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Translations of new therapeutic options for cardiovascular dis-
ease from animal studies into a clinical setting have been
hampered, in part by an improper reflection of a relevant pa-
tient population in animal models. In this study, we investi-
gated the impact of thymosin b4 (Tb4), which promotes collat-
eralization and capillarization, during hypercholesterolemia, a
known risk factor of coronary artery disease. Initial in vitro re-
sults highlighted an improved endothelial cell function upon
Tb4 treatment under control conditions and during hypercho-
lesterolemic stress (scratch area [pixels]: oxidized low-density
lipoprotein [oxLDL], 191,924 ± 7,717; and oxLDL + Tb4,
105,621 ± 11,245). To mimic the common risk factor of hyper-
cholesterolemia in vivo, pigs on regular (NC) or high-fat (HC)
diet underwent chronic myocardial ischemia followed by re-
combinant adeno-associated virus (rAAV)-mediated transduc-
tion of Tb4 or LacZ as a control. We show that Tb4 overexpres-
sion improves capillarization and collateralization (collaterals:
NC + rAAV.LacZ, 2.1 ± 0.5; NC + rAAV.Tb4, 6.7 ± 0.5; HC +
rAAV.LacZ, 3.0 ± 0.3; and HC + rAAV.Tb4, 6.0 ± 0.4), ulti-
mately leading to an improved myocardial function in both
diet groups (ejection fraction [EF] at day 56 [%]: NC + rAAV.
LacZ, 26 ± 1.1; NC + rAAV.Tb4, 45 ± 1.5; HC + rAAV.LacZ,
26 ± 2.5; and HC + rAAV.Tb4, 41 ± 2.6). These results demon-
strate the potency of Tb4 in a patient-relevant large animal
model of chronic myocardial ischemia.
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INTRODUCTION
Cardiovascular disease (CVD) has become the leading cause of
morbidity and mortality worldwide, accounting for approximately
one-third of all deaths.1 The majority of CVD comprises 6 major con-
ditions: ischemic heart disease, stroke, hypertensive heart disease,
cardiomyopathy, atrial fibrillation, and rheumatic heart disease, all ul-
timately leading to heart failure.1–3

There is evidence that western-style diets (high fat and cholesterol,
high protein, and high sugar)4–6 can lead to an increased atherogenic
lipid burden, which is characterized by high cholesterol, high low-
density lipoprotein (LDL) levels, or high LDL/high-density lipopro-
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tein (HDL) ratios in the circulation.7,8 These parameters can be drawn
upon as a reliable indicator of individual CVD risk.9 Excess levels of
circulating LDL can lead to cholesterol deposition onto arterial walls,
resulting in leukocyte recruitment, prolonged vascular inflammation,
endothelial dysfunction, and, ultimately, atherosclerosis leading to
coronary artery disease (reviewed by Zarate et al.10). Areas of
ischemic myocardium downstream of chronically occluded coro-
nary vessels suffer from hypo-perfusion and, consequently, tissue
hypoxia.11 As a rescue strategy, such myocardium enters a state
termed hibernating myocardium, characterized by a contractile
dysfunction in still viable myocardium. It is postulated to represent
an adaptive myocyte response to chronic stress in order to promote
survival of the myocardium12 and create a state where myocardial
function can be restored by stimulating angiogenesis.

Strategies to recover the hibernating myocardium in CVD into func-
tional tissue thus include surgical attempts at revascularization13 as
well as several molecular approaches14 that target the aberrant vascula-
ture characteristic for this condition. Among these molecules is
thymosin b4 (Tb4), a G-actin-sequestering peptide that has been
shown to play a role in cell fate determination and angiogenesis in
theheart. It has been successfully utilized in small aswell as large animal
models15–17 to promote cardiomyocyte differentiation, angiogenic
sprouting, improvement of vessel functionality, and enhancement of
cardiac function.17–20 Previous studies have demonstrated that recom-
binant adeno-associated viral vector-based regional application of Tb4
may represent a viable method of vascular gene therapy.15,21,22

Even though measures that decrease serum lipid levels appear to
lower the risk for acute and chronic ischemic cardiovascular disease
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Figure 1. Thymosin b4 Improves Endothelial Function during oxLDL Stress

(A) Endothelial cells treated with oxidized LDL prompted a reduction in tube formation after seeding on matrigel, an effect ameliorated by the addition of Tb4. (B and C) In a

scratch assay (B, examples; C, quantification), endothelial cells displayed a significant reduction of migratory capacity upon treatment with oxLDL in comparison to LDL-

treated cells, an effect sensitive to the treatment with thymosin b4 (mean ± SEM; *p < 0.05 and **p < 0.001; n.s., not significant).
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(reviewed elsewhere23–28), patients with hypercholesterolemia still
present with an enhanced incidence of cardiovascular events.

We thus studied chronic ischemic heart disease in a pre-clinical large
animal model of hibernating myocardium15 in pigs subjected to the
single important individual risk factor for CVD: high-fat western-
style diet. Our aim was to examine the capacity of Tb4 treatment
on vascular regeneration in chronic myocardial ischemia while
more closely approximating the patient population suffering from
cardiovascular disease.

RESULTS
Tb4 Improves Endothelial Cell Function In Vitro during oxLDL

Stress

To test the effect of Tb4 treatment on endothelial cells both during
resting conditions and under stress conditions that mimic in vivo hy-
percholesterolemia, we treated endothelial cells with oxidized LDL
(oxLDL), a known contributor to endothelial dysfunction during
atherosclerosis,29 and non-oxidized LDL, as a control after Tb4 appli-
cation in an endothelial cell tube formation assay on matrigel. Here
the treatment with oxLDL led to a reduction in tubes formed by endo-
thelial cells compared to LDL-treated control cells. This effect was
abolished after Tb4 treatment, highlighting the efficacy of a Tb4 treat-
ment in inducing vessel formation even under pro-atherosclerotic
conditions (Figure 1A). Further evidence of the positive effect on
endothelial cell function during pro-atherosclerotic stimulation was
attained in a scratch migration assay, where oxLDL led to a significant
reduction in the ability of endothelial cells to traverse the induced gap.
Both in oxLDL- as well as control-treated cells, Tb4 significantly
increased the migratory capacity of endothelial cells (Figures 1B
and 1C).

These promising in vitro results prompted us to conduct an in vivo
large animal study in pigs suffering from chronic myocardial
ischemia. To test the regenerative vascular potential of Tb4 during
chronic myocardial ischemia in a patient-relevant setting, animals
on a high-fat western-style diet (HC) were compared to animals on
a regular diet (NC). As expected, the high intake of fat induced a sig-
nificant increase in cholesterol as well as triglycerides (Figures 2A and
2B), while glucose and insulin levels remained unchanged compared
to animals on the control diet, indicating an isolated hypercholester-
olemia without induction of metabolic syndrome (Figures 2C and
2D). Interestingly, already without the ischemic stimulus, hypercho-
lesterolemic animals displayed a capillary rarefication compared to
control pigs (Figure 2E). After the establishment of a porcine model
accurately mimicking hypercholesterolemia, the animals underwent
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Figure 2. A Porcine Model of Hypercholesterolemia

(A and B) Pigs that were fed a high-fat diet developed increases in triglyceride levels (B) and cholesterol (A). (C and D) Pigs on a high-fat diet did not produce a metabolic

syndrome with diabetic phenotype, as highlighted by unchanged glucose (C) and insulin (D) levels. (E) Hypercholesterolemic pigs developed capillary rarefication in the non-

ischemic myocardium compared to pigs on a regular diet. (F) The experimental setup. On day 0, a reduction stent was implanted into the circumflex artery followed by the

occlusion of the vessel over the next 28 days. Together with the stent implantation, the diet was changed to a high-fat diet in half of the animals. On day 28, pigs were

transfected with either rAAV.LacZ or rAAV.Tb4 together with a baseline measurement of global myocardial function. After 28 additional days (day 56), global myocardial

function was assessed again together with regional myocardial function, and angiography was performed to determine collateralization (mean ± SEM; *p < 0.05, **p < 0.001

and n.s., non significant.
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reduction stent implantation into the left circumflex coronary artery,
leading to a complete vessel occlusion during the next 4 weeks, at
which time recombinant adeno-associated virus (rAAV).Tb4 or
rAAV.LacZ (as the control) were retrogradely infused into the great
cardiac vein. After 4 additional weeks, hemodynamic measurements
were performed and organs were harvested for further analysis. Dur-
ing the whole observation period, animals were kept either on a reg-
ular diet or a high-fat diet (Figure 2F).

Improved Vascularization by Tb4 during Hypercholesterolemia

in the Hibernating Myocardium

To investigate the capillarization and collateralization in pigs under-
going reduction stent implantation, heart sections from the ischemic
region were stained for PECAM-1, an endothelial cell marker, to
assess the capillarization of the hibernating myocardium (left circum-
flex artery [LCx]-perfused area). These stainings supported the initial
finding of decreased capillarization in hypercholesterolemic pigs. The
ischemic region in hypercholesterolemic pigs already showed a signif-
icant reduction in capillary density in the control-treated group, a
finding that was ameliorated by Tb4 treatment, albeit at a significantly
lower level in hypercholesterolemic pigs than in animals receiving a
regular diet (Figures 3A and 3B). To test the inflammatory response
1708 Molecular Therapy Vol. 26 No 7 July 2018
of the microvasculature to the chronic ischemic stress, staining for
CD14, an established monocyte marker, was performed, which dis-
played an increase in CD14-positive cells in control-transfected ani-
mals that was more pronounced in hypercholesterolemic pigs and
reduced by the transduction of Tb4. Furthermore, this staining re-
vealed an enhanced CD14-positive cell accumulation in hypercholes-
terolemic pigs in comparison to pigs on a regular diet (Figure 3C),
pointing to a chronic vascular activation upon enhanced cholesterol
levels.

While these findings demonstrated an impairment in microcircula-
tion and an increase in inflammatory cell recruitment during hyper-
cholesterolemia, collateralization, at least by numbers, was not signif-
icantly different in hypercholesterolemic pigs compared to pigs on a
control diet, both in rAAV.LacZ- as well as rAAV.Tb4-transfected
pigs, which was apparent in the number of collaterals (Figures 3D
and 3E) as well as the Rentrop score (Figures 3D and 3F).

Tb4 Ameliorates the Loss of Myocardial Function to a Lesser

Extent in Hypercholesterolemic Pigs

Lastly, we investigated if this Tb4-mediated microvascular regenera-
tion translated into an improved myocardial function, which



Figure 3. Thymosin b4 Enhances Collateralization and Capillarization during Chronic Myocardial Ischemia in Hypercholesterolemic Pigs

(A) Example pictures of staining for PECAM-1 from the ischemic region demonstrate an increase in capillarization after thymosin b4 treatment in hypercholesterolemic pigs.

(B) The quantification of PECAM-1-positive cells demonstrated this increase in both normo- and hypercholesterolemic pigs, which, however, was less pronounced in hy-

percholesterolemic pigs. (C) Monocyte recruitment was reduced in thymosin b4 treatment in both diet groups compared to control-transduced animals. (D) Example pictures

of post mortem angiographies (red arrow indicates the reduction stent), which highlight an increase in distal coronary artery perfusion upon Tb4 treatment. (E and F) As

quantified, this increase of collaterals (E) and perfusion (F) was independent of diet (mean ± SEM; *p < 0.05 and **p < 0.001).
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represents the most important factor dictating patient prognosis and
quality of life. Here a treatment with rAAV.Tb4 led to an improved
regional myocardial function at rest, as assessed by subendocardial
segment shortening, only in normocholesterolemic pigs, whereas hy-
percholesterolemic pigs in this resting state did not show an improve-
ment after transduction with Tb4. During pacing at increased heart
rates, to assess the myocardium’s functional reserve, however, also
hypercholesterolemic pigs transduced with Tb4 displayed an increase
in reserve capacity compared to rAAV.LacZ-transfected animals,
whether on a regular or high-fat diet (Figure 4A). Consistently, left-
ventricular end-diastolic pressure, a hallmark of diastolic dysfunction
and a predictive parameter for the development of heart failure, was
drastically reduced in both groups treated with rAAV.Tb4 at day 56
compared to controls, with a trend toward an additional improve-
ment in normocholesterolemic animals (Figure 4B). This cardiopro-
tective effect of Tb4 was also seen in the ejection fraction (EF) in an
analogous manner, with an increase in EF in both Tb4-treated groups
and no significant difference between the hypercholesterolemic and
normocholesterolemic pigs (Figure 4C).

DISCUSSION
In this study, we investigated the ability of myocardial Tb4 overex-
pression to counteract myocardial dysfunction in a preclinical pig
model of hibernating myocardium in combination with a single
important individual risk factor for CVD, high-fat western-style
diet. In our experimental in vitro setup, we wanted to determine
the ability of Tb4 to promote angiogenesis not only under resting
conditions but also under stress conditions that mimic in vivo hyper-
cholesterolemia. Oxidized LDL is known to contribute to endothelial
dysfunction in atherosclerosis,29 and it can thus provide a pro-athero-
sclerotic environment for endothelial cells in this assay. In contrast
to other known molecules with pro-angiogenic potential, such as
VEGF-A, which has been previously found to not yield sufficient
micro- and macrovascular growth for distinct functional improve-
ment in chronic ischemic pig hearts with or without the cardiovascu-
lar risk factor diabetes mellitus,15,22 we demonstrate here that Tb4 not
only improves tube formation under resting conditions but also does
so to a similar extent under pro-atherosclerotic stress in vitro and it
may thus be a suitable compound for treating hibernating myocar-
dium under pro-atherosclerotic conditions (Figure 1). By reduction
stent implantation into the circumflex artery in pigs on a high-fat
or regular diet, we were able to induce a hibernating myocardium
phenotype in all animals, which collectively displayed a marked dete-
rioration in vasculature as well as in regional and global myocardial
function (Figures 3 and 4). These effects were more pronounced in
pigs that presented with hypercholesterolemia, pointing to the
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Figure 4. Improved Collateralization and Capillarization Ameliorate Ischemic Damage in Both Diet Groups

(A) Regional myocardial function, displayed as subendocardial segment shortening in percentage of the non-ischemic LAD-perfused area, was increased in normocho-

lesterolemic, rAAV.Tb4-treated animals already at rest, an effect exacerbated during pacing. Hypercholesterolemic pigs with rAAV.Tb4 treatment also showed an increase in

regional myocardial function, albeit only during pacing, implying an increase in reserve capacity of those animals. (B and C) Left-ventricular end-diastolic pressure (B) was

significantly decreased in both thymosin b4 groups, with no difference between hyper- and normocholesterolemic animals and with the ejection fraction showing a similar

result (C) (mean ± SEM; *p < 0.05 and **p < 0.001).
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significance of this risk factor for aggravating cardiac pathologies.
Regional and long-term Tb4 overexpression via recombinant ad-
eno-associated viral vectors was able to improve microcirculation
and collateralization and reduce the inflammatory activation of the
endothelium (CD14-positive cells) in this hibernating myocardium
(Figure 3). Importantly, loss of regional and global myocardial func-
tion could also be ameliorated by Tb4 application. However, as for
signs of neovascularization, this effect was attenuated in hypercholes-
terolemic animals compared to control-fed animals (Figure 4).

When promoting angiogenesis, one has to consider the distinct differ-
ence between pathological angiogenesis, as takes place, for example, in
cancer and various ischemic and inflammatory diseases, and balanced
angiogenesis with capillary growth (endothelial cells) and vessel matu-
ration (mural cells), leading to an improvedmicrocirculation (reviewed
elsewhere30,31). The latter opens up the possibility of therapeutic neo-
vascularization in ischemic tissues, such as hibernating myocardium.
Achieving both angiogenesis and vessel maturation, however, requires
different signaling pathways, and, therefore, it might require a combi-
nation of different pro-angiogenic factors. In recent years, besides
studies of mono-therapies that revealed potential beneficial effects for
angiogenesis, combinations of different pro-angiogenic factors for
vessel growth andmaturation were utilized to achieve therapeutic neo-
vascularization.32 Tao et al.33 report that combined overexpression of
VEGF and Ang1 via an adeno-associated viral vector in the ischemic
myocardium improves the perfusion and function of porcine myocar-
dial infarction (MI) heart through the induction of angiogenesis
and cardiomyocyte proliferation. Furthermore, work from our group
1710 Molecular Therapy Vol. 26 No 7 July 2018
demonstrated the potential of a VEGF-A co-transfected with platelet-
derived growth factor B (PDGF-B) for improving regional and global
myocardial function in the hibernating myocardium.34 These ap-
proaches led to an induction of capillarization as well as maturation
of vessels, thus providing evidence for balanced angiogenesis taking
place. However, these effects may not be sufficient under pro-athero-
sclerotic conditions. As pro-atherosclerotic conditions or atheroscle-
rosis is present in the majority of patients suffering from coronary ar-
tery disease (CAD), effects of a potential therapeutic compound must
be demonstrated under relevant conditions to improve pro-angiogenic
therapy in clinical settings. Numerous animalmodels of atherosclerosis
ranging across many species are available (reviewed in Kapourchali35),
with pigs responding in a similar way to humans to an increase in di-
etary fat content. In accordance with other high-fat diet models of
atherosclerosis in pigs36–39 that describe early atherosclerotic lesions,
such as inflammatory signals in the vessel walls after approximately
3 months of diet feeding, we were able to demonstrate increased serum
cholesterol and triglyceride levels as early as 56 days after the switch to a
high-fat diet (Figure 2).

The induction of chronic myocardial ischemia in high-fat and regular
feeding groups led to impaired collateralization and capillarization in
the myocardium, and it provoked an elevation in inflammatory activ-
ity in both groups. We were, however, able to demonstrate that the
impairments in capillarization as well as inflammation are both exac-
erbated in hypercholesterolemic pigs while collateralization appears
to be unaffected by the additional stress of hypercholesterolemia
(Figure 3). While collateralization is not significantly different in
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normocholesterolemic as well as hypercholesterolemic animals, there
is a trend toward a less pronounced collateralization in hypercholes-
terolemic pigs upon Tb4 treatment (as seen in Figures 3E and 3F).
This effect is seen on the basis of a significantly reduced amelioration
in capillary density in hypercholesterolemic pigs upon Tb4 treatment.
This discrepancy in the efficacy of Tb4 treatment in improving endo-
thelial function in different vascular beds might be due to the different
biology of endothelial cells throughout the vascular tree. In a recent
study by Vanlandenwijk,40 it is demonstrated that endothelial biology
differs substantially dependent on the localization of endothelial cells
within the vascular tree, describing a seamless transition of expression
profiles of endothelial cells through different zones in the vascular
tree. The difference in endothelial biology in collateral-forming
arteries in contrast to capillaries might explain the difference in the
ability of Tb4 to reverse endothelial dysfunction in hyper- or normo-
cholesterolemic pigs, although the difference in the effect of Tb4
treatment on subsets of endothelial cells is currently unknown. In
addition, these findings may be explained by the short duration of
high-fat diet application (8 weeks), which might be suitable to impair
capillarization and monocyte recruitment but be too short a period to
affect collateralization.

In this study, Tb4 treatment ameliorated loss of regional and global
myocardial function in high-fat and normal feeding groups, even
though the positive impact of a Tb4 treatment was reduced in hyper-
cholesterolemic pigs. The reversal of the severe heart failure in our pig
model, from a profound reduction of cardiac function to a moderate
impairment, is demonstrated in a variety of pig models. This might be
due to the relative young age of the pigs (3 months), at which time
these animals might have a higher regenerative potential than adult
pigs We do not provide data on electrophysiological parameters
and the potential induction of arrhythmias in this paper, but, in the
admittedly short observation period, we did not detect differences
in episodes of severe arrhythmias in the four studied groups.

As to the safety profile of rAAV-mediated Tb4 overexpression,
possible safety concerns can either originate in the overexpression
of Tb4 or the use of the rAAV as a delivery system. To this end,
Tb4-overexpressing transgenic pigs and mice are not reported to be
impaired.15 Furthermore, rAAVs as gene therapy delivery systems
are generally deemed safe, since they show a limited immunogenic
potential, have a low degree of genomic integration (about 0.1%–
0.01%), and, in our case, are delivered locally to the ischemic region
exclusively. Thus, while we do not provide data on electrophysiolog-
ical stability in our report, we deem the rAAV-mediated overexpres-
sion of Tb4 safe based on prior publications and our own experience.
These findingsmirror results from our recent study, in which Tb4 was
upregulated via rAAVs in diabetic pigs undergoing chronic myocar-
dial ischemia. In this model, similar to the data presented here, Tb4
increased collateralization, capillarization, and myocardial function,
albeit to a lesser extent in diabetic animals.

While there are differences in the endothelial dysfunction induced by
hypercholesterolemic or hyperglycemic stress, there appear to be
common downstream events in both situations. To this end, both dia-
betes and hypercholesterolemia induce a change in the ratio of Angio-
poietin-1 to Angiopoietin-2, which leads to vascular destabilization
and capillary rarefication,41,42 as well as reducing nitric oxide syn-
thase (NOS) activity in dysfunctional endothelial cells. Both NO pro-
duction and the restoration of the Ang1/Ang2 balance have been
shown to be facilitated by Tb4.22,43 These considerations imply that
Tb4 improves endothelial function during hypercholesterolemia as
well as diabetes by ameliorating endothelial dysfunction, indepen-
dently of the initially damaging pathology. Tb4 may thus have cardi-
oprotectant properties in patients suffering from ischemic heart dis-
ease and concomitant cardiovascular risk factors, such as diabetes
mellitus or hypercholesterolemia, highlighting recombinant adeno-
associated viral transduction of Tb4 as an attractive therapeutic target
in the treatment of ischemic heart disease.

MATERIALS AND METHODS
Adeno-Associated Viral Vector Generation

Recombinant adeno-associated viral vectors were produced as
described earlier.21 In short, U293 cells were transfected with three
plasmids, one carrying the gene of interest (Tb4 or LacZ) controlled
by a cytomegalovirus (CMV) promoter flanked by cis-acting internal
terminal repeats (ITRs) based on AAV2 together with one plasmid
encoding the AAV2 rep and AAV9 cap sequences in trans.44 Adeno-
viral helper function was provided by the third plasmid, delta F6. Af-
ter transfection of the three plasmids, cells were cultured for 48 hr, at
which point they were harvested and purified via a cesium chloride
gradient centrifugation.45 The viral titers of the purified rAAVs
were quantified by real-time qPCR using primers for the polyA
tail of the vector bGH (forward, 50-TCTAGTTGCCAGCCATCTG
TTGT-30; and reverse, 50-TGGGAGTGGCACCTTCCA-3). The
trans and helper plasmids were provided by James M. Wilson, Uni-
versity of Pennsylvania.

Cell Culture

Murine brain endothelial cells (bEnd3) were cultured in DMEM. For
the ring formation assay, 10,000 cells were seeded on matrigel-coated
m-slides (m-slides angiogenesis, Ibidi, Munich, Germany) in endothe-
lial growth medium supplemented with Tb4 (1 mg/mL) together with
either LDL or oxLDL (50 mg/mL, Life Technologies, Waltham, MA,
USA). Images of ring formation were taken 18 hr after cell seeding.
For migration assays, 70,000 bEnd3 cells were seeded on both sides
of a 35-mm culture dish with a 2-well culture insert, which was
removed upon confluency of the cells (24 hr), at which time cells
were treated, again with Tb4 (1 mg/mL) together with LDL/oxLDL
(50 mg/mL) for 22 hr in starving medium. Pictures were taken and
the area between the cell sheets was quantified using ImageJ.

Chronic Myocardial Ischemia in Pigs

Animal care and all experimental procedures were performed in strict
accordance with the German and NIH animal legislation guidelines
and were approved by the Bavarian Animal Care and Use Committee.
All pig experiments were conducted at the Walter-Brendel Centre for
Experimental Medicine at the LMU Munich.
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The induction of chronic myocardial ischemia was performed as
described.15,22 Landrace pigs aged 3months were subjected to chronic
myocardial ischemia via the implantation of a polytetrafluorethylene
(PTFE) membrane-covered stent into the proximal circumflex coro-
nary artery (Ramus circumflexus [RCx]). Pigs were anesthetized
followed by the instrumentation of the right common carotid artery
(A. carotis communis). Proper placement of the stent was surveyed
via coronary artery angiography. The implantation of the reduction
stent led to an immediate reduction of the vessel area by 75%, fol-
lowed by a total occlusion of the vessel after 28 days.46,47 The peripro-
cedural medication consisted of a loading with Clopidogrel 75 mg
daily for 3 days prior to reduction stent implantation. Furthermore,
during the procedure, pigs received 10,000 IU heparin and 500 mg
acetylsalicylic acid (ASS) intravenously (i.v.) directly before stent
implantation and, additionally, 10,000 IU heparin at the end of the
procedure. After the procedure, pigs received ASS 100 mg and clopi-
dogrel 75 mg for 7 days.

Upon reduction stent implantation, pigs were split into two groups,
one receiving regular diet and the other a high-fat diet. 28 days after
the implantation of the reduction stent, occlusion of the LCx was veri-
fied via angiography; thereafter, baseline measurements of EF and
left-ventricular end-diastolic pressure (LvEDP) were performed. Af-
ter these initial measurements, rAAV vectors (5 � 1012 viral particles
per pig) were injected into the great cardiac vein via pressure-regu-
lated retroinfusion (either rAAV.Tb4 or rAAV.LacZ). Pigs were
kept on their assigned diet for the next 28 days, upon which, on
day 56, measurements of EF and left-ventricular end-diastolic pres-
sure were repeated, followed by the assessment of regional myocardial
function by measuring subendocardial segment shortening in the
ischemic and non-ischemic areas of the heart.

In general, during this experimental setup, some pigs died within the
first 10-day period of the experiment. The rate of death was less than
20% with no difference between the groups. At day 28 all stents were
occluded. Furthermore, at day 56, the extent of infarct size (percent-
age of left ventricle) was obtained, and animals displaying more than
5% infarct size were excluded from the study to assure that the ob-
tained results reflected the reversal of hibernating myocardium and
not the remodeling after an acute myocardial infarction. Finally,
post mortem angiographies were performed to measure collateraliza-
tion in the ischemic area and to evaluate the Rentrop score, a reading
that estimates the filling of collaterals (0, no filling; 1, side branch
filling; 2, partial main vessel filling; and 3, complete main vessel
filling). Calculation of the collateral growth was performed in the
ischemic area and border zone. More specifically, vessels showing
the well-known screwdriver-like shape and vessels that directly con-
nected the left anterior descending (LAD) or the proximal LCx with
the vessel after the occlusion were counted as collaterals. Therefore,
the post mortem angiography was in all pigs performed with the
same orientation of the heart. After these measurements, organs
were harvested for further histological analysis. Group sizes were as
follows: NC + rAAV.LacZ, 7; NC + rAAV.Tb4, 6; HC + rAAV.LacZ,
4; and HC + rAAV.Tb4, 5.
1712 Molecular Therapy Vol. 26 No 7 July 2018
Histological Analysis

After explantation of the heart, the left ventricle was cut in 5 slices
from apex to bases in a 90-degree angle to the LAD. Thereafter, tissue
samples from slices 1–3 of the LCx area (ischemic) as well as the LAD
area (non-ischemic) were harvested. Tissue samples of the non-
ischemic (LAD-perfused) and ischemic (LCx-perfused) areas of the
heart in normal and high-fat diet pigs were analyzed for capillary den-
sity and inflammation. Calculation of capillarization was performed
in the ischemic area. Capillaries were stained with a CD31 (PECAM)
antibody (red fluorescent, SC1506, Santa Cruz Biotechnology, CA,
USA). Pictures were taken with high-power field magnification (40-
fold), and 5 independent pictures per region and animal were quan-
tified. Pro-inflammatory cells (macrophages) were stained with a
CD14 antibody (AbD Serotec, MCA1218F, Puchheim, Germany) in
the RCx-perfused ischemic tissue of normal and high-fat diet with
rAAV.Tb4 or rAAV.LacZ transduction. Pictures were taken with
low-power field magnification (10-fold) and 5 independent pictures
per region and animal were quantified.

Statistical Analysis

Data are given as mean ± SEM. Differences among several groups
were tested using ANOVA and Student Newman Keul’s post
hoc analysis. A p value of < 0.05 was considered statistically
significant. All data were assessed using the SPSS software package
(version 20.0; https://www.ibm.com/analytics/data-science/predictive-
analytics/spss-statistical-software). Sample sizes are provided in the
figure legends.

AUTHOR CONTRIBUTIONS
R.H. and C.K. conceived the project, designed and performed exper-
iments, coordinated collaborations, and wrote the manuscript. T.Z.
and A.B. performed the experiments, analyzed data, and wrote the
manuscript. W.H., A.H., and K.K. analyzed pig experiments and per-
formed histology analysis. C.W. and K.L.L. gave technical support
and conceptual advice, interpreted results, and critically reviewed
the manuscript.

CONFLICTS OF INTEREST
There are no conflicts of interest.

ACKNOWLEDGMENTS
We thank Tien Cuong Kieu, Elisabeth Raatz, and Anja Wolf for their
excellent technical assistance. This work was supported by the
German Ministry of Education and Research (BMBF, GENEVA, to
C.K. and R.H.) and the Else-Kröner-Fresenius Stiftung (to C.K. and
R.H.).

REFERENCES
1. Lloyd-Jones, D., Adams, R.J., Brown, T.M., Carnethon, M., Dai, S., De Simone, G.,

Ferguson, T.B., Ford, E., Furie, K., Gillespie, C., et al.; WRITING GROUP
MEMBERS; American Heart Association Statistics Committee and Stroke Statistics
Subcommittee (2010). Heart disease and stroke statistics–2010 update: a report
from the American Heart Association. Circulation 121, e46–e215.

2. GBD 2015 DALYs and HALE Collaborators (2016). Global, regional, and national
disability-adjusted life-years (DALYs) for 315 diseases and injuries and healthy life

https://www.ibm.com/analytics/data-science/predictive-analytics/spss-statistical-software
https://www.ibm.com/analytics/data-science/predictive-analytics/spss-statistical-software
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref1
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref1
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref1
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref1
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref1
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref2
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref2


www.moleculartherapy.org
expectancy (HALE), 1990-2015: a systematic analysis for the Global Burden of
Disease Study 2015. Lancet 388, 1603–1658.

3. GBD 2015 Mortality and Causes of Death Collaborators (2016). Global, regional, and
national life expectancy, all-cause mortality, and cause-specific mortality for 249
causes of death, 1980-2015: a systematic analysis for the Global Burden of Disease
Study 2015. Lancet 388, 1459–1544.

4. Brantley, P.J., Myers, V.H., and Roy, H.J. (2005). Environmental and lifestyle influ-
ences on obesity. J. La. State Med. Soc. 157, S19–S27.

5. Landsberg, L., Aronne, L.J., Beilin, L.J., Burke, V., Igel, L.I., Lloyd-Jones, D., and
Sowers, J. (2013). Obesity-related hypertension: pathogenesis, cardiovascular risk,
and treatment–a position paper of the The Obesity Society and The American
Society of Hypertension. Obesity (Silver Spring) 21, 8–24.

6. Silva, D.F., Lyra, Cde.O., and Lima, S.C. (2016). [Dietary habits of adolescents and
associated cardiovascular risk factors: a systematic review]. Cien. Saude Colet. 21,
1181–1196.

7. Nahrendorf, M., and Swirski, F.K. (2015). Lifestyle effects on hematopoiesis and
atherosclerosis. Circ. Res. 116, 884–894.

8. David Spence, J. (2016). Dietary cholesterol and egg yolk should be avoided by pa-
tients at risk of vascular disease. J. Transl. Int. Med. 4, 20–24.

9. McQueen, M.J., Hawken, S., Wang, X., Ounpuu, S., Sniderman, A., Probstfield, J.,
Steyn, K., Sanderson, J.E., Hasani, M., Volkova, E., et al.; INTERHEART study inves-
tigators (2008). Lipids, lipoproteins, and apolipoproteins as risk markers of myocar-
dial infarction in 52 countries (the INTERHEART study): a case-control study.
Lancet 372, 224–233.

10. Zárate, A., Manuel-Apolinar, L., Saucedo, R., Hernández-Valencia, M., and Basurto,
L. (2016). Hypercholesterolemia As a Risk Factor for Cardiovascular Disease: Current
Controversial Therapeutic Management. Arch. Med. Res. 47, 491–495.

11. Lee, M.S., Park, H.S., Lee, B.C., Jung, J.H., Yoo, J.S., and Kim, S.E. (2016).
Identification of Angiogenesis Rich-Viable Myocardium using RGD Dimer based
SPECT after Myocardial Infarction. Sci. Rep. 6, 27520.

12. Weil, B.R., and Ozcan, C. (2015). Cardiomyocyte Remodeling in Atrial Fibrillation
and Hibernating Myocardium: Shared Pathophysiologic Traits Identify Novel
Treatment Strategies? BioMed Res. Int. 2015, 587361.

13. Holley, C.T., Long, E.K., Lindsey, M.E., McFalls, E.O., and Kelly, R.F. (2015).
Recovery of hibernating myocardium: what is the role of surgical revascularization?
J. Card. Surg. 30, 224–231.

14. Slezak, J., Tribulova, N., Okruhlicova, L., Dhingra, R., Bajaj, A., Freed, D., and Singal,
P. (2009). Hibernating myocardium: pathophysiology, diagnosis, and treatment. Can.
J. Physiol. Pharmacol. 87, 252–265.

15. Hinkel, R., Howe, A., Renner, S., Ng, J., Lee, S., Klett, K., Kaczmarek, V., Moretti, A.,
Laugwitz, K.L., Skroblin, P., et al. (2017). Diabetes Mellitus-Induced Microvascular
Destabilization in the Myocardium. J. Am. Coll. Cardiol. 69, 131–143.

16. Philp, D., and Kleinman, H.K. (2010). Animal studies with thymosin beta, a multi-
functional tissue repair and regeneration peptide. Ann. N Y Acad. Sci. 1194, 81–86.

17. Ye, L., Zhang, P., Duval, S., Su, L., Xiong, Q., and Zhang, J. (2013). Thymosin b4 in-
creases the potency of transplanted mesenchymal stem cells for myocardial repair.
Circulation 128 (11, Suppl 1), S32–S41.

18. Bongiovanni, D., Ziegler, T., D’Almeida, S., Zhang, T., Ng, J.K., Dietzel, S., Hinkel, R.,
and Kupatt, C. (2015). Thymosin b4 attenuates microcirculatory and hemodynamic
destabilization in sepsis. Expert Opin. Biol. Ther. 15 (Suppl 1 ), S203–S210.

19. Rossdeutsch, A., Smart, N., Dubé, K.N., Turner, M., and Riley, P.R. (2012). Essential
role for thymosin b4 in regulating vascular smooth muscle cell development and
vessel wall stability. Circ. Res. 111, e89–e102.

20. Smart, N., Risebro, C.A., Clark, J.E., Ehler, E., Miquerol, L., Rossdeutsch, A., Marber,
M.S., and Riley, P.R. (2010). Thymosin beta4 facilitates epicardial neovascularization
of the injured adult heart. Ann. N Y Acad. Sci. 1194, 97–104.

21. Ziegler, T., Kraus, M., Husada, W., Gesenhues, F., Jiang, Q., Pinkenburg, O.,
Trenkwalder, T., Laugwitz, K.L., le Noble, F., Weber, C., et al. (2017). Steerable
Induction of the Thymosin b4/MRTF-A Pathway via AAV-Based Overexpression
Induces Therapeutic Neovascularization. Hum. Gene Ther. , Published online
October 3, 2017. https://doi.org/10.1089/hum.2017.013.
22. Hinkel, R., Trenkwalder, T., Petersen, B., Husada, W., Gesenhues, F., Lee, S.,
Hannappel, E., Bock-Marquette, I., Theisen, D., Leitner, L., et al. (2014). MRTF-A
controls vessel growth and maturation by increasing the expression of CCN1 and
CCN2. Nat. Commun. 5, 3970.

23. Bohula, E.A., Morrow, D.A., Giugliano, R.P., Cannon, C.P., and Braunwald, E. (2017).
Reply: Ezetimibe, Risk Stratification, and Secondary Prevention. J. Am. Coll. Cardiol.
70, 1200.

24. Cannon, C.P., Blazing, M.A., Giugliano, R.P., McCagg, A., White, J.A., Theroux, P.,
Darius, H., Lewis, B.S., Ophuis, T.O., Jukema, J.W., et al.; IMPROVE-IT
Investigators (2015). Ezetimibe Added to Statin Therapy after Acute Coronary
Syndromes. N. Engl. J. Med. 372, 2387–2397.

25. Collins, R., Reith, C., Emberson, J., Armitage, J., Baigent, C., Blackwell, L.,
Blumenthal, R., Danesh, J., Smith, G.D., DeMets, D., et al. (2016). Interpretation of
the evidence for the efficacy and safety of statin therapy. Lancet 388, 2532–2561.

26. Ference, B.A., Robinson, J.G., Brook, R.D., Catapano, A.L., Chapman, M.J., Neff,
D.R., Voros, S., Giugliano, R.P., Davey Smith, G., Fazio, S., and Sabatine, M.S.
(2016). Variation in PCSK9 and HMGCR and Risk of Cardiovascular Disease and
Diabetes. N. Engl. J. Med. 375, 2144–2153.

27. Holme, I., Boman, K., Brudi, P., Egstrup, K., Gohlke-Baerwolf, C., Kesäniemi, Y.A.,
Malbecq, W., Rossebø, A.B., Wachtell, K., Willenheimer, R., and Pedersen, T.R.
(2010). Observed and predicted reduction of ischemic cardiovascular events in the
Simvastatin and Ezetimibe in Aortic Stenosis trial. Am. J. Cardiol. 105, 1802–1808.

28. Robinson, J.G., Farnier, M., Krempf, M., Bergeron, J., Luc, G., Averna, M., Stroes, E.S.,
Langslet, G., Raal, F.J., El Shahawy, M., et al.; ODYSSEY LONG TERM Investigators
(2015). Efficacy and safety of alirocumab in reducing lipids and cardiovascular events.
N. Engl. J. Med. 372, 1489–1499.

29. Badimon, L., and Vilahur, G. (2012). LDL-cholesterol versus HDL-cholesterol in the
atherosclerotic plaque: inflammatory resolution versus thrombotic chaos. Ann. N Y
Acad. Sci. 1254, 18–32.

30. Carmeliet, P., and Jain, R.K. (2000). Angiogenesis in cancer and other diseases.
Nature 407, 249–257.

31. Carmeliet, P., and Jain, R.K. (2011). Molecular mechanisms and clinical applications
of angiogenesis. Nature 473, 298–307.

32. Banquet, S., Gomez, E., Nicol, L., Edwards-Lévy, F., Henry, J.P., Cao, R., Schapman,
D., Dautreaux, B., Lallemand, F., Bauer, F., et al. (2011). Arteriogenic therapy by in-
tramyocardial sustained delivery of a novel growth factor combination prevents
chronic heart failure. Circulation 124, 1059–1069.

33. Tao, Z., Chen, B., Tan, X., Zhao, Y., Wang, L., Zhu, T., Cao, K., Yang, Z., Kan, Y.W.,
and Su, H. (2011). Coexpression of VEGF and angiopoietin-1 promotes angiogenesis
and cardiomyocyte proliferation reduces apoptosis in porcine myocardial infarction
(MI) heart. Proc. Natl. Acad. Sci. USA 108, 2064–2069.

34. Kupatt, C., Hinkel, R., Pfosser, A., El-Aouni, C., Wuchrer, A., Fritz, A., Globisch, F.,
Thormann, M., Horstkotte, J., Lebherz, C., et al. (2010). Cotransfection of vascular
endothelial growth factor-A and platelet-derived growth factor-B via recombinant
adeno-associated virus resolves chronic ischemic malperfusion role of vessel matura-
tion. J. Am. Coll. Cardiol. 56, 414–422.

35. Kapourchali, F.R., Surendiran, G., Chen, L., Uitz, E., Bahadori, B., and Moghadasian,
M.H. (2014). Animal models of atherosclerosis. World J. Clin. Cases 2, 126–132.

36. Gerrity, R.G., Natarajan, R., Nadler, J.L., and Kimsey, T. (2001). Diabetes-induced
accelerated atherosclerosis in swine. Diabetes 50, 1654–1665.

37. Griggs, T.R., Bauman, R.W., Reddick, R.L., Read, M.S., Koch, G.G., and Lamb, M.A.
(1986). Development of coronary atherosclerosis in swine with severe hypercholes-
terolemia. Lack of influence of von Willebrand factor or acute intimal injury.
Arteriosclerosis 6, 155–165.

38. Holvoet, P., Theilmeier, G., Shivalkar, B., Flameng, W., and Collen, D. (1998). LDL
hypercholesterolemia is associated with accumulation of oxidized LDL, atheroscle-
rotic plaque growth, and compensatory vessel enlargement in coronary arteries of
miniature pigs. Arterioscler. Thromb. Vasc. Biol. 18, 415–422.

39. Neeb, Z.P., Edwards, J.M., Alloosh, M., Long, X., Mokelke, E.A., and Sturek, M.
(2010). Metabolic syndrome and coronary artery disease in Ossabaw compared
with Yucatan swine. Comp. Med. 60, 300–315.
Molecular Therapy Vol. 26 No 7 July 2018 1713

http://refhub.elsevier.com/S1525-0016(18)30263-6/sref2
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref2
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref3
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref3
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref3
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref3
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref4
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref4
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref5
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref5
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref5
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref5
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref6
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref6
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref6
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref7
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref7
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref8
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref8
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref9
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref9
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref9
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref9
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref9
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref10
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref10
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref10
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref11
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref11
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref11
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref12
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref12
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref12
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref13
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref13
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref13
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref14
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref14
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref14
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref15
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref15
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref15
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref16
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref16
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref17
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref17
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref17
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref18
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref18
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref18
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref18
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref19
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref19
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref19
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref20
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref20
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref20
https://doi.org/10.1089/hum.2017.013
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref22
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref22
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref22
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref22
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref23
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref23
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref23
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref24
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref24
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref24
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref24
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref25
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref25
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref25
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref26
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref26
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref26
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref26
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref27
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref27
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref27
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref27
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref28
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref28
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref28
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref28
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref29
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref29
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref29
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref30
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref30
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref31
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref31
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref32
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref32
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref32
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref32
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref33
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref33
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref33
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref33
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref34
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref34
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref34
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref34
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref34
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref35
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref35
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref36
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref36
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref37
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref37
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref37
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref37
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref38
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref38
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref38
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref38
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref39
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref39
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref39
http://www.moleculartherapy.org


Molecular Therapy
40. Vanlandewijck, M., He, L., Mäe, M.A., Andrae, J., Ando, K., Del Gaudio, F., Nahar, K.,
Lebouvier, T., Laviña, B., Gouveia, L., et al. (2018). A molecular atlas of cell types and
zonation in the brain vasculature. Nature 554, 475–480.

41. Ryu, J.K., Cho, C.H., Shin, H.Y., Song, S.U., Oh, S.M., Lee, M., Piao, S., Han, J.Y., Kim,
I.H., Koh, G.Y., and Suh, J.K. (2006). Combined angiopoietin-1 and vascular endo-
thelial growth factor gene transfer restores cavernous angiogenesis and erectile func-
tion in a rat model of hypercholesterolemia. Mol. Ther. 13, 705–715.

42. Gonzalez-Quesada, C., Cavalera, M., Biernacka, A., Kong, P., Lee, D.W., Saxena, A.,
Frunza, O., Dobaczewski, M., Shinde, A., and Frangogiannis, N.G. (2013).
Thrombospondin-1 induction in the diabetic myocardium stabilizes the cardiac ma-
trix in addition to promoting vascular rarefaction through angiopoietin-2 upregula-
tion. Circ. Res. 113, 1331–1344.

43. Ryu, Y.K., Lee, J.W., and Moon, E.Y. (2015). Thymosin Beta-4, Actin-Sequestering
Protein Regulates Vascular Endothelial Growth Factor Expression via Hypoxia-
Inducible Nitric Oxide Production in HeLa Cervical Cancer Cells. Biomol. Ther.
(Seoul) 23, 19–25.
1714 Molecular Therapy Vol. 26 No 7 July 2018
44. Bish, L.T., Morine, K., Sleeper, M.M., Sanmiguel, J., Wu, D., Gao, G., Wilson, J.M.,
and Sweeney, H.L. (2008). Adeno-associated virus (AAV) serotype 9 provides global
cardiac gene transfer superior to AAV1, AAV6, AAV7, and AAV8 in the mouse and
rat. Hum. Gene Ther. 19, 1359–1368.

45. Lehrke, M., Lebherz, C., Millington, S.C., Guan, H.P., Millar, J., Rader, D.J., Wilson,
J.M., and Lazar, M.A. (2005). Diet-dependent cardiovascular lipid metabolism
controlled by hepatic LXRalpha. Cell Metab. 1, 297–308.

46. Kupatt, C., Hinkel, R., von Brühl, M.L., Pohl, T., Horstkotte, J., Raake, P., El Aouni, C.,
Thein, E., Dimmeler, S., Feron, O., and Boekstegers, P. (2007). Endothelial nitric ox-
ide synthase overexpression provides a functionally relevant angiogenic switch in hi-
bernating pig myocardium. J. Am. Coll. Cardiol. 49, 1575–1584.

47. von Degenfeld, G., Raake, P., Kupatt, C., Lebherz, C., Hinkel, R., Gildehaus, F.J.,
Münzing, W., Kranz, A., Waltenberger, J., Simoes, M., et al. (2003). Selective pres-
sure-regulated retroinfusion of fibroblast growth factor-2 into the coronary vein en-
hances regional myocardial blood flow and function in pigs with chronic myocardial
ischemia. J. Am. Coll. Cardiol. 42, 1120–1128.

http://refhub.elsevier.com/S1525-0016(18)30263-6/sref40
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref40
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref40
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref41
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref41
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref41
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref41
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref42
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref42
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref42
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref42
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref42
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref43
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref43
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref43
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref43
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref44
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref44
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref44
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref44
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref45
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref45
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref45
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref46
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref46
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref46
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref46
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref47
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref47
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref47
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref47
http://refhub.elsevier.com/S1525-0016(18)30263-6/sref47

	Tβ4 Increases Neovascularization and Cardiac Function in Chronic Myocardial Ischemia of Normo- and Hypercholesterolemic Pigs
	Introduction
	Results
	Tβ4 Improves Endothelial Cell Function In Vitro during oxLDL Stress
	Improved Vascularization by Tβ4 during Hypercholesterolemia in the Hibernating Myocardium
	Tβ4 Ameliorates the Loss of Myocardial Function to a Lesser Extent in Hypercholesterolemic Pigs

	Discussion
	Materials and Methods
	Adeno-Associated Viral Vector Generation
	Cell Culture
	Chronic Myocardial Ischemia in Pigs
	Histological Analysis
	Statistical Analysis

	Author Contributions
	Conflicts of Interest
	Acknowledgments
	References


