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Abstract: Hypovolemic shock is a circulatory failure, due to a loss in the effective circulating blood vol-
ume, that causes tissue hypoperfusion and hypoxia. This condition stimulates reactive oxygen species
(ROS) and pro-inflammatory cytokine production in different organs and also in the central nervous
system (CNS). Levosimendan, a cardioprotective inodilator, and dobutamine, a β1-adrenergic agonist,
are commonly used for the treatment of hypovolemic shock, thanks to their anti-inflammatory and
antioxidant effects. For this reason, we aimed at investigating levosimendan and dobutamine’s neu-
roprotective effects in an “in vitro” model of lipopolysaccharide (LPS)-induced neuroinflammation.
Human microglial cells (HMC3) were challenged with LPS (0.1 µg/mL) to induce an inflammatory
phenotype and then treated with levosimendan (10 µM) or dobutamine (50 µM) for 24 h. Levosi-
mendan and dobutamine significantly reduced the ROS levels and markedly increased Nrf2 and
HO-1 protein expression in LPS-challenged cells. Levosimendan and dobutamine also decreased
p-NF-κB expression and turned off the NLRP3 inflammasome together with its downstream signals,
caspase-1 and IL-1β. Moreover, a reduction in TNF-α and IL-6 expression and an increase in IL-10
levels in LPS-stimulated HMC3 cells was observed following treatment. In conclusion, levosimendan
and dobutamine attenuated LPS-induced neuroinflammation through NF-κB pathway inhibition
and NLRP3 inflammasome activation via Nrf2/HO-1 signalling, suggesting that these drugs could
represent a promising therapeutic approach for the treatment of neuroinflammation consequent to
hypovolemic shock.

Keywords: dobutamine; hypovolemic shock; levosimendan; NFκB; neuroinflammation; NLRP3;
Nrf2/HO-1; ROS; Nrf2/HO-1; NFκB

1. Introduction

Shock is defined as a decreased systemic perfusion and inadequate blood supply
to peripheral tissues, resulting in the imbalance between required and provided oxygen
during metabolic processes. Basing on its aetiology, shock can be classified as cardiogenic,
restrictive (or distributive), and hypovolemic; in particular, cardiogenic shock is due to pri-
mary cardiac dysfunction and insufficient cardiac output (CO) [1]. An increased arteriolar
vasodilatation with a reduction in systemic vascular resistance (SVR) is one of the features
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of restrictive or distributive shock, which leads to hypotension and inadequate periph-
eral perfusion, with or without concomitant decreased CO [2]. Anaphylaxis, neurogenic
shock, and septic shock are the most common causes of distributive shock [3]; hypovolemic
shock is associated with an important loss of intravascular volume with a reduction in
preload, stroke volume (SV), and CO. Different clinical conditions result in hypovolemic
shock, including massive haemorrhage, sustained fluid loss without replacement during
diarrhoea, vomiting, or heat stroke, and fluid moving from vascular to non-vascular body
compartments due to intestinal obstruction, cirrhosis, or burn injuries [3].

The shock incidence is 0.3–0.7/1000 people per year and haemorrhagic shock repre-
sents one of the most common causes of admission to Intensive Care Units, while hypov-
olemic shock mostly occurs in children due to diarrheal illness, especially in developing
countries [4].

During shock, hypoperfusion causes cellular stress with an increase in reactive oxygen
species (ROS) production, with consequent inflammation that compromises the function of
vital organs like the heart, liver, kidneys and brain. A prolonged hypoperfusion in the cen-
tral nervous system (CNS) leads to the lack of essential components of cerebral metabolism,
such as oxygen and glucose, decreased ATP production, variations of Ca2+ homeostasis,
augmented lactate production with an alteration in pH, and inflammation [5]. Moreover,
the alteration of the blood–brain barrier (BBB) consequent to cerebral hypoperfusion may
induce neurotoxin and pro-inflammatory cytokine crossing in the nervous tissues, thus
causing direct damage to the neuronal cells [6].

Together with ROS, also other molecules could be released by damaged cells during
shock, such as so-called damage-associated molecular patterns (DAMPs), including heat
shock proteins, uric acid, and fragments of the extracellular matrix. DAMPs bind to
pattern recognition receptors (PRRs) and trigger the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB), signalling and, consequently, activating the Nod-like
receptor protein 3 (NLRP3) inflammasome [7]. NLRP3 activation leads to the enzymatic
cleavage of pro-caspase 1 into caspase-1, and this enzyme, in turn, activates the pro-
inflammatory cytokines interleukin (IL)-1β and IL-18 [8]. Furthermore, NF-κB activates
other pro-inflammatory mediators, such as IL-6 and Tumor Necrosis Factor alpha (TNF-α),
amplifying the inflammatory response [9].

Therefore, the primary goal of managing any shock condition is based on the restora-
tion of vital organs’ perfusion, which can be achieved via resuscitative agents able to
replenish intravascular volume, like crystalloid or colloid fluids and vasopressor drugs. In
particular, vasopressor drugs include endogenous catecholamines, such as epinephrine,
norepinephrine, and dopamine, and exogenous catecholamines like isoproterenol, phenyle-
phrine, milrinone, and dobutamine. Among these, dobutamine, a β1 and α1 receptor
agonist, has been used as a first-line inotropic agent to enhance cardiac contractility [10,11].
Dobutamine exerts its beneficial effects through CO and arterial blood pressure increase,
thus raising the cerebral blood flow in ischemic brain tissue in patients after hemorrhagic or
septic shock even if it does not cross the BBB [12]. Moreover, an in vitro study reported that
the antioxidant effects of dobutamine increase heme-oxygenase-1(HO-1) production and
the nuclear translocation of nuclear factor erythroid 2-related factor 2 (Nrf2) [13], which
have a fundamental role in maintaining redox homeostasis and balance [14]. In addition
to inotropic agents, calcium sensitizers have also been used for shock treatment. In this
regard, levosimendan acts by increasing the calcium sensitivity of troponin C in cardiomy-
ocytes, thus increasing heart contractility; in addition, this drug is able to cross the BBB
with positive effects in the CNS in terms of arterial vasodilation and neuroprotection [15].
In particular, previous papers showed that levosimendan can inhibit phosphodiesterase
III (PDE III), preventing cAMP degradation [16] and inducing vasodilation by opening
ATP-dependent potassium channels as well as large conductance calcium-activated potas-
sium channels [17,18]. In addition to these inotropic effects, levosimendan might exert
anti-inflammatory activity by inhibiting ROS release in polymorphonuclear leukocytes [19]
and reducing IL-6 and IL-8 expression in endothelial cells [20–22]; moreover, levosimendan
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is able to inhibit NF-κB activation and reduce TNF-α levels [22,23]. Although previous
studies demonstrated that levosimendan and dobutamine have benefits in cardiovascular
diseases, the antioxidant and anti-inflammatory effects of these drugs in the CNS have
not been deeply explored. Therefore, the aim of this study was to investigate the neuro-
protective effects of levosimendan and dobutamine, two drugs commonly used in clinical
practice to treat shock, in an “in vitro” model of LPS-induced neuroinflammation.

2. Materials and Methods
2.1. Cell Culture

Human Microglial cells (HMC3) were purchased from ATCC (ATCC, Manassas, VA,
USA). The HMC3 cells were cultured in Eagle’s Minimum Essential Medium (EMEM),
(Sigma-Aldrich, Milan, Italy), supplemented with 1% antibiotic (penicillin/streptomycin),
(Sigma-Aldrich, Milan, Italy) and 10% fetal bovine serum (FBS), (ATCC, Manassas, VA,
USA) and then incubated at 37 ◦C with 5% CO2. The culture’s medium was replaced every
2 days and the cells were then re-plated.

2.2. Cell Treatments

The HMC3 cells were seeded in six-well culture plates at a density of 1.5 × 106 cells/well
and incubated at 37 ◦C with 5% CO2 overnight. The day after, cells were challenged
with LPS (Escherichia coli serotype 055:B5; Sigma-Aldrich, Milan, Italy) at the dose of
0.1 µg/mL alone or with levosimendan 10 µM (Orion Pharma, Milan, Italy) or dobutamine
50 µM (Hikma Pharmaceuticals, London, UK), for 24 h. Levosimendan and dobutamine
concentrations were titrated on the basis of their effects on IL-1β expression (Supplemental
Figure S1) while the induction of the neuro-inflammatory model was in accordance with
previous published papers [24,25].

2.3. MTT Assay

Cell viability was evaluated by an MTT assay. The HMC3 cells were plated in 96-well
plates at a density of 1 × 105 cells/well; the day after, cells were incubated with LPS, LPS +
levosimendan, or LPS + dobutamine for 24 h. Five hours before the end of the treatment
period, 20 µL of tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (Alfa Aesar, Heysham, UK), dissolved in sterile phosphate buffered saline (PBS),
was added into each well. After 24 h of treatment, 200 µL/well of dimethyl sulfoxide
(DMSO) (Sigma Aldrich, Milan, Italy) was added to dissolve the insoluble formazan
crystals. Cell viability was measured by using a VICTOR Multilabel Plate Reader (Perkin
Elmer; Waltham, MA, USA) at λ 540 and 620 nm. Results were expressed as the percentage
of cell viability compared to untreated cells [26].

2.4. Intracellular ROS Production

Intracellular ROS production was evaluated by using a 5-(and-6)-chloromethyl-
2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) probe (Thermo Fisher,
Milan, Italy) in HMC3 cells challenged with LPS alone or with levosimendan or dobutamine
for 24 h. At the end of the treatment, cells were incubated with a CM-H2DCFDA probe
(5 µM) for 1 h at 37 ◦C with 5% CO2 and then washed with sterile PBS 2–3 times. After wash-
ing, cells were observed with a fluorescent microscope [27]. Fluorescence quantification
was performed by using ImageJ software for Windows (Softonic, Barcelona, Spain).

2.5. Immunofluorescence

The HMC3 cells were seeded in 8-well chamber slides at a density of 2.5 × 104 cells/well
and challenged with LPS alone or with levosimendan or dobutamine for 24 h. Cells were
then fixed with 4% paraformaldehyde (PFA) in 0.2 M phosphate buffer (pH 7.4) for 10 min at
37 ◦C with 5% CO2; after three washes with sterile PBS, the HMC3 cells were pre-incubated
with 0.3% triton X-100 for 10 min at RT in order to permeabilize the membranes and with
1% bovine serum albumin (BSA) for 1 h at RT in order to block nonspecific binding sites.
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Later, the cells were incubated with primary antibodies for Nrf-2, p-NF-κB, and HO-1 (Cell
Signaling, Danvers, MA, USA) overnight at 4 ◦C. The day after, cells were washed three
times with PBS and incubated with a FITC-conjugated IgG anti-rabbit antibody (GeneTex,
Irvine, CA, USA) diluted in 500 µL of 0.1% BSA for 1 h at RT protected from light. Nuclei
were stained with DAPI (Thermo Fisher, Milan, Italy) 1:1000 diluted in PBS for 10 min at
RT. Finally, cells were washed three times with PBS and the coverslips were mounted on
slides. Immunofluorescence reactions were observed and images were acquired with a
fluorescent microscope (Olympus, Milan, Italy); figure montages were prepared by using
Adobe Photoshop 7.0 (Adobe System, Palo Alto, CA, USA) [28]. Fluorescence quantification
was performed by using ImageJ software for Windows (Softonic, Barcelona, Spain).

2.6. Real-Time Quantitative PCR (RTqPCR)

Total RNA was isolated from the HMC3 cells with a Trizol LS Reagent Kit (Life
Technologies, Milan, Italy) and then quantified with a NanoDrop Lite spectrophotometer
(Thermo Fisher, Milan, Italy). A total of 1 µg of total RNA was reverse-transcribed in a
final volume of 20 µL by using the Superscript IV RT Master Mix (Invitrogen, Carlsbad,
CA, USA). A total of 1 µL of cDNA was added to the BrightGreen qPCR Master Mix (ABM,
Richmond, BC, Canada) together with specific primers at the concentration of 10 µM in a
total volume of 20 µL/well to evaluate IL-1β, IL-6, Il-10, NLRP3, Caspase-1, and TNF-α
mRNA expression. A qPCR reaction was monitored by using the QuantStudio 6 Flex
Real-Time PCR System (Thermo Fisher, Milan, Italy); GAPDH was used as housekeeping
gene and the amplified PCR products were quantified by measuring the cycle thresholds
(CT) of the target genes and GAPDH. After normalization, the mean value of the control
group was chosen as the calibrator and the results were expressed according to the 2−∆∆Ct

method, as a fold change relative to the calibrator [29–32]. Primers used for targets and
reference genes are listed in Table 1.

Table 1. Primer list.

Gene Sequence

GAPDH Fw:5′TTTTGCGTCGCCAGCC3′

Rw:5′ATGGAATTTGCCATGGGTGGA3′

IL1-β Fw:5′AACCTCTTCGAGGCACAAGG3′

Rw:5′AGATTCGTAGCTGGATGCCG3′

TNF-α Fw:5′GACAAGCCTGTAGCCCATGT3′

Rw:5′GGAGGTTGACCTTGGTCTGG3′

IL-6 Fw:5′CCTTCGGTCCAGTTGCCTTCT3′

Rw:5′TCTGAGGTGCCCATGCTACA3′

IL-10 Fw:5′ACACATCAGGGGCTTGCTC3′

Rw:5′GTGGTCAGGCTTGGAATGGA3′

NLRP3 Fw:5′GCTGGCATCTGGATGAGGAA3′

Rw:5‘GTGTGTCCTGAGCCATGGAA3′

Caspase-1 Fw:5′GAAAAGCCATGGCCGACAAG3′

Rw:5′GCTGTCAGAGGTCTTGTGCT3′

2.7. Western Blot

The HMC3 cells were scraped by using cold RIPA buffer plus proteinase inhibitors
and then centrifuged at 15,000 rpm for 15 min at 4 ◦C. The total protein content was mea-
sured in the supernatant with the Bio-Rad protein assay kit (BioRad, Hercules, CA, USA).
Proteins (30 µg) were electrophoretically separated on a 10% sodium dodecyl sulphate
(SDS) polyacrylamide gel and transferred onto PVDF membranes (BioRad, Hercules, CA,
USA) by using a specific Transfer Buffer at 100 V for 1 h. The obtained membranes were
blocked with 5% non-fat dry milk for 1 h, washed 3 times in TBS/0.1% Tween buffer, and
then incubated with specific primary antibodies for NLRP3 and Caspase-1 (Cell Signaling,
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Danvers, MA, USA) diluted in TBS/0.1% Tween buffer overnight at 4 ◦C. The day after, the
membranes were washed three times with TBS-0.1% Tween buffer and incubated with a
secondary peroxidase-conjugated goat anti-rabbit antibody (KPL, Gaithersburg, MD, USA)
for 1 h at RT. Following rinsing with TBS-0.15% Tween buffer, membranes were incubated
1–2 min with the enhanced chemiluminescence system (LumiGlo reserve; Seracare, Milford,
MA, USA). Images were obtained and quantified by scanning densitometry by using a
bio-image analysis system (C-DiGit, Li-cor, Lincoln, NE, USA). Data were expressed as
integrated intensity and β-actin (Cell Signaling, Danvers, MA, USA) was the control for
equal loading samples [33,34].

2.8. Measurements of Cytokines by Enzyme-Linked Immunosorbent Assay (ELISA)

IL-1β, IL-6, IL-10, and TNF-α protein levels were evaluated in cell supernatants by
using an Enzyme-Linked Immunosorbent Assay (ELISA) kits (Abcam, Cambridge, UK), in
agreement with the instructions reported by the manufacturer. All samples were assessed
in duplicate and the results were interpolated with the standard curves [35].

2.9. Statistical Analysis

All the results were expressed as mean ± standard deviation (SD) and the reported
values were the results of at least three experiments. All assays were performed in duplicate
to ensure reproducibility. The differences between the groups were evaluated with a one-
way ANOVA and Tukey’s post-test. A p-value less than 0.05 was considered significant
and graphs were prepared by using GraphPad Prism (Version 8.0 for macOS, San Diego,
CA, USA).

3. Results
3.1. Levosimendan and Dobutamine Do Not Affect Cell Viability

Cell viability was assessed after HMC3 cell incubation with LPS alone or with levosi-
mendan or dobutamine in order to evaluate whether the selected concentrations could have
cytotoxic effects. Control cells (unstimulated and untreated) exhibited one hundred percent
viability following 24 h. Neither LPS challenge nor the co-incubation with levosimendan or
dobutamine affected HMC3 cell viability, thus demonstrating that the used concentrations
were appropriate (Figure 1).

Biomedicines 2024, 12, x FOR PEER REVIEW 6 of 16 
 

 
Figure 1. The graph shows the cytotoxicity assay at 24 h in HMC3 cells. The data are expressed as 
means ± SD of three experiments. 

3.2. Levosimendan and Dobutamine Reduce Oxidative Stress 
Intracellular ROS production was evaluated to explore levosimendan and 

dobutamine antioxidant effects in this model of neuroinflammation. LPS challenge 
markedly stimulated intracellular ROS release compared to the control cells (Figure 2B). 
Instead, intracellular ROS production was significantly reduced in HMC3 cells stimulated 
with LPS and co-incubated with levosimendan or dobutamine compared to the untreated 
cells (Figure 2C–E), thus indicating that the use of these drugs might be useful in reducing 
ROS accumulation during neuroinflammation. To better evaluate the possible antioxidant 
effects of levosimendan and dobutamine, Nrf2 and HO-1 protein levels, which finely 
modulate the antioxidant response, were analysed in HMC3 cells. A marked reduction in 
Nrf2 and HO-1 protein expression was observed in the HMC3 cells stimulated with LPS 
compared to the controls (Figures 3B and 4B) as a result of the oxidative stress induction 
triggered by LPS; on the other hand, LPS-challenged cells co-incubated with 
levosimendan or dobutamine showed a marked increase in Nrf2 and HO-1 protein 
expression compared to LPS-stimulated cells as demonstrated by the increase in the 
fluorescence signal showed in Figure 3C,D; Figure 4C,D; Figure 5A,B. 

Ctrl LPS

LPS +  le
vosim

en
dan

LPS +  dobutam
ine

0

50

100

150

MTT

%
 ce

ll 
vi

ab
ili

ty

Figure 1. The graph shows the cytotoxicity assay at 24 h in HMC3 cells. The data are expressed as
means ± SD of three experiments.
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3.2. Levosimendan and Dobutamine Reduce Oxidative Stress

Intracellular ROS production was evaluated to explore levosimendan and dobutamine
antioxidant effects in this model of neuroinflammation. LPS challenge markedly stimulated
intracellular ROS release compared to the control cells (Figure 2B). Instead, intracellular
ROS production was significantly reduced in HMC3 cells stimulated with LPS and co-
incubated with levosimendan or dobutamine compared to the untreated cells (Figure 2C–E),
thus indicating that the use of these drugs might be useful in reducing ROS accumula-
tion during neuroinflammation. To better evaluate the possible antioxidant effects of
levosimendan and dobutamine, Nrf2 and HO-1 protein levels, which finely modulate the
antioxidant response, were analysed in HMC3 cells. A marked reduction in Nrf2 and
HO-1 protein expression was observed in the HMC3 cells stimulated with LPS compared
to the controls (Figures 3B and 4B) as a result of the oxidative stress induction triggered by
LPS; on the other hand, LPS-challenged cells co-incubated with levosimendan or dobu-
tamine showed a marked increase in Nrf2 and HO-1 protein expression compared to
LPS-stimulated cells as demonstrated by the increase in the fluorescence signal showed in
Figures 3C,D, 4C,D and 5A,B.
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Figure 2. The panel shows intracellular ROS accumulation evaluated by a CM-H2DCFDA fluorescent
probe in HMC3 cells from Ctrl (A), LPS (B), LPS + levosimendan (C), and LPS + dobutamine
(D) groups. Panel (E) shows the number of fluorescent cells. All images were captured at 10×
magnification. The data are expressed as mean ± SD. * p < 0.05 vs. Ctrl; # p < 0.05 vs. LPS.
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Figure 3. The panel shows immunofluorescence reactions using an anti-Nrf-2 antibody (green
fluorescence) in HMC3 cells from Ctrl (A), LPS (B), LPS + levosimendan (C) and LPS + dobutamine
(D) groups. All images were captured at 10× magnification. GFP: green fluorescent protein; DAPI:
4′,6-diamidino-2-phenylindole.
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3.3. Levosimendan and Dobutamine Reduced Neuroinflammation

The gene expression of the transcription factor NF-κB, of the pro-inflammatory media-
tors TNF-α and IL-6, and the anti-inflammatory cytokine IL-10 were investigated to study
levosimendan and dobutamine anti-inflammatory effects in this model of neuroinflamma-
tion. The LPS stimulus induced a significant upregulation in p-NF-κB protein expression
compared to the control cells (Figure 6B). Both levosimendan and dobutamine treatment
significantly reduced p-NF-κB protein expression compared to the LPS-challenged cells
(Figures 6C,D and 7). The LPS stimulus and the consequent NF-κB activation also caused
a significant increase in TNF-α and IL-6 gene expression as well as a marked decrease
in IL-10 mRNA expression compared to the control group (Figure 8A–C). The treatment
with levosimendan and dobutamine significantly reduced TNF-α and IL-6 gene expres-
sion, and upregulated IL-10 mRNA expression compared to the LPS group (Figure 8A–C).
Furthermore, to confirm the anti-inflammatory effects of levosimendan and dobutamine,
the mature protein levels were evaluated in the supernatants of the HMC3 cells. LPS-
challenged cells showed a marked increase in TNF-α and IL-6 protein expression with a
concomitant significative reduction in IL-10 protein levels compared to the control cells
(Figure 8D–F). By contrast, levosimendan and dobutamine treatment dampened TNF-α
and IL-6 protein levels and increased IL-10 protein expression in the HMC3 cells stimulated
with LPS (Figure 8D–F).
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Figure 6. The panel shows immunofluorescence reactions using an anti-p-NF-κB antibody (green
fluorescence) in HMC3 cell from Ctrl (A), LPS (B), LPS + levosimendan (C), and LPS + dobutamine (D)
groups. All images were captured at 10× magnification. GFP: green fluorescent protein; DAPI:
4′,6-diamidino-2-phenylindole.
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3.4. Levosimendan and Dobutamine Blunt NLRP3 Signal

The effects of levosimendan and dobutamine treatments on the NLRP3 pathway were
investigated by using RT-qPCR, Western blotting, and an ELISA assay. LPS stimulation
and the consequent NF-κB activation caused a significant increase in the mRNA expression
of NLRP3 in HMC3 cells compared to the controls (Figure 9A). Instead, levosimendan or
dobutamine treatment caused a marked reduction in NLRP3 mRNA expression compared
to LPS-challenged cells (Figure 9A). To deeply explore the inflammatory cascade triggered
by NLRP3 activation, we also evaluated its downstream signal and, more specifically,
the mRNA expression of caspase-1 and IL-β in the HMC3 cells challenged with LPS. We
observed that the LPS stimulus caused a significant increase in caspase-1 and IL-1β mRNA
expression compared to the control cells (Figure 9B,C). On the other hand, levosimendan
or dobutamine treatment markedly reverted the gene expression increase of the NLRP3
downstream markers in LPS-stimulated cells (Figure 9B,C). To confirm the levosimendan
and dobutamine inhibitory effects on the NLRP3 cascade, we also evaluated the mature
protein. A significant increase in NLRP3, Caspase-1, and IL-1β protein levels were detected
following the LPS challenge compared to those observed in the control cells (Figure 9D–F).
On the other hand, levosimendan or dobutamine treatment caused a significant decrease in
these protein levels compared to LPS group (Figure 9D–F), indicating that levosimendan
and dobutamine can inhibit the NLRP3 pathway during neuroinflammation.
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Figure 9. The graphs represent NLRP3 (A), Caspase-1 (B), IL-1β (C), and mRNA expression (RTqPCR
analysis) and NLRP3 (D), Caspase-1 (E), and IL-1β (F), protein expression (Western blot analysis
and ELISA assay) in HMC3 cells. The targets and the β-actin of panel D and E were detected on
the same membrane. The data are expressed as mean ± SD of three experiment. * p < 0.05 vs. Ctrl;
# p < 0.05 vs. LPS.

4. Discussion

Hypovolemic shock causes tissue hypoperfusion and hypoxia, thus resulting in an
increase in ROS production and inflammatory status that affect the function of vital organs
like the heart, liver, kidney, and brain [36–41]. In particular, the increased oxidative stress
in the CNS leads to microglia activation and neuroinflammation. Thus, once activated,
microglia trigger pro-inflammatory cytokines and mediators to release, such as IL-1β, IL-6,
and TNF-α, leading to neuronal cell degeneration [42,43].

Currently, no specific treatment is available to slow or stop the neuroinflammation
consequent to hypovolemic shock; therefore, the use of drugs commonly used in clinical
practice to treat shock could be considered a promising therapeutic strategy for treating
this condition.

Previous in vitro studies conducted in cardiomyocytes and endothelial cells stimulated
with IL-1β or under hypoxic stress, and in polymorphonuclear leucocytes from patients
with acute heart failure or septic myocardial depression, showed the antioxidant and
anti-inflammatory effects of levosimendan in ROS-related conditions [44,45]. Moreover,
dobutamine effectiveness was also demonstrated in ischemic conditions both “in vitro”
and “in vivo” through the stimulation of antioxidant genes [46,47]. Oxidative stress may
be induced by pathogen-associated molecular patterns (PAMPs), such as LPS, that may
activate different molecular pathways, including the NF-κB/NLRP3 pathway, thus playing
a role in the pathogenesis of different diseases and also in neuroinflammation, well miming
the consequences of hypovolemic shock in the CNS [48–51].

In this study, we evaluated the neuroprotective effects of levosimendan and dobu-
tamine, two drugs commonly used to treat shock, in an “in vitro” model of LPS-induced
neuroinflammation, as well as the mechanistic relationship between their antioxidant
activity and the Nrf2/HO-1/NF-κB/NLRP3 axis.
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Consistent with previous results supporting the role of ROS in neuroinflam-
mation [52–54], our results showed a significant increase in ROS production following
LPS challenge in HMC3 cells. Moreover, levosimendan and dobutamine counteracted the
LPS-induced ROS increase, confirming data from previous experimental studies [55–57].

LPS challenge and the consequent ROS increase significantly reduced Nrf2 and HO-1
expression, which act as key regulators in the protection mechanisms against oxidative
stress with a fundamental role in antioxidant metabolism and response, as well as in the
modulation of neuroinflammation [58–60]. Both levosimendan and dobutamine treatment
showed an enhancement of Nrf2 and HO-1 expression compared to LPS-challenged cells;
these results were in accordance with previous papers that showed a significant increase in
the Nrf2/HO-1 pathway following dobutamine or levosimendan treatment in mice [14,61]
and in rats [62]. The up-regulated expression of Nrf2/HO-1 could reduce the inflammatory
response through NF-κB signal inhibition [63,64]. Moreover, recent studies revealed that the
upregulation of the Nrf2/HO-1 pathway might hinder NLRP3 inflammasome activation
both directly and indirectly, through NF-κB inhibition [65,66], also in neuroinflammatory
conditions [67,68].

The NLRP3 inflammasome complex comprises the pattern recognition receptor NLRP3,
the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC), and
the effector caspase-1. This complex is activated in two-steps: the priming signal, referred to
as signal 1, originates from microbial components, like LPS, which activate the transcription
factor NF-κB, resulting in NLRP3, caspase-1, pro-IL-1β, and pro-IL-18 upregulation.

The activation signal, known as signal 2, comes from various stimuli, including ROS,
which trigger the NLRP3 inflammasome activation that leads to the assembly of its three
components and subsequently generates caspase-1 active form. Then, caspase-1 plays a
crucial role in producing IL-1β and IL-18 mature cytokines, previously stored as inactive
molecules [69]. Previous studies described the role of the NLRP3 inflammasome dur-
ing neuroinflammation, especially focusing on the TLR4/NF-κB/NLRP3 pathway [70,71].
TLR4 is widely expressed on the surface of microglia and is involved in LPS recognition.
After LPS binding to TLR4, microglial cells were activated, thus increasing NF-κB expres-
sion and, consequently, NLRP3, caspase-1, and IL-1 β levels [72,73]. In accordance with
these previous findings, in our study, the protein expression of p-NF-κB, NLRP3, caspase-1,
and IL-1β were upregulated in HMC3 cells stimulated with LPS. In contrast, the treatment
with levosimendan or dobutamine significantly downregulated p-NF-κB levels, hindering
NLRP3 expression and its downstream signal. Moreover, previous evidence suggested that
NF-κB inhibition might be the key to blunt NLRP3 signalling by activating the Nrf2/HO-1
signal pathway [74,75]; therefore, we speculated that the inhibition of oxidative stress and
the activation of the Nrf2/HO-1 pathway mediated by levosimendan and dobutamine
are involved in NLRP3 inflammasome inhibition during neuroinflammation, although
these effects were investigated for the first time in the present study. Moreover, it is well
known that LPS activates TLR4/NF-κB signalling, thus stimulating the transcription of
the pro-inflammatory cytokines IL-6 and TNFα [76]. In accordance with these previous
findings, in our study LPS significantly increased both the mRNA and protein expression
of IL-6 and TNFα with a concomitant reduction in the expression of the anti-inflammatory
cytokine IL-10. On the other hand, levosimendan and dobutamine treatment significantly
reduced both the gene and protein expression of IL-6 and TNFα, by increasing IL-10 lev-
els compared to LPS-challenged cells. These findings are consistent with previous data
which demonstrated that levosimendan anti-inflammatory effects were mediated by NF-κB
suppression, even if these results were obtained in different experimental models [77,78].
Moreover, dobutamine treatment already showed its anti-inflammatory effects through
TNF-α and IL-6 reduction in rats with endotoxemia and in septic shock patients [79,80];
however, in this study, for the first time, we demonstrated that this reduction is associated
with NF-κB downregulation.



Biomedicines 2024, 12, 1009 13 of 16

5. Conclusions

In conclusion, this pioneering study demonstrated that treatment with dobutamine
and levosimendan—two drugs commonly used in the clinical practice to treat shock—could
alleviate the severity of neuroinflammation related to hypoperfusion, through their an-
tioxidant and anti-inflammatory effects via the activation of the Nrf2/HO-1 pathway and
the inhibition of NF-κB/NLRP3 inflammasome signalling. In addition, considering that
both levosimendan and dobutamine are currently on the market, they could be easily used
for the management of neuroinflammation in patients affected by hypovolemic shock.
However, this interesting preclinical evidence deserves to be deeply investigated in a
clinical scenario.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines12051009/s1, Figure S1: Levosimendan and dobutamine
dose response experiment.

Author Contributions: Conceptualization, F.M., G.P. and S.M.; Formal analysis, M.R.; Investigation,
R.L. and I.P.; Supervision, G.P., E.G. and S.M.; Validation, G.M.C.; Writing—original draft, F.M. and
V.U.B.; Writing—review and editing, G.P., N.I., E.G. and S.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Bruno, R.R.; Wolff, G.; Kelm, M.; Jung, C. Pharmacological treatment of cardiogenic shock—A state of the art review. Pharmacol.

Ther. 2022, 240, 108230. [CrossRef] [PubMed]
2. Kislitsina, O.N.; Rich, J.D.; Wilcox, J.E.; Pham, D.T.; Churyla, A.; Vorovich, E.B.; Ghafourian, K.; Yancy, C.W. Shock—Classification

and Pathophysiological Principles of Therapeutics. Curr. Cardiol. Rev. 2019, 15, 102–113. [CrossRef] [PubMed]
3. Moranville, M.P.; Mieure, K.D.; Santayana, E.M. Evaluation and management of shock States: Hypovolemic, distributive, and

cardiogenic shock. J. Pharm. Pract. 2011, 24, 44–60. [CrossRef] [PubMed]
4. Taghavi, S.; Nassar, A.K.; Askari, R. Hypovolemic Shock. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023.

Available online: https://www.ncbi.nlm.nih.gov/books/NBK513297/ (accessed on 15 January 2024).
5. Gulati, A. Vascular Endothelium and Hypovolemic Shock. Curr. Vasc. Pharmacol. 2016, 14, 187–195. [CrossRef] [PubMed]
6. Childs, E.W.; Tharakan, B.; Hunter, F.A.; Tinsley, J.H.; Cao, X. Apoptotic signaling induces hyperpermeability following

hemorrhagic shock. Am. J. Physiol. Heart Circ. Physiol. 2007, 292, 3179–3189. [CrossRef] [PubMed]
7. de Zoete, M.R.; Palm, N.W.; Zhu, S.; Flavell, R.A. Inflammasomes. Cold Spring Harb. Perspect. Biol. 2014, 6, 016287. [CrossRef]
8. Paik, S.; Kim, J.K.; Silwal, P.; Sasakawa, C.; Jo, E.K. An update on the regulatory mechanisms of NLRP3 inflammasome activation.

Cell. Mol. Immunol. 2021, 18, 1141–1160. [CrossRef]
9. Karin, M.; Yamamoto, Y.; Wang, Q.M. The IKK NF-κB system: A treasure trove for drug development. Nat. Rev. Drug Discov.

2004, 3, 17–26. [CrossRef] [PubMed]
10. Scheeren, T.W.L.; Bakker, J.; Kaufmann, T.; Annane, D.; Asfar, P.; Boerma, E.C.; Cecconi, M.; Chew, M.S.; Cholley, B.; Cronhjort,

M.; et al. Current use of inotropes in circulatory shock. Ann. Intensive Care 2021, 11, 21. [CrossRef]
11. Fernando, S.M.; Mathew, R.; Sadeghirad, B.; Brodie, D.; Belley-Côté, E.P.; Thiele, H.; van Diepen, S.; Fan, E.; Di Santo, P.; Simard,

T.; et al. Inotropes, vasopressors, and mechanical circulatory support for treatment of cardiogenic shock complicating myocardial
infarction: A systematic review and network meta-analysis. Inotropes, vasopresseurs et assistance circulatoire mécanique pour le
traitement de choc cardiogénique compliquant un infarctus du myocarde: Une revue systématique et une méta-analyse en réseau.
Can. J. Anaesth. 2022, 69, 1537–1553.

12. Berré, J.; De Backer, D.; Moraine, J.J.; Vincent, J.L.; Kahn, R.J. Effects of dobutamine and prostacyclin on cerebral blood flow
velocity in septic patients. J. Crit. Care 1994, 9, 1–6. [CrossRef] [PubMed]

13. Wang, J.; Hu, X.; Xie, J.; Xu, W.; Jiang, H. Beta-1-adrenergic receptors mediate Nrf2-HO-1-HMGB1 axis regulation to attenuate
hypoxia/reoxygenation-induced cardiomyocytes injury in vitro. Cell. Physiol. Biochem. 2015, 35, 767–777. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/biomedicines12051009/s1
https://www.mdpi.com/article/10.3390/biomedicines12051009/s1
https://doi.org/10.1016/j.pharmthera.2022.108230
https://www.ncbi.nlm.nih.gov/pubmed/35697151
https://doi.org/10.2174/1573403X15666181212125024
https://www.ncbi.nlm.nih.gov/pubmed/30543176
https://doi.org/10.1177/0897190010388150
https://www.ncbi.nlm.nih.gov/pubmed/21507874
https://www.ncbi.nlm.nih.gov/books/NBK513297/
https://doi.org/10.2174/1570161114666151202210221
https://www.ncbi.nlm.nih.gov/pubmed/26638794
https://doi.org/10.1152/ajpheart.01337.2006
https://www.ncbi.nlm.nih.gov/pubmed/17307990
https://doi.org/10.1101/cshperspect.a016287
https://doi.org/10.1038/s41423-021-00670-3
https://doi.org/10.1038/nrd1279
https://www.ncbi.nlm.nih.gov/pubmed/14708018
https://doi.org/10.1186/s13613-021-00806-8
https://doi.org/10.1016/0883-9441(94)90027-2
https://www.ncbi.nlm.nih.gov/pubmed/7911054
https://doi.org/10.1159/000369736
https://www.ncbi.nlm.nih.gov/pubmed/25634756


Biomedicines 2024, 12, 1009 14 of 16

14. Saha, S.; Buttari, B.; Panieri, E.; Profumo, E.; Saso, L. An Overview of Nrf2 Signaling Pathway and Its Role in Inflammation.
Molecules 2020, 25, 5474. [CrossRef] [PubMed]

15. Farmakis, D.; Alvarez, J.; Ben Gal, T.; Brito, D.; Fedele, F.; Fonseca, C.; Gordon, A.C.; Gotsman, I.; Grossini, E.; Guarracino, F.; et al.
Levosimendan beyond inotropy and acute heart failure: Evidence of pleiotropic effects on the heart and other organs: An expert
panel position paper. Int. J. Cardiol. 2016, 222, 303–312. [CrossRef] [PubMed]

16. Lehtonen, L.A.; Antila, S.; Pentikäinen, P.J. Pharmacokinetics and pharmacodynamics of intravenous inotropic agents. Clin.
Pharmacokinet. 2004, 43, 187–203. [CrossRef] [PubMed]

17. Yokoshiki, H.; Katsube, Y.; Sunagawa, M.; Sperelakis, N. Levosimendan, a novel Ca2+ sensitizer, activates the glibenclamide-
sensitive K+ channel in rat arterial myocytes. Eur. J. Pharm. 1997, 333, 249–259. [CrossRef]

18. Usta, C.; Eksert, B.; Gölbasi, I.; Bigat, Z.; Ozdem, S.S. The role of potassium channels in the vasodilatory effect of levosimendan in
human internal thoracic arteries. Eur. J. Cardio-Thorac. Surg. Off. J. Eur. Assoc. Cardio-Thorac. Surg. 2006, 30, 329–332. [CrossRef]

19. Hasslacher, J.; Bijuklic, K.; Bertocchi, C.; Kountchev, J.; Bellmann, R.; Dunzendorfer, S.; Joannidis, M. Levosimendan inhibits
release of reactive oxygen species in polymorphonuclear leukocytes in vitro and in patients with acute heart failure and septic
shock: A prospective observational study. Crit. Care 2011, 15, 166. [CrossRef]

20. Grossini, E.; Molinari, C.; Caimmi, P.P.; Uberti, F.; Vacca, G. Levosimendan induces NO production through p38 MAPK, ERK and
Akt in porcine coronary endothelial cells: Role for mitochondrial K(ATP) channel. Br. J. Pharmacol. 2009, 156, 250–261. [CrossRef]

21. Krychtiuk, K.A.; Kaun, C.; Hohensinner, P.J.; Stojkovic, S.; Seigner, J.; Kastl, S.P.; Zuckermann, A.; Eppel, W.; Rauscher, S.; de
Martin, R.; et al. Anti-thrombotic and pro-fibrinolytic effects of levosimendan in human endothelial cells in vitro. Vasc. Pharmacol.
2017, 90, 44–50. [CrossRef]

22. Revermann, M.; Schloss, M.; Mieth, A.; Babelova, A.; Schröder, K.; Neofitidou, S.; Buerkl, J.; Kirschning, T.; Schermuly, R.T.;
Hofstetter, C.; et al. Levosimendan attenuates pulmonary vascular remodeling. Intensive Care Med. 2011, 37, 1368–1377. [CrossRef]

23. Sareila, O.; Korhonen, R.; Auvinen, H.; Hämäläinen, M.; Kankaanranta, H.; Nissinen, E.; Moilanen, E. Effects of levo- and
dextrosimendan on NF-κB-mediated transcription, iNOS expression and NO production in response to inflammatory stimuli.
Br. J. Pharmacol. 2008, 155, 884–895. [CrossRef]

24. Baek, M.; Yoo, E.; Choi, H.I.; An, G.Y.; Chai, J.C.; Lee, Y.S.; Jung, K.H.; Chai, Y.G. The BET inhibitor attenuates the inflammatory
response and cell migration in human microglial HMC3 cell line. Sci. Rep. 2021, 11, 8828. [CrossRef] [PubMed]

25. Nguyen, N.M.; Duong, M.T.H.; Nguyen, P.L.; Bui, B.P.; Ahn, H.C.; Cho, J. Efonidipine Inhibits JNK and NF-κB Pathway to
Attenuate Inflammation and Cell Migration Induced by Lipopolysaccharide in Microglial Cells. Biomol. Ther. 2022, 30, 455–464.
[CrossRef]

26. Ceravolo, I.; Mannino, F.; Irrera, N.; Squadrito, F.; Altavilla, D.; Ceravolo, G.; Pallio, G.; Minutoli, L. Health Potential of Aloe vera
against Oxidative Stress Induced Corneal Damage: An “In Vitro” Study. Antioxidants 2021, 10, 318. [CrossRef] [PubMed]

27. Mannino, F.; Imbesi, C.; Bitto, A.; Minutoli, L.; Squadrito, F.; D’Angelo, T.; Booz, C.; Pallio, G.; Irrera, N. Anti-oxidant and anti-
inflammatory effects of ellagic and punicic acid in an in vitro model of cardiac fibrosis. Biomed. Pharmacother. 2023, 162, 114666.
[CrossRef]

28. Imbesi, C.; Ettari, R.; Irrera, N.; Zappalà, M.; Pallio, G.; Bitto, A.; Mannino, F. Blunting Neuroinflammation by Targeting the
Immunoproteasome with Novel Amide Derivatives. Int. J. Mol. Sci. 2023, 24, 10732. [CrossRef]

29. Picciolo, G.; Mannino, F.; Irrera, N.; Altavilla, D.; Minutoli, L.; Vaccaro, M.; Arcoraci, V.; Squadrito, V.; Picciolo, G.; Squadrito, F.;
et al. PDRN, a natural bioactive compound, blunts inflammation and positively reprograms healing genes in an “in vitro” model
of oral mucositis. Biomed. Pharmacother. 2021, 138, 111538. [CrossRef] [PubMed]

30. Pizzino, G.; Irrera, N.; Bitto, A.; Pallio, G.; Mannino, F.; Arcoraci, V.; Aliquò, F.; Minutoli, L.; De Ponte, C.; D’andrea, P.; et al.
Cadmium-Induced Oxidative Stress Impairs Glycemic Control in Adolescents. Oxid. Med. Cell. Longev. 2017, 2017, 6341671.
[CrossRef]

31. Antonuccio, P.; Micali, A.; Puzzolo, D.; Romeo, C.; Vermiglio, G.; Squadrito, V.; Freni, J.; Pallio, G.; Trichilo, V.; Righi, M.; et al.
Nutraceutical Effects of Lycopene in Experimental Varicocele: An “In Vivo” Model to Study Male Infertility. Nutrients 2020,
12, 1536. [CrossRef]

32. Ferlazzo, N.; Micali, A.; Marini, H.R.; Freni, J.; Santoro, G.; Puzzolo, D.; Squadrito, F.; Pallio, G.; Navarra, M.; Cirmi, S.; et al.
A Flavonoid-Rich Extract from Bergamot Juice, Alone or in Association with Curcumin and Resveratrol, Shows Protective Effects
in a Murine Model of Cadmium-Induced Testicular Injury. Pharmaceuticals 2021, 14, 386. [CrossRef]

33. Picciolo, G.; Mannino, F.; Irrera, N.; Minutoli, L.; Altavilla, D.; Vaccaro, M.; Oteri, G.; Squadrito, F.; Pallio, G. Reduction of
oxidative stress blunts the NLRP3 inflammatory cascade in LPS stimulated human gingival fibroblasts and oral mucosal epithelial
cells. Biomed. Pharmacother. 2022, 146, 112525. [CrossRef]

34. Minutoli, L.; Marini, H.; Rinaldi, M.; Bitto, A.; Irrera, N.; Pizzino, G.; Pallio, G.; Calò, M.; Adamo, E.B.; Trichilo, V.; et al. A dual
inhibitor of cyclooxygenase and 5-lipoxygenase protects against kainic acid-induced brain injury. Neuromol. Med. 2015, 17,
192–201. [CrossRef]

35. Antonuccio, P.; Micali, A.G.; Romeo, C.; Freni, J.; Vermiglio, G.; Puzzolo, D.; Squadrito, F.; Irrera, N.; Marini, H.R.; Rana, R.A.;
et al. NLRP3 Inflammasome: A New Pharmacological Target for Reducing Testicular Damage Associated with Varicocele. Int. J.
Mol. Sci. 2021, 22, 1319. [CrossRef] [PubMed]

36. Paternotte, E.; Gaucher, C.; Labrude, P.; Stoltz, J.F.; Menu, P. Review: Behaviour of endothelial cells faced with hypoxia. Biomed.
Mater. Eng. 2008, 18, 295–299. [CrossRef]

https://doi.org/10.3390/molecules25225474
https://www.ncbi.nlm.nih.gov/pubmed/33238435
https://doi.org/10.1016/j.ijcard.2016.07.202
https://www.ncbi.nlm.nih.gov/pubmed/27498374
https://doi.org/10.2165/00003088-200443030-00003
https://www.ncbi.nlm.nih.gov/pubmed/14871156
https://doi.org/10.1016/S0014-2999(97)01108-4
https://doi.org/10.1016/j.ejcts.2006.05.019
https://doi.org/10.1186/cc10307
https://doi.org/10.1111/j.1476-5381.2008.00024.x
https://doi.org/10.1016/j.vph.2017.02.003
https://doi.org/10.1007/s00134-011-2254-9
https://doi.org/10.1038/bjp.2008.328
https://doi.org/10.1038/s41598-021-87828-1
https://www.ncbi.nlm.nih.gov/pubmed/33893325
https://doi.org/10.4062/biomolther.2022.076
https://doi.org/10.3390/antiox10020318
https://www.ncbi.nlm.nih.gov/pubmed/33672553
https://doi.org/10.1016/j.biopha.2023.114666
https://doi.org/10.3390/ijms241310732
https://doi.org/10.1016/j.biopha.2021.111538
https://www.ncbi.nlm.nih.gov/pubmed/34311536
https://doi.org/10.1155/2017/6341671
https://doi.org/10.3390/nu12051536
https://doi.org/10.3390/ph14050386
https://doi.org/10.1016/j.biopha.2021.112525
https://doi.org/10.1007/s12017-015-8351-0
https://doi.org/10.3390/ijms22031319
https://www.ncbi.nlm.nih.gov/pubmed/33525681
https://doi.org/10.3233/BME-2008-0541


Biomedicines 2024, 12, 1009 15 of 16

37. Yeh, D.Y.-W.; Wang, J.-J. Curcumin attenuates hemorrhagic shock and blood replenish resuscitation-induced impairment of
pulmonary barrier function by increasing SIRT1 and reducing malondialdehyde and TNF-α contents and neutrophil infiltration
in lung in a dose-dependent Fashion. Transplant. Proc. 2020, 52, 1875–1879.

38. Ye, Z.; Zhang, F.; Wang, P.; Ran, Y.; Liu, C.; Lu, J.; Zhang, M.; Yao, L. Baicalein relieves brain injury via inhibiting ferroptosis and
endoplasmatic reticulum stress in a rat model of cardiac arrest. Shock 2023, 59, 434–441. [CrossRef]

39. Rocha, M.; Herance, R.; Rovira, S.; Hernández-Mijares, A.; Victor, V.M. Mitochondrial dysfunction and antioxidant therapy in
sepsis. Infect. Disord. Drug Targets 2012, 12, 161–178. [CrossRef]

40. Huet, O.; Dupic, L.; Harrois, A.; Duranteau, J. Oxidative stress and endothelial dysfunction during sepsis. Front. Biosci. (Landmark
Ed.) 2011, 16, 1986–1995. [CrossRef] [PubMed]

41. Víctor, V.M.; Espulgues, J.V.; Hernández-Mijares, A.; Rocha, M. Oxidative stress and mitochondrial dysfunction in sepsis:
A potential therapy with mitochondria-targeted antioxidants. Infect. Disord. Drug Targets 2009, 9, 376–389. [CrossRef]

42. Muzio, L.; Viotti, A.; Martino, G. Microglia in Neuroinflammation and Neurodegeneration: From Understanding to Therapy.
Front. Neurosci. 2021, 15, 742065. [CrossRef]

43. Woodburn, S.C.; Bollinger, J.L.; Wohleb, E.S. The semantics of microglia activation: Neuroinflammation, homeostasis, and stress.
J. Neuroinflamm. 2021, 18, 258. [CrossRef]

44. Kipka, H.; Schaflinger, R.; Tomasi, R.; Pogoda, K.; Mannell, H. The Effects of the Levosimendan Metabolites OR-1855 and OR-1896
on Endothelial Pro-Inflammatory Responses. Biomedicines 2023, 11, 918. [CrossRef]

45. Gaballah, M.; Penttinen, K.; Kreutzer, J.; Mäki, A.J.; Kallio, P.; Aalto-Setälä, K. Cardiac Ischemia On-a-Chip: Antiarrhythmic Effect
of Levosimendan on Ischemic Human-Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Cells 2022, 11, 1045. [CrossRef]

46. Markus, T.; Ley, D.; Hansson, S.R.; Wieloch, T.; Ruscher, K. Neuroprotective dobutamine treatment upregulates superoxide
dismutase 3, anti-oxidant and survival genes and attenuates genes mediating inflammation. BMC Neurosci. 2018, 19, 9. [CrossRef]

47. Wang, J.; Yang, H.; Hu, X.; Fu, W.; Xie, J.; Zhou, X.; Xu, W.; Jiang, H. Dobutamine-mediated heme oxygenase-1 induction via PI3K
and p38 MAPK inhibits high mobility group box 1 protein release and attenuates rat myocardial ischemia/reperfusion injury
in vivo. J. Surg. Res. 2013, 183, 509–516. [CrossRef] [PubMed]

48. Zhang, L.; Zhao, S.; Wang, Y. Diannexin alleviates myocardial ischemia-reperfusion injury by orchestrating cardiomyocyte
oxidative damage, macrophage polarization and fibrotic process by TLR4-NF-κB-mediated inactivation of NLRP3 inflammasome.
Int. Immunopharmacol. 2024, 130, 111668. [CrossRef]
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