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Abstract

Diabetes enhances myocardial ischemic/reperfusion (MI/R) injury via an incompletely understood
mechanism. Adiponectin (APN) is a cardioprotective adipokine suppressed by diabetes.

However, how hypoadiponectinemia exacerbates cardiac injury remains incompletely understood.
Dysregulation of miRNAs plays a significant role in disease development. However, whether
hypoadiponectinemia alters cardiac miRNA profile, contributing to diabetic heart injury, remains
unclear.

Methods and Results: Wild-type (WT) and APN knockout (APN-KO) mice were subjected to
MI/R. A cardiac microRNA profile was determined. Among 23 miRNAs increased in APN-KO
mice following MI/R, miR-449b was most significantly upregulated (3.98-fold over WT mice).
Administrating miR-449b mimic increased apoptosis, enlarged infarct size, and impaired cardiac
function in WT mice. In contrast, anti-miR-449b decreased apoptosis, reduced infarct size, and
improved cardiac function in APN-KO mice. Bioinformatic analysis predicted 73 miR-449b
targeting genes, and GO analysis revealed oxidative stress as the top pathway regulated by

these genes. Venn analysis followed by luciferase assay identified Nrf-1 and Ucp3 as the two
most important miR-449b targets. In vivo administration of anti-miR-449b in APN-KO mice
attenuated MI/R-stimulated superoxide overproduction. In vitro experiments demonstrated that
high glucose/high lipid and simulated ischemia/reperfusion upregulated miR-449b and inhibited
Nrf-1 and Ucp3 expression. These pathological effects were attenuated by anti-miR-449b or Nrf-1
overexpression. In a final attempt to validate our finding in a clinically relevant model, high-fat
diet (HFD)-induced diabetic mice were subjected to MI/R and treated with anti-miR-449b or
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APN. Diabetes significantly increased miR-449b expression and downregulated Nrf-1 and Ucp3
expression. Administration of anti-miR-449b or APN preserved cardiac Nrf-1 expression, reduced
cardiac oxidative stress, decreased apoptosis and infarct size, and improved cardiac function.

Conclusion: We demonstrated for the first time that hypoadiponectinemia upregulates miR-449b
and suppresses Nrf-1/Ucp3 expression, promoting oxidative stress and exacerbating MI/R injury
in this population. Dysregulated APN/miR-449b/oxidative stress pathway is a potential therapeutic
target against diabetic MI/R injury.
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1. Introduction

Despite improved reperfusion strategies leading to declined mortality in the non-diabetic
population, the mortality and morbidity of ischemic heart disease in diabetic patients remain
high.[1] [2] Clinical studies and basic experiments demonstrate that increased oxidative
stress following myocardial ischemia/reperfusion (MI/R) is a big hurdle in preventing the
diabetic exacerbation of MI/R injury.[3] [4] Defining the determinants responsible for the
increased oxidative stress and accelerated cardiac injury in the diabetic heart is of great
clinical importance in developing novel strategies to limit cardiac damage.

Adiponectin (APN) is an adipocyte-specific cytokine critical in maintaining systematic
metabolic hemostasis. Clinical and experimental results consistently demonstrate that
plasma APN level is significantly reduced in type 2 diabetic individuals [5]. More
importantly, hypoadiponectinemia during diabetes is correlated with increased acute
myocardial infarction risk [6-8] and worse cardiac functional recovery after MI/R [9-11].
However, molecular mechanisms responsible for hypoadiponectinemia exacerbation of MI/R
injury in diabetes remain incompletely understood.

MicroRNA are endogenous non-coding RNAs ranging from 18 to 24 nucleotides in length.
They are highly conserved and ubiquitously expressed in all species [12, 13]. Accumulating
evidence demonstrates that these small non-coding RNAs influence many cellular processes
through post-transcriptional regulation of their target genes. miRNAs modulate the stability
and/or the translational efficiency of target mMRNAs in most biological processes, including
in cellular responses to redox imbalance [14].

Given the disappointing clinical results of exogenous antioxidative supplementation
treatments on the MI/R injury, enhancing endogenous antioxidative capability emerge to

be of potential as a promising strategy. In addition, short of a biomarker to predict the

risks of cardiovascular complication in diabetes is the bottleneck for prognosis and warning
of the disorder of cardiovascular aggravation problem. Therefore, pursuing the unique
signature of miRNA responsible for suppressing endogenous antioxidative molecules and
promoting cardiac impairment in diabetes may hold great perspective as a novel diagnostic
and therapeutic tool for diabetic cardiovascular injury.
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Therefore, the aims of this study were to 1) identify cardiac miRNA(s) upregulated by
hypoadiponectinemia and high-fat diet (HFD)-induced diabetes in a nonbiased fashion; 2)
clarify molecular mechanism linking dysregulated mRNA(s) and enhanced cardiac injury;
and 3) evaluate the possibility of identified miRNA as a potential therapeutic target against
diabetic cardiac injury after MI/R.

2. Materials and Methods

2.1 Animal Procedures

Adult (8-week-old) male C57BL/6J mice were randomized to receive a high-fat diet

(HFD) (60 kcal%) (Research Diets Inc. D12492i) or a 10 kcal% control normal diet (ND,
D12450Bi) containing the same protein content as the HFD for 12 weeks. This is a widely
accepted type 2 diabetic animal model in diabetic research filed, closely simulating the
pathologic condition of Western diet-induced type 2 diabetes in human, including obesity,
hyperlipidemia, hyperglycemia, hyperinsulinemia, and insulin resistance. [15-17] All animal
studies were performed per the National Institutes of Health Guidelines and regulations on
the Use of Laboratory Animals, and the protocols were approved by the Thomas Jefferson
University Committee on Animal Care.

Adult male C57/BL6 mice, APN knockout mice (APN-KO), or HFD mice were anesthetized
with 2% isoflurane. MI was induced by temporarily exteriorizing the heart via left anterior
descending (LAD) coronary artery ligation with a 60 silk suture slipknot as previously
described.[16] After 30 minutes of MI, the silk slipknot was released, and myocardial
reperfusion commenced for 3 hours (for apoptosis and signaling assay) or 24 hours (for
infarct size and cardiac function), as we previously reported. [18]. All assays utilized tissue
from ischemia/reperfusion regions (areas at risk identified by Evans blue-negative staining).
The sham-operated control group (Sham) underwent the same surgical procedures, except
the suture placed under the LAD was not tied. The APN-treated group received APN (0.25
ug/g, intraperitoneal injection) immediately before coronary occlusion.

2.2 RNA isolation, miRNA array, and Target Prediction

RNA was isolated as previously described. Briefly, 100 mg of left ventricular tissue was
homogenized using TRIZOL (Invitrogen) reagent, and the homogenized samples were
incubated at room temperature for 5 min. Chloroform was added to the samples, vigorously
mixed, and incubated at room temperature for 5 min; following incubation, the samples were
centrifuged at 12,0009 for 15 min at 4 °C. RNA was precipitated from the aqueous phase

by addition of isopropanol to a fresh tube containing the supernatant aqueous phase. The
integrity of the RNA was tested by running samples on a denaturing formaldehyde gel, and
concentration was measured by Nano 3000 (Thermos Fisher).

MicroRNA array (Ohio State Comprehensive Cancer Centre, version 3.0, containing 627
probes for mature miRNA corresponding to 288 different human miRNAS) was carried
out and analyzed by GenePix Pro. [19] The average values of the replicate spots for each
miRNA were background subtracted, normalized, and subjected to further analysis. Global
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median and lowest normalization of the heart microarray data were carried out using the
BRB Array Tools.

Putative miRNA target genes were identified using the microRNA databases and

target prediction tools miRbase and TargetScan. Gene ontology (GO) biological process
enrichment of those validated targets was performed using Database for Annotation,
Visualization and Integrated Discovery (DAVID) (https://david.ncifcrf.gov) and metascape
(http://metascape.org). Heatmap was presented by log-transformed p-value. [20]

The plasma miRNA was purified by miRNeasy Plasma kit (Qiagen). The miR-449b was
detected using miScript PCR system with the miScript Il RT kit (Qiagen, 218161) and
PowerUp SYBR Green master Mix Kit (Thermofisher, A25742) on a QuantStudio 5 Real-
Time PCR System (ABI) in a 96-well format, respectively. U6 RNA was used as a reference
control.

2.3 Determination of myocardial function

In animals observed 24 and 72 hours after reperfusion, the following outcomes were
measured as described previously. [21] [18] Cardiac function was determined by
echocardiography (Visual Sonics Vevo 2100 system, MS550, 40-MHz frequency probe).
Briefly, mice were anesthetized with 2% isoflurane. Mice were placed supine on a heated
table (core temperature was maintained at 37°C), and chest hair was removed. B-mode
images were acquired from a parasternal long-axis view to evaluate LV ejection fraction
(EF) and fractional shortening (FS).

2.4 Determination of myocardial apoptosis and myocardial infarct size

Myocardial apoptosis was determined by terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) staining, Caspase 3 activity (expressed as nmol of
pNA/hour per mg of protein) and DNA fragmentation assay as described previously. [22]
[23] TUNEL staining was performed via an In-Situ Cell Death Detection Kit (Roche
Diagnostics, Manheim, Germany) per the manufacturer’s protocol. The percentage of
apoptotic cells was calculated as the ratio of TUNEL-positive cells to the total number

of cells, counted in three different random fields. The caspase-3 activity was determined
using the fluorogenic substrate DEVD-7-amino-4-trifluoromethyl-coumarin (AFC). For
DNA laddering determination, [24] 10ug of samples” DNA was isolated and dissolved in
DNA suspension buffer. The DNA samples were loaded and size-fractionated on a 2%
agarose gel for electrophoresis. Ethidium bromide-stained DNA was visualized under UV
light and analyzed.

Myocardial infarct size was determined by Evans blue and 2,3,5-tripheny!| tetrazolium
chloride (1%, TTC) double staining. Briefly, the LAD was re-occluded at the end of the
experiment. Even’s blue dye was injected into the left ventricle to delineate the anatomic
area at risk (AAR) subjected to occlusion and reperfusion (Evans blue negative) and the
non-ischemic normal zone (Evans blue positive). The heart was removed and sliced into
serial transverse sections. Slices were incubated at 37°C for 20 to 30 min in 1% TTC in
0.1 mol/L phosphate buffer adjusted to pH 7.4 and photographed with a digital camera.
Infarcted and non-infarcted myocardium within the AAR were digitally measured using
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image analysis software (Image J, version 1.47, National Institutes of Health, Bethesda,
MD). Infarct size was expressed as a percentage of the AAR.

2.5 Measurements of plasma Creatine kinase-MB (CK-MB)

WT, APN-KO, and HFD mice plasma were withdrawn after 30min ischemia and 3 hours of
reperfusion. Plasma CK-MB levels were determined using a commercially available ELISA
Kit (R&D Systems, Minneapolis, MN).

2.6 Anti-miR and miRNA mimic Administration

Anti-miR-449b and miR-449b mimic were synthesized by IDT company. The anti-miR is
a full-length oligonucleotide directed against the mature sequence of mmu-microRNA-449b
(5’-GCCAGCTAACAACACTGCCTTT-3%). Mimic is a full-length oligonucleotide with
miR-449b (5’-AGGCAGTGTTGTTAGCTGGCTT-3’). Both molecules were modified with
locked nucleic acid (LNA) technology to ensure stability. LNA are modified nucleotides in
which the 2’-oxygen and 4’-carbon atoms are joined by an extra bridge. Oligonucleotides
that include LNAs show enhanced specificity, sensitivity, and hybridization stability. The
scrambled control sequence contained the same amount of building bases (ATCG) but

in random order. Anti-miR-449b or miR-449b mimic (1 nmol/mouse) was mixed with
atelocollagen (AteloGene; KOKEN, Japan) and tail vein injected into mice for 24 h before
coronary occlusion.[25] [26]

2.7 Cardiomyocyte isolation, simulated ischemia-reperfusion (SI/R), and high glucose/
high lipid culture

Neonatal rat cardiomyocytes (NRCMs) were isolated as described.[27] Briefly, hearts were
removed from 1-2-day-old rat pups and enzymatic dissociated. Cells were plated on 6-well
plates and cultured in F10 culture medium (Hyclone). When myocytes (1x10° cells per well)
reached 90% confluence, the medium was changed to ischemia buffer solution (in mM:

118 NaCl, 24 NaHCOs3, 1 NaH,P0O4-H,0, 2.5 CaCl,-2H,0, 0.5 sodium EDTA-2H,0, 20
sodium lactates, 16 KCI, pH 6.2) in 2% oxygenation 5% CO2 incubator. [28] The cells were
exposed to these conditions for 4 hours, then incubated again in F10 medium at 37 °C in
95% air and 5% CO», (reperfusion) for 6 hours as SI/R treatment.

To mimic non-diabetic or diabetic environments in vitro, NRCMs were randomized to
receive one of the following treatments: normal glucose/normal lipid culture (Control,
5.5mM D-glucose+19.5mM L-glucose); or high glucose/high lipid (HG/HL, 25mM D-
glucose/250 UM palmitates, Sigma) as previously reported [29-31].

2.8 Luciferase Reporter Assay

The pLightSwitch vector was commercially purchased, and the fragment of NFE2L1
(nuclear factor erythroid 2-related factor 1, Nrf-1) full-length 3’-UTR was cloned, then
co-transfected with vehicle or miR-449b into neonatal cardiomyocytes according to the
instruction provided by Switchgear Genomics.[32] Forty-eight hours after transfection,
LightSwitch Luciferase Assay Reagent was added to measure luciferase activity, and the
signal was detected on the SpectraMax M5 microplate reader (Molecular Devices). The site-
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directed mutagenesis was performed using the in-fusion mutation kit. Confirmation of the
mutations was done with conventional Sanger-based sequencing by GeneScript Company.

2.9 Superoxide Generation Measurement

Superoxide content was quantified by lucigenin-enhanced chemiluminescence assay, and
the cellular origin of reactive oxygen species was determined by dihydroethidium staining
(DHE, Molecular Probes, Carlsbhad, CA) as previously described. [23] Images were acquired
with Olympus DP72 System via CellSens Dimension Software Version 1.16.

2.10 Plasmid construction and transfection

The cDNA encoding Nrf-1 was subcloned into 3xflag plasmid (Sigma) with the Clontech
HD In-fusion Cloning strategy (Clontech Laboratories, Inc., Mountain View). NRCMs

in a 60-mm culture plate were transfected with 2ug plasmid DNA encoding Nrf-1 via
TransMessenger transfection reagent (Qiagen) per manufacturer’s protocols. When cells
were co-transfected with plasmid DNA, empty vector (no cDNA insert) served as control.
6 hours after transfection, the culture medium was switched to the normal culture medium.
Incubation commenced 72 hours before any experiments.

2.11 Western Blot

The extraction of protein from heart tissue or cells was prepared by lysis buffer (Cell
signaling), and Western Blot assay was performed as described. [33] Samples were loaded
on 4-20% SDS-PAGE gels, transferred to P\VDF membranes, blotted in 5% film milk, and
probed with primary antibodies against Nrf-1, GAPDH, Caspase-3, Cleaved Caspase 3 (Cell
Signaling). PVDF membranes were then incubated with a second antibody for 1 hour. For
the detection of proteins, the Pierce ECL Substrate kit was used on a ChemiDoc MP Imager
(Bo-Rad, CA).

2.12 Quantitative RT-PCR and Chip-based digital PCR (dPCR)

miRNA primers were designed by integrated DNA technology (IDT). RNA from

mouse heart tissue was extracted with Ambion miRNA extraction kit according to the
manufacturer’s instructions.[32] 500-1000ng RNA was reverse-transcribed to cDNA using
the miScript-11 RT PCR kit. Real-time PCR was performed on an ABI QuantStudio 5 system
using SYBR Green. Transcript quantities were compared using the relative Ct method,
where the amount of target normalized to the amount of endogenous control (U6) and
relative to the control sample is given by 27AACt,

In order to detect the absolute level of microRNA, a Chip-based dPCR assay was performed
as described in the previous publication,[34-36] using the QuantStudio 3D Digital PCR
System platform (Thermo Fisher Scientific) composed of the QuantStudio 3D Instrument,
the Dual Flat Block GeneAmp PCR System 9700, and the QuantStudio 3D Digital PCR
Chip Loader. Briefly, 1000ng of RNA was reverse-transcribed into cDNA (using the
TagMan Advanced miRNA cDNA Synthesis Kit) and PCR cycling was performed with
QuantStudio 3D digital PCR 20K Chip kit v2 at 96 °C for 10 min, denaturation at 98 °C

for 30 s, followed by annealing/extension at 60 °C for 2 min (39 cycles), and then final
extension at 60 °C for 2 min. Analysis was executed with QuantStudio 3D AnalysisSuite
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(Thermo Fisher Cloud, Waltham, MA, USA). The estimated copy number of miRNA-499b
is expressed as the number of copies contained per 10pg heart RNA.

2.13 Patient selection

A total of 220 patients, including 110 patients with IHD (ischemic heart disease) without
diabetes, 80 IHD with type 2 diabetes, and 30 healthy volunteers, were enrolled in this study.
All participants were Han nationality. 110 non-diabetic IHD plasma samples including
healthy volunteers were obtained from the shared online biobank center (Shanxi Medical
University, China). 80 type 2 diabetes patients with IHD and 30 healthy controls were
recruited in the Department of Endocrinology from August to October 2019. Exclusion
criteria for this study were: type 1 diabetes, severe hepatic and renal dysfunction, active liver
disease, malignancy, the inflammatory process in the past two months, pregnancy, or any
factor affecting body weight such as hyperthyroidism, corticosteroids, or contraceptives. The
fasting plasma samples were collected and stored at —80°C. Clinical test data were collected
from hospital databases and analyzed. All subjects provided written informed consent to
participate in the study.

2.14 Statistics

The statistical analyses were performed using GraphPad Prism 9.0.2 statistic software (La
Jolla, CA). For continuous variables, normal distribution was evaluated by the Shapiro-
Wilk test. For multiple groups, one-way ANOVA or a 2-way ANOVA was performed

with post hoc Tukey multiple comparison tests with an adjusted p value of <0.05 was
considered statistically significant. Normally distributed data are presented as mean+SEM
of representative experiments. Spearman’s rank correlation analysis (Pearson’s correlation
analysis, if normally distributed) was used to evaluate the correlation between continuous
variables. The ROC curve was constructed to assess the sensitivity, specificity, and area
under the curve (AUC), and the confidence interval of miR-449b was 95%. A two-sided
value of P < 0.05 was considered statistically significant.

3. Results

3.1 miR-449b expression is significantly increased in APN-KO mouse heart

Since hypoadiponectinemia is a significant driver of type 2 diabetic metabolic disorder and
cardiovascular complications [37], we sought to clarify whether the miRNA expression
profile is altered in APN-KO mice. We performed a microarray analysis of miRNAs
extracted from the WT or APN-KO hearts with or without MI/R. We focused on miRNAs
that met the following criteria: the miRNAs are significantly expressed in the heart (miRNA
spot intensity>100); the miRNAs are altered by MI/R (2-fold increase after MI/R); and
MI/R suppressed miRNAs were rescued by APN administration. Among 23 miRNAs that
met these criteria, miR-449b was identified as the most significant miRNA suppressed by
APN-KO and rescued by APN administration (APN-KO MIR/APN-KO sham over WT
MIR/WT Sham) after MI/R. (Figures 1A and 1B). Validation with Tagman microRNA
real-time polymerase chain reaction (RT-PCR) demonstrated that APNKO without MI/R
(APNKO sham vs. WT Sham) slightly increased miR-449b expression (the first bar in each
group). Interestingly, MI/R (WT MI/R vs. WT sham) slightly reduced miR-449b expression
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in WT animals. Finally, MI/R significantly upregulated miR-449b expression in APN-KO
heart (Figure 1C). To confirm the finding from APN-KO mice in a more clinically relevant
animal model, miR-449b expression in HFD-induced type 2 diabetic heart was determined.
Consistent with APN-KO animals, HFD modestly (but not statistically significant) increased
miR-449b expression. Most importantly, HFD animals subjected to MI/R upregulated
cardiac miR-449b expression to a level more remarkable than APN-KO animals after MI/R
(Figure 1C). APN administration slightly (not statistically significant) reduced miR-449b

in APN-KO and HFD animals without MI/R. However, APN administration significantly
attenuated miR-449b expression in APN-KO as well as in HFD heart after MI/R (Figure
1C).

To determine whether cardiomyocytes are the primary cellular source of miR-449b,
additional experiments utilizing cardiomyocytes isolated from different groups of heart were
performed. The evaluating miRNA-449b absolute expression level results demonstrated

that miR-449 alterations observed in cardiac tissue (Figure 1C) were mirrored in isolated
cardiomyocytes (Figure S4). These results indicate that cardiomyocytes-generated miR-449b
is responsible for cardiac miR-449b alteration observed in disease hearts.

3.2 miR-449b regulates the cardiac apoptosis and MI/R injury

Although miR-449b family members have been reported to be involved in liver and

renal ischemic injury [38, 39], little is known regarding its role in heart pathogenesis
under either diabetic or I/R conditions. We, therefore, determined the role of miR-449b
may contribute to MI/R injury by administration of a miR-449b mimic (gain-of-function)
in WT mice (miR-449b OE) or an anti-miR-449b (loss-of-function) in APN-KO mice
immediately before MI/R, respectively. Administration of miR-449b mimic significantly
exacerbated cardiac dysfunction in WT mice subjected to MI/R. In contrast, cardiac
function was significantly improved in anti-miR-449b treated APN-KO mice following
MI/R (Figure 2A). To determine whether this protective effect retains after a longer period
of reperfusion, another group of mice was subjected to 72 hours of reperfusion. Our results
demonstrated a similar regulatory pattern as that observed at 24 hours (Supplemental Figure
3). Consistently, infarct size was significantly enlarged, and creatine kinase-MB (CK-MB)
was further increased in miR-449b mimic treated WT mice, whereas infarct size was
significantly reduced, and CK-MB was decreased in anti-miR-449b treated APN-KO mice
(Figure 2B and 2C). Finally, cardiac apoptosis analysis (DNA ladder and Cleaved Caspase
3 analysis) demonstrated that administration of miR-449b mimic in WT mice exaggerated
apoptosis, whereas administration of anti-miR-449b in APN-KO mice reduced apoptosis
after MI/R (Figure 2D-2F).

3.3 miR-449b causes apoptosis by provoking oxidative stress

Next, we sought to identify the downstream signaling pathways contributing to miR-449b-
induced cardiomyocyte apoptosis and cardiac dysfunction. Two databases were analyzed,
including miRNA-responsive genes in human primary cells overexpressing miR-449b
(GSE77251 PubMed database, Supplemental Figure 1A) and prediction of miR-449b target
genes by Targetscan. Venn overlapping analysis identified 72 genes common in these two
databases (Figure 3A). Among biological pathways regulated by these 72 genes (Metascape
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online Go analysis, Http://Metascape.org; Supplemental Fig 1B), cellular response to
oxidative stress is ranked as the top pathway among that regulated by miR-449b targeting
genes (Figure 3B).

Validation of miR-449b regulation of oxidative stress and apoptosis in vivo is critical to
support the role of miR-449b in the diabetic exaggeration of MI/R injury. In APN-KO
mice, administration of anti-miR-449b significantly decreased superoxide production after
MI/R(-43.3%+14.6%, p < 0.05. Figure 3C). To confirm the oxidative/pro-apoptotic role of
miR-449b in the diabetic heart after MI/R, HFD mice were treated with anti-miR-449b and
subjected to MI/R. Anti-miR-449b treatment significantly reduced superoxide production
and cardiac apoptosis in HFD mice (-50.9%+13.9% and -43.1%+11.1%, respectively,
Figure 3C and 3D). Moreover, superoxide production and caspase-3 activity were increased
in the APN-KO or HFD heart compared to WT heart after MI/R injury (Figure 3C and
3D). These results indicate diabetic hypoadiponectinemia upregulates cardiac miR-449b,
promoting oxidative stress and apoptosis in the MI/R heart.

To obtain evidence that miR-449 directly regulates cardiomyocytes’ oxidative stress

and apoptosis, NRCM were cultured with high glucose/high lipid (HG/HL) and

subjected to simulated ischemia/reperfusion (SI/R) in the presence and absence of anti-
miR-449b. Consistent with in vivo results, inhibition of miR-449b attenuated SI/R-induced
cardiomyocyte superoxide production (Figure 3E) and apoptosis (TUNEL) and Cleaved
caspase-3. (Figure 3F and 3G).

3.4 miR-449b promotes oxidative stress by directly targeting Nrf-1 and Ucp3

As our in vivo and in vitro experimental results demonstrate that miR-449b promotes
oxidative stress and apoptosis, we next focused on miR-449b targeting genes with
antioxidative properties. Among the eight identified cellular responses to oxidative stress
genes, the top responded genes were Nrf-1 and Ucp3, which attracted our attention

because of their previously unknown relationship with miR-449b and unidentified role in
diabetic cardiac injury. Several in-silicon, in vitro, and in vivo experiments demonstrated
the critical role of these two molecules in miR-449b oxidative stress and cardiac injury.
First, analysis of the 3’-untranslated region (UTR) of Nrf-1 mRNA revealed two potential
binding sites for miR-449b. The seed sequence in position 657-663 of Nrf-1 3’-UTR is
conserved among mammals (Supplemental Figures 2A and 2B). Meanwhile, analysis of the
3’-UTR of Ucp3 mRNA identified conserved target sequences for miR-449b (Supplemental
Figure 2A and 2C). Second, to examine whether miR-449b directly binds to the 3’-UTRs
of Nrf-1 or Ucp3 mRNAs, wild type or two mutated miRNA binding sites of Nrf-1
(Nrfl-3°’UTR1; Nrf1-3’UTR2) and Ucp3 (Ucp3-3’UTR1; Ucp3-3’UTR2) were inserted into
the 3’UTR of a luciferase plasmid, and dual luciferase assays in NRCMs was performed.
As shown in Figure 4A, luciferase activities were significantly decreased when miR-449b
was co-overexpressed with luciferase plasmids harboring wild type Nrf-1 3°-UTR. This
effect was abolished when mut 3’-UTR luciferase plasmids were co-transfected with the
miR-449b overexpression plasmid. Similarly, luciferase activities analysis shown in Figure
4B demonstrated that luciferase activities were significantly decreased when miR-449b
was co-overexpressed with luciferase plasmids harboring wild-type Ucp3 3’-UTR. This
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effect was abolished when mut 3’-UTR luciferase plasmids were co-transfected with the
miR-449b overexpression plasmid. Third, NRCMs were cultured with HG/HL and subjected
to SI/R in the presence and absence of miR-449b mimic (miR-449b OE) or anti-miR-449b
(miR-449b KD). SI/R significantly reduced Nrf-1 and Ucp3 mRNA (Figure 5A) and protein
expression (Figure 5B) in HG/HL cultured cardiomyocytes. More importantly, treatment
with anti-miR-449b significantly attenuated, whereas treatment with miR-449b mimic
further exacerbated SI/R downregulation of Nrf-1 and Ucp3 gene (Figure 5A) and protein
expression (Figure 5B). Fourth, the effect of Nrf-1 overexpression (Nrf-1 OE) upon SI/R-
stimulated superoxide production was determined. As summarized in Figures 5C and 5D,
Nrf-1-OE significantly attenuated superoxide production in SI/R cardiomyocytes. Finally,
the effect of APN upon Nrf-1 and Ucp3 expression in MI/R hearts in non-diabetic and
diabetic animals was investigated. We also identified the Nrf-1 downstream responsors.
Interestingly, MI/R had no significant effect on Nrf-1 (Figure 6A) and Ucp3 protein
expression in the non-diabetic heart (Figure 6B). However, MI/R significantly suppressed
both Nrf-1 and Ucp3 expression in diabetic mice (Figure 6A). Treatment with APN
significantly upregulated Nrf-1 and Ucp3 expression in the non-diabetic and diabetic

heart (Figures 6A and 6B). Consistently, APN treatment significantly attenuated apoptosis
(determined by cleaved Caspase 3, Figure 6C) and superoxide production (Figure 6D) in
non-diabetic and diabetic hearts subjected to MI/R.

3.5 Anti-miR-449b as a novel effective treatment against MI/R injury in diabetic mice

In a final attempt proving our concept that miR-449b upregulation plays a causative role in
the diabetic exacerbation of MI/R injury, we treated HFD-fed mice with anti-miR-449b and
determined its effect on MI/R injury. TTC staining of cross sections of ventricles revealed
that cardiac infarct size was significantly reduced in anti-miR-449b treated diabetic MI/R
mice compared with the scrambled miRNA treated MI/R mice (—34.5%+12.2%, Figure 7A
and 7B). Consistent with the infarct size, anti-miR-449b treatment significantly attenuated
plasma CK-MB levels (Figure 7C) and improved cardiac function (Figure 7D) in diabetic
mice subjected to MI/R.

To elucidate the potential roles of miR-449b in diabetic IHD patients, we determined plasma
miR-449b levels in three groups of patients (110 IHD without diabetes, 80 IHD with type 2
diabetes, and 30 healthy volunteers) and analyzed their association with disease conditions
with multivariate regression. Plasma miR-449b is not significantly associated with non-
diabetic IHD (Supplement Table 1). However, serum miR-449b levels were significantly
associated with IHD with type 2 diabetes (Figure 7E). A receiver operating characteristic
(ROC) curve was constructed to evaluate the diagnostic value of miR-449b for IHD with
type 2 diabetes. The AUC (area under the curve) was 0.692 (95% confidence interval 0.528—
0.856, P=0.037, Figure 7F), confirming miR-449b’s potential to be a diagnostic predictor for
IHD with type 2 diabetes.

4. Discussion

We demonstrated three new findings in this study. First, we identified a new
cardiac miR-449b responsible for the accelerated cardiac injury, upregulated by
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hypoadiponectinemia and HFD-induced diabetes after MI/R. Secondly, we clarified new
molecular mechanisms linking dysregulated miRNA(s) and enhanced cardiac injury. Thirdly,
we evaluated the possibility of miR-449b as a potential therapeutic target against diabetic
cardiac injury after MI/R.

Although clinical studies have convincingly demonstrated that the diabetic heart is

more vulnerable to MI/R, multiple possibilities have been identified and reported from
experimental studies. However, fewer of them could be translated into clinical. In the
present study, we put efforts into identifying the key carriers which not only responsible

for the link between diabetes to the exaggerated cardiac injury, but also directly targeted

to cardiomyocytes injured pathways since hypoadiponectinemia correlates with the risk of
CHD and is responsible for the increased sensitivity injury in the diabetic heart.[40-44]. We
adopted the unbiased discovery-driven approach, microRNA deep sequencing to discover
the new mediators in accelerated heart injury from adiponectin deficiency model after
ischemia-reperfusion injury.

In the present studies, we found that significant enlargement of myocardial infarct size and
significantly higher post-reperfusion CK-MB levels (the diagnostic hallmark for evaluating
post-ischemic myocardial infarction in patients after acute myocardial ischemia [45, 46])

in APN-KO mice correlated with more severely impaired ventricular function. Through
high throughput deep sequencing analysis of microRNAs, we successfully screened out
miR-449b as a novel miRNA upregulated in diabetic hearts and validated its function on the
deteriorated cardiac injury through the miRNA overexpression approach. In line with our
current results, our studies also show significantly worse cardiac function and more severe
impairment in cardiomyocytes in diabetic mice than in the control. Notably, the newly
identified miR-449b was the mediator contributing to the exaggerated MI/R cardiac injury in
diabetic conditions by targeting the endogenous antioxidative stress system.

Our secondary discovery reported that miR-449b upregulation in diabetes MI/R and
suppression of Nrf-1 and Ucp3 antioxidants promote heart injury, indicating an adverse
maladaptive response of the heart to ischemia-reperfusion in diabetic conditions. The
hypoadiponectinemia increased miR-449b, while the inhibition of miR-449b prevented the
development of cardiac ischemia-reperfusion injury in diabetic conditions. Accumulating
studies support the concept that imbalanced oxidative stress and reduction of antioxidant
capacity contribute to myocardial tissue injury secondary to ischemia-reperfusion.[47] [48,
49] More argument focus on excess oxidative stress caused by the burst of reactive oxygen
species (ROS) in the presence of inadequate antioxidant defense, which has been considered
a potential mechanism governing the increased sensitivity of the diabetic heart to MI/R.[50—
52] However, effective strategies are short for promoting the compromised antioxidant
signals. This study demonstrated that miR-449b targeted antioxidants during ischemia-
reperfusion injury in diabetic conditions by inhibiting the endogenous antioxidant molecules
Ucp3 and Nrf-1. Furthermore, overexpressing Nrf-1 antioxidants helps to protect against
cardiac dysfunction and is insensible to the injury. The role of microRNAs in pathological
stress conditions has been well established. [50] But little is known regarding miR-449b

in the heart pathogenesis under either diabetic or MI/R conditions. It is worth to note that,
miRNA-449b expression was measured by absolute quantitative digital PCR and confirmed
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by Real time quantificative PCR (Figure S5), which indicated that miRNA-449b expression
differed between ischemia injuries without diabetes and those with diabetes. Despite the
published data [53, 54] indicating nuance assessment of miRNA-449b, our study has
developed detectable methods that have unequivocally demonstrated the superior biomarker
potential of miRNA-449b compared to other miRNAs. According to our knowledge, this is
the first study to report upregulation of miR-449b in cardiomyocytes under diabetic MI/R
and its role in such conditions, whereas such a phenomenon wasn’t observed in those
without diabetes. Antioxidant imbalance is a feature of ischemia-reperfusion injury.[55]
Effective control of the overexpressed ROS may alleviate the progression of exacerbated
injury in the diabetic heart. Therefore, miR-449b or Nrf-1 molecule could be promising
therapeutic targets to in diabetic patients suffering MI/R. The miR-449b and the targets

we identified in this study, Ucp3 and Nrf-1, provide potential therapeutic targets for a new
antioxidant strengthen oriented treatment for diabetic ischemia-reperfusion injury.

It should be indicated that our study has some limitations. First, it is important to note that
no cell model can fully replicate all the phenomena in an in vivo setting. To increase the
translational value of in vitro experimental findings (i.e., HGHL treatment as an in vitro
diabetic model), we validated in vitro findings with HFD animal model, and confirmed

the targets and functional signals identified from in vitro studies. Before proceeding to
clinical diagnostic application, a large scale evaluation of individuals using the developed
dPCR is required although the pre-clinic verification has been achieved to some extent.
Second, cell-specific anti-miR therapy is currently unavailable in a clinical setting. Systemic
anti-miR treatment in diabetic patients leads to a general suppression of microRNA, which
might influence inflammatory processes, leading to unwanted side effects. These concerns
also apply to gene therapy for Nrf-1. Thirdly, diabetic patients with IHD is a very complex
clinical condition; elevated blood glucose and lipid levels are severe risks to the internal
environment. Although miR-449b is correlated with diabetic IHD, further study with a
larger patient population is necessary to precisely determine the clinical role of miR-449b
in diabetic IHD versus non-diabetic IHD. Fouthly, we provided evidence that miR-449b
expression was dramatically increased after MI/R in APN-KO heart and HFD heart but not
in WT non-diabetic heart, indicating that miR-449b is a MI/R inducible factor specifically
in diabetic and hypoadiponectinemic conditions. However, how APN regulates miR-449b
expression remains to be determined. Several possibilities exist. First, inflammatory and
oxidative stress regulate miRNA biogenesis. [56] Previous studies demonstrate that APN
protects against ischemic heart injury by decreasing inflammation. Diabetic suppression of
APN may enhance inflammatory responses to upregulate miR-449b biogenesis. Second,
increased superoxide production in hypoadiponectinemic and diabetic MI/R heart could
activate miRNA biogenesis signals [57]; Third, hypoadiponectinemia-induced metabolic
disorder could contribute to miRNA biogenesis. These possibilities will be investigated in
our future study.

5. Conclusion

In summary, this study demonstrated that in high fat-induced diabetic conditions, mice
displayed reduced antioxidant capacity leading to upregulated myocardial oxidative
stress, which rendered the diabetic heart more vulnerable to ischemia-reperfusion injury.
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microRNA 449b and antioxidant molecule Nrf-1 screened out in this study exhibit strong
potential to serve as the therapeutic target in treating diabetes-related cardiovascular system
disease.
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Figure 1. Myocardial microRNA (miRNAs) expression profiles in animals subjected to

myocardial ischemia-reperfusion.

A. Hierarchal clustering heat map showing all differentially expressed microRNAs in WT
and APN-KO mice hearts. B. Venn diagram showing 23 miRNAs was the same over-crossed
from WT and APN-KO comparation (Up panel). miRNA expression fold change was
calculated between WT and APN-KO Sham over MI/R (Down panel). C. Digital PCR
validation using miRNA-specific primer assays for miR-449b in cardiac tissues. **p<0.01
versus MI/R, respectively; ##p < 0.01 versus WT-MI/R group. Statistical significance was
evaluated by a two-way ANOVA. Post hoc pairwise tests for indicated group pairs were
performed after Tukey correction. MI/R, myocardial ischemia/reperfusion.
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Figure 2. Myocardial infarct size and apoptosis detection after myocardial ischemia-reperfusion
in WT, APN-KO, and HFD mice.

A. Left ventricular ejection fraction (LVEF%), and fractional shorting (FS%) were
determined by echocardiography in WT and APN-KO mice subjected to MI/R with anti-
miR-449b or miR-449b mimic (miR-449b OE) administration. **p < 0.01 vs. vehicle+MI/R
group in WT mice, .##p < 0.01 vs. vehicle+MI/R group in APN-KO mice. n=10/group.

B. CK-MB measurement of WT and APN-KO mice subjected to MI/R with miR-449b

OE or anti-miR-449b administration. *p < 0.05 versus WT-MI/R group; **p < 0.01

versus APN-KO-MI/R group. For A and B, statistical significance was evaluated by one-
way ANOVA with Tukey test for post hoc pairwise tests. C. Percentage of infarct size
expressed as a percentage of the area risk (AAR). **p < 0.01 versus WT-MI/R group;

##p < 0.01 versus APN-KO-MI/R group. Statistical significance was evaluated by two-way
ANOVA with Tukey test for post hoc pairwise tests. D. DNA ladder induced by MI/R

on WT and APN-KO mice with miR-449b mimic or anti-miR-449b administration. E.
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Percentage of apoptosis expressed as a percentage of cell death. **p < 0.01 versus WT-MI/R
group; ##p < 0.01 versus APN-KO-MI/R group. n=6-10/group, 3 independent experiments.
Statistical significance was evaluated by two-way ANOVA with Tukey for post hoc pairwise
tests. F. Cleaved Caspase 3 evaluated by Western blot in WT and APN-KO mice with
miR-449b mimic or anti-miR-449b administration. **p < 0.01 versus WT-MI/R group;

##p < 0.01 versus APN-KO-MI/R group. n=6/group, 3 independent experiments. Statistical
significance was evaluated by two-way ANOVA with Tukey for post hoc pairwise tests. OE,
overexpression; MI/R, myocardial ischemia/reperfusion. APN-KO, Adiponectin Knockout.

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Meng et al.

Down Regulated

Target Scan

MI/R

Anti-mir449b Vehicle

e 2 2
5 > @

Superoxide Generation
(RLU/s/mg)
°
s

1 [ 0:0034599: celutr response to oxidatve sress
] 00060322
= :
1 00048812
) 00007178
00045165
— 02001233 signaling pathuay
G0:1904888: Y. development
60:0070372: regultion of ERK1 and ERKZ cascade
0001618: negative reguiation of cytokine producton
—_—
_ mmu04360: Acon quidance
mmu04914: Progesterone mediated oocyte maturation
— 60:0060395: SHAD proten sgnal transuction
— G0:0006476: protin deacetylaton
60:0048477: ogenesis
— 60:0051563:requiation of synapse assembly
Tz 3 i s T e
o91006)
E SIIR = + i
miR-449b - - +
*
s 257 T owx m !
S
S —
g = 2.0
£
£ 15
O
© O .
T =
T 5 10
x>
[
g =05
-
3
@ o T T
SIR 5 + +
miR-449b KD % = +
- % i HGHL
= - + *k
=

0.0+ %30
MIR é-zu
anti-miR-449b §'
10
D SIR -
wT APN-KO  HFD miR-44%b KD
'5“ Kk G
2 1 ** W
2c s ¥ . SR - + +
5% — . miR-44%b - +
ge
) ; . 5 £ A R 0.8
i ° - o Caspase 3 g
20 P: - <(35kDa) 26
32 f; s
S .1 ' .1 g 0.4-
£ o L i Cleaved S (€ (17-19kDa) §
MR - o+ o+ o o ow .+ + Caspase3 %oz
anti-miR-449 - -+ - - + - = + &

HGHL

Figure 3. Oxidative stress evaluation in animal model.
A. Venn diagram shows that 72 targets were the same over-crossed from predicted targets

for miR-449b. B. Go analysis showing signaling pathways regulated by miR-449b targeting
genes. C. DHE assay (up panel) and Lucigenin assay detection (down panel) for superoxide
generation in WT, APN-KO, and HFD mice subjected to MI/R with anti-miR-449b

administration. **p < 0.01 versus MI/R group, respectively; #p < 0.05 & ## p < 0.01

o
>y

SIR
miR-449b KD

versus WT-MI/R group. D. Caspase 3 activity evaluations in generation in WT, APN-KO,
and HFD mice subjected to MI/R with anti-miR-449b administration. **p < 0.01 versus

MI/R group, respectively; #p < 0.05 & ## p < 0.01 versus WT-MI/R group. For C and

D, statistical significance was evaluated by two-way ANOVA. Post hoc pairwise tests for
indicated group pairs were performed after Tukey correction. E. Superoxide generation

in cultured NRCM s subjected to SI/R with anti-miR-449b administration. *p < 0.05 &

**p < 0.01 versus control group; ## p < 0.01 versus SI/R group. F. Apoptosis evaluation
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by TUNEL stain assay (green) in HGHL-induced diabetic NRCMs with anti-miR-449b
administration. DAPI (blue). **p < 0.01 versus control group; ## p < 0.01 versus SI/R
group. G. Cleaved Caspase 3 evaluated by Western blot in HGHL-induced diabetic NRCMs
with anti-miR-449b administration. **p < 0.01 versus control group; ## p < 0.01 versus
SI/R group. n=6-11/group, 3 independent experiments. For E-G, statistical significance was
evaluated by one-way ANOVA. Tukey tests were used to correct for multiple comparisons.
I/R, myocardial ischemia/reperfusion; SI/R, Simulated ischemia/reperfusion; HGHL, High
glucose, and high lipids; KD, Knockdown.
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Figure 4. Luciferase activity assay for 3-UTR in NFE2L1 (nuclear factor erythroid 2-related
factor 1, Nrf-1).

A. Luciferase assay showing co-transfected with luciferase constructs harboring 3’-UTR
sequences from either wild-type (WT) or mutated (Mut) target Nrf-1 with anti-miR-449b

or miR-449b mimic in NRCMs. **p < 0.01 versus Nrf1-3’'UTRL-WT; ##p < 0.01 versus
Nrf1-3’"UTR2-WT. B. Luciferase assay showing co-transfected with luciferase constructs
harboring 3’-UTR sequences from either wild-type (WT) or mutated (Mut) target Ucp3 with
anti-miR-449b or miR-449b mimic in NRCMs. **p < 0.01 versus Ucp3-3’UTRL-WT; ##p
< 0.01 versus Ucp3-3’UTR2-WT. n=6-9 per group, 3 independent experiments. Statistical
significance was evaluated by two-way ANOVA. Post hoc pairwise tests for indicated group
pairs were performed after Tukey correction.
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Figure 5. Nrf-1 was regulated by anti-miR-449b and miRNA mimic administration.

A. Real-time PCR analysis of miR-449b in NRCMs **p < 0.01 versus HG/HL group;

&&p < 0.01 versus HG/HL+SI/R group; ##p < 0.01 versus HG/HL+SI/R+miR-449b KD
group. B. Nrf-1 and Ucp3 expression levels were detected in NRCMs after simulated
ischemia-reperfusion (SI/R) with anti-miR-449b or miR-449b mimic administration. **p

< 0.01 versus HG/HL group; &&p < 0.01 versus HG/HL+SI/R group; ##p < 0.01 versus
HG/HL+SI/R+miR-449b KD group. For A and B, statistical significance was evaluated by
one-way ANOVA. Tukey tests were used to correct for multiple comparisons. C. DHE assay
(up panel) and Lucigenin assay detection (down panel) for superoxide generation in NRCMs
transfected with harboring Nrf-1 plasmid followed by SI/R challenges. **p < 0.01 versus
vehicle group, respectively, ##p < 0.01 versus control+SI/R group. n=6/group, 3 independent
experiments. Statistical significance was evaluated by two-way ANOVA. Post hoc pairwise
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tests for indicated group pairs were performed after Tukey correction. Nrf-1, Nuclear factor
erythroid 2-related factor 1. HGHL, high glucose and high lipid.
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Figure 6. APN administration upregulated Nrfl and Ucp3’s level preventing HFD-induced
cardiac MI/R injury.

A. Nrfl level in APN administrated WT and HFD mice subjected to MI/R. Representative
Western blot, upper panel; Bar graph quantification, down panel. **p < 0.01 versus
WT+MI/R group, ##p < 0.01 versus HFD+MI/R group, n = 6/group. B. Ucp3 level in

APN administrated HFD mice subjected to MI/R. Representative Western blot, upper panel;
Bar graph quantification, down panel. **p < 0.01 versus WT+MI/R group, ##p < 0.01
versus HFD+MI/R group, n = 6/group. C. Determination of Cleaved Caspase 3 level in
HFD-induced diabetic animals with APN administration followed by MI/R. **p < 0.01
versus WT+MI/R group, ##p < 0.01 versus HFD+MI/R group, n = 6/group. D. DHE assay
(up panel) and Lucigenin assay detection (down panel) for superoxide generation in HFD-
induced diabetic animals with APN administration followed by MI/R challenges. **p < 0.01
versus WT+MI/R group, ##p < 0.01 versus HFD+MI/R group, n = 11/group. For A-D,
statistical significance was evaluated by one-way ANOVA. Tukey tests were used to correct
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for multiple comparisons. HFD, high-fat diet; MI/R, myocardial ischemia/reperfusion; APN,
Adiponectin.
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Figure 7. miR-449b regulation altered cardiomyocyte apoptosis in HFD-induced diabetic
animals.

A. Anti-miR-449b administration reduced infarct size in HFD animals followed by MI/R. B.
Quantification of infarct size of AAR shown in A. **p < 0.01 versus scramble+MI/R group,
n = 10/group. C. CK-MB determination in anti-miR-449b administrated HFD animals
followed by MI/R. **p < 0.01 versus scramble+MI/R group, n = 6/group. D. Cardiac
function evaluations were determined by echocardiography in anti-miR-449b administrated
HFD animals followed with MI/R. **p < 0.01 versus scramble+MI/R group, n = 10/group.
For B-D, statistical significance was evaluated by one-way ANOVA. Tukey tests were used
to correct for multiple comparisons. E. Correlation between IHD and miR-449b analyzed
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via multivariate logistics regression analysis. F. ROC curve illustrating miR-449b diagnostic
ability for IHD. IHD, ischemic heart disease. ROC, Receiver operating characteristic.
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