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Background: Membrane-associated fibrinogen-like protein 2 (FGL2 prothrombinase, pFGL2) is abundantly
expressed in activatedmicrovascular endothelial cells (MVECs) and plays a crucial role inmicrothrombus forma-
tion in microcirculatory vasculature. It has been widely reported that coronary microvascular obstruction
(CMVO) contributes to adverse outcomes following myocardial ischemia/reperfusion. However, the role of
pFGL2 in CMVO is poorly understood.
Methods and results:We aimed to identify the effect of MVECs-pFGL2 in CMVO using FGL2 knockout mice. As re-
sults, the MVECs-pFGL2 expression progresses significantly over 3 days and then gradually decreases, which is
positively correlated with the extent of CMVO as detected by HE staining in wild type mice. Furthermore, FGL2
deficiency is correlated with decreased areas of no-reflow and necrosis as detected by Evans Blue and TTC stain-
ing and that it ameliorates cardiac dysfunction detected by hemodynamics in the early stage of CMVO.Moreover,
fibrin deposition inmicrovasculature is significantly reduced in FGL2-deficientmice as evidenced by immunohis-
tochemistry, MSB and Carstairs staining, along with the down-regulation of leukocyte adhesion and infiltration.
Additionally, we observed that the FGL2 deficiency decreasesmacrophage infiltration and shifts themacrophage
phenotype from pro-inflammatory (M1,) to anti-inflammatory (M2,) pattern in the early stage of CMVO.
Conclusion: These findings highlight theMVECs-pFGL2-fibrin pathway in the early stage of CMVO and provide in-
sights into coagulation and inflammation for the coronary artery disease therapeutics.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Coronary artery disease (CAD) is the leading medical cause of death
and disability worldwide. Timely and effective primary percutaneous
coronary intervention (PPCI) and thrombolytic reperfusion therapies
are the preferred treatments for CAD patients who present with acute
ST-elevation myocardial infarction (STEMI) [1,2]. The re-establishment
of blood flow in the setting of epicardial coronary artery occlusion has
saved millions of lives by limiting infarct size and ameliorating left
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ventricular (LV) dysfunction [1,2]. However, reperfusion therapy can be
“a double-edged sword” because it can exacerbate the damage to themi-
crovasculature, resulting in microvascular obstruction (MVO), coronary
no-reflow and low or no myocardial reperfusion [3,4].

Coronary microvascular (b200 μm) obstruction (CMVO), which con-
tributes to a lack of tissue perfusion in re-occlusion of the coronary arter-
ies, is classified as a type of coronary “no-reflow” (CNR) phenomenon
[4–6]. Increasing evidence indicates that coronary artery reflow can be
increased by preventing CMVO, which improves tissue perfusion and
minimizes cardiac dysfunction [3,5]. In addition to PPCI-induced
“interventional CMVO” primarily caused by distal microembolization,
“reperfusion MVO” is an either ischemic or infarcted region which
contributes greatly to the CNR phenomenon [4,5]. Moreover, the
“reperfusion CMVO” is regarded as an independent predictor of adverse
clinical outcomes associated with increased mortality in acute myocar-
dial infarction (AMI) [5]. The mechanisms involved in CMVO following
ischemia and reperfusion include endothelial cell damage,microvascular
thrombosis in situ, inflammatory cascade activationwith leukocyte stasis
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and extravasation [3,5,6]. However, the treatment of CMVO remains
challenging and the precise mechanism underlying CMVO needs to be
further elucidated.

Fibrinogen-like protein 2 (FGL2), also known as fibroleukin, is a mul-
tifunctional member of the fibrinogen superfamily that is involved in co-
agulation, cell infiltration, immunization, angiogenesis and oncogenesis
[7–10]. FGL2 can function as a type II membrane-associated glycoprotein
(FGL2 prothrombinase, pFGL2) and is abundantly expressed in activated
microvascular endothelial cells (MVECs), macrophages and cancer cells,
amplifying inflammatory and coagulation responses in microcirculation
[9–12]. It can also present as a soluble protein that is secreted primarily
by T lymphocytes participating in innate and adaptive immunity [7].
FGL2 is overexpressed in various human malignant tumors and down-
regulation of FGL2 can delay tumor growth and tumor angiogenesis
[9,10,13,14]. pFGL2 directly cleaves prothrombin to thrombin with the
assistance of the phospholipids-Ca2+-Va complex and subsequently ini-
tiates fibrin deposition [7,8],and is known to be a key participant in dis-
eases associated with microcirculatory disturbances, including viral
hepatitis, allograft and xenograft rejection and fetal loss syndrome
[7,8]. Recently, we showed that pFGL2 is highly expressed in cardiac
MVECs and strongly correlates with areas of no-reflow (ANR) in rats fol-
lowing myocardial ischemia/reperfusion (I/R) [11,15,16] as a model of
CMVO [5,17].

We hypothesized that pFGL2 plays an important role in CMVO so
that we compared FGL2-deficient mice with wild type (WT) mice sub-
jected to myocardial I/R. Our results demonstrate that decreased ex-
pression of pFGL2 contributes to CMVO amelioration and pFGL2-fibrin
pathway regulates leukocyte stasis and macrophage polarization.
Therefore, pFGL2 deficiency may represent a novel therapeutic ap-
proach to protect against CMVO following myocardial I/R.

2. Materials and methods

2.1. Mice

WT male C57BL/6 mice were purchased from the Model Animal Research Center of
Nanjing University (Nanjing, China). Fgl2 KO mice in the C57BL/6 background were pro-
vided by Dr. Stephen T. Smiley (Trudeau Institute, Saranac Lake, NY, USA) [18]. The mice
were maintained on a regular diet in a 12-h light: 12-h dark environment at 25 °C in the
Animal Care Center of Tongji Medical School [19]. Heterozygous females (fgl2+/−) were
mated with heterozygous males (fgl2+/−) to generate fgl2+/+ and fgl2−/− offspring. Off-
spring genotypes were identified via PCR analysis. All experiments were conducted
using eight- to twelve-week-old fgl2+/+ and fgl2−/− male littermates.

2.2. CMVO protocol

Models of cardiac ischemiawith subsequent reperfusion have beenwidely used to in-
vestigate the no-reflow phenomenon and CMVO [20,21]. The surgical ligation of the left
anterior descending (LAD) coronary artery was performed as previously described
[19,21]. Briefly, mice were anesthetized with sodium pentobarbital (50 mg/kg, P3761,
Sigma) via intraperitoneal injection. The mice were shaved, intubated, connected to a ro-
dent ventilator, and placed on a heating pad to maintain a constant body temperature. A
left thoracotomywas performed at the fourth intercostal space, and the proximal LAD cor-
onary artery was visualized and ligated using 8–0 silk sutures around a PE-10 tube. The
mice were subjected to 45 min of LAD coronary occlusion followed by the removal of
the suture and reperfusion for varying periods. Sham-operated mice were subjected to
the same protocol except that the suture was passed under the LAD and no ligation oc-
curred. Mice were euthanized with sodium pentobarbital (200 mg/kg) by intraperitoneal
injection after the experiment, and the reperfused tissue was isolated for further assays
[22].

2.3. Thioflavin S, Evans Blue and TTC staining

ANR and infarct size (IS) following the anatomical no-reflowprotocolwere determined
as previously described [19,21,23,24]. Briefly, at different periods of reperfusion, the mice
were anesthetized with sodium pentobarbital (50 mg/kg), and the hearts were then sliced
into five 1-mm-thick sections along the short axis below the ligation point. ANR was eval-
uated via the intra-atrial injection of 1 ml/kg of a vital endothelium fluorescent dye,
thioflavin S (4% solution; Sigma, MO, USA). To distinguish the ischemic zone (area at risk,
AAR) from the non-ischemic zone, the LAD coronary was re-occluded, and Evans Blue
dye (1% solution; Sigma, MO, USA) was injected into the left atrium. The infarct size was
evaluated via 1% 2,3,5-triphenyltetrazolium chloride (TTC, St. Louis, MO, USA) solution at
37 °C for 15 min [19,20]. The sections were subsequently weighed, photographed and
evaluated by using computer-assisted planimetry software (Image-Pro Plus 6.0, Media
Cybermetics, MD, USA). Weights were calculated as follows: [(R1 × W1) + (R2 × W2) +
(R3 × W3) + (R4 × W4) + (R5 × W5)], where R is the area of interest andW is the weight
of the slice indicated by the subscript [19,25]. The extents of thioflavine- and TTC-
negative regions were expressed as the percent of the total LVmass. The areas were deter-
mined by two observers who were blinded to each sample's identity.
2.4. Hemodynamic analysis

At different periods of reperfusion, mice were anesthetized with sodium pentobarbital
(50 mg/kg) for hemodynamic measurements using a 1.4F tip micromanometer (SPR-671,
Millar Instruments, TX, USA), which was inserted through the right carotid artery and
proceeded further to the LV as previously described [19]. The LV end-diastolic pressure
(LVEDP), the LV maximum rate of isovolumetric pressure development (+dp/dtmax) and
the minimum rate of isovolumetric pressure decay (−dp/dtmin) were recorded using
PowerLab equipment with Chart v5.2.1 software (ADInstruments, Castle Hill, Australia)
and averaged over three consecutive cycles.
2.5. Western blot analysis

Theprotein level in each of the ischemicmyocardium samples obtained at different pe-
riods of reperfusion were determined by Western blotting (WB) using the following pri-
mary antibodies: anti-mouse FGL2 (Abnova, Taiwan), fibrin (GeneTex, Texas, USA),
Intercellular cell adhesion molecule-1 (ICAM-1, R&D System, MN, USA) and CD68
(Abcam,MA, USA). A BCA™ Protein Assay Kit (Pierce, USA)was used to determine the pro-
tein concentrations, and the weights of the protein samples were homogenized to 50 μg.
Next, 30 μg were loaded per lane on a denaturing SDS 8% polyacrylamide gel. Following
their transfer to nitrocellulose membranes (Invitrogen, CA, USA) that were blocked with
5% nonfat drymilk, the proteinswere incubatedwith the above-indicated primary antibod-
ies (0.2 μg/ml) and HRP-conjugated secondary antibodies (1:5000). Relative changes were
normalized to the intensity of actin signals, and thedata are expressed as percentages of the
control. An ECL reagent (Pierce, IL, USA) was used for visualization, and images were re-
corded using a Molecular Imager ChemiDoc XRS System (Bio-Rad, CA, USA) [8,19].
2.6. Immunohistochemical analysis

Hearts were excised from the above-indicatedmice, sliced transversely 4mm from the
apex, fixed in 4% paraformaldehyde and embedded as previously described [15,19]. Four-
micrometer-thick sections were subjected to heat-induced epitope retrieval via immersion
in 0.01Mboiling citrate buffer (pH 6.0) in a pressure cooker before cooling to room temper-
ature and quenchingwith 3%H2O2, followed by blockingwith 10% goat serum. The primary
antibodies used were anti-FGL2 (Abnova, Taiwan), anti-fibrin (GeneTex, Texas, USA), anti-
CD31 (Santa Cruz, CA, USA), anti-monocyte chemoattractant protein 1 (MCP-1), CD68, in-
ducible nitric oxide synthase (iNOS) and arginase-1 (Arg-1) (Abcam, MA, USA). The signal
was detected using biotin-free HRP-labeled secondary antibodies (Invitrogen, CA, USA),
followed byDAB chromogen (EnVision Plus System, DAKO, Denmark). The slideswere sub-
sequently counterstained with hematoxylin and placed under coverslips. The fluorescence
signal was detected with Cy3/Alexa Fluor-488-conjugated antibodies. Images were cap-
tured using Nikon Eclipse Ti-SR fluorescence microscopes. The immunostained sections
were evaluated using Image-Pro Plus 6.0 by two observerswhowere blinded to the sample
identity as described previously [26]. In brief, the quantitative values for each slide were
counted by averaging the results of five representative fields (×400) in each region. First,
a proportion score representing the percentage area of positive staining was calculated
(0, none; 1, b1/100; 2, 1/100–1/10; 3, 1/10–1/3; 4, 1/3–2/3; 5, N2/3). Second, an intensity
score representing the average intensity of the positive staining area was calculated
(0, none; 1, weak; 2, intermediate; 3, strong). The proportion and intensity scores were
then added to determine the total score on a scale from 0 to 8.
2.7. Histology

Four-micrometer-thick sections were prepared as detailed above. To determine dif-
ferences in heartmorphology, cellmorphology and number of infiltrating cells among dif-
ferent groups, the slides were stained with HE [27]. The numbers of infiltrating cells were
counted in five representative fields within each region using high-powered light micros-
copy (×400). Martius Scarlet Blue (MSB) and Carstairs (fibrin in red, blood cells in yellow
and collagen in blue) staining are selective for fibrin as previously described [27–29]. For
Carstairs staining, slides were hydrated in xylol and ethanol to distilled water, followed
by incubation in 5% ferric ammonium sulfate for 5min and staining byMayer hematoxylin
for 5 min and Picric Acid-orange G solution for 45 min. After washing, slides were stained
by Ponceau Fuchsin solution for 3 min, 1% phosphotungstic acid for 3–5 min, Anilin blue
solution for 10 min, and rinsed in distilled water. Slides were dehydrated covered with a
coverslip using mounting medium (Pertex). All reagents were provided by EMS. Fibrin
density was quantified by ImageJ as the fibrin-positive area of the total thrombus area
(percentage). A proportion score representing the percentage of positive fibrin deposition
was calculated as described in details above [26]. The slides were evaluated by two ob-
servers who were blinded to the sample identity.
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2.8. Statistical analysis

All results are presented as means ± SEM. Data were tested for normality using the
Shapiro-Wilk test. Two group comparisons of parametric data were analyzed by two-
tailed Student's t-test, while Mann-Whitney test was used to analyzed nonparametric
data. Significance between multiple groups was assessed by ANOVA with Bonferroni's
post hoc analysis [8,19]. P values b0.05 were considered statistically significant. All statis-
tical analyses were performed using GraphPad Prism 5.0 (GraphPad Software, CA, USA).

2.9. Study approval

Animal experiments were conducted in accordancewith the recommendations of the
Guide for Care andUse of Laboratory Animals of the National Institutes of Health. The pro-
tocols were approved by the Ethical Committee on Animal Experiments of Tongji Medical
College, Huazhong University of Science and Technology [8].

3. Results

3.1. MVECs-pFGL2 contributes to the early-stage CMVO

Ventricular total FGL2 and microvascular pFGL2 expression in WT
mice were evaluated via WB and immunofluorescence (IF), respec-
tively. The WB results showed that the level of ventricular total FGL2
was the highest in the IR 3 d group (IR 1 d, IR 7 d vs IR 3 d, *P b 0.05,
n = 6; IR 1 d vs sham, **P b 0.01, n = 6) (Fig. 1A and C). The same ten-
dencywas observed inmicrovascular pFGL2 (sham, IR 3 d vs IR 1 d, **P b
0.01, n= 6; IR 7 d vs IR 3 d, *P b 0.05, n = 6) (Fig. 1B and D). pFGL2 ex-
pression was highest in the IR 3 d group and approximately nine times
higher than that of the sham group; expression was slightly decreased in
the IR 7 d group (Fig. 1B and D). These findings revealed that both total
FGL2 and pFGL2 expression reached a peak at IR 3 d in WT mice. We
also evaluated the CMVOarea using hematoxylin and eosin (HE) staining.
As shown in Fig. 1E and F, the CMVO areawas the largest in theWT IR 3 d
Fig. 1.MVECs-pFGL2 contributes in early-stage CMVO. (A) Representative ventricular total FGL2
inWTbydouble immunofluorescence staining. TheMVECswere stainedwith CD31 (green) and
of (A) (n= 6). (D) Quantification of (B) (n=6). (E) Representative images of CMVO evaluated
represents 10 μm. (F)Quantification of (E) (n=6).Data are presented as themean±SEMnorm
0.01; ns, not significant).
group (WT IR 1 d,WT IR 7 d vsWT IR 3 d, **P b 0.01, n=6; fgl2−/− vsWT
in IR 1 d, 3 d and 7 d, **P b 0.01, *P b 0.05, n = 6).

3.2. FGL2 deficiency decreases ANR and ameliorates cardiac dysfunction in
early-stage CMVO

To investigate the relationship between microvascular pFGL2 ex-
pression and coronary no-reflow in the early stage, we subjected
fgl2−/− mice to 45 min of ischemia and reperfusion for 1, 3 and 7 d.
The knockout mice reproduced in accordance with Mendelian frequen-
cies, appeared overtly healthy and presented normal initial numbers
and proportions of lymphocytes [18]. We observed that the FGL2 defi-
ciency was not sufficient to affect mouse cardiac morphology or func-
tion (Fig. 2 and Supplementary Fig. 1). Since FGL2 is reported to
promote angiogenesis [9,10],we comparedmyocardial capillary density
between fgl2−/− and WT mice by quantification of CD31 expression
(Supplementary Methods). As results, the capillary density was de-
creased by approximately 28% in fgl2−/− mice in both sham and I/R
3 d group (Supplementary Fig. 2).

Thioflavin S (a fluorescent vital dye for endothelium) and Evans Blue
dye were injected into the circulation to stain perfused tissue. Photo-
graphs of representative ventricular sections under ultraviolet (UV)
light are presented in Fig. 2. Fig. 2A depicts the non-ischemic area, the
AAR and the ANR. The navy blue-stained tissue represents the non-
ischemic area; the green-stained remainder was defined as the AAR,
and the regionswithin theAAR that failed to stain greenwere considered
as the ANR (Fig. 2A and B). The AAR/LV ratios were not significantly dif-
ferent among the groups (Fig. 2D), indicating that the ligation site of LAD
was the same in each group. In contrast, the ANR/LV ratios reached a
peak in the WT IR 3 d group (22.6 ± 1.3%; WT IR 1 d, WT IR 7 d vs WT
expression levels inWT byWB. (B) Representativemicrovascular pFGL2 expression levels
pFGL2 (red), and nucleiwere stainedwithDAPI (blue). Scale bar, 10 μm. (C)Quantification
by HE staining inWT and fgl2−/−mice. The black arrows indicate CMVO, and the black bar
alized to theWT IR 3 d group from three independent experiments (ANOVA, *P b 0.05, **Pb



Fig. 2. FGL2 deficiency decreases ANR and ameliorates cardiac dysfunction in early-stage CMVO. (A) Schematic diagram showing a transverse heart slide of thioflavin S and Evans Blue
staining followed ischemia and reperfusion. The navy blue-stained tissue represents a non-ischemic area, the green-stained tissue represents the area at risk (AAR), and regions
within the AAR exhibiting darker color represent area of no-reflow (ANR). (B) Representative cross-sections of hearts from WT and fgl2−/− mice subjected to IR 1 d, IR 3 d and IR 7 d
detected by thioflavin S and Evans Blue staining. Area encircled by red line indicates the non-ischemic area, green area indicates the AAR, and yellow area, which is represented by a
dashed line, indicates the ANR. Scale bar, 200 μm. (C) Representative cross-sections of hearts from WT and fgl2−/− mice detected by TTC staining. The infarct area is in white, and
the non-infarct area is in red. Scale bar, 200 μm. (D) Quantification of (B) AAR/LV ratios (n = 6). (E) Quantification of (B) ANR/LV ratios (n = 6). (F) Quantification of (C) IS/LV ratios
(n = 6). (G) LVEDP was detected by hemodynamics (n = 6). (H and I) LV cardiac function (dP/dtmax, −dP/dtmin) was detected by hemodynamics (n = 6). Data are presented as the
mean ± SEM normalized to the WT IR 3 d group from three independent experiments (ANOVA, *P b 0.05, **P b 0.01; ns, not significant).
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IR 3 d, **P b 0.01, *P b 0.05, n=6; fgl2−/− vsWT in IR 1 d, 3 d and 7 d, *P b
0.05, n = 6) (Fig. 2E), indicating that the proportion of the microvascu-
lature salvaged during reperfusion was smallest in the WT IR 3 d group
and that the deletion of FGL2 salvaged the microvasculature in the
early stage.

In addition, TTC staining was used to measure the IS, which is
presented in Fig. 2C. Viable myocardium presents as brick red, whereas
necrosis appears as white. Compared with ANR/LV, the same tendency
was observed in IS/LV in the IR 1 d and IR 3 d groups, but no significant
difference was observed in the IR 7 d group (Fig. 2F).

To determine the effect of fgl2 deficiency on cardiac hemodynamic
parameters, we measured the LVEDP and dP/dt. The LEVDP reached a
peak in the WT IR 3 d group (16.6 ± 1.3 mm Hg; WT IR 1 d, WT IR 7 d
vs WT IR 3 d, **P b 0.01, *P b 0.05, n = 6; fgl2−/− vs WT in IR 1 d, 3 d
and 7 d, *P b 0.05, n = 6) (Fig. 2G). The same pattern was observed in
dP/dtmax and −dP/dtmin (Fig. 2H and I). These results indicated that
the deletion of FGL2 increased LV diastolic and systolic function.

3.3. pFGL2 deficiency decreases fibrin deposition in-situ in early-stage
CMVO

Bursts of fibrin deposition are associated with CMVO and lead to a
reduction in blood flow. To investigate the mechanism responsible for
CMVO in FGL2-deficient mice, we examined fibrin deposition at 3 d fol-
lowing I/R via WB and fibrin-specific pathological staining. WB analysis
revealed that FGL2 deficiency reduced fibrin deposition significantly
(Fig. 3A and B). IHC, Carstairs and MSB staining revealed fibrin deposi-
tion in themicrovasculature (Fig. 3C). Intra-microvascularfibrin deposi-
tion was also found to be significantly decreased in the fgl2−/− groups
(WT IR 3 d vs fgl2−/− IR 3 d, **P b 0.01, n = 6) (Fig. 3D). These findings



Fig. 3. pFGL2 deficiency decreases fibrin deposition in-situ and attenuates leukocyte adhesion and infiltration in early-stage CMVO. (A) Representative ventricular total fibrin deposition inWT
and fgl2−/− groupbyWB. (B)Quantification of (A) (n=6). (C)Microvascularfibrindepositionby IHC, Carstairs andMSBstaining. Black arrows indicatefibrindeposition inmicrovasculars. Scale
bar, 40 μm. (D) Quantitative analysis of (C) (n=6). (E) Representative intercellular ICAM-1 expression levels in LV tissues byWB. (F) Quantification of (E) (n= 6). (G) RepresentativeMCP-1
expression levels by IHC. (H) Quantification of (G) (n= 6). (I) Representative leukocyte adhesion inmicrovasculars by Immunofluorescence staining. MVECs were stained with CD31 (green),
and nucleiwere stainedwithDAPI (blue).White arrows indicatemicrovasculars. Scale bar, 10 μm. (J) Quantification of (I) (n=6). (K) Representative leukocyte infiltration byHE staining. Black
arrows indicate leukocyte infiltration. Scale bar, 10 μm. (L) Quantification of (K) (n = 6). Data are presented as the mean ± SEM normalized to the WT IR 3 d group from three independent
experiments (unpaired Student's t-test for two groups; ANOVA for multiple groups; **P b 0.01; ns, not significant).
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revealed that pFGL2 deficiency suppressed both total and intra-
microvascular fibrin deposition following I/R.

3.4. FGL2 deficiency attenuates leukocyte adhesion and infiltration in
early-stage CMVO

The cleavage offibrinogen tofibrin results in the rapid expression and
exposure of chemokines and adhesive proteins involved in leukocyte re-
cruitment and adhesion [30,31]. To investigate the downstreameffects of
fibrin in FGL2-deficientmice, wemeasured the levels of adhesive protein
ICAM-1, MCP-1, leukocyte adhesion and infiltration. WB analysis
revealed that FGL2 deficiency significantly reduced the expression of
ICAM-1 at IR 3 d (WT IR 3 d vs fgl2−/− IR 3 d, **P b 0.01, n = 6) (Fig.
3E and F). IHC analysis showed that FGL2 deficiency significantly re-
duced the expression of MCP-1 at IR 3 d (WT IR 3 d vs fgl2−/− IR 3 d,
**P b 0.01, n = 6) (Fig. 3G and H). IF analysis showed that leukocyte ad-
hesion in themicrovasculaturewas significantly decreased in the fgl2−/−

groups (WT IR 3 d vs fgl2−/− IR 3 d, **P b 0.01, n = 6) (Fig. 3I and J). HE
staining revealed that FGL2 deficiency reduced leukocyte infiltration
(WT IR 3 d vs fgl2−/− IR 3 d, **P b 0.01, n = 6) (Fig. 3K and L).
3.5. FGL2 deficiency decreases macrophage infiltration and shifts the
macrophage phenotype from M1 to M2 in early-stage CMVO

Two major macrophage activation patterns contribute to inflam-
mation and repair processes in myocardial ischemia/reperfusion
injury: classical (M1, pro-inflammatory) and alternative (M2, anti-
inflammatory) [32,33]. To investigate the role of pFGL2 on the polar-
ization of the infiltrated macrophage phenotype, the expression of
CD68 (macrophage marker), iNOS (M1 macrophage marker) and
Arg-1 (M2 macrophage marker) was detected by WB and IF. WB
analysis revealed that the protein level of CD68 was significantly re-
duced in the fgl2−/− group compared with the WT group (WT IR 3 d
vs fgl2−/− IR 3 d, **P b 0.01, n = 6) (Fig. 4A and B), indicating that
FGL2 deficiency decreases the amount of macrophage infiltration.
IF staining showed that the iNOS/CD68 ratio was significantly re-
duced in the fgl2−/− group compared with the WT group (WT IR
3 d vs fgl2−/− IR 3 d, **P b 0.01, n = 6) (Fig. 4C and D), whereas the
Arg-1/CD68 ratio was significantly higher in the fgl2−/− group than
in the WT group (WT IR 3 d vs fgl2−/− IR 3 d, **P b 0.01, n = 6)
(Fig. 4E and F).



Fig. 4. FGL2 deficiency decreasesmacrophage infiltration and shifts themacrophage phenotype fromM1 toM2 in early-stage CMVO. (A) Representativemacrophagemarker CD68 level in
LV tissues byWB. (B) Quantification of (A) (n= 6). (C) Representative iNOS positive in the infiltrated macrophages by double immunofluorescence staining. Macrophages were stained
with CD68 (green) and iNOS (red), and nuclei were stained with DAPI (blue). Scale bar, 10 μm. (D) Quantification of (C) (n = 6). (E) Representative Arg-1 positive in the infiltrated
macrophages by double immunofluorescence staining. Macrophages were stained with CD68 (green) and Arg-1 (red), and nuclei were stained with DAPI (blue). Scale bar, 10 μm.
(F) Quantification of (E) (n = 6). (G and H) Schematic diagram of the contribution of the MVECs-pFGL2-fibrin pathway in early-stage CMVO. Data are presented as the mean ± SEM
normalized to the WT IR 3 d group from three independent experiments (unpaired Student's t-test for two groups; ANOVA for multiple groups; **P b 0.01; ns, not significant).
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4. Discussion

This study demonstrated that MVECs-pFGL2 expression might con-
tribute to CMVO via fibrin in-situ deposition as well as via the leukocyte
activation andmacrophage polarization during the development of car-
diac dysfunction. Our results provide new insights into themechanisms
underlying coronary no-reflow phenomenon.

We addressed several important issues in this study. First, the present
study is the first to utilize genetically FGL2 knocked-out mice in the ex-
perimental CMVOmodel and to demonstrate that FGL2 deficiency ame-
liorates ANR, IS and cardiac dysfunction in the early stage of CMVO
in vivo. Second, we showed that FGL2-deletion significantly decreases fi-
brin deposition in situ and immediately induce the CMVO improvement.
Third, we observed that FGL2 deficiency was strongly associated with a
multitude of down-regulated pro-inflammatory cytokines, suggesting
that pro-coagulation and immuno-regulation ability both contribute to
FGL2's role in the CMVO.

Traditional “anatomical” no-reflow models have been widely used
to study the CMVO followingmyocardial I/R injury [17]. Thus, to explore
the FGL2's role in CMVO in vivo, genetically engineered FGL2 knockout
mice were considered as appropriate models [18]. However, one con-
cern regarding the engineered FGL2 knockout mice is that the ablation
of FGL2 may cause neonatal death or impaired immune activity
[34,35]. Interestingly, the FGL2-deficient mice in present study exhib-
ited comparable cardiac morphology, cardiac function and immune ac-
tivity to the wild-type control (Fig. 2 and Supplementary Fig. 1). This
discrepancymay arise from the differentmethodology applied in gener-
ating FGL2 knockout mice because it is possible that the forced expres-
sion of β-galactosidase from a LacZ insertion inmice genomemay result
in neonatal toxicity during embryogenesis [18]. Yet we still observed
decreased capillary density in FGL2 knockout mice independent of I/R
injury, in accordance with previous reports that FGL2 promotes
angiogenesis [9,10]. It is possible that less capillary density in heart
and reduced coagulation activity both contribute to reduced fibrin de-
position observed in FGL2 knockout mice. On the other hand, lowered
capillary density appears to be an adverse effect to I/R injury [36]. There-
fore, the overall amelioration of cardiac dysfunction in FGL2-deficient
mice indicate that inhibition of pro-inflammatory effects as well as co-
agulation activity of FGL2may compensate for reducedmyocardial cap-
illaries. Other methods, such as conditional knockout mice or blocking
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antibody of FGL2, may help to rule out the anatomical difference of cap-
illary density in future study.

Of note, the FGL2-deficiency is associated with significantly de-
creased ANR/LV percentage as well as decreased IS/LV percentage
from 1 to 3 day post myocardial I/R injury in our study. Since the no-
reflow area is always smaller than, and contained within, the infarcted
region, it remains unclear whether the better LV function is solely deal-
ingwith the ameliorated CMVO or due to the smaller total IS area. How-
ever, the incidence and extent of early-stage CMVO have been shown to
be strong predictors for cardiac dysfunction, adverse left ventricular re-
modeling andworse outcome in long-term studies. Thorsten R et al. [37]
reported that the no-reflow phenomenon persists for 1 month after
myocardial I/R in rats and predicts infarct expansion. This is partially
corroborated by findings from Matthijs van K et al. [38] in a pooled
meta-analysis of 1025 patients, that CMVO detected by magnetic reso-
nance is associated with cardiac death when adjusted for age and
LVEF, whereas IS/LV percentage was not an independent predictor of
major adverse cardiovascular events or cardiac death when adjusted
for CMVO and LVEF. Thus, the decreased ANR/LV observed in FGL2-
deficient mice may exert long-term protective effects post myocardial
I/R and further investigation is needed.

It has been well established that the pFGL2-fibrin pathway plays a
critical role in microcirculatory disturbance-associated diseases, such
as allograft/xenograft rejection, viral hepatitis, fetal loss syndrome and
type 2 diabetic nephropathy [39–42]. Our previouswork [42] suggested
that FGL2 may activate renal microthrombosis and play a role in renal
microangiopathy of rats with type 2 diabetes. Mendicino et al. [39] re-
ported that in a cardiac xenotransplantation model, graft hearts from
fgl2−/− donors had less fibrin deposition than wild-type donors during
acute vascular rejection. It is noteworthy that the process of acute vas-
cular rejection, similar to coronary no reflow, also involves intravascular
thrombosis, fibrin deposition and endothelial cell activation. Interest-
ingly, although N60% reduction in fibrin deposition in-situ was achieved
in the present study, we still observed remaining fibrin deposition in
the fgl2−/− group (Fig. 3), suggesting that other coagulation factors,
such as tissue factor [43], might contribute to fibrin deposition. More-
over, our previous study demonstrate that TNF-α upregulates FGL2 ex-
pression mediating the formation of fibrin-rich microthrombus in
cardiac microvascular endothelial cells (CMEC) during I/R injury [11].
Similar findings described by Zheng ZZ et al [44] point out that FGL2
gene silencing reduces the TNF-α levels and improves hearts function
of STZ-induced diabetes rats. Thus, pro-inflammatory cytokines such
as TNF-α play important roles in the pro-coagulation and immuno-
regulation process of FGL2. Taking together, our results corroborate
with previous reports showing that fibrin serves as a pivotal link be-
tween thrombosis and pro-inflammatory responses, both of which
greatly contribute to the progression of CMVO and cardiac dysfunction
[31].

In conclusion, our results provide the first evidence that FGL2
prothrombinase plays a crucial role via the pFGL2-fibrin pathway in
mice subjected tomyocardial I/R. Novel agents targeting pFGL2without
influencing classical coagulation cascades may serve as a potential clin-
ical approach to protect against CMVO.
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