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INTRODUCTION

The cardiomyocyte loss and collagen deposition caused by myocardial infarction (MI) lead to 
left ventricular remodeling and serve as functional and structural bases for the initiation and 
development of heart failure.[1,2] Different from other organs, the heart damage caused by 
MI cannot be repaired through cardiac regeneration of muscle cells.[3] Instead, the necrotic 
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transferase dUTP nick end labeling, Masson staining, immunofluorescence, and flow cytometry, respectively. The 
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myocardium is replaced by fibrous scar.[4] Cardiac fibrosis 
is a common characteristic observed after MI involving 
fibrosis processes, such as fibroblast proliferation, fibroblast 
differentiation into myofibroblasts, extracellular matrix 
deposition, and cardiac remodeling.[5,6] MI remains a 
dominating cause of mortality among heart diseases 
worldwide.[7-9] Therefore, more therapeutic agents for MI 
patients should be discovered.

Transglutaminase 2 (TG2) is one of the Ca2+-dependent 
enzymes, and it exerts multifunctions, including protein 
disulfide isomerization, transamidation, and protein kinase 
activation.[10,11] TG2 is commonly expressed in a variety 
of tissues and plays a key role in various diseases, such as 
autoimmune and neurodegenerative diseases.[12] Notably, 
TG2 contributes to the pathological mechanisms of tissue 
fibrosis, including the lungs and kidneys.[13,14] The inhibition 
of the activity of TG2 can attenuate cardiac fibrosis in the 
acute MI model.[15] Moreover, TG2 is implicated in the 
protection of cardiomyocytes against ischemia/reperfusion-
caused injury.[16] Nevertheless, the role of TG2 in MI-induced 
cardiac fibrosis still needs exploration.

Drastic tissue inflammation initiates cardiac repair after 
MI, and multiple molecular and cellular factors influence 
post-MI wound repair.[17,18] Tissue regeneration shows a 
close relation to macrophage phenotype or polarization. 
The two main phenotypes of macrophages include classical 
M1 (proinflammatory) and M2 macrophages (anti-
inflammatory).[19] M2 macrophages can release large amounts 
of transforming growth factor β (TGF-β), interleukin (IL)-
10, and vascular endothelial growth factor, which accelerate 
anti-inflammation response and repair.[20,21] Moreover, M2 
macrophage polarization has been implicated in fibrosis after 
acute heart transplant.[22] In addition, M2 macrophages are 
associated with liver fibrosis.[23] TGF-β1 serves as a master 
switch for inducing fibrosis, regulating extracellular matrix-
correlated gene expression, and activating the small mother 
against decapentaplegic 2/3 (Smad2/3) and TGF-β receptors 
to stimulate cardiac fibroblasts;[24] the TGF-β1/Smad3 
pathway has been proven as a common pathway in tissue 
fibrosis development.[25] Therefore, we investigated the roles 
of M2 macrophages and the TGF-β1/Smad3 pathway post-
MI in mice.

The present research aimed to explore the functional role of 
TG2 in post-MI fibrosis and its underlying mechanisms, with 
a focus on M2 macrophage polarization and the TGF-β1/
Smad3 pathway.

MATERIAL AND METHODS

Study design

For in vivo experiments, C57BL/6 mice (male, 8–10 weeks) 
were purchased from the Beijing Vital River Laboratory 

Animal Technology (Beijing, China), and three groups 
were set: (1) Sham, (2) MI, and (3) MI+GK921 groups. 
Two hours before MI induction, mice in the MI+GK921 
group were intraperitoneally injected with TG2 inhibitor 
GK921  (2  mg/Kg; HY-1233, MedChemExpress, Monmouth 
Junction, NJ, USA). Normal saline was injected into the MI 
and Sham groups through intraperitoneal injection. The mice 
were kept for 7 days before undergoing echocardiography and 
histological studies. On day 8, mice were performed to detect 
cardiac function. Terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL), Masson’s trichrome 
staining, and immunofluorescence analysis were conducted 
for the evaluation of cardiomyocyte apoptosis, cardiac fibrosis, 
and macrophage polarization in heart tissues, respectively. 
This study received approval from the ethics committee of 
Huashan Hospital, Fudan University (No: 2020-JS-574), and 
all animal procedures complied with approved protocols.

The in vitro experiments involved the stimulation of cardiac 
fibroblasts with 100  µg/mL TGF-β1  (7754-BH, R and D 
Systems, Minneapolis, MN, USA) for 24  h to construct a 
myocardial fibrosis model. Next, the effects of knocking down 
TG2 on fibrosis were assessed using a myocardial fibrosis 
cell model. IL-4  (10  ng/mL, 404-ML; R and D Systems, 
Minneapolis, MN, USA) was used to interfere with bone 
marrow-derived macrophages (BMDMs) for 24 h to induce 
macrophage polarization. The evaluation subsequently 
focused on the effects of TG2 on macrophage polarization.

Animals and MI model

The C57BL/6 mice (n = 20) were housed in a controlled 
environment with 12/12  h light/dark cycle (40% ± 5% 
humidity and 20 ± 2°C temperature) and given standard 
mouse food and water. Two mice were sacrificed through 
cervical dislocation for the isolation of BMDMs and 
myocardial fibroblasts, and the remaining mice were used for 
animal experiments. Specifically, after 7 days of acclimation, 
the mice were divided into three groups: Sham (n = 6), 
MI (n = 6), and MI+GK921 groups (n = 6). All mice were 
anesthetized using 3% isoflurane (R510-22-10, Ruiwode, 
Shenzhen, China), and artificial respiration was maintained 
using a positive-pressure respirator (ALC-V8, Alcott 
Biotech Co., LTD, Shanghai, China) with a frequency of 
110 strokes/min and a tidal volume of 20 mL/kg. The heart 
was accessed through a left thoracotomy, and visualization 
of the left anterior descending (LAD) artery was achieved 
using a surgical microscope (YAN-6A model, YuYan, 
Shanghai, China). At 2  mm below the tip of the left atrial 
appendage, the LAD was ligated with a 7-0 silk suture. After 
30  min of ischemia, the ligation was clipped to achieve 
reperfusion. Identical surgical procedures were performed 
for all groups except for the Sham group except, which did 
not undergo LAD ligation. At 2  h before MI surgery, mice 
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in the MI+GK921 group were intraperitoneally injected 
with 2 mg/kg GK921. In the MI and Sham groups, the mice 
received normal saline through intraperitoneal injection 
before MI surgery.

Echocardiography

Seven days after MI surgery, the mice (n = 6 per group) 
were anesthetized for the echocardiography scans. Cardiac 
function was assessed using an echocardiography machine 
(Vevo3100, FUJIFILM, Toronto, Canada). The following 
parameters were acquired: Left ventricular ejection fraction 
(LVEF), left ventricular fraction shortening (LVFS), left 
ventricular volume at end diastole (LV vol:  s), and left 
ventricular internal dimension in systole (LVIDs).

Histological preparation

Seven days after MI surgery, the mouse heart was exposed 
after the mice received anesthesia. Three mice from each group 
were selected for TUNEL staining, immunofluorescence, 
and Masson’s trichrome staining. The hearts were arrested 
through ventricular injection of 1 mol/L potassium chloride 
(KCl, P9921, Solarbio, Beijing, China), followed by perfusion 
using 4% paraformaldehyde (P1110, Solarbio, Beijing, China). 
Subsequently, the hearts were collected and fixed using 4% 
paraformaldehyde. In addition, three mice from each group 
were used for flow cytometry and Western blot. Their hearts 
were flushed with phosphate buffered saline, frozen in liquid 
nitrogen, and finally stored at −80°C.

TUNEL staining

Seven days after operation, the extracted hearts were fixed 
in 4% paraformaldehyde, paraffin embedded, and sliced 
into 3 µm section. Afterward, the slices were permeabilized 
with 0.3% Triton X-100 (T8200, Solarbio, Beijing, China) for 
20  min and then blocked using 5% bovine serum albumin 
(BSA, SW3015, Solarbio, Beijing, China) for 30 min at room 
temperature. Next, the slices were stained using a TUNEL 
fluorescein isothiocyanate (FITC) Apoptosis Detection Kit 
(C1088, Beyotime, Shanghai, China), in accordance with 
the manufacturer’s instructions. Nuclei were stained with 
1  µg/mL 4,6-diamino-2-phenyl indole (DAPI, ab285390, 
Abcam, Cambridge, MA, USA). Finally, a fluorescence 
microscope (DM4B, Leica, Wetzlar, Germany) was used 
to capture images. The rate of TUNEL-positive cells was 
quantified using Image J 1.8.0 software (Media Cybernetics, 
Silver Spring, MD, USA).

Masson’s trichrome staining and immunofluorescence 
analysis

Masson’s trichrome staining involved staining 3 µm paraffin-
embedded myocardial tissue samples from infarction area 

using Masson’s trichrome kit (C0189S, Beyotime, Shanghai, 
China) to analyze histological changes. Immunofluorescence 
assay included the overnight incubation of the sections with M2 
macrophage polarization markers, including anti-macrophage 
mannose receptor (anti-CD206; 1:100; 18704-1-AP, ProteinTech, 
Rocky Hill, NJ, USA) and anti-arginase-1 (Arg-1); 1:100; 16001-
1-AP, ProteinTech, Rocky Hill, NJ, USA) and culturing with the 
secondary antibody (SA00009-2, ProteinTech, Rocky Hill, NJ, 
USA) for 1.5 h. After washing, the nuclei in the sections were 
identified through application of DAPI. Finally, the images of 
CD206-positive and Arg-1-positive cells were photographed 
using a microscope (DM4B, Leica, Wetzlar, Germany). Image J 
1.8.0 software (Media Cybernetics, Silver Spring, MD, USA) was 
adopted to analyze the positive-staining cells.

Cells isolation and treatment

Cardiac fibroblasts were isolated from the C57BL/6 mice as 
previously described.[26] Briefly, dissection was performed 
to remove the atria and vessels from the heart tissues 
extracted from the C57BL/6 mice. Then, the hearts were 
digested and finely fragmented. After centrifugation (400 g, 
5  min, 4°C), the cells were suspended and plated. After 
1  h, adherent cardiac fibroblasts were expanded through 
dispersion involving ethylenediaminetetraacetic acid/
trypsin solution (T1300, Solarbio, Beijing, China). The 
isolated mouse cardiac fibroblasts were identified after anti-
vimentin staining. Given that the passage number can affect 
the fibroblast phenotypes, only 1–3 passage fibroblasts were 
used in the experiments. Myocardial fibrosis was evaluated 
through incubation of 1–3 passage cardiac fibroblasts with 
100 µg/mL TGF-β1 for 24 h.

BMDMs were isolated from the bone marrow of C57BL/6 
mice.[27] Briefly, the tibias and femurs were obtained from 
the mice, and the bone marrow was harvested and filtered 
through a 70  µ m strainer. The cell pellet was collected 
after centrifugation for 5  min at 1000  rpm at 4°C. Cells 
were treated with 20 ng/ml macrophage colony-stimulating 
factor (400-28, PeproTech, Rocky Hill, NJ, USA) for 
3  days. After 5–7  days of differentiation, the BMDMs, 
which were identified by epidermal growth factor-like 
module-containing mucin-like hormone receptor-like 
1 (F4/80) staining, were used for this experiment. To 
induce macrophage polarization, we triggered BMDMs 
with IL-4  (10  ng/mL) for 24  h. All cells were subjected to 
mycoplasma testing before conducting the experiment to 
ensure the absence of contamination.

Cell transfection

Small interfering RNA against TG2 (si-TG2#1: 
5’-CCACCCACCATATTGTTTGAT-3’, si-TG2#2:5’-CAG 
TTCGAGGATGGAATCCTGGATA-3’) and its small interfering 
negative control (si-NC) were designed by GenePharma 
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(Shanghai, China). Cardiac fibroblasts and BMDMs were 
transfected with 0.5  µg si-NC or si-TG2 using 0.6 µL 
Lipofectamine 2000  (11668027, Invitrogen, Carlsbad, CA, 
USA) for 48 h.

Flow cytometry

Macrophage polarization in mice after GK921 and MI 
treatment was evaluated through flow cytometry after heart 
tissue digestion. In brief, fresh heart tissues were dissected 
after rinsing the residual blood. The samples were digested 
using a mixture of collagenase IV, hyaluronidase, and 
deoxyribonuclease for 30  min at 37°C. Then, the digested 
samples were filtrated using a 70 µm nylon mesh and then 
centrifuged at 600 g for 5 min at 4°C. Next, cell suspensions 
were stained with FITC-conjugated anti-CD206  (141703, 
Biolegend, San Diego, CA, USA), and phycoerythrin-
conjugated anti-mouse F4/80 (111603, Biolegend, San Diego, 
CA, USA) antibodies. The used antibodies were purchased 
from Biolegend (San Diego, CA, USA). The M2 macrophages, 
characterized as CD206+ F4/80+ cells, were identified using 
a FACSCalibur instrument (BD Biosciences, San Jose, CA, 
USA). Live cells were gated on F4/80+/CD206+.

Western blot

Total proteins were isolated from the heart tissues, 
mouse cardiac fibroblasts, and BMDMs. The proteins 
were separated through 10% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis by electrophoresis, and 
then, protein transfer was conducted onto the polyvinylidene 
fluoride membranes (1620264, Bio-Rad, Hercules, CA, 
USA). The membranes were blocked using 5% BSA (2  h, 
room temperature), and specific primary antibodies were 
applied for incubation overnight at 4°C, including anti-
CD206 (Cat#24595; 1:1000; Cell Signaling Technology, 
Danvers, MA, USA), anti-α-smooth muscle actin (anti-
α-SMA, E-AB-34268; 1:500; Elabscience, Wuhan, China), 
anti-Arg-1 (Cat#93668; 1:1000; Cell Signaling Technology), 
anti-collagen I (ab138492; 1:1000; Abcam), anti-IL-10 
(ab133575; 1:1000; Abcam), anti-TGF-β1 (sc-130348; 1:200; 
Santa Cruz Biotechnology), anti-phospho-Smad3 (p-Smad3, 
ab52903; 1:2000; Abcam), anti-collagen III (ab184993; 
1:1000; Abcam), anti-Smad3 (ab40854; 1:1000; Abcam), and 
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
(ab9485; 1:1000; Abcam), followed by the treatment with 
goat anti-rabbit secondary antibody (ab150077; 1:10000; 
Abcam). The protein bands were visualized using an 
enhanced chemiluminescence kit (Millipore, Burlington, 
MA, USA) in a Fluorchem HD2 imaging system (Bio-
Techne, Minneapolis, MN, USA). GAPDH was used as 
the internal reference, and the gray scale values of target 
proteins were analyzed using Image J (Media Cybernetics, 
Silver Spring, MD, USA).

Statistical analysis

The data were denoted as the mean ± standard deviation and 
analyzed using GraphPad Prism 8.0 software (Graphpad, San 
Diego, CA, USA). One-way analysis of variance followed 
with a post hoc Tukey’s test was performed to determine 
multiple comparisons, and unpaired t-test was conducted to 
compare the differences between two groups. P  < 0.05 was 
considered significant.

RESULTS

TG2 inhibition improved MI-induced cardiac dysfunction 
and myocardial damage

First, we explored the role of TG2 in mice after MI. Post-
MI, LVEF, and LVFS exhibited dramatical decreases 
(P  <  0.001), and LV vol:  s and LVIDs showed marked 
increases (P < 0.001) [Figure 1a-e], which indicates that MI 
caused cardiac dysfunction. However, the treatment with 
TG2 inhibitor GK921 exhibited a cardioprotective effect and 
attenuated cardiac dysfunction, as evidenced by the elevated 
levels of LVEF and LVFS and the diminished LV vol: s and 
LVIDs (P < 0.05) [Figure  1a-e]. The TUNEL results show 
the increase of TUNEL positive rate in MI group compared 
with sham group (P < 0.001) [Figure 1f-g], indicating the 
facilitation of cardiomyocyte apoptotic after MI. While 
TG2 inhibition remarkably repressed TUNEL positive rate 
in MI mice (P < 0.05) [Figure 1f-g], suggesting suppression 
of cardiomyocyte apoptosis affected by TG2 inhibition. 
Furthermore, Masson’s trichrome staining revealed that 
cardiac fibrosis was evidently augmented in mice after MI 
(P < 0.001, [Figure 1h and i]) and was significantly restrained 
after GK921 treatment (P < 0.05) [Figure 1h and i].

TG2 inhibition promoted M2 macrophage polarization in 
mice after MI

Flow cytometry was performed to analyze the single-
cell suspensions obtained from the heart tissues of the 
three groups to evaluate macrophage differentiation. 
F4/80+CD206+ macrophages (M2 macrophages) showed a 
marked enhancement after MI (P < 0.01), and GK921 further 
increased the percentage of M2 macrophages (P  <  0.01) 
[Figure  2a  and b]. In addition, we detected the CD206 and 
Arg-1 expressions in the heart tissues of the three groups 
through immunofluorescence staining and Western blot. 
The results of immunofluorescence revealed the increased 
expressions of CD206- and Arg-1-positive cells in the GK921+ 
MI group compared with the MI group (P <  0.01) [Figure 
2c-e]. Similarly, the protein levels of CD206 and Arg-1 were 
dramatically augmented in the MI group compared with the 
Sham group (P < 0.01), and GK921 further increased CD206 
and Arg-1 expressions in MI mice (P < 0.05) [Figure 2f and g].
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Figure  1: Transglutaminase 2 inhibition improved myocardial infarction (MI)-induced cardiac dysfunction and myocardial damage. 
Myocardial infarction model was formed using C57BL/6 mice, and GK921 (a transglutaminase 2 inhibitor) was applied in mouse pre-treatment 
before myocardial infarction. (a-e) Echocardiography was performed, and cardiac function parameters, including left ventricular ejection 
fraction (LVEF), left ventricular fraction shortening (LVFS), left ventricular volume at end diastole (LV vol: s), and Left ventricular internal 
dimension in systole (LVIDs), were detected (n = 6). (f-g) Cardiomyocyte apoptosis was determined through Terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) staining (n = 3). Scale bar, 100 µm. TUNEL staining shows green fluorescence, the cell nucleus 
are stained with 4’,6-diamidino-2-phenylindole (DAPI) and show blue fluorescence. (h-i) Masson’s trichrome staining was used to evaluate 
cardiac fibrosis in mice (n = 3). (Scale bar, 100 µm. *P < 0.05, and ***P < 0.001. DAPI: 4’,6-diamidino-2-phenylindole.)
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TG2 inhibition suppressed the TGF-β1/Smad3 pathway in 
MI mice

We detected the effects of GK921 on the TGF-β1/Smad3-related 
protein expression. Our data reveal the significantly augmented 
TG2 protein expression in the MI group. However, such effect 

was reversed by GK921 (P < 0.05) [Figure 3a and b]. Western blot 
results disclose the overtly boosted TGF-β1 level and p-Smad3/
Smad3 in mice after MI (P  < 0.05), but they were markedly 
depressed by TG2 inhibition (P < 0.05) [Figure 3c and d]. Thus, 
TG2 inhibition repressed the activation of TGF-β1/Smad3 
pathway induced by MI.

Figure 2: Transglutaminase 2 inhibition promoted M2 macrophage polarization in mice after myocardial infarction (MI). (a and b) Flow 
cytometry was performed to assess myocardial epidermal growth factor-like module-containing mucin-like hormone receptor-like 1 (F4/80)+ 
macrophage mannose receptor (CD206)+ macrophages (n = 3). (c-e) Immunofluorescence staining of M2 macrophage polarization markers 
in mouse heart tissues (n = 3). Scale bar, 100 µm. The CD206 and arginase-1 (Arg-1) staining exhibits red fluorescence, and 4’,6-diamidino-
2-phenylindole (DAPI) staining for labeling cell nuclei shows blue fluorescence. (f and g) Protein expressions of CD206 and Arg-1 in mouse 
heart tissues were detected using Western blot (n  = 3). (*P < 0.05, **P < 0.01, and ***P < 0.001. DAPI: 4’,6-diamidino-2-phenylindole, 
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.)
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TG2 inhibition decreased TGF-β1-induced myocardial 
fibrosis and repressed the TGF-β1/Smad3 pathway in 
mouse cardiac fibroblasts

Cardiac fibroblasts were isolated from mice and knocked 
down the TG2 expression using si-TG2. The data show that 
si-TG2#1 significantly decreased TG2 protein expression 
compared with si-NC (P < 0.05). However, si-TG2 # 2 did 
not exhibit this effect [Figure  4a and b]. Thus, we selected 
si-TG2#1 for the next experiments. In addition, cardiac 
fibroblasts were treated with TGF-β1 to evaluate myocardial 
fibrosis. Western blot findings verified that TGF-β1 treatment 
dramatically boosted the levels of fibrosis-promoting proteins 
(α-SMA and collagens III and I) (P < 0.05), and knockdown 
of TG2 reduced the expressions of these proteins in cardiac 
fibroblasts (P < 0.05) [Figure  4c-f]. Moreover, we found 
that the increased levels of TGF-β1 and p-Smad3/Smad3 
triggered by TGF-β1 treatment were markedly attenuated 
after downregulating TG2 in cardiac fibroblasts (P < 0.05) 
[Figure 4g-i].

TG2 inhibition increased M2 macrophage polarization in 
IL-4-induced BMDMs

According to Western blot results, the protein expressions 
of M2 makers, including CD206, Arg-1, and IL-10, were 
markedly elevated in IL-4-triggered BMDMs, which were 
further enhanced by TG2 knockdown (P < 0.05) [Figure 5a-d].

DISCUSSION

MI is a life-threatening cardiovascular disease with a high 
mortality rate worldwide.[28] The effects of TG2 on liver and 
lung fibrosis have been proven, but its role in cardiac fibrosis 
remains unclear. More importantly, macrophage polarization 
is a key regulator in cardiac remodeling post-MI.[29] Previous 
extensive investigations have further highlighted the 
participation of the TGF-β1/Smad3 pathway in macrophage 
activation and fibrosis.[30-32] We used this evidence to explore 
the function of TG2 in cardiac fibrosis and further investigate 
its association with macrophage polarization and the 
TGF-β1/Smad3 pathway post-MI.

TG2 shows a linkage to extracellular matrix remodeling, tissue 
stability, cell adhesion, apoptosis, and wound healing.[33,34] 
Moreover, TG2 was discovered in fibrotic kidney tissues from 
patients or animals,[35-38] and its overexpression resulted in 
interstitial cardiac fibrosis in mice.[39] Accordingly, in the present 
study, the MI mouse model was established, and MI mice were 
pre-treated with GK921. Then, cardiac function, apoptosis, and 
fibrosis in mice were assessed post-MI. Our results indicate 
that TG2 inhibition alleviated cardiac dysfunction caused by 
MI. Furthermore, GK921 treatment reduced the MI-induced 
myocardial apoptosis and fibrosis, which suggests that TG2 
inhibition improved the cardiac dysfunction and fibrosis caused 
by MI in mice in vivo. A previous study reported that GK921 
attenuated bleomycin-induced pulmonary fibrosis in mice but 
caused no change in the TG2 expression in mouse alveolar 
epithelial cells MLE-21,[40] which is different from our results. 
Such variation may be a result of the differences in samples and 
models. In addition, mouse cardiac fibroblasts were transfected 
with si-TG2 to explore the role of TG2 in fibrosis in vitro. TG2 
down-regulation caused the reversal of the promoting effects of 
TGF-β1 on fibrosis, consistent with the findings of our in vivo 
experiments.

Inflammation is a vital process post-MI and closely related 
to fibrosis.[41] Macrophages played critical roles in wound 
healing impairment and cardiac remodeling after MI.[29,42] 
Macrophages contribute to inflammation response and 
fibrosis.[43] Post-MI mice showed a significant increase 
in the percentage of anti-inflammatory M2 macrophages 
following GK921 treatment, which indicates that TG2 
inhibition promoted M2 macrophage polarization. si-TG2 
was transfected into BMDMs, and the effects of TG2 on the 
percentage of pro-inflammatory macrophages were explored. 

Figure  3: Transglutaminase 2 inhibition suppressed the 
transforming growth factor (TGF)-β1/Small mother against 
decapentaplegic 3 (Smad3) pathway in myocardial infarction 
(MI) mice. (a) Transglutaminase 2 (TG2), TGF-β1, phospho-
Smad3 (p-Smad3), and Smad3 protein expression measured in 
mouse heart tissues via Western blot (n = 3). (b  - d) Quantitative 
analysis of TG2, TGF-β1, p-Smad3/Smad3 (n = 3). (*P < 0.05. 
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.)
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The results demonstrated that the pro-inflammatory 
macrophages were dramatically repressed by downregulating 
TG2 in BMDMs. These data reveal that TG2 inhibition 
exerted protective effects on cardiac fibrosis through 
suppression of the pro-inflammatory macrophages.

TGF-β1 is considered a key regulator in cardiac fibroblast 
induction through modulation of the TGF-β/Smad 
pathway.[44-46] Hyperactivation of TGF-β1 can enhance 
cardiac fibroblast transformation into myofibroblasts and 

eventually cause cardiomyocytes death, interstitial fibrosis, 
and augmentation of cardiac stiffness.[47,48] In this study, 
TGF-β1 showed a high expression in heart tissues from MI 
mice, and it was attenuated by GK921. GK921 also repressed 
the level of p-Smad3/Smad3 increased by MI. Similarly, the 
TGF-β1 levels and p-Smad3/Smad3 ratio were both up-
regulated by TGF-β1 in BMDMs, but they were blocked 
by TG2 knockdown in vitro. The previous studies have 
reported that M2 macrophages can produce TGF-β1,[49] 
which contradicted our conclusions. This finding may be 

Figure  4: Transglutaminase 2 downregulation transforming growth factor (TGF)-β1-induced 
myocardial fibrosis and repressed TGF-β1/small mother against decapentaplegic 3 (Smad3) 
pathway in mouse cardiac fibroblasts. (a and b) Small interfering negative control (si-NC) and si-
Transglutaminase 2 (si-TG2) were transfected to mouse cardiac fibroblasts isolated from C57BL/6 
mice, and the protein expression of TG2 was detected through Western blot. (c-f) Mouse cardiac 
fibroblasts were treated with 100 µg/mL TGF-β1 to induce fibrosis, followed by transfection with si-
NC and si-TG2 for 48 h. Western blot was conducted to determine the levels of fibrosis-associated 
proteins, including collagen I, collagen III, and α-smooth muscle actin (α-SMA), in mouse cardiac 
fibroblasts after TGF-β1 treatment and transfection (n = 3). (g-i) Western blot was also used in 
the assessment of the levels of TGF-β1, phospho-Smad3 (p-Smad3), and Smad3 in mouse cardiac 
fibroblasts after TGF-β1 treatment and transfection (n = 3). (*P < 0.05. GAPDH: Glyceraldehyde-3-
phosphate dehydrogenase.)
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Figure  5: Transglutaminase 2 inhibition increased M2 macrophage polarization in interleukin (IL)-4-induced bone marrow derived 
macrophages. (a-d) Western blot was utilized to assess the levels of macrophage mannose receptor (CD206), arginase-1 (Arg-1) and 
interleukin-10 (IL-10) in interleukin (IL)-4-induced bone marrow derived macrophages after transfection of small interfering negative 
control (si-NC) and si-Transglutaminase 2 (si-TG2) (n = 3). (*P < 0.05. GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.)

related to the various subtypes of M2 macrophages. M2 
macrophages comprise four subtypes: M2a, M2b, M2c, and 
M2d. M2a secretes IL-10 and TGF-β; M2b secretes anti- and 
pro-inflammatory factors IL-10, IL-6, and IL-1β, and tumor 
necrosis factor-α; M2c secretes TGF-β and IL-10; and M2d 
secretes IL-4, IL-10, and IL-13.[50,51] Different subtypes can 
secrete various cytokines and chemokines and perform a 
variety of biological functions.[50] This outcome may explain 
the inhibition of TGF-β1/Smad3 signaling and the enhanced 
polarization of M2 macrophages in our study; similar results 
have also been reported in a previous study.[52] The effect of TG2 
on M2 macrophage subtypes in MI must be further explored.

SUMMARY

The results reveal that TG2 inhibition ameliorated cardiac 
fibrosis post-MI. Its potential mechanism may induce M2 
macrophage polarization and inactivate the TGF-β1/Smad3 
pathway, which supports that TG2 may be a potential target 
in the therapy of MI.
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