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Abstract: Background: Myocardial infarction (MI) is the principal cause of mortality globally. Fraxetin (Fra) has anti-
oxidative and anti-inflammatory properties. Nevertheless, the functional action of Fra in the progression of MI has 
never been elucidated. Method: The in vivo model of MI was set up by ligating left anterior descending artery. The 
gene expression was tested by qRT-PCR and WB. The 2,3,5-triphenyltetrazolium chloride staining was applied to 
assess MI size. The cell viability was tested by MTT assay. Commercial kits were utilized to detect the activity of 
serum LDH and the levels of Fe2+, malondialdehyde (MDA), and glutathione (GSH). Results: Fra treatment could 
reduce the infraction size and restrain ferroptosis in rats with MI. Moreover, Fra reduced the activity of serum LDH, 
the accumulation of iron and the MDA level, and increased GSH and glutathione peroxidase 4 (GPX4) in rats with 
MI. Furthermore, Fra protected H9C2 myocardial cells against OGD/R-induced ferroptosis by up-regulating HO-1. 
Moreover, Fra activated phosphorylation of AKT and Nrf2 nuclear accumulation in MI in vivo and in vitro models. 
Notably, silencing Nrf2 enhanced the ferroptosis in H9C2 cells induced by OGD/R, while LY, an inhibitor of AKT 
phosphorylation, diminished the inhibition of Fra. Conclusion: Fra attenuated MI-induced ferroptosis via AKT/Nrf2/
HO-1 signaling, providing a potential therapeutic agent for MI.

Keywords: Myocardial infarction, fraxetin, ferroptosis, AKT, nuclear factor erythroid 2-related factor 2, heme oxy-
genase-1

Introduction

MI is the most pervasive cardiac disease clini-
cally, which severely threatens public health in 
terms of high mortality throughout the world 
[1]. MI triggered by coronary artery occlusion 
(ischemia and hypoxia) leads to the loss of car-
diomyocytes, resulting in heart failure [2]. 
Restoring coronary artery circulation in time is 
currently the most effective treatment for MI, 
which may further aggravate the myocardial 
damage and increase the size of MI [3]. To date, 
the number of patients with MI is increasing 
every year. Therefore, novel and effective thera-
peutic strategies for MI are urgently needed.

The loss of cardiomyocytes occurs during MI 
through various necrocytosis processes, like 
autophagy, and ferroptosis [4]. Ferroptosis is a 
recently discovered type of necrocytosis [5]. 
Differently from the other types of necrocyto-

sis, ferroptosis is characterized by iron-depen-
dent lipid peroxide [6]. Several studies have 
revealed that ferroptosis is a key mechanism 
for the development of MI [7]. During myocardi-
al injury, the free iron is excessively accumulat-
ed in the mitochondria, which leads to lipid per-
oxidation and ferroptotic cell death [8, 9]. It has 
been reported that ferrostatin-1 (the ferroptosis 
inhibitor; Fer-1), mitochondria-targeted antioxi-
dant MitoTEMPO, ZPP IX (a HO-1 antagonist) 
and iron chelation could protect against doxoru-
bicin-induced cardiomyopathy by repressing 
ferroptosis [10]. Similarly, the inhibition of fer-
roptosis by Fer-1 could protect against diabetes 
mellitus MIRI in vivo and in vitro by reducing 
endoplasmic reticulum stress [11]. A recent 
study has revealed that HUCB-derived MSC 
exosome can attenuate myocardial injury in 
mice with acute MI by repressing ferroptosis 
[12]. Thus, targeting ferroptosis is considered 
as a therapeutic strategy for MI.
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Fraxetin (7,8-dihydroxy-6-methoxy coumarin; 
Fra) is the active constituent of Chinese herbs-
-cortex fraxini, which has exerted protective 
effect against various human diseases [13]. 
Fra has been reported to restrain the multipli-
cation and promote the apoptosis of colorectal 
carcinoma cells through the Janus kinase 2/
signal transducer and activator of transcription 
3 signaling [14]. Besides, Fra treatment could 
promote the metabolism of ethanol and inhibit 
lipid peroxidation, as well as reduce the levels 
of TNF-α and IL-1β, thereby alleviating ethanol-
induced hepatic fibrosis [15]. However, there 
are few studies on the pharmacological action 
of Fra in the progress of MI. In this research, we 
elucidated the function of Fra in the progress of 
MI in vivo and in vitro. We first reported how Fra 
protected against MI-induced ferroptosis by 
inhibiting AKT/Nrf2/HO-1 signaling. Our find-
ings have revealed that Fra promises to be a 
potential regent for MI.

Materials and methods

Animal experiments

Male Wistar rats (200-250 g) were obtained 
from Slac Laboratory Animal Center (Shanghai, 
China) and kept in cages. They were free to eat 
chow and drink tap water from the laboratory. 
The use and handling of the animals were rati-
fied by the Institutional Animal Ethics Committee 
of the First Affiliated Hospital of Zhejiang 
Chinese Medical University (156945364).

The rats were randomized into 5 groups: Sham 
(n=6), Fra (25 mg/kg, n=6), MI (n=6), Fra (5 
mg/kg) + MI group (n=6) and Fra (25 mg/kg) + 
MI groups (n=6). Fra was provided by Baoman 
Biotechnology Co., Ltd. (Shanghai, China, 
D0019). The rats in Fra (25 mg/kg), Fra (5 mg/
kg) + MI, and Fra (25 mg/kg) + MI groups were 
intraperitoneally injected with 25, 5 or 25 mg/
kg Fra daily respectively for 14 continuous 
days, while the rats in the other groups received 
an intraperitoneal injection of the equal amount 
of physiological saline. The MI was induced at 
30 min after the last injection.

Establishment of MI

The rats were anesthetized with 1% pentobarbi-
tal and then lied on its back. Thereafter, the left 
precordial area of the rats were shaved and dis-
infected, followed by trachea intubation for arti-
ficial ventilation. After the left thoracotomy, the 

heart was fully exposed and the left coronary 
artery (LAD) was ligated with a 6-0 prolene 
suture at 2-3 mm from its origin between the 
pulmonary artery conus and the left atrial 
appendage. After 30 min, the suture was gently 
removed to allow reperfusion for 2 h. The 
marked elevation of ST-segment of the electro-
cardiogram indicated that the MI model was 
successfully established.

The body weight of rats was recorded at 0 and 
17 d after the study initiation. At the 3 d after 
LAD ligation, the LVEDP, maximum rate of left 
ventricular pressure rise and fall (± dp/dtmax) 
and LVSP were evaluated. Subsequently, the 
rats were euthanized, and the organ index was 
evaluated.

2,3,5-TTC staining

After the rats were euthanized, the heart was 
excised, rinsed and cut into 3-mm slices. The 
sections were incubated for 30 min with 0.5% 
TTC solution, which can stain the infarct areas 
white and non-infarct areas red. The slices 
were fixed, pictured and analyzed using Image J 
(NIH, Rockville, MD, USA). The infarct area was 
presented as a percentage of the total left ven-
tricular zone (%).

Measurement of LDH activity

The blood of rats was obtained before the rats 
were euthanized. After centrifugation, the 
serum was obtained and assayed for LDH activ-
ity via an LDH detection kit (Solarbio, Beijing, 
China, BC0685).

Following OGD/R, H9C2 cells were collected 
and incubated for 1 h with LDH release solu-
tion. After that, the supernatant of H9C2 cells 
were reacted for 30 min with LDH detection 
solution under dark conditions, and then exam-
ined for the absorbance at 490 nm.

Cell culture

Rat cardiomyocytes H9C2 of the American Type 
Culture Collection (ATCC; Manassas, VA, USA, 
iCell-r012) were cultivated in DMEM medium 
(Solarbio, Beijing, China, 31600) comprising 
100 μM Fra and 10% FBS for 24 h, and then 
incubated for 8 h in serum-, glucose- and sodi-
um pyruvate-free DMEM medium in an anaero-
bic chamber with 95% N2/5% CO2. After this, 
the cells grew for 1 h in the medium containing 
10% FBS under 5% CO2/95% air at 37°C.
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Cell transfection

si-ctrl, si-HO-1 and si-Nrf2 plasmids were 
obtained from GenePharma (Shanghai, China). 
The sequence of HO-1 was amplified and fused 
into the pcDNA-3.1 vector to generate pcDNA-
HO-1 constructs. Cells were transfected by 
LipofectamineTM 2000 (Invitrogen, Carlsbad, 
CA, the States, 11668019) based on manufac-
turer’s recommendations.

MTT assay

H9C2 cells were seeded into 96-well plates. 
After incubation under indicated conditions, 
the cells were reacted for 4 h with 10 μl MTT 
solution (M1020) from Solarbio, followed by 
10-minute incubation with Formazan solution 
on a shaker. The absorbance was determin- 
ed at 490 nm via a universal microplate 
spectrophotometer.

Fe2+, MDA and GSH measurement

The levels of Fe2+, MDA and GSH in tissue 
homogenates and cell lysates were assessed 
via iron assay (BioAssay Systems, Hayward, CA, 
the States, DIFE-250), lipid peroxidation MDA 
assay (Beyotime, Shanghai, China, S0131M) 
and GSH assay kits (Solarbio, Beijing, China, 
G8180), respectively.

qRT-PCR

The total RNA was obtained via Trizol (Solarbio) 
digestion in light of the manufacturer’s recom-
mendations. The purity and concentration of 
the extracted RNA were assessed using 
Nanodrop2000 (Thermo Fisher Scientific, 
Waltham, MA, United States). The RNA was 
transformed into cDNA via SuperScript III 
Reverse Transcriptase (Life Technologies, 
Gaithersburg, MD, United States), following the 
product manual. qRT-PCR assay was conduct-
ed to test the glutathione peroxidase 4  
(GPX4) and HO-1 using Power SYBR Green 
Master Mix (Life technologies), with GAPDH as 
an internal control. 2-ΔΔCt method was applied to 
test the GPX4 and HO-1. The primers used in 
this research: GPX4 forward: 5’-GCT GTG CGC 
GCT CCA T-3’, and reverse: 5’-CCA TGT GCC CGT 
CGA TGT-3’; HO-1 forward: 5’-GGC TGT GAA CTC 
TGT CTC-3’, and reverse: 5’-GGC ATC TCC TTC 
CAT TCC-3’; GAPDH forward: 5’-GAT GGT GAA 
GGT CGG TGT GAA-3’, and reverse: 5’-TTG AAC 
TTG CCG TGG GTA GAG-3’.

WB

TP from myocardial tissues and H9C2 cells was 
isolated via RIPA assay in keeping with the 
manufacturer’s specifications. The isolated 
proteins were quantitated via BCA Protein 
Assay Kit (Solarbio, Beijing, China, PC0020). 
The proteins were segregated by 12% SDS-
PAGE, and then transferred onto polyvinylidene 
fluoride film. The films were sealed by 5% fat-
free milk, and probed with the primary antibod-
ies against GPX4 (ab205720, 1:5000), HO-1 
(ab223349, 1:1000), Nrf2 (ab62352, 1:1000), 
pAKT (ab40795, 1:1000), AKT (ab38449, 
1:1000), Lamin B (ab32535, 1:500) and GAP- 
DH (ab8245, 1:5000) at 4°C for one night,  
followed by 1-hour immunoblot with the sec-
ondary antibodies at indoor temperature. All 
the antibodies were acquired from Abcam 
(Cambridge, MA, United States). The bands 
were developed by using an enhanced chemilu-
minescence system, and analyzed via Image J.

Statistical analysis

SPSS 20.0 (SPSS Inc., Chicago, IL, the States) 
was used for data analyses. The data were 
shown as the mean ± standard deviation in rep-
resent of three independent tests. One-way 
ANOVA was used for comparison among multi-
ple groups, represented by F. LSD test was 
used for pairwise comparison between groups. 
The statistical pictures were drawn using 
GraphPad Prism 8.0. P<0.05 was statistically 
significant.

Results

Influence of Fra administration on body weight 
and organ index of rats

Firstly, we evaluated the impact of Fra on rat 
body weight and organ index and found that 
there was no difference in body weight among 
groups (Supplementary Table 1). Similarly, the 
rats in different groups showed no significant 
difference in organ indices (heart index, liver 
index, kidney index, lung index and spleen 
index) (Supplementary Table 2).

Effect of Fra on hemodynamics in MI rat 
hearts

Compared with the sham group, MI rats dem-
onstrated myocardial dysfunction, as evi-
denced by increased LVEDP, reduced maximum 
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rate of left ventricular pressure rise, fall (± dp/
dtmax) and left ventricular systolic pressure 
(LVSP) (Table 1). Fra administration, especially 
at a high concentration (25 mg/kg), markedly 
improved myocardial dysfunction in rats with 
MI. Therefore, the concentration of 25 mg/kg 
was selected for the following experiments.

Fra decreased infarct size and ferroptosis in 
MI rats

As displayed in Figure 1A, large infarct size  
was discovered in rats with MI, which was strik-
ingly improved following Fra administration. 
Similarly, the activity of serum LDH was 
increased in MI rats compared with that in 
sham group. In comparison to the MI group, Fra 
treatment reduced the activity of serum LDH  
in rats with MI (Figure 1B). Consistently, the lev-
els of Fe2+ and MDA were enhanced, while the 
GSH was reduced in the cardiac tissues of rats 
with MI. Notably, these changes caused by MI 
were obviously blocked by Fra treatment (Figure 
1D-F). Besides, it was found that the mRNA 
and protein levels of GPX4 were decreased in 
their cardiac tissues, which were reversed after 
Fra treatment (Figure 1G, 1H).

Fra protected H9C2 cardiomyocytes against 
OGD/R-induced ferroptosis in vitro

Given the cardioprotection of Fra in vivo, we fur-
ther explored the effect of Fra on MI in vitro. We 
treated H9C2 cells with increasing doses (0, 
10, 50, 100 and 200 μM) of Fra to determine 
the toxic effect of Fra on cells. As determined 
by MTT assay, Fra appeared to be non-toxic to 
H9C2 cells at concentrations ranging from 10 
to 100 μM, while it reduced the viability of 
H9C2 cells at a concentration of 200 μM 

(Supplementary Figure 1A). Meanwhile, Fra had 
no effect on LDH activity at concentrations 
ranging from 10 to 100 μM, but increased the 
activity of LDH at a concentration of 200 μM, 
which further revealed that Fra up to 100 μM 
exerted no toxicity (Supplementary Figure 1B). 
Thus, the dose of 100 μM was selected for the 
following studies.

To confirm the cardioprotection of Fra in vitro, 
H9C2 cells were cultured for 24 h in DMEM 
medium containing 100 μM Fra and subjected 
to OGD/R. As expected, OGD/R reduced H9C2 
cell viability in the MTT test, and this reduc- 
tion was conversed following Fra treatment 
(Figure 2A). The activity of LDH was enhanced 
in H9C2 cells stimulated by OGD/R, which was 
blocked by Fra treatment (Figure 2B). The fer-
roptosis indexes were also determined, includ-
ing Fe2+, MDA, and GSH levels, and mRNA and 
protein expressions of GPX4. As displayed in 
Figure 2C-E, the Fe2+ and MDA levels were 
enhanced, but the GSH was decreased in  
H9C2 cells stimulated by OGD/R. Neverthe- 
less, Fra management counteracted OGD/R-
induced elevation of Fe2+ and MDA and reduc-
tion of GSH. Moreover, the mRNA and protein 
levels of GPX4 were conspicuously declined in 
H9C2 cells stimulated by OGD/R, which were 
overturned after Fra management (Figure 2F, 
2G). Besides, it was found that the ferroptosis 
inhibitor, Fer-1, could diminish OGD/R-induced 
reduction of cell viability and increase of LDH 
activity (Supplementary Figure 2).

Fra inhibited OGD/R-induced H9C2 cardiomyo-
cyte ferroptosis by up-regulating HO-1

To further determine the mechanism by which 
Fra protected against OGD/R-induced ferropto-

Table 1. Hemodynamics for each group at the day 17 (three days after MI)
Group LVSP (mmHg) LVEDP (mmHg) +dp/dtmax (mmHg/ms) -dp/dtmax (mmHg/ms)
Sham 131.55±8.59 2.34±0.31 5.61±0.51 -5.25±0.45
Fra 132.98±10.54 2.28±0.35 5.46±0.62 -5.41±0.52
MI 90.36±8.25* 5.62±0.55* 3.65±0.35* -3.32±0.35*
Fra (5 mg/kg) + MI 110.56±8.69# 4.15±0.51# 4.51±0.42# -4.30±0.41#
Fra (25 mg/kg) + MI 122.69±13.44# 3.48±0.45# 5.05±0.65# -4.93±0.52#
F 18.390 25.890 13.970 21.090
P <0.001 <0.001 <0.001 <0.001
Note: Values are presented as mean ± SD. MI, myocardial infarction; Fra, fraxetin; LVSP, left ventricular systolic pressure; 
LVEDP, left ventricular end-diastolic pressure; ±dp/dtmax, maximum rate of left ventricular pressure rise and fall. *P<0.05 vs. 
sham group; and #P<0.05 vs. MI group.
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sis in vitro, the expression of HO-1 was evalu-
ated using qRT-PCR and WB. As a result, the 
mRNA and protein levels of HO-1 were increased 

in H9C2 cells under OGD/R, and the increased 
levels of HO-1 induced by OGD/R were rein-
forced under Fra treatment (Figure 3A, 3B). To 

Figure 1. Fra decreases infarct size and ferroptosis due to MI. Male Wistar rats were intraperitoneally injected with 
25 mg/kg Fra or normal saline before LAD ligation. A. 2,3,5-triphenyltetrazolium chloride staining of the heart tis-
sues of different groups. B. Quantitative analysis of infarct size. C. LDH detection kit was applied to evaluate the 
activity of serum LDH in different groups. D-F. The levels of Fe2+, MDA and GSH in the myocardial tissues of different 
groups were evaluated using commercial kits. G and H. qRT-PCR and WB analysis of GPX4 mRNA and protein expres-
sion in the myocardial tissues of different groups. *P<0.05 vs. sham group; #P<0.05 vs. MI group.



Mechanism of fraxetin in myocardial infarction

10320 Am J Transl Res 2021;13(9):10315-10327

Figure 2. Fra protects H9C2 cardiomy-
ocytes against OGD/R-induced ferrop-
tosis in vitro. H9C2 cells were cultured 
in DMEM medium containing 100 μM 
Fra for 24 h and then subjected to 
OGD/R. A. The viability of H9C2 cells 
was determined using MTT assay. B. 
LDH detection kit was applied to evalu-
ate the activity of LDH in H9C2 cells. 
C-E. The levels of Fe2+, MDA and GSH in 
H9C2 cells were evaluated using com-
mercial kits. F and G. qRT-PCR and WB 
analysis of GPX4 mRNA and protein ex-
pression in H9C2 cells. *P<0.05 vs. ctrl 
group; #P<0.05 vs. OGD/R group.
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Figure 3. Fra inhibits OGD/R-induced H9C2 cardiomyocyte ferroptosis by upregulating HO-1. H9C2 cells were cul-
tured in DMEM medium containing 100 μM Fra for 24 h and then subjected to OGD/R. A and B. qRT-PCR and WB 
analysis of HO-1 mRNA and protein expression in H9C2 cells treated with OGD/R alone or in combination with Fra. 
C and D. qRT-PCR and WB analysis of HO-1 mRNA and protein expression in H9C2 cells transfected with si-ctrl or 
si-HO-1. E and F. qRT-PCR and WB analysis of HO-1 mRNA and protein expression in H9C2 cells transfected with 
pcDNA-HO-1 or pcDNA-ctrl. G. MTT assay was performed to determine the cell viability. H. LDH detection kit was 
applied to evaluate the activity of LDH. I-K. The levels of Fe2+, MDA and GSH were detected using commercial kits. L 
and M. qRT-PCR and WB analysis of GPX4 and HO-1 mRNA and protein expression in H9C2 cells. *P<0.05 vs. si-ctrl 
group or pcDNA-ctrl group; #P<0.05 vs. OGD/R group; $P<0.05 vs. Fra + OGD/R group.
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affirm whether Fra inhibits OGD/R-induced 
H9C2 cardiomyocyte ferroptosis by up-regulat-
ing HO-1, we altered HO-1 in H9C2 cells by 
si-HO-1 and pcDNA-HO-1 transfection. As 
expected, the mRNA and protein levels of HO-1 
were conspicuously reduced in those transfect-
ed with si-HO-1 compared with those transfect-
ed with si-ctrl (Figure 3C, 3D). Accordingly, the 
levels were strikingly elevated in H9C2 cells 
transfected with pcDNA-HO-1 compared with 
those transfected with the pcDNA-ctrl (Figure 
3E, 3F).

Deletion of HO-1 diminished Fra-induced eleva-
tion of cell viability in H9C2 cells stimulated by 
OGD/R, while overexpression of HO-1 caused 
an increase in cell viability (Figure 3G). In line 
with this, up-regulation of HO-1 reduced the 
LDH activity of H9C2 cells stimulated by OGD/ 
R, while knockdown of HO-1 abolished Fra-
induced inhibition of LDH activity (Figure 3H). 
But beyond that, inhibiting HO-1 blocked the 
reduction of Fe2+ and MDA levels and the 
increase of GSH in H9C2 cells induced by Fra 
after OGD/R, but its upregulation could reduce 
the level of Fe2+ and MDA, and increase the 
level of GSH (Figure 3I-K). As tested by qRT-
PCR and WB, the increased GPX4 and HO-1 
induced by Fra was counteracted by HO-1 
knockdown in H9C2 cells after OGD/R. Also, 
upregulation of HO-1 increased the mRNA and 
protein levels of GPX4 and HO-1 in H9C2 cells 
after OGD/R (Figure 3L, 3M).

Fra activated phosphorylation of AKT and Nrf2 
nuclear accumulation

To explore whether AKT/Nrf2/HO-1 signal is 
involved in Fra’s cardioprotective effect ag- 
ainst MI, the nuclear Nrf2, HO-1 and pAKT/AKT 
were detected using WB. It was found that MI 
enhanced the first two and repressed AKT 
phosphorylation, compared with the sham 
group. Notably, pretreatment of Fra led to the 
increased nuclear Nrf2 and HO-1 and the phos-
phorylation of AKT in MI rats (Figure 4A). 
Consistently, the nuclear Nrf2 and HO-1 were 
increased, but the pAKT level was reduced in 
H9C2 cells after OGD/R, and silencing Nrf2 
could block the elevation of nuclear Nrf2 and 
HO-1 induced by OGD/R. Fra administration 
promoted the nuclear Nrf2 and HO-1 and AKT 
phosphorylation in H9C2 cells following OGD/R, 
which was block by 10 µM of LY (LY294002, an 

inhibitor of AKT phosphorylation) pre-treatment 
for 30 min (Figure 4B). Besides, it was found 
that silencing Nrf2 reduced but upregulation of 
Nrf2 by pcDNA-Nrf2 increased the mRNA and 
protein levels of HO-1, as determined by qRT-
PCR and WB (Supplementary Figure 3).

Fra inhibited OGD/R-induced H9C2 cardiomyo-
cyte ferroptosis via AKT/Nrf2/HO-1 pathway

We further confirmed whether Fra inhibited 
OGD/R-induced H9C2 cardiomyocyte ferropto-
sis via AKT/Nrf2/HO-1 pathway. As a result, LY 
administration mitigated Fra-induced elevation 
of H9C2 cell viability stimulated by OGD/R. 
Also, we concluded that silencing Nrf2 could 
inhibit the vitality of H9C2 cells following OGD/R 
(Figure 5A). Meanwhile, Fra-induced inhibition 
of LDH activity in H9C2 cells after OGD/R was 
blocked by LY administration, and deletion of 
Nrf2 enhanced the activity of LDH in those fol-
lowing OGD/R (Figure 5B). In those cells stimu-
lated with OGD/R, Fra-induced reduction of 
Fe2+ and MDA and elevation of GSH were abro-
gated after LY management. Knockdown of 
Nrf2 increased the levels of Fe2+ and MDA, but 
reduced the levels of GSH in H9C2 cells after 
OGD/R (Figure 5C-E). As tested by qRT-PCR 
and WB assay, Fra management enhanced the 
mRNA and protein levels of GPX4 in H9C2 cells 
stimulated by OGD/R, which was abolished by 
LY treatment. Besides, silencing Nrf2 lessened 
the mRNA and protein levels of GPX4 in H9C2 
cells stimulated by OGD/R (Figure 5F, 5G).

Discussion

MI brings an immense burden to patients and 
society, but there is no effective treatment for 
MI. Thus, seeking a novel and effective agent 
for MI therapy has never been more imperative. 
Fra has increasingly drawn the attention of 
researchers in the last years in terms of its 
pharmacological properties [16, 17]. Although 
the significance of Fra has been well-estab-
lished in the past years, surprisingly little atten-
tion has been devoted to investigating the role 
of Fra in the progression of MI. Here, we found 
that Fra administration strikingly improved the 
myocardial dysfunction, and reduced the infarct 
size in rats with MI. Moreover, Fra treatment 
reduced the LDH activity and increased the 
viability of H9C2 cells following OGD/R, indicat-
ing Fra’s cardioprotective effect on the progres-
sion of MI.
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Ferroptosis has been recognized as a major 
contributor to the pathogenesis of MI [18]. By 
directly or indirectly repressing the expression 
of GPX4, MI causes the accumulation of ROS  
in mitochondria and then triggers ferroptosis, 
ultimately resulting in the loss of cardiac cells 
[19]. Similarly, repression of GPX4 by si-GPX4  
or RSL3 leads to the accumulation of lipid per-
oxide, resulting in cell death by ferroptosis in 
H9C2 cells [20]. However, whether Fra exerts 
its cardioprotective effect via ferroptosis is  
still largely unknown. In our work, it was found 
that Fra administration could restrain MI- 
induced ferroptosis in vivo and in vitro, as evi-
denced by the reduced iron accumulation and 
MDA level, and the increased levels of GSH and 
GPX4. More significantly, the inhibitor of ferrop-
tosis, Fer-1 could reverse OGD/R-induced inhi-
bition of cell viability and LDH activity elevation, 
supporting the fact that Fra protected against 
MI by inhibiting ferroptosis.

Although there is a well-established link 
between Fra and MI-induced ferroptosis, rela-
tively few have been mechanistically character-
ized. HO-1 is a representative cytoprotective 
enzyme that cleaves heme into porphyrin and 
iron, which serves as a major player in the prog-
ress of ferroptosis [21]. Inhibition of HO-1 could 
block magnesium isoglycyrrhizinate-mediated 
improvement of liver fibrosis by inhibiting 
hepatic stellate cell ferroptosis [22]. However, 
the opposite roles of HO-1 in ferroptosis were 
also demonstrated: HO-1 protects renal proxi-
mal tubule cells from erastin-induced ferropto-
sis [23]. This discrepancy might be due to the 
cracking of heme induced by HO-1, which not 
only produces the free radical scavengers  
dehydrobilirubin and cholerythrin, but also gen-
erates free iron that mediates ferroptosis 
through Fenton reaction. According to this 
study, overexpression of HO-1 protected H9C2 
cells against OGD/R-induced ferroptosis, re- 

Figure 4. Fra activates phosphorylation of AKT and Nrf2 nuclear accumulation. A. WB analysis of nuclear Nrf2, HO-1, 
pAKT and AKT protein expression in the heart tissues of rats in different groups. B. WB analysis of nuclear Nrf2, HO-
1, pAKT and AKT protein expression in H9C2 cells. *P<0.05 vs. sham group or ctrl group; #P<0.05 vs. MI or OGD/R 
group; $P<0.05 vs. Fra + OGD/R group.
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vealing that HO-1 acts as a negative regulator 
of ferroptosis. Interestingly, several studies 
have revealed that Fra exerts therapeutic 
effects in some diseases via upregulation of 
HO-1. In the research of Kundu et al., Fra can 
induce the expression of HO-1 by activating 
Akt/Nrf2 or AMP-activated protein kinase α/
Nrf2 pathway in HaCaT cells [24]. In the 
research of Thuong et al., fraxetin has a direct 
protective effect against LDL oxidation at low- 
er concentration, while Fra can activate and 
induce antioxidant enzymes through Nrf2/ARE 
at higher concentration [25]. Similarly, Fra also 
upregulated the expression of HO-1 in cells 
treated with OGD/R, while silencing HO-1 
reduced the inhibitory effect of Fra on OGD/R 
induced hypertrophy, indicating that Fra could 
protect H9C2 cells from hypertrophy by en- 
hancing HO-1. Similarly, Fra also upregulated 
the expression of HO-1 in cells treated with 

OGD/R, while silencing HO-1 reduced the inhibi-
tory effect of Fra on OGD/R induced hypertro-
phy. The mechanism may be that Fra can pro-
tect H9C2 cells from hypertrophy by enhancing 
HO-1.

Nrf2 is a crucial transcription factor of oxida- 
tive response, which maintains the balance 
between antioxidant and oxidant [26]. Under 
the normal condition, Kelch-like-ECH-related 
protein 1 (Keap 1) sequesters Nrf2 in the cyto-
plasm, resulting in its degradation [27]. Under 
the oxidative condition, the Keap 1-Cul3 ubiqui-
tination system is disrupted, and the specific 
serine or threonine residues of Nrf2 is phos-
phorylated by several kinases, such as PI3K/
AKT and AMP-activated protein kinase kinases, 
thereby leading to the liberation of Nrf2 from 
Keap-1 [28, 29]. Then, Nrf2 translocates into 
the nucleus, initiating anti-oxidative gene tran-

Figure 5. Fra inhibits OGD/R-induced H9C2 cardiomyocyte ferroptosis via AKT/Nrf2/HO-1 pathway. (A) MTT assay 
was performed to determine the cell viability. (B) LDH detection kits were applied to evaluate the activity of LDH. (C-
E) The levels of Fe2+, MDA and GSH were detected using commercial kits. (F) qRT-PCR and (G) WB analysis of GPX4 
mRNA and protein expression in H9C2 cells. #P<0.05 vs. OGD/R group; $P<0.05 vs. Fra + OGD/R group.
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scription [30]. Of note, Nrf2 has been con-
firmed to modulate ferroptosis via activating 
multiple target gene expression that partici-
pate in the metabolism of GSH, iron and lipids 
[31]. In vitro and in vivo tests have revealed 
that activation of Nrf2 induces the transcrip-
tion of quinone oxidoreductase-1, HO-1, and 
ferritin heavy chain-1, and then restrains fer-
roptosis induced by erastin and sorafenib in 
HCC cells via interacting with transcriptional 
coactivator small v-maf avian musculoaponeu-
rotic fibrosarcoma oncogene homolog proteins 
[32]. Moreover, Nrf2 relieves ALI and inhibits 
IIR-induced ferroptosis, through upregulating 
the expression of a subunit of the cystine/ 
glutamate transporter x and HO-1, suggesting 
that Nrf2 acts as a central switch in regulating 
the expression of HO-1 [33]. Our research 
revealed that Nrf2 positively modulated the 
expression of HO-1, which was consistent with 
the previous study [33].

Remarkably, it is reported that the activation of 
AKT/Nrf2/HO-1 signal is tightly linked with the 
progression of cardiac disease [34]. Previously, 
glaucocalyxin A protects H9C2 cells from 
hypoxia/reoxygenation-stimulated myocardial 
injury by activating the AKT/Nrf2/HO-1 signal 
path [35]. Additionally, platycodin D treatment 
induces the activation of AKT/Nrf2/HO-1 sig-
naling, and then restrains H9C2 cell oxidant 
stress and apoptosis after hypoxia/reoxygen-
ation stimulation [36]. Nevertheless, there still 
remains considerable uncertainty as to wheth-
er Fra attenuates MI-induced ferroptosis via 
AKT/Nrf2/HO-1 signal. In the present research, 
MI repressed the phosphorylation of AKT and 
increased nuclear Nrf2 and HO-1 expression. 
However, pretreatment of Fra led to the 
increased nuclear Nrf2 and HO-1 and AKT 
phosphorylation in MI in vivo and in vitro mod-
els. This result is in good agreement with the 
previous research which has suggested that 
Fra induced HO-1 by activating the AKT/ 
Nrf2 signaling pathway [24]. Notably, silencing 
Nrf2 could block OGD/R-induced elevation of 
nuclear Nrf2 and HO-1 levels. LY management 
reversed Fra-caused elevation of nuclear Nrf2 
and HO-1, and phosphorylation of AKT in H9C2 
cells following OGD/R, revealing the involve-
ment of AKT/Nrf2/HO-1 signaling in Fra’s pro-
tective effect on MI. Additionally, we concluded 
that knockdown of Nrf2 promoted OGD/R-
induced ferroptosis in H9C2 cells, fitting the 
established notion of Nrf2 as a central regula-

tor of ferroptosis. More importantly, LY treat-
ment abrogated Fra’s effect on OGD/R-induced 
ferroptosis, providing evidence that Fra inhibits 
OGD/R-induced H9C2 cardiomyocyte ferropto-
sis via AKT/Nrf2/HO-1 pathway. In this study, 
we only carried out basic experiments in vivo 
and in vitro, and the role of Fra in acute myocar-
dial infarction needs to be further studied 
through clinical practice in the future.

Taken together, we first clarified the cardiopro-
tective effect of Fra on MI progression. More 
significantly, our data highlighted a mechanism, 
involving AKT/Nrf2/HO-1 signaling, through 
which Fra could protect against MI-induced fer-
roptosis. Thus, Fra may become a potential 
therapeutic reagent for MI, and our study pro-
vided the theoretical basis for its clinical 
application.
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Supplementary Table 1. Body weight for each group at the day 1 and day 17 (three days after MI)
Group Day 1 (g) Day 17 (g)
Sham 221.52±10.15 225.45±8.43
Fra 219.87±12.52 226.98±11.27
MI 223.27±10.55 222.53±15.19
Fra (5 mg/kg) + MI 217.80±9.26 223.65±12.57
Fra (25 mg/kg) + MI 223.41±12.11 226.51±14.52
F 0.281 0.135
P 0.888 0.968
Note: Values are presented as mean ± SD. MI, myocardial infarction; Fra, fraxetin.

Supplementary Table 2. Organ index for each group at the day 17 (three days after MI)
Group Heart (g/kg) Liver (g/kg) Kindy (g/kg) Lungs (g/kg) Spleen (g/kg)
Sham 2.81±0.29 33.31±2.12 3.61±0.32 4.81±0.45 2.54±0.31
Fra 2.73±0.34 33.62±1.83 3.75±0.43 4.98±0.52 2.67±0.42
MI 2.93±0.17 35.18±3.20 3.82±0.25 5.34±0.62 2.35±0.45
Fra (5 mg/kg) + MI 2.98±0.25 34.72±3.14 3.73±0.25 5.16±0.42 2.52±0.35
Fra (25 mg/kg) + MI 2.86±0.26 34.15±3.64 3.79±0.43 4.98±0.82 2.63±0.32
F 0.809 0.430 0.327 0.719 0.689
P 0.531 0.786 0.858 0.587 0.626
Note: Values are presented as mean ± SD. MI, myocardial infarction; Fra, fraxetin.

Supplementary Figure 1. The toxic effect of Fra on H9C2 cells. H9C2 cells were incubated in DEME medium contain-
ing increasing doses (0, 10, 50, 100 and 200 μM) of Fra for 24 h. A. MTT assay was conducted to assess the cell 
viability. B. The activity of LDH was examined using LDH detection kit. *P<0.05 vs. 0 μM group.
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Supplementary Figure 2. Fer-1 increases the viability of H9C2 cells following OGD/R. H9C2 cells were treated with 
10 μM Fer-1 and then subjected to OGD/R. A. MTT assay was conducted to assess the cell viability. B. The activity of 
LDH was examined using an LDH detection kit. *P<0.05 vs. ctrl group; #P<0.05 vs. OGD/R group.

Supplementary Figure 3. Nrf2 positively regulates the expression of HO-1. A. qRT-PCR analysis of Nrf2 and HO-1 
mRNA expression in H9C2 cells transfected with si-Nrf2, pcDNA-Nrf2 or match controls. B. WB analysis of Nrf2 and 
HO-1 protein expression in H9C2 cells transfected with si-Nrf2, pcDNA-Nrf2 or match controls. *P<0.05 vs. si-ctrl 
group; #P<0.05 vs. pcDNA-ctrl group.


