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[ABSTRACT] Carrimycin (CA), sanctioned by China’s National Medical Products Administration (NMPA) in 2019 for treating acute
bronchitis and sinusitis, has recently been observed to exhibit multifaceted biological activities, encompassing anti-inflammatory, anti-
viral, and anti-tumor properties. Despite these applications, its efficacy in sepsis treatment remains unexplored. This study introduces a
novel function of CA, demonstrating its capacity to mitigate sepsis induced by lipopolysaccharide (LPS) and cecal ligation and punc-
ture (CLP) in mice models. Our research employed in vitro assays, real-time quantitative polymerase chain reaction (RT-qPCR), and
RNA-seq analysis to establish that CA significantly reduces the levels of pro-inflammatory cytokines, namely tumor necrosis factor-al-
pha (TNF-a), interleukin 1 beta (IL-1p), and interleukin 6 (IL-6), in response to LPS stimulation. Additionally, Western blotting and
immunofluorescence assays revealed that CA impedes Nuclear Factor Kappa B (NF-xB) activation in LPS-stimulated RAW264.7
cells. Complementing these findings, in vivo experiments demonstrated that CA effectively alleviates LPS- and CLP-triggered organ
inflammation in C57BL/6 mice. Further insights were gained through 16S sequencing, highlighting CA’s pivotal role in enhancing gut
microbiota diversity and modulating metabolic pathways, particularly by augmenting the production of short-chain fatty acids in mice
subjected to CLP. Notably, a comparative analysis revealed that CA’s anti-inflammatory efficacy surpasses that of equivalent doses of
aspirin (ASP) and TIENAM. Collectively, these findings suggest that CA exhibits significant therapeutic potential in sepsis treatment.
This discovery provides a foundational theoretical basis for the clinical application of CA in sepsis management.
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quelae, including cognitive impairment ™ and chronic dis-
eases . Research has identified the primary causes of im-
mune disorders in sepsis as excessive activation of the com-
plement system ™ Bl vascular endotheli-

al cells ™, and alterations in the function and programming
7, 8]

Introduction

Sepsis, a systemic inflammatory response syndrome in-
stigated by pathogen infection, is accompanied by immune
dysregulation and represents a significant challenge in mod-
ern intensive care ", This condition is characterized by high

, coagulation system

of antigen-presenting cells . Moreover, patients with
sepsis face ongoing challenges due to the relentless invasion
of pathogenic microorganisms, predominantly gram-positive
bacteria like Staphylococcus aureus and Streptococcus pneu-

morbidity and mortality rates and can lead to multiple se-
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moniae, and gram-negative bacteria such as Escherichia coli,
Klebsiella, and Pseudomonas aeruginosa ©".

Upon pathogen invasion, the body employs pattern re-
cognition receptors (PRRs) to detect pathogen-associated mo-
lecular patterns (PAMPs), subsequently activating canonical
and non-canonical Nuclear Factor Kappa B (NF-«B) path-
ways through toll-like receptors (TLRs). Persistent pathogen

presence leads to continuous immune activation, potentially
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resulting in prolonged and life-threatening immune dysregu-
lation. Consequently, the prompt removal of pathogenic mi-
croorganisms is crucial. Fluid purification is a recognized
therapeutic approach to control sepsis progression '* ')
however, determining the optimal dosage, rate, and composi-
tion of intravenous infusions to enhance treatment efficacy in
sepsis patients requires further research "',

In the realm of sepsis treatment, various immunomodu-
lators, including cytokines, transcription factors, and coagula-
tion activators, have been evaluated . While these have
shown promise in preclinical studies, their efficacy in clinic-
al trials remains to be validated. Given the complex patho-
physiology of sepsis, immunomodulators with singular func-
tions and targets may prove inadequate. Their potential use in
combination therapies is an area of interest but also requires
substantiation. Additionally, international guidelines strongly
recommend antibacterial therapy in the early stages of sep-
sis ['Y. p-Lactam treatments have been beneficial in alleviat-
ing sepsis symptoms and reducing mortality in clinical set-
tings "> 'Y, However, treatments targeting the immune and
metabolic abnormalities induced by sepsis are still under de-
velopment and require further investigation.

Carrimycin (CA), also known as bitespiramycin and
shengjimycin, is a 16-membered macrolide antibiotic com-
prising primarily isovalerylspiramycin (ISP) components I, 11,
and III. This antibiotic is produced by genetically engineered
spiramycin-producing bacteria "', Approved by China’s Na-
tional Medical Products Administration (NMPA) in 2019 for
treating acute bronchitis and sinusitis, CA’s safety and excep-
tional antibacterial properties have been well-established in
numerous studies !**",

In vitro, CA has demonstrated superior antibacterial ef-
ficacy compared with acetylspiramycin, and its effectiveness
is comparable to azithromycin. It is particularly effective
against pathogens such as Chlamydia trachomatis,
Chlamydia pneumoniae, Ureaplasma urealyticum, and Myco-
plasma pneumoniae ®", which are known to be associated
with sepsis arising from pelvic infections *?, pulmonary in-
%1 and childbirth infection . In addition to its anti-
bacterial properties, recent studies have unveiled CA’s poten-
tial as an antiviral and anti-tumor agent. During the COVID-
19 pandemic, CA emerged as a candidate for combating hu-
man coronavirus infection, and its efficacy is currently being
evaluated in clinical trials ®*. Furthermore, CA has been
shown to modulate the PI3K/AKT/mTOR and mitogen-activ-
ated protein kinase (MAPK) pathways, influencing the cell
cycle and promoting apoptosis in human oral squamous cell
carcinoma cells **, Both CA and monomeric ISP I have been

fection

found to impact the expression of vascular endothelial growth
factor and programmed death-ligand 1 (PD-L1), thereby in-
hibiting the proliferation, migration, and invasion of hep-
atoma cells . Additionally, ISP I can disrupt ribosomal
RNA transcription by inhibiting the nucleolar protein seleno-
protein H, leading to reactive oxygen species (ROS) accumu-
lation and triggering the JNK2/TIF-IA/POLI pathway. This
pathway induces cell cycle arrest and apoptosis in cancer

cells ™. These findings highlight CA’s considerable poten-
tial for further functional development, extending beyond its
role as an antibiotic.

Data from Shenyang Tonglian Group indicate that CA
possesses antibacterial activity against f-lactam resistant bac-
teria, such as Streptococcus pneumoniae and Staphylococcus
aureus. A clinical study has also reported that azithromycin
treatment correlates with a lower incidence of acute kidney
injury in sepsis *”. Notably, while CA’s antibacterial activity
in vitro is comparable to that of azithromycin, CA has
demonstrated superior efficacy over azithromycin in vivo in
hamster experiments with Mycoplasma pneumoniae infec-
tions . Furthermore, CA has received approval from the
NMPA for treating acute bronchitis, a significant condition
considering respiratory failure since pneumonia is a leading
cause of death in sepsis patients. These aspects underscore
the potential of CA’s antibacterial and anti-inflammatory
properties in treating sepsis.

In our study, we explored the viability of CA in treating
sepsis induced by lipopolysaccharide (LPS) and cecal liga-
tion and puncture (CLP) in mice, assessing both the safety of
CA and its effectiveness in inflammation inhibition, both in
vivo and in vitro. Additionally, we investigated the impact of
CA on the gut microbiota composition in CLP mice. Our
findings demonstrated that CA exhibits remarkable anti-in-
flammatory properties, primarily by hindering NF-xB-medi-
ated (nuclear factor kappa B) immune activation and by
modulating gut microbiota diversity. Based on these results,
CA emerges as a promising therapeutic agent for sepsis treat-
ment.

Material and Methods

Compounds

Carrimycin was sourced from Shenyang Tonglian Group
Co., Ltd. (Shenyang, China). ISP I and ISP III were isolated
and purified from Carrimycin, but due to a complex separa-
tion process, ISP II could not be extracted. For clarity, in this
study, carrimycin was referred to as CA, ISP I as CA01, and
ISP IIT as CA03.

Cell culture and LPS stimulation

Mouse macrophage cell lines RAW264.7 and RAW-Lu-
cia™ ISG were acquired from InvivoGen (California, USA)
and maintained in a medium supplemented with 10% (V/V)
fetal bovine serum (FBS) (Gibco, Grand Island, USA) and
1% (V/V) penicillin-streptomycin (BesalMedia, Shanghai,
China). The cells were cultured at 37 °C in a humidified in-
cubator with 5% CO2. THP1 (Tohoku Hospital Pediatrics-1)
cells (InvivoGen, California, USA) were cultured under sim-
ilar conditions, except the FBS was heat-inactivated (56 °C
for 30 min).

The RAW264.7, RAW-Lucia™ [SG, and THP1 cells
were utilized to investigate the in vitro anti-inflammatory ef-
fects of CA. Cells were pre-treated with CA, followed by
LPS (Cell Signaling Technology, Boston, USA) stimulation
to induce inflammation.
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Cell cytotoxicity assay

To assess CA’s cytotoxicity, the Cell Counting Kit-8
(CCK-8) from MedChemExpress (New Jersey, USA) was
used. Cells were seeded in 96-well plates and treated with
varying concentrations of CA for 24 h. Afterward, CCK-8
solution was added to each well and incubated at 37 °C for
2 h. The optical density (OD) at 450 nm was measured to
evaluate cell viability.
Real-time quantitative polymerase chain reaction (RT-qPCR)
assay

The RT-qPCR assay was employed to quantify the
mRNA expression changes induced by CA treatment in LPS-
stimulated cells. Total RNA was extracted using TRIzol
(Takara, Shiga Prefecture, Japan) and reverse transcribed us-
ing a cDNA synthesis kit (Yeasen, Shanghai, China). The RT-
gqPCR was conducted using SYBR Green Mix (Yeasen,
Shanghai, China) on a QuantStudio 6 Flex system (Thermo,
Massachusetts, USA). The primers used for amplifying the
target genes are detailed in Tables S1 and S2.
Western blotting analysis

For protein extraction, Radioimmunoprecipitation assay
(RIPA) buffer (Beyotime, China) was utilized, and protein
concentrations were ascertained using the BCA protein assay
kit (Beyotime, Jiangsu, China). Equal quantities of protein
were separated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) and subsequently trans-
ferred onto methanol-activated Polyvinylidene Fluoride
(PVDF) membranes. The membranes were then blocked us-
ing Immobilon Signal Enhancer (Sigma-Aldrich, Missouri,
USA) for 1 hour and incubated overnight at 4 °C with specif-
ic primary antibodies. Following three washes, the mem-
branes were incubated with appropriate secondary antibodies
and visualized using the Infrared Molecular Imaging System
Odyssey C1 (Gene Company Limited, Hong Kong, China).
Protein markers and antibodies used in this study are as fol-
lows: Pre-stained Protein Marker 10-180 KD (P1018, Beijing
Lablead Biotech, China). Anti-NF-xB mouse monoclonal an-
tibody (mAb) (6956, Cell Signaling Technology, Boston,
USA). Anti-phospho-NF-xB mouse mAb (13346, Cell Sig-
naling Technology, Boston, USA). Anti-IkBa rabbit poly-
clonal antibody (pAb) (A16929, ABclonal Technology,
Wuhan, China). Anti-phospho-IxBa (inhibitor of nuclear
factor kappa B) rabbit mAb (AP0707, ABclonal Technology,
Wuhan, China). Anti-GAPDH (Glyceraldehyde 3-phosphate
dehydrogenase) mouse mAb (97166, Cell Signaling Techno-
logy, Boston, USA). Anti-PI3K (Phosphoinositide 3-kinase)
rabbit pAb (20584-1-AP, Proteintech, Wuhan, China). Anti-
phospho-PI3K rabbit mAb (17366S, Cell Signaling Techno-
logy, Boston, USA). Anti-AKT mouse mAb (60203-2-Ig,
Proteintech, Wuhan, China). Anti-phospho-AKT mouse mAb
(66444-1-Ig, Proteintech, Wuhan, China). IRDye® 800CW
Donkey Anti-Mouse IgG Secondary Antibody (925-32212,
LICOR, USA). RDye® 800CW Donkey Anti-Rabbit IgG
Secondary Antibody (926-32213, LICOR, USA).
Immunofluorescence

Cells were cultured in glass bottom dishes (NEST Bio-

technology Co., Ltd., Wuxi, China) and maintained at 37 °C
in a humidified atmosphere containing 5% CO,. Following
treatment with CA and LPS, the cells underwent a fixation
process using 4% paraformaldehyde for 10 m. They were
then permeabilized with Triton-X100 (Beyotime, Jiangsu,
China) for 15 min. To minimize non-specific binding, cells
were blocked with 5% BSA for 1 h. This was followed by
overnight incubation at 4 °C with primary antibodies against
NF-xB (6956, Cell Signaling Technology, Boston, USA) and
IxkB-a (A16929, ABclonal Technology, Wuhan, China), di-
luted at 1 : 200. Subsequent to the primary antibody incuba-
tion, cells were treated with Alexa Fluor 594 goat anti-mouse
secondary antibody (Thermo, Massachusetts, USA) at a
1 : 1000 dilution for 1 h. For nuclear staining, DAPI
(Thermo, Massachusetts, USA) was applied for 2 min. The
stained cells were visualized under a Zeiss fluorescence mi-
croscope (using a 100x objective lens, LSM780, Carl Zeiss,
Oberkochen, Germany). The acquired images were analyzed
using Zeiss LSM 510 software. This comprehensive ap-
proach provides a detailed visualization of the cellular re-
sponses to CA and LPS, particularly focusing on the localiza-
tion and expression of NF-xB and IxB-a, thus offering valu-
able insights into the molecular mechanisms of CA’s action.
Mouse study

C57BL/6 mice were procured from Shanghai Wushi An-
imals (China) and housed at the Animal Center of Fujian
Normal University. The facility provided an SPF (Specific
Pathogen Free) environment with 50% humidity and a main-
tained temperature of 24 + 1 °C. The mice were subjected to
a 12-h light/dark cycle and had unrestricted access to food
and water. All experimental procedures involving animals
were conducted in strict accordance with the Guideline for
the Care and Use of Laboratory Animals. These procedures
received approval from the Animal Care and Use Committee
of Fujian Normal University. The specific animal study pro-
tocol was sanctioned by the Animal Ethical and Welfare
Committee of Fujian Normal University under the protocol
code IACUC-20210022, approved on March 16, 2021.

Male and female mice, aged 8-10 weeks and weighing
approximately 20 £ 1 g, were randomly divided into four
groups: control, CA, sepsis, and CA plus sepsis. CA was dis-
solved in a solvent consisting of 80% corn oil and 20% poly-
ethylene glycol 400 to prepare the CA solution. Oral gavage
was performed once daily for three days at a dosage of 100
mg-kg™ of CA per mouse, while the control group received
an equivalent amount of the solvent.

To study the therapeutic effect of CA on sepsis, LPS-
and CLP-induced sepsis mouse models were generated on
day 4. For the LPS model, mice were intraperitoneally injec-
ted with 15 mg-kg™ LPS (CST, Boston, USA), dissolved in
saline, to induce sepsis. The control group received an equi-
valent volume of normal saline.

The CLP model involved anesthetizing the mice with
tribromoethanol (Sigma-Aldrich, Missouri, USA), followed
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by shaving and sterilizing the abdominal hair. A laparotomy
exposed the cecum, which was then ligated with sutures and
punctured using an 18G needle. The cecal contents were
gently extruded, and the cecum was returned to the abdomin-
al cavity along with the extruded contents before suturing the
layers back together ®”. Each mouse then received a subcu-
taneous injection of 1 mL of normal saline for resuscitation.
The control group underwent a sham surgery identical to the
CLP procedure, except for the cecal puncture.
Histopathological examination

This comprehensive experimental setup is crucial for
evaluating the potential therapeutic effects of Carrimycin in
sepsis treatment, using well-established animal models to
simulate the condition.

Enzyme-linked immunosorbent assay (ELISA)

For quantifying the levels of interleukin 6 (IL-6) and in-
terleukin 1 beta (IL-1p), as well as tumor necrosis factor-al-
pha (TNF-a) in the peripheral blood of mice, serum samples
were collected and analyzed using ELISA kits from Invitro-
gen (California, USA). The assays were performed strictly in
accordance with the manufacturer’s provided protocol.
Sequencing

The total RNA from RAW264.7 cells was extracted and
subsequently dispatched to Novogene (Beijing, China) for
RNA sequencing (RNA-seq). Additionally, intestinal fecal
samples from CLP mice were collected and sent to Biomark-
er Technologies (BMK, Beijing, China) for 16S ribosomal
RNA sequencing (16SrRNA-seq).

Statistical analysis

All experimental data are expressed as mean + standard
error of the mean (SEM). To ensure reliability, each experi-
ment was conducted at least three times independently. The
statistical analysis between groups was performed using Stu-
dent’s t-test, facilitated by GraphPad software. A P-value of
less than 0.05 was considered indicative of statistical signific-
ance. The specific level of significance for each comparison
is denoted in the figure legends as follows: ns (no signific-

ance), P<0.05, "P<0.01, "P<0.001, P <0.0001.

Results

Carrimycin potently inhibits LPS-induced inflammation

CA, a multi-component drug, primarily comprises ISP 1
(CAO01), ISP II, and ISP III (CAO03) as its main constitu-
ents ' 7 (Fig. 1A). Given that persistent inflammation is a
critical factor leading to organ damage and can be life-threat-
ening in sepsis patients "1
paramount importance. Our study initially focused on cellular-
level investigations to assess CA’s anti-inflammatory proper-

, controlling inflammation is of

ties.

The cytotoxic effects of CA, CA01, and CAO03 at vari-
ous concentrations were evaluated using the CCKS8 cell viab-
ility assay (Figs. SIA—1C). Results indicated no cytotoxicity
at concentrations up to 10 pg-mL™". We assessed the influ-
ence of these compounds on LPS-induced interferon-beta
(IFN-B) production using luciferase assays in RAW-

®

Lucia™ [SG cells (Figs. S2A-2C). The findings revealed that
while none of the compounds exerted significant cytotoxic ef-
fects, they all inhibited LPS-induced IFN- expression. Com-
paring the effects of 10 ug'mL™" CA, CA01, and CAO3 on
LPS-induced cytokine production, it was observed that CA
was more effective in inhibiting the mRNA expression levels
of IL-6, IL-1B, and TNF-a compared with CAO1 and CA03
(Figs. 1B-1D). Consequently, CA was selected for sub-
sequent experiments. Similar inhibitory effects on IL-6, IL-
1B, and TNF-o mRNA expression levels in THP1 cells were
observed with 10 pg'mL™" CA (Figs. S3A-S3C). Further-
more, CA also reduced the protein expression levels of these
cytokines in RAW264.7 cells (Figs. 1E-1G). These findings
collectively indicate that CA effectively counters LPS-in-
duced inflammatory responses in RAW264.7 and THP1 cells.
RNA sequencing was conducted to examine the differen-
tial gene expression following treatment with 10 pg-mL™" CA
in the context of LPS-induced inflammation. The data sug-
gested that CA’s mitigation of LPS-induced inflammation is
linked to changes in several immune activation signaling
pathways, including the NF-«B signaling pathway (Fig. 11).
Specifically, CA reduced the expression of IL-6, IL-1f3, NF-
xB1, and other related genes that were upregulated by LPS
(Fig. 1J). These findings were further corroborated by RT-qP-
CR analyses (Figs. S4A—4L).
Carrimycin impairs immune activation of NF-xB in vitro
Given that CA effectively downregulated mRNA expres-
sion of NF-«B in response to LPS stimulation, further invest-
igations were conducted to evaluate its influence on related
protein expression within the NF-«xB signaling pathway. LPS
is known to activate the IKK complex, leading to the phos-
phorylation of IxB. This phosphorylation event facilitates the
release of the NF-«B complex, thereby triggering an inflam-
matory response . Fig. 2C illustrates that CA inhibited the
protein expression of phosphorylated IxB-o (p-IxB-a) and
phosphorylated NF-«B (p-NF-«B) induced by LPS. These
results indicate a direct impact of CA on the key regulatory
proteins in the NF-«xB pathway, which is central to the in-
flammatory response. Corroborating the findings from West-
ern blotting analysis, immunofluorescence assays revealed
that CA diminished the LPS-induced reduction of IxB-a (Fig.
2A) and impeded the nuclear entry of NF-«xB (Fig. 2B). These
observations provide visual evidence of CA’s ability to mod-
ulate key steps in the NF-«B pathway, specifically the stabil-
ization of IxkB-a and the nuclear translocation of NF-xB. Ad-
ditionally, the role of the PI3K/AKT pathway, an upstream
regulator of NF-xB, was examined through Western blotting
analysis. However, in LPS-induced RAW264.7 cells, CA did
not exhibit a significant effect on the protein expression
levels of the PI3K/AKT pathway (Fig. S5). This finding sug-
gests that CA’s anti-inflammatory action is likely confined to
the modulation of the NF-xB pathway rather than involving
upstream signaling pathways like PI3K/AKT. These results
collectively suggest that Carrimycin can attenuate LPS-in-
duced inflammation primarily by regulating the NF-«B sig-
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naling pathway in vitro. This targeted modulation presents
CA as a potential therapeutic agent in managing inflamma-
tion, particularly in conditions like sepsis where NF-xB-me-
diated pathways play a critical role.
Carrimycin exhibits low toxicity in vivo

To evaluate the in vivo effect of CA, we initially invest-
igated its toxicity in C57BL/6 mice. The study involved ad-
ministering various concentrations of CA (ranging from 25 to
200 mg-kg'-d™") to the mice for 6 d to understand CA’s phar-
macokinetic profile. The findings indicated no significant im-
pact on the body weight of the mice at the conclusion of the
dosage period (Fig. 3A). Subsequently, an array of mouse or-
gans, including the heart, liver, spleen, lung, and kidney,
were examined post-treatment. The results showed that CA
did not notably influence the weight of these organs (Fig.
3B). Additionally, histopathological analysis via Hem-
atoxylin and Eosin (H&E) staining revealed no evident tox-
icity or adverse effects of CA (within the concentration range
of 25-200 mg-kg'-d™") on the lung and liver tissues of the
mice (Figs. 3C-3D). Moreover, RT-qPCR analysis demon-
strated that CA exerted a dose-dependent inhibitory effect on
the expression of LPS-induced pro-inflammatory cytokines
such as IL-6, IL-1p, and TNF-a in mouse lung tissue. A con-
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centration of 100 mg-kg ' was determined to be the optimal
dose, as its efficacy was not significantly different from that
of 200 mg-kg ™', as evidenced by Figs. S6A—6C. These find-
ings collectively suggest that CA, within the tested concentra-
tion range, is not associated with evident toxicity in C57BL/6
mice and effectively inhibits pro-inflammatory cytokine pro-
duction in lung tissue, indicating its potential therapeutic ef-
ficacy in treating conditions like sepsis.
Carrimycin effectively relieves LPS-induced sepsis in mice
The therapeutic efficacy of CA on LPS-induced inflam-
mation was rigorously assessed in this study. Mice were ad-
ministered CA (100 mg-kg™") three times via gavage, which
was found to mitigate the hypothermia induced by LPS (15
mg-kg™") (Figs. 4A—4B). Additionally, CA administration sig-
nificantly enhanced the survival rate of LPS-treated mice
(Fig. 4C). In the context of sepsis, prolonged inflammatory
responses can precipitate organ damage and failure ™. Our
findings revealed that CA effectively reduced the mRNA ex-
pression levels of pro-inflammatory cytokines IL-6, IL-1j,
and TNF-a in both the liver (Figs. 4D—4F) and lung (Figs.
4G—41) of mice with LPS-induced sepsis. Histopathological
analyses using H&E staining demonstrated that CA amelior-
ated lesions and decreased neutrophil infiltration in the lung
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Fig.1 Carrimycin inhibits LPS-induced expression of inflammatory factors in RAW264.7 cells. (A) Chemical structural formu-
las of CA and its major components, ISP I (R = H), ISP II (R = COCHj), and ISP III (R = COCH,CHj3;). (B-D) mRNA expres-
sions of IL-6, IL-1p, and TNF-a in cells, measured after 8 h of LPS (1 p.g'mLfl) stimulation (n = 3). (E-G) The levels of IL-6, IL-
1P, and TNF-o in the cell culture medium, measured after 12 h of LPS (1 ug-mL™") stimulation (n = 3). (H-I) The top 20 signaling
pathways in the KEGG enrichment analysis in mock vs CA (H) and LPS vs CA + LPS (I). (J) Heatmap showing differential ex-
pression of the 29 enriched genes across groups (Mock, CA, LPS, and CA + LPS). Data are represented as mean + SEM. “P<
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and liver tissues of these mice (Figs. S7TA-7D). It is note-
worthy that increased neutrophil infiltration is a known con-
tributor to septic respiratory failure and liver damage ®> .
The organ-protective effects of CA in LPS-induced mice
might be attributed to its favorable pharmacokinetic proper-
ties, including high tissue affinity and extended half-life "*.
Further evaluation of inflammatory markers in the mice’s
blood revealed a significant decrease in IL-6, IL-1f, and TNF-
a levels in the peripheral blood of mice treated with CA fol-
lowing LPS induction (Figs. 4J-4L). Western blotting analys-
is corroborated these findings, showing that CA inhibited the
expression of phosphorylated IxB-o and NF-«xB in the lung
tissue of mice (Fig. 4M). The inhibition of NF-xB signaling is
known to reduce the expression of inflammatory factors. In
summary, these data collectively underscore the potency of
CA in alleviating systemic inflammation in LPS-induced
sepsis in mice. This is evidenced by the reduction in system-
ic inflammatory responses, the mitigation of lung and liver
tissue damage, and the inhibition of the NF-xB signaling
pathway. These results provide substantial support for the po-
tential application of CA as a therapeutic agent in sepsis treat-
ment.
Carrimycin treats CLP-induced sepsis in mice

The CLP model is recognized as the "gold standard" in
sepsis research °*, providing a highly relevant clinical scen-
ario for studying sepsis-induced inflammation. In this con-
text, we utilized the CLP model to validate the therapeutic ef-
fects of CA in sepsis.

Behavioral observations were the initial step in our ex-
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periment. Post-surgery, CLP mice exhibited notable symp-
toms consistent with sepsis, including reduced activity, curl-
ing up, trembling, and the secretion of white mucus from the
orbit. These symptoms were markedly alleviated following
the administration of CA (100 mg-kg ', administered via gav-
age three times, once every two days), as illustrated in Figs.
5A and 5M. The study further revealed that CA treatment sig-
nificantly enhanced the survival rate of the CLP-induced
mice (Fig. 5C). Moreover, CA helped in maintaining a stable
body temperature in these mice (Fig. 5B). A critical aspect of
the study was the evaluation of inflammatory markers. CA
treatment notably decreased the mRNA expression levels of
key inflammatory factors, including IL-6, IL-1f, and TNF-a,
in both the liver (Figs. 5D-5F) and lung (Figs. 5G-5I) of
CLP-induced mice. Corroborating these findings, a signific-
ant reduction in the serum levels of IL-6, IL-1p, and TNF-a
was observed in the CA-treated CLP-induced mice (Figs.
5J-5L). In summary, these results strongly suggest that CA
treatment exerts a beneficial therapeutic effect in reducing
systemic inflammation in CLP-induced septic mice. This
evidence underscores the potential of CA as a viable thera-
peutic agent in the treatment of sepsis, offering promising av-
enues for further clinical research and application.
Carrimycin influences the distribution of gut microbiota in
CLP mice

The susceptibility to sepsis is closely linked to altera-
tions in gut microbiota, with its pathogenesis involving the
proliferation of intestinal pathogens, triggering immune-in-
flammatory responses, and a reduction in intestinal probiotic
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Fig. 2 Carrimycin affects LPS-induced inflammation by mediating the NF-xkB pathway. (A-B) Immunofluorescence results
show that 10 pg~mLf1 CA preserved the LPS-induced reduction of IkB-a (A) and decreased the NF-xB nuclear entry rate (B)
when RAW264.7 cells were stimulated with LPS (1 pg-mL™) for 15 min. (C) Western blotting results show that 10 pg-mL™" CA
affected LPS-induced (1 pg-mL™") protein expression of the NF-xB signaling pathway. (D-E) The arithmetic mean intensity of
IkB-a (D) and the rate of nuclear translocation of NF-«B (E) were quantified and plotted in immunofluorescence (A and B).
(F-G) Protein levels of p-1xB-a (F) and p-NF-«B (G) were quantified and plotted in Western blotting assay (C). Data are repres-
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ented as mean = SEM (n=3). P<0.05, "P<0.01, ""P<0.001.
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Fig. 3 Effects of different concentrations of CA on C57BL/6 mice. (A) Effects of continuous intragastric administration of dif-
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products "%, Given Carrimycin’s established antibiotic func-
tion, it is hypothesized that CA treatment could modulate the
intestinal microflora in septic mice. To investigate this, we
conducted 16S rRNA next-generation sequencing to analyze
changes in intestinal microflora following CA treatment in
septic mice. Our objective was to elucidate the relationship
100
three times via gavage) and alterations in the intest-

between CA’s therapeutic effect (administered at
mgkg ',
inal microflora of CLP-induced septic mice. We examined
the gut microbiota across four different groups: Mock (con-
trol), CA, CLP (sepsis model), and CLP + CA (sepsis model
treated with CA). The sequencing data revealed that the
Shannon index curves of each group plateaued, indicating
that the sequencing data had reached saturation; in other
words, the diversity of features no longer increased with fur-
ther sequencing (Fig. 6A). This observation enhances the

Ty
A

scores

anilE

WT 25 50 100 200
CA/(mg-kg'-d™")

Lung histopathological ™

credibility of the sequencing results. Venn diagrams were
used to illustrate the number of operational taxonomic units
(OTUs) common to or unique among the groups. Notably, the
CLP + CA group exhibited a higher number of unique OTUs
(46) compared with the Mock (5 OTUs), CA (3 OTUs), and
CLP (5 OTUs) groups (Fig. 6B). Furthermore, a 3D principal
coordinates analysis (PCoA) map was generated to display
the differences in alpha diversity of microbial flora among
the groups. The spatial separation between the groups in the
PCoA plot reflected the variance in species diversity, sug-
gesting distinct compositional structures in their microbial
communities (Figs. 6C and S8A-8C). These findings indic-
ate that CA treatment in CLP-induced septic mice leads to
significant changes in the gut microbiota. This suggests a
possible link between the therapeutic effects of CA and alter-
ations in intestinal flora, providing a new perspective on the
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Fig. 4 Carrimycin treats LPS-induced inflammation in mice. (A) Mice treatment protocol. (B) Body temperature (n = 10).

(C) Survival rate (n = 10). (D-F) Change in the expression of IL-6, IL-1f, and TNF-a mRNAs in the liver tissue (n = 5). (G-I)
Change in the expression of IL-6, IL-1f, and TNF-a mRNAs in the lung tissue (n = 5). (J-L) Change in the level of IL-6, IL-1,
and TNF-a in the serum of mice (n = 5). (M—O) Western blotting assay shows the effect of CA on the NF-kB signaling pathway
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mechanisms by which CA may exert its beneficial effects in
the treatment of sepsis.

The evaluation of alpha diversity in the microbial com-
munity, as indicated by the Accumulated Cyclone Energy
(ACE), Chaol, Shannon, and Simpson indices, provides in-
sights into the impact of CA on the gut microbiota in CLP-in-
duced septic mice. The Shannon and Simpson indices were
significantly lower in the CLP group compared with the
Mock group, indicating reduced microbial diversity in the
CLP-induced sepsis (P < 0.05, P < 0.001, Figs. 6D-6G).
Notably, the alpha diversity, as reflected by all four indices
(ACE, Chaol, Shannon, and Simpson), significantly
creased in the CLP + CA group compared with the CLP
group (P < 0.001, Figs. 6D-6G). Inflammatory bowel dis-
ease was associated with a reduction in alpha diversity of gut
microbes °7. Additionally, sepsis-related outcomes were
markedly worsened by colitis . This suggests that CA treat-
ment enhances the alpha diversity of gut microbes in CLP

in-

mice.

To identify specific bacterial alterations induced by CA
treatment and their implications for the disease progression in
CLP-induced sepsis, we analyzed the top ten bacterial genera
by relative abundance and generated heat maps (Figs. 6H-6I).
The most enriched microbial species included
Escherichia_Shigella, Akkermansia, Bacteroides, unclassi-

®

fied Muribaculaceae, Parabacteroides, Ligilactobacillus,
Fusobacterium, [Clostridium] innocuum_group, Klebsiella,
and Alloprevotella (Fig. S9).

Significantly, in CLP-induced sepsis, the proportion of
Escherichia_Shigella dramatically increased (53.4%) com-
pared with wild-type mice (5.5%, P < 0.0001). This aligns
with other studies indicating Shigella as a major pathogen in
CLP-induced septic mice ®*. Shigella is known to trigger cas-
pase-11 activation in mice, leading to IL-1p expression and
lethal septic shock “”. Moreover, Shigella infection is associ-
ated with the development of sepsis " *?. CA treatment not-
ably reduced the prevalence of Escherichia_Shigella in CLP-
induced mice (from 53.3% to 35.3%, P < 0.0001), which
could be a crucial factor in CA’s therapeutic efficacy in
sepsis. Additionally, CA decreased the proportion of Klebsi-
ella (from 0.7% to 0.4%, P <0.01), a sepsis-associated op-
portunistic and drug-resistant bacterium “* *|. Conversely,
the abundance of the probiotic Alloprevotella increased in
CA-treated CLP mice (from 3.8% to 8.7%, P < 0.0001). Allo-
prevotella is known to facilitate the recovery of intestinal mi-
crobiota diversity ™, which is crucial for sepsis prevention
and treatment.

In conclusion, these results suggest that CA influences
the population and abundance of both probiotics and patho-

genic microorganisms in the gut of septic mice, potentially
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Fig. 5 The effect of CA on inflammation in CLP-induced mice. (A) Mice treatment protocol. (B) Body temperature (n = 5). (C)
Survival rate (n = 15). (D-F) Effects of CA on mRNA expression of IL-6, IL-1f, and TNF-a in the liver of CLP mice (n=5). (G-I)
Effects of CA on mRNA expression of IL-6, IL-1f, and TNF-a in the lungs of CLP-induced mice (n = 5). (J-L) Effects of CA on
IL-6, IL-1p, and TNF-a levels in the serum of CLP-induced mice (n = 5). (M) Observation of the effect of CA on CLP-induced

mice from a behavioral perspective (n = 5). Data are represented as mean = SEM. P < 0.05, "P<0.01,

underpinning its therapeutic effect on CLP-induced sepsis.
This highlights the significance of gut microbiota modulation
in the treatment of sepsis and underscores the therapeutic po-
tential of CA in this context.
Differential analysis and prediction of the effect of CA treat-
ment on the gut microbiota in CLP-induced mice

To delve deeper into the specific bacterial alterations in-
duced by CA treatment in CLP-induced sepsis and their im-
pact on disease progression, we employed linear discrimin-
ant analysis of effect size (LEfSe). This high-dimensional
statistical tool is adept at identifying significant differences in
bacterial community dominance, providing a nuanced view of
microbiota alterations. The LEfSe analysis was conducted to
pinpoint statistical differences in the abundance of gut micro-
biota, ranging from the phylum to the species level (Fig. 7A)
and to generate a corresponding cladogram (Fig. 7B), with a
linear discriminant analysis (LDA) score cut-off greater than
4.0. The analysis confirmed that Shigella is a key bacterial
type in CLP-induced sepsis in mice, aligning with expecta-
tions. Furthermore, the analysis revealed a significant enrich-
ment of Bacteroidota (including the class Bacteroidia, the or-
der Bacteroidales, the family Prevotellaceae, and the genera
Alloprevotella and Parabacteroides) following CA treatment
in CLP-induced mice. A/loprevotella is recognized as a probi-
otic, and research has indicated that Parabacteroides, also a
probiotic, can regulate lung inflammation “*. Bacteroidota

®

e ww

P<0.001, P<0.0001.

and Firmicutes are known for producing short-chain fatty
acids (SCFAs), such as butyric, propionic, and acetic acids.
These SCFAs influence host metabolism by acting on G pro-
tein-coupled receptors expressed in enteroendocrine cells .
This implies that CA treatment in CLP-induced mice could
exert its effects by modulating the abundance of specific gut
microbiota, primarily Bacteroidota, and their metabolic
products. In summary, these findings suggest that CA’s thera-
peutic efficacy in CLP-induced sepsis may be partly medi-
ated through the regulation of gut microbiota composition,
particularly the promotion of beneficial bacterial groups like
Bacteroidota, and the modulation of their metabolites. This
microbiota-focused perspective offers a valuable understand-
ing of CA’s mechanism of action in sepsis treatment and un-
derscores the importance of gut microbiota management in
mitigating sepsis progression.

To further explore the influence of CA treatment on the
functional activities of the gut microbiota in CLP-induced
septic mice, we conducted a phylogenetic investigation of
communities by reconstruction of unobserved states (PI-
CRUSY). This approach maps 16S rRNA sequences to gene
functions and pathways likely present in these bacterial popu-
lations, based on the Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) database, with a P-value threshold setting of
0.05. The PICRUSLt analyses disclosed distinct metagenome
functional content, identifying 26 core predicted categories
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0.001.

(Fig. 7C). Analysis of KEGG pathway categories (level III)
revealed significant enrichment in several metabolism-re-
lated pathways. These included "Biosynthesis of secondary
metabolites" (increased from 7.11% in the CLP-induced
group to 7.29% in the CLP-induced + CA-treated group, P <
0.0001), "Biosynthesis of amino acids" (from 3.33% to
3.71%, P < 0.0001), "Purine metabolism" (from 1.94% to
1.97%, P < 0.01), and "Glycolysis/Gluconeogenesis" (from
1.09% to 1.17%, P < 0.0001). Significantly, CA treatment
upregulated these metabolic pathways in the gut microbiota
of CLP-induced mice. SCFAs, primarily acetate, propionate,
and butyrate, are mainly produced by the anaerobic fermenta-
tion of gut microbes “and were found to be upregulated by
CA treatment. SCFA deficiency has been linked to inflam-
matory diseases, such as inflammatory bowel disease * and
psoriatic arthritis *”. The observed increase in SCFA content
may correlate with the alleviation of inflammation in CLP-in-
duced mice by CA treatment. Additionally, CA treatment sig-
nificantly upregulated the "Biosynthesis of antibiotics" path-

way (from 5.26% in the CLP-induced group to 5.43% in the
CLP-induced + CA-treated group, P < 0.0001), which could
further enhance the intestinal microbial environment in CLP-
induced mice.

In summary, CA treatment not only altered the composi-
tion of the gut microbiota—marked by a decrease in the
pathogenic bacterium Shigella and an increase in the probiot-
ic Bacteroidota—but also affected the secretion of metabol-
ites, particularly increasing the expression of SCFAs, by
modulating the metabolic pathways of the gut microbiota.
These findings suggest that CA treatment effectively modu-
lates the gut microbial environment, thereby offering a poten-
tial therapeutic approach for treating CLP-induced sepsis in
mice.

Carrimycin performs better than aspirin (ASP)/TIENAM in
inhibiting LPS-induced inflammation in vivo

The study’s comparison of the therapeutic effects of CA
and ASP in the treatment of LPS-induced sepsis in mice
provides critical insights into their relative anti-inflammatory
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Fig. 7 Differential analysis and gene function prediction of gut microbial components between groups. (A) LEfSe analysis of gut
microbiota (LDA score greater than 4.0). (B) Cladogram generated from LEfSe analysis. (C) The difference between CLP-in-
duced and CLP-induced + CA-treated groups using PICRUSt functional gene prediction for gut microbiota (database selection:

KEGG, P value threshold setting: 0.05).

capabilities. ASP, a classic anti-inflammatory agent, has been
recommended for sepsis treatment " and is known to inhibit
LPS-induced activation of the NF-xB pathway "> %, There-
fore, we compared the therapeutic effect of CA and ASP in
the treatment of LPS-induced sepsis in mice.

In our analysis, both CA and ASP were administered at
the same dosage (100 mg-kg™). The findings demonstrated
that CA more effectively inhibited the mRNA expression of
IL-6 in the lung tissue of LPS-induced mice than ASP (Figs.
8A—8C). This superior efficacy of CA was also evident in
serum inflammatory factor levels (IL-6 and TNF-a) (Figs.
8D-8F), indicating that CA’s anti-inflammatory potential sur-
passes that of ASP in vivo in response to LPS-induced in-
flammation.

Additionally, the study compared CA with TIENAM
(imipenem/cilastatin), an NMPA-approved broad-spectrum
antibiotic effective in treating bacterial pneumonia ****!. The
results showed that CA treatment significantly inhibited the
LPS-induced mRNA expression of IL-6 and IL-1B in vitro
more effectively than TIENAM treatment (Figs. SI0A-10C).

®

Moreover, in vivo, CA was more efficacious than TIENAM
in reducing the mRNA expression of IL-6 and TNF-a in re-
sponse to LPS-induced sepsis (Figs. S10D-10I). In conclu-
sion, these results highlight CA’s potent anti-inflammatory
effects compared with both ASP and TIENAM. Its superior
efficacy in inhibiting key pro-inflammatory cytokines in both
in vitro and in vivo models of LPS-induced sepsis positions
CA as a potentially more effective therapeutic agent in the
management of sepsis.

Discussion

The timely administration of antibiotics during the early
stages of sepsis is crucial for reducing the disease burden ",
with the management of inflammatory disorders being a fo-
cal point in sepsis treatment. While body fluid purification """

B9 are utilized in sepsis ther-

and multiple cytokine blockers
apy, the complexity of pathogenic factors often limits the ef-
fectiveness of monotherapies. Current International
Guidelines for the Management of Sepsis and Septic Shock

primarily recommend macrolides as anti-resistant bacterial
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Fig. 8 Carrimycin performs better than ASP in inhibiting LPS-induced inflammation in mice. (A—C) The effect of CA and ASP
on inhibiting the mRNA expression of IL-6, IL-1f, and TNF-a in mice lung tissue (n = 5). (D-F) The effect of CA and ASP in re-
ducing IL-6, IL-1B, and TNF-a levels in the mice serum (1 = 5). (The doses of CA and ASP were both 100 mg~kg71, administered
three times, in which CA was administered by gavage and ASP was injected intraperitoneally. Data are represented as mean +
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SEM. P<0.05, "P<0.01, ""P<0.001, ""P<0.0001.

drugs in the early stages of sepsis, often overlooking their po-
tential immunomodulatory functions ®"*. CA, a newer mac-
rolide antibiotic, has been endorsed by the NMPA for its anti-
bacterial and anti-inflammatory efficacy, along with its safety
profile, positioning it as a promising candidate in sepsis treat-
ment.

This study demonstrated that CA effectively inhibits in-
flammation induced by LPS and CLP, highlighting its signi-
ficant role in sepsis therapy. CA not only suppressed the in-
flammatory response induced by LPS in macrophage
RAW264.7 and THP1 cells but also increased survival rates
by inhibiting the inflammatory surge in LPS- and CLP-in-
duced mice in vivo. Additionally, CA markedly improved
thermoregulation in LPS- and CLP-induced septic mice, an
important factor in managing sepsis. Crucially, CA de-
creased the expression of pro-inflammatory cytokines IL-6,
IL-1pB, and TNF-a in the peripheral blood, lungs, and liver of
LPS- and CLP-induced septic mice. This indicates that CA
treatment alleviates systemic inflammation and offers protect-
ive effects on the liver and lungs in vivo. Histopathological
analysis using hematoxylin-eosin staining further corrobor-
ated CA’s protective impact on lung and liver tissues in sep-
tic mice. Moreover, CA modified the gut microbiota’s abund-
ance and diversity, reducing the pathogen Shigella and in-
creasing the proportion of the probiotic Alloprevotella. Fur-
thermore, CA influences the metabolic pathways of intestinal
microbes, notably enhancing the metabolic pathways of
SCFAs, which are beneficial in mitigating bodily inflamma-
tion. In summary, these findings provide compelling evid-
ence of CA’s protective effects against sepsis-induced in-
flammatory disorders. By modulating both the immune re-

®

sponse and the gut microbiota, CA emerges as a multifaceted
therapeutic agent, offering a valuable addition to the current
sepsis treatment paradigm.

The complexity of sepsis lies in its multifaceted patho-
genesis, involving an initial inflammatory response triggered
by pathogen invasion ”! and subsequent immunosuppression
due to sustained inflammation Y. During the early stages of
sepsis, the activation of PRRs, including TLRs, RIG-I-like re-
ceptors, NOD-like receptors, and C-type lectin receptors, ini-
tiates an intracellular signaling cascade, leading to inflamma-
tion. A critical aspect of this response is the activation of the
NF-«B signaling pathway, primarily through LPS-induced
TLR4 activation, which is responsible for the early inflam-
matory burst in sepsis. Controlling this pathway in the early
stages is crucial for managing the progression of the disease.
In this study, we discovered that CA modulates the NF-«xB
signaling pathway, including the regulation of  phos-
phorylated IxkB-a (p-IxB-a) and NF-«B (p-NF-«B) induced by
LPS, both in vivo and in vitro. This finding suggests that CA
ameliorates sepsis by intervening in key inflammatory signal-
ing pathways.

Another critical factor in the development of sepsis is the
alteration in immune cell phenotype. In early sepsis, immune
cells, particularly macrophages and natural killer (NK) cells,
tend towards inflammatory activation. These cells can activ-
ate the TNF pathway in response to pathogen invasion, which
in turn activates the immune response, including the NF-«B
pathway, thereby inducing inflammation through a cascade
reaction . Previous studies have indicated that depletion of
Natural killer (NK) cells in sepsis models can reduce system-
ic inflammatory responses and hypothermia, enhance micro-
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bial clearance, restore acid-base balance, and improve surviv-
al [ However, the specific impact of CA on the expres-
sion and function of immune cells in sepsis remains to be fur-
ther elucidated. More comprehensive data are needed to fully
understand CA’s effects on the immune cell dynamics during
sepsis. Understanding these effects is crucial for developing
more effective treatments and interventions for this complex
and often deadly condition.

The gut microbiota is integral to maintaining gut barrier
function and regulating immune cell function ), playing a
pivotal role in the progression of sepsis. As an established an-
tibacterial drug, CA potentially influences the composition of
the intestinal microflora, a relationship that necessitates fur-
ther exploration. In this study, we observed that CA treat-
ment effectively modified the gut microbial environment to-
wards reducing inflammation. This was evidenced by the re-
duction of the pathogen Shigella and the increase of the pro-
biotic Alloprevotella, along with an enhancement of the
SCFA metabolic pathway. These changes collectively con-
tributed to mitigating the development of sepsis, underscor-
ing CA’s potent regulatory function on gut microbiota in sep-
tic mice.

In summary, CA demonstrated effective inhibition of in-
flammation both in vitro and in vivo. CA therapy curtailed the
expression and release of pro-inflammatory cytokines (IL-6,
IL-1pB, and TNF-a) and impeded the activation of the NF-xB
pathway triggered by LPS. Furthermore, CA showed a re-
markable therapeutic effect in mouse models of both LPS-
and CLP-induced sepsis. It decelerated the progression of in-
flammation and exerted a protective effect on the lungs and
liver in vivo. Additionally, CA played a critical role in enhan-
cing the diversity and regulating the metabolic pathways of
gut microbiota, particularly by augmenting the metabolic
pathway of SCFA, in septic mice. These findings indicate
that CA possesses significant therapeutic potential for treat-
ing inflammation development in sepsis, presenting a prom-
ising avenue for future clinical applications in sepsis manage-
ment.

Supplementary Information

Supplementary data to this article can be obtained by
sending E-mail to the corresponding authors.
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