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Heart failure is a leading cause of death, especially in the elderly or obese and diabetic populations.
Various remodeling events have been characterized, which collectively contribute to the progres-
sion of heart failure. Of particular interest, autophagy has recently emerged as an important
determinant of cardiac remodeling and function. Here, we used aged, 13-month-old, male adi-
ponectin knockout (Ad-KO) or wild-type (wt) mice subjected to aortic banding to induce pressure
overload (PO). Cardiac strain analysis using speckle tracking echocardiography indicated signifi-
cant dysfunction at an earlier stage in Ad-KO than wt. Analysis of autophagy by Western blotting
for Light Chain 3 or microtubule-associated proteins 1B and Sequestosome 1 together with trans-
mission electron microscopy of left ventricular tissue indicated a lack of PO-induced cardiac au-
tophagy in Ad-KO compared with wt mice. Associated with this was mitochondrial degeneration
and evidence of enhanced endoplasmic reticulum stress. Western blotting for Light Chain 3 or
microtubule-associated proteins 1B, examination of flux using tandem fluoresent tagged-Light
Chain 3, and analysis of lysosomal activity in H9c2 cardiac myoblasts treated with adiponectin
indicated that adiponectin enhanced autophagy flux. In conclusion, adiponectin directly stimu-
lates autophagic flux and the lack of autophagy in response to PO in aged mice lacking adiponectin
may contribute to cellular events which exacerbate the development of cardiac dysfunction.
(Endocrinology 156: 2667–2677, 2015)

Cardiovascular disease, including heart failure, is the
leading cause of death worldwide, especially in the

elderly or obese and diabetic populations (1–3). Accord-
ingly, there have been extensive efforts to investigate the
various cellular and structural changes which occur in the
failing heart (4, 5). Well-established remodeling events
that contribute to the progressive development of heart
failure include alterations in fibrosis, hypertrophy, and
metabolism (4–6). Recently, autophagy has emerged as
an important determinant of cardiac remodeling and func-
tion (7–10), and we now must understand more clearly the

changes in autophagic flux which occur in relevant animal
models of heart failure. Indeed, various studies have
shown that surgical induction of pressure overload (PO) in
mice elevated cardiac autophagy (11–13), and studies in
autophagy-deficient mice have implicated this process
in reversal of hypertrophy and improvement in function
after alleviation of cardiac stress (14, 15). Furthermore,
maintenance of adequate tonic levels of autophagy is crit-
ical in maintaining optimal cardiac structure and function
and lack of autophagy will cause age-related cardiomy-
opathy (16). As can be seen from these examples, au-
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tophagy can clearly influence cardiac structure and func-
tion, and its precise role, as well as physiological
regulatory mechanisms, must be fully understood.

An important potential pathophysiological mechanism
of heart failure in obesity and diabetes is due to altered
circulating adipokine profiles (4). In particular, adiponec-
tin is one of the most abundant proteins in circulation of
normal individuals yet levels are reduced in obese and/or
diabetic individuals (17). Importantly, numerous clinical
studies have established correlations between adiponectin
and various aspects of heart failure (18). Adiponectin
knockout (Ad-KO) mice have proven to be highly infor-
mative as a model to delineate the role of adiponectin, with
these mice typically showing exaggerated cardiac remod-
eling and dysfunction in response to various cardiac stres-
sors (18). Previous work has established antihypertrophic,
antifibrotic, antiinflammatory, antiapoptotic, and bene-
ficial metabolic effects of adiponectin, which together may
all contribute to its cardioprotective effects (18). Almost
all of these studies were performed in young mice and very
few studies have examined changes in aged Ad-KO mice.
However, one very recent study has shown that high-fat
diet induced more cardiac endoplasmic reticulum (ER)
stress in 11-month-old Ad-KO vs wild-type (wt) mice (19).

Here, we used aged Ad-KO mice and subjected them to
aortic banding, or sham, surgery to induce PO. Temporal
analysis of cardiac cellular, structural and functional
changes was performed 3 days, 1, 2, and 3 weeks after
surgery. Echocardiography with strain rate analysis indi-
cated earlier and more significant cardiac dysfunction in
Ad-KO mice after PO, which, as expected, was associated
with enhanced cardiomyocyte hypertrophy. An important
new observation from this work was the lack of autophagy
in response to PO in hearts of Ad-KO mice and concom-
itant development of elevated endoplasmic reticulum
stress and gross mitochondrial dysfunction (Supplemental
Figure 1).

Materials and Methods

Animals and minimally invasive transverse aortic
banding to induce PO

We used male Ad-KO mice (20) at 13 months of age. Animal
facilities met the guidelines of the Canadian Council on Animal
Care and all protocols used were approved by the Animal Care
Committee, York University. Left ventricular (LV) PO was in-
duced by subjecting mice to minimally invasive transverse aortic
banding or PO as validated (21) and described (22) previously.
Briefly, mice are placed under general anesthesia (ip; xylazine
0.15 mg/g; ketamine 0.03 mg/g) in supine position, fur on the
ventral surface is removed with a depilatory cream, and skin is
sterilized with betadine. Medial cranio-caudal incision is made

through the skin from neck to the sternum, and an incision is
made through the suprasternal notch, 2–3 mm down the rib cage.
Transverse aorta is visualized under low magnification between
the innominate and left common carotid arteries. Titanium mi-
croligation clip is applied across the transverse aorta using band-
ing calipers calibrated to a 27-g needle. Sham surgery is per-
formed as outlined above without placement of ligation clip.
Upon completion of procedure, rib cage and skin are closed with
silk suture. Mice are injected with Buprenorphine (sc 0.05 mg/
kg) and placed face down on a warming pad until awake.

Analysis of cardiac function using
echocardiography

Echocardiography was performed as we previously described
(23, 24) using the Vevo2100 system (Visual Sonics) equipped
with an MS550D transducer. Mice were lightly anesthetized us-
ing 2.0% isofluorane mixed with 100% O2 during the time of
imaging. M-mode images of the parasternal short-axis view at
papillary level were used to calculate the cardiac systolic func-
tions of ejection fraction, fractional shortening and cardiac out-
put. Speckle-tracking cardiac strain analysis was performed us-
ing VevoStrain software and movie files acquired from the
B-mode and M-mode view. All parameters were averaged over at
least 3 cardiac cycles for analysis.

Histological analysis of cardiac structure
Animals were sacrificed through cervical dislocation and

hearts were quickly isolated and perfused with ice-cold car-
dioplegic solution (30mM KCl in PBS) to arrest the heart in
diastole. Hearts were sliced at midventricular level and stored in
10% neutral buffered formalin for fixation at room temperature
for 24 hours before paraffin embedding and serially sectioned
(10-�m slices).

Wheat germ agglutinin (WGA) staining
Paraffin-embedded sections were deparaffinized and rehy-

drated first with descending concentrations of ethanol and then
brought into double distilled water. The sections then were in-
cubated with WGA (Alexa Fluor 488 conjugated; Life Technol-
ogies) for 2 hours in the dark, briefly washed with PBS, and then
mounted on coverslips using ProLong Gold (Life Technologies).
The images were captured with an Olympus confocal micro-
scope and analyzed with NIH ImageJ software (v.147). Quan-
titative data from at least 100 cells were determined per group
from representative triplicate experiments.

Detection of aggresome with p62 (sequestosome 1
[SQSTM1)] immunofluorescence

Paraffin-embedded sections were deparaffinized and rehy-
drated first with descending concentrations of ethanol and then
brought into double distilled water. The sections then were
pearmeabilized with phosphate buffered saline with Triton
X-100 (0.3% Triton X-100 in PBS) and blocked with 5% goat
serum in phosphate buffered saline with Triton X-100 for 90
minutes. After an overnight incubation with p62 (1:100) primary
antibody, tissue sections were incubated with secondary anti-
body conjugated with Alexa Fluor 488. Tissue sections were
further stained with the ProteoStat Aggresome Detection kit ac-
cording to the manufacturer’s instruction (25), then mounted on
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coverslips using ProLong Gold (Life Technologies). The images
were captured with an Olympus confocal microscope.

Transmission electron microscopy (TEM)
TEM was performed as described previously (25). Briefly, LV

tissues from sham-operated or banded mice were cut into small
pieces (roughly 1 mm3) and immediately fixed in 2.5% glutar-
aldehyde in 0.1M sodium cacodylate buffer followed by post-
fixation with 1% osmium tetroxide for 1 hour at room temper-
ature. The specimens were then dehydrated with ascending
concentrations of ethanol in series (50%–100%) and embedded
in Spurr’s Epoxy resin. Afterwards, thin sections (60–80 nm)
were cut with an ultramicrotome and mounted on copper mesh
grids. The sections were then contrasted with 1% uranyl acetate
and lead citrate, and examined with a FEI CM100 TEM and
Kodak Megaplus camera. For this qualitative ultrastructural
analysis, 10–15 random fields of view from at least 3–4 mice
from each group were used.

Western blot analysis
LV heart tissue was snap frozen and then pulverized with

mortar and pestle in liquid nitrogen. The powdered tissue was
then suspended in lysis buffer as we previously described (26),
and proteins were separated by reducing SDS-PAGE. After pro-
teins were transferred to polyvinylidene fluoride, the quantifi-
cation of signals was performed by densitometry of scanned au-
toradiographs with the aid of Image J (version 1.47v). The next
antibodies were used for the immunoblot analysis: LC3B (1:
1000), cytochrome c oxidase complex 4 (Cox IV) (1:1000), eu-
karyotic initiation factor 2 � subunit (peIF2�)-Ser51 (1:1000),
Beclin1 (1:1000), and Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (1:2000) from Cell Signaling Technology and
Inositol-Requiring Enzyme 1� pIRE �-Ser724 (1:1000) from
Novus Biologicals and cathepsin D (1:1000) from Santa Cruz
Biotechnology, Inc and p62 (1:1000) from BD Transduction
Laboratories (Table 1).

Cell culture
H9c2 rat embryonic cardiac myoblasts from American Type

Culture Collection were grown in DMEM supplemented with
10% fetal bovine serum and 1% (vol/vol) streptomycin/penicil-
lin (Gibco, Invitrogen) at 37°C, 5% CO2. When cells reached
approximately 80% confluence they were incubated in 1.0%
fetal bovine serum-DMEM with or without 5 or 10 �g/mL of
full-length adiponectin (fAD).

Analysis of endogenous LC3B expression by
immunofluorescence

H9c2 cells were cultured in 12-well plates, after treatment
with or without 10 �g/mL of fAD for 2 hours. Cells were fixed
in 4% paraformaldehyde (PFA), quenched with 1% glycine, and
permeabilized with 0.1% Triton X-100. After blocking with 3%
BSA, cells were incubated with LC3B primary antibody (1:500),
and Alexa Fluor 488 goat antirabbit IgG (Life Technologies) at
1:200. Images were taken using a �60 objective with confocal
microscope (Olympus, BX51).

Analysis of autophagy flux by transfecting cells
with tandem florescence LC3B

H9c2 cells were transduced with Premo autophagy tandem
sensor Red Fluorescent Protein-Green Fluorescent Protein (RFP-
GRP)-LC3B (Life technologies) according to manufacturer’s
protocol, to monitor autophagic flux with or without fAD (27).
In brief, cells were grown to 65% confluency on cover slips in
12-well plates before 16 hours of transfection and 24 hours of
posttransfection for equilibrating expression levels in full media
before treatment. Cells were treated with or without 5 or 10
�g/mL of fAD for 2 hours, fixed in 4% PFA, quenched with 1%
glycine before mounting on a glass slide. Confocal images were
taken using a �60 objective (Olympus, BX51 Microscope).
Overlapping coefficient and Manders’ coefficient were calcu-
lated using ImageJ with the JACoP plug-in to quantify the extent
of GFP and RFP overlap.

Magic red assay of lysosomal cathepsin activity
H9c2 cells were cultured in 12-well plates, after treatment

with or without 5 or 10 �g/mL of fAD for 2 hours, cells were
loaded with Magic Red cathepsin B reagents (ImmunoChemistry
Technologies LLC) according to manufacturer’s protocol. Cells
were fixed in 4% PFA, quenched with 1% glycine before mon-
itoring on a glass slide. Images were taken using a �60 objective
with confocal microscope (Olympus, BX51). The number of red
puncta and nuclei were counted using ImgaeJ.

Statistical analysis
All data were calculated as mean � SEM. Statistical analyses

were performed using GraphPad Prism (version 5). Temporal
changes in echocardiographic data between sham and PO, and
protein fold increase between genotype and surgery were ana-
lyzed using one-way ANOVA with Dunnett’s posttest and un-

Table 1. Antibody Table

Peptide/Protein
Target

Name of
Antibody

Manufacturer, Catalog Number,
and/or Name of Individual Providing
the Antibody

Species Raised in;
Monoclonal or
Polyclonal

Dilution
Used

LC3B LC3B Cell Signaling, 2775 Rabbit; polyclonal 1:1000
Cox IV Cox IV Cell Signaling, 4844 Rabbit; polyclonal 1:1000
eif2� peIF2�-Ser51 Cell Signaling, 9721 Rabbit; polyclonal 1:1000
Beclin1 Beclin1 Cell Signaling, 3738 Rabbit; polyclonal 1:1000
GAPDH GAPDH (14C10) Cell Signaling, 2118 Rabbit; monoclonal 1:2000
IRE� pIRE�-Ser724 Novus, NB100-2323 Rabbit; polyclonal 1:1000
Cathepsin D Cathepsin D Santa Cruz Biotechnology, Inc, sc-10725 Rabbit; polyclonal 1:1000
Sequestosome-1 p62 BD Biosciences, 610832 Mouse; polyclonal 1:2000
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paired t tests (GraphPad Prism). Differences were considered
statistically significant at P � .05.

Results

Development of cardiac hypertrophy after PO in
aged wt and Ad-KO mice

Wt and Ad-KO mice were subjected to aortic banding
to induce PO or sham surgery. Three weeks after surgery,
the gross size of excised hearts was significantly higher in
both wt and Ad-KO mice with PO vs sham surgery. Body
weight (BW) was unaltered by surgery or genotype where
heart weight (HW) was significantly increased by PO in
both wt and Ad-KO mice, with a more significant change
in HW to BW ratio in Ad-KO mice (Figure 1A). WGA
staining showed that there was significant cardiomyocyte
hypertrophy evaluated by cellular sectional area after PO
and that this was more pronounced in Ad-KO mice com-
pared with wt mice (Figure 1C). Similarly, echocardiog-
raphy analysis showed that Ad-KO mice with PO devel-
oped a significant increase in posterior wall thickness 1
week after PO, whereas wt mice developed a significant
increase 2 weeks after PO (Figure 1B).

Temporal analysis of cardiac dysfunction induced
by PO

The cardiac function of aged wt and Ad-KO mice was
evaluated by echocardiography 3 days, 1 week, 2 weeks,
and 3 weeks after PO or sham surgery. Both ejection frac-
tion (EF) and fractional shortening (FS) were significantly

decreased compared with time-matched sham-operated
mice, indicating significant cardiac dysfunction (Figure
2A). By 3 weeks, cardiac output was also significantly
reduced (Figure 2A). On the other hand, in wt mice only
EF at 3 weeks postsurgery was significantly decreased in
when compared with sham-operated mice (Figure 2A). As
visualized clearly in representative short axis images of
M-mode echocardiography taken 3 weeks after the sur-
gery, PO-induced mice showed a dilated pattern of ven-
tricular wall constriction, whereas sham-operated Ad-KO
mice showed a clear and normal contractile pattern of
systole and diastole (Figure 2B).

Temporal analysis of myocardial strain rate using
speckle tracking echocardiography

To provide additional details on regional cardiac dys-
function induced by PO, we used speckle tracking echo-
cardiography to calculate 2-dimensional strain rate, an
indicator of how much the myocardial tissue has physi-
cally disabled. VevoStrain analysis indicated that diastolic
and systolic circumferential strain rate of endocardium in
aged Ad-KO mice with PO dropped significantly com-
pared with sham (Figure 3A). Especially at diastole, cir-
cumferential strain rate in Ad-KO mice dropped signifi-
cantly 1 week after PO whereas in wt mice dropped
significantly 3 weeks after PO. At systole, only in Ad-KO
hearts showed a significant decrease in circumferential
strain rate, 2 and 3 weeks after PO (Figure 3A). Similarly,
at diastole, longitudinal strain rate in Ad-KO mice
dropped significantly earlier at 1 week, whereas wt mice

Figure 1. Development of cardiac hypertrophy after PO. A, BW (left) and HW (right) were analyzed 3 weeks after PO or sham surgery. B, LV
posterior wall diameter (LVPWD) measured by echocardiography before surgery and at 3 days (3D), 1 week (1W), 2 weeks (2W), and 3 weeks (3W)
after banding. C, Representative images of heart tissue sections after WGA straining and quantitative analysis of cell size. All data are mean �
SEM (n � 7 for Ad-KO and n � 5 for wt mice). Scale bar, 50 �m. *, P � .05 vs corresponding sham; #, P � .05 vs wt (PO).
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dropped at 3 weeks compared with sham mice. However,
there were no significant changes in radial strain rate be-
tween wt and Ad-KO mice (Supplemental Figure 2). Ad-

ditionally, as visualized clearly in representative images of
circumferential strain rate of 6 segmented wall regions, the
synchronicity of 2 opposing segments (anterior/posterior)

Figure 2. Temporal analysis of progressive cardiac dysfunction up to 3 weeks after thoracic aorta banding surgery using echocardiography. A,
Functional parameters (EF, FS, and cardiac output) measured before PO and at 3 days (3D), 1 week (1W), 2 weeks (2W), and 3 weeks (3W) after
PO or sham surgery in wt (left) and Ad-KO (right) mice. B, Representative M-mode images of short-axis view of LV. All data are mean � SEM
(n � 7 for Ad-KO and n � 5 for wt mice). *, P � .05 vs corresponding sham.

Figure 3. Cardiac strain analysis by speckle tracking echocardiography to further investigate progressive cardiac dysfunction. A, Peak
circumferential strain rate (/s) was measured and calculated at systole and diastole before PO, then 3 days (3D), 1 week (1W), 2 weeks (2W), and 3
weeks (3W) after PO in wt (left) and Ad-KO (right) mice. B, Representative images of circumferential strain rate change between 2 segments
(anterior/posterior apex) during 4 cardiac cycles (see Supplemental Movies 1–4 representing these data). *, P � .05 vs corresponding sham.
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of endocardium were disturbed (Figure 3B) in Ad-KO
mice 2 weeks after PO, whereas the synchronicity was
maintained in wt mice. Original video files of B-mode
(short axis views) 2 weeks after PO are included here in
Supplemental Movies 1–4.

Assessment of autophagy after PO
Autophagic flux was first assessed by examining car-

diac protein expression levels of Beclin1, LC3B, p62, and
cathepsin D. Representative Western blottings (Figure 4A)
and quantitation (Figure 4B) showed that the protein level
of Beclin1 and p62 were significantly increased after PO in
both genotypes, yet the conversion of LC3-I to LC3-II was
compromised after PO in aged Ad-KO mouse hearts com-
pared with wt. Similarly, although the level of cathepsin D
was significantly increased after PO in wt mice, but this
was not observed in Ad-KO mice (Figure 4A). The goal of
this work was to compare the effect of PO in each geno-
type, and 1 minor limitation is we did not compare sham
vs PO directly on Western blotting. TEM showed that
cardiomyocytes from Ad-KO mice exhibited that elec-
tron-dense, lysosome-like structures were more frequently
observed in sham-operated mice heart compared with
minimally invasive transverse aortic banding (mTAB)-op-
erated PO-induced mice heart. On the other hand, such
dark vacuoles were absent in cardiomyocytes from wt

mice (Figure 4C). Such observation is supported by West-
ern blotting of LC3B and cathepsin D (Figure 4B).

Evidence of mitochondrial degradation induced by
PO in Ad-KO mice

TEM analysis also provided evidence that mitochon-
dria were differentially affected by surgery depending on
the genotype. In Ad-KO mice, 3 weeks of PO severely
degraded mitochondria, disrupting outer membrane and
clearing cristae, whereas PO caused less marked effects on
mitochondria in wt mice hearts (Figure 5A). Asterisks in-
dicate mitochondria in mTAB-operated aged Ad-KO mice
hearts which were significantly damaged with evidence of
ruptured membrane and cristae clearance. Furthermore,
Western blotting of heart homogenates demonstrated that
expression of Cox IV, a mitochondrial outer-membrane
protein, was comparable in wt mice with or without PO,
but significantly reduced in Ad-KO mice hearts after PO vs
sham (Figure 5B).

Indicators of ER stress were elevated by PO
The extent of ER stress was assessed using well-estab-

lished indicators, namely specific components of the un-
folded protein response. Phosphorylation of Inositol-Re-
quiring Enzyme 1� and eif2� were assessed by Western
blotting (Figure 6A), and p-eif2� was increased by PO in

Figure 4. Analysis of cardiac autophagy after PO in wt and Ad-KO mice. A, representative images of Western blot analysis of Beclin1, LC3B, p62,
and cathepsin D in the heart after 3 weeks of banding. B, Densitometry analysis of the ratio of Beclin1, LC3-II, p62, and cathepsin D to GAPDH. C,
TEM microscopy of ventricular cardiomyocytes from wt and Ad-KO mice. White arrowheads indicate homogeneously electron-dense vesicles.
Results are presented as mean � SEM (n � 5 to n � 7 per each group).*, P � .05 verse corresponding sham; #, P � .05 vs wt (PO). Scale bar, 2
�m.
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both genotypes. However, although IRE� phosphoryla-
tion was increased by PO in wt mice, there was no change
in Ad-KO (Figure 6B). The extent of protein aggregation
was measured by aggresome detection kit, which become
strongly fluorescent upon binding to the tertiary structure
of aggregated proteins, and cardiomyocytes undergone
PO in both genotype showed strong red florescent signals.
These protein aggregates strongly colocalized with p62,
indicating that they are subject to autophagic degradation
(Supplemental Figure 3).

Enhanced autophagic flux in H9c2 cardiomyoblasts
after adiponectin treatment

To examine whether adiponectin regulates cellular au-
tophagic flux, H9c2 cardiomyoblasts were treated with
fAD, and autophagic flux was assessed at multiple stages.
Representative Western blotting and quantification (Fig-
ure 7A) of LC3-II levels indicated that there was a signif-
icant increase in autophagosome contents after fAD treat-
ment. To observe whether this is due to increase in
autophagosome formation or inhibition of flux, the fusion
of autophagosome and lysosome was analyzed using the
tandem fluorescent GFP-RFP construct. Colocalization
analysis using ImageJ software indicated that both over-
lapping coefficient and M2 coefficient (the frequency of

overlapped puncta out of total red puncta) significantly
decreased after fAD treatment (Figure 7B). This significant
increase in lysosomal GFP quenching after fAD treatment
compared with control suggested increased autophagy
flux. Examination of lysosomal cathepsin activity by
Magic Red assay indicated that fAD treatment signifi-
cantly increased cathepsin B activity (Figure 7C).

Discussion

Understanding mechanisms contributing to the diverse
pathophysiology of heart failure, especially in the elderly
and obese populations, is of great importance given the
global impact on human health (3–5). Myocardial remod-
eling encompasses a wide array of cellular events which
may contribute to altered performance, including altera-
tions in metabolism, hypertrophy, fibrosis, and cell death
(4, 5). Numerous adipokines have been shown to be im-
portant regulators of cardiac remodeling and, in particu-
lar, adiponectin has emerged as an important mediator of
the progression of heart failure (18). Clinical, animal
model and in vitro studies have primarily, but not exclu-
sively, documented cardioprotective effects of adiponectin
(18). In particular, studies in Ad-KO mice hearts have

Figure 5. Mitochondria degradation after mTAB surgery in Ad-KO mice. A, TEM micrographs of ventricular cardiomyocytes from sham and
mTAB-operated wt and Ad-KO mice. B, top, Western blot analysis of Cox IV in the heart after 3 weeks of banding. B, bottom, Densitometric
analysis of the Cox IV to GAPDH. Results are presented as mean � SEM (n � 5 to n � 7 per each group). *, P � .05 vs corresponding sham. Scale
bar, 2 �m.
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shown them to have exaggerated hypertrophy, fibrosis,
apoptosis and metabolic dysfunction in response to car-
diac stressors, including surgery and angiotensin-II (18).
Strategies to administer adiponectin to these mice, includ-
ing use of adenovirus or recombinant protein, could pre-
vent or reverse the exaggerated remodeling phenotype of
Ad-KO mice (18). As expected, almost all of these studies
were conducted in mice between 6–12 weeks of age with
one very recent study using 11-month-old mice (19). The
focus of our manuscript was to study Ad-KO mice aged to
13 months.

Cardiac function of aged wt and Ad-KO mice was first
evaluated by conventional echocardiography 3 days and
1, 2, and 3 weeks after PO or sham surgery. The indices of
cardiac systolic functions (EF and FS) were significantly
decreased in Ad-KO mice 2 weeks after PO compared with
sham mice. Cardiac output was also significantly reduced
3 weeks after PO operation. In contrast, wt mice only
showed reduction of EF at 3 weeks postsurgery when com-
pared with sham-operated mice. Cardiac performance
was further evaluated by speckle tracking echocardiogra-
phy to provide additional details of regional cardiac func-
tions. We found that both diastolic and systolic circum-

ferential strain rate in endocardium
of Ad-KO mice decreased signifi-
cantly after PO compared with sham
mice. Particularly, circumferential
strain rate at diastole decreased sig-
nificantly in Ad-KO mice 1 week af-
ter PO whereas this rate was de-
creased in wt mice at 3 weeks after
PO. Furthermore, only Ad-KO mice
showed a significant decrease in cir-
cumferential strain rate at systole 2
weeks after PO, whereas wt mice had
no significant changes compared
with sham mice. Similarly, at dias-
tole, longitudinal strain rate in
Ad-KO mice dropped significantly
earlier at 1 week, whereas wt mice
dropped at 3 weeks compared with
sham mice. Finally, the synchronic-
ity of 2 opposing segments (anterior/
posterior) of endocardium was dis-
turbed in Ad-KO mice 2 weeks after
PO, whereas the synchronicity was
maintained in wt mice.

Our data demonstrated that
Ad-KO mice had earlier and worse
cardiac dysfunction compared with
wt mice after PO stress. Previous re-
ports have suggested that adiponec-

tin deficiency enhanced adverse cardiac remodeling (28)
and led to increased mortality after PO (29). Additionally,
increased myocardial infarct size, apoptosis, and TNF-�
expression were observed in Ad-KO mice compared with
wt mice after ischemia-reperfusion injury (30). Our results
corroborated previous studies, but the exact mechanism of
adiponectin to influence the cardiac function after PO
needs to be further investigated.

An important novel feature of this study was to eluci-
date how autophagy is altered in aged mice in response to
PO and whether the lack of adiponectin influences
changes in autophagy. We used LV tissue and analyzed
markers of autophagy by Western blotting and TEM and
observed that in Ad-KO mice cardiac autophagy was de-
ficient after PO. This correlated with cardiac dysfunction,
and is in keeping with recent studies which have estab-
lished that sufficient levels of basal cardiac autophagy are
crucial for maintaining optimal cardiac function (13, 16).
Again, the existing literature using young mice has clearly
established that PO in mice increased various indices of
cardiac autophagy (12, 13), and we confirmed that the PO
resulted in increase in autophagy markers (Supplemental
Figure 1A). The fact that we observed the reversed re-

Figure 6. Analysis of endoplasmic reticulum stress assessment after PO. A, Representative
Western blot analysis of p-eif2� and p-IRE� in the heart after 3 weeks of PO. B, Densitometric
analysis of p-eif2� and p-IRE� levels relative to GAPDH. Results are presented as mean � SEM
(n � 5 to n � 7 per each group). *, P � .05 vs corresponding sham; #, P � .05 vs wt (PO).
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sponse at autophagosome maturation stage in aged
Ad-KO mice suggests that lack of adiponectin renders
these mice unable to elicit an appropriate processing of
protein aggregates or damaged organelle by autophagic
flux and that loss of this protective mechanism contributes
to more severe cardiac dysfunction we observed. This is in
keeping with studies in genetic mouse models of au-
tophagy deficiency, which have shown that lack of induc-
tion of autophagic flux exacerbates development of heart
failure (13, 16). However, our data provide the first evi-
dence that aged Ad-KO mice lack an appropriate PO-in-
duced increase in autophagic flux, suggesting that adi-
ponectin may be a critical mediator of cardiomyocyte
autophagy under these conditions. This may contribute to
the exacerbation of PO-induced cardiac dysfunction
which we and others have observed in Ad-KO mice (18),
because the prevailing dogma is that induction of au-
tophagy is an innate mechanism in response to various

stressors, which protects against progression of cardiac
remodeling and heart failure postinfarction (16, 31). It
should also be borne in mind that excessive or inadequate
levels of autophagy are both associated with heart failure
(16, 32).

Regulation of mitophagy, a distinct form of autophagy,
may be an important determinant of myocardial meta-
bolic dysfunction (33). Mitochondria are particularly pre-
dominant and critical in the heart due to high-energy de-
mands, yet mitochondria must also be tightly regulated
due to reactive oxygen species production (34). Our data
suggested that PO induced mitochondrial dysfunction in
wt mice, which was exacerbated in Ad-KO mice, and we
hypothesized that this may be due to lack of adequate
mitophagy in Ad-KO mice, which would normally be ex-
pected to clear and recycle damaged mitochondria. We
speculate that lack of adiponectin signaling via AMPK in
our model may underlie these effects, because AMPK is

Figure 7. Enhanced autophagic flux in H9c2 cells after treatment with fAD. A, left, Western blot analysis of LC3B in H9c2 cell lysates after 2
hours of treatment with fAD (10 �g/mL). A, right, Densitometry analysis of LC3B to �-actin. B, Representative confocal images of endogenous
LC3B immunofluorescence in H9c2 cells treated with fAD. C, top, Representative confocal images of tandem fluorescent-GFP-RFP-LC3 in H9c2
cells after fAD treatment. C, bottom, Quantitative and statistical analysis of red to green puncta ratio and colocalization coefficients using ImageJ.
D, Representative confocal images of magic red assay in H9C2 cells after fAD treatment. Experiments were performed at least 3 times and results
are presented as mean � SEM. *, P � .05 vs control. Scale bar, 20 �m.
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well established as a mediator of many of adiponectins
physiological effects, as an important inducer of au-
tophagy and disruption of AMPK signaling will result in
reduced mitophagy (35–37).

Our study also found that ER stress was significantly
increased in the myocardium of aged wt and Ad-KO
mice after PO, which is in keeping with literature in
young mice (38). Interestingly, we observed partial ac-
tivation of the unfolded protein response, involving
protein kinase-like endoplasmic reticulum kinase and
eIF2�phosphorylation. This is consistent with a very re-
cent report, which showed that whereas Ad-KO mice had
elevated basal ER stress levels, detected by IRE1 and eif2�,
compared with wt mice, subjecting mice to stress such
as high-fat diet resulted in increased growth arrest and
DNA damage protein 34 and eif2�dephosphorylation but
no change in IRE1 phosphorylation (19). The diminished
autophagy capacity of Ad-KO mice may also contribute to
excess ER stress, which we also observed as enhanced ac-
cumulation of protein aggregates, which colocalized with
p62 upon immunofluorescent analysis. It is likely that this
ER stress can subsequently lead to cardiac dysfunction via
several potential mechanisms, including cell death and in-
sulin resistance (38, 39).

In summary, lack of adiponectin in aged mice was as-
sociated with deficient PO-induced cardiac autophagy,
which was observed in wt mice. This is likely of major
significance, because it has been shown that induction or
maintenance of cardiac autophagy is crucial in maintain-
ing normal heart functions under stress or upon aging.
Potential cellular events related to lack of sufficient au-
tophagy in Ad-KO mice after PO include mitochondrial
dysfunction and ER stress. Together these manifest as car-
diac dysfunction detected by echocardiography. Our stud-
ies suggest that the increased susceptibility of Ad-KO mice
to stimulus-induced cardiac dysfunction may be at least in
part due to autophagy deficiency.
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