
RESEARCH ARTICLE Energetics and Metabolism

Gene therapy targeting cardiac phosphoinositide 3-kinase (p110�) attenuates
cardiac remodeling in type 2 diabetes

X Darnel Prakoso,1,2* Miles J. De Blasio,1,2* Mitchel Tate,1,7 Helen Kiriazis,1 Daniel G. Donner,1

Hongwei Qian,1,3 David Nash,1 Minh Deo,1 Kate L. Weeks,1,7 X Laura J. Parry,2 Paul Gregorevic,1,3,8,9

Julie R. McMullen,1,5,6,7* and X Rebecca Helen Ritchie1,4,5,7*
1Baker Heart and Diabetes Institute, Melbourne, Victoria, Australia; 2School of Biosciences, The University of Melbourne,
Parkville, Victoria, Australia; 3Centre for Muscle Research, Department of Physiology, The University of Melbourne,
Parkville, Victoria, Australia; 4Pharmacology and Therapeutics, The University of Melbourne, Parkville, Victoria, Australia;
5Department of Medicine, Monash University, Clayton, Victoria, Australia; 6Department of Physiology, Monash University,
Clayton, Victoria, Australia; 7Department of Diabetes, Monash University, Clayton, Victoria, Australia; 8Biochemistry and
Molecular Biology, Monash University, Clayton, Victoria, Australia; and 9Department of Neurology, The University of
Washington, Seattle, Washington

Submitted 29 October 2019; accepted in final form 24 February 2020

Prakoso D, De Blasio MJ, Tate M, Kiriazis H, Donner DG,
Qian H, Nash D, Deo M, Weeks KL, Parry LJ, Gregorevic P,
McMullen JR, Ritchie RH. Gene therapy targeting cardiac phospho-
inositide 3-kinase (p110�) attenuates cardiac remodeling in type 2
diabetes. Am J Physiol Heart Circ Physiol 318: H840–H852, 2020.
First published March 6, 2020; doi:10.1152/ajpheart.00632.2019.—
Diabetic cardiomyopathy is a distinct form of heart disease that
represents a major cause of death and disability in diabetic patients,
particularly, the more prevalent type 2 diabetes patient population. In
the current study, we investigated whether administration of recom-
binant adeno-associated viral vectors carrying a constitutively active
phosphoinositide 3-kinase (PI3K)(p110�) construct (rAAV6-caPI3K)
at a clinically relevant time point attenuates diabetic cardiomyopathy
in a preclinical type 2 diabetes (T2D) model. T2D was induced by a
combination of a high-fat diet (42% energy intake from lipid) and
low-dose streptozotocin (three consecutive intraperitoneal injections
of 55 mg/kg body wt), and confirmed by increased body weight, mild
hyperglycemia, and impaired glucose tolerance (all P � 0.05 vs.
nondiabetic mice). After 18 wk of untreated diabetes, impaired left
ventricular (LV) systolic dysfunction was evident, as confirmed by
reduced fractional shortening and velocity of circumferential fiber
shortening (Vcfc, all P � 0.01 vs. baseline measurement). A single tail
vein injection of rAAV6-caPI3K gene therapy (2�1011vector ge-
nomes) was then administered. Mice were followed for an additional
8 wk before end point. A single injection of cardiac targeted rAAV6-
caPI3K attenuated diabetes-induced cardiac remodeling by limiting
cardiac fibrosis (reduced interstitial and perivascular collagen depo-
sition, P � 0.01 vs. T2D mice) and cardiomyocyte hypertrophy
(reduced cardiomyocyte size and Nppa gene expression, P � 0.001
and P � 0.05 vs. T2D mice, respectively). The diabetes-induced LV
systolic dysfunction was reversed with rAAV6-caPI3K, as demon-
strated by improved fractional shortening and velocity of circumfer-
ential fiber shortening (all P � 0.05 vs pre-AAV measurement). This
cardioprotection occurred in combination with reduced LV reactive
oxygen species (P � 0.05 vs. T2D mice) and an associated decrease
in markers of endoplasmic reticulum stress (reduced Grp94 and Chop,

all P � 0.05 vs. T2D mice). Together, our findings demonstrate that
a cardiac-selective increase in PI3K(p110�), via rAAV6-caPI3K,
attenuates T2D-induced diabetic cardiomyopathy, providing proof of
concept for potential translation to the clinic.

NEW & NOTEWORTHY Diabetes remains a major cause of death
and disability worldwide (and its resultant heart failure burden),
despite current care. The lack of existing management of heart failure
in the context of the poorer prognosis of concomitant diabetes repre-
sents an unmet clinical need. In the present study, we now demon-
strate that delayed intervention with PI3K gene therapy (rAAV6-
caPI3K), administered as a single dose in mice with preexisting type
2 diabetes, attenuates several characteristics of diabetic cardiomyop-
athy, including diabetes-induced impairments in cardiac remodeling,
oxidative stress, and function. Our discovery here contributes to the
previous body of work, suggesting the cardioprotective effects of
PI3K(p110�) could be a novel therapeutic approach to reduce the
progression to heart failure and death in diabetes-affected patients.

cardiac remodeling; diabetic cardiomyopathy; gene therapy; PI3K(p110�);
superoxide

INTRODUCTION

Diabetic cardiomyopathy is a distinct form of cardiac pa-
thology that remains one of the major causes of death and
disability in diabetic patients (17, 35). People with type 2
diabetes (T2D) account for more than 90% of total diabetes
incidence worldwide, which ultimately represents a significant
disease burden (7). The disease phenotype is associated with
increased body mass (often associated with increased caloric
intake), increased free fatty acid deposition, impaired insulin
signaling, and poor glycemic control (27). Concomitantly,
elevated circulating fatty acids cause lipotoxicity which, to-
gether with hyperglycemia, trigger chronic low-grade inflam-
mation and increased reactive oxygen species (ROS) genera-
tion, producing the complex cardiac phenotype that is charac-
teristic of T2D (27, 38a). With the ever-growing prevalence of
diabetes and the failure of conventional glucose-lowering ther-
apies to manage diabetes-induced heart failure (39), it is
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imperative to identify novel treatments for diabetic cardiomy-
opathy that can be translated to the clinic.

Phosphoinositide 3-kinases (PI3Ks) are a heterodimer fam-
ily of lipid and protein kinases that regulate a wide spectrum of
biological processes, including membrane trafficking, cell
growth, and cell survival. Class IA PI3Ks consists of a catalytic
subunit (p110�, p110� or p110�), bound to one of two regu-
latory subunits (p85 and p55) (13). The p110� subunit, in
particular, has been highlighted to exert a regulatory role in
different metabolic syndromes, involving insulin signaling and
obesity. For example, in mice, adipose tissue ablation of
PI3K(p110�) leads to increased adiposity with a progressive
increase in body weight (37). Equally, mice heterozygous for a
kinase-dead knock-in allele of the p110� subunit of PI3K
exhibit hyperinsulinemia and impaired glucose tolerance (15).
Similar to the consequences of impaired activity of the p110�
subunit, reduced activity of the p85 regulatory subunit of PI3K
causes severe hyperglycemia and hyperinsulinemia, under both
fed and fasted states (48). Thus, maintenance of PI3K signaling
is important for the regulation of systemic glucose and lipids.

In addition to its systemic role, the p110� catalytic
subunit of PI3K is cardioprotective in several different
cardiac pathologies, including pressure overload and myo-
cardial infarction (30, 47, 53). Furthermore, the levels of
endogenous PI3K(p110�) in the heart are reduced in the
context of hyperglycemia in several different preclinical mod-
els of diabetes (33, 42), indicating the vital role that
PI3K(p110�) plays in both cardiac and diabetes-related dis-
eases. We have previously demonstrated that delivery of re-
combinant adeno-associated viral vectors carrying a constitu-
tively active phosphoinositide 3-kinase construct (rAAV6-
caPI3K) successfully attenuated both cardiac remodeling and
dysfunction in the streptozotocin-induced mouse model of type
1 diabetes and the associated impairment in left ventricle (LV)
diastolic dysfunction (42). We have, thus, previously obtained
proof-of-concept evidence that PI3K(p110�) gene delivery
represents a potential therapeutic intervention at a clinically
relevant time point in the setting of diabetic cardiomyopathy.
These promising results, however, were obtained using a
mouse model that mimicked type 1 diabetes. These discoveries
now warrant investigation in the more prevalent T2D setting
and its associated cardiomyopathy. In the present study, we
examined the effect of cardiac supplementation of caPI3K,
using adeno-associated viral vector (AAV)-mediated gene de-
livery, in the clinically relevant context of T2D. By using a
combination of low-dose streptozotocin and high-fat diet, we
progressively developed T2D in our model similar to that seen
in diabetic patients (as opposed to genetic models that rapidly
develop T2D spontaneously) (3, 28). We demonstrate that
cardiac selective expression of caPI3K in the T2D mouse
model attenuates several characteristics of diabetes-induced
cardiac dysfunction, cardiac remodeling, and oxidative stress.
Hence, these findings reveal promise for potential translation to
the clinic for management of diabetes-induced cardiac impair-
ment and remodeling specifically relevant to T2D.

METHODS

Animals and experimental design. All animal procedures were
approved by the Alfred Research Alliance Animal Ethics Committee
(approval no. E/1379/2013/B). Prior to diabetes induction, mice were
randomly allocated to either T2D or a sham control group. Six-week-

old FVB/N male mice received three consecutive daily intraperitoneal
injections of streptozotocin (STZ; 55 mg/kg body wt, in 0.1 mol/l
citric acid vehicle, pH 4.5; Sigma-Aldrich, St. Louis, MO) combined
with 18 wk of concomitant high-fat diet (42% energy intake from
lipids, SF04-001, Specialty Feeds, WA, Australia) to induce T2D
(49). Sham mice were allocated to citric acid vehicle combined with
normal chow diet (nondiabetic controls). Diabetes was confirmed by
measuring blood glucose every 2 wk via the saphenous vein using a
glucometer (Roche, Basel, Switzerland). Upper limit of detection for
the glucometer was 33.3 mmol/l; readings at or above this level were
recorded as 33.3 mmol/l. After 18 wk of untreated diabetes (or sham),
mice were randomly assigned to either a single tail vein injection of
rAAV6-caPI3K (2 � 1011 vector genomes in 150 �L of sterile saline)
or empty-null vector (rAAV6-null). We have previously shown this
dose demonstrates robust expression of caPI3K selectively in cardiac
muscle (42). After vector administration, mice were monitored for a
further 8 wk. One week prior to tissue collection, whole body
composition was analyzed via nuclear magnetic resonance relaxom-
etry (EchoMRI 4-in-1 700 analyzer; Echo MRI, Houston, TX). Four
mice were excluded from all analysis due to lack of rAAV6-caPI3K
transduction, as revealed by immunoblot (Supplemental Fig. S1; all
supplemental material is available at https://doi.org/10.6084/m9.
figshare.10010411). A flow chart of animal use and analysis in our
preclinical studies is included (Supplemental Fig. S2), based on the
CONSAERT template (11).

rAAV6-caPI3K generation. The caPI3K construct, previously used
to generate caPI3K-Tg mice [iSH2p110 provided by A/Prof Thomas
F. Franke (16)], was cloned into an AAV plasmid with a CMV
promoter and synthetic polyadenylation sequence, and packaged
into pseudotype-6 capsids (rAAV6) (20) with the SV40-polyade-
nylation signal replaced with a synthetic poly-(A), as previously
described (42).

Echocardiography. To obtain measures of LV systolic and diastolic
function, echocardiography was performed in anesthetized mice (ket-
amine/xylazine/atropine: 80/10/0.96 mg/kg ip) at baseline, after 18 wk
of diabetes (pre-AAV) and before LV collection (post-AAV), using a
Philips iE33 ultrasound (North Ryde, NSW, Australia) with 15-MHz
linear (M-mode) and 12-MHz sector (Doppler) transducers, as previ-
ously described (47). LV posterior wall thickness, LV chamber
dimensions, velocity of circumferential fiber shortening corrected for
heart rate (Vcfc), and fractional shortening were assessed from M-
mode echocardiography. LV filling was assessed using transmitral
Doppler; the ratio of the initial (E) and second (A) blood flow
velocities (E/A ratio), deceleration time and isovolumic relaxation
time (IVRT) were measured. Tissue Doppler imaging was also per-
formed to obtain e=/a= and E/e= ratio. All echocardiography imagery
was acquired by a single operator and analyzed using previously
standardized guidelines and quality controls for analysis of echocar-
diography in the mouse (10).

Glucose tolerance test. A glucose tolerance test was performed 1
wk before end point. Mice were fasted for 5 h, and basal blood
glucose was determined from the tail vein using a glucometer (Roche
Diagnostics). After a single intraperitoneal injection of 25% glucose
solution [D-glucose (wt/vol), Baxter, Viaflex] with a concentration of
1 g/kg lead body mass. Blood glucose levels were then determined
after 15, 30, 45, 60, 90, 120, and 150 min, in blood collected from the
tail vein.

Tissue collection. At study end point, mice were anesthetized by
high-dose ketamine-xylazine (KX; 100/20 mg/kg ip) and euthanized
by exsanguination. Blood was collected via cardiac puncture from
each animal for determination of glycated hemoglobin using the
COBAS analyzer (Roche, Basel, Switzerland) and further analysis.
All tissues that could be excised whole were removed and weighed,
including heart, lung, kidney, liver, gastrocnemius muscle, pancreas,
and fat depots to snap-frozen in liquid nitrogen and stored at �80°C.
Hearts were dissected further into atria and right and left ventricle, and
weighed. The left ventricle (LV) was divided into five pieces. The
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base of the LV was fixed in 10% neutral buffered formalin (Labserv,
Scoresby, Australia), and paraffin-embedded for histological analysis
(Alfred Hospital Pathology, Melbourne, Australia). The midportion
was allocated for optimum cutting temperature (OCT) and RNA. The
apex portions were divided for protein content analysis and analysis of
ROS levels using lucigenin chemiluminescence (see LV superoxide
levels). The right leg (including tibia) was collected and placed in a
15-ml centrifuge tube for tibia length measurement.

Histological analyses. A portion of the LV embedded in paraffin
was serially sectioned (4-�m-thick slices) for histological analysis
(42, 47). Sections were stained with either hematoxylin and eosin to

quantify cardiomyocyte width or picrosirius red (Fluka, Buchs, Swit-
zerland) to assess cardiac collagen (using polarized microscopy to
differentiate type I and type III collagen). Another section of LV was
stained with Oil-Red O (Sigma-Aldrich) to assess cardiac lipid con-
tent.

LV superoxide levels. Superoxide levels were determined in fresh
LV tissue using lucigenin-enhanced chemiluminescence (47). Briefly,
small pieces (~1–2 mm diameter) of LV were dark-incubated at 37°C for
1 h in Krebs-HEPES buffer, with or without �-nicotinamide adenine
dinucleotide phosphate (100 �mol/L; Sigma-Aldrich). Lucigenin (5
�mol/L; Sigma-Aldrich) was then added, and the photons emitted
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Fig. 1. Impact of recombinant adeno-associated viral vectors carrying a constitutively active PI3K(p110�) construct (rAAV6-caPI3K) gene delivery on cardiac
and systemic characteristics in diabetic and nondiabetic mice. A: intraperitoneal glucose tolerance test (IPGTT). Blood glucose (B) and glycated hemoglobin (C)
obtained at end point (26 wk of diabetes). Echo MRI derived lean mass (D) and fat mass (E). F: final body weight at end point. G: quantification of left ventricle
(LV) lipid accumulation measured by Oil Red O (left) and representative LV Oil Red O images are shown (right; magnification �200, scale bar: 200 �m).
Two-way ANOVA with Fisher’s post hoc test; *P � 0.05, **P � 0.01, ***P � 0.001 vs. ND-Null. ND, nondiabetic; T2D, type 2 diabetes. Data are presented
as means 	 SE; n 
 7–11 per treatment group, as indicated by n below each panel.
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were measured using a multimode plate-reader (Perkin Elmer,
Waltham, MA), normalized to dry tissue weight (42). An additional
portion of LV was embedded in OCT compound (Scigen, Paramount,
CA) and was sectioned (12 �m) for fluorescent detection with dihy-
droethidium (DHE; Invitrogen, Carlsbad, CA) to detect LV superox-
ide. To confirm the fluorescent signal was superoxide, the superoxide
dismutase mimetic, Tempol (Fluka) was used to quench the DHE
fluorescence (6).

Gene and protein expression. LV RNA and protein were extracted
as previously described (8). Gene expression was determined via
quantitative real-time PCR using SYBR Green chemistry (Applied
Biosystems, Scoresby, Victoria, Australia). Primers were generated
from murine sequences published on GenBank (see Supplemental
Table S1 for primer sequence). Quantitative real-time PCR was
performed using a QuantStudio Flex real-time PCR system (Applied
Biosystem), and data were analyzed by the ��Ct method to obtain
relative fold differences in gene expression. Western blot analysis was
performed using PVDF membranes that were incubated overnight
with antibody of interest (see Supplemental Table S2 for list of
antibodies), followed by HRP-conjugated anti-rabbit, goat, or mouse
antibody as appropriate (Cell Signaling, 1:3,000). Blots were imaged
using the Gel Doc System (Bio-Rad, Hercules, CA) and quantified via
densitometry using ImageLab (Bio-Rad) (42).

Systemic insulin concentrations. Circulating plasma insulin con-
centrations at end point were measured by a mouse-specific ELISA
kit, as per the manufacturer’s instructions (ALPCO, Salem, NH).

Statistical analysis. Data are presented as means 	 SE. An un-
paired t-test was performed to compare two groups. Two-way
ANOVA followed by Fisher’s post hoc test or repeated-measures
ANOVA was used to analyze multiple groups as appropriate (Prism 7;
GraphPad Software, San Diego, CA). Statistical significance was
considered at P � 0.05.

RESULTS

Systemic characteristics. Fortnightly blood glucose and
body weight monitoring revealed mild hyperglycemia and
gradual increase in body weight in the T2D mice (Supplemen-
tal Fig. S3). T2D mice exhibited impaired glucose tolerance, as
demonstrated by the greater area under the curve respective to
the baseline at time 0 min in each group (Fig. 1A; P � 0.05 vs.
nondiabetic null-treated mice). Final blood glucose and gly-
cated hemoglobin were elevated in T2D mice (Fig. 1, B and C;

P � 0.05 vs. nondiabetic null-treated mice). Body composition
derived from nuclear magnetic resonance relaxometry revealed
no changes in lean mass and significant increase in whole body
fat mass (Fig. 1, D and E; P � 0.05 vs. nondiabetic null-treated
mice). Final body weight was greater in T2D, in conjunction
with increased cardiac lipid deposition (demonstrated by Oil
Red O staining, Fig. 1, F and G; P � 0.05 vs. nondiabetic
null-treated mice). The mass of individual fat depots (perirenal,
pericardial, and inguinal) were also increased with T2D (Table
1; P � 0.05 vs. nondiabetic null-treated mice). These obser-
vations are consistent with a T2D phenotype, in contrast to the
smaller end-point body weight in conventional STZ-type 1
diabetes mice (42). However, these parameters were not altered
by the administration of rAAV6-caPI3K. Systemic C-peptide
and insulin levels were also not significantly altered with
diabetes or administration of rAAV6-caPI3K (Supplemental
Fig. S4, A and B).

Impact of rAAV6-caPI3K gene delivery on PI3K(p110�)
signaling in the diabetic heart. Administration of rAAV6-
caPI3K produced detectable expression of constitutively active
PI3K (caPI3K), which was limited to the LV and was not
observed in other organs (e.g., skeletal muscle, pancreas, liver,
kidney, and lung; Fig. 2A). Endogenous LV PI3K(p110�)
protein levels were unchanged by either T2D or administration
of rAAV6-caPI3K (Fig. 2B). Further investigation revealed
significantly less detection of cardiac caPI3K protein and
mRNA in T2D hearts compared with controls (Fig. 2B; P �
0.05 and Fig. 2C). Phosphorylation of the downstream target of
PI3K, Akt, was unaltered by either diabetes or rAAV6-caPI3K
(Fig. 2D). Given pAkt was not significantly different, but is the
most recognized target of PI3K, other potential effectors were
explored. No changes were observed in Igf1 and Igf-1r cardiac
gene expression (Supplemental Fig. S5, A and B). However,
cardiac IGF-1R protein content was significantly reduced in the
T2D-null treated and nondiabetic PI3K-treated mice (Supple-
mental Fig. 5C). Cardiac gene expression of Pdpk-1 was
upregulated with administration of rAAV6-caPI3K compared
with nondiabetic-null treated mice (Supplemental Fig. S5D;
P � 0.05 vs. nondiabetic null-treated mice). No change was

Table 1. Systemic characteristics of nondiabetic mice and mice with type 2 diabetes at study end point (26 wk of diabetes)

Treatment Null PI3K

Phenotype ND T2D ND T2D

n 8 11 10 8
Plasma insulin, ng/mL 0.7 	 0.1 1.7 	 0.3 2.2 	 1.0 1.1 	 0.2
Heart weight, mg 147 	 3 157 	 4 148 	 3 159 	 5*
LV weight, mg 109 	 2 115 	 3 109 	 3 117 	 2†
Kidney weight, mg 236 	 8 235 	 12 247 	 11 264 	 15
Lung weight, mg 170 	 6 183 	 11 180 	 7 195 	 13
Gastrocnemius, mg 174 	 2 171 	 7 173 	 4 174 	 4
Liver weight, g 1.63 	 0.04 2.00 	 0.13† 1.59 	 0.02 2.10 	 0.12*†
Pancreas, mg 237 	 12 240 	 13 245 	 13 231 	 10
Perirenal fat, mg 634 	 84 767 	 107* 675 	 59 1034 	 141*†
Pericardial fat, mg 15 	 2 40 	 7*† 20 	 5 35 	 10
Epididymal fat, mg 1018 	 84 1077 	 119 1124 	 121 1199 	 142
Inguinal weight, mg 243 	 30 678 	 142*† 304 	 53 514 	 119
Tibia length, mm 17.6 	 0.1 17.9 	 0.1 17.9 	 0.2 18.5 	 0.3*†
Heart weight: tibia length, mg/mm 8.4 	 0.2 8.8 	 0.2 8.3 	 0.1 8.6 	 0.3
Heart weight: body weight, mg/g 4.1 	 0.1 4.0 	 0.1 4.1 	 0.1 4.1 	 0.2

Values are means 	 SE and analyzed by two-way ANOVA with Fisher’s post hoc test. LV, left ventricle; ND, nondiabetic; Null, null vector treated; PI3K,
rAAV6-caPI3K-treated; T2D, type-2 diabetic. *P � 0.05 vs. nondiabetic null mice; †P � 0.05 vs. nondiabetic PI3K mice.

H843rAAV6-caPI3K ATTENUATE TYPE-2 DIABETIC CARDIOMYOPATHY

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00632.2019 • www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart (049.127.081.202) on May 4, 2020.



observed in either variant of CD36 protein in the T2D model or
with rAAV6-caPI3K administration (Supplemental Fig. S6A);
CD36 (fatty acid translocase) facilitates the uptake of long-
chain fatty acids into cardiomyocytes.

rAAV6-caPI3K protects against diabetes-induced cardiac
remodeling. Diabetes-induced cardiac remodeling was evident
in T2D mice. LV interstitial fibrosis was significantly increased
in T2D mice, due to increases in both type I and type III
collagen content (Fig. 3A, P � 0.001 vs. nondiabetic null-
treated mice). Treatment with rAAV6-caPI3K attenuated these
increases (Fig. 3A; P � 0.01 vs. T2D null-treated mice).
Similarly, diabetes-induced perivascular fibrosis was evident in
the T2D mice attributed again to the same increase in type I
and type III collagen content (Fig. 4A; P � 0.001 vs. nondia-
betic null-treated mice). Again, administration of rAAV6-
caPI3K prevented these increases (Fig. 4A; P � 0.001 vs. T2D
null-treated mice). The increase in cardiac collagen content

was accompanied by increased LV profibrotic gene expression
of connective tissue growth factor (Ctgf), transforming growth
factor-� (Tgf-�), and tissue inhibitor metalloproteinase-2
(Timp-2) (Fig. 5, A–C; P 
 0.05, P � 0.01, and P � 0.05,
respectively, vs. nondiabetic, null-treated mice). Administra-
tion of rAAV6-caPI3K attenuated the diabetes-induced in-
creases in profibrotic Tgf-� gene expression (Fig. 5B; P � 0.01
vs. T2D null-treated mice).

Cardiomyocyte hypertrophy, a characteristic of diabetic car-
diomyopathy, was evident, as demonstrated by an increase in
prohypertrophic gene expression of atrial natriuretic peptide
(Nppa, Fig. 5D; P � 0.01 vs. nondiabetic null-treated mice),
cardiomyocyte width, and cross-sectional area (Fig. 5E; P �
0.001 vs. nondiabetic null-treated mice) in T2D mice. Treat-
ment with rAAV6-caPI3K, however, attenuated these increases
(P � 0.05 and P � 0.001, respectively, vs. T2D null-treated
mice).
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Kid, kidney; Lu; lung. B: left, densitometry of endogenous PI3K(p110�); middle, densitometry of caPI3K band; right, representative LV immunoblot of caPI3K
and PI3K(p110�). C: cardiac caPI3K gene expression. D: left, densitometry of LV phospho-Akt; right, representative LV immunoblot of phosphorylation of Akt.
Two-way ANOVA with Fisher’s post hoc test; *P � 0.05 vs. ND-Null. ND, nondiabetic; T2D, type 2 diabetes. Data are presented as means 	 SE; n 
 8–11
per treatment group as indicated by n below each panel.
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rAAV6-caPI3K administration attenuates systolic dysfunction.
A reduction in LV systolic function was evident after 18 wk of
diabetes (pre-AAV) in T2D mice, on both M-mode echocar-
diography-derived fractional shortening and Vcfc (Fig. 5, F and
G, at least P � 0.01 vs. respective prediabetic baseline). These
parameters of LV systolic function were improved in T2D
mice after 8 wk of rAAV6-caPI3K (P � 0.01 vs. respective
pre-AAV), while null-vector-treated T2D mice continued to
exhibit a depression of systolic dysfunction (Fig. 5, F and G,
P � 0.05 vs. respective pre-AAV). No changes were observed
in cardiac chamber dimensions during either systole or diastole
(Supplemental Table S3). Diastolic dysfunction was not a
consistent feature in this T2D mouse model (based on E/A
ratio, deceleration time and IVRT), after 18 wk of diabetes
(Table 2). Administration of rAAV6-caPI3K did not have a
significant impact on diastolic parameters. Tissue Doppler
imaging revealed no changes in either e=/a= or E/e= (Supple-
mental Table S4).

rAAV6-caPI3K administration limits cardiac oxidative stress in
the T2D heart. Lucigenin chemiluminescence (a measure of
superoxide levels) was elevated in fresh LV tissue in T2D mice
(Fig. 6A; P � 0.05 vs. nondiabetic null-treated mice). Like-
wise, LV superoxide measured by DHE fluorescence was
elevated in T2D hearts (Fig. 6B; P � 0.001 vs. nondiabetic
null-treated mice). The fluorescent signal was quenched in the
presence of Tempol, to confirm the signal detected was super-
oxide (Fig. 6B). The diabetes-induced increases in both mea-
sures were attenuated in mice administered rAAV6-caPI3K

(Fig. 6, A and B; P � 0.01 and P � 0.05 vs. T2D null-treated
mice, respectively). No changes were observed in protein
kinase �2 (PKC�2, a regulator of cardiac ROS) or apoptotic
marker, Bax/Bcl2 ratio, with diabetes or rAAV6-caPI3K (Sup-
plemental Fig. S6, B and C). Cardiac endoplasmic reticulum
(ER) stress markers were also increased with diabetes; LV
Grp94 and Chop gene expression were increased with T2D
(Fig. 6, C and D; P 
 0.09 and P � 0.05 respectively vs.
nondiabetic null-treated mice). These markers were attenuated
with rAAV6-caPI3K administration (Fig. 6, C and D; all P �
0.05 vs. T2D null-treated mice). No changes were observed on
LV Edem and Atf4 gene expression (Fig. 6), E and F.

DISCUSSION

The development of diabetes-induced heart failure (diabetic
cardiomyopathy) is considered a consequence of impaired
glucose handling, with concurrent impairments in LV function
and remodeling (35). PI3K(p110�) is one of the key mediators
of cellular trafficking in the heart and has been shown to be
cardioprotective in several cardiac pathologies (42, 53). Fur-
ther, endogenous PI3K(p110�) levels are reduced in the setting
of hyperglycemia (33, 42). Building on our previous findings,
where rAAV6-caPI3K administration limited cardiac abnor-
malities in a mouse model of type 1 diabetes (42), the current
study demonstrated that a delayed administration of rAAV6-
caPI3K in the more clinically relevant context of T2D, limited
diabetes-induced impairment in cardiac function, remodeling,
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and oxidative stress, even when treatment occurred after prior
establishment of reduced systolic function.

The development and progression of diabetic cardiomyopa-
thy in T2D is distinct from that evident in type 1 diabetes,
where hyperglycemia alone is the main driver, inducing car-
diomyopathy (24). In the setting of T2D, impaired glucose
tolerance, insulin resistance, and lipotoxicity are also evident,
with increases in circulating lipids, contributing to a complex
disease phenotype (9, 41). In the T2D myocardium, for exam-
ple, there is impaired glucose utilization, mediated, in part, by
reduced glucose uptake (4). These defects consequently lead to
abnormal lipid metabolism, including increased �-oxidation
and cardiac fatty acid deposition, as evident in this study. The
increase in cardiac lipid deposition can lead to an increased rate
of cellular fatty acid and reduced cardiac glucose uptake into
the myocardium, as reported previously (58). In the present
study, we did not observe any changes in the fatty acid
transporter, CD36. However, we cannot exclude the involve-
ment of CD36 at an earlier time point. Moreover, a previous
report identified a reduction in body weight, with a combina-
tion of STZ (5 � 50 mg·kg�1·day�1) and high-fat feeding
(59% total fat) (14, 57). Although this contrasts with our
current findings, where we observed elevated body weight in
our model of T2D (attributed to an increase in whole body fat
mass), this difference is most likely due to the lower dose of
STZ in our study (3 � 55 mg·kg�1·day�1). An increase (rather
than a loss) in body weight, such as observed in this model

(49), is more closely aligned to T2D in humans. In this model
of T2D, we demonstrate impaired glucose tolerance and mild
hyperglycemia, also mimicking observations seen in the clinic.
As expected, administration of rAAV6-caPI3K did not alter
these systemic characteristics, since it has been designed to
selectively target cardiac tissue (42, 53).

The development of LV dysfunction is often used in the
clinic as a hallmark of heart failure or cardiomyopathy (2, 55).
In the setting of diabetic cardiomyopathy, impaired LV systolic
function often develops after LV diastolic dysfunction is es-
tablished, in both preclinical models of type 1 and T2D (42, 50,
52). However, in the present study, a robust impairment of
diastolic dysfunction was not observed. This may be due to the
fact that several cardiac parameters obtained via Doppler
echocardiography are highly influenced by cardiac preload,
arrhythmia, and heart rate (31). Future considerations may
include assessment of strain rate via speckle tracking echocar-
diography, which has been shown to provide robust, load-
independent measures of LV diastolic function (31). In con-
trast, M-mode echocardiography revealed impaired systolic
function was present in T2D mice, before administration of
rAAV6-caPI3K, suggesting a different kind of cardiac pheno-
type is present in this model of T2D. Notably, the impairment
of systolic function (impaired fractional shortening and Vcfc)
evident in T2D mice was abolished with a single injection of
rAAV6-caPI3K, while null-vector control diabetic mice con-
tinued to exhibit a decline in cardiac function. Similarly,
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findings in Akt2 knockout mice (a member of the Akt family
and downstream target of PI3K) exhibit reductions in fractional
shortening, in addition to impaired cardiomyocyte contractile
function (23). On the basis of our findings, we anticipate that
increased cardiac expression of PI3K via rAAV6-caPI3K may
also lead to improvement in cardiac function in Akt2 knockout
mice. However, this will need to be determined in future
studies. Importantly, we now demonstrate that rAAV6-caPI3K
administration improves cardiac function, even when adminis-
tered at a later stage of diabetic cardiomyopathy than previ-
ously reported (42).

In conjunction with the impaired cardiac function evident in
T2D mice, cardiac remodeling was also evident. An increase in
cardiac collagen deposition, in terms of both interstitial and
perivascular fibrosis, was demonstrated by picrosirius red
staining. This is consistent with previous findings in other
preclinical models of T2D, including both HFD alone (21, 50)
and the commonly used genetic models of spontaneous diabe-
tes db/db and ob/ob mice (26, 36). An increase in cardiac
collagen deposition, at least in pathological settings, has been
associated with increases in expression of both TGF-� and
CTGF, key modulators of cell surface receptors and cytokines,
growth factors, and extracellular matrix proteins (51). Further-
more, expression of tissue inhibitor metalloproteinase-2 (or
TIMP-2), which inhibits the breakdown of collagen, was in-
creased in the T2D heart, perhaps in an effort to maintain the
structural integrity of the diabetic heart (32). Of note, delivery
of rAAV6-caPI3K limited the increase in each of these fibrotic

markers in the T2D heart, in conjunction with attenuation of
cardiac collagen deposition. Changes in these markers of
cardiac fibrosis have been suggested in several studies to be a
surrogate marker of LV stiffness and compliance (19, 43).
Thus, it can be argued that a reduction in cardiac fibrosis
markers observed here might be associated with improved
diastolic function (perhaps later than the end point in the
current study). However, whether these effects are exerted
directly on the myocardium, or secondary to the limitation of
oxidative stress by PI3K(p110�), remains to be resolved.
Similar to cardiac fibrosis, cardiomyocyte hypertrophy is also
a classical structural feature of diabetic cardiomyopathy, which
initially develops as a compensatory mechanism to maintain
cardiac function (46). Enlargement of cardiomyocytes, in ad-
dition to increased fetal gene expression, has been recognized
in the hearts of both human and preclinical animal models of
diabetes (1, 12). In the present study, the diabetes-induced
increase in LV atrial natriuretic peptide (or ANP) expression
and in cardiomyocyte width in T2D hearts was blunted by
rAAV6-caPI3K, consistent with our previous findings in mice
with type 1 diabetes (42). In the present study, we did not
observe changes in Akt signaling, which may be explained by
the dynamic and complex process by which Akt is phosphor-
ylated (34). We observed increased phosphoinositide-depen-
dent kinase-1 (Pdpk-1) cardiac gene expression with rAAV-
caPI3K gene delivery, which may also contribute to the car-
dioprotective effects of PI3K (38, 40). Moreover, a marker of
cardiomyocyte apoptosis Bax: Bcl2 was unaltered in our model

Table 2. Transmitral Doppler echocardiography data in anesthetized diabetic and nondiabetic mice at baseline, pre-AAV,
and post-AAV

Treatment Null PI3K

Phenotype ND T2D ND T2D

n 8 11 9 8
Heart rate, beats/min

Baseline 386 	 13 406 	 11 370 	 10 393 	 14
Pre-AAV (18 wk diabetes) 363 	 19 349 	 12* 337 	 19 379 	 12
Post-AAV (26 wk diabetes) 337 	 9* 387 	 11# 310 	 8* 384 	 9

E/A ratio
Baseline 1.7 	 0.1 1.7 	 0.1 1.7 	 0.1 1.7 	 0.1
Pre-AAV (18 wk diabetes) 2.4 	 0.4* 2.0 	 0.2 2.4 	 0.3* 1.6 	 0.1
Post-AAV (26 wk diabetes) 2.6 	 0.3* 2.0 	 0.3 2.5 	 0.3* 1.7 	 0.2

A wave (cm/s)
Baseline 47 	 3 47 	 3 47 	 2 53 	 4
Pre-AAV (18 wk diabetes) 40 	 5 47 	 4 40 	 5 56 	 4
Post-AAV (26 wk diabetes) 36 	 4* 52 	 5 34 	 3* 58 	 5

E wave, cm/s
Baseline 79 	 2 80 	 2 80 	 2 86 	 2
Pre-AAV (18 wk diabetes) 84 	 2 87 	 3* 88 	 4* 86 	 2
Post-AAV (26 wk diabetes) 84 	 2 92 	 3* 81 	 4 89 	 2

Deceleration time, ms
Baseline 31 	 2 29 	 1 31 	 1 29 	 1
Pre-AAV (18 wk diabetes) 32 	 1 34 	 1* 36 	 1* 32 	 1
Post-AAV (26 wk diabetes) 34 	 2 34 	 1* 37 	 1* 36 	 1*

IVRT, ms
Baseline 15 	 1 14 	 1 15 	 1 15 	 1
Pre-AAV (18 wk diabetes) 17 	 2* 18 	 1* 16 	 1* 17 	 1
Post-AAV (26 wk diabetes) 20 	 1# 18 	 1* 20 	 1# 18 	 1*

Aortic flow, cm/s
Baseline 91 	 2 88 	 4 91 	 2 91 	 4
Pre-AAV (18 wk diabetes) 90 	 5 92 	 2 95 	 3 99 	 4
Post-AAV (26 wk diabetes) 88 	 3 103 	 3*# 93 	 5 99 	 3

Values are means 	 SE and analyzed by repeated-measures ANOVA with Fisher’s post hoc test. AAV, adeno-associated viral vector; Null, null vector treated;
PI3K, rAAV6-caPI3K treated; ND, nondiabetic; T2D, type 2 diabetes. *P � 0.05 vs. respective baseline. #P � 0.05 vs. respective pre-AAV (18 wk diabetes).
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of T2D, suggesting that cardiac apoptosis is associated with a
more severe model of diabetes, such as that seen in the STZ
and the db/db diabetic rodent model (26, 42, 47).

Oxidative stress is considered to be one of the primary
drivers of pathological changes seen in diabetic cardiomyopa-
thy (25). In T2D, hyperglycemia and increases in cardiac lipid
content (causing lipotoxicity) contribute to increased produc-
tion of ROS (5). Here, we demonstrated that T2D led to an
increase in cardiac superoxide levels in both fresh and frozen
tissue. These increases were not associated with an increase in
an LV ROS regulator, PKC�2, seen in our previous study of
mice with type 1 diabetes (47). Despite this observation,
treatment with rAAV6-caPI3K still abolished the increase in
ROS, supporting our previous results in the STZ-induced type
1 diabetes mouse model (42, 47). In addition to increased ROS,
T2D hearts also exhibit an increase in ER stress, consistent
with a diabetes-induced impairment of LV ER function (54).
Here, we demonstrate that expression of the endoplasmic
reticulum chaperone Grp94 is increased with type 2 diabetes,
which may trigger expression of the transcription factor Chop,
potentially leading to cell death (29). Given that ER stress is
thought to develop simultaneously with increased ROS forma-

tion (56), it is likely that a concomitant impairment in ER
function and aggravated ROS levels creates a positive feedback
cycle of detriment to the heart (56). Administration of rAAV6-
caPI3K, however, limits the diabetes-induced increases in
markers of LV ER stress, possibly via its ROS-suppressing
properties, as shown here and previously (42).

Study limitations. The study design would have been en-
hanced with a measurement of direct insulin sensitivity and
resistance by hyperinsulinemic clamp. Despite not having this
measure, our mouse model reproduced a number of other key
characteristics of type 2 diabetes, including elevated blood
glucose, HbA1c, fat mass, LV lipid content, and body weight,
as well as impaired glucose tolerance. Additionally, we recog-
nize there was no robust diastolic dysfunction in this model of
mild T2D when compared with our previous T1D study. This
may be attributed to a substantially higher level of hypergly-
cemia (substantially higher in T1D mice compared with the
T2D mice studied here), the duration of diabetes (16 wk in
T1D mice compared with 22 wk in the T2D mice studied here)
and also the age of the mice at study end point (22 wk of age
in the T1D mice compared with 32 wk of age in the T2D mice
studied here). Studies looking at the time course development
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of diabetic cardiomyopathy in this model of mild T2D might
prove useful in the future.

On the basis of our findings, it is important to note that the
extent of transduction of caPI3K using rAAV6-caPI3K was
less marked in T2D hearts compared with the sham nondi-
abetic hearts. However, this was only determined at the
study end, as our study design did not permit assessment of
the initial extent of transduction. Hence, we cannot rule out
whether the reduced transduction at end point reflects a loss
of genomes from the diseased heart over time, or less
effective transduction overall. Breakthroughs in gene ther-
apy technology, however, including the use of chimeric
AAVs or an AAV envelope, have been shown to be a
promising approach to increase transduction (22, 45). We
note, however, that despite the limitations of the current
study, whereby the degree of transduction in the T2D heart
was lower, this reduced amount of caPI3K expression was
still sufficient to exert beneficial effects, blunting several of
the pathological features of diabetic cardiomyopathy. Future
studies employing a higher dose (to overcome this reduced
transduction efficiency in the diabetic heart), as well as
intervening at an earlier time point in the progression of the
disease and/or using a longer follow-up period, might pro-
vide even stronger benefit of our gene therapy approach in
the specific context of T2D cardiomyopathy.

Future challenges and considerations. People affected by
T2D contribute more than 90% of the diabetic population
worldwide, which, thus, represents a substantial disease burden
(7). Here, we used a preclinical animal model that mimics
multiple features of T2D progression and revealed the thera-
peutic potential of rAAV6-caPI3K, even when administered
later in the disease progression. Thus, in combination with our
previous findings, we propose that specifically increasing PI3K
expression in the heart is a potential therapeutic target for
diabetic cardiomyopathy. Future experiments in large animal
models are advocated as a means to validate these findings and
establish a toxicology profile, in a complementary model that
closely aligns with human physiology. To date, seven gene
therapy products (including two AAV-based approaches) have
been approved for clinical use, but none have yet been ap-
proved for the treatment of cardiovascular disease (18). In the
present study, administration of rAAV6-caPI3K proved to be
cardioprotective in the setting of diabetic cardiomyopathy,
suggestive of a potential druggable candidate for translation to
the clinic.

Conclusions. In summary, the current study demonstrates
that enhancing LV PI3K(p110�) protein abundance using
rAAV6-caPI3K administration attenuates T2D-induced cardio-
myopathy even when administered at a later stage in the
development of cardiac dysfunction. Delivery of rAAV6-
caPI3K in a mouse model of T2D improved LV systolic
function, attenuated cardiac remodeling and attenuated oxida-
tive stress in a mouse model of T2D. Therefore, our observa-
tions contribute to our previous body of work suggesting the
cardioprotective effects of PI3K(p110�) in several different
settings of cardiac pathology (30, 42, 47, 53). Investigating
caPI3K gene delivery in clinically relevant large-animal mod-
els will provide additional proof of concept for considering
potential translation to the clinic.
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