Open Access Article. Published on 04 June 2025. Downloaded on 3/20/2026 6:09:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

W) Check for updates ‘

Cite this: Nanoscale Adv., 2025, 7,
4293

Received 11th March 2025

Chengli Wen,
Accepted 27th May 2025

. *bi
DOI: 10.1039/d5na00234f and Zehui Yu™"'

rsc.li/nanoscale-advances

Sepsis is a life-threatening condition characterized by systemic organ
dysfunction caused by a cytokine storm mediated by inflammatory
mediators. Antibacterial gold nanoclusters (AuDAMP) were synthe-
sized via a one-pot method. The therapeutic efficacy of AuDAMP was
systematically evaluated in two sepsis mouse models: the cecum
ligation and puncture (CLP) model and the lipopolysaccharide (LPS)-
induced sepsis-associated acute lung injury model. Remarkably,
AuDAMP demonstrated potent anti-septic effects through antimi-
crobial activity and attenuation of the cytokine storm. Furthermore,
AuDAMP exhibited synergistic therapeutic effects when combined
with meropenem, suggesting great potential as a novel therapeutic
strategy for sepsis management.

Sepsis is a life-threatening condition resulting from organ
dysfunction caused by a dysregulated host response to infec-
tion.* It is a significant global healthcare challenge, affecting
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millions of people annually and resulting in mortality rates
ranging from one-sixth to one-third of those afflicted.> Despite
advancements in medical technology, the success rate of sepsis
management has improved, yet many patients still succumb to
this condition. The major contributor to sepsis-related
mortality is a severe cytokine storm, which leads to immune
dysfunction and multiorgan failure.®* Severe cytokine storm
results from dysregulated inflammatory responses, posing
a significant challenge for clinicians. This inflammatory dysre-
gulation is typically initiated and driven by the overactivation of
toll-like receptors (TLRs), which recognize and bind to path-
ogen-associated molecular patterns (PAMPs) or damage-asso-
ciated molecular patterns (DAMPs).* TLRs recognize various
inflammatory mediators, such as bacterial lipoproteins, lipo-
polysaccharides (LPSs), and double-stranded RNA (dsRNA).
These interactions activate the intracellular transcription factor
nuclear factor-kappa-B (NF-kB), leading to the induction of
proinflammatory cytokines such as interleukin-1f (IL-1B),
interleukin-6 (IL-6), and tumor necrosis factor-o. (TNF-a), as well
as procoagulants and adhesion molecules. The aberrant
production of these substances triggers a cytokine storm.>™®
Reducing the cytokine storm and controlling the underlying
causes of inflammatory dysregulation are crucial for effectively
managing and treating sepsis.

Traditional antimicrobial resistance is often linked to treat-
ment failure and the recurrence of infections.” Rapid advances
in nanomedicine are promising for the treatment of sepsis and
drug-resistant bacteria. Nanomaterials serve not only as carriers
for drug delivery but also as nanoantibiotics, offering innovative
approaches to combat these challenging conditions.'*** Instead
of seeking new traditional antibiotics, many researchers are
concentrating on developing emerging nanoantimicrobials or
utilizing nanotechnology to enhance the bactericidal effects of
existing antibiotics.****

Gold is highly inert and stable, and gold-based nanoclusters
(Au NCs) have demonstrated biocompatibility in animal
models.'**® Recent studies have shown that ultrasmall Au NCs
constitute a class of innovative nanoantibiotics that show great
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potential for application in combating multidrug-resistant
bacterial infections.*?*° The primary antimicrobial mechanism
of ultrasmall Au NCs involves the disruption of cell membranes
and the induction of cellular damage. Studies indicate that Au
NCs smaller than 2 nm can easily penetrate cells, aiding in the
eradication of intracellular bacteria.>®** Therefore, ultrasmall
Au NCs exhibit antimicrobial activity against both intracellular
and extracellular bacteria. Research by Fang-Hsuean Liao et al.
revealed that subnanometer gold clusters can adhere to Lipid A,
offering protection against LPS-induced sepsis.?” Ultrasmall Au
NCs have the potential to bind LPS, thereby reducing plasma
LPS levels and mitigating LPS-induced sepsis while maintaining
antimicrobial activity. This dual function makes them prom-
ising tools in the fight against sepsis.”” In our previous work,
broad-spectrum antibacterial ultrasmall Au NCs were synthe-
sized via a one-pot method, with 4,6-diamino-2-mercaptopyr-
imidine (DAMP) serving as both surface ligands and reducing
agents.”* It remains unclear whether AuDAMP attenuates the
inflammatory response and reduces mortality in sepsis or if it
enhances antiseptic effects when used in combination with
antibiotics. We hypothesize that AuDAMP may mitigate the
cytokine storm and organ damage through its antimicrobial
and LPS-scavenging properties in sepsis. Additionally, it could
be used in combination with antibiotics to enhance antiseptic
activity.

In this study, DAMP is a derivative of 2-mercaptopyrimidine
with no direct pharmacological effect and can be used as
a predrug for the preparation of nanoantibiotics.”® AuDAMP was
synthesized according to our previously reported approach
called one-pot method.”* The prepared AuDAMP appeared
mustard-like (inset 1) and exhibited red photoluminescence
(inset 2) under visible and UV light (Fig. S1At), respectively.
Fig. S1At shows that the emission and photoluminescence
excitation are centered at 770 nm and 450 nm, respectively, and
the Stokes shift is as high as 200 nm. Fig. S1B} shows the UV-vis
absorption spectrum of the prepared AuDAMP, which shows no
characteristic plasmon resonance peaks in the UV region, which
is consistent with the successful formation of Au NCs rather
than large-sized nanoparticles. Fourier transform infrared
spectroscopy results confirm DAMP anchoring to the AuDAMP
surface (Fig. S1Ct). We analysed the structural characteristics of
AuDAMP by mass spectrometry. Mass spectroscopy was per-
formed on a matrix-assisted laser desorption/ionization time-of-
flight mass spectroscopy (MALDI-TOF MS) 4800 plus mass
spectrometer (Applied Biosystems). The molecular formula of
the as-prepared AuDAMP was also further clarified using
MALDI-TOF mass spectrometry analysis. The data show that
Auy; clusters are the major species in AuDAMP solutions,
including the highly abundant formulas [Au;;(DAMP);]* and
[Au,;3(DAMP)g]*, and other formulas such as [Aug(DAMP)o]*,
[Au;,(DAMP),]*, and [Au;,(DAMP)g]* are also present
(Fig. S1D7). Particle size of AuDAMP was calculated based on
the TEM images. This method is widely used.'*****?¢ As shown
in Fig. S1E,f the TEM image revealed that AuDAMP was
dispersed in ultrasmall clusters with a statistically significant
average size of 1.8 + 0.3 nm (inset) (100 particle sizes were
measured with Image], and their means and standard
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deviations were calculated). The {-potential of AuDAMP reached
+38.4 mV, which indicates that it has good colloidal stability in
aqueous solution. Therefore, the positive charge of AuDAMP
suggests that it may interact with negatively charged bacteria as
well as negatively charged free LPS in aqueous solution, thus
binding bacteria and LPS, killing bacteria and decreasing free
LPS.***"*” Fig. S1Ft shows the binding energies of Au 4f;,, and
Au 4f5;, at 83.8 eV and 87.6 eV, respectively, indicating the
coexistence of Au(1) and Au(0) in AuDAMP.

Moreover, animal experiments were conducted. All experi-
ments were conducted in accordance with the guidelines for
animal experimentation and were approved by the Animal
Ethics Committee of Southwest Medical University (approval
number: swum.20240040). The animals were fed in a specific
pathogen-free (SPF) environment at Southwest Medical
University, with the temperature maintained between 21 °C and
25 °C, a 12-hour light/dark cycle, and unrestricted access to food
and clean water. The mice did not exhibit any unexpected
deaths during the study. Study 1: establishing and grouping the
cecum ligation and puncture (CLP)-induced sepsis model. The
mice were randomly divided into seven groups: Sham, CLP,
CLP_AuDAMP1, CLP_AuDAMP2, CLP_AuDAMP3, CLP_mlpn
(mlpn stands for meropenem), and CLP_AuDAMP3_mlpn. The
mice were anesthetized with tribromoethanol, and their abdo-
mens were shaved and sterilized with 75% alcohol. After the
limbs of the mice were secured with tape, half of the cecum was
ligated, and the distal cecum was punctured with a 22-gauge
needle. An equal amount of faeces was extruded to establish
a polymicrobial infection sepsis model. After the sepsis model
was established, each mouse received an intraperitoneal injec-
tion of 1 ml of saline and was resuscitated on a rewarming
blanket. The mice in the sham group underwent only an
abdominal incision without cecum ligation or puncture. Each
group consisted of 10 mice, following a specific intervention
protocol. Five of these mice were observed for basic conditions
and mortality for 7 days post-sepsis modelling, while the
remaining 5 were used for sampling and subsequent experi-
ments 24 hours after modelling. One hour and twelve hours
post-modelling, the CLP_AuDAMP1, CLP_AuDAMP2, CLP_Au-
DAMP3, CLP_mlpn, and CLP_AuDAMP3_mlpn groups received
intraperitoneal (IP) injections of the following drugs: AuDAMP
at doses of 5 mg kg™, 10 mg kg ', and 20 mg kg~ '; meropenem
at 20 mg kg~ *; and a combination of meropenem at 20 mg kg™
and AuDAMP at 20 mg kg™ *. The sham and CLP groups received
equal volumes of saline. Twenty-four hours after modelling, the
mice were anesthetized, and samples were collected for anal-
ysis. Study 2: establishing and grouping the LPS-induced acute
lung injury (ALI) model. The mice were divided into three
groups: standard control (SC), acute lung ALI, and ALI_Au-
DAMP, with 5 mice per group. To establish the LPS-induced
acute lung injury model, the following procedure was used: (1).
The mice were anesthetized, and then the trachea was intu-
bated. Successful intubation was confirmed when fluid drip-
ping through the tracheal tube caused the mice to choke. (2).
LPS (from Escherichia coli O55 : B5) was purchased from Sigma
and was administered at a dose of 10 mg kg™ through the
tracheal tube to induce acute lung injury, whereas the SC group

© 2025 The Author(s). Published by the Royal Society of Chemistry
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received the same volume of saline. (3). One hour after the
model was established, the ALI_ AuDAMP group was treated
with 5 mg kg™ ' of AuDAMP. The SC and ALI groups received an
equivalent volume of saline. (4). Twenty-four hours after
modelling, the mice were anesthetized, and blood and lung
tissues were collected for further analysis.

The modified murine sepsis score (MSS) was utilized to
evaluate the severity of CLP-induced polymicrobial sepsis in
mice.”** The MSS assesses seven aspects: appearance, level of
consciousness, activity, response to stimuli, eyes, respiratory
rate, and quality of breath. Each aspect is rated on a scale
ranging from 0 to 4, resulting in a total possible score of 28 for
each mouse. Mice that succumb to the condition are assigned
the maximum score. Each group was assessed and scored at
intervals of 24, 48, 72, 96, 120, 144, and 168 hours after
modeling. Twenty-four hours after modeling, the mice were
anesthetized with tribromoethanol, and blood samples were
collected. The blood was centrifuged at 3000 rpm for 10
minutes, and the supernatant was frozen for further analysis.
The abdominal cavity was rinsed with 2 ml of sterile saline to
obtain an abdominal rinse. The levels of LPS, IL-18, IL-6, and
TNF-a. were measured via ELISA according to the instructions
provided with kits from Andygene. These inflammatory markers
were assessed in the serum and ascites of the CLP-induced
sepsis model and in the serum and lung tissue of the ALI model.
The levels of ALT and creatinine in the serum were measured
with commercial kits from Jiancheng Bioengineering to assess
hepatic and renal function in the mice. This analysis helped
determine the extent of liver and kidney impairment in septic
mice and evaluate whether high doses of AuUDAMP are toxic to
healthy mice.

Fifty microliters of the ascites were diluted 10° times and
spread evenly on a 9 cm blood agar plate purchased from Huan
Kai Biology, after which the plates were incubated in aerobic
and anaerobic environments for 48 h, after which the number
of colonies was counted. The total number of colonies (CFU
mL ") = N x (1/0.05) x 10°, where N is the number of colonies
on the plate. Ascitic bacteria were also analyzed via 16S rRNA
gene V3-V4 region sequencing, and the sequencing data were
processed and analyzed with QIIME2 (V-2023.5.0, https://
www.qiime2.org/) and R software (version 4.2.1, University of
Auckland, New Zealand). In particular, unweighted UniFrac
distances were utilized to evaluate differences in bacterial
communities between groups.

Colon, liver, kidney, and lung tissues were washed with
sterile saline and fixed in 4% paraformaldehyde for 24 hours.
The tissues were then paraffin-embedded, sectioned at 3 um,
and analyzed under a microscope via hematoxylin-eosin (H&E)
staining. Edema, necrosis, hemorrhage, and inflammatory cell
infiltration were quantified in the colon, kidney, and liver
tissues. These parameters were graded on a scale from 0 to 4,
with 0 indicating “absent” and 4 indicating “severe”.** The
histological scores of the lung tissue were assessed on the basis
of five pathological aspects: hemorrhage, the presence of
neutrophils in the alveolar space, hyaline membrane formation,
proteinaceous debris filling the airspaces, and septal thick-
ening. Each aspect was evaluated to provide a comprehensive
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understanding of lung pathology.’* The severity of lung tissue
injury was graded on a scale from 0 to 4, with 0 indicating no
injury, 1 indicating less than 25% injury, 2 indicating 25 to 50%
injury, 3 indicating 50 to 75% injury, and 4 indicating more
than 75% injury. The scores for the five pathological aspects
were summed to provide an overall lung tissue injury score. To
ensure accuracy in assessing lesions in the colon, liver, kidney,
and lung, three pathologists, who were blinded to the experi-
mental design, independently scored the tissues. The final score
for each animal was calculated by averaging the scores given by
the three pathologists.

After planning all the things, we employed the CLP-induced
polymicrobial infection model in C57BL/6 male mice and
divided them into groups treated with AuDAMP alone or in
combination with meropenem. Meropenem is a carbapenem
antibiotic that inhibits the synthesis of bacterial cell walls,
thereby preventing bacterial growth and reproduction.®* This
approach aimed to investigate the antiseptic effects of our
synthesized ultrasmall AuDAMP clusters and to determine
whether they exhibit a synergistic antiseptic effect when
combined with meropenem. The mice received intraperitoneal
injections of the corresponding treatments at 1 hour and 12
hours post-modeling. Throughout the study, the mice were
continuously monitored for characteristics related to the MSS,
and their body weights were recorded. Additionally, mortality
rates were tracked over a period of 7 days (Fig. 1A). Survival
curves revealed that low-dose AuDAMP had minimal antiseptic
effects, with all mice dying within two days post-modeling,
showing survival outcomes almost indistinguishable from
those in the CLP group. As the dose increased, the mice survived
longer, and the group treated with AuDAMP combined with
meropenem presented an antiseptic advantage, with mice
surviving longer than those in the other groups; one mouse died
on the second day (Fig. 1B). The modified MSS scores showed
the same trend, with almost no therapeutic effect at 5 mg kg™
and a gradual decrease as the dose of AuDAMP increased
(Fig. 1C). There was a significant antiseptic advantage in the
group treated with a high dose of AuDAMP combined with
meropenem, showing the lowest MSS scores compared with the
other treatment groups (Fig. 1C). The body weights of the mice
in each group during the observation period almost continu-
ously decreased for the first 72 hours after modeling and then
slightly increased in the medium- and high-dose AuDAMP
groups as well as the meropenem-treated groups (Fig. 1D).
High-dose AuDAMP exhibited antiseptic effects, improved the
MSS scores and body weights of CLP mice, and was more
effective when combined with meropenem.

AuDAMP in combination with meropenem is more prom-
ising for restoring abdominal microorganisms in septic mice.
AuDAMP exhibited antibacterial activity, as illustrated in
Fig. 2A. Compared with the CLP group, the high dose of
AuDAMP had significant antibacterial effects, resulting in
a markedly lower number of bacterial colonies after 48 hours of
incubation. When AuDAMP was combined with meropenem,
significant antimicrobial synergism was observed, with nearly
complete eradication of bacteria in the ascites. This antimi-
crobial effect was better than that in the groups treated with
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Fig. 1 Therapeutic efficacy of AuUDAMP alone or in combination with meropenem in the CLP-induced sepsis model. (A) Experimental schedule
for CLP-induced sepsis modeling of polymicrobial infections. (B) Survival curves of the mice during observation. (C) MSS scores from days 1to 7
in each group. (D) Body weights of the mice in each group during the observation period. Each group included 5 samples, and the abbreviation

“mlpn” in the figure represents “meropenem”.
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Fig.2 Antimicrobial and cytokine-scavenging efficacy of AuDAMP alone or in combination with meropenem in a CLP-induced sepsis model. (A)
Colony formation of ascitic bacteria cultured in anaerobic and aerobic environments for 48 hours. (B) Histogram of the quantitative statistics of
the number of colonies formed by aerobic bacteria in (A). (C) Histogram of the quantitative statistics of the number of colonies formed by
anaerobes in (A). (D) Boxplot of unweighted UniFrac distance statistics for each group based on 16S rRNA sequencing data analysis. (E) Levels of
LPS, IL-1B, IL-6, and TNF-a in the ascites of the mice. (F) Serum levels of LPS, IL-1, IL-6, and TNF-a in the mice. Each group consisted of 5
samples.
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AuDAMP alone or meropenem alone (Fig. 2A). The results for
anaerobic bacteria were consistent with those for aerobic
bacteria (Fig. 2B and C). Our previous study showed that the
combination of AuDAMP with daptomycin also exhibited
a synergistic antibacterial effect.*® AuDAMP kills bacteria
through several mechanisms, including disrupting bacterial
cell membranes, damaging bacterial DNA, promoting the
generation of reactive oxygen species (ROS), and impairing
bacterial growth and reproduction.” It could kill not only
extracellular bacteria but also intracellular bacteria. Our
preliminary research demonstrated its effectiveness in elimi-
nating methicillin-resistant Staphylococcus aureus (MRSA) from
macrophages.” Additionally, the results of 16S rRNA
sequencing analysis, using unweighted UniFrac distance, indi-
cated that the bacterial communities in the ascites from the
AuDAMP combined with meropenem treatment group were far
from those of the CLP group but closely resembled those of the
sham group (Fig. 2D). Our results demonstrated that the
combination of AuDAMP and meropenem exhibits antimicro-
bial synergy. With the widespread use of antibiotics, the prev-
alence of resistant bacteria is increasing, making effective
control of such bacterial infections a significant challenge for
clinicians.** Engineered nanostructures with high specific
surface areas and exceptional antimicrobial performance
represent one of the most promising classes of antimicrobial
agents, as microorganisms may have difficulty developing
resistance to them.* It has been reported that nanomaterials
can be combined with manganese and antibiotics to create new
nanoantibiotics, which have significant therapeutic effects in
the treatment of sepsis.™ If new nanoantibiotics are developed
by combining AuDAMP with antibiotics or other antimicrobial
agents while retaining the beneficial properties of the nano-
particles, they may effectively penetrate cells without being
recognized and expelled by resistant bacteria.*® This approach
could lead to the development of innovative nanoantibiotics,
offering new hope in the fight against super-resistant bacteria.
This is the direction we aim to pursue in our future research.
LPS, a major inflammatory mediator and a key component of
the cell wall of Gram-negative bacteria, plays a significant role in
this process. It activates the immune system, leading to hyper-
inflammation, cytokine storms, microcirculatory disturbances,
and ultimately death.*® Reducing LPS levels effectively controls
cytokine storms and mitigates inflammatory damage in sepsis.
The combination of AuDAMP and meropenem effectively
eliminates bacteria, inhibits bacterial growth and reproduction,
and blocks the cascade release of LPS. AuDAMP also effectively
scavenges LPS and cytokines (IL-1B, IL-6, and TNF-u) in both
ascites and serum (Fig. 2E and F). Compared with the CLP
group, the levels of LPS and cytokines in the ascites and serum
of the high-dose AuDAMP combined with meropenem group
were significantly lower. Furthermore, the combination of
AuDAMP and meropenem was more effective at scavenging
inflammatory mediators and cytokines than either AuDAMP or
meropenem alone. Thus, AuDAMP can effectively reduce the
level of free LPS both by blocking the source of LPS through its
bactericidal action and by binding to negatively charged free
LPS, thereby attenuating cytokine storms and reducing
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inflammatory damage. Li, Z., Feng, et al. also reported that
nanoparticles can remove inflammatory mediators.**

The pathology of acute inflammatory damage to organs is
characterized by five aspects, as previously mentioned.
Compared with CLP, 20 mg kg~ AuDAMP significantly reduced
organ damage. Histological analysis via H&E staining revealed
preservation of the normal tissue structure, with no infiltration
of neutrophils and only slight edema observed (Fig. 3A).
Furthermore, the combination of AUDAMP and meropenem
resulted in less organ damage than other treatments. The
histogram of organ pathology scores indicated that AuDAMP
effectively attenuated the organ damage associated with sepsis,
indicating an increasing trend toward protection with
increasing doses of AuDAMP (Fig. 3B). The combination of
AuDAMP and meropenem provided the most substantial
protection against organ damage induced by sepsis. Biochem-
ical indicators of liver and kidney function, specifically ALT and
creatinine levels, also demonstrated a dose-dependent protec-
tive effect of AuDAMP. The highest dose of AuDAMP, particu-
larly in combination with meropenem, had the strongest
protective effect, as illustrated in Fig. 3C and D, which aligns
with the histopathology scores.

To assess the potential toxicity of high doses of AuDAMP in
normal mice, 20 mg kg™' of AUDAMP was administered via
intraperitoneal injection for 7 days, and ALT and creatinine
levels were evaluated. Fig. S2A and Bf show the levels of ALT
and creatinine in the serum, respectively, indicating that a high
dose of AuDAMP does not impair organ function.

Dripping LPS via intratracheal administration is a classical
model for studying LPS-induced acute lung injury and was used
to validate the ability of AUDAMP to scavenge LPS and cyto-
kines. Fig. 4A illustrates the schedule for LPS-induced acute
lung injury. AuDAMP was administered 1 hour after LPS
instillation. H&E staining of lung tissue from the LPS-induced
acute lung injury model revealed alveolar hemorrhage, inflam-
matory cell infiltration, and proteinaceous debris filling the
airspaces. Notably, AuDAMP significantly attenuated inflam-
matory injury in the lung tissue (Fig. 4B). Analysis of lung
histopathology scores confirmed that AuDAMP protected
against LPS-induced lung injury (Fig. 4B). Furthermore, as
shown in Fig. 4C and D, AuDAMP significantly reduced the
levels of LPS and cytokines such as IL-1B, IL-6, and TNF-a in
both lung tissue and serum. These findings indicate that
AuDAMP mitigates the cytokine storm by decreasing free LPS
levels, thereby exerting anti-inflammatory and organ-protective
effects.

Our results demonstrated that AuDAMP decreased the levels
of LPS and cytokines in both the serum and ascites in the CLP-
induced sepsis model, as well as in the serum and lung tissue in
the LPS-induced lung injury model. Furthermore, we observed
that the combination of AuDAMP with meropenem resulted in
a more significant reduction in free LPS in the sepsis model,
likely due to the enhanced bactericidal effect of the
combination.

In summary, the synthesized Au NCs (AuDAMP) can effec-
tively scavenge LPS and attenuate cytokine storms, thereby
exerting antiseptic effects. In addition to its antimicrobial
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Fig. 3 Pathologic damage to organs in each group. (A) H&E staining of colon, liver, lung, and kidney tissues from each group (200x). Scale bar =
100 pm. The blue arrows in the figure indicate neutrophils (n = 3). (B) Histograms of H&E-stained pathological scores of the colons, liver, lungs,
and kidneys in each group. (C) Histograms of the levels of ALT in each group. (D) Histograms of the levels of creatinine in each group; 3 samples
per group were used for pathological tests, and 5 samples were used for other tests.
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Fig. 4 Therapeutic effects of AUDAMP in an LPS-induced lung injury model. (A) Experimental schedule for LPS-induced acute lung injury. (B)
H&E staining of lung tissues from each group; blue arrows indicate neutrophils (200x, scale bar =100 um), and a histogram of the results of the
quantitative analysis of their pathology scores is shown. (C) The levels of LPS, IL-1B, IL-6, and TNF-a in the lung tissue of each group. (D) Serum

levels of LPS, IL-1B, IL-6, and TNF-a.

properties, AUDAMP removes major inflammatory mediators
and demonstrates synergistic antimicrobial activity when
combined with meropenem. These attributes provide prom-
ising potential for the treatment of severe sepsis and infections
caused by drug-resistant bacteria.
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