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Objective: Myocardial ischemia-reperfusion (I/R) injury is a detrimental disease, resulting in high morbidity and mortality globally. 
In this study, we aimed to investigate the role of Dex in mitigating cardiac I/R injury.
Methods: H9c2 cells were treated with Dex (1 μM) for 24 h followed by oxygen-glucose deprivation/re-oxygenation (OGD/R). ANP 
and BNP mRNA of H9c2 cells and the LDH release were measured. Apoptosis of H9c2 cells was analyzed by flow cytometry. 
Mitochondrial membrane potential and superoxide production were detected by JC-1 staining and MitoSOXTM Red, respectively. Cell 
aerobic respiration was measured using Seahorse analysis. In vivo, mice were injected with Dex (25 μg/kg, i.p., once daily) for 5 days 
and then subjected to heart I/R. Heart function was analyzed by echocardiography. CK-MB and LDH were measured by Elisa. Infarct 
size was measured using TTC-Evans blue staining. Mitochondrial ultrastructure was observed using transmission electron microscopy. 
DHE staining, SOD activity, the content of MDA, and the content of GSH/GSSG of heart were measured to evaluate the oxidative 
stress. In addition, inflammatory cytokines were measured in vivo and in vitro. Furthermore, AMPK, SIRT3, and autophagy-related 
protein expression in the heart were detected by Western blot.
Results: Dex reduced the H9c2 cells injury exposed to OGD/R, accompanied by improved mitochondrial function and membrane 
potential. In vivo, Dex improved heart function, myocardial injury, and the mitochondria ultrastructure following I/R injury. 
Meanwhile, Dex inhibited myocardial oxidative stress and inflammation in the myocardial I/R. Furthermore, Compound C (an 
AMPK inhibitor) could inhibit Dex-induced autophagy in the I/R heart and the 3-MA (an autophagy inhibitor) could partially interfere 
with the effects of Dex on the protection of I/R heart.
Conclusion: Dex suppressed oxidative stress and inflammation by promoting autophagy through activating the AMPK/SIRT3 
pathway, thus protecting the heart against the I/R injury.
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Introduction
Acute myocardial infarction is a leading cause of mortality worldwide, and reperfusion is the primary strategy for 
inhibiting myocardial infarction.1,2 However, the process of reperfusion paradoxically triggers a cascade of necrotic and 
apoptotic cell death processes that progressively undermine cardiac contractility, thus giving rise to myocardial ischemia/ 
reperfusion (I/R) injury.3,4 Aberrant ROS production and mitochondrial dysfunction have emerged as pivotal mechanisms 
underlying the pathophysiology of cardiac I/R injury.3,5,6 During I/R, excessive production of ROS primarily originates 
from mitochondria, leading to mitochondrial dysfunction, ATP depletion, and subsequent cardiac impairment.6–8 

Therefore, there is an urgent need to explore novel therapeutic strategies capable of effectively inhibiting oxidative 
stress and maintaining a dynamic equilibrium in mitochondria, which is crucial for preventing early pathological changes 
during I/R and enhancing the heart’s resistance to I/R injury.
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Dex, a highly selective and potent α2 adrenergic agonist, is widely used in clinical anesthesia and the intensive care 
unit for sedation and analgesia with minimal suppression of respiratory function.9 Accumulating evidence has demon-
strated that Dex confers anti-inflammatory and antioxidant properties to attenuate brain injury induced by I/R10 and 
lipopolysaccharide in animal models.11,12 Additionally, Dex was reported to possess cytoprotective effects against acute 
kidney injury and lung injury by mitigating oxidative stress and mitochondrial damage.13–15 Clinical studies also 
confirmed that Dex could induce a low incidence and severity of adverse safety events in infants receiving cardiopul-
monary bypass, usually undergoing cardiac I/R injury. Although studies have reported the protective effects of Dex on 
myocardial I/R injury, the mechanism is not clear.16–18

Autophagy, an evolutionarily conserved degradation process, helps to remove damaged proteins and organelles.19 The 
process of autophagy in the heart is constitutively active and further modulated under stress conditions such as starvation, 
ischemia, and hypoxia.20,21 However, a contentious debate persists regarding the protective or detrimental role of autophagy 
in myocardial I/R injury.22–24 Previous studies have demonstrated that autophagy flux is increased following the generation of 
large amounts of ROS in the myocardium during I/R. Excessive ROS induces the blocking of autophagic flux while resulting 
in the accumulation of microtubule-associated proteins 1 light chain 3 (LC3) II and p62 (an autophagy-specific target 
protein).7,22 Physiologically, dysfunctional mitochondria are rapidly cleared by autophagy processes, and functional autop-
hagy along with mitophagy is critical for maintaining mitochondrial quality to protect against myocardial I/R injury.23–25

Nowadays, SIRT3-induced autophagy has been implicated in the pathogenesis of myocardial I/R injury. SIRT3 interacts 
with various proteins, including AMP-activated protein kinase (AMPK), and is especially sensitive to energy stress conditions 
such as I/R.26,27 When cellular energy is insufficient, activation of AMPK restores the energy equilibrium by stimulating 
catabolic processes that generate ATP and suppressing assimilation processes that consume ATP.26,28 Previous studies showed 
that both AMPK and SIRT3 have been activated under energy deprivation and ischemia.28,29 Also, Dex has the ability to 
enhance AMPK/SIRT3 expression in Parkinson’s disease and kidney injury.30,31 Thus, we propose that Dex may augment 
autophagy and protect against cardiac I/R injury, potentially through the activation of the AMPK/SIRT3 pathway.

In this study, we employed in vitro and in vivo I/R models to validate the suppressive effects of Dex on myocardial 
oxidative stress and functional impairments, which ultimately improved myocardial I/R injury and prevented cardiac 
function deterioration. Mechanistically, Dex promoted the AMPK/SIRT3 pathway and enhanced autophagy for cardiac 
energy homeostasis. Our research might present a new therapy for ischemic heart disease and expand the application 
prospects of Dex in cardiopulmonary bypass surgery.

Materials and Methods
Reagents
Dexmedetomidine (#PHR2118) was purchased from Jiangsu Hengrui Pharmaceuticals Co., Ltd. (China). Compound 
C (#S7306) and 3-Methyladenine (3-MA, #S1075) were purchased from Selleck (Shanghai, China). 4′,6-diamidino-2-phe-
nylindole (DAPI) and JC-1 (#T4069) were purchased from Sigma-Aldrich, Inc. (St. Louis, US). MitoSOXTM Red (#M36007) 
was purchased from Thermo Fisher (Waltham, MA, US). Malondialdehyde (MDA, #S0131S), Superoxide dismutase (SOD, 
#S0101S), Glutathione (GSH, #S0053), ATP content (#S0026), and NAD+/NADH (#S0175) assay kits were purchased from 
Beyotime Biotechnology (Shanghai, China). Elisa kits of interleukin 1 beta (IL-1β, #E-EL-R0012c), interleukin-6 receptor 
(IL-6, #E-EL-R0015c), and tumor necrosis factor-alpha (TNF-α, #EMSEL-R2856c) were purchased from Elabscience 
Biotechnology Co., Ltd. (Wuhan, Hubei, China). Elisa kits of creatine kinase (CK-MB, #8671) and lactate dehydrogenase 
(LDH, #12239) were purchased from Meimian Industrial Co., Ltd. (Nanjing, Jiangsu, China). Primary antibodies against 
AMPK alpha 1 (#ab32047), LC3B (#ab192890) and p62 (#ab109012), and secondary antibodies (#ab6789) were purchased 
from Abcam Inc. (Boston, MA, USA). Primary antibodies against SIRT3 (#10099-1-AP), PINK1 (#23274-1-AP), Parkin 
(#14060-1-AP), and GAPDH (#60004-1-AP) were purchased from Proteintech Inc. (Wuhan, Hubei, China).

Animals and Treatment
This study was performed following the approval of the Ethics Committee of Sichuan Provincial People’s Hospital (#2022- 
161) in accordance with the Guide for the Care and Use of Laboratory Animals provided by the National Institutes of Health 
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(NIH). Male 7–8-week-old C57BL/6 mice (23 ± 2 g) were purchased from Gempharmatech Co., Ltd. (Nanjing, Jiangsu, 
China) and housed under specific pathogen-free conditions (12 h light/dark cycles and 24 ± 2°C) with free access to food and 
water. According to previous studies,15,31 mice in the I/R+Dex group were injected with Dex (25 μg/kg, i.p.) once a day for 5 
days, followed by the I/R process. Mice in the control group and I/R group were intraperitoneally injected with an equal 
volume of saline. Mice in the I/R+Dex+Compound C group received intraperitoneal injections of Dex for 5 days and were 
subjected to Compound C (10 mg/kg; i.p.) before the I/R operation. Additionally, mice in the I/R+Dex+3-MA group received 
the same treatment for 5 days and were subjected to 3-MA (20 mg/kg; i.p.) before the surgery. There were 6 mice per group, 
and all efforts were made to reduce the consumption of mice.

To generate the heart I/R injury, the left anterior descending coronary artery (LAD) was ligated for 30 min and 
repercussed for 24 h, as previously described.7,29 In brief, mice were anesthetized by intraperitoneal injection of 
ketamine (120 mg/kg) and xylazine (4 mg/kg), intubated, and ventilated with pure O2 using a MiniVent mouse 
ventilator (Model 845, Harvard Apparatus). Body temperature was kept at a warm surgical platform. After the 
heart was exposed by a left thoracotomy, the LAD artery 1mm below the tip of the left atrial appendage was 
ligated with a 7–0 silk suture (US Surgical Corp., Norwalk, Connecticut) over a piece of PE-10 tubing for 30 
minutes. Ischemia was confirmed by both ST elevation on the surface electrocardiogram and visual blanching. 
Reperfusion was accomplished by releasing the ligature, and the chest was closed in layers.

Next, cardiac function was evaluated at baseline and after 24 h of reperfusion using the Vevo 2100 Imaging (Visual 
Sonics, Toronto, Canada) echocardiographic system equipped with a 30 MHz transducer. The mice were anesthetized with 
isoflurane in O2 gas. After anesthetization, each mouse was placed on a heated imaging platform. The following parameters 
—left ventricular ejection fraction (LVEF%) and left ventricular fractional shortening (LVFS%) were calculated.

Cells
H9c2 rat myocardial cells obtained from the American Type Culture Collection (ATCC; Rockville, MD, USA) were 
cultured in high-glucose DMEM supplemented with 10% (v/v) FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin 
at 37°C in humidified air containing 5% CO2. To determine the effects of Dex, the H9c2 cells were treated with 1 μM 
Dex for 24 h, according to a previous study.32

Cell Viability Assay
H9c2 cells were exposed to the indicated concentrations of Dex (1 nM; 10 nM; 1 μM; 5 μM) for 24 h, and the cell’s 
viability was assessed using the CCK-8 (Dojindo Molecular Technologies, Kyushu, Japan).33 Cells were mixed with the 
CCK-8 reagent for 1 hour at 37°C in humidified air containing 5% CO2. The absorbance under 450 nm was detected 
using a microplate reader (Bio-Rad, Hercules, CA). Cell viability was calculated as the percentage of absorbance 
compared with control cells.

Oxygen Glucose Deprivation/Reperfusion (OGD/R)
H9c2 cells were rinsed twice with glucose-free DMEM, and the culture medium was replaced with glucose-free DMEM 
supplemented with 10% FBS and 1% penicillin/streptomycin (pre-balanced in an O2-free chamber at 37°C). Then, cells 
were immediately placed in a sealed chamber loaded with mixed gas containing 5% CO2 and 95% N2 at 37°C for 6 
h. Afterwards, cells were refreshed with the normal medium and cultured at 37°C for 24 h in humidified air containing 
5% CO2 for reperfusion.

LDH Release
LDH assay kits (#ab65393) were purchased from Abcam Inc. (Boston, MA, USA) and used to determine the LDH 
release in the supernatant of cell culture medium according to the manufacturer’s instructions. The colorimetric change of 
cells at 492 nm was obtained with a microplate reader.
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Cell Apoptosis
Apoptosis of H9c2 cells was detected using the Annexin V-PI staining assay kit (Beyotime, #C1062) and analyzed using 
flow cytometry (Beckman Coulter cytoFLEX, USA). Briefly, cells that stained positive for Annexin-V were counted as 
apoptotic cells (Annexin VFITC, Ex/Em: 488 nm/525 nm; PI, Ex/Em: 561 nm/575 nm). The total cell number was 
counted using DAPI staining, and the average staining-positive cell ratio was calculated. The apoptosis rate means early 
apoptosis (Q2 of the flow cytometry dot plot) and late apoptosis (Q3 of the flow cytometry dot plot).

Mitochondrial Membrane Potential
The mitochondrial membrane potential was determined by JC-1 staining. H9c2 cells were incubated with JC-1 (2 μM) for 20 
min at 37°C, washed with culture medium, and visualized using fluorescence microscopy (DMI 3000B, Leica, Wetzlar, 
Germany). The fluorescence intensity changes were analyzed using a microplate reader. For JC-1 monomers (green), the 
excitation and emission wavelengths of JC-1 were set at 490 nm and 530 nm, respectively. For JC-1 aggregates (red), the 
corresponding values were 525 nm and 590 nm. Fluorescence intensity was measured using Image J (NIH).

Mitochondrial Superoxide Production
H9c2 cells were incubated with MitoSOXTM Red (3 μM) at 37°C for 30 min, followed by washing twice and being 
resuspended in PBS for flow cytometry analysis (Ex/Em: 510 nm/580 nm). Fluorescence intensity was measured using 
Image J.

Mitochondrial Oxygen Consumption Rate (OCR)
H9c2 cells aerobic respiration was measured with a Seahorse XF24 analyzer (Agilent Technologies, Santa Clara, CA) as 
described previously.22,34 Briefly, cells were planted overnight on 24-well polystyrene Seahorse plates. H9c2 cells were 
washed and cultured with Seahorse assay mediums containing 2 mM glutamine, 1 mM pyruvate, and 10 mM glucose in 
a non-CO2 incubator at 37°C for 1 h before the assay. The baseline measurements were obtained first, followed by the 
sequential injection of oligomycin A (5 μΜ final concentration, MCE), FCCP (3 μΜ final concentration, MCE), and 
Rotone/Antimycin A (1 μМ/l μМ final concentration, Sigma) at 37°C. The respiratory rates are reported as oxygen flux 
per mass, and all readings are normalized to cell number (pmolO2/min 10,000 cells).

Tetrazolium Chloride (TTC)-Evans Blue Staining
I/R-induced myocardial infarction was determined by TTC-Evans blue staining as described previously.7,22 Briefly, after 
24 hours of reperfusion, the heart was quickly excised. After washing out the blood with saline, 0.2 mL of 1% Evans blue 
dye was injected through the aortic root. The hearts were sliced transversally into 1-mm-thick sections and 5–6 sections 
per heart, starting from the apex. The sections were immersed in 1% TTC (dissolved in PBS) at 37°C for 15 min and then 
fixed in a 4% paraformaldehyde solution for 24 h at room temperature. The area at risk (AAR) was identified by the 
absence of blue dye. The total LV area, AAR, and TTC-negative staining area (infarcted myocardium) were measured 
with Image J.

Enzyme-linked Immunosorbent Assay (Elisa)
Elisa kits for IL-1β, IL-6, and TNF-α were employed to detect the levels of inflammatory cytokines in the medium of 
H9c2 cells according to the supplier’s instructions. Elisa kits for CK-MB and LDH were employed to detect the levels of 
cardiac injury markers in the plasma of mice according to the supplier’s instructions.

Dihydroethidine (DHE) Staining
Cardiac tissues were embedded in the Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan) and serially sectioned 
to 10-μm thickness. The cryosections were stained with the superoxide-sensitive dye DHE (10 μM in 0.01% DMSO) and 
incubated for 30 min at 37°C in a humidified dark chamber. All sections were photographed under an inverted 
fluorescence microscope (IX83, Olympus, Japan).
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Evaluation of Oxidative Stress Status in vivo
The SOD activity, the MDA levels, and the GSH/GSSG content in the heart tissue were detected by using commercially 
available assay kits according to the manufacturer’s instructions.

Transmission Electron Microscopy
The cardiac tissues were fixed for 24 h in 3% glutaraldehyde and then fixed with 1% osmium tetroxide for 1 h. Then, the 
samples were dehydrated in a series of ethanol, stained en bloc with 2% uranyl acetate, and embedded in Embed 812 for 
evaluation by electron microscopy (JEM-1400PLUS, JEOL, Japan). The images were assessed in a blinded fashion by 
pathologists.

ATP Content
Intracellular ATP levels were examined using an ATP content assay kit according to the manufacturer’s protocol. Briefly, 
heart tissues were lysed in ATP lysis buffer. After centrifugation at 13,000 g for 15 min at 4°C, the supernatant was 
detected at an absorbance of 560 nm. The calculated content of ATP was normalized against the wet tissue weight using 
ATP standards and expressed as nmol/g tissue.

NAD+/NADH Levels
Intracellular NAD+/NADH in heart tissues was examined using the NAD+/NADH assay kit with WST-8 according to the 
manufacturer’s protocol.

Quantitative Polymerase Chain Reaction (qPCR)
RNA was extracted from the H9c2 cells or heart tissues using the TRIzol method. cDNA was synthesized from RNA 
using the FastKing One-Step RT-PCR Kit from Tiangen Biotech Co., Ltd. (Beijing, China). All primers were purchased 
from TSINGKE Biosystems (Beijing, China). Quantitative real-time PCR was performed with SYBR Green from Bio- 
Rad (Hercules, CA, USA). Gene expression was calculated by the 2ΔΔCt method and normalized to GAPDH levels.

The sequences of rat primers used are below:
ANP: F,5′-CTGGACTGGGGAAGTCAACC-3′; R,5′- CAATCCTACCCCCGAAGCAG-3′;
BNP: F,5′-GCTGCTGGAGCTGATAAGAGAA-3′; R,5′- GCGCCAATCCGGTCTATCTT-3′;
GAPDH: F,5′-GAAGGTCGGTGTGAACGGAT-3′; R,5′- CCCATTTGATGTTAGCGGGAT-3′.
The sequences of mouse primers used are below:
IL-1β: F,5′-GCAACTGTTCCTGAACTCAACT-3′, R,5′- ATCTTTTGGGGTCCGTCAACT-3′;
IL-6: F,5′-CCAAGAGGTGAGTGCTTCCC-3′; R,5′- CTGTTGTTCAGACTCTCTCCCT-3′;
TNF-α: F,5′-GTCGTAGCAAACCACCAAGC-3′; R,5′-TGTGGGTGAGGAGCACATAG-3′;
GAPDH: F,5′-ATCTTTTGGGGTCCGTCAACT-3′; R,5′-TTTGCACTGGTACGTGTTGAT-3′.

Western Blot
Heart tissues were lysed with RIPA lysis buffer with a protease inhibitor cocktail and then centrifuged at 13,000g for 15 
min at 4°C. Protein extracts were separated by SDS-PAGE and transferred to PVDF membranes. The membrane was 
blocked in 5% non-fat milk and incubated with primary antibodies at 4°C overnight, including anti-AMPK, anti-SIRT3, 
anti-p62, anti-LC3, anti-Parkin, anti-PINK1, and anti-α-tubulin antibodies. After incubation with HRP-conjugated 
secondary antibodies, the signal intensities were visualized by an ECL Western blot detection kit (#P10100, ECM) and 
quantified by Image J.

Statistical Analysis
GraphPad Prism v.8.4 (GraphPad, La Jolla, CA) was employed for statistical analysis. The Shapiro–Wilk normality test 
was performed to determine the data distribution. All data were normally distributed and presented as the mean ± 
standard deviation (SD). Paired or unpaired, two-tailed Student’s t-tests were selected to compare two groups. A one-way 
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analysis of variance (ANOVA), followed by Tukey’s multiple comparisons test, was performed to determine the 
differences among > two groups. P values <0.05 were statistically significant.

Results
Dexmedetomidine Protects H9c2 Cells from OGD/R Injury
We treated H9c2 cardiomyocytes with Dex at several concentrations (1 nM; 10 nM; 1 μM; 5 μM) for 24 hours and did 
not observe cellular toxicity, which is consistent with the previous study33 (Figure 1A). Therefore, we opted for a 1 μM 
Dex pretreatment in H9c2 cells prior to OGD/R. Remarkably, we found that OGD/R significantly increased the mRNA 
levels of ANP and BNP compared to the control group (Figure 1B). However, Dex treatment inhibited the expression of 
ANP and BNP, indicating that Dex attenuated cardiomyocyte injury induced by OGD/R (Figure 1B). The Annexin V-PI 
staining also revealed a significant increase in early apoptotic cells within the OGD/R-treated group compared to the 
control group. However, 1 μM Dex pretreatment for 24 hours effectively mitigated OGD/R-induced early apoptosis 
(Figure 1C–D). As a biomarker of cell death, LDH leakage surged in the OGD/R group in contrast with the control cells, 
while Dex reduced the LDH leakage remarkably (Figure 1E).

Ischemia/reperfusion injury often leads to mitochondrial damage in cardiomyocytes. The mitochondrial membrane 
potential (Ψm) of H9c2 cells exhibited a significant decrease in the ratio of red/green fluorescence intensity, while Dex 
treatment partially restored the mitochondrial membrane potential as reflected by the increased ratio of red/green 
fluorescence intensity (Figure 1F and G). We also observed that OGD/R harmed cellular aerobic respiration using 
Seahorse analysis, while Dex could alleviate the impaired cellular respiration, including the basal OCR and maximal 

Figure 1 Dex alleviated OGD/R-induced apoptosis, membrane potential reduction, mitochondrial superoxide production, and improved aerobic respiration in H9c2 cells. 
(A). Detection the proliferation of H9c2 cells stimulated by different concentrations of Dex using the CCK-8 assay. (B). ANP and BNP mRNA expression in H9c2 cells. (C). 
Flow cytometry analysis for H9c2 cell apoptosis after Annexin V/PI staining. (D). Quantitative analysis of the apoptotic H9c2 cell. (E). LDH release in the medium of H9c2 
cells. (F). Representative images of H9c2 cells stained with JC-1 for visualization of mitochondrial membrane potential. Aggregates were stained red, and monomers were 
stained green. 20 × magnification; Scale bar, 50 μm. (G). Analysis of the ratio of red/green fluorescent density relative to the control group. (H–J). Seahorse analysis for the 
cellular oxygen consumption rate (OCR) of H9c2 cells (H) and qualification of basal respiration (I) and maximum respiration (J). (K and L). Flow cytometry analysis (K) and 
quantification (L) of H9c2 cells stained with MitoSOXTM Red for mitochondrial superoxide. Data are presented as the mean ± SD (n = 6) of at least three independent 
experiments. Statistical comparisons were conducted by one-way ANOVA, followed by Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001 for the 
indicated comparisons. 
Abbreviation:NS, no significant difference.
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OCR (Figure 1H–J). The mitochondria serve as the main generator of intracellular ROS under stress and are extremely 
susceptible to oxidative stress. ROS production within mitochondria was detected by the fluorescent superoxide indicator 
MitoSOXTM Red (Figure 1K and L). Interestingly, Dex pretreatment for 24 h significantly suppressed the superoxide 
content induced by OGD/R (Figure 1K and L). These data collectively indicated that Dex inhibited oxidative stress and 
protected cardiomyocytes against OGD/R injury.

3.2 Dexmedetomidine improved heart function and attenuated cardiac injury following ischemia/reperfusion in vivo
To assess the impact of Dex on cardiac injury in vivo, we administered mice with Dex (25 μg/kg, i.p., once daily) for 

five days, followed by induction of cardiac I/R injury (Figure 2A). At baseline (before the I/R surgery), the heart function 
showed no difference, as reflected by the LVEF% and LVFS% (Figure 2B and C). Subsequently, I/R mice showed 
substantially reduced cardiac systolic function compared to the control group after 30 minutes of myocardial ischemia 
and 24 hours of reperfusion (Figure 2D–F). However, mice treated with Dex showed recovery in cardiac function to 
some extent, as reflected by the increased LVEF% and LVFS% in contrast with the I/R mice (Figure 2D–F). Furthermore, 
Dex-treated mice showed decreased levels of the cardiac injury biomarkers CK-MB and LDH in plasma (Figure 2G and 
H). Meanwhile, evaluation of myocardial infarct size was performed using TTC-Evans blue staining (Figure 2I–K). As is 
shown in Figure 2I, with the same risk area in both groups, the area of infarcted size (white) in the Dex-treated mice was 
much smaller than that in the I/R mice (Figure 2I–K). Moreover, we observed myocardial fiber rupture and disrupted 
mitochondrial ultrastructure, characterized by mitochondrial cristae disruption and loss, in the I/R heart using transmis-
sion electron microscopy (Figure 2L). Interestingly, treatment with Dex alleviated the abnormalities of mitochondrial 
ultrastructure induced by I/R and thus improved the ATP content in cardiomyocytes subjected to I/R (Figure 2M). 

Figure 2 Dexmedetomidine protected mice against cardiac I/R injury and improved heart function following I/R. (A). Schematic flowchart of the application of Dex and the 
construction of the cardiac I/R model. (B–C). Left ventricular ejection fraction (LVEF%) and left ventricular fractional shortening (LVFS%) at baseline. (D). Representative 
images of M-mode echocardiography from mice. (E and F). LVEF% (E) and LVFS% (F) of mice. (G and H). Plasma CK-MB (G) and LDH (H) levels in mice. (I). Representative 
images of Evans-blue perfused and TTC-stained heart sections outlining the area at risk (AAR; sum of white and red areas); healthy viable tissue (blue); and infarcted tissue 
(pale white). Scale bar, 1 mm. (J and K). Quantification of infarct size relative to AAR (J) and AAR relative to LV (K). (L). Representative micrographs of the ventricular 
myocardium were observed by transmission electron microscopy. Fragmentation of muscle bands pointed by green arrows and abnormal shape of mitochondria, including 
swollen and absent cristae density pointed by Orange arrows. 6000 X magnification; Scale bar, 1 μm. (M). ATP content in heart tissues. Data are presented as the mean ± SD 
(n = 6). Statistical comparisons were conducted by an unpaired two-tailed Student’s t-test or one-way ANOVA, followed by Tukey’s multiple comparisons test. *P < 0.05, **P 
< 0.01, and ***P < 0.001 for the indicated comparisons. 
Abbreviation:NS no significant difference.
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Altogether, these results demonstrated that Dex can alleviate heart dysfunction and cardiac injury following ischemia/ 
reperfusion in mice.

Dexmedetomidine Attenuated Myocardial Oxidative Stress and Inflammation 
Following Ischemia/Reperfusion
During ischemia/reperfusion injury, cardiomyocytes inevitably generate a large amount of ROS, accompanied by an 
exacerbated cascade of inflammation. Our in vitro experiments have confirmed the inhibitory effect of Dex on 
mitochondrial ROS after OGD/R. Subsequently, we investigated whether the benefits provided by Dex were conferred 
by suppressing oxidative stress. The fluorescence intensity of DHE-stained cardiac tissue in the border zone is increased 
in the I/R group, which suggests a high level of ROS production (Figure 3A). Moreover, increased levels of MDA, 
a product of lipid peroxidation, were observed in the hearts of I/R mice compared with the control mice (Figure 3B). In 
contrast, the activity of SOD (the major intracellular antioxidant) was inhibited after cardiac I/R injury (Figure 3C). 
Likewise, the levels of GSH were decreased and GSSG were increased in I/R hearts in contrast with the control mice 
(Figure 3D–F). However, the Dex-treated mice showed reduced fluorescence intensity of DHE, accompanied by lower 
MDA levels, enhanced SOD activity, and increased GSH levels, as well as an elevated ratio of GSH/GSSG compared to 
I/R mice (Figure 3A–F). Inflammation and oxidative stress are the main causes of mitochondrial dysfunction, contribut-
ing to impaired ATP production.34–36 In light of the findings above, we conducted further investigation into the impact of 
Dex on cardiac inflammation in the context of I/R. Compared with the I/R mice, Dex suppressed the amplifying 
inflammation caused by I/R, as evidenced by the decreased mRNA levels of inflammatory cytokines including IL-1β, 
IL-6, and TNF-α within heart tissues (Figure 3G–I). The detection of inflammatory cytokine levels in the medium of 
H9c2 cells also favored that Dex inhibited the inflammatory response post-I/R (Figure 3J–L). These results suggested that 
Dex mitigated cardiac oxidative stress and inflammation, thus improving the heart’s resistance to I/R injury in mice.

3.4. Dexmedetomidine enhanced autophagy through activation of the AMPK/SIRT3 pathway to attenuate cardiac I/R 
injury

The modulation of autophagy within myocardial cells has emerged as a novel strategy for myocardial protection.25,37 

Moderate autophagy eliminates cellular substances such as aggregated cytoplasmic proteins or damaged organelles, 
thereby reducing cell damage.19,37 Hence, we aimed to investigate whether the protective effect of Dex on I/R injury is 

Figure 3 Dexmedetomidine attenuated oxidative stress and inflammation in the cardiac I/R. (A). Representative DHE staining of heart sections in the border zones. 20 
X magnification; Scale bar, 100 μm. (B). MDA levels in heart tissues. (C). SDO activity in heart tissues. (D–F). GSH and GSSG content in heart tissues and the ratio of GSH/ 
GSSG. (G–I). qPCR analysis for the mRNA levels of IL-1β, IL-6, and TNF-α in heart tissues. (J–L). Detection of IL-1β, IL-6, and TNF-α in the medium of H9c2 cells. Data are 
presented as the mean ± SD (n = 6) of at least three independent experiments. Statistical comparisons were conducted by one-way ANOVA, followed by Tukey’s multiple 
comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001 for the indicated comparisons. 
Abbreviation:NS, no significant difference.
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mediated through autophagy, focusing on autophagy parameters including LC3 and p62. Compared to the control group, 
I/R mice exhibited increased protein levels of LC3 II and p62 within hearts, indicating blocked myocardial autophagic 
flux (Figure 4A–C). In contrast, the LC3 II and p62 levels showed the opposite trend in Dex-treated mice following I/R, 
indicating that Dex restores the blocked myocardial autophagic flux triggered by I/R (Figure 4A–C). Besides, the 
mitophagy-related proteins PINK1 and Parkin, which help to clear damaged mitochondria, are also increased by Dex 
after myocardial I/R injury, stressing the protective effect of Dex on mitochondrial homeostasis (Figure 4A and D).

Autophagy is crucial for cellular energy maintenance.38 AMPK acts as an intracellular energy sensor under nutrition 
stress and hypoxia and subsequently activates downstream target SIRT3, which enhances autophagy to protect cells from 
mitochondrial dysfunction and oxidative stress.28,38–40 Considering the potential beneficial effects of Dex on cardiac 
function and the autophagy process, we investigate the expression of AMPK and SIRT3 post-I/R injury. Our results 
revealed that the protein levels of AMPK and SIRT3 were decreased in hearts subjected to I/R (Figure 4A and D). 
However, treatment with Dex resulted in an upregulation of their expression in hearts post-I/R (Figure 4A and D). 
Noticeably, NAD+, as the center of energy metabolism, is responsible for SIRT3 activity to maintain mitochondrial 
function and resistance to oxidative stress.41,42 The administration of Dex significantly mitigated the I/R-induced 
reduction of the NAD+/NADH ratio, thereby highlighting the role of Dex in preserving cardiac mitochondrial home-
ostasis during I/R. (Figure 4E). Furthermore, pre-treatment with Compound C to inhibit AMPK prior to I/R surgery 
resulted in a suppression of autophagy, as evidenced by the decreased expression levels of LC3 and p62 compared to the 
I/R+Dex group (Figure 4F–I), which is consistent with the effects observed upon administration of the autophagy 
inhibitor 3-MA (Figure 4J–L). Importantly, both Compound C and 3-MA partially attenuated the protective effect of Dex 

Figure 4 Dexmedetomidine enhanced autophagy for I/R heart protection through upregulation of the AMPK/SIRT3 pathway. (A). Representative images of immunoblots of 
hearts for the proteins LC3, p62, AMPK, SIRT3, PINK1, and Parkin. (B and C). Qualification of the ratio of LC3 II/I and p62 protein levels of hearts relative to the control 
mice. (D). Qualification of the AMPK, SIRT3, PINK1, and Parkin protein levels of hearts relative to the control mice. (E). The ratio of NAD+/NADH in heart tissues. (F–I). 
Representative images of immunoblots of hearts for the proteins AMPK, SIRT3, LC3, and p62 and qualification for the expression relative to the I/R mice, including the 
additional Compound C-treated group. CC: Compound C. (J–L). Representative images of immunoblots of hearts for the proteins LC3 and p62 and qualification for the 
expression relative to the I/R mice, including the additional 3-MA-treated group. (M) Representative images of M-mode echocardiography from mice after indicated 
treatments post-I/R. (N–O). LVEF% (N) and LVFS% (O) from mice after indicated treatments post-I/R. =Data are presented as the mean ± SD (n = 6) and were performed in 
at least three independent experiments in vitro. Statistical comparisons were conducted by one-way ANOVA, followed by Tukey’s multiple comparisons test. *P < 0.05, **P < 
0.01, and ***P < 0.001 for the indicated comparisons. 
Abbreviation: NS, no significant difference.
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on the I/R heart, as evidenced by reduced cardiac function relative to Dex-treated mice (Figure 4M–O). These findings 
collectively indicated that Dex can protect against cardiac I/R injury by enhancing autophagy through activating the 
AMPK/SIRT3 pathway.

Discussion
Cardiac ischemia-reperfusion injury occurs when blood flow to the heart is temporarily interrupted and then restored.1,3 

While reperfusion is essential to salvage the ischemic tissue, it paradoxically exacerbates tissue damage.2,6 The objective 
of this study was to investigate the therapeutic effects of Dex on cardiac I/R injury both in vivo and in vitro.

In this study, several concentrations of Dex were selected and showed no toxicity in cells. Next, we pretreated H9c2 
cells with 1 μM Dex for 24 hours in accordance with a prior study to see how Dex affected myocardial cells exposed to 
OGD/R.33 Consistent with previous studies, we found that Dex alleviated apoptosis and LDH release in OGD/R-treated 
H9c2 cells.17,43 Overproduction of ROS, including superoxide anions, hydrogen peroxide, and hydroxyl radicals, 
contributed to oxidative stress and triggered a cascade of events leading to myocardial injury.8,34,35 We found that 
OGD/R induced ROS bursts in H9c2 cells, while Dex inhibited superoxide production within mitochondria, as evidenced 
by reduced MitoSOXTM red intensity. Mitochondria are not only the powerhouse of the cell but also a significant source 
of ROS.8,35 Excessive ROS production degrades mitochondrial components, which can disrupt mitochondrial function 
and impair mitochondrial membrane potential.5,6,8 The JC-1 labeling of H9c2 cells following OGD/R revealed that Dex 
had a positive impact on preserving mitochondrial membrane potential. Further Seahorse analysis confirmed that Dex 
may partially alleviate GOD/R-induced respiratory depression.

Afterwards, we initiated a mouse model of myocardial ischemia/reperfusion and evaluated the effects of Dex in vivo. 
We found that Dex significantly improved the declining cardiac function in I/R hearts, reduced the levels of cardiac 
injury markers CK-MB and LDH in plasma, and decreased the myocardial infarct size. In line with previous studies, 
disrupted mitochondrial integrity and depressed mitochondrial OXPHOS were observed in the I/R hearts.27,34,44 Dex 
ameliorated the destruction of the mitochondrial ultrastructure and the myocardium and improved mitochondrial 
function, which restored ATP production in the I/R hearts. These findings highlight Dex’s ability to prevent myocardial 
I/R injury in vivo, consistent with its function in vitro. Subsequently, we confirmed that Dex can significantly reduce 
ROS production in the I/R heart. MDA is a product of membrane lipid peroxidation, and Dex largely reduced the rise in 
MDA levels in cardiac tissue following I/R. Additionally, Dex also restored the vital antioxidant enzyme SOD activity in 
the I/R heart, along with increased GSH levels (another intracellular antioxidant). The accumulation of ROS activates 
inflammatory pathways and promotes the release of pro-inflammatory cytokines, exacerbating tissue damage and 
promoting cell death.36,45 Several inflammatory factors can also be suppressed by Dex in I/R hearts and OGD/ 
R-treated H9c2 cells, such as IL-1β, IL-6, and TNF-α. These findings compel us to investigate the potential mechanisms 
of Dex for cardiac protection post-I/R.

Recently, the interplay between ROS and autophagy has emerged as a significant avenue of research in understanding 
the pathophysiology of cardiac I/R injury.21,25 Autophagy is responsible for degrading and recycling damaged organelles 
and proteins, which plays a crucial role in maintaining cellular homeostasis and mitigating various stress conditions.21,38 

However, the relationship between ROS and autophagy in cardiac I/R injury is complex and can have both protective and 
detrimental effects.23,24,46 Moderate levels of ROS can stimulate autophagy as a protective mechanism against cellular 
stress.46 Some studies utilizing in vitro and in vivo I/R models have suggested that inducing autophagy shows favorable 
effects against myocardial I/R injury.4,47–49 Theoretically, autophagy is induced in response to stress, ie, damaged 
mitochondrial accumulation under hypoxia.39,46 Conversely, excessive ROS can dysregulate autophagy, leading to 
impaired autophagic flux and the accumulation of dysfunctional autophagosomes, indicating that inhibiting autophagy 
exerts a protective effect against I/R injury.25,50,51 Diverse observations in myocardial autophagy during the I/R process 
may be attributed to the differences in length of ischemia and reperfusion among different studies.22,49,51 In this study, we 
emphasized the changes in myocardial autophagic flux after 24 hours of reperfusion. LC3 II is induced when autophagy 
initiates, and the specific protein p62 is degraded as autophagy progresses.52 We observed that autophagy is impaired for 
24 h of reperfusion, as manifested by the increase in LC3 II and p62 levels post-I/R, which suggested that autophagy is 
obstructed, thus failing to clear the damaged organelles post-I/R.53 Interestingly, Dex helps to reestablish functional 
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autophagy flux along with enhanced mitochondrial autophagy, which, in combination, reduces myocardial I/R injury. 
Moreover, the restored autophagy provided by Dex was eliminated by 3-MA, and the protective effects of Dex on the I/R 
heart were partially reversed by 3-MA, as reflected by the dropped heart function.

ROS have been shown to regulate autophagy by modulating AMPK, a key energy sensor that regulates cellular 
metabolism to maintain energy homeostasis.28,40 Autophagy is enhanced during the ischemia process through AMPK 
activation in response to low ATP levels.39,54,55 Previous studies reported that AMPK deficiency exacerbates myocardial 
I/R injury, which supports the results of inhibited AMPK expression in the I/R heart.7,56 In addition, SIRT3 is regulated 
by AMPK and closely linked to autophagy in the heart.27,57 A significant decline in the SIRT3 protein levels in the I/R 
heart, which can be restored by Dex, was observed in the current study.58 The SIRT family is a group of histone 
deacetylases whose activities are dependent on and regulated by NAD+.59,60 Sergey et al reported that SIRT3 reduces 
vascular inflammation and oxidative stress, and Duan et al reported that NAD+ repletion improves ischemia cardiomyo-
cyte outcomes.61,62 In line with previous studies, the ratio of NAD+/NADH is decreased in the I/R heart, while Dex raises 
the ratio of NAD+/NADH, supporting the benefits of Dex on mitochondrial respiration as NAD+ reflects the function of 
mitochondrial redox homeostasis.63–65 More importantly, the AMPK inhibitor Compound C not only significantly 
suppressed the expression of AMPK and SIRT3, but also impeded the augmentation of Dex-induced autophagy, thereby 
attenuating the protective effect of Dex on I/R cardiac function. This finding underscores the critical role of AMPK/ 
SIRT3 activation in facilitating Dex-mediated enhancement of autophagy. Given the intricate alterations in autophagy 
during I/R, it is imperative to focus on different time points to accurately evaluate the effects of Dex on the myocardium 
during I/R. Additionally, other autophagy detection methods can be used, such as cardiac tissue sections stained for LC3 
and the autophagy probe mt-Keima. Certainly, it is essential to utilize transgenic models to validate the role of Dex- 
mediated autophagy in alleviating myocardial I/R injury, particularly through the AMPK/SIRT3 pathway.

Conclusion
First, this study suggested that Dex manifests protective effects in cardiac I/R injury both in vivo and in vitro, as shown 
in Figure 5. Next, we proposed that Dex plays critical roles in antioxidant and anti-inflammatory activities using 
comprehensive experimental methods when I/R is induced. Mechanistically, Dex promoted autophagy through the 

Figure 5 The underlying mechanism involved in the protective effects of DEX against cardiac I/R injury. Created with BioRender.com.
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activation of the AMPK/SIRT3 pathway, thus mitigating cardiac I/R injury, which helped expand the prospect of Dex in 
clinical applications.
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