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Background. Acute lung injury (ALI) always leads to severe inflammation. As inflammation and oxidative stress are the common
pathological basis of endotoxin-induced inflammatory injury and ischemic reperfusion injury (IRI), we speculate that remote
ischemic preconditioning (RIPC) can be protective for ALI when used as remote inflammatory preconditioning (RInPC).
Method. A total of 21 Sprague-Dawley rats were used for the animal experiments. Eighteen rats were equally and randomly
divided into the control (NS injection), LPS (LPS injection), and RInPC groups. The RInPC was performed prior to the LPS
injection via tourniquet blockage of blood flow to the right hind limb and adopted three cycles of 5min tying followed by
5min untying. Animals were sacrificed 24 hours later. There were 2 rats in the LPS group and 1 in the RInPC group who died
before the end of the experiment. Supplementary experiments in the LPS and RInPC groups were conducted to ensure that 6
animals in each group reached the end of the experiment. Results. In the present study, we demonstrated that the RInPC
significantly attenuated the LPS-induced ALI in rats. Apoptotic cells were reduced significantly by the RInPC, with the
simultaneous improvement of apoptosis-related proteins. Reduction of MPO and MDA and increasing of SOD activity were
found significantly improved by the RInPC. Increasing of TNF-α, IL-1β, and IL-6 induced by the LPS was inhibited, while IL-
10 was significantly increased by RInPC, compared to the LPS group. Conclusion. RInPC could inhibit inflammation and
attenuate oxidative stress, thereby reducing intrinsic apoptosis and providing lung protection in the LPS-induced ALI in rats.

1. Introduction

Acute lung injury (ALI) is a life-threatening parenchymal
lung disease caused by various pathogenic factors. The ALI
is characterized by hypoxemia, lung gas and blood barrier
damage, bilateral pulmonary inflammatory infiltration, and
noncardiogenic interstitial edema. It often progresses to
acute respiratory distress syndrome (ARDS) and requires
mechanical ventilation. Uncontrolled inflammation is the
main cause of death, with a mortality rate of over 30% [1].
At present, the treatment for ALI/ARDS is mainly support-
ive, and novel therapeutic strategies are urgently needed.

Sepsis is the most common cause of ALI. Lipopolysac-
charide (LPS), the endotoxin derived from the outer mem-
brane of Gram-negative bacteria, which is believed to be

one of the most frequent triggers of sepsis, is a powerful
causative agent of systemic inflammation. The LPS can
directly damage the alveolar-capillary barrier, lung epithelial
cells, and pulmonary vascular endothelial cells [2]. Alveolar
macrophages (AM) activated by LPS can release cytokines
such as TNF-α and IL-1β to initiate the inflammatory cas-
cade, producing a large number of inflammatory mediators
and factors, and reactive oxygen species (ROS). The ROS
can destroy the gas and blood barrier by damaging pulmo-
nary vascular endothelial cells and alveolar epithelial cells,
increasing their permeability, and causing pulmonary
edema; it can also upregulate the expression of inflammatory
factors and induce inflammation [3]. It has been elucidated
that several different forms of programmed cell death
(PCD), including autophagy, apoptosis, and pyroptosis, have
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been correlated with the LPS-induced ALI in rat models
[4–6].

Pyroptosis is triggered in response to infection. The LPS
has been reported to directly stimulate the activation of cas-
pase-11, which cleaves gasdermin D (GSDMD) resulting in
membrane rupture and cell lysis in rodents [7]. The innate
immune response can be activated by LPS through the acti-
vation of TLR4 receptors [8], leading to the transcription of
MyD88-dependent genes, which encode proinflammatory
cytokines including inactive proforms of IL-1β and inflam-
masome components [9]. Multiple studies elucidated the
role of the Fas/FasL system in the extrinsic epithelial apopto-
sis in LPS-induced ALI [6]. DNA damage, hypoxia, and met-
abolic stress can induce intrinsic apoptosis, which begins
with mitochondrial outer membrane permeabilization
(MOMP) and leads to the release of mitochondrial proteins
into the cytosol [10]. The ROS may stimulate the cell death
pathways and trigger inflammation, resulting in inflamma-
some activation, pyroptosis [11], and intrinsic apoptosis.

Ischemia-reperfusion injury (IRI) refers to the irrevers-
ible tissue damage caused by insufficient oxygen supply fol-
lowing tissue ischemia and subsequent restoration of blood
supply. Oxidative stress, inflammation, and calcium ion
overload were involved with the ischemia-reperfusion injury
[12]. Ischemic preconditioning (IPC) is currently known as
an effective protection strategy against the IRI. Remote IPC
(RIPC) can be used to offer a protective effect to the target
organ by transient ischemic interventions in organs or tis-
sues far away from the target. In previous studies, the protec-
tive effect of the RIPC against myocardial IRI and cerebral
IRI has been demonstrated in rat models [13, 14]. Its protec-
tive mechanism was related to the reduction of oxidative
stress and the alleviation of intrinsic apoptosis.

Based on the results from this study, we speculate that
the RIPC can also be used as a novel protective strategy in
LPS-induced ALI via alleviating intrinsic apoptosis. To facil-
itate the distinction, RInPC, a short-term ischemic interven-
tion in organs or tissues far away from the target organ
before inflammation occurs, is termed to stand for remote
inflammatory preconditioning, which is distinguished from
RIPC. The LPS-induced ALI rat models were used with the
RInPC during the preinflammatory stage to verify this
hypothesis and explore its intrinsic apoptosis-related
mechanisms.

2. Materials and Methods

2.1. Ethics Statement. All animals were taken care of and
treated in agreement with the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines for this study.
Further, all animal procedures were performed following the
guidelines of Institutional Animal Care. The ethics approval
has been obtained from the Ethics Committee of the Central
Hospital of Wuhan affiliated to Tongji Medical College,
Huazhong University of Science and Technology, before
the onset of the study.

2.2. Animals. A total of 21 Sprague-Dawley rats weighing
250 to 270 g were obtained from the Beijing Vital River Lab-

oratory Animal Technology Co., Ltd. (Certificate Number:
SCXK-2003-001; Beijing, China). The animal experiment
occurred at the animal experimental center of the Biofavor
Biotech Company in Wuhan, Hubei, China. Animals were
maintained in an air-conditioned atmosphere at 25°C with
a 12-hour light-dark cycle exposure and were provided with
free access to pelleted food and ad libitum water. After a
one-week acclimation, the animals were randomly assigned
into three groups, six rats per group. The first group was
maintained as the control. The second group (LPS group)
had the LPS intravenous injection. The third group (RInPC
group) was treated the same as the LPS group with addi-
tional 30 minutes of remote stimuli before the LPS injection.
There were 2 rats in the LPS group and 1 rat in the RInPC
group that died before the end of the experiment. Supple-
mentary experiments for the LPS and RInPC groups were
conducted to include 6 animals that reached the end of the
experiment in each group.

2.3. Drugs. The LPS (O127: B8; Sigma, St. Louis, MO, USA)
used in this study was derived from Escherichia coli (O127)
endotoxin, and it was dissolved in sterile saline.

2.4. Experimental Protocol. The animal model of LPS-
induced ALI was developed with some modifications as
described by Hagiwara et al. [15]. Briefly, the rat model
was created by injection of LPS (5mg/kg) via the tail vein.
The same volume of normal saline (NS) was administered
to the animals in the control group through the same route.
All animals were injected intravenously under ether inhala-
tion anesthesia.

The RInPC was performed for 30 minutes ahead of the
LPS injection via tourniquet blockage of blood flow to the
right hind limb and adopted three cycles of 5min tying
followed by 5min of untying. Circulatory arrest in the limbs
was identified by observing the empurpled limb skin and
confirmed using a vascular Doppler. This method has been
developed and standardized in a previous study [16].

Twenty-four hours after the injection, the animals were
sacrificed following heart blood sampling under overa-
nesthesia. The serum was separated by centrifugation of
the blood sample at 3000 g for 15 minutes. Lung samples
were collected with inflation after the chest was opened.
The left lungs were used to measure the wet/dry ratio. The
right upper lungs were stored in 4% paraformaldehyde for
histological studies. And the right lower lungs were stored
at −80°C for biochemical assay and protein analysis by west-
ern blotting.

2.5. Histology and Morphology. Complete random cross-
sections of the rat lungs were fixed in 4% neutral
phosphate-buffered formaldehyde, embedded in paraffin,
sectioned (5μm), and stained with hematoxylin and eosin
(H&E). The sections were viewed by an experienced mor-
phologist who knew nothing about the sample identity.
Ten randomly chosen microscopic fields (×200) were viewed
for each lung sample, and all 6 samples were viewed for each
animal group. Histological evidence suggesting ALI was also
evaluated by a blinded investigator according to Hofbauer
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and colleagues’ method [17]. In which, alveolar membrane
thickness and cellularity were evaluated by estimating the
fraction of the microscopic field occupied by the parenchy-
mal tissue as opposed to the empty alveolar spaces. The
average values of ALI were represented by a histological
index of quantitative assessment (IQA) using the following
criteria. Samples were graded from normal to severe, which
was expressed by 0 (<15% of the space occupied by tissue
and >85% by alveolar space), 1+ (15%-25% occupied by tis-
sue and 75%-85% by alveolar space), 2+ (25%-50% occupied
by tissue and 50%-75% by alveolar space), 3+ (50%-75%
occupied by tissue and 25%-50% by alveolar space), and 4+
(75%-100% occupied by tissue and 0%–25% by alveolar
space).

2.6. Lung Wet-to-Dry Weight Ratio Measurement. To assess
tissue edema, the weight of rat lungs (six lungs per group)
was measured, followed by a drying step of the lungs in an
oven at 80°C for 48 h until the weight of the samples became
constant. Then, the lung wet-to-dry weight ratio was
calculated.

2.7. Assay of Serum Lactate Acid. Serum lactate measure-
ment was performed in all groups using a lactate assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
Jiangsu, China), according to the manufacturer’s
instructions.

2.8. Enzyme-Linked Immunosorbent Assay (ELISA). The
levels of TNF-α, IL-1β, IL-6, and IL-10 in serum were
detected using the specific mouse or human ELISA kits
(Elabscience Biotechnology Co. Ltd., Wuhan, Hubei, China).
The optical density was measured at 450/540 nm wavelength
using an automated ELISA reader (Flexstation3, Molecular
Devices, LLC, Sunnyvale, CA, USA). All standards and sam-
ples were run in triplicate.

2.9. Assays of Malondialdehyde (MDA), Myeloperoxidase
(MPO), and Superoxide Dismutase (SOD). These three oxi-
dative stress indicators were detected in serum, as previously
reported by using commercial assay kits (Nanjing Jiancheng
Bioengineering Institute), according to the manufacturer’s
instructions [18]. The unit of measurement for MDA was
nmol per milligram of protein. MPO and SOD activities
were expressed as units per milligram of protein.

2.10. Terminal Deoxynucleotidyl Transferase-Mediated
dUTP Nick End Labeling (TUNEL) Assay. The TUNEL tech-
nique was carried out using the “In Situ Cell Death Detec-
tion Kit.” Briefly, the lung sections on the microscopic
slides were dewaxed and incubated with proteinase K. Then,
the slides were stained using a TUNEL kit (Biovision Inc.,
Mountain View, CA, USA), according to the manufacturer’s
instructions. Subsequently, the slides were examined under a
fluorescence microscope (Olympus BX53, Olympus, Japan).
Images were captured to determine the percentage of posi-
tive cells and intensity of staining and then used to calculate
the percentage of positive nuclei in three representative areas
from three samples per group as the apoptotic index for sta-
tistical analysis.

2.11. Western Blotting Analysis. The right lower lung speci-
mens (approximately 100mg each) were dissected out and
stored at -80°C. The protein expressions of Bcl-2, Bax, Cyt-
c, AIF, caspase-3, cleaved caspase-3, caspase-9, and cleaved
caspase-9 in the lung were detected by western blotting anal-
ysis, which was described in the literature [19]. Briefly, the
protein concentration was determined by the Bicinchoninic
Acid (BCA) method. The protein sample was boiled and
denatured; then, SDS-PAGE gel electrophoresis was per-
formed. The protein was transferred onto the nitrocellulose
membrane. Next, the proteins were blocked with 5% skim
milk at 37°C for 1 h. The membranes were incubated over-
night at 4°C with diluted primary antibody and GADPH pri-
mary antibody (1 : 1000). The next day, the membrane was
washed three times with TBST and incubated with a second-
ary antibody diluted with the blocking solution at 37°C for 2
hours. The enhanced chemiluminescence (ECL) was devel-
oped, and the protein bands were photographed after wash-
ing. The integral optical density (IOD) of each target band
was determined using Bandscan 5.0 software (Bio Marin
Pharmaceutical, San Rafael, CA, USA). The expressions of
the target proteins were normalized by the ratio of integrated
optical density (IOD) of proteins to the IOD of GADPH.
The expressions of Cyt-c and AIF in the mitochondria were
normalized by the ratio of the IOD of proteins to the IOD of
COX4.

2.12. Statistical Analysis. The significant differences were cal-
culated using one-way ANOVA among multiple groups with
the Prism 8.0 software (GraphPad Software, Inc., San Diego,
CA, USA). Results were expressed as means ± standard
deviation ðSDÞ. Values are shown using a column diagram.
P < 0:05 was considered significant.

3. Results

3.1. RInPC Attenuated the LPS-Induced ALI in Rats. The
survival percentages of the three groups of models were
100% (6/6), 75.0% (6/8), and 85.7% (6/7), respectively
(Figure 1(a)). Histological evaluations of lung tissue changes
by H&E staining were compared among the three groups.
Similar to the description by Du et al. [20], the morphology
in the control group was normal with no fluid in the alveolar
space. No evidence of inflammatory cell infiltration or hem-
orrhage on the alveolar wall was found. Diffuse edema in
alveolar spaces, inflammatory cell infiltration, and thickened
interlobular septa were found in both the LPS and RInPC
groups. A significantly higher ALI score represented by
IQA was observed in the LPS group compared to the others.
The IQA score of the RInPC group was significantly lower
than that of the LPS group (control vs. RInPC vs. LPS:
0:71 ± 0:24 vs. 1:96 ± 0:10 vs. 3:00 ± 0:16, P < 0:001)
(Figures 1(b) and 1(e)).

The wet/dry lung weight ratio was significantly increased
in the LPS group (8:66 ± 2:34 vs. 6:02 ± 0:60, P < 0:05) com-
pared to the control group. The wet/dry ratio in the RInPC
group was between the control and LPS groups, without
any significant differences (Figure 1(c)).
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Figure 1: RInPC attenuated LPS-induced ALI in rats. (a) Comparison of survival proportion among three groups. (b) Comparison of ALI
represented by IQA between each group. (c) Comparison of wet/dry ratio between each group. (d) Comparison of lactic acid in the serum of
each group. (e) Histological changes of lung tissue in each group (H&E; 200x). Control: control group; LPS: LPS injury group; RInPC: LPS
+RInPC group. In comparison, the LPS injury group showed diffuse edema in alveolar spaces and interstitium of the lung, hemorrhage,
severe inflammatory cell infiltration and serous exudation in the alveolar space, and thickened interlobular septa. These changes were
significantly mitigated in the RInPC group. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001 vs. control group; #P < 0:05; ##P < 0:01; ###P < 0:001 vs.
LPS group (n = 6); IQA: index of quantitative assessment.
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Figure 2: Continued.
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The value of lactate acid in both the LPS group and the
RInPC group was significantly increased compared to the
control, while the value in the RInPC group was significantly
lower than that in the LPS group. The values of the three
groups were 3:98 ± 0:33, 19:33 ± 1:03, and 8:22 ± 0:51,
respectively (P < 0:001) (Figure 1(d)).

3.2. RInPC Prevented Apoptosis via an Intrinsic Pathway in
LPS-Induced ALI in Rats. To determine the protective effects
of the RInPC against LPS-induced apoptosis, TUNEL was
performed. In vivo, LPS-challenged animals exhibited a sig-
nificant increase in green fluorescence apoptotic cells, which
was significantly reduced by the RInPC (Figures 2(a) and
2(b)).

Although the values of both caspase-3 and caspase-9
were not changed in the lung specimen, cleaved caspase-3
and cleaved caspase-9 were upregulated significantly
(P < 0:001 compared with the control group). The RInPC
inhibited the LPS-induced upregulation of cleaved caspase-
3 and cleaved caspase-9 (P < 0:01 compared with the LPS
group) (Figures 2(c) and 2(d)).

The intrinsic pathway of apoptosis, which means
mitochondrial-dependent apoptosis, is mediated through
the release of cytochrome c (Cyt-c) and apoptosis-inducing
factor (AIF), leading to ultimately caspase activation. In the
present study, significantly increased Cyt-c in the cytoplasm
and decreased Cyt-c in the mitochondria were observed
(P < 0:001 compared with the control group), which was

alleviated by the RInPC (P < 0:001 compared with the LPS
group). Simultaneously, increased AIF both in cytoplasm
and mitochondria were observed (P < 0:001 compared with
the control group), which was also alleviated by the process
of RInPC (P < 0:001 compared with the LPS group)
(Figures 2(f) and 2(g)).

Additionally, the present study investigated the changes
in the expression levels of the Bcl-2 family proteins (Bcl-2
and Bax) in lung tissue. The LPS injection resulted in the
downregulation of the antiapoptotic protein Bcl-2 and
upregulation of the proapoptotic protein Bax. Although no
significant differences of Bcl-2 and Bax were observed
among the three groups, a significantly decreased Bcl-
2/Bax ratio was observed (P < 0:001 compared with the con-
trol group), and the RInPC prevented this decreased ratio
(P < 0:001 compared with the LPS group). These results
indicated that intravenous administration of LPS induced
lung cell apoptosis, which was significantly alleviated by
the treatment with the RInPC (Figures 2(c) and 2(e)).

3.3. RInPC Palliated the Oxidative Stress in Lung Induced by
LPS Injection. To determine the antioxidative effects of the
RInPC against LPS-induced ALI in rats, the MDA, MPO,
and SOD levels in serum were measured. The LPS injection
induced a 2.30-fold elevation of MDA level, a 2.13-fold ele-
vation of MPO activity, and a 71.0% reduction of SOD activ-
ity, respectively, compared with the control group. In
contrast, these oxidative markers were significantly
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Figure 2: RInPC prevented apoptosis via an intrinsic pathway in LPS-induced ALI in rats. (a) Fluorescent images of the TUNEL results
under a fluorescence microscope in ALI rats induced by LPS (original magnification: 400x). (b) Comparison of apoptosis index between
each group. (c) WB bands of caspase-3, cleaved caspase-3, caspase-9, cleaved caspase-9, Bcl-2, and Bax. (d) Comparison of caspase-3,
cleaved caspase-3, caspase-9, and cleaved caspase-9 between each group. (e) Comparison of Bcl-2, Bax, and Bcl-2/Bax ratio between each
group. (f) WB bands of Cyt-c and AIF expressed in the cytoplasm and mitochondria. (g) Comparison of Cyt-c and AIF in the cytoplasm
and mitochondria between each group. ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001 vs. control; ##P < 0:01; ###P < 0:001 vs. LPS (n = 3). DAPI: 4′,6-
diamidino-2-phenylindole; WB: western blot; Cyt-c: cytochrome c; AIF: apoptosis-inducing factor; GAPDH: glyceraldehyde 3-phosphate
dehydrogenase; COX4: cytochrome c oxidase subunit 4.
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improved by the RInPC in the LPS-injected rats. The MDA
and MPO were reduced to levels close to the control group,
and SOD was elevated to a level which was almost 84.5% of
the control group (Figures 3(a)–3(c)).

3.4. The RInPC Reduced Proinflammatory Cytokine Secretion
Induced by LPS. To investigate the anti-inflammatory effects
of the RInPC in the lung of LPS-intoxicated rats, TNF-α, IL-
1β, IL-6, and IL-10 levels were measured. The LPS injection
induced a 4.22-, 3.28-, 3.11-, and 2.20-fold elevation of TNF-
α, IL-1β, IL-6, and IL-10 levels, respectively, compared with
the control group. Conversely, proinflammatory cytokines
were significantly improved by the RInPC of LPS-injected
rats. The TNF-α, IL-1β, and IL-6 levels were improved to a
level which was less than half of the level in the LPS group,
with a significant increase of anti-inflammatory cytokine,

IL-10, to a level which was more than 2-fold of the level in
the LPS group (Figures 4(a)–4(d)).

4. Discussion

In this study, we demonstrated that the RInPC significantly
attenuated the LPS-induced ALI in rats, possibly via an inhi-
bition of intrinsic apoptosis, associated with reductions in
both oxidative stress and proinflammatory cytokines.
Although investigations on the inhibition of pyroptosis [7]
and extrinsic apoptosis [6] in the LPS-induced ALI have
been reported previously, we have not found a similar
research result about intrinsic apoptosis and LPS-induced
ALI.

Gram-negative bacteria have been associated with
approximately 50% of infectious ALI, usually from

0.0

Co
nt

ro
l

LP
S+

RI
PCLP

S

0.2

0.4

0.6

0.8

1.0

M
D

A
 (n

m
ol

/m
gp

ro
t)

⁎⁎⁎⁎

####

(a)

0

Co
nt

ro
l

LP
S+

RI
PCLP

S

10

20

30

40

M
PO

 (U
/m

gp
ro

t)

⁎⁎⁎⁎

####

(b)

0

Co
nt

ro
l

LP
S+

RI
PCLP

S

20

30

50

60

10

40

SO
D

 (U
/m

gp
ro

t)

⁎⁎⁎⁎

⁎
####

(c)

Figure 3: The RInPC palliated the oxidative stress in the lung induced by the LPS. (a) Comparison of MDA between each group. (b)
Comparison of MPO between each group. (c) Comparison of SOD between each group. ∗P < 0:05; ∗∗∗∗P < 0:0001 vs. control group;
####P < 0:0001 vs. LPS group (n = 6). MPO: myeloperoxidase; MDA: malondialdehyde; SOD: superoxide dismutase.
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Figure 4: The RInPC reduced proinflammatory cytokine secretion induced by the LPS. (a) Comparison of TNF-α between each group. (b)
Comparison of IL-1β between each group. (c) Comparison of IL-6 between each group. (d) Comparison of IL-10 between each group.
∗∗∗P < 0:001; ∗∗∗∗P < 0:0001 vs. control group; ###P < 0:001; ####P < 0:0001 vs. LPS group (n = 6). TNF-α: tumor necrosis factor-alpha;
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pneumonia or sepsis [21]. The LPS, as a common endotoxin,
is critical for organ dysfunction and mortality associated
with severe Gram-negative infections [22, 23]. It has been
well established that intravenous administration of LPS can
induce a model of ALI [24–26].

The RIPC was originally one of the strategies to alleviate
organ IRI. It has been reported to exert a protective effect
against ischemia/reperfusion injury in rat hearts, brains,
and other organs, which may be associated with inhibiting
the opening of mPTP [27, 28]. It has also been demonstrated
to regulate the human myocardial apoptosis and inflamma-
tion, which is associated with the caspase cascade [29]. The
protective mechanism has been known to be related to inhi-
biting inflammation, reducing oxidative stress, and reducing
intrinsic apoptosis. Although different mechanisms about
cell death are involved between IRI and ALI, the RInPC,
which we abbreviated to stand for remote inflammatory pre-
conditioning, was suspected to be protective in this rats’ ALI
model induced by LPS based on the effect related to inhibi-
tion of intrinsic apoptosis.

The animal model was established through intravenous
injection of LPS (5mg/kg) in the present study, based on a
previous report [30, 31]. It was observed with significant
lung injury and dysfunction following LPS administration,
evidenced by the deterioration of histopathology, increased
wet/dry weight ratio of the lung, and elevated lactate acid
in serum, which is consistent with the other studies [26,
31–33]. The ALI in rats was attenuated by the performance
of RInPC, which was reflected by improved histopathologi-
cal changes and decreased wet/dry ratio and lactate acid in
serum compared to the LPS group. Although the value of
PaO2/FiO2 was not clarified, lactate acid has been certified
to be an indicator of anoxemia of the organ, especially in
lung injury. The lactate level has long been used as a marker
of resuscitation, for risk stratification, and as a mortality pre-
diction tool in sepsis with the commonly held belief that ele-
vated lactate levels in sepsis occur as a consequence of
anaerobic metabolism from tissue malperfusion [34]. Cyto-
pathic hypoxia and direct mitochondrial impairment have
been proposed as a cause of hyperlactemia, although the
exact mechanism remains incompletely understood [35].

Through TUNEL detection, it was confirmed that the
apoptosis of lung cells existed in the ALI model, and the
RInPC significantly reduced the occurrence of apoptosis.
Intrinsic apoptosis, mitochondrial-dependent apoptosis,
was activated through the mitochondrial release of Cyt-c,
AIF, and Smac [36]. When Cyt-c entered the cytoplasm,
the apoptosome assembly was released from the apoptotic
protease-activating factor 1, ATP, and procaspase-9, leading
to cellular apoptosis via the activation of caspase-3 and
caspase-7 [37]. To further elucidate the present hypothesis
of intrinsic apoptosis, the Cyt-c and AIF levels in the cyto-
plasm and mitochondria were measured. The RInPC was
demonstrated to improve the mitochondrial release of the
Cyt-c into the cytoplasm and thus the expression of AIF.

The apoptosis-related proteins play pivotal roles in apo-
ptosis. The caspase-3 and caspase-9 are activated and regu-
lated by the apoptotic pathway mediated by the Bcl-2/Bax
ratio [38, 39]. The present results demonstrated that the

RInPC significantly downregulated the expression of
caspase-9 and caspase-3, the proapoptosis protein, and the
executive protein of apoptosis in vivo. In addition, the anti-
apoptosis protein Bcl-2 and the proapoptosis protein Bax,
both involved in the regulation of the opening of mitochon-
drial permeability transition pore (mPTP), were also ana-
lyzed. The values indicated that the RInPC could attenuate
the opening of mPTP through regulation of the Bcl-2/Bax
ratio to inhibit the release of Cyt-c and AIF.

To explore the ability of the RInPC in regulating oxida-
tive stress, we tested the contents of MDA and MPO and
the activity of SOD. The MDA indirectly reflects the severity
of the cells being attacked by free radicals. The MPO activity
is an indicator of neutrophil infiltration in the lung. The
SOD is an important oxygen-free radical scavenger [40]. It
was shown that the LPS injection caused an increase in
MDA production, MPO secretion, and SOD consumption
in rats, suggesting an induced imbalance of oxidative stress.
It was also demonstrated that the RInPC was found to be a
good alleviator for the imbalance of oxidative stress induced
by the LPS.

In this rat model of LPS-induced ALI, it was observed
that the secretion of proinflammatory cytokines, including
TNF-α, IL-β, and IL-6, as well as the anti-inflammatory
cytokine IL-10, was all increased significantly after the
administration of the LPS, consistent with previous studies
[15, 41]. Monocytes and macrophages secrete cytokines such
as TNF-α, IL-β, and IL-6 during the early stage of the
inflammatory response when activated by the LPS, which
play an important role in the occurrence and development
of ALI/ARDS [32, 42, 43]. TNF-α is a primary mediator of
inflammation [32, 43]. The IL-1β also appears in the early
stage of ALI and cooperates with the TNF-α to promote an
inflammatory response. Levels of the IL-6 positively corre-
late with mortality in experimental models of sepsis. Mea-
suring the IL-6 levels in at-risk patients can accurately
predict individuals who are at significant risk of death as a
result of sepsis [44]. The IL-10 inhibits the expression of
proinflammatory cytokines, chemokines, and chemokine
receptors as well as allergen tolerance in allergen-specific
immunotherapy [42]. The RInPC significantly suppressed
the secretion of TNF-α, IL-β, and IL-6, promoting the secre-
tion of IL-10, which suggested that the RInPC could reduce
the inflammatory response in this ALI model.

Pyroptosis exerts a cell type-dependent role in inflam-
mation and immunity. The caspase-11-dependent nonca-
nonical pyroptosis was activated by cytosolic LPS from
invading Gram-negative bacteria in macrophages, mono-
cytes, or other cells in rodent animals [7]. As intrinsic apo-
ptosis is always induced by DNA damage, hypoxia, and
metabolic stress; we speculated that the intrinsic apoptosis
may have been secondary to noncanonical pyroptosis in
the LPS-induced ALI models, and further research is needed.

Some limitations in this study exist because of the exper-
imental design. First of all, the protective effect of the RInPC
on ALI was discussed only in rodent in vivo models. To
determine whether there is a similar effect on other animals
or humans, more elucidations are warranted. The second is
that the in vitro experiments have not been applied to
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explore whether cells treated with hypoxia and reoxygena-
tion can better resist the endotoxin damage. Another one
is that the wet/dry ratio was showed to have a significant dif-
ference between the control group and the LPS group, but
that of the RInPC group was without any significant differ-
ences compared to the other two groups. Measurement of
the protein level in BALF may be a better choice in future
experiments. The last one is that the study showing some
protective effects of RInPC on the LPS-induced ALI corre-
lated with the intrinsic apoptosis is still observational. The
mechanism mediating this protection has not been fully
investigated.

5. Conclusion

In the present study, the RInPC inhibited the inflammatory
response and attenuated the oxidative stress, thereby reduc-
ing intrinsic apoptosis and ultimately providing lung protec-
tion in the LPS-induced ALI model in rats. If a similar effect
could be found in other animal models or human beings, we
may get a new strategy to fight against ALI and ARDS.

Data Availability

The datasets used and/or analyzed during the current study
are available from the corresponding authors on reasonable
request.

Ethical Approval

This study was performed in agreement with the ARRIVE
guidelines. The ethics approval has been obtained from the
Ethics Committee of the Central Hospital of Wuhan affili-
ated to Tongji Medical College, Huazhong University of Sci-
ence and Technology. Great efforts were made to minimize
the suffering of animals.

Consent

No consent was necessary.

Conflicts of Interest

All authors declare that they have no conflict of interest.

Authors’ Contributions

Yong Liu and Baojun Chen contributed to the study concep-
tion and design. Material preparation, animal operation,
data collection, and analysis were performed by Yong Liu,
Jiahang Xu, Liang Zhao, and Jing Cheng. The first draft of
the manuscript was written by Yong Liu, and the final ver-
sion of the manuscript was revised by Baojun Chen and
Yong Liu. All authors have read and approved the final ver-
sion of the manuscript.

Acknowledgments

This study was supported by the Natural Science Foundation
of Hubei Province (ZRMS2019000195), China.

References

[1] M. Xiang and J. Fan, “Pattern recognition receptor-dependent
mechanisms of acute lung injury,”Molecular Medicine, vol. 16,
no. 1-2, pp. 69–82, 2010.

[2] F. Anjum, K. Joshi, N. Grinkina, S. Gowda, M. Cutaia, and
R. Wadgaonkar, “Role of sphingomyelin synthesis in pulmo-
nary endothelial cell cytoskeletal activation and endotoxin-
induced lung injury,” American Journal of Respiratory Cell
and Molecular Biology, vol. 47, no. 1, pp. 94–103, 2012.

[3] X. F. Qi, Y. C. Teng, Y. S. Yoon, D. H. Kim, D. Q. Cai, and K. J.
Lee, “Reactive oxygen species are involved in the IFN-gamma-
stimulated production of Th2 chemokines in HaCaT keratino-
cytes,” Journal of Cellular Physiology, vol. 226, no. 1, pp. 58–65,
2011.

[4] C. Fu, X. Dai, Y. Yang, M. Lin, Y. Cai, and S. Cai, “Dexmede-
tomidine attenuates lipopolysaccharide-induced acute lung
injury by inhibiting oxidative stress, mitochondrial dysfunc-
tion and apoptosis in rats,” Molecular Medicine Reports,
vol. 15, no. 1, pp. 131–138, 2017.

[5] M. Ju, B. Liu, H. He et al., “MicroRNA-27a alleviates LPS-
induced acute lung injury in mice via inhibiting inflamma-
tion and apoptosis through modulating TLR4/MyD88/NF-
κB pathway,” Cell Cycle, vol. 17, no. 16, pp. 2001–2018,
2018.

[6] P. S. Tang, M. Mura, R. Seth, and M. Liu, “Acute lung injury
and cell death: how many ways can cells die?,” American Jour-
nal of Physiology. Lung Cellular and Molecular Physiology,
vol. 294, no. 4, pp. L632–L641, 2008.

[7] N. Kayagaki, S. Warming, M. Lamkanfi et al., “Non-canonical
inflammasome activation targets caspase-11,”Nature, vol. 479,
no. 7371, pp. 117–121, 2011.

[8] B. Beutler and E. T. Rietschel, “Innate immune sensing and its
roots: the story of endotoxin,” Nature Reviews. Immunology,
vol. 3, no. 2, pp. 169–176, 2003.

[9] A. Pfalzgraff and G. Weindl, “Intracellular lipopolysaccharide
sensing as a potential therapeutic target for sepsis,” Trends in
Pharmacological Sciences, vol. 40, no. 3, pp. 187–197, 2019.

[10] D. Tang, R. Kang, T. V. Berghe, P. Vandenabeele, and
G. Kroemer, “The molecular machinery of regulated cell
death,” Cell Research, vol. 29, no. 5, pp. 347–364, 2019.

[11] R. Zhou, A. S. Yazdi, P. Menu, and J. Tschopp, “A role for
mitochondria in NLRP3 inflammasome activation,” Nature,
vol. 469, no. 7329, pp. 221–225, 2011.

[12] Q. Zhao, J. Wu, Q. Hua et al., “Resolvin D1 mitigates energy
metabolism disorder after ischemia-reperfusion of the rat
lung,” Journal of Translational Medicine, vol. 14, no. 1, p. 81,
2016.

[13] S. B. Zhu, Y. Liu, Y. Zhu et al., “Remote preconditioning, per-
conditioning, and postconditioning: a comparative study of
their cardio-protective properties in rat models,” Clinics (São
Paulo, Brazil), vol. 68, no. 2, pp. 263–268, 2013.

[14] X. Zhou, Y. Liu, Y. Huang, S. Zhu, J. Zhu, and R. Wang,
“Hypertonic saline infusion suppresses apoptosis of hippo-
campal cells in a rat model of cardiopulmonary resuscitation,”
Scientific Reports, vol. 7, no. 1, p. 5783, 2017.

[15] S. Hagiwara, H. Iwasaka, S. Matumoto, S. Hidaka, and
T. Noguchi, “Effects of an angiotensin-converting enzyme
inhibitor on the inflammatory response in in vivo and
in vitro models,” Critical Care Medicine, vol. 37, no. 2,
pp. 626–633, 2009.

9Journal of Immunology Research



[16] R. K. Kharbanda, U. M. Mortensen, P. A. White et al., “Tran-
sient limb ischemia induces remote ischemic preconditioning
in vivo,” Circulation, vol. 106, no. 23, pp. 2881–2883, 2002.

[17] B. Hofbauer, A. Saluja, M. Bhatia et al., “Effect of recombinant
platelet-activating factor acetylhydrolase on two models of
experimental acute pancreatitis,” Gastroenterology, vol. 115,
no. 5, pp. 1238–1247, 1998.

[18] J. Yao, D. Pan, Y. Zhao et al., “Wogonin prevents
lipopolysaccharide-induced acute lung injury and inflamma-
tion in mice via peroxisome proliferator-activated receptor
gamma-mediated attenuation of the nuclear factor-kappaB
pathway,” Immunology, vol. 143, no. 2, pp. 241–257, 2014.

[19] Y. She, L. Shao, Y. Zhang, Y. Hao, Y. Cai, Z. Cheng et al., “Neu-
roprotective effect of glycosides in Buyang Huanwu Decoction
on pyroptosis following cerebral ischemia-reperfusion injury
in rats,” Journal of Ethnopharmacology, vol. 242, p. 112051,
2019.

[20] Q. du, C. Wang, N. Zhang et al., “In vivo study of the effects of
exogenous hydrogen sulfide on lung mitochondria in acute
lung injury in rats,” BMC Anesthesiology, vol. 14, no. 1,
p. 117, 2014.

[21] K. Xie, Y. Yu, Y. Huang et al., “Molecular hydrogen amelio-
rates lipopolysaccharide-induced acute lung injury in mice
through reducing inflammation and apoptosis,” Shock,
vol. 37, no. 5, pp. 548–555, 2012.

[22] O. Kumpf, E. J. Giamarellos-Bourboulis, A. Koch et al., “Influ-
ence of genetic variations in TLR4 and TIRAP/Mal on the
course of sepsis and pneumonia and cytokine release: an
observational study in three cohorts,” Critical Care, vol. 14,
no. 3, p. R103, 2010.

[23] J. M. Cavaillon, “Exotoxins and endotoxins: inducers of
inflammatory cytokines,” Toxicon, vol. 149, pp. 45–53, 2018.

[24] H. Koga, S. Hagiwara, C. Shingu, S. Matsumoto, I. Yokoi, and
T. Noguchi, “Human atrial natriuretic peptide ameliorates
LPS-induced acute lung injury in rats,” Lung, vol. 188, no. 3,
pp. 241–246, 2010.

[25] G. Matute-Bello, C. W. Frevert, and T. R. Martin, “Animal
models of acute lung injury,” American Journal of Physiology.
Lung Cellular and Molecular Physiology, vol. 295, no. 3,
pp. L379–L399, 2008.

[26] X. Li, C. Shan, Z. Wu, H. Yu, A. Yang, and B. Tan, “Emodin
alleviated pulmonary inflammation in rats with LPS-induced
acute lung injury through inhibiting the mTOR/HIF-
1α/VEGF signaling pathway,” Inflammation Research,
vol. 69, no. 4, pp. 365–373, 2020.

[27] M. A. Moskowitz and C. Waeber, “Remote ischemic precondi-
tioning: making the brain more tolerant, safely and inexpen-
sively,” Circulation, vol. 123, no. 7, pp. 709–711, 2011.

[28] V. Sharma, R. Marsh, B. Cunniffe, M. Cardinale, D. M. Yellon,
and S. M. Davidson, “From protecting the heart to improving
athletic performance - the benefits of local and remote ischae-
mic preconditioning,” Cardiovascular Drugs and Therapy,
vol. 29, no. 6, pp. 573–588, 2015.

[29] M. Albrecht, K. Zitta, B. Bein et al., “Remote ischemic precon-
ditioning regulates HIF-1α levels, apoptosis and inflammation
in heart tissue of cardiosurgical patients: a pilot experimental
study,” Basic Research in Cardiology, vol. 108, no. 1, p. 314,
2013.

[30] J. S. Choi, H. S. Lee, K. H. Seo et al., “The effect of post-
treatment N-acetylcysteine in LPS-induced acute lung injury

of rats,” Tuberculosis and Respiratory Diseases, vol. 73, no. 1,
pp. 22–31, 2012.

[31] W. Shen, J. Gan, S. Xu, G. Jiang, and H. Wu, “Penehyclidine
hydrochloride attenuates LPS-induced acute lung injury
involvement of NF-κB pathway,” Pharmacological Research,
vol. 60, no. 4, pp. 296–302, 2009.

[32] Y. Butt, A. Kurdowska, and T. C. Allen, “Acute lung injury: a
clinical and molecular review,” Archives of Pathology & Labo-
ratory Medicine, vol. 140, no. 4, pp. 345–350, 2016.

[33] K. T. Hughes and M. B. Beasley, “Pulmonary manifestations of
acute lung injury: more than just diffuse alveolar damage,”
Archives of Pathology & Laboratory Medicine, vol. 141, no. 7,
pp. 916–922, 2017.

[34] G. Wardi, J. Brice, M. Correia, D. Liu, M. Self, and C. Tainter,
“Demystifying lactate in the emergency department,” Annals
of Emergency Medicine, vol. 75, no. 2, pp. 287–298, 2020.

[35] C. Adrie, M. Bachelet, M. Vayssier-Taussat et al., “Mitochon-
drial membrane potential and apoptosis peripheral blood
monocytes in severe human sepsis,” American Journal of
Respiratory and Critical Care Medicine, vol. 164, no. 3,
pp. 389–395, 2001.

[36] E. W. Childs, B. Tharakan, F. A. Hunter, J. H. Tinsley, and
X. Cao, “Apoptotic signaling induces hyperpermeability fol-
lowing hemorrhagic shock,” American Journal of Physiology.
Heart and Circulatory Physiology, vol. 292, no. 6, pp. H3179–
H3189, 2007.

[37] S. A. Lakhani, A. Masud, K. Kuida et al., “Caspases 3 and 7: key
mediators of mitochondrial events of apoptosis,” Science,
vol. 311, no. 5762, pp. 847–851, 2006.

[38] J. W. Dong, H. F. Zhu, W. Z. Zhu, H. L. Ding, T. M. Ma, and
Z. N. Zhou, “Intermittent hypoxia attenuates ischemia/reper-
fusion induced apoptosis in cardiac myocytes via regulating
Bcl-2/Bax expression,” Cell Research, vol. 13, no. 5, pp. 385–
391, 2003.

[39] S. Orrenius, “Mitochondrial regulation of apoptotic cell
death,” Toxicology Letters, vol. 149, no. 1-3, pp. 19–23, 2004.

[40] D. Impellizzeri, E. Esposito, E. Mazzon et al., “Effect of apocy-
nin, a NADPH oxidase inhibitor, on acute lung inflamma-
tion,” Biochemical Pharmacology, vol. 81, no. 5, pp. 636–648,
2011.

[41] L. Shen, H. Mo, L. Cai et al., “Losartan prevents sepsis-induced
acute lung injury and decreases activation of nuclear factor
kappaB and mitogen-activated protein kinases,” Shock,
vol. 31, no. 5, pp. 500–506, 2009.

[42] M. Bhatia and S. Moochhala, “Role of inflammatory mediators
in the pathophysiology of acute respiratory distress syn-
drome,” The Journal of Pathology, vol. 202, no. 2, pp. 145–
156, 2004.

[43] S. Soni, M. R. Wilson, K. P. O'Dea et al., “Alveolar
macrophage-derived microvesicles mediate acute lung injury,”
Thorax, vol. 71, no. 11, pp. 1020–1029, 2016.

[44] D. G. Remick, G. R. Bolgos, J. Siddiqui, J. Shin, and J. A. Nem-
zek, “Six at six: interleukin-6 measured 6 h after the initiation
of sepsis predicts mortality over 3 days,” Shock, vol. 17, no. 6,
pp. 463–467, 2002.

10 Journal of Immunology Research


	Remote Inflammatory Preconditioning Alleviates Lipopolysaccharide-Induced Acute Lung Injury via Inhibition of Intrinsic Apoptosis in Rats
	1. Introduction
	2. Materials and Methods
	2.1. Ethics Statement
	2.2. Animals
	2.3. Drugs
	2.4. Experimental Protocol
	2.5. Histology and Morphology
	2.6. Lung Wet-to-Dry Weight Ratio Measurement
	2.7. Assay of Serum Lactate Acid
	2.8. Enzyme-Linked Immunosorbent Assay (ELISA)
	2.9. Assays of Malondialdehyde (MDA), Myeloperoxidase (MPO), and Superoxide Dismutase (SOD)
	2.10. Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling (TUNEL) Assay
	2.11. Western Blotting Analysis
	2.12. Statistical Analysis

	3. Results
	3.1. RInPC Attenuated the LPS-Induced ALI in Rats
	3.2. RInPC Prevented Apoptosis via an Intrinsic Pathway in LPS-Induced ALI in Rats
	3.3. RInPC Palliated the Oxidative Stress in Lung Induced by LPS Injection
	3.4. The RInPC Reduced Proinflammatory Cytokine Secretion Induced by LPS

	4. Discussion
	5. Conclusion
	Data Availability
	Ethical Approval
	Consent
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

