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ABSTRACT　
 
Background　 Acute myocardial infarction (AMI) is a high-risk cardiovascular condition associated with increased cellular dam-
age and oxidative stress. Aldo-Keto Reductase 1C3 (AKR1C3) is a stress-regulating gene. Nevertheless, its specific role and mech-
anisms regarding AMI remain unclear.
 
Methods　 We assessed cardiac function through echocardiography; tissue damage was evaluated using Hematoxylin and Eosin
(HE) and Masson trichrome staining. AKR1C3 expression levels were measured through Reverse transcription-quantitative poly-
merase chain reaction and western blot.  Assessed cell  viability using Cell  Counting Kit-8 and lactate dehydrogenase (LDH) as-
says. The extent of ferroptosis was determined by measuring the levels of Fe2+, boron-dipyrromethane (BODIPY) and malondial-
dehyde (MDA), the glutathione/glutathione disulfide (GSH/GSSG) ratio, and the expression of Glutathione Peroxidase 4 (GPX4)
and Solute carrier 7A11 (SLC7A11). Kelch-like ECH-associated protein 1-Nuclear factor erythroid 2-related factor 2-Antioxidant
response element (Keap1-Nrf2-ARE) pathway activation was analyzed through western blotting. Nrf2 was inhibited with ML385
and activated with (R)-Sulforaphane to investigate the Keap1-Nrf2-ARE pathway.
 
Results　The rats in the AMI group displayed reduced heart function, more tissue damage, and lower AKR1C3 expression com-
pared to  the  Sham group.  Similarly,  hypoxia-treated H9C2 cells  showed reduced viability,  and decreased AKR1C3 expression.
Overexpressing AKR1C3 in H9C2 cells enhanced viability. Knocking down AKR1C3 exhibited the opposite effect. Of the inhibit-
ors tested, Ferrostatin-1 most effectively restored cell viability in hypoxia-treated H9C2 cells. Moreover, H9C2 cells subjected to
hypoxia suggested Keap1-Nrf2-ARE pathway inhibition. Overexpressing AKR1C3 reduced ferroptosis and activated the Keap1-
Nrf2-ARE pathway in  hypoxia-treated  cells,  knocking  down AKR1C3 exhibited  the  opposite  effect.  Further  experiments  using
ML385  in  hypoxia-treated H9C2  cells  with  overexpressed  AKR1C3  showed  decreased  viability  and  increased  ferroptosis  com-
pared to the control. Using (R)-Sulforaphane in hypoxia-treated H9C2 cells with knocked-down AKR1C3 exhibited the opposite
effect.
 
Conclusion　  This  study’s  findings  indicate  that  AKR1C3  plays  a  role  in  regulating  ferroptosis  in  myocardial  cells,  with  the
Keap1-Nrf2-ARE pathway likely being a key mechanism behind it.

 

A cute myocardial infarction (AMI) is a
significant disease that impacts human
health and contributes to increased so-

cioeconomic burden.[1,2] Emergency percutaneous
coronary intervention (PCI) and other revasculariz-

ation methods have saved many lives. However, the
prognosis for patients with AMI often remains poor.[3]

While the pathophysiological changes in AMI arise
from a complex interplay of mechanisms, myocar-
dial cell damage is a central factor.[4] Multiple stud-
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ies suggest that reducing myocardial cell damage
after AMI is crucial to improving patient outcomes.[5,6]

Oxidative stress is a major cause of myocardial
cell damage following AMI.[7] Regulating oxidative
stress is an effective strategy to limit this damage.[8]

As a stress-regulating gene, Aldo-Keto reductase 1C3
(AKR1C3) plays a pivotal role in cell damage and
response to oxidative stress.[9] Huang, et al.[10] found
that the interaction between AKR1C3 and β-catenin
was an essential mechanism in reducing oxidative
stress in PC12 cells. Alternatively, Liang, et al.[11]

suggested that AKR1C3 might be a potential bio-
marker for AMI. Despite this, the detailed molecu-
lar mechanisms behind the role of AKR1C3 in AMI
remain unclear.

Ferroptosis, a form of cell death closely linked to
oxidative stress,[12] plays a significant role in AMI
progression.[13,14] Jiang, et al.[15] suggested that the
loss of the hematopoietic progenitor Kinase inter-
acting protein-55 (HIP-55) gene after AMI increases
myocardial cell ferroptosis and heart damage, while
cardiac-specific overexpression of HIP-55 signific-
antly alleviated these effects. Similarly, Yu, et al.[16]

reported that Epigallocatechin gallate alleviated
myocardial cell ischemic injury by reducing ferrop-
tosis after AMI.

Cells respond to oxidative stress by activating a
series of protective mechanisms against endogen-
ous and exogenous damage. The Kelch-like ECH-
associated protein 1-Nuclear factor erythroid 2-rela-
ted factor 2-Antioxidant response element (Keap1-
Nrf2-ARE) pathway is a critical player in these anti-
damage responses.[17] The binding pattern between
Keap1 and Nrf2 varies depending on the cell envir-
onment and directly determines ARE expression in
the cell nucleus, leading to different biological out-
comes.[18,19] Liu, et al.[20] demonstrated that hyper-
baric oxygen preconditioning protected against car-
diac damage in rats with AMI, with the effect attrib-
uted to the Keap1-Nrf2-Heme oxygenase 1 (Ho1)
antioxidant defense system. In a separate study, Ma,
et al.[21] found that miR-200a levels were down-reg-
ulated in the myocardial tissue of mice with AMI,
while miR-200a overexpression decreased myocar-
dial cell apoptosis by regulating the Keap1-Nrf2
and β-catenin pathways.

In this study, a rat AMI model was established by
coronary artery ligation. H9C2 cells were subjected

to hypoxia to simulate in vitro conditions. The stu-
dy subsequently examined the impact of AKR1C3
on myocardial cell viability and ferroptosis, with a
particular focus on the role of the Keap1-Nrf2-ARE
pathway. 

METHODS
 

Experimental Animals and Ethics

Sprague Dawley rats (200-250g), regardless of
gender, were used for this study. They were kept in
an environment with a humidity of 60%, a temper-
ature of 23°C, and alternating light-dark cycles. The
rats had unrestricted access to food and water. The
Ethics Committee of the Shunde Hospital of South-
ern Medical University approved the experimental
protocols in accordance with the Guide for the Care
and Use of Laboratory Animals by the National In-
stitutes of Health. 

Establishment of the AMI Model

The rats were anesthetized using a veterinary an-
esthesia machine for small animals (RWD Life Sci-
ence, China) and then placed on a heating pad
(37°C) in a supine position. They were intubated for
tracheal ventilation and connected to a small anim-
al ventilator (Kewbasis, China), with a tidal volume
of 3.5 mL, a 1: 2 inspiratory-to-expiratory ratio, and
a ventilation rate of 80 breaths/min. A mixture of
2/3 air, 1/3 oxygen, and isoflurane was used dur-
ing the procedure. After this, the rats’ chest hair
was shaved and a thoracotomy was performed be-
tween the fourth and fifth ribs, where the heart pul-
sation was most apparent. Soft tissues were separ-
ated layer by layer to expose the ribs, which were
then spread open to access the heart. The pericardi-
um was cut, and the left coronary artery was litig-
ated 1.5 mm from the apex of the left atrial append-
age near the pulmonary artery conus using a 6-0 su-
ture. Once coronary artery occlusion (i.e., the distal
myocardium turned pale when the suture was
tightened) was confirmed by visual observation, the
thoracic cavity was closed in layers. After that, the
rats were removed from the ventilator and closely
monitored as they recovered consciousness until re-
gaining mobility. The Sham group underwent the
same surgical procedure, except the suture under
the left coronary artery was not tied. 
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Ultrasound Examination

After the rats were anesthetized with 2% isoflur-
ane, heart images were acquired using a Vevo2100
ultrasound system (VisualSonics, USA) equipped
with a 24 MHz probe. 

Infarct Area Measurement

We rapidly extracted the hearts 24 h after indu-
cing myocardial infarction. The hearts were frozen
at -20°C for 30 min before they were sliced into 2
mm thick sections. Subsequently, following the
manufacturer’s instructions, the slices were incub-
ated in 2% Triphenyl Tetrazolium Chloride (TTC)
solution (Solarbio, China) at 37°C for 15 min, and
then dried and fixed in 4% paraformaldehyde solu-
tion for 24 h before being photographed. 

Pathological Staining

The heart tissue was fixed in 4% paraformalde-
hyde overnight, embedded in paraffin, and sec-
tioned into 4 µm slices. After deparaffinization,
Hematoxylin and Eosin (HE) and Masson staining
were performed according to the manufacturer’s in-
structions (Servicebio, China). 

Cell Culture and Treatment

Rat myocardial cells (H9C2), obtained from the
American Type Culture Collection), were cultured
in Dulbecco’s Modified Eagle Medium (Gibco,
USA) supplemented with 10% fetal bovine serum
(Newzerum, New Zealand), 100 IU/mL penicillin,
and 100 mg/mL streptomycin (Gibco, USA). The
cells were incubated at 37°C in a humidified atmo-
sphere with 5% CO2. When cell confluence reached
80%, they were either passaged or subjected to hyp-
oxic treatment. In contrast, the control group re-
ceived no additional treatment. All cells were har-
vested 12 h after incubation. 

Cell Viability Assay

Cell viability was assessed using a Cell Counting
Kit (CCK)-8 assay kit (Beyotime, China) following
the manufacturer’s instructions. The obtained CCK-
8 readings were then converted into cell viability. 

Lactate Dehydrogenase Release Assay

The Lactate dehydrogenase (LDH) level in the

culture medium’s supernatant was measured using
an LDH assay kit (DOJINDO, Japan) following the
manufacturer’s instructions. 

Fe2+ Detection

Following the manufacturer’s instruction, H9C2
were first cultured in six-well plates, When cell con-
fluence reached 80%, they were either normoxia or
subjected to hypoxic treatment,Then, the cells were
treated with 1 μM FerroOrange probe (DOJINDO,
Japan) working solution at 37°C for 30 min. Then,
the reaction mixture was added 400 μL Hanks’ Bal-
anced Salt Solution (HBSS), The levels of Fe2+ were
measured by flow cytometry (BD, USA). 

Boron-dipyrromethene Assay

Following the manufacturer’s instruction, H9C2
were either normoxia or subjected to hypoxic treat-
ment. Then, the cells were treated with 5 μM Boron
dipyrromethene (BODIPY) (Gibco, USA) working
solution at 37°C for 30 min. Then, the reaction mi-
xture was added 400 μL HBSS. The levels of BODIPY
were measured by flow cytometry (BD, USA). 

Western Blot

Total protein was extracted from rat myocardial
tissue or H9C2 cells using Radioimmunoprecipita-
tion Assay buffer (Beyotime, China). Subsequently,
nuclear and cytoplasmic proteins were isolated us-
ing a nuclear and cytoplasmic protein extraction kit
(Beyotime, China). Following ultrasonication and
high-speed centrifugation, the supernatant contain-
ing the protein extracts was collected. Protein con-
centrations were determined using a Bicinchoninic
acid protein assay kit (Gibco, USA). Samples con-
taining 25 µg of protein were denatured, separated
by electrophoresis, and transferred onto a polyviny-
lidene fluoride membrane (Millipore, Germany).
The membrane was blocked with Tris-Buffered sa-
line with Tween (TBST) containing 5% non-fat milk
for 1 hour at room temperature, followed by over-
night incubation with primary antibodies at 4°C.
Primary antibodies included anti-AKR1C3 from
GeneTex (USA), along with anti-solute carrier 7A11
(SLC7A11), anti-Glutathione peroxidase 4 (GPX4),
anti-Keap1, anti-Nrf2, anti-HO-1, anti-Nicotinam-
ide adenine dinucleotide phosphate dehydro-
genase Quinone dehydrogenase (NQO-1), anti-α-
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Tubulin, anti-β-Actin, and anti-LaminB1 from Pro-
teintech (China). After washing the membrane with
TBST, it was incubated with Horseradish Peroxi-
dase-conjugated secondary antibodies for 1 h at
room temperature. Following a final wash, protein
bands were visualized via chemiluminescence (BIO-
RAD, USA). Western blots were performed at least
three times, and the results were quantified using
ImageJ software. 

Reverse transcription-Quantitative Polymerase
Chain Reaction

Total RNA was extracted from rat myocardial tis-
sue or H9C2 cells using an RNA extraction kit (Ma-
bio, China) as per the manufacturer’s instructions.
The isolated RNA was reverse transcribed into
cDNA with a reverse transcriptase (Vazyme, China).
Subsequently, reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) was per-
formed using a SYBR Green RT-PCR kit (Vazyme,
China). The RT-qPCR procedure involved initial de-
naturation at 95°C for 30 s, followed by 40 cycles of
95°C for 10 s and another 40 cycles of 60°C for 30 s,
ending with a melt curve analysis. Relative mRNA
expression levels were then normalized to β-actin
and evaluated using the 2-ΔΔCt method. The primer
sequences are provided in Table 1. 

Lentiviral Transfection

H9C2 cells were seeded in 6-well plates and grown
to about 50%–70% confluence. On the transfection
day, the cells were exposed to either the interferen-
ce or the control virus. After a 24-h incubation, the
culture medium was replaced with a fresh medium.
The overexpression group and its control group
were labeled with an Enhanced Green Fluorescent
Protein (EGFP) fluorescent tag, allowing for trans-
fection verification through fluorescence micro-
scopy. Conversely, since the knockdown group and
its control group had drug resistance, puromycin (1
µg/mL) was used for selection after transfection.
Subsequently, RT-qPCR and western blotting were
conducted to validate the transfection outcomes. 

Statistical Analysis

All statistical analyses were carried out using
GraphPad Prism 9.0 (GraphPad Software, La Jolla,
CA, USA). Quantitative data were expressed as
mean ± SD. A two-tailed student’s t-test was used
for comparisons between two groups, and a one-
way analysis of variance was used for comparisons
among multiple groups. P < 0.05 was considered
statistically significant. 

RESULTS
 

AKR1C3 Levels Decrease in the Myocardial Tis-
sue of Rats with AMI

In this study, a rat AMI model was established to
investigate the pathological changes after inducing
AMI. As shown in Figures 1A-D, the AMI group ex-
hibited a lower ejection fraction compared to the
Sham group, with pronounced pale areas in TTC
staining. HE staining revealed disorganized
myocardial cell structures, extracellular matrix de-
gradation, and capillary dilation. Masson trichrome
staining indicated a notable increase in myocardial
fibrosis. AKR1C3 levels in myocardial tissue were
measured using RT-qPCR and western blot to char-
acterize the changes in AKR1C3 after AMI. The res-
ults showed that AKR1C3 levels were significantly
reduced in the AMI group compared to the Sham
group (Figures 1E-G). 

AKR1C3 Levels Decrease in Hypoxia-Treated
H9C2 Cells

H9C2 cells were subjected to hypoxia to establish
an in vitro AMI model. The results indicated that
hypoxia-treated cells exhibited lower viability (Fig-
ure 2A) and higher levels of LDH release (Figure
2B) compared to the control group. Subsequently,
changes in AKR1C3 in hypoxia-treated H9C2 cells
were examined, revealing that mRNA and protein
levels of AKR1C3 were significantly lower in the
hypoxia-treated group than in the control group

 

Table 1    Primer sequences.

Gene Name Forward Primer (5′—3′) Reverse Primer (5′—3′)

AKR1C3 TGAGGAGAGAATCAGAGAGA TCAGAGAATGGAAAGTTAGG

β-actin TCAGGTCATCACTATCGGCAAT AAAGAAAGGGTGTAAAACGCA
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(Figure 2C-E). These results align with those ob-
served in the AMI rat model. 

AKR1C3 Regulates H9C2 Cell Viability

Stable cell lines were developed with overex-
pressed or knocked-down AKR1C3 to investigate
the role of AKR1C3 in hypoxia-treated H9C2 cells.
The effectiveness of AKR1C3 manipulation was
confirmed through RT-qPCR and Western blot (Fig-
ure 3A-C, F-H). Subsequent CCK-8 assay results in-
dicated that H9C2 cells with overexpressed AKR1C3
showed higher viability and lower LDH release
after hypoxia compared to the control group (Fig-
ure 3D, E). Conversely, H9C2 cells with knocked-
down AKR1C3 exhibited the opposite effects (Fig-
ure 3I, J). 

After Hypoxia, ferroptosis Is Increased, and the
Keap1-Nrf2-ARE Pathway Is Inhibited in H9C2
Cells

We investigated different types of cell death to
explore the forms of cell damage associated with re-
duced cell viability in hypoxia-treated H9C2 cells.
We evaluated how various inhibitors affected cell
viability under hypoxic conditions, including apop-
tosis inhibitor Z-VAD-FMK, necroptosis inhibitor
Necrostatin-1, autophagy inhibitor 3-Methyladen-
ine, and ferroptosis inhibitor Ferrostatin-1. The non-
intervention group was given equivalent amounts

of dimethyl sulfoxide as a control. As shown in Fig-
ure 4A, using different inhibitors led to varying de-
grees of change in cell viability, with Ferrostatin-1
exhibiting the most substantial recovery effect, sug-
gesting that ferroptosis is likely the predominant
form of cell death in hypoxia-treated H9C2 cells. We
set up four groups to investigate ferroptosis in hyp-
oxia-treated H9C2 cells further: Normoxia, Nor-
moxia_Ferrostatin-1, Hypoxia, and Hypoxia_Ferro-
statin-1 groups. The results indicated that when
subjected to hypoxia treatment, H9C2 cells showed
escalated levels of Fe2+, BODIPY, and malondialde-
hyde (MDA) (Figure 4B-D), while the Glutathione/
Glutathione disulfide (GSH/GSSG) ratio decreased.
In addition, the western blot revealed reduced expr-
essions of GPX4 and SLC7A11 after hypoxia (Figure
4E-H). Significantly, these effects, indicative of lip-
id peroxidation, could be partially reversed by Fer-
rostatin-1. These findings suggest that ferroptosis
increases in hypoxia-treated H9C2 cells.

Research has shown that the Keap1-Nrf2-ARE pa-
thway plays an essential role in the oxidative stress
response[22] and AMI. We examined Keap1-Nrf2-
ARE pathway expression in hypoxia-treated H9C2
cells to elucidate further how AKR1C3 regulates
ferroptosis. Western blot showed that hypoxia-trea-
ted cells showed an increase in cytoplasmic Nrf2
and a decrease in nuclear Nrf2, along with higher
Keap1 levels and lower levels of HO-1 and NQO-1

 

Figure 1    Rats with AMI exhibit decreased ejection fraction and significant tissue damage, along with reduced AKR1C3 levels in
myocardial tissue. Comparison of the AMI and Sham groups for (A-D): Echocardiography, TTC staining, HE staining, and Masson tri-
chrome staining; (E-G): mRNA and protein levels of AKR1C3 in myocardial tissue.**P < 0.01, ****P < 0.0001. AMI: acute myocardial in-
farction; AKR1C3: Aldo-Keto reductase 1C3; HE: Hematoxylin and Eosin; TTC: triphenyl tetrazolium chloride.
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compared to the control group (Figure 4H, I). These
results indicate that in hypoxia-treated H9C2 cells,
the increase in ferroptosis stems from the inhibition
of the Keap1-Nrf2-ARE pathway. 

Ferroptosis Increases and the Keap1-Nrf2-ARE
Pathway Is Inhibited in Rat Myocardial Tissue
After AMI

In this section, the AMI rat model was investigat-
ed. The AMI group exhibited elevated MDA levels
and a reduced GSH/GSSG ratio in myocardial tis-
sue compared to the sham group (Figure 5A, B). In
addition, the western blot indicated decreased
levels of GPX4 and SLC7A11 (Figure 5C, D), sug-
gesting that ferroptosis increased in rats after AMI.
Regarding pathway regulation, rats in the AMI
group showed increased cytoplasmic Nrf2 and de-
creased nuclear Nrf2 levels, along with increased
total Keap1 levels and reduced HO-1 and NQO-1
levels. These findings indicate that the Keap1-Nrf2-
ARE pathway is suppressed in rat myocardial tis-
sue after AMI (Figure 5E, F). 

AKR1C3 Regulates Ferroptosis and the Keap1-
Nrf2-ARE Pathway in Hypoxia-Treated H9C2
Cells

We investigated the effects of AKR1C3 overex-

pression to explore further the role of AKR1C3 in
regulating ferroptosis and the Keap1-Nrf2-ARE
pathway in hypoxia-treated H9C2 cells. According
to the results, the overexpressed (OE)_AKR1C3_Hypo-
xia group showed lower levels of Fe2+, BODIPY, and
MDA compared to the EGFP_Hypoxia group, while
the GSH/GSSG ratio and expressions of GPX4 and
SLC7A11 were elevated. These markers showed
partial recovery with the introduction of Ferrostatin-1
(Figure 6A-F). This indicates that overexpressing
AKR1C3 inhibits ferroptosis in hypoxia-treated
H9C2 cells. Regarding pathway regulation, the
OE_AKR1C3_Hypoxia group had increased nucle-
ar and decreased cytoplasmic Nrf2 levels, along
with lower total Keap1 and higher HO-1 and NQO-
1 levels, suggesting activated Keap1-Nrf2-ARE
pathway (Figure 6G-H).

In addition, hypoxia-treated H9C2 cells with
AKR1C3 knockdown showed higher levels of Fe2+,
BODIPY, and MDA, lower GSH/GSSG ratios, and
reduced GPX4 and SLC7A11 expressions compared
to the control group. These levels partially re-
covered after introducing Ferrostatin-1, indicating
that knocking down AKR1C3 promotes ferroptosis
in hypoxia-treated H9C2 cells (Figure 6I-N). Re-
garding pathway regulation, the shAKR1C3_Hyp-

 

Figure 2    AKR1C3 levels decrease in hypoxia-treated H9C2 cells. For hypoxia-treated H9C2 cells. (A, B): Cell viability and LDH re-
lease; (C-E): mRNA and protein levels of AKR1C3. ***P < 0.001, ****P < 0.0001. AKR1C3: Aldo-Keto reductase 1C3; LDH: lactate dehydro-
genase.
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oxia group displayed higher cytoplasmic and lower
nuclear Nrf2, increased total Keap1, and reduced
HO-1 and NQO-1 levels compared to the shScr_Hypoxia
group, suggesting that the Keap1-Nrf2-ARE path-
way is suppressed (Figure 6O-P). 

Keap1-Nrf2-ARE Pathway Regulates Cell Viabil-
ity and Ferroptosis in Hypoxia-Treated H9C2 Cells

To further explore the role of the Keap1-Nrf2-
ARE pathway in regulating ferroptosis in hypoxia-
treated H9C2 cells by AKR1C3, the Nrf2 inhibitor
ML385 was introduced. The CCK-8 assay showed
that combined ML385 treatment reduced cell viabil-
ity and counteracted the beneficial effects of AKR1C3
overexpression (Figure 7A) while also increasing
LDH release (Figure 7B). Furthermore, it resulted in
higher Fe2+, BODIPY, and MDA levels alongside a

lower GSH/GSSG ratio. Western blot analysis of
ferroptosis-related proteins revealed reduced ex-
pressions of GPX4 and SLC7A11 (Figure 7C-H).
These results reveal that Keap1-Nrf2-ARE pathway
inhibition decreases cell viability and increases fer-
roptosis in hypoxia-treated H9C2 cells.

Lastly, we used (R)-Sulforaphane, an activator of
the Keap1-Nrf2-ARE pathway. As shown in Figures
7I and J, hypoxia-treated H9C2 cells with AKR1C3
knockdown showed increased cell viability and re-
duced LDH release after treatment with (R)-Sulfo-
raphane. In addition, in hypoxia-treated cells, treat-
ment with (R)-Sulforaphane led to lower Fe2+, BOD-
IPY, and MDA levels, an increased GSH/GSSG ra-
tio, along with higher expressions of GPX4 and
SLC7A11 (Figures 7K-P). This suggests that under
hypoxic conditions, (R)-Sulforaphane can enhance

 

Figure 3     AKR1C3 regulates cell  viability in hypoxia-treated H9C2 cells. (A-C):  Verification of mRNA and protein levels in H9C2
cells  with overexpressed AKR1C3;  (D,  E):  Cell  viability and LDH release in H9C2 cells  with overexpressed AKR1C3 and the control
group after hypoxia treatment. (F-H): Verification of mRNA and protein levels in H9C2 cells with knocked-down AKR1C3; (I, J): Cell
viability and LDH release in H9C2 cells with knocked-down AKR1C3 and the control group after hypoxia treatment. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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cell viability and reduce ferroptosis in AKR1C3-
knockdown H9C2 cells. Collectively, these findings
suggest that the Keap1-Nrf2-ARE pathway plays a
key role in AKR1C3’s regulation of cell viability and
ferroptosis in hypoxia-treated H9C2 cells. 

DISCUSSIONS

This study established an AMI rat model through
coronary artery ligation. Myocardial tissue damage
was confirmed by echocardiography and HE and
Masson staining. RT-qPCR and western blot show-

ed reduced AKR1C3 levels. Subsequently, an in
vitro AMI model was created using hypoxia-treated
H9C2 cells. The results indicated that hypoxia de-
creased cell viability and reduced mRNA and pro-
tein levels of AKR1C3, consistent with the observa-
tions in the AMI rat model. Lentiviral transfection
was conducted to create cell lines that overexpress-
ed or knocked down AKR1C3 to understand its role
in regulating H9C2 cell viability. Overexpressing
AKR1C3 increased cell viability after hypoxia com-
pared to the control group, while knocking down

 

Figure 4    Hypoxia treatment increases ferroptosis and inhibits the Keap1-Nrf2-ARE pathway in H9C2 cells. (A): Tests with various
inhibitors suggested that Ferrostatin-1 showed the most substantial recovery effect on H9C2 cell viability after hypoxia; (B-H): Levels of
Fe2+, BODIPY, and MDA, the GSH/GSSG ratio, and levels of GPX4 and SLC7A11 in hypoxia-treated H9C2 cells; (H, I): Levels of cyto-
plasmic  Nrf2,  nuclear  Nrf2,  total  Keap1,  HO-1,  and  NQO-1  in  hypoxia-treated  H9C2  cells.  BODIPY:  boron-dipyrromethane;  GPX4:
glutathione peroxidase  4;  GSH/GSSG:  glutathione/glutathione disulfide;  HO-1:  heme oxygenase;  Keap1-Nrf2-ARE:  Kelch-like  ECH-
associated protein 1-nuclear factor erythroid 2-related factor 2-antioxidant response element; MDA: malondialdehyde; NQO-1: nicotin-
amide adenine dinucleotide phosphate dehydrogenase quinone dehydrogenase; SLC7A11: solute carrier 7A11. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.
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AKR1C3 led to the opposite effect. Next, the types
of cell death involved were examined. Of the inhib-
itors tested, Ferrostatin-1 showed the most signific-
ant effect on restoring cell viability. When subjec-
ted to hypoxia treatment, H9C2 cells showed escal-
ated levels of Fe2+, BODIPY, and MDA, along with
lower GSH/GSSG ratios and reduced expressions
of GPX4 and SLC7A11. However, this effect was

partially reversed by introducing Ferrostatin-1, sug-
gesting increased ferroptosis. In addition, hypoxia
treatment inhibited the Keap1-Nrf2-ARE pathway
in H9C2 cells. Overexpression of AKR1C3 reduced
ferroptosis and activated this pathway, while AKR1C3
knockdown exhibited the opposite effect. Lastly, in-
hibiting the Keap1-Nrf2-ARE pathway with ML385
in hypoxia-treated H9C2 cells reduced cell viability

 

Figure  5      Ferroptosis  increases,  and  the  Keap1-Nrf2-ARE  pathway  is  inhibited  in  rat  myocardial  tissue  after  AMI. Comparison
between the AMI group and the Sham group for (A-D): Levels of MDA, GSH/GSSG ratio, GPX4, and SLC7A11; (E, F): Levels of cyto-
plasmic Nrf2, nuclear Nrf2, total Keap1, HO-1, and NQO-1. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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and increased ferroptosis. Conversely, activation
with (R)-Sulforaphane produced the opposite effect.

AMI is caused by sudden coronary artery occlu-
sion and poses a significant threat to human heal-
th.[11] However, there are currently no drugs that
specifically target AMI for treatment or prevention.
Therefore, developing effective clinical therapies to
mitigate the severe consequences of AMI incurs
great clinical importance. Following AMI, oxidat-
ive stress is a major cause of cellular damage, and
changes in oxidative stress post-AMI can be closely

linked to the prognosis following PCI.[23] AKR1C3 is
a critical molecule involved in cellular oxidative
stress.[9] Research shows that AKR1C3 improves tu-
mor sensitivity to ionizing radiation by regulating
oxidative stress levels. Wang, et al.[24] reported that
high AKR1C3 expressions reduced the levels of
cytoplasmic Fe2+ and lipid peroxides, suggesting
that overexpressing AKR1C3 can inhibit ferroptosis.
Lin, et al.[25] analyzed the expression of antioxidant-
related proteins in smokers and non-smokers using
bioinformatics which showed significant upregula-

 

Figure  6      AKR1C3  regulates  ferroptosis  and  the  Keap1-Nrf2-ARE  pathway  in  hypoxia-treated  H9C2  cells. (A-F):  Comparison
between  H9C2  cells  overexpressing  AKR1C3  and  the  control  group  after  hypoxia  treatment  for  Fe2+,  BODIPY  and  MDA  levels,  the
GSH/GSSG ratio,  GPX4, and SLC7A11; (G-H):  cytoplasmic Nrf2,  nuclear Nrf2,  and total protein levels of Keap1, HO-1, and NQO-1;
Comparison between H9C2 cells knocked-down AKR1C3 and the control group after hypoxia treatment for (I-N): Fe2+,  BODIPY and
MDA levels, the GSH/GSSG ratio, GPX4, and SLC7A11; (O-P): cytoplasmic Nrf2, nuclear Nrf2, and total protein levels of Keap1, HO-1,
and NQO-1. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 7    The Keap1-Nrf2-ARE pathway regulates cell viability and ferroptosis in hypoxia-treated H9C2 cells. In H9C2 cells over-
expressing AKR1C3, the effects of hypoxia treatment with ML385 results are displayed in (A, B): Cell viability and LDH release; (C-H):
Fe2+, BODIPY and MDA levels, the GSH/GSSG ratio, GPX4, and SLC7A11;In H9C2 cells overexpressing AKR1C3, the effects of hypox-
ia  treatment  with  ML385  results  are  displayed  in  (I,  J):  Cell  viability  and  LDH  release;  (K-P):  Fe2+,  BODIPY  and  MDA  levels,  the
GSH/GSSG ratio, GPX4, and SLC7A11. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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tion of AKR1C3 in the former. Liang, et al. [11] indic-
ated that AKR1C3 could be a potential biomarker
for AMI. Our study found that AKR1C3 levels de-
creased in rats after AMI and in hypoxia-treated
H9C2 cells. Overexpressing AKR1C3 improved cell
viability after hypoxia while knocking it down had
the opposite effect.

Ferroptosis is a form of cell death associated with
oxidative stress[12] and plays a significant role in
AMI.[13] It is driven by the Fenton reaction, in which
excess Fe2+ leads to lipid peroxidation, manifested
as increased MDA. In addition, the downregulation
of SLC7A11 leads to reduced intracellular cystine
and GSH depletion, promoting the accumulation of
lipid peroxides. This indirectly inhibits GPX4 activ-
ity, thereby increasing lipid peroxidation. Ulti-
mately, these factors can collectively contribute to
increased ferroptosis. Reducing ferroptosis after
AMI is an effective strategy to mitigate myocardial
cell damage and improve treatment outcomes.[14] Li,
et al.[26] found that miR-26b-5p downregulation in
plasma exosomes from patients with AMI reduced
myocardial cell damage by inhibiting ferroptosis
after AMI. Similarly, Liu, et al.[27] reported that res-
veratrol, an antioxidant, induced KAT5 expression,
which increased GPX4 levels, thereby inhibiting fer-
roptosis and, on this basis, mitigating myocardial
damage after AMI. Our findings indicate that fer-
roptosis is increased in hypoxia-treated H9C2 cells,
a result also observed in the AMI rat model. In ad-
dition, overexpression of AKR1C3 reduces ferrop-
tosis in hypoxia-treated H9C2 cells, while knocking
down AKR1C3 increases ferroptosis.

Another finding from our study is that hypoxia-
treated H9C2 cells showed decreased nuclear Nrf2,
increased cytoplasmic Nrf2, elevated total Keap1,
and reduced HO-1 and NQO-1 levels. In addition,
we observed similar results in the AMI rat model,
suggesting the Keap1-Nrf2-ARE pathway inhibi-
tion. As a classic oxidative stress pathway, the
Keap1-Nrf2-ARE pathway plays an essential role in
the occurrence and progression of ferroptosis and
AMI. Yao, et al.[28] demonstrated that activating the
Nrf2-HO1 pathway inhibited ferroptosis following
myocardial ischemia-reperfusion. Wu, et al. [29]

found that targeting Nrf2 with Ferrostatin-1 to
modulate ferroptosis levels was closely related to
reduced cell damage after AMI. Furthermore, our

study revealed that overexpressing AKR1C3 in
H9C2 cells activated the Keap1-Nrf2-ARE pathway
after hypoxia, providing a beneficial effect to cells
undergoing hypoxic stress. In contrast, knocking
down AKR1C3 yielded the opposite results. In ad-
dition, combined treatment with ML385 negated the
beneficial effects of AKR1C3 overexpression in hyp-
oxia-treated H9C2 cells, reducing cell viability and
increasing ferroptosis. Meanwhile, treatment with
(R)-Sulforaphane reversed the suppression of the
Keap1-Nrf2-ARE pathway caused by AKR1C3
knockdown, resulting in increased cell viability and
reduced ferroptosis. These findings suggest that
AKR1C3 regulates ferroptosis in hypoxia-treated
H9C2 cells through the Keap1-Nrf2-ARE pathway.

This study offers valuable insights into the func-
tion of AKR1C3 in AMI rats and hypoxia-treated
H9C2 cells. However, it has some limitations. Fur-
ther clinical studies are needed to validate whether
AKR1C3 overexpression can protect against myocar-
dial damage following AMI. Moreover, identifying
the downstream molecules of AKR1C3 and explor-
ing the potential mechanisms may yield more com-
prehensive insights.

In conclusion, this study shows that AKR1C3 leve-
ls decrease in rats with AMI and hypoxia-treated
H9C2 cells. Overexpressing AKR1C3 increases cell
viability in hypoxia-treated H9C2 cells and can in-
hibit ferroptosis by Keap1-Nrf2-ARE pathway ac-
tivation, whereas AKR1C3 knockdown exhibits the
opposite effect. Regulating the Keap1-Nrf2-ARE
pathway can reverse the effects of AKR1C3 knock-
down on cell viability and ferroptosis. These results
suggest that AKR1C3 may serve as a promising tar-
get for mitigating cell damage after AMI, with po-
tential applications in clinical settings. 
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