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 Background: Volatile anesthetic preconditioning confers delayed cardioprotection against ischemia/reperfusion injury (I/R). 
AMP-activated protein kinase (AMPK) takes part in autophagy activation. Furthermore, autophagic flux is 
thought to be impaired after I/R. We hypothesized that delayed cardioprotection can restore autophagic flux 
by activating AMPK.

 Material/Methods: All male rat hearts underwent 30-min ischemia and 120-min reperfusion with or without sevoflurane exposure. 
AMPK inhibitor compound C (250 μg/kg, iv) was given at the reperfusion period. Autophagic flux blocker chlo-
roquine (10 mg/kg, ip) was administrated 1 h before the experiment. Myocardial infarction, nicotinamide ad-
enine dinucleotide (NAD+) content, and cytochrome c were measured. To evaluate autophagic flux, the mark-
ers of microtubule-associated protein 1 light chain 3 (LC3) I and II, P62 and Beclin 1, and lysosome-associated 
membrane protein-2 (LAMP 2) were analyzed.

 Results: The delayed cardioprotection enhanced post-ischemic AMPK activation, reduced infarction, CK-MB level, NAD+ 
content loss and cytochrome c release, and compound C blocked these effects. Sevoflurane restored impaired 
autophagic flux through a lower ratio of LC3II/LC3I, downregulation of P62 and Beclin 1, and higher expres-
sion in LAMP 2. Consistently, compound C inhibited these changes of autophagy flux. Moreover, chloroquine 
pretreatment abolished sevoflurane-induced infarct size reduction, CK-MB level, NAD+ content loss, and cyto-
chrome c release, with concomitant increase the ratios of LC3II/LC3I and levels of P62 and Beclin 1, but p-AMPK 
expression was not downregulated by chloroquine.

 Conclusions: Sevoflurane exerts a delayed cardioprotective effects against myocardial injury in rats by activation of AMPK 
and restoration of I/R-impaired autophagic flux.

 MeSH Keywords: AMP-Activated Protein Kinases • Autophagy • Ischemic Preconditioning, Myocardial • Oxidative Stress 
• Reperfusion Injury

 Full-text PDF: https://www.medscimonit.com/abstract/index/idArt/922176

Authors’ Contribution: 
Study Design A

 Data Collection B
 Statistical Analysis C
Data Interpretation D

 Manuscript Preparation E
 Literature Search F
Funds Collection G

Institute of Clinical Medicine Research, The Affiliated Suzhou Science and 
Technology Town Hospital of Nanjing Medical University, Suzhou, Jiangsu, 
P.R. China

e-ISSN 1643-3750
© Med Sci Monit, 2020; 26: e922176

DOI: 10.12659/MSM.922176

e922176-1
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Background

Perioperative myocardial ischemia/reperfusion (I/R) is a serious 
challenge in patients undergoing cardiac surgery, and they are 
subjected to a high risk of myocardial infarction within 24 h 
after surgery [1]. Therefore, there is a need to develop feasi-
ble and effective solutions for alleviating myocardial I/R injury. 
Volatile anesthetics confer cardioprotective effects against I/R 
injury, even when administered shortly before ischemia, and 
this phenomenon includes acute and delayed cardioprotective 
phases [2]. This delayed cardioprotection, referred to as the 
second window of protection (SWOP), arises starting 12 h after 
volatile anesthetics administration and can last up to 72 h [3]. 
SWOP is extremely important in perioperative patients with 
a coronary artery bypass graft when cardiac arrest occurs.

We previously showed that sevoflurane exposure upregulates 
autophagy before ischemia and provides a beneficial cardio-
protection against I/R injury [4]. Autophagy is a mainly deg-
radative pathway that eliminates intracellular pathogens and 
aggregates proteins and damaged organelles under patho-
logical conditions such as stress, hypoxia, and ischemia [5,6]. 
Autophagy is rapidly activated after myocardium I/R. Therefore, 
AMP-induced protein kinase (AMPK) pathway activation is piv-
otal in the initiation of autophagy by inhibiting mammalian 
target of rapamycin (mTOR). It is a protein kinase involved in 
regulating cell growth, proliferation, and survival [7,8]. It was 
reported that induction of autophagy with AMPK activation is 
protective in the myocardial ischemic phase. However, reper-
fusion does not enhance AMPK actives; instead, autophago-
some formation by myocardial I/R is dependent on Beclin 1 
upregulation, but overabundance of autophagosomes is det-
rimental to cardiomyocytes survival [9]. Ma et al. [10] report-
ed reperfusion impaired the function of autophagosome clear-
ance, which is involved in cardiac myocyte death following 
I/R injury, the rate of autophagosome formation, and clear-
ance determines the function of “autophagic flux” through 
the autophagic pathway. Moreover, lysosomes are pivotal to 
maintaining cellular metabolism by degrading excessive extra- 
and intracellular organelles [11]. Lysosomal enzymes, includ-
ing lysosome-associated membrane protein 2 (LAMP 2), fuse 
abundantly with autophagosomes in dying cells, reflecting 
adaptive autophagy upregulation. However, the dynamic lyso-
somal degradative process is impaired, with reduction of au-
tophagosomes clearance, inducing subsequent programmed 
cell death [12]. In addition, mitochondrial dysfunction is ac-
companied by spectacular autophagosomes induction during 
myocardial I/R, which is important in maintaining mitochon-
drial function by attenuating autophagosome over-accumula-
tion [13]. Sevoflurane-activated Akt/mTOR signaling improves 
mitochondrial function and ameliorates oxidative stress, but 
the precise mechanism remains unclear [14].

Our study investigated the SWOP mechanism underlying sevo-
flurane-induced delayed cardioprotection against I/R injury, 
and we explored whether enhancement of AMPK activation 
reduces mitochondrial dysfunction by restoring impaired au-
tophagic flux.

Material and Methods

Animals

All experiments were conducted in accordance with “the Guide 
for the Care and Use of Laboratory Animals (NIH publication 
vol. 25 no. 28, revised 1996) and policies of Soochow University. 
The study was approved by the Use of Experimental Animals 
Committee of the Medical College of Soochow University. We 
used only male rats because female rats have greater resis-
tance against ischemia-reperfusion injury than males and vol-
atile anesthetic preconditioning does not provide additional 
cardioprotection in female rats [15,16]. Adult male Sprague-
Dawley rats (weight 280±50 g; age 10 to 12 weeks) were pur-
chased from the Animal Center of Soochow University (Suzhou, 
China). All animals were treated as described elsewhere [4].

Sevoflurane preconditioning and in vivo myocardial I/R 
model

One day before surgery, animals spontaneously breathed 
33% oxygen in an induction chamber with or without 1 MAC 
sevoflurane (2.4%; Abbott Laboratories, Shanghai, China) for 
2 h. The myocardial I/R injury rat model was established as in 
our previous reports [4]. To detect the blood concentration of 
sevoflurane, blood collected from the left ventricle of 5 rats at 
the end of 2-h sevoflurane exposure in our preliminary study. 
The samples were measured by gas chromatography (GC-8AIF; 
Shimadzu Corp., Kyoto, Japan) as described previously [17]. 
The blood concentration of sevoflurane was 0.37±0.03 mM.

Experimental protocol

Figure 1 illustrates the experimental design. The sham group is 
not shown because there were no differences in hemodynamics 
between baseline and end time points of perfusion, the same 
as in our previous study [4]. We previously reported that in-
haling 1 minimal alveolar concentration of sevoflurane for 2 h 
prior to 24 h before surgery conferred optimal cardioprotec-
tion [4]. All experimental rats received 33% oxygen (CON group) 
or plus 2.5% sevoflurane (SWOP group) for 2 h. We adminis-
tered AMPK inhibitor compound C alone (CC, 250 μg/kg [18], 
Sigma-Aldrich, Inc, Saint Louis, USA, CC group) or CC with 2.5% 
sevoflurane for 2 h (CC+SWOP group). The AMPK inhibitor CC 
was diluted in dimethylsulfoxide (DMSO, 1%) injected via right 
jugular vein after occlusion (Figure 1A). We further blocked 
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autophagic flux with chloroquine (CQ, 10 mg/kg [18], Sigma-
Aldrich, Inc, St. Louis, USA) 1 h prior to surgery administered 
via intraperitoneal injection to observe if CQ abolished SWOP-
induced cardioprotection in vivo (Figure 1B). All experimental 
rats underwent 30-min ischemia and 2-h reperfusion [4,19].

Myocardial infarct size measurement

After the end of the experiment, the left anterior descending 
(LAD) artery was re-occluded (n=8–10 per group). To stain the 
normal region of the left ventricle (LV), 5% Evans blue stain 
(Sinopharm Chemical Reagent Co., Beijing, China) was injected 
via the right jugular vein. The measurement of myocardial in-
farct size (IS) by 1% 2,3,5-triphenyltetrazolium chloride in 0.1 M 
phosphate buffer was performed as previously described [19], 
and the area at risk (AAR) was calculated [4].

Histopathology and transmission electron microscopy.

The hearts were harvested after the experiment, rinsed, and 
fixed in 10% formaldehyde solution (pH 7.4) for 24 h. After de-
hydration and embedding in paraffin wax, the heart was cut 
into 4-µm-thick slices, then stained with hematoxylin-eosin 
(HE) [20]. Transmission electron microscopy (TEM) was been 

used to detect myocardial ultrastructural alterations, as de-
scribed our previous reports [4].

Western blot analysis and Immunohistochemistry

At the end of reperfusion, left ventricular tissues with in-
farcted area were separated from hearts and homogenized 
in RIPA lysis buffer (Millipore, Billerica, MA, USA) containing 
phenylmethanesulfonyl fluoride (Roche Diagnostics GmbH, 
Mannheim, Germany). Immunoblots were performed using 
standard techniques, as described previously [19,21]. Primary 
antibodies were probed with total AMPK, phosphorylated AMPK 
(p-AMPK, 1: 2000; Cell Signaling Technology, Danvers, MA, USA), 
microtubule-associated protein 1 light chain 3 (LC3, 1: 500; 
Abcam, Cambridgeshire, UK), Beclin 1 (1: 1000; Cell Signaling 
Technology, Danvers, MA, USA), cytochrome c and LAMP 2 
(1: 500; Santa Cruz Biotechnology, California, USA), and P62 
(1: 1000; Sigma-Aldrich, St. Louis, MO, USA). Secondary anti-
bodies (1: 5000; Cell Signaling Technology, Danvers, MA, USA) 
were added at room temperature for 2 h. GAPDH (1: 2000; 
Beyotime, Shanghai, China) was assayed as a loading control. 
Immunoreactive bands were detected by an enhanced che-
miluminescence system (ECL; Merck, Darmstadt, Germany) 
and images were measured using densitometric analysis soft-
ware [4,22,23].

The heart tissues were sectioned and stained with LC3, as re-
ported previously [24], and the antibodies were diluted at anti-
LC3 1: 100. All sections were photographed under a microscope.

Determination of NAD+ and CK-MB levels

Nicotinamide adenine dinucleotide (NAD+) was measured 5 
min after the heart was removed [25]. NAD+ activity was de-
termined by fluorometric measurement at a wave length 
of 340 nm using a multi-frequency phase spectrofluorome-
ter (DU-640, Beckman Coulter, Inc.). Plasma was collected at 
the end of reperfusion, and the levels of creatine kinase MB 
(CK-MB) were detected using a rat ELISA kit (Roche, Sweden).

Statistical analysis

All data are presented as mean±SD. We performed one-way 
ANOVA followed by Bonferroni post hoc test for multiple com-
parisons of multiple group means (GraphPad Software, Inc, San 
Diego, USA). Repeated-measures ANOVA was used to compare 
the differences in heart rate and MAP at different time points. 
A P value of < 0.05 was considered to be statistically significant.

Treatment
CON

SWOP

CC

CC+SWOP

DMSO

NS

NS

CC 250 µg/kg

CC 250 µg/kg

1% DMSO

CQ 10 mg/kg

CQ 10 mg/kg

CQ

CQ+SWOP

Ischemia

Ischemia

–24 h–22 h –1 h 0 30 min 150 min

Sevo urane (1.0 MAC) Drug administration

Reperfusion
A

B

Figure 1.  Schematic illustration of experimental protocols used 
to study the cardioprotection of second window 
of protection (SWOP) in vivo. Male rats inhaled 1 
minimum alveolar concentration sevoflurane for 2 h. 
After 24 h, all rats underwent 30-min occlusion of 
left anterior descending coronary artery followed 
by 120 min of reperfusion (I/R). The putative AMP-
activated protein kinase (AMPK) inhibitor compound 
C (CC, 250 μg/kg) and autophagic flux blocker 
chloroquine (CQ, 10 mg/kg) were administered in this 
protocol (A, B).
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Results

Systemic hemodynamics changes

Table 1 shows there were no differences in HR, MAP, and RPP 
observed at baseline, occlusion, and reperfusion time points 
(n=8–10) among all groups. Myocardial I/R significantly de-
creased MAP and RPP after occlusion (P<0.05 vs. baseline).

SWOP reduced myocardium infarct size and CK-MB levels

AAR in each group showed no differences following I/R (P>0.05, 
Figure 2A, 2C). SWOP attenuated the post-ischemic IS/AAR 
from 54±6 in the control group to 35±6, and SWOP attenu-
ated the level of CK-MB. This protective effect was inhibit-
ed by the AMPK inhibitor CC and autophagic flux blocker CQ 
(Figures 2, 3, P<0.05, vs. CON). Sole administration of CC, CQ, 
and vehicle DMSO had no significant impact on IS or level of 
CK-MB (P>0.05, vs. CON).

SWOP alleviated post-ischemic myocardial 
histopathological changes and preserved ultrastructural 
integrity

To test whether SWOP improved myocardial histopathologi-
cal and ultrastructural damage, we conducted HE staining and 
TEM in I/R rat hearts. Myocardial fibers were irregular follow-
ing I/R injury, as shown in Figure 4A, and myocardium present-
ed edema with large necrotic areas and neutrophil infiltration. 
These pathologic changes were improved in the SWOP group, 
as evidenced by the protection effect in myocardium. In addi-
tion, SWOP-alleviated histological outcomes were largely in-
hibited by the AMPK inhibitor CC and autophagic flux blocker 
CQ. Figure 4B shows ultrastructural sections of the CON group 
with marked ultrastructural damages, and autophagosomes 
were common. Electron photomicrographs of the SWOP group 
revealed relatively normal myofilaments ultrastructure, well-
arranged sarcomeres, and mild rarefaction of myofilaments. 
The protective effects of SWOP on ultrastructural integrity of 
myocytes were blocked by CC and CQ.

Baseline Occlusion
Reperfusion

1 h 2 h

HR (min–1)

 CON 357±53 332±35 347±35 351±47

 SWOP 367±44 341±53 341±46 353±42

 CC 363±49 338±45 357±37 352±49

 CC+SWOP 371±55 335±51 347±43 355±45

 DMSO 361±47 344±42 352±45 352±30

MAP (mmHg)

 CON 113±12 112±14 81±12* 78±12*

 SWOP 112±10 115±13 77±13* 65±12*

 CC 105±13 121±11 76±13* 68±14*

 CC+SWOP 103±9 108±7 78±9* 69±10*

 DMSO 115±12 118±15 76±13* 64±18*

RPP (min–1·mmHg·103)

 CON 43±5 44±12 36±4* 37±5*

 SWOP 44±7 45±7 38±4* 38±8*

 CC 44±6 44±5 36±7* 35±4*

 CC+SWOP 47±3 48±5 37±3* 36±7*

 DMSO 46±10 48±7 36±8* 33±4*

Table 1. Systemic hemodynamic changes during experiments in intact ischemic reperfused rat hearts.

Values are presented as mean±SD. The hemodynamics in the 5 experimental groups at baseline, during occlusion, and at 
reperfusion showed no between-group differences. HR – heart rate; MAP – mean arterial blood pressure; RPP – rate-pressure 
product; CON – ischemia and reperfusion; SWOP – the second window of protection with sevoflurane; CC – compound C; 
DMSO – dimethylsulfoxide; * P<0.05 versus baseline.
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Figure 2.  Sevoflurane preconditioning-induced decreases in infarct size were blocked by CC or CQ. (A, C) Representative area at risk 
(AAR), presented as the ratio of AAR/left ventricle (LV); (B, D) Representative slices of the LV stained by Evans blue and TTC, 
myocardial infarct size expressed as a percentage of AAR. Pentobarbital-anesthetized rats underwent 30 min of ischemia 
followed by 2 h of reperfusion with or without sevoflurane treatment. * P<0.05 versus CON group; & P<0.05 versus SWOP 
group (n=8 to 10 hearts per group).
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Figure 3.  Sevoflurane preconditioning-induced attenuation of CK-MB level was blocked by CC (A) or CQ (B). The data are presented as 
means±SD. * P<0.05 vs. CON group; & P<0.05 vs. SWOP group (n=5 hearts/group).
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Figure 4.  Sevoflurane attenuated histopathologic organ damage and ultrastructure following I/R. LV tissues were retrieved at 
the end of reperfusion, and paraffin sections were prepared and subjected to the hematoxylin-eosin (HE) staining. 
(A) Representative HE staining images are shown (magnification, 100×). (B) LV tissues were harvested for examination of 
myocardial ultrastructure by transmission electron microscopy. Scale bar, 0.5 μm. The arrowhead indicates that myofilaments 
were absent or fractured; the nuclear chromatin edge set, and an asterisk indicates mitochondrial edema near the 
autophagosomes.
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Figure 5.  Sevoflurane-induced increase in the phosphorylation of AMPK (p-AMPK) was abolished by inhibitor CC (A) but not 
autophagic flux blocker CQ (B) in intact hearts following myocardial I/R at 2-h reperfusion. Representative Western blot 
bands of p-AMPK, AMPK, and GAPDH as shown in the picture above. Bar graph represents the densitometric analysis of 
p-AMPK/AMPK in the ischemic heart at 2-h reperfusion. Data are presented as means±SD. * P<0.05 vs. CON group; 
& P<0.05 vs. SWOP group (n=5 hearts per group).
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SWOP enhanced AMPK activation following myocardial I/R

Sevoflurane preconditioning, administered 24 h before 
surgery, the ratio of phosphorylated AMPK to total AMPK 
(p-AMPK/AMPK) significantly increased in the ischemic hearts 
at 2 h after reperfusion compared to the rats receiving vehi-
cle (Figure 5, P<0.05, SWOP vs. CON). CC blunted the effect of 
SWOP on AMPK activation (Figure 5A, P<0.05, CC+SWOP vs. 
SWOP) but not CQ (Figure 5B, P>0.05, CQ+SWOP vs. SWOP).

SWOP enhanced autophagic flux following myocardial I/R

The LC3II/I ratio is a marker for autophagosome forma-
tion. LAMP 2 is essential for autophagosome clearance [26], 
Ma et al. [10] showed that autophagic flux was impaired by 
upregulating Beclin 1 and downregulating LAMP 2 in a myo-
cardial I/R model. P62 is a well-established adapter protein 
that indicates autophagic flux that connects aggregated pro-
teins that are sequestered in autophagosomes and degrad-
ed in autolysosomes [26]. Compared to the CON group, we 
found that sevoflurane preconditioning, administered 24 h 
before surgery, blunted I/R-induced increases in LC3II/I ratios, 
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Figure 6.  Sevoflurane-enhanced autophagic flux was cancelled by AMPK inhibitor CC in intact hearts following myocardial I/R at 
2-h reperfusion. (A) Representative immunoblots and densitometric analysis of light chain 3 (LC3) I and LC3 II in the 
ischemic/reperfused heart. (B) Representative immunoblots and densitometric analysis of P62 in the ischemic/reperfused 
heart. (C) Representative immunoblots and densitometric analysis of Beclin 1 in the ischemic/reperfused heart. 
(D) Representative immunoblots and densitometric analysis of lysosome-associated membrane protein-2 (LAMP 2) in the 
ischemic/reperfused heart. Data are presented as means±SD. * P<0.05 vs. CON group; & P<0.05 vs. SWOP group (n=5 hearts 
per group).
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Beclin 1, and P62 levels and decrease in LAMP 2 protein lev-
els (Figures 6, 7, P<0.05, SWOP vs. CON). We found that SWOP 
restored I/R-impaired autophagy flux. The AMPK inhibitor CC 
and autophagic flux blocker CQ inhibited the effects of SWOP 
on LC3II/I ratios, Beclin 1, P62, and LAMP 2. At baseline con-
ditions, CC and DMSO had no significant effects on LC3II/I ra-
tios, Beclin 1, P62, and LAMP 2 protein levels (P>0.05 vs. CON, 
respectively). Sevoflurane attenuated LC3 immunohistochem-
istry staining, and the protective effects of SWOP were inhib-
ited by CC and CQ (Figure 8).

SWOP mediated attenuation of myocardial NAD+ content 
loss and cytochrome c release

As shown in Figure 9, SWOP induced by sevoflurane significantly 
increased the mitochondrial NAD+ level (P<0.05, SWOP group 
vs. CON group) and decreased cytochrome c expression. CC 
and CQ attenuated the sevoflurane-mediated increase in mito-
chondrial NAD+ and decrease in cytosolic cytochrome c release.
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Figure 7.  Sevoflurane-enhanced autophagic flux was reversed by autophagic flux blocker CQ in intact hearts following myocardial 
I/R at 2-h reperfusion. (A) Representative immunoblots and densitometric analysis of LC3 I and LC3 II in the ischemic/
reperfused heart. (B) Representative immunoblots and densitometric analysis of P62 in the ischemic/reperfused heart. 
(C) Representative immunoblots and densitometric analysis of Beclin 1 in the ischemic/reperfused heart. (D) Representative 
immunoblots and densitometric analysis of LAMP 2 in the ischemic/reperfused heart. Data are presented as the means±SD. 
* P<0.05 vs. CON group; & P<0.05 vs. SWOP group (n=5 hearts per group).
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Discussion

Our study demonstrated that the second window of protec-
tion with sevoflurane reduced myocardial infarct size, CK-MB 
level, NAD+ content loss, and cytochrome c release. These ef-
fects may due to the increased AMPK activation and subse-
quent restoration of autophagic flux, as evidenced by increased 
p-AMPK and LAMP 2 protein level and decreased LC3II/I ratios 
and Beclin 1 and P62 protein levels. AMPK inhibitor CC admin-
istration after occlusion not only blocked AMPK phosphory-
lation, but also impaired autophagic flux and abolished the 
delayed cardioprotection. In addition, pretreatment with the 
autophagic flux inhibitor CQ abolished SWOP-induced reduc-
tion in infarct size, CK-MB level, NAD+ content loss, and cyto-
chrome c release, along with the accumulation of autophago-
somes. This indicates that activation of AMPK and restoration 
autophagic flux are essential mechanisms for anesthetics-
induced delayed cardioprotection.

Although many studies have shown the delayed cardioprotec-
tive effect of anesthetics following myocardial I/R, the under-
lying mechanisms are still poorly understood. Several mecha-
nisms have been implicated in ATP-sensitive potassium channel, 
inducible nitric oxide synthase, and cyclooxygenase-2 [27,28]. 
AMPK has been shown to be involved in regulating cellular 
energy metabolism, and AMPK activation plays a key role in 
upregulating endogenous anti-oxidants and mitochondrial 
biogenesis [29,30]. Mitochondria supply energy to cells, and 
damaged mitochondria increase mitochondrial permeability 
transition pore (mPTP) opening, and release of reactive oxygen 

CON SWOP CC CC+SWOP

CQDMSO CQ+SWOP

Figure 8.  Sevoflurane attenuated LC3 immunohistochemistry staining and the protective effects of SWOP were cancelled by CC and CQ 
(magnification, 400×).

species (ROS) and cytochrome c, finally resulting in cell death. 
Maintenance of cell viability depends on functional mitochon-
dria [31–33]. Some studies showed that delayed mPTP open-
ing reduced mitochondrial membrane potential collapse, Ca2+ 
and cytochrome c efflux, and matrix swelling [32,34]. The NAD+ 
level is an important index to assess the opening of mPTP, and 
it is usually drastically decreased and subsequently leads to 
cytochrome c release [35]. We previously showed that NADH 
reached a peak value 5 min after ischemia, followed by a grad-
ual decline [25]. We recently found that volatile anesthetic iso-
flurane has remarkable effects on different states of mitochon-
drial respiration under oxidation of complex I substrates [23]. 
In the present study, SWOP increased NAD+ content in the cy-
toplasm and reduced cytochrome c release. These beneficial 
effects may contribute to mitochondrial protection. The mito-
chondria protective effect by SWOP was inhibited by CC and 
CQ, indicating that mitochondria is a target of SWOP-derived 
cardioprotection.

Recent studies demonstrated that sevoflurane activation of 
AMPK during ischemia is beneficial. However, whether AMPK 
activation is responsible for sevoflurane-mediated cardiopro-
tection during reperfusion remains actively debated [36]. AMPK 
is a trimeric protein complex that is formed by a functional 
subunit (a) and 2 regulatory subunits (b, g) [37]. Some stud-
ies showed that AMPK activation by sevoflurane protects the 
heart against I/R injury and is dependent on upstream pro-
duction of ROS [38]. In the present study, we observed that 
1 day before surgery, 2-h sevoflurane exposure upregulated 
AMPK activation, and the AMPK inhibitor CC decreased AMPK 
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phosphorylation and attenuated the cardioprotective effects 
of SWOP. Our results suggested that the AMPK activation may 
be an underlying mechanism involved in the cardioprotection 
conferred by SWOP.

The AMPK signaling pathway induces autophagy by inhibiting 
mTOR activation [39]. Autophagy is a self-degradative process, 
degrading damaged proteins and organelles into new synthetic 
substrates [12], including autophagosomes induction and deg-
radation [40]. This complete process is termed autophagic flux 
and has been linked to intracellular homeostasis and cardi-
ac myocyte survival [41]. The mechanism of autophagy un-
derlying myocardial I/R injury remains unclear [42,43]. It was 
reported that ischemia induced by autophagy alone was up-
regulated and beneficial during the ischemic phase, which is 
dependent on the activation of AMPK [9]. Autophagosome ac-
cumulation in myocardial I/R is mediated by upregulation of 
Beclin 1 and downregulation of LAMP 2, but AMPK activation 
is not enhanced during the reperfusion phase [18]. In con-
trast to ischemia-induced autophagy, autophagy enhanced 

during the reperfusion phase exacerbates infarct damage [9]. 
Moreover, impairment of autophagy flux and autophagosome 
clearance can exacerbate myocardial ischemia injury follow-
ing reperfusion because myocardial I/R stimulates autopha-
gosome formation [12,44].

Our hypothesis in the present study was that the activation 
of AMPK can restore myocardial I/R-impaired autophagic flux, 
which can delay cardioprotection by anesthetic preconditioning 
after myocardial I/R. In support of this hypothesis, we found 
that SWOP significantly enhanced AMPK phosphorylation 
and remarkably restored autophagic flux that was impaired 
by I/R. Furthermore, CC markedly inhibited the beneficial ef-
fects of SWOP on autophagosome clearance. More relevantly, 
both AMPK inhibitor CC and autophagic flux blocker CQ in-
hibited SWOP-induced cardioprotection after myocardial I/R. 
Taken together, our study demonstrates that the restoration of 
I/R-impaired autophagic flux by SWOP may be dependent on 
AMPK activation and is critical to cardiac protection of SWOP 
against myocardial I/R.
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Figure 9.  (A–D) SWOP induced by sevoflurane reduced nicotinamide adenine dinucleotide (NAD+) content loss and cytochrome c 
release due to I/R in the in vivo model. (A) SWOP reduced mitochondrial NAD+ loss. (B) SWOP decreased cytoplasm 
cytochrome c release. SWOP-induced mitochondrial protection was inhibited by AMPK inhibitor CC and autophagic flux 
blocker CQ. The data are presented as means±SD. * P<0.05 vs. CON group; & P<0.05 vs. SWOP group (n=5 hearts/group).
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Recent evidence shows that the protection of sevoflurane 
postconditioning (SPC) can restore impaired autophagic flux in 
myocardial I/R [44]. Although it is well-established that AMPK 
activation is important for the initiation of autophagy by in-
hibiting mTOR to promote autophagosome formation, AMPK 
activation may also be critical to autophagosome clearance in 
the ischemic heart [10]. Indeed, it has been reported that re-
duction in LAMP 2, a key factor in autophagosome-lysosome 
fusion [18], is responsible for impaired autophagosome clear-
ance and autophagic flux following myocardial I/R. Here, we 
observed SWOP enhanced I/R-reduced LAMP 2 expression in 
the I/R heart in an AMPK-dependent manner. Our results sug-
gest that SWOP can promote autophagosome clearance by 
enhancing LAMP 2 expression. A previous study demonstrat-
ed that CQ induced autophagosomes accumulation, which in-
creases mPTP opening and ROS and ATP production [45]. In 
contrast, the favorable autophagic flux process can decrease 
mitochondrial membrane potential loss and reduce ROS pro-
duction by removing damaged mitochondria, thereby reduc-
ing deleterious autophagosomes accumulation.

Our study has several limitations. First, we did not perform 
two-dimensional echocardiography to evaluate the parame-
ters of cardiac function in vivo, which could further support 
the beneficial effects of the sevoflurane in I/R animals because 
it has been reported that SPC improved the hemodynamic 

parameters, cardiac dysfunction [44]. Second, some studies 
have shown that sevoflurane preconditioning plays a regu-
latory role in multiple types of cardiomyocyte death such as 
apoptosis, necrosis, and autophagic death [38,46]. Therefore, 
sevoflurane preconditioning can also protect the heart against 
ischemia reperfusion injury by regulating other categories of 
cardiomyocyte death beyond autophagy. Further research is 
warranted to explore these issues.

Conclusions

Our study demonstrates that sevoflurane preconditioning con-
ferred delayed cardioprotection against I/R injury by AMPK ac-
tivation-dependent autophagic flux restoration, which offers 
a potential therapeutic approach in the treatment of periop-
erative myocardial I/R injury.
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The raw data used to support the findings of this study are 
available from the corresponding author upon request
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