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Dexmedetomidine alleviated sepsis-induced
myocardial ferroptosis and septic heart injury

CHUNYAN WANG', WENLIN YUAN!, ANMIN HU!, JUAN LIN!, ZHENGYUAN XIAZ,
CATHERINE F. YANG®, YALAN LI* and ZHONGJUN ZHANG!

lDepartrnent of Anesthesiology, Shenzhen People's Hospital and Shenzhen Anesthesiology Engineering Center,

The Second Clinical Medical College of Jinan University, Shenzhen, Guangdong 518000; 2Department of Anesthesiology,

The University of Hong Kong, Hong Kong, SAR, PR. China; 3Department of Basic Sciences, College of Medicine,
CA Northstate University, Elk Grove, CA 60009, USA; 4Depa\rtment of Anesthesiology, First Affiliated Hospital of
Jinan University, Guangzhou, Guangdong 510000, PR. China

Received August 5, 2019; Accepted March 17, 2020

DOI: 10.3892/mmr.2020.11114

Abstract. Cardiac dysfunction resulting from sepsis may cause
significant morbidity and mortality, and ferroptosis plays a role
in this pathology. Dexmedetomidine (Dex), a a2-adrenergic
receptor (a2-AR) agonist exerts cardioprotective effects against
septic heart dysfunction, but the exact mechanism is unknown.
In the present study, sepsis was induced by cecal ligation and
puncture (CLP) in male C57BL/6 mice. Dex and yohimbine
hydrochloride (YOH), an 02-AR inhibitor, were administered
before inducing CLP. Then, 24 h after CLP, serum and heart
tissue were collected to detect changes of troponin-I (TN-I),
interleukin 6 (IL-6), superoxide dismutase (SOD), malonalde-
hyde (MDA) and glutathione (GSH) levels, and iron release.
Ferroptosis-targeting proteins, apoptosis and inflammatory
factors were assessed by western blotting or ELISA. It was
found that, 24 h after CLP, TN-I, a biomarker of myocardial
injury, was significantly increased compared with the control
group. Furthermore, the levels of MDA, 8-hydroxy-2'-deoxy-
guanosine and the inflammatory factors IL-6 and monocyte
chemoattractant protein-1 were also significantly increased. It
was demonstrated that treatment with Dex reverted or attenu-
ated these changes (CLP + Dex vs. CLP; P<0.05), but these
protective effects of Dex were reversed by YOH. Moreover,
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CLP significantly decreased the protein expression levels of
glutathione peroxidase 4 (GPX4), SOD and GSH. However,
CLP increased expression levels of heme oxygenase-1 (HO-1),
transferrin receptor, cleaved caspase 3, inducible nitric oxide
synthase and gasdermin D, and iron concentrations. It was
found that Dex reversed these changes, but YOH abrogated
the protective effects of Dex (CLP + Dex + YOH vs. CLP +
Dex; P<0.05). Therefore, the present results suggested that the
attenuation of sepsis-induced HO-1 overexpression and iron
concentration, and the reduction of ferroptosis via enhancing
GPX4, may be the major mechanisms via which Dex alleviates
sepsis-induced myocardial cellular injury.

Introduction

Sepsis, which has a worldwide mortality rate of 10%, is
induced by infection and leads to life-threatening organ
dysfunction (1). Clinical and basic research have shown that
the cardiovascular system is affected during sepsis (2), but the
exact mechanism is not fully understood. Dexmedetomidine
(Dex), which has been recommended for patients with sepsis
since 1999, has been proven to be a selective a2-adrenergic
receptor (02-AR) (3,4). Clinical studies have revealed that
Dex inhibits the activity of sympathetic nerves via analgesic,
sedative and antisialogogue effects (5,6), while it also exerts
protective effects on other organs, such as the kidney, brain
and heart (7). Inflammation is the primary characteristic
of sepsis; the expression of inflammatory factors, such as
tumor necrosis factor a (TNF-a), interleukin 1 (IL-1), IL-6
and methyl-accepting chemotaxis protein-1, are significantly
increased during sepsis, and Dex is able to decrease these
expression levels (8).

Ferroptosis was first reported by Dolma et al (9) in cancer
cells and was shown to be different from the known cell death
pathways, apoptosis, pyroptosis and necroptosis. Ferroptosis
has since been identified to be involved in various pathological
processes, including neurotoxicity, acute kidney failure, liver
injury and heart disease (10), as well as myocardial ischemia
reperfusion injury (11,12). Furthermore, the development of
sepsis has been proposed to involve ferroptosis (13). However,
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the role of ferroptosis in septic heart injury remains unknown.
The mechanism of ferroptosis mainly involves increases in
lipid peroxidation and further release of lipid reactive oxygen
species (ROS) (14). It has also been reported that ferroptosis
occurs when the activity of glutathione peroxidase 4 (GPX4)
or glutathione (GSH) decreases (13). In addition, iron chelation
has also been shown to inhibit ferroptosis, thus indicating that
ferroptosis is closely associated with ROS and iron (15,16).
Furthermore, other factors, such as voltage-dependent anion
channel 2, heat shock protein -1, nuclear factor E2-related
factor 2 (Nrf2), NADPH oxidase, P53 and heme oxygenase-1
(HO-1), also participate in ferroptosis (17,18).

The HO system, which includes HO-1 and HO-2, acts as a
defense system against various stimuli, such as oxidants and
hypoxia (19). Moreover, HO-1 degrades heme into carbon
monoxide, biliverdin and ferrous iron, and confers cardio-
protection via antiapoptotic, antioxidant and other effects.
HO is one of the intracellular sources of iron (20), and its
overexpression and activation have been shown to accelerate
ferroptotic cell death (21). Furthermore, HO-1 participates
in ferroptosis via its association with iron and its antioxidant
effects (22), but the exact mechanism remains unknown. As
previously reported, Dex reduces H,0,-induced oxidative
stress in neonatal rat cardiomyocytes by decreasing ROS and
GSH (23). According to a previous study (22), it is hypoth-
esized that HO-1-mediated regulation of ferroptosis may play
a role during sepsis and that Dex confers cardioprotective
effects by influencing this regulation.

Materials and methods

Cecal ligation and puncture (CLP) operation. A total of 32
male C57BL/6 mice (25 g, 8 weeks old) were obtained from
the Guangdong Medical Lab Animal Center and housed in
the Laboratory Animal Service Center (Jinan University,
Guangdong, China). Mice received standard care under a 12-h
dark/light cycle (23°C with an atmosphere of 60%) and were
given free access to food and water, in accordance with the
Animal Care guidelines of the Jinan University. The study
was approved by the Institutional Ethics Committee of The
Medical Committee of Shenzhen People's Hospital (approval
ID: LL-KY-2019604). Sepsis was induced by CLP, as previ-
ously described (24). Briefly, mice were anesthetized with
isoflurane (RWD Life Science) inhalation at the concentration
of 2.5% for anesthetic induction and then at 1% for anesthetic
maintenance until the end of the CLP. During the experiment,
the body temperature was kept at 36-38°C with a heating pad.
Anesthetized mice were subjected to midline laparotomy. The
cecum was carefully separated to avoid blood vessels damage
and the cecum was identified and punctured twice with a
22-gauge needle. Then, the abdominal cavity was closed with
two epithelium layers, followed by a normal saline injection
subcutaneously for resuscitation before mice were returned
to the cage. The duration of the whole experiment was ~25 h
and the CLP model was finished within 15 min. The cecum
was exposed immediately following laparotomy, which was
conducted using a 2-cm lower midline incision, followed by
the use of a 22-gauge needle to impale the cecum. Before the
cecum was returned to the abdominal cavity, pieces of feces
were extruded. The abdomen was closed with 4-0 silk sutures
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in two layers. The health and behavior of the animal was
monitored at 1 h intervals over 12 h. During the experiment,
the survival rate (rate of successful CLP model establishment)
was 60% in the CLP group, 86% in CLP + Dex group and 70%
in CLP + Dex + yohimbine hydrochloride (YOH) group. It was
found that the primary reason for mortality was the individual
variation in the reaction to CLP-induced sepsis. To ensure a
minimum of six live animals per group for the experimental
period, ten, seven and nine mice were initially used in the CLP,
CLP + Dex and CLP + Dex + YOH groups, respectively. At the
end of the experiments, an overdose of phenobarbital sodium
was used for euthanasia and then blood (500 ml) and heart
samples were collected.

Animal experimental protocol. The mice were randomly
divided into 4 groups (n=6 per group): Control (Ctrl), CLP,
CLP + Dex and CLP + Dex + YOH groups. Dex was admin-
istered 15 min before inducing sepsis at a dose 50 pg/kg and
1 mg/kg YOH was given 30 min before the administration of
Dex, according to our preliminary experiments and previous
reports (25-27). Survival was 90% in the Dex administration
group. A total of 500 ml of blood was collected to separate
serum and the hearts were harvested after 24 h of sepsis. Dex
was obtained from Jiangsu Hengrui Medicine Co., Ltd., and
YOH from MedChem Express.

Determination of troponin-I (TN-1), IL-6, methyl-accepting
chemotaxis protein 1 (MCP-1), malonaldehyde (MDA),
superoxide dismutase (28), 8-hydroxy-2'-deoxyguanosine
(8-OHDG) and GSH expression. After 24 h of CLP, blood
samples were collected and then centrifuged (5,000 g,
10 min, 4°C) to separate the serum for the detection of
TN-I (cat. no. JL31923), MDA (cat. no. JL13329), SOD
(cat. no. JL12237), 8-OHDG (cat. no. JL12294), GSH
(cat. no. JL20360), IL-6 (cat. no. JL20268) and MCP-1
(cat. no. JL20304). These ELISA kits were obtained from
Shanghai Jianglai Biological Technology Co., Ltd., and used
following the manufacturer's instructions.

Iron concentration detection. To detect iron concentration in
the serum during sepsis, an iron assay kit (cat. no. ab83366;
Abcam) was used according to the manufacturer's protocol.

Hematoxylin and eosin (H&E) staining. Briefly, the heart was
fixed with 4% paraformaldehyde overnight at room tempera-
ture, embedded in paraffin and sliced into 4 ym-thick slices.
The tissues were stained with hematoxylin for 5 min and eosin
for 1 min at room temperature using the H&E Staining kit
(cat. no. C0105; Beyotime Institute of Biotechnology). The
slide was observed under a fluorescence microscope (DMi8
DFC7000 T; Leica Microsystems, Inc.).

Western blot analysis. Frozen ventricular tissue samples were
homogenized in RIPA buffer (Cell Signaling Technology, Inc.;
cat. no. 9806) and centrifuged at 4°C, 13,200 x g for 30 min.
The supernatant was collected for total protein analysis and
the protein concentration was determined using a Bradford
protein assay. Equal amounts of protein (30 ug) from mouse
heart homogenate were resolved by 7.5-12.5% SDS-PAGE
and subsequently transferred to PVDF membranes. The
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membranes were then blocked in TBS with 0.1% Tween-20
(TBST; cat. no. P9416; Sigma-Aldrich; Merck KGaA)
containing 5% (w/v) non-fat milk for 1 h at room temperature,
after which the membranes were incubated with primary
antibodies overnight at 4°C. Primary antibodies against
Bax (cat. no. 2772; Cell Signaling Technology, Inc.), Bcl-2
(cat. no. 210774; Merck KGaA), HO-1 (cat. no. ab13248;
Abcam), GPX4 (cat. no. PAS79321; Thermo Fisher Scientific,
Inc.), gasdermin D (GSDMD; cat. no. ab219800; Abcam),
nitric oxide synthase (iNOS; cat. no. ab3523; Abcam), cleaved
caspase 3 (cat. no. 836; Cell Signaling Technology, Inc.), P53
(cat. no. NB200-103; Novus Biologicals; Bio-Techne Ltd.),
transferrin receptor (TFR; cat. no. MCA155R; Bio-Rad
Laboratories, Inc.) ferritin (cat. no. ab75973; Abcam), Caspase
9 (cat. no. ab184786; Abcam), Nrf2 (cat. no. ab31163; Abcam)
and GAPDH (cat. no. 5174; Cell Signaling Technology, Inc.)
were used at the dilution 1:1,000. After washing with TBST
three times for 10 min per wash, the membrane strips were
incubated at room temperature with a 1:10,000 dilution of an
anti-rabbit IgG (cat. no. 7074S; Cell Signaling Technology, Inc.)
or anti-mouse IgG (cat. no. 7076S; Cell Signaling Technology,
Inc.) secondary antibody conjugated to horseradish peroxidase
for 1 h. Protein bands were detected by chemiluminescence
(cat. no. P90720; EMD Millipore) and the images were quanti-
fied using ImageJ version 1.51 software (National Institutes of
Health).

Statistical analysis. Data are presented as the mean + SEM. All
data were normally distributed, as confirmed by the GraphPad
Prism normality test. Differences among multiple groups and
the effects of treatment for data obtained from in vivo and
in vitro studies were analyzed by one-way ANOVA, followed
by the Tukey's test for multiple comparisons (GraphPad Prism
version 7; GraphPad Prism Software, Inc.). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Effects of Dex on myocardial injuries in sepsis. H&E staining
showed changes in the hearts of the Ctrl, CLP, CLP + Dex
and CLP + Dex + YOH mice (Fig. 1A). Moreover, cell nuclei
appeared as blue dominant dots due to inflammation induced
by CLP, and healthy cell nuclei were navy-blue in the control
group, Dex treatment reduced the number of inflammatory
cells, while YOH reversed the protective effects of Dex.
TN-I is a classic marker of myocardial injury (29) and it was
identified that CLP significantly increased TN-I (CLP vs.
Ctrl, P<0.01) (Fig. 1B), together with elevations in §-OHDG
and MDA (CLP vs. Ctrl, P<0.01) (Fig. 1C and D), which
are markers of oxidative stress. Moreover, the antioxidant
factor SOD (Fig. 1E) was significantly reduced in the CLP
group compared with the Ctrl group (P<0.05). Following
treatment with Dex, the CLP-induced increase in TN-I,
MDA and 8-OHDG was significantly attenuated (CLP +
Dex vs. CLP, P<0.05). Furthermore, SOD was significantly
elevated following treatment with Dex (CLP + Dex vs. CLP,
P<0.05). After co-treatment with YOH, 8-OHDG levels were
significantly increased and SOD decreased significantly
(Fig. 1C and E); however, TN-I and MDA levels were not
influenced by YOH (CLP + Dex + YOH vs. CLP + Dex).
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Therefore, the present results indicated that the protective
effects of Dex may be partly achieved by reducing oxidative
stress.

Effects of Dex on reducing the expression of inflammatory
factors.It was demonstrated that the expression levels of inflam-
matory factors IL-6 and MCP-1 were significantly increased
in the CLP group compared with the Ctrl group (P<0.05 and
P<0.01, respectively) (Fig. 2A and B). Furthermore, CLP
significantly increased the protein expression levels of iNOS
and P53 (CLP vs. Ctrl, P<0.01) (Fig. 2C and D). Following
pre-treatment with Dex, the CLP-induced elevations of IL-6
and MCP-1 were significantly attenuated in the CLP + Dex
group compared with the CLP group (P<0.05) (Fig. 2A and B).
In addition, Dex significantly decreased the protein expression
levels of iNOS and P53 compared with CLP alone (P<0.05)
(Fig. 2C and D). However, these protective effects of Dex were
prevented by the a2-AR inhibitor YOH (CLP + Dex + YOH
vs. CLP + Dex, P<0.05).

Changes of ferroptosis with or without Dex. GPX4 is an indi-
cator of and plays a central role in ferroptosis (13). The present
results indicated that the protein expression of GPX4 and GSH
release were significantly decreased by CLP (CLP vs. Ctrl,
P<0.05) (Fig. 3A and B), and that Dex significantly attenuated
this decrease (CLP + Dex vs. CLP, P<0.05). After co-treatment
with YOH, Dex did not increase the protein expression of GPX4
or GSH level (CLP + Dex + YOH vs. CLP + Dex, P<0.01 and
P<0.05, respectively). It was found that following CLP, iron
concentration was elevated from 8.1 to 15.66 yuM (CLP vs. Ctrl,
P<0.01) (Fig. 3C). Furthermore, protein expression levels of
HO-1 (Fig. 3D), Nrf2 (Fig. 3E) and TFR (Fig. 3F and H) were
increased (CLP vs. Ctrl, P<0.01), while that of ferritin, which
accumulates iron (18), significantly decreased (CLP vs. Ctrl,
P<0.05) (Fig. 3G). Furthermore, Dex treatment significantly
decreased iron concentration (from 15.66 to 9.7 uM, P<0.01)
(Fig. 3C) and the protein expression of HO-1 following CLP
compared with CLP alone (P<0.05) (Fig. 3D). Dex treatment
also moderately increased the protein expression of Nrf2, but the
difference was not statistically significant (CLP + Dex vs. CLP).
The expression of ferritin was significantly increased (Fig. 3G),
while TFR expression was significantly decreased (Fig. 3H) by
Dex treatment (CLP + Dex vs. CLP, P<0.05). However, it was
identified that YOH reversed these changes and led to myocar-
dial injury (CLP + Dex + YOH vs. CLP + Dex, P<0.05) (Fig. 3).

Effects of Dex on apoptosis and pyroptosis during sepsis.
Cleaved caspase 3, caspase 9, Bax and Bcl-2 are markers of
apoptosis. The expression levels of cleaved caspase 3 and
caspase 9 were both significantly increased by CLP (CLP vs.
Ctrl, P<0.05) (Fig. 4A and B). Moreover, it was found that the
Bax/Bcl-2 ratio was significantly elevated (CLP vs. Ctrl, P<0.01)
(Fig. 4C). It was identified that Dex treatment reduced the
expression levels of cleaved caspase-3, caspase-9 and Bax/Bcl-2
to exert cardioprotective effects (CLP + Dex vs. CLP, P<0.05).
However, YOH did not prevent the Dex-induced reduction in the
expression levels of apoptotic proteins. Following treatment with
YOH, cleaved caspase-3 and caspase-9 expression levels, and the
Bax/Bcl-2 ratio were moderately elevated, but the difference was
not significant. GSDMD plays a key role in pyroptosis (30) and it
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Figure 1. Effects of Dex on septic myocardial function. (A) Heart hematoxylin and eosin staining. Cell nuclei appeared as blue dominant dots due to
CLP-induced inflammation, while normal cell nuclei were navy-blue. Dex treatment reduced inflammatory cells and YOH reversed the protective effects
of Dex. Changes in (B) TN-I, (C) 8-OHDG, (D) SOD and (E) MDA release. Sepsis was achieved by CLP. Data are presented as the mean + SEM. n=6 per
group. "P<0.05 and “'P<0.01. ns, not significant; Dex, dexmedetomidine; CLP, cecal ligation and puncture; YOH, yohimbine hydrochloride; TN-I, troponin-I;
8-OHDG, 8-hydroxy-2'-deoxyguanosine; SOD, superoxide dismutase; MDA, malonaldehyde; C, control.

was identified that CLP significantly increased the protein expres-
sion of GSDMD (CLP vs. Ctrl, P<0.01) (Fig. 4D). Furthermore,
Dex treatment significantly reduced the CLP-induced increase
in GSDMD (CLP + Dex vs. CLP, P<0.01), but YOH abolished
this Dex-induced reduction of the protein expression of GSDMD
(CLP +Dex + YOH vs. CLP + Dex, P<0.01).

Discussion

Sepsis causes whole body dysfunction due to infection and is
one of the leading causes of mortality worldwide (31,32). While

it has been studied for ~2,000 years, the incidence of sepsis has
not decreased over time (33). Inflammation is the first charac-
teristic feature of sepsis. Previous studies have revealed that
oxidative stress caused by inherent inflammatory responses
can lead to the initiation of lipid peroxidation, DNA damage
and mitochondrial function deterioration, as well as further
the development of organ dysfunction and failure (14,34).
Therefore, increases in inflammation and oxidative stress both
contribute to the damage caused by sepsis (32). Moreover,
oxidative stress has been reported to participate in numerous
pathological conditions, such as diabetes and myocardial
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Figure 2. Effects of Dex on reducing the expression levels of inflammatory factors. Changes in (A) IL-6 and (B) MCP-1. Changes in the protein expression of
(C) iNOS and (D) P53. Sepsis was achieved by CLP. Data are presented as the mean + SEM. n=6 per group. "P<0.05 and “P<0.01. Dex, dexmedetomidine;
CLP, cecal ligation and puncture; YOH, yohimbine hydrochloride; IL-6, interleukin 6; MCP-1, monocyte chemoattractant protein-1; iNOS, nitric oxide

synthase; C, control.

ischemia reperfusion injury (35,36). To maintain the balance
of oxidants and antioxidants, an antioxidant defense system
that involves GPX, SOD, catalase (37), ascorbic acid, GSH and
a-tocopherol plays crucial roles in decreasing oxidative stress
levels. During sepsis, reactive nitrogen species, including
the free radical NO and the non-radical peroxynitrite, was
increased (38,39). Dex, which exhibits superior anxiolytic and
sedative effects without causing respiratory depression and
with minor adverse effects, has been widely used in intensive
care units and clinical anesthesia (40). Furthermore, Dex has
been proven to exert protective effects against H,0,-induced
myocardial cell injury by reducing oxidative stress; it can

also reduce lung injury induced by lipopolysaccharide (23,41)
and confer other protective effects. In the present study, Dex
was found to reduce CLP-induced heart injury by increasing
SOD and GSH levels, and decreasing inflammatory factor
levels, which was consistent with the findings of previous
studies (42,43).

Cell death, which mainly occurs via apoptosis, necrosis,
pyroptosis and the recently discovered ferroptosis, not only kills
cells, but can also play unique roles in various physiological and
pathological conditions to maintain homeostasis (44). Apoptosis
was recognized as the first type of programmed cell death as
early as in 1960; its main characteristics include chromatin
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receptor; ns, normal control; C, control.

condensation and nuclear fragmentation, cell shrinkage, plasma
membrane blebbing and apoptotic body formation without
plasma membrane breakdown (45-47). In the beginning of the
apoptotic process, caspases cleave and activate downstream
factors, such as Bcl-2 and ROS, which can affect other types of
cell death (4748). In addition to apoptosis, other types of regu-

lated cell death, such as pyroptosis and ferroptosis, have also been
shown to participate in different pathological processes (49).
Pyroptosis is recognized as inflammasome-dependent cell death;
during this process, the cell membrane loses its integrity, leading
to the dissolution of the cell membrane and further induction of
an inflammatory response. Activated NACHT-, LRR- and PYD
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Figure 4. Effects of Dex on apoptosis and pyroptosis during sepsis. Changes in the protein expression levels of (A) cleaved caspase 3 and (B) caspase 9.
(C) Bax/Bcl-2 ratio. (D) Changes in the protein expression of GSDMD. Sepsis was achieved by CLP. Data are presented as the mean = SEM. n=6 per group.
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C, control; ns, not significant.

domains-containing protein 3 (NALP3), a marker of pyroptosis,
leads to the aggregation of cytokines IL-1f and caspase-1, which
can be followed by tissue injury and organ dysfunction (50,51).
Moreover, inflammatory factors released during apoptosis and
necroptosis lead to the induction of pyroptosis via inflamma-
some formation and caspase-1 activation, which, in turn, leads
to the activation of GSDMD, another marker of pyroptosis (30).
As previously reported, excessive ROS can activate NLR family
pyrin domain containing 3 and lead to pyroptosis (52).
Ferroptosis is an iron-dependent form of cell death induced
by erastin (15),and was recently shown to also be ROS-dependent.
Furthermore, ferroptosis is different from apoptosis and
pyroptosis. Antioxidants, such as N-acetylcysteine and iron

chelators, prevent ferroptosis, thus indicating that ferroptosis
is a non-apoptotic but iron- and oxidative stress-dependent
form of cell death (18). Ferroptosis mainly relies on regulators,
such as GPX, HO-1, ferritin, transferrin, Nrf2, NADPH and
voltage-dependent anion channel (12). Based on this, excessive
ROS can lead to apoptosis, pyroptosis and ferroptosis, and once
cell death has occurred, the subsequent release of inflamma-
tory cytokines and overproduction of ROS plays a crucial role
in inducing other types of cell death. Moreover, these types of
cell death interact with each other (53). In the present study, it
was found that during sepsis, GPX4 and GSH protein expression
levels were decreased. In addition, it was demonstrated that Dex
restored the expression levels of GPX4 and GSH, thus revealing
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that ferroptosis may be involved in sepsis. Furthermore, the
expression of the antioxidant protein HO-1 was increased in the
septic group compared with the Ctrl group. The present results
also indicated that, following treatment with Dex, the expres-
sion of HO-1 was decreased. The major function of HO-1 is to
metabolize heme to produce carbon monoxide (4), biliverdin
and iron, while it also exerts anticancer, anti-inflammatory, anti-
apoptotic, antiproliferative and antioxidant effects. However,
it is unclear whether the sustained overexpression of HO-1 is
beneficial, as HO-1 can regulate iron homeostasis (22).

Iron is crucial for oxygen transport, ATP production
and DNA synthesis, which help maintain cellular function.
However, excessive iron is detrimental to the redox balance
and can further enhance the production of inflammatory
factors, such as IL-1f, IL-6 and TNF-a, leading to more
damage (14). In the present study, iron concentration was
found to be increased during sepsis and the iron-related
proteins TFR and ferritin were increased and decreased,
respectively. It was speculated that these effects may possibly
be due to the overexpression of HO-1, further demonstrating
that ferroptosis participates in sepsis, but the definite relation-
ship between iron and HO-1 requires further research. To
date, previous studies have focused on the beneficial effects of
HO-1, but have ignored the iron-downstream of HO-1, which
may be toxic. Thus, the effects of a sustained increase in
HO-1 expression under pathological conditions require further
study. Previous studies have demonstrated that HO-1 regulates
ferroptosis via iron, thus leading to septic heart injury (54,55).
The present results suggested that Dex reduced CLP-induced
overexpression of HO-1 and increased the expression levels
of GPX4 and Nrf2 to exert a protective effect, which may
contradict previous findings that HO-1 is further enhanced
following antioxidant treatment (56). One of the reasons for
these differences could because different models were used
in each study. Additionally, the primary focus in the present
study was the relationship between HO-1 and ferroptosis,
whereas their study focused on the role of HO-1 in antioxidant
treatment. Therefore, future studies should further explore the
role of HO-1. Hu et al (57) showed that Dex alleviates iron
overload-induced injury in SH-SYSY cells via antioxidative,
anti-inflammatory and antiapoptotic mechanisms. Therefore,
these findings provided evidence that iron overload is detri-
mental and that the effects of Dex are associated with iron.
In the present study, it was speculated that Dex may exert its
protective effects partly by reducing the expression of HO-1,
thus also decreasing iron overload.

Moreover, YOH, an a2-AR antagonist, was used in the
present study and was found to reverse the effects of Dex on
HO-1 and GPX4. Therefore, Dex may exert its protective role
mainly via a2-AR to reduce ferroptosis. However, YOH did
not prevent Dex from reducing the expression of the apoptotic
protein cleaved caspase 3 or the Bax/Bcl-2 ratio. This result
was consistent with the results of our preliminary study,
in which YOH also did not affect H,O, induced apoptosis.
Therefore, the present results indicated that Dex exerted its
cardioprotective effects partly by decreasing apoptosis in an
02-AR-independent manner. The primary aim of the present
study was to investigate the effects of Dex on sepsis-induced
ferroptosis, while the effectiveness of Dex in relation to
oxidative stress among others was used as supporting data
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for comparison with previous studies. Thus, the present study
only assessed the representative oxidative related parameters
8-OHDG, SOD and MDA. Therefore, further studies are
required to examine other oxidative stress parameters, such
as 4-HNE, catalase and NO estimation for a complete under-
standing of the effects of Dex on oxidative stress.

Sepsis causes significant adverse effects on both the cardiac
myocytes and the myocardial vasculature, following its effects
on systemic inflammation. The present study was a pilot study
investigating the effects of Dex on sepsis-induced myocardial
injury. In relation to ferroptosis, future studies should focus on
the effects of Dex on sepsis-induced changes to the vasculature,
including adhesion molecules, such as intercellular adhesion
molecule-1. Dex is a selective a2-AR and was also previously
proven to be an imidazoline receptor (58). Moreover, YOH
is a potent 02-AR antagonist, which was used in the present
study. Furthermore, further studies assessing Dex will use the
agonist of a2-AR to clarify the effects of Dex and to identify
the role of imidazoline receptor, which may facilitate the
understanding of the underlying mechanism of Dex.

In conclusion, it was found that HO-1 regulated ferroptosis
by regulating iron concentrations. Moreover, Dex exerted
cardioprotective effects via ferroptosis reduction, by reducing
iron concentration, the protein expression of HO-1 and inflam-
matory factors, as well as increasing the expression of GPX4.
To the best of our knowledge, the present study is the first to
focus on the association between Dex and ferroptosis in septic
heart injury, and these results may provide further insights into
the mechanism of the protective effects of Dex.
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