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Cardiac insulin resistance is a key pathogenic factor
for diabetic cardiomyopathy (DCM), but the mecha-
nism remains largely unclear. We found that diabetic
hearts exhibited decreased phosphorylation of total
Akt and isoform Akt2 but not Akt1 in wild-type (WT)
male FVB mice, which was accompanied by attenua-
tion of Akt downstream glucose metabolic signal. All
of these signal changes were not observed in metal-
lothionein cardiac-specific transgenic (MT-TG) hearts.
Furthermore, insulin-induced glucose metabolic sig-
nals were attenuated only in WT diabetic hearts. In addi-
tion, diabetic hearts exhibited increased Akt-negative
regulator tribbles pseudokinase 3 (TRB3) expression
only in WT mice, suggesting that MT may preserve Akt2
function via inhibiting TRB3. Moreover, MT prevented
tert-butyl hydroperoxide (tBHP)–reduced insulin-stimulated
Akt2 phosphorylation in MT-TG cardiomyocytes, which
was abolished by specific silencing of Akt2. Specific
silencing of TRB3 blocked tBHP inhibition of insulin-
stimulated Akt2 phosphorylation in WT cardiomyocytes,
whereas overexpression of TRB3 in MT-TG cardiomyo-
cytes and hearts abolished MT preservation of insulin-
stimulated Akt2 signals and MT prevention of DCM.
Most importantly, supplementation of Zn to induce MT
preserved cardiac Akt2 signals and prevented DCM.
These results suggest that diabetes-inhibited cardiac

Akt2 function via TRB3 upregulation leads to aberrant
cardiac glucose metabolism. MT preservation of car-
diac Akt2 function by inhibition of TRB3 prevents DCM.

Almost all insulin-induced effects on glucose and fatty acid
metabolism (1) require activation of phosphatidylinositol
3-kinase (PI3K) and its downstream substrate, protein ki-
nase B (Akt). Insulin-induced activation of both PI3K and
Akt is impaired in diabetes, which is detrimental to cardio-
myocytes: diabetes-induced damage, such as superoxide
generation, cardiomyocyte death, and cardiomyopathy,
is reduced by PI3K overexpression (2). Akt isoforms 1 and
2 are abundant in myocardium. Akt1 regulates cardiomyo-
cyte growth in response to exercise, whereas Akt2 plays a
major role in the metabolic response to insulin (3,4). Neg-
ative regulators of Akt promote cardiac damage by reducing
Akt-mediated cell survival and metabolic effects (4–6).

Tribbles pseudokinase 3 (TRB3) is a newly discovered
Akt-negative regulator that directly binds to and inhibits
Akt phosphorylation (5–9). TRB3 has been linked to di-
abetic insulin resistance and is overexpressed in the skeletal
muscle of obese patients and patients with type 2 diabetes,
db/db diabetic mice, streptozotocin (STZ)–diabetic, and
Zucker fatty rats (5,6,10,11). The upregulation of TRB3 in
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diabetic hearts is damaging, because small interfering RNA
(siRNA) silencing of TRB3 ameliorated metabolic distur-
bance, insulin resistance, and cardiomyopathy in diabetic
rats (12). These findings suggest that the Akt-negative reg-
ulator TRB3 may be an important target under diabetic and
insulin-resistant conditions.

Glycogen synthase kinase-3b (GSK-3b) is a downstream
target of Akt that plays a critical role in insulin regulation of
glycogen and fatty acid synthesis (13). Recently, we dem-
onstrated that diabetic hearts exhibited elevated GSK-3b
activity, and inactivation with a specific inhibitor of GSK-3b
or overexpression of the potent antioxidant metallo-
thionein (MT) completely prevented diabetes-induced
derangement of glucose/lipid metabolism and associ-
ated pathological changes (14). Therefore, induction of
MT may be a therapeutic approach to preventing diabetic
cardiomyopathy (DCM). However, the mechanism by which
MT inactivates GSK-3b and protects the diabetic heart re-
mains elusive.

Given the critical role of Akt in regulating GSK-3b–
modulated energy metabolism, we hypothesized that MT
prevents diabetes-induced insulin resistance and cardiomy-
opathy by promoting Akt inactivation of GSK-3b. The cur-
rent study, therefore, investigated diabetic downregulation
of cardiac Akt, which, as an isoform of Akt, is critical to re-
duced inactivation of GSK-3b in diabetes and whether pres-
ervation of Akt activity is the mechanism for MT protection
from diabetes-induced impairment of cardiac insulin signaling.

RESEARCH DESIGN AND METHODS

Diabetic Models
Male MT cardiac-specific transgenic (MT-TG) mice on the
FVB background (8–10 weeks) and age-matched wild-type
(WT) controls were induced diabetic by five consecutive STZ
(Sigma-Aldrich, St. Louis, MO) injections (40 mg/kg) as de-
scribed previously (14–16). Five days after the last injection
of STZ, mice with blood glucose levels .250 mg/dL were
considered diabetic. Mice receiving the same volume of so-
dium citrate buffer were used as controls. Three studies
were performed in WT and MT-TG diabetic mice and age-
matched control mice. The first study investigated the ef-
fects of diabetes on cardiac Akt and TRB3 signaling changes
3 months after diabetes onset. The second study investi-
gated the direct effects of diabetes on cardiac insulin sig-
naling. Three months after diabetes onset, mice received an
insulin injection (1 unit/kg, i.p.; Humulin R; Eli Lilly and
Company). Fifteen minutes later, blood glucose was mea-
sured, and mice were sacrificed for collection of heart tissue
to assay insulin signaling. The third study investigated the
effects of TRB3 overexpression on MT protection from
diabetes impairment of cardiac Akt signaling and cardiac
damage. TRB3 was overexpressed by intramyocardial gene
delivery to MT-TG mice 2 months after diabetes onset.
Mice were sacrificed 1 month after gene delivery to collect
heart tissue after assaying cardiac function by echocardi-
ography (echo) using a Vevo 770 high-resolution imaging

system (Visual Sonics, Toronto, Ontario, Canada) as pre-
viously described (17).

Male db/db and littermate WT control mice (FVB back-
ground) at the age of 10–12 weeks were fed a high-zinc
(HZ) diet (rodent diet with 10% kcal% fat plus zinc,
90 mg/4,057 kcal; Research Diets, New Brunswick, NJ) or
normal-zinc diet (NZ; rodent diet with 10% kcal% fat plus
zinc, 30 mg/4,057 kcal; Research Diets). After 3 months of
diet treatment, mice were sacrificed to collect heart tissue
after cardiac function assay, as described above.

All animal procedures were approved by the Animal
Policy and Welfare Committee of Wenzhou Medical Uni-
versity and the Institutional Animal Care and Use Com-
mittee of the University of Louisville.

Western Blot Analysis
Western blot analysis using specific antibodies against
Akt, Akt1, Akt2, GSK-3b, and GS, phosphorylated (p-)Akt
(Ser473), -Akt1 (Ser473), -Akt2 (Ser474), –GSK-3b, and -GS,
hexokinase II (HK II; Cell Signaling Technology, Danvers,
MA), TRB3 (EMD Millipore, Billerica, MA), connective
tissue growth factor (CTGF), transforming growth factor-
b1 (TGF-b1), plasminogen activator inhibitor-1 (PAI-1),
tumor necrosis factor-a (TNF-a), peroxisome proliferator–
activated receptor g coactivator-1a (PGC-1a), GAPDH,
b-actin (Santa Cruz Biotechnology, Santa Cruz, CA), and
MT (DakoCytomation, Santa Clara, CA) was performed as
described previously (14–16,18,19).

Adenoviral Vectors
TRB3 or Akt1 high-expressing adenovirus was constructed
using an Ad-EASY adenoviral vector system following
published guidelines (20). Adenovirus expressing only GFP
(Ad-GFP) was used as control. Efficacy of adenovirus over-
expression of TRB3 (Ad-TRB3) or Akt1 (Ad-Akt1) was de-
termined in adult cardiomyocytes obtained from MT-TG
mice in pilot studies (Supplementary Fig. 1).

To knockdown TRB3, Akt1, or Akt2 expression in adult
cardiomyocytes, cardiomyocytes were infected with the
adenoviruses containing short hairpin RNA (shRNA)
against TRB3, Akt1, Akt2, or nonsense shRNA constructed
by Shanghai Sunbio Medical Biotechnology (Shanghai,
China). We selected three target sequences for each
gene (provided in Supplementary Table 1). After infection
for 48 h, expression of each gene was determined by West-
ern blot. Adenoviruses containing shRNA against each gene
were screened in a pilot study (Supplementary Fig. 2) for
knockdown efficiency in adult cardiomyocytes obtained
from WT or MT-TG mice.

Intramyocardial Gene Delivery
Intramyocardial gene delivery was performed as previously
reported (21–23). Briefly, 2 months after diabetes onset,
diabetic and age-matched control mice were anesthetized
with sodium pentobarbital (50 mg/kg, i.p.) and intubated.
After the chest was opened through a midline sternotomy,
mice received an intramyocardial injection in the anterior
left ventricular wall with Ad-GFP or Ad-TRB3 (5 3 108
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plaque-forming units). Each mouse received four-point in-
jection in a total volume of 100 mL. One month after intra-
myocardial injection, mice were sacrificed for collecting
heart tissues following cardiac function assay. We chose a
1-month time point because adenovirus-mediated cardiac
gene expression peaks at ;1 week and declines gradually
within ;2 weeks after infection (21). Efficacy of the intra-
myocardial gene delivery was validated in a pilot study in
MT-TG mice (Supplementary Fig. 3).

Cardiac Oxidative Stress and Fibrosis Assay
Thiobarbituric acid–reactive substances (TBARS) assay was
used to measure relative malondialdehyde production as an
index of lipid peroxidation as described previously (24).
Cardiac fibrosis was examined by Sirius Red staining of
collagen accumulation (14,15,19).

Primary Adult Cardiomyocyte Isolation, Cell Culture,
and Tert-butyl Hydroperoxide or Lipopolysaccharide
Treatment
Adult cardiomyocytes from 2-month-old WT and MT-TG
mice were isolated as we previously described (25). The
effects of tert-butyl hydroperoxide (tBHP; 100 mmol/L) ex-
posure for 2 h or lipopolysaccharide (LPS; 10 mg/mL) for
4 h on insulin-stimulated Akt, Akt1, Akt2, GSK-3b, and GS
phosphorylation and TRB3, HK II, and PGC-1a expression
were measured by Western blot. The effects of 2-h exposure
to tBHP (100 mmol/L) on insulin-stimulated glucose uptake
and ATP production were examined using a Glucose Uptake
Assay Kit and an ATP Assay Kit (Abcam, Cambridge, MA)
following the manufacturer’s protocols.

Statistical Analysis
Data are presented as mean 6 SD. Significant differences
were assessed by one-way or two-way ANOVA followed by
the Bonferroni test. A P value ,0.05 was considered sta-
tistically significant.

RESULTS

MT Preserves Akt2 Function Along With Inhibition
of Akt-Negative Regulator TRB3
Consistent with our previous study (14), WT and MT-TG
diabetic mice showed similar elevation in blood glucose, and
there were no significant differences in body weight be-
tween WT and MT-TG mice in either diabetic or nondia-
betic mice during the 3-month period after diabetes onset
(Supplementary Fig. 4). Because Akt is the immediate up-
stream mediator of GSK-3b phosphorylation, we examined
expression and phosphorylation of total Akt in WT and
MT-TG hearts 3 months after diabetes onset. The results
showed that Akt phosphorylation was decreased in WT
hearts but preserved in MT-TG hearts (Fig. 1A and B). It
is especially noteworthy that the phosphorylation responses
of Akt to diabetes and MT paralleled that of diabetic GSK-
3b activation as previously reported (14).

Because both Akt1 and Akt2 are abundant in myocar-
dium, we next examined Akt1 and Akt2 expression and
phosphorylation to determine which Akt isoform changes
in parallel with GSK-3b activation under diabetic and MT

overexpression conditions. The results showed that Akt1
phosphorylation in hearts of WT or MT-TG mice was not
significantly changed by diabetes (Fig. 1A and C). In con-
trast, diabetes significantly decreased Akt2 phosphorylation
in WT, but not in MT-TG hearts (Fig. 1A and D). Most
importantly, preservation of Akt2 activation in MT-TG
diabetic hearts was accompanied by inhibition of down-
stream target GSK-3b (Fig. 1A and E) and preservation of
GS activation (Fig. 1A and F), along with normalization of
cardiac HK II (Fig. 1A and G) and PGC-1a (Fig. 1A and H)
expression.

To investigate how MT preserves Akt2 function in the
diabetic heart, we determined if diabetes upregulates the
Akt-negative regulator TRB3 and assessed whether MT
overexpression prevented diabetes upregulation of TRB3.
Diabetes was found to significantly upregulate TRB3
expression in WT but not MT-TG hearts (Fig. 1A and I).
This suggests that diabetic downregulation of Akt2 activ-
ity may be because of upregulation of Akt-negative regu-
lator TRB3 and that blocking induction of TRB3 may be the
basis for preservation of Akt2 activity in diabetic MT-TG
hearts.

MT Prevents Diabetic Attenuation of Akt2-Mediated
Cardiac Insulin Signaling
To directly assess the interaction of diabetes and MT on
insulin-induced Akt2 signaling we investigated cardiac
insulin signaling after systemic insulin injection to WT

Figure 1—MT prevents diabetic downregulation of cardiac Akt func-
tions along with inhibition of TRB3 in STZ-induced type 1 diabetes. At
3 months after diabetes onset, WT and MT-TG mice were sacrificed,
and cardiac tissue was used to analyze the phosphorylation of total
Akt (A and B), Akt1 (A and C), Akt2 (A and D), GSK-3b (A and E), and
GS (A and F) and the expression of HK II (A andG), PGC-1a (A andH),
and TRB3 (A and I) by Western blot. Results were normalized to the
WT controls. GAPDH was used as loading control. n = 7 for each
group. Data shown in graphs represent the means 6 SD. *P , 0.05
vs. WT control. Ctrl, control; DM, diabetes mellitus.
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and MT-TG mice, with and without diabetes. Insulin-
induced blood glucose clearance was impaired to the
same extent in WT and MT-TG mice (Fig. 2A), but this was
not true for cardiac insulin signaling. In WT hearts, but not
in MT-TG hearts, diabetes significantly attenuated insulin-
stimulated phosphorylation of Akt2 (Fig. 2B and C) and GSK-
3b (Fig. 2B and D) and dephosphorylation of GS (Fig. 2B
and E). These results confirm diabetes-induced insulin re-
sistance on cardiac Akt2 function and that cardiac MT over-
expression prevented this insulin resistance.

Akt2 Plays a Critical Role in MT Preserving Cardiac
Insulin-Stimulated Metabolic Signaling
Considering that diabetic insulin resistance is predomi-
nantly mediated by diabetic oxidative stress (26,27), adult
WT and MT-TG cardiomyocytes were exposed to tBHP, an
organic oxidant, to mimic diabetic oxidative stress in cul-
tured cells. Paralleling the effects of diabetes in vivo on

diabetic hearts (Figs. 1 and 2), tBHP exposure of WT car-
diomyocytes significantly inhibited insulin-stimulated total
Akt (Fig. 3A and B), Akt2 (Fig. 3A and C), and GSK-3b
phosphorylation (Fig. 3A and D) and GS dephosphorylation
(Fig. 3A and E), as well as inhibiting HK II (Fig. 3A and F) and
PGC-1a (Fig. 3A and G) expression. Inhibition of insulin-
stimulated Akt and Akt2 phosphorylation by tBHP was
accompanied by increased expression of Akt-negative regu-
lator TRB3 in WT cardiomyocytes. Importantly, as seen for
diabetic hearts, all of these effects of tBHP on WT cardio-
myocytes were prevented by elevated MT in MT-TG cardi-
omyocytes (Fig. 3A and H).

Chronic inflammation-induced oxidative stress in di-
abetes is considered a major cause of insulin resistance (28).
This study directly tested if inflammatory stress contributes
to impaired insulin signaling in cardiomyocytes. Adult car-
diomyocytes from WT and MT-TG hearts were treated with
LPS to mimic diabetes-induced cardiac inflammatory stress.
Similar to what was observed with exposure to tBHP treat-
ment, LPS treatment also inhibited insulin-stimulated Akt2
(Fig. 3I and J), GSK-3b phosphorylation (Fig. 3I and K), and
GS dephosphorylation (Fig. 3I and L), downregulated HK II
(Fig. 3I and M) and PGC-1a (Fig. 3I and N) expression, and
upregulated TRB3 expression (Fig. 3I and O) in WT cardi-
omyocytes, but not in MT-TG cardiomyocytes (Fig. 3I–O).

Although these studies confirmed our previous finding
(14) of a close association between activation of Akt2
by elevated MT and prevention of diabetic GSK-3b activa-
tion, we did not demonstrate causality. Therefore, we tested
whether knockdown of Akt1 or Akt2 genes could eliminate
MT preservation of cardiomyocyte insulin signaling. Trans-
fection of MT-TG adult cardiomyocytes with specific Akt1-
shRNA or Akt2-shRNA dramatically reduced Akt1 (Fig. 4A
and B) or Akt2 (Fig. 4A and C) expression and phosphory-
lation. But only Akt2 knockdown completely blocked MT’s
ability to protect from tBHP inhibition of insulin signaling,
including insulin-stimulated GSK-3b (Fig. 4A and D) phos-
phorylation, GS (Fig. 4A and E) dephosphorylation, reduced
HK II (Fig. 4A and F) and PGC-1a (Fig. 4A and G) expres-
sion, and reduced glucose uptake (Fig. 4H) and ATP pro-
duction (Fig. 4I). These findings demonstrate that Akt2, but
not Akt1, is essential for MT preservation of cardiac insulin
signaling.

MT Effects on TRB3 Expression Are Critical to MT
Preservation of Akt2 Function in Cardiomyocytes
Results presented in Figs. 1 and 3 showed an associa-
tion between reduced Akt2 activation and upregulation
of Akt-negative regulator TRB3 in diabetic myocardium and
cardiomyocytes under oxidative or inflammatory stress.
Furthermore, they showed that MT preservation of Akt2
function was accompanied by inhibition of TRB3 expression.
However, they did not directly test if TRB3 upregulation
inhibits Akt2 activity under these conditions nor did they
test if MT effects on TRB3 are critical to MT preservation of
Akt2 function. Therefore, we directly manipulated TRB3 ex-
pression in adult cardiomyocytes fromWT andMT-TG hearts.

Figure 2—MT prevents diabetes-induced cardiac insulin signal im-
pairment in STZ-induced type 1 diabetes. Three months after diabetes
onset, mice were fasted for 4 h, weighed, and then injected with insulin
(Humulin R; Eli Lilly and Company, i.p.) at a dose of 1 unit/kg body
weight. Blood glucose at 15 min after insulin injection was measured
by using a FreeStyle complete blood glucose monitor (A), then mice
were sacrificed, and cardiac tissue was collected immediately for
detecting the phosphorylation of Akt2 (B and C), GSK-3b (B and D),
and GS (B and E). Results were normalized to WT control without
insulin treatment. n$ 5. Data shown in graphs represent the means6
SD. *P, 0.05. C, vehicle control; Ctrl, control; DM, diabetes mellitus; I,
insulin; ns, not significant.
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First, we determined if inhibition of TRB3 expression by spe-
cific shRNA can upregulate Akt2 phosphorylation in WT car-
diomyocytes exposed to tBHP, either with or without insulin
stimulation. As shown in Fig. 5, shRNA downregulation of
TRB3 expression in WT cardiomyocytes (Fig. 5A and B)
significantly upregulated phosphorylation of Akt2 (Fig. 5A
and C) and GSK-3b (Fig. 5A and D), dephosphorylation of
GS (Fig. 5A and E), and decreased expression of HK II (Fig.
5A and F) and PGC-1a (Fig. 5A and G) under basal condi-
tions. Downregulation of TRB3 also abolished the ability of
tBHP to inhibit insulin-stimulated upregulation of Akt2 and
GSK-3b phosphorylation, GS dephosphorylation, and HK II
and PGC-1a expression (Fig. 5A–G). This finding demon-
strates that TRB3 is critical to the ability of tBHP to inhibit
insulin activation of Akt2.

Secondly, we upregulated TRB3 expression with Ad-TRB3
in MT-TG cardiomyocytes to determine if forced over-
expression of TRB3 blocked MT preservation of Akt2
function and further test if MT protection was rescued by
elevated Akt1. These experiments were performed with or
without tBHP exposure and with or without insulin
stimulation. Compared with MT-TG cardiomyocytes infected
with Ad-GFP, transfection with Ad-TRB3 produced about a
twofold increase in TRB3 protein expression (Fig. 5H and I).
Forced overexpression of TRB3 completely blocked the abil-
ity of MT to protect insulin-stimulated Akt2 (Fig. 5H and J)
and GSK-3b (Fig. 5H and K) phosphorylation, GS (Fig. 5H
and L) dephosphorylation, and HK II (Fig. 5H and M) and
PGC-1a (Fig. 5H and N) upregulation. MT protection
could not be rescued by forced overexpression of Akt1

Figure 3—MT prevents tBHP inhibition of Akt function in vitro. Adult cardiomyocytes from WT and MT-TG mice were directly exposed to tBHP
(100 mmol/L) for 2 h or LPS (10 mg/mL) for 4 h and then stimulated with or without insulin (INS; 100 nmol/L) for 15 min. Cells were collected, and
the phosphorylation of total Akt (A and B), Akt2 (A, C, I, and J), GSK-3b (A, D, I, and K), and GS (A, E, I, and L) and expression of HK II (A, F, I, and
M), PGC-1a (A,G, I, and N), and TRB3 (A, H, I, andO) was detected by Western blot. Results were normalized to WT control. Three independent
experiments were performed. Data shown in graphs represent the means6 SD. *P, 0.05 vs. WT or MT-TG control; #P, 0.05 vs. WT or MT-TG
with insulin treatment; $P , 0.05 vs. MT-TG with tBHP or LPS treatment.
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(Fig. 5H and J–N). These findings show that MT protection
of insulin-stimulated Akt2 signaling cannot occur without
inhibition of TRB3 expression. Furthermore, Akt1 overex-
pression cannot rescue MT protection or compensate for lost
Akt2 activity.

Overexpression of TRB3 Abolishes MT Prevention From
DCM in MT-TG Mice
To ensure that the in vitro results in Fig. 5 are relevant to
in vivo DCM, TRB3 was overexpressed in vivo by intramyo-
cardial injection of TRB3 adenovirus. One month after ad-
enovirus injection, no effect of injection was detected on
body weight and blood glucose in diabetic or nondiabetic

WT and MT-TG mice (Table 1). In diabetic WT mice, myo-
cardium exhibited significantly elevated oxidative stress, in-
dicated by increased TBARS content (Fig. 6A), aberrant
insulin signaling, indicated by decreased phosphorylation of
total Akt (Fig. 6B and C), Akt2 (Fig. 6B and D), and GSK-3b
(Fig. 6B and E), and upregulated expression of TRB3 (Fig.
6B and F). These changes in WT diabetic mice were accom-
panied by cardiac remodeling, reflected by increased expres-
sion of fibrotic mediators CTGF (Fig. 6B and G) and TGF-b1
(Fig. 6B and H), by collagen accumulation (Fig. 6K), and by
cardiac inflammation, reflected by increased expression
of inflammatory factors PAI-1 (Fig. 6B and I) and TNF-a
(Fig. 6B and J). However, all of these pathological changes
were completely prevented in MT-TG diabetic hearts
(Fig. 6A–K). Intramyocardial injection of control adenovirus
had no significant effect on any pathological changes in any
mice, but injection of Ad-TRB3 completely abolished
MT’s ability to protect from diabetes-induced cardiac insu-
lin signal derangements (Fig. 6B–E), fibrosis (Fig. 6B, G, H,
and K), and inflammation (Fig. 6B, I, and J). However, in
the same MT-TG mice, intramyocardial Ad-TRB3 delivery
did not block MT’s protection from diabetes-induced car-
diac oxidative stress (Fig. 6A). These results demonstrate
in vivo that MT prevents most diabetic damage to the
heart, other than oxidative stress, by preventing upregula-
tion of TRB3 and that MT probably blocks TRB3 induction
by inhibiting diabetes-induced oxidative stress.

Echo evaluation of WT hearts (Table 1) revealed that
diabetes induced cardiac dysfunction, indicated by de-
creased ejection fraction (EF) and fractional shortening (FS),
and diabetes altered several echo-determined structural
indices, including decreased left ventricular (LV) poste-
rior wall thickness and increased end diastolic and sys-
tolic LV inner diameter and volume, together with small
but not significant increases in LV mass and LV mass
index. All of these indices of diabetic damage to WT hearts
were prevented in MT-TG hearts. Intramyocardial injec-
tion of control vector had no significant effects on MT’s
protection from diabetes-induced cardiac damage, but intra-
myocardial Ad-TRB3 delivery significantly reduced MT’s
protection against diabetes-induced cardiac structural and
functional changes.

Supplementation With Zn Preserves Akt2 Function
and Prevents DCM in db/db Type 2 Diabetic Mice
To demonstrate that our findings on STZ diabetic mice
apply to other diabetic models, we also studied type 2
diabetic db/db mice. Zn treatment was used to elevate
cardiac MT in db/db mice, because we previously demon-
strated that Zn is an effective inducer of cardiac MT in STZ
type 1 diabetes, and Zn prevented DCM (19). Littermate
WT and diabetic db/db mice received an NZ or HZ diet for
3 months. Zn treatment did not affect body weight or blood
glucose in db/db diabetic or age-matched WT mice (Table 1).
Consistent with our previous study (19), Zn treatment for
3 months significantly induced cardiac MT expression,
which was more obvious in db/db mice because diabetic

Figure 4—Effects of Akt isoform knockdown on MT preservation of
Akt downstream signals in MT-TG cardiomyocytes. The efficacy of
shRNA interference of Akt1 and Akt2 expression in MT-TG adult car-
diomyocytes was validated in a pilot study (Supplementary Fig. 2B
and C). Then the effects Akt1 and Akt2 knockdown on the phosphor-
ylation of total Akt1 (A and B), Akt2 (A and C), GSK-3b (A and D), and
GS (A and E) and expression of HK II (A and F) and PGC-1a (A and G)
were detected by Western blot in adult cardiomyocytes from MT-TG
mice. GAPDH was used for loading control. Results were normalized
to control treatment. The effects of Akt1 and Akt2 knockdown on
glucose uptake (H) and ATP production (I) were detected by a Glucose
Uptake Assay Kit and an ATP Assay Kit (Abcam), respectively. Three
independent experiments were performed. Data shown in graphs rep-
resent the means 6 SD. *P , 0.05 vs. control; $P , 0.05 vs. tBHP
treatment for each subgroup; #P , 0.05 vs. Ctrl-shRNA+INS treat-
ment; &P , 0.05 vs. Ctrl-shRNA+tBHP+INS treatment. Ctrl, control;
2-DG6P, 2-deoxy-D-glucose-6-phosphate; INS, insulin.
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db/db mice had elevated cardiac MT expression even on an
NZ diet (Fig. 7A and B). Myocardium of NZ diet db/db mice
exhibited significantly decreased phosphorylation of total
Akt (Fig. 7A and C), Akt2 (Fig. 7A and D), and GSK-3b
(Fig. 7A and E), dephosphorylation of GS (Fig. 7A and F),
and expression of HK II (Fig. 7A and G) and PGC-1a (Fig.
7A and H), along with significant upregulation of TRB3
expression (Fig. 7A and I). However, all of these derange-
ments in cardiac insulin signaling were prevented by an HZ
diet in db/db diabetic mice (Fig. 7A–I).

Furthermore, echo evaluation showed that db/db diabe-
tes produced cardiac dysfunction, indicated by decreased EF
and FS (Table 1). In addition, db/db diabetes induced alter-
ations in several structural indices, including increased end
diastolic and systolic LV inner diameter and volume, to-
gether with significant increases in LV mass and LV mass
index. Zn treatment significantly protected from all of the
diabetes-induced cardiac structural and functional changes,
coinciding with MT induction.

DISCUSSION

We previously proposed that MT prevents DCM by block-
ing activation of GSK-3b (14). However, the mechanism

underlying MT inhibition of GSK-3b remained uncertain.
In this study, we decisively connect beneficial effects of MT
on DCM and GSK-3b activation to MT’s ability to inhibit
diabetic induction of the Akt-negative regulator TRB3,
thereby preserving Akt2 activity to block activation of
GSK-3b. This connection was suggested by diabetic induc-
tion of TRB3 in STZ and db/db diabetes coincident with
inhibition of insulin signaling, including reduced Akt2 phos-
phorylation. In vitro and in vivo studies to directly manip-
ulate cardiomyocyte and cardiac TRB3 levels confirmed that
inhibition of TRB3 induction was essential to MT cardiac
protection and that TRB3 induction was sufficient to induce
insulin resistance. Either transgenic overexpression of MT
in STZ diabetes or Zn induction of MT in db/db diabetes
blocks TRB3 induction and protects from almost all mea-
sures of diabetic damage to the heart. These results present
a new mechanism for MT protection of the heart and em-
phasize the key role of TRB3 induction and Akt2 inhibition
in DCM.

The first innovative findings are that the Akt isoform
Akt2 is critical to MT prevention from insulin resistance
and protection of cardiomyocytes. The importance of Akt2
to cardiomyocyte function has been shown in earlier studies

Figure 5—Effects of TRB3 manipulation on Akt function in WT and MT-TG cardiomyocytes. The efficacy of Ad-shRNA interference of TRB3
expression in WT adult cardiomyocytes and Ad-TRB3–mediated TRB3 and Ad-Akt1–mediated Akt1 overexpression in MT-TG adult cardio-
myocytes were optimized in a pilot study (Supplementary Fig. 1). Then the effects TRB3 knockdown (A and B) or overexpression with or without
further forced overexpression of Akt1 (H and I) on the phosphorylation of total Akt2 (A, C, H, and J), GSK-3b (A, D, H, and K), and GS (A, E, H,
and L) and expression of HK II (A, F, H, and M) and PGC-1a (A, G, H, and N) were detected by Western blot. GAPDH was used for loading
control. Results were normalized to control treatment. Three independent experiments were performed. Data shown in graphs represent the
means6 SD. *P, 0.05 vs. control; #P, 0.05 vs. insulin (INS) treatment; $P, 0.05 vs. control shRNA for A–G. *P, 0.05 vs. Ad-vector control;
#P , 0.05 vs. Ad-vector+INS treatment; $P , 0.05 vs. Ad-TRB3 control; &P , 0.05 vs. Ad-vector+tBHP+INS treatment for I–N. Ctrl, control.
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with Akt2-knockout mice, which have reduced cardiac
glucose oxidation, increased fatty acid oxidation, and
increased cardiac damage in response to acute myocar-
dial infarction (3). Li et al. (29) reported that cardiomyo-
cytes from Akt2-knockout mice display glucose intolerance
and compromised contractile function. In this study, we
provide direct evidence (Fig. 4) that downregulation of car-
diomyocyte Akt2 but not Akt1 function resulted in insulin
signaling impairment on GSK-3b and GS phosphorylation
and metabolism, as well as loss of MT protection of insulin
signaling. We also demonstrated that chronic diabetes at-
tenuated insulin-stimulated cardiac Akt2 activation (Fig. 2)
and Akt2 downstream targets including GSK-3b phos-
phorylation and GS dephosphorylation. MT overexpression

prevented these deficits. These results confirm that Akt2
is a direct target for MT preservation of cardiac insulin
signaling.

Our second innovative finding is that TRB3 is a direct
target for MT prevention of DCM. TRB3 is an Akt-negative
regulator that directly binds to and blocks Akt phosphor-
ylation (5,7,8). Substantial evidence implicates elevated
TRB3 in cardiac pathology: TRB3 was shown to upregulate
in response to oxidative stress (30). TRB3- knockout mice
are protected from high-fat diet–induced insulin resistance
(5). Transgenic mice with cardiac-specific overexpression of
TRB3 exhibited abnormal cardiac signal transduction and
metabolism (31). TRB3 expression is increased in the heart
of type 2 diabetic rats (12) and patients with type 2 diabetes

Table 1—Heart function assay 3 months after diabetes onset in STZ-induced type 1 diabetes or 3 months after zinc treatment in
db/db type 2 diabetes

WT/Ctrl
(n = 16)

WT/DM
(n = 12)

MT-TG/Ctrl +
Ad-GFP (n = 10)

MT-TG/DM +
Ad-GFP (n = 11)

MT-TG/DM +
Ad-TRB3 (n = 7)

Heart function assay
3 months after diabetes
onset in STZ-induced
type 1 diabetes

Body weight (g) 33.2 6 3.0 33.7 6 2.9 34.0 6 2.8 34.2 6 3.6 35.8 6 3.7
Blood glucose (mg/dL) 108 6 21 453 6 38 129 6 13 416 6 65 385 6 46
IVS,d (mm) 0.63 6 0.01 0.62 6 0.02 0.63 6 0.01 0.64 6 0.01 0.60 6 0.01
LVID,d (mm) 3.80 6 0.07 4.10 6 0.19* 3.87 6 0.15 3.90 6 0.14 3.86 6 0.12
LVPW,d (mm) 0.82 6 0.01 0.76 6 0.04 * 0.822 6 0.01 0.81 6 0.02 0.74 6 0.03†‡
IVS,s (mm) 1.09 6 0.03 1.08 6 0.01 1.10 6 0.02 1.08 6 0.01 1.08 6 0.01
LVID,s (mm) 1.81 6 0.06 2.38 6 0.11* 1.84 6 0.06 1.98 6 0.13 2.14 6 0.10†‡
LVPW,s (mm) 1.45 6 0.05 1.28 6 0.12* 1.44 6 0.05 1.41 6 0.02 1.31 6 0.03†
LV Vol,d (mL) 62.20 6 2.77 74.82 6 7.92* 64.63 6 5.92 65.71 6 5.42 64.35 6 4.56
LV Vol,s (mL) 9.96 6 0.85 19.92 6 2.17* 10.28 6 0.90 12.32 6 1.98 15.22 6 1.74†‡
EF,% (%) 84.01 6 1.08 73.37 6 1.16* 84.06 6 1.02 82.05 6 1.61 75.83 6 1.15†‡
FS,% (%) 52.32 6 1.25 41.60 6 1.02* 52.43 6 1.23 50.20 6 1.72 43.95 6 1.16†‡
LV mass (mg) 94.81 6 3.66 102.81 6 11.04 97.82 6 6.73 97.79 6 6.53 87.86 6 5.83
LV mass corrected (mg) 75.84 6 2.93 82.25 6 8.83 78.26 6 5.38 78.23 6 5.22 70.29 6 4.66

WT-NZ (n = 7) WT-HZ (n = 8) db/db-NZ (n = 7) db/db-HZ (n = 8)

Heart function assay
3 months after zinc
treatment in db/db type
2 diabetes

Body weight (g) 34.9 6 2.8 34.3 6 2.7 68.3 6 7.3** 72.3 6 8.0**
Blood glucose (mg/dL) 123 6 23 104 6 28 462 6 48 469 6 80
IVS,d (mm) 0.60 6 0.02 0.62 6 0.02 0.63 6 0.02 0.62 6 0.02
LVID,d (mm) 3.61 6 0.16 3.56 6 0.16 4.01 6 0.24** 3.73 6 0.07††
LVPW,d (mm) 0.65 6 0.03 0.70 6 0.06 0.72 6 0.05 0.69 6 0.06
IVS,s (mm) 0.83 6 0.04 0.85 6 0.06 0.87 6 0.04 0.86 6 0.04
LVID,s (mm) 2.07 6 0.08 2 6 0.14 2.56 6 0.18** 2.24 6 0.08††
LVPW,s (mm) 0.9 6 0.07 0.9 6 0.04 0.96 6 0.05 0.92 6 0.07
LV Vol,d (mL) 54.91 6 5.73 53.31 6 5.55 70.76 6 9.91** 59.12 6 2.61††
LV Vol,s (mL) 13.93 6 1.29 12.87 6 2.22 23.88 6 4.08** 17.02 6 1.36††
EF,% (%) 74.22 6 2.03 75.94 6 2.62 66.35 6 2.01** 71.29 6 1.21††
FS,% (%) 42.33 6 1.80 43.85 6 2.34 36.16 6 1.48** 39.91 6 1.02††
LV mass (mg) 71.54 6 7.91 75.04 6 6.02 93.96 6 10.16** 79.46 6 5.28††
LV mass corrected (mg) 57.23 6 6.32 60.04 6 4.82 75.17 6 8.13** 63.94 6 4.06††

Data are mean 6 SD. At 3 months after diabetes onset in STZ-induced type 1 diabetes or at 3 months after zinc treatment in db/db type
2 diabetes, transthoracic echo was performed to detect heart function. Ctrl, control; DM, diabetes mellitus; IVS,d, end-diastolic interven-
tricular septum; IVS,s, end-systolic interventricular septum; LVID,d, LV end-diastolic diameter; LVID,s, LV end-systolic diameter; LVPW,d, LV
end-diastolic posterior wall; LVPW,s, LV end-systolic posterior wall; LV Vol,d, end-diastolic LV volume; LV Vol,s, end-systolic LV volume.
*P , 0.05 vs. WT/Ctrl; †P , 0.05 vs. MT-TG/Ctrl+Ad-GFP; ‡P , 0.05 vs. MT-TG/DM+Ad-GFP; **P , 0.05 vs. WT-NZ; ††P , 0.05 vs.
db/db-NZ.
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(5). Consistent with these studies, we found increased TRB3
expression in adult cardiomyocytes exposed to oxidant
(Figs. 3A and H and 5A and B) and inflammatory (Fig. 3I
and O) stressors and in hearts of type 1 (Figs. 1A and I and
6B and F) and type 2 (Fig. 7A and I) diabetic mice. TRB3 is
directly and critically involved in injury, not just associated
with it: silencing of TRB3 prevented tBHP oxidant-induced
inactivation of Akt2 and its downstream metabolic signals
in adult cardiomyocytes (Fig. 5A–G), whereas forced over-
expression of TRB3 completely abolished insulin-stimulated
Akt2 phosphorylation. TRB3-forced expression also elimi-
nated the ability of MT to protect from tBHP inhibition of
insulin-stimulated Akt2 phosphorylation and downstream
metabolic signals in cardiomyocytes from MT-TG mice (Fig.

5H–N). Most importantly, forced TRB3 overexpression in
MT-TG hearts completely abolished MT protection from
DCM and Akt signal derangement (Fig. 6 and Table 1).
Taken together, these results established TRB3 as a critical
target for MT preservation of insulin signaling and preven-
tion of DCM.

Our results are consistent with a recent study that
demonstrated that systemically administered TRB3
Ad-siRNA ameliorated metabolic disturbance, insulin

Figure 6—Adenovirus-mediated TRB3 overexpression abolishes MT’s
preservation of cardiac Akt signaling and prevention of cardiac dam-
age in STZ-induced type 1 diabetes. The efficacy of the intramyocar-
dial gene delivery was validated in 2-month-old MT-TG mice in a
pilot study (Supplementary Fig. 3). Two months after diabetes onset,
Ad-TRB3 or Ad-GFP control was delivered by myocardial injection.
One month after intramyocardial injection, these mice were sacrificed,
and cardiac tissues were collected following cardiac function exami-
nation by echo (Table 1). Cardiac oxidative stress was detected by a
TBARS assay (A), and the phosphorylation of total Akt (B and C), Akt2
(B and D), and GSK-3b (B and E) and the expression of TRB3 (B and
F), CTGF (B and G), TGF-b1 (B and H), PAI-1 (B and I), and TNF-a
(B and J) were detected byWestern blot. GAPDHwas used for loading
control. Results were normalized to the WT-Ctrl. The cardiac collagen
accumulation was detected by Sirius Red staining (K). n = 7. Scale
bars: 50 mM. Data shown in graphs represent the means 6 SD. *P ,
0.05 vs. WT-Ctrl; #P , 0.05 vs. WT-DM; &P , 0.05 vs. MT-TG-DM-
Ad-GFP. Ctrl, control; DM, diabetes mellitus.

Figure 7—Supplementation with Zn preserves cardiac Akt signaling
and prevents DCM in db/db type 2 diabetic mice. db/db and littermate
WT control mice at age of 10–12 weeks were fed an HZ or NZ diet for
3 months. Then, these mice were sacrificed for collecting heart tissues
following cardiac function assay by echo (Table 1). Cardiac MT ex-
pression (A and B), the phosphorylation of total Akt (A and C), Akt2 (A
and D), GSK-3b (A and E), and GS (A and F), and the expression of
HK II (A and G), PGC-1a (A and H), and TRB3 (A and I) were detected
by Western blot. GAPDH was used for loading control. Results were
normalized to the WT control (WT-NZ). n $ 7. Data shown in graphs
represent the means 6 SD. *P , 0.05 vs. WT-NZ; #P , 0.05 vs.
db/db-NZ. J: A mechanistic illustration of diabetes-induced impair-
ment of and MT preservation of cardiac Akt2-mediated glucose
metabolic signaling. Diabetic oxidative stress upregulation of TRB3
inhibits insulin-induced phosphorylation of Akt2 and GSK-3b and de-
phosphorylation of GS and eventually inhibits cardiac glucose metab-
olism and induces oxidative stress and inflammation, resulting
in cardiac damage (cardiomyopathy). MT-TG or Zn induction of MT
can prevent these pathological and functional changes. The blue font
and → or ┤indicate the findings in our previous reports (5,14,35); the
black font and → or ┤indicate the findings in the current study; and →
indicates stimulation, ┤indicates inhibition. IR, insulin receptor.
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resistance, and cardiomyopathy in diabetic rats (12).
These results and our own show that TRB3 Ad-siRNA is a
possible approach to prevent DCM. However, these meth-
ods are problematic for clinical use. Alternatively, pre-
vention of TRB3 induction by upregulation of endogenous
MT expression may be a more practical approach to pre-
vent DCM. We previously demonstrated that upregulation
of cardiac MT by Zn supplementation provided significant
protection from cardiomyopathy in STZ-induced type 1 di-
abetic mice (19). In this study, we further validated that
approach by Zn induction of endogenous MT expression in
db/db type 2 diabetic mice, which preserved Akt2 metabolic
signaling and prevented DCM (Fig. 7A–I and Table 1).

The mechanism by which Zn preserves cardiac glucose
metabolic signals remains largely unknown. Our recent
study showed that Zn supplementation partially rescued
Akt2 deficiency- but not MT deficiency-induced cardiac
glucose metabolic signal impairment (32). Our previous
findings and the present results indicate that, in addition to
improving the antioxidant potency via enhancing MT ex-
pression to inhibit Akt-negative regulator such as TRB3, Zn
supplementation improvement of cardiac metabolic signals
may also be mediated by Zn induction of MT to store and
release Zn to directly activate cardiac glucose metabolic
signals in an Akt2-dependent or -independent manner
(32–34), which has to be further explored in future studies.

In summary, the current study provided several findings
to support a novel scheme of DCM, MT protection, and
possible therapeutic use of Zn supplementation (Fig. 7J)
(35): 1) diabetic-induced oxidative stress upregulates TRB3
expression, leading to downregulation of Akt2 function and
GSK-3b activation. This leads to aberrant cardiac glucose
metabolism, which contributes to the development of DCM.
2) MT prevention of DCM is mediated predominantly by
inhibiting TRB3 induction, thus preserving Akt2 function.
3) Zn induction of cardiac endogenous antioxidant MT
blocks TRB3 induction, preserving Akt2 signaling and pre-
venting DCM. It is important to develop pharmaceutical
inducers of cardiovascular MT for prevention of cardiomy-
opathy in patients with diabetes.
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