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Letter to the Editor

Response by Zhou et al to Letter Regarding 
Article, “Loss of Adult Cardiac Myocyte GSK-

3 Leads to Mitotic Catastrophe Resulting in 
Fatal Dilated Cardiomyopathy”

In response:
We thank Drs Karlstaedt and Taegtmeyer for their favorable 

comments on our recent report demonstrating mitotic catastrophe 
as a key mechanism of fatal dilated cardiomyopathy in glycogen 
synthase kinase 3 (GSK-3)–deficient hearts (conditional GSK-3α/β 
double knockout [DKO]).1 Considering the complex biology of 
GSK-3 in regulating numerous biological processes and cellular 
functions, we completely agree with Drs Karlstaedt and Taegtmeyer 
that there may be additional layer(s) of complexity to be elucidated 
for the complete understanding of the molecular basis of the ob-
served phenotype. Indeed, our focus on cell cycle regulation and 
mitotic catastrophe was guided by unbiased microarray analysis.

It is well established that GSK-3 is a central regulator of nutrient 
and energy homeostasis. In response to the comments of Karlstaedt 
et al regarding metabolism, now we have examined the metabolic 
consequences of the complete loss of GSK-3 in adult hearts. As ex-
pected, an increased Periodic acid–Schiff–diastase positivity dem-
onstrated enhanced glycogen deposition in the DKO hearts (Online 
Figure IA). The Glycogen deposition in the DKO hearts was further 
confirmed by transmission electron microscopy (Online Figure IB). 
These findings are in complete agreement with our previous reports 
demonstrating isoform-specific loss of GSK-3α2 and GSK-3β3 leads 
to upregulation of glycogen synthase activity. Hence, increased gly-
cogen deposition in DKO hearts was essentially expected.

Karlstaedt et al pointed out a study4 from one of our long-term 
collaborators and coauthor on the original article, Dr Woodgett, 
which revealed the tissue-specific role of GSK-3β in glucose me-
tabolism. Patel et al4 reported that the liver-specific GSK-3β knock-
out mice displays no metabolic phenotype. However, mice lacking 
GSK-3β in skeletal muscle showed improved glucose tolerance 
and glycogen deposition. In complete agreement with the concept 
of tissue-specific role of GSK-3 isoforms in glucose metabolism, 
our unpublished data with cardiomyocyte (CM)-specific GSK-3β 
conditional knockout mice indicate that CM-GSK-3β regulates 
systemic glucose metabolism. With that said, the oral glucose tol-
erance was comparable between DKO and littermate controls at 
2- and 3-week on tamoxifen timeline (data not shown). Moreover, 
we have consistently reported the isoform- and tissue-specific role 
of GSK-3 in diverse biological processes.3,5–8 Taken together, the 
role of GSK-3 in the pathogenesis of glucose tolerance and metab-
olism is diverse. Although, the contribution of elevated glycogen 
deposition in the DKO phenotype is an area of future investigation, 
we do not think it is the primary cause of the observed phenotype. 
Nevertheless, metabolism was not a primary focus of the study, be-
cause the unbiased microarray analysis revealed a maximum dys-
regulation in the cell cycle regulators and fibrosis-related genes. 

Furthermore, chronological analysis of trichrome-stained heart 
sections at various time point of tamoxifen timeline and experi-
ments with isolated adult cardiac fibroblasts clearly ruled out fibro-
sis as the primary cause of observed phenotype.

In response to comments of Karlstaedt et al on mitochondrial 
destabilization and apoptosis, now we have extensively investi-
gated the DKO mitochondrial biology, which includes analysis of 
mitochondrial membrane potential (Δψm), oxygen consumption 
rate, and mitochondrion number (Online Figure II). Herein, we are 
limited by space to include all the data; however, in summary, mi-
tochondria from DKO hearts demonstrated significantly increased 
oxygen consumption rate and mitochondrial membrane potential 
compared with that in the littermate controls. However, the num-
bers of mitochondria were comparable between DKO and litter-
mate control hearts. These observations are consistent with many 
previous reports suggesting beneficial effects of GSK-3 inhibition 
by directly modulating the mitochondrial permeability transition 
pore complex.9,10 Indeed, GSK-3–mediated regulation of mito-
chondrial function is an interesting area and currently a subject 
of investigation in numerous laboratories. Thus, loss of GSK-3 
indeed causes broad metabolic alterations; however, based on our 
systematic phenotyping, unbiased array analysis, and mechanistic 
studies, we still think cell cycle (mitotic catastrophe), instead of 
metabolism, is the primary cause leading to lethal cardiomyopathy.

We think that clinical implications of our DKO findings are 
substantial. GSK-3 is reported to be a potential drug target for 
the treatment of several pathological conditions, including pro-
gressive central nervous system disorders, cancer, metabolic 
disorders, and cardiovascular diseases including ischemic heart 
disease. To the best of our knowledge, we are the first to report the 
lethal consequences of targeting both isoforms of GSK-3. Indeed, 
all currently available GSK-3 inhibitors are not isoform specific. 
Our studies with DKO indicate that systemic, prolonged, clinical 
use of nonselective inhibitors might put patients at risk of car-
diomyopathy and fibrotic cardiac remodeling. We think that the 
greatest promise for drug development may lie in better under-
standing of the isoform-specific GSK-3 biology and the develop-
ment of isoform-selective, small-molecule GSK-3 inhibitors.

Sources of Funding
This work was supported by grants from the National Heart, 
Lung, and Blood Institute to T. Force (HL061688, HL091799, 
and HL119234) and the American Heart Association Scientist 
Development Grant (13SDG16930103) to H. Lal.

Disclosures
None.

Jibin Zhou, MD, PhD*
Cardiovascular Research Center

Temple University School of Medicine
Philadelphia, PA

*These authors contributed equally to this article.
The online-only Data Supplement is available with this article at http://circres.ahajournals.org/lookup/suppl/doi:10.1161/CIRCRESAHA.116. 

309093/-/DC1.
(Circ Res. 2016;119:e29-e30. DOI: 10.1161/CIRCRESAHA.116.309093.)
© 2016 American Heart Association, Inc.

Circulation Research is available at http://circres.ahajournals.org� DOI: 10.1161/CIRCRESAHA.116.309093

Letters to the Editor will be published, if suitable, as space permits. They should not exceed 1000 words  
(typed double-spaced) in length and may be subject to editing or abridgment.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 15, 2023

http://crossmark.crossref.org/dialog/?doi=10.1161%2FCIRCRESAHA.116.309093&domain=pdf&date_stamp=2016-07-08


e30    Circulation Research    July 8, 2016

Firdos Ahmad, PhD*
Hind Lal, PhD 

Thomas Force, MD
Division of Cardiovascular Medicine
Vanderbilt University Medical Center

Nashville, TN 

References
	 1.	 Zhou J, Ahmad F, Parikh S, et al. Loss of adult cardiac myocyte GSK-3 

leads to mitotic catastrophe resulting in fatal dilated cardiomyopathy. Circ 
Res. 2016;118:1208–1222. doi: 10.1161/CIRCRESAHA.116.308544.

	 2.	 Zhou J, Lal H, Chen X, Shang X, Song J, Li Y, Kerkela R, Doble BW, 
MacAulay K, DeCaul M, Koch WJ, Farber J, Woodgett J, Gao E, Force T. 
GSK-3alpha directly regulates beta-adrenergic signaling and the response 
of the heart to hemodynamic stress in mice. J Clin Invest. 2010;120:2280–
2291. doi: 10.1172/JCI41407.

	 3.	 Woulfe KC, Gao E, Lal H, Harris D, Fan Q, Vagnozzi R, DeCaul M, Shang 
X, Patel S, Woodgett JR, Force T, Zhou J. Glycogen synthase kinase-3beta 
regulates post-myocardial infarction remodeling and stress-induced car-
diomyocyte proliferation in vivo. Circ Res. 2010;106:1635–1645. doi: 
10.1161/CIRCRESAHA.109.211482.

	 4.	 Patel S, Doble BW, MacAulay K, Sinclair EM, Drucker DJ, Woodgett 
JR. Tissue-specific role of glycogen synthase kinase 3beta in glucose 

homeostasis and insulin action. Mol Cell Biol. 2008;28:6314–6328. doi: 
10.1128/MCB.00763-08.

	 5.	 Lal H, Zhou J, Ahmad F, Zaka R, Vagnozzi RJ, Decaul M, Woodgett J, Gao 
E, Force T. Glycogen synthase kinase-3α limits ischemic injury, cardiac 
rupture, post-myocardial infarction remodeling and death. Circulation. 
2012;125:65–75. doi: 10.1161/CIRCULATIONAHA.111.050666.

	 6.	 Lal H, Ahmad F, Zhou J, Yu JE, Vagnozzi RJ, Guo Y, Yu D, Tsai EJ, Woodgett 
J, Gao E, Force T. Cardiac fibroblast glycogen synthase kinase-3β regulates 
ventricular remodeling and dysfunction in ischemic heart. Circulation. 
2014;130:419–430. doi: 10.1161/CIRCULATIONAHA.113.008364.

	 7.	 Ahmad F, Lal H, Zhou J, Vagnozzi RJ, Yu JE, Shang X, Woodgett JR,  
Gao E, Force T. Cardiomyocyte-specific deletion of Gsk3α mitigates post-
myocardial infarction remodeling, contractile dysfunction, and heart fail-
ure. J Am Coll Cardiol. 2014;64:696–706. doi: 10.1016/j.jacc.2014.04.068.

	 8.	 Lal H, Ahmad F, Woodgett J, Force T. The GSK-3 family as therapeutic 
target for myocardial diseases. Circ Res. 2015;116:138–149. doi: 10.1161/
CIRCRESAHA.116.303613.

	 9.	 Gomez L, Paillard M, Thibault H, Derumeaux G, Ovize M. Inhibition of 
GSK3beta by postconditioning is required to prevent opening of the mi-
tochondrial permeability transition pore during reperfusion. Circulation. 
2008;117:2761–2768. doi: 10.1161/CIRCULATIONAHA.107.755066.

	10.	 Juhaszova M, Zorov DB, Kim SH, Pepe S, Fu Q, Fishbein KW, Ziman BD, 
Wang S, Ytrehus K, Antos CL, Olson EN, Sollott SJ. Glycogen synthase 
kinase-3beta mediates convergence of protection signaling to inhibit the 
mitochondrial permeability transition pore. J Clin Invest. 2004;113:1535–
1549. doi: 10.1172/JCI19906.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 15, 2023




