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Altered glucose metabolism in the heart is an important characteristic of cardiovascular and met-
abolic disease. Because thyroid hormones have major effects on peripheral metabolism, we ex-
amined the metabolic effects of heart-selective increase in T3 using transgenic mice expressing
human type 2 iodothyronine deiodinase (D2) under the control of the �-myosin heavy chain pro-
moter (MHC-D2). Hyperinsulinemic-euglycemic clamps showed normal whole-body glucose dis-
posal but increased hepatic insulin action in MHC-D2 mice as compared to wild-type (WT) litter-
mates. Insulin-stimulated glucose uptake in heart was not altered, but basal myocardial glucose
metabolism was increased by more than two-fold in MHC-D2 mice. Myocardial lipid levels were also
elevated in MHC-D2 mice, suggesting an overall up-regulation of cardiac metabolism in these mice.
The effects of doxorubicin (DOX) treatment on cardiac function and structure were examined using
M-mode echocardiography. DOX treatment caused a significant reduction in ventricular fractional
shortening and resulted in more than 50% death in WT mice. In contrast, MHC-D2 mice showed
increased survival rate after DOX treatment, and this was associated with a six-fold increase in
myocardial glucose metabolism and improved cardiac function. Myocardial activity and expression
of AMPK, GLUT1, and Akt were also elevated in MHC-D2 and WT mice following DOX treat-
ment. Thus, our findings indicate an important role of thyroid hormone in cardiac metabolism
and further suggest a protective role of glucose utilization in DOX-mediated cardiac
dysfunction. (Endocrinology 154: 3937–3946, 2013)
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Alterations in myocardial glucose metabolism and in-
sulin action are major characteristics of cardiovascu-

lar and metabolic disease (1, 2). Although mitochondrial
lipid oxidation is the principal energy source for the nor-
mal heart, maintenance of glucose metabolism is impor-
tant for normal cardiac function (3). It is well known that
a failing heart undergoes a change in substrate utilization
with greater dependence on glucose as energy source (4).
Because type 2 diabetes is characterized by impaired glu-
cose metabolism, diabetic heart is likely to be more sen-
sitive to cellular damage under stress conditions.

The effect of thyroid hormone on basal metabolism and
energy expenditure is well known (5, 6). Altered levels of
thyroid hormones have been associated with insulin re-
sistance, blunted insulin secretion, and obesity (7–9). Type
2 iodothyronine deiodinase (D2) is an important modu-
lator of local thyroid hormone signaling by catalyzing the
intracellular conversion of T4 to the active T3 form. A
common Thr92Ala polymorphism in the gene encoding
D2 (Dio2) has been associated with reduced glucose turn-
over in nondiabetic subjects (10). Mice with targeted de-
letion of Dio2 gene has been shown to be less adaptive to
cold stress due to impaired thermogenesis in brown adi-
pose tissue (11). These mice were also shown to develop
insulin resistance and become more obese in response to
high-fat feeding (12). These studies clearly demonstrate an
important role of thyroid hormone signaling in systemic
metabolism and energy expenditure.

The cardiovascular phenotypes of excess thyroid hor-
mone include increases in heart rate, cardiac output, cor-
onary blood flow, and oxygen consumption in heart (13).
Recently, mice with heart-specific expression of human
D2 under the control of the �-myosin heavy chain (MHC)
promoter (MHC-D2) were generated and shown to have
tachycardia with altered levels of high-energy phosphate
compounds during isolated perfusion (14, 15). Further-
more, doxorubicin (DOX) is an anthracycline chemother-
apeutic agent that is effectively used in treating multiple
types of cancer, but its use has been limited by undesirable
cardiotoxic effects (16, 17). For this reason, a cohort of
studies have attempted to understand the cardiotoxic
mechanism of DOX and to attenuate such effects using
animal models (18, 19). Soni and colleagues found that
DOX-mediated cardiotoxicity involved increased levels of
caspase-3 and reduced total antioxidant status in mice
(20). Another study reported that aryl hydrocarbon re-
ceptor and formation of free radicals mediate DOX-in-
duced cardiotoxicity in mice (18). In the current study, we
examined the metabolic effects of excess thyroid hor-
mones in heart and further determined the effects of DOX
treatment in MHC-D2 mice.

Materials and Methods

Body composition and energy balance
measurement

Male mice with heart-specific expression of human D2
(MHC-D2) and wild-type littermates (WT) were obtained from
Dr Antonio Bianco and housed at the animal facility with con-
trolled temperature (23°C) and lighting (12-h light, 0700–1900
h; 12-h dark, 1900–0700 h). Body composition was noninva-
sively measured using 1H-MRS (Echo Medical Systems, Hous-
ton, Texas). The animal studies were approved by the Institu-
tional Animal Care and Use Committee of the Yale University
School of Medicine and University of Massachusetts Medical
School.

Hyperinsulinemic-euglycemic clamp to assess
insulin sensitivity in conscious mice

At 4 to 5 days before clamp experiments, a survival surgery
was performed to establish indwelling catheter in jugular vein.
On the day of experiment, male MHC-D2 mice and WT litter-
mates (n � 4 for each group) were fasted overnight (�15 h), and
a 2-hour hyperinsulinemic-euglycemic clamp was conducted in
conscious mice with a primed and continuous infusion of human
insulin (150 mU/kg body weight priming followed by 2.5 mU/
kg/min; Novolin; Novo Nordisk, Bagsværd, Denmark) (21). To
maintain euglycemia, 20% glucose was infused at variable rates
during clamps. Whole-body glucose turnover was assessed with
a continuous infusion of [3-3H]glucose (PerkinElmer, Waltham,
Massachusetts), and 2-deoxy-D-[1-14C]glucose was adminis-
tered as a bolus (10 �Ci) at 75 minutes after the start of clamps
to measure insulin-stimulated glucose uptake in individual or-
gans. At the end of the clamps, mice were anesthetized, and
tissues were taken for biochemical analysis (21).

Basal glucose and lipid metabolism in mice
Male MHC-D2 mice and WT littermates were used to mea-

sure in vivo basal glucose metabolism (n � 7 for each group).
Basal glucose uptake in individual organs was measured using a
bolus injection of 2-deoxy-D-[1-14C]glucose (30 �Ci) in awake
mice and taking tissue samples 30 minutes later for analysis (22).

In another cohort of male MHC-D2 mice and WT littermates
(n � 4 for each group), [3H]palmitate was bolus injected (30 �Ci)
in awake mice, and blood samples were taken at 0.5, 1, 2, 3, 4,
and 5 minutes after injection for determination of plasma con-
centration of [3H]palmitate as a measure of systemic lipid
clearance.

Biochemical analysis
Glucose concentrations during clamps were analyzed using 5

�L plasma by a glucose oxidase method on Analox GM9 Ana-
lyzer (Analox Instruments Ltd, Hammersmith, London, United
Kingdom). Plasma concentrations of [3-3H]glucose, 2-[14C]DG,
and 3H2O were determined following deproteinization of
plasma samples as previously described (21). For the determi-
nation of tissue 2-[14C]DG-6-phosphate content, tissue samples
were homogenized, and the supernatants were subjected to an
ion-exchange column to separate 2-[14C]DG-6-P from
2-[14C]DG. Insulin-stimulated glucose uptake in individual tis-
sues was assessed by determining the tissue content of
2-[14C]DG-6-P and plasma 2-[14C]DG profile. Tissue triglycer-
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ide concentrations were determined by digesting heart samples
obtained from MHC-D2 and WT mice in chloroform-methanol
and using a triglyceride assay kit (Sigma, St Louis, Missouri).

Western blot analysis
Total protein expression and phosphorylation of glucose

transporter 1 (GLUT1), GLUT4, Akt/PKB, and 5�AMP-acti-
vated protein kinase (AMPK) were determined using Western
blots in heart samples obtained from MHC-D2 and WT mice at
baseline and after DOX treatment. Fifty milligrams of heart tis-
sues were lysed in 500 �L of ice-cold lysis buffer, T-PER tissue
protein extraction reagent (Thermo Rockford, Illinois) contain-
ing phosphatase inhibitor cocktail (Sigma-Aldrich, St Louis,
Missouri), protease inhibitor cocktail (Roche, Indianapolis, In-
diana), and phenylmethanesulfonyl fluoride (Sigma-Aldrich).
Tissue lysates were blended with homogenizer Ultra-Turrax T25
(Janke and Kunkel, IKA Labortechnik, Stauten, Germany), in-
cubated on ice for 2 hours, and centrifuged at 12 000 rpm, 4°C
for 15 minutes. The supernatants were harvested, and protein
concentrations were determined using the BCA reagent (Pierce,
Rockford, Illinois). Fifty milligrams of protein of each sample
was mixed with 6� sample loading buffer, heated for 5 minutes
at 95°C, and loaded in 10% or 12% gel for SDS-PAGE. After
SDS-PAGE, proteins were transferred to polyvinylidene difluo-
ride membranes (Bio-Rad, Berkeley, California). Membranes
were blocked with 5% skim milk in Tris-buffered saline with
Tween 20 for 1 hour at room temperature and incubated with
GLUT1 (Millipore, Billerica, Massachusetts), GLUT4 (Cell Sig-
naling, Danvers, Massachusetts), Thr172-phospho-AMPK
(Cell Signaling), AMPK (Cell Signaling), Ser473-phospho-Akt
(Cell Signaling), or Akt (Cell Signaling) antibodies in Tris-buff-
ered saline with Tween 20 containing 5% skim milk or BSA for
overnight at 4°C. Detection of immunoreactive bands was
achieved using enhanced chemiluminescent substrate (Thermo)
and the images of the bands were taken by Biospectrum
(UVP, Upland, California). Quantification analysis of the bands
was performed using ImageJ (National Institutes of Health,
Bethesda, Maryland).

DOX treatment and echocardiography to assess
cardiac structure and function in mice

Mice received an ip injection of DOX (15 mg/kg body
weight). M-mode echocardiography was performed using the
Philips Sonos 5500 System (Philips, Aliso Viejo, California) with
a 15-MHz probe in mice lightly anesthetized with inhaled iso-
flurane. The images were collected in the short and long axes, and
the data represent the averaged values of three to five cardiac
cycles as previously described (23).

Calculation
Rates of basal hepatic glucose production (HGP) and insulin-

stimulated whole-body glucose turnover were determined as pre-
viously described (21). Insulin-stimulated rate of HGP during
clamp was determined by subtracting the glucose infusion rate
from whole-body glucose uptake. Insulin-stimulated glucose up-
take in individual tissues was assessed by determining the tissue
(eg, skeletal muscle, heart) content of 2-[14C]DG-6-phosphate
and plasma 2-[14C]DG profile.

Statistics
Data are expressed as means � SE. The significance of the

difference in mean values between MHC-D2 mice versus WT
mice was evaluated using the Student’s t test. The statistical sig-
nificance was at the P � .05 level.

Results

Metabolic characterization of mice with heart-
selective expression of human D2

MHC-D2 mice showed normal body weight, and 1H-
MRS analysis found comparable whole-body fat mass and
lean mass between MHC-D2 and WT mice (Figure 1,
A–C). Basal plasma insulin levels were measured after an
overnight fast (�17 h) and found to be similar between
MHC-D2 and WT mice (Figure 1D). Basal plasma glucose
levels were also normal in MHC-D2 mice (7.3 � 1.2 mM).

A 2-hour hyperinsulinemic-euglycemic clamp was per-
formed in conscious mice by raising plasma insulin levels
two- to three-fold above basal in both groups of mice, and
euglycemia (�7 mM) was maintained using a variable in-
fusion of 20% glucose during the clamp (Figure 1D).
Steady-state glucose infusion rate to maintain euglycemia
during clamps was not significantly different between
MHC-D2 and WT mice (Figure 1E). Insulin-stimulated
whole-body glucose turnover was measured using a con-
tinuous infusion of [3-3H]glucose and found to be unal-
tered in MHC-D2 mice, indicating that heart-selective ex-
pression of human D2 does not affect systemic insulin
sensitivity (Figure 1F). Basal rate of HGP was not signif-
icantly altered in MHC-D2 mice (Figure 1G). In contrast,
HGP was more significantly suppressed by insulin during
clamp in MHC-D2 mice, resulting in a lower rate of clamp
HGP (Figure 1H). As a result, hepatic insulin action was
increased by two-fold in MHC-D2 mice as compared to
WT mice (Figure 1I).

Cardiac energy metabolism in MHC-D2 mice
Using a bolus injection of 2-[14C]DG during clamps, we

measured insulin-stimulated glucose uptake in individual or-
gans. Insulin-stimulated glucose uptake in heart was not al-
tered in MHC-D2 mice (Figure 2A). Basal myocardial glu-
cose uptake was measured using 2-[14C]DG injection at
basal state, and heart-selective expression of human D2
caused a two- to three-fold increase in basal glucose uptake
in heart (Figure 2B). Increased myocardial glucose metabo-
lismwasnotdue toalteredexpressionofproteins involved in
glucose trafficking because myocardial GLUT1 levels were
not different in MHC-D2 mice (Figure 2D).

Lipid metabolism was examined in MHC-D2 and WT
mice. Myocardial triglyceride levels were significantly in-
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creased in MHC-D2 mice compared with WT mice (Figure
2C). We performed a bolus injection of [3H]palmitate and
found that systemic clearance of [3H]palmitate was in-
creased in MHC-D2 mice as compared to WT mice, sug-
gesting enhanced lipid metabolism in MHC-D2 mice (Fig-
ure 2E). As a measure of de novo lipogenesis, [3H]glucose
conversion into myocardial triglyceride also tended to in-
crease in MHC-D2 mice (Figure 2F).

To examine the cardiac-specific nature of these meta-
bolic effects in MHC-D2 mice, we measured basal glucose
uptake in white adipose tissue (epididymal), which was
not altered in MHC-D2 mice (Figure 2G). In addition,
intrahepatic triglyceride levels were comparable between
MHC-D2 mice and WT littermates (Figure 2H).

Effects of DOX treatment on cardiac structure and
function in MHC-D2 mice

Because basal myocardial metabolism was up-regu-
lated in MHC-D2 mice, we examined the effects of DOX
treatment on cardiac structure and function in MHC-D2
mice. DOX was injected ip into MHC-D2 and WT mice at
day0,andWTmicebegantodiestartingat6daysafterDOX
treatment (Figure 3A). At 8 days after DOX treatment, more
than 50% of WT mice had died. In contrast, all of the
MHC-D2 mice survived at 8 days after DOX treatment, and
there was a gradual decline in survival rate of MHC-D2 mice
after 9 days of DOX treatment (Figure 3A).

At 12 days after DOX treatment, we measured basal
myocardial glucose metabolism in the remaining WT and

Figure 1. Metabolic effects of heart-selective increase in T3. Body composition analysis and a 2-hour hyperinsulinemic-euglycemic clamp was
performed in male transgenic mice with heart-selective expression of human D2 (MHC-D2) mice and WT littermates (n � 4 per group). (A) Body
weight. (B, C) Whole-body fat mass and lean mass, measured using 1H-MRS, in mice. (D) Plasma insulin levels in overnight-fasted state (basal) and
during euglycemic clamp. (E) Steady-state glucose infusion rates required to maintain euglycemia during clamps. (F) Insulin-stimulated whole-body
glucose turnover. (G) Basal rate of HGP in mice. (H) HGP during hyperinsulinemic-euglycemic clamp. (I) Hepatic insulin action expressed as insulin-
mediated percentage suppression of basal HGP. Data are presented as means � SE. *, P � .05 vs WT mice.
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MHC-D2 mice. Our data indicate that basal glucose up-
take in heart was elevated by more than six-fold in
MHC-D2 mice compared to WT littermates (2085 � 273
nmol/g/min in MHC-D2 mice vs 487 � 50 nmol/g/min in
WT mice after DOX treatment; Figure 3B). Although
basal myocardial glucose uptake was elevated in both
groups of mice following DOX treatment, more dramatic
effects in MHC-D2 mice may be due to enhanced myo-

cardial glucose metabolism associated with increased D2
activity and cardiac work in these mice.

Cardiac structure and function were assessed using M-
mode echocardiography before DOX treatment (baseline)
and 8 days after DOX treatment in surviving WT and
MHC-D2 mice. At baseline (before DOX treatment),
MHC-D2 mice showed normal cardiac structure and
function with various parameters that are comparable to

Figure 2. Myocardial glucose and lipid metabolism in MHC-D2 mice. Basal and insulin-stimulated glucose uptake in heart was measured
following iv injection of 2-[14C]DG in MHC-D2 mice and WT littermates. (A) Insulin-stimulated glucose uptake in heart (n � 4 for each group). (B)
Basal glucose uptake in heart (n � 7 for each group). (C) Myocardial triglyceride levels (n � 4–6). (D) GLUT1 expression in heart samples was
measured using Western blot. (E) Systemic clearance of [3H]-palmitate following a bolus injection (n � 4 for each group). (F) 3H-glucose conversion
into myocardial triglyceride (n � 4–6). (G) Basal glucose uptake in white adipose tissue (epididymal) (n � 3 for each group). (H) Intrahepatic
triglyceride levels (n � 4–6). Data are presented as means � SE. *, P � .05 vs WT mice.
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those of WT mice. After DOX treatment, ventricular frac-
tional shortening (FS) was reduced by 27% in WT mice
(64 � 4% at baseline vs 47 � 3% after DOX treatment,
P � .04; Figure 3C). In contrast, there was no significant
effect of DOX treatment on ventricular fractional short-
ening in MHC-D2 mice (57 � 3% at baseline vs 49 � 3%
after DOX treatment, P � .05; Figure 3D). Ejection frac-

tion was reduced following DOX treatment in both
groups of mice, but the percentage change in ejection frac-
tion was significantly lower in MHC-D2 mice compared
to WT mice (Figure 3E). Left ventricular dimension at
systole was increased by 54% in WT mice after DOX
treatment (0.14 � 0.01 cm at baseline vs 0.21 � 0.02 after
DOX treatment, P � .01; Figure 3F). In contrast, there was

Figure 3. Effects of DOX treatment in MHC-D2 mice. Metabolic and cardiac studies were performed in MHC-D2 mice and WT littermates
following ip injection of DOX (n � 7 for each group). (A) Survival rate of mice after DOX treatment. (B) Basal glucose uptake in heart 12 days after
DOX treatment (n � 3 for each group). *, P � .05 vs WT mice. (C) Ventricular FS at baseline (before DOX treatment; n � 7) and 8 days after DOX
treatment (n � 3) in WT mice. *, P � .05 vs baseline data. (D) Ventricular FS at baseline (before DOX treatment; n � 7) and 8 days after DOX
treatment (n � 3) in MHC-D2 mice. (E) Percentage change in EF after DOX treatment in WT and MHC-D2 mice. *, P � .05 vs WT mice. (F) Left
ventricular (LV) dimension at systole at baseline (before DOX treatment; n � 7) and 8 days after DOX treatment (n � 3) in WT mice. *, P � .05 vs
baseline data. (G) Left ventricular dimension at systole at baseline (before DOX treatment; n � 7) and 8 days after DOX treatment (n � 3) in MHC-
D2 mice. (H) Heart rates were measured noninvasively using ambulatory ECG telemetry in nonsedated, freely moving mice (n � 5 for WT and
MHC-D2 mice) and using ECG electrodes in sedated mice (n � 7 for each group). Data are presented as means � SE.
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no significant change in left ventricular dimension after
DOX treatment in MHC-D2 mice (0.17 � 0.01 cm at
baseline vs 0.20 � 0.01 cm after DOX treatment, P � .05;
Figure 3G). Although some of the effects of DOX treat-
ment on cardiac structure/function are modest in these
surviving mice, it is likely that there were more pro-
nounced effects of DOX treatment in those mice that did
not survive at the time of measurement.

In a group of age- and weight-matched WT and
MHC-D2 mice (31.7 � 1.1 g and 32.3 � 1.2 g body
weight, respectively), basal heart rates were measured in
noninvasive (nonsedated) and sedated states. Briefly,
basal heart rates were measured noninvasively using am-
bulatory electrocardiographic (ECG) telemetry in unre-
strained, freely moving mice days after recovery from sur-
gery for transmitter implant (24). Additional heart rates
were measured using ECG electrodes in anesthetized mice
(25). Our data indicate that basal heart rates at either state
were not different between WT and MHC-D2 mice (Fig-
ure 3H).

Molecular mechanism of increased glucose
metabolism following DOX treatment

To determine the mechanism of DOX-mediated in-
crease in myocardial glucose metabolism, we measured
expression of metabolic signaling proteins using Western
blot analysis in heart samples obtained from WT and
MHC-D2 mice at baseline and after DOX treatment.
AMPK, a serine-threonine kinase, is an important regu-
lator of cardiac energy metabolism (26). Thr172-phos-
phorylation of AMPK in heart was increased by more than
six-fold in MHC-D2 mice following DOX treatment as
compared to untreated MHC-D2 mice (Figure 4A). Al-
though P-AMPK also increased by �70% in WT heart
following DOX treatment, this difference did not reach a
statistical significance (P � .10). Total GLUT1 protein
levels were also increased by nearly two-fold in MHC-D2
mice following DOX treatment (Figure 4B). In contrast,
total GLUT4 and GLUT1 protein levels in WT heart were
not affected by DOX treatment. Furthermore, total Akt
protein levels and Ser473-phosphorylation of AKT were
significantly elevated in WT heart following DOX treat-
ment (Figure 4, C and D). As a result, the ratio of P-Akt to
Akt tended to increase by �30% in WT heart after DOX
treatment (Figure 4E). Thus, DOX treatment induced a
dramatic activation of key signaling proteins involved in
glucose metabolism in heart.

Discussion

The present study shows that heart-selective expression of
human D2 and a local increase in T3 have a major effect on

myocardial metabolism. Basal glucose uptake in heart was
selectively up-regulated without changes in cardiac insulin
action in MHC-D2 mice. DOX treatment caused a signif-
icant decrease in ventricular FS and cardiac dysfunction in
WT mice. In contrast, MHC-D2 mice showed increased
rate of survival following DOX treatment, and this was
associated with improved cardiac function/structure and
increases in metabolic signaling pathways and glucose me-
tabolism in heart.

It is well known that thyroid hormones regulate me-
tabolism, and hyperthyroidism is associated with insulin
resistance and type 2 diabetes (7, 8). Laville and colleagues
found that experimental hyperthyroidism increased basal
rates of endogenous glucose production and glucose uti-
lization but reduced insulin-mediated suppression of en-
dogenous glucose production in healthy humans (27).
Brunetto et al also found that T3 increases skeletal muscle
glucose utilization by enhancing GLUT4 intrinsic activity
in rats (28). Castillo et al recently found that mice lacking
D2 develop obesity, insulin resistance, and hepatic steato-
sis (29). In the current study, MHC-D2 mice did not show
alterations in glucose homeostasis as reflected by normal
glucose and insulin levels and whole-body glucose turn-
over during hyperinsulinemic-euglycemic clamps. This is
likely due to the fact that human D2 is selectively ex-
pressed in the heart and thus raises only local levels of T3
in MHC-D2 mice. This is important because any changes
in glucose homeostasis secondarily affect circulating in-
sulin, which has known inotropic effects in heart (30).
Interestingly, HGP during hyperinsulinemic-euglycemic
clamp was significantly lower in MHC-D2 mice compared
to WT littermates. This increase in hepatic insulin sensi-
tivity was not expected because human D2 expression and
T3 increase were selective to heart in MHC-D2 mice. One
potential mechanism may involve myocardial expression
and secretion of B-type natriuretic peptide (BNP), which
was recently shown to regulate brown fat thermogenesis
and metabolism (31). This study found that BNP increased
brown fat metabolism by up-regulating uncoupling pro-
tein 1 and PGC-1� expression in adipose tissue (31). These
effects would increase mitochondrial content and mito-
chondrial function in cells. Furthermore, BNP is a well-
known hormone secreted by cardiomyocytes in response
to stress and is commonly used as a clinical marker of
failing heart (32). Our findings suggest that altered myo-
cardial energetics may be a possible trigger for BNP re-
lease, which may secondarily affect hepatic insulin sensi-
tivity in MHC-D2 mice. Alternatively, BNP release may be
triggered by changes in myocardial energy demand due to
higher D2 activity and cardiac work in MHC-D2 mice.
Additional studies are needed to determine the potential
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Figure 4. Metabolic signaling pathways following DOX treatment in MHC-D2 and WT mice. Metabolic signaling pathways were examined using
Western blot analysis in heart samples obtained at baseline and following DOX treatment in MHC-D2 and WT mice (n � 3–4 for each group). (A)
Thr172-phosphorylation of AMPK and GLUT4 protein levels in heart of WT and MHC-D2 mice at baseline and after DOX treatment. (B) GLUT1
protein levels in heart of MHC-D2 mice at baseline and after DOX treatment. (C) Total Akt protein levels in heart of WT mice at baseline and after
DOX treatment. (D) Ser473-phosphorylation of AKT in heart of WT mice. (E) Ratio of Ser473-phosphorylation of AKT and total Akt protein levels in
WT mice. Data are presented as means � SE. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as loading controls for all data. *, P �
.05 vs baseline.
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role of BNP or other cardiomyocyte-derived factors in reg-
ulating hepatic glucose metabolism.

Heart-selective increase in T3 resulted in a two- to
three-fold increase in basal myocardial glucose metabo-
lism in MHC-D2 mice. Importantly, this increase in basal
glucose uptake occurred without changes in cardiac insu-
lin sensitivity in MHC-D2 mice. Our previous study found
that chronic activation of Akt selectively in heart using
MHC promoter significantly enhanced basal myocardial
glucose metabolism in mice (22). Akt activation also
blunted cardiomyocyte apoptosis following transient
ischemia and improved cardiac function in mice (33).
However, in that model, chronic Akt activation caused a
negative feedback inhibition of insulin receptor substrate
and phosphatidylinositol 3-kinase activity and down-reg-
ulated insulin-stimulated glucose uptake in heart (34). In
MHC-D2 mice, it is likely that myocardial glucose me-
tabolism is enhanced partly due to increased energy de-
mand, and this does not affect insulin signaling in heart.
This notion is further supported by a significant elevation
in myocardial lipid levels, suggesting increased myocar-
dial energetics, in MHC-D2 mice (14). These data are also
consistent with increases in myocardial D2 activity and T3
levels in MHC-D2 mice (14). Thus, increased myocardial
glucose metabolism in MHC-D2 mice may be attributed
to combined effects of thyroid hormone action and en-
hanced cardiac work in these mice. Although these data
implicate beneficial effects of local T3 activation in heart,
a recent study from Wang et al found that Dio2 up-reg-
ulation exacerbated dilated cardiomyopathy model in
mice (35). Clearly, additional studies are needed to un-
derstand the molecular effects of cardiac-specific meta-
bolic changes in normal and pathological heart
conditions.

DOX, also known as Adriamycin, is an anthracycline
antibiotic that is commonly used in the treatment of a wide
range of cancers including hematological and breast car-
cinoma (36). The undesirable cardiotoxicity effects of
DOX have limited its potential therapeutic use in treating
cancer. Our findings indicate that DOX-mediated cardio-
toxicity involves a significant increase in myocardial glu-
cose metabolism. In that regard, it is possible that
DOX-induced cardiac dysfunction is activating fetal pro-
gramming in heart, which results in a significant increase
in cardiac glucose utilization. In MHC-D2 mice, the con-
stitutive increase in basal cardiac glucose utilization was
more pronounced following DOX treatment, and this was
associated with improved cardiac function and survival
rate in these mice. These results are consistent with other
findings that DOX-mediated cardiac injury is related to
impaired myocardial energetics and ATP loss and cardi-
omyocyte apoptosis (20, 37).

In heart, AMPK serves as a key energy sensor and is
activated during myocardial ischemia in response to an
increased AMP/ATP ratio (38). AMPK potently regulates
glucose metabolism by increasing myocardial expression
of glucose transporters and stimulates translocation of
glucose transporters from an intracellular pool to the
plasma membrane (39). Our data indicate that DOX-me-
diated increase in myocardial glucose metabolism is in
part due to enhanced AMPK activity, particularly in
MHC-D2 heart where DOX treatment resulted in more
than a six-fold increase in AMPK phosphorylation. In-
creased AMPK activity led to a two-fold increase in myo-
cardial expression of GLUT1 in DOX-treated MHC-D2
mice. Additionally, myocardial expression of total Akt
and Akt phosphorylation were significantly elevated in
WT heart following DOX treatment, and this is consistent
with our previous finding of increased myocardial glucose
metabolism in mice with constitutively active Akt (22).
Taken together, these results demonstrate potent effects of
DOX-induced cardiac dysfunction and D2 on metabolic
signaling pathways and glucose metabolism in heart.

Overall, cardiac-specific increases in T3 with human
D2 expression caused an up-regulation of myocardial glu-
cose utilization without changes in cardiac insulin sensi-
tivity. Also, MHC-D2 mice showed a partial protection
against DOX-mediated cardiac dysfunction and death.
Because impaired glucose metabolism is a characteristic
feature of cardiac hypertrophy and heart failure (40), our
findings identify D2 as a potential therapeutic target in
pathological heart conditions.
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