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ABSTRACT

Sepsis remains the leading cause of multiple-organ injury due to endotoxemia. Astaxanthin (ASTA), widely used in marine aqua-
culture, has an extraordinary potential for antioxidant and anti-inflammatory activity. Purinergic receptor (e.g., P2X7R) activation
is a powerful signaling in the modulation of inflammation. The effect of ASTA was investigated on the regulation of oxidative stress,
inflammatory response, apoptotic mediators, and P2X7R expression in the lung injury during lipopolysaccharide (LPS)-induced
endotoxemia. Twenty-four rats were blocked into four groups as Control, LPS, ASTA, and LPS+ ASTA. LPS was administered by
intraperitoneal injection and ASTA by gavage. Blood and lung samples were taken 6h after the administrations. The methods were
ELISA, western blotting, histopathology, and immunohistochemistry. Sepsis was confirmed by the elevations of IL-1, IL-6, IL-10,
and TNF-a levels in bloodstream. Lung injury was determined by histopathological changes. There were increased P2X7R expres-
sion, malondialdehyde (MDA), IL-183, TNF-a, nuclear factor kappa B (NF-xB), and Caspase-3 and decreased B-cell lymphoma 2
(Bcl-2) and glutathione (GSH) in the septic lung tissue (p <0.05). ASTA treatment improved MDA, GSH, IL-1§, TNF-a, P2X7R, NF-
kB, Caspase-3, and Bcl-2 levels and reduced P2X7R immunoreactivity and histological abnormalities in the lung (p < 0.05). The pro-
duction of pro-inflammatory cytokines, oxidative stress, P2X7R expression, and apoptotic mediators in the lung is associated with
LPS-induced endotoxemia. The ASTA administration appears to regulate the expressions of P2X7R, NF-xB, Bcl-2, and Caspase-3
improving the antioxidative and anti-inflammatory response of the lung tissue in sepsis, in vivo.

1 | Introduction states [3]. This systemic inflammatory response may lead to

acute respiratory distress syndrome (ARDS) associated with

Sepsis is initiated by an infection activating a cascade of sys-
temic response in inflammatory pathways which may progress
to multiple-organ failure and mortality due to endotoxemia.
Sepsis-related deaths are attributed to underlying diseases
when mortality rates are compiled [1], as sepsis is not a spe-
cific disease but rather a syndrome [2]. Bacteria are the most
common causes of sepsis by the activation of inflammatory
response ranging from hyper-responsive to hypo-responsive

an infection and/or endotoxemia [4]. During Gram-negative
bacterial sepsis, lipopolysaccharide (LPS) stimulates toll-
like receptor (TLR), and cell-surface receptors that trigger
pro-inflammatory cascades, inflammation, and cell differen-
tiation in many organs including the lung [1, 5]. LPS admin-
istration facilitates an endotoxemia model to evaluate organ
damage such as acute lung injury (ALI) [6]. The mechanisms
of organ damage in the early sepsis are mainly related with

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original

work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2025 The Author(s). Environmental Toxicology published by Wiley Periodicals LLC.

924

Environmental Toxicology, 2025; 40:924-934
https://doi.org/10.1002/tox.24481


https://doi.org/10.1002/tox.24481
https://doi.org/10.1002/tox.24481
mailto:
mailto:
https://orcid.org/0000-0001-7717-797X
mailto:seckin.ozkanlar@atauni.edu.tr
mailto:seckinozkanlar@yahoo.com
http://creativecommons.org/licenses/by-nc-nd/4.0/

the cytokine storm caused by intense inflammatory response
[7, 8]. Therefore, identifying the signaling mechanisms of cell
death is crucial to develop a novel therapeutic approach that
inhibits the extrinsic and intrinsic cascades of apoptosis me-
diated by cytokine production and transcriptional regulators
such as nuclear factor kappa B (NF-xB), Caspase-3, and B-cell
lymphoma 2 (Bcl-2) in ALI [9] during sepsis which is one of
the common causes of mortality worldwide [10].

Adenosine 3’-triphosphate (ATP) passes into the extracellu-
lar fluid when cell integrity disrupted that cause ion channel
activation via purinergic receptor (P2X) signaling [11-13].
Purinergic signaling cascade may be one of the essential com-
ponents to the response against pathogens. One of the most
important generator of oxidants during sepsis is the reaction of
phagocytes in the inflamed lung tissue that reduce the respi-
ratory capacity [14] in which the leaking ATP into extracellu-
lar space exaggerates the generation of reactive oxygen species
(ROS) and mitochondrial damage [15]. The P2X7 receptor
(P2X7R) activation is known as a powerful response in the
regulation of caspase inflammasome activation that requires
priming of macrophages [16] associated with immunology
and inflammation [17, 18]. Recently, we have demonstrated
that LPS-induced sepsis causes P2X7R overexpression, pro-
inflammatory cytokine overproduction, and oxidative stress
generation in the lung [19]. A previous report has also shown
the similar findings in the liver [20]. A decrease in inflam-
matory cells infiltration and cytokine production has been re-
ported in the liver of P2X7R knockout mice suggesting P2X7R
deletion attenuates organ damage in sepsis [21]. Therefore, the
activation of P2X7Rs has been suggested to involved in the
NF-xB transcription that may need to signaling mechanisms
such as ROS generation and caspase activation [22] while
P2X7R-induced caspase activation and cytokine production
may require NLRP3 and NF-xB signaling following TLR stim-
ulation in inflammation [23, 24]. Additionally, P2X7R antago-
nism has been shown to ameliorate renal dysfunction [25] and
alleviate oxidative stress of lung in sepsis [19].

Astaxanthin (ASTA), produced from microalgae and widely
used in marine aquaculture, is a unique ketocarotenoid red
pigment [26] with its outstanding potential for antioxidant,
anti-inflammatory, anti-atherosclerotic, and antitumor activ-
ity in the prevention of many diseases [26-28]. ASTA has high
bioavailability against oxidative stress and inflammatory re-
actions [29]. In addition, ASTA administration downregulates
P2X7R expression in brain and improves neuroinflammation
by regulating the ATP-P2X7R signaling [30]. In ALI, ASTA
treatment has a protective effect against the disease develop-
ment with the ability to inhibit oxidative/nitrative stress [31]
and to attenuate lung edema, inflammatory cells infiltration,
and ferroptosis [32]. Therefore, the modulation of the signal-
ing pathway associated with the P2X7R activation at the early
phase of the inflammatory response would facilitate the treat-
ment of septic organ damage [21, 25, 33]. This study investi-
gates the effects of ASTA administration on the regulation of
P2X7R expression, cytokine response, oxidative stress mark-
ers, apoptotic mediators, and histopathological changes with
regard to inflammatory-apoptotic pathway in the septic lung
injury in a murine model of sepsis.

2 | Materials and Methods
2.1 | Animals and Study Design

The animals recruited in this study were 3-month-old male
Sprague Dawley rats weighing between 200 and 300g. All rats
were accommodated with standard breeding conditions in the
medical experimental research unit of the university. Twenty-
four rats were blocked into four groups having six animals in
each. Control group received intraperitoneal (i.p.) 0.5mL of
sterile saline solution (0.09%). LPS group received i.p. 4mg/kg
LPS (L2880, Escherichia coli O55:B5, Sigma, USA). Animals
in ASTA group received oral 40mg/kg ASTA (Astaxanthin,
SML0982, Sigma, USA) by gavage. Animals in LPS+ASTA
group received i.p. 4mg/kg LPS plus oral 40mg/kg ASTA by
gavage. The doses used in this study were investigated accord-
ing to the previous reports for LPS [34, 35] and ASTA [36, 37|
administrations. Sterile saline solution (0.09%) was used for the
dilutions of LPS and ASTA. The schedule of the experiment was
6h of duration from the LPS induction and drug administra-
tions through the sample collection in which the animals were
allocated into the labeled cages for each group. This experimen-
tal design had an approval from the local ethics committee for
animal researches (HADYEK, decision no 2022/97). This study
was done according to the international ethical standards of the
guide for the care and use of laboratory animals.

2.2 | Blood and Lung Tissue Sampling

Blood and lung tissue samples were obtained 6 h after the LPS
induction to examine the acute effects of drug administration in
an ALI model [19, 38]. All animals in control and sepsis groups
were sedated by inhalation of 5% sevoflurane (Sevorane, Abbott
GmbH & Co0.KG, Germany) anesthesia to lessen the systemic
effects of anesthesia [39, 40]. Approximately 7-8 mL blood was
sampled into blood tubes (Becton Dickinson Co. USA), and the
rats were sacrificed by cervical dislocation. Lung tissue sam-
ples were removed into the sterile petri dishes for biochemical
analysis. Lung tissues were also sampled into freshly prepared
10% formaldehyde solution and embedded into paraffin blocks
for histological examinations. The right and the left lung
lobes were sampled for both biochemical and histopathologi-
cal examinations to evaluate whole lung in the analyses. Sera
samples were separated into Eppendorf tubes for each animal
following the blood centrifugation at 3500rpm (Hettich 38R,
Hettich Zentrifugen, Tuttlingen, Germany) at 4°C for 10 min.
The Eppendorf tubes for sera samples and the petri dishes for
lung tissues were stored at —80°C for further assays.

2.3 | Determination of IL-1f, IL-6, IL-10, TNF-«,
and Caspase-3 in Blood Serum

Serum cytokine and Caspase-3 levels were analyzed by solid
phase ELISA method. ELISA kits were used to analyze cytokines
(TNF-o [201-11-0765], IL-6 [201-11-0136], IL-10 [201-11-0109],
and IL-1f [201-11-0120]) and Caspase-3 (201-11-5114, Shanghai
Sunred Biotechnology, China). Absorbances were measured by a
microplate spectrophotometry (BioTek, pQuant, USA) at 450 nm.
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2.4 | Determination of Oxidative
and Antioxidative Status in Lung Tissue

MDA, glutathione (GSH), and superoxide dismutase (SOD) lev-
els were measured by ELISA method according to manufactur-
ers' instructions after tissue preparation. First, liquid nitrogen
was added onto the lung tissue. Then, the tissue was lysed with a
tissue lyser (Tissue Lyser I1, Qiagen, Germany) for 3min and the
sample with PBS at pH 7.4 was homogenized for 20s at 30 Hz.
Supernatants were obtained by centrifugation at 3000rpm.
These supernatants were then analyzed using commercial kits
(MDA [201-11-0157], GSH [201-11-5137], and SOD [201-11-0169],
Shanghai Sunred Biotechnology, China) and tissue protein
(BRO5, Bradford Reagent, EchoTech Biotechnology, Turkey).
The absorbances were read at 450nm for MDA, GSH, and SOD
and at 595nm for tissue protein using a microplate spectropho-
tometry (BioTek, pQuant, USA).

2.5 | Determination of Bcl-2, Caspase-3, NF-xB,
P2X7R, 11-1B3, and TNF-c in Lung Tissue

Relative protein expressions in lung tissue samples were de-
termined by Western blotting. The tissues were weighed and
liquid nitrogen was used for crushing. The samples were
treated with RIPA buffering with supplementation of prote-
ase and phosphatase inhibitors. The homogenization was
performed by Qiagen Tissue Lyser System at 30Hz for 20s.
The total protein content of lung tissue was quantified using
protein assay kit (Pierce BCA, Thermo Scientific, USA). Total
protein (30ug) was separated into 10% SDS-PAGE based on
molecular weights and loaded to PVDF membranes. The
blockage of membranes was performed using 5% w/v bovine
serum albumin for 90min. The membranes were incubated
with primary antibodies (IL-1f [sc-52012], TNF-a [sc-52746],
Caspase-3 [sc-56 053], Bcl-2 [sc-7382], NF-xB-p65 [sc-109], and
Beta-actin [sc-47 778], Santa Cruz Biotechnology, USA; P2X7R
[11144-1-AP], Proteintech Group, USA) at 4°C for about 15h.
After washing by Tris-buffered saline with Tween, the mem-
branes were incubated for 90 min with secondary antibodies
(sc-2004/sc-2005, Santa Cruz Biotechnology, USA,) conju-
gated to horseradish peroxidase (TP-125-HL, Thermo Fisher
Scientific, USA). Finally, chemiluminescence visualization
of protein bands was achieved by an enhanced Western ECL
substrate (3405, Thermo Fisher Scientific, USA) for software
evaluation (Image Lab, Bio-Rad, USA).

2.6 | Histopathological Evaluation

The lung tissue samples were fixed in 10% formaldehyde
solution. The tissues were embedded in paraffin blocks and
5-um-thick tissue sections were cut by using a microtome (Leica
Microsystems, Wetzlar, Germany). The lung tissue samples
were stained with Crossman's Modified Triple Staining and
serial photographs of the sections were taken by a camera-
attached light microscope (Nikon Eclipse i50, Tokyo, Japan).
Pulmonary edema, vascular and alveolar structures, and bron-
chiolar changes were histopathologically examined in 5-pum
lung tissue sections. The examinations were then assigned to 0

for normal, 1 for mild, 2 for moderate and 3 for severe accord-
ing to the evaluation criteria [41]. Briefly, the main evaluation
criteria were based on intravascular occlusion, inflammatory
cell infiltration (leukocytes), pulmonary obstruction, alveolar
septum thickening, amorphous material, and bronchiole epithe-
lium detachment.

2.7 | Immunohistochemical Analysis

The paraffin blocks of the lung tissues were sectioned at a
thickness of 4 um and placed on poly-lysine slides. The sections
were then treated with a series of xylol and alcohol washes,
followed by a wash with phosphate-buffered saline containing
3% H,0, for 10min that inactivates endogenous peroxidase.
To expose antigens, citrate solution in pH 6.0 was applied to
these sections at 600 watts for 4 x 5 min. Protein blocking solu-
tion was applied to the tissues before the incubation with the
primary antibody of P2X7R (11144-1-AP, Proteintech Group,
USA) in a 1:200 dilution at +4°C for about 15h. The secondary
antibody was applied according to the manufacturer's instruc-
tions (Large Volume Detection System, Anti-Polyvalent, HRP,
TP-125-HL, Thermo Fisher Scientific, USA). The chromogen
3,3’-diaminobenzidine (DAB) was used as (DAB, Thermo
Fisher Scientific, USA). The slides were stained with Mayer's
hematoxylin and mounted with Entellan. A blind examination
was performed on random areas over the slides by the same
histopathologist.

2.8 | Stereological Immunoreactivity Analysis

To verify the specificity of staining for immunohistochemistry,
the same procedures were performed on each section with neg-
ative controls, substituted PBS for primary antibody. The immu-
nohistochemical reactions of tissue slides were evaluated by a
light microscope (Bx53, Olympus, Japan), followed by photog-
raphy. Semiquantitative analyses assessed the degree of cellular
immunoreactivity across all groups. The values of numerical
density were determined in immunoreactive cells of lung tis-
sues and assessed by a stereology workstation. This worksta-
tion consists of an adapted light microscope (DM4000B, Leica
Microsystems, Germany) and a stereology software (Stereo-
Investigator 9.0, Microbrightfield, USA). The fractionator prin-
ciple was used for sampling the sections. To ensure an accurate
detection, the calculation of cells was determined with 40X Apo
objective of Leica Plan (NA =1.4).

2.9 | Statistical Analysis

A software program (SPSS 25.0, IBM, USA) was used for sta-
tistical comparison. The homogeneity of variance test showed
a normal distribution of the data with 95% confidence interval.
One-way ANOVA with Tukey's post hoc test was used to ana-
lyze multiple comparisons. The subset for the significance of the
p value was 0.05 alpha level. Statistical significance levels were
presented as *p<0.05, **p<0.01, and ***p<0.001. The data
were presented as mean=+SEM for the biochemical variables
and mean + SD for the histopathological scoring.
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3 | Results

3.1 | LPS Induction Causes Severe Sepsis Through
Cytokine Overproduction in Bloodstream

There were severe increases in IL-183, IL-6, IL-10, TNF-«, and
Caspase-3 levels in the LPS group compared with the Control
group in sera samples (p <0.001) while there was no statisti-
cal difference in between Control and ASTA groups (p <0.05).
ASTA administration decreased the levels of IL-10, TNF-a,
and Caspase-3 in the LPS+ASTA group compared with the
LPS group (p<0.001), and the levels were not different from
the Control group (p>0.05). The levels of IL-1f and IL-6 in the
LPS+ASTA group were moderately higher than the Control
group (p<0.05) although the levels were not different from
the LPS group (p>0.05). Mean serum values of cytokines and
Caspase-3 levels in the groups are presented in Figure 1.

3.2 | LPS Induction Causes Severe Oxidative Stress
in Lung Tissue That Can be Prevented by ASTA
Administration

The level of MDA in LPS group was high compared to Control
and ASTA groups (p<0.001) with no difference in between
Control and ASTA groups (p<0.05) in lung tissue. The MDA

level was reduced by ASTA administration in LPS + ASTA group
compared to LPS group (p<0.01) although the level was mod-
erately higher than Control and ASTA groups (p <0.05). GSH
level decreased in LPS group compared to Control (p <0.01) and
ASTA (p<0.001) groups. ASTA treatment improved GSH level
in LPS+ ASTA group compared to LPS group (p>0.01) with no
difference in between Control and ASTA groups (p>0.05). SOD
level did not differ in Control, LPS, and ASTA groups (p>0.05)
while it was higher in LPS+ ASTA group than Control (p <0.05)
and LPS (p<0.01) groups with an increasing tendency com-
pared with ASTA group (p=0.059). Oxidative and antioxidative
status in the lung tissue is presented in Figure 2.

3.3 | Histopathological Findings

Figure 3 shows the mean scores for histopathological evalua-
tion of the lung tissues in the groups. Vascular, alveolar, bron-
chiolar, and mean histopathological score values of lung tissues
were significantly higher in the LPS group than in the Control
group (p <0.05). Significant decreases in the score values were
determined in the AST+LPS group compared to LPS group
(p<0.05) while the score values were high in the AST+LPS
group compared to Control (p <0.05). Histopathological illus-
trations of lung tissues representative for all groups are shown
in Figure 4.
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FIGURE1 |

Cytokine and Caspase-3 levels in sera samples. Note that the levels of IL-1$ (A), IL-6 (B), IL-10 (C), TNF-a (D), and Caspase-3 (E)

are higher in LPS group than in Control. ASTA administration decreases IL-10, TNF-o and Caspase-3 levels in LPS+ ASTA group compared with
LPS group. The levels of IL-13 and IL-6 in LPS+ ASTA group were moderately higher than the Control group. Bars are mean + SEM. Scatterplots are
individual values for each animal. *p <0.05; **p <0.01; ***p < 0.001; ns, no significant (p > 0.05).
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FIGURE 2 | Oxidative and antioxidative status of lung tissue. Note that the LPS administration increases the MDA level (A) and decreases the

GSH level (B). The level of SOD (C) in LPS group is not statistically different from Control group. ASTA administration decreases MDA and increases

GSH and SOD in LPS+ ASTA group compared with LPS group. Bars are mean + SEM. Scatterplots are individual values for each animal. *p <0.05;

**p<0.01; ***p <0.001; ns, no significant (p>0.05).
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FIGURE 3 | Histopathological evaluation scores of the lung tissues

in all groups. The scores were evaluated based on the findings of vascu-
lar, alveolar, and bronchiolar features. Results are shown as mean +SD.
Statistical differences among groups are shown with different letters
(p<0.05, at least).

3.4 | Immunohistochemical
and Immunoreactivity Findings

Immunohistochemical staining of lung tissues incubated with
P2X7R primary antibodyis shown in Figure 5. Immunoreactivity
was significantly increased in LPS group (p <0.05) while slight
immunoreactivities were determined in the lung tissues in
Control and AST groups. There was a decrease in immunoreac-
tivity in the AST + LPS group compared to LPS group (p <0.05)
but the score value of AST + LPS group was still higher than the
score values of Control and AST groups (p <0.05). The stereolog-
ical immunoreactivity results are presented in Table 1.

3.5 | Western Blot Analysis Findings

The relative protein expression of Bcl-2 was low in LPS group
compared to Control, ASTA, and LPS+ASTA groups (p<0.05).
The expression levels of Caspase-3, NF-xB-p65, P2X7R, IL-
18, and TNF-a in LPS group were significantly higher than in
Control, ASTA, and LPS+ ASTA groups (p <0.05). The expression

levels were improved in LPS+ASTA group compared to LPS
group (p<0.05) having a similarity with the expression levels of
Control and ASTA groups (p>0.05). The band images and band
analyses in lung tissue of all groups are presented in Figure 6.

4 | Discussion

In this study design, the severe cytokine overproduction in
bloodstream confirms systemic inflammatory response that
is indicative to sepsis as a result of endotoxemia following the
intraperitoneal administration of LPS. The histopathological
alterations and inflammatory cell infiltration in the lung tis-
sue demonstrate the ALI during endotoxemia. Sepsis-induced
ARDS could arise from pulmonary or extrapulmonary infec-
tions resulting in ALI characterized by pulmonary inflamma-
tion [42, 43]. The excessive inflammatory response may cause
tissue damage in sepsis while inflammatory regulation is re-
quired to accelerate the immunomodulation of inflammation.
The immune response is regulated by interrelating reactions
between pro- and anti-inflammatory responses [10] while sep-
sis may progress to life-threatening organ dysfunction or dam-
age in a particular condition of dysregulated host response [3].
Therefore, the severity of inflammatory response demonstrates
the severity of sepsis and tissue damage. In the current study,
the inflammatory response of the lung caused by extrapulmo-
nary E. coli LPS have been improved by the ASTA treatment
through the regulation of ROS products, P2X7R expression,
pro-inflammatory cytokine response, and apoptotic and anti-
apoptotic mediators.

The antioxidant activity of ASTA in lung diseases is mostly as-
sociated with its supreme capacity for the absorbance of oxygen
radicals (e.g., up to 500 times more effective than a-tocopherol),
standing out from other antioxidants having a superior activ-
ity [28, 44]. During oxidative stress, generation of ROS produces
lipid peroxidation that is recognized by pattern recognition
receptors leading to DNA damage [45]. The lipid peroxidation
product MDA is derived from superoxide radicals responding to
oxidative stress and cell injury. ASTA treatment reduces ROS
formation and oxidative stress occurrence [46] ameliorating
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FIGURE 4 | Histopathologic illustration of lung tissues in the groups (Crossman's modified triple staining, magnification 200x). Al, alveoli; ar-
row head, alveolar hemorrhage; AS, alveolar septa; Br, bronchiole; circle, thickness in alveolar septa; square, detachment of the bronchial epithelium;

open arrow, infiltration of inflammatory cells (leukocytes).

DNA damage and apoptosis reducing Caspase-3 activation [47]
in the airway epithelium. ASTA suppresses ROS production and
lipid peroxidation activity, upregulates antioxidant enzyme SOD,
and inhibits cytokines (e.g., IL-18) in LPS-induced dendritic
cells providing a strong antioxidant protection for inflammatory
control in sepsis [48]. A recent study has reported that ASTA
improves the levels of MDA and GSH in the lung injury [49]. In
accordance with previous reports, the findings seen in the treat-
ment group indicate that the oxidative stress of the septic lung
tissue can be alleviated by ASTA administration by decreasing
MDA level along with an increase in GSH level. In addition, the
P2X7R signaling can influence the production of lipid mediators
in alveolar macrophages [50] through the regulation of signaling
cascade and radical scavenging [51]. P2X7R antagonism reduces
the cytokine production and ROS generation [52], suggesting
that ROS may involve in the P2X7R-mediated cytokine overpro-
duction [53]. Besides, we have recently determined that P2X7R
antagonism may alleviate the oxidative stress of the lung tissue
in LPS-induced sepsis in rats [19]. Thus, the current data demon-
strate that ASTA treatment may alleviate lung injury through
the downregulation of the P2X7R-mediated pathway that may
possibly contribute to reduce the MDA level and to increase the
GSH level boosting the antioxidative and anti-inflammatory re-
sponses of the lung.

Healthy tissues strictly regulate ATP release from cells to main-
tain the concentration low by extracellular ATP/ADPases al-
though ATP may act as an endogenous danger signal released

from injured cells into extracellular fluid that triggers inflam-
matory reactions to maintain immunity through purinergic sig-
naling [12, 54]. When cell integrity disrupted, extreme amount
of extracellular ATP interacts with the cell surface receptors
(e.g., P2X7Rs) by mediating the inflammation and fibrosis in tis-
sues including the lung [54] that may result in the activation of
signaling cascades by inducing apoptosis [12, 13]. Ligand-gated
ion channel P2X7 receptor has a significant role as a signal to
activate inflammasomes inducing the productions of cytokine
and ROS [12] while it has an immunoregulatory function [55].
Accordingly, P2X7R overexpression and ROS production (i.e.,
MDA) have been observed in the septic lung tissue which may in-
volve in the inflammatory response during sepsis as seen in the
animals given LPS, herein. There were increases in the expres-
sions of P2X7R, NF-xB, and Caspase-3 and a decrease in Bcl-2
in the lung tissues of sepsis group. The Caspase-3 level increased
in both lung and blood. Signaling mechanism and apoptosis are
paired with the production of cellular pro-inflammatory/lipid
mediators and the accumulation of activated neutrophils and
macrophages into the lung tissue as the pathogenesis of lung in-
jury is regulated by the transcriptional factors such as Caspase-3
and NF-xB [9]. The apoptosis cascade starts with different initial
caspase signals and converges at the same final executor and ef-
fecter Caspase-3 that induces cell death in sepsis [56] in which
apoptotic pathway could also be regulated by Bcl-2 family pro-
teins in pulmonary diseases [57]. In addition, NF-xB serves as a
pivotal mediator in response to inflammation by activating cy-
tokines, adhesion molecules, cell proliferation, morphogenesis,
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FIGURE 5 | Immunohistochemical staining of lung tissues with anti-P2X7R antibody in the groups (Avidin-biotin staining, magnification

200x). Br, bronchiole; Al, alveoli; arrows, immune reactive cells.

differentiation, and apoptotic changes [58]. A recent study found
that P2Y2R and P2X7R activations increase adhesion of mono-
cytes to endothelial cells inducing an upregulation of P2Y2R-
P2X7R-mediated signaling, inflammasome activation, IL-18
release, and NF-xB signaling in mesenteric endothelial cells
from peritoneal cavity [59]. Therefore, the P2X7R signaling, IL-
1B release, and NF-xB activation may be one of the essential sig-
naling pathways for the regulation of inflammatory response in
lung injury during endotoxemia induced by intraperitoneal LPS.

The fact that the antagonism of P2X7Rs has attenuated the sep-
tic lung injury [33] indicates a strong evidence for the therapeu-
tic targeting of the P2X7Rs [18]. The P2X7R positively regulates
NF-xB activation and induces a rapid activation of caspases
leading to apoptotic cell death [60]. The regulation of P2X7/
NF-xB pathway prevents apoptosis improving the antioxidative
and anti-inflammatory activity of myocardial cells [61]. P2X7R
blockade mediates pyroptotic inflammation through the signal-
ing pathway of NF-xB/NLRP3/Caspase-1 that promotes P2X7-
dependent NF-xB-p65 translocation in murine macrophages
in Vibrio vulnificus infection, a Gram-negative bacterium [62].
Suppression of P2X7/NF-xB pathway may particularly contrib-
ute to the downregulation of pro-inflammatory cytokines in
LPS-induced inflammatory response of the lung [63]. Therefore,
inflammatory stimulation appears to trigger inflammasome,
P2X7Rs, NF-xB, and caspase signaling, leading to cytokine pro-
duction and cell apoptosis. ASTA has extraordinary potential
for protecting the organism against respiratory diseases due to
its outstanding protective effects for the regulation of oxidative

TABLE1 | Immunoreactivity results of anti-P2X7R antibody in lung

tissues.
Groups P2X7R
Control 0.33+0.51*
LPS 4.33+0.81°
ASTA 0.33+0.512
LPS+ASTA 2.83+0.75¢

Note: Results are shown as mean = SD. Statistical differences among groups are
shown with different letters in the same column (p <0.05, at least).

and inflammatory response in the sepsis-induced lung injury
[31, 48]. LPS evokes alveolar macrophage decompose via CD14
and P2X7R, inducing the release of cytokines as an initiator of
neutrophil infiltration [64]. The staining of lung tissue revealed
that ASTA treatment has reduced LPS-induced alveolar and
bronchiolar damage inhibiting inflammatory cell infiltration.
Thus, the results of this study suggest a critical pathway for the
pharmacotherapy to reduce the lung inflammation by regulat-
ing ROS products, pro-inflammatory cytokines, and P2X7R sig-
naling and apoptotic mediators during sepsis.

The putative role of molecular mechanisms of ASTA treat-
ment for the modulation of oxidative stress and inflammatory
response have been previously documented [29, 65, 66]. ASTA
activates Nrf2 (nuclear factor erythroid 2-related factor 2) lead-
ing to the synthesis of antioxidant enzymes [65] and regulates
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FIGURE 6 | Band images and relative protein expressions of lung tissues in the groups.

NF-xB and MAPK (mitogen-activated protein kinase) pathway
associated with an anti-inflammatory effect on the lung dis-
eases [67]. ASTA suppresses NF-xB in tuberculosis-associated
lung injury [68] and non-small cell lung cancer [69]. ASTA mod-
ulates signaling pathways in LPS-induced inflammatory reac-
tions in the lung [70]. It has been previously determined that
LPS-induced apoptosis exhibits a decrease in the anti-apoptotic
Bcl-2 and an increase in the pro-apoptotic Bax (Bcl-2 associated
X) resulting in an elevation of the Bax/Bcl-2 ratio in lung tis-
sue in the ALI [71]. There are many promising effects of ASTA
treatment, for example, the inhibition of apoptosis through the
regulation of NF-xB, Caspase-3, and Bcl-2 in lung diseases [67]
as shown in the LPS + ASTA group. The anti-apoptotic mediator
Bcl-2 inhibits the apoptosis not only in malignant cells and but
also in normal cells [72]. In addition to the antioxidant effects of
ASTA treatment, therefore, the findings indicate that the ASTA
treatment may prevent the lung apoptosis during endotoxemia
by the regulation of the apoptotic and anti-apoptotic mediators.

There are limitations of this study related with the LPS-induced
endotoxemia that reflects Gram-negative bacterial sepsis with-
out live bacteria. LPS model may exhibit a higher endotoxin
resistance in murine models than human beings. On the other
hand, pro-inflammatory cytokine release is one of the main
characteristics of early sepsis which is associated with the organ
damage among sepsis etiologies in which the Gram-negative
bacteria are the leading causes of sepsis [3]. Further molecular
studies are warranted to investigate the potential therapeutic
effects of ASTA treatment on the regulation of oxidative stress
and inflammatory-apoptotic pathway with regard to P2X7R
signaling.

5 | Conclusion

The results of this study determine that the inflammation of
lung tissue is triggered by LPS induced endotoxemia which ap-
parently related with pro-inflammatory cytokine production
(IL-18 and TNF-a), ROS generation (MDA), and purinergic
signaling (P2X7Rs) leading to a susceptibility to cell damage
by dysregulated apoptotic (NF-kB-p65 and Caspase-3) and anti-
apoptotic (Bcl-2) mediators. ASTA administration appears to al-
leviate septic lung injury by regulating oxidative stress, P2X7R
expression, cytokine production, and apoptotic mediators im-
proving inflammation and apoptosis of the lung in LPS-induced
endotoxemia, in vivo.
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