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Progressive remodeling of the heart, resulting in cardiomyocyte
(CM) loss and increased inflammation, fibrosis, and a progressive
decrease in cardiac function, are hallmarks of myocardial infarction
(MI)-induced heart failure. We show that MCB-613, a potent small
molecule stimulator of steroid receptor coactivators (SRCs) atten-
uates pathological remodeling post-MI. MCB-613 decreases infarct
size, apoptosis, hypertrophy, and fibrosis while maintaining signif-
icant cardiac function. MCB-613, when given within hours post MI,
induces lasting protection from adverse remodeling concomitant
with: 1) inhibition of macrophage inflammatory signaling and in-
terleukin 1 (IL-1) signaling, which attenuates the acute inflamma-
tory response, 2) attenuation of fibroblast differentiation, and 3)
promotion of Tsc22d3-expressing macrophages—all of which may
limit inflammatory damage. SRC stimulation with MCB-613 (and
derivatives) is a potential therapeutic approach for inhibiting car-
diac dysfunction after MI.
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Mitigating the pathophysiological impact to cardiac function
following myocardial infarction (MI) by preserving func-

tional myocardium and attenuating detrimental remodeling of
cardiac tissue subsequent to an acute heart attack is an unmet
therapeutic need. Previous work from ours and other laborato-
ries have shown that steroid receptor coactivators (SRCs) are
involved in heart development and in mitigating cardiac dys-
function in cardiac injury models (1, 2). We have identified a
small molecule activator of SRCs (MCB-613) that selectively and
reversibly binds to SRCs as shown by surface plasmon resonance
and is a potent SRC stimulator that acts to greatly enhance SRC
transcriptional activity with no apparent toxicity in mice (3).
Members of the p160 SRC family, SRC-1 (NCOA1), SRC-2
(NCOA2/TIF2/GRIP1), and SRC-3 (NCOA3/AIB1/ACTR/pCIP),
interact with nuclear receptors and other transcription factors to
drive target gene expression (4) by assembling transcriptional
coactivator complexes to increase transcription. SRCs act as pri-
mary transcriptional regulators of transcription factor activity
necessary for cell proliferation, survival, cell motility, invasion and
metastasis, and cell metabolism. SRC-coactivators are widely
expressed and function as master regulators of cellular plasticity
and cell proliferation both during normal and abnormal growth
and during development (5–9). SRCs function as coactivators for
the transcription factors for cell signaling and molecular pathways
critical for wound healing including, nuclear factor kappa B (NF-
κB) (NFKB1) (10), SREBP1 (11), and AP-1 (JUN) (12, 13); this
indicates a potential for SRC-targeting drugs pertinent to cell
migration, proliferation, and survival-promoting paracrine inter-
actions in tissue injury responses. Pleotropic actions of SRCs
range from immune regulation (14) and angiogenesis (15) to

maintenance of metabolic regulation in diverse organ systems
including the heart (16). Specifically in the heart, recent findings
indicate that SRC family members regulate cardiomyocyte func-
tion during early cardiac development (17) and in response to
cardiac metabolic stress (18).
Cellular plasticity and growth in response to patterning signals

associated with organogenesis often are reactivated during tumor
progression, tissue regeneration, and wound healing. Specifically
in the heart, cardiac fibroblasts undergo phenotypic conversion
in response to cardiac injury (19) but respond in ways that are
detrimental to cardiac function post-MI (20). Thus, targeting of
specific repair events or recapitulation of the embryonic role of
SRCs after disease-related tissue damage in the adult heart
might be expected to provide therapeutic opportunities for
promoting optimal tissue reprogramming and repair. Based on
known functions of SRCs in maintenance of cellular pluri-
potency and promoting plasticity during early heart develop-
ment, we postulated that MCB-613 could enable wound repair
and preservation of cardiac function after an acute MI by re-
ducing the extent of injury-related fibrosis and the subsequent
chronic loss of cardiac function associated with noncontracting
scar tissue. We thus tested the effect of MCB-613 on the cardiac
injury response by administering MCB-613 2 h after ischemic
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brotic reparative cell responses to promote more effective repair
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injury in a mouse model of MI. Along with measurements of
functional cardiac output and damage, we sought to identify the
cell-type specific responses responsible for MCB-613’s car-
dioprotective effects by utilizing single cell transcriptomics of car-
diac interstitial cells to characterize the effects of SRC stimulation
on cardiac function post-MI.

Results
MCB-613 Inhibits Loss of Cardiac Function Post-MI.We reasoned that
MCB-613 could ameliorate recovery after ischemia-induced MI.
To test this, MCB-613 or vehicle control was administered to
mice following myocardial injury induced by a highly experienced
surgeon who permanently ligated the left anterior descending
(LAD) coronary artery (SI Appendix, Fig. S1A), a commonly
used preclinical MI model for testing cardiovascular therapeutic
interventions (21). Two hours post-MI, mice were randomized
into two groups that received 20 mg/kg MCB-613 or vehicle
control by intraperitoneal injection. Repeat injections were ad-
ministered every 24 h for six additional days in the immediate
post-MI period. Three additional doses were administered at
D55-57 post-MI to determine if MCB-613 could further improve
cardiac function in the postinjury maintenance phase. Individual
mice were followed longitudinally by echocardiography prior to
surgery, at 24 h and at 14, 56, and 80 d post-MI. All echocar-
diography measurements were performed in a blinded fashion.
Mice in both treatment groups had an immediate drop in ejec-
tion fraction (EF) post-MI (Fig. 1A, 24 h post-MI % ejection
fraction) and visual evidence of an intact ligation thread and

local cardiac tissue blanching at the time of harvest, indicating
successful coronary artery ligation. EF decreased to an average
of 35% in control (n = 10) and 42% in MCB-613-treated (n =
11) mice 24 h post-MI (P = 0.9 not significant). In control mice,
EF continued to decline and was at its lowest point at 80 d post-
MI, indicating progressive loss of cardiac function over time, as is
expected after an MI. In contrast, MCB-613-treated mice had an
average EF of 50% at 14 d post-MI that was maintained above
an EF of 43% until the final measurement at 80 d post-MI
(Fig. 1A). These data indicate that after the initial ischemic in-
sult, MCB-613 inhibited a further decline in cardiac function and
provided protection from ischemic injury (Fig. 1A). In addition,
our data indicate that the early myocardial protective effects of
MCB-613 were long-lived and progressive loss of cardiac func-
tion was diminished. Repeat injections given for 3 d in week 8
(D55-57) did not further improve EF, suggesting that the ben-
eficial effect of MCB-613 occurred earlier in the post-MI period.
An early dosing strategy was tested to determine if immediate
and sustained improvement starting 24 h post-MI could be
achieved with three injections administered every other day (SI
Appendix, Fig. S1B). Three doses given 2 h, 2 d and 4 d post-MI
significantly improved cardiac function 24 h and 2 wk post-MI,
indicating daily MCB-613 is not required for improved cardiac
function.

MCB-613 Inhibits Fibrosis and Reduces Infarct Size. Serial sections
from apex to the ligation were stained with picrosirius red to eval-
uate the degree of fibrosis 6 wk post-MI (SI Appendix, Fig. S1C). All
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Fig. 1. The SRC-3 activator MCB-613 attenuates loss of cardiac function post-MI. (A) Ejection fraction was measured by echocardiography at the indicated
times. Values shown are mean ± SEM; two-way ANOVA with repeated measures. n = 10 control and n = 11 MCB-613. Day 14 **P 0.0078. Day 80 **P = 0.008.
(B) Control-treated hearts (n = 3) and MCB-613-treated hearts (n = 3) stained with picrosirius red. Quantification of percent fibrosis. Student’s t test for fibrosis
(*P = 0.03). (C) Values shown are mean ± SEM; Student’s t test for HW/TL (n = 6); (*P = 0.03).
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sections (sections 1, 5, 10, 15, and 30) in control hearts (n = 3) 6 wk
post-MI had remodeled scars and fibrosis (36%, 51%, and 26%)
(Fig. 1B). Considerably less fibrosis was observed in hearts from
MCB-613-treated animals (n = 3) (16%, 3%, and 6%), indicating
MCB-613 attenuates the extent of post-MI remodeling. Similar to
6 wk post-MI, hearts from MCB-613-treated mice 12 wk post-MI
showed less fibrosis in the apex region (SI Appendix, Fig. S1D).
Heart weights and tibia lengths were measured in mice harvested at
6 and 12 wk post-MI (n = 6) (Fig. 1C). A decrease in heart weight/
tibia length (HW/TL) indicates MCB-613 attenuated theMI-induced
hypertrophic compensatory response at 12 wk post-MI. Taken to-
gether, these results demonstrate that MCB-613 inhibits key molec-
ular and cellular features of progressive loss of cardiac function.
In support of early myocardial protection, apoptotic cleaved

caspase-3 stain (SI Appendix, Fig. S2A) is reduced 1 and 3 d post-

MI with MCB-613 treatment, indicating MCB-613 diminished
the early apoptotic response. Consistent with reduced apoptosis
3 d post-MI, electron micrographs of MCB-613-treated hearts
exhibited less disorganization of myofibrillar structure with ab-
normal mitochondrial cristae (SI Appendix, Fig. S2B). Using smooth
muscle actin (SMA) immunostaining, we assessed myofibroblast
differentiation in tissues sections from hearts 3 d post-MI (SI
Appendix, Fig. S2C). Three days post-MI, SMA was decreased in
the border zones in hearts from MCB-613-treated mice compared
to controls, suggesting MCB-613 attenuates myofibroblast differ-
entiation. Cardiac positron emission tomography (PET) imaging
provided a qualitative assessment of myocardial viability in live
mice. Improved 18F-fluorodeoxyglucose (18F-FDG) uptake in the
infarct zone indicates that MCB-613 preserves healthy myocar-
dium 2 wk post-MI (SI Appendix, Fig. S2D). Taken together, these
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Fig. 2. RNA transcriptional profiling of cardiac cells 24 h and 12 wk post-MI. (A) Schematic representation of isolation procedures to obtain non-
cardiomyocytes for single cell RNA-seq analysis from control-treated and MCB-613-treated mice 24 h and 12 wk post-MI. n = 2 hearts/group. (B) UMAP plot of
all cell populations identified by unsupervised clustering of single cell transcriptional data. Each dot indicates a single cell. Nonmacrophage immune cells
(DC-like 1to 3), B cells, T cells, NK cells, granulocytes, macrophages (M1 to 4), endothelial cells (Endo1 to 3), cardiac fibroblasts (CF1 to 2), and epicardial cells.
(C) Heat map of top differentially expressed genes in each cell cluster. (D) UMAP plot of subclustered cells at 24 h and 12 h. (E) The χ2 cluster composition
analysis of cells from MCB-613 compared to control at 24 h and 12 wk post-MI.

Mullany et al. PNAS | December 8, 2020 | vol. 117 | no. 49 | 31355

M
ED

IC
A
L
SC

IE
N
CE

S

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011614117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011614117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011614117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011614117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011614117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011614117/-/DCSupplemental


findings indicate transient treatment with MCB-613 results in
improved heart function with less pathologic remodeling post-MI.

MCB-613 Promotes Beneficial Cardiac Interstitial Remodeling Post-MI.
In the heart, interstitial cells such as fibroblasts, immune cells,
and endothelial cells play an important role in the injury response.
We used single cell transcriptomic profiling (sc-RNA-seq) to in-
vestigate interstitial cellular responses in MCB-613-treated mice
24 h and 12 wk post-MI.
For the 24 h collection point, mice were injected 2 h post-MI

and hearts were harvested 24 h post-MI for single cell isolation.
For the 12 wk collection point, we used the same injection pro-
tocol as the echo study with a later collection point. Mice were
injected 2 h post-MI and for 6 consecutive days and again at days
D55-57 post-MI. Metabolically active, viable, single cell suspen-
sions of noncardiomyocytes were prepared from whole hearts
following Langendorff perfusion (Fig. 2A). We captured 50,013
cells that were plotted using graph-based clustering, followed by
dimensionality reduction using Uniform Manifold Approximation
and Projection (UMAP) (22), and revealed distinct cell clusters
based on their top differentially expressed genes (Fig. 2 B and C).
Individual cell clusters ranged from 328 to 24,004 cells. Major

cell types consisted of macrophages, dendritic cells (DC)-like
cells, B cells, T cells, natural killer (NK) cells, fibroblasts, en-
dothelial cells and epicardial cells. Clusters were grouped and
quantified at each time point to discern cell type differences in
hearts from MCB-613-treated mice compared to controls at 24 h
and 12 wk post-MI (Fig. 2D and figure SI Appendix, Fig. S3A).
Cardiac fibroblasts (65%) were the most prevalent cell type 24 h
post-MI followed by nonmacrophage immune cells (DC-like1-3,
B cells, T cells, NK cells, and granulocytes) (16%), macrophages
(M1-4) (15%), and endothelial cells (3%). At 12 wk post-MI,
hearts consist of similar proportions of fibroblasts (37%) and
macrophages (M1-4) (32%) followed by endothelial cells (23%)
along with a smaller representation of nonmacrophage immune
cells (DC-Like1-3, B cells, T cells, NK cells, and granulocytes)
and epicardial cells (3%) (SI Appendix, Fig. S3A).
To determine if MCB-613 changes the abundance of different

cardiac cell types, we performed a χ2 analysis on normalized cell
counts (Fig. 2E). At 24 h post-MI, MCB-613-treated hearts had
an increased representation of all macrophage subtypes (M1-4),
followed by DC-Like1, granulocytes, and NK-T cells, and a de-
creased representation of fibroblasts and endothelial cells, sug-
gesting that drug treatment promotes the enrichment of myeloid-
derived monocytes either through recruitment or proliferation
along with decreased fibroblast cell counts. At 12 wk post-MI, we
observed an increase in endothelial cells and a decrease in mac-
rophage cell populations while maintaining improved cardiac
function post-MI, indicating reduced inflammation at 12 wk. Cell
population shifts in cardiac fibroblasts and macrophages 24 h post-
MI are consistent with a decrease in the myofibroblast marker
SMA staining at 3 d (See SI Appendix, Fig. S2C) and fibrosis 6 wk
post-MI (Fig. 1D). Overall, these data indicate MCB-613 effects
on fibroblast and macrophage functions contribute to improved
post-MI injury response. Together, these data suggest that im-
proved cardiac function following administration of MCB-613
after ischemic injury is associated with decreased fibroblast pop-
ulations and increasing macrophage, granulocyte, and NK-T cell
numbers.

MCB-613 Attenuates Fibroblast Differentiation 24 h Post-MI. Het-
erogeneous populations of fibroblasts in the infarct zone arise
through a combination of migration, proliferation of existing fi-
broblasts, or differentiation of cells into activated fibroblasts and
myofibroblasts (23, 24). We next explored the fibroblast pop-
ulation for transcriptional differences induced by MCB-613 at
24 h post-MI. The 24-h fibroblast population from Fig. 2 was
separated, reclustered, and plotted using UMAP. Two-color

UMAP of fibroblasts comparing drug and control-treated hearts
show differences in cell composition indicating MCB-613 affects
the fibroblast injury response after treatment (Fig. 3A). To mea-
sure changes in cell number, we performed χ2 statistical analysis of
the cardiac fibroblast clusters and found that three fibroblast
clusters are enriched while the five remaining clusters are dimin-
ished in MCB-613-treated hearts compared with controls (Fig. 3B).
Fibroblast clusters, defined by their top differentially expressed
marker genes, are classified into eight major groups (Fig. 3 B and
C). Cardiac fibroblasts in cluster 1 (CF1) are marked by expression
of peptidase inhibitor 16 (Pi16), CF2 fibroblasts express Apoe, CF3
fibroblasts selectively express matrix metalloprotease 3 (Mmp3),
CF4 fibroblasts express the fibrogenic connective tissue growth
factor (Ctgf), and CF5 fibroblasts express the high mobility group
protein 2 (Hmgb2) transcription factor.
To determine if changes in cell composition are indicative of

changes in cell differentiation, we plotted all fibroblasts along a
cellular trajectory through pseudotime using monocle (2.0) by
inputting the differentially expressed genes between MCB-613-
treated fibroblasts and control (Fig. 3D). In the 24 h post-MI
hearts, we found fibroblast subclusters CF2, CF3, and CF7, on
the left position of the trajectory with a high expression of Saa3,
while the transitioning clusters CF1, CF6, and CF8, expressing
Ei4a1, Hspa8, Cy61, Uap1, Hspa5, Ugdh, and Tnfaip6, positioned
in the middle, followed by clusters CF4 and CF5, differentially
expressing Has1,Ctgf, Serpine1, Ccl4, Angptl4, Ccl2, Inhba, and
Timp1, characterize fibroblasts toward the right of trajectory (dif-
ferentiated) state (Fig. 3D). Lpl cells at early pseudotime likely
represent a recently reported lipoprotein lipase (LPL)-expressing
resident cardiac fibroblast population vulnerable to depletion in
mouse hearts 3 d post-MI (25) while Ctgf and Hmgb1 cells at the
right position represent injury-responsive fibroblasts associated
with fibrosis.
In conjunction with the UMAP in Fig. 3A, we find that MCB-

613-treated CFs enrich toward the left, while control CFs are
more enriched toward the right (Fig. 3E). Proinflammatory genes
Ccl2, Ctgf, Serpine1, and Inhba are differentially enriched in con-
trol fibroblasts (Fig. 3E). We examined through Gene Ontology
(GO) all differentially expressed genes and found that the GO
term: cellular response to interleukin 1 (IL-1) was the most
overrepresented category in 24-h post-MI fibroblasts, suggest-
ing early IL-1 signaling controls post-MI fibroblast differentiation
(Fig. 3F). Additional GO terms related to fibroblast functions
included positive regulation of collagen biosynthesis and cellular
response to growth factor stimulus. Overall, these results suggest
that MCB-613 may act through IL-1 signaling pathways and ex-
tracellular matrix-remodeling responses to alter the fibroblast in-
jury response in hearts 24 h post-MI.

MCB-613 Promotes Enrichment of Anti-Inflammatory Macrophages.
We explored macrophage changes in MCB-613-treated hearts
24 h post-MI. Clusters M1-4 from Fig. 3 were separated, reclus-
tered, and replotted. Macrophage UMAP labeled by sample ori-
gin and χ2 analysis of macrophage subclusters show differences in
cell type composition between cardiac macrophages from control-
treated compared to MCB-613-treated mice, indicating MCB-613
changes the macrophage injury response 24 h post-MI (Fig. 4A).
Macrophage clusters 24 h post-MI are defined by distinct ex-
pression of C-C chemokine receptor type 2 (Ccr2) and the M2-like
macrophage marker Cbr2 (Fig. 4B) χ2 analysis indicates that the
CCR2 negative macrophage cluster is enriched while the CCR2
positive macrophage cluster is suppressed in response to MCB-613
compared to control. It has been reported that CCR2 negative
cardiac macrophages inhibit monocyte recruitment and promote
healing while CCR2 positive macrophages promote inflammation
following MI (26). In addition to CCR2 expression, macrophage
clusters were further defined by expression of their top five
expressed genes (Fig. 4B).
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To determine how the reparative Ccr2 negative macrophages
change in response to MCB-613, cell trajectory analysis was per-
formed using differentially expressed genes (Controls vs. MCB-
613) as defining factors (Fig. 4C). The Ccr2 negative macrophages
from control-treated mice represent a unified group positioned in
mid to right sections of the trajectory while macrophages from
MCB-613-treated mice branch into four different branches from
the left to mid sections. Decreased representation of Ccr2 negative
macrophages in right positions indicate MCB-613 suppresses
phenotype changes of tissue resident Ccr2 negative macrophages in
response to injury. The trajectory analysis of Ccr2 positive mac-
rophages is in Supporting Information (SI Appendix, Fig. S3B).
Ccr2 positive macrophages from control MI mice are enriched

in the later pseudotime (“differentiated state”) 24 h post-MI
compared to macrophages in MCB-613-treated mice (SI Ap-
pendix, Fig. S3). Proinflammatory genes Spp1 and Ctsl are highly
expressed in the control Ccr2p macrophages enriched in the late
pseudotime population, indicating proinflammatory activation is
repressed in injured hearts in response to MCB-613.
We next examined the biological impact of MCB-613 by GO

analysis and found inflammatory response as the most repre-
sented among the differentially expressed genes (shown in trajec-
tory heatmap) (Fig. 4D). Additional biological process impacted
include neutrophil chemotaxis and macrophage migration, indi-
cating MCB-613 acts to suppress immune cell recruitment. Gene
expression across the trajectory for resident Ccr2 negative mac-
rophages indicates macrophage differentiation 24 h post-MI is
associated with expression of Ccl2 and Ccl7 inflammatory che-
mokines (Fig. 4E). Genes differentially expressed in the enriched
population of Ccr2 negative macrophages include Ccl8, a Ccr5
positive helper T cell recruiter (27); Retnla, a proreparative alter-
natively activated macrophage marker (28); and TSC22 domain
family member 3 (Tsc22d3) (Fig. 4F), an anti-inflammatory glu-
cocorticoid (GC)-induced leucine zipper protein previously shown
to provide post-MI cardioprotection (29), all potentially contrib-
uting to the beneficial response to MCB-613.
Heart tissue sections show a significant increase in TSC22D3

protein expression by IF in the myocardium of MCB-613-treated
mice compared to control mice 3 d post-MI (SI Appendix, Fig. S4).
Tsc22d3 likely plays an important role in the cardioprotective ef-
fects of MCB-613 3 d post-MI. MCB-613 regulation of neutrophil
degranulation (Fig. 4D) indicates granulocyte and macrophage
granules also play a role in MCB-613’s post-MI immune regula-
tory and tissue-remodeling effects. In support of this, LYZ1
granule expression is significantly increased in the myocardium of
MCB-613-treated mice compared to control mice 24 h, 3 d, 6 wk,
and 12 wk post-MI (SI Appendix, Fig. S5). Overall, the data sug-
gest MCB-613 treatment contributes to improved cardiac function
24 h post-MI by establishing a proreparative, anti-inflammatory
environment by shifting the macrophage population by enrich-
ment of proreparative Ccr2 negative macrophages and reduction
of proinflammatory Ccr2 positive infiltrating macrophages.

MCB-613 Effects on Fibroblasts and Macrophages Are Maintained
Long-Term. We explored differences in fibroblast and macro-
phage clusters 12 wk post-MI. A shift in cell composition indi-
cates MCB-613 maintains a long-lasting change in fibroblast
composition 12 wk post-MI (Fig. 5A and SI Appendix, Fig. S6).
Fibroblasts consist of eight major clusters (Fig. 5B). Similar to
24 h post-MI, Lpl-expressing fibroblasts (CF A) are enriched in
hearts from MCB-613-treated mice compared to control, sug-
gesting early effects of MCB-613 on post-MI fibroblasts are
maintained in chronic post-MI hearts (Fig. 5 A and B). The most
highly enriched fibroblast population (CF-C) is marked by ex-
pression of the matrifibrocyte marker cartilage oligomeric matrix
protein (COMP), previously suggested to have an important role
in maintaining the structural integrity of post-MI scar tissue (23).
Trajectory and density analysis of cardiac fibroblasts 12 wk post-

MI predicts smaller clusters CF-B, CF-E, and CF-G are posi-
tioned in later pseudotime (“differentiated states”), with major
populations CF-A and CF-F in early and middle positions while
Comp positive fibroblasts (CF-C) are highly enriched only in
early pseudotime (Fig. 5 C and D). Underrepresentation of CF-B
fibroblasts characterized by expression of inflammatory cytokines
suggests MCB-613 treatment suppresses fibroblast inflammatory
signaling 12 wk post-MI (Fig. 5C). Enriched COMP-expressing
cells have higher levels of Angptl7, WNT1-inducible-signaling
pathway protein 2 (Wisp2), and Wnt pathway inhibitor Sfrp2
(30), suggesting vascular and Wnt pathway signaling contribute
to long-term scar maintenance (Fig. 5 C and D). In support of
this, GO analysis indicates extracellular structure organization,
collagen fibril organization and metabolic process, and vascula-
ture late matrix remodeling controls post-MI scar maintenance
effects (Fig. 5E). Overall, these data indicate MCB-613 actions
in the post-MI inflammatory and repair phases promote long-
term beneficial scar remodeling.
We next investigated long-term effects of MCB-613 on cardiac

macrophages. Macrophages consist of 11 major clusters at 12 wk
post-MI, compared to five macrophage clusters 24 h post-MI,
indicating increased macrophage cell types are associated with
cardiac maintenance 12 wk post-MI, likely a reflection of mat-
uration of the post-MI tissue microenvironment (Fig. 5F and SI
Appendix, Fig. S6). A two-color analysis shows a shift in cell
composition indicating MCB-613 affects postinjury macrophage
cell types 12 wk post-MI (SI Appendix, Fig. S6). Similar to 24 h
post-MI, a χ2 analysis shows Cbr2 macrophages are enriched 12
wk post-MI, indicating these macrophages also contribute to
long-term post-MI effects of MCB-613 (Fig. 5 G and H).

MCB-613 Promotes Stromal-Immune Cell Paracrine Signaling. To
identify potential interstitial cell signaling interactions contrib-
uting to improved cardiac function after MCB-613 treatment, we
calculated the number of interactions between up and down-
regulated ligands and their associated receptors for nonmacrophage-
immune, macrophage, endothelial, and fibroblast cells in control
hearts compared to hearts from MCB-613-treated mice (31). We
first calculated the number of up and down-regulated ligands 24 h
post-MI (SI Appendix, Fig. S7A). We next examined GO terms
and found inflammatory response as the most overrepresented in
differentially expressed up-regulated ligands and leukocyte mi-
gration for down-regulated ligand genes at 24 h post-MI sug-
gesting early inflammatory signaling controls post-MI immune
effects (SI Appendix, Fig. S7B). Of the regulated cytokines, Ccl8
ligand expressed in Ccr2 negative macrophages had the highest
frequency of up-regulated interactions with nonmacrophage im-
mune cells, endothelial cells, and fibroblasts (SI Appendix, Fig.
S7 C, Left). Although the exact role for Ccl8 in cardiac remodeling
is unknown, these data suggest Ccl8 signaling underlies MCB-
613’s effects on resident Ccr2 positive macrophage functions.
Evaluation of other ligands shows high frequency signaling be-
tween S100a8 and S100a9 ligands from the underrepresented Ccr2
positive macrophages and fibroblasts signaling to Tlr4 receptors,
indicating MCB-613 suppresses paracrine inflammatory signaling.
The highest frequency of down-regulated ligand-receptor inter-
actions occurred between extracellular matrix (ECM) glycoprotein
Spp1 from macrophages and nonmacrophage immune cells sig-
naling to nonmacrophage immune cells, macrophages, fibroblast
integrin, and Cd44 receptors at 24 h post-MI, indicating diverse
cell types contribute to early beneficial ECM remodeling and
suppression of immune cell migration in post-MI hearts from
MCB-613-treated mice (SI Appendix, Fig. S7 C, Right). This strong
pattern of down-regulation of fibrotic and immune cell recruit-
ment signaling between fibroblast and total immune cells impli-
cates extensive paracrine regulation of fibrotic ECM remodeling
and inflammatory functions in the MCB-613 cardioprotective
response 24 h post-MI.
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MCB-613 Regulates Inflammatory and Fibrotic Signaling Responses In
Vitro. Given the evidence that MCB-613 decreases inflammatory
transcriptional responses in immune cells and fibroblasts 24 h
post-MI, we measured the effect of MCB-613 on immune cells
and fibroblasts. Specifically, we sought to examine the acute
granulocyte transcriptional response to MCB-613 due to the
overrepresentation of a degranulation response and increased
LYZ1 protein in hearts 24 h post-MI. Granulocytes are the first
innate immune cells to reach the myocardium after acute is-
chemic injury and are critical mediators of the inflammatory
reaction triggered by an acute MI and of the resulting damage to
the heart muscle. Due to the difficulty of isolating sufficient
quantities of undamaged granulocytes from mouse hearts, we
isolated bone marrow granulocytes from MI mice 24 h post-MI,
which reflect the early granulocyte response (32). Elevated
messenger RNA (mRNA) expression of the granulocyte marker
S100A9 in granulocytes compared to granulocyte-depleted bone
marrow indicated successful isolation of granulocytes (Fig. 6A).
Increased expression of Tlr7 and Lcn2 in granulocytes from mice
treated with MCB-613 reveals that modulation of granule func-
tions contributes to the acute myocardial response to MCB-613.
The increase in macrophage cell numbers and their involve-

ment in cell-cell signaling 24 h post-MI indicates that MCB-613
may also play a transcriptional role in macrophage cell responses.
To test the ability of MCB-613 to regulate macrophages, murine-
derived RAW 264.7 macrophage cells were treated with MCB-613
and/or proinflammatory M1 factors to investigate the effect of
MCB-613 on gene expression in resting macrophages or macro-
phages undergoing reprogramming. MCB-613 had no effect on
inflammatory gene expression in resting macrophages (SI Appen-
dix, Fig. S8). However, MCB-613 significantly repressed Il-1b, Tnf-
α, Ccl4, Spp1, Cxcl19, and IL-6 mRNA expression in the presence
of M1 factors, indicating that MCB-613 reduces proinflammatory
macrophage functions (Fig. 6B). Modulation of macrophage in-
flammatory cytokine genes in vitro suggests MCB-613 controls
both direct and paracrine post-MI inflammatory processes.
We sought to investigate the effects of MCB-613 on stromal

responses specifically in adult cardiac fibroblasts. SRC-1, 2, and
3 proteins are expressed in adult cardiac fibroblasts isolated from
10 wk old mice (Fig. 6C). Cardiac fibroblasts were transfected
with expression vectors for GAL4 DNA binding domain-SRC-1,
2, and 3 fusion proteins and a GA4-responsive luciferase re-
porter to measure SRC activation following MCB-613 treatment
(Fig. 6C). SRC-3 activity is induced in response to MCB-613 to a
greater extent than for SRC-1 and SRC-2, indicating that MCB-
613 preferentially stimulates SRC-3 activity in cardiac fibro-
blasts. To investigate MCB-613’s stimulation of fibroblast gene
expression, RT-qPCR was performed in cardiac fibroblasts
treated with MCB-613 or vehicle control. Twenty-four hours
following administration of MCB-613, expression of the matri-
cellular protein Ctgf along with IL-1 response genes Saa3, Ser-
pine1, and Ccl2 are decreased (Fig. 6D). These findings support
the decreased representation of the injury-reactive fibroblast
response by single cell analysis and further indicate that MCB-
613 stimulation of cardiac fibroblasts functions to suppress fi-
brotic and IL-1 inflammatory responses. Modulation of fibrotic
and IL-1 response genes in vitro suggests MCB-613 controls both
direct and paracrine fibroblast functions. Together, these data
indicate MCB-613 functions on immune signaling together with
fibroblast IL-1 and matricellular responses play critical roles in
the early post-MI ischemic response.

Discussion
The adult human heart has limited regenerative capacity following
MI due to its homeostatic response to maintain cardiovascular
integrity by replacing lost cardiomyocytes with a collagenous scar
(33). Although immediately advantageous in maintaining cardiac
structural integrity, continued expansion of scar deposition and

remodeling over time leads to loss of cardiac compliance and
contractility. Congestive heart failure ensues when this expanding
scar limits the heart’s pumping volume/capacity to the point that it
cannot meet the body’s circulatory demands. Current therapeutic
approaches to prevent or reverse scar formation often can result in
increased risk of cardiac rupture (24, 34). Because of the balance
between the need to protect cardiac tissue structural integrity and
contractility post-MI, effective therapeutic interventions must act
quickly to sustain cardiomyocyte viability while limiting the spread
of nonfunctioning scar tissue. This study demonstrates that ad-
ministration of a single therapeutic chemical immediately follow-
ing acute ischemic cardiac injury acts to preserve functional
myocardium and attenuate detrimental, fibrotic and inflammatory
remodeling of the heart.

Pleiotropic Effects of MCB-613 in Cardiac Repair. Single cell analysis
reveals MCB-613 cardioprotection following MI involves dy-
namic remodeling of the ischemic injury cellular response. Early
events include suppression of fibroblast differentiation along with
suppression of inflammatory macrophages and enrichment of Ccr2
negative tissue resident macrophages. These findings suggest that
in addition to suppression of fibroblasts that cause fibrosis and
diastolic dysfunction in heart failure, MCB-613-stimulated anti-
inflammatory macrophages contribute to regulation of post-MI
injury responses. While cardiomyocytes were not included in the
single cell analysis, it is possible MCB-613 actions on car-
diomyocyte survival could also limit adverse remodeling post-MI.
Early MCB-613-mediated signaling response pathways regu-

lated in the mouse MI model suggest, at least in part, that IL-1
signaling, immune cell degranulation, and anti-inflammatory im-
mune cells control the ischemic injury response in MCB-613’s
presence. Early immune regulation by SRCs likely contributes to
salvage of vulnerable myocardium and subsequent repair. In
mouse cardiac fibroblasts, although all SRCs are expressed, MCB-
613 preferentially stimulated SRC-3 activity. Fibroblasts not only
function as support cells, they also actively control immune re-
sponses. Our data indicate that early suppression of IL-1 signaling
is part of the mechanism by which MCB-613 attenuates post-MI
fibroblast transdifferentiation and improves heart function post-
MI. SRC-3 is known to act as a translational repressor of IL-1beta
in lipopolysaccharide (LPS)-stimulated macrophages (14). In vitro
studies indicate that IL-1 treatment leads to a proinflammatory,
proangiogenic, ECM-degrading phenotype in fibroblasts (35). The
control of paracrine IL-1/fibroblast signaling post-MI has been
previously shown to regulate post-MI remodeling and improve
cardiac function in animal models (36, 37). Results from the
CANTOS cardiovascular clinical trial indicates therapeutic
blockade of IL-1 reduces cardiovascular events in patients with
atherosclerotic vascular disease (reviewed in (38, 39)). Additional
paracrine pathways identified indicate Spp1 and Serpine1 signaling
pathways may be involved in the primary beneficial effect under-
lying the MCB-613 response in post-MI injured hearts. In support
of this, we show MCB-613 decreases fibroblast expression of
Serpine1 and macrophage expression of Spp1. These results are
consistent with recent reports demonstrating critical roles for Spp1
and Serpine1 in cardiac fibrosis and remodeling (40, 41). Our re-
sults reveal an essential function of SRC activation in suppressing
the early IL-1beta inflammatory response leading to protection
against progressive damage post-MI.
Suppression of inflammatory macrophage infiltration and the

early increase in anti-inflammatory macrophages indicate that
immunomodulation of proinflammatory cytokines and granule
functions in the inflammatory phase may limit inflammatory
damage while promoting subsequent healing. The significant
increase in macrophage numbers along with robust increases in
granule gene and protein expression in response to our tool drug
MCB-613 (and our patentable derivatives), warrant further fu-
ture investigations of macrophage and granulocyte biology in the
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cardiac injury response. For example, maintenance of increased
Cbr2 positive macrophages 12 wk post-MI indicates Cbr2 mac-
rophage functions may play a role in long-term maintenance of
post-MI fibrosis and scar remodeling.
The mechanisms of SRC regulation of targets involved in stro-

mal and immune responses expressed in the post-MI myocardium,

including NF-κB (42), Mef2c (43), and Vegfr2 (18, 44), have been
well defined. In the cardiovascular system of adult mice, expression
of either SRC-1 or SRC-3 in vascular smooth muscle cells and
endothelial cells is required for protective effects of estrogen on
the vascular injury response (45, 46). In mouse embryonic devel-
opment, knock-out of both SRC-1 and SRC-3 resulted in reduced

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5Ctgf

0.0

0.5

1.0

1.5

m
R

N
A

 (r
el

at
iv

e 
le

ve
ls

)
Granulo-
cytes

Granulo-
cytes

Granulo-
cytes

Granulo-
cyte-depleted 
BM

Granulo-
cyte-depleted 
BM

Granulo-
cyte-depleted 
BM

S100a9 Lcn2 Tlr7
* *

A

Ccr2CCIl6Il1b

Cxcl9 Tnf-a Ccl4

m
R

N
A

 (f
ol

d 
ch

an
ge

)
m

R
N

A
 (f

ol
d 

ch
an

ge
)

***
***

***

*

*** *
***

*
*** ***

*

***

B

C

Saa3Ccl2 Serpine1

*****
*** *

Control MCB-613 Control MCB-613 Control MCB-613 Control MCB-613m
R

N
A

 (f
ol

d 
ch

an
ge

)

Granulocytes

Macrophages

Fibroblasts

D

M1 + NT

M1 + 5 M MCB-613

M1 + 10 M MCB-613

Control
MCB-613

Fig. 6. MCB-613 promotes granulocyte functions and reduces proinflammatory signaling in macrophages and fibroblasts. (A) mRNA expression in granulocytes isolated
from bone marrow 24 h post-MI andMCB-613 treatment. Gene expression changes in S100a9, Tlr7, and Lcn2were measured by qPCR and 18s RNA expression was used
as a control. Values shown are mean ± SEM (n = 10 control group, n = 12 MCB-613 group); Student’s t test (Tlr7 *P = 0.01, Lcn2 *P = 0.04). (B) mRNA expression in RAW
264.7macrophages stimulatedwithM1 reprogramming factors for 8 h followed by vehicle control orMCB-613 for an additional 24 h. Values shown aremean± SEM (n=
3 control group, n = 3, 5 μMMCB-613 group, n = 3, 10 μMMCB-613 group); Student’s t test (Il1B *P = 0.01, ***P 1.3 × 10−5; Il6 ***P = 2.9 × 10−5, ***P = 3.1 × 10−6; Spp1
*P = 3.0 × 10−3, ***P = 2.4 × 10−4, Tnf-α ***P = 3.3 x 10−5, ***P = 5.0 × 10−4; Ccl4 *P = 0.03, ***P = 4.8 × 10−5; Cxcl9 *P = 0.02, ***P = 6.9 × 10−8. (C) Cardiac fibroblasts
were treatedwith dimethylsulfoxide (DMSO) orMCB-613 for 24 h and protein was immunoblotted for SRC-1, -2, and -3. Cardiac fibroblasts were transfected with a GAL4
DNA binding site-luciferase reporter (pG5-luc) and GAL4-DNA binding domain-full-length SRC-1, -2, or -3 fusion (pBIND-SRC) or control pBIND expression vectors.
Posttransfection, the cells were treated with DMSO or MCB-613 for 24 h. Values shown are mean ± SEM of a representative experiment repeated three times; Student’s
t test (***P < 0.00001). (D) RT-PCR ofmRNA isolated from cardiac fibroblasts 24 h after treatment with control orMCB-613. mRNA fold change for representative of three
experiments, values shown are mean ± SEM n = 4 control group, n = 4, 5 μM MCB-613. Serpine1 P = 0.003, Ctgf P = 0.001, Ccl2 P = 0.0001, Saa3 P = 0.009.

31362 | www.pnas.org/cgi/doi/10.1073/pnas.2011614117 Mullany et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.2011614117


fetal vascular development followed by embryonic lethality at
E13.5, likely through modulation of FGF expression (17). In sup-
port of this, the FGF chaperone and angiogenic factor, fibroblast
growth factor binding protein (FGFBP1) is regulated by SRC-3
(47, 48). In vitro, SRC-3 has been shown to integrate ERK3 sig-
naling to promote endothelial cell migration, proliferation, and tube
formation by up-regulating SRC-3/CREB-binding protein (CBP)/
SP1 transcription factor (SP-1)-mediated VEGF2 expression (44).
Accumulating evidence suggests SRC expression and activa-

tion exhibit control over inflammatory networks and physiologic
outcomes in a cell and context-specific manner. SRC-3 can control
immune functions by working with a number of immune target
transcription factors such as interferon (IFN) regulatory factors
(IRFs) and NF-κB (10, 49). In mouse models of inflammation and
wound healing, SRC-3 acts to suppress NF-κB activation (31),
IL1b expression (14), and is required for immune cell recruitment
in healing wounds (50). A unique mechanism was identified
whereby, in our heart model, we show MCB-613 promotes early
enrichment of the glucocorticoid-induced Tsc22d3 mRNA 24 h
post-MI and TSC22D3 protein in the myocardium in the repar-
ative phase 3 d post-MI. Glucocorticoids are essential for cellular
stress responses and for treatment of autoimmune and inflam-
matory conditions. Recent studies suggest glucocorticoid agonists
may provide an approach for treating heart disease (51). Tsc22d3
is a direct target of glucocorticoid receptor and recent evidence
indicates Tsc22d3 attenuates inflammation by inhibition of NF-κB
(52); this suggests that MCB-613 may attenuate inflammation
without the severe negative side effects of glucocorticoid treat-
ment. Our data indicate therapeutic stimulation of SRCs may
provide an approach in constraining the inflammatory signaling in
response to ischemic injury.
Recent single cell and genetic lineage-tracing studies have

characterized the dynamic expansion and differentiation of res-
ident cardiac fibroblasts in response to myocardial injury. Our
study showed that cardiac resident Lpl-expressing fibroblasts are
enhanced 24 h post-MI in response to MCB-613. Demonstration
that Lpl positive fibroblasts are similarly enhanced 12 wk post-
MI suggests MCB-613 promotes expansion or survival of resi-
dent fibroblasts. Enrichment of COMP positive fibroblasts 12 wk

post-MI indicates MCB-613 actions simply do not mitigate dam-
age but also contribute to scar remodeling and maintenance. A
recent study demonstrated the differentiation of resident fibro-
blasts into long-lasting matrifibrocytes occurs by day 10 within the
post-MI scar region (23). MCB-613 promotion of matrifibrocyte-
like fibroblasts indicates lasting protection is associated with im-
proved structural integrity that likely occurred by day 7 post-MI.
Although genetic lineage tracing is required to confirm, our data
suggest early MCB-613 promotion of matrifibrocyte-like fibroblast
differentiation protects hearts from progressive damage post-MI,
leading to long-term maintenance of cardiac function.
In summary, treatment with MCB-613 (and its unique deriv-

atives) immediately after ischemic injury can attenuate both early
and chronic loss of cardiac function after an MI. Our results in-
dicate MCB-613 controls the cellular interstitial cardiac repair
response to ischemia by coordinately regulating multiple key fac-
tors involved in the cardiac ischemic injury response; it occurs in
part by its intrinsic and powerful transcriptional growth and repair
effects on numerous nuclear genes in multiple cell types. Fur-
thermore, distinct molecular and cellular mechanisms related to
stimulation of SRC-3 have been identified that pave the way for
the further exploration of SRCs as drug targets that can be en-
gaged to improve the management of myocardial injury response
outcomes.

Materials and Methods
Detailed material and methods for the reporter assay, model of heart failure
in adult mice, echocardiography, histological analysis, electron microscopy,
isolation of cardiac cells, single cell RNA-seq analysis, granulocyte isolation,
Western blots, immunostaining, RAW264.7 treatment with MCB-613, qPCR,
VO2 and VCO2 measurements, statistics, and study approval are described in
the SI Appendix.

Data Availability. Single cell RNA sequencing data have been deposited in
Gene Expression Omnibus database (accession no. GSE157542). All study data
are included in the article and SI Appendix.
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