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Curcumin Improves Diabetic Cardiomyopathy by Inhibiting
Pyroptosis through AKT/Nrf2/ARE Pathway
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This study is aimed at exploring whether curcumin can regulate the AKT pathway, promote the transfer of Nrf2 into the nucleus,
and inhibit cell pyroptosis in diabetic cardiomyopathy. Diabetic rats and cardiomyocytes were treated with curcumin to study its
effect on myocardial pyroptosis. Whether curcumin can promote the transfer of Nrf2 into the nucleus through AKT pathway
regulation was assessed by western blotting and immunofluorescence. The Nrf2 knockout vector and ml385 were used to block
the Nrf2 pathway, and the differences between the different groups in the expression of pyroptosis protein, cell activity, and
incidence of apoptosis were evaluated to verify the relationship between the effect of curcumin on pyroptosis inhibition and
the Nrf2 pathway. Curcumin promoted the transfer of Nrf2 into the nucleus through the AKT pathway and increased the
expression of the antioxidant factors HO-1 and GCLC. These effects reduced reactive oxygen species accumulation and
mitochondrial damage in diabetic myocardium and inhibited diabetes-induced pyroptosis. However, in cardiomyocytes with a
blocked Nrf2 pathway, the ability of curcumin to inhibit pyroptosis was significantly reduced, and the protective effect on the
cells was lost. Curcumin can reduce the accumulation of superoxide in the myocardium through AKT/Nrf2/ARE pathway
activation and inhibit pyroptosis. It also has a role in diabetic cardiomyopathy treatment. This study provides new directions
for evaluating the mechanism of diabetic cardiomyopathy and treating diabetic myocardium.

1. Introduction

Diabetic cardiomyopathy is a disease in which myocardial
cells are exposed to high glucose concentrations for a long
time, while intracellular glycosylation increases. Further-
more, protein and lipid metabolism disorders lead to myo-
cardial cell death, thereby affecting the structure and
function of the heart [1, 2]. Metabolic disturbances such as
insulin resistance, glucotoxicity, and lipotoxicity adversely
affect myocardial energy metabolism, ultimately promoting
cardiac hypertrophy and interstitial fibrosis [3]. Patients
with diabetes are at higher risk for coronary heart disease,
heart failure, and other cardiovascular disorders, and they
have significantly higher long-term death rates [4, 5]. There-

fore, it is very important to clarify the pathogenesis and
treatment of diabetic cardiomyopathy.

The nuclear factor-erythroid 2 p45-related factor 2 (Nrf2)
signaling pathway has an important role in regulating cellular
homeostasis and protecting cells from oxidative stress [6, 7].
Nrf2 can bind to genes containing ARE sequences in the pro-
moter region to promote the expression of glutathione (GSH),
glutamate-cysteine ligase catalyst (GClC), oxygenase-1 (HO-
1), glutathione-S-transferases (GST), and other proteins [8,
9]. These proteins are called ARE-like elements. Studies have
reported that the PI3K signaling pathway can regulate Nrf2
signaling independently of the kelch-like ECH-associated pro-
tein 1 (KEAP1) [10, 11]. PI3K catalyzes the phosphorylation
of the phosphatidylinositol 4,5-bisphosphate (PIP2) lipid to
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generate phosphatidylinositol 3,4,5-triphosphate (PIP3). PIP3
phosphorylates AKT downstream, producing phosphorylated
AKT (p-AKT) [12]. p-AKT phosphorylates Nrf2, promotes its
dissociation from KEAP1, transfers to the nucleus, combines
with ARE sequences, and exerts antioxidant and anti-
inflammatory effects [13]. Hyperglycemia promotes the bind-

ing of glycosylation products to receptors, activates signaling
pathways such as NF-κB, and induces cardiomyocyte produc-
tion of a large number of inflammatory factors [14, 15]. Long-
term insulin resistance leads cells to use fatty acid oxidation
for energy production, resulting in an increase in reactive oxy-
gen species (ROS) in the oxidative respiratory chain and
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Figure 1: Detection of cardiomyocyte purity and cell viability. Glu: glucose. (a) Troponin was used to identify cardiomyocytes;
cardiomyocyte purity was more than 90% (20x). (b) In a 5.5mM glucose medium, the CCK-8 test was used to measure the impact of
various curcumin concentrations on cardiomyocyte activity. (c) In a 30mM glucose medium, the CCK-8 test was used to measure the
impact of various curcumin concentrations on cardiomyocyte activity. (d) Cell viability over time in cardiomyocytes under different
curcumin concentrations. Values are displayed as the mean and standard deviation.
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Figure 2: Continued.
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impaired mitochondrial function [16, 17]. The accumulation
of oxygen free radicals, stimulation of inflammatory factors,
mitochondrial dysfunction, and other factors activate NLRP3
and caspase-1, thus causing cells to undergo pyroptosis [18].
Studies have found that activating the Nrf2 pathway can
reduce the production of caspase-1 and NLRP3 and reduce
the damage to the nervous system caused by magnolol [19].
On the other hand, the ARE-like elements, such as HO-1,
GClC, and GST, can participate in the production of the anti-
oxidant factor NADPH and exert antioxidative and anti-
inflammatory effects. Therefore, the activation of the ARE-
like elements can inhibit pyroptosis to a certain extent.

On the other hand, curcumin is a natural antioxidant
that protects cells from inflammatory damage and has ther-

apeutic effects in diseases such as myocardial, kidney, and
liver injuries [20–22]. Li et al.’s report found that curcumin
can improve mercuric chloride-induced liver injury through
the Nrf2/ARE pathway [23]. Zhao et al.’s study found that
curcumin inhibited autophagic death caused by HgCl2
through the PI3K/AKT/Nrf2 pathway, thereby improving
spleen damage [24]. Therefore, curcumin is a natural agonist
of Nrf2, which provides a good pharmacological basis for the
treatment of diabetic cardiomyopathy. At present, there is
still a lack of studies assessing whether curcumin can inhibit
cell pyroptosis through the PIP3/AKT/Nrf2 pathway and
play a role in the treatment of diabetic cardiomyopathy.
The present study is aimed at experimentally verifying this
hypothesis.
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Figure 2: Curcumin-reduced pyroptosis induced by a high-glucose environment. Glu: glucose; Cur: curcumin; the dose of curcumin used in
cell experiments is 14μM. (a) The expression levels of related proteins in the pyroptotic pathway were detected by western blotting. (b) The
expression level of NLRP3 in cardiomyocytes was detected by immunofluorescence (40x). (c) The levels of reactive oxygen species (ROS) in
cardiomyocytes of each group were detected by ROS fluorescent probing (20x). (d) The apoptosis level of cardiomyocytes in each group was
detected by TUNEL fluorescent probing (20x). ∗∗P < 0:001, high-glucose group vs. normal group and curcumin-treated group. Values are
expressed as the mean ± standard deviation.
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Figure 3: Continued.
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2. Materials and Methods

2.1. Diabetic Rat Model. One-month-old male Sprague-
Dawley (SD) rats were purchased from the Experimental
Animal Center of Bengbu Medical College. A high-fat diet
and intraperitoneal injection of streptozotocin (STZ) were
used to establish a diabetic rat model. SD rats were fed a
high-fat diet for 1 month before they received the intraperi-
toneal STZ solution injection (30mg/kg) [25]. The body
weight and blood sugar levels of the rats were monitored
regularly. The diabetic rat model was considered successfully
established when the fasting blood glucose level was more
than 16.7mmol/L. The normal control group was fed with
standard feed without special treatment. According to the
purpose of the study, diabetic rats were divided into the fol-
lowing groups: diabetes group, diabetes + curcumin gavage
group, diabetes + ml385 injection group, and diabetes + cur-
cumin gavage + ml385 injection group. Eight rats were
assigned to each group, and all animals were housed in the
animal room of Bengbu Medical College at room tempera-
ture (25°C) with 12 h day and night cycles. Rats in each
group were housed in separate cages. After grouping, the rats
were kept for 8 months. The experimental procedure is
shown in the Supplementary Information (available here).
The ethical approval of this study was provided by the Ani-
mal Ethics Committee of Bengbu Medical College (BBYXY-
2021KY03). All rat corpses were sent to the animal room for
uniform sterilization after autopsies.

2.2. Solutions Preparation. The ml385 solution was prepared
to a concentration of 5mg/mL in DMSO, and the corre-
sponding solution volume was intraperitoneally injected into
the rat body according to its weight (20mg/kg). The curcu-

min mother solution was prepared at a concentration of
40mg/mL in DMSO. According to the weight of the rat
and considering a daily curcumin dosage of 200mg/kg, the
corresponding curcumin solution volume was mixed with
saline to a total volume of 5mL and injected into the stom-
ach of the rat through a gastric tube. The control groups
were injected with 5mL of normal saline as control.

2.3. Separation of Serum and Myocardial Tissue. Rats were
sacrificed using phenobarbital anesthetic. The eyeballs were
detached for blood collection, and serum was collected after
centrifugation to estimate the serum indices. Simulta-
neously, the heart was dissected, and the apical part was
cut and rinsed with phosphate-buffered saline (PBS). After
fixation with 4% paraformaldehyde, the myocardial tissue
was embedded in paraffin; after dewaxing, hematoxylin
and eosin (HE) and Masson’s centrifugation stainings were
performed.

2.4. Extraction of Primary Rat Cardiomyocytes. Suckling rats
(1 to 3 days of age) were immersed in alcohol for disinfec-
tion, euthanized, and dissected for heart collection. Forceps
were used to remove the pericardium and reduce the atrium
and blood vessels. Ophthalmic scissors were used to chop
the remaining ventricular tissue. A 0.08% pancreatin solu-
tion and a 0.2% collagenase II solution were used to dissoci-
ate the myocardial tissue. Fibroblasts were removed by
differential adherent centrifugation. Cardiomyocytes were
then cultured until spontaneous contraction was observed;
then, the relevant experiments were performed.

2.5. Myocardial Cell Grouping. High-glucose medium con-
taining 30mmol/L glucose was used to mimic high-
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Figure 3: Curcumin inhibits diabetes-induced myocardial pyroptosis. DM: diabetic rat; Cur: curcumin; the dose used in animal experiments
was 200mg/kg/day. ml385: inhibitors of the Nrf2 pathway, the dose used in the experiment was 20mg/kg. (a) The expression of pyroptosis
proteins in rat myocardial tissue was detected by western blotting. (b–d) Expression levels of IL-18, IL-1, NF-κB, TNF-α, BNP, and SOD in
the serum of the rats in each group were determined using an enzyme-linked immunosorbent assay vs. the control group and curcumin-
treated group. #∗P < 0:001: injected with ml385 vs. noninjected with ml385 (in diabetic rats). Values are expressed as the mean ±
standard deviation.
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Figure 4: Continued.
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glucose-induced cardiomyocyte injury. Myocardial cells
were cultured in the medium of conventional 5mmol/L glu-
cose as the control group. According to the differences in the
purpose of the experiment and the treatment process, cells
were divided into the following groups: 5.5mmol/L glucose
control group, 30mmol/L high concentration glucose group,
30mmol/L high concentration glucose +14μM/L curcumin
group, 30mmol/L high concentration glucose + Si-Nrf2
transfection group, and 30mmol/L high concentration glu-
cose +14μM/L curcumin + Si-Nrf2 transfection group.

2.6. Main Experimental Reagents. The One-Step TUNEL
Apoptosis Assay Kit (C1086), Cell Counting Kit-8 (CCK-8,
C0038), NLRP3 rabbit monoclonal antibody (AF2155), and
ROS assay Kit (s0033ss) were purchased from Beyotime Bio-
technology (Shanghai, China). Caspase-1 rabbit pAb
(A0964), IL-1β rabbit pAb (A16288), IL-18 rabbit pAb
(A1115), SOD2 rabbit mAb (A19576), and NRF2 rabbit
pAb (A0674) were purchased from ABclonal (Wuhan,
China). The mitochondrial membrane potential assay kit,
JC-1 (M8650), ml385 (IM1020), and nigericin sodium salt
(IN1880) were purchased from Solarbio Science (Beijing,
China). MitoSOX™ Red mitochondrial superoxide indicator
(M6214020) was purchased from Yeasen Biotechnology
(Shanghai, China).

2.7. Indirect Immunofluorescence Detection. Tissues and cells
were fixed with paraformaldehyde. The relevant protein
antibodies were incubated overnight at 4°C. After washing
off the primary antibody with PBS, cells were incubated in
the dark for 2 h with the corresponding secondary antibody.
The secondary antibody was washed off with PBS, counter-

stained with DAPI, and observed under a fluorescent fiber
microscope.

2.8. CCK-8 Detection of Cell Viability. Primary cardiomyo-
cytes were seeded in 96-well plates, and the relevant experi-
ments were performed after spontaneous beating was
observed. The original medium was aspirated, and the
experimental reagents from the various groups were added
to the cells and incubated for another 24 h. Then, 15μL of
the prepared CCK-8 solution was added to the cells and
incubated for 1 h in the incubator. Then, a microplate reader
was used to detect the relative cell viability.

2.9. TUNEL Staining. Tissue or cell slides were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton solution
for 15min, and washed with PBS three times. The premixed
TUNEL staining solution was added and incubated in the
dark for 1 h. Rinsing with PBS was performed three times,
and DAPI was added for counterstaining for 5min.

2.10. Primer Design. The sequences of the main PCR primers
in this paper are as follows: Nrf2: F-CAGCATGTTACGTG
ATGAGG, R-GCTCAGAAAAGGCTCCATCC; HO-1: F-
TATTCCTGCCCCAATCGCT, R-TTGACCTCCTTCTC
GCCCTC; GCLC: F-GATGATGCCAACGAGTCTGA, R-
GACAGCGGAATGAGGAAGTC.

2.11. Data Analysis. All experiments were repeated at least
three times. Data are expressed as the mean ± standard devi-
ation. A t-test was used to validate the data of the two
groups. ImageJ software (National Institutes of Health,
Bethesda, MD) was used to analyze the fluorescence
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Figure 4: Curcumin promotes the translocation of Nrf2 into the nucleus through the AKT pathway. Glu: glucose; DM: diabetic rat; Cur:
curcumin; the dose of curcumin used in cell experiments was 14 μM; the dose used in the rat experiment was 200mg/kg/day. (a) AKT/
Nrf2/ARE pathway protein expression levels in cardiomyocytes were detected using western blotting. (b) The expression of the Nrf2
protein in the nucleus (nu-Nrf2) of cardiomyocytes was detected by western blotting. (c) Expression levels of immunofluorescence-
labeled Nrf2 in different parts of cells (20x). (d) The expression sites of the Nrf2, DAPI, and KEAP1 proteins were analyzed for
fluorescence colocalization using ImageJ. (e) Western blotting detection of Nrf2 protein expression in the nucleus of rat myocardial
tissue. (f) Western blotting was performed to detect the expression levels of proteins in the AKT/Nrf2/ARE pathway in rat myocardial
tissue. ∗∗P < 0:001: high-glucose group vs. normal medium and curcumin treatment group. #P < 0:001: curcumin-treated group vs.
curcumin-treated group. ^^P < 0:001: diabetes group vs. control group and curcumin-treated group. ^∗P < 0:001: curcumin-fed vs. no
curcumin (in diabetic rats). Values are expressed as the mean ± standard deviation.
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intensity. Differences were considered statistically significant
when P < 0:05.

3. Results

3.1. Effects of Different Curcumin Doses on Cardiomyocyte
Activity. Rat primary cardiomyocytes were cultured for
48 h, and spontaneous beating was observed. Cardiomyo-
cytes were fluorescently labeled with troponin, and the
purity of the isolated cardiomyocytes was found to be more
than 90%, as observed under a microscope (Figure 1(a)). The
CCK-8 test was used to identify changes in cardiomyocyte
activity under various curcumin and medium concentra-
tions and various coincubation periods to choose the best
concentration of curcumin. The CCK-8 test findings demon-
strated that the best cardiac viability occurred after coincu-
bation for approximately 18 h with a curcumin
concentration of 14μM/L (Figures 1(b)–1(d)). Therefore,
14μM/L curcumin was selected as the dosage for the
experiment.

3.2. Curcumin Inhibits Myocardial Pyroptosis in High-
Glucose Medium. A culture of cardiomyocytes in a high-
glucose medium confirmed the protective effect of curcu-
min. These findings demonstrated that curcumin dramati-
cally slowed the pyroptosis process and decreased the
expression of proteins linked to pyroptosis in 30mmol/L
glucose culture medium (Figures 2(a) and 2(b), P < 0:001).
At the same time, according to the SOD protein expression
and ROS fluorescence analysis, curcumin alleviated the
accumulation of superoxide in cardiomyocytes in a high-
glucose medium (Figures 2(a) and 2(c), P < 0:001). Curcu-
min attenuated the effects of pyroptosis and ROS scaveng-

ing, thereby reducing the incidence of apoptosis in a high-
glucose medium (Figure 2(d)).

3.3. Curcumin Inhibits Pyroptosis in Diabetic Myocardial
Tissue. Diabetic rats had significantly increased expression
of pyroptosis proteins in myocardial tissue. However, curcu-
min lowered the expression of proteins linked to pyroptosis
in the cardiac tissues of diabetic rats (Figure 3(a), P < 0:001).
Additionally, curcumin enhanced the level of SOD and fur-
ther decreased the expression of NF-κB, IL-1, IL-18, TNF-α,
and BNP in the serum of diabetic rats (Figures 3(b)–3(d),
P < 0:001). On the other hand, curcumin had a little thera-
peutic effect on diabetic rats injected with ml385
(Figures 3(b)–3(d), P < 0:001). Therefore, we speculated that
there was a link between the inhibitory effect of curcumin on
pyroptosis and the Nrf2 pathway.

3.4. Curcumin Promotes the Translocation of Nrf2 into the
Nucleus through the AKT Pathway. In in vitro experiments,
protein expression in the PI3K/AKT pathway was assessed,
and curcumin significantly increased the expression of p-
AKT in cardiomyocytes (Figure 4(a), P < 0:001). Nuclear
Nrf2 protein expression was evaluated by extracting nuclear
proteins. In cardiomyocytes, curcumin promoted the trans-
location of Nrf2 into the nucleus and increased the expres-
sion of the downstream antioxidant proteins HO-1 and
GCLC (Figures 4(a) and 4(b), P < 0:001). Fluorescent anti-
bodies were used to label Nrf2 and KEAP1 in cardiomyo-
cytes, and the fluorescence colocalization analysis further
confirmed that curcumin could promote the transfer of
Nrf2 into the nucleus (Figures 4(b) and 4(c), P < 0:001).
Consistent with the results at the cellular level, the expres-
sion of p-AKT increased in the myocardial tissue of diabetic
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Figure 5: Interfering with the expression of Nrf2 hinders the cardioprotective effect of curcumin. Glu: glucose; Cur: curcumin; the dose of
curcumin used in cell experiments is 14 μM. Si-Nrf2: interference virus vector targeting the Nrf2 gene. (a) PCR and western blotting
detection of intracellular Nrf2 expression. (b) Western blotting detection of pyroptosis protein expression levels. (c) Western blotting
detection of protein expression levels in the AKT/Nrf2 pathway. (d) Immunofluorescence detected the fluorescence intensity of NLRP3
(20x). (e) Changes in the mitochondrial membrane potential levels of cardiomyocytes. The stronger the red fluorescence, the worse the
cell viability; the stronger the green fluorescence, the better the cell viability (20x). (f) TUNEL fluorescent probe to detect the incidence
of apoptosis (20x). (g) The CCK-8 test detects cardiomyocyte activity. ∗∗P < 0:001, high-glucose group vs. normal group and curcumin-
treated group. #∗P < 0:001: transfected siRNA vs. untransfected cells (in high-glucose medium). #P < 0:05: transfected siRNA vs.
untransfected cells (in high-glucose medium). Values are expressed as the mean ± standard deviation.
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rats fed curcumin. p-AKT promoted the translocation of
Nrf2 into the nucleus and increased the expressions of
HO-1 and GCLC (Figures 4(e) and 4(f), P < 0:001). There-
fore, this experiment proved that curcumin could promote
the transfer of Nrf2 into the nucleus through the AKT
pathway.

3.5. Suppression of Pyroptosis by Curcumin Was Inhibited by
Si-Nrf2 Transfection. We further verified the link between
curcumin pyroptosis inhibition and the Nrf2 pathway.

PCR and western blotting indicated that Si-Nrf2 transfection
dramatically decreased the expression of Nrf2 in cardiomyo-
cytes (Figure 5(a), P < 0:001). Compared to nontransfected
cardiomyocytes, Si-Nrf2-transfected cardiomyocytes were
more susceptible to injury induced by high glucose, and
the expression of NLRP3, caspase-1, IL-1β, and IL-18 pro-
teins was significantly increased (Figures 5(b)–5(d), P <
0:001). Moreover, in Si-Nrf2-transfected cardiomyocytes,
the degree of mitochondrial damage and level of apoptosis
were significantly increased (Figures 5(e) and 5(f)). In cells
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Figure 6: ml385 inhibits flavin protective effects in diabetic myocardial injury. DM: diabetic rat; Cur: curcumin; the dose used in this
experiment was 200mg/kg/day. ml385: inhibitor of the Nrf2 pathway, the dose used in the experiment was 20mg/kg. (a) PCR and
western blotting to verify the inhibitory effect of ml385 on the Nrf2 pathway. (b) Detection of protein expression of the AKT/Nrf2 and
pyroptosis pathways in cardiac tissue by western blotting. (c) Myocardial cross-section and the ratio of the heart weight to body weight
(HW/BW). (d) Immunohistochemical results of NLRP3 and caspase-1 staining in rat myocardial tissue (20x). (e) TUNEL was used to
detect the apoptosis rate of myocardial cells of rats in each group (20x). (f) Hematoxylin and eosin (HE) staining, Masson’s staining, and
collagen II fluorescence detection of myocardial tissue (20x). ∗∗P < 0:001: diabetic rats vs. control and curcumin-treated groups.
#P < 0:05: injected with ml385 vs. not injected (in diabetic rats). #∗P < 0:001: injected with ml385 vs. not injected (in diabetic rats).
Values are expressed as the mean ± standard deviation.
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Figure 7: Curcumin ameliorated nigericin-induced pyroptosis. Nig: nigericin; the concentration used in the experiment was 10μM. Cur:
curcumin; the dose of curcumin used in cell experiments is 14 μM. Si-Nrf2: interference virus vector targeting the Nrf2 gene. (a) Western
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medium). Values are expressed as the mean ± standard deviation.
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transfected with Si-Nrf2, curcumin increased the expression
of p-AKT but not the translocation of Nrf2 into the nucleus
(Figure 5(c), P < 0:001), and the activity of cardiomyocytes
was not considerably increased (Figure 5(g), P < 0:001). In
Si-Nrf2-transfected cardiomyocytes, curcumin treatment
had no cardioprotective effects.

3.6. ml385 Inhibited the Effect of Curcumin on the Treatment
of Diabetic Cardiomyopathy. The Nrf2 pathway was sup-
pressed by intraperitoneal injection of the Nrf2 inhibitor
ml385 (20mg/kg). ml385 significantly inhibited the Nrf2
pathway according to the PCR and western blot results
(Figure 6(a)). After intraperitoneal injection of ml385 to dia-
betic rats, the degree of cardiomyocyte pyroptosis caused by
diabetes was further aggravated (Figures 6(b) and 6(c)). The
effect of curcumin on diabetic cardiomyopathy was signifi-
cantly inhibited by ml358, and apoptosis was significantly
increased in myocardial tissue (Figure 6(d)). Compared with
diabetic rats not injected with ml385, ml385 inhibited the
effect of flavin on improving myocardial arrangement disor-
der, edema, and fibrosis. The degree of myocardial fibrosis in
the hearts of diabetic rats injected with ml385 was more
severe, the hearts were significantly enlarged, and the heart
weight-to-body weight ratios were significantly increased
(Figures 6(e) and 6(f)). These results confirmed that the
pyroptosis inhibition effect of curcumin requires the partic-
ipation of the Nrf2 pathway.

3.7. Curcumin Ameliorates Nigericin-Induced Myocardial
Pyroptosis. Nigericin is an inducer of pyroptosis. During this
experiment, a concentration of 10μMwas used to induce car-
diomyocyte pyroptosis. Curcumin could effectively decrease
nigericin-induced pyroptosis and increase the activity of Si-
Nrf2 nontransfected cardiomyocytes (Figure 7(a)). In contrast,
Si-Nrf2 transfected cardiomyocytes were less resistant to

pyroptosis caused by nigericin, and their activity was further
reduced (Figures 7(a)–7(c)). In Si-Nrf2 transfected cardio-
myocytes, the effect of curcumin on pyroptosis was signifi-
cantly inhibited. Therefore, our experiment confirmed that
curcumin inhibits pyroptosis and requires the participation
of the Nrf2 pathway.

4. Discussion

Long-term diabetes triggers a variety of inflammatory stim-
uli in cardiomyocytes, which induce the release of collagen
into the myocardium and exacerbate myocardial fibrosis
[26]. Advanced diabetic cardiomyopathy leads to structural
and functional disturbances in the myocardium, resulting
in severe heart failure [27]. Previous studies have found that,
in diabetic patients and animal models of diabetic cardiomy-
opathy, myocardial expression of pyroptotic proteins is sig-
nificantly increased [28]. In agreement with the previous
study, the present study also confirmed that the expression
of pyroptotic proteins, such as caspase-3 and IL-1, in the
cardiac tissue of diabetic cardiomyopathy was significantly
increased. Therefore, controlling pyroptosis is an important
target for diabetic cardiomyopathy treatment.

Current studies have found that a variety of protein
kinases, among which the research on the PI3K/AKT path-
way is the clearest, can participate in the regulation of Nrf2
independently of KEAP1/P53 proteins. PI3K is an important
member of the lipid kinase family and cooperates with AKT
in a variety of cellular processes, including proliferation,
growth, and metabolism [29, 30]. Currently, the PI3K/
AKT/Nrf2 pathway is considered an important way for cells
to resist oxidative stress. Studies have found that hesperetin
can improve the oxidative stress and inflammatory response
of liver cells induced by a high-fat diet by activating the
PI3K/AKT/Nrf2/ARE pathway [31]. Yang et al.’s research
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Figure 8: Schematic diagram of curcumin inhibiting pyroptosis through the Nrf2/AKT/ARE pathway.
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found that metformin alleviated hydrogen peroxide-induced
oxidative damage of bone cells and promoted bone cell dif-
ferentiation through the AKT/Nrf2/HO-1 pathway [32]. In
the present study, it was found that activating the AKT/
Nrf2/ARE pathway can reduce the progression of pyroptosis
in diabetic cardiomyopathy and play a therapeutic role.
Therefore, activation of the Nrf2 pathway could serve as an
effective target for the treatment of diabetic cardiomyopathy.

The downstream ARE protein group of the Nrf2 path-
way has important functions, such as scavenging free radi-
cals, ROS, antioxidation, and anti-inflammation. The Gclc
group can participate in the synthesis of GST, and GST
can regulate glutathione peroxidase removal of hydrogen
peroxide while participating in the removal of oxidation
products in the body [33]. Nontoxic concentrations of car-
bon monoxide generated by HO-1 activity promote mito-
chondrial biogenesis. HO-1 has a cytoprotective function,
which is closely related to its role in regulating inflammatory
responses, stress signaling, and mitochondrial protection
[34]. As an important scavenger of oxygen free radicals in
the body, SOD can reduce the accumulation of ROS in cells
and protect the stability of mitochondria. It has important
therapeutic value in diseases such as cardiac ischemia-
reperfusion injury and heart failure [35]. However, the con-
centrations of SOD, catalase, and glutathione reductase in
the heart tissue are significantly lower than those in other
organs, making the heart more susceptible to pyroptosis
[36]. In diabetes, factors such as insulin resistance and lipo-
toxicity can lead to the effects of oxygen free radicals, ROS,
and mitochondrial damage, which are precisely the main
intrinsic inducers of pyroptosis [37]. Our study confirmed
that after curcumin activates the AKT/Nrf2/ARE pathway,
it significantly reduces the accumulation of ROS in the myo-
cardium, damage of mitochondria, and degree of myocardial
fibrosis. This is closely related to the activation of the Nrf2
pathway, which eliminates the inducers of pyroptosis.

Current research has found that curcumin has a good
therapeutic effect on the complications of diabetes. Curcu-
min can inhibit the NF-κB/p65 pathway in the nervous sys-
tem of diabetic rats, increasing the activity of superoxide
dismutase and reducing the level of inflammatory factors
[38]. ALTamimi found that curcumin could inhibit the
PKCβ/p66shc axis and activate FOXO-3a, reversing diabetic
nephropathy in rats [39]. The present study found that cur-
cumin can inhibit the progression of pyroptosis in diabetic
cardiomyopathy, reduce the degree of myocardial fibrosis,
and inhibit the decline of cardiac function by regulating
the AKT/Nrf2/ARE pathway. Therefore, our findings sup-
port the therapeutic potential of curcumin and provide a
new theoretical basis for the treatment of diabetic
cardiomyopathy.

5. Conclusions

Diabetic cardiomyopathy is a complication of diabetes.
Advanced stages of the disease lead to coronary artery steno-
sis and decreased cardiac function in patients with cardio-
vascular disease. This study found that curcumin can
promote the transfer of Nrf2 into the nucleus through the

AKT pathway and increase the expression of the down-
stream antioxidant factors HO-1 and GCLC. These effects
cleared the accumulation of ROS in diabetic cardiomyocytes,
alleviated mitochondrial damage, inhibited the progression
of pyroptosis, and had a role in the treatment of diabetic car-
diomyopathy. See Figure 8 for the specific mechanism of
curcumin action. This study provides a new direction for
evaluating the mechanisms of diabetic cardiomyopathy and
treating diabetic myocardium.

Diabetes leads to an increase in mitochondrial lipid
metabolism and a significant increase in the accumulation
of reactive oxygen species, resulting in a pyroptotic response
in cells. Curcumin activates AKT phosphorylation, and
pAKT promotes the dissociation of Nrf2 from KEAP1 and
its translocation into the nucleus. Nrf2 promotes the expres-
sion of ARE elements in the nucleus and plays a role in anti-
oxidation and pyroptosis inhibition.

Data Availability

The raw data supporting the conclusions of this article will
be made available by the authors without undue reservation.

Ethical Approval

Ethical approval was given by the medical ethics committee
of Bengbu Medical College with the following reference
number: BYYFY-2021KY03.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

The present study was supported by research grants from
the Science and Technology Project of Anhui Province
(1804h08020280).

Supplementary Materials

Schematic diagram of the establishment of diabetic animal
models and grouping of animal experiments. (Supplementary
Materials)

References

[1] Y. Tan, Z. Zhang, C. Zheng, K. A.Wintergerst, B. B. Keller, and
L. Cai, “Mechanisms of diabetic cardiomyopathy and potential
therapeutic strategies: preclinical and clinical evidence,”
Nature Reviews. Cardiology, vol. 17, no. 9, pp. 585–607, 2020.

[2] M. Nakamura and J. Sadoshima, “Cardiomyopathy in obesity,
insulin resistance and diabetes,” The Journal of Physiology,
vol. 598, no. 14, pp. 2977–2993, 2020.

[3] G. Murtaza, H. U. H. Virk, M. Khalid et al., “Diabetic cardio-
myopathy - a comprehensive updated review,” Progress in Car-
diovascular Diseases, vol. 62, no. 4, pp. 315–326, 2019.

18 Mediators of Inflammation

https://downloads.hindawi.com/journals/mi/2023/3906043.f1.docx
https://downloads.hindawi.com/journals/mi/2023/3906043.f1.docx


[4] G. D. Lopaschuk, Q. G. Karwi, R. Tian, A. R. Wende, and E. D.
Abel, “Cardiac energy metabolism in heart failure,” Circula-
tion Research, vol. 128, no. 10, pp. 1487–1513, 2021.

[5] C. Zhu, H. Zhang, D. Wei, and Z. Sun, “Silencing lncRNA
GAS5 alleviates apoptosis and fibrosis in diabetic cardiomyop-
athy by targeting miR-26a/b-5p,” Acta Diabetologica, vol. 58,
no. 11, pp. 1491–1501, 2021.

[6] Y. Wang, Z. Dong, Z. Zhang, Y. Wang, K. Yang, and X. Li,
“Postconditioning with irisin attenuates lung ischemia/reper-
fusion injury by suppressing ferroptosis via induction of the
Nrf2/HO-1 signal Axis,” Oxidative Medicine and Cellular Lon-
gevity, vol. 2022, Article ID 9911167, 16 pages, 2022.

[7] F. He, X. Ru, and T. Wen, “NRF2, a transcription factor for
stress response and beyond,” International Journal of Molecu-
lar Sciences, vol. 21, no. 13, p. 4777, 2020.

[8] J. A. Alonso-Piñeiro, A. Gonzalez-Rovira, I. Sánchez-Gomar,
J. A. Moreno, and M. C. Durán-Ruiz, “Nrf2 and heme
oxygenase-1 involvement in atherosclerosis related oxidative
stress,” Antioxidants, vol. 10, no. 9, p. 1463, 2021.

[9] X. Zhan, J. Li, and T. Zhou, “Targeting Nrf2-mediated oxida-
tive stress response signaling pathways as new therapeutic
strategy for pituitary adenomas,” Frontiers in Pharmacology,
vol. 12, article 565748, 2021.

[10] Q. Zhang, J. Liu, H. Duan, R. Li, W. Peng, and C. Wu, “Activa-
tion of Nrf2/HO-1 signaling: an important molecular mecha-
nism of herbal medicine in the treatment of atherosclerosis
_via_ the protection of vascular endothelial cells from oxida-
tive stress,” Journal of Advanced Research, vol. 34, pp. 43–63,
2021.

[11] C. Fu, Y. Wu, S. Liu et al., “Rehmannioside a improves cogni-
tive impairment and alleviates ferroptosis via activating PI3K/
AKT/Nrf2 and SLC7A11/GPX4 signaling pathway after ische-
mia,” Journal of Ethnopharmacology, vol. 289, article 115021,
2022.

[12] J. A. Engelman, J. Luo, and L. C. Cantley, “The evolution of
phosphatidylinositol 3-kinases as regulators of growth and
metabolism,” Nature Reviews. Genetics, vol. 7, no. 8, pp. 606–
619, 2006.

[13] R. Vashi and B. M. Patel, “NRF2 in cardiovascular diseases: a
ray of hope!,” Journal of Cardiovascular Translational
Research, vol. 14, no. 3, pp. 573–586, 2021.

[14] L. Li, W. Luo, Y. Qian et al., “Luteolin protects against diabetic
cardiomyopathy by inhibiting NF-κB-mediated inflammation
and activating the Nrf2-mediated antioxidant responses,” Phy-
tomedicine, vol. 59, article 152774, 2019.

[15] J. Yao, Y. Li, Y. Jin, Y. Chen, L. Tian, and W. He, “Synergistic
cardioptotection by tilianin and syringin in diabetic cardiomy-
opathy involves interaction of TLR4/NF-κB/NLRP3 and
PGC1a/SIRT3 pathways,” International Immunopharmacol-
ogy, vol. 96, article 107728, 2021.

[16] M. Tong, T. Saito, P. Zhai et al., “Mitophagy is essential for
maintaining cardiac function during high fat diet-induced dia-
betic cardiomyopathy,” Circulation Research, vol. 124, no. 9,
pp. 1360–1371, 2019.

[17] J. M. Berthiaume, J. G. Kurdys, D. M. Muntean, and M. G.
Rosca, “Mitochondrial NAD+/NADH redox state and diabetic
cardiomyopathy,” Antioxidants & Redox Signaling, vol. 30,
no. 3, pp. 375–398, 2019.

[18] M. Franke, M. Bieber, P. Kraft, A. N. R. Weber, G. Stoll, and
M. K. Schuhmann, “The NLRP3 inflammasome drives inflam-
mation in ischemia/reperfusion injury after transient middle

cerebral artery occlusion in mice,” Brain, Behavior, and Immu-
nity, vol. 92, pp. 223–233, 2021.

[19] W. Tao, Y. Hu, Z. Chen, Y. Dai, Y. Hu, and M. Qi, “Magnolol
attenuates depressive-like behaviors by polarizing microglia
towards the M2 phenotype through the regulation of Nrf2/
HO-1/NLRP3 signaling pathway,” Phytomedicine, vol. 91, arti-
cle 153692, 2021.

[20] S. Cao, C. Wang, J. Yan, X. Li, J. Wen, and C. Hu, “Curcumin
ameliorates oxidative stress-induced intestinal barrier injury
and mitochondrial damage by promoting Parkin dependent
mitophagy through AMPK-TFEB signal pathway,” Free Radi-
cal Biology & Medicine, vol. 147, pp. 8–22, 2020.

[21] R. Z. Tan, J. Liu, Y. Y. Zhang et al., “Curcumin relieved
cisplatin-induced kidney inflammation through inhibiting
Mincle-maintained M1 macrophage phenotype,” Phytomedi-
cine, vol. 52, pp. 284–294, 2019.

[22] J. Y. Kang, H. Kim, D. Mun, N. Yun, and B. Joung, “Co-deliv-
ery of curcumin and miRNA-144-3p using heart-targeted
extracellular vesicles enhances the therapeutic efficacy for
myocardial infarction,” Journal of Controlled Release,
vol. 331, pp. 62–73, 2021.

[23] S. Li, X. Wang, Y. Xiao et al., “Curcumin ameliorates mercuric
chloride-induced liver injury via modulating cytochrome P450
signaling and Nrf2/HO-1 pathway,” Ecotoxicology and Envi-
ronmental Safety, vol. 208, article 111426, 2021.

[24] G. Zhao, L. Qi, Y. Wang et al., “Antagonizing effects of curcu-
min against mercury-induced autophagic death and trace ele-
ments disorder by regulating PI3K/AKT and Nrf2 pathway in
the spleen,” Ecotoxicology and Environmental Safety, vol. 222,
article 112529, 2021.

[25] O. M. Akinlade, B. V. Owoyele, and A. O. Soladoye, “Strepto-
zotocin-induced type 1 and 2 diabetes in rodents: a model for
studying diabetic cardiac autonomic neuropathy,” African
Health Sciences, vol. 21, no. 2, pp. 719–727, 2021.

[26] Z. Guo, H. Tuo, N. Tang et al., “Neuraminidase 1 deficiency
attenuates cardiac dysfunction, oxidative stress, fibrosis,
inflammatory via AMPK-SIRT3 pathway in diabetic cardio-
myopathy mice,” International Journal of Biological Sciences,
vol. 18, no. 2, pp. 826–840, 2022.

[27] F. Triposkiadis, A. Xanthopoulos, A. Bargiota et al., “Diabetes
mellitus and heart failure,” Journal of Clinical Medicine,
vol. 10, no. 16, p. 3682, 2021.

[28] Y. Xie, Y. Huang, X. Ling, H. Qin, M.Wang, and B. Luo, “Che-
merin/CMKLR1 axis promotes inflammation and pyroptosis
by activating NLRP3 Inflammasome in diabetic cardiomyopa-
thy rat,” Frontiers in Physiology, vol. 11, p. 381, 2020.

[29] J. Wang, K. Hu, X. Cai et al., “Targeting PI3K/AKT signaling
for treatment of idiopathic pulmonary fibrosis,” Acta Pharma-
ceutica Sinica B, vol. 12, no. 1, pp. 18–32, 2022.

[30] Z. Tóthová, M. Šemeláková, Z. Solárová, J. Tomc, N. Debeljak,
and P. Solár, “The role of PI3K/AKT and MAPK signaling
pathways in erythropoietin signalization,” International Jour-
nal of Molecular Sciences, vol. 22, no. 14, p. 7682, 2021.

[31] J. Li, T. Wang, P. Liu et al., “Hesperetin ameliorates hepatic
oxidative stress and inflammationviathe PI3K/AKT-Nrf2-
ARE pathway in oleic acid-induced HepG2 cells and a rat
model of high-fat diet-induced NAFLD,” Food & Function,
vol. 12, no. 9, pp. 3898–3918, 2021.

[32] K. Yang, F. Cao, S. Qiu, W. Jiang, L. Tao, and Y. Zhu, “Metfor-
min promotes differentiation and attenuates H2O2-induced
oxidative damage of osteoblasts via the PI3K/AKT/Nrf2/HO-

19Mediators of Inflammation



1 pathway,” Frontiers in Pharmacology, vol. 13, article 829830,
2022.

[33] H. J. Forman, H. Zhang, and A. Rinna, “Glutathione: overview
of its protective roles, measurement, and biosynthesis,”Molec-
ular Aspects of Medicine, vol. 30, no. 1-2, pp. 1–12, 2009.

[34] M. M. Facchinetti, “Heme-oxygenase-1,” Antioxidants &
Redox Signaling, vol. 32, no. 17, pp. 1239–1242, 2020.

[35] Y. Ren, X. Chen, P. Li et al., “Si-Miao-Yong-an decoction ame-
liorates cardiac function through restoring the equilibrium of
SOD and NOX2 in heart failure mice,” Pharmacological
Research, vol. 146, article 104318, 2019.

[36] W. H. Dillmann, “Diabetic cardiomyopathy,” Circulation
Research, vol. 124, no. 8, pp. 1160–1162, 2019.

[37] C. Zeng, R. Wang, and H. Tan, “Role of Pyroptosis in cardio-
vascular diseases and its therapeutic implications,” Interna-
tional Journal of Biological Sciences, vol. 15, no. 7, pp. 1345–
1357, 2019.

[38] C. Miao, H. Chen, Y. Li et al., “Curcumin and its analog allevi-
ate diabetes-induced damages by regulating inflammation and
oxidative stress in brain of diabetic rats,”Diabetology and Met-
abolic Syndrome, vol. 13, no. 1, p. 21, 2021.

[39] J. Z. ALTamimi, N. A. AlFaris, A. M. AL-Farga, G. M. Alsham-
mari, M. N. BinMowyna, and M. A. Yahya, “Curcumin
reverses diabetic nephropathy in streptozotocin-induced dia-
betes in rats by inhibition of PKCβ/p66Shc axis and activation
of FOXO-3a,” The Journal of Nutritional Biochemistry, vol. 87,
article 108515, 2021.

20 Mediators of Inflammation


	Curcumin Improves Diabetic Cardiomyopathy by Inhibiting Pyroptosis through AKT/Nrf2/ARE Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Diabetic Rat Model
	2.2. Solutions Preparation
	2.3. Separation of Serum and Myocardial Tissue
	2.4. Extraction of Primary Rat Cardiomyocytes
	2.5. Myocardial Cell Grouping
	2.6. Main Experimental Reagents
	2.7. Indirect Immunofluorescence Detection
	2.8. CCK-8 Detection of Cell Viability
	2.9. TUNEL Staining
	2.10. Primer Design
	2.11. Data Analysis

	3. Results
	3.1. Effects of Different Curcumin Doses on Cardiomyocyte Activity
	3.2. Curcumin Inhibits Myocardial Pyroptosis in High-Glucose Medium
	3.3. Curcumin Inhibits Pyroptosis in Diabetic Myocardial Tissue
	3.4. Curcumin Promotes the Translocation of Nrf2 into the Nucleus through the AKT Pathway
	3.5. Suppression of Pyroptosis by Curcumin Was Inhibited by Si-Nrf2 Transfection
	3.6. ml385 Inhibited the Effect of Curcumin on the Treatment of Diabetic Cardiomyopathy
	3.7. Curcumin Ameliorates Nigericin-Induced Myocardial Pyroptosis

	4. Discussion
	5. Conclusions
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials



