
Page 1/18

Resolvin D1 inhibits endothelial permeability and
mitochondrial damage following cardiac ischemia
reperfusion in diabetic mice
Jialiang Zhang  (  zjl094@126.com )

Sichuan University West China Hospital Department of Cardiology https://orcid.org/0000-0001-7737-
0323
Fangyang Huang 

Sichuan University West China Hospital Department of Cardiology
Li Chen 

Sichuan University West China Hospital Department of Cardiology
Guoyong Li 

Sichuan University West China Hospital Department of Cardiology
Dan Xiao 

Sichuan University West China Hospital Department of Cardiology
Wenhua Lei 

Sichuan University West China Hospital Department of Cardiology
Jiahao Zhao 

Sichuan University West China Hospital Department of Cardiology
Yanbiao Liao 

Sichuan University West China Hospital Department of Cardiology
Changming Li 

Sichuan University West China Hospital Department of Cardiology
Mao Chen 

Sichuan University West China Hospital Department of Cardiology

Research Article

Keywords: Myocardial ischemia reperfusion injury, RvD1, Mitochondrial damage, Endothelial permeability,
Diabetes

Posted Date: November 15th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-593100/v2

https://doi.org/10.21203/rs.3.rs-593100/v2
mailto:zjl094@126.com
https://orcid.org/0000-0001-7737-0323
https://doi.org/10.21203/rs.3.rs-593100/v2


Page 2/18

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://creativecommons.org/licenses/by/4.0/


Page 3/18

Abstract

Purpose
Novel strategies for preventing myocardial ischemia reperfusion injury (MIRI) in a diabetic heart are
urgently needed. Resolvin D1 (RvD1) plays important therapeutic roles in in�ammatory diseases.
However, the therapeutic role of RvD1 in diabetic MIRI is still unknown.

Methods
Diabetic mice were established with a high-fat diet and streptozotocin (STZ). The mice were pretreated
with RvD1 via intraperitoneal injection for 3 days, followed by MIRI. To evaluate the effects of RvD1 on
chronic cardiac remodelling, RvD1 was administered for another 2 weeks after MIRI. The effects of RvD1
following MIRI were measured, including the severity of infarct size, regional in�ammation, cardiac
function, and permeability of cultured endothelial monolayers. Mitochondrial reactive oxygen species
(MitoROS) and mitochondrial membrane potential (MMP) were determined using MitoSOX and JC-1.

Results
RvD1 pretreatment signi�cantly reduced infarct size and the Evans blue content in diabetic injured hearts,
which was associated with improved endothelial permeability. At 2 weeks after MIRI, RvD1 treatment
partially improved cardiac performance and reduced cardiac �brosis in diabetic MIRI mice. In vitro, RvD1
attenuated endothelial leakage induced by hypoxia-reoxygenation, H2O2, and lipopolysaccharide (LPS)
under high glucose (HG) conditions. Meanwhile, RvD1 remarkably protected endothelial cells from H2O2-
induced mitochondrial damage, as evidenced by increased MMP and decreased MitoROS, which was
associated with the preservation of VE-cadherin.

Conclusion
RvD1 alleviates MIRI-induced endothelial permeability and mitochondrial damage injuries in diabetic
hearts. Therefore, RvD1 could be a potential therapeutic target for MIRI in diabetes.

Introduction
Ischemic heart disease, especially acute myocardial infarction, has become a leading cause of morbidity
and disability in diabetes[1]. Obesity, hyperglycaemia, and hyperlipidaemia are the most common
metabolic disorders identi�ed in diabetes and are also established cardiovascular risk factors[2, 3].
Diabetic hearts are more susceptible to MIRI and patients with diabetes have a higher risk of mortality
following reperfusion[4]. Meanwhile, the cardioprotective effects of ischemic and pharmacological
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preconditioning are compromised in the presence of diabetes[5, 6]. Therefore, new therapeutic strategies
to prevent MIRI in diabetic hearts are urgently needed.

Cardiac endothelial cells form the inner cell layer of blood vessels and whereby create a physiological
barrier that protects cardiomyocytes against various stressors. The endothelium are also able to �nely
regulate the oxygen-carbon cycling and nutrient exchange of cardiomyocytes[7]. However,
hyperglycaemic environment can induce metabolic disorder and oxidative stress in endothelial cells,
which subsequently resulted in in�ammatory activation, and damaged permeability[8]. In addition,
increased endothelial permeability and excessive cellular swelling represent critical mechanisms of MIRI.
Therefore, endothelial cells are becoming a vital target of multiple therapeutic approaches to MIRI in
diabetes[9].

Resolvin D1 (RvD1), one member of specialized pro-resolving mediators (SPMs), is considered to possess
an important anti-in�ammatory capacity[10, 11]. It was reported that RvD1 was remarkably decreased in
plasma samples from patients with diabetes[12]. In addition, it has also been reported that RvD1
decreased infarct size and protected cardiomyocytes in myocardial infarction rats[13]. RvD1 also protects
endothelial adherent junction from disruption by in�ammatory mediators such as LPS[14]. However, it
remains unclear whether RvD1 affects vascular permeability in the condition of hyperglycaemia.
Meanwhile, it remains unknown whether the cardioprotective effects of RvD1 were not compromised in
diabetic mice after MIRI. In the present study, we sought to investigate the therapeutic effect of RvD1 on
cardiac microvascular damage and explored potential protective mechanisms following MIRI in diabetic
mice.

Methods And Materials
Myocardial ischemia and reperfusion injury mice model

The animal experiments were performed according to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1985). All
experimental procedures involving animals were approved by the Ethics Committee of the Animal Care
and the Ethics Committee of Sichuan University. For the type 2 diabetic mouse model, 8- to 10-week-old
male C57BL/6J mice were fed a high-fat diet for 4 weeks and then given a single intraperitoneal injection
of STZ (90 mg/kg, Sigma). One week after STZ injection, mice with a 12-hour fasting blood glucose
level ≥ 11.1 mmol/L were considered to have developed diabetes mellitus (DM)[15,16]. For the MIRI
model, the left anterior descending (LAD) coronary artery was ligated with a 7–0 suture for 1 hour and
then reperfused for 24 hours. For the sham group, a similar surgical procedure was performed, but the
LAD coronary artery was not ligated. RvD1 (Cayman Chemical) was administered at a dose of
5 µg/kg/day via intraperitoneal injection.

Echocardiography

https://www.sciencedirect.com/topics/medicine-and-dentistry/intraperitoneal-drug-administration
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glucose-blood-level
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Echocardiography analysis was performed 14 days after MIRI surgery. Mice were anaesthetized with
iso�urane, and cardiac function was assessed using a Vevo 3100. Measurements were performed at the
midpapillary level from well-aligned M-mode images from the parasternal short axis view.

TTC staining and Evans blue staining

Following MIRI (1 h ischemia/24 h reperfusion), 2,3,5-triphenyltetrazolium chloride (TTC) (Sigma-Aldrich)
and Evans blue (Sigma-Aldrich) dye were applied for measurement of myocardial infarct size. Brie�y, at
the end of reperfusion, 1 mL 1% Evans blue was injected through the abdominal aorta after re-ligation of
the LAD. The heart was then extracted and sectioned once it hardened at −20 °C, cut into slices (2–3 mm),
and incubated in TTC staining solution for 15 minutes at 37°C. Subsequently, the slices were �xed in 4%
formaldehyde for 1 hour. Generally, the area stained with Evans blue represented the non-MIRI
myocardium, whereas the unstained area was the MIRI myocardium, the red area was at risk, and the
white area indicated infarct size. Images were captured using a camera, and the area of the infarcted
myocardium as a percentage of the risk area was analysed using ImageJ software.

Vascular permeability analysis

Vascular permeability was evaluated with Evans blue staining as previously reported[17-19]. In brief,
following MIRI, at 3 hours before termination of the experiment, Evans blue dye (20 mg/kg) was injected
intravenously, and the mice were then euthanized and immediately subjected to aorta perfusion with
phosphate buffered saline (PBS). The hearts were then excised, and Evans blue dye was eluted in
formamide for 18 hours at 70°C. The absorbance of Evans blue dye at 620 nm was measured with
a Spectra Max 250 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA)

Cell culture

Human cardiac microvascular endothelial cells (HCMECs) were purchased from Shanghai Huzhen
Biotechnology. HCMECs were cultured in DMEM containing 10% foetal bovine serum and 1%
penicillin/streptomycin in an incubator with 5% CO2 at a temperature of 37°C. The cells were cultured
with a �nal concentration of 30 mM glucose as a HG concentration, and 5.5 mM glucose served as a
control. Permeability across endothelial cell monolayers was measured in Transwell units (0.4 µm pore;
Corning Costar) under the following conditions in the presence or absence of RvD1 (100 ng/ml): (1)
Hypoxic conditions (5% CO2, 94% N2, and 1% O2) used fresh DMEM with 1% FBS to mimic ischemic
conditions for 12 hours, reoxygenation in a 5% CO2 incubator and DMEM containing 10% foetal bovine
serum and 1% penicillin/streptomycin for another 12 hours, (2) H2O2 (400 μM) for 12 hours, (3) LPS (500
ng/ml) for 12 hours. FITC-dextran (0.5 mg/ml, average molecular mass 40,000; Sigma) was added as a
�uorescent indicator to the upper chamber for 2 hours before the end experiments. A 100 μl sample was
taken from the lower chamber, and the �uorescence of FITC-dextran was measured (485/535 nm,
absorption/emission wavelengths) with a Spectra Max 250 spectrophotometer (Molecular Devices,
Sunnyvale, CA, USA).
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Immuno�uorescence

At the end of the cellular experiments, the medium was removed, and the cells were washed with PBS 3
times, �xed in 4% paraformaldehyde, and permeabilized with 0.5% Triton X-100 in PBS. Then, 5% bovine
serum albumin in PBS was used to block cells for 15 min. A primary antibody against VE-cadherin
overnight and a secondary antibody for 30 minutes were used for immunostaining. DAPI was used to
stain nuclei for 15 minutes, and images were captured with a confocal microscope (N-STORM & A1,
NiKON).

MitoSOX staining

HCMECs were seeded in 24-well plates at a density of 5 × 10 4 /ml. The cells were cultured with HG, and
the 5.5 mM glucose served as a control. The cells were pretreated with RvD1 (100 ng/ml) for 12 hours,
followed by 400 μM H2O2 for 4 hours. Then, the cells were washed three times with warm Hank's
Balanced Salt Solution (HBSS). MitoSOX-Red (4 μM, Thermo Fisher Scienti�c) dye was added to each
well, incubated with the cells for 30 minutes in the dark at 37°C, and then washed away three times with
warm HBSS. Finally, �uorescence intensity was determined using a Celigo imaging cytometer, and
images were captured with a confocal microscope (N-STORM & A1, NiKON).

Mitochondrial transmembrane potential (MMP) assay

Mitochondrial membrane potential detection was performed using JC-1 (Med Chem Express HY-K0601).
According to the manufacturer’s instructions, JC-1 (2 μM) was added to each well and incubated with the
cells at 37°C for 20 minutes. The cells were then centrifuged for 3 minutes at 400 g, washed twice with
PBS and �nally resuspended in 500 μL JC-1 �uorescence, which was measured with a �ow cytometer.

Western blotting

HCMECs or heart tissue were lysed using lysis buffer (Beyotime) with protease inhibitors (CST). Protein
lysates were separated via SDS‐PAGE, transferred to a PVDF membrane, and blotted with antibodies
against the target proteins [VE‐cadherin (BIOSS), 1:1000 dilution; GAPDH (A�nity Biosciences), 1:1000
dilution], followed by incubation with a goat horseradish peroxidase (HRP)‐conjugated antibody (1:10,000
dilution). Bands were detected using an ECL system.

Immunostaining analysis

For immunostaining of heart sections, hearts were excised from mice after euthanasia, �xed in 4%
paraformaldehyde overnight, embedded in para�n, and sectioned. The sections were then depara�nized,
rehydrated, retrieved for antigens, and subjected to antigen retrieval. Immunohistochemical analysis of
CD45 (Abcam) and CD68 (Abcam) expression was performed, followed by staining with a secondary
antibody (goat anti‐rabbit antibody). Images were captured with a ZEISS IX83 microscope. For Masson
staining, heart sections were depara�nized, stained with Masson's composite staining solution and a
bright‐green staining solution and dehydrated in absolute ethanol. Acetic acid was used for washing.

https://www.baidu.com/other.php?url=0f00000bSIqmUdJ8QCy0qyOdnnVofcrHopktKM4M4nmkayAigBmTy68dUs6NhR7XauGPGrItqi2KCgOqghmWq2xCNdmLNoceKxJ2WHrhFOMdLJvoKr-bm-tHr7g4AFW7WNfrTmeRmsdjYLhQL2s5uJHowD3nR2rCkLkJP1LVbzFk8GSPH1iT7Ow7dVNaw8my4CGIFacrXc-fxH4KGpG-m3VGXqCN.7D_NR2Ar5Od663rj6tJ7iuVQVU3lb1c69B63pC2MpRtStrFBAQrhO91kGY4ee8Z5JHDM5fxfCG1_S_1nNvxZjMJk4erPXlEXGyAp7WIu_Lu0.TLFWgv-b5HDkrfK1ThPGujYknHb0THY0IAYqIA9-ThdE0ZN1ugFxIZ-suHYs0A7bgLw4TARqP6KLULFb5gwCugFVUsKzmLmqnfKdThkxpyfqnHRzPH64PHRYn6KVINqGujYkPjc3nWnkP0KVgv-b5HDsrHfvnWTY0AdYTAkxpyfqnHczP1n0TZuxpyfqn0KGuAnqiDF70ZKGujYzr0KWpyfqnWcv0APzm1Y1rHDYPf&ck=4713.1.120.448.162.280.151.3201&dt=1619957315&wd=thermo&tpl=tpl_12273_24677_20875&l=1525895542&us=linkName%3D%25E6%25A0%2587%25E9%25A2%2598-%25E4%25B8%25BB%25E6%25A0%2587%25E9%25A2%2598%26linkText%3D%25E8%25B5%259B%25E9%25BB%2598%25E9%25A3%259E%25E4%25B8%2596%25E5%25B0%2594%25E7%25A7%2591%25E6%258A%2580ThermoFisher%2520Scientific%2520-%26linkType%3D
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Finally, the sections were subjected to transparency in xylene and then mounted with neutral gum for
analysis. The smooth muscle cell cytoplasm was stained red, and the collagenous �brous
tissue was stained blue by Masson staining. Images were captured using ZEISS IX83.

Quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from tissues using TRIzol (Invitrogen). After extraction using chloroform and
precipitation with isopropanol, the RNA was washed twice with 75% ethanol, and the RNA concentration
was measured after the sample was dissolved in RNase-free water. Subsequently, the RNA was reverse
transcribed using a PrimeScript RT Reagent Kit (Takara). RT-PCR assays were performed on a CFX96TM
Real-time PCR Detection System (BioRad) using an EvaGreen Supermix Kit (Bio-Rad). Relative mRNA
expression was normalized to GAPDH expression. The RT-PCR primer sequences are shown in Table 1.

Transmission electron microscopy (TEM)

Heart tissues were harvested and quickly �xed in 2.5% glutaraldehyde for 1 hours, exposed to 1% osmium
tetroxide, sectioned to 60 nm, mounted on Cu grids contrasted with uranyl acetate and lead citrate, and
analysed using a JEM-1400 electron microscope.

Statistical analysis

All experimental data are presented as means ± SD. Differences between 2 groups of variables were
compared using a two‐tailed, unpaired t-test. One-way analysis of variance followed by Bonferroni’s post
hoc test was performed to compare more than three groups. A value of P < 0.05 was considered
statistically signi�cant.

Results
RvD1 preconditioning ameliorated MIRI

After successful establishment of the diabetic mouse model, the mice were pretreated with RvD1 or saline
for 3 days. Evans’ blue/TTC staining showed that RvD1 signi�cantly reduced the infarct size by 12%
compared with the saline in diabetic mice (Fig. 1A). To study the in�uence of RvD1 on chronic cardiac
remodelling, RvD1 was administered via intraperitoneal injection for another 2 weeks after MIRI. As to
cardiac function, MIRI resulted in a signi�cant decline in left ventricular ejection fraction (EF) (Fig. 1B).
While, RvD1 administration ameliorated the decline of EF compared with vehicle. Masson trichrome
staining showed that RvD1 reduced cardiac �brosis compared with control at 2 weeks after MIRI in
diabetic mice (Fig. 1C, 1D). These observations suggested that RvD1 provided cardioprotective effect in
diabetic mice after MIRI.

RvD1 pretreatment inhibited in�ammatory responses in diabetic MIRI



Page 8/18

A robust in�ammation is a mechanism underlying MIRI. Thus, we evaluated the density of in�ammatory
cells and gene expression of in�ammatory factors in diabetic hearts after MIRI. The
immunohistochemical staining showed that there was a robust increase in the density of
CD45+ leukocytes and CD68+ macrophages after MIRI, while the density of in�ammatory cells was
decreased in RvD1-treated group (Figure 2A-B). Meanwhile, RvD1 signi�cantly downregulated the mRNA
expression of IL-1β, IL-6 and MCP-1 compared with the vehicle in diabetic MIRI (Fig2C). 

RvD1 protected vascular permeability under hyperglycaemia conditions

As mentioned above, disruption of endothelial barrier function is responsible for MIRI. Thus, we studied
whether RvD1 affects vascular permeability after MIRI in diabetic mice. TEM images of the endothelial
barrier demonstrated that endothelial cells from diabetic MIRI hearts appeared swollen with increased
lysosomal-like inclusions, and the integrity of the endothelial barrier was also damaged,
while pretreatment with RvD1 alleviated endothelial barrier damage (Fig. 3A, 3B). Meanwhile, endothelial
permeability was measured by assessed Evans blue dye extravasation. As can be seen in Figure 4A-B,
RvD1 inhibited the content of Evans blue increased after MIRI in diabetic mice. Together, these data
suggest that RvD1 decreased vascular permeability after MIRI in diabetic mice. 

Meanwhile, we assess the effect of RvD1 on endothelial permeability using a Transwell device into which
a monolayer of HCMECs grew under various stimuli. Dextran-FITC were added to the upper chamber. The
leakage of Dextran-FITC in the lower chamber was detected to determine endothelial permeability (Fig.
5A). The �uorescence intensity of FITC in the lower chamber was signi�cantly higher after LPS (Fig. 5B),
H/R (Fig. 5B) and H2O2 (Fig. 5C) stimulation, but was attenuated in the presence of RvD1. Taken together,
these ex-vivo assays suggested that RvD1 attenuates H/R, H2O2- and LPS-induced endothelial
permeability under HG conditions.

RvD1-mediated microvascular protection was involved in regulation of mitochondrial function.

Mitochondrial dysfunction has been considered as one of main driver of endothelial barrier damage after
MIRI. MitoROS and mitochondrial transmembrane potential (MMP) are common markers assessing
mitochondrial function[20]. Therefore, we �rstly examined the level of mitochondrial superoxide in
HCMECs. The treatment of H2O2 and HG induced a robust production of MitoROS in HCMECs, while RvD1
treatment decreased MitoROS levels. (Fig. 6A, 6B). Next, JC-1 was used to detect the MMP of HCMECs.
The �ow cytometry analysis revealed that RvD1 pretreatment signi�cantly mitigated the H2O2-induced
mitochondrial membrane potential drop under HG conditions (Fig. 6C). Taken together, RvD1 are able to
ameliorate H2O2-induced mitochondrial dysfunction of endothelial cells under HG condition.

RvD1 preserved the expression of VE‐cadherin after IR in diabetes.

VE-cadherin-mediated cell-cell adhesion organizes endothelial junctions and maintains barrier function,
which is determinant of endothelial permeability. Thus, we investigated the effect of RvD1 on the
expression levels of VE-cadherin. As expect, the expression of VE-Cadherin was inhibited by H/R in the
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condition of HG. However, we observed that RvD1 treatment signi�cantly increased the levels of VE-
cadherin after H/R (Fig. 7A, 7B). Similarly, the in vivo experiments also demonstrated that VE-cadherin
was decreased in diabetic heart tissue after MIRI, which was reserved by RvD1 pretreatment (Fig. 6C).
This evidence suggests that the effect of RvD1 on endothelial permeability may be mediated by
regulating the expression of VE-cadherin.

Discussion
In the present study, we provide evidence that RvD1 provides cardioprotection against MIRI in diabetic
mice by restricting endothelial permeability, effects that were associated with attenuated mitochondrial
damage and preservation of VE-cadherin of endothelial cells.

RvD1 has been increasingly accepted as one of principal endogenous anti-in�ammatory mediators and
thus a focus of therapeutic interest[21, 11, 22, 23]. Liu et al. reported RvD1 reduced infarct size and
improved cardiac function in a permanent coronary artery ligation model of rats[13]. The present study
extrapolated their �ndings into MIRI model in diabetic mice. After all, with the development of myocardial
reperfusion strategies and the prevalence of metabolic disorders, the MIRI model in diabetic mice
provided a more realistic simulation of the clinical practice in the current revascularization era. Of note,
previous studies have reported that RvD1 prevents LPS-induced polymorphonuclear leukocyte recruitment
to endothelial cells and attenuates endothelial barrier permeability[14, 24, 25]. Here, we observed RvD1
conferred cardioprotection against MIRI in diabetes, which was associated with maintenance of
endothelial integrity in diabetic MIRI. Meanwhile, we measured permeability of endothelial monolayer
under various conditions, such as hypoxia-reoxygenation, oxidative stress (H2O2), and LPS. Under these
conditions, RvD1 partially restrained the degree of hyperpermeability. Collectively, these �ndings indicate
the protective effects of RvD1 on diabetic heart after MIRI is mediated by inhibition of vascular
hyperpermeability.

As is well known, mitochondrial function determine the viability and mobility of endothelial cells, thereby
in�uencing the in�ammation and endothelial permeability[7]. RvD1 has been proven to reduce oxidative
stress, improve mitochondrial morphology and function, and promote mitochondrial DNA repair in
primary retinal cells with diabetic retinopathy[26]. Consistent with previous �ndings, our experiments
demonstrated that RvD1 decreased MitoROS levels and protected HCMECs against MMP reduction in
condition of H2O2 as well as HG. VE-cadherin is a component of endothelial cell-to-cell adherens
junctions and essential for the barrier function of the vascular endothelium[27]. It has been proven that
preservation of VE-cadherin confers cardioprotection in MIRI[17, 18]. Previous study suggested that RvD1
attenuated LPS-induced adherens junction disassembly and endothelial barrier permeability by arresting
tyrosine phosphorylation of α-catenin and VE-cadherin[14]. In agreement with previous studies, our results
also indicated that RvD1 pretreatment inhibited endothelial monolayer leakage in condition of HG
meditated with regulating the expression of VE-cadherin. However, the pathological process of diabetic
MIRI is complex and multifactorial. Therefore, further studies are needed to better understand the
underlying protective mechanisms of RvD1 in diabetic MIRI.
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In summary, RvD1 ameliorated MIRI in mice via maintaining endothelial integrity with DM, evidenced by a
reduction in infarct size and suppression of the in�ammatory response. The underlying molecular
mechanism was partially through modulation of mitochondrial function and preservation of VE-cadherin.
Therefore, RvD1 treatment may be a promising therapeutic drug to protect diabetic hearts against MIRI.
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Tables
Genes Forward primer sequence (5’-3’)   Reverse primer sequence (5’-3’)

mGAPDH ATGGTGAAGGTCGGTGTGAACG   GGTCTCGCTCCTGGAAGATGGT
m-IL-1β CTTCAGGCAGGCAGTATC   CAGCAGGTTATCATCATCATC
m-MCP-1 CCACTCACCTGCTGCTACTCA   TGGTGATCCTCTTGTAGCTCTCC
m-IL-6 TGTGCAATGGCAATTCTGAT   GGTACTCCAGAAGACCAGAGGA

                Table 1. Primers for quantitative RT-PCR.

Figures
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Figure 1

RvD1 preconditioning ameliorated MIRI in diabetic mice A. Representative photographs of Evans blue and
TTC staining and quantitative data for infarct size (IF) and area at risk (AAR) in hearts from diabetic mice
subjected to MIRI with or without RvD1 pretreatment. B. Echocardiographic analysis at 2 weeks after
RvD1 treatment in diabetic MIRI, EF, left ventricular ejection fraction; C. Masson staining for cardiac
�brosis after MIRI in diabetic mice. D. Quanti�cation of cardiac �brosis in the different groups(n=6); *p <
0.05, **p < 0.01, ***p < 0.001.
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Figure 2

Effect of RvD1 pretreatment on the in�ammatory response in the hearts of diabetic mice subjected to
MIRI. A. Representative histological images showing CD45+ leukocytes (the red arrows represent CD45-
positive cells, and blue DAPI staining indicates nuclei) in the hearts of mice in each group. B.
Representative histological images showing CD68-positive macrophages in the hearts of mice in each
group. C. Changes in the gene expression of in�ammatory cytokines in the ischemic myocardium
determined by RT-PCR, IL-1β, IL-6, and MCP-1 (n=3); *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3

RvD1 pretreatment reduced MIRI mediated microvascular damage in diabetes. A-B. Representative TEM
images of microvascular structures in the hearts of each group after MIRI. The yellow squares indicate
the damaged vascular wall, and 4 images were obtained from one heart (n=3).

Figure 4

RvD1 reduced endothelial cell permeability after MIRI in diabetes. A. Representative images for Evans
blue staining. B. Amount of Evans blue dye extracted from diabetic MIRI hearts in the presence or
absence of RvD1 pre-treatment (n=6); *p< 0.05, **p < 0.01, ***p < 0.001.
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Figure 5

RvD1 reduced endothelial cell permeability in vitro. A. Transwell device to detected monolayer of HCMECs
permeability. B-C. Permeability of the endothelial monolayer stimulated with LPS (400 ng/ml) for 12
hours, hypoxia for 12 hours and reoxygenation for 12 hours and hydrogen peroxide (H2O2, 400 µM).
Changes in permeability were detected by measuring the �uorescence of FITC-dextran (n=6); *p< 0.05, **p
< 0.01, ***p < 0.001.

Figure 6

RvD1-mediated microvascular protection was regulated by mitochondrial damage under HG conditions.
A. RvD1 decreased H2O2-induced mitochondrial reactive oxygen species (MitoROS) in HCMECs under HG
conditions, MitoROS determined by MitoSOX Red staining and MitoSOX relative expression analysis
using a Celigo imaging cytometer (n=4). B. MitoSOX Red staining images for each group. C. JC-1
analysis of mitochondrial transmembrane potential in HCMECs as determined by �ow cytometry
analysis, and JC-1 analysis was used to determine the green/red �uorescence ratio (n = 3); *p < 0.05, **p
< 0.01, ***p < 0.001.
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Figure 7

RvD1 decreased endothelial permeability with preservation of VE‐cadherin under HG conditions. A. VE-
cadherin immunostaining in H/R-induced HCMECs with or without RvD1 under HG conditions. B. western
blots showing VE‐cadherin expression in HG-cultured HCMECs. After 12 h of hypoxia and 12 h of
reoxygenation, VE-cadherin was reduced, which was reversed by RvD1, and GAPDH was used as a
loading control. C. Western blots showing VE‐cadherin expression in diabetic MIRI hearts. RvD1 treatment
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increased VE-cadherin expression. Quanti�cation data of myocardial VE-cadherin expression are shown
in the plots (n=3); *p < 0.05, **p < 0.01, ***p < 0.001.


