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Abstract
Myocardial ischemia/reperfusion (I/R) injury is a serious threat to the health of people around the world. Recent evidence has
indicated that high-mobility group box-1 (HMGB1) is involved in I/R-induced inflammation, and inflammation can cause
necroptosis of cells. Interestingly, dexmedetomidine (DEX) has anti-inflammatory properties. Therefore, we speculated that
DEX preconditioning may suppress H/R-induced necroptosis by inhibiting expression of HMGB1 in cardiomyocytes. We found
that hypoxia/reoxygenation (H/R) significantly increased cellular damage, as measured by cell viability (100 ± 3.26% vs. 53.33
± 3.29, p < 0.01), CK-MB (1 vs. 3.25 ± 0.26, p < 0.01), cTnI (1 vs. 2.69 ± 0.31, p < 0.01), inflammation as indicated by TNF-α (1
± 0.09 vs. 2.57 ± 0.12, p < 0.01), IL-1β (1 ± 0.33 vs. 3.87 ± 0.41, p < 0.01) and IL-6 (1 ± 0.36 vs. 3.60 ± 0.45, p < 0.01), and
necroptosis, which were accompanied by significantly increased protein levels of HMGB1. These changes [cellular damage as
measured by cell viability (53.33 ± 3.29% vs. 67.59 ± 2.69%, p < 0.01), CK-MB (3.25 ± 0.26 vs. 2.27 ± 0.22, p < 0.01), cTnI
(2.69 ± 0.31 vs. 1.90 ± 0.25, p < 0.01), inflammation as indicated by TNF-α (2.57 ± 0.12 vs. 1.75 ± 0.15, p < 0.01), IL-1β (3.87 ±
0.41 vs. 2.09 ± 0.36, p < 0.01) and IL-6 (3.60 ± 0.45 vs. 2.21 ± 0.39, p < 0.01), and necroptosis proteins] were inhibited by DEX
preconditioning. We also found that silencing expression of HMGB1 reinforced the protective effects of DEX preconditioning
and overexpression of HMGB1 counteracted the protective effects of DEX preconditioning. Thus, we concluded that DEX
preconditioning inhibits H/R-induced necroptosis by inhibiting expression of HMGB1 in cardiomyocytes.
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Introduction

Acute myocardial infarction (AMI) is the leading cause of
morbidity and mortality worldwide. Currently, the optimal

strategy for treating AMI is to restore blood perfusion, but
recovered blood flow often leads to accumulation of oxygen-
free radicals and inflammatory mediators, which results in +
ischemia/reperfusion (I/R) injury [1, 2]. During ischemia, loss
of blood flow deprives tissue of oxygen and essential
metabolites, and excessive inflammatory mediators generated
following restoration of blood flow cause further reperfusion
injury [3]. Therefore, suppression of inflammation is widely
accepted as a therapeutic strategy to mitigate I/R injury [3, 4].

High-mobility group box-1 (HMGB1) is an architectural
chromatin-binding factor involved in maintenance of the nu-
cleosome structure and regulation of gene transcription [5]. It
exhibits cytokine activity when released into the extracellular
space from immune and non-immune cells in response to
various stimuli [6]. Extracellular HMGB1 contributes to the
pathogenesis of numerous chronic inflammatory and autoim-
mune diseases, including trauma and ischemia. Emerging ev-
idence indicates that HMGB1 promotes I/R-induced inflam-
mation that can in turn exacerbate I/R injury [7, 8]. However,
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the mechanism by which HMGB1 regulates I/R injury is not
fully understood. In addition, some studies have revealed that
dasatinib-induced cardiotoxicity acts via inducing HMGB1-
mediated necroptosis in cardiomyocytes, indicating a viable
strategy to prevent dasatinib-induced cardiotoxicity. These
findings imply that HMGB1 mediates necroptosis. However,
the mechanisms and relationships between HMGB1 and
necroptosis in myocardial I/R injury are unclear.

Necrosis, which is considered to be a toxic process through
which a cell is a passive agent and independent of energy, is
often referred as necroptosis and regulated by receptor
interacting protein kinase 1 (RIPK1), RIPK3, and mixed lin-
eage kinase domain-like protein (MLKL) that have been rec-
ognized to play an important role in I/R injury and are con-
sidered to be candidate targets for therapeutic intervention [9].
Xu et al. revealed that dasatinib-induced cardiotoxicity in-
duces HMGB1-mediated necroptosis in cardiomyocytes
[10]. Furthermore, emerging evidence indicates that I/R-
induced inflammation is closely related to necroptosis, which
is a promising therapeutic target [11]. However, the regulation
of HMGB1 by drugs is currently unclear and whether
HMGB1-related inflammation can induce necroptosis re-
mains to be explored in myocardial I/R diseases.

Dexmedetomidine (DEX) is a selective α2 adrenergic re-
ceptor agonist that has sedative, analgesic, and anxiolytic
properties [12]. It has been confirmed that DEX precondition-
ing significantly inhibits I/R-induced inflammation in myo-
cardial cells, thereby enhancing myocardial protection [13].
These data indicate that DEX has anti-inflammatory proper-
ties in myocardial I/R diseases. Furthermore, some studies
have confirmed that DEX treatment significantly inhibits the
expression of HMGB1 [14, 15]. However, the relationships
between DEX, HMGB1, and I/R-induced necroptosis remain
largely unclear in myocardial I/R injury. Therefore, we spec-
ulated that DEX preconditioning may suppress H/R-induced
necroptosis by inhibiting expression of HMGB1 in
cardiomyocytes.

Methods and Materials

Reagents and Antibodies

Reagents used in experiments were as follows: Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), penicillin, streptomycin, trypsin-EDTA (GIBCO
Laboratories, Grand Island, New York, USA), and DEX
(Sigma, St. Louis, MO, USA). Antibodies used in experi-
ments were as follows: anti-β-actin (sc-47778; Santa Cruz
Biotechnology, USA), anti-HMGB1 antibody (50599-2-Ig,
Proteintech, China), anti-RIPK1 antibody (17519-1-AP,
Proteintech), anti-RIPK3 (17563-1-AP, Proteintech), and
anti-MLKL (21066-1-AP, Proteintech). Assay kits used in

experiments were as follows: cell counting kit-8 (CCK-8)
(CK04; Shanghai Tongren, China), rat creatine kinase-MB
(CK-MB) ELISA kit (CSB-E14403r, cusabio, China), rat car-
diac troponin I (cTnI) ELISA kit (CSB-E08594r, cusabio), rat
TNF-α ELISA kit (CSB-E11987r, cusabio), rat IL-6 ELISA
kit (CSB-E04640r, cusabio), and rat IL-1β ELISA kit (CSB-
E08055r, cusabio).

Cell Culture

H9C2 embryonic rat heart-derived (ventricular) cells
(myoblasts) from the ATCC, at passages 5–10, were used in
this study. H9C2 cells were cultured in DMEM supplemented
with 10% FBS, 100 U/mL penicillin, and 100 mg/mL strep-
tomycin at 37 °C with 5% CO2.

Cell Hypoxia/Reoxygenation (H/R) Model

A hypoxic environment was induced in a humidified and
closed plastic vessel. The cells were placed into the hypoxic
vessel filled with a mixture of 95% N2 and 5% CO2 for 5 min
and subjected to hypoxia for 6 h at 37 °C and then
reoxygenated for 4 h by culture in a cell incubator. As shown
in Fig. 1, the cells were assigned to the following groups:
normal control (C) group that did not undergo H/R and were
always cultured in normal medium with 10% FBS and H/R
group and 1 μM dexmedetomidine preconditioning (H/R +
DEX) group that was cultured in glucose- and serum-free
medium during hypoxia, which was replaced with fresh
DMEM with 10% FBS and reoxygenated for 4 h at 37 °C.

HMGB1 Knockdown by siRNA

Cells were seeded at 8 h before virus infection. The original
mediumwas then replaced with 2 ml fresh medium containing
6 μg/ml polybrene, and an appropriate amount of lentiviral
suspension was added, followed by incubation at 37 °C for
24 h. The lentivirus-containing medium was then replaced
with fresh medium. The effect of lentiviral infection was ini-
tially observed under a fluorescence microscope and verified
by western blotting.

Cell Viability Measured by CCK-8 and Cell Damage
Measured by LDH Assays

The reagents in the CCK assay are activated by dehydroge-
nase in the mitochondria and then produce a highly water
soluble, orange methyl product in the presence of an electron
coupling agent. The OD value was measured at a wavelength
of 450mM, which indirectly reflected the viability of the cells.
Briefly, reagents and samples were prepared according to the
manufacturers’ instructions of the assay kits, and we followed
the methods of Deng et al. [16].
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Assessment of CK-MB, cTnI, TNF-α, IL-1β, and IL-6

Releases of TNF-α, IL-1β, and IL-6, markers of inflammation,
increase significantly during I/R injury. CK-MB, cTnI, TNF-α,

IL-1β, and IL-6were detected in culture supernatants by enzyme-
linked immunosorbent assays. Briefly, reagents, samples, and
standards were prepared according to the manufacturers’ instruc-
tions, and we followed the methods of Deng et al. [17].

Fig. 1 Ischemia-reperfusion (I/R) cell models and cellular hypoxia-
reoxygenation (H/R) schematics. H9C2 cells were exposed to H/R with
or without DEX preconditioning. The hypoxic environment was a moist
closed plastic vessel aerated with a 95% N2 and 5% CO2 mixture for

5 min before sealed. Cultures were divided into three groups: an
untreated control group (C), an H/R untreated group (H/R), and DEX
pretreatment group (H/R + DEX)

Fig. 2 DEX preconditioning
significantly improved H/R-
induced cell injury and
inflammation. a Cell viability
measured by CCK-8. b The
release of CK-MB. c The release
of cTnI. d The release of TNF-α.
e The release of IL-1β. f The
release of IL-6. Mean ± SD are
from five different experiments.
Single asterisk refers to p < 0.05
and double asterisks refer to
p < 0.01
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Western Blotting of RIPK1, RIPK3, MLKL, and HMGB1

At the end of reoxygenation, cells were harvested and centri-
fuged at 850×g for 5 min at 4 °C. After removing the super-
natant, a protease inhibitor was added, and the cells were lysed
on ice for 30 min. After centrifugation at 12000×g for 10 min
at 4 °C, the supernatant was mixed with an equal volume of
loading buffer and heated at 100 °C for 10 min. The protein
sample was subjected to electrophoresis, membrane trans-
ferred, blocked, exposure to primary and secondary antibod-
ies, and finally analyzed quantitatively. We followed the
methods of Muller et al. [18].

Data Analysis and Statistics

All data are presented as the mean ± SD. All statistics were
analyzed using SPSS 13.0 software (SPSS, Chicago, IL,
USA). Group mean differences were compared by one-way
ANOVA with Bonferroni’s correction for pairwise compari-
sons. Correlations between variables were assessed by
Spearman’s coefficient. Differences of p < 0.05 were consid-
ered as statistically significant.

Results

DEX Preconditioning Significantly Improves
H/R-Induced Cell Injury and Inflammation

We conducted experiments to determine whether H/R caused
cell damage and inflammation. As shown in Fig. 2, H/R signif-
icantly increased the levels of CK-MB (p < 0.01) (Fig. 2b) and
cTnI (p < 0.01) (Fig. 2c), and releases of TNF-α (p < 0.01) (Fig.
2d), IL-1β (p < 0.01) (Fig. 2e), and IL-6 (p < 0.01) (Fig. 2f), but
significantly decreased cell viability (Fig. 2a) (p < 0.01). The
H/R-induced cell injury and inflammation were drastically
attenuated by 1 μM DEX preconditioning (p < 0.01).

DEX Preconditioning Significantly Improves
H/R-Induced Necroptosis

Many studies have confirmed that I/R-induced inflammation
is involved in necroptosis. However, the effect of DEX pre-
conditioning on necroptosis is unclear. As shown in Fig. 3,
H/R significantly increased the protein levels of RIPK1
(p < 0.01) (Fig. 3b), RIPK3 (p < 0.01) (Fig. 3c), MLKL

Fig. 3 DEX preconditioning
significantly improved H/R-
induced necroptosis. a
Representative images of protein
expression. b RIPK1 protein
expression. c RIPK3 protein
expression. d MIKL protein
expression. e HMGB1 protein
expression. Mean ± SD are from
five different experiments. Single
asterisk refers to p < 0.05 and
double asterisks refer to p < 0.01
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(p < 0.01) (Fig. 3d), and HMGB1 (p < 0.01) (Fig. 3e), and the
above indicators were significantly ameliorated by 1μMDEX
preconditioning.

Silencing Expression of HMGB1 Reinforces
the Protective Effects of DEX Preconditioning
Against H/R-Induced Cellular Damage
and Inflammation

Previous evidence suggests that HMGB1 protein is involved in
H/R-induced cellular damage and inflammation, but how they
are affected by DEX is unknown. To examine the role of
HMGB1 in improving I/R injury by DEX preconditioning, we
performed lentiviral infection to silenceHMGB1 expression and
then observed H/R-induced cellular damage and inflammation.
As shown in Fig. 4, compared with the H/R group, HMGB1

siRNA or/and DEX preconditioning significantly decreased the
levels of CK-MB (p < 0.01) (Fig. 4b) and cTnI (p < 0.01) (Fig.
4c), and releases of TNF-α (p < 0.01) (Fig. 4d), IL-1β (p < 0.01)
(Fig. 4e), and IL-6 (p < 0.01) (Fig. 4f) but significantly increased
cell viability (p < 0.01) (Fig. 4a). Compared with HMGB1
siRNA treatment alone or DEX preconditioning alone under
H/R, combined treatment of HMGB1 siRNA and DEX precon-
ditioning had better protective effects against H/R-induced cel-
lular damage and inflammation (p < 0.01).

Silencing Expression of HMGB1 Reinforces
the Protective Effects of DEX Preconditioning
Against H/R-Induced Necroptosis

We performed lentiviral infection to silence HMGB1 ex-
pression and then observed the relationship between

Fig. 4 Interfering expression of
HMGB1 reinforces the protective
effects of DEX preconditioning
against H/R-induced cellular
damage and inflammation. a Cell
viability measured by CCK-8. b
The release of CK-MB. c The
release of cTnI. d The release of
TNF-α. e The release of IL-1β. f
The release of IL-6. Mean ± SD
are from five different
experiments. Single asterisk
refers to p < 0.05 and double
asterisks refer to p < 0.01
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HMGB1 protein expression and the protective effects of
DEX preconditioning against H/R-induced necroptosis.
As shown in Fig. 5, H/R significantly increased the pro-
tein levels of RIPK1 (p < 0.01) (Fig. 5b), RIPK3
(p < 0.01) (Fig. 5c), MLKL (p < 0.01) (Fig. 5d), and
HMGB1 (p < 0.01) (Fig. 5e). The trends of the above
indicators were effectively reversed by DEX precondi-
tioning or HMGB1 siRNA treatment. Compared with the
H/R + DEX group, the protein levels of RIPK1 (p < 0.01)
(Fig. 5b), RIPK3 (p < 0.01) (Fig. 5c), MLKL (p < 0.01)
(Fig. 5d), and HMGB1 (p < 0.01) (Fig. 5e) in the H/R +
DEX + siRNA group were decreased significantly.
Therefore, DEX preconditioning effectively ameliorated
H/R-induced necroptosis that was effectively enhanced
by HMGB1 siRNA.

Overexpression of HMGB1 Counteracts the Protective
Effects of DEX Preconditioning against H/R-Induced
Cellular Damage and Inflammation

To confirm the role of HMGB1 in the effects of DEX precon-
ditioning against H/R-induced cellular damage and inflamma-
tion, we overexpressed HMGB1 to observe its effects. As
shown in Fig. 6, H/R-induced cellular damage and inflamma-
tion were significantly increased by overexpression of HMGB1
but decreased by DEX preconditioning. In addition, compared
with the H/R + DEX + OE group, CK-MB (p < 0.01) (Fig. 6b),
cTnI (p < 0.01) (Fig. 6c), and releases of TNF-α (p < 0.01) (Fig.
6d), IL-1β (p < 0.01) (Fig. 6e), and IL-6 (p < 0.01) (Fig. 6f)
were decreased significantly, but cell viability was increased
significantly (p < 0.01) (Fig. 6a) in H/R + DEX group.

Fig. 5 Interfering expression of
HMGB1 reinforces the protective
effects of DEX preconditioning
against H/R-induced necroptosis.
a Representative images of
protein expression. b RIPK1
protein expression. c RIPK3
protein expression. d MIKL
protein expression. e HMGB1
protein expression. Mean ± SD
are from five different
experiments. Single asterisk
refers to p < 0.05 and double
asterisks refer to p < 0.01

50 Cardiovasc Drugs Ther (2019) 33:45–54



Overexpression of HMGB1 Counteracts the Protective
Effects of DEX Preconditioning Against H/R-Induced
Necroptosis

As shown in Fig. 7, compared with the H/R + DEX + OE
group, the protein levels of RIPK1, RIPK3, and MLKL in the
H/R + DEX group were significantly decreased, which were
accompanied by a significant increase in the protein level of
HMGB1. Therefore, overexpression of HMGB1 counteracted
the protective effects of DEX preconditioning against H/R-
induced necroptosis.

Discussion

The findings of the current study showed that DEX precondi-
tioning protected cardiomyocytes against H/R injury by

inhibiting inflammation-mediated necroptosis through down-
regulation of HMGB1. During either H/R or DEX precondi-
tioning, the expression of HMGB1 was correlated with
necroptosis proteins. Therefore, we established a relationship
between HMGB1 and necroptosis in myocardial H/R and
confirmed associations between DEX preconditioning and
necroptosis in myocardial H/R injury.

Some recent studies have shown the effects of HMGB1 in
I/R injury [19, 20]. For example, Tong et al. revealed that
short-term pretreatment with celastrol protects against myo-
cardial I/R injury by suppressing myocardial apoptosis, the
inflammatory response, and oxidative stress via PI3K/Akt
pathway activat ion and HMGB1 inhibit ion [21].
Furthermore, Zhang et al. confirmed that DEX precondition-
ing reduces myocardial I/R injury in part by attenuating in-
flammation, which may be attributed to downregulation of the
HMGB1-TLR4-MyD88-NF-κB signaling pathway by α2-

Fig. 6 Overexpression of
HMGB1 countermands the
protective effects of DEX
preconditioning against H/R-
induced cellular damage and
inflammation. a Cell viability
measured by CCK-8. b The
release of CK-MB. c The release
of cTnI. d The release of TNF-α.
e The release of IL-1β. f The
release of IL-6. Mean ± SD are
from five different experiments.
Single asterisk refers to p < 0.05
and double asterisks refer to
p < 0.01

Cardiovasc Drugs Ther (2019) 33:45–54 51



adrenergic receptor activation [22]. These studies suggest that
HMGB1 may be involved in I/R-induced inflammation and
that DEX may have the ability to regulate HMGB1 expres-
sion, which was conformed in our study. We confirmed a
relationship between HMGB1 and necroptosis in myocardial
H/R and the association between DEX preconditioning and
necroptosis in myocardial H/R injury. Recently, it has been
found that DEX, which is a potent α2-adrenergic receptor
agonist, has eightfold higher affinity than clonidine and sig-
nificantly decreases the inflammation of cardiomyocytes
while exerting a sedative effect for clinical anesthesia. In gen-
eral, inflammation is beneficial and the automatic defense re-
sponse, but excessive release of inflammatory factors during
reperfusion is often considered to aggravate cardiomyocyte
ischemic injury. HMGB1 is closely related to inflammation
in myocardial I/R injury. In addition, HMGB1-induced
necroptosis is a major form of myocardial cell injury.

Therefore, DEX improves myocardial cell inflammation and
necroptosis by inhibiting the expression of HMGB1, indicat-
ing multiple forms of cell death in myocardial I/R injury.
Although, how these different forms of cell death are linked
together and how they are regulated in myocardial I/R injury
require further research.

However, we also found that some studies are worth us to
learn and think and to further improve. Sun et al. confirmed
that DEX protects against I/R-induced cardiac functional and
histological changes, inflammation, and oxidative stress by
activating the AMPK/PI3K/Akt/eNOS pathway [23]. In addi-
tion, Chen et al. found that NOD−, LRR−, and CARD− con-
taining 5 (NLRC5)−/− mice show significantly stronger histo-
logical damage, inflammatory responses, oxidative stress, and
apoptosis after I/R compared with WT mice [24]. Deng et al.
confirmed that propofol counteracts cardiomyocyte H/R inju-
ry by attenuating mitochondrial damage and improving

Fig. 7 Overexpression of
HMGB1 countermands the
protective effects of DEX
preconditioning against H/R-
induced necroptosis. a
Representative images of protein
expression. b RIPK1 protein
expression. c RIPK3 protein
expression. d MIKL protein
expression. e HMGB1 protein
expression. Mean ± SD are from
five different experiments. Single
asterisk refers to p < 0.05 and
double asterisks refer to p < 0.01
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mitochondrial biogenesis through upregulating Cav-3 during
hyperglycemia [17]. Although we observed different forms of
cell death, whether DEX can also improve I/R injury in dia-
betic patients through HMGB1 is an interesting research di-
rection, as they have a high probability of developing I/R
disease that is closely related to inflammation. We can also
compare the difference between DEX and propofol in I/R
injury. In addition, there are many emerging forms of cell
death such as autophagy [25], ferroptosis [18], and pyroptosis
[26]. In particular, pyroptosis is closely related to
inflammasomes. However, our study only explored the
relationship between inflammation and necroptosis and did
not include other emerging forms of cell death. Thus, there
are some limitations in our study. We only examined how
DEX preconditioning improved I/R-induced inflammation,
but the association between oxidative stress and DEX
preconditioning also needs exploration. In addition, we did
not study the signaling pathway in I/R-induced inflammation
and necroptosis ameliorated by DEX preconditioning. Our
experimental results also require validation in vivo in animal
experiments, which will be performed in a subsequent study.
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