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The	circulating,	adipocyte-secreted	hormone	adiponectin	(APN)	exerts	protective	effects	on	the	heart	under	
stress	conditions.	The	receptors	binding	APN	to	cardiac	tissue,	however,	have	remained	elusive.	Here,	we	report	
that	the	glycosyl	phosphatidylinositol–anchored	cell	surface	glycoprotein	T-cadherin	(encoded	by	Cdh13)	pro-
tects	against	cardiac	stress	through	its	association	with	APN	in	mice.	We	observed	extensive	colocalization	of	
T-cadherin	and	APN	on	cardiomyocytes	in	vivo.	In	T-cadherin–deficient	mice,	APN	failed	to	associate	with	
cardiac	tissue,	and	its	levels	dramatically	increased	in	the	circulation.	Pressure	overload	stress	resulted	in	exac-
erbated	cardiac	hypertrophy	in	T-cadherin–null	mice	and	paralleled	corresponding	defects	in	mice	lacking	
APN.	During	ischemia-reperfusion	injury,	the	absence	of	T-cadherin	increased	infarct	size	similar	to	that	in	
APN-null	mice.	Myocardial	AMPK	is	a	major	downstream	protective	signaling	target	of	APN.	In	both	cardiac	
hypertrophy	and	ischemia-reperfusion	models,	T-cadherin	was	necessary	for	APN-dependent	AMPK	phos-
phorylation.	In	APN-null	mice,	recombinant	adenovirus-expressed	APN	reduced	exaggerated	hypertrophy	
and	infarct	size	and	restored	AMPK	phosphorylation	as	previously	reported.	In	contrast,	rescue	was	ineffec-
tive	in	mice	lacking	T-cadherin	in	addition	to	APN.	These	data	suggest	that	T-cadherin	protects	from	stress-
induced	pathological	cardiac	remodeling	by	binding	APN	and	activating	its	cardioprotective	functions.

Introduction
Acute or chronic stress to the heart leads to pathological remodel-
ing that can result in heart failure. Acute myocardial ischemia is 
caused by insufficient coronary blood supply of the myocardium 
through reduced afferent flow. Rapid reperfusion therapy, such as 
thrombolysis or percutaneous intervention, is able to reduce mor-
tality by restoring blood flow to the ischemic area. Such treatment, 
however, often leads to reperfusion injury characterized by irre-
versible cell damage, including necrosis and apoptosis (1). Chronic 
stress caused by pressure overload induces cardiac hypertrophy to 
preserve contractility (2). While early responsive cardiomyocyte 
growth is compensatory, prolonged pressure or volume overload 
predisposes to congestive heart failure through ventricular wall 
thinning and chamber dilation (3).

Heart disease is the major cause of death in Western countries (4, 
5). Therefore, mechanisms that enhance cardioprotective pathways 
while counteracting damage are of great clinical interest. A major etio-
logical risk factor for heart disease is the metabolic syndrome, defined 
as the concurrence of dysregulated glucose and insulin metabolism, 
increased BMI (>25), abdominal fat deposition, hyperlipidemia, 
and hypertension. Adiponectin (APN; also referred to as ACRP30 or  
AdipoQ) is an adipocyte-derived hormone with beneficial metabolic 
and cardiovascular properties. APN levels in the circulation of lean 
healthy individuals range between 5 and 30 μg/ml and decrease in 
persons with metabolic syndrome (6, 7). Numerous clinical and epide-
miological studies correlate low APN serum levels with development 
of coronary artery disease, myocardial infarction, hypertension, LV 
hypertrophy, and other cardiovascular dysfunctions (8–12).

While much is known about the dysregulation of APN in various 
diseases, the mode by which APN associates with target tissues and 

exerts physiological effects is poorly understood. Expression cloning 
approaches identified 3 candidate plasma membrane APN recep-
tors. AdipoR1 and AdipoR2 are 7-span transmembrane APN recep-
tors with structural differences from G protein–coupled receptors, 
such as an inverse membrane topology (13). Both receptors are ubiq-
uitously expressed, with tissue-specific levels varying between sub-
types (13). Studies with KO mice implicate AdipoR1 and -R2 in liver 
and muscle-dependent regulation of glucose and lipid metabolism, 
although independent receptor KO strains produce diverging results 
for the respective roles of AdipoR1 and -R2 in metabolic function 
(14–17). The roles of AdipoR1 and -R2 remain obscure in the heart.

T-cadherin (encoded by Cdh13) was identified as an APN receptor by 
its ability to specifically bind the physiological high–molecular weight 
(HMW) APN isoforms in vitro (18). This cadherin family cell surface 
glycoprotein shares the ectodomain structure of classical cadherins 
but differs in its plasma membrane anchor through a glycosyl phos-
phatidylinositol moiety (19, 20). We previously demonstrated that  
T-cadherin promotes calcium-dependent, homotypic cell-cell adhe-
sion that serves to regulate the fine-tuned pattern of axon projections 
in the developing vertebrate nervous system (21–23). Critical residues 
in extracellular domain 1 generate a novel X-dimer cadherin-binding 
interface to mediate this function (24). We and others noted abundant 
T-cadherin expression in the myocardium and reported T-cadherin’s 
association with cholesterol-rich membrane domains (known as 
lipid rafts) of the cardiac sarcolemma (25). This profile, together with 
genetic linkage studies associating mutations in the human Cdh13 
gene with APN serum concentrations (26) and metabolic diseases 
including obesity, hyperlipidemia (26), blood pressure dysregulation 
(27), and LV wall thickness (28), raised our interest in investigating  
T-cadherin functions in the heart.

We generated T-cadherin–null (Tcad-KO) mutant mice, which 
live well into adulthood without overt pathological phenotypes 
(29). Challenging these animals in a mouse mammary tumor 
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model uncovered a proangiogenic role for T-cadherin in tumor 
vascularization (29). Here, we used these Tcad-KO mice to investi-
gate T-cadherin’s physiological functions in the heart. Our results 
showed that T-cadherin is critically required for the association of 
APN with the myocardium. Importantly, ablation of T-cadherin 
abolished APN’s cardioprotective effects in short- and long-term 
cardiac hypertrophy as well as in myocardial ischemia-reperfu-
sion injury and disrupted the activation of a major APN signaling 
pathway converging on AMPK. These data suggest that T-cadherin 
binds APN and is necessary for APN-mediated cardioprotection.

Results
T-cadherin is required to sequester APN to the heart. We first established 
the localization of T-cadherin in the myocardium in adult WT 
mice. T-cadherin immunohistochemistry resolved discrete puncta 
on the surfaces of cross-sectioned cardiomyocytes, consistent with 

T-cadherin’s lipid raft association (25). APN staining 
prominently overlapped with the T-cadherin pattern in 
cross-sections and on the sarcolemma in longitudinal 
views of cardiomyocytes (Figure 1A). To test whether 
T-cadherin plays an active role in sequestering APN, we 
investigated APN distribution in the hearts of Tcad-KO 
mice. In Tcad-KO hearts, APN association with cardio-
myocytes was undetectable, with staining reduced to 
background levels (Figure 1A). Conversely, investigation 
of APN-KO hearts for T-cadherin expression revealed 
obvious downregulation of the T-cadherin signal.

Western blotting of heart lysates further supported 
the interrelation between T-cadherin and APN (Figure 
1B). Both T-cadherin and APN were abundant in WT 
myocardium. Consistent with the immunostaining 
results, APN was not detected in Tcad-KO heart tis-
sue, and T-cadherin protein expression was markedly 
reduced in the APN-KO myocardium (Figure 1B). The 
reduction of T-cadherin protein in APN-KO hearts 
occurred at the posttranscriptional level, as mRNA lev-
els were comparable in WT and APN-KO mice (Figure 
1C). Moreover, quantitative PCR (qPCR) showed that 
T-cadherin mRNA was expressed in isolated cardiomy-
ocytes (Figure 1C). AdipoR1 and -R2 have been shown 
to mediate APN signaling in skeletal muscle and liver 
(13, 15), and are thus generally thought to perform 
similar functions in the heart. By testing protein and 
mRNA abundance in the heart, we found that Adi-
poR1 and -R2 were expressed in the myocardium, and 
levels were independent of the genotype of the mutant 
mice used in this study (Supplemental Figure 1; sup-

plemental material available online with this article; doi:10.1172/
JCI43464DS1). ELISA measurements of APN in serum revealed a 
significant increase, from an average concentration of 5.6 μg/ml 
in WT to 19.4 μg/ml in Tcad-KO mice (Figure 1D). This marked 
increase in circulating APN levels combined with loss of tissue-
bound APN in Tcad-KO mice is consistent with the suggestion 
that T-cadherin sequesters APN to the heart.

T-cadherin directly interacts with APN. We next aimed to test 
whether the interaction between T-cadherin and APN is direct. 
We incubated differentiated C2C12 myotubes expressing endog-
enous T-cadherin with HMW APN and used specific antibodies 
to immunoprecipitate APN from cell lysates following cross-link-
ing. Indeed, T-cadherin was coimmunoprecipitated in a complex 
with APN (Figure 2A), which suggests a direct biochemical inter-
action. Moreover, transfection of T-cadherin into HEK293 cells 
was sufficient to bind mouse serum APN to the cultured cells. In 

Figure 1
T-cadherin and APN in the heart. (A) Immunostaining 
of WT, Tcad-KO, and APN-KO hearts using T-cadherin 
and APN antibodies. Scale bars: 5 μm. (B) Immunoblot of 
myocardial lysates of the indicated genotypes. T-cadherin 
was detected as a doublet in the 130-kDa pro-protein 
and the proteolytically cleaved 105-kDa mature isoforms. 
Denatured APN appeared as a single 30-kDa band. (C) 
Expression levels of T-cadherin mRNA in the myocardium 
of WT and APN-KO mice and in isolated cardiomyocytes 
(1°CM). (D) Serum APN ELISA from WT, Tcad-KO, and 
APN-KO mice. P < 0.0001, WT versus Tcad-KO.
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contrast, and consistent with our in vivo observations, association 
of APN was undetectable when AdipoR1 and -R2 were ectopically 
expressed in HEK293 cells in the absence of T-cadherin (Figure 
2B). While these basic observations do not exclude the utility of 
AdipoR1 or -R2 in mediating APN-induced signal transduction 
events in the heart, our data suggested that T-cadherin is required 
for sequestering physiological APN isoforms to their site of action. 
Therefore, we next tested the hypothesis that T-cadherin is a criti-
cal mediator of cardiac APN function.

Tcad-KO mice display exaggerated hypertrophy 7 days after TAC. The 
strong codependence of cardiac T-cadherin expression and APN 
association raised the possibility that loss of T-cadherin renders 
the myocardium insensitive to APN’s cardioprotective activity. To 
test this model, we analyzed cardiac hypertrophy during trans-
aortic constriction–induced (TAC-induced) pressure overload in 
Tcad-KO mice. The pressure overload–induced hypertrophic phe-
notype has previously been established for APN-KO mice (30, 31). 
For reference, we therefore carried out all experiments in parallel 
with APN-KO mice. WT mice served as negative controls.

Hearts from Tcad-KO and APN-KO mice displayed no overt 
abnormalities under baseline conditions (data not shown). Con-
sistent with this, hearts of sham-operated WT, Tcad-KO, and APN-
KO mice were also similar in size (Figure 3A). TAC, as expected, 
resulted in compensatory hypertrophy in WT hearts 7 days after 
surgery and markedly exaggerated concentric hypertrophy in the 
APN-KO condition (Figure 3A), as previously reported (31). In 
Tcad-KO mice, pressure overload substantially increased heart 
size, to a level comparable to APN-KO hearts. Measurements of the 
heart weight/body weight (HW/BW) ratio and echocardiography 
documented this phenotype (Figure 3, B and C). M-mode analyses 
showed increased diastolic LV posterior wall thickness (LVPWd) in 
both Tcad-KO and APN-KO mice compared with WT animals (Fig-
ure 3D and Supplemental Table 1). LVPWd was unchanged after 
sham operation. To assess hypertrophy at the single-cell level, we 
measured cross-sectional areas of cardiomyocytes in the free wall 

of the LV. This analysis revealed 
increased hypertrophy of Tcad-
KO and APN-KO cardiomyocytes 
compared with WT, in accordance 
with the increased HW/BW ratios 
and LVPWd measurements (Fig-
ure 3, E and F). Whereas myofiber 
cross-sectional area was enhanced 
after TAC in WT mice, there was 
a further significant increase in 
Tcad-KO and APN-KO hearts 
(Figure 3, E and F). Notably, we 
identified no decline in contrac-
tility, as measured by fractional 
shortening, after 7 days of TAC in 
the mutants compared with WT 
controls (Supplemental Table 1). 
Despite the exaggerated hyper-
trophy, this is consistent with the 
well-compensated early response 
to pressure overload.

Increased afterload and com-
pensatory hypertrophy leads to 
elevated mechanical strain on 
the contractile apparatus and 

the intercalated disks. The cadherin family protein N-cadherin 
is prominently expressed in the heart and located at these junc-
tions (32, 33). Testing N-cadherin protein levels and distribution 
at the intercalated disks, however, yielded no differences between 
Tcad-KO and WT mice in our study (Supplemental Figure 2). 
Moreover, 7 days of TAC did not result in changes of N-cadherin 
expression (Supplemental Figure 2). We therefore conclude that 
lack of T-cadherin causes no primary defect with regard to N-cad-
herin expression and distribution.

Experimental models have shown that APN’s cardioprotective 
effects are mediated, at least in part, through AMPK (31, 34). We 
therefore probed the activation of AMPK in WT, Tcad-KO, and 
APN-KO myocardial lysates by determining phosphorylation of 
Thr-172 of the AMPKα subunit 1/2 with a phospho-specific anti-
body 7 days after TAC. AMPK phosphorylation was significantly 
reduced in Tcad-KO and APN-KO compared with WT hearts (Fig-
ure 3, G and H), which demonstrated that a common signaling 
pathway was activated by both T-cadherin and APN.

Accelerated decompensation in Tcad-KO and APN-KO hearts 4 weeks 
after TAC. The compensated phase of cardiac hypertrophy is typi-
cally followed by a decompensatory decline in heart function that 
is associated with ventricular dilation, reduced vascularization, 
and cardiomyocyte apoptosis (35). To test the role of T-cadherin 
in relation to APN during extended exposure to pressure overload, 
we subjected WT, Tcad-KO, and APN-KO mice to 4 weeks of TAC. 
Again, we noted exaggerated hypertrophy in the mutants (Figure 
4, A and B) that, in this model, was accompanied by increased 
numbers of apoptotic cells in the myocardium (Figure 4C).

Myocardial vascularization is a critical determinant of heart 
function during the hypertrophic response (35). The physiologi-
cal balance between capillary density and heart growth character-
izes compensated hypertrophy, whereas decompensated hypertro-
phy (considered bad) is associated with reduced vascularization. 
Recently, the requirement of APN for the angiogenic supply dur-
ing the long-term response to TAC was demonstrated (36). As both 

Figure 2
T-cadherin directly binds APN. (A) Differentiated C2C12 myotubes were treated with 25 μg/ml HMW APN 
for 30 minutes, washed with PBS, and cross-linked with dimethyl 3,3′-dithiopropionimidate dihydrochlo-
ride. Lysates were subjected to immunoprecipitation with unspecific IgGs or APN antibodies. (B) HEK293 
cells stably transfected with pL-N1 control (N) or pL–T-cadherin were transiently transfected with HA-
AdipoR1 or Flag-AdipoR2 coding constructs using the calcium phosphate method. Cells were incubated 
with 1:10 diluted serum from Tcad-KO (+ APN) or DKO mice (– APN) and subsequently washed 3 times 
with PBS. Immunoblotting using the indicated antibodies revealed presence of the respective proteins; 
AdipoR1 and -R2 were detected using the respective tags.
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T-cadherin and APN exert proangiogenic functions in mammary 
tumors (29, 37, 38), we tested capillary vessel density in the inter-
ventricular septum 7 days and 28 days after TAC. Consistent with 
an early well-compensated hypertrophic response, at 7 days o overt 

differences in vascularization were observed among WT, Tcad-KO, 
and APN-KO mice (Supplemental Figure 3).

In line with an exaggerated decompensated hypertrophic 
response at 28 days, myocardial capillary density was reduced 

Figure 3
Exaggerated cardiac hypertrophy 
and reduced AMPK phosphory-
lation in Tcad-KO and APN-KO 
mice after 7 days of TAC. (A) 
Representative images of tri-
chrome-stained WT, Tcad-KO, 
and APN-KO hearts 7 days after 
sham or TAC surgery. Scale bar: 
2 mm. (B) HW/BW ratio. n = 8 
(WT); 7 (Tcad-KO); 11 (APN-KO). 
(C) M-mode echocardiograms 
from WT, Tcad-KO, and APN-KO 
mice 7 days after TAC surgery. 
White bars indicate diastolic LV 
wall thickness after TAC. (D) 
Quantification of LVPWd before 
and 7 days after TAC surgery.  
n = 10 (WT); 14 (Tcad-KO); 5 
(APN-KO). (E) Fluorescent wheat 
germ agglutinin–stained cell sur-
faces in hearts from WT, Tcad-
KO, and APN-KO mice 7 days 
after sham or TAC surgery. Scale 
bar: 10 μm. (F) Quantification of 
myocyte cross-sectional areas in 
E. n = 3 (sham) or 4 (TAC) per 
group. (G) Representative immu-
noblots from WT, Tcad-KO, and 
APNKO myocardial lysates 7 
days after TAC using phospho-
specific (Thr-172) and total anti-
AMPK antibodies with reference 
to β-tubulin. (H) Quantification of 
phospho-AMPK/total AMPK ratio 
in G. n = 5 (WT and APN-KO); 4 
(Tcad-KO). *P < 0.05, **P < 0.01, 
***P < 0.001 versus WT or as indi-
cated by brackets.
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in APN-KO mice, as previously reported (36). In Tcad-KO mice, 
a similar decrease in vascularization was evident (Figure 4D). In 
agreement, the mutant hearts undergoing 4 weeks of TAC were 
characterized by reduced contractility, as measured by fractional 
shortening, and showed dilation of the LV (Figure 4, E and F). 
These combined data indicated that both Tcad-KO and APN-
KO mice undergo an overshooting hypertrophic response during 
aortic banding. T-cadherin and APN appear to protect both from 
exaggerated hypertrophy in the short term and from severe decom-
pensation during extended challenge.

Rescue of the hypertrophic phenotype with recombinant APN depends 
on T-cadherin. The above findings led us to predict that interaction 
of T-cadherin with APN mediates cardioprotection. Adenovirus-
expressed recombinant APN (adAPN) reverts the exacerbated 
cardiac hypertrophy of APN-KO mice (31). Our finding of low  
T-cadherin expression levels in APN-KO hearts (Figure 1, A and B) 
predicted a mechanism whereby adAPN upregulates T-cadherin 
expression in the myocardium to enable docking of adAPN to car-
diomyocytes. To test this model, we investigated whether adAPN 
treatment restored T-cadherin protein expression in APN-KO 
hearts. APN-KO mice were injected through the tail vein with 2 × 108  
PFU adAPN-encoding or control adGPF-encoding virus and 
were sacrificed after 10 days. adAPN treatment of APN-KO mice 

increased circulating adAPN levels to physiological levels at an aver-
age of 11.6 μg/ml (Supplemental Table 2). Examination of hearts 
from adGFP-treated APN-KO mice showed near-background  
T-cadherin protein levels (Figure 5A), comparable to Figure 1A. In 
contrast, treatment with adAPN yielded robust T-cadherin reex-
pression by cardiomyocytes in APN-KO mice, and the ectopically 
expressed adAPN colocalized with T-cadherin (Figure 5A). Cardiac 
T-cadherin mRNA levels remained unchanged in APN-KO mice 
regardless of treatment (Figure 5B), consistent with the notion that 
regulation of T-cadherin expression occurs posttranscriptionally.

To directly test the requirement of T-cadherin in limiting 
cardiac hypertrophy through interaction with APN, we gener-
ated mice deficient in both T-cadherin and APN gene expression  
(T-cadherin/APN double-KO; referred to herein as DKO). This was 
necessary because Tcad-KO mice displayed high APN serum lev-
els (Figure 1D) that would confound the interpretation of adAPN 
supplementation experiments. adAPN- or adGFP-encoding virus 
was injected into APN-KO and DKO mice 3 days before TAC sur-
gery, and animals were sacrificed 7 days after surgery. APN-KO 
and DKO mice treated with control adGFP showed exaggerated 
cardiac hypertrophy after TAC, comparable to that in the above 
experiments with APN-KO and Tcad-KO mice. No enhanced effect 
resulted from the double mutation (Figure 6, A–D). Consistent 

Figure 4
Long-term TAC leads to dilation and 
reduced contractility in Tcad-KO and 
APN-KO hearts. (A) Representa-
tive images of trichrome-stained WT, 
Tcad-KO, and APN-KO hearts 28 days 
after TAC surgery. Scale bar: 2 mm. 
(B) HW/BW ratios. (C) Representative 
images from TUNEL-stained heart sec-
tions in WT, Tcad-KO, and APN-KO 
hearts, with quantification of TUNEL-
positive area of whole heart sections. 
Scale bar: 20 μm. (D) Representative 
images of CD31-stained heart sec-
tions. Quantification was carried out 
in the free wall of the LV by counting 
number of capillaries per high-power 
field. Scale bar: 5 μm. (E) Fractional 
shortening (FS) was significantly 
reduced in Tcad-KO and APN-KO ani-
mals. (F) LV inner diameter in diastole 
(LVIDd) was significantly increased in 
Tcad-KO and APN-KO mice. (B–F)  
n = 4 (WT and Tcad-KO); 3 (APN-KO). 
*P < 0.05, **P < 0.01 versus WT.
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with previous reports, adAPN-treatment neutralized the exag-
gerated hypertrophy after TAC in APN-KO mice (Figure 6, A–D) 
and yielded only a modest hypertrophic response compared with 
the sham condition (Figure 6B). In contrast, adAPN treatment 
of DKO animals failed to reverse the exaggerated cardiac hyper-
trophic response, and hearts remained enlarged, as in the control 
adGFP-treated APN-KO and DKO conditions (Figure 6, A–D). To 
corroborate these findings, we investigated the activation of APMK 
7 days after TAC. In adAPN-treated APN-KO mice, cardiac AMPKα 
phosphorylation was enhanced compared with adGFP-treated 
controls (Figure 6, E and F). In contrast, there was no increase in 
phospho-AMPKα in the DKO condition. To confirm this activat-
ing phosphorylation of AMPK, we analyzed the phosphorylation 
status of the AMPK substrate acetyl-CoA-carboxylase (ACC). ACC 
showed corresponding Ser-79 phosphorylation in adAPN-treated 
APN-KO mice, whereas no increase was observed in the DKO con-
dition (Figure 6, E and G). These data suggest that T-cadherin lim-
its cardiac hypertrophy through APN-mediated activation of the 
AMPK signaling pathway.

T-cadherin is required for APN-mediated protection from myocardial 
ischemia-reperfusion injury. The role of T-cadherin and APN in hyper-
trophy points to a general cardioprotective function. Myocardial 
infarction represents an acute lethal cardiac pathology, and APN 
displays protective properties in mouse models (39, 40). To test the 
role of T-cadherin in this severe paradigm for cardiac stress, we sub-
jected WT, Tcad-KO, and APN-KO mice to ischemia-reperfusion. 
The left anterior descending artery was ligated for 30 minutes, fol-
lowed by 48 hours of reperfusion. Heart cross-sections revealed 
significantly increased necrotic area in both Tcad-KO and APN-
KO mice as well as in the DKO mutants (Figure 7A). The infarct 
area/area at risk (IA/AAR) and IA/LV area ratios were significantly 
enhanced in Tcad-KO, APN-KO, and DKO mice, while the AAR/
LV area ratio was the same (Figure 7B). Treatment with adAPN 
reduced infarct size in APN-KO mice, as previously reported (40), 
while this treatment was ineffective in the DKO mutants (Figure 
7, A and B). As AMPK activation protects the heart from ischemia-
reperfusion injury (40), we tested AMPK phosphorylation in the 

at-risk regions of the myocardium. Similar to the results after TAC, 
we found reduced AMPK phosphorylation in Tcad-KO and APN-
KO compared with WT tissue (Figure 7C). To assess whether the 
APN-KO and Tcad-KO mutation reduced protection from apop-
tosis, we analyzed the areas adjacent to the infarcts by TUNEL 
assay. Consistent with the increased stress, we found an enhanced 
apoptotic index in both Tcad-KO and APN-KO hearts (Figure 7D). 
These combined data lead us to conclude that T-cadherin in con-
junction with APN protects the heart from multiple stressors, such 
as chronically increased afterload and myocardial ischemia.

Discussion
This investigation into T-cadherin’s function in the heart — the 
first to our knowledge — establishes a role in APN-dependent car-
dioprotection during chronic and acute stress. We showed that 
T-cadherin deficiency resulted in exacerbated cardiac hypertrophy 
during chronic pressure overload and aggravated acute ischemia-
reperfusion injury. Parallel experiments with APN-KO mice show 
similar phenotypes (31, 40) and validate all procedures. Our data 
established that T-cadherin expressed by cardiomyocytes is neces-
sary for sequestering APN to the heart. Correspondingly, ablation 
of T-cadherin expression dramatically increased levels of APN in the 
circulation. This excessive amount of APN was unable to associate 
with cardiac tissue and activate APN-dependent cardiac AMPK sig-
naling, a major pathway associated with cardioprotective functions. 
APN-KO mice were characterized by low cardiac T-cadherin protein 
expression. Administration of recombinant APN to APN-KO mice 
rescued the cardiac phenotype by restoring T-cadherin expression 
by cardiomyocytes to physiological levels. This reestablished car-
diac APN association, thereby reactivating AMPK signaling and 
limiting exacerbated cardiac injury. The same treatment failed to 
rescue the phenotype in the absence of T-cadherin. Thus, T-cad-
herin expressed on cardiomyocyte surfaces is necessary for binding 
APN and thereby enabling its cardioprotective functions.

Cardiac hypertrophy caused by pressure overload leads to an ini-
tial compensatory phase of cardiomyocyte growth that maintains 
resting output (41). Prolonged hypertrophy, however, results in 

Figure 5
T-cadherin reexpression in APN-KO hearts after adAPN treatment. (A) Immunostaining of heart sections from adGFP- or adAPN-treated  
APN-KO mice with T-cadherin and APN antibodies. Control staining confirmed absence of GFP signals in the heart. Scale bar: 5 μm. (B) Cardiac 
T-cadherin mRNA levels measured by qPCR in adGFP- (n = 5) or adAPN-treated (n = 3) APN-KO mice.
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decompensation associated with ventricular dilation and progres-
sive decline in cardiac function that can lead to heart failure (35). 
We observed exacerbated hypertrophy at both early and late stages 
in Tcad-KO mice in parallel with similar defects in mice lacking 
APN. At 7 days after aortic banding, the compensated hypertrophic 
response showed increased LV posterior wall thickness with nor-
mal functional parameters (Figure 3 and Supplemental Table 1).  
After prolonged pressure overload (28 days), both mutants dis-
played LV dilation and declined heart function that was accom-

panied by decreased capillary density and increased apoptotic cell 
death (Figure 4 and Supplemental Table 3).

Vascularization plays an important role in maintaining the com-
pensated hypertrophic response. Accordingly, during the early 
compensatory phase of hypertrophy during pressure overload, 
we observed no changes in myocardial vascularization in Tcad-
KO or APN-KO compared with WT mice. Thus, increased LV wall 
thickness in conjunction with downregulation of AMPK signal-
ing appears to be a cardiomyocyte autonomous response. Dur-

Figure 6
Reversion of exaggerated cardiac hypertrophy phenotype in APN-KO depends on T-cadherin. (A) Representative trichrome-stained heart sec-
tions 7 days after TAC. Scale bar is 2 mm. (B) HW/BW ratios in adGFP- or adAPN-treated APN-KO and DKO mice after sham or TAC surgery. 
(C) Representative images of wheat germ agglutinin–stained myocardium to reveal cardiomyocyte cross-sectional area, quantified in D. Scale 
bar: 5 μm. (E) Representative immunoblots showing cardiac AMPK and ACC phosphorylation in adGFP- or adAPN-treated APN-KO and DKO 
animals 7 days after TAC. (F and G) Quantification of phospho-AMPK/total AMPK and phospho-ACC/total ACC ratios. (B, D, F, and G) n = 3 
(adGFP) or 4 (adAPN) per group. *P < 0.05, **P < 0.01, ***P < 0.001.
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ing the decompensating phase of cardiac hypertrophy, however, 
we observed decreased capillary density associated with attenu-
ated cardiac function in both Tcad-KO and APN-KO mice. This is 
consistent with recent studies reporting that prolonged pressure 
overload diminishes cardiac capillary density in APN-KO mice by 
decreasing cardiomyocyte production of VEGF and AMPK signal-
ing (36). We previously identified a proangiogenic function for  

T-cadherin in the mouse mammary tumor virus–induced polyoma 
virus middle T (MMTV-PyV-mT) model of mammary cancer and 
ischemic retinal angiogenesis (29). Similarly, APN is known to 
promote ischemia-induced neovascularization in MMTV-PyV-mT 
mouse mammary tumors (37, 38) and in the ischemic hindlimb 
(42). This raises the possibility that the association between APN 
and T-cadherin modulates the hypertrophic response through 

Figure 7
T-cadherin is required for APN-mediated protection against ischemia-reperfusion. (A) Representative images of myocardial tissue sections 48 
hours after ischemia-reperfusion. Outlined white areas indicate IA, red color indicates AAR. (B) Quantification of infarct size by AAR/LV area, IA/
AAR, and IA/LV ratios. n = 4 (adGFP-treated WT, Tcad-KO, and DKO and adAPN-treated DKO); 6 (adGFP-treated APN-KO); 3 (adAPN-treated 
APN-KO). *P < 0.05 versus adGFP-treated Tcad-KO, APN-KO, and DKO and adAPN-treated DKO. (C) Representative immunoblots from WT, 
Tcad-KO, and APN-KO myocardial lysates of ischemic areas 48 hours after ischemia-reperfusion using phospho-specific (Thr-172) and total 
anti-AMPK antibodies. Quantification of phospho-AMPK/total AMPK ratios (n = 3 per group). (D) Representative images of TUNEL-stained heart 
sections. Scale bar: 20 μm. TUNEL-positive area was analyzed in regions adjacent to IAs (n = 3 per group).*P < 0.05, **P < 0.01 versus WT.
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adaptive endothelial cell–mediated cardiac angiogenesis in addi-
tion to exerting functions in cardiomyocytes. Evaluation of the cell 
type–specific contributions of T-cadherin is therefore an impor-
tant task for future studies.

Ischemia-reperfusion injury is a model for acute cardiac infarc-
tion in which APN exerts a protective role (40). Here we revealed 
the strict requirement for T-cadherin in this process in the mouse 
model. APN deficiency suppressed T-cadherin expression by car-
diomyocytes, and administration of recombinant adAPN led to the 
reexpression of T-cadherin, allowing adAPN binding and rescue of 
the cardiac phenotype in APN-KO mice. Absence of T-cadherin dis-
abled this rescue. These findings suggest that the heart reversibly 
responds to APN levels in the circulation by regulating T-cadherin 
levels and support the conclusion that T-cadherin is essential for 
the cardiac localization and rescue activity of adAPN. The crucial 
role of T-cadherin was further emphasized by the finding that sup-
raphysiological APN serum concentrations in the Tcad-KO mice 
were ineffective in cardioprotection.

Some readers may ask why sudden cardiac death can occur in 
young athletes despite presumably high APN levels. Although 
this area is insufficiently studied, the most common known cause 
of rare and sudden cardiac arrest under 35 years is hypertrophic 
cardiomyopathy, an autosomal-dominant trait most often asso-
ciated with mutations in genes that code for sarcomere proteins 
(43, 44). Such inherent microstructural abnormalities of the heart 
often remain undisclosed until the occurrence of sudden cardiac 
death. Therefore, a likely explanation for the ineffectiveness of 
APN in protecting an athlete’s heart is that the congenital defects 
of hypertrophic cardiomyopathy dominate over APN-mediated 
cardioprotection, or that mutations occur that render APN inac-
tive. In this context, it will be interesting to investigate deceased 
athletes’ hearts for T-cadherin and associated pathways. Howev-
er, heart disease mostly occurs in the absence of mutations and 
is associated with increased age and altered metabolic status. An 
array of epidemiological and clinical data suggests that APN con-
fers potent endogenous protection in these cases (11, 12, 45, 46).

How does APN mediate tissue-specific functions in the heart?  
T-cadherin is expressed in cardiomyocyte membrane microdo-
mains that are visible as discrete puncta by immunohistochemistry. 
APN showed a strikingly overlapping pattern (Figure 1), in line 
with the association of these molecules. That this interaction is 
direct is supported by 2 lines of in vitro evidence: first, T-cadherin 
was precipitated from differentiated C2C12 myotubes with APN 
antibodies after treatment with HMW APN (Figure 2A); and sec-
ond, ectopic expression of T-cadherin in HEK293 cells was suf-
ficient for binding serum APN (Figure 2B).

Although T-cadherin is effective in binding APN and activating its 
downstream signaling target AMPK, it falls short of being a receptor 
that both binds and transduces the binding signal to intracellular 
signaling pathways: T-cadherin’s glycosyl phosphatidylinositol 
anchor precludes direct interactions with intracellular signaling 
adaptors. Thus, we envision T-cadherin in association with trans-
membrane proteins that in turn associate with intracellular adap-
tor proteins to activate APN signaling targets. One possible mecha-
nism is that T-cadherin exerts cardioprotection through activating 
AMPK via the integrin pathway. Integrin levels are modulated by 
T-cadherin (47), and ectopic expression of T-cadherin in cultured 
endothelial cells is reported to activate integrin-linked kinase (ILK) 
signaling (48). In turn, ILK activation is implicated with AMPK sig-
naling to protect the heart from LV hypertrophy (49).

Alternatively, and perhaps more likely, AdipoR1 or -R2 are strong 
candidates to associate with or work in concert with T-cadherin 
as they (a) are activated in an APN-dependent manner; (b) serve 
upstream of AMPK signaling (17); and (c) are expressed the heart 
and thus implicated in cardiomyocyte functions (13, 50). Support 
for involvement of AdipoR1 in T-cadherin/APN-dependent sig-
naling comes from a recent paper that describes the skeletal mus-
cle–specific inactivation of AdipoR1 (15). In these mice, APN fails 
to regulate muscle metabolism, including AMPK activation. As  
T-cadherin is abundant in normal skeletal muscle and responsible 
for APN binding, it is conceivable that the cooperation between  
T-cadherin and AdipoR1 enables APN functions in both skeletal 
and cardiac muscle. Indeed, consistent with published work (13), 
we established AdipoR1 and -R2 mRNA and protein expression in 
the myocardium. However, unlike T-cadherin, cardiac expression 
levels of AdipoR1 and -R2 were independent of APN serum concen-
trations and remained unaltered between APN-KO and Tcad-KO 
mice. The continued expression of AdipoR1 and -R2 in Tcad-KO 
mice, combined with the absence of cardiac APN association, sug-
gests that these receptors alone are insufficient to enable binding 
and thereby cardioprotective functions of APN. We provide exper-
imental evidence for this suggestion by our demonstration that  
T-cadherin ectopically expressed in HEK293 cells effectively bound 
APN, whereas surface expression of AdipoR1 and -R2 in the same 
cells alone yielded no detectable association of serum APN (Figure 
2B). These data thus support a model in which physical associa-
tion of APN with T-cadherin is a prerequisite for APN’s physiologi-
cal activity in the heart, and suggest that a possible function of 
AdipoR1/R2 is secondary to the binding of APN to T-cadherin.

In summary, we identified the critical physiological function of 
T-cadherin in sequestering APN to the myocardium and enabling 
APN’s protective functions in cardiac injury models in the mouse. 
Combined with the current literature, our data are consistent with 
a model in which T-cadherin serves the APN-binding function 
while yet-unknown transmembrane proteins, possibly including 
AdipoR1 or -R2, are required for transmitting the binding signal 
to intracellular signaling pathways. Clearly, more research is neces-
sary to determine the molecular mechanism by which APN exerts 
its cardioprotective functions, including studies with AdipoR1/R2 
KO mice. Our present study contributes insights into the biology 
of APN by identifying T-cadherin as a physiological APN-binding 
receptor that enables the association of APN with the heart. This 
work opens the possibility for a role of T-cadherin in other physi-
ological processes that are modulated by APN.

Methods
Mice. The IACUC of Sanford-Burnham Medical Research Institute 
approved our study protocols. C57BL/6 Tcad-KO mice were previously 
described (29). C57BL/6 APN-KO mice were provided by N. Maeda,  
T. Funahashi, and Y. Matsuzawa (Osaka University, Osaka, Japan; ref. 30). 
Animals were fed with a normal diet.

TAC. 8- to 12-week-old male C57BL/6 WT, Tcad-KO, APN-KO, or DKO 
mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/
kg). The chest cavity was entered by blunt dissection of the second inter-
costal space at the left upper sternal border, and the transverse aorta was 
isolated. TAC was achieved by tying a 7-0 nylon suture ligature against a 
26- to 27-gauge needle and the aorta and subsequent removal of the needle. 
Sham-operated mice underwent the same surgical procedure without con-
striction of the aorta. Transthoracic echocardiography was done before 
TAC and 7 or 28 days after TAC.
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Ischemia-reperfusion injury. 8- to 12-week-old male C57BL/6 WT, Tcad-KO, 
APN-KO, or DKO mice were anesthetized as described above. The chest 
cavity was entered by blunt dissection of the fourth intercostal space, 2 mm 
away from the left sternal border. Opening the pericardial sac exposed the 
heart. The left anterior descending artery was ligated with a 6-0 silk suture 
about 1–2 mm beneath the tip of the left auricle. After 30 minutes of coro-
nary occlusion, the ligation was opened, and the lungs were reinflated with 
a small catheter left in the thorax to evacuate air and fluids. The chest 
cavity was closed, and the mouse was extubated and maintained on high 
oxygen during recovery from the surgery.

Determination of AAR and IA. 48 hours after ischemia-reperfusion sur-
gery, mice were anesthetized, and the left anterior descending artery 
was reoccluded. 0.5 ml of a 1% Evans blue (Sigma-Aldrich) solution 
was injected into the LV to mark the nonischemic tissue. The heart was 
then excised, washed in PBS, and cut into 4 transverse slices, which were 
subsequently stained in 2% 2,3,5-triphenyltetrazolium chloride (Sigma-
Aldrich) for 15 minutes at room temperature to aid visualization of  
the IA. Digital images of heart sections were analyzed for LV area, AAR, 
and necrotic area using Image J software.

Adenovirus-mediated gene transfer. We injected 2 × 108 PFU of adAPN (31) 
or adGFP (provided by M. Mercola; Sanford-Burnham Medical Research 
Institute) into the tail vein of mice 3 days prior to TAC. GFP fluorescence 
was verified in the liver. APN was detected in the circulation using Western 
blotting and ELISA (R&D).

Immunohistochemistry. Heart sections were sequentially treated with Tar-
get Retrieval Solution (Dako), 1% Saponin (Fluka), and saturated Sudan 
Black (MPBio) in 70% ethanol; blocked with Antibody Diluent (Dako); 
and incubated with APN (R&D and PA1-054, Affinity Bioreagents), N-cad-
herin (BD Biosciences), Connexin 43 (Millipore), CD31 (BD Biosciences), 
or T-cadherin (ref. 29 and R&D) antibodies. Alexa Fluor 488, Alexa Fluor 
647, and Alexa Fluor 594 fluorescent conjugates (Invitrogen) were used 
to detect the respective primary antibodies. Negative controls were tissues 
from KO animals or slides processed in parallel without primary antibody. 
Before CD31 staining, sections were digested with 0.1% trypsin (Zymed). 
Apoptotic cells were identified by TUNEL (Millipore). TUNEL-stained sec-
tions were counterstained with methyl green. Immunofluorescent images 
were taken with a Fluoview confocal microscope (Olympus).

Histology. Deparaffinized heart sections were used for Trichrome stain-
ing. Frozen heart sections were fixed in acetone and processed for staining 
with fluorescently labeled wheat germ agglutinin (Sigma-Aldrich).

Tissue culture. C2C12 myoblasts were maintained in DMEM (Cellgro) with 
20% FCS (Gibco, Invitrogen) and differentiated in DMEM with 2% horse 
serum (Gibco, Invitrogen). HEK293 cells were maintained in DMEM with 
10% FCS. Stable HEK293 lines were generated by infection with a retrovi-
ral vector (pL-N1 or pL–T-cadherin) and subsequent selection. Transient 
transfection of HEK293 cells with the HA-tagged AdipoR1 and Flag-tagged 
AdipoR2 constructs (provided by M.-H. Lee and L.M. Luttrell, University 
of South Carolina, Charleston, South Caroline, USA; ref. 51) was done by 
calcium phosphate method, and surface expression of AdipoR1 and -R2 was 
verified by surface biotinylation and immunostaining (data not shown).

Cardiomyocyte isolation. Adult mouse cardiomyocytes were isolated using 
the Neomyt Kit (Cellutron Life Technologies) according to the manufac-
turer’s protocol. Sequential plating ensured cardiomyocyte purity.

Immunoprecipitation. C2C12 cells were incubated with HMW APN (pro-
vided by L. Shapiro, Columbia University, New York, New York, USA) and 
cross-linked with 2.5 mmol/l dimethyl 3,3′-dithiopropionimidate dihy-
drochloride (Sigma-Aldrich) for 30 minutes at room temperature. Cells 
were then washed and lysed with lysis buffer (20 mmol/l Tris HCl pH 7.4, 
150 mmol/l NaCl, 1 mmol/l EDTA, 10 mmol/l sodium pyrophosphate, 
10 mmol/l beta glycerophosphate, 50 mmol/l sodium fluoride, protease 

inhibitor cocktail [Sigma-Aldrich], 0.1 mmol/l PMSF, and 1% NP40), and 
incubated with either normal rabbit IgG or anti-APN antibodies at 4°C 
for 1 hour. Magnetic Protein A beads (Invitrogen) were then added, and 
the samples were further incubated at 4°C for 1 hour. The beads were then 
collected and washed 5 times in lysis buffer. Bound protein complexes were 
analyzed by Western blotting.

Western blotting. Snap-frozen heart tissue was mechanically dissoci-
ated and suspended in lysis buffer. Proteins were separated by reducing 
SDS-PAGE and transferred to PVDF membranes. Membranes were then 
incubated with specific antibodies to APN, T-cadherin (29), N-cadherin, 
AdipoR1 (Abcam), AdipoR2 (Phoenix Pharmaceuticals), β-tubulin (Chemi-
con), phospho-AMPKα (Thr-172) (Cell Signaling), AMPKα (Cell Signal-
ing), phospho-ACC (Ser-79) (Upstate), ACC (Upstate), or the Flag (Sigma-
Aldrich) and HA tags (Roche).

Real-time qPCR. Total RNA was extracted using TRIzol (Invitrogen) from 
heart tissue or cultured cells. Equal amounts were reverse transcribed using 
oligo (dT)18 and random hexamer primers (Transcriptor First Strand cDNA 
Synthesis Kit; Roche). Real-time qPCR analysis was performed with SYBR 
green. T-cadherin (5′-CATCGAAGCTCAAGATATGG-3′; 5′-GATTTC-
CATTGATGATGGTG-3′), AdipoR1 (5′-ACACAGAGACTGGCAACATC-
3′; 5′-GAGCAATCCCTGAATAGTCC-3′), and AdipoR2 (5′-TGGACA-
CATCTCCTAGGTTG-3′; 5′-TAGAGAAGAGTCGGGAGACC-3′) cDNAs 
were detected and normalized to GAPDH (5′-CCAGTATGACTCCACT-
CACG-3′; 5′-GACTCCACGACATACTCAGC-3′).

Statistics. Statistical analysis was done using Prism software by 1-way 
ANOVA with Bonferroni post-tests. A P value less than 0.05 was considered 
significant. Values are mean ± SEM.

Note added in proof. A recent genome-wide association study 
establishes a further strong link of Cdh13 to APN levels in Asian 
populations (52).
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