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Abstract
Chronic alcohol intake leads to the development of alcoholic cardiomyopathy manifested by
cardiac hypertrophy and contractile dysfunction. This study was designed to examine the effect of
transgenic overexpression of insulin-like growth factor I (IGF-1) on alcohol-induced cardiac
contractile dysfunction. Wild-type FVB and cardiac-specific IGF-1 mice were placed on a 4%
alcohol or control diet for 16 weeks. Cardiac geometry and mechanical function were evaluated by
echocardiography, cardiomyocyte and intracellular Ca2+ properties. Histological analyses for
cardiac fibrosis and apoptosis were evaluated by Masson trichrome staining and TUNEL assay,
respectively. Expression and/or phosphorylation of Cu/Zn superoxide dismutase (SOD1), Ca2+

handling proteins, key signaling molecules for survival including Akt, mTOR, GSK3β, Foxo3a
and the negative regulator of Akt phosphatase and tensin homolog on chromosome ten (PTEN) as
well as mitochondrial proteins UCP-2 and PGC1α were evaluated by western blot analysis.
Chronic alcohol intake led to cardiac hypertrophy, interstitial fibrosis, reduced mitochondrial
number, compromised cardiac contractile function and intracellular Ca2+ handling, decreased
SOD1 expression, elevated superoxide production and overt apoptosis, all of which with the
exception of cardiac hypertrophy were abrogated by the IGF-1 transgene. Immunoblotting data
showed reduced phosphorylation of Akt, mTOR, GSK3β and Foxo3a, upregulated Foxo3a and
PTEN, as well as dampened SERCA2a, PGC1α and UCP-2 following alcohol intake. All these
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alcohol-induced changes in survival and mitochondrial proteins were alleviated by IGF-1. Taken
together, these data favor a beneficial role of IGF-1 in alcohol-induced myocardial contractile
dysfunction independent of cardiac hypertrophy.
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Foxo3a

INTRODUCTION
Although light to moderate alcohol intake is beneficial to cardiovascular health, chronic
alcohol use often result in cardiac dysfunction and arrhythmias . Almost one out of every
three alcoholics display some degree of heart problems manifested as alcoholic
cardiomyopathy, a dilated heart muscle disease discernable by cardiac hypertrophy,
myofibrillary disruption, reduced contractility, prolonged relaxation, decreased ejection
fraction and stroke volume . Up-to-date, several hypotheses have been postulated for the
pathogenesis of alcoholic heart injury including direct ethanol toxicity, impaired
intracellular Ca2+ homeostasis, buildup of fatty acid ethyl esters and free radicals . Among
such, chronic alcohol intake-triggered oxidative stress, compromised antioxidant defense
capacity and subsequently interrupted cardiac protein synthesis, cardiac geometry and
myocardial contractile function have drawn the most attention in the pathogenesis of
alcoholic myopathic injury . Maintenance of oxidant balance plays a crucial role in the
physiological heart performance . Compelling evidence from our laboratory and others has
indicated that oxidative damage and loss of antioxidant defense following alcohol (ethanol)
exposure contribute to cardiac excitation-contraction coupling defect . Recent finding from
our lab further depicted a rather beneficial role of the heavy metal scavenger metallothionein
against the development of alcoholic cardiomyopathy . However, limited information is
available with regards to the impact of intrinsic antioxidant capacity from natural-occurring
enzymes and growth factors on alcohol-induced myocardial injury. Therefore the aim of this
study was to evaluate the effect of transgenic overexpression of antioxidant insulin-like
growth factor I (IGF-1) on chronic alcohol intake-induced myocardial geometric and
contractile alterations. Given that oxidative stress is a major risk factor for cardiac
hypertrophy, fibrosis and contractile defect while the levels of intracellular reactive oxygen
species (ROS) are found elevated following alcohol exposure , superoxide production,
apoptosis, mitochondrial function (biogenesis and chaperon protein), cardiac histology and
myocardial ultrastructure with a focus on mitochondria were evaluated in wild-type FVB
and cardiac-specific overexpression of IGF-1 transgenic mice following chronic alcohol
intake. In an effort to elucidate possible cellular mechanisms behind IGF-1 and/or alcohol-
induced myocardial in particular diastolic function alterations, expression of key
intracellular Ca2+ regulatory proteins including sarco(endo)plasmic reticulum Ca2+−ATPase
(SERCA2a), Na+/Ca2+ exchanger and phospholamban was monitored. The IGF-1-associated
post-receptor signaling molecules including Akt, mammalian target of rapamycin (mTOR),
the Forkhead transcription factor Foxo3a and glycogen synthase kinase-3 β (GSK3β) , was
also examined in FVB and IGF-1 myocardium following chronic alcohol exposure.
Peroxisome proliferator-activated receptor γ (PPARγ) coactivator 1α (PGC1α), which
stimulates mitochondrial biogenesis through induction of mitochondrial chaperon
uncoupling protein 2 (UCP-2), plays an essential role in the maintenance of mitochondrial
function, glucose, lipid and energy metabolism in myocardium . In addition, Akt signaling is
under the negative control of phosphatase and tensin homologue on chromosome ten
(PTEN) to participate in the pathophysiology of a variety of diseases including myocardial
hypertrophy, heart failure and preconditioning , expression of PGC1α, UCP-2, PTEN and
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the superoxide catalytic enzyme Cu/Zn-superoxide dismutase (SOD1) was scrutinized in
FVB and IGF-1 mice following chronic alcohol administration.

MATERIALS AND METHODS
Experimental animals and chronic alcohol intake

The experimental protocol described in this study was approved by the Animal Use and
Care Committees at the University of North Dakota (Grand Forks, ND, USA) and the
University of Wyoming (Laramie, WY, USA). Male mice with cardiac-specific
overexpression of IGF-1 were used as described earlier . FVB littermates were used as wild-
type. The pigmentation of fur color was used as a marker for transgenic overexpression of
IGF-1 (light brown) or FVB (white) identification. All mice were housed in a temperature-
controlled room under a 12hr/12hr-light/dark and allowed access to tap water ad libitum.
Eight month-old adult male FVB and IGF-1 mice were introduced to a nutritionally
complete liquid diet (Shake & Pour Bioserv Inc., Frenchtown, NJ, USA) for a one-week
acclimation period. The use of a liquid diet is based on the scenario that ethanol self-
administration results in less nutritional deficiencies and less stress to the animals in
comparison to forced-feeding regimens, intravenous administration or aerosolized
inhalation . Upon completion of the acclimation period, half of the FVB and IGF-1 mice
were maintained on the regular liquid diet (without ethanol), and the remaining half began a
16-week period of isocaloric 4% (vol/vol) ethanol diet feeding. An isocaloric pair-feeding
regimen was employed to eliminate the possibility of nutritional deficits. FVB or IGF-1
mice were “paired” to receive either ethanol or control liquid diet. Control mice were
offered the same quantity of diet ethanol-consuming mice drank the previous day .

Measurement of blood alcohol level
On the last day of diet feeding, mice were sacrificed under anesthesia (ketamine/xylazine:
3:1, 1.32 mg/kg, i.p.). Blood was collected and stored in sealed vials. A volume of 100 μl
plasma from each sample was put into an autosampler vial. Six microliter of n-propanol and
194 μl H2O were then added to the vial. Following a 20-min incubation at 50°C, 50 μl
aliquot of headspace gas was removed and transferred to an Agilent 6890 Gas
Chromatograph (Agilent Technologies, Inc, Wilmington, DE, USA) equipped with a flame
ionization detector. Ethanol, n-propanol and other components such as acetaldehyde were
separated on a 60 m VOCOL capillary column (Supelco Inc., Bellefonte, PA, USA) with
film of 1.8 μm in thickness and an inner diameter of 320 μm. The carrier gas was helium at a
flow rate of 18.0 ml/min. Quantitation was achieved by calibrating peak areas against those
from headspace samples of known ethanol standards .

Echocardiographic assessment
Cardiac geometry and function were evaluated in anesthetized (Avertin 2.5%, 10 μl/g body
weight, i.p.) mice using 2-D guided M-mode echocardiography (Sonos 5500) equipped with
a 15-6 MHz linear transducer. Left ventricular (LV) anterior and posterior wall dimensions
during diastole and systole were recorded from three consecutive cycles in M-mode using
methods adopted by the American Society of Echocardiography. Fractional shortening was
calculated from LV end-diastolic (EDD) and end-systolic (ESD) diameters using the
equation (EDD-ESD)/EDD. Echocardiographic LV mass was calculated as (LVEDD +
septal wall thickness + posterior wall thickness)3 - LVEDD3) × 1.055, where 1.055 (mg/
mm3) is the density of myocardium. Heart rate was averaged over 10 cardiac cycles .
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Cell isolation
After ketamine/xylazine sedation, hearts were rapidly removed from anesthetized mice and
mounted onto a temperature-controlled (37°C) Langendorff system. After perfusing with a
modified Tyrode solution (Ca2+ free) for 2 min, the heart was digested for 16 min with 0.9
mg/ml Liberase Blendzyme 4 (Hoffmann-La Roche Inc., Indianapolis, IN, USA). The
digested heart was removed from the cannula, cut into small pieces and agitated to release
cells. Extracellular Ca2+ was added incrementally back to 1.20 mM over a period of 30 min.
Isolated cardiomyocytes were used for study within 8 hrs of isolation. Only rod-shaped
cardiomyocytes with clear edges were selected for mechanical and intracellular Ca2+

studies .

Cell mechanics
Mechanical properties of myocytes were assessed using an IonOptix™ soft-edge system
(IonOptix, Milton, MA, USA) . Myocytes were placed in a chamber mounted on the stage of
an Olympus IX-70 microscope and superfused (~2 ml/min at 25°C) with a buffer containing
(in mM): 131 NaCl, 4 KCl, 1 CaCl2, 1 MgCl2, 10 glucose and 10 HEPES. Myocytes were
field stimulated at 0.5 Hz unless otherwise stated. Cell shortening and relengthening were
assessed using the following indices: peak shortening (PS), time-to-PS (TPS), time-to-90%
relengthening (TR90) and maximal velocities of shortening/relengthening (± dL/dt). In the
case of altering stimulus frequency from 0.1 Hz to 5.0 Hz, the steady state contraction of
myocyte was achieved (usually after the first 5-6 beats) before PS was recorded.

Intracellular Ca2+ transients
Myocytes were loaded with fura-2/AM (0.5 μM) for 15 min, and fluorescence measurements
were recorded with a dual-excitation fluorescence photomultiplier system (IonOptix) .
Myocytes were placed in a chamber on an Olympus IX-70 inverted microscope (25°C) and
imaged through a Fluor 40x oil objective. Cells were exposed to light emitted by a 75W
lamp and passed through either a 360 or a 380 nm filter. Fluorescence emissions were
detected between 480-520 nm by a photomultiplier tube after first illuminating cells at 360
nm for 0.5 sec then at 380 nm for the duration of the recording protocol (333 Hz sampling
rate). Qualitative changes in intracellular Ca2+ levels were inferred from the ratio of fura-2-
fluorescence intensity (FFI) at both wavelengths (360/380). Fluorescence decay time was
fitted into either single or bi-exponential equation as an indicator for intracellular Ca2+

clearing.

Masson trichrome staining
Mice were euthanized and hearts were harvested and sliced at the mid-ventricular level
followed by fixation with normal buffered formalin. Paraffin-embedded tranverse sections
were cut in 5-μm in thickness and stained with Masson trichrome. The sections were
photographed with a 40× objective of an Olympus BX-51 microscope equipped with an
Olympus MaguaFire SP digital camera. Five random fields from each section (3 sections per
mouse) were assessed for fibrosis. To determine fibrotic area, pixel counts of blue stained
fibers were quantified using Color range and Histogram commands in Photoshop. Fibrotic
area was calculated by dividing the pixels of blue stained area to total pixels of non-white
area .

Transmission electron microscopy
Left ventricle was fixed with 2.5% glutaraldehyde/1.2% acrolein in fixative buffer (0.1 M
cacodylate, 0.1 M sucrose, pH 7.4) and 1% osmium tetroxide, followed by 1% uranyl
acetate, dehydrated through a graded series of ethanol concentrations before being
embedded in LX112 resin (LADD Research Industries, Burlington VT, USA). Ultra thin
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sections (~50 nm) were cut on the ultramicrotome, stained with uranyl acetate, followed by
lead citrate, and viewed on a Hitachi H-7000 Transmission Electron Microscope equipped
with a 4K × 4K cooled CCO digital camera. Quantitative analyses of mitochondrial size and
mitochondrial density were carried out at a magnification of 10,000 ×. An average of 6-7
visual fields was evaluated for each mouse heart. A total of 3 mice was used per group .

Intracellular fluorescence measurement of superoxide (O2−)
Intracellular O2

− was monitored by changes in fluorescence intensity resulting from
intracellular probe oxidation . In brief, cardiomyocytes were loaded with 5 μM
dihydroethidium (DHE) (Molecular Probes, Eugene, OR, USA) for 30 min at 37°C and
washed with PBS buffer. Cells were sampled randomly using an Olympus BX-51
microscope equipped with Olympus MagnaFire™ SP digital camera and ImagePro image
analysis software (Media Cybernetics, Silver Spring, MD, USA). Fluorescence was
calibrated with InSpeck microspheres (Molecular Probes). An average of 100 cells was
evaluated using the grid crossing method in 15 visual fields per isolation.

Caspase-3 assay
Tissue homogenates were centrifuged (10,000 g at 4°C, 10 min) and pellets were lysed in
100 μl of ice-cold cell lysis buffer [50 mM HEPES, pH 7.4, 0.1% CHAPS, 1 mM
dithiothreitol (DTT), 0.1 mM EDTA, 0.1% NP40]. The assay was carried out in a 96-well
plate with each well containing 30 μl cell lysate, 70 μl of assay buffer (50 mM HEPES,
0.1% CHAPS, 100 mM NaCl, 10 mM DTT and 1 mM EDTA) and 20 μl of caspase-3
colorimetric substrate Ac-DEVD-pNA (Sigma). The 96-well plate was incubated at 37°C for
1 hr, during which time the caspase in the sample was allowed to cleave the chromophore p-
NA from the substrate molecule. Absorbency was detected at 405 nm with caspase-3
activity being proportional to color reaction. Protein content was determined using the
Bradford method. The caspase-3 activity was expressed as picomoles of pNA released per
μg of protein per minute .

TUNEL assay
TUNEL staining of myonuclei positive for DNA strand breaks were determined using a
fluorescence detection kit (Roche, Indianapolis, IN, USA) and fluorescence microscopy.
Briefly, paraffin-embedded sections (5 μm) were deparaffinized and rehydrated. The
sections were then incubated with Proteinase K solution at room temperature for 30 min.
TUNEL reaction mixture containing terminal deoxynucleotidyl transferase (TdT),
fluorescein-dUTP was added to the sections in 50-μl drops and incubated for 60 min at 37°C
in a humidified chamber in the dark. The sections were rinsed three times in PBS for 5 min
each. Following embedding, sections were visualized with an Olympus BX-51 microscope
equipped with an Olympus MaguaFire SP digital camera. DNase I and label solution were
used as positive and negative controls. To determine the percentage of apoptotic cells,
micrographs of TUNEL-positive and DAPI-stained nuclei were captured using an Olympus
fluorescence microscope and counted using the ImageJ software (ImageJ version 1.43r;
NIH) from 15 random fields at 400× magnification At least three hundred cells were
counted in each field .

Western blot analysis
Myocardial protein was prepared as described . Samples containing equal amount of
proteins were separated on 10% SDS-polyacrylamide gels in a minigel apparatus (Mini-
PROTEAN II, Bio-Rad Laboratories, Inc, Hercules, CA, USA) and transferred to
nitrocellulose membranes. The membranes were blocked with 5% milk in TBS-T, and were
incubated overnight at 4°C with anti-Akt, anti-phosphorylated Akt (pAkt, Thr308), anti-
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mTOR, anti-phosphorylated mTOR (pmTOR, Ser2448), anti-Foxo3a, anti-phosphorylated
Foxo3a (pFoxo3a, Thr32), anti-GSK-3β, anti-pGSK-3β (Ser9), anti-PTEN, anti-UCP-2,
anti-PGC1α, anti-SOD1, anti-SERCA2a, anti-Na+/Ca2+ exchanger and anti-phospholamban
antibodies. After immunoblotting, the film was scanned and the intensity of immunoblot
bands was detected with a Bio-Rad Calibrated Densitometer. GAPDH was used as the
loading control.

Data analysis
Data were Mean ± SEM. Statistical significance (p < 0.05) for each variable was estimated
by a one-way analysis of variance (ANOVA) followed by a Tukey’s post hoc analysis.

RESULTS
General features and echocardiographic properties of FVB and IGF-1 mice fed with alcohol

Chronic alcohol intake did not affect body, liver and kidney weights although the heart was
significantly enlarged in comparison with the control group. IGF-1 did not affect body or
organ weights in the presence or absence of chronic alcohol intake. Blood alcohol levels
were significantly elevated in a similar manner in alcohol consuming FVB and IGF-1 mice
compared with the non-alcohol consuming mice (undetectable levels). Heart rate was
comparable among all groups (Table 1). Echocardiographic test revealed comparable left
ventricular (LV) wall thickness among all groups. Chronic alcohol intake significantly
increased ESD, EDD and LV mass (absolute or normalized value) while decreasing
fractional shortening in FVB mice. IGF-1 overexpression itself failed to affect ESD and
fractional shortening although it overtly increased EDD and LV mass (absolute or
normalized value). Interestingly, the IGF-1 transgene reconciled chronic alcohol intake-
induced decrease in fractional shortening without affecting alcohol-induced cardiac
geometric effect especially cardiac hypertrophy (Fig. 1).

Effect of alcohol intake on mechanical and intracellular Ca2+ properties in cardiomyocytes
Chronic alcohol intake had no significant effect on cell phenotype (data now shown). The
resting cell length was comparable between FVB and IGF-1 groups regardless of alcohol
intake. Cardiomyocytes from the alcohol consuming FVB mice displayed significantly
depressed PS, reduced ± dL/dt and prolonged TR90 associated with normal TPS.
Interestingly, cardiac-specific overexpression of IGF-1 abrogated alcohol-induced
mechanical alterations without eliciting any effect by itself (Fig. 2). Fig. 3A-D shows that
alcohol intake significantly depressed electrically-stimulated increased in fura-2
fluorescence intensity (ΔFFI) and prolonged intracellular Ca2+ decay (either single or bi-
exponential decay) without affecting baseline FFI. Although IGF-1 transgene itself did not
affect these intracellular Ca2+ parameters, it abolished alcohol-induced decrease in ΔFFI and
prolongation in intracellular Ca2+ decay without affecting baseline intracellular Ca2+ levels.

Effect of alcohol ingestion and IGF-1 on peak shortening-stimulus frequency relationship
Mouse hearts beat at high frequencies (> 400/min at 37°C), whereas our baseline stimulus
was 0.5 Hz (30 beats/min). To investigate possible derangement of cardiac excitation-
contraction coupling at higher frequencies, stimulating frequency was increased stepwise
from 0.1 Hz to 5.0 Hz (300 beat/min) and PS was recorded after cardiomyocyte shortening
had reached a steady-state. Cells were initially stimulated to contract at 0.5 Hz for 5 min to
ensure steady-state before commencing the frequency response protocol. The PS value was
normalized to that obtained at 0.1 Hz of the same cell. Myocytes from the alcohol
consuming FVB mice exhibited significantly steeper negative staircase in PS with increasing
stimulus frequencies (0.5 to 5.0 Hz), indicating decreased stress tolerance. While IGF-1
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transgene failed to affect the peak shortening amplitude-stimulus frequency relationship in
the absence of alcohol, it significantly alleviated alcohol-induced decline in peak shortening
in response to increased stimulus frequencies (Fig. 3E).

Effect of chronic alcohol intake and IGF-1 on myocardial histology
To examine the effect of IGF-1 overexpression on alcohol-induced cardiac fibrosis, if any,
Masson trichrome staining was performed in FVB and IGF-1 mice with or without chronic
alcohol intake. Our results shown in Fig. 4 reveal that chronic alcohol intake elicits
interstitial fibrosis in subepicardial regions of myocardium from FVB mice compared to
those from the control hearts. Consistent with its effect on myocardial contraction following
chronic alcohol intake, IGF-1 overexpression abrogated chronic alcohol intake-induced
interstitial fibrosis.

Effect of chronic alcohol intake and IGF-1 on electron microscopic characteristics of
hearts

In the absence of alcohol exposure, no obvious ultrastructural difference was discernable in
cardiac samples between FVB and IGF-1 groups (Fig. 5A&B). Chronic alcohol exposure
triggered focal damage in FVB hearts characterized by loss of mitochondrial density (Fig.
5C). Consistent with the mechanical observations, IGF-1 transgene negated chronic alcohol
intake-induced cardiac ultrastructural change (Fig. 5D). Myocardial tissues from IGF-1 mice
consuming alcohol chronically were ultrastructurally indistinguishable from non-alcohol
consuming mice. Quantitative analysis revealed that chronic alcohol intake significantly
reduced the density but not size of mitochondria in FVB hearts, the effect of which was
nullified by IGF-1 (Fig. 5E&F).

Effects of IGF-1 on alcohol-induced superoxide production, SOD1 expression and
apoptosis

To examine the potential mechanism of action(s) behind IGF-1-elicited protection against
alcoholic cardiomyopathy, superoxide levels and apoptosis were examined in
cardiomyocytes from FVB and IGF-1 mice consuming control or alcohol diets. Given the
crucial role of Cu/Zn superoxide dismutase (SOD-1) in catalysis of superoxide radicals and
cytoprotection against oxidative stress , SOD1 expression was assessed by western blot.
Results shown in Fig. 6 indicate that superoxide production and caspase-3 activity were both
significantly elevated in the alcohol-fed FVB mice. Coinciding with the alcohol intake/
IGF-1-induced changes in superoxide production, chronic alcohol intake significantly
downregulated the expression of SOD1 in the hearts. Although IGF-1 itself did not affect
superoxide production, SOD1 expression and caspase activity, it ablated chronic alcohol
intake-induced changes in superoxide production, SOD1 expression and apoptosis. In line
with the caspase-3 data, TUNEL assay also revealed that IGF-1 significantly attenuated
chronic alcohol intake-induced myocardial apoptosis without eliciting any effect by itself
(Fig. 7).

Western blot analysis for SERCA2a, Na+/Ca2+ exchanger and phospholamban
To explore the possible mechanism behind IGF-1 and/or alcohol-induced responses on
diastolic function in particular intracellular Ca2+ homeostasis, western blot was performed to
assess the levels of the essential intracellular Ca2+ regulatory proteins SERCA2a, Na+/Ca2+

exchanger and phospholamban . Our data shown in Fig. 8 demonstrated that chronic alcohol
intake significantly downregulated the expression of SERCA2a without affecting the levels
of Na+/Ca2+ exchanger and phospholamban in FVB mice. Although IGF-1 transgene itself
did not alter the expression of SERCA2a, Na+-Ca2+ exchanger and phospholamban, it
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obliterated alcohol-induced change in SERCA2a without affecting Na+/Ca2+ exchanger and
phospholamban.

Western blot analysis for Akt, mTOR, Foxo3a and GSK3β
Western blot analysis showed that chronic alcohol administration significantly reduced
phosphorylation of Akt and mTOR (either absolute value or normalized to pan protein)
without affecting the expression of Akt and mTOR. IGF-1 itself enhanced Akt
phosphorylation (absolute or normalized to pan Akt) without affecting total Akt, total and
phosphorylated mTOR. Similar to its action on myocardial contractile function, IGF-1
reconciled chronic alcohol intake-induced loss of phosphorylation in Akt and mTOR (Fig.
9). We further examined the Akt downstream signaling Fox3a and GSK3β in FVB and
IGF-1 murine hearts following chronic alcohol exposure. Our immunoblotting data revealed
that chronic alcohol intake significantly enhanced expression of Foxo3a but not GSK3β and
reduced phosphorylation of Foxo3a and GSK3β (either absolute or normalized value).
Although IGF-1 itself failed to affect the expression of pan or phosphorylated Foxo3a and
GSK3β, it ablated chronic alcohol-induced upregulation of pan Foxo3a and decrease in the
phosphorylation in Foxo3a and GSK3β (Fig. 10).

Western Blot for PTEN, UCP-2 and PGC1α
Our Western blot analysis further revealed that chronic alcohol administration overtly
upregulated the negative regulator of Akt - PTEN and downregulated the mitochondrial
chaperon UCP-2 and the mitochondrial biogenesis cofactor PGC1α, the effect of which was
abolished by transgenic overexpression of IGF-1. IGF-1 itself failed to affect the expression
of PTEN, UCP-2 and PGC1α by itself (Fig. 11).

DISCUSSION
Data from the current study revealed that the antioxidant IGF-1 abrogated chronic alcohol
intake-induced myocardial contractile dysfunction, intracellular Ca2+ derangement,
dampened myocyte shortening-frequency response, interstitial fibrosis, superoxide
production and apoptosis without affecting chronic alcohol intake-induced cardiac
hypertrophy and geometric alteration. Moreover, IGF-1 rescued chronic alcohol intake-
induced loss in the phosphorylation of essential cardiac survival proteins including Akt,
mTOR, Foxo3a and GSK3β. Our data further revealed overtly upregulated expression of the
tumor suppressor PTEN, decreased mitochondrial number, downregulated expression of the
mitochondrial chaperon UCP-2 and the mitochondrial biogenesis cofactor PGC1α following
chronic alcohol intake, the effect of which was reconciled by IGF-1. Collectively, these
findings have demonstrated the beneficial role of IGF-1 in chronic alcoholism-induced
myocardial contractile and intracellular Ca2+ dysfunction independent of cardiac
hypertrophy and geometric changes. Our results favor a beneficial role of IGF-1 and
possibly other antioxidants in cardiac contractile and intracellular Ca2+ dysregulation,
cardiac fibrosis, superoxide accumulation and apoptosis associated with chronic alcohol
administration.

The hallmarks of alcoholic cardiomyopathy are characterized by cardiac hypertrophy and
compromised myocardial contractility . This is supported by our current observation of
enlarged ventricular size (EDD and ESD although not wall thickness), ventricular mass
(absolute and normalized), decreased fractional shortening and compromised cardiomyocyte
shortening capacity (decreased PS/± dL/dt and prolonged TR90) in FVB mice consuming
alcohol. Our findings of increased left ventricular mass and heart weight associated with the
unchanged wall thickness following chronic alcohol intake favor the notion of hypertrophic
geometry through dilation of ventricular chamber walls. This is in accordance with the
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commonly accepted concept that alcoholic cardiomyopathy belongs to a form of dilated
cardiomyopathy . Conflicting data on alcohol-induced changes in cardiac geometry have
been reported with unchanged , decreased and increased ventricular wall thickness
associated increased LV mass. Possible reasons for these discrepancies may include
differences in the severity and duration of alcoholism, existence of other cardiac
commodities, age and species of experimental subjects. Our data suggested alcohol intake-
induced intracellular Ca2+ anomalies (decreased ΔFFI and delayed intracellular Ca2+ decay)
may underscore cardiac contractile dysfunction following chronic alcohol ingestion,
consistent with the notion of an essential role for impaired intracellular Ca2+ homeostasis in
alcoholic cardiomyopathy . Interestingly, our data indicated exaggerated cardiac depression
with increased stimulus frequency (steeper staircase) following chronic alcohol ingestion,
consistent with our earlier report . Our findings of prolonged relaxation duration (TR90) and
intracellular Ca2+ decay time indicate a poor intracellular Ca2+ re-sequestration or Ca2+

cycling ability, hallmarks of diastolic dysfunction , following chronic alcohol intake.
Impaired relaxation and diastolic dysfunction have been considered an early sign of
alcoholic cardiomyopathy . Our results of downregulated SERCA2a expression and
interstitial fibrosis in alcoholic myocardium favor a role of compromised intracellular Ca2+

extrusion and ventricular compliance in the development of diastolic dysfunction in
alcoholism. Chronic alcohol intake is known to impair intracellular Ca2+ transport back into
sarcoplasmic reticulum, leading to a delayed inactivation of actomyosin interaction and
prolonged myocardial relaxation . Our data, however, do not favor a major role of Na+-Ca2+

exchanger and phospholamban in impaired intracellular Ca2+ handling under alcoholism. In
our hand, we failed to observe an alcoholism-associated liver enlargement. Hepatomegaly is
one of the consequences of chronic alcohol intake although this increase in liver weight may
be different depending upon species, the dose and duration of alcohol intake. Negligible
increase in liver weight or size (normalized to body weight) has been reported in our lab as
well as others . Last but not the least, we failed to note any change in heart rate following
chronic alcohol intake. Heart rate is regulated by sympathetic and parasympathetic inputs,
both of which are affected in a dose dependent manner by alcoholism . Although the
mechanism behind the unchanged heart rate in our current experimental setting is unclear at
this point, anesthesia (Avertin) may play a role in the sedated mice when heart rate was
taken 8 hrs after the daily alcohol feeding. In line with our data, Lazarevic and colleagues
found unaltered heart rate in human alcoholics .

Perhaps the most striking piece of data from our current study was that IGF-1 attenuated or
abolished alcohol intake-induced myocardial, cardiomyocyte contractile and intracellular
Ca2+ defects without affecting alcohol-induced cardiac hypertrophy and geometric
alterations. Several scenarios may be considered for the beneficial effects of IGF-1 under
alcoholism. First, IGF-1 may elicit its cardioprotective effect against alcoholism through
scavenging free radicals and its anti-apoptotic property. Chronic alcoholism is known to
trigger severe oxidative stress, apoptosis and ultimately protein damage , which is supported
by our current observation of enhanced superoxide production, downregulated SOD1 level
and apoptosis (caspase-3 activation and TUNEL assay) in alcohol consuming FVB group. In
our hands, IGF-1 effectively lessened alcohol-induced superoxide accumulation, loss of the
superoxide catalytic enzyme SOD1 and apoptosis. Secondly, IGF-1 may offer myocardial
protection against chronic alcohol-induced cardiac mechanical defect through improved
post-IGF-1 receptor signaling in Akt and its downstream effectors. This is supported by our
observation that IGF-1 significantly improved the dampened phosphorylation of several
essential post-IGF-1 receptor signals Akt, mTOR, Foxo3a and GSK3β following chronic
alcohol administration. IGF-1, similar to insulin, is known to exert its biological actions
through IGF-1 receptor and the post-receptor signaling molecules including Akt, mTOR,
Foxo3a and GSK3β . These signaling molecules play an essential role in the maintenance of
cardiac survival, structure and function. Akt is a key cell survival factor with reduced Akt
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activation directly contributing to apoptosis and cardiac dysfunction . mTOR is a central
regulator of protein synthesis and cell growth. Data from our current study revealed that
chronic alcohol intake significantly dampened phosphorylation of Akt and mTOR without
affecting pan Akt and mTOR levels, similar to our earlier result of reduced phosphorylation
of Akt and mTOR following chronic alcohol intake . Our data revealed that IGF-1 transgene
restored the dampened phosphorylation of Akt and mTOR following chronic alcoholism,
suggesting a likely role of these cardiac survival proteins in IGF-1-elicited cardioprotective
effect. Furthermore, our data revealed that chronic alcohol intake lessened phosphorylation
of the Akt downstream signaling molecules Foxo3a and GSK3β. We found that chronic
alcohol intake significantly upregulated the expression of the proapoptotic transcriptional
factor Foxo3a associated with reduced Foxo3a inactivation (phosphorylation), the effect of
which was nullified by IGF-1. Our observation of enhanced pan Foxo3a expression and
reduced Foxo3a phosphorylation appears to coincide with enhanced apoptosis (caspase-3
activity and TUNEL) in chronic alcoholism. The decrease in Foxo3a and GSK3β
phosphorylation is likely resulted from the dampened phosphorylation of the upstream
molecule Akt. GSK-3β, a serine/threonine kinase, is inactivated by phosphorylation of Ser9
by oxidative stress and may serve as a negative regulator of cardiac hypertrophy . Our
finding of enhanced pAkt/Akt, pmTOR/mTOR, pGSK3β/GSK3β and pFoxo3a/Foxo3a
ratios in the alcohol consuming IGF-1 murine hearts is consistent with the pro-hypertrophic
response seen in these mice. However, the reduced phosphorylated-to-pan protein ratio of
Akt, mTOR, Foxo3a and GSK3β following chronic alcohol intake, in light of the cardiac
hypertrophy, suggests likelihood contribution of alternate mechanism(s) to chronic
alcoholism-associated cardiac hypertrophy. For example, data from our recent study
suggested a role of phosphorylation of GATA4 and cAMP-response element binding
(CREB) in cardiac hypertrophy following chronic alcohol intake . Last but not the least,
IGF-1 transgene reversed alcohol-induced upregulation of PTEN, a negative regulator for
Akt signaling . It is plausible to speculate that IGF-1-elicited offsetting effect against the
alcohol-induced upregulation in PTEN may underscore the IGF-1-induced Akt activation
following alcohol intake. Ethanol has been shown to impair neuronal survival due to
reduced PI-3 kinase and Akt kinase activity due to inability to suppress PTEN although no
information is available with regards to cardiac PTEN function in alcoholism. Our data
revealed that IGF-1 increased left ventricular EDD with no change in ESD and factional
shortening in the absence of alcohol intake. This apparent mismatch between fractional
shortening and ventricular diameters in IGF-1 mice is somewhat similar to the scenario of
the preserved ejection fraction in patients with diastolic heart failure where increased
diastolic diameter is capable of nullifying overt change in factional shortening (or ejection
fraction) .

IGF-1 regulates myocardial function under both physiological and pathophysiological
settings . Acute IGF-1 exposure has been shown to directly improve cardiac contractile
function, intracellular Ca2+ handling and cell survival . In particular, acute IGF-1 treatment
triggers a positive inotropic response in myocardium associated with a rise in cytosolic
Ca2+ . In cardiomyocytes from end-stage failing hearts, acute IGF-1 administration
increased intracellular Ca2+ through opening L-type Ca2+ current and the reverse-mode Na+-
Ca2+ exchange . Acute IGF-1 treatment may also promote positive inotropicity through
sensitizing the myofilament to Ca2+ without increasing intracellular Ca2+ levels . Other than
its myocardial contractile effect, substantial data suggest the role of IGF-1 as a potent
cardiomyocyte survival factor. IGF-1 significantly attenuated both serum-free and
doxorubicin-induced cardiomyocyte apoptosis via attenuation of Bax and caspase-3
activation . Interestingly, these beneficial effects of IGF-1 are less pronounced with chronic
endogenous overexpression of the growth factor. Although constitutive overexpression of
IGF-1 may positively influence some but not all aspects of cardiomyocyte performance such
as shortening velocity and cellular compliance early on in life (2.5 months of age) , cardiac
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mechanical function, intracellular Ca2+ handling and cell survival were found essentially
similar in cardiomyocytes between adult IGF-1 transgenic mice and the wild-type
littermates . These findings suggest the complexity of myocardial effect of IGF-1 which may
be influenced by age, environment and existence of certain diseases. In our current study, we
failed to observe any notable effect of IGF-1 overexpression on cardiac mechanical function,
intracellular Ca2+ property and cell survival in the absence of alcohol intake. These findings
(unchanged fractional shortening, cardiomyocyte contractile function and intracellular Ca2+

homeostasis) in conjunction with comparable superoxide production, apoptosis and
apoptotic signaling (e.g., Foxo3a and GSK3β) in IGF-1 transgenic mouse hearts, is
somewhat consistent with our previous reports using the same model , indicating that
chronic overexpression of IGF-1 may not significantly alter cardiac function, intracellular
Ca2+ handling and cell survival. It may be speculated that the difference between the in vitro
and in vivo experimental settings as well as the difficulty of discriminating very low degree
of apoptosis at basal levels may contribute to the apparent discrepancy between acute and
chronic IGF-1 response in the heart.

Our ultrastructural finding revealed reduced mitochondrial number but not size following
chronic alcohol intake, consistent with the immunoblot findings of downregulated PGC1α
and UCP-2. Mitochondrial damage has been demonstrated to result in apoptosis through
mitochondrial pathways following chronic alcohol intake . PGC1α is known to stimulate
mitochondrial biogenesis and respiration in myocardium through an induction of UCP-2 and
regulation of the nuclear respiratory factors . The fact that IGF-1 transgene reversed alcohol-
induced superoxide production and loss of PGC1α and UCP-2 proteins has further
substantiated the critical role of mitochondria in ethanol-induced myocardial damage and
IGF-1-offered protection against alcoholic cardiomyopathy. Nonetheless, it is worth
mentioning that our current study cannot directly address the intimate interplay between
mitochondrial damage and myocardial dysfunction under chronic alcohol intake.

Experimental limitation: It should be noteworthy that resting cell length is a rather arbitrary
measure that can be influenced by various experimental settings. Sarcomere length is a
much better measure of cell length although we were unable to report this index due to
technical limitation. In addition, given the possible influence of mouse age in IGF-1
overexpression-induced cardiac contractile response and cell survival, the age of mice used
in our study may also affect the ultimate effect of IGF-1 overexpression on the experimental
indices tested under both drinking and nondrinking conditions.

In our study, we demonstrated that IGF-1 significantly alleviated chronic alcohol intake-
induced myocardial contractile and intracellular Ca2+ dysfunction, interstitial fibrosis and
apoptosis without reconciling cardiac hypertrophy and geometric changes following chronic
intake. This is likely due to the pleiotropic effect of IGF-1 in addition to its potent
antioxidant property. Cardiac hypertrophy following chronic alcohol intake may become
maladaptive and contribute to cardiac contractile dysfunction . Data from our study revealed
that the beneficial effect of IGF-1 against chronic alcohol intake is independent of cardiac
geometric alterations. In light of the IGF-1-elicited protection against chronic alcohol
intake-induced cardiac mechanical dysfunction, intracellular Ca2+ dysregulation, interstitial
fibrosis, apoptosis, dampened activation of essential post-IGF-1 receptor signaling
molecules as well as loss of mitochondrial density, our data favor the therapeutic value of
the growth factor in aberrant myocardial function following alcohol intake. It is imperative
that we understand the mitochondrial function change under chronic alcoholism so that
treatment strategy may be targeted at achieving sufficient induction of mitochondrial
biogenesis or chaperon within a therapeutically beneficial window.
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Fig. 1.
Echocardiographic properties of FVB and IGF-1 transgenic mice with or without chronic
alcohol intake. (A): Left ventricular (LV) wall thickness; (B): Fractional shortening (%);
(C): LV end systolic diameter (ESD); (D): LV end diastolic diameter (EDD); (E): Calculated
LV mass; and (F): Normalized LV mass. Mean ± SEM, n = 8 mice per group, * p < 0.05 vs.
FVB group, # p < 0.05 vs. FVB mice consuming ethanol (FVB-ETOH).
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Fig. 2.
Effect of chronic alcohol intake on cell shortening/relengthening in cardiomyocytes from
FVB and IGF-1 mice. (A): Resting cell length; (B). Peak shortening amplitude (% of resting
cell length); (C): Maximal velocity of shortening (+ dL/dt); (D). Maximal velocity of
relengthening (− dL/dt); (E). Time-to-peak shortening (TPS); and (F): Time-to-90%
relengthening (TR90). Mean ± SEM, n = 69 - 70 cells per group. * p < 0.05 vs. FVB group, #
p < 0.05 vs. FVB mice consuming ethanol (FVB-ETOH).
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Fig. 3.
Effect of chronic alcohol intake on intracellular Ca2+ transients and stimulus frequency-peak
shortening (PS) response in cardiomyocytes from FVB and IGF-1 mice. (A): Baseline
intracellular Ca2+ fura-2 fluorescent intensity (FFI); (B) Change of fura-2 fluorescence
intensity in response to electrical stimuli (ΔFFI); (C): Single exponential fluorescence decay
rate; (D): Bi-exponential fluorescence decay rate; and (F): Changes in PS in response to
increased stimulus frequency (0.1 – 5.0 Hz). Each point represents PS normalized to that of
0.1 Hz of the same cell. Mean ± SEM, n = 53 cells (A-D) or 23-25 cells (E) per group, * p <
0.05 vs. FVB; # p<0.05 vs. FVB mice consuming ethanol (FVB-ETOH).
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Fig. 4.
Effect of chronic alcohol intake on myocardial fibrosis in FVB and IGF-1 mice. (A-D):
Representative photomicrographs (400x) of myocardial sections stained with Masson
trichrome. (A): FVB; (B): IGF-1; (C): FVB-ETOH; and (D): IGF-1-ETOH; (E): Pooled data
of 15 fields from 3 mice, Mean ± SEM, * p < 0.05 vs. FVB group, # p < 0.05 vs. FVB mice
consuming ethanol (FVB-ETOH).
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Fig. 5.
Transmission electron microscopic micrographs of left ventricular tissues from FVB or
IGF-1 mice with or without chronic alcohol consumption. Panels A (FVB), B (IGF-1) and D
(IGF-1-ETOH) display regular myofilament and regular mitochondrial structure whereas
panel C (FVB-ETOH) displays regular myofilament associated with reduced mitochondrial
number or density (10,000x). Panel E: mitochondrial density; Panel F: mitochondrial size.
Mean ± SEM, n = 6-7 fields per mouse from 3 mice,* p < 0.05 vs. FVB group, # p < 0.05 vs.
FVB mice consuming ethanol (FVB-ETOH) group.
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Fig. 6.
Effect of chronic alcohol intake on superoxide generation, Cu/Zn superoxide dismutase
(SOD1) expression and caspase-3 activity in cardiomyocytes or myocardium from FVB and
IGF-1 mice. (A): Representative DHE fluorescent images (400x) showing superoxide
production in cardiomyocytes from FVB and IGF-1 mice with or without chronic alcohol
intake; (B): Pooled data of superoxide production from 120-160 cells from 4 mice per
group; (C): SOD1 expression. Inset: Representative gel bots of SOD1 and GAPDH (loading
control) using specific antibodies; and (D): Caspase-3 activity using the colorimetric
substrate Ac-DEVD-pNA. Mean ± SEM, n = 5-7 mice per group. * p < 0.05 vs. FVB; # p <
0.05 vs. FVB mice consuming ethanol (FVB-ETOH).
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Fig. 7.
Effect of chronic alcohol intake on apoptosis using TUNEL staining in myocardium. All
nuclei were stained with DAPI shown in blue in panels A (FVB), D (IGF-1), G (FVB-
ETOH) and J (IGF-1-ETOH). The TUNEL-positive nuclei were visualized with fluorescein
(green) in panels B (FVB), E (IGF-1) H (FVB-ETOH) and K (IGF-1-ETOH). Panels C
(FVB), F (IGF-1), I (FVB-ETOH) and I (IGF-1-ETOH) depict merged DAPI and TUNEL-
positive nuclei staining. Original magnification = 400×. Quantified data are shown in panel
M. Mean ± SEM, n = 15 fields from 3 mice per group, * p < 0.05 vs. FVB; # p<0.05 vs.
FVB mice consuming ethanol (FVB-ETOH).
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Fig. 8.
Western blot analysis of sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA2a), Na+-Ca2+

exchanger and phospholamban in myocardium from FVB and IGF-1 mice with or without
ethanol consumption (ETOH). (A): Representative gel blots of SERCA2a, Na+-Ca2+

exchanger, phospholamban and GAPDH (loading control) using specific antibodies; (B):
SERCA2a; (C): Na+-Ca2+ exchanger; and (D): Phospholamban. Mean ± SEM. n = 4 – 6, * p
< 0.05 vs. FVB.
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Fig. 9.
Western blot analysis of pan and phosphorylated Akt and mTOR in myocardium from FVB
and IGF-1 mice with or without chronic alcohol consumption. (A): Akt; (B): mTOR; (C):
Phosphorylated Akt (pAkt); (D): Phosphorylated mTOR (pmTOR); (E): pAkt-to-pan Akt
ratio; and (F): pmTOR-to-pan mTOR ratio. Insets: Representative gel blots depicting
expression of Akt, mTOR, pAkt, pmTOR and GAPDH (used as loading control). Mean ±
SEM. n = 6 – 7, * p < 0.05 vs. FVB group, # p < 0.05 vs. FVB mice consuming ethanol
(FVB-ETOH).
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Fig. 10.
Western blot analysis of pan and phosphorylated Foxo3a and GSK3β in myocardium from
FVB and IGF-1 mice with or without chronic alcohol consumption. (A): Foxo3a; (B):
GSK3β; (C): Phosphorylated Foxo3a (pFoxo3a); (D): Phosphorylated GSK3β (pGSK3β);
(E): pFoxo3a-to-pan Foxo3a ratio; and (F): pGSK3β-to-pan GSK3β ratio. Insets:
Representative gel blots depicting expression of Foxo3a, GSK3β, pFoxo3a, pGSK3β and
GAPDH (loading control). Mean ± SEM. n = 6 – 8, * p < 0.05 vs. FVB group, # p < 0.05 vs.
FVB mice consuming ethanol (FVB-ETOH).
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Fig. 11.
Western blot analysis of PTEN, UCP-2 and PGC1α in myocardium from FVB and IGF-1
mice with or without chronic alcohol consumption. (A): Representative gel blots of PTEN,
UCP-2, PGC1α and GAPDH (loading control); (B): PTEN; (C): UCP-2; and (D): PGC1α.
Mean ± SEM. n = 6 – 7, * p < 0.05 vs. FVB group, # p < 0.05 vs. FVB mice consuming
ethanol (FVB-ETOH).
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Table 1

Biometric parameters of mice fed an alcohol diet (4%) for 16 weeks

Parameter FVB IGF-1 FVB-ETOH IGF-1-ETOH

Body Weight (g) 24.6 ± 1.3 25.0 ± 1.2 24.3 ± 1.4 24.5 ± 1.0

Heart Weight (mg) 122 ± 8 137 ± 9 156 ± 10* 154 ± 5*

Heart/Body Weight (mg/g) 4.93 ± 0.13 5.54 ± 0.32 6.55 ± 0.43* 6.35 ± 0.18*

Liver Weight (g) 1.20 ± 0.05 1.20 ± 0.05 1.28 ± 0.07 1.19 ± 0.05

Liver/Body Weight (mg/g) 48.9 ± 0.9 48.4 ± 1.3 53.2 ± 1.6 49.1 ± 1.8

Kidney Weight (g) 0.33 ± 0.02 0.34 ± 0.02 0.33 ± 0.02 0.35 ± 0.02

Kidney/Body Weight (mg/g) 13.5 ± 0.6 13.6 ± 0.5 13.7 ± 0.5 14.1 ± 0.4

Heart Rate (bpm) 482 ± 27 464 ± 23 509 ± 30 495 ± 22

Blood Alcohol (mg/dl) Undetectable Undetectable 162 ± 12* 180 ± 15*

ETOH = alcohol consuming; Mean ± SEM, n = 12 - 14 mice per group

*
p < 0.05 vs. FVB group.
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