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Purpose: Intra-abdominal infection is a complex pathophysiological process involving multiple systems and organs of the body.
Abdominal infections complicated by severe sepsis or septic shock have a high mortality rate of 30—50%. Therefore, novel strategies
to treat sepsis are urgently needed.

Methods: Andrographolide (AD), the main active ingredient of Andrographis paniculata, reportedly exerts beneficial effects on mice
with sepsis. However, its exact mechanism of action in attenuating inflammation due to intra-abdominal sepsis remains unclear to date.
Hence, this study aimed to examine the therapeutic effects of AD on cecal ligation and puncture (CLP)-induced sepsis and elucidate
the underlying mechanisms.

Results: Results showed that AD therapy could significantly improve the 7-day survival rate and alleviate pathological organ injury in mice
with CLP. In addition, AD treatment decreased the levels of proinflammatory factors, such as tumor necrosis factor-o and interleukin (IL)-6
in the peritoneal cavity fluid and blood and increased the level of anti-inflammatory factor IL-10 in the peritoneal cavity fluid of mice with
CLP. Moreover, bacterial counts in the blood and peritoneal lavage fluid were lower in the mice treated with AD than in those untreated.
Mechanistically, AD treatment increased the percentage and phagocytic activity of macrophages in the peritoneal cavity.

Conclusion: These data showed that AD can improve the survival of mice with intra-abdominal sepsis by enhancing bacterial
clearance, as evidenced by the increased percentages and phagocytic activity of macrophages in the peritoneal cavity. This study is the

first to demonstrate the protective effects of AD against intra-abdominal sepsis.

Plain Language Summary: Intra-abdominal infection is a complex pathophysiological process involving multiple systems and
organs of the body. Abdominal infections complicated by severe sepsis or septic shock have a high mortality rate of 30-50%.
Therefore, novel strategies for treatment of sepsis are urgently needed. Andrographolide (AD), the main active ingredient of
Andrographis paniculata, reportedly exerts beneficial effects on mice with sepsis. However, its exact mechanism of action in
attenuating inflammation due to intra-abdominal sepsis remains unclear to date. Here, the study aimed to examine the therapeutic
effects of AD on cecal ligation and puncture (CLP)-induced sepsis and elucidate the underlying mechanisms. Our findings showed
that AD therapy could significantly improve the 7-day survival rate and alleviate pathological organ injury in mice with CLP. In
addition, AD treatment decreased the levels of proinflammatory factors, such as tumor necrosis factor-a and interleukin (IL)-6 in the
peritoneal cavity fluid and blood and increased the level of anti-inflammatory factor IL-10 in the peritoneal cavity fluid of mice with
CLP. Moreover, bacterial counts in the blood and peritoneal lavage fluid were lower in the mice treated with AD than in those
untreated. Mechanistically, AD treatment increased the percentage and phagocytic activity of macrophages in the peritoneal cavity.
These data showed that AD can improve the survival of mice with intra-abdominal sepsis by enhancing bacterial clearance, as
evidenced by the increased percentages and phagocytic activity of macrophages in the peritoneal cavity. This study is the first to

demonstrate the protective effects of AD against intra-abdominal sepsis.
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Introduction
Intra-abdominal infection (IAI) is defined as a common clinical disease that usually occurs secondary to gastrointestinal
perforation, necrosis, or gangrene.! Once perforation occurs, pathogenic microorganisms and their metabolites colonize
the digestive tract and enter the abdominal cavity, which immediately initiates the host’s immune inflammatory response
to remove pathogenic bacteria and control the infection. However, the disease progresses and worsens when the infection
is not effectively controlled; common symptoms of disease progression include fever, tachycardia, and shortness of
breath, leading to organ function damage and sepsis. Sepsis caused by IAI is termed intraperitoneal sepsis.” Although
significant clinical improvements in surgical and intensive care treatment, patients with IAI still have a fatality rate of
20%, and those complicated with septic shock have a mortality rate of 30-50%.> Food and Drug Administration-
approved therapies for sepsis are currently lacking, highlighting the need for novel treatment modalities.
Andrographolide (AD), the main active ingredient extracted from Andrographis paniculata, exhibits antibacterial,
antiviral, antiplatelet aggregation, liver- and gallbladder-protective, antitumor, and immune regulatory effects.* AD
treatment reportedly exerts beneficial effects on mice with sepsis. Zhu et al showed that AD reduces lung inflammation
and pulmonary edema in lipopolysaccharide (LPS)-induced acute lung injury by inhibiting the activation of the NF-«kB
signaling pathway.> Moreover, Lee et al reported that AD could inhibit the cecal ligation and puncture (CLP)-mediated
release of HMGBI, suppresses the secretion of pro-inflammatory cytokines, and reduces the mortality of mice with
sepsis.® However, the exact mechanism of action of AD in attenuating inflammation due to intra-abdominal sepsis
remains unclear to date. Therefore, in the present study, we aimed to examine the therapeutic effects of AD on CLP-
induced sepsis and elucidate the underlying mechanisms. This study is the first to demonstrate the protective effects
of AD against intra-abdominal sepsis.

Materials and Methods

Animals and Grouping

Forty male wild-type C57BL/6 mice, aged 8—10 weeks and weighing 22-28 g from Beijing Vital River Laboratory
Animal Technology Co. were used in whole experiments. The animals were placed in cages under specific pathogen-free
(SPF) conditions and nourished with a standard laboratory diet. Before starting, all experimental operations were
conducted in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and
approved by the Scientific Investigation Committee of Tianjin Medical University General Hospital.

CLP-Induced Mouse Model of Sepsis

To induce sepsis models, cecal ligation and puncture (CLP) was performed as previously described.” Briefly, the mice
were deeply anesthetized with isoflurane. A 2 cm-long incision was made in the lower abdomen of mice to expose the
cecum under sterile conditions. The cecum was ligated 1 cm from the tip with a 4-0 silk suture and punctured thoroughly
once with a 20-gauge needle. Then the cecum was returned to the peritoneal cavity and squeezed to place a small portion
of its contents into the peritoneum. Thereafter, the peritoneal wall and skin were closed with silk sutures. The mice were
subcutaneously injected with 1 mL of sterile saline (0.9%) and warmed on a heating mat until they were resuscitated
from anesthesia.

The mice were randomly divided into two groups: CLP (n = 20) and treatment group (CLP+AD 5 mg/kg, n = 20).
The mice in the treatment group were injected with AD (MedChem Express, USA) through the tail vein immediately and
24 h after surgery, whereas the mice in the CLP group were injected with the same volume of sterile normal saline via the
tail vein at the same time points. To explore the effect of AD in clearing bacteria, we excluded other confounding factors,
including the absence of antibiotic therapy. The 7-day survival rates of the two groups of mice were observed, and

a survival curve was drawn.
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Additional mice were sacrificed 24 or 48 h after surgery. Peritoneal lavage fluid (PLF), blood plasma, and tissue
samples were collected from the mice.

Histopathological Analysis

The livers and lungs of the mice were collected and fixed with 4% formaldehyde. The tissues were embedded in
paraffin and serially sectioned (4 pm) in toto. Then the paraffin section was treated with antigen retrieval solution
(DAKO) under 96 °C for 20 min, and then cooled at room temperature for 20 min. The slides were stained with
hematoxylin and eosin for histopathological analysis. Liver and lung injuries were independently scored by two
double-blind pathologists.

Enzyme-Linked Immunosorbent Assay

At the indicated time-points after CLP, blood samples were drawn and gathered from the mice by cardiac puncture with
1 mL syringes,® and then centrifuged at 1000xg for 15 min to separate serum. The peritoneal cavities were washed with
3 mL of PBS, and the PLF was harvested and centrifuged at 300 % g for 15 min to collect the supernatant. The levels of
tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and interleukin-10 (IL-10) in the peripheral blood and peritoneal
cavity were determined using commercial enzyme-linked immunosorbent assay (ELISA) kits in accordance with the
manufacturer’s instructions (Dakewe, China).

Determination of Bacterial Colony-Forming Units

The bacterial colony-forming units (CFUs) in the peripheral blood and peritoneum were analyzed, we obtained whole blood
by cardiac puncture (0.5 mL) and harvested the peritoneal lavage by washing the cavity with 3 mL of sterile PBS in
accordance with previously described methods.” Whole blood was immediately mixed with EDTA (final concentration 4
mM) to restrain coagulation. All samples were placed on ice and serially diluted 1:10-1:100 in sterile PBS. Then, 100 pL of
each sample was placed on trypticase soy agar plates with 5% sheep blood and hatched in a moist chamber at 37 °C for 24
h. The number of aerobic bacterial colonies was carefully counted, and the results are expressed as CFUs per milliliter.

Cell Segregation from the Peritoneal Cavity

Peritoneal cells were garnered by washing the peritoneal cavity. In short, the peritoneal cavities of the mice were injected
with 5 mL of ice-cold PBS, and then gently massaged to extract loosely attached cells. The PLF was drawn and washed twice
with PBS by centrifugation at 300 % g for 10 min at 4 °C. The resulting pellet was suspended in 1 mL of ice-cold PBS.

Flow Cytometry

Cells present in the PLF were pretreated on ice for 20 min with anti-mouse CD16/32 antibodies to intercept FC
receptors. For cell surface staining, the collected cells were stained on ice for 30 min with the following
fluorescently conjugated antibodies: isothiocyanate (FITC)-anti-Ly6G (1AS8), peridinin-chlorophyll-protein com-
plex (PerCP)-anti-CD45 (30-F11), phycoerythrin (PE)-anti-CD11b (M1/70), FITC-anti-CD11b (M1/70), allophy-
cocyanin (APC)-anti-F4/80 (BMS8), and PerCP-anti-CD86 (BUG63) (entirely from BioLegend). Neutrophils were
identified as CD11b+Ly6G+, and macrophages were identified as marker of CD11b+F4/80+. For intracellular
staining, a Cytofix/Cytoperm kit (BD Biosciences) was utilised to fix and permeabilize the cells. APC—anti-TNF-a
(MP6-XT22) and APC—-anti-iNOS (CXNFT) antibodies were used for intracellular staining. FACS analysis was
performed using a BD Accuri C6 Plus cell analyzer (BD Biosciences). All data were analyzed employing FlowJo
software (Tree Star). For all samples, leastways 5x10* cells were collected to emanate scatter plots.

Macrophage Segregation and in vitro Phagocytosis Assays

Peritoneal cells were gathered as described above. The collected PLF was filtered to dislodge debris through a 100 mM
filter. Macrophages were separated using a Macrophage Isolation Kit (Miltenyi Biotec). In brief, the resuspended cells
were incubated with a macrophage biotin-antibody cocktail for 10 min in a refrigerator (2—8 °C), and then anti-biotin
microbeads were appended. After incubation for 15 min, the cell suspension was applied to the MS column, and then
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flow-through cells were gathered. The purity of the collected macrophages was greater than 90%, as confirmed by flow
cytometry staining with CD11b and F4/80 antibodies. For in vitro phagocytosis assays, the isolated macrophages were
incubated with 1x10° CFUs of fluorescently labeled Escherichia coli (Abcam) in 24-well culture plates. After being
incubated for 2 h at 37 °C in 5% CO,, the cells were reaped and washed with PBS to remove unphagocytosed bacteria.
For the bacterial phagocytosis assay, FITC-labeled E. coli were measured using flow cytometry. FACS analysis was
performed using a BD Accuri C6 Plus cell analyzer (BD Biosciences). All data were analyzed employing FlowJo

software (Tree Star). For all samples, leastwise 5x10* cells were collected to emanate scatter plots.

Statistical Analysis

All statistical comparisons were performed using GraphPad Prism 8 (GraphPad Software). Statistical difference was
analyzed using a 2-tailed #-test. Nonparametric Mann—Whitney U-test was used to compare bacterial CFUs among
groups. Survival curves were dissected using the Log rank test. All values are expressed as mean + SEM apart from
bacterial counts. For all experiments, statistical significance was considered at P < 0.05.

Results
Single-Cell Transcriptomes and Cell Typing of BALF Cells

We first studied the role of AD in experimental sepsis, and abdominal sepsis was induced as previously described.'® The
survival rate 7 days after surgery was investigated. On day 7 after CLP surgery, the survival rate of the mice in the CLP
+AD group was significantly higher (P < 0.05) than that of the mice in the CLP group (Figure 1).

AD Alleviates Histopathological Damages in Intra-Abdominal Sepsis

The liver and lung tissues of the two groups of mice were obtained 48 h after CLP surgery. As shown in Figure 2, tissues
in the sham group exhibited normal structures with no histopathological changes, but the liver cells of the mice were
swollen after CLP surgery, and the nuclei were enlarged and hyperchromatic, with a huge number of inflammatory cells
infiltrating the hepatic portal area, which presented as damaged tissue. After treatment with AD (CLP+AD group), the
edema in liver cells and inflammatory cell infiltration in the portal area were reduced. Similarly, the alveolar spaces
widened significantly and were accompanied by inflammatory cell infiltration in the mice after CLP surgery compared
with the healthy mice, with improvement of lung tissue edema and significant reduction of cellular infiltration in CLP
+AD group. These results indicated that AD treatment significantly alleviated the pathological lung damage caused by
CLP-induced sepsis in mice (Figure 2).
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Figure | Andrographolide (AD) improved the postoperative 7-day survival of mice with cecal ligation and puncture (CLP)-induced sepsis (n = 20). After being subjected to
CLP surgery, the mice were injected with sterile saline or AD through the tail vein immediately and 24 h after the operation, respectively. Then, the survival rates were
monitored continuously for 7 days. Statistical difference was determined using the Log rank test. Each group had 20 mice, and all experiments were duplicated three times.
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Figure 2 Andrographolide (AD) attenuated the pathological damage of liver and lung tissues in mice with cecal ligation and puncture (CLP)-induced sepsis (n = 5). The liver
and lung tissues of the two groups of mice were obtained 48 h after CLP surgery. The pathological sections of each group after hematoxylin and eosin staining were
compared under the microscope, and the scale bar was 174.5 um. Original magnification x100. Each group had five mice.

AD Mitigates Pro-Inflammatory Responses in Intra-Abdominal Sepsis

We detected the levels of proinflammatory factors TNF-o and IL-6 and anti-inflammatory factor IL-10 in the PLF and
peripheral blood of the two groups of mice 24 and 48 h after CLP surgery. Compared with those of the mice in the CLP
group, the TNF-a levels in the abdominal cavity and peripheral blood of the mice in the CLP+AD group decreased 24
and 48 h after surgery. Furthermore, the IL-6 levels in the abdominal cavity and peripheral blood of the mice in the CLP
+AD group decreased 48 h after surgery. However, the intraperitoneal IL-10 levels of the mice in the CLP+AD group
obviously increased 48 h after surgery, without statistically significant differences in other components (Figure 3).
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Figure 3 Andrographolide (AD) downregulated the expression levels of inflammatory factors tumor necrosis factor-o. and interleukin-6 in the peritoneal cavity and
peripheral blood of mice with cecal ligation and puncture (CLP)-induced sepsis (n = 6). Peritoneal lavage fluid (PLF) and peripheral blood were obtained 24 and 48 h after
CLP surgery. The levels of TNF-0, IL-6, and IL-10 in the PLF and peripheral blood were detected using ELISA. All values are shown as means * SEM. *P < 0.05 vs CLP group;
*P < 0.01 vs CLP group. Each group had six mice.
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AD Improves Bacterial Clearance in Intra-Abdominal Sepsis

We measured the number of colonies in the PLF and peripheral blood of the two groups of mice 24 and 48 h after CLP
surgery to verify whether AD improves the survival rate in mice with sepsis and whether this phenomenon is associated
intraperitoneal bacterial clearance. Compared with those of the mice in the CLP group, the PLF and peripheral blood
colony counts of the mice in the CLP+AD group significantly decreased 48 h after surgery (Figure 4).

AD Increases the Proportion and Number of Peritoneal Macrophages in
Intra-Abdominal Sepsis

During an infection, peritoneal immune cells, especially neutrophils and macrophages, increase in number. Therefore, we
detected the changes in the proportion and number of neutrophils and macrophages in the PLF after CLP surgery. No
significant differences in the proportion and number of peritoneal neutrophils were found between the mice in the CLP
+AD and CLP groups 24 and 48 h after surgery, but the proportion and number of peritoneal macrophages significantly
increased in the mice from the CLP+AD group 48 h after surgery (Figure 5).
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Figure 4 Andrographolide (AD) improved bacterial clearance in the peritoneal cavity and peripheral blood of mice with cecal ligation and puncture (CLP)-induced sepsis (n = 5).
Peritoneal lavage fluid (PLF) and peripheral blood were obtained 24 and 48 h after CLP surgery. After serial dilution, 100 pL samples of each group of dilutions were placed on
trypticase soy agar plates. The number of colonies formed in each plate was measured in colony-forming units (CFUs). The horizontal bar represents the mean for each group.
*P < 0.05 vs CLP group; **P < 0.01 vs CLP group. Each group had five mice.
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Figure 5 Effect of andrographolide (AD) on the proportion and number of neutrophils (A) and macrophages (B) in the peritoneal cavity of mice with cecal ligation and
puncture (CLP)-induced sepsis (n = 8). Peritoneal lavage fluid (PLF) was obtained 24 and 48 h after CLP surgery. Number indicates the percentage of CDI b and Ly6G,
CDI Ib and F4/80 double-positive cells, and the percentages and numbers of neutrophils and macrophages were analyzed through flow cytometry. All values are shown as
means = SEM. *P < 0.05 vs CLP group. Each group had eight mice.

AD Increases the Proportion of Peritoneal MI-Type Macrophages and Enhances Their

Phagocytic and Bactericidal Activities in Intra-Abdominal Sepsis

We verified the functional activity of macrophages by detecting the proportion of M1-type macrophages and the ability of
cells to phagocytose bacteria and secrete iNOS and TNF-a in the CLP+AD and CLP groups. The proportion of peritoneal
MI-type macrophages, the ability to phagocytose E. coli, and the levels of secreted iNOS and TNF-o were all higher in
the CLP+AD group than in the CLP group 48 h after surgery (Figure 6).

Discussion
When the integrity of the digestive tract is destroyed, numerous pathogenic microorganisms and their metabolites colonize the
digestive tract and enter the peritoneal cavity, immediately initiating the host’s immune inflammatory response to remove
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Figure 6 Andrographolide (AD) enhanced the phagocytic and bactericidal activities of peritoneal macrophages in mice with cecal ligation and puncture (CLP)-induced sepsis
(n = 8). Peritoneal lavage fluid was obtained 24 and 48 h after CLP surgery. (A) Cells were stained for macrophage markers (CD| |b+F4/80+) and assessed for phagocytic
capacity as described in Section 2. CD86 and F4/80 double-positive cells indicate M|-type macrophages. (B) Cells were stained for macrophage surface markers (CD | |b+F4/
80+) and intracellular cytokine antibodies for inducible nitric oxide synthase or tumor necrosis factor (TNF)-o. All values are shown as means + SEM. *P < 0.05 vs CLP
group; **P < 0.01 vs CLP group. Each group had eight mice.
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pathogenic bacteria. However, the disease progresses and worsens when the infection is not effectively controlled; common
symptoms of disease progression include fever, tachycardia, and shortness of breath, leading to organ function damage and
sepsis.” Therefore, effective control of infection and prevention of the propagation and spread of pathogenic bacteria are
undoubtedly key to blocking the progression of abdominal infection to sepsis. In the present study, AD significantly attenuated
excessive inflammatory responses, alleviated pathological organ damage, and effectively improved survival during intra-
abdominal sepsis infection by decreasing the levels of proinflammatory factors TNF-a and IL-6 and increasing the level of
anti-inflammatory factor IL-10 in the abdominal cavity and peripheral blood, which may be related to enhanced bacterial
clearance in mice. This result provides evidence supporting the clinical potential of herbal treatments for sepsis and sheds light
on their potential effector targets.

AD is the main ingredient of A. paniculata, which is currently widely used in China and other Asian countries. Several
studies analyzed the protective effects of AD against sepsis. Guo et al showed that andrographolide improves the 100
h survival rate of mice with LPS-induced sepsis.'' Another study found that AD treatment improves the 126 h survival rate of
mice with CLP-induced sepsis.® Consistent with previous studies, the present study showed that AD can improve the
postoperative 7-day survival of mice with intra-abdominal sepsis.

TNF-o0. and IL-6 are the main pro-inflammatory factors involved in sepsis, and IL-10 is an anti-inflammatory factor.'?
TNF-a is the earliest cytokine released in the inflammatory response after a trauma or infection, and its synergistic effect with
IL-1B is important in activating the cytokine cascade in the inflammatory response.'* ' IL-6 is an important monitoring
indicator for the prognosis of sepsis, and a sustained increase in IL-6 levels often indicates a poor prognosis.'® AD treatment
could reduce the serum levels of TNF-a and IL-1P and alleviate the pathological damage to lung and liver tissue by inhibiting
the activation of the p38MAPK, STAT3, and NF-«B signaling pathways in mice with LPS-induced sepsis.'' Moreover, AD
can downregulate the levels of TNF-a, IL-1f, and IL-6 and the number of neutrophils and macrophages in bronchoalveolar
lavage fluid in LPS-induced acute lung injury.” It’s known that AD could exert beneficial effects on immune balance and
regulation of inflammatory response, so a lethal sepsis model was introduced in the study. In the present study, AD
administration through the tail vein in mice with CLP-induced sepsis decreased the levels of TNF-o and IL-6 in the
abdominal cavity and peripheral blood, increased the level of IL-10 in the abdominal cavity, and alleviated pathological
organ damage. These results illustrate that AD can regulate the inflammatory factor network to maintain the proinflammatory
and anti-inflammatory balance and reduce the inflammatory response in the viscera.

Under physiological conditions, the peritoneal cavity contains approximately 50—100 mL of buffering serous fluid, which
contains a number of macrophages that initiate the immune inflammatory response of the peritoneal cavity.'” Once the
integrity of the digestive tract is destroyed, the invading pathogenic microorganisms are first recognized by macrophages,
which then initiate an inflammatory immune response.®> While phagocytosing and eliminating pathogenic microorganisms,
macrophages alter the local immune microenvironment by releasing proinflammatory cytokines, which recruit neutrophils and
monocytes via circulation to migrate into the peritoneal infection site. In the present study, the colony counts in the peritoneal
cavity and peripheral blood were reduced. Macrophages are an important component of innate immunity. As major cells
involved in infection immunity, macrophages have a wide range of biological effects, including phagocytosis of invading
pathogens, virus-infected cells, ruptured cell debris, and dead cells.'® Macrophages polarize into M1-type or M2-type under
different pathophysiological conditions, in which M1-type macrophages initiate and maintain inflammatory responses and
exhibit antimicrobial and antitumor effects.'® M1-type macrophages can also release potent proinflammatory factors, such as
TNF-a, to recruit neutrophils into the peritoneal cavity and exert anti-infection effects. In addition, iNOS secreted by M 1-type
macrophages can induce a large amount of nitric oxide to exhibit bactericidal and cytotoxic effects. Moreover, macrophages
play an important role in clearing peritoneal bacteria.*’

The present study aimed to elucidate the changes in macrophages and their functional status during infection. We
found that the AD administration of mice with CLP via the tail vein increased the number of peritoneal macrophages,
proportion of M1-type macrophages, their ability to phagocytose E. coli, and production of iNOS and TNF-a, but it did
not significantly affect the proportion and number of peritoneal neutrophils. These results suggest that AD can improve
the prognosis of sepsis by increasing the number of macrophages, strengthening their phagocytosis and bactericidal

activities, enhancing bacterial clearance, and mitigating inflammatory immune responses.
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Taken together, our data demonstrate that AD exerts potential protective effects on mice with sepsis by enhancing
bacterial clearance. However, the exact mechanism warrants further exploration. This study provides evidence for the
clinical application of AD in the treatment of sepsis and other inflammatory diseases.
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