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Abstract

The SLC7A11/GPX4 axis plays an important role in ferroptosis during cardiac ischemia/reperfusion injury (IRI). The pre-
sent study was designed to evaluate the impact of dexmedetomidine (DEX) post-conditioning on cardiac IRI and to explore
whether the effect was achieved by SLC7A11/GPX4 signaling pathway regulation. Rat myocardial IRI was established by
occluding the left anterior descending artery for 30 min followed by 2-h reperfusion. The infarct area was detected by diphe-
nyltetrazolium chloride (TTC) staining; the cardiac function was evaluated by echocardiography. The levels of lipid peroxide
biomarkers were measured to estimate the injury caused by lipid peroxide. HE staining and Sirius staining were utilized to
assess myocardial damage and fibrosis. The mitochondrial morphology was observed by electron micrography. Western blot
and quantitative real-time polymerase chain reaction were employed to measure the relative molecular characteristics. Our
results showed that DEX administration at the beginning of reperfusion attenuated IRI-induced myocardial injury, alleviated
mitochondrial dysfunction, decreased the level of reactive oxygen species (ROS), alleviated mitochondrial dysfunction, inhib-
ited the activation of SLC7A11/GPX4, and modulated the expression of ferroptosis-related proteins, including SLC7A11,
glutathione peroxidase 4 (GPX4), ferritin heavy chain (FTH), and cyclooxygenase-2 (COX-2). Conversely, the ferroptosis
activator erastin partly suppressed the DEX-mediated cardio protection. Altogether, these results reveal that DEX inhibits
ferroptosis by enhancing the expression of SLC7A11 and GPX4, thereby preventing cardiac I/R injury.
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Introduction previous study evidenced that volatile anesthetics decreased
the myocardial oxygen demand and maintained its oxygen
Although myocardial reperfusion is the basis for saving  balance; thus, they possibly may play a crucial part in myo-
myocardial viability, the restoration of the coronary blood  cardial injury reduction [1]. However, this presumption is
flow presumably results in the death of myocardial cells. A still only at the theoretical stage, and a huge gap divides

experimental results from clinical applications.
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Ferroptosis is a new form of regulated cell death, char-
acterized by iron-dependent accumulation of lipid perox-
ides [2, 3]. It can be triggered by Xc-system inhibition and
inactivation of glutathione peroxidase 4 (GPX4). Xc-system
receives cystine from the extracellular environment and by
reduction converts it into cysteine in the cytoplasm, which
is then used for glutathione (GSH) synthesis [4, 5]. AsGPX4
is a GSH-dependent enzyme that can degrade small molecu-
lar peroxides, prevent lipid peroxidation, and decrease the
sensitivity to ferroptosis [6]. In addition, SLC7A11 is the
catalytic subunit of the Xc-system, whose upregulation can
increase intracellular cystine levels, leading to GSH biosyn-
thesis and thus enhancing the GPX4 activity but suppressing
ferroptosis [7]. A recent study showed that ferroptosis is
involved in various pathological processes, including acute
kidney failure, liver injury, and heart disease, as well as
myocardial IRI [8]. Baba et al. suggested that the mechanis-
tic target of rapamycin (mTOR) prevented myocardial IRI
through decreasing the accumulation of ferric ions and the
production of lipid peroxides [9]. Fang et al. also revealed
that ferroptosis mediated cardiomyopathy induced by chem-
otherapy and IRI [10].

As a selective a2-adrenergic receptor, DEX has been rec-
ommended for patients with sepsis more than 2 decades ago
[11]. Clinical data have revealed that it inhibits the activity
of sympathetic nerves and has analgesic and sedative effects
[12, 13]; meanwhile, it also has protective activity on the
brain and heart [14]. And a study found that DEX inhibited
the TLR4/NF-xB pathway by activating a2A-adrenergic
receptors, thus alleviating liver I/R injury [15]. Additionally,
the pretreatment of DEX activated the PI3K/Akt signaling
pathway in a a2 adrenoceptor-dependent manner, resulting
in inhibition of the I/R-induced cell apoptosis and protection
from cardiac injury [16]. Furthermore, our present results
suggest that the attenuation of iron concentration as well
as the inhibition of ferroptosis by enhancing GPX4 may be
major mechanisms by which DEX alleviates myocardial
injury [17]. In the present study, we hypothesized that DEX
post-conditioning alleviated cardiac IRI in rats through the
inhibition of ferroptosis. In addition, the involvement and
underlying molecular mechanism of action of the SLC7A11/
GPX4 axis were also explored.

Materials and methods
Animals

Healthy male Sprague—Dawley (SD) rats were provided
from medical laboratory animal center of Jiangnan Univer-
sity and used at 230-250 g. All the animal tests were con-
ducted in adherence with the guidelines for the Principles
of Laboratory Animal Care and Use of Laboratory Animals

published by NIH (NIH Publication, 8th Edition, 2011) and
approved by the Ethics Committee for the Use of Experi-
mental Animals in Jiangnan University (the approval num-
ber: JN.N020210315S1080910 [42]). The date for animals
to be allowed was March 10, 2021.

Langendorff I/R model and hemodynamic
measurements.

The rats were anesthetized with sodium pentobarbital
(40 mg/kg) to the effect that the plantar and eyelid reflex
would not appear in the experimental protocol, and hepa-
rin (1000 IU/kg) was injected intraperitoneally for antico-
agulation [18, 19]. Then, the hearts were quickly excised
and mounted on a Langendorff apparatus via the aorta for
retrograde perfusion with Krebs—Henseleit (K-H) solu-
tion at constant pressure (10 kPa). K-H solution con-
figuration (mmol/L): NaCl 118.0, KCI 4.8, KH,PSO, 1.2,
NaHCO; 25.0, MgSO, 1.2, CaCl, 2.5, glucose 11.0, and pH
7.35-7.45. After pre-access 95% O,-5% CO, for 30 min,
K-H solution was maintained at 37 ‘C by an external cir-
culation (Alcott Biotechnology Co, Ltd, Shanghai, China).
The pump was adjusted to maintain coronary transudes to
12 mL/min.

A small latex balloon connected to a cuff pressure trans-
ducer (SIA Industrial & Trade, Beijing, China) was inserted
into the left ventricle through the mitral valve to monitor
the heart function. The cuff volume was adjusted to achieve
a stable left ventricular end-diastolic pressure (LVEDP)
of 5-10 mmHg during initial equilibration. Cardiac func-
tions, including left ventricular systolic pressure (LVSP),
left ventricular end-diastolic pressure (LVEDP), +dp/dfrmax
and heart rate (HR) were recorded at 30 min of equilibration
(Ty), 30 min (7}), 60 min (7,), 90 min (73), and 120 min
(T,) after reperfusion by Med Lab 6.0 software. Rats with
refractory ventricular fibrillation, frequent arrhythmia,
LVSP <75 mmHg or HR < 180 beats/min were excluded.

Experimental protocols

One hundred and eight isolated perfused rat hearts were
randomly divided into four groups: Control (CON) group,
ischemia/reperfusion (I/R) group, dexmedetomidine post-
conditioning (DePC) group, and dexmedetomidine + eras-
tin post-conditioning (DePC + erastin) group. Excepting the
Control group, rat hearts were subjected to 30 min ischemia
followed by 120 min reperfusion. DePC group received
3 nM dexmedetomidine for the first 15 min of reperfusion.
In DePC + erastin group, 10 pM ferroptosis inducer eras-
tin was co-administered with 3 nM dexmedetomidine for
15 min at the onset of reperfusion. The experimental design
is shown in Fig. 1.
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Fig. 1 Schematic diagram of the experiment. The red area represents
ischemia time; the black area represents reperfusion time; the yellow
area represents 2.5% of DEX administered for 15 min; the green area
represents 5 mg/kg Erastin administered for 30 min (i.p.)

Determination of infarct size

Once the reperfusion reached an end, we ligated the left
coronary immediately followed by the administration of
Evans blue (10 mM) into the left ventricular cavity in vivo.
After the perfusion was throughout the non-ischemic heart,
Evans blue-stained parts were removed and the rest left ven-
tricle was sliced into 1 mm-thickness pieces. The slices were
dyed by 1% diphenyltetrazolium chloride (TTC) solution at
37 °C for 15 min without light and the active myocardial was
represented as brick red. Then they were fixed for 24 h in
a 4% paraformaldehyde solution. Finally, measurement by
image software (IMAGE J, NIH, USA) was performed in the
infarct area. The infarct size was defined as the ratio of the
infarct area to the risk one.

Measurement of myocardial creatine kinase-MB
(CK-MB), lactate dehydrogenase (LDH), and cardiac
troponin | (cTnl)

After collecting the blood samples, they were separated by
centrifugation at 3000 rpm. The measurement of myocar-
dial LDH, myocardial creatine kinase-MB (CK-MB) and
cardiac troponin (cTnl) were performed spectrophotomet-
rically (Lightway PQY-01, JP) using commercial kits in a
blinded manner according to the manufacturer's instruction
(Jiancheng Bioengineering Institute, Nanjing, China).

Quantitative real-time PCR

Total RNA was extracted from left ventricular tissues using
the Trizol reagent (TakaRa, Kyoto, Japan) and the concentra-
tion of RNA was measured with the use of Nano Drop 2000
(Thermo Science). According to the instruction, 0.5 pg RNA
was utilized for each sample to reverse transcribe into cDNA
and then was stored at —20 “C. The PCR condition was as
follows: the polymerase chain reaction initiated at 95 °C for
15 s, followed by 40 cycles of 20 s of denaturation at 95 °C,
an annealing at 55 °C for 30 s and an extension at 70 °C for
30 s. All measurements were quantified by the expression of
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DAPDH, and the multiplication was calculated by 27447
method.

Morphological observation

Hematoxylin and eosin (HE) staining and Sirius red were
performed for the assessment of morphological changes by
microscopy. The left ventricular myocardial tissues were
fixed in 4% paraformaldehyde at room temperature and
embedded in paraffin. Then they were mounted into sections
and deparaffinized with the use of xylene. After dewaxing,
the slides were stained with hematoxylin—eosin and Sirius
red for observation of pathological changes.

Immunohistochemistry for 4-HNE

The paraffin sections were fixed with formaldehyde and
incubated in 3% hydrogen peroxide for 30 min to block the
activity of endogenous peroxidase. Then they were culti-
vated with the primary mouse antibody against 4-hydrox-
ynonenal (4-HNE, ab48506, Abcam, Cambridge, MA, USA)
overnight. For antigen recovery, the sections were immu-
noassayed using the VECTASTAIN ABC kit according to
the manufacturer's instructions. Diaminobenzidine is used
for staining and visualization, and hematoxylin is used to
stain sections.

Measurement of Fe?*

The left ventricular tissues were homogenized with phos-
phate buffered saline (PBS) and centrifugation. After that,
the supernatant was used for iron concentration detection by
Iron Assay Kit (Abcam, Shanghai, China) according to the
manufacturer’s instruction.

Oxidative stress measurements

The left ventricular tissue homogenate was collected for the
measurement of oxidative stress. In terms of ROS detec-
tion, AutoFluo quencher was added to the frozen sections
of heart tissue to prevent autofluorescence. The frozen sec-
tions were then incubated with ROS fluorescence probe
away from light at 37 °C for 30 min. After adding diamino
phenylindole (DAPI) to stain cell nucleus, we used Olympus
DX51 fluorescence microscope (Tokyo, Japan) to evaluate
the level of myocardial ROS. The relative concentration
of GSH and GSSH was detected with a Glutathione Assay
Kit (CS0260; Sigma, USA). The relative concentration of
malondialdehyde (MDA) in cell lysates was assessed with a
Lipid Peroxidation Assay Kit (ab118970; Abcam). All kits
were used according to the manufacturers’ instructions.
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Electron microscopy

Fresh tissue samples were rapidly collected with caution
from the left ventricle of rats. After placing in a tube con-
taining stationary liquid for 4 h, the heart tissue underwent
infiltration, dehydration and embedding overnight. Then, the
sample was captured by a transmission electron microscope
(Hitachi, Japan) and ultrastructural damage of mitochondria
was evaluated according to the Flaming score.

Western blotting

Western blotting was performed as previously described.
Briefly, after collection of the supernatants of the left ven-
tricular tissue, protein samples (20-25 mg) were separated
by sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to polyvinylidene difluoride
(PVDF) membranes. The membranes were probed with
primary antibodies, including GPX4 (ab125066, 1:1000,
Abcam, Cambridge, MA, USA), SLC7A11 (98051, 1:500,
Cell Signaling Technology, Danvers, MA, USA), Cox-2
(ab162331, 1:1000, Abcam, Cambridge, MA, USA), FTH
(4393, 1:500, Cell Signaling Technology, Danvers, MA,
USA), Diluted secondary antibodies were used to detect
the corresponding primary antibodies. Further analysis was
carried out using Image Pro Plus v6.0 (Media Cybernetics,
Carlsbad, CA, USA) to quantify the protein bands.

Statistical analysis

The datum was applied as mean + standard deviation. In
addition, the comparison between two groups was analyzed
by Student’s test. P <0.05 indicated statistical significance.
The statistical analysis was performed using SPSS 21.0 and
Image Pro Plus v6.0.

Results

DEX attenuated I/R-induced myocardial injury
and cardiac dysfunction in rats but was abolished
by ferroptosis activation

We administered 3 nM DEX and 10 uM erastin in an iso-
lated myocardium without ischemia treatment to establish
whether exerted toxic effects on the normal myocardium.
As can be observed in Figure S2, no differences were pre-
sent in the myocardial infarction size and LDH content
among the three groups. Further, our HE staining results
showed that the aforementioned drugs had no significant
effect on the normal myocardium as they did not lead to
histopathological changes. The results of our concentra-
tion gradient experiments revealed that the 10 pM erastin

treatment group significantly abolished the cardioprotec-
tion of DEX as compared to the erastin-untreated group.
As visible in Fig. 2a, the myocardial infarct size was sig-
nificantly higher in the DePC + 10 pM and 20 pM erastin-
treated groups than in the DePC group. The WB results
showed that the treatment with 10 and 20 pM erastin
significantly inhibited the expression of GPX4. Thus, we
chose 10 pM erastin for ferroptosis induction in the sub-
sequent experiments.

To further characterize the role of DEX post-conditioning
in myocardial I/R injury, we applied it 15 min post-ischemia.
As illustrated in Fig. 2a, b, I/R injury increased the myo-
cardial infarction size (P <0.05), whereas DEX decreased
the I/R-induced myocardial infarction (P <0.05). Hence, to
explore whether ferroptosis was involved in cardiac protec-
tion, isolated hearts were treated with erastin, a highly effec-
tive ferroptosis inducer, in addition to the treatment with
DEX. The obtained results revealed that the erastin treatment
led to a robust increase in the myocardial infarction area
(P<0.05).

Another powerful approach of evaluating myocardial
injury is detecting the mRNA levels of atrial natriuretic
peptide (ANP), brain natriuretic peptide (BNP) and slow/
beta cardiac myosin heavy-chain (Myh7), three classic bio-
markers of cardiac hypertrophy. Similarly to the aforemen-
tioned results, we also discovered that the treatment with
DEX considerably prevented the upregulation of the mRNA
levels induced by I/R injury. Additionally, the mRNA levels
of ANP, BNP, and Myh7 were more mildly enhanced by
the treatment with both DEX and erastin than those in the
single DEX treatment group (Fig. 2¢, P < 0.05). Meanwhile,
we detected marker enzymes which are closely associated
with infarction size and myocardial injury to further con-
firm the DEX-induced protection. As can be seen in Fig. 2d,
I/R injury increased the levels of LDH, CK-MB, and cTnl,
whereas their levels were downregulated by the treatment
with DEX. Nonetheless, the LDH, CK-MB, and cTnl levels
were significantly more elevated in the DePC + erastin group
than in the DEX group (P <0.05).

Further, we monitored and recorded the hemodynamics
indexes in all groups at T, T}, T,, T, and T, to assess car-
diac function. At T, T,, T3, and T, HR and LVSP had lower
values than those at TO, whereas that of LVEDP was higher
in all groups, except for the Con group (P <0.05, Table 1).
In addition, when compared with the Con group, it repre-
sented a descent in HR and LVSP along with an increased
LVEDP at T}, T,, T, and T, in the other groups (P <0.05,
Table 1). As expected, DEX post-conditioning remarkably
restrained the cardiac dysfunction resulting from myocar-
dial I/R injury (P <0.05, Table 1). However, HR and LVSP
were lower while LVEDP was higher in the DePC + erastin
group (P <0.05, Table 1) than the respective values in the
DePC group. Taken together, these results suggested that
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Fig.2 DEX post-conditioning attenuated I/R-induced myocardial
injury and cardiac dysfunction in rats but was abolished by ferrop-
tosis activation. a Representative image of TTC staining after rep-
erfusion. The red area represents normal myocardial tissue, and the
lighter area is the infarcted and ischemic area. b Myocardial infarc-

Table 1 Hemodynamic indexes
during myocardial IR in each
group (+s, n=6)
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Group Baseline (7)) Reperfusion

30min (7;) 60min(7,)  90min(T5)  2h(T)
HR (min™")
Control 307+£14  298+28 294+ 19 289+19 290 +21
I/R 304426 24717 214+20% 192+ 12%® 156 £27%
DePC 313420 276422 % 254+29%¢  228+16™°  208+15%°
DePC+erastin -~ 308+22  257+18® 214+ 19 205 +24% 159 £21%
LVSP (mmHg)
Control 110+9 109 +8 110+4 106+38 107 +9
/R 107+5  85+8® 71+5%® 59 +6%® 45 +4%
DePC 10946 99+ 5%¢ 91 +6%° 73 £7%¢ 60+ 6%
DePC+erastin =~ 112+11 879 75 4% 62+6™ 48 +7%
LVEDP (mmHg)
Control 7.5+0.7 7.8+0.8 7.8+0.9 7.9+0.6 79+0.8
I/R 78404 254+39® 36.6+43%  47.8+4.8°  589+4.8®
DePC 74409 155+2.5% 27.6+5.0%  36.6+£7.8° 4324550
DePC+erastin =~ 7.5+0.8 23.4+3.6® 332+43.9%  444+42®  550+7.0"

Compared with TO, *means P <0.05; compared with control group, Ymeans P<0.05; compared with I/R
group, ‘means P <0.05

HR heart rate, LVSP left ventricular peak pressure, LVEDP left ventricular end-diastolic pressure
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ferroptosis can abolish the cardioprotective effect of DEX
on I/R-induced myocardial injury and cardiac dysfunction.

DEX alleviated myocardial structural lesions,
preventing against I/R-induced ferroptosis

Cardiac I/R damage often leads to structural damage and
formation of pathological scar. As shown in Fig. 3a, b, HE
and Sirius red staining in the control group showed that
the myocardial tissue structure was intact, the cardiomyo-
cytes were arranged normally, and no obvious fibrosis were
observed. Conversely, the myocardial tissue in the I/R group
was disorderly arranged, and the infarct area was loose, with
edema similar to that in the sham operation group. In con-
trast, disordered alignment of myofilaments and sarcom-
eres were observed in the I/R group. We observed scattered
hypertrophic cardiomyocytes, fibroblast proliferation, large
area of collagen fiber deposition (mainly type I and type 11
collagen fibers), and fibrous scar formation. The administra-
tion of DEX led to a noticeably clearer myocardial tissue
structure than that in the I/R group; the myocardial damage
was reduced, and the areas of fibrosis were smaller in the
DEX treatment group. Nevertheless, after erastin treatment,
the myocardial structural damage and fibrosis area increased
significantly, indicating that with the activation of ferrop-
tosis, the myocardial protective effect of DEX was offset.

DEX counteracted the production of cell-damaging
free radicals and was involved in oxidative stress
mediation by erastin

To determine whether DEX has a protective effect against
cardiac I/R injury through an antioxidant mechanism of

A Control I/R

HE

B Control I/IR

Sirius red

Fig. 3 DEX post-conditioning alleviated myocardial structural lesions
against I/R-induced ferroptosis. a Representative image of HE-stained
heart slice, magnified X200, scale bar=100 pm. b Representative

action, we assessed the expression of the lipid degradation
product 4-hydroxynonenal (4-HNE), a secondary product
of lipid peroxidation. As can be seen in Fig. 4a, the rela-
tive 4-HNE level in the Con group was significantly lower
than those in the other groups. Our results showed a more
significant decrease in the DePC group than in the I/R
group whereas these levels in were further increased in the
DePC +erastin group. Interestingly, elevated ROS is not only
a significant cause of ferroptosis, but also its outcome. Here,
we found that DEX alleviated the increase in the cardiac
ROS levels induced by IR injury (Fig. 4b, P <0.05). The
administration of erastin significantly activated the ferropto-
sis in the DePC + erastin group, manifested as a higher ROS
production than that in the DEX group (Fig. 4c, P <0.05).

In addition, we evaluated biomarkers of oxidative stress,
including GSH, GSSH, and MDA (Fig. 4e-h, P <0.05). In
all experimental groups, the levels of GSSH and MDA were
significantly higher but the levels of GSH and GSH/GSSH
were significantly than those in the control group. Addition-
ally, the level of GSH in the DePC group was significantly
higher than that in the I/R group, but the GSSH and MDA
levels in the DePC group were lower. It is noteworthy that
the treatment with erastin significantly increased the levels
of the biomarkers of oxidative stress; the erastin application
significantly reduced the levels of GSH, whereas it remark-
ably increased those of GSSH and MDA.

DEX improved the mitochondrial structure
and function, but this effect was inhibited by erastin
treatment

As previous studies have evidenced, abnormal mitochondrial
structure and function and oxidative damage may induce

DePC DePC+Erastin

DePC DePC+Erastin

image of a heart slice stained with Sirius red, magnified X200, scale
bar=100 pm
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Fig.4 DEX improves cardiac IRI by inhibiting oxidative stress. a
Representative immunohistochemical staining, magnification 200,
scale bar=100 pm. b Quantitative analysis relative to 4-HNE level,
=6/group, =4/group. ¢ Stain cell nucleus ROS was stained by DAPIL.

ROS overproduction [14]. Therefore, to further validate our
hypothesis, the cardioprotective effect of DEX was evalu-
ated by an assessment of the structure and function of the
mitochondria and the TOM20 myocardial ultrastructure
and combustion score. As can be seen in Fig. 5, the car-
diomyocytes of the control group were arranged neatly; the
sarcomere and intercalated disk are arranged neatly, the
mitochondria had normal appearance and structure, with-
out swelling, and the cristae density was intact. Compared
with the control group, the ultrastructural damage in the
I/R group was more pronounced. The myocardial tissue
had defects of sarcomere and edematous rupture, and the
arrangement of myocardium was disordered. Obvious vacu-
olization and cristae rupture appeared in the mitochondria.
The myocardial ultrastructure damage in the DEX group was
significantly attenuated compared with that in the I/R group;
the sarcomeres had an almost parallel arrangement, and the
mitochondrial structure returned to normal. The treatment
with DEX combined with erastin led to more significant
myocardial ultrastructure damage in the DEX + erastin group
than in the DEX group; the sarcomere arrangement was
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e-h Biomarkers of oxidative stress were assessed, myocardial GSH,
GSSG, GSH/GSSG and MDA levels, =6/group. *P <0.05; the value
is expressed as mean =+ SD

disordered, and the mitochondrial structure was obviously
abnormal (Fig. Sa—c, P <0.05). In addition, the burn scores
of all groups showed similar trends (Fig. 5d, P <0.05). The
scores of all experimental groups increased more sharply
than that of the control group. The burn score of the I/R
group was the highest. Compared with the I/R group, the
burn score of the DEX group was considerably improved.
However, the treatment with erastin increased again the burn
score of the DEX + erastin group.

DEX regulated the expression of ferroptosis-related
proteins in myocardial I/R isolated heart model

Ferroptosis is uniquely regulated cell death, characterized
by ROS accumulation induced by lipid peroxidation and
excessive iron deposition. We performed analyses to detect
the relative content of iron in the serum and cardiomyo-
cytes, which is essential for the realization of the ferrop-
tosis mechanism. As can be seen in Fig. 6a, b, it was very
low in the Con group, whereas its quantity in the I/R group
was remarkably high. The treatment with DEX significantly
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A DAPI

Control

DePG+
Erastin

Fig.5 DEX post-treatment has the effect of improving the structure
and function of cardiomyocyte mitochondria, but is inhibited viaeras-
tin treatment. a Mitochondrial structure and TOM20 myocardial
ultrastructure were observed by Olympus DX51 fluorescence micro-
scope. b Quantitative analysis of myocardial Tom20 fluorescence

decreased the amount of iron compared with that of the I/R
group. The administration of erastin significantly elevated
the relative iron content, with a similar trend in both the
serum and the cells.

Previous study revealed that the upregulation of
SLC7A11 increased the expression of GPX4, thus sup-
pressing the process of ferroptosis [17]. Then, we deter-
mined the levels of SLC7A11 and GPX4 was by Western
blot to establish whether the protective effect of DEX on
I/R-induced damage was achieved through SLC7A11/
GPX4. Our results showed that the expression levels of
SLC7A11 and GPX4 were considerably downregulated in
the I/R group. In addition, they were significantly higher
in the DePC group than in the I/R group and further
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intensity, n=6/group. ¢ Representative transmission electron micro-
scope under magnification, 20,000, scale bar=100 pm. It is worth
noting that mitochondria are marked as (*), n=3/group. d Quantita-
tive analysis of Flameng score, n==6/group, *P <0.05; the value is
expressed as mean+SD

downregulated by the combined treatment with DEX and
erastin. Taken together, the upregulation of SLC7A11
was indirectly followed by upregulation of GPX4, which
inhibited the DEX-induced effect by ferroptosis suppres-
sion (Fig. 6¢c—d, P <0.05). Additionally, we evaluated the
levels of FTH and COX-2, two proteins also associated
with ferroptosis. Through storage of excessive iron in
cells, FTH plays a crucial part in iron metabolism. The
results of FTH analyses showed the same trend as that
of the iron content. COX-2 was considerably higher in
the I/R group than in the Con group. As expected, it was
appreciably decreased by the DEX treatment, whereas its
level in the DePC + erastin group was higher than that of
the DEX group (Fig. 6e—f, P <0.05). Overall, SLC7A11/
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GPX4 played an important role in DEX-induced protection
through inhibiting ferroptosis.

Discussion

In this study, we used the Langendorff perfusion system
to treat rats and obtain live cardiomyocytes. Our find-
ings confirmed the myocardial protection and iron death
inhibition effect of DEX. This is consistent with previous
research results, such as those obtained by Wang, who

@ Springer

found that DEX attenuated the myocardial iron myocar-
dial iron overload and death caused by sepsis [17]. In ear-
lier research, they found that DEX had a protective effect
on myocardial ischemia and reperfusion [20]. Furthermore,
the latest study indicated that DEX can prevent myocardial
IRI by improving oxidative stress and apoptosis [21]. Most
notably, all previous studies have confirmed that 0—-100 nm
DEX exerts a concentration-dependent protective effect on
myocardial IRI. Consistent with previous studies, we found
that 3 nm DEX had a protective effect on the isolated Lan-
gendorff myocardium. The latest research findings confirmed



Dexmedetomidine post-conditioning alleviates myocardial ischemia-reperfusion injury in... 845

that 0.3-3 nm DEX post-conditioning improved the Langen-
dorft-perfused heart in a concentration-dependent manner
[47]. A further increase in the concentration did not enhance
the protective effect of DEX post-conditioning. Therefore,
we selected to examine the effect of 3 nm DEX post-condi-
tioning and found that DEX reduced the myocardial infarct
size, alleviated the mitochondrial dysfunction, decreased the
ROS level, and downregulated the expression of SLC7A11/
GPX4. An earlier investigation found that the rise in the
level of the ferroptosis inducer erastin caused myocardial
ischemia or aggravation of myocardial IRI [22]. We used
erastin in our experiments and established that it partially
negated the protective effect of DEX on the myocardium.

DEX is a highly specific a-2 receptor agonist with out-
standing anxiolytic and sedative effects, without causing res-
piratory depression and with very few adverse effects. There-
fore, it has been commonly used in clinical anesthesia [23].
In their research, Xue et al. speculated that DEX pre-condi-
tioning may stimulate the a2-adrenergic receptors by induc-
ing the TLR4/MyD88/NF-kB signaling pathway to prevent
the lungs from IRI [24]. Another previous study revealed
that DEX pre-conditioning improved the cardiac blood flow,
reduced the infarct size, and protected the myocardial cells
through activating multiple signaling pathways, such as Erk
172, Akt, and eNOS [25]. Other research findings also evi-
denced that DEX reduces the heart damage caused by CLP
by increasing superoxide dismutase (SOD) and GSH levels
[20]. Recently, Peng et al. showed that DEX post-condition
attenuated both cardiac IRI in vivo and hypoxia/reoxygena-
tion injury in vitro by targeting the HIF-1a signal pathway
[19]. Notably, in another study, DEX not only promoted the
functional recovery of the damaged myocardium, but also
prevented the occurrence of ventricular fibrillation caused
by IRI [26]. The aforementioned protective effect is possi-
bly exerted via the stimulation of presynaptic a2-adrenergic
receptors by the falling level of norepinephrine in myocar-
dial cells [17, 27]. Recent evidence showed that DEX can
improve myocardial ferroptosis caused by sepsis [17]. DEX
was found to maintain iron homeostasis through the JNK/
Spl and Stat4/Spl signaling pathways, thereby protecting
SK-N-SH nerve cells from oxidative damage [28]. Similarly,
our research revealed that DEX can attenuate iron death in
myocardial IRI.

Ferroptosis is a type of programmed death caused by
oxidative damage. Its mechanism is significantly morpho-
logically, genetically, and biologically different from those
of other forms of regulatory cell death, such as apoptosis,
necrosis, and autophagy. The increased production of ROS
and inactivation of GPX4 in the cell, as well as increased
accumulation of lipid peroxides, leads to iron-dependent
programmed cell death [3, 29]. Evidence has shown that
ferroptosis plays a major role in the pathogenesis of car-
diomyopathy. Ferroptosis was established to participate in

by doxorubicin- and IRI-induced heart injury through the
nuclear factor-E2-related factor (NRF2)/heme oxygenase- 1
(Hmox1) axis [10]. DOX induces an increase in the mito-
chondrial content of iron in the cardiomyocytes, which dam-
ages the mitochondrial membrane. The accumulation of iron
in the serum and heart tissue is caused by the upregulation
of heme to free iron through Hmox1 and is independent of
the classic hepcidin—ferroportin iron regulatory axis. In a
mouse model of myocardial ischemia/reperfusion injury,
the inhibition of ferroptosis and iron chelation has cardio-
protective effects. This is consistent with the findings that
the mitochondrial-targeting antioxidant MitoQ drastically
improved I/R-related cardiac dysfunction, cell death, and
mitochondrial damage [30]. Pharmacologically inhibiting
ferroptosis or iron chelation therapy could remarkably pre-
vent cardiomyopathy. Ferroptosis also participates in dia-
betic myocardial IRI damage by regulating the endoplasmic
reticulum stress. The suppression of ferroptosis reduced the
endoplasmic reticulum stress in an earlier study [23].

ROS can peroxidize lipids by reacting with the poly-
unsaturated fatty acids in the lipid membranes, leading to
ferroptosis via the Fenton reaction [31]. Previous research
has shown that Fer-1 pretreatment can inhibit ferroptosis
by reducing the lipid ROS levels [32]. Ferroptosis occur-
rence is associated with the production of lipid ROS in all
cell metabolism processes. There is evidence that the lipid
and amino acid metabolism (especially the metabolism of
cysteine and glutamine) is involved in the appearance of
ferroptosis [3, 33]. This cell mechanism is related to signifi-
cant morphological changes in the mitochondria, including
mitochondrial fragmentation and cristae enlargement [34].
It was found that mitochondria have a key role in cysteine-
deprivation-induced ferroptosis but not in that induced by
GPX4 inhibition [35]. Other research has shown that DEX
reduced the inflammation, oxidative stress, and apoptosis
of cardiomyocytes by activating the AMPK-GSK3 signal-
ing pathway [36]. Moreover, DEX pretreatment protected
cardiomyocytes from IRI by inhibiting the NFkB signaling
pathway and increasing ROS production [37]. ROS are pro-
duced in ischemic myocardium, especially after reperfusion,
but the main source of ROS in the ischemic/reperfused myo-
cardium is mitochondria [38]. Similarly, DEX can protect
cardiomyocytes from oxidative stress damage and apopto-
sis by regulating the apoptosis signal pathway mediated by
mitochondria and endoplasmic reticulum stress [39]. In this
study, we found that DEX improved the mitochondrial con-
dition and attenuated the negative effects of ROS, ultimately
exerting myocardial protection.

SLC7AI11, a key component of the cystine-glutamate
antiporter, participates in GPX4-associated activities and
is also considered the most crucial marker of ferroptosis
in clinical practice [39-41]. SLC7A11, the light chain of
the Xc-system, is used to transport cystine into the cell and
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Fig.7 The schematic dia-
gram of DEX up-regulates
the SLCA11/GPX4 signaling
pathway, inhibits Lipid ROS,
reduces the occurrence of
ferroptosis in cardiomyocytes,
and thus has the protective
effect of cardiac IRI. Solid
green arrows depict promo-
tion, positive regulation or
activation. Transverse red “T”

“Eroetn —]

shape indicates inhibition, Cystine
negative regulation or blockade.
DEX dexmedetomidine, ROS

Glutathione

reactive oxygen species, GSH
glutathione, SLC7A11 solute \
carrier family 7, member 11,
GPX4 glutathione peroxidase 4,
COX-2 cyclooxygenase-2, FTH
ferritin

glutamate out of the cell in a 1:1 exchange ratio [42]. Cys-
tine is necessary for the synthesis of glutathione and is one
of the essential cofactors of endogenous antioxidants [31].
Ferroptosis agonists can significantly reduce the expression
of GPX4 in cardiomyocytes, leading to imbalance of iron
metabolism and lipid peroxidation in cardiomyocytes [43].
The downregulation of SLC7A11 also results in a decrease
in the intracellular cystine levels and a subsequent decrease
in glutathione biosynthesis, which in turn inhibits GPX4
activity, increases ROS production, and destroys the integ-
rity of the mitochondrial structure. Guan et al. evidenced
that activating LC7A11/GPX4 axis exerted protection from
I/R brain injury by ferroptosis inhibition [44]. Our study
also confirmed that the SLC7A11/GPX4 axis can reduce
myocardial IRI by suppressing ferroptosis. The conversion
of Fe>™ to Fe** by the Fenton reaction contributes to lipid
peroxidation and ROS production, which can have destruc-
tive impact on the cardiomyocytes [45, 46]. By FTH assess-
ment, our study confirmed the occurrence of iron overload in
hearts suffering from ferroptosis. However, DEX attenuated
the adverse effects induced by ferroptosis.

Conclusion

Our present results reveal that DEX provides cardiopro-
tection against IRI. Our research findings showed that
DEX inhibits ferroptosis by suppressing ROS produc-
tion and maintaining the structural integrity of the mito-
chondria, thereby preventing myocardial IRI. As can be
seen in Fig. 7, the mechanism of DEX protection on the
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myocardium may be exerted through the inhibition of the
adverse effects of lipid ROS by activating the SLC7A11/
GPX4 signaling pathway. As a result, mitochondrial dam-
age is prevented, and the occurrence of ferroptosis in car-
diomyocytes is reduced. The findings of this study support
the hypothesis that treatments that act on the SLC7A11/
GPX4 signaling pathway may be an effective strategy to
reduce IRI in cardiomyocytes.
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