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ARTICLE INFO ABSTRACT

Keywords: Ischemic heart disease and myocardial infarction contribute to the leading cause of death in
Nucifer'ine ) worldwide. The prevention and management of myocardial ischemia/reperfusion (I/R) injury is
ISCh;mla/ reperfusion an essential part of coronary heart disease surgery and is becoming a major clinical problem in the
E:rAlio;nyocytes treatment of ischemic heart disease. Nuciferine has potent anti-inflammatory and antioxidative

stress effects, but its role in myocardial ischemia-reperfusion (I/R) is unclear. In this study, we
found that nuciferine could reduce the myocardial infarct size in a mouse myocardial ischemia-
reperfusion model and improve cardiac function. Furthermore, nuciferine could effectively
inhibit hypoxia and reoxygenation (H/R) stimulated apoptosis of primary mouse cardiomyocytes.
In addition, nuciferine significantly reduced the level of oxidative stress. The peroxisome
proliferator-activated receptor gamma (PPAR-y) inhibitor GW9662 could reverse the protective
effect of nuciferine on cardiomyocytes. These results indicate that nuciferine can inhibit the
apoptosis of cardiomyocytes by upregulating PPAR-y and reducing the I/R-induced myocardial
injury in mice.

1. Introduction

Cardiovascular disease kills 17.8 million people worldwide and causes disability in 35.6 million people every year; thus, imposing a
huge economic burden on countries around the world [1]. This not only affects high-income countries but also low- and middle-income
countries [2]. Myocardial infarction is the main cause of death from cardiovascular events [3]. Timely and effective restoration of
coronary blood flow is an effective method for the treatment of ischemic heart diseases, such as myocardial infarction. However, in the
process of restoring the blood supply, damage is caused to the myocardial tissue structure, energy metabolism, electrophysiology, and
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cardiac function. This phenomenon is called myocardial ischemia-reperfusion (I/R) injury [4-6].

Myocardial I/R injury usually leads to the following four types of myocardial dysfunction: myocardial stunning, no-reflow phe-
nomenon, reperfusion arrhythmia, and fatal reperfusion injury [7]. Reducing the harm caused by I/R injury has become a hotspot and
focus of cardiovascular research [8]. It is currently recognized that oxidative stress and inflammation are the two main mechanisms of
I/R injury [9,10]. Excessive reactive oxygen species (ROS) production in the I/R process will cause a cascade of cardiac inflammation,
which will cause further damage to the surviving cardiomyocytes [11]. Inhibition of inflammation and oxidative stress can reduce I/R
injury and protect cardiac function [12,13]. Therefore, the development or exploration of new targets and drugs for myocardial
protection represents a scientific and technological challenge in the medical field.

With the rapid development in the field of pharmacology, an increasing number of active compounds in natural products have been
discovered [14]. Nuciferine is an alkaloid containing aromatic rings, which is extracted from lotus leaves. It has received extensive
attention due to its unique pharmacological effects and low toxicity [15]. With in-depth research on nuciferine, it has been proven that
it has a variety of biological activities, such as anti-inflammatory, antioxidant, antibacterial, and antitumor activities [16]. One study
found that nuciferine protects against isoproterenol-induced myocardial infarction (MI) in rats, indicating the potential value of
nuciferine in cardiovascular disease [17]. However, whether nuciferine can alleviate myocardial injury and reduce myocardial cell
apoptosis after I/R is still unclear.

To date, there is insufficient evidence to prove the specific role of nuciferine in protection against I/R injury. Therefore, the
purposes of this research were to 1) explore whether nuciferine can exert myocardial protection after ischemia and reperfusion and
reduce myocardial cell damage and 2) explore the relevant mechanism by which nuciferine protects the cardiomyocytes.

2. Materials and methods
2.1. Mice and mouse myocardial I/R injury model

All animal studies were performed according to the Model Animal Research Center of Nanjing University. The experimental
protocols were approved by the Animal Care and Use Committee of Nanjing University Medical School. C57BL/6J male mice (20 + 2g,
8 weeks old) were reared in pathogen-free facilities (24 + 2 °C and 45 + 15% humidity with a 12/12 h light-dark cycle). Experimental
mice were gavaged and treated with a nuciferine dose of 10 mg/kg in the treatment group at 4 h before model establishment [18]. After
a week of acclimatization, mice were utilized to develop the myocardial I/R model, as previously described [19]. Briefly, mice were
anesthetized by an intraperitoneal injection of sodium pentobarbital (45 mg/kg) and the heart was exposed through a left thoracic
incision. Next, a 7.0-slip suture slip knot was ligated around the left anterior descending coronary artery (LAD) to induce myocardial
infarction for 45 min. Mice were euthanized 24 h after perfusion. Mice in the sham-operated group underwent surgery to expose the
heart, but LAD ligation was not performed.

2.2. Cardiac function evaluation

Two-dimensional-guided M-mode echocardiography was used to determine the left ventricular ejection fraction (LEF). Left ven-
tricular end-diastolic volume (EDV) and end-systolic volume (ESV) were measured by Vevo2100 (Japan). The LEF was calculated as
follows: EF = (EDV-ESV)/EDV*100%. All measurements were based on the average of at least 3 cardiac cycles.

2.3. Measurement of myocardial infarction (MI) size

Before harvesting the mouse heart, 1 mL of 0.5% Evans blue dye (E2129, Sigma) was injected into the ascending aorta. The mouse
heart was placed in the refrigerator at —20 °C for 20 min, and then the left ventricle was cut into 2 mm thick slices perpendicular to the
left anterior descending branch. Then, samples were immersed in 1% 2,3,5-triphenyltetrazolium (T8877, Sigma) in PBS at 37 °C for
10-15 min to differentiate between the infarcted tissue and viable myocardium. All sections were captured by ImageJ. The infarct area
(%) was calculated by the ratio of the infarct area to the ischemic area.

2.4. Histologic assessment of myocardial tissue

The mouse hearts in each group were made into 10 pm thick frozen sections, and then they were stained with hematoxylin and
eosin (H&E). The cross-sectional diameter of cardiomyocytes was determined by an optical microscope (DP74, Olympus). In each
group, 15 to 20 images (including at least 50 cardiomyocytes) were captured to assess the cross-sectional area (CSA).

2.5. Cell culture and establishment of hypoxia-reoxygenation (H/R) model

Suckling mouse ventricular myocytes were isolated from the hearts of C57BL/6J mice (1 day). Hearts were digested, washed with
HBSS buffer (Gibco, pH 7.4), predigested in 20 mL Tyrisin buffer (0.05%) for 1 h, and finally digested with 1 mg/mL collagenase II
(17101015, Gibco) for incubation at 37 °C with constant agitation 3 times for 10 min. Supernatants were centrifuged at 1000 rpm for 5
min. Cultures were enriched with cardiac myocytes by preplating for 90 min to eliminate fibroblasts. Cardiac myocytes were resus-
pended in the medium (DMEM supplemented with 10% fetal bovine serum, 100 U/mL penicillin-streptomycin and cytarabine for
injection). Cardiac myocytes were plated at a final density of 1.0 x 103/mm? on laminin-precoated culture dishes or coverslips. After
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continuous culture for 2 days, for hypoxia, the cells were switched to DMEM without fetal bovine serum and placed in a trigas
incubator adjusting 1% O, for 24 h [20]. After H/R, the cells were switched back to the regular culture media and placed in a normoxic
incubator for another 3 h before harvest. Pre-incubation of cardiomyocytes with nuciferine (5 pM) for 2 h prior to hypoxia in the
nuciferine treatment group, which was clarified in Section Results.

2.6. CCK-8 analysis

The cells were seeded on 96-well plates and cultured in a humidified incubator containing 5% CO; at 37 °C. Briefly, incubated
nuciferine was administered as needed for the experiment and the fresh culture medium containing CCK-8 (C0041, Beyotime) reagent
(10:1) was added and cultured at 37 °C for another 2 h. Then, the samples were detected using a microplate reader (Multiskan GO,
Thermo) at 450 nm.

2.7. Western blotting analysis

RIPA lysis buffer was used to extract total proteins from mouse cardiomyocytes and heart tissues. The bicinchoninic acid (BCA) kit
was used to detect the concentration of protein. 10% SDS-PAGE was used to separate the cells or tissue lysate. After the protein transfer
step, the PVDF membrane (ISEQ00010, Millipore) was sealed with 5% skim milk, and then pro-caspase3, cleaved caspase3 (9664, CST,
USA) and B-tubulin were with anti-peroxisome proliferator-activated receptor gamma (PPAR-y) (16643-1-AP, China, Proteintech) and
Bax (ab32503, Abcam, UK). After washing three times in tributyltin compound buffer, the secondary antibody was incubated at room
temperature for 1 h. Finally, ECL solution (KGP112, Jiangsu Kechuang Biotechnology Co., Ltd., China) was used to visualize the
protein. Blots were analyzed using the Tanon image system (Tanon-1600, Tanon).

2.8. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining for apoptosis

Samples were prepared using the TUNEL Bright Green Apoptosis Detection Kit (A112-01, Vazyme, China) based on the manu-
facturer’s instructions. Briefly, samples were washed twice in PBS, and 0.3% Triton X-100 was used to permeate the cells after they
were fixed for 15 min using 4% paraformaldehyde. Finally, the TUNEL detection solution was added to the samples and incubated for
60 min in a 37 °C incubator protected from light. TUNEL-positive cells were counted using an FV3000 microscope (Olympus).
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Fig. 1. Nuciferine improves cardiac function and reduces myocardial infarction size in I/R mice. (A) The left ventricular ejection fraction (EF%) was
measured by transthoracic M-mode echocardiography. (B) Quantitative statistics of EF%. (C) Representative images of the Evans blue/2,3,5-
triphenyltetrazolium staining and HE staining of myocardial tissues. Bar = 50 pm. (D) Quantitative analysis of the infarct size in each group. (E)
Quantitative analysis of the cardiomyocyte diameter in each group. Data are expressed as the mean + SD, n = 5, *P < 0.05, **P < 0.01, ***P <
0.001 vs. the indicated group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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2.9. Immunofluorescence and immunohistochemistry (IHC) staining

The samples were fixed with 4% paraformaldehyde for 15 min, permeabilized with Triton X-100 (0.1%), and blocked with a so-
lution containing 5% bovine serum for 1 h before primary antibody application. Samples were incubated with anti-mouse cTnT or
PPAR-y antibody for 12 h at 4 °C and secondary antibody for 1 h at room temperature in the dark. Nuclei were stained with DAPI
(MBDO0015, Sigma). The sections for IHC incubated with HRP polymer-conjugated secondary antibody at room temperature for 15-30
min. Then, the sections were stained with hematoxylin and eosin. After the final wash with PBS, the samples were observed under a
fluorescence microscope (Olympus).

2.10. Detection of the intracellular ROS and superoxide dismutase (SOD) activity

ROS and SOD activities were assessed in all experimental groups using the ROS and SOD activity assay kits.
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Fig. 2. Nuciferine reduces cardiomyocyte apoptosis and ROS level. (A) Identification of cardiomyocytes using fluorescence microscope and
quantitative statistics of the positive rate of cTnT. Bar = 100 pm. (B) The effect of different concentrations of nuciferine on cardiomyocytes. (C) The
effect of different concentrations of nuciferine on cell survival in the primary cardiomyocyte H/R model. (D) Western blotting to detect the effect of
nuciferine on the expression of bax and c-casp3 (cleaved-caspase3) in cardiomyocyte H/R model after pre-incubation of myocytes with nuciferine (5
puM) for 2 h. (E) Quantification of the related protein expression. (F) Representative images of TUNEL staining of primary cardiomyocytes in each
indicated experimental condition. Bar = 100 pm. (G) Quantitative analysis of cardiomyocyte apoptosis. (H) Representative images of ROS levels.
Bar = 50 pm. (I) Quantification of the ROS level. Data are expressed as the mean &+ SD. n = 3. NS, P > 0.05; ***P < 0.001 vs. the normal group.
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2.11. Statistical analysis

Data are presented as mean =+ standard deviation (SD). Multiple group comparisons were assessed using one-way ANOVA, followed
by post hoc analysis using the least significant difference t-test. Data were compared between two independent groups using a two-
tailed Student’s t-test. Analysis was performed using SPSS 20 software (Chicago, IL, USA). Differences at P < 0.05 were considered
statistically significant.
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Fig. 3. Nuciferine reduces cardiomyocyte apoptosis by upregulating PPAR-y activity. (A) Western blotting to detect the effect of nuciferine on the
expression of PPAR-y in mouse myocardial tissue. (B) Quantification of the PPAR-y expression. (C) Immunohistochemistry representative images of
PPAR-y expression in mouse myocardial tissue. Bar = 200 pm. (D) Immunofluorescence representative images of PPAR-y expression in car-
diomyocyte. Bar = 100 pm. (E) Western blotting to detect the effect of nuciferine on the expression of PPAR-y in vitro. (F) Quantification of the
PPAR-y expression. (G) Representative images of TUNEL staining of primary cardiomyocytes with or without PPAR-y inhibitors (GW 9662). Bar =
50 pm. (H) Quantitative analysis of cardiomyocyte apoptosis. (I) Western blotting to detect the effect of nuciferine on the expression of bax and c-
casp3 in each indicated experimental condition. (J) Quantification of the related protein expression. Data are expressed as the mean + SD. n = 3. *P
< 0.05; ***P < 0.001 vs. the control group. #P < 0.05 vs. the nuciferine group.
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3. Results
3.1. Nuciferine reduces myocardial infarction and myocardial cell damage and improves cardiac function

Myocardial I/R can cause cardiomyocyte apoptosis and cardiac dysfunction. The degree of I/R-induced cardiac function damage
was measured by the transthoracic 2-dimensional-guided M-mode. After the myocardium was subjected to ischemia and hypoxia for
up to 45 min and subsequent 24 h of reperfusion, the mouse cardiac function decreased from 61.69 + 5.20% to 27.74 + 4.07%. After
receiving nuciferine treatment, heart function increased to 39.07 + 7.74% (Fig. 1A and B). This suggested that nuciferine could
significantly improve the heart function. Next, we measured the area of myocardial infarction in mice by Evas/TTC staining. Consistent
with the cardiac function results, nuciferine effectively reduced the area of myocardial infarction (25.25 + 5.18% vs. 13.41 + 2.97%)
in mice (Fig. 1C and D). In addition, we also investigated the effects of /R on cardiomyocyte edema by histological analysis. The results
of cardiomyocyte diameter measurement showed that cardiomyocytes in the infarcted area showed severe edema, and after nuciferine
treatment, cardiomyocyte morphology recovered significantly (Fig. 1C and E). These results indicated that nuciferine could reduce
myocardial cell damage and improve cardiac function in mice subjected to ischemia and reperfusion.

3.2. Establishment of the H/R model of cardiomyocytes

The safety of nuciferine has been demonstrated in numerous prior studies. To confirm this, we isolated primary cardiomyocytes
from neonatal mouse myocardium, tested the purity of cardiomyocytes by immunofluorescence. The results (Fig. 2A) showed that the
cTnT positive rate of cardiomyocytes was about 90% (86.9 + 3.0%). Then we used CCK-8, a sensitive cell viability determination
method, to evaluate the toxicity of nuciferine in cardiomyocytes at different concentrations. After treatment for 48 h, across a 0.1-50
pM range of concentrations, nuciferine had no obvious toxic effect on cardiomyocytes at concentrations below 10 pM, and this result
would guide the subsequent experiments (Fig. 2B). Next, to investigate the effects of nuciferine on cardiomyocytes exposed to H/R, the
levels of cell viability were evaluated in cardiomyocytes at different concentrations of nuciferine. Different concentrations of nuci-
ferine had different effects on the viability of H/R-exposed cardiomyocytes (Fig. 2C). According to this result, the concentration of
nuciferine was set at 5 pM for subsequent drug effect experiments.
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Fig. 4. Nuciferine reduces the oxidative stress level by upregulating PPAR-y activity. (A) Representative images of ROS levels. Bar = 50 ym. (B)
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3.3. Nuciferine reduces cardiomyocyte apoptosis and ROS production

To further determine the protective effect of nuciferine on cardiomyocytes, after pre-incubation of myocytes with nuciferine for 2 h,
we established the H/R model and detected cardiomyocyte damage and apoptosis. The results showed that treatment with nuciferine
could significantly reduce the levels of bax and cleaved caspase-3 compared with those in the H/R group (Fig. 2D and E). Then, we used
TUNEL staining to further confirm the apoptosis of cardiomyocytes (Fig. 2F and G). The results suggested similar trends; i.e., nuciferine
could effectively reduce cardiomyocyte apoptosis. These observations indicated that nuciferine prevented H/R-induced cardiomyocyte
apoptosis. In addition, we also investigated the production of ROS, which is a key factor in myocardial I/R injury (Fig. 2H and I). The
results showed that nuciferine significantly reduced the generation of ROS, which might be an important factor in protecting the
cardiomyocytes and reducing their apoptosis.

3.4. Nuciferine inhibits ROS generation and reduces cardionyocyte apoptosis by upregulating PPAR-y

After demonstrating the protective effect of nuciferine on H/R-induced cardiomyocyte apoptosis, we investigated the mechanism of
its biological function. PPAR-y is a transcription factor that can heterodimerize with retinoid X receptors and activate genes involved in
lipid homeostasis [21]. One study showed that nuciferine activated PPAR-y, thereby inhibiting lipopolysaccharide (LPS)-induced
inflammatory damage in BV2 cells [22]. It was determined whether nuciferine upregulates the activity of cardiomyocyte PPAR-y and
reduces the apoptosis. Consistent with our expectations, we found that PPAR-y expression was decreased in the myocardial tissue of
I/R model mice, and nuciferine played a role in stabilizing PPAR-y expression (Fig. 3A-C). Similarly, after H/R treatment, the PPAR-y
expression of cardiomyocytes was reduced significantly, and nuciferine reversed this change (Fig. 3D-F). The quantitative results of
cleaved caspase3 and bax and TUNEL staining further proved that the inhibitor GW9662 (PPAR-y ligand binding domain antagonist)
could reverse the protective effect of nuciferine on cardiomyocytes (Fig. 3G-J). Similarly, the inhibitor GW9662 was able to increase
H/R injury-induced ROS generation, and inhibit SOD levels (Fig. 4A-C). In summary, these findings suggested that nuciferine pro-
moted cardiomyocyte survival by upregulating PPAR-y.

4. Discussion

In this study, nuciferine was proven to reduce the myocardial infarct size in a mouse myocardial I/R model and improve cardiac
function. In addition, we explored its potential biological functional mechanisms: nuciferine reduces the production of ROS by
upregulating PPAR-y, thereby reducing I/R-induced cardiomyocyte damage (Fig. 4D).

Emergency recovery of coronary artery patency through anticoagulants, thrombolytics, and percutaneous coronary intervention is
the gold standard for patients with acute myocardial infarction [23]. Timely reperfusion is essential to alleviate ischemic injury and
save viable cardiomyocytes. However, immediate reperfusion after prolonged ischemia has been shown to often accelerate the process
of cell death and increase the degree of infarction [24]. Therefore, there is an increasing need for new treatment strategies to limit the
extent of myocardial infarction caused by I/R injury. During reperfusion, when O2 is reperfused into the ischemic site, it will cause the
upregulation and activation of NOX and then generate ROS [25]. ROS can mediate the infiltration of neutrophils and further activate
NOX to promote the production of ROS [26]. Excessive ROS can affect the permeability of cell membranes, cause oxidative damage to
specific molecules inside, and cause irreversible cell damage, which is the main driving factor leading to myocardial I/R injury [27]. In
addition, ROS can also promote inflammatory signal transduction, regulate myocardial cell apoptosis, and participate in myocardial
remodeling after myocardial infarction [28]. PPAR-y is an important transcription regulator that regulates several key enzymes related
to lipid metabolism and has a variety of biological functions, such as anti-inflammatory, antioxidant, antiapoptotic, and antihyper-
tensive activities [21]. Accumulating evidence has suggested the importance of PPAR-y in preventing myocardial I/R injury due to its
role in upregulating adiponectin synthesis [29]. As inflammation has been widely recognized to play an important role in aggravating
I/R injury, the activation of PPAR-y via thiazolidinediones, such as rosiglitazone and troglitazone, has been demonstrated to inhibit
nuclear factor kappa B (NF-kB) activation and release of pro-inflammatory cytokines, such as tumor necrosis factor a (TNF-a), in
cardiomyocytes [30]. Similarly, upregulating the activity of PPAR-y can reduce the production of ROS, thereby saving dying car-
diomyocytes [31].

The anti-inflammatory effects of nuciferine have been reported in a variety of disease models. For example, nuciferine has been
proved to play a protective role on fructose-induced renal injury in rats by inhibiting the TLR4/PI3K/NF-kB pathway and NLRP3
inflammasome activation [32]. Nuciferine also inhibited hyperuricemia and kidney damage induced by potassium oxysulfide in mice
by regulating renal organic ion transporters and inflammatory reaction [18]. It also has a certain protective effect on
isoproterenol-induced myocardial infarction [17]. However, it is not clear whether nuciferine has a beneficial effect in myocardial I/R
injury. Our results showed that nuciferine upregulated the cardiomyocyte PPAR-y expression during H/R, which might be an
important reason for reducing ROS generation. It is not clear how nuciferine causes an increase in PPAR-y activity. Studies on the
biological activity of nuciferine suggested that there might be multiple receptors on the membrane and multiple intracellular signal
transduction pathways. The target and mechanism of nuciferine still need to be further explored.

5. Conclusion

Our results indicated that nuciferine could be used as a protective factor for cardiomyocytes after I/R. The application of nuciferine
during myocardial I/R is a feasible strategy to reduce cardiomyocyte apoptosis and improve cardiac function. These findings provide a
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promising and prospective method for improving myocardial I/R management and prognosis strategies.
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