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Breastfeeding, Cellular Immune Activation,
and Myocardial Recovery in
Peripartum Cardiomyopathy
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� The impact of breastfeeding on prolactin,

cellular immune activation, and

myocardial recovery was analyzed in 100

women with peripartum cardiomyopathy

� Cardiac function was assessed by

echocardiography at presentation and at

serial intervals over the first year

postpartum

� The levels of circulating prolactin were

assessed by ELISA, and cellular

immunophenotyping by flow cytometry,

and compared between breastfeeding and

nonbreastfeeding women

� Prolactin levels were higher in

breastfeeding women and correlated with

significant increases in CD8D T cells

� Despite significantly higher prolactin

levels and increased CD8D cells,

myocardial recovery was similar in

breastfeeding and nonbreastfeeding

women
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appropriate. For more information,
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SUMMARY
AB B
AND ACRONYM S

BF = breastfeeding

LVEF = left ventricular

ejection fraction

NBF = nonbreastfeeding

PPCM = peripartum

cardiomyopathy
The etiology of peripartum cardiomyopathy remains unknown. One hypothesis is that an increase in the 16-kDa

form of prolactin is pathogenic and suggests that breastfeeding may worsen peripartum cardiomyopathy by

increasing prolactin, while bromocriptine, which blocks prolactin release, may be therapeutic. An autoimmune

etiology has also been proposed. The authors investigated the impact of breastfeeding on cellular immunity and

myocardial recovery for women with peripartum cardiomyopathy in the IPAC (Investigations in Pregnancy

Associated Cardiomyopathy) study. Women who breastfed had elevated prolactin, and prolactin levels

correlated with elevations in CD8þ T cells. However, despite elevated prolactin and cytotoxic T cell

subsets, myocardial recovery was not impaired in breastfeeding women. (J Am Coll Cardiol Basic Trans Science

2019;4:291–300) © 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology

Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
P eripartum cardiomyopathy (PPCM) is a rare
complication of pregnancy that remains a ma-
jor cause of maternal morbidity and mortality.

PPCM is classically defined as a nonischemic cardio-
myopathy presenting toward the end of pregnancy
or in the months following delivery, without previ-
ously known structural heart disease (1). An examina-
tion of the Nationwide Inpatient Sample database
analysis of PPCM in the United States found that the
incidence ranges from approximately 1 in 1,000 to 1
in 4,000 live births (2). It is more prevalent in Africa
and Asia, with an incidence of about 1 in 1,000 live
births. There are also particular “hot spots” of
PPCM, including Haiti, in which the incidence of
PPCM may be closer to 1 in 300 live births (3).
SEE PAGE 301
Much research has been dedicated to under-
standing the pathophysiology of PPCM, but the
etiology remains unknown. Several hypotheses
have been proposed, from hemodynamic stress to
viral myocarditis and underlying autoimmune pro-
cesses (3–5). A theory of unbalanced oxidative
stress and hormonal interaction leading to vascul-
opathy was proposed in a 2007 study, which
postulated that the cathepsin-cleaved 16-kDa form
of prolactin may be crucial to the development of
the condition. It further showed that the inhibition
of prolactin with bromocriptine, a dopamine D2

receptor agonist, inhibited the development of
PPCM in a murine model (6). Recent studies have
suggested that inhibition of prolactin with bromo-
criptine improves myocardial recovery (7–9). Given
this postulate, a recent European study group
recommendation advised against breastfeeding (BF)
in women with PPCM, but these recommendations
regarding BF in women with PPCM remain contro-
versial (10).
In addition to its role in lactation, prolactin plays
an important role in resetting maternal immunity in
the peripartum and early postpartum periods. Despite
the potential impact of prolactin on cellular immunity
and the autoimmune hypothesis, there has been little
investigation regarding the impact of BF on maternal
cellular immunity in patients with PPCM. It also re-
mains unclear as to whether prolactin-induced alter-
ations of cellular immunity adversely affect recovery
in these patients. We investigated the impact of BF
and prolactin on cellular immunity and myocardial
recovery in the prospective, multicenter IPAC
(Investigations in Pregnancy Associated Cardiomy-
opathy) study.

METHODS

COHORT. One hundred women with newly diag-
nosed PPCM were enrolled within the first 13 weeks
postpartum at 30 centers (Supplemental Material)
between December 2009 and September 2012. All
women were at least 18 years of age, had no histories
of cardiac disease, had estimated left ventricular
ejection fractions (LVEF) of #45% at the time of
enrollment, and had evaluations consistent with
recent-onset nonischemic cardiomyopathy present-
ing in late pregnancy or early postpartum without
evidence of pre-existing structural heart disease.
Women with significant valvular disease, coronary
disease (>50% stenosis of a major epicardial vessel or
positive results on noninvasive study), evidence of
ongoing bacterial septicemia (positive blood cul-
tures), ongoing drug or alcohol abuse, history of
chemotherapy or chest radiation within 5 years of
enrollment, or histories of previous cardiomyopathy
were excluded.

PROTOCOL. The study protocol was approved by the
Institutional Review Boards at all participating

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jacbts.2019.01.010


TABLE 1 Demographics and Clinical Phenotype of the Breastfeeding and

Nonbreastfeeding Cohorts

Breastfeeding at Entry
(n ¼ 15)

Nonbreastfeeding at Entry
(n ¼ 85) p Value

Age (yrs) 32 � 6 30 � 6 0.23

Race (black) 27 31 0.76

Days postpartum 20 � 16 33 � 25 0.07

Gravida 3.1 � 2.5 2.8 � 1.8 0.89

Para 2.0 � 1.4 2.2 � 1.4 0.53

NYHA functional class (I/II/III/IV) 13/67/20/0 12/42/26/20 0.06

LVEF (at entry) (%) 0.39 � 0.06 0.34 � 0.10 0.06

BP systolic (mm Hg) 117 � 12 111 � 18 0.09

BP diastolic (mm Hg) 77 � 12 69 � 3 0.02

HTN 42 60 0.26

BMI (kg/m2) 27 � 4 29 � 8 0.30

ACE inhibitor 67 82 0.17

Beta-blocker 80 89 0.38

Values are mean � SD or %, unless otherwise indicated.

ACE ¼ angiotensin-converting enzyme; BMI ¼ body mass index; BP ¼ blood pressure; HTN ¼ hypertension;
LVEF ¼ left ventricular ejection fraction; NYHA ¼ New York Heart Association.
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centers, and informed consent was obtained from all
subjects. At the time of enrollment, demographic in-
formation including self-designated race, previous
clinical evaluation, and current medical therapy were
recorded. Women were followed until 1 year post-
partum. All hospitalizations and major cardiac events
including death, cardiac transplantation, and im-
plantation of a left ventricular (LV) assist device were
recorded.

LV FUNCTION. All subjects underwent echocardiog-
raphy to assess LVEF at entry and 6 and 12 months
postpartum. Echocardiograms were reviewed in a
core laboratory at the University of Pittsburgh for
assessment of ventricular volumes and calculation of
ejection fraction. LV volumes and LVEF were
assessed using the biplane Simpson’s rule with
manual tracing of digital images.

FLOW CYTOMETRY. Patients with PPCM (n ¼ 67)
enrolled early (during the first 6 weeks postpartum)
had immunophenotyping repeated at 2 and 6 months
postpartum. The remaining 33 subjects, enrolled at 2
months postpartum, had immunophenotyping per-
formed at 2 and 6 months postpartum. For the early
time point, all 67 women had blood collected (post-
partum 16.6 � 10.6 days), while 73 women were
sampled at 2 months (postpartum 62.1 � 11.5 days)
and 77 women at the 6-month time point (postpartum
179.2 � 33.2 days).

Immunophenotyping of circulating cells was per-
formed on whole blood collected and stabilized in
Cyto-Chex BCT tubes, approximately 3 days prior to
multicolor flow cytometry. Antibodies against CD3,
CD4, CD8, CD16, and CD56 were used for
determination of cellular subsets: overall T cells
(CD3þ), T helper cell subset (CD3þCD4þ), cytotoxic T
cells (CD3þCD8þ), “double-negative” T cells
(CD3þCD4�CD8�), classical monocytes (CD14þCD16�),
nonclassical monocytes (CD14�CD16þ), and natural
killer cells (CD3�CD56þCD16þ, CD3�CD56þCD16�).
Cell “activation” status was assessed by expression of
CD25, CD38, or human leukocyte antigen DR isotype.
Antigen-specific and compensation antibodies used
in flow cytometry were previously published (11).
Flow cytometry data were acquired using a BD FACS
ARIA 1 and analyzed using FACSDiva version 6.1.3
software (BD Biosciences, Ashland, Oregon). Data are
presented as the percentage of all events within a
particular immunophenotyping “gate.”
BIOMARKER ASSAYS. Serum was collected from 98
of 100 subjects at the time of entry, shipped overnight
at room temperature to the core laboratory (Univer-
sity of Pittsburgh), and stored at �80�C until the time
of analysis. Enzyme-linked immunosorbent assays for
human prolactin were obtained from R&D Systems
(Minneapolis, Minnesota), run with 50 ml of undiluted
sample per well in duplicate, and read at 450 nm on a
Packard Spectracount instrument (ALPCO, Salem,
New Hampshire).
STATISTICAL ANALYSIS. All analyses were done in
SPSS version 24 (IBM, Armonk, New York). For anal-
ysis of clinical and demographic variables, Fisher
exact tests were used to compare categorical variables
by BF status, BF versus non-BF (NBF). The Mantel-
Haenszel test for trend was used for comparison of
New York Heart Association functional class by BF
status. For continuous variables, we examined the
distribution of data for normality using the Shapiro-
Wilk test. Given the skewed distributions of several
clinical variables (e.g., days postpartum, gravida,
para), the nonparametric Mann-Whitney U test was
used to compare groups for all continuous clinical
variables. Given similar skewed distributions of
cellular activation and biomarker data, the Mann-
Whitney U test was also used for comparison of the
percentage of circulating immune cells and prolactin
levels in BF versus NBF subsets. To evaluate the role
of prolactin in immune activation, a regression model
with prolactin levels and percentage CD3þCD8þ at
entry was used with percentage CD3þCD8þ as a
continuous outcome variable and prolactin levels as
the predictor to examine the relationship between
these 2 variables. We examined this relationship first
in the overall cohort and in the subset of women BF at
entry. The impact of BF on myocardial recovery was
examined by comparing LVEF at entry, 6 months, and
12 months and change in LVEF from entry to 6 and 12
months between the BF and NBF subsets. LVEF and



TABLE 2 Flow Cytometry Analysis of Circulating Cells From Breastfeeding Women and Nonbreastfeeding Women

Cell Subset

Entry 2 Months 6 Months

BF (n ¼ 13) NBF (n ¼ 54) p Value BF (n ¼ 12) NBF (n ¼ 61) p Value BF (n ¼ 14) NBF (n ¼ 63) p Value

T cells

CD3þ 54.7 � 14.1 49.8 � 15.1 0.24 65.6 ± 7.1 56.3 ± 14.7 0.02 59.9 ± 13.1 54.8 ± 13.7 0.04

CD3þCD4þ 54.7 � 9.0 59.1 � 11.1 0.08 49.7 ± 9.1 56.6 ± 10.6 0.02 54.6 ± 8.8 59.8 ± 8.3 0.03

CD3þCD4þHLA-DRþ 2.8 � 1.6 2.5 � 1.9 0.33 3.0 � 2.1 2.5 � 1.3 0.77 2.4 � 1.8 3.0 � 3.2 0.63

CD3þCD4þCD38þ 47.6 � 9.3 44.4 � 12.4 0.52 46.3 � 9.7 43.1 � 13.2 0.60 51.2 ± 8.2 43.3 ± 14.0 0.03

CD3þCD4þCD25þ 3.1 � 2.0 4.1 � 3.0 0.38 4.3 � 4.4 4.3 � 4.2 0.89 5.9 � 4.0 5.3 � 6.1 0.14

CD3þCD8þ 37.4 ± 9.3 29.0 ± 6.1 0.003 37.0 ± 7.8 31.4 ± 6.1 0.02 36.4 ± 7.3 31.0 ± 7.0 0.01

CD3þCD8þHLA-DRþ 7.9 � 5.9 6.2 � 7.7 0.29 6.7 � 6.3 4.7 � 3.3 0.66 6.5 � 9.1 5.0 � 4.3 0.86

CD3þCD8þCD38þ 33.6 � 13.9 31.1 � 13.2 0.48 32.6 � 17.0 28.3 � 14.2 0.44 35.0 � 15.1 28.4 � 14.1 0.10

CD3þCD8þCD25þ 0.3 � 0.4 0.3 � 0.5 0.85 0.3 � 0.3 0.4 � 1.2 0.44 0.4 � 0.3 0.5 � 1.3 0.16

CD3þCD4þ/CD8þ 1.6 � 0.7 2.2 � 0.7 0.01 1.4 � 0.4 1.9 � 0.6 0.01 1.6 � 0.5 2.1 � 0.7 0.01

CD3þCD4�CD8� 9.6 � 16.0 7.4 � 6.6 0.67 10.0 � 6.7 9.1 � 7.5 0.33 6.2 � 3.5 7.6 � 4.8 0.43

CD3þCD4-8�HLA-DRþ 5.7 � 5.2 4.1 � 5.4 0.26 4.1 � 5.1 3.8 � 2.8 0.54 4.2 � 4.2 4.0 � 3.6 0.98

CD3þCD4-8�CD38þ 28.4 � 16.7 23.6 � 11.2 0.41 23.2 � 15.5 19.8 � 10.2 0.70 24.2 � 11.6 20.1 � 11.5 0.15

CD3þCD4-8�CD25þ 0.6 � 1.3 0.4 � 0.5 0.82 0.4 � 0.6 0.4 � 0.8 0.98 1.0 � 1.7 0.4 � 0.5 0.26

CD3þCD56þ 4.2 � 8.5 2.2 � 2.5 0.69 3.6 � 3.2 2.8 � 2.6 0.36 1.9 � 0.9 3.7 � 4.7 0.38

CD3þCD56þCD8þ 1.6 � 2.2 1.2 � 1.8 0.41 2.3 � 2.5 1.8 � 1.7 0.64 1.3 � 0.9 2.4 � 3.1 0.80

Monocytes

CD14þ 15.9 � 6.4 15.1 � 8.1 0.60 10.4 � 3.4 13.2 � 5.9 0.06 13.3 � 2.3 14.5 � 6.1 0.62

CD14þCD16� 91.4 ± 2.9 86.0 ± 7.8 0.005 89.4 ± 9.2 87.6 ± 5.2 0.04 88.3 � 3.3 86.4 � 8.4 0.97

CD14þCD16-HLA-DRþ 48.8 � 9.5 45.6 � 21.1 0.34 60.0 � 16.6 52.7 � 17.6 0.18 64.6 � 18.1 60.7 � 15.6 0.51

CD14þCD16�CD38þ 92.4 � 11.3 91.8 � 15.4 0.32 93.8 � 6.0 91.7 � 12.2 0.92 96.2 � 5.1 95.1 � 7.7 0.82

CD14þCD16þ 8.9 ± 3.1 13.7 ± 6.0 0.005 11.0 � 9.3 12.5 � 5.4 0.07 12.0 � 3.6 14.0 � 8.7 0.93

CD14þCD16þHLA-DRþ 65.0 � 12.0 58.2 � 20.7 0.34 74.4 ± 17.6 62.1 ± 19.4 0.03 71.3 � 23.0 70.0 � 17.1 0.55

CD14þCD16þCD38þ 79.5 � 16.3 80.5 � 17.0 0.57 78.3 � 19.1 75.0 � 18.1 0.42 79.1 � 16.5 80.8 � 14.5 0.82

NK cells

CD3�CD56þCD16þ 8.2 � 4.2 6.2 � 3.9 0.11 8.5 � 3.0 8.5 � 4.9 0.80 8.8 � 4.0 8.8 � 4.8 0.94

CD3�CD56þCD16þHLA-DRþ 7.3 � 5.3 7.8 � 7.1 0.86 8.4 � 4.9 6.1 � 3.8 0.10 7.9 � 4.9 8.3 � 6.8 0.91

CD3�CD56þCD16þCD38þ 93.4 � 5.6 93.5 � 13.5 0.47 91.9 � 3.9 91.5 � 7.4 0.49 90.4 � 7.3 89.2 � 9.4 0.87

CD3�CD56þCD16� 2.6 � 0.8 2.2 � 1.5 0.08 3.1 � 1.7 2.3 � 1.3 0.11 2.0 � 0.7 2.2 � 1.1 0.34

Values are mean � SD. Values with p < 0.05 are in bold.

BF ¼ breastfeeding; NBF ¼ nonbreastfeeding; NK ¼ natural killer.
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the percentage of CD3þCD8þ cells were compared
between BF and NBF women for the entire cohort and
for the subset with complete data at all time points.
The relationship of initial prolactin level and per-
centage CD3þCD8þ cell to subsequent myocardial re-
covery was examined by linear regression using both
as predictors with 6- and 12-month LVEFs as the
outcome variables.

RESULTS

COMPARISON OF BF AND NBF COHORTS. Of the
overall IPAC cohort, 15 women were BF at time of
entry, and the remaining 85 were not. There were no
significant differences in age, race, body mass index,
parity, or medical therapy on the basis of BF (Table 1).

Women who breastfed tended to present earlier
postpartum (days postpartum: BF, 20 � 16; NBF, 33 �
25; p ¼ 0.07) and also demonstrated a nonsignificant
trend toward higher LVEF at entry (p ¼ 0.06) as well
as a lower New York Heart Association functional
class (p ¼ 0.06). Diastolic blood pressure (p ¼ 0.02)
was higher in BF women, but the difference in sys-
tolic blood pressure was not significant (p ¼ 0.09).
The percentage of women treated with beta-blockers
(BF, 80%; NFB, 89%; p ¼ 0.38) and angiotensin-
converting enzyme inhibitors (BF, 67%; NFB, 82%;
p ¼ 0.17) was similar between groups.

DIFFERENCES IN BF AND NBF CIRCULATING

IMMUNE CELLS. Comparison of cellular subsets
revealed a significant increase in the percentage of
CD3þCD8þ cells in BF women (Table 2). This was
evident at entry (p ¼ 0.003) and remained significant
at 2 (p ¼ 0.02) and 6 (p ¼ 0.01) months postpartum
(Figure 1). When evaluated only in women with
complete cellular data at all 3 time points, the mean
values of percentage CD3þCD8þ cells were similar and



FIGURE 1 Percentage CD3þCD8þ T Cells at Entry and 2 and 6 Months for the Breastfeeding and Nonbreastfeeding Cohorts

CD3þCD8þ cytotoxic T cells in breastfeeding women were significantly higher at entry (p ¼ 0.003) and remained significant at 2 (p ¼ 0.02)

and 6 (p ¼ 0.01) months postpartum.
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remained significantly higher in BF women (n ¼ 41;
BF vs. NBF percentage CD3þCD8þ cells at entry, 40.7
� 7.3 vs. 28.8 � 6.3 [p < 0.001]; at 2 months, 38.0 �
8.6 vs. 30.1 � 5.9 [p ¼ 0.01]; and at 6 months, 36.8 �
6.9 vs. 30.3 � 6.6 [p ¼ 0.02]). In comparison, per-
centage CD3þCD4þ T helper cells were not signifi-
cantly different at entry (p ¼ 0.08) but were lower in
BF women at 2 (p ¼ 0.02) and 6 (p ¼ 0.03) months.
When evaluated in women with complete data at the
3 time points (n ¼ 39), the mean values of percentage
CD3þCD4þ cells were significantly lower in BF women
at all time points (BF vs. NBF percentage CD3þCD4þ

cells at entry, 51.0 � 7.7 vs. 56.8 � 13.2 [p ¼ 0.04]; at
FIGURE 2 Correlation of the Percentage CD3þCD8þ T Cells With Pro

Cardiomyopathy Cohorts

(A) In the overall peripartum cardiomyopathy cohort, higher serum leve

CD3þCD8þ cells (n ¼ 98; p ¼ 0.01). (B) In the smaller breastfeeding sub

with a higher percentage of CD3þCD8þ cells (n ¼ 13; p ¼ 0.04).
2 months, 49.3 � 10.7 vs. 57.5 � 10.1 [p ¼ 0.03]; at 6
months, 53.6 � 8.8 vs. 61.0 � 8.3 [p ¼ 0.03]). The
percentage of nonclassical monocytes (CD14þCD16þ)
was significantly lower (p ¼ 0.005) and the percent-
age of classical monocytes (CD14þCD16�) higher (p ¼
0.005) in the BF cohort at entry. Similar trends
remained at 2 months, which remained significant for
classical monocytes (p ¼ 0.04) but not nonclassical
monocytes (p ¼ 0.07). These differences were no
longer significant at 6 months.

A prior analysis (11) comparing circulating immune
cells from women with PPCM in the IPAC cohort with
healthy postpartum women revealed a significant
lactin Levels in the Overall and Breastfeeding Peripartum

ls of prolactin at entry were associated with a higher percentage of

set, higher serum prolactin levels remained significantly associated



FIGURE 3 Left Ventricular Ejection Fraction at Entry and 6 and 12 Months for the Breastfeeding and Nonbreastfeeding Cohorts

Mean left ventricular ejection fraction (LVEF) at entry displayed a trend toward a higher mean LVEF in the breastfeeding subset (p ¼ 0.06),

which was significant at 6 months (p ¼ 0.07) but not 12 months (p ¼ 0.16) postpartum.
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reduction in natural killer cells (CD3�CD56þCD16þ)
and an increase in CD3þCD4�CD8� double-negative
T-cells in patients with PPCM. There was no
observed difference in the percentage of either nat-
ural killer cells or double-negative T cells between the
NBF and BF subsets in the present analysis. Prolactin
levels at entry were significantly higher in BF women
(NBF 50 � 59 ng/ml vs. BF 82 � 84 ng/ml; p ¼ 0.02).
Higher levels of prolactin at entry correlated with a
greater percentage of CD3þCD8þ cells overall (n ¼ 66;
p ¼ 0.01) (Figure 2A), and this remained significant
when this analysis was limited to the smaller BF
subset (n ¼ 13; p ¼ 0.04) (Figure 2B).

MYOCARDIAL RECOVERY: IMPACT OF BF, PROLACTIN,

AND CD3DCD8D CELLS. BF women had a trend toward
higher LVEF at entry (BF 39 � 6% vs. NBF 34 � 10%;
p ¼ 0.06), with a similar difference at 6 months (BF 56
� 5% vs. NBF 50 � 11%; p ¼ 0.07) and 12 months (BF 57
� 4% vs. NBF 52 � 11%; p ¼ 0.16) postpartum
(Figure 3). When evaluated only in women with
complete LVEF data at all time points, the mean
values of LVEF and p values were very similar to the
analysis of the overall cohort (n ¼ 71; BF vs. NBF at
entry, 39 � 6% vs. 34 � 9% [p ¼ 0.07]; 6 months, 56 �
5% vs. 50 � 12% [p ¼ 0.07]; and 12 months, 57 � 4% vs.
52 � 12% [p ¼ 0.19]). There were no differences noted
by BF status in the mean change increase in LVEF
from entry to 6 months (DLVEF: BF, 17 � 9%; NBF, 16
� 11%; p ¼ 0.46) or in the mean change increase in
LVEF from entry to 12 months postpartum (DLVEF:
BF, 18 � 8%; NBF, 17 � 11%; p ¼ 0.68). Analysis of
linear regression models demonstrated that prolactin
levels at entry did not predict subsequent LVEF at
either 6 (p ¼ 0.47) or 12 (p ¼ 0.40) months. In a similar
fashion, the percentage of CD3þCD8þ cells at entry
also did not predict subsequent LVEF at 6 (p ¼ 0.59)
or 12 (p ¼ 0.84) months.

DISCUSSION

This study revealed that in the women enrolled in the
IPAC study who breastfed, there was a significantly
higher percentage of circulating CD3þCD8þ cells at
entry, and this higher percentage persisted through 6
months postpartum. Prolactin appears to be the
driving force for this elevation, as there was also a
linear relationship between percentage CD3þCD8þ

cells and levels of prolactin for both the BF subset as
well as the whole IPAC cohort. Despite the impact of
prolactin and BF on maternal immunity, there was no
clear evidence that BF (or prolactin) had any impact
on subsequent LVEF at 6 or 12 months. Not surpris-
ingly, the subset of women who breastfed had higher
ejection fractions at entry and tended to be less ill
than women who did not breastfeed. This difference
persisted at 6 and 12 months. Overall in the IPAC
study, there was no evidence that BF had any adverse
impact on subsequent myocardial recovery.

The diagnosis of PPCM is made in late antepartum
or early postpartum at a time when the adaptive
down-regulation of maternal cellular immunity
allowing fetal tolerance is ending and maternal
cellular immunity is being restored. Prior studies
have found differences in peripheral circulating sub-
sets of T cell populations in women with PPCM
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compared with healthy postpartum women (11). One
preliminary study found that patients with PPCM had
marked reductions of CD4þCD25loþ T regulatory cells
during the third trimester compared with normal
healthy pregnant patients, which persisted for more
than 1 month postpartum (6). CD4þCD25þ cells, also
known as professional suppressor T cells, are a subset
of regulatory T cells that have been found to suppress
T cell activation in an antigen-independent manner.
CD4þCD25þ cells are thought to have profound sup-
pressive effects on CD3þCD8þ cells. Therefore,
persistent low levels of regulatory T cells may be one
mechanism for the greater numbers of CD3þCD8þ

cells among BF women, which was demonstrated in
our study.

Prolactin receptors are expressed on a number of
immune cells, including T and B lymphocytes and
thymic epithelial cells. Interestingly, some studies
suggest that prolactin up-regulates Th1-type cyto-
kines, which play a role in stimulating CD3þCD8þ cells
(12–14), as found in our study. One study on patients
with systemic lupus erythematous revealed that
prolactin receptors were expressed on both
CD4þCD25þ regulatory and effector T cells (15).
Another study showed that when adding prolactin to
cocultures of regulatory and effector T cells, prolactin
seemed to impair regulatory T cell suppression of
effector T cells via increased production of Th1 cyto-
kines (16). In patients with PPCM who have marked
reduction in CD4þCD25þ T regulatory cells, prolactin
may play a role in enhancing the Th1 cytokine
response, which could result in up-regulation of
CD3þCD8þ T cells, as seen in our study.

Although BF and prolactin appear to affect
CD3þCD8þ levels, there was no evidence in our study
that this had clinical impact in terms of LVEF at
presentation or subsequent myocardial recovery.
Our data do not support a significant role for cyto-
toxic T cells in the pathogenesis of PPCM or subse-
quent recovery. Recently, we reported that a
decrease in natural killer cells was evident in pa-
tients with PPCM compared with healthy postpartum
control subjects, but in contrast, circulating cyto-
toxic T cell and T helper cell levels were not signif-
icantly different between the 2 cohorts (11). The
present study found higher circulating cytotoxic T
cells in patients with PPCM who breastfed than
those who did not. Overall, the analysis of circu-
lating cellular subset data did not support the
autoimmune hypothesis. Consistent with the data
from circulating cells, examination of myocardial
inflammation in a subset of 39 women from IPAC
who underwent cardiac magnetic resonance imaging
revealed little evidence of myocardial inflammation
for the majority of women (17). Although the prev-
alence of myocarditis on endomyocardial biopsy
studies in PPCM varies from 10% to 62%, the path-
ological evidence mirrors what is seen in other forms
of nonischemic cardiomyopathies and is positive
only in a minority of subjects (18,19).

A pilot study of prolactin inhibition with bromo-
criptine in 20 South African women suggested that
this strategy improved outcomes (20). A recent
German study comparing high-dose versus low-
dose bromocriptine in 63 women showed benefit
compared with historical control subjects but did not
show differences between the treatment groups and
was limited by the absence of a control group not
treated with bromocriptine (9). In addition, a German
registry comprising 96 patients with PPCM showed
that 67% (64 of 96) were treated with bromocriptine
and revealed no difference in major adverse events,
including advanced therapies, transplantation, or
mortality among treatment subgroups (21). A ran-
domized controlled trial enrolled 96 women in Bur-
kina Faso in West Africa and revealed significant
improvements in LVEF and end-diastolic LV diam-
eter in the bromocriptine-treated group (8), though
the control group had a lower recovery rate
compared with European and U.S. cohorts. Despite
limitations noted in each study, a recent publication
from the Heart Failure Association of the European
Society of Cardiology Study Group on PPCM
discouraged BF and recommended the use of
bromocriptine to block prolactin in patients with
PPCM (10). Our study, in which women who breast-
fed had significantly higher LVEFs at 6 months, does
not support this recommendation, nor does a retro-
spective Internet-based study in the United States
that showed better outcomes among women with
PPCM who breastfed (22). In addition, a recent single-
center study showed that 27 of 63 patients with PPCM
who breastfed had no significant difference in re-
covery status at 1 year compared with their NBF
counterparts (23).

BF in postpartum women provides numerous
maternal (24) and newborn benefits that may affect
health far beyond the months spent actually BF,
particularly in parts of Africa, Asia, and Haiti, where
PPCM is endemic. In developing countries, where
PPCM is more common than the United States, BF is
of essential importance, not only as food and nutri-
tion but also for neonatal immunity (25). Indeed, a
recent report from the World Health Organization



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: This study pro-

vides further evidence that BF does not adversely affect

myocardial recovery for patients with PPCM. This result has im-

plications on an international scale, particularly in resource-

limited countries, where PPCM has been shown to be more

prevalent. Bromocriptine has been promoted as a treatment for

PPCM. However, a randomized placebo-controlled trial regarding

the efficacy of bromocriptine for treatment of all, or a certain

subset of, patients with PPCM must be completed before any

recommendations regarding the use of bromocriptine for

treatment of PPCM can be confidently supported.

TRANSLATIONAL OUTLOOK: In this study we explored the

impact of BF has on cellular immunity, which is likely mediated

by prolactin. Our study found that neither CD3þCD8þ cells nor

prolactin has an impact on myocardial recovery in patients with

PPCM. This argues against an autoimmune or inflammatory hy-

pothesis for the etiology of PPCM. More research is needed to

further explore alternative etiologies of this condition.
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stressing the importance of BF for neonatal health in
the developing world stated that BF has the potential
to save 800,000 lives for children in developing
countries every year. The negative health effects on
infants of women with PPCM who are prohibited from
BF remains high (26–28).

STUDY LIMITATIONS. The 16-kDa prolactin fragment
was not measured in the present analysis, and
although we found no evidence that prolactin influ-
enced myocardial recovery, we cannot address
whether an increase in the 16-kDa fragment might be
associated with poorer recovery. However, the pre-
sent study uncovered no evidence that enhancing
prolactin levels by continuing to breastfeed had any
adverse impact on subsequent LVEF. Additionally,
although CD4þCD25þ cells were measured, staining
with antibodies for Foxp3, the most specific marker
for regulatory T cells, was not done (29). Finally, the
subset of women from IPAC who breastfed was small
(15%), and in general they represent a healthier sub-
set of IPAC with a trend toward a higher LVEF and
lower New York Heart Association functional class.
This healthier subset would be expected to do better
than the more acutely ill subset that either could not,
or chose not, to breastfeed. Comparisons of outcomes
between these different subsets is limited; however,
we can still confidently report that no hazard was
evident in the BF group.

CONCLUSIONS

This study is the first to demonstrate the impact of BF
on maternal cellular immunity in a cohort of women
with PPCM and that this change in cellular immunity
(increased cytotoxic T cells) was correlated with
prolactin. To the extent that PPCM is an autoimmune
form of myocarditis, one would expect this change in
cellular immunity to affect outcomes. The fact that BF
did not seem to affect outcomes argues against the
inflammatory hypothesis. Indeed, the absence of any
hazard for BF in IPAC argues against a significant role
for prolactin as a mediator and bromocriptine as a
therapy. For women presenting with PPCM who are
well compensated, we find no evidence to support a
recommendation against BF. Women with PPCM who
are more gravely ill at the time of diagnosis may
potentially benefit from prohibition of BF via
bromocriptine therapy, but a recommendation
regarding the use of bromocriptine in these patients
with PPCM should be based on a rigorous large ran-
domized controlled study comparing the use of
bromocriptine versus placebo in patients with PPCM
who are at higher risk for poor outcomes, all of whom
should also be concomitantly treated with guideline-
directed heart failure therapies.

ADDRESS FOR CORRESPONDENCE: Dr. Dennis M.
McNamara, University of Pittsburgh Medical Center,
Scaife Hall, Room S-566, 200 Lothrop Street, Pitts-
burgh, Pennsylvania 15213. E-mail: mcnamaradm@
upmc.edu.
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EDITORIAL COMMENT
To Breastfeed or Not to Breastfeed With
Peripartum Cardiomyopathy*

Zoltan Arany, MD, PHD,a Arthur M. Feldman, MD, PHDb
SEE PAGE 291
P eripartum cardiomyopathy (PPCM) is a disease
of maternal cardiac systolic dysfunction, often
accompanied by ventricular dilation, that af-

flicts w1 in 2,000 births worldwide (1,2). PPCM ac-
counts for most cases of cardiogenic shock in
pregnancy (3) and is increasingly a leading cause of
peripartum maternal death in the United States and
abroad (4,5). Gestational hypertension, multiparous
pregnancies, and African heritage are the strongest
known risk factors for PPCM. Treatment mirrors that
of dilated cardiomyopathy, focusing on supportive
measures, neurohormonal blockade, and, when
necessary, mechanical support or even cardiac trans-
plantation. Prognosis is relatively favorable, with re-
covery of systolic function in the majority of
women. However, a significant subset of women,
who are typically otherwise young and healthy, and
with a new infant to nurture, do not recover and are
faced with prolonged cardiac insufficiency, need for
cardiac transplantation, or premature mortality.

The cause of PPCM remains poorly understood.
Approximately 10% of women with PPCM bear trun-
cating mutations in the gene TTN, encoding for the
sarcomeric protein titin, indicating a genetic cause to
PPCM in at least a subset of cases (6). In addition,
numerous studies in model organisms have advanced
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the hypothesis that PPCM is caused by vasculotoxic
hormones, released from the placenta and pituitary
during late gestation and early postpartum periods
(1,7–10). These toxic hormones damage the cardiac
microvasculature, in turn leading to cardiomyocyte
dysfunction and contractile failure. One of these
potentially toxic hormones is prolactin (10). The
maternal pituitary secretes prolactin late in gestation
and continues to do so postpartum in response to
breastfeeding. Prolactin acts directly on mammary
glands to promote generation of milk. However,
in some contexts, prolactin can be cleaved by
extracellular proteases to yield a 16 kD peptide that is
profoundly vasculotoxic. Studies in mice suggest that
this action may occur in certain predisposed in-
dividuals, leading to loss of cardiac microvasculature,
global ischemia, and cardiomyopathy.
These studies have raised the possibility that sup-
pressing prolactin production may benefit patients
with PPCM by removing a key mechanistic driver of
this disease. There are 2 readily available ways to
suppress prolactin production: 1) treatment with
dopamine agonists, such as bromocriptine, which act
directly on the pituitary to suppress dopamine syn-
thesis; or 2) cessation of breastfeeding. We refer the
reader to recent sources for discussions on the use of
dopamine agonists in PPCM (11–15); controversy re-
mains on this topic.

What of breastfeeding in PPCM? On the basis of the
preclinical experimental findings with prolactin, and
of suggestive studies with bromocriptine, the 2010
European position statement on PPCM recommended
cessation of breastfeeding in PPCM (16). A more
recent European Society of Cardiology study
group recommended that breastfeeding should be
“encouraged in women with mild cardiac dysfunc-
tion” but is “not advisable in cases of severely
https://doi.org/10.1016/j.jacbts.2019.03.005
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impaired systolic function” (17). However, there are
remarkably few published data that directly address
the question of breastfeeding in PPCM, in part
because most PPCM studies do not report on breast-
feeding. A single, small (N ¼ 55) retrospective
Internet-recruited study in the United States that
directly addressed the question suggested that
breastfeeding was associated with better, rather than
worse, maternal outcome (18); and a similar single-
center retrospective study (N ¼ 27) suggested no dif-
ference in outcome based on breastfeeding status
(19). Both studies are retrospective and therefore may
have been biased by ascertainment. Prospective
studies were entirely lacking.

Enter the IPAC (Investigations of Pregnancy-
Associated Cardiomyopathy) study. IPAC is a U.S.-
based, multicenter prospective study that followed
100 women for 12 months immediately after the
diagnosis of PPCM (20). A number of important
studies have emanated from this cohort. In this issue
of JACC: Basic to Translational Research, Koczo et al.
(21) focus on the question of breastfeeding. Of 100
women, 15 were breastfeeding at entry, and 85 were
not. This percentage is substantially below the U.S.
national rate of breastfeeding at 6 months (57.6%;
CDC report card [22]). Only 1 woman received a
dopamine agonist. There were no obvious differences
in demographic, hemodynamic, or obstetric parame-
ters between women who breastfed and those who
did not. The women who breastfed had a trend toward
higher ejection fraction at presentation (breastfeeding
0.39 � 0.06 vs. nonbreastfeeding 0.34 � 0.10;
p ¼ 0.06). The key observation of the study, however,
is that no difference was seen in mean change in left
ventricular ejection fraction from entry to 6 months
(breastfeeding 0.17 � 0.09 vs. nonbreastfeeding
0.16 � 0.11; p ¼ 0.46) or 12 months (breastfeeding
0.18 � 0.08 vs. nonbreastfeeding 0.17 � 0.11;
p ¼ 0.68). In other words, breastfeeding seemed to
have no impact whatsoever on recovery rates.

The strength of this study (21) lies in the fact that
participants were followed up prospectively and all
subjects underwent comprehensive phenotyping, and
it thus provides important new data to instruct
decision-making in a clinical setting that lacks clear
guidelines. Nonetheless, the study has limitations.
First, the small size of the trial provides limited power.
It should be noted, however, that the lack of even a
trend toward an adverse effect of breastfeeding makes
it unlikely that a type II error biased the statistical
outcome of the study. Second, the study is observa-
tional (i.e., it is not randomized). Is it possible, for
example, that self-selection of a less ill cohort to
breastfeeding could have biased the outcome to favor
breastfeeding? This possibility is suggested by the
relatively low percentage of women breastfeeding,
and the trend to higher ejection fraction at entry in this
group. The only way to conclusively address this
question is a prospective and randomized trial, an
unlikely outcome. In sum, the study does not defini-
tively report that breastfeeding is safe in women with
PPCM, but it strongly suggests that it is so.

The decision of whether to breastfeed with PPCM
must also consider the potential benefits of breast-
feeding to both mother and infant. Critical nutrients
and factors, both known and unknown, pass from
mother to child via breast milk. In developing coun-
tries, where undernutrition and unsafe water supplies
account for the majority of childhood mortality and
where breast milk substitutes are expensive, discon-
tinuation of breastfeeding can be catastrophic to the
infant (23). Breastfeeding promotes bonding, immu-
noprotection, metabolic protection, an appropriate
microbiome population, and profound protection
against diarrheal and respiratory diseases and otitis
media, while reducing risk of sudden infant death (24).
Most of these findings are true in both high- and low-
income countries. In addition, in high-income coun-
tries, breastfeeding is associated with protection from
obesity and diabetes and with higher performance on
intelligence tests. Strong evidence also implicates
breastfeeding in maternal protection from breast and
ovarian cancer. Prolactin itself has been implicated in
many of these processes, in particular immunopro-
tection, and indeed Koczo et al. (21) show in their study
that CD8þ cytotoxic T cells were higher in breastfeed-
ing women with PPCM (in contrast to CD4þ helper
cells, which tended to be lower). Both theWorldHealth
Organization and the American Academy of Pediatrics
recommend exclusive breastfeeding for 6 months, and
continued breastfeeding for at least 1 to 2 years. In
short, discontinuation of breastfeeding should not be
taken lightly.

Conversely, women with PPCM are a special case,
because the majority are taking medicines for heart
failure. Are these drugs transmitted to the fetus, and
if so, are they safe? Levels of loop diuretics expressed
in breast milk are likely too low to have an effect in
the infant (25). Similarly, negligible amounts of
bioactive derivatives of most angiotensin-converting
enzyme inhibitors, mineralocorticoid receptor antag-
onists, beta-blockers, hydralazine, or nitrates are
detected in milk, typically leading to <1% infant
exposure on a weight-adjusted basis. With judicious
choice of drugs, and appropriate monitoring of the
infant, standard PPCM therapy thus seems safe for
the infant and should not be a contraindication for
breastfeeding.
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Finally, returning to the context of the possible
use of dopamine agonists such as bromocriptine, 2
points should be made about breastfeeding. First,
once the decision has been made to use dopamine
agonists, the question of whether to breastfeed is
then obviously moot, as these drugs will suppress
lactation. However, second, the observations that
breastfeeding seems to be safe in PPCM suggests
that continued stimulation of prolactin secretion
into the maternal circulation is not harmful, some-
what calling into question the rationale for using
dopamine agonists. Once again, only a placebo-
controlled, randomized trial will adequately
resolve this quandary. The lost benefits of breast-
feeding should therefore be factored into the deci-
sion of using a dopamine agonist.

In conclusion, few direct clinical data exist to guide
the decision of whether a woman with PPCM should
breastfeed. The study by Koczo et al. (21) provides
substantially more data than existed in aggregate in
the antecedent literature, but it still leaves us without
certainty. To date, there is no direct evidence that
breastfeeding in women with PPCM is harmful, and in
fact increasing evidence that it is safe. Cessation of
breastfeeding should thus be recommended only with
caution.
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� Genetic and functional evidence suggests

that there are additional inflammasome

pathways, besides NLRP3, that

contribute to IL-1 generation in human

atherosclerotic plaques.

� Plaque generation of mature IL-1b is

accompanied by secretion of similar levels

of IL-1a, through a mechanism controlled

by NLRP3 and caspase-1.

� Plaque IL-1b production is higher in

patients with uncontrolled

hyperlipidemia, on no or low-dose statin

therapy, or with complex plaque imaging

features.

� The present study lends support to

high-intensity cholesterol lowering and

anti-IL-1-directed therapies for patients

at high cardiovascular risk.
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CANTOS (Canakinumab Antiinflammatory Thrombosis Outcome Study) confirmed interleukin (IL)–1b as an

appealing therapeutic target for human atherosclerosis and related complications. However, there are serious

gaps in our understanding of IL-1 production in atherosclerosis. Herein the authors show that complex plaques,

or plaques derived from patients with suboptimally controlled hyperlipidemia, or on no or low-intensity statin

therapy, demonstrated higher recruitable IL-1b production. Generation of mature IL-1b was matched by IL-1a

release, and both were attenuated by inhibition of NLR family pyrin domain containing 3 or caspase. These

findings support the inflammasome as the main pathway for IL-1a/b generation in atherosclerosis and

high-intensity lipid-lowering therapies as primary and additional anti-IL-1-directed therapies as secondary

interventions in high-risk patients. (J Am Coll Cardiol Basic Trans Science 2019;4:304–17) © 2019 The Authors.

Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
= lipopolysaccharide
LPS
mRNA = messenger

ribonucleic acid

NLRC = nucleotide-binding

oligomerization domain,

leucine-rich repeat and CARD

domain–containing protein

NLRP = nucleotide-binding

oligomerization domain,

leucine-rich repeat and pyrin

domain–containing protein

PBS = phosphate-buffered

saline
T he innate immune cytokine interleukin (IL)–
1b plays key roles in an extended spectrum
of inflammatory conditions, including

atherosclerosis and its complications. IL-1b blockade
in patients with atherosclerosis reduces the burden
of inflammation and recurrence of cardiovascular
events, establishing an important role for IL-1
signaling in the pathogenesis of atherosclerosis (1).

Generation of mature IL-1b is a dynamic process
controlled by inflammasome activation. In the context
of atherosclerosis, cholesterol crystals and oxidized
low-density lipoprotein (LDL) have the properties of
danger signals that can activate the nucleotide-
binding oligomerization domain, leucine-rich repeat
and pyrin domain–containing protein (NLRP) 3
inflammasome in macrophages (2–4), leading to cas-
pase-1-mediated IL-1b maturation and secretion.
Alternatively, IL-1b generation can be induced in
macrophages by lipopolysaccharide (LPS) via activa-
tion of caspase-4 (5,6). In a prior, primarily messenger
ribonucleic acid (mRNA) profiling–based study, our
group demonstrated the expression of the NLRP3
inflammasome and IL-1b in atherosclerotic plaques
and provided initial evidence that IL-1b can be
released in response to cholesterol crystals (5). Despite
these advances, important gaps remain in our
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understanding of the generation of IL-1b and
the regulation of inflammasome function in
human arthrosclerosis.

Herein, using a plaque explant culture
system that retains much of the cellular
connections and functions in a near-native
microenvironment and extending to a larger
cohort of patients at 2 different study sites in
Europe and the United States, we investi-
gated the biology of inflammasome-mediated

IL-1 signaling in human atherosclerotic plaques,
including the connection with clinical parameters
such as hyperlipidemia and clinical plaque imaging
parameters that allow for a correlation with plaque
complexity. The present study shows that progres-
sion of atherosclerosis is linked to up-regulation of
lesional inflammasome activity and NLRP3-mediated
generation of IL-1b and IL-1a. These findings pro-
vide novel insights into the pathogenesis of athero-
sclerosis and the therapeutic merit of high-intensity lipid
lowering and anti-IL-1 therapy.

METHODS

GENE EXPRESSION ANALYSIS. Microarray-based
unbiased gene expression analysis was performed on
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total ribonucleic acid obtained from 127 carotid
arterial atherosclerotic plaques and from 10 macro-
scopically nonatherosclerotic biopsies of the iliac
artery and the aorta in the BiKE (Biobank of Kar-
olinska Carotid Endarterectomies) as described pre-
viously (7–9). The full data of the transcriptome
analysis are available in Gene Expression Omnibus
(accession number GSE21545). All biopsies were
collected with written consent from all participants
according to the Declaration of Helsinki and with the
approval of the Ethical Committee of Northern
Stockholm.

EX VIVO CULTURE OF ATHEROMA-DERIVED TISSUE

AND CELLS. Ex vivo atheroma cultures were set up
as previously described (10). In brief, atheromatous
plaques were cut into small pieces (about 1.0 mm3),
and calcified tissue was separated out by centrifu-
gation. The decalcified tissue was washed with cold
phosphate-buffered saline (PBS) prior to transfer to
culture. In some experiments, an enzymatic diges-
tion procedure with collagenase type I (400 U/ml),
elastase type III (4 U/ml), deoxyribonuclease
(300 U/ml), trypsin inhibitor (1 mg/ml), and poly-
myxin B (2.5 mg/ml) in 10% fetal calf serum Roswell
Park Memorial Institute medium was performed for
cell isolation. Atheromatous tissue or isolated cells
were distributed on 48-well plates with about 0.1 g
tissue/well or 5,000 cells/well. After 2 h incubation in
Roswell Park Memorial Institute medium with 10%
fetal calf serum, plaque tissues or cells were treated
for 24 h with 100 ng/ml LPS (serotype O111:B4, Enzo
Life Sciences, Farmingdale, New York), 30 min with 5
mmol/L adenosine 50-triphosphate disodium salt hy-
drate (ATP, Sigma-Aldrich, St. Louis, Missouri),
or 4 h with 10 mmol/l Salmonella typhimurium
(InvivoGen, San Diego, California) or 10 mg/ml
poly(deoxyadenylic-deoxythymidylic acid) (LyoVec,
InvivoGen). In some experiments, MCC950 (PZ0280,
Sigma-Aldrich) or the caspase inhibitor Z-Val-Ala-Asp
fluoromethyl ketone (ALX-260-154-R100, Enzo Life
Sciences) was applied at indicated concentrations 2 h
prior to adding LPS or ATP. Thereafter, supernatants
and tissues and cells were snap-frozen and kept
at �80�C.

FUNCTIONAL ATHEROSCLEROTIC PLAQUE STUDIES.

Functional characterization of IL-1 production (and
inflammasome activity) in atherosclerosis was con-
ducted on: 1) 17 plaques obtained from patients
who underwent carotid or femoral endarterectomy
at the Karolinska University Hospital; and 2) 24
carotid artery plaques collected at the time of
carotid endarterectomy as part of an ongoing re-
pository at the Mayo Clinic Rochester, approved by
the Mayo Foundation Institutional Review Board.
Written informed consent was obtained from all
participants. As previously described (11,12), the
decision to undertake surgical intervention fol-
lowed clinical guidelines and included symptomatic
and asymptomatic plaques. Demographic data,
detailed clinical history, and imaging data were
obtained for each patient by chart review with
attention to cerebral ischemic events, cardiovascu-
lar risk factors, and medications. As part of the
clinical evaluation and surgical planning, all pa-
tients at the Mayo Clinic underwent carotid artery
imaging. The type of study (i.e., carotid ultrasound
with Doppler, carotid computed tomographic angi-
ography, or magnetic resonance angiography) was
at the discretion of the providers and was con-
ducted per routine clinical practice standards. The
studies were read by board-certified radiologists,
documented as clinical radiology reports, and
reviewed for the diagnosis of specific plaque fea-
tures such as ulceration, calcification, and
hemorrhage.

ENZYME-LINKED IMMUNOSORBENT ASSAY. IL-1b
and IL-1a in supernatant were measured using a
standard commercial (DY200 for IL-1a and DY201 for
IL-1b, R&D Systems, Minneapolis, Minnesota) and a
high-sensitivity (HSLB00D for IL-1b, R&D Systems)
enzyme-linked immunosorbent assay kit according to
the manufacturer’s instructions.

LESION COMPOSITION ANALYSIS, IMMUNOHISTOCHEMISTRY

AND IMMUNOFLUORESCENT STAINING. Twenty-two ca-
rotid plaques were randomly selected from the
BiKE study for lesion composition analysis. Mac-
rophages and NLRP3 inflammasome were identified
in consecutive sections by immunohistochemistry
using primary antibodies to NLRP3 (AG-20B-0014,
1:200, AdipoGen Life Sciences, San Diego, Califor-
nia) and CD68 (HPA048982, Atlas Antibodies,
Bromma, Sweden). The presence of iron was
determined using Perls’ Prussian blue stain as a
sign of hemorrhage. Picrosirius red staining was
used for the detection of collagen fibers and fibrous
cap thickness. Toluidine blue staining and alizarin
red staining were used to evaluate necrosis and
calcium deposition, respectively. Quantification of
staining was documented as threshold area divided
by lesion area using QWin Standard Y 2.8 (Leica,
Wetzlar, Germany) computerized analysis. The
investigated endarterectomy samples were ranked



FIGURE 1 Transcriptional Profiling of Inflammasome-Interleukin Pathways in Human

Atherosclerotic Plaques
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(A) Heat map representation of differentially expressed genes in inflammsome-

interleukin-1 pathways in atherosclerotic plaques (atheroma, n ¼ 125) obtained from

patients undergoing carotid endarterectomy and in nondiseased arteries (control, n ¼
10) from organ donors. (B) Heat map representation of the top 5 differentially

expressed inflammasome genes in atherosclerotic plaques from patients without

clinical symptoms (asymptomatic, n ¼ 40) and patients with clinical symptoms

(symptomatic, n ¼ 85). Gene expression was determined by ribonucleic acid microarray

analysis. P values are based on Mann-Whitney U test. The scale bar shows color-coded

differential expression, with red indicating higher levels of expression and blue

indicating lower levels of expression. AIM2 ¼ absent in melanoma 2; ASC ¼ apoptosis-

associated speck-like protein containing a CARD; CASP ¼ caspase; IL ¼ interleukin;

NAIP ¼ nucleotide-binding oligomerization domain, leucine-rich repeat and BIR

domain–containing protein; MEFV ¼ Mediterranean fever; NLRC ¼ nucleotide-binding

oligomerization domain, leucine-rich repeat and CARD domain–containing protein;

NLRP ¼ nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin

domain–containing protein.
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according to the results. Vulnerability index was
defined by the ranks of CD68 and Perls’ Prussian
blue staining divided by the ranks of fibrous cap
thickness.

Additionally, for immunofluorescent staining,
sections of human carotid plaque and internal
mammary artery were deparaffinized and rehy-
drated. Antigen retrieval was performed using Diva
Decloaker (DV2004 MX, Biocare Medical, Pacheco,
California) at 60�C overnight. The slides were then
washed with PBS and blocked in avidin/biotin
blocking kit (SP-2001, Vector Laboratories, Burlin-
game, California) for 30 min and then 5% normal
horse serum in PBS with Tween 20 for 30 min. They
were stained subsequently with primary antibodies
diluted in 5% normal horse serum in PBS with
Tween 20 and incubated at 4�C overnight, followed
by incubation with a fluorochrome-conjugated sec-
ondary antibody (DI 2594, DI 1594, DI 2488, and DI
1488, 1:300, Vector Laboratories) in 5% normal horse
serum in PBS with Tween 20 for 1 h. The following
primary antibodies were used: NLRP3 (AG-20B-0014,
1:200), apoptosis-associated speck-like protein con-
taining a CARD (ASC) (AG-25B-0006, 1:150, AdipoGen
Life Sciences), CD68 (HPA048982, 1:400) and CD68
(NCL-L-CD68, 1:50, Leica Biosystems, Wetzlar, Ger-
many). Immunofluorescent staining was analyzed
using a laser scanning confocal microscope (TCP II,
Leica). High-resolution images were taken under
40�/1.25 NA and 63�/1.4 NA oil-immersion objective
lenses.

WESTERN BLOT ANALYSIS. Plaque-derived cell ly-
sates and supernatants were used for Western blot
analysis. The protein samples (200 mg/well from cell
lysates and 15 ml from supernatants) were resolved
on 15% sodium dodecyl sulfate polyacrylamide gel
electrophoresis gels and transferred to poly-
vinylidene difluoride membrane using a wet-transfer
system. Membranes were blocked in 10% wt/vol
dried milk in TBST (50 mmol/l Tris/HCl [pH 7.6], 150
mmol/l NaCl, and 0.1% vol/vol Tween 20) for 1 h at
room temperature. Membranes were incubated with
primary antibodies diluted in 5% vol/vol bovine
serum albumin in TBST at 4�C overnight and then
with the appropriate horseradish peroxidase–
conjugated secondary antibody diluted in 5% wt/
vol dried milk in TBST for 1 h. Membranes were
developed using ECL (Bio-Rad, Hercules, California)
and stripped using ReBlot kit (Millipore, Billerica,
Massachusetts) before being reprobed. Primary an-
tibodies used were IL-b (#2021, 1:1,000, Cell
Signaling Technology, Danvers, Massachusetts) and



FIGURE 2 Alternative Inflammasome Pathways in Atherosclerotic Lesions
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GAPDH (ab181602, 1:20,000, Abcam, Cambridge,
United Kingdom).

STATISTICAL ANALYSIS. Data are presented as
mean � SEM unless mentioned otherwise. Differ-
ences in mRNA abundances or IL-1 concentrations
between groups were tested using the Mann-
Whitney U test, Wilcoxon matched-pairs test, or
Welch’s t test, with p values as reported. Pearson
correlation was applied for statistical analysis of the
relationships between plaque IL-1 activity and clin-
ical parameters. Associations between NLRP3 stain-
ing, plaque composition, and vulnerability index
were assessed using Spearman’s rank correlation
coefficient test. A p value <0.05 was considered to
indicate statistical significance.

RESULTS

SYMPTOMATIC ATHEROSCLEROTIC PLAQUES ARE

ASSOCIATED WITH UP-REGULATION OF SELECTIVE

INFLAMMASOME PATHWAYS. Analysis of the
expression of inflammasome-related genes in the
BiKE registry revealed significant changes in the
inflammasome profile associated with atheroscle-
rosis development, characterized by marked in-
creases in canonical inflammasome (NLRP1-3[13],
NLRP8-9, NLRP11-12, nucleotide-binding oligomeri-
zation domain, leucine-rich repeat and CARD
domain-containing protein [NLRC3-5], nucleotide-
binding oligomerization domain, leucine-rich repeat
and BIR domain–containing protein, Pyrin, and ab-
sent in melanoma 2) and noncanonical inflamma-
some components (caspase-4, caspase-5) compared
with microscopically nonatherosclerotic iliac arterial
specimens (Figure 1A). Moreover, although most
inflammasome components were similar between
symptomatic plaques and asymptomatic plaques,
NLRP6, NLRP12, NLRC4, NLRP3, and caspase-4
transcripts were distinctively enriched in symptom-
atic plaques (Figure 1B). These data highlight a cor-
relation between the expression of multiple
inflammasome elements, atherosclerosis, and plaque
vulnerability.

ALTERNATIVE IL-1 SIGNALING PATHWAYS IN

ATHEROSCLEROSIS. Given its significance for the
generation of IL-1 in atherosclerosis (13), we further
investigated the expression and activity of the
NLRP3 inflammasome in human atherosclerosis.
NLRP3 protein was detected ubiquitously in all
advanced atherosclerotic lesions, primarily in
lesional macrophages (Figure 2A) though rarely seen
in microscopically nonatherosclerotic arteries
(Figure 2B). This supports the notion that NLRP3 is
negatively regulated by post-transcriptional modifi-
cations in healthy tissues at steady states (14). Be-
sides NLRP3, ASC, the inflammasome adaptor
protein, was also highly expressed in lesional mac-
rophages (Figure 2C). However, the aggregate of
NLRP3-ASC, indicative of the formation of activated
NLRP3 inflammasomes, was rarely observed in
atherosclerotic lesions (Figure 2C).

On the basis of the gene expression data shown
in Figure 1, we postulated that there are likely
additional inflammasome pathways with a func-
tional role in atherosclerosis. Assessing IL-1b
release from atheromatous tissues in response to
the known canonical inflammasome activators, we
found that IL-1b generation was increased, albeit
not statistically significantly, upon exposure to the
NLRP3 inflammasome activator ATP or the NLRC4
activator S. typhimurium (Figures 2D and 2E), but
not the absent in melanoma 2 inflammasome
activator poly(deoxyadenylic-deoxythymidylic acid)
(Figure 2F). Alternatively, a burst in IL-1b produc-
tion (38.9 � 14.3 pg/ml) along with an equivalent
quantity of IL-1a release (34.6 � 16.5 pg/ml) was
induced in 71% (17 of 24) and 41% (7 of 16) of
plaques, respectively, after 24 h stimulation of
atheromatous tissue with LPS, a defined nonca-
nonical inflammasome stimulus (Figure 2E). Over-
all, 6 plaques (25%) exhibited a superior response
to LPS, with an average IL-1b yield of $28.8 pg/
ml, but 7 plaques (29%) produced minor or unde-
tectable IL-1b (<3.9 pg/ml) in response to LPS.
These data incline to the view that besides NLRP3,
there are possibly additional inflammasome path-
ways, including noncanonical inflammasome path-
ways, with potential functional implications in
atherosclerosis.

INCREASED IL-1b PRODUCTION IN PATIENTS WITH

SUBOPTIMALLY CONTROLLED HYPERLIPIDEMIA.

Modulation of immune and inflammation pathways is
a central mechanism by which risk factors contribute
to atherosclerosis (15). Yet whether and which car-
diovascular risk factors affect IL-1 signaling in
atherosclerotic plaques are unclear. Herein we
analyzed the association between atheromatous tis-
sue IL-1b production and age, sex, body mass index,
serum levels of LDL cholesterol and triglycerides,
hypertension, diabetes, and time interval from ca-
rotid endarterectomy and the latest ischemic cere-
brovascular event. This revealed a connection



FIGURE 3 Uncontrolled Hypercholesterolemia Is Accompanied by Increased Interleukin-1b Production in Atherosclerotic Plaques
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are shown as mean � SEM; n ¼ 14 to 24. The p values are based on Mann-Whitney U test.
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between basal IL-1b production and serum total
cholesterol and triglycerides levels (Figure 3A).
Notably, the atheromatous tissue from patients with
blood LDL cholesterol >130 mg/dl or total
cholesterol $200 mg/dl yielded a 10-fold higher
quantity of IL-1b than plaques from patients with
lower blood LDL cholesterol or total cholesterol
(Figure 3B).



FIGURE 4 Enhanced Interleukin-1b Signaling in Complex Atherosclerotic Plaques
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We furthermore investigated plaque IL-1b gener-
ation in relation to blood cholesterol management.
Analysis of blood LDL cholesterol levels in 21 pa-
tients and their statin therapy history showed that
the average level of circulating LDL cholesterol was
significantly higher in patients who received no or
low-intensity statin therapy compared with patients
who received moderate- or high-intensity stain
therapy, on the basis of the American College of
Cardiology/American Heart Association guideline
(Figure 3C). Importantly, LPS-induced IL-1b
generation was reduced in atheromatous tissues
from patients on moderate- to high-intensity statin
therapy (Figure 3D).
INCREASED IL-1b GENERATION IN COMPLEX

PLAQUES. To investigate pathogenic activity of IL-1
in relation to plaque progression, we assessed the
difference in IL-1b generation between atheroscle-
rotic plaques with or without imaging signs of
calcification, hemorrhage, or ulceration (16). Among
the 21 consecutive Mayo Clinic patients who un-
derwent carotid plaque imaging without exclusions



FIGURE 5 NLRP3 Expression Along the Progressive Stages of Atherosclerosis and Complex Plaques
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(A) Immunohistochemical characterization of nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain–containing

protein (NLRP) 3 expression and its correlation with the progression from adaptive intimal thickening to fatty streak and fibroatheroma in

human carotid arteries. (B) Representative images of complex fibroatheromata in human carotid arteries stained for NLRP3 protein (NLRP3),
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rank correlation analysis of associations between lesional NLRP3 and fibrous cap collagen, macrophage content, intraplaque hemorrhage,

and plaque vulnerability. Data are presented as ranks of corresponding measurement in numeric order (n ¼ 22).
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by either computed tomography, ultrasound, and/or
magnetic resonance imaging, severe calcification,
intraplaque hemorrhage, or ulceration, alone or
combined, was reported in 15 (72%) cases,
herein referred to as complex plaques (Figure 4A).
Assessment of ex vivo cultured atheromatous
tissues did not reveal statistically significant
differences between simple and complex plaques in
terms of basal IL-1b generation (data not shown).
Nonetheless, the IL-1b yield in response to LPS was
increased approximately 45-fold from baseline in
tissues from complex plaques, compared with an
8-fold increase in tissues from simple plaques
(Figure 4B).
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UP-REGULATION OF NLRP3 INFLAMMASOME EXPRESSION

IS A DISTINCTIVE CHARACTERISTIC OF PROGRESSIVE

ATHEROSCLEROSIS. Given the role of NLRP3 observed
in experimental atherosclerosis and enhanced IL-1
signaling in complex plaques, we further analyzed
the relevance of NLRP3 inflammasome for plaque
pathological alterations in humans. NLRP3 expres-
sion was noted first in fatty streaks and increased
markedly in fibroatheroma (Figure 5A). In a series
of 22 carotid plaques collected in the context of the
BiKE study, we furthermore noted that NLRP3
inflammasome expression correlated positively with
lesion macrophages and intraplaque iron content
(a sign of plaque hemorrhage) and inversely with
fibrous cap thickness (a sign of plaque stability)
(Figures 5B and 5C). Overall, the analyses link
the increased NLRP3 expression to pathological
features of plaque vulnerability and complexity
(Figure 5C).

CONCOMITANT RELEASE OF IL-1a AND IL-1b IN

ATHEROSCLEROSIS. In contrast to IL-1a, the
biology of IL-1b signaling in atherosclerosis remains
elusive. Previous studies in mouse bone marrow–

derived macrophages showed that activation of the
inflammasome effector caspase-1 is implicated in the
secretion of both IL-1a and IL-1b (17–19), yet whether
a similar mechanism is implicated in IL-1a/b secre-
tion in human atherosclerotic plaques remains
understudied. Analyzing IL-1b production in the
absence of extra stimuli, we unexpectedly found
that atheromatous tissues produce not only IL-1b
but also IL-1a constitutively (Figure 6A). Applying
MCC950, an NLRP3 inhibitor (20), to atherosclerotic
plaque–derived tissues, we corroborated whether
the NLRP3 is required for IL-1a and IL-1b secretion
in atherosclerotic lesions. We observed (Figures 6B
and 6C) that exposure of human atherosclerotic
plaque–derived tissue to MCC950 (at 0.1 mmol/l)
significantly reduced both IL-1b and IL-1a release
triggered by LPS (Figure 6A). Likewise, MCC950 at
the same concentration was also capable of pre-
venting basal as well as ATP-induced secretion of IL-
1a and IL-1b by plaque-derived cells, composed of
30% to 40% macrophages, 10% to 20% smooth
muscle cells, and 5% to 15% T cells according to a
previous report (Figures 6B and 6C) (21). Similar to
MCC950, IL-1a/b release under steady state
conditions or in response to ATP was also impeded
by Z-Val-Ala-Asp fluoromethyl ketone, a caspase-1
inhibitor (Figures 6E and 6D). These observations
support the view that release of both cytokines,
IL-1b and IL-1a, is likely determined by the NLRP3-
caspase-1 pathway in atherosclerotic plaques.

DISCUSSION

The present study shows that: 1) NLRP3 expression
increases with plaque progression and complexity;
2) NLRP3/caspase-1 inhibition blocks IL-1b and IL-
1a release from atherosclerotic plaque–derived tis-
sue and cells; 3) human atherosclerotic plaques
produce IL-1b and IL-1a constitutively and with a
several-fold increase upon stimulation with
inflammasome activators; and 4) recruitable IL-1b
and IL-1a release is higher in patients with sub-
optimally controlled hyperlipidemia, on no or low-
intensity statin therapy, or with complex plaque
imaging features. These findings confirm and
extend prior experimental studies and lend trans-
lational support for optimal lipid control, high-
intensity statin therapy, and anti-IL-1b therapies
in patients with ASCVD, especially in those who
had clinical events.

In a prior study, increased transcripts of NLRP3,
ASC, caspase-1, and IL-1b and IL-18 were found in
carotid atherosclerotic plaques (5). Herein we
expanded the mRNA profiling studies with the
generation of heat maps that more clearly show: 1)
the profound differences between nondiseased and
atherosclerotic vessels; 2) how many members of the
inflammasome family are expressed in atheroscle-
rotic plaques; and 3) how much “hotter” the
expression is in symptomatic plaques in particular.
Importantly, these genetic data provide a link be-
tween multiple inflammasome elements, athero-
sclerosis, and its activity. They furthermore suggest
that apart from NLRP3, there are possibly additional
inflammasome pathways relevant to IL-1 signaling in
atherosclerosis. This is furthermore underscored by
markedly elevated levels of NLRC4 in the plaque of
symptomatic patients and plaque IL-1b production
in response to external NLRC4 ligands. Additionally,
increased expression of caspase-4 in atherosclerotic
plaques and generation of IL-1b by plaque-derived
tissue upon LPS stimulation point also into the di-
rection of noncanonical inflammasome activation
(5,22), an alternative mechanism that has been
demonstrated for IL-1a secretion in murine macro-
phages in vitro but has not been shown in human
atherosclerotic plaques (19).

The presence of both IL-1a and IL-1b was recently
observed in human atherosclerotic plaques (23).
Taking the advantage of ex vivo culture of



FIGURE 6 NLRP3 and Caspase-1-Dependent Generation of Interleukin-1a and Interleukin-1b in Atheroma
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immunosorbent assay (ELISA). (B,C) ELISA assessment of lipopolysaccharide (LPS)–induced IL-1a and IL-1b release from carotid atherosclerotic

plaque samples untreated or pre-treated with MCC950 (100 nmol/l) (n ¼ 6); Wilcoxon matched-pairs test. (D,E) ELISA assessment of basal

and adenosine 50-triphosphate disodium salt hydrate (ATP)–induced IL-1a and IL-1b in the supernatant of ex vivo culture of carotid

atherosclerotic cells with or without MCC950. Data are representative of 2 independent experiments. (F) Western blot analysis of basal and

ATP-induced IL-1b release from atherosclerotic plaque–derived cells (5,000 cells/well) in the absence or presence of MCC950 (10 mmol/l).

Results are representative of 2 independent experiments. (G,H) ELISA assessment of basal and ATP-induced IL-1a and IL-1b release from
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atherosclerotic plaque–derived tissue, our study
provides further evidence that human atherosclerotic
plaques secrete both IL-1 cytokines with similar ki-
netics under steady state conditions and in response
to external stimuli. These independent observations
suggest that both IL-1a and IL-1b may participate in
atherosclerosis. In line with this notion is the obser-
vation that genetic deficiency of IL-1a, even if
confined to bone marrow–derived cells, mitigates
atherosclerotic burden in a mouse model. This pro-
tective effect was even more pronounced when
combined with depletion of IL-1b (24). Thus, various
lines of research point to the biological importance of
both IL-1a and IL-1b for the atherosclerotic disease
process. Given that atherosclerotic plaques retain a
sufficient capacity of IL-1a production and functional
similarities between the 2 cytokines, uncontrolled IL-
1a generation can be as important as IL-1b in the
pathogenesis of atherosclerosis.

Exploring the mechanisms contributing to IL-1a/b
signaling in atherosclerotic lesions, we discovered
that treatment of tissues or cells isolated from
atheroma with the NLRP3-specific inhibitor MCC950
(20) or the caspase-1 inhibitor Z-Val-Ala-Asp fluo-
romethyl ketone inhibited the release of both IL-1a
and IL-1b under ATP/LPS-stimulated and unstimu-
lated baseline conditions. These findings lead to the
hypothesis that NLRP3 inflammasome is a main
determinant of IL-1b and IL-1a signaling in athero-
sclerosis. Mechanistically, ATP or LPS induce the
processing of IL-1b and IL-1a by activation of caspase-
1 via the NLRP3 inflammasome or noncanonical
inflammasome pathways and the release of these ILs
through gasdermin-D-formed pores (19,25,26). Alter-
natively, the NLRP3-caspase-1 pathway may have a
dual mechanism of action, producing mature IL-1b
and facilitating IL-1a/b secretion, suggesting that
targeting NLRP3-caspase-1 may yield better outcomes
than targeting the 2 IL-1 isoforms in separation. In
keeping with an experimental in vivo study, noting a
reduction in vascular inflammation and atheroscle-
rotic lesion development by inhibition of the inflam-
masome with MCC950 (27), targeting the NLRP3
inflammasome may offer a new approach to
mitigate IL-1-driven inflammatory responses in
atherosclerosis.

Along these lines, the present results support
CANTOS (Canakinumab Antiinflammatory Throm-
bosis Outcome Study) (1), which showed that the IL-
1b-neutralizing antibody canakinumab reduced the
primary combined endpoint of nonfatal myocardial
infarction, nonfatal stroke, or cardiovascular death
among patients with coronary artery disease and a
history of myocardial infarction and elevated
C-reactive protein levels despite aggressive second-
ary prevention measures. Finally, these data shed
light on the link between an acutely and subacutely
increased risk for acute ischemic events such as
myocardial infarction and stroke in the setting of
acute infections (28). The endogenous production
of LPS under these circumstances may very well
stimulate IL-1 production in human atherosclerotic
plaques in vivo, with an increase in plaque inflam-
mation and subsequent plaque destabilization. The
convergence of these investigations underscores the
significance of IL-1b-driven inflammatory responses
in atherosclerosis.

An important observation of the present study is
that IL-1b release kinetics relate to serum lipid
levels. A linear correlation was seen between IL-1b
production at baseline and total cholesterol and tri-
glyceride levels. LPS-induced IL-1b release was
significantly higher in patients with cholesterol
levels >200 mg/dl and LDL levels >130 mg/dl. LDL
cholesterol overload, oxidation of LDL, and fatty
acids were shown before to induce a continuous
state of intracellular stress with up-regulation of IL-1
and NLRP3 inflammasome expression in macro-
phages (4,29). However, the current analysis of the
BiKE study, a large-scale mRNA transcriptional
database of human carotid atherosclerotic plaques,
did not substantiate a connection between elevated
levels of systemic LDL cholesterol and the local
inflammasome and IL-1 transcription in atheroscle-
rotic plaque (data not shown). LDL cholesterol and
oxidized LDL are implicated in training monocytes
through epigenetic reprogramming to acquire a long-
lasting proinflammatory phenotype with enhanced
inflammasome activity (30). Alternatively, uncon-
trolled blood LDL cholesterol may lead to increased
cholesterol crystal formation and noncrystalline
cholesterol overload in atherosclerotic lesions, thus
accounting for an increased risk of inflammasome
activation and consequently IL-1 production (5).
Such considerations lend support to the benefits of
high-intensity lipid-lowering therapy. Indeed, in the
present study, we did find that atherosclerotic pla-
que tissues from patients on no or low-intensity
statin therapy mounted a much higher IL-1b
production upon stimulation. Although it cannot be



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Hy-

percholesterolemia is the cardinal risk factor and

inflammation the characteristic trait of atherosclerosis

directing the clinical course. The 2018 American Col-

lege of Cardiology/American Heart Association guide-

lines recommend high-intensity statin therapy and

lower cholesterol goals for very high risk patients. The

CANTOS trial indicated that IL-1b-directed therapywith

a neutralizing antibody reduces recurrent ischemic

events and cardiovascular death among patients with

coronary artery disease and a history of myocardial

infarction and elevated C-reactive protein levels

despite aggressive secondary prevention measures.

Herein we show that complex carotid artery plaques

have a higher recruitable production of IL-1b. Similarly,

plaques from patients on no or low-intensity statin

therapy orwith suboptimally controlled hyperlipidemia

(LDL level >130 mg/dl) mount higher IL-1b release

upon stimulation. Plaque generation of IL-1b is also

paired with release of IL-1a and entails likely both the

canonical and noncanonical inflammasome pathway.

Overall the present study findings underscore a

link between plaque inflammatory biological activity

and hyperlipidemia as well as plaque complexity.
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excluded that non-lipid-lowering properties
contributed to this observation, a correlation be-
tween LDL levels and statin therapy intensity was
seen. In combination, these studies extend our un-
derstanding of the link between hyperlipidemia,
inflammasome activity, and inflammation in
atherosclerosis and support aggressive lipid-
lowering therapy as an important translational
aspect.

The present investigation also reveals marked
heterogeneity in inflammasome activity among
atherosclerotic plaques. Notably, complex lesions
with imaging signs of hemorrhage, ulceration, or
calcification mounted a 10-fold higher induction of
IL-1b release than simple plaques. In keeping with
increased expression of inflammasome components
in symptomatic plaques, these data associate bio-
logically active plaques with increased inflamma-
some activity. Indeed, up-regulation of the NLRP3
inflammasome in atherosclerotic plaques may relate
to many aspects of disease pathogenesis such as
vascular inflammation, intraplaque hemorrhage,
plaque compositions, and vulnerability. In agree-
ment with the present results, prior studies noted a
correlation between elevated circulating levels of
IL-1b, coronary calcium burden, and cardiac
death (31).
TRANSLATIONAL OUTLOOK: The results of the

present study are supportive of the CANTOS trial by

indicating that an IL-1b-directed approach would be

most efficacious in patients with a vulnerable pheno-

type (complex plaques) and those with suboptimal

secondary prevention measures. As indicated by the

present findings, control of hypercholesterolemia and

moderate- to high-intensity statin therapy translate

into lower plaque interleukin-1 production and related

inflammatory activity. Lipid-lowering and statin ther-

apy intensification efforts should come first with addi-

tional anti-inflammatory therapies, especially those

that specifically target the inflammasome-IL-1 axis, in

very high risk patients as enrolled in the CANTOS trial.

The present study lends support to biological plaque

activity–directed treatment efforts and the testing

thereof in future clinical trials.
CONCLUSIONS

The present study supports the concept that the
NLRP3 inflammasome contributes to plaque IL-1a/b
generation and provides biological insights into the
clinical merit of anti-IL-1 signaling–directed and high-
intensity lipid-lowering therapies in high-risk pa-
tients with atherosclerosis.
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� Intravenously injected ONO-1301–

containing nanoparticles selectively

accumulated in the ischemic border area

of the myocardium.

� Prominent up-regulation occurred of

proangiogenic cytokines such as vascular

endothelial growth factor and

angiopoietin-1 in the ischemic myocar-

dium, which may have contributed to the

preservation of the native vascular and

capillary networks, thus preserving

regional myocardial blood flow.

� Down-regulation of the proinflammatory

cytokines interleukin-1b, interleukin-6,

and tumor necrosis factor-a in the

ischemic myocardium might have led to

the attenuation of myocyte swelling and

the suppression of the endothelial bleb

formation, also contributing to the pres-

ervation of myocardial blood flow or the

reduced infarct size.
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SUMMARY
AB B
AND ACRONYM S

ANG = angiopoietin

EPR = enhanced permeability

and retention

IL = interleukin

I/R = ischemia/reperfusion

MBF = myocardial blood flow

MRI = magnetic resonance

imaging

NP = nanoparticle

PET = positron emission
Intravenously injected ONO-1301–containing nanoparticles (ONO-1301NPs), unlike an ONO-1301 solution,

selectively accumulated in the ischemia/reperfusion (I/R)-injured myocardium of rats and contributed to the

prolonged retention of ONO-1301 in the targeted myocardial tissue. In the ischemic area, proangiogenic

cytokines were up-regulated and inflammatory cytokines were down-regulated upon ONO-1301NP

administration. Consequently, ONO-1301NP–injected rats exhibited a smaller infarct size, better-preserved

capillary networks, and a better-preserved myocardial blood flow at 24 h after I/R injury, compared with those

in vehicle-injected or ONO-1301 solution–injected rats. ONO-1301NPs attenuate the myocardial I/R injury via

proangiogenic and anti-inflammatory effects of the drug. (J Am Coll Cardiol Basic Trans Science 2019;4:318–31)

© 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

graphy
tomo
PMNL = polymorphonuclear

leukocyte

VEGF = vascular endothelial

growth factor
M yocardial ischemia/reperfusion (I/R)
injury is a pivotal therapeutic target to
optimize revascularization therapy for

acute coronary syndrome (1). Although an array of
basic studies have reported efficacious treatments
targeting myocardial I/R injury (2–5), the therapeutic
efficacy has not been established for any treatment
in clinical settings (6–9). This critical gap between
the basic and clinical findings may be explained by
the narrow pharmacological therapeutic window of
each treatment (10). Because myocardial I/R injury in-
volves dynamic biological and physiological events
regulated by serially invoked complex pathways,
any simple treatments, targeting single cellular and/
or molecular processes, would not modify this event
in the therapeutic direction to a clinically beneficial
extent.

A new drug, ONO-1301, is a synthetic prostacyclin
IP receptor agonist lacking the typical prostanoid
structures, which contributes to the biological and
chemical stability of this compound, resulting in
long-lasting prostacyclin activity in vivo (11,12). In
addition, ONO-1301 has a 3-pyridine radical, which
exerts thromboxane A2 synthase inhibitory activity,
inducing an intrinsic prostaglandin I2 synthesis-
promoting effect to augment the IP receptor
agonistic activity (13). Our laboratory and others have
reported beneficial effects of a slow-releasing form of
ONO-1301 for acute and chronic ischemic cardiac
failure via its role as an inducer of protective cyto-
kines (14–16). Indeed, it has been shown that ONO-
1301 binds to IP receptors on endothelial cells,
vascular smooth muscle cells, or fibroblasts to induce
the release of protective cytokines such as vascular
endothelial growth factor (VEGF), hepatocyte growth
factor, or stromal cell–derived factor 1, contributing
to the repair of an experimentally induced ischemic
myocardium.
Drug targeting is more critical in myocar-
dial I/R injury than in acute or chronic
ischemic cardiac failure because multiple

complex events are serially, dynamically, and multi-
directionally provoked in the myocardium after
reperfusion. In this regard, systemically injected lipid
nanoparticles (NPs) reportedly accumulate in acutely
damaged tissue, represented by I/R injury, via
enhanced permeability and retention (EPR) effects
(17,18). Importantly, the drug incorporated in NPs is
selectively released into the target tissue (2,19). We
herein hypothesized that NPs containing ONO-1301
(ONO-1301NPs) would accumulate in I/R-injured car-
diac tissue and induce multiple protective cytokines,
thereby contributing to the attenuation of myocardial
I/R injury. Thus, the aim of the present study was to
evaluate whether ONO-1301NPs attenuate myocardial
I/R injury.

METHODS

PREPARATION OF ONO-1301NPS. NPs containing
ONO-1301 were prepared as follows. Two types of
lipids, 1,2-dierucoyl-sn-glycerol-3-phosphorylcholine
(1.88 g, CAS No. 5177-95-4, Nippon Fine Chemical,
Osaka, Japan) and N-(carbonyl-methoxypoly-
ethyleneglycol 2000)-1,2 distearoyl-sn-glycero-3-
phosphoethanolamine sodium salt (0.12 g, CAS No.
147867-65-0, Nippon Fine Chemical), were dissolved,
together with ONO-1301 (100 mg, Ono Pharmaceuti-
cals, Osaka, Japan), in 20 g of t-butanol at 70�C.
The obtained solution was immediately frozen in dry
ice/acetone, followed by freeze-drying for 17 h.
The obtained powder was dispersed in phosphate-
buffered saline in a warm bath (50�C) and sonicated
until lumps disappeared. The solution was passed
through a polycarbonate filter with pores of 400 nm
in diameter and then through another filter, with

http://creativecommons.org/licenses/by-nc-nd/4.0/


FIGURE 1 Characteristics of ONO-1301NPs

(A) Scheme of ONO-1301–containing nanoparticles (ONO-1301NPs). ONO-1301NPs are composed of a lipid bilayer with a polyethylene glycol

(PEG) side chain on the surface and contain the ONO-1301 compound. (B) Details of ONO-1301NPs. Average particle diameter was obtained

by the dynamic light scattering method. (C) Representative electron micrographic images of ONO-1301NPs. Upper: 10,000 � magnification;

Lower: 30,000 magnification; Right: 50,000 � magnification.
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pores of 200 nm in diameter, to obtain a translucent
liposome fluid. The obtained solution was purified by
ultrafiltration to prepare consistently nanosized and
round-shaped ONO-1301NPs (Figure 1). ONO-1301NPs
were prepared by mixing the drug and the
lipid (1,2-dierucoyl-sn-glycerol-3-phosphorylcholine:N-
(carbonyl-methoxypolyethyleneglycol 2000)-1,2 dis-
tearoyl-sn-glycero-3-phosphoethanolamine sodium
salt ¼ 94:6) in a drug-to-lipid ratio of 0.05. After
encapsulation and ultrafiltration, the drug-to-lipid
ratio determined by using high-performance liquid
chromatography was 0.043, indicating that loading
efficiency was 86%.
SURGERY AND GROUPING OF ANIMALS. The insti-
tutional ethics committee approved all experimental
procedures. Animal care was conducted humanely in
compliance with the principles of laboratory animal
care.

Male Sprague-Dawley rats (200 to 250 g, Charles
River Laboratories, Margate, United Kingdom) un-
derwent left thoracotomy under general anesthesia
with inhalation of isoflurane (2%, 0.2 ml/min); they
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were then intubated and placed on a respirator during
surgery to maintain ventilation. The myocardial I/R
model was prepared as follows. The left anterior
descending artery was ligated at approximately 2 mm
below the atrioventricular groove for 30 min by using
a 7-0 monofilament with a silicon tube (outside
diameter: 0.7 mm) placed along the left anterior
descending artery and then released for reperfusion
(2). Five minutes before reperfusion, 5 ml/kg
phosphate-buffered saline (sham group), 3 mg/kg
nanoliposomes in 5 ml/kg phosphate-buffered saline
(vehicle group), 3 mg/kg ONO-1301 in 5 ml/kg
phosphate-buffered saline (ONO-solution group), and
3 mg/kg ONO-1301NPs in 5 ml/kg phosphate-buffered
saline (ONO-NP group) were injected into the rats
(Supplemental Figure 1A). In addition, nanosized
liposomes with a fluorescently labeled reagent
(cyanine 5.5, Katayama Chemical Co., Osaka, Japan)
encapsulated were prepared in the same manner as
ONO-1301NPs and injected intravenously 5 min before
reperfusion into I/R model rats (n ¼ 6) for confocal
microscopic analysis. Moreover, a nanosized lipo-
somal contrast agent (Gadolisome, 5 ml/kg; DS
Pharma Biomedical, Osaka, Japan) or 5 ml/kg saline
was intravenously injected 5 min before reperfusion
into I/R model rats (n ¼ 3 each) for ex vivo magnetic
resonance imaging (MRI) analysis. In addition, the
same amount of Gadolisome or saline was injected
into normal rats (n ¼ 2 each) for the control of the MRI
study. The characteristics of NP preparations (empty,
fluorescently labeled, and Gadolisome) are described
in Supplemental Figure 2.

DEFINITION OF MYOCARDIAL AREA. Cardiac segmental
analysis was performed according to the American
Heart Association 17-segment model (20). The 17
segments were compiled into 3 territories according
to the area of the ischemic insult: the infarct (1, 2, 7, 8,
13, and 14), border (3, 6, 9, 12, 15, and 16), and remote
(4, 5, 10, and 11) areas (Supplemental Figure 1B).

OTHER METHODS. The methods of measurement of
ONO-1301 concentrations in the plasma and heart,
analysis of fluorescently labeled NPs, ex vivo MRI,
[13N]-ammonia positron emission tomography (PET),
enzyme-linked immunosorbent assay, triphenylte-
trazolium chloride–Evans blue staining, histology and
immunohistolabeling, and real-time polymerase
chain reaction are detailed in the Supplemental
Methods.

STATISTICAL ANALYSIS. Continuous variables are
presented as the mean � SD. Statistical analyses were
performed by using nonparametric methods because
the sample sizes were too small to determine if a
normal or a skewed distribution was followed. Inter-
group differences were compared by using a Kruskal-
Wallis analysis with a Mann-Whitney U test ad hoc
analysis. A p value < 0.05 was considered statistically
significant. All statistical analyses were performed
with JMP version 12 software (SAS Institute, Inc.,
Cary, North Carolina).

RESULTS

STABILITY OF ONO-1301NPs IN ARTIFICIAL

PLASMA. The stability of the ONO-1301NP prepara-
tion in artificial plasma (i.e., plasma that does not
contain plasma components such as proteins and
lipids) and lipase (which breaks down the ONO-1301/
ONO-1301NP preparation) was investigated. Approxi-
mately 7% of free ONO-1301 was detected in artificial
plasma 72 h after culture, whereas approximately 55%
of free ONO-1301 was hydrolyzed by the lipoprotein
lipase. However, separation of ONO-1301 due to
ONO-1301NP breakdown could not be confirmed
with phospholipase A2 processing even after 72 h.
ONO-1301/ONO-1301NPs were hydrolyzed by the
lipase in the plasma (mainly lipoprotein lipase), and
then bare ONO-1301 was gradually separated. In
addition, >50% of ONO-1301 was separated from
ONO-1301NPs through hydrolysis by lipase after 72 h
(Supplemental Figure 3).

PROLONGED RETENTION OF ONO-1301 IN THE

PLASMA AND HEART AFTER NP INJECTION. ONO-
1301 (ONO-solution group) or ONO-1301NPs (ONO-NP
group) were injected intravenously into rats with
myocardial I/R injury. Concentrations of ONO-1301
were measured in the plasma and heart according to
liquid chromatography–tandem mass spectrometry
analysis 8 and 24 h after the injection to explore
targeted delivery of ONO-1301 incorporated into
the liposome-based NPs. The results show that
the plasma concentrations were not significantly
different between the ONO-solution and ONO-NP
groups at 8 h after the injection (ONO-solution:
10.0 � 3.3 ng/ml; ONO-NP: 12.1 � 4.2 ng/ml;
p ¼ 0.2611), whereas concentrations at 24 h were more
prominently decreased in the ONO-solution group
than in the ONO-NP group (ONO-solution: 0.6 � 0.4
ng/ml; ONO-NP: 3.3 � 3.1 ng/ml; p ¼ 0.0016)
(Figure 2A). The cardiac concentrations of ONO-1301
at 8 h were not significantly different between the 2
groups in the border area (ONO-solution: 4.3 � 1.1 ng/
g; ONO-NP: 6.1 � 3.5 ng/g; p ¼ 0.3703) and the remote
area (ONO-solution: 2.9 � 0.5 ng/g; ONO-NP: 3.2 � 1.3
ng/g; p ¼ 0.4292). Of note, the cardiac ONO-1301
concentrations were not significantly different at

https://doi.org/10.1016/j.jacbts.2018.12.006
https://doi.org/10.1016/j.jacbts.2018.12.006
https://doi.org/10.1016/j.jacbts.2018.12.006
https://doi.org/10.1016/j.jacbts.2018.12.006
https://doi.org/10.1016/j.jacbts.2018.12.006
https://doi.org/10.1016/j.jacbts.2018.12.006


FIGURE 2 Plasma and Cardiac Concentrations of ONO-1301 After Intravenous Injection

ONO-1301 concentrations (A) in the plasma and (B) in the heart. Injected ONO-1301NPs

showed better migration properties than did an injected ONO-1301 solution, leading to a

greater ONO-1301 concentration in the infarct border myocardium. NP ¼ nanoparticle.
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8 and 24 h in the border and remote areas in the
ONO-NP group. In contrast, the cardiac ONO-1301
concentrations significantly decreased at 24 h in the
border and remote areas in the ONO-solution group.
The cardiac concentrations of ONO-1301 at 24 h were
significantly greater in the ONO-NP group than in the
ONO-solution group in the border (4.1 � 3.6 ng/g vs.
0.5 � 0.3 ng/g, respectively; p ¼ 0.0004) and remote
(2.2 � 2.4 ng/g vs. 0.2 � 0.2 ng/g; p ¼ 0.0003) areas
(Figure 2B). Furthermore, the concentration in the
border area was still significantly greater than in the
remote area (p ¼ 0.0488). The half-life of ONO-
1301NPs in the plasma was 13.2 h, whereas those in
the border and remote areas were 23.8 and 20.5 h.

PREDOMINANT ACCUMULATION OF NPs IN THE

BORDER AREA OF THE MYOCARDIUM. Fluorescently
labeled NPs and Gadolisome were intravenously
injected into myocardial I/R model rats to assess the
distribution of NPs in cardiac tissue by using confocal
microscopy and by ex vivo MRI, respectively. The
results showed that the fluorescently labeled NPs
were more abundantly present in the border area of
the myocardium than in the remote area at 24 h after
reperfusion (border: 615 � 206 mm2; remote: 56 � 35
mm2; p ¼ 0.0039) (Figure 3A). The injected fluo-
rescently labeled NPs were predominantly present in
the interstitial space of the border and remote areas.
Meanwhile, Gadolisome was abundantly detected in
the infarct and infarct border myocardium but mini-
mally detected in the remote myocardium and the
normal heart (Figure 3B). On a three-dimensional, fast
low-angle shot view, specific accumulation of Gado-
lisome was particularly obvious in the outer and inner
layers, rather than in the mid-layers, of the infarct
and border myocardium (Figure 3C).

UP-REGULATION OF THERAPEUTIC CYTOKINES IN

THE HEART BY ONO-1301NP INJECTION. Gene
expression of proangiogenic and inflammatory cyto-
kines in the border area of the myocardium was
assessed at 24 h after reperfusion by using real-time
polymerase chain reaction. The results showed
that the Vegf and angiopoietin-1 (Ang-1) genes were
significantly up-regulated in the ONO-NP group
compared with their expression in the other 3 groups
(VEGF: vs. sham; p ¼ 0.0024; vs. vehicle; p ¼ 0.0194;
vs. ONO-solution; p ¼ 0.0051; ANG-1: vs. sham;
p ¼ 0.0024; vs. vehicle; p ¼ 0.0006; vs. ONO-solution;
p ¼ 0.0014) (Figure 4A). In addition, the levels of gene
expression for interleukin (IL)-1b, IL-6, and tumor
necrosis factor-a were significantly lower in the
ONO-NP group than in the other 3 groups (IL-1b: vs.
sham; p ¼ 0.0120; vs. vehicle; p ¼ 0.0020; vs. ONO-
solution; p ¼ 0.0194; IL-6: vs. sham; p ¼ 0.0226; vs.
vehicle; p ¼ 0.0029; vs. ONO-solution; p ¼ 0.0166;
tumor necrosis factor-a: vs. sham; p ¼ 0.0020; vs.
vehicle; p ¼ 0.0024; vs. ONO-solution; p ¼ 0.0464)
(Figure 4B). There were no significant differences in
the expression of these genes among the sham,
vehicle, and ONO-solution groups.

PROTECTION OF CAPILLARIES IN THE BORDER

AREA BY ONO-1301NP INJECTION. Pathological
angiogenesis was assessed at the border area 24 h
after the myocardial I/R injury. The residual capillary



FIGURE 3 Distribution of NPs in the Myocardium at 24 h After I/R Injury

(A) Confocal microscopy showed predominant presence of fluorescently labeled liposomes in the border area rather than in the remote area.

(B) Magnetic resonance imaging (11.7-T) displayed selective accumulation of gadolinium (Gd)-labeled liposomes in the ischemic area at 24 h

after NP injection. I/R ¼ ischemia/reperfusion; NP ¼ nanoparticle.
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network in the border area was semi-quantitatively
assessed by using immunohistology for the von Wil-
lebrand factor. The results showed that the von Wil-
lebrand factor–positive capillary network was better
preserved in the myocardial interstitium of the ONO-
NP group than in the myocardial interstitium of the
other groups (Figure 5A). The capillary density was
significantly greater in the ONO-NP group (212 � 54
mm�2) than in the other groups (sham: 150 � 36
mm�2; p ¼ 0.0124; vehicle: 117 � 21 mm�2; p ¼ 0.0002;
ONO-solution: 172 � 25 mm�2; p ¼ 0.0397) (Figure 5B).
The capillary area was significantly greater in the
ONO-NP group (275 � 111 mm2) than in the other 3
groups (sham: 121 � 34 mm2; p ¼ 0.0001; vehicle: 123 �
26 mm2; p ¼ 0.0003; ONO-solution: 101 � 52 mm; p ¼
0.0001) (Figure 5C).
ATTENUATION OF POLYMORPHONUCLEAR LEUKOCYTE

INFILTRATION ANDMYOCYTE SWELLING BY ONO-1301NP

INJECTION. Infiltration of polymorphonuclear leuko-
cytes (PMNLs) into the myocardium and the sizes of
the cardiac myocytes were histologically assessed by
hematoxylin/eosin and periodic acid-Schiff staining,
respectively, 24 h after reperfusion to explore the
distribution and degree of PMNL inflammation and
myocyte swelling following I/R injury (Figure 6A).
The results showed that PMNLs were markedly



FIGURE 4 Gene Expression in the Heart at 24 h After

I/R Injury

(A) Gene expression of the proangiogenic cytokines vascular

endothelial growth factor (VEGF) and angiopoietin (ANG)-1 in

the border area was significantly greater in the ONO-NP group

than in the other 3 groups. (B) Gene expression of the in-

flammatory cytokines interleukin (IL)-1b, IL-6, and tumor

necrosis factor (TNF)-a was significantly lower in the ONO-NP

group than in the other 3 groups. *Significantly greater than in

the sham, vehicle, and ONO-solution groups. #Significantly

smaller than in the sham, vehicle, and ONO-solution groups.

HGF ¼ hepatocyte growth factor; PDGF ¼ platelet-derived

growth factor; SDF1 ¼ stromal cell–derived factor 1; other ab-

breviations as in Figure 3.
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accumulated in the infarct area in all groups but were
rarely observed in the remote area in all groups.
In contrast, in the border area, significantly fewer
PMNLs were present in the ONO-NP group
(1,677 � 667 mm-2) than in the other groups (sham:
6,923 � 1,864 mm�2; p ¼ 0.0001; vehicle: 5,979 �
2,002 mm�2; p ¼ 0.0002; ONO-solution: 5,295 � 1,499
mm�2; p < 0.0001) (Figure 6B). Meanwhile, the shape
and size of myocytes were variable in the infarct area
but uniform in the remote area in all groups. In
contrast, in the border area, the size of myocytes was
significantly smaller in the ONO-NP group (14.8 � 0.9
mm) than in the other groups (sham: 17.7 � 0.9 mm; p ¼
0.0001; vehicle: 18.9 � 1.7 mm; p ¼ 0.0001; ONO-
solution: 14.8 � 0.9 mm; p ¼ 0.0001) (Figure 6C).
REDUCTION OF INFARCT SIZE BY ONO-1301NP

INJECTION. The area at risk of infarction and the
infarct area were determined at 24 h after reperfusion
by using Evans blue and triphenyltetrazolium chlo-
ride staining (Figure 7A). The infarct size per area at
risk was significantly smaller (p < 0.01) in the ONO-
NP group (33 � 15%) than in the other groups (sham:
55 � 11%; p ¼ 0.0149; vehicle: 60 � 10%; p ¼ 0.0046;
ONO-solution: 53 � 14%; p ¼ 0.0343) (Figure 7B).
Consistently, the plasma level of troponin I was
significantly lower in the ONO-NP group (4.2 �
3.9 ng/ml) than in the other groups (sham: 9.6 �
4.6 ng/ml; p ¼ 0.0074; vehicle: 9.3 � 4.3%; p ¼ 0.0126;
ONO-solution: 9.4 � 3.7%; p ¼ 0.0054) (Figure 7C), as
assessed by using an enzyme-linked immunosorbent
assay.

TOTAL AND REGIONAL MYOCARDIAL BLOOD FLOW

AFTER MYOCARDIAL I/R INJURY. The total and
regional myocardial blood flow (MBF) was assessed
24 h after reperfusion according to a [13N]-ammonia
myocardial perfusion PET study (Figure 8A). The total
MBF was significantly greater in the ONO-NP group
(3.2 � 0.5 ml/min/g) than in the sham and vehicle
groups but not in the ONO-solution group (sham: 2.1 �
0.6 ml/min/g; p ¼ 0.0252; vehicle: 2.5 � 0.1 ml/min/g;
p ¼ 0.0428; ONO-solution: 2.5 � 0.5 ml/min/g;
p ¼ 0.0656) (Figure 8B).

In the sham, vehicle, and ONO-solution groups,
regional MBF in the infarct region was significantly
lower than that in the border and remote areas,
whereas the former was not significantly different
from the latter in the ONO-NP group. Consequently,
regional MBF in the infarct area was markedly and
significantly greater in the ONO-NP group (3.2 �
0.5 ml/min/g) than in the other groups (sham: 1.8 �
0.3 ml/min/g; p ¼ 0.0142; vehicle: 2.1 � 0.3 ml/min/g;
p ¼ 0.0142; ONO-solution: 2.1 � 0.3 ml/min/g;
p ¼ 0.0082). In addition, in the border area, MBF was
significantly greater (p ¼ 0.0252) in the ONO-NP
group than in the sham group (4.0 � 0.5 vs. 2.7 �
0.6 ml/min/g). In the remote area, MBF did not differ
significantly among the 4 groups (Figure 8C).

DISCUSSION

OVERVIEW OF PHARMACOLOGICAL EFFECTS OF

ONO-1301NPs. There are 2 potentially different
mechanisms of ONO-1301NP: 1) activation of the
prostacyclin IP receptor, which is expressed in a
variety of cells in the myocardium and in the other
organs/tissues; and 2) inhibitory effects on 3-pyridine
radical–related thromboxane A2 synthase, which
allows bare ONO-1301 to be internalized within cells



FIGURE 5 Capillary Density and Area at 24 h After I/R Injury

(A) Pathological angiogenesis at the infarct border. (B) The density of von Willebrand factor–positive capillaries and (C) the capillary area at

the border were significantly greater in the ONO-NP group than in the other 3 groups. *Significantly greater than in the sham, vehicle, and

ONO-solution groups. SMA ¼ smooth muscle actin; vWF ¼ von Willebrand factor; other abbreviations as in Figure 3.
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in the myocardial tissue. We have considered that the
IP receptor–related effect is the dominant mechanism
of ONO-1301NP therapy, but the 3-pyridine radical–
related effect cannot be overlooked. Prostacyclin IP
receptor is up-regulated, in response to myocardial
I/R, in the endothelial cells, vascular smooth muscle
cells, or cardiac fibroblasts. This action causes the
release of cytoprotective factors such as VEGF and
inhibits proinflammatory factors such as IL-1b, tumor
necrosis factor-a, or IL-6 over the 24 h after myocar-
dial I/R.
Intravenously injected ONO-1301NPs selectively
accumulated in the ischemic border area of the
myocardium where microvasculature was impaired
and exhibited enhanced permeability, as assessed by
using MRI and confocal microscopy. As shown in the
present study, NPs tended to remain in circulation,
avoiding a pulmonary trap or renal excretion (17,21)
and, subsequently, effectively accumulated in the
ischemic myocardium, particularly in the infarct
border area; these findings contrasted with the results
obtained when a solution form was administered. This



FIGURE 6 PNML Accumulation and Myocyte Sizes at 24 h After I/R Injury

(A) Pathological angiogenesis and myocyte swelling at the infarct border. (B) Polymorphonuclear leukocyte (PNML) accumulation was

significantly lower and (C) myocyte sizes at the border were significantly smaller in the ONO-NP group than in the other 3 groups.

#Significantly smaller than in the sham, vehicle, and ONO-solution groups. Abbreviations as in Figure 3.
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EPR effect resulted in prominent up-regulation of
proangiogenic cytokines such as VEGF and ANG-1,
which may have contributed to the preservation of
the native vascular and capillary networks, thus pre-
serving regional MBF in this group. Furthermore,
down-regulation of the proinflammatory cytokines IL-
1b, IL-6, and tumor necrosis factor-a in the border area
might have led to the attenuation of myocyte swelling
and the suppression of the endothelial bleb formation,
also contributing to the preservation of MBF. In
addition, the antiplatelet and vasodilatory effects of
the prostacyclin analogue (22–24) could have pre-
vented microvascular obstruction, although further
studies are warranted to prove this hypothesis. Taken
together, these multiple effects of targeted adminis-
tration of ONO-1301 resulted in prominent car-
dioprotective effects in this study.

ADVANTAGE OF ONO-1301NPS OVER OTHER

PROSTACYCLIN ANALOGUES. Other prostacyclin
analogues such as epoprostenol, beraprost,



FIGURE 7 Infarct Size at 24 h After I/R Injury

(A) Representative images of Evans blue and triphenyltetrazolium chloride staining of the heart in the 4 treatment groups. (B) The size of the

area at risk of infarct was significantly smaller in the ONO-NP group than in the other 3 groups, as assessed by triphenyltetrazolium chloride

staining. (C) The level of troponin I in the plasma was significantly lower in the ONO-NP group than in the other 3 groups, as assessed by

enzyme-linked immunosorbent assay. #Significantly smaller than in the sham, vehicle, and ONO-solution groups. AAR ¼ area at risk; other

abbreviations as in Figure 3.
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treprostinil, and iloprost have been reported to
attenuate myocardial I/R injury via vasodilation,
inhibition of platelet aggregation, or anti-
inflammation (25,26). However, clinical applica-
bility of these analogues is limited by adverse ef-
fects or drug tolerance, which is due to their short
half-lives or the drug delivery systems used (26).
It would be more suitable to administer these ana-
logues intravenously immediately after the reper-
fusion, considering the nature of myocardial I/R
injury. ONO-1301NPs have a much longer half-life
(13.2 h in vivo) than that of the other prostacyclin
analogues; therefore, ONO-1301NPs can be injected
once a day, which may lead to the prevention of
drug resistance. In addition, NPs containing car-
dioprotective agents have been shown to effectively
operate in the damaged tissue, with minimal
adverse effects, because of an EPR effect (2,19);
ONO-1301NPs would thus be an ideal prostacyclin
analogue for this pathology.



FIGURE 8 Total and Regional MBF at 24 h After I/R Injury

(A) Myocardial blood flow (MBF), assessed by a [13N]-ammonia myocardial perfusion positron emission tomography (PET) study, was

compared among the 4 treatment groups. (B) Total MBF was significantly greater in the ONO-NP group than in the other 3 groups. (C)MBF in

the infarct and peri-infarct regions, but not in the remote regions, was significantly greater in the ONO-NP group than in the sham group.

*Significantly greater than in the sham, vehicle, and ONO-solution groups. Abbreviations as in Figure 3.
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ADVANTAGE OF ONO-1301NPs OVER ONO-1301

SOLUTION. In the present study, the therapeutic ef-
fects of the ONO-1301 solution were limited, whereas
the same dose of ONO-1301NPs revealed proangio-
genic and anti-inflammatory effects. In the plasma,
the concentration of ONO-1301 was approximately
6-fold higher in the ONO-NP group than in the ONO-
solution group at 24 h, even though no difference
was observed at 8 h after myocardial I/R injury,
demonstrating the superior stealth capability of NPs
compared with that of the solution. Because of this
characteristic, in addition to the EPR effect, the
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ONO-1301 concentration in the border area of the I/R
myocardium was approximately 8-fold higher in the
ONO-NP group than in the ONO-solution group at 24 h
after myocardial I/R injury, efficiently contributing
to pharmacological effects. Injection of ONO-1301NPs
revealed their better histological migration properties
compared with those of the ONO-1301 solution,
leading to a greater pharmacological efficacy in the
reperfused ischemic myocardium. In addition, a pro-
tein corona effect (27,28) might contribute to the
peculiar localization of NPs in the ischemic area; this
topic was not investigated in the present study.
We speculated that some ONO-1301NPs would be
surrounded by a corona in circulation, which may
interact specifically with the targeted cells and trigger
an internalization process, whereas bare ONO-1301
may interact differently.

ANGIOGENIC AND ARTERIOGENIC EFFECTS OF

ONO-1301NP INJECTION. The Vegf and Ang-1
expression increased at 24 h after ONO-1301NP in-
jection, possibly indicating that the myocardium was
still ischemic, thus requiring angiogenesis and arte-
riogenesis. We consider that angiogenesis and arte-
riogenesis are still underway at this time point, when
further development of the vascular network is
needed in the border area. In contrast, in the other 3
groups, which exhibited lower levels of Vegf and Ang-
1 expression, angiogenic and arteriogenic activity in
the myocardium may have ceased by this time point.
Although the expression of hepatocyte growth factor
and stromal cell–derived factor-1 did not differ among
the 4 groups at 24 h after the injection, these factors
might have been elevated early and then normalized
by 24 h in the treatment groups. Because expression
of proangiogenic factors occurs dynamically in
response to an ischemic insult and any angiogenic
treatments, the expression pattern may be variable,
depending on the nature of the ischemic insult and
treatment.

ANTI-INFLAMMATORY EFFECTS OF ONO-1301NP

INJECTION. Prostacyclin is also known as a regu-
lator of inflammation (26). The prostacyclin analogue
iloprost has been reported to attenuate leukocyte
adherence in both post-capillary and collecting in-
testinal venules and to improve the intestinal
microvascular blood flow (29). In the present study,
ONO-1301NP injection attenuated PMNL accumula-
tion in intramyocardial arterioles of the reperfused
myocardium, as assessed by histologic analysis. This
and other anti-inflammatory effects, including a
decrease in proinflammatory cytokines and suppres-
sion of myocardial enzymes, contribute to the
attenuation of myocyte swelling, resulting in the re-
lief of microvascular oppression and an increased
MBF, particularly in the infarct border myocardium,
as confirmed by the [13N]-NH3 PET study. Treatment
by ONO-1301NPs attenuated myocardial I/R injury via
cytoprotective and angiogenic effects, resulting in a
smaller infarct size and better MBF. As a result,
swelling of the cardiac myocytes was less severe in
the ONO-NP group. Smaller cardiomyocyte size is
therefore considered to be due to the indirect effects
of ONO-NP. However, there may be a direct effect of
the ONO-NP on the cardiac myocytes. Although the
fluorescent-NP was not identified inside of the car-
diac myocytes in this work as presented in Figure 3,
the ONO-1301 molecule might be transferred into the
cardiac myocytes, possibly via opsonization, and be
ligated with the nuclear receptor of prostacyclin.

MBF INCREASE, PARTICULARLY IN THE INFARCT

BORDER AREA, BY ONO-1301NP INJECTION. In the
present study, MBF in the infarct area was signifi-
cantly higher after injection of ONO-1301NPs than
after injection of the 3 controls. This finding indicates
a reduced myocardial infarct size and augmented
MBF in the infarct border area but not an increased
amount of viable myocardial tissue, containing
abundant arterioles, in the infarct area. Variation in
the infarct size would affect MBF in the infarct area
because of the narrow border area.

STUDY LIMITATIONS. First, the lack of dose-
dependent analysis may be a limitation of the study.
The rationale to use 3 mg/kg ONO-1301 was based on
preliminary experiments, which showed that 3 mg/kg
was the maximum dose exhibiting linearity in plasma
upon administration of 0.1, 0.3, 1.0, 3.0, and 10 mg/kg
ONO-1301 solution to normal rats (Supplemental
Table 1, Supplemental Figure 3). We therefore
considered that 3 mg/kg was the optimum dose of
ONO-1301. As a next step, further investigation is
needed to explore the optimal dose and safety and to
obtain a maximum benefit with minimum side effects
in a large animal model. A second limitation of this
study may be its relatively short observation period.
Given that the method uses a single injection
after myocardial I/R, 24 h was the optimal point to
investigate the efficacy of ONO-1301NPs. Further
investigation is needed to determine long-term
effects, with the manner of drug administration
adjusted. Third, evaluation of additional ischemic
circulating markers such as the FABP3, which has
been shown to provide faster stress-to-recovery
response, would be necessary to better understand
the mechanism of recovery.

https://doi.org/10.1016/j.jacbts.2018.12.006
https://doi.org/10.1016/j.jacbts.2018.12.006
https://doi.org/10.1016/j.jacbts.2018.12.006


PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: ONO-

1301 is a synthetic prostacyclin IP receptor agonist

with inhibitory activity for thromboxane A2 synthase.

ONO-1301 lacks the typical prostanoid structures,

which contributes to its greater biological and chem-

ical stability. In addition, ONO-1301 has been shown

to be a multi-cytokine inducer, acting as a vasodila-

tory, proangiogenic, anti-inflammatory, and antifi-

brotic drug. Liposome-based biocompatible

nanoparticles containing ONO-1301 may have an

advantage over other existing prostacyclin analogues,

considering the pathological nature of myocardial I/R

injury and long-lasting prostacyclin activity of ONO-

1301NPs, as well as their efficient drug delivery, with

EPR.

TRANSLATIONAL OUTLOOK: Further investiga-

tion is needed to explore the optimal dose and safety

of ONO-1301, with maximum pharmacological bene-

fits and minimum adverse effects, and to establish a

practical regimen for drug administration to achieve

long-term effects.
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CONCLUSIONS

We herein documented that intravenously injected
ONO-1301NPs selectively accumulated in the I/R-
injured myocardium, resulting in the prolonged
retention of ONO-1301 in the targeted myocardial
tissue of rats. Compared with the vehicle- or
ONO-1301 solution–injected rats, the ONO-1301NP–
injected rats showed a smaller infarct size, better-
preserved capillary networks, and, importantly, a
better-preserved MBF in the border area of the
myocardium 24 h after I/R injury. Intravenously
injected ONO-1301NPs selectively accumulated in the
I/R area, protecting the myocardium from injury via
proangiogenic and anti-inflammatory effects. This
new drug may have the potential to bridge the gaps
between basic and clinical research.
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HIGHLIGHTS

� The role of the protease cathepsin A for

the progression of left ventricular remote

remodeling and atrial cardiomyopathy in

ischemic cardiomyopathy is unknown.

� In rats with ventricular ischemia and

reperfusion, cathepsin A is up-regulated

in the left ventricular and atrial tissue

remote from the infarcted area.

� Pharmacological inhibition of cathepsin A

protease activity by SAR significantly

reduces remote ventricular remodeling

and atrial extracellular matrix

remodeling, represented by fibrosis

formation and connexin 43 lateralization.

� Prevention of ventricular remote

remodeling and atrial cardiomyopathy by

SAR increased ventricular viable

myocardium and atrial emptying function

reducing susceptibility to atrial

fibrillation.

� Remote ventricular and atrial

extracellular matrix remodeling may

represent a promising target for

pharmacological atrial fibrillation

upstream therapy following myocardial

infarction.
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SUMMARY
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AF = atrial fibrillation

CatA = cathepsin A

Cx43 = connexin 43

ECM = extracellular matrix

ICM = ischemic cardiomyopathy

I/R = ischemia/reperfusion

LA = left atrial

LAD = left anterior descending

coronary artery
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After myocardial infarction, remote ventricular remodeling and atrial cardiomyopathy progress despite suc-

cessful revascularization. In a rat model of ventricular ischemia/reperfusion, pharmacological inhibition of the

protease activity of cathepsin A initiated at the time point of reperfusion prevented extracellular matrix

remodeling in the atrium and the ventricle remote from the infarcted area. This scenario was associated with

preservation of more viable ventricular myocardium and the prevention of an arrhythmogenic and functional

substrate for atrial fibrillation. Remote ventricular extracellular matrix remodeling and atrial cardiomyopathy

may represent a promising target for pharmacological atrial fibrillation upstream therapy following myocardial

infarction. (J Am Coll Cardiol Basic Trans Science 2019;4:332–44) © 2019 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

left ventricular

magnetic resonance
LV =

MRI =
imaging

mRNA = messenger ribonucleic

acid

PL = permanent left anterior

descending ligation

SAR = (S)-3-{[1-(2-Fluoro-

phenyl)-5-methoxy-1H-

pyrazole-3-carbonyl]-amino}-

3-o-tolyl-propionic-acid
L ong-term outcome after myocardial infarction
is predicted by left ventricular (LV) dysfunc-
tion due to ischemic cardiomyopathy (ICM),

which develops in w40% of post-myocardial infarct
patients (1). Current clinical practice is focused on
maximizing myocardial salvage by coronary revascu-
larization (2). However, LV remodeling due to struc-
tural and functional changes in the extracellular
matrix (ECM) often progresses even following suc-
cessful revascularization and is the most common
reason for heart failure after myocardial infarction
(3,4). Progressive ECM remodeling is characterized
by scar formation and thinning of the infarcted ven-
tricular wall as well as by maladaptive ECM alter-
ations in the remote noninfarcted ventricular
myocardium, which ultimately impairs LV function.
The presence and amount of viable ventricular
myocardium have been shown to determine the pro-
gression or potential regression of the ongoing LV
remodeling process (5–9).

Importantly, ICM is not just associated with remote
remodeling in the ventricle, but it may also contribute
to the development of a progressive atrial
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impaired atrial emptying function and
increased risk of atrial fibrillation (AF) (11–
13). It remains unclear whether atrial cardio-
myopathy in ICM is solely a consequence of
LV systolic dysfunction or whether it may
represent the atrial manifestation of the car-
diac structural remodeling process remote

from the ventricular infarct region, which correlates
clinically with the presence and amount of viable
remote LV myocardium (5–8).

Cardiac ECM remodeling is characterized by
changes in collagen composition, which contributes to
interstitial fibrosis formation and impaired electrical
and functional properties of the myocardium (14–16).
The balance between ECM synthesis and degradation
is of crucial relevance in maintaining cardiac struc-
tural integrity and is regulated by proteolysis as a key
mechanism to control ECM function and turnover
(16,17). A set of proteolytic enzymes, including ca-
thepsins, degrade ECM components and target a broad
range of intracellular and extracellular proteins.
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have been shown to play a pathophysiological role in
myocardial infarction, congestive heart failure, and
diabetes (17). The serine protease cathepsin A (CatA) is
a multifunctional protein (18–20). Inside the lyso-
some, CatA exerts its catalytic function as a carboxy-
peptidase and protects beta-galactosidase and
neuraminidase-1 from intralysosomal proteolysis by
the formation of a lysosomal multienzyme complex
(19). In addition, CatA is localized on the cell surface
and is secreted into the extracellular space, where its
proteolytic function has been suggested to be
involved in ECM formation as well as degradation of
different extracellular regulatory peptides (18–20).
Recently, we showed that pharmacological inhibition
of CatA activity prevented atrial fibrosis formation and
reduces susceptibility to AF without significant effects
on LV systolic function in an animal model of type 2
diabetes, suggesting a crucial role for CatA in ECM
remodeling (21).
SEE PAGE 345
The cardiac regulation of CatA in ICM, its effect on
viable LV myocardium after revascularization, and its
role in the progression of ventricular and atrial car-
diomyopathy as manifestations of remote remodeling
remain unknown. Using a rat model for ICM induced
by ventricular ischemia/reperfusion (I/R), we inves-
tigated the regulation of LV and left atrial (LA) CatA
expression and the effect of pharmacological CatA
inhibition on the induction of ICM and cardiac
remodeling within and remote from the infarct area,
including atrial cardiomyopathy. We compared the
effect of pharmacological inhibition of CatA activity
versus the effect of the angiotensin-converting
enzyme inhibitor ramipril as an established drug for
prevention of cardiac remodeling.

METHODS

For a more detailed description of all methods used
see the Supplemental Methods.

HUMAN TISSUE. Human failing myocardium was ob-
tained from patients with end-stage ICM who were
scheduled for heart transplantation (n ¼ 8). Eight
donor hearts of patients with no signs of heart disease
that could not be used for transplantation due to
ABO-mismatch were used as nonfailing controls (n ¼
8). Information about clinical parameters and medi-
cation were not available. This investigation was
reviewed by the regional ethics committee and con-
forms to the principles outlined in the Declaration of
Helsinki.

ANIMAL MODELS. All animal studies were performed
in accordance with the German law for the protection
of animals. The investigation conforms to the guide
for the Care and Use of Laboratory Animals published
by the U.S. National Institutes of Health (eighth edi-
tion; revised 2011). All procedures were in accordance
with current Sanofi-Aventis Laboratory Animal Sci-
ence and Welfare guidelines. The study was approved
by the regional animal ethics commission in Darm-
stadt, Germany. Ninety male Wistar rats (12 weeks
old) were purchased from Harlan Winkelmann GmbH
(Borchen, Germany), housed 3 per cage under stan-
dardized conditions (room temperature 24�C, relative
humidity 55%, 12 h dark/light cycle) with free access
to a standardized diet (#1320, Altromin, Lage, Ger-
many) and tap drinking water.

PERMANENT LIGATION OF LEFT ANTERIOR

DESCENDING CORONARY ARTERY IN RATS. Thirty
male Wistar rats were anesthetized with 5% iso-
flurane in 95% oxygen followed by a deep anesthesia
via intraperitoneal injection of ketamine hydrochlo-
ride (80 mg/kg body weight) and xylazine hydro-
chloride (6 mg/kg body weight). In 20 rats, the left
anterior descending (LAD) coronary artery was
permanently ligated; 10 sham-operated rats served as
controls. Post-operative pain management was per-
formed by using carprofen (5 mg/kg subcutaneously).
After 8 weeks, rats were anesthetized (as discussed
earlier), and the hearts were quickly removed. Addi-
tional details are provided in the Supplemental
Methods.

Ventricular I/R was performed as previously
described (22,23). Briefly, 60 male Wistar rats were
anesthetized with 5% isoflurane in 95% oxygen fol-
lowed by a deep anesthesia via intraperitoneal in-
jection of ketamine hydrochloride (80 mg/kg body
weight) and xylazine hydrochloride (6 mg/kg body
weight). In 51 rats, myocardial ischemia was induced
by temporary occlusion of the left coronary artery for
30 min followed by reperfusion upon release of the
ligation. Nine rats underwent sham operation. Eight
I/R-rats died during the 24-h post-operative period.
The day after surgery, animals were randomized into
4 groups: sham-operated rats (I/R-Sham, n ¼ 9), I/R-
rats given placebo (I/R-Placebo, n ¼ 15), ramipril-
treated I/R-rats (I/R-Ramipril, n ¼ 14), and CatA
inhibitor [(S)-3-{[1-(2-Fluoro-phenyl)-5-methoxy-1H-
pyrazole-3-carbonyl]-amino}-3-o-tolyl-propionic-acid
(SAR)]-treated I/R-rats (I/R-SAR, n ¼ 14). SAR, a new
orally active CatA inhibitor, was administered daily
via oral gavage (30 mg/kg per day) (22), and ramipril
(1 mg/kg per day) (23) was administered in chow in
accordance with the literature.

After 9 weeks of treatment, rats were anesthetized
for magnetic resonance imaging (MRI) of the heart

https://doi.org/10.1016/j.jacbts.2019.01.008
https://doi.org/10.1016/j.jacbts.2019.01.008
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with 1.5% to 2.5% isoflurane in an oxygen/nitrous
oxide mixture (30%/70%) to determine LA emptying
function at rest and global and regional LV function
under basal and dobutamine stress conditions as
previously described (21).

After 10 weeks of treatment, electrophysiological
measurements were performed during general anes-
thesia by intraperitoneal injection of pentobarbital
(100 mg/kg). Atrial electrophysiological measure-
ments were performed in open-chest experiments to
assess local conduction disturbances and suscepti-
bility to AF by direct contact epicardial mapping (21).
One I/R-Sham, four I/R-Placebo, and one I/R-SAR rat
died during the open-chest experiments. Hearts were
removed and quickly preserved for biochemical and
histological analyses.

Additional details are provided in the
Supplemental Methods.

BIOCHEMICAL AND HISTOLOGICAL ANALYSES. To
visualize LA tissue fibrosis, cardiomyocyte diameter,
and connexin 43 (Cx43), tissue preparation was per-
formed as previously described (21), and 5-mm sec-
tions were either stained with Picro-Sirius Red
(#13422.00500, Morphisto, Frankfurt am Main, Ger-
many), hematoxylin and eosin (#2C-163, Waldeck,
Münster, Germany), or anti-Cx43 (#MAB3068, Merck
Millipore, Darmstadt, Germany). NIS-Elements BR 3.2
software (Nikon Instruments, Melville, New York)
was used for the analysis. Gene expression analysis
from human left ventricle, rat left ventricle, and rat
LA tissue was performed by using TaqMan polymer-
ase chain reaction. Western blot technique was used
to determine protein expression. Additional details
are provided in the Supplemental Methods.

STATISTICAL ANALYSIS. All data are expressed as
mean � SEM. An unpaired Student’s t-test (2-tailed)
was used for statistical analysis comparing 2 groups.
For assessment of statistical significance between 4
groups, one-way analysis of variance followed by
Tukey’s multiple comparison test was applied. Sta-
tistical analysis was conducted by using Prism version
6.01 software (GraphPad Software, La Jolla, Califor-
nia). The p values that reached a value <0.0001 were
reported as p < 0.0001. Additional details are pro-
vided in the Supplemental Methods.

RESULTS

EXPRESSION PATTERN OF CatA IN HUMAN ICM, IN

RATS WITH PERMANENT LAD LIGATION, AND IN

RATS WITH VENTRICULAR I/R. Human ICM. In LV
samples of patients with heart failure and end-stage
ICM, CatA gene and protein expression was
enhanced compared with healthy nonfailing LV tissue
(p ¼ 0.0271 for messenger ribonucleic acid [mRNA]
and p ¼ 0.0333 for protein level) (Figures 1A and 1B).
LV CatA up-regulation in ICM was associated with
increased gene transcription of the heart failure
marker atrial natriuretic peptide (p ¼ 0.0296).

Rats wi th permanent LAD l igat ion . In a rat model
with permanent LAD ligation (PL-rats), CatA protein
abundance was significantly increased within the
infarct area at 2 weeks (1.9-fold increase compared
with sham control; p ¼ 0.0009) and dropped back to
control levels at 8 weeks. In contrast, CatA mRNA
levels in the remote ventricular myocardium and in
the LA myocardium were unchanged after 2 weeks
but showed a significant increase at 8 weeks after PL
(1.5-fold increase in left ventricle; p ¼ 0.0342) and 1.8-
fold increase in left atrium (compared with sham
control; p ¼ 0.0086), indicating a differential tem-
poral and spatial pattern of CatA expression during PL
(Supplemental Figure S1).

Rats with ventr i cu la r I /R . Given the late increase in
CatA expression in the remote LV and LA myocardium
at 8 weeks in PL-rats, we investigated the regulation of
CatA expression in LV and LAmyocardium in rats with
30 min of LAD ligation followed by 10 weeks of
reperfusion (I/R); this animal model mimics the clin-
ical situation of early revascularization after myocar-
dial infarction and is suitable for investigating cardiac
remote remodeling during ICM. In I/R-Placebo rats,
mRNA levels of CatA were significantly increased in
the remote left ventricle (1.7-fold; p ¼ 0.0072)
(Figure 1C) and left atrium (2.9-fold; p ¼ 0.0042)
(Figure 1D) compared with I/R-Sham rats; this finding
was associated with increased gene transcription of
atrial natriuretic peptide (vs. I/R-Sham, p ¼ 0.0008).

LV STRUCTURE AND FUNCTION IN RATS WITH

VENTRICULAR I/R. I/R-Placebo rats exhibited an
increased heart-weight-to-body-weight ratio
compared with I/R-Sham rats (0.29 � 0.02 g/100 mg
body weight vs. 0.24 � 0.01 g/100 mg body weight;
p ¼ 0.0360). Treatment of I/R-rats with the CatA in-
hibitor SAR or ramipril did not significantly reduce
the heart-weight-to-body-weight ratio (I/R-SAR 0.26
� 0.01 g/100 mg body weight vs. I/R-Ramipril 0.27 �
0.01 g/100 mg body weight) but reduced plasma brain
natriuretic peptide levels (I/R-SAR 81 � 4 pg/ml vs.
I/R-Placebo 172 � 31 pg/ml [p ¼ 0.0030]; I/R-Ramipril
105 � 9 pg/ml vs. I/R-Placebo, p ¼ 0.0455).

Infarct size, determined at the midventricular level,
was comparable between I/R-Placebo rats (15.1 � 1.6%
fibrotic wall surface/total wall surface), I/R-SAR (14.4 �
1.9% fibrotic wall surface/total wall surface), and I/R-
Ramipril (15.6 � 1.5% fibrotic wall surface/total wall
surface) rats (Supplemental Figure S2).

https://doi.org/10.1016/j.jacbts.2019.01.008
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FIGURE 1 Differential Expression Pattern of CatA in Human ICM and in Rats With Permanent Ligation and in Rats With Ventricular I/R

(A and B) Human ischemic cardiomyopathy (ICM). (A) Messenger ribonucleic acid (mRNA) expression of cathepsin A (CatA) and atrial natriuretic peptide (ANP) in left

ventricular tissue from healthy nonfailing donor hearts (Ctr, n¼ 8) and from patients with end-stage ICM (n¼ 8). (B) Representative Western blot and quantification of

CatA protein levels in the left ventricle of Ctr and ICM patients (n¼ 8 per group). (C and D) Rats with 30 min of ventricular ischemia followed by 10 weeks of reperfusion

(ischemia/reperfusion [I/R]). (C) CatA and ANP mRNA content in the left ventricle (I/R-Sham, n ¼ 9-8; I/R-Placebo, n ¼ 14-13). (D) Left atrial tissue 10 weeks after I/R

in sham-operated rats (I/R-Sham, n ¼ 9) and rats receiving placebo (I/R-Placebo; n ¼ 15-9). Values are mean � SEM. GAPDH ¼ glyceraldehyde 3-phosphate de-

hydrogenase; IOD ¼ integrated optical density.
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Global LV funct ion . I/R-Placebo rats developed a
significant impairment in LV function, indicated by a
reduced ejection fraction and increased end-diastolic
and end-systolic volume at rest. EF reduction was
prevented by SAR but not by ramipril (Table 1). LV
systolic function and cardiac output in I/R-Placebo
rats did not improve during dobutamine perfusion.
During dobutamine stress testing, I/R-SAR, but not
I/R-Ramipril, rats exhibited higher ejection fraction
and cardiac output. However, ramipril, but not SAR,
significantly reduced LV end-systolic and end-
diastolic mass compared with findings in I/R-
Placebo rats at rest and during dobutamine stress
testing.
Regiona l LV funct ion . In I/R-Placebo rats, MRI
analysis of slices selected from the midventricular
level of each heart revealed impaired wall motion and
nearly akinesia in the infarcted area, which did not
improve significantly during dobutamine stress
testing, indicative of dysfunctional nonviable
myocardium (Figures 2A and 2B, lateral and anterior,
infarct area). Wall motion of the noninfarcted remote
area was reduced at rest but still responsive to
dobutamine (Figures 2A and 2B, septal and posterior,
remote area), indicating dysfunctional but viable re-
sidual remote ventricular myocardium. Ramipril
preserved better wall motion in the lateral infarcted
area under basal conditions, but both ramipril and
SAR improved dobutamine response in this area (I/R-
Ramipril rats vs. I/R-Placebo rats; p ¼ 0.0331; I/R-SAR
rats vs. I/R-Placebo rats; p ¼ 0.0289) (Figure 2B, under
dobutamine). However, SAR, but not ramipril, was
able to preserve better wall motion in the non-
infarcted remote area at rest, which significantly
further improved during dobutamine stress testing,
suggesting more viable remote myocardium (under
dobutamine: I/R-SAR vs. Ramipril; p ¼ 0.0380; I/R-
SAR vs. placebo; p ¼ 0.0203).



TABLE 1 Global Left Ventricular Function Determined by Using Magnetic Resonance Imaging in Rats

Left Ventricle at Rest Left Ventricle Under Dobutamine Stress

I/R-Sham
(n ¼ 9)

I/R-Placebo
(n ¼ 15)

I/R-Ramipril
(n ¼ 14)

I/R-SAR
(n ¼ 14)

I/R-Sham
(n ¼ 9)

I/R-Placebo
(n ¼ 15)

I/R-Ramipril
(n ¼ 14)

I/R-SAR
(n ¼ 14)

EF, % 59.4 � 1.6 39.2 � 2.1* 43.5 � 3.2† 49.1 � 3.0‡ 73.8 � 2.6 43.6 � 3.1* 51.8 � 4.8† 58.5 � 4.0‡

CO, ml/min 126.6 � 5.2 121.0 � 3.4 111.2 � 4.6§ 129.8 � 3.5 159.5 � 7.2 133.6 � 6.3k 132.2 � 6.6k¶ 158.3 � 3.6‡

SV, ml 327.7 � 17.9 325.3 � 8.6 296.7 � 10.3 333.5 � 7.9 372.2 � 18.0 330.2 � 12.4 312.8 � 13.1k¶ 370.0 � 10.0

EDV, ml 0.55 � 0.03 0.86 � 0.05† 0.73 � 0.06 0.70 � 0.03 0.50 � 0.02 0.80 � 0.05† 0.67 � 0.06 0.66 � 0.04

ESV, ml 0.22 � 0.01 0.53 � 0.05# 0.43 � 0.06k 0.37 � 0.04 0.13 � 0.01 0.47 � 0.05† 0.36 � 0.07 0.29 � 0.04

LVED mass, mg 487.1 � 13.9 534.3 � 17.7 451.1 � 16.2** 503.6 � 13.4 499.2 � 8.8 528.3 � 21.0 432.8 � 17.5††¶ 506.1 � 13.9

LVES mass, mg 612.9 � 14.7 646.9 � 21.5 534.4 � 20.4k††§ 622.3 � 14.7 639.9 � 12.7 642.2 � 23.9 534.1 � 25.4k††§ 646.5 � 19.1

Heart rate, beats/min 389 � 8 373 � 7 375 � 9 389 � 3 427 � 7 402 � 8 421 � 7 429 � 5

Values are mean � SEM. One-way analysis of variance followed by Tukey’s multiple comparisons test was used. *p > 0.0001 vs. ischemia/reperfusion (I/R)-Sham. †p < 0.01 vs. I/R-Sham. ‡p < 0.05
vs. I/R-Placebo. §p < 0.01 vs. I/R–(S)-3-{[1-(2-Fluoro-phenyl)-5-methoxy-1H-pyrazole-3-carbonyl]-amino}-3-o-tolyl-propionic-acid (SAR). kp < 0.05 vs. I/R-Sham. ¶p < 0.05 vs. I/R-SAR. #p < 0.001 vs.
I/R-Sham. **p < 0.01 vs. I/R-Placebo. ††p < 0.001 vs. I/R-Placebo.

CO ¼ cardiac output; EDV ¼ end-diastolic volume; EF ¼ ejection fraction; ESV ¼ end-systolic volume; LVED ¼ left ventricular end-diastolic; LVES ¼ left ventricular end-systolic; SV ¼ stroke volume.
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I/R-Placebo rats displayed a dramatic thinning of
the infarcted myocardial wall (anterolateral) in the
infarct area and a moderate thinning in the non-
infarcted myocardial wall (posteroseptal) in the
FIGURE 2 Regional Left Ventricular Function

Using magnetic resonance imaging, 16 short-axis cine imaging slices of i

with ramipril (n ¼ 14) or (S)-3-{[1-(2-Fluoro-phenyl)-5-methoxy-1H-pyra

divided into 97 cords. (A) Every cord was analyzed for left ventricular w

systolic wall thickness (SWTS) for every cord (C) at rest and (D) during

I/R-Placebo. §I/R-Ramipril vs. I/R-Placebo.
remote area, determined by MRI-derived systolic wall
thickness at rest and during dobutamine stress
testing (Figures 2C and 2D). Thinning of the infarcted
myocardial wall was partially prevented by ramipril
schemia/reperfusion (I/R)-Sham (n ¼ 9), I/R-rats given placebo (n ¼ 15), and I/R-rats treated

zole-3-carbonyl]-amino}-3-o-tolyl-propionic-acid (SAR; n ¼ 14) were performed; slices were

all motion (WM) at rest and (B) during dobutamine stress testing. Analysis of left ventricular

dobutamine stress testing. Values are mean � SEM. #I/R-SAR vs. I/R-Ramipril. jI/R-SAR vs.



TABLE 2 Atrial Emptying Function Determined by Using Magnetic Resonance Imaging

in Rats

I/R-Sham
(n ¼ 9)

I/R-Placebo
(n ¼ 15)

I/R-Ramipril
(n ¼ 14)

I/R-SAR
(n ¼ 14)

LA diameter, cm 0.47 � 0.01* 0.57 � 0.02 0.52 � 0.02* 0.54 � 0.01

LA volume, maximum, ml 0.34 � 0.04 0.48 � 0.04 0.42 � 0.03 0.41 � 0.03

LA fractional shortening, % 20 � 2† 16 � 1 18 � 2 22 � 1†

Total percent emptying 50 � 2† 37 � 3 46 � 3† 47 � 2†

Active percent emptying 37 � 4† 26 � 3 33 � 3† 34 � 2†

Passive percent emptying 35 � 6 24 � 3 27 � 1 28 � 3

Values are mean � SEM. *p < 0.05. †p < 0.01 vs. I/R-Placebo.

LA ¼ left atrial; other abbreviations as in Table 1.

FIGURE 3 Atrial E

(A) Atrial fibrillation

Sham (n ¼ 8), I/R-ra

or SAR (n ¼ 13). (B)

n ¼ 7; I/R-Placebo, n

refractory period (AE

150 ms). Values are
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and SAR, whereas treatment with SAR proved to be
more effective in preventing thinning of the non-
infarcted myocardial wall in the remote area
compared with ramipril.

Histological Picro-Sirius Red staining of the left
ventricle confirmed thinning of the infarcted wall in I/
R-Placebo rats (I/R-Sham 2.28 � 0.11 mm vs. I/R-
Placebo 1.78 � 0.17 mm; p ¼ 0.1348) (Supplemental
Figures S3A and S3B). LV wall thinning was signifi-
cantly attenuated in hearts from I/R-SAR rats (2.33 �
lectrophysiological Measurements in I/R-Rats

(AF) inducibility and duration induced by burst-stimulation in I/R-

ts given placebo (n ¼ 11), and I/R-rats treated with ramipril (n ¼ 14)

Areas of slow conduction. (C) Total atrial activation time (I/R-Sham,

¼ 9; I/R-Ramipril, n ¼ 9; I/R-SAR, n ¼ 9). (D) Left atrial effective

RP) at a stimulation frequency of 400/min (basic cycle lengths:

mean � SEM. Abbreviations as in Figures 1 and 2.
0.13 mm) compared with I/R-Placebo rats (p ¼ 0.0407)
and considerably improved by ramipril (2.15 � 0.15
mm vs. I/R-Placebo; p ¼ 0.2604). LV septal wall
thickness was unchanged in all groups (Supplemental
Figure S3C). LV fibrosis formation was significantly
increased upon I/R in rats receiving placebo (I/R-
Sham 2.59 � 0.46% vs. I/R-Placebo 23.62 � 2.83%; p <

0.0001) and was not prevented by treatment with
either ramipril (I/R-Ramipril 16.41 � 3.34% vs. I/R-
Sham; p ¼ 0.0092; I/R-Ramipril vs. I/R-Placebo; p ¼
0.2195) or SAR (I/R-SAR 18.19 � 2.29% vs. I/R-Sham;
p ¼ 0.0027; vs. I/R-Placebo; p ¼ 0.4613)
(Supplemental Figure S3D).
ATRIAL EMPTYING FUNCTION. In I/R-Placebo rats,
LA diameter was significantly increased and LA frac-
tional shortening was reduced compared with I/R-
Sham rats (Table 2). LA emptying function as
assessed by total percent emptying and active percent
emptying was diminished in I/R-Placebo rats. Phar-
macological inhibition of CatA activity by SAR did not
affect LA dimensions in I/R-rats, and LA fractional
shortening was significantly higher compared with
I/R-Placebo rats. SAR preserved the LA emptying
function in I/R-rats. Ramipril treatment reduced LA
diameter in I/R-rats, but similar dimensions in I/R-
Sham rats were not achieved. In I/R-Ramipril rats, LA
fractional shortening and total percent emptying were
only mildly depressed compared with I/R-Sham rats.
ATRIAL ELECTROPHYSIOLOGY. AF could be
induced in 6 of 8 sham-operated rats and in all I/R-
Placebo (11 of 11) rats by atrial burst stimulation
(Figure 3A). Inducible AF duration was markedly
increased in I/R-Placebo rats compared with I/R-
Sham rats (I/R-Placebo 45.9 � 19.1 s vs. I/R-Sham
1.4 � 0.4 s; p ¼ 0.0196). The percentage of areas of
slow conduction during rapid pacing was signifi-
cantly increased in I/R-Placebo rats compared with
I/R-Sham rats (p < 0.0001) (Figure 3B). Total atrial
activation time was significantly longer in I/R-
Placebo rats compared with I/R-Sham rats (I/R-Pla-
cebo 15.2 � 0.5 ms vs. I/R-Sham 11.5 � 0.5 ms; p ¼
0.0006) (Figure 3C). The atrial effective refractory
period did not differ between the groups (Figure 3D).
In I/R-rats, SAR and ramipril reduced AF inducibility
(I/R-SAR: 10 of 13; I/R-Ramipril: 11 of 14) and
inducible AF duration (I/R-SAR: 3.7 � 1.6 s;
p ¼ 0.0108; I/R-Ramipril: 3.8 � 1.8 s; p ¼ 0.0092)
compared with I/R-Placebo rats. SAR and ramipril
attenuated changes in total atrial activation time
(I/R-SAR 12.9 � 0.34 ms; p ¼ 0.0302 vs. I/R-Placebo;
I/R-Ramipril 11.9 � 0.6 ms; p ¼ 0.0012 vs. I/R-
Placebo). Both ramipril and SAR in particular
significantly reduced the percentage of areas of slow
conduction.

https://doi.org/10.1016/j.jacbts.2019.01.008
https://doi.org/10.1016/j.jacbts.2019.01.008
https://doi.org/10.1016/j.jacbts.2019.01.008
https://doi.org/10.1016/j.jacbts.2019.01.008
https://doi.org/10.1016/j.jacbts.2019.01.008


FIGURE 4 Atrial Extracellular Matrix Remodeling

Representative histological images of (A) conventional total collagen (red fibers) and (B) polarized light microscopy (collagen type I [red-yellow fibers] and collagen

type III [green fibers]) of Picro-Sirius Red–stained left atrial preparations in I/R-Sham (n ¼ 9), I/R-rats given placebo (n ¼ 13), and I/R-rats treated with ramipril (n ¼ 12)

or SAR (n ¼ 11). (C) Quantification of left atrial (LA) fibrosis amount. (D) Collagen type I/type III ratio and (E) mRNA expression of collagen 1a (Col1a1), Col1a2, Col3a1,

and Col4a1 normalized to expression of GAPDH in I/R-Sham (n ¼ 9-7), I/R-Placebo (n ¼ 14), I/R-Ramipril (n ¼ 11-10), and I/R-SAR (n ¼ 14-12). Values are mean � SEM.

Abbreviations as in Figures 1 and 2.
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LA-ECM REMODELING. LA fibros is . In Picro-Sirius
Red–stained LA sections, the degree of atrial total
collagen content was highly increased in I/R-Placebo
rats compared with I/R-Sham rats (Figures 4A to 4D).
Increased fibrosis formation in I/R-Placebo rats
was associated with significantly enhanced mRNA
expression of collagens 1a1, 1a2, and 3a1 and a distinct
increase in collagen 4a1. Inhibition of CatA by SAR
treatment significantly prevented accumulation of
tissue fibrosis and significantly dampened collagen
1a1 mRNA expression (vs. I/R-Placebo; p ¼ 0.0334). In
contrast, ramipril did not significantly affect fibrosis
formation or collagen mRNA levels (Figures 4C
and 4E). Polarized light microscopy of Picro-Sirius
Red–stained LA sections (Figure 4B) revealed an
increase in the ratio of collagen type I (red-yellow
fibers) to collagen type III (green fibers) in I/R-Placebo
rats (vs. I/R-Sham; p ¼ 0.0023). The collagen type I/
type III ratio was normalized by both ramipril (vs. I/R-
Placebo; p ¼ 0.0034) and even more pronounced by
SAR (vs. I/R-Placebo; p < 0.0001) (Figure 4D).
LA hypertrophy. LA weight-to-body-weight ratio
and LA myocyte diameter are shown in Figures 5A to
5C. The LA weight-to-body-weight-ratio was signifi-
cantly enhanced in I/R-rats given placebo (Figure 5B).
Although ramipril had only a slight effect, SAR
significantly lowered the LA weight-to-body-weight-
ratio to the I/R-Sham level. Myocyte diameters were
unchanged with placebo, SAR, and ramipril
(Figure 5C). The LA mRNA level of hypertrophy



FIGURE 5 Atrial Hypertrophy

Representative histological images of (A) hematoxylin and eosin–stained LA tissue preparations in I/R-Sham rats, I/R-rats given placebo, and I/

R-rats treated with ramipril or SAR. (B) Ratio of LA weight per 100 g body weight of I/R-Sham (n ¼ 9), I/R-Placebo (n ¼ 12), I/R-Ramipril (n ¼
12), and I/R-SAR (n ¼ 13) rats. (C) Quantification of LA myocyte diameter and (D) brain natriuretic peptide (BNP) mRNA level in the left atrium

in I/R-Sham (n ¼ 9), I/R-rats given placebo (n ¼ 11-12) and I/R-rats treated with ramipril (n ¼ 11-12) or SAR (n ¼ 11-14). Values are mean �
SEM. Abbreviations as in Figures 1, 2, and 4.
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marker brain natriuretic peptide was significantly
increased in I/R-Placebo rats (Figure 5D) and signifi-
cantly lowered only by ramipril but not by SAR. In
I/R-rats, neither treatment with SAR nor ramipril
blunted the increased LA CatA gene expression (I/R-
SAR 2.25 � 0.43 relative gene expression/glyceralde-
hyde 3-phosphate dehydrogenase vs. I/R-Sham;
p ¼ 0.0427; I/R-Ramipril 4.33 � 1.58 relative gene
expression/glyceraldehyde 3-phosphate dehydroge-
nase vs. I/R-Sham; p ¼ 0.0438).
LA spat ia l d i st r ibut ion of Cx43 . In I/R-Sham rats,
we found the typical intracellular distribution of Cx43,
with a clear accentuation of Cx43 at the cell poles, and
only sparse localization of Cx43 at the lateral sides of
the cells (Figure 6). In I/R-Placebo rats, there was a
significantly enhanced lateral and polar Cx43 immu-
nostaining. Lateralization of Cx43 was significantly
prevented by SAR (vs. I/R-Placebo; p ¼ 0.0004),
whereas polar Cx43 expression remained enhanced
compared with control (vs. I/R-Sham; p ¼ 0.0039).
Ramipril did not significantly prevent Cx43
lateralization (vs. I/R-Sham; p ¼ 0.0018), and polar
Cx43 localization remained unchanged compared
with I/R-Sham rats (p ¼ 0.0697).

DISCUSSION

CatA expression is significantly increased in human
failing ICM ventricular myocardium and in ventricu-
lar and atrial myocardium from rats with experi-
mental ICM induced by permanent LAD ligation or
ventricular I/R in rats. Herein, increased ventricular
and atrial expression of CatA was accompanied by LV
global systolic dysfunction and the development of
remote atrial cardiomyopathy characterized by atrial
ECM remodeling, impaired LA emptying function,
conduction disturbances, and longer inducible AF
duration. Pharmacological inhibition of CatA initiated
at the time point of ventricular reperfusion did not
significantly improve LV global systolic function at
rest but preserved more viable LV myocardium and
prevented the progression of atrial cardiomyopathy.



FIGURE 6 Atrial Cx43 Distribution

(A) Representative immunohistochemical staining for connexin 43 (Cx43) in left atrial

tissue preparations in I/R-Sham (n ¼ 6), I/R-rats given placebo (n ¼ 7), and I/R-rats

treated with ramipril (n ¼ 7) or SAR (n ¼ 7). (B) Quantification of Cx43-positively stained

lateral and (C) polar cardiomyocyte membrane. Values are mean � SEM. Other abbre-

viations as in Figure 1.
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VENTRICULAR REMOTE REMODELING AND ATRIAL

ARRHYTHMOGENIC SUBSTRATE IN I/R-RATS. Ven-
tricular and atrial remodeling in rats with permanent
LAD ligation has been previously described (12,13). To
the best of our knowledge, the present analysis is the
first detailed characterization of the development of
ICM-induced ECM remodeling and arrhythmogenic
and functional atrial cardiomyopathy in a heart fail-
ure rat model with ventricular I/R (22,23). Thirty
minutes of myocardial ischemia induced by LAD
ligation followed by 10 weeks of reperfusion led to
global LV systolic dysfunction and impaired LV wall
motion, with dysfunctional and nonviable myocar-
dium in the infarct area and dysfunctional but
partially viable myocardium in the LV remote non-
infarcted myocardium. LV and LA CatA expression
remote from the infarct area was increased at 10
weeks. This scenario was associated with the devel-
opment of an atrial cardiomyopathy characterized by
impaired atrial emptying function and increased AF
susceptibility. The documented structural atrial
changes, together with the disorganization of Cx43,
resulted in the disruption of side-to-side electrical
connections between muscle bundles, thereby
contributing to the conduction abnormalities and
increased susceptibility to AF observed in I/R-rats
(24,25). Epicardial mapping of these structurally
remodeled atria revealed longer total atrial activation
times, larger areas of slower local atrial conduction,
and an unchanged atrial effective refractory period.
Overall, I/R-rats display characteristics consistent
with changes observed in patients with ICM and
various animal models for ICM-associated AF (26–29).

ROLE OF CatA FOR VENTRICULAR REMOTE

REMODELING AND ATRIAL CARDIOMYOPATHY. In
our rat model for ICM, pharmacological inhibition of
CatA activity did not significantly improve LV global
systolic function at rest; however, it did prevent wall
thinning and preserve more viable myocardium in the
LV infarct area and the LV noninfarcted remote
myocardium without reducing LV fibrosis. In each of
these parameters, SAR was more efficacious than
ramipril.

We showed that this antiremodeling effect
occurred not only in the ventricular infarct area and
noninfarcted remote myocardium but also in the
atrium. Inhibition of CatA activity hampered LA
fibrosis formation and reduced gene expression of
fibrillary collagen types I and III, which are known to
be dysregulated in cardiac disease (14,30,31). In the
heart, the predominant fibrillary collagens are the
rigid type I (80%) and the elastic type III (11%),
providing structure and elasticity to the ECM (14,31).
The extent of this remodeling process is controlled by
the balance between ECM synthesis and degradation,
which is tightly regulated by proteolytic enzymes
(e.g., cathepsins) as a key mechanism to control ECM
function and turnover (16,17). Increased fibrosis for-
mation directly influences architecture of the inter-
stitial matrix, cell-to-cell coupling, cardiomyocyte
excitability, and Cx43 distribution, impairing proper
electrical conduction of the myocardium (15,32). In
our rat model, I/R-Placebo rats exhibited increased
atrial fibrosis formation and a higher collagen type I
to type III ratio, providing the substrate for stiffer,
less compliant atria. Attenuation of increased atrial
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fibrosis formation and normalization of the collagen
type I to type III ratio by pharmacological CatA inhi-
bition was associated with less lateralization of Cx43,
preserving physiological coupling between the atrial
bundles network and contributing to preserved atrial
function and reduced AF susceptibility by fewer
conduction disturbances. Importantly, the effect of
SAR-mediated CatA inhibition on the development of
atrial cardiomyopathy and atrial fibrosis in I/R-rats
was more pronounced compared with ramipril, and
it occurred independent of significant improvements
in LV global systolic function or total LV fibrosis,
suggesting prevention of atrial ECM remodeling
beyond a simple consequence of improved LV
function.

These findings support the concept that remote
remodeling in ICM is not restricted to the non-
infarcted ventricular myocardium (3–6) but also
manifests in the atrium and is critically mediated by
ECM proteinases such as CatA. This theory is in line
with our previous studies, showing that
cardiomyocyte-specific overexpression of CatA in
mice mediated AF susceptibility and initiates the
development of structural remodeling in the atrium,
even in the absence of ventricular dysfunction of
other stressors (21). A previous proteomic analysis
performed in mice with permanent LAD ligation
found that pharmacological inhibition of CatA activ-
ity partially restored the infarction-induced alter-
ations of proteins associated with ECM remodeling
(33). Our study extended these findings by showing
the cardiac functional and structural changes of CatA
inhibition in rats with I/R. These changes translate
the biochemical beneficial effects of CatA inhibition
into a common clinical scenario of early reperfusion
following myocardial infarction by using clinically
relevant functional imaging techniques and in vivo
electrophysiological measures of LV and LA function.

SAR exhibits high cell permeability (20). Pharma-
cological inhibition of CatA by SAR may therefore
display its beneficial effects by inhibition of both
intracellular and extracellular CatA. Due to the design
of this in vivo study, which mainly focused on the
effect of SAR on clinically relevant measures of ven-
tricular and atrial remodeling and function, the
mechanism by which SAR prevented cardiac remod-
eling could not be identified. Further biochemical
studies are warranted to identify potential intracel-
lular and extracellular target proteins of CatA to
explain the mechanisms underlying the benefit of
pharmacological CatA inhibition on ECM remodeling
in the heart.
STUDY LIMITATIONS. Although we found strong in-
dications for the development of an arrhythmogenic
substrate in the atrium, we observed no spontaneous,
nonsustained episodes of AF in these study rats,
probably due to the small size of the atrium. The
determination of atrial activation times by using
conventional contact mapping procedures in small
animals has several technical limitations, including
spatial and time resolution disparities. Due to the
tissue size of the small rat atria, we had to focus on
detailed histological and biochemical analyses but
could not identify the underlying cellular mecha-
nisms by which pharmacological CatA inhibition at-
tenuates the development of an arrhythmogenic
substrate. We did not investigate whether a combi-
nation of ramipril and SAR would show synergistic
effects and whether the agents tested are able to
reverse pre-existing structural and functional atrial
remodeling. These findings would be of clinical rele-
vance, because upstream therapy to prevent devel-
opment of the AF substrate cannot be started early
enough. We performed LAD ligation distal to possible
atrial branches. Therefore, ischemic effects on atrial
myocardium, which have been described following
ligation of the right coronary artery or the left
circumflex artery, should be limited (34,35).

CONCLUSIONS

Cardiac CatA gene expression was significantly
increased in human ICM and experimental ICM in
various rat models. Ventricular I/R in rats was associ-
ated with reduced LV global systolic function and the
development of atrial cardiomyopathy. Pharmaco-
logical CatA inhibition initiated at the time point of
reperfusion preserved more viable LV myocardium
and prevented ECM remodeling and the development
of an arrhythmogenic and functional substrate for
AF, independent of preserved LV function at rest.
Whether preservation of LV viable myocardium, in the
absence of improved LV systolic function, helps pre-
vent atrial cardiomyopathy in the setting of ICM and
whether LV viable myocardium represents a more
suitable metric than LV systolic function and LV
fibrosis for the assessment of remote remodeling to
guide AF upstream therapy warrant further study (36).

ADDRESS FOR CORRESPONDENCE: Dr. Dominik
Linz, Centre for Heart Rhythm Disorders, Department
of Cardiology, Royal Adelaide Hospital, University of
Adelaide, North Terrace, Adelaide 5000, Australia.
E-mail: dominik.linz@adelaide.edu.au.

mailto:dominik.linz@adelaide.edu.au


PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Herein

we report that a pharmacological intervention, which

preserves more viable ventricular myocardium in ICM with

no significant improvements in LV global systolic

function, goes hand in hand with a prevention of atrial

cardiomyopathy. This observation suggests that atrial

cardiomyopathy most likely represents the manifestation

of global remote ECM remodeling in ICM and is not simply

the result of ICM-related reduction in LV systolic func-

tion. Ventricular adverse remodeling and the amount of

viable myocardium are powerful predictors for the

development of chronic heart failure after myocardial

infarction and therefore remain an important pharmaco-

logical treatment target, even independent from

crude global parameters such as LV systolic function in

heart failure.

TRANSLATIONAL OUTLOOK: Further clinical studies

are warranted to test whether preservation of LV viable

myocardium, even without improvements in LV global

systolic function, translates into prevention of atrial

cardiomyopathy in the setting of ICM and whether LV

viable myocardium represents a better metric than LV

global systolic function to guide AF upstream therapy.

In this context, the CatA inhibitor SAR has already shown

a favorable safety profile in early Phase I studies in

healthy young and elderly human subjects alike.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 3 , 2 0 1 9 Hohl et al.
J U N E 2 0 1 9 : 3 3 2 – 4 4 Cathepsin A Mediates Atrial Cardiomyopathy

343
RE F E RENCE S
1. Køber L, Torp-Pedersen C, Carlsen JE, et al.
A clinical trial of the angiotensin-converting-
enzyme inhibitor trandolapril in patients with left
ventricular dysfunction after myocardial infarc-
tion. Trandolapril Cardiac Evaluation (TRACE)
Study Group. N Engl J Med 1995;333:1670–6.

2. Neumann FJ, Sousa-Uva M, Ahlsson A, et al.
2018 ESC/EACTS guidelines on myocardial revas-
cularization. Eur Heart J 2019;40:87–165.

3. Carberry J, Carrick D, Haig C, et al. Remote zone
extracellular volume and left ventricular remod-
eling in survivors of ST-elevation myocardial
infarction. Hypertension 2016;68:385–91.

4. Wilson EM, Moainie SL, Baskin JM, et al. Re-
gion- and type-specific induction of matrix met-
alloproteinases in post-myocardial infarction
remodeling. Circulation 2003;107:2857–63.

5. Wijns W, Vatner SF, Camici PG. Hibernating
myocardium. N Engl J Med 1998;339:173–81.

6. Bax JJ, Poldermans D, Elhendy A, et al.
Improvement of left ventricular ejection fraction,
heart failure symptoms and prognosis after
revascularization in patients with chronic coronary
artery disease and viable myocardium detected by
dobutamine stress echocardiography. J Am Coll
Cardiol 1999;34:163–9.

7. Meluzín J, Cerný J, Frélich M, et al. Prognostic
value of the amount of dysfunctional but viable
myocardium in revascularized patients with coro-
nary artery disease and left ventricular dysfunc-
tion. Investigators of this Multicenter Study. J Am
Coll Cardiol 1998;32:912–20.

8. Pagley PR, Beller GA, Watson DD, Gimple LW,
Ragosta M. Improved outcome after coronary
bypass surgery in patients with ischemic cardio-
myopathy and residual myocardial viability. Cir-
culation 1997;96:793–800.

9. Rizzello V, Poldermans D, Boersma E, et al.
Opposite patterns of left ventricular remodeling
after coronary revascularization in patients with
ischemic cardiomyopathy: role of myocardial
viability. Circulation 2004;110:2383–8.

10. Pedersen OD, Søndergaard P, Nielsen T, et al.
Atrial fibrillation, ischaemic heart disease, and the
risk of death in patients with heart failure. Eur
Heart J 2006;27:2866–70.

11. Lubitz SA, Benjamin EJ, Ellinor PT. Atrial
fibrillation in congestive heart failure. Heart Fail
Clin 2010;6:187–200.

12. Cardin S, Guasch E, Luo X, et al. Role for
MicroRNA-21 in atrial profibrillatory fibrotic
remodeling associated with experimental post-
infarction heart failure. Circ Arrhythm Electro-
physiol 2012;5:1027–35.

13. Jumeau C, Rupin A, Chieng-Yane P, et al. Direct
thrombin inhibitors prevent left atria remodeling
associated with heart failure in rats. J Am Coll
Cardiol Basic Trans Science 2016;1:328–39.

14. Weber KT. Cardiac interstitium in health and
disease: the fibrillar collagen network. J Am Coll
Cardiol 1989;13:1637–52.

15. De Jong S, van Veen TA, van Rijen HV, de
Bakker JM. Fibrosis and cardiac arrhythmias.
J Cardiovasc Pharmacol 2011;57:630–8.

16. Müller AL, Dhalla NS. Role of various proteases
in cardiac remodeling and progression of heart
failure. Heart Fail Rev 2012;17:395–409.

17. Cheng XW, Shi GP, Kuzuya M, Sasaki T,
Okumura K, Murohara T. Role for cysteine prote-
ase cathepsins in heart disease: focus on biology
and mechanisms with clinical implication. Circula-
tion 2012;125:1551–62.

18. Ruf S, Buning C, Schreuder H, et al. Inhibition
of CatA: an emerging strategy for the treatment of
heart failure. Future Med Chem 2013;5:399–409.

19. Hiraiwa M. Cathepsin A/protective protein: an
unusual lysosomal multifunctional protein. Cell
Mol Life Sci 1999;56:894–907.
20. Seyrantepe V, Hinek A, Peng J, et al. Enzy-
matic activity of lysosomal carboxypeptidase
(cathepsin) A is required for proper elastic fiber
formation and inactivation of endothelin-1. Circu-
lation 2008;117:1973–81.

21. Linz D, Hohl M, Dhein S, et al. Cathepsin A
mediates susceptibility to atrial tachyarrhythmia
and impairment of atrial emptying function in
Zucker diabetic fatty rats. Cardiovasc Res 2016;
110:371–80.

22. Ruf S, Buning C, Schreuder H, et al. Novel b-
amino acid derivatives as inhibitors of cathepsin A.
J Med Chem 2012;55:7636–49.

23. Wohlfart P, Linz W, Hübschle T, et al. Car-
dioprotective effects of lixisenatide in rat
myocardial ischemia-reperfusion injury studies.
J Transl Med 2013;11:84.

24. Wakili R, Voigt N, Kääb S, Dobrev D, Nattel S.
Recent advances in the molecular pathophysi-
ology of atrial fibrillation. J Clin Invest 2011;121:
2955–68.

25. Schotten U, Verheule S, Kirchhof P, Goette A.
Pathophysiological mechanisms of atrial fibrilla-
tion: a translational appraisal. Physiol Rev 2011;91:
265–325.

26. Shi Y, Ducharme A, Li D, Gaspo R,
Nattel S, Tardif JC. Remodeling of atrial di-
mensions and emptying function in canine
models of atrial fibrillation. Cardiovasc Res
2001;52:217–25.

27. Li D, Fareh S, Leung TK, Nattel S. Promotion of
atrial fibrillation by heart failure in dogs: atrial
remodeling of a different sort. Circulation 1999;
100:87–95.

28. Lau DH, Psaltis PJ, Mackenzie L, et al. Atrial
remodeling in an ovine model of anthracycline-
induced nonischemic cardiomyopathy: remodel-
ing of the same sort. J Cardiovasc Electrophysiol
2011;22:175–82.

http://refhub.elsevier.com/S2452-302X(19)30044-0/sref1
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref1
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref1
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref1
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref1
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref1
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref2
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref2
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref2
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref3
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref3
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref3
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref3
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref4
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref4
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref4
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref4
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref5
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref5
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref6
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref6
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref6
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref6
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref6
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref6
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref6
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref7
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref7
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref7
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref7
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref7
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref7
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref8
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref8
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref8
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref8
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref8
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref9
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref9
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref9
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref9
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref9
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref10
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref10
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref10
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref10
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref11
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref11
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref11
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref12
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref12
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref12
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref12
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref12
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref13
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref13
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref13
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref13
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref14
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref14
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref14
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref15
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref15
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref15
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref16
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref16
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref16
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref17
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref17
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref17
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref17
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref17
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref18
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref18
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref18
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref19
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref19
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref19
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref20
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref20
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref20
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref20
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref20
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref21
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref21
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref21
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref21
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref21
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref22
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref22
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref22
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref23
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref23
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref23
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref23
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref24
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref24
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref24
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref24
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref25
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref25
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref25
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref25
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref26
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref26
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref26
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref26
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref26
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref27
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref27
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref27
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref27
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref28
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref28
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref28
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref28
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref28


Hohl et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 3 , 2 0 1 9

Cathepsin A Mediates Atrial Cardiomyopathy J U N E 2 0 1 9 : 3 3 2 – 4 4

344
29. Sanders P, Morton JB, Davidson NC, et al.
Electrical remodeling of the atria in congestive heart
failure: electrophysiological and electroanatomic
mapping in humans. Circulation 2003;108:1461–8.

30. Boixel C, Fontaine V, Rucker-Martin C, et al.
Fibrosis of the left atria during progression of
heart failure is associated with increased matrix
metalloproteinases in the rat. J Am Coll Cardiol
2003;42:336–44.

31. Li L, Zhao Q, Kong W. Extracellular matrix
remodeling and cardiac fibrosis. Matrix Biol 2018;
68–69:490–506.

32. Jansen JA, van Veen TA, de Jong S, et al.
Reduced Cx43 expression triggers increased
fibrosis due to enhanced fibroblast activity. Circ
Arrhythm Electrophysiol 2012;5:380–90.

33. Petrera A, Gassenhuber J, Ruf S, et al.
Cathepsin A inhibition attenuates myocardial
infarction-induced heart failure on the functional
and proteomic levels. J Transl Med 2016;14:153.

34. Nishida K, Qi XY, Wakili R, et al. Mechanisms of
atrial tachyarrhythmias associated with coronary
artery occlusion in a chronic canine model. Circu-
lation 2011;123:137–46.

35. Alasady M, Shipp NJ, Brooks AG, et al.
Myocardial infarction and atrial fibrillation:
importance of atrial ischemia. Circ Arrhythm
Electrophysiol 2013;6:738–45.
36. Tillner J, Lehmann A, Paehler T, et al.
Tolerability, safety, and pharmacokinetics of the
novel cathepsin A inhibitor SAR164653 in
healthy subjects. Clin Pharmacol Drug Dev 2016;
5:57–68.

KEY WORDS atrial cardiomyopathy, atrial
fibrillation, ischemia/reperfusion, myocardial
infarction, remote remodeling

APPENDIX For an expanded Methods section
and supplemental figures, please see the online
version of this paper.

http://refhub.elsevier.com/S2452-302X(19)30044-0/sref29
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref29
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref29
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref29
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref30
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref30
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref30
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref30
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref30
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref31
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref31
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref31
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref32
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref32
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref32
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref32
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref33
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref33
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref33
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref33
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref34
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref34
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref34
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref34
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref35
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref35
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref35
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref35
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref36
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref36
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref36
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref36
http://refhub.elsevier.com/S2452-302X(19)30044-0/sref36


J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 3 , 2 0 1 9

ª 2 0 1 9 T H E A U T H O R . P U B L I S H E D B Y E L S E V I E R O N B E H A L F O F T H E AM E R I C A N

C O L L E G E O F C A R D I O L O G Y F O U N D A T I O N . T H I S I S A N O P E N A C C E S S A R T I C L E U N D E R

T H E C C B Y - N C - N D L I C E N S E ( h t t p : / / c r e a t i v e c o mm o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 / ) .
EDITORIAL COMMENT
Cathepsin A Inhibitors to
Treat Heart Disease
Much Potential, Many Questions*
Randy T. Cowling, PHD
C athepsin A is a ubiquitously expressed,
multifunctional lysosomal protein. In the
lysosome, it binds to neuraminidase and b-

galactosidase to activate the former and stabilize the
latter, functions that led to the term “lysosomal pro-
tective protein.” It also possesses serine carboxypep-
tidase activity at acidic pH as well as deamidase and
esterase activities at neutral pH. Mutations that
disrupt its “protective” functions are known to cause
the lysosomal storage disease, galactosialidosis, in
humans (summarized by Hiraiwa [1]). However, its
enzymatic activity has garnered the most attention
in recent years. Although localized to lysosomes
intracellularly, cathepsin A can also be secreted.
Extracellularly, it is capable of degrading many bioac-
tive peptides that function in the cardiovascular sys-
tem, including endothelin-1, bradykinin, and
angiotensin I. Because the enzymatic activity of
cathepsin A can be targeted separately from its “pro-
tective” functions (2), there has been interest for at
least a decade in clinically targeting cathepsin A in
patients with cardiovascular disease, and novel b-
amino acid inhibitors were synthesized for this pur-
pose (3).
ISSN 2452-302X
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In the paper by Hohl et al. (4) in this issue of JACC:
Basic to Translational Science, the investigators
examine the effect of 1 of these inhibitors, SAR164653
((S)-3-{[1-(2-fluoro-phenyl)-5-methoxy-1H-pyrazole-3-
carbonyl]-amino}-3-o-tolyl-propionic-acid), in ischemic
cardiomyopathy. Analysis of left ventricle specimens
of patients with end-stage ischemic cardiomyopathy
revealed significant increases in cathepsin A mRNA
and protein levels (w50% increase over tissue from
healthy donor hearts), although details of these pa-
tients were not available. Using a rat model of
myocardial infarction, cathepsin AmRNA levels in the
remote left ventricular myocardium and left atrial
myocardium were significantly increased 8 weeks af-
ter left anterior descending artery ligation (1.5- and
1.8-fold, respectively). Using an ischemia/reperfusion
rat model (30-min ischemia followed by 10-week
reperfusion), these increases were 1.7- and 2.9-fold,
respectively. The up-regulated cathepsin A levels
were associated with increased atrial natriuretic
peptide mRNA levels. Treatment of the ischemia/
reperfusion rats with SAR164653 had no effect on
infarct size or normalized heart weight, but did
improve ejection fraction and reduce plasma brain
natriuretic peptide levels. Magnetic resonance imag-
ing analysis revealed better contractility in the
SAR164653-treated rats than in the placebo-treated
rats, which seemed to be caused by preservation of
remote myocardium with SAR164653 treatment (i.e.,
there was better wall motion in these areas).
SEE PAGE 332
Regarding the left atrium, SAR164653 did not affect
chamber dimensions in the ischemia/reperfusion rats,
but fractional shortening was significantly higher
compared with that of the placebo-treated controls.
With respect to left atrial remodeling at 10 weeks,
https://doi.org/10.1016/j.jacbts.2019.05.004
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fibrosis was increased, accompanied by increased
procollagen mRNA levels and an increased collagen I/
collagen III ratio; SAR164653 treatment significantly
reduced the fibrosis, collagen ratio, and Col1A1 mRNA
levels. Polar and lateral connexin 43 expression was
increased in the left atria of the ischemia/reperfusion
rats, and SAR164653 treatment significantly reduced
lateralization of the connexin 43. In the left atrium
post-ischemia/reperfusion, the duration of atrial
fibrillation, total activation time, and areas of slow
conduction increased, and all of these values were
significantly reduced by SAR164653 treatment. As a
comparison, treatment with the angiotensin-
converting enzyme (ACE) inhibitor ramipril pro-
duced similar results as those with SAR164653,
although, overall, the latter was more efficacious. As a
notable exception, echocardiographic estimations of
left ventricular mass suggested that SAR164653 was
less effective at reducing post-ischemic hypertrophy
than ramipril (although direct measures of left ven-
tricular cardiomyocyte size were not shown).

Hohl et al. (4) have certainly shown an association
of cathepsin A levels with dilated cardiomyopathy,
and SAR164653 was able to improve cardiac struc-
tural/functional parameters post-infarct in the rat
models. Targeting cathepsin A holds a lot of promise
in this regard, especially the attenuation of atrial and
remote site remodeling that can lead to heart failure
progression. However, many questions remain
unanswered, and 2 are critical in order to move this
from the bench to the bedside: 1) What is the mech-
anism?; and 2) What will this mean for patients and
potential therapies? Regarding the mechanism(s) of
activity, the investigators (or a subset of them) have
studied the effect of SAR164653 in rat experimental
infarct models (the focus of this editorial), a rat model
of type 2 diabetes (5), and a mouse model of
myocardial infarction (6). All of these studies have
shown significant improvements or trends toward
improvement with SAR164653 treatment, yet no
mechanism has been determined. Together,
cathepsin A, neuraminidase, and an enzymatically
inactive splice variant of b-galactosidase form the
cell-surface elastin receptor, and inhibition of
cathepsin A catalytic activity has been shown to lead
to reduced elastic fibers in the lungs, skin, and aortic
adventitia of mice (2). However, how this is related to
tissue remodeling and fibrosis in the heart is unclear.
Mechanistically, the authors appear to be favoring the
tissue-specific stabilization of protective bioactive
peptides, such as bradykinin, which is a reasonable
hypothesis. However, tissue-specific stabilization of
endothelin-1 may also occur and could be detri-
mental, as it could lead to vasoconstriction,
prolonged inflammation, and fibrosis (7,8). For these
reasons, determining tissue-specific mechanisms of
the efficacy of cathepsin A inhibitors is crucial for
future translational studies.

Finally, what does this mean for patients and po-
tential therapies? The trajectory of SAR164653 in this
regard is unclear at the moment. Sanofi was originally
going to use this compound to treat cardiovascular-
related complications in diabetic patients, but aban-
doned this in 2013 in order to evaluate the compound
in pulmonary hypertension (9). A phase I trial was
conducted in the United Kingdom (no later than 2014)
on 45 healthy subjects (20 to 82 years of age), and no
adverse effects were noted over 14 days up to the
maximum dose of 800 mg daily (10). However, to the
best of my knowledge, there have been no further
updates on relevant clinical trials. Although tissue
expression levels can vary, the rather ubiquitous
expression of cathepsin A emphasizes the importance
of long-term safety studies in human patients. The
outcomes can be hard to predict and need to be
assessed empirically. However, a lessen can be
garnered from the positive outcomes on morbidity
and mortality of the combined neutral endopeptidase
(neprilysin) inhibitor and angiotensin receptor
blocker, sacubitril/valsartan, in heart failure with
reduced ejection fraction (i.e., the PARADIGM-HF
[Prospective Comparison of ARNI With ACEI to
Determine Impact on Global Mortality and Morbidity
in Heart Failure] trial) (11). The trials and tribulations
of this treatment strategy, from the efficacy failures
of neprilysin inhibitors (e.g., ecadotril) to the unac-
ceptably high angioedema associated with neprilysin/
ACE dual inhibition (with omapatrilat) to the eventual
success of switching from ACE inhibitor to angio-
tensin receptor blocker in order to target the renin-
angiotensin system, have been summarized very
thoroughly in Eugene Braunwald’s 2015 review (12).
The important message here is that scientific and
medical advances rarely take a linear path, with some
successes and many more failures. However, even in
the failures, there can be something of value, some
knowledge to be gained, albeit sometimes not what
was originally intended. I am unsure of what is to
come of cathepsin A inhibition to treat cardiovascular
disease, but I am positive that much will be learned in
the process. The current study by Hohl et al. (4) is an
important step in that direction.
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HIGHLIGHTS

� Under pressure overload, mitochondrial

deoxyribonucleic acid containing the

unmethylated cytidine-phosphate-

guanosine motif is accumulated in car-

diomyocytes and stimulates Toll-like

receptor 9, resulting in inflammation and

heart failure.

� Treatment with E6446, (6-[3-(pyrrolidin-

1-yl)propoxy)-2-(4-(3-(pyrrolidin-1-yl)

propoxy)phenyl]benzo[d]oxazole), a

specific Toll-like receptor 9 inhibitor,

prevented the development and slowed

the progression of left ventricular dilata-

tion and cardiac dysfunction in mice after

pressure overload.

� E6446 attenuated the inflammatory

responses in the pressure-overloaded

mouse heart, even though the accumula-

tion of mitochondrial deoxyribonucleic

acid in cardiomyocytes was observed.

� E6446 could be a new therapeutic agent

against heart failure.
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SUMMARY
AB B
AND ACRONYM S

CCCP = carbonyl cyanide m-

chlorophenyl hydrazine

CpG = cytidine-phosphate-

guanosine

CpG ODN = unmethylated

cytidine-phosphate-guanosine

containing

oligodeoxynucleotide

DNA = deoxyribonucleic acid

E6446 = (6-[3-(pyrrolidin-1-

yl)propoxy)-2-(4-(3-

(pyrrolidin-1-yl)propoxy)

yl]benzo[d]oxazole)
Mitochondrial deoxyribonucleic acid, containing the unmethylated cytidine-phosphate-guanosine motif, stim-

ulates Toll-like receptor 9 to induce inflammation and heart failure. A small chemical, E6446 [(6-[3-(pyrrolidin-

1-yl)propoxy)-2-(4-(3-(pyrrolidin-1-yl)propoxy)phenyl]benzo[d]oxazole)], is a specific Toll-like receptor 9

inhibitor in cardiomyocytes. In this study, we showed that E6446 exerts beneficial effects for the prevention

and treatment of pressure overload–induced heart failure in mice. When administered before the operation

and chronically thereafter, E6446 prevented the development of left ventricular dilatation as well as cardiac

dysfunction, fibrosis, and inflammation. Furthermore, when administered after the manifestation of cardiac

dysfunction, E6446 slowed progression of cardiac remodeling. Thus, the inhibitor may be a novel therapeutic

agent for treating patients with heart failure. (J Am Coll Cardiol Basic Trans Science 2019;4:348–63)

© 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
= 5-ethynyl-20-
phen

EdU
deoxyuridine

IL = interleukin

IVSd = end-diastolic

interventricular septal wall

thickness

LAMP = lysosome-associated

membrane protein

LC = microtubule-associated

protein light chain

LPS = lipopolysaccharide

LV = left ventricular

mRNA = messenger

ribonucleic acid

TAC = transverse aortic

constriction

TLR = Toll-like receptor

TNF = tumor necrosis factor
H eart failure is a complex disease associated
with high levels of morbidity and mortality
and marked reductions in quality of life.

Previous extensive studies on heart failure have re-
ported an important role for proinflammatory cyto-
kines in its pathogenesis (1). Circulating levels of
proinflammatory cytokines, including tumor necrosis
factor (TNF)-a, are related to the severity and prog-
nosis of the disease. However, the targeted anti-
TNF-a approaches were neutral with respect to the
primary endpoints of the trial or resulted in wors-
ening heart failure or death (2,3). In addition to
TNF-a, the pro-inflammatory cytokines that are elab-
orated in heart failure include other members of the
TNF superfamily, members of the interleukin-1 fam-
ily, and interleukin (IL)-6 (1). Recognizing the molec-
ular mechanism underlying the developing
inflammation in heart failure is essential for devel-
oping strategies to control disease progression,
including therapeutic drugs.

Mitochondrial deoxyribonucleic acid (DNA)
contains the unmethylated cytidine-phosphate-
guanosine (CpG) motif, which stimulates Toll-like
receptor (TLR) 9 to induce inflammation (4,5). Mito-
chondria damaged by external hemodynamic stress
are degraded by the autophagy/lysosome system in
cardiomyocytes (6). Insufficient degradation of
mitochondrial DNA mediated through autophagy in
pressure-overloaded mouse hearts leads to its bind-
ing to TLR9 to induce inflammation and heart failure
(7). In failing mouse hearts, mitochondrial DNA is
located in autolysosomes. Furthermore, TLR9 abla-
tion in pressure-overloaded mice attenuated the
development of inflammation and heart failure.
Thus, interference with TLR9 function by small
molecules is likely to produce a better clinical
outcome by preventing its aberrant inflammatory
responses.
E6446 (6-[3-(pyrrolidin-1-yl)propoxy)-2-
(4-(3-(pyrrolidin-1-yl)propoxy)phenyl]benzo
[d]oxazole), is a synthetic antagonist of
nucleic acid–sensing TLRs and is orally
bioactive (8,9). In vitro, E6446 specifically
inhibits the activation of TLR9 (8). Others
have reported that the compound inhibits
TLR9 but also TLR7 in a ligand-dependent
manner (9). When E6446 is administered to
mice, it suppresses inflammatory responses
to challenge doses of unmethylated CpG
containing oligodeoxynucleotide (CpG ODN)
(8,9). When E6446 is administered chroni-
cally in mouse cerebral malaria and sponta-
neous lupus models, the compound inhibits
cytokine production with prevention of signs

of cerebral malaria and circulating antinuclear anti-
bodies, respectively.

In the present study, the efficacy of oral treatment
with E6446 was evaluated on mouse pressure
overload–induced heart failure models. Our results
indicate that E6446 exerts beneficial effects for the
prevention and treatment of heart failure in mice and
might be a novel therapeutic agent for treating pa-
tients with heart failure.

METHODS

CELL CULTURE. Adult cardiomyocytes were isolated
from 10- to 12-week-old C57BL/6J male mice (CLEA
Japan, Inc., Tokyo, Japan) by using a Langendorff
system and were then cultured (7).

RIBONUCLEIC ACID ANALYSIS. Total ribonucleic
acid (RNA) was extracted from the left ventricle or
cultured cardiomyocytes by using the TRIzol reagent
(Thermo Fisher Scientific, Waltham, Massachusetts)
and reverse transcribed by using TaqMan Reverse
Transcription Reagents (Thermo Fisher Scientific) (7).

http://creativecommons.org/licenses/by/4.0/


TABLE 1 Echocardiographic Parameters of All Mice Subjected to

TAC Operation for 2 Weeks

Baseline (n ¼ 30) TAC for 2 Weeks (n ¼ 30)

LVDd, mm 2.31 � 0.02 2.77 � 0.03*

LVDs, mm 0.88 � 0.01 1.45 � 0.03*

LVFS, % 62.0 � 0.40 47.8 � 0.71*

IVSd, mm 0.92 � 0.00 1.04 � 0.01*

LVPWd, mm 0.86 � 0.01 1.02 � 0.01*

Heart rate, beats/min 696 � 3.4 685 � 4.3

LV mass, mg 58.7 � 0.7 96.6 � 2.1*

The echocardiographic parameters of the mice were obtained 2 weeks after the
operation. Values are mean � SE. *p < 0.05 vs. baseline.

IVSd ¼ end-diastolic interventricular septal wall thickness; LV ¼ left ventricular;
LVDd ¼ end-diastolic left ventricular internal dimension; LVDs ¼ end-systolic left
ventricular internal dimension; LVFS ¼ left ventricular fractional shortening;
LVPWd ¼ end-diastolic left ventricular posterior wall thickness; TAC ¼ transverse
aortic constriction.

Ueda et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 3 , 2 0 1 9

TLR9 Inhibitor and Heart Failure J U N E 2 0 1 9 : 3 4 8 – 6 3

350
Real-time quantitative polymerase chain reaction was
performed by using the Platinum Quantitative PCR
SuperMix-UDG (Thermo Fisher Scientific). Relative
levels of gene expression were normalized to the
Gapdh messenger RNA (mRNA) expression. The
primers (Thermo Fisher Scientific: Assay identity)
used were as follows: Nppa, Mm01255747_g1; Nppb,
Mm00435304_g1; Col1a2, Mm01165107_m1; Col3a1,
Mm00802331_m1; Gapdh, 4352339E; Il6,
Mm99999064_m1; Il1b, Mm01336189_m1; and Tnfa,
Mm00443260_g1.

IMMUNOFLUORESCENCE MICROSCOPY. Adult mouse
cardiomyocytes on laminin-coated glass-based dishes
(IWAKI Cell Biology, Bio-REV Pte. Ltd., Singapore)
were incubated with 100 nmol/l carbonyl cyanide m-
chlorophenyl hydrazine (CCCP) for 6 h. To estimate
mitochondrial membrane potential, the cells were
treated with 10 nmol/l of tetramethylrhodamine ethyl
ester (Molecular Probes, Eugene, Oregon) for 30 min.
To visualize DNA and autophagosomes, the cells were
incubated in three-dimensional gel with Cellmatrix
I-A (Nitta Gelatin Inc., Osaka, Japan) and fixed with
methanol at �30�C for 15 min. The cells were incu-
bated with anti–microtubule-associated protein light
chain (LC) 3B antibody (Cell Signaling Technology,
Danvers, Massachusetts) overnight at 4�C, followed
by staining with anti-rabbit Alexa 568 secondary
antibody (Abcam, Cambridge, United Kingdom)
overnight. The cells were incubated with 100-fold
diluted PicoGreen (Thermo Fisher Scientific) for 30
min before confocal microscopic analysis using an
FV-1000D microscope (Olympus, Tokyo, Japan) (7).

ANIMAL STUDY. The investigation conforms to the
Position of the American Heart Association on
Research Animal Use adopted by the American Heart
Association on November 11, 1984. All in vivo and
in vitro experimental protocols were conducted un-
der the supervision of the Animal Research Commit-
tee of Osaka University and in accordance with the
Guidelines for Animal Experiments of Osaka Univer-
sity and the Japanese Animal Protection and Man-
agement Law.

The 10- to 12-week-old male C57BL/6J mice were
subjected to transverse aortic constriction (TAC) sur-
gery (10). Sham-operated animals underwent the
same operation without aortic constriction. Blood
pressure was measured noninvasively on mice anes-
thetized with 2.5% tribromoethanol by using a pres-
sure monitor (Model MK-2000, Muromachi Kikai Co.,
Ltd., Tokyo, Japan). The pressure gradient across TAC
was estimated by the difference in blood pressure
between both arms by using a pressure monitor. Ul-
trasonography (Sonos 5500, equipped with a 15-MHz
linear probe, Philips Medical Systems, Cambridge,
Massachusetts) was used for assessing left ventricular
(LV) size and function on conscious mice.

DRUG AND TREATMENT. E6446 (Eisai, Inc., Andover,
Massachusetts) was dissolved in dimethyl sulfoxide
(final 0.04% v/v) for experiments. Isolated car-
diomyocytes were pretreated with E6446 (0 to 10
mmol/l) for 1 h, followed by treatment with 1 mg/ml of
lipopolysaccharide (LPS) (FUJIFILM WAKO Pure
Chemical Co., Osaka, Japan), 2 mmol/l of loxoribine
(InvivoGen, San Diego, California), or 5 mmol/l of type B
CpG ODN (ODN1668, InvivoGen) for 6 h. To examine
the effect of E6446 on the level of cytokine mRNAs,
cardiomyocytes were pretreated with 10 mmol/l of
E6446 for 1 h, followed by treatment with 100 nmol/l of
CCCP for 6 h.

For the in vivo ODN1668 challenge experiments
with E6446, the mice were orally administered E6446
at a dose of 1.5 mg/200 ml per mouse using animal
feeding needles (Natsume Seisakusho Co., Ltd.,
Tokyo, Japan). One, two, or 3 days later, the mice
were injected intraperitoneally with 60 mg/mouse of
ODN1668 2 h before sacrifice, following intraperito-
neal injection of 20 mg/mouse of D-galactosamine
(MilliporeSigma, Burlington, Massachusetts) for 30
min. In the prevention study, E6446 administration
was started 2 days before the operation. Mice were
administered E6446 orally at a dose of 1.5 mg/mouse
or its vehicle (saline) as a control every 2 days. In the
treatment study, 30 mice were subjected to TAC
operation for 2 weeks. Ten mice with fractional
shortening >50% were excluded from the study. The
remaining 20 mice were randomized to the saline-
and E6446-treated groups and then orally adminis-
tered saline or E6446 (1.5 mg/mouse) every 2 days
(Table 1).



FIGURE 1 Selectivity of E6446

The expression level of cytokine messenger ribonucleic acid in cardiomyocytes with increasing concentrations of E6446, (6-[3-(pyrrolidin-1-

yl)propoxy)-2-(4-(3-(pyrrolidin-1-yl)propoxy)phenyl]benzo[d]oxazole) (n ¼ 3). Cardiomyocytes were treated with 0 to 10 mmol/l of E6446

for 1 h, followed by (A) 5 mmol/l ODN1668, (B) 1 mg/ml of lipopolysaccharide (LPS), or (C) 2 mmol/l of loxoribine for 6 h. Control groups were

treated with vehicle. Data were normalized to the content of Gapdh messenger ribonucleic acid. Values are mean � SE. Bars in graphs

indicate p < 0.05. *p < 0.05 versus both control groups.
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A blood sample was taken from the right ventricle.
IL-6, IL-1B, and TNF-a serum levels were measured
with an enzyme-linked immunoadsorbent assay kit
(Thermo Fisher Scientific for IL-6 and IL-1B, R and D
Systems [Minneapolis, Minnesota] for TNF-a).
HISTOLOGICAL ANALYSIS. Heart samples were fixed
in buffered 4% paraformaldehyde solution and
embedded in paraffin (10). Fibrosis fraction was
quantified by using ImageJ software (National In-
stitutes of Health, Bethesda, Maryland) and



FIGURE 2 Effect of E6446 on Mitochondrial Damage–Induced Cytokine Messenger Ribonucleic Acid Production in Isolated Adult

Mouse Cardiomyocytes

(A) Disruption of mitochondrial membrane potential by carbonyl cyanide m-chlorophenyl hydrazine (CCCP). Isolated cardiomyocytes were

incubated with 100 nmol/l CCCP for 6 h and stained with tetramethylrhodamine ethyl ester (TMRE). Scale bar, 20 mm. The right graph shows

the proportion of TMRE-positive cells. (B) Double staining of E6446-treated cardiomyocytes stimulated with CCCP using PicoGreen (green)

and anti–microtubule-associated protein light chain (LC) 3B antibody (red). Low-magnified images are shown in the left panels. Scale bar, 20

mm. Higher magnified images of the squared areas are shown in the right panels. Scale bar, 5 mm. Arrows indicate PicoGreen and LC3B

merged deposits. The right graph shows the number of PicoGreen and LC3B double-positive deposits per cell. Ten or more cells were

analyzed for each experiment. (C) Inhibition of cytokine messenger ribonucleic acid expression in CCCP-stimulated cardiomyocytes by E6446.

Cardiomyocytes were treated with 10 mmol/l E6446 for 1 h, followed by 100 nmol/l CCCP for 6 h. Values are mean � SE (n ¼ 3). *p < 0.05

versus corresponding controls. †p < 0.05 versus all other groups. Abbreviation as in Figure 1.
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FIGURE 3 Determination of the Experimental Conditions for E6446 Administration

The time dependence of (A) cytokine protein and (B) messenger ribonucleic acid (mRNA) expression in the heart after injection with

ODN1668. Mice (body weight 24.4 to 25.8 g) were pretreated with oral administration of 1.5 mg/mouse (60 mg/kg) of E6446 1, 2, or 3 days

before intraperitoneal injection with 60 mg/mouse of ODN1668. Two hours after ODN1668 injection, mice were sacrificed for analysis (see

Figure 9A). Dose dependency in the inhibition of (C) cytokine protein and (D) mRNA expression after ODN1668 injection with increasing

concentrations of E6446. Two days after oral administration with the indicated dose of E6446, mice were administered an intraperitoneal

injection of 60 mg/mouse of ODN1668. Two hours later, mice were sacrificed for analysis (see Figure 9B). Data were normalized to the

content of Gapdh mRNA in B and D. Values are mean � SE (n ¼ 3). Bars in graphs indicate p < 0.05. IL ¼ interleukin; TNF ¼ tumor necrosis

factor; other abbreviation as in Figure 1.
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FIGURE 4 Improvement of Echocardiographic Parameters by Treatment With E6446 Initiated Before TAC

The oral administration of E6446 (1.5 mg/mouse) was performed every 2 days from 2 days before transverse aortic constriction (TAC) (see

Figure 10A). (A) Pressure gradient across TAC estimated by using a pressure monitor 1 week after operation. (B) Representative images of

transthoracic M-mode echocardiographic tracing. Scale bars, 0.2 s and 5 mm, respectively. (C) Echocardiographic parameters of the mice

treated with E6446 4 weeks after TAC (n ¼ 4 in sham groups, n ¼ 5 in TAC groups). Values are mean � SE. *p < 0.05 versus sham-operated

groups. †p < 0.05 versus all other groups. FC ¼ fractional shortening; IVSd ¼ end-diastolic interventricular septal wall thickness; LV ¼ left

ventricular; LVDd ¼ end-diastolic left ventricular internal dimension; LVDs ¼ end-systolic left ventricular internal dimension; LVPWd ¼ end-

diastolic left ventricular posterior wall thickness; other abbreviation as in Figure 1.
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FIGURE 5 Improvement of Cardiac Phenotypes by Treatment With E6446 Initiated Before TAC

The treatment with E6446 was performed every 2 days from 2 days before TAC. The mice were analyzed 4 weeks after the operation (see Figure 10A). (A) Physiological

parameters of the mice treated with E6446 (n ¼ 4 in sham groups, n ¼ 5 in TAC groups). (B) The representative images of WGA-Alexa 555–stained heart sections. Scale

bar, 50 mm. The right graph shows the cross-sectional area of cardiomyocytes. (C) Azan-Mallory–stained heart sections. Left and middle panels show the whole heart

and magnified sections, respectively. Scale bars, 1 mm (left panels) and 100 mm (middle panels). The right graph shows the ratio of the fibrotic area in the heart. n ¼ 3

in sham-operated groups, n ¼ 5 in TAC-operated saline-treated group, n ¼ 4 in TAC-operated E6446-treated group in B and C. Values are mean � SE. †p < 0.05

versus all other groups. BW ¼ body weight; HW ¼ heart weight; other abbreviations as in Figures 1 and 4.
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FIGURE 6 Effects of E6446 on mRNA Expressions

The treatment with E6446 was performed every 2 days from 2 days before TAC. The mice were analyzed 4 weeks after the operation

(see Figure 10A). Data were normalized to the content of Gapdh mRNA. Values are mean � SE (n ¼ 4 in sham groups, n ¼ 5 in TAC groups).

*p < 0.05 versus all other groups. Abbreviations as in Figures 1, 3, and 4.
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expressed as a proportion of the ventricles. For
immunohistochemical analysis, frozen heart sections
5-mm thick were fixed in buffered paraformaldehyde
and stained with anti-mouse CD45 (R and D Systems),
CD68 (Bio-Rad, Hercules, California), Ly6G/C (BD
Pharmingen, BD Biosciences, San Jose, California),
CD3 (Abcam), and lysosome-associated membrane
protein (LAMP) 2a (Thermo Fisher Scientific) anti-
bodies. To measure the cardiomyocyte cross-sectional
area, the frozen heart sections were stained with
WGA-Alexa 555 (Thermo Fisher Scientific) for 1 h. The
cardiomyocyte cross-sectional area was measured by
tracing the outline of >100 cardiomyocytes in each
section by using ImageJ software. For detection of



FIGURE 7 Attenuation of Inflammatory Responses With Treatment With E6446 Initiated Before TAC

The treatment with E6446 was performed every 2 days from 2 days before TAC. The mice were analyzed 4 weeks after the operation (see Figure 10A). (A) Immu-

nohistochemical analysis of the heart. Scale bar, 100 mm. The right graphs show the quantitative data for numbers of infiltrated inflammatory cells. (B) Deposition of

mitochondrial deoxyribonucleic acid in lysosomes. Double staining of the heart sections with 5-ethynyl-20-deoxyuridine (EdU) (green) and anti–lysosome-associated

membrane protein (LAMP) 2a antibody (red). Low-magnified images are shown in left panels. Scale bar, 10 mm. Higher magnified images of the squared areas are

shown in right panels. Scale bar, 2 mm. Arrows indicate EdU and LAMP2a merged deposits. The left graph shows the number of EdU- and LAMP2a double-positive

deposits. n ¼ 3. Values are mean � SE. *p < 0.05 versus sham-operated groups. †p < 0.05 versus all other groups. Abbreviations as in Figures 1 and 4.
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FIGURE 8 Improvement of Echocardiographic Parameters and Lung Congestion After Treatment With E6446 Initiated After TAC
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Two weeks after TAC, treatment with E6446 was performed every 2 days (see Figure 10B). Values are mean � SE (n ¼ 10). (A) Pressure

gradient across TAC estimated by using a pressure monitor 1 week after operation. (B) Representative images of transthoracic M-mode

echocardiographic tracing. Scale bars, 0.2 s and 5 mm, respectively. (C) Echocardiographic parameters. The parameters were examined for 6

weeks after TAC. Open and closed circles indicate saline-treated control groups and E6446-treated groups, respectively. The data were

analyzed by using 2-way repeated measure analysis of variance followed by Tukey’s post hoc test. *p < 0.05 between the 2 groups at the

corresponding time point. Dotted lines indicate p < 0.05 between the 2 saline-treated control groups at different time points. Solid lines

indicate p < 0.05 between the 2 E6446-treated groups at different time points. (D) Physiological parameters 6 weeks after the operation.

*p < 0.05 versus saline-treated control group. Abbreviations as in Figures 1, 4, and 5.
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TABLE 2 Echocardiographic Parameters of Mice Included in the E6646 Treatment Study

2 Weeks After TAC Operation

Baseline 2 Weeks After TAC

Saline (n ¼ 10) E6446 (n ¼ 10) Saline (n ¼ 10) E6446 (n ¼ 10)

LVDd, mm 2.30 � 0.03 2.27 � 0.03 2.81 � 0.03* 2.86 � 0.03*

LVDs, mm 0.88 � 0.02 0.86 � 0.02 1.54 � 0.03* 1.55 � 0.02*

LVFS, % 61.5 � 0.71 62.3 � 0.79 45.2 � 0.77* 45.6 � 0.43*

IVSd, mm 0.92 � 0.01 0.92 � 0.01 1.07 � 0.01* 1.05 � 0.01*

LVPWd, mm 0.86 � 0.02 0.87 � 0.01 1.04 � 0.01* 1.03 � 0.01*

Heart rate, beats/min 692 � 3.9 695 � 6.5 689 � 7.2 672 � 7.5

LV mass, mg 58.2 � 1.4 58.9 � 1.1 103.5 � 3.1* 101.4 � 2.1*

Values are mean � SE. Thirty mice were subjected to TAC operation for 2 weeks. Ten mice with fractional
shortening >50% were excluded from the study. The remaining 20 mice were randomized to the saline- and
E6446-treated groups. The parameters of the mice were obtained 2 weeks after the operation by using echo-
cardiography. *p < 0.05 vs. corresponding control at baseline.

Abbreviations as in Table 1.
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mitochondrial DNA, mice were intraperitoneally
injected with 5 mg of 5-ethynyl-20-deoxyuridine (EdU)
(Invitrogen) 1 day before sacrifice. EdU was detected
by using a Click-iT EdU Alexa Fluor 488 Imaging Kit
(Thermo Fisher Scientific) (7). EdU- and LAMP2a
double-positive deposits were counted in 5 different
areas per section in each mouse.

STATISTICAL ANALYSIS. Results are shown as mean
� SE. GraphPad Prism version 7.04 (GraphPad Soft-
ware, La Jolla, California) was used for statistical
analysis. A Student’s t-test was used for a 2-group
comparison; a 1-way analysis of variance followed
by Tukey’s post hoc test or 2-way repeated measure
analysis of variance followed by Tukey’s post hoc test
were used for multiple comparisons. Significant dif-
ferences were defined as p < 0.05.

RESULTS

EFFECT OF E6446 ON CYTOKINE mRNA PRODUCTION IN

ISOLATED CARDIOMYOCYTES. Isolated cardiomyocytes
were stimulated by a TLR9 ligand (e.g., ODN1668), a
TLR4 ligand (e.g., LPS), or a TLR7 ligand (e.g., loxor-
ibine) in the presence of increasing concentrations of
E6446 (11,12). ODN1668 significantly increased the
expression levels of Il6, IL-1B (Il1b), and Tnfa mRNAs
(Figure 1A). Incubation of cardiomyocytes with E6446
significantly reduced the induction of Il6, Il1b, and
Tnfa mRNAs in response to ODN1668. LPS signifi-
cantly increased the expression levels of Il6, Il1b, and
Tnfa mRNAs, whereas loxoribine significantly
increased the expression levels of Il1b and Tnfa
mRNAs but not Il6 mRNA (Figures 1B and 1C). E6446
had no effect on the induction of the cytokine mRNAs
induced by LPS or loxoribine.

Incubation of cardiomyocytes with CCCP dimin-
ished mitochondrial membrane potential (Figure 2A).
Cardiomyocytes were stained with PicoGreen, a highly
sensitive marker for DNA, and anti-LC3B antibody, a
marker for autophagosomes. CCCP increased the
number of PicoGreen and LC3B double-positive de-
posits, suggesting accumulation of DNA in autopha-
gosomes or autolysosomes (Figure 2B). Incubation of
cardiomyocytes with CCCP increased the levels of Il6
and Il1bmRNAs (Figure 2C). E6446 had no effect on the
number of PicoGreen and LC3B double-positive de-
posits, but it significantly reduced Il6 and Il1b mRNA
expression in CCCP-treated cardiomyocytes.
IN VIVO ADMINISTRATION OF E6446. To examine
the in vivo efficacy of E6446 on inhibition of TLR9
and determine the experimental conditions for its
administration in mice, 1.5 mg/mouse (60 mg/kg) of
E6446 was orally administered to mice 3, 2, or 1 day
before intraperitoneal injection of ODN1668. Two
hours after the mice were administered ODN, the
treated mice produced a higher level of IL-6 than
control mice (Figure 3A). When E6446 was adminis-
tered 2 or 1 day before ODN1668 injection, IL-6 levels
were lower than the E6446-nontreated ODN1668-
injected group and showed no significant difference
compared with the control group without ODN1668
injection. When E6446 was administered 3 days
before ODN1668 injection, the level of IL-6 did not
differ from that in the nontreated group. To confirm
the protein data, mRNA levels in the heart were
measured (Figure 3B). The level of Il6 mRNA in
ODN1668-injected mouse hearts was higher than that
in control hearts. When E6446 was administered 2 or
1 day before ODN1668 injection, Il6 mRNA levels were
lower than the E6446-nontreated ODN1668-injected
group. When E6446 was administered 3 days before
ODN1668 injection, the level of Il6 mRNA differed
from the control group but not from other ODN1668-
injected groups. The level of Il1b mRNA in the
E6446-nontreated ODN1668-injected mouse hearts
was higher than that in the control hearts and showed
a significant difference from that treated with E6446 1
and 2 days but not 3 days before ODN1668 injection;
the levels of IL-1B protein were not significantly
different among groups. The level of TNF-a in the
ODN1668-injected mouse group was higher than that
in the nontreated control group and in all the E6446-
treated ODN1668-injected groups. The level of Tnfa
mRNA in E6446-nontreated ODN1668-injected mouse
hearts was higher than that in control hearts but
showed no difference from all other groups. Thus, the
inhibitory effect of E6446 on the induction of cyto-
kines lasted over a period of 2 days, providing a
rationale for every-other-day dosing.

The dose of E6446 necessary to inhibit the induc-
tion of cytokines was next examined. The serum level



FIGURE 9 Schematic Protocol to Determine the Experimental Conditions for

E6446 Administration

-3 days -2 days -1 day 0 hr 2 hrs-0.5 hr

E6446 3 days, ODN1668

E6446 2 days, ODN1668

E6446 1 day, ODN1668

E6446(-), ODN1668

E6446(-), control

A

E6446 1.5 mg/mouse

ODN1668 60 μg/mouse sacrificed

D-galactosamine 20 mg/mouse

n=3 in each group

B -2 days 0 hr 2 hrs-0.5 hr

E6446 15 mg/mouse, ODN1668

E6446 1.5 mg/mouse, ODN1668

E6446 0.15 mg/mouse, ODN1668 

E6446 at the indicated dose

ODN1668 60 μg/mouse sacrificed

D-galactosamine 20 mg/mouse

E6446 0 mg/mouse, ODN1668

E6446 0 mg/mouse, control

n=3 in each group

(A) Schematic protocol to examine the time dependence of cytokine protein and mRNA

expression in the heart after injection with ODN1668 (n ¼ 3 for each group). Mice were

pretreated with E6446 1.5 mg/mouse for 1, 2, or 4 days before injection of 60 mg/mouse

of ODN1668. Two hours after ODN1668 injection, mice were sacrificed for analysis,

following treatment with D-galactosamine. (B) Schematic protocol to examine dose

dependency in the inhibition of cytokine expression after ODN1668 injection with

increasing concentrations of E6446 (n ¼ 3 for each group). Two days after administration

with the indicated dose of E6446, mice received 60 mg/mouse of ODN1668, following

D-galactosamine injection. Two h later, mice were sacrificed for analysis. Abbreviations

as in Figures 1 and 3.
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of IL-6 and TNF-a protein in mice treated with 1.5 or
15 mg/mouse of E6446 was lower than that in non-
treated mice or in mice treated with 0.15 mg/mouse
of E6446 but did not differ from that in control mice
(Figure 3C). ODN1668 injection increased serum levels
of IL-1B protein. E6446 administration produced no
significant inhibitory effect on the increase of IL-1B
protein. The levels of Il6, Il1b, and Tnfa mRNAs in
hearts treated with 1.5 or 15 mg/mouse were signifi-
cantly lower than those in the hearts of nontreated
mice (Figure 3D). Thus, 1.5 mg/mouse of E6446 was
administered every 2 days in the following
experiments.
PREVENTION OF THE DEVELOPMENT OF HEART

FAILURE BY E6446. To investigate the efficacy of
E6446 on the development of heart failure, mice
orally received E6446 or saline 2 days before TAC and
every 2 days for 4 weeks thereafter. There was no
significant difference in pressure gradient across TAC
between the E6446- and saline-treated groups 1 week
after TAC (Figure 4A). Four weeks after TAC, saline-
treated mice exhibited larger end-diastolic LV inter-
nal dimensions and end-systolic LV internal
dimensions and lower fractional shortening than
those in the sham-operated saline-treated group
(Figures 4B and 4C). E6446 treatment significantly
reduced LV chamber size and improved cardiac func-
tion in TAC-operated mice. TAC increased end-
diastolic interventricular septal wall thickness (IVSd)
and end-diastolic LV posterior wall thickness in sa-
line- and E6446-treated mice. However, there were no
significant differences in IVSd and end-diastolic LV
posterior wall thickness between saline- and E6446-
treated mice. LV mass was increased by TAC, and
E6446 treatment attenuated the increase in LV mass
in TAC-operated mice.

There was no significant difference in body weight
between the 4 groups (Figure 5A). TAC-operated sa-
line-treated mice exhibited increases in the heart
weight–to–tibia length ratio and the lung weight–
to–tibia length ratio. E6446 significantly attenuated
cardiac hypertrophy and lung congestion. TAC
increased the cross-sectional area of cardiomyocytes
in saline-treated mice, and the increase was signifi-
cantly attenuated by E6446 treatment (Figure 5B).
Nppa and Nppb mRNAs increased in TAC-operated
saline-treated mice. E6446 attenuated the increases
induced by TAC (Figure 6). TAC-operated saline-
treated mice exhibited cardiac fibrosis, which was
diminished in E6446-treated mice (Figure 5C). The
mRNA levels of Col1a2 and Col3a1 increased in TAC-
operated saline-treated mice. E6446 attenuated the
increase in the mRNAs.

ATTENUATION OF INFLAMMATION IN

PRESSURE-OVERLOADED HEARTS BY E6446. TAC-
operated saline-treated mice showed infiltration of
CD45þ cells, including CD68þ macrophages in the
heart, which was inhibited by treatment with E6446
(Figure 7A). Although increases in the mRNA expres-
sions of Il6 and Tnfa were detected in saline-treated
TAC-operated mice, E6446 attenuated the induction
of the mRNAs (Figure 6).

To label mitochondrial DNA, mice were injected
with EdU 1 day before sacrifice. EdU specifically binds
to mitochondrial DNA during active DNA synthesis
in nondividing cardiomyocytes (7). LAMP2a is a
marker for lysosomes. In TAC-operated saline- and



FIGURE 10 Schematic Protocols to Examine the Effect of E6446 on TAC-Induced

Heart Failure
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(A) Schematic protocol to examine the effect of treatment with E6446 initiated before

TAC on cardiac phenotypes. E6446 (1.5 mg/mouse) (n ¼ 9) or saline (n ¼ 9) was

administered every 2 days from 2 days before TAC. Blood pressure was measured 7 days

after TAC. Four weeks after TAC, mice were subjected to echocardiographic analysis and

sacrificed. (B) Schematic protocol to examine the effect of treatment with E6446

initiated after TAC on cardiac phenotypes. Thirty mice were subjected to TAC operation

for 2 weeks. Ten mice with fractional shortening >50% were excluded from the study.

The remaining 20 mice were randomized to the saline- and E6446-treated groups and

then administered saline or E6446 (1.5 mg/mouse) every 2 days. Six weeks after TAC,

mice were subjected to echocardiographic analysis and sacrificed. Abbreviations as in

Figures 1 and 4.
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E6446-treated hearts, EdU and LAMP2a double-
positive deposits were observed (Figure 7B). There
was no significant difference in the number of the
double-positive deposits between TAC-operated sa-
line- and E6446-treated hearts.

SLOWING THE PROGRESSION OF HEART FAILURE

BY E6446. Finally, the effect of E6446 on the pro-
gression of an already established disease was exam-
ined. Mice were subjected to TAC operation (Figure
8A) and divided into 2 groups 2 weeks later. There
were no significant differences in echocardiographic
parameters between the 2 groups, which already
exhibited chamber dilatation and cardiac dysfunction
(Table 2). The mice were then administered E6446 or
saline every 2 days for 4 weeks. LV chamber dilatation
and cardiac dysfunction progressively worsened with
time in both groups (Figures 8B and 8C). End-diastolic
LV internal dimensions, end-systolic LV internal di-
mensions, and LV mass showed no significant differ-
ence between saline- and E6446-treated TAC-
operated mice until 3 weeks after TAC. However, the
parameters were significantly smaller in E6446-
treated mice than those in saline-treated mice 4 and
6 weeks after the operation. Fractional shortening was
significantly higher in E6446-treated mice than that in
saline-treated mice 6 weeks after TAC. There were no
significant differences in IVSd and end-diastolic LV
posterior wall thickness between the 2 groups at any
time point. The heart weight–to–tibia length and lung
weight–to–tibia length ratios were significantly
reduced by E6446 treatment (Figure 8D). Schematic
protocols to examine the effect of treatment of E6446
on cardiac phenotypes are described in Figures 9
and 10.

DISCUSSION

The present study showed that E6446 prevents the
development of pressure overload–induced heart
failure when administered before the cardiac event
and also suppresses the progression of heart failure
when started after cardiac dysfunction manifested.
We have reported that TLR9 is essential in producing
inflammatory cytokines in failing hearts (7). TLRs are
essential in driving the recruitment of inflammatory
cells and production of cytokines during cardiac
remodeling (13). E6446 prevents cellular events acti-
vated by TLR9, exerting broader inhibitory effects on
inflammatory cytokine production, and thus the
treatment of heart failure with the inhibitor has an
advantage over the therapy neutralizing only 1 cyto-
kine. The near-complete rescue of TAC-induced LV
dilatation and dysfunction by E6446 pretreatment
suggests that the TLR9-signaling pathway is the
dominant pathway for inducing adverse ventricular
remodeling, with a limited role for other pathways
such as nucleotide-binding domain leucine-rich
repeat containing protein 3 (NLRP3) and cyclic
GMP-AMP synthase (cGAS)-stimulator of interferon
genes (STING) activation by mitochondrial DNA
released in the cytosol in the setting of mitophagy
dysfunction (14).

In human peripheral blood mononuclear cells or
mouse spleen cells, E6446 diminished IL-6 produc-
tion in response to CpG ODN (8). A 100-fold higher
concentration of E6446 inhibited cytokine produc-
tion in response to the imidazoquinoline compound
R848, which is a TLR7/8 agonist (15). When C57BL/6
mice were orally treated with E6446, E6446
completely inhibited CpG ODN–induced IL-6 pro-
duction in sera but not R848- and LPS-mediated
cytokine production (8). Consistent with these re-
sults, our findings indicate that E6446 specifically
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inhibited the expression of inflammatory cytokines
through a TLR9-dependent pathway but not TLR4-
or TLR7-dependent pathways in adult car-
diomyocytes. Thus, E6446 has high specificity to
TLR9. In mouse bone marrow–derived dendritic
cells, E6446 potently inhibited IL-6 production
induced by CpG ODN but not by TLR3 ligands (9).
However, E6446 was a potent inhibitor of IL-6 in-
duction by single-stranded RNA, a TLR7/8 agonist,
but a relatively poor inhibitor of IL-6 induction by
R848, suggesting that the ability of E6446 to sup-
press TLR7/8 might be ligand dependent. Based on
our data showing the importance of TLR9 signaling
in the development of inflammation and heart fail-
ure and its specificity to TLR9 in cardiomyocytes,
the cardioprotective action of E6446 is TLR9 medi-
ated. However, we cannot exclude the possibility
that TLR7/8 is involved in the effect of E6446 on
the development of heart failure.

E6446 inhibits in vitro DNA�TLR9 interaction via an
association with DNA but not with TLR9 (9). Further-
more, E6446 accumulates in the intracellular acidic
compartment. Mitochondrial DNA is accumulated in
autolysosome and coexists with TLR9 in failing hearts
(7). DNase II activity was up-regulated in hypertro-
phied hearts but not in failing hearts. The incomplete
digestion of mitochondrial DNA would be due to the
loss of up-regulation of DNase II activity. Mitophagy
impairment occurs in the TAC-induced mouse heart
failure model (16). Thus, it is also possible that
impairment of mitophagy or lysosomal permeabiliza-
tion or lysosomal dysfunction might result in the
accumulation of mitochondrial DNA in autolysosome.
Our data in this study showed that there was no sig-
nificant difference in the number of EdU and LAMP2a
double-positive deposits between TAC-operated sa-
line- and E6446-treated hearts. This outcome suggests
that E6446 has no effect on mitochondrial DNA accu-
mulation in autolysosomes. Thus, we can assume that
the E6446 administered accumulates in lysosomes in
the cardiomyocytes and interacts with mitochondrial
DNA. When E6446 was orally administered to mice
before TAC, E6446 inhibited TLR9 signaling by inter-
fering with the mitochondrial DNA�TLR9 interaction
and subsequent development of inflammation and
heart failure.

We showed that Tlr9–/– mice are more resistant to
pressure overload than control mice, and inhibitory
ODN to TLR9 (ODN2088) improved survival in TAC-
operated wild-type mice when administered before
TAC (7). However, administration of a drug before
cardiac events is not clinically relevant. The results
indicate that E6446 can slow the development of
heart failure even after cardiac dysfunction
manifested. Thus, E6446 or other immunomodula-
tory therapy can be used to prevent or delay pressure
overload–induced heart failure.

STUDY LIMITATIONS. This study shows the thera-
peutic effects of a TLR9 inhibitor, E6446, on mouse
pressure-overload heart failure model. Obviously,
further studies are necessary to translate the findings
into human heart failure therapy. TAC-induced mouse
model does not fully represent the complex features of
clinical heart failure. To establish the clinical feasi-
bility of E6446 treatment for heart failure, the effects
of E6446 on different heart failure models have to be
examined, such as myocardial infarction. In addition,
we used young healthy mice in this study. However, in
most patients, and particularly in elderly patients,
heart failure is accompanied by a range of comorbid-
ities, such as hypertension, diabetes mellitus, renal
dysfunction and hyperlipidemia. Such factors may
influence on the cardioprotective effect of E6446 in
heart failure. Thus, further investigation using various
disease models is required to clarify the clinical target
of E6446 treatment. Furthermore, it will be important
to validate the findings in large animal models and
ultimately in human patients. It remains unclear
whether mitochondrial DNA is accumulated in auto-
lysosomes and mitochondrial DNA-TLR9 axis is
involved in the genesis of inflammation in human
failing hearts.

CONCLUSIONS

Heart failure is the result of various cardiac diseases
such as myocardial infarction, high blood pressure,
cardiomyopathy, valvular diseases, arrhythmia, and
congenital heart diseases. Elevated levels of inflam-
matory mediators have been identified in patients
with heart failure, including heart failure with
reduced and preserved ejection fraction, as well as
short-term decompensated heart failure (1). Thus,
investigation of the involvement of the TLR9-
signaling pathway in other mouse or larger animal
heart failure models and various types of human
heart failure is warranted. We ultimately will be able
to identify subsets of patients with heart failure who
will benefit from inhibition of TLR9 signaling.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Heart

failure is a major health threat in the developed countries

with high morbidity and mortality. Novel and effective

therapeutic agents against heart failure need to be

developed. Inflammation and proinflammatory cytokines

play an important role in the pathogenesis of heart fail-

ure. Inflammatory mediators can be therapeutic targets in

heart failure.

TRANSLATIONAL OUTLOOK: A TLR9 inhibitor,

E6446, exerted a beneficial effect on attenuating the

development or progression of heart failure in a pressure

overload–induced mouse model. E6446 treatment has an

advantage over targeted anticytokine approaches using

biological response modifiers, because it modulates a

broad spectrum of inflammatory mediators. Thus, it may

be a new promising therapeutic agent for human heart

failure.
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� T-MSCs were isolated from the thymus

gland of new born pigs, expanded,

characterized and seeded onto a

commercially available scaffold.

� The seeded-grafts were cultured within a

bioreactor and then used to reconstruct

the RVOT of a growing swine model.

� Pigs were followed up for 4.5 months;

then scanned with a cardiac magnetic

resonance and terminated to harvest the

implants.

� By comparing the outcome of the seeded-

grafts to the unseeded-ones used as

control, we observed a reduced fibrosis

and an improved RVOT strain, cardiac

remodeling and endothelialization.
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SUMMARY
AB B
AND ACRONYM S

CM = cardiomyocyte

cMYH = cardiac myosin heavy

chain

Cx-43 = connexin-43

DMEM = Dulbecco’s modified

Eagle’s medium

EC = endothelial cell

FBS = fetal bovine serum

IL = interleukin
Graft cellularization holds great promise in overcoming the limitations associated with prosthetic materials

currently used in corrective cardiac surgery. In this study, the authors evaluated the advantages of graft cel-

lularization for right ventricular outflow tract reconstruction in a novel porcine model. After 4.5 months from

implantation, improved myocardial strain, better endothelialization and cardiomyocyte incorporation, and

reduced fibrosis were observed in the cellularized grafts compared with the acellular grafts. To the authors’

knowledge, this is the first demonstration of successful right ventricular outflow tract correction using

bioengineered grafts in a large animal model. (J Am Coll Cardiol Basic Trans Science 2019;4:364–84)

© 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is

an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
4 = isolectin B4
IsoB
MSC = mesenchymal stem cell

PBS = phosphate-buffered

saline

PS = penicillin/streptomycin

RT = room temperature

RV = right ventricular

RVOT = right ventricular

outflow tract

RVOT-MS = fractional area of

change in the right ventricular

outflow tract

SIS-ECM = small intestinal

submucosa–derived

extracellular matrix

T-MSC = thymus-derived

mesenchymal stem cell

VMSC = vascular smooth

muscle cell
C ardiac tissue engineering holds great prom-
ise for definitive correction of congenital
heart disease. By seeding cells on a biode-

gradable scaffold, this approach is aimed at devel-
oping a viable graft capable of growing and
remodeling in parallel with the recipient’s organ.
Once implanted in vivo, an ideal biofunctional graft
is remodeled and eventually replaced by the host’s
own extracellular matrix (1). Several cell types have
been used for cardiac tissue engineering, including
mesenchymal stem cells (MSCs) (2), induced pluripo-
tent stem cells (3), endothelial cells (ECs) (4), and
pericytes (5). In particular, MSCs are a preferred
choice because of their immune-privileged nature,
multilineage differentiation potential, and ability to
promote tissue healing by paracrine mechanisms
(6,7). Furthermore, MSCs can be isolated from various
tissues and organs, including bone marrow, umbilical
cord, adipose tissue, and thymus (8,9). Infants who
undergo palliative cardiac surgery for tetralogy of
Fallot often have the thymus removed to facilitate ac-
cess to the heart. Hence, the explanted gland repre-
sents a convenient source of autologous MSCs for
use during definitive correction of congenital cardiac
defects.

To date, cardiac tissue engineering has been
applied principally to the reconstruction of pulmo-
nary arteries or valves, whereas problems associated
with the right ventricular outflow tract (RVOT)
remain an unmet clinical need. In fact, surgical
correction of RVOT obstruction is reportedly associ-
ated with the development of aneurysmal or akinetic
regions and an arrhythmogenic substrate (10). These
complications have long-term consequences for out-
comes in patients with tetralogy of Fallot (11).

In this paper, we report a controlled, randomized
study in growing female piglets, comparing the
feasibility, safety, and efficacy of RVOT reconstruc-
tion using a graft made of small intestinal
submucosa–derived extracellular matrix (SIS-ECM) or
the same graft engineered using porcine
thymus-derived MSCs (T-MSCs).

METHODS

ANIMALS. Animals were treated in accor-
dance with the Guide for the Care and Use of
Laboratory Animals published by the National
Institutes of Health in 1996 and conforming to
the Animals (Scientific Procedures) Act of
1986. In vivo graft implantation was carried
out under United Kingdom Home Office
project license PPL 30/3019.

ISOLATION AND EXPANSION OF T-MSCs. T-
MSCs were isolated from newborn female
piglets as previously described (2). Briefly,
cells were mechanically and enzymatically

digested with collagenase I for 2 h at 37�C. The iso-
lated cells were selected by adherence to plastic and
expanded until passages 3 to 5.

NEONATAL RAT CARDIOMYOCYTE ISOLATION.

Cardiomyocytes (CMs) were isolated from 1- to 3-day-
old Wistar rats (Charles River Laboratories, Wilming-
ton, Massachusetts). Three litters of neonatal rats
were killed by means of decapitation, according to
schedule 1 of the Animals (Scientific Procedures) Act.
The hearts were washed with 1% penicillin/strepto-
mycin (P/S) (Life Technologies, Carlsbad, California)
phosphate-buffered saline (PBS) (Life Technologies),
minced into thin pieces, and dissociated with 0.05%
trypsin and 0.02% ethylenediaminetetraacetic acid in
PBS for 15 min at 37�C. Cell suspension was filtered
using a 70-mm nylon mesh, and enzyme activity was
stopped with fetal bovine serum (FBS; Thermo Fisher
Scientific, Waltham, Massachusetts). A second diges-
tion was performed with 0.1% trypsin and 0.02%
ethylenediaminetetraacetic acid in PBS for 15 min at
37�C, after which the cell fraction was filtered and the
enzyme blocked with FBS. This procedure was
repeated 3 more times. Then the cell fractions were

http://creativecommons.org/licenses/by-nc-nd/4.0/


TABLE 1 Antibodies for Immunohistochemistry

Primary Antibody
Primary Antibody

Dilution Manufacturer
Secondary
Antibody

Secondary Antibody
Dilution Manufacturer

Mouse anti–alpha–sarcomeric actinin 1:100 Abcam Goat antimouse–Alexa Fluor 488 1:400 Abcam

Mouse anti–alpha–smooth muscle actin 1:200 Abcam Goat antimouse–Alexa Fluor 488 1:400 Abcam

Mouse anti–cardiac myosin heavy chain 1:150 Thermo Fisher Scientific Goat antimouse–Alexa Fluor 488 1:400 Abcam

Rabbit anti–connexin-43 1:100 Santa Cruz Biotechnology Goat antirabbit–Alexa Fluor 546 1:400 Abcam

Mouse anti–discoidin domain receptor 2 1:100 Santa Cruz Biotechnology Goat antimouse–Alexa Fluor 488 1:400 Abcam

Isolectin B4-biotin 1:100 Life Technologies Streptavidin–Alexa Fluor 488 1:200 Life Technologies

Rabbit anti-Ki67 1:200 Abcam Goat antirabbit–Alexa Fluor 546 1:400 Abcam

Mouse anti–metalloproteinase 1 1:200 Abcam Goat antimouse–Alexa Fluor 488 1:400 Abcam

Mouse anti–smooth
muscle myosin heavy chain

1:100 Dako Goat antimouse-Cy3 1:300 Jackson ImmunoResearch
Laboratories

Primary antibodies used for immunofluorescent staining and respective secondary antibodies used for detection.
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pooled together and centrifuged for 5 min at 100g.
The resulting pellet was resuspended in low-glucose
Dulbecco’s modified Eagle’s medium (DMEM; Life
Technologies), seeded onto a T75 flask and incubated
for 1 h in a humidified chamber at 37�C in 5% CO2

(incubator) to allow as many fibroblasts as possible to
attach to the plastic. The cell suspension was then
harvested, centrifuged, and resuspended into 1% FBS
and 1% P/S DMEM:M199 medium (Thermo Fisher
Scientific) in a ratio of 1:1 and seeded onto previously
coated plates with 0.1% gelatin (Sigma-Aldrich, St.
Louis, Missouri).

FLOW CYTOMETRY. Fluorescence-activated cell
sorting analysis was used to determine cell surface
marker expression. The protocol was performed as
described by Iacobazzi et al. (2). The following pri-
mary antibodies were used: 1:10 CD31-PE (Bio-Rad,
Hercules, California), 1:600 CD44-APC (Thermo
Fisher Scientific), 1:25 CD45-FITC (Bio-Rad), 1:10
CD73-APC (R and D Systems, Minneapolis, Minne-
sota), 1:20 CD90-PE (BioLegend, San Diego, Califor-
nia), and 1:5 CD105-PE (LSBio, Seattle, Washington).
Analysis was performed on a NovoCyte flow cytome-
ter (ACEA Bioscience, San Diego, California) using
NovoExpress (ACEA Bioscience) for data collection
and FlowJo (TreeStar, Ashland, Ohio) for analysis.

IN VITRO MULTILINEAGE DIFFERENTIATION. Multi-
lineage differentiation into osteocytes, adipocytes,
and chondrocytes was performed with MSCs at pas-
sages between 3 and 5. Cells were cultured in alpha-
MEM medium with specific StemXVivo supplement
kits (R and D Systems) for different time points.
Osteogenic differentiation was assessed after 3 weeks
of culture using alizarin red (Sigma-Aldrich) to detect
calcium deposition. Oil red O staining (Sigma-Aldrich)
was used to detect lipid accumulation of cells un-
dergoing 2 weeks of adipogenic differentiation.
Alcian blue staining (Sigma-Aldrich) was used to
determine chondrogenic cartilage formation after 3
weeks of cell culture.

SIS-ECM CELLULARIZATION. Pieces of SIS-ECM
(CorMatrix Cardiovascular, Roswell, Georgia)
approximately 7 cm2 were soaked in DMEM for 24 h in
a 1% agarose (Sigma-Aldrich) coated plate. The scaf-
fold was then seeded with P3 swine T-MSCs at a
density of 5 � 105 cells/cm2 and cultured in growing
medium for 1 week under static conditions in an
incubator. The graft was then stitched to the rotating
arm of a InBreath bioreactor (Harvard Apparatus,
Cambridge, Massachusetts) and stitched back to itself
as to fashion a conduit shape with the cells facing the
outer side of the scaffold. The bioreactor chamber was
filled with growing medium and connected to a motor
platform placed at 37�C in a CO2 incubator. The rota-
tion was initially set at 0.5 rpm and slowly increased
within 24 h to the final speed of 2 rpm, which was
maintained for 1 week.

CELL VIABILITY. To determine cell viability on the
engineered scaffolds, a Live/Dead Viability/Cytotox-
icity Kit for mammalian cells (Thermo Fisher Scien-
tific) was used according to the manufacturer’s
instructions. Fluorescence imaging was carried out
using a Zeiss Axio Observer.Z1 with Zen Blue software
(Carl Zeiss, Oberkochen, Germany).

MECHANICAL TESTING. Unseeded and seeded SIS-
ECM pieces were analyzed for mechanical properties
using an Instron 3343B machine (Instron, Norwood,
Massachusetts) with pneumatic grips and a 100-N load
cell. Crosshead speed was set at 10 mm/min. Samples
were measured for tensile stress at maximum load and
Young’s modulus using Bluehill software (Instron).

SCANNING ELECTRON MICROSCOPY. Samples were
fixed, washed, and completely dehydrated as previ-
ously described (2). Surface topography was imaged
using a Quanta 200 FEI field emission scanning elec-
tron microscope (Thermo Fisher Scientific).



FIGURE 1 Phenotypic and Functional Characterization of Thymus-Derived Mesenchymal Stem Cells

(A) Flow cytometry representative histograms illustrate the expression of CD44, CD73, CD90, and CD105 and lack of endothelial and

hematopoietic markers on thymus-derived mesenchymal stem cells. (B) Bar chart showing the proportion of viable cells positive to the

investigated markers (n ¼ 4; mean � SE). (C) Multilineage differentiation of the cells into osteocytes, adipocytes. Nontreated cells were used

as negative controls.
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FIGURE 2 Biological and Mechanical Assessment of the Unseeded and Cell-Seeded Grafts

(A) Seeded graft (arrow) is mounted and cultured in a bioreactor. (B) Viable (L) and dead (D) cells attached to the seeded scaffold. Scanning

electron microscopic (SEM) images illustrate the topography of the unseeded graft and a confluent layer of oriented cells growing on the

seeded sample. Scale bars, 100 mm. Hematoxylin and eosin (H and E) staining shows lack of nuclei in the unseeded scaffold and a multilayer of

cells in the seeded graft. Elastic van Gieson (EVG) staining confirmed the capacity of the seeded cells to produce their own extracellular

matrix. Scale bars, 50 mm. (C) Young’s modulus and ultimate tensile strength of the unseeded and seeded grafts showed no significant

differences between the 2 groups (n ¼ 4; mean � SE).

Albertario et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 3 , 2 0 1 9

RVOT Reconstruction Using T-MSC Engineered Grafts J U N E 2 0 1 9 : 3 6 4 – 8 4

368



FIGURE 3 in Vivo Right Ventricular Outflow Tract Reconstruction and Operated Animals Follow-Up

(A) Cartoon (i) and macroscopic image (ii) showing the site of the implant on the right ventricular outflow tract (RVOT). Gross analysis of the

explants after 4.5 months in vivo shows the epicardial (iii) and endocardial (iv) sides of the graft (dotted line). (B) The operated pigs

increased their body weight at a normal rate. (C) Doppler echocardiographic measurements of the right ventricle immediately before

termination demonstrate comparable RVOT diameter and maximum velocity (Vmax) in the operated animals and unoperated control (Ctr)

pigs. (D) Representative cardiac magnetic resonance images of right ventricular diastolic and systolic area (encircled in green) before

surgery and 4.5 months thereafter. The patches could be visualized as a small bump protruding from the right ventricle (arrows). (E) RVOT

myocardial strain measured at termination was greater in the animals implanted with seeded grafts. See Supplemental Video 1.

Continued on the next page
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FIGURE 3 Continued
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For cell confluence quantification, ImageJ (Na-
tional Institutes of Health, Bethesda, Maryland) was
used on 1,000� images to measure the gaps between
cells. This area was converted into a proportion and
expressed as confluence rather then emptiness.

IN VIVO STUDIES. A total of 13 female Landrace pig-
lets weighing 20 to 25 kg underwent cardiac surgery.
Four additional unoperated pigs weighing approxi-
mately 90 kg were used as internal controls. All sur-
gical procedures were performed under general
anesthesia (ketamine, midazolam, dexmedetomidine,
and isoflurane) and neuromuscular blockade (pan-
curonium bromide). The heart was exposed through a
median sternotomy, and cardiopulmonary bypass
was established by cannulating the inferior and su-
perior vena cavae and the ascending aorta. An inci-
sion approximately 4 cm in length was made over the
RVOT and below the pulmonary valve annulus,
leaving the valve intact. The cut created was then
patched with either regular SIS-ECM or T-MSC-seeded
SIS-ECM. The latter was implanted with seeded cells
facing the inner side of the heart. Ten swine were
randomized to treatment according to a controlled
study design. Details of the operation are reported in
Supplemental Video 1. Animals were allowed to
recover under continuous post-operative monitoring
for the initial 24 to 48 h. Analgesic agents (paraceta-
mol, morphine) and an antibiotic agent (cefuroxime)
were administered regularly during this period.

DOPPLER ECHOCARDIOGRAPHY. A 2-dimensional
echocardiographic assessment was performed under
general anesthesia using a 2-dimensional system
(VividQ, GE Healthcare, Little Chalfont, United
Kingdom) before graft implantation and 1, 2, 3, and
4.5 months thereafter.

CARDIAC MAGNETIC RESONANCE. Cardiac magnetic
resonance was performed under anesthesia using a 3-
T scanner (Siemens Healthcare, Erlangen, Germany).
Dedicated long-axis and short-axis cine imaging of
the RVOT was performed using steady-state free
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TABLE 2 Doppler Echocardiographic Measurements

Pre-Operative Control
Post-Operative

Unseeded
Post-Operative

Seeded

IVSd (cm) 1.12 � 0.48 1.30 � 0.10 1.40 � 0.17 1.35 � 0.16

IVSs (cm) 0.89 � 0.08 2.10 � 0.10 1.60 � 0.17 2.00 � 0.22

LVIDd (cm) 2.82 � 0.12 3.40 � 0.23 3.43 � 0.46 3.72 � 0.14

LVIDs (cm) 1.96 � 0.13 1.75 � 0.27 1.70 � 0.44 2.10 � 0.07

LVPWd (cm) 0.85 � 0.06 1.20 � 0.11 1.36 � 0.20 1.62 � 0.11

LVPWs (cm) 1.37 � 0.10 2.25 � 0.15 2.16 � 0.03 2.15 � 0.12

EDV (ml) 31 � 3 49 � 8 50 � 15 59 � 5

ESV (ml) 12 � 2 11 � 3 10 � 6 14 � 1

EF (%) 60 � 5 80 � 6 83 � 6 76 � 4

SV (ml) 18 � 2 39 � 6 40 � 10 46 � 6

FS (%) 31.3 � 3.1 50.0 � 6.6 51.3 � 5.6 44.0 � 3.9

RV FAC (%) 48.97 � 5.41 50.80 � 2.88 49.16 � 2.89 47.11 � 3.5

Values are mean � SE. Left ventricular and RV function measured using electrocardiography before surgery and
4.5 months thereafter. Unoperated adult pigs were used as control subjects.

EDV ¼ end-diastolic volume; EF ¼ ejection fraction; ESV ¼ end-systolic volume; FAC ¼ fractional area change;
FS ¼ fractional shortening; IVSd ¼ intraventricular septum in diastole; IVSs ¼ interventricular septum in systole;
LVIDd ¼ left ventricular internal diameter in diastole; LVIDs ¼ left ventricular internal diameter in systole;
LVPWd ¼ left ventricular posterior wall diastole; LVPWs ¼ left ventricular posterior wall systole; RV ¼ right
ventricular; SV ¼ stroke volume.

TABLE 3 Cardiac Magnetic Resonance Imaging Measurements

Pre-Operative
Unoperated
Controls

Post-Operative
Unseeded

Post-Operative
Seeded

Diastolic area (cm2) 3.91 � 0.25 11.98 � 0.56 11.87 � 0.73 12.01 � 0.10

Systolic area (cm2) 1.96 � 0.22 6.03 � 0.40 6.48 � 0.45 5.68 � 0.21

Strain (%) 51 � 3 50 � 1.08 45.50 � 0.84* 52.63 � 2.17*

Values are mean � SE. Diastolic and systolic area and right ventricular outflow tract strain as assessed using
cardiac cardiac magnetic resonance before surgery (pre-operative) and 4.5 months thereafter (unseeded and
seeded animals). Unoperated adult pigs were used as control subjects. *p < 0.05 when comparing unseeded
control animals vs. unoperated control animals, and seeded vs. unseeded animals.
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precession sequences. Biomechanical properties in
the RVOT were investigated by measuring the frac-
tional area of change in the RVOT (RVOT-MS) defined
as follows: RVOT MS ¼ [RVOT short-axis area
(diastole) � RVOT short-axis area (systole)]/RVOT
short-axis area (diastole).

IN VIVO ENDPOINTS. The average in vivo follow-up
of 10 of the operated animals was 145 � 14 days,
corresponding to approximately 4.5 months. The
remaining 3 animals, all of them implanted with
T-MSC SIS-ECM, were terminated 24 h, 1 week,
and 2 weeks after implantation to determine the
persistence of seeded cells in the graft post-surgery.
Euthanasia was performed with an intravenous
injection of 150 mg/kg of pentobarbital sodium.

HISTOLOGY. Explanted samples were washed in PBS
and fixed overnight with 4% paraformaldehyde at 4�C.
Fixed tissues were processed in a Thermo Excelsior AS
(Thermo Fisher Scientific) and embedded with a
Thermo HistoStar (Thermo Fisher Scientific) machine.
Five-micrometer-thick sections were cut using a
Shandon Finesse 325 microtome (Thermo Fisher Sci-
entific). Hematoxylin and eosin, elastic van Gieson,
andMasson’s trichrome staining was performed either
manually or using a Shandon Varistain 24-4 (Thermo
Fisher Scientific) automated machine. Von Kossa
staining was carried out using a Silver plating kit
(In Vitro Diagnostic Medical Device, Darmstadt,
Germany) for the detection of microcalcification.
Fibrosis was evaluated by measuring the collagen
content of the explants in the Masson’s trichrome
staining. Results were expressed as proportion of area
occupied by collagen within the graft tissue.

FLUORESCENT IMMUNOHISTOCHEMISTRY. Paraffin-
embedded sections were deparaffinized by 2 changes
of clearene and rehydrated through an alcohol
gradient. A heated antigen retrieval with 10 mmol/l
citrate buffer (pH 6.0) was performed. Samples were
blocked with 10% goat serum (Sigma-Aldrich) in PBS
for 30 min at room temperature (RT) and incubated
with the unconjugated primary antibodies overnight
at 4�C. A list of the primary and secondary antibodies
is provided in Table 1. Fluorophore-conjugated sec-
ondary antibodies were incubated on the sections for
1 h at RT in the dark. Nuclei were counterstained with
40,6-diamidino-2-phenylindole (1:1,000, Sigma-
Aldrich) for 10 min at RT. Slides were mounted with
Vectashield Hardset Mounting Medium (Vector Lab-
oratories, Burlingame, California). Images were taken
using a Zeiss Observer.Z1 fluorescent microscope.

For microvasculature quantification, 10 random
fields per section of the explanted grafts were
analyzed under 20� magnification of a fluorescent
microscope. Arterioles were quantified by counting
the number of a–smooth muscle actin–positive ves-
sels costained with isolectin B4 (IsoB4). Moreover,
the number of a–smooth muscle actin–negative,
IsoB4-positive vessels was counted to determine the
number of capillaries developed in the healing car-
diac tissue. The average number of arterioles and
capillaries was then divided by the total acquired
section area to calculate vascular density.

The graft regions composed of myocyte pockets
were identified immunohistochemically using cardiac
myosin heavy chain (cMYH) expression. Under a 20�
magnification lens, 10 to 20 images were captured to
cover all the cMYH-positive areas that developed in
the newly formed tissue. Following identification of
the regions containing CMs, ImageJ software was used
to quantify the remodeling of the tissue sections. The
images were split into individual channels. The
ImageJ function threshold was applied in the channel
of interest to convert each image to a binary version,
where pixels were classified as representing either a



FIGURE 4 Examination of the Explanted Grafts

(A,B) Hematoxylin and eosin (H and E) and Masson’s trichrome staining of the explants illustrates the collagen-rich grafts well integrated with the right

ventricle (RV). (C) Higher magnification images of the samples. H and E staining shows little remains of the scaffold (arrows) 4.5 months after im-

plantation (i,v). Masson’s trichrome staining demonstrates the presence of new muscle tissue (arrows) generated from the implanted grafts (ii,vi). Elastic

van Gieson staining illustrates an elastin-rich endothelium laying the inner side of the explants (iii,vii). No calcification was detected as shown by von

Kossa stain (iv,viii). (D)More abundance of collagen was detected in the unseeded samples in comparison with the seeded group. (E) Immunostaining for

matrix metalloproteinase 1 (MMP1) confirmed that the extracellular matrix was undergoing remodeling processes, and no differences were observed

between the 2 groups. (F) Immunostaining and quantification of the fibrotic marker discoidin domain-containing receptor 2 (DDR2) (green fluorescence)

showed more fibrosis in the unseeded explants compared with the seeded ones. (G) Cells expressing cardiac myosin heavy chain (cMYH) were present in

explants from both groups, though more abundant in the seeded one. In addition, only the seeded graft contained cells double positive for cMYH and

connexin-43 (Cx-43). Scale bars, 50 mm. Dapi ¼ 40,6-diamidino-2-phenylindole; Iso ¼ isolectin B4.
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region of myocytes or a region not containing myo-
cytes. The pixels representing myocyte regions were
quantified, pooled together, and converted into
square millimeters. The myocyte area was then
divided by the total area of the newly formed tissue.
Similarly, the expression of the remodeling marker
matrix metalloproteinase 1, the fibrotic protein dis-
coidin domain-containing receptor 2, and the prolif-
eration marker Ki67 were quantified using the same
analytic method. Moreover, the isolectin-stained
samples were used to measure the thickness of the
endocardium that developed in the graft tissue of the
seeded and unseeded patches after 4.5 months in vivo.
The endocardium thickness of the native tissue was
used as a positive control.

FLUORESCENT IN SITU HYBRIDIZATION. Paraffin-
embedded tissues were deparaffinized, rehydrated,
and allowed to air-dry. Slides were incubated with
30% sodium bisulfite (Sigma-Aldrich) for 20 min at
37�C and washed with 2� SSC (Thermo Fisher Scien-
tific). Samples were incubated with a proteinase K
(Qiagen, Hilden, Germany) solution for 15 min at 45�C
and then washed with 2� SSC. Slides were rehydrated
through an alcohol gradient and allowed to air-dry.
The Y-chromosome probe mixture (Chrombios,
Nussdorf AM Inn, Germany) was added to the sam-
ples. The slides were placed on a hotplate for 10 min
at 80�C and then transferred overnight to a humidi-
fied chamber at 37�C. At the end of the hybridization,
the samples were washed with 0.4� SSC at 73�C and
with 2� SSC at RT. Nuclei were counterstained with
40,6-diamidino-2-phenylindole (1:1,000) and moun-
ted with Vectashield Hardset Mounting Medium.
Fluorescent in situ hybridization was performed on
the seeded grafts before in vivo implantation and on
seeded grafts explanted after 24 h, 1 week, 2 weeks,
and 4.5 months. The number of cells expressing the Y
chromosome was measured in the seeded grafts
before implantation and after the defined time points.
Results were expressed as density of Y chromosome–
positive cells per square millimeter.

EFFECTS OF T-MSCs ON CMs. The in vitro prolifera-
tion and apoptosis of P0 rat CMs primary culture were
measured respectively with Cell Proliferation ELISA,
BrdU (Roche, Basel, Switzerland) and Caspase-Glo 3/7
Assay (Promega, Madison, Wisconsin). The CMs were
either cultured with the T-MSC-conditioned medium
or cocultured with the T-MSCs. Three independent
experiments were carried out. The conditioned
medium was freshly harvested from passage 2 and 3
T-MSCs, centrifuged, mixed with 1% FBS and 1% P/S
M199 at a ratio of 1:1, and added to the CMs.
Regarding the coculture condition, P0 primary cul-
ture of rat CMs was seeded in 96-well plates, onto
which cell culture inserts (CellCrown inserts, Sigma-
Aldrich) were placed and seeded with T-MSCs. CMs
cultured with 1% FBS and 1% P/S DMEM:M199 (1:1)
were used as a negative control. Twenty-four hours
after seeding, bromodeoxyuridine was added to the
cells to assess proliferation. Cells were incubated for
24 h at 37�C in a CO2 incubator, and the enzyme-
linked immunosorbent assay kit was used according
to the manufacturer’s instructions. Absorbance was
measured at 450 nm using a microplate photometer
(Opsys MR, Dynex Technologies, Chantilly, Virginia).
Apoptosis was measured 48 h after seeding. Caspase
reagent was incubated with the cells for 45 min at RT.
The resulting luminescence was detected at 485 nm
by using a microplate luminometer (GloMax,
Promega).

A migration assay was performed on CMs to
investigate the effect of the T-MSCs on the migration
potential of the cardiac cells. CMs were either
cultured with the T-MSC-conditioned medium or
cocultured with the stem cells in a 24-well plate. After
confluence was reached, the cell monolayer was
scratched with a P200 tip at the center of the well.
Then the cells were washed and 2 mmol/l



FIGURE 5 Evaluation of the Endothelialization and Vascularization of the Explants

(A) Scanning electron microscopic images show that the topography of the endocardial surface of the explants is composed of aligned and compacted cells. Similar cell

confluency to the native tissue was detected in the unseeded and seeded patches. (B) By measuring the thickness of the endocardium of the sections stained for

isolectin B4 (Iso), we observed that the seeded group developed a thicker layer than the unseeded group (C). The explanted grafts generated a fine and rich vascu-

larization shown by isolectin B4 and alpha–smooth muscle actin (aSMA) staining. However, no differences were observed between the 2 groups in terms of capillaries

and arteriole density. Scale bars, 50 mm. Dapi ¼ 40,6-diamidino-2-phenylindole; RV ¼ right ventricle.
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hydroxyurea (Sigma-Aldrich) was added to the media.
Images were taken using a bright-field microscope at
4�. The proportion of gap closure was measured us-
ing ImageJ to calculate the area of the wound at the
time of the scratch and 14 h later. Each experiment
was performed in triplicate and repeated 3 times.

Released cytokines and growth factors were
analyzed in the secretome of T-MSCs. A customized
cytokine/chemokine multiplex kit (Millipore,
Burlington, Massachusetts) composed of magnetic
beads for the detection of interleukin (IL)–1ra, IL-2, IL-
6, IL-8, interferon-g, and tumor necrosis factor–a was
used according to the manufacturer’s instructions.
The analysis was limited to 6 analytes because of the
low availability of porcine antibodies. Reading was
performed using a Luminex MAGPIX instrument
(Luminex, Austin, Texas). Standard culture medium
was used as control for data normalization.



FIGURE 6 Y Chromosome Fluorescent in Situ Hybridization of the Explanted Grafts

The male seeded cells (Y chromosome [Y chr] positive) were detected over the scaffold before implantation and after 24 h, 1 week, and 2

weeks. The number of seeded cells decreased with time in vivo. No seeded cells were observed at 4.5 months. Scale bars, 50 mm. Dapi ¼ 40,6-

diamidino-2-phenylindole.
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STATISTICAL ANALYSIS. Data are expressed as
mean � SEM. Statistical analysis was carried out using
the Student’s t-test to determine the difference be-
tween 2 groups. Alternatively, 1-way analysis of
variance followed by Tukey post hoc testing was
applied to analyze the differences among multiple
groups. Results were considered statistically signifi-
cant at p < 0.05.

RESULTS

CHARACTERIZATION OF T-MSCs. Adherent cells
from the swine thymus gland exhibited the typical
spindle-shape morphology. Flow cytometry of 4 cell
lines showed abundant expression of the mesen-
chymal markers CD44, CD73, CD90, and CD105 and
negativity for CD31 and CD45 (Figures 1A and 1B).
Furthermore, we confirmed the ability of T-MSCs to
differentiate into mesenchymal lineages (Figure 1C).

CHARACTERIZATION OF T-MSC-ENGINEERED

SIS-ECM SCAFFOLDS. The T-MSCs seeded on the
SIS-ECM scaffold were grown for 1 week under static
condition and then 1 week under dynamic condition
in a bioreactor (Figure 2A). T-MSCs were viable within
the scaffold at 2 weeks from seeding, with only a few
dead cells being observed (4.0 � 0.6% of total cell
counts) (Figure 2B). They were stratified on the



FIGURE 7 Evaluation of Proliferating Cells in Vivo

(A) Immunostaining for Ki67 and isolectin B4 (Iso), smooth muscle myosin heavy chain (sm-MYH), a–sarcomeric actinin (aSA), and vimentin (Vim) in the seeded grafts

explanted at 24 h, 1 week, and 2 weeks. Coexpression of Ki67 with Iso and Vim suggests that the proliferating cells at early stages consist of endothelial cells (ECs) and

fibroblasts. Scale bars, 50 mm. (B) The numbers of proliferating ECs and fibroblasts increase after 1 week in vivo, with the fibroblasts showing an increased proliferation

also after 2 weeks. (C) Double staining for Ki67 and Iso, sm-MYH, aSA, and Vim in the unseeded and seeded grafts explanted at 4.5 months. Cells coexpressing Ki67

with Iso, sm-MYH, and Vim were detected in the grafts, suggesting that the proliferating cells are ECs, vascular smooth muscle cells (VSMCs), and fibroblasts. Scale

bars, 50 mm. (D) The number of Ki67-positive cells seemed to be the same between the unseeded and seeded groups 4.5 months after implantation.

Continued on the next page
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surface of the scaffold (hematoxylin and eosin stain-
ing) and interposed with newly formed collagen
(elastic van Gieson staining). Scanning electron mi-
croscopy confirmed the presence of a confluent and
oriented layer of cells on the surface of the SIS-ECM
scaffold.

Next, we compared the mechanical characteristics
of the unseeded and T-MSC-seeded scaffolds. No



FIGURE 7 Continued
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difference between groups was observed with regard
to stiffness or tensile stress at maximum load (p ¼
0.1075 and p ¼ 0.2890, respectively) (Figure 2C).
FEASIBILITY AND SAFETY OF T-MSC-ENGINEERED

GRAFTS IMPLANTATION. Figure 3A illustrates the
topography (i) and operative characteristics of the
RVOT lesion (ii–iv). All operated animals survived the
surgical procedure and recovered well, with no loss
during follow-up and similar body weight gain
(Figure 3B). At termination, body weight was similar to
that of unoperated swine of the same age (91 � 6 kg
and 93 � 7 kg, respectively, in the unseeded and
seeded groups vs. 90 � 1 kg in control groups). Echo-
cardiography showed similar values of RVOT di-
ameters (control subject vs. unseeded; p ¼ 0.1726;
control subject vs. seeded; p ¼ 0.995), left ventricular
contractile function, and left ventricular volumes
among unoperated, unseeded, and T-MSC-seeded
groups (Figure 3C, Table 2). Likewise, Doppler analysis
demonstrated no change in maximum RVOT velocity
between the control subject and operated animals
(control subject vs. unseeded; p ¼ 0.1569; control



FIGURE 8 in Vitro Assessment of the Paracrine Effect of the Thymus-Derived Mesenchymal Stem Cells

(A) Evaluation of the proliferation and apoptosis of rat cardiomyocytes (rCMs) cultured in the presence of thymus-derived mesenchymal stem cells (T-MSCs)

or with their conditioned medium showed that the presence of the stem cells stimulates the proliferation of the cardiomyocytes (CMs), without affecting

apoptosis (n ¼ 3). (B) A migration assay of the rCMs either cultured with the conditioned medium or cocultured with the T-MSCs demonstrated that the stem

cells can promote the migration of the CMs. The proportion of gap closure 14 h following the scratch was greater in the cocultured condition compared with

the control. (C) Analysis of the cytokines and growth factors released by the T-MSCs showed secretion of interleukin (IL)–1ra, IL-2, and IL-6 and a high level

of IL-8. Absence of interferon (INF)-g and tumor necrosis factor (TNF)–a was observed in the porcine T-MSC (pT-MSC)–conditioned medium.
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subject vs. seeded; p ¼ 0.052) (Figure 3C). Similarly,
the proportion of right ventricular (RV) fractional area
change did not differ between groups and was within
clinical reference range (32% to 60%) of normal RV
function (Table 2).
IMPLANTATION OF T-MSC-ENGINEERED GRAFTS

IMPROVES RVOT CONTRACTILITY COMPARED WITH

UNSEEDED GRAFTS. Cardiac cardiac magnetic reso-
nance assessments of RVOT motion and deformation
were carried out before surgery and at termination,
using unoperated adult pigs as control subjects for
the latter time point (Figure 3D). Basal RVOT-MS
values did not differ between the study groups, thus
excluding a chance of imbalance that may influence
outcome, and were therefore cumulated (Table 3). At
the final measurement, unseeded animals showed
reduced RVOT-MS compared with unoperated control
subjects (p < 0.05), with this gap being totally abro-
gated in the T-MSC-seeded group (control subject vs.
unseeded; p ¼ 0.1835; control subject vs. seeded; p ¼
0.0432; unseeded vs. seeded; p ¼ 0.0408) (Figure 3E).
The RVOT-MS increase observed in the seeded group
was the consequence of a reduction of the systolic
area, whereas diastolic area did not differ between the
2 groups (Table 3).
IN VIVO INTEGRATION AND REMODELING OF

T-MSC-ENGINEERED GRAFTS WITHIN THE HOST

CARDIAC TISSUE. The results of cardiac cardiac
magnetic resonance suggest that T-MSCs can confer
the implanted scaffold with the capacity to preserve
RVOT contractility. Therefore, we investigated the
mechanisms responsible for this beneficial effect. At
macroscopic inspection, explanted RVOTs presented
a smooth luminal surface with no sign of tissue
degradation in both groups. Hematoxylin and eosin
staining showed in vivo integration of the grafts
within the neighboring myocardium (Figure 4A). The
newly formed tissue within the implants was
composed mainly of collagenous fibers, as shown by
Masson’s trichrome (Figure 4B) and elastic van Gieson
(Supplemental Figure 1) staining. A close inspection
revealed only few discernible remnants of the SIS-
ECM scaffold (Figure 4C), suggesting that the
implanted graft underwent remodeling and new tis-
sue formation. Moreover, von Kossa staining showed
no calcification in the explanted cell-seeded or un-
seeded grafts (Figure 4C, Supplemental Figure 2).
Interestingly, the amount of collagen developed in
the cell-seeded explants was significantly lower
compared with the unseeded explants (53.31 � 2.07%
and 58.45 � 1.36% of total section area, respectively;
p ¼ 0.0429) (Figure 4D). Immunostaining and quan-
tification of the remodeling marker matrix metal-
loproteinase 1 demonstrated similar expression in the
unseeded and seeded groups (5.91 � 0.32% and
6.67 � 0.25%, respectively; p ¼ 0.0516) (Figure 4E).
Moreover, discoidin domain-containing receptor 2
was significantly down-regulated in the cell-seeded
compared with the unseeded group (22.5 � 0.64%
vs. 24.7 � 0.73%, respectively; p ¼ 0.0422) (Figure 4F),
which, together with the data of collagen content,
suggests an antifibrotic effect that was exerted by
T-MSCs. The control RV tissue distant from the
implant was negative for the matrix metalloproteinase
1 and discoidin domain-containing receptor 2 markers.

Immunostaining for the cardiac marker cMYH
confirmed the presence of myocyte-like clusters
dispersed within the explants of both unseeded and
cell-seeded groups (Figure 4G). Interestingly, the area
of the explant occupied by these myocyte-like islets
was greater in the cell-seeded group (p ¼ 0.0462).
Moreover, seeded grafts contained myocytes that
coexpress cMYH and the ventricular gap junction
protein connexin-43 (Cx-43), whereas these double-
positive myocytes were absent in unseeded grafts.
Scanning electron microscopy of the endocardial side
of the explanted grafts showed that both the un-
seeded and seeded patches developed a compact cell
layer, resembling the topography of the native tissue
(cell confluence 86.12 � 2.39%, 86.77 � 1.62%, and
92.54 � 2.36%, respectively; unseeded vs. seeded; p ¼
0.9702; unseeded vs. RV; p ¼ 0.1598; seeded vs. RV;
p ¼ 0.2045) (Figure 5A). Immunostaining with IsoB4
demonstrated that the seeded grafts developed a
thicker layer of ECs compared with unseeded group
(53.54 � 2.04 and 46.45 � 1.81 mm, respectively; un-
seeded vs. seeded; p ¼ 0.0291; unseeded vs. RV; p ¼
0.2793; seeded vs. RV; p ¼ 0.4611) (Figure 5B).

Fluorescent microscopy identified capillaries and
arterioles within the grafts, although the former were
less abundant than in control RV myocardium, sug-
gesting that graft arteriogenesis prevailed on capil-
larization in the healing process of tissue (Figure 5C).

3The improved physiological remodeling in the
cell-seeded group prompted us to examine the fate of
the implanted male donor cells into the female re-
cipients using fluorescent in situ hybridization anal-
ysis of Y chromosome in the explanted grafts. Cells
expressing the Y chromosome were detected in grafts
explanted 24 h, 1 week, and 2 weeks post-implantation
(Figure 6). We observed a progressive decline in the
abundance of cells expressing the Y chromosome, but
positive cells were still present at 2 weeks after im-
plantation (pre-operative vs. 24 h; p ¼ 0.9842;
pre-operative vs. 1 week, p¼ 0.2040; pre-operative vs.
2 weeks; p < 0.0001; 24 h vs. 1 week; p ¼ 0.03695; 24 h
vs. 2 weeks; p < 0.001; 1 week vs. 2 weeks; p ¼ 0.009).
In contrast, no Y chromosome–positive cells were
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detected at 4.5 months. Therefore, it is most likely that
CMs and ECs found in the explanted grafts derive from
the recipient rather than from donor T-MSCs.

Next, we measured cell proliferation in grafts
explanted at 24 h, 1 week, 2 weeks, and 4.5 months by
immunostaining for Ki67, in combination with IsoB4,
smooth muscle myosin heavy chain, a–sarcomeric
actinin, and vimentin to detect, respectively, prolif-
erating ECs, vascular smooth muscle cells (VSMCs),
CMs, and fibroblasts (Figure 7). Some Ki67-positive
ECs and fibroblast-like cells were observed in the
seeded grafts explanted after 24 h, 1 week, and 2
weeks, whereas neither VSMCs nor CMs were positive
for Ki67 (Figure 7A). The number of proliferating ECs
increased after 1 week; likewise fibroblasts showed
greater proliferation at 1 and 2 weeks compared with
24 h (ECs: 24 h vs. 1 week; p ¼ 0.0411; 24 h vs. 2
weeks; p ¼ 0.0141; 1 week vs. 2 weeks; p ¼ 0.3021;
VSMCs: 24 h vs. 1 week; p ¼ 0.4812; 24 h vs. 2 weeks,
p ¼ 0.5724; 1 week vs. 2 weeks; p ¼ 0.9839; fibro-
blasts: 24 h vs. 1 week; p ¼ 0.0284; 24 h vs. 2 weeks;
p ¼ 0.0126; 1 week vs. 2 weeks; p ¼ 0.7590)
(Figure 7B). Additionally, we analyzed the prolifer-
ating cells in the seeded and unseeded grafts
explanted after 4.5 months (Figure 7C). Ki67-positive
ECs, VSMCs, and fibroblasts were detected at this
time point within the grafts, but no proliferating cells
were found in the myocyte pockets, and no differ-
ences were observed regarding the number of prolif-
erating ECs, VSMCs, and fibroblasts (ECs: unseeded
vs. seeded; p ¼ 0.7649; VSMCs: unseeded vs. seeded;
p ¼ 0.6262; fibroblasts: unseeded vs. seeded; p ¼
0.8648) (Figure 7D).
EVALUATION OF THE PARACRINE EFFECT OF THE

T-MSCs ON THE CMs IN VITRO. To assess the
paracrine properties of T-MSCs, we measured the
proliferation and apoptosis of CMs in the presence of
T-MSCs or their conditioned medium (Figure 8A).
Results showed stimulation of CM proliferation by
T-MSCs in a coculture system (p ¼ 0.0489 vs. control),
whereas the T-MSC-conditioned medium was
ineffective (p ¼ 0.9901 vs. control). T-MSCs or their
conditioned medium did not affect CM apoptosis
(control vs, conditioned medium; p ¼ 0.2588; control
vs. coculture; p ¼ 0.1244). Therefore, continuous
production of paracrine factors by T-MSCs is indis-
pensable for induction of CM expansion in vitro.
Similarly, a migration assay of the CMs either
cultured with the T-MSC-conditioned medium or
cocultured with the T-MSCs confirmed that the stem
cells have the potential to trigger the migration of
CMs in vitro (Figure 8B). Fourteen hours after the
scratch was made, the proportion of gap closure in the
coculture system was higher compared with the
control subject (62.18 � 4.69% and 51.06 � 2.01%,
respectively; p ¼ 0.0487 vs. control subject).

A multiplex analysis of the cytokines produced by
the T-MSCs showed that high levels of the proangio-
genic factor IL-8 are secreted by the MSCs in vitro
(Figure 8C). Relatively low levels of inflammatory IL-2
and IL-6 and the anti-inflammatory cytokine IL-1ra
were detected, whereas complete absence of proin-
flammatory interferon-g and tumor necrosis factor–a
was revealed.

DISCUSSION

Because of their similarities to humans and rapid
growing rate, pigs are valuable animal models for
preclinical assessment of cardiac tissue engineering
(12,13). The present study confirms the feasibility and
safety of RVOT reconstruction using a SIS-ECM graft in
growing piglets. In addition, we report for thefirst time
that the addition of allogeneic T-MSCs to the SIS-ECM
can upgrade the scaffold, converting it into a living
tissue, capable of remodeling and improving RVOT
contractility. Immunostaining of the explants showed
similar neovascularization but a lower degree of
fibrosis and a greater abundance of mature myocytes
in the group implanted with seeded grafts. Moreover,
scanning electron microscopy and immunohisto-
chemistry analysis demonstrated a more organized
endothelialization of the T-MSC-engineered grafts.

Very few studies have focused on reconstruction of
the RVOT in animal models. Tanaka et al. (14)
implanted a SIS-ECM graft allowing the controlled
release of basic fibroblast growth factor in an RVOT
porcine model. They reported the occurrence of
regional myocardial remodeling and increased tissue
viability within the patch. However, there was no
improvement in the RVOT strain. Thus, our SIS-ECM
cellularization approach seems to have a significant
functional advantage over basic fibroblast growth
factor treatment of SIS-ECM. In another study,
induced pluripotent stem cells were used to engineer a
synthetic scaffold that was implanted in the RVOT of a
rat model (3). Host CM regeneration was observed in
the cell-seeded group.

SIS-ECM material has been widely used in cardio-
vascular surgery since 2006. Early results suggested a
therapeutic potential for correction of congenital
heart defects (1,15). However, more recent data have
demonstrated less favorable clinical outcomes. For
instance, Woo et al. (16) showed a relatively high
degree of chronic inflammation and fibrosis and poor
graft recellularization and integration with the sur-
rounding tissue in SIS-ECM specimens explanted
from pediatric patients who underwent corrective
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heart surgery. Similar concerns were raised by studies
using SIS-ECM for valve repair in children. An intense
inflammatory response was observed in the sur-
rounding tissue, and little or no remodeling was
detected 9 months after implantation (17).

Our group recently showed that T-MSCs isolated
from human donors are capable to engraft and pro-
liferate onto the SIS-ECM (2). We have now estab-
lished the isolation and expansion of porcine T-MSC
lines suitable for use in an allogeneic or autologous
setting. The porcine T-MSCs displayed plastic adher-
ence, a high rate of growth, high expression of the
typical mesenchymal markers, and trilineage differ-
entiation capacity into osteocytes, adipocytes, and
chondrocytes (18). Hence, our results indicate that
the isolation of MSCs from the porcine thymus is
feasible and provides a homogenous cell population.
Successful seeding of the T-MSCs on the SIS-ECM
allowed the generation of an engineered patch
composed of a multilayer of oriented cells growing on
the surface of the scaffold. Mechanical testing of the
construct showed that T-MSC incorporation is not
detrimental to the graft physical properties. Further-
more, Y chromosome fluorescent in situ hybridization
staining on seeded grafts explanted 24 h, 1 week, and
2 weeks post-operatively indicated that the donor
cells engrafted into the SIS-ECM. However, Y chro-
mosome staining on the 4.5-month explant demon-
strated no trace of the implanted cells. This implies
that the effects exerted by the cells on the sur-
rounding tissue are due mainly to a paracrine stimu-
lation that must have happened relatively soon after
implantation. In line with our results, Sugiura et al.
(3) showed that the seeded cells disappeared from the
graft 4 weeks after implantation. Nonetheless, their
early presence in vivo was sufficient to favor the
regeneration of cardiac tissue.

The analysis of graft remodeling provided a
possible interpretation for the improvement of RVOT
contractility. The reduction of fibrosis associated with
an increase in CMs’ number may have contributed to
rescue RVOT strain in animals implanted with T-MSC-
seeded grafts. We excluded the possibility that the
CMs colonizing the graft derived from the donor cells,
as none were found to be positive for the Y chromo-
some at the latest time point. Migration or prolifera-
tion of CMs from the neighboring myocardium could
have contributed to the muscularization of the graft.
In vitro studies showed that T-MSCs have the poten-
tial to stimulate the proliferation and migration of
neonatal CMs. However, in agreement with the
notion that adult CMs are terminally differentiated,
we did not find any sign of CM proliferation in the
explanted grafts, the only Ki67-positive cells being
vascular and stromal cells. Therefore, CM migration
remains the most likely explanation for graft muscu-
larization in vivo. Furthermore, only seeded grafts
induced the colonization of CMs coexpressing cMYH
and Cx-43, while unseeded grafts were unable to
maintain normal RVOT strain and contained cMYH
cells negative for Cx-43. This marker has been asso-
ciated with preserved CM functionalities. For
instance, early-stage compensated left ventricular
hypertrophy is characterized by increased Cx-43
immunofluorescent signal per myocyte volume and
extensive Cx-43 lateral labeling, whereas Cx-43 be-
comes down-regulated in the decompensated stage of
cardiac hypertrophy (19). Gap junctional coupling is
important for functional integration of transplanted
cells with host myocardium (20). Furthermore, non-
canonical functions of Cx-43 include the control of
sodium channels with important repercussions on the
propagation of electric activity in the heart (21).

Graft cellularization resulted in a more organized
endothelialization of the endocardial side of the graft
but did not improve revascularization at capillary or
arteriole level. Interestingly, arteriogenesis was not
associated with a robust capillarization of the graft.
Hence, it would be important to determine in the
future whether stimulation of angiogenesis could
further improve RVOT functionalization.

CONCLUSIONS

Our study indicates that functionalization of the
graft with T-MSCs may obviate the contractility and
endothelialization problems reported after surgical
correction of the RVOT (10). The addition of T-MSCs
to the SIS-ECM converted it into a living tissue,
capable of preventing the formation of an akinetic
RVOT area. Akinetic regions developed in the RVOT
have been associated with myocardial scarring,
fibrosis, and electromechanical delay (22). Further-
more, abnormal fibrous tissue deposition and adi-
pose tissue substitution can develop around the
surgical scar and can eventually lead to electric
instability, re-entrant arrhythmias, and even sudden
cardiac death (23,24). We did not perform electro-
physiological studies; thus, we can only infer the
absence of life-threatening arrhythmias from the fact
that no fatality was observed. Another limitation of
the study was the absence of a sham-operated group
to assess unspecific background effect of surgery on
the heart. However, the main comparator was the
group of pigs with grafts that were not seeded with
stem cells.

Most of the grafts currently used in cardiac surgery
are either synthetic or fixed materials. These materials
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COMPETENCY IN MEDICAL KNOWLEDGE: Our study dem-

onstrates for the first time in a clinically relevant, randomized,

large animal study the importance of using autologous stem cell

tissue engineered patches for reconstruction of the RVOT.

TRANSLATIONAL OUTLOOK: The translation of this work

into a clinical safety and efficacy study in patients with tetralogy

of Fallot can open the way to the application of personalized

grafts for reconstructive surgery in congenital heart disease,

which can grow and remodel in vivo and therefore avoid the life-

threatening complications seen in these complex patients. Our

main challenges will be to transfer the production of our tissue-

engineered grafts into clinically upgraded facilities and to iden-

tify funding for this very new and exciting “personalized”

approach for neonates and infants born with congenital heart

disease.
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have not been proved to be particularly effective
during long-term follow-up, leading to lack of
contractility and mismatched mechanical properties,
which might contribute to the risk for sudden death
(25,26). Our feasibility, safety, and efficacy in vivo
study has shown that seeding SIS-ECM with T-MSCs
overcomes some of the known limitations of current
prosthetic material. These results may pave the way to
new modalities for effective surgical restoration of RV
function in patients with tetralogy of Fallot.
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HIGHLIGHTS

� MCD inhibition decreases fatty acid oxidation via increasing malonyl coenzyme A levels to prevent fatty acid uptake into

mitochondria in the failing hearts induced by coronary artery ligation.

� Downregulating fatty acid oxidation by MCD inhibition occurrs in conjuction with a decrease in glycolysis and in proton

production while an increase in triacylglycerol biosynthesis.

� MCD inhibition enhances antioxidative capacity through increasing mitochondrial superoxide dismutase activity via

reducing its acetylation.
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SUMMARY
Alterations in cardiac energy metabolism after a myocardial infarction contribute to the severity of heart failure

(HF). Although fatty acid oxidation can be impaired in HF, it is unclear if stimulating fatty acid oxidation is a

desirable approach to treat HF. Both immediate and chronic malonyl coenzyme A decarboxylase inhibition,

which decreases fatty acid oxidation, improved cardiac function through enhancing cardiac efficiency in a

post–myocardial infarction rat that underwent permanent left anterior descending coronary artery ligation. The

beneficial effects of MCD inhibition were attributed to a decrease in proton production due to an improved

coupling between glycolysis and glucose oxidation. (J Am Coll Cardiol Basic Trans Science 2019;4:385–400)

© 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
I schemic heart disease and heart failure
(HF) are the major causes of death world-
wide. As such, there is an urgent need for

novel therapeutic approaches that focus on
different mechanisms to improve outcomes
of patients suffering from ischemic heart disease and
HF. Adverse remodeling of the myocardium after a
myocardial infarction (MI) contributes to the severity
of HF (1), which includes alterations in myocardial en-
ergy metabolism (1,2). Whereas it is generally accepted
that mitochondrial oxidative metabolism is compro-
mised in the failing heart (3), there is less agreement
as to whether the heart switches energy substrate
preference in the failing heart (3). Impaired mitochon-
drial oxidative metabolism in the failing heart can
decrease not only fatty acid oxidation, but also
glucose oxidation (2,4,5). This is accompanied by an
increase in glycolysis as the remodeled heart attempts
to compensate for the decrease in mitochondrial en-
ergy production (2). This can result in an uncoupling
between glycolysis and glucose oxidation, which
accelerates proton production. As a result, energy
has to be used for correcting acidosis-induced dysre-
gulation of ion homeostasis (including Naþ and Ca2þ

overload) rather than supporting mechanical func-
tion, which ultimately decreases cardiac mechanical
efficiency (2,6,7).
SEE PAGE 401
Although fatty acid oxidation can be impaired in
HF (due to a decrease in mitochondrial oxidative ca-
pacity) it is unclear if stimulating fatty acid oxidation
is a desirable approach to treat HF. Increasing fatty
acid oxidation by cardiac-specific overexpression of
peroxisome proliferator-activated receptor a results
in the development of cardiomyopathy (8). Adminis-
tration of peroxisome proliferator-activated receptor
a agonists to isolated perfused hearts also decreases
cardiac efficiency (9). In contrast, cardiac-specific
deletion of acetyl CoA carboxylase 2, which lowers
malonyl CoA, accelerates fatty acid oxidation, and
improves cardiac function in mice subjected to
transverse aortic constriction (10). However, this
approach also markedly improves the coupling of
glycolysis to glucose oxidation, resulting in a
decreased lactate production. Improved coupling of
glycolysis to glucose oxidation has been shown to be
beneficial in reducing the symptoms of myocardial
ischemia (2,6,7,11,12). This can be achieved by inhib-
iting fatty acid oxidation, which increases glucose
oxidation, thereby improving the coupling of glycol-
ysis to glucose oxidation (13). This approach benefits
cardiac function (6,11,14) and reduces infarct size (6)
in the immediate post-ischemic period.

Malonyl CoA is a key regulator of fatty acid
oxidation, which inhibits carnitine palmitoyl-
transferase 1 (CPT1) and prevents the mitochondrial
uptake of fatty acids. Myocardial malonyl CoA levels
can be increased by inhibiting malonyl CoA decar-
boxylase (MCD), the enzyme responsible for malonyl
CoA degradation (11,12). Deletion of MCD (MCD�/�)
protects the hearts from ischemia/reperfusion injury
and decreases infarct size (6), which is associated
with an increase in malonyl CoA levels, a decrease in
fatty acid oxidation, and an increase in glucose
oxidation (6,12). Similar findings have been recapit-
ulated following immediate pharmacological inhibi-
tion of MCD in an experimental model of ex vivo
ischemia/reperfusion injury in the heart (11,15).

The objective of this study was to determine
whether immediate or chronic inhibition of cardiac
fatty acid oxidation by pharmacological inhibiting
MCD in MI rats, induced by a permanent left anterior
descending coronary artery ligation, could decrease
the severity of HF post-MI.

METHODS

ANIMAL CARE. All protocols performed on male
Sprague-Dawley rats (200 to 300 g, Charles River,

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Wilmington, Massachusetts) were reviewed and
approved by the Animal Care and Use Committee at
University of Alberta, or by Amgen’s Internal Animal
Care and Use Committee. All animal experiments
were performed in accordance with the guidelines of
Canadian Council of Animal Care.

IMMEDIATE EFFECT OF MCD INHIBITION ON

HEMODYNAMIC ANALYSIS, CARDIAC MALONYL CoA

LEVELS, AND EXERCISE CAPACITY TESTING. A se-
ries of male Sprague-Dawley rats (n ¼ 25) underwent a
sham (n ¼ 8) or an MI (n ¼ 17) (6,16) procedure. At 9
weeks post-MI, rats were subjected to transthoracic
echocardiogram for invasive hemodynamic analysis
with a 120-min short-term intravenous stepped-dose
infusion of the MCD inhibitor (CBM-3001106, ob-
tained from Metabolic Modulators Research Ltd.,
Edmonton, AB, Canada) to assess the cardiac func-
tion. Then the hearts were isolated for assessing the
levels of malonyl CoA. To measure the exercise ca-
pacity, rats were randomized (sham, n ¼ 6; MI, n ¼ 7)
to a graded exercise test that was performed at a 5%
incline, beginning with 10 m/min for 1 min, 11 m/min
for 1 min, 12 m/min for 1 min, 13 m/min for 2 min, 15
m/min for 5 min, 17 m/min for 5 min, and 20 m/min
until exhaustion (17). A rat was deemed to be fatigued
when it was no longer able to run on the treadmill, as
judged by rat spending >50% of time or >30 consec-
utive seconds on the platform and resistant to prod-
ding by the air puff.

IMMEDIATE EFFECT OF MALONYL CoA ON INHIBITING

FATTY ACID OXIDATION IN LIVER AND HEART

MITOCHONDRIA. The dose-dependent effect of
malonyl CoA on inhibiting fatty acid oxidation in liver
(n ¼ 12) and heart (n ¼ 6) was discovered in vitro
by using freshly isolated mitochondria from the
tissue homogenate centrifuged at 27,000 � g for
10 min. The pellet was re-suspended in a A
buffer containing 70 mmol/l sucrose, 210 mmol/l
mannitol, 5 mmol/l 4-(2-Hydroxyethyl)piperazine-
1-ethanesulfonic acid, N-(2-Hydroxyethyl)piperazine-
N0-(2-ethanesulfonic acid) (HEPES), 1 mmol/l ethylene
glycol-bis(b-aminoethyl ether)-N,N,N0,N0-tetraacetic
acid (EGTA), and 0.5% (w/v) fatty acid-free bovine
serum albumin (BSA) (pH 7.2) and centrifuged at
10,000 � g. The resulting pellets were re-suspended
in the ice-cold A buffer without BSA, from which,
1.5 mg of protein were used for recording fatty acid
oxidation as a rate of oxygen consumption by using a
Seahorse XF96 Extracellular Flux Analyzer (Seahorse
Bioscience, North Billerica, Massachusetts). The sub-
strates consist of either 10 mmol/l pyruvate/2 mmol/l
malate or 160 mmol/l palmitoyl CoA/0.5 mmol/l carni-
tine/0.2 mmol/l malate. Malonyl CoA was added to a
final concentration of either 100 mmol/l, 10 mmol/l,
1 mmol/l, 100 nmol/l, or 0 nmol/l. Following this,
adenosine diphosphate was added to a final concen-
tration of 6 mmol/l, followed by oligomycin (2 mmol/l
final) and carbonyl cyanide 4-(trifluoromethoxy)-
phenylhydrazone (4 mmol/l final).

MALONYL CoA CONTENT ASSESSMENT. This was
performed via high-performance liquid chromatog-
raphy (6,18). To optimize the dosage of MCD inhibitor
on altering malonyl CoA levels, the male rats (n ¼ 32)
were administrated with different oral doses of MCD
inhibitor (0, 1, 3, 10, 20, 50, 100 mg/kg BW (body
weight), n ¼ 4 to 5/group). The hearts and gastroc-
nemius muscle were isolated at 12 h post-treatment
for assessing the levels of malonyl CoA.

CHRONIC INTERVENTIONS OF MI MODEL AND

INFARCT SIZE ASSESSMENT. Sham (n ¼ 16) and post-
MI rats (n ¼ 31) were randomized into 5 groups: 1)
sham þ vehicle (ethanol þ DMSO þ Cremophor þ
H2O); 2) sham þ high-dose MCD inhibitor (100 mg/kg/
day); 3) MI þ vehicle; 4) MI þ low-dose MCD inhibitor
(50 mg/kg/day); and 5) MI þ high-dose MCD inhibitor
(100 mg/kg/day), for daily oral gavage for a 4-week
period. The infarct size was assessed by cutting the
frozen hearts (n ¼ 7 to 8/group) into w10 mm slices
followed by incubation in 1% triphenyltetrazolium
chloride for 10 min at 37�C as described previously (6).

ASSESSMENT OF IN VIVO CARDIAC FUNCTION. At 3
weeks post-MI and 4 weeks post-treatment (7 weeks
post-MI), rats were subjected to an ultrasound echo-
cardiography using a VisualSonics Vevo 2100 machine
(VisualSonics Inc, Canada) to assess in vivo left ven-
tricular ejection fraction (%EF). Parasternal long axis
and short axis views were performed in both systole
and diastole from the base to apex. The Simpson
method was used for the data analysis (19).

ASSESSMENT OF EX VIVO CARDIAC FUNCTION AND

ENERGY METABOLISM BY HEART PERFUSION. At
the end of the 7-week study period, heart perfusions
were performed with oxygenated Krebs-Henseleit
solution, consisting of either 0.8 mmol/l
palmitate bound to 3% fatty acid-free BSA, 5 mmol/l
[5-3H/U-14C]glucose for glycolysis and glucose oxida-
tion measurements, or with 0.8 mmol/l [9,10-3H]
palmitate bound to 3% fatty acid-free bovine serum
albumin, and 5 mmol/l glucose for fatty acid oxida-
tion measurements (16). Hearts were perfused aero-
bically for 30 min without insulin and an additional
30 min with insulin (100 mU/ml), then were snap
frozen for later biochemical analysis.

CALCULATIONS OF PROTON PRODUCTION RATES,

ADENOSINE TRIPHOSPHATE PRODUCTION RATE,

CARDIAC WORK. Proton production rates were
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calculated following the equation: 2 � (glycolysis
rates � glucose oxidation rates) (16). Adenosine
triphosphate (ATP) production rates were calculated
based on ATP production from each substrate (104 for
palmitate oxidation, 29 for glucose oxidation, and 2
for glycolysis) (18). Cardiac work (unit as Joules/min/
g dry weight) was calculated following the equation:
cardiac output � (peak systolic pressure � preload
pressure) � 0.1332 � 10�3/3,600/heart dry mass. The
preload pressure is determined by the flow to the
atria, which is controlled by the height of the
oxygenator above the perfused heart with a value of
11.5 mm Hg. The cardiac efficiency was calculated as:
cardiac work/total ATP production rates (18).

MEASUREMENT OF TRIACYLGLYCEROL AND THE

INCORPORATION OF 3H-PALMITATE INTO

TRIACYLGLYCEROL. Triacylglycerol (TAG) content
was assessed in the set of hearts perfused with
[9,10-3H]palmitate in the perfusate (n ¼ 6 to 7/group)
as described previously (16) by colorimetric assay kit
(Wako Pure Chemical Industries, Richmond, Vir-
ginia), while another potion of the lipid extraction
was counted with scintillation fluid to measure the
incorporation of [9,10-3H]palmitate into TAG based
on the specific activity of [9,10-3H]palmitate from the
perfusate.

MEASUREMENTOFGLYCOGENANDTHE INCORPORATION

OF GLYCOGEN FROM 3H-GLUCOSE. Glycogen was
assessed in the set of hearts perfused with [5-3H]
glucose (n ¼ 6 to 9/group) via measurement of
glucose content by using glucose assay kit (Sigma), as
described previously (16).

DETECTION OF LACTATE DEHYDROGENASE

ISOENZYMES. Heart proteins (20 mg/well) were elec-
trophoresed on 6% native gel at 4�C as described
previously (20), and followed by western blot to
detect isoforms of lactate dehydrogenase (LDH), of
which the densitometry were analyzed using Image
J-win64 software.

MEASUREMENT OF ENZYME ACTIVITIES. Citrate
synthase activity (n ¼ 7 to 8/group) was measured
based on continuous kinetic changes of absorbance at
412 nm over 2 to 5 min by recording the reduction of
dithiobis-nitrobenzoic acid. Complex I activity (n ¼ 7
to 8/group) was measured by recording the reduction
of 2,6-dichloroindophenol at 600 nm (21). Cytosolic
glycerol-3-phosphate acyltransferase activity (n ¼ 6/
group) was measure by using cytosolic fractions of
heart samples in the assay buffer containing 1 mmol/l
glycerol-3-phosphate, 0.1 mmol/l palmitoyl CoA, and
0.1 mmol/l 5,50-dithio-bis-2-nitrobenzoic acid at
412 nm (22). Superoxide dismutase 2 (SOD2) activity
(n ¼ 7 to 8/group) was measured in the presence of
1 mmol/l KCN potassium cyanide (to inhibit Cu/
ZnSOD activity) at 450 nm by using water soluble
tetrazolium salt-1 (WST-1) that produces a water-
soluble formazan dye upon reduction with superox-
ide anion (23).
FRACTIONATION OF NUCLEAR OR CYTOSOLIC

PROTEINS. Frozen heart tissues were homogenized
in a buffer containing 10 mmol/l HEPES (pH 7.9), 1.5
mmol/l MgCl2, 10 mmol/l KCl, and 0.05% NP40 with
cocktail of protease inhibitor and 2 mmol/l DTT. The
resulting pellets, after the centrifugation at 1,000 � g
for 15 min at 4oC, were resuspended for nuclear pro-
tein assays. The resulted supernatant was subjected
to centrifugation at 10,000 � g for 60 min at 4oC to
obtain the supernatant as cytosolic protein fraction.
WESTERN BLOTTING AND IMMUNOPRECIPITATION. The
following antibodies were used: adipose triglyceride
lipase (ATGL), lamin A and thioredoxin-1 (Cell
Signaling Technology); sarco(endo)plasmic reticulum
Ca2þ-ATPase 2 (SERCA2, Pierce); CD36 and forkhead
box O3 (FOXO3), SIRT3, and LDH (Abcam). Serine
palmitoyltransferase (SPT1) (Santa Cruz Biotech-
nology). To detect acetylation of mitochondrial SOD2,
500 mg of the total heart lysates were used for incu-
bation with 10 ml acetyl-lysine antibodies (Millipore)
and protein A/G-agarose beads (Santa Cruz Biotech-
nology) overnight at 4�C followed by incubation with
the antibody against SOD2. To determine the inter-
action of MCD with SOD2 (Millipore), the heart lysates
were immunoprecipitated with MCD antibody or with
mitochondrial SOD2 antibody, then western blots
were performed to detect SOD2 or MCD from the
respective membranes. Positive control was the same
sample(s) used for immunocapture without incuba-
tion of antibody. The negative control was the anti-
body (immunoglobulin G) used for immune-capture
without incubation of the respective samples. Bound
antibody was visualized by incubation with enhanced
chemiluminescent substrate. ImageJ-win64 (by
Johannes Schindelin, Albert Cardona, Mark Longair,
Benjamin Schmid, and others) was used for evalua-
tion of each band (n ¼ 4 to 5/group, except n ¼ 3/
group for immunoprecipitation).
STATISTICAL ANALYSIS. Values represent the mean
� SD. Samples sizes are indicated in the table and
figure legends. The significance of differences
for multiple comparisons in Figures 1D, 2B, 2F to 2K, and
3 to 5 was analyzed by 1-way analysis of variance
(ANOVA). If ANOVA revealed differences, selected
datasets were compared by Bonferroni’s multiple
comparison test. The significance of differences for the
effect of MCD inhibition on time-dependent changes
of cardiac function in Figures 1F to 1H, 1J to 1L, and 6
was analyzed by 2-way ANOVA. The significance
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of differences between 2 groups was estimated
by unpaired, 2-tailed Student’s t test where
appropriate. Differences were considered significant at
p < 0.05.

RESULTS

IMMEDIATE MCD INHIBITION INCREASES MALONYL

CoA LEVELS AND INHIBITS FATTY ACID OXIDATION

AND STIMULATES GLUCOSE OXIDATION IN NORMAL

RAT HEARTS AND IMPROVES CARDIAC FUNCTION IN

FAILING HEARTS. The direct effects of the MCD in-
hibitor CBM-3001106 on fatty acid and glucose
oxidation were initially examined in isolated working
rat hearts. A dose of 1 mmol/l CBM-3001106 added to
the hearts resulted in a decrease in fatty acid oxida-
tion rates (Figure 1A) and a significant increase in
glucose oxidation rates (Figure 1B) without affecting
ex vivo cardiac function (data not shown). This was
accompanied by a significant increase in cardiac
malonyl CoA levels (Figure 1C). Twelve hours after
oral administration a single dose of either 50 or 100
mg/kg of CBM-3001106 to rats, a significant increase
in cardiac malonyl CoA levels was also evident
(Figure 1D). Malonyl CoA showed a dose-dependent
inhibition of fatty acid oxidation as reflected by a
decrease in oxygen consumption rates (Figure 1E).
However, the concentration that inhibits 50% was
900 nmol/l in heart mitochondria and greater than
100 mmol/l in liver mitochondria (Figure 1E), sup-
porting the concept that malonyl CoA has a higher
binding affinity to CPT1 in heart than in liver (24).

To investigate if Immediate inhibition of MCD
could improve cardiac function in failing hearts,
invasive hemodynamics was used to assess cardiac
function following a 120 min, immediate intravenous
stepped-dose infusion of CBM-3001106 to 9-week
post-MI rats. MI-rats exhibited a significant decrease
in %EF, stroke volume, and exercise capacity,
whereas an increase in left atria diameter was seen
(Table 1). Immediate exposures of CBM-3001106 to
the post-MI hearts dose-dependently increased %EF
(Figure 1F) and stroke volume (Figure 1G), whereas
there was decreased peak elastance (Figure 1H), which
was accompanied by an increase in malonyl CoA
levels (Figure 1I). In contrast, Immediate exposure to
CBM-3001106 had no effects on these factors in sham
hearts (Figures 1J to 1L), neither had effect on
maximal/minimal rate of rise of left ventricular
pressure (dp/dt max/min), and systolic/diastolic
duration in either sham (Figures 6A, 6C, 6E, and 6G) or
post-MI hearts (Figures 6B, 6D, 6F, and 6H). The
minimally effective concentration to improve cardiac
function was 10 mmol/l in the sham group (Figure 6I),
but required a lower concentration (4 mmol/l) in the
MI group (Figure 6J).
CHRONIC MCD INHIBITION IMPROVES CARDIAC

FUNCTION IN FAILING HEARTS. To determine if
chronic MCD inhibition was beneficial in failing
hearts, rats were treated orally for a 4-week period
with a high or low dose of CBM-3001106, starting at 3
weeks post-MI surgery (Figure 2A). Before treatment,
the decrease in %EF was similar among all post-MI
groups compared to sham (Figure 2B). However,
over the subsequent 4-week treatment period a
significant increase in %EF was evident in the MI þ
high-dose group (Figures 2B to 2E), which was further
supported by comparing individual %EF value in the
post-MI rats between the pre-treatment and
post-treatment periods (Figure 2E). In contrast, %EF
continued to decline in the majority of the vehicle-
treated post-MI rats (Figure 2C).

To further illustrate the chronic effect of MCD in-
hibition on cardiac function, ex vivo cardiac function
was assessed in isolated working hearts at the end of
the 4-week treatment period (Figure 3F). Cardiac work
was similar between the sham groups (Table 2), but
was reduced in the MI þ vehicle group (Figure 2F).
The reduction in cardiac work was significantly
restored by both the low- and high-dose MCD inhi-
bition (Figure 2F), regardless of the presence or
absence of insulin (Table 3). The restoration of func-
tion was accompanied by an increase in the protein
expression of SERCA2 (Figure 2G) without affecting
heart weight (Figure 2H), and the size of the left
ventricular infarct scar tissues (Figure 2I), confirming
that the beneficial effect of MCD inhibition on cardiac
function was not due to the differences in the severity
of the infarct among the groups.

The efficacy of in vivo MCD inhibitor in increasing
tissue malonyl CoA levels was evident not only in
ex vivo perfused hearts (Figure 2J), but also in
gastrocnemius muscle (Figure 2K) from post-MI rats
after the high- and low-dose MCD inhibitor
treatment.
CHRONIC MCD INHIBITION ENHANCES CARDIAC

EFFICIENCY BY ALTERING ENERGY METABOLISM IN

FAILING HEARTS. To understand the mechanisms
underlying chronic MCD inhibition-mediated
improvement of cardiac function, the energy meta-
bolism rates in the perfused hearts were assessed.
Since cardiac insulin resistance has been suggested to
be a contributor to HF (5,18), the heart perfusions
were performed with and without insulin to check if
cardiac insulin sensitivity was altered in post-MI
hearts. Absolute fatty acid oxidation rates were
similar among the groups regardless of the absence or
the presence of insulin (Table 3). Because cardiac



FIGURE 1 Acute Effects of CoA Decarboxylase Inhibition on Cardiac Energy Metabolism and Malonyl CoA Levels in Normal Rat Hearts and

on Cardiac Function in Post-Myocardial Infarction Failing Rat Hearts

Effects of 1 mmol/l CBM-300116 on rates of palmitate oxidation (A), glucose oxidation (B), and levels of malonyl CoA (C) in perfused hearts

(n ¼ 5). Dose-dependent changes in cardiac malonyl CoA content (n ¼ 4 to 5/group) 12-h post-malonyl CoA decarboxylase (MCD) inhibition

(D). Differential effect of malonyl CoA on inhibiting fatty acid oxidation in heart (n ¼ 6/group) and liver mitochondria (n ¼ 12/group) (E).

Invasive hemodynamic analysis in failing and sham rat hearts with a 120-min acute intravenous stepped-dose infusion of the MCD inhibitor,

including relative changes from the baseline of systolic function in percent ejection fraction (EF) (F and J), of stroke volume (G and K), and

of peak elastance (H and L) as well as the malonyl CoA content in myocardial infarction (MI) hearts (I) (n ¼ 7 to 8/group). Values represent

the mean � SD. *p < 0.05, significantly different from the vehicle group. BW ¼ body weight; CoA ¼ Malonyl Coenzyme A; OCR ¼ oxygen

consumption rate.
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FIGURE 2 Effect of Chronic MCD Inhibition on In Vivo and Ex Vivo Cardiac Function in Failing Rat Hearts

Schematic drawing of the experimental timeline (A). Rats were subjected to a permanent left anterior descending artery ligation to product an

MI. Three-weeks post-MI, rats were treated with 50 mg/kg/day (low dose) or 100 mg/kg/day (high dose) of CBM-3001106 for an additional

4 weeks. Alterations of %EF pre- and post-MCD inhibition (B). Alterations of %EF in the individual MI rats pre- and post-MCD inhibition

(C to E). Cardiac work in perfused working hearts (F). Representative blots of SERCA2 and densitometric analyses (G). Heart dry weight (H).

Scar dry weight (I). Malonyl CoA content in perfused hearts (J) and in gastrocnemius muscle (K). Values represent the mean � SD (n ¼ 5 to

11/group). ap < 0.05 or *p < 0.05, significantly different from sham þ vehicle or MI þ vehicle group, respectively. Abbreviations as in

Figure 1.
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FIGURE 3 Effect of Chronic MCD Inhibition on Cardiac Energy Metabolism in Failing Rat Hearts

Post-MI rats were treated with 50 mg/kg/day (low dose) or 100 mg/kg/day (high dose) of CBM-3001106 for 4 weeks, followed by isolated

working heart perfusions. Rates of palmitate oxidation per cardiac work (A). Rates of glycolysis per cardiac work (B). Rates of glucose

oxidation per cardiac work (C). Rates of proton production (D). Expression of lactic acid dehydrogenase (LDH) isoenzymes (E) and % of LDH1

and LDH5 in total LDH (F). Citrate synthase activity (G). Mitochondrial complex I activity (H). Cardiac efficiency (I). Percent contribution of

adenosine triphosphate (ATP) production from individual substrate (J). Values represent the mean � SD (n ¼ 3 to 10). ap < 0.05 or

*p < 0.05, significantly different from sham þ vehicle or MI þ vehicle group, respectively. CS ¼ citrate synthase; other abbreviations as in

Figure 1.
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FIGURE 4 Effect of Chronic MCD Inhibition on Status of Myocardial Triacylglycerol, on Serine Palmitoyltransferase 1 Protein

Expression, and Alterations of Glycogen

Post-MI rats were treated with 50 mg/kg/day (low dose) or 100 mg/kg/day (high dose) of CBM-3001106 for 4 weeks. Protein expression of

CD36 (A). Incorporation of [3H]-palmitate into triacylglycerol (TAG) during the 1-h perfusion (B). Cytosolic GPAT activity (C). Myocardial TAG

content (D). Protein expression of ATGL (E), and of SPT1 (F). Glucose incorporation into glycogen (G). Glycogen content (H). Values represent

the mean � SD (n ¼ 4 to 7). ap < 0.05 or *p < 0.05, significantly different from sham þ vehicle or MI þ vehicle group, respectively. ATGL ¼
adipose triglyceride lipase; GPAT ¼ Glycerol-3-phosphate acyltransferase; SPT1 ¼ serine palmitoyltransferase 1; other abbreviations as in

Figure 1.
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work is a major determinant of cardiac mitochondrial
oxidative metabolism (2,25), we normalized the en-
ergy metabolic rates by cardiac work. The increases in
fatty acid oxidation rates (Figure 3A), in glycolysis
rates (Figure 3B) and in glucose oxidation rates
(Figure 3C) were prevented in post-MI hearts by MCD
inhibition. Absolute rates of glycolysis and glucose
oxidation tended to increase in the MI þ vehicle



FIGURE 5 Effect of Chronic MCD Inhibition on Anti-Oxidants Expression and Interaction of MCD With Superoxide Dismutase 2

Post-MI rats were treated with 50 mg/kg/day (low dose) or 100 mg/kg/day (high dose) of CBM-3001106 for 4 weeks. Protein expression of

thioredoxin-1 (Trx-1) (A). Protein expression of total forkhead box O3 (T-FOXO3), cytosolic FOXO3 (c-FOXO3) and nuclear FOXO3 (n-FOXO3)

(B), as well as the densitometric analyses (C). Superoxide dismutase 2 (SOD2) activity (D). Acetylated SOD2 (Ac-SOD2) (E). Protein

expression of SIRT3 (F). MCD-SOD2 interaction (G,H). Negative interaction of MCD-PDH (I). Values represent the mean � SD (n ¼ 3 to 7).
ap < 0.05 or *p < 0.05, significantly different from sham þ vehicle or MI þ vehicle group, respectively. IgG ¼ immunoglobulin G;

Ip ¼ immunoprecipitation; PDH ¼ pyruvate dehydrogenase; SIRT3 ¼ Sirtuin-3; other abbreviations as in Figure 1.
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FIGURE 6 Effect of Acute MCD Inhibition on Invasive Hemodynamic Analysis in Failing and Sham Rat Hearts and the Minimally Effective

Concentration to Improve Cardiac Function

Invasive hemodynamic analysis in failing and sham rat hearts with a 120-min acute intravenous stepped-dose infusion of the MCD inhibitor,

including relative changes of dp/dt max (A,B) and dp/dt min (C,D), relative changes of systolic duration (E,F), diastolic duration (G,H), as well

as the minimal effective concentration (MEC) to improve cardiac function (I,J). Values represent the mean � SD (n ¼ 8 to 17). dp/dt max/min ¼
maximal/minimal rate of rise of left ventricular pressure; other abbreviations as in Figure 1.
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TABLE 1 Alterations in Cardiac Function and Exercise Capacity in

Sprague Dawley Rats That Underwent Either a Sham or a Coronary

Artery Ligation Procedure (Myocardial Infarction) for 9 Weeks

Sham MI

Cardiac function 8 17

Heart rate (beats/min) 357.3 � 13.8 364.7 � 22.5

Ejection fraction % 65.9 � 5.7 41.6 � 8.9*

Stroke volume (ml) 300.5 � 47.4 216.2 � 44.3*

Left atria diameter (mm) 4.4 � 0.5 5.7 � 0.7*

Exercise capacity 6 7

Body weight (g) 479.8 � 63.5 507.1 � 56.9

Running speed (m $ min-1) 18.3 � 2.0 12.2 � 5.2*

Running distance (m) 271.2 � 145.2 169.2 � 67.5*

Values are n or mean � SD. *p < 0.05, significantly different from sham þ vehicle.
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group when compared to sham (Table 3), which
resulted in an increased proton production in MI þ
vehicle group (Figure 3D), whereas the increase was
prevented in MI þ high-dose group (Figure 3D).

An increase in the expression of M subunit of LDH
has been shown to be an indication of an increased
glycolytic capacity (26). Five isoenzymes of LDH were
observed in hearts (Figure 3E). An increase in the
expression of LDH5, the M4 isoenzyme, was evident
in the post-MI hearts relative to sham (Figure 3F),
whereas MCD inhibition reduced LDH5 but increased
LDH1 (Figure 3F), the H4 isoenzyme, in post-MI
hearts.

ATP production rates (Table 3) were unchanged
among all the groups, as were citrate synthase ac-
tivity (Figure 3G) and mitochondrial complex I ac-
tivity (Figure 3H). However, a reduced cardiac
efficiency was observed in the MI þ vehicle group
relative to the sham group (Figure 3I), whereas the
reduction was restored by MCD inhibition (Figure 3I).
Despite the concept that the failing heart switches
from fatty acid to glucose metabolism (2), overall,
fatty acid oxidation remained the predominant
source of ATP production in the post-MI hearts
(Figure 3J).
CHRONIC MCD INHIBITION ENHANCES INCORPORATION

OF [3H]-PALMITATE INTO TAG WHILE REDUCING

MYOCARDIAL TAG CONTENT AND BIOSYNTHESIS OF

CERAMIDE IN POST-MI HEARTS. Inhibiting MCD could
divert palmitate into TAG synthesis as an effect of
decreasing fatty acid oxidation. Although protein
expression of CD36, a major enzyme involved in
plasma fatty acid uptake, was unaltered (Figure 4A),
the incorporation of 3H-palmitate into TAG
(Figure 4B) was increased in the MCD inhibition
groups relative to the MI þ vehicle group. This
increase was mirrored by the activity of cytosolic
glycerol phosphate acyltransferase (Figure 4C), the
rate-limiting enzyme for de novo TAG synthesis.
However, despite this, myocardial TAG content was
decreased by MCD inhibition (Figure 4D), accompa-
nied by an upregulation of ATGL, a major enzyme
involved in TAG lipolysis (Figure 4E), while down-
regulating SPT1 (Figure 4F), a key enzyme for cer-
amide biosynthesis that has been suggested to be a
contributor of cardiac dysfunction (27). Unlike
myocardial lipids, neither the incorporation of radi-
olabeled glucose into glycogen (Figure 4G), nor total
glycogen content was altered among any of the
groups (Figure 4H).
CHRONIC MCD INHIBITION INCREASES

ANTIOXIDATIVE CAPACITY IN POST-MI HEARTS. As
MCD inhibition-mediated improvement of cardiac
dysfunction was accompanied by the alterations in
lipid biosynthesis, we determined if any alteration in
myocardial antioxidative capacity, which is associ-
ated with pathophysiology of HF in humans (28), also
occurred concurrently. The protein expression of
cardiac thioredoxin-1 (Trx-1), 1 of the molecules with
a high antioxidative action in cytosol, was signifi-
cantly reduced in the MI þ vehicle group relative to
sham, whereas the reduction was restored in the MI þ
MCD inhibitor high-dose group (Figure 5A). FOXO3
is known to bind to the Trx-1 promoter, thereby
upregulating expression of Trx-1 (29). The total
protein expression of cardiac FOXO3 was unaltered
among the groups (Figures 5B to 5C). However, the
cytosolic expression of FOXO3 was significantly
reduced, concomitant with an increased nuclear
expression of FOXO3, in the MI þ high-dose group
relative to the MI þ vehicle group (Figures 5B to 5C),
implicating an association between upregulation of
myocardial Trx-1 and nuclear translocation of FOXO3
in the MI þ high-dose group.

In addition, SOD2, a mitochondrial antioxidant,
was less active in the post-MI hearts, but the activity
was enhanced by MCD inhibition (Figure 5D). Alter-
ations in SOD2 activity were inversely reflected by the
acetylation of SOD2 (Figure 5E). Neither protein
expression of SIRT3 (Figure 5F), a mitochondrial
deacetylase (30), nor GCN5L1, a mitochondrial ace-
tylase, was altered among the groups (data not
shown). MCD has been suggested to exhibit acetyl-
transferase activity (31); therefore, we investigated if
acetylation of SOD2 was associated with MCD through
a direct interaction. Immunoprecipitation of the heart
lysates revealed that SOD2 was captured by the MCD
antibody (Figure 5G), and vice versa (Figure 5H), sug-
gestive of an association between MCD and SOD2. In
contrast, pyruvate dehydrogenase, a key mitochon-
drial enzyme modulating glucose oxidation (6), was



TABLE 2 Effect of Chronic Malonyl Coenzyme A Decarboxylase Inhibition on Ex Vivo

Cardiac Function

Sham þ ve
(n ¼ 10)

Sham þ High
(n ¼ 6)

MI þ ve
(n ¼ 11)

MI þ Low
(n ¼ 10)

MI þ High
(n ¼ 10)

Heart rate (beats/min)

� Insulin 264 � 25 269 � 15 255 � 51 265 � 15 264 � 26

þ Insulin 288 � 19 281 � 13 266 � 50 284 � 26 289 � 31

Peak systolic pressure (mm Hg)

� Insulin 108 � 7 112 � 6 102 � 9 106 � 5 107 � 4

þ Insulin 104 � 7 108 � 5 101 � 8 103 � 5 103 � 5

Developed pressure (mm Hg)

� Insulin 42 � 8 50 � 10 37 � 9 40 � 8 38 � 6

þ Insulin 37 � 3 44 � 8 35 � 10 35 � 8 33 � 6

Cardiac output (ml $ min�1)

� Insulin 47 � 11 50 � 6 41 � 9 44 � 5 41 � 9

þ Insulin 49 � 10 52 � 7 39 � 10 46 � 6 43 � 10

Aortic outflow (ml $ min�1)

� Insulin 22 � 8 24 � 6 15 � 7 21 � 6 19 � 7

þ Insulin 24 � 6 25 � 7 15 � 6 20 � 6 18 � 7

Coronary flow (ml $ min�1)

� Insulin 26 � 8 26 � 6 22 � 6 24 � 6 23 � 8

þ Insulin 25 � 7 27 � 7 23 � 6 26 � 6 25 � 9

Cardiac work (J$ min�1$ g dry wt�1)

� Insulin 2.4 � 0.5 3.1 � 0.9 1.7 � 0.4* 2.4 � 0.4† 2.4 � 0.4†

þ Insulin 2.5 � 0.1 3.1 � 0.8 1.8 � 0.4* 2.5 � 0.5† 2.3 � 0.4†

Values are mean � SD. Sham or post-MI rats were treated with either vehicle (ve), 50 mg/kg/day (low ¼ low
dose) or 100 mg/kg/day (high¼ high dose) of CBM-3001106 for 4 weeks, following which isolated working heart
perfusions were performed for 30 min in the absence of insulin, and then 30 min in the presence of 100 mU/ml
insulin. *p < 0.05 or †p < 0.05, significantly different from sham þ vehicle or MI þ vehicle group, respectively.

MI ¼ myocardial infarction.
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unable to be captured by MCD antibody in the same
heart lysates (Figure 5I).

DISCUSSION

This study shows several important novel findings. 1)
Inhibition of MCD is able to reverse pre-existing HF as
the MCD inhibitor was added after HF had already
occurred in the post-MI rat (Figures 1F to 1H and 2B).
Pharmacological inhibiting MCD in post-MI rats de-
creases the severity of pre-existing HF post-MI, which
is relevant and practical to clinic treatment for HF
patients. In the previous studies with MCD-deficient
mice it was not possible to separate possible benefi-
cial effects of MCD inhibition during the infarct
development from preventing adverse remodeling of
the post-MI heart. 2) MCD inhibition is able to
immediately improve cardiac function in the failing
heart (Figures 1F to 1H), suggesting that optimizing
cardiac energy metabolism can acutely improve heart
function in the failing heart. 3) Both immediate and
chronic inhibition of MCD improves cardiac contrac-
tility in the failing hearts, which is associated with an
increase in malonyl CoA content in the post-MI
hearts, resulting in a decreased cardiac fatty acid
oxidation rate. 4) MCD inhibition improves cardiac
efficiency that is associated with a reduced proton
production through increasing LDH1 expression while
decreasing LDH5 expression, thereby ameliorating
coupling of glycolysis with glucose oxidation. 5) MCD
inhibition can enhance cardiac antioxidant capacity
through increasing SOD2 activity by reducing its
acetylation. As a result, our data suggest a mechanism
that failing heart is metabolically inefficient at using
energy, while inhibiting MCD reprograms fuel use
prevents proton production that improves cardiac
efficiency in the post-MI heart. Thus, inhibiting fatty
acid oxidation may be a promising therapeutic
approach to treat HF.

It is generally assumed that the heart switches
from fatty acid to glucose metabolism in the failing
heart (2). If this was the case, it would not appear
logical to inhibit fatty acid oxidation as an approach
for improving cardiac energetics in the failing heart. It
has been proposed by Kolowicz et al. (10) that stim-
ulating fatty acid oxidation may be beneficial in the
failing heart. However, it is probably more accurate to
suggest that mitochondrial oxidative metabolism
decreases in the HF, with a switch in energy
metabolism towards glycolysis in HF (2).

Glycolysis is a source of lactate and protons espe-
cially when glucose oxidation is impaired (2,22). The
clearance of protons is rapid. However, this still de-
creases the cardiac efficiency because of the
association with the influx of Naþ, which can subse-
quently lead to accumulation of intracellular Ca2þ. As a
result, a significant amount of cardiac ATP is shunted
away from providing energy for contraction to re-
establishing normal Naþ and Ca2þ ionic homeostasis
(7,32). The assessment of proton production rates in
the current study is a technical limitation, which is not
a direct measurement but a calculation from the rates
of glycolysis and glucose oxidation. Our previous
studies have shown that the calculated proton pro-
duction from glycolysis and glucose oxidation is
inversely correlated to intracellular pH, measured by
using 31-P-NMR spectroscopy, and to cardiac efficiency
in post-ischemic hearts (7), whereas cardiac efficiency
is improved in post-ischemic hearts by altering both
the source and fate of proton (7,32). Kolowicz et al. (10)
also observed an improved coupling of glucose
metabolism with a decreased lactate production in
mice with cardiac-specific deletion of acetyl CoA
carboxylase 2.We further extended our understanding
towards the mechanisms underlying MCD inhibition-
mediated coupling of glucose metabolism and found
an increased expression of LDH1 with a decreased
expression of LDH5 in MI hearts post-MCD inhibition.



TABLE 3 Effect of Chronic Malonyl Coenzyme A Decarboxylase Inhibition on Cardiac Energy Metabolism

Sham þ ve Sham þ High MI þ ve MI þ Low MI þ High

Glucose oxidation: mmol $ g dry wt�1 $ min�1

� Insulin 0.1 � 0.05 0.1 � 0.02 0.2 � 0.06 0.2 �0.1 0.2 � 0.1

þ Insulin
n

0.3 � 0.2
10

0.1 � 0.04
6

0.5 � 0.2
11

0.4 � 0.2
10

0.4 � 0.2
10

Glycolysis: mmol $ g dry wt�1 $ min�1

� Insulin 1.0 � 0.5 1.0 � 0.8 1.9 � 0.7 1.3 � 0.1 0.9 � 0.3

þ Insulin
n

1.3 � 0.7
3

0.9 � 0.5
3

2.0 � 0.5
5

2.0 � 0.8
4

1.6 � 0.4
3

Palmitate oxidation: mmol $ g dry wt�1 $ min�1

� Insulin 1.1 � 0.2 1.0 � 0.1 1.0 � 0.2 1.1 � 0.2 1.1 � 0.2

þ Insulin
n

1.0 � 0.2
7

0.9 � 0.1
3

1.0 � 0.1
6

1.1 � 0.2
6

1.1 � 0.4
7

Proton production: mmol $ g dry wt�1 $ min�1

� Insulin 1.7 � 0.8 1.9 � 1.5 3.1 � 1.3 2.0 � 0.2 1.5 � 0.4

þ Insulin
n

2.0 � 1.1
3

1.4 � 1.0
3

3.2 � 1.1
5

3.1 � 1.2
4

2.5 � 0.6
3

ATP production: mmol $ g dry wt�1 $ min�1

� Insulin 118 � 16 104 � 6 119 � 18 118 � 12 120 � 14

þ Insulin
n

113 � 20
10

102 � 9
6

127 � 11
11

129 � 15
10

133 � 35
10

Values are n or mean � SD. Sham or post-MI rats were treated with either vehicle (ve), 50 mg/kg/day (low ¼ low dose) or 100 mg/kg/day (high ¼ high dose) of CBM-3001106
for 4 weeks, following which isolated working heart perfusions were performed for 30 min in the absence of insulin, and then 30 min in the presence of 100 mU/ml insulin.

ATp ¼ adenosine triphosphate; MI ¼ myocardial infarction.
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An increase in M subunit of LDH is an indicator of
increased glycolytic capacity (26). An increase in LDH5
and a decrease in LDH1 isoenzyme expression was
seen in myocardium from patients with chronic HF, in
which a shift of LDH pattern towards an increase in
LDH1 paralleled by a decrease in LDH5 was observed
after treatment with the angiotensin-converting
enzyme inhibitor (33). Therefore, we propose that the
alteration of LDH isoenzymes in MI hearts post-MCD
inhibition may increase to the conversion of lactate
to pyruvate, thereby reducing glycolysis to improve
the coupling of glucose metabolism. Thus, monitoring
of cardiac LDH enzymatic adaptationmay be of clinical
interest (34).

Decreased mitochondrial fatty acid oxidation with
MCD inhibition has the potential to shunt fatty acids
towards TAG. However, instead of increasing TAG
levels, the decrease in TAG level and an increased
ATGL expression were observed concomitant with a
reduction of SPT1 in MI hearts post-MCD inhibition,
suggesting a reduction of ceramide biosynthesis
occurred in conjunction with an increased TAG
turnover by MCD inhibition. Tian et al. (35) have
recently shown that elevated rates of TAG turnover
due to cardiac-specific overexpression of DGAT1
Diacylglycerol O-Acyltransferase 1 are associated
with improved functional recovery from ischemic
stress, in part, by sequestering fatty acids into the
TAG pool and reducing the accumulation of
ceramides (35). In addition, among the lipids, cer-
amide, as a potent massager molecule to induce
oxidative stress, is associated with pathophysiology
of HF in humans (28). Our data also suggest that MCD
inhibition enhances antioxidative capacity through
at least 2 pathways via FOXO3/Trx-1 axis and acety-
lation/SOD2 axis. The mechanisms for down-
regulating Trx-1 in the post-MI heart are unclear, but
degradation of Trx-1, 1 of the mechanisms induced by
oxidative stress (36), needs further studies. Deace-
tylation of SOD2 was also observed in gastrocnemius
muscle from aged MCD�/� mice, in which reduction
of oxidative stress was evident (37). MCD has been
suggested to function as an acetyltransferase (31). At
this point it remains unclear whether the deacetyla-
tion of SOD2 following MCD inhibition is due to a
reduced acetyltransferase activity of MCD as our
findings do not confirm whether MCD acts as an
acetylase or simply controls protein acetylation via
controlling acetyl CoA content. Thus, the dynamic
nature of endogenous cardiac ceramide and TAG may
indicate a novel role of enhanced intracellular lipids
metabolism as a result of MCD inhibition in pre-
venting cardiac oxidative stress in post-MI hearts.

The use of MCD inhibitors in vivo has to consider
issues such as the potential for liver steatosis due to
redirecting lipids towards TAG synthesis. However,
we observed that hepatic TAG content was similar
among the MI groups (data not shown), which may be



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Cardiac ener-

getics is compromised in the human failing heart, due both to a

decrease in energy production and a decrease in cardiac effi-

ciency. Inhibition of fatty acid oxidation with MCD inhibition

improves cardiac efficiency in the failing heart, which is associ-

ated with an improvement of cardiac function. As a result, MCD

inhibition is a potentially promising approach to decrease the

severity of HF.

TRANSLATIONAL OUTLOOK: Therapeutic strategies that

involve the inhibition of cardiac fatty acid oxidation have been

shown to be clinically beneficial in the setting of ischemic heart

disease and heart failure. This includes the use of CPT1 inhibitors

and direct fatty acid ß-oxidation inhibitors. The strategy of

increasing malonyl CoA levels, which inhibits CPT1, by inhibiting

MCD is another novel approach to inhibiting fatty acid oxidation in

the heart. From a clinical viewpoint, oral delivery of MCD inhibitors

for the treatment of ischemic heart disease would be practical. We

have shown previously that this did not affect peripheral tissue

metabolism because there was no insulin resistance observed in

skeletal muscle, and no TAG accumulation in liver. In addition,

MCD inhibition-mediated improvement of cardiac efficiency was

independent of the scar size, suggesting that the cardioprotective

effects of MCD inhibition may occur by directly optimizing energy

metabolism in the remodeled post-MI myocardium.
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due to a fact that malonyl CoA is more sensitive in
inhibiting fatty acid oxidation in heart versus liver
mitochondria (Figure 1E). In addition, aged MCD�/�

mice, despite elevated hepatic TAG levels, displayed
a significant increase in life span of w30% than the
wild-type littermates (37).

Infarct size is a key determinant of the outcome of
an acute MI (38). It was therefore important to rule
out that any of the beneficial effects of MCD inhi-
bition post-MI were occurring secondary to a
reduction in infarct size. This possibility is unlikely
because rats were subjected to a permanent MI and
MCD inhibition was not initiated until 3 weeks post-
MI, and the scar sizes were similar among the post-
MI groups. This is of potential important clinical
importance, considering many patients who suffer
from chronic HF have permanent myocardial in-
farcts/scars that cannot be revascularized or
repaired. Thus, the cardioprotective effects of MCD
inhibition may not only enhance coronary revascu-
larization therapy in patients with acute MI, but may
also be useful as long-term therapy to prevent the
transition to HF.

STUDY LIMITATIONS. In this study, MCD inhibition of
fatty acid oxidationwas primarily observedwhen fatty
acid oxidation rates were normalized for cardiac work,
with absolute fatty acid oxidation rates being similar
among the groups. This normalization of fatty acid
oxidation rates was performed to account for the dra-
matic changes in cardiac work, which is a major
determinant of cardiac mitochondrial oxidative
metabolism (2,25). However, it must be recognized
that the possibility exists that the absence of change in
absolute metabolic fatty acid oxidation rates following
chronic MCD inhibitor treatment could suggest that
the underlying mechanisms may not be dependent on
changes in metabolic pathways. A second limitation
concerns the mechanisms underlying the effect of
MCD inhibition on cardiac function. Emerging evi-
dence has shown that downregulating malic enzyme 1
expression in failing hearts induces favorable shifts in
not only improving coupling between glycolysis and
glucose oxidation, but also improving redox state and
contractile function (39). As MCD inhibition enhances
the antioxidative capacity in MI hearts in conjunction
with the improved uncoupling of glycolysis and
glucose oxidation, whether this is achieved by pre-
serving nicotinamide adenine dinucleotide phosphate
through reducing malic enzyme 1 thereby mediating
coupling of glycolysis and glucose oxidation, needs
further investigation. We are unable to discern
whether the MCD inhibition-mediated functional
benefits are a direct result of either restoration of
cellular redox state due to a better coupling between
glycolysis and glucose oxidation for preserving nico-
tinamide adenine dinucleotide phosphate and
enhancing antioxidative capacity, or induction of the
more efficient oxidation of glucose to reduce protons
thereby altering calcium dynamics, or the conse-
quence of multiple metabolic responses.

In conclusion, chronic MCD inhibition reverses
cardiac dysfunction in rats with established HF by
improving cardiac energy inefficiency due to opti-
mizing cardiac energy metabolism. MCD inhibition
might be a novel potential therapy for treating post-
MI heart disease. Certainly, establishing efficacy and
safety in large animal models would be essential
before the MCD inhibitor would be introduced into
clinical studies.
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EDITORIAL COMMENT
Metabolic Coupling as a Therapeutic
Strategy for Heart Failure*

Martin E. Young, DPHIL
SEE PAGE 385
T he heart is a metabolic omnivore that re-
quires use of a plethora of substrates, not
only to meet energetic demands for

continual contraction, but also to provide necessary
building blocks for turnover of cellular constituents
and synthesis of metabolically derived signaling spe-
cies (1). A key concept for cardiac metabolism centers
around the need for homeostasis (i.e., maintenance of
processes within a discrete physiological range) in the
face of perpetual fluctuations in environmental stim-
uli and/or stresses. This is achieved through meta-
bolic flexibility, which in essence affords a buffering
capacity. A simple example involves perturbations
that occur over the course of the day; sleep and/or
wake and fasting and/or feeding cycles result in daily
fluctuations in energetic demand and nutrient avail-
ability, as well as a host of additional neurohumoral
factors that are met by reciprocal oscillations in car-
diac metabolism (2). During cardiac disease states,
the heart is often described as metabolically inflex-
ible, typically being suspended at extremities (i.e.,
chronic activation or repression, depending upon
the pathology and metabolic parameter), coupled
with an inability to appropriately respond to physio-
logical challenges (3). This is exemplified by heart
failure. The failing human heart has been described
as an engine without fuel, due to severe metabolic
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impairments and an inability to generate sufficient
adenosine triphosphate (ATP) for maintenance of
contractile performance (4). Dysfunction of mito-
chondria (the primary site of ATP synthesis via oxida-
tive phosphorylation) appears to be central to this
pathology (4). Consistent with this idea, numerous
studies suggest that myocardial oxidation of both
glucose and fatty acids (major substrates for the
heart) are reduced during heart failure. This is despite
observations that circulating levels of these sub-
strates are often elevated (5), which potentially leads
to an imbalance between carbon availability and use.
Glucose serves as a good example. During heart fail-
ure, diminished glucose oxidation occurs concomi-
tantly with accelerated glucose uptake and
glycolytic flux (4,5). This uncoupling of glycolysis
from glucose oxidation is associated with accumula-
tion of lactate and protons; the latter decreases
cardiac efficiency, in part, through augmented ATP-
dependent ion homeostasis required for proton
extrusion from the cardiomyocyte (6). Uncoupling of
glycolysis from glucose oxidation has been reported
during other pathological states, including diabetes
mellitus and acute ischemia and/or reperfusion (7,8).
Multiple groups have reasoned that targeting
metabolic derangements during heart failure has the
therapeutic potential to improve cardiac function.
The uncoupling of glycolysis and glucose oxidation
was targeted in the study by Wang et al. (9) in this
issue of JACC: Basic to Translational Science. More
specifically, these investigators hypothesized that
pharmacological inhibition of malonyl-CoA decar-
boxylase (MCD) would decrease the severity of heart
failure in a rat model of myocardial infarction (per-
manent ligation of the left anterior descending ar-
tery). MCD is most commonly known for regulation of
fatty acid oxidation; by catabolizing malonyl-CoA (an
https://doi.org/10.1016/j.jacbts.2019.05.001
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established endogenous inhibitor of the mitochon-
drial carnitine shuttle, a process critical for fatty acid
uptake into the mitochondrial matrix), MCD promotes
fatty acid oxidation (FAO) (10). Accordingly, MCD
inhibition is predicted to increase malonyl-CoA
levels, thus inhibiting FAO. Initially, it may appear
counterintuitive to selectively inhibit FAO in the
failing myocardium, because this process is appar-
ently diminished already. However, due to the
interrelationship between FAO and glucose oxidation
[initially described by Randle et al.(11)], inhibition of
FAO invariably promotes glucose oxidation (thereby
augmenting coupling with glycolysis). As a proof of
concept, Wang et al. (9) reported that a pharmaco-
logical inhibitor of MCD (CBM-3001106) acutely (<1 h)
increased cardiac malonyl-CoA levels, in parallel with
attenuated FAO and concomitant glucose oxidation
augmentation (in ex vivo perfused working rat
hearts). The investigators also observed an improve-
ment in cardiac function in vivo (echocardiographic
parameters, such as ejection fraction and fractional
shortening) when rats with heart failure were treated
with the MCD inhibitor either acutely (2 h) or for the
long term (4 weeks). Moreover, improvements in
cardiac function following 4 weeks of MCD inhibition
persisted in ex vivo working heart perfusions. The
latter studies also revealed a dramatic reduction in
glycolytic flux in rats with heart failure treated with
the MCD inhibitor (translating to a significant reduc-
tion in calculated proton production) and improved
cardiac efficiency. Adverse remodeling markers were
also attenuated in rats with heart failure following
long-term MCD inhibitor treatment (in the absence of
differences in infarct size). This included normaliza-
tion of sarcoplasmic/endoplasmic reticulum Ca (2þ)
ATPase 2a (SERCA2a) levels and lactate dehydroge-
nase (LDH) isoform switching. Additional parameters
were assessed, including forkhead box O3 (FOXO3)
nucleo-cytoplasmic distribution and superoxide dis-
mutase 2 (SOD2) acetylation, both of which were
normalized in the failing heart by MCD inhibition.
Collectively, these observations suggested that MCD
(and presumably, FAO) inhibition reversed adverse
remodeling of the failing myocardium, potentially
through improved coupling of glycolysis with glucose
oxidation.

Metabolic modulation as a heart failure therapy is
an attractive concept. In addition to extensive evi-
dence that perturbed myocardial metabolism plays a
causal role in adverse remodeling during heart failure,
various cardiometabolic disease states are significant
contributors to the etiology of heart failure. These
include obesity and diabetes mellitus. Moreover, heart
failure profoundly disrupts systemic metabolism, in a
manner similar to cachexic states (e.g., skeletal muscle
loss, lipolysis, insulin resistance). Heart
failure�induced perturbations in systemic meta-
bolism likely worsen myocardial contractility and
outcomes (i.e., a viscous feed-forward cycle de-
velops). Pharmacological inhibition of FAO as a ther-
apeutic for cardiometabolic diseases and/or heart
failure has been proposed previously. Both inhibitors
of carnitine acyl-transferase I (CPTI) (the carnitine
shuttle component inhibited by malonyl-CoA; CPTI
inhibitors include oxfenicine, perhexiline, and eto-
moxir) and b-oxidation enzymes (e.g., trimetazidine
inhibits 3-ketoacyl thiolase) have reported beneficial
effects in preclinical models of heart failure, as well as
in humans (12). For example, oxfenicine attenuated
heart failure progression in a dog model (13), whereas
perhexiline was shown to improve ejection fraction in
patients with heart failure (14). However, some CPT1
inhibitors might have detrimental side effects. For
example, although etomoxir initially appeared to
confer contractile function improvements in patients
with heart failure (15), clinical trials were halted due to
hepatotoxicity (16). This led to concerns that CPTI in-
hibition in the liver may promote nonalcoholic hepatic
steatosis (NASH). Wang et al. (9) proposed that one
advantage of targeting MCD was that the liver isoform
of CPT1 was less sensitive to malonyl-CoA�mediated
inhibition, relative to the muscle isoform. However,
whether prolonged MCD inhibition, particularly dur-
ing dyslipidemic states (e.g., obesity, diabetes), leads
to NASH is a distinct possibility. Germline MCD
knockout mice developed triglyceride accumulation
in the liver with age (17).

In addition to an uncoupling between glycolysis
and glucose oxidation, heart failure is also charac-
terized by an uncoupling between substrate avail-
ability and use. Circulating levels of glucose, fatty
acids, ketone bodies, and amino acids (notably
branched chain amino acids [BCAAs]) are typically
elevated during heart failure, concomitant with
decreased myocardial oxidative metabolism (5).
This mismatch has the potential of precipitating
contractile dysfunction. Putative glucose- and lipid-
dependent mechanisms have been studied exten-
sively, including imbalances in signaling metabolites
(e.g., ceramide, diacylglycerol), redox status (e.g.,
NAD(P)þ/NAD(P)H ratios), and post-translational
modifications (e.g., protein palmitoylation and/or
O-GlcNAcylation) (5). Recently, impaired ketone body
and BCAA oxidation has been reported in the failing
myocardium (18–20); accumulation of metabolites in
these catabolic pathways adversely affects cellular
signaling, protein acetylation, and mitochondrial
function. In light of these findings, the failing
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myocardium has been described as a broken engine
flooded with fuel (5). How might MCD (and therefore,
FAO) inhibition help resolve this mismatch? Two
main possibilities exist. First, inhibition of FAO in
tissues such as skeletal muscle and the liver would
likely lower circulating glucose (through increased
skeletal muscle glucose use and reduced hepatic
gluconeogenesis; etomoxir was initially developed as
a glucose-lowering agent), BCAAs (through increased
oxidation in both muscle and liver), and ketone
bodies (through decreased hepatic acetyl-CoA avail-
ability for ketogenesis) levels. Second, FAO inhibition
in the heart would increase myocardial glucose, ke-
tone body, and BCAA oxidation. Together, a balance
between availability and oxidation would be re-
established for these substrates. The study by Wang
et al. (9) provides indirect evidence of this concept, at
the level of protein acetylation. Elevated SOD2 acet-
ylation in the failing heart is normalized by MCD in-
hibition. Moreover, nuclear translocation of FOXO3
following MCD inhibition is consistent with reduced
acetylation [as acetylation sequesters FOXO3 in the
cytosol (21)]. These observations raise the possibility
that, in addition to improving the coupling between
glycolysis and glucose oxidation, MCD inhibition may
improve coupling between substrate availability and
oxidation, thereby reducing excess acetyl-CoA (and
subsequent use for protein acetylation). However,
MCD inhibition would not normalize the balance be-
tween lipid availability and oxidation, an issue that
may become more problematic in dyslipidemic states.

In summary, Wang et al. (9) have revealed MCD
inhibition as a promising therapeutic target for heart
failure. Improved cardiac function and efficiency
following MCD inhibition (in a rat model of myocar-
dial infarction�induced heart failure) was associated
with reduced myocardial glycolytic flux (and pre-
sumably, proton accumulation). The investigators
postulated that benefits of MCD inhibition were pri-
marily through coupling of glycolysis with glucose
oxidation. The relative contribution of other
metabolism-related mechanisms (e.g., coupling be-
tween substrate availability and oxidation) requires
further elucidation.
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� The combination of a Western-diet and

aortic banding results in a cardio-

metabolic heart failure phenotype in

Ossabaw swine.

� Ossabaw swine with cardio-metabolic

heart failure display cardiac dysfunction

at the whole heart and cellular levels.

� The left ventricle transcriptome showed

gene signatures consistent with pro-

inflammatory heart failure.

� Cardio-metabolic heart failure was

coupled with microvascular dysfunction in

the heart, skeletal muscle, and brain.

� Ossabaw swine with cardio-metabolic

heart failure are sedentary and obese with

liver dysfunction.
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The development of new treatments for heart failure lack animal models that encompass the increasingly

heterogeneous disease profile of this patient population. This report provides evidence supporting the

hypothesis that Western Diet�fed, aortic-banded Ossabaw swine display an integrated physiological,

morphological, and genetic phenotype evocative of cardio-metabolic heart failure. This new preclinical

animal model displays a distinctive constellation of findings that are conceivably useful to extending the

understanding of how pre-existing cardio-metabolic syndrome can contribute to developing HF.

(J Am Coll Cardiol Basic Trans Science 2019;4:404–21) © 2019 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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H eart failure (HF) is currently among the
most challenging issues facing the treat-
ment of cardiovascular disease. Of the

approximately 6million patients with HF in the United
States, there is an approximately equal diagnosis of HF
with reduced ejection fraction (HFrEF) and HF with
preserved ejection fraction (HFpEF) (1–5). The disease
profile of HF patients is becoming more heteroge-
neous, often displaying various combinations of
numerous comorbidities, including obesity, metabolic
syndrome, diabetes, and hypertension. Although the
prevalence of HF is expected to increase during the
next 15 years, traditional treatments for HF have
remained largely unchanged over the last 20 years.
Furthermore, HFpEF patients are largely unrespon-
sive to standardized therapeutic approaches proven
effective for HFrEF (1,2,6–9). Thus, new therapeutic
targets for HF patients are desperately needed.

The development of effective treatments for HF
patients may be limited by a lack of translational
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animal models that encompass the wide
ranging pathology of an ever-increasing pop-
ulation of HF patients with pre-existing car-
dio-metabolic syndrome. Recently, attention
has focused on the role of increased systemic

inflammation that results from common risk factors for
developing HF. This has prompted discussion
regarding the need to develop preclinical animal
models that include comorbidities in parallel with a HF
phenotype. A number of syndromes may predispose
patients to HF, including metabolic disease (e.g.,
obesity, insulin resistance), hypertension, renal dis-
ease, and coronary artery disease. Impairment in
multiple organ systems, including both central (car-
diac morphology, coronary vasculature, both systolic
and diastolic function, cardiac reserve) and peripheral
(pulmonary, renal, hepatic, immune, skeletal muscle,
cerebral, and associated vascular beds) components,
has been highlighted as a critical risk factor predis-
posing patients to HF. Comprehensive
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TABLE 1 Postmortem Analysis of Heart and Lung Morphology, and

Pressure�Volume Assessment of Resting Systolic and Diastolic LV Function

Gross Morphology
CON

(n ¼ 5)
WD-AB
(n ¼ 5)

t-Test
(p Value)

Body surface area (m2) 1.10 � 0.01 1.51 � 0.04* <0.0001

Tibia length (cm) 16.6 � 0.2 16.6 � 0.1 0.93

Lung weight (g) 236 � 11 294 � 12† 0.01

Heart weight (g) 157 � 4 229 � 6* <0.0001

LV+S weight (g) 107 � 2 150 � 4* <0.0001

RV weight (g) 28 � 2 46 � 2‡ <0.001

Atria weight (g) 21 � 2 33 � 1‡ <0.001

LV Function: Pressure–Volume
and Echocardiography

CON
(n [ 4 to 5)

WD-AB
(n [ 4 to 5)

t-Test
(p Value)

Systolic function

HR (beats/min) 94 � 17 80 � 8 0.49

LVESV (ml) 48 � 6 33 � 9 0.21

LVESP (mm Hg) 94 � 12 102 � 6 0.54

LVEF (%) 52 � 3 63 � 5 0.12

LV SV (ml) 50 � 2 51 � 5 0.83

LV SVI (ml/m2) 46 � 1 34 � 4§ <0.05

ESPVR (mm Hg/ml) 11 � 5 23 � 7 0.21

PRSW (mm Hg) 65 � 10 91 � 8 0.09

Diastolic function

LVEDV (ml) 98 � 6 84 � 12 0.34

LVEDP (mm Hg) 10 � 1 8 � 2 0.22

EDPVR (mm Hg/ml) 0.015 � 0.003 0.040 � 0.010§ <0.05

LV untwisting: apical early
diastolic rotation rate (�/s)

112 � 6 94 � 4§ <0.05

LV global longitudinal late
diastolic strain rate (1/s)

1.1 � 0.1 1.8 � 0.1* <0.0001

Values are mean � SE. *p < 0.0001. †p < 0.01. ‡p < 0.001. §p < 0.05; for significantly different
versus control (CON).

Atria ¼ right + left atria; EDPVR ¼ end-diastolic pressure�volume relationship; ESPVR ¼ end-
systolic pressure�volume relationship; HR ¼ heart rate; LV ¼ left ventricular; LVEDP ¼ LV end-
diastolic pressure; LVEDV ¼ LV end-diastolic volume; LVEF ¼ LV ejection fraction; LVESP ¼ LV
end-systolic pressure; LVESV ¼ LV end-systolic volume; LV+S ¼ LV + septum; LV SV ¼ LV stroke
volume; LV SVI ¼ LV stroke volume index; PRSW ¼ preload recruitable stroke work; RV ¼ right
ventricle; WD-AB ¼ Western diet, aortic banded.
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characterization of animal models of experimental HF
that include multisystem contributions to the overall
pathology are therefore critical to advancing the un-
derstanding of a growing population of HF patients
with multiple pre-existing comorbidities.
SEE PAGE 422
A number of previous reports from our laboratory
(and others) showed that Ossabaw swine, a unique
translational large animal model genetically predis-
posed to obesity and metabolic derangement, do not
develop HF from dietary intervention alone (10–17).
Furthermore, our laboratory previously published
numerous studies that examined the impact of aortic
banding alone (in the absence of comorbidities) on
developing disease in a separate preclinical swine
model of HF (18–27). Thus, the primary goal of this
study was to develop a swine model of experimental
cardio-metabolic HF. Specifically, our aim was to
determine whether the combination of dietary and
pressure-overload interventions would produce a
cardio-metabolic HF phenotype. We hypothesized
Western Diet (WD)�fed Ossabaw swine subject to
chronic cardiac pressure overload by aortic banding
would display physiological, morphological, and ge-
netic phenotypes relevant to patients with pre-
existing metabolic derangement who are at risk of
developing HF. We provide detailed integrated ana-
lyses that demonstrate the potential relevance of this
preclinical swine model for cardio-metabolic HF
(28,29).

METHODS

EXPERIMENTAL DESIGN. Two-month-old, intact fe-
male Ossabaw swine (15 to 20 kg, Ossabaw pigs were
generously provided by: 1) Michael Sturek, PhD, in
the Ossabaw Swine Resource, Comparative Medicine
Program at Purdue University and Indiana University
School of Medicine; and 2) Randall Prather, PhD, and
Eric M. Walters, PhD, in the National Swine Resource
and Research Center at the University of Missouri-
Columbia), were assigned into 2 groups: nonsham
sedentary control (CON) (n ¼ 5) and WD-fed aortic-
banded (WD-AB) with HF (n ¼ 7). Two animals were
lost in the WD-AB group as a result of not surviving
the aortic banding surgery at 6 months of age; both
animals weighed >50 kg at the time of surgery. We
believe this issue can be remedied through weight
control in the initial phases of obesity development,
given all WD-AB animals in the current study under
this specific weight threshold survived without sur-
gical complications following thoracotomy. A third
animal was lost to sudden cardiac death 1 week before
terminal experiments were scheduled in the WD-AB
group. Necrospy of this animal revealed complica-
tions due to renal infarction, pulmonary and hepatic
congestion, and a systemic inflammatory process.
Ultimately, outcome measures in the WD-AB group
were assessed in 4 to 5 animals.

The CON group ingested a standard chow diet
(5L80, Lab Diet; 3.03 kcal/g�1; carbohydrate: 71%;
protein: 18.5%, and fat: 10.5%; 500 g/day), whereas
the WD-AB group was fed a WD (1,000 g/day) high in
fat, high-fructose corn syrup, and cholesterol (5B4L,
Laboratory Diet; 4.14 kcal/g�1; carbohydrate: 40.8%
[17.8% of total calories from high-fructose corn
syrup]; protein: 16.2%; fat: 43%, 2% cholesterol wt/
wt) as previously reported (13–17). At 6 months of age,
aortic banding was used to induce HF as previously
described (19–23,25–27). A trans-stenotic systolic
gradient of approximately 70 mm Hg (72 � 2 mm Hg)
was achieved under anesthesia using phenylephrine
(intravenously 1 to 3 mg/kg/min) to maintain a distal



TABLE 2 Serial Echocardiographic Assessment of LV Morphology

CON (n ¼ 5) WD-AB (n ¼ 5)

RM ANOVAAge 6 months Age 8 months Age 12 months
Pre-AB

Age 6 months
Post-AB

Age 8 months
Post-AB

Age 12 months

Body weight (kg) 31 � 2 36 � 2 46 � 1††† 45 � 2*** 56 � 3***††† 76 � 3***††† ME group##

LVIDd (mm) 40 � 1 41 � 1 45 � 1† 37 � 1 42 � 1† 46 � 2†† ME time##

LVIDs (mm) 24 � 1 25 � 1 26 � 1 23 � 1 21 � 1 23 � 2 p ¼ 0.33

LV WTd (mm) 6.2 � 0.5 6.4 � 0.2 5.7 � 0.3 6.6 � 0.2 9.8 � 0.3***†† 9.7 � 0.5***†† Interaction‡

LV WTs (mm) 10.0 � 0.5 11.0 � 0.3 11.3 � 0.4 11.8 � 0.3** 14.8 � 0.3***†† 16.1 � 0.4***†† Interaction§

Values are mean� SE. Statistics: Post hoc versus CON at the same time point (**p < 0.01; ***p < 0.001); main effect (ME) (##p< 0.0001); interaction effect¼ group� time (§
p <0.01, ‡p < 0.001); †post hoc within same group versus 6-month time point (†p < 0.01; †† p < 0.001; p < 0.0001).

LVIDd ¼ left ventricular internal diastolic dimension; LVIDs ¼ left ventricular internal systolic dimension; LV WTd ¼ left ventricular diastolic wall thickness; LV WTs ¼ left
ventricular systolic wall thickness; RM ANOVA, repeated measure analysis of variance.

TABLE 3 Ingenuity Pathway and Gene Ontology Analyses of Induced Heart Failure-

Related Gene Pathways Expressed between CON and WD-AB Left Ventricle

Ingenuity Pathway Analysis, Top Toxicology Lists

Name p Value

Cardiac hypertrophy <0.0001

Increases renal damage <0.0001

Renal necrosis/cell death <0.0001

Cardiac fibrosis <0.0001

Liver proliferation <0.0001

Name Matched Gene Symbols p Value

Gene ontology, signaling pathways: heart failure

Cardiomyocyte differentiation
through BMP receptors

MYH7, MYH7B, NPPA, NPPB, BMP4,
BMP5

<0.0001

Hypertrophy model EIF4E, IL1R1, IFRD1, ATF3, VEGFA <0.001

Gene ontology, function-based analysis phenotype: heart failure

Cardiac fibrosis ACKR3, AHR, HEY2, PPARA, HOPX, PTGS2,
THBS4, CSRP3, MAPK8, PDL

<0.001

Gene ontology, diseases: heart failure

Myocardial infarction ABCA1, ALDH2, CCL2, CIITA, F13A1, HMGCR,
LDLR, NPPA, NPPB, PLAT, PROCR, PTGS2,
SELP, THBS4, TLR4, TNNT1, VEGFA

<0.0001

Dilated cardiomyopathy ADRA2C, ANKRD2, CCL2, CSRP3, KCNIP2, LAMA2,
MYH7, NPPA, NPPB, PDLIM3, PGM1, SUN2,
TNNI1, TNNT1, VCAM1

<0.0001

Pulmonary fibrosis CCL2, CD24, CTGF, CXCL8, MMP11, RGS1, SLN,
UBD, VCAM1

<0.01

Left ventricular
noncompaction

CSRP3, MYH7, MYH7B, PRDM16, YWHAE <0.01

Pulmonary hypertension ADORA3, BMP4, NPPA, NPPB, PDE4A, PLAT, VEGFA <0.01

Heart disease C3, HMGCR, MYH7, NPPA, NPPB, PPARA <0.05

Atrial fibrillation NPPA, NPPB, PLAT, SCN3B, SELP <0.05

Hypertrophic cardiomyopathy CSRP3, MYH7, NPPB, TNNT1 <0.05

BMP ¼ bone morphogenic protein; other abbreviations as in Table 1.
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peripheral vascular mean aortic pressure of approxi-
mately 90 mm Hg (87 � 2 mm Hg) at a heart rate of
85 beats/min (84 � 3 beats/min). In total, Ossabaw
swine in the WD-AB group were subjected to 10
months of WD and 6 months of chronic cardiac pres-
sure overload. Body surface area was calculated as
previously published for swine (30,31). Animals were
fed once per day, and water was provided ad libitum.
All animal protocols were in accordance with the
Principles for the Utilization and Care of Vertebrate
Animals Used in Testing Research and Training and
approved by the University of Missouri Animal Care
and Use Committee.

STATISTICAL ANALYSIS. Data analyses were per-
formed using SPSS (version 19.0, IBM, Armonk, New
York) or SigmaStat (version 3.5, Systat Software, San
Diego, California). Linear regression was used to
examine the relationship between inflammatory bio-
markers and diastolic function. Group comparisons
were made using a Student’s t-test (32). Group com-
parisons for in vitro vascular function and serial ul-
trasound morphological experiments were made
using a repeated-measures analysis of variance
(group � dose and group � time, respectively). Group
differences revealed by analysis of variance were
found using Student Newman-Keuls post hoc anal-
ysis. Interobserver variability for ultrasound mea-
sures was evaluated using the intraclass correlation
coefficient in a 2-way random model (<0.40: poor
agreement; 0.40 to 0.75: good agreement; >0.75:
excellent agreement) (33). Power analyses were con-
ducted to determine the appropriate number of pigs
to detect differences between groups as recom-
mended by Kim and Seo (34) using the Sealed Enve-
lope Power Calculator (https://www.sealedenvelope.
com/power/continuous-superiority). For input, we
used published end-diastolic pressure�volume rela-
tionship (EDPVR) data reported in 6 CON and 7 AB
pigs (20) because of the well-established
development of diastolic dysfunction in patients with
metabolic syndrome and the reputation of EDPVR as a
gold standard for measuring diastolic function. Sig-
nificance level was set to 5%, power to 80%, mean
outcome in control group ¼ 0.011, mean outcome in
experimental group ¼ 0.021, and standard deviation
¼ 0.004 (20). This power analysis indicated 4 swine
per group would be sufficient. All data are presented

https://www.sealedenvelope.com/power/continuous-superiority
https://www.sealedenvelope.com/power/continuous-superiority


FIGURE 1 Representative P-V Loops

Representative pressure�volume (P-V) loops at rest from individual control (CON) and Western diet, aortic-banded (WD-AB) animals.

EDPVR ¼ end-diastolic P-V relationship; ESPVR ¼ end-systolic P-V relationship.
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as means � SE, and significance was reported at p <

0.10 and p < 0.05 levels (35,36).
See Supplemental Material for a comprehensive

account of all Methods utilized in the current study
(Supplemental Tables 1 to 3, Supplemental Figures 1
to 8, and Supplemental References).

RESULTS

CARDIAC REMODELING AND FUNCTION. Tables 1 to
3 and Figures 1 to 4 provide evidence supporting
functional, structural, and genetic characteristics
consistent with HF in the WD-AB group using echo-
cardiographic, pressure�volume, post-mortem
morphology, and RNA-seq techniques. Considering 1
independent variable was diet, tibia length was
examined to determine if normalization of the
morphometric data was necessary (37,38). Tibia
length was the same between groups, indicating that
differences in body weight and body surface area
between groups were observed in animals with
similar age-related growth (Table 1). Because there
were no significant differences in tibia length, abso-
lute heart and lung weights were used for group
morphological analyses (39). WD-AB animals dis-
played increased lung weight compared with the CON
group, with no differences in resting ejection fraction
(EF) (Table 1). Significant concentric left ventricular
(LV) hypertrophy was present in WD-AB animals, as
indicated by an increase in global hypertrophy (LV,
right ventricle, and atria) (Table 1) and increased LV
diastolic wall thickness 2 and 6 months post-aortic
banding that was dependent on the group at 8 and
12 months of age, respectively (Table 2) (group � time
interaction; representative ultrasound images are
shown in Supplemental Figures 1A and 1B). There
were no differences in LV internal diastolic dimen-
sion or end-diastolic volume between groups (Tables 1
and 2). Analysis of aortic hemodynamics (proximal to
the AB in the WD-AB group) (Supplemental Table 1)
indicated WD-AB animals faced a greater afterload
compared with CON animals, which was evident 6
months post-aortic banding as significant increases in
both aortic systolic blood pressure and pulse
pressure.

Additional analysis of LV function resulted in para-
doxical findings with respect to systolic function.
Stroke volume (Table 1) and torsion (Supplemental
Figure 1D) relative to cardiac remodeling were
similar between groups. There was a trend toward
increased LV contractility (measured as preload
recruitable stroke work, shown by our laboratory
and others in AB swine) (20,23,24,40) in the WD-AB
group, which was observed in parallel with a
decreased stroke volume index (Table 1). Figure 2
outlines the potential contributions of individual
cardiomyocyte function to whole heart cardiac
dysfunction (representative traces of calcium tran-
sients and sarcomere length are presented in
Supplemental Figures 2A and 2B). Diastolic and sys-
tolic calcium and sarcomere length (Supplemental
Figures 2C and 2D), as well as calcium transient and
shortening amplitudes (Supplemental Figures 2E and
2F), were comparable between the CON and WD-AB
groups under both baseline and dobutamine (1 mM)
experimental conditions, which was consistent with
preserved systolic function at the whole organ level.
However, differences among groups were apparent in
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FIGURE 2 Ossabaw Swine Fed A WD With Chronic Pressure Overload-Induced HF Show Impaired Individual Cardiomyocyte Function

(A) Systolic cardiomyocyte calcium and (C) shortening kinetics are faster under baseline pacing conditions in the WD-AB group, but (B and D) lack b-adrenergic reserve

in response to dobutamine. (E and F) Diastolic calcium reuptake (tau) and (G and H) relaxation rate kinetic reserve following exposure to dobutamine is impaired in WD-

AB cardiomyocytes. (I) Representative cardiomyocyte images show (J) cardiomyocyte t-tubule disorganization in WD-AB animals. (K) Representative line scans

illustrate spontaneous ryanodine receptor-mediated calcium (L) spark frequency and (M) amplitude were increased in the WD-AB group. *t-test versus CON

(*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). n ¼ 4 animals, 25 to 27 cells in the CON group; n ¼ 4 animals, 23 to 25 cells in the WD-AB group.

ANOVA ¼ analysis of variance; HF ¼ heart failure; other abbreviations as in Figure 1.
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FIGURE 3 Isolated Mitochondrial Function Is Compromised in Ossabaw Swine Fed a WD With Chronic Pressure Overload-Induced HF and Associated With

Decreased L4CL

(A) Mitochondrial dysfunction evident as impaired complex 1 and 2-dependent respiration and functional uncoupling of the respiratory chain and adenosine

triphosphate synthesis. (B to E) Susceptibility to calcium (Ca2þ)-induced mitochondrial permeability transition (an early indicator of mitochondrial dysfunction) was

increased in the WD-AB group. (B and C) Quantification of the area above the curve of the Ca2þ-induced swelling traces was increased in WD-AB animals. (D and E)

Conversely, Ca2þ-retention capacity was decreased in the WD-AB group. (F to H) The composition of (G) tetralinoleoyl cardiolipin (L4CL) to (F) total cardiolipin levels

was (H) decreased in WD-AB animals. *t-test versus CON (*p < 0.05; ** p < 0.01). n ¼ 4 for CON and WD-AB groups. ADP ¼ adenosine diphosphate; MG ¼ malate/

glutamate; other abbreviations as in Figures 1 and 2.
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FIGURE 4 Ossabaw Swine Fed a WD With Chronic Pressure Overload-Induced HF Exhibit Distinct Molecular Signatures Indicative

of LV Pathological Remodeling

(A) Left ventricular (LV) gene interactions between significant cardiac hypertrophy and cardiac fibrosis networks revealed by ingenuity

pathway analysis between CON and WD-AB animals. (B) Pentraxin-3 (PTX3) mRNA level is increased in the WD-AB group and (C) negatively

correlated with LV untwisting. WD-AB animals show a right and downward shift along this relationship compared with CON (þ ¼ individual

animal data points forming the regression line). (D) Interleukin 1 receptor-like 1 (IL1RL1) mRNA level was also increased in the WD-AB group

and (E) negatively correlated with LV untwisting. WD-AB animals again show a right and downward shift along this relationship compared

with CON (þ ¼ individual animal data points forming the regression line). (F) The collagen I/III mRNA ratio is increased in the WD-AB group.

(G) A decrease in the more compliant N2BA titin isoform is seen in WD-AB animals with representative samples from both the CON and WD-AB

groups presented alongside the bar graph. *t-test versus CON (*p < 0.05). n ¼ 3 for CON and WD-AB in Figure 4A. n ¼ 5 for the CON group

and n ¼ 4 for the WD-AB group in Figures 4B to 4G. Abbreviations as in Figures 1 and 2.

Continued on the next page
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calcium transient and shortening kinetics, which
resulted in a loss in dobutamine-induced functional
kinetic reserve (Figures 2A to 2D). Decreases in car-
diomyocyte time to peak calcium (Figures 2A and 2B)
and shortening (Figures 2C and 2D) following dobut-
amine challenge were blunted in the WD-AB group
compared with the CON group, despite showing faster
cellular systolic kinetics under 0.5-Hz baseline pacing
conditions. These combined data suggest that
although traditional indicators of systolic function
like EF appear normal, the means by which resting
systolic function is maintained is substantially
different in WD-AB animals.

Diastolic function was also impaired in both the
whole heart and individual cardiomyocytes in WD-AB
animals. The EDPVR was increased in the WD-AB



FIGURE 4 Continued
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group (representative pressure�volume loops are
shown in Figure 1, and quantification is shown in
Table 1). This was observed in parallel with abnormal
LV diastolic mechanics, including decreased LV early
diastolic untwisting and increased LV late longitudi-
nal strain rate, which were indicative of both
impaired early diastolic filling and enhanced atrial
systole during late diastole, respectively (Table 1).
At the cellular level, dobutamine-induced enhance-
ment in diastolic kinetic parameters, including cal-
cium reuptake rate (Figures 2E and 2F) (tau) and
relaxation rate (Figures 2G and 2H), were lost in the
WD-AB group, although baseline (0.5 Hz) values were
similar between groups. In addition, cardiomyocyte t-
tubules were disorganized (Figures 2I and 2J), and
spontaneous ryanodine receptor�mediated calcium
spark frequency and amplitude were increased
(Figures 2K and 2L) in WD-AB animals versus CON
animals. In total, these data indicate functional and
structural changes at the organ and cellular levels
consistent with diastolic dysfunction.

Impaired myocardial relaxation might also have
been influenced by metabolic derangement in the LV.
Figure 3 shows LV mitochondrial dysfunction,
including decreased complex 1- and 2-dependent
respiration and trifluoromethoxy carbonylcyanide
phenylhydrazone (FCCP)-uncoupled maximal mito-
chondrial respiration (Figure 3A). Calcium-induced
mitochondrial swelling was exacerbated (Figures 3B
and 3C), and calcium retention capacity (Figures 3D
and 3E) was also decreased in WD-AB animals,
which both indicated increased susceptibility to
calcium-induced mitochondrial permeability transi-
tion. Shotgun lipidomic showed the proportion of
contribution of tetralinoleoyl cardiolipin to total
myocardial cardiolipin levels (Figures 3F to 3H)
(a phospholipid that consists of w80% of ventricular
cardiolipin in humans and is considered to reflect a
healthy phospholipid phenotype in the heart) (41)
was decreased in the WD-AB group. Collectively, ev-
idence of impaired LV mitochondrial energetics is
consistent with the development of HF (42).

To define the molecular signature associated with
the pathological state in the WD-AB heart, tran-
scriptome was profiled in LV tissues from WD-AB and
CON animals. As presented in Table 3 and Figure 4,
unbiased Ingenuity Pathway Analysis detected top
gene expression changes in the WD-AB group are
cardiac hypertrophy and cardiac fibrosis, which are
listed as the #1 and #4 top significant toxicology lists



FIGURE 5 Ossabaw Swine Fed a WD With Chronic Pressure Overload-Induced HF Demonstrate Skeletal Muscle and Brain Vascular Dysfunction in

Isolated Microvessels

Brachial artery ring preparations indicate (A) endothelial and (B) smooth muscle�dependent function is similar between the CON and WD-AB groups. Skeletal muscle

microvessel preparations show significant (C) endothelial, (D) metabolic, and (E) smooth muscle�dependent dysfunction in the WD-AB group. Carotid artery ring

preparations reveal (F) endothelial and (G) smooth muscle�dependent function is similar between the CON and WD-AB group. Cerebral microvessel preparations show

significant (H) endothelial, (I)metabolic, and (J) smoothmuscle�dependent dysfunction inWD-AB animals. *t-test versus CON (*p<0.05; **p<0.01; ***p<0.001). n¼
5 for the CON group, and n¼ 4 for the WD-AB group. Ach¼ acetylcholine; SM¼ skeletal muscle; SNP¼ sodium nitroprusside; other abbreviations as in Figures 1 and 2.
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(Table 3). Significant interaction between gene net-
works associated with cardiac dysfunction and
fibrosis are also identified and illustrated in
Figure 4A. Based on gene ontology analysis for the
differentially expressed genes, a significant enrich-
ment of several HF-related gene networks was found
in the WD-AB hearts, as highlighted by numerous
genes known to be implicated in HF-related cardiac
fibrosis and hypertrophic remodeling, such as NPPA,
NPPB, MYH7, as well as bone morphogenic proteins
and collagens (Table 3). In addition to these well-
known molecular markers for HF, a number of in-
flammatory genes were also implicated, including
pentraxin-3 (PTX3) (43,44) and interleukin 1
receptor-like 1 (IL1RL1) (44,45), which are indicators
of inflammation. The approximate 5-fold increase in
PTX3 reported by RNA-seq in WD-AB animals was
confirmed independently using quantitative real-
time polymerase chain reaction (Figure 4B), as was
an increase in IL1RL1 (Figure 4D). Cumulative group
data, represented by the regression line, also showed
a significant negative correlation between LV
untwisting and both PTX3 (Figure 4C) and IL1RL1
(Figure 4E) mRNA levels. Group means reflected a
right and downward shift along this relationship in
the WD-AB group compared with the CON group,
which indicated that an increase in LV expression of
these markers of inflammation was associated with a
decline in LV diastolic mechanical function. Cardiac
remodeling in the WD-AB group was confirmed
separately by 2 different measures that could influ-
ence the stiffness of individual cardiomyocytes and/
or the whole heart: 1) an increase in the collagen I/III
mRNA ratio (Figure 4F) (indicative of potentially
increased extracellular matrix stiffness) (46); and 2) a
decrease in protein expression of the N2BA isoform of
titin (Figure 4G) (a more compliant isoform of the
large elastic sarcomeric protein) (47–51). Total LV
collagen protein was the same between the groups
and visualized by representative Masson’s trichrome
images (Supplemental Figure 3). This suggested that
differences in LV stiffness regulated by the extracel-
lular matrix might be more related to changes in its
composition (i.e., collagen isoform shift) as opposed
to a general accumulation of total fibrotic compo-
nents. Overall, these data are indicative of molecular
signatures consistent with cardio-metabolic disease
in the myocardium of WD-AB animals and suggest

https://doi.org/10.1016/j.jacbts.2019.02.004


FIGURE 6 Ossabaw Swine Fed a WD With Chronic Pressure Overload-Induced HF Exhibit a Systemic Inflammatory State Consistent With Common Comorbidities

Seen in Experimental HF

Animals in the WD-AB group were (A) obese, (B) inactive, and (C) insulin resistant (homeostatic model assessment of insulin resistance [HOMA-IR]). Dyslipidemia was

observed in WD-AB animals as indicated by (D) increased plasma cholesterol, (E) triglycerides, (F) low-density lipoproteins (LDL), and (G) 2-chlorostearate. (H and I)

Plasma liver enzymes were increased and evidence of (J; Masson’s trichrome stain) increased liver fibrosis were seen in the WD-AB group. *t-test versus CON (*p< 0.05;

**p < 0.01; ***p < 0.001). n ¼ 5 for CON and WD. Abbreviations as in Figures 1 and 2.
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that molecular mechanisms potentially relevant to
HF are present in this model.
PERIPHERAL AND CENTRAL VASCULAR FUNCTION.

Microvascular dysfunction, reflected by impaired
vasodilatory capacity, was present in the skeletal
muscle, brain, and coronary resistance vessels of WD-
AB animals. Figure 5 shows conduit and resistance
vessel function from the skeletal muscle and brain
following exposure to endothelial (acetylcholine,
bradykinin, insulin) and smooth muscle�dependent
(sodium nitroprusside) vasodilators. Although
conduit vessel function from both peripheral vascular
beds was similar to the brachial artery (Figures 5A and
5B) and the carotid artery (Figures 5F and 5G) in the
CON group, endothelial, metabolic, and smooth
muscle�mediated vasodilatory capacity was impaired
in the resistance arteries from isolated skeletal muscle
(Figures 5C to 5E) and brain (Figures 5H to 5J) arterioles
in the WD-AB group (complete dose�response curves
for resistance vessels are shown in Supplemental
Figures 4 to 5). In addition, in vivo evaluation of cor-
onary vascular function demonstrated that although
relative coronary blood flow was similar between
groups (Supplemental Figure 6A, measured in the left
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anterior descending coronary artery), myocardial ox-
ygen extraction was greater in the WD-AB group
(Supplemental Figure 6B). This was associated with
impaired coronary resistance vessel vasodilatory ca-
pacity to the large conductance calcium-activated
potassium (BKCa) channel agonist NS-1619 in isolated
arterioles (Supplemental Figures 6C and 6D, a medi-
ator of arterial tone abundantly expressed in vascular
smooth muscle shown to provide protection against
excessive vasoconstriction) (24,52–54). Gene ontology
analysis revealed significant enrichment of several
molecular pathways related to vascular disease,
including atherosclerosis, microvascular complica-
tions, and peripheral vascular disease (Supplemental
Table 2). In summary, these data indicate endothe-
lial, metabolic, and smooth muscle�dependent
microvascular dysfunction dominate vascular
impairment in both the periphery and heart of WD-AB
animals, which is consistent with functional vascular
abnormalities seen in both cardio-metabolic disease
and HF.

COMORBIDITIES AND INFLAMMATION. Before aortic
banding, the body weight of WD-AB animals was
significantly increased compared with CON, which
indicated metabolic disease was developing at the
time of surgery. The data presented in Figures 6A to
6J and Table 2 show evidence of metabolic derange-
ment at the time terminal experiments were per-
formed. Specifically, obesity (body weight)
(Figures 6A, Table 2), inactivity (decreased animal
movement in the pen) (Figure 6B), insulin resistance
(homeostatic model assessment of insulin resistance)
(Figure 6C), and plasma hyperlipidemia (Figures 6D to
6G) (including chlorinated lipids [Figure 6G] associ-
ated with increased immune-derived reactive oxygen
species production, inflammatory signaling, and
endothelial dysfunction) (55–58) were seen in the
WD-AB group. Wound healing in the WD-AB group
following surgical intervention was excellent, and all
animals were ambulatory, eating, urinating, and
defecating normally within 1 week post-surgery.
Thus, the significant decrease in cage activity in
WD-AB animals was not related to our surgical pro-
cedures or other health concerns separate from the
aortic banding or dietary interventions. Increased
plasma liver enzyme levels and nonalcoholic fatty
liver disease (Figures 6H to 6J) (evident by the com-
bination of liver steatosis, inflammation, and fibrosis)
in WD-AB animals was also consistent with nonalco-
holic steatohepatitis as shown previously in WD-fed
Ossabaw swine by our laboratory (14). Several re-
ports indicate nonalcoholic steatohepatitis is related
to HF and LV diastolic dysfunction (59–63). Further
exploration of group differences that examined
metabolic and renal disease, including immune
and inflammation-related signaling pathways and
phenotypes, were assessed using RNA-seq in LV
tissue and is presented in Supplemental Figures 7
and 8 and Supplemental Tables 1 to 3. Enhancement
of molecular pathways related to obesity, metabolic
syndrome, diabetes, fatty liver disease, glomerulo-
nephritis, and renal fibrosis were revealed following
gene ontology analysis (Supplemental Table 2). A
number of corresponding signaling pathways
(Supplemental Table 3) and genetic phenotypes
(Supplemental Table 4) highlighted immune and in-
flammatory involvement. Three of the top 5 signifi-
cant upstream regulators identified by ingenuity
pathway analysis indicated activation of well-known
signaling networks that contributed to systemic
inflammation, including tumor necrosis factor
(Supplemental Figure 7A) (p < 0.05), interferon-g
(Supplemental Figure 7B) (p < 0.05), and toll-like re-
ceptor 3 (Supplemental Figure 7C) (p < 0.05). Top
regulator effect gene networks that support activa-
tion (Supplemental Figure 8A) (p < 0.05), migration
(Supplemental Figure 8A, p < 0.05), and adhesion
(Supplemental Figure 8B) (p < 0.05) of immune cells
potentially influenced by NF-kB signaling pathways
(Supplemental Table 3, Supplemental Figure 8B)
(CHUK-inhibitor of NF-kB kinase subunit-a) were also
identified. Together, these findings suggest this pre-
clinical model displays a chronic inflammatory state
consistent with cardio-metabolic disease and HF.

DISCUSSION

This multidisciplinary research study showed that
Ossabaw swine fed a WD and subjected to chronic
cardiac pressure-overload exhibited functional,
structural, and genetic characteristics consistent with
cardio-metabolic HF. In this experimental setting,
WD-AB animals displayed a number of cardiac and
vascular features reminiscent of metabolic derange-
ment and HF, including comorbidities associated with
activation of the immune system and inflammation.
Collectively, these data indicated the combination of
traditional methods used to generate HF (i.e., diet,
aortic-banding) imposed on the unique genetic back-
ground of Ossabaw swine resulted in a translational
animal model with a distinctive constellation of find-
ings that are conceivably useful to extending the un-
derstanding of how pre-existing cardio-metabolic
syndrome can contribute to developing HF.

As hypothesized, WD-AB animals displayed cardiac
characteristics fundamental to HF, including tradi-
tional indicators, myocardial remodeling, diastolic
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dysfunction, and signs of altered, but compensated
resting systolic function. Conventional markers of HF
were observed at both system and molecular levels as
shown by post-mortem, imaging, and molecular
signatures that highlighted pathological cardiac
remodeling (increased diastolic wall thickness), pul-
monary involvement, and classic HF-related genes
(e.g., natriuretic peptides, myosin heavy chain). Dia-
stolic dysfunction was evident at the whole heart
level in the WD-AB group by both an increase in the
EDPVR and mechanically via abnormal diastolic
strain measures, which implied difficulty filling dur-
ing early diastole, with attempts to compensate for
this deficiency by increasing the contributions of
atrial systole to overall LV filling (64–68). Increased
EDPVR and altered LV diastolic mechanics, observed
in parallel with increased aortic systolic pressure,
pulse pressure, and directionally consistent (but
nonsignificant) increases in mean arterial pressure,
effective arterial elastance, end-systolic elastance,
and a decreased effective arterial elastance/end-
systolic elastance ratio are evocative of HFpEF (69).
LV end-diastolic pressure may not be elevated in
early HFpEF (70,71); thus, our findings outline a
reasonable scenario in which both vascular and ven-
tricular stiffening could lead to the increase in the
wet lung weight observed in the WD-AB group in the
present study. In addition, an impaired ability of
cardiomyocytes to sequester calcium and relax during
diastole following b-adrenergic agonism signified a
decrease in cellular diastolic cardiac reserve. Molec-
ular signatures also indicated detrimental LV
remodeling, as verified by evidence of collagen and
titin isoform shifts, could increase the stiffness of the
myocardium in parallel with LV mitochondrial
dysfunction (via associated deficits in energetic need
impairing excitation�contraction coupling).

Although compensated at rest, physiological
assessment of systolic function indicated a number of
paradoxical findings in the whole organ and a lack of
cardiac reserve in isolated cardiomyocytes from the
WD-AB group. A specific example of this inconsis-
tency included no group differences in what would be
considered a normal EF (>50%), observed in parallel
with increased LV contractility (preload
recruitable stroke work) and reduced systemic
perfusion as indicated by the decreased stroke vol-
ume index. This contradiction also existed at the
cellular level in WD-AB animals, as individual car-
diomyocytes displayed normal absolute calcium
transient and shortening amplitude, yet had an
associated reduction in kinetic reserve capacity in
response to adrenergic challenge with dobutamine.
Such findings were consistent with those in rodent
models of hypertrophy, in which cardiomyocyte
functional parameters are maintained or enhanced
(72,73), which may serve as an initial compensatory
mechanism used by the heart to maintain systolic
function at rest (74). However, such functional ad-
aptations might consume a large portion of the car-
diac reserve that normal healthy hearts typically
maintain. This functional compensation, disguised at
rest, becomes apparent during scenarios of increasing
cardiovascular stress (e.g., activities of daily living,
exercise), limiting the flexibility of the heart to
respond to increasing hemodynamic demand.
Together, this collection of data provides a solid
foundation of evidence supporting the presence of
experimental HF in WD-AB animals.

Increasing evidence suggests peripheral vascular
dysfunction also plays a significant role in the lack of
cardiovascular reserve and high prevalence of
cardiogenic dementia in patients with HF. Our results
indicate that at this stage of disease, a profile of pri-
marily microvascular dysfunction reminiscent of
HFpEF was observed in this translational model, as
opposed to impaired conduit artery function which is
more often associated with HFrEF (75–87). Novel data
from the WD-AB group indicated there was a signifi-
cant smooth muscle component to this profile of
functional microvascular impairment in multiple
vascular beds, including those supplying skeletal
muscle, the brain, and the heart. Vascular mecha-
nisms targeting smooth muscle may have therapeutic
value given smooth muscle-mediated vascular
dysfunction has been observed in resistance vessels
from both the heart and the brain of Ossabaw swine
with metabolic syndrome that did not have HF (88),
and aortic-banded Yucatan mini-swine that displayed
HF in the absence of metabolic comorbidities (24,26).
A good deal of focus has also been placed on endo-
thelial impairment caused by chronic inflammation as
a driving force behind the development of cardio-
metabolic syndrome and HF. Our results likewise
showed both endothelial and metabolic microvas-
cular dysfunction in WD-AB animals (again in multi-
ple vascular beds). A potential intersection between
smooth muscle and endothelial-dependent vascular
dysfunction could be nitric oxide, manifested via
impaired downstream cGMP/PKG signaling that could
negatively affect LV function from both a vascular
and myocardial perspective (44). Diminished micro-
vascular function, regardless of cellular mechanism,
could significantly impact a patient’s ability to engage
in normal activities of daily living via: 1) a limited
ability to increase blood flow to skeletal muscle and/
or the heart in response to increased metabolic de-
mand; or 2) by harming cognitive function potentially
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leading to depression, dementia, and reduced thera-
peutic compliance. Together, these data indicate
vascular impairment in WD-AB animals is dominated
by microvascular dysfunction in multiple organs. We
provide new evidence of a significant smooth
muscle�mediated component to the disease process,
in addition to metabolic and endothelial-dependent
impairment. These findings are consistent with par-
adigms believed to reflect a scenario of cardio-
metabolic HF.
CLINICAL PERSPECTIVES. The combination of
multisystem genetic signatures, considered in par-
allel with a profile of metabolic disease, including
obesity, inactivity, and dyslipidemia, supports the
initial decision to use Ossabaw swine for this study
given their genetic predisposition to this cluster of
health disparities. From a molecular perspective,
mRNA transcriptome signatures from the LV support
our pathophysiological evidence of experimental HF
and extensive cardio-metabolic disease in the WD-
AB group. The molecular changes are highlighted
by genes and pathways that are also implicated in
numerous cardiac, vascular, metabolic, renal, im-
mune, and inflammation-related signaling pathways.
In particular, bone morphogenic protein�related
pathways and NF-kB�mediated inflammatory gene
induction are stimulated by transforming growth
factor-b, tumor necrosis factor-a, and interleukin-1
signaling (89–91). These pathways, in addition to
IL1RL1 (also part of the IL-1 super family) (92,93),
were observed in the hearts of WD-AB animals. Anti-
inflammatory therapy, including interleukin-1 and
transforming growth factor-b inhibition, could be
tested in the preclinical cardio-metabolic HF model
presented here and contribute to the continuing
evaluation of these therapeutic targets, which are
currently being examined in clinical trials for both
HFrEF and HFpEF (94–97).

In addition, ingenuity pathway analysis revealed
significant gene signatures associated with activa-
tion, migration, and adhesion of immune cells
potentially regulated in part by Inhibitor of NFkB
Kinase Subunit Alpha (CHUK), a component of the
NFkB signaling complex that, counterintuitive to its
title, prompts activation of NFkB signaling (90,91).
Results from unbiased ‘-omics’-based analysis be-
tween groups indicate a strong role for NFkB
signaling in WD-AB animals, which can be activated
by chlorinated lipids such as 2-chlorostearate. Chlo-
rinated lipids can be generated from myeloperox-
idase, a protein expressed in neutrophils, monocytes,
and leukocytes that has been linked to inflammation
and endothelial dysfunction (55–57). Therapeutic
modulation of diet, including manipulation of lipid
intake, has been linked to diastolic function and
cardiovascular risk in HFpEF patients (98–100). Our
results suggest this animal model could be a suitable
platform to examine nutritional interventions as a
way to modulate the pathological inflammation and
vascular dysfunction associated with cardio-
metabolic HF.

Systemic inflammation is highly correlated with
metabolic derangement, and our results also found
several gene networks reflecting inflammatory and
immune signaling pathways were induced in the
WD-AB group, including well-established molecular
targets such as tumor necrosis factor, interferon-g,
and toll-like receptor 3 (101–105). The finding of in-
flammatory markers, such as PTX3 and IL1RL1, may
also have potential diagnostic importance (43–45).
PTX3 has been correlated with diastolic dysfunction
(106,107), and IL1RL1 is mechanistically linked to the
regulation of myocardial fibrosis (104,105,108). Mo-
lecular validation of these targets in WD-AB animals,
and the association of PTX3 and IL1RL1 with LV
untwisting during early diastole, provides further
support of potential links between their levels and
impaired diastolic function. These relationships
warrant further mechanistic interrogation.

Other molecular targets that recently garnered
attention for their therapeutic potential to treat HF
include phosphodiesterase-9 (109) and histone
deacetylases such as HDAC9 (110). These mechanisms
appear as genes of interest in the cardiac hypertrophy
and fibrosis networks presented in Figure 4A that are
significantly altered in this translational model of
cardio-metabolic HF. Considered together, the results
of this study reveal a number of cellular mechanisms
potentially applicable to a cardio-metabolic pheno-
type characterized by diet and comorbidity-driven
inflammation. Accordingly, these data provide
numerous avenues of exploration that we believe
could be tested in this new preclinical platform of
cardio-metabolic HF.

STUDY LIMITATIONS. The assessment of cardiac
reserve is powerful as a diagnostic tool for assessing
HF. In the present study, we assessed cardiac reserve
at only the cellular level. Our group has a history of
using both exercise and dobutamine dose�response
protocols in the catheter laboratory to assess cardiac
reserve in vivo (22–25,27,111–113). Although practical
considerations (including an extensive focus on the
transcriptome) limited our ability to perform these
experiments, examination of cardiac reserve in future
studies will be important to the continued verifica-
tion of HF in this model. A comprehensive examina-
tion of cardiomyocyte calcium fluxes was not
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COMPETENCY IN MEDICAL KNOWLEDGE: The

development of new treatments for HF has suffered

from a lack of animal models that encompass the

increasingly heterogeneous disease profile of this
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supporting the hypothesis that WD-AB Ossabaw swine
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and genetic phenotype evocative of cardio metabolic

HF.

TRANSLATIONAL OUTLOOK: This new preclinical

animal model displayed a distinctive constellation of

findings that are conceivably useful to extending the

understanding of how pre-existing cardio-metabolic

syndrome can contribute to developing HF.
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performed, and the functional changes in calcium
handling proteins in this disease model remain to be
determined. We anticipate these changes are multi-
factorial based on our findings, and suggest complex
changes in expression and/or post-translational
modification of multiple calcium handling proteins.
The transcriptome results presented in this study
only suggest that certain molecular signatures in the
heart share the same profile as observed in other
diseases (e.g., renal pathology). By itself, the renal
RNA-seq data observed from LV samples was not
sufficient to establish etiology or mechanism, and
further interrogation of kidney disease and its rela-
tionship to developing HF is warranted. A strength of
this model is the statistical justification of a strong
pathological phenotype in the animals, despite the
large variability inherent to disease. Nevertheless,
more subtle phenotypes that could be of physiolog-
ical importance may be difficult to resolve with the
present study design, and follow-up studies will be
essential to extend the clinical translation of our
initial findings.

CONCLUSIONS

Our results indicate the combination of pressure-
overload and dietary intervention results in a profile
of cardio-metabolic HF in Ossabaw swine. This
unique preclinical animal model provides the oppor-
tunity to enhance our understanding of how meta-
bolic disease interacts with developing HF, as well as
a translational opportunity to develop new mecha-
nistic avenues of exploration relevant to pathological
conditions when symptoms of both cardio-metabolic
disease and HF are present.
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EDITORIAL COMMENT
Cardiometabolic Heart Failure and HFpEF
Still Chasing Unicorns*
Thomas E. Sharp III, PHD,a David J. Lefer, PHD,a,b Steven R. Houser, PHDc
H eart failure (HF) is a complex and heterog-
enous syndrome that is projected to affect
more than 8 million adults by 2030 (1).

The HF patient population can be separated into 2
general groups, those with HF with reduced ejection
fraction and those with HF with preserved ejection
fraction (HFpEF). HFpEF has been estimated to affect
approximately one-half of the HF patient population,
and this population is predicted to increase over the
next decade (2). The pathophysiological drivers that
cause or exacerbate HFpEF are under investigation
because the precise cardiac and extracardiac pathol-
ogies that cause or exacerbate the HFpEF phenotype
remain largely unknown. There are no Food and
Drug Administration–approved therapeutic agents to
treat patients that have HFpEF, in part because the
pathobiology is still not clearly defined, and there is
a lack of suitable preclinical models that can be
used to define causes and test therapies (3). Compli-
cating matters further, current clinical research sug-
gests that HFpEF is not caused by a single pathology
but is a result of multiple, distinct, and unique dis-
eases with different primary driving factors. This
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was eloquently presented by Shah et al. (4), where 3
primary phenotypes were observed in patients: 1)
young patients with moderate diastolic dysfunction
and normal B-type natriuretic peptide (BNP) levels;
2) obese, diabetic patients with sleep apnea and wors-
ened left ventricular (LV) relaxation; and 3) older pa-
tients with chronic kidney disease, myocardial
dysfunction, and pulmonary hypertension. This char-
acterization of distinct phenotypes may aid in better
clinical trial design and outcomes but leaves the basic
research community in a conundrum regarding the
development of suitable translational animal models
which reliably recapitulate each of these different
HFpEF phenotypes. Although rodent models of
HFpEF have emerged (5), the physiological differ-
ences between rodents and humans are well estab-
lished and suggests that large animal models might
be more predictive of therapies that could be effec-
tive in humans (6). It is imperative, that these newly
developed large animal models of HFpEF recapitulate
essential pathophysiological features of HFpEF and
its progression to allow for translation to the clinic.
In this issue of JACC: Basic to Translational Science,
Olver et al. (7) have characterized a swine HFpEF
model that includes several of the key comorbidities
(obesity, early metabolic derangement, and pressure
overload) observed in patients.(8,9).
SEE PAGE 404
The study was performed in Ossabaw swine, which
are well characterized to have a “thrifty phenotype,”
becoming obese and pre-diabetic when fed a western
diet (WD) (10). The authors fed 2-month-old, female
Ossabaw swine a control or WD for 10 months to
induce obesity with metabolic derangements. They
then placed an aortic band (AB) at 6 months of age to
induce pressure overload in an attempt to induce
HFpEF. Functional, morphological, and molecular
endpoints were measured to assess the degree of
https://doi.org/10.1016/j.jacbts.2019.05.003
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cardiac and systemic dysfunction at 12 months of age
in 4 to 5 control and WD-AB swine. The authors
describe the cardiac structural and functional
changes observed at 10-months’ post-diet and
6-months’ post-aortic banding (7). The expected hy-
pertrophic response due to aortic banding was
demonstrated by increased heart weight and LV wall
thickness. Furthermore, they conclude LV systolic
function remained normal, whereas diastolic function
was impaired based solely on the end-diastolic pres-
sure volume relationship and isolated single car-
diomyocyte T-tubule structure and function. They
attribute impaired relaxation to LV mitochondrial
dysfunction as previously reported in the Ossabaw
swine (11). Furthermore, the investigators also
explore the molecular signature through tran-
scriptomic analysis of LV tissue, reporting alterations
of a myriad of genes that are consistent with cardio-
vascular diseases and their related comorbidities. The
authors conclude that their model recapitulates fea-
tures of HFpEF.

In our view, the model in the study by Olver et al.
(7) represents an early-stage of HFpEF, and as such
may not faithfully mimic HFpEF in humans. Although
Ossabaw swine on a WD develop dyslipidemia,
immature vascular plaque formation, and hyper-
insulinemia, the investigators acknowledge they do
not spontaneously develop HF (12). HFpEF is recog-
nized to also be an age-related disease, because age is
a primary predictor of HFpEF’s initial diagnosis (13),
whereas the investigators used very young animals
(2 months of age for 10 months). To induce HF in the
WD-fed animals, the investigators implanted a sur-
gical band on the aorta to produce acute pressure
overload. This technique is widely used in both large
and small animal models (14–17) but has caveats.
More rapid pressure overload usually causes
compensatory states (hypertrophic response) (18,19)
or decompensation (LV dilation with reduced ejec-
tion fraction) such as in mouse transverse aortic
constriction models of acute pressure overload (15).
By contrast, slow, progressive pressure overload
models more closely parallel the type of structural
heart disease induced by aortic stenosis in humans
(14). There are several alternatives to aortic banding
that are more physiologically relevant, including an
increase in dietary salt consumption or introduction
of agonists that activate the renin-angiotensin-
aldosterone system to develop a global hypertensive
phenotype. The gene ontology data herein is gener-
alized and could conceivably be altered by HF-
independent cardiovascular disease (7).
Although systolic function was preserved (no
change in LVEF) in the model, there was a leftward
shift in the EDPVR, consistent with diastolic
dysfunction, many traditional measures of LV dia-
stolic dysfunction were not measured (i.e., E/A, E/e0,
Doppler flow velocities). Moreover there was no
physiological measurement of pulmonary hyperten-
sion (elevated pulmonary artery pressure or pulmo-
nary capillary wedge pressure). Most importantly, LV
end-diastolic pressure was not elevated (LVEDP),
which is an essential feature of HFpEF involving
pressure overload. Lastly, there was no traditional
HFpEF biomarkers (i.e., cardiac troponin I, BNP, atrial
natriuretic peptide) studies.

The authors also studied the cellular mechanisms
that may contribute to impaired relaxation by inves-
tigating isolated single cardiomyocyte physiology in
the basal state and after exposure to adrenergic ago-
nists. Myocytes isolated from the WD-AB animals did
not have significant alterations in Ca2þ regulation,
either in the basal state or after treatment with an
adrenergic agonist. This suggests the presence of the
very earliest stages of adaptation to persistent disease
stress. These findings are at odds with previous
studies of myocytes with hypertrophy from slow
progressive pressure overload, where myocyte con-
tractile derangements are present even though global
pump performance parameters (LVEF) are main-
tained (18). In these studies, persistent disease
caused derangements of cardiac functional reserve
(20,21). The absence of these changes suggests that
the model fails to show any systolic defects that are
present in patients with HFpEF. The absence of any
significant changes in Ca2þ transient dynamics is also
a bit surprising, given the T-tubules are disrupted in
the WD-AB myocytes (7).

In conclusion, HFpEF is a complex and heteroge-
nous clinical syndrome for which there are no
effective therapies. Developing novel HPpEF thera-
pies will require developing large animal models
that faithfully mimic the HFpEF phenotype. The
model developed by Olver et al. (7) combines meta-
bolic derangements together with mechanical pres-
sure overload in young, female swine. Although
these animals develop cardiac hypertrophy and
some metabolic disturbances, as noted above many
of the phenotypic features characteristic of human
HFpEF are not observed in this model, which raise
important questions about the overall clinical utility
of the model. In our view, the critical features of a
large animal HFpEF model should include adverse
LV structural and functional remodeling, abnormal
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diastolic function, decreased systolic functional
reserve, increased LV filling pressures, and pulmo-
nary hypertension. Models with several comorbid-
ities such as increased body mass index,
dyslipidemia, moderately resistant hypertension,
and metabolic derangements are also critical for the
development of HFpEF models. In this regard, the
study by Olver et al. (7) represents an important first
step in developing an appropriate large animal
model that mimics the cardiometabolic phenotype of
HFPEF in humans.
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Letters
Reduced Lipoprotein(a)
Associated With the
Apolipoprotein E2
Genotype Confers
Cardiovascular
Protection in Familial
Hypercholesterolemia
There are 3 isoforms of apolipoprotein E (apo E) in
humans (ε2, ε3, and ε4). They differ by single amino
acid substitutions that variably affect their affinity for
the low-density lipoprotein receptor (LDLR) and for
the LDLR-related protein (LRP1), with ε2 having the
weakest binding to these receptors (1). The plasma
levels of lipoprotein(a) [Lp(a)], a highly atherogenic
LDL-like lipoprotein species, are influenced by the
polymorphism of apo E, with ε2/ε2 and ε4/ε4 carriers
presenting with the lowest and highest Lp(a) plasma
concentrations, respectively (1).

Lp(a) contains a highly polymorphic signature
protein, apolipoprotein(a) [apo(a)], bound to the
apolipoprotein B100 (apo B100) of an LDL particle.
The proatherogenic properties of Lp(a) are mediated
by its LDL moiety rich in cholesterol, as well as by its
elevated content in proinflammatory oxidized phos-
pholipids, and by the antifibrinolytic effects of its
plasminogen-like apo(a) moiety. Elevated Lp(a) is an
independent predictor of cardiovascular disease
(CVD), particularly for patients with familial hyper-
cholesterolemia (FH) (2,3).

To evaluate whether the modulation of Lp(a) levels
by apo E isoforms affects CVD risk, we assessed apo E
and apo(a) concentrations, as well as polymorphisms,
in a cohort of patients at very high cardiovascular risk
by liquid chromatography–tandem mass spectrometry
(4). These parameters were measured in plasma sam-
ples collected at the first visit from 444 nontreated
heterozygous patients with FH (all genetically
confirmed carriers of a single mutated LDLR allele)
attending the lipid clinic at Groote Schuur Hospital in
Cape Town, South Africa (5). Their mean � SD plasma
levels of total cholesterol (8.9 � 2.0 mmol/l),
triglycerides (1.5 � 0.9 mmol/l), high-density
lipoprotein (HDL) cholesterol (1.3 � 0.2 mmol/l), LDL
cholesterol (7.0 � 1.9 mmol/l), apo A-I (96 � 28 mg/dl),
apo B (155 � 50 mg/dl), apo E (6.4 � 2.8 mg/dl), and
apo(a)/Lp(a) (52 � 48 nmol/l) were typical of a het-
erozygous FH phenotype. One-third (32.9%) of these
patients had experienced at least 1 cardiovascular
event before the initial visit.

The majority of these patients were ε3/ε3 carriers
(n ¼ 292) and served as the control group carriers. The
remaining patients were ε3/ε4 (n ¼ 79), ε2/ε3 (n ¼ 42),
ε4/ε4 (n ¼ 20), ε2/ε4 (n ¼ 8), or ε2/ε2 (n ¼ 3). The ε2/ε4
carriers were excluded from all subsequent analyses.
Compared with ε3/ε3, ε2 carriers (i.e., ε2/ε3 and ε2/ε2)
had increased plasma apo E levels, whereas ε4 carriers
(i.e., ε3/ε4 and ε4/ε4) had reduced plasma apo E levels
(Figure 1). LDL cholesterol levels were similar in all
groups (Figure 1), as well as non-HDL cholesterol
levels (not shown). In contrast, ε2 carriers had
significantly reduced Lp(a) concentrations (median 3
nmol/l [interquartile range (IQR): 0 to 45 nmol/l])
compared with ε3/ε3 homozygotes (median 27 nmol/l
[IQR: 0 to 73 nmol/l]). Lp(a) concentrations were
slightly but not significantly increased in ε4 carriers
(median 34 nmol/l [IQR: 0 to 104 nmol/l]) compared
with the ε3/ε3 control group (Figure 1). The detection
limit for apo(a) measurement by liquid chromatog-
raphy–tandemmass spectrometry was 2 nmol/l (6). All
patients with apo(a) levels lower than this limit were
reported as having Lp(a) concentrations of 0 nmol/l.
Thus, 48% of ε2 carriers, 28% of ε3/ε3 carriers, and 25%
of ε4 carriers had Lp(a) levels lower than the detection
limit. Given that Lp(a) levels are strongly influenced
by the polymorphism of apo(a) resulting from the
presence of a variable number of kringle IV2 repeats in
humans (1 to more than 40) (3), we verified that the
number of kringle IV repeats on apo(a) was similar in
ε3/ε3, ε2, and ε4 carriers, on average at a mean � SD of
21.7 � 7.2, 20.6 � 8.6, and 20.4 � 7.0 (p ¼ 0.196),
respectively, thus ruling out a chance finding.

These results confirm specifically in patients with
FH a landmark observation made in the general
population showing that apo E2 is associated with
reduced Lp(a) (1). Whether LDLR or LRP1 plays a role
in that process is unknown. The mechanism by which
apo E2 specifically reduces Lp(a) clearly remains to be
established. The percentage of patients with FH
who had CVD was significantly less in ε2 carriers than
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FIGURE 1 Apo E2 Is Associated With Cardiovascular Protection in FH

Plasma apolipoprotein E (apo E) and apolipoprotein(a) levels were measured by liquid chromatography–tandem mass spectrometry in plasma

samples isolated from 444 nontreated patients with familial hypercholesterolemia (FH). Plasma low-density lipoprotein (LDL) cholesterol

levels were calculated using the Friedewald formula when triglycerides levels were lower than 4.52 mmol/l (i.e., in 440 patients). Apoli-

poprotein E and low-density lipoprotein cholesterol are displayed as mean � SEM, and comparisons between groups were made using

Student’s t-test. Lipoprotein(a) levels are displayed as median (interquartile range), and comparisons between groups were made using a

Wilcoxon rank sum test. Cardiovascular disease (CVD)–free survivals were determined using a Kaplan-Meier estimate. Cumulative hazards for

age (probability for a patient to experience a cardiovascular [CV] event or death) were compared using a log-rank test. CI ¼ confidence

interval.
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in ε3/εε3 carriers (20% vs. 37%; p ¼ 0.021) and inter-
mediate in ε4 carriers (31%).

The reduced rate of CVD in ε2 carriers remained
significant after adjustment for age, sex, tobacco use,
body mass index, diabetes, HDL cholesterol, hyper-
tension, and LDLR mutation status. We next per-
formed a Kaplan-Meier estimate to determine the
CVD-free survival time according to apo E genotypes
(Figure 1). The CVD-free survival time was signifi-
cantly longer in patients with FH carrying one ε2
allele compared with ε3/ε3 carriers (hazard ratio: 0.48
[95% confidence interval (CI): 0.32 to 0.89]; p ¼ 0.02).
In contrast, patients carrying one ε4 allele had similar
CVD-free survival time as ε3/ε3 (hazard ratio: 0.84
[95% CI: 0.57 to 1.21]; p ¼ 0.35). It is far-fetched to
speculate that the apparent lack of increase in CVD in
ε4 carriers may relate to the similar levels of Lp(a)
observed in ε4 carriers and ε3/ε3 homozygotes in the
present study.

These results are unique in that we investigated
patients at very high cardiovascular risk, and none of
these patients were taking lipid-lowering medication
at the time of their first visit (5), we were able to
demonstrate that apo E2 confers a significant degree
of cardioprotection. Unlike non-FH subjects, who
have variable effects of apo E genotypes on LDL
cholesterol (1), apo E2 did not significantly reduce
LDL in our FH cohort, thus indicating that the car-
dioprotection observed here stems, at least in part,
from the lowering of Lp(a).

There are some limitations to our study, in
particular the lack of data on the ethnic background
of our patients. However, our results clearly un-
derpin that Lp(a) should be measured systematically
in all patients with FH, given that with progres-
sively more effective pharmacological LDL reduc-
tion, Lp(a) becomes a strong predictor of CVD (3)
and, as such, an important driver of residual CVD
risk.
Valentin Blanchard, BS
Mikaël Croyal, PhD
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TRANSLATIONAL TOOLBOX
Phase II Trials in Drug Development and
Adaptive Trial Design

Gail A. Van Norman, MD
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Phase II clinical studies represent a critical point in determining drug costs, and phase II is a poor predictor of drug

success: >30% of drugs entering phase II studies fail to progress, and >58% of drugs go on to fail in phase III.

Adaptive clinical trial design has been proposed as a way to reduce the costs of phase II testing by providing earlier

determination of futility and prediction of phase III success, reducing overall phase II and III trial sizes, and short-

ening overall drug development time. This review examines issues in phase II testing and adaptive trial design.

(J Am Coll Cardiol Basic Trans Science 2019;4:428–37) © 2019 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
H uman clinical trials for drug development
traditionally progress from small toxicity
trials in healthy volunteers (phase I) to

proof-of-concept and dose-finding trials in somewhat
larger groups of patients with the target condition
(phase II) (1), and finally to randomized trials to
further delineate clinical efficacy, outcomes, and
adverse events in large groups of patients (phase
III). The timeframe for passage of a therapeutic agent
through clinical testing for Food and Drug Adminis-
tration (FDA) marketing approval is approximately
12 years (2), with costs now estimated from $1 billion
to $1.8 billion dollars (2,3).

A recent study by the Biotechnology Innovation
Organization of clinical success rates in advancing
drugs to market between 2006 and 2015 found that
only 9.6% of drugs entering phase I clinical testing
will reach the market (4). Following phases II and III,
30.7% and 58.1% of drugs fail, respectively (4). The
picture is even worse for cardiovascular (CV) agents;
6.6% of CV drugs entering phase I advance to market,
24% that enter phase II transition to phase III, and
45% that enter phase III result in a new drug
N 2452-302X

m the Department of Anesthesiology and Pain Medicine, University of W

eived financial support from the Journal of the American College of Cardi

e author attests she is in compliance with human studies committee

titutions and Food and Drug Administration guidelines, including patien

it the JACC: Basic to Translational Science author instructions page.

nuscript received February 11, 2019; accepted February 14, 2019.
application filing (4). These late phase failure rates
probably underestimate failures for first-in-class
agents because the reported rates include trials that
examine new indications for already-approved drugs
and drugs that replicate the mechanism of another
successful agent (5).

The flow of innovative agents to the marketplace is
slowing significantly as the “low hanging fruit” of
therapeutic targets appears to have been substan-
tially harvested (6). Fewer blockbuster drugs and
first-in-class drugs are being developed that are both
effective in broad patient populations and would: 1)
reap enough returns to pay for their own develop-
ment costs; 2) substantially cover the cost of trials for
failed drugs together; and 3) make up for patent ex-
pirations on existing drugs (3). New drugs increas-
ingly target fewer indications, are more frequently
used for second- and third-line therapy, apply to
smaller patient populations, have smaller market in-
terests, and produce a smaller margin in which to
recoup costs. Drug companies are answering these
challenges by focusing on therapies that are most
likely to reach market approval rapidly, are less
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AB BR E V I A T I O N S

AND ACRONYM S

AD = adaptive (trial) design

CV = cardiovascular

EMA = European Medicines

Agency

FDA = Food and Drug

Administration

FDR = false discovery rate

HF = heart failure

RP-II = randomized phase II

studies

SA-II = single-arm phase II

studies
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subject to pricing pressure once the market is
reached, are less expensive to develop, and therefore,
have higher potential to improve return on invest-
ment (7,8).

There are worries that drugs are being discarded
too soon in clinical testing, either due to failure of
trials to identify the right target patient population or
due to commercial concerns rather than clinical con-
cerns. Attention is turning to understanding why so
few initially promising drugs fail to pass clinical
testing and to reducing the time it takes for drugs that
will ultimately be successful to pass through phases II
and III. Phase II testing plays a pivotal role in drug
development costs because so many agents “die” in
phase II, and because successful completion of phase
II is a poor predictor of whether a drug will complete
phase III, the most expensive of clinical trials. As the
CEO of GlaxoSmithKline pointed out, “if you stop
failing so often, you massively reduce the cost of drug
development” (7). This review examines some as-
pects of the phase II problem and discusses adaptive
trials and statistical challenges.

WHY DRUGS FAIL IN CLINICAL TRIALS

Phase II represents the first time in which a drug is
tested in actual patients, ranging from 50 to 200 pa-
tients in most heart failure (HF) studies (9). Failures
in phase II testing overall usually occur because: 1)
previously unknown toxic side effects occur (50%); 2)
the trials show insufficient efficacy to treat the med-
ical condition being tested (30%); or 3) commercial
viability looks poor (15%) (10). For CV drugs, 44% of
late trial failures are due to poor efficacy and 24% are
due to safety concerns (11). Phase II trials face many
challenges due to small sample size and choice of
study design. In addition, the relatively short dura-
tion of phase II trials makes it difficult to identify
long-term side effects and outcomes.

BIOMARKERS AS SURROGATE ENDPOINTS. Single-
arm phase II (SA-II) studies are usually insufficient to
test long-term outcomes because clear indications of
the success or failure of a treatment can take months
or years, and would extend trial times and cost (12).
Phase II studies instead increasingly rely on surrogate
clinical or biochemical markers to provide “interim”

data about safety and efficacy, allowing faster drug
approval conditioned on continued post-marketing
safety and efficacy studies (9). In HF phase II trials,
increasing emphasis has been placed on clinical bio-
markers such as functional capacity, left ventricular
ejection fraction, and chemical biomarkers of HF
(e.g., B-type natriuretic peptide levels). However,
validating that a given biomarker is an appropriate
surrogate study endpoint is complex and re-
quires compelling evidence (13).

The use of biomarkers has been encour-
aged by the FDA, which has now established
means by which to qualify biomarkers for use
in drug development, but there is a lack of
validated biomarkers at this time (14–16).
Commercial development and validation of
biomarkers is slow, because development of
robust and meaningful biomarkers is both
time-consuming and extremely expensive
(Figures 1 and 2) (17). Biomarkers can also fail
in development, just as drugs fail in clinical
trials. As with drugs, biomarker failures carry
both scientific and commercial conse-

quences—if the risks of failure are too high, research
to yield successful biomarkers and therapeutics sim-
ply will not be undertaken or may be terminated
prematurely.

It is unclear how well biomarkers accurately pre-
dict positive patient (and trial) outcomes. Wong et al.
(18) examined the probability of success of various
clinical trial phases between 2000 and 2015 by
examining 185,994 unique trials from the Informa
Pharma Intelligence’s Trialtrove and Pharmaprojects
databases. During their study period, probability of
success for all indications declined until 2013, but
then began to rise. The increase occurred as the use of
biomarkers rose, although the authors admitted that
there were many other potential causes for this trend.
Even so, no significant difference was found in
probability of success when phase II studies in which
biomarkers were used for patient selection and/or as
an indicator of therapeutic efficacy or toxicity were
compared with trials that did not use biomarkers
(18,19).

Examples of remarkable biomarker failures in CV
therapies abound. Floseqinan increased exercise ca-
pacity of HF patients in phase II trials, but increased
patient mortality in phase III (20,21). The phase III
VISTA-16 (Vascular Inflammation Suppression to
Treat Acute Coronary Syndrome for 16 Weeks) trial
showed promising biomarker response in early phase
trials, but had to be terminated early due to higher
mortality in phase III (22,23). Darapladib failed to
show clinical efficacy in a trial involving >15,000 pa-
tients, despite the biomarker (high-density lipopro-
tein) response (24). Despite evidence of reduction in
B-type natriuretic peptide with aliskiren, the
ASTRONAUT (Effect of Aliskiren on Postdischarge
Mortality and Heart Failure Readmissions Among
Patients Hospitalized for Heart Failure) trial failed to
show improvement in major clinical outcomes (25,26).
Tredaptive, a European therapy that combined niacin



FIGURE 1 Timelines for Development and Validation of Various Types of Biomarkers

0 5 10 15 20 25

predic ve

prognos c

safety

surrogate endpoint

iden fica on and feasibility develop assay and intended use

analy cal valida on clinical validation and utility

Timelines for development and validation of biomarkers by type, as estimated by the U.S.

Department of Health and Human Services (17).

*This number is arrived at using the binomial formula to calculate the

probability of having a zero (0) FDR at a 5% (p ¼ 0.05) significance level

for 20 tests. The odds of a zero FDR is approximately 36%, and therefore,

the odds of a false positive is 64%.

Pð0Þ ¼ 20!
ð20� 0Þ!0!ð0:05Þ

0 � ð0:95Þ20�0 ¼ 0:358

Van Norman J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 3 , 2 0 1 9

Adaptive Clinical Trials J U N E 2 0 1 9 : 4 2 8 – 3 7

430
and laropiprant, which was demonstrated to raise
high-density lipoprotein, not only found no clinical
effect on CV outcomes in a trial for U.S. approval that
involved >25,000 patients, but had significant toxic
side effects. The drug was not approved in the
United States, and the drug maker began warning
overseas doctors to stop prescribing it (27,28).
PHASE II AND PHASE III ATTRITION. Once a drug or
biological has passed phase II efficacy trials, less than
one-half of them show sufficient efficacy in phase III
to make it to market. There are many reasons this
might be so; phase II and III studies often examine
different endpoints. A phase II study may examine
surrogate endpoints for disease, but longer term
outcomes and toxicities are usually the focus of most
phase III studies. Phase III studies are performed in a
less homogeneous patient population than phase II
trials, to better reflect real-world results. In addition,
failures of phase II studies to predict phase III success
may be in part due to statistical phenomena (5).
The fa lse d iscovery rate . The false discovery rate
(FDR) is a concept that arises from relatively simple
statistical characteristics of type I (false positive) and
type II (false negative) errors in clinical testing. The
FDR is the ratio of false positive results to total pos-
itive results (29).

Consider a study finding in favor of a drug effect
for which the p value is 0.05, a common significance
level set in clinical trials. The p value is not the
probability of mistakenly rejecting the null hypothe-
sis (i.e., the odds of wrongfully attributing an effect to
the drug when there is none), but rather is the prob-
ability that a random sampling error could lead to the
difference that is observed. A low p value indicates
that the data are unlikely to have occurred in the
presence of a true null, but the p value does not
evaluate: 1) whether the null is actually true, that is,
there actually is no drug effect, but the study sample
was unusual or flawed; and 2) whether the null hy-
pothesis is false. In the case of our drug, the correct
conclusion is that there is a 5% chance that the
apparent effect shown in the study is due to a random
sampling error, regardless of whether other features
of the study are flawed. The odds of incorrectly
rejecting the null hypothesis (and therefore incor-
rectly concluding the drug has an effect when it does
not) in a study with a p value of 0.05 is at least to 23%
and typically closer to 50%. Even at a p value of 0.01,
the odds of incorrectly deciding the drug has an effect
are still 7% to 15% (30).
The mult ip l i c i ty problem. Another issue in statis-
tical analysis is the “multiplicity problem”: the odds
of a false positive result rise as the number of tests
rises (31). If a test has a 5% significance level
(p ¼ 0.05), and the test is run only 20 times, the odds
of seeing a false positive result are >64% (32).*
Repeating the test multiple times increases the FDR
by increasing the number of false positive tests
(Table 1). Put another way, repeat a test enough times,
and you are guaranteed to find an effect, but the ef-
fect you see is increasingly likely to be a false positive
as the number of repetitions grows. Most phase II
clinical studies have enrollments of 100 to 200 pa-
tients and multiple tests; therefore, the odds of
multiple false positive results are high. An obvious
answer seems to be to decrease the accepted p value,
but then the number of tests must be increased to
reach significance. Controlling for type I errors (false
positives) furthermore causes the complementary
errors (type II, false negatives) to increase. The study
starts to risk not identifying the true effects that are
present, and therefore, misidentifies a drug as being
ineffective when it is actually effective, which is an
equally undesirable false conclusion.
Chal lenges in c l in i ca l des ign . Traditionally, phase
II clinical trials have been SA-II studies, many of
which use historical controls. Selection bias is com-
mon, because these trials are often carried out in a
single institution or a small group of academic in-
stitutions where the patient population differs
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TABLE 1 Adaptive Designs*

Adaptive Design Description

Dose-finding After interim analysis, a randomized trial
with multiple dosing arms assigns
more patients to dose groups of
higher interest.

Hypothesis After interim analysis, the study
hypothesis is altered (e.g., a pre-
specified swap of primary and
secondary endpoints).

Sequential or group
sequential

After interim analysis, adaptations include
pre-specified options of changing
sample size, modification of existing
treatment arms, elimination or
addition of treatment arms, changes in
endpoints, changes in randomization
schedules.

Randomization Randomization is adjusted after interim
analysis so that patients enrolled later
in the study have a higher probability
of assignment to a treatment arm that
appeared successful earlier.

Seamless phase II/III Study moves from phase I to phase II
without stopping the patient
enrollment process.

Treatment switching Investigator is allowed to switch patients
to a different treatment arm based on
lack of efficacy, disease progression,
or safety issues.

Biomarker adaptive Interim analysis of treatment responses of
biomarkers allows pre-specified
adaptations to trial design

Pick-the-winner and
drop-the-loser designs

After interim analysis, treatment arms are
modified, added, or eliminated.

Sample size re-estimation Interim analysis allow sample size
adjustment or re-estimation.

Multiple adaptive Multiple adaptive design characteristics
applied in a single study.

*See references 36,42,73.
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significantly from the at-large phase III target popu-
lation. Multicenter community-based studies
partially overcome this issue.

The historical controls are also problematic. They
do not consider the fluidity of patient outcomes over
time due to changes in supportive care, changes in
the quality of diagnostic “trial entry” studies, or
changes in other standards of care over time. They
also do not account for interim advances in under-
standing of disease biology that permit sub-
classifications of diseases (which might respond
optimally to different therapies), as well as advances
in surgical, radiological, and other nondrug in-
terventions that are also constantly evolving. Even
the criteria used to grade disease response are
evolving, and this adds complexities to interpreting
time-related endpoints (33).

SA-II trials using historical controls do not account
for the heterogeneity of real-world patients for whom
the treatment will be targeted and assume that the
study patients are identical to historical patients. The
true success rates of a drug tested in SA-II design
against historical controls can only be incompletely
known. This is because even a small variance (e.g.,
5%) of the actual control success rate away from the
historical success rate rockets the false positive rate
in single-arm studies by 2- to 3-fold (34). Thus, the
drug may falsely appear in a phase II study to
demonstrate the level of efficacy that is required to
survive phase III studies. Trying to compensate for
this issue by increasing the sample size in the SA-II
study actually inflates the false positive error rate
further, by as much as 50% (34).
One way to theoretically manage this problem is to
actually include a control arm of contemporary pa-
tients in the phase II study in place of historical
controls (a so-called randomized phase [RP-II] study)
(35). RP-II trials guarantee better matching of patients
and control patients, and that similar assessment
methods and supportive medical care occur in the
trial arms contemporaneously. Although RP-II trials
increase the size, complexity, and costs of phase II
studies, they mitigate the problem of inflating the
false positive rate (34,35). However, the increased
size randomization makes RP-II studies less suitable
as screening trials. RP-II trials can require 4-fold more
patients that SA-II trials (33).

The concept of an RP-II trial also raises the ques-
tion: if a RP-II trial generates sufficiently robust
clinical data, why could it not be used alone to
achieve full drug approval and avoid a phase III trial
altogether? If sufficiently compelling data are ob-
tained in RP-II, would not the performance of a phase
III trial, which includes possibly randomizing patients
to a nontreatment arm, be unethical? A definitive RP-



TABLE 2 Magnification of Type I Error With Multiple Tests*

No. of Tests Type I Error (approximate %)

1 5

2 10

3 14

10 40

20 64

For p ¼ 0.05, the odds of type I error (false identification of an effect where none
exists) as the number of tests increases. *See reference 31.
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II trial might be appropriate for approval of a drug
that treats a sufficiently rare disease for which a
conventional phase III trial might be difficult or
impossible to conduct. An important challenge rests
in determining what would define a “sufficiently
robust” data set for a given drug to bypass phase III.
The concept is not without precedent. The FDA has
based initial approval of a few oncology drugs on the
outcome of SA-II trials (33).

RP-II trials are larger and more complex than
traditional phase II trials; more than one-quarter
have been shown to require major amendments
during the trial (33). This has led to calls for the
development and acceptance of “seamless” trials—
strategies that in effect allow a phase II trial to fold
seamlessly into a phase III trial by combining ele-
ments and data analysis of both in a single innovative
trial design (36,37).

INNOVATIVE TRIAL DESIGN

In March 2004, the FDA issued a report recognizing
that the approval of innovative medical therapies had
slowed over the preceding years (38). The estimated
phase II failure rate in 2006 was 50% versus 20% 10
years earlier (39).

A result of the critical pathway initiative of the FDA
was increased interest in innovative trial designs. In
December 2016, the U.S. Congress passed the 21st
Century Cures Act, allotting $500 million to the FDA
to establish an “innovation account” for National In-
stitutes of Health funding to speed regulatory
approval of medical therapies (40). Since then, the
FDA has devoted efforts to exploring modern trial
design and evidence development, including the use
of adaptive trial designs (ADs) and real-world evi-
dence (41).

A number of different designs fall under the cate-
gory of innovative trial design, all of which allow
interim data analysis and modification of the trial
(Table 2) (42). Examples include enrichment trials,
adaptive trials, and flexible trials.
ENRICHMENT TRIALS. Enrichment trials allow pa-
tient enrollment by clinical criteria, and each is then
assayed for a pre-specified drug target (1). After that,
several different trial strategies can be pursued: 1)
randomize all enrolled patients and analyze the pa-
tients carrying the target in a subgroup analysis; 2)
continue the trial with patients who only express the
target; or 3) split the trial into 2 groups (those with the
target and those without) and randomize and analyze
each group separately. Enrichment trials may hasten
to market therapeutics that benefit a specific patient
subpopulation rather than a more heterogeneous
population with a broad disease designation, but they
depend in part on knowing in advance what factors
may contribute to disease progression, and then
constructing trial populations that contain the
various factors. A downside of enrichment trials are
that they identify agents that work in enriched pop-
ulations but may show less efficacy in unselected
populations. Such trials may also inadvertently
exclude patient subpopulations that are responsive to
the drug, because a characteristic common to that
subpopulation was not recognized in trial design and
patient selection. A therapy that might be effective in
an untested patient subpopulation would then be
inadvertently discarded from further development
for lack of efficacy (1).

ADAPTIVE TRIALS. ADs have been discussed for 30
years (43–45). The FDA defines an AD as a clinical trial
design that allows for prospectively planned modifi-
cations to $1 aspects of the design based on accu-
mulating data from subjects in the trial (46,47).

In ADs, the goal is to learn from accumulating data
in the trial and apply what is learned as quickly as
possible in a prospectively specified way during the
trial itself to hone flexible aspects of the study while
it is still ongoing. ADs can be classified as prospective,
continuously adjusted or concurrent (ad hoc), and
retrospective (9,42,48). In prospective ADs, there is a
pre-specified protocol to alter aspects of the study,
such as size, follow-up period, and clinical endpoints
following interim data analysis. This might lead to
early termination of a study based on futility or un-
acceptable toxicity, or, alternatively, might require a
change in sample size. A platform study or master
protocol design is a type of adaptive trial in which
multiple treatment arms are simultaneous studies,
and interim analysis allows early termination of
various arms due to futility or lack of efficacy (49).
Concurrent or ad hoc study designs allow flexibility to
alter multiple parameters in a study in a pre-specified
way based on interim results. In ad hoc design, in-
vestigators are allowed to hone their hypothesis
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based on interim results and re-steer the study
accordingly. Both retrospective and prospective data
following changes are used in analysis. Retrospective
ADs allow the investigators to change the primary
study endpoint or analysis methodology in a pre-
specified way after a study is closed.

ADs must be approached cautiously. Seamless
progression of an AD study from phase II proof-of-
concept and dose-finding stages into phase III
studies of efficacy and safety in large populations
implies that an efficacious outcome was seen in phase
II. This “unblinding” can bias both investigators and
caregivers going forward. Also, because the patient
population is adjusting throughout the trial, patients
enrolled earlier in the trial are likely to show a
different magnitude of outcomes than those enrolled
later, and this effect must be carefully accounted for
in a more complex statistical analysis.

Adaptation in ADs is a design feature and not a cure
for poor trial design and inadequate planning (50,51).
The PhRMA Working Group on Adaptive Design in
Clinical Drug Development identified statistical,
logistical, and procedural issues that can arise in ADs
and made recommendations for meeting these chal-
lenges (50). For ADs to take full advantage of the ef-
ficiencies they supposedly offer, they recommended
that: 1) study endpoints in ADs should have short
follow-up time relative to the overall duration of the
trial; 2) data accrual should occur in real time or
rapidly, making electronic data collection a priority;
and 3) use of databases must incorporate case-by-case
decisions regarding how well the data must be
“cleaned” (a potentially time-consuming enterprise)
versus making adaptation decisions based on all
available data. They and other authors also empha-
size that data monitoring committees that carry out
interim analyses must be constituted in such a way as
to minimize bias, including commercial bias (50,52).
This can be challenging, because such committees
usually need representation from the commercial
sponsor itself, to provide input on practical aspects of
trial design and commercialization. They strongly
recommend that such data monitoring committees be
“firewalled” from project personnel, that sponsor
representatives on the committee be isolated from all
trial activities, and that sponsor access to interim data
be minimized.

ADs are slowly achieving increasing regulatory
acceptance. Both the European Medicines Agency
(EMA) and the FDA have published papers and guid-
ance documents addressing the limitations of ADs
in the regulatory context (47,53,54). Regulatory
guidances all agree that strict control of the type I
error rate is a regulatory prerequisite for acceptance
of a clinical trial (55). In a review of >5 years of EMA
and FDA advice letters regarding proposed AD phase
II or phase II/III studies, 20% of the 59 studies were
not accepted, and the most frequently cited concerns
raised by the agencies were, not unexpectedly,
insufficient justifications for the adaptation, inade-
quate type I error rate control, and study bias (53).

FLEXIBLE DESIGN TRIALS

The term flexible design (FD) is not entirely synony-
mous with adaptive design, and there is some
confusion of these terms in the literature (56–58). FDs
are a subset of ADs that allows both planned and
unplanned changes. Flexible aspects of such trials
might include inclusion and/or exclusion criteria,
sample size, randomization ratios, analytic methods,
drug dose, treatment schedule, and endpoints. For
example, if the incidence of a primary endpoint is
much lower than expected, a FD would allow a mid-
trial increase of sample size. The primary endpoint
itself could be altered by including additional out-
comes in a composite primary outcome. Protocol
changes might be made based on unblended interim
results.

AD is complex, must be undertaken carefully to
minimize bias, and tends to draw greater regulatory
scrutiny. In 2006, the FDA strongly recommended
ADs to address the decline in innovative medical
products being submitted for approval (47). FDs
have been criticized as being subject to both more
perceived and more actual bias, and present more
complex challenges to regulators (58,59). However,
such designs could theoretically speed study effi-
ciency, reduce the number of subjects needed (thus,
saving time and money), and expose fewer patients
to ineffective or even harmful treatment by allow-
ing intra-trial adjustment of pre-determined
parameters.

ARE AD TRIALS MORE ETHICAL? Randomization is
believed to enhance the validity of clinical research.
However, many researchers now question whether
traditional randomization is actually ethical. Asking a
patient with a serious medical condition to submit to
randomization is only ethical if the investigator is
truly uncertain about the efficacy of the 2 study arms.
Zelen (60) originated the idea of the “play the
winner” rule, an example of an AD in which if a pa-
tient in a comparative study responded to treatment,
the next patient would be assigned to that study arm.
Zelen pointed out the ethical implications of this
method: 1) patients would tend to be increasingly
assigned to the successful arm during the course of
the trial; 2) fewer patients would theoretically receive
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ineffective or less effective treatment; and 3) trial
duration would theoretically be lessened, thus mini-
mizing the time to get effective drugs to market.

Despite arguments that adaptive trials are more
ethical (42,60), strong arguments are advanced that
they are not. It is not clear that actual patient burden
is reduced, because contemporary adaptive trials
must often rely on intermediate markers of response
that will not be validated or repudiated until late in
phase II or even later in phase III, if at all. Unless
phase II studies actually lead to faster approval of
more effective therapies (a hypothesis yet to be
proven), adaptive trials may not improve patient
burdens (61). At this point, no studies have shown
that adaptive trials improve patient outcomes
overall.

Ethical controversies regarding adaptive trials are
numerous, and include problems of informed con-
sent, the importance of maintaining the validity of
research, and many other issues (49,62–69). However,
determining whether adaptive phase II trials accom-
plish their goals by actually improving patient out-
comes and/or shortening trial duration and costs are
key to answering the ethical concerns.

DO ADs ACCOMPLISH THEIR GOALS? The goals of
ADs include reduction of overall costs of drug devel-
opment through several mechanisms: 1) potentially
shorter phase II trial durations due to early termina-
tion for futility or efficacy; 2) elimination of phase III
trials through adequate proof of efficacy and safety
via RP-II trials; 3) less expensive studies due to
smaller total sample sizes for phase II and phase III
studies; and 4) more accurate prediction of success in
phase III trials. All of this must be accomplished while
holding type I error rates at bay. But do ADs accom-
plish these goals?

Statistical issues in ADs are complex. Tsong et al.
(70) demonstrated that dropping a treatment arm
could increase the type I error rate, unless certain
precautions are taken in design. Hung et al. (57)
pointed out problems in interpreting noninferiority
might be problematic in ADs that compare a new
treatment with established treatments (nonplacebo
comparison trials).

In a review of 60 AD medical trials published be-
tween 1989 and 2004, Bauer and Einfalt (71) found
that 60% ended after interim analysis, with 20%
stopped for futility. However, it is difficult to know if
that is actually an improvement from non-AD trials;
for example, only 24% of CV drugs pass traditional
phase II testing. Moreover, 44% of CV drugs fail in
phase III trials due to lack of efficacy (i.e., “futility”).
The authors did not detail how many of the trials
were stopped because of concerns over commercial
viability (71).

Lin et al. (72) from the Center for Biologics Evalu-
ation and Research at the FDA, reviewed AD features
of investigational device exemptions applications to
the FDA between 2008 and 2013. ADs consisted of
only approximately 11% of all studies. The number of
AD trials in submissions fluctuated during that period
between 10 and 40 per year, which did not represent a
clear increase in applications using ADs despite
release of FDA draft guidance. Multiple authors
agreed that real or even perceived excess regulatory
scrutiny might be discouraging commercial sponsors
from embracing nontraditional ADs (52). Lin et al. (72)
pointed out several problematic features of AD
studies that might adversely affect costs. AD studies
might not necessarily be of short duration: they must
be long enough to allow the adaptation called for in
the design. Complex ADs might be neither time- nor
cost-efficient for sponsors because they often require
detailed justification, extensive simulation studies,
and multiple review cycles, all of which can signifi-
cantly delay the start of a study. Studies stopped too
early for success might not have accumulated suffi-
cient safety information, which is an important issue,
because for early phase studies, regulators are more
concerned with safety than efficacy. International
trials pose special problems. Local regulators may
require significant in-country trial data; substantial
differences in standard of care between countries and
regions and substantial differences in populations
may exist.

There is conflicting evidence about whether ADs
shorten study duration or enroll fewer patients. One
survey published in 2018 examined 245 AD clinical
trials between 2012 and 2015 (46). ADs in this study
resulted in shorter study durations and smaller
numbers of subjects. More than 80% of the adaptive
phase II trials resulted in early termination at interim
analysis, with more than one-half ending up with
fewer randomized patients than initially planned (46).
However, early termination of some trials occurred for
reasons unrelated to study findings, such as poor
study enrollment or commercial considerations.

Another analysis included 31 adaptive phase II or
III clinical trials at the EMA (55). In contrast to the
study by Sato et al. (46), planned and actual study
sizes ended up being similar, and ADs did not result
in significantly smaller numbers of subjects. Whether
ADs led to shorter durations of study was not clear.
Only 4 of 23 completed trials (17.4%) were terminated
early, 2 of which were stopped due to difficulty
recruiting subjects, and 2 of which (8.7%) were
stopped according to a pre-planned stopping-for-
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futility analysis—a much smaller percentage of trials
than those in the Sato et al. (46) study. It is unknown
if this means that more drugs were successful in
passing to market, or if more drugs were passed
through, only to fail in later phase trials.

Bothwell et al. (73) reviewed 142 AD clinical trials.
In 9% of cases, adaptive trials were used for FDA
product approval consideration and in 12% for EMA
product approval consideration. In 8% and 5% of
cases, ADs were the final or pivotal trials used for FDA
and EMA approvals, respectively. Review times for
the FDA and EMA for adaptive trials was a median of
12.2 and 14 months, respectively, which exceeded
estimates of review times of non-AD studies by the
FDA and EMA by 6 to 7 weeks. Frequently cited
problems in reviews were lack of sufficient statistical
power, risk of ineffectively evaluating doses, risk of
falsely detecting treatment effects (type I errors), and
inadequate blinding. Some sample sizes were deemed
at times to be too small to draw robust conclusions by
both the FDA and EMA. Both agencies cited inade-
quate sample sizes in adaptive trials to gather suffi-
cient subpopulation effects, such as outcomes on race
and sex. Lengthy review correspondence was noted
at both agencies in many adaptive trials. At the FDA,
9% (n ¼ 13) and at the EMA 7% (n ¼ 10) of AD trials
tested drugs that were later approved at least in part,
but not solely through reliance on the adaptive trial
data. However, most of these trials involved orphan
drugs at both these agencies (9 and 6, respectively), in
which the challenges of traditional trial design and
population sizes might have mitigated some of the
samples size concerns of the ADs.

The question of whether the success of AD trials in
phase II better predict that all-important success in
subsequent phase III trials is entirely unanswered.
One 2016 review of 143 adaptive design studies found
that 30% and 50% of early terminations of phase II
and III AD studies, respectively, were due to findings
of futility, but did not provide information of what
preceded these failures (i.e., was a termination in an
AD phase III preceded by a successful AD in phase II?)
(74). To date, the average costs of bringing a drug to
market via AD trials relative to traditional trials are
also unknown.

SUMMARY

Adaptive trials are a proposed way to shorten clin-
ical trial phases, reduce the number of patients
needed for enrollment, better predict later drug
success, and reduce drug development costs. Criti-
cisms of ADs have included increased risks of falsely
detecting treatment effects (type I errors), prema-
ture dismissal of promising therapies as falsely
ineffective (type II errors), statistical challenges and
bias, and operational bias. Use of ADs has been
limited due to lack of inadequate information
regarding completed adaptive trials, a lack of prac-
tical understanding of how to implement an adap-
tive trial, and worries about excessive regulatory
scrutiny and nonapproval. To date, analysis of AD
trials gives conflicting results with regard to their
effects on study size and duration. Data regarding
whether phase II ADs permit more accurate predic-
tion of successful completion of phase III and
whether ADs reduce overall costs of drug develop-
ment are needed.
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STATE-OF-THE-ART REVIEW
Emerging Therapeutics for the
Treatment of Light Chain and
Transthyretin Amyloidosis

Kathleen W. Zhang, MD,a Keith E. Stockerl-Goldstein, MD,b Daniel J. Lenihan, MDa
HIGHLIGHTS

� Cardiac amyloidosis has high associated morbidity and, until recently, limited treatment options.

� This review discusses the mechanism and clinical trial performance of multiple emerging therapies.

� Additional studies should identify optimal treatment paradigms and biomarker strategies for cardiac response to therapy.
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Cardiac amyloidosis is a restrictive cardiomyopathy that results from the deposition of misfolded light chain or

transthyretin proteins, most commonly, in cardiac tissue. Traditionally, treatment options for light chain (AL) and

transthyretin (ATTR) amyloidosis have been limited. However, there are now multiple novel therapeutics in development

and several therapeutics recently approved that promise to revolutionize clinical management of AL and ATTR. Most of

these agents disrupt specific stages of amyloidogenesis such as light chain or transthyretin protein production, formation

of amyloidogenic intermediates, or amyloid fibril aggregation. Others aim to remove existing amyloid tissue deposits

using monoclonal antibody technology. Although these advances represent an important step forward in the care of

cardiac amyloidosis patients, additional studies are needed to define the optimal treatment paradigms for AL and

ATTR and to validate clinical, imaging, or serum biomarker strategies that may confirm a cardiac response to therapy.

(J Am Coll Cardiol Basic Trans Science 2019;4:438–48) © 2019 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
C ardiac amyloidosis is a restrictive cardiomy-
opathy that results from the deposition of
amyloid fibrils in cardiac tissue, causing

progressive heart failure (HF) with median survival
of 2 to 4 years (1,2). Two types of amyloid protein
cause more than 95% of cardiac amyloidosis: immu-
noglobulin light chain, which causes light chain
N 2452-302X

m the aDivision of Cardiology, Cardio-Oncology Center of Excellence, Wa

int Louis, Missouri; and the bDivision of Oncology, Washington University i

. Stockerl-Goldstein is on the advisory board for Celgene; has stock equity

llenium Pharmaceuticals, Janssen Pharmaceuticals, BioLineRx Ltd., Pfizer

rsonal fees from Pfizer, Prothena, Akcea, and Takeda. Dr. Zhang has rep

ntents of this paper to disclose.

authors attest they are in compliance with human studies committe

titutions and U.S. Food and Drug Administration guidelines, includi

ormation, visit the JACC: Basic to Translational Science author instruction

nuscript received November 1, 2018; revised manuscript received Februa
amyloidosis (AL), and transthyretin, which causes he-
reditary or wild-type (previously called senile sys-
temic amyloidosis) transthyretin amyloidosis (ATTR).

Although hereditary ATTR (3) and AL (4) are
uncommon conditions, wild-type ATTR is likely
underdiagnosed particularly among patients with HF
with preserved ejection fraction (EF) and calcific
https://doi.org/10.1016/j.jacbts.2019.02.002

shington University in St. Louis School of Medicine,

n St. Louis School of Medicine, Saint Louis, Missouri.

in Abbott and AbbVie; and has received grants from

Inc., and GlaxoSmithKline. Dr. Lenihan has received

orted that she has no relationships relevant to the

es and animal welfare regulations of the authors’

ng patient consent where appropriate. For more

s page.

ry 16, 2019, accepted February 19, 2019.

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jacbts.2019.02.002
http://www.basictranslational.onlinejacc.org/content/instructions-authors
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2019.02.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


AB BR E V I A T I O N S

AND ACRONYM S

AL = light chain amyloidosis

ATTR = transthyretin

amyloidosis

ASCT = autologous stem cell

transplantation

CA = cardiac amyloidosis

GLS = global longitudinal

strain

MGUS = monoclonal

gammopathy of undetermined

significance

MM = multiple myeloma

MMP = matrix

metalloproteinase

NT-proBNP = N-terminal

prohormone of brain

natriuretic peptide

SAP = serum amyloid P
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aortic stenosis (5–9). Despite growing clinical recog-
nition of the disease, availability of reliable nonin-
vasive diagnostic techniques (10), and significant
associated morbidity and mortality, pharmacologic
agents have yet to receive regulatory approval spe-
cifically for AL or ATTR with cardiac involvement.

This review highlights the new and emerging
therapies for AL and ATTR with emphasis on their
mechanistic effects on the amyloid disease-producing
process and performance in early clinical trials. It is
apparent that additional studies are needed to define
the optimal treatment paradigms and to measure
therapeutic cardiac response in light chain (AL-CA)
and transthyretin (ATTR-CA) cardiac amyloidosis.

LIGHT CHAIN AMYLOIDOSIS

BACKGROUND. AL results from the extracellular
deposition of amyloid fibrils composed of monoclonal
immunoglobulin light chains, which are produced by
an underlying clonal plasma cell proliferative disorder
such as multiple myeloma (MM) (Central Illustration,
panel A). Ten percent to 15% of patients with MM
develop AL; however, the majority of AL patients
have <10% plasma cells in the bone marrow (11).
Monoclonal gammopathy of undetermined signifi-
cance (MGUS) is a known precursor of both MM and
AL, and progresses to AL in 1.0% of cases with a
relative risk of 8.8 as compared to the general popu-
lation (12). The light chain amyloid fibrils in AL derive
mostly from N-terminal amino acid residues of light
chain immunoglobulin variable regions, and arise
more commonly from l light chains than k (11).

The exact mechanism of AL pathogenesis and the
resultant pathophysiological changes that lead from
MGUS or MM to AL are currently unknown. The
monoclonal plasma cells in AL share many genetic
abnormalities with the plasma cells in MM and MGUS,
namely, gain of chromosomes 7, 9, 11, 15, and 18, loss
of chromosome 18 (13), translocation of the immu-
noglobulin heavy chain gene at 14q32 (14,15), and
deletion of the long arm of chromosome 13 [del(13q)]
(16). However, functional gene expression analyses
show a unique molecular profile for AL as compared
with MM including higher expression of CD27 SDF-1
(17). AL clonal plasma cells also show a number of
deregulated genes and pathways involving protein
processing and folding.

Current standard-of-care for newly diagnosed AL is
based on antimyeloma therapy and consists of
autologous stem cell transplantation (ASCT) for
eligible patients or bortezomib-based chemotherapy
for high-risk patients who are transplant-ineligible.
Five-year survival with upfront bortezomib-based
regimens lags behind that with upfront
ASCT (55% versus 84%) (18,19), although the
2 strategies have not been compared in a
clinical trial setting and the transplant-
ineligible population is generally sicker with
more comorbidities. Additionally, up to 45%
of patients have progression of cardiac dis-
ease despite complete hematologic response
with initial therapy (20), possibly related to
obstructive intramural coronary amyloidosis,
subendocardial ischemia, and/or interstitial
fibrosis (21,22). There remains a critical need
for novel therapeutic agents that improve
cardiac response to AL therapy.

PROTEASOME INHIBITORS. Protein degra-
dation is an essential cellular function carried
out by the proteasome. Proteasome inhibition
causes cell cycle arrest and cellular apoptosis,
with proliferating malignant cells showing

higher susceptibility than normal cells (23). Bortezo-
mib is a boronic acid dipeptide that inhibits the 20S
proteasome by binding to the catalytic b subunits
lining the inner ring of the 20S core particle in a
reversible manner (23,24).

Ixazomib is a second-generation boronic acid
dipeptide proteasome inhibitor that binds reversibly
to the 20S proteasome. Because of a shorter protea-
some dissociation half-life, ixazomib has significantly
larger volume of distribution and greater tumor pro-
teasome inhibition than bortezomib in vivo, allowing
for higher doses of administration and greater plasma
exposure (24). Compared to lenalidomide and dexa-
methasone alone, addition of ixazomib reduced dis-
ease progression or death in patients with relapsed/
refractory MM with a hazard ratio (HR) of 0.74 (25).
No excess of adverse events was seen with ixazomib.
A phase I/II trial of ixazomib in 27 patients with
relapsed/refractory AL showed encouraging hemato-
logic (52%) and organ (56%) response rates with only
3 patients experiencing dose-limiting toxicity
(NCT01318902) (26). A phase III trial of ixazomib in the
AL population is ongoing (NCT01659658) (Table 1).

Carfilzomib is a modified epoxyketone that binds
the 20S proteasome irreversibly and with higher
selectivity than bortezomib. As compared with lena-
lidomide and dexamethasone alone, the addition of
carfilzomib in relapsed MM improved 24-month sur-
vival by 21% and also led to significant improvement
in hematologic response rate (27). Cardiovascular
toxicities (hypertension, cardiac failure, and ischemic
heart disease) were among the major adverse effects.
In a phase I/II trial of carfilzomib monotherapy in 28
patients with previously treated AL, 63% showed

https://clinicaltrials.gov/ct2/show/NCT01318902
https://clinicaltrials.gov/ct2/show/NCT01659658
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hematologic response although pulmonary, renal,
and cardiac toxicities were common (28) (NCT01789242).
Because of advanced cardiac disease in many AL
patients, the role of carfilzomib in standard AL
treatment paradigms remains to be determined.

IMMUNOMODULATORY AGENTS. The immunomod-
ulatory agents (IMiDs) include thalidomide and its
analogues, and have therapeutic efficacy in a wide
range of malignancies. Recent studies have shown
that the IMiDs exert antimyeloma activity by acti-
vating the E3 ubiquitin ligase activity of the protein
cereblon. Binding of the IMiDs to cereblon results in
the rapid ubiquitination and degradation of Ikaros
(IKZF1) and Aiolos (IKZF3), 2 key transcriptional reg-
ulators of B and T cell development (29). Lenalido-
mide is a second-generation synthetic thalidomide
that has been in use for AL. In 69 patients with AL
treated with lenalidomide and dexamethasone, 16%
of patients achieved a complete response (CR) in an
intent-to-treat analysis (NCT00091260) (30). The
median time to achieve a CR was 6 months with 60%
of CRs considered durable.

Pomalidomide is a newer thalidomide analogue
with more potent antimyeloma activity than lenali-
domide. As with lenalidomide, it inhibits pro-
inflammatory cytokine production and angiogenesis,
induces apoptosis and cell cycle arrest, and activates
T cells and natural killer cells (31). A phase I trial of
pomalidomide and dexamethasone in 33 patients
with previously treated AL showed hematologic
response rate of 48% and organ response rate of 15%
(32) (NCT01807286). Twenty-seven patients (82%)
had cardiac involvement but only 4 showed cardiac
response. This trial was terminated early during the
phase I portion without continuation to phase II.

Trials using the IMiDs thalidomide, lenalidomide,
and pomalidomide have repeatedly shown that pa-
tients with AL have a poor tolerance for these agents
when used at the standard doses typically prescribed
for MM, although it is unclear why this occurs (33).
The precise role and optimal sequence of the IMiDs in
the treatment of AL remains unclear.

MONOCLONAL ANTIBODIES. CD38 and SLAMF7
(also known as CD319 and CS1) are cell surface anti-
gens specific to MM cells that are being evaluated as
targets of monoclonal antibody (mAb) therapeutics in
MM and AL.

CD38 is a type II transmembrane glycoprotein that
associates with cell-surface receptors in lipid rafts,
regulates cytoplasmic Ca2þ flux, and mediates signal
transduction in lymphoid and myeloid cells (34). It
is expressed at low level on normal lymphoid
and myeloid cells and in some tissues of non-
hematopoietic origin, but it is highly and uniformly
expressed on plasma cells in patients with MM and AL
(35,36). Daratumumab is a human immunoglobulin
(Ig) G1k mAb that targets the extracellular domain of
CD38 (37). In vitro, daratumumab kills MM cells by
antibody-dependent cellular cytotoxicity and
complement-dependent cytotoxicity, and is highly
efficacious in both early- and late-treatment settings
in in vivo tumor models (37). Two large phase III trials
showed improved progression-free survival (PFS)
with daratumumab in combination with either lena-
lidomide and dexamethasone or bortezomib and
dexamethasone in patients with relapsed/refractory
MM (38,39). A retrospective analysis of 25 patients
with refractory AL who received daratumumab and
dexamethasone showed overall hematologic
response rate of 76% including CR in 36% (40).
Therapy was well tolerated without any grade 3 or 4
reactions observed, even among the 72% of patients
with cardiac involvement. A phase III trial of dar-
atumumab, cyclophosphamide, bortezomib, and
dexamethasone in patients with newly diagnosed AL
is ongoing (NCT03201965).

Isatuximab is a chimeric IgG1 monoclonal antibody
that targets CD38 as an allosteric antagonist (41).
In vivo, isatuximab showed antitumor activity in
multiple cancer models including MM, lymphoma,
and leukemia. In a phase Ib trial of isatuximab,
lenalidomide, and dexamethasone for relapsed/re-
fractory multiple myeloma, the overall hematologic
response rate was 56% and median PFS was
8.5 months, indicative of clinical benefit without
significant toxicity (42). A phase II trial of isatuximab
in patients with relapsed/refractory AL is ongoing
(NCT03499808).

SLAMF7 is a member of the Signaling Lymphocyte
Activation Molecule Family and is expressed at low
level on natural killer cells, CD8þ T cells, B cells, and
mature dendritic cells (43). Normal plasma cells and
MM cells express high levels of SLAMF7 mRNA and
protein (44), and targeting of SLAMF7 using mAbs led
to antibody-dependent cellular cytotoxicity and
reduction in myeloma activity in vivo. Although the
mechanism of SLAMF7 upregulation in MM is un-
known, small interfering RNA inhibition of SLAMF7
expression inhibited MM cell adhesion to bone
marrow stromal cells (45). Elotuzumab is a human-
ized recombinant IgG1k mAb that targets the extra-
cellular region of SLAMF7 (44). In patients with
relapsed/refractory MM, the addition of elotuzumab
to lenalidomide and dexamethasone improved me-
dian PFS from 14.9 to 19.4 months, with overall

https://clinicaltrials.gov/ct2/show/NCT01789242
https://clinicaltrials.gov/ct2/show/NCT00091260
https://clinicaltrials.gov/ct2/show/NCT01807286
https://clinicaltrials.gov/ct2/show/NCT03201965
https://clinicaltrials.gov/ct2/show/NCT03499808


J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 3 , 2 0 1 9 Zhang et al.
J U N E 2 0 1 9 : 4 3 8 – 4 8 Emerging Therapeutics for Amyloidosis

441
response rate (ORR) of 79% (improved from 66%)
(46). Elotuzumab gained U.S. Food and Drug Admin-
istration approval for relapsed/refractory MM in 2015,
and is currently in a phase II trial for patients with
relapsed AL (NCT03252600).

SMALL MOLECULE INHIBITORS. Modulation of
intrinsic apoptotic pathways offers an additional
mechanism by which to treat AL amyloidosis. BCL-2 is
a central regulator of programmed cell death that
binds and sequesters pro-apoptotic proteins (47).
Elevated expression of anti-apoptotic proteins is
common in MM and associated with resistance to
therapy (48). Venetoclax is a small molecule that
binds with high affinity to the binding pocket on BCL-
2 specific for the BH3 region of intrinsic pro-apoptotic
proteins (47). In vitro, venetoclax inhibits interaction
of BCL-2 with pro-apoptotic proteins within the
mitochondria, and induces apoptosis in lymphoma
and leukemia cells as well as tumor regression in
in vivo solid tumor models (47). In human myeloma
cell lines and primary MM samples, sensitivity to
venetoclax was highest in the presence of the (11;14)
translocation, which correlated with higher ratios of
BCL2 and MCL1 mRNA (49). t(11;14) is seen in 15% to
20% of patients with MM, and may be a marker of
intermediate-risk disease (50).

A phase I trial of venetoclax monotherapy in 66
patients with relapsed/refractory MM showed an ORR
of 21%; among patients with t(11;14), the ORR was
doubled at 40% (51). Similarly, time to progression of
disease was 6.6 months in patients with t(11;14) and
1.9 months in those without t(11;14). There were no
adverse cardiac events, and changes in cardiac pa-
rameters with therapy were not evaluated. A separate
phase Ib trial of venetoclax in combination with bor-
tezomib and dexamethasone showed better ORR at
67%, with time to progression of 9.7 months (52).
Again, patients with higher BCL2 expression had a
higher ORR (94%) as compared to patients with low
BCL2 expression (59%). A phase I trial of venetoclax
and dexamethasone in patients with relapsed/
refractory AL is ongoing (NCT03000660).

DOXYCYCLINE. Matrix metalloproteinases (MMPs)
and their tissue inhibitors are key regulators of car-
diac extracellular matrix homeostasis, which is dis-
rupted by amyloid infiltration resulting in thickening
and stiffening of the myocardium. Elevation in MMP
and tissue inhibitor of matrix metalloproteinase
serum levels and tissue expression have been asso-
ciated with renal and cardiac damage in AL (53,54),
suggesting that inhibition of the MMP pathway may
mitigate the cardiotoxic effects of light chain amyloid
fibril deposition. Doxycycline is a semisynthetic
tetracycline antibiotic that inhibits bacterial protein
synthesis and, separately, also acts as an inhibitor of
MMPs. Doxycycline inhibits the formation of light
chain amyloid fibrils in vivo and ex vivo in a dose-
dependent manner, and prevented light chain amy-
loid deposition in a mouse model of AL (55). In a
retrospective cohort study of 103 patients with AL-
CA, 24-month survival improved from 40% to 82%
by administering doxycycline along with chemo-
therapy whereas cardiac response to therapy
improved 3-fold to 60% (56). Multiple clinical trials
of doxycycline in conjunction with plasma cell-
directed therapy in patients with AL are ongoing
(NCT02207556, NCT03474458, and NCT03401372).

CLEARANCE OF AMYLOID DEPOSITS. Mouse models
of human AL amyloidomas showed spontaneous tu-
mor regression in association with neutrophil infil-
tration and production of antibodies targeted to k and
l light chain extracts (57), suggesting that exogenous
administration of anti-amyloid antibodies may expe-
dite clearance of amyloid deposits.

11-1F4 (CAEL-101) is a chimeric monoclonal IgG1
antibody that targets the VL fragment of human

K Bence Jones protein, with stronger affinity for k light
chain than l (57,58). 11-1F4 interacts immunohis-
tochemically with human AL deposits in hepatocytes,
proximal renal tubules, and myocytes, and facilitates
regression of AL amyloidomas in vivo (58). In a phase
Ia/b dose-escalation study in 27 patients with
relapsed/refractory AL, 62% of patients showed organ
response at a median of 2 weeks after starting treat-
ment (NCT02245867) (59). In patients with cardiac
involvement, 11-1F4 led to a statistically significant
improvement in global longitudinal strain (GLS) after
12 weeks of follow-up (60). A randomized phase II/III
trial for newly diagnosed AL patients is planned, in-
clusive of a high-risk patient cohort with N-terminal
prohormone of brain natriuretic peptide (NT-proBNP)
> 8,500 ng/L. Additionally, a radiolabeled peptide
comprising a 11-1F4 epitope and a pan-amyloid-
reactive peptide is in development which may
enable the use of 11-1F4 as a diagnostic imaging agent
for AL and other forms of amyloidosis (61).

NEOD001 is a humanized mAb originally devel-
oped for secondary amyloidosis but found to target
AL deposits with high affinity. It targets the
C-terminal amino acid sequence of murine serum
amyloid A protein, which is exposed during the
process of AA amyloid deposition and is not acces-
sible in the full-length serum amyloid A molecule
(62). NEOD001 binds AL amyloid deposits in situ,
induces phagocytic clearance of AL deposits, and
expedites clearance of AL amyloidomas (63,64).

https://clinicaltrials.gov/ct2/show/NCT03252600
https://clinicaltrials.gov/ct2/show/NCT03000660
https://clinicaltrials.gov/ct2/show/NCT02207556
https://clinicaltrials.gov/ct2/show/NCT03474458
https://clinicaltrials.gov/ct2/show/NCT03401372
https://clinicaltrials.gov/ct2/show/NCT02245867


CENTRAL ILLUSTRATION Pathophysiology of Light Chain and Transthyretin Amyloidosis and
Mechanism of Action of Novel Therapeutics

Zhang, K.W. et al. J Am Coll Cardiol Basic Trans Science. 2019;4(3):438–48.

(A) Abnormal plasma cells overproduce k or l light chains, which misfold and aggregate into amyloid fibrils. The light chain amyloid fibrils

deposit in multiple end-organs causing organ dysfunction. Carfilzomib, daratumumab, elotuzumab, isatuximab, ixazomib, pomalidomide,

and venetoclax reduce light chain production; doxycycline inhibits formation of light chain amyloid fibrils; 11-1F4, GSK2398852, and

NEOD001 remove light chain amyloid deposits from tissue. (B) Transthyretin is synthesized in hepatocytes as a homotetramer, which

dissociates into alternatively folded monomers that self-assemble to form insoluble amyloid fibrils. The transthyretin amyloid fibrils

deposit in multiple end-organs causing organ dysfunction. Patisiran and inotersen inhibit transthyretin synthesis by targeting transthyretin

mRNA; AG10, diflunisal, tafamidis, and tolcapone stabilize the transthyretin tetramer; PRX004 targets misfolded transthyretin and removes

tissue amyloid deposits; GSK2398852 removes amyloid deposits from tissue. *Drug development has been suspended or terminated.
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NEOD001 performed well in a phase I/II trial of pa-
tients with AL and persistent organ dysfunction af-
ter therapy (65). However, a phase II trial failed to
meet its primary endpoint of cardiac response as
measured by NT-proBNP (NCT02632786), and a
subsequent phase III trial was discontinued prema-
turely for futility (NCT02312206) (66). Failure of
these late-phase clinical trials may have stemmed
from issues with study design, such as the use of
biomarker-based endpoints in NCT02632786 and a
composite clinical endpoint in NCT02312206 as
opposed to best response analysis. Further
development of NEOD001 for AL was halted in
April 2018.

https://clinicaltrials.gov/ct2/show/NCT02632786
https://clinicaltrials.gov/ct2/show/NCT02312206
https://clinicaltrials.gov/ct2/show/NCT02632786
https://clinicaltrials.gov/ct2/show/NCT02312206


TABLE 1 Emerging Therapeutics for Light Chain and Transthyretin Amyloidosis

Mechanism of Action Drug Name Route Frequency
FDA

Approved?
FDA Approved
For Amyloid?

Latest Amyloidosis
Clinical Trial Phase

NCT Clinical
Trial Number

Light chain amyloidosis

Reduction in
light chain production

Proteasome Inhibitor Carfilzomib IV Twice weekly for 3 weeks per 28-day cycle Yes No I/II NCT01789242

Ixazomib PO Once weekly for 3 weeks per 28-day cycle Yes No III NCT01659658

Immunomodulator Pomalidomide PO Once daily for 3 weeks per 28-day cycle Yes No I/II (terminated) NCT01807286

Anti-CD38 mAb Daratumumab SQ Once weekly (then once) per 28-day cycle Yes No III NCT03201965

Isatuximab IV Weekly (then biweekly) per 28-day cycle No No II NCT03499808

Anti-SLAMF7 Elotuzumab IV Weekly (then biweekly) per 28-day cycle Yes No II NCT03252600

BCL2 Inhibitor Venetoclax PO Daily Yes No I NCT03000660

Inhibition of amyloid
fibril formation

Doxycycline PO Twice daily Yes No II/III NCT02207556,
NCT03474458,
NCT03401372

Clearance of amyloid
deposits

11-1F4 IV Once weekly No No I NCT02245867

NEOD001 IV Once every 28 days No No III (terminated) NCT02312206

Transthyretin amyloidosis

Transthyretin tetramer
stabilizer

AG10 PO Twice daily No No II NCT03458130

Diflunisal PO Twice daily Yes No III NCT00294671

Tafamidis PO Daily No No III NCT01994889

Tolcapone PO Daily Yes No II NCT02191826

Transthyretin synthesis
inhibitor

Inotersen SQ Weekly Yes Yes III NCT01737398

Patisiran IV Once every 3 weeks Yes Yes III NCT01960348

Removal of amyloid
deposits

PRX004 IV Once every 28 days No No I NCT03336580

Light chain and transthyretin
amyloidosis

Removal of amyloid
deposits

GSK2398852 IV Once per 11-day cycle No No II (suspended) NCT03044353

FDA ¼ U.S. Food and Drug Administration; IV ¼ intravenous; mAb ¼ monoclonal antibody; NCT ¼ National Clinical Trial; PO ¼ oral; SQ ¼ subcutaneous.
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TRANSTHYRETIN AMYLOIDOSIS

BACKGROUND. Transthyretin is a 55,000-Dalton
protein that is synthesized primarily in the liver, and
serves as the primary serum transport protein for holo-
retinol-binding protein and a minor transport protein
for thyroxine. In plasma, <1% of transthyretin is
thyroxine-bound due to higher binding affinity of
thyroxine for thyroid binding globulin and albumin
(67). Transthyretin is also synthesized in the choroid
plexus and secreted into the cerebrospinal fluid (CSF),
where it serves as the primary carrier of thyroxine (68).

The transthyretin protein contains 4 identical
subunits rich in b-sheets that assemble into 2 ab di-
mers. The ab dimers contact one another at an
extended b-sheet that forms 2 funnel-shaped hor-
mone binding sites, where thyroxine binds with
negative cooperativity (68,69). Formation of trans-
thyretin amyloid fibrils requires dissociation of the
tetramer into alternatively folded monomers, which
then self-assemble to form insoluble amyloid fibrils
(Central Illustration, panel B) (70,71). Binding of
thyroxine stabilizes the native conformation of the
transthyretin tetramer, preventing its dissociation
into monomer units and subsequent aggregation into
amyloid fibrils (72). In CSF, where transthyretin is
highly thyroxine bound, transthyretin fibril formation
is generally not observed (72).

The kinetics of tetramer dissociation also explain
the predilection of mutant transthyretin for amyloid

https://clinicaltrials.gov/ct2/show/NCT01789242
https://clinicaltrials.gov/ct2/show/NCT01659658
https://clinicaltrials.gov/ct2/show/NCT01807286
https://clinicaltrials.gov/ct2/show/NCT03201965
https://clinicaltrials.gov/ct2/show/NCT03499808
https://clinicaltrials.gov/ct2/show/NCT03252600
https://clinicaltrials.gov/ct2/show/NCT03000660
https://clinicaltrials.gov/ct2/show/NCT02207556
https://clinicaltrials.gov/ct2/show/NCT03474458
https://clinicaltrials.gov/ct2/show/NCT03401372
https://clinicaltrials.gov/ct2/show/NCT02245867
https://clinicaltrials.gov/ct2/show/NCT02312206
https://clinicaltrials.gov/ct2/show/NCT03458130
https://clinicaltrials.gov/ct2/show/NCT00294671
https://clinicaltrials.gov/ct2/show/NCT01994889
https://clinicaltrials.gov/ct2/show/NCT02191826
https://clinicaltrials.gov/ct2/show/NCT01737398
https://clinicaltrials.gov/ct2/show/NCT01960348
https://clinicaltrials.gov/ct2/show/NCT03336580
https://clinicaltrials.gov/ct2/show/NCT03044353
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formation. L55P and V122I-mutant transthyretin
dissociate rapidly to the monomeric amyloidogenic
intermediate and aggregate to form amyloid fibrils at
a correspondingly high rate, leading to nearly 100%
disease penetrance with severe systemic disease (73).
In comparison, the V30M mutant dissociates more
slowly even than wild-type transthyretin and results
in a milder disease phenotype (polyneuropathy) with
penetrance as low as 2% (74,75). The protective T119M
variant exhibits extremely slow tetramer dissociation
and fibril formation rates (73); compound heterozy-
gotes expressing both T119M and V30M transthyretin
exhibit either normal phenotype or only mild pa-
thology of late onset (76).

TRANSTHYRETIN TETRAMER STABILIZERS. Because
of the disease-modifying effect of tetramer stabiliza-
tion, transthyretin tetramer stabilizers have emerged
as a novel class of therapeutics for ATTR. Nonste-
roidal anti-inflammatory drugs such as diflunisal
were among the first transthyretin tetramer stabi-
lizers identified, binding with higher efficacy to the
central hormone-binding funnel than thyroxine (77).
Administration of diflunisal 250 mg twice daily in
healthy subjects slowed transthyretin aggregation
in vitro by 3-fold (78). In familial amyloid poly-
neuropathy, a phase III clinical trial of diflunisal
250 mg twice daily reduced the rate of progression of
neurologic impairment and preserved quality of life
over 2 years (NCT00294671) (79). Diflunisal was well
tolerated in an open-label study of 13 patients with
wild-type and hereditary ATTR-CA; hemoglobin,
mean arterial pressure, and glomerular filtration rate
remained stable over 0.9 years of follow-up without
significant change in cardiac structure, function, or
biomarkers (80). Larger randomized studies of diflu-
nisal in the ATTR-CA population are needed.

Tafamidis is a small molecule ligand in the ben-
zoxazole family that exhibits potent and selective
transthyretin binding, and lacks nonsteroidal anti-
inflammatory drugs activity. Tafamidis inhibits wild-
type transthyretin amyloidogenesis in a dose-
dependent manner, and also stabilizes the 2 most
clinically significant amyloidogenic mutant homote-
tramers (V30M and V122I) with comparable potency
and efficacy (81). In a phase III trial of 441 patients with
wild-type and hereditary ATTR-CA, tafamidis led to a
reduction in all-cause mortality (HR: 0.70, 95% confi-
dence interval: 0.51 to 0.96) and cardiovascular-
related hospitalization (HR: 0.68, 95% confidence in-
terval: 0.56 to 0.81), with a number-needed-to-treat
for the combined endpoint of all-cause mortality and
cardiovascular-related hospitalization of 7.5 (82). It
remains unknown whether tafamidis is effective in
advanced amyloid disease, as patients with New York
Heart Association (NYHA) functional class IV HF were
excluded; a small study of patients with advanced fa-
milial amyloid polyneuropathy showed no significant
clinical improvement with tafamidis (83).

AG10 is a synthetic small molecule transthyretin
ligand whose basic protein structure was identified by
high-throughput screen, and subsequently modified
with a carboxylic acid group on the 2-fluorophenyl
ring to optimize binding energetics to transthyretin
(84). AG10 binds to wild-type transthyretin with
higher affinity than tafamidis or diflunisal; further-
more, AG10 stabilizes V122I mutant transthyretin
tetramers more effectively than tafamidis and is also
more effective in preventing V122I amyloid fibril
formation (84). Both tafamidis and AG10 protect car-
diomyocytes from the proteotoxic effects of amyloi-
dogenic V122I transthyretin in vitro. AG10 is currently
in a phase II clinical trial for hereditary and wild-type
ATTR-CA (NCT03458130); a phase III trial in ATTR-CA
is projected to open in early 2019.

Tolcapone is a catechol-O-methyltransferase in-
hibitor originally approved as an adjunct to levodopa
and carbidopa for the treatment of Parkinson’s dis-
ease. It binds to the thyroxine binding pocket at the
transthyretin dimer-dimer interface with higher
affinity than tafamidis, and is a stronger aggregation
inhibitor than tafamidis (85). Similar to tafamidis,
tolcapone inhibits aggregation of the V122I-
transthyretin variant although with less efficacy
than wild-type transthyretin. When incubated with
human plasma, tolcapone prevents transthyretin
tetramer dissociation for wild-type and V30M trans-
thyretin with greater stabilizing activity than tafa-
midis. The unique ability of tolcapone to cross the
blood-brain barrier indicates that it may treat trans-
thyretin leptomeningeal amyloidosis, noting that the
majority of transthyretin in the CSF is thyroxine
bound. A phase II trial of tolcapone in familial amy-
loid polyneuropathy is ongoing (NCT02191826).

TRANSTHYRETIN SYNTHESIS INHIBITORS. Patisiran
is a second-generation, double-stranded small inter-
fering RNA that targets the 3’ untranslated region of
the transthyretin gene, which is conserved among
wild-type transthyretin and all reported transthyretin
mutations. Patisiran is modified with 2’-O-methyl ri-
bonucleosides for improved stability and formulated
in a lipid nanoparticle, which enables passage through
the fenestrated vascular endothelium of the liver and
targeted organ delivery (86). Endosomal endocytosis
of the lipid nanoparticle delivers patisiran to the
cytoplasm, where it triggers endogenous cellular
pathways for controlling gene expression throughRNA

https://clinicaltrials.gov/ct2/show/NCT00294671
https://clinicaltrials.gov/ct2/show/NCT03458130
https://clinicaltrials.gov/ct2/show/NCT02191826
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interference. Specifically, binding of patisiran to the
RNA-induced silencing complex triggers separation of
the 2 RNA strands and allows for binding of the anti-
sense strand to transthyretin mRNA. The double-
stranded RNA substrate is then cleaved and targeted
for degradation, leading to a reduction in transthyretin
protein levels (87). In animal models, patisiran
reduced transthyretin deposition and facilitated
regression of existing transthyretin deposits, with the
extent of deposit regression correlating with the level
of RNA interference–mediated knockdown (88).

In a phase III trial of patients with hereditary ATTR
with polyneuropathy, patisiran significantly
improved neuropathy and quality of life after 18
months of therapy in the overall cohort and in the
subgroup with cardiac involvement (56%; NYHA
functional class III/IV were excluded) (86). Within the
cardiac subpopulation, patisiran led to a statistically
significant reduction in NT-proBNP level, left ven-
tricular (LV) wall thickness, and reduced worsening in
GLS, suggestive of cardiac benefit (89). Further study
of patisiran in the ATTR-CA population with the use
of clinically relevant cardiac endpoints is needed.

Inotersen is a second-generation antisense oligo-
nucleotide that targets the 3’ untranslated region of
transthyretin mRNA. Its single-stranded synthetic
oligomer contains 20 nucleotides with a modified
phosphorothioate backbone as well as 2’-O-methox-
yethyl modified ribonucleotides at each terminus,
which confer increased hybridization affinity to target
RNA, increased resistance to nuclease degradation,
and reduced immunostimulatory activity (90). Sys-
temically administered inotersen distributes at high
levels to the liver, where it gains access to the intra-
cellular space via endosome activity and then moves
to the nucleus by passive diffusion and active trans-
port due to its phosphorothioate backbone (91,92).
Once bound to the target RNA through Watson-Crick
base-pairing, inotersen forms an RNA-DNA hybrid
that triggers target mRNA degradation by RNase H via
a central region of 10 2’-deoxynucleotide residues that
is recognized by the enzyme (93).

In a phase III trial of patients with hereditary ATTR
with polyneuropathy, inotersen significantly
improved neuropathy and quality of life after 16
months of therapy in the overall cohort and in the
subgroup with cardiomyopathy (68%; NYHA func-
tional class III/IV were excluded) (94). Within the
cardiomyopathy subgroup, there was no significant
change in LVEF, GLS, LV wall thickness, LV mass, or
lateral E/E’ ratio after 16 months of inotersen therapy,
although baseline LVEF and GLS were relatively pre-
served at 64% and �14%, respectively. Thrombocy-
topenia and, rarely, glomerulonephritis are important
safety concerns and should be monitored on a regular
basis. The safety of inotersen in patients with a prior
liver transplant for hereditary ATTR is not estab-
lished. As with patisiran, further study of inotersen in
the ATTR-CA population is needed.
CLEARANCE OF AMYLOID DEPOSITS. GSK2398852 is
an anti-serum amyloid P component (SAP) antibody
whose epitope is a glycoprotein in the pentraxin
family, a group of highly evolutionarily conserved
proteins that activate the innate immune response
upon binding to microbial ligands, apoptotic cells, and
amyloid fibrils (95,96). The pentraxins have also been
found to promote amyloid deposition and disease
progression in vivo (97). In a mouse model of systemic
amyloidosis, depletion of circulating SAP followed by
administration of anti-SAP monoclonal IgG1 antibody
led to infiltration of macrophages and other monocytic
inflammatory cells into tissue amyloid deposits in a
complement-dependent fashion (98). The inflamma-
tory process was characterized by high-phagocyte
endocytotic activity and engulfment of amyloid de-
posits by multinucleated giant cells, culminating in
complete clearance of amyloid tissue deposits and
restoration of normal tissue architecture.

In a phase I trial, 16 subjects with systemic
amyloidosis and significant amyloid infiltration of the
liver and spleen received GSK2398852 after depletion
of circulating SAP without excess toxicity (99). Pa-
tients with cardiac involvement were excluded from
this study, and there were no significant changes in
extracellular volume of the heart, troponin T, or NT-
proBNP. However, a phase II trial of GSK2398852 in
patients with biopsy- or bone scintigraphy–proven
ATTR-CA was suspended prematurely due to an
adverse risk/benefit profile (NCT03044353).

PRX004 is a humanized IgG1 mAb that targets an
epitope exposed on abnormal transthyretin protein. In
preclinical models, PRX004 neutralized soluble cyto-
toxic forms of transthyretin, prevented amyloid fibril
formation, and promoted clearance of organ amyloid
deposits via phagocytosis (unpublished data, courtesy
of Prothena Corporation, May 2018). A phase I dose
escalation trial is currently ongoing (NCT03336580).

FUTURE DIRECTIONS

With the emergence of multiple novel therapeutics
for AL and ATTR, there is an urgent need to define
optimal drug combinations and sequences of drug
delivery to reduce morbidity and mortality amongst
patients with AL-CA and ATTR-CA. This is particu-
larly important in the treatment of AL-CA, although
large randomized clinical trials in this population are
challenging due to low disease prevalence and poor

https://clinicaltrials.gov/ct2/show/NCT03044353
https://clinicaltrials.gov/ct2/show/NCT03336580


Zhang et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 3 , 2 0 1 9

Emerging Therapeutics for Amyloidosis J U N E 2 0 1 9 : 4 3 8 – 4 8

446
performance status. Although initial therapy for AL
with a bortezomib-based regimen versus ASCT
is generally accepted, it remains unclear which regi-
mens are optimal for relapsed/refractory disease (100)
and how the novel AL therapeutics will fit into the
treatment paradigm. It is likely that a multipronged
treatment approach will be optimal for both AL-CA
and ATTR-CA, and carefully executed clinical trials
are needed to determine the optimal approach.

The impact of each novel therapeutic on cardiac
biomarkers also requires clarification. NT-proBNP is an
important cardiac biomarker that correlates inversely
with prognosis in AL-CA and ATTR-CA (2,20). A para-
doxical increase in NT-proBNP has been described in
AL patients on lenalidomide despite hematologic
response and absence of cardiac symptoms, possibly
reflecting IMiD-induced fluid retention as opposed to
direct cardiotoxicity (101,102). Additionally, a signifi-
cant increase in NT-proBNP has been described in pa-
tients with advanced AL-CA on bortezomib, although
it is unclear whether this represents drug toxicity or
worsening of pre-existing cardiac disease (103). The
utility of alternate cardiac biomarkers, such as
troponin T, for assessment of drug-induced car-
diotoxicity should be explored.

Finally, validated biomarkers that track with car-
diac response to therapy are needed to rigorously
assess the cardiac efficacy of emerging therapeutics
in AL and ATTR. Challenges associated with NT-
proBNP have been discussed, and also include
optimal timing of NT-proBNP assessment (104).
Whereas serial cardiac magnetic resonance imaging
studies may be useful in clinical trials, this strategy is
unlikely to be feasible in clinical practice. GLS by
echocardiography has shown value for prognosis and
diagnosis in CA, but its utility for tracking cardiac
response to therapy has yet to be explored (105,106).
Six-minute walk distance was better on tafamidis as
compared with placebo in clinical trials and corre-
lated with cardiac response to chemotherapy in AL
(82,107), and could be implemented in future clinical
trials and clinical practice as a marker of cardiac
response to therapy.

CONCLUSIONS

Cardiac amyloidosis is a restrictive cardiomyopathy
with high morbidity and mortality, and is increasingly
recognized as an underdiagnosed condition.
Although no therapies have been approved for AL- or
ATTR-CA, a number of therapeutics targeted at
neoplastic plasma cells, transthyretin protein pro-
duction, and amyloid fibril formation are currently in
clinical trials. Additionally, mAbs aiming to remove
existing amyloid deposits may improve outcomes for
patients with more advanced cardiac disease. Future
efforts should define the optimal treatment para-
digms for cardiac response in AL-CA and ATTR-CA,
and identify effective clinical, imaging, and serum
biomarker strategies that reflect cardiac response to
therapy.

ADDRESS FOR CORRESPONDENCE: Dr. Kathleen W.
Zhang, Division of Cardiology, Washington University
in St. Louis School of Medicine, Campus Box 8086,
660 South Euclid Avenue, St. Louis, Missouri 63110-
1093. E-mail: kwzhang@wustl.edu.
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STATE-OF-THE-ART REVIEW
Fibroblasts in the Infarcted, Remodeling,
and Failing Heart

Claudio Humeres, PHD, Nikolaos G. Frangogiannis, MD
HIGHLIGHTS

� Cardiac fibroblasts become activated following injury and participate in repair and remodeling of the heart.

� The authors discuss the phenotypic alterations and role of fibroblasts in infarcted and failing hearts.

� In failing hearts, fibroblasts may deposit ECM proteins, increasing myocardial stiffness, but may also exert protective and

reparative actions.

� Future studies will focus on characterization of the phenotypic heterogeneity of cardiac fibroblasts that may explain their

functional diversity.
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Expansion and activation of fibroblasts following cardiac injury is important for repair but may also contribute to fibrosis,

remodeling, and dysfunction. The authors discuss the dynamic alterations of fibroblasts in failing and remodeling

myocardium. Emerging concepts suggest that fibroblasts are not unidimensional cells that act exclusively by secreting

extracellular matrix proteins, thus promoting fibrosis and diastolic dysfunction. In addition to their involvement in

extracellular matrix expansion, activated fibroblasts may also exert protective actions, preserving the cardiac extracel-

lular matrix, transducing survival signals to cardiomyocytes, and regulating inflammation and angiogenesis. The func-

tional diversity of cardiac fibroblasts may reflect their phenotypic heterogeneity. (J Am Coll Cardiol Basic Trans Science

2019;4:449–67) © 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
M ost myocardial conditions are associated
with “fibrosis,” expansion of the cardiac
interstitium, due to deposition of extra-

cellular matrix (ECM) proteins (1–3). In human pa-
tients with a wide variety of cardiac diseases, the
extent of fibrotic changes is a strong predictor of
adverse outcome. In patients with heart failure with
reduced ejection fraction, and in those with heart fail-
ure with preserved ejection fraction, prominent
fibrotic remodeling is associated with higher
N 2452-302X

m The Wilf Family Cardiovascular Research Institute, Department of Me

ne, Bronx, New York. Dr. Frangogiannis’s laboratory is supported by Natio

85440 and by U.S. Department of Defense grants PR151134 and PR15102

iation post-doctoral award 19POST34450144. The authors have reported

ts of this paper to disclose.

authors attest they are in compliance with human studies committees

tutions and U.S. Food and Drug Administration guidelines, including patie

it the JACC: Basic to Translational Science author instructions page.

nuscript received November 19, 2018; revised manuscript received Febru
mortality, increased hospitalization rates, and an
increased incidence of adverse cardiac events (4–7).
Moreover, in subjects with diabetes, expansion of
the myocardial interstitial space is associated with
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may reflect the adverse functional consequences of
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https://doi.org/10.1016/j.jacbts.2019.02.006

dicine (Cardiology), Albert Einstein College of Med-

nal Institutes of Health grants R01 HL76246 and R01

9. Dr. Humeres is supported by American Heart As-

that they have no relationships relevant to the con-

and animal welfare regulations of the authors’ in-

nt consent where appropriate. For more information,

ary 15, 2019, accepted February 19, 2019.

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jacbts.2019.02.006
http://www.basictranslational.onlinejacc.org/content/instructions-authors
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2019.02.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ABBR EV I A T I ON S

AND ACRONYMS

AT1 = angiotensin type 1

ECM = extracellular matrix

FAK = focal adhesion kinase

FGF = fibroblast growth factor

IL = interleukin

lncRNA = long noncoding

ribonucleic acid

MAPK = mitogen-activated

protein kinase

miRNA = micro–ribonucleic

acid

MRTF = myocardin-related

transcription factor

PDGF = platelet-derived

growth factor

RNA = ribonucleic acid

ROCK = Rho-associated coiled-

coil containing kinase

ROS = reactive oxygen species

SMA = smooth muscle actin

TGF = transforming growth

factor

TRP = transient receptor

potential
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lacks significant endogenous regenerative ca-
pacity, cardiac fibrosis may also reflect acti-
vation of reparative mechanisms in
response to primary cardiomyocyte injury.
To what extent fibrotic cardiac remodeling
represents a primary myocardial disease
that mediates dysfunction and causes
adverse outcome remains unknown.

Fibroblasts are the main effector cells of
cardiac fibrosis. The adult mammalian heart
contains abundant fibroblasts that expand
following injury and can produce large
amounts of ECM proteins. Animal model
studies have identified cardiac fibroblasts
both as critical reparative cells that maintain
the structural integrity of the infarcted
ventricle and as cellular effectors of heart
failure that deposit stiff ECM in the inter-
stitium, reducing myocardial compliance.
The functional heterogeneity of fibroblast
populations, their remarkable phenotypic
plasticity, and the limited information on the
characteristics and properties of fibroblasts
in human myocardial diseases have
hampered dissection of reparative and mal-
adaptive fibroblast actions. In this review we
describe the role of fibroblasts in failing and
remodeling hearts. We discuss the dynamic alter-
ations of fibroblasts in injury and repair of the
infarcted heart and their role in remodeling and
dysfunction of the ventricle in conditions associated
with chronic heart failure.

FIBROBLASTS IN CARDIAC HOMEOSTASIS

Fibroblasts are defined and identified on the basis of
functional and morphological criteria as cells of
mesenchymal origin that lack a basement membrane
and are involved in the formation and maintenance
of connective tissues by producing a wide range of
ECM proteins (9). Although several fibroblast
markers have been proposed (Table 1), their speci-
ficity is limited. Moreover, considering that resident
fibroblast populations in many tissues are heteroge-
neous (10) and undergo dynamic phenotypic changes
following injury, identification of reliable markers
that label all fibroblast subsets is a major challenge.
Thus, characterization of fibroblasts typically re-
quires the combined use of fibroblast-related
markers (including ECM proteins that reflect their
matrix-synthetic function) and exclusion criteria
reflecting the absence of expression of endothelial,
hematopoietic cell and vascular mural cell–specific
proteins.
The myocardium contains a large population of
resident fibroblasts enmeshed within the ECM
network (11,12). For many years, fibroblasts were
considered the most abundant noncardiomyocytes in
the adult mammalian myocardium. A study using
flow cytometry in adult mice identified 27% of
myocardial cells as discoidin domain–containing re-
ceptor 2–positive fibroblasts and only 7% of the cells
as CD31þ endothelial cells (13), a finding quite sur-
prising considering the high vascular content of the
mammalian heart. In contrast, a more recent study
using a combination of fibroblast reporter mouse
models and cell-specific antibodies suggested that
cardiac fibroblasts represent <20% of non-
cardiomyocytes and are greatly outnumbered by
endothelial cells (which represent more than 60% of
noncardiomyocytes) (14). Differences in the strategies
used for cardiac cell isolation, and variability in the
sensitivity and specificity of the methodological ap-
proaches used for cellular identification, may ac-
count, at least in part, for conflicting results in
various investigations. Moreover, the relative
numbers of various interstitial cell populations in the
myocardium are also dependent on the age, sex, and
species of the subjects studied. It should be empha-
sized that most of our knowledge on the characteris-
tics of cardiac fibroblasts is based on studies in
rodents, and relatively little is known regarding the
density, phenotype, and distribution of fibroblasts in
normal human hearts.

What is the function of resident fibroblasts in
normal mammalian hearts? In the developing
myocardium, cardiac fibroblasts have been suggested
to regulate cardiomyocyte proliferation through a
fibronectin/b1-integrin–mediated pathway (15). In
adult hearts, normal cardiac function may require
interactions between cardiomyocytes and the sur-
rounding ECM. Cardiac fibroblasts, enmeshed into the
endomysium and perimysium, may play an important
role in regulation of the synthesis and turnover of
ECM components, thus preserving the structural
integrity of the ventricle (16–18). Mice with global
germline loss of transcription factor 21, which is
essential for cardiac fibroblast development, had
greatly decreased collagen levels in the cardiac
interstitium and exhibited dysmorphic hearts that
lacked a distinct apex (19). Although these findings
are consistent with an important role of fibroblasts in
cardiac development, the consequences of fibroblast
depletion on cardiac homeostasis in adult mice have
not been investigated.

In addition to their critical role in the formation of
the cardiac ECM network, fibroblasts may also
contribute to cellular communication in the cardiac



TABLE 1 Sensitivity and Specificity of Markers Used to Identify Cardiac Fibroblasts

Marker Sensitivity Specificity

Vimentin Labels all fibroblasts (180,181). Also expressed by other cells of mesenchymal origin (endothelial
cells [182], vascular smooth muscle cells [183], etc.).

a-SMA Expressed by activated myofibroblasts in fibrotic hearts (22,41,138).
Not expressed by quiescent fibroblasts (137).

Also expressed by vascular mural cells.

Col1a1 Synthesis of structural collagens is a hallmark of fibroblasts in normal
and remodeling hearts (42,141).

Although synthesis of structural collagens by cells other than
fibroblasts has been reported, expression of Col1a1 in cardiac
endothelial cells, immune cells, vascular smooth muscle cells,
and pericytes is negligible when compared to fibroblasts (141).
Because of labeling of the surrounding matrix, antibodies to
collagens may be suboptimal for fibroblast identification.
Col1a1-GFP reporter mice represent a robust tool for
identification of fibroblasts in many organs, including the heart
(42).

Periostin Expressed by fibroblasts in neonatal hearts but not by fibroblasts in
normal adult hearts (184). Highly expressed in activated cardiac
fibroblasts after injury (185,186).

May also be expressed by subsets of vascular smooth muscle cells
(187).

Fibronectin ED-A Highly expressed by activated myofibroblasts (188). Deposited in the matrix (189). May also colocalize with
macrophages, endothelial cells, and other cell types (190,191).

PDGFRa Highly expressed in cardiac fibroblasts in normal (41) and pressure-
overloaded myocardium (141).

Although vascular smooth muscle cells have been reported to
express PDGFRa, especially under conditions of stress (192),
PDGFRa-GFP reporter lines seem to predominantly identify
cells with fibroblast-like characteristics (193).

DDR2 High expression in cardiac fibroblasts in normal adult hearts (194),
colocalizing with vimentin and col1a1 (195). May also be
expressed in various subpopulations of infarct fibroblasts and
myofibroblasts (196).

DDR2 expression has been reported in activated endothelial cells
(197) and in stretched vascular smooth muscle cells (198). It is
unclear whether this affects the specificity of DDR2 for
fibroblasts in injured and remodeling hearts.

Antigen recognized by
MEFSK4

The MEFSK4 antibody labels through flow cytometry almost all
PDGFRaþ, Col1a1þ cardiac fibroblasts (14). No antibodies are
available for immunohistochemistry.

MEFSK4 has been reported to label a small subpopulation of
pericytes (14).

Cluster of
differentiation 90
(Thy1)

Identifies a subpopulation of fibroblasts in the normal and remodeling
myocardium (14,141,199,200).

Also expressed by immune cells, lymphatic endothelial cells, and
pericytes (201).

Sca1 Identifies a subpopulation (w60%) of PDGFRaþ, Col1a1þ fibroblasts
in the murine heart (14).

Lacks specificity. In Sca1-GFP reporter mice, Sca1 expression
colocalized with endothelial and pericyte markers (202).

Tcf21 Labels the majority of fibroblast-like cells in normal myocardium (19).
In infarcted and pressure-overloaded hearts, accumulation of
Tcf21þ fibroblast-like cells is noted; however, according to a
single report, Tcf21 may not label activated a-SMAþ
myofibroblasts (203).

Relatively specific for fibroblast populations. Not expressed by
immune cells (CD45þ) (203), endothelial cells, and vascular
smooth muscle cells (19).

FSP1 No expression in fibroblasts in the normal adult myocardium. In the
infarcted and pressure-overloaded heart, there is a marked
expansion of FSP1þ cells. The majority of these cells cannot be
identified as a-SMAþ myofibroblasts (141,184).

Lacks specificity. The majority of FSP1þ cells in injured and
remodeling hearts are endothelial cells, macrophages, and
vascular smooth muscle cells (184,204).

FAP Not expressed in normal cardiac fibroblasts (174). Labels many
activated fibroblasts in infarcted rat hearts and in human
myocardial samples from patients with post-infarction heart
failure (205).

Specific for activated fibroblasts. However, in human failing hearts,
FAP expression has been reported in small populations of
inflammatory cells and endothelial cells (205).

Col1a1 ¼ collagen 1a1; DDR2 ¼ discoidin domain receptor 2; FAP ¼ fibroblast-activation protein; FSP1 ¼ fibroblast-specific protein 1; GFP ¼ green fluorescent protein; PDGFRa ¼ platelet-derived growth
factor a; Sca1 ¼ stem cell antigen–1; SMA ¼ smooth muscle actin; Tcf21 ¼ transcription factor 21.
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syncytium. Given their strategic location in the
interstitium, cardiac fibroblasts have been suggested
to facilitate communication between myocardial
layers (20). Cardiac fibroblasts express high levels of
connexins (connexin-40, connexin-43, and connexin-
45) and establish functional gap junctional channels
with neighboring cardiomyocytes, modulating their
electrophysiological properties (21). Thus, fibroblasts
may act as electric couplers of myocytes from
different regions that would normally be isolated by
connective tissue, contributing to the synchroniza-
tion of the contraction.
PHENOTYPIC CHANGES AND ROLE OF

CARDIAC FIBROBLASTS IN THE

INFARCTED MYOCARDIUM

Fibroblasts exhibit remarkable phenotypic plasticity
and undergo dramatic alterations in their gene
expression profile and functional properties in
response to mechanical stress or to stimulation with
soluble mediators. In vitro, cardiac fibroblasts
cultured in the low-tension environment of a
collagen-based pad have dendritic morphology, syn-
thesize low levels of collagen, and have negligible
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expression of myofibroblast markers, such as a-
smooth muscle actin (SMA) (22). In contrast, when
cultured in plates, fibroblasts undergo conversion to
myofibroblasts, exhibiting activation of mechano-
sensitive signaling pathways that trigger incorpora-
tion of a-SMA into stress fibers and induce synthesis
of ECM proteins. In vivo, cardiac fibroblasts respond
to changes in their microenvironment by acquiring a
wide range of phenotypic profiles, thus serving as
inflammatory, matrix-synthetic, or proangiogenic
cells depending on the context (Central Illustration).

In myocardial infarction, sudden occlusion of a
coronary artery results in the death of up to 1 billion
cardiomyocytes, triggering an intense inflammatory
reaction (23). Because the massive loss of car-
diomyocytes overwhelms the extremely limited
regenerative potential of the adult mammalian heart,
the infarcted myocardium heals through formation of
a scar. Thus, repair of the infarcted heart is depen-
dent on a well-orchestrated cellular response,
composed of 3 distinct but overlapping phases. Dur-
ing the inflammatory phase, innate immune activa-
tion in response to release of damage-associated
molecular patterns by dying cardiomyocytes and
degraded ECM triggers cytokine and chemokine in-
duction and recruits leukocytes that clear the infarct
from necrotic and apoptotic cells and remove matrix
debris (24). Macrophages phagocytosing apoptotic
cells undergo transition to an anti-inflammatory
phenotype, mediating suppression of inflammation
and activation of a reparative program that orches-
trates the proliferative phase of cardiac repair, char-
acterized by expansion of myofibroblasts and
vascular cells. The maturation phase follows and is
associated with quiescence of fibroblasts, recruitment
of mural cells by infarct neovessels, and formation of
a crosslinked collagenous scar (25). During the 3
phases of infarct healing, cardiac fibroblasts undergo
rapid phenotypic transitions from quiescence to a
pro-inflammatory and matrix-degrading phenotype
to a matrix-synthetic myofibroblast phenotype, only
to revert to quiescence as the scar matures. Emerging
evidence suggests that fibroblasts do not simply
follow the changes in their microenvironment but
serve as critical regulators of the cellular events in
every phase of cardiac repair (26).

THE FIBROBLASTS IN THE INFLAMMATORY PHASE

OF INFARCT HEALING. Fibroblasts are capable of
producing large amounts of proinflammatory cyto-
kines and chemokines in response to stimulation with
reactive oxygen species (ROS), Toll-like receptor li-
gands, or interleukin (IL)-1b (27–29). During the early
post-ischemic phase, interstitial fibroblasts may
sense damage-associated molecular patterns released
by dying cardiomyocytes, activating a proin-
flammatory program (Figure 1). Considering that
several other cell types, including cardiomyocytes,
endothelial cells, immune cells, and vascular mural
cells, can also secrete proinflammatory mediators
(30), the relative role of resident cardiac fibroblasts as
inflammatory cells remains unclear. In vivo studies
have suggested that infarct fibroblasts may exhibit
activation of the NRLP3 inflammasome (31,32), thus
serving as an important source of active IL-1b, a crit-
ical proinflammatory cytokine in the infarcted
myocardium (33). A recent study suggested that fi-
broblasts may stimulate leukocyte recruitment in the
infarcted myocardium by secreting large amounts of
granulocyte/macrophage colony-stimulating factor
(34). To what extent proinflammatory fibroblasts also
contribute other chemokines or cytokines to the
infarct environment remains unknown. Cytokine-
activated proinflammatory fibroblasts also secrete
proteases that play an important role in clearance of
the infarct from matrix debris (35). Associative data
have suggested that in addition to their role as
proinflammatory and matrix-degrading cells, fibro-
blasts may protect cardiomyocytes from ischemic
injury (36). The molecular signals responsible for the
prosurvival actions are unclear.

THE ROLE OF FIBROBLASTS IN THE PROLIFERATIVE

PHASE OF INFARCT HEALING. The potent ia l ro le
of infarct fibroblasts in phagocytos is and
suppress ion of inflammat ion . Activation of the
post-infarction inflammatory reaction is followed by
rapid suppression of proinflammatory gene synthesis
and subsequent resolution of the leukocytic infiltrate,
marking the transition to the proliferative phase of
infarct healing. Phagocytosis of apoptotic cells plays a
key role in downmodulation of inflammation, stimu-
lating release of anti-inflammatory signals, such as
IL-10 and transforming growth factor (TGF)-b. To
what extent fibroblasts participate in repression and
resolution of post-infarction inflammation remains
unknown. A recent study suggested that activated
fibroblasts may serve as phagocytes, engulfing
apoptotic cells from the infarct zone (37). Considering
the abundance of phagocytic macrophages in the
healing infarct (38), the relative contribution of fi-
broblasts in clearance of dead cells is unclear.
Whether any phagocytic actions of fibroblasts are
accompanied by secretion of IL-10 or TGF-b and by
acquisition of an anti-inflammatory phenotype has
not been investigated.



CENTRAL ILLUSTRATION Functional Diversity of Fibroblasts in the Infarcted Myocardium
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In the dynamic environment of the infarcted heart, cardiac fibroblasts expand, undergo phenotypic changes, and are implicated in a wide range of functions. Coronary

occlusion causes death of cardiomyocytes in the area of injury. During the inflammatory phase of infarct healing, Damage-Associated Molecular Patterns (DAMPs)

released by dying cells activate a pro-inflammatory phenotype in cardiac fibroblasts that secrete cytokines (such as IL-1, TNF-a, and GM-CSF), and chemokines (such as

CCL2) contributing to recruitment and activation of leukocytes. Cytokine-stimulated fibroblasts also secrete matrix metalloproteinases (MMPs), promoting

extracellular matrix degradation and release of pro-inflammatory matrix fragments. Some studies have suggested that infarct fibroblasts may also function as

phagocytic cells; however, considering the abundance of macrophages in the healing infarct the relative contribution of “phagocytic fibroblasts” remains unclear.

Clearance of the infarcted heart from dead cells stimulates anti-inflammatory signals, leading to suppression of inflammation and transition to the proliferative phase

of infarct healing. Fibroblasts expand, predominantly through recruitment of resident populations and undergo myofibroblast conversion, incorporating a-SMA into

cytoskeletal stress fibers. Activated myofibroblasts are the main matrix-synthetic cells in the infarcted heart and produce both structural extracellular matrix proteins

and matricellular macromolecules. In addition to their contribution in matrix production, fibroblast populations may also contribute to regulation of the angiogenic

response and may regulate macrophage phenotype. During scar maturation fibroblasts exhibit disassembly of a-SMA-decorated stress fibers, and may produce

matrix-crosslinking enzymes such as lysyl-oxidases (LOX). Reduction of fibroblast numbers in mature scars has been suggested to involve activation of apoptosis. The

molecular basis for the phenotypic transitions of cardiac fibroblasts in the phases of infarct healing remains poorly understood. The functional diversity of fibroblasts

in the infarcted heart may reflect sequential activation of distinct fibroblast subpopulations, or may result from coordinated responses of the fibroblasts to the

dynamic changes in their microenvironment.
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FIGURE 1 Fibroblasts in the Inflammatory Phase of Infarct Healing

During the inflammatory phase of infarct healing, cardiac fibroblasts secrete proinflammatory mediators and matrix-degrading proteases.

Damage-associated molecular patterns (DAMPs) released by necrotic cells and matrix fragments activate Toll-like receptor signaling in

cardiac fibroblasts. Proinflammatory cytokines (such as interleukin [IL]–1b and tumor necrosis factor [TNF]–a) released by endothelial cells,

immune cells, and cardiomyocytes and activation of reactive oxygen species (ROS) accentuate fibroblast inflammatory activity. IL-1/IL-1RI

signaling has been suggested to reduce a-smooth muscle actin (a-SMA) expression, preventing myofibroblast conversion. Cytokines and

chemokines (such as IL-1b, TNF-a, IL-6, and granulocyte/macrophage colony-stimulating factor [GM-CSF]) secreted by activated fibroblasts

may contribute to the recruitment of leukocytes, whereas protease release may promote matrix degradation. Considering that several other

cell types are capable of secreting inflammatory mediators, the relative contribution of fibroblasts is unclear. The cartoon was designed using

Servier Medical Art (https://smart.servier.com). DNA ¼ deoxyribonucleic acid; HMGB1 ¼ high-mobility group protein B1; MMP ¼ matrix

metalloproteinase; TNFR ¼ tumor necrosis factor receptor.
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TABLE 2 Cellular Origin of Fibroblasts in Myocardial Infarction

Reference # Main Conclusions of the Study
Strategies Used to Study the Cellular Origin

of Infarct Fibroblasts
Markers Used for Fibroblast

Identification

(41) Activated fibroblasts in infarcted and remodeling hearts are
derived from Tcf21þ tissue-resident fibroblasts. Endothelial
cells, myeloid cells, and smooth muscle cells do not
significantly contribute to the activated fibroblast population.

Lineage-tracing analysis using Cre drivers to study
the fate of resident cardiac fibroblasts
(Tcf21MCM), activated myofibroblasts
(PostnMCM), myeloid cells (LysMCre), endothelial
cells (Cdh5Cre), and vascular smooth muscle
cells (Myh11CreERT2).

Vimentin, PDGFRa, a-SMA, FSP1

(137) Resident Tcf21þ cardiac fibroblasts become activated and
proliferative within 2–4 days after nonreperfused infarction,
then undergo myofibroblast conversion, secreting large
amounts of ECM proteins. Finally in mature scars, fibroblasts
show reduced expression of a-SMA and express tendon
genes.

The fate of fibroblasts was studied using 3 different
lineage-tracing models: Tcf21MCM/þ (resident
cardiac fibroblasts), Postn-MCM (activated
fibroblasts), and Acta2-CreERT2 (activated
myofibroblasts).

Vimentin, a-SMA

(206) Epicardial-derived resident mesenchymal cells, not bone marrow
cells, are the main source of fibroblasts in the infarcted heart.

WT1Cre mice were used for permanent genetic
tracing of epicardium-derived cells. Mice
reconstituted with RFPþ bone marrow cells were
used to study bone marrow origin.

Collagen I, FSP1, DDR2, CD90,
a-SMA

(207) Following nonreperfused infarction, subsets of epicardium-
derived cells differentiate into fibroblasts and smooth muscle
cells.

Lineage tracing of epicardium derived cells by using
inducible WT1CreERT2 mice.

FSP1, procollagen I, collagen III,
fibronectin, a-SMA

(42) The vast majority of activated collagen-producing fibroblasts
(w96%) in nonreperfused infarcts are derived from epicardial
cells. Hematopoietic, bone marrow lineages, and endothelial
cells do not significantly contribute to the fibroblast
population.

Lineage-tracing models to label epicardial cells
(Wt1-Cre), endothelial cells (Tie2-Cre),
hematopoietic cells (Vav-Cre). Transplantation
with RFPþ bone marrow to study bone marrow
origin.

Breeding with collagen 1a1-GFP
reporter mice, a-SMA

(39) Post-infarction, 35%–40% of a-SMAþ mesenchymal cells are
derived from endothelial cells, possibly through endothelial-
to-mesenchymal transition.

The endothelial cell-specific endothelial-SCLCreERT

mouse line was used to trace endothelial cells.
a-SMA expression, Snail, FSP1,

vimentin and collagen I
mRNA expression

(208) 24% of myofibroblasts in nonreperfused myocardial infarcts
originate from bone marrow cells.

Transplantation with EGFP-tagged bone marrow, or
bone marrow from proCol1a2 gene-driven
luciferase or b-Gal reporter mice.

aSMA staining, b galactosidase
activity in pro-Col1a2-driven
chimeric mice

(40) 25% of vimentinþ fibroblasts and 57% of a-SMAþ myofibroblasts
in nonreperfused infarcts are derived from bone marrow cells.

Transplantation with bone marrow from EGFP
reporter mice to document bone marrow origin.

a-SMA, vimentin

(209) Blood-derived cells contributed to the myofibroblast population.
Treatment with G-CSF enhances recruitment of bone
marrow–derived myofibroblasts.

Transplantation of GFPþ bone marrow. Vimentin, a-SMA

(210) Gli-1þ perivascular cells contribute to the myofibroblast
population in the infarcted myocardium (approximately 60%
of activated myofibroblasts are derived from Gli1þ cells).

Lineage tracing using Gli1CreERT2 mice. Collagen I, PDGFRa, a-SMA

ECM ¼ extracellular matrix; EGFP ¼ enhanced green fluorescent protein; G-CSF ¼ granulocyte-colony stimulating factor; mRNA ¼ messenger ribonucleic acid; other abbreviations as in Table 1.
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Expans ion of act ivated fibrob lasts in the
infa rcted myocard ium. Expansion of cardiac fibro-
blasts and acquisition of a matrix-synthetic myofi-
broblast phenotype are prominent features of the
proliferative phase of infarct healing. In addition to
the abundant resident cardiac fibroblasts that can
respond to activating signals, several other cell types
have been proposed as important cellular sources for
the expanding infarct myofibroblast population.
Endothelial cells can undergo endothelial-to-
mesenchymal transition in response to growth
factor stimulation, acquiring a matrix-synthetic
phenotype. Hematopoietic fibroblast progenitors can
also contribute to the expansion of activated fibro-
blasts in injury sites. Pericytes and vascular smooth
muscle cells can undergo fibroblast conversion,
contributing to fibrotic responses. Over the past 10
years, studies combining bone marrow trans-
plantation experiments, parabiosis, and lineage
tracing strategies have attempted to explore the
cellular origin of fibroblasts in the infarcted heart
(Table 2). Although earlier investigations had sug-
gested important contributions of endothelial cells
and hematopoietic progenitors to the infarct myofi-
broblast population (39,40), recent studies using
lineage-tracing approaches with several different Cre
drivers demonstrated that resident cardiac fibroblasts
are the main source for activated myofibroblasts in
the infarcted heart, with much smaller contributions
of endothelial and hematopoietic cells (41,42). It
should be emphasized that the studies investigating
the origin of infarct myofibroblasts have several lim-
itations that may explain, at least in part, conflicting
findings (43). First, the use of nonspecific fibroblast
markers or Cre drivers with questionable specificity
may limit the reliability of the findings. For example,
some of the studies suggesting major contributions of
endothelial cells to the myofibroblast population



FIGURE 2 Fibroblasts in the Proliferative Phase of Infarct Healing

During the proliferative phase of infarct healing, fibrogenic growth factors and neurohumoral mediators trigger myofibroblast conversion and

stimulate fibroblast proliferation, migration, and activation. A wide range of fibrogenic mediators, induced during the proliferative phase of

cardiac repair, are implicated in myofibroblast activation. Neurohumoral mediators, such as angiotensin II (AngII), aldosterone, and norepi-

nephrine (NE), growth factors (transforming growth factor [TGF]-bs, fibroblast growth factors [FGFs], platelet-derived growth factors

[PDGFs]), and specialized matrix proteins, such as ED-A fibronectin and matricellular proteins cooperate to activate intracellular signaling

pathways that promote myofibroblast conversion and proliferation and modulate expression of extracellular matrix (ECM) proteins and of

genes associated with matrix metabolism. The cartoon was designed using Servier Medical Art (https://smart.servier.com). AR ¼ adrenergic

receptor; ET ¼ endothelin; MMP ¼ matrix metalloproteinase; NF ¼ nuclear factor; ROS ¼ reactive oxygen species; SMA ¼ smooth muscle

actin; TIMP ¼ tissue inhibitor of metalloproteinase.
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were based on nonspecific Cre drivers (such as the
Tie1-Cre line) (44). Identification of fibroblasts rep-
resents another major challenge due to the absence of
specific markers (Table 1). Thus, in many cases, con-
clusions regarding conversion of other lineages into
fibroblasts are based on immunofluorescence data
showing expression of nonspecific markers, such as
fibroblast-specific protein–1 or a-SMA (40,44).

Second, the timing of reperfusion may have dra-
matic effects on the fate of resident myocardial cells
and on recruitment of blood-derived progenitors,
thus altering the relative contribution of various cell
types to the expansion and activation of fibroblasts.
Early reperfusion results in accentuated and acceler-
ated leukocyte influx and could also augment infil-
tration of the infarct zone with bone marrow–derived
fibroblast progenitors. Prolonged coronary occlusion,
in contrast, may cause ischemic death of large
numbers of interstitial and vascular cells in the
infarct zone, thus reducing their relative contribution
to myofibroblast expansion.

Third, considering that all lineage-tracing studies
were performed in mouse models, there is practically
no information on the origin of myofibroblasts in
human myocardial infarction.
Myofibrob last migrat ion in the border zone of
the infarct . In the healing infarct, fibroblasts un-
dergo conversion to myofibroblasts, expressing con-
tractile proteins, such as a-SMA and the embryonic
isoform of smooth muscle myosin heavy chain, syn-
thesizing periostin, and secreting large amounts of
ECM proteins (22,45). In animal models of myocardial
infarction, myofibroblasts are localized predomi-
nantly in the border zone, forming well-organized
arrays (46). Fibroblast migration to the infarct
border zone may be mediated by growth factors, such
as TGF-b and fibroblast growth factors (FGFs) (47,48),
and by proinflammatory cytokines, such as IL-1b, tu-
mor necrosis factor–a, and cardiotrophin-1 (27,49). It
has also been suggested that chemokines, such as
monocyte chemoattractant protein–1/C-C motif che-
mokine ligand 2, may promote the migration of bone
marrow–derived fibroblast progenitors in injured tis-
sues. Considering the robust evidence documenting
no significant contribution of hematopoietic cells on
infarct fibroblast populations (42), the potential sig-
nificance of this mechanism is unclear. C-C motif
chemokine ligand 2 may contribute to fibrosis
through recruitment and activation of fibrogenic
monocytes and macrophages (50,51) rather than
through recruitment of circulating fibroblast pro-
genitors or modulation of fibroblast function. A
recently published investigation identified a sub-
population of atypical monocytes with a critical
contribution in bleomycin-induced pulmonary
fibrosis (52). Whether fibrogenic monocyte subsets
with distinct phenotypic profiles are recruited in
remodeling hearts has not been investigated. Other
members of the chemokine family, such as the CXC
chemokine interferon-g–inducible protein–10/
CXCL10, may inhibit fibroblast migration, serving as
an endogenous inhibitory signal that restrains the
fibrotic response following injury (53,54).

Fibroblast migration is dependent on the contin-
uous formation and disruption of adhesive in-
teractions between fibroblast surface proteins and the
surrounding cardiac ECM. Migration involves well-
orchestrated activation of integrins on cardiac fibro-
blast cytoplasmic membrane (55), linked with the
production of proteases that degrade the matrix (56)
and expression of specialized matrix proteins that
locally activate or transduce growth factor–mediated
signals (57).
The effects of neurohumora l pathways on
act ivat ion of infarct myofibroblasts . After
migrating to the infarct border zone, fibroblasts ac-
quire a proliferative matrix-synthetic phenotype
through the local induction of fibrogenic mediators
(Figure 2). Neurohumoral pathways are critically
implicated in regulation of fibroblast function
following myocardial infarction. Potent activation of
the renin-angiotensin-aldosterone system in infarcted
hearts (58) stimulates myofibroblast conversion, pro-
liferation, and ECM protein synthesis both through
direct actions, and via induction of TGF-b (59,60). The
fibrogenic actions of angiotensin II are mediated pre-
dominantly through engagement of the angiotensin
type 1 (AT1) receptor (61–64). In contrast, the AT2 re-
ceptor may exert inhibitory functions, suppressing
fibroblast proliferation and ECM synthesis (65), and
has been suggested to restrain profibrotic signaling
(66). Although extensive in vivo evidence supports the
profibrotic actions of AT1 signaling in experimental
models of myocardial infarction (67), to what extent
the prosurvival effects of angiotensin-converting
enzyme inhibition and AT1 blockade in patients with
acute myocardial infarction are mediated through
attenuation of angiotensin-induced fibrosis remains
unknown.

Both animal model studies and investigations in
human patients suggest that aldosterone contributes
to myocardial fibrosis (68). Mineralocorticoid recep-
tor inhibition attenuated fibrosis in experimental
models of nonreperfused myocardial infarction (69)
and reduced levels of biomarkers reflecting collagen
synthesis in patients with acute myocardial infarction
(70). The cellular basis for these effects remains un-
clear. Aldosterone-mediated signaling has been
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suggested to modulate the phenotype of all cells
involved in cardiac repair, driving macrophages to-
ward a fibrogenic phenotype (71), activating T cells
(72), inducing cardiomyocyte-derived fibrogenic sig-
nals (73), and directly stimulating fibroblast prolifer-
ation and collagen synthesis (74,75).

The adrenergic system is also prominently acti-
vated following myocardial infarction. Stimulation of
b2-adrenergic receptor signaling directly stimulates
proliferation of cardiac fibroblasts through effects
that may involve p38 mitogen-activated protein
kinase (MAPK) signaling (76–78). Chronic pharmaco-
logical stimulation or transgenic overexpression of b-
adrenergic receptor causes myocardial fibrosis (79);
whether fibrotic remodeling is due to direct activation
of fibroblasts or reflects reparative fibrosis in
response to cardiomyocyte death remains unknown.
Activation of G protein-coupled receptor kinase 2 in
cardiac fibroblasts may transduce, at least in part, the
fibrogenic actions of b-adrenergic receptors in the
infarcted myocardium (80,81).
The ro le of TGF-bs in fibrob last act ivat ion . The
fibrogenic growth factor TGF-b is a central mediator
in myofibroblast conversion following myocardial
infarction. All 3 TGF-b isoforms are markedly up-
regulated in the infarcted heart; TGF-b1 and TGF-b2
are induced earlier, whereas TGF-b3 exhibits a late
peak and a prolonged time course of expression (82).
Whether TGF-b isoforms play distinct roles following
infarction remains unknown. Most myocardial cell
types are capable of secreting TGF-b as an inactive
complex bound to the latency-associated peptide
(forming the small latent complex), and latent TGF-b-
binding protein (forming the large latent complex).
Several mediators, including ROS, cell surface integ-
rins, proteases, and matricellular proteins (such as
thrombospondin-1), have been implicated in genera-
tion of active TGF-b in the healing infarct (83–87). The
active TGF-b dimer binds and sequentially trans-
phosphorylates type II and type I TGF-b receptors,
activating downstream canonical signaling pathways
through receptor-activated Smad proteins (R-Smads-
Smad2/3) and Smad-independent pathways (88).
Both Smad-dependent and non-Smad pathways have
been implicated in a-SMA and ECM protein up-
regulation, triggering myofibroblast conversion and
activation in healing myocardial infarction (89). In
the infarcted heart, activation of Smad3-dependent
signaling in cardiac fibroblasts plays a crucial role in
formation of well-organized fibroblast arrays in the
infarct border zone by inducing integrin expression
(90).
Endothel in-1 . The endothelium-derived peptide
endothelin-1 is a potent vasoconstrictor but has also
been reported to exert fibroblast-activating effects.
Endothelin-1 secreted by TGF-b- or angiotensin II–
stimulated endothelial cells may stimulate fibroblast
proliferation, myofibroblast conversion, and ECM
synthesis through activation of the endothelin-A re-
ceptor and downstream Rac/PI3K/Akt signaling
pathways (91). In vivo, cardiac-specific endothelin-1
overexpression caused myocardial fibrosis associated
with biventricular systolic and diastolic dysfunction
(92), whereas endothelin antagonism attenuated
adverse fibrotic remodeling following myocardial
infarction (93).
The role of FGFs and platelet-derived growth
factors in the activation of infarct fibroblasts.
FGF2 may stimulate a proliferative phenotype in
infarct fibroblasts through activation of p38 MAPK
and protein kinase Cd signaling pathways (94).
In vivo, FGF2-knockout mice had reduced prolifera-
tion of infarct fibroblasts, associated with decreased
ECM synthesis. These defects resulted in impaired
scar formation and infarct expansion. In contrast,
FGF2 overexpression increased fibroblast prolifera-
tion and accentuated ECM deposition (95). PDGFs and
PDGF receptors (PDGFRs) are also overexpressed in
the infarcted myocardium and may play role in
regulation of fibroblast function (96). Activation of
PDGFRa signaling may promote fibroblast activation;
in contrast, PDGFRb actions are important for matu-
ration of the infarct vasculature. In vitro, PDGF-AA
potently stimulates cardiac fibroblast proliferation
and ECM protein synthesis (97). In vivo, PDGFRa and
PDGFRb neutralization reduced collagen deposition
in reperfused myocardial infarcts (96); however,
PDGFRb inhibition also prevented the recruitment of
mural cells by infarct neovessels, perturbing matu-
ration of the infarct vasculature (96).
The ro le of spec ia l i zed ECM prote ins in the
regulat ion of infarct fibroblast phenotype.
Tissue injury is associated with induction of special-
ized matricellular proteins that do not play a primary
structural role but regulate cellular responses by
transducing or modulating signaling cascades. Fi-
broblasts are important cellular targets of specialized
ECM proteins. The ED-A domain of fibronectin plays
an important role in conversion of fibroblasts into
myofibroblasts (98–100). Moreover, several matricel-
lular macromolecules, including thrombospondins
(87), osteopontin (101), tenascin-C (102), secreted
protein acidic and rich in cysteine (103), periostin
(104), and osteoglycin (105), have been implicated in
activation of myofibroblasts in healing infarcts. Non-
fibrillar collagens, such as collagen VI, are also
involved in the activation of a myofibroblast pheno-
type following myocardial infarction (106). Most
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specialized matrix proteins act by binding to fibro-
blast surface molecules, such as integrins and syn-
decans, or by modulating activity of growth factors
and proteases.
Int race l lu la r molecular pathways involved in
fibroblast act ivat ion . In the healing infarct, in-
duction of fibrogenic stimuli, such as damage-
associated molecular patterns, cytokines and growth
factors, neurohumoral mediators, and matricellular
proteins cooperate to stimulate intracellular cascades
involved in myofibroblast conversion, migration,
proliferation, and induction of a matrix-synthetic
transcriptional program (107). Experimental studies
have identified several essential intracellular path-
ways that contribute to fibroblast activation.

The ROS system acts as a common effector of many
fibrogenic signals (108). Angiotensin II activates
downstream ROS-sensitive kinases (109) and stimu-
lates collagen synthesis through ROS generation
(110). Aldosterone-induced fibroblast activation is
mediated, at least in part, through oxidative stress
(111). Moreover, extensive evidence suggests that ROS
mediate the fibrogenic actions of TGF-b and critically
regulate matrix metabolism by modulating synthesis
and activity of proteases involved in ECM degrada-
tion (112).

Ca2þ oscillations have also been implicated in the
regulation of fibroblast phenotype and function (113).
Angiotensin II or TGF-b may induce fibrogenic ac-
tions, at least in part through activation of members
of the transient receptor potential (TRP) family of
cationic channels. In cardiac fibroblasts, the calcium
channel TRPC6 has been implicated in myofibroblast
conversion by activating a calcineurin–nuclear factor
of activated T cells cascade (114,115).

MAPKs exhibit a broad range of functions in many
different cellular responses, including cell prolifera-
tion, survival, migration, and differentiation. Both
in vitro and in vivo studies suggest an important role
for MAPK signaling pathways in fibroblast activation.
Fibroblast-specific loss-of-function approaches sug-
gested that activation of p38a MAPK, the major iso-
form expressed in cardiac fibroblasts (116), promotes
myofibroblast conversion following infarction
through activation of the transcription factor serum
response factor and the signaling effector calcineurin
(78,117). The serum response factor/myocardin-
related transcription factor (MRTF) axis plays a
dominant role in regulation of a-SMA transcription
and subsequent myofibroblast conversion (118,119).
In vivo, mice with global loss of MRTF-A had atten-
uated fibrosis following myocardial infarction (120).
Whether these observations reflect abrogation of
MRTF-dependent effects on fibroblasts remains
unclear, considering that MRTF-A may also modulate
cardiomyocyte and vascular cell phenotype and
function (121,122).

Noncoding r ibonuc le i c ac ids in regulat ion of
infarct fibroblasts . A growing body of evidence
demonstrates that noncoding ribonucleic acids
(RNAs), including small noncoding microRNA (miR-
NAs) and long noncoding RNA (lncRNA), may be
implicated in the regulation of fibroblast activity in
the infarcted heart (123,124). MiRNAs may act by
modulating several profibrotic target pathways,
including the TGF-b/Smad system, angiotensin II/
MAPK signaling, the RhoA/Rho-associated coiled-coil
containing kinase (ROCK) cascade, the MRTF/serum
response factor axis, and the cationic channels regu-
lating calcium responses (125). Several miRNAs, such
as miR-29 and miR-101, function as negative regula-
tors of cardiac fibroblasts; repression of these miRNAs
by fibrogenic stimuli, such as TGF-b, may activate a
fibrogenic program in response to infarction (126,127).
Members of the miR-15 family have also been sug-
gested to exert antifibrotic actions by inhibiting the
TGF-b pathway (128). In contrast to other antifibrotic
miRNAs, miR-15 is up-regulated following cardiac
injury and may play a role in restraining the fibrotic
response.

Other miRNAs may function as activators of the
fibrogenic cascade, promoting myofibroblast conver-
sion and activation in the infarcted heart. MiR-21 is
markedly induced in infarct fibroblasts (129) and may
exert fibrogenic actions by stimulating MAPK activa-
tion in cardiac fibroblasts (130) or by targeting the
TGF-b cascade (131). In addition to its effects on the
fibrotic response, fibroblast-derived miR-21, pack-
aged into exosomes, may exert paracrine effects on
cardiomyocyte hypertrophy and immune cell activa-
tion (132).

Evidence on the role on lncRNAs in fibroblast
activation following infarction is limited (133). Wisp2
superenhancer–associated RNA, a cardiac fibroblast–
enriched lncRNA, has been implicated in fibroblast
proliferation, activation, and survival following
myocardial infarction (134). The species specificity of
lncRNAs (only 15% of mouse lncRNAs are expressed
in humans and vice versa) is a major limiting factor in
the use of animal models to understand their role in
human diseases (135).

FIBROBLASTS IN SCAR MATURATION. In healing
infarcts, secretion of structural ECM proteins by
activated myofibroblasts is followed by induction of
matrix crosslinking enzymes that contribute to scar
maturation. As the scar matures, the density of acti-
vated myofibroblasts is dramatically reduced (45).



FIGURE 3 The Phenotypic Heterogeneity of Cardiac Fibroblast Populations May Explain Their Functional Diversity in Injured and

Remodeling Hearts

In the pressure-overloaded myocardium, mechanical stress activates mechanosensitive signaling pathways in cardiac fibroblasts that may

involve integrins (ITGs) and stress-activated ion channels (such as transient receptor potential [TRP] channels). Traditional views consider the

fibroblasts as matrix-producing cells that secrete large amounts of fibrillar and nonfibrillar collagens, increasing extracellular matrix (ECM)

deposition and promoting fibrosis and diastolic dysfunction. However, recent evidence challenges this unidimensional view of fibroblasts,

suggesting that they may also play protective roles, by preserving the ECM, thus preventing generation of proinflammatory matrix frag-

ments and by transducing prosurvival cascades in cardiomyocytes. Secretion of matricellular proteins that bind to the structural components

of the ECM and modulate signaling responses and release of micro–ribonucleic acid (miRNA)–containing exosomes that may modulate car-

diomyocyte responses represent major additional mechanisms implicated in fibroblast actions. The diverse effects of fibroblasts in vivo may

reflect their phenotypic heterogeneity, as different fibroblast subsets may exert distinct actions. MMP ¼ matrix metalloproteinase; TIMP ¼
tissue inhibitor of metalloproteinase.
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Depletion of myofibroblasts from the mature scar may
reflect apoptosis of fibroblasts (136) or loss of a-SMA
expression and acquisition of a distinct fibroblast
phenotype, characterized by high expression of
tendon genes (137). The molecular signals responsible
for apoptosis, or deactivation of scar myofibroblasts
remain unknown.

CHRONIC ACTIVATION OF FIBROBLASTS IN THE

REMODELING NONINFARCTED MYOCARDIUM. As
the infarcted heart heals, the surviving myocardium
exhibits chronic remodeling, associated with car-
diomyocyte hypertrophy and interstitial fibrotic
changes. Increased wall stress in noninfarcted
myocardial segments may activate interstitial fibro-
blasts, promoting a matrix-synthetic phenotype and
contributing to segmental dysfunction. Although
chronic fibrotic changes have been reported in
remodeling noninfarcted segments, and some studies
have suggested persistence of myofibroblasts for
many years in patients surviving an acute infarction
(138), the relative contribution of chronic fibroblast
activation in the pathogenesis of post-infarction heart
failure remains unknown.
THE FIBROBLASTS IN THE

PRESSURE-OVERLOADED MYOCARDIUM

Increased afterload is a common pathophysiologic
companion of many cardiac pathologic conditions,
including hypertensive heart disease and aortic ste-
nosis. A pressure load imposes mechanical stress on
all myocardial cells and triggers a series of molecular
events leading to hypertrophic and fibrotic ventricu-
lar remodeling and ultimately heart failure (139).
Expansion of resident cardiac fibroblast populations
is a prominent characteristic of cardiac pressure
overload (140,141) and is associated with activation of
a matrix-synthetic program and subsequent deposi-
tion of collagens in interstitial and perivascular areas.
Neurohumoral activation has been critically impli-
cated in pressure overload–induced cardiac fibrosis.
Angiotensin II–mediated AT1 activation mediates
interstitial fibrosis in models of left ventricular pres-
sure overload (142), through direct actions and via
induction of inflammatory cytokines and growth
factors. Although fibrogenic actions of pro-
inflammatory cytokines, such as tumor necrosis
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factor–a and IL-6, have been reported in pressure-
overload models, whether these effects involve
direct modulation of fibroblast phenotype or reflect
indirect actions on macrophages or cardiomyocytes
remains unknown (143,144). Moreover, TGF-b-driven
activation of Smad-dependent signaling has been
implicated in fibroblast activation in the pressure-
overloaded heart (145).

Considering that mechanical stress is the primary
insult in the pressure-overloaded myocardium, acti-
vation of mechanosensitive signaling pathways in
cardiac fibroblasts may be the critical initial event
involved in the pathogenesis of interstitial fibrosis.
The focal adhesion-integrin complex is a primary
mechanosensor in fibroblasts and transduces molec-
ular signals that promote ECM gene transcription and
myofibroblast conversion (146). Focal adhesion ki-
nase (FAK) is a critical molecular link between me-
chanical stress and fibroblast activation. In vitro, FAK
activation has been demonstrated to mediate
mechanosensitive or growth factor–induced myofi-
broblast conversion (147–149). In vivo, FAK knock-
down attenuated fibrotic changes in a model of
cardiac pressure overload (150). However, consid-
ering the broad effects of FAK activation on car-
diomyocytes and vascular and interstitial cells, the
cellular basis for these effects is unclear. Evidence
documenting the role of fibroblast-specific FAK acti-
vation in cardiac fibrosis is lacking.

Mechanosensitive ion channels have also been
implicated in pressure overload–induced fibroblast
activation (146). TRPC3 and TRPV4 have been impli-
cated in myofibroblast conversion in response to me-
chanical stress or to growth factor stimulation (151,152).
A recent study demonstrated a critical role for
fibroblast-specific activation of the TWIK-related po-
tassium channel in the activation of a fibrogenic
response in the pressure-overloaded myocardium (153).

Mechanosensitive or neurohumoral activation of
the small GTP-binding protein RhoA may also play an
important role in fibroblast proliferation and activa-
tion following pressure overload, signaling through
the ROCKs, ROCK1 and ROCK2 (154,155). In an
experimental model of cardiac pressure overload,
pharmacological inhibition of the RhoA-ROCK
pathway attenuated fibrosis (156). Fibroblast-specific
ROCK2 signaling has been suggested to mediate
angiotensin II–mediated fibrosis, through induction
of FGF2 and of the matricellular protein CCN2 (157). In
addition to the direct fibrogenic actions of mechano-
sensitive signaling pathways, pressure overload may
activate fibroblasts indirectly, through mechanical
stress–induced actions on cardiomyocytes, T lym-
phocytes, or macrophages (158,159).
It should be emphasized that the contribution of
fibroblasts in the pressure-overloaded myocardium is
not limited to synthesis of ECM proteins and subse-
quent increase in ventricular stiffness. Activated fi-
broblasts may function as potent modulators of
cardiomyocyte prosurvival and hypertrophic re-
sponses by secreting growth factors or through the
release of miRNA-containing exosomes (160,161).
Recent work suggested that TGF-b/Smad–dependent
matrix-preserving actions of activated myofibroblasts
prevent the generation of proinflammatory ECM
fragments and play a critical role in protection of the
pressure-overloaded myocardium from inflammation
and systolic dysfunction (162). Thus, activated fibro-
blasts in the pressure-overloaded heart are not uni-
dimensional cells that mediate fibrosis and
dysfunction but may also exert protective actions
preventing myocardial injury (Figure 3). Whether the
diverse actions of fibroblasts in the remodeling
myocardium are mediated through distinct fibroblast
subpopulations remains unknown.

FIBROBLASTS IN THE

VOLUME-OVERLOADED HEART

Conditions associated with volume overload, such as
severe aortic or mitral valve regurgitation, are asso-
ciated with marked ventricular dilation and progres-
sive systolic dysfunction. Studies in experimental
models of chordal rupture–induced mitral regurgita-
tion in the dog (163,164) and of aortocaval fistula in
the rat (165,166) suggest that volume overload causes
unique interstitial perturbations that may contribute
to adverse remodeling. In contrast to the marked
increase in collagen deposition noted in pressure-
overloaded hearts, the volume-overloaded myocar-
dium exhibits a marked loss of interstitial collagen
associated with increased MMP expression (163,164),
reduced collagen synthesis (167), and accentuated
collagen degradation (166,168). The matrix-degrading
phenotype of interstitial cells in volume-overloaded
hearts has been attributed to release of
cardiomyocyte-derived TNF-a (165) or to down-
modulation of TGF-b signaling (163). Whether these
changes reflect perturbations of fibroblast phenotype
and function in response to volume overload-induced
stretch remains unknown.

FIBROBLAST ACTIVATION IN THE AGING AND

DIABETIC HEART

Aging, diabetes, obesity, and metabolic dysfunction
are associated with progressive interstitial and
perivascular fibrosis that may contribute to the
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pathogenesis of heart failure with preserved ejection
fraction (5,169–173). In contrast to the rapid accumu-
lation of a-SMA-expressing myofibroblasts in models
of acute cardiac injury, diabetes and aging do not
typically trigger myofibroblast conversion but may
cause induction of a matrix-preserving program in
cardiac interstitial cells (174). The cellular events and
molecular mechanisms mediating fibrosis in senes-
cent and diabetic hearts remain poorly understood. In
aging hearts, fibroblast activation may involve the
cooperation of several distinct pathways, including
age-associated induction of the ROS system, activa-
tion of neurohumoral mediators, and stimulation of
cytokine and TGF-b-mediated responses (175). In
diabetic subjects, in contrast, hyperglycemia may
result in accumulation of advanced glycation end-
products that crosslink the cardiac ECM, while
directly activating fibroblasts by triggering receptor
for advanced glycation end-product–mediated
signals (176) and accentuating age-associated
changes. Diabetes-associated induction of
matricellular proteins, such as thrombospondin-1,
may also promote fibrosis by activating growth
factor–dependent signaling in cardiac fibroblasts
(177). Fibroblast activation in diabetic hearts may
also reflect microvascular inflammation or resident
macrophage stimulation and subsequent secretion
of fibrogenic signals (5,178). It should be emphasized
that although aging is associated with increased
basal interstitial and perivascular collagen
deposition, senescent animals exhibit perturbed
fibroblast responses following injury, associated
with blunted activation of growth factor signaling
pathways (179).
CONCLUSIONS AND FUTURE DIRECTIONS

Expansion and activation of resident fibroblast pop-
ulations play an important role in repair and remod-
eling of the injured heart and are implicated in the
pathogenesis of systolic and diastolic dysfunction in
chronic heart failure. Emerging evidence suggests
that activated fibroblasts are not unidimensional
matrix-producing cells but exhibit a wide range of
phenotypes and may regulate inflammatory, hyper-
trophic, and prosurvival responses. Several important
questions remain to be answered. Does the diversity
of functional effects of cardiac fibroblasts in the
remodeling heart reflect actions of distinct fibroblast
subpopulations? If so, what are the phenotypic char-
acteristics, origin, and fate of these fibroblast subsets?
Does the functional pluralism of fibroblasts reflect
their high responsiveness to changes in their micro-
environment? Which molecular signals and environ-
mental cues drive the dramatic phenotypic changes of
cardiac fibroblasts in remodeling hearts? Do cell bio-
logical processes documented in mouse models
recapitulate the phenotypic changes of fibroblasts in
human hearts? Answering these questions is critical
in order to design novel therapeutic approaches for
patients with heart failure.
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Q4 Vital Signs
Can Machine Learning Protect Patients From the
Machinery of Modern Medicine?
Douglas L. Mann, MD, Editor-in-Chief: JACC: Basic to Translational Science
While I sleep I have no fear, nor hope, nor
trouble, nor glory. God bless the inventor of
sleep, the cloak that covers all man’s thoughts,
the food that cures all hunger, the water that
quenches all thirst, the fire that warms the cold,
the cold that cools the heart; the common coin, in
short, that can purchase all things, the balancing
weight that levels the shepherd with the king,
and the simple with the wise.

—Miguel de Cervantes (1)
I recently had the opportunity to engage the
American health care system as an inpatient.
Although I am exceedingly grateful to all of my

health care providers (including the well-meaning
resident who decided that I required a blood transfu-
sion at 5 AM) for the excellent care that I received in
the hospital, I must confess that being awakened
for vital signs every 4 h reminded me of the sleep
deprivation technique (tormentum vigilae [waking
torture]) used by the Romans to extract information
from their enemies. My inpatient experience
evoked a number of memories about being sleep
deprived as a resident, which in turn made me
curious about the origin of q4 vital signs: surely there
must be a logical medical explanation for why we
sleep deprive inpatients by waking them up every
4 h.

Although collecting vital signs every 4 h has been
practiced in hospitalized patients since 1893, the ev-
idence base that supports the clinical utility of this
practice is scant (2,3). A recent systematic review of
ISSN 2452-302X
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the literature concluded that “There are suggestions
that vital sign monitoring has become a routine pro-
cedure, but little useful information was identified in
regard to the optimal frequency of vital sign mea-
surement. It was noted that many of the important
issues related to vital sign measurement have not
been investigated through research” (4). In contrast
to the paucity of evidence that supports the need for
frequent vital signs, there is large body of evidence
that shows that poor sleep quality in hospitalized
patients can lead to impaired immune responses,
hypertension, increased pain sensitivity, changes in
metabolic and endocrine regulation, and increased
delirium (5). Sleep deprivation has also been linked to
the post-hospitalization syndrome, which has been
implicated as a cause for 30-day readmissions (6).
While there are a number of reasons why hospitalized
patients are sleep deprived, checking vital signs is the
most important factor that contributes to sleep frag-
mentation (7).

Given that there are multiple reasons for sleep
deprivation in hospitalized patients, it is unlikely that
there is a simple fix. This statement notwithstanding,
the advent of wearable sensors that can monitor vital
signs and that can be coupled with either track and
trigger systems or with supervised machine learning–
based prediction models will likely have a significant
impact on how hospitalized patients are monitored in
the future. A recent prospective study showed that a
modified track and trigger system (Modified Early
Warning Score) was able to identify a low-risk subset
of patients who had significantly fewer adverse
events than high-risk patients, suggesting that the
frequency of nighttime vital signs could be reduced
for low-risk inpatients (2). The U.S. Food and Drug
Administration (FDA) has approved a wireless device
(ViSi Mobile, Sotera Wireless, San Diego, California)
for monitoring the vital signs of inpatients including
https://doi.org/10.1016/j.jacbts.2019.05.002
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blood pressure, heart rate, 3- or 5-lead electrocardio-
grams, functional oxygen saturation, respiratory rate,
and skin temperature (8), thereby allowing health
care providers to review real-time transmissions of a
complete panel of vital signs, regardless of whether
the patient is in bed or is ambulatory. Currently the
ViSi Mobile device requires interfacing with a track
and trigger monitoring system. The FDA has also
approved an artificial intelligence–enabled wearable
device (Current, Current Health, Edinburgh, Scot-
land) for inpatients and outpatients that monitors
everything except blood pressure (9). The Current
also allows health care providers to monitor a pa-
tient’s vital signs in real time, with the added benefit
that their artificial intelligence algorithms may, in
the future, be able to predict which patients are
more likely to deteriorate clinically in the immediate
future. Although the FDA and other regulatory
agencies have not established benchmarks for the
predictive accuracy of machine learning algorithms,
it is noteworthy that a recent study by Google
(Menlo Park, California), in which they obtained
deidentified data from 216,221 adults, showed that
deep learning models were able to predict in-
hospital mortality with an area under the receiver
operator curve of 0.93 to 0.94 and 30-day unplanned
readmission with an area under the receiver operator
curve of 75 to 0.76. Remarkably, these models out-
performed the traditional clinically used predictive
models (10).
Q4 NO MORE?

Despite decades of research detailing the deleterious
effects of sleep deprivation in hospitalized patients,
surprisingly few changes have been made by health
care systems to remedy this problem. With the advent
of wearable technologies that can reliably monitor
vital signs, as well as the advent of machine learning
algorithms that can accurately predict clinical events
based on data in the electronic health record, there is
no reason technically why these types of machine
learning algorithms cannot be used to predict real-
time clinical events in hospitalized patients based
on data from wearable devices. As with any high-
tech–low-touch approach, artificial intelligence has
the potential to further remove patients from the
human connection that they have with their health
care providers. The question is whether this is
something we should lose sleep over—and if so, how
much? As always, we welcome your thoughts about
the impact of machine learning on health care, either
through social media (#JACC:BTS; #Q4NoMore) or by
e-mail (jaccbts@acc.org).
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