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Hyperbaric Oxygen Protects Acute Lung Injury
Secondary to Deinagkistrodon Acutus Venom Poisoning
by Regulating Th17/Treg Balance
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Background: To explore the mechanism of hyperbaric oxygen (HBO) intervention on acute lung injury secondary to Deinagk-
istrodon acutus snake venom poisoning and provide more toxicological and clinical evidence for Deinagkistrodon acutus venom
poisoning.

Methods: Male Kunming mice (n = 96) were randomly divided into four groups: the control group which was not given any
interventional treatments, venom group in which each mouse was injected with Deinagkistrodon acutus venom (1 mg/kg) through
the tail vein, antivenom group in which each mouse was injected with anti-Deinagkistrodon acutus venom immediately after the
model was successfully established, and HBO+antivenom group in which each mouse was given HBO treatment at 1 h, S h, 11
h and 23 h following the injection of antivenom. Lung tissues of mice were obtained and processed for the detection of the lung
coefficient, the levels of inflammatory factors such as interleukin (IL)-6, IL-10 and IL-17, and the protein expression of retinoic
acid receptor (RAR)-related orphan receptor gamma (ROR~t) and forkhead box P3 (FOXP3). Separate lung tissue specimens
were acquired for hematoxylin-eosin staining.

Results: Compared with the venom group, HBO+antivenom group exhibited (1) improved survival rate within 24 h; (2) reso-
lution of pulmonary edema, integrity restoration of alveolar structure, and reduced number of infiltrated inflammatory cells;
(3) diminished levels of pro-inflammatory factors and increased abundance of anti-inflammatory factors beginning 2 h after
envenomation; and (4) balanced expression of ROR~t protein and FOXP3 protein at 24 h after envenomation.

Conclusion: HBO combined with antivenom can significantly relieve secondary lung injury in mice poisoned with Deinagk-
istrodon acutus venom by immediately regulating the balance of helper T cell 17 (Th17)/regulatory T cell (Treg) related proteins.
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Introduction tients [8—10]. Acute lung injury is one of the most serious
complications following snake envenomation, contributing
to an extremely high mortality rate among the affected in-
dividuals [11]. At present, addressing coagulation dysfunc-
tion remains the primary focus of the research on seeking a

cure for repercussions following the Deinagkistrodon acu-

Snakebite is an urgent and critical injury that can be
casily overlooked [1]. About 5.5 million people in the
world are subjected to venomous snake bites every year,
and about 100,000 people are bitten by venomous snakes

every year in China, with an annual mortality rate of 5%—
10% and a disability rate of about 30% [2—4]. Deinagk-
istrodon acutus is a type of snake that mainly inhabits
the southern region of China (including Hubei, Guangxi,
Guizhou, etc.) [5,6]. According to Wang et al. [7], the
snake bite by Deinagkistrodon acutus endemic in Zunyi
(China) ranks second among other snake bites for causing
morbidity and contributes to the highest proportion of crit-
ically ill patients. The venom of Deinagkistrodon acutus
is mainly composed of blood toxins, which often exacer-
bates coagulation dysfunction. In severe cases, this venom
can cause disabling conditions and is life-threatening to pa-

tus bite, but little attention has been paid to investigating
the secondary lung injury caused by the envenomation.

According to the literature, cobra, Deinagkistrodon
acutus and rattlesnake can cause acute lung injury (ALI)
[12—15], but ALI caused by Deinagkistrodon acutus enven-
omation has rarely been reported. Huang et al. [6] reported
a case of Deinagkistrodon acutus bite, which caused the pa-
tient to succumb to multiple organ dysfunctions, accompa-
nied by ALIL. Huang et al. [16] detected a range of symp-
toms such as dyspnea, severe convulsion, mouth and nose
bleeding, and even death, in the mouse poisoning model es-
tablished by intravenous injection of Deinagkistrodon acu-
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tus venom. Histopathologic examination revealed that the
integrity of lung tissue internal structure was destroyed,
and the endothelial cells became apoptotic and necrotic,
all of which were consistently characteristic of ALI sec-
ondary to Deinagkistrodon acutus envenomation and the
hemorrhagic change in severe lung injury caused by enven-
omation described in our previous animal experiments [16].
These findings lend themselves to providing a basis for fur-
ther research of related mechanisms.

Previous studies have confirmed that excessive infil-
tration of inflammatory cells and upregulation of inflam-
matory factors lead to necrosis, apoptosis and diffuse alve-
olar injury of bronchial endothelial cells, which is consid-
ered one of the main pathological characteristics of ALI
[17]. Snake venom components, including snake venom
metalloproteinases (SVMPs), snake venom serine proteases
(SVPs), L-amino acid oxidase (LAAOs) and snake venom
phospholipase A2 (SVPLA2), can promote the upregu-
lation of inflammatory mediators such as tumor necrosis
factor-alpha (TNF-«), interleukin (IL)-6, and IL-143, which
trigger a strong inflammatory reaction in the blood. Fur-
ther aggravating the inflammatory reaction is considered
one of the factors of tissue injury induced by venomous
snakes [18]. In an animal model of Deinagkistrodon acu-
tus envenomation established by intraperitoneal injection,
Zhang et al. [19] detected an increased secretion of inflam-
matory factor IL-10, suggesting that Deinagkistrodon acu-
tus venom can cause systemic acute inflammatory reaction
and immune imbalance, which represent one of the chief
factors leading to organ dysfunction.

A growing body of evidence has shown that the imbal-
ance of helper T cell 17 (Th17) and CD4+CD25+forkhead
box P3 (FOXP3)+regulatory T cell (Treg) contributes to the
occurrence and progress of immune and inflammatory re-
actions [20]. Among them, Treg cells secrete IL-10, which
inhibits the proliferation and immune response of periph-
eral effector T cells, regulates immune response, enhances
alveolar epithelial proliferation and tissue repair, and pro-
vides potential lung tissue protection [21]. Th17/Treg bal-
ance plays a key role in the steady state of immune func-
tion. Th17 and Treg are antagonistic to each other through-
out the disease process. Xia et al. [22] found that in-
creasing the number of Tregs and reducing the differenti-
ation of Th17 cells can alleviate lung injury and improve
lung function in a septic ALI mouse model. Meanwhile,
Th17/Treg imbalance was observed in the ALI model in-
duced by lipopolysaccharide [23,24], suggesting that the
Th17/Treg balance plays a key role in the pathogenesis of
ALI. However, whether the Th17/Treg imbalance occurs in
the context of ALI following Deinagkistrodon acutus en-
venomation, and whether it plays a certain role in the patho-
genesis and prognosis of ALI have not been reported in the
literature.

Antivenom is recognized as the first choice for the
treatment of snake bites, but its function is limited to neu-

tralizing free venom components and not expanded to re-
versing the tissue damage caused by the snake bite [25,26].
Therefore, it is of great significance to explore other auxil-
iary treatments to cure the limitations of antivenom for the
diagnosis and treatment of ALI after the Deinagkistrodon
acutus bite. Hyperbaric oxygenation (HBO), as a non-
traumatic adjuvant therapy, is widely used in various dis-
eases. Several studies [27-29] have shown that HBO may
ameliorate lung injury by regulating the toll-like recep-
tor 4 (TLR4)/nuclear factor-«B (NF-xB) pathway to im-
prove inflammatory response, reducing oxidative stress in
an independent manner, and improving the permeability
of lung epithelial cells through aquaporin 4 (AQP4) ex-
pression. Wang et al. [30] found that after HBO inter-
vention, the proportion of Treg cells in the thymus of the
glioma mouse model was increased. The same research
group had also previously found that HBO adjuvant ther-
apy possesses a protective effect on kidney and brain in-
jury caused by Deinagkistrodon acutus bite [31]. However,
whether the protective effect of HBO on ALI secondary to
Deinagkistrodon acutus venom is related to the regulation
of Th17/Treg balance has never been reported in the litera-
ture.

In light of the existing research and theories, we de-
signed an animal experiment to verify that hyperbaric oxy-
gen has a protective effect on secondary lung injury fol-
lowing Deinagkistrodon acutus envenomation by regulat-
ing Th17/Treg balance and shedding light on novel thera-
peutic strategies for snake bite.

Materials and Methods

Experimental Animals

Male Kunming mice (aged 6-8 weeks, n = 96)
were purchased from China Chongqing Laite Biotech-
nology Co., Ltd. (experimental animal license number:
SYXK(Qian)2022-0004).

The experimental mice were kept in a suitably humid
and well-ventilated environment, with a room temperature
of 23 £ 2 °C. The day-night cycle was set at 12—12 hours.
The mice were given a standard diet and water ad libitum
and subjected to experiments at least for 3 days after being
kept and fed as described. The mice were randomly divided
into four groups: control group (n = 24), venom group (n =
24), antivenom group (n = 24), and HBO-+antivenom group
(n = 24). In the HBO+antivenom group, HBO treatment
was administered at 1 h, 5 h, 11 h and 23 h after the ad-
ministration of antivenom. Each group of mice was further
divided into four subgroups (n = 6).

Snake Venom and Antivenom

The freeze-dried Deinagkistrodon acutus venom pow-
der was obtained from Qimen Snake Injury Research Insti-
tute, Huangshan, China, whereas the antivenom against the
Deinagkistrodon acutus venom was acquired from Seren
Biotechnology Co., Ltd. (Shanghai, China).
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Animal Grouping and Model Establishment

(1) The mice in the control group were not given any
treatments. (2) The venom group consisted of mice enven-
omated with Deinagkistrodon acutus venom. The mouse
model was established by injecting Deinagkistrodon acutus
venom (concentration of 0.15 mg/mL, dosage of 1.0 mg/kg)
into the tail vein of mice, according to the protocols de-
scribed by Li et al. [31] for establishing an animal model
envenomated by Deinagkistrodon acutus venom. After the
injection, the mice showed symptoms such as listlessness,
rapid breathing, reduced appetite, slow response to exter-
nal stimuli, and decreased mobility—all of these manifes-
tations indicate that the modeling was successful. (3) In
the antivenom group, every envenomated mouse model, es-
tablished using the same method for the venom group, was
given an injection of antivenom (78 U/kg [31]) into the tail
vein immediately. (4) In the HBO+antivenom group, the
envenomated mice were placed in the HBO cabin at 1 h, 5
h, 11 h, and 23 h after antivenom administration (78 U/kg).
The time point of HBO intervention was set according to
protocols by Li et al. [31]. In brief, the cabin was pressur-
ized for 5 min to 0.12 MPa (1.2 ATA) and washed with pure
oxygen. The cabin pressure was then raised to 0.2 MPa (2
ATA) within 5 min and then stabilized for 40 min. Decom-
pression was subsequently performed for 10 min, with the
oxygen concentration in the cabin maintained above 95%.

Sample Collection

At the corresponding time points (2 h, 6 h, 12 h and 24
h after administration of antivenom), the mice were placed
in a state of deep irreversible anesthesia and were eutha-
nized by cervical dislocation after 2% isoflurane inhalation.
Then the mice were fixed in the supine position on the ultra-
clean workbench. The chest of each mouse was opened,
and the tissues such as the trachea and heart were separated
and cut, and the lung tissue was obtained. The lung tissue
was weighed for measurement of lung coefficient, and fixed
with 4% paraformaldehyde (Beijing Chinese fir Biologi-
cal Technology Co., Ltd., Beijing, China) for hematoxylin-
eosin (HE) staining. The lung tissue was stored at —80 °C
for further experiments such as enzyme-linked immunosor-
bent assays (ELISA) and Western blotting.

Determination of Lung Coefficient

The weight of each mouse was measured before cer-
vical dislocation and recorded as body weight (BW). The
whole lung tissue of each mouse was separated from the
chest, and the residual blood was washed away. The water
and blood on the surface of lung tissue were drained and
dried using filter papers, and the weight was measured af-
terward and recorded as lung wet weight (LWW). The lung
coefficient of lung tissue in each group was calculated by
determining the ratio of LWW to BW (mg/g), which is a
measure of pulmonary edema [32].
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Histopathology

Lung tissues were dehydrated in a gradient of alco-
hol solutions and immersed in xylene solution for clear-
ance. After a series of procedures such as embedding, slic-
ing, dewaxing, rehydration, and staining with hematoxylin
(Shanghai Biyuntian Biotechnology Co., Ltd., Shanghai,
China) for 3 min, the tissue section slides were washed
for 5 min, destained in hydrochloric acid alcohol, washed
for 5 min, and fast-stained with eosin (Shanghai Biyun-
tian Biotechnology Co., Ltd., Shanghai, China). Finally,
they were subjected to dehydration and washing, prior
to sealing with neutral gum. The pathological changes
in lung tissue were observed under an optical micro-
scope (DMS500+ICC50, Lecia, Wetzlar, Germany), and im-
ages were captured. Lung injury presented in the slides
was scored by three experienced pathologists according
to pathological changes. The pathological changes were
chiefly classified as alveolar congestion, alveolar hem-
orrhage, inflammatory cell infiltration, and alveolar wall
thickening or membrane formation, in accordance with spe-
cific scoring criteria proposed by Wang et al. [32]. At
the same time, in order to observe collagen fiber deposi-
tion, the lung tissue sections were subjected to Masson’s
trichrome staining performed using a staining kit (Shang-
hai Biyuntian Biotechnology Co., Ltd., China). Briefly,
paraffin-embedded slices were dewaxed and rehydrated,
then stained with Weigert iron hematoxylin solution for §
min, and then differentiated using acidic ethanol. After-
ward, the slices were washed and then stained with Masson
blue solution for 5 min and with Lichun red fuchsin stain-
ing solution for 5 min. Aniline blue dye was used for stain-
ing for 2 min, followed by weak pickling for 1 min. Sub-
sequently, the slices were dehydrated, cleaned, and sealed
with neutral gum. Following Masson’s trichrome staining,
collagen is stained blue and nuclei are stained dark brown.
The content percentage of collagen fiber was determined:
Firstly, at least three 200-fold fields of view were randomly
selected for each section in each group. Image-Pro Plus
6.0 software (GraphPad, San Diego, CA, USA) was then
utilized to pinpoint the blue color of the same hue, which
was selected as the unified standard for identifying colla-
gen fibers in all photos. The percentage of collagen fibers
(%) was determined by calculating the ratio of the area oc-
cupied by collagen fibers to the area of whole tissue in each
photo.

Enzyme-Linked Immunosorbent Assay

Fresh lung tissue specimens were ground and cen-
trifuged at 12,000 rpm and 4 °C for 5 min. Following cen-
trifugation, the supernatant was collected. The levels of
IL-17, IL-6 and IL-10 in the lung tissue supernatant were
measured using ELISA kits (Shanghai Jianglai Biotechnol-
ogy Co., Ltd., Shanghai, China). The optical density (OD)
value was detected at 450 nm wavelength.
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Western Blotting

Lung tissue specimens were ground by using a
grinder. The resultant lung tissue homogenate was added
with Radio Immunoprecipitation Assay (RIPA) lysis buffer
(Shanghai Biyuntian Biotechnology Co., Ltd., Shanghai,
China), and was left on ice for more than 10 min, prior
to centrifugation at 12,000 rpm and 4 °C for 5 min. Lung
tissue supernatant was collected after centrifugation. The
protein concentration of tissue specimens was detected
using a bicinchoninic acid (BCA) protein kit (Shanghai
Yase Biotechnology Co., Ltd., Shanghai, China). The
samples were electrophoresed on 7.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel (Shanghai Yase Biotechnology Co., Ltd., China) and
transferred to a polyvinylidene fluoride (PVDF) membrane
(0.45 pm; Millipore, Burlington, MA, USA). Protein-free
quick sealing solution was utilized for sealing for 1 h
(Shanghai Yase Biotechnology Co., Ltd., China). Specific
proteins on the membrane were probed with anti-FOXP3
rabbit monoclonal antibodies (1:1000; AB215206, Abcam,
Cambridge, UK), anti-retinoic acid receptor (RAR)-related
orphan receptor gamma (ROR~t) rabbit monoclonal an-
tibodies (1:1000; AB190145, Abcam, UK), and anti-g-
actin rabbit monoclonal antibodies (1:100,000; 81115-1-
RR, Proteintech Group Biotechnology Co., Ltd., Wuhan,
China) overnight at 4 °C. Subsequently, the membrane was
incubated with goat anti-rabbit HRP antibodies (1:200,000;
RGARO0O01, Proteintech Group Biotechnology Co., Wuhan,
Ltd., China) for 2 h at room temperature. Then, the mem-
brane was developed using an enhanced chemilumines-
cence kit by Bio-Rad system (ChemiDoc MP, Hercules,
CA, USA), and finally, the band intensity was measured and
analyzed by the Image-Pro software (1.51j8, Media Cyber-
netics, Rockville, MD, USA).

Statistical Analysis

SPSS 29.0 (IBM Corp., Armonk, NY, USA, Version
29.0) and GraphPad 9.0 (GraphPad Inc., San Diego, CA,
USA) were used for statistical analyses. Quantitative data
are expressed as mean =+ standard error (Z £ s). Data con-
forming to the normal distribution, as tested by the nor-
mality test, were analyzed using #-tests or multiple #-tests,
which compared the data between any two groups. One-
way analysis of variance (ANOVA) was used for compar-
ison of data between any two groups. The difference in
survival rate between groups was analyzed by the log-rank
method. The difference was considered statistically signif-
icant at p < 0.05.

Results

HBO Improves Early Survival Rate after Snake
Envenomation

Within 24 h after the establishment of the model, the
survival rate of the mice in the venom group was signif-

icantly lower compared with the control group (87.5% vs
100%; p < 0.05; Fig. 1). Dead mice or mice that did not
meet the standards were excluded from the experiments,
and eligible mice were supplemented accordingly at speci-
fied time points. None of the mice in the antivenom group
and HBO+antivenom group were found dead within 24 h
following successful modeling.
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Fig. 1. The survival rate of mice among the four groups within
24 h following successful modeling. Note: *p < 0.05 compared
with the control group. HBO, hyperbaric oxygen.

Behavioral Results

After being injected with Deinagkistrodon acutus
venom, the mice in the venom group gradually manifested
signs of listlessness, decreased activity, decreased food and
water intake, shortness of breath, and slow response to ex-
ternal stimuli (Fig. 2a) compared with the control group
(Fig. 2d). In severe cases, mouth and nose bleeding, short-
ness of breath and even death were observed. An au-
topsy showed that their lungs were congested and edema-
tous (Fig. 2a). These symptoms and pathological mani-
festations could be improved by administering antivenom
(Fig. 2b) and HBO+antivenom (Fig. 2¢).

Determination of Lung Coefficient

As shown in Fig. 3, compared with the control mice,
the envenomated mice showed significantly higher lung co-
efficients (p < 0.05). Compared with the venom group, the
venom group and HBO+antivenom group experienced a re-
duction in lung coefficient (p < 0.05). The lung coefficient
of the HBO+antivenom group was significantly lower than
that of the antivenom group (p < 0.05).

HBO Ameliorates Pathological Changes of Lung
Tissue Following Snake Envenomation

As shown in Fig. 4, HE staining results showed that
the lung tissue morphology of the control mice was normal,
the alveolar wall structure was intact, the pulmonary sep-
tum was not thickened, and there was no obvious inflamma-
tory reaction around the trachea. Compared with the control
group, the mice in the venom group showed impaired pul-
monary alveolar structure, alveolar congestion, pulmonary
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venom, antivenom, HBO-+antivenom groups, respectively. (a2,b2,c2) Autopsy examinations on mice that succumbed to a large dose of

Deinagkistrodon acutus venom. (d1,d2) Behavioral manifestation and autopsy examination of control mice.

septum thickening, extensive inflammatory cell infiltration,
and bleeding, accompanied by increased lung injury score
(»p < 0.05). Compared with the venom group, the an-
tivenom group and HBO+antivenom group demonstrated
partially impaired pulmonary alveolar structure integrity;
reduced alveolar congestion, hemorrhage, septal thicken-
ing, and inflammatory cell infiltration; and reduced lung
injury score (p < 0.05). While narrowing down to the com-
parison between the antivenom and the HBO+antivenom
groups, we found that the pathological changes in the lung
tissues of the HBO+antivenom group were much alleviated,
in addition to the decrease in lung injury score, as compared
to the antivenom group (p < 0.05). Masson’s trichrome
staining showed that there was almost no collagen fiber de-
position in the lung tissue of the control mice, with the alve-
olar structure remaining intact. Alveolar interstitial thick-
ening and collagen fiber deposition underwent a significant
augmentation in the venom group, as compared with the

control group (p < 0.05). Compared with the venom group,
the antivenom group and HBO+antivenom group suffered
from milder pulmonary fibrosis (p < 0.05). Administration
of HBO treatment contributed to a synergistic effect in ther-
apy, marked by a lower extent of pulmonary fibrosis as seen
in the HBO+antivenom group than in the antivenom group
(p < 0.05).

HBO Regulates the Activation of Inflammatory
Factors in Lung Tissue of Envenomated Mice

To investigate the expression of inflammatory factors
in the lung tissue of envenomated mice, we quantified their
levels at different specified time points (2 h, 6 h, 12 h, 24
h after venom administration) by using ELISA. As shown
in Fig. 5, the pro-inflammatory factor IL-6 in lung tissue
distinctly started increasing and peaked at 2 h after enveno-
mation compared with that of the control group (p < 0.05;
Fig. 5a), and decreased gradually over time and dropped
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Fig. 3. Comparison of lung coefficients of mice between the
four groups. Data are expressed as mean =+ standard error. n = 6;
*p < 0.05 compared with the control group; *p < 0.05 compared
with the venom group; p < 0.05 compared with the antivenom

group.

to the lowest level at 24 h after envenomation. However,
IL-6 level significantly decreased after antivenom injec-
tion and administration of HBO+antivenom, as compared
with that of venom group (p < 0.05; Fig. 5a), and exhib-
ited conspicuous reduction following the administration of
HBO+antivenom at each time point (p < 0.05; Fig. 5a).
The level of IL-17 started increasing at 2 h and peaked at
24 h after envenomation (p < 0.05; Fig. 5b). Compared
with the venom group, the secretion of IL-17 markedly
decreased after antivenom injection and administration of
HBO+antivenom, respectively, at each time point and ex-
hibited augmentation following HBO+antivenom treatment
at 24 h after envenomation (p < 0.05; Fig. 5b). Com-
pared with the control group, the anti-inflammatory IL-
10 significantly started decreasing at 2 h after envenoma-
tion (p < 0.05; Fig. 5c). However, there was no differ-
ence in IL-10 level between each time points after enven-
omation. Compared with the venom group, the secretion
of IL-10 dramatically increased after antivenom injection
and treatment using HBO+antivenom, respectively, across
the specified time points, and exhibited augmentation after
HBO+antivenom administration at 24 h after envenomation
(» < 0.05; Fig. 5c¢).

HBO Alleviates Acute Lung Injury Secondary to
Snake Envenomation by Regulating Inflammatory
Immune in Lung Tissue

To determine the inflammatory immune effect of HBO
on ALI secondary to snake envenomation, we analyzed the
expression of regulatory T cell and Thl7-related proteins
in lung tissue at 24 h after envenomation. As shown in
Fig. 6, the protein expression of ROR~t, a key transcrip-
tion factor of Th17, was significantly increased at 24 h
following envenomation, compared with the control group

(» < 0.05). The expression of ROR~t protein in the an-
tivenom group and HBO+antivenom group was lower than
that in the venom group (p < 0.05). Compared with the
antivenom group, the expression of ROR~t protein in the
HBO+antivenom group was downregulated (p < 0.05).
Relative to the control group, the protein expression of
FOXP3—a key transcription factor of Treg—was signif-
icantly decreased in the venom group (p < 0.05). The
expression of FOXP3 protein in the antivenom group and
HBO+antivenom group was higher than that in the venom
group (p < 0.05). Compared with the antivenom group, the
expression of FOXP3 protein in the HBO+antivenom group
was elevated (p < 0.05).

Discussion

The lungs are the primary organs that are the most vul-
nerable to the damages elicited by snake venom, closely fol-
lowed by the kidneys and liver. Snake venom mediates the
infiltration and accumulation of inflammatory cells in the
lungs, leading to excessive activation and release of inflam-
matory mediators, which in turn triggers systemic inflam-
matory response and imbalance of immune inflammation,
a critical factor leading to ALI, although the exact under-
lying mechanism remains unclear. In the mouse model of
Deinagkistrodon acutus venom, we observed hemorrhagic
changes in their lung tissues, which provided evidence that
Deinagkistrodon acutus venom can induce secondary lung
injury. At present, antivenom is widely used in clinics,
which is a special treatment for snake bites, but it is unable
to reverse damage to tissues and organs [33]. Hence, find-
ing new strategies to fortify the treatment for snake bites
has become an increasingly concerned issue. Some studies
have shown that HBO can alleviate ALI caused by multi-
ple factors by increasing the partial pressure of blood oxy-
gen and inhibiting inflammatory reactions [34]. However,
whether HBO has a protective effect on ALI secondary to
Deinagkistrodon acutus bite has never been reported.

In order to further investigate the lung injury mech-
anism caused by Deinagkistrodon acutus venom, a pre-
liminary experiment was conducted in accordance with
the dosage and concentration of Deinagkistrodon acutus
venom adopted in Li ef al.’s study [31], in which Deinagk-
istrodon acutus venom was injected into the tail vein of
mice to establish an animal model, which was then exam-
ined for behavioral changes and lung injury index. The re-
sults showed that: (1) After envenomation, the mice in the
venom group showed signs of listlessness, decreased activ-
ity, decreased food and water intake, shortness of breath,
and slow response to external stimuli. In severe cases, they
showed signs of mouth and nose bleeding, shortness of
breath, and even death. An autopsy examination showed
that their lungs were congested and edematous. (2) The
alveolar structures of the mice in the venom group were
destroyed, accompanied by alveolar congestion, thickened


https://www.discovmed.com/

a control

snake venomation

2427

antivenom HBO-antivenom

* El control
® 44 snake venomation
=]
S <
; 3- o E3 antivenom
5 3 HBO-antivenom
=
- 2—.
4 #8&
=
- 1
0
v T T
N
& '.000 00& “e&
& & & &
& & &
o > N
& @ oxt»
Nl
R

81 *
c EEl control
6 snake venomation
=1 antivenom
4 *# 3 HBO-+antivenom

Collagen fiber content ratio( %)

\
& Qeé‘ ‘\e&
& & & O
& &
o >
& & &
B o)(
N
S ¥

Fig. 4. HBO ameliorates pathological changes of lung tissue after snake envenomation. (a) Hematoxylin-eosin (HE) staining and
Masson’s trichrome staining of lung tissues were acquired from each group. (b) Lung injury score and (c) percentage of collagen fiber
content of each group. Data are expressed as mean =+ standard error. n = 6; *p < 0.05 compared with the control group; *p < 0.05
compared with the venom group; ¥p < 0.05 compared with the antivenom group.

pulmonary septa, infiltration by abundant inflammatory
cells, and bleeding. Compared with the control group, the
lung injury score of the venom group was increased. (3)
Compared with the control group, the envenomated mice
had higher lung coefficients and exhibited apparent pul-
monary edema. Combined with the experimental results
by Qin et al. [10], the preliminary experimental results
of our research demonstrated that Deinagkistrodon acutus

venom can also elicit ALI, similar to what Deinagkistrodon
halys venom can do. These experimental findings aligned
with the criteria for judging the acute respiratory distress
syndrome (ARDS)/ALI animal model issued by the Ameri-
can Thoracic Association in 2022, indicating the successful
construction of the ALI mouse model through the induction
of Deinagkistrodon acutus venom.
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The excessive release and activation of inflammatory
mediators and relative reduction of anti-inflammatory fac-
tors after snake envenomation leads to systemic inflam-
matory response imbalance, which is considered to be an

important factor causing ALI [35,36]. The current study
showed that compared with the control group, the levels
of pro-inflammatory factors IL-6 and IL-17 in the venom
group were significantly increased, and anti-inflammatory
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with the venom group; “p < 0.05 compared with the antivenom group.

factor IL-10 level was significantly suppressed, with the
significant change registered at 2 h after envenomation.
This suggests that Deinagkistrodon acutus venom could in-
stantly induce the imbalance of inflammatory response in
ALI onset as early as within 2 h following snake enveno-
mation. Thus, clinically, individuals who have just suffered
from a bite by Deinagkistrodon acutus need to be treated as
soon as possible to avoid inflammatory cascade and sec-
ondary tissue injury. The elevation of IL-17 as demon-
strated in our research is consistent with the report by Caval-
cante et al. [37], pointing to the ability of Deinagkistrodon
acutus venom to induce systemic inflammatory response
through IL-17 secretion mediated by Th17. At the same
time, this study found that the level of IL-6 reached its peak
at 2 h after envenomation, and gradually decreased with
time, indicating that pro-inflammatory cytokines play a key
role in acute inflammation, a postulation consistent with the
view of Alsolaiss et al. [38] that the body would experience
a rapid inflammatory reaction within 2 h following a ven-
omous snake bite, and also consistent with the animal ex-
perimental results by Yacoub et al. [39]. Different from the
peak of IL-6 secretion in the early stage, the level of IL-17
continued to increase 24 h after envenomation. It is spec-
ulated that IL-17-mediated immune inflammatory reaction
may persist after ALI secondary to Deinagkistrodon acutus
envenomation. Thus, further explorations of the temporal
trends of IL-17 level alterations and the mechanisms behind
this phenomenon are warranted. The Th17 and Tregs are
considered the key regulatory factors that maintain inflam-
matory response in the systemic inflammatory response,
and Th17/Treg imbalance is identified as the risk index of
early ARDS/ALI [40—43]. In this experiment, the protein
expression of ROR~t and FOXP3 in the lung tissue of mice
experiencing ALI secondary to Deinagkistrodon acutus en-
venomation was quantified. The results showed that com-
pared with the control group, the ROR~t protein was signif-
icantly upregulated, while the expression of FOXP3 protein

was decreased, at 24 h following envenomation. The above
results provided important evidence that the imbalance of
the Th17/Treg ratio represents a pathogenic factor of ALI
secondary to Deinagkistrodon acutus envenomation. It was
consistent with those reports that showed a critical factor of
the Th17/Treg imbalance in the ALI [43—46]. Thus, further
research into the venom’s effect on the mechanism that reg-
ulates Th17/Treg ratio in vitro is needed to shed light on new
research directions in immune treatment for snake bites.

Antivenom is broadly applied in clinical settings as a
treatment approach for snake bites, but technically, it can-
not reverse the tissue damages that are already induced.
HBO is widely used in the treatment of carbon monoxide
poisoning complicated with aspiration pneumonia, tumor
radiation-induced lung injury, acute respiratory distress
syndrome, and related complications of snake bite [44,47].
It is believed that HBO may alleviate the inflammatory re-
action and injury in tissues by increasing the production of
Treg cells and regulating the balance of Th17/Treg [48].
The results of the current study showed that compared with
the antivenom group, the combination of HBO and an-
tivenom could significantly improve the pathological dam-
age in lung tissue and the lung edema starting at 2 h after
envenomation, which is consistent with the experimental
results of Kang et al. [48]. Compared with the sole usage of
antivenom, HBO combined with antiserum could conspic-
uously attenuate the production of pro-inflammatory fac-
tors IL-6 and IL-17 and promote the synthesis of the anti-
inflammatory IL-10 in the lung tissue starting at 2 h after
envenomation. Furthermore, HBO plus antivenom could
markedly improve the balance of the protein expression of
ROR~t and FOXP3 at 24 h following envenomation. It
is suggested that HBO combination therapy may further
participate in immune inflammatory reaction by regulating
Th17/Treg balance, thus playing a protective role in ALI
secondary to Deinagkistrodon acutus envenomation. Thus,
the proposed mechanism through which HBO+antivenom


https://www.discovmed.com/

2430

imparts protective effects offers us an immunotherapeutic
strategy against the deleterious implications of snake bites.
It is worth noting that at the three different time points (i.e.,
2 h, 6 h, and 12 h), the HBO+antivenom group, relative
to the antivenom group, manifested a decreasing, but sta-
tistically insignificant, trend in the IL-17 level. It was not
until 24 h later that the IL-17 level in the HBO-+antivenom
group began to exhibit a statistically significant reduction
trend. These findings indicate that the therapeutic effect of
HBO is not immediate but instead takes some time after ad-
ministration.

Taken together, this study confirmed that the Deinagk-
istrodon acutus venom can cause ALI, and an envenomated
animal model can be established by injecting Deinagk-
istrodon acutus venom into the tail vein of the animal. We
also showed that immune inflammatory imbalance plays an
important pathogenic role in ALI secondary to Deinagk-
istrodon acutus envenomation. In addition, HBO confers
protection against envenomation by Deinagkistrodon acu-
tus by regulating immune inflammation, alleviating pul-
monary edema, relieving lung injury, inhibiting inflamma-
tory reaction, and regulating Th17/Treg balance, providing
anew direction for further research and development of the
relevant treatment. Aside from that, the current research
also provides stronger evidence and guidance for the pre-
vention and treatment of ALI caused by Deinagkistrodon
acutus envenomation. Despite the promising therapeutic
potential of HBO in combination with antivenom, the pub-
lic at large needs to be aware of the gravity of snake bite
complications and ALI secondary to snake bites. Further-
more, relevant immune inflammatory treatment guidelines
should be formulated.

This study is not without limitations. Firstly, Treg-
related proteins were only detected and analyzed in the ini-
tial experiment and during the first 24 h of the modeling
process and were not observed at other time points. Sec-
ondly, this study did not further track the continued ele-
vation of IL-17 release, which had persisted beyond 24 h
time point. The relatively short time span for monitoring
IL-17 level rendered the determination of the peak of IL-
17 secretion impossible, necessitating further confirmation
in future experiments. Lastly, the main focus of this study
is to observe the effect of HBO on Th17/Treg balance in
ALI caused by Deinagkistrodon acutus envenomation, and
thus other plausible mechanisms were not explored in this
investigation.

Conclusion

Through this study, we found that Deinagkistrodon
acutus venom can cause secondary injury to the murine lung
tissues, which can be ameliorated by HBO combined with
antivenom by regulating the balance of Th17/Treg-related
proteins and controlling the level of inflammatory factors.
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