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Aims Cardiac remodelling in the ischaemic heart determines prognosis in patients with ischaemic heart disease (IHD),
while enhancement of angiogenesis and cell survival has shown great potential for IHD despite translational chal-
lenges. Phosphoinositide 3-kinase (PI3K)/Akt signalling pathways play a critical role in promoting angiogenesis and
cell survival. However, the effect of PI3Kb in the ischaemic heart is poorly understood. This study investigates the
role of endothelial and cardiomyocyte (CM) PI3Kb in post-infarct cardiac remodelling.

....................................................................................................................................................................................................
Methods
and results

PI3Kb catalytic subunit-p110b level was increased in infarcted murine and human hearts. Using cell type-specific
loss-of-function approaches, we reported novel and distinct actions of p110b in endothelial cells (ECs) vs. CMs
in response to myocardial ischaemic injury. Inactivation of endothelial p110b resulted in marked resistance to
infarction and adverse cardiac remodelling with decreased mortality, improved systolic function, preserved micro-
vasculature, and enhanced Akt activation. Cultured ECs with p110b knockout or inhibition displayed preferential
PI3Ka/Akt/endothelial nitric oxide synthase signalling that consequently promoted protective signalling and angio-
genesis. In contrast, mice with CM p110b-deficiency exhibited adverse post-infarct ventricular remodelling with
larger infarct size and deteriorated cardiac function, which was due to enhanced susceptibility of CMs to ischaemia-
mediated cell death. Disruption of CM p110b signalling compromised nuclear p110b and phospho-Akt levels lead-
ing to perturbed gene expression and elevated pro-cell death protein levels, increasing the susceptibility to
CM death. A similar divergent response of PI3Kb endothelial and CM mutant mice was seen using a model of myo-
cardial ischaemia–reperfusion injury.

....................................................................................................................................................................................................
Conclusion These data demonstrate novel, differential, and cell-specific functions of PI3Kb in the ischaemic heart. While the

loss of endothelial PI3Kb activity produces cardioprotective effects, CM PI3Kb is protective against myocardial
ischaemic injury.
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1. Introduction

Ischaemic heart disease has a high risk of developing heart failure (HF)
with a high morbidity and mortality burden worldwide.1 Given the high
metabolic demands of the heart, disruption of coronary blood flow leads

to the loss of cardiomyocytes (CMs) followed by scar formation, both of
which are characteristic changes of myocardial infarction (MI) and ischae-
mia–reperfusion (IR) injury.2,3 Hence, improving vascular supply by
proangiogenic therapy and preventing CM death can protect the ischae-
mic myocardium. During angiogenesis, various angiogenic signals, such as
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vascular endothelial growth factor (VEGF), activate quiescent endothelial
cells (ECs), which proliferate and differentiate to form microvascular
sprouts and ultimately neovessels, rescuing peri-infarct CMs and pre-
venting the transition to HF.4 Meanwhile, necrosis, apoptosis, and
autophagy are major contributors to CM death in ischaemic hearts, and
the extent of CM loss determines infarct size, cardiac function, and pa-
tient outcomes.5

Phosphoinositide 3-kinase (PI3K) signalling pathways are central
determinants of cellular response to injury and play a critical role in pro-
moting angiogenesis and cell survival.6 Members of the class IA PI3Ks are
composed of a p110 catalytic subunit (a, b, and d) and a regulatory subu-
nit. Activation of insulin- or growth factor-receptor complexes stimulate
PI3Ks which promote the production of phosphatidylinositol-3,4,5-tri-
sphosphate (PIP3) and plasma membrane recruitment of PIP3-binding
proteins, regulating various cellular responses. VEGF and its receptors
signal through PI3Ka/Akt/endothelial nitric oxide synthase (eNOS) path-
way in ECs, controlling cell survival, migration, vascular permeability, and
vessel sprouting.7–9 In CMs, PI3Ka/Akt signalling regulates ischaemia-
driven CM apoptosis, hypertrophy, and contractile function.10,11

As a member of the class IA PI3Ks, PI3K p110b isoform is ubiquitously
expressed and was originally considered being functionally redundant
because p110b functions are similar to other PI3Ks (p110a and
p110c).12,13 In ECs, p110b activity is lower than p110a, and mice har-
bouring inactivated-p110b ECs display normal vasculature, suggesting a
dispensable role of p110b during embryonic vascular development.7

However, the role of p110b in response to injury has not been exam-
ined. Using genetic murine models, we examined the cell-specific func-
tion of p110b in ECs vs. CMs in response to myocardial ischaemic injury.
Here, we demonstrate that inhibition of endothelial p110b protects the
ischaemic heart by promoting the PI3Ka/Akt/eNOS signalling pathway
and angiogenesis, while inhibition of p110b activity in CMs exacerbates
the adverse cardiac remodelling post-MI by sensitizing CMs to ischae-
mia-triggered cell death.

2. Methods

2.1 Animal models and human explanted
hearts
Mice with p110b-inactivation under the control of Tie2 promoter-
driven conditionally-active Cre recombinase (p110b-Tie2) or a-MHC
promoter-controlled constitutively-active Cre (p110b-aMHC) were
generated as described.13,14 Homozygous littermates p110bflox/flox

(p110bFlx) mice and mice expressing aMHC-driven Cre (aMHC-Cre)
were used as controls. Tamoxifen (Sigma-Aldrich) was given to 10-
week-old p110b-Tie2 and littermate controls to activate Cre in ECs in
p110b-Tie2 mice. Cre deletes exons 21 and 22 from Pik3cb (gene encod-
ing p110b), producing a truncated p110b which lacks catalytic activity.
Animal experiments were conducted in accordance with the Canadian
Council for Animal Care guidelines and the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of Health
(revised 2011).

MI was achieved by permanent ligation of the proximal left anterior
descending artery (LAD). The ligation or sham surgery was performed on
12-week-old male mice by a technician who was blinded to the geno-
type.15 Infarct size was visualized using Triphenyl Tetrazolium Chloride
(TTC) (Sigma) staining and Masson’s trichrome staining. The procedures
for IR surgery with 30-min occlusion protocol were similar to the MI sur-
gery except that a piece of polyethylene tubing was placed on the LAD to

minimize vessel damage.16 The IR protocol was validated by Evans Blue
perfusion and electrocardiogram (ECG). Mice were sacrificed
with intraperitoneal injection with ketamine (100 mg/kg) and xylazine
(10 mg/kg) cocktail, and the heart tissue and bone marrow were collected.

Human tissue from non-failing control hearts and failing post-MI
hearts were collected from Human Organ Procurement and Exchange
program (HOPE) and Human Explanted Heart Program (HELP), respec-
tively, with ethical approval from the Mazankowski Alberta Heart
Institute and the Institutional Ethics Committee.15 Informed and signed
consents were obtained from all participants; and our study conformed
to the principles outlined in the Declaration of Helsinki.

2.2 Echocardiography
Noninvasive transthoracic echocardiography was performed on mice
anesthetized with 1.5% isoflurane in O2 using Vevo 3100 (Visualsonics).
Conventional measurements and speckle-tracking strain analysis was
carried out.15,17 Global peak systolic strain was calculated as the average
of 6 standard anatomical segments.

2.3 Immunofluorescence
Immunofluorescence staining was performed using established proto-
cols.15 Wheat Germ Agglutinin (WGA, Invitrogen) staining was per-
formed to outline CMs. Fluorescein-conjugated Lectin (Vectorlabs)
intravital perfusion was performed to identify the functional vasculature.15

Fragmented DNA of apoptotic cells was detected using the DeadEnd
Fluorometric Terminal Deoxynucleotidyl Transferase-mediated dUTP
Nick-End Labeling (TUNEL) System (Promega) according to instructions.

2.4 EC culture and bead angiogenesis assay
Human umbilical vein ECs (HUVECs) and human coronary artery ECs
(HCAECs, ATCC) were used between passage 3 and 7. ECs cultured to
70–80% confluence were transfected with small interfering RNA against
human p110b (sip110b) or scrambled small interfering RNA (s-siRNA)
for 48 h to test the effects of genetic ablation of p110b on ECs.
Pharmacological inhibition of p110b using the p110b-specific inhibitor
TGX-221 (500 nmol/L, Cayman Chemical) was used on ECs for 48 h.
Cells were starved in basal medium for 5 h prior to stimulation with
50 ng/mL or 100 ng/mL recombinant human VEGF165 (PeproTech) for
10 min. Where indicated, cells were pre-incubated with the p110a-spe-
cific inhibitor BYL-719 (500 nmol/L, Cayman Chemical) or the Akt inhibi-
tor MK-2206 (1mmol/L, APExBIO) for 1 h before VEGF stimulation.

In vitro angiogenesis bead assay of HUVECs/HCAECs was performed
as described.15 The number of sprouts was counted using image analysis
software (OpenLab), and at least 30 beads per independent experiment
were analysed.

2.5 Adult CM isolation, culture, and
stretching
Adult murine left ventricular CMs were isolated from isoflurane
(2%)-anaesthetized mice; and the isolated CMs were cultured and
stretched as described.18 Plated CMs were cyclically stretched at 1 Hz
with an elongation of 5% for 3 h by Flexcell FX-5000 Tension System
(Flexcell International Corp) in serum-free culture medium under a 2%
CO2 and 5% O2 atmosphere.

1344 X. Chen et al.
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2.6 Immunoblotting and nuclear
fractionation
Immunoblotting and nuclear fractionation were performed as previously
described.15,19 Histone H3 and GAPDH (Cell Signaling) were used as nu-
clear and cytosolic markers, respectively.

2.7 RNA sequencing and TaqMan RT-PCR
RNA isolation and RNA sequencing were performed as described.20

Total RNAs from left ventricles (three LVs/group) were extracted. Data
were analysed using WebGestalt, Protein ANalysis THrough
Evolutionary Relationships (PANTHER) classification system
(Pantherdb.org), and Ingenuity Pathway Analysis. RNA expression levels
were examined by TaqMan real-time polymerase chain reaction (RT-
PCR) as described.15 The expression levels of myocardial disease
markers, including atrial natriuretic peptide (Anp), brain natriuretic pep-
tide (Bnp), and b-myosin heavy chain (b-Mhc), were examined.

2.8 Statistical analysis
Statistical analyses were carried out using SPSS Statistics 24 software,
and statistical significance was defined as P < 0.05 (two sided).
Continuous data were presented in scatter plots with mean ± SEM. The
differences between two groups were evaluated using independent
t-test or Mann–Whitney U test after normality examination. One-way
ANOVA or Kruskal–Wallis test with pairwise comparisons were used in
studies with more than two groups based on the normality of the data.
Survival data were presented as the Kaplan–Meier plots and the log-rank
test was used to evaluate the statistical significance.

3. Results

3.1 Akt phosphorylation and p110b are
elevated in ischaemic hearts
Because of the vital role of cardiac Akt in injury repair,21 we examined
the protein levels of Akt in post-MI murine heart and found increased
Akt phosphorylation, especially at threonine-308, in the infarct and peri-
infarct area (Figure 1A). As one of the upstream regulator of Akt activa-
tion, the p110b protein level was assessed next to evaluate the effect of
MI on p110b. We observed an increase in p110b level in the infarct and
peri-infarct area, and to a lesser extent, in the non-infarct area
(Figure 1A). Importantly, explanted human hearts showed largely similar
trends of phospho-Akt and p110b levels following MI (Figure 1B), sug-
gesting a conserved mechanism of up-regulation of p110b following
myocardial ischaemia. Immunofluorescence analysis showed that in both
murine and human hearts, p110b was expressed in both ECs and CMs,
and while p110b was constitutively expressed in ECs, it was highly up-
regulated and localized to the nuclei in CMs (Figure 1C and D). These
findings suggest that p110b could have specific and distinct functions in
ECs and CMs. Thus, we examined the function of p110b in ECs and CMs
separately in response to MI and myocardial IR injury using genetically
modified mice.

3.2 Endothelial PI3Kb inactivation
improves cardiac function and remodelling
after MI
To gain insight into the role of endothelial p110b in post-MI remodelling,
we generated p110b-Tie2 mice in which endothelial p110b was condi-
tionally and partially deleted, producing truncated p110b protein lacking

catalytic activity.13 Successful genetic inactivation of p110b in p110b-
Tie2 was confirmed by PCR analysis with truncated p110b gene expres-
sion without affecting haematopoietic cells (Supplementary material on-
line, Figure S1A). Both p110b-Tie2 and littermate control (p110bFlx)
mice showed similar body weight, heart weight, LV weight, and levels of
p110b, p110a, and phospho-Akt in LV protein extracts (Supplementary
material online, Figure S1B and C).

p110b-Tie2 and littermate controls were randomly and blindly
assigned to sham operation or MI induction (Supplementary material on-
line, Figure S1D). While sham-operated groups had similar cardiac func-
tion, post-MI p110b-Tie2 exhibited higher survival rate (92% vs. 74%) by
Day 7, with improved post-MI cardiac function reflected by maintained
left ventricular end-diastolic and end-systolic dimensions, greater ejec-
tion fraction, and enhanced regional systolic function (Figure 2A and B
and Supplementary material online, Table S1). Consistent with the pres-
ervation of post-MI cardiac function, p110b-Tie2 hearts showed lower
expression levels of myocardial disease markers with equivalent hyper-
trophy in both genotypes (Supplementary material online, Figure S1E and
F). While initial post-MI infarct size and apoptotic level were comparable
between genotypes, p110b-Tie2 showed reduced infarct expansion on
Day 7 and absence of post-MI pulmonary oedema (Supplementary mate-
rial online, Figure S1G–I and Figure 2C). Moreover, even though sham-
operated hearts and the non-infarct area of post-MI hearts displayed sim-
ilar vascular density between genotypes, p110b-Tie2 showed increased
vascular density in the infarct and peri-infarct areas, confirmed by EC
marker staining and lectin in vivo perfusion for the detection of functional
vessels (Figure 2D). Since PI3K/Akt/eNOS and Erk1/2 pathways are criti-
cal mediators of cardioprotection,22 we examined the levels of
phospho-Akt and phospho-Erk1/2 and found both were increased in
post-MI p110b-Tie2 hearts compared with control, while phospho-
eNOS was significantly increased in the infarct and remote areas
(Figure 2E). Taken together, these findings demonstrate that catalytic in-
activation of endothelial p110b results in marked cardioprotection fol-
lowing MI associated with preserved vascular density and increased Akt
activation in the ischaemic area.

3.3 Loss of PI3Kb activity promotes
VEGF-induced PI3Ka/Akt signalling and
angiogenic sprouting in ECs
The VEGF/VEGF receptor axis plays a crucial and well-established role
in vascular survival and angiogenesis through PI3Ka/Akt signalling.22,23

This was also supported by our findings in HUVECs that Akt activation
was required for VEGF-induced angiogenic sprouting using Akt inhibitor
(MK-2206), VEGF-stimulated Akt activation largely depended on the ac-
tivity of PI3Ka as the p110a specific inhibitor (BYL-719) completely abol-
ished the effect of VEGF-induced Akt phosphorylation without affecting
p110b and p110a protein levels, and VEGF-induced eNOS activation
partially relied on Akt activity (Supplementary material online, Figure
S2A–C and Figure 3A). Because of the vital role of PI3Ka in VEGF-induced
and Akt-mediated angiogenesis, we hypothesized that selective inactiva-
tion of p110b in ECs might up-regulate PI3K/Akt signalling via the p110a
isoform. We first tested the effects of VEGF on HUVECs with p110b-
specific siRNA which showed that abrogation of p110b increased Akt
and eNOS phosphorylation upon VEGF stimulation which was
completely blocked by BYL-719 (Supplementary material online, Figure
S2D–E). These results suggest that the abrogation of p110b leads to an
enhanced activation of PI3Ka/Akt signalling. Next, we studied the effect
of pharmacological p110b inhibition in ECs on VEGF-induced Akt/eNOS

Endothelial and cardiomyocyte PI3Kb in ischaemic hearts 1345
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activation as cardioprotective effects were observed in mice with endo-
thelial-p110b inactivation (p110b-Tie2). Consistent with our animal and
p110b-deleted EC data, the p110b specific inhibitor (TGX-221) potenti-
ated VEGF-induced Akt activation in HUVECs, which was completely
dependent on intact p110a signalling (Figure 3B and C).

To address whether these effects exist in cardiac ECs, HCAECs were
cultured to examine the effect of p110b inhibition on VEGF/PI3K/Akt
signalling. Immunofluorescence analysis confirmed the expression of
p110b in cardiac ECs (Supplementary material online, Figure S2F).
Consistent with our findings in HUVECs, p110b inhibition in HCAECs
resulted in a striking increase in Akt and eNOS phosphorylation upon
VEGF stimulation without affecting p110a and p110b protein levels,
which were suppressed by p110a inhibition (Figure 3D and E). Since the
PI3K/Akt pathway is critical in angiogenesis and increased vasculature
was detected in the ischaemic area in post-MI p110b-Tie2 hearts, we
performed the angiogenic bead assay to test the effect of p110b inhibi-
tion on angiogenic sprouting in HCAECs. Coinciding with increased Akt
activation, p110b inhibition potentiated angiogenic sprouting (Figure 3F).
Taken together, these data suggest that inhibiting p110b activity enhan-
ces VEGF-mediated Akt activation via the p110a isoform resulting in in-
creased angiogenic response in cardiac ECs.

3.4 Inactivation of PI3Kb in CMs
exacerbates cardiac dysfunction
following MI
We next evaluated the role of CM-p110b in post-MI remodelling using
p110b-aMHC mice which expressed kinase-dead p110b specifically in
CMs (Supplementary material online, Figure S3A). Analysis of truncated
p110b gene expression confirmed the success of p110b inactivation in
p110b-aMHC hearts, and the adult p110b-aMHC mice were viable and
fertile with comparable body weight to littermate controls-p110bFlx
(Supplementary material online, Figure S3B–C). The protein level of
p110b was reduced in p110b-aMHC hearts without altering whole-
heart baseline phospho-Akt levels (Figure 4A). At Day 7 post-MI,
p110b-aMHC mice exhibited a trend of increased mortality com-
pared with controls (62% vs. 76%), with increased left ventricular
dimensions, deteriorated systolic function, and worsened regional
systolic function (Figure 4B and C and Supplementary material online,
Table S2). Chamber dimensions and cardiac function did not differ
between genotypes in sham-operated groups (Figure 4C and
Supplementary material online, Table S2). Littermate controls
(p110bFlx) exhibited similar cardiac systolic function as aMHC-Cre
mice following sham operation and MI (Supplementary material
online, Figure S3D), showing that the aMHC transgene expression
alone did not affect post-MI remodelling.

Consistent with worsened cardiac function, p110b-aMHC hearts
showed larger infarcted area on Days 1 and 7 after MI accompanied by pul-
monary oedema (Figure 4D and Supplementary material online, Figure S3E).
This functional and structural deterioration in post-MI p110b-aMHC
hearts was accompanied by increased pathological hypertrophy, reduced
coronary microvasculature, and strikingly increased MI-related myocardial
inflammation (Figure 4E–G). Importantly, analysis of the canonical Akt sig-
nalling pathway displayed comparable pAkt-T308 levels, while phosphory-
lation of Akt at serine-473 was slightly increased in the peri-infarct area of
p110b-aMHC hearts (Figure 4H). These results demonstrate that in strik-
ing contrast to p110b function in ECs, loss of p110b activity in CMs results
in increased susceptibility to ischaemic injury and adverse post-MI remod-
elling illustrating a novel cell-dependent role of PI3Kb signalling.

3.5 CMs with PI3Kb deficiency are prone to
hypoxia-induced cell death: roles of PI3Kb
in the regulation of myocardial gene
expression
Given the increase in infarct size in p110b-aMHC hearts, we hypothe-
sized that p110b prevents CM cell death. Immunofluorescence and
western blot analysis demonstrated increased apoptosis in post-MI
p110b-aMHC hearts, characterized by elevated apoptotic cell number
and cleaved caspase 3 protein levels (Figure 5A). Since CMs are not the
only cell types to undergo apoptosis under MI, we combined TUNEL
and WGA staining to evaluate apoptotic CMs which confirmed an in-
crease in apoptotic CMs in the infarct and peri-infarct area (Figure 5B).
To elucidate the molecular mechanisms underlying the increased suscep-
tibility of p110b-aMHC CMs to apoptosis, we analysed cell death pro-
teins at baseline in left ventricular samples. Pro-apoptotic proteins,
including full-length caspase 3, full-length caspase 8, Bax, and Bak, were
up-regulated in p110b-aMHC; meanwhile, RIP3, a critical determinant of
necrosis, but not RIP1, was also up-regulated (Figure 5C). To determine
the effect of the loss of p110b in CMs, we isolated adult CMs and exam-
ined the role of p110b in hypoxia-induced cell death under cyclic me-
chanical stretch (Figure 5D). Consistent with normal cardiac structure
and function in p110b-aMHC mice, p110b-aMHC and control hearts
had comparable numbers of viable CMs after isolation (Supplementary
material online, Figure S3F). However, cell viability was decreased in
p110b-aMHC CMs compared with control CMs in response to 3-h cycli-
cal stretch under hypoxic condition (5%O2) (Figure 5E). In line with these
data, we observed higher creatine kinase level in the culture media, a
marker of CM cell death, and an increase in the number of apoptotic
CMs in p110b-aMHC CMs (Figure 5F–G). Thus, CMs with compromised
p110b activity develop an intrinsic susceptibility to cell death in response
to acute ischaemic and hypoxic stress.

Western blot analysis demonstrated that p110b was present in the
nuclear fraction of LVs, and immunostaining on isolated adult CMs con-
firmed the presence of p110b in the nuclei, and both cytosolic and nu-
clear fractions were decreased in p110b-aMHC hearts (Figure 6A).
Surprisingly, in p110b-aMHC hearts, phospho-Akt level was down-regu-
lated in the nuclear fraction, but not in the cytosolic fraction, without al-
teration in the protein levels of FoxO1 and FoxO3a, which are known
down-stream effectors of Akt phosphorylation (Figure 6B). Taken to-
gether, these findings indicate that deficiency of CM-p110b results in de-
creased nuclear Akt phosphorylation which might affect nuclear activity
independent of FoxO transcription factors, leading to a pro-cell death
phenotype in CMs.

To better define the involvement of p110b in transcriptional control,
we performed RNA sequencing to clarify the differences in global gene
expression profiles in control and p110b-aMHC LVs, which revealed
1057 up-regulated genes and 838 down-regulated genes in p110b-
aMHC hearts, affecting the pathways associated with metabolism, cell
cycle, and chemokine signalling (Figure 6C–D). Notably, among the af-
fected genes in the p110b-aMHC hearts, genes associated with cell
death were prominently up-regulated, while genes related to the regula-
tion of metabolic processes were down-regulated (Figure 6E). Among
the up-regulated genes related to biological processes, cellular processes
were altered, while protein tyrosine kinases signalling pathway showed
minimal changes (Figure 6F). Moreover, apoptosis and inflammatory sig-
nalling pathways were dramatically up-regulated in p110b-aMHC
(Figure 6G), which is consistent with our observations demonstrating ex-
cessive apoptosis and inflammation in the post-MI p110b-aMHC hearts.
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Figure 4 CM-specific inactivation of p110b exacerbates cardiac dysfunction after MI, resulting in adverse ventricular remodelling. (A) Western blot analy-
sis of p110b and Akt levels in p110b-aMHC and p110bFlx left ventricular lysates. *P < 0.05, n = 6–7 mice/group (t-test). (B) Kaplan–Meier survival analysis in
post-MI p110b-aMHC and control mice, n = 34–54 mice/group (log-rank test). (C) Echocardiographic images showing left ventricular morphology and func-
tional analysis of left ventricular end-systolic and end-diastolic volume (LVESV and LVEDV), ejection fraction (EF), and wall motion score index (WMSI).
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Ingenuity Pathway Analysis identified activation of Creb1, Smad3, Mkl1,
and Nr3c2 transcription factors; furthermore, Smad7, Tfam, Ppara, and
Klf15 transcription factors were inhibited in p110b-aMHC hearts
(Figure 6H). Several of these transcriptional regulators are known to be
associated with detrimental post-infarct outcomes (Mkl1, Nr3c2, Smad,
and Tfam), as well as with regulation of cardiac metabolism contributing
to infarct healing (Ppara and Klf15).24–29 Our data suggest that PI3Kb sig-
nalling in CM is required for protection against ischaemic injury and nu-
clear Akt contributes to this protection.

3.6 PI3Kb has divergent effects in ECs and
CMs facing IR injury
We next examined whether inactivation of p110b in ECs or CMs would
affect cardiac performance after IR injury which comprises of ischaemic
and reperfusion injury and commonly present in MI patients following
myocardial reperfusion treatments.30 IR injury was performed using
30 minutes of LAD occlusion followed by reperfusion in p110b-Tie2,
p110b-aMHC, and control mice. In vivo Evans Blue perfusion confirmed
the occlusion of the LAD as the affected myocardium remained
unstained, and successful reperfusion was confirmed when this area was
perfused with the dark blue dye stain after the release of LAD obstruc-
tion (Figure 7A). Furthermore, bipolar surface ECG obtained from these
mice showed prolonged QRS and elevated ST-segment after 30 min of
LAD occlusion compared to baseline ECG (Figure 7B), indicating the
presence of myocardial ischaemia. Myocardial strain analysis revealed
better longitudinal peak systolic strain in the p110b-Tie2 mice at Day 7
post-IR compared with control (Figure 7C). Consistent with improved
cardiac function, p110b-Tie2 mice exhibited higher coronary density in
the ischaemic and peri-ischaemic myocardium (Figure 7D). In contrast, at
7-day post-IR, p110b-aMHC mice displayed deteriorated cardiac func-
tion with decreased longitudinal peak systolic strain (Figure 7E). In addi-
tion, TUNEL staining of 3-h post-reperfusion hearts revealed increased
apoptotic CMs in p110b-aMHC hearts (Figure 7F). These results clearly
support the use of myocardial strain analysis to detect changes in cardiac
performance and demonstrate that endothelial inactivation of p110b is
cardioprotective against IR injury, while p110b deficiency in CMs enhan-
ces the susceptibility to IR injury.

4. Discussion

Our findings reveal a novel, critical, and cell-specific role of p110b in the
regulation of endothelial sprouting and CM survival in ischaemic hearts.
Using EC- and CM-specific p110b-inactivated mice which display compa-
rable cardiac function under physiological conditions, we demonstrate
that p110b plays distinct cell-specific roles in the ischaemic heart.
Specifically, inactivation of endothelial p110b enhances VEGF-stimulated
PI3Ka/Akt/eNOS signalling and angiogenesis, reducing myocardial

ischaemic injury in vivo, whereas CM-specific p110b ablation disrupts cel-
lular homeostasis with a pro-cell death profile, sensitizing CMs to cell
death following myocardial ischaemia (Figure 7G). In the heart, p110b is
expressed in ECs and CMs and is up-regulated following MI in both mu-
rine and human hearts confirming the PI3Kb signalling pathway is altered
in heart disease.

In striking contrast to the dispensable role of endothelial p110b in
adult quiescent cardiac vasculature,7 EC-specific p110b inactivation leads
to increased Akt phosphorylation, myocardial microvasculature preser-
vation, cardiac function maintenance, and reduced mortality after ischae-
mic injury. Activation of endothelial Akt/eNOS pathway is essential in
VEGF-induce postnatal angiogenesis by regulating cell survival, migration,
and NO release.8,31,32 Interestingly, despite that endothelial p110a drives
the VEGF-induced Akt phosphorylation and following angiogenesis, the
reduction or inhibition of p110b in HUVECs enhances VEGF-induced
PI3Ka/Akt activation and, to a lesser extent, eNOS activation, improving
angiogenic sprouting. The short-term endothelial p110b inhibition has
no influence on VEGF-induced Akt activation.7,33 However, studies on
p110a- or p110b-dependent cancer cells have revealed time-dependent
activation of PI3K/Akt signalling in response to dominant-PI3K isoform
inhibition by relieving the feedback inhibition of dominant-PI3K isoform
on another isoform.34,35 Similarly, our results suggest that inhibition of
p110b in ECs relieves feedback inhibition of p110b on p110a amplifying
VEGF-induced Akt activation and angiogenic sprouting after MI, leading
to reduced infarct size, protected cardiac function, and reduced
mortality.

Similarly to EC-p110b, CM-p110b is not required for postnatal car-
diac development.36 However, in response to myocardial ischaemia, in
contrast to the cardioprotective effects of endothelial p110b inactiva-
tion, we observe that inactivation of p110b in myocytes sensitizes them
to cell death, leading to adverse cardiac remodelling and deteriorated
cardiac function. In line with our observation that considerable nuclear-
p110b were present in the CMs, cytosolic p110b/p85b complexes are
known to enter the nucleus where they play a role in protecting cells
against oxidative stress-induced apoptosis and regulating DNA replica-
tion and repair.37–39 In this framework, inactivation and/or reduction in
levels of nuclear p110b should promote oxidative stress-induced apo-
ptosis and hinder DNA repair, facilitating cell death and increasing the in-
farct size. In addition, CM-p110b deficiency significantly affects the
transcriptional profile of the myocardium characterized by the altered
expression of metabolic genes and the increased expression of pro-
grammed cell death genes, leading to an increase in pro-cell death pro-
tein levels, including caspase 3, caspase 8, Bax, Bak, and RIP3, which are
associated with adverse outcomes in ischaemic hearts by promoting CM
death and increasing infarct size.5,40,41 In line with this framework, cardiac
overexpression of p110b mediates cardioprotective effects in mice with
MI by reducing hypoxia-induced CM apoptosis with increased Akt activa-
tion.42 In this study, we find that overall Akt activation is largely

Figure 4 Continued
*P < 0.05 vs. sham, #P < 0.05 vs. p110bFlx, n = 9–10 mice/group (one-way ANOVA). (D) Trichrome histological-stained images and TTC-stained
images and infarct size quantification on post-MI hearts. *P < 0.05, n = 4–7 mice/group (t-test). (E) Wheat Germ Agglutinin (WGA, green) immuno-
fluorescence staining outlining CM size. *P < 0.05 vs. sham, #P < 0.05 vs. p110bFlx, n = 3 mice/group (one-way ANOVA). (F) Vascular density and
capillary-to-CM ratio testing by CD31 (red) and WGA (green) immunofluorescence staining on post-surgery hearts. *P < 0.05 vs. sham/indicated
group, #P < 0.05 vs. p110bFlx, n = 3 mice/group (one-way ANOVA or t-test). (G) Neutrophils identified by Ly6B (red, left panels) and macrophages
marked by CD68 (red, right panels) immunofluorescence staining on post-MI hearts. *P < 0.05, n = 3 mice/group (t-test). (H) Western blot analysis
of Akt protein level in 7-day post-MI hearts. *P < 0.05 vs. p110bFlx, n = 5–7 mice/group (t-test).
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Figure 5 Inactivation of CM-p110b sensitizes CMs to cell death by increasing pro-cell death proteins expression, leading to increased post-MI cell death. (A)
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL, green) and DAPI (blue) immunofluorescence analysis for apoptotic cells
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Agglutinin (WGA, red), TUNEL, and DAPI immunofluorescence staining to highlight apoptotic CMs. *P < 0.05, n = 3 mice/group (t-test). (C) Western blot
analysis for baseline protein levels of full-length caspase 3, full-length caspase 8, Bax, Bak, RIP1, and RIP3 in left ventricular lysates from p110b-aMHC and con-
trol mice. *P < 0.05, n = 6–7 mice/group (t-test). (D) Study design for isolated adult CM stretching under hypoxic condition for 3 h, n = 3–4 experiments/group
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..unaffected by p110b deficiency either at quiescent or infarcted state,
which is in line with the prevailing view that p110b is not required for
postnatal cardiac development.36 However, nuclear Akt activation is di-
minished in p110b deficient mice, suggesting that the nuclear fraction of
p110b/Akt contributes to the adverse post-MI outcomes in the model.
The cardioprotective function of nuclear p110b may be mediated via
Akt, which is known to have multiple roles in the nucleus, such as pro-
moting cell survival and regulating cell cycle.43 Specifically, in the heart,
nuclear accumulation of Akt inhibits CM apoptosis, protecting the heart
against IR injury.44

Overall, our study highlights that p110b is a versatile PI3K isoform in
the heart where it has distinct roles in cardiac endothelium vs. CMs.
Inactivation of p110b in the cardiac endothelium protects the heart from
ischaemic injury by promoting PI3Ka/Akt signalling and angiogenesis,
whereas inactivation of p110b in CMs promotes ischaemia-induced cell
death by disrupting gene programs and increasing pro-cell death protein
levels.
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