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Endothelial MICU1 alleviates diabetic D
cardiomyopathy by attenuating nitrative
stress-mediated cardiac microvascular injury

Xide Shi'", Chao Liu'", Jiangwei Chen?', Shigiang Zhou', Yajuan Li®, Xingcheng Zhao?, Jinliang Xing?, Junhui Xue*",
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Abstract

Background Myocardial microvascular injury is the key event in early diabetic heart disease. The injury of myocardial
microvascular endothelial cells (CMECs) is the main cause and trigger of myocardial microvascular disease.
Mitochondrial calcium homeostasis plays an important role in maintaining the normal function, survival and death
of endothelial cells. Considering that mitochondrial calcium uptake 1 (MICU1) is a key molecule in mitochondrial
calcium regulation, this study aimed to investigate the role of MICU1 in CMECs and explore its underlying
mechanisms.

Methods To examine the role of endothelial MICU1 in diabetic cardiomyopathy (DCM), we used endothelial-
specific MICU15O mice to establish a diabetic mouse model and evaluate the cardiac function. In addition, MICU1
overexpression was conducted by injecting adeno-associated virus 9 carrying MICU1T (AAV9-MICU1). Transcriptome
sequencing technology was used to explore underlying molecular mechanisms.

Results Here, we found that MICU1 expression is decreased in CMECs of diabetic mice. Moreover, we demonstrated
that endothelial cell MICU1 knockout exacerbated the levels of cardiac hypertrophy and interstitial myocardial fibrosis
and led to a further reduction in left ventricular function in diabetic mice. Notably, we found that AAV9-MICU1
specifically upregulated the expression of MICU1 in CMECs of diabetic mice, which inhibited nitrification stress,
inflammatory reaction, and apoptosis of the CMECs, ameliorated myocardial hypertrophy and fibrosis, and promoted
cardiac function. Further mechanistic analysis suggested that MICU1 deficiency result in excessive mitochondrial
calcium uptake and homeostasis imbalance which caused nitrification stress-induced endothelial damage and
inflammation that disrupted myocardial microvascular endothelial barrier function and ultimately promoted DCM
progression.
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Conclusions Our findings demonstrate that MICU1 expression was downregulated in the CMECs of diabetic mice.
Overexpression of endothelial MICU1 reduced nitrification stress induced apoptosis and inflammation by inhibiting
mitochondrial calcium uptake, which improved myocardial microvascular function and inhibited DCM progression.
Our findings suggest that endothelial MICU1 is a molecular intervention target for the potential treatment of DCM.

Keywords MICU1, Diabetic cardiomyopathy, Cardiac microvascular endothelial cells (CMECs), Nitrative stress,

Inflammatory response, Endothelial permeability

Background

Diabetes is a major disease that seriously endangers
human health. It is estimated that the global prevalence
of diabetes will reach 10.2% (578 million) by 2030 [1].
Cardiovascular complications are the leading cause of
morbidity and mortality in patients with diabetes and
account for an estimated 80% of deaths in these patients
[2]. Growing evidence indicates that cardiac microvas-
cular endothelial dysfunction is a key event in diabetic
myocardial microvascular disease throughout the entire
course of diabetic cardiomyopathy (DCM) [3-5]. For
example, the exposure of cardiac microvascular endo-
thelial cells (CMECs) to hyperglycemia for a long time
induced energy metabolism disorders, oxidative/nitrify-
ing stress, and inflammatory reactions and led to myocar-
dial microvascular damage in diabetes [4, 6, 7]. Although
increasing evidence suggests a link between endothelial
mitochondrial dysfunction and myocardial microvascu-
lar injury in patients with diabetes, the underlying mech-
anisms of these processes are not clear.

MICUL1 is a key molecule that regulates mitochondrial
calcium homeostasis, which is closely related to myo-
cardial injury in diabetes [8—10]. Our previous studies
showed that the upregulation of MICU1 expression by
injecting MICU1l-expressing adenovirus (Ad-MICU1)
into the myocardium protected the heart against DCM
in db/db mice [11]. This study substantiated the role of
MICUL in DCM, but it raised a number of questions.

Because the Ad-MICUL1 injected into the myocardium
of db/db mice was non-specific in our previous work, the
expression of MICU1 in multiple cardiac cells may also
be up-regulated after injection. Therefore, we could not
determine whether the improvement in cardiac function
was caused by the reconstruction of MICU1 expression
in cardiomyocytes or the combined effect of the upreg-
ulation of MICU1 expression in multiple cardiac cells.
MICU1 serves as a molecular gatekeeper to prevent
mitochondrial calcium overload, reduce oxidative stress,
and maintain normal cell function [12, 13]. However,
whether MICUI participates in the development of myo-
cardial microvascular injury in diabetes by affecting the
function of CMECs has not been reported.

Our preliminary experimental results demonstrated
that the expression level of MICU1 in CMECs of diabetic
db/db mice was significantly reduced and the upregula-
tion of MICU1 expression inhibited the apoptosis of

CMEC:s isolated from diabetic mice. Does the down-reg-
ulation of MICU1 in CMECs participate in the process
of DCM? Can the upregulation of MICU1 improve myo-
cardial microvascular injury in diabetes? These questions
remain unanswered, but further attempts to investigate
the potential underlying mechanisms will undoubtedly
provide a breakthrough in the prevention and treatment
of DCM. Therefore, the present study examined the role
of the decreased expression of MICU1 in CMECs in
DCM and its related mechanisms.

Materials and methods

Animals

All male C57BL/6 mice were obtained from the ani-
mal center at the Fourth Military Medical University.
Receptor-deficient C57BLKS (db/db) mice and wild-
type C57BLKS mice were purchased from Beijing Vital
River Animal Laboratory (Beijing, China). MICU1fo%/flox
(C57BL/6 background) mice were generated by Guang-
zhou Cyagen Company (Guangzhou, China). Mice with
an endothelial-specific knockout of MICU1 (MICU1¢K©
mice) were generated by crossing Cdh5-Cre transgenic
mice with MICU1%foX mjce. All animal experiments
followed the Guidelines for Animal Protection and Use of
the People’s Republic of China and were approved by the
Animal Ethics Committee of the Air Force Military Med-
ical University. All experimental mice were raised in the
Animal Experiment Center of Air Force Military Medi-
cal University under standard pathogen-free conditions
at 20-23 °C and a 12-h light-dark cycle. The experimen-
tal mice were randomly divided and blinded in all in vivo
experiments and subsequent assessments. MICUfo¥/flox
mice and MICU1°¥C mice aged 4-5 weeks were used
in the in vitro cell experiments, and the primary CMECs
were divided for subsequent experiments.

Identification of mouse tail genotype

A One Step Mouse Genotyping Kit (Vazyme Biotech,
Nanjing, China, PD101-01) was used to extract the
DNA of the target mouse according to the instructions
of the reagent manufacturer. The DNA concentration
was determined, and PCR amplification of the mouse
tail gene was performed according to the instructions of
the kit (See Table 1 of Supplementary Materials for PCR
primers). The size of the DNA fragments was identi-
fied using agarose gel electrophoresis, and an ultraviolet
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Table 1 PCR primers
Gene Name Forward Primer

Reverse Primer

MICUT'O®19® - GAACTAGCCAAGATAAA- GTGTGTTTCCTGTGGTG-
CAGCGTG GTCTG
CDH5-cre CCAGGCTGACCAAGCTGAG  CCTGGCGATCCCTGAACA
iINOS TGGAGCCAGTTGTGGATTGTC GGTCGTAATGTCCAG-
GAAGTAG
IL-18 CAGCACATCAA- GAG-
CAAGAGCTTCAG GATGGGCTCTTCTTCAAA-
GA
TNF-a GACCCTCACACTCAGAT- CCTTGAAGAGA-
CATCTT ACCTGGGAGTAG
ICAM-1 AAGGGCTGGCATTGTTCTC-  GCCTCCCAGCTCCAG-
TAAT GTATAT
NF-kB CTTCTGGGCCTTATGTG- GGTCCTGTGTAGCCATT-
GAGATC GATCTT
NLRP3 AGATGGAGAAGGCAGAT- CAAATGGAGATGC-
CACTTG GGGAGAGATA
MICU1 ACAACAGTCCTCTC- CCTCCATGTCTACCTCTC-
CACTCCTCAG CGTCTC
R-actin AGCCATGTACGTAGCCATCCA  TCTCCGGAGTCCATCA-

CAATG

photography system was used to capture photos and ana-
lyze and determine the mouse genotype.

Experimental mouse diabetes model

Male mice aged 4 weeks were fed a high-fat diet (HFD,
45% kcal fat) for 4 weeks, and streptozotocin (STZ;
100 mg/kg; Sigma, USA; S0130) was intraperitone-
ally injected. STZ was dissolved in 4 °C precooled citric
acid buffers prepared in advance, pH 4.2-4.5. STZ was
dissolved in the dark, and the injection was completed
within 30 min after dissolution. Blood glucose>15.0
mmol/L 48 h after the injection indicated successful con-
struction of the diabetes model. The control group mice
were intraperitoneally injected with the same amount
of citric acid buffer (carrier) after fasting. At this point,
the mice were approximately 8—-9 weeks old and con-
tinued to be fed a high-fat diet for 6 weeks. AAV9-GFP
and AAV9-MICU]1 were injected into the myocardium of
14-week-old diabetic mice. Subsequently, echocardiogra-
phy was used to evaluate the cardiac function of diabetic
MICU1°¥O mice (18 weeks old) after intramyocardial
injection of AAV9-MICU1 or AAV9-GFP. Haematoxylin
and eosin staining and wheat germ agglutinin staining
were used to evaluate the pathological changes of dia-
betic MICU1°¥© mice (18 weeks old). Intraperitoneal
Glucose tolerance tests (IPGTTs; 2 g/kg glucose) and
insulin tolerance test (ITTs; 0.75 units/kg insulin) were
monitored at the age of 17-18 weeks according to our
previously reported method.

Isolation, culture and identification of CMECs
CMEC:s were isolated as previously described with slight
modifications [14]. Male mice aged 4-5 weeks (WT or
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MICU1%¥° mice) were euthanized via isoflurane inha-
lation, and the cardiac apex and left ventricle were dis-
sected, minced, and incubated in 4 ml of 0.2% type II
collagenase (Gibco, USA; 17,101,015) for 10 min at 37 °C.
The same volume of 0.25% trypsin (Solarbio, T1350)
was added and digested for 5 min. The digestion was
terminated by the addition of DMEM containing 20%
FBS (Gibco, USA; 10,100,147). After several minutes
of incubation, the supernatant was absorbed and trans-
ferred to a sterile centrifuge tube for centrifugation and
discarded. The CMECs were resuspended in complete
medium (DMEM, with 20% FBS) and cultured continu-
ously in a thermostatic incubator (5% CO,, 37 °C). The
culture medium was changed at 6 and 24 h then every
2-3 days. After approximately 8—10 days, when the cells
fused to approximately 80% confluence, the cells were
digested and subcultured. CMECs were identified using
the specific CD31 monoclonal antibody immunofluo-
rescence method. Cells labeled by CD31 were identified
as CMECs. The purity of CMECs was greater than 90%.
Third-generation cells were selected for the experiment.
The concentration of glucose in normal culture was 5.5
mmol/L. For high glucose and high fat (HGHF) treat-
ment, CMECs were treated with DMEM containing
33.3 mmol/L glucose and 500 mmol/L sodium palmitate
(Sigma, USA; P9767) for 24 h (according to our previ-
ously established method) [11].

Forced expression of MICU1

Mouse MICU1-overexpressing adeno-associated virus-9
(AAV9-MICU1) genome particles containing the endo-
thelial-specific TIE promoter and Flag and the con-
trol virus carrying GFP (AAV9-GFP) were constructed
by Hanbio Technology (Shanghai, China). Mice were
injected with 5x10" viral particles (vp) of AAV9-GFP
or AAV9-MICU]1 via myocardial injection, as previously
described [11]. The transfection efficiency was evaluated
using immunofluorescence and Western blotting 4 weeks
after AAV9 injection. CMECs were infected with MICU1
adenovirus (Ad-MICU1) or control adenovirus (Ad-EV),
which was constructed by Hanbio Technology (Shang-
hai, China). The specific infection method was described
previously [11]. The cells were cultured in normal glucose
medium (NG, 5.5 mmol/l) or HGHF medium for another
24 h then used for further analysis.

Echocardiography

As described previously [15], the Vevo 2100 ultrasound
system (VisualSonics, Toronto, Ontario, Canada) was
used to evaluate the cardiac function of mice. Briefly,
the mice were lightly anesthetized with isoflurane (3%
for induction and 1% for maintenance), and the car-
diac function of the mice was detected using a hand-
held ultrasonic operation transducer. After obtaining
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echocardiography images, the left ventricular fractional
shortening (LVES), left ventricular diastolic diameters
(LVIDd) and left ventricular posterior wall thickness
in diastole (LVPWd) of the mice hearts were analyzed
using Vevo 2100 software. The same researcher who was
blinded to the treatment analyzed all variables and data.

Immunofluorescence staining

Frozen sections were fixed with 4% paraformaldehyde
for 20 minutes and permeabilized with 0.2% Triton
(Sigma, X-100) at room temperature (RT) for 20 min-
utes. Before FITC-Lectin staining+CD31 staining, we
used a fluorescence quenching agent (G1221, Service-
bio, China) to quench the fluorescence of GFP trans-
fected with the AAV in myocardial tissue. After washing
with PBS, the slices were blocked with 2% bovine serum
albumin (BSA) at RT for 1 hour. The samples were incu-
bated with the primary antibodies overnight at 4°C and
the appropriate fluorescent secondary antibodies at RT
for 1 hour (away from light). The nuclei were stained with

Table 2 Primary antibodies used in western blot and
immunofluorescent staining

Name  Manufacturer CatNo. Dilution Host  Appli-
cation

MICU1 CST 12524s 1:1000 Rabbit  WB

MICU2  Abcam Ab101465 1:1000 Rabbit  WB

MCU Abcam ab219827  1:500 Mouse WB

MCURT  Boster A08547-1  1:1000 Rabbit  WB

p-eNOS  Abclonal AP0421 1:1000 Rabbit  WB

iNOS Abclonal A0312 1:1000 Rabbit  WB

Caspase  Immunoway YT5743 1:1000 Rabbit  WB

1

NF-kB Abclonal AP0475 1:1000 Rabbit  WB

NLRP3  Abclonal A5652 1:1000 Rabbit  WB

I-13 Abclonal A16288 1:1000 Rabbit  WB

eNOS Abclonal A15075 1:1000 Rabbit  WB

Cleaved CST 89,3325 1:1000 Rabbit  WB

caspase

1

TNF-a Abclonal A11534 1:1000 Rabbit  WB

B-actin  Abclonal AC026 1:5000 Rabbit  WB

CD31 Abcam ab7388 1:400 Rat IHC-Fr,
ICC/IF

VE-cad- Abcam Ab205336  1:500 Rabbit  ICC/IF

herin

ICAM-1 Abclonal A5597 1:100 Rabbit ICC/IF

Donkey Thermo Fisher ~ A21208 1:500 Donkey ICC/IF

anti-Rat

AF488

Donkey  Thermo Fisher ~ A21209 1:500 Donkey [IHC-Fr,

anti-Rat ICC/IF

AF594

Donkey Thermo Fisher — A21207 1:500 Donkey [HC-Fr,

anti- ICC/IF

Rabbit

AF594
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4,6-diamidino-2-phenylindole (DAPI). Images were cap-
tured under a confocal microscope (Olympus FV3000,
Japan). Captured images were quantitatively analyzed
using Image] (version 1.53c, NIH, USA). The primary
antibodies for immunoblotting are listed in Table 2 of the
Supplementary Materials.

Measurement of microvascular perfusion

As previously described [16], FITC-conjugated tomato
lectin (Sigma, USA) was injected into mice via the tail
vein and allowed to circulate for 10 min. Hearts were col-
lected, sectioned and stained with CD31 to label blood
vessels. The quantification of microvascular perfusion
was expressed as the percentage of FITC-lectin-positive
microvessels and CD31-positive microvessels.

Histological analysis

Mouse hearts were fixed in 4% paraformaldehyde (PFA)
for 48 h and paraffin embedded. Standard hematoxylin
and eosin staining was performed according to standard
procedures [17]. Masson trichrome staining was per-
formed following the instructions of the Masson stain-
ing kit (Solarbio, China, G1346). The cross-sectional
area of myocardial cells was detected using wheat germ
agglutinin staining according to the instructions of the kit
(WGA, Sigma, USA, red).

Transcriptome sequencing technology

Transcriptome sequencing technology was supported by
Tsingke Biotechnology (Beijing, China). The isolated pri-
mary CMECs of the WT and MICU1° mice were used
for the RNA-seq experiment after 24 h of culture in nor-
mal or HGHF conditions. The qualified total RNA was
extracted, followed by mRNA purification and reverse
transcription after fragmentation, and the cDNA library
was constructed. The screening criteria were log® |fold
change|> 2.0 and p value<0.05.

Western blotting

According to the manufacturer’s instructions, cells were
routinely harvested and lysed in RIPA buffer (Beyotime,
China) to extract protein. The protein concentration was
measured using the BCA method and equalized before
loading. Approximately 30 pg of total protein samples
were added to SDS-PAGE gels and transferred to PVDF
membranes (Millipore, USA). 5% skimmed milk pow-
der was incubated at RT for 1 h, and a properly diluted
primary antibody was added and incubated overnight
at 4 °C. After 30 min of rewarming, membranes were
washed with TBST three times for 7 min each time. After
incubation with the secondary antibody at RT for 1 h,
TBST was used to wash the membrane, and a chemilumi-
nescence system (Bio-Rad) was used to detect the expres-
sion of each protein. The results were quantified using
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Image J software (version 1.53¢c, NIH, USA). The antibod-
ies are shown in Table 1 of the Supplementary Materials.

Quantitative real-time PCR

Total RNA from cells was extracted using a Tiangen Total
RNA Extraction Kit (Tiangen, China, DP424). The con-
centration and purity of total RNA were detected after
extraction. Reverse transcription of 500 ng RNA into
cDNA was performed according to the instructions of
the TAKARA Reverse Transcription Kit (TaKaRa, Japan,
RR047A). SYBR was detected according to the instruc-
tions of the ° Premix Ex Taq™ II reagent kit (TaKaRa,
Japan, RR820A) in a CFX96 Real Time PCR Detection
System (Bio Rad) instrument. The following reaction
conditions were used: 95°C for 30 s; 40 cycles at 95°C for
105, 56°C for 30 s and 72°C for 30 s; 72°C for 5 min. Each
sample was inserted into 3 holes, and the experiment was
repeated 3 times. The 2"t method was used to ana-
lyze and process the data (See Table 2 of Supplementary
Materials for specific primer sequences).

Mitochondrial calcium concentration determination
According to the manufacturer’s instructions, the fluores-
cent compound dye Rhod-2-AM (Molecular Probes) was
used to monitor the mitochondrial Ca’* concentration
in CMECs treated under different conditions. CMECs
were viewed with a confocal laser scanning microscope
(Olympus FV3000, Japan) as described previously [11].

Detection of CMECs apoptosis

Heart tissue samples were treated as described previ-
ously [18]. CD31 and TUNEL assay (Sigma, USA) dou-
ble immunofluorescence staining was performed to
measure CMECs apoptosis in heart tissue. Fluorescent
staining was visualized using a confocal laser scanning
microscope (Olympus FV3000, Japan). For cell samples,
a biological apoptosis test kit (BestBio, China, BB-4101)
was used for detection. The pancreatic enzyme without
EDTA was used to digest the CMECs, and the treated
cells were collected with the medium into a 15 ml cen-
trifuge tube. The tubes were centrifuged at 1000 rpm for
5 min and washed twice in precooled PBS. Binding Buffer
binding solution (400 ul) was added and mixed, and 10 pl
Annexin V-FITC was added for incubation in the dark at
RT for 15 min. 7 pl PI dye was added, gently mixed, and
incubated in the dark at 4°C for 5 min. Flow cytometry
was used for detection and analysis.

Measurement of CMECs permeability in vitro

To measure CMECs permeability, cells were grown to
confluence on ThinCertTM cell culture inserts with a
pore diameter of 0.4 pm to form a fused monolayer in a
24-well plate (Corning, USA). As previously described
[19], cells were incubated with FITC-dextran (1 mg/mL)
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in the medium at a constant temperature of 37 °C. Four
hours later, the relative fluorescence passing through the
chamber was determined to evaluate the degree of per-
meability using a ceramic galaxy microplate reader (BMG
Labtechnologies, Germany, excitation 485 nm, emission
520 nm).

Mitochondrial calcium clearance

As previously described [11], we constructed an adeno-
virus that carried parvalbumin encoding mitochondrial
Ca?*-binding protein (Ad-mitoPV) for overexpression in
CMECs. After the infection of CMECs with Ad-mitoPV
(30 MOI), the overexpression of parvalbumin in the
mitochondria of CMECs bound Ca?* and reduced the
calcium content of mitochondria.

Determination of 3-nitrotyrosine

3-Nitrotyrosine (3-NT) was determined using the
3-Nitrotyrosine ELISA Kit (Abcam, USA, ab116691)
according to the manufacturers’ instructions. CMECs
were routinely digested, collected and centrifuged at 4 °C
for 10 min at 500 g. The cells were rinsed twice with PBS.
The cell particles in the extract were solubilized at a rate
of 2x107/mL. The cells were incubated on ice for 20 min
and centrifuged at 16,000 x g at 4 °C for 20 min. The
supernatant was transferred to a clean tube for detection.
The specific operation method was performed according
to the instructions of the ELISA kit.

Nitration product removal

We used FETMPyP (Cayman, Ann Arbor, USA) to clear
the nitration products. FeTMPyP is an ONOO- degra-
dation catalyst that significantly reduces the formation
of mitochondrial nitrite [11]. The experimental group
was incubated with FeTMPyP (50 uM) in the cell culture
medium for 24 h for subsequent detection.

Mitochondrial membrane potential detection

According to the manufacturer’s protocol, mitochondrial
membrane potential changes were evaluated using a JC-1
mitochondrial membrane potential detection kit (Beyo-
time, China). Briefly, CMECs were stained with JC-1
reagent at 37 °C for 30 min and washed three times with
PBS. The changes in mitochondrial membrane potential
were measured via flow cytometry. The red fluorescence
intensity represented the strength of the mitochondrial
membrane potential.

Statistical analysis

SPSS 23.0 statistical software was used for analysis. Con-
tinuous measurement data with a normal distribution
are expressed as the meanstSEM. One-way analysis of
variance (ANOVA) was used for comparisons between
multiple groups, and the Bonferroni post hoc test was
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used for correction. Student’s ¢ test was used for com-
parisons between two groups, and the LSD-¢ test was
used for comparisons between multiple groups. The
normality test was used for data with n=6, and Pearson
correlation analysis was used for correlations between
measurement variables. Fisher’s exact test was used to
compare classification variables, and GraphPad Prism
8.3.0 (GraphPad Software, Inc., USA) was used for statis-
tical analyses. P<0.05 was considered a statistically sig-
nificant difference.

Results

MICU1 expression is decreased in CMECs of diabetic mice
MICUL1 is involved in the occurrence and progression of
various diseases via multiple mechanisms [9, 10]. Previ-
ous studies found that MICU1 was downregulated in the
cardiomyocytes of diabetic mice and involved in diabetic
myocardial injury by regulating the redox status of car-
diomyocytes [11]. In a complex disease, such as diabetes,
it is far from certain that these cardiovascular pathologies
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all solely result from hyperglycemia [1, 2]. Relevant stud-
ies found that MICUL1 is essential for normal function of
endothelial cells by maintaining mitochondrial calcium
homeostasis [12, 13, 22]. To examine whether MICU1
was dysregulated in CMECs and contributed to DCM, we
initially analyzed cell-type MICU1 expression in different
organ tissues and hearts of adults in The Human Protein
Atlas (https://www.proteinatlas.org/ENSG00000107745-
MICU1/single+cell+type/heart+muscle). We found that
the expression of MICU1 in cardiac endothelial cells was
in a high expression state (Fig. 1A). Therefore, we further
investigated the expression of MICU1 in CMECs and the
effect of HGHF on the expression of MICU1 in CMECs
of diabetic db/db mice. To confirm the changes of MICU1
expression in vascular endothelial cells of diabetic mice,
we isolated the CMECs of 6-, 12- and 18-week-old dia-
betic db/db mice and measured the expression of MICU1
using qRT-PCR and Western blotting. mRNA expression
patterns were observed using qRT-PCR (Fig. 1B), which
indicated that the expression of MICU1 in CMECs of
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Fig. 1 MICUT expression is decreased in CMECs of diabetic mice. (A) Cell type-specific MICUT mRNA expression in different organ tissues and hearts
of adults. The MICUT mRNA levels in different organ tissues and hearts of adults were determined by mining single-cell RNAseq data deposited in the
Human Protein Atlas database (https://www.proteinatlas.org/ENSG00000107745-MICU1/single+cell+type/heart+muscle). Different cardiac cell types are
colored according to clusters and expressed by uniform manifold approximation and projection. (B) gRT-PCR analysis of MICUT mRNA levels in the
CMECs of diabetic db/db mice and wild-type littermate mice (n=6, 6-, 12- and 18-week-old mice per group). (C) Western blotting analysis of the protein
expression levels of MICU1 and (-actin in the CMECs of diabetic db/db mice and wild-type littermate mice (n=6, 6-, 12- and 18-week-old per group). (D)
gRT-PCR analysis of MICUT mRNA levels in the CMECs treated with HGHF (n=3 per group). (E) Western blotting analysis of MICU1 expression in CMECs

treated with HGHF (n=3 per group), **p <0.01
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diabetic db/db mice was primarily regulated at the tran-
scriptional level. Western blotting (Fig. 1C) also dem-
onstrated that MICU1 was significantly downregulated
in CMECs of diabetic db/db mice at 12 and 18 weeks of
age compared to the corresponding controls. The down-
regulation of MICU1 was more obvious in the CMECs
of 18-week-old diabetic db/db mice. The expression of
MICU1 in CMECs incubated with HGHF was signifi-
cantly reduced on qRT-PCR (Fig. 1D) and Western blots
(Fig. 1E). These data show that MICU1 downregulation
occurs in the CMECs of diabetic mice.

Endothelial-specific knockout of MICU1 exacerbates
diabetes-induced cardiac dysfunction in mice

To further examine the functional role of the down-
regulation of MICU1 expression in CMECs in DCM,
we generated endothelial cell-specific MICU1-defi-
cient mice (MICU1°*© mice) using Cdh5-Cre (Fig.
S1). We successfully established a mouse model of type
2 diabetes using a high-fat diet (HFD) in combination
with STZ. Then we continue to feed them with HFD
until 18 weeks of age. To assess the progression of dia-
betes in HFD/STZ-MICU1°¥C mice at the ages of
18 weeks, the intraperitoneal glucose tolerance tests
(IPGTTs) and insulin tolerance tests (ITTs) were per-
formed as shown in Fig. S2, and the results showed that
HED/STZ-MICU1°*° mice had higher blood glucose
level and lower clearance efficiency of plasma glucose
than HFD/STZ-W'T mice (Fig. S2). To confirm endothe-
lial cell MICU1 knockout, we isolated primary CMECs
and detected the expression of MICU1. As shown in
Fig. 2A, the expression of MICU1 was almost undetect-
able in the endothelial conditional MICU1 knockout
mice (MICU1°X© mice), and mitochondrial calcium reg-
ulatory molecules, such as MICU2, MCUR1 and MCU,
were expressed normally, and there was no significant
change compared with the WT mice (Fig. 2A). Heart
weight and the ratio of heart weight to tibia length (HW/
TL) were not changed in MICU1°*® mice compared to
WT mice. Knockout of MICU1 further increased heart
weight and HW/TL in diabetic MICU1°*© mice (Fig. 2B,
C). Representative M-mode echocardiograms are shown
in Fig. 2D. LV fractional shortening were impaired in
MICU1*¥© mice compared to WT mice, while there
was no significant change in heart rate among all groups
(Fig. 2E). Knockout of MICU1 further reduced the
LV fractional shortening in diabetic MICU1°K® mice
(Fig. 2F). However, diabetic MICU1°*® mice showed
increased LV end diastolic diameter (LVIDd) and LV
diastolic posterior wall thickness (LVPWd) (Fig. 2G, H,).
Hematoxylin and eosin staining and wheat germ agglu-
tinin staining showed that the cross-sectional area of
cardiomyocytes in diabetic MICU1°C mice was sig-
nificantly increased compared to diabetic mice (Fig. 2I,
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J). Compared to the WT mice, the diabetic mice showed
increased myocardial fibrosis, as indicated by Masson
trichrome staining. Knockout of MICU1 further exacer-
bated the interstitial myocardial fibrosis level of diabetic
MICU1°*© mice (Fig. 2K). Taken together, these data
suggested that endothelial cell MICU1 knockout aggra-
vated the levels of cardiac hypertrophy and interstitial
myocardial fibrosis and led to a further reduction in left
ventricular function in diabetic mice.

Endothelial-specific knockout of MICU1 exacerbates
cardiac microvascular injury in diabetic mice

Cardiac microvascular function is closely related to myo-
cardial function in diabetes, and the impairment of car-
diac microvascular integrity and barrier function is the
initial stage of vascular complications in diabetes [6, 23,
24]. Therefore, we further evaluated the effect of endo-
thelial cell MICU1 knockout on myocardial microvas-
cular function in 18-week-old diabetic MICU1°*© mice.
Immunofluorescence staining of CD31 (green), TUNEL
(red) and DAPI (blue) was performed to evaluate the
apoptosis of CMECs in myocardial tissue sections of WT
and MICU1°¥© mjce. Compared to the control mice, the
myocardial tissue of diabetic mice showed more apopto-
sis of endothelial cells. Notably, the number of apoptotic
CMECs in 18-week-old diabetic MICU1°%° mice fur-
ther increased compared to age-matched diabetic mice
(Fig. 3A, B, C). The microvasculature became sparse
and was accompanied by a lower ratio of lectin-positive
microvessels in our diabetic mouse model, which sug-
gested decreased microvascular perfusion (Fig. 3D, E).
Endothelial cell MICU1 knockout aggravated perfusion
defects in diabetic MICU1°K® mijce (Fig. 3D, E). Vascu-
lar endothelial (VE)-cadherin is a connexin expressed
on endothelial cells and an important factor in vascular
endothelial integrity and vascular permeability [25, 26].
Our data revealed that diabetes significantly downregu-
lated VE-cadherin fluorescence in myocardial microves-
sels, and endothelial MICU1 knockout further inhibited
the expression of VE-cadherin in diabetic MICU1°KO
mice (Fig. 3F, G). Diabetes significantly upregulated
ICAM-1 levels, and endothelial cell MICU1 knockout
further intensified this change in diabetic MICU1°KO
mice (Fig. 3H, I). Damage to the myocardial micro-
vascular barrier and permeability promotes leukocyte
migration across the endothelium, tissue edema and
inflammatory reactions and leads to myocardial injury in
diabetes.

MICU1 deficiency aggravates the nitrification stress,
inflammatory response and apoptosis of CMECs treated
with HGHF

To further clarify the role of MICU1 in CMECs in DCM,
we isolated CMECs from MICU1°¥C and control mice
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pathways, which were significantly enriched in the
inflammatory response and other related pathways
(Fig. 4A). Based on these results, we performed cluster-
ing analysis on the differential gene expression related
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to inflammatory reaction and apoptosis (Fig. 4B) and
further confirmed the upregulation of iNOS, IL-1f,
TNF-a, ICAM-1, NF-kB and NLRP3 by qRT-PCR in
CMECs of the HGHF-MICU1°¥© group (Fig. 4C). Flow
cytometry showed that the apoptosis levels of CMECs
treated with HGHF were significantly higher than the
Con group. Endothelial cell MICU1 knockout obvi-
ously increased the apoptosis level of CMECs from the
HGHF-MICU1°*© group (Fig. 4D). Western blotting
showed that the expression levels of NLRP3, NF-«kB, Cas-
pase 1, IL-1P, TNF-« and Cleaved caspase 1 in CMECs of
the HGHF group were significantly higher than the NG
group. However, endothelial cell MICU1 knockout fur-
ther exacerbated the expression levels of these inflamma-
tory factors in CMECs of the HGHF-MICU1°X° group
(Fig. 4E). We validated the RNA-sequencing results using
Western blotting, and the results demonstrated that
endothelial-specific knockout of MICUIL significantly
decreased the protein expression of eNOS and phosphor-
ylated eNOS (p-eNOS), increased the protein expression
of iNOS in the HGHF-MICU1°*© group (Fig. 4F), which
is consistent with previous qRT-PCR results (Fig. 4C).
Previous studies showed that iNOS was the source of

enzymes causing peroxynitrite generation [27]. The NO
produced by iNOS can form peroxynitrite with super-
oxide. The increased expression of iNOS may lead to the
reduction of NO utilization and increase the production
of peroxynitrite, which causes injury of endothelial cells
[28]. Because peroxynitrite frees nitrate or protein-bound
tyrosine residues to generate 3-nitrotyrosine (3-N'T), we
observed the effect of HGHF and MICU1 knockout on
endothelial cell nitrification stress using 3-Nitrotyrosine
ELISA Kit for the expression of 3-NT. Studies of 3-NT
showed that HGHF induced the formation of 3-NT,
which was increased by endothelial cell MICU1 knock-
out in the HGHF-MICU1°K© group (Fig. 4G). Measure-
ment of FITC-dextran clearance assessed the changes in
endothelial permeability [29], and the data showed that
endothelial cell MICU1 knockout further promoted the
HGHF-induced increase in endothelial permeability
(Fig. 4H). These results suggested that endothelial cell
MICU1 knockout further aggravated the nitrification
stress of CMECs in the myocardial microvascular endo-
thelium in the HGHE-MICU1°® group and promoted
cell apoptosis and inflammatory reactions, which led to
impairment of endothelial cell barrier function.
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MICU1 knockout exacerbates endothelial dysfunction by
promoting nitrification stress mediated by mitochondrial
calcium uptake in endothelial cells

Our previous studies demonstrated that upregulated
MICU1 expression in diabetic myocardium promoted
mitochondrial calcium uptake and reduced myocar-
dial injury [11]. However, we measured the content of
endogenous mitochondrial Ca’** in isolated CMECs
from MICU1°X© and control mice cultured with HGHF
and found that MICU1 knockout led to a significant
increase in mitochondrial Ca®* in CMECs from the
HGHF-MICU1°¥© group (Fig. 5A). These results dem-
onstrated that the role of MICUL in the regulation of
mitochondrial calcium homeostasis in CMECs may be
significantly different from cardiomyocytes, which may
be related to the basic calcium concentration in cells
and mitochondria. MitoPV is a mitochondrial-targeted
Ca?" binding protein that can effectively removes Ca®*
from mitochondria. Our data indicated that endothe-
lial cell-specific MICU1 knockout further led to the
decrease in endothelial cell mitochondrial membrane
potential induced by HGHE. However, mitoPV reversed
the decrease in mitochondrial membrane potential
caused by MICU1 knockout in CMECs compared to the
HGHF-MICU1°¥© group (Fig. 5B). Mitochondrial mem-
brane potential is an important indicator of mitochon-
drial function. The decrease in mitochondrial membrane
potential is closely related to mitochondrial nitrifica-
tion stress. Based on the existing research foundation,
the generation of vasoprotective nitric oxide (NO) by
endothelial NO synthase (eNOS) and the contribution
of inducible nitric oxide synthase (iNOS) induced by
inflammatory mediators to endothelial injury and vascu-
lar dysfunction have been established. In this study, the
expression levels of p-eNOS and iNOS were used to rep-
resent the protective and injurious states of endothelial
cells, respectively. Based on the above-described findings,
we further confirmed that mitoPV treatment reduced
iNOS expression and 3-NT generation induced by
MICU1 knockout, while increasing eNOS and p-eNOS
in CMECs from the HGHE-MICU1°*© group (Fig. 5C,
D).

We investigated the role of endothelial cell nitrification
stress induced by MICU1 downregulation in diabetic
myocardial microvascular injury. We tested the expres-
sion of iNOS and the production of 3-NT by regulat-
ing mitochondrial calcium. The results showed that the
downregulation of MICU1 induced mitochondrial nitri-
fication stress via mitochondrial calcium homeostasis
imbalance. The flow cytometry and Western blot results
further clarified that mitoPV treatment reduced endo-
thelial cell apoptosis and inflammatory reactions induced
by MICU1 knockout in the HGHF-MICU1**® group
(Fig. 5E, F). Measurement of FITC-dextran clearance
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assessed the changes in endothelial permeability showed
that mitoPV treatment decreased the level of FITC-dex-
tran in CMECs (Fig. 5G) and improved the endothelial
barrier function of CMECs from the HGHE-MICU1°KO
group. FETMPyP is an ONOO- degradation catalyst that
significantly inhibits the formation of mitochondrial
nitrite. Our 3-NT Elisa experimental results confirmed
this inhibition (Fig. 5D). Notably, FeETMPyP was added to
CMEC:s to eliminate mitochondrial ONOO- production,
and the inflammatory reaction, apoptosis and the level
of FITC-dextran in CMECs from the HGHF-MICU1°©
group were significantly reduced (Fig. 5E, F, G). All of
these findings indicated that MICU1 knockout in dia-
betic CMECs led to mitochondrial Ca®* uptake, triggered
endothelial nitrification stress, intensified inflammatory
reactions and cell apoptosis, and aggravated myocardial
microvascular damage.

Upregulation of MICU1 expression alleviates HGHF-
induced endothelial cell injury by inhibiting nitrification
stress

To identify potential strategies for the treatment of dia-
betic cardiomyopathy, we evaluated the potential mecha-
nisms underlying the cardioprotective effects of MICU1
in CMECs. We cultured primary CMECs with HGHF and
transfected Ad-EV or Ad-MICUI to observe the repair
of endothelial cell injury. Western blotting experiments
found that the forced expression of MICU1 significantly
increased the protein expression of eNOS and p-eNOS,
and decreased the expression of iNOS in diabetic CMECs
(Fig. 6A). Based on these results, we analyzed the mito-
chondrial membrane potential, nitrification stress, apop-
tosis and inflammation of diabetic CMECs transfected
with Ad-MICUL. The results showed that upregulation
of MICU1 restored diabetic-diminished mitochondrial
membrane potential (Fig. 6B), reduced the production of
3-NT (Fig. 6C) and apoptosis (Fig. 6D), and suppressed
the inflammatory response (Fig. 6E). The results of FITC-
dextran clearance also confirmed that overexpression of
MICU1 attenuated HGHF-induced endothelial cell per-
meability injury (Fig. 6F). In summary, these results indi-
cated that the upregulation of MICU1 reduced apoptosis
and inflammatory reactions by inhibiting CMECs nitrifi-
cation stress, which enhanced endothelial barrier func-
tion and reduced HGHF-induced microvascular damage.

Cardiac endothelial-specific overexpression of MICU1
alleviates diabetes-induced cardiac microvascular injury in
diabetic mice

We further clarified whether the upregulation of MICU1
expression in CMECs protected the cardiac microvascu-
lature against DCM in diabetic MICU1°¥© and control
mice. AAV9-GFP and AAV9-MICU1 were intramyocar-
dially injected into 14-week-old diabetic mice (fed with a
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high fat diet for 6 weeks after successfully establishing the
model). The expression of MICU1 was measured 4 weeks
after injection, and cardiac microvascular perfusion and
other functions were completed 4 weeks after injection.
Western blotting (Fig. S3A, B) showed that the expres-
sion of MICU1 in CMECs was significantly increased
compared to controls. Immunofluorescence stain-
ing showed that endothelial-specific overexpression of
MICUL1 inhibited DCM-induced apoptosis in both total
cells and CMEC:s (Fig. 7A, B, C), improved microvascular
barrier function, and ameliorated vascular permeability

in myocardial tissue sections of diabetic mice (Fig. 7D-
I). The same trend was observed after the expression
of MICUI was reconstructed in diabetic MICU1°<©
CMEC:s (Fig. 7D-I). Taken together, these data indicated
that the reconstruction of MICU1 expression in CMECs
had a better effect on the improvement of myocardial
microvascular injury in 18-week-old diabetic mice.
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Cardiac endothelial-specific overexpression of MICU1
alleviates diabetes-induced cardiac dysfunction in diabetic
mice

Heart weight and HW/TL were significantly decreased
in 18-week-old diabetic MICU1°° mice injected with
AAV9-MICU1, compared to the age-matched control
group injected with AAV9-GFP (Fig. 8A, B). Echocar-
diography showed that the cardiac function of diabetic
MICU1°*© mice injected with AAV9-MICU1 was sig-
nificantly improved compared to the age matched control
group injected with AAV9-GFP (Fig. 8C, E, F, G), while
there was no significant change in heart rate among all
groups (Fig. 8D). Hematoxylin and eosin staining and
wheat germ agglutinin staining showed that the cross-
sectional area of cardiomyocytes in diabetic MICU1°K©
mice injected with AAV9-MICUI1 was significantly lower
compared to the age matched control group injected
with AAV9-GFP (Fig. 8H, I). Masson staining results
showed that specific overexpression of MICU1 in dia-
betic MICU1°*® CMECs markedly reduced interstitial
myocardial fibrosis (Fig. 8]). In conclusion, these data
suggested that overexpression of MICUl in CMECs

significantly ameliorated myocardial fibrosis and

improved left ventricular function in diabetic mice.

Discussion

DCM is a complex disease with high morbidity and mor-
tality. Multiple factors in DCM lead to heart failure and
sudden cardiac death, but its underlying pathogenesis is
not clear [30, 31]. Our previous study confirmed that the
downregulation of MICU1 in diabetic cardiomyocytes
mediated the disorder of mitochondrial calcium uptake
and promoted DCM progression, and MICU1 upregula-
tion, via the injection of MICU1-expressing adenovirus
into the myocardium of db/db mice, inhibited cardio-
myocyte apoptosis and improved cardiac function [11].
The role of cardiomyocyte metabolic disorder in DCM
has been widely studied. However, increasing evidence
shows that endothelial dysfunction may be a main mech-
anism in the pathogenesis of DCM [23, 24]. Long-term
hyperglycemia leads to metabolic disorder and oxidative
stress in CMECs, which result in a variety of effects, such
as increased permeability, impaired endothelial relax-
ation, and reduced NO availability [32]. Therefore, it is
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particularly important to identify potential therapeutic
targets for DCM based on CMECs.

Mitochondrial calcium homeostasis is involved in the
regulation of various life processes, such as mitochon-
drial energy metabolism, cell autophagy, cell survival,
and death [33, 34]. MICUL1 in the inner membrane of

mitochondria is a key regulator of mitochondrial cal-
cium uptake and helps maintain mitochondrial calcium
homeostasis [8—10]. MICU1 plays a two-way gating role
in mitochondrial calcium regulation. Mallilankaraman
K et al. found that MICU1 inhibited mitochondrial cal-
cium uptake under low calcium ion conditions ([Ca’']
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c<3 pM) [35] but promoted calcium uptake of mito-
chondria under high calcium ion conditions ([Ca®*]
¢>20 pM) [35]. Under normal physiological conditions,
the concentration of cytoplasmic Ca** in CMECs is rela-
tively low [37]. We confirmed that MICU1 knockout pro-
moted mitochondrial calcium uptake in diabetic CMECs,
which is consistent with previous studies. MICU1 plays
an important role in the development of cancer, stroke,
and genetic diseases, and maintaining endothelial func-
tion [38—41]. Hoffman et al. found decreased expression
of endothelial MICU1 in atherosclerotic diseases, which
suggests that MICU1 participates in cardiovascular
injury [42]. Mallilankaraman K et al. found that silencing
endothelial MICU1 promoted mitochondrial ROS pro-
duction [35].

We found high expression of MICU1 in CMECs using
bioinformatics database analysis, which suggested that
MICUL1 played an important role in myocardial micro-
vascular function. We also confirmed that MICU1
expression in CMECs of diabetic mice decreased with
the progression of DCM. Therefore, we established a dia-
betic mouse model using a high-fat diet in MICU1°<©
mice combined with an intraperitoneal injection of STZ.
We found that endothelial-specific MICU1 knockout
caused disruption of myocardial microvascular barrier
function in diabetic mice, exacerbated cardiac hypertro-
phy and fibrosis, and significantly reduced cardiac func-
tion. Notably, we found that AAV9-MICU1 specifically
upregulated the expression of MICU1 in CMECs of dia-
betic mice, which inhibited nitrification stress, inflamma-
tory reaction, and apoptosis of the CMECs, ameliorated
myocardial hypertrophy and fibrosis, and promoted
cardiac function. We isolated CMECs from MICU1K©
and control mice. Following culture in normal or HGHF
conditions, we performed transcriptome sequencing
and observed that the expression of nitrification stress-
related iNOS enzyme and inflammation-related mole-
cules were significantly increased in diabetic MICU1°<©
CMEC:s. These results were verified using qRT-PCR and
Western blotting experiments. These conclusions sug-
gest that endothelial injury regulated by MICU1 is closely
related to nitrification stress and inflammation.

Nitration-stressed cells generate a large amount of
ONOO- within a short time, which causes protein tyro-
sine nitration that causes a series of damages to pro-
teins, mitochondria, and DNA. Nitrification stress is
closely related to mitochondrial function, but the specific
regulatory mechanism is not clear [43, 44]. The present
study detected changes in the mitochondrial membrane
potential of CMECs and found that disturbances in mito-
chondrial calcium homeostasis mediated by MICU1
deficiency led to dysfunction of the mitochondrial respi-
ratory chain, which increased the production of O*~ and
a large amount of ONOO- induced by the iNOS enzyme.

Page 16 of 18

Elisa results showed that the production of 3-NT in
CMECs of diabetic MICU1°*© mice increased signifi-
cantly, which further confirmed the above conclusions.
These results suggest that the imbalance of mitochon-
drial calcium homeostasis mediated by MICU1 knockout
induces nitrification stress in CMECs. ONOO- leads to
the nitration of protein lysine residues to produce 3-NT,
which causes a cell damage cascade reaction and induces
inflammation.

The present study found that the ONOO- scavenger
FeTMPyP reduced apoptosis, inflammation, and FITC-
dextran clearance in diabetic MICU1°X© CMECs, which
suggest that endothelial cell injury caused by MICU1
knockout is closely related to endothelial nitrification
stress mediated by mitochondrial calcium homeosta-
sis imbalance. Our in vitro experiments found that
the upregulation of MICU1 expression by Ad-MICU1
reduced the nitration products, apoptosis, and inflam-
mation in CMECs cultured with HGHF, which indicated
that MICU1 may reduce diabetes-induced endothelial
cell damage by inhibiting nitrification stress. We recon-
structed the expression of MICU1 in CMECs by inject-
ing AAV9-MICUL1 into the myocardium and observed
a reduction in myocardial microvascular injury and an
improvement in cardiac function in diabetic MICU1°K©
mice. In vivo and in vitro studies confirmed the important
role of endothelial MICU1 in myocardial microvascu-
lar injury in diabetes. These results improve our under-
standing of the pathogenesis of myocardial microvascular
injury in diabetes and provide potential therapeutic tar-
gets for DCM. In conclusion, MICUI caused nitrification
stress to induce endothelial apoptosis and inflammation
by disrupting mitochondrial calcium homeostasis, which
led to myocardial microvascular dysfunction.

Our previous study has provided that the deficiency
in mitochondrial calcium uptake due to the down-regu-
lation of MICU1 expression in diabetes cardiomyocytes
leads to myocardial oxidative damage, thereby promoting
the occurrence and progression of DCM. Further inves-
tigation has revealed that restoring MICU1 expression
in diabetic myocardium through myocardial injection
of MICUI1 adenovirus not only ameliorates cardiomyo-
cyte apoptosis but also significantly reduces apoptosis in
CMECs. Compensatory hypertrophy of cardiomyocytes
and interstitial fibrosis are common pathological mani-
festations of non-infarct myocardial injury. The pres-
ent study demonstrates that the restoration of MICU1
expression effectively mitigates CMECs injury, enhances
myocardial microcirculation perfusion, and diminishes
compensatory hypertrophy of cardiomyocytes and inter-
stitial fibrosis. Consequently, in contrast to primary myo-
cardial injury, we posit that microcirculation disorders
resulting from CMEC injury exert a more substantial
influence on the occurrence and progression of DCM,
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thereby representing a critical intervention target for
DCM.

The current study has several limitations. First, we
did not use tamoxifen-inducible MICU1°*® mice in
our study. Before the establishment of a diabetic mouse
model, the cardiac function of MICUI°®C mice was
slightly decreased compared with WT mice. We will
use conditional MICU1 endothelial cell-specific knock-
out mice to more accurately clarify the role of MICU1
in DCM in the future. Second, in this study, a diabetic
model induced by a high-fat diet combined with STZ can
be considered as a mixed model of type 1/type 2 diabe-
tes. Initially, the high-fat diet induces metabolic disor-
der resulting in insulin resistance. Subsequently, STZ
selectively impairs pancreatic islet beta cells, leading to
inadequate insulin secretion. The combination of these
two factors ultimately leads to hyperglycemia, which can
induce organ damage. While this model does not fully
replicate clinical diabetes, it effectively demonstrates the
association between myocardial microvascular dysfunc-
tion and DCM in this study. Numerous previous stud-
ies have employed and acknowledged the utilization
of this diabetic model. Third, this study demonstrated
that the restoration of MICU1 expression in diabetic
mice through AAV9-MICUL1 intervention inhibited the
advancement of DCM. However, it remains inconclusive
whether this therapeutic effect is solely attributed to the
direct influence of MICU1 or if it is a secondary conse-
quence of improved diabetes. Additionally, our investiga-
tion revealed that MICU1 overexpression enhanced the
glucose tolerance of diabetic mice (Figure S2), indicat-
ing that MICU1 overexpression directly contributes to
the amelioration of DCM, while also benefiting from the
concurrent improvement of diabetes. Further research
is required to elucidate the underlying mechanism by
which MICU1 improves diabetes.

Conclusions

In summary, we found that MICU1l expression was
downregulated in the CMECs of diabetic mice. Over-
expression of endothelial MICU1 reduced nitrification
stress-induced apoptosis and inflammation by inhibiting
mitochondrial calcium uptake, which improved myocar-
dial microvascular function and inhibited DCM progres-
sion. MICUI regulates endothelial nitrification stress by
maintaining mitochondrial calcium homeostasis, which
is one mechanism in this process. In conclusion, our
results suggest that myocardial endothelial MICU1 is a
therapeutic target for DCM.
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