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Ferroptosis is a newly discovered form of regulated cell death dependent on iron and reactive oxygen species (ROS). It directly or
indirectly affects the activity of glutathione peroxidases (GPXs) under the induction of small molecules, causing membrane lipid
peroxidation due to redox imbalances and excessive ROS accumulation, damaging the integrity of cell membranes. Ferroptosis
is mainly characterized by mitochondrial shrinkage, increased density of bilayer membranes, and the accumulation of lipid
peroxidation. Myocardial ischemia-reperfusion injury (MIRI) is an unavoidable risk event for acute myocardial infarction.
Ferroptosis is closely associated with MIRI, and this relationship is discussed in detail here. This review systematically
summarizes the process of ferroptosis and the latest research progress on the role of ferroptosis in MIRI to provide new

ideas for the prevention and treatment of MIRL

1. Introduction

Cell death is the natural endpoint of typical cells, occurring
in growth and development, division and differentiation,
and homeostatic metabolism, ultimately resulting in the irre-
versible end of the cellular function. The mode of cell death
in the process of myocardial ischemia-reperfusion injury
(MIRI) has been garnering substantial attention. Although
cell death primarily constitutes apoptosis and necrosis, fer-
roptosis, a new form of programmed cell death that is
iron-dependent and distinct from apoptosis and necrosis,
has been discovered in recent years [1-3]. In recent years,
ferroptosis has received extensive attention because it partic-
ipates in the pathophysiological processes of tumor forma-
tion, kidney-related diseases, neurodegenerative diseases,

stroke, and other diseases [4]. The occurrence and develop-
ment of ferroptosis are closely related to the pathological
process of myocardial cells, with ferroptosis participating
in the pathogenic mechanisms of MIRI [5]. Ferritin was
found to accumulate at the myocardial scar area of the left
anterior descending coronary artery of mice in the
ischemia-reperfusion injury(IRI) model after 30 min of liga-
tion [6]. In addition, an in vitro study with perfused hearts
showed that ferroptosis is crucial for the pathogenic mecha-
nism of IRI; deferoxamine, a chelating agent, can prevent
isolated hearts from IRI [7]. Erastin, an agonist of ferropto-
sis, can inhibit cystine ingestion and the downstream syn-
thesis of glutathione, leading to an imbalance in cellular
redox and, thus, cell death. In contrast, ferroptosis inhibitors
can effectively alleviate organ injury induced by ischemic
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reperfusion [8]. Ferroptosis is a type of cell death in the
pathogenic process of MIRI, and its obstruction can lead to
substantial protection of myocardial cells. In this paper, we
focus on the recent research progress between ferroptosis
and MIRI and discuss the important role of ferroptosis in
the regulation of MIRI.

2. Ferroptosis

Early studies demonstrated that erastin and RAS-selective
lethal compound 3 (RSL3) could cause cell death in a man-
ner that is different from apoptosis, which can be inhibited
by iron chelators and antioxidants [9-11]. In 2012, after
continuous exploration and discussion of nonapoptosis cell
death processes, Dixion and coworkers proposed an iron-
dependent nonapoptosis cell death process, now known as
ferroptosis [8]. This process involves the iron-dependent
accumulation of reactive oxygen species (ROS) that exceeds
the cell’s ability to maintain redox homeostasis, leading to
lipid peroxidation and eventually causing cell death. Gluta-
thione peroxidase-4 (GPX-4) is a key regulatory protein in
ferroptosis [1]. The main morphological manifestations of
ferroptosis are mitochondrial abnormalities, including
reduced mitochondrial volume, mitochondrial cristae disso-
lution, and increased mitochondrial membrane density and
rupture. However, whether mitochondrial damage can be
reversed during the process of ferroptosis remains contro-
versial [12]. The biochemical characteristics of ferroptosis
mainly include the accumulation of iron and ROS, glutathi-
one (GSH) depletion, the release of arachidonic acid, and
inhibition of the cystine/glutamate antiporter system (Sys-
tem Xc-) pathway [13]. Due to continuous research, a pre-
liminary understanding of the process of ferroptosis began
to take shape, and it has now been shown that ferroptosis
is mainly regulated by multiple intracellular signaling path-
ways, such as iron homeostasis regulation, lipid peroxida-
tion, System Xc-, and the voltage-dependent anion channel
(VDAC) pathway [14-17] (Figure 1).

3. Ferroptosis Process

3.1. Regulatory Pathways of Iron Homeostasis. The mainte-
nance and regulation of iron homeostasis are extremely
complex processes. Iron is one of the most important essen-
tial trace elements in the human body and is involved in a
series of important biological processes. Iron ions exist as
Fe’* and Fe’" in the body and can be considered a
“double-edged sword.” The element is also the primary raw
material for the synthesis of hemoglobin and myoglobin
and is crucial for important processes, such as electron
transport, cellular respiration, DNA synthesis, cell prolifera-
tion and differentiation, and gene regulation. However, the
excessive accumulation of iron ions can increase ROS pro-
duction through the Fenton reaction, which affects iron sta-
bility and promotes iron deposition in vital organs, thereby
leading to severe organ damage.

In the process of iron metabolism, divalent metal
transporter-1 (DMT-1) is a key protein in the intracellular
transport of iron. Fe** bound to transferrin enters the cell
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via the membrane protein, transferrin receptor-1 (TFR-1),
to form endosomes. Free Fe’" is reduced to Fe** in the endo-
somes by the metal reductase, six-transmembrane epithelial
antigen of the prostate-3 (STEAP-3). Fe?" is then transported
from the endosomes to the labile iron pool in the cytoplasm
under the mediation of DMT-1. This is the process of iron
recycling [18]. Ferritin is involved in this process as a complex
of iron storage proteins consisting of ferritin light chain (FTL)
and ferritin heavy chain-1 (FTH-1) and participates in the reg-
ulation of iron ions as a multimer. FTH-1 has iron oxidase
activity, which catalyzes the conversion of Fe** to Fe’* and
stores it in ferritin molecules, thereby reducing free iron levels,
while FTL is directly involved in iron storage. In addition,
heme oxygenase-1 (HO-1) was found to lead to ferroptosis
by increasing intracellular iron and mediating lipid peroxida-
tion reactions [19]. When intracellular iron homeostasis is dis-
rupted, excess iron converts hydrogen peroxide and lipid
peroxides to ROS via the Fenton reaction, which in turn causes
ferroptosis [4, 20].

Various iron regulatory proteins are also involved in the
process of iron metabolism. Iron-responsive element-
binding protein-2 (IREB-2) also has an important function,
which involves the enhanced expression of FTL and FTH-
1, leading to decreased levels of intracellular iron and the
inhibition of erastin-induced ferroptosis. This implies that
the IREB-2 expression can indirectly interfere with iron
adsorption and inhibit ferroptosis [1, 21]. In addition to
IREB-2, recent studies have revealed that heat shock protein
B-1 (HSPB-1) may also play a key role as an iron regulatory
protein in iron metabolism. HSPB-1 can inhibit TFR-1,
which results in lower iron ion concentration, thereby fur-
ther suppressing the occurrence of ferroptosis [22]. There-
fore, the regulation of iron homeostasis plays an important
role in the process of ferroptosis.

3.2. Lipid ROS Production. The formation of lipid ROS is a
key component in the onset and development of ferroptosis.
ROS production depends on the action of polyunsaturated
fatty acid-phosphatidyl ethanolamine (PUFA-PE). PUFA
can be acylated under the catalysis of acyl-CoA synthetase
long-chain family member-4 (ACSL-4) to produce PUFA
acyl-CoA (PUFA-CoA), which then reacts with PE under
the action of lysophosphatidylcholine acyltransferase-3
(LPCAT-3) to produce PUFA-PE [16, 23, 24]. Under the
enzymatic catalysis of lipoxygenase (LOX), PUFA-PE is
essential for the formation of ROS [14, 17].

In this pathway, the action of PUFA-PE depends on two
key regulatory points, ACSL-4 and LOX. Therefore, decreas-
ing ACSL-4 and LOX can effectively inhibit the action of
PUFA-PE and suppress the onset of ferroptosis [25]. The
knockdown of the ACSL-4 gene in breast cancer cells can
lead to a significant reduction in PUFA-PE production and
suppress ferroptosis [26]. Furthermore, thiazolidinediones
specifically inhibit ACSL-4, thereby suppressing ferroptosis
[23, 27]. Zileuton (a 5-LOX inhibitor) can also inhibit era-
stin and ferroptosis in HT22 neuronal cells [28]. In addition,
ROS formation is jointly achieved by a combination of iron-
mediated Fenton reaction, the System Xc~ pathway, and the
VDAC pathway, which ultimately leads to ferroptosis.
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F1GURE 1: Cartoon depicting the possible mechanism and regulation of ferroptosis. Ferroptosis is mainly regulated by Fe homeostasis, lipid
oxidation, System Xc’, and VDAC. The most important in the ferroptosis signaling pathway is the production of iron ions and ROS. GPX-4
is a key regulator of ferroptosis. Inhibition of GPX-4 causes a large amount of lipid peroxides to aggregate, becoming a sign of ferroptosis.

3.3. System Xc~ Pathway. System Xc” is an amino acid trans-
porter expressed in the plasma membrane of mammalian
cells. It is a heterodimer composed of SLC7Al1l and
SLC3A2, acting primarily through SLC7A11 (the primary
active site of erastin). System Xc- exchanges extracellular
cystine (Cys) for intracellular glutamate (Glu) ata 1:1 ratio,
thus providing the raw material for intracellular GSH syn-
thesis. Cellular uptake of cysteine is an important step in
GSH production [29, 30]. GPX-4 is a GSH-dependent
enzyme that converts GSH into oxidized glutathione
(GSSG), which in turn can scavenge excess peroxides and
hydroxyl radicals produced during cellular respiration and
metabolism. Thus, GPX-4 plays an indispensable role in pre-
venting lipid peroxidation [31]. When GPX-4 function is
restricted, this is often accompanied by a decrease in GSSG
and a significant increase in ROS [32]. Furthermore, the
inhibition of GPX-4 activity will promote ROS formation
and lipid peroxidation, thereby leading to ferroptosis.
SLC7A11 gene silencing with siRNA interference substan-
tially increased the sensitivity of HT-1080 cells to erastin-
induced ferroptosis, while the overexpression of SLC7A11

in HT-1080 cells significantly enhanced cellular resistance
to ferroptosis [33]. Another study found that the tumor sup-
pressor P53 downregulated SLC7A11, inhibited System Xc-
uptake of Cys, decreased GPX, increased ROS, and ulti-
mately induced ferroptosis [34]. In addition, nicotinamide
adenine dinucleotide phosphate (NADPH) was shown to
maintain GSH in a reduced state, which further regulates
ferroptosis [35]. Therefore, the inhibition of the System
Xc- pathway will reduce intracellular GSH levels, resulting
in decreased GPX-4 activity, which will ultimately lead to
terroptosis [30].

3.4. VDAC Pathway. VDAC is a channel protein for trans-
porting ions and metabolites located on the outer mitochon-
drial membrane and consists of VDAC-1, VDAC-2, and
VDAC-3. It controls the exchange of metabolites in the
mitochondria and with other organelles [36]. In addition
to regulating mitochondrial metabolism and energy produc-
tion functions, VDAC can also potentially regulate cell sur-
vival and death signals by interacting with different ligands
and proteins. Erastin, a typical inducer of ferroptosis, can



activate VDAC in the presence of tubulin and cause mito-
chondrial hyperpolarization, thus leading to ROS produc-
tion, mitochondrial dysfunction, and cell death [37]. When
the VDAC-2 or VDAC-3 expression was inhibited by siRNA
interference, cells were tolerant to erastin-induced ferropto-
sis. However, the overexpression of VDAC-2 or VDAC-3
did not increase cellular sensitivity to erastin. Therefore,
VDAC may participate in cellular ferroptosis. In addition,
mitochondria are key targets of the MIRI mechanism. The
opening of the mitochondrial permeability transition pore
(mPTP) can lead to elevated mitochondrial ROS production,
membrane potential loss, and ATP depletion, thereby induc-
ing cell death through mechanisms of programmed or non-
programmed death. Meanwhile, erastin action on VDAC
alters the permeability of the outer mitochondrial mem-
brane, thus causing mitochondrial dysfunction, increased
ROS production, and ultimately cellular ferroptosis
[38-40]. Therefore, the VDAC pathway and mPTP may be
involved in the mechanism of MIRIL

3.5. Other Related Signaling Pathways. At present, further
indepth investigations have led to the gradual recognition
of the roles of NADPH oxidase-4 (NOX-4), HSPB-1, and
other related proteins and signaling pathways in the regula-
tion of ferroptosis [22, 41]. The mechanisms of ferroptosis
are shown in Figure 1.

4. The Role of Ferroptosis in MIRI

4.1. Ferroptosis and MIRI. Myocardial ischemia caused by
coronary artery obstruction is clinically manifested as persis-
tent severe retrosternal pain and can lead to myocardial
infarction, shock, arrhythmia, or heart failure. The most
common treatment strategy is the early restoration of blood
flow to the ischemic area using techniques, such as coronary
angioplasty, percutaneous coronary intervention, and coro-
nary artery bypass grafting (CABG), which can restore myo-
cardial oxygen and nutrient supply, salvage the ischemic
myocardium, and save the patient’s life.

MIRI is a phenomenon wherein cardiac function does not
improve but worsens immediately after perfusion is restored
to the ischemic myocardium. The pathogenic mechanism of
MIRI is not fully understood. At present, it is known to pri-
marily be involved in processes such as oxidative stress,
calcium overload, and in inflammatory reactions [42]. Oxida-
tive stress can lead to cell membrane rupture, swelling, or
death through intracellular homeostasis, mitosis, cellular dif-
ferentiation, and intracellular signaling [43]. As research pro-
gresses, ferroptosis has been identified as a form of cell death
in MIRI pathogenesis that is closely related to oxidative stress.
At present, peroxidized phosphatidylethanolamine (PEox) has
been identified as a predictive biomarker of ferroptosis, and
Sparvero’s group was the first to apply gas cluster ion beam
secondary ion mass spectrometry (GCIB-SIMS) as a technique
to increase PEox in cardiomyocytes, which provided direct
evidence for the occurrence of ferroptosis in cardiomyocytes
[44]. Iron chelating agents can bind to iron ions in the plasma
or tissues and promote their elimination via urea or bile,
thereby reducing the iron content in the body. Deferoxamine
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is a frequently used iron-chelating agent. Furthermore, in a
study of patients with coronary artery disease (CAD), when
performing CABG, the intravenous infusion of deferoxamine
8h after anesthesia was effective in ameliorating oxygen radi-
cal production and protecting the myocardium from reperfu-
sion injury, with more pronounced benefits in patients with
reduced left ventricular ejection fraction (LVEF) [45]. A previ-
ous study also showed that using nuclear magnetic resonance
spectroscopy in perfusion experiments on isolated rabbit
hearts and adding a certain concentration of deferoxamine at
the early stage of perfusion could effectively attenuate
reperfusion-induced free radical generation, thus achieving
cardioprotective effects [46]. Most current studies investigat-
ing the role of ferroptosis in MIRI have mainly focused on
endoplasmic reticulum stress (ERS) and ROS production,
GPX-4, and the autophagy-dependent ferroptotic pathway.

4.1.1. ERS. Ferroptosis occurs with the production of ERS,
and ERS-induced unfolded protein response plays an impor-
tant role in the ferroptotic process. When changes in the
calcium level and redox status of the endoplasmic reticulum
(ER) lumen induce a decline in chaperone protein function,
cells can activate the unfolded protein response and cause
ERS. ERS disrupts Ca®" homeostasis in the ER, leading to mito-
chondrial calcium overload and elevated ROS production, while
the accumulation of ROS will activate downstream caspase fam-
ily proteins through cascade amplification, thereby initiating the
process of cellular damage. In addition, the ERS process is
induced by upstream signaling proteins, including inositol-
requiring enzyme-1, activating transcription factor-6 (ATF-6),
and PKR-like ER kinase (PERK) [47]. The ERS response elicited
by ferroptosis inducers plays a tandem role between ferroptosis
and other types of cell death [48], mainly in the form of ERS-
mediated activation of the PERK-eukaryotic initiation factor
2a (elF2a)-ATF 4-CHOP pathway. The dissociation of PERK
from binding immunoglobulin protein BiP will trigger the
phosphorylation and subsequent activation of PERK. Further-
more, elF2« is activated, leading to ATF 4 mRNA translation
and the induction of downstream CHOP molecules. The
CHOP-mediated apoptosis in ERS plays an important role in
the MIRI process in rats [49].

Ferroptosis induces ERS-triggered apoptosis. Studies
have found that ferroptosis can induce ERS activation by
inhibiting the System Xc-mediated exchange of extracellular
cystine for intracellular glutamate [50, 51]. The activation of
the PERK- elF2a-ATF 4 pathway accompanying the ESR
response regulates the target gene of the unfolded protein
response, CHOP, while the binding of CHOP to the corre-
sponding promoter inducesthe expressions of PUMA, endo-
plasmic reticulum redox protein-1a, and B-cell lymphoma-2
(Bcl-2) [52, 53]. Furthermore, ferroptosis agonists can
induce the PUMA expression but not the Bcl-2 expression,
suggesting that the ferroptosis-induced PUMA gene expres-
sion was unable to induce apoptosis [54]. In addition, tumor
necrosis factor- (TNF-) related apoptosis-inducing ligand
(TRAIL) binds to the corresponding death receptors to form
a death-inducing signaling complex, which in turn induces
apoptosis. With the help of the death-inducing signaling
complex, caspase-8 is activated, which can lead to the further
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activation of caspase-3, caspase-6, and caspase-7, eventually
resulting in apoptosis. Ferroptosis agonists also modulate
the cellular activity induced by TRAIL [54]. The interaction
between ferroptosis and the apoptotic molecule TRAIL can
be mediated by the ERS-induced expression of PUMA mol-
ecules. This suggests that ferroptosis-induced ERS can act as
a bridge between ferroptosis and apoptosis. MIRI has also
been found to be closely associated with ERS [55].

Apoptosis results from ferroptosis-induced ERS and its
correlation with MIRI. In a rat MIRI model, it was found
that erastin probably increases ERS, which further increases
ferroptosis. Inhibition of ferroptosis can reduce myocardial
cell injury, and the inhibition of ERS can alleviate ferroptosis
and reduce MIRL These findings suggest that ferroptosis is
involved in ERS-associated MIRI. Furthermore, based on a
MIRI model established by ligating the left anterior descend-
ing branch of the coronary artery in diabetic rats, the tail
vein injection of the ferroptosis inhibitor, ferrostatin-1,
could attenuate ERS-induced ferroptosis in cardiomyocytes,
while the ERS inhibitor, salubrinal, could also attenuate fer-
roptosis in cardiomyocytes. This suggests that the activation
of ERS may exacerbate the process of ferroptosis in cardio-
myocytes, while the occurrence of ferroptosis can further
exacerbate ERS in cardiomyocytes, which can form a vicious
circle [56]. Therefore, ferroptosis-induced ERS and the acti-
vation of ERS play crucial roles in apoptosis and are impor-
tant apoptotic mechanisms in MIRI.

4.1.2. GPX-4. GPX-4 participates in the regulation of ferropto-
sis. GPX-4 is an endogenous antioxidant for selenium-
dependent enzymes that serves as a core regulator in the fer-
roptotic signaling pathway. Under physiological conditions,
GPX-4 can confer cellular protection by scavenging lipid per-
oxides, thus preventing iron-mediated lipid peroxidation and
elevated lipid ROS, whereas GPX inactivation induces ROS
lipid peroxidation and ferroptosis [57]. System Xc- mediates
cystine uptake and glutamate release to promote GSH synthe-
sis, while GSH acts as a synergistic molecule of GPX-4 to assist
in scavenging lipid peroxides for cellular protection. Erastin
inhibits System Xc- and indirectly inactivates GPX-4, thus
leading to the accumulation of lipid peroxides to promote
the onset of ferroptosis [58]. The indirect or direct inactivation
of GPX-4 is the classic induction mechanism of ferroptosis.
ML162 and RSL3 induce ferroptosis by depleting GPX-4
[59]. In addition, GSH participates as a coenzyme in the
breakdown of hydrogen peroxide by GPX-4; therefore, by
inhibiting the intracellular activity, GSH and GPX-4 increase
intracellular ROS levels and ultimately mediate ferroptosis.
GPX-4 mediates ferroptosis to regulate MIRI. A previous
study demonstrated that the levels of iron and malondialde-
hyde (MDA) in reperfused rat hearts gradually increased
with increasing reperfusion time, accompanied by a decrease
in GPX-4 levels [60]. Notably, there is evidence showing that
the specific overexpression of GPX-4 in mitochondria atten-
uates cardiac dysfunction in MIRI [61]. Furthermore, GPX-4
is involved in the pathogenesis of MIRI. GPX-4 is an impor-
tant antioxidant enzyme upstream of the mitochondria that
regulate ferroptosis and oxidative stress by catalyzing the
conversion of reduced glutathione (GSH) to oxidized gluta-

thione (GSSG). Moreover, the knockdown of GPX-4 in a
glutathione-independent manner leads to the destruction
of mitochondrial morphology and increased mitochondrial
ROS production [62]. In turn, the large production of ROS
and ferroptosis are important mechanisms leading to MIRI
[63, 64]. Another study found that liproxstatin-1 inhibited
ferroptosis by increasing GPX-4 levels, which decreased
ROS levels and thus alleviated MIRI [65]. Therefore, in
MIR], increasing GPX-4 expression can inhibit ferroptosis
and attenuate the negative effects of MIRIL

4.1.3. ROS. Pathogenic mechanism of ROS participation in
MIRI. Oxidative stress, attributed to the enhanced produc-
tion of ROS during MIR], is the main cause of MIRI. Exces-
sive ROS accumulation causes membrane lipid peroxidation
and disrupts the barrier function of the cell membrane.
Excessive oxidation of lipids, DNA, and proteins causes
increased cardiomyocyte damage and ultimately cell death.
The antioxidant system regulates redox homeostasis by con-
trolling intracellular ROS levels and the interactions between
normal cellular metabolism and pathophysiology. Increased
expression of antioxidant enzymes protects tissues from oxi-
dative stress and produces cardioprotection after myocardial
reperfusion [66]. During reperfusion, myocardial tissue is
reoxygenated as blood flow is restored with a sudden
increase in ROS production during the first few minutes,
which is one of the underlying pathogenic mechanisms caus-
ing MIRL

Increasing ROS levels lead to ferroptosis. Ferroptosis
occurs due to increased intracellular iron concentration
and the depletion of the antioxidant GSH, which leads to
increased levels of ROS and in turn causes lipid peroxidation
and eventually cell death. It was found that lipid peroxida-
tion may occur in the lysosomal membrane due to ROS
accumulation and iron overload, while the permeabilization
of the lysosomal membrane can lead to oxygen radical pro-
duction, cell membrane degeneration, and increased GSH
depletion [67]. Moreover, lysosomes can regulate iron
homeostasis and cause a dramatic increase in ROS expres-
sion. In addition, under the participation of iron ions, ROS
are produced in a nonenzymatic pathway. For example, free
iron ions present in the unstable iron pool form Fe** and
hydroxyl radicals in the presence of Fe** and H,0, through
the Fenton reaction. Alternatively, Fe catalyzes the produc-
tion of -OH through the Haber-Weiss reaction. The inhibi-
tion of GPX-4 causes an increase in ROS, whereas the
overexpression of GPX-4 reduces ROS and thus cellular fer-
roptosis [62, 68]. The increase in ROS leads to lipid peroxi-
dation and ferroptosis, which can be inhibited by the iron
chelator deferoxamine [69]. On the other hand, higher levels
of iron transporters will increase iron-mediated ROS, which
subsequently leads to ferroptosis. Liproxstatin-1 has been
shown to significantly inhibit ferroptosis and attenuate MIRI
by reducing the accumulation of ROS from lipid peroxida-
tion, protecting the structural integrity of mitochondria,
increasing the levels of the GPX-4 protein, and reducing
ROS levels [70].

ROS play a role in MIRI-mediated ferroptosis. Ferropto-
sis is highly correlated with cardiomyocyte death. During



MIRI, iron accumulates in cardiomyocytes around the myo-
cardial scar, and excess iron leads to cardiomyocyte death,
while the inhibition of ROS production attenuates cardio-
myocyte death [6]. Based on in vivo and in vitro models of
MIRI, ROS levels were significantly elevated in MIRI myo-
cardial tissues, while sirtuin-1 (SIRT-1) and SLC7A11
expression were downregulated, and p53 was highly
expressed. Following the overexpression of SIRT-1, the car-
diomyocytes showed a significant improvement in the extent
of ferroptosis, reduction in ROS levels, upregulation of the
SLC7A11 protein expression, and downregulation of the
p53 protein expression. This suggests that ROS plays an
important role in MIRI ferroptosis, and that the regulation
of ROS may be related to the SIRT-1/p53/SLC7A11 signal-
ing pathway [71].

4.1.4. Cellular Autophagy. Autophagy is an important mech-
anism of MIRI. Autophagy is a precisely regulated, dynami-
cally developing process that cleans up damaged organelles
and proteins via lysosomes, and is a monitoring mechanism
that is relatively conserved. It recycles the basic nutrients
produced and plays an important role in maintaining the
normal structure and function of the heart. This involves
not only cell survival but also cell death [72, 73]. In MIRI,
the molecular mechanism of autophagy consists mainly of
mammalian target of rapamycin (mTOR) and beclin 1,
which play indispensable roles at different phases of MIRI.
mTOR exerts its effects in the myocardial ischemic phase
by mediating AMPK/mTOR and PI3K/Akt/mTOR signaling
pathway [74] and further in the reperfusion phase via the
upregulation of the beclin 1 pathway [72, 75, 76]. The possi-
ble mechanisms of beclin 1 activation in MIRI mainly
include the following: (1) the association of beclin 1 with
the Bcl-2 protein. (2) ROS can act as an inducer to mediate
beclin 1 autophagy during reperfusion injury. (3) ROS can
decrease the activity of autophagy-associated proteins
through oxidation, thus causing LC 3 lipidation and autoph-
agy. Therefore, autophagy is involved in MIRI [77].
Ferroptosis is closely related to autophagy. To a certain
degree, ferroptosis is dependent on autophagy and involves
the embryonic lethal abnormal vision-like protein-1
(ELAVL-1) and forkhead box C-1 (FOXC-1) [78]. ELAVL-1
is a protein-coding gene that regulates the gene expression
by stabilizing RNA (TNF-« or VEGF-A) and is implicated in
the processes of apoptosis and oxidative stress [79]. ELAVL-
1 inhibits the inflammatory response in AMI and plays a role
in MIRIL, where the significant increase in ELAV-1 is accompa-
nied by the excessive production of ROS and inflammatory
cytokines [63, 80]. FOXC-1 plays a significant role as a tran-
scription factor in cell growth and survival, as well as in car-
diac disease [81]. FOXC-1 transcription activates ELAVL-1,
and the ELAVL-1-mediated enhancement of the autophagic
ferroptosis pathway has a significant impact on MIRI. During
MIRI, decreased GSH and GPX-4 levels can lead to elevated
ELAVL-1, which further inhibits enzyme function and cellular
antioxidant capacity. ELAVL-1 also inhibits ferroptosis and
MIRI, restores GPX-4 expression level, restores cardiomyocyte
viability, and attenuates cardiomyocyte injury. Low levels of
ELAVL-1 can inhibit MIRI-induced autophagy, suppress fer-
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roptosis, and attenuate myocardial infarct size and MIRI. In
addition, a decrease in the FOXC-1 expression was followed
by a decrease in ELAVL-1 level, suggesting that FOXC regu-
lates the ELAVL-1 expression during MIRL Thus,
autophagy-dependent ferroptosis counteracts the effects of
reduced ELAVL-1 and contributes to the onset of MIRI and
the overproduction of lipid signaling. Therefore, the relation-
ship between FOXC-1 and ELAVL-1, as well as its association
with ferroptosis, could serve as useful targets against MIRI.

Autophagy regulates ferroptosis to participate in the path-
ogenic mechanism of MIRI. Previous studies showed that fer-
roptosis is different from cellular autophagy and other modes
of cell death, whether in terms of cell morphology, biochemi-
cal characteristics, or the regulatory factors involved. How-
ever, recent studies have revealed an interconnection
between autophagy and ferroptosis in cardiomyocytes during
the course of MIRI, wherein the activation of ferroptosis
depends on the induction of autophagy, and the regulatory
proteins of autophagy may also be involved in the regulation
of ferroptosis. In another study, iron ion levels and ROS were
significantly enhanced in the cardiomyocytes of MIRI rats,
whereas GPX-4 and GSH protein expressions were signifi-
cantly reduced, thus suggesting that ferroptosis may be
involved in the pathogenesis of MIRI. Further studies revealed
that myocardial ferroptosis may be regulated by autophagy-
related signaling pathways during the progression of MIRI,
and the ELAVL-1 protein is able to bind specifically with the
autophagy-related protein beclin 1 to promote the decrease
in the P62 protein expression and increase in LC 3 levels. This
will induce an increase in the autophagy levels of cardiomyo-
cytes and thus activate the ferroptotic pathway [80]. At pres-
ent, indepth studies have been conducted on the role of
autophagy in ferroptosis in fields, such as cancer. However,
in MIRI, most studies have only superficially concluded that
ferroptosis in cardiomyocytes may be regulated by autophagy,
while its underlying mechanisms of action remain poorly
understood. Therefore, we hope that more indepth studies will
be conducted in this area in the future, so as to achieve new
breakthroughs in the treatment of MIRL

4.2. Treatment. There is currently no effective treatment for
MIRI. With the advancement of research, researchers began
identifying the inhibition of ferroptosis cardiomyocytes as a
potentially important target for the treatment of MIRI [12].
Pretreatment of MIRI mice with ferrostatin-1 (Fer-1, an
inhibitor of ferroptosis) or dexrazoxane (an iron chelating
agent) significantly increased the expression level of Ptgs2
mRNA, which further led to a reduction in the myocardial
enzyme spectrum and the scar area of myocardial infarction
[64]. In contrast, liproxstatin-1 (Lip-1) treatment main-
tained the structure and function of mitochondria after
MIRI by reducing VDAC-1 levels and restoring GPX4 pro-
tein levels [70]. Overexpression of USP22 and inhibition of
glutaminase can alleviate MIRI by inhibiting ferroptosis [7,
71]. In a MIRI rat model and oxygen-glucose deprivation/-
reoxygenation (OGD/R) HO9c2 cells, it was found that
ACSL4-mediated ferroptosis was a promising target for
MIRI treatment, and baicalin can prevent MIRI by inhibit-
ing ACSL-4-mediated ferroptosis [82].
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TaBLE 1: Small molecules, drugs, and ferroptosis.

Small Intervention Molecular . Experimental cells/
molecules or . Molecular formula Function . References
target weight animals
drugs
VDAC 2/3 Prevents cystine import, causes BJeLR HT1080 143B 1,9, 10
Erastin or system 547.04 C30H31CIN404 GSH exhaustion,cause p and p* cell U20S > o
- . 51, 88]
Xc ferroptosis DU-145
Covalent inhibitor of GPX-4 KBM7 MIA PaCa-2
that causes accumulation of A549, Calu-1,
RSL3 GPX-4 4409 C23H21CIN205 lipid hydroperoxides and HCT116, HT1080 [10, 89]
ferroptosis BJeLR
Buthionine GSH . BJeLR
sulfoximine exhaustion 222.305 C8H18N203S Cause ferroptosis HCT116/A549 [51]
Acetaminophen GSH. 151.163 C8HINO2 Cause ferroptosis HepG2/primary [90]
exhaustion mouse
Low potency inhibitor that
Sulfasalazine System Xc’ 398.394 C18H14N405S prevents cystine import, causes BJeLR/HT1080 [1, 51]
. . HT1080/Calu-1
GSH depletion and ferroptosis
. - . HT1080/Calu-1DU- (51,
Sorafenib System Xc 464.825 C21H16CIF3N403 Cause ferroptosis 145 nude mice 91-93]
Artesunate — 384.421 C19H2808 Cause ferroptosis PDAC cell lines [94]
Pip crazine VDACs or 645.19 C35H41CIN604 Cause ferroptosis BJeLR nude mice [88]
erastin system Xc
Blocks propagation of lipid HT1080/PUFA
Lipophilic peroxidation, may inhibit oxidation-induced
Trolox antioxidants 25029 C14HI804 lipoxygenases, inhibiting death model on S. (1, 93]
ferroptosis cerevisiae
Ebselen Oxidative 274.17666 C13HI9NOSe Inhibiting ferroptosis HT1080, Calu-1 [1]
pathway
ROS from
SSRS 11-92 lipid — — Inhibiting ferroptosis HD model [95]
peroxidation
Blocks propagation of lipid
a-Tocopherol Oxidative peroxidation, may inhibit BReLR GPX4-
(vitamin E) pathway 43071 C29H5002 lipoxygenases, inhibitting deficient T-cell mice [10, 96]
ferroptosis
Depletes iron and prevents
Deferoxamine ~ LeMOM 56068 C25H48N608 iron-dependent lipid Wild-type and Bax/
reaction peroxidation, inhibiting Bak
ferroptosis
Deferoxamine  Intracellular o .
mesylate (DFO) iron 656.8 C25H48N608eCH403S Inhibiting ferroptosis BJeLR [10]
ROS from
SRS 16-86 lipid 432.2525 C16H24N202 Inhibiting ferroptosis HTIOS(.)/NIH 313 [97]
L IRI mice model
peroxidation
. ROS from . S
Ferrostatin-1 lipid 262.35 CI5H22N202 Blocks lipid peroxidation, HT1080 (1, 95]
(Fer-1) . inhibiting ferroptosis
peroxidation
. . ROS from " L HRPTEpiCs GPX4 ™/
LlProxstatm—l lipid 340.85 C19H21CIN4 Bl(')ck§ l.lPld perox1dat'1on, = cells [98]
(Lip-1) 1 inhibiting ferroptosis
peroxidation GPX4™'~ mice

A recent study found that dexrazoxane or ponatinib
inhibited ferroptosis during MIRI, and a combined treat-
ment with both drugs markedly reduced the scar area of
myocardial infarction. However, for myocardial infarction
patients with an elevated ST section, percutaneous coronary

intervention before myocardial reperfusion could not signif-
icantly reduce the scar area of myocardial infarction [83].
Based on these findings, a combined treatment targeting dif-
ferent types of cell death is proposed as an effective treat-

ment strategy for MIRL



Recently, it was proven that phosphatidylcholine oxide
content increased dramatically during MIRI, leading to
reduced GPX-4 activity and ferroptosis. However, it is note-
worthy that Fer-1 can inhibit OxPC-triggered ferroptosis
[84]. Another study showed that the expression level of
ELAVL-1 was upregulated. ELAVL-1 can also be activated
by the autophagy-regulated ferroptosis process, which is
related to FOXC-1 transcription, and ELAVL-1 knockout
can reduce ferroptosis and alleviate MIRI [80]. Cyanidin-3-
glucoside (C3G) treatment can effectively alleviate the
expression of proteins related to apoptosis, reduce Fe*" con-
tent, and improve MIRI. Therefore, C3G is a potential med-
icine to prevent myocardial cells from being affected by
MIRI [85].

Ferroptosis has been shown to be related to diabetic
MIRI. Fer-1 alleviates ERS, reduces cellular injury in H9c2
cells, and mitigates myocardial cell injury during diabetic
MIRL In addition, diabetes patients can induce MIRI by
activating NOX-2-related oxidative stress and apoptosis,
and inhibition of nicotinamide adenine dinucleotide phos-
phate oxidase-2 (NOX-2) can alleviate MIRI in diabetic rats
[56, 86]. Fer-1 can also mitigate myocardial cell injury in
H9c2 cells under hyperglycemic conditions and reduce
H9¢2 cell injury during anoxia/aeration. These results have
provided beneficial treatment for patients with diabetic
MIRI

Additionally, further understanding of the association
between ferroptosis and MIRI after heart transplantation
has been obtained. Fer-1 reduces myocardial cell death and
blocks the recruitment of neutrophil granulocytes to dam-
aged myocardial cells by damage-associated molecular pat-
terns (DAMPs) after heart transplantation [87]. Therefore,
targeted ferroptosis can potentially provide preventative
treatment of MIRI in patients undergoing heart transplanta-
tion after coronary artery reperfusion. Other drugs, such as
piperlongumine, isothiocyanates, and artemisinin, may exert
cardiomyocyte protective effects by inhibiting ferroptosis.
However, articles related to the effects of Chinese medicines
and other drugs on MIRI are still scarce, which warrants fur-
ther investigation (see Table 1 for details).

5. Conclusion

Ferroptosis is an iron-dependent, nonapoptotic mode of cell
death characterized by ROS accumulation. However, current
research on ferroptosis is still in its infancy. Ferroptosis is
closely associated with MIRI and regulates MIRI through
ERS, ROS production, GPX-4, and the autophagy-
dependent ferroptotic pathways. Ferroptosis can serve as
an important target in MIRI, which may help in the process
of reducing the occurrence of MIRI. Therefore, indepth
studies on ferroptotic mechanisms and possible interven-
tions have now become a focus of current research. In addi-
tion, the precise stage of MIRI at which ferroptosis mainly
occurs have not been located, and some studies have shown
that the incidence of ferroptosis is different at different
stages of MIRI [99]. Therefore, more indepth investigations
will provide new ideas for the prevention and treatment of
MIRI.
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NADPH:
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RSL3:
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Activating transcription factor 6
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Damage-associated molecular patterns
Divalent metal transporter 1

Eukaryotic initiation factor

Embryonic lethal-abnormal vision like protein
1

Endoplasmic reticulum

Endoplasmic reticulum stress

Ferrostatin-1
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Glutathione peroxidase-4

Glutathione

Oxidized glutathione
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Heme oxygenase-1

Heat shock protein B-1

Iron responsive element-binding protein-2
Ischemia-reperfusion injury

Lipoxygenases

Lysophosphatidylcholine acyltransferase-3
Liproxstatin-1

Left ventricular ejection fraction
Malondialdehyde

Myocardial ischemia-reperfusion injury
Myoperoxidase

Mammalian target of rapamycin
Mitochondrial permeability transition pore
Nicotinamide adenine dinucleotide phosphate
NADPH oxidase-4

Nicotinamide adenine dinucleotide phosphate
oxidase-2

Oxygen-glucose deprivation/reoxygenation
PKR-like ER kinase

Poly-unsaturated fatty acid-phosphatidyl
ethanolamine

Peroxidized phosphatidylethanolamine
Reactive oxygen species
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Sirtuin-1

Six transmembrane epithelial antigen of pros-
tate-3

Cystine/glutamate antiporter system
Transferrin receptor-1
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TNE: Tumor necrosis factor

TRAIL: TNF-related apoptosis-inducing ligand
VDAC: Voltage-dependent anion channel.
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The main objective of this study was to investigate the diurnal differences in Period 2 (PER2) expression in myocardial
ischemia-reperfusion (I/R) injury. We investigated diurnal variations in oxidative stress and energy metabolism after myocardial
I/R in vitro and in vivo. In addition, we also analyzed the effects of H,0O, treatment and serum shock in H9¢2 cells transfected
with silencing RNA against Per2 (siRNA-Per2) in vitro. We used C57BL/6 male mice to construct a model of I/R injury at
zeitgeber time (ZT) 2 and ZT14 by synchronizing the circadian rhythms. Our in vivo analysis demonstrated that there were
diurnal differences in the severity of injury caused by myocardial infarctions, with more injury occurring in the daytime. PER2
was significantly reduced in heart tissue in the daytime and was higher at night. Our results also showed that more severe injury
of mitochondrial function in daytime produced more reactive oxygen species (ROS) and less ATP, which increased myocardial
injury. In vitro, our findings presented a similar trend showing that apoptosis of H9¢2 cells was increased when PER2
expression was lower. Meanwhile, downregulation of PER2 disrupted the oxidative balance by increasing ROS and
mitochondrial injury. The result was a reduction in ATP and failure to provide sufficient energy protection for cardiomyocytes.

1. Introduction

Acute myocardial infarction (AMI) is a major cause of
morbidity and mortality worldwide. Emergency treatment
for AMI has been revolutionized by timely reperfusion
therapy [1]. Reperfusion is “a double-edged sword.” It not only
provides oxygen and nutrients for ATP production and
washes out toxic metabolite accumulation but also induces a
burst of reactive oxygen species (ROS) leading to a second
injury or dominant injury [2, 3]. However, there is no therapy
directly targeting the injury caused by reperfusion.

The frequency of the onset of AMI is not random and
has been reported to have a circadian variation, with the
peak in the early morning [4]. Also, circadian rhythmicity
of the heart has been reported in multiple animal studies
[5, 6]. In particular, recent studies using mutant mouse
models with cardiomyocyte-specific defects in the core clock
machinery suggested that susceptibility of the myocardium

itself varies in a time-of-day-specific fashion [7]. However,
the molecular mechanism remains poorly understood.

The circadian clock within the heart modulates myocardial
metabolism, which in turn facilitates anticipation of diurnal
variations in workload, stimuli, and/or the energy supply-to-
demand ratio [8]. ROS, as an intrinsic by-product of oxida-
tive phosphorylation, also undergoes circadian rhythms [9].
It may be beneficial for the organism to coordinate catabo-
lism/energy utilization and ROS clearance in a circadian
fashion. Nonetheless, a master transcriptional regulator of
both processes is not known.

Period 2 (PER2), a molecular component of the
mammalian circadian clock, plays a key role in controlling
the circadian rhythms in physiology and behavior [10].
Recently, increasing evidence has suggested that PER2 medi-
ates the cardiac protection effect [11, 12]. Per2™'~ mice have
larger infarct sizes with deficient lactate production during
myocardial ischemia [13], suggesting that PER2 protects
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the heart by regulating catabolism/energy. PER2 was also
reported to be involved in regulating the cellular response
to oxidative stress in mouse embryonic fibroblasts [14],
pancreatic islets [15], and other organs. In the present study,
we discovered that the circadian rhythm protein PER2 medi-
ates susceptibility to I/R insult in a time-of-day-dependent
fashion by regulating energy utilization and ROS clearance.

2. Methods

2.1. Animals. The use of specific pathogen-free C57BL/6]
mice was approved by the Institutional Animal Care Com-
mittee at Zhujiang Hospital of Southern Medical University,
China. Mice were housed in a temperature- and humidity-
controlled specific pathogen-free facility with a 12h light/-
dark cycle and ad libitum access to water and standard lab-
oratory rodent chow.

2.2. Ischemia-Reperfusion (I/R) Surgery. I/R studies were per-
formed on 10-12-week-old male mice. Mice were anesthetized
with sodium pentobarbital (70mg/kg intraperitoneally),
placed on a temperature-controlled heating pad, and venti-
lated through endotracheal intubation. A standard 3-lead
EKG and a rectal temperature probe were placed for monitor-
ing. A thoracotomy was performed, and the heart was exposed
by stripping the pericardium. The left anterior descending
coronary artery was encircled by an 8-0 Prolene suture, and
ischemia was induced by tightening the suture, which was
confirmed visually by blanching of the distal cardiac tissue
and ST-elevation on the electrocardiogram [16]. The suture
was released after 30 min to allow reperfusion. The mice were
maintained on ventilation until recovery from anesthesia.
Infarct size was assessed 24 h postreperfusion using 1% Evans
blue and 2% triphenyltetrazolium chloride (TTC) staining
[17] and was expressed as a percentage of the at-risk area.

2.3. Echocardiographic Assessment. At the end of reperfu-
sion, mice were reanesthetized with isoflurane, fixed on the
experimental table, and studied with an echocardiography
system (Vevo 2100, a high-resolution ultrasound echo-
color Doppler system from VisualSonics, Canada). The fol-
lowing variables were measured and averaged during three
consecutive cardiac cycles: left ventricular end-systolic diame-
ter (LVESD), left ventricular end-diastolic diameter (LVEDD),
left ventricular end-systolic volume (LVSV), and left ventricu-
lar end-diastolic volume (LVDYV). The left ventricular ejection
fraction (LVEF) and left ventricular fractional shortening
(LVES) values were converted by the Simpson method with
the following formula: LVEF = (LVDV - LVSV)/LVDV x
100% ; LVFS = (LVDD — LVSD)/LVDD x 100%. LVEF and
LVES were used as parameters indicating cardiac function
[18]. The experiment was conducted three times, and the
mean value was obtained.

24. Cell Culture and Serum Shock-Induced Circadian
Rhythms. H9c2 cells were purchased from the National Col-
lection of Authenticated Cell Culture (China). H9c2 cells
were grown in an incubator in a DMEM-F12 medium
(Corning) complemented with 10% fetal bovine serum
(FBS; GIBCO) at 37°C in 5% CO,. Cells were subcultured
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every 4 days prior to the experiment in 6-well plates; they were
confluent after 4 days. The cells were treated with 50% horse
serum (50% DMEM-F12 and 50% horse serum, BI) for 2h
and were then washed twice with tepid DMEM-F12 without
serum. Samples were taken every 4 h for 24 h following serum
shock. Harvested cells were immediately frozen at —80°C until
RNA isolation or protein extraction [19, 20].

2.5. H,0, Treatment after Serum Shock in Cells Transfected
with siRNA-Per2. For transfection experiments, 1x 10°
H9c2 cells were plated in 6-well plates the day before trans-
fection. Transfections were performed using 1ug siRNA
oligo targeting Per2 and 5yl Lipofectamine 3000 (Thermo
Fisher, USA) in serum-free media per well, according to
the manufacturer’s protocol. After 12h of transfection, the
cells were treated with 50% horse serum for 2h. At the end
point or 12h after serum shock, cells were treated with
H,0, for 2h [21, 22].

2.6. TUNEL Staining. Cardiomyocyte apoptosis was assessed
in heart sections by terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL). The TUNEL mix
(KeyGEN Biotech) contained 50yl enzyme solution and
450 pl labeling solution. Heart sections were incubated with
50 ul TUNEL mix at 37°C for 1h. The sections were then
washed twice with PBS and stained with DAPIL. After washing
with PBS for another three times, the sections were observed
by fluorescence microscopy with Ex (1) 450-500 nm, Em ()
515-565nm for TUNEL and Ex (1) 359 nm, Em (1) 461 nm
for DAPI (NIKON T12-E, Japan). The apoptosis ratio was
calculated as apoptotic cell number (green)/total cell number
(blue) x 100%.

2.7. Determination of ROS Production. Dihydroethidium
(DHE, BestBio, China) staining was used to detect ROS levels
in heart tissue. Fresh mouse heart tissue samples were embed-
ded in an OCT compound (Thermo Fisher). Cryopreserved
sections were then loaded with 500 uM DHE following the
manufacturer’s instructions. Oxidized DHE was excited at
543 nm, and emission was collected with a LP 560 nm filter
using the NIKON T12-E fluorescence microscope.

Intracellular ROS levels in H9¢2 cells were determined
by measuring the oxidative conversion of cell-permeable
2',7'-dichlorofluorescein diacetate (DCFH-DA) to fluores-
cent dichlorofluorescein (DCF). The cells were washed with
D-Hank’s balanced salt solution (HBSS) and incubated with
DCFH-DA at 37°C for 20min. Then, fluorescence was
detected by flow cytometry at Ex (1) 488nm, Em (A)
525nm (Beckman Coulter), which would collect and analyze
ten thousand cells in each flow cytometric assay.

2.8. Determination of ATP Production. Adenosine 5'-tri-
phosphate (ATP; Nanjing Jiancheng Bioengineering Insti-
tute, China) staining was used to detect ATP levels in heart
tissue and H9c2 cells according to the manufacturer’s
instructions, using a microplate reader (Thermo Fisher).

2.9. Mitochondrial Membrane Potential (MMP) Measurement.
The MMP of H9¢2 cells was measured using the fluorescent
probe, JC-1 (KeyGEN Biotech). The cells were rinsed with
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HBSS and incubated with JC-1 (10 uM) at 37°C for 30 min.
Afterwards, the cells were rinsed with HBSS once again. Fluo-
rescent intensity of the JC-1 monomers and aggregates was
detected by flow cytometry with Ex (1) 490nm, Em (1)
530nm for monomers and Ex (1) 525nm, Em (1) 590 nm
for aggregates (Beckman Coulter), and ten thousand cells were
collected and analyzed each time.

2.10. Quantitative RT-PCR. Heart samples or H9c2 cells
were disrupted/homogenized in a TRIzol reagent (Accurate
Biotechnology, China) with a Tissue-lyzer (LUKYM, China),
and total RNA was extracted according to the manufac-
turer’s directions. RNA was reverse transcribed using the
Accurate Biotechnology reverse transcription kit following
the manufacturer’s instructions. Quantitative PCR was per-
formed using the SYBR Green Premix Pro Taq HS qPCR
Kit (Accurate Biotechnology) using a two-step PCR amplifi-
cation standard procedure on a Bio-Rad (USA) CFX connect
system. Relative expression was calculated using the AACt
method with normalization to Gapdh. Specific primer/probe
sequences are shown below. Primer sequences are listed in
Table 1 of supplementary data.

2.11. Immunoblots and Antibodies. Whole-cell lysates or iso-
lated mitochondrial lysates were prepared by homogenizing
the basal regions of the hearts in RIPA buffer (Invitrogen,
USA) supplemented with protease 13 inhibitors (Invitro-
gen). Immunoblots were prepared using the antibodies listed
below and were normalized to GAPDH (Sigma, USA).
Antibodies used for western blots are listed in Table 2 of
supplementary data.

2.12. Statistics. The results are presented as the means + SEM
. Two-tailed Student’s t-tests were used to compare the dif-
ference between two groups. One-way or two-way ANOVA
with Bonferroni correction was used for multiple compari-
sons. Statistical significance was defined as P < 0.05.

3. Results

3.1. Diurnal Differences in Myocardial Infarction Injury. The
infarct area of cardiac tissue in each group was detected by
TTC and Evans blue staining and quantified using Image].
The results showed that the area at risk in the left ventricle
(AAR/LV) after I/R was not significantly different among
the four groups (Figure 1(b), left). However, the infarct area
in the area at risk (IR/AAR) after I/R at ZT2 was larger than
at ZT14, while no difference was observed at ZT8 or ZT20
(Figure 1(b), right). As shown in Figure 1(c), ischemia
followed by reperfusion induced significant myocardial
injury as denoted by the white infarct size in mice. In
contrast, ZT14 significantly decreased the ratio of infarct
area/risk area (MI/AAR) compared with the ZT2 group
(Figure 1(c), right).

M-mode ultrasound was used to evaluate changes in car-
diac function of 10~12-week-old mice in each group, 24h
after myocardial I/R. Typical M-mode ultrasounds showed
that compared with the sham group without I/R at zeitgeber
time (ZT) 2 or ZT14, the ejection fraction (EF) of the left
ventricle was decreased in mice 24h after I/R. In addition,

the EF in mice after I/R at ZT2 was lower than that in mice
after I/R at ZT14 Figure 1(d), left). At the same time, fraction
shortening (FS) of the left ventricle in mice after I/R at ZT2
was lower than that in mice with I/R at ZT14 (Figure 1(d),
right), which showed that mice receiving I/R at ZT2 had
worse cardiac systolic function than at ZT14.

3.2. Diurnal Differences in Oxidative Stress and Energy
Metabolism. Histological analysis and immunofluorescence
staining were performed to further evaluate myocardial cell
activity. Typical results of TUNEL staining showed that cell
apoptosis of myocardial tissue after I/R at ZT2 was more exten-
sive than that observed in the ZT14 group (Figure 2(a)). These
results suggested that I/R at ZT2 could significantly increase
myocardial cell apoptosis (Figure 2(b)).

DHE staining results showed that ROS was increased in
myocardial cells after I/R, where the ROS level in the ZT2
group was higher than that in the ZT14 group (Figure 2(c)).

ATP determination assays performed in each group
showed that without I/R, sham-ZT14 mice produced more
ATP than sham-ZT2 mice, although the difference was not
statistically significant. In contrast, 24h after I/R at ZT2,
ATP content was lower than in sham-ZT2 mice. The ATP
content 24 h after I/R at ZT14 was higher than that in the
sham-ZT14 group, which indicated that mice produced
more ATP at ZT14 while producing less ATP at ZT2
(Figure 2(d)).

3.3. Diurnal Differences Affected the Expression of PER2 and
CPTIA. mRNA and protein were collected from the mice
every 4h for 24h. The transcription level of Per2 showed a
distinct rhythmic pattern for nearly 24h (Figure 3(a)). The
transcription level of Per2 increased from ZT2, reaching a
peak value near ZT14, then decreased again to a low value
near ZT2 (Figure 3(a)). The change in PER2 protein levels
was consistent with the mRNA results. Mice displayed a
rhythm in PER2 protein expression with peak values at
ZT14 and lowest values at ZT2 as shown by western blotting
(Figure 3(b)). The protein expression of PER2, carnitine pal-
mitoyltransferase 1A (CPT1A), and pyruvate dehydrogenase
PDH-E1B (PDHB) after I/R was also detected by western
blotting (Figure 3(c)). The results showed that the protein
expression of PER2 and CPT1A was similar under the same
treatment conditions and decreased after I/R at ZT2, while
increasing after I/R at ZT14. PDHB showed no difference
after I/R.

3.4. Downregulation of PER2 Increased Injury. H9c2 cells
that were transfected with siRNA-Per2 were collected after
H,O, treatment and serum shock at Oh and 12h. mRNA
was collected every 4h for 24h. The transcription level of
Per2 showed a distinct rhythmic pattern for nearly 24h
(Figure 4(a)). From 0h after serum shock, the transcription
level of Per2 decreased until reaching a low value near 12h
(Figure 4(a)). After transfection with siRNA-Per2, there
was a significant reduction in PER2, shown in Figure 4(b).
ATP determination assays were also performed for each
group. After H,0, treatment, ATP was decreased at 12 h but
was increased at Oh (Figure 4(c)). ATP levels were
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Ficure 1: Circadian differences in susceptibility of the heart to I/R injury. (a) Experimental design. Mice were subjected to a protocol of
30 min of ischemia followed by 24h of reperfusion starting at two time points, ZT2 or ZT14. ZT: zeitgeber time; ZTO0: lights on. (b)
Percent of area at risk over area of the left ventricle (middle). Percent of infarct over area at risk (right). AAR: area at risk; LV: left
ventricle; MI: myocardial infarction (n =6, &p < 0.05 vs. ZT2). (c) Infarct size. Representative Evans blue and TTC staining (left). Percent
of infarct over area at risk (right). White: infarct; red: viable; white+red: area at risk; blue: retrograde Evans blue staining, area not at risk
(n=6, ¥P < 0.05 vs. IR-ZT2, two-tailed Student’s t-test). (d) Cardiac systolic function of mice with I/R at ZT2 and ZT14. EF of the left
ventricle (left), FS of the left ventricle (right). EF: ejection fraction; FS: fraction shortening; sham: sham surgery; I/R: ischemia-reperfusion.
(n=4-7,****P<0.0001 and ***P < 0.001 vs. sham-ZT2; “**P < 0.0001 vs. sham-ZT14; *P < 0.05 and ***P < 0.001 vs. IR-ZT2, two-tailed
Student’s t-tests). Alpha was set as 0.05. Data are presented as the mean + SEM. The Holm-Sidak method was used to correct for multiple ¢-tests.

significantly decreased after siRNA-Per2 transfection
(Figure 4(c)), suggesting that downregulation of PER2
decreased ATP.

Histological analysis and immunofluorescence staining
were performed to further evaluate H9¢2 cell activity. The
results of TUNEL staining showed that cellular apoptosis
of H9c2 cells after H,O, treatment at 0 h was less than apo-
ptosis at 12 h after serum shock (Figure 4(d)). After siRNA-
Per2 transfection, cell death increased compared with the
control group, but there was no significant difference at 0h
or 12h after serum shock whether the cells were treated with
H,O, or not. These results indicated that in H9¢2 cells, 12h
of serum shock and siRNA-Per2 transfection could both
increase myocardial cell apoptosis (Figure 4(d)).

ROS detected by flow cytometry showed that in cells
treated with H,O,, ROS increased significantly (Figure 4(e)).
At the same time, ROS increased after siRNA-Per2 transfec-
tion, whether or not the cells were treated with H,O,
(Figure 4(e)).

Flow cytometric analysis was performed to identify
quantitatively the MMP in H9c2 cells, which is one of the
important hallmarks of mitochondrial damage. The contour
plots in Figure 4(f) showed that the fluorescence for high
MMP in Q2 was shifted to low MMP in Q3. H,O, treatment
showed a strong ability to dissipate the MMP, and cells after
12h of serum shock showed more dissipation of MMP than
cells at Oh (Figure 4(f)). Furthermore, transfection of
siRNA-Per2 resulted in more dissipation of MMP. These
results suggested that the mitochondrial membrane was
impaired by H,0,, siRNA-Per2 transfection, and 12h of
serum shock (Figure 4(e), lower panel, right figure).

mRNA expression of Per2, Cptla, and Pdhb in H9c2
cells was quantified by RT-PCR analysis (Figure 4(g)). The
results showed that the expression of Per2 and Cptla was
similar under the same treatment conditions. Expression of
these genes was higher before serum shock compared with
12h later and decreased after H,0, treatment or siRNA-
Per2 transfection.
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method was used to correct for multiple ¢-tests.

4. Discussion

Taken as a whole, the current findings suggested that PER2
was the basis of circadian changes in cardiac tolerance to
I/R and that knockdown of PER2 expression could increase
I/R damage. Furthermore, PER2 likely acted downstream
as a mediator underlying the transcriptional clock mecha-
nism in cardiac susceptibility to I/R damage by regulating
CPT1A as a key enzyme in fatty acid metabolism and oxida-
tive stress levels. This result is important because it focuses
on energy metabolism and reactive oxygen species as poten-
tial therapeutic targets, which represent physiological oscil-
lations and metabolic changes in the cardiovascular system
itself as the basis for cardiac protection.

Many studies have implicated circadian rhythm in the
brain [23], liver [24], lung [25], kidney [26], and heart
[27]. Epidemiologic studies have reported circadian rhyth-
micity in the incidence and the size of myocardial infarctions
which were higher during the day and lower at night [28]. In
addition to external factors such as neurohormonal regula-
tion, platelet aggregation, and vascular activities, the vulner-
ability of the myocardium shows a diurnal variation, but the
molecular mechanism is not clear.

In this study, we found that mice showed a bigger infarct
at ZT2 (Figure 1) and were susceptible to cardiac I/R damage

at the end of the light phase. This result was similar to a pre-
vious basic research report of Li et al. [7], who suggested that
a deficiency of the oscillating transcription factor KLF15
may specifically cause NAD+ deficiency during the sleep-
to-active transition and may increase the susceptibility of
the heart muscle to I/R injury. Interestingly, other studies
have shown opposite results, with ZT14/ZT12 having larger
infarcts than ZT2/ZTO0 [29]. As Rotter et al. reported, cardiac
damage from ischemia/reperfusion was greatest at the tran-
sition from sleep to activity, and Rcanl control of calcine-
urin activation was necessary for the daily oscillations of
the heart against injury [30]. However, Rcanl KO was
equally more susceptible to damage from I/R at the end of
the light phase. We hypothesized that these differences in
results might be related to the timing of ischemia and reper-
fusion, reflecting the fundamental difference in the cell
injury mechanism between ischemia and reperfusion.
Combined with previous studies, diurnal variations in
the onset of myocardial infarction are well established. The
influence of the circadian clock cannot be ignored in heart
I/R studies. Various proteins compose the circadian clock,
including PER2, CRY, CLOCK, and BMAL [31]. PER2 can
“buffer” or adjust the antagonism between CLOCK/BMALLI
and CRY, so that CLOCK reaches a self-limiting, rhythmic
cycle [32]. Through RT-PCR and western blots, we saw that
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in C57BL/6 mice, PER2 expression showed a distinct rhythmic
pattern for nearly 24h (Figure 3), and the valley of PER2
expression coincided with the time when the damage resis-
tance of the heart was reduced after the transition from dark
to light. Another study has shown that mice with Per2-/- had
enhanced tissue damage from myocardial ischemia and lacked
the capacity to enhance oxygen-efficient glycolysis [33].

Our results suggested that the absence of PER2 was asso-
ciated with mitochondrial injury, which then led to less ATP
and more ROS production, thus increasing cell injury. After
cardiac ischemia-reperfusion, the oxidative and antioxidant
capacities of myocardial cells are unbalanced, resulting in a
state of “oxidative stress,” which plays an important role in
the injury caused by myocardial infarction. Reactive oxygen
species and oxidative stress have been reported to play
important roles in the progression after myocardial infarc-
tion [34]. Wu et al. demonstrated that acacetin stimulated
AMPK, which mediates activation of the Nrf2 signaling
pathway in cardiomyocyte protection against hypoxia/reox-

ygenation injury by increasing the antioxidants heme oxygen-
ase 1 (HO-1), SODI, and SOD2, reducing ROS production
and thereby effectively inhibiting hypoxia/reoxygenation
injury [35]. As reported by Ortiz et al., the use of thyroid hor-
mone (TH) as a therapeutic alternative revealed cardioprotec-
tive effects after AMI, including decreased oxidative stress,
while carvedilol and TH coadministration improved redox
balance and cardiac function after AMI [36]. Finding a
promising drug which protects cardiomyocytes against hypox-
ia/reoxygenation may help manage ischemic cardiac disorders.

To pinpoint mitochondrial processes that may be under
circadian gene PER2 control, we examined two central mito-
chondrial metabolic pathways of carbohydrate metabolism
and fatty acid uptake. The rate-limiting step in mitochon-
drial carbohydrate metabolism is carried out by the PDC, a
multiprotein complex that catalyzes the oxidative decarbox-
ylation of pyruvate [37]. We found that several components
of the PDC, namely, the catalytic pyruvate dehydrogenase
PDHB, PDH-E2 (DLAT), and the regulatory subunit PDHX,
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were involved. The rate-limiting step for the entry of long-
chain fatty acids into the mitochondrial matrix is the synthe-
sis of acylcarnitine from acyl CoA and carnitine, which is
mediated by CPT1A [38]. It has been reported that the
mRNA levels of Pdhb and Cptla also cycle for 24h but
reached their peak levels, respectively, at ZT16 and ZT17
[39]. Our results showed that the expression of Per2 and
Cptla was basically similar, and peak expression of Per2
and Cptla coincided with the time when damage resistance
of the heart was increased after the transition from light to
dark, while that of Pdhb was different (Figure 4(g)). This

indicated that PER2 damage to cardiomyocytes was medi-
ated by CPT1A, which produced less ATP and provided
insufficient energy to cardiomyocytes, thus leading to the
aggravation of myocardial injury.

At present, the mechanisms linking circadian rhythm
stabilization and myocardial infarction are under investiga-
tion and could involve inflammation [40], glycolysis metab-
olism [41], cyclin-dependent kinase 5 [42], or adenosine
[33]. Some of these are known to be associated with PER2
and contribute to the survival of the myocardium after I/R.
Sun et al. hypothesized that Per2 deficiency affected
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endothelial progenitor cell function through CXCR4/PI3-
k/Akt/FoxO-related mechanisms involving angiogenesis in
the ischemic myocardium of mice, thus increasing damage
[43]. Kobayashi et al. established the dependence of HIF1A
on PER2 as a transcription factor during hypoxia and pro-
posed that PER2 acted as an effector molecule for the
recruitment of HIF1A to promoter regions of its down-
stream genes [44]. On this basis, Oyama et al. also found that
specific HIF1IA pathways controlled glycolysis, mitochon-
drial respiration (COX4.2), or endothelial barrier function
(ANGPTL-4/claudin-1) after PER2 overexpression [41].

Numerous studies have demonstrated links between myo-
cardial infarction and disruption of circadian homeostasis
both in clinical observations and in basic research findings.
Therefore, it is important to maintain the homeostasis of
circadian rhythms in humans. Interestingly, in addition to
the above studies, chronic shift work [45], anesthetics [46],
melatonin [47], and intestinal microbiota [48] can also affect
circadian rhythms.

In summary, we have shown that the injury caused by
myocardial infarctions has circadian rhythmicity. Our study
suggests that PER2 deficiency contributed to the susceptibility
of the myocardium to I/R injury, with peak susceptibility in
the early morning, through reactive oxygen species and CPT1A
as a key enzyme in energy metabolism, which may be particu-
larly harmful to patients during a critical time window.
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MicroRNA-27a (miR-27a) has been implicated in myocardial ischemia-reperfusion injury (MIRI), but the underlying mechanism
is not well understood. This study is aimed at determining the role of miR-27a in MIRI and at investigating upstream molecules that
regulate miR-27a expression and its downstream target genes. miR-27a expression was significantly upregulated in myocardia
exposed to ischemia/reperfusion (I/R) and cardiomyocytes exposed to hypoxia/reoxygenation (H/R). c-Fos could regulate miR-
27a expression by binding to its promoter region. Moreover, overexpression of miR-27a led to a decrease in cell viability, an
increase in LDH and CK-MB secretion, and an increase in apoptosis rates. In contrast, suppression of miR-27a expression
resulted in the opposite effects. ATPase family AAA-domain-containing protein 3A (ATAD3a) was identified as a target of miR-
27a. miR-27a regulated the translocation of apoptosis-inducing factor (AIF) from the mitochondria to the nucleus and H/R-
induced apoptosis via the regulation of ATAD3a. It was found that inhibiting miR-27a in vivo by injecting a miR-27a sponge
could ameliorate MIRI in an isolated rat heart model. In conclusion, our study demonstrated that c-Fos functions as an
upstream regulator of miR-27a and that miR-27a regulates the translocation of AIF from the mitochondria to the nucleus by
targeting ATAD3a, thereby contributing to MIRI. These findings provide new insight into the role of the c-Fos/miR-

27a/ATAD3a axis in MIRL

1. Introduction

With the dramatic changes in lifestyle and diet that have
occurred in modern society, coronary artery disease (CAD)
has gradually become one of the major diseases that seriously
threaten the lives and health of people worldwide [1]. Severe
stenosis or acute occlusion of the coronary arteries can cause
myocardial ischemia and even myocardial necrosis. A com-
mon approach for treating patients with acute myocardial
infarction (AMI) is reconstituting the myocardial blood sup-
ply as quickly as possible through the implementation of
myocardial reperfusion therapy [2, 3], which includes percu-
taneous coronary intervention, coronary artery bypass graft-
ing, and thrombolytic therapy. However, during the
implementation of myocardial reperfusion therapy, the rapid

recovery of the blood supply to the ischemic myocardium
does not ameliorate myocardial damage and causes extra-
myocardial insult, which is termed myocardial ischemia-
reperfusion injury (MIRI) [4]. The occurrence of MIRI is dif-
ficult to predict in advance, and once it occurs, it greatly
reduces the clinical benefit of myocardial reperfusion therapy
[5]. Therefore, it is of great significance to explore the mech-
anism underlying MIRI and to discover new therapeutic tar-
gets for MIRL

MicroRNAs (miRNAs), short noncoding RNA molecules
approximately 21 to 24 nucleotides in length, generally play
roles in RNA silencing and regulate gene expression at the
posttranscriptional level [6]. miR-27a has been widely
reported to play key roles in the initiation and progression
of cancer [7, 8], the occurrence of pulmonary and hepatic
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fibrosis [9, 10], and the development of arthritis [11]. Nota-
bly, miR-27a expression was significantly increased in mouse
hearts subjected to ischemia-reperfusion, and downregula-
tion of miR-27a expression mediates the protective effect of
high thoracic epidural block against MIRI in mice [12]. How-
ever, the upstream molecule that regulates miR-27a expres-
sion and its downstream target genes have not been
determined.

c-Fos, a member of the Fos family of transcription factors
(including c-Fos, FosB, Fra-1, and Fra-2) [13], promotes the
formation of the AP-1 transcription factor complex by
dimerizing with the c-Jun protein, thereby translating extra-
cellular signals into alterations in gene expression by binding
to the promoters of target genes [14]. The level of c-Fos is
notably changed under different stress conditions, such as
heat stress [15], radiation [16], and ischemia [17]. Accumu-
lating evidence has indicated that c-Fos expression is strongly
induced during MIRI [18, 19]. More importantly, c-Fos was
reported to increase miRNA expression by binding to
miRNA promoters [20, 21]. Moreover, a c-Fos-specific bind-
ing site was predicted to exist in the putative promoter region
of miR-27a by the PROMO database. Therefore, whether c-
Fos regulates miR-27a expression was examined in the pres-
ent study.

ATPase family AAA-domain-containing protein 3A
(ATAD3a), a nuclear DNA-encoded mitochondrial mem-
brane protein [22], has been reported to function in apopto-
sis [23, 24], mitochondrial dynamics [25], mitophagy [26],
mitochondrial DNA replication [27, 28], and cholesterol
metabolism [28, 29]. As predicted with TargetScan, miR-
27a may specifically bind to the 3'-UTR of ATAD3a. There-
fore, whether miR-27a regulates MIRI by targeting ATAD3a
was determined in this study.

In the present study, we found that c-Fos activated the
transcription of miR-27a and that miR-27a further regulated
the ischemia-reperfusion-induced apoptosis of cardiomyo-
cytes by modulating the translocation of apoptosis-inducing
factor (AIF) from the mitochondria to the nucleus by target-
ing ATAD3a. These data suggest that the c-Fos/miR-
27a/ATAD3a axis plays a key role in MIRI.

2. Materials and Methods

2.1. miRNA Array Analysis. To explore the differential expres-
sion of miRNAs in rats exposed to myocardial ischemia-reper-
fusion, we searched the GEO database and found the
GSE74951 dataset that was contributed by Feng et al. [30].
The miRNA expression profile based on the GPL21136 Multi-
plex Circulating miRNA Assay was downloaded. We used the
“limma R” language package to screen DE-miRNAs between
ischemia-reperfusion-treated heart samples and normal heart
samples. The cutoff criteria were set to p <0.05 and |log2
multiple change (FC) | >1.

2.2. Animals and Animal Models. Thirty healthy male Wistar
rats (body weight 250 + 20 g) were purchased from Sibefu Bio-
technology Co., Ltd. (Sibefu, Beijing, China). All the rats were
used and handled in accordance with the Guidelines for Care
and Use of Laboratory Animals provided by the National

Oxidative Medicine and Cellular Longevity

Institute of Health. The use of animals was approved by the
Animal Ethics Committee of China Medical University.

The rats were injected with heparin (1500 IU/kg) before
surgery to prevent blood clotting in the coronary arteries,
and then, the rats were anesthetized by intraperitoneal injec-
tion with isopentobarbital (50 mg/kg). The fully anesthetized
rats were subjected to thoracotomy. After the aorta was cut,
the heart was isolated and immediately immersed in cold
heparinized and oxygenated Krebs-Henseleit (KH) solution.
The isolated heart was fixed on the Langendorft device and
perfused with KH solution at a constant pressure of 75 mmHg
and 37°C. MIRI was induced in the isolated rat hearts by inter-
rupting perfusion for 30 min, which was followed by reperfu-
sion for 90 min as previously described [31].

2.3. Cells and Cell Models. H9c2 cells purchased from the
National Collection of Authenticated Cell Cultures were cul-
tured in DMEM containing 10% fetal bovine serum,
100 U/ml penicillin, and 100 pug/ml streptomycin. The cul-
ture conditions in the incubator were 37°C and 5% CO,.

An in vitro MIRI model was established as previously
described [32]. H9c2 cells were collected in the logarithmic
phase of growth, and the normal medium was replaced with
Earle’s solution without glucose or serum. The cells were
placed in a three-gas incubator (94% N,, 5% CO,, and 1%
0,; 37°C) and subjected to hypoxia for 8h. Subsequently,
Earle’s solution was replaced with normal medium, and the
cells were reoxygenated in a standard incubator (5% CO,,
37°C) for 3 h.

2.4. RT-qPCR. Total RNA was extracted from myocardial tis-
sues and H9c2 cells using TRIzol™ Reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.
The concentration of RNA was measured using a Nano-
Drop2000 (Thermo Fisher Scientific, Wilmington, DE). The
PrimeScript™ RT reagent Kit (Takara, Japan) and Mir-X
miRNA First-Strand Synthesis Kit (Clontech, Japan) were
used to reverse transcribe miRNA and mRNA, respectively,
into cDNA. Real-time quantitative PCR was performed using
TB Green® Premix Ex Taq™ II (Takara, Japan) according to
the manufacturer’s instructions, and the real-time quantita-
tive PCR was carried out with the QuantStudio real-time
fluorescent quantitative PCR system (Thermo Fisher Scien-
tific, Wilmington, DE). The primers used were provided by
Sangon Biotech (Shanghai, China): miR-27a forward (5'-AG
GGCTTAGCTGCTTGTGAGC-3'), miR-27a reverse (5'-CG
GCAGAGTCCTTACCCACAA-3', U6 reverse primer (5'-T
GGAACGCTTCACGAATTTGCG-3"), U6 forward primer
(5'-GGAACGATACAGAGAAGATTAGC-3'), ATAD3a
forward (5'-GATGACGATATGCGGCTGGTACAC-3'),
ATAD3a reverse (5'-GATGACGATATGCGGCTGGTACA
C-3"), GAPDH forward (5'-CTGGAAAGCTGTGGCGTGA
T-3'), and GAPDH reverse (5'-GCGGCATGTCAGATCC
ACAA-3").

2.5. Cell Transfection. Short miRNA sequences, small inter-
fering RNAs specific for c-Fos and ATAD3a, c-Fos, and
ATAD3a plasmids, and matched negative controls or empty
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Figure 1: Continued.
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FIGURE 1: miR-27a expression was induced by myocardial ischemia/reperfusion injury (MIRI). Ischemia-reperfusion was induced by 30 min
of ischemia followed by 90 min of reperfusion in an isolated rat heart model. Myocardial structure damage was detected by (a) transmission
electron microscopy and (b) HE staining, n = 3. (c) Myocardial infarct size was measured by TTC staining, n =6, **p < 0.01 vs. the control. (d)
Heat maps of the top ten upregulated miRNAs in myocardia subjected to I/R, n = 6 in the control group, n =9 in I/R group. (¢) MicroRNA
expression in myocardia subjected to I/R was confirmed by RT-qPCR, n =10, ***p < 0.001 vs. the control. (f) miR-27a expression in H9c2
cells subjected to hypoxia for different times was examined by RT-qPCR. The data were obtained from four independent replicate

experiments. **p < 0.01 vs. the control.

vectors were designed and synthesized by GenePharma
(GenePharma Co., Ltd., Shanghai, China). These reagents
were transfected into cells using INVI DNA/RNA Transfec-
tion Reagent™ (Ivigentech, America) according to the manu-
facturer’s instructions. Subsequent cell experiments were
performed 24 h or 48 h after transfection.

2.6. Cell Counting Kit-8 (CCK-8) Assay. H9c2 cells were
seeded in 96-well plates (3000 cells per well), and cell viability
was assessed using a CCK-8 assay (APExBIO, Houston,
USA) according to the manufacturer’s protocol.

2.7. Determination of Myocardial Enzyme Levels. The levels
of lactate dehydrogenase (LDH) and creatine kinase-MB
(CK-MB) in the culture medium were measured using the
Lactate Dehydrogenase Release Kit (Jiancheng Bioengineering
Institute, Nanjing, China) and the Creatine Kinase-MB Isoen-
zyme Assay Kit (Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instructions.

2.8. Flow Cytometry. Cell apoptosis in vitro was detected
using the Annexin V FITC Apoptosis Detection Kit
(Dojindo, Japan) following the manufacturer’s instructions.

2.9. Gene Therapy In Vivo. As adeno-associated virus sero-
type 9 (AAV9) is superior to other serotypes for global car-
diac gene transfer [33], in this study, inhibition of miR-27a
in vivo was achieved by injecting AAV9-miR-27a-sponge
(HanBio, China) through the rat tail vein, and AAV9-NC
was injected as a negative control. miR-27a expression was
detected by RT-qPCR three weeks after the injection to assess
the suppression rate.

2.10. Transmission Electron Microscopy. The left ventricle
was cut into a 1 X 1 x 1 mm cube, fixed with 2.5% glutaralde-

hyde, and then cut into ultrathin sections. The sections were
observed under a transmission electron microscope (JEM-
1200EX, JEOL), and alterations in the myocardial submicro-
scopic structure were observed and photographed.

2.11. HE Staining. The left ventricle was fixed with 4% para-
formaldehyde, dehydrated by gradient alcohol, embedded in
paraffin, and cut into 4 ym-thick sections. The sections were
stained with hematoxylin and eosin (Beyotime Biotechnol-
ogy, China) according to the manufacturer’s recommenda-
tions, followed by observation under an optical microscope
(Olympus BX51, Olympus).

2.12. 2,3,5-Triphenyltetrazolium Chloride (TTC) Staining.
The myocardial infarction area was determined using TTC
staining. The perfused heart was harvested at the end of
reperfusion and frozen at -20°C. The frozen heart was cut
into 1 mm-thick sections, incubated in 1% TTC solution
(Solarbio, China) at 37°C for 30 min in the dark and then
fixed with 4% paraformaldehyde (Solarbio, China) overnight.
The stained sections were photographed using a digital
camera.

2.13. Terminal Deoxynucleotidyl Transferase-Mediated
dUTP-Biotin Nick End Labeling (TUNEL) Assay. A TUNEL
staining kit (Roche Diagnostics, Germany) was used to detect
apoptosis in the myocardium, and apoptotic cells were
observed under an inverted fluorescence microscope (Nikon
Eclipse TE2000-U, Japan).

2.14. Chromatin Immunoprecipitation (ChIP) Assay. ChIP
was conducted using a ChIP Assay Kit (cat# 17-295, EMD
Millipore, Billerica, MA, USA). After fixation with 1% form-
aldehyde for 10 min, the cells were subjected to decrosslink-
ing with 0.125M glycine for 5min, washed with PBS, and
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FIGURE 2: c-Fos regulated miR-27a expression. (a) c-Fos expression in myocardia subjected to ischemia/reperfusion (I/R) was analyzed by
Western blotting, n=8, **p <0.01 vs. the control. (b) c-Fos expression was positively correlated with miR-27a expression in myocardia
subjected to I/R. H9c2 cells were transfected with a small interfering RNA (siRNA) specific for c-Fos, c-Fos plasmid, and matched
negative controls or empty vectors. (c) c-Fos expression was analyzed by Western blotting. (d) miR-27a expression was detected by RT-
qPCR. (e) A c-Fos-specific binding site was predicted in the putative promoter region (-983 to -974 region) of miR-27a. (f) The relative
luciferase activity was detected after cotransfecting pGL3 luciferase reporter vectors containing the full-length miR-27a promoter or the
corresponding promoter sequence with a mutant binding site with the c-Fos plasmid and empty vector. (g) Hypoxia/reoxygenation (H/R)
enhances the enrichment of c-Fos on the miR-27a promoter. H9c2 cells were subjected to H/R. Twenty-four hours after treatment, ChIP-
qPCR was performed. All data were obtained from four independent replicate experiments. **p < 0.01; ***p < 0.001.

lysed for 1 h on ice. The cell lysates were sonicated to generate
chromatin fragments approximately 500 to 800 bp in length
that were assessed by agarose gel electrophoresis. Following
preclearing with Protein-A agarose, the samples were incu-
bated with 5 ug of specific antibodies with rotation overnight
at 4°C. Then, the immune complexes were precipitated with
Protein-A agarose beads and sheared salmon sperm DNA,
and the DNA fragments were purified using a QIAquick Spin
Kit (Qiagen). The promoter segments containing a c-Fos
binding site were amplified using PCR technology.

2.15. Luciferase Reporter Gene Assay. The PROMO database
(http://alggen.Isi.upc.es/cgi-bin/promo_v3/promo/
promoinit.cgi?dirDB=TF_8.3/) was used to predict the c-
Fos-specific binding site in the promoter region of miR-27a.
To determine the specific binding of c-Fos to the miR-27a
promoter, the wild-type full-length promoter of miR-27a
and the corresponding sequence with mutated c-Fos binding
sites were cloned into pGL3 luciferase reporter vectors (Gen-
ePharma Co., Ltd., Shanghai, China), cotransfected with
pcDNA3.1 vector or pcDNA3.1-c-Fos, and detected with
the Dual-Glo Luciferase Assay System (Promega) according
to the manufacturer’s recommendations.

TargetScan version 7.2 (http://www.targetscan.org/) was
used to predict the specific binding of miR-27a to the 3'-
UTR of ATAD3a. Sequences of the ATAD3a 3'-UTR con-
taining the wild-type or mutant miR-27a binding site were
amplified by PCR and cloned into pmirGLO luciferase
reporter vectors (GenePharma Co., Ltd., Shanghai, China)
and cotransfected with mimic NC or miR-27a mimic. Then,
the luciferase activities were measured as described above.

2.16. Western Blotting Analysis. RIPA lysis buffer (Beyotime
Biotechnology, China) was used to extract the proteins from
myocardial tissues and H9¢2 cells, and the protein concentra-

tion was determined with the BCA protein concentration
determination kit (Beyotime Biotechnology, China). After
quantification, the protein samples were separated by SDS-
PAGE and transferred to PVDF membranes. The mem-
branes were blocked with 5% BSA for 2h. After incubation
with primary antibodies, including ATAD3a (1:2000, Pro-
teinTech, Rosemont, USA), AIF (1:8000, ProteinTech, Rose-
mont, USA), B-actin (1:5000, 20536-1-AP, ProteinTech,
Rosemont, USA), histone H3 (1:6000, 17168-1-AP, Protein-
Tech, Rosemont, USA), and COXIV (1:10000, Proteintech,
Rosemont, USA) antibodies, overnight at 4°C, the mem-
branes were incubated with HRP-labeled secondary antibod-
ies for 1h at room temperature. All the antibodies were
purchased from Abcam (UK) and diluted according to the
manufacturer’s instructions. The Western blots were devel-
oped using the Pierce™ ECL Western blotting substrate
(Thermo Scientific™, USA).

3. Statistical Analysis

All the data are expressed as the mean + SD, and statistical
analysis was performed with the GraphPad Prism version
8.0 software (San Diego, California, USA). To compare the
differences between two groups, Student’s t-test was used.
When comparing differences among more than two groups,
one-way ANOVA was performed, followed by multiple com-
parison analysis using Fisher’s least significant difference test.
P <0.05 was considered statistically significant.

4. Results and Discussion

4.1. miR-27a Expression Was Induced by MIRI. As shown
in Figures 1(a)-1(c), isolated rat hearts that were subjected
to I/R displayed mitochondrial swelling, cristae rupture,
myofibrillar vacuolation, interstitial edema, and nuclear


http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3/
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3/
http://www.targetscan.org/

Oxidative Medicine and Cellular Longevity 7

12
N N g
[} [}
é 5 Eé 1.5 5
E 4 g o)
= 3 e
£ s g E
2 2 Z
£ 2 £ 05 £
g b =
£ £ ©
s 0 5 0.0
& s : P & SR . PR s} =4 Q 3 @] sa
Mimics NC miR-27a mimics Inhibitor NC = miR-27a inhibitor = E Z, E Z, 2
=} @ = — =
S22 E
= c
(a) (b) (c)
800 800 —
= 600 =
S z g
f = ]
£ 400 2 £
] = Z
oo 2
8 200 S &
Q o
<
3
0 - S
T % O 38 O 5 5 % O 8 O 5 5 & O 8 O B
i Z Zz Z =2 E 3 g 2 = b= =t
= T L E %2 ERE S - ERENC S B
S E : = S E 5 2 © E 2%
= E = 2 E 5 2 E 5
e & ~ o
E £ = g
(d) (e) (f)
Control Mimics NC
105 4 : 105 3 3
E Q @ E E
4 4 ]
< 0% T < 10°%
— ] & =] — ] ]
a0 103 E ﬂ A 103 E E
102 - S 102 4 .
h LLLLL L L L B LLLLL B B R YL h LLLLL B L Y
102 103 104 10° 102 103 104 105 102 103 104 103
FITC-A FITC-A FITC-A
miR-27a mimics Inhibitor NC miR-27a inhibitor
105 4 105 4 s
104 4 104 3 .
< 3
10 5 10° 3 3 2.
102 4 102 5 3
E LLLLU R R Y E E LLLLL B LR R Y
102 103 104 105 102 103 10% 105 102 103 104 105
FITC-A FITC-A FITC-A

FI1GURE 3: miR-27a regulated hypoxia/reoxygenation- (H/R-) induced myocardial injury in vitro. H9c2 cells were transfected with the miR-
27a mimic, miR-27a inhibitor, mimics negative control (NC), and inhibitor NC, followed by 8 h of hypoxia and 3 h of reoxygenation. (a, b)
miR-27 expression in H9c2 cells was detected by RT-qPCR after transfection with the miR-27a mimic or miR-27a inhibitor. (c) Analysis of
cell viability by CCK-8 assay. (d, ) Measurement of LDH and CK-MB activity in the culture medium. (f) Cell apoptosis was detected by flow
cytometry. All data were obtained from four independent replicate experiments. **p < 0.01; ***p < 0.001.

fragmentation, as well as large amounts of inflammatory cell ~ Verification of the expression of these miRNAs by qRT-
infiltration and large areas of myocardial necrosis, demon-  PCR revealed that miR-27a expression was significantly
strating that the MIRI model was successfully established. =~ upregulated (almost 4.5-fold) in the I/R group compared
The top 10 upregulated miRNAs in the myocardia subjected ~ with the control group (Figure 1(e)). In addition, miR-27a
to I/R were selected by analysis of GEO data (Figure 1(d)).  expression in H9c2 cells exposed to sustained hypoxia for
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FIGURE 4: ATAD3a was a target of miR-27a. (a) miR-27a-specific binding on the 3'-UTR of ATAD3a. (b) The relative luciferase activity was
analyzed after cotransfecting the pmirGLO luciferase reporter vectors containing wild-type or mutant binding sites with the miR-27a mimic
and mimic negative control (NC). (¢, d) The mRNA and protein levels of ATAD3a in H9¢2 cells transfected with the miR-27a mimics, miR-
27a inhibitor, mimics NC, and inhibitor NC were detected by RT-qPCR and Western blotting. All data were obtained from four independent

replicate experiments. **p < 0.01; ***p < 0.001.

different times was also examined. The level of miR-27a
peaked after 8 h of hypoxia, followed by 3 h of reoxygenation
(Figure 1(f)). Altogether, these results suggested that miR-
27a was induced by I/R.

4.2. c-Fos Regulated miR-27a Expression. Considering that
miRNA expression can be regulated by transcription factors,
whether miR-27a is transcriptionally activated by transcrip-
tion factors was investigated. c-Fos is a key transcription fac-
tor that contributes to MIRIL. As shown in Figure 2(a), c-Fos
protein expression was upregulated in myocardia subjected
to I/R, and the c-Fos level was positively correlated with
miR-27a expression in these tissues (Figure 2(b)). Further-

more, inhibition of c-Fos expression using siRNA led to
reduced miR-27a expression. Moreover, overexpression of
c-Fos upregulated miR-27a expression (Figures 2(c) and
2(d)). Therefore, we focused on c-Fos as a putative upstream
regulator of miR-27a expression.

As predicted by the PROMO database, a c-Fos-specific
binding site existed in the putative promoter region (-983
to -974 region) of miR-27a (Figure 2(e)). The results of lucif-
erase reporter assays indicated that cotransfection of a vector
carrying the putative promoter with the pcDNA vector
expressing c-Fos led to a remarkable increase in the relative
luciferase activity compared with cotransfection of a vector
carrying the putative promoter with the pcDNA empty
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FIGURE 5: miR-27a regulated the translocation of apoptosis-inducing factor (AIF) from the mitochondria to the nucleus. Small interfering
RNA targeting ATAD3a (Si-ATAD3) and matched negative control (Si-NC) ATAD3a plasmid and matched empty vector were
transfected into H9¢2 cells. The level of ATAD3a (A) and the level of AIF in the mitochondria (b), the nuclei (c), cleaved caspase-9 (d)
and cleaved caspase-3 (E) were detected by Western blotting. H9c2 cells were transfected with the miR-27a inhibitor or inhibitor NC,
together with the si-ATAD3a or si-NC, and the cells were then exposed to 8h of hypoxia and 3h of reoxygenation. Alterations in the
levels of ATAD3a (f), AIF in the mitochondria (g), and AIF in the nucleus (h) were detected by Western blotting. All data were obtained

from four independent replicate experiments. **p < 0.01.

vector. In contrast, there was no significant change in the rel-
ative luciferase activity after the cotransfection of a vector
carrying the promoter with a mutated c-Fos binding site
(Figure 2(f)). In addition, the ChIP-qPCR assay results fur-
ther demonstrated that c-Fos could bind to the putative pro-
moter region of miR-27a, and H/R treatment enhanced the
enrichment of c-Fos on the putative promoter region of
miR-27a (Figure 2(g)). Altogether, these results suggested
that c-Fos regulates miR-27a expression.

4.3. miR-27a Regulated H/R-Induced Myocardial Injury In
Vitro. To determine the role of miR-27a in H/R-induced
injury, overexpression and suppression of miR-27a were
achieved by transfecting cardiomyocytes with the miR-27a
mimic and miR-27a inhibitor (Figures 3(a) and 3(b)), respec-
tively. The results showed that overexpression of miR-27a led
to a decrease in cell viability (Figure 3(c)), an increase in LDH
(Figure 3(d)) and CK-MB (Figure 3(e)) secretion, and an
increase in apoptosis (Figure 3(f)) in the cardiomyocytes
subjected to H/R. In contrast, suppression of miR-27a led
to the opposite effects. Altogether, these results suggested
that miR-27a could regulate MIRI in vitro.

4.4. ATAD3a Was a Target of miR-27a. As predicted with
TargetScan, miR-27a may bind to the 3'-UTR of ATAD3a
(Figure 4(a)), and a luciferase reporter assay was performed

to verify the specific interaction of these two molecules. A
decrease in the relative luciferase activity was observed when
ATAD3a-WT was cotransfected with the miR-27a mimic
compared with when ATAD3a-WT was cotransfected with
the mimic NC. In contrast, no significant alteration was
observed when ATAD3a-MUT was cotransfected with the
miR-27a mimic (Figure 4(b)). Furthermore, overexpression
of miR-27a reduced the mRNA and protein levels of ATAD3a,
while suppression of miR-27a enhanced the mRNA and pro-
tein levels of ATAD3a (Figures 4(c) and 4(d)). Taken together,
these results suggested that ATAD3a is a target of miR-27a.

4.5. miR-27a Regulated the Translocation of AIF from the
Mitochondria to the Nucleus. AAA-domain-containing 3A
(ATAD3a) is recognized as an antiapoptotic factor [24,
25], but the mechanism underlying its antiapoptotic effect
is not well understood. It was found that suppression of
ATAD3A led to an increase in the AIF levels in the
nucleus and a decrease in the AIF levels in the mitochondria,
and overexpression of ATAD3A led to the opposite effects
(Figures 5(a)-5(c)). However, modulation of ATAD3a
expression did not alter the levels of cleaved caspase-9 and
cleaved caspase-3 (Figures 5(d) and 5(e)). These results sug-
gested that ATAD3a regulated apoptosis by modulating the
translocation of AIF from the mitochondria to the nucleus,
and this apoptosis occurred in a caspase-independent
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F1GURE 6: The effect of miR-27a on hypoxia/reoxygenation- (H/R-) induced myocardial injury was mediated by ATAD3a. H9¢2 cells were
transfected with the miR-27a mimic or mimic negative control (NC), together with the ATAD3a plasmid or empty vector, and then, the
cells were subjected to 8h of hypoxia and 3 h of reoxygenation. (a) Analysis of cell viability by CCK-8 assay. (b, ¢) Measurement of LDH
and CK-MB activity in the culture medium. (d) Cell apoptosis was detected by flow cytometry. H9¢2 cells were transfected with the miR-
27a inhibitor or inhibitor NC, together with the small interfering RNA targeting ATAD3a (Si-ATAD3) and matched negative control (Si-
NC), and the cells were subjected to 8h of hypoxia and 3h of reoxygenation. (e) Analysis of cell viability by CCK-8 assay. (f, g)
Measurement of LDH and CK-MB activity in the culture medium. (h) Cell apoptosis was detected by flow cytometry. All data were

obtained from four independent replicate experiments. **p < 0.01.

manner. It was further discovered that inhibition of miR-27a
expression suppressed the H/R-induced translocation of AIF
from the mitochondria to the nucleus, and this effect was
reversed by knockdown of ATAD3a (Figures 5(f)-5(h)),
demonstrating that miR-27a regulated the translocation of
AIF from the mitochondria to the nucleus via the modulation
of ATAD3a.

4.6. The Effect of miR-27a on H/R-Induced Myocardial Injury
Was Mediated by ATAD3a. To investigate the regulatory role
of ATAD3a in the effect of miR-27a on H/R-induced
myocardial injury, we examined whether the effect of
miR-27a on MIRI was compromised by downregulation
or upregulation of ATAD3a expression in vitro. As shown
in Figures 6(a)-6(c), the decrease in cell viability, increase
in cardiac enzyme secretion, and increase in apoptosis after
treatment with the miR-27a mimic were compromised when
the cells were cotransfected with ATAD3a-overexpressing
plasmids. In contrast, the beneficial effects of miR-27a
inhibitor treatment on the increase in cell viability, decrease
in cardiac enzyme secretion, and decrease in apoptosis were
abrogated when the cells were cotransfected with si-ATAD3a
(Figures 6(d)-6(f)). Altogether, these results demonstrated
that the effect of miR-27a on H/R-induced myocardial injury
was mediated by ATAD3a.

4.7. Inhibition of miR-27a Using AAV9-Mediated Gene
Therapy Mitigated MIRI Ex Vivo. We also examined whether
inhibition of miR-27a expression using AAV9-mediated

gene therapy could ameliorate MIRI in an isolated rat heart
model. After injection of rat hearts with the AAV9-rno-
miR-27a sponge, the level of miR-27a in the rat hearts was
notably decreased (Figure 7(a)). In addition, the rat hearts
treated with the AAV9-miR-27a sponge exhibited less struc-
tural damage in the mitochondria and myocardial fibers
(Figures 7(b) and 7(c)), decreased myocardial infarct size
(Figure 7(d)), and decreased apoptosis rates (Figure 7(e))
compared with those injected with NC. Taken together, these
results suggested that inhibition of miR-27a using AAV9-
mediated gene therapy mitigated MIRI ex vivo.

5. Discussion

The expression of miR-27a in myocardial ischemic disease
remains controversial. Several studies have shown that the
level of miR-27a is increased in the peripheral blood mono-
nuclear cells (PBMCs) of CAD patients [34, 35]. However,
Xue et al. [36] found that the levels of circulating miR-27a
were not significantly different in the peripheral blood of
AMI patients compared with control subjects. In the present
study, miR-27a expression was markedly induced in myo-
cardia exposed to I/R and cardiomyocytes treated with
H/R, which is consistent with the findings of Liu JY et al.
in mice [19]. However, miR-27a expression was notably
downregulated in a simple model of myocardial hypoxia
without reoxygenation [37]. Therefore, we speculated that
the discrepancy in the above findings may be ascribed to
the differences in the models.
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Several studies have demonstrated that transcription fac-
tors can regulate miR-27a expression by binding to the miR-
27a promoter [38, 39]. For instance, mutant p53 (p53-273H)
suppresses miR-27a expression by specifically binding to the
miR-27a promoter region (nts -2899 to -2675) and subse-
quently enhances EGF-mediated ERK1/2 activation in breast
and lung cancer cells [38]. Additionally, HIF-1a, a key tran-

scription factor related to the regulation of gene expression
under hypoxic conditions, leads to an increase in miR-27a
expression by directly binding to the promoter region of
miR-27a [39]. In our study, we found that the upregulation
of c-Fos expression in myocardia exposed to I/R was posi-
tively correlated with the expression of miR-27a. Further-
more, it was found that c-Fos could directly bind to the
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promoter region of miR-27a and positively regulate miR-27a
expression in vitro. Thus, we suggested that c-Fos, whose
expression is induced during MIRI, transcriptionally acti-
vated miR-27a, which partly accounted for the upregulation
of miR-27a during MIRI.

ATAD3a was verified as a novel target of miR-27a in
our study. Although ATAD3a is reported to act as an anti-
apoptotic factor in lung adenocarcinoma [24] and prostate
cancer [25], the detailed underlying mechanism is not
known. In the present study, we found that ATAD3a could
regulate the translocation of AIF from the mitochondria to
the nucleus, which is consistent with the findings of Chiang
et al. [40]. After AIF enters the nucleus, DNA fragmentation
is triggered, resulting in the initiation of apoptosis [41]. How-
ever, modulation of ATAD3a expression has little effect on the
activation of caspases, which demonstrated that the regulation
of apoptosis by ATAD3a occurs in a caspase-independent
manner. It has been documented that miR-27a plays an
important role in the regulation of apoptosis [42-44]. miR-
27a can regulate cell apoptosis by targeting Fas-associated pro-
tein with death domain (FADD) [42], SMAD5 [43], PPAR
gamma [44], etc. In this study, it was demonstrated that the
translocation of AIF from the mitochondria to the nucleus
and the apoptosis induced by H/R were regulated by miR-
27a, and these effects were dependent on ATAD3a, which pro-
vided new insight into the mechanism by which miR-27a con-
tributes to the regulation of I/R-induced myocardial apoptosis.

Increasing evidence has shown that miR-27a can be used
as a target for gene therapy [45-47]. An antisense oligonucle-
otide specific for miR-27a (antagomiR-27a) and miR-27a
sponges are two common methods used to inhibit the func-
tion of miR-27a [48, 49]. Ge et al. [45] suggested that
antagomiR-27a inhibits glioblastoma cell growth in vitro
and in vivo. Additionally, antagomiR-27a has a good thera-
peutic effect on the prevention of diabetic nephropathy
[46]. In addition, Salah et al. [47] found that miR-27a
sponges could inhibit the invasion and metastasis of osteo-
sarcoma. A recent study demonstrated that miR-27a medi-
ates the protective effect of high thoracic epidural block on
MIRI [12], but whether inhibition of miR-27a expression
decreases the direct protective effect on MIRI was not deter-
mined. In the present study, MIRI was alleviated in isolated
rat hearts by treatment with an AAV-9 vector expressing
miR-27a sponges, which suggested that miR-27a could be
used as a target for gene therapy in MIRI in the future.

The MIRI model generated by the Langendorft approach
in this study is a robust model for studying ischemia-
reperfusion injury [50]. In the present study, Langendorff-
perfused rat hearts without I/R that stained by TTC did not
indicate any infarct size, while the hearts induced by 30 min
ischemia and 90 min reperfusion showed large infarct areas,
which provides a direct evidence for MIRL. However, we
must acknowledge that there is also a limitation in this
model. Because the isolated rat heart is deprived of neurohu-
moral control, this lack of systemic influence should be fur-
ther evaluated [51]. Despite of this limitation, the data
generated by the Langendorff model still provides useful
information in understanding the role of the c-Fos/miR-
27a/ATAD3a axis in MIRL

Oxidative Medicine and Cellular Longevity

6. Conclusions

Our study demonstrated that c-Fos functions as an upstream
regulator of miR-27a and that miR-27a regulates the translo-
cation of AIF from the mitochondria to the nucleus by target-
ing ATAD3a, thereby contributing to MIRI. These findings
provide new insight into the role of the c-Fos/miR-
27a/ATAD3a axis in MIRI and suggest that miR-27a could
be used as a target for gene therapy in MIRL
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Ischemia-reperfusion injury is a urological emergency condition that could lead to necrosis, testicular damage subfertility, and
infertility. The purpose of this study was to identify changes taking place in the rat testis at short-term (4 hr) as well as long-
term (7 days) reperfusion following testicular torsion and to evaluate the effects of Proxeed Plus (PP), L-carnitine-rich
antioxidant supplement, on preventing these changes using the biochemical parameters and histopathology. Thirty adult male
rats were divided into five groups: in groups, 1-4 testicular ischemia was achieved by rotating the left testis 720" clockwise for 4h
and dividing into the sham, torsion/detorsion (T/D), T/D+1000mg/kg BW PP, and T/D+5000 mg/kg BW PP groups,
respectively. PP was administered intraperitoneally 30 min before detorsion while group 5 served as the normal control. All rats
were sacrificed 4h after detorsion. The same experimental design was set up, and animals were sacrificed after 7 days of
detorsion. The testicular levels of human cyclooxygenase-2; tumor necrosis factor; interleukins-1, 6, and 10; hydrogen
peroxide; malonaldehyde; superoxide dismutase; catalase; glutathione transferase; glutathione peroxidase; glutathione reductase;
and histopathological damage were evaluated. Our results revealed that rats in the torsion/detorsion group exhibited elevated
testicular levels of oxidative markers and proinflammatory cytokines, low levels of antioxidant enzymes, and severe histological
alterations relative to the control and sham groups. Treatments with 1000 and 5000 mg/kg BW of PP for 4hr and 7 days
significantly (p < 0.05) decreased the levels of the proinflammatory and oxidative markers while increasing the spermatogenesis,
testicular levels of antioxidant enzymes, and anti-inflammatory cytokine (IL-10) in a dose-dependent manner. This suggested
that PP exhibited anti-inflammatory and antioxidant activities against I/R testes thus serving as an effective supplement to
protect against testicular assault.
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1. Introduction

Testicular torsion (TT) is a serious medical and surgical cri-
sis, which occurs due to rotation and abnormal twisting of
the spermatic cord of the testis or the mesorchium [1]. The
degree and length of torsion are vital determinants of testic-
ular damage [1, 2]; thus, prompt diagnosis and early medical
intervention are necessary for managing this condition. It is
not a frequently encountered condition (1 out of 4000 males)
and occurs mostly in males under the age of 25 years [3].
However, it is considered a dangerous pathological condition
that causes a decreased flow of blood to the testes causing
scrotal pain and finally leading to testicular atrophy [4, 5].
This interrupted blood flow leads to ischemia during which
ATP gets depleted while degradation products such as hypo-
xanthine increase, causing damages to metabolically active
tissues [6]. However, following the acute ischemia, the tissues
undergo reperfusion during which the tissue blood flow is
being attenuated, causing more damaging effects than that
induced by ischemia [7].

The reactive oxygen species (ROS) such as superoxide
anions, hydrogen peroxide, and hydroxyl radicals have been
implicated in the pathogenesis of testicular ischemia/reperfu-
sion (I/R) injury [8, 9], and several antioxidant therapies have
been experimentally used to reverse the antioxidant-induced
testicular damage [10, 11]. In fact, ROS constitutes the basic
pathophysiological processes of the I/R injury in the testis
and other tissues such as the brain, myocardium, and kidneys
[9, 12]. The restoration of blood flow during ischemia-
reperfusion (I/R) injury triggers a chain of reactions that lead
to the generation of reactive oxygen species (ROS) by the
injured testicular cells and endothelial cells in the ischemic
zone, as well as neutrophils that enter the ischemic zone,
and become activated on reperfusion [13-15]. This genera-
tion of reactive oxygen species (ROS) can cause testicular oxi-
dative cell and tissue damage by the destruction of the
integrity of the cell membrane, induction of lipid peroxida-
tion, protein denaturation, and DNA damage [16, 17]. Serum
malondialdehyde (MDA) concentration in patients with tes-
tis torsion has been identified as a reliable marker of lipid per-
oxidation and tissue damage [18, 19]. However, time course,
short- and long-term testis reperfusion damages, and time
course therapeutic strategies have been reported [18, 20].

Furthermore, when a tissue suffers from ischemia-reperfu-
sion, inflammatory mediators like prostaglandin E2 (PGE2)
and nitric oxide (NO) are produced through the activations
of cyclooxygenase-2 (Cox-2) and inducible NO synthase
(iNOS), respectively [14]; also, proinflammatory cytokines like
interleukin-6 (IL-6), interleukin-1 (IL-1/3), and tumor necro-
sis factor (TNF-«) are highly produced [21]. These proinflam-
matory cytokines trigger the productions of ROS, which
stimulates neutrophil infiltration and results in ischemic
injury [12]. Therefore, inflammatory mediators and proin-
flammatory markers play important roles in oxidative stress-
induced I/R injury [22].

The testes contain some natural antioxidants such as
vitamins, thioredoxin, glutathione, and superoxide dismut-
ase [23] that play a vital role in protecting the testes against
oxidative damage during assaults. However, relatively low
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levels of these natural antioxidants in the cytoplasm and high
levels of membrane polyunsaturated fatty acids make sper-
matozoa susceptible to ROS attack from lipid peroxidation
[23, 24]. A curative approach that attenuates the production
of these inflammatory markers and free radicals could sal-
vage the testis from impairment during I/R injury. Several
anti-inflammatory and antioxidant free radical scavengers
have been used to prevent I/R injury in tissues.

L-carnitine (LC) plays a pivotal role in cellular energetic
metabolism, acting as a shuttle of the activated long-chain
fatty acids (acyl-CoA) into the mitochondria, where beta-
oxidation takes place [25, 26]. L-carnitine is found at a high
level in epididymal fluid due to an active secretory mecha-
nism [27]; in addition, high levels of L-carnitine in epididy-
mal lumen and L-acetylcarnitine (LAC) in sperm cells have
been implicated in the initiation of sperm motility [28, 29].
Clinical studies have also indicated that oral administration
of L-carnitine improves sperm quality of patients with idio-
pathic asthenozoospermia [30] and have also been used for
the treatment of idiopathic and varicocele-associated oli-
goasthenospermia [31]. In addition, Lenzi et al. [32] success-
fully used L-carnitine in idiopathic infertile males while
another study demonstrated that a combination of L-carni-
tine+acetyl-L-carnitine increased sperm count in patients
with echographic features of genital inflammation [33].
Decreased total L-carnitine levels may be associated with
hyperandrogenism and/or insulin resistance in nonobese
women with polycystic ovary syndrome (PCOS) [34].

Proxeed Plus is a lemon flavor carnitine-based supple-
ment specially formulated to support sperm health and boost
a man’s reproductive ability. It is a composite of L-carnitine,
acetyl-L-carnitine, zinc, fumarate, CoQ10, folic acid, fruc-
tose, vitamin C, and vitamin B12 [35]. These ingredients
are known to play a vital function in spermatozoa by opti-
mizing energy and hormonal metabolism, maintaining
sperm health, and exhibiting antioxidant activities [24, 36—
38]. A recent randomized clinical study involving over 100
oligoasthenoteratozoospermia men reported a significant
increase in progressive sperm motility and total sperm count
in groups treated with Proxeed Plus for 6 months compared
to the placebo [39]. Another clinical trial with 175 idiopathic
oligoasthenozoospermia men who could not impregnate
their partners revealed that Proxeed Plus treatments for 3
and 6 months significantly improve the sperm volume and
progressive motility compared to the baseline [40]. Other
biological activities of Proxeed Plus including neuroprotection
[41] have been reported. In the present study, we demon-
strated the beneficial effects of Proxeed Plus on attenuating
the inflammatory condition and oxidative stress induced by
ischemia-reperfusion of the testes in male rats.

2. Materials and Methods

2.1. Test Supplement (Proxeed Plus), Chemicals, and Assay
Kits. The test supplement (Proxeed Plus) was obtained from
Sigma-Tau Health Science, Utrecht, the Netherlands. Enzyme-
linked immunosorbent assay kits are Rat Interleukin-1 ELISA
Kit and Rat Tumor Necrosis Factor ELISA Kit, respectively,
Shanghai LZ, China. The Glutathione Assay Kit and Lipid
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Peroxidation (MDA) Assay Kit were from Sigma-Aldrich,
USA. The Cox activity assay kit was from Cayman, Ann
Arbor, MI, USA. Ketamine was obtained from Ketalar, Pfizer
Pharm GMBH, Germany. All other chemicals were from
Sigma-Aldrich Co., St. Louis, MO, USA.

2.2. Experimental Animals. Fifty (50) male albino rats weigh-
ing 126.45 + 3.97 g were procured from the animal farm of
Bingham University. The animals were maintained under
standard laboratory conditions with access to commercial
feed pellets (growers) and water ad libitum. Animal handling
and experimentations complied with the principles governing
the use of laboratory animals as laid out by the international
standard set by the UK Animals (Scientific Procedures) Act,
1986 and associated guidelines, the European Communities’
council directive of 24 November 1986 (86/609/EEC), and
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH Publication No. 8023, revised
1978). All experimental protocols were approved by Bingham
University, Committee on Ethics for Medical and Scientific
Research (BHU/REC/19/A005), and principles governing the
use of laboratory animals as laid out by the Bingham Univer-
sity, Committee on Ethics for Medical and Scientific Research,
were duly observed.

2.3. Experimental Design and Animal Grouping. Time course
(short- and long-term) testicular reperfusion damages have
been reported [18, 20]; for these reasons, two experimental
protocols were designed. The first protocol involved 5 exper-
imental groups (5 rats per group) and was designed to iden-
tify changes taking place in the rat testis at short-term (4 hr)
reperfusion following testicular torsion and to evaluate the
effects of Proxeed Plus (PP).

Group 1: control group that received 2 ml/kg BW normal
saline

Group 2: sham group

Group 3: torsion/detorsion (T/D)

Group 4: T/D+1000 mg/kg BW PP

Group 5: T/D+5000 mg/kg BW PP

In groups 4 and 5, Proxeed Plus was administered intra-
peritoneally 30 min before detorsion. 1000 mg/kg BW (low
dose) and 5000 mg/kg BW (high dose) of PP were selected
based on the recommended therapeutic regime of Proxeed
Plus and also based on our previous toxicity study indicating
that PP was safe and devoid of adverse effect even at a high
dose of 5000 mg/kg BW. All rats were sacrificed 4h after
detorsion. However, in order to identify the changes taking
place in the rat testis after long-term (7 days) reperfusion fol-
lowing testicular torsion and to evaluate the effects of Prox-
eed Plus (PP), the second protocol was designed with 5
experimental groups as described in the first protocol; how-
ever, all animals were sacrificed after 7 days of detorsion.
The surgical procedure was carried out based on previous
experimental studies [42, 43]. In brief, the rats were anesthe-
tized using intraperitoneal injections of 50 mg/kg BW of
ketamine hydrochloride and 10mg/kg BW of xylazine.
Through a longitudinal scrotal incision, the left testis of the
animals in each group was exposed and dissected. Afterward,
the torsion of the left testis was induced by a 720° counter-

clockwise rotation. One hour later, the testis was counterro-
tated to the natural position and was inserted into the
scrotum. Then, the skin incision was sutured (4-0 nonab-
sorbable), and animals were kept until harvesting time. In
the sham animals, only surgical stress was applied by imme-
diately retracting and replacing the spermatic cord.

2.4. Collection and Preparation of Organ. The testis was care-
fully harvested and homogenized in 0.25M in 0.1 M phos-
phate buffer pH7.4 using a Teflon homogenizer, and the
homogenate was centrifuged at 3,000 r.p.m. for 15 minutes
[44, 45], after which the supernatant was transferred into
plain sample bottles for analysis.

2.5. Estimation of Testicular Levels of Prooxidative Molecules
and Antioxidant Enzymes

2.5.1. Lipid Peroxidation. The testicular concentrations of
malonaldehyde (MDA) as an index of lipid peroxidation
were estimated spectrophotometrically by the thiobarbituric
acid-reactive substance (TBARS) methods as described by
Varshney and Kale [46]. Briefly, 0.4 ml of the sample was
mixed with 1.6 ml of Tris KCI buffer (0.15 M) to which 30%
TCA (0.5ml) was added. Then, 0.5ml of 52 mM TBA was
added and incubated in a water bath (80°C) for 45 min; this
was followed by ice cooling centrifugation (3,000 rpm) at
room temperature for 10 min. The supernatant was sepa-
rated, and the absorbance was measured against the reference
blank of distilled water at 531.8 nm.

2.5.2. Proteins and H,0,. The testicular proteins and H,0,
concentrations were assessed by the spectrophotometric
methods of Gornall et al. [47] and Koroliuk et al. [48], respec-
tively. Briefly, 10 yl of the sample was incubated for 10 min
with 100 gmol/ml H,O, in 0.05mmol/l Tris-HCl buffer
(pH=7). The yellow complex of ammonium molybdate
((NH,),M00,) and H,0O, was monitored at 410 nm after ter-
minating the reaction with 50 ul of 4% (NH,),MoO,.

2.5.3. Catalase (CAT). The testicular activities of catalase
were evaluated using a spectrophotometer by monitoring
H,0, clearance as described by Sinha [49]. The reaction mix-
ture contained 2.9 ml of 10mM H,0, in 50 uM potassium
phosphate buffer (pH 7) followed by 0.1 ml of tissue homog-
enate. The rate of decrease in the absorbance at 240 nm was
recorded for 3min. The results were expressed as ymol
H,0,/min/mg of protein.

2.5.4. Superoxide Dismutase (SOD). The superoxide dismut-
ase activity was estimated based on the principle of inhibition
of autoxidation of epinephrine at 30°C and pH10.2 as
described by Misra and Fridovich [50]. Briefly, 25 ul of the
homogenate was mixed with 0.1 mM epinephrine in carbon-
ate buffer (pH 10.2) in a total volume of 1 ml, and the forma-
tion of adrenochrome was measured at 295nm using a
spectrophotometer. The SOD activity (U/mg of protein)
was calculated by using the standard plot.

2.5.5. Glutathione Reductase (GSH). The activity of glutathi-
one reductase was determined as described by Smith et al.
[51] with small modifications. The reaction mixture in a total



of 3ml consists of 2.9ml of 5,5-dithiobis(2-nitrobenzoic
acid) prepared in potassium phosphate buffer (0.1 M, pH
7.4), and 0.1 ml of tissue homogenate was incubated for 15
min at 37°C, and the absorbance was measured at 412 nm.
The results were expressed as gmol/mg protein.

2.5.6. Glutathione Peroxidase (GPx). Glutathione peroxidase
(GPx) activities were estimated using the spectrophotometric
methods as described by Hu and Dillard [52]. Glutathione
peroxidase (GPX) catalyzed the oxidation of glutathione by
cumene hydroperoxide. In the presence of NADPH and glu-
tathione reductase, the oxidized glutathione was immediately
converted to the reduced form with concomitant oxidation of
NADPH to NADP" [53]. An aliquot (10ul) of the tissue
homogenate was mixed with 500 yl mixed reagent and 20 ul
cumene hydroperoxide. The absorbance was measured at
340 nm.

2.5.7. Glutathione S-Transferase (GST). Glutathione S-
transferase (GST) activities were estimated using a spectro-
photometer as described by Habig et al. [54]. The reaction
mixture in a volume of 3 ml contained 2.4 ml of 0.3 M potas-
sium phosphate buffer (pH 6.9), 0.1 mL of 30 mM 1-chloro-
2,4-dinitrobenzene (CDNB), 0.1 ml of 30 mM GSH, and the
enzyme source. The reaction was initiated by glutathione.
The absorbance was followed for 5min at 340 nm against a
reagent blank.

2.6. Estimation of Testicular Levels of Inflammatory Markers.
The testicular levels of tumor necrosis factor-alpha (TNF-a),
cyclooxygenase- (Cox-) 2 activity, interleukin-1f (IL-1p),
interleukin-6 (IL-6), and interleukin-10 (IL-10) levels were
measured in duplicate by ELISA kits as described previously
[55] and by following the manufacturer’s directives.

2.7. Histopathological Evaluation of Testis. The testes of rats
were fixed in 10% formalin and processed for histology using
standard procedures. Further histological preparations were
carried out as described by Igwebuike and Eze [56] and
stained with hematoxylin and eosin for light microscopy.

2.8. Molecular Docking. The chemical structure of our ligand
drug (L-carnitine) was retrieved as mol file format from the
PubChem database. The ligand was converted into PDB for-
mat using Pymol and converted into PDBQT format using
AutoDock Tools 1.5.6. All the protein targets (receptors),
human cyclooxygenase-2 (PDB = 5kir), tumor necrosis factor
(PDB=1TNF), human interleukin-6 (PDB=1ALU), and
human interleukin-1 beta (PDB=9ILB) were retrieved as
PDB format file from Protein Data Bank and subsequently
converted to PDBQT format. The ligands were prepared for
docking by deletion of H,O molecules, adjustment of polar
hydrogen, and addition of Kollman charges. The molecular
docking was performed using AutoDock Vina with all
parameters set as default, and all bonds in the ligand are
rotated freely, considering the receptor as rigid [57-59]. A
grid box of 40 A x40 A x40 A was generated on defined
binding site residues of the ligand. The docked ligand-
receptor complex was visualized and analyzed using Pymol.
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2.9. Bioinformatics Study. We used the testicular necrosis
bioinformatics tools (https://www.novusbio.com/diseases/
testicular-necrosis) to explore the genes, diseases, and path-
ways that are strongly associated with testicular torsion and
necrosis.

2.10. Data Analysis. Data were expressed as the mean + SD of
six determinations. The analysis was performed using the
SPSS statistical package for Windows (version 21.0; SPSS
Inc, Chicago). Results were subjected to ANOVA followed
by DMRT. Statistically significant was considered at p < 0.05.

3. Results

3.1. CAT/SOD/CASP3/TNF/GPx Is a Regulatory Signature of
Testicular Torsion and Is Associated with Testicular Necrosis.
Testicular torsion occurs when there is a mechanical twisting
of the spermatic cord. Using the testicular necrosis bioinfor-
matics tools (https://www.novusbio.com/diseases/testicular-
necrosis), we found that there is a strong association between
testicular necrosis and spermatic cord torsion, testicular dis-
eases, testicular pain, atrophy, hernia, and inguinal. In addi-
tion, we found that spermatogenesis is an important
pathway related to testicular torsion. Furthermore, we identi-
fied catalase, superoxide dismutase, caspase 3, TNF, glutathi-
one peroxidase, and MSTD as the most important regulatory
genes involved in spermatic cord torsion (Figure 1).

3.2. Proxeed Plus Exhibits Anti-Inflammatory Activities via
Downregulation of TNF-a/IL-6/IL-1B/Cox-2 in Testicular
Reperfused Rats. The torsion/detorsion rats displayed elevated
levels of testicular TNF-g, interleukin-6 (IL-6), interleukin-1p
(IL-13), and Cox-2 but low level of interleukin-10 (IL-10) as
compared with the control rats (p < 0.05). The sham group
also exhibited a slight increase in the levels of inflammatory
markers but lower compared with the T/D groups. Treat-
ments of T/D with 1000 and 5000 mg/kg BW of Proxeed Plus
for 4hr and 7 days produce a significant and dose-dependent
decrease to the levels of the inflammatory markers. The 7
days’ treatment displays higher modulation of the inflamma-
tory markers than the 4 hr treatments. The level of Cox-2 in
T/D rats following 7 days’ treatments with 1000 and 5000
mg/kg BW of Proxeed Plus was significantly lower than that
of the control groups (Figure 2).

3.3. Proxeed Plus Prevents Reperfusion-Induced Oxidative
Stress by Decreasing the Generation of H,O, and MDA in
Testicular Reperfused Rats. Evaluation of antioxidant
markers following testicular torsion/detorsion indicated that
rats in the torsion/detorsion groups had significantly
(p <0.05) high levels of H,0, and MDA than the control
group and other experimental groups. Treatments of T/D
rats with 1000 and 5000 mg/kg BW of Proxeed Plus for 4 hr
and 7 days produce significant decreases in the levels of
H,0, and MDA relative to the untreated (T/D) group. Rats
treated with 5000 mg/kg BW restored the normal levels of
H,0, and MDA. Furthermore, the reduction in the levels
of total proteins observed in T/D groups was significantly
reversed by PP treatments (Figure 3).
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FIGURE 1: Genes, diseases, and pathways associated with testicular torsion and necrosis.
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mean + SD of 6 determinations. Bars with different superscript alphabets are significantly different (p < 0.05). The high significant levels of
the parameters were in the order of a <b < c. Bars with superscript alphabet “a” are significantly lower than bars with superscript alphabet
“b” while bars with superscript “b” are lower than bars with superscript alphabet

« »

¢’ at p<0.05.

3.4. Proxeed Plus Enhances the Antioxidant Status of Testicular ~ revealed normal testicular architecture with normal germ layer
Reperfused Rat via Induction of CAT/GST/SOD/GPx Activities. ~ and maturation stages of control rats. Similarly, the sham
The antioxidant enzymes evaluated after 4hr and 7 days of = group shows a normal histological picture of the testes. The
torsion/detorsion indicated that rats in the torsion/detorsion  torsion/detorsion group shows very poor architecture with
groups had significantly (p < 0.05) low levels of antioxidant  several degenerated seminiferous tubules and degenerated ger-
enzymes, catalase (CAT), glutathione reductase (RG), gluta- minal epithelial cells. Also, testis of rats treated with PP (1000
thione S-transferase (GST), superoxide dismutase (SOD, and ~ mg/kg) at 4 hr had similar histoarchitecture with the T/D rats
glutathione peroxidase (GPx) than the control group and  while that of 5000 mg/kg BW has moderately normal sper-
other experimental groups. Treatments of T/D rats with  matogonia cells and Sertoli cells and few seminiferous tubules.
1000 and 5000 mg/kg BW of Proxeed Plus for 4hr and 7 days ~ However, 7 days’ treatment (1000 mg/kg) exhibited poor
produce significant and dose-dependent increases in the levels ~ architecture, in which seminiferous tubules show tubular vac-
of the antioxidant’s enzymes. Furthermore, Proxeed Plus  uolation and cessation of spermatogenesis while testes of rats

treatments increase the levels of catalase, superoxide dismut-  under 7 days’ treatments (5000 mg/kg) have moderately nor-
ase, glutathione reductase, and glutathione S-transferase than ~ mal testicular architecture with normal Sertoli cells and several
the levels in the control rats (Figure 4). seminiferous tubules (Figures 5-8).

3.5. Proxeed Plus Ameliorates Reperfusion-Induced Histological =~ 3.6. Proxeed Plus Enhances the Spermatogenesis Ability of the
Impairments in Rats. Histological examinations of the testes  Testicular Reperfused Rats. Testicular ischemia-reperfusion
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FIGURE 3: Proxeed Plus prevents torsion/detorsion-induced free radical generation and lipid peroxidation in rat testis: (a) total proteins; (b)
hydrogen peroxide (H,O,); (c) malonaldehyde (MDA). Each bar represents the mean +SD of 6 determinations. Bars with different
superscript alphabets are significantly different (p < 0.05). The high significant levels of the parameters were in the order of a <b < c. Bars
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with superscript alphabet “a” are significantly lower than bars with superscript alphabet “b” while bars with superscript “b” are lower than

« »

bars with superscript alphabet “c” at p < 0.05.

of male rats induces spermatogenic impairments in rats as
evidenced by significant (p < 0.05) decreases in all sperm
velocity parameters (ALH, beat cross frequency, linearity,
and straightness), sperm kinematics (straight-line velocity,
curvilinear velocity, and average path velocity), and sperm
motility (total motility, progressive motility, mean move angle
degree, and wobble), while the sperm nonprogressive motility
and immobility increase in the T/D group (Table 1). Interest-
ingly, treatments with Proxeed Plus (1000 and 5000 mg/kg
BW) exhibited significant (p <0.05) and dose-dependent
increases in parametric measures of sperm velocity, kinemat-
ics, and progressive motilities while decreasing sperm nonpro-
gressive motility and immobility (Table 1).

3.7. Molecular Docking Analysis Revealed That L-Carnitine
Component of Proxeed Plus Formed Stable Interaction with
the Binding Cavity of IL-6/IL-1f3/Cox-2. Docking simulation
of L-carnitine with IL-18, IL-6, and Cox-2 revealed binding
affinities of -5.5. -5.9, and -6.8kcal/mol. The L-carnitine
backbone interacts with IL-1f3 by H-bonding with GLU64
residue of the binding pocket while it interacts with the bind-
ing pocket of IL-6 and Cox-2 by hydrogen bonding with

ARG 104 and ASN 144 residue, respectively. The binding
distance between the ligand and IL-1p, IL-6, and Cox-2 was
4.9, 2.2, and 3.1 A, respectively (Figure 9 and Table 2).

4. Discussion

Our study pioneered the report of testicular-protective effects
of Proxeed Plus against T/D-induced testis impairments.
Ischemia-reperfusion provokes an inflammatory immune
response and promotes tissue oxidative stress-induced dam-
ages [60]. Overproduction of inflammatory mediators, such
as prostaglandin E2 (PGE2) through the activations of
cyclooxygenase-2 (Cox-2), and proinflammatory cytokines,
including IL-13, TNF-«, and IL-6, has been implicated in dis-
eases associated with inflammatory response [21, 22]. Fur-
thermore, elevated levels of cytokine in serum and liver,
lung, kidney, gut, brain, and heart have been documented
during organ T/D [33-37]. Consistently, the present study
showed elevated levels of testicular TNF-a, interleukin-6
(IL-6), interleukin-13 (IL-1p), and Cox-2 but decreased
interleukin-10 (IL-10) in rats that underwent T/D. The eleva-
tion of such proinflammatory mediators in T/D rats may be a
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FIGURE 4: Proxeed Plus enhances antioxidant system and prevents torsion/detorsion-induced oxidative impairment in rat testis: (a) catalase
(CAT); (b) superoxide dismutase (SOD); (c) glutathione reductase (GSH); (d) glutathione peroxidase (GPx); (e) glutathione S-transferase
(GST). Each bar represents the mean+SD of 6 determinations. Bars with different superscript alphabets are significantly different

(p <0.05). The high significant levels of the parameters were in the order of a <b < c. Bars with superscript alphabet

« »

a” are significantly

« »

lower than bars with superscript alphabet “b” while bars with superscript “b” are lower than bars with superscript alphabet “c” at p < 0.05.

mechanism by which ischemia-reperfusion accelerates testic-
ular distortion and sterility in man.

Fortunately, treatment of T/D rats with PP exhibited
remarkable anti-inflammatory effects by significantly reduc-
ing the testicular concentrations of the inflammatory media-
tors (Cox enzyme) and proinflammatory markers TNF-q,
interleukin-6 (IL-6), and interleukin-1p (IL-1) and increas-
ing the levels of interleukin-10 (IL-10). IL-10 is a T helper 2
type cytokine that inhibits the generations of the proinflam-
matory cytokines, including IL-1, IL-6, and TNF-« [61]. It
exhibited its inhibitory effects by upregulating the generation
of soluble TNF-«a and IL-1 receptor antagonist [62] thus
reducing the levels of proinflammatory cytokines and sub-
sequently attenuating inflammation-induced free radical

generations and oxidative stress [62]. Thus, treatments with
PP could be considered a good curative approach to salvage
the testis from impairment against T/D-induced inflamma-
tory response. Consistent with the results obtained in the
present study, previous studies also reported that treat-
ments of rats with vitamin supplements exhibited an anti-
inflammatory effect via inhibition of PGE2 production
and Cox enzyme [63, 64].

Oxidative stress and an imbalance between the genera-
tion of prooxidant and antioxidant systems have been associ-
ated with several organ abnormalities [65-67] and implicated
in ischemia-reperfusion-induced testicular impairments [44].
The increased ROS generation leads to oxidative stress and
activates apoptosis and increased DNA damage. Therefore,
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F1GURE 5: Photomicrographs of testis sections stained with hematoxylin and eosin after administration of Proxeed Plus to rats for 4 hours: (a)
control group showing normal testicular architecture, the lumen appears normal with presence of spermatozoa (white arrow); (b) sham group
showing normal testicular architecture, the lumen appears normal with presence of spermatozoa (white arrow), the interstitial spaces show
normal Leydig cells (slender arrow) and mild vascular congestion (black arrow); (c) T/D group showing very poor architecture, severe
degeneration of seminiferous tubules (slender arrow), these tubules are fibrotic and show thickened propria (white arrow), they exhibit
degenerated germinal epithelial cells and necrosis (black arrow); (d) posttreatment with 1000 mg/kg Proxeed Plus after TD showing
interstitial spaces with normal Leydig cells (black arrow), presence of spermatozoa in the lumen (white arrow); (e) posttreatment with
5000 mg/kg Proxeed Plus after TD showing several normal testicular architecture, interstitial spaces with normal Leydig cells (slender
arrow), the lumen appears normal with presence of spermatozoa (white arrow). Magnification x100.

F1GURE 6: Photomicrographs of testis sections stained with hematoxylin and eosin after administration of Proxeed Plus to rats after 7 days: (a)
control group showing normal testicular architecture, the lumen appears normal with presence of spermatozoa (slender arrow), normal
seminiferous tubules with normal germ cell layer (black arrow). (b) Sham group showing moderately normal testicular architecture, the
lumen appears normal with presence of spermatozoa (white arrow), germ cell layer with marked maturation arrest (slender arrow). The
interstitial spaces show normal Leydig cells (black arrow); (c) T/D group showing very poor architecture, degenerated and sloughed
germinal epithelial cells and obvious maturation arrest (black arrow), and severe vascular congestion (white arrow), generalized and severe
degeneration of seminiferous tubules (slender black arrow); (d) posttreatment with 1000 mg/kg Proxeed Plus after TD showing normal
Leydig cells (slender arrow), lumen with presence of spermatozoa (white arrow); (e) 5000 mg/kg Proxeed Plus after TD showing
normal testicular architecture, the lumen appears normal with presence of spermatozoa (white arrow), normal seminiferous tubules
with normal germ cell layer and maturation stages (slender arrow). Magnification x100.

F1GURE 7: Photomicrographs of testis sections stained with hematoxylin and eosin after administration of Proxeed Plus to rats after 4 hours:
(a) control group showing normal testicular architecture with seminiferous tubules having normal germ cell layer (slender arrow) and normal
maturation stages, there are normal spermatogonia cell (blue arrow) and normal Sertoli cells (red arrow), the lumen appears normal with
presence of spermatozoa (white arrow). The interstitial spaces show normal Leydig cells (slender arrow). (b) Sham group showing normal
testicular architecture, with normal germ cell layer (slender arrow) and normal maturation stages, there are normal spermatogonia cell
(blue arrow) and normal Sertoli cells (red arrow), the lumen appears normal with presence of spermatozoa (white arrow). The interstitial
spaces show normal Leydig cells (slender arrow). (c) T/D group very poor architecture, degenerated and sloughed germinal epithelial cells
(black arrow), severe degeneration of seminiferous tubules with fibrotic and thickened propria and necrosis (black arrow). (d) 1000 mg/kg
Proxeed Plus after TD. The interstitial spaces show normal Leydig cells (slender arrow) normal lumen with presence of spermatozoa
(white arrow). (e) 5000 mg/kg Proxeed Plus after TD showing several normal testicular architecture, seminiferous tubules with germ cells
and lumen maturation stages (black arrow). Magnification x400.
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F1GURE 8: Photomicrographs of testis sections stained by hematoxylin and eosin after administration of Proxeed Plus to rats after 7 days: (a)
control group showing normal testicular architecture. Normal germ cell layer (spanned) and normal maturation stages, there are normal
spermatogonia cells (blue arrow) and normal Sertoli cells (red arrow), the lumen appears normal with presence of spermatozoa (white
arrow). The interstitial spaces show normal Leydig cells (slender arrow). (b) Sham group showing normal testicular architecture. Normal
maturation stages, normal spermatogonia cell (blue arrow) and normal Leydig and Sertoli cells (red arrow), the lumen appears normal
with presence of spermatozoa (white arrow). The interstitial spaces show normal Leydig cells (slender arrow). (c) T/D group showing
very poor architecture, generalized and severe degeneration of seminiferous tubules, fibrotic tubules and thickened propria, and sloughed
germinal epithelial cells (slender arrow). (d) 1000 mg/kg Proxeed Plus after TD showing moderately normal testicular architecture, few
seminiferous tubules with marked maturation arrest (black arrow). The interstitial spaces show normal Leydig cells (slender arrow). (e)
5000 mg/kg Proxeed Plus after TD showing normal testicular architecture, the lumen appears normal with presence of spermatozoa
(white arrow). Normal Leydig and Sertoli cells (slender arrow) several normal seminiferous tubules with germ cells (slender arrow).
Magnification x400.

TasLE 1: Effect of Proxeed Plus on sperm parameters of the reperfusion-induced testicular impaired rats.

Parameters Control Sham T/D T/D+PP 1000 mg/kg T/D+PP 5000 mg/kg

Four (4) hours of treatments

VAP 17.92 + 1.20° 14.77 +0.12° 4.36 +0.62° 12.00 + 0.80° 23.88 +2.53¢
VCL 19.98 + 0.67° 12.34+0.72° 5.08 + 0.43° 22.36 £2.31¢ 29.80 + 1.70¢
VSL 18.95 + 1.28° 16.78 +0.03° 2.74+0.18% 15.01 + 0.66° 27.51 + 1.64°
Motility 75.49 + 5.31 63.99 +2.87° 39.58 + 4.50° 82.86 +2.31° 90.54 +1.15¢
M 25.82+1.36° 22.33+1.69° 73.11 +4.84° 17.26 +0.62° 13.76 + 0.41°
STR 68.30 +0.35%¢ 52.07 +33.71° 40.39 +7.51° 62.74 +1.55° 71.39 +0.61¢
LIN 62.20 +0.16° 61.59 +0.75° 29.28 +4.53° 75.75 +2.27° 76.03 + 4.22°
PR 49.57 + 6.09° 31.98 +1.25° 18.10 + 1.09° 43.92 +2.65° 50.95 + 0.89°
NP 12.63 +0.45% 43.05 + 3.33° 38.17 + 0.80° 25.61 +2.09° 13.92 + 1.20°
WOB 71.21 +0.82° 84.46 + 3.45% 83.18 +0.85"° 61.54 +2.07° 93.33 +1.88°
MAD 2.07 +0.08" 1.41 +0.20° 0.66+0.16 3.53+0.27° 5.89 +0.23¢
ALH 0.21 +0.06* 0.29 +0.02° 0.17 +0.01% 0.32+0.02° 0.71 +0.02°
BCF 0.54 +0.09° 1.25+0.14° 0.44 +0.22° 2.62+0.02° 3.13+0.12¢
Seven (7) days of treatments
VAP (um/s) 18.51 £1.07° 16.62 +3.07° 3.52+0.28° 19.39 +0.28" 26.54 + 4.41°
VCL (um/s) 27.03 +3.90° 26.66 + 1.24° 2.61 £0.56* 16.22 +1.94° 29.01 +0.41°
VSL (um/s) 24.04 +0.53° 22.17 £2.10° 1.16 +0.09° 11.33+1.88° 33.09 + 4.49¢
Motility 85.49 +1.81° 78.58 +0.52° 22.52 +1.12° 87.99 + 3.30° 97.06 +2.10°
IM 20.95 + 1.72° 23.66 + 0.47° 71.21 +3.39" 20.29 + 4.74° 18.58 + 0.44°
STR 82.57 +5.21° 74.37 +2.58° 21.57 +1.27° 59.35 + 4.08" 92.76 + 4.02¢
LIN 81.32+6.17° 77.81 +3.99° 22.55 + 1.60° 73.61 +2.66° 83.48 + 3.44°
PR 62.51 +2.62° 56.38 + 8.62°° 10.38 + 0.39° 48.84 +10.61° 58.27 + 10.66>
NP 31.74 + 4.42° 46.55 +2.354 43.98 +9.03¢ 23.94 +3.73° 9.74+0.36%
WOB 80.66 + 9.84° 64.06 + 3.27° 62.62 +4.07° 58.06 + 1.23° 48.58 + 5.40°
MAD 5.80 + 0.52° 5.72 +0.50° 0.25 + 0.04% 428 +0.86° 10.29 + 0.04°
ALH (um) 1.57 £0.35° 2.39+0.05° 0.14 +0.03* 1.19+0.20° 3.08 +1.58¢
BCF (Hz) 4.09 +0.94° 2.27 +0.49° 0.25+0.13% 2.98 +0.94° 5.61+0.13¢

VAP: average path velocity; VCL: curvilinear velocity; VSL: straight-line velocity; ALH: amplitude of lateral head; BCF: beat cross frequency; LIN: linearity; STR:
straightness; WOB: wobble; MAD: mean move angle degree. Data are the mean + SD of triplicate determination. Values followed by different superscript
alphabets are significantly different.
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FIGURE 9: Receptor-ligand interaction of inflammatory markers with the Proxeed Plus backbone (L-carnitine): (a) L-carnitine-interleukin-1
complex; (b) L-carnitine-interleukin-6 complex; (c) L-carnitine-cyclooxygenase 2 complex. The upper panel shows the interacting amino acid
residues and the binding distances, while the lower panels show the ligand interaction in the binding pocket of the receptors.

TasBLE 2: Docking profile of inflammatory and antioxidant markers with the Proxeed Plus scaffold (L-carnitine).

Protein targets Binding affinity (kcal/mol)

Binding distance (A)

Interacting atom (protein-ligand)  Interacting amino acid

Interleukin-1p -5.5 49
Interleukin-6 -5.9 22
Cyclooxygenase 2 -6.8 3.1

H-O GLU 64
H-O ARG 104
H-N ASN 144

in this study, H,0, and MDA were assessed as indicators of
oxidative damage of cellular macromolecules. Consistent with
our expectation, T/D considerably raised the testicular levels
of H,0, and MDA but depleted protein levels.

The observed decrease in the total protein in T/D could
be attributed to the decreased levels of the antioxidant
enzymes which are known to constitute the total protein
pool. Such a decrease in total protein could be detrimental
to cellular homeostasis [68]. This will negatively affect the
metabolic activities within the testis and consequently the
health of the organ. MDA is a product of lipid peroxidation
and a marker of oxidative stress that impairs physiological
mechanisms in the human body because of its ability to react
with macromolecules such as proteins and DNA [69].
Herein, the testicular-protective potential of PP could be
highly linked to its strong antioxidant characteristics as
revealed by decreased levels of H,O, and MDA in the treated
rats. Similarly, PP induced significant enrichment of the
antioxidant capability of the testis as evidenced by dose-
dependent elevation of the testicular levels of free radical
scavengers including the catalase (CAT), glutathione reduc-
tase (GSH), glutathione S-transferase (GST), superoxide dis-
mutase (SOD), and glutathione peroxidase (GPx) relative to

the T/D groups thus protecting against ischemia-reperfusion-
induced oxidative stress during I/R of rats’ testes.

It is well established that PP has a great pool of nutrients
with high antioxidant activities like zinc, L-carnitine, acetyl-
L-carnitine, fumarate, CoQ10, folic acid, fructose, vitamin
C, and vitamin B12 [35]. Accordingly, the antioxidant activ-
ities of PP could be attributed to the synergetic effect of its
highly rich antioxidant components; zinc is well known to
increase the levels of glutathione and antioxidant enzyme
activities [38]. Vitamin E scavenges lipid peroxide radicals
and limits the peroxidation of polyunsaturated fatty acids
in the spermatozoa membrane [24]. L-carnitine and L-
acetyl carnitine control the flow of the acetyl group via
the cell membrane thus reducing the levels of toxic intra-
cellular acetyl-CoA to protect spermatozoa from oxidative
stress and support sperm maturation and male reproduc-
tive health [37].

Our results are consistent with previous studies which
reported that L-carnitine has antioxidant activities and
enhances the reproductive health and functions. In fact, clin-
ical studies have indicated that oral administration of L-
carnitine improves sperm quality of patients with idiopathic
asthenozoospermia [30] and has also been used for the
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treatment of idiopathic and varicocele-associated oligoasthe-
nospermia [31]. In addition, Lenzi et al. [32] successfully
used L-carnitine in idiopathic infertile males while another
study demonstrated that a combination of L-carnitine+ace-
tyl-L-carnitine increased sperm count in patients with echo-
graphic features of genital inflammation [33].

Consistent with the testicular biochemical parameters,
histopathological examination of testis of T/D rats presents
evidence of testis abnormalities as indicated by a very poor
architecture of the testis with several degenerated seminifer-
ous tubules and degenerated germinal epithelial cells. These
findings were in accordance with the study of Jahromi et al.
[69] which reported that after torsion and 4h detorsion,
degenerated germinal epithelial cells were present in the
lumen of the seminiferous tubule in the T/D group. Treat-
ment with the PP, particularly for 7 days, significantly
reduced the aforementioned histotesticular abnormalities
in a dose-dependent manner, suggesting the testicular-
protective effect of the used supplement against ischemic/
reperfusion injury.

Previous clinical studies have indicated that treatment
with Proxeed Plus significantly increases the progressive
sperm motility and total sperm count of oligoasthenoterato-
zoospermia men compared to the placebo [39]. Another clin-
ical trial with 175 idiopathic oligoasthenozoospermia men
who could not impregnate their partners revealed that Prox-
eed Plus significantly improved the sperm volume and pro-
gressive motility compared to baseline [40]. In line with
these studies, our study showed that treatment with Proxeed
Plus has a protective effect on T/D-induced testicular dam-
age. This is attributed to its ability to modulate anti-
inflammatory response and improve the antioxidant system,
thus decreasing the levels of free radicals within the testis and
prevent oxidative stress-induced damages. This study there-
fore calls for further preclinical and clinical studies in
patients with testicular or reproductive deficiencies.

5. Conclusion

Our results indicated that both short-term and long-term
testicular T/D induce an inflammatory response, oxidative
stress, and histoarchitectural alteration. Interestingly, con-
clusively, our study showed that treatment with Proxeed
Plus has both short-term and long-term protective effects
on T/D-induced testicular damage. This is attributed to
its ability to modulate anti-inflammatory response and
improve the antioxidant system, thus decreasing the levels
of free radicals within the testis and preventing oxidative
stress-induced damages.
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Ischemia is a common pathological condition present in many neurodegenerative diseases, including ischemic stroke, retinal
vascular occlusion, diabetic retinopathy, and glaucoma, threatening the sight and lives of millions of people globally. Ischemia
can trigger excessive oxidative stress, inflammation, and vascular dysfunction, leading to the disruption of tissue homeostasis
and, ultimately, cell death. Current therapies are very limited and have a narrow time window for effective treatment. Thus,
there is an urgent need to develop more effective therapeutic options for ischemia-induced neural injuries. With emerging
reports on the pharmacological properties of natural flavonoids, these compounds present potent antioxidative, anti-
inflammatory, and antiapoptotic agents for the treatment of ischemic insults. Three major active flavonoids, baicalein, baicalin,
and wogonin, have been extracted from Scutellaria baicalensis Georgi (S. baicalensis); all of which are reported to have low
cytotoxicity. They have been demonstrated to exert promising pharmacological capabilities in preventing cell and tissue damage.
This review focuses on the therapeutic potentials of these flavonoids against ischemia-induced neurotoxicity and damage in the
brain and retina. The bioactivity and bioavailability of baicalein, baicalin, and wogonin are also discussed. It is with hope that
the therapeutic potential of these flavonoids can be utilized and developed as natural treatments for ischemia-induced injuries of

the central nervous system (CNS).

1. Introduction

Ischemia is a common pathological or traumatic condition
accompanied by the reduction of blood supply to the major
organs, such as the heart, kidney, intestine, brain, and eye
[1]. This leads to an insufficient supply of oxygen and
nutrients and an accumulation of metabolic wastes, causing
organ damage or failure and resulting in death in severe
cases [1]. Neurons in the brain are the most sensitive and
vulnerable cells to ischemia. Only a short period of ische-
mia can elicit irreversible damage to brain tissue, leading
to paralysis or death [2, 3]. Stroke was defined by the
World Health Organization (WHO) in the 1970s as “rap-
idly developing clinical signs of focal disturbance of cere-

bral function, lasting more than 24 hours or leading to
death with no apparent cause other than that of vascular
origin” [4]. Around 87% of stroke cases are ischemic stroke,
which is triggered by a lack of blood supply to focal brain
areas, leading to subsequent damage and neurodegenera-
tion [5-7]. Stroke is a leading cause of disability and death
worldwide [7, 8]. Thrombolytic medication, such as alte-
plase (t-PA), is the only FDA-approved therapeutic agent
for treating acute ischemic stroke within a few hours after
its onset [9]. Given the narrow time window of treatment
and high risk of complications, such as hemorrhagic trans-
formation, cerebral edema, and other adverse effects [10],
the development of novel neuroprotective therapies against
ischemia is paramount.
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The visual system is comprised of the sensory organ
(eyes) and connecting axon fibers to the visual targets of
the brain [11]. Light, as a stimulus, is captured by photore-
ceptors in the retina, initiating a cascade of chemical and
electrical events. The signal is then transferred to the visual
center of the brain via the ganglion cell axons of the optic
nerve [12-14]. The visual centers process and transform
these signals into visual images. Retinal ischemia is fre-
quently involved in various forms of retinal neuropathies,
such as age-related macular degeneration (AMD), diabetic
retinopathy (DR), glaucoma, and central/branch retinal
artery/vein occlusion [15-19]. Following ischemic injuries,
a series of events are triggered, including oxidative stress,
neovascular and apoptotic changes, and, ultimately, the
death of retinal neurons and vision loss [5, 20]. The retina
is an extension of the brain in terms of anatomical and
embryonic development [21, 22]. The retina also displays
similarities to the brain regarding its neuronal and immune
responses to injury [22]. The latter is possibly contributed
by the structural similarity between the blood-retinal barrier
(BRB) and blood-brain barrier (BBB), to which the retina
sustains an immune privilege site and shares a similar pattern
of immune surveillance and immunoregulatory processes
[23, 24]. In response to perturbations in the retina and the
brain, innate immunity can be rapidly activated through
transcriptional and phenotypic alterations of immune glial
cells and the release of inflammatory cytokines [25, 26].
However, excessive activation of innate immune reactivity
under injury or traumatic stress can promote further activa-
tion of adaptive immunity by antigen-presenting cells that
attract and guide peripheral immune cells, such as T cells to
the injury sites [27-29]. Neuroinflammation has been well
documented as a pathological factor in neuronal death in
the brain and in retinal disorders. Because of these similari-
ties, the retina has been commonly considered as an easily
accessible indicator of brain disorders, such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), and stroke.

Accumulating evidence suggests that natural herbs
exhibit therapeutic potential for the treatment of ischemic
stroke [30]. Active ingredients extracted from herbs, includ-
ing salvianolic acid B and tanshinone from Salvia miltior-
rhiza, scutellarin from Scutellaria baicalensis Georgi (S.
baicalensis), and honokiol and magnolol from the bark of
Magnolia officinalis, have been found to have therapeutic
potential, because of their antioxidative and anti-
inflammatory properties, as well as their ability to maintain
BBB permeability [30-36]. The neuroprotective capabilities
of other natural extracts, including resveratrol, curcumin,
vitamins C and E, and Gingko biloba, have also been reported
in various CNS disorders [37]. Flavonoids, which are easily
accessible by daily consumption of fruits and vegetables, have
been found to have high therapeutic efficacy and fewer side
effects in both in vitro and in vivo studies [38, 39]. Because
of their various pharmacological effects, many flavonoids
have demonstrated promising protective effects in the
prevention or treatment of various diseases [40-46]. This
review mainly focuses on three flavonoids: baicalein (5,6,7-
trihydroxyflavone; C,.H,,05), baicalin (5,6-dihydroxy-7-O-
glucuronide), and wogonin (5,7-dihydroxy-8-methoxy-fla-
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vone) (Figure 1), all of which are isolated from the roots of
S. baicalensis, a widely used herbal medicine in Asian coun-
tries [47-51]. Previous studies have demonstrated that baica-
lein, baicalin, and wogonin have a broad spectrum of
biological functions, including antioxidation, anti-inflamma-
tion, antiapoptosis, and antiexcitotoxicity [51, 52]. Because of
these bioactivities, many published reports have suggested
the possibility of developing flavonoids for the treatment of
various diseases, including hepatitis, breast cancer, virus
infection, and neurodegenerative diseases [43-46]. These
pharmacological activities also provide a solid basis for their
neuroprotective properties in different models of neuropa-
thies and cognitive impairments. Because of their easy acces-
sibility and low toxicity, baicalein, baicalin, and wogonin may
be effective alternatives for the treatment of stroke and other
neurodegenerative diseases affecting CNS.

2. Bioactivity and Safety of Baicalein, Baicalin,
and Wogonin

As the major active flavonoids extracted from S. baicalensis,
baicalein, baicalin, and wogonin share some common phar-
macological properties against inflammation, oxidation,
and apoptosis. A comparison of baicalein, baicalin, and
wogonin is shown in Table 1, based on the parameters col-
lected from the database of the traditional Chinese medicine
lab of systems pharmacology (TCMSP), a database integrat-
ing systems biology and pharmacology for drug discovery,
development, and understanding of therapeutic mechanisms
[53]. The database can be found in the following link (https://
old.tcmsp-e.com/tcmsp.php).

Baicalein and wogonin have a lower molecular weight
(MW) and a lower value of the topological polar surface area
(TPSA) than baicalin, indicating a higher cell membrane per-
meability of baicalein and wogonin [54]. Furthermore, the
permeability of Caco-2 monolayers (intestinal epithelial
cells) and the BBB, calculated based on the values of TPSA
[55, 56], was found to be higher for baicalein and wogonin,
compared to baicalin. In addition, baicalein and wogonin dis-
play slower elimination half-time (HL) and higher oral bio-
availability (OB) compared to baicalin, suggesting a longer
duration of these two flavonoids in systemic circulation.
Based on multiparametric guidelines, also known as rules
and ligand efficiency (LE) metrics, which determine the
extent of druglikeness (DL) [57], all three flavonoids meet
the criteria of “drug-like” compounds. This demonstrates
the potential of baicalein, baicalin, and wogonin to be easily
accessible agents for future clinical use. However, the rela-
tively high hydrophobicity of baicalein and wogonin is
reflected by their lipophilicity (AlogP, a logarithm of 1-octa-
nol/water partition coefficient) values [58], compared to that
of baicalin. Due to this low water solubility, solvents or
carriers may be necessary to enhance the solubility of these
flavonoids for therapeutic purposes [50, 59-61].

S. baicalensis is a major ingredient in many prescriptions
of traditional Chinese medicine (TCM). Numerous studies
have been conducted to evaluate its pharmacokinetic profile
and bioavailability for its safety and efficacy in clinical appli-
cations. It has been reported that baicalein and its metabolite
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Baicalin

Baicalein
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FIGURE 1: Molecular structures of baicalein, baicalin, and wogonin.

TaBLE 1: Summary of physical parameters of baicalein, baicalin, and wogonin. MW: molecular weight (Dalton (Da)); TPSA: topological polar
surface area (angstroms squared (A?)) indicates the membrane permeability; Caco-2: Caco-2 cell monolayer permeability (10~° cm-s™'); and
BBB: blood-brain barrier permeability (107% cm-s™') were derived based on TPSA; half-time (HL) (hours (h)), oral bioavailability (OB) (%),
the logarithm of 1-octanol/water partition coefficient (AlogP), and drug-likeness (DL) represent the pharmacological properties for each

molecule.

Molecule MW (Da) TPSA (A®) Caco-2 (10°% cm:s™ BBB (10°° cm-s™ HL (h) OB (%) AlogP DL
Baicalein 270.25 90.9 0.63 -0.05 16.25 33.52 2.33 0.21
Baicalin 460.42 187.12 -1.1 -1.97 — 29.53 0.84 0.77
Wogonin 284.28 79.9 0.79 0.04 17.75 30.68 2.56 0.23

baicalein 6-O-sulfate exist in blood plasma for up to 36 hours
after a single oral administration of Xiaochaihu Tang (Sho-
Saiko-To) [62], a popular TCM treatment containing extract
of S. baicalensis. The bioavailability of wogonin, baicalein,
and baicalin has also been evaluated in healthy human urine.
After a single administration of S. baicalensis decoction
(equal to 9 g of crude drug), wogonin, baicalein, and baicalin
were still detectable in the urine 36 hours postdosing [63]. A
similar time profile has also been demonstrated in monkey
plasma after three doses of baicalein [64]. The presence of
baicalin has been detected in human plasma after adminis-
tration [65, 66]. Additionally, the safety profile of single or
multiple administrations of chewable baicalein tablets has
been assessed in healthy subjects. In addition to detecting
sustained levels of baicalein and its metabolite baicalin
in vivo, these studies revealed that single or multiple doses
of baicalein (100-800 mg) were safe and well tolerated with
no sign of toxicity in the kidney or liver [67, 68]. These find-
ings implicate the feasibility of developing baicalein, baicalin,
and wogonin as safe and long-lasting agents for clinical
application.

3. Neuroprotective Effects of Baicalein, Baicalin,
and Wogonin on the Brain and
Retina Ischemia

Neurodegeneration often occurs through the progressive loss
of the structure or functions of neurons [69]. Neurodegener-
ative diseases, such as Parkinson’s disease (PD), Alzheimer’s
disease (AD), and stroke, affect millions of people worldwide,
especially in aging populations. The pathogenesis of neuro-
degeneration is complicated and has been associated with
genetics, protein misfolding, intracellular mechanisms, and
programmed cell death [70-74]. In ischemic stroke patients,
typical symptoms are characterized by the sudden loss of
mobility, speaking, or vision unilaterally [75]. Ischemia in

the brain can be caused by cardioembolic vessel occlusion,
artery to artery embolism, or in-situ small-vessel disease
[75]. In the retina, ischemia can result from occlusion of
the central or branch retinal vessels or DR [76]. Retinal ische-
mia may lead to visual impairment and blindness [19].
Ischemia induces a cascade of neuropathological activi-
ties, including oxygen and energy depletion, disruption of
ion homoeostasis, glutamate and free radical release, Ca**
channel dysfunction, BBB or BRB disruption, and changes
to the inflammatory microenvironment, ultimately leading
to cell death and irreversible functional loss [5, 77, 78]. The
cellular changes after ischemic stroke are illustrated in
Figure 2. There are three major types of stress. First, oxidative
stress is induced by rapidly increased reactive oxygen species
(ROS) postischemia [79]. This stress can subsequently lead to
the peroxidation of membrane lipid, mitochondrial dysfunc-
tion, and DNA damage, eventually causing apoptosis and
irreversible neuron loss [80, 81]. Second, neuroinflammatory
stress, initiated by the activation of innate and adaptive
immunity, is a well-known pathological factor in CNS disor-
ders [82, 83]. The resident immune cells (microglia and
astrocytes) can be rapidly activated upon sensing damage-
associated molecular patterns (DAMPs) released by apopto-
tic cells [83, 84]. Subsequently, adaptive immune cells can
be recruited even with minimized disturbances or disrup-
tions of BBB or BRB postischemia insults, ultimately causing
neuron death [29, 69, 85]. Lastly, stress of energy deprivation
triggers cytotoxicity at the lesion site. Apart from the exces-
sive free radicals, the disruption of ion homeostasis post-
ischemia/reperfusion injury can lead to overload of Na®
and Ca®", which aggravates mitochondrial dysfunction and
initiates apoptosis and inflammatory cascades [86]. Further-
more, the release and accumulation of glutamate can cause
excitotoxicity of neurons and ultimately leads to cell death
[87, 88]. Based on the understanding of neurochemical
events under ischemic stress, many neuroprotective therapies
are focused on targeting the upstream pathways to reduce



Disrupted BBB/BRB Extracellular

.

j 0»-' 3 Neutrophil | S‘ *

T cell ( . ?’

Monocyte

Astrocyte ® o

N

Capillary

. Y | —
DAMPs g4 = T

Oxidative Medicine and Cellular Longevity

Intracellular
——— DNA damage
Unregulated
inflammatory
Release of genes
inflammatory
cytokines

NF-xB, MAPK(s)
pathway activation Apoptosis

TCaspase 3,iNOS
Failure of ROS scavenging

®_
TNat, Ca2t ©
Mitochondria failure

FIGURE 2: Schematic representation of the main pathological events subsequent to brain ischemia. Created with http://BioRender.com.

damage to the neurons induced by downstream cascades.
The protective effects of natural herbs have been demon-
strated by many research groups [89]. In the following dis-
cussion, the neuroprotective effects of baicalein, baicalin,
and wogonin, the major bioactive molecules in S. baicalensis,
are described based on the sites (i.e., the brain and retina) of
postischemic injury.

3.1. Ischemia in the Brain. Following ischemic injury in the
brain, a cascade of changes is elicited, including oxygen and
energy deprivation, increased expression of free radicals
and inflammatory cytokines, ion overload, and activation of
immune responses [90, 91]. The upstream triggers of these
changes and maintenance of tissue homeostasis are recog-
nized as potential therapeutic targets for ischemic stroke
treatment. Multiple pharmacological properties of flavonoids
as reported in the literature include antioxidant, anti-inflam-
mation, antiapoptosis, and antiexcitotoxicity characteristics
that are neuroprotective [92, 93]. The neuroprotective effects
of baicalein, baicalin, and wogonin on both in vitro and
in vivo ischemic models are discussed (also see Tables 2
and 3 for details).

3.1.1. In Vitro Studies. Free radicals and ROS are known as
inducers of cell death postischemic injury. Baicalein has been
shown to exert neuroprotective effects and attenuate apopto-
sis by acting as a scavenger of ROS and nitric oxide (NO)
[94]. These baicalein-induced protective effects have been
found to be mediated by upregulating the phosphatase and
tensin homolog gene (PTEN) and the phosphoinositide 3-
kinase (PI3K/AKT) pathway in primary cultures of cortical
neurons after oxygen and glucose deprivation (OGD) treat-
ment [94]. Additionally, it has been reported that baicalein
improves the survival of HT22 cells after iodoacetic acid-
(IAA-) induced oxidative stress, by inhibiting 12/15-lipoxy-

genase (12/15-LOX) [93], an enzyme which oxidizes polyun-
saturated fatty acids to generate bioactive lipid metabolites
[95] and is toxic to neurons in neurological disorders [96].

Neuroprotective abilities of wogonin and baicalin have
also been reported. In OGD-induced toxicity to rat hippo-
campal slice culture, pretreatment and posttreatment of hip-
pocampal slices with 50 uM baicalin could significantly
prevent cell death, especially in the pyramidal cell layer
[97]. Wogonin has been demonstrated to act as an antioxi-
dant and 12/15-LOX inhibitor to improve the survival of pri-
mary cortical neurons after H,O, or xanthine/xanthine
oxidase challenge [98].

It is worth noting that not only oxidative stress but also
the dysregulated immune microenvironment can lead to
the degeneration of brain cells. In OGD-induced ischemia
of PC12 cells, which were derived from a pheochromocy-
toma of the rat adrenal medulla, baicalein, baicalin, and
wogonin all exhibited significant neuroprotective effects by
inhibiting oxidation and suppressing inflammation [99].
These protective effects were shown to be mediated by the
reduced expression of Toll-like receptor 2 (TLR2), tumor
necrosis factor alpha (TNF-«), and caspase-3 [99]. Baicalin
acts through suppressing OGD-induced phosphorylation of
calmodulin- (CaM-) dependent protein kinase II (CaMKII)
in primary hippocampal neurons and SH-SY5Y cells [100].
The antiapoptotic effects of baicalin have also been shown
to suppress caspase-3 and Bax expression and to promote
antiapoptotic factor Bcl-2 expression in hippocampal neu-
rons [100]. The effect of baicalin on rescuing neurons from
OGD was comparable with that of CaMKII siRNA knock-
down in SH-SY5Y cells, suggesting that baicalin may func-
tion as a potent CaMKII inhibitor in neuroprotection [100].

3.1.2. In Vivo Studies. Neuroprotective effects of baicalein,
baicalin, and wogonin against ischemic injuries have been
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reported in various animal models. In the global cerebral
ischemia/reperfusion (GCI/R) rat model, Cheng et al.
reported that oral administration of 100 mg/kg baicalin for
7 d consecutively can rescue the spatial learning and memory
abilities of gerbil significantly, as assessed by the water maze
test [101]. Subsequently, Wang et al. showed that baicalin,
given at the same dose by intraperitoneal injection for one
week immediately after GCI/R injury, can improve the learn-
ing and memory abilities in gerbil [100]. These neuroprotec-
tive effects exerted by baicalin have been found to be related
to the inhibition of CaMKII-mediated downstream biochem-
ical events [100]. CaMKII is an important protein involved in
Ca’"/glutamate-mediated excitotoxicity under the stress of
ischemia [87, 102]. These findings imply that neuroprotec-
tive effects arising from baicalin are possibly related to its
antiexcitotoxicity capacity. In addition to the CaMKII path-
way, Dai et al. found that neuroprotective effects of baicalin
can be achieved by its mediation of heat shock protein 70
(HSP70) and mitogen-activated protein kinase (MAPKs)
cascades [103]. HSP70 is a critical cytoprotective factor,
which is responsible for proper protein folding [104]. And
MAPKSs are important pathways regulating cell survival and
death, including the subgroups of phosphorylated extracellu-
lar signal-regulated kinase (pho-ERK), phosphorylated c-Jun
N-terminal kinase (pho-JNK), and phosphorylated p38
(pho-p38) [105]. Upregulation of HSP70 and mediation of
MAPK subgroups by intraperitoneal administration of baica-
lin could effectively rescue neurons in the hippocampus after
GCI/R injuries [103]. In addition, other studies have shown
that baicalin can inhibit the activation of TLR signaling and
the relevant downstream inflammatory pathway (i.e., nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-
xB) pathway) [106, 107]. Following middle cerebral artery
occlusion (MCAOQ), intravenous or intraperitoneal adminis-
tration of baicalin has been shown to effectively attenuate
cerebral infarction by regulating inflammation, including

the expression of proinflammatory cytokines TNF-a and
interleukin-13 (IL-1f3), via TLR2/4 and NF-xB pathway sig-
naling cascades [106, 107]. Baicalin’s antioxidative and anti-
inflammatory properties are also indicated by decreased levels
of both mRNA and iNOS and COX2 protein levels [106, 108].
Similar neuroprotective and antineuroinflammatory
effects have been reported with baicalein. For instance, baica-
lein was found to ameliorate the neurobehavioral deficits and
infarct volume caused by small clot embolic stokes (SCEM)
or MCAO [93, 94]. Modulating microglia/macrophage
M1/M2 polarization and suppressing the NF-«B signaling
are suggested to be responsible for the antineuroinflamma-
tion and neuroprotection [109]. As a potent antioxidant
inhibitor of 12/15-LOX, baicalein was shown to effectively
reduce infarct size, edema formation, and 12/15-LOX-
induced neuron death in various brain ischemia animal
models [92, 110-112]. The inhibitory effect of baicalein is
comparable to the protective effects observed in 12/15-LOX
knockout mice ALOX15~/~ [92]. Pallast et al. found that the
protective effects of baicalein are mediated by the suppres-
sion of apoptosis-inducing factor (AIF) nuclear translocation
in an MCAO model [113]. Later, in addition to confirming
the antiapoptotic effect through AIF regulation, Li et al.
reported the involvement of the poly (ADP-ribose)
polymerase-1 (PARP-1)/AIF pathway in baicalein-induced
neuroprotection [114]. Furthermore, inflammation-related
factors, such as cytosolic phospholipase A2 (cPLA2) and p38
MAPK, have been reported to be downregulated after baica-
lein administration in the MCAOQO rat model [112, 115]. The
alteration of peroxisome proliferator-activated receptor y
(PPARy) and nuclear translocation induced by brain ische-
mia/reperfusion injury have also been reported to be returned
to the balanced stage by baicalein pretreatment [116].
Wogonin is also found to exert neuroprotective effects on
both GCI/R and MCAO rat models. In the GCI/R rat model,
wogonin was shown to effectively attenuate neuron loss and
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TaBLE 5: In vivo findings of baicalein, baicalin, and wogonin on different animal models.
. Baicalein Baicalin Wogonin
Models  Species Conc. Effects Conc. Effects Conc. Effects References
Effectively protect retinal
cells and electrical functions Protect RGCs from
from oxidation and apoptosis; retinal ischemia injury
R Rat 0.5 nmol upregulation of HO-1 and 125 mg/kg and suppress glial cell (123, 128]
downregulation of HIF-1a, activity
VEGF, and MMP-1
Significantly suppressed the
inflammatory processes of Protect retinal cells
retinal microglia and Muller cells; from apoptosis by
. ~ enhanced vascular permeability promoting
DR Rat; mice ;Z?nm/glikgirinn:?cté and blood-retina barrier; protect 150 mg/ml in rat  Bcl-2; perform as an [130, 131]
G BRB permeability as antioxidant inhibitor of ARA and
12/15-LOX inhibitor, anti- delay the progression
inflammation, and of diabetic retinopathy
antiangiogenesis
histological changes in the hippocampal CAl region [117].  and  suppressing  the  production  of  matrix

The expression of inflammatory mediators (e.g., iNOS and
TNF-a) at the injury site was significantly suppressed by
intraperitoneal administration of wogonin in rats after ische-
mia injury [117]. In the MCAO rat model, wogonin pre- and
posttreatment was shown to both alleviate the infarct volume
and behavioral deficits and promote angiogenesis in the peri-
ischemia area [118, 119]. Upregulation of transforming
growth factor beta (TGF-f1) expression in the ischemic
brain tissue was observed in wogonin-treated rats 2 weeks
after ischemic injury [119]. TGF-f1 has previously been
reported as an important regulator of angiogenesis in hyp-
oxic tissue [120]. This finding indicates that wogonin pro-
tects neurons by promoting microvascular formation and
subsequently restoring blood supply via the TGF-f1 path-
way. The vasodilatory effect of wogonin mediated by inhibi-
tion of both intracellular Ca** release and extracellular Ca**
influx could be a potential treatment paradigm for ischemia
[121]. This evidence strongly supports the feasibility of devel-
oping baicalein, baicalein, and wogonin as candidates for
neuroprotection following ischemic stroke.

3.2. In Retina Ischemia. Injuries caused by retinal ischemia
are common in many ocular disorders, such as central/-
branch retinal artery/vein occlusion, DR, glaucoma, and
AMD [15-19]. Similar to ischemic brain injuries, retinal
ischemia triggers oxidative stress, inflammation, neovascu-
larization, and, ultimately, the death of retinal neurons [5,
20]. Figure 3 illustrates the morphological changes to the ret-
ina and neuron death after ischemia-induced stress. In the
following, the antioxidative, anti-inflammatory, antiapopto-
tic effects of baicalein, baicalin, and wogonin after retinal
ischemia for in vitro and in vivo studies are summarized
(Tables 4 and 5).

3.2.1. In Vitro Studies. The antioxidative properties of baica-
lein against retinal ischemia were first reported by Liu et al.
[122]. Baicalein was shown to significantly increase cell via-
bility of human retinal pigment epithelium cells (hRPEs)
against H,0,-induced oxidative stress by scavenging ROS

metalloproteinase-9 (MMP-9) and vascular endothelial
growth factor (VEGF) [122]. Subsequently, the antioxidative
effects of baicalein on dissociated primary rat retinal cells
were demonstrated to be subjected to ascorbate- and
FeSO,-induced oxidative stress [123]. Baicalein pretreatment
not only suppresses the expression of hypoxia-inducible fac-
tor-lae (HIF-1a), VEGF, and MMP-9 but also increases the
level of heme oxygenase-1 (HO-1) in ascorbate- and
FeSO,-stimulated retinal cells [123]. These findings indicate
that baicalein has strong antioxidative capabilities in retinal
cells, which are comparable to the antioxidative effects
exerted by Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid) [123]. In addition, baicalein and wogonin
have been found to demonstrate anti-inflammatory effects
by suppressing IL-6 and IL-8 expression in IL-1f-challenged
ARPE-19 cells, while NF-«B binding activity is suppressed by
wogonin [124]. Similar anti-inflammatory effects have been
reported by other recent studies. Chen et al. found that
wogonin effectively suppressed LPS-induced activation of
the TLR4/NF-xB pathway and subsequently increased
expression of inflammatory cytokines IL-1f, IL-6, IL-8,
cyclooxygenase-2 (COX-2), TNF-qa, and iNOS in ARPE-19
cells [125]. It was also reported that administration of wogo-
nin to endoplasmic reticulum- (ER-) challenged ARPE-19
cells increased the expression of tight junction proteins
claudin-1 and ZO-1 [126]. In another study which mimicked
DR in vitro by treating ARPE-19 cells and human retinal
microvascular endothelial cells (HRMECs) with high glu-
cose, baicalin was shown to exert antiapoptotic effects by
inhibiting the release of proinflammatory cytokines and
ROS [127]. These protective effects of baicalin are likely
mediated by the suppression of NF-«B and p38 MAPK path-
ways by upregulating miRNA-145 expression [127].

3.2.2. In Vivo Studies. In the rat retinal ischemia/reperfusion
model, baicalein pretreatment effectively regulated the
expression of apoptotic factors, including Bax and Bcl-2, sub-
sequently reducing retinal cell apoptosis [123]. In addition,
baicalein pretreatment significantly improved the inner
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retinal functions in electroretinogram (ERG) assessments
[123]. Similar neuroprotective effects were also observed in
baicalin-treated rats with ischemia/reperfusion injury. A
reduced loss of Thy-1" neuron cells and reduced expression
of apoptosis markers, including caspase-3 and 8 and poly
(ADP-ribose) polymerase-1 (PARP-1), have been found in
the retina after ischemic insults [128]. In addition, the
downregulated expression of GFAP after baicalin treatment
indicates the involvement of baicalin in regulating glial
responses and neuroinflammation [128], in addition to its
antioxidant and antiapoptosis properties.

The anti-inflammatory effects of baicalein and baicalin
have been demonstrated in rats with DR. The excessive acti-
vation of resident retinal immune cells is widely known as a
pathogenic factor of neurodegeneration in retinal disorders
[84, 129]. Yang et al. reported the occurrence of vascular
abnormality and RGC loss in the DR rat retina in combina-
tion with activation of microglia and Miiller cell dysfunction
[130]. Oral administration of baicalein has been shown to
significantly protect retinal vessels and neurons from DR-
induced dysfunction and apoptosis through suppressing the
activation of retinal inflammatory processes modulated by
microglia and Miiller cells and by reducing the release of pro-
inflammatory cytokines, including IL-18, TNF-a, and IL-1p3
[130]. The protective effects of baicalin are believed to func-
tion through inhibiting the expression of apoptosis regula-
tors, including Bax and Bcl-2, on the RGC layer [131].
Intraperitoneal application of baicalin was found to inhibit
the otherwise-elevated aldose reductase activity (ARA) in
diabetes. This suggests that baicalin acts as an aldose
reductase inhibitor, potentially retarding the progression of
apoptosis induced by diabetes [131].

In addition to oxidative stress and inflammation, vascular
hyperpermeability of retinal blood vessels has been suggested
to be a pathogenic factor in retinal ischemia, DR, and AMD.
Othman et al. reported that 12/15-LOX activation leads to
vascular hyperpermeability in DR by inhibiting protein tyro-
sine phosphatase and activating VEGF-R2 signaling path-
ways [132]. As a potent inhibitor of 12/15-LOX, baicalein
significantly reduces the lipid metabolites of 12- and 15-
hydroxyeicosatetreanoic acids (HETE) expressed during
12/15-LOX activation in DR [132]. The HETE-induced
upregulation of NOX2 and ROS is also reported to be down-

regulated by baicalein treatment in Ins2*¥** diabetic mouse
retina. Likewise, baicalein has been shown to protect against
HETE-induced vascular hyperpermeability by acting as a
VEGF-R2 inhibitor, restoring phosphoserine phosphatase-1
(pSHP1) levels in DR [132]. The inflammatory cytokine IL-
6 and intracellular adhesion molecules (ICAMs) ICAM-1
and vascular cell adhesion molecule-1 (VCAM-1) were
remarkably inhibited in the diabetic retina [132]. Taken
together, baicalein functions as a 12/15-LOX inhibitor, medi-
ating its effects primarily on vascular and retinal barriers.

4. Pathways Targeted by Baicalein, Baicalin, and
Wogonin during Neuroprotective Processes

As described above, the neuroprotective effects triggered by
baicalein, baicalin, and wogonin are possibly related to their
anti-inflammatory, antioxidative, and antiapoptotic capabili-
ties (Figure 4).

Firstly, the antioxidative effects of baicalein, baicalin, and
wogonin are recognized by their ROS scavenging properties.
Under normal circumstance, ROS play a pivotal role in many
biological processes, such as redox balance in cells. However,
a dramatic increase of ROS production may disturb this
homeostatic balance under oxidative stress conditions (e.g.,
ischemia), eventually leading to cell death. Typically, scav-
enging excessive ROS is a neuroprotective target in neurode-
generative disorders [133]. Baicalein and baicalin serve as
potent 12/15-LOX inhibitors with high antioxidative efficien-
cies. 12/15-LOX is found to be upregulated after stroke,
resulting in neuronal death and leakage of BBB and BRB
[134]. Inhibition of 12/15-LOX was also shown to reduce
infarct volume and edema in the stroke area, suggesting its
potential role as an effective and viable therapeutic option
for ischemia [92, 135, 136]. Furthermore, the protection of
BBB and BRB help preserves the microenvironment at the
injured site from disruption by systemic immunity and sec-
ondary inflammatory responses caused by degeneration.

Secondly, the anti-inflammatory effect initiated by these
flavonoids after ischemia is revealed by the suppression of
proinflammatory cytokine release. Excessive activation of
microglia has been emergingly reported as a pathogenesis
for the development of neurodegenerative diseases [137]. In
addition, baicalein and baicalin exhibit the capability in
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regulating microglia homeostasis after ischemic stress [109].
These properties have been demonstrated to be mediated
through interactions with TLR/NF-xB and PARP-1/AIF
pathways [99, 106, 107, 124, 125, 127].

Lastly, the antiapoptotic capacity of baicalein, baicalin,
and wogonin has been reported in ischemia-injured brain
and retina. Through modulating the MAPK pathway and
the production of apoptotic factors, these flavonoids effec-
tively rescue neurons in the brain and retina [100, 112, 113,
115, 123, 127, 128, 131]. In addition, the blockage of ion
channel dysfunction after ischemic stress remarkably amelio-
rates the excitotoxicity caused by ion overload and subse-
quently decreases neuronal death [86, 121]. Taken together,
all the evidence strongly supports the feasibility of developing
these flavonoids as natural neuroprotectants.

5. Conclusion and Future Directions

Ischemia often results in physical disabilities, including
paralysis and blindness. This is particularly common in the
aging population. Currently, effective clinical intervention
for ischemia-induced damage is limited. Ample evidence
has demonstrated the potent neuroprotective properties
of baicalein, baicalin, and wogonin in both in vitro and
in vivo models of ischemia. Flavonoids exert their anti-
inflammatory, antioxidative, and antiapoptotic effects on
CNS postischemia insults by initiating various potential
signaling pathways. Flavonoids are herb extracts, suggest-
ing their potential to be developed as natural neuroprotec-
tive agents.

Additional studies are required to elucidate and charac-
terize the pharmacological properties and bioactivities of
these flavonoids in combating neuropathies, in order to facil-
itate the future development of neuroprotectants that are safe
and effective. As an extension of the brain, the retina may
serve as an easily accessible model and potential therapeutic
target site for various neuropathies and other neurodegener-
ative diseases. Additionally, pharmacodynamic and pharma-
cokinetic studies, including time- and dose-dependent
responses, cytotoxicity, and drug metabolism after systemic
and topical administration of these three flavonoids, need
to be established. One recent study has reported that the met-
abolic abilities of flavonoids in the liver and intestines are
markedly different among different species, including mice,
rats, dogs, monkeys, and humans [138]. In addition, poten-
tial targets or receptors through which baicalein, baicalin,
and wogonin act on may need to be further characterized
and studied. Studies on the combined effects of baicalein, bai-
calin, and wogonin are limited, raising the possibility that
combined flavonoids can achieve longer and stronger protec-
tive effects. Lastly, due to the limited water solubility and
liposolubility of baicalein, baicalin, and wogonin, formula-
tions and optimizations of these flavonoids, possibly includ-
ing nanoparticles or other newly developed carriers, may be
needed to achieve higher bioactivity and clinical efficacy. It
is envisaged that these natural flavonoids can eventually offer
new therapeutic therapies for patients with ischemia-induced
neural disorders.
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Ischemic stroke is one of the leading causes of death and disability for adults, which lacks effective treatments. Dietary intake of n-3
polyunsaturated fatty acids (n-3 PUFAs) exerts beneficial effects on ischemic stroke by attenuating neuron death and inflammation
induced by microglial activation. However, the impact and mechanism of n-3 PUFAs on astrocyte function during stroke have not
yet been well investigated. Our current study found that dietary n-3 PUFAs decreased the infarction volume and improved the
neurofunction in the mice model of transient middle cerebral artery occlusion (tMCAO). Notably, n-3 PUFAs reduced the
stroke-induced Al astrocyte polarization both in vivo and in vitro. We have demonstrated that exogenous n-3 PUFAs
attenuated mitochondrial oxidative stress and increased the mitophagy of astrocytes in the condition of hypoxia. Furthermore,
we provided evidence that treatment with the mitochondrial-derived antioxidant, mito-TEMPO, abrogated the n-3 PUFA-
mediated regulation of Al astrocyte polarization upon hypoxia treatment. Together, this study highlighted that n-3 PUFAs
prevent mitochondrial dysfunction, thereby limiting Al-specific astrocyte polarization and subsequently improving the
neurological outcomes of mice with ischemic stroke.

1. Introduction

Ischemic stroke is caused by interruption of the blood supply
to a part of the brain leading to the sudden loss of function,
which now is one of the leading causes of death and disability
worldwide [1]. As the most abundant and diverse glial cells in
the brain, astrocytes are believed to play a crucial role in neu-
roinflammation and the pathogenesis of ischemic neuronal
death. In the condition of an acute ischemic stroke, the
proliferated reactive astrocytes in the peri-infarct areas are

favourable for maintaining neuronal homeostasis. An
increasing number of studies indicate that in the acute phase
of ischemic stroke, astrocytes limit brain damage by activa-
tion and glial scar formation [2], modulate neuroinflamma-
tion by releasing cytokines [3], reconstruct the blood-brain
barrier by reestablishment of the astrocytic water channels
[4], and affect the neuron survival by metabolic substrates
[5, 6] and signalling molecule transfer [7]. In addition to such
functional diversity, the transcripts of reactive astrocytes are
also different. According to the transcripts, the reactive
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astrocytes are further classified into Al astrocytes and A2
astrocytes, which exhibit temporal and functional specificity
in ischemic stroke [8]. After nerve injury, Al astrocytes can
release inflammatory cytokines and neurotoxins that induce
cellular and neuronal apoptosis in the brain, while A2
astrocytes promote neuronal survival and tissue repair by
secreting several trophic factors. Therefore, it is important
to investigate the proliferation and function of these two
reactive astrocyte subtypes in the acute phase of cerebral
ischemia.

N-3 polyunsaturated fatty acids (n-3 PUFAs), mainly
including docosahexaenoic acid (DHA) and eicosapentae-
noic acid (EPA), are essential to human health [9]. The brain
is highly enriched with the essential n-3 PUFAs, especially
DHA, which plays a fundamental role in the normal develop-
ment and function of the central nervus system [10]. DHA, a
major form of n-3 PUFAs in the brain, cannot be generated
in vivo, being supplied instead from a constant of food such
as fish oil [11]. Diet supplementation of n-3 PUFAs is well
documented to elevate brain levels of DHA. In the past
decades, a series of epidemiological studies and clinical trials
have suggested that increasing dietary intake or nutritional
supplementation of n-3 PUFAs is closely associated with a
reduced risk to or therapeutic effects in various neurological
disorders [12, 13]. Diet supplementation of n-3 PUFAs exerts
beneficial effects on ischemic stroke as well [14]. Poststroke
n-3 PUFA therapeutic regimen protects against neuronal loss
in the grey matter and promotes white matter integrity. N-3
PUFAs reduce the infarction volume by attenuating reactive
oxygen species (ROS) activation in neurons [15]. Moreover,
n-3 PUFAs exhibit neuroprotection by anti-inflammation
relied on its modification of microglia/macrophage plasticity
in cerebral ischemia injury [16]. DHA enhances macrophage
phenotypic shift toward an anti-inflammatory phenotype to
reduced central and peripheral inflammation after stroke.
Begum et al. reported that DHA has protective effects in cul-
tural astrocytes in vitro ischemia by suppressing calcium
dysregulation and ER stress [17]. However, the effects and
mechanism of n-3 PUFAs on astrocytes and its potential
function in stroke have not yet been well reported.

Our present study evaluated the efficiency of n-3 PUFA
supplement in the transient cerebral ischemia model and
investigated the impact of n-3 PUFAs on astrocytes. Our
results showed that n-3 PUFA feeding improved stroke out-
comes during the acute phase of cerebral ischemia associated
with astrocyte plasticity. Dietary n-3 PUFA supplement
upregulated the transcripts of Al-specific astrocytes, which
is related to mitochondrial damage-related oxidative stress.

2. Materials and Methods

2.1. Animals. Male C57/BL6 mice (22 + 2 g, Specific Pathogen
Free, 8 weeks old) were obtained from the central animal
facility of Southern Medical University (Guangzhou, China).
The animals were housed under standard conditions of light
and dark cycles (12h:12h, temperature 25°C) with free
access to food and water. In addition, the cages were regularly
cleaned. All the animal studies were carried out according to
the approved protocols and guidelines of the Institutional
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Animal Ethical Care Committee of Southern Medical
University Experimental Animal Centre.

2.2. Transient Middle Cerebral Artery Occlusion Model
Establishment. Establishment of the transient middle cerebral
artery occlusion (tMCAO) model has been described in our
previous article [18]. Briefly, mice were anesthetized with
continuous inhalation of sevoflurane (2%-5%); the inner
and outer muscles of the sternocleidomastoid muscle were
separated to expose and isolate the right common, external,
and internal carotid arteries. Subsequently, the superior thy-
roid and occipital arteries were separated and cauterized
using a preheated electrocautery to prevent bleeding. The
model was established by inserting a monofilament (approx-
imately 2 cm) from the external carotid artery to the middle
cerebral artery, avoiding the pterygopalatine artery. After
the monofilament was inserted for 1.5 hours of ischemia,
the monofilament was gently pulled out to form reperfusion.
The wound was disinfected with iodine and sutured. To test
the beneficent effect of n-3 PUFAs in the mice model of
tMCAO, the mice were fed with an n-3 PUFA-enriched diet
(concentration of DHA reaching 39.6%) 7 days before
tMCAO procedure, as previously described [19].

2.3. Cell Treatment. Primary cultural astrocytes were sub-
jected to oxygen and glucose deprivation (OGD) followed
by reoxygenation, to mimic the ischemic/reperfusion-like
condition in vitro. To induce OGD, the primary astrocytes
were incubated with glucose-free DMEM and placed within
a hypoxic chamber which was continuously maintained with
95% N, and 5% CO, at 37°C to obtain 1% O, for 5h. OGD
was terminated by replacing the medium to DMEM/F12 with
10% FBS for 12 hours. Cells incubated in DMEM/F12 with
10% FBS under a normoxic atmosphere were used as the nor-
moxic control. The cells were pretreated with 20 uM docosa-
hexaenoic acid (DHA) (Sigma, USA) for 6 hours before
OGD. Subsequently, the Al/A2-associated genes were
assessed. In some cases, cells were pretreated with 2 uM
mitochondria-targeted antioxidant (Mito-TEMPO) (Merck,
USA) for 24 hours.

2.4. Infarct Volume Analysis. TTC (2,3,5-Triphenyltetrazo-
lium chloride) staining was used to reflect cerebral infarction
as a percentage of brain volume. The mice were anesthetized
and the integral brains were quickly obtained and cut into
2mm tissue slices, then stained with 2% TTC for 5 minutes
and soaked in 4% formaldehyde for 6 hours. The brain slices
were arranged in order and photographed. The area of cere-
bral infarction was calculated using the Image J 1.52a (the red
area indicated no infarction; the white area indicated
infarction). The infarct area was calculated as the area of
the nonischemic hemisphere minus the noninfarcted area
of the ischemic hemisphere. Infarctvolume = infarctarea
x thickness (2mm). The percent of cerebral infarction
was calculated using the following formula: The percentage
of  cerebralinfarction = infarct volume/the volume of the
nonischemic hemisphere x 100%.

2.5. Rotarod Test. Sensorimotor functions were accessed by
rotarod test after stroke. All mice were trained for 2 days
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before the model establishment (each mouse was tested twice
and the speed of rotation was 5 rpm for 10 minutes). During
rotarod testing, the speed of rotation was accelerated from 5
to 15 rpm over 60 seconds with a testing period cut-oft of 300
seconds for each trial and 2 total trials performed. The fall
latency of each mouse was recorded and averaged. The exper-
imenter was blinded to the treatments given to each mouse.

2.6. Neurological Scoring. The neurological evaluation was
conducted based on the Garcia scale as illustrated in
Supplementary Table 1. The Garcia scale was divided into 6
subjects, including spontaneous activity, symmetry in
movement of 4 limbs, forepaw outstretching, climbing,
body proprioception, and vibrissae touch. The mice
demonstrated normal neurological functions were assigned
as the highest score (18 scores), and the severe functional
impaired rats were assigned as the lowest score (0 score).

2.7. Primary Astrocyte Culture. Astrocytes were harvested
from both the cortices of C57/BL6 on postnatal day (P1 to
P3). Briefly, the brain tissue was collected and digested with
0.25% trypsin and Dnase I (ROCHE, USA) in 37°C for 10
minutes. Then, cells were suspended in single cells and cul-
tured in Dulbecco’s Modified Eagle’s medium (DMEM)/F12
with 10% fetal bovine serum which was heat inactivation in
56°C for 30 minutes beforehand, then incubated at 37°C
and 5% CO,. The culture medium was then replaced twice
a day.

2.8. Immunofluorescence Staining and Quantification. At 1
day after tMCAOQO, animals were euthanized and perfused
with saline followed with phosphate-buffered saline (PBS)
containing 4% paraformaldehyde (PFA, Sigma-Aldrich).
Brains were removed and cut into 20 ym frozen cryosections
using a microtome. Brain sections were fixed for 10 minutes
in 4% paraformaldehyde (Solarbio, China) at room tempera-
ture, then permeabilized and blocked with 0.5% TritonX-100
(Sigma-Aldrich) and 3% bovine serum albumin (BSA, Solar-
bio, China) for 1h at room temperature. Next, the brain sec-
tions were incubated with primary antibodies against S100
(1:200 dilution, Proteintech, China) and C3 (complement
3) (1:250 dilution, Abcam, USA) at 4°C overnight. The brain
slices were washed three times with PBS-Tween-20 (0.1% v/v)
and were incubated for 1 hour at room temperature with fluo-
rescently labelled secondary antibodies including FITC-
conjugated goat anti-mouse IgG (1:100 dilution, Bioss,
China), Cy3-conjugated goat anti-mouse IgG (1:100 dilution,
Bioss, China), and Cy3-conjugated goat anti-rabbit IgG
(1:100 dilution, Bioss, China). After washing, cells were coun-
terstained with DAPI (Solarbio, China) and analyzed using
laser-scanning confocal microscopy (LSM900, Japan). Immu-
nopositive cell quantifications were performed with the
software of Image J software 1.52a by an investigator who
was blinded to the experimental design.

Primary cultural astrocytes were washed once with PBS,
fixed for 30 minutes in 4% paraformaldehyde (Solarbio,
China) at 37°C and permeabilized with 0.5% Triton X-100
(Sigma-Aldrich) for 10 minutes. After 5min wash with PBS
three times, the cells were blocked with 1% bovine serum

albumin (BSA, Solarbio, China) for 1 hour at room tempera-
ture. Cells were incubated overnight at 4°C with primary
antibodies against S1003 (1:300 dilution, Proteintech,
China) or C3 (1:300 dilution, Gentex, Switzerland). The cells
were washed three times with PBS-Tween-20 (0.1% v/v) and
were incubated for 1 hour at room temperature with fluores-
cently labelled secondary antibodies the same as brain section
immunofluorescence mentioned above.

2.9. RNA Extraction and Quantitative Real-Time PCR (qRT-
PCR). Total RNA was isolated from primary astrocytes using
TRIzol reagent (Thermo Fisher Scientific, United States)
according to the manufacturer’s instructions. Total RNA
(Img) was used to synthesize cDNA using a PrimeScript
RT reagent Kit with gDNA Eraser (TaKaRa, China). Expres-
sion of mMRNA was determined by quantitative real-time PCR
(qRT-PCR) using the TB Green Premix Ex Taq II (TaKaRa,
China). QRT-PCR was performed on the ABI QuantStudio
6 flex (Applied Biosystems, United States). 3-Actin expres-
sion was quantified as internal control for mRNA analysis.
The primer sequences used in these analyses can be found
in the Supplementary Table 2. The results of the analyses
were calculated and expressed according to an equation
(2744€)  which provides the amount of the targets,
normalized to an internal reference. Ct is a threshold cycle
for target amplification. Each biological sample was tested
in triplicate.

2.10. Western Blot. Astrocytes or brain tissues were digested
in RIPA extraction buffer (Beyotime, China). Protein sam-
ples were separated by 8% SDS-PAGE and transferred onto
PVDF (polyvinylidene difluoride) membranes (Millipore,
United States) in tank transfer system (Bio-Rad, United
States). Membranes were blocked with 5% nonfat milk in
Tris-buffered saline containing 0.1% Tween-20 (TBST) for
1 hour, washed three times in TBST, and incubated overnight
at 4°C with primary antibodies against C3 (1:1000 dilution,
Abcam, USA) or S-actin (1:1000 dilution, Abcam, USA).
After incubation with the HRP-conjugated goat anti-rabbit
IgG secondary antibody (1:10000 dilution, Da-UN, China),
immunoreactive bands were detected by enhanced chemilu-
minescence (Millipore, United States). The protein bands
were quantitatively analysed using Image] software 1.52a.

2.11. JC-1 Analysis. Briefly, cells were washed with PBS and
suspended in 1ml fresh medium containing 1 uM JC-1 for
20 minutes at 37°C in the dark. After washing with PBS twice,
the fluorescence intensity was captured with an inverted fluo-
rescence microscopy (Nikon, Japan). For red fluorescence,
the fluorescence intensity was measured at Ex/Em:
525/590 nm. The green fluorescence intensity was measured
at Ex/Em: 490/530 nm.

2.12. Mito-Tracker Staining. The cells were washed twice
with PBS and labelled at 37°C for 30 minutes with 400 nM
MitoTracker Green (Ex 490 nm/Em 516 nm). Cells were then
washed with PBS and incubated with Hoechst 33342
(1 pg/ml) for 10 minutes at room temperature. Fluorescence
was detected on a Nikon A1R scanning laser confocal micro-
scope (Nikon, Tokyo, Japan). Fluorescence was detected on a



Nikon AIR scanning laser confocal microscope (Nikon Cor-
poration, Tokyo, Japan). The images were analysed using an
image analysis system (Image-Pro Plus, version 6.0) with the
Mitochondrial Network Analysis (MiNA) toolset according
to a previously article [20].

2.13. Mito-SOX Staining. For Mito-SOX staining, astrocytes
were harvested and stained with 5 M dye for 10 minutes at
37°C. The stained cells were excited at 510 nm, and the emit-
ted fluorescence was detected at 580 nm by flow cytometry or
confocal microscope.

2.14. Statistical Analysis. Data are expressed as mean + SD.
Differences were evaluated by one-way analysis of variance
(ANOVA; three or more groups). p < 0.05 was considered
statistical significance. Statistical analyses were performed
using SPSS 22.0 Statistics (IBM SPSS Statistics for Version
22.0, IBM Corp, North Castle, NY, USA).

3. Results

3.1. Dietary n-3 PUFA Supplement Improved Infarction and
Functional Outcomes after tMCAOQ. The experimental sched-
ule was shown in Figure 1(a). In order to estimate whether
dietary n-3 PUFAs reduce infarction and improve neuro-
functional recovery after tMCAO, we used TTC staining,
neurobehavioral test, and neurological scores to assess brain
injury in mice. As shown in Figure 1(b), n-3 PUFA feeding
significantly decreased the infarct volume in the mice model
of tMCAO. The rotation duration of the sham group
(194.8+13.4s and 185.2+12.1s) was longer than that of
the tMCAO group (55.4+10.1s and 59.8 + 11.2s) on day 1
and day 3 after surgery (Figure 1(c)). Additionally, the neuro-
logical functions of n-3 PUFA-treated tMCAO mice
improved significantly compared with the tMCAO mice
(Figure 1(d)). Together, these results indicate a protective
effect of dietary n-3 PUFAs in mice with cerebral ischemia/r-
eperfusion injury.

3.2. N-3 PUFA Treatment Reduces Al-Specific Astrocytes
Activation Both In Vivo and In Vitro. A great number of evi-
dences pointed out that astrocytes play critical roles in the
regulation of neurotransmission and neuron homeostasis
and involved in the progression of acute CNS injury [21].
Recent studies reported that reactive astrocytes were distin-
guished into two types, Al and A2 astrocytes [8]. We, there-
fore, raised a question whether n-3 PUFA affects the
astrocytes polarization during cerebral ischemia/reperfusion
injury. Immunofluorescence staining was employed to iden-
tify the level of complement 3 (C3), a particular A1 marker
[8], on the S1005-positive astrocytes in hippocampus. The
brain regions of hippocampus were displayed in
Figure 2(a). As shown in Figures 2(b) and 2(c), the expression
of C3 was increased significantly in the brain tissue from
tMCAO mice compared to that from sham mice. Of note,
n-3 PUFA treatment markedly suppressed the level of C3
in the mice model of tMCAO. To confirm the impact of n-
3 PUFAs on astrocyte activation in vitro, primary cortex
astrocytes were isolated and stimulation with or without
DHA in the condition of low oxygen supply. The result dis-
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played that DHA treatment limited the C3 expression
induced by hypoxia in astrocytes (Figures 2(d) and 2(e)).
Furthermore, our data showed that hypoxia treatment
increased the mRNA expression of Al-specific markers
(i.e., Amigo2, H2-D1, H2-T23, Serpingl, and Ugtla) in the
primary astrocytes, and DHA treatment inhibited the upreg-
ulated levels of these Al markers in the astrocytes under
hypoxia (Figure 2(f)). By contrast, the mRNA expression of
A2-specific markers (i.e., B3gmt5, CD14, Emp1, and Slc10a6)
was not changed after DHA stimulation in the condition of
low oxygen (Figure 2(g)). Together, these results suggest that
n-3 PUFA administration reduces the Al astrocyte polariza-
tion in mice with cerebral ischemia/reperfusion injury.

3.3. N-3 PUFAs Protect against Hypoxia-Induced
Mitochondrial Dysfunction of Astrocytes. In astrocytes, mito-
chondria play an essential role in determining the cell fate. It
has been reported that hypoxia induces impaired mitochon-
drial function and oxidative damage. We, therefore, investi-
gated whether n-3 PUFAs influence the hypoxia-induced
mitochondrial dysfunction in astrocytes. The result showed
that DHA markedly reduced the hypoxia-induced mitochon-
drial dysfunction as indicated by increased mitochondrial
membrane potential (Figures 3(a) and 3(b)) and reduced
levels of mitochondrial oxidants (Figures 3(c) and 3(d)).
Additionally, DHA treatment restored mitochondrial mor-
phology under hypoxia conditions, as indicated by the
mito-tracker fluorescence intensity, the number of networks,
and the number of fragmented mitochondria (Figures 3(e)
and 3(f)). These data indicate that n-3 PUFA treatment
attenuates mitochondrial dysfunction and increase mito-
chondrial membrane potential in the astrocytes in the condi-
tion of hypoxia.

3.4. DHA Increases Mitophagy of Astrocytes under Hypoxia
Condition. Mitochondrial fusion and mitophagy are recog-
nized as two critical processes underlying mitochondrial
homeostasis. We investigated whether n-3 PUFAs affect
mitochondrial fusion and mitophagy in astrocytes. DHA
stimulation significantly decreased the expression of cyto-
plasmic parkin (cyto-parkin), but the total Parkin level was
maintained, indicating that Parkin might translocate from
the cytoplasm to the mitochondria (Figure 4(a)). Besides,
the expressions of mitochondrial Parkin (mito-parkin) and
pinkl (mito-pinkl) were increased dramatically in the
DHA treatment group compared with the control group in
the condition of hypoxia (Figure 4(d)). Additionally, DHA
treatment remarkably decreased p62 and increased LC3
under hypoxic condition both in brain tissue (Figure 4(b))
and primary astrocytes (Figures 4(a) and 4(c)). DHA signifi-
cantly enhanced the expression level of mfnl and mfn2 pro-
tein in the hypoxia-treated cells (Figure 4(e)). These results
indicate that n-3 PUFAs promote mitophagy and mitochon-
drial fusion in astrocytes under hypoxia condition.

3.5. N-3 PUFAs Reduce the Astrocytes Polarization by
Mitochondria-Targeted Antioxidation. To explore whether
n-3 PUFAs reduced Al polarization through modulating
the mitochondria dysfunction, we treated the astrocytes with
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a mitochondria-targeted antioxidant, Mito-TEMPO, along
with DHA in the condition of hypoxia. Compared to DHA
stimulation alone, the combination of Mito-TEMPO and
DHA administration downregulated the mRNA level of Al
markers in the astrocytes with OGD/R treatment

(Figure 5(a)). Moreover, DHA complexed with Mito-
TEMPO significantly reduced the expression of C3 in
astrocytes compared with DHA, as determined by Western
blotting (Figure 5(b)) and immunofluorescence staining
(Figure 5(c)). Upon Mito-TEMPO treatment, expressions
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FiGure 2: N-3 PUFAs influence the astrocyte polarization both in vivo and in vitro. (a) The brain regions of hippocampus were shown. (b) N-
3 PUFA-fed mice and control mice underwent tMCAO procedure. The brain frozen cryosections were conducted with immunofluorescence
staining for C3 and S100. (c) The levels of C3 and S100f in brain tissue were evaluated using Western blot. (d-g) Primary astrocytes were
cultured under 1% or 21% oxygen, respectively, followed by reoxygenation. The protein level of C3 in the astrocytes were determined by
Western blotting (d) and immunostaining analysis (e) of C3 and S100f in primary cultural astrocytes. Additionally, the mRNA levels of
Al markers (f) and A2 markers (g) were evaluated by quantitative RT-PCR. *p < 0.05. One of the three independent experiments is
shown. NS: not significant. Scale bar in 20x magnification = 100 ym and scale bars in 80x magnification = 20 ym (a). Scale bar in (e) is 20 ym.

of C3 and Al-specific transcript markers were comparable
between DHA-treated and control cells (Figures 5(a)-5(c)).
These results implied a possibility of DHA reducing Al-
specific astrocytes polarization through the mitochondrial-
derived oxidative stress.

4. Discussion

N-3 PUFAs play a critical role in the development and func-
tion of the CNS. In the current study, we determined that n-3
PUFA supplementation significantly decreased the infarction
volume and improved the neurofunction after cerebral ische-
mia. Our data showed that n-3 PUFAs reduce stroke-induced
Al astrocyte polarization, probably via regulating the mito-
chondrial dysfunction, and exert anti-inflammatory and neu-
roprotective effects following ischemic stroke. Moreover, the
n-3 PUFA-mediated modulation of mitophagy activity might
be partially involved in the induction of Al astrocytes.

Astrocytes undergo a transformation called “reactive
astrocytosis” after cerebral ischemia stroke, whereby the
transcription level of many genes upregulated [22, 23]. Func-
tions of reactive astrocytes remain subjects of debate in ische-
mic brain injury, with previous studies showing that they can
both hinder and support neurofunction recovery [22].
According to the different transcript expression profiles,
astrocytes are classified into two major groups, Al-specific
or A2-specific astrocytes [8]. Immediately after ischemic
stroke, A1 astrocytes produce and secrete several proinflam-
matory mediators, such as IL-6, TNF-a, IL-1a, IL-18, and
IFN-y [24, 25]. Additionally, A1 astrocytes can release neuro-
toxins that induce rapid death of neurons [3]. While in the
later stage of stroke (after 72 hours), proliferation and glial
scar formation of A2 astrocytes restrict the diffusion of neu-
roinflammation and produce neurotrophic factors [26]. The
A2 astrocytes facilitate the generation of new blood vessels,
protect neurons from excitotoxicity injury, and promote the
formation of synapses [27]. Therefore, attenuation of the
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is shown.

Al astrocytes’ polarization is supposed to reduce neuronal
death and improve recovery from ischemic stroke. The cur-
rent study shows that n-3 PUFA treatment markedly reverses
the induction of Al astrocytes caused by brain ischemia
injury. Studies about astrocyte subtypes indicate that Al
astrocytes can be induced by IL-1a, TNF-a, and C1q secreted
by LPS-stimuli microglia or other inflammatory signal
pathways [8]. Joftre et al. reported that n-3 PUFAs have a
suppressive effect on the production of proinflammatory

cytokines in microglial cells, thereby resolving the brain
inflammation and contributing to neuroprotective functions
[28]. Therefore, it is possible that modulation of brain
inflammation following ischemic stroke partially owing to
the effect of n-3 PUFAs on microglia. However, DHA trans-
ported to brain tissues accumulates as a component of phos-
phatidylcholine or phosphatidylethanolamine in the cell
membrane of astrocytes [29]. On the other hand, astrocytes have
been shown to supply DHA to neurons and contribute to
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FIGURE 4: Effects of DHA on mitophagy in the astrocytes treated with hypoxia. Primary astrocytes were cultured at 21.0% or 1.0% oxygen in
the presence or absence of DHA. (a) The expression of parkin, p62, and LC3 in the astrocytes was determined by Western blot analysis. The

expressions of P62 and LC3 in brain tissue (b) and primary astrocytes

(c) are shown by immunofluorescence staining. (d) The expression of

mito-pinkl and mito-parkin in the mitochondrial fractions was determined by Western blot analysis. (e) The expression of mfnl and mfn2
was detected by immunoblotting. Quantification was performed in images using the Image J software. *p < 0.05. Data from one representative
experiment of three independent experiments are presented. Scale bar 100 ym in (b), scale bar 20 ym in (c).

synapse formation, maturation, and maintenance [30]. It seems
that the effects of n-3PUFAs on astrocytes are more direct. Con-
sidering that DHA has effects on both astrocyte and microglia, it
is temporarily impossible to determine which cell plays a more
critical role in ischemic brain injury based on the current exper-
imental data. Thus, further investigations utilizing condition
transgene mice aiming to astrocytes are warranted.

Astrocytes possess almost as many mitochondria as neu-
rons to meet energy demands [31]. Of note, changes in
astrocytic mitochondrial function are associated with the
astrocyte activation in many neurodegenerative diseases. It
has been reported that hypoxia and posthypoxia reoxygena-
tion of primary astrocytes led to a drastic mitochondrial
network change, followed by mitochondrial degradation
and retraction of astrocytic extensions [32, 33]. Besides,
mitophagy is essential for the quality control and homeosta-

sis of mitochondria by eliminating dysfunctional mitochon-
dria that produce reactive oxygen species (ROS) and result
in cell death [34]. Mitophagy has fundamental connections
with the mitochondria dynamic and is account for the vari-
ous pathological stresses including stroke [12]. A previous
study showed that supplementation with n-3 PUFAs exhib-
ited mitochondrial phospholipid remodelling by increasing
cardiolipin, a tetra-acyl phospholipid that is unique to mito-
chondrial and essential for optimal mitochondrial function
[35]. DHA treatment after acute brain haemorrhage signifi-
cantly attenuated mitochondrial disorder in neurons both
in vivo and in vitro through preserving the mitochondrial
morphology [36]. Similarly, our current research identified
that DHA restored the mitochondrial junction disruption
of astrocytes. Many studies reported that the damaged mito-
chondria accumulate under ischemic/reperfusion stress [37],
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suggesting that maintaining a pool of healthy mitochondria is
crucial for protecting against tissue injury [33]. To ensure
mitochondrial quality, mitophagy activated in the early stage
of ischemic plays a significant role in the removal of damaged
mitochondria [38], subsequently reducing the mitochondrial-
associated neuron apoptosis or inflammation [39]. Our pres-
ent data showed DHA pretreatment upregulated the protein
levels of mitophagy-specific molecules in astrocytes at 12
hours after hypoxia, suggesting that the mitochondrial protec-
tion from ischemic/reperfusion stress by DHA is to some
extent due to mitophagy enhancement. Another reactive
mitochondrial quality control is reshaped by fusion and fission
[34, 40]. The result demonstrated an upregulation of mfnl and
mfn2 (mitofusin-specific protein), which indicated that DHA
promoted mitochondrial fusion in the hypoxia-treated astro-
cytes. It should be emphasized that mfn1 and mfn2 play a con-
troversial part in the regulation of mitophagy [41]. Depletion
of both mfnl and mfn2 in murine cardiomyocytes caused
the accumulation of defective mitochondria by inhibiting
mitophagy [42]. In contrast, an active role of mfn2 in prevent-
ing mitophagy was also proposed, associating with the mainte-
nance of ER-mitochondrial contacts [43]. Our current results
were prone to support the opinion that DHA facilitated mito-
phagy through promoting mitofusin. Further, mitochondrial
injury is known to contribute to oxidative stress in brain
ischemic/reperfusion injury [44, 45]. DHA treatment also
reduces oxidative stress by downregulating ROS and SOD
in stroke [46]. Mitochondrial overproduction of ROS also
initiates cell death and aberrant immune responses [47].
Among transcription factors, NF-«B is induced in response
to oxidative stress stimuli and participates in complex
inflammatory loops regulating production and release of
proinflammatory cytokines, such as tumor necrosis factor
a (TNF-a) [48]. This proinflammatory cytokine is demon-
strated to induce Al astrocytes in previous studies [8, 49].
Thus, it is possible that n-3 PUFA participates in the polar-
ization of Al-specific astrocytes through mitochondrial-
derived oxidative stress and the inflammatory pathways.

5. Conclusions

In summary, we demonstrated that exogenous n-3 PUFA
supplementation prevents mitochondrial-derived oxidative
stress, resulting in limited A1l-specific astrocyte polarization
both in vivo and in vitro. N-3 PUFA-mediated blockage of
Al astrocyte polarization might be associated with the atten-
uated neuroinflammation in the brain ischemic/reperfusion
stroke. These findings substantiate the concept that n-3
PUFAs have a potential clinical application to ameliorate
ischemic/reperfusion brain injury.
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Intestinal ischemia-reperfusion (II/R) injury is a common type of tissue and organ injury, secondary to intestinal and mesenteric
vascular diseases. II/R is characterized by a high incidence rate and mortality. In the II/R process, intestinal barrier function is
impaired and bacterial translocation leads to excessive reactive oxygen species, inflammatory cytokine release, and even
apoptosis. A large number of inflammatory mediators and oxidative factors are released into the circulation, leading to severe
systemic inflammation and multiple organ failure of the lung, liver, and kidney. Acute lung injury (ALI) is the most common
complication, which gradually develops into acute respiratory distress syndrome and is the main cause of its high mortality.
This review summarizes the signal transduction pathways and key molecules in the pathophysiological process of ALI induced
by II/R injury and provides a new therapeutic basis for further exploration of the molecular mechanisms of ALI induced by II/R

injury. In particular, this article will focus on the biomarkers involved in II/R-induced ALL

1. Introduction

Intestinal ischemia-reperfusion (II/R) injury can occur in a
variety of pathophysiological conditions, including acute
mesenteric ischemia, severe trauma, acute shock, small bowel
transplantation, and sepsis [1]. II/R is a clinical state. During
ischemia, the blood supply of the intestine is limited, and
then, the tissues and organs are damaged due to reperfusion
and oxygen recovery [2]. The recovery of blood flow and oxy-
gen during reperfusion leads to bacterial translocation, tissue
damage, inflammatory response, and oxidative stress. During
ischemia, tissue hypoxia leads to endothelial cell barrier func-
tion damage and increases in vascular permeability, followed
by cell death, tissue damage, and organ failure during reper-
fusion [3]. In addition to intestinal injury, II/R can also lead
to distal tissue injury and distal organ failure. Distant organs,
especially the lungs, are very sensitive to II/R injury. Accord-
ing to the literature, the mortality of II/R is as high as 60%-
80% [4]. An increasing number of reports show that second-
ary distal organ injury (acute lung injury (ALI) and acute
respiratory distress syndrome) is more serious than intestinal

injury and has been shown to be the main cause of death in
patients with II/R [5].

The pathophysiology and pathogenesis of ALI induced
by II/R are complicated and poorly understood. Some
researchers have hypothesized that damage to the intestinal
mucosal barrier after II/R leads to the translocation of bacte-
ria and endotoxins, which leads to a systemic inflammatory
response. The release of a large number of inflammatory
mediators (TNF-«, IL-1, IL-6, IL-8, IL-10, NO, etc.) into
the systemic circulation can lead to cell necrosis, tissue dam-
age, and organ failure. Neutrophils and their products are
increased in lung tissue, leading to increased vascular perme-
ability, vascular and pulmonary interstitial edema, and pul-
monary edema [6]. However, the specific mechanism of
ALl is very complex, involving bacterial translocation,
inflammatory response, oxidative stress, and initiation of
apoptosis and necrosis. In this review, we focused on the
multiple signaling pathways involved in II/R-induced ALIL
The search Medical Subject Headings (MeSH) terms and
keywords were as follows: acute lung injury, ALI, intestinal
ischemia reperfusion, intestinal ischemia-reperfusion, and
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gut ischemia-reperfusion by using PubMed, Embase, and
MEDLINE. Cellular signal transduction pathways such as
the MAPK signaling pathway, NF-«B signaling pathway,
TLR4 signal transduction pathway, PKC/p66Shc signaling
pathway, NLRP3 inflammasome, Nrf2 signaling pathway,
SIRT1 signaling pathway, and other signaling pathways were
also summarized to explore the potential pathogenesis of
II/R-induced ALI and examine new targeted therapies using
biomarkers.

2. Biomarkers of ALI Induced by
Aggravating II/R

2.1. MAPK Signaling Pathway. The mitogen activated protein
kinase (MAPK) signaling pathway is activated by a variety of
inflammatory signals, including inflammatory mediators and
oxidative stress factors [7]. At present, four MAPK pathways
have been identified in mammals, including extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase
(JNK), p38 mitogen-activated protein kinase, and ERK5 [8].
Different extracellular stimuli can activate different MAPK
signaling pathways and mediate different cellular biological
responses through their mutual regulation. The ERK signal-
ing pathway plays an important role in the process of cell
proliferation mediated by growth factors. JNK and
p38MAPK pathways activate downstream factors (AP-1
and Jun), which are related to a variety of pathophysiological
processes during cell apoptosis and stress [9]. Together with
endoplasmic reticulum stress, IL-1f increases apoptosis
through the JNK signaling pathway [10]. Recently, the
P38MAPK signaling pathway has been proposed to play a
key role in the inflammatory response of ALI [11]. During
ALIL inflammatory factors enter into the lung tissue and
destroy lung endothelial cells, leading to an increase in pul-
monary capillary permeability that results in pulmonary
edema. Therefore, inflammation and pulmonary edema
may be two important pathological features of ALI [12].

It has been reported that one of the most bioactive cyto-
kines in the early stage of ALI is IL-1p, which is a powerful
inducer of lung inflammation and can cause the release of
various proinflammatory factors [13]. The increase in IL-1/3
may be the result of ALI induced by II/R, so reducing the
expression of IL-18 may be conducive to the recovery from
lung injury. Increased expression of p38MAPK can also be
observed after II/R. In addition, there are also reports that
P38MAPK can activate rat pulmonary interstitial macro-
phages to produce nuclear factor kappa B (NF-«B) [14].
Studies have shown that the p38MAPK inhibitor sb239063
can effectively reduce the expression level of IL-1f3 after
II/R by inhibiting the p38MAPK pathway, significantly
improving lung injury, and providing a new therapeutic
approach for the clinical application of p38MAPK as an
intervention against ALI after II/R [15].

Aquaporins (AQPs) are a small family of integral mem-
brane proteins that regulate water transport and play an
important role in water homeostasis. Aquaporin 4 (AQP4)
is a recently found protein related to edema [16]. Pulmonary
edema, as an important pathological feature of ALI caused by
II/R, suggests a novel approach for the treatment of ALIL
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Studies have shown that the increased expression of AQP4
is related to the severity of lung injury induced by II/R, and
AQP4 plays an important role in the pathogenesis of ALI
induced by II/R. The p38MAPK inhibitor SB239063 reduced
the expression of AQP4 and alleviated the extent of lung
injury, suggesting that p38MAPK may be the main pathway
mediating the expression of AQP4 in ALI induced by II/R.
Inhibition of the p38MAPK pathway may thus become an
effective target for the prevention and treatment of ALI
induced by II/R [17] (Figure 1).

2.2. NF-«B Signaling Pathway. NF-«B plays an important
role in transcriptional regulation of many inflammatory
and apoptotic regulatory genes during II/R. NF-«B is a rapid
nuclear transcription factor. At present, there are five mem-
bers of the NF-xB family in mammalian cells: NF-xB1
(P50), NF-xB2 (p52), Rel A (p65), Rel B, and c-Rel. NF-«B
must form as a homodimer or heterodimer to have biological
activity. When cells are stimulated by internal and external
factors, NF-«B is activated and enters the nucleus to regulate
gene transcription, including the genes for TNF-a, IL-1, IL-6,
IL-8, and ICAM-1. Inflammatory factors play an important
role in II/R injury, and TNF-a, as the induction factor,
induces the release of various inflammatory factors [18-20].

NE-«B enters the nucleus and mediates the transcription
and release of a variety of inflammatory factors, which then
spread the inflammatory response and are causative factors
leading to ALL Inhibition of the NF-«xB pathway can reduce
lung inflammation and ALI caused by II/R [21]. After II/R,
the levels of visfatin in plasma and lung tissue are signifi-
cantly increased, and visfatin exerts a proinflammatory effect
by upregulating the production of the proinflammatory fac-
tors IL-1pB, IL-6, and TNF-« in a dose-dependent manner
[22]. The visfatin inhibitor FK866 inhibits the nuclear trans-
location of NF-«B p65 by inhibiting the degradation of cyto-
plasmic I-«kBa. Whether FK866 has the effect of reducing
apoptosis in the process of inflammation needs further study.
However, it has been reported that TNF-a, one of the main
mediators of ALIL starts the apoptosis cascade, and FK866
at least partially inhibits apoptosis in ALI through an indirect
pathway [23]. FK866 can significantly reduce the inflamma-
tory response and apoptosis after organ injury by inhibiting
the NF-«B signaling pathway and ultimately improves the
survival rate [22]. Curcumin can also effectively prevent
II/R-induced ALI by inhibiting the NF-xB pathway. After
curcumin treatment, myeloperoxidase levels in lung tissue
(a marker of neutrophil recruitment and lung injury [24])
were significantly decreased, while superoxide dismutase
(SOD) level (an indicator of antioxidant effect [25]) was sig-
nificantly increased. The levels of IL-6 and ICAM-1 were par-
allel to the changes of NF-«B, suggesting that curcumin can
reduce the recruitment/infiltration of neutrophils and play
an anti-inflammatory and antioxidant role by inhibiting the
NF-«B pathway [26] (Figure 2).

2.3. TLR4 Signal Transduction Pathway. Toll-like receptors
(TLRs) are a class of important proteins involved in innate
immunity and act as the first barrier against infectious dis-
eases. TLR4, a member of the TLR family, is responsible for
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recognizing pathogens and activating the innate immune sys-
tem. It can recognize a variety of ligands, such as endogenous
ligands (low-density lipoprotein and heat shock protein) and
exogenous ligands (lipopolysaccharide), so it plays a key role
in the body’s response to I/R injury [27]. TLR4 can activate
multiple signaling pathways after specifically binding with
ligands, including MAPK and NF-xB pathway proteins,
which are key factors involved in the inflammatory immune
response that regulate cell survival [8]. In the lung injury
model induced by II/R in mice, TLR4 deletion can prevent
the activation of p38MAPK and NF-«B signals, and the phos-
phorylation of p38MAPK and the activation of NK-«B in the
lung tissue of TLR4-mutant mice are significantly inhibited,
which indicates that these pathways are involved in ALI
induced by II/R and are mediated by TLR4 [28]. The down-
stream effects regulated by TLRs vary with the type of recep-
tors, and these mediators contribute to the production of
local inflammation and the aggregation of neutrophils [29].
The signal transduction pathway mediated by TLRs
depends on the interaction with cytoplasmic adaptor pro-
teins and mainly myeloid differentiation factor 88
(MyD88). MyD88 is considered the central adaptor protein
for signal transduction activated by MAPK and NF-xB in
almost all TLRs (except TLR3) [30]. In fact, in the absence
of MyD88, bacterial translocation is weakened and intestinal
and lung injuries are alleviated, which is due to the reduction
in neutrophil aggregation, lower levels of inflammatory
mediators, alleviation of pulmonary vascular injury, and the
improved survival rate [31]. Victoni et al. confirmed that
blocking the TLR/MyD88 pathway reduced intestinal and
lung injury after II/R, thus improving the survival rate [32].
TLRs play an important role in innate immunity by reg-
ulating the activity of different NF-«Bs. It was reported that
the TLR4/NF-xB signaling pathway is the key mechanism
regulating proinflammatory factors in the II/R-induced lung
injury model [28]. Activation of TLR4 can promote the acti-

vation of NF-xBp65 and lead to the release of proinflamma-
tory factors TNF-«, IL-1, IL-6, and IL-8 from pulmonary
macrophages, resulting in ALL The «-7 nicotinic acetylcho-
line receptor agonist can inhibit the expression of TLR4,
reduce the transport of p65, diminish the activation of NF-
«B and production of proinflammatory factors, and also
inhibit the inflammatory reaction, thus reducing ALI caused
by II/R [33]. In addition, bone marrow mesenchymal stem
cells can downregulate the expression of TLR4/NF-«B and
reduce cell apoptosis and inflammatory responses, thereby
alleviating ALI induced by II/R. The inactivation of
TLR4/NF-«B signaling also leads to the downregulation of
caspase-3, a key protease in the apoptotic response [34].
The results of this study suggested that using bone marrow
mesenchymal stem cells to target TLR4 offers a therapeutic
regimen for ALI induced by II/R. The same results were ver-
ified in an experiment by Soares et al. The lung inflammatory
response and apoptosis in TLR4-deficient mice were signifi-
cantly reduced, which confirms that the TLR4 receptor sig-
naling pathway plays an important role in ALL
Consequently, interfering with the TLR signal may be a
promising therapeutic strategy [35] (Figure 3).

2.4. PKC/p66Shc Signaling Pathway. SHC protein is widely
expressed in mammals and is a proapoptotic factor and pro-
inflammatory mediator. Adaptor protein p66Shc (a member
of the SHCA protein family) is a proapoptotic protein, which
is composed of p64shc and p52shc proteins. Its proapoptotic
effect mainly depends on the binding of cytochrome-c in
mitochondria and its oxidation function; in the oxidation
process, cytochrome-c is released into the cytoplasm to acti-
vate caspase-3, thus inducing apoptosis [36]. The stress
response phosphorylates serine 36 of p66Shc, which plays
an important role in the oxidative stress response and apo-
ptosis [37]. Manganese superoxide dismutase (MnSOD)
and Bcl-2 play an important role in the pathophysiological
process of II/R, and both of which can be regulated by
p66Shc [38]. II/R activated changes in reactive oxygen spe-
cies accumulation, in which p66Shc phosphorylation of anti-
oxidant factors GSH and MnSOD decreased, while
phosphorylation of apoptosis-related factors increased for
caspase-3 and decreased for Bcl-2. The use of polyphenol
protocatechuic acid (PCA) can significantly reduce II/R-
induced ALI by inhibiting p66sshc, increasing lung antioxi-
dant factors, and reducing proapoptotic factors and inflam-
matory mediators [39]. This is consistent with previous
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studies in which the inhibition of p66Shc phosphorylation
had a protective effect on lung epithelial cell apoptosis during
ALI induced by II/R [38]. Inhibition of p66Shc phosphoryla-
tion may be a new treatment for ALI induced by II/R.

Protein kinase C (PKC) plays an important role in signal
transduction by phosphorylating serine and threonine resi-
dues. Many conditions can cause PKC activation, including
II/R [40]. Previous studies have shown that the activation
of PKC BII specifically participates in the primary injury of
II/R, and inhibiting the expression of PKC pII can prevent
II/R injury [41]. However, PKC BII is selectively activated
in the lung and liver after II/R. LY333531, a specific inhibitor
of PKC pII, significantly reduced lung injury, inflammatory
response, oxidative stress, and apoptosis after II/R. Mean-
while, it also significantly inhibited the activation of p66Shc
and the binding of cytochrome-c, which resulted in a
decrease of cytochrome-c release and caspase-3 cleavage,
and reduced apoptosis. This study showed that the PKC
BII/p66Shc pathway could be a specific therapeutic target,
which can not only reduce II/R injury but also improve
secondary lung injury, providing a new therapeutic strat-
egy for the prevention of ALI caused by II/R [42]
(Figure 4).

2.5. NLRP3 Inflammasome. An increasing number of studies
have shown that nucleotide-binding oligomerization
domain-like receptor (NLR) initiates an inflammatory
response in a variety of diseases. When the body is injured,
the NLRP3 inflammasome activates caspase-1 and IL-1p,
leading to inflammation and tissue damage [43]. After II/R,
the NLRP3 inflammasome plays an important role in early
injury of the heart, liver, kidney, lung, intestine, and other
organs [44]. Lipid mediators are effective regulators of innate
and acquired immune responses and are associated with
many inflammatory diseases [45]. II/R stimulates the release
of lipid mediators, which can enhance the expression of
NLRP3 inflammatory bodies and the production of IL-1p
in pulmonary vascular endothelial cells, thereby increasing
pulmonary vascular permeability and the inflammatory
response and resulting in ALI. Thus, NLRP3 inflammation-
driven IL-1f is a new potential target for the prevention
and treatment of ALI induced by II/R [46] (Figure 5).

2.6. mTOR, VAP-1, NADPH Enzyme, IRHOM2, and CIRP.
mTOR is a serine/threonine kinase, which plays a key role
in cell proliferation and survival. A large number of studies
have shown that mTOR plays an important role in the path-
ogenesis of ALI during II/R [47]. mTOR includes two differ-
ent compounds, mTORC1 and mTORC2. mTORCl
promotes protein synthesis by phosphorylation of P70S6K
and eIF4E binding protein (4EBP) [48]. FKBP25 is a member
of the FKBP family of immunoavidin proteins, which can
form a complex with mTOR and then plays a role by regulat-
ing mTOR [49]. Neurilifordin F (NF) may reduce lung injury
by activating FKBP25 and inhibiting the mTOR/P70S6K
pathway. On the other hand, NF can reduce the expression
of p65 and the activation of IL-1 by inhibiting TLR4. The
decrease in p65 expression also reduces the activation of
NLRP3/caspase-1 and the expression of inflammatory medi-
ators, with an overall anti-inflammatory effect that improves
ALI induced by II/R [50]. Similarly, the mTOR inhibitor
rapamycin can inhibit the activation of NF-«B and reduce
distal lung injury after II/R. Inhibition of the mTOR pathway
is now a targeted therapy for ALI after II/R [51].

Leukocyte extravasation is also involved in II/R injury
and ALIL Excessive leukocyte extravasation is largely the
result of the increased expression of adhesion molecules on
the surface of endothelial cells and neutrophils [52]. Vascular
adhesion protein-1 (VAP-1) is an extracellular enzyme
expressed in endothelial cells, which can regulate leukocyte
extravasation. In the II/R state, tissue damage is mainly
caused by exudative leukocytes. Blocking adhesion molecules
to inhibit the interaction between leukocytes and endothelial
cells can reduce the degree of tissue damage in II/R [53]. Jan
et al. used gene-targeted animals to show that VAP-1 is
important in II/R and ALI Anti-VAP-1 antibody or small
molecule SSAO inhibitor reduced II/R injury and lung injury
caused by neutrophil aggregation in the lungs [54].

Oxidative stress is the main underlying factor in ALI
induced by II/R, and mast cell activation aggravates oxidative
stress and ALI induced by II/R [5]. In the acute lung injury
model induced by II/R, NADPH oxidase (p47phox and
gp91phox) activity increased. Resveratrol inhibited the acti-
vation of mast cells and significantly reduced oxidative stress
and inflammatory reactions in lung tissue after IIR [55].
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Tryptase released by mast cells also plays a key role in II/R-
induced ALI by activating protease-activated receptor-2
(PAR-2). Inhibition of tryptase release may be an effective
scheme for the treatment of II/R-induced ALI [5].

TNF-alpha is involved in the pathogenesis of many
inflammatory diseases. TNF-alpha converting enzyme
(TACE) is necessary for the release of TNF-alpha. Inactivated
rhomboid protein 2 (IRHOM2) has recently been identified
as an important factor regulating TACE maturation in
immune cells. In IRHOM?2 gene knockout mice, inflamma-
tory mediators, proapoptotic factors, and lung injury were
significantly reduced. Therefore, IRHOM2 may play an
important role in the pathogenesis of II/R-induced ALI and
may be a new target for the treatment of II/R-induced ALI
[56, 57].

The aseptic inflammation during II/R injury is triggered
by endogenous injury-associated molecular pattern (DAMP)
proteins. Cold-induced RNA-binding protein (CIRP) is a
member of the DAMP family and constitutes a new inflam-
matory mediator, which can cause tissue damage during
II/R [58]. DAMP binds to TLRs to enhance the activation
of innate immune cells; furthermore, the immune system
involves a wide range of inflammatory cascade reactions,
which may be potential targets in the treatment of ALI
caused by II/R [59]. In clinical trials, directly targeting
TLR4 failed to show good efficacy, but targeting CIRP may
be beneficial in the treatment of ALI and ARDS caused by
II/R [60].

3. Biomarkers for Alleviating II/R-Induced ALI

3.1. Nrf2 Signaling Pathway. Nuclear factor erythroid 2-
related factor (Nrf2) is a key regulator of intracellular oxida-
tive homeostasis and plays an important role in inflamma-
tory defense response [61]. Previous studies have shown
that Nrf2 plays a protective role in ALI induced by II/R
[62]. After II/R, the conformation of Nrf2 complex changes.
Nrf2 dissociates from Keapl and enters the nucleus through
translocation, where it combines with antioxidant response
elements to induce anti-inflammatory and antioxidative
effects and promote cell survival [63].

| TLR4/MyD88

F1GuRre 6: The Nrf2 pathway relieves ALI by regulating STAT3 and
SLC7A11 to inhibit ferroptosis, by promoting HIF-1/TF and
inhibiting TLR4.

Inflammation plays an important role in the pathogene-
sis of ALI induced by II/R. Blocking the TLR/MyD88 path-
way has been shown to reduce lung injury in mice [32].
II/R can upregulate the expression of TLR4 and Nrf2 in the
lung tissue of mice, while Nrf2 enters the nucleus to regulate
the expression of TLR4, reduce the release of inflammatory
mediators, and alleviate ALI. Nrf2 induces the expression of
heme oxygenase-1 (HO-1), which is related to the PI3K/Akt
pathway. The Nrf2/TLR4/Akt pathway, thus, plays an impor-
tant role in II/R-induced ALI and provides a new therapeutic
target for the treatment of ALI [64].

A number of studies have shown that II/R injury involves
a nonapoptotic pathway, and ferroptosis is an iron-
dependent and caspase-independent type of nonapoptotic
cell death [65]. Ferroptosis is different from classical apopto-
sis in that iron catalyzes the formation of lipid-free radicals
and the depletion of glutathione (GSH) [66]. Downstream
factors of Nrf2 (HO-1, glutathione peroxidase, and
SLC7A11) play a crucial role in cell defense [67]. Activated
STAT3 reduces apoptosis under ferroptosis and plays an
important role in the inflammatory response and develop-
ment of tumors [68]. Nrf2 and STAT3 are both antioxidant
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FI1GURE 8: Cellular signal transduction pathways involved in ALI induced by II/R.

response elements. When cells are under oxidative stress,
they can promote the expression of downstream target genes
(such as SLC7A11) and reduce cell apoptosis and tissue dam-
age. During II/R, Nrf2 and STATS3 jointly upregulate the
expression of SLC7A11 and HO-1 and inhibit ferroptosis,
thus reducing IT/R-induced ALI and providing a new scheme
for targeting the Nrf2 pathway in the treatment of II/R-
induced ALI [69]. Similarly, p53 inhibitor IASPP inhibits fer-
roptosis through the Nrf2/HIF-1/TF signaling pathway [70].
Intestinal ischemic postconditioning promotes HO-1 expres-
sion through the Nrf2 pathway, inhibits oxidative stress and
the inflammatory response, and reduces lung injury [71].
These studies all show that the Nrf2 pathway is an effective
target for the treatment of ALI induced by II/R (Figure 6).

3.2. SIRT1 Signaling Pathway. SIRT1 is a nicotinamide ade-
nine dinucleotide- (NAD-) dependent deacetylase. Through
deacetylation of FOXO3, SIRT1 plays important antioxida-
tive, anti-inflammatory, and antiapoptotic roles in ALI
induced by II/R [72]. SIRT1 enhances cell viability under
stress by regulating different downstream factors (p53, NF-
kB, and FOXO); for example, SIRT1 deacetylates FOXO3
and enhances cell resistance to oxidative stress through an
antioxidant molecule (MnSOD) [73]. It is well known that
the weakening of antioxidant stress and the activation of apo-

ptotic signals play an important role in the pathogenesis of
ALI induced by II/R. The antioxidant molecule MnSOD
and antiapoptotic molecule Bcl-2 are closely related to ALI
induced by II/R [74]. II/R activates a cascading reaction,
which leads to the accumulation of reactive oxygen species,
a decrease in SIRT1 and FOXO3 deacetylation, and a
decrease in MnSOD and Bcl-2. Icariin can upregulate the
expression of SIRT1, promote FOXO3 deacetylation,
enhance the release of antioxidant molecules and antiapopto-
tic factors, and reduce the release of inflammatory mediators,
which can protect lung tissue from injury caused by II/R; in
contrast, the SIRT1/FOXO3 signaling pathway has little
effect on experimental lung injury. The protective effect
against ALI induced by II/R may be achieved by upregulating
MnSOD and enhancing the expression of Bcl-2 [75].

In addition, upregulation of SIRT1 level can increase the
translocation of Nrf2, thereby inhibiting the activation of
MAPK and protecting cells from damage [76]. Nrf2 is an
important transcription factor, which not only protects cells
from injury but also participates in ischemic angiogenesis
[77]. Nrf2 regulates the expression of nonphagocytic oxidase
4 (NOX4), hypoxia-inducible factor 1A, and vascular endo-
thelial growth factor and combines with them to resist oxida-
tive stress [78]. In the model of II/R injury in mice, it was
found that Nrf2 participates in the vascular remodeling
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caused by ALI after II/R injury. The increase in SIRT1 level
induces the upregulation of Nrf2 and then promotes the
angiogenesis of human pulmonary microvascular endothelial
cells through gene regulation mediated by NOX4 [79]. Aden-
osine 5'-monophosphate- (AMP-) activated protein kinase
(AMPK) is a key enzyme in bioenergy metabolism, which
can be activated by a variety of anti-inflammatory drugs,
and when coupled with SIRTS increases the activity of SIRT1
[80]. U-3 polyunsaturated fatty acids inhibit the release of
inflammatory mediators and reduce ALI by activating the
AMPK/SIRT1 pathway; in addition, these polyunsaturated
fatty acids can inhibit p66Shc, restore claudin5 expression,
restore the alveolar-capillary barrier, and reduce apoptosis
by activating the AMPK/SIRT1 pathway. Therefore, regulat-
ing the AMPK/SIRT1 pathway may become a new mecha-
nism to protect against ALI induced by II/R [81] (Figure 7).

4. Conclusion

II/R injury is a common type of tissue and organ injury, sec-
ondary to intestinal and mesenteric vascular diseases. Ische-
mia leads to hypoxia, cell injury, and necrosis. However,
the recovery of blood flow and oxygen during reperfusion
results in bacterial translocation, tissue damage, inflamma-
tory response, and oxidative stress. II/R can also lead to distal
tissue damage and distal organ failure, of which lung injury is
the most common, which is also the cause of the high mortal-
ity resulting from II/R injury. Previous studies have shown
that II/R-induced ALI involves bacterial translocation,
inflammatory response, oxidative stress, cell apoptosis, and
necrosis; signaling pathways and markers are summarized
in Figure 8. Further research has identified biomarkers that
play an important role in the pathogenesis of II/R-induced
ALLI which involves various targets and signaling pathways
in the cascading reaction of II/R-induced ALI By blocking
pathways that can aggravate the disease and activating the
pathways that can alleviate the disease, clinical trials have
shown exciting results and suggest new approaches for better
diagnosis and treatment of ALI caused by II/R. We believe
that the continuing development of biomarkers will lead to
novel therapeutic applications and cures for ALI caused by
II/R.
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The cardioprotective effect of sevoflurane postconditioning (SPostC) is lost in diabetes that is associated with cardiac phosphatase
and tensin homologue on chromosome 10 (PTEN) activation and phosphoinositide 3-kinase (PI3K)/Akt inactivation. T-LAK cell-
originated protein kinase (TOPK), a mitogen-activated protein kinase- (MAPKK-) like serine/threonine kinase, has been shown to
inactivate PTEN (phosphorylated status), which in turn activates the PI3K/Akt signaling (phosphorylated status). However, the
functions of TOPK and molecular mechanism underlying SPostC cardioprotection in nondiabetes but not in diabetes remain
unknown. We presumed that SPostC exerts cardioprotective effects by activating PTEN/PI3K/Akt through TOPK in
nondiabetes and that impairment of TOPK/PTEN/Akt blocks diabetic heart sensitivity to SPostC. We found that in the
nondiabetic C57BL/6 mice, SPostC significantly attenuated postischemic infarct size, oxidative stress, and myocardial apoptosis
that was accompanied with enhanced p-TOPK, p-PTEN, and p-Akt. These beneficial effects of SPostC were abolished by either
TOPK kinase inhibitor HI-TOPK-032 or PI3K/Akt inhibitor LY294002. Similarly, SPostC remarkably attenuated
hypoxia/reoxygenation-induced cardiomyocyte damage and oxidative stress accompanied with increased p-TOPK, p-PTEN, and
p-Akt in H9¢2 cells exposed to normal glucose, which were canceled by either TOPK inhibition or Akt inhibition. However,
either in streptozotocin-induced diabetic mice or in H9c2 cells exposed to high glucose, the cardioprotective effect of SPostC
was canceled, accompanied by increased oxidative stress, decreased TOPK phosphorylation, and impaired PTEN/PI3K/Akt
signaling. In addition, TOPK overexpression restored posthypoxic p-PTEN and p-Akt and decreased cell death and oxidative
stress in H9c2 cells exposed to high glucose, which was blocked by PI3K/Akt inhibition. In summary, SPostC prevented
myocardial ischemia/reperfusion injury possibly through TOPK-mediated PTEN/PI3K/Akt activation and impaired activation
of this signaling pathway may be responsible for the loss of SPostC cardioprotection by SPostC in diabetes.

1. Introduction tion of blood flow to an ischemic heart is necessary to salvage

the ischemic myocardium, but reperfusion of an ischemic
Ischemic heart disease is one of the leading causes of death ~ region can result in myocardial ischemia/reperfusion (IR)
worldwide, particularly in patients with diabetes [1]. Restora- injury due to oxidative stress [2]. Studies have shown that
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sevoflurane postconditioning (SPostC) could protect the
myocardium against reperfusion-induced injury and reduce
myocardial infarct size [3, 4]. However, patients with diabe-
tes have a remarkably higher mortality rate owing to
increased IR injury and the beneficial effects of SPostC
almost completely disappeared [5-7]. Therefore, elucidating
the underlying mechanisms to prevent the myocardial IR
injury in diabetes is a significant challenge faced by modern
anesthetic practices.

Phosphatase and tensin homolog deleted on chromosome
ten (PTEN) is a dual lipid and protein phosphatase that antag-
onizes the phosphatidylinositol 3-kinase/Akt (PI3K/Akt) sig-
naling pathway and regulates cellular survival and growth.
Studies have shown that cardiac-specific PTEN inactivation
protects myocardial IR injury by activating the PI3K/AKkt sig-
naling in mice [8]. However, cardiac PTEN is increased in
streptozotocin- (STZ-) induced diabetic rats, which is respon-
sible for the loss of diabetic heart sensitivity to ischemic post-
conditioning through PI3K/Akt inactivation [9]. In addition,
accumulating evidence has demonstrated that SPostC protects
the rat hearts against IR injury via the activation of the
PI3K/Akt signaling, which is one of the important signaling
pathways involved in IR injury [10]. These investigations
collectively suggest that the PTEN/PI3K/Akt signaling plays
an important role in SPostC-induced cardioprotection and
impairment of this signaling may be responsible for the loss
of SPostC cardioprotection in diabetes. Thus, interventions
that can enhance PTEN/PI3K/Akt activation may serve as a
promising therapy against hyperglycemia-induced myocardial
IR injury.

T-LAK cell-originated protein kinase (TOPK) is a
mitogen-activated protein kinase- (MAPKK-) like serine/-
threonine kinase, which plays a critical role in tumorigenesis
and cell cycle regulation [11-13]. TOPK promotes cell prolif-
eration and migration by modulating the PTEN/PI3K/Akt
pathway and is associated with poor prognosis in lung cancer
[14]. Interestingly, studies have shown that activation of
TOPK-mediated antioxidation protects against focal cerebral
IR injury [15]. Our previous study has demonstrated that
remote ischemic postconditioning protects against renal IR
injury that was associated with activation of TOPK and con-
comitant reduction in oxidative stress and inflammation
[16]. However, whether TOPK plays significant roles in myo-
cardial IR remains unclear. Of note, studies have shown that
ischemic preconditioning alleviated myocardial IR injury and
induced TOPK activation in rats, while TOPK inhibition
aggravated the H,O,-induced oxidative stress in H9c2
cardiomyocytes [17]. These results suggest that TOPK may
mediate a novel survival signal in myocardial IR through
inhibiting oxidative stress. However, whether TOPK plays
roles in SPostC cardioprotection through PTEN/PI3K/Akt
and whether the impairment of this signaling is attributable
to the loss of SPostC protection on the diabetic myocardium
remain unclear.

Therefore, in the present study, TOPK or PI3K/Akt
inhibitor and TOPK adenovirus were used both in in vivo
models of myocardial IR in diabetic mice and in vitro models
of hypoxia/reoxygenation (H/R) in the embryonic rat cardio-
myocytes H9c2 cells, to test the hypotheses that SPostC pro-
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tected against myocardial IR injury by activation of
PTEN/PI3K/Akt through TOPK and that impairment of
the TOPK/PTEN/AKkt signaling blocked diabetic heart sensi-
tivity to SPostC.

2. Materials and Methods

2.1. Experimental Animals and the Induction of Diabetes.
Male C57BL/6 mice (7-8 weeks old) purchased from Wuhan
University Animal Experiment Center (Wuhan, China) were
used in this study. All animal studies were approved by the
Institutional Animal Care and Use Committee of Tongji
Medical College of Huazhong University of Science and
Technology, China.

Mice were rendered diabetic by continuous intraperito-
neal injection of streptozotocin (STZ) (40 mg/kg; Sigma-
Aldrich, Merck Millipore, Darmstadt, Germany) diluted in
citrate buffer (pH 4.2-4.5) for 5 days, whereas age- and sex-
matched mice were injected with an equivalent volume of
vehicle only (citrate buffer, pH 4.2-4.5). Three days after
the last injection of STZ, the blood glucose concentrations
of all mice were measured twice a week and mice with glucose
levels higher than 300 mg/dl were considered as diabetic. All
mice were housed in a temperature-controlled room and
maintained on standard chow with free access to water. At
termination (8 weeks after STZ treatment), mice were
weighed and then subjected to myocardial IR as previously
described [3].

2.2. Animal Experimental Protocol. The mice were randomly
divided into seven groups as follows: (1) Sham: nondiabetic
C57BL/6 mice received the surgery and were threaded the lig-
ature underneath the left anterior descending coronary artery
(LAD); however, there is no actual ligation in LAD; (2) IR:
nondiabetic C57BL/6 mice underwent 45min ischemia,
followed by 120 min reperfusion; (3) IR+SPostC: nondiabetic
C57BL/6 mice received IR and SPostC treatments. SPostC
was achieved via continuous inhalation of 2% sevoflurane
during the first 15 minutes of the reperfusion period; (4)
IR+SPostC+LY: nondiabetic mice were pretreated with
LY294002 (Sigma-Aldrich, Germany), a PI3K inhibitor, and
then subjected to IR and SPostC. LY294002 was injected
intraperitoneally at a single dose of 40 mg/kg 15 minutes
before inducing coronary ischemia [16]; (5) IR+SPostC+HI:
nondiabetic mice were pretreated with HI-TOPK-032
(Tocris Bioscience, UK), a TOPK-specific inhibitor which is
reported to inhibit TOPK kinase activity [12, 16], and then
subjected to IR and SPostC. HI-TOPK-032 was injected
intraperitoneally at a single dose of 10 mg/kg for two consec-
utive days before inducing ischemia [16]; (6) DM+IR: dia-
betic mice underwent IR as previously described; (7)
DM+IR+SPostC: diabetic mice underwent IR and SpostC as
previously described. All groups except the IR+SPostC+HI
and IR+SPostC+LY group received the same volume of vehi-
cle intraperitoneally. The treatment protocol is outlined in
Figure 1(a).

2.3. Cell Protocol. Embryonic rat cardiomyocytes H9c2 cells
were obtained from the China Center for Type Culture
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FIGURE 1: Model flow diagram of sevoflurane postconditioning (SPostC) protective effects against myocardial ischemia/reperfusion (IR)
injury. (a) Experimental animal models. (b) Schematic presentation of the cell models.

Collection (Wuhan, China). Cells were cultured in Dulbecco’s
modified Eagle’s medium with 5.5mM (normal glucose) or
25mM glucose (high glucose) containing 10% (v/v) fetal
bovine serum (FBS, Gibco) and grown at 37°C in a humidified
atmosphere of 5% CO, and 95% air. Cells reached 80% to 90%
confluence were subjected to experimental procedures.

The H9c2 cells were subjected to hypoxia/reoxygenation
(3h of hypoxia followed by 6h of reoxygenation) to achieve
hypoxia/reoxygenation (HR) model as previously described
[3]. The cells were divided into seven groups: (1) control:

the H9c2 cells were incubated with 5.5 mM (normal glucose)
glucose without performing HR; (2) HR: the H9¢2 cells were
incubated with normal glucose and subjected to HR; (3)
HR+SPostC: H9c2 cells in the SpostC group were placed in
a closed container at a temperature of 37°C; sevoflurane
evaporation tank was then opened to allow 2% sevoflurane
to flow through the closed container with O2 for 15 minutes
at the onset of reoxygenation. Sevoflurane and oxygen con-
centrations were monitored using a multifunctional detector
(PM8050; Drigerwerk, Germany) for the same duration of



time; (4) HR+SPostC+LY: the H9¢2 cells exposed to a normal
glucose concentration in the presence of 10 uM LY294002
were subjected to HR and SpostC [18]; (5) HR+SPostC+HI:
the H9¢2 cells exposed to a normal glucose concentration
in the presence of HI-TOPK-032 were subjected to HR and
SPostC. HI-TOPK-032 was given at 5 uM for two days before
inducing HR [19]; (6) high glucose (HG)+HR: the H9c2 cells
were incubated with a high-glucose concentration and sub-
jected to HR; (7) HG+HR+SPostC: the H9¢2 cells incubated
with a high-glucose concentration were subjected to HR and
SPostC. The model is illustrated in Figure 1(b).

The subgroups of H9c2 cells under high glucose were
infected with adenoviral vectors encoding for full-length rat
TOPK (Ad-TOPK) or adenoviral vectors (Ad-vector) pro-
vided by Vigene Bioscience (Jinan, China) for three days
(MO, 50). The generation of full-length rat TOPK was in
term of NM_001079937.1 gene from NCBI. Recombinant
adenovirus was constructed with a virus titer of 1x 10'!
vp/ml. After transfection with Ad-TOPK or Ad-vector, cells
were subjected to HR with or without SPostC as described
above. An additional group of H9c2 cells transfected with
Ad-TOPK was treated with LY294002 before hypoxia stimu-
lation. Following termination of the experiment, the cells and
medium were collected and stored at -80°C until analysis.

2.4. Determination of Risk and Infarct Sizes. Myocardial
infarct size was assessed by the Evans blue/TTC staining after
2h reperfusion. The unstained region by Evans blue dye was
considered as the area at risk (AAR), and the white color area
was considered as the infarct size (IS). The area at risk was
calculated as a percentage of the total ventricular area, while
the infarct size was measured by macroscopic method and
the infarcted area reported as the percentage of the area at
risk. The extent of the area of necrosis was determined by
computerized planimetry (Image] 1.4).

2.5. Measurement of Creatinine Kinase-MB (CK-MB). After
reperfusion for 2h, blood samples were collected and the
release of CK-MB was measured by enzyme-linked immuno-
assay using a commercial kit (Uscn Life Science Inc., China)
as previously described [2].

2.6. Detection of Myocardial Apoptosis and Immunofluorescence.
Myocardial apoptosis was determined by TUNEL staining
using an in situ cell detection kit (TUNEL assay, Roche Diag-
nostics GmbH, Mannheim, Germany). Tissues were extracted
from infarcted regions of the myocardium. After fixation and
permeabilization, TUNEL assays were performed. Tri-formol-
fixed myocardial tissue samples embedded in paraffin were
detected to identify the apoptotic cells via a fluorescence
microscope. The TUNEL-positive cells were counted under a
high-power microscopic field at a magnification of 400x, and
at least three randomly selected fields per heart were analyzed.

The myocardial sections were incubated overnight with
rabbit anti-TOPK (Phospho Thr9) antibody (Abcam, UK)
at 4°C. After being washed, the sections were further incu-
bated with CY3 goat anti-rabbit IgG at room temperature
for 2h followed by DAPI staining at room temperature for
10 min. All the stained sections were photographed by using
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an inverted microscope (Olympus Life Science, Tokyo,
Japan) with a color CCD camera.

2.7. Measurement of Oxidative Stress. After 2h reperfusion,
blood samples were collected for the measurement of malon-
dialdehyde (MDA) concentration. MDA was determined by
using a thiobarbituric acid (TBA) method using a trace assay
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) as reported [20]. Superoxide dismutase (SOD) level
was measured by hydroxylamine method using an assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Myocardial superoxide anion production was measured
by fluorescent-labeled dihydroethidium (DHE) staining
(Keygen Biotech Co., Ltd., Nanjing, China) according to the
assay kit protocol.

2.8. Measurement of Cell Viability and Lactate Dehydrogenase
(LDH). After 6 h reoxygenation, cell viability was determined
by the MTT assay (Sigma-Aldrich, Germany) as described,
and the supernatant of cell culture was collected for the mea-
surement of LDH through a commercially available detection
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) via the colorimetric method according to the manufac-
turer’s instructions.

2.9. Western Blot Analysis. Protein extracts were prepared
according to the manufacturer’s protocol as described in
the protein extract kit (Keygen Biotech Co., China). Peri-
infarct region of the left ventricular myocardium was har-
vested after 2 h of reperfusion in order to extract total protein
samples for immunoblotting analysis. Total protein was
determined using the BCA Protein assay kit (Sigma-Aldrich,
Germany), and size was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins
were transferred to PVDF membrane. Primary antibodies
were then incubated with the membrane strips at 4°C over-
night at the following dilutions: Akt, phospho-Akt (Ser473),
PTEN, and phospho-PTEN (Ser380/Thr382/383) (Cell Sig-
naling Technology, USA) 1:1000 and TOPK and phospho-
TOPK (Thr9) (Abcam, UK) 1:1000. Then, protein bands
were incubated with a secondary antibody and detected by
the ECL chemiluminescence method. Densitometric analyses
of western blot images were performed using Image]J software
(Image] 1.4).

2.10. Statistical Analysis. All the values were expressed as the
mean + SD unless otherwise stated. GraphPad Prism soft-
ware package (San Diego, CA) was used for data statistical
analysis. One-way analysis of variance (ANOVA) was per-
formed to detect significant differences between the experi-
mental groups, followed by a t-test corrected for multiple
comparisons (Student-Newman-Keuls). The P values < 0.05
were considered statistically significant.

3. Results

3.1. Physiological Parameters. As presented in Table 1, the
water intake, food consumption, and blood glucose levels in
the mice with STZ-induced diabetes were higher than those
in the normal control mice (P < 0.001), while body weight
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TaBLE 1: General characteristics.

Parameters Sham IR IR+SPostC IR+SPostC+LY IR+SPostC+HI DM+IR DM+IR+SPostC
(n=7) (n=16) (n=15) (n=15) (n=15) (n=17) (n=18)

Water intake 62+08 72+1.0  57+1.0 73+1.2 67+1.4 284479 271447

(ml/kg/day)

Food consumption 46+05 49+05 43406 47407 5.0+0.5 6.6+ 1.0°** 6.440.7°**

(g/kg/day)

Body weight (g) 276409 259+16 266+1.8 263+1.3 263+14  232+10°  233+1.0"*

Plasma glucose (mM) 5.7x£0.7 6.1£0.6 6.4+0.6 59+0.5 6.0+0.5 26.0 +4.0%** 249+ 4.6

Nondiabetic and diabetic mice (DM) were subjected to myocardial ischemia/reperfusion (IR) with or without sevoflurane postconditioning (SPostC) in the
presence or absence of the PI3K inhibitor LY294002 (LY) or the TOPK kinase inhibitor HI-TOPK-032 (HI). All values are expressed as the mean + SD.
Water intake and food consumption were the average value of 8 weeks. Body weight and plasma glucose were measured among groups before inducing

myocardial IR. ***P < 0.001 vs. their corresponding IR groups.

TaBLE 2: Hemodynamic measurements at baseline, at 15 min of ischemia, and at 2 h of reperfusion in nondiabetic and diabetic rats with or

without treatments.

Parameters Sham IR IR+SPostC  IR+SPostC+LY IR+SPostC+HI DM+IR DM+IR+SPostC
Heart rate (beats/min)

Baseline 368+9 370+ 12 378+ 14 371+ 12 378 + 14 384+ 15 383+ 16
Ischemia 15 min 375+9 372+ 14 369+8 370+ 12 366+ 12 370+ 15 370+ 12
Reperfusion 2h 373+8 368 +£11 368 +£8 366+ 17 370+ 11 368 + 16 365+ 17
Mean arterial blood pressure

(mmHg)

Baseline 829+51 79.8+56 81.9+4.5 79.3+£5.5 78.3+4.5 79.7+£5.7 81.2+4.7
Ischemia 15 min 81.3+£6.2 62.1+4.7** 62.7+53% 63459  62.1+4.8" 551+4.3"% 539+51"#
Reperfusion 2 h 83.0+5.8 59.3+2.3" 66+54"%  60.6+3.4" 60+3.7"*  53.0+5.3"* 50.9+51%#*

Nondiabetic and diabetic mice (DM) were subjected to myocardial ischemia/reperfusion (IR) with or without sevoflurane postconditioning (SPostC) in the
presence or absence of the PI3K inhibitor LY294002 (LY) or the TOPK kinase inhibitor HI-TOPK-032 (HI). All values are expressed as the mean + SD.
n=7 per group. Heart rate and mean arterial pressure were measured at baseline and during myocardial IR. **P < 0.01 vs. their corresponding baseline;

*P<0.05 and P < 0.01 vs. their corresponding IR groups.

was significantly lower in diabetic mice than that in nondia-
betic control (P < 0.001).

As shown in Table 2, the heart rate and mean arterial
pressure were recorded throughout the experimental period.
No significant difference was observed in average heart rate
among the seven groups at baseline and throughout the
experiments. There was no significant difference in the base-
line mean arterial pressure among all groups. The mean arte-
rial pressure during ischemia and reperfusion was lower than
the baseline in all groups (P < 0.01) except the sham group.
During myocardial IR, the mean arterial pressure of all dia-
betic groups was remarkably lower than that of the nondia-
betic IR group (P < 0.05, Table 2). After 2 h reperfusion, the
mean arterial pressure in the IR+SPostC group was increased
compared with that in the IR group (P < 0.05).

3.2. Myocardial Ischemia/Reperfusion Injury In Vivo. The
area at risk and the infarct size in the sham group were zero
in nondiabetic mice (Figure S1(a)), which was consistent
with our previous study in rat [21]. As shown in
Figures 2(a) and 2(b), the area at risk did not differ
significantly among the other IR groups, which meant that
our myocardial IR model was reliable and reproducible. As

shown in Figure 2(c), SPostC greatly attenuated the infarct
size in C57BL/6 nondiabetic mice (P <0.01). However,
LY294002 and HI-TOPK-032, respectively, abolished the
protective effect of SPostC in increasing infarct size in
nondiabetic mice (P < 0.01). Diabetes significantly increased
the myocardial infarct size in the DM+IR and DM+IR+
SPostC group compared with the IR group (P <0.001).
However, the anti-infarct effect of SPostC was abolished
completely in the diabetic mice (DM+IR+SPostC group vs.
DM+IR group, P > 0.05).

CK-MB is one of the major biomarkers of myocardial cellu-
lar injury and can reflect the damage degree of heart. As shown
in Figure 2(f), the release of plasma CK-MB was significantly
increased after myocardial IR in nondiabetic mice (P < 0.001).
SPostC significantly decreased the release of plasma CK-MB
when compared with the IR group (P <0.01). The effect of
SPostC in decreasing CK-MB secretion was abolished by
LY294002 and HI-TOPK-032 (P >0.01). When compared
with the nondiabetic groups, diabetes displayed elevated post-
ischemic CK-MB release (DM+IR and DM-+IR+SPostC
groups vs. IR group, P < 0.05). Nevertheless, SPostC exerted
no significant effect on the serum level of CK-MB in diabetic
mice (DM+IR group vs. DM+IR+SPostC group, P > 0.05).
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FIGURE 2: Myocardial IR injury and myocardial apoptosis after 45 min coronary occlusion followed by 120 min reperfusion with or without
SPostC in nondiabetic and diabetic mice. IR and SPostC indicated nondiabetic mice received IR or IR+SPostC, respectively; IR+SPostC+LY
and IR+SPostC+HI indicated nondiabetic mice pretreated with LY294002 (LY, a PI3K inhibitor) or HI-TOPK-032 (HI, a TOPK kinase
inhibitor), respectively, and then subjected to IR and SPostC. DM+IR and DM+IR+SPostC indicated diabetic mice received IR or
IR+SPostC, respectively. (a) Representative images of Evans blue and TTC staining in heart cross sections from each experimental group.
Infarct area (INF: white); area at risk (AAR: red and white); perfused area (blue). (b) Comparison of area at risk per left ventricle (area at
risk/left ventricle). (c) Comparison of area of infarct size normalized to the area at risk (infarct size/area at risk). (d) Myocardial apoptosis
was assessed by the TUNEL assay in the heart sections (DAPIL: nuclei, blue; TUNEL: apoptosis nuclei, green; magnification, x400). (e)
Quantification of TUNEL-positive cardiomyocytes (% of total). (f) Plasma CK-MB secretion detected using a commercial ELISA kit. All
values are presented as the mean + SD (n =7 per group). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the IR group; P < 0.05
and **P < 0.01 compared with the SPostC group.
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FIGURE 3: Myocardial TOPK (b), PTEN (c), and Akt (d) protein expression and their phosphorylation status after myocardial IR with or
without SPostC in nondiabetic mice. IR+SPostC+LY and IR+SPostC+HI indicated mice pretreated with LY or HI, respectively, and then
subjected to IR and SPostC. (a) Representation of western blots. Mean band density was normalized relative to GAPDH. The IR group
was used as control and normalized to unity, and the protein expression of other groups was displayed as changes over this baseline. All

values are presented as the mean + SD (n =7 per group). *P <0.05 and **P < 0.01 compared with the IR group;

with the SPostC group.

As shown in Figures 2(d) and 2(e), SPostC significantly
reduced cardiomyocyte apoptosis, as evidenced by the
decreased number of TUNEL-positive myocyte nuclei when
compared with the IR group in nondiabetic mice (P < 0.05).
However, the antiapoptotic effect of SPostC was canceled
by LY294002 and HI-TOPK-032 (P <0.05). Diabetic mice
displayed increased cardiomyocyte apoptosis, as evidenced
by the increased number of TUNEL-positive myocyte nuclei
when compared with the nondiabetic groups (DM+IR and
DM+IR+SPostC groups vs. IR group, P < 0.05). However,
SPostC did not exert an antiapoptotic effect in the hearts of
diabetic mice (DM+IR group vs. DM+IR+SPostC group,
P >0.05).

3.3. Levels of TOPK, PTEN, and Akt in the Hearts of
Nondiabetic Mice. As shown in Figure 3, IR significantly

###

P <0.001 compared

induced the phosphorylation of cardiac TOPK, PTEN (inac-
tivation), and Akt, which was further significantly increased
by SPostC treatment (Figure 3, P < 0.05). LY294002, a PI3K
inhibitor, decreased the Akt phosphorylation induced by
SPostC (P <0.05), but had no effect on TOPK or PTEN
phosphorylation. Studies have shown that HI-TOPK-032
was docked to the active site of TOPK and directly sup-
pressed TOPK kinase activity, which can inhibit the activa-
tion of its downstream target molecules but has no effect on
the expression of total and phosphorylated TOPK [12].
As shown in Figure 3, HI-TOPK-032 remarkably blocked
the increase of PTEN and Akt phosphorylation induced
by SPostC (P <0.05). However, the protein level of total
and phosphorylated TOPK did not significantly change
in the IR+SPostC+HI group when compared with the
IR+SPostC group.
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FIGURE 4: Cardiomyocyte injury and myocardial TOPK, PTEN, and Akt protein expression and their phosphorylation status assessed after
hypoxia-reoxygenation (HR) with or without SPostC in H9c2 cells under normal glucose. LY or HI were applied, respectively, to block
Akt and TOPK activation in H9c2 cells. (a) Cell viability assessed by MTT assay. (b) Lactate dehydrogenase (LDH) release. (c)
Representative western blots. (d-f) Expression of TOPK (d), PTEN (e), and Akt (f) and their phosphorylation status. Mean band density
was normalized relative to GAPDH. The IR group was used as control and normalized to unity, and the protein expression of other
groups was displayed as changes over this baseline. All values are presented as the mean + SD of three independent experiments each

performed in triplicate. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the HR group; “P < 0.05 and **P < 0.01 compared with the
SPostC group.
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FiGUrE 5: Oxidative stress and myocardial TOPK, PTEN, and Akt protein expression and their phosphorylation status assessed after
myocardial IR with or without SPostC in nondiabetic and diabetic mice. (a) Representative photographs of dihydroethidium (DHE)
staining detected by immunofluorescence in the mouse hearts. (DAPIL nuclei, blue; DHE fluorescence: red; magnification, x400). (b)
Serum levels of malondialdehyde (MDA) assessed by a kit. (c) Representative western blots. (d-f) Expression of TOPK (d), PTEN (e), and
Akt (f) and their phosphorylation status. Mean band density was normalized relative to GAPDH. The IR group was used as control and
normalized to unity, and the protein expression of other groups was displayed as changes over this baseline. (g) Myocardial
phosphorylated TOPK level detected by immunofluorescence. All values are presented as the mean + SD (n =7 per group). **P < 0.01 and

***P <0.001 compared with the IR group.

3.4. Posthypoxic Cellular Injury and Levels of TOPK, PTEN,
and Akt in H9c2 Cardiomyocytes Exposed to Normal
Glucose. Posthypoxic cell death reflected as a decrease in car-
diomyocyte viability and an increase in LDH activity in the
medium after HR injury (Figures 4(a) and 4(b), P < 0.05).
SPostC markedly increased cell viability and decreased
LDH leakage in normal glucose condition (P < 0.05), which
was canceled by LY294002 and HI-TOPK-032 in H9c2 cells.

In normal glucose condition, the phosphorylated levels of
TOPK, PTEN, and Akt were elevated in the HR+SPostC
group compared with the HR group (Figures 4(c)-4(f),
P <0.05). HI-TOPK-032 likewise inhibited the phosphory-
lation of PTEN and Akt induced by SPostC in H9¢2 cells
(P <0.05). However, LY294002 blocked the phosphorylation
of Akt induced by SPostC (P < 0.05), but had no effect on
TOPK or PTEN phosphorylation in H9c2 cells.

3.5. Oxidative Stress Indicators and Levels of TOPK, PTEN,
and Akt in the Hearts of Diabetic Mice. The immunofluores-
cence images showed that SPostC significantly reduced myo-
cardial superoxide anion generation, as evidenced by the

decreased number of dihydroethidium labeled nuclei in the
IR+SPostC group when compared with the IR group in
C57BL/6 mice (Figure 5(a), P <0.05). Superoxide anion
accumulation was increased in the hearts of diabetic mice
when compared with that in nondiabetic mice (P < 0.05).
However, the effect of SPostC in reducing superoxide anion
generation was diminished in the hearts of diabetic mice.

The level of lipid peroxidation marker MDA in the
IR+SPostC group was lower than that in the IR group
(Figure 5(b), P <0.01). Diabetes greatly augmented serum
MDA level and canceled the antilipid oxidation effect of
SPostC seen in the hearts of nondiabetic mice.

The phosphorylated level of TOPK in the peri-infarct tis-
sue was detected by immunofluorescence (Figure 5(g)).
SPostC increased the amount of p-TOPK-positive cells in
the hearts of nondiabetic mice. In the diabetic heart, a signif-
icant decrease in TOPK activation was observed, and SPostC
exerted no effect on the phosphorylation of TOPK in the
hearts of diabetic mice.

Western blot analysis showed that the phosphorylation
levels of TOPK, PTEN, and Akt were significantly increased
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F1GURE 6: Cardiomyocyte injury and myocardial TOPK, PTEN, and Akt protein expression and their phosphorylation status as well as
oxidative stress assessed after HR with or without SPostC in H9c2 cells under high glucose (HG) condition. (a) Representative
photographs of dihydroethidium (DHE) staining detected by immunofluorescence in the mouse hearts. (DAPIL: nuclei, blue; DHE
fluorescence: red; magnification, x400). (b) Cell viability assessed by MTT assay. (c) LDH release. (d) Serum levels of malondialdehyde
(MDA) assessed by a kit. (e) Representation western blots. (f-h) Expression of TOPK (f), PTEN (g), and Akt (h) and their
phosphorylation status. Mean band density was normalized relative to GAPDH. The IR group was used as control and normalized to
unity, and the protein expression of other groups was displayed as changes over this baseline. All values are presented as the mean + SD of
three independent experiments each performed in triplicate. *P < 0.05 and **P < 0.01 compared with the HR group.

in the IR+SPostC group compared with the IR group
(Figures 5(c)-5(f), P < 0.05). Importantly, diabetes remark-
ably reduced the phosphorylation levels of TOPK, PTEN,
and Akt after myocardial IR (DM+IR and DM+IR+SPostC
groups vs. IR group, P <0.05). Nevertheless, the effect of
SPostC in inducing the phosphorylation levels of TOPK,
PTEN, and Akt was diminished in the hearts of diabetic mice
(P> 0.05).

3.6. Posthypoxic Cellular Injury, Oxidative Stress, and Levels
of TOPK, PTEN, and Akt in H9c2 Cardiomyocytes Exposed
to High Glucose. After HR injury, H9¢2 cardiomyocytes
exposed to high glucose showed reduced cell viability and
enlarged LDH leakage when compared with cells exposed
to normal glucose (Figures 6(b) and 6(c), P < 0.05). More-
over, the effect of SPostC in reducing posthypoxic cellular
injury was abolished in cells exposed to high glucose.

Superoxide anion and MDA accumulation were increased
in H9¢2 cardiomyocytes exposed to high glucose as compared
to the HR group (Figures 6(a) and 6(d), P < 0.05). The posthy-
poxic elevations of superoxide anion and MDA generation in
cardiomyocytes were attenuated by SPostC when cells were
exposed to normal glucose but not to high glucose.

Posthypoxic phosphorylated levels of TOPK, PTEN, and
Akt were remarkably reduced in H9¢2 cardiomyocytes
exposed to high glucose as compared to the HR group
(Figures 6(e)-6(h), P < 0.05). SPostC exerted no significant
effect on the phosphorylated levels of TOPK, PTEN, and
Akt in cardiomyocytes exposed to high glucose.

3.7. Posthypoxic Cellular Injury and Oxidative Stress in
Cardiomyocytes Exposed to High Glucose after TOPK
Overexpression and Levels of TOPK, PTEN, and Akt. To
determine whether or not cardiac TOPK overexpression
can decrease the posthypoxic cellular injury in diabetes,

TOPK was supplied using an adenoviral transfection system
into H9¢2 cells under high glucose. As shown in Figures 7(a)
and 7(b), both the Ad-TOPK+HG+HR and Ad-TOPK+HG+
HR+SPostC groups significantly increased cell viability and
reduced LDH leakage when compared with the Ad-vec-
tor+HG+HR group (P < 0.001). However, when the PI3K/Akt
inhibitor LY294002 was added in the Ad-TOPK+HG+HR
group, the cell viability was reduced and released LDH con-
centration was increased significantly (P < 0.001), suggesting
that PI3K/Akt inhibition blocked the cardioprotective effect
of TOPK in H9c2 cardiomyocytes exposed to high glucose.

In order to observe the effect of TOPK supplementation on
postischemic oxidative stress in diabetes, the levels of MDA
and SOD were measured. Cardiac TOPK overexpression sig-
nificantly decreased the postischemic MDA level (Figure 7(c))
and increased the postischemic SOD level (Figure S1(b)) in
H9c2 cardiomyocytes exposed to high glucose (Ad-TOPK+
HG+HR or Ad-TOPK+HG+HR+SPostC group vs. Ad-
vector+HG+HR, P < 0.01). However, the antioxidation effect
of TOPK was blocked by LY294002 in the Ad-TOPK+HG+
HR+LY group when compared with the Ad-TOPK+HG+HR
group (P < 0.05).

The bands of proteins in each group on western blot are
shown in Figure 7(d). In Figure 7(e), the expression of TOPK
was markedly elevated in the Ad-TOPK+HG+HR and Ad-
TOPK+HG+HR+SPostC groups after TOPK transfection.
The phosphorylated level of TOPK was likewise increased
in the Ad-TOPK+HG+HR and Ad-TOPK+HG+HR+SPostC
groups when compared with the Ad-vector+HG+HR group
(Figure 7(f), P <0.001). Then, the expression of PTEN was
significantly reduced in the Ad-TOPK+HG+HR and Ad-
TOPK+HG+HR+SPostC groups when compared with the
Ad-vector+HG+HR group (Figure 7(g), P < 0.01). The phos-
phorylated levels of PTEN and Akt were enhanced in the Ad-
TOPK+HG+HR and Ad-TOPK+HG+HR+SPostC groups
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F1cure 7: Cardiomyocyte injury, oxidative stress, and myocardial TOPK, PTEN, and Akt protein expression and their phosphorylation status
assessed after HR with or without SPostC and LY in H9¢2 cells under HG condition infected with adenovirus encoding rat TOPK (Ad-TOPK)
or adenovirus vector (Ad-vector). (a) Cell viability was tested via MTT assay. (b) LDH release in the conditioned medium was analyzed by
LDH assay. (c) MDA levels in different groups. (d) Representative western blots. Protein expression of TOPK (e, f), PTEN (g, h), and Akt (i)
and their phosphorylation status in H9c2 cells detected by western blots. Mean band density was normalized relative to GAPDH. All values
are presented as the mean + SD of three independent experiments each performed in triplicate. *P <0.05, **P <0.01, and ***P <0.001
compared with the Ad-vector+HG+HR group; *P < 0.05, **P < 0.01, and compared with the Ad-TOPK+HG+HR group.

when compared with the Ad-vector+HG+HR group
(Figures 7(h) and 7(i), P < 0.05).

4. Discussion

Several major findings are presented in the current study.
First, using in vivo mouse model of myocardial IR and
in vitro HR model with of the H9c2 myocardial cell line, we
showed that the cardioprotective effects mediated by SPostC
were associated with activation of TOPK and PI3K/Akt
(phosphorylated status), inactivation of PTEN (phosphory-
lated status), and a decrease in oxidative stress in response
to myocardial IR insult. All these beneficial effects conferred
by SPostC were attenuated by either the TOPK inhibitor HI-
TOPK-032 or the PI3K/Akt inhibitor LY294002. The fact
that TOPK inhibitor inhibited the phosphorylation of PTEN
and Akt, whereas Akt inhibitor had no effect on the phos-
phorylation of TOPK and PTEN, it suggests that TOPK
may have inactivated PTEN and in turn activated the
PI3K/Akt signaling, which represents the major mechanism,
whereby SPostC attenuates myocardial IR injury in nondia-
betes. Second, we identified that the underlying molecular
mechanism for the loss of cardioprotection of SPostC in
diabetes or hyperglycemic condition is the impairment of
the TOPK/PTEN/AKkt signaling and the subsequently col-
lapsed antioxidant system. In addition, TOPK supplementa-
tion protected against myocardial IR injury by activation of
PTEN/AKkt signaling pathway-mediated antioxidation.
SPostC has been proposed as a new strategy against
myocardial IR injury, and it is more controllable, more
convenient, and more conducive to clinical applications
compared to ischemic postconditioning [10, 22-24]. How-
ever, the exact molecular mechanisms involved in SPostC-
induced cardioprotection have not been fully clarified.
TOPK, an innovative regulator of downstream PTEN/Akt
pathway activity [14, 25], played a crucial role in the protec-
tion of renal or cerebral IR injury owing to its properties of

antioxidation and anti-inflammation [16, 26]. PTEN, as a
tumor suppressor gene, could encode a major lipid
phosphatase which signals down the PI3K/Akt pathway by
dephosphorylating PIP3 to PIP2, and is inactivated via phos-
phorylation or oxidation [27-29]. A number of studies have
provided compelling evidence to confirm that the PI3K/Akt
pathway was a classical signaling pathway in regulating cell
proliferation, cell cycle progression, apoptosis, cell adhesion,
migration, and invasion [30]. Recently, further evidence
implicated that the PI3K/Akt/GSK-3 3 pathway could modu-
late mitochondrial dysfunction and oxidative stress and then
determine the extent of myocardial IR injury [31]. Despite
extensive studies, the prior reports focused primarily on
how the PI3K/Akt signaling pathway influenced the cardio-
protection induced by SPostC [10, 32]. It was unclear
whether TOPK played critical roles in the cardioprotection
of SPostC via the PTEN/Akt signaling. Herein, we demon-
strate in vivo that the expression of TOPK in mouse cardio-
myocytes after myocardial IR injury was increased, and that
was further induced by SPostC. These results described above
may be explained in part by the reduction of postmyocardial
oxidative stress and attenuation of myocardial IR injury.
Moreover, available data in our work indicated that the area
of myocardial pathological injury was enlarged, the degree
of cardiomyocyte apoptosis was aggravated, and the extent
of cardiac myocytes injury was increased when SPostC mice
were given TOPK inhibitor HI-TOPK-032 or PI3K inhibitor
LY294002 beforehand. These results displayed that SPostC
has a potent protective effect against myocardial IR injury
possibly through phosphorylating the PTEN/ATK signaling
pathway by the activation of TOPK, providing new insight
into the mechanism by which SPostC reduced the risk of
IR injury.

Over the course of the past 30 years, cardiovascular
reperfusion therapy is still a major method for improving
survival in patients suffered from acute myocardial infarc-
tion. Strikingly, several clinical studies indicated that infarct
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FIGURE 8: Schematic of proposed mechanism involved in the impairment of the TOPK/PTEN/AKt signaling that has rendered the diabetic
hearts to loss responsiveness to sevoflurane postconditioning (SPostC) cardioprotection.

size was increased by 30-70% in diabetic patients after reper-
fusion therapy compared with nondiabetic patients treated in
the same way, suggesting that diabetes mellitus sensitized the
heart to IR injury [6, 33, 34]. As well, we found that the myo-
cardial postischemic infarct size and apoptosis were signifi-
cantly increased in diabetic mice under the treatment of
45 min ischemia followed by 2 h reperfusion, and that H9¢2
cells exposed to high glucose markedly lowered its cell viabil-
ity after HR as compared to H9c2 cells cultured under
normal glucose. In addition, we observed that diabetes abol-
ished the cardioprotective effect of SPostC, which fits well
with previous studies which reported that diabetes may abol-
ish the benefits of anesthetic pre/postconditioning [3, 35, 36].
Furthermore, the oxidative stress was significantly increased
in both diabetic mice and H9¢2 cells under high glucose,
but SPostC exerted no effect on oxidative stress in diabetes
[3]. Although a lot of effort has been spent on improving
these weaknesses in diabetes, the efficient and effective
method has yet to be developed. For example, a previous
study indicated that the use of insulin for downregulating
blood glucose failed to recover the advantages of SPostC,
and it may be due to the diabetes-induced inhibition of the
PI3K signaling [37]. Although previous studies have shown
that increased cardiac PTEN is responsible for the loss of dia-

betic heart sensitivity to ischemic postconditioning through
PI3K/Akt inactivation [9], the underlying molecular mecha-
nism remains unknown. In our study, we found that either in
streptozotocin-induced diabetic mice or in H9c2 cells
exposed to high glucose, the cardioprotective effect of SPostC
was canceled, accompanied by increased oxidative stress,
decreased TOPK phosphorylation, decreased PTEN phos-
phorylation (inactivated status), and decreased Akt phos-
phorylation. Studies have shown that the adverse effects of
hyperglycemia on grave myocardial IR injury were attributed
to the oxidative stress properties [38, 39]. Therefore, these
results suggested that the underlying mechanism attributable
to the abolished cardioprotection induced by SPostC in dia-
betes or high glucose conditions is likely the impairment of
the TOPK/PTEN/AKkt signaling, and the subsequently col-
lapsed antioxidant system. Then, we have extended these
observations by employing gain-of-function approaches in
cultured H9c2 cells to investigate the functional roles of
TOPK, and initial results seem promising. Our study showed
that TOPK overexpression restored posthypoxic p-PTEN
and p-Akt and decreased cell death and oxidative stress in
H9c2 cells exposed to high glucose, which was blocked by
PI3K/Akt inhibition. Collectively, these findings indicated
that TOPK supplementation prevented diabetic myocardial
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IR injury through PTEN/PI3K/Akt activation-mediated
antioxidation.

Finally, several limitations to the present study should be
considered. First, the effective activator of TOPK was not
invented in practice which may limit the application of
TOPK in patients with diabetic ischemic cardiomyopathy.
Second, given that HI-TOPK-032 is known to be docked to
the active site of TOPK to directly and specifically suppress
TOPK Kkinase activity [12], the TOPK kinase activity was
not measured after the use of HI-TOPK-032 in our current
study. However, the knockdown effect of TOPK small inter-
fering RNAs on myocardial IR injury should be studied in the
nondiabetic and diabetic myocardium in the future study to
further confirm the role of TOPK in the context of diabetic
myocardial IR and its impact on SPostC. Third, we only dis-
cussed the benefits of SPostC conducted on acute myocardial
IR injury; however, several reports demonstrated that isoflur-
ane played a pivotal role in delayed cardioprotection [40, 41].
More considerable works on delayed cardioprotection pro-
vided by SPostC will be done in our next research work. At
last, while the advantages we observed in H9¢2 cells trans-
fected with TOPK phenotype suggest that TOPK has a
potential cardioprotective function in diabetes, this needs to
be directly tested by measuring myocardial infarct sizes in
diabetic mice, which we are currently planning.

5. Conclusions

In summary, we demonstrated that SPostC protected against
myocardial IR injury possibly through the activation of the
TOPK/PTEN/AKkt signaling pathway, while the impairment
of the TOPK/PTEN/Akt signaling in cardiac might be the
major mechanism that has rendered diabetic hearts less or
not responsive to SPostC cardioprotection (Figure 8). In
addition, TOPK supplementation protected against myocar-
dial IR injury by activation of PTEN/AKkt signaling pathway-
mediated antioxidation. Our results provided new insight
into the activation mechanisms of TOPK which may lead
to the development of effective therapeutic targets to combat
the myocardial complications of diabetes.
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