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Abstract. – OBJECTIVE: Myocardial isch-
emia-reperfusion injury (MIRI) is myocardial tis-
sue injury caused by blood supply returning to 
myocardial tissue after ischemia or hypoxia. The 
purpose of this study was to investigate the pro-
tective effect of FULLEROL on myocardial tis-
sue in MIRI rats and its mechanism.

MATERIALS AND METHODS: We use rats 
and ligate their left anterior descending coro-
nary artery to make a MIRI model, and we al-
so subcutaneously injected some MIRI rats with 
FULLEROL daily for two weeks before modeling. 
We determined the effects of model building and 
the therapeutic effect of FULLEROL on MIRI by 
detecting the changes of myocardial tissue mor-
phology, myocardial injury markers and cardiac 
function in rats. In addition, we detected the ex-
pression changes of inflammatory factors and 
antioxidative molecules in rat myocardial tissue 
and serum to determine the effect of FULLEROL 
on inflammation and oxidative stress in myocar-
dial tissue. Finally, we detected the activity of 
the Nrf2/HO-1 signaling pathway in rat cardio-
myocytes to determine the mechanism of action 
of FULLEROL.

RESULTS: The structure of myocardial tis-
sue in MIRI rats was remarkably damaged, 
and the range of myocardial infarction was in-
creased. In addition, the concentrations of cre-
atine kinase and lactate dehydrogenase were in-
creased, and the heart function was reduced, 
while FULLEROL could reverse these condi-
tions. In addition, FULLEROL was found to re-

duce the concentration of the inflammatory fac-
tors in rat myocardial tissue and serum, and to 
increase the expression of antioxidative mole-
cules in myocardial tissue. The Nrf2/HO-1 sig-
naling pathway was found to be related to MIRI 
and FULLEROL could increase the activity of the 
Nrf2/HO-1 signaling pathway in cardiomyocytes.

CONCLUSIONS: FULLEROL can alleviate MIRI 
by promoting the activity of the Nrf2/HO-1 sig-
naling pathway to reduce the expression of in-
flammatory factors in rats and increase the anti-
oxidative capacity of cardiomyocytes.

Key Words:
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Introduction

Acute myocardial infarction (MI) is myocar-
dial ischemic necrosis caused by coronary artery 
occlusion. It is a critical state of coronary athero-
sclerotic heart disease with high mortality rate1. In 
the early stage of acute MI, thrombolysis or inter-
ventional therapy can save dying cardiomyocytes2. 
However, when coronary blood flow is restored on 
the basis of ischemia, the condition of ischemic 
myocardium deteriorates, and even irreversible 
injury may occur, such as increased MI area, 
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arrhythmia, ventricular contraction, and a series 
of symptoms of low persistence of cardiac func-
tion. This phenomenon is called myocardial isch-
emia-reperfusion injury (MIRI)3. MIRI is associ-
ated with a variety of pathological factors. Meta-
bolic disorders, endothelial cell dysfunction, oxi-
dative stress, neutrophil infiltration, mitochondrial 
damage, inflammatory response, apoptosis, and 
autophagy are involved. Among them, inflamma-
tion, oxidative stress, and apoptosis play important 
roles in myocardial ischemia and pathogenesis4. 
When MIRI occurs, MIRI immediately stimulates 
the inflammatory response, and the inflammatory 
response continues throughout the reperfusion5. 
In clinical trials, MIRI has also been shown to be 
closely related to inflammatory factors, such as 
tumor necrosis factor (TNF)-α, interleukin (IL)-6, 
and IL-1β. Some studies have shown that when 
the reperfusion time is gradually extended, the 
serum TNF-α concentration of patients shows an 
upward trend. Especially when acute MI occurs, 
TNF-α levels significantly increase6. TNF-α and 
IL-1β not only participate in the inflammatory 
process, but also promote the generation of oxygen 
free radicals, leading to an increase in the level 
of oxidative stress in myocardial tissue. Increased 
oxidative stress also aggravates myocardial tissue 
injury7. Therefore, reducing the level of inflam-
mation and oxidative stress in myocardial tissue 
during ischemia-reperfusion (I/R) is the key to 
alleviate MIRI.

Fullerene is a spherical molecule entirely 
composed of carbon elements and has attracted 
widespread attention for its unique physical and 
chemical properties8. Fullerene’s extremely low 
water-soluble properties have greatly limited its 
development in the biomedical field. Fullerene de-
rivatives (FULLEROL) introduced with hydroxyl 
functional groups retain most of their excellent 
properties, but also enrich their applications in 
the field of biomedicine, such as tumor-targeted 
therapy, antiviral effects, antioxidative effects, 
and neuroprotective functions, etc9. FULLEROL 
has a large number of carbon-carbon double 
bonds and the lowest unoccupied molecular or-
bit and can well absorbs electrons and reacts 
with free radicals, and then, remove them. As 
a result, FULLEROL exerts their ability to pro-
tect cells by quenching reactive oxygen species 
(ROS) molecules, scavenging free radicals, and 
resisting oxidative stress10. Scholars11 have shown 
that FULLEROL has very strong antioxidative 
capacity, which is 125 times than that of vitamin 
C, and is called “free radical sponge”. However, 

it is unclear whether FULLEROL’s antioxidative 
capacity can affect MIRI. Therefore, we use rats 
to make MIRI models and treat them with FUL-
LEROL to study the effect of FULLEROL on rat 
MIRI and its mechanism.

Materials and Methods

Animals and MIRI Model
100 healthy adult male Sprague Dawley rats 

were used for this study. All rats were purchased 
and housed in Jilin University Experimental 
Animal Centers. The animal experiments of 
this study were approved by Animal Ethics 
Committee of Jilin University. The centrifuge 
tubes containing FULLEROL powder were first 
centrifuged in a centrifuge, and then, the FUL-
LEROL powder was dissolved into concentra-
tions of 5 mg/kg and 10 mg/kg using sterile 
normal saline. The FULLEROL solution was 
stored in the refrigerator at -80°C. The rats were 
divided into a Control group, a Sham group, an 
I/R group, an I/R + FULLEROL (5 mg/kg, Sig-
ma-Aldrich, St. Louis, MO, USA) group, and an 
I/R + FULLEROL (10 mg/kg) group. The rats 
in the I/R group, I/R + FULLEROL (5 mg/kg) 
group, and I/R + FULLEROL (10 mg/kg) group 
were used to make MIRI models. We used 2% 
sodium pentobarbital (40 mg/kg) to anaesthe-
tize rats by intraperitoneal injection. After the 
rats were successfully anesthetized, we fixed 
the rats on the experimental table in a supine 
position. We intubated the rat and mechanically 
ventilated the rat using a small animal ventilator 
(CWE SAR-830, Orange, CA, USA). We, then, 
used electric clippers to remove fur from the 
chest and abdomen of rats and disinfected it with 
iodophors. We longitudinally incised the skin of 
the rat’s left thorax about 3 cm between the third 
and fourth intercostal space. We, then, separated 
the rat left chest layer by layer until the heart 
was exposed. We used forceps to gently sepa-
rate the pericardium and found the left anterior 
descending coronary artery. We used sutures 
to ligate the left anterior descending coronary 
artery of the rat. Elevation of the ST segment 
of the electrocardiograph (ECG) indicated suc-
cessful ligation. After 30 minutes of ligation, we 
loosened the suture and reperfused the ischemic 
myocardium for 2 hours. A 50% drop in the ST 
segment of the ECG was a sign of successful 
reperfusion. Rats in the Sham group only ex-
posed the heart without ligating the coronary 
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arteries. Rats in the I/R + FULLEROL (5 mg/
kg) group and the I/R + FULLEROL (10 mg/kg) 
group were injected intraperitoneally daily with 
FULLEROL two weeks before modeling.

2,3,5-Triphenyl Tetrazolium Chloride 
(TTC) Staining

TTC staining was used to detect rat MI area. 
After 2 hours of myocardial reperfusion, we col-
lected rat hearts and rinsed them with saline. We 
used a heart slicer to slice the heart into approx-
imately 1 mm slices in a direction perpendicular 
to the long axis of the heart. We, then, stained the 
heart slices using TTC. Then, we used neutral 
formalin to fix the heart slices and take pictures. 
Image J was then used to analyze the ischemic 
area (red), infarct area (white), and normal area 
(blue). Infarction degree = infarct area / normal 
area × 100%.

Echocardiography
After rat myocardial reperfusion, we used 

small animal high-frequency ultrasound imag-
ing system (Visual Sonics Vevo 3100, Toron-
to, Canada) to detect rat cardiac function by 
echocardiography. After the rat modeling was 
completed, we anesthetized the rats with 1.7% 
isoflurane and placed the rats on a thermostatic 
fixed mount. Left ventricular end-systolic in-
ner diameter (LVESID), left ventricular end-dia-
stolic inner diameter (LVEDID), left ventricular 
end-systolic volume (LVESV) and left ventricu-
lar end-diastolic volume (LVEDV) were detected. 
Left ventricular short fraction shortening (LVFS) 
and left ventricular ejection fraction (LVEF) were 
calculated. LVEF = (LVEDV-LVESV)/LVEDV 
× 100%. LVFS = (LVEDID-LVESID)/LVEDID.

Catalase (CAT), Malondialdehyde 
(MDA) and Superoxide Dismutase (SOD) 
Activity Assay

After obtaining the rat hearts, we took the an-
terior wall portion (100 mg) of the left ventricle 
and used lysate to dissolve the myocardial tissue. 
Then, we used CAT, MDA, and SOD activity 
assay kits (R&D Systems, Emeryville, CA, USA) 
to detect CAT, MDA, and SOD activity in rat 
cardiac tissue according to the manufacturer’s 
instructions.

Histology and Hematoxylin and 
Eosin (HE) Staining

After obtaining the rat hearts, we soaked 
the rat hearts in 4% paraformaldehyde solution 

for 24 hours. Rat hearts were then stored in 
phosphate buffered saline (PBS) for long-stem 
storage. Rat myocardial tissue was dehydrated 
in gradient alcohol and placed in xylene and 
paraffin solutions to make paraffin blocks. A 
microtome (LEICA RM2235, Koln, Germany) 
was used to make paraffin sections and the 
thickness was adjusted to 5 μm. The heart slices 
were placed in a Water Bath-Slide Drier (water 
temperature of 40°C) (LEICA HI 1210, Koln, 
Germany) and we collected heart slides using 
a glass slide. The slides were then baked in a 
37°C incubator for 24 hours. Before HE stain-
ing, we placed the slides in a gradient alcohol 
solution and then in xylene. Hematoxylin stain 
(Sigma-Aldrich, St. Louis, MO, USA) was used 
to stain the nucleus for 1 minute. After washing 
the slides with running water, we differentiat-
ed them using a 1% hydrochloric acid alcohol 
solution. The slides were then placed in 1% eo-
sin staining solution (Sigma-Aldrich, St. Louis, 
MO, USA) for 1 minute. After treatment with 
gradient alcohol and xylene, we used neutral 
resin for seal and observed the morphological 
changes of rat cardiac muscle with a microscope 
(LEICA, Koln, Germany).

Immunohistochemical (IHC) Staining
After dewaxing and hydrating the myocar-

dial tissue on the slide, we placed the slides in 
citrate buffer and heated them to 95°C for 10 
minutes. After the citrate buffer cooled natu-
rally, we washed the slides with PBS and add-
ed 3% H2O2 on the slides. After half an hour, 
we washed the slides with PBS and incubated 
the myocardial tissue with 10% goat serum 
for one hour. IL-1β (Abcam9722, Cambridge, 
MA, USA), TNF-α (Abcam6671, Cambridge, 
MA, USA), SOD1 (Abcam13498, Cambridge, 
MA, USA), SOD2 (Abcam13533, Cambridge, 
MA, USA), NF-E2 related factor 2 (Nrf2; Ab-
cam31163, Cambridge, MA, USA) and heme 
oxygenase 1 (HO-1) (Abcam13248, Cambridge, 
MA, USA) antibody dilutions were added to 
the slides and the slides were placed in a wet 
box at 4°C overnight. After washing the slides 
with PBS, we used secondary antibody (Ab-
cam150077, Cambridge, MA, USA) dilution to 
incubate the myocardial tissue on the slides for 
1 hour at room temperature. We, then, washed 
the slides with PBS and developed color with 
developer. Finally, we use a microscope (LEI-
CA, Koln, Germany) to observe and record the 
staining results.
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Enzyme Linked Immunosorbent Assay 
(ELISA)

After the modeling was completed, we collected 
rat blood. In addition, we obtained rat serum by 
centrifugation (13000rpm, 5 minutes, 4°C). The 
serum was stored in a -80°C refrigerator. Cre-
atine kinase (CK) ELISA kit (R&D Systems, Em-
eryville, CA, USA), lactic dehydrogenase (LDH) 
ELISA kit (R&D Systems, Emeryville, CA, USA), 
IL-1β ELISA kit (R&D Systems, Emeryville, CA, 
USA), IL-6 ELISA kit (R&D Systems, Emeryville, 
CA, USA), IL-8 ELISA kit (R&D Systems, Em-
eryville, CA, USA) and TNF-α ELISA kit (R&D 
Systems, Emeryville, CA, USA) are used to detect 
concentrations of CK, LDH, IL-1β, IL-6, IL-8 and 
TNF-α in rat serum.

RNA Isolation and Quantitative Real 
Time-Polymerase Chain Reaction 
(qRT-PCR)

After obtaining rat myocardial tissue, we grind-
ed myocardial tissue by liquid nitrogen method 
and added 1 mL of TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) to dissolve myocardial tissue. 
We then collected the homogenate using 1.5 mL 
Eppendorf (EP; Hamburg, Germany) tubes and 
centrifuged in a centrifuge (13000 rpm, 10 min-
utes, 4°C). 200 μL of chloroform was then added 
to each EP tube. After centrifugation (13000 rpm, 
10 minutes, 4°C), we collected the upper aqueous 
phase and added it to new EP tubes. After adding 
an equal volume of isopropanol to the EP tube and 
shaking, we put the EP tubes in a centrifuge (13000 
rpm, 10 minutes, 4°C) and discard the supernatant. 
After washing the sediment with 75% ethanol, we 
added enzyme-free water to dissolve the RNA. 
The RNA solution was stored in a -80°C refrigera-
tor. First, we reversed mRNA into complementary 
deoxyribose nucleic acid (cDNA) using the Super-

Script IV kit (Thermo Fisher Scientific, Waltham, 
MA, USA). The cDNA was stored to a refrigerator 
at -20°C. We, then, used SYBR Green Master Mix 
(Thermo Fisher Scientific, Waltham, MA, USA) 
to amplify the cDNA with different primers. The 
primer sequences are shown in Table I. Endoge-
nous glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) expression was used as a control. The 
relative expression of mRNA was expressed as 
2-ΔΔCt.

Statistical Analysis
Statistical Product and Service Solutions 

(SPSS) 21.0 statistical software (IBM Corp., Ar-
monk, NY, USA) and GraphPad Prism 7.0 soft-
ware (La Jolla, CA, USA) were used for data 
analysis in this study. Data for this study are ex-
pressed as mean ± standard deviation. Differenc-
es between two groups were analyzed by using 
the Student’s t-test. Comparison between mul-
tiple groups was done using One-way ANOVA 
test followed by post-hoc test (Least Significant 
Difference). p<0.05 was considered statistically 
significant. All experiments were repeated more 
than 3 times.

Results

FULLEROL Reduces I/R-Induced 
Myocardial Injury in Rats

In order to determine the effect of FULLEROL 
on MIRI in rats, we made MIRI models in rats and 
injected them with FULLEROL intraperitoneally. 
The HE staining (Figure 1A) results showed that 
the myocardial tissues of the rats in the Control 
group and Sham group were normal, but the 
cardiomyocytes in the I/R group were disorderly 
arranged and the number of cells was reduced. The 

Table I. Primers sequences for qRT-PCR.

 Name Sense sequences (5’-3’) Anti-sense sequences (5’-3’)

IL-1β GATCATCGTAGCATCGTACT CGAGCTATCAGCTACGACGT
IL-6 TTACGACGTCATCGAGTCC ACGCATCTCATGCGACTCGA
IL-8 GGCTACTACGAGCTACATCG CAGCATCATCGACGTATCG
TNF-α AACTGCAGCGCTTAGCAGCT AACGGCATCGACGACTTCGA
SOD1 CTTCAGCGACTAGCTAGCAT ACGATCATCGACGTTAGCAGC
SOD2 TGCAGCATCATCAGGCATCC AGCATCAGTCGATCTGACTGA
Prdx1 GAGCTACGACTGACTGACGTA AGCGACTACGTACGATCGCA
Prdx4 TGCGACGACGTCTAGCACA GGTCATTAAGCTCTAGCCAG
Nrf2 GCTACTATCGACGCGATCGC GGCTAGCAGCATCAGTCATCG
HO-1 GTCATCGACGATCAGTCGA AGCATCATCGATCATCAGTC
GAPDH AGAAGGCTGGGGCTCATTTG AGGGGCCATCCACAGTCTTC



FULLEROL alleviates myocardial ischemia-reperfusion injury

9669

morphology and number of cardiomyocytes in rats 
treated with FULLEROL were significantly im-
proved. TTC method was used to detect the MI ar-
ea in rats. The MI area in the rats of the I/R group 
was significantly higher than that of the Control 
group and the Sham group, while the FULLEROL 
treatment could reduce the MI area and this was 
dose-dependent (Figure 1B). We examined cardiac 
function in rats by echocardiography and found 
that FULLEROL can improve I/R-induced decline 
in cardiac function and increase LVEF and LVFS 
(Figure 1C). ELISA detected the concentration 
of rat myocardial injury markers and found that 
FULLEROL can reduce the concentrations of CK 
and LDH in rat serum (Figure 1D). In addition, 
compared with 5 mg/kg of FULLEROL, 10 mg/kg 
of FULLEROL can better reduce CK.

FULLEROL Reduces I/R-Induced 
Myocardial Tissue Inflammation in Rats

Excessive inflammatory response is an import-
ant factor for exacerbation of myocardial injury 
after reperfusion, so we examined changes in 
inflammatory factors in rat serum and myocar-

dial tissue. IHC staining was used to detect the 
expression of IL-1β and TNF-α in rat myocardial 
tissue. The expressions of IL-1β and TNF-α in the 
myocardial tissue of rats in the I/R group were 
significantly higher than those in the Control 
group and the Sham group, while FULLEROL 
could reduce the expressions of IL-1β and TNF-α 
in the myocardial tissue of rats (Figure 2A). ELI-
SA detected changes in the expression of inflam-
matory factors in rat serum and found that FUL-
LEROL can inhibit I/R-induced inflammation in 
rats, manifested by a decrease in IL-1β, IL-6, IL-8 
and TNF-α (Figure 2B). QRT-PCR also detected 
the mRNA expression of inflammatory factors in 
rat myocardial tissue and found that FULLEROL 
reduced the mRNA expression of inflammatory 
factors in rat myocardial tissue (Figure 2C). In 
addition, FULLEROL was dose-dependent in the 
detection of IL-1β and TNF-α.

FULLEROL Reduces Oxidative Stress 
Level in Rat Myocardial Tissue

MIRI is accompanied by an increase in the lev-
el of oxidative stress in rat myocardial tissues, so 

Figure 1. FULLEROL reduces I/R-induced myocardial injury in rats. A, The morphology of myocardial tissue was detected 
by HE staining (magnification: 200×). B, The MI area of myocardial tissue was detected by TTC staining. C, Cardiac function 
(LVEF and LVFS) of rats was detected by echocardiography. D, Myocardial injury marker (CK and LDH) was detected by 
ELISA. (“*” means the difference is statistically significant, p<0.05).
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we examined the effect of FULLEROL on oxida-
tive stress in rat myocardial tissues. We detected 
the expression of SOD1 and SOD2 in rat myo-
cardial tissue by IHC staining (Figure 3A). The 
expressions of SOD1 and SOD2 in rat myocardial 
tissues of I/R group were lower than those in the 
Control group and Sham group, and the treatment 
with FULLEROL could increase the expression 
of SOD1 and SOD2 in rat myocardial tissues. We 
examined the activity of CAT (Figure 3B), MDA 
(Figure 3C) and SOD (Figure 3D) in rat cardio-
myocytes. The results indicate that FULLEROL 
can increase the activity of CAT and SOD and 
decrease the activity of MDA in cardiomyocytes. 
qRT-PCR detected SOD1, SOD2, Peroxiredoxins 
(Prdx) 1, and Prdx4 mRNA expression. Prdx1 
and Prdx4 are important cytokines that eliminate 
H2O2 and exert antioxidative defense response12. 
FULLEROL was found to increase mRNA levels 
of SOD1, SOD2, Prdx1, and Prdx4 in cardiomy-
ocytes (Figure 3E). 10 mg/kg of FULLEROL 
decreased MDA and increased the expression 
of Prdx4 mRNA better than 5 mg/kg of FUL-
LEROL.

FULLEROL Promotes Nrf2/HO-1 
Signaling Pathway Activity in 
Rat Cardiomyocytes

The Nrf2/HO-1 signaling pathway is an im-
portant signaling pathway for anti-oxidative 
stress in the body. Therefore, in this study, 
we examined the effect of FULLEROL on the 
Nrf2/HO-1 signaling pathway in cardiomyo-
cytes. IHC staining detected the expression of 
Nrf2 and HO-1 (Figure 4A). The expressions 
of Nrf2 and HO-1 in cardiomyocytes of the I/R 
group were lower than those in the Control and 
Sham groups, indicating that the Nrf2/HO-1 
signaling pathway is involved in rat MIRI and 
the decrease in Nrf2/HO-1 signaling pathway 
activity may be one of the mechanisms of MIRI. 
After FULLEROL treated rats, the expression of 
Nrf2 and HO-1 in rat cardiomyocytes increased 
significantly, indicating that FULLEROL can 
increase the activity of Nrf2/HO-1 signaling 
pathway in cardiomyocytes. qRT-PCR detected 
changes in mRNA expression of Nrf2 and HO-1 
and found that FULLEROL can also increase 
expression of Nrf2 and HO-1 mRNA (Figure 

Figure 2. FULLEROL reduces I/R-induced myocardial tissue inflammation in rats. A, IL-1β and TNFα expression in 
rat myocardial tissue was detected by IHC staining (magnification: 200×). B, Inflammation factors (IL-1β, IL-6, IL-8 and 
TNFα) in rat serum were detected by ELISA. C, Inflammation factors (IL-1β, IL-6, IL-8 and TNFα) mRNA expression in rat 
myocardial tissue was detected by qRT-PCR. (“*” means the difference is statistically significant, p<0.05).
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4B). In addition, 10 mg/kg of FULLEROL has 
a more evident promoting effect on Nrf2/HO-1 
signaling pathway.

Discussion

When the myocardial tissue was restored to 
blood perfusion in the case of severe ischemia, 
the myocardial tissues in the reperfusion area suf-
fered irreversible pathological damage, thereby 
causing more serious damage to the myocardial 
tissues and function, including decreased systol-
ic and diastolic function, microvascular lesions 
and inflammatory mediator release, cardiomyo-

cytes apoptosis and necrosis13. After the left an-
terior descending coronary artery of the rat was 
blocked, the structure of myocardial tissue was 
disordered, the   MI area became larger, the ex-
pression of myocardial injury markers increased 
and cardiac function decreased, indicating that 
MIRI model was successfully constructed. Af-
ter MIRI rats were injected with FULLEROL 
intraperitoneally, the damage of cardiomyocytes 
in MIRI rats was significantly improved, and 
the effect of high concentration of FULLEROL 
(10 mg/kg) was slightly superior to that of low 
concentration of FULLEROL (5 mg/kg). In ad-
dition, FULLEROL also effectively reduced the 
inflammatory response and oxidative stress of 

Figure 3. FULLEROL reduces oxidative stress level in rat myocardial tissue. A, SOD1 and SOD2 expression in rat myocardial 
tissue was detected by IHC staining (magnification: 200×). B-D, The activity of CAT, MDA and SOD was detected in rat 
myocardial tissue. E, SOD1, SOD2, Prdx1 and Prdx4 mRNA expression in rat myocardial tissue was detected by qRT-PCR. 
(“*” means the difference is statistically significant, p<0.05).



M. Ding, M. Li, E.-M. Zhang, H.-L. Yang

9672

myocardial tissue in rats caused by MIRI, man-
ifested by a decrease in inflammatory cytokines 
(IL-1β, IL-6, IL-8, and TNF-α) and an increase 
in antioxidative molecules (SOD1, SOD2, Prdx1, 
and Prdx4). The Nrf2/HO-1 signaling pathway is 
an important signaling pathway that regulates the 
level of oxidative stress in cells, and FULLEROL 
was found to promote the expression of the Nrf2/
HO-1 signaling pathway in cardiomyocytes. This 
may be an important mechanism for FULLEROL 
to exert myocardial protection.

FULLEROL has shown excellent anti-inflam-
matory and antioxidative effects in many organs 
and diseases14. In one study, dorsal root ganglion 
(DRG) was cultured in vitro and after stimulation 
with TNF-α, the inflammation and apoptosis lev-
els of DRG tissue increased, while FULLEROL 
could reverse the inflammation and apoptosis 
of DRG tissue induced by TNF-α15. Arifa et al10 
studied the effect of FULLEROL on mucositis 
after chemotherapy. They used the chemother-
apeutic drug irinotecan (for treating colon can-
cer) to make a model of chemotherapy-induced 
mucositis in mice and found that irinotecan can 
cause an increase in ROS levels in intestinal 
epithelial cells of mice and an increase in IL-

1β of mice serum. After FULLEROL was used 
to treat mice, it was found to reduce oxidative 
stress and inflammation in mice without affecting 
the antitumor effects of irinotecan. In addition, 
studies have also found that FULLEROL can 
relieve osteoarthritis by inhibiting macrophage 
activation16. Therefore, FULLEROL has a broad 
application prospect. The occurrence of MIRI is 
accompanied by a large number of inflammatory 
responses and ROS expression. Excessive inflam-
matory response and oxidative stress can cause 
secondary damage to myocardial tissue, which 
is not conducive to myocardial tissue recovery17. 
This study found that the anti-inflammatory and 
antioxidative effects of FULLEROL on cardio-
myocytes effectively could alleviate MIRI, im-
prove cardiac function, and reduce the   MI area in 
rats. This provides a new direction for the clinical 
treatment of MIRI.

When MIRI occurs, it will destroy the balance 
of the oxidative and antioxidative systems in the 
myocardial tissue, and a large number of oxygen 
free radicals will be generated18. At the same 
time, the activities of SOD and glutathione perox-
idase will decrease, resulting in the accumulation 
of oxygen free radicals in the body. Oxygen free 

Figure 4. FULLEROL promotes Nrf2/HO-1 signaling pathway activity in rat cardiomyocytes. A, Nrf2 and HO-1 expression 
in rat myocardial tissue was detected by IHC staining (magnification: 200×). B, Nrf2 and HO-1 mRNA expression in rat 
myocardial tissue was detected by qRT-PCR. (“*” means the difference is statistically significant, p<0.05).
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radicals act on lipids to undergo peroxidation re-
action and produce MDA, causing cross-linking 
polymerization of proteins, nucleic acids, etc19. 
The transcription factor Nrf2 is an extremely 
critical transcription factor, and its main role is 
to induce endogenous antioxidative enzymes to 
resist oxidative stress20. As a transcription factor, 
Nrf2 can activate different genes encoding vari-
ous antioxidative enzymes and phase II detoxifi-
cation enzymes, which enables cardiomyocytes 
to respond to oxidative stress and clear ROS in a 
timely manner21. Under physiological conditions, 
Nrf2 is retained in the cytoplasm by binding its 
inhibitor kelch-like ECH associating protein 1 
(Keap1). When stimulated, Nrf2 will dissociate 
from Keap1, leading to nuclear translocation of 
Nrf2, transcriptional activation of antioxidative 
response element (ARE) and regulating gene ex-
pression, including HO-1. 

HO-1 is a stress-inducing and redox-sensitive 
protein that can degrade heme into iron, dehyd-
robilirubin and carbon monoxide, thereby acting 
as an indirect antioxidant22. In addition, these 
by-products also play an important role in cell 
metabolism and help to suppress oxidative stress. 
HO-1 can play an anti-inflammatory, anti-pro-
liferative and anti-apoptotic role in a variety of 
diseases23. 

Therefore, the Nrf2/HO-1 pathway can be 
considered as a potential therapeutic target for 
inflammation response and oxidative stress in 
MIRI. FULLEROL was found in this study to 
increase the expression of the Nrf2/HO-1 signal-
ing pathway and promote the activity of the Nrf2/
HO-1 signaling pathway. After the MIRI model 
was established in rats, the expressions of Nrf2 
and HO-1 in rat cardiomyocytes were signifi-
cantly reduced, while FULLEROL was found to 
increase the expression of Nrf2 and HO-1. This 
also explains the anti-inflammatory and antioxi-
dative effects of FULLEROL on cardiomyocytes 
and provides a theoretical basis for the clinical 
use of FULLEROL.

Conclusions

I/R can cause myocardial structural disorders, 
increase the MI area, increase the expression of 
myocardial injury markers, and reduce cardiac 
function, while FULLEROL can reverse these 
processes. When MIRI occurs, the level of in-
flammation and oxidative stress in rats increases, 
while FULLEROL can reduce the expression of 

inflammatory factors and increase the expres-
sion of antioxidative molecules in rats, thereby 
protecting the myocardium against MIRI. FUL-
LEROL has an activating effect on the Nrf2/
HO-1 signaling pathway, which may be an im-
portant mechanism for myocardial protection of 
FULLEROL.
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