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Effect of miR-21-3p on lung injury in rats with traumatic 
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Background: Restricted fluid resuscitation is the most important early method for treating traumatic 
hemorrhagic shock (THS). This study sought to explore whether micro ribonucleic acid (miR)-21-3p 
affected resuscitated THS rats by regulating the glycocalyx and inflammation. 
Methods: MiRNAs extracted from the lung tissues were analyzed by miRNA microarray assays. A rat 
model of THS was induced by hemorrhage from a left femur fracture. The pathological change in the 
lung tissues and glycocalyx structure was observed by hematoxylin and eosin staining and a transmission 
electron microscope examination. The miR-21-3p expression in the lung tissues and serum was detected by 
real-time quantitative polymerase chain reaction (RT-qPCR). The levels of glycocalyx-related factors and 
inflammation-related factors were determined by enzyme linked immunosorbent assays. The expression of 
glycocalyx-related proteins, cell junction-related proteins, and the phosphatidylinositol 3-kinase (PI3K)/
protein kinase B (Akt)/nuclear factor kappa B (NF-κB) signaling pathway-related proteins was analyzed by 
Western blot. 
Results: After RT-qPCR verification, the variation trend of miR-21-3p was in line with expected trends. 
The mean arterial pressure (MAP) and heart rate (HR) were decreased, and the lung injury and damage to 
the glycocalyx were all aggravated in the THS rats resuscitated with sodium bicarbonate Ringer’s solution 
(BRS) or sodium lactate Ringer’s solution (LRS). The expression of miR-21-3p was decreased in the THS 
rats resuscitated with BRS and increased in the THS rats resuscitated with LRS, and the upregulation 
of miR-21-3p further decreased the MAP and HR, and increased the levels of syndecan-1 (SDC-1), 
heparanase-1 (HPA1), interleukin (IL)-6, IL-1β, and tumor necrosis factor alpha (TNF-α) in the serum of 
the THS rats resuscitated with BRS. The upregulation of miR-21-3p also increased the expression of SDC-1, 
HPA1, β-catenin, matrix metallopeptidase (MMP)2, and MMP9, but decreased the expression of E-cadherin 
(E-cad) and activated the PI3K/Akt/NF-κB signaling pathway in the THS rats resuscitated with BRS and 
transfected with miR-21-3p compared to that of the THS rats resuscitated with BRS and transfected with 
miR-negative control (NC). 
Conclusions: miR-21-3p promoted inflammation and glycocalyx damage by activating the PI3K/Akt/NF-
κB signaling pathway, thereby aggravating the lung injury in the THS rats resuscitated with BRS.
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Introduction

Traumatic and hemorrhagic shock (THS) can lead to 
systemic inflammatory response syndrome and multiple 
organ dysfunction syndrome, and ultimately multiple organ 
failure and death (1). In recent years, the mortality rate of 
THS has decreased, but the incidence rate has continued 
to rise (2), and about 1.9 million patients die from 
hemorrhagic shock every year (3). Interventions contributed 
to bleeding control and hemostatic resuscitation have 
advantages on decreasing the mortality of hemorrhagic 
injury. Applying these novel strategies to the casualty 
prehospital phase of care, particularly in tactical or austere 
environments, may be beneficial for hemorrhage mitigation 
to extend the window of survival to definitive care (4). The 
incidence of lung injury after THS is approximately 40%. 
Lung injury may develop into acute respiratory distress 
syndrome (ARDS) and is one of the main causes of death 
of THS (4). Lung injury after THS is characterized by 
an excessive uncontrolled inflammatory response and 
vascular endothelial injury (5-7). Thus, the reduction of the 
pulmonary inflammatory response and vascular endothelial 

injury are important in improving the curative effect of 
THS.

Restricted fluid resuscitation is the most important early 
treatment for THS patients and can improve patients’ 
recovery from THS (8,9). Effective fluid resuscitation 
not only improves the tissue perfusion of patients and 
microcirculation oxygen delivery (10), but also inhibits 
inflammation (11). Currently, the liquids commonly used for 
clinical liquid resuscitation include sodium lactate Ringer’s 
solution (LRS) and acetic Ringer’s solution (12). Recent 
studies suggested that sodium BRS, a novel resuscitate 
crystal-fluid, had obvious advantages over conventional 
fluids in the treatment of THS (13,14). Previous studies 
indicated that BRS could directly participate in acid-
base metabolism, amend base excess values, keep acid-
base balance, decline lactate levels, and suppress lung cell 
apoptosis (15-18). Early resuscitation of patients with THS 
with BRS can better inhibit the expression of inflammatory 
factors in peripheral blood and reduce the blood lactate 
value, which has more advantages than that of LRS (13).

The glycocalyx is a polysaccharide structure inside 
the lumen of endothelial cells, and an intact glycocalyx 
is very important for maintaining vascular homeostasis. 
Glycocalyx shedding may lead to vascular permeability 
and increase coagulation system activation and leukocyte 
adhesion (19,20). In the inflammatory cascade, the structure 
and function of the glycocalyx in vascular endothelial 
cells were changed and glycocalyx also participated in 
the regulation of the occurrence and development of 
inflammation. A previous study reported that vascular 
endothelial dysfunction and increased vascular permeability 
were closely related to mortality in THS patients (21). A 
study of a model of hemorrhagic shock in dogs showed that 
glycocalyx injury was affected by inflammatory factors (22). 
Zhang et al. (23) hypothesized that there was a vicious cycle 
between a damaged endovascular glycocalyx and endothelial 
cell dysfunction.

Micro ribonucleic acids (miRNAs) are small and non-
coding RNAs, 19–24 nucleotides in length, that can bind 
with the 3’untranslated region of a messenger RNA (mRNA) 
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Highlight box

Key findings 
• miR-21-3p promoted inflammation and glycocalyx damage by 

activating the PI3K/Akt/NF-κB signaling pathway, thereby 
aggravating the lung injury in the THS rats resuscitated with BRS.

What is known and what is new? 
• miR-21-3p expression was increased in the brain after traumatic 

brain injury (TBI) and human vascular endothelial cells induced by 
high glucose. miR-21-3p knockdown could alleviate blood-brain 
barrier damage leakage after TBI and improve atherosclerotic 
lesions in diabetic atherosclerotic mice;

• miR-21-3p expression was increased in THS rats and aggravated 
the lung injury in the THS rats resuscitated with BRS through 
destroying the endodermis glycocalyx in the lung.

What is the implication, and what should change now?
• miR-21-3p may be a potential target for the treatment of THS.
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sequence to regulate the expression of its target genes (24). 
Ge et al. found that miR-21-3p expression was increased in 
the brain after traumatic brain injury (TBI), and miR-21-
3p inhibition decreased blood-brain barrier damage leakage 
after TBI by suppressing apoptosis and the inflammation 
of brain microvascular endothelial cells (25). MiR-21-3p 
expression was found to be decreased by human umbilical 
vein endothelial cell (HUVEC)-derived exosomes and miR-
21-3p downregulation could suppress the apoptosis of the 
hypoxia/reoxygenation-treated neural cells (26). MiR-21-
3p expression was also found to be upregulated in human 
vascular endothelial cells induced by high glucose, and miR-
21-3p knockdown was found to improve atherosclerotic 
lesions in diabetic atherosclerotic mice by reducing the 
infiltration of inflammatory cells (27). However, to date, 
no study has examined the role of miR-21-3p in THS. 
Thus, this study sought to whether miR-21-3p affected 
resuscitated THS rats by regulating the glycocalyx and 
inflammation, and the underlying mechanism. We present 
the following article in accordance with the ARRIVE 
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-22-5148/rc).

Methods

Animals

A total of 36 male Sprague-Dawley rats [specific-pathogen 
free (SPF) grade, 8–10 weeks old, weighing 220–250 g] 
were purchased from Shanghai Jiesijie Experimental Animal 
Co. Ltd. and maintained in an environmentally controlled 
room (22±2 ℃, 12-h light-dark cycle) with free access to 
standard animal feed and filtered tap water for 7 days to 
acclimatize to their new environment. Animal experiments 
were performed under a project license (No. 2022101) 
granted by the Animal Care and Use Committee and the 
Animal Ethics Committee of The First Affiliated Hospital 
of Bengbu Medical College, in compliance with national 
guidelines for the care and use of animals. A protocol was 
prepared before the study without registration.

Preparation of the lentivirus vector

The lentiviral vector (OBIO, Shanghai, China) was encoded 
with rno-miR-21-3p for the upregulation of miR-21-3p. A 
blank lentiviral vector was employed as the negative control 
(miR-NC).

Animal grouping

The rats (n=36) were randomly divided into the following 
6 groups: (I) the sham group (n=6) rats, which underwent 
the same anesthetic and surgical procedures, but on 
which neither trauma/hemorrhage nor fluid resuscitation 
was performed; (II) the model group (n=6) rats, which 
underwent the trauma/hemorrhage procedures, but which 
did not undergo fluid resuscitation; (III) the BRS group 
(n=6) rats, which underwent the trauma/hemorrhage 
procedures and resuscitation with BRS; (IV) the LRS 
group (n=6) rats, which underwent the trauma/hemorrhage 
procedures and resuscitation with LRS; (V) the BRS + 
miR-21-3p group (n=6) rats, which were injected with 
lentivirus-mediated miR-21-3p via the tail vein 72 h before 
modeling, and then underwent the same procedures as 
those performed in the BRS group; (VI) the BRS + miR-
NC group (n=6) rats, which were injected with blank 
lentiviral vector via the tail vein 72 h before modeling, and 
then underwent the same procedures as those performed in 
the BRS group.

Establishment of rats with THS

The rats were anesthetized intraperitoneally with sodium 
pentobarbital (40 mg/kg body weight) and were allowed 
to waken. Under aseptic conditions, the left femur mid-
diaphyseal transverse fracture was made, and a hemorrhage 
was induced via a right femoral artery catheter until the 
mean arterial pressure (MAP) decreased to 35±5 mmHg, 
which was maintained for 1 h. The right femoral vein was 
used for fluid resuscitation, and the left femoral artery was 
catheterized to measure MAP. Afterwards, the rats were 
resuscitated with 2 times the shed blood volume in the 
form of BRS or LRS for a period of 20 min at a constant 
rate (20 mL/h) to manage the shock. Finally, the catheters 
were removed, the vessels were ligated, and the incisions 
were closed. The MAP and heart rate (HR) were recorded 
at the end of resuscitation (0 h) and 3 h post-resuscitation. 
When the experiment was finished, blood was collected 
from all rats for analysis at 3 h post-resuscitation, and the 
lung tissues were resected at 3 h post-resuscitation when 
the rats were anesthetized by the intraperitoneal injection 
of pentobarbital sodium (50 mg/kg body weight). The 
adverse event in experiment was the organ injury. When the 
experiment was finished, all rats were to be euthanized with 
1% pentobarbital sodium (150 mg/kg; i.p.).

https://atm.amegroups.com/article/view/10.21037/atm-22-5148/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-5148/rc
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MiRNA microarray analysis

A microarray analysis of the miRNAs of the lung tissues 
was performed using the samples from the BRS and model 
groups of rats (n=6) on Illumina sequencing platforms. 
Differentially expressed miRNAs between the two groups 
were identified based on the fold-change and P values.

Hematoxylin and eosin staining and transmission electron 
microscope examination

The lung t issues  of  the rats  were f ixed with 4% 
paraformaldehyde buffer and embedded into paraffin, and 
then cut into 5-μm slices. After processing with xylene, 
gradient ethanol, and distilled water in turn, the tissue 
slices were stained with hematoxylin (Beyotime, China) for  
10 min at room temperature. Next, the slices were treated 
with ethanolamine hydrochloride solution for 20 s and 
washed with distilled water for 5 min. Subsequently, the 
tissue slices were dyed with eosin (Beyotime) for 3 min at 
room temperature. After being transparentized with xylene 
and sealed with neutral gel, the tissue slices were observed 
under a light microscope (Olypums).

The lung tissues of the rats were fixed in 0.1 mol/L 
of sodium cacodylate solution (2.5% glutaraldehyde and 
2% lanthanum nitrate hydrate) at 4 ℃ for 24 h. The fixed 
specimens were rinsed with 0.1 mol/L of sodium cacodylate 
buffer, and then fixed with 1% osmium tetroxide for  
1.5 h. After being rinsed with buffer, the specimens were 
dehydrated by gradient, and immersed and embedded by 
Epon812. Ultrathin sections with a thickness of 60 nm 
were taken, observed and photographed directly under a 
transmission electron microscope.

RT-qPCR

Total miRNA was extracted from serum and lung tissues 
using Trizol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). Next, complementary deoxyribonucleic acid was 
synthesized from the mRNA using the PrimeScript RT 
Reagent kit (Takara, Japan). Subsequently, Synergy Brands 
(SYBR) premix Ex TaqTM II polymerase chain reaction 
(PCR) kit (Takara) was used to perform the amplification 
on an ABI 7500 quantitative PCR (qPCR) instrument 
(ABI/Perkin Elmer). The relative miRNA expressions 
were calculated using the 2−ΔΔCt method and then were 
normalized to U6 (28).

ELISAs

The levels of syndecan-1 (SDC-1), heparanase-1 (HPA1), 
interleukin (IL)-6, IL-1β, and tumor necrosis factor alpha 
(TNF-α) in the serum of the rats were detected by rat 
enzyme linked immunosorbent assay (ELISA) kits of SDC-
1 (ml037982; Enzyme-linked Biotechnology, China), HPA1 
(JL21427; Jianglai Biotechnology, China), IL-6 (ml102828; 
Enzyme-linked Biotechnology), IL-1β (ml003057; Enzyme-
linked Biotechnology), and TNF-α (ml002859; Enzyme-
linked Biotechnology). In brief, serum (50 μL) and standard 
samples (50 μL) were added into the 96-well plate of each 
ELISA kit, followed by 100 μL of horseradish peroxidase 
(HRP)-marked antibody, and then incubated at 37 ℃ for 1 h. 
After the 96-well plate was washed by 300 μL of wash buffer 
for 1 min, substrate A (50 μL) and substrate B (50 μL) were 
respectively added to the 96-well plate, which was then 
incubated at 37 ℃ for 15 min avoiding light. After 50 μL of 
stop buffer was added to the 96-well plate, the reaction was 
terminated, and the absorbance was measured under 450 nm  
using the IMARK microplate reader (Bio-Rad, USA).

Western blot

The total protein in the lung tissues of the rats was 
extracted by radioimmunoprecipitation assay buffer, and 
protein centration was determined by a bicinchoninic 
acid (BCA) detection kit. After the denaturation, 30 μg of 
protein was electrophoresed to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel, and then transferred 
onto the polyvinylidene fluoride (PVDF) membranes. 
After being blocked with 5% non-fat milk for 1 h at room 
temperature, the PVDF membranes were further incubated 
with the following primary antibodies at 4 ℃ overnight: 
SDC-1 (bs-1309R; dilution, 1:1,000; Bioss, China), HPA1 
(bs-1541R; dilution, 1:1,000; Bioss), E-cadherin (E-cad) 
(bs-10009R; dilution, 1:1,000; Bioss), β-catenin (bs-1165R; 
dilution, 1:1,000; Bioss), matrix metallopeptidase (MMP)2 
(bs-0412R; dilution, 1:1,000; Bioss), MMP9 (bs-4593R; 
dilution, 1:1,000; Bioss), phosphatidylinositol 3-kinase 
(PI3K) (bs-10657R; dilution, 1:1,000; Bioss), p-PI3K (bs-
6417R; dilution, 1:1,000; Bioss), protein kinase B (Akt) 
(bs-0115R; dilution, 1:1,000; Bioss), p-Akt (bs-0876R; 
dilution, 1:1,000; Bioss), P65 (bs-0465R; dilution, 1:1,000; 
Bioss), p-P65 (S536) (bs-0982R; dilution, 1:1,000; Bioss), 
acetylated (ac)-P65 (Lys310) (bs-23216R; dilution, 1:1,000; 
Bioss), and glyceraldehyde 3-phosphate dehydrogenase 
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(GAPDH) (bs-2188R; dilution, 1:2,000; Bioss). The next 
day, the membranes were incubated with anti-rabbit 
immunoglobulin G (bs-80295G-HRP; dilution, 1:5,000; 
Bioss) at room temperature for 2 h. The protein bands 
were examined by an enhanced chemiluminescence kit, and 
ImageJ 1.8.0 software (national institutes of Health) was 
used to analyze the bands intensity.

Statistical analysis

The data are represented as the mean ± standard deviation 
(SD) of at least three independent experiments, and were 
statistically analyzed by GraphPad Prism 8.0 (GraphPad 
Software). The data were compared among groups by an 
analysis of variance. Tukey’s test was applied as the post-
hoc test. A P-value <0.05 was considered to be statistically 
different.

Results

MiR-21-3p was chosen as the differentially expressed gene 
in the THS rats after different treatments

MiRNA microarray assays of the lung tissues of rats in the 
sham, model, BRS, and LRS groups revealed that a total of 
10 miRNAs were differentially expressed in the lung tissue 
of the THS rats. The 10 differentially expressed miRNAs 
identified by the sequencing analysis were verified by real-
time-qPCR (RT-qPCR) (Figure 1), and the variation trend 
of miR-21-3p was in line with expected trends. Thus, miR-
21-3p was chosen for the subsequent experiment.

MiR-21-3p decreased the MAP and HR of the BRS-treated 
THS rats

At the end of liquid resuscitation (0 h), the MAP  
(Figure 2A) and HR (Figure 2B) of the rats in the model 
group were very low, and the survival state of the rats was 
poor. Both the MAP and HR recovered significantly after 
fluid infusion, and the MAP and HR of the rats in the BRS 
group were better than those of the rats in the LRS group. 
After the miR-21-3p intervention, the MAP and HR of the 
rats decreased significantly compared to those in the BRS 
group, indicating that miR-21-3p was an effective factor 
affecting injury induced by THS. Notably, 3 h after the 
fluid resuscitation was finished, the MAP and HR of the rats 
in the model group were still very low but the MAP and 
HR of the rats in the remaining groups had recovered and 

remained at a similar level.

MiR-21-3p caused damage to the glycocalyx and lung 
tissues of the BRS-treated THS rats

As Figure 3 shows, compared to the sham group, the lung 
tissues of the model group showed obvious edema, alveolar 
wall thickening, tissue bleeding, and inflammatory cell 
infiltration. In the BRS group, injury was aggravated, 
edema and alveolar wall thickening were aggravated, and 
a small amount of bleeding was observed in the tissues. 
The LRS group showed more severe lung edema and 
more inflammatory cell infiltration than the BRS group. 
Compared to the BRS + miR-NC group, the degree 
of lung tissue edema and alveolar wall thickening were 
significantly increased, and obvious bleeding was observed 
in the tissues of the BRS + miR-21-3p group. Alveolar 
wall thickening and inflammatory cell infiltration were 
observed in the BRS + miR-NC group, and the degree of 
damage was similar to that of the BRS group. As Figure 4 
shows, in the sham group, the glycocalyx of the lung tissue 
remained intact. Conversely, the glycocalyx in the model 
group was broken and disorganized. The glycocalyx of the 
BRS and LRS groups were serious and irregular, among 
which the glycocalyx of the LRS group was thinner and 
less lanthanum nitrate was deposited. The glycocalyx was 
significantly thinner and the deposition of lanthanum 
nitrate was significantly reduced in the BRS + miR-21-3p 
group compared to the BRS + miR-NC group. Thus, the 
damage of the LRS group was more serious than that of 
BRS group, and the damage of the BRS + miR-21-3p group 
was more serious than that of the BRS + miR-NC group.

MiR-21-3p expression was decreased in the lung tissues 
and serum of the THS rats treated with BRS

In the lung tissues (Figure 5A) and serum (Figure 5B) of the 
rats, compared to the sham group, the expression level of 
miR-21-3p of the model group was significantly increased, 
that of the BRS group was lower and that of the LRS group 
was higher than that of the model group. The expression 
level of miR-21-3 of the BRS + miR-21-3p group was 
significantly increased compared to that of the BRS group.

MiR-21-3p destroyed the glycocalyx and induced 
inflammation in the THS rats treated with BRS

The expression levels of glycocalyx-related proteins 
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(i.e., SDC-1 and HPA1) (Figure 6A), and inflammation-
related proteins (i.e., IL-6, IL-1β, and TNF-α) (Figure 6B)  
were significantly increased in the model group. The 
expression levels of SDC-1 and IL-6 in the BRS group and 
the expression levels of SDC-1, HPA1, IL-6, IL-1β, and 
TNF-α in the LRS group were higher than those in the 
model group. Compared to the BRS + miR-NC group, the 
expression levels of the above-mentioned proteins were all 
significantly increased in the BRS + miR-21-3p group.

MiR-21-3p regulated the PI3K/Akt/NF-κB signaling 
pathway

As Figure 7 shows, the expression of SDC-1, HPA1, 
β-catenin, MMP2, and MMP9 was upregulated in the 
model group, and was further increased in the BRS or LRS 
group, while E-cad expression was decreased in the model 
group, and further downregulated in the BRS and LRS 
groups. The expression of p-PI3K, p-Akt, p-p65, and ac-
p65 was increased in the model group, and was promoted 
by BRS or LRS. Except for E-cad expression, the expression 
of all the other proteins was increased in the BRS + miR-

21-3p group compared to the BRS + miR-NC group. E-cad 
expression was decreased in the BRS + miR-21-3p group 
compared to the BRS + miR-NC group.

Discussion

The pathogenesis of acute lung injury (ALI)/ARDS after 
THS is complex. Various mechanisms, such as uncontrolled 
inflammatory response, abnormal coagulation and 
fibrinolysis, oxidative stress imbalance and endothelial 
function destruction, are involved in the occurrence and 
development of ALI. The inflammatory response in the 
lung is out of control after THS. Lung ischemia-reperfusion 
injury and apoptosis are the main mechanisms of ALI/
ARDS in THS. The damage of the gastrointestinal mucosal 
barrier caused by intestinal ischemia, the translocation of 
bacteria and endotoxin into the blood caused by enterogenic 
bacteremia and endotoxemia are the important factors of 
ALI/ARDS after THS (29). 

THS initiates a systemic inflammatory response, 
activates inflammatory cells to release a series of bioactive 
pro-inflammatory factors (TNF-α, IL-6, and IL-8), which 
in turn leads to obvious inflammatory responses and even 
inflammatory storms, and inflammation may persist after 
fluid resuscitation (30,31). Relevant animal research has 
shown that the injection of LRS promotes the oxidative 
stress response of neutrophils, which in turn promotes 
the expression of IL-6, TNF-α, and other cytokines (32). 
Research showed that the level of IL-6 in patients with ALI 
was significantly increased, which activated neutrophils 
and caused them to accumulate in the inflammatory site of 
injury, and created alveolar capillary endothelial cells and 
alveolar epithelial cells injury, leading to the occurrence 
of ARDS (33). In this study, the levels of IL-6, IL-1β, and 
TNF-α increased continuously in the LRS group compared 
to the model group. Additionally, the level of IL-6 in the 
BRS group was higher than that in the model group, but 
there was no statistically significant difference in the IL-1β 
and TNF-α levels between the BRS and model groups. 

The glycocalyx of vascular endothelial cells is closely 
related to inflammation, which degrades and decreases the 
inflammatory response, and is related to the adhesion of 
white blood cells and changes in vascular permeability (34).  
The glycocalyx also serves as a blood vessel protector, 
providing a buffer for the cell membrane, preventing 
it from chemical damage, and maintaining the normal 
physiological function of endothelial cells (35). In a shock 
cell model, hypoxia was shown to damage the glycocalyx, 
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Figure 3 MiR-21-3p caused damage to the lung tissues of the BRS-treated THS rats. A pathological change in the lung tissues of the 
BRS-treated THS rats transfected with lentivirus-mediated miR-21-3p was observed by hematoxylin and eosin staining. THS, traumatic 
hemorrhagic shock; BRS, bicarbonate Ringer’s solution; LRS, lactate Ringer’s solution; NC, negative control.
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and hypoxia/reoxygenation was shown to cause greater 
damage to the glycocalyx compared to normal cells (36). 
This study showed that the glycocalyx was destroyed in 
the model group, which was further damaged by BRS 
and LRS treatment. Wiesinger (37) observed cultured 
pulmonary vascular endothelial cells and found that both 
lipopolysaccharide (LPS) and TNF-α rapidly reduced 
the hardness and thickness of the glycocalyx, broke the 
continuity of the glycocalyx and mediated the damage to 
the glycocalyx. We found that LRS induced a stronger 
inflammatory response than BRS; thus, the LRS group had 
thinner glycocalyx and less lanthanum nitrate depositions 
than the BRS groups.

HPA1 and MMP9 are destructive factors of the 
glycocalyx, and heparin sulfate (HS) and SDC-1 are the 
markers of glycocalyx abscission. HPA1 is an enzyme that 

decompresses HS, and MMP9 can degrade SDC-1 (38,39). 
After hemorrhagic shock, a large number of inflammatory 
factors are produced in the body, which can directly 
destroy the adhesion and reduce the expression of adhesion 
molecules, thereby reducing the function of cell adhesion 
(40,41). Studies have shown that MMPs overexpressed in 
pathological conditions can directly destroy the components 
of endodermis glycocalyx, resulting in the destruction of 
the structure and function of the endodermis glycocalyx. 
For example, Bauer et al. and Higashida et al. found that 
the level of MMP2/MMP9 in the MMP family increased 
significantly in cerebral ischemia and other pathological 
conditions (42,43). Additionally, MMP2 and MMP9 can 
directly affect the molecular structure of chondroitin sulfate 
in endodermis glycocalyx, causing the abnormal structure 
of the endodermis glycocalyx, and finally causing the 

Figure 4 MiR-21-3p caused damage to the glycocalyx of the BRS-treated THS rats. The glycocalyx structure of pulmonary vascular 
endothelial cells in the BRS-treated THS rats transfected with lentivirus-mediated miR-21-3p was observed by transmission electron 
microscope examination. THS, traumatic hemorrhagic shock; BRS, bicarbonate Ringer’s solution; LRS, lactate Ringer’s solution; NC, 
negative control.
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Figure 6 MiR-21-3p destroyed the glycocalyx and induced inflammation in the THS rats treated with BRS. The levels of SDC-1, HPA1 
(A), and IL-6, IL-1β, and TNF-α (B) in the serum of the BRS-treated THS rats transfected with lentivirus-mediated miR-21-3p were 
determined by their respective ELISA kits. *, P<0.05; **, P<0.01; ***, P<0.001, vs. sham. #, P<0.05; ##, P<0.01; ###, P<0.001, vs. model. &, 
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functional destruction of the endodermis glycocalyx (44,45).
E-cad is an adhesive receptor, and β-catenin is a protein 

that interacts with the intracellular segment of E-cad. 
Together, the 2 form the E-cad/β -catenin complex, which 
is important in maintaining the integrity and polarity of 
epithelial cells, and β-catenin is a major regulator of the 
function of the whole complex (46). We found that the 
levels of SDC-1, HPA1, β-catenin, MMP2, and MMP9 were 
increased in the model group, and were further promoted 
by BRS or LRS, while E-cad expression was decreased 
in the model group, and was further downregulated in 
the BRS and LRS groups. Thus, our experimental results 
indicated that BRS had a better clinical effect than LRS on 
THS.

MiR-21-3p is a miRNA that mediates the inflammatory 
response. When pancreatitis occurs, pancreatic cells are 
damaged, which can promote the release of miR-21-3p, 
which in turn has been shown to aggravate injury in rats 
with acute hemorrhagic necrotizing pancreatitis (47). 
MiR-21-3p has also been shown to be increased in brain 
microvascular endothelial cells, which in turn promotes 
apoptosis and inflammation (25). The expression of miR-21-
3p is increased by LPS induction, and the downregulation 
of miR-21-3p alleviates inflammatory responses and 
apoptosis caused by LPS in retinal pigment epithelial 
cells (48). In this study, we reported that the levels of pro-
inflammatory factors (i.e., IL-6, IL-1β, and TNF-α) in the 
BRS group were enhanced by miR-21-3p transfection.

The PI3K/Akt signaling pathway is a classic intracellular 
signaling pathway and a key transducer for metabolism and 
mitogenic signaling, regulating gene expression protein 
translation and cell metabolism, and thus regulating cell 
growth and proliferation (49). Activated Akt is transferred 
from the cell membrane to the cytoplasm or nucleus, where 
it continues to target downstream signaling molecules, such 
as mammalian/mechanistic target of rapamycin (mTOR) 
and nuclear factor kappa B (NF-κB) (50). The PI3K/Akt/
NF-κB signaling pathway is one of the major signaling 
pathways that regulate stress and fight inflammation (51,52).

NF-κB exacerbates inflammatory injury, and TNF-α 
induces the degradation of NF-κB inhibitor IκB, thereby 
enhancing NF-κB activity and promoting the synthesis 
and release of TNF-α, IL-1, and IL-6, forming a cascade 
reaction (53,54). Following hemorrhagic shock, NF-
κB activates an inflammatory cascade that accelerates the 
release of pro-inflammatory factors, such as TNF-α (55). 
The inhibition of IκB kinase/NF-κB signaling by BAY11-
7082 was shown to improve the proinflammatory response 

of microvascular endothelial cells in mice with hemorrhagic 
shock (56). Previous studies by our team have shown that 
the inhibition of NF-κB P65 protein and activation of toll 
like receptor 4 (TLR4)/NF-κB signaling pathway reduced 
pro-inflammatory cytokines (TNF-α, IL-1, and IL-6) and 
increased anti-inflammatory cytokines (IL-4 and IL-10) in 
hemorrhagic shock rats and thus reversed the imbalance of 
inflammatory mediators and reduced organ damage caused 
by THS (57,58).

PI3K/Akt/NF-κB signaling is also widely involved in the 
regulation of endothelial cells. For example, the apoptosis 
of endothelial cells was shown to be reduced by miR-126-
5p through the inactivation of the NF-κB-mediated PI3K/
Akt/mTOR signaling pathway (59). Myristicin suppresses 
the promotive effects of oxidized low-density lipoprotein 
(ox-LDL) on the PI3K/Akt and NF-κB signaling pathway 
in both human vascular smooth muscle cells (hVSMCs) and 
HUVECs (60). Hepatocyte growth factor promotes the 
motility of lung endothelial cells by activating the c-Met/
PI3K/Akt signaling pathway (61).

MiR-21-3p suppresses the sensitivity of liver cancer 
stem cells toward TNF-related apoptosis-inducing ligand 
by activating the PI3K/Akt/Bad cascade (62). Previous 
studies have shown that the PI3K/Akt and TLR4/NF-κB 
signaling pathways are important targets of miR-21 (63,64). 
The upregulation of miR-21 has been shown to promote 
the expression levels of both PI3K and Akt in ox-LDL-
treated VSMC, while the inhibition of miR-21 suppresses 
the inflammatory response of ox-LDL-treated HUVECs 
by inactivating the TLR4/NF-κB signaling pathway (65). 
MiR-21 promotes the expression of NF-κB and NLRP3 in 
RAW264.7 cells (66). MiR-21 was confirmed to promote 
NF-κB activation and thereby increase the activity of 
Akt, a kinase known to promote the NF-κB pathway (67). 
This study also indicated that miR-21-3p promoted the 
inflammation and glycocalyx damage of pulmonary vascular 
endothelial cells by activating the PI3K/Akt/NF-κB 
signaling pathway in the THS rats treated with BRS.

Conclusions

In summary, BRS and LRS all had a damaged effect on 
lung tissues while LRS had a more injurious effect on 
lung tissues than BRS. the expression of miR-21-3p was 
increased in the THS rats resuscitated with BRS or LRS. 
Among the groups, miR-21-3p expression was higher in 
the THS rats resuscitated with LRS. Further, miR-21-
3p promoted inflammation and glycocalyx damage by 
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activating the PI3K/Akt/NF-κB signaling pathway, thereby 
aggravating the lung injury in the THS rats resuscitated 
with BRS. This study had some limitations. Notably, it 
only investigated the effect of miR-21-3p on lung injury 
in the THS rats resuscitated with BRS, and other organ 
injuries need to be explored. In addition, the inhibitor or 
agonist of signaling pathway were not used to confirm the 
role of PI3K/Akt/NF-κB signaling pathway in THS. The 
problems and challenges are existed in clinical application 
of miRNA. First, the identified and characterized miRNA 
markers need to be independently validated with large 
sample sizes. Second, change in clinical practice guidelines 
encounter considerable resistance because this requires 
extensive education and expertise to accept new diagnostic 
or prognostic tools across physicians, administrators, and 
laboratory personnel.
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