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Abstract
Background Owing to its unique location and multifaceted metabolic functions, epicardial adipose tissue (EAT) is 
gradually emerging as a new metabolic target for coronary artery disease risk stratification. Microvascular obstruction 
(MVO) has been recognized as an independent risk factor for unfavorable prognosis in acute myocardial infarction 
patients. However, the concrete role of EAT in the pathogenesis of MVO formation in individuals with ST-segment 
elevation myocardial infarction (STEMI) remains unclear. The objective of the study is to evaluate the correlation 
between EAT accumulation and MVO formation measured by cardiac magnetic resonance (CMR) in STEMI patients 
and clarify the underlying mechanisms involved in this relationship.

Methods Firstly, we utilized CMR technique to explore the association of EAT distribution and quantity with MVO 
formation in patients with STEMI. Then we utilized a mouse model with EAT depletion to explore how EAT affected 
MVO formation under the circumstances of myocardial ischemia/reperfusion (I/R) injury. We further investigated the 
immunomodulatory effect of EAT on macrophages through co-culture experiments. Finally, we searched for new 
therapeutic strategies targeting EAT to prevent MVO formation.

Results The increase of left atrioventricular EAT mass index was independently associated with MVO formation. 
We also found that increased circulating levels of DPP4 and high DPP4 activity seemed to be associated with EAT 
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Background
Epicardial adipose tissue (EAT), originating from the 
splanchnopleuric mesoderm, refers to a metabolically 
active fat depot lies between the myocardium and vis-
ceral pericardium [1]. Due to its distinctive distribution, 
paracrine effects and metabolic properties, EAT has 
gained extensive attention as a promising imaging bio-
marker of metabolic diseases and cardiovascular diseases 
[2]. High amount of EAT accumulation has been associ-
ated with the initiation and development of diabetes [3, 
4], atherosclerosis [5], coronary artery disease [6, 7] and 
atrial fibrillation [8]. Although a relation between EAT 
volume and the severity of acute myocardial infarction 
(AMI) has been reported recently, the exact role of EAT 
in the development of myocardial ischemia/reperfusion 
(I/R) is still controversial and the underlying mechanisms 
involved in this relationship have not been fully eluci-
dated [9–11].

Microvascular obstruction (MVO), occurs in about 
50% of ST-elevation myocardial infarction (STEMI) fol-
lowing reperfusion treatment, has been recognized as 
an independent risk factor for poor prognosis in AMI 
patients [12]. Numerous clinical trials have demonstrated 
that patients with the presence of MVO following pri-
mary percutaneous coronary intervention (pPCI) suffer 
from adverse left ventricular remodeling, poor cardiac 
function and high mortality rates [13–15]. There has 
been growing recognition that further insight into MVO 
formation post-reperfusion is critical for identifying the 
therapeutic targets to minimize the reperfusion injury 
[16]. Unfortunately, which kind of patients are suscep-
tible to MVO remains elusive. Growing evidence indi-
cated that microvascular dysfunction and inflammation 
over-activation were two major mechanisms of MVO 
formation [12, 17]. EAT embeds the coronary arteries 
and shares microcirculation with the underlying myo-
cardium. Considering its close proximity to the coronary 
arteries, it is possible that EAT exerts profound effect on 
myocardial microvascular function and thereby influ-
ences the progression of MVO formation. Additionally, 
as an active endocrine organ, EAT secretes numerous 

pro-inflammatory and anti-inflammatory adipocytokines 
[18–21], suggesting its potential role in cardiac inflam-
mation modulation. Thus, it is supposed that EAT might 
be involved in the process of MVO formation via both 
paracrine and vasocrine mechanisms.

Cardiac magnetic resonance (CMR) has been recog-
nized as the gold standard for the measurements of car-
diac function, infarct size and MVO [22]. CMR is also a 
valuable tool for identifying the distribution and volume 
of EAT with high sensitivity and specificity, which pro-
vides more accurate quantification of EAT than Com-
puted Tomography (CT) and echocardiography [23, 24]. 
Furthermore, CMR has the advantage that it allows for 
both measurements in a single examination. The aim of 
the study was to evaluate the predictive capacity of the 
distribution and amount of EAT for MVO formation as 
measured by CMR in individuals with STEMI follow-
ing pPCI and explored the underlying mechanisms in a 
mouse model. Our study unraveled the pro-inflammatory 
effect of EAT in MVO formation under myocardial I/R 
condition and provided novel therapeutic insight in EAT-
targeted therapeutic strategies to minimize I/R injury in 
the future.

Methods
Study population
STEMI patients who were admitted to Nanjing Drum 
Tower Hospital, Medical School of Nanjing Univer-
sity from July 2018 to September 2019 were included in 
this retrospective study. Based on the current European 
Guidelines, STEMI patients underwent pPCI success-
fully [25]. We excluded patients with any of the follow-
ing characteristics: older patients (> 85 years), A history 
of myocardial infarction (MI), renal failure with estimate 
glomerular filtration < 30  ml/min per 1.73 m2, cardiac 
shock, sustained ventricular tachycardia and ventricu-
lar fibrillation after STEMI, received GLP-1 agonists, 
GLP-2 agonists or DPP4 inhibitors treatment 6 months 
before or during hospitalization as well as contraindi-
cations to CMR. After exclusion, a total of 134 patients 
were enrolled. Finally, 129 STEMI patients were included 

increase. EAT accumulation acted as a pro-inflammatory mediator boosting the transition of macrophages towards 
inflammatory phenotype in myocardial I/R injury through secreting inflammatory EVs. Furthermore, our study 
declared the potential therapeutic effects of GLP-1 receptor agonist and GLP-1/GLP-2 receptor dual agonist for MVO 
prevention were at least partially ascribed to its impact on EAT modulation.

Conclusions Our work for the first time demonstrated that excessive accumulation of EAT promoted MVO formation 
by promoting the polarization state of cardiac macrophages towards an inflammatory phenotype. Furthermore, this 
study identified a very promising therapeutic strategy, GLP-1/GLP-2 receptor dual agonist, targeting EAT for MVO 
prevention following myocardial I/R injury.
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in the study after excluding 5 patients due to poor image 
quality of CMR (Fig. S1). The study was approved by the 
Institutional Ethics Committee of Nanjing Drum Tower 
Hospital (Approval No. 202153101) according to Helsinki 
declaration. Written informed consent was obtained 
from each patient upon enrollment.

Demographic information, medical history of tradi-
tional cardiovascular risk factors, vital parameters such 
as heart rate and blood pressure, Killip class and cur-
rent cardiovascular medications were collected. Physi-
cians performed the basic physical examinations for each 
patients. Body mass index (BMI) was calculated by divid-
ing weight (kg) by height (m2). Body surface area (BSA) 
was calculated using the DuBois and DuBois formula.

Blood sample measurement
Upon admission, biochemistry data such as Tropo-
nin T (TnT) and Brain natriuretic peptide (BNP) were 
assessed, with follow-up evaluations at 6  h post pPCI 
and daily until the patient’s discharge. Routine blood 
tests including fasting glucose, glycosylated hemoglobin, 
creatinine, lipid profiles, and C-reactive protein (CRP) 
were conducted at Nanjing Drum Tower Hospital’s cen-
tral laboratory following an overnight fast using standard 
laboratory methods at day 1 after pPCI. Blood samples 
for specialized tests were collected at a fasting state at 
day 1 after pPCI. Following centrifugation at 1200 g for 
15 min, plasma samples were collected and immediately 
stored at 80  °C until further analysis. Total Glucagon-
like peptide 1 (GLP-1), Glucagon-like peptide 2 (GLP-2) 
and Dipeptidyl peptidase-4 (DPP4) levels in plasma were 
determined by Total GLP-1 enzyme-linked immunosor-
bent assay (ELISA) Kit (Millipore Corporation, Billerica, 
MA), Total GLP-2 ELISA Kit (Merck S.p.A, Milan, Italy) 
and DPP4 ELISA Kit (Cusabio, Wuhan, China), respec-
tively. ELISA tests were conducted in accordance with 
the instructions provided by the manufacturers. As 
described previously, we measured the cleavage rate of 
7-amino-4-methylcoumarin (AMC) from the synthetic 
substrate H-glycyl-prolyl AMC (Sigma Aldrich, USA) to 
determine DPP4 activity [26, 27]. The fluorescence of the 
AMC (excitation/emission-380/460 nm) was measured 
on a plate reader (Tecan).

Coronary angiography analysis
All coronary angiograms were analyzed by two expe-
rienced interventional cardiologists who were blinded 
to the CMR information of the patients. The following 
parameters were collected: infarct-related artery, stent 
parameters, first medical contact (FMC) to wire-crossing 
time and Thrombolysis In Myocardial Infarction (TIMI) 
flow grade before and after pPCI. The complexity and 
severity of coronary atherosclerotic lesion were defined 
using the Syntax score, a lesion-based angiographic 

scoring system which was calculated using the Syntax 
score algorithm available at www.syntaxscore.com.

CMR imaging protocol
Each patient received the CMR imaging scan using 
a 3.0-T MRI system (Ingenia, Philips, Netherlands) 
approximately 4.9 ± 1.7 days after pPCI. All images were 
obtained during breath-holding at end expiration using 
vector cardiograph gating with the patients in supine 
position. The scan protocol was performed in accordance 
with the guidelines of the Society of Cardiovascular Mag-
netic Resonance [28]. Initially, the traditional multi-posi-
tion spin-echo (SE) sequence scan was performed. Then, 
the balanced turbo field echo (B-TFE) cine sequence was 
scanned for each patient, including two-chamber long-
axis views, three-chamber long-axis views, four-chamber 
long-axis views as well as continuous stacks of short-axis 
images covering the entire left ventricle [parameters: 
time of repetition (TR): 2.9 ms; time of echo (TE): 1.47 
ms; flip angle (FA): 45°; slice thickness: 8  mm]. For late 
gadolinium enhancement (LGE) imaging, an infusion 
of 0.3 mmol/kg gadodiamide contrast agent was given 
(GE Pharmacy, Shanghai, China; 0.3 mmol/kg; velocity: 
2.0  m/s). Ten minutes later, the long-axis (four-cham-
ber) and short-axis images of the whole left ventricle 
were acquired using an inversion recovery gradient echo 
sequence (parameters: flip angle 25°; TR/TE 6/3 m; TI 
260–350 ms; voxel 1.6 × 1.9 × 8 mm3; shot duration 100–
125 ms).

CMR analysis
The CMR images were interpreted independently by 2 
experienced radiologists blinded to the angiographic and 
clinical information of the patients using Q-MASS MR 
8.1 (Medis, Leiden, The Netherlands) [10]. Left ventricu-
lar end-systolic volume index (LVESVI), left ventricular 
end-diastolic volume index (LVEDVI) and left ventricu-
lar ejection fraction (LVEF%) were measured by outlin-
ing the left ventricular (LV) endocardial and epicardial 
borders on the short-axis images at end-diastole and end-
systole phases. The full-width at half-maximum method 
(FWHM) was applied to delineate the infarct core in 
LGE images. A hypoenhanced region within the hyper-
enhanced area in LGE images was defined as MVO [22]. 
The fat located between the outer margin of myocardium 
and the visceral pericardium was defined as EAT. As 
shown in Fig. 1, EAT thickness in the grooved segments 
was measured at three separate sites in the horizontal 
long-axis image (left atrioventricular groove, right atrio-
ventricular groove and anterior interventricular groove) 
and two sites in the basal short-axis image (inferior inter-
ventricular groove and superior interventricular groove 
and) (Fig. 1B). We measured the EAT thickness over right 
ventricular free wall at three equally spaced points in the 
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basal short-axis image along the right ventricular free 
wall and used the mean of the three measurements in 
the statistical analysis [29]. EAT representative cross-sec-
tional areas were measured on the standardized ventric-
ular short-axis planes at the basal, midcavity, and apical 
levels as well as the horizontal long-axis plane. Measure-
ments of EAT thickness and cross-sectional area were 
conducted at the endo-diastolic phase. For epicardial fat 
volume determination, EAT area was captured from con-
secutive short-axis images at end-diastole phase by man-
ual tracing and multiplied by the slice thickness to yield 
the fat volume. Partial volumes were obtained by multi-
plying the segmented cross-sectional areas by the section 
thickness. Total epicardial fat volume and total left atrio-
ventricular epicardial fat volume (LV EAT) were obtained 
after the summation of data of all partial volumes. To 
determine the mass of EAT, the volume was multiplied by 
0.9196 g/cm3, as described in a previous study [30]. For 
EAT mass index (g/m2) calculation, the EAT mass was 
divided by the BSA.

Animal experimental protocol
Upon approval by the Institutional Ethics Commit-
tee of Nanjing Drum Tower Hospital (Approval No. 
20,011,141), animal experiments were conducted in 
accordance with “Animal research: reporting of in vivo 
experiments” (ARRIVE) guidelines. 6 week old male 
C57BL/6J mice were purchased from Nanjing University 
Model Animal Research Center and housed in a temper-
ature (22 ± 1℃) and humidity (65–70%) controlled room 
with a 12  h light and dark cycle. Mice were fed a high-
fat diet (HFD, 60% fat, Research Diets, D12492) for 10 
weeks before myocardial I/R induction. To induce myo-
cardial I/R injury, anesthesia was achieved with 1.5 to 2% 
isoflurane and the mice were ventilated artificially with a 
rodent ventilator. Afterwards, thoracotomy was carried 
out and EAT was gently removal in mice randomized to 
I/R-EAT group, while preserved in I/R + EAT group. The 
left anterior descending coronary artery (LAD) was care-
fully exposed, ligated using a 7 − 0 silk suture and sub-
sequently released after 60  min as previously described 
[17]. Animals in sham group underwent similar pro-
cedures without LAD ligation. Mice received the high 
fat diet for the whole experiment’s duration until they 

Fig. 1 Representative images of cardiac magnetic resonance of STEMI patients. A Measurements of EAT thickness in the grooved segments at three dif-
ferent locations in the horizontal long-axis plane (left AV groove, right AV groove and anterior IV groove). B Measurements of EAT thickness in the grooved 
segments at three locations in the short-axis plane (superior IV groove, inferior IV groove and the right ventricular free wall. C Short axis LGE sequence 
performed at mid left ventricle level showing the presence of MVO
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were killed. For GLP-1 receptor agonist (liraglutide) and 
GLP-1/GLP-2 receptor dual agonist (dapiglutide) admin-
istration, mice were randomly assigned to one of four 
groups: sham, vehicle, liraglutide (MedChemexpress, 
300  µg/kg s.c.) or dapiglutide (MedChemexpress, 30 
nmol/kg s.c.). Treatment was administered daily 5 days 
before myocardial I/R induction and administered every 
two days following operation. The doses of liraglutide 
and dapiglutide were determined according to previously 
published studies [31–33]. As for –EAT + V, -EAT + L 
and –EAT + D group, EAT removal was performed before 
treating the mice with liraglutide or dapiglutide as the 
above experimental design.

Myocardial infarct size measurement
Myocardial infarction size (IS) was determined by Evans 
blue dye and 2,3,5-triphenyl-2  H-tetrazolium chloride 
(TTC) staining. In order to determine the non-perfused 
myocardium, 1% Evans Blue dye (Sigma Aldrich) was 
injected into the aorta after LAD re-ligation. Afterward, 
hearts were quickly frozen at − 80 °C and then sliced into 
1  mm thick slices. Slices were stained with 1.5% TTC 
(Sigma Aldrich) for 15  min in the dark and analyzed 
using Image J as previously reported [34]. The Evans blue 
unstained areas represented area at risk (AAR). The AAR 
but viable tissue was stained by TTC in red, while the 
infracted myocardium appeared paler. Percentage AAR 
was expressed as AAR area/total area of myocardium and 
the percentage of infarct was determined by infarct area/
AAR.

Preparation of conditioned media from EAT (EAT-CM)
EAT-CM was prepared from the EAT of mice in the 
I/R + EAT group according to previous study [35]. After 
washing with saline, the EAT was cut into small frag-
ments and cultured in DMEM-F12 medium with 10% 
FBS, 17 µmol/L D-pantothenate, 33 µmol/l biotin and 
1% Penicillin/Streptomycin at 37 °C. On the second day, 
the medium were replaced with serum-free culture sys-
tem as descried above. One day later, the EAT samples 
were removed and the EAT-CM was collected for subse-
quent experiments. In order to prepare the EVs-free AT 
conditional medium (CM), the collected culture medium 
was centrifuged at 110,000  g for 70  min for extracel-
lular vesicles elimination. The supernatants were then 
purified through 0.45 μm filters and collected for subse-
quent macrophage culture. Detailed descriptions of other 
methods are provided in Supplementary Material.

Statistical analysis
Continuous data were presented as mean ± standard 
deviation (SD) or as median and interquartile range in 
cases of abnormal distribution. Categorical data were 
shown as numbers (n) or percentages (%). Differences 

between the groups were tested using Student’s t-test for 
normally distributed variables or Mann–Whitney test for 
variables with skewed distributions. The multiple com-
parisons were performed using one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test. Two-way 
ANOVA followed by Bonferroni’s multiple comparisons 
test was used to determine differences between groups 
at multiple time points. Categorical variables were com-
pared using Chi-square tests or Fisher’s exact test as 
appropriate. Linear regression analysis was performed 
to identify correlations between the EAT volume and the 
quantitative variables, such as cardiovascular risk fac-
tors, laboratory parameters and CMR parameters. The 
associations between parameters were assessed using 
Pearson’s correlation test for parametric variables or 
Spearman’s correlation for non-parametric variables. The 
associations between clinical covariates and MVO for-
mation were evaluated using Binary logistic regression 
(results presented as odds ratio [OR] and 95% confidence 
interval [CI]). Variables with the P value less than 0.10 
in univariable analysis were further included as covari-
ates in the multivariable analysis. A receiver-operating 
characteristic (ROC) curve analysis was done to evaluate 
the accuracy of EAT volume parameters to predict MVO 
formation. ROC-comparisons were performed using the 
method suggested by DeLong et al [36]. All statistical 
analyses were performed using SPSS version 23.0 (IBM, 
New York, USA) and MedCalc version 18.2.1 (MedCalc, 
Belgium). A 2-tailed p-value < 0.05 was considered statis-
tically significant.

Results
Clinical characteristics of patients with MVO
Based on the flow chart in Figure S1, 129 patients were 
enrolled in this study. STEMI Patients were subdivided 
into MVO (n = 83) and non-MVO (n = 46) subgroups, 
according to the presence or absence of MVO measured 
by CMR (case example shown in Fig.  1C). The baseline 
clinical characteristics were comparable between the 
two groups (Table 1). As for laboratory parameters com-
parisons, only neutrophil lymphocyte ratio (NLR), CRP, 
and peak TnT showed statistically significant differ-
ences between the two groups. The patients with MVO 
were found to have higher level of NLR (6.146 ± 2.295 
vs. 4.544 ± 2.251, p < 0.001) and CRP (5.978 ± 2.534 vs. 
5.072 ± 2.393, p = 0.0493) compared with patients with-
out MVO, suggesting high intensity of inflammation in 
patients with MVO. As for angiographic characteris-
tics, the infarct related artery, the syntax score, FMC to 
wire time, TIMI flow grade and the formation of collat-
eral circulation did not differ significantly between the 
two groups. Furthermore, the number, diameter, and 
length of stents were not associated with MVO forma-
tion (Table 2). In CMR functional analysis, larger infarct 
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size (24.55 ± 10.28 vs. 11.05 ± 8.894, p < 0.001), impaired 
LVEF% (43.31 ± 9.855 vs. 55.63 ± 6.941, p < 0.001), larger 
LVEDVI (64.80 ± 15.15 vs. 55.42 ± 14.11, p < 0.001) and 
LVESVI (37.19 ± 12.31 vs. 25.05 ± 9.021, p < 0.001) were 
found in MVO group as compared with non-MVO group 
(Table 3).

Associations of EAT with clinical variables and MVO 
formation
Considering the asymmetric distribution of EAT, we 
measured the EAT thickness and cross-sectional area 
in different representative area according to previous 
study [37]. Significant increase of left atrioventricular 
(AV) groove fat thickness (11.86 ± 1.471 vs. 10.24 ± 1.387, 
p < 0.001) was observed in patients with MVO, whereas 
no such differences were found in other regional EAT 
thickness measurements. Moreover, In comparison to 
non-MVO patients, the cross-sectional area of EAT at 
basal level (9.878 ± 2.151 vs. 8.284 ± 2.057, p < 0.001) and 
the average of EAT cross-sectional area in short-axis 
planes (7.177 ± 1.392 vs. 6.515 ± 1.408, p = 0.0111) were 
larger in MVO group. We further calculated the total 

EAT volume and LV EAT volume and found that both 
EAT volume (69.95 ± 15.42 vs. 55.10 ± 10.73, p < 0.001) 
and LV EAT volume (48.53 ± 9.920 vs. 37.20 ± 7.704, 
p < 0.001) were significantly larger in subjects with MVO 
compared to subjects without MVO (Table  3). When 
we stratified the patients into four groups according to 
EAT volume or LV EAT volume using quartile method, 
the incidence of MVO was highest in patients with larg-
est EAT volume (4th Quartile group), much higher than 
that of patients with smallest EAT volume (1th Quartile 
group) (Fig. 2A). We found that EAT volume significantly 
correlated with infarct size, peak TnT, while negatively 
correlated with LVEF% in STEMI patients. Neither age 
nor the complexity of coronary arteries was correlated 
with EAT volume (Fig.  2B and Fig. S2). After indexing 
EAT by BSA to exclude the correlation between BMI 
and EAT, the differences of EAT mass index and LV EAT 
mass index between MVO and non-MVO group were 
still apparently significant (Table 3).

Regarding factors associated with MVO formation, 
univariable analysis showed that NLR, CRP, peak TnT 
and LV EAT mass index reached statistical significance. 

Table 1 Baseline characteristics between patients with or without MVO
Parameter Patients without MVO, n = 46 Patients with MVO, n = 83 P value
Age, years 58.02 ± 11.96 61.40 ± 11.32 0.1142
Male gender, n (%) 39 (84.78%) 73 (87.95%) 0.6103
BMI (kg/m2) 25.19 ± 2.593 25.00 ± 3.023 0.7160
BSA (m2) 1.836 ± 0.1245 1.808 ± 0.1302 0.2266
Arterial hypertension, n (%) 20 (43.48%) 44 (53.01%) 0.2996
Diabetes mellitus, n (%) 12 (26.09%) 36 (43.37%) 0.0517
Smoking, n (%) 27 (58.70%) 48 (57.83%) 0.9241
Family history of CAD, n (%) 1 (2.17%) 3 (3.61%) 1.000
Hypercholesterolemia, n (%) 14 (30.43%) 25 (30.12%) 0.9703
Clinical signs and symptoms of angina before MI, n (%) 14 (30.43%) 24 (28.91%) 0.8561
Prior cerebral infarction, n (%) 2 (4.35%) 3(3.61%) 1.000
Previous stent implantation, n (%) 3 (6.52%) 3 (3.61%) 0.666
Systolic blood pressure, mm Hg 130 ± 21 127 ± 20 0.3556
Diastolic blood pressure, mm Hg 83 ± 11 83 ± 13 0.8017
Heart rate, bpm 79 ± 14 83 ± 18 0.3057
Acute heart failure (Killip classifcation)
Class I, n (%) 43 (93.48%) 71 (85.54%) 0.1780
Class II, n (%) 2 (4.35%) 8 (9.64%) 0.493
Class III, n (%) 1 (2.17%) 2 (2.41%) 1.000
Class IV, n (%) 0 2 (2.41%) 0.538
Medication after infarction
Aspirin, n (%) 46 (100%) 83 (100%) 1.000
Clopidogrel, n (%) 10 (21.74%) 23 (27.71%) 0.4565
Ticagrelor, n (%) 36 (78.26%) 60 (72.29%) 0.4565
Statins, n (%) 45 (97.83%) 83 (100%) 0.357
β-blocker, n (%) 32 (69.57%) 62 (74.70%) 0.5299
Nitrate, n (%) 29 (63.04%) 60 (72.29%) 0.2768
ACEI/ARB, n (%) 31 (67.39%) 56 (67.47%) 0.9927
BSA, body surface area; ACEI, angiotensin-converting enzyme; ARB, angiotensin II receptor blockers; CAD, coronary artery disease; Data are presented as mean ± SD 
or as number (%) affected
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Taking into account of all variables that clustered patients 
with MVO with the p value less than 0.10 and correct-
ing for baseline demographic characteristics, multivari-
able analysis demonstrated that NLR, peak TnT and LV 
EAT mass index were independent predictors of MVO 
(Fig. 2C, D; Table 4). Additionally, the ROC curves dem-
onstrated a superior performance of LV EAT mass index 
vs. EAT volume in predicting MVO formation (AUC: 
0.835 vs. 0.775, P = 0.0184, Fig. 2E). In summary, LV EAT 
mass index showed a robust and independent relation-
ship with MVO formation and a cutoff value > 21.5192 g/
m2 predicted the presence of MVO with a sensitivity and 
specificity of 79.5% and 80.4%, respectively.

Relationship between EAT accumulation and DPP4, GLP-1 
and GLP-2
DPP4, a multifunctional type II membrane glycoprotein, 
plays an important role in maintaining metabolic bal-
ance and modulating inflammation. DPP4 also acts as a 
novel adipokine and is primarily secreted by the visceral 

adipose tissue into circulation, where it exerts autocrine 
and paracrine functions [38]. In our study, we measured 
plasma DPP4 concentration and DPP4 activity in STEMI 
patients and found that LV EAT mass index was posi-
tively correlated with circulating DPP4 and DPP4 activity 
(Fig.  3A, B). Significant but weak to moderate associa-
tions were found between plasma DPP4 and parameters 
associated with glucose metabolism, while no associa-
tions of plasma DPP4 with BMI and lipid metabolism 
parameters were found in the current study (Fig. S3).

The main enzymatic ability of DPP4 is to cleave N-ter-
minal dipeptides from a variety of substrates including 
incretin hormones (GLP-1 and GLP-2) and make them 
inactive. Recent studies proposed that circulating lev-
els of total GLP-1 and GLP-2 were increased in patients 
with AMI and were proved to be significant predictors 
of adverse cardiovascular prognosis [39–41]. Consider-
ing previous studies confirmed the expression of GLP-1 
receptor (GLP-1R) and GLP-2 receptor (GLP-2R) in EAT 
[42, 43], EAT might be a potential target of GLP-1 and 

Table 2 Laboratory and angiographic characteristics between patients with or without MVO
Parameter Patients without MVO, n = 46 Patients with MVO, n = 83 P value
Hemoglobin, g/L 144.8 ± 14.21 143.7 ± 18.36 0.9990
WBC, x109/L 10.24 ± 2.525 10.44 ± 3.035 0.8861
Neutrophil, x109/L 7.472 ± 2.484 7.956 ± 2.877 0.3384
NLR 4.544 ± 2.251 6.146 ± 2.295 < 0.001
CRP, mmol/L 5.072 ± 2.393 5.978 ± 2.534 0.0493
Platelet, x109/L 223.2 ± 57.42 210.7 ± 80.17 0.1030
Total cholesterol, mmolL 4.638 ± 1.012 4.565 ± 1.066 0.7623
LDL-C, mmol/L 2.989 ± 0.945 2.773 ± 0.917 0.2071
Creatinine, µmolL 70.43 ± 14.95 70.13 ± 17.50 0.9211
Peak BNP, pg/mL 120.7 ± 160.6 179.4 ± 243.5 0.1338
Baseline Troponin T, µg/L 1.741 ± 2.620 2.380 ± 3.138 0.2877
Peak Troponin T, µg/L 3.683 ± 2.480 5.293 ± 2.537 < 0.001
HbA1c,% 6.174 ± 1.154 6.339 ± 1.438 0.2619
Fasting Glucose, mmol/L 6.153 ± 2.588 6.380 ± 2.292 0.2944
Infarct-related artery
LAD, n (%) 19 (41.30%) 46(55.42%) 0.1245
RCA, n (%) 19 (41.30%) 27 (32.53%) 0.3190
LCX, n (%) 8 (17.39%) 10 (12.05%) 0.4015
Multivessel disease, n (%) 2 (4.35%) 2 (2.41%) 0.616
Symptom-onset-to-balloon time (h) 6.698 ± 6.104 7.620 ± 8.533 0.1714
FMC to wire time (h) 2.218 ± 1.532 2.759 ± 1.920 0.0744
Initial TIMI flow grade > 1, n (%) 11 (23.91%) 15 (18.07%) 0.4283
Final TIMI flow grade 3, n (%) 41 (89.13%) 73 (87.95%) 0.8415
Syntax score 15.36 ± 9.215 16.72 ± 7.504 0.1223
Stent implantation, n (%) 41 (89.13%) 78 (93.98%) 0.3242
No. of stent per patients 1.130 ± 0.6535 1.241 ± 0.5757 0.2042
Stent length (mm) 34.66 ± 17.06 34.63 ± 14.70 0.8133
Stent diameter (mm) 3.097 ± 0.45 3.072 ± 0.46 0.5842
Collateral circulation, n (%) 5 (10.87%) 9 (10.84%) 0.9963
WBC, white blood cells; CRP, C-reactive protein; NLR, neutrophil lymphocyte ratio; LDL-C, ow-density lipoprotein cholesterol; HbA1c, glycosylated hemoglobin A1c; 
BNP, B-type natriuretic peptide; LCX, left circumflex artery; LAD, left anterior descending coronary artery; FMC, first medical contact; RCA, right coronary artery; TIMI, 
thrombolysis in myocardial infarction; Data are presented as mean ± SD or as number (%) affected
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GLP-2. Our observation that higher levels of total GLP-1 
and GLP-2 levels in those with larger volume of EAT 
might indicate the hypothesis of an underlying compen-
satory mechanism that try to compensate the reduction 
of the active form and modulate the EAT metabolism, 
which deserves further evaluation in large scale study 
(Fig. 3C, D).

EAT depletion preserved cardiac function, attenuated 
MVO through alleviating cardiac inflammation following 
myocardial I/R injury
Given that high EAT volume was identified as an inde-
pendent risk factor for MVO formation in STEMI 
patients in our observational study, we then explored 
the impact of EAT on MVO formation in a mouse model 
of myocardial I/R. To simulate the high EAT load sta-
tus, high fat diet-fed C57BL/6 mice undergoing myo-
cardial I/R injury were used to investigate the role of 
EAT depletion in myocardial I/R injury (Fig.  4A). A 

better preservation of cardiac function and a reduction 
in infarct size (IS/AAR) were found in EAT depletion 
mice three days post operation (Fig.  4B-D). Further-
more, thioflavin-S staining demonstrated that MVO size 
was apparently smaller in I/R-EAT group as compared 
with I/R + EAT group (Fig.  4E, F). All of these findings 
declared a direct causal relationship between EAT accu-
mulation and the severity of myocardial I/R injury, espe-
cially MVO formation.

Due to the well-established immunomodulatory prop-
erty of EAT [1, 8], we measured the levels of inflamma-
tory cytokines in heart tissues and demonstrated that 
the concentration of IL-10 was comparable between 
two groups (Fig.  4G). The levels of IL-1β and IL‐6 in 
the heart tissues of EAT depletion mice were obviously 
lower versus the EAT preservation mice (Fig. 4H). Since 
these cytokines were mainly produced by immune cells, 
we performed Hematoxylin and eosin staining in hearts 
harvested three days following myocardial I/R and found 

Table 3 CMR and adipose tissue characteristics between patients with or without MVO
Parameter Patients without MVO, n = 46 Patients with MVO, n = 83 P value
CMR parameters
LVEF, % 55.63 ± 6.941 43.31 ± 9.855 < 0.001
CO, L/min 3.646 ± 0.7673 3.485 ± 0.9036 0.3090
LVDd, cm 5.300 ± 0.4624 5.379 ± 0.4803 0.1818
LVEDVI, mL/ m2 55.42 ± 14.11 64.80 ± 15.15 < 0.001
LVESVI, mL/ m2 25.05 ± 9.021 37.19 ± 12.31 < 0.001
Infarct size, % of LV mass 11.05 ± 8.894 24.55 ± 10.28 < 0.001
MVO, % of LV mass 0 ± 0 3.007 ± 2.741 < 0.001
EAT thickness (mm)
Right ventricular free wall 5.226 ± 0.6962 5.449 ± 0.7749 0.1072
Horizontal long-axis plane
Left AV groove 10.24 ± 1.387 11.86 ± 1.471 < 0.001
Right AV groove 12.95 ± 1.499 13.17 ± 1.636 0.4626
Anterior IV groove 6.711 ± 1.118 6.813 ± 1.258 0.6488
Basal short-axis plane
Superior IV groove 9.389 ± 1.468 9.787 ± 1.164 0.1160
Inferior IV groove 6.072 ± 0.6735 6.235 ± 1.234 0.1554
Mean grooved segments 9.037 ± 0.7171 9.219 ± 0.7148 0.1701
EAT cross-sectional area(cm2)
Horizontal long-axis plane 11.05 ± 1.852 11.27 ± 2.151 0.5620
Short-axis plane
Basal 8.284 ± 2.057 9.878 ± 2.151 < 0.001
Mid-cavity 6.790 ± 1.612 7.373 ± 1.644 0.0545
Apical 4.470 ± 1.418 4.281 ± 1.411 0.3732
Mean 6.515 ± 1.408 7.177 ± 1.392 0.0111
LV EAT volume (mL) 37.20 ± 7.704 48.53 ± 9.920 < 0.001
EAT volume (mL) 55.10 ± 10.73 69.95 ± 15.42 < 0.001
LV EAT mass index (g/
m2)

18.63 ± 3.670 24.72 ± 5.049 < 0.001

EAT mass index (g/
m2)

27.59 ± 5.017 35.61 ± 7.703 < 0.001

CMR, cardiac magnetic resonance; LVEF, left ventricular ejection fraction; CO cardiac output; LVDd, left ventricular end diastolic dimension; LVEDVI, left ventricular 
end-diastolic volume index; LVESVI, left ventricular end-systolic volume index; LV, left ventricular; MVO, microvascular obstruction; AV, atrio-ventricular; IV, inter-
ventricular; EAT, epicardial adipose tissue; LV EAT, left atrioventricular epicardial fat; Data are presented as mean ± SD
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reduced inflammatory cell infiltration in EAT depletion 
mice (Fig. 4I, J). To clarify the type of infiltrated inflam-
matory cells, we further used immunohistochemistry to 
detect the infiltration of immune cells within the isch-
emic region of hearts isolated three days following I/R. 
The quantity of CD68+ cells (marker of macrophages) 
was significantly reduced in the hearts of EAT deple-
tion mice (Fig. 4K, L), which indicated that macrophages 
might be involved in the pathophysiological effects of 
EAT in MVO formation.

Secretory products from EAT promoted macrophage M1 
polarization under myocardial I/R injury
To explore the potential effect of EAT on macrophage, 
we collected the heart tissues surrounding infarct area 
3 days after myocardial I/R injury. The quantification of 
macrophages and their classical (M1) or alternatively 
activated (M2) phenotypes were measured using flow 
cytometry. As expected, we observed that removal of 
EAT significantly reduced the total macrophage popula-
tion, which is correspondent with CD68 staining results. 
In comparison to I/R + EAT mice, the proportion of 
inflammatory M1 macrophages was notably reduced, 
while the proportion of reparative M2 macrophages was 
significantly elevated in the I/R-EAT group, indicating 

Table 4 Univariable and multivariable predictors of presence of MVO
Univariable analysis Multivariable analysis
OR (95% CI) P value OR (95% CI) P value

Age, years 1.026 (0.994–1.059) 0.116
Female 0.942 (0.343–2.587) 0.907
BMI, kg/m2 0.977 (0.861–1.108) 0.714
Diabetes mellitus 2.170 (0.987–4.774) 0.054 2.069 (0.782–5.479) 0.143
NLR 1.384 (1.152–1.662) 0.001 1.299 (1.041–1.621) 0.021
CRP, mmol/L 1.171 (1.002–1.367) 0.047 1.042 (0.852–1.275) 0.686
Peak Troponin T, µg/L 1.306 (1.110–1.538) 0.001 1.217 (1.002–1.478) 0.047
Culprit LAD 1.767 (0.852–3.663) 0.126
FMC to wire time (h) 1.208 (0.959–1.521) 0.108
LV EAT mass index (g/m2) 1.353 (1.209–1.514) 0.001 1.299 (1.155–1.460) 0.001
Syntax score 1.021 (0.976–1.069) 0.364
NLR, neutrophil lymphocyte ratio; LAD, left anterior descending coronary artery; FMC, first medical contact; LV, left ventricular; EAT, epicardial adipose tissue

Fig. 2 High EAT load was associated with MVO occurrence in STEMI patients. A Range distribution of MVO occurrence according to EAT and LV EAT vol-
ume. Bars represent the percentage of MVO occurrence identified at every quartile. B The association of EAT volume with infarct size, peak TnT and LVEF. 
C Univariate logistic regression analysis to identify the risk factors associated with the occurrence of MVO in patients with STEMI. D Multivariate logistic 
regression analysis to identify the risk factors associated with the occurrence of MVO in patients with STEMI. E Predictive accuracy of MVO based on ROC 
curve analysis. *P < 0.05, **P < 0.01, ***P < 0.001
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that EAT played a pivotal role in maintaining the balance 
of M1 and M2 macrophages (Fig. 5A, B). To validate the 
findings that high EAT load promoted the transform-
ing of inflammatory macrophages under myocardial I/R 
injury, we further examined the expression pattern of M1 
and M2 macrophages associated markers in 3-day post 
I/R hearts. After EAT depletion, the qRT-PCR analysis 
revealed a significant decrease in M1 gene expression 
markers (iNOS, IL-6, TNF-α, and IL-1β) and a relevant 
increase in M2 markers (Arg1, IL-10, CD206, and TGF-
β) (Fig. S4). Immunofluorescence staining also confirmed 
that removal of EAT resulted in significant increase of 
M2 macrophages (Arg1 positive) and decrease of M1 
macrophages (iNOS positive), which was consistent with 
qPCR analysis (Fig. 5C, D). Collectively, these data dem-
onstrated that high epicardial fat load aggravated cardiac 
inflammation under myocardial I/R condition via pro-
moting macrophage M1 polarization.

To further identify the direct effects of EAT on macro-
phages, we utilized an in vitro model using the murine 
RAW 264.7 macrophage cell line to avoid the interfer-
ence of multiple cells in vivo model (Fig. 5E). To induce 
an inflammatory microenvironment, LPS was added 
prior to co-culturing with EAT. We found that co-cul-
turing with EAT notably increased the IL-6, IL1-β, TNFα 
and iNOS production and decreased the expression of 
IL-10, TGFβ, CD206 and Arg1 (Fig. 5F). Moreover, flow 
cytometry analysis clearly demonstrated that co-cultur-
ing with EAT increased the ratio of M1 maocrphages 

(iNOS+CD206−) and decreased the ratio of M2 macro-
phages (iNOS−CD206+) under LPS stimulation (Fig. 5G, 
H). To clarify which kind of secretory product contrib-
ute to the immunomodulatory effect of EAT on macro-
phages, macrophages were cultured in EAT-conditioned 
medium with extracellular vesicles (EVs) or without EVs 
(non-EV EAT-CM) (Fig. 5I). Similarly, exposure to EAT-
CM significantly facilitated the polarization of macro-
phages towards inflammatory phenotype compared with 
macrophages treated with non-EV EAT-CM (Fig.  5J, 
K). These collective results supported the hypothesis 
that EAT-derived EVs played a potentially more criti-
cal role than soluble factors in macrophage polarization 
modulation.

The cardioprotective effect of GLP-1 receptor agonist and 
GLP-1/GLP-2 receptor dual agonist might be partially 
achieved by targeting epicardial fat metabolism
Recently, emerging evidence disclosed that the GLP-1R 
agonists liraglutide reduced EAT thickness to a greater 
extent than overall weight loss in individuals with type 
2 diabetes and obesity [44, 45], suggesting a promis-
ing mechanism for the cardiovascular benefits of GLP-1 
mimetics via EAT modulation. Our previous study fur-
ther confirmed the therapeutic effects of GLP-2 analogue 
in myocardial I/R injury [17]. Considering the confirma-
tion of both GLP-1R and GLP-2R expression in human 
EAT [42, 43], we then investigated the impact of GLP-
1R agonists (liraglutide) and GLP-1/GLP-2 receptor 

Fig. 3 Association between EAT accumulation and DPP4, GLP-1 and GLP-2. A Correlation between LV EAT mass index and plasma DPP4 concentration in 
STEMI patients. B Correlation between LV EAT mass index and plasma DPP4 activity in STEMI patients. C Circulating level of total GLP-1 in STEMI patients. 
D Circulating level of total GLP-2 in STEMI patients. Data are presented as mean ± SD. ***P < 0.001, ****P < 0.0001
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dual agonist (dapiglutide) on myocardial I/R injury and 
how that influenced EAT metabolism. Both liraglu-
tide and dapiglutide induced a significant reduction in 
EAT weight, mesenteric adipose tissues (MAT) weight 
and body weight relative to the vehicle group (Figure 

S6). Compared to vehicle group, liraglutide and dapi-
glutide efficiently preserved cardiac function, reduced 
infarct size and attenuated MVO under myocardial I/R 
injury (Fig.  6A-C). Additionally, significant reductions 
of inflammatory cells infiltration within ischemic heart 

Fig. 4 EAT depletion ameliorated microvascular dysfunction and cardiac inflammation in mice. A The experimental protocol for assessing the impact 
of excessive EAT accumulation on myocardial I/R injured mice. B Quantitative assessment of EF% and FS% using echocardiography 3 days following 
operation (n = 6). C Representative images of heart slices stained with Evans Blue and TTC from mice 3 days after myocardial I/R induction. The red line 
represents the area at risk (AAR) and the white dotted line represents the size of the infarct (IS). Scale bar = 5 mm. D Quantitative analysis of the percent-
age of AAR and percentage of infarct size in hearts in C (n = 5). E Representative thioflavin-S stained hearts isolated from myocardial I/R injured mice 1 day 
post operation with or without EAT. White dotted line represents the left ventricular area (LV) and red dotted line represents the size of MVO. Scale bar 
= 5 mm. F quantification of MVO percentage in hearts in E (n = 5). G Cytokine expression of IL-10 in the hearts of mice from different groups 3 days post I/R 
(n = 7). H Cytokine expression of IL-6 and IL-1β in the hearts of mice from different groups 3 days post I/R (n = 7). I Representative HE staining of I/R injured 
hearts from EAT-depletion and EAT preservation mice 3 days following operation. Scale bar = 100 μm. J Quantification of inflammatory cell infiltration (%) 
within the ischemic hearts in I (n = 5). K Immunohistochemical staining of CD68+ cells within the ischemic zone 3 days following I/R. Scale bar = 100 μm. 
L Quantification of CD68+ cells from K (n = 5). Data are presented as mean ± SD *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant
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were observed in liraglutide and dapiglutide treated 
mice (Fig.  6D). Dapiglutide group had smaller infarct 
size, higher EF% level and reduced inflammatory cells 
infiltration compared to liraglutide group, suggesting 
that GLP-1/GLP-2 receptor dual agonist might play a 
novel role on attenuation of myocardial I/R injury that is 
unlikely with single GLP-1R agonists.

We then investigated the gene expression patterns 
changes following liraglutide and dapiglutide treatment 

using bulk RNA sequence. According to our results, 
the transcriptome profiles significantly differed among 
the three groups (Fig.  6E). Inflammatory and metabolic 
genes were differentially regulated in both liraglutide and 
dapiglutide group compared with vehicle group (Fig. S5). 
According to KEGG analysis, most of the DEGs belonged 
to immune and lipid metabolism pathways, such as cyto-
kine-cytokine receptor interaction, fatty acid biosyn-
thesis, fatty acid degradation, amino acid metabolism, 

Fig. 5 Excessive EAT accumulation promoted macrophage M1 polarization under myocardial I/R condition through secreting inflammatory EVs. A 
Representative flow cytometry plots depicting the ratio of total macrophage (CD11b+F4/80+), M1 phenotype (CD11b+F4/80+iNOS+CD206−) and M2 
phenotype (CD11b+F4/80+iNOS−CD206+) in cardiac tissue of mice 3 days post-operation. B Quantification of flow cytometry data from A (n = 4). C Im-
munofluorescence staining of iNOS+ and Arg1+ cells within the ischemic zone respectively in mice 3 days post operation. D Quantification of iNOS+ and 
Arg1+ cells from groups defined in C (n = 4). E Experimental scheme of EAT and macrophages co-culture. F Gene expression patterns of M1 markers (iNOS, 
IL-6, TNFα and IL-1β) and M2 markers (Arg1, CD206, IL-10 and TGFβ) were analyzed in LPS-stimulated macrophages after co-culturing with EAT or not for 
48 h (n = 3). G Representative flow cytometry plots indicating the percentages of M1 (iNOS+CD206−) and M2 (iNOS−CD206+) phenotype in macrophages. 
H Quantification of flow cytometry data in G (n = 3). I Experimental scheme of macrophages co-culturing with EAT-conditioned medium with or with-
out EVs. J Representative flow cytometry plots indicating the percentages of M1 (iNOS+CD206−) and M2 (iNOS−CD206+) phenotype in different groups 
described above. K Quantification of flow cytometry data in J (n = 3). Data are presented as mean ± SD *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, 
ns = not significant
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fatty acid metabolism and the AMPK signaling path-
way (Fig.  6F). Liraglutide and dapiglutide treatment all 
induced a downregulation of genes involved in activation 
of myeloid and lymphoid cells like S100b, CXCL9, IL-6 
and IL-1β relative to vehicle group, whereas the anti-
inflammatory phenotype was more evident in dapiglutide 
group (Fig. 6G-I). Moreover, Dapiglutide induced a pro-
found metabolic rewiring in EAT, with downregulation 
of genes involved in fatty acid metabolism (Acadl, Acadvl 
and Hadhb), fatty acid biosynthesis (Acacb and Fasn), 
adipogenesis (Me1) and glucose metabolism (Aco2, and 
Ldhd) (Fig. 6J).

To further verify whether the curative and immuno-
modulatory effect of liraglutide and dapiglutide were 
mediated by its impact on EAT, we performed EAT 
removal before treating the mice with liraglutide or dapi-
glutide as the above experimental design. Results demon-
strated that the therapeutic effect of improving cardiac 
function and alleviating cardiac inflammation induced by 
liraglutide or dapiglutide disappeared after EAT deple-
tion, suggesting that the protective effects of liraglutide 
and dapiglutide were at least partially ascribed to its 
impact on EAT modulation (Fig. 6K and L).

Fig. 6 GLP-1 receptor agonist and GLP-1/GLP-2 receptor dual agonist attenuated myocardial I/R injury and alleviated cardiac inflammation through 
modulating EAT inflammatory and metabolic status. A Quantitative assessment of EF% and FS% in mice treated with vehicle, liraglutide and dapiglutide 
3 days post-operation (n = 6). B Representative images of heart slices stained with Evans Blue&TTC and quantification of the percentage AAR and per-
centage infarct 3 days following I/R (n = 5). Scale bar = 5 mm. C Representative thioflavin-S stained heart slices and quantification of MVO percentage in 
vehicle, liraglutide and dapiglutide treated mice 1 day post operation (n = 5). Scale bar = 5 mm. D Representative images of H.E.stained hearts and quan-
tification of inflammatory cell infiltration (%) 3 days after surgery (n = 5). Scale bar = 100 μm. E Principal components analysis of transcriptional profiling 
of EAT from vehicle, liraglutide and dapiglutide treated mice 3 days post I/R (n = 3). F Bar plots displaying the top significant KEGG pathways associated 
with DEGs in dapiglutide versus liraglutide, dapiglutide versus vehicle, and liraglutide versus vehicle groups. G Heatmap displaying expression patterns of 
top inflammation related DEGs between dapiglutide and vehicle group. H Heatmap displaying expression patterns of top inflammation related DEGs be-
tween liraglutide and vehicle group. I A heatmap depicting the expression patterns of top inflammation related DEGs among three groups. J A heatmap 
depicting the expression patterns of top metabolism related DEGs among three groups. K EF% and FS% of vehicle, liraglutide and dapiglutide treated I/R 
injured mice with EAT depletion 3 days following surgery (n = 6). L Quantitative assessment of LVIDd and LVIDs measured by echocardiography of vehicle, 
liraglutide and dapiglutide treated I/R injured mice with EAT depletion 3 days following I/R (n = 6). M Cardiac IL-6 and IL-1β levels of vehicle, liraglutide and 
dapiglutide treated I/R injured mice with EAT depletion 3 days after operation (n = 6). Data are presented as mean ± SD *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, ns = not significant
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Discussion
In our study, we used CMR to investigate the relationship 
of EAT distribution and quantity with MVO formation 
in patients with STEMI and firstly demonstrated that 
the increase of left atrioventricular EAT mass index was 
independently associated with MVO formation. We also 
demonstrated that increased circulating levels of DPP4 
and high DPP4 activity seemed to be associated with 
EAT increase. Then we applied EAT depletion in mouse 
model of myocardial I/R and found that the promoting 
effect of high EAT load on MVO formation might largely 
rely on its modulation of cardiac inflammation. Our work 
further confirmed that EAT secretome aggravated car-
diac inflammation under myocardial I/R condition via 
promoting macrophage M1 polarization. Furthermore, 
we demonstrated that the therapeutic effect of GLP-1 
receptor agonist and GLP-1/GLP-2 receptor dual agonist 
in myocardial I/R injury were at least partially relied on 
its modulation of EAT.

Growing evidence declared that the increase of EAT 
volume was associated with coronary atherosclero-
sis progression and served as an independent predictor 
of future cardiovascular events in general population 
[3, 46, 47]. However, a few studies proposed the obesity 
paradox, suggesting that patients with higher volume 
of EAT presented better cardiac healing [10, 11]. These 
seemingly contradictory observations might be related 
to differences in race, inclusion criteria and measure-
ments. Nevertheless, the association between EAT and 
the occurrence of MVO in STEMI patients has not been 
clearly clarified. In the current study, we first demon-
strated that higher EAT mass index was associated with 
higher prevalence of MVO formation and a larger infarct 
size in individuals with STEMI. To elucidate the poten-
tial mechanism, we utilized an in vivo mouse model to 
investigate how EAT accumulation promoted MVO for-
mation. In our work, we first found that infiltration of 
macrophages was reduced in the hearts of EAT depletion 
mice with smaller MVO size, suggesting that EAT-mac-
rophages crosstalk might be involved in the pathological 
progress of MVO formation.

It is widely accepted that macrophage is a highly plas-
tic and heterogeneous cell population, which comprises 
two typical subtype: inflammatory M1 macrophages and 
reparative M2 macrophages. The balance of pro-inflam-
matory M1 and anti-inflammatory M2 macrophages in 
I/R injured myocardium is critical for the duration and 
intensity of cardiac inflammation [34]. Thus, we further 
focused on the potential effects of EAT on macrophage 
phenotype transition and demonstrated that co-culture 
with EAT effectively shifted the polarization of mac-
rophages towards pro-inflammatory state. There is no 
denying that the M1/M2 dichotomy is inadequate to 
describe the diverse phenotypes and various functions of 

macrophages in vivo [48]. However, this complexity and 
diversity of macrophages in vivo do not affect the con-
clusion that high EAT load acts as a pro-inflammatory 
mediator boosting the transition of macrophages towards 
inflammatory macrophages in myocardial I/R injury.

As an endocrine organ, EAT secretes different kinds 
of bioactive factors that mediate inter-organ crosstalk. 
Under normal physiologic conditions, EAT supports 
cardiovascular health by providing mechanical support, 
supplying energy and secreting a variety of adipokines. 
However, under pathologic circumstances, the exces-
sive accumulation of EAT exacerbates cardiac injury by 
secreting pro-inflammatory adipokines through vaso-
crine or paracrine pathways [8, 49, 50]. In our study, by 
treating macrophages with EAT-CM with or without EVs, 
we demonstrated that the EAT modulated macrophages 
phenotype in an EV-dependent manner. EVs contain a 
variety of cargo components, such as miRNAs, lncRNA, 
proteins and lipids. Shaihov-Teper Olga and colleagues 
declared that EAT of patients with AF secreted a high 
amount of EVs that harbored a distinct proinflammatory, 
profbrotic, and proarrhythmic signature which acceler-
ated the development of atrial myopathy and fibrilla-
tion in turn [8]. Besides, recent study demonstrated that 
human EAT derived miR-92a-3p prevented oxidative 
stress through targeting Wnt5a/Rac1/NADPH oxidase 
axis [49]. It was not yet clear whether miR-92a-3p was 
encapsulated into extracellular vesicles or worked inde-
pendently. However, due to the extremely small volume 
of epicardial fat in rodent model [51], the isolation of 
sufficient EVs for animal experiments is hard to fulfill. 
Fully clarifying the decisive cargos in EAT derived EVs 
for macrophage modulation under myocardial I/R injury 
requires further study.

Considering the role of EAT accumulation in the 
pathological process of MVO formation, we screened 
for potential drugs for MVO prevention through target-
ing EAT induced cardiac inflammation. Recent clinical 
studies disclosed the same increasing tendency of total 
GLP-1 and GLP-2 in AMI patients, which were positively 
associated with inflammatory parameters, such as high-
sensitivity CRP [39, 40]. Our cross-sectional cohort study 
further disclosed that both circulating DPP4 activity and 
the level of total GLP-1 and GLP-2 were higher in those 
with larger volume of EAT, suggesting a potential coun-
ter-regulatory mechanism that tried to compensate the 
reduction of active form and modulate the EAT metabo-
lism. Although GLP-1 analogues resistant to DPP4 degra-
dation are known to reduce the volume of EAT and exert 
cardioprotective effects [52], the effect and underlying 
mechanism of GLP-1 in MVO prevention remain elu-
sive. Moreover, considering the confirmation of GLP-2 
receptor expression in human EAT tissue [42], whether 
GLP-2 participates in the modulation of EAT metabolism 
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remains unknown. Our findings first demonstrated that 
GLP-1R agonist and GLP-1/GLP-2 receptor dual ago-
nist could prevent MVO formation under myocardial I/R 
injury through targeting ETA. We further revealed the 
synergistic effects of GLP-1/GLP-2 receptor dual agonist 
on EAT inflammation and metabolism, thus attenuat-
ing myocardial I/R injury. Our study demonstrated that 
GLP-1/GLP-2 receptor dual agonist targeting the interac-
tion between EAT and cardiac inflammation might be a 
promising tool in preventing MVO formation and thus 
attenuating myocardial I/R injury.

Study limitations
Our study had several limitations. Firstly, it was a single-
center study that included limited number of patients. 
Secondly, this study was a cross-sectional study which 
made it challenging to derive causal associations between 
EAT and MVO formation. The results should be con-
sidered as exploratory and hypothesis-generating rather 
than conclusive. Follow-up studies may provide more 
conclusive findings. In the current study, we focused on 
the impact of EAT on macrophages modulation due to 
its critical role in cardiac inflammation. Further stud-
ies are needed to evaluate whether high EAT load has a 
direct effect on cardiomyoctes, endothelial cells or other 
immune cells. Furthermore, even though we have dem-
onstrated that EAT-derived EVs might play a more criti-
cal role in macrophage polarization, the results of our 
study do not elucidate the precise modulatory mecha-
nism that contributes to macrophage polarization. Future 
studies identifying the specific secretory products may be 
helpful in providing innovative and precise strategies for 
EAT targeting therapy to prevent MVO formation.

Conclusion
Our work declares that excessive EAT accumulation con-
tributes to the pathogenesis of MVO formation in STEMI 
patients and uncovers the involvement of EAT-derived 
EVs by which EAT promotes macrophage M1 polariza-
tion, thus exacerbating inflammatory injury. Moreover, 
our study sheds new light on the application of GLP-1/
GLP-2 receptor dual agonist as a promising treatment 
targeting EAT modulation in myocardial I/R injury. Our 
findings highlight the EAT targeting therapy as a poten-
tial therapeutics strategy to prevent MVO formation and 
are of great translational value.
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