceuti-
cal value and position to be clinically approved in the
future. However, before moving forward into clinical appli-
cations, it will be important to design compounds to control
specificity for the regulation of only certain BMP ligands to
maximize efficacy while minimizing adverse off-target
consequences.
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EDITORIAL

Disease Models & Mechanisms in the Age of Big Data
Antonis K. Hatzopoulos*

ABSTRACT
In the decade since Disease Models & Mechanisms was launched,
the emergence of Big Data as the main foundation of biological
information is having a profound effect on how we do research and it
has provoked some interesting questions. Is Big Data exploration
replacing hypothesis-driven basic research? And, to what extent is
disease modeling in the laboratory still relevant to medical research?
Recent examples of synergistic approaches utilizing animal modeling
and electronic medical records mining show that combining efforts
between disease models and clinical datasets can uncover not only
disease etiologies, but also novel molecular and cellular mechanisms
linked to gene function.

KEY WORDS: Big Data, Disease modeling, GWAS, Omics

Introduction
In a series of editorial articles in the inaugural issue of Disease
Models & Mechanisms (DMM), Vivian Siegel, the first Editor-in-
Chief, and members of The Company of Biologists and the Editorial
Board laid out how the idea for the new journal was conceived,
outlined its scope and expressed their hopes and expectations for the
new venture (Siegel, 2008; Freeman and St Johnston, 2008). They
envisioned the launch of the new publication as a forum to foster and
broaden the interactions between what they considered as two poorly
connected scientific silos, biological research and animal models in
one, and clinical research and medicine in the other. Much has
changed since the start of DMMover ten years ago, for the relationship
between biological and clinical research has greatly evolved.Although
this partnership faces new challenges, as the volume, complexity and
heterogeneity of scientific information continues to expand, it also
promises to revolutionize both basic biological knowledge and
medical care. Part of this revolution stems from the emergence of
Big Data as a centerpiece of scientific discovery, offering an
unprecedented opportunity to determine biological and disease
mechanisms (Schüssler-Fiorenza Rose et al., 2019).
Big Data come in many different forms, for example whole-

genome sequencing, RNA sequencing-based transcriptomics (bulk
and single cell), proteomics, metabolomics, Genome-Wide and
Phenome-Wide Association Studies (GWAS, PheWAS), and
Electronic Medical or Health Records (EMR/EHR). Particularly
exciting as discovery tools are EHRs that contain extensive
phenotype information, which is accompanied by DNA and/or
tissue biobanking and genomic information, such as the Vanderbilt
University Medical Center BioVU database, the Electronic Medical

Records and Genomics (eMERGE) Network, or the United
Kingdom (UK) Biobank (Roden et al., 2008; Gottesman et al.,
2013; Sudlow et al., 2015).

The collection, storage and mining of increasingly diverse
and complex types of biological information from the general
human population, or from patients with well-documented medical
records – based on diagnoses organized by ICD9/10 codes and
accompanied by laboratory test results, imaging and other
procedures – is having a profound effect on modern-day research.
This enormous data collection has thrusted humans, as the ultimate
experimental model, to not only understand the pathophysiology of
different diseases and to develop new therapeutic approaches, but
also, rather unexpectedly, to understand basic gene function and
biological mechanisms.

This emerging landscape has brought new challenges in the
communication and translation of information among different
disciplines, demands for new skills, and a need for innovative and
sophisticated research tools. It seems that the separate research silos,
which the DMM founders saw as a major impediment ten years ago,
have been swept away into a vast ocean of information and Big Data,
an ocean we must all learn to swim in. We can now sequence all
variants in a human genome from all patients and relate them to
RNA and protein levels, metabolites, or functional and phenotypic
traits. Yet, how to parse, analyze and, most importantly, extract
meaningful information from these datasets is not always
straightforward. It is evident that Big Data depend on basic
biology to understand disease mechanisms. Equally, biology needs
Big Data to understand the pleiotropic effects of gene function and
generate knowledge that is relevant and consequential in the current
scientific climate.

Why Big Data needs biology
In the last decade, GWAS have identified numerous disease-
associated loci (Visscher et al., 2017). Yet, using these links to
determine disease etiology or mechanisms can be challenging. In
many instances, it is hard to identify the candidate gene using
GWAS because single-nucleotide polymorphisms (SNPs) are
frequently found outside coding sequences in genomic regions
surrounded by many genes. Current experience indicates that the
closest to the SNP gene is not always the disease-causing one
(Smemo et al., 2014). Another limitation may stem from the fact that
GWAS typically search for specific phenotypes, potentially missing
additional clinical features that share the same genetic cause.
Therefore, often one has to know where and how to search in order
to untangle disease-causing mechanisms, especially in complex
diseases. Biological evidence in animal models may help shape and
guide these searches to pinpoint the gene responsible for the
phenotype, reveal the full extent of gene pathogenicity, and provide
functional validation and mechanistic insights in animal models
using gain- or loss-of-function approaches (Unlu et al., 2019a).

From a practical point of view, GWAS and other Big Data
investigations that are based on statistical associations rely on
Bonferroni corrections or similar methods to improve confidence in
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the results, often requiring extremely low P values to accept that an
association is real. Although such strict requirements are necessary
to accept statistical associations, they can also cause researchers to
discard many findings, especially if the relevant cohorts are
relatively small, for example in studies aiming to establish the
pathogenicity of rare variants (Bastarache et al., 2018). Biological
evidence in an appropriate experimental model can provide
independent validation of the findings, lowering the high
statistical thresholds for acceptance and opening the doors of
discovery (Unlu et al., 2019).

Why biology needs Big Data
Although it might be easier to imagine why gene-disease phenotype
associations, obtained by statistical means, need wet lab
experimental support for validation and mechanistic insights, it is
often less obvious how wet lab biology can benefit from Big Data,
especially EHRs. Although the use of clinical data to assess the
putative significance in human disease of a mechanism that was
discovered in an animal model is expected, analyzing clinical
records also has the potential to reveal new aspects of gene function
that were not picked up in the laboratory.
The ‘biology of real life’ is more diverse and complex than

‘biology in the laboratory’. Animal research is often performed in
genetically identical animals (an exception is outbred zebrafish),
yielding results within the context of specific gene-gene
interactions, and under communal environmental conditions, thus
obscuring the pathogenicity of gene malfunction in a population-at-
large setting. Although such strictly controlled parameters have
traditionally been necessary to perform fundamental research
studies, crucial aspects in a disease pathology may also include
environmental influences, behavioral patterns, lifestyle, diet,
interactions with microbiota or cultural influences, each dictating
to various degrees to what extent aberrant gene function contributes
to disease initiation, progression or severity. These aspects cannot
be easily recapitulated in the laboratory and, therefore, laboratory
analyses, no matter how sophisticated, may fail to capture the full
phenotypic gamut and pathogenic potential of some genes. On the
other hand, these features may be uncovered in large cohorts with
clinical or epidemiological data.
Most of the described phenotypes in animal models are

usually based on loss-of-gene-function approaches. In human
subpopulations, mutations or variants can also be gain-of-function,
or exert dominant-negative effects, interfering with the activities of
an entire gene family or disrupting the proper function of complex
genetic networks; or, certain variants might represent partial loss of
function or cause variance in gene expression in specific tissues
(Müller et al., 2013; Gamazon et al., 2018; Li et al., 2019). If some
of these variants cause relatively mild perturbations in gene activity
they likely remain benign, except in cases when the system is
stressed, for example by injury, environmental factors or a co-
occurring disease like diabetes. Also, most studies in a variety of
injury models are more often than not performed in young and
otherwise healthy animals without comorbidities. And, although
things are gradually improving thanks to current NIH guidelines,
most work in the past has been carried out in male animals.
Conversely, the effects of sex-differences, aging or comorbidities to
disease-contributing genetic alterations might be embedded in large
EHR datasets, providing a more comprehensive and complete
image of gene function.
Genetic animal models are usually based on alterations in the

expression and/or activity levels of a single gene. On the other hand,
diseases are often the result of defects in many molecular or cellular

components. Furthermore, certain genes, besides generating a
recognizable phenotype in a specific organ, might also be associated
with a behavioral trait or mood disorder that would likely be missed
in fish or mouse models, an association that could be documented in
clinical datasets. As a result, the full spectrum of clinically relevant
phenotypes associated with malfunction of a gene product may not
be captured in an animal model, or they may be simply overlooked
because particular phenotypes are not recognized. Adding to that, as
information of single-cell RNA-seq data accumulates, it appears
that apparently similar cells exhibit functional and phenotypic
heterogeneity that may not be evident in a controlled experimental
setting, but it may be revealed in a complex population setting. It is
likely some of these features will be uncovered in large human-
population datasets and EHRs, which offer enormous sample sizes
that are not feasible in the laboratory. Newly discovered features in
humans could be then further probed for pathomechanisms, with
additional tests in available animal models, or guide the generation
of new models more suitable to address a specific issue.

Other important aspects of gene (mal)function that may be
missed in the laboratory but can be detected in clinical datasets
include long-term effects that will not manifest in animal models
with short life or observational time spans. On the other hand,
analyses in EHR or epidemiological studies can provide
longitudinal data to complement or expand animal studies
(Schüssler-Fiorenza Rose et al., 2019).

Exploring synergies
Recent elegant studies highlight the tremendous value of exploring
synergies between Big Data in EHRs and biological research,
especially with the advent of technologies such as CRISPR-Cas9
that have dramatically enhanced the fidelity, precision and efficacy
of introducing gene variants into animal models. In one example,
using BioVU and other databanks, investigators used EHR-linked
genetic samples to discover gene-disease associations that were
then validated in zebrafish loss-of-function models. Analysis of
mutant zebrafish revealed additional phenotypes that were then
verified in human patients by targeted searches among clinical
phenotypes (Unlu et al., 2019). In another notable study, whole-
exome sequencing in a patient with a serious lymphatic anomaly
revealed a variant in ARAF, a gene encoding a kinase that acts
upstream of the MEK/ERK signaling cascade. Modeling of the
variant in human cells and zebrafish revealed overactive MEK/ERK
signaling causing abnormal lymphatic morphology. The lymphatic
abnormality was rescued in zebrafish with available MEK
inhibitors. Treatment of the patient with a MEK inhibitor led
to remodeling of the patient’s lymphatic system and a remarkable
improvement in his medical condition and quality of life
(Li et al., 2019).

It appears that we are entering a powerful new symbiotic
relationship in which Big Data depend on biological model systems
to validate statistical associations, and basic biological research
needs Big Data to capture the complexity of gene function outside
the well-controlled environment and genetics of the laboratory.
Although Big Data cannot replace hypothesis-driven basic
biological studies in animal models, taking some of the early
success stories into account, it is evident that better integrating the
two areas of disease models and Big Data from EHRs, at the
technical and personnel level, will uncover disease mechanisms and
draw us nearer to fulfilling the expectations of personalized
medicine. DMM is poised to play a vital role in accomplishing
this goal by nurturing the emerging synergies between clinical and
biological research. Off to the next decade!
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ABSTRACT 39 
 40 

The well described Wnt inhibitor Dickkopf-1 (DKK1) plays a role in angiogenesis 41 

as well as regulation of growth factor signaling cascades in pulmonary remodeling 42 

associated with chronic lung diseases including emphysema and fibrosis. However, the 43 

specific mechanisms by which DKK1 influences mesenchymal vascular progenitor 44 

(MVPC), endothelial and smooth muscle cells within the microvascular niche have not 45 

been elucidated.  In this study, we show that knock down of DKK1 in Abcg2pos lung 46 

mouse adult tissue resident MVPC alters lung stiffness, parenchymal collagen 47 

deposition, microvessel muscularization and density as well as loss of tissue structure in 48 

response to hypoxia exposure. To complement the in vivo mouse modeling, we also 49 

identified cell or disease specific responses to DKK1, in primary lung COPD MVPC, 50 

COPD MVEC and SMC, supporting a paradoxical disease specific response of cells to 51 

well-characterized factors. Cell responses to DKK1 were dose dependent and 52 

correlated with varying expression of the DKK1 receptor, CKAP4. These data 53 

demonstrate that DKK1 expression is necessary to maintain the microvascular niche 54 

while its effects are context specific. They also highlight DKK1 as a regulatory candidate 55 

to understand the role of Wnt and DKK1 signaling between cells of the microvascular 56 

niche during tissue homeostasis and during the development of chronic lung diseases. 57 

 58 

 59 
  60 
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INTRODUCTION 61 
 62 
  The tightly controlled formation of the alveolar-capillary network, and complex 63 

signaling between vasculature, mesenchyme and epithelium that occurs during lung 64 

development provides some insight into how vasculopathy may influence loss of lung 65 

structure and function during the development of chronic lung diseases (CLDs) (2, 13, 66 

14, 24, 41, 59, 63, 70). The etiology of microvascular remodeling and mechanisms 67 

through which it contributes to the development and severity of various CLDs remain 68 

unknown, due in part to a lack of adult rodent models evaluating early stage 69 

vasculopathy.  The relevance of vasculopathy to the pathophysiology of CLDs has not 70 

been resolved as conflicting evidence depicts angiogenesis as both, reparative or 71 

pathologic (10, 12, 25, 33, 35, 36, 46, 51, 57, 61, 65, 68), highlighting the need to 72 

identify the early mechanisms underlying the initiation of disease.   73 

Our previous work has demonstrated that ABCG2-expressing adult 74 

mesenchymal vascular progenitor cells (MVPCs) are a key component of lung 75 

microvascular homeostasis, angiogenesis in response to injury and are necessary to 76 

maintain distal lung tissue structure (30, 62). MVPC function is dependent on canonical 77 

Wnt signaling, with β-catenin as a central mediator (30, 62). The Wnt signaling pathway 78 

controls a variety of developmental and biological processes including cell fate, 79 

proliferation, and migration, and recent studies have also linked the Wnt signaling 80 

pathways to proper vascular growth in humans (21, 23, 27, 32, 40, 69).  Aberrant Wnt/β-81 

catenin signaling has also been implicated in most CLDs, highlighting its importance in 82 

the study of COPD and idiopathic pulmonary fibrosis (IPF)(4-7, 38, 43, 56).  To date, 83 

Dickkopf-1 (DKK1) is widely accepted as an antagonist of the canonical Wnt signaling 84 
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pathway as  DKK1 inhibits formation of a ternary complex involving LRP5/6, frizzled, 85 

and Wnt ligands which results in inhibition of the canonical Wnt signaling (49, 58). It 86 

also regulates epithelial proliferation, mesenchymal transition and migration in a dose 87 

dependent manner through Kremens (Krm) 1 and 2 or cytoskeleton-associated protein 88 

4 (CKAP4) (37, 54).  Dkk-1 binding of Krm 1 and 2 triggers the internalization and 89 

degradation of the LRP receptor (8, 19).  Furthermore, DKK1 induces angiogenesis 90 

through Wnt/β-catenin dependent and independent mechanisms in endothelial and 91 

progenitor cells (16, 17, 53, 60). It also regulates lung smooth muscle cell differentiation 92 

and proliferation (22, 31, 66). To date, the role DKK1 plays in regulating pulmonary 93 

microvascular homeostasis is unknown.  94 

Our previous studies demonstrated that DKK1 expression by MVPC varies 95 

depending on the CLD. DKK1 protein levels are increased in primary MVPC isolated 96 

from pulmonary arterial hypertension (PAH) patients (both familial FPAH and idiopathic 97 

IPAH), IPF and COPD (29, 30, 62). In lung tissue corresponding to these CLDs, DKK1 98 

localized to the endothelial and smooth muscle cell layers of the remodeled vasculature, 99 

relative to normal lung tissue. Exposure of primary MVPC from normal and FPAH 100 

patients induced a profibrotic phenotype with increased expression of smooth muscle 101 

alpha actin, collagens and extracellular matrix. Treatment with the DKK1 inhibitor, 102 

gallocyanin decreased the expression of these genes and in some instances reduced 103 

the expression to that of the normal MVPC (29). As DKK1 is a target of β-catenin (50), 104 

we recently demonstrated that transgenic mice with stabilized β-catenin and Wnt 105 

activation in MVPC express increased levels of DKK1, which correlated with enhanced 106 

adaptive angiogenesis by the microvascular endothelium as well as MVPC (62). This 107 
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shows the complex interactions between β -catenin and its upstream inhibitor Dkk-1. 108 

However, the cell specific mechanisms by which DKK1 may influence the microvascular 109 

niche have not been elucidated. 110 

To address the afore mentioned gaps in knowledge we designed studies to test 111 

the hypothesis that DKK1 was a modulator of three cell types comprising a pulmonary 112 

microvascular niche, microvascular endothelium (MVEC), MVPC and smooth muscle 113 

(SMC). In vitro,  DKK1 expression differentially affected sprouting and migration of 114 

murine and human MVEC and MVPC and well as the SMC contractile phenotype, 115 

correlated to level of Wnt signaling, dose and CKAP4 receptor expression. In vivo, 116 

genetic depletion of lung MVPC DKK1 compared to wild-type demonstrated tissue 117 

stiffening, parenchymal collagen deposition and increased muscularization. DKK1KO 118 

responded to hypoxia exposure with loss of tissue structure and increased MLI.  Taken 119 

together the data demonstrate that DKK1 expression is necessary to maintain the 120 

microvascular niche while its effects are context specific. 121 

 122 

 123 

  124 
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METHODS 125 
 126 
 127 
Study approval. The Institutional Animal Care and Use Committee at National Jewish 128 

Health approved all animal procedures and protocols. These studies utilized banked 129 

patient cell lines obtained using IRB #9401 approved by the Vanderbilt University 130 

Medical Center IRB Committee, Nashville, TN, USA. Patients were consented under 131 

this IRB for the generation and storage of human cell lines. Primary cells were obtained 132 

from advanced COPD patients with severe physiological impairment requiring lung 133 

transplantation as previously described (29, 30). Isolated human and murine MVPC and 134 

murine in vivo age matched models were utilized. Endpoint analysis was performed in a 135 

blinded fashion. Primary human MVPC and MVEC were isolated and characterized as 136 

previously described (28, 30, 62), or purchased form LONZA (Lonza, Walkersville). 137 

Human pulmonary artery smooth muscle cells were purchased from LONZA (Lonza, 138 

Walkersville). 139 

 140 

Genetic manipulation of murine ABCG2pos mesenchymal progenitor cells 141 

(MVPCs). ABCG2-CreERT2 mice, a generous gift of Dr. B. Sorrentino (St. Jude Children's 142 

Research Hospital, Memphis,TN) (26), were crossed to a fluorescent eGFP reporter 143 

(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP) JAX stock# 007676; designated 144 

mT/mG) strain to facilitate lineage analysis and quantitation via  eGFP expression. A 145 

third gene was crossed into the mice to stabilize βcatenin(Catnbloxp(Δex3) a generous 146 

gift of Dr. M.M. Taketo (Kyoto University, Kyoto,Japan) (34), designated βOE. A third 147 

gene was crossed into the mice to knockdown DKK1 (Dkk1tm1.1Svo(55); fl DKK1; 148 

MGI:5013423), designated DKK1 knockdown (DKK1+/- or DKK1-/-). 149 
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To knock down MVPC in vivo, we crossed the Abcg2 driver/reporter strain to a mouse 150 

containing a floxp stop allele regulating the expression of Diphtheria toxin A (42, 64) 151 

(JAX stock# 009669). Mice were injected intraperitoneally at 10-12 weeks of age with a 152 

single low dose (0.5mg) tamoxifen (T-5648; SIGMA, St. Louis MO) in sesame oil, or 153 

sesame oil alone (vehicle control) (18, 46).  The mice were randomized and distributed 154 

as 3-5 mice per cage for studies (both male and female). These model systems, as well 155 

as isolated MVPC, were validated as previously described (30, 62) and label the cells 156 

with the highest expression of Abcg2. 157 

 158 

Phenotyping of pulmonary vascular dysfunction and airway physiology. 159 

Pulmonary artery pressure was documented indirectly by the measurement of right 160 

ventricular systolic pressure (RVSP) coupled with quasi-static mechanical properties of 161 

the lung we measured using the flexiVent invasive plethysmography system (SciREQ, 162 

Inc.) as previously described (39). Histologic endpoints included muscularization and 163 

microvessel density of the distal microvessels by immunostaining to detect smooth 164 

muscle actin (SMA; Dako clone 1A4) or Factor 8 (A0082 DAKO) on 6-8 mice per group 165 

(15). To analyze changes in distal lung structure, images of H&E stained lung sections 166 

were taken on a Nikon Eclipse 80i microscope using NIS Elements AR software 167 

(version 4.13). A minimum of 6-10 non-overlapping images were taken blinded at 20x 168 

excluding images containing large vessels or airways.  Images were then loaded into a 169 

macro within Metamorph Software (version 7.5.0.0) for analysis (47). MLI was 170 

calculated from the average of all the images. 171 

 172 
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Quantitation of collagen. 10 fields of view per two sections, four sections per mouse of 173 

trichrome stained mouse lungs were photographed at 40x mag. Resulting color images 174 

were scanned to quantitate the number and intensity of blue (collagen) positive pixels 175 

relative to red. Images were scanned using Fiji (Image J; version 2.0.0-rc-43/1.51a) 176 

using a custom plug in written by M. Majka (Denver,CO). The tool was written in the 177 

ImageJ macro language to detect pixels with a blue intensity over a desired threshold. 178 

This macro set all pixels that had the desired blue intensity to the color yellow and 179 

outputs a count of the number of yellow pixels. The specified threshold limit was based 180 

on a positive and negative control image. 181 

 182 

Imaging. Epifluorescent and brightfield images were captured with Nikon Eclipse 90i 183 

upright epifluorescence or  Nikon Eclipse TS100 using the Nikon DS-Fi1 camera with 184 

NIS elements AR 4.11.00 acquisition software. The BZ-X800 KEYENCE system, with 185 

capture and analysis software, was also used. Fluorochromes used included DAPI (to 186 

label nuclei), secondary antibodies conjugated to Alexa 488 or Alexa 594 187 

(ThermoFisher, Hampton, NH). 188 

 189 

RNA Isolation and qPCR. qRT-PCR was performed in triplicate or with an n of three or 190 

greater independent patient samples. Briefly, total RNA was prepared with Qiagen RNA 191 

Isolation Kit reagents (Qiagen, Valencia, CA) for total RNA isolation and analysis of 192 

gene expression. Complimentary DNA generated from amplified RNA was hybridized to 193 

duplicate Affymetrix (Santa Clara, CA) Human Gene 1.0 ST arrays. To determine the 194 

cellular response to the DKK1, cells were plated at a concentration of 60,000 cells per 195 
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well in medium containing 20% serum.  The cells were allowed to remain in 20% serum 196 

medium for 24 hours.  After 24 hours, the medium was changed to 20% serum 197 

treatment medium containing 50, 100, or 150 ng/mL DKK1 (Origene, Rockville, MD).  198 

SMC were treated with 100ng/mL of Wnt5A. RNA lysates were collected at 48 hours 199 

and protein lysates were collected at 72 hours for analyses of gene and protein 200 

expression.  qRT-PCR assays were performed in triplicate (for each of the wells 201 

collected) and levels of analyzed genes were normalized to hypoxanthine 202 

phosphoribosyltransferase abundance (GAPDH or HPRT) using available TaqMan 203 

primer sets. 204 

 205 

ECIS. Human lung MVECs (Lonza, Walkersville) were plated at a concentration of 206 

112,500 cells per well on gelatin coated 8W1E PET ECIS culture ware arrays (Applied 207 

Biophysics, Troy) overnight to achieve confluence.  The following day, MVPCs were 208 

added at a concentration of 37,500 cells per well.  Prior to experiments the optimal 209 

concentration of MVEC and ratio of MVPC was determined. MVPC lines were 210 

normalized by cell number. Controls for these experiments included untreated MVEC 211 

and MVEC with wounding. On the third day, the arrays were put on the ECIS ZTheta, 212 

Applied Biophysics (Troy, NY).  Resistance recordings were performed at 4 kHz every 213 

10 minutes over 24 hours.   At 2-3 hours, an electrical wound was created by 214 

administering a 20 second pulse at 60,000 Hz.  In some cases, the pulse was 215 

immediately repeated to ensure cell death.  In other experiments not including MVPC, a 216 

total 150,000 MVEC were applied per well and allowed to adhere overnight.  A 217 

concentration of 100ng/mL of DKK1 was applied to the MVEC monolayer the next day, 218 
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6 hours prior to wounding.  Recovery from wounding in all experiments was normalized 219 

to the first resistance value data collected subsequent to wounding. These experiments 220 

were performed with two sample replicates and repeated twice. 221 

 222 

Spheroid assays and quantitation. Confluent WT and βOE MVPCs were passaged 223 

for spheroid formation.  A micro-mold (MicroTissues Inc. #24-906) was used to create a 224 

2% agarose three-dimensional petri dish containing 96 individual recesses which allow 225 

cells to self-assemble into spheroids.  3D petri dishes were pre-treated with 1 mL of 226 

culture medium for 45 minutes (3 treatments of 15 minutes each) prior to cell seeding in 227 

a 24 well plate.  MVPCs were seeded into the 3D dish at a density of 500 cells per well 228 

in 75 µL total volume per the manufacturer’s recommendation.  Cells were allowed to 229 

settle for 30 minutes before adding 1 mL of endothelial medium to the area surrounding 230 

the 3D dish.  Cells were allowed to form spheroids for 24 hours, at which point the 231 

endothelial medium was aspirated and replaced with fresh medium containing either 232 

100 ng/mL DKK1 or no DKK1.  Cells were then cultured overnight with or without DKK1.  233 

Spheroids were collected by aspirating the medium surrounding the 3D petri dish and 234 

pipetting 500 µL of pre-warmed medium into the mold to dislodge spheroids.  Spheroid-235 

containing medium was collected into a 15 mL conical tube and centrifuged for 5 236 

minutes at 110 x g.  Supernatant was aspirated, and spheroids were resuspended in a 237 

solution of 2 mg/mL rat tail collagen (Gibco A10483-01) combined with an equal volume 238 

of 0.5% 4,000 cP methylcellulose solution (Sigma M0512) in endothelial medium.  239 

Spheroids were then pipetted in 1 mL volumes to a new 24 well plate and incubated for 240 

30 minutes to polymerize the collagen before adding 500 µL of culture medium with or 241 

Downloaded from journals.physiology.org/journal/ajpcell at Vanderbilt Univ (160.129.251.128) on December 28, 2020.



 11

without DKK1 to each well.  After 24 hours, spheroids were imaged on a Keyence BZ-242 

X810 digital fluorescent microscope.  Keyence BZ-X800 software was used to measure 243 

the migration radius of cells from the center of the spheroid.    244 

 245 

Statistical analysis. Data were analyzed by one-way ANOVA followed by Tukey’s HSD 246 

post-hoc analysis. Murine qPCR and patient samples were analyzed using 247 

nonparametric Wilcoxon/Kruskal Wallis and a chi square approximation. All analyses 248 

used JMP version 9.0.2. Data presented as +/- standard error from the mean (+/-SEM). 249 

Significance was defined as p-value <0.05*, p-value <0.01** or p-value <0.001***. 250 

 251 

  252 
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Results  253 

 Vascular localization and altered expression of DKK1 is apparent in a variety of 254 

CLD, including PAH, COPD/emphysema and IPF (29, 30, 62). While initially described 255 

as an inhibitor of canonical Wnt signaling, the functions of DKK1 are concentration and 256 

cell type specific (16, 17, 37, 53, 54, 60). Because MVPC are a central component of 257 

the microvascular niche and participate in de novo angiogenesis in response to injury 258 

(30), we evaluated the effects of DKK1 on sprouting angiogenesis using a three-259 

dimensional spheroid assay, comparing wild-type (WT) to Wnt activated (βOE) murine 260 

MVPC. We found that DKK1 administration did not affect sprouting or migration of the 261 

WT MVPC at 24 hours (Figure 1). In contrast, the Wnt activated βOE MVPC 262 

demonstrated significant increases in sprouting and migration upon treatment (Figure 263 

1A). DKK1 differentially affected the sprouting and migration of murine MVPC based on 264 

their Wnt/β-catenin signaling status. 265 

 To analyze the effects of DKK1 on the microvascular niche in vivo, we genetically 266 

depleted the expression of lung MVPC DKK1 via knock down (KD) of one or both alleles 267 

(DKK1+/- & -/-) in vivo. DKK1KD decreased the number of MVPC identified by lineage 268 

tracing, confirmed by flow cytometry to detect CD45neg GFPpos cells in single cell 269 

suspensions of lung tissue (Figure 1C&D). Cell lines were isolated and cultured from 270 

each strain as previously described (30, 62). Spheroid analysis of cell sprouting 271 

suggested that DKK1KD cells exhibit decreased migration (Figure 1E&F). Decreased 272 

expression of DKK1 was confirmed by immunostaining of cytospins from WT or DKK1KD 273 

primary cell lines (Figure 1G). 274 
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We next compared the resulting lung function and structure from mice with 275 

activated Wnt signaling (βOE) or DKK1 KD in MVPC or WT. Both DKK1KD (DKK1+/- & -/-)  276 

and Wnt activation (βOE) in MVPC resulted in a statistically significant trend of altered 277 

lung mechanics characterized by decreased compliance (Crs), increased elastance 278 

(Ers), and a downward shift in pressure volume loops (Figure 2A-E). Changes in airway 279 

physiology were independent of significant alterations to the right ventricular systolic 280 

pressure (RVSP) or Fulton’s index (RV/LV+S; Figure 3A&B), indications of significant 281 

vascular remodeling or the development of pulmonary hypertension (PAH). Subtle 282 

alterations in lung mechanics is typically associated with changes in matrix and fibrosis, 283 

so we next evaluated the lung parenchyma.  Lineage tracing of lung MVPC revealed 284 

that they did not express smooth muscle alpha actin (SMA; Figure 2F-H). However, 285 

enhanced SMA expression was localized to the interstitium in both βOE and DKK1KD 286 

lung tissue alluding to the presence of myofibroblasts. Trichrome staining to detect 287 

collagen deposition and blinded quantitation using Fiji analysis revealed increased 288 

collagen in the interstitium of βOE and DKK1+/- lung tissue relative to WT (Figure 2I-O). 289 

The increased collagen and tissue mechanics correlated to decreased MLI in the 290 

DKK1KD tissue (Figure 3J). Interestingly, DKK1KD lungs also exhibited increased fully 291 

muscularized and total microvessels relative to WT and βOE (Figure 2P-R).  292 

Congruous to these findings, we have previously reported that Wnt activated 293 

βOE MVPC express increased DKK1 while lungs exhibited decreased muscularization, 294 

SMA expression as well as contractility (30, 62). Therefore, we next evaluated the effect 295 

of Dkk1 depletion in a murine model of hypoxia induced pulmonary hypertension (PAH), 296 

which is characterized by changes in microvascular structure and function. The mouse 297 
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strains all responded to hypoxia exposure (10% Denver altitude) with increased Fulton’s 298 

index, RVSP and hematocrit (Figure 3A-C). In terms of airway physiology, the most 299 

significant changes were in the hypoxia exposed DKK1KD mice, relative to the room air 300 

(RA) DKK1KD mice (Figures 2A-D and 3D-G). The hypoxia exposed DKK1KD mice 301 

exhibited increased IC (p<0.0001***), Crs (p<0.0002***), Ers (p<0.0013**) and a 302 

downward shift in pressure volume loops relative to RA (Figure 3H). This relative 303 

“normalization” in function and levels approaching WT were related to a loss of distal 304 

lung tissue structure indicated by increased mean linear intercept (MLI; Figure 3I).  305 

Our data suggest that MVPC expression of DKK1 influences the 306 

microvasculature as well as tissue structure. Therefore, it is reasonable to speculate 307 

that the function of MVPC is regulated by the disease microenvironment, to influence 308 

the microvasculature. DKK1 expression by MVPC varies depending on the CLD (29, 309 

30). DKK1 transcript expression is increased in Wnt activated murine MVPC which 310 

correlates with increased levels in COPD MVPC (62). DKK1 is known to have varying 311 

effects on Wnt activation as well as angiogenesis, in a concentration and receptor 312 

dependent fashion (17, 19, 53). Thus, we sought to evaluate the effects of DKK1 on the 313 

angiogenic phenotypes of normal compared to COPD lung MVEC, COPD lung MVPC 314 

as well as normal lung vascular SMC (Figures 4&5).  315 

We first examined the expression of DKK1 receptors by normal and COPD 316 

MVEC. Individual MVEC isolates from COPD lung explants varied in their expression of 317 

CKAP4 (Figure 4A), facilitating the comparison between lines with low or high levels of 318 

receptor expression. In addition to CKAP4 expression, there were additional baseline 319 

differences between the CKAP4low and CKAP4high COPD MVEC lines, including their 320 
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expression of AXIN2, ACTA2, TAGLN and ROR2. We next tested the effect of DKK1 on 321 

primary human lung MVEC phenotype and function based on their expression of 322 

CKAP4. The CKAP4low and CKAP4high COPD MVEC responded to DKK1 with opposite 323 

trends in the expression of ACTA2, TAGLN and SLIT2 (Figure 4A). In the CKAP4high 324 

COPD MVEC, DKK1 treatment decreased both CKAP4 and ROR2 receptor expression.  325 

The ability of MVEC to form a functional barrier was next evaluated following electrical 326 

wounding, in the absence or presence of DKK1 (Figure 4B-E). Following wounding, 327 

normal and CKAP4low MVEC recovered their barrier function at a faster rate than the 328 

CKAP4high COPD MVEC (Figure 4B). However, both the CKAP4low and CKAP4high 329 

COPD MVEC plateaued at a much lower resistance than MVEC from healthy donors, 330 

suggesting that COPD MVEC either migrate more slowly or do not form a stable barrier. 331 

The presence of DKK1 decreased the rate at which barrier function was regained 332 

following injury in normal and CKAP4high COPD MVEC (Figure 4C&E). DKK1 had no 333 

measurable effect on the CKAP4low COPD MVEC (Figure 4D). Since DKK1 had no 334 

effect on MVEC proliferation (not shown), these data suggest DKK1 impacted the 335 

MVEC migration and barrier formation. Thus, elevated levels of DKK1 in COPD and 336 

emphysema may decrease vascular integrity, both important in angiogenesis as well as 337 

overall tissue repair.  338 

Similar to MVEC, DKK1 affected MVPC in a dose dependent and cell specific 339 

manner. Exogenous DKK1 had no effect on the canonical Wnt targets AXIN2 and 340 

PROX1 in MVPC from healthy individuals, however it increased the expression of both 341 

targets in COPD MVPC at the lower dose (Figure 5A). While counterintuitive, we 342 

hypothesized that this effect was likely receptor dependent. Indeed, we found that 343 
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COPD MVPC had significantly increased levels of CKAP4 and ROR2, the receptors for 344 

DKK1 and WNT5A, respectively (11, 37, 48). The expression of both receptors, 345 

however, was downregulated by DKK1 (Figure 5A).  346 

Since DKK1 and Wnt signaling play a major role in vSMC developmental 347 

specification, and since MVPC likely impact vascular SMC remodeling function in the 348 

microvascular niche, we next defined the effect of DKK1 on isolated human lung SMC 349 

(22). DKK1 did not increase the canonical Wnt targets AXIN2 and PROX1 (Figure 5B). 350 

SMC expressed both CKAP4 and ROR2 and responded to DKK1 with significant 351 

decreases in the contractile cytoskeletal transcripts ACTA2 and TAGLN (Figure 5B). 352 

These data further support findings in our murine model in which Wnt activation in 353 

MVPC resulted in a loss of microvascular associated smooth muscle alpha actin 354 

expression. Additionally, we analyzed the effect of WNT5A on SMC phenotype 355 

because, first, DKK1 and WNT5A reciprocally regulate each other’s activity, secondly, 356 

both COPD MVPC and murine Wnt activated MVPC express increased levels of 357 

WNT5A (62) and lastly, COPD MVPC expressed increased level of the WNT5A 358 

receptor, ROR2 (Figure 5A). Similar to DKK1, WNT5A decreased expression of the 359 

cytoskeletal proteins ACTA2 and TAGLN while not affecting AXIN2 (Figure 5B). Taken 360 

together these data illustrate cell specific effects of the MVPC production of the Wnt 361 

modulator DKK1 within the microvascular niche (Figure 6).   362 

  363 
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Discussion 364 

The differential expression of DKK1 by human and murine Wnt activated MVPC 365 

suggested a potential mechanism for paracrine regulation of the microvascular niche 366 

during the development of CLDs (28-30, 62). In this study, we show that depletion of 367 

DKK1 in Abcg2pos lung mouse adult tissue resident vascular precursors (MVPC) alters 368 

lung mechanics, parenchymal collagen deposition as well as of microvessel 369 

muscularization and density. To complement the in vivo mouse modeling, we have 370 

identified cell or disease specific responses to DKK1, in primary COPD MVPC as well 371 

as COPD MVEC, supporting a paradoxical disease specific response of cells to well-372 

characterized factors. DKK1 also regulated the expression of contractile determinants 373 

by lung vascular SMC. Responses to DKK1 were dose dependent and correlated with 374 

varying expression of the DKK1 receptor, CKAP4.  375 

While DKK1 is known to regulate lung branching morphogenesis (17, 22, 31), our 376 

results suggest that DKK1 exerts effects on the angiogenic potential of lung MVPC 377 

depending on their level of active canonical Wnt signaling. Wnt activated MVPC 378 

respond to DKK1 stimulation with enhanced sprouting and migration, relative to wild-379 

type MVPC. Our previous work also demonstrated that primary lung MVPC from normal 380 

versus Wnt activated-pulmonary hypertension patients respond differently to DKK1, with 381 

the disease cells expressing increased levels of collagen and fibronectin as well as 382 

smooth muscle alpha actin (29). Thus, the proangiogenic effects of DKK1 with activated 383 

Wnt signaling may be dependent on MVPC expression of Wnt target genes, matrix or 384 

integrins.  385 
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Selective depletion of DKK1 expression by MVPC in adult mice resulted in 386 

decreased lung function indicative of altered lung mechanics in the absence of 387 

detectable changes in cardiovascular physiology. The detrimental changes in 388 

physiology were correlated to increased appearance of myofibroblasts and parenchymal 389 

collagen in the lung tissue as well as decreased MLI and number of MVPC. Previous 390 

studies also link decreased MVPC with increased MLI and the development of 391 

emphysema(62). Interestingly, Wnt activation in MVPC yielded a similar effect on the 392 

lungs, to a lesser degree. In the presence of vascular injury induced by the exposure of 393 

the strains to hypoxia driven PAH, resulted in loss of tissue structure in the DKK1+/- 394 

strain. Both results indicating the significance of spaciotemporal regulation of Wnt 395 

signaling and DKK1 expression by MVPC. Our current studies are directed toward 396 

understanding how DKK1 regulated parenchymal mechanics may result in loss of tissue 397 

structure and whether DKK1 or receptor distribution determine whether fibrosis or 398 

emphysema develop. We speculate that regional changes in DKK1 or CKAP4 399 

expression could explain why one patient develops both fibrosis and emphysema in 400 

combined pulmonary fibrosis and emphysema (CPFE), which is distinct from fibrosis or 401 

emphysema alone (3, 44). 402 

The activation, migration or proliferation of myofibroblasts as well as subsequent 403 

collagen deposition is attenuated by DKK1 expression likely via reciprocal inhibition of 404 

canonical Wnt signaling (1, 56). DKK1 also regulates the profibrogenic TGF-β, platelet 405 

derived growth factor (PDGF) and  connective tissue growth factor (CTGF) signaling 406 

pathways in myofibroblasts and vascular cells by inhibiting activated MAPK and JNK 407 

signaling cascades (56). In addition, TGF-β stimulates canonical Wnt signaling in a p38-408 
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dependent manner by decreasing the expression of the Wnt antagonist Dickkopf-1, 409 

conversely increased DKK1 expression attenuates TGF driven fibrosis (1). Increased 410 

expression of DKK1 with subsequent inhibition of Wnt signaling following treatment may 411 

be used as a prognostic marker of improvement in SSC (20, 67). Thus, it is not 412 

surprising that differential expression of DKK1 has been demonstrated in tissue from 413 

IPF and systemic sclerosis patients (1, 54).  414 

An additional characteristic of CLDs is abnormal microvascular remodeling and 415 

angiogenesis (41, 65). We found that with decreased MVPC DKK1 expression, there 416 

was both increased microvessel muscularization and density, absent in the other 417 

groups.  DKK1 appears to direct lung vSMC homeostasis by regulating smooth muscle 418 

alpha actin expression (22, 31, 66). Converse to the in vivo result, in vitro, exogenous 419 

DKK1 also decreased the expression of contractile proteins in vSMC. These data also 420 

support the hypothesis that the increased levels of DKK1 produced by both βOE MVPC 421 

and COPD MVPC decrease the SMAPOS vSMC in Wnt activated MVPC lungs (30, 62), 422 

influencing SMC phenotype as well as function. During microvessel regression, vascular 423 

SMC may also express lower levels of SMA, exhibiting loss of the contractile phenotype 424 

as opposed to apoptosis (45). Taken together these results support that MVPC 425 

production of DKK1 likely influences vascular SMC phenotype and function. 426 

The role for DKK1 in angiogenesis is well supported (16, 17, 53, 60), however 427 

the mechanisms are not well defined.  These studies show a cell specific effect of DKK1 428 

on primary human lung MVEC from normal and COPD patients. The cells expressed 429 

heterogenous levels of the DKK1 receptor, CKAP4 and exhibited significant differences 430 

in the ability to migrate and repair barrier function. Decreased barrier repair in the 431 
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presence of DKK1 correlated to increased expression of CKAP4.  Previous studies have 432 

linked DKK1 dependent endothelial cell migration in collagen to the expression of β1 433 

integrin and level of canonical Wnt signaling (9).  More recently, CKAP4 was shown to 434 

interact with β1 integrin and coordinate integrin recycling and subsequent cell adhesion 435 

and migration (52). COPD MVPC express increased levels of CKAP4 as well as the 436 

Wnt5A receptor, ROR2. They respond to DKK1 in a concentration specific manner, at 437 

low concentrations Wnt signaling is enhanced. Together these data suggest a role for 438 

Wnt-DKK1-CKAP4 signaling in microvascular angiostasis as well as angiogenesis.  439 

In conclusion, our results provide new insight into MVPC expression of DKK1 in 440 

the microvascular niche during lung homeostasis. Ongoing studies in our lab are 441 

designed to better understand the complexity of this niche and interactions at a single 442 

cell level, DKK1 regulation of the inflammatory repertoire in lung as well as impacts on 443 

epithelial cells in the distal lung. Because CKAP4 was differentially expressed in COPD 444 

MVPC versus normal as well as heterogeneously in COPD MVEC, it appeared a 445 

reasonable regulatory candidate to further evaluate to understand the role of Wnt and 446 

DKK1 signaling in the microvascular niche during tissue homeostasis, adaptive 447 

angiogenesis and during the development of CLDs. 448 

 449 

 450 

  451 
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FIGURE LEGENDS 465 
 466 
Figure 1. DKK1 differentially affected MVPC numbers and angiogenic sprouting 467 

depending on their Wnt signaling status. WT or Wnt activated (βOE) MVPC 468 

spheroids were plated in collagen and methylcellulose in the absence or presence of 469 

DKK1 [100ng/ml] for 24 hours.  The radius of sprouts and migrating cells was 470 

quantitated. The experiment was repeated twice independently and a total of 471 

21,21,23,24 spheroids was quantitated per group. The cell line was isolated from 10 472 

pooled female mice. Scale bar = 50μM. C&D. Lungs from WT and DKK1KD MVPC 473 

mice were collected 8 weeks following low dose tamoxifen induction and GFP 474 

expression analyzed via C. lineage tracing or D. flow cytometry. n=4,5; Scale bar = 475 

100μM. E&F. Isolated WT or DKK1 knockdown (DKK1KD) MVPC spheroids were plated 476 

and the radius of sprouts and migrating cells was quantitated after 48 hours. The 477 

experiment was repeated twice independently and a total of 11,11 spheroids was 478 

quantitated per group. The cell lines were isolated from 5 pooled female mice. Scale bar 479 

= 50μM. Data presented as mean (+/-SEM). G. Cytospins were immunostained to 480 

detect expression of DKK1. Scale bar = 50μM.  481 

 482 

Figure 2. Airway function in DKK1 knockdown (KD) MVPC mice demonstrated 483 

increased lung stiffening and parenchymal collagen deposition. FlexiVent analysis 484 

measurement in WT, Wnt activated (βOE)  or DKK1KD MVPC mice 8 weeks following 485 

low dose tamoxifen induction. FlexiVent analysis of A. inspiratory capacity (IC), B. total 486 

resistance (Rrs), C. system compliance (Crs) and D. elastance (Ers). n= 10, 4, 12 mice 487 

per group. E. Pressure volume curves and quantitation of the area under the curve. F-H. 488 
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Lineage labeling of WT, Wnt activated (βOE)  or DKK1KD GFPpos MVPC in lung tissue. 8 489 

weeks following low dose tamoxifen induction mice were sacrificed, and lungs agarose 490 

inflated using constant pressure, to obtain lung tissue for histological and 491 

immunofluorescent analyses. Scale bar = 100μM. Smooth muscle alpha actin (SMA) 492 

was also localized by immunodetection. n= 5, 4, 4. I-N. Representative bright field 493 

images of trichrome stained lung tissue (L-N. enlarged panels); collagen deposition is 494 

visible in blue. O. Quantitation of parenchymal collagen via Fiji/ImageJ v2.0 2018. n= 5, 495 

4, 4 mice per group. Immunostaining was performed on lung tissue sections to detect 496 

smooth muscle alpha actin (SMA) and Factor 8 (F8) positive microvessels ranging from 497 

0-50 micrometers in diameter. Scale bar = 100μM. P. Degree of muscularization was 498 

analyzed as < 50% SMA positive being partial and >50% SMA positive, fully 499 

muscularized.  Q. Total numbers of SMA positive microvessels. R. F8 positive 500 

microvessels per field of view (f.o.v.). Immune-positive microvessels were counted in 20 501 

f.o.v. per mouse at 20x magnification. Data presented as mean (+/-SEM). n= 5, 4, 4 502 

mice per group. 503 

 504 

Figure 3. Hypoxia exposure drives loss of lung structure in DKK1 knockdown 505 

(KD) MVPC mice.  2 weeks following low dose tamoxifen induction, WT, Wnt activated 506 

(βOE)  or DKK1KD mice were randomized and exposed to relative hypoxia (10% 507 

oxygen) or room air (RA) at Denver altitude for 6 weeks to induce pulmonary 508 

hypertension (PAH). At 8 weeks, lungs were agarose inflated using constant pressure, 509 

to obtain lung tissue for histological analyses. RVSP and FlexiVent analysis was 510 

performed. Indices of PAH were analyzed including A. Fulton’s index (RV/LV+S) and B. 511 
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RVSP measured by a pressure transducer placed in the right ventricle. C. Hematocrit 512 

increased with hypoxia. Data presented as mean (+/-SEM). The mean is indicated by +. 513 

n=10,4,12,9,5,14 mice/group. FlexiVent analysis of D. inspiratory capacity (IC), E. total 514 

resistance (Rrs), F. system compliance (Crs) and G. elastance (Ers). H. Pressure 515 

volume curves and quantitation of the area under the curve. Loss of tissue structure 516 

was quantitated by I. analysis of MLI.  Data presented as mean (+/-SEM). n= 9,5,14 517 

mice per group. 518 

 519 

Figure 4. Effect of DKK1 on the recovery of endothelial barrier function following 520 

injury is dependent on CKAP4.  The effects of exogenous DKK1 on human lung 521 

MVEC were analyzed. A. Human lung MVEC, normal and COPD, were treated with 0 or 522 

100 ng/ml of DKK1.  qPCR analysis was performed to compare selected differences in 523 

gene expression. Selected genes included the DKK1 receptor, CKAP4, the WNT5A 524 

receptor, ROR2, Wnt target, AXIN2, the cytoskeletal elements ACTA2, TAGLN and the 525 

migratory receptor ligand complex, ROBO2,SLIT2. Analysis was performed in triplicate 526 

for each sample. * indicates difference from vehicle control. B-E. The electrical 527 

wounding injury on recovery of barrier function of normal or COPD MVEC (with low or 528 

high expression of CKAP4) in the absence or presence of DKK1 (0 or 100ng/ml) was 529 

measured by ECIS. Resistance was measured (Ohms) over time. Groups were color 530 

coded and are indicated in the legend. Quantitation of normalized resistance at 531 

indicated time points (Δ) was presented in bar graph format. B. Three time points 532 

indicated by Δ presented in bar graph format. * indicates difference from normal unless 533 

indicated by a line. C-E. One time point indicated by Δ presented in bar graph format 534 
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Analysis was performed in duplicate or triplicate for each sample and repeated twice 535 

independently. Data presented as the mean (+/-SEM). * indicates difference from 536 

vehicle control. 537 

 538 

Figure 5. DKK1 regulates the phenotype of MVPC and SMC in a cell and dose 539 

dependent manner. The effects of exogenous DKK1 on human lung MVPC and SMC 540 

were analyzed. qPCR analysis was performed to compare selected differences in gene 541 

expression. Selected genes included the DKK1 receptor, CKAP4, the WNT5A receptor, 542 

ROR2, Wnt targets, AXIN2 and PROX1, and the cytoskeletal elements ACTA2, TAGLN. 543 

A. Human lung MVPC, normal and COPD, were treated with 0 or 50 ng/ml of DKK1. * 544 

indicates difference from vehicle control. B. Pulmonary vascular SMC were treated with 545 

0 or 50 ng/ml of DKK1. Analysis was performed in triplicate for each sample. Data 546 

presented as mean (+/-SEM). 547 

 548 

Figure 6. DKK1 regulates the individual functions of and paracrine effects 549 

between cells of the microvascular niche, including MVPC, MVEC and SMC. DKK1 550 

regulates MVPC function depending on their Wnt/β-catenin activation status. MVPC 551 

production of DKK1 regulates lung tissue function, structure and parenchymal collagen 552 

deposition which correlates to DKK1 dependent effects on microvascular 553 

muscularization and density. In vitro, DKK1 regulates MVEC barrier function and 554 

migration in likely through a CKAP4 dependent mechanism. It also regulates Wnt/β-555 

catenin signaling by MVPC in a dose dependent manner. Lastly, DKK1 decreases the 556 

expression of contractile proteins by vascular SMC, similar to Wnt5A.  557 
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Figure 4.  
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Abstract: Brain-derived neurotrophic factor (BDNF) is a neuronal growth and survival factor
that harbors cardioprotective qualities that may attenuate dilated cardiomyopathy. In ~30% of
the population, BDNF has a common, nonsynonymous single nucleotide polymorphism rs6265
(Val66Met), which might be correlated with increased risk of cardiovascular events. We previously
showed that BDNF correlates with better cardiac function in Duchenne muscular dystrophy (DMD)
patients. However, the effect of the Val66Met polymorphism on cardiac function has not been
determined. The goal of the current study was to determine the effects of rs6265 on BDNF biomarker
suitability and DMD cardiac functions more generally. We assessed cardiovascular and skeletal
muscle function in human DMD patients segregated by polymorphic allele. We also compared
echocardiographic, electrophysiologic, and cardiomyocyte contractility in C57/BL-6 wild-type mice
with rs6265 polymorphism and in mdx/mTR (mDMD) mouse model of DMD. In human DMD patients,
plasma BDNF levels had a positive correlation with left ventricular function, opposite to that seen
in rs6265 carriers. There was also a substantial decrease in skeletal muscle function in carriers
compared to the Val homozygotes. Surprisingly, the opposite was true when cardiac function of
DMD carriers and non-carriers were compared. On the other hand, Val66Met wild-type mice had
only subtle functional differences at baseline but significantly decreased cardiomyocyte contractility.
Our results indicate that the Val66Met polymorphism alters myocyte contractility, conferring worse
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skeletal muscle function but better cardiac function in DMD patients. Moreover, these results suggest
a mechanism for the relative preservation of cardiac tissues compared to skeletal muscle in DMD
patients and underscores the complexity of BDNF signaling in response to mechanical workload.

Keywords: brain-derived neurotrophic growth factor; dilated cardiomyopathy; rs6365 polymorphism;
Duchenne muscular dystrophy; Val66Met

1. Introduction

Brain-derived neurotrophic growth factor (BDNF) is an essential mediator of neuronal growth,
differentiation, and survival and plasticity [1]. BDNF is also important for development of the
cardiac microvasculature, basal cardiac contractility in the postnatal heart, and response to cardiac
injury [2]. BDNF is produced as a proprotein (proBDNF), which upon cleavage releases an N-terminal
fragment (prodomain) and C terminus that represents mature BDNF (mBDNF) [3]. Processed
mBDNF binds to tyrosine kinase receptor B (TrkB), which transduces BDNF’s mitogenic, pro-survival,
and cardioprotective benefits. Proteolytic cleavage of proBDNF releases a functional N-terminal
prodomain along with BDNF. Once liberated, the BDNF prodomain binds to and regulates trafficking
and secretion of mBDNF [3,4].

In approximately 30% of the general population, the prodomain of BDNF has a nonsynonymous
(G→A) single nucleotide polymorphism (SNP) at codon position 66 (rs6265), resulting in replacement
of valine (Val) with methionine (Met) [5]. The Val66→Met substitution substantially increases the
binding stability of the prodomain to mature BDNF, consequently reducing BDNF’s trafficking and
secretion [6,7]. Val→Met may additionally alter receptor binding and signaling of proBDNF [8],
as well as confer biological activity on the secreted prodomain itself [4]. The rs6265 polymorphism
has been implicated in the risk of cardiovascular disease, although results from different clinical
studies are conflicting. In one study [9], the Met allele was associated with obesity in patients with
coronary artery disease (n = 206) but not in otherwise healthy individuals (n = 498), whereas the
Met allele was apparently protective compared to the Val/Val genotype in a separate cohort of 5510
patients assessed for severity of coronary artery disease and incidence of clinical cardiovascular disease
events [10]. The potential contribution of rs6265 to human disease is further complicated by substantive
variability in allelic frequency among different populations (e.g., <1% in Sub-Saharan Africans, ~7–35%
in Europeans, and ~44% in Asians) [5,11,12].

We previously demonstrated an association of circulating BDNF with better heart function in
a small cohort of Duchenne muscular dystrophy (DMD) patients [13]. However, when we added
additional patients to our analysis, this positive relationship between BDNF levels and left ventricular
ejection fraction (LVEF) was no longer significant, prompting us to investigate whether or not the
BDNF rs6265 polymorphism might contribute to these extemporaneously negative findings. In this
study, we tested the hypothesis that the Val→Met conversion reduces bioavailability of functional
BDNF in DMD patients, thereby leading to reduced function compared to non-carriers. Although we
confirmed our original findings that circulating BDNF correlates positively with cardiac function in
DMD patients who express normal BDNF [13], here we show that DMD patients who are carriers of
the rs6265 allele exhibit better (rather than worse) cardiac function, when compared to age-matched
non-carriers. Using a knock-in mouse model (Val66Met mice), which harbors the BDNF G→A
substitution, we discovered a role for the Val66Met polymorphism in modulating cardiomyocyte
contractility as a possible mechanism contributing to altered heart function in the context of dilated
cardiomyopathy. This is the first study implicating the rs6265 polymorphism in DMD or in skeletal
muscle function in a progressively destructive neuromuscular disease.
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2. Results

2.1. BDNF rs6265 (Val66Met) in DMD Patients

In a cohort of 61 DMD patients genotyped for the rs6265 allele, 61.7% (37/61) were non-carriers
(GG) and 36.7% (23/61) were single allelic carriers (GA). Only one person (1/61 or 1.7%) had the
Val66Met conversion for both alleles (AA) (Table 1). In a subset of patients for whom cardiac magnetic
resonance (CMR) was performed and circulating BDNF levels measured, there was a modest but
insignificant association (n = 43, r = 0.28, p = 0.06) between BDNF and LVEF (Figure 1A). This positive
correlation increased substantially (r = 0.58) and reached significance (p = 0.002) for non-carriers only
(n = 25) (Figure 1B). For carriers (n = 18), BDNF levels were negatively correlated with LVEF (r = 0.28)
(Figure 1C), but this association was not statistically significant. Overall, carriers had lower mean
plasma BDNF levels compared to non-carriers (16,957 ± 2066 pg/mL, n = 18 vs. 23,217 ± 1894 pg/mL,
n = 25, p = 0.032, Figure 1D). Carriers also had modestly higher but significant mean LVEF compared
to non-carriers (56.0 ± 1.6%, n = 23, vs. 51.5 ± 1.5%, n = 37, p = 0.044, Figure 1E) and better global
circumferential strain (−30.7 ± 1.3%, n = 23 vs. −26.5 ± 1.2%, n = 34, p = 0.017, Figure 1F). There was
not a significant difference in angiotensin converting enzyme inhibitor (ACEI)/angiotensin receptor
blocker (ARB) or beta-blocker use between carriers and non-carriers, although steroid use was more
common in carriers (Table 1). Interestingly, carriers had significantly lower indexed left ventricular
(LV) mass (44.5 ± 1.5 g/m2, n = 23, vs. 50.5 ± 2.0 g/m2, n = 37, p = 0.032, Figure 1G) and indexed
end-diastolic volumes (61.0 ± 2.5 mL/m2, n = 23, vs. 71.1 ± 3.7 mL/m2, n = 37, p = 0.05).

Table 1. Demographics by genotype. Late gadolinium enhancement (LGE) global severity score is
ranked from zero (no LGE) to four (extensive involvement of septum and free wall). Group means
compared with unpaired t-test for continuous variables or Mann–Whitney rank sum for non-parametric
variables. Abbreviations: BSA: Body surface area, LVEF: Left ventricular ejection fraction, LVEDV: Left
ventricular end diastolic volume, GCS: Global circumferential strain, GLS: Global longitudinal strain,
ACEI: Angiotensin converting enzyme inhibitor, ARB: Angiotensin receptor blocker.

GG GA/AA p

(n = 37) (n = 24)

Age (years) 14.9 ± 0.7 14.9 ± 0.9 0.99
Height (cm) 150.6 ± 3.1 146.7 ± 3.0 0.39
Weight (kg) 54.3 ± 3.5 52.6± 3.5 0.74

BSA (m2) 1.5 ± 0.1 1.5 ± 0.1 0.67
LVEF (%) 51.5 ± 1.5 56.1 ± 1.5 0.044

Heart Rate (bpm) 94.7 ± 2.8 101.8 ± 3.1 0.099
Indexed LV Mass (g/m2) 50.6 ± 2.0 44.5 ± 1.5 0.032

Indexed LVEDV (mL/m2) 71.1 ± 3.7 61.0 ± 2.5 0.05
GCS −25.3 ± 1.8 (n = 34) −30.7 ± 1.3 (n = 23) 0.03
GLS −19.6 ± 0.7 (n = 30) −20.4 ± 0.6 (n = 20) 0.39

LGE Global Severity Score 2.0 ± 0.2 1.7 ± 0.3 0.26
ACEI or ARB 32 (87%) 19 (79%) 0.49
Beta Blocker 23 (62%) 10 (42%) 0.19

Steroids 22 (60%) 21 (89%) 0.023

In order to assess differences in functional status between allelic groups, we assessed skeletal
muscle strength and activity level. Skeletal muscle function was more significantly impaired in carriers,
based on quantitative muscle testing (QMT) (Figure 2A), accelerometer (Figure 2C) and percentage of
patients who were ambulatory (Figure 2D) relative to non-carriers of similar age (Figure 2B).
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Figure 1. Effects of rs6265 polymorphism on cardiac phenotype. There is a disparate relationship 
between brain-derived neurotrophic factor (BDNF) levels and left ventricular ejection fraction (LVEF) 
for Duchenne muscular dystrophy (DMD) patients segregated by rs6265 polymorphism. (A) plot for 
the entire DMD subset cohort (n = 43) demonstrating positive correlation of plasma BDNF 
concentration (pg/mL) vs. LVEF (%) by cardiac magnetic resonance (CMR) (r = 0.28, p = 0.06). When 
segregated by rs6265 polymorphism, a similar positive correlation (r = 0.58, p = 0.002) was seen for 
GG (Val/Val) DMD patients (B) but a negative correlation was observed (r = −0.28, p = 0.26) for GA 
(Val/Met) and AA (Met/Met) DMD patients (C). GA/AA carriers had lower plasma levels of BDNF 
(D), higher mean LVEF (n = 37 vs. 24) (E), better global circumferential strain (GCS) (n = 37 vs. 24) (F), 
and lower indexed LV mass (n = 37 vs. 24) (G). Comparisons by two-way ANOVA or Welch’s t-test. 
Asterisk represents statistical significance for GG versus GA/AA, * p < 0.05, ** p < 0.03. Individual 
patients (unsegregated) are indicated by blue circles. Purple circles indicate patients without (GG) the 
BDNF polymorphism. Rec circles denote those patients with one (GA) or both (AA) BDNF rs6265 
alleles.  

Figure 1. Effects of rs6265 polymorphism on cardiac phenotype. There is a disparate relationship
between brain-derived neurotrophic factor (BDNF) levels and left ventricular ejection fraction (LVEF)
for Duchenne muscular dystrophy (DMD) patients segregated by rs6265 polymorphism. (A) plot for the
entire DMD subset cohort (n = 43) demonstrating positive correlation of plasma BDNF concentration
(pg/mL) vs. LVEF (%) by cardiac magnetic resonance (CMR) (r = 0.28, p = 0.06). When segregated by
rs6265 polymorphism, a similar positive correlation (r = 0.58, p = 0.002) was seen for GG (Val/Val) DMD
patients (B) but a negative correlation was observed (r = −0.28, p = 0.26) for GA (Val/Met) and AA
(Met/Met) DMD patients (C). GA/AA carriers had lower plasma levels of BDNF (D), higher mean LVEF
(n = 37 vs. 24) (E), better global circumferential strain (GCS) (n = 37 vs. 24) (F), and lower indexed
LV mass (n = 37 vs. 24) (G). Comparisons by two-way ANOVA or Welch’s t-test. Asterisk represents
statistical significance for GG versus GA/AA, * p < 0.05, ** p < 0.03. Individual patients (unsegregated)
are indicated by blue circles. Purple circles indicate patients without (GG) the BDNF polymorphism.
Rec circles denote those patients with one (GA) or both (AA) BDNF rs6265 alleles.
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Figure 2. Disparate skeletal muscle performance in DMD patients when compared by rs6265 
polymorphism. (A) Comparative bar graphs of quantitative muscle testing (QMT) scores for several 
muscle groups compared by rs6265 phenotype for GG (Val/Val) and GA (Val/Met). All muscle groups 
in the Val/Met patients showed significantly lower scores. (B) There was no difference in mean age 
between the phenotype groups. (C) Accelerometry data demonstrated Val/Met patients had 
significantly lower performance with moderate and vigorous exercise compared to Val/Val patients 
(41 ± 11 counts/min, n =11, vs. 75 ± 7 counts/min, n = 15, * p = 0.031, and 31 ± 11, n = 11, vs. 96 ± 15, n 
=15, ** p = 0.003, respectively). Comparisons by two-way ANOVA. (D) Age-similar Val/Met DMD 
patients were less likely to be ambulatory at baseline assessment and at 1 year follow-up. 

2.2. Cardiac Characterization of Val66Met Mice 

Cardiac BDNF (27kDa) was significantly higher in whole heart lysates of mice with the BDNF 
rs6265 (Val/Met, VM) polymorphic allele compared to non-carrier (Val/Val, V) littermate controls 
(Figure 3A and 3B). There was no significant difference in cleaved BDNF (14 kDa) between VM and 
V (Figure 3C). Although this finding is counter intuitive to lower circulating blood plasma levels in 
DMD patients (Figure 1D), the results are consistent with the reported role of the rs6265 SNP in 
processing and trafficking of mature BDNF in neuronal cell cultures [7]. There could be lower 
bioavailability of BDNF, which is suggested by a lower ratio of mature BDNF (mBDNF) to 
unprocessed proBDNF (Figure 3C) and histological assessment of whole heart slices (Figure 3D).  

Consistent with what was observed in human DMD patients, Val/Met mice exhibited increased 
left ventricular (LV) ejection fraction (EF, Figure 3C) and lower LV mass (Figure 3D), as measured by 
echocardiography. Asterisks indicate * p < 0.01 or ** p < 0.001. 

Figure 2. Disparate skeletal muscle performance in DMD patients when compared by rs6265
polymorphism. (A) Comparative bar graphs of quantitative muscle testing (QMT) scores for several
muscle groups compared by rs6265 phenotype for GG (Val/Val) and GA (Val/Met). All muscle groups in
the Val/Met patients showed significantly lower scores. (B) There was no difference in mean age between
the phenotype groups. (C) Accelerometry data demonstrated Val/Met patients had significantly lower
performance with moderate and vigorous exercise compared to Val/Val patients (41 ± 11 counts/min,
n = 11, vs. 75 ± 7 counts/min, n = 15, * p = 0.031, and 31 ± 11, n = 11, vs. 96 ± 15, n = 15, ** p = 0.003,
respectively). Comparisons by two-way ANOVA. (D) Age-similar Val/Met DMD patients were less
likely to be ambulatory at baseline assessment and at 1 year follow-up.

2.2. Cardiac Characterization of Val66Met Mice

Cardiac BDNF (27kDa) was significantly higher in whole heart lysates of mice with the BDNF
rs6265 (Val/Met, VM) polymorphic allele compared to non-carrier (Val/Val, V) littermate controls
(Figure 3A,B). There was no significant difference in cleaved BDNF (14 kDa) between VM and V
(Figure 3C). Although this finding is counter intuitive to lower circulating blood plasma levels in DMD
patients (Figure 1D), the results are consistent with the reported role of the rs6265 SNP in processing
and trafficking of mature BDNF in neuronal cell cultures [7]. There could be lower bioavailability
of BDNF, which is suggested by a lower ratio of mature BDNF (mBDNF) to unprocessed proBDNF
(Figure 3C) and histological assessment of whole heart slices (Figure 3D).

Consistent with what was observed in human DMD patients, Val/Met mice exhibited increased
left ventricular (LV) ejection fraction (EF, Figure 3C) and lower LV mass (Figure 3D), as measured by
echocardiography. Asterisks indicate * p < 0.01 or ** p < 0.001.
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Figure 3. Val66Met mice have increased BDNF in tissue lysates and altered cardiac function as 
measured by echocardiography. (A) Western blot of left ventricular cardiac tissues from Val66Met 
mouse for proprotein brain-derived neurotrophic factor (proBDNF) (~27 kDa, middle) and mature 
BDNF (mBDNF) cleavage product (~14 kDa, bottom). (B) Bar graph of densitometry analysis of 
pBDNF and mBDNF normalized to gapdh (y axis) for Val/Val (white bars, n = 4) and Val/Met (green 
bars) (n = 5). (C) Bar graph showing processed BDNF as a ratio of mBDNF/proBDNF (m/p). (D,E) 
Anti-BDNF-DAB stained hearts from Val/Val (D) and Val/Met (E) mice at 20X magnification, scale 
bar = 100 μm. (F) Bar graph showing quantification of whole hearts from V (n = 8) and Val/Met (n = 6) 
mice relative to total tissue area. (G) Plot showing systolic blood pressure (mmHg) as measured by 
tail cuff for Val/Val (n = 4) and Val/Met (n = 13). (H,I) Results of echocardiography assessment of 
Val/Val (white bars, n = 3) and Val/Met (green bars, n = 4) mice are shown. Parameters shown (y axis) 
are (H) percent (%), ejection fraction (EF); (I) LV mass (corrected). Asterisks represent statistical 
significance for V versus VM * p < 0.0001 (B), * p < 0.0006 (C), † p = 0.0079 (F), * p = 0.0302 (H), * p = 
0.0026 (I). 

2.3. Cardiomyocyte Contractility in Val66Met Mice 

To identify possible mechanisms that could account for altered cardiac functions in mice with 
the human BDNF rs6265 polymorphism, we performed transcriptome sequencing of whole hearts 
from Val66Met mice. Differentially expressed genes included myosin heavy chains, ion channels, and 
calcium regulators. Gene enrichment analysis revealed two notable cardiac-specific functions: heart 
contraction (p = 0.0148, see Supplementary Table 1 for additional categories) and regulation of 
calcium ion transport into the cytosol (p = 2.45 × 10−4) (Figure 4A). Consistent with sequencing results, 
we noted differences, although insignificant, in cardiomyocyte sarcomere shortening between 
Val/Met and Val/Val genotypes (Figure 4B). Peak fractional shortening and re-lengthening were 
significantly reduced in Val/Met cardiomyocytes, compared to those from Val/Val littermate controls 
(Figure 4C,D). 

Figure 3. Val66Met mice have increased BDNF in tissue lysates and altered cardiac function as
measured by echocardiography. (A) Western blot of left ventricular cardiac tissues from Val66Met
mouse for proprotein brain-derived neurotrophic factor (proBDNF) (~27 kDa, middle) and mature
BDNF (mBDNF) cleavage product (~14 kDa, bottom). (B) Bar graph of densitometry analysis of pBDNF
and mBDNF normalized to gapdh (y axis) for Val/Val (white bars, n = 4) and Val/Met (green bars) (n = 5).
(C) Bar graph showing processed BDNF as a ratio of mBDNF/proBDNF (m/p). (D,E) Anti-BDNF-DAB
stained hearts from Val/Val (D) and Val/Met (E) mice at 20X magnification, scale bar = 100 µm. (F) Bar
graph showing quantification of whole hearts from V (n = 8) and Val/Met (n = 6) mice relative to total
tissue area. (G) Plot showing systolic blood pressure (mmHg) as measured by tail cuff for Val/Val
(n = 4) and Val/Met (n = 13). (H,I) Results of echocardiography assessment of Val/Val (white bars,
n = 3) and Val/Met (green bars, n = 4) mice are shown. Parameters shown (y axis) are (H) percent (%),
ejection fraction (EF); (I) LV mass (corrected). Asterisks represent statistical significance for V versus
VM * p < 0.0001 (B), * p < 0.0006 (C), † p = 0.0079 (F), * p = 0.0302 (H), * p = 0.0026 (I).

2.3. Cardiomyocyte Contractility in Val66Met Mice

To identify possible mechanisms that could account for altered cardiac functions in mice with
the human BDNF rs6265 polymorphism, we performed transcriptome sequencing of whole hearts
from Val66Met mice. Differentially expressed genes included myosin heavy chains, ion channels,
and calcium regulators. Gene enrichment analysis revealed two notable cardiac-specific functions:
heart contraction (p = 0.0148, see Supplementary Table S1 for additional categories) and regulation of
calcium ion transport into the cytosol (p = 2.45 × 10−4) (Figure 4A). Consistent with sequencing results,
we noted differences, although insignificant, in cardiomyocyte sarcomere shortening between Val/Met
and Val/Val genotypes (Figure 4B). Peak fractional shortening and re-lengthening were significantly
reduced in Val/Met cardiomyocytes, compared to those from Val/Val littermate controls (Figure 4C,D).
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Figure 4. Val66Met mice have altered cardiac tissue gene expression of contractile proteins and 
reduced cardiomyocyte contractility. (A) Hierarchical cluster of cardiac-associated genes identified as 
significantly differential (FDR-corrected p < 0.01, fold-difference > 1.5) using deep sequencing. Vertical 
dendrograms and columns represent individual samples from whole hearts of Val/Val (blue), Val/Met 
(orange), and Met/Met (red) mice. Rows represent individual transcripts, indicated by official gene 
symbol. Heat map colors represent the highest (bright red), lowest (bright green) and median (black) 
expression levels. (B–D), Contractility measurements of isolated cardiomyocytes from Val/Val (V, 
white bars, n = 10) and Val/Met (VM, green bars, n = 14) mice showing the change in length (dl) over 
time (dt). Comparisons by two-way ANOVA. Asterisk represents statistical significance for V versus 
VM * p < 0.0001, † p = 0.0084. 

2.4. Val66Met in a Model of Dilated Cardiomyopathy 

To assess the effects of the Val66Met allele in a model of progressive cardiac contractile 
dysfunction and dilated cardiomyopathy and Duchenne muscular dystrophy (DMD), we crossed 
Val66Met mice with mdx/mTR (mDMD) mice, which develop cardiac fibrosis and dilated 
cardiomyopathy that is pathophysiologically comparable to the human disease. Observationally, 
Val66Met mice on the C57BL/6J background produce offspring with a phenotypic Mendelian ratio of 
1:2:1 as expected. However, homozygous carriers of the rs6265 allele (Met/Met mice) were rarely 
observed on the mDMD background due in part to death shortly after birth (Figure 5A). 
Cardiomyocyte contraction (peak fractional shortening (FS)) was also significantly reduced in 
mDMD Val/Met mice compared with Val/Met on the C57BL/6 background (Figure 5B). Cardiac 
electrophysiology was significantly altered in Val/Met on the mDMD background (Figure 5C,D), 
with significantly elongated RR interval in mDMD mice with the rs6265 allele, compared to littermate 
controls (Figure 5E). In contrast to what was observed on the BL6 background, the rs6265 allele 
reduced cardiac function, as demonstrated by increased systolic diameter and volume and reduced 
ejection fraction and fractional shortening in mDMD; Val/Met mice (Figure 6). 

Figure 4. Val66Met mice have altered cardiac tissue gene expression of contractile proteins and
reduced cardiomyocyte contractility. (A) Hierarchical cluster of cardiac-associated genes identified as
significantly differential (FDR-corrected p < 0.01, fold-difference > 1.5) using deep sequencing. Vertical
dendrograms and columns represent individual samples from whole hearts of Val/Val (blue), Val/Met
(orange), and Met/Met (red) mice. Rows represent individual transcripts, indicated by official gene
symbol. Heat map colors represent the highest (bright red), lowest (bright green) and median (black)
expression levels. (B–D), Contractility measurements of isolated cardiomyocytes from Val/Val (V,
white bars, n = 10) and Val/Met (VM, green bars, n = 14) mice showing the change in length (dl) over
time (dt). Comparisons by two-way ANOVA. Asterisk represents statistical significance for V versus
VM * p < 0.0001, † p = 0.0084.

2.4. Val66Met in a Model of Dilated Cardiomyopathy

To assess the effects of the Val66Met allele in a model of progressive cardiac contractile dysfunction
and dilated cardiomyopathy and Duchenne muscular dystrophy (DMD), we crossed Val66Met mice
with mdx/mTR (mDMD) mice, which develop cardiac fibrosis and dilated cardiomyopathy that
is pathophysiologically comparable to the human disease. Observationally, Val66Met mice on the
C57BL/6J background produce offspring with a phenotypic Mendelian ratio of 1:2:1 as expected.
However, homozygous carriers of the rs6265 allele (Met/Met mice) were rarely observed on the mDMD
background due in part to death shortly after birth (Figure 5A). Cardiomyocyte contraction (peak
fractional shortening (FS)) was also significantly reduced in mDMD Val/Met mice compared with
Val/Met on the C57BL/6 background (Figure 5B). Cardiac electrophysiology was significantly altered
in Val/Met on the mDMD background (Figure 5C,D), with significantly elongated RR interval in
mDMD mice with the rs6265 allele, compared to littermate controls (Figure 5E). In contrast to what
was observed on the BL6 background, the rs6265 allele reduced cardiac function, as demonstrated
by increased systolic diameter and volume and reduced ejection fraction and fractional shortening in
mDMD; Val/Met mice (Figure 6).
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Figure 5. Dystrophic mice have altered distribution of rs6265 polymorphisms, altered cardiomyocyte
contractility, and bradycardia. (A) Plot showing genotypic distribution of offspring from Val/Met
breeding pairs on a normal C57BL/6 (BL6) or mdx/mTR dystrophic (mDMD) background. Percentage of
offspring for each of the three possible genotypes are shown on the y axis, with the expected Mendelian
ratio of 1:2:1 (or 25%, 50%, 25%) indicated by dashed lines. Val/Val (white), Val/Met (red), and Met/Met
(black). (B) Box and whisker plot showing peak fractional shortening as the change in the length over
time (+dl/dt) of cardiomyocytes isolated from Val/Val or Val/Met mice on a BL6 (n = 10, n = 14) or
mDMD (n = 4, n = 3) background. (C) Plot showing the RR interval as measured by electrocardiography
of Val/Val (white) and Val/Met (red) mice on the C57BL/6 (BL6, n = 8, 18) or mdx/mTR (mDMD, n = 6,
3) background. Example electrocardiograms are also shown for Val/Val (D) and Val/Met (E) mice on
the mDMD background. * Asterisk represents statistical significance (* p = 0.0282, Student’s t-test,
p = 0.0032, two-way ANOVA), ** p = 0.0025 (two-way ANOVA).
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Figure 6. Val66Met leads to decreased ventricular function and increased end diastolic volumes in
dystrophic mice. (A) Plot showing results of echocardiography assessment of mice with the rs6265
Val/Met polymorphism on a normal C57BL/6 (BL6, green bars) or mdx/mTR dystrophic (mDMD, blue
bars) background relative to non-carrier controls (white bars). Parameters shown (y axis) are (A) left
ventricular (LV) mass, (B) percent (%) ejection fraction (EF), (C) fractional shortening (FS), (D) end
systolic volume (ESV), (E) left ventricular internal dimension at end systole (LVID;s) and (F) heart rate
(HR). n = 4 (BL6), n = 5 (mDMD). Asterisks represent statistical significance. * p < 0.05, ** p < 0.01,
ns = not significant.
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2.5. Acute Cardiovascular Functions in Response to BDNF Receptor Inhibition

To determine the acute effects of systemic inhibition of BDNF signaling, we intraperitoneally
injected wild-type (WT) mice with 500 ng/kg N-[2-[[(Hexahydro-2-oxo-1H-azepin-3-yl)amino]carbonyl]
phenyl]benzo[b]thiophene-2-carboxamide (ANA-12) [14,15], a specific, small molecule inhibitor of
the BDNF tyrosine kinase receptor (TrkB), and monitored mice by echocardiography at baseline
(Figure 7A) and every five minutes for 30 total minutes. ANA-12 acutely reduced cardiac function,
with a peak response at 15 min (Figure 7B) and essentially normalized function by 30 min (Figure 7C),
as demonstrated by a slight decrease in heart rate (Figure 7D), decreased left ventricular (LV) ejection
fraction (Figure 7E), increased diastolic diameter (Figure 7F) and end-systolic volume (Figure 7G) in
WT mice. Cardiac electrophysiology was also significantly altered in response to ANA-12 injection
(Figure 7H–J), with significantly elongated RR interval (Figure 7H) within three minutes that lasted for
the duration of monitoring time (~12 min). This was accompanied by a slight decrease in heart rate
(Figure 7I) with clear bradycardia as shown in representative electrocardiography traces (Figure 7J).
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Figure 7. N-[2-[[(Hexahydro-2-oxo-1H-azepin-3-yl)amino]carbonyl]phenyl]benzo[b]thiophene-2-
carboxamide (ANA12) injection leads to acutely altered ventricular function and bradycardia in
wild-type animals (A) Example M-mode echocardiographic traces at baseline (A) and at 15 min (B) and
30 min (C) after a single injection of ANA-12. Plot showing results of echocardiography assessment in
mice (n = 4) at baseline and at 5 min intervals, including the following echocardiographic parameters
(y axis) (D) heart rate, (E) percent (%) ejection fraction (EF) and (F) end systolic volume (ESV) and left
ventricular internal dimension at G, diastole (LVID;d); n = 4. Asterisks represent statistical significance.
For EF (* p = 0.0183, n = 4), LVID; d (* p = 0.0169, n = 4), and ESV (* p = 0.0190, n = 4). Plots showing
the RR interval (H) and heart rate (HR, I) as measured by electrocardiography in ANA-12 injected
wild-type mice (n = 4). Example electrocardiograms are also shown (J) at baseline (top) and at 12 min
after ANA-12 treatment (bottom). Asterisks represents statistical significance (* p < 0.01, n = 4). Colors
are for emphasis as follows: blue = EF%, red = LViDd, orange = ESV.
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3. Discussion

There is controversy over the importance of circulating BDNF and the utility in correlating with
cardiovascular function [10,16–18]. Our data provide strong evidence that circulating BDNF levels are
correlative with functional markers when segregated by the rs6265 polymorphism. The Val66→Met
polymorphism is human-specific [19]. To study the molecular mechanisms underlying differences
in cardiac function, Dr. Francis Lee generated the polymorphism in mice [20]. These mice are more
prone to anxiety [20] and have been used extensively to study a variety of neurological and psychiatric
disorders [21]. However, the cardiac phenotype of these mice has not been examined. In Val66Met
mice, we observed significant changes in LV function with a decrease in LV mass that mirrored findings
in humans. One major discrepancy, however, was increased BDNF in murine tissues (Figure 2A,B)
but decreased BDNF levels in blood plasma of humans with DMD (Figure 1E). Unfortunately, these
disparate findings cannot be easily addressed experimentally, as circulating BDNF is essentially
undetectable in mice, larger Val66Met animals in which plasma BDNF can be measured have yet to be
produced and obtaining biopsies from genotyped patients for measuring BDNF tissue levels is highly
problematic, especially in the DMD population.

Despite having higher cardiac levels of BDNF and an increase in LVEF at baseline, Val66Met mice
had abnormal cardiomyocyte contractility, which is consistent with gene expression alterations in
contractile and calcium handing domains. Thus, this polymorphism appears to predispose cardiac
muscle to abnormal contraction, and while there may be compensatory mechanisms under basal
conditions, there may be less contractile reserve and a higher risk of developing functional decline
under pathological conditions. This finding was consistent with CMR data from DMD patients
demonstrating decreased LV mass but increased LVEF and better GCS. While this may at first appear
counterintuitive, recent evidence in young adult cancer survivors showed heart failure symptoms
correlated with decline in LV mass and not necessarily with LVEF [22]. In DMD patients, the lower LV
mass and worse skeletal muscle function may represent higher myocyte turnover leading to ultimately
faster disease progression. It should also be noted that significantly more carriers were on steroids
(89% vs. 60%), which is most likely due to the poorer skeletal muscle function. It is known that steroids
have cardioprotective effects [23,24]; therefore, some of the improved parameters of LV function could
be secondary to earlier and more consistent steroid use and may delay the decreased function seen in
the murine studies.

Given the correlation of BDNF levels with cardiovascular risk in the general population and the fact
that BDNF is produced by and acts upon cardiomyocytes to directly impact contractility [25], it is possible
that lower expression of BDNF in the heart is associated more generally with dilated cardiomyopathy
(DCM). A meta-analysis of the Gene Expression Omnibus (GEO) [26,27] repository gene expression
data of cardiomyocytes derived from human induced pluripotent stem cells (GSE13834, GSE35108) and
cardiac tissues of various etiologies of end-stage human heart failure, including DCM (GSE42955) [28]
supports this contention (Supplementary Figure S1A). Further, the gene encoding the receptor for
BDNF is significantly up-regulated (n = 27, p = 0.002) in explants from patients with end-stage human
heart failure, compared to unused donor healthy heart controls (n = 16) (Supplementary Figure S1B),
perhaps as a compensatory response to reduced BDNF levels. To determine the effect of the rs6265
polymorphic alleles in such a disease state, we chose to use the mDMD mouse as a model for progressive
dilated cardiomyopathy DCM. This highlights an important possible mechanism for BDNF effects in
DMD specifically and DCM more generally. TrkB-T1 receptors have been demonstrated to be critical
for normal contractility in both skeletal [29] and cardiac [25] myocytes. Selective cardiac deletion of
TrkB-T1 results in decreased contractile force generation and the development of cardiomyopathy [25].
Altered active BDNF excretion or altered BDNF-induced receptor activation are possible mechanisms
that will need further exploration in future studies. It will also be important to assess the effects of
the rs6265 polymorphism over an extended time frame to assess disease progression and determine
whether disparate results are due to compensatory effects that in older mice would be progressive and
more closely resemble what is seen in humans.
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DMD cardiomyopathy is characterized by muscle fibrosis, loss of contractility, and progressive
development of DCM. The apparent disparate correlations between plasma BDNF levels and LVEF
observed when segregating by polymorphic allele in DMD patients may help to partially explain the
controversial effects of BDNF in human disease. Another universal feature of DMD muscle cells is
that the absence of dystrophin leads to altered calcium handling through multiple mechanisms [30].
This has also been demonstrated in dystrophic murine skeletal and cardiac muscle cells [31], providing
the opportunity to ascertain whether reduced contractility was due to altered calcium handling alone
or other contributing mechanisms. Expression of the polymorphic alleles in the murine mDMD model
led to substantial functional differences in addition to heart rate reduction, including decreased LVEF
and FS, as well as increased end diastolic volumes. If this effect were primarily due to alteration
in calcium handling, such a profound difference between Val/Val mDMD cardiomyocytes and the
Val/Met and Met/Met groups would not be expected, as all of the groups would have abnormal
calcium regulation. This suggests that altered BDNF metabolism and trafficking and/or altered
regulation of contractility genes plays a significant role in the phenotype and may represent a novel
role for this polymorphism as a modulator of cardiovascular disease. We suspect that the seemingly
contradictory findings in LV function on DMD patients and in mDMD animals may represent a
period of relative compensation as cardiomyocyte turnover increases while abnormally contractile
cells undergo apoptosis. We would predict that as DMD boys are followed over time we would see
LVEF ultimately segregate by rs6265 polymorphism.

The striking difference seen in skeletal muscle performance in DMD patients segregated by the
Val66Met polymorphism was not entirely surprising, given BDNF’s known role as a mitokine and
in promoting exercise-induced skeletal muscle regeneration [32]. As DMD affects both cardiac and
skeletal muscle, leading to the abnormal calcium handling and muscle weakness that is characteristic
of the disease, it is unclear if rs6265 would have a similar, detectible effect in the general population.
It is more likely that this functions in a “two hit” mechanism, where the abnormal contractility of
myocytes can be compensated for during normal conditions, however in diseased states, such as DMD
or other forms such as DCM, this fragile balance is disrupted leading to a worse clinical phenotype.

For the first time, we have shown that a polymorphism in the BDNF gene leads to functional
changes in both mouse models and humans with DCM and in skeletal muscle function in DMD patients.
This will allow for further investigation into the mechanisms of altered cardiomyocyte contractility
and may provide a novel component of risk assessment in patients with cardiomyopathy or other
cardiovascular diseases.

4. Materials and Methods

4.1. Animals

This study was carried out in accordance with the National Institutes of Health’s Public
Health Service Policy of Humane Care and Use of Laboratory Animals and the Animal Welfare
Act. Transgenic BDNFMet knock-in allele (Val66Met) mice [20] were crossed with first generation
mdx/mTR KO (B6.Cg-Terctm1Rdp/Dmdmdx−4Cv/BlauJ, Jackson #023535) [33], which develop progressive
cardiac fibrosis and dilated cardiomyopathy [34]. Litter mates (8–12 weeks old) were used wherever
possible. For all experiments, animals were euthanized with either isoflurane followed by tissue
isolation or via carbon dioxide asphyxiation. For treatments with the TrkB receptor antagonist
N-[2-[[(Hexahydro-2-oxo-1H-azepin-3-yl)amino]carbonyl]phenyl]benzo[b]thiophene-2-carboxamide
(ANA-12) (Tocris Bioscience, Minneapolis, MN, USA), mice were injected with a conservative dose
(500 ng/kg), diluted in saline solution made from a 1mg/mL stock solution in DMSO (Sigma-Aldrich,
St. Louis, MO, USA [14,15].
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4.2. Echocardiography

Transthoracic M-mode echocardiography was performed with a 12-mHz probe (VisualSonics,
Toronto, ON, Canada) on conscious mice and on mice anesthetized by inhalation of isoflurane (1–1.5%).
LV end-systolic interior dimension (LVID;s), LV end diastolic interior dimension (LVID;d), ejection
fraction (EF) and fractional shortening (FS) values were obtained by analyzing data using the Vevo
2100 program (VisualSonics, Toronto, ON, Canada).

4.3. Electrocardiography

ECG leads were recorded with surface electrodes (ADInstruments, Colorado Springs CO, USA)
on anesthetized mice by constant inhalation of isoflurane (1–1.5%). The mean value for each mouse
was obtained from four values consisting of four consecutive cardiac cycles using LabChart software
(ADInstruments, Colorado Springs CO, USA).

4.4. Cardiomyocyte Contractility

Adult mouse cardiomyocytes were isolated as described previously [35]. For recordings, myocytes
were paced at 1 Hz with a MyoPacer field stimulator (IonOptix, Westwood, MA, USA). Contractility
measurements were made using sarcomere length (SarcLen) parameters and processed with IonWizard
6.0 software (IonOptix, Westwood, MA, USA).

4.5. Patients

The Vanderbilt Institutional Review Board approved this prospective study, and this investigation
conforms with the principles outlined in the Declaration of Helsinki (IRB Protocol numbers 120929,
140049, and 161524). Appropriate consents and assents were obtained as part of study enrollment.
Sixty-one DMD subjects were enrolled from the Neuromuscular Cardiology Clinic. Inclusion criteria
were: (1) diagnosis of DMD with clinical phenotype and confirmation with either genetic testing or
muscle biopsy, (2) blood obtained at time of cardiac MRI (CMR), (3) able to tolerate CMR without
sedation or anesthesia. Exclusion criteria were: (1) additional cardiac diagnoses that could affect
biomarkers, (2) inadequate volume of blood. Enrolled DMD subjects underwent blood draw, CMR,
skeletal muscle strength assessment, and assessment of physical activity levels using accelerometry.

4.6. ELISA

BDNF was measured using the Quantikine BDNF enzyme linked immunosorbent assay (ELISA)
kit (R&D systems, Minneapolis, MN, USA, cat no. DBD00), as previously described [13].

4.7. Cardiac Magnetic Resonance

CMR was performed using a 1.5 Tesla Siemens Avanto (Siemens Healthcare Sector, Erlangen,
Germany) and calculations performed as previously described [36]. A peripheral intravenous line
was used to administer Gd-DTPA contrast (gadopentate dimeglumine, Magnevist®, Bayer Healthcare
Pharmaceuticals, Wayne, NJ, USA or gadobutrol, Gadovist®, Bayer Healthcare Pharmaceuticals,
Wayne, NJ, USA) at a dose of 0.2 mmol/kg.

4.8. Skeletal Muscle Assessment

Quantitative muscle testing (QMT) was performed on DMD subjects using a handheld
myometer—an objective, reproducible method for upper and lower extremity strength evaluation in
DMD. QMT score was calculated as previously described [37]. QMT was performed in 33 of 35 DMD
subjects. Physical activity was assessed using triaxial accelerometers (GT3X+, ActiGraph, Pensacola,
FL, USA) that recorded raw accelerometry data at a sampling frequency of 30 Hz (30 observations per
second for each axis) for 7 consecutive days and 24 h per day (one monitor on the ankle of the dominant
leg and one on the wrist of the dominant hand). Raw accelerometry data were integrated into 15-s
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epochs and expressed as vector magnitude (VM) counts using Actilife software (ActiGraph, Pensacola,
FL, USA). Accelerometer non-wear and wear periods were assessed as previously described [38]. A
recording was considered valid if it included ≥3 valid days with ≥2 weekdays and ≥1 weekend night
with ≥6 h of monitor wearing from 7:00am to 10:00pm.

4.9. Transcriptome Sequencing

RNA sequencing (RNA-seq) was performed by Vanderbilt Technologies for Advanced Genomics
(VANTAGE) core as previously described [39], using Illumina TruSeq and HiSeq 3000 (Illumina San
Diego, CA, USA)on paired-end-150 flow cell runs at ~32M PF reads per sample. Raw reads (fastq files)
were aligned to the mm10 assembly using STAR 2.5.3a and analyzed as previously described using
Partek Flow server and Genomics Suite (Partek, Inc, Chesterfield, MO, USA [39].

4.10. Immunoblotting

Gel electrophoresis was performed as previously described [39] and probed with rabbit anti-BDNF
(cat. #ARP41970, Aviva Systems Biology Corporation, San Diego, CA, USA) and rabbit anti-GAPDH
(cat. #5174, Cell Signaling Technology, Inc, Danvers, MA, USA).

4.11. Statistical Analysis

All data are expressed as means ± SEM. Statistical comparisons made between two variables
were performed using the Student’s t test. Comparisons between more than two variables were
performed using one-way ANOVA with a Tukey’s post hoc test. Human demographic variables were
compared using either a Wilcoxon rank-sum (continuous variables) or a chi-square or Fisher’s exact
test (categorical variables). Patient data were collected and managed using research electronic data
capture (REDCap) at Vanderbilt [40].

5. Limitations

This study is limited by the relatively small population of the study cohort of DMD patients.
The number of patients could be potentially increased in future studies using multicenter collaborative
data collection. CMR analysis was done separately from BDNF analysis in order to minimize
potential bias.

6. Translational Perspective

The rs6265 polymorphism alters cardiomyocyte contractility in mice without overt cardiovascular
disease and is augmented in a mouse model of progressive dilated cardiomyopathy; thus, it may
represent a novel risk factor for worse outcomes in cardiovascular disease. In patients with Duchenne
muscular dystrophy, the rs6265 polymorphism is associated with altered relationship between plasma
BDNF levels and LVEF and worse skeletal muscle performance.
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