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Abstract
Oxidative stress plays a crucial role in disruption of neovascularization by alterations in
thioredoxin-1 (Trx1) expression and its interaction with other proteins after myocardial infarction
(MI). We previously showed that Trx1 has angiogenic properties, but the possible therapeutic
significance of overexpressing Trx1 in chronic MI has not been elucidated. Therefore, we
explored the angiogenic and cardioprotective potential of Trx1 in an in vivo MI model using
transgenic mice overexpressing Trx1. Wild type (W) and Trx1 transgenic (Trx1Tg/+) mice were
randomized into W Sham (WS), Trx1Tg/+ Sham (TS), WMI and TMI. MI was induced by
permanent occlusion of LAD coronary artery. Hearts from mice overexpressing Trx1 exhibited
reduced fibrosis and oxidative stress, and attenuated cardiomyocyte apoptosis along with
increased vessel formation compared to WMI. We found significant inhibition of Trx1 regulating
proteins, TXNIP and AKAP 12, and increased p-Akt, p-eNOS and p-GSK-3β, HIF-1α, β-catenin,
VEGF, Bcl-2 and survivin expression in TMI compared to WMI. Echocardiography performed 30
days after MI revealed significant improvement in myocardial functions in TMI compared to
WMI. Our study identifies a potential role for Trx1 overexpression and its association with its
regulatory proteins TXNIP, AKAP12 and subsequent activation of Akt/GSK-3β/β-catenin/
HIF-1α-mediated VEGF and eNOS expression in inducing angiogenesis and reduced ventricular
remodeling. Hence, Trx1 and other proteins identified in our study may prove to be potential
therapeutic targets in the treatment of ischemic heart disease.
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INTRODUCTION
Myocardial infarction (MI) remains as a major cause of morbidity and mortality worldwide.
Although, MI triggers a spontaneous angiogenic response which aims at reestablishing
myocardial blood flow, this protective response is usually not sufficient to restore
physiological levels of coronary perfusion. Hence, therapeutic angiogenesis by using
biological factors such as vascular endothelial growth factor (VEGF) or angiopoietin-1 have
emerged as an attractive treatment option to restore blood flow and thus the supply of
oxygen and nutrients to the ischemic regions of the heart after MI [1,2]. Accumulating
evidence supports the notion that thioredoxin1 (Trx1), with its antioxidant, growth
stimulatory, anti-inflammatory and pro-angiogenic properties could play a role in
modulating the pathological processes involved in cardiovascular disease progression and
therefore might represent a promising therapeutic target for the prevention and treatment of
the disease [3,4].

Trx1 is a cytosolic 12 kDa redox protein with important antioxidative and cell signaling
functions that undergoes reversible oxidation of its two active site cysteine residues at its
active site where reduction of which is catalyzed by the NADPH-dependent flavoenzyme
thioredoxin reductase [5]. The activity of Trx1 is found to be regulated through its
interaction with Thioredoxin Interacting Protein (TXNIP). Thus, the ratio of Trx1 to TXNIP
expression is an important factor in redox-sensitive regulation of myocardial angiogenesis
[6,7]. We have previously reported that the Ad-Trx1 gene therapy is cardioprotective in the
ischemic myocardium of streptozotocin-induced diabetes rat by reducing oxidative stress
and apoptosis with a corresponding improvement in myocardial functions [3]. Furthermore,
other studies demonstrated that elevated Trx1 levels attenuate myocardial damage induced
by ischemia–reperfusion injury while the overexpression of TXNIP has been shown to
increase cardiomyocytes sensitivity to oxidative stress-induced apoptosis [7].

A kinase anchoring proteins (AKAPs), which compose a growing list of diverse but
functionally related proteins defined by their ability to bind to the regulatory subunit of
protein kinase A. AKAPs perform an integral role in the spatiotemporal modulation of a
multitude of cellular signaling pathways [8]. Among all the AKAPs found so far, AKAP12
was found to be critical regulator of angiogenesis [9]. Exposure of endothelial cells to
AKAP12 significantly reduced VEGF mRNA and increased anti-angiogenic proteins such
as thormbospondin-1 [10]. AKAP12 is also known to cause significant downregulation of
hypoxia inducible factor (HIF)- 1α and thereby reduce the hypoxia induced VEGF
expression [11]. Furthermore, Trx1 may play a crucial role in regulating Akt signaling [12].
The Akt survival pathway is a central signaling node involved in cell growth, proliferation,
differentiation, apoptosis and angiogenesis [13]. Akt also affects cell survival by
phosphorylating and inactivating GSK-3β, which in turn results in the release, stabilization,
and subsequent accumulation of β-catenin in the cytosol, followed by its translocation into
the nucleus [14,15]. Conversely, the phosphorylation of β-catenin marks this protein for
ubiquitination and subsequent degradation by the proteosomal pathway [16]. Therefore,
when phosphorylation of β-catenin is blocked, it stabilizes, accumulates, and translocates
into the nucleus, where it forms a complex with T-cell transcription factors/lymphoid-
enhancer binding factor and is able to activate or repress several important angiogenic target
genes, such as c-Myc, cyclin D1, fibronectin, VEGF, eNOS, Bcl-2, and survivin [15,17].
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We hypothesized that myocardial angiogenesis is regulated by a complex interplay between
pro-angiogenic signaling and anti-angiogenic signaling under the redox control by Trx1.
Therefore, the aim of the present study was to establish the role of Trx1 as therapeutic
angiogenic growth factor by investigating the possible role of Trx1 overexpression in
attenuating oxidative stress, TXNIP and AKAP12 expression, and inducing Akt/GSK-3β/
HIF-1α/β-catenin-mediated VEGF and eNOS expression during myocardial infarction by
using Trx1 transgenic mice.

METHODS
Experimental Animals

The present study was performed in accordance with the principles of laboratory animal care
formulated by the National Society for Medical Research and the Guide for the Care and
Use of Laboratory Animals prepared by the National Academy of Sciences and published by
the National Institutes of Health (Publication No. 85–23, revised 1985). The experimental
protocol was examined and approved by the Institutional Animal Care Committee of the
Connecticut Health Center (Farmington, CT, USA). Eight-week-old male TrxTg/+

overexpressing C57BL/6 background mice and respective wild type mice were used for the
study. The generation, characterization and maintenance of TrxTg/+ mice have been
described in supplemental material (Suppl. Fig. 1). Further, the genotype of each animal was
confirmed by polymerase chain reaction analysis on purified ear DNA. Moreover, the
overexpression of Trx1 in transgenic mice is also shown by Western blot in Fig. 3A.

Experimental design
Eight-week-old male Trx1Tg/+ and respective wild type mice were randomized into four
groups: (1) wild type sham (WS); (2) Trx1Tg/+ Sham (TS); (3) wild type MI (WMI) and 4)
Trx1Tg/+ MI (TMI). MI was induced by permanent left anterior descending (LAD) coronary
artery ligation. Sham groups underwent the same time matched surgical procedure without
ligation. The apoptosis and β-catenin nuclear translocation were measured 24 h after
surgical intervention, whereas the protein expression profile for the Trx1, TXNIP, AKAP12,
VEGF, Bcl-2 and survivin and oxidative stress index was measured in the left ventricular
tissue (risk area) 4 days after MI. The extent of phosphorylation of eNOS, Akt and GSK-3β,
β-catenin and HIF-1α DNA binding activity was observed 8 hrs after MI. The
immunohistostaining was performed to reflect the degree of angiogenesis by calculating the
capillary and arteriolar density after 7 days of surgical intervention. The cardiac function
was assessed by echocardiogram 30 days after MI.

Surgical procedures
Mice were anesthetized with ketamine (100 mg/kg, ip) and xylazine (10 mg/kg, ip)
dissolved in physiological saline, then orally intubated with a 22G IV catheter, and
ventilated with a rodent respirator (Harvard Apparatus, Hilliston, USA). Hearts were then
exposed through the left lateral thoracotomy. MI was created by permanent LAD ligation
with 8-0 polypropylene suture viewed under a stereo zoom dissection microscope. The lungs
were inflated by positive end-expiratory pressure and the chest was closed with 6.0 nylon
suture. After surgery, the analgesic buprenorphine (0.1 mg/kg, sc) was given, and the
animals were weaned from the respirator and then placed on a heating pad for recovery
[18,19].

Assessment of cardiac fibrosis (Masson’s trichrome staining)
To determine the effect of Trx1 overexpression on cardiac fibrosis, the collagenous fibrotic
area of the heart was stained by Masson’s Trichrome staining in paraffin embedded sections
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(of 4 μm thick) [20]. In brief, the sections were deparaffinized in histoclear and rehydrated
using sequential passage through 100 to 70% ethanol for 6 min each followed by washing in
distilled water three times. The slides were then stained with Weigert’s iron hematoxylin for
10 min and washed under tap water for 10 min. The sections were washed again in distilled
water and then stained with Biebrich scarlet-acid fuschin solution for 15 min, in
phosphomolybdic-phosphotungstic acid solution for 15 min and aniline blue solution and
stained for 10 min. The sections were rinsed briefly in distilled water and were treated with
1% acetic acid solution for 5 min. After a final wash in distilled water the sections were
dehydrated through sequential gradient of 70–100% alcohol followed by histoclear wash and
then mounted using Permount. The heart tissue sections were digitally imaged in high pixel
resolution on an Epson Scanner.

Assessment of oxidative stress by TBARS estimation
The extent of oxidative stress in the heart was determined by measuring the levels of
thiobarbituric acid reactive substances (TBARS) (Niehaus and Samuelsson [21] method). To
0.5 ml of tissue homogenate (known weight of the myocardium tissue from risk area was
homogenized at 3000 rpm in 0.5 ml of 0.025M Tris-Hcl, pH 7.5), 1 ml of TBA:TCA:HCl in
the ratio of 1:1:1 (0.37% thiobarbituric acid:15% trichloroacetic acid:0.25 N HCl) was
mixed and placed in a boiling water bath for 15 minutes, cooled and centrifuged at room
temperature for 10 min at 1,000 rpm. A series of standard solutions (tetramethoxy propane,
Sigma-Aldrich, St. Louis, MO) in the range of 2–10 nmole were treated in a similar manner.
The absorbance of the clear supernatant was measured against a reference blank at 535 nm.
Results were expressed as nM/mg tissue.

Cardiomyocyte apoptosis
Formaldehyde-fixed left ventricle was embedded in paraffin, cut into transverse sections (4
μm thick), and deparaffinized with a graded series of histoclear and ethanol solutions.
Immunohistochemical detection of apoptotic cells was carried out using TUNEL reaction
using an In Situ Cell Death Detection Kit and fluorescein as per the kit protocol (Roche
Diagnostics, Mannheim, Germany). In brief, the TUNEL reaction preferentially labels DNA
strand breaks generated during apoptosis, which can be identified by labeling free 3′-OH
termini with modified nucleotides in an enzymatic reaction catalyzed by terminal
deoxynucleotidyltransferase (TdT). Fluorescein labels incorporated in nucleotide polymers
are detected by fluorescence microscopy. The sections were washed three times in PBS,
blocked with 10% normal goat serum in PBS, and incubated with mouse monoclonal
sarcomeric actin (Sigma, St. Louis, MO) followed by staining with Alexa Fluor 555 donkey
anti-mouse IgG (1:200 dilution, Invitrogen, Carlsbad, CA). After incubation, the sections
were rinsed 3 times in PBS and mounted with Vectashield mounting medium (Vector,
Burlingame, CA). The sections were observed, and images were captured using a confocal
laser Zeiss LSM 510 microscope. For quantitative purposes, the number of TUNEL-positive
cardiomyocytes was counted in 15–20 HPF from border zones of heart sections and
normalized to 100 HPF [22].

Capillary and arteriolar density
Capillary density and arteriolar density was performed 7 days after the surgical procedure by
immunohistochemistry. Mice were sacrificed, hearts removed, and paraffin-embedded
sections prepared. Endothelial cells were labeled using goat polyclonal anti-CD31 (1:100
dilution, Santa Cruz Biotechnology, Santa Cruz, CA) followed by a biotinylated horse anti-
goat secondary antibody (1:200 dilution, Vector Laboratories). The reaction product (brown)
was visualized with 3,3′-diaminobenzidine substrate using the Vector ABC Vectastain Elite
Kit (Vector Laboratories, Burlingame, CA). On separate slides, vascular smooth muscle
cells were labeled using rabbit polyclonal anti-alpha smooth muscle actin (1:100, Abcam,
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Cambridge, MA) followed by Alexa Fluor 488 donkey anti-rabbit secondary antibody
(1:200 dilution, Invitrogen, Carlsbad, CA). After incubation, the sections were again washed
in PBS three times and mounted with a coverslip using mounting medium (Vector
Laboratories). Images were captured and stored in digital Tiff file format for later image
analysis. Counts of capillary and arteriolar density per square millimeter were obtained after
superimposing a calibrated morphometric grid on each digital image using Adobe Photoshop
Software [23].

Western blot analysis
To quantify TXNIP, AKAP12, eNOS, p-Akt, p-GSK-3β, β-catenin, VEGF, Bcl-2 and
survivin, standard SDS–PAGE Western blot technique was performed as described
previously [24]. Cytosolic and nuclear protein were prepared according to the kit protocol of
the CelLytic NuCLEAR Extraction Kit from Sigma, St. Louis, MO and protein
concentration was determined using a bicinchoninic acid protein assay kit (Pierce,
Rockville, IL). The proteins were run on SDS-polyacrylamide electrophoresis gels typically
using 10% for TXNIP (Invitrogen, Carlsbad, CA), p-Akt (Serine 473), p-GSK-3β (Serine 9)
(Cell Signaling Technologies, Danvers, MA), β-catenin (Santa Cruz Biotechnology, Santa
Cruz, CA), VEGF (R&D systems, Minneapolis, MN), and Bcl-2 (Santa Cruz Biotechnology,
Santa Cruz, CA), 12% for survivin (Abcam, Cambridge, MA) and 7% for AKAP12 (Sigma,
St. Louis, MO) and p-eNOS (Ser 1177) (Cell Signaling Technologies, Danvers, MA).

Immunohistochemistry for β-catenin nuclear translocation
The nuclear translocation of β-catenin was performed after 24h of surgical intervention in
the paraffin-embedded heart sections [16]. Myocardial sections were analyzed for the
reactivity with 1:100 diluted monoclonal antibody against β-catenin (produced in rabbit)
(Santa Cruz Biotechnology, Santa Cruz, CA). Bound antibody was detected with the
Vectastain ABC kit (Vector Laboratories, Burlingame, CA) and visualized with DAB and
the nucleus was counter stained with haematoxylin (Sigma, St. Louis, MO) and observed
under light microscope.

Electrophoretic Mobility Shift Assay (EMSA) analysis for HIF-1α DNA binding activity
EMSA was performed by using 5 μg of the nuclear extracts and extract was incubated for 20
min at room temperature with 32P end-labeled oligonucleotides containing the putative
HIF-1α (5′-TCTGTACGTGACCACACTCACCTC-3′) (Santa Cruz Biotechnology, Santa
Cruz, CA) binding site. Reaction products were resolved on 5% nondenaturing
polyacrylamide gel. The specificity of the DNA-protein interaction was established by
competition experiments using 10 X cold HIF-1α oligonucleotide as the competitor. After
electrophoresis, gels were dried and visualized by autoradiography [25].

Echocardiography measurements
After 30 days of surgical intervention, mice were sedated using isoflurane (2%, vol/vol).
When adequately sedated, the mice were secured with tape in the supine position on a
custom-built mold designed to maintain the mouse’s natural body contours of the mouse.
The hair on the chest wall was removed using a commercially available hair remover from
Nair (Princeton, NJ) and cotton swab. Ultrasound gel was spread over the precordial region,
and ultrasound biomicroscopy (Vevo 770, Visual-Sonics Inc., Toronto, ON, Canada) with a
25-MHz transducer was used to visualize the left ventricle. The left ventricle was analyzed
in apical, parasternal long axis, and parasternal short axis views for left ventricular (LV)
systolic function, LV cavity diameter, wall thickness, diastolic function, and LV end-systolic
and end diastolic volume determination. Two-dimensional directed M-mode images of the
LV short axis were taken just below the level of the papillary muscles to analyze ventricular
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wall thickness and chamber diameter. Ejection fraction and fractional shortening were
assessed for LV systolic function. All measurements represent the mean of at least three
consecutive cardiac cycles. Throughout the procedure, the ECG, respiratory rate, and heart
rate were monitored as described previously [3].

Statistical analysis
Results were expressed as mean ± SEM. One way ANOVA followed by Newman-Keuls
multiple comparison test or unpaired “t” test (Graph Pad Prism Software) was carried out to
determine differences between the mean values of all groups. The results were considered
significant at P≤0.05.

RESULTS
Trx1 overexpression attenuates oxidative stress, cardiomyocyte apoptosis and myocardial
fibrosis after myocardial infarction

The extent of oxidative stress, evaluated by TBARS analysis, was significantly decreased in
TMI when compared to WMI (62.5±1.6 vs. 99.2±5 nM/mg tissue) (Fig. 1A), suggesting the
possible antioxidant role of Trx1 during ischemic stress. The extent of cardiomyocyte
apoptosis (Fig. 1B) was detected by using TUNEL staining in conjunction with α-
sarcomeric actin. The number of apoptotic cardiomyocytes was significantly decreased in
the TMI group when compared to the WMI (351.7±49.6 vs. 622±67 counts/100 HPF) (Fig.
1C). These results demonstrate that Trx1 acts as an anti-apoptotic agent during ischemic
stress. After 7 days post MI, there was comparable decrease in myocardial fibrosis,
evaluated by Masson’s trichrome staining in the TMI compared to the WMI (Fig. 1D).
Further, we found there was no significant difference in myocardial fibrosis and oxidative
stress between WS and TS animals.

Trx1 overexpression promotes neovascularization by increasing capillary and arteriolar
density during ischemic stress

The role of Trx1 overexpression on the degree of angiogenesis following ischemic stress
was measured by capillary and arteriolar density 7 days after surgical intervention. Increased
capillary density was observed in the TMI group when compared to the WMI group
(2481±76.9 vs. 3119±108 counts/mm2) (Figs. 2A and 2B) (n=3–4). Similarly, increased
arteriolar density was also observed in the TMI group as compared to the WMI group
(12.9±1.2 vs. 26.7±1.6 counts/mm2) (n=3–4/group) (Fig. 2C and 2D). There was no
significant difference in the capillary and arteriolar density between WS and TS groups.

Trx1 overexpression modulates the expression profile of TXNIP, AKAP12, VEGF, Bcl-2 and
survivin in ischemic myocardium

To evaluate the possible in vivo angiogenic and anti-apoptotic role of Trx1 during ischemic
stress, the expression profiles of TXNIP, AKAP12, VEGF, Bcl-2 and survivin was carried
out 4 days after post-MI. Protein expression of AKAP12 (Fig. 3B) and TXNIP (Fig. 3C)
were significantly decreased, whereas increased angiogenic protein VEGF (Fig. 3D) and
anti-apoptotic proteins Bcl-2 (Fig. 3E) and survivin (Fig. 3F) were increased in the TMI
group as compared with the WMI group. These results indicating the angiogenic and anti-
apoptotic role of Trx1 during ischemic stress is probably through TXNIP/AKAP12/VEGF/
Bcl-2 and survivin mediated.

Trx1 overexpression increases the phosphorylation of Akt, GSK-3β and eNOS after MI
To evaluate the possible molecular mechanism of Trx1 in neovascularization during
ischemic stress, the expression profiles of p-Akt, p-GSK3β, and p-eNOS was also carried
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out after 8h of surgical intervention. The protein expression of p-Akt/Akt (Fig. 4A), p-
GSK3β/GSK-3β (Fig. 4B) and p-eNOS/eNOS (Fig. 4C) were significantly increased in the
TMI group as compared with the WMI group.

Trx1 overexpression increases the β-catenin nuclear translocation after MI
Immunohistochemical staining of β-catenin (Fig. 5A) showed a significant increase in β-
catenin nuclear translocation (arrow indicates translocation) in TMI than WMI as well as
WS and TS. Western blot results also showed significant increase in the β-catenin levels in
nuclear fraction of TMI compared to WMI, WS and TS (Fig. 5B). These results clearly
suggests possible role of Trx1 induced angiogenesis is through nuclear translocation of β-
catanin. Further, there were no significant changes in the β-catenin nuclear translocation
between WS and TS groups.

Trx1 overexpression increases DNA binding activity of HIF-1α during ischemic stress
The role of Trx1 overexpression on transcription factor HIF-1α during ischemic stress was
evaluated by EMSA analysis. The DNA binding activity of HIF-1α was significantly
increased in TMI compared to WMI (Fig. 6), suggesting the possible role of Trx1
influencing the HIF-1α expression followed by nuclear translocation and its DNA binding
activity during ischemic stress.

Trx1 overexpression prevents the post-ischemic ventricular remodeling
Left ventricular functional parameters were studied by echocardiography 30 days after
surgical procedure. M mode pictures of different groups are given in Fig. 7A. Improvement
of left ventricular function was estimated by studying various paramteres, such as ejection
fraction (WS vs. WMI : 68±0.6 vs. 39.8±2.4 %) (Fig. 7D) and fractional shortening (WS vs.
WMI : 37.1±0.5 vs. 19.5±1.4 %) (Fig. 7E) that was decreased significantly in the WMI
group when compared to the WS and TS groups. However, this decrease was found to be
preserved in mice overexpressing Trx1 subjected to MI when compared to the WMI group
(ejection fraction-TMI vs. WMI : 54.5±1.1 vs. 39.8±2.4 %; fractional shortening- TMI vs.
WMI : 27.9±0.7 vs. 19.5±1.3 %). Further, the WMI group exhibited a progressive increase
in diastolic left ventricular internal diameter (LVIDd) (Fig. 7B) and systolic LVID (LVIDs)
(Fig. 7C) than WS, and TMI {LVIDs (TMI vs. WMI : 2.92±0.07 vs. 3.67±0.1 mm) and
LVIDd (TMI vs. WMI : 4.05±0.1 vs. 4.57±0.1 mm)} as compared to WMI group.
Therefore, Trx1 overexpression was associated with a progressive, significant increase in
LV function as compared to the wild type animals subjected to MI. Further, we have
observed 28% increased survival rate in Trx1 transgenic group compared to wild type
animals 30 days after MI.

DISCUSSION
Our present study demonstrates that Trx1 overexpression protects the heart from ischemic
stress by reducing apoptosis and increasing neovascularization. Further, Trx1
overexpression significantly reduced the oxidative stress, ventricular remodeling as
manifested by reduction in the collagenous fibrotic tissue and improvement in the
myocardial mechanical functions.

We have observed decreased expression of AKAP12 and increased expression of eNOS and
VEGF along with increased capillary and arteriolar density in hearts from TMI compared to
WMI mice. The increased expression of AKAP12 and concomitant impairment in eNOS and
VEGF mediated angiogenic signaling might have caused the observed reduction in capillary
and arteriolar density in WT infarcted myocardium. Overexpression of TXNIP has been
shown to sensitize the cardiomyocytes to oxidative stress induced apoptosis [7].
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Additionally, it has been reported that increased oxidative stress is related to the induction of
TXNIP, leading to the inhibition of the antioxidant function of Trx1 which reduces its ability
to bind to ASK-1 thereby reducing the anti-apoptotic property of Trx1 [26,27].

Further, increased expression of VEGF and eNOS in TMI could also be correlated with the
AKAP12 mediated regulation of HIF-1α, a redox-sensitive transcription factor, which is a
critical regulator of VEGF and eNOS expression [11]. Recently, AKAP12, predominant in
the endothelial cells has been identified as potential negative regulator of VEGF expression
and angiogenesis [28]. Again, AKAP12 has been shown to decrease the stability of HIF-1α
by increasing its association with PHD2, one of the isoforms of the prolyl hydroxylase
domain enzymes that tags HIF-1α for proteosomal degradation under normoxic conditions
[11]. However, HIF-1α protein levels are influenced by Trx1 [29], and Trx1 may cause
dissociation of HIF-1α from pVHL, thus blocking HIF-1α degradation [30]. Additionally
numerous reports documented that HIF-1α directly influences the expression of VEGF and
eNOS [31]. Thus, decreased AKAP 12 in the presence of Trx1 in our study might be related
to the stability of HIF-1α. In addition, it is shown that Trx1 maintains cysteine 800 in
HIF-1α in a reduced state, which is critical for recruitment of CBP/p300 and thus HIF-1
transactivation [29]. It was also reported that the pro-angiogenic HSPA12B, a member of a
new sub-family of HSP70, promotes angiogenesis by suppressing AKAP12 and
upregulating VEGF signaling in the myocardium [32,33]. Our present data demonstrates the
decrease of TBARS, an index of oxidative stress, are consistent with other previous reports
[34] show that the Trx1 acts as an antioxidant in ischemic heart. Further, our previous study
also showed that the Ad-Trx1 gene therapy significantly reduced reactive oxygen species
(ROS) in type1 diabetic infarcted myocardium [3]. Taken together, we documented first
time that Trx1 overexpression inhibits oxidative stress and promotes angiogenesis through
inhibition of TXNIP/AKAP12-that lead to induced significant stabilization of HIF-1α
followed by upregulation of VEGF and eNOS.

Moreover, the present study showed that Trx1 overexpression induces Akt-signaling
pathway compared to WT mice during ischemic stress. There is growing evidence that
ischemia-mediated oxidative stress is known to modulate Akt expression and thus reduce
angiogenic factors [35]. Increased Akt expression inhibits the catalytic activity of GSK-3 β,
which impedes cytoplasmic β-catenin degradation [13]. In our present study we observed
significant increase in p-Akt and p-GSK-3β, along with β-catenin nuclear translocation in
hearts from TMI compared with WMI mice. This effect might be due to the decreased
oxidative stress by Trx1 overexpression and enhanced Akt expression [34,35]. Further, our
group has previously shown the importance of β-catenin translocation by ischemic
preconditioning-mediated cardioprotection using Ad-sh-β-catenin [16]. In that study we
showed that the silencing of β-catenin abolished IP-mediated cardioprotection, probably by
the inhibition of the survival molecules Bcl-2, survivin, and VEGF, both at the mRNA and
protein level. These changes may initiate the death signal that was apparent from
significantly increased apoptosis in WMI. Our findings suggest increased neovascularization
in TMI is possibly due to the influence of Trx1 on oxidative stress followed by the
activation of Akt pathway. Inhibition of oxidative stress and activation of Akt signaling by
Trx1 synergistically up regulates the expression of eNOS and VEGF, leading to enhanced
angiogenesis and neovascuralization [35,36]. The resulting improvement in the vascular
density in the Trx1 overexpression group might have led to significant improvement in left
ventricular myocardial function such as left ventricular dimensions during systole and
diastole, fractional shortening and ejection fraction in the TMI group compared with the
WMI group. The proposed mechanism of Trx1 overexpression-induced neovascularization
and reduced ventricular remodeling is shown in Fig. 8.
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In conclusion, the present findings indicate that Trx1 overexpression reduces oxidative
stress and apoptosis and thereby induces angiogenesis and neovascularization, subsequently
reducing the extent of ventricular remodeling after MI. Our unique and promising preclinical
findings therefore support the development of Trx1 as therapeutic myocardial angiogenesis
target and call for the initiation of a clinical trial to assess the efficacy of this unique
therapeutic strategy in the treatment of human heart failure.

RESEARCH HIGHLIGHTS

• Mice overexpressing Trx1 subjected to MI (TMI) exhibited reduced oxidative
stress, cardiomyocyte apoptosis, fibrosis and increased vessel formation
compared to WT.

• Significant inhibition of Trx1 interacting/regulating proteins TXNIP and
AKAP12 and increased p-AKT, p-eNOS and p-GSK-3β/β-catenin was observed
in TMI when compared to WMI.

• β-Catenin target proteins such as VEGF, Bcl-2 along with survivin were also
increased in TMI compared to WMI.

• Therefore, Trx1 and other related proteins identified in our study may prove to
be potential therapeutic targets in the treatment of ischemic heart disease.

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

AKAP12 A kinase anchoring protein 12

HIF-1α Hypoxia inducible factor alpha

LAD Left anterior descending coronary artery

LVIDd Left ventricular internal diameter at diastole

LVIDs Left ventricular internal diameter at systole

MI Myocardial infarction

SEM Standard error mean

TBARS Thiobarbituric acid reactive substances

TMI Trx1Tg/+ MI

Trx1 Thioredoxin-1

TS Trx1Tg/+ sham

TXNIP Thioredoxin interacting protein

VEGF Vascular endothelial growth factor

WMI Wild type MI

WS Wild type sham
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Fig. 1. Trx1 overexpression attenuated ischemic stress-induced oxidative stress and myocardial
fibrosis after MI
A, Shows the quantitative analysis of TBARS concentration after surgical intervention. Trx1
transgenic animals resulted in significant reduction in oxidative stress after MI compared to
WT animals (n=4). B, Representative digital micrographs showing cardiomyocyte apoptosis
in the border zone of TMI and WMI groups. C, Quantitative analysis of cardiomyocyte
apoptosis after MI from 3–5 animals, in counts/100 high-power field (HPF). The apoptotic
cardiomyocytes are significantly reduced in TMI compared to WMI. D, Shows the
representative picture of myocardial fibrosis (Masson’s trichrome staining) from different
groups after surgical intervention. A significant increase in fibrosis (collagen staining in blue
colour and thinner infarct) is evident in WMI compared to WS and TS. Transgenic animals
subjected to MI resulted in a thicker infarct and less fibrosis (blue colour) with the islands of
viable cardiac tissue with markedly less scar extension (n=3–4). WS indicates wild type
sham; TS, Trx1 transgenic sham; WMI, wild type animals subjected to MI; TMI, Trx1
transgenic animals subjected to MI. ♣, P≤0.05 vs. WS; #, P≤0.05 vs. TS; *, P≤0.05 vs.
WMI.
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Fig. 2. Trx1 overexpression enhanced the neovascularization after MI
A, Representative digital micrographs showing capillary density/CD31 immuno-staining
after 7 days of surgical intervention in different experimental groups. B, Quantitative
analysis of capillary density in counts/mm2. The values are mean±SEM of 3–4 animals per
group. C, Representative digital micrographs showing arteriolar density/α-smooth muscle
actin immuno-staining in different experimental groups after 7 days of surgical intervention.
D, Quantitative analysis of arteriolar density, in counts/mm2. The values are mean±SEM of
3–4 animals per group. Both capillary and arteriolar density was found to be significantly
increased in transgenic animals subjected to MI compared to WT animals. Abbreviations are
as in Fig. 1. ♣, P≤0.05 vs. WS; #, P≤0.05 vs. TS; *, P≤0.05 vs. WMI.
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Fig. 3. Trx1 overexpression altered the expression of TXNIP, AKAP12, VEGF, Bcl-2 and
survivin during ischemic stress
Representative Western blots show the expression of Trx1, TXNIP, AKAP12, VEGF, Bcl-2
and survivin, and their corresponding loading control-GAPDH. Western blot analysis
revealed downregulation of AKAP12 (Fig. 3B) and TXNIP (Fig. 3C), whereas increased
VEGF (Fig. 3D), Bcl-2 (Fig. 3E) and survivin (Fig. 3F) expression in TMI compared to the
WMI. Numbers below the bands represent the average-fold change compared to WS from
3–5 independent experiments. Trx1 representative blot (Fig. 3A) is given for the validation
of overexpression of Trx1 in transgenic animals. Abbreviations are as given in Fig. 1.
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Fig. 4. Trx1 overexpression influenced the expression of p-Akt, p-GSK-3β and p-eNOS after MI
Representative Western blots show the expression of p-Akt (Fig. 4A), p-GSK-3β (Fig. 4B)
and p-eNOS (Fig. 4C). Bar graphs in A, B and C represent the quantitative analysis and
difference in the expression of p-Akt, p-GSK-3β and p-eNOS in between different groups,
after they were normalized with corresponding non-phosphorylated protein controls,
respectively in arbitrary units. The values are mean±SEM (n=3–5 from each group). There
was a significant increase in the expression of p-Akt, p-GSK-3β and p-eNOS in TMI
compared with the WMI. Abbreviations are as given in Fig. 1. ♣, P≤0.05 vs. WS; #, P≤0.05
vs. TS; *, P≤0.05 vs. WMI.
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Fig. 5. Trx1 overexpression increased the nuclear translocation of β-catenin in ischemic stress
A, Representative digital micrographs (immunohistochemical analysis by DAB staining and
counter nuclear staining by haematoxylin) showing β-catenin nuclear translocation
(indicated by arrows) after surgical intervention in different experimental groups; n=3 per
group. B, Representative Western blots show the expression of β-catenin in nuclear fractions
and its corresponding loading control. There was a significant increase in the translocation
of β-catenin into the nucleus, evaluated by both immunohistochemistry and Western blot
analysis, in TMI compared to WMI. Numbers below the bands represent the average-fold
change compared to WS. The values are mean±SEM of 3–5 animals from each group.
Abbreviations are as given in Fig. 1.
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Fig. 6. Trx1 overexpression increased the HIF-1α DNA binding activity after MI
EMSA analysis revealed increased nuclear translocation and DNA binding activity of
HIF-1α in TMI compared to WMI (n=3 from each group). The position of the HIF-1α band
was confirmed by the disappearance of the corresponding band in the last lane from right
side when we used unlabelled probe (Cold probe). WS indicates wild type sham; TS, Trx1
transgenic sham; WMI, wild type animals subjected to MI; TMI, Trx1 transgenic animals
subjected to MI; NS, non-specific.

Adluri et al. Page 17

J Mol Cell Cardiol. Author manuscript; available in PMC 2012 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7. Trx1 overexpression prevented post-infarcted ventricular remodeling (by
echocardiography)
A. Representative echocardiograph pictures of parasternal short-axis M mode images 30
days after surgical intervention from different groups. B, The quantitative data of left
ventricular internal diameter in diastole (LVIDd); C, The quantitative data of left ventricular
internal diameter in systole (LVIDs); D, ejection fraction; and E, fractional shortening.
These results demonstrate that there was significant functional disorder in the WMI
compared to WS and TS. Trx1 overexpression significantly improved functional parameters
compared to the wild type animals after MI. Values are mean±SEM (n=4–6 per group). WS
indicates wild type sham; TS, Trx1 transgenic sham; WMI, wild type animals subjected to
MI; TMI, Trx1 transgenic animals subjected to MI. ♣, P≤0.05 vs. WS; #, P≤0.05 vs. TS; *,
P≤0.05 vs. WMI.
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Fig. 8.
Schematic diagram shows the possible molecular mechanism of Trx1-induced
neovascularization and reduced ventricular remodeling in ischemic myocardium.
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