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Adiponectin downregulation is associated with 
volume overload-induced myocyte dysfunction in rats
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Aim: Adiponectin has been reported to exert protective effects during pathological ventricular remodeling, but the role of adiponectin 
in volume overload-induced heart failure remains unclear. In this study we investigated the effect of adiponectin on cardiac myocyte 
contractile dysfunction following volume overload in rats.
Methods: Volume overload was surgically induced in rats by infrarenal aorta-vena cava fistula. The rats were intravenously adminis-
tered adenoviral adiponectin at 2-, 6- and 9-weeks following fistula. The protein expression of adiponectin, adiponectin receptors (Adi-
poR1/R2 and T-cadherin) and AMPK activity were measured using Western blot analyses. Isolated ventricular myocytes were prepared 
at 12 weeks post-fistula to examine the contractile performance of myocytes and intracellular Ca2+ transient.
Results: A-V fistula resulted in significant reductions in serum and myocardial adiponectin levels, myocardial adiponectin receptor 
(AdipoR1/R2 and T-cadherin) levels, as well as myocardial AMPK activity. Consistent with these changes, the isolated myocytes exhib-
ited significant depression in cell shortening and intracellular Ca2+ transient. Administration of adenoviral adiponectin significantly 
increased serum adiponectin levels and prevented myocyte contractile dysfunction in fistula rats. Furthermore, pretreatment of iso-
lated myocytes with recombinant adiponectin (2.5 µg/mL) significantly improved their contractile performance in fistula rats, but had 
no effects in control or adenoviral adiponectin-administered rats.
Conclusion: These results demonstrate a positive correlation between adiponectin downregulation and volume overload-induced ven-
tricular remodeling. Adiponectin plays a protective role in volume overload-induced heart failure.
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Introduction
The death rate attributable to congestive heart failure (CHF) 
has declined, but the high prevalence of disease remains an 
issue in the United States[1].  Mechanical stimuli in the form 
of pressure overload and volume overload are believed to 
be the major driving forces that initiate cardiac remodeling 
and increase the risk for development of CHF and sudden 
death[2].  Pressure overload is often caused by high blood pres-
sure and aortic stenosis.  Volume overload is usually induced 
by valvular regurgitation, chronic myocardial infarction and 
pregnancy.  The molecular mechanisms underlying pressure 
overload typically induces concentric hypertrophy, while 
volume overload increases diastolic load and results in eccen-
tric hypertrophy characterized by sarcomere replication in 

series and longitudinal cell growth.  This leads to an increase 
in ventricular volume with little increase in wall thickness[3].  
Although pressure overload- and myocardial infarction-
induced cardiac hypertrophy have been well studied, there is 
far less known about the mechanisms causing volume over-
load-induced heart failure, even though it is a clinically com-
mon cause of CHF.  Recent animal studies demonstrated that 
cardiac remodeling secondary to volume overload is closely 
related to ATP starvation and metabolic abnormalities in myo-
cardium, which further exacerbates the development of heart 
failure after volume overload[4, 5].  Using a fistula rat model, 
Wang et al[6] observed that compensated hypertrophy occurred 
between 2 and 8 week post fistula with normal or mildly 
depressed hemodynamic function.  Heart failure occurred sub-
sequently between 8 to 16 weeks with depressed in vivo and in 
vitro LV systolic pressure.  Previous study from our laboratory 
indicates that depressed ventricular contractility is intrinsic 
to the individual myocytes[7].  In that study the in vivo cardiac 
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size and performance following fistula surgery was evaluated 
by M-mode echocardiography.  A progressive increase in LV end 
diastolic and end systolic diameters was observed in fistula rats 
at 5-week and 10-week following surgery, indicating a develop-
mental ventricular dilatation.  Associated with ventricular dilata-
tion, in vivo LV fractional shortening was lower in 5-week fistula 
rats and further reduced in 10-week fistula rats.  Although there 
was no significant difference in body weights between AV 
fistula rats and age-matched sham-operated control rats, a 
progressive increase of heart weight and heart/body ratio was 
observed in fistula rats.  In the same study rat ventricular myo-
cytes following sustained volume overload demonstrated sig-
nificant depression in cell shortening, which was associated with 
reduced peak intracellular Ca2+ ([Ca2+]i) transients.  Abnormal 
myocyte contractility and [Ca2+]i in these cells resulted from the 
deficiency of the key Ca handling proteins including SR Ca2+-
ATPase and ryanodine receptors[7].  However, the mechanism 
of volume overload leading to the derangement of energy 
metabolism in myocardium is not clear.

Adiponectin (APN) is collagen-like protein hormone cir-
culating at a very high concentration in the range from 3 
to 30 μg/mL, thus accounting for 0.01% of total plasma 
protein[8, 9].  Initially, APN was believed to be exclusively 
expressed by white adipose tissue, but recent evidence indi-
cates that myocardium can locally produce bioactive APN.  
Ding et al[10] demonstrated that APN and both APN receptors 
are expressed in adult ventricular cardiomyocytes and 
upregulated by activation of peroxisome proliferator-activated 
receptor gamma.  In myocardium, APN functions to modulate 
glucose uptake and fatty acid oxidation via AMP-activated 
protein kinase (AMPK)-dependent signaling pathways[11, 12].  
These physiological effects of APN are mediated via interac-
tions with its cell-surface receptors: AdipoR1, AdipoR2 and 
T-cadherin.  The level of circulating APN is a predictor for 
the development of heart failure.  Low APN level in serum 
(hypoadiponectinemia) is associated with cardiac hypertrophy 
and impairments of cardiac function under pathological con-
ditions[13-16].  APN deficiency in APN-knockout mice further 
exacerbates cardiac dysfunction following pressure overload 
induced cardiac remodeling[17, 18].  Conversely, supplementa-
tion of APN suppresses pathologic cardiac remodeling and 
improves cardiac function, thus protecting heart function 
against myocardial injury induced by pressure overload[18, 19].  
However, no study has addressed the question that whether 
APN is beneficial or deleterious for the development of heart 
failure secondary to volume overload.  Therefore, the aim 
of this study is to examine the effects of APN on the volume 
overload-induced heart failure in rats.  Since our previous 
study indicates that depressed ventricular contractility is 
intrinsic to the individual myocytes[7], the focus of the present 
study was evaluating the potential protective roles of APN on 
the isolated myocyte contractility.  

Materials and methods
Surgical preparation and APN administration
The animal use procedures were performed conforming the 

NIH guidelines, and the animal use protocol was approved 
by the Auburn University Institutional Animal Care and Use 
Committee.  Male Sprague Dawley rats (250–300 g, ~8 weeks) 
were randomly divided into three groups: Control (n=6), 
Fistula (n=7), and Fistula+Ad-APN (adenoviral adiponectin, 
Ad-APN; n=6).  Chronic volume overload was induced 
through infrarenal aorto-caval (AV) fistula[7]. Infrarenal aorta-
vena (AV) fistula was performed on rats under O2-isofluorane 
inhalation anesthesia (2%).  A midline abdominal incision 
was performed and the abdominal aorta and inferior vena 
cava were exposed.  An 18-gauge needle was inserted into 
the exposed abdominal aorta and advanced through the 
medial wall into the vena cava to create a fistula.  The needle 
was withdrawn, and the aortic puncture site was sealed by 
cyanoacrylate glue.  Fistula patency was visually confirmed 
by the pulsatile flow of oxygenated blood into the vena cava.  
Abdominal musculature and skin incisions were sutured with 
3/0 catgut and autoclip.  Control animals underwent similar 
procedure except that no aortic puncture was applied.  

Fistula+Ad-APN rats received 2×108 plaque-forming units 
of Ad-APN at 2-, 6- and 9 weeks by intravenous injection via 
the tail vein.  Ad-APN was obtained from Eton Biosciences 
(SanDiego, CA, USA) (Cat # 0100182001) and stored an -80 ºC.  
Ad-APN was thawed and diluted to the right concentration by 
saline before injection.

Analysis of total serum APN levels
Blood samples were collected from tail vein at 3 days before, 5 
weeks and 10 weeks after fistula surgery.  Serum was isolated 
by centrifugation and preserved at -80°C until analysis.  Total 
serum APN levels were determined by rat adiponectin ELISA 
kit (Millipore Co, Billerica, CA, USA).

Ventricle myocyte isolation
At 12 weeks post-fistula, ventricular myocytes were isolated 
as previously described[7].  In brief, rat was injected ip of Fetal 
Plus 0.5 mL, and decapitated under deep anesthesia.  The 
heart was quickly removed and perfused with oxygenated 
Ca2+-free Krebs-Henseleit (KH) buffer (118 mmol/L NaCl, 4.8 
mmol/L KCl, 25 mmol/L HEPES, 1.25 mmol/L K2HPO4, 1.25 
mmol/L MgSO4, 11 mmol/L glucose, pH at 7.4) for 5 min, fol-
lowed with KH buffer containing 5 mmol/L BDM, 2 mmol/L 
carnitine, 5 mmol/L taurine, 2 mmol/L glutamic acid, 0.045% 
collagenase (Worthington; Type II, 371 U/mg), and 20 μmol/L 
CaCl2 for approximately 15–18 min.  Ventricles were then 
isolated and mechanically dispersed in 0.02 mmol/L Ca2+ 
Kraftbrühe (KB) solution, filtered and centrifuged at 15×g for 5 
min at room temperature.  Isolated cardiomyocytes were then 
resuspended in KH buffer with gradually increasing concen-
trations of Ca2+ to yield Ca2+-tolerant cells.  

Measurement of myocyte contractility and intracellular Ca2+ transient
Ventricular myocytes were collected for measurement of 
contractility and intracellular Ca2+ transient using fluorescence 
and edge-detecting system (IonOptix, Milton, MA, USA)[20]. 
Cardiomyocytes were incubated with 2.5 μmol/L Fura-2/AM 
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at room temperature for 20 min.  Cells were then washed in 
1.8 mmol/L Ca2+ KH buffer to remove excess Fura-2.  Fura-2-
loaded cardiomyocytes were mounted on an inverted micro-
scope (Nikon TE, 2000, Tokyo, Japan) and perfused with 1.8 
mmol/L Ca2+ KH buffer by gravity (~2 mL/min) at room tem-
perature.  Only rod shaped, clearly striated, and mechanically 
quiescent myocytes were chosen for the study.  Myocyte con-
traction was elicited at 0.5 Hz frequency by field stimulation.  
The Fura-2-fluorescence was excited by collimated light beam 
from a 150 W Xe arc lamp.  The intracellular Ca2+ transient 
was recorded by 340/380 nm ratio excitation paired with an 
emission wavelength at 510 nm.  The contractile function of 
ventricular myocytes was determined by percent change of 
the sarcomere shortening simultaneously with intracellular 
Ca2+ transients.  In some experiments, ventricular myocytes 
isolated from different groups were incubated with 2.5 μg/mL 
recombinant APN for 2 h in 1.8 mmol/L Ca2+ KH buffer.

Western blot
Cell lysates were prepared from myocytes isolated from rats 
in each group.  The total protein contents were determined 
by the Bradford method.  Equal amounts of protein for each 
sample were resolved by 10% SDS-PAGE gel and subjected 
to Western blot.  The membrane was incubated with primary 
antibody against target proteins followed by incubation with 
IRDye Infrared Dyes (Li-Cor, Lincoln, NE, USA).  Bands were 
imaged and quantified using the Odyssey Infrared Imaging 
System (Li-Cor, Lincoln, NE, USA).  The target proteins were 
normalized to β-Actin or GAPDH.

Materials
Recombinant adiponectin was purchased from Phoenix Phar-
maceuticals, Inc (Burlingame, CA).  APN antibody was from 
Abcam, Inc (Cambridge, MA, USA).  AdipoR1, AdipoR2 and 
T-cadherin antibodies were from Santa Cruz Biotechnology, 
Inc (Santa Cruz, CA, USA).  Phospho-AMPKα (Thr172) and 
AMPKα antibodies were purchased from Cell Signaling (Dan-
vers, MA, USA).  His-tag adiponectin recombinant adenovirus 
was from Eton Bioscience Inc (San Diego, CA, USA).  IRDye 
secondary antibodies were from Li-Cor (Lincoln, NE, USA).  
All chemicals were analytical grade and were from Sigma-
Aldrich (St Louis, USA).

Statistical analysis
Myocyte contraction and intracellular Ca2+ transient were 
performed on five to seven myocytes randomly chosen from 
each animal in each group and data averaged to represent that 
animal.  Values were expressed as mean±SEM and n as the 
number of animals studied.  Data from the different groups of 
animals were compared using two-tailed unpaired Student’s 
t test, and one-way ANOVA with a Student-Newman-Kuels 
post-test, whenever appropriate.  P value of < 0.05 was consid-
ered to be significantly different.

Results
To clarify whether circulating APN levels are inversely cor-

related with the progression of heart failure induced by AV 
fistula, ELISA assay was applied to measure serum total APN 
levels in all groups of rats at 3 days before, 5 weeks and 10 
weeks after fistula.  At 3 days before fistula, no significant dif-
ference in serum APN levels was observed between rats from 
different groups (data not shown).  At 5 weeks and 10 weeks 
post-fistula, serum APN levels were significantly reduced in 
fistula rats.  In vivo administration of Ad-APN significantly 
increased the total APN levels in serum at 5 weeks and 10 
weeks post-fistula, as compared with control and fistula rats 
(Figure 1A).

Similar to the reduction of serum APN levels, the protein 
expression of total APN was significantly reduced in ventricu-
lar myocytes isolated from fistula rats at 12 weeks post-fistula.  
However, Ad-APN administration markedly prevented the 
reduction of APN levels in myocytes.  No significant differ-
ence was observed in the myocardial protein APN levels 
between fistula+Ad-APN and control rats (Figure 1B).

Figure 1.  Total adiponectin (APN) levels following fistula.  (A) Serum total 
APN levels at 5 weeks and 10 weeks post-fistula.  (B) Myocardial protein 
expression of APN normalized to β-actin at 12 weeks post-fistula with or 
without the administration of adenovirus-APN (Ad-APN).  Results were 
presented as mean±SEM for control (n=6), fistula (n=7) and fistula+Ad-
APN (n=6).  bP<0.05 compared with control.  eP<0.05 compared with 
Fistula.
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AdipoR1 and AdipoR2 serve as predominant APN receptors 
and mediate glucose uptake and fatty acid oxidation in myo-
cytes[21].  In addition to AdipoR1 and AdipoR2, T-cadherin has 
also been identified as a membrane receptor for hexameric and 
high-molecular-weight forms of APN, which is also critical for 
APN-dependent energy metabolism in myocytes[22, 23].  West-
ern blot analysis was applied to determine the protein levels of 
AdipoR1/R2 and T-cadherin in isolated ventricular myocytes 
at 12 weeks post-fistula.  Results demonstrated that myocar-
dial protein expressions of AdipoR1/R2 and T-cadherin in the 
Fistula group of rats were decreased at 12 weeks post-fistula 
as compared with control.  Conversely, Ad-APN treatment 
prevented the reduction of receptor proteins.  Myocardial pro-
tein expression of AdipoR1/R2 and T-cadherin in myocytes 
isolated from fistula+Ad-APN rats was comparable to that in 
myocytes from control rats (Figure 2).

APN functions to mediate myocardial glucose uptake and 
fatty acid oxidation as well as to provide cardioprotective 
roles by increased AMPK activity through phosphorylation of 
AMPK-α (Thr172) [24].  In this study, Western blot was used to 
assess the phosphorylation status of AMPK at threonine resi-
due 172 of the α subunit in myocytes from rats in each group.  
At 12 weeks post-fistula, AMPK-α phosphorylation was sig-
nificantly decreased, while the total AMPK level was similar 
in fistula myocytes when compared to control.  However, Ad-
APN treatment significantly improved AMPK-α phosphoryla-
tion in myocytes from fistula+Ad-APN rats compared with fis-
tula myocytes.  There was no significant difference of AMPK-α 
phosphorylation in myocytes between fistula+Ad-APN and 
control rats (Figure 3).  

To investigate the effects of APN on myocyte contractile 
performance when subjected to volume overload, we com-
pared the myocyte shortening among different groups of ani-
mals.  The resting sarcomere lengths were comparable among 
different groups of myocytes.  When myocytes were electri-

cally stimulated at 0.5 Hz, mechanical properties showed that 
contractile performance was depressed in myocytes from 
Fistula rats as compared with control at 12 weeks post-fistula.  
Sarcomere shortening was significantly decreased in myocytes 
isolated from 12-week fistula rats.  Similarly, fistula myocytes 
had a delayed relaxation as shown by the prolonged sarco-
mere relengthening when compared with that of control.  In 
vivo Ad-APN administration prevented normal contractile 
dysfunction induced by fistula, and the contractile perfor-

Figure 2.  Myocardial protein expression of AdipoR1, AdipoR2 and T-cadherin at 12 weeks post-fistula.  (A) Protein expression of AdipoR1 normalized 
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in isolated ventricular myocytes.  (B) AdipoR2, and (C) T-cadherin, normalized to β-Actin in the 
isolated ventricular myocytes.  Results were presented as mean±SEM for control (n=6), fistula (n=7) and fistula+Ad-APN (n=6).  bP<0.05 compared with 
control.  eP<0.05 compared with Fistula.

Figure 3.  AMP-activated protein kinase (AMPK) phosphorylation at 12 
weeks post-fistula.  (A) Representative Western blot of phospho-AMPKα 
(Thr172) and AMPKα in isolated ventricular myocytes.  (B) Phospho-
AMPKα (Thr172) normalized to AMPKα.  Results were presented as 
mean±SEM for control (n=6), fistula (n=7) and fistula+Ad-APN (n=6).  
bP<0.05 compared with control.  eP<0.05 compared with Fistula.
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mance of myocytes from fistula+Ad-APN rats was not signifi-
cantly different from the control myocytes (Figure 4).  

To further examine the effects of APN on the myocyte per-
formance at cellular levels, myocytes isolated from different 
groups of rats were treated with 2.5 μg/mL recombinant APN 
for 2–4 h before mechanical study.  Pretreatment with recom-
binant APN significantly augmented the contractility of fistula 
myocytes and brought the cell shortening to the normal levels 
of control myocytes.  On the other hand, recombinant APN 
treatment did not affect the contractile performance in myo-
cytes from fistula+Ad-APN and control rats (Figure 4).

Consistent with contractile properties, intracellular Ca2+ 
transient was also depressed in fistula myocytes.  Resting 

Fura-2 ratios were similar among different groups of myo-
cytes.  However, the peak Fura-2 ratio was significantly 
lower, and the time-to-50% Fura-2 ratio decay was remark-
ably prolonged in fistula myocytes compared with control.  
Conversely, Ad-APN treatment retained intracellular Ca2+ 
transient in myocytes from fistula+Ad-APN rats (Figure 5).  In 
vitro treatment of myocytes with recombinant APN restored 
the reduction of intracellular Ca2+ transient in fistula myocytes 
to normal values of control myocytes, but did not affect the 
Ca2+ transient in myocytes from control and fistula+Ad-APN 
rats (Figure 5).

Discussion
To our knowledge, our study is the first to demonstrate the 
inverse relationship between APN levels and the progres-

Figure 5. Intracellular Ca2+ transient in isolated ventricular myocyte with or 
without in vitro APN treatment (2.5 μg/mL). (A) Representative Fura-2 ratio 
(F340 nm/F380 nm) recordings from a control, a fistula, and a fistula+Ad-APN 
myocytes. (B) Peak Fura-2 ratio (F340 nm/F380 nm). (C) Resting Fura-2 ratio 
(F340 nm/F380 nm). (D) Time to the 50% ratio decay (s).  Results were presented 
as mean±SEM for control (n=6), fistula (n=7) and fistula+Ad-APN (n=6).  
bP<0.05 compared with control.  eP<0.05 compared with Fistula.

Figure 4.  Contractile performance of ventricular myocytes with or without 
2–4 h in vitro APN treatment (2.5 μg/mL).  (A) Representative sarcomere 
length recordings from a control, a fistula and a fistula+Ad-APN myocytes.  
(B) Percent change of sarcomere shortening.  (C) Resting sarcomere 
length.  (D) Time to 50% sarcomere relengthening.  Results were 
presented as mean±SEM for control (n=6), fistula (n=7) and fistula+Ad-
APN (n=6).  bP<0.05 compared with control. eP<0.05 compared with 
Fistula.
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sion of heart failure due to sustained volume overload.  One 
of the key findings from this study is a progressive and sig-
nificant reduction of APN levels in serum and ventricular 
myocytes following volume overload.  In addition, protein 
expression of APN receptors were decreased in ventricular 
myocytes isolated from fistula rats at 12 weeks post-fistula, 
which was accompanied by reduced AMPK activation.  Con-
sistent with these findings, ventricular myocyte contractility 
and intracellular Ca2+ transients were markedly depressed 
at 12 weeks post-fistula.  Conversely, in vivo administration 
of adenovirus-mediated overexpression of APN restored the 
APN levels, prevented the loss of protein expression of APN 
receptors, enhanced AMPK phosphorylation in myocytes 
from fistula+Ad-APN rats, and restored the contractile perfor-
mance of ventricular myocytes.  Moreover, in vitro treatment 
of ventricular myocytes from fistula rats with recombinant 
APN fully compensated the contractile deficiency, while treat-
ment of recombinant APN does not have any effect on the 
contractile performance in myocytes isolated from control and 
fistula+Ad-APN rats.  

Cardiac remodeling involves molecular, cellular and inter-
stitial changes.  Cardiac hypertrophy is a common type of 
cardiac remodeling following pathological stimulation and a 
major predictor of the development of heart failure[25].  Abnor-
mal mechanical stimuli in the form of pressure overload and 
volume overload are believed to be the major driving forces 
that initiate cardiac remodeling and increase the risk for devel-
opment of CHF and sudden death[2].  In response to pressure 
and volume stress, hypertrophic growth develops in two 
different ways: (1) concentric hypertrophy, due to pressure 
overload, is characterized by a relative increase in myocyte 
cross sectional area without a significant change in myocyte 
length.  It leads to reduced ventricular volume and increased 
wall thickness; (2) eccentric hypertrophy, in response to vol-
ume overload, results in a relative increase in myocyte length 
without a significant change of cross section area.  This causes 
dilatation and thinning of the heart wall[2, 26].  At the molecular 
level, signaling analysis demonstrated striking differences in 
transducing signaling pathways that were activated under 
the different overload conditions.  Pressure overload-induced 
cardiac hypertrophy is associated with increased activation 
of extracellular-signal-regulated kinases 1/2 (ERK1/2) and 
persistent activation of Ca2+/calmodulin-dependent protein 
kinase II (CaMKII) [25, 27].  On the other hand, volume overload 
stimulates activation of the MEK5-ERK5 signaling branch of 
the greater mitogen-activated protein kinases (MAPKs)[25] and 
Akt activation without much fibrosis signaling[27].  In addition, 
a total of 157 mRNAs and 13 microRNAs were differentially 
regulated in pressure-overload versus volume-overload mice 
models of heart failure[27].  In the present study, experimental 
data indicated a progressive and significant reduction of APN 
levels in serum and ventricular myocytes following volume 
overload.  On the other hand, serum level of APN remained 
the same after pressure overload challenge[28], while APN defi-
ciency in APN knockout mice exacerbated cardiac dysfunction 
following pressure overload[11, 17].  Taking together, our study 

further support the distinct phenotype differences between 
different mechanical stresses, indicating the requirement for 
specific pharmacological interventions for specific phenotype.

A previous study from our laboratory demonstrated an in 
vivo and in vitro progressive development of cardiac dysfunc-
tion following fistula surgery in rats[7].  The present study also 
demonstrated a progressive reduction of serum APN levels 
after fistula surgery.  Moreover, reduction of APN was asso-
ciated with depressed myocardial contractility and intracel-
lular Ca2+ transient.  Thus, hypoadiponectinemia may be a 
contributing factor to the progression of heart failure induced 
by volume overload.  In accordance with this hypothesis, our 
data clearly showed that adenovirus-mediated APN over-
expression prevented the volume overload-induced cardiac 
contractile function in fistula rats.  Furthermore, in vitro treat-
ment of fistula myocytes with APN fully recovered contractile 
dysfunction.  These results suggested that APN offers cardio-
vascular protection in volume-overload cardiomyopathy.  

APN is a protein hormone that functions to improve insulin 
sensitivity and modulate energy metabolism in tissues[29].  Dif-
ferent from most other adipocytokines, circulating APN levels 
are negatively correlated with body mass index[30].  Hypoa-
diponectinemia has been observed in obesity and its related 
diseases, including hypertension, type II diabetes and coro-
nary heart disease[13-16, 31].  Interestingly, although serum APN 
levels remain relatively stable in mice subjected to pressure 
overload[28].  APN deficiency exacerbates cardiac dysfunction 
following pressure overload[11, 32].  Conversely, APN supple-
mentation prevents cardiac remodeling and ameliorates car-
diac abnormalities due to pressure overload and myocardial 
infarction[17, 18].  

APN is mainly expressed by adipocytes.  However, car-
diomyocytes are capable of synthesizing and secreting a 
small amount of APN[33, 34].  Circulating APN seems to act as 
the predominant ligand for myocardial APN receptors and 
exert cardioprotective actions in an endocrine manner.  Shi-
bata et al described that APN accumulated in heart following 
ischemia-reperfusion injury through leakage from the vascular 
compartment and APN protein was only detectable in injured 
hearts but not sham-operated hearts[35].  However, recent 
studies found that the locally produced APN can also mediate 
cardioprotection in paracrine and autocrine manners[33, 34, 36].  
Guo et al reported that cardiac APN protein expression did 
not change in STZ-induced diabetic rats, whereas plasma APN 
level was decreased[37].  Conversely, our study provided evi-
dence that APN protein was detectable in control myocytes 
and total APN level was significantly decreased in ventricular 
myocytes at 12 weeks post-fistula, which was in parallel with a 
decrease in serum APN level.  Although our results could not 
differentiate the major cardio-protective roles by circulating 
APN or by cardiomyocyte produced APN, our data suggests 
that the protein expression of tissue and systemic APN may 
be regulated by the same mechanisms.  However, the under-
lying mechanism is as yet unknown.  One possible reason is 
the increased production of tumor necrosis factor-α (TNF-α).  
Our preliminary data showed that TNF-α was not detectable 
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in control myocytes.  However, TNF-α levels were elevated 
in ventricular myocytes at 12 weeks post-fistula.  Also, TNF-α 
levels were significantly increased in serum when animals 
were subjected to volume overload[38, 39].  TNF-α may suppress 
APN expression via JNK (c-Jun N-terminal kinase)- and pro-
tein kinase C (PKC)-dependent signaling pathways[40, 41]. More-
over, TNF-α inhibits APN expression via TNF receptor type 
1[42].  

APN has been described as achieving these protective effects 
through receptors, AdipoR1/R2, both of which are expressed 
in cardiomyocytes[37, 43, 44].  In addition to AdipoR1/R2, 
T-cadherin has recently been identified as a receptor for hexa-
meric and high-molecular-weight (HMW) forms of APN[22].  
Although lacking transmembrane and cytoplasmic domains, 
T-cadherin may act as co-receptor to transmit APN-mediated 
metabolic signals via an unidentified signaling pathway, fur-
ther protecting myocardium against injury[23].  Caselli et al 
reported that the mRNA expression of AdipoR1 was signifi-
cantly upregulated and myocardial AdipoR2 and T-cadherin 
mRNA expression did not change in a porcine dilated car-
diomyopathy model[45].  Also, AdipoR2 protein levels did not 
change in diabetes mellitus[37, 46].  In this study, the protein 
expression of AdipoR1/R2 and T-cadherin were all down-
regulated in ventricular myocytes following 12 weeks fistula.  
Adenovirus-mediated APN overexpression significantly 
prevented the reduction of myocardial expressions of APN 
receptors after 12 weeks fistula, which dramatically rescued 
the abnormal myocardial contractile function due to volume 
overload.  However, the precise mechanism for depressing 
the myocardial expression of AdipoR1/R2 and T-cadherin is 
as yet unknown.  A previous study showed that TNF-α func-
tions as a negative regulator of AdipoR1/R2 expression[36].  
APN overexpression may inhibit the production of TNF-α, 
further improving the expression of AdipoR1 and AdipoR2 in 
12-week fistula cardiomyocytes.  Furthermore, some studies 
suggested that insulin reduces AdipoR1 and AdipoR2 expres-
sion via the phosphoinositide 3-kinase/Foxo1-dependent 
pathway in vivo and in vitro[44, 47].

AMPK is a stress-activated protein kinase that mediates glu-
cose uptake and fatty acid oxidation in cardiomyocytes[12, 48].  
APN functions to attenuate cardiac hypertrophy mainly 
through AMPK-dependent signaling pathways[17].  AMPK 
deficiency exacerbated myocardial hypertrophy and dysfunc-
tion[11, 49, 50].  Myocardial AMPK activity was enhanced when 
subjected to short-term pressure overload and myocardial 
ischemia[51, 52].  Although we did not test AMPK activity in the 
early stage of volume overload, our study showed that AMPK 
activity was significantly decreased in 12-week fistula myo-
cytes.  This observation suggests that decreased AMPK activ-
ity is a decompensated mechanism that fails to satisfy cardiac 
energy demand and maintain energy homeostasis in the heart 
under volume overload and contributes to myocardial hyper-
trophy and myocyte abnormalities.  This mechanism may be 
partly contributed to hypoadiponectinemia and the decreased 
myocardial expression of APN due to volume overload.  In 
accordance with this, adenovirus-mediated APN overexpres-

sion increased APN levels in serum and in myocytes after 12 
weeks fistula, thus enhancing AMPK activity and restoring 
myocyte contractile function in 12-week fistula myocytes.  

In summary, this study examined the role of APN in the vol-
ume overload-induced heart failure.  Our results showed that 
hypoadiponectinemia played a causal role in the progression 
of heart failure under chronic volume overload.  Furthermore, 
the decreased expression of APN and its receptors in myocytes 
resulted in myocyte contractile abnormalities via the reduced 
AMPK phosphorylation.  Thus, these observations suggested 
a potential therapeutic application of APN in the treatment of 
volume overload-induced cardiac dysfunction.
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