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Purpose: This study aimed to elucidate the potential molecular mechanisms by which GSRd improves cardiac inflammation and 
immune environment after MI.
Materials and Methods: The potential target genes of GSRd were predicted using the STITCH database. In vivo, MI mice models 
were established by left anterior descending ligation and were divided into the sham group, MI + Vehicle group, and MI + GSRd 
group. DMSO, DMSO, and GSRd 50 μL/day were intraperitoneally injected, respectively. After 28 days, echocardiography, Masson 
staining, immunofluorescence staining, flow cytometry, RT-PCR, and Western blot were performed. Mice peritoneal macrophages 
were extracted in vitro, and Western blot was performed after GSRd and/or Akt inhibitor MK2206 intervention.
Results: GSRd significantly improved mouse myocardial function, attenuated cardiac fibrosis, and inhibited inflammation and 
apoptosis in myocardial tissues after myocardial infarction. Meanwhile, GSRd increased non-classical Ly6Clow Mos/Mps while 
reduced of classical Ly6Chigh Mos/Mps at the same time in myocardial tissues. In addition, GSRd significantly reversed the activity 
of p-Akt and p-mTOR in the heart Mos/Mps after MI. In vitro studies showed that the activity of p-Akt and p-mTOR in peritoneal 
macrophages were significantly increased in a dose-dependent manner after GSRd treatment. Furthermore, the AKT inhibitor MK2206 
was found to block the enhanced activity of p-Akt and p-mTOR induced by GSRd in peritoneal macrophages.
Conclusion: GSRd can enhance the transformation of Ly6Chigh Mos/Mps to Ly6Clow Mos/Mps in mice after MI by activating the 
Akt/mTOR signaling pathway, inhibiting cardiac dysfunction and promoting cardiac repair.
Keywords: myocardial infarction, ginsenoside rd, monocytes/macrophages, Akt/mTOR

Introduction
Acute myocardial infarction (MI) is one of the major causes of death in coronary artery disease, and its incidence showed 
an upgraded trend in recent years.1,2 In adult mammals, the limited regenerative capacity of the myocardium after 
myocardial infarction cannot compensate for a large number of necrotic cardiomyocytes while the lost cardiomyocytes 
are replaced by proliferating fibroblasts and secreting dysregulated extracellular matrix, leading to ventricular remodel-
ing, arrhythmias, heart failure, and life-threatening events.3 Therefore, how to inhibit ventricular remodeling after 
myocardial infarction, reduce the area of myocardial infarction and delay the occurrence of heart failure is an effective 
means to improve the clinical treatment effect and the living quality of patients.

After MI, monocytes/macrophages (Mos/Mps) are recruited into the heart to play key roles as inflammatory actors and 
central regulators of ventricular remodeling.4,5 Two different Mos/Mps subpopulations, including Ly6Chigh and Ly6Clow, 
were participated in ventricular remodeling after myocardial infarction at different periods.6,7 During 1–3 days after 
myocardial infarction Early reactive Mos/Mps (Ly6Chigh) exert phagocytic and proinflammatory effects by massively 
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secreting interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), myeloperoxidase, and cathepsin in myocardial tissue.8 And 
during 4–7 days after myocardial infarction, late responding Mos/Mps (Ly6Clow) plays an anti-inflammatory role and 
promotes cardiac repair by secreting repair cytokines including transforming growth factor-β1 (TGF-β1), interleukin-10 
(IL-10), and vascular endothelial growth factor (VEGF).7 Furthermore, Ly6Chigh Mos can be converted to Ly6Clow Mos in 
circulation9,10 and inflamed tissues including infarcted hearts.8,11 Delayed conversions of Ly6Chigh to Ly6Clow Mos/Mps 
may attenuate wound repair after myocardial infarction, as in animals with atherosclerosis, diabetes, or myocardial 
infarction.7,12,13 Therefore, the enhanced transformation of Ly6Chigh Mos/Mps to Ly6Clow Mos/Mps may help to slow 
down ventricular remodeling after MI and delay the development of heart failure.

Traditional Chinese Medicine (TCM) has a long history and remarkable efficacy in preventing and treating MI. The 
pathogenesis of MI is heart-Qi deficiency and failure to stimulate blood flow, then blood stasis, resulting in myocardial 
ischemic necrosis caused by transient or persistent occlusion of the distal coronary artery. Ginseng is one of the most 
valuable natural herbal medicines in China and worldwide and is a crucial herb for treating MI.14 Ginsenosides have 
pharmacological and therapeutic effects on the immune,15 cardiovascular,16,17 endocrine,18 and nervous systems.19 

Ginsenoside Rd (GSRd) is identified as one of the most important active ingredients in Ginseng and has anti-inflammatory 
effects on natural immune components.20 GSRd has a wide range of applications in ischemic disease research. GSRd 
activated the Akt/GSK-3beta signaling pathway, increased the Bcl-2/Bax ratio, inhibited the mitochondria-dependent 
apoptotic pathway to attenuate myocardial ischemia-reperfusion injury in rats, and reduced infarct size.21 GSRd enhances 
antioxidant enzyme activity, stabilizes mitochondrial membrane potential, increases intracellular ATP levels, and activates 
the PI3K/Akt signaling pathway to promote neuronal survival, and ameliorates ischemic brain injury.22 GSRd protects 
against renal ischemia/reperfusion injury by inhibiting M1 macrophage polarization23 and attenuates experimental auto-
immune neuritis in mice by regulating monocyte subset conversion.24 However, the role of GSRd in Mos/Mop phenotypic 
transformation after myocardial infarction and its molecular mechanism remain unclear.

In this study, we established the mouse model of myocardial infarction to evaluate the therapeutic effect of GSRd on 
fibrosis and cardiac function after acute myocardial infarction and explore its potential mechanism, providing a new 
choice and theoretical basis for the prevention and treatment of ventricular remodeling after myocardial infarction.

Materials and Methods
Reagents
Ginsenoside Rd (Selleck, Houston, USA) standards (purity > 95%) were dissolved in dimethyl sulfoxide (DMSO) to 
obtain a stock solution for further investigation.

Animals
Eight-week-old male C57BL/6J mice (22–25 g) were purchased from SLAC Laboratory Animal Co., Ltd. (Shanghai, 
China) and housed in an environment with controlled temperature (22°C ± 1°C) and relative humidity (50% ± 5%) on a 
12-h:12-h light/dark cycle, with free access to sterile food and water. Mice were randomly divided into three groups: (a) 
sham group, (b) MI + Vehicle group, and (c) MI + GSRd group. Mice in the sham and MI groups were intraperitoneally 
injected with vehicle DMSO, 50 μL/day. Mice in the GSRd group received an intraperitoneal injection of GSRd, 50 μL/ 
day (GSRd dissolved in DMSO, 50 μg/kg/day). All procedures in this study were approved by the Experimental Animal 
Welfare and Ethics Committee of Shanghai University of Traditional Chinese Medicine (NO. PZSHUTCM210226013). 
All animal experiments were conducted following the animal experimental guidelines set by the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals.

MI Mouse Model
Male mice aged 6–8 weeks underwent permanent ligation of the left anterior descending (LAD) branch coronary artery.25 

Briefly, Mice were anesthetized with 1–1.5% isoflurane gas and mechanically ventilated with rodent respirators. Left 
thoracotomy was performed to open the chest cavity and expose the heart so that the LAD could be seen and permanently 
ligated with 6–0 silk thread outside the left atrium. The presence of myocardial branches in the perfusion bed confirmed 
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complete vascular occlusion. Mice that died within 24 hours of surgery were excluded from the experiment. The sham 
animals underwent the same procedure, but without coronary ligation.

Echocardiography
Transthoracic echocardiography was performed to assess mouse cardiac function after surgery using an echocardiograph 
(Vevo2100, Visual Sonics, USA) with M-mode analysis. All mice (8–10 weeks old) were anesthetized by isoflurane 
inhalation (1%–2%). As previously described,26 the mitral valve lobe was visualized in a parasternal long-axis view to 
assess cardiac function.

Immunofluorescence
Cryosections of heart (7μm) were prepared and stained with CD68 monoclonal antibody (FA-11) (1:200, eBioscience, 
USA) overnight at 4 °C. Follow, the sections were incubated with Alexa Fluor 488-conjected secondary antibodies for 1 h in 
the dark. Nuclei were stained with DAPI (1:2000, Thermo Fisher, USA). All slides were mounted with ProLongTM Gold 
(Thermo Fisher, USA). Confocal microscope from Zeiss were used to take image. Image J software were applied to analysis 
the obtained images.

Quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR) Analysis
RNA was isolated from cells using TRIzol (Invitrogen, USA) and 1μg of RNA was used as a template for cDNA 
synthesis using reverse transcription kits (Takara, Dalian, China), then cDNA was subjected to real-time PCR analysis 
using TB green mixture (Takara, Dalian, China) on an ABI 7900 Q-PCR system from Life Technologies (Carlsbad, CA, 
USA) according to the manufacturer’s protocol. All mRNA expression levels were normalized by comparing them to the 
housekeeping gene GAPDH. Sequences of primers for real-time PCR analysis of mice samples were verified against the 
National Center for Biotechnology Information database to confirm specificity and are listed in Table 1.

Heart Masson’s Trichrome Staining
Heart samples were harvested and fixed in 10% phosphate-buffered formalin for 24 h, subsequently embedded in paraffin 
and cut into 5 μm slices. Histologic sections of tissues were stained with Masson’s trichrome (Solaribio, Beijing, China). 
The mean cross-sectional area and fibrosis of the left ventricular apex up to the aortic valve leaflet attachment point were 
assessed by Image-Pro Plus software.

Cell Extract and Culture
Peritoneal macrophages were obtained from abdominal cavity and cultured in medium 1640 containing 10% fetal bovine 
serum. Single-cell suspensions of infarcted hearts were prepared. Briefly, the heart was dissected, minced with delicate 
scissors, and enzymatically digested with a digested with a collagenase mix (including 125 U/ml collagenase IX, 450 U/ 
ml collagenase I, 60 U/ml DNase I, and 60/U ml hyaluronidase I-S (Sigma -Aldrich, St Louis, MO, USA) for 1 h at 37°C 
with gentle agitation. After digestion, the tissues were triturated, passed through 70-mm cell strainers, washed, lysed red 
blood cells, and stained with antibodies for fluorescence activated cell sorting (FACS) analysis. For monocyte/macro-
phage sorting, cells were then stained with APC-Cy7-CD11b (M1/70, 1:50, BD, USA), - CD115 (CSF-1R, 1:50, 
BioLegend, USA), FITC-Ly6C (HK1.4, 1:50, BioLegend), and Brilliant Violet 421-Ly6G (1A8, 1:50, BD, USA). BD 
FACS Aria flow cytometry system (BD Biosciences, San Jose, CA, USA) was used to perform flow cytometry, and 
FlowJo software (Tree Star, Ashland, OR, USA) were used to analysis the flow cytometry data. For sorted monocyte/ 
macrophages, RT-PCR was performed.

Flow Cytometry
Cells were collected from mice and stained with fluorescent-labeled antibodies according to the manufacturer’s protocol. 
All fluorochrome-conjugated antibodies as follow: APC-Cy7-CD11b (M1/70, 1:50, BD, USA), - CD115 (CSF-1R, 1:50, 
BioLegend, USA), FITC-Ly6C (HK1.4, 1:50, BioLegend), and Brilliant Violet 421-Ly6G (1A8, 1:50, BD, USA). BD 
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FACS Aria flow cytometry system (BD Biosciences, San Jose, CA, USA) was used to perform flow cytometry, and 
FlowJo software (Tree Star, Ashland, OR, USA) were used to analysis the flow cytometry data.

Western Blot
Heart tissues and cells were extracted in lysis buffer containing protease inhibitors. Pierce BCA Protein Assay Kit 
(Pierce, Rockford, IL, USA) was used to assess protein concentration. Equal quantities of protein were denatured, 
dissolved in 10% SDS-PAGE gel, transferred to a nitrocellulose membrane, incubated with 5% skim milk for 1–1.5 h, 
and then incubated with primary antibody at 4° C overnight. Primary antibodies were diluted as follows: chemoattractant 
protein-1 (Mcp-1) (1:1000, Proteintech, USA), C-C motif Chemokine receptor 2 (CCR2) (1:500, Abcam, UK), p-AKT 
(1:1000, CST, USA), AKT (1:1000, CST, USA), p-mTOR (1:1000, CST, USA), mTOR (1:1000, CST, USA), Bax 
(1:1000, ABclonal, USA), Bcl-1 (1:1000, ABclonal, USA), and GAPDH (1:2000, CST, USA), used as the load control. 
The membranes were then incubated at room temperature in a blocking buffer containing an HRP-labeled secondary 
antibody for 2 h at room temperature. The enhanced chemiluminescence reagent (Thermo Fisher Scientific, USA) were 
used to develop western blots.

Statistics Analysis
Data analysis were achieved by the GraphPad Prism version 5.0 (GraphPad Software, Inc.). Results are shown as mean ± 
standard error of the mean (SEM). Comparison between groups was performed using two-tailed Student’s t-test and one- 

Table 1 Sequence for RT-PCR Primer

Gene Primer (5’-3’) Amplicon Size

Collagen I α1 F:5’-GCTCCTCTTAGGGGCCACT-3’ 103 bp
R:5’-CCACGTCTCACCATTGGGG-3’

Collagen III α1 F:5’-CCTGGCTCAAATGGCTCAC-3’ 103 bp
R:5’-CAGGACTGCCGTTATTCCCG-3’

CTGF F:5’- GGGCCTCTTCTGCGATTTC-3’ 151 bp
R:5’- ATCCAGGCAAGTGCATTGGTA-3’

Fibronectin 1 F:5’-GCTCAGCAAATCGTGCAGC-3’ 115 bp
R:5’-CTAGGTAGGTCCGTTCCCACT-3’

IL-12 F:5’-CTGTGCCTTGGTAGCATCTATG-3’ 169 bp
R:5’-GCAGAGTCTCGCCATTATGATTC-3’

IL-13 F:5’-CCTGGCTCTTGCTTGCCTT-3’ 116 bp
R:5’-GGTCTTGTGTGATGTTGCTCA-3’

IL-1β F:5’-GCAACTGTTCCTGAACTCAACT-3’ 89 bp
R:5’-ATCTTTTGGGGTCCGTCAACT-3’

IL-6 F:5’-CCAAGAGGTGAGTGCTTCCC-3’ 118 bp
R:5’-CTGTTGTTCAGACTCTCTCCCT-3’

MMP9 F:5’-CTGGACAGCCAGACACTAAAG-3’ 145 bp
R:5’-CTCGCGGCAAGTCTTCAGAG-3’

TGF-β1 F:5’-CTCCCGTGGCTTCTAGTGC-3’ 133 bp
R:5’-GCCTTAGTTTGGACAGGATCTG-3’

TNF-α F:5’-CCCTCACACTCAGATCATCTTCT-3’ 61 bp
R:5’-GCTACGACGTGGGCTACAG-3’

VEGF F:5’-GCACATAGAGAGAATGAGCTTCC-3’ 115 bp

R:5’-CTCCGCTCTGAACAAGGCT-3’
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or two-way analysis of variance with Bonferroni post-hoc analyses. p < 0.05 was considered statistically significant. 
According to the literature,27 sufficient statistical sample size was designed in the experiment. Randomization and 
blinding strategies were used whenever possible.

Results
GSRd Improves Mouse Cardiac Function After Myocardial Infarction
To explore the effect of GSRd (Figure 1A) on cardiac contractile function in vivo, WT mice were injected with vehicle 
DMSO or GSRd (50 μg/kg body weight) and underwent sham or LAD artery ligation surgery for 4 weeks (Figure 1B). 
The survival of mice was observed after 4 weeks (Figure 1C). No mice in the sham group died, 55% of mice in the MI + 
vehicle group died, and 30% of MI mice treated with GSRd died. Survival was significantly decreased in the MI + 
vehicle group compared with the sham group; GSRd significantly improved survival compared with the MI + vehicle 
group. GSRd intervention significantly improved the survival of MI mice.

Furthermore, a high-resolution echocardiography imaging system with M-model analysis revealed that ejection 
fraction and fractional shortening were significantly decreased in MI + vehicle group mice compared with the sham 
group, and GSRd treated mice exhibited a significant increase in ejection fraction and fractional shortening after MI 

Figure 1 Effects of GSRd on cardiac dysfunction following MI. (A) Structure formula information of GSRd. n = 20 per group. (B) Experimental protocols for MI and GSRd 
treatment. (C) Changes in the survival rates of mice following MI (n = 20). (D) Effects of GSRd on echocardiographic images. (E) cardiac ejection fraction (n = 6), (F) fraction 
shortening (n = 6). *P < 0.05 versus sham group; #P < 0.05 versus MI + vehicle group.
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compared with the MI + vehicle group (Figure 1D-F). These results indicated that the MI model mice modeling was 
successful, and GSRd could improve the cardiac function of mice after MI.

GSRd Attenuates Cardiac Fibrosis After Myocardial Infarction
To explore whether GSRd affects cardiac fibrosis following MI, Masson’s trichrome staining (Figure 2A) was performed. 
As shown in Figure 2B and C, the infarct zone and border zone fibrosis area of MI + vehicle group mice increased 

Figure 2 Effects of GSRd on cardiac fibrosis following MI. (A) Masson’s trichrome staining of histological sections at 4 weeks after MI. Scale bar = 100μm. (B) Experimental 
protocols for MI and GSRd treatment. (C) Percent survival. (D) Reverse transcription-quantitative polymerase chain reaction analyses of CTGF, Collagen I α1, Collagen III α1 
and fibronectin 1 (n=6). *P < 0.05 versus sham group; #P < 0.05 versus MI + vehicle group.
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significantly compared with the sham group. Compared with untreated MI mice, GSRd-treated MI mice significantly 
reduced the infarct zone and border zone fibrosis area. The mRNA levels of myocardial fibrosis markers (connective 
tissue growth factor (CTGF), collagen Iα1, collagen IIIα1, and fibronectin (Fn)) in the heart tissues with the infarct zone 
were measured in each group, as shown in Figure 2D. Compared with the sham group, the cardiac infarct zone mRNA 
levels of CTGF, collagen Iα1, collagen IIIα1, and Fn were significantly increased in MI + vehicle group mice. GSRd- 
treated MI mice significantly reduced cardiac infarct zone CTGF, collagen Iα1, collagen IIIα1, and Fn mRNA levels 
compared with untreated MI mice. These data suggest that GSRd therapy inhibits myocardial fibrosis after MI and 
alleviates cardiac remodeling.

GSRd Inhibits Inflammation and Apoptosis in Myocardial Tissues
As shown in Figure 3A and B, macrophages in the myocardial tissue were marked by CD68 immunohistochemical 
staining. Compared with the sham group, the cardiac macrophage infiltration in the MI + vehicle group was significantly 
increased. GSRd significantly reduced cardiac macrophage infiltration after MI compared with the MI + vehicle group.

Pro-inflammatory Ly6Chigh monocytes rely on Mcp-1/CCR2 to reach the inflammatory site of MI. As shown in 
Figure 3C and D, Western blot analysis was used to detect the effect of GSRd on Mcp-1/CCR2 protein expression in MI 
heart tissue. Compared with the sham group, Mcp-1/CCR2 protein expression was significantly up-regulated in the MI + 
vehicle group. Mcp-1/CCR2 protein expression was significantly down-regulated after GSRd treatment compared with 
the MI + vehicle group.

As shown in Figure 3E and F, Western blot analysis was used to detect the effect of GSRd on apoptosis-related 
protein Bcl-2/Bax of MI mice cardiomyocytes. Bcl-2 was an anti-apoptotic protein, and Bax was a pro-apoptotic protein. 
Compared with the sham group, Bcl-2 protein expression was significantly down-regulated, and Bax protein expression 
was significantly up-regulated in the MI + vehicle group. Compared with the MI + vehicle group, Bcl-2 protein 
expression was significantly up-regulated, and Bax protein expression was significantly down-regulated after GSRd 
treatment.

As shown in Figure 3G, mRNA expression levels of pro-inflammatory mediators TNF-α, IL-1β, and IL-6 in MI heart 
tissue were detected by RT-PCR. Compared with the sham group, the mRNA expression levels of pro-inflammatory 
mediators TNF-α, IL-1β, and IL-6 in the MI + vehicle group were significantly increased. Compared with the MI + 
vehicle group, the mRNA expression levels of TNF-α, IL-1β and IL-6 decreased considerably after GSRd treatment.

These results indicate that GSRd inhibits inflammation and apoptosis in the myocardial tissues.

GSRd Modulating Mos/Mps Subsets Conversion Following MI
Circulating Mos/Mps have the important feature of being recruited to inflammatory sites, and subsets of different 
phenotypes show different functions. For instance, macrophages differentiated from monocytes can replenish the tissue 
macrophage pool and modulate the local inflammatory environment resulting in cardiac injury. In order to study the 
effect of GSRd on the in-situ transformation of Ly6Chigh - Ly6Clow Mos/Mps, the mouse heart tissue was collected 
immediately for flow cytometry analysis and quantitative RT-PCR analysis after sacrifice.

As shown in Figure 4A-D, the total Mos/Mps and Ly6Chigh Mos/Mps cardiac infiltration significantly increased in the 
MI + vehicle group compared with the sham group. In contrast, the Ly6Clow Mos/Mps cardiac infiltration significantly 
decreased. Compared with the MI + vehicle group, GSRd significantly reduced the total Mos/Mps and Ly6Chigh Mos/ 
Mps cardiac infiltration after MI and significantly increased the cardiac infiltration of Ly6Clow Mos/Mps.

As shown in Figure 4E and F, the mRNA expressions of repairing and pro-angiogenic related cytokines (IL-13, 
TGFβ1, VEGF, and MMP9) and pro-inflammatory related cytokines (IL-1β, IL-12, and TNFα) in the infiltrating Mos/ 
Mps were detected by RT-PCR. Compared with the sham group, the mRNA expressions of repair and pro-angiogenic 
related cytokines (IL-13, TGFβ1, VEGF, and MMP9) were significantly down-regulated in the MI + vehicle group, and 
the mRNA expressions of pro-inflammatory related cytokines (IL-1β and TNFα) were significantly up-regulated. 
Compared with the MI + vehicle group, the mRNA expressions of repairable and pro-angiogenic related cytokines 
(IL-13, TGFβ1, VEGF, and MMP9) were significantly up-regulated after GSRd treatment, while the mRNA expressions 
of pro-inflammatory related cytokines were not significantly affected.
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Figure 3 Effects of GSRd on cardiac macrophage infiltration and inflammation tissues following MI. (A) Representative immunofluorescent images of CD68 in the heart 
tissues. Scale bar, 50μm. (B) Quantitation of CD68+ area per field in (A), n=3-5 per group. (C) Mcp-1 and CCR2 protein expression in heart tissue of each group mice 
detected by Western blot. (D) Mcp-1 and CCR2 relative protein expression to GAPDH. (E) Bax and Bcl-2 protein expression in heart tissue of each group mice detected by 
Western blot. (F) Bax and Bcl-2 relative protein expression to GAPDH. (G) Reverse transcription-quantitative polymerase chain reaction analyses of TNFα, IL-1β and IL-6 
(n=6) in heart tissue of each group mice. *P < 0.05 versus sham group; #P < 0.05 versus MI + vehicle group.
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Figure 4 Effects of GSRd on modulating Mos/Mps subsets conversion following MI. (A) Gating strategy for CD11b+CD115+Ly6G- Ly6Chigh and CD11b+CD115+Ly6G- 
Ly6Clow Mos/Mps in hearts of each group mice. (B-D) Total Mos/Mps (B), Ly6Chigh (C), and Ly6Clow (D) Mos/Mps in the hearts of each group of mice. (E and F) Reverse 
transcription-quantitative polymerase chain reaction analyses of anti-inflammatory markers (E) and pro-inflammatory markers (F) in the infiltrating Mos/Mps (n=6). *P < 0.05 
versus sham group; #P < 0.05 versus MI + vehicle group.
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Taken together, these results suggest that GSRd promotes the recruitment of Ly6Clow Mos/Mps in the heart 
following MI.

GSRd Modulating Mos/Mps Subsets Conversion via Akt/mTOR Activity After MI
The potential target genes of GSRd were predicted using STITCH (http://stitch.embl.de/),28 which identified AKT1, 
CYCS, and TRPM7 directly interacting with GSRd (Figure 5A). It is noteworthy that mTOR, as a downstream molecule 
of PI3K/Akt activated by Toll-like receptors, has been previously reported to be critical in innate immune coordination of 
macrophages and monocytes.29,30

As shown in Figure 5B and C, we examined the Akt/mTOR pathway activity in Mos/Mps in the heart of each group 
via western blot analysis. Compared with the sham group, the p-Akt, and p-mTOR activity were significantly decreased 
in the MI + vehicle group. Compared with the MI + vehicle group, p-Akt, and p-mTOR activity increased after GSRd 
treatment.

Gsrd regulates cardiac Mos/Mps subsets conversion after MI, and the possible mechanism is to activate Akt/mTOR 
pathway activity.

GSRd Regulates Akt/mTOR Activity of Peritoneal Macrophages
To further elucidate the effect of GSRd on the Akt/mTOR pathway activity in macrophages, mice peritoneal macro-
phages were extracted and treated with AKT activation inhibitor MK2206.

As shown in Figure 6A and B, compared with the blank control group, GSRd at 20μM and 50μM concentrations 
significantly increased the Akt/mTOR pathway activity in peritoneal macrophages, especially at 50μM concentrations. 
This dose-effect experiment suggested that the activity of the Akt/mTOR pathway in peritoneal macrophages depended 
on the concentration of GSRd.

As shown in Figure 6C and D, the Akt activation inhibitor MK2206 was used to further verify the Akt/mTOR 
pathway activity of GSRd peritoneal macrophages. Compared with the blank control group, GSRd(50μM) significantly 
increased the activity of the Akt/mTOR pathway, MK2206(5.5nM) significantly decreased the Akt/mTOR pathway 
activity, GSRd(50μM) combined with MK2206(5.5nM) significantly decreased the activity of Akt/mTOR pathway in 
peritoneal macrophages.

The Akt/mTOR pathway activity was increased in peritoneal macrophages dependent on GSRd concentration, while 
the Akt/mTOR pathway activity was inhibited by MK2206 (AKT inhibitor) treatment. Thus, the evidence supports the 
contention that GSRd converts the Mos/Mps subsets phenotype via Akt/mTOR activity following MI.

Discussion
This study found that GSRd treatment improved mouse myocardial function, attenuated cardiac fibrosis, and inhibited 
inflammation and apoptosis in myocardial tissues after MI. After the treatment of GSRd, increased non-classical Ly6Clow 

Mos/Mps and reduced classical Ly6Chigh Mos/Mps in myocardial tissue after MI, and the phenotype of tissue Mos/Mps 
was transformed into a regression phase. Furthermore, in vitro studies confirmed that GSRd has a similar regulatory 
effect on monocyte/macrophage differentiation, which may be related to the AKT/mTOR pathway. As shown in 
Figure 7A, pathological manifestations of MI; As shown in Figure 7B, the pharmacological mechanism of GSRd action 
on macrophages is related to Akt/mTOR pathway.

Ginsenoside is the most bioactive pharmacological compound extracted from ginseng rhizomes and is used to treat 
several clinical diseases.23 It is worth noting that the anti-oxidative stress, anti-apoptotic and anti-inflammatory effects of 
GSRd have attracted the attention of many researchers in recent years.20,24,31 In particular, recent studies have shown that 
GSRd can mitigate experimental autoimmune nerve injury by regulating monocyte conversion.24 GSRd has been widely 
used in the study of ischemic diseases and inflammatory diseases. MI is a typical ischemic disease and aseptic 
inflammatory disease. In this study, GSRd was selected as the research object to explore the possible mechanism of 
its treatment of MI.

Although the application of percutaneous coronary intervention has significantly reduced the mortality rate of AMI,32 

malignant events caused by ventricular remodeling after myocardial infarction remain prominent. Many factors are 
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Figure 5 GSRd modulates Mos/Mps subsets conversion following MI via AKT/mTOR pathway. (A) The potential targets gene of GSRd were predicted by the STITCH. (B) 
total-Akt, p-Akt, total-mTOR, and p-mTOR protein expression in Mos/Mps collected from heart tissue of each group mice detected by Western blot. (C) total-Akt, p-Akt, 
total-mTOR, and p-mTOR protein expression in Mos/Mps relative protein expression to GAPDH. *P < 0.05 versus sham group; #P < 0.05 versus MI + vehicle group.
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involved in ventricular remodeling, including cardiomyocyte hypertrophy, apoptosis, and myocardial fibrosis.33 In 
particular, the myocardial fibrosis caused by excessive deposition of ECM protein in the myocardium distorts the 
myocardial structure and leads to the development of arrhythmia and cardiac dysfunction, thus affecting the clinical 
course and outcome of patients with heart failure.34 Therefore, inhibition of myocardial fibrosis can be an effective means 
for the prevention and treatment of myocardial infarction. In this study, GSRd significantly inhibited MI myocardial 
fibrosis and its related markers (CTGF, Collagen I α1, Collagen III α1, Fn) mRNA expression. CTGF is one of the 
extracellular matrix proteins secreted by the CCN family, also known as CCN2. CTGF expression is elevated in human 
fibrotic diseases.35 Treatment of MI mice with CTGF monoclonal antibody can improve survival rate, preserve left 
ventricular systolic function, reduce inflammation, inhibit myocardial fibrosis, and promote cardiac repair.36 Collagen is 
the main component of the extracellular matrix, of which Collagen I and III account for 85% and 11% respectively.37 Fn 
polymerization is a necessary condition for collagen matrix deposition. From 12 h to 14 days after MI, Fn was 
significantly increased in the infarct area and marginal area of MI patients.38 Inhibition of Fn expression in ischemia- 
reperfusion model mice significantly reduced cardiac injury fibroblast markers and neutrophil infiltration after 1 week. 
Cardiac dysfunction, pathological cardiac remodeling, and myocardial fibrosis were significantly improved after 4 
weeks.39

Figure 6 GSRd regulates Akt/mTOR activity of peritoneal macrophages. (A) total-Akt, p-Akt, total-mTOR and p-mTOR protein expression in peritoneal macrophage with 
GSRd treated detected by Western blot. (B) total-Akt, p-Akt, total-mTOR and p-mTOR protein expression in peritoneal macrophage relative protein expression to 
GAPDH. (C) total-Akt, p-Akt, total-mTOR and p-mTOR protein expression in peritoneal macrophage with MK2206 and/or GSRd treated detected by Western blot. 
Ginsenoside Rd; MI, myocardial infarction; MK2206, an AKT inhibitor. (D) total-Akt, p-Akt, total-mTOR and p-mTOR protein expression in peritoneal macrophage with 
MK2206 and/or GSRd relative protein expression to GAPDH. *P < 0.05 versus sham group; #P < 0.05 versus MI + vehicle group.
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MI is accompanied by excessive apoptosis of cardiomyocytes, which plays a role in regulating cell mass and structure 
in many tissues.40 The Bcl-2 proto-oncogene family is essential for regulating apoptosis, and Bcl-2 exerts anti-apoptotic 
effects by binding to the Bax domain, which has pro-apoptotic effects and inhibiting Bax activation.41 Clinical studies 
have shown overexpression of Bax in the infarcted area of MI patients and accelerated cardiomyocyte apoptosis; In the 
acute phase of MI, Bcl-2 is induced to express processes involved in anti-cardiomyocyte apoptosis.42 The relative 
abundance of the pro-apoptotic protein Bax and the anti-apoptotic protein Bcl-2 determines the susceptibility of cells to 
death.43 This study showed that GSRd ameliorated the excessive apoptosis of cardiomyocytes in MI by significantly 
upregulating anti-apoptotic Bcl-2 protein expression and downregulating pro-apoptotic Bax protein expression.

Mcp-1, also known as Chemokine ligand 2 (CCL2), regulates monocyte recruitment in inflammatory diseases. 
Inflammatory Ly6Chigh monocytes rely on Mcp-1/CCR2 to reach the inflammatory zone.44 Mcp-1 or CCR2 gene deletion 
can reduce the inflammatory response in MI models.44,45 Targeted silencing of CCR2 increased cardiac ejection fraction 
from 29% to 35% in mice 21 days after MI, reduced recruitment of Ly6Chigh monocytes to injured myocardium, 
alleviated inflammatory response after MI, and inhibited left ventricular remodeling.46 Clinical studies have shown that 
intensive atorvastatin therapy down-regulates the expression of Mcp-1/CCR2 in patients with unstable angina pectoris 
and alleviates the inflammatory response of CD14+ monocytes recruitment.47 In this study, GSRd significantly reduced 
cardiac Mcp-1/CCR2 protein expression and infiltration of cardio-inflammatory Ly6Chigh Mos/Mps in MI mice.

Monocyte and macrophage subsets are critical for cardiac fibrosis48 and MI recovery.49 Previous studies have shown 
that Mos/Mps could be divided into two subsets (pro-inflammatory Ly6Chigh and less inflammatory and patrolling 
Ly6Clow) according to Ly6C expression level in mice.7 Meanwhile, CD14+ CD16− Mos resembles mouse Ly6Chigh cells, 
while CD14Dim Mos resembles mouse Ly6Clow Mos in humans.50 In myocardial infarction model mice, two types of 
monocytes/macrophages play an important role in cardiac healing. In the early stage (1–3 days after MI), Ly6Chigh 

(CD16-negative) pro-inflammatory monocytes lead to digestion of damaged tissue through phagocytosis and proteolysis, 
and in the late stage (3–5 days after MI), Ly6Clow (CD16-positive) anti-inflammatory monocytes promote healing 
through myofibroblast aggregation, angiogenesis, and collagen deposition.7 Consequently, regulating the monocyte 
/macrophage transformation from Ly6Chigh to Ly6Clow to inhibit myocardial fibrosis is beneficial to the repair of the 

Figure 7 MI pathological manifestations and possible intervention mechanisms of GSRd. (A) Pathological manifestations of MI. (B) The pharmacological mechanism of GSRd 
action on macrophages is related to Akt/mTOR pathway.
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heart after myocardial infarction. In this study, after the treatment of GSRd, increased non-classical Ly6Clow Mos/Mps 
and reduced classical Ly6Chigh Mos/Mps in myocardial tissue after MI, and the phenotype of tissue Mos/Mps was 
transformed into a regression phase.

Furthermore, in vivo and in vitro studies have confirmed that GSRd improves the cardiac immune environment after 
MI by enhancing cardiac Ly6Clow Mos/Mps recruitment. The possible mechanism may be related to the activation of the 
Akt/mTOR pathway to regulate the transformation of macrophages from excessive autophagy M1 type to anti-inflam-
matory protective M2 type polarization, namely, Ly6Chigh to Ly6Clow. The Akt/mTOR pathway is a major signal 
transduction pathway that regulates cell proliferation, survival, autophagy, and apoptosis. mTOR, a downstream molecule 
of Akt, is a crucial regulator of cellular protein synthesis, growth, expansion, autophagy, lysosomal function, and cellular 
metabolism.51 Myocardial cell death after MI largely depends on inhibiting the Akt/mTOR signaling pathway.52 Akt1−/− 

macrophages reduce mTOR activity and induce M1-type polarization.53 This study confirmed that GSRd regulates the 
Akt/mTOR pathway activity in peritoneal macrophages.

Conclusions
GSRd improves cardiac function, inhibits cardiac fibrosis and cardiomyocyte apoptosis in MI mice, suppresses cardiac 
inflammation by regulating the polarization of Mos/Mps subpopulations, enhances cardiac Ly6Clow Mos/Mps recruitment 
to alleviate the immune environment in post-MI hearts, and promotes cardiac repair. The possible mechanism is related to 
activating the Akt/mTOR pathway to regulate the macrophage polarization from excessive autophagic M1 type to anti- 
inflammatory protective M2 type, that is, the conversion of Ly6Chigh to Ly6Clow.
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