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Editorial

Sympathetic activation in heart failure (HF) is typically 
considered cardiotoxic. Indeed, class I recommended 

drugs in HF with reduced ejection fraction all inhibit direct 
or indirect effects of sympathetic activation. Contrary to this 
paradigm, Mayer et al1 in this issue of Circulation Research 
provide evidence for a cardioprotective pathway mediated by 
activation of cardiac myocyte adrenergic receptors (ARs). 
This novel pathway involves β1- and α1-ARs, miR-212/132, 
and the epigenetic regulator, methyl CpG-binding protein 2 
(MeCP2), the X-linked gene mutated in Rett Syndrome, a 
neurological disorder. The Figure outlines the model and the 
data from the article that support it.

Article, see p 622

Current Study
The initial focus of the study was mechanisms that facili-
tate reverse remodeling or cardiac recovery with unloading. 
Accordingly, the group used a clever approach of screening 
mRNAs that were differentially expressed between mouse 
transverse aortic constriction (TAC) and unloading by TAC 
reversal, ie, removing the constriction at a second surgery 
(rTAC). They identified MeCP2 as a gene that was repressed 
by TAC and normalized after TAC reversal. The same MeCP2 
pattern was seen in humans with HF with reduced ejection frac-
tion, where MeCP2 was repressed in failing hearts and normal-
ized after unloading by left ventricular assist device. Among 30 
genes with similar regulation in the human heart, MeCP2 was 
predominant in mouse myocytes versus nonmyocytes and was 
studied further. MeCP2 was also repressed in an α2-AR triple 
knockout, a mouse genetic model with high norepinephrine, 
implicating sympathetic activation in MeCP2 downregulation.

Expression studies focused on the linkage between nor-
epinephrine elevation and MeCP2 repression identified the 
cluster miR-212/132, validated previously to target MeCP2, as 
having a pattern of regulation opposite to MeCP2. Thus, miR-
212/132 were elevated in HF and were normalized by unload-
ing and were predominant in myocytes versus nonmyocytes. 

The 2 miRs were upregulated by adrenergic activation, being 
induced by combined β1- and α1-AR stimulation with phenyl-
ephrine and isoproterenol in neonatal rat ventricular myocytes 
(NRVMs) in vitro and in the mouse heart in vivo, and in NRVMs 
by toxins that activate Gq and Gs. The same adrenergic stimuli 
that induced miR-212/132 concomitantly repressed MeCP2. 
MiR-132 repressed MeCP2 directly, in vitro and in vivo, by 
interacting with the MeCP2 3′untranslated region. Overall, the 
evidence was strong for a direct link between norepinephrine 
elevation, myocyte β1- and α1-AR stimulation, miR-212/132 
induction, and MeCP2 repression.

To test the functional consequences of MeCP2 downregu-
lation in HF, Mayer et al1 used genetic gain and loss of func-
tion. The results were different from what might have been 
expected.

MeCP2 overexpression in a standard α-MyHC transgenic 
caused a severe cardiomyopathy with early mortality, so the 
team developed a cardiac inducible transgenic model (iTG), 
controlled by withdrawing doxycycline at weaning. This iTG 
model eliminated MeCP2 repression when TAC was done 
at the age of 8 to 12 weeks. Failure to repress MeCP2 with 
TAC was maladaptive. When compared with wild-type (WT) 
mice with TAC, failure to repress MeCP2 after TAC caused 
more hypertrophy, apoptosis, and fibrosis and worse cardiac 
function, with reductions in dp/dt and dobutamine response. 
Removal of the aortic constriction after 4 weeks in WT mice, 
in the rTAC model, caused a rapid reduction of hypertrophy 
and improvement in fractional shortening (FS), whereas in 
the MeCP2 iTG, reversal of hypertrophy and FS was delayed, 
indicating impaired reverse remodeling. An MeCP2 cardiac 
knockout (cKO) was established using MLC2a-Cre. MeCP2 
cKO enhanced FS recovery in the rTAC model, without 
changing hypertrophy. Overall, the data suggested that failure 
to repress MeCP2 after TAC is maladaptive, and repression 
could be adaptive.

The team did extensive studies of gene expression and me-
tabolism to investigate the molecular underpinnings of MeCP2 
effects. Metabolic genes were downregulated in the MeCP2 
iTG with TAC. Even in the absence of TAC, mitochondria in 
the MeCP2 iTG were abnormally located around the nucleus, 
rather than between myofibrils, and this abnormal location in 
the iTG was accompanied by reduced oxygen consumption 
and ATP synthesis in myocardial fibers and mitochondria in 
vitro. Peroxisome proliferator-activated receptor γ coactivator 
1α (PGC1α), a major mitochondrial regulator, was a direct 
target of MeCP2 in NRVMs, being downregulated by adeno-
viral MeCP2 expression and upregulated by MeCP2 knock-
down; PGC1α was also downregulated by MeCP2 in the 2 
transgenic models. Other genes of fatty acid metabolism had 
similar regulation. In short, MeCP2-mediated downregulation 
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of mitochondrial and metabolic genes could seemingly ex-
plain the maladaptive effects of failure to repress MeCP2 after 
TAC, at least in part.

Using an interesting new technique to isolate myocyte nu-
clei from cardiac tissue, involving an antibody to pericentrio-
lar material 1 (PCM1), the team found that DNA methylation 
was not altered appreciably in WT mice with TAC, but that 
MeCP2 binding to methylated DNA was reduced, concomi-
tant with the reduction in MeCP2 levels. Finally, immunopre-
cipitation in NRVMs suggested that MeCP2 interacted with 
HDAC1, a type I HDAC.

Overall, this prodigious study, reflecting the efforts of an 
impressive 29 coauthors, provided good evidence for a novel 
pathway of sympathetic cardioprotection in pressure-overload 
HF, as illustrated in the Figure.

MiR-212/132 and MeCP2: Background and 
Supporting Data

The new study focuses attention on 3 little-studied signaling 
molecules in cardiac biology, miR-212/132 and MeCP2. The 
Table provides background information.

Previous work on miR-212/132 and MeCP2 provides sup-
port for the model in the current study (Figure). Adrenergic 
agonists induce miR-212/132 in rat cardiac myocytes in vitro 
and in vivo.2–4 The miRs can stimulate NRVM hypertrophy,4,5 
protect NRVMs from apoptosis by downregulating NCX,6 re-
duce cardiac injury, and stimulate adaptive vasculogenesis.7–10 
Studies link reverse remodeling after MI to miR-132 induction 
and MeCP2 repression,7 to an adaptive response in the blad-
der by miR-212/132 induction and MeCP2 repression,11 and 
to liver fibrosis by miR 132 repression, MeCP2 induction, and 
peroxisome proliferator-activated receptor γ downregulation.12 
Downregulation of MeCP2 by siRNA reduces apoptosis after 
ischemia,13 and MeCP2 overexpression in heart can be embry-
onic lethal,14 in agreement with the current study.1 Overall, past 
work suggests that miR-212/132 induction and MeCP2 repres-
sion might be a general adaptive mechanism in the heart and 
other organs.

Limitations of the Current Study
Despite the abundant data in the current study and support 
from previous work, certain limitations need to be considered. 
First, a previous study by one of the coauthors concludes that 
miR-212/132 are cardiotoxic, not cardioprotective.4 Ucar et al4 
show that miR-212/132 repress Forkhead box O3 transcrip-
tion factor (FoxO3) and are thereby sufficient and necessary 
for hypertrophy and reduce autophagy. MiR-212/132 overex-
pression causes HF, and systemic miR knockout or miR-132 
antagomir protects from HF after TAC.4 The current study 
does not address these contradictory findings about the effects 
of miR-212/132, other than to observe that isoproterenol/
phenylephrine in vivo do not change FoxO3.1 Speculatively, 
the discordance might be accounted for by cardioprotective 
effects of systemic miR antagomir or knockout via actions in 
immune or inflammatory cells,15 whereas the current study is 
focused on miR-212/132 in myocytes only.

A second limitation is that most conclusions on the 
phenotypes caused by MeCP2 alterations are derived from 

overexpression, and it is not entirely clear how much MeCP2 
protein is overexpressed. Furthermore, there are few data on 
the MeCP2 cKO. One is left to assume that the phenotype of 
the MeCP2 cKO is the converse of the iTG, and it would have 
been good to test this more completely.

Third, in this regard, the reduction in cardiac function with 
MeCP2 iTG and improvement with MeCP2 cKO are relatively 
subtle, and the proximate mechanisms are not clarified fully. 
For example, the current study finds an ≈10% area fibrosis 
in the MeCP2 iTG after TAC; this might not account for the 
25% drop in FS with TAC; systolic function is preserved in the 
human heart with 10% area fibrosis.16 The MeCP2 iTG after 
TAC increases apoptosis, but the fraction of TUNEL-positive 
cells is fairly small (0.04%) and increased only 2-fold from 
WT. Given the findings on metabolic genes and mitochondria, 
assays of myocardial high-energy phosphates in the iTG and 
cKO after TAC could have been informative. There are scant 
data of any kind in the cKO after TAC.

Overall, the last part of the model shown in the Figure 
needs to be taken as preliminary. Possibly miR-212/132 in-
duction could be cardioprotective partly by repressing targets 
other than MeCP2 (Table).

Sympathetic Cardioprotection Pathways
The current study adds another pathway for sympathetic car-
dioprotection by cardiac myocyte AR activation. Notably, 
all of these are activation pathways, in contrast with the in-
hibition strategies that are the foundation of current class I 
HF drugs. Pathways from the β1-AR, which is thought to be 
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MeCP2 reduced

Function better
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Figure.  Left, The model suggested in the study by Mayer 
et al.1 Right, The supporting data. Note that the beneficial 
effects of methyl CpG-binding protein 2 (MeCP2) repression 
are mostly deduced from the adverse effects seen with MeCP2 
overexpression. AR indicates adrenergic receptor; cKO, 
cardiac knockout; HF, heart failure; iTG, inducible transgenic; 
KO, knockout; miR, microRNA; NE, norepinephrine; PGC1α, 
peroxisome proliferator-activated receptor γ coactivator 1α; and 
TAC, transverse aortic constriction.
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predominantly cardiotoxic with sustained activation,17 are sev-
eral. In addition to the current model (Figure), a pathway from 
the β1-AR and β-arrestin leads via GRK 5/6, Src, an MMP, 
HB-EGF, and the EGFR to ERK-mediated cardioprotection.18 
The same or a similar pathway activated by carvedilol at the 
β1-AR regulates processing of miRs,19 some of which might 
be adaptive, eg, miR-150.20 Another protective mechanism 
from the β1-AR revealed by PKA inhibition involves EPAC 
(exchange protein directly activated by cAMP), Rap1, Rac, 
and ERK activation.21 However, there is a controversy whether 
EPAC is protective.22 A body of evidence suggests cardiopro-
tection by the β2-AR, possibly via a Gi, Gβγ, PI3K, Akt path-
way23 or alternately via a Gs mechanism.24 However, some 
data argue against β2-mediated cardioprotection.25 β3-AR 
activation can protect the heart from injury via NOS activa-
tion.26 Finally, considerable data suggest that cardiac α1-AR 
activation, especially an α1A-ERK pathway,27 is adaptive and 
protective in a variety of setting and species.28

Which of the above β1-, β2-, β3-, and α1-AR protective 
pathways are translatable to clinical use remains to be tested 
by time and reproduction among laboratories. Translation of 
the pathway outlined in the current study might be challenging 
because , as mentioned above, systemic miR-132 antagomir is 
protective. Furthermore, systemic reduction of MeCP2 activ-
ity can be cardiotoxic, with QT prolongation and ventricular 
tachycardia in the mouse MeCP2 knockout,29 and subtle con-
traction abnormalities in patients with Rett syndrome.30

General Lessons From the Study
In addition to the novel pathway described, the study reminds 
of important principles in hypertrophy and HF. First, we of-
ten think that “bad” genes are upregulated in HF (eg, fetal 
genes) and “good” genes are downregulated (eg, α-MyHC or 
SERCA). Here, that was not the case; “good” genes were in-
duced in HF (miR-212/132), and a “bad” gene was repressed 
(MeCP2). Second, FS improved with TAC removal in the 
MeCP2 cKO to a greater extent than in WT, despite the fact 

that overall hypertrophy did not change (HW/BW, myocyte 
CSA). This result suggests as in previous work that hypertro-
phy per se, ie, heart and myocyte size, is probably not the prob-
lem.31–33 Rather, the problem is pathological signaling causing 
energy starvation, cell injury and death, fibrosis, and so on.

Third, it is sometimes thought that hypertrophy starts 
out as compensatory, and then becomes decompensated. The 
rTAC experiments show that most of the FS lost with TAC is 
recovered within 14 days of TAC reversal. This remarkable re-
covery suggests that compensatory signaling is not exhausted, 
even after 4 weeks TAC, a long time in a mouse, over 3 years 
in human equivalent time.34 In other words, compensated 
and decompensated signaling seems to be going on in paral-
lel. Decompensated “wins” in most cases, but compensatory 
signaling can be recruited by removing the injury (rTAC, left 
ventricular assist device), or perhaps by activating a protective 
pathway. That is one goal of medical therapy in HF.
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