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Abstract 

Purpose: To determine the involvement of NLRP3 signaling pathway in the preventive role of 
daucosterol in acute myocardial infarction (AMI). 
Methods: H9C2 cells were pretreated with daucosterol before hypoxia/reoxygenation (HR) injury. 
Myocardial ischemia reperfusion (IR) was established in male SD rats, followed by reperfusion. 
Myocardial infarct size was measured. The serum levels of creatine kinase (CK), lactate dehydrogenase 
(LDH), total superoxide dismutase (T-SOD), and malondialdehyde (MDA) were determined using 
commercial kits. NLRP3 inflammasome activation was assessed by western blotting. 
Results: Myocardial infarct size was smaller after IR injury in rats pretreated with daucosterol (10 and 
50 mg/kg) than that pretreated with daucosterol (0 and 1 mg/kg). The increase in LDH, CK, and MDA 
levels after IR injury was reduced following daucosterol pretreatment. Reactive oxygen species (ROS) 
production increased, whereas T-SOD activity decreased after IR injury. These changes were 
prevented by pretreatment of daucosterol (10 and 50 mg/kg). Protein expression of NLRP3 
inflammasome increased after IR injury in H9C2 cells while pretreatment with daucosterol inhibited the 
upregulation of NLRP3 inflammasome. 
Conclusion: The cardioprotective effect of daucosterol pretreatment appears to be mediated via the 
inactivation of ROS-related NLRP3 inflammasome, suggesting that daucosteol might be a potential 
therapeutic drug for AMI. 
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INTRODUCTION 
 
Acute myocardial infarction (AMI) is one of the 
most serious complications of cardiovascular 
disease [1]. Due to the interventional therapy of 

percutaneous coronary, bypass grafting of 
coronary artery, and long-term treatment with 
inhibitors of angiotensin-converting enzyme, clot-
busting agents, and β-blockers, increasing 
patients have survived AMI [2]. However, 
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patients eventually develop heart failure due to 
myocardial dysfunction and left ventricular 
remodeling [3]. Ischemia reperfusion (IR) injury 
results from the suspension of blood supply that 
subsequently restored to an organ [4]. Reduced 
oxygen supply during ischemia can cause 
cardiac dysfunction and cardiomyocyte death, 
which elevated the release of ROS during 
reperfusion [5,6]. 
 
Increased ROS levels lead to tissue dysfunction 
by inducing peroxidation of lipids and proteins, 
mitochondria dysfunction, as well as DNA 
damage [7]. During IR, ROS production activates 
tissue inflammation and promotes 
immunoreaction via activating NLRP3 
inflammasome [8]. Following activation, NLRP3 
interacts with the adaptor protein ASC to recruit 
procaspase-1 monomers, which thus leads to the 
activation of caspase-1[9].  Recent research has 
revealed that the GSDMD, the substrate of active 
caspase-1is enzymatically cleaved by active 
caspase-1 into two fragments (the N and C 
domains) [10]. Upregulation of GSDMD-N 
induces pyroptosis and promote cardiomyocyte 
death during IR injury [11]. 
 
Daucosterol is a natural glucoside of β-sitosterol 
and synthesized from plants [12]. Recent studies 
have revealed that daucosterol has effects on 
various biological process, and has anti-cancer, 
anti- inflammatory, and neuroprotective effects 
[3,12]. In mice, daucosterol prevented clinical 
symptoms of colitis and inhibited ROS 
production, macrophage infiltration, and the 
expression of pro-inflammatory cytokines  
caused by dextran sulfate sodium (DSS), 
indicating its anti-inflammatory effect [12]. 
However, there is no evidence regarding the 
effect of daucosterol on AMI.  
 
Therefore, this study aimed to reveal the 
biological activity of daucosterol following 
myocardial IR injury, and the underlying signaling 
pathway. 
 
EXPERIMENTAL 
 
Animals 
 
Male Sprague-Dawley (SD) rats, weighing 275 ± 
25 g, 7±1 weeks old, were obtained from Hunan 
Shrek Jingda Experimental Animal Co. Ltd 
(Hunan Province, China). Before the experiment, 
all rats were given normal laboratory rat feed and 
water and maintained in a controlled environment 
(24 ± 1 °C, 55 ± 15 % humidity, 12-h light/12-h 
dark cycle), for 1 week to adapt to the 
environment. All experiments procedures were 
carried out in compliance with ethical standards 

under a protocol approved by the institutional 
Ethics Committee (approval no. 2018035), and 
executed according to the Guide for the Care 
and Use of Laboratory Animals published by 
United States NIH (no. 85-23, 1996). 
 
Animal model of AMI and groups 
 
Myocardial IR was achieved by encircling the left 
anterior descending coronary artery (LAD; 30 
min), followed by reperfusion (1 h). The SD rats 
were anesthetized by urethane (1 g/kg, Qingxi, 
Shanghai, China) and the chest was opened. 
Ischemia was induced by placing a slipknot with 
silk suture at the distal one-third of the LAD (30 
min). Subsequently, the myocardium was 
reperfused for 1 h by releasing the slipknot. The 
same procedures were conducted without tying 
the suture at the LAD, for sham group. 
 
The rats were grouped (n = 10 per group):  I: 
Sham rats;  II: AMI rats; III: AMI rats were 
pretreated with daucosterol (1 mg/kg);  IV:  AMI  
rats were pretreated with  daucosterol at a dose 
of 10 mg/kg; V, AMI rats were pretreated with 
daucosterol (50 mg/kg). Daucosterol was 
administered through the intragastric route, three 
times per week for 2 weeks before operation. At 
the end of the experiments, the rats were 
euthanized by pentobarbital sodium (100 mg/kg) 
and then blood sample and heart tissues were 
collected. 
 
Blood and heart tissue collection  
 
A volume of 500 μL blood samples from the tail 
vein of rats after reperfusion was centrifuged at 
1000 rpm. The supernatants were collected in 1-
ml tubes and stored at –80 °C. The heart was 
isolated after reperfusion for 1 h. A portion of each 
heart specimen was fixed and kept at 4 °C for 
ultrastructure detection. Another portion of each 
specimen was embedded in paraffin wax after 
fixing in 4 % paraformaldehyde. The remaining 
part of heart was deep-frozen by liquid nitrogen 
and preserved at –80 °C. 
 
Measurement of myocardial infarct size 
 
Triphenyl tetrazolium chloride (TTC) staining was used 
to measure myocardial infarct size. The heart 
tissues were cut into slices (5-mm) and incubated 
in TTC (1 %), and photographed using a digital 
camera (Canon, Japan). Following TTC staining, 
the red portion of the heart represent ischemic 
but not infarct tissue, while the white portion 
represents infarcted myocardium. Image Pro 
Plus software was used for the measurement of 
the size of myocardial infarct areas. 
 



Zhao et al 

Trop J Pharm Res, May 2020; 19(5): 1033 
 

Cell culture and hypoxia/reoxygenation (H/R) 
injury model 
 
Rat cardiomyocyte cell lineH9C2 was purchased 
from ATCC (Manassas, VA, USA.).  High-glucose 
DMEM were supplemented with 10 % (v/v) heat-
inactivated FBS and antibiotics 
(Gibco/Invitrogen). The cells were incubated in a 
humidified incubator (5 % CO2; 37 ºC).  
 
H9C2 cells were cultured in sterile 6-well plates 
(1 × 107 cells/well), and added with daucosterol 
that dissolved in dimethyl sulfoxide for 24 h; this 
was the H/R + DA group. The control and H/R 
groups were cultured in normal medium for 24 h.  
 
The medium was then changed to Krebs-Ringer 
bicarbonate buffer and the H/R cells were 
incubated in an anoxic environment (95 % N2 and 
5 % CO2 for 6 h, whereas the control cells was 
cultured under normal condition for 6 hours. 
Following this, all groups were cultured in normal 
medium and maintained at 5% CO2 and 95 % air 
for 5 h to effect reoxygenation injury. 
 
Assay of CK, LDH, T-SOD, and MDA in serum 
 
As described above, blood serum was collected 
and serum CK (ab155901, Abcam) and leakage 
of myocardial lactate LDH were determined at 450 
nm (ab102526, Abcam) according to 
manufacturer’s instructions. Quantification of T-
SOD activity at 450 nm (ab65354, Abcam) and 
MDA at 532 nm (ab118970, Abcam) were carried 
out using commercial assay kits. 
 
Fluorescence microscopy 
 
Cells were seeded in 6-well plates. After 
treatment, cells were fixed and then washed with 
PBS three times and stained by Hoechst 33258 
solution (Beyotime), which was finally observed 
using fluorescence microscopy (Olympus IX81). 
 
Flow cytometry 
 
Apoptosis of H9C2 cell was determined using 
flow cytometry. H9C2 cells were collected and 
centrifuged. After washing with PBS, the cells 
were analyzed using Annexin V-FITC apoptosis 
detection kit [13]and analyzed using flow 
cytometry (Becton Dickinson, Mountain View, 
CA, USA). 
 
Western blotting analysis 
 
Total proteins were extracted from myocardial 
tissue and H9C2 cells and a BCA protein assay 
kit (Pierce) was used to measure concentration. 
Fifty micrograms of total protein were 

electrophoresed on a 10 % SDS-PAGE and then 
transferred to membranes (Millipore Co., 
Bedford, USA), which were blocked  and 
incubated overnight at 4 °C with primary 
antibodies: Blc2 (CST3498, 1:1500 dilution), 
caspase 3 (CST9665, 1:1500 dilution), cleaved 
caspase 3 (CST9664, 1:1000 dilution), NLRP3 
(CST15101, 1:800 dilution), activated caspase-1 
(p20) (SC12128, 1:500 dilution), caspase-1 
(CST2225, 1:1000 dilution), GSDMD-N (AF4012, 
1:600 dilution), and β-actin (CST3700, 1:5000 
dilution).  
 
Thereafter, the membranes were incubated with 
secondary antibody, and bands were detected 
and quantified. 
 
Statistical analysis 
 
Statistical analysis was performed using 
GraphPad Prism 8.1.0 software. Data were 
shown as mean ± standard error of mean. 
Comparison analysis involving more than two 
groups were using one-factor analysis of variance; 
differences between individual groups were 
analyzed using Scheffe's test. A  p-value < 
0.05 was considered statistically significant. 
 
RESULTS 
 
Daucosterol reduced myocardial infarction in 
rats after IR injury 
 
Infarcts in rat hearts were stained using TTC and 
measured. No infarction was found in the sham 
group, whereas infarct areas were displayed in 
the AMI group. The infarct size was smaller in 10 
mg/kg and 50 mg/kg daucosterol-treated groups 
than that in the AMI group, whereas 1 mg/kg of 
daucosterol did not reduce infarct size as 
compared with the AMI group (Figure 1 A).  
 
The elevation of LDH and CK levels were found 
in rats with IR, but this elevation was inhibited in 
rats pretreated with 10 mg/kg and 50 mg/kg 
daucosterol (Figure 1 B and C). 
 
Daucosterol reduced ROS production in rats 
after IR injury 
 
Serum MDA levels were increased in rats following 
IR injury. However, pretreatment with 
daucosterol(10 and 50 mg/kg) inhibited the 
elevation of MDA levels, whereas 1 mg/kg of 
daucosterol had no obvious effect on serum 
MDA levels (Figure 2 A).. T-SOD activity was 
reduced in AMI rats, but restored in rats pretreated 
with 10 and 50 mg/kg daucosterol (Figure 2 B). 
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Figure 1: Daucosterol attenuated myocardial 
infarction after IR injury. (A) The myocardial infarct 
was stained using TCC; (B) the size calculated as a 
percentage of the area; serum LDH(C) and CK(D) 
level was measured using a commercial kit; **p < 0.01 
vs. sham; ##p < 0.01 vs. AMI 
 

 
 
Figure 2: Daucosterol reduced oxidative stress after 
IR injury. (A) T-MDA (A) and SOD level (B) were 
measured using a commercial kit; **p < 0.01 vs. sham; 
##p < 0.01 vs. AMI 
 
Daucosterol protected H/R injury by reducing 
ROS production and suppress apoptosis of 
H9C2 cells 
 
The fluorescence intensity of ROS was 
significantly enhanced in H/R-treated H9C2 cells, 
while the addition of daucosterol decreased ROS 
fluorescence intensity (Figure 3 A). The 
proportion of apoptotic cells was increased in 
H/R-treated H9C2 cells. In cells pretreated with 
daucosterol, the number of apoptotic cells 
induced by H/R was significantly reduced (Figure 
3 B).  
 
The expression of Bcl2 was downregulated after 
H/R, and daucosterol inhibited H/R-induced 
downregulation of Bcl2 expression. Caspase-3 
expression showed no significant change by H/R 
or daucosterol pretreatment, but cleaved 
caspase-3 expression was increased following 
H/R, which was inhibited by pretreatment of 
daucosterol (Figure 3 C). 
 

 
 
Figure 3: Daucosterol reduced ROS production and 
suppressed cell apoptosis after H/R injury. (A) Cells 
were stained by Hoechst 33258 to detect ROS 
production (200×); (B) Measurement of cell apoptosis 
was achieved by flow cytometry; (C) Protein expression 
was determined by western blotting; **p < 0.01 vs. 
control; #p < 0.05 vs. H/R; ##p < 0.01 vs. H/R 
 

Daucosterol inhibited NLRP3 inflammasome 
activation after IR injury 
 
NLRP3 inflammasome activation (NLRP3, 
caspase-1, activated caspase-1, and GSDMD-N) 
was measured using western blotting, both in 
H9C2 cells and in AMI rats. In H/R cells, the 
expression of NLRP3 inflammasome was 
significantly upregulated after H/R, and these 
upregulations were inhibited in cells pretreated 
with daucosterol. (Figure 4A). In rat heart tissue, 
upregulations of NLRP3 inflammasome were 
observed in rats following IR injury. Pretreatment 
with 10 and 50 mg/kg daucosterol prevented the 
increases in expression of NLRP3 
inflammasome. However, no obvious biological 
effects were observed in rats treated with 1 
mg/kg daucosterol (Figure 4B). 
 

 
 
Figure 4: Daucosterol inhibited NLRP3 inflammasome 
activation after H/R or IR injury. (A) The protein 
expressions in H9C2 cells (A) and AMI rats (b) were 
detected by western blotting; **p < 0.01 vs. 
control/Sham; ##p < 0.01 vs. H/R or AMI 
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DISCUSSION 
 
It is known that myocardial IR injury increases 
the morbidity and mortality of AMI patients, and 
that reperfusion is the standard therapy for AMI 
[14]. Recently, more and more studies have 
focused on identifying effective cardioprotective 
treatments to prevent IR injury [15,16]. This the 
first evidence investigating the cardioprotective 
effect of daucosterol on IR injury. The results 
demonstrated that pretreatment with daucosterol 
reduced myocardial infarct size in rats following 
IR injury, and that this effect is likely mediated via 
ROS-related NLRP3 inflammasome activation. 
 
Ischemia and reperfusion elicit cardiomyocyte 
injury [17]. Fewer apoptotic cells were observed 
in H9C2 cells pretreated with daucosterol than in 
H/R cardiomyocytes. Moreover, LDH and CK are 
effective biomarkers of myocardial injury [18]. In 
rats pre-treated with daucosterol (10 and 50 
mg/kg), serum LDH and CK levels, as well as 
infarct size, were lower, whereas no difference was 
observed in rats treated with 1 mg/kg of 
daucosterol   when compared to AMI rats. These in 
vitro and in vivo data indicate that medium and high 
doses of daucosterol might prevent myocardial 
injury from IR. The signaling pathway underlying 
the cardioprotective effects of daucosterol was 
investigated. IR injury is mediated by several 
factors, and elevated ROS production occurs 
particularly at reperfusion [5]. ROS production 
was increased after H/R injury in H9C2 cells, 
which has also been demonstrated in previous 
findings [19]. Reduction in ROS fluorescence 
intensity was observed in cells pretreated with 
daucosterol, demonstrating that daucosterol 
inhibited H/R-induced ROS generation. The 
activity of T-SOD was reduced and serum MDA 
levels was enhanced after IR injury, indicating an 
increase in oxidative stress [20,21]. Pretreatment 
of cells with daucosterol reduced ROS 
generation and serum MDA levels, and 
enhanced T-SOD activity. These findings 
showed that daucosterol prevented 
cardiomyocyte injury by reducing oxidative 
stress. 
 
It is well accepted that elevation of ROS 
production activates the NLRP3 inflammasome 
[22]. Previous studies have reported that ROS-
mediated NLPR3 inflammasome activation is 
involved  in many different signaling pathways, 
such as MAPK, NF-κB, ERK1/2, and Nrf2 
[6,16,23,24]. The data in this study revealed that 
NLRP3 expression was upregulated both in vitro 
and in vivo after IR or H/R injury. Furthermore, 
the upregulation of NLRP3 was inhibited by 
pretreatment with daucosterol, confirming that 
the cardioprotective effects of daucosterol were 

mediated by activation of the ROS-NLRP3 
inflammasome signaling pathway.  
Furthermore, protein expressions of activated 
caspase-1 and its substrate GSDMD-N, an 
NLPR3 inflammasome protein [10], were 
increased after IR or H/R injury, indicating 
activation of pyroptosis [25]. Daucosterol 
inhibited the activation of caspase-1, resulting in 
the inactivation of pyroptosis. To some extent, 
these results were consistent with data showing 
smaller infarct size and fewer apoptotic cells in 
the daucosterol pre-treated group when 
compared with controls, both in vivo and in vitro. 
 
Limitations of the study 
 
The limitation of this study is that we were unable 
to pinpoint the underlying protective mechanism 
of daucosterol in ROS-NLRP3 activation. Further 
analysis is needed to identify the exact signaling 
pathway involved in the cardioprotective effect of 
daucosterol. 
 
CONCLUSION 
 
This is the first primary evidence showing that 
the protective effect of daucosterol on myocardial 
infarction is mediated via inactivation of NLRP3 
inflammasome. This finding demonstrates that 
daucosterol may be a potential therapeutic agent 
for the prevention of IR injury. However, clinical 
studies are required to validate this statement. 
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