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COMMENT

CARD9: key player or bystander in cardiac remodeling under
hypertension?
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N-terminal caspase recruitment domain family member 9
(CARD9) was proposed by Bertin et al. in 2000 to function
as an activation domain that mediates homophilic interac-
tions with an upstream CARD-containing activator of
nuclear factor κB (NF-κB), and CARD9 binds to B-cell
lymphoma/leukemia 10 (BCL10) and activates NF-κB sig-
naling [1]. CARD9 was subsequently identified by a Ger-
man group in 2006 as a key transducer of Dectin-1
signaling, which is the major mammalian pattern recogni-
tion receptor for the fungal component zymosan [2].
CARD9 controls Dectin-1-mediated myeloid cell activation,
cytokine production, and innate antifungal immunity. In
2007, researchers from The M.D. Anderson Cancer Center
generated CARD9 homozygous knockout mice and
demonstrated that CARD9-deficient macrophages had
defects in the activation of the kinases p38 and JNK but not
NF-κB after bacterial or viral infection [3]. CARD9-
deficient mice also failed to clear infection and showed
altered cytokine production after challenge with Listeria
monocytogenes. Therefore, there has been a consensus that
CARD9 plays an indispensable role in innate immune
responses to intracellular pathogens and in regulating sev-
eral key cytokines [4].
In addition to fungal infection, CARD9 is also involved in
tuberculosis infection. A decade ago, Dorhoi et al. reported
that CARD9(−/−) mice succumbed early after aerosol
infection, with increased mycobacterial burden, pyo-
granulomatous pneumonia, accelerated granulocyte
recruitment, and increased abundance of proinflammatory
cytokines in the serum and lungs [5]. CARD9 deficiency
had no apparent effect on T cell responses but had a marked

impact on the hematopoietic compartment. CARD9(−/−)
granulocytes failed to produce IL-10 after Mycobacterium
tuberculosis infection, suggesting that the absence of an
anti-inflammatory feedback loop accounted for the
granulocyte-dominated pathology, uncontrolled bacterial
replication, and, ultimately, death of infected CARD9(−/−)
mice and indicating a pivotal role of CARD9 signaling in
the autonomous innate host defense against tuberculosis [5].
The same research group also identified the CARD9-
BCL10 module as an essential component of the RIG-I-
dependent proinflammatory response and established RIG-I
as a sensor for activating inflammasomes in response to
certain RNA viruses [6]. Indeed, evidence has shown that
human CARD9 deficiency results in selective defects in the
host defense against invasive fungal infection and impaired
neutrophil killing [7].

However, one may wonder why and how CARD9, a
signaling molecule that is essential for bacterial and viral
pathogen infection, would significantly affect the cardiac
remodeling process and heart function. This issue was first
addressed by Ren et al. in 2011, who reported evidence
suggesting that CARD9 played an important role in reg-
ulating cardiac inflammation and fibrosis in response to
elevated angiotensin II (Ang II) [8]. That group found that
wild-type mice that received Ang II infusion (1500 ng/kg/
min for 7 days) had a marked increase in CARD9(+)
macrophages in the heart, whereas CARD9(−/−) mice
showed significantly suppressed macrophage infiltration
and expression of proinflammatory cytokines, including
interleukin-1β (IL-1β) and connective tissue growth factor,
along with diminished cardiac fibrosis markers. Ang II-
induced activation of NF-κB, JNK, and p38 mitogen-
activated protein kinase was reduced in CARD9(−/−)
macrophages [8].

In this context, in the current issue of Hypertension
Research, Peterson et al. from the University of Wyoming
[9] demonstrated a role of CARD9 in pressure overload-
induced pathological cardiac remodeling and dysfunction
by means of CARD9-knockout mice subjected to transverse
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aortic constriction (TAC). This experienced investigative
team has focused on CARD9 in various cardiovascular
diseases, although the current work is the first report on the
role of CARD9 in hypertension-related cardiac remodeling.
Although cardiomyocyte contractility was modified in car-
diomyocytes isolated from CARD9-knockout mice,
CARD9 was not expressed in cardiomyocytes. Therefore,
the observed detrimental effects of CARD9 on the myo-
cardium were likely mediated by its expression in immune
cells, particularly macrophages, residing in or infiltrating
the myocardium. Another interesting finding of this study is
that the fibrotic areas were reduced in CARD9-knockout
hearts even under nonstressed control conditions [9], indi-
cating that mild fibrosis may develop with the aging pro-
cess, and/or resident immune cells expressing CARD9 were
present in the myocardium even under nonstressed condi-
tions and that CARD9 may be involved in the maintenance
of collagen turnover in healthy hearts.

It is notable that this research group has previously
demonstrated that CARD9-mediated proinflammatory sig-
naling associated with obesity resulting from chronic intake
of a high-fat diet (HFD, 45% fat for 5 months) [10].
CARD9 knockout alleviated HFD-induced insulin resis-
tance and glucose intolerance and prevented myocardial
dysfunction with preserved cardiac ejection fraction
(HFpEF) and cardiomyocyte contractile properties. The loss
of CARD9 also significantly decreased the number of
infiltrating macrophages in the heart and reduced myo-
cardium-, plasma-, and macrophage-derived cytokines (i.e.,
IL-6, IL-1β, and TNFα) and restored cardiac autophagy
signaling [10]. This group proposed that systemic inflam-
mation induced macrophage infiltration and activation and
the release of cytokines and chemokines, causing a vicious
cycle of tissue dysfunction via a positive feedback loop that
was CARD9-dependent [11]. Another recent study from
these researchers demonstrated that CARD9 knockout
protected against myocardial ischemia/reperfusion (I/R)
injury by reducing neutrophil infiltration and attenuating
CARD9-associated acute inflammatory signaling [12].
Following I/R, CARD9-knockout mice had significantly
smaller infarct size and lower numbers of infiltrated neu-
trophils than wild-type controls.

Interestingly, in contrast, a recent paper reported that
CARD9 protected cardiomyocytes from apoptosis by
interacting with Apaf-1 and interfering with apoptosome
formation following myocardial I/R injury in vivo and
in vitro [13]. These researchers showed that the loss of
CARD9 significantly increased caspase-3 activation and
cell death following oxidative stress in vitro and that
CARD9 overexpression decreased apoptosis by suppressing
caspase-3 activation. CARD9 also attenuated caspase-9
activation by interacting with Apaf-1 via its CARD domain.
CARD9(−/−) mice exhibited significantly higher numbers

of apoptotic cells after myocardial I/R injury than wild-type
mice. Conversely, these new discrepant results undoubtedly
add more complexity and confusion regarding the opposing
protective or detrimental roles of CARD9 in cardiac dis-
eases proposed by various groups [9, 12, 13].

Another Dutch/German study evaluated whether hema-
topoietic deletion of Dectin-2 or CARD9 reduced inflam-
mation and atherosclerosis development [14]. Low-density
lipoprotein receptor-knockout mice were transplanted with
bone marrow from wild-type, Dectin-2-, or CARD9-
knockout mice and fed a Western diet for 10 weeks.
Hematopoietic deletion of CARD9 did not influence plasma
triglyceride and cholesterol levels. Unexpectedly, hemato-
poietic deletion of CARD9 increased atherosclerotic lesion
formation and lesion severity without affecting the circu-
lating immune cell composition or peripheral cytokine
secretion. These results suggested that the presence of
CARD9 protected against the initiation of atherosclerosis
development.

The relevance of the TAC model to hypertensive heart
disease is also debatable, since there was no increase in
peripheral blood pressure in the TAC model in the present
study. However, the TAC rodent model was developed in
several U.S. laboratories around the year 1994 [15, 16] and
has gained popularity around the world as an experimental
tool for studying the response of the heart to the increased
afterload that commonly occurs during chronic hyperten-
sion. Other reasonable concerns may include critiques of the
imperfect experimental model using global CARD9-
knockout mice. However, considering that there are no
specific chemical inhibitors or activators of CARD9 cur-
rently available, the use of CARD9-knockout mice remains
useful, if not the only tool to investigate the cause-effect
relationship between CARD9 and cardiovascular patholo-
gies such as hypertension and cardiac remodeling. Peterson
et al. used CARD9−/− breeders originally generated by
Xin Lin’s group in 2007 [3]. CARD9 was mainly expressed
in macrophages and myeloid dendritic cells and in organs
abundant in myeloid cells such as the thymus, spleen, bone
marrow, lungs, and lymph nodes. The degree of expression
of CARD9 in regular mouse myeloid cells could potentially
support a role for CARD9 in TAC-induced cardiac mala-
daptation. Although it is uncertain whether increased
expression of CARD9 is sufficient to cause TAC-related
abnormalities, this study presented evidence suggesting that
CARD9 is necessary for pathological cardiac remodeling in
response to the increased cardiac afterload induced by TAC.
Alternative models such as bone marrow transplantation
and cardiac-specific knockout of CARD9 may be helpful.
However, these models cannot overcome the fact that
CARD9 expression in the myocardium is limited to resident
and infiltrating myeloid cells, and CARD9 is not expressed
by cardiomyocytes.
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In conclusion, the present study by Peterson et al. [9] has
provided another solid piece of evidence indicating that
CARD9 is likely a key player and not a bystander in cardiac
remodeling under hypertension (summarized in Fig. 1).
However, the exact mechanism of the mediators of
blood–heart cell communication and signal transduction
remain to be further elucidated in the future. CARD9 may
eventually become a valid target for pharmaceutical devel-
opment in finding better drugs to treat cardiovascular
diseases.
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Fig. 1 Schematic summary of the mechanistic pathways of CARD9-
regulated cardiac remodeling following TAC. Abbreviations: CARD9
N-terminal caspase recruitment domain family member 9, TAC
transverse aortic constriction
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