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IL6/adiponectin/HMGBI1
feedback loop mediates
adipocyte and macrophage
crosstalk and M2 polarization
after myocardial infarction
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Background: Differences in border zone contribute to different outcomes post-
infarction, such as left ventricular aneurysm (LVA) and myocardial infarction (Ml).
LVA usually forms within 24 h of the onset of Ml and may cause heart rupture;
however, LVA surgery is best performed 3 months after MI. Few studies have
investigated the LVA model, the differences in border zones between LVA and M,
and the mechanism in the border zone.

Methods: The LVA, MI, and SHAM mouse models were used. Echocardiography,
Masson'’s trichrome staining, and immunofluorescence staining were performed,
and RNA sequencing of the border zone was conducted. The adipocyte-
conditioned medium-treated hypoxic macrophage cell line and LVA and Ml
mouse models were employed to determine the effects of the hub gene,
adiponectin (ADPN), on macrophages. Quantitative polymerase chain reaction
(QPCR), Western blot analysis, transmission electron microscopy, and chromatin
immunoprecipitation (ChlIP) assays were conducted to elucidate the mechanism
in the border zone. Human subepicardial adipose tissue and blood samples were
collected to validate the effects of ADPN.

Results: A novel, simple, consistent, and low-cost LVA mouse model was
constructed. LVA caused a greater reduction in contractile functions than Ml
owing to reduced wall thickness and edema in the border zone. ADPN impeded
cardiac edema and promoted lymphangiogenesis by increasing macrophage
infiltration post-infarction. Adipocyte-derived ADPN promoted M2 polarization
and sustained mitochondrial quality via the ADPN/AdipoR2/HMGB1 axis.
Mechanistically, ADPN impeded macrophage HMGB1 inflammation and
decreased interleukin-6 (IL6) and HMGB1 secretion. The secretion of IL6 and
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HMGBL increased ADPN expression via STAT3 and the co-transcription factor,
YAP, in adipocytes. Based on ChIP and Dual-Glo luciferase experiments, STAT3
promoted ADPN transcription by binding to its promoter in adipocytes. In vivo,
ADPN promoted lymphangiogenesis and decreased myocardial injury after M.
These phenotypes were rescued by macrophage depletion or HMGB1 knockdown
in macrophages. Supplying adipocytes overexpressing STAT3 decreased collagen
disposition, increased lymphangiogenesis, and impaired myocardial injury.
However, these effects were rescued after HMGB1 knockdown in macrophages.
Overall, the IL6/ADPN/HMGBL1 axis was validated using human subepicardial tissue
and blood samples. This axis could serve as an independent factor in overweight Ml
patients who need coronary artery bypass grafting (CABG) treatment.

Conclusion: The IL6/ADPN/HMGB1 loop between adipocytes and macrophages
in the border zone contributes to different clinical outcomes post-infarction.
Thus, targeting the IL6/ADPN/HMGB1 loop may be a novel therapeutic approach
for cardiac lymphatic regulation and reduction of cell senescence

post-infarction.
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1 Introduction

Coronary artery disease (CAD) is currently responsible for one
in every seven all-cause-related deaths (1). Myocardial injury
induced by myocardial infarction (MI) or ischemia/reperfusion
(I/R), including percutaneous coronary intervention (PCI), can
result in a lower left ventricular ejection fraction (LVEF) and
induce life-threatening symptoms, such as severe thrombosis,
malignant arrhythmia, and cardiac rupture (2, 3).

Left ventricular aneurysm (LVA), one of the most severe MI
complications, usually results in a significantly lower LVEF and can
induce life-threatening symptoms, such as malignant arrhythmia
and cardiac rupture (4). If a paradoxical movement occurs in an
apical aneurysm, heart functions, including LVEF and arrhythmia,
are exacerbated (5). Acute ventricular aneurysms usually form
within 24 h after the onset of MI and may induce heart rupture;
however, LVA surgery is best performed 3 months after MI
because the incidence of surgical death is higher within 3 months
and waiting enables improved ventricular wall myocardial
function and scar formation of the infarcted myocardium (4, 5).
Border zone differences contribute to different outcomes post-
infarction owing to the stretch force resulting from unstable
hemodynamic homeostasis, such as LVA and MI (5). Few
studies have focused on the effects of border zones on LVA
formation and MI progression. Therefore, the LVA model and
efficient treatments to prevent LVA formation should be
urgently evaluated.
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Adipose tissue regulates granulopoiesis and cardiac functions post-
infarction (6, 7). The adipokine, adiponectin, inhibits LPS-induced
HMGBI release in RAW264.7 macrophages (8) and regulates FXR
agonism-mediated cardioprotection against post-infarction remodeling
and dysfunction (9). Re-activation of the epicardium resulted in cardiac
remodeling after myocardial injury via paracrine secretion. Adipose
tissues in the epicardium and sub-epicardium also increased de novo
vessel formation in the peri-infarct zone near the epicardium or the
“epicardial border zone,” which may be a novel therapeutic approach
for cardiac lymphatic regulation (10, 11).

In the present study, we constructed a simple, consistent, and
low-cost LVA mouse model. Differences in the border zone between
the MI and LVA groups were investigated, and RNA sequencing of
the border zone from the LVA, MI, and SHAM groups was
performed. Finally, the effects of the hub gene, adiponectin
(ADPN), were explored in cell lines and mouse models.

2 Methods
2.1 Cell source and processing

The HL-1, 3T3-L1, and RAW264.7 cell lines were purchased
from the Chinese Academy of Medical Sciences and were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
(v/v) fetal bovine serum (FBS) in a 37°C, 5% CO, incubator before
the experiment.
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Adipocyte differentiation was induced as previously described
(12). The cells were cultured in 6-well plates (5x10° cells per well)
and transfected. The expression of ADPN or STAT3 in adipocytes
was knocked down using 9 UL of 1ipo2000 (11668-019, Invitrogen),
50 nM of the appropriate siRNA 3 pL [siADPN pool (mmu-ADPN-1,
mmu-ADPN-2, and mmu-ADPN-3; RIBIBIO, China) or siSTAT3
pool (mmu-STAT3-1, mmu-STAT3-2, and mmu-STAT3-3;
RIBIBIO, China)], and 250 UL of OptiMEM (31985-070, Gibco)
per well. STAT3 was overexpressed in adipocytes using lipo2000,
STAT3 plasmid (RIBIBIO, China), and OptiMEM. Non-sense
sequences were used as negative controls (210011, Ubigene).

RAW 264.7 macrophages with HMGB1 knockdown were
obtained using adenovirus (m-HMGB1-shRNA-GFP-Puro from
293T cells, 6.57 x 10° TU/mL, MOL:100, 7.6 L, Genechem,
Shanghai). Cells were cultured in 6-well plates (5 x 10> cells per
well), transfected using sShRNA HMBG1 (MOI = 10), and screened
using puromycin (2 pg/mL, Genechem, Shanghai) to obtain the
infected RAW 264.7 macrophages.

RAW 264.7 macrophages were maintained in high-glucose
DMEM (Gibco, USA) containing 10% fetal bovine serum
(AusgeneX, Australia) and 1% penicillin/streptomycin (Solarbio,
China) at 37°C under normal (5% CO, and 95% air) or hypoxia
(5% CO», 94% N,, and 1% O,) conditions. To determine the effects of
adipocyte-derived ADPN on macrophages, the cells were cultured in
the conditioned medium (CM) from siNC or siADPN adipocytes. To
determine the macrophage receptor that binds adipocyte-derived
ADPN, macrophage receptor-binding antibodies, including AdipoR1
(ab126611), AdipoR2 (ab77612), aVb3 (EMD Millipore, MAB1876-Z),
and aVb5 (EMD Millipore, MAB1961), were added to siNC CM,
which was then administered to macrophages.

2.2 Animals

Adult C57Bl/6] male mice (young: 7-8 weeks old, weight 22-25
g aged: 20-22 weeks old, weight approximately 35 g) were
purchased from Charles River (Beijing, China). Adult
experimental Axin2 knockout (KO) mice (background: C57Bl/6])
were fed and propagated at Nankai University. PCR genotyping of
Axin2 KO and WT mice was performed using primers 5'-
AGTCCATCTTCATTCCGCCTAGC-3' and 5-TGGTAATG
CTGCAGTGGCTTG-3’ for the wild type, and primers 5'-AGTC
CATCTTCATTCCGCCTAGC-3" and 5-AAGCTGCGTCG
GATACTTGCGA-3' for the Axin2 mutant.

Mice were maintained in a specific pathogen-free environment
with free access to food and water and a 12 h/12 h light-dark cycle.
The study protocol was approved by the Ethics Committee of
Nankai University (approval no. 2022-SYDWLL-000486).

2.3 Mouse model and treatment

Mice were anesthetized via inhalation of isoflurane (1.5%-2%,
MSS-3, England). LVA and MI mouse models were established by
ligating the left anterior descending (LAD) artery. MI was induced
in adult male mice according to previous studies (10), whereas LVA
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was induced in adult male mice according to previous studies, with
a slight modification. Briefly, the heart in the LVA group was ligated
at the LAD at the same level as the heart in the MI group; however,
the suture was snipped day 5 after the operation. The LVA model
was considered to be successfully established based on the
paradoxical movement of the left ventricle. The sham-operated
animals underwent the same procedure as the MI and LVA model
animals but did not undergo coronary artery ligation.

To determine the effects of ADPN on the formation and
progression of LVA, ADPN [ip., 5 ng/(g-day), bs0471P, Bioss] was
administered from day 1 to day 14, day 1 to day 3, day 1 to day 7, day 3
to day 14, and day 7 to day 14 after LAD ligation. To elucidate the
effects of ADPN and HMGB1 on the crosstalk between adipocytes and
macrophages, ADPN, clodronate liposomes, and AAV-shHMGBI
were applied in MI and LVA mouse models. Clodronate liposomes
(iv., 0.1 mL/25 g, Yeasen) were used to eliminate bone marrow-derived
macrophages. AAV-shHMGBI was administered as a pre-treatment
day 14 before the operation to impede HMGBI expression in
macrophages. To determine the effects of the STAT3/ADPN/
HMGBI axis on the crosstalk between adipocytes and macrophages,
adipocytes overexpressing STAT3, siSTAT3 adipocytes, and AAV-
shHMGBI were used in the MI and LVA mouse models.

To reduce pain in the animal experiments, the animals were
killed via cervical dislocation after isoflurane anesthesia (5%, MSS-
3, England).

2.4 LVA model validation

To validate the successful construction of the LVA model, hearts
were collected on day 28 after the operation, and a regular agarose
(agarose G-10, Blowest, 162135) intra-chamber cast was used to
recapture the inner chamber spatial structure and the bulging shape
of the LVA. To screen the time window of LVA model formation,
computed tomography (CT, Nanoscan, Mediso, width: approximately
1,929, center: approximately —35) was applied to perform in vivo
imaging of mouse cardiopulmonary parts and validate the success of
LVA model development at different time points (days 1, 3, 7, and 30
after model construction). Based on paradoxical movement,
intrachamber casts, and CT, the LVA mouse model was validated.

2.5 Echocardiographic examination

Cardiac function was evaluated using a Vevo® 2100 system
equipped with a 30-MHz transducer (FUJIFILM VisualSonics, Inc.
Toronto, Canada). Heart function was measured using the two-
dimensional parasternal long axis. Left ventricular internal
dimensions in diastole (LVID,d), systole (LVID,s), left ventricular
ejection fraction (LVEF, %), and fractional shortening (LVES, %)
were measured using M-mode.

2.6 Histology analysis

After mice were killed, heart samples were collected, fixed in 4%
paraformaldehyde overnight, and embedded in paraffin or OCT (6
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pm). Hematoxylin and eosin (HE) staining (G1120, Solarbio, China)
and Masson’s staining (G1340, Solarbio, China) were performed to
detect anatomical morphology changes and collagen deposition. The
average infarct size was obtained by calculating the average length of
the circumference in the infarct and normal areas. The infarcted area
was determined by calculating the average area in the infarct portion
and total area (13). The related wall thickness of the border zone was
also determined, and the three were measured using the
Image] software.

For immunofluorescent analysis, the tissue slides were incubated
with the following primary antibodies: rabbit anti-Cx43 (1:200,
ab11370), anti-LYVEL (1:200, ab218535), anti-ZO-1 (1:200,
ab61357), mouse anti-CD68 (1:200, ab31630), rabbit anti-HMGB1
(1:200, ab79823), mouse anti-ADPN (1:200, ab22554), mouse anti-
¢TNT (1:200, ab8295), and rabbit anti-Ki67 (1:200, ab16667) at 4°C
overnight, followed by the secondary antibodies, Alexa Fluor 488-
and Alexa Fluor 594-conjugated second antibody (Abcam, 1:200).
The nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI;
Southern Biotech, USA). At least three different heart sections were
obtained from each mouse and more than six random images of the
at-risk areas were obtained from each section. Images were captured
using a fluorescence microscope (ECLIPSE TS2R, Nikon, Japan).

2.7 Cytokine and
chemokine measurements

For the protein chip, blood samples were collected and
centrifuged for 10 min at 3,000 rpm. The concentrations of
cytokine and chemokine were measured using an antibody-coated
microsphere-based multiplex cytokine immunoassay that can
quantify seven cytokines contemporaneously using 25 UL of mouse
serum (MTH17MAG-47k MILLIPLEX MAP Mouse Cytokine/
Chemokine Magnetic Bead Panel, MERCK Millipore Corporation,
Germany). The following cytokines were measured: GM-CSF, IFN-v,
IL-1B, IL-6, IL-10, IL-22, and TNF-c. All samples, standards, and
quality controls were assayed according to the manufacturers’
instructions. The samples were incubated overnight at 4°C and
washed using a magnetic plate washer. The plates were read using
a multiplex plate reader and its accompanying software (Luminex x-
MAP Technology, MILLIPLEX). All cytokine and chemokine
concentrations are expressed in pg/mL.

To investigate myocardial injury on days 3 and 7 after
construction of the mouse model, the left ventricular heart samples
from different groups were collected and the mouse ADPN ELISA kit
(ab226900), mouse CKMB ELISA kit (JL12422, Jianglaibio, China),
and LDH ELISA kit (JL20162, Jianglaibio, China) were used to
measure the levels of the corresponding proteins. The
concentrations of cytokines secreted by macrophages were
measured using the mouse IL6 ELISA kit (ab222503), mouse
HMGBI1 ELISA kit (JL13702, Jianglaibio, China), and mouse
C1qTNF9 ELISA kit (CSB-E16713h, Cusabio, China). The human
IL6 ELISA kit (CSB-E04638h, Cusabio, China), human HMGB1
ELISA kit (CSB-E08223h, Cusabio, China), and human ADPN
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ELISA kit (CSB-E07270h, Cusabio, China) were utilized to
determine protein expression in sub-epicardial adipose tissues.
Optical density (OD) was measured using a microplate reader
(VICTOR Nivo Multimode Microplate Reader, PerkinElmer). All
cytokine concentrations are expressed in pg/mL.

2.8 RNA-sequencing of the border
zone area

The border zones of the LVA and MI heart samples, and the
same area of heart samples from the SHAM group were dissected (n
=5 per group). Total RNA was extracted using a TRIzol reagent kit
(Invitrogen, Carlsbad, CA, USA). RNA quality was assessed using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,
USA) and checked via RNase-free agarose gel electrophoresis. After
total RNA extraction, eukaryotic mRNA was enriched using oligo
(dT) beads, whereas prokaryotic mRNA was enriched by removing
rRNA using the Ribo-Zero ™ Magnetic Kit (Epicenter, Madison,
WI, USA). The enriched mRNA was fragmented into short
fragments using fragmentation buffer, reverse transcribed into
c¢DNA with random primers, purified using the QiaQuick PCR
extraction kit (Qiagen, Venlo, The Netherlands), end-repaired,
extended with a poly(A) tail, and ligated to Illumina sequencing
adapters. The ligation products were size-selected by agarose gel
electrophoresis, amplified via PCR, and sequenced using Illumina
HiSeq2500 (Gene Denovo Biotechnology Co., Guangzhou, China).

The differentially expressed genes (DEGs) were assessed using the
“limma” package. Genes with log2|fold change|>1 and p < 0.05 were
considered DEGs. GO/KEGG pathway analyses were performed
using the “clusterProfiler” package in R (14, 15). Statistical
significance was set at p < 0.05 for the enrichment analyses.

To investigate the hub genes, DEGs between the MI and LVA
groups were uploaded to STRING (version 11) to construct a
protein—protein interaction (PPI) network (16). The results of
STRING analysis were imported into Cytoscape v.3.7.1, and hub
genes were investigated using the Cytoscape plug-in, MCODE (17).
A significant PPI was identified by a combined score >0.4.

Single-cell sequencing data for hub DEGs were obtained from
the Single Cell Portal (https://singlecell.broadinstitute.org/). Single-
cell sequencing data of the human heart from a single-cell portal
were used to explore the expression of ADPN, AdipoR1, and
AdipoR2 (SCP498) (18).

2.9 gPCR analysis

The mRNA of heart samples in the border zone or cells was
extracted, and qQRT-PCR was performed. Total RNA was collected
using TRIzol and reverse transcribed. The amplified cDNA samples
were then mixed using TB Green® Premix Ex TaqTM 1II (TaKaRa,
RR820). B-actin was used as an internal reference; the 274!
method was used for the calculation. The primer details are listed

in Supplementary Table 1.
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2.10 Flow cytometry

To determine the effects of different treatments on macrophage
M2 polarization, samples were blocked with anti-Rh Fc receptor
binding (Invitrogen, 2296579); stained with CD206 (CD206-FITC,
Invitrogen 141704) and Edu (Edu-AF594, Invitrogen 2420611) (cell
sample), CD206 and CD86 (CD86-PE/Cyanine7, Invitrogen,
105014) (heart sample), or CD206 and F4/80 (F4/80-PE,
Invitrogen 157304) (heart sample); and evaluated using a flow
cytometer (Cytometer, USA). Following staining for MertK
(MertK-PE/Cyanine7, Invitrogen, 2555774), flow cytometry was
performed to determine the effect of LNP-MertK on macrophages.
Nystatin, a decreasing endocytic reagent, was used to reverse the
above effects (MCE 1400-61-9). Data were analyzed using FlowJo
10.6.2 (BD Biosciences).

2.11 Western blot

Proteins were extracted using RIPA buffer (CWBIO, China).
The protein concentration was measured using a BCA assay kit. The
samples were mixed with SDS-PAGE loading buffer,
electrophoresed via SDS-PAGE, and transferred onto Millipore or
GE PVDF membranes. The PVDF membranes were blocked with
5% skim milk for 1 h and incubated with primary followed by
secondary antibodies (all 1:5,000, Affinity, China). The membranes
were then bound to ECL and analyzed using an image system
software (Protein Simple, USA).

The following primary antibodies were employed: anti-p65
(1:1,000, CST #6959), anti-p-p65 (1:1,000, ab194726), anti-LC3
(1:2,000, ab192890), anti-ADPN (1:1,000, ab22554), anti-HMGB1
(1:1,000, ab79823), anti-GPX4 (1:1,000, ab125066), anti-P62 (1:1,000,
ab109012), anti-YAP (1:1,000, CST#8418S), anti-STAT3 (1:1,000,
ab109085), and anti-B-actin (1:5,000, Sigma).

2.12 Transmission electron microscope

A transmission electron microscope (TEM) was used to
examine the ultrastructure of macrophages. Briefly, cells and
heart samples were fixed with glutaraldehyde and osmic acid
(Solarbio, China), and then cut into ultrathin sections with a
thickness of 50-70 nm using an ultrathin microtome. Ultrathin
sections were stained with 2% uranyl acetate and lead citrate. The
mitochondria and lysosomes were observed using a TEM
(HT7800, HITACHI).

2.13 Oxidative stress levels

Raw264.7 cells were cultured under normal oxygen or
hypoxic conditions for 8 h. Oxidative stress levels were measured
by detecting reactive oxygen species (ROS; S0033; Beyotime,
China), according to the manufacturer’s instructions. The
fluorescence signal was recorded using 520- and 590-nm lasers
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and detected using a fluorescence microscope (ECLIPSE TS2R;
Nikon, Japan).

2.14 Autophagy measurement

Raw264.7 cells were cultured in normal oxygen or hypoxic
conditions for 8 h with or without treatment. Autophagy was
determined using the MDC method (C3018S, Beyotime, China). The
fluorescence signal was recorded using a 355-nm laser and detected
using a fluorescence microscope (ECLIPSE TS2R, Nikon, Japan).

2.15 QOil O staining

To analyze lipid deposition in adipocytes, Oil O staining
(G1262, Solarbio, China) was performed for the different groups.
To analyze lipid deposition in the human subepicardial layer,
modified Oil O staining (G1261, Solarbio, China) was performed.
Images were captured using a light microscope (ECLIPSE E100;
Nikon, Tokyo, Japan).

2.16 Chromatin immunoprecipitation assay

Macrophages or adipocytes were fixed with formaldehyde at
room temperature for 10 min, washed with PBS, and collected. The
cells were then placed in an ultrasonic water bath (60 W, SCIENTZ-
48, SCIENTZ, China). The long-stranded DNA of the gene was
broken into 200- to 1,000-bp DNA fragments and centrifuged at
16,000 x g for 15 min at room temperature to obtain the
supernatant. A total of 20 L of supernatant was employed as the
input. The c-Jun (ab32137, 2.5-5 pg/lO6 cells) and STAT3 (ab76315,
2.5-5 ug/10° cells) antibodies and their corresponding IgG
antibodies (A7016; Beyotime, China) were added to the
remaining supernatant, which was incubated overnight at 4°C.
Magnetic beads were then added for 2 h at room temperature
(CST #9005). After centrifugation at 16,000 x g for 2 min at 4°C, the
precipitate was eluted stepwise with a low-salt buffer solution, high-
salt buffer solution, and NaCl solution to remove chromatin. EDTA,
Tris-HCI, and protease were added to the sample, which was then
incubated at 65°C for 1 h. Finally, the phenol-chloroform method
was used to extract the 50-pL purified product for PCR detection.
The primer details are outlined in Supplementary Table 2.

2.17 Dual-Glo luciferase experiment

The ADPN promoter [bp —1k/+120 relative to the transcriptional
start site (TSS)] was cloned into the luciferase reporter gene vector,
pGL3-Basic (Promega). Four 5'-truncated sequences of the ADPN
promoter in the luciferase reporter gene vector were transfected into
adipocytes from different treatment groups. The Dual-Glo luciferase
experiment was carried out 48 h after transfection following
the protocol provided by the manufacturer. The OD values
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weremeasured using a microplate reader (VICTOR Nivo
Multimode Microplate Reader, PerkinElmer). The intensity was
calculated by dividing the luciferase value by the renilla value
(Promega E2920).

2.18 LNP and LNP-MertK construction

Lipid nanoparticle (LNP) and LNP containing MertK (LNP-
MertK) were constructed as previously described (19). LNP was
administered via the iv route. Of note, LNP can specifically bind to
bone marrow-derived macrophages (CD68+). LNP-MertK was
used to increase MertK expression and macrophage phagocytosis
to eliminate unwanted materials in cardiomyocytes and the
microenvironment. Nystatin, which decreases endocytic reagent,
was administered via the ip route and used to rescue the effects of
LNP-MertK after MI.

2.19 Patient enrollment and human
sample analysis

To further validate the effects of the IL6/STAT3/ADPN/
HMGBI axis, blood samples were collected from patients after
admission, and sub-epicardial samples were collected from patients
that underwent coronary artery bypass grafting (CABG). The
following inclusion criteria were employed: (1) diagnosed with
CAD; (2) normal BMI (BMI < 24 kg/m?), overweight (24 < BMI
< 28 kg/m?), or obese (BMI = 28 kg/m?); and (3) patients with
complete medical information and laboratory examinations. The
following exclusion criteria were employed: (1) history of
nephropathy, especially DM; (2) history of hepatopathy; (3)
history of diabetic oculopathy; (4) history of tumors; (5) cardiac
arrest or ECPR; (6) MODS or irreversible brain damage; (7) surgery
within 6 months of this study; (8) aortic insufficiency or aortic
dissection; and (9) uncontrolled bleeding. The protocols were
approved by Tianjin Third Central Hospital.

Univariate and multivariate logistic regression analyses were
performed to assess the correlation between patients with CAD in
different BMI groups and the expression levels of ADPN, IL6, and
HMGBI. Receiver operating characteristic (ROC) analysis and joint
ROC analysis were performed to investigate the diagnostic value of
ADPN, IL6, and HMGBI in patients with CAD in the different
BMI groups.

2.20 Statistical analysis

Data are presented as mean = SD, median (QI1-Q3), or
frequency (percentage). Statistical analyses were performed using
SPSS 23.0. The Shapiro-Wilk normality test, Welch’s t-test (two
groups), and one- or two-way ANOVA with Bonferroni post-hoc
analyses were used for comparisons between different groups.
Multiple comparison p-values less than 0.05 were considered to
indicate statistical significance. Randomization and blinding
strategies were used whenever possible.
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3 Results

3.1 Changes in the border zone are critical
in LVA formation

The LVA mouse model was successfully constructed and
validated using an agarose intrachamber cast and CT
(Supplementary Figure 1). CT was also performed to screen the
time window of LVA formation. Bulging was found to appear before
day 7 and then progressively enlarge on day 30. Based on CT, the
volume of the bulging left ventricular free wall in the LVA group
occupied almost 1/3 of all left ventricles on day 30 after the operation.
Furthermore, left ventricular paradoxical movement appeared.

Left ventricular functions in the LVA and MI groups were
impaired at 1 and 4 weeks after operation compared to those in the
SHAM group. LVEF and LVFS in the LVA group were remarkably
reduced compared to those in the MI and SHAM groups
(Figures 1A, B). Masson’s staining and hematoxylin and eosin
staining were performed to assess LVA formation (Supplementary
Figures 2A, B). The infarcted area significantly decreased, while the
infarcted size did not significantly change on day 28 compared to
that on day 7 in the LVA group (Supplementary Figures 2D, E). The
wall thickness of the border zone decreased during this process in
the LVA group (Figure 1C). The infarcted area was significantly
larger while the infarct size was significantly lower on day 7 in the
LVA group than in the MI group. Immunofluorescent staining for
c¢TNT was observed in the border zone, suggesting that the number
of injured cardiomyocytes decreased during LVA formation
(Supplementary Figure 2C; Figure 1D).

Immunoregulation after cardiac injury is critical for heart
recovery. Hearts in the LVA group were associated with a “global”
activation of pro-inflammatory and anti-inflammatory cytokines
(Supplementary Figure 3). In the pro-inflammatory phase (<3
days), IL-1b expression was elevated in the LVA and MI groups.
Besides the decrease in IL-1f and peak IL-6 at 3 days, other cytokines
peaked at 5 days. On day 7 after the operation, the expression of all
cytokines was higher in the LVA group than in the MI group,
indicating that immunoregulation of the infarcted area and border
zone in the LVA heart was more remarkable than that in the MI heart.

Finally, 65 mice were used in the survival study. The mortality
rate of LVA mice was higher than that of MI mice. To avoid the
influence of the surgical procedure time, we recorded the time but
found no significant difference between the two groups
(Supplementary Figure 4). Taken together, these results indicate
that the LVA model was successfully constructed. Many more
differences were found in the border zone between the two groups,
which may play a critical role in LVA formation and MI progression.

3.2 ADPN expression is associated with
wall thickness in the border zone in LVA
and M| mice

To explore the difference between the LVA and MI border
zones, we performed RNA-seq of the border zone in the three
groups on day 7 after the operation. A total of 1,340 upregulated
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FIGURE 1

ADPN expression was associated with the wall thickness in the border zone and LVA formation. (A, B) LVA and MI decreased heart function. The
representative echocardiographic images (A) and quantitative analysis (B) of LVA, Ml and SHAM mice heart samples at 1 week and 4 weeks after the
operation. LVID, d, left ventricular internal diameter at end-diastole; LVID, s, left ventricular internal diameter at end-systole; LVEF (%), left ventricle
ejection fraction; LVFS (%), left ventricle fractional shortening (n = 6 per group). (C) The wall thickness in the border zone of SHAM, MI (7 days and
28 days) and LVA (7 days and 28 days) heart samples. (D) Immunofluorescent staining of aSMA demonstrated the injury cardiomyocytes in the border
zone of SHAM, MI (7 days) and LVA (1 day, 3 days, 7 days, and 28 days) heart samples. (E) The chord diagram of the relationship between DEGs and
enriched pathways after RNA-sequencing analysis. (F) PPl analysis showed the inflammation module of DEGs in the border zone between LVA, M|,
and SHAM at 7 days after model construction (n = 3 per group). ADPN, adiponectin. (G) The qPCR analysis of ADPN, AdipoR1, and AdipoR2 among
three groups. AdipoR1 and AdipoR2, the two receptors of ADPN. (H) ADPN expression in the border zone at 7 days and 28 days after operation
among three groups using ELISA. **p < 0.01; ***p < 0.001; ns, not significant.

and 971 downregulated DEGs were identified between the LVA and
MI border zones. Further enrichment analysis was performed,
which mainly revealed cytokine-cytokine receptor interactions,
granulocyte chemotaxis, and chemokine activity (Figure 1E;
Supplementary Table 3). PPI network analysis was performed,
and a module comprising TNF, IL1b, ADPN, UCP1, and CCL2
was obtained (Figure 1F). Quantitative polymerase chain reaction
(qPCR) analysis and ELISA were performed to determine ADPN
expression. The mRNA and protein levels of ADPN were lower in
the LVA group than in the MI group. No significant difference in
mRNA levels was found between the two ADPN receptors,
suggesting that ADPN expression may be associated with the
related wall thickness of the border zone and contribute to LVA
formation and MI progression (Figures 1G, H).
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3.3 ADPN impedes cardiac edema and
promotes cardiac lymphangiogenesis
post-infarction

To explore the effects of ADPN on the related wall thickness of
the border zone and LVA formation, an echocardiogram was
recorded and the LVEF was measured. Compared to the LVEF in
LVA mice administered PBS, the LVEF in mice administered
ADPN increased from day 1 to day 7 while that in mice
administered ADPN decreased after day 7 (Figures 2A-E;
Supplementary Table 4). When this mechanism was further
explored, ADPN supplementation decreased cardiac edema and
impeded the progression of subepicardial edema in LVA mice
within day 7 after the operation (Figures 2F, G). Cardiac
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ADPN impeded edema and promoted lymphangiogenesis within 7 days after the operation. (A—E) Effect of ADPN treatment on cardiac functions
during LVA formation. 5 ng/(g-day) ADPN was injected i.p. from day 1 to 14 (A), day 1 to 3 (B), day 1 to 7 (C), day 3 to 14 (D), and day 7 to 14 (E) after
LAD ligation. LVEF (%) was evaluated by echocardiography. (n = 8 per group) (F, G) The representative images (F) and quantity analysis (G) of the HE
staining at 7 days and 28 days in the border zone of the LVA group treated with ADPN or PBS from day 1 to 7 after operation. Scale bar, 500 pm
Arrow, cardiac edema. (H) The representative immunofluorescence images of LYVEL and Cx43 cells in the LVA group treated with ADPN or PBS
from day 1 to 7 after operation. Scale bar, 500 um. *p < 0.05; **p < 0.01; ***p < 0.001.

lymphatic growth and Cx43 expression in the border zone of
ADPN-treated mice were higher than those in age-matched PBS-
treated mice on day 28 after the operation (Figure 2H).

To determine the effects of ADPN on cardiac
lymphangiogenesis and LYVE1+ macrophages in the border zone,
ADPN and the Cx43 agonist and inhibitor, verapamil and Gap19,
were administered to the LVA mouse model; verapamil and Gap19
were used to regulate Cx43 expression in the border zone. The LVA
border zone in the verapamil group exhibited increased Cx43- and
Cx43-associated macrophage infiltration (Supplementary
Figure 5A). LYVEl+ macrophages and lymphatic capillaries
increased in the border zone following treatment with ADPN
+verapamil compared to treatment with ADPN alone; these levels
were restored using Gap19 (Supplementary Figures 5C, D).

According to a previous report, ADPN decreases Axin2
expression (20). To explore the effects of ADPN on Cx43 and
Cx43-associated macrophage infiltration, Axin2 KO mice were
used. The overexpression of Wnt canonical signaling rescued the
effects of Cx43 expression and Cx43-associated macrophage
infiltration (Supplementary Figure 5B). LYVEl+ macrophages
and lymphatic capillaries were also rescued in the border zone of
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Axin2 KO mice (Supplementary Figures 5E, F). Co-staining of ZO-
1 and Cx43 was higher in the ADPN-treated LVA group than in the
non-treated LVA group (Supplementary Figure 5G).

Taken together, these results indicate that ADPN expression
levels differed after coronary occlusion, leading to a significant
difference in the number of lymphangiogenesis and infiltrated
LYVE1+ macrophages, inducing different statuses of the border
zone and different mouse models, such as MI and LVA
(Supplementary Figure 5H).

3.4 Adipocyte-derived ADPN promotes
macrophage M2a polarization and
decreases inflammatory cytokine secretion
via the ADPN/AdipoR2/HMGB1 axis

Single-cell sequencing revealed that ADPN was mainly secreted
by adipocytes, and the two receptors were expressed in almost all
cardiac cells (Figure 3A). Therefore, cell-cell crosstalk may occur
after MI. To explore the effects of ADPN on macrophages, ADPN
expression was knocked down in adipocytes, and RAW264.7
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macrophages were cultured with siNC or siADPN adipocyte-
conditioned medium (Figure 3B). The siNC adipocyte-conditioned
medium promoted macrophage M2 polarization based on
polarization-related mRNAs and CD206 and Edu staining via flow
cytometry. This effect was decreased by treatment with siADPN
adipocyte-conditioned medium (Figures 3C, D). HMGB1 expression
increased while p-p65 expression decreased in normoxic and hypoxic
macrophages treated with ADPN (Figure 3E).

Based on previous reports, endogenous HMGB1 mediates
ferroptosis and autophagy (21). HMGBI1 was found to be
knocked down in hypoxic macrophages (Supplementary
Figure 6A). ROS levels in the hypoxic HMGB1 knockdown
macrophage group were markedly higher than those in the
hypoxic and normal oxygen macrophage groups (Supplementary
Figure 6B). Autophagy was increased using the MDC method.
Furthermore, LC3B/A expression increased in the hypoxia
macrophage group compared to that in the normal oxygen
macrophage group. This change was rescued in the hypoxia
HMGBI1 knockdown macrophage group (Supplementary
Figures 6C, D). The expression of the ferroptosis marker, GPX4,
increased in the hypoxia HMGBI knockdown macrophage group
(Supplementary Figure 6D). Macrophage HMGB1 knockdown
decreased IL-1 and TNF-q, and increased IL-6, Argl, IL-10, and
Mrcl expression under the hypoxia condition, indicating
macrophage M2a polarization (Supplementary Figure 6E).

To determine the effects of adipocyte-derived ADPN on HMGB1
and HMGBI1-mediated pathways in macrophages, HMGBI
knockdown or control macrophages were treated with ADPN.
HMGBI1 knockdown rescued the effects of ADPN on HMGBI-
mediated p65 and decreased autophagy (Figure 3F). After treatment
with CM and the AdipoR2 receptor antibody, HMGBI1 expression
decreased and p65 expression increased, suggesting that the ADPN/
AdipoR2/HMGB1/p65 axis regulates immune responses in
macrophages (Figure 3G). The effects of ADPN and HMGBI1 on
macrophage mitochondria were also investigated. Based on the results,
ADPN decreased megamitochondria engulfing lysosome and
promoted migrasome formation in hypoxic macrophages. The
phenotypes were also rescued by HMGB1 knockdown in
macrophages (Figures 3H, I). siNC adipocyte-conditioned medium
impeded IL6, HMGBI, and C1qTNF9 secretion from macrophages,
whereas the effect was reversed by treatment with siADPN adipocyte-
conditioned medium (Figure 3J).

The effects of the ADPN/HMGBI axis on macrophages and MI
progression were validated in vivo using an MI mouse model.
Compared to the heart sections in the MI group, the fibrotic area
decreased after treatment with ADPN; this phenotype was rescued
by macrophage depletion (liposome group) or HMGBI knockdown
in macrophages (Figure 4A). The same trend was observed for the
other effects of ADPN. Treatment with ADPN promoted
lymphangiogenesis and increased the number of ki67+ cTNT+
cardiomyocytes after MI. However, these phenotypes were
rescued by macrophage depletion or HMGB1 knockdown
(Figures 4B, C). ADPN was found to promote M2a polarization.
After macrophage HMGB1 knockdown, M2a polarization
transformed into M2b polarization on days 3 and 7 post-
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infarction (Figure 4D). Treatment with ADPN also decreased
LDH and CKMB expression on days 3 and 7 after surgery. These
phenotypes were rescued by macrophage depletion or HMGBI
knockdown in macrophages (Figure 4E).

Taken together, these results highlight the effects of the ADPN/
HMGBI axis on the regulation of macrophage polarization and
cardiac injury in cardiac stress and MI mouse models.

3.5 IL6 and HMGB1 promotes ADPN
expression in adipocytes via STAT3 and the
co-transcription factor, YAP

We investigated the transcriptional regulation of ADPN in
adipocytes. IL6 promoted STAT3 expression in adipocytes, and
IL6+HMGBI promoted a higher expression of STAT3 and YAP in
adipocytes (Figure 5A). Immunofluorescent staining with STAT3
and nuclear plasma separation experiments revealed that STAT3
translocation to the nucleus increased in hypoxic adipocytes pre-
treated with IL6 and markedly increased in adipocytes pre-treated
with IL6+HMGBI (Figures 5B, C). ADPN expression was elevated
in hypoxic adipocytes pre-treated with IL6 and markedly increased
in adipocytes pre-treated with IL6+HMGBI. Lipid deposition was
found to decrease in the IL6 and IL6+HMGBI1 hypoxic adipocyte
groups (Figures 5D, E). ChIP analysis and luciferase reporter gene
experiments revealed that STAT3 promoted ADPN transcription
by binding to the ADPN promoter (Figures 5F-H).

To validate the effects of the IL6/STAT3/ADPN axis on MI
progression and LVA formation, adipocytes overexpressing STAT3,
siSTAT3 adipocytes (as a negative control), and AAV-HMGBI
were administered to the MI and LVA mouse models. Supplying
adipocytes overexpressing STAT3 decreased collagen disposition,
increased lymphangiogenesis, and impaired myocardial injury
(LDH and CKMB ELISA results, and immunofluorescent images
with Ki67 and cTNT). However, these effects were rescued after
HMGBI1 knockdown in macrophages (Figure 6). Supplying
adipocytes overexpressing STAT3 to the LVA mouse model
increased the related wall thickness and decreased LDH and
CKMB at 7 days after the operation (Supplementary Figure 7).
Overall, adipocyte-derived STAT3 impedes MI and LVA
progression via HMGBI1 in macrophages.

3.6 Targeting MertK improves heart
functions after Ml

Due to the aging-related reduction in MertK expression and
macrophage phagocytosis, we constructed and used LNP-MertK to
increase macrophage MertK expression and phagocytosis.
Thereafter, we determined whether LNP-MertK can exhibit a
synergistic effect with ADPN on MI progression. First, we
analyzed the homing of senescent macrophages to the bone
marrow. The homing of senescent macrophages was found to
increase in aged mice. These macrophages may decrease the
immune response, promote cardiac adverse remodeling, and
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FIGURE 3

Adipocyte-derived ADPN promoted macrophage M2a polarization and decreased inflammatory cytokine secretion via the ADPN/AdipoR2/HMGBL axis.
(A) Single-cell sequencing analysis demonstrated that ADPN was mainly expressed in adipocytes in the subepicardial layer while the two ADPN receptors
were expressed in almost cells in heart. (B) The ADPN knockdown efficiency in adipocytes using gPCR and WB analysis. (C) The polarization-related
mMRNA levels in hypoxic macrophages were measured using gPCR analysis when treated with the conditional medium of ADPN knockdown or control
adipocytes. CM, conditional medium. (D) Flow cytometry of CD206 and Edu staining to determine the M2 polarization in hypoxic macrophage when
treated with the conditional medium of ADPN knockdown or control adipocytes. (E) WB analysis demonstrated HMGB1 and inflammatory response in
normoxic and hypoxic macrophages when treated with ADPN or control. (F) After HMGB1 knockdown, ADPN effects on inflammatory response and
autophagy were rescued in hypoxic macrophages. (G) WB analysis showed that HMGB1 and inflammatory response in hypoxic macrophages when
treated with the conditional medium of adipocytes and binding with macrophage AdipoR1, AdipoR2, avb3, and avb5 using the antibodies. (H) HMGB1
knockdown or control RAW264.7 macrophages were exposed to hypoxia with ADPN treatment, then were fixed by high-pressure freezing and analyzed
by TEM. Mitochondria—lysosome contacts (contacting) and megamitochondria engulfing lysosome (engulfing) were shown in different groups. L,
lysosome, or lysosome-related organelle; M, mitochondrion. (1) The unfit materials ejection from macrophages using TEM. Arrow, migrasomes. Scale
bar, 500 nm. (J) The IL6, HMGBL1, and C1qTNF9 expressions secreted by hypoxic macrophages when treated with the conditional medium of ADPN
knockdown or control adipocytes. ADPNi, ADPN knockdown in adipocytes. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

induce LVA formation (Supplementary Figure 8A).
Echocardiography revealed that LVEF and LVFS in the LNP-
MertK group were higher than those in the MI and LNP groups
(Supplementary Figure 9A). Masson’s trichrome staining also

Frontiers in Immunology

revealed a smaller infarcted area and more surviving
cardiomyocytes in the LNP-MertK group (Supplementary
Figure 9B). Transwell analysis revealed that the phagocytosis of
LNP-MertK-treated macrophages was increased and rescued by
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ADPN impeded MI progression via macrophage HMGBL. (A) The fibrosis representative images (A1) and quantitative analysis (A2) of heart sections
using Masson's staining in SHAM, MI, MI+ADPN, MI+ADPN+liposomes administration and MI+ADPN+ HMGB1 knockdown in macrophages groups
AAV-shHMGB1 was utilized to knock down HMGBL in macrophages. (B) The immunofluorescent images with LYVE1 (B1) and quantitative analysis
(B2) in different groups. (C) The immunofluorescent images with Ki67 and cTNT in different groups. cTNT, injured cardiomyocyte marker. (D) Flow
cytometry of CD206 and CD86 staining to determine the M2a and M2b polarization in hypoxic macrophage in an Ml mouse model when treated
with ADPN or ADPN+AAV-shHMGBL. (E) The border zone CKMB expression (up) and LDH expression (down) at 3 days and 7 days after operation in
different groups using ELISA. Liposomes, MI+ADPN+clodronate liposomes administration group; HMGB1, MI+ADPN+HMGB1 knockdown in
macrophages. Scale bar, 500 um. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

nystatin. Macrophage phagocytosis decreased to zero upon
treatment with nystatin (Supplementary Figure 9C). Based on
flow cytometry, LNP-MertK promoted macrophage phagocytosis
in the more myocardial adverse mitochondria (Supplementary
Figure 9D). LNP-MertK also promoted M1 polarization at day 3
and M2 polarization at day 7 after operation (Supplementary
Figures 8E, 7B). ADPN enhanced the effects of LNP-MertK on
M2 polarization at day 7 after the operation (Supplementary
Figure 8B). Both LNP-MertK and LNP decreased CKMB and
LDH expression; however, LNP-MertK expression decreased
further after MI (Supplementary Figure 9F). LNP-MertK and
ADPN increased the abundance of the LYVEl+ MertK+
macrophages compared with LNP-MertK alone (Supplementary
Figure 9G). LNP-MertK also increased VEGF-C expression on days
3 and 7 after MI (Supplementary Figure 9H). Overall, targeting
MertK increased macrophage phagocytosis and M2 polarization,
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and impeded macrophage senescence, thereby improving heart
function after ML

3.7 IL6/ADPN/HMGBL1 axis contributes to
the diagnosis and prognosis of aging
patients with CABG

To validate the effects of IL6, HMGB1, and ADPN in humans,
human subepicardial and blood samples were collected based on the
inclusion and exclusion criteria. Patients with obesity and CAD can
be divided into two groups based on the lipid deposition of sub-
epicardial adipocytes analyzed by oil O staining. Lipid deposition was
negatively correlated with ADPN immunofluorescence staining in
sub-epicardial adipocytes (Figures 7A, B). The high mRNA and
protein levels of ADPN were confirmed using qPCR and ELISA
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IL6 and HMGB1 promoted ADPN expression in adipocytes via STAT3 and co-transcriptional factor YAP. (A) STAT3, YAP, and ADPN expressions were
determined in normoxic and hypoxic adipocytes pre-treated with control, IL6, HMGBL, or both. (B) Immunofluorescent staining was used to show
STAT3 distribution in hypoxic adipocytes pre-treated with control, IL6, HMGBL, or both. Scale bar, 100 um. (C) Nuclear plasma separation experiment
demonstrated STAT3 distribution in hypoxic adipocytes pre-treated with control, IL6, HMGBL, or both. (D) Immunofluorescent staining with ADPN in
hypoxic adipocytes pre-treated with control, IL6, HMGBL, or both. Scale bar, 100 um. (E) Oil O staining was used in hypoxic adipocytes pre-treated with
control, IL6, HMGBL, or both. Scale bar, 500 um. (F) ChIP analysis demonstrated that STAT3 promoted ADPN transcription. NSC74859 was used in
adipocytes to inhibit STAT3 expression, which was as a negative control. (G) The motif of STAT3 and ADPN promoter. (H) Luciferase reporter gene
experiment was used to validate whether STAT3 promoted ADPN transcription. *p < 0.05; ***p < 0.001; ns, not significant.

(Figures 7C, D). However, the levels of secreted IL6 and HMGB1
were found to be downregulated using ELISA (Figures 7E, F).

The expression levels of IL6, HMGBI1, and ADPN in human
blood samples were determined using ELISA. The baseline
characteristics of young, middle-aged, and aged patients with
CABG are shown in Supplementary Table 5. Systolic pressure,
albumin, and ADPN were positively correlated with aging in
patients with CABG, while IL6 and HMGBI1 were negatively
correlated with aging (Supplementary Table 5). According to
univariate and multivariate logistic analyses, TG, albumin, and
ADPN/(IL6*HMGBI1) are independent factors in young, middle,
and aging patients with CABG, highlighting the clinical value of the
IL6/ADPN/HMGBI axis in aging patients with CABG (Figures 7G,
H; Supplementary Table 6).

Overall, the IL6/ADPN/HMGBI1 axis was found to be
differentially expressed in human subepicardial tissue and blood
samples. Moreover, the independent factors for aging patients with
CABG led to MI progression, LVA formation, and heterogeneity
among patients with CAD (Figure 8).
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4 Discussion

LVA is a severe complication of MI. The clinical manifestations
of ventricular remodeling include LV expansion and a reduction in
cardiac systolic and diastolic functions (22). In this study, we
constructed an LVA mouse model to determine the mechanism
of LVA formation and the differences in the border zone between
LVA and MI hearts. RNA sequencing and further experiments
revealed that the hub gene, ADPN, was involved in the crosstalk
between adipocytes and macrophages after MI, LVA, and cardiac
stress in a mouse model. Thus, ADPN could be a potential target to
block LVA formation and MI progression, especially in patients
with CAD and obesity or type 2 diabetes.

Cardiac remodeling after MI relies on a balance between debris
removal and scar formation (23), and hemodynamic homeostasis
during LVA formation. In this study, the stretch force near the
plication site increased, inducing the angle of the border zone at 4
weeks after the operation, which may be due to unstable
hemodynamic homeostasis, including turbulent flow in the left
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heart sections in MI, MI+STAT3 overexpressed adipocytes, MI+STAT3 knockdown adipocytes, and MI+STAT3 overexpressed adipocytes+HMGB1
knockdown macrophage groups. AAV-shHMGB1 was utilized to knock down HMGBL1 in macrophages. (B) The fibrosis representative images (B1) and
quantitative analysis (B2) of heart sections using Masson'’s staining in MI, MI+STAT3 overexpressed adipocytes, MI+STAT3 knockdown adipocytes,
and MI+STAT3 overexpressed adipocytes+HMGB1 knockdown macrophage groups. (C) The immunofluorescent images with LYVEL (C1) and
quantitative analysis (C2) in MI, MI+STAT3 overexpressed adipocytes, MI+ADPN treatment, and MI+STAT3 overexpressed adipocytes+HMGB1
knockdown macrophage groups. MI+ADPN treatment as the positive control. (D) The immunofluorescent images with Ki67 and cTNT in MI, Ml
+STAT3 overexpressed adipocytes, MI+ADPN treatment, and MI+STAT3 overexpressed adipocytes+HMGB1 knockdown macrophage groups. Ml
+ADPN treatment as the positive control. cTNT, injured cardiomyocyte marker. (E) The border zone CKMB expression (up) and LDH expression
(down) at 7 days after operation in different groups using ELISA. HMGB1, MI+STAT3 overexpressed adipocytes+HMGB1 knockdown macrophage

group. Scale bar, 500 um. **p < 0.01; ***p < 0.001; ns, not significant

ventricle. The instable hemodynamic homeostasis led to the related
poor stress resistance in the border zone and LVA formation, which
was consistent with the results of Jackson et al. (24) and Ratcliffe
et al. (25). These investigators found that the stretch force toward
the border zone contributed to its extension, called the “diluted”
border zone.

The “diluted” border zone was correlated with LVA formation
due to the imbalance between border zone stress and left ventricular
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hemodynamic instability. Cytokine levels were determined to
analyze the immunoregulatory mechanism in LVA formation.
LVA was suggested to induce more remarkable inflammatory
reactions than MI. After RNA sequencing and validation, ADPN
was associated with border zone thickness and LVA formation.
ADPN impeded cardiac edema and promoted cardiac
lymphangiogenesis post-infarction. Trauma induced myocardial
ischemia/reperfusion injury by increasing apoptosis, enlarging
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FIGURE 7

IL6/ADPN/HMGBI1 axis contributed to the diagnosis and prognosis of CABG patients. (A) Oil O staining demonstrated the lipid deposition of sub-
epicardial adipocytes in patients with overweight and obesity. Scale bar, 500 pm. (B) Immunofluorescent staining with ADPN in sub-epicardial
adipocytes in patients with overweight and obesity. Scale bar, 500 pm. (C) The ADPN mRNA level was measured using gPCR in sub-epicardial
adipocytes in patients with overweight and obesity. (D—F) ADPN (D), IL6 (E), and HMGBL (F) expressions of human sub-epicardial samples in patients
with overweight and obesity were determined using ELISA. (G, H) Univariate (G) and multivariate logistic regression analysis (H) of young, middle,
and aged CABG patients. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant

infarct size, and decreasing cardiac function. Plasma adiponectin
concentrations decreased after traumatic injury. Both etanercept
and exogenous adiponectin supplementation (3 days post-trauma
or 10 min before reperfusion) markedly inhibited oxidative/
nitrative stress and ischemia/reperfusion injury in WT mice,
whereas adiponectin supplementation substantially attenuated
post-traumatic ischemia/reperfusion injury in adiponectin-
knockout mice (26). As ADPN has the same domain as TNFa,
TNF-o antagonism was found to ameliorate myocardial ischemia-
reperfusion injury in mice by upregulating adiponectin (27). The
cardioprotective effects of TNF-a neutralization are partially due to
the upregulation of ADPN based on a comparison of ADPN
knockout mice with WT mice (26, 27).

The resolution of cardiac edema is bimodal, with peaks
appearing within 3 h and day 7 after MI (28). Therefore, LVA
was induced in adult male mice according to previous protocols,
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with slight modifications. In this study, the heart in the LVA group
was ligated at the LAD and the same level as the heart in the MI
group; however, the suture was snipped on day 5 after the
operation. At day 5 post-infarction, cardiac edema and
inflammation increased. After snipping of the suture, left
ventricular hemodynamic instability and the stress of the border
zone increased; thus, left ventricular paradoxical movement
appeared and LVA formation occurred.

The left ventricle in the LVA group was characterized by
systolic dyskinesia and paradoxical bulging, whereas that in the
MI group was only characterized by systolic dyskinesia. In this
study, ADPN expression levels differed after coronary occlusion,
leading to a significant difference in the lymphangiogenesis number
and infiltration of LY VE1+ macrophages, thereby inducing different
mouse models, such as MI and LVA. Mice administered ADPN had
more cardiac lymphatic growth in the border zone than age-
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Mechanism diagram of the IL6/ADPN/HMGBLI axis on crosstalk between adipocytes and macrophages after MI. ADPN regulated HMGB1 expression
and HMGB1-mediated inflammatory response and autophagy in macrophages via AdipoR2/c-Jun. Moreover, ADPN impeded HMGBland IL6
secretion in hypoxic macrophages, especially in aged hypoxic macrophages. IL6 triggered STAT3 and HMGB1 promoted YAP translocate to nuclear,
which raised ADPN expression through binding to ADPN promoter. Therefore, the IL6/ADPN/HMGBI axis contributed to macrophage phagocytosis,
senescence, inflammatory response, and autophagy, which led to Ml progression, LVA formation, and CAD patients’ heterogeneity.

matched PBS-administered mice on day 28 after the operation, with
improved heart function dependent on the administration time,
which may be partly due to the expression or localization of Cx43
and macrophage status and abundance. The relationship between
Cx43 and cardiac lymphatic growth is consistent with that reported
in a previous study (29). Previous studies revealed that Cx37, Cx47,
and Cx43 are the main connexin proteins that affect the developing
lymphatic tissue (30). Mutations in these genes can lead to
lymphatic disorders in mice and humans (31-33). In this study,
Cx43 was expressed in the cardiac lymphatic vasculature during
LVA formation following treatment with ADPN. Mouse models
revealed that Cx43 expression affects not only lymphangiogenesis
but also the maintenance of lymphatic function via LYVEI+
macrophages, which further strengthens our findings that ADPN
affects Cx43+ LYVE1+ macrophages. Further studies are needed to
fully elucidate how ADPN and connexins regulate these vessels,
which may provide a therapeutic avenue to impede MI progression
and LVA formation.

Cx43 dephosphorylation results in arrhythmia and
cardiomyocyte apoptosis after cardiac ischemia/reperfusion (34).
Macrophages facilitate electrical conduction in the heart via Cx43
expression (35). The decrease in oxygen in the cell lowers the pH
and induces Cx43 degradation, resulting in MI-related
complications, including arrhythmia (34, 36). To determine the
effects of Cx43 on the injured myocardium following treatment with
ADPN, verapamil and Gapl9 were used. Verapamil was first used
to treat hypertension and arrhythmias via the L-type calcium
channels (37). However, verapamil indirectly affected Cx43
localization and stabilization (29, 38). During LVA formation,
ADPN and verapamil synergistically enhanced LYVEIL+
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macrophages and lymphatic capillaries in the border zone (almost
in the epicardial layer) via Cx43. Axin2 KO mice were used.
Consistent activation of the Wnt/B-catenin signaling pathway was
observed in adult mice (39), which also demonstrated the effects of
Cx43 on LYVEI+ macrophages and lymphatic capillaries.

In this study, adipocyte-derived ADPN promoted macrophage
M2a polarization and decreased inflammatory cytokine secretion via
the ADPN/AdipoR2/HMGBI1 axis; MMP and autophagy were lower
in hypoxic HMGB1 knockdown macrophages than in non-
knockdown macrophages, suggesting that HMGBI is a key target of
mitochondrial, autophagy, and inflammatory regulation. Hypoxia-
reprogramed megamitochondrion contacted and engulfed lysosome
to mediate mitochondrial self-digestion (40), which was consistent
with the TEM results of the ADPN and ADPN+HMGBI1 knockdown
groups. According to Bushra et al., ADPN suppressed ROS production
and apoptosis, and improved migration and barrier functions in
hyperglycemic cells under 30 mM glucose conditions. Bioinformatics
analysis revealed that the signaling pathways of integrin, HMGBI,
STATS3, NFkB, and p38-AMPK were mainly involved in the actions of
ADPN (41), which were consistent with our findings. ADPN promotes
VEGF-C-dependent lymphangiogenesis through the AMPK/p38
signaling pathway (42, 43), which is consistent with the effects of
ADPN on hypoxic macrophages.

ADPN decreased IL6, HMGBI, and C1qTNF9 secretion from
macrophages, which may also be a senescence-associated secretory
phenotype (SASP) (44). Macrophage senescence can partly explain
the differences in immune responses after MI and the heterogeneity
in the prognosis of patients with CAD. C1qTNF9 also regulates the
fate of implanted mesenchymal stem cells to protect against MI
injury (45, 46).
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Macrophages are involved in all CAD stages. CD169+
macrophage or its “eat me” receptor Mertk deficiency impaired
myocardial mitochondria elimination and cardiomyocyte-related
hypoxic senescence in the early infarction period; therefore,
ventricular functions decreased, and metabolic alterations
appeared (47). MertK+ TREM2"#" and MertK+ LYVEI+
macrophages negatively regulate inflammation and resolve lipid
mediators related to the M2c anti-inflammatory effects (48). In
addition, loss of CCR2™ macrophages led to the accumulation of the
extracellular matrix component, hyaluronic acid (HA), which was
needed to be cleared; this process required sensing by the HA
receptor, LYVE-1 (49).

MI- or I/R-induced myocardial injury generates stress-induced
senescent cells (SISCs), which play a critical role in the
pathophysiology of adverse cardiac remodeling and heart failure by
secreting proinflammatory molecules and matrix-degrading
proteases (50). The removal of SISCs decreased inflammatory
cytokines and normal cell death via macrophage efferocytosis.
Abundant high-molecular-mass hyaluronic acid (HMM-HA)
contributes to the longevity of the longest-lived rodents. HMM-HA
also reduces inflammation during aging through several pathways,
including a direct immunoregulatory effect on immune cells and
protection from oxidative stress. LYVEL on the cell membrane
responds to HMM-HA in the matrix, alleviates senescence, and
increases macrophage efferocytosis under stress (51). Therefore,
LYVEl may be a therapeutic target for the treatment of
macrophage and cardiomyocyte senescence, and may improve the
prognosis of patients with CAD. In our previous study, a CCR2
inhibitor was found to increase the ratio of CCR2™ macrophages,
thereby strengthening the effects of adiponectin against myocardial
injury after infarction (12). In this study, LNP-MertK was used to
improve macrophage phagocytosis and heart function after MI by
decreasing senescence. In vivo, transiently engineered CAR T-cell
therapy delivered mRNA through LNP injection to reprogram T cells
to recognize cardiac fibroblasts, thereby restoring heart function (52).
We investigated whether this method could be used to treat
macrophages after MI. Treatment with LNP-MertK increased
the efficiency of endocytosis of the mitochondria and
other unfit materials. Thus, LNP-MertK can be used to treat
myocardial ischemia and/or reperfusion injury and increase the
survival of cardiomyocytes to help outlive the early infarction
period and decrease patient recurrent events. The effects of
macrophage phagocytosis and senescence alleviation after LNP-
MertK mRNA vaccine-like administration may be determined by
evaluating migrasomes from macrophages (53, 54). Patients
undergoing acute MI would survive longer if such treatment could
be used in the early infarction period, which should be
further investigated.

The crosstalk between adipocytes and macrophages is critical for
disease progression. Adipocyte-derived lactate is a signaling
metabolite that potentiates adipose macrophage inflammation by
targeting PHD2 (55). Of note, intercellular mitochondrial transfer
between adipocytes and macrophages is impaired in obesity (56).
Macrophages limit the release of adipocyte mitochondria into the
blood and cardiomyocytes; these effects are rescued during aging (57).
In this study, IL6 and HMGBI promoted ADPN expression in
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adipocytes via STAT3 and the co-transcription factor, YAP. The
YAP/TEADI complex is a default repressor of the cardiac HMGB1/
Toll-Like Receptor (TLR) axis (58) and may be a potential target for
regulating the crosstalk between adipocytes and macrophages after
MLI. In this study, patients with CAD and obesity were divided into
two groups based on lipid deposition and ADPN expression in the
sub-epicardial adipocytes. The IL6/ADPN/HMGBI1 axis was
differentially expressed in human subepicardial tissue and blood
samples, and was an independent factor in patients with CAD,
which may partly explain the obesity paradox in patients that are
overweight or obese, particularly among those who develop
symptomatic CAD. However, BMI and other parameters of body
composition are not consistent with the CAD risk factors for adverse
short-term outcomes (59, 60). After treatment with high-
thermogenic beige adipocytes (HBACs)-condition medium, the
expression levels of antioxidant and anti-apoptotic genes were
upregulated in H9c2 cardiomyocytes via NRF2 activation.
Furthermore, HBAC-conditioned medium significantly attenuated
ischemic rat heart tissue injury via NRF2 activation (61). Therefore,
highly thermogenic beige adipocytes exert beneficial effects on cardiac
injury by modulating NRF2 and are promising therapeutic agents for
MI. The various modes of fat grafts after transplantation highlight the
importance of macrophage-mediated ECM remodeling in graft
preservation after fat grafting (62). This study may help preserve
the retention rate of fat grafts.

This study had some limitations. First, more evidence and
clearer explanations, especially regarding hemodynamic instability
and border-zone stress, are needed for LVA formation. Second,
intercellular mitochondrial transfer between adipocytes and
macrophages, and mitochondrial and lipid droplet interactions,
still need to be clearly elucidated in epicardial adipocyte ADPN-
conditional knockout mice. Third, other leukocyte populations
were not included. The effects of other target genes in RNA-seq
analysis on Tregs or other leukocyte populations must be
investigated using adipocyte-conditioned medium and conditional
knockout mice. Finally, large sample sizes were not employed, and
follow-up of the cohort was not conducted. The effects of the IL6/
ADPN/HMGBI axis must be examined in a large double-blind
follow-up multicenter cohort.

5 Conclusion

Overall, ADPN impedes cardiac edema and promotes cardiac
lymphangiogenesis by regulating Cx43. The IL6/STAT3/ADPN/
HMGBI axis contributes to the regulation of macrophage M2a
polarization and sustained mitochondrial quality via crosstalk
between adipocytes and macrophages in a mouse model. These
findings were validated using human samples.
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SUPPLEMENTARY FIGURE 1

A simple, consistent, and low-cost LVA mice model construction. (A) Ligation
site of heart organ in left coronary artery descending branch. (B) Intra-
chamber cast and optical image of LVA (left) and MI (right), illustrating an
outward bulge in the free wall of the left ventricle. (C) Optical LVA formation
of mice heart: end-diastole (left) and end-systole (right) ligated at 4-4.5mm
from its coronary origin. (D) Pattern picture of heart movement in LVA
formation. (E, F) Coronal (E) and sagittal (F) position of computed
tomography of LVA formation. SHAM and M| were 7d capture after model
construction (n=6 per group). LVA formation was labeled with rectangle.

SUPPLEMENTARY FIGURE 2

LVA formation process. (A) Masson’s staining of representative images
showed the LVA forming process in the total scenery (up, 25x) and the
border regions (down, 100x) at 1d, 3d, 7d and 28d after operation. The
SHAM and MI images at 7d after operation were as negative and positive
control, respectively. Scale bar, 500um and 100um. (B) HE staining at border
zone of representative images at the same d. Scale bar, 100um. (C)
Representative images of heart sections at border zone stained for cTNT
(red) at the same day. Scale bar, 25um. (D—F) Comparison of infarction area
(D) and infarction size (E) in border zone compared to SHAM group. **
P<0.01, *** P<0.001, **** P<0.0001.

SUPPLEMENTARY FIGURE 3

Activation of pro-inflammatory and anti-inflammatory during LVA formation
and progression. (A) The standard curve of the cytokine and chemokine
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measurements: IFN-ur GM-CSF, IL-1SF IL-6, IL-10, IL-22 and TNF22 (B) The
concentrations of the cytokine and chemokine measurements: GM-CSF,
IFNCS IL-1SF IL-6, IL-10, IL-22 and TNF2 among the three groups at 1d, 3d,
5d, 7d and 28d after operation (n=5 per group). LVA vs. MIl: * P<0.05; **
P<0.01; *** P<0.001; **** P<0.0001.

SUPPLEMENTARY FIGURE 4

The survival rate among 3 groups. (A) The survival rate of LVA, Ml and SHAM
(n=25, 25 and 20, respectively). (B) Operation time of LVA, Ml and SHAM (n=12
per group).

SUPPLEMENTARY FIGURE 5

ADPN regulated LYVE1+ macrophages and lymph-angiogenesis via Cx43 and
Wnt canonical signaling. (A) The representative immunofluorescence images
of Cx43 expression and Cx43 associated macrophages in the LVA mice
treated with ADPN, verapamil and/or Gapl9 from day 1 to 7. (B) The
representative immunofluorescence images of Cx43 expression and Cx43
associated macrophages in WT or Axin2 KO LVA mice treated with ADPN and
Gapl9 from day 1 to 7, demonstrating that consistent activation of Wnt
canonical signaling rescued the effects of downregulated Cx43 expression on
Cx43 associated macrophages infiltration. (C, D) The representative
immunofluorescence images (C) and quantity analysis (D) of LYVEl+
macrophages and lymph-angiogenesis in the LVA mice treated with ADPN,
verapamil and/or Gapl9 from day 1 to 7. (E, F) The representative
immunofluorescence images (E) and quantity analysis (F) of LYVEl+
macrophages and lymph-angiogenesis in WT or Axin2 KO LVA mice treated
with ADPN and Gapl9 from day 1 to 7, demonstrating that consistent
activation of Wnt canonical signaling rescued the effects of downregulated
Cx43 expression. (G) The representative immunofluorescence images of
Cx43 and ZO-1 expression and localization in the LVA mice treated with
ADPN or control from day 1 to 7. (H) The mechanism diagram of Ml and LVA
formation. The ADPN expression level differed after coronary occlusion,
leading to the significant difference of lymph-angiogenesis number and
infiltrated LYVE1+ macrophages, thus inducing different mice model, such
as Ml and LVA formation. Scale bar, 500um. * P<0.05; ** P<0.01; *** P<0.001;
ns, not significant. Arrow, LYVE1+ macrophages. Scale bar, 500um.

SUPPLEMENTARY FIGURE 6

HMGB1 knockdown led to mitochondrial quality control, autophagy
reduction and M2b polarization in hypoxic macrophages. (A) gPCR and WB
analysis demonstrated the HMGB1 knockdown efficiency in hypoxic
macrophages. (B) ROS measurement in normal oxygen, hypoxia and
HMGB1 knockdown Raw264.7. (C) Autophagy measurement in normal
oxygen, hypoxia and HMGB1 knockdown Raw264.7 using MDC method. (D)
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The represented WB images of GPX4 and LC3 protein expression in normal
oxygen, hypoxia and HMGB1 knockdown Raw264.7. (E) The related mRNA
levels of IL1b, TNFa, IL6, Argl, IL10 and Mrclin N, Hand HMGB1 KD group. KD,
knockdown; N, normal oxygen Raw264.7; H, hypoxia Raw264.7; HMGB1 KD,
hypoxia HMGB1 knockdown Raw264.7. Scale bar, 100um. *P<0.05;
**P<0.01; ***P<0.001.

SUPPLEMENTARY FIGURE 7

Supplying STAT3 overexpressed adipocytes decreased injury after LVA
formation. (A) The HE representative images of heart sections in LVA and
LVA+STAT3 overexpressed adipocytes groups. (B) The related wall thickness
of border zone in LVA and LVA+STAT3 overexpressed adipocytes groups. (C)
The border zone CKMB expression and LDH expression at 7d after operation
in LVA and LVA+STAT3 overexpressed adipocytes groups using ELISA. Scale
bar, 500um. ***P<0.001.

SUPPLEMENTARY FIGURE 8
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LNP-MertK or LNP-MertK+ADPN at 7d after operation.

SUPPLEMENTARY FIGURE 9

Targeting MertK improved the heart functions after Ml. (A) The representative
echocardiogram image and quantity analysis, including LVEF and LVFS, in the
SHAM, MI, MI+LNP and MI+LNP-MertK groups. (B) The representative images
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