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Abstract
Rationale—Tribbles 3 (TRB3) is an intracellular pseudokinase that modulates the activity of
several signal transduction cascades. TRB3 has been reported to inhibit the activity of Akt protein
kinases. TRB3 gene expression is highly regulated in many cell types, and amino acid starvation,
hypoxia, or endoplasmic reticulum (ER) stress promotes TRB3 expression in non-cardiac cells.

Objective—The objective of this work was to examine TRB3 expression and function in cultured
cardiac myocytes and in mouse heart.

Methods and Results—Agents that induced ER stress increased TRB3 expression in cultured
cardiac myocytes while blocking insulin-stimulated Akt activation in these cells. Knockdown of
TRB3 in cultured cardiac myocytes reversed the effects of ER stress on insulin signaling.
Experimental myocardial infarction led to increased TRB3 expression in murine heart tissue in the
infarct border zone suggesting that ER stress may play a role in pathological cardiac remodeling.
Transgenic mice with cardiac-specific overexpression of TRB3 were generated and they exhibited
normal contractile function but altered cardiac signal transduction and metabolism with reduced
cardiac glucose oxidation rates. Transgenic TRB3 mice were also sensitized to infarct expansion
and cardiac myocyte apoptosis in the infarct border zone after myocardial infarction.

Conclusions—These results demonstrate that TRB3 induction is a significant aspect of the ER
stress response in cardiac myocytes and that TRB3 antagonizes cardiac glucose metabolism and
cardiac myocyte survival.
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Introduction
Many cellular proteins are produced by ribosomes that coat the endoplasmic reticulum (ER),
and stress of the rough ER occurs when proteins within its lumen are misfolded.1, 2 This can
occur as a result of reduced calcium levels, insufficient concentrations of molecular
chaperones, altered protein glycosylation machinery, altered redox status, and other factors
within the ER lumen. ER stress leads to the initiation of the unfolded protein response
(UPR), an adaptive mechanism that initially promotes organelle recovery.1,2 However, if ER
stress is prolonged or if the UPR is unsuccessful in promoting recovery, apoptotic cell death
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can ensue.2 The UPR promotes global translational blockade, but also leads to the selective
transcription and translation of several genes.1, 2

In response to protein misfolding, the glucose regulated protein 78 (GRP78, also called BiP)
chaperone is released by the ER transmembrane proteins PERK (a protein kinase), IRE-1
(an endoribonuclease), and activating transcription factor 6 (ATF6), so that it can directly
bind to the misfolded proteins within the ER lumen. 1, 2 Release of GRP78 leads to altered
activity of its transmembrane binding partners, and this triggers various aspects of the UPR.
Release of GRP78 allows PERK to become activated through dimerization, and active
PERK phosphorylates the ribosomal elongation factor eIF-2α, resulting in the inhibition of
most protein translation, with the exception of certain proteins such as GRP78 and ATF4.1, 2
Release of GRP78 allows IRE-1 to splice an mRNA encoding X-box-binding protein-1
(XBP1), creating a new open reading frame that encodes an active transcription factor.
Finally, release of GRP78 allows ATF6 to migrate to the Golgi where S1P and S2P cleave
the protein releasing the N-terminal cytosolic portion of the protein, called N-ATF6 which
has a transcriptional activation domain, DNA-binding domain, and nuclear localization
sequence. XBP1active and N-ATF6 bind to ER stress response elements in various ER stress
response genes, including GRP78, CHOP (CHOP10, GADD153, DDIT3, C/EBPζ) and
XBP1.1, 2

ER stress occurs in cardiac myocytes and cardiac tissue in response to various stressors,
including ischemia, inflammation and exposure to alcohol.3-5 Indeed, experimental
autoimmune cardiomyopathy induced by injection of a peptide corresponding to a portion of
the β1 adrenergic receptor was associated with cardiac ER stress as measured by induction
of GRP78 and CHOP gene expression.4 Furthermore, autoimmune cardiomyopathy was
associated with inhibition of the phosphatidylinositol-3′ kinase (PI3K)/Akt protein kinase
signaling cascade.4 Similarly, treatment of animals with alcohol resulted in the development
of a cardiomyopathy associated with ER stress and inhibition of Akt activity.5 In earlier
work with other cell types, the relationship between ER stress and Akt activation appears to
be biphasic: acute Akt activation occurs during the initial phase of the UPR to promote cell
survival, and this is followed by delayed Akt inhibition that contributes to apoptosis.6,7
Indeed, Akt and target of rapamycin (TOR) activation was transiently observed 2 and 4
hours after treatment of cultured MCF-7 breast cancer and H1299 lung cancer cells with the
glycosylation inhibitor tunicamycin or the sarcoplasmic/endoplasmic reticulum calcium-
ATPase (SERCA) inhibitor thapsigargin, and acute Akt activation was essential to promote
cell survival in the acute phase.6 Similar transient Akt activation followed by Akt inhibition
was observed in cultured primary glial cells treated tunicamycin or thapsigargin.7

Tribbles 3 (TRB3) is a pseudokinase that modulates several signaling pathways, including
the PI3K/Akt cascade, the nuclear factor κ-light-chain-enhancer of activated B cells cascade,
and the ATF4/CHOP pathway.8-10 TRB3 binds to and inhibits the kinase activity of Akt
family members, and Akt proteins are well-described activators of protein translation via
TOR.8,9 TRB3 also binds to and inhibits the transcriptional activity of ATF4 and CHOP.10

Previous work in non-cardiac mammalian cells suggested that agents that induce ER stress,
such as thapsigargin, tunicamycin, the long chain fatty acid palmitate, and hypoxia all
induce the expression of TRB3.11-16 In this work we investigated whether ER stress in
cardiac myocytes and intact heart tissue induces the expression of TRB3 and the
physiological consequences of altering TRB3 levels.

Material and Methods
An expanded Materials and Methods section is available in the online data supplement at
http://circres.ahajournals.org which includes specific details about cell culture and
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chemicals, siRNA treatment of HL-1 cells, isolation of RNA and quantitative real-time PCR,
western blotting, murine experimental myocardial infarction, generation of TRB3 transgenic
mice, murine echocardiography, and isolated working heart analysis of cardiac metabolism.
HL-1 cells were generously provided by Dr. William W. Claycomb (Louisiana State
University Health Sciences Center, New Orleans, LA). All animal protocols in this study
were approved by the Animal Studies Committee of the Division of Comparative Medicine
at Washington University in St. Louis.

The authors had full access to the data and take responsibility for its integrity. All authors
have read and agree to the manuscript as written.

Results
ER Stress Inhibits Akt Activation and Promotes TRB3 Expression in Cultured Cardiac
myocytes

In previous work, alcohol exposure and autoimmune myocarditis were found to be
associated with cardiac ER stress and inhibition of Akt signaling.4,5 We initially wished to
confirm whether agents that induce ER stress in cardiac myocytes would inhibit Akt
signaling. Cultured HL-1 murine atrial cardiac myocytes were treated with thapsigargin and
then stimulated with insulin.17,18 HL-1 cells were treated with thapsigargin (2 μM), and 24
hours later cells were treated with insulin (10 nM) or control buffer and Akt activation was
examined by immunoblotting with an anti-phospho-Akt antibody (Figure 1A,B).
Thapsigargin-treated HL-1 cells were resistant to insulin-stimulated Akt activation.
Furthermore, thapsigargin-treated HL-1 cells exhibited increased protein levels for GRP78
and CHOP, two markers of ER stress (Figure 1A).

To determine whether the impaired insulin-stimulated Akt activation in thapsigargin-treated
HL-1 cells was correlated with TRB3 induction, TRB3 protein levels were determined by
immunoblotting (Figure 1C). HL-1 cells treated with thapsigargin (2 μM) for 24 hours
exhibited a nearly 2-fold increase in TRB3 protein levels. Furthermore, HL-1 cells treated
with thapsigargin (2 μM) or the glycosylation inhibitor tunicamycin (2 μg/ml) for 24 hours
exhibited significantly increased TRB3 mRNA levels when determined by quantitative real-
time PCR (Figure 1D).

To determine whether TRB3 induction in response to agents that cause ER stress was
responsible for defective insulin signaling, we performed knock down experiments. HL-1
cells were transfected with a TRB3 siRNA that is effective at reducing TRB3 levels in
murine cultured cardiac myocytes. Insulin-stimulated phosphorylation of Akt1/2 was
attenuated by pretreatment with thapsigargin, but the inhibitory effect of thapsigargin was
reversed by knockdown of TRB3 by use of siRNA at a dosage of 50 or 100 nM (Figure 1E).
Treatment of HL-1 cells with 100 nM scrambled siRNA did not reverse the effect of
thapsigargin on insulin signaling (Figure 1E).

To further evaluate whether TRB3 induction in response to ER stress specifically affected
Akt signaling, we performed rescue experiments with adenoviral-mediated Akt2
overexpression in HL-1 cells. Cultured HL-1 cells were infected with recombinant
adenoviruses encoding β-galactosidase (ad-βGal, control) or wild type Akt2 (ad-Akt2) and
48 hours later were treated with thapsigargin for 24 hours. Insulin-stimulated
phosphorylation of glycogen synthase kinase 3β, an indicator of Akt activation, was
increased in thapsigargin-treated HL-1 cells infected with ad-Akt2 compared to those
infected with ad-GFP (Online Figure I).

Avery et al. Page 3

Circ Res. Author manuscript; available in PMC 2011 May 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Provocative stimuli promote TRB3 expression in cardiac tissue in vivo
In vitro experiments described above showed that agents that promote ER stress in cultured
cardiac myocytes induce TRB3 gene expression. In previous in vivo work, several mouse
models of cardiomyopathy were found to be associated with cardiac ER stress. For example,
transgenic mice with cardiac-specific overexpression of monocyte chemoattractant protein 1
(MCP-1) developed a form of ischemic cardiomyopathy that was associated with myocardial
ER stress and TRB3 expression.19 In another mouse model system, experimental myocardial
infarction resulted in ER stress in the infarct border zone.3 Increased levels of GRP78
protein were detected in the infarct border zone of mice subjected to experimental
myocardial infarction 4 days earlier.3 Finally, pressure overload by transverse aortic
constriction in mice resulted in cardiac ER stress, as measured by increased levels of GRP78
and CHOP.20

To evaluate whether provocative stimuli that promote cardiac ER stress in vivo also induce
TRB3 expression, we performed experimental myocardial infarction surgery in mice.21-23

Anesthetized and ventilated wild type C57BL/6J_mice were subjected to ligation of the left
anterior descending coronary artery or to a sham operation, and then left ventricular tissue
was obtained 4 and 24 hours after surgery. GRP78 and CHOP mRNA levels did not change
4 hours after myocardial infarction, but exhibited a trend towards increased levels after 24
hours (Figure 2A, B). Analysis of TRB3 mRNA levels from cardiac samples similarly
revealed that TRB3 mRNA did not increase significantly 4 hours after myocardial
infarction, but increased by 2.5-fold 24 hours after myocardial infarction when compared to
sham tissue (P<0.05) (Figure 2C).

To evaluate the location of increased TRB3 expression after myocardial infarction, infarct
border zone and remote left ventricular tissue was dissected from heart 24 hours after
experimental myocardial infarction. Analysis of TRB3 mRNA levels demonstrated that
TRB3 mRNA levels were significantly increased in the infarct border zone but not in the
remote myocardium (Figure 2D).

To evaluate whether nutrient deprivation and hypoxia was responsible for the induction of
TRB3 in the infarct border zone of mice, we performed additional in vitro experiments with
cultured cardiac myocytes. Culturing cardiac myocytes under hypoglycemic conditions for
24 hours resulted in a dramatic increase in TRB3 mRNA levels (Online Figure II). Indeed,
culturing cardiac myocytes in 0.5 mM glucose resulted in an 8.4-fold increase in TRB3
mRNA levels compared to cells cultured in 25 mM glucose. Furthermore, subjecting
cultured cardiac myocytes to an in vitro model of ischemia for 2 hours (hypoxia and
hypoglycemia) followed by an in vitro model of reperfusion for 2 hours (normoxia and
normoglycemia) resulted in a 2.3-fold increase in TRB3 mRNA levels (Online Figure III).

Generation of transgenic mice with cardiac-specific overexpression of TRB3
In vitro experiments showed that ER stress induced TRB3 expression in cultured cardiac
myocytes, and that TRB3 blocked cardiac myocyte insulin signaling in vitro. To evaluate the
ability of TRB3 to modulate cardiac metabolism in vivo, transgenic mice with cardiac-
specific overexpression of TRB3 were generated. A DNA construct was made that included
the α–myosin heavy chain promoter linkered to a myc-1 epitope-tagged cDNA encoding
murine TRB3 corresponding to Genbank NM_175093. This DNA construct was injected
into the male pro-nucleus of one-cell murine embryos in order to generate transgenic mice.
Multiple lines were obtained and lines designated 1×-TRB3 (low expression), 2×-TRB3
(medium expression), and 4×-TRB3 (high expression) based on differential genomic DNA
expression by PCR were selected for initial evaluation. Mice from all lines appeared grossly
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normal at birth and were fertile. Overexpression of TRB3 in transgenic mice was confirmed
by immunoblotting of cardiac protein lysates (Figure 3A).

To evaluate cardiac signal transduction in transgenic mice, anesthetized 2×-TRB3 mice were
administered 0.1 units/kg body weight insulin by jugular vein injection. After 5 minutes,
hearts were excised and left ventricular lysates obtained. Analysis of Akt1/2 and GSK-3β
phosphorylation status by immunoblotting revealed that insulin-stimulated signaling
pathway activation was reduced in 2×-TRB3 hearts (Figure 3B).

Morphometric analysis of 4-month-old and 12-month-old 2×-TRB3 hearts demonstrated that
these mice do not spontaneously develop cardiac hypertrophy (Online Table I). The
biventricular weight-to-body weight ratio was nearly identical in 4-month-old 2×-TRB3
mice (4.02 ± 0.14 mg/g) when compared to wild type littermates (4.01 ± 0.14 mg/g,
P=0.871). Similarly, the biventricular weight-to-body weight ratio was similar in 12-month-
old 2×-TRB3 mice (3.78 ± 0.17 mg/g) when compared to wild type littermates (4.00 ± 0.25
mg/g, P=0.477). Similar relationships were observed for the left ventricular-to-body weight
ratios (Online Table I).

Echocardiographic evaluation of awake 12-week-old 2×-TRB3 and 4×-TRB3 mice
demonstrated that they had normal left ventricular contractile function when compared to
wild type mice as measured by fractional shortening (Online Table II). Furthermore, the LV
mass index, which normalizes calculated LV mass by body weight, did not show a
significant difference between 12-week-old 2×-TRB3, 4×-TRB3 and wild type mice (Online
Table II).

Although 2×-TRB3 transgenic mice do not spontaneously develop cardiac hypertrophy and
have normal left ventricular contractile function, we evaluated genetic markers of cardiac
stress in these animals. Cardiac ventricular tissue was obtained from wild type and 2×-TRB3
12-16-week-old mice and was examined by quantitative real-time PCR for the expression of
atrial natriuretic factor (ANF), β-myosin heavy chain (β-MHC) and sarcoplasmic/
endoplasmic reticulum calcium-ATPase 2 (SERCA2) (Figure 3C). The expression of ANF
was increased 5-fold (P=0.11), the expression of β-MHC was increased by 4.7-fold
(P=0.006), and the expression of SERCA2 was unchanged in 2×-TRB3 cardiac tissue
(Figure 3C). The expression of the ER stress marker genes GRP78 and CHOP were
unchanged in 2×-TRB3 cardiac tissue (Figure 3C).

Given the ability of TRB3 overexpression to antagonize insulin-stimulated cardiac Akt
signaling, we evaluated cardiac metabolism in transgenic mice. An ex vivo working heart
analysis was performed on 2×-TRB3 and 4×-TRB3 12-week-old mice and their
nontransgenic littermates. Peak systolic pressure, cardiac output and cardiac work levels
were similar between wild type and transgenic genotypes of mice, confirming the
echocardiographic finding that transgenic mice have normal cardiac systolic function at
baseline (Online Tables III and IV). Analysis of cardiac metabolism revealed that both 2×-
TRB3 and 4×-TRB3 mice had significantly reduced glucose oxidation rates, but normal
palmitate oxidation rates when compared to nontransgenic littermates (Figure 4A, B). These
results demonstrate that overexpression of TRB3 in heart inhibits glucose metabolism.

Evaluation of remodeling after experimental myocardial infarction in 2×-TRB3 mice
The cardiac ER stress response, including TRB3 gene induction, is activated in response to
myocardial ischemia. TRB3 is an Akt inhibitor and we previously demonstrated that akt2-/-

mice exhibit increased pathological cardiac remodeling after experimental MI.22 To
determine whether cardiac-specific overexpression of TRB3 would sensitize myocardium to
pathological cardiac remodeling, we performed experiment MI surgery with 2×-TRB3 mice
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and their wild type littermates at 12 weeks of age. One day after MI surgery, mice were
evaluated by transthoracic echocardiography and this confirmed that the initial infarct sizes
were similar for the two genotypes (Figure 5A). Seven days after MI surgery, the hearts
were isolated for histological examination of scar area and cardiac myocyte apoptosis.

Histological examination of LV sections obtained 7 days after MI surgery showed that the
infarct scar area was significantly greater in 2×-TRB3 mice when compared to wild type
littermates (Figure 5B, C). Indeed, the scar area as a percentage of total LV area was 25.0 ±
1.8% in wild type mice, but was increased to 35.9 ± 3.7% in 2×-TRB3 mice (P=0.009).
Furthermore, cardiac myocyte apoptosis in the infarct border zone was evaluated by
TUNEL, and this demonstrated that the number of apoptotic cardiac myocytes was
significantly greater in 2×-TRB3 mice (Figure 5D). Therefore, 2×-TRB3 mice are sensitized
to the development of pathological cardiac remodeling after MI.

Discussion
ER stress occurs in response to nascent protein misfolding in the ER lumen and a complex
variety of cellular responses to this stress initially act to promote ER recovery.1,2 If the
initial mechanisms that are designed to promote ER functional recovery are inadequate,
however, prolonged activation of stress responses lead to apoptosis of the cell. TRB3 is a
pseudokinase that inhibits the activity of several signal transduction cascades, including the
Akt pathway and the ATF4/CHOP pathway.8-10 Inhibition of all Akt signaling impacts the
cellular response to insulin and other growth factors, in part, by reducing glucose uptake and
metabolism, inhibiting protein synthesis, and promoting apoptosis.

In this work we investigated the role of TRB3 in the UPR of cardiac myocytes. We found
that various chemical inducers of ER stress, including tunicamycin and thapsigargin,
strongly up-regulated TRB3 expression in cultured cardiac myocytes. Furthermore, nutrient
deprivation and hypoxia also induced the expression of TRB3 in cardiac myocytes. Inducers
of ER stress blocked Akt activation in cultured cardiac myocytes. Experimental myocardial
infarction, a physiological stimulus of ER stress, led to increased TRB3 expression in the
infarct border zone of the left ventricle after 24 hours. In previous work, another group
performed a comprehensive analysis of gene expression at several time points after
myocardial infarction in mice.24 Inspection of the microarray data from that study shows
that TRB3 and CHOP mRNA levels rose at 12 and 24 hours after MI in the ischemic/
infarcted area. This rise in TRB3 was exactly paralleled by increased CHOP mRNA levels.
To determine the physiological consequences of increased TRB3 gene expression in vivo,
we generated transgenic mice with cardiac-specific overexpression of TRB3 and showed
that these mice had reduced cardiac insulin-stimulated signal transduction and reduced
cardiac glucose oxidation rates. Furthermore, we demonstrated that these transgenic mice
were sensitized to pathological cardiac remodeling after myocardial infarction.

Cardiac insulin signaling results in Akt2 activation that is known to promote GLUT4
transporter translocation to the plasma membrane resulting in increased glucose uptake by
cardiac myocytes.22 Insulin signaling also leads to Akt2-mediated inactivation of the FoxO1
transcription factor that regulates cardiac metabolism.22 The UPR-mediated induction of
TRB3 is predicted to block insulin-mediated glucose uptake and oxidation. It is not entirely
clear why this might be beneficial to promote ER recovery although it is possible that
reduced glucose oxidation might generate less reactive oxygen species or other toxins.
Alternatively, TRB3 induction may be a purely deleterious aspect of the UPR after ER
recovery is deemed to be impossible. TRB3 induction as a component of the UPR is
predicted to lower the apoptotic threshold of cardiac myocytes by blocking Akt activity.
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Despite the fact that the acute UPR is designed to reduce protein synthesis, and that TRB3 is
induced as a component of the UPR, we observed that 2×-TRB3 and 4×-TRB3 transgenic
mice did not exhibit cardiac atrophy at any time point. Therefore, it appears that TRB3
induction is not a significant mechanism to reduce protein synthesis in the myocardium
during the UPR.

Since the UPR promotes cellular survival through reparative mechanisms in its early phase,
and promotes cell death through apoptosis in its later phases, it is difficult to predict the
overall consequences of antagonizing the overall ER stress pathway in cardiac tissue.
Previous work suggests that several factors induced in response to ER stress are
cardioprotective.25,26 For example ATF6 and regulator of calcineurin 1 (RCAN1) are
cardioprotective factors that are induced in response to cardiac ER stress.25,26 The TRB3
knockout mouse has no obvious phenotype at baseline, but this is not entirely surprising
given that TRB3 is largely an inducible factor in the ER stress pathway.27 Further work is
required to delineate the physiological effects of various aspects of the UPR in the heart.

Novelty and Significance

What is known?

• The intracellular Akt protein kinases regulate cardiac myocyte growth, survival
and glucose metabolism.

• Cardiac myocyte endoplasmic reticulum (ER) stress occurs in response to
several provocative stimuli that result in protein misfolding within the ER.

• ER stress in cardiac myocytes and other cell types leads to activation of a
complicated response mechanism that initially promotes ER recovery, but if
unsuccessful, promotes cell death.

What new information does this article contribute?

• Activation of the ER stress response in cultured cardiac myocytes and murine
myocardium results in increased expression of the Tribbles 3 (TRB3)
pseudokinase.

• Activation of the ER stress response in cultured cardiac myocytes inhibits Akt
protein kinase activity in a TRB3-dependent fashion.

• Cardiac-specific overexpression of TRB3 in transgenic mice results in abnormal
cardiac glucose metabolism and insulin signaling, and also results in increased
sensitivity to ER stress pathway-mediated cardiac myocyte death.

Summary

Akt protein kinases play a critical role in cardiac myocyte growth, survival and
metabolism. Many proteins are produced by ribosomes that coat the ER, and ER stress
occurs when lumenal proteins are misfolded. Studies of ER stress in non-cardiac cells
have shown that ER stress results in the induction of TRB3, a pseudokinase that inhibits
Akt family members. This study demonstrated that cardiac ER stress leads to TRB3
induction, Akt inhibition and cardiac myocyte death. In response to various stimuli that
are known to promote ER stress, cultured cardiac myocytes exhibited reduced Akt
activity dependent on increased expression of TRB3. Experimental myocardial infarction
in mice resulted in the induction of TRB3 and other ER stress markers in the infarct
border zone. Cardiac-specific overexpression of TRB3 in mice was associated with
reduced glucose metabolism and insulin signaling. Furthermore, TRB3 overexpression
sensitized animals to pathological cardiac remodeling after myocardial infarction, with
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increased apoptosis in the border zone. We conclude that myocardial infarction results in
cardiac ER stress with induction of TRB3, and that TRB3 antagonizes Akt activity and
promotes cell death. Agents that inhibit TRB3 expression or activity may lead to reduced
pathological cardiac remodeling in patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations

ANF atrial natriuretic factor

ATF4 activating transcription factor 4

ATF6 activating transcription factor 6
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CHOP C/EBP homologous protein

GRP78 glucose regulated protein 78

ER endoplasmic reticulum

βMHC β-myosin heavy chain

SERCA2 sarcoplasmic/endoplasmic reticulum calcium-ATPase 2

TRB3 Tribbles 3

UPR unfolded protein response

Avery et al. Page 10

Circ Res. Author manuscript; available in PMC 2011 May 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Avery et al. Page 11

Circ Res. Author manuscript; available in PMC 2011 May 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Avery et al. Page 12

Circ Res. Author manuscript; available in PMC 2011 May 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Avery et al. Page 13

Circ Res. Author manuscript; available in PMC 2011 May 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Cardiomyoycte ER stress inhibits Akt activation due to TRB3 induction. A. Treatment of
HL-1 atrial myocytes with thapsigargin results in ER stress and reduced insulin-stimulated
Akt activation. HL-1 cells were pre-treated with thapsigargin (THAPS; 2 μM) or DMSO for
24 hours. HL-1 cells were treated with insulin (10 nM) or control buffer for 10 minutes.
Protein lysates were generated from HL-1 cells and proteins were separated by SDS-PAGE
followed by immunoblotting with primary antibodies directed against phospho-Akt1/2 (p-
Akt), total-Akt1/2 (t-Akt), GRP78, and CHOP. B. Densitometric analysis of Akt activation
in HL-1 cells incubated with thapsigargin or DMSO and then stimulated with insulin (Ins) or
buffer as depicted in 1A. Phospho-Akt levels were normalized by total Akt levels for each
sample. *, P<0.001 versus HL-1 cells that were not treated with thapsigargin or insulin by
Student's t-test; ˆ, P=0.004 versus HL-1 cells treated with DMSO and insulin by Student's t-
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test. C. TRB3 protein levels increase in HL-1 in response to ER stress. HL-1 cells were
treated with DMSO or thapsigargin (THAPS; 2 μM) for 24 hours and protein lysates were
obtained. Protein lysates were separated by SDS-PAGE followed by immunoblotting with
an anti-TRB3 primary antibody. The anti-TRB3 antibody specifically recognizes a 42
kilodalton band or a doublet (depending on the resolution of the gel). Blots were re-probed
with an anti-β-actin antibody to control for protein loading. The TRB3 protein levels were
measured by computerized densitometry and were normalized by β-actin protein levels. The
TRB3/actin levels are indicated below each lane in arbitrary units. The mean TRB3/actin
level was 1.0 ± 0.19 for control DMSO-treated cells, and was 1.88 ± 0.14 for thapsigargin-
treated cells (P=0.021 by Student's t-test). D. Agents that promote ER stress cause induction
of TRB3 mRNA in HL-1 cardiac myocytes. HL-1 cells were treated with tunicamycin (2 μg/
ml), thapsigargin (2 μM) or DMSO (control) for 24 hours. RNA was purified from HL-1
cells and TRB3 and GAPDH mRNA levels were analyzed by quantitative real-time PCR. *,
P<0.05 by Kruskal-Wallis one way ANOVA on ranks. ˆ, P<0.05 by Kruskal-Wallis one way
ANOVA on ranks. E. ER stress-mediated blockade of Akt activation is dependent on TRB3.
HL-1 cells analyzed in this figure were treated with thapsigargin (THAPS; 2 μM) or DMSO
for 24 hours. Some cells were also pre-treated with TRB3 siRNA at the indicated doses (20,
50 or 100 nM) or with scrambled siRNA (100 nM) for 24 hours prior to the addition of
thapsigargin. In the upper panel, cells were serum starved for 6 hours and then insulin (10
nM) was added to all HL-1 cells for 10 minutes and protein lysates were obtained for SDS-
PAGE followed by immunoblotting. Immunoblots depict the levels of activated Akt (p-Akt),
total Akt (t-Akt), and GRP78. Under the blots, a computerized densitometry analysis of
phospho-Akt levels normalized by total Akt protein levels for each lane is provided in
arbitrary units. In the lower panel, HL-1 cells were cultured in parallel with those used for
the immunoblot experiment, and were treated with TRB3 siRNA (20, 50 or 100 nM) or with
scrambled siRNA (100 nM) for 24 hours. RNA was purified from HL-1 cells and TRB3 and
GAPDH mRNA levels were analyzed by quantitative real-time PCR. *, P<0.05 by one way
ANOVA (Holm-Sidak method) versus scrambled siRNA.

Avery et al. Page 15

Circ Res. Author manuscript; available in PMC 2011 May 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Avery et al. Page 16

Circ Res. Author manuscript; available in PMC 2011 May 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Avery et al. Page 17

Circ Res. Author manuscript; available in PMC 2011 May 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Avery et al. Page 18

Circ Res. Author manuscript; available in PMC 2011 May 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
ER stress markers and TRB3 expression is induced in cardiac tissue after myocardial
infarction. Wild type C57BL/6J mice were subjected to experimental myocardial infarction
by ligation of the left anterior descending coronary artery. A. Total left ventricle was
isolated 4 and 24 hours after MI or sham operation for RNA isolation. Quantitative real-time
PCR analysis of GRP78 was performed. B. Total left ventricle was isolated 4 and 24 hours
after MI or sham operation for RNA isolation. Quantitative real-time PCR analysis of CHOP
was performed. C. Total left ventricle was isolated 4 and 24 hours after MI or sham
operation for RNA isolation. Quantitative real-time PCR analysis of TRB3 was performed.
*, P<0.05 by one way ANOVA (Holm-Sidak method) versus sham operation. D. Infarct
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border zone (defined as one-quarter circumference on either side of the infarct edge) and
remote left ventricular tissue was isolated 24 hours after MI surgery for RNA isolation. In
addition, the entire left ventricle was isolated 24 hours after a sham operation for RNA
isolation. Quantitative real-time PCR analysis of TRB3 was performed. *, P<0.05 by one
way ANOVA (Holm-Sidak method) versus remote left ventricle.
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Figure 3.
Analysis of transgenic mice with cardiac-specific overexpression of TRB3. A. Increased
TRB3 protein levels in 1×-TRB3, 2×-TRB3, and 4×-TRB3 transgenic heart tissue. Left
ventricular tissue was isolated from12 week old transgenic mice and nontransgenic C57BL/
6J littermates. Ventricular protein lysates were analyzed by immunoblotting for TRB3
protein content. Blots were re-probed with anti-14-3-3β primary antibody to control for
protein loading. B. Reduced insulin-stimulated intracellular signal transduction in 2×-TRB3
transgenic myocardium. 2×-TRB3 mice and their wild type (WT) littermates were
anesthetized and treated with insulin (0.1 units/kg body weight) or vehicle by jugular vein
injection. Five minutes later, hearts were isolated and ventricular tissue was used to generate
protein lysates. Proteins were separated by SDS-PAGE and immunoblotting was performed
to evaluate the phosphorylation status of Akt and GSK-3β. Blots were re-probed with anti-
total Akt1/2 primary antibody to control for protein loading. Depicted in the figure are the
computerized densitometry results that indicate the relative phospho-Akt or phospho-
GSK3β/total-Akt protein level for each sample. *, P<0.001 versus wild type (WT) cardiac
tissue not treated with insulin by Student's t-test; ˆ, P=0.014 versus WT cardiac tissue treated
with insulin by Student's t-test; **, P<0.001 versus WT cardiac tissue not treated with
insulin by Student's t-test;ˆˆ, P=0.004 versus WT cardiac tissue treated with insulin by
Student's t-test. C. Increased expression of β-MHC in 2×-TRB3 cardiac tissue. RNA was
purified from ventricular tissue isolated from 12-16-week-old 2×-TRB3 mice and their
nontransgenic wild type littermates (WT). ANF, β-MHC, SERCA2, GRP78 and CHOP gene
expression was analyzed by quantitative real-time PCR. *, P=0.006 by Student's t-test versus
WT heart.
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Figure 4.
Altered cardiac metabolism in 2×- and 4×-TRB3 transgenic mice determined by ex vivo
working heart analysis. A. Analysis of cardiac glucose and palmitate oxidation rates in 2×-
TRB3 transgenic hearts in the ex vivo working mode. 12-week-old 2×-TRB3 mice (n=5)
and their nontransgenic wild type (WT) littermates (n=7) were used for these studies. Hearts
were isolated from mice and were analyzed ex vivo in working mode. *, P=0.048 by
Student's t-test versus WT heart. B. Analysis of cardiac glucose and palmitate oxidation
rates in 4×-TRB3 transgenic hearts in the ex vivo working mode. 12-week-old 4×-TRB3
mice (n=4) and their nontransgenic wild type (WT) littermates (n=6) were used for these
studies. Hearts were isolated from mice and were analyzed ex vivo in working mode. *,
P=0.040 by Student's t-test versus WT heart.
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Figure 5.
Pathological cardiac remodeling is increased after myocardial infarction in 2×-TRB3 mice.
At 12 weeks of age, 2×-TRB3 mice (n=9) and their nontransgenic littermates (n=13) were
subjected to experimental myocardial infarction surgery by ligation of the left anterior
descending coronary artery. A. Evaluation of the initial infarct size by transthoracic
echocardiography one day after surgery. The initial infarct size was evaluated in 2×-TRB3
and nontransgenic mice one day after surgery. The segmental wall motion score index
(SWMSI) was employed to evaluate initial infarct size. B. Increased LV scar area in 2×-
TRB3 mice 7 days after MI. LV sections from 2×-TRB3 and nontransgenic littermates were
stained with Masson's trichrome to determine infarct size. C. Computerized analysis of LV
infarct size in 2×-TRB3 (n=9) and nontransgenic littermate (n=13) mice determined 7 days
after MI. *, P=0.009 versus nontransgenic littermates by Student's t-test. D. Increased
apoptotic cardiac myocytes in infarct border zone of 2×-TRB3 mice. LV sections from 2×-
TRB3 and nontransgenic littermates obtained 7 days after MI were analyzed by TUNEL in
the infarct border zones (defined as one-quarter circumference and either side of the scar
edge). *, P=0.012 versus nontransgenic LV sections by Rank Sum test.
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