1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Circulation. Author manuscript; available in PMC 2020 April 16.

-, HHS Public Access
«

Published in final edited form as:
Circulation. 2019 April 16; 139(16): 1913-1936. doi:10.1161/CIRCULATIONAHA.118.033552.

Hyperglycemia-driven Inhibition of AMP-Activated Protein
Kinase a2 Induces Diabetic Cardiomyopathy by Promoting
Mitochondria-associated Endoplasmic Reticulum Membranes in
Vivo

Shengnan Wu, PhD?, Qiulun Lu, PhD?, Ye Ding, PhD1, Yin Wu, MS?, Yu Qiu, MS?, Pei Wang,
PhD?, Xiaoxiang Mao, MD3, Kai Huang, MD, PhD3, Zhonglin Xie, MD PhD1# and Ming-Hui
Zou, MD PhD1#

1Center for Molecular and Translational Medicine, Georgia State University, Atlanta, GA, 30303

2Mitochondria and Metabolism Center, 850 Republican Street, University of Washington, Seattle,
WA

SWuhan Union Hospital, Huazhong University of Science and Technology, Wuhan, Hubei, China

Abstract

Background—FUN14 domain containing 1 (Fundcl), an outer mitochondrial membrane protein,
is important for mitophagy and mitochondria-associated endoplasmic reticulum (ER) membranes
(MAMSs). The roles of Fundcl and MAMs in diabetic hearts remain unknown. The aims of this
study therefore, were to determine if the diabetes-induced Fundcl expression could increase
MAM formation, and whether disruption of MAM formation improves diabetic cardiac function.

Methods—Levels of FUNDC1 were examined in the hearts from diabetic patients and non-
diabetic donors. Levels of Fundcl-induced MAMs, and mitochondrial and heart function were
examined in mouse neonatal cardiomyocytes exposed to high glucose (HG, 30 mmol/L D-glucose
for 48 h), as well as in streptozotocin (STZ)-treated cardiac-specific Fundc knockout (KO) mice
and cardiac-specific Fundci KO diabetic Akita mice.

Results—FUNDCL1 levels were significantly elevated in cardiac tissues from diabetic patients
compared to those in non-diabetic donors. In cultured mouse neonatal cardiomyocytes, HG
conditions increased levels of Fundcl, the inositol 1,4,5-trisphosphate type 2 receptor (Ip3r2), and
MAMs. Genetic downregulation of either Fundcl or Ipsr2 inhibited MAM formation, reduced ER-
mitochondrial Ca2* flux, and improved mitochondrial function in HG-treated cardiomyocytes.
Consistently, adenoviral overexpression of Fundc promoted MAM formation, mitochondrial Ca2*
increase, and mitochondrial dysfunction in cardiomyocytes exposed to normal glucose (5.5
mmol/L D-glucose). Compared with non-diabetic controls, levels of Fundcl, Ipsr2, and MAMs
were significantly increased in hearts from STZ-treated mice and Akita mice. Further, compared
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with control hearts, diabetes markedly increased co-immunoprecipitation of Fundcl and Ipsr2.
The binding of Fundcl to Ipsr2 inhibits Ipsr2 ubiquitination and proteasome-mediated
degradation. Cardiomyocyte-specific Fundcl deletion ablated diabetes-induced MAM formation,
prevented mitochondrial Ca?* increase, mitochondrial fragmentation, and apoptosis with improved
mitochondrial functional capacity and cardiac function. In mouse neonatal cardiomyocytes, HG
suppressed AMP-activated protein kinase (Ampk) activity. Furthermore, in cardiomyocytes of
Prkaa2 KO mice, expression of Fundc1, MAM formation, and mitochondrial Ca2* levels were
significantly increased. Finally, adenoviral overexpression of a constitutively active mutant Ampk
ablated HG-induced MAM formation and mitochondrial dysfunction.

Conclusions—We conclude that diabetes suppresses Ampk, initiating Fundcl-mediated MAM
formation, mitochondrial dysfunction, and cardiomyopathy, suggesting that Ampk-induced
Fundcl suppression is a valid target to treat diabetic cardiomyopathy.
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Introduction

Diabetic cardiomyopathy is a major cause of heart failure and death in patients with
diabetes. Although hyperglycemia or high glucose (HG), a pathologic factor in type 1
diabetes, promotes the development of diabetic cardiomyopathy, the exact mechanisms by
which it affects pathological processes are poorly characterized. Mitochondria are essential
for cellular energy production, but if damaged, they become a major source of reactive
oxygen species (ROS) and pro-apoptotic factors. In particular, increasing evidence suggests
that mitochondrial dysfunction is a central event in diabetic cardiomyopathy®: 2. Although
mitochondria are implicated in diabetic cardiomyopathy, the molecular mechanisms by
which diabetes impairs mitochondrial function remain elusive3.

The mitochondria and endoplasmic reticulum (ER) are key players that regulate many
cellular functions’, and their structural and functional interactions are essential for cellular
homeostasis’. The contact points through which the ER communicates with mitochondria
are known as mitochondria-associated ER membranes (MAMs).” MAMs are enriched in
phospholipid- and glycosphingolipid-synthesis enzymes and chaperone proteins, and the
tethering of MAM s is executed by several molecular bridges.8 For example, inositol 1,4,5-
trisphosphate receptors (Ipsrs) interact with the voltage-dependent anion-selective channel 1
(Vdac1) to form an ER-mitochondria calcium (CaZ*) tunnel.? The mitochondrial outer
membrane protein mitofusin 2 (Mfn2) tethers the ER to mitochondria by forming homotypic
or heterotypic complexes with mitochondrial Mfn1/2.10 Recently, we reported a new protein
bridge, formed through the interaction of a the outer mitochondrial membrane human
protein FUN14 domain containing 1 (Fundcl) with the ER protein inositol 1,4,5-
trisphosphate type 2 receptor (Ipsr2)1L. Importantly, MAMs play a pivotal role in Ca2*
signaling, lipid transport, energy metabolism, and cell survivall2, and have been implicated
in disease, including Alzheimer’s diseasel3, cancer!4, lysosomal storage diseasel,
diabetes16: 17, obesity-induced mitochondrial dysfunction, and metabolic disorders?8.
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However, the role of MAMSs in the initiation and progression of diabetic cardiomyopathy
remain unknown.

Due to its role in excitation-contraction coupling in muscle tissue, Ca2* signaling is crucial
for appropriate heart function, and Ca2* increase has been implicated in heart failure
associated with several pathological conditions. During ischemia/reperfusion, cytosolic Ca2*
accumulation causes mitochondrial Ca2* increase, which activates the matrix chaperone
cyclophilin D (CypD) and triggers the opening of the permeability transition pore, leading to
cell death.1? Interestingly, decreasing ER-mitochondria tethering can prevent this increase
and subsequent cell death.20 Defects in intracellular Ca2* homeostasis have been implicated
in diabetic cardiac dysfunction?L: 22; however, the exact mechanisms for diabetes-induced
Ca?" homeostasis disruption remain unclear.

Fundcl is a highly conserved protein exclusively localized to the mitochondria. It possesses
a hydrophobic transmembrane domain consisting of three a-helices, with a cytosol-exposed
amino terminus and a carboxyl terminus that spans the intermembrane space. Fundcl
contains a microtubule-associated protein 1A/1B-light chain 3 (Lc3)-binding motif that
interacts with Lc3 and recruits mitochondria to autophagosomes.23: 24 Fundc1 can also
promote mitochondrial fission by directly interacting with dynamin-related protein 1 (Drpl)
at ER-mitochondria contact sites.2> Our previous work demonstrated that Fundc1 is essential
for maintaining the structure of MAMs and ensuring appropriate Ca2* transfer from the ER
to mitochondria in normal hearts.11 Moreover, cardiac-specific deletion of Fundcl induces
cardiac dysfunction by inhibiting MAM formation.1! However, whether or not Fundc1-
related MAMs contribute to diabetic cardiomyopathy remains to be determined. Here, we
report that HG-driven inactivation of AMP-activated protein kinase (Ampk) increases
Fundc1 stability, resulting in aberrant MAM formation, mitochondrial Ca2* increase,
mitochondrial dysfunction, and cardiac dysfunction. Additionally, Ampk activation reverses
diabetic cardiomyopathy by suppressing HG-induced MAM formation, mitochondrial Ca2*
increase, and mitochondrial dysfunction.

The data, analytical methods, and study materials will be made available to other researchers
for purposes of reproducing the results or replicating the procedure and are available by
contacting the corresponding authors.

Human Samples

FUNDCL1 expression was examined in the left ventricle cardiac tissues of hearts from
patients with clinically diagnosed diabetic cardiomyopathy (recipients) and healthy human
donor hearts. All human studies were approved by the human ethics committee of Wuhan
Union Hospital of Huazhong University of Science and Technology (2017-S10005), and the
subjects provided informed consent. Patient characteristics are summarized in Supplemental
Table 1.
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Animal Study Approval

The animal protocol in this study was approved by the Institutional Animal Care and Use
Committee (IACUC) at Georgia State University.

Generation of Cardiomyocyte-Specific Fundc1 Knockout (KO) Akita Mice

Mice expressing a floxed Fundcl gene (on the X chromosome) were developed by the
Mouse Biology Program at the University of California, Davis. C57BL/6J wild-type (WT),
CreaMyHC#/= and diabetic heterozygous Akita (/ns2/7C96Y)26 mice were purchased from
the Jackson Laboratory (Bar Harbor, ME). The Cre*MYHC#/~ gllele allows Cre recombinase
expression specifically in cardiomyocytes under control of the cardiac-specific alpha myosin
heavy chain (aMyHC) promoter. Cardiomyocyte-specific Fundcl KO (Fundc1”Y/
Cre®MyHC*/~) mice were generated by crossing FundcI"V/CreaMyHC#= jith

Fundc1™Y /CrexMyHC+/~ mice. Littermate FundcI"?Y/CreaMyHC*/~ mice were used as
controls. Male heterozygous Akita (/7s27¢9Y) mice were crossed with female
Fundc1™/Cre*MyHC*/~ mice to obtain Fundcl KO Akita (Fundc1?Y/CreaMyHC*=y
Ins2v/C96Y) double mutants. All mice were maintained in a C57BL/6J background, housed
in temperature-controlled cages with a 12 h light-dark cycle, and given free access to water
and food. The mice were used for experiments at 6 months of age. Akita mice were
purchased from Jackson Laboratory (Bar Harbor, ME), and 6-month-old male mice were
used for the experiments.

Screening Nnt*/* Mice

Nicotinamide nucleotide transhydrogenase (Nnt) mutation affects the redox state of
mitochondria, and thus may affect mitochondrial function.?”- 286 PCR was used to detect At
mutation in all mice used in 6 lines (littermates: WT, Fundcl KO, Akita, Fundcl KO-AKita,
and littermates: WT and PrkaaZ KO) used in this study. All six lines carry ANint mutation (Nnt
*I7) in a random way. To exclude potential effects of Ant mutation on our results, all mice
which carried AMnt mutation were removed from this study.

Induction of Diabetes

Type 1 diabetes was induced by streptozotocin (STZ) injection following the Low-Dose
Streptozotocin Induction Protocol (Mouse) published by Animal Models of Diabetic
Complications Consortium. Briefly, type 1 diabetes was induced in 8-week-old

FundcIW?Y /CreaMyHC#/= (\WT) and Fundc1?Y/Cre*MyHC*/~ (KO) mice via daily STZ
(Sigma-Aldrich, St. Louis, MO) intraperitoneal injections (50 mg/kg in citrate buffer, pH
4.5) for 5 consecutive days. Control mice received citrate buffer injections (vehicle). Blood
glucose was measured 2 weeks post-injection, and only animals with blood glucose levels
greater than 350 mg/dL were considered diabetic. Mice were used for experiments four
months post-induction.

Echocardiography

Mouse cardiac geometry and function were examined using a Vevo 3100 High-Resolution
Micro-Ultrasound System (FUJIFILM Visual Sonics Inc., Toronto, ON, Canada). Mice were
anesthetized with 1.5% isoflurane and placed on a heating table in a supine position. Two-

Circulation. Author manuscript; available in PMC 2020 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Cell Culture

Page 5

dimensional images of the cardiac chamber were obtained from short-axis views of the left
ventricle at the papillary muscle level. Left ventricular (LV) internal diameter (LVID),
posterior wall thickness (LVPW), fractional shortening (FS), and ejection fractions (EF)
were calculated from the left ventricular dimensions at the end of systole and diastole.
Diastolic dysfunction was also assessed using the ratio of early (E-wave) and late (A-wave)
LV diastolic filling velocities (E/A ratio), determined by transmitral valve Doppler. To avoid
bias, all echocardiography procedures, including data acquisition and analysis, were
performed by a researcher who was blind to the experimental treatments.

Mouse neonatal cardiomyocytes were isolated from 1- to 3-day-old mice using a Primary
Cardiomyocyte Isolation Kit (¥88281; Thermo Fisher Scientific Inc., Waltham, MA).
Briefly, freshly isolated hearts were minced and incubated with isolation enzymes for 35
min, and then washed twice with Hanks Balanced Salt Solution. The tissues were disrupted
in Dulbecco’s Modified Eagle Medium (DMEM) specific for primary cell isolation (¥88287,
Thermo Fisher Scientific Inc., Waltham, MA) supplemented with 10% fetal bovine serum
(FBS), penicillin (100 U/mL), and streptomycin (100 pg/mL), and cardiomyocyte growth
supplement (provided by manufacturer diluted at a ratio 1: 1000), by pipetting up and down
25 to 30 times with a 1000 L pipette tip to generate a single cell suspension. Total cell yield
was determined using a TC20™ Automated Cell Counter (Bio-Rad Laboratories, Inc.,
Hercules, CA), and cell viability was determined using a Trypan Blue exclusion assay. The
isolated cardiomyocytes were maintained in DMEM supplemented with 10% FBS, penicillin
(100 U/mL), and streptomycin (100 pg/mL).

Adult cardiac myocytes were isolated from female C57BL/6J mice following the protocol
reported previously29. Briefly, the mouse was anesthetized by intraperitoneal injection of
pentobarbital. The heart was quickly removed, cannulated via ascending aorta, and mounted
on a modified Langendorff perfusion system. The heart was perfused with oxygenated
Krebs-Henseleit Buffer (KHB) solution supplemented with collagenase 11 (Worthington) and
hyaluronidase (Sigma) at 37°C. Rod-shaped adult cardiac myocytes were collected and
plated on glass coverslips coated with laminin at a density of 2 x 104 cells per coverslip and
cultured in serum-free M199 medium (Sigma) supplemented with 10 mM glutathione, 26.2
mM sodium bicarbonate, 0.02% bovine serum albumin and 50 U/ml penicillin-streptomycin
for up to 3 days.

Rat H9c2 cardiomyoblasts (ATCC®CRL-1446™) were purchased from American Type
Culture Collection (Rockville, MD), maintained in DMEM (#11885, Thermo Fisher
Scientific Inc., Waltham, MA), supplemented with 10% FBS, and were incubated in a
humidified atmosphere with 5% CO, and 95% air at 37°C. All culture media were
supplemented with penicillin (100 U/mL) and streptomycin (100 pg/mL).

Plasmid Transfection, Gene Silencing, and Adenovirus Infection

The DsRed2-ER (#632409) plasmid was purchased from Clontech Laboratories, Inc.
(Mountain View, CA). GFP-Fundc1A7-48 mutation plasmid was generated using
Quikchange II Site-directed Mutagenesis Kit (Agilent Cat: 200523). The procedure was
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followed with the company protocol. The GFP-Fundcl plasmid (Origene Cat: RG208211)
was used to delete region 7-48. The resulting plasmid was sequenced and confirmed with T7
primer. Cardiomyocytes were transfected with plasmids using Lipofectamine 2000
(*11668-019, Life Technologies, Carlsbad, CA), according to the manufacturer’s protocol.

Fundc1 siRNA (¥sc-145273) was purchased from Santa Cruz Biotechnology, Inc. (Dallas,
Texas). /tor2 siRNA (¥n435663) was purchased from Life Technologies. For gene silencing
of Fundc1 or Itpr2, cardiomyocytes were transfected with 10 umol/L siRNA using
Lipofectamine®RNAIMAX (13778150, Life Technologies, Carlsbad, CA) according to the
instructions provided by the supplier.

The mouse neonatal cardiomyocytes or H9c2 myoblasts were infected with adenovirus
encoding Fundc1 (*197503A and #281786A, Applied Biological Materials Inc., Canada) in
normal culture medium for 48 h. An adenoviral vector encoding beta-galactosidase (B-Gal)
(*000197A, Applied Biological Materials Inc., Canada) was used as a control. Adenovirus
encoding constitutively active Ampk mutants (ad-Ampk-CA) was generated as described
earlier3?,

Immunoprecipitation and Western Blot

Cultured cardiomyocytes and cardiac tissues (whole heart) were homogenized in
radioimmunoprecipitation assay (RIPA) lysis buffer (*sc-24948, Santa Cruz Biotechnology,
Inc., Dallas, Texas). RIPA buffer contained 200 mmol/L phenylmethylsulfonyl fluoride
(PMSF), protease inhibitor cocktail, and detergents (including ionic detergents: sodium
dodecyl sulfate [SDS] and 100 mmol/L sodium deoxycholate, and non-ionic detergent
Nonidet P-40). The protein contents were measured using a bicinchoninic acid assay (BCA,
#23225, Pierce Biotechnology, Rockford, IL). Total cell lysates were immunoprecipitated
with specific antibodies, and the immunoprecipitates were subjected to western blot. For
western blot analysis, 40~80 pg of protein was resolved by sodium dodecy! sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose (NC)
membranes (Bio-Rad Laboratories, Inc. Hercules, CA), and probed with specific antibodies.
The signals were visualized using Amersham Imager 680 (GE Healthcare, Piscataway, NJ).
The intensity (area x density) of individual bands was measured by densitometry
(ImageQuant TL 8.2 image analysis software, GE Healthcare Life Sciences), and the
background was subtracted from the calculated area. The following primary antibodies were
used: anti-FUNDC1 (*NBP1-81063, Novus Biologicals, LLC, Littleton CO), anti-FUNDC1
(*ABC506, EMD Millipore Corporation, Temecula, CA), anti-IP3R2 (*ab55981, Abcam,
Cambridge, MA), anti-IP3R2 (¥sc-398434, Santa Cruz Biotechnology, Inc., Dallas, Texas),
anti-PACS2 (719508-1-AP, Proteintech, Chicago, IL), anti-Siglr (*42-3300, Thermo Fisher
Scientific Inc., Waltham, MA), anti-MFN2 (*sc-50331, Santa Cruz Biotechnology, Inc.,
Dallas, Texas), anti-PDI (#2446, Cell Signaling Technology, Inc., Danvers, MA), anti-
GRP75 (#2816, Cell Signaling Technology, Inc., Danvers, MA), anti-VDAC1 (74661, Cell
Signaling Technology, Inc., Danvers, MA), anti-CALRETICULIN (¥ab39818, Abcam,
Cambridge, MA), anti-B-Tubulin (*AC02, ABclonal, Inc. Woburn, MA), anti-GAPDH
(*sc-137179, Santa Cruz Biotechnology, Inc., Dallas, Texas), anti-UB (*sc-8017, Santa Cruz
Biotechnology, Inc., Dallas, Texas), anti-RNF170 (*ab80435, Abcam, Cambridge, MA),
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anti-B-Actin (*sc-47778, Santa Cruz Biotechnology, Inc., Dallas, Texas), anti-Phospho-
AMPKa (Thr172) (#2535, Cell Signaling Technology, Inc., Danvers, MA), anti-AMPKa.2
(*sc-19131, Santa Cruz Biotechnology, Inc., Dallas, Texas), anti-Phospho-Acc (Ser79)
(%3661, Cell Signaling Technology, Inc., Danvers, MA), anti-B-MHC (¥22280-1-AP,
Proteintech, Chicago, IL), anti-TNF-a (*sc-1351, Santa Cruz Biotechnology, Inc., Dallas,
Texas), and anti-1L-6 (*sc-12912, Cell Signaling Technology, Inc., Danvers, MA).

Subcellular Fractionation

Subcellular fractionation of the heart was performed using published protocols3L.

Mitochondria Isolation from Heart

Mitochondria used for FCM analysis were isolated using a Mitochondria Isolation Kit
(89801, Thermo Fisher Scientific Inc., Waltham, MA). Each heart was washed twice with 2
ml phosphate-buffered saline (PBS), and the PBS was then discarded. The heart tissue was
cut into small pieces (less than 1x1x1 mm3), which were incubated on ice in a trypsin/PBS
solution (0.3 mg/ml) for 3 min followed by brief centrifugation at 250 x g for 1 min at 4°C
to pellet the tissue and remove the trypsin solution. We added 800 uL 4 mg/ml BSA/Reagent
A solution (with protease inhibitors) to the tube, and Dounce homogenization was
performed on ice. We then added 800 pL Reagent C (with protease inhibitors) and inverted
the tube several times to mix. The tubes were centrifuged at 700 x g for 10 min at 4°C, and
the pellet was discarded. The supernatant was then centrifuged at 3,000 x g for 15 min at
4°C, and 500 pl wash buffer (Reagent C with an equal volume of ultrapure water) was added
to the mitochondrial pellet. The ultrapure water was prepared by Milli-Q® Reference Water
Purification System (MilliporeSigma Life Science, Burlington, MA) with a resistivity of
18.2 MQecm at 25°C, and total organic carbon < 5 ppb. The mitochondrial pellet was
centrifuged at 12,000 x g for 5 min and stored on ice before downstream processing. The
quality (purity and activity) of the isolated mitochondria was determined by FCM based on
double staining with MitoTracker Green and tetramethylrhodamine, methyl ester (TMRM).

Immunofluorescence

Cells were washed twice with PBS, fixed with 3.7% paraformaldehyde (v/v) in PBS for 15
min, and permeabilized with 0.2% Triton X-100 (v/v) for 15 min. Cells were blocked with
5% normal goat serum (BioGenex, Fremont, CA) for 30 min, incubated with primary
antibodies (1: 200) at 37°C for 30 min, followed by incubation with Alexa Fluor® 488- or
647-conjugated secondary antibodies (1:50) (Life Technologies, Carlsbad, CA) at 37°C for
45 min. The cover slips were mounted on microscope slides using an anti-fade medium and
sealed before imaging. Images were obtained using a confocal microscope (LSM800, Carl
Zeiss Microscopy Ltd., Cambridge, MA).

ER and Mitochondria Contact Analysis

Cells were transfected with a DsRed2-ER plasmid (Ex/Em 558/583 nm; #632409, Clontech
Laboratories, Inc., Mountain View, CA) for 48 h, labeled with MitoTracker® Green FM (250
nm, Ex/Em 490/516 nm; #7514, Thermo Fisher Scientific Inc. Waltham, MA) for 30 min at
37°C, and observed using a confocal microscope (LSM800, Carl Zeiss Microscopy Ltd.,
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Cambridge, MA). Images for analyzing ER/mitochondrial co-localization were acquired
using 3D-deconvoluted stacks with the Z-stack application. The Pearson correlation
coefficient32, a well-defined and commonly accepted means for describing the extent of
overlap between image pairs, was applied to quantify the degree of co-localization between
the fluorophores representing DsRed2-ER and MitoTracker Green. The Pearson’s
correlation coefficient was analyzed using the built-in Carl Zeiss colocalization analysis
module from the ZEN software, using the thresholding obtained from single-label control
samples.

Mitochondrial Ca2* Measurement

Mitochondrial Ca2* levels in living cells were measured with a mitochondrial Ca2*
indicator, mitochondria-targeted ratiometric pericam (RPmt) (Ex. 418 nm and 494 nm, Em.
511 nm).33: 34 Mouse neonatal cardiomyocytes were infected with an adenovirus encoding
RPmt for 48 h at a multiplicity of infection (MOI) of 50. In adult cardiac myocytes,
adenovirus-mediated RPmt gene transfer was performed 2 h after cell plating and at an MOI
of 50. The experiments in adult cardiomyocytes were conducted 2 days after gene transfer.
RPmt signals were collected by flow cytometry (FACScanto Il flow cytometer; BD
Bioscience, San Jose, CA) or observed using a confocal microscope (LSM800, Carl Zeiss
Microscopy Ltd., Cambridge, MA). Quantitative analysis of flow cytometry data was
determined using FlowJo (v10) software. The excitation ratio of RPmt confocal images was
calculated by MetaMorph software (Molecular Devices, LLC. San Jose, CA).

Mitochondrial Ca?* levels in mouse neonatal cardiomyocytes and adult cardiomyocytes
were also measured with Rhod-2 probe (EX/Em 552/581 nm, #R1245MP, Thermo Fisher
Scientific, Waltham, MA). Stock solution (5 mM) was prepared in DMSO. Cells were
incubated with Rhod-2 at the concentration of 5 uM for 30 min at 37°C. Cells were then
washed to remove excess probe that either has not been loaded or may be noncovalently
associated with the membrane. Rhod-2 signal were collected by flow cytometry (FACScanto
Il flow cytometer; BD Bioscience, San Jose, CA) or observed using a confocal microscope
(LSM800, Carl Zeiss Microscopy Ltd., Cambridge, MA). Rhod-2 density was calculated by
ZEN software (Zeiss). ). Quantitative analysis of flow cytometry data was determined using
FlowJo (v10) software. The quantification of Rhod-2 signals in confocal images was
calculated by confocal build-in Zen software. MitoTracker® Green FM or MitoTracker™
Deeper Red FM (250 nm, Ex/Em 490/516 nm; #M22426, Thermo Fisher Scientific Inc.
Waltham, MA) was used to co-stain cells for mitochondrial Ca2*. The only MitoTracker
positive areas were taken into Rhod-2 signal quantification in confocal pictures.

Assays of Mitochondrial Depolarization

Adult cardiac myocytes were loaded with TMRM probe (indicating AY ) for 30 min at
37°C. Following incubation with the TMRM probe, cells were washed with PBS to remove
free TMRM that either had not been loaded or was not associated with the membrane.
Ru360 (10 pmol/L) was preloaded to the cells for 1 h at 37°C before measurement. The
TMRM signals after histamine (100 pmol/L) stimulation was collected by time-lapse
confocal microscopy (LSM800, Carl Zeiss Microscopy Ltd., Cambridge, MA). The
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mitochondrial depolarization time represents the time of AY, reaching the lowest value
minus the time at which the AYy,, begins to decrease.

Assays of Mitochondrial Permeability Transition Pore (MPTP)

MPTP in cardiomyocytes was assayed by using calcein-Co2", as described previously.3®
cardiomyocytes were loaded with 1 mmol/L calcein AM (Ex/Em 494/517 nm) for 30 min at
37°C in normal culture medium. When quenching of cytosolic and nuclear calcein
fluorescence was required, 1 mmol/L CoCl, was present during calcein loading. After the
attainment of quenching, cells were washed free of calcein and Co?*, and calcein signal was
monitored by confocal microscopy (LSM800, Carl Zeiss Microscopy Ltd., Cambridge,
MA). If necessary, cyclosporine A (CsA, 1 pmol/L) or Ru360 (10 umol/L) was added to the
cells after calcein and Co?* loading and 30 min before experimental recording.

Transmission Electron Microscopy (TEM)

Hearts from the indicated genotypes were first perfused with Ringer’s solution (pH 7.4) to
remove the blood and then perfused with fixative (4% paraformaldehyde, 1% glutaraldehyde
in 0.1 mol/L sodium cacodylate buffer, pH 7.4, and 4% sucrose) to prefix the hearts. Next,
the left ventricles were removed and post-fixed in a mixture of 0.8% potassium ferrocyanide
and 2% osmium tetroxide in a 0.1 mol/L sodium cacodylate buffer for 2 h. After dehydration
in a graded series of acetone, the samples were embedded in spurr resin and sectioned with a
glass knife on a Leica Ultracut R cutter. The sections were stained with uranyl acetate and
lead citrate, and observed using a Hitachi H-7600 TEM (Hitachi High-Technologies Europe
GmbH, Krefeld, Germany).

Cultured H9c2 myoblasts were fixed with 2.5% glutaraldehyde in 0.1 mol/L sodium
cacodylate buffer for 1 h at room temperature (RT). Cells were harvested with a cell scraper,
and the aggregates were post-fixed with 1% osmium tetroxide in 0.1 mol/L cacodylate buffer
for 1 h at RT, dehydrated in ethanol, and embedded in Epon 812 embedding resin. After
polymerization, the plastic was removed and ultrathin sections were cut parallel and
perpendicular to the flask surface. Thin sections were counterstained with uranyl acetate and
lead nitrate, and examined with a Hitachi H-7600 TEM (Hitachi High-Technologies Europe
GmbH, Krefeld, Germany).

The ER mitochondrial contacts were quantified as described previously.18 The images were
analyzed using ImageJ (National Institutes of Health). The mitochondrial and ER
membranes were delineated using the freehand tool. The selected areas were converted to
masks and perimeter of ER were calculated. Two independent investigators quantified the
images blindly. For the MAM quantification, we normalized the total ER connected to
mitochondria to total ER perimeter.

Oxygen Consumption Rate (OCR)

OCR was measured using an XF€96 extracellular flux analyzer (Seahorse Biosciences,
North Billerica, MA). Briefly, mouse neonatal cardiomyocytes were seeded in a 96-well
plate (¥102416-100, Seahorse Biosciences, North Billerica, MA) in the normal culture
medium, followed by siRNA or adenovirus treatment for 48 h. The proper cell seeding
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density was screened to make the control groups at the cell density of ~30K/well at the time
of measurement. One hour before measurements, cells were removed from the CO,
incubator and incubated at 37°C in a normal atmosphere. The medium was replaced with
180 uL XF assay medium (¥102365-100, Seahorse Biosciences, North Billerica, MA)
containing 10 mmol/L glucose, 1 mmol/L pyruvate, and 2 mmol/L glutamine at pH 7.4.
Stock solutions of oligomycin, trifluoromethoxy carbonyl cyanide phenylhydrazone (FCCP),
and rotenone/antimycin A in an XF Cell Mito Stress Test Kit (¥103015-100, Seahorse
Biosciences, North Billerica, MA) were prepared in XF assay medium and loaded into
injection ports A, B, and C, respectively. The working concentrations for each inhibitor were
as follows: Oligomycin 1 umol/L, FCCP 4 umol/L, Rotenone 0.5 umol/L, and antimycin A
0.5 umol/L. FCCP titration assay was applied to determine the optimal FCCP dosage by
continuously injecting FCCP until the decreased OCR value was reached in mouse neonatal
cardiomyocytes (data not shown). Measurements were obtained at 37°C. Assay cycles
included 3 min of mixing, 2 min of a waiting period, and 3 min of measurement. The Wave
software provided by Seahorse Biosciences was used for data collection. Basal respiration,
maximal respiration, proton leak, coupled respiration, etc. were determined using the X~
Cell Mito Stress Test Generator software provided by Seahorse Bioscience (North Billerica,
MA). Coupling Assays were performed in isolated mitochondria from adult mouse hearts
according to the published protocol.36

Detection of Reactive Oxygen Species (ROS)

Mitochondrial ROS levels were measured using MitoSOX™ Red (5 pmol/L Ex/Em 510/580
nm, #*M36008, Thermo Fisher Scientific Inc., Waltham, MA). Mitochondrial membrane
potential (AY,) was measured with fluorescent probe rhodamine 123 (Rh123) (5 umol/L
Ex/Em 488/535 nm, #R8004, Sigma-Aldrich, St. Louis, MO) or TMRM (100 nmol/L Ex/Em
510/580 nm, #T668, Thermo Fisher Scientific Inc., Waltham, MA). Briefly, neonatal
cardiomyocytes were incubated with each probe for 30 min at 37°C. Following incubation
with the respective probes, cells were washed with PBS to remove free MitoSOX, or excess
Rh123 and TMRM that either had not been loaded or was not associated with the
membrane. When it was necessary, CsA (1 umol/L) or Ru360 (10 umol/L) was preloaded to
the cells for 1 h at 37°C before measurement. Cells were then trypsinized with 0.25% trypsin
and collected. The levels of mitochondrial MitoSOX, Rh123, and TMRM were measured by
flow cytometer (FACScanto Il; BD Bioscience, San Jose, CA). A minimum of 10,000 events
was collected for each sample. Quantitative analysis of the data was determined using
FlowJo (v10) software.

Detection of Apoptosis

Cell apoptosis in mouse neonatal cardiomyocytes were examined by Annexin V-FITC/PI
Apoptosis Detection Kit (*556547, BD Bioscience, San Jose, CA). Cells were seeded to a 6-
well plate. Twelve hours after incubation, cells were received NG (5.5 mmol/L) or HG (30
mmol/L) treatment for 48 h. CsA (1 umol/L) or Ru360 (10 umol/L) was preloaded to the
cells for 1 h at 37°C before measurement. Cells were then washed with PBS and detached by
trypsin followed by neutralization with culture medium. The detached cells were collected
into a 15-mL centrifuged tube, and prepared according to manufacturer’s instructions. The
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apoptotic cell population was analyzed by a flow cytometer (FACScanto Il; BD Bioscience,
San Jose, CA).

Histology and Immunochemistry

Sirius Red staining was performed in heart paraffin section of the left ventricle using a
Picro-Sirius Red Stain Kit (ab150681, Abcam, Cambridge, MA). Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was performed in
heart frozen section of the left ventricle using an /n Situ Cell Death Detection Kit (Roche,
Indianapolis, IN)

Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Statistics

Total RNA was isolated from cardiomyocytes or hearts using an RNeasy Mini Kit (¥74106,
QIAGEN N.V., Germany) and reverse-transcribed by iScript™ cDNA Synthesis Kit
(*170-8891, Bio-Rad Laboratories, Inc. Hercules, CA). RT-PCR was performed using iQ™
SYBR® Green Supermix (*720001059, Bio-Rad Laboratories, Hercules, CA) in the
CFX96™ Real-Time System (Bio-Rad Laboratories, Hercules, CA). Primer sequences for
mouse Fundcl, ltpr2, and Gaadphwere shown as follows (5°-3"): Fundcl (F)
CCCCCTCCCCAAGACTATGA; (R) CCACCCATTACAATCTGAGT; /tpr2 (F)
CCTCTACATTGGGGACATCGT; (R) GGCACACCTTGAACAGGCA; Gadph (F)
CTACCCCACGGCAAGTTCA, (R) CCAGTAGACTCCACGACAAC.

All data are expressed as means + standard deviation (SD). All experiments were performed
at least in triplicate, unless otherwise stated. Homogeneity of the variance was assessed
using the F test (two groups) or the Brown-Forsythe test (= three groups). Normality of the
data was assessed with the Shapiro-Wilk test. When reporting results with two groups, we
used a standard Student’s ftest when the assumptions (equal variance and normal
distribution) were satisfied. Otherwise, the non-parametric Mann-Whitney U test was used
to analyze the difference between the two groups.

For results with more than two groups, analysis of variance (ANOVA) or other appropriate
non-parametric tests was used to analyze the difference. When one variable was involved,
we used a one-way ANOVA followed by the Bonferroni post fioc test when the assumptions
(equal variance and normal distribution) were satisfied. Otherwise, we used the non-
parametric Kruskal-Wallis test followed by Dunn’s post hoc test to correct for multiple
comparisons. For results with two variables, a two-way ANOVA followed by Bonferroni
post hoc test was used for multiple comparisons when the assumptions (equal variances and
normal distribution) were satisfied. Otherwise, we used the non-parametric Scheirer-Ray-
Hare test (an extension of the Kruskal-Wallis test) followed by Dunn’s post hoc test to
correct for multiple comparisons.

Pvalues were adjusted for multiple comparisons, where appropriate. £ values < 0.05 were
considered statistically significant. All statistical analyses were carried out using SPSS
Version 21 software.
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Fundcl Expression and MAM Formation are Increased in Diabetic Hearts

To determine the impact of diabetes on MAMSs, we first examined the levels of MAM-
related proteins in the hearts of STZ-treated diabetic mice. As shown in Supplemental
Figures 1A and 1B, the levels of MAM-related proteins, including Fundcl, Ipsr2,
phosphofurin acidic cluster sorting protein 2 (Pacs-2), and VVdacl, were significantly higher
(P<0.05) in diabetic heart homogenates than in the non-diabetic counterparts. The levels of
three other MAM-related proteins, sigma-1 receptor (Siglr), Mfn2, and glucose-regulated
protein 75 (Grp75), were comparable between control and diabetic hearts (Supplemental
Figures 1A and 1B). In contrast, the levels of protein disulfide isomerase (Pdi) were
decreased in STZ-treated hearts compared to non-diabetic counterparts (Supplemental
Figures 1A and 1B). Notably, a higher level of beta-isoform of myosin heavy chain (B-Mhc)
was observed in STZ-treated hearts than in non-diabetic counterparts (Supplemental Figures
1A and 1B), indicating cardiac hypertrophy in diabetic mice.

We then measured the MAM-related proteins in MAM fraction isolated from mouse hearts.
The purity of the MAM fraction was demonstrated in Supplemental Figure 1C. Similar to
the finding with heart homogenates, increased levels of both Fundcl and Ipsr2 were also
detected in MAM fractions isolated from cardiac tissues of STZ-treated mice (Figure 1A).
However, Pacs-2, Siglr, Pdi, Grp75, and Vdacl levels were unchanged in MAM fractions
isolated from cardiac tissues of STZ-treated mice (Supplemental Figures 1D and 1E). To
further establish that the observed effects were not due to off-target effects of STZ, a
mitochondrial toxin, we examined MAM-related proteins in genetic diabetic Akita mice.
Compared to those in WT groups, we found increased levels of both Fundcl and Ip3r2 in
both cardiac homogenates (Supplemental Figures 2A and 2B) and cardiac MAM fractions
(Figure 1B, Supplemental Figures 2C and 2D) in Akita mice.

To establish clinical relevance, we also examined FUNDCL protein expression in the cardiac
left ventricular tissues collected from human diabetic patients and non-diabetic donors
(Supplemental Table 1). As depicted in Figure 1C, FUNDC1 levels were significantly
elevated in cardiac tissues from diabetic patients compared to those in non-diabetic donors,
thus confirming that FUNDCL1 protein expression is increased in diabetic human hearts.

Next, we assessed MAM formation in diabetic murine hearts by analyzing the apposition of
the ER and mitochondria. As illustrated by TEM images (Figure 1D), the association of the
ER with mitochondria was dramatically increased in the hearts of diabetic Akita mice.
Quantitative analysis indicated that the proportion of the ER adjacent to mitochondria was
significantly increased in Akita mouse hearts (Figure 1E).

Hyperglycemia Promotes MAM Formation and Mitochondrial Ca?* Increase in
Cardiomyocytes

Hyperglycemia is a key pathological factor in type 1 diabetes. To explore the impact of HG
on MAM formation, we evaluated the level of MAM-related proteins in mouse neonatal
cardiomyocytes that received normal glucose (NG; 5.5 mmol/L D-glucose), osmotic control
(5.5 mmol/L D-glucose plus 24.5 mmol/L D-mannitol), or HG (30 mmol/L D-glucose)

Circulation. Author manuscript; available in PMC 2020 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 13

treatment. As depicted in Figures 2A and 2B, Supplemental Figures 3A and 3B, the levels of
Fundcl, Ipsr2, Pacs-2, and VVdacl were significantly increased in HG-treated cells. We
found no change in the levels of Pdi, Siglr, Mfn2, or Grp75 (Supplemental Figures 3A and
3B). The value of Pearson’s coefficient based on confocal imaging was applied to evaluate
the association between ER and mitochondria. Consistently, confocal imaging (Figure 2C)
and Pearson’s correlation coefficient analysis (Figure 2D) revealed an increased association
between the ER and mitochondria in HG-treated cells, but not in cells exposed to NG.
Together, these data suggest that HG increases MAM formation in cardiomyocytes.

Next, we examined if HG-induced MAM formation was reversible. Forty-eight hours after
HG treatment, HG medium was replaced with NG medium. MAMs were monitored in
cardiomyocytes using live-cell time-lapse confocal microscopy. As depicted in Figures 2E
and 2F, Eight hours after HG removal, HG-enhanced MAMs in cardiomyocytes were
disassembled, and the number of MAMSs returned to normal.

MAMs can transfer Ca2* from the ER Ca?* store into mitochondria. Therefore, we
determined if increased diabetic MAM formation could result in mitochondrial Ca2*
increase. To this end, the mitochondrial Ca2* indicator, RPmt (Figures 2G and 2H) was used
to determine mitochondrial Ca2* levels based on FCM analysis3”: 38, As shown in Figures 2l
and 2J, mitochondrial Ca2* levels increased upon exposure to HG. Eight hours after the
replacement of HG medium with NG medium, mitochondrial Ca2* returned to basal levels
(Figures 21 and 2J).

RPmt indicator is reported to sensitive to pH changes3?. To further confirm if HG altered
mitochondrial Ca2*, we used Rhod-2 to detect mitochondrial Ca2*. Considering Rhod-2 also
distributes with non-mitochondrial compartments within a cell?, we therefore used
MitoTracker to co-stain mitochondria and used MitoTracker/Rhod-2- dual positive areas to
calculate mitochondrial Ca2* under confocal pictures. The mitochondrial membrane
potential (AY,,) was simultaneously monitored under the same conditions. As depicted in
Supplemental Figures 4A and 4B, AY,, declined upon exposure to HG, while mitochondrial
Ca?" levels increased. Forty-eight hours after the replacement of HG medium with NG
medium, both mitochondrial Ca* and A, returned to basal levels.

AY ,, is directly related to the opening of MPTP. To determine if increased Ca2* levels in
diabetic conditions were pathological relevant, the calcein-Co?* technique was used to
measure the opening of MPTP in cells exposed to NG, HG, HG plus CsA (a specific
inhibitor of MPTP), or HG plus Ru360 (a mitochondrial Ca2* uptake inhibitor). As depicted
in Supplemental Figures 5A and 5B, HG markedly reduced calcein signal in H9c2 rat
myoblasts, which indicates HG induces long-time opening of MPTP. Moreover, HG-reduced
calcein signal was largely inhibited by CsA/Ru360 addition (Supplemental Figures 5A and
5B), indicating that HG induces MPTP opening via promoting mitochondrial CaZ* uptake.
On the other hand, HG decreased AY ,, in mouse neonatal cardiomyocytes, which was
prevented by the addition of CsA/Ru360 (Figure 2K).

Next, we evaluated apoptosis, the main consequence of the opening of MPTP in
cardiomyocytes. As shown in Supplemental Figures 5C and 5D, HG induced cell apoptosis
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in mouse neonatal cardiomyocytes and CsA/Ru360 ablated HG-induced apoptosis. Taken
together, our results demonstrate that HG impairs mitochondrial function, induces MPTP
opening, and triggers cell apoptosis by promoting mitochondrial Ca2* uptake.

Overexpression of Fundcl Promotes MAM Formation, Mitochondrial Ca2* Increase, and
Mitochondrial Dysfunction in Cardiomyocytes

Since diabetes or HG causes aberrant Fundcl expression, we examined the impact of
Fundcl overexpression on cardiomyocytes. Mouse neonatal cardiomyocytes were infected
with LacZ- (ad-p-Gal) or Fundc-expressing adenoviruses (ad-Fundcl) and MAM
formation and mitochondrial function were examined forty-eight hour after infection.
Fundcl overexpression increased MAM formation, as revealed by elevated levels of MAM-
related proteins (Figure 3A, Supplemental Figures 6A and 6B) and increased ER-
mitochondria contacts (Figures 3B and 3C). Consistently, Fundcl overexpression enhanced
the percentage of ER adjacent to mitochondria in H9¢c2 myoblasts (Figures 3D and 3E).
Increased MAM formation was associated with impairment of mitochondrial function,
including higher mitochondrial Ca2* levels (RPmt indicator: Figures 3F and 3G; Rhod-2
probe: Supplemental Figures 6C and 6D), mitochondrial ROS overproduction (Figure 3H),
and decreased mitochondrial membrane potential (Figure 3I). We also measured OCR at the
optimal cell density (30K cells/well) and FCCP concentration (1 umol/L). We found that
Fundcl overexpression reduced the OCR, including maximal respiration and spare
respiratory capacity (Figure 3J). Taken together, these results suggest that upregulation of
Fundcl is involved in the development of diabetic cardiomyopathy.

Fundcl is Required for ER-Mitochondria Contacts in Diabetic Hearts

To determine whether Fundcl mediates MAM formation under diabetic conditions, we first
compared the levels of MAM-related proteins in WT and Fundcl KO hearts of mice treated
with vehicle or STZ. We found that STZ-induced diabetes increased Ipsr2 in WT, but not in
Fundc1 KO hearts (Figure 4A). We then generated Fundc1 KO Akita mice (Figure 4B).
Similarly, compared with WT hearts, protein levels of Ipsr2 were significantly increased in
diabetic Akita hearts (Figure 4C). Importantly, the increase of Ipsr2 was inhibited in Fundcl
KO Akita hearts (Figure 4C).

Next, we assessed the effects of Fundci deletion on MAM formation in Akita hearts by
analyzing the apposition of ER and mitochondria in cardiomyocytes. As illustrated by TEM
images (Figure 4D), Fundc1 deletion reduced the association between the ER and
mitochondria. In contrast, this association was dramatically increased in Akita hearts (Figure
4D) and the increased association was prevented by Fundcl deletion (Figure 4D).
Quantitative analysis indicated that the proportion of the ER adjacent to mitochondria was
significantly increased in Akita hearts, and this increase was abolished by deletion of
Fundcl (Figure 4E). Therefore, these results demonstrate that Fundcl contributes to the
diabetes-induced cardiac ER-mitochondrial association.

We further validated our hypothesis in cultured mouse neonatal cardiomyocytes. Consistent
with our findings above, HG treatment increased Ipsr2 levels in WT cells, whereas there was
no effect in Fundcl KO cells (Supplemental Figure 7A). TEM analysis indicated that
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Fundc1 ablation reduced the proportion of ER adjacent to mitochondria in HG-treated cells
(Supplemental Figures 7B and 7C). Confocal microscopic images also showed that HG
increased ER-mitochondria contacts, and this increase was abolished by deletion of Fundci
(Supplemental Figures 7D and 7E), indicating that Fundcl is required for diabetes-induced
MAM formation.

Disrupting MAMs by Cardiac Fundc1 Ablation Prevents Mitochondrial Ca2* Increase, ROS
Overproduction, and Mitochondrial Dysfunction in Diabetic Hearts

Given the fact that diabetes increases Fundcl expression in heart and Fundcl is required for
MAM formation in cardiomyocytes!, we hypothesized that increases in the Fundc1-MAM
axis could cause mitochondrial Ca2* increase and mitochondrial dysfunction. To evaluate
this hypothesis, we measured mitochondrial Ca2* uptake using RPmt in adult mouse
cardiomyocytes isolated from cardiac-specific Fundcl KO Akita mice. As depicted in
Figures 5A and 5B, mitochondrial CaZ* uptake was higher in Akita hearts than in WT
hearts. Importantly, Fundc1 KO inhibited mitochondrial Ca2* uptake in Akita hearts
(Figures 5A and 5B). Mitochondrial Ca2* measured by Rhod-2 also supported that
mitochondrial Ca2* uptake was increased in Akita hearts compared with WT hearts
(Supplemental Figure 8A). Consistently, Fundc KO inhibited mitochondrial Ca?* uptake in
Akita hearts (Supplemental Figure 8A).

To explore if diabetic CaZ* uptake was correlated with mitochondrial dysfunction, we
measured AY , in adult cardiomyocytes from WT, Fundcl KO, Akita, and Fundcl KO Akita
hearts before and after histamine stimulation. As depicted in Figures 5C and 5D, histamine
induced a quicker mitochondrial depolarization in Akita cells than in WT cells. Ru360,
which is a specific inhibitor of mitochondrial Ca2* uptake, prevented AY, collapse in Akita
cells after histamine stimulation (Figure 5C), indicating hyperglycemia induces
mitochondrial depolarization by promoting mitochondrial Ca?* uptake. Fundc1 KO and
Fundc1 KO Akita cells protected against histamine-induced mitochondrial depolarization
(Figure 5C). Importantly, histamine-induced mitochondrial Ca2* uptake occurred 10 seconds
prior to A¥,, decline, indicating that (1) A¥ ,, is required for Ca2* uptake and (2) Ca2*
increase can cause AV, collapse, i.e., depolarization. The resting mitochondrial Ca2* levels
were higher in Akita hearts than that in WT hearts (Figure 5E). Fundcl KO Akita heart and
Fundcl KO heart had lower levels of mitochondrial Ca2* than that in WT hearts (Figure 5E).
Mitochondrial Ca* assayed with Rhod-2 confirmed that increased levels of mitochondrial
Ca®* concentrations were found in diabetic Akita hearts (Supplemental Figures 8B and 8C).
Moreover, the increase of mitochondrial Ca?* concentrations was absent in Fundc KO
Akita mice (Supplemental Figures 8B and 8C).

Next, we assayed mitochondrial ROS levels and membrane potential in mitochondria
isolated from adult WT, Fundcl KO, Akita, and Fundc KO Akita mouse hearts by FCM.
The purity of isolated mitochondria reached 85%, as evaluated by MitoTracker Green
staining (Supplemental Figure 9A). The activity of isolated mitochondria reached 80%, as
evaluated by MitoTracker Green and TMRM double staining (Supplemental Figure 9B).
Mitochondrial Ca%* increase, which impairs mitochondrial function, leading to reduced ATP
production and increased release of ROS, is a key determinant in heart failure.! As
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expected, both aberrant ROS production (Figures 5F and 5G) and reduced mitochondrial
membrane potential (Figures 5H and 51) were observed in diabetic Akita hearts. Importantly,
we observed significantly improved mitochondrial membrane potential (Figures 5H and 5I)
and less ROS production (Figures 5F and 5G) in Fundcl KO Akita hearts when compared to
those in Akita mice.

Next, we used OCR to evaluate mitochondrial respiration capacity in mitochondria isolated
from adult mouse hearts. As depicted in Figures 5J and 5K, the decreased OCR in state 3
and state 3u in Akita mitochondria was largely rescued by Fundcl deletion. Taken together,
these results suggest that Fundcl deletion ablates impaired mitochondrial function driven by
diabetes.

Cardiac Fundc1 Ablation Alleviates Diabetic Cardiomyopathy in vivo

To establish the role of Fundcl in diabetic cardiomyopathy, we induced diabetes in WT and
cardiomyocyte-specific Fundcl KO mice by STZ treatment and assayed cardiac function by
echocardiography at 6 months. In WT mice, STZ-induced diabetes impaired cardiac
function, revealed by significant increases in LVID (Table 1, Supplemental Figure 10A),
significant decreases in EF (Table 1), FS (Table 1), and E/A ratio (Table 1, Supplemental
Figure 10B), as well as increased IVRT (Table 1). These changes were accompanied by
increased cardiac fibrosis (Supplemental Figures 10C and 10D). Intriguingly, compared with
WT mice, Fundcl KO mice displayed increased in LVID (Table 1, Supplemental Figure
10A), decreased EF (Table 1) and FS (Table 1), reduced E/A ratio (Table 1, Supplemental
Figure 10B), increased IVRT (Table 1), and increased cardiac fibrosis (Supplemental Figures
10C and 10D). However, cardiac-specific deletion of Fundci almost completely prevented
the cardiac abnormalities in STZ-treated diabetic mice, completely restoring LVID, EF, FS,
E/A ratio, and IVRT to normal (Table 1, Supplemental Figures 10A and 10B). Cardiac
fibrosis was also reduced in STZ-treated diabetic Fundcl KO mice, compared with diabetic
WT mice (Supplemental Figures 10C and 10D). Additionally, the ratio of heart weight to
tibia length was significantly increased in STZ-treated diabetic mice at 6 months, an effect
that was completely prevented by Fundc1 KO (Supplemental Figure 10E). Cardiomyocyte
apoptosis, assayed by TUNEL staining, was markedly reduced in STZ-treated diabetic
Fundc1 KO mice when compared to diabetic WT mice (Supplemental Figures 10F and
10G).

We further verified the results observed in STZ-treated diabetic mice in cardiomyocyte-
specific Fundcl KO Akita mice using echocardiography. Six-month-old Fundc KO Akita
mice did not display diabetes-induced cardiac abnormalities, evidenced by restored IVRT
(Table 2, Supplemental Figure 10H). Finally, Fundc1 deletion in Akita mice ablated the
expression of pro-inflammatory cytokines, interleukin 6 (11-6) and tumor necrosis factor
alpha (Tnf-a), seen in Akita diabetic mice at 6 months (Supplemental Figures 101 and 10J).
Taken together, our results suggested that Fundcl plays a key role in the pathogenesis of
diabetic cardiomyopathy.

Circulation. Author manuscript; available in PMC 2020 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wau et al. Page 17

Fundcl Inhibits Ip3r2 Ubiquitination and Proteasomal Degradation

Our previous study reported that Fundcl is associated with the ER protein Ip3r2 in heart
homogenates'!. Therefore, we evaluated if diabetes could promote binding of Fundc1 and
Ip3r2 in diabetic hearts. As depicted in Figure 6A, Akita hearts showed increased co-
immunoprecipitation of Fundcl and Ip3r2, supporting the increased formation of MAMs
under diabetic conditions. Further, immunofluorescence analysis confirmed Fundcl and
Ip3r2 association in mouse neonatal cardiomyocytes (Supplemental Figure 11A).

The Fundcl and /ior2 mRNA levels were unchanged in diabetic hearts (Figure 6B) and HG-
treated neonatal cardiomyocytes (Supplemental Figure 11B). Next, we determined if Fundcl
overexpression in mouse neonatal cardiomyocytes could alter /for2 mRNA levels. As shown
in Figure 6C, adenovirus-mediated Fundcl overexpression had no effect on /ior2 mRNA
expression, suggesting that Fundc1 may affect Ipsr2 protein levels by regulating its
degradation. Thus, we examined if Fundcl could alter ubiquitin and proteasome-mediated
Ip3r2 degradation. To this end, both contro/ sSIRNA- and Fundcl siRNA-treated mouse
neonatal cardiomyocytes were treated with the proteasome inhibitor MG132 (160 nmol/L)
or lactacystin (40 nmol/L) for 48 h. Administration of either MG132 (Figure 6D) or
lactacystin (Supplemental Figure 11C) abolished the reduction of Ip3r2 induced by Fundcl
silencing. In contrast, Fundcl overexpression inhibited Ipsr2 ubiquitination and increased
Ip3r2 stability (Figure 6E). These data indicate Fundcl inhibits Ip3r2 ubiquitination and
proteasome degradation.

Ring finger protein 170 (Rnf170) is an E3 ligase that mediates Ip3r2 ubiquitination?2.
Therefore, we examined whether Fundcl inhibits Ipsr2 degradation by downregulating
Rnf170. As depicted in Supplemental Figure 11D, protein levels of Rnf170 were comparable
between WT and Fundcl KO hearts. Alternatively, we found that Fundcl deletion reduced
the association between Ipsr2 and Fundcl (Figure 6F) with a concomitant increase of Ipsr2
and Rnf170 interaction, as well as Ipsr2 ubiquitination (Figure 6F). In Fundcl KO Akita
hearts, there was an increased binding between Ip3r2 and Rnf170, and increased Ip3r2
ubiquitination (Figure 6F). Taken together, our data suggest that binding of Fundcl to Ip3r2
inhibits Ip3r2 ubiquitination and proteasome-mediated degradation.

The N-terminal of Fundcl is Required for Binding to Ip3r2 and MAM Formation

To determine how Fundcl interacts with Ip3r2, we generated a mutant of Fundcl by
truncating amino acids 7-48, the N-terminal cytosolic domain of the Fundcl protein. We
found that this Fundcl truncation (Fundc1A7-48) reduced the association between Ip3r2 and
Fundcl (Figure 6G) with a concomitant increase of Ipsr2 ubiquitination (Figure 6G),
indicating that the Fundcl binds Ip3r2 with the cytosolic N-terminal domain. Using confocal
microscopy, we further determined the subcellular location of Fundc1A7-48. As depicted in
Figure 6H, Fundc1A7-48 co-localized with mitochondria; however, the truncated Fundcl
protein decreased contacts between ER and mitochondria (Figures 6H and 61), suggesting
that the Ipsr2-binding domain of Fundcl N-terminal is required for MAM formation.
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Disrupting MAMs by Itpr2 Silencing Prevents Hyperglycemia-driven Mitochondrial Ca2*
Increase and Mitochondrial Dysfunction in Cardiomyocytes

Since regulation of Ca2* flux between the ER and mitochondria via Ipsrs is a major function
of MAMs?, we asked whether diminishing ER-mitochondrial Ca2* flux could improve
mitochondrial function and reduce apoptotic cell death under diabetic conditions. To this
end, we decreased ER-mitochondrial Ca2* flux by suppressing Ipsr2 in cardiomyocytes. As
depicted in Supplemental Figures 12A and 12B, /{pr2silencing reduced the mitochondrial
Ca?* concentration under NG conditions and abolished the HG-induced mitochondrial Ca2*
increase. Similar results were obtained using Rhod-2: /fpr2silencing reduced the
mitochondrial Ca2* concentration under NG conditions and abolished HG-induced
mitochondrial CaZ* increases (Supplemental Figures 12C and 12D). In addition, /tor2
silencing coincided with a reduction of mitochondrial ROS production (Supplemental
Figures 12E and 12F) and restoration of mitochondrial membrane potential (Supplemental
Figures 12G and 12H). The restoration of mitochondrial Ca2* homeostasis was associated
with improved mitochondrial maximal oxidative capacity and spare respiratory capacity
(Supplemental Figures 121 and 12J). These findings suggest that Ipgr2-mediated ER-
mitochondrial CaZ* transport is critical for HG-induced mitochondrial dysfunction.

Diabetes Inhibits AMP-activated Protein Kinase (Ampk) in Hearts.

Ampka2 is the predominant isoform of Ampk in cardiomyocytes, and decreased Ampka.2
activity is an important event in the development of diabetic cardiomyopathy3. Chronic
Ampk activation by metformin prevents cardiomyopathy by restoring mitochondrial and
cardiac ultrastructure in diabetic OVE26 mice*3. Thus, we set out to evaluate whether Ampk
reduction in diabetic hearts contributes to aberrant MAM formation. To this end, we
monitored Ampk activity by measuring Ampk phosphorylation at Thr172 (pAmpk) in the
cardiac muscle of vehicle- or STZ-treated mice. As depicted in Figures 7A and 7B, pAmpk
was significantly decreased in STZ-treated hearts when compared with non-diabetic hearts.
In contrast, the protein levels of Ampka2 were comparable between vehicle- and STZ-
treated hearts (Figures 7A and 7B). The reduction of pAmpk was concomitantly associated
with an increase of Fundcl. Similarly, reduced levels of pAmpk, along with increased
Fundcl, were also found in the hearts of Akita mice (Figures 7C and 7D).

Ampk Inhibition is Associated with Aberrant Fundcl in Cardiomyocytes in vitro and in vivo

To determine if decreased Ampk activity promotes Fundcl upregulation in the heart, we
measured Fundcl levels in WT and PrkaaZ (gene of Ampka2) KO mouse hearts. As shown
in Figures 7E and 7F, the protein levels of Fundcl were largely increased in Prkaa? KO
hearts, compared with WT hearts. To explore whether increased Fundcl in PrkaaZ? KO hearts
was concomitant with enhanced MAM formation, we used confocal microscopy to
determine the association between ER and mitochondria in WT and PrkaaZ KO mouse
neonatal cardiomyocytes. As depicted in Figures 7G and 7H, the association between the ER
and mitochondria was significantly increased in Prkaa? KO cells compared with WT cells.
As expected, the resting mitochondrial Ca2* levels revealed by RPmt were higher in Prkaa2
KO cells than in WT cells (Figures 71 and 7J; the plots for each channel are shown in
Supplemental Figure 13A). Similarly, the resting mitochondrial Ca2* levels detected by
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Rhod-2 probe were elevated in Prkaa2 KO cells when compared with WT cells
(Supplemental Figures 13B and 13C).

To establish a causative link between reduced Ampk and increased Fundcl in diabetic
conditions, we monitored the levels of Ampk phosphorylation at Thr172 (pAmpk) and
Fundcl in mouse neonatal cardiomyocytes before HG, with HG, and after HG. Compared to
cells cultured in NG, cells that received HG treatment had lower pAmpk levels, but higher
Fundcl and Ipsr2 levels (Figures 7K and 7L). Interestingly, eight hours after HG removal,
pAmpk, Fundcl and Ip3r2 returned to basal levels (Figures 7K and 7L).

Ampk Prevents HG-Induced Fundcl, MAMs, and Mitochondrial Ca2* Increase in Cultured
Mouse Neonatal Cardiomyocytes

To investigate if the HG conditions of type 1 diabetes increase Fundcl via inhibition of
Ampk activity /n vivo, NG- or HG-treated mouse neonatal cardiomyocytes were infected
with adenoviruses encoding p-Gal (ad-p-Gal) or constitutively active mutant Ampk (ad-
Ampk-CA). As depicted in Figure 7M, Ampk activation following ad-Ampk-CA infection
abolished HG-induced Fundcl expression. Further, Ampk activation inhibited HG-induced
MAM formation (Figure 7N) and prevented HG-induced mitochondrial Ca2* increase
(Figure 70; the plots for each channel are shown in Supplemental Figure 13D) and
mitochondrial depolarization (Figure 7P). Similarly, mitochondrial Ca2* assayed by Rhod-2
also supported that AMPK activation prevented HG-induced mitochondrial Ca%* increase
(Supplemental Figures 13E and 13F). Taken together, our results demonstrate that via
downregulation of Ampk, HG increases Fundcl, Fundcl-mediated MAMs, and
mitochondrial Ca?* increase in diabetic hearts.

Discussion

In the present study, we have for the first time reported that diabetes-mediated MAM
formation causes aberrant Ca2* signaling, which in turn leads to diabetic mitochondrial
dysfunction and cardiomyopathy (Supplemental Figure 14). Disrupting MAMs in
cardiomyocytes by genetic deletion of Fundc1 ablates mitochondrial Ca2* increase,
mitochondrial dysfunction, and cardiac dysfunction in diabetic mice. We found that Fundcl
interacts with Ipsr2 and inhibits Ip3r2 ubiquitination and proteasomal degradation.
Additionally, Prkaa2 KO mice display increased Fundc1 and mitochondrial Ca2* increase.
Continuous activation of Ampk in cardiomyocytes prevents HG-induced MAM formation,
mitochondrial Ca2* increase, and mitochondrial dysfunction. We therefore conclude that
HG-induced Ampk inhibition causes diabetic cardiomyopathy by increasing Fundcl,
Fundc1-related MAMs, and mitochondrial Ca2* increase in the heart.

The most important finding of the present study is that diabetes-induced Fundcl is involved
in the pathogenesis of diabetic cardiomyopathy. Importantly, cardiac-specific deletion of
Fundcl improves mitochondrial function and attenuates cardiomyopathy in diabetic mice,
confirming the causative role of Fundcl in this disorder. We have provided compelling
evidence to demonstrate that Fundcl is an important molecule that mediates diabetes-
induced MAM formation and mitochondrial Ca2* increase, a new mechanism for diabetic
mitochondrial dysfunction. First, hyperglycemia increases MAM-associated Fundcl levels,
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which enhances Fundc1 binding to the ER protein Ipsr2. This increases mitochondrial Ca2*
uptake, resulting in mitochondrial Ca%* increase and mitochondrial dysfunction. Second,
Fundcl interacts with Ipsr2, and inhibits 1psr2 ubiquitination and proteasomal degradation.
Third, diabetes promotes association of the ER with mitochondria and increases the
abundance of Ipsr2 in MAMs. Fourth, genetic deletion of Fundc decreases Ipsr2 abundance
and reduces mitochondrial-ER contacts. Fifth, Fundcl controls diabetes-associated MAM
function, resulting in mitochondrial Ca2* increase and mitochondrial dysfunction. Finally,
Fundcl overexpression in cardiomyocytes induces a diabetes-like phenotype, including
increased MAM formation, mitochondrial Ca2* increase, and mitochondrial dysfunction.
These findings are in line with published data showing that diabetic cardiomyopathy is
associated with abnormal mitochondrial structure and function, a central event in the
pathogenesis of diabetic cardiomyopathy.!

Enhanced MAM formation under diverse pathological conditions** initiates mitochondrial
Ca®* increase, resulting in mitochondrial dysfunction. For example, decreasing
mitochondria-reticulum interactions by deletion of CypD, an important molecule that
interacts with the VVdac1-Ip3rl bridge, protects cardiomyocytes from lethal hypoxia-
reoxygenation injury through the reduction of mitochondrial Ca?* increase.2® An important
observation of the present study is that Fundcl promotes Ca2* increase and mitochondrial
dysfunction via increased MAMs. Indeed, we found only two MAM-related proteins,
Fundcl and Ipsr2, were increased in MAM fractions of diabetic hearts. More importantly,
we observed an increased interaction between Fundcl and Ipsr2 in diabetic hearts. Our
finding is consistent with a previous report that demonstrates the importance of MAMs for
mitochondrial Ca?* homeostasis’2.

We have for the first time unveiled a novel link between Ampk and MAMS in
cardiomyocytes. In particular, Ampk appears to be a major regulator of MAM s, at least in
the heart. In addition, deregulated Ampk contributes to diabetic cardiomyopathy by causing
aberrant numbers of Fundcl-related MAMSs. This is supported by the following evidence: 1)
both MAM formation and mitochondrial Ca2* levels were largely increased in Prkaa2-null
hearts compared with WT hearts; 2) diabetic hearts had decreased Ampk activity and
enhanced MAM formation compared with normal hearts; 3) continuous activation of Ampk
in HG-treated cultured mouse neonatal cardiomyocytes inhibited MAM formation and
mitochondrial Ca2* increase. Of interest, metformin, one of the most commonly used anti-
diabetic drugs for type 2 diabetes is a well-characterized Ampk activator43: 45-47_ Activation
of Ampk by metformin improves cardiac function and reduces the incidence of myocardial
infarction in diabetic obese patients according to the UK Prospective Diabetes Study.*8 Our
previous study demonstrated that metformin-induced chronic Ampk activation prevents
cardiomyopathy by recovering mitochondrial and cardiac ultrastructure in diabetic OVE26
mice*3. The present study offers evidence supporting the concept that metformin, used
exclusively for type 2 diabetes, might be a useful tool for treating diabetic cardiomyopathy
in type 1 diabetes. Larger trials are warranted to evaluate the potential effects of metformin
in cardiovascular outcomes in patients with type 1 diabetes.

Precise control of mitochondrial fission and fusion is essential to maintain normal cardiac
function because both excessive fusion and fission have been shown to be deleterious to the
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heart. For example, cardiac-specific Dnm1L (the gene encoding Drpl) KO mice developed
left ventricular dysfunction, which was preceded by mitochondrial elongation and
mitochondrial dysfunction.® Additionally, the deletion of cardiac Mfn1 and M2
suppressed fusion and was concurrent with cardiac dysfunction.® In this study, we found
that diabetes increased mitochondrial fission 1 protein (FisI) expression, induced excess
mitochondrial fission (Supplemental Figures 15 and 16), and impaired cardiac structure and
function. Conversely, in Fundc1 KO mice, FisI expression was reduced, leading to excess
mitochondrial fusion and cardiac dysfunction (Supplemental Figures 15 and 16).11
Importantly, Fundcl deletion could restore normal mitochondrial morphology in diabetic
cardiomyocytes via suppression of FisZ expression (Supplemental Figures 15 and 16), which
resulted in improved cardiac structure and function.

Fundcl levels are closely connected to the MAM levels in cardiomyocytes. The MAMs-
localized Fundc1 binds to Ipsr2 to mediate Ipsrs-dependent Ca?* release from ER into both
mitochondria and cytosols in cardiomyocytes. Fundcl deletion in cardiomyocytes instigates
cardiac dysfunction and heart failure by reducing mitochondrial Ca2* levels and
mitochondrial fission. Under diabetic conditions, however, abnormally increased levels of
Fundc1 and Fundc1-related MAMSs cause mitochondrial Ca2* increase mediated by Fundc1-
mediated MAMSs. Mitochondrial CaZ* increase impairs mitochondrial function in multiple
ways, including mitochondrial fragmentation, deceased mitochondrial OCR, long-time
MPTP opening, as well as cell apoptosis. Consistently, Fundcl deletion prevents HG-
induced mitochondrial CaZ* increase, mitochondrial fragmentation (Supplemental Figures
15 and 16), mitochondrial OCR reduction, long-time MPTP opening, and cell apoptosis.
Thus, it is reasonable for us to conclude that Fundcl deletion improves/prevents diabetic
cardiomyopathy by disrupting MAMSs and MAMs-related mitochondrial Ca2* increase in
cardiomyopathy.

Fundcl appears to be essential in maintaining normal cardiac functions but is increases in
stress conditions such as insulin resistance or diabetes causes cardiac myopathy. Similar
findings have been observed in diabetic hearts. For example, in the adult heart, the
transcriptional factor forkhead box-1 (FoxO-1) is important in keeping cardiomyocytes in
the homeostatic state.>: 52 But in diabetes and insulin resistance status, FoxO-1, which
becomes overproduced/over-activated in response to stress stimuli, triggers diabetic
cardiomyopathy.53: 54

The Akita mouse is a well-validated, non-obese model of human type 1 diabetes, which is
also free of the potential confounding effects of STZ administration.5® 56 Both Akita mice
and STZ-induced diabetic mice are commonly used experimental animal models for
studying diabetic cardiomyopathy; however, they differ in some functional, structural, and
metabolic abnormalities.>”: 58 Briefly, Akita mice have diastolic dysfunction with preserved
systolic function, whereas STZ mice have both diastolic and systolic dysfunction.>”: 58 Akita
mice do not have myocardial hypertrophy or fibrosis, whereas STZ diabetic mice have both.
57,58 Qur current findings are consistent with these earlier reports.5”: 58 The difference
between these mouse models manifests in the different pattern of hyperglycemia induction:
Akita mice have chronic and sustained increased blood glucose due to genetic manipulation,
whereas STZ mice have an acute blood glucose increase due to STZ administration.
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However, regardless of this difference, Fundc KO attenuated abnormalities in both Akita
and STZ hearts, which supports our major conclusion that Fundc gene deletion can protect
against diabetic cardiomyopathy.

Fundc1 can interact with L¢3 and act as a mitophagy receptor.23 24 Although diabetes
markedly increases levels of Fundcl, we did not observe increased mitophagy under diabetic
conditions (data not shown). Of note, the removal of damaged mitochondria by autophagy
requires mitophagy receptor proteins, induction of general autophagy, and activation of the
PTEN-induced putative Kinase 1 (Pink1)-Parkin signaling pathway, to prime damaged
mitochondria for selective autophagic recognition.® In diabetic hearts, autophagy is
suppressed and Pink1 and Parkin protein levels are reduced, accompanied by decreased
expression of the lysosomal-associated membrane protein 1 (Lamp1).%9 Thus, upregulation
of Fundcl, a mitophagy receptor, is not sufficient to induce mitophagy under diabetic
conditions. The defective mitophagy results in the accumulation of compromised
mitochondria that release ROS and pro-apoptotic factors, resulting in impaired cardiac
structure and function.

Mitochondrial Ca?* signaling controls cell metabolism and cell death by necrosis, apoptosis,
and autophagy.5! For example, transient fluctuations in mitochondrial Ca?* activate three
matrix dehydrogenases (pyruvate dehydrogenase, a ketoglutarate- and isocitrate-
dehydrogenases, and dehydrogenases) and oxidative phosphorylation, which stimulates ATP
production.52 Accordingly, deletion of all three /pzrs diminishes mitochondrial Ca2* uptake,
leading to compromised mitochondrial function.®3 Further, mitochondrial Ca2* increase is
associated with apoptosis of cardiac cells in response to ischemia-reperfusion injury.64 65
These data suggest that maintaining a proper Ca2* flux between the ER and mitochondria is
essential for mitochondrial and metabolic homeostasis. Consistent with these findings,
downregulation of key molecules involved in the ER-mitochondria association and Ca2*
flux, such as /p3r2, improved mitochondrial respiration, inhibited oxidative stress, and
reduced apoptotic cell death in cultured cardiomyocytes under HG growth conditions.
Similar results were also observed in Fundc1-null cardiomyocytes, in which the contacts
between the ER and mitochondria were disrupted. More importantly, cardiac-specific
deletion of Fundc1 attenuated mitochondrial dysfunction, cardiomyocyte apoptosis, and
cardiac dysfunction in diabetic mice. These results support the importance of mitochondrial
Ca?* homeostasis in maintaining normal cardiac structure and function.

Mitochondrial Ca2* uptake via MCU is in a AY ,-dependent way.56 Excessively up-taken
Ca?* reduces AV, either directly by the entry of positive charge®7: 68 or indirectly by
triggering long-time MPTP opening®®. Mitochondrial Ca2* uptake is followed by an NCLX-
mediated mitochondrial Ca2* extrusion (efflux) or so-called Ca2* efflux. Mitochondrial Ca2*
stopped efflux or extrusion when AY \,, declined although how AY, collapse induces
mitochondrial Ca2* efflux remains unclear. In the heart and many other mammalian tissues,
a putative Na*/Ca2* exchanger (NCLX) is the major pathway for Ca?* efflux from the
mitochondrial matrix.89 Further, mitochondrial Ca2* efflux after mitochondrial Ca2* uptake
is regulated by Ca2* release channel NCLX.70 In work by Palty et al., overexpression of
NCLX enhances mitochondrial Ca2* efflux while overexpression of inactive NCLX mutant
inhibits mitochondrial Ca2* efflux. It is of interest to note that in diabetic cardiomyocytes
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high mitochondrial Ca2* was found to be co-existed with low A\, which indicates that HG
not only promotes mitochondrial Ca?* uptake via enhanced MAM formation but also
inhibits mitochondrial Ca2* efflux. Our data are consistent with published observations that
depolarized mitochondria maintain high mitochondrial Ca2* after agonist stimulation.”?
Further, low A¥ ,, is found with elevated mitochondrial Ca2* in palmate (PA)-treated H9c2
myoblasts.”2 Moreover, another report shows that the mitochondrial Ca?* efflux after HG-
induced mitochondrial Ca%* uptake was largely inhibited by siS/c8b1 (gene encoding
NCLX) in primary beta cells.”3 How diabetes impairs mitochondrial Ca2* efflux in
cardiomyocytes warrants further investigation.

Precisely measuring mitochondrial Ca2* is a very challenge task, as currently used probes
have their limitations. In this study, two methods: RPmt33: 34 and Rhod-274, were used for
mitochondrial Ca?* detection. The RPmt is a well-characterized mitochondrial Ca?*
indicator because of its exclusively mitochondrial localization and ratiometric property to
avoid uneven loadings.33 34 However, the RPmt has been reported not only to sense the
changes of Ca2* but also pH.3% Rhod-2 is also widely used for intercellular Ca2* probe
despite the main limitation of Rhod-2 probe is its non-mitochondrial loading (e.g., nucleus).
40,75 To exclude the effect of off-targeting, we used MitoTracker to co-stain mitochondria
and then quantified those Rhod-2/MitoTracker—co-stained signals under confocal
microscope. Notably, the results obtained with RPmt and Rhod-2 were similar, which
support the concept that diabetes might cause mitochondrial Ca2* increase. Since there is no
specific method for us to precisely measure mitochondrial pH, we cannot exclude the
possibility that the RPmt signals we measured might come from mitochondrial pH changes.
Although we consider it very unlikely, it remains possible that mitochondrial pH change
might affect the intensities of both probes.

In summary, we have identified a new role for Fundcl in mediating diabetes-induced MAM
formation and in turn, mitochondrial Ca2* increase. This mitochondrial Ca2* increase
impairs mitochondrial function, resulting in impairment of cardiac structure and function.
Diabetes induces MAM formation, likely through downregulation of Ampk. Ampk
activation, likely via downregulation of Fundcl and Fundcl-related MAMS, represents a
new therapeutic avenue for treating diabetic cardiomyopathy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective
What is new?

. Diabetes caused aberrant MAM formation and Fundcl expression in
cardiomyocytes.

. Increased formation of Fundcl-associated MAMs resulted in mitochondrial
Ca?* increase, mitochondrial fragmentation and mitochondrial dysfunction,
and cardiac dysfunction in diabetic hearts.

. Fundcl promoted diabetic MAM formation by inhibiting Ip3r2 ubiquitination
and proteasome degradation.

. Ampka?2 suppressed Fundcl and diabetes increased Fundcl expression by
suppressing Ampka.2 activity.

What are the clinical implications?

. The left ventricle cardiac tissues of hearts from patients with clinically
diagnosed diabetic cardiomyopathy had higher FUNDC1 than their
counterparts from healthy human donor hearts, suggesting a role of FUNDC1
in human diabetic cardiomyopathy.

. Activation of AMPK suppresses FUNDC1 and/or its associated MAM
formation in cardiomyocytes.

. Metformin, an AMPK activator used exclusively for type 2 diabetes, might be
effective in treating diabetic cardiomyopathy in type 1 diabetes.
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Figure 1. Type 1 diabetes enhances the formation of mitochondria-associated endoplasmic
reticulum (ER) membranes (MAMs) in the heart.

A, Western blot analysis of the interest proteins in cardiac MAM fractions prepared from
vehicle- or streptozotocin (STZ)-treated mice at the age of 6 months. Lower panel:
Densitometric analysis of the blots (mean + SD, 7= 6~7 mice per group; *~< 0.05 versus
vehicle). B, Western blot analysis of the interest proteins in cardiac MAM fractions prepared
from wild-type (WT) and Akita mice at the age of 6 months. Lower panel: Densitometric
analysis of the blots (mean £ SD, 7= 6~7 mice per group; *£< 0.05 versus WT). C,
Western blot analysis of the interest proteins in cardiac homogenates prepared from donor or
diabetes mellitus (DM) patients. Lower panel: Densitometric analysis of the blots (mean +
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SD, n= 6 patients per group; *P < 0.05 versus donor). D, Representative transmission
electron microscope (TEM) images of the ER and mitochondrial morphology in the cardiac
muscle of WT and Akita mice at 6 months of age. The red stars indicate mitochondria, and
the blue asterisks indicate ER. E, A bar graph illustrating the quantitation of ER length
adjacent to mitochondria, normalized to total ER length (mean + SD, 7= 5~7 mice per
group; *P< 0.05 versus WT).
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Figure 2. MAM s increase in mouse neonatal cardiomyocytes treated with high glucose (HG).
A, Western blot analysis of the interest proteins in mouse neonatal cardiomyocytes grown in

normal glucose (NG, 5.5 mmol/L D-glucose), osmotic control (24.5 mmol/L D-mannitol
plus 5.5 mmol/L D-glucose), or HG (30 mmol/L D-glucose) conditions for 48 h. B,
Densitometric analysis of the blots in A (mean + SD, *P< 0.05 versus NG). C, Association
between the ER (DsRed2-ER) and mitochondria (MitoTracker Green) was analyzed by
confocal microscopy. Representative images are shown. D, Quantitation of ER-mitochondria
contacts using the Pearson’s coefficient (mean £ SD, *£< 0.05 versus NG). E, Time-lapse
confocal microscopy images illustrating associations between the ER and mitochondria.
Mouse neonatal cardiomyocytes were cultured in HG (30 mmol/L D-glucose) conditions for
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48 h. HG medium was then changed to NG (5.5 mmol/L D-glucose) medium, and the
association between ER (DsRed2-ER) and mitochondria (MitoTracker Green) were
analyzed. Representative images are shown. F, Quantitation of ER-mitochondria contacts
using the Pearson’s coefficient (mean + SD, *P < 0.05 versus 0 h). G, Mitochondrial
localization of mitochondrial Ca?* RPmt indicator was demonstrated by
tetramethylrhodamine, methyl ester (TMRM) staining. H, Flow cytometry (FCM) to
determine the infection efficiency of adenovirus PRmt (MOI = 50). Beta-galactosidase (ad-
B-Gal, MOI = 50) was used as a control (non-infection). | and J, FCM analysis using RPmt
infected cells showing mitochondrial Ca2* levels (RPmt) under NG (5.5 mmol/L D-glucose),
HG (30 mmol/L D-glucose), and HGR (HG removal for 8 h) conditions. I, Representative
FCM plots under NG, HG, and HGR conditions. J, Excitation ratio of 488/405 in each group
(mean = SD, *P< 0.05 versus NG). K, Detection of mitochondrial membrane potential
(AY ). Cells were first exposed to NG (5.5 mmol/L D-glucose) or HG (30 mmol/L D-
glucose) in the presence of DMSO (control reagent), cyclosporine A (CsA, 1 pmol/L), or
Ru360 (10 umol/L). AY 1, was assayed by using the TMRM probe. Upper panel:
Representative FCM plots. Lower panel: TMRM levels in each group (mean = SD, *P<
0.05 versus NG & DMSO; T < 0.05 versus HG & DMSO).
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Figure 3. Adenovirus-mediated overexpression of FUN14 domain containing 1 (Fundcl)
increases MAM formation and induces mitochondrial dysfunction in mouse neonatal
cardiomyocytes.

Mouse neonatal cardiomyocytes (A-C; F-J) or H9c2 rat myoblasts (D and E) were infected
with adenoviruses encoding Fundcl (ad-Fundcl) or beta-galactosidase (ad-p-Gal) for 48 h.
A, Proteins of interest were assayed by western blot. Densitometric analysis of the blots is
shown in the lower panel (mean £ SD, *P < 0.05 versus ad-B-Gal). B, Confocal images
illustrating the association between the ER (DsRed2-ER) and mitochondria (MitoTracker
Green). Representative images are shown. C, Quantitation of ER-mitochondria contacts
using the Pearson’s coefficient (mean + SD, *P < 0.05 versus ad-p-Gal). D, Representative
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TEM images of ER and mitochondrial morphology are shown. The red stars indicate
mitochondria, and the blue asterisks indicate ER. E, Quantitation of ER length adjacent to
mitochondria, normalized to total ER length (mean + SD, *~ < 0.05 versus ad-p-Gal). F,
FCM analysis illustrating mitochondrial Ca2* levels using the RPmt indicator.
Representative FCM plots are shown. G, The excitation ratio of 488/405 in each group
(mean = SD, *P< 0.05 versus ad-p-Gal). H, Representative FCM plots quantifying levels of
reactive oxygen species (ROS) using the MitoSOX probe (upper panel) and histograms of
the percentage of MitoSOX-positive cells in the indicated groups (lower panel) (mean £ SD,
*P < 0.05 versus ad-p-Gal). I, Representative FCM plots illustrating mitochondrial
membrane potential (A'Y ) using the rhodamine 123 (Rh123) probe (upper panel).
Intensities of Rh123-stained cells are quantified in the lower panel (mean + SD, *£< 0.05
versus ad-B-Gal). J, Upper panel: Graph illustrating oxygen consumption rate (OCR),
measured using a Seahorse extracellular flux analyzer. Lower panel: Quantitation of
maximal respiration and spare respiratory capacity (mean £ SD, *P < 0.05 versus ad-p-Gal).
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Figure 4. Cardiac-specific Fundcl knockout (KO) inhibits diabetes-induced MAM formation.
A, Western blot analysis of the interest proteins in cardiac homogenates prepared from

vehicle- or STZ-treated WT or cardiac Fundcl KO mice at the age of 6 months.
Densitometric analysis of the blots is shown in the lower panel (mean + SD, /7= 8 mice per
group; *P< 0.05 versus WT & vehicle; T£< 0.05 versus WT & STZ). B, Genotyping results
illustrating cardiac-specific Fundc1 deletion in Akita mice. C, Western blot analysis of the
interest proteins in cardiac homogenates from WT, Fundcl KO, Akita, and Funacl KO
Akita mice at the age of 6 months. Densitometric analysis of the blots is shown in the right
panel (mean + SD, /7= 8 mice per group; *~< 0.05 versus WT; T £< 0.05 versus Akita). D,
Representative TEM images of ER and mitochondrial morphology in the cardiac muscle of

Circulation. Author manuscript; available in PMC 2020 April 16.

— 400bp
— 300bp
~ 200bp

— 300bp
— 200bp
— 100bp

— 300bp
— 200bp

* —



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al.

Page 37

WT, Fundc1 KO, Akita, and Fundcl KO Akita mice at the age of 6 months. The red stars
indicate mitochondria, and the blue asterisks indicate ER. E, Quantitation of ER length
adjacent to mitochondria, normalized to total ER length (mean £ SD, 7= 5~7 mice per
group; *P< 0.05 versus WT; T £< 0.05 versus Akita).
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Figure 5. Cardiac-specific Fundcl KO prevents mitochondrial CaZ* increase and improves
mitochondrial function in Akita hearts.

A, Representative curves of the time course of mitochondrial Ca2* uptake after histamine
(100 pmol/L) stimulation in adult cardiomyocytes from WT, Fundcl KO, Akita, and Fundcl
KO Akita mice. The mitochondrial Ca2* levels were indicated by ratiometric pericam
(RPmt). The basal lines were normalized to 1. B, Summary data show the peak levels of
mitochondrial Ca2* uptake in A (mean + SD, 7= 6~7 mice per group, 10 cells from each
heart were used; *P< 0.05 versus WT; T2< 0.05 versus Akita). C, The representative time
course for histamine (100 pmol/L)-induced mitochondrial membrane potential (AY ).
Adult cardiomyocytes from WT, Fundcl KO, Akita, and Fundc KO Akita mice were
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incubated with DMSO (control reagent) or Ru360 (10 umol/L). The AY , levels were
indicated by TMRM probe. The basal lines were normalized to 1. D, Summary data show
the time of mitochondrial depolarization in WT cells and Akita cells (mean £ SD, 7= 8 mice
per group, 20 cells from each heart were used for statistical analysis; *~ < 0.05 versus WT &
DMSO). E, Confocal images illustrating the resting mitochondrial Ca2* levels using RPmt
indicator in mouse adult cardiomyocytes. Representative images are shown. F-I,
Representative FCM plots of (F) mitochondrial ROS levels (MitoSOX), and (H)
mitochondrial membrane potential (Rh123) in cardiac mitochondria isolated from 8-week-
old WT, Fundc1 KO, Akita, and Fundc1 KO Akita mice. Histograms of the (G) intensities of
MitoSOX-stained cells (mean + SD, 7= 5~7 mice per group; *P< 0.05 versus WT; TP<
0.05 versus Akita), and (1) intensities of Rh123-stained cells (mean = SD, 7= 5~7 mice per
group; *P< 0.05 versus WT; TP< 0.05 versus Akita). J, Graph illustrating mitochondrial
coupling assay measured using a Seahorse extracellular flux analyzer. K, Quantitation of
OCR in different states (mean + SD, 7= 8 mice per group; *~< 0.05 versus WT; < 0.05
versus Akita).
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Figure 6. Fundcl inhibits 1p3r2 ubiquitination and degradation.
A, The interaction between Ip3r2 and Fundcl in WT and Akita hearts (6-month-old) was

detected by immunoprecipitation (IP) and western blot (WB). B, Message RNA (mMRNA)
levels of /fpr2 (the gene encoding Ip3r2) and Fundel in WT and Akita hearts were measured
by quantitative reverse transcription polymerase chain reaction (RT-PCR) (mean = SD, n=8
mice per group). C, RT-PCR quantitation of /fpr2 mRNA levels in mouse neonatal
cardiomyocytes infected with ad-B-Gal or ad-Fundcl for 48 h (mean + SD). D, Western blot
analysis for Ip3r2 and Fundcl in mouse neonatal cardiomyocytes transfected with contro/
SiRNA (siControl) or Fundcl siRNA (siFundcl) for 48 h and treated with MG132 at the
indicated dose. E, Western blot analysis of 1p3r2 in mouse neonatal cardiomyocytes infected
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with ad-B-Gal or ad-Fundcl for 48 h, and treated with 200 pmol/L of cycloheximide (CHX)
for the indicated time. Polyubiquitination of Ip3r2 (PU-1p3r2) was determined by IP of Ip3r2
and subsequent blotting for ubiquitin. F, Results of IP experiments from cardiac
homogenates in WT, Fundcl KO, Akita, and Fundcl KO Akita mice. Anti-lpsr2 IP was
followed by western blotting for ubiquitin to determine levels of PU-Ip3r2. The protein
levels of ring finger protein 170 (Rnf170), Ipsr2, and Fundcl in the precipitates were
determined with protein-specific primary antibodies (r7= 8 mice per group). G, 293T cells
were transfected with GFP-Fundcl or a Fundcl truncation plasmid (GFP-Fundc1A7-48) for
24 h, and the cell lysate was subjected to IP for Ip3r2. PU-1p3r2 was determined following
western blotting for ubiquitin and proteins of interest in the precipitates were detected using
protein-specific primary antibodies. H, Representative confocal images illustrating the
contacts between ER (DsRed2-ER) and mitochondria (MitoTracker Red) in mouse neonatal
cardiomyocytes transfected with the GFP-Fundcl or GFP-Fundc1A7-48 plasmid for 48 h. I,
Quantitation of ER-mitochondria contacts using the Pearson’s coefficient (mean £ SD, *P<
0.05 versus control).
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Figure 7. Diabetes increases Fundcl by downregulating AMP-activated protein kinase (Ampk).
A, Western blot analysis for the interest proteins in cardiac homogenates prepared from the

vehicle or STZ-treated mice at 6 months. B, Densitometric analysis of blots in A (mean
SD, n= 8 mice per group; *P < 0.05 versus vehicle). C, Western blot analysis for the interest
proteins of interest in cardiac homogenates prepared from WT and Akita mice at 6 months.
D, Densitometric analysis of blots in C (mean £ SD, /7= 8 mice per group; *P< 0.05 versus
WT). E, Western blot analysis for proteins of interest in cardiac homogenates prepared from
WT and Prkaa2 (gene encoding Ampka2) KO mice at 6 months. F, Densitometric analysis
of blots in E (mean £ SD, 77 =8 mice per group; *P < 0.05 versus WT). G, Representative
confocal images illustrating the association between the ER (DsRed2-ER) and mitochondria
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(MitoTracker Green) in WT or Prkaa2 KO mouse neonatal cardiomyocytes. H, Quantitation
of ER and mitochondrial contacts using Pearson’s coefficient (mean + SD, 7= 5 mice per
group; *P < 0.05 versus WT). I, Representative FCM plots illustrating mitochondrial Ca2*
levels using the RPmt indicator. J, Excitation ratio of 488/405 in each group (mean £ SD,
= 8 mice per group; *P < 0.05 versus WT). K, Western blot analysis for the interest proteins
in mouse neonatal cardiomyocytes grown in NG (5.5 mmol/L D-glucose), osmotic control
(24.5 mmol/L D-mannitol plus 5.5 mmol/L D-glucose), or HG (30 mmol/L D-glucose)
conditions for 48 h. HGR group: Forty-eight hours after HG treatment, cells were cultured in
NG for the indicated time. L, Densitometric analysis of blots in K (mean + SD, *£< 0.05
versus NG). M-P, Mouse neonatal cardiomyocytes were infected with ad-p-Gal or
constitutively active mutant Ampk (ad-Ampk-CA), and received NG (5.5 mmol/L D-
glucose) or HG (30 mmol/L D-glucose) treatment. M, Proteins of interest were assayed by
western blot. Lower panel: Densitometric analysis of blots (mean + SD, *£ < 0.05 versus ad-
B-Gal & NG; TP< 0.05 versus ad-B-Gal & HG). N, The association between the ER
(DsRed2-ER) and mitochondria (MitoTracker Green) was analyzed by confocal microscopy.
Upper panel: Representative images are shown. Lower panel: ER and mitochondrial contacts
are quantitated using the Pearson’s coefficient (mean + SD, *P< 0.05 versus ad-p-Gal &
NG; TP< 0.05 versus ad-p-Gal & HG). O, Mitochondrial Ca2* levels were determined by
FCM using RPmt indicator. Upper panel: Representative FCM plots. Lower panel:
Histogram of the excitation ratio of 488/405 in each group (mean + SD, *P < 0.05 versus ad-
B-Gal & NG; TP< 0.05 versus ad-B-Gal & HG). P, Mitochondrial membrane potential
(AY () was determined by FCM using the Rh123 probe. Upper panel: Representative FCM
plots. Lower panel: The intensities of Rh123-stained cells (mean + SD, *£ < 0.05 versus ad-
B-Gal & NG; TP< 0.05 versus ad-B-Gal & HG).
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Echocardiography values in WT and Fundc1 KO mice with STZ or control vehicle treatment.

Table 1.

WT&Vehicle | KO&Vehicle | WT&STZ KO&STZ
EF (%) 66.82:4.27 | 58.93:3.14% | 50.83:385° | 65.67+2.81"
FS (%) 37.43:343 | 30.98:267 | 321242.73% | 357621727
E/A 1.950.22 151£0.25% | 1.42:021% | 187:023"
IVRT (ms) 16054051 | 21.04:072% | 21.38:0.77* | 15.38+0.747
IVS;d (mm) 0.68+0.11 0.6740.07 0.68£0.13 0.70+0.14
IVS;s (mm) 0.84+0.12 0.87+0.24 0.82:0.14 0.86:0.21
LVID;d (mm) | 4.16+0.21 453:027% | 4.48+026* | 423024
LVID;s (mm) 3.14+0.19 320:020% | 330:038* | 3210107
LVPW:d (mm) | 0.63+0.17 0.6740.21 0.71x0.21 0.79+0.23
LVPW;s (mm) | 0.800.21 0.82+0.23 0.87+0.24 0.90+0.23
HR (bpm) | 438.73+42.63 | 429.55+17.99 | 455.61+22.78 | 443.39+41.05

The value represents mean + SD, /7= 5~8 mice per group

*
P<0.05 versus WT & vehicle

#

P<0.05 versus WT & STZ. Ejection fraction (EF); Fractional shortening (FS); Isovolumic relaxation time (IVRT); E-wave and A-wave represent
the LV early filling and atrial contraction filling, respectively (E/A-wave ratio); Interventricular septal end diastole (1VS; d) and end systole (IVS;
s); Left ventricular internal diameter end diastole (LVID; d) and end systole (LVID; s); Left ventricular posterior wall end diastole (LVPW; d) and
end systole (LVPW,; s); Heart rate (HR).
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Table 2.
Echocardiography values in WT, Fundcl KO, Akita, and Fundcl KO Akita mice.
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WT KO Akita KO-Akita
EF (%) 67.33+5.15 | 56.64+4.17" | 60.14+8.12 | 64.48+7.87
FS (%) 37.48+6.26 | 30.31x3.87" | 32794511 | 34.4424.47
E/A 1.83+0.28 1.27+0.22" 151£0.37 1.67+0.31
IVRT (ms) 15184321 | 2098+4.15* | 20312432 | 157943077
IVS;d (mm) 0.64+0.11 0.71%0.12 0.68:0.09 0.72+0.12
IVS;s (mm) 0.81+0.17 0.84+0.16 0.91+0.15 0.91+0.14
LVID;d (mm) | 411031 4312039° | 4.26x048 4.29+0.48
LVID;s (mm) | 3.09+0.28 3.36+0.39 3.08+0.60 3.16+0.42
LvPWid (mm) | 0.62+0.17 0.69£0.19 0.67+0.19 0.71+0.22
LVPW:s (mm) | 0.78+0.19 0.80£0.21 0.83+0.19 0.89+0.21
HR (bpm) | 433.82+37.24 | 438.54+31.24 | 441.32+36.75 | 448.74+35.66

The value represents mean + SD, 7= 6~8 mice per group

*
P<0.05 versus WT

TP< 0.05 versus Akita.
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