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Abstract

Aims/hypothesis Diabetic cardiomyopathy, characterised by increased oxidative damage and mitochondrial dysfunction,
contributes to the increased risk of heart failure in individuals with diabetes. Considering that A-kinase anchoring protein 121
(AKAP1) is localised in the mitochondrial outer membrane and plays key roles in the regulation of mitochondrial function, this
study aimed to investigate the role of AKAPI in diabetic cardiomyopathy and explore its underlying mechanisms.

Methods Loss- and gain-of-function approaches were used to investigate the role of AKAPI1 in diabetic cardiomyopathy.
Streptozotocin (STZ) was injected into Akapl-knockout (Akap1-KO) mice and their wild-type (WT) littermates to induce
diabetes. In addition, primary neonatal cardiomyocytes treated with high glucose were used as a cell model of diabetes.
Cardiac function was assessed with echocardiography. Akap! overexpression was conducted by injecting adeno-associated virus
9 carrying Akapl (AAV9-Akapl). LC-MS/MS analysis and functional experiments were used to explore underlying molecular
mechanisms.

Results AKAP1 was downregulated in the hearts of STZ-induced diabetic mouse models. Akap1-KO significantly aggravated
cardiac dysfunction in the STZ-treated diabetic mice when compared with WT diabetic littermates, as evidenced by the left
ventricular ejection fraction (LVEF; STZ-treated WT mice [WT/STZ] vs STZ-treated Akapi-KO mice [KO/STZ], 51.6% vs
41.6%). Mechanistically, Akap!l deficiency impaired mitochondrial respiratory function characterised by reduced ATP produc-
tion. Additionally, Akap! deficiency increased cardiomyocyte apoptosis via enhanced mitochondrial reactive oxygen species
(ROS) production. Furthermore, immunoprecipitation and mass spectrometry analysis indicated that AKAP1 interacted with the
NADH-ubiquinone oxidoreductase 75 kDa subunit (NDUFS1). Specifically, Akap! deficiency inhibited complex I activity by
preventing translocation of NDUFS1 from the cytosol to mitochondria. Akap! deficiency was also related to decreased ATP
production and enhanced mitochondrial ROS-related apoptosis. In contrast, restoration of AKAP1 expression in the hearts of
STZ-treated diabetic mice promoted translocation of NDUFSI to mitochondria and alleviated diabetic cardiomyopathy in the
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What is already known about this subject?
e Diabetic cardiomyopathy is characterised by mitochondrial dysfunction
e  A-kinase anchoring protein 121 (AKAP1) plays an important role in the regulation of mitochondrial function

e  NADH-ubiquinone oxidoreductase 75 kDa subunit (NDUFS1) is essential for maintaining mitochondrial complex |
activity

What is the key question?

e  What are the roles and molecular mechanisms of AKAP1 in the pathogenesis of diabetic cardiomyopathy?
What are the new findings?

e  AKAP1 is downregulated in streptozotocin-induced diabetic mouse models

e  AKAP1 binds with NDUFS1 and promotes its location into mitochondria to regulate complex | activity

e Akapl deficiency exacerbates diabetic cardiomyopathy by NDUFS1-mediated mitochondrial dysfunction and
apoptosis

How might this impact on clinical practice in the foreseeable future?

e Targeting AKAP1 provides the possibility of a new therapeutic approach for diabetic cardiomyopathy and related
cardiac diseases

LVEF (WT/STZ injected with adeno-associated virus carrying gfp [AAV9-gfp] vs WT/STZ AAV9-Akap1, 52.4% vs 59.6%; KO/
STZ AAV9-gfp vs KO/STZ AAV9-Akapl, 42.2% vs 57.6%).

Conclusions/interpretation Our study provides the first evidence that Akap ! deficiency exacerbates diabetic cardiomyopathy by
impeding mitochondrial translocation of NDUFSI1 to induce mitochondrial dysfunction and cardiomyocyte apoptosis. Our
findings suggest that Akap! upregulation has therapeutic potential for myocardial injury in individuals with diabetes.

Keywords AKAPI - Apoptosis - Diabetic cardiomyopathy - Mitochondrial dysfunction - NDUFS1

Abbreviations OCR Oxygen consumption rate
AAV Adeno-associated virus OXPHOS Oxidative phosphorylation
AAV9-Akapl Adeno-associated virus qPCR Quantitative real-time PCR
carrying Akap1 ROS Reactive oxygen species
AAV9-gfp Adeno-associated virus carrying gfp SIAH2 Siah E3 ubiquitin protein ligase 2
Ad-Akapl Adenoviral vectors carrying Akap 1 siAkapl Akap I-specific small interfering RNA
Ad-EV Empty adenoviral vectors STZ Streptozotocin
Ad-gfp Adenoviral vectors carrying gfp TEM Transmission electron microscopy
AKAPI1 A-kinase anchoring protein 121 WT Wild-type
Akap1-KO Akap I-knockout (mice) WT/STZ STZ-treated WT mice
Co-IP Co-immunoprecipitation
E/A ratio Early mitral diastolic wave/late
mitral diastolic wave ratio
IVSd Interventricular septum at diastole
KO/STZ STZ-treated Akap1-KO mice Introduction
LVEF Left ventricular ejection fraction
LVFS Left ventricular fractional shorting The number of adults with diabetes in the world has increased
LVIDd Left ventricular diastolic internal dimension from 108 million in 1980 to 422 million in 2014, and these
LVIDs Left ventricular systolic internal dimension figures are expected to increase to 693 million by 2045 [1, 2].
NDUFSI1 NADH-ubiquinone oxidoreductase Cardiovascular disease is the leading cause of mortality in indi-
75 kDa subunit viduals with diabetes, regardless of whether it is type 1 or type 2
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[3]. Diabetic cardiomyopathy is a pathophysiological condition
in which heart failure occurs independent of artery disease,
hypertension and valvular heart disease [4]. It is relatively clear
that diabetic cardiomyopathy is characterised by abnormal cardi-
ac systolic and diastolic function; however, the specific patholog-
ical mechanism of diabetic cardiomyopathy has not been
completely elucidated and existing therapies are limited.

The working heart is a high energy-demanding tissue and
mitochondria are the primary energy-generating organelles in
the heart. The vast majority of ATP is produced through mito-
chondrial oxidative phosphorylation (OXPHOS). Acting as
primary ATP suppliers and the main source of reactive oxygen
species (ROS) in cardiomyocytes, mitochondria are intimately
involved in the pathogenesis of diabetic cardiomyopathy. On
the one hand, ATP production is significantly reduced in diabetic
cardiomyopathy [5, 6]. On the other hand, destruction of the
oxidative-respiratory chain is accompanied by increased ROS
production and cardiomyocyte apoptosis [7, 8]. Accumulating
evidence has indicated that diabetic cardiomyopathy involves
mitochondrial dysfunction and increased mitochondrial ROS
production [5, 9]. However, the causes of mitochondrial dysfunc-
tion and enhanced mitochondrial ROS production in diabetic
cardiomyopathy remain incompletely understood.

A-kinase anchoring protein 121 (AKAP1) anchors protein
kinase A to the mitochondrial outer membrane. Emerging
evidence has shown that AKAP1 brings various molecules from
the cytosol to mitochondria and that it regulates factors associated
with mitochondrial physiological activities, including mitochon-
drial Ca?*, mitochondrial membrane potential and mitochondrial
dynamics [10-13]. Mitochondria are the major energy source for
cardiac contraction and relaxation. Mitochondrial dysfunction
and ROS-mediated apoptosis are critical factors in the pathogen-
esis of diabetic cardiomyopathy. A previous study has reported
that Akap! downregulation aggravates mitochondrial dysfunc-
tion and increases oxidative stress under a pressure overload
model in rats [14]. However, the function of AKAP1 in diabetic
cardiomyopathy needs to be explored.

In this study, we investigated the role of AKAP1 in diabetic
cardiomyopathy and elucidated the underlying molecular
mechanisms.

Methods

Animals All of the animal experiments were conducted in
accordance with the Guide for the Care and Use of
Laboratory Animals, eighth edition (2011) and the study was
approved by the Fourth Military Medical University
Committee on Animal Care. Akap-knockout (AkapI-KO) mice
(C57BL/6J background) were kindly provided by J. Xing
(Department of Physiology and Pathophysiology, The Fourth
Military Medical University, Xi’an, China). All of the mice were
maintained under identical conditions of temperature (22 =+
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0.5°C), humidity (60 +5%) and 12 h light-dark cycle, and they
drank and ate freely. For this study, measurements were taken
from distinct samples/animals. Animals were randomly assigned
and the experimenters were blind to histology assays, tests of
in vivo function and outcome assessment.

Experimental diabetic model Diabetes was induced in 8-week-
old male mice by consecutive intraperitoneal injections of
streptozotocin (STZ; Sigma-Aldrich, St. Louis, MO, USA)
50 mg/kg dissolved in 0.1 mol/l citrate buffer, pH 4.5) for 5 days.
Blood glucose was measured using mouse tail vein blood on the
seventh day after the last STZ injection. Mice were considered to be
diabetic and enrolled in the present study only if they had
hyperglycaemia (>16.7 mmol/l). Control mice were intraperitoneal-
ly injected with the same amount of citrate buffer (vehicle). All of
the mice continued to be fed for 12 weeks, and blood glucose and
body weight were regularly checked. Mouse hearts were isolated at
0, 6 and 12 weeks after STZ injection, for further analysis.

Neonatal rat cardiomyocyte culture Primary neonatal
cardiomyocytes were isolated from neonatal rats (0-2 days
old), as previously described [5]. The primary neonatal
cardiomyocytes were subjected to normal-glucose medium
(5.5 mmol/l glucose) and high-glucose medium (30 mmol/l
glucose) for 48 h.

Western blotting Cardiac tissues and cultured cardiomyocytes
were collected and homogenised with RIPA buffer (1% Triton
X-100, 1% deoxycholate, 0.1% SDS, wt/vol.). The antibodies
used and the dilution ratios are shown in electronic supple-
mentary material (ESM) Table 1. See ESM Methods for
details.

Quantitative real-time PCR Quantitative real-time PCR
(qPCR) was performed with SYBR Premix Ex Taq II
(Takara, Otsu, Japan). The primer sequences are shown in
ESM Table 2. See ESM Methods for details.

Histological analysis The cardiac tissues of the mice were
fixed overnight in 4% (wt/vol.) paraformaldehyde, embedded
in paraffin and continuously cut into 5 mm-thick slices.
Masson staining was performed with a standard procedure to
assess cardiac collagen content, as described previously [15].

Immunohistochemistry and immunofluorescence analysis
Immunohistochemical staining of cardiac sections and immu-
nofluorescence analysis of primary neonatal cardiomyocytes
were performed as described previously [15]. The antibodies
used and the dilution ratios are shown in ESM Table 1.

MitoTracker staining To view mitochondrial location, primary
neonatal cardiomyocytes were stained with 100 mol/l
MitoTracker Red CMXRos probe (Thermo Fisher Scientific,
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Waltham, MA, USA) at 37°C for 30 min. Images were obtain-
ed with a confocal laser scanning microscope (Nikon AIR
MP+ Confocal Microscope; Nikon, Tokyo, Japan).

Echocardiography Echocardiography was performed in M-
mode with a Vevo 2100 echocardiography system
(VisualSonics, Toronto, ON, Canada) to record the left
ventricular systolic and diastolic motion profile, as described
previously [5]. See ESM Methods for details.

Haemodynamic measurements In vivo cardiac haemodynam-
ic function was evaluated with a Millar tip-pressure catheter
(Millar Instruments, Houston, TX, USA), as previously
described [16]. See ESM Methods for details.

Apoptosis assay TUNEL staining was performed for analy-
sis of heart tissue apoptosis in a standard procedure using a
terminal deoxynucleotidyl TUNEL assay kit (Sigma-
Aldrich). Staining with DAPI and TUNEL was performed
to confirm apoptotic nuclei. A mean of ten random fields
was analysed per animal. For analysis of primary neonatal
cardiomyocytes, apoptosis assay was performed using the
Annexin V-FITC Apoptosis Detection Kit (Beyotime,
Shanghai, China). Cardiomyocytes were double stained
with Annexin V-FITC and propidium iodide (PI) according
to the manufacturer’s protocol. Analysis of flow cytometry
(COULTER EPICS XL-MCL; Beckman Coulter, Brea,
CA, USA) was performed as previously described [17].
See ESM Methods for details.

Transmission electron microscopy Mitochondrial morphology
in the left ventricle of the heart was detected with transmission
electron microscopy (TEM). See ESM Methods for details.

Detection of mitochondrial ROS Mitochondrial ROS were
detected using the fluorescent probe MitoSOX (Invitrogen,
Waltham, MA, USA), following the manufacturer’s protocols.
Images were obtained with a confocal laser scanning micro-
scope and analysed with ImagelJ software (Rawak Software,
Stuttgart, Germany).

Mitochondrial membrane potential Primary neonatal
cardiomyocytes were co-incubated with JC-1 (Invitrogen),
then detected using flow cytometry, as previously described
[5]- See ESM Methods for details.

Mitochondrial oxygen consumption rate Mitochondrial
oxygen consumption rate (OCR) of primary neonatal
cardiomyocytes treated with small interfering RNA or adeno-
viruses (see below for details) was analysed with a XF24
Extracellular Flux Analyzer (Agilent Seahorse Bioscience,
Santa Clara, CA, USA), as previously described [18].
Oligomycin, trifluoromethoxy carbonyl cyanide

phenylhydrazone (FCCP), rotenone and antimycin A were
used as inhibitors. See ESM Methods for details.

Upregulation and downregulation of target genes For animal
experiments, adeno-associated virus 9 carrying Akapl
(AAV9-Akapl) and the control virus were constructed by
GeneChem Technology (Shanghai, China). Upregulation of
Akapl was performed by intramyocardial injection of
AAV9-Akapl. For cell experiments, adenoviral vectors carry-
ing Akapl (Ad-Akap1) and the control viruses (empty adeno-
viral vectors [Ad-EV] or adenoviral vectors carrying gfp [Ad-
gfp]) were constructed by Hanbio Technology (Shanghai,
China). Upregulation of the target genes was performed by
infection of Ad-Akapl. Small interfering RNAs were
designed and synthesised by GenePharma Company
(Shanghai, China). Downregulation of target genes was
performed by transfection of cardiomyocytes with Akapl-
specific small interfering RNA (siAkapI) or Ndufs1-specific
small interfering RNA (siNdufs1). Akapl upregulation and
downregulation experiments in cardiomyocytes were
conducted under normal-glucose (5.5 mmol/l) or high-
glucose (30 mmol/l) conditions. See ESM Methods for details.

Co-immunoprecipitation Co-immunoprecipitation (Co-IP)
was performed on heart samples using a Pierce Classic
Magnetic IP/Co-IP Kit (Thermo Fisher Scientific) according
to the manufacturer’s protocol. See ESM Methods for details.

LC-MS/MS analysis for AKAP1-interacting proteins To identify
AKAPI-interacting proteins, the co-immunoprecipitated
proteins were visualised after separation by electrophoresis
using a Fast Silver Stain Kit (Beyotime) following the manu-
facturer’s protocol. The differential silver-stained gel spots were
excised and sent to Novogene Genetics (Beijing, China) for
LC-MS/MS analysis. See ESM Methods for details.

Isolation of mitochondria Mitochondria were isolated from
mouse hearts using the Tissue Mitochondria Isolation Kit
(Beyotime), according to the manufacturer’s instructions.

Mitochondrial complex | activity assay Mitochondrial
complex [ activity was measured using a Mitochondrial
Complex I Activity Assay Kit (Solarbio, Beijing, China)
following the manufacturer’s instructions.

Statistical analysis Data are expressed as mean £ SD. An
unpaired Student’s 7 test was performed for analysis of differ-
ences between two groups. For multiple groups, one-way
ANOVA was carried out followed by the Bonferroni post
hoc test. Statistical analyses were performed with GraphPad
Prism 6.0 (GraphPad Software, La Jolla, CA, USA). A value
of p <0.05 was considered significant.
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Results

AKAP1 expression is decreased in hearts of diabetic mice To
assess the functional role of AKAP1 in the heart in diabetes,
we first examined the expression level of AKAP1 in the heart
tissues of STZ-induced diabetic mouse models. Compared
with control hearts, AKAP1 expression was significantly
decreased in the heart of mice 6 weeks after STZ injection
(Fig. 1a). The downregulation of AKAP1 was even more
obvious in hearts 12 weeks after STZ injection. Similarly,
qPCR showed that the mRNA level of Akap ! was also signif-
icantly decreased in hearts both 6 and 12 weeks after STZ
injection (Fig. 1b). Immunohistochemical staining analysis
also indicated that AKAP1 expression was decreased in hearts
of diabetic mice when compared with wild-type (WT) mice
(Fig. 1c). Given the decrease in both protein levels and mRNA
levels of AKAPI, the involvement of AKAP1 in diabetic
cardiomyopathy is strongly suggested.

Akap1 deficiency exacerbates diabetes-induced cardiac
dysfunction Akap1-KO mice were used to investigate a direct
relationship between Akap ! deficiency and diabetic cardiomy-
opathy. The knockout of Akap! in heart tissues was detected
by western blotting and immunohistochemical staining (Fig.
2a, b). The blood glucose level and body weight of STZ-
induced diabetic mice exhibited a very consistent change with
that previously reported (Fig. 2c; ESM Fig. la) [19, 20].
Echocardiography analysis showed that knockout and WT
mice in the vehicle groups exhibited similar measurements
of cardiac function (Fig. 2d-h). However, when compared
with STZ-treated WT mice (WT/STZ), STZ-treated AkapI-
KO mice (KO/STZ) had notably decreased cardiac contractile
function, which was exemplified by decreased left ventricular

Fig. 1 AKAPI1 expression is a

decreased in hearts of mouse

Vehicle STZ Vehicle STZ Vehicle STZ

ejection fraction (LVEF; WT/STZ vs KO/STZ, 51.6% vs
41.6%), and other parameters including decreased left ventric-
ular fractional shorting (LVFS), increased left ventricular
systolic internal dimension (LVIDs) and left ventricular
diastolic internal dimension (LVIDd) (Fig. 2d-h). Decreased
interventricular septum at systole (IVSs) and interventricular
septum at diastole (IVSd) were also detected in KO/STZ mice
vs WT/STZ, however the change in IVSd was not significant
(ESM Fig. 1b, ¢). Furthermore, mitral flow pattern analysis by
pulsed Doppler indicated that Akap! knockout exacerbated
diastolic dysfunction in diabetic mice, as demonstrated by a
reduced early mitral diastolic wave/late mitral diastolic wave
ratio (E/A ratio) when compared with control mice (Fig. 21, j).
Additionally, haemodynamic analysis by the Millar transducer
showed a decreased peak derivative of pressure over time (dP/
dt;.x; @ measure of cardiac contractility) and increased mini-
mum peak derivative of pressure over time (dP/dt,;,; a
measure of cardiac relaxation) in KO/STZ mice when
compared with WT/STZ mice (Fig. 21, m). Similarly, there
were significant decreases in the left ventricular end-systolic
pressure (LVESP) and increases in the left ventricular end-
diastolic pressure (LVEDP) in KO/STZ vs WT/STZ (ESM
Fig. 1d, ). As a pathologically characteristic change, myocar-
dial fibrosis in diabetic cardiomyopathy has been reported in
several studies [19, 21]. Consistently, our data showed that the
hearts of diabetic mice exhibited a significant increase in
collagen fibres in the interstitial space vs vehicle-treated
animals, suggesting the occurrence of myocardial fibrosis
(ESM Fig. 2a). In addition, collagen deposition was further
increased in the hearts of KO/STZ when compared with WT/
STZ (ESM Fig. 2a). As additional evidence, KO/STZ exhib-
ited significant increases in mRNA abundance of common
fibrotic markers vs WT/STZ (ESM Fig. 2b). Baseline
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Fig. 2 Akapl deficiency
exacerbates diabetes-induced
cardiac dysfunction. (a)
Representative western blot of
AKAPI1 in WT mice and
knockout (KO) mice; n =3 mice.
(b) Representative
immunohistochemical staining of
AKAP1 in WT mice and KO
mice. (¢) Blood glucose levels in
the different groups; n =10 mice.
(d) Representative
echocardiography images; LVIDd
and LVIDs are labelled. (e-h)
Echocardiography data analysis;
n =38 mice. (i, j) Representative
Doppler echocardiography
images and relative quantification
of the E/A ratio; n = 8 mice. (k—
m) Haemodynamic analysis. 509 T
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parameters of the mice are shown in ESM Table 3. Taken
together, our data indicate that Akap! knockout exacerbates
diabetes-induced cardiac dysfunction and myocardial fibrosis.

Akap1 deficiency impairs mitochondrial respiratory function
Considering that cardiac dysfunction is closely correlated with
reduced ATP synthesis and mitochondrial dysfunction [6, 20],
we first examined mitochondrial morphology with TEM and
detected mitochondrial membrane potential (one of the most
important parameters for assessing mitochondrial function) by
JC-1 staining. TEM analysis showed that mitochondria from
hearts of mouse models of diabetes had reduced electron
density. More specifically, mitochondria from the hearts of
KO/STZ exhibited more obvious swelling (Fig. 3a). The mean
mitochondrial size from the hearts of KO/STZ was larger than
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that from WT/STZ. Furthermore, TEM analysis at higher
magnification showed a decreased number of mitochondrial
cristae, reduced cristae areas and an increased proportion of
mitochondria with disorganised cristae in KO/STZ vs WT/
STZ (Fig. 3b—d). Moreover, the mitochondrial membrane
potential was significantly decreased in primary neonatal
cardiomyocytes transfected with siAkap! under high-glucose
conditions, when compared with the control group (Fig. 3e, ).
Given these profound changes in mitochondrial structure and
mitochondrial membrane potential, we next analysed mito-
chondrial OCR to assess mitochondrial respiratory capacity.
As expected, when compared with cardiomyocytes treated
with control siRNA under high-glucose conditions and
siAkapI-treated cardiomyocytes under normal-glucose condi-
tions AKAP1 knockdown significantly suppressed
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Fig. 3 Akapl deficiency impairs
mitochondrial respiratory
function in the heart of diabetic
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mitochondrial respiratory capacity, including basal respira-
tion, ATP production, maximal respiration and spare respira-
tion, in high-glucose-treated cardiomyocytes (Fig. 3g, h).
Taken together, our data indicate that mitochondrial function
is impaired in the hearts of diabetic mice and high-glucose-
treated cardiomyocytes, and Akap! deficiency further exacer-
bates mitochondrial dysfunction.

Akap1 deficiency increases mitochondrial ROS to aggravate
cardiomyocyte apoptosis in diabetic hearts Mitochondrial
dysfunction is often accompanied by changes in mitochondri-
al ROS levels [5]. Therefore, we first detected mitochondrial
ROS production in mouse hearts. Our data demonstrated that
Akapl deficiency increased mitochondrial ROS production in
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diabetic hearts (Fig. 4a). Previous studies have reported that
excessive ROS production easily leads to apoptosis [16, 22].
As expected, TUNEL staining analysis demonstrated that the
number of apoptotic cells was significantly increased in hearts
from KO/STZ when compared with those from WT/STZ (Fig.
4b). Moreover, Akapl deficiency further significantly
increased the expression level of cleaved caspase-3 in hearts
from KO/STZ mice vs WT/STZ mice (Fig. 4c). Consistently,
AKAPI1 knockdown in primary neonatal cardiomyocytes
significantly promoted cell apoptosis under high-glucose
conditions when compared with the control group (Fig.
4d, e). Collectively, our data indicate that Akap! deficiency
increases mitochondrial ROS to aggravate cardiomyocyte
apoptosis in hearts of diabetic mice.
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Fig. 4 Akapl deficiency Vehicle

increases mitochondrial ROS to
aggravate cardiomyocyte
apoptosis in diabetic mice. (a)
Myocardial mitochondrial ROS
levels were analysed by confocal
microscopy after staining of WT
or knockout (KO) mouse samples
with MitoSOX. Representative
confocal microscope images and
quantitative analysis of
mitochondrial ROS production
(MitoSOX fluorescence; red) are
presented. Scale bar, 50 pm;n =5
mice. (b) TUNEL assay by
double staining with DAPI (blue)
and TUNEL (green) detected
apoptotic cells in mouse hearts.
The quantification of TUNEL-
positive nuclei is shown. Scale
bar, 50 um; » =15 mice. (c)
Representative western blot
images of cleaved caspase-3,
together with quantification; n =3
mice. (d, e) Flow cytometry
analysis of apoptosis by Annexin
V-FITC and propidium iodide
(PI) staining and quantification of
apoptotic cells in primary
neonatal cardiomyocytes with
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AKAP1 promotes translocation of the NADH-ubiquinone
oxidoreductase 75 kDa subunit into mitochondria to regulate
complex | activity To further explore the mechanism of
AKAPI in diabetic cardiomyopathy, we performed Co-IP
assays. The experimental process is shown in Fig. 5a. The
silver staining results showed a strong AKAP1 band around
130 kDa. There was also a band between 70 kDa and 100 kDa,
which might contain several AKAP1-interacting proteins
(Fig. 5b). Following LC-MS/MS analysis of the target band,
the AKAPI-interacting protein NADH-ubiquinone oxidore-
ductase 75 kDa subunit (NDUFS1) was selected for further
analysis (Table 1).

To further verify the interaction between AKAP1 and
NDUFSI in diabetic cardiomyopathy, we designed several
additional experiments. First, we performed immunoprecipi-
tation (IP) assays with different antibodies. As expected, an
obvious interaction between AKAP1 and NDUFS1 was
detected (Fig. 5c, d). Next, the interaction weakened or even
disappeared in KO/STZ vs WT/STZ (Fig. 5¢). Meanwhile,
immunofluorescence was performed to show the co-
localisation of AKAP1 and NDUFSI1 in primary neonatal
cardiomyocytes (Fig. 5f). Interestingly, as shown by western
blotting (Fig. 5g), total NDUFS1 expression was not different
in cardiomyocytes treated with siAkap/ and cardiomyocytes
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Fig. 5 AKAPI promotes translocation of NDUFSI into mitochondria to
regulate complex I activity. (a) Schematic representation of the experi-
mental protocol. (b) Immunoprecipitation (IP) assay was carried out
using AKAP1 antibody or IgG (negative control antibody). Samples were
electrophoresed and silver stained. Arrows indicate AKAP1 and the target
bands; 7 =3 mice. (¢, d) Interaction between AKAP1 and NDUFS1 was
demonstrated via Co-IP; n =3 mice. (e) Co-IP of AKAP1 and NDUFS1
in STZ-treated WT and KO mice; n =3 mice. (f) Representative images
showing immunofluorescence staining for AKAP1 (green), NDUFS1

treated with control siRNA. Considering that NDUFSI is
synthesised in the cytosol and then transferred into mitochon-
dria, cytosol and mitochondria from hearts of diabetic mice
were separated. We found that Akap! deficiency significantly
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(red) and DAPI (blue) in primary neonatal cardiomyocytes. Scale bar,
25 um; n=3 wells. (g, h) Western blot demonstrating AKAP1 and
NDUFS1 knockdown efficiency, with quantifications below; n = 6 wells.
(i) Western blot demonstrating the difference in cellular distribution of
NDUFSI between WT/STZ and KO/STZ, with quantifications to the
right; n =3 mice. (j) Analysis of complex I activity in WT and knockout
(KO) mice; n=5 mice. Data are shown as mean + SD. COX IV, mito-
chondrial cytochrome ¢ oxidase subunit I'V; Mito, mitochondria; siCtrl,
control small interfering RNA. *p <0.05, **p <0.01

blocked the translocation of NDUFSI1 into mitochondria with-
out affecting total cellular NDUFS1 expression (Fig. 51).
Consistently, the immunofluorescence results showed that
AKAP1 knockdown disrupted the co-localisation of
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Table 1 Mass spectrum analysis
of AKAPI1-interacting proteins

Fig. 6 Cardiac overexpression of
Akapl in the heart restores
mitochondrial respiratory
function via AKAP1-mediated
NDUFSI translocation. (a)
Western blot showing cellular
NDUFSI distribution, with
quantifications to the right; n=3
mice. (b) Analysis of complex |
activity in WT and knockout
(KO) mice, treated as indicated;
n=>5 mice. (¢, d) OCR and
associated quantitative analysis in
primary neonatal cardiomyocytes,
with treatment as indicated; n =5
wells. (e) Representative
transmission electron microscopic
images of mitochondria
(magnification x6000 [6K] and
x16000 [16K]) and quantitative
analysis of the mitochondrial size.
Scale bar at 6K, 2 um; scale bar at
16K, 1 um. (f~h) Quantitative
analysis of mitochondrial cristae
number, cristae area and the
proportion of mitochondria with
disorganised cristae. In (e-h) n=
8 mice. Data are shown as mean +
SD. COX 1V, mitochondrial
cytochrome ¢ oxidase subunit I'V;
FCCP, trifluoromethoxy carbonyl
cyanide phenylhydrazone; HG,
high glucose (30 mmol/l); Mito,
mitochondria; siCtrl, control
small interfering RNA. *p <0.05,
#p <0.01

Protein name Unique peptides Molecular mass (kDa) Abundance MS score
NDUFS]1 33 79.7 2.5x10° 182
IMMT 21 83.8 1.3x 107 59
PCCA 19 79.9 1.3x107 49
TRAP1 14 80.1 6.3 % 10° 38
PFKM 12 85.2 3.9%10° 32

Following Co-IP assays of mouse heart tissue and visualisation by electrophoresis, the target band (AKAP1-
interacting proteins, between 70 and 100 kDa) was excised and assessed by LC-MS/MS. IMMT, inner membrane
mitochondrial protein; PCCA, propionyl-CoA carboxylase alpha chain, mitochondrial; PFKM, ATP-dependent 6-
phosphofructokinase, muscle type; TRAPI, tumour necrosis factor receptor associated protein 1
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Fig. 7 Overexpression of Akap
decreases mitochondrial ROS to
reduce cardiomyocyte apoptosis.
(a) Representative confocal
microscope images and
quantitative analysis of
mitochondrial ROS production
(MitoSOX fluorescence; red)
after staining of WT or knockout
(KO) mouse samples with
MitoSOX. Scale bar, 50 um; n=
5 mice. (b) TUNEL assay by
double staining with DAPI (blue)
and TUNEL (green) detected
apoptotic cells in mouse hearts.
The quantification of TUNEL-
positive nuclei is shown. Scale
bar, 50 um; n =35 mice. (¢)
Representative western blotting
images of cleaved caspase-3,
together with quantification; n =3
mice. (d, e) Flow cytometry
analysis of apoptosis by Annexin
V-FITC and propidium iodide
(PI) staining and quantification of
apoptotic cells in primary
neonatal cardiomyocytes, with
treatment as indicated; n =6
wells. Data are shown as mean +
SD. siCtrl, control small c
interfering RNA. *p <0.05,
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NDUFS1 and mitochondria (labelled with MitoTracker)
(ESM Fig. 3a). As a core subunit of mitochondrial complex
I, NDUFSI plays a central role in regulating mitochondrial
complex I activity. As expected, Akapl deficiency decreased
complex I activity in KO/STZ when compared with WT/STZ
mice (Fig. 5j). Collectively, our data demonstrate that Akap!
deficiency effects intracellular translocation of NDUFSI in
diabetic cardiomyopathy.

Cardiac overexpression of Akap1 restores mitochondrial
respiratory function via AKAP1-mediated NDUFS1 transloca-
tion To further demonstrate the role of AKAPI1 in diabetic
cardiomyopathy, we restored AKAP1 expression by injection
of AAV9-Akapl in mouse hearts. Cardiac-specific
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overexpression of Akapl was verified by western blotting
(ESM Fig. 4a, b). We found that overexpression of Akapl
promoted translocation of NDUFS1 from the cytosol to mito-
chondria (Fig. 6a). Similarly, complex I activity in hearts of
diabetic mice following injection with AAV9-Akapl was
increased when compared with those injected with adeno-
associated virus carrying gfp (AAV9-gfp; Fig. 6b). To further
confirm that the effect of Akap ! on cardiac function was medi-
ated by NDUFSI1, mitochondrial function was analysed by
JC-1 staining and a mitochondrial OCR assay. AKAP1 was
overexpressed in primary neonatal cardiomyocytes infected
with Ad-Akapl when compared with the Ad-gfp group
(ESM Fig. 4c, d). The mitochondrial membrane potential
was rescued after Akapl overexpression, but the protective
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Fig. 8 Overexpression of Akapl
in the heart alleviates diabetes-
induced cardiac dysfunction. (a)
Representative echocardiography
images from WT and knockout
(KO) mice. LVIDd and LVIDs are
labelled. (b—e) Echocardiography
data analysis; n = 8 mice. (f, g)
Representative Doppler
echocardiography images and
quantification of the early mitral —
diastolic wave/late mitral diastolic
wave ratio (E/A ratio); n = 8 mice.
(h—j) Haemodynamic analysis.
Peak derivative of pressure over
time (dP/dt,,,,) is the maximal
value of the instantaneous first
derivative of left ventricular
pressure; minimum peak
derivative of pressure over time f
(dP/dt,,;,) is the minimum value

of the instantaneous first

derivative of left ventricular

pressure; n =15 mice. Data are

shown as mean + SD. *p <0.05,

STZ/AAV9-gfp
KO

LVFS (%)
- n w B
o o o o o

WT KO WT KO
STZIAAVS-gfp STZIAAVS-Akap1

STZ/AAV9-gfp
WT

KO

#%p <0.01
h
E 600
S T T F =
= 200
g
T
WT KO WT KO

STZIAAVS-gfp STZ/AAVS-Akap1

effect was blocked when Ndufs! was knocked down (ESM
Fig. 4e, f). Consistent with the above-mentioned results,
Akapl overexpression restored mitochondrial respiratory
function, including basal respiration, ATP production and
maximum respiration, but NDUFS1 knockdown blocked
these phenomena (Fig. 6¢, d). Additionally, TEM analysis
demonstrated that cardiac-specific Akap! overexpression
restored normal mitochondrial morphology in hearts of
diabetic mice vs AAV9-gfp treated controls (Fig. 6e—h).
Together, these data show that Akap restoration rescues mito-
chondrial respiratory function via AKAPI1-mediated
NDUFSI translocation.

Overexpression of Akap1 decreases mitochondrial ROS to
reduce cardiomyocyte apoptosis Akap! overexpression
reduced mitochondrial ROS production in the hearts of diabet-
ic mice when compared with the control group (Fig. 7a).
Apoptosis was reduced in WT/STZ injected with AAV9-
Akapl vs WT/STZ injected with AAV9-gfp. In addition, cell
apoptosis was also reduced in KO/STZ injected with AAV9-
Akapl vs KO/STZ injected with AAV9-gfp (Fig. 7b).
Moreover, Akapl overexpression significantly decreased the
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expression level of cleaved caspase-3 in hearts of mice with
diabetes vs controls (Fig. 7c). The body weight and heart
weight of mice that received AAV9-Akapl injection are
shown in ESM Table 4. Consistent with the in vivo experi-
ments, the cell apoptotic rate in cardiomyocytes was reduced
after infection with Ad-Akap! (Fig. 7d, e). Akapl overexpres-
sion in primary neonatal cardiomyocytes significantly
decreased mitochondrial ROS production under high-
glucose conditions, however, NDUFS1 knockdown blocked
the protective role of AKAP1 in these cells (ESM Fig. 5a).

Overexpression of Akap1 in the heart alleviates diabetes-
induced cardiac dysfunction To determine whether Akapl
overexpression can rescue cardiac function, we overexpressed
Akapl in mouse hearts by injection with AAV9-Akapl. As
expected, Akapl overexpression improved myocardial
contractile function and restored cardiac structure, as
evidenced by increased LVEF (WT/STZ injected with
AAV9-gfp vs WT/STZ injected with AAV9-Akapl, 52.4%
vs 59.6%; KO/STZ injected with AAV9-gfp vs KO/STZ
injected with AAV9-Akapl, 42.2% vs 57.6%), and other
parameters, including increased LVFS and decreased LVIDs
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Fig. 9 Schematic diagram
depicting mechanisms by which
Akapl deficiency exacerbates
diabetic cardiomyopathy by
inducing NDUFS1-mediated
mitochondrial dysfunction and
apoptosis. Under the healthy
condition, AKAP1 promotes
translocation of NDUFS1 into
mitochondria to regulate complex
I activity. Under diabetic
conditions, myocardial AKAP1
expression is decreased.
Downregulation of Akap! blocks ATP
the translocation of NDUFS1

from the cytosol to mitochondria.

Reduction of NDUFSI in

mitochondria decreases ATP

production and increases

mitochondrial ROS level, which

causes mitochondrial dysfunction

and cell apoptosis, respectively,

thereby leading to cardiac

dysfunction

Normal
cardiac function

and LVIDd (Fig. 8a—e). Meanwhile, myocardial diastolic
function was restored, as evidenced by the increased E/A ratio
in AAV9-Akapl-treated WT or Akapl-KO mice and their
respective AAV9-gfp treated controls (Fig. 8f, g). The haemo-
dynamic analysis also confirmed the restoration of cardiac
function in hearts with AAV9-Akap! injection (Fig. 8h—j).
Other parameters of echocardiography and haemodynamics
are shown in ESM Fig. 6. Additionally, Akap! restoration in
the hearts of WT and Akap1-KO mice with diabetes reduced
the interstitial fibrosis content vs respective AAV9-gfp treated
controls (ESM Fig. 7a). Taken together, our data show that
cardiac-specific overexpression of Akapl alleviates diabetes-
induced cardiac dysfunction and myocardial fibrosis.

Discussion

There were several important findings in our study. First, we
found that AKAP1 was downregulated in the hearts of STZ-
induced diabetic mice. Second, Akap! deficiency in diabetic
mice exacerbated cardiac dysfunction, which was accompa-
nied by impaired mitochondrial function and increased cardio-
myocyte apoptosis. Third, AKAP1 bound with NDUFS1 and
promoted translocation of NDUFS1 to mitochondria to regu-
late complex I activity. In contrast, AKAP1 deficiency
blocked NDUFS1 translocation from the cytosol to mitochon-
dria, which inhibited OXPHOS and increased mitochondrial
ROS production. Furthermore, cardiac-specific Akap!l over-
expression alleviated diabetic cardiomyopathy through
improved mitochondrial function and reduced cardiomyocyte
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apoptosis. Collectively, our study demonstrated that Akap!
deficiency exacerbated diabetic cardiomyopathy by
NDUFS1-mediated mitochondrial dysfunction and apoptosis
(Fig. 9). In addition, overexpression of Akap! in the hearts of
diabetic mice alleviated diabetic cardiomyopathy. Therefore,
targeting AKAP1 provides the possibility of a new therapeutic
approach for diabetic cardiomyopathy.

Mitochondria are the main producers of ATP and the fore-
most source of intracellular ROS. As a mitochondrial outer-
membrane anchoring protein, AKAP1 plays an important role
in regulating mitochondrial function and mitochondrial ROS
production. A previous study has reported that Akap -KO mice
exposed to hyperoxia displayed disorganised abnormal mito-
chondria in an acute lung injury model [23]. Similarly, our data
demonstrate that Akapl deficiency in diabetic mice impairs
mitochondrial cristaec and aggravates mitochondrial dysfunc-
tion. Another recent study has demonstrated that AKAP1
protects neuronal cells from glutamate-induced oxidative stress
[24]. The study supports our results that Akap! deficiency in
diabetic mice further increases mitochondrial ROS production,
thereby aggravating cardiomyocyte apoptosis.

Mitochondrial oxidative damage and mitochondrial
dysfunction contribute to the progression of diabetic cardio-
myopathy [25-27]; however, the cause of mitochondrial
dysfunction and the source of mitochondrial ROS were large-
ly unclear [28]. To elucidate the molecular mechanism by
which AKAPI affects diabetic cardiomyopathy, we
performed LC-MS/MS analysis. Co-IP and immunofluores-
cence assays demonstrated that NDUFSI interacted with
AKAPI1 in cardiomyocytes. As a core subunit of
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mitochondrial complex I, NDUFSI controls mitochondrial
OXPHOS and mitochondrial ROS production [29, 30]. Our
study found that Akap! deficiency caused NDUFSI retention
in the cytosol and blocked its translocation into mitochondria,
which resulted in increased mitochondrial ROS production
and impaired mitochondrial function. Several studies have
also found that translocation of NDUFS1 plays a pivotal role
in mitochondrial ROS production and cell apoptosis [29, 31].
NDUFSI1 knockdown in primary neonatal cardiomyocytes
enhanced the expression of AKAP1 that in turn promoted
translocation of NDUFSI1 into mitochondria (Fig. 5h, i, Fig.
6a), which may be a negative feedback regulation to alleviate
the decreased complex I. As a core subunit of complex I,
NDUFSI1 regulates mitochondrial function by regulation of
complex I activity. Our data indicated that the translocation
of NDUFSI from the cytosol to mitochondria affected mito-
chondrial ROS production and oxygen consumption in diabet-
ic cardiomyopathy, thereby affecting myocardial function.

Our previous studies have demonstrated that, in diabetes,
the heart shows severe mitochondrial dysfunction and
enhanced oxidative stress levels [5, 16]. In this study, we
demonstrate that the absence of AKAP1 is the primary cause
of aggravated myocardial damage in diabetic cardiomyopathy
progression. These results are similar to a previous study that
reported that downregulation of Akap! is associated with
mitochondrial dysfunction, high oxidative stress and apopto-
sis in a rat model of cardiac hypertrophy [14]. Nevertheless,
another study reported that Akap! deletion increases cardio-
myocyte mitophagy and apoptosis under conditions of
myocardial ischaemia [32]. This difference suggests that
AKAP1 may regulate cardiac function via multiple mecha-
nisms, depending on different disease models.

Another important finding of this study is that Akap over-
expression in the hearts of mouse models of diabetes alleviates
diabetic cardiomyopathy. Overexpression of Akapl by injec-
tion of AAV9-Akapl increases NDUFSI levels in mitochon-
dria, which restores complex I activity, improves oxidative
respiratory chain efficiency and reduces mitochondrial ROS
production. Until now, multiple preclinical and clinical trials
have shown that adeno-associated virus (AAV) is safe and
effective in different diseases [33-35]. AAV9 is widely used
for cardiac-specific gene delivery in mice and rats [36]. Given
that impaired mitochondrial function and elevated mitochon-
drial ROS production are the main reasons for cardiac
dysfunction in diverse heart diseases [37-39], targeting
Akapl using AAV9 might be a potential therapeutic strategy
for the treatment of diabetic cardiomyopathy and related heart
diseases.

Our study found that AKAP1 is decreased in the hearts of
diabetic mice, which is similar to a previous study. The previ-
ous study reported that AKAP1 expression was downregulat-
ed in mice after myocardial infarction and the genetic deletion
of Siah2 prevented AKAP1 degradation after coronary artery

ligation [32]. Another study has also demonstrated that
AKAPI expression level is regulated by siah E3 ubiquitin
protein ligase 2 (SIAH2) under hypoxic conditions [10].
These findings suggest that the reduction of AKAP1 expres-
sion may be mediated by SIAH2 in diabetic cardiomyopathy,
which requires further investigation. Several studies reported
that cardiac function and mitochondrial respiration were not
statistically different between WT mice and Akapl-KO mice
in vehicle-treated groups [32, 40], which is similar with our
study. In addition, no significant difference was observed in
mitochondrial ROS production and apoptosis rate between
vehicle-treated Akap/-KO mice and vehicle-treated WT mice.
These findings indicate that mitochondrial capacity may be
sufficient for maintaining myocardial energy and cardiac
function when confronted with deletion of Akap! in healthy
conditions. In contrast, mitochondria could not afford an
increased workload in diabetes, and Akap 1 deficiency further
aggravates mitochondrial dysfunction under strong stress,
such as that induced by hyperglycaemia.

There are several limitations in this study. First,
cardiomyocyte-specific Akap/-KO mice were not used in our
study. To logically prove the experimental results, cardiac-
specific Akapl overexpression was conducted by injecting
AAV9-Akapl into hearts. In addition, our data were verified in
primary neonatal cardiomyocytes through transfection with
siAkap1 or via infection with Ad-AkapI. Second, due to ethical
reasons, the expression level of cardiac AKAP1 could not be
determined in individuals with diabetes. Third, in spite of STZ-
induced mice being used as the experimental diabetic model in
multiple studies [6, 18, 20], this model cannot completely mimic
clinical diabetes in humans. Last, the specific dynamic process in
diabetic cardiomyopathy by which AKAP1 promotes transloca-
tion of NDUFSI into mitochondria is still unclear. Further study
is needed to explain the interaction between AKAP1/NDUFSI
and to obtain clinical metabolic data in humans with diabetes.
Despite these limitations, we believe that our study provides new
insights into the role and mechanisms of action of AKAPI in
diabetic cardiomyopathy.

In summary, the novel findings in this study allow us to
suggest a new mechanism by which AKAP1 promotes the
translocation of NDUFSI1 from the cytosol to mitochondria
and, thus, alleviates diabetic cardiomyopathy. Considering
that the expression of AKAP1 is downregulated in diverse
heart diseases, AKAP1 restoration using an AAV9 approach
provides compelling evidence for the possibility of a new
therapeutic strategy for diabetic cardiomyopathy and related
heart diseases.
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