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Abstract

Background: Acute lung injury (ALI) triggered by sepsis continues to pose a significant difficulty in clinical practice. Due to its
anti-inflammatory and antioxidant activities, calcitonin is considered a potential therapeutic option in sepsis. Methods: Bioinformatics
analysis was performed using the GSE89376 and GSE67652 datasets. Serum levels of CD3D and NLR family pyrin domain con-
taining 3 (NLRP3) inflammasome, as well as high-mobility group box 1 (HMGB1)/myeloid differentiation primary response gene 88
(MyD88)/nuclear factor-κB (NF-κB) pathway components, were evaluated in sepsis/ALI patients. The effects of calcitonin and CD3D
knockdown on human pulmonary microvascular endothelial cells (hPMECs) activated by lipopolysaccharide (LPS) were investigated in
vitro. Experimental assays, including quantitative real-time polymerase chain reaction (qRT-PCR), Cell Counting Kit-8 (CCK-8) assay,
western blotting (WB), enzyme-linked immunosorbent assay (ELISA), and flow cytometry, were used to assess cell viability, apoptosis,
cell cycle, and oxidative stress markers. Results: CD3D was identified as a key sepsis/ALI-associated hub gene and correlated with
NF-κB pathway activation in patients. CD3D silencing in hPMECs effectively suppressed LPS-induced inflammation, oxidative stress,
apoptosis, and G1 phase arrest by downregulating the expression of NLRP3, phosphorylation (p)-NF-κB, MyD88, and HMGB1. Calci-
tonin alone mitigated LPS-induced injury in a dose-dependent way and further enhanced the protective impacts of CD3D knockdown.
Co-treatment resulted in synergistic inhibition of interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α, a reduction in oxidative
markers, restoration of antioxidant capacity (superoxide dismutase (SOD) and glutathione (GSH)), improved endothelial cell viability,
and attenuation of apoptosis. Notably, combined treatment more robustly suppressed the HMGB1/MyD88/NF-κB pathway than ei-
ther intervention alone. Conclusion: CD3D exacerbates sepsis-induced ALI by potentiating the HMGB1/MyD88/NF-κB pathway and
NLRP3 inflammasome, driving inflammation and oxidative stress. Combined CD3D knockdown and calcitonin treatment offers a novel
synergistic therapeutic strategy for mitigating pulmonary endothelial injury in sepsis.
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1. Introduction

Sepsis is a reaction of systemic inflammation trig-
gered by invading pathogenic microorganisms such as bac-
teria. Its risk factors are diverse and include advanced age,
immunosuppression, chronic comorbidities, and invasive
medical procedures [1]. The acute systemic inflammation
associated with sepsis frequently involves the respiratory
system, with the lungs being particularly vulnerable [2].
Excessive inflammation and oxidative stress during sepsis
contribute to the development of acute lung injury (ALI)
and acute respiratory distress syndrome (ARDS), condi-
tions characterized by severe outcomes and elevated mor-
tality [3]. Additionally, acute inflammation in sepsis in-
duces oxidative stress, which disrupts endothelial cell func-
tion and causes microvascular dysfunction [4]. Such alter-
ations in endothelial responses promote pathological pro-
cesses, including inflammation, coagulation, and cell ad-

hesion, ultimately contributing to organ dysfunction [5].
Recent experimental evidence has demonstrated that oleu-
ropein exerts protective effects against lipopolysaccharide
(LPS)-induced ALI in rats through anti-inflammatory and
antioxidant mechanisms [6], while a meta-analysis has
highlighted the efficacy of terpenoids in reducing pul-
monary edema in ALI animal models, supporting the thera-
peutic potential of natural compounds [7]. Furthermore, ac-
cumulating evidence suggests that antioxidant-based inter-
ventions may exert protective effects in sepsis, highlighting
their promising therapeutic potential [8,9]. Therefore, the
development of innovative therapeutic strategies and reli-
able prognostic biomarkers is crucial for improving clinical
outcomes in patients with sepsis.

Procalcitonin (PCT) is widely recognized as one of the
most specific and sensitive biomarkers for diagnosing sep-
sis [10]. PCT, the prohormone of calcitonin, is generally
processed by enzymatic cleavage to yield mature calcitonin
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and several smaller peptide fragments [11]. Calcitonin, a
peptide hormone secreted primarily by the thyroid gland, is
crucial in modulating calcium and phosphate metabolism
[12]. Evidence suggests that severe infections and sep-
sis can induce skeletal destruction, tissue injury, and other
physiological abnormalities, which may in turn elevate cir-
culating calcium concentrations [13]. In such conditions,
calcitonin functions to decrease circulating calcium concen-
trations through the inhibition of calcium release. Notably,
studies in animal models and ex vivo human blood have
demonstrated that calcitonin exerts a modest but deleteri-
ous effect in experimental septic shock, potentially medi-
ated via calcitonin gene-related peptide (CGRP) receptors
[14]. Therefore, investigating the specific mechanisms of
action between calcitonin and sepsis is crucial for develop-
ing improved therapeutic strategies.

CD3D, also known as CD3 delta chain, is a protein en-
coded by the CD3D gene and constitutes an essential com-
ponent of the CD3 complex [15]. As a key player in T cell
growth and T cell receptor (TCR) signaling, this complex
is essential for signal transmission in T cells. Deficiency
or dysfunction of CD3D impairs T cell function and dis-
rupts immune homeostasis, thereby contributing to various
autoimmune disorders and immunodeficiencies [16]. In the
context of sepsis, CD3D has been recognized as a potential
marker of immune dysfunction and disease severity [17].
Yang et al. [18] conducted a bioinformatics analysis inves-
tigating the association between CD3D, CD247, and sep-
tic shock, demonstrating that reduced expression of both
CD3D and CD247 correlated with poor prognosis. Never-
theless, the relationship between CD3D, sepsis, and calci-
tonin therapy is not yet well defined, underscoring the ne-
cessity of additional research to determine its value as a
prognostic biomarker or therapeutic target in sepsis man-
agement.

Although CD3D has been recognized by recent tran-
scriptome analysis as a possible immune-related biomarker
in sepsis, its precise function in pulmonary endothelium
damage remains unclear. This work combined bioinformat-
ics analyses with experimental approaches to explore the
role of CD3D in sepsis-induced ALI, focusing on its par-
ticipation in oxidative stress, inflammatory, and apoptotic
pathways in human pulmonary microvascular endothelial
cells (hPMECs). In several inflammatory illness models,
calcitonin has shown cytoprotective and anti-inflammatory
qualities. Nevertheless, whether calcitonin contributes to
the preservation of pulmonary microvascular endothelial
integrity during sepsis, particularly through modulation of
immune signaling pathways, remains unclear. Therefore,
this research aims to comprehensively examine the function
of CD3D and the possibility of calcitonin as a treatment for
sepsis-induced ALI.

2. Materials and Methods
2.1 Dataset Sources and Differential Expression Analysis

The Gene Expression Omnibus (GEO, https://www.
ncbi.nlm.nih.gov/gds/) provided the sepsis-related dataset
GSE89376. A total of 12 sepsis and 12 control samples
were analyzed. Differential expression was assessed us-
ing the “limma” package in R (version 4.0; R Foundation
for Statistical Computing, Vienna, Austria), with thresholds
set at FC >1.3 for upregulation, FC <0.7 for downregula-
tion, and p < 0.05 for statistical significance [19]. To fur-
ther identify hub genes, the dataset GSE67652 was also ob-
tained from the GEO database for validation. This dataset
included samples from an additional 12 septic patients and
12 healthy controls.

2.2 Functional Annotation of Differentially Expressed
Genes (DEGs)

DEGs were subjected to functional enrichment em-
ploying the Database for Annotation, Visualization, and In-
tegrated Discovery (DAVID; https://davidbioinformatics.ni
h.gov/summary.jsp). Gene ontology, along with Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathways, was
identified and visualized.

2.3 Protein-Protein Interaction (PPI) Network
Construction and Expression Profiling of Overlapping
Genes

To explore interactions among DEGs, a PPI network
was established using the STRING platform (https://stri
ng-db.org/). Key modules were identified in Cytoscape
(version 3.8.1; Cytoscape Consortium San Diego, CA,
USA) via CytoHubba with Degree, Maximum Neighbor-
hood Component (MNC), and Maximal Clique Central-
ity (MCC) algorithms. Overlapping genes across modules
were identified through the Venn analysis tool (https://bi
oinformatics.psb.ugent.be/webtools/Venn/). Their expres-
sion patterns were subsequently validated in the GSE89376
and GSE67652 datasets by comparing septic and control
samples. Data analysis and visualization were performed
with Sangerbox (http://vip.sangerbox.com/home.html).

2.4 Study Population, Sample Collection, and Serum
Cytokine Quantification in Sepsis and ALI

A total of nine participants were enrolled in this inves-
tigation, including three patients with sepsis-induced ALI,
three patients with sepsis without pulmonary involvement,
and three non-septic control patients without pulmonary in-
flammation. Sepsis patients were admitted to the Depart-
ment of Intensive Care Medicine. In contrast, control pa-
tients were recruited from the Department of Hepatobiliary
Surgery, the Third Affiliated Hospital of Naval Military
Medical University. All participants were age- and gender-
matched. Sepsis was identified using the Sepsis-3 criteria,
which include life-threatening organ dysfunction and a Se-
quential Organ Failure Assessment (SOFA) score rise of≥2
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caused by a dysregulated host response to infection. Con-
trol participants were hospitalized for non-infectious hep-
atobiliary conditions and showed no evidence of systemic
disease, sepsis, or lung injury at the time of sampling. All
participants and their legal guardians provided written in-
formed consent. The study protocol was evaluated and
approved by Academic Committee of the Third Affiliated
Hospital of Naval Medical University (Approval Number:
KY2024081), and it followed the Declaration of Helsinki.
Since the patient’s condition is fixed, random allocation
is not possible. All subjects had peripheral venous blood
drawnwithin 24 hours of either elective admission (for con-
trols) or intensive care unit (ICU) admission (for septic pa-
tients). After centrifugation of blood specimens (3000 rpm,
10 min, 4 °C), serum was collected, portioned, and main-
tained at –80 °C pending analysis. Serum concentrations
of CD3D, MyD88, high-mobility group box 1 (HMGB1),
NLR family pyrin domain containing 3 (NLRP3), and phos-
phorylation of nuclear factor-κB (p-NF-κB) were detected
by human enzyme-linked immunosorbent assay (ELISA)
kits. Specifically, the human CD3D ELISA kit (Cat. no.
XY-EH1234) was purchased from Xinyu Biotechnology
Co., Ltd. (Shanghai, China). ELISA kits for HMGB1 (Cat.
no. JL13693-48T), p-NF-κB (Cat. no. JL42948-48T),
and NLRP3 (Cat. no. JL10272-48T) were obtained from
Jianglai Biological Technology (Shanghai, China). The
MyD88 ELISA kit (Cat. no. ab171341) was sourced from
Abcam (Shanghai, China). The manufacturers’ protocols
applied to all assays. Utilizing a microplate reader (Cat.
no. DNM-9606; Perlong, Beijing, China), absorbance was
measured at 450 nm.

2.5 Culture Conditions and Treatment Protocols

hPMECs (Cat. no. CP-H001, Procell, Wuhan, China)
were cultured in complete hPMEC medium (Cat. no. CM-
H001, Procell, Wuhan, China) under standard conditions
of 37 °C with 5% CO2. According to the supplier’s qual-
ity control statement, hPMECswere authenticated by CD31
immunofluorescence and tested to be over 90% pure. Ad-
ditionally, the supplier confirmed that the cells were free
from human immunodeficiency virus (HIV)-1, hepatitis B
virus (HBV), hepatitis C virus (HCV), Mycoplasma, bacte-
ria, fungi, and yeast contamination. To establish a sepsis-
induced ALI model, cells were exposed to LPS (10 µg/mL;
Cat. no. L8880, Solarbio, Beijing, China) for 24 h. For
evaluating the protective role of calcitonin, LPS-treated hP-
MECs were further incubated with calcitonin (Cat. no.
T3535, Sigma-Aldrich, St. Louis, MO, USA) at concen-
trations of 1, 5, and 10 nM for 24 h.

2.6 Cell Transfection

After being seeded at a density of 2 × 105 cells per
well in 24-well plates, hPMECs were cultivated in full
growth media for the whole night until they attained a
confluency of around 70–80%. As directed by the man-

ufacturer, Lipofectamine 2000 transfection reagent (Invit-
rogen, Carlsbad, CA, USA) was used for transfection. In
particular, hPMECs were transfected with either CD3D-
targeting small interfering RNAs (siRNAs; si-CD3D-1 and
si-CD3D-2) or a negative control siRNA (si-NC). After 48
hours of transfection, cells were harvested for further ex-
perimentation.

2.7 Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

RNA purity and concentration were determined with
a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Shanghai, China). First-strand cDNA was synthesized
from 1 µg of RNA using the PrimeScript RT Kit (Takara,
Shiga, Japan). qRT-PCR was performed on a StepOne-
Plus Real-Time PCR System (Applied Biosystems, Shang-
hai, China) using SYBR Green PCR Master Mix (Cat.
no. 4309155; Thermo Fisher Scientific, Waltham, MA,
USA). All reactions were performed in triplicate. Relative
gene expression levels were calculated using the 2−∆∆Ct

method, with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) serving as the internal control. Primer sequences
are provided in Table 1.

2.8 Western Blotting (WB)
hPMEC proteins were isolated using radioimmuno-

precipitation assay (RIPA) buffer (Cat. no. 89900;
Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with protease and phosphatase inhibitors. Protein
levels were measured using a bicinchoninic acid (BCA)
assay (Cat. no. P0011; Beyotime, Shanghai, China).
Equal quantities of protein were subjected to sodium do-
decyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and subsequently blotted onto poly-vinylidene di-
fluoride (PVDF) membranes (Cat. no. FFP39; Bey-
otime, Shanghai, China). The membranes were blocked
and subsequently incubated with primary antibodies against
CD3D (1:1000, ab109531), p21 (1:2000, ab109520), Cy-
clin D1 (1:1000, ab109531), cyclin dependent kinase
2 (CDK2) (1:1000, ab32147), cyclooxygenase-2 (COX-
2) (1:2000, ab179800), inducible Nitric Oxide Synthase
(iNOS) (1:2000, ab178945), HMGB1 (1:1000, ab92310),
MyD88 (1:1000, ab133739), p-NF-κB (1:1000, ab207297),
NF-κB (1:1000, ab283716), NLRP3 (1:1000, ab263899),
Bcl-2 (1:2000, ab182858), Bax (1:2000, ab32503), and
Caspase-3 (1:5000, ab32351), with GAPDH (1:2500,
ab9485) serving as a loading control. All antibodies were
purchased from Abcam (Shanghai, China). After sec-
ondary antibody incubation with Goat Anti-Rabbit IgG
H&L (horseradish peroxidase (HRP), 1:10,000, ab6721),
proteins were visualized by enhanced chemiluminescence
(ECL) (Cat. no. P0018FS; Beyotime, Shanghai, China),
and band intensities were quantified through ImageJ (ver-
sion 1.54; National Institutes of Health, Bethesda, MD,
USA) analysis.
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Table 1. Primer sequences for qRT-PCR.
Target Direction Sequence (5′-3′)

CD3D Forward AGACTGGACCTGGGAAAACG
CD3D Reverse AGACTCCCAAAGCAAGGAGC
p21 Forward AGTCAGTTCCTTGTGGAGCC
p21 Reverse CATTAGCGCATCACAGTCGC
CCND1 Forward GATGCCAACCTCCTCAACGA
CCND1 Reverse ACTTCTGTTCCTCGCAGACC
CDK2 Forward GACACGCTGCTGGATGTCA
CDK2 Reverse CTGGAGCAGCTGGAACAGAT
iNOS Forward AATGTGGAGAAAGCCCCCTG
iNOS Reverse TGCATCCAGCTTGACCAGAG
COX-2 Forward GGCCATGGGGTGGACTTAAA
COX-2 Reverse ACCGTAGATGCTCAGGGACT
HMGB1 Forward TCTCAGGGCCAAACCGATAG
HMGB1 Reverse TCGTGCACCGAAAGTTTCAA
MyD88 Forward ACTTGGAGATCCGGCAACTG
MyD88 Reverse ATCCGGCGGCACCAATG
NLRP3 Forward GCTGGCATCTGGGGAAACCT
NLRP3 Reverse CAAGTCCACATCCTCCAGGTC
Bax Forward TGATGGACGGGTCCGGG
Bax Reverse TGAGACACTCGCTCAGCTTC
Bcl-2 Forward AACCTTTCAGCATCACAGAGGAAGT
Bcl-2 Reverse AGGGGGTGTCTTCAATCACG
CASP3 Forward TGTGAGGCGGTTGTAGAAGAGT
CASP3 Reverse CTTTATTAACGAAAACCAGAGCGCC
GAPDH Forward AATGGGCAGCCGTTAGGAAA
GAPDH Reverse GCGCCCAATACGACCAAATC
qRT-PCR, quantitative real-time polymerase chain reaction;
CD3D, CD3 delta subunit of T-cell receptor complex; p21, cyclin-
dependent kinase inhibitor 1A (CDKN1A); CCND1, cyclin D1;
CDK2, cyclin dependent kinase 2; iNOS, inducible Nitric Ox-
ide Synthase; COX-2, cyclooxygenase-2; HMGB1, high-mobility
group box 1; MyD88, myeloid differentiation primary response
gene 88; NLRP3, NLR family pyrin domain containing 3; Bax,
Bcl-2 associated X; Bcl-2, B-cell lymphoma-2; CASP3, caspase-
3; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

2.9 Assay for Cell Counting Kit-8 (CCK-8)

Cell proliferation and viability were determined by
CCK-8 assay (Cat. no. C0042; Beyotime, China). Briefly,
hPMECs were seeded in 96-well plates at a density of 5 ×
103 cells per well with 100 µL of complete culture medium.
Untreated or treated cells were incubated for 24, 36, 48, 72,
and 96 hours. CCK-8 solution (10 µL) was added at each
time point, and optical density at 450 nm was measured af-
ter 2 h using a microplate reader (Model DNM-9602; Per-
long, Beijing, China).

2.10 Flow Cytometry

Apoptosis and cell-cycle profiles of hPMECs were
determined by flow cytometry. After 24 h culture in 24-
well plates (1 × 105 cells/well), cells for apoptosis assays
were digested with trypsin-ethylenediaminetetraacetic acid

(EDTA), rinsed in phosphate-buffered saline (PBS), and in-
cubated with Annexin V-FITC (5 µL) and PI (5 µL) in the
dark for 15 min. Stained cells were examined on a flow cy-
tometer (ACEA Biosciences, China), and results were ana-
lyzed with FlowJo (Version 10.8.1, FlowJo, LLC, Ashland,
OR, USA). To analyze the cell cycle, cells were fixed with
75% ethanol (4 h, 4 °C), stained with PI (50 µg/mL) plus
RNase A (10 mg/L) for 1 h at 37 °C, and subjected to flow
cytometry.

2.11 Enzyme-Linked Immunosorbent Assay (ELISA)
Tumor necrosis factor (TNF)-α (Cat. no. MM-

0122H2), interleukin (IL)-6 (Cat. no. MM-0049H2),
and IL-1β (Cat. no. MM-0181H2) levels in culture su-
pernatants were measured using ELISA kits (Meimian,
Jiangsu, China) according to the manufacturer’s instruc-
tions. After adding samples and standards to capture
antibody-coated wells, plates were incubated for 2 h at 37
°C. Detection was performed using HRP-conjugated anti-
bodies and 3,3′,5,5-tetramethylbenzidine (TMB) substrate,
and absorbance was measured at 450 nm with a microplate
reader (Model DNM-9602; Perlong, Beijing, China). The
concentrations of cytokines were measured using standard
curves as a guide.

2.12 Quantification of Cellular Metabolism and Oxidative
Stress Markers in hPMECs

To determine cellular metabolic and oxidative stress
markers, hPMECs were cultured in 24-well plates (1× 105
cells/well), washed with PBS, and lysed. After centrifuga-
tion at 10,000 ×g for 5 min at 4 °C, supernatants were col-
lected. Biochemical parameters were analyzed with com-
mercial kits (Nanjing Jiancheng Bioengineering Institute,
China), including lactate dehydrogenase (LDH, Cat. no.
A020-1-2) activity (440 nm), malondialdehyde (MDA, Cat.
no. A003-4-1) content (532 nm), superoxide dismutase
(SOD, Cat. no. A001-3-2) activity (450 nm), and glu-
tathione (GSH, Cat. no. A006-1-1) levels (420 nm).

2.13 Data Analysis and Statistics
At least three independent experiments were carried

out for each dataset. Statistical evaluation was conducted
in R. Differences between the two groups were determined
using Student’s t-test. In contrast, multiple-group com-
parisons were analyzed by one-way analysis of variance
(ANOVA) with Tukey’s post-hoc test. Data are shown as
mean ± SD, with statistical significance defined at p <

0.05.

3. Results
3.1 Analysis of DEGs and Functional Enrichment in the
GSE89376 Dataset

From the GSE89376 dataset, 182 genes were found
to be upregulated and 178 downregulated (Fig. 1A). DEGs
were significantly enriched in biological processes (BP)-
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Fig. 1. Differential gene expression and functional enrichment analysis. (A) Volcano plot displaying identified DEGs from the
GSE89376 dataset. Each point represents an individual gene. Up-regulated DEGs are depicted in pink, and down-regulated DEGs are
depicted in blue. (B) GO enrichment analysis of BP terms associated with DEGs. The x-axis represents the GeneRatio, and the y-axis
indicates the enriched terms. The size of the dots corresponds to the number of genes, and the color reflects the adjusted p value. (C)
GO enrichment analysis of CC terms of DEGs. (D) GO enrichment analysis of MF terms of DEGs. (E) KEGG enrichment analysis
predicted the pathways of DEGs involvement. DEGs, Differential Expressed Genes; GO, Gene Ontology; BP, Biological process; CC,
Cell component; MF, Molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes.

related GO terms, mainly involving “Positive regulation
of apoptotic process”, “Regulation of T cell proliferation”,
and “Positive regulation of vascular endothelial growth fac-
tor production” (Fig. 1B). For cellular components (CC),
enrichment was observed in “Coated vesicle membrane”,
“ER-to-Golgi transport vesiclemembrane”, and “Endocytic
vesicle membrane” (Fig. 1C). Regarding molecular func-
tion (MF), DEGs were enriched in “Protein kinase activa-
tor activity”, “Exopeptidase activity”, and “Calcium chan-
nel regulator activity” (Fig. 1D). KEGG pathway analysis
further indicated enrichment in “Human T-cell leukemia
virus 1 infection”, “Cell adhesion molecules”, as well as
“Hematopoietic cell lineage” (Fig. 1E).

3.2 Screening and Validation of Candidate Genes
Associated With Sepsis

Candidate genes associatedwith sepsis were identified
using PPI network analysis. Three topological algorithms
(MNC, MCC, and Degree) were applied to screen for hub
genes, and the top 10 genes ranked by each algorithm were
selected for comparison (Fig. 2A–C). Venn diagram anal-

ysis revealed four overlapping genes across all three algo-
rithms: CR7, CD247, CD3D, and CD69 (Fig. 2D). Expres-
sion profiling using the GSE89376 dataset showed signifi-
cant upregulation of all four genes in sepsis patients com-
pared with controls (Fig. 2E). Validation in an independent
dataset (GSE67652) confirmed their consistently elevated
expression (Fig. 2F). In the GSE89376 dataset, the Cohen’s
d for CD3D was 3.36, with a 95% confidence interval (CI)
of 0.43–0.71 (p < 0.0001); In the GSE67652 dataset, the
Cohen’s d for CD3D was 2.10, with a 95% CI of 0.26–0.61
(p < 0.0001). These results indicate that CD3D exhibited
a significant effect size in both datasets, suggesting it may
play an essential role in related biological processes. No-
tably, CD3D displayed the most important differential ex-
pression in both datasets, making it a candidate for further
functional studies.

3.3 Elevated Serum Levels of CD3D, HMGB1, p-NF-κB,
MyD88, and NLRP3 in Sepsis and Sepsis-Induced ALI

HMGB1 has been reported to activate NF-κB via a
MyD88-dependent pathway, thereby providing transcrip-
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Fig. 2. Identification of CD3D as a key hub gene in sepsis pathogenesis. (A) PPI network constructed using the MCC algorithm,
showing the top ten highly interconnected genes (10 nodes and 45 edges). (B) PPI network constructed using the MNC algorithm,
displaying the top ten hub genes (10 nodes and 34 edges). (C) PPI network constructed using the Degree algorithm, highlighting the top
ten hub genes (10 nodes and 33 edges). (D) Venn diagram of the top ten genes identified by the MCC, MNC, and Degree algorithms, with
four overlapping hub genes obtained. (E) Box plots of the expression levels of overlapping hub genes (CCR7, CD247, CD3D, and CD69)
in sepsis and normal samples from the GSE89376 dataset. (F) Validation of the expression of overlapping hub genes (CCR7, CD247,
CD3D, and CD69) in the GSE67652 dataset. **p < 0.01 or ***p < 0.001 or ****p < 0.0001 vs. Normal group. PPI, Protein-Protein
Interaction; MCC, Maximal Clique Centrality; MNC, Maximum Neighborhood Component.

tional priming for NLRP3 inflammasome expression [20].
A previous study has highlighted the critical role of NF-
κB signaling in sepsis [21]. To investigate immune-
inflammatory signaling changes in sepsis and sepsis-
induced ALI, serum levels of CD3D, HMGB1, MyD88,
NF-κB, and NLRP3 were measured by ELISA. Compared
with the healthy controls, sepsis patients exhibited signif-
icantly higher concentrations of CD3D (Cohen’s d = 2.63,
95% CI: 0.44–4.8), HMGB1 (Cohen’s d = 4.48, 95% CI:
1.48–7.48), MyD88 (Cohen’s d = 3.66, 95%CI: 1.04–6.28),
NF-κB (Cohen’s d = 4.86, 95%CI: 1.68–8.05), and NLRP3
(Cohen’s d = 4.69, 95% CI: 1.59–7.79). Moreover, serum

levels of CD3D (Cohen’s d = 2.20, 95% CI: 0.17–4.22),
HMGB1 (Cohen’s d = 5.55, 95% CI: 2.02–9.07), MyD88
(Cohen’s d = 3.04, 95% CI: 0.69–5.38), NF-κB (Cohen’s d
= 5.13, 95% CI: 1.81–8.44), NLRP3 (Cohen’s d = 10.98,
95% CI: 4.57–17.40) were further elevated in sepsis pa-
tients with ALI compared to those without pulmonary in-
volvement (Fig. 3A–E). Collectively, these findings sug-
gest that HMGB1 promotes NLRP3 inflammasome acti-
vation via a MyD88-dependent NF-κB pathway, thereby
contributing to inflammatory injury in sepsis and sepsis-
associated ALI.
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Fig. 3. Sepsis and sepsis-inducedALI are associatedwith elevated serum levels of CD3D,HMGB1,MyD88, p-NF-κB, andNLRP3.
(A) SerumCD3D concentrations weremeasured by ELISA in the control, patients with sepsis (Sepsis), and patients with sepsis-associated
acute lung injury (Sepsis-ALI). (B) Serum HMGB1 concentrations were measured by ELISA in the control, Spesis, and Sepsis-ALI
groups. (C) SerumMyD88 concentrations were measured by ELISA in the control, Spesis, and Sepsis-ALI groups. (D) Serum p-NF-κB
concentrations were measured by ELISA in the control, Spesis, and Sepsis-ALI groups. (E) SerumNLRP3 concentrations were measured
by ELISA in the control, Spesis, and Sepsis-ALI groups. Each assay was performed in triplicate to ensure accuracy and reproducibility.
Statistical significance was determined by comparing the mean values of each group. *p< 0.05 vs. Control group, #p< 0.05 vs. Sepsis
group. ALI, acute lung injury; HMGB1, high-mobility group box 1; p-NF-κB, phosphorylation of nuclear factor-κB; NLRP3, NLR
family pyrin domain containing 3; ELISA, enzyme-linked immunosorbent assay.

3.4 CD3D Knockdown Attenuates LPS-Induced
Inflammatory Response and Proliferation Inhibition in
hPMECs

The knockdown efficiency of two CD3D-targeting
siRNAs in hPMECs was assessed by qRT-PCR and WB.
Both siRNAs effectively reduced CD3D expression, with
si-CD3D-2 showing the most substantial effect and there-
fore used for subsequent experiments (Fig. 4A–C). To
mimic the septic inflammatory microenvironment, hP-
MECs were stimulated with LPS. LPS significantly in-
creasedCD3D expression compared with controls, whereas
CD3D knockdown suppressed this induction (Fig. 4D–F).
ELISA analysis revealed that LPS stimulation significantly
promoted the secretion of TNF-α, IL-6, and IL-1β, whereas
CD3D knockdown reduced these pro-inflammatory effects
(Fig. 4G). CCK-8 assays revealed that LPS inhibited hP-
MEC proliferation, whereasCD3D knockdown partially re-
stored proliferation (Fig. 4H). These results indicate that
CD3D knockdown mitigates LPS-induced inflammatory
cytokine production and inhibition of proliferation in hP-
MECs.

3.5 CD3D Knockdown Reverses LPS-Induced G1 Cell
Cycle Arrest in hPMECs

To investigate the effect of CD3D knockdown on cell
cycle progression, flow cytometry was performed. LPS
exposure reduced the S-phase population and increased
the proportion of cells in the G1 phase, indicating G1 ar-
rest. CD3D knockdown partially reversed this effect, re-
ducing G1 accumulation and increasing the S-phase frac-
tion (Fig. 5A). Consistently, qRT-PCR showed that LPS
treatment upregulated p21 expression while downregulat-
ing Cyclin D1 and CDK2. These transcriptional changes
were reversed by CD3D knockdown and further confirmed
at the protein level byWB (Fig. 5B–D). These findings sug-
gest that CD3D silencing alleviates LPS-induced G1 arrest
by modulating cell cycle regulators.

3.6 CD3D Silencing Mitigates LPS-Induced Oxidative
Stress in hPMECs

To further evaluate the role ofCD3D in sepsis-induced
ALI, particularly in relation to oxidative stress, ELISA was
used to measure LDH, MDA, SOD, and GSH levels. LPS
stimulation significantly increased LDH and MDA, while

7

https://www.imrpress.com


Fig. 4. Knockdown ofCD3D alleviates LPS-inducedALI in hPMECs. (A) qRT-PCR analysis ofCD3DmRNA expression in hPMECs
following transfection with CD3D-specific siRNA. *p < 0.05 vs. si-NC group. (B) WB analysis of CD3D protein expression after
siRNA transfection in hPMECs. (C) Quantification of CD3D protein levels following knockdown. *p < 0.05 vs. si-NC group. (D)
qRT-PCR analysis of CD3D mRNA levels in hPMECs treated with LPS alone or in combination with CD3D knockdown. (E) WB
analysis of CD3D protein expression in LPS-treated hPMECs with or without CD3D knockdown. (F) Quantification of CD3D protein
levels under LPS stimulation with or without CD3D knockdown, normalized with GAPDH. (G) ELISA-based quantification of TNF-α,
IL-6, and IL-1β levels in the supernatants of hPMECs following LPS stimulation with or without CD3D knockdown. (H) Cell viability
assessment by CCK-8 assay in hPMECs exposed to LPS with or without CD3D knockdown. hPMECs, human pulmonary microvascular
endothelial cells; qRT-PCR, Quantitative Real-Time Polymerase Chain Reaction; WB, Western Blotting; CCK-8, Cell Counting Kit-8;
LPS, Lipopolysaccharide. Each assay was performed in triplicate to ensure accuracy and reproducibility. Statistical significance was
determined by comparing the mean values of each group. *p < 0.05.

decreasing SOD and GSH, indicating enhanced oxidative
stress and damage. CD3D knockdown reversed these ef-
fects by lowering LDH and MDA and restoring GSH and
SOD (Fig. 6A–D). In addition, LPS strongly upregulated
COX-2 and iNOS, two key inflammatory mediators, at both
mRNA and protein levels, whereas CD3D knockdown sup-
pressed this induction (Fig. 6E–I). These results suggest that
CD3D plays a role in LPS-induced oxidative stress and in-
flammatory responses in hPMECs.

3.7 Calcitonin Alleviates LPS-Induced Inflammatory
Injury in hPMECs in a Dose-Dependent Manner

Calcitonin, secreted by thyroid parafollicular C cells,
is known to reduce serum calcium levels [22]. To ex-
plore its protective role, hPMECs were treated with cal-
citonin at concentrations of 1, 5, and 10 nM under LPS
stimulation. Calcitonin alone did not significantly alter
cell viability. However, LPS markedly reduced viabil-
ity, which was restored by calcitonin in a dose-dependent
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Fig. 5. Effect of CD3D knockdown on sepsis-related LPS-induced hPMECs cell cycle. (A) Flow cytometry analysis depicts the cell
cycle distribution in hPMECs stimulated with LPS alone or in combination withCD3D knockdown. (B) qRT-PCR analysis of p21, Cyclin
D1, and CDK2 mRNA expression in hPMECs treated with 10 µg/mL LPS alone or in combination with CD3D knockdown. (C) WB
analysis of p21, Cyclin D1, and CDK2 protein levels in hPMECs following 24-hour LPS stimulation with or without CD3D knockdown.
(D) Quantification of p21, Cyclin D1, and CDK2 protein expression levels based on WB results. Each assay was performed in triplicate
to ensure accuracy and reproducibility. Statistical significance was determined by comparing the mean values of each group. *p< 0.05.

manner (Fig. 7A). WB further revealed that calcitonin
had no significant effect on CD3D protein expression in
control cells; however, in LPS-stimulated hPMECs, cal-
citonin suppressed CD3D expression in a concentration-
dependent manner (Fig. 7B,C). Flow cytometry analy-

sis further showed that calcitonin attenuated LPS-induced
apoptosis in a concentration-dependent manner (Fig. 7D,E).
Consistently, ELISA results indicated that calcitonin sup-
pressed LPS-induced secretion of TNF-α, IL-6, and IL-1β,
while not affecting their basal levels (Fig. 7F–H).
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Fig. 6. Effects of CD3D knockdown on oxidative stress and inflammatory markers in LPS-treated hPMECs. (A) LDH release in
hPMECs after treatment with 10 µg/mL LPS alone or in combination with CD3D knockdown for 24 hours. (B) SOD activity in hPMECs
under the indicated treatments. (C) MDA levels measured in hPMECs under the indicated treatments. (D) GSH levels in hPMECs under
the indicated treatments. (E) qRT-PCR analysis ofCOX-2mRNA expression in hPMECs treated with LPS alone or combined withCD3D
knockdown. (F) qRT-PCR analysis of iNOS mRNA expression in hPMECs under the same conditions. (G) Representative WB images
showing COX-2 and iNOS protein levels in hPMECs stimulated with LPS with or without CD3D knockdown. GAPDH served as the
loading control. (H) Quantification of COX-2 protein expression fromWB analysis. (I) Quantification of iNOS protein expression from
WB analysis. LDH, Lactate Dehydrogenase; SOD, Superoxide Dismutase; MDA, Malondialdehyde; GSH, Glutathione. Each assay was
performed in triplicate to ensure accuracy and reproducibility. Statistical significance was determined by comparing the mean values of
each group. *p < 0.05.

3.8 Calcitonin Attenuates LPS-Induced Oxidative Stress in
hPMECs

To evaluate the effects of calcitonin on oxidative
stress, ELISA was used to measure SOD, MDA, and GSH
levels. LPS stimulation significantly increased MDA,

while decreasing SOD and GSH, indicating oxidative stress
and injury. Co-treatment with calcitonin reversed these
changes in a dose-dependent manner, reducingMDA levels
and restoring SOD and GSH activity (Fig. 8A–C).
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Fig. 7. Effect of calcitonin on cell viability, apoptosis, and inflammatory cytokine production in LPS-treated hPMECs. (A)
Cell viability was assessed using CCK-8 assay after 24 hours of stimulation with LPS and treatment with different concentrations of
calcitonin (1, 5, 10 nM). The y-axis represents the cell viability, and the x-axis represents different treatment conditions. (B) WB analysis
of CD3D protein levels in hPMECs after 24 h of LPS stimulation and treatment with different concentrations of calcitonin (1, 5, 10 nM).
(C) Quantification of CD3D protein expression levels from (B), normalized to GAPDH. (D) Flow cytometry plots showing apoptosis in
hPMECs after 24 hours of stimulation with LPS and treatment with different concentrations of calcitonin (1, 5, 10 nM). (E) Quantification
of the apoptosis rate in hPMECs under the indicated treatment conditions. (F) ELISA analysis of TNF-α expression levels in hPMECs
following 24 hours of stimulation with LPS and treatment with different concentrations of calcitonin (1, 5, 10 nM). (G) ELISA analysis of
IL-6 expression levels in hPMECs under the same treatment conditions. (H) ELISA analysis of IL-1β expression levels in hPMECs under
the same treatment conditions. Each assay was performed in triplicate to ensure accuracy and reproducibility. Statistical significance
was determined by comparing the mean values of each group. *p < 0.05 vs. Control group, #p < 0.05 vs. LPS group, ##p < 0.01 vs.
LPS group. ns vs. Control group.

3.9 Calcitonin Inhibits LPS-Induced Activation of the
HMGB1/MyD88/NF-κB Pathway in hPMECs

To further explore the relationship between calcitonin
and inflammatory signaling, the mRNA levels of key path-
way components were assessed in hPMECs stimulated with
LPS, with or without increasing concentrations of calci-
tonin. qRT-PCR analysis revealed that calcitonin alone
did not alter HMGB1, MyD88, NF-κB, or NLRP3 ex-
pression. LPS stimulation markedly increased HMGB1,
MyD88, and NLRP3, whereas co-treatment with calcitonin
suppressed this upregulation in a dose-dependent man-

ner. NF-κB mRNA levels remained unchanged (Fig. 9A–
D). WB analysis confirmed that calcitonin reduced LPS-
induced expression of HMGB1, MyD88, NLRP3, and p-
NF-κB (Fig. 9E,F).

3.10 Synergistic Effects of CD3D Knockdown and
Calcitonin on Mitigating LPS-Induced Apoptosis and
Enhancing Endothelial Viability in hPMECs

Among the investigated doses, 10 nM calcitonin had
the most antioxidative impact and was thus chosen for
further investigations. To determine the combined effect
of CD3D knockdown and calcitonin, hPMECs were ex-
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Fig. 8. Calcitonin modulates oxidative stress markers in LPS-stimulated hPMECs. (A) SOD activity in hPMECs was measured
using a commercial SOD assay kit after 24 h of stimulation with 10 µg/mL LPS, with or without calcitonin treatment at concentrations of
1, 5, or 10 nM. The y-axis represents SOD activity (U/mL). (B) MDA levels in hPMECs were determined using a lipid peroxidation assay
kit under the same treatment conditions. The y-axis represents MDA content (nmol/mL). (C) GSH levels in hPMECs were quantified
using a GSH detection kit under the same treatment conditions. The y-axis represents GSH concentration (µg/mL). Each assay was
performed in triplicate to ensure accuracy and reproducibility. Statistical significance was determined by comparing the mean values of
each group. *p < 0.05 vs. Control group, #p < 0.05 vs. LPS group. ns vs. Control group.

posed to LPS in the presence or absence of si-CD3D-2
and/or 10 nM calcitonin. CCK-8 assays showed that both
CD3D knockdown and calcitonin treatment significantly
restored LPS-impaired cell viability, while their combined
application further enhanced viability, suggesting a syn-
ergistic effect (Fig. 10A). Flow cytometry confirmed that
apoptosis was most effectively reduced in the co-treatment
group (Fig. 10B). Both qRT-PCR and WB confirmed that
combined therapy enhanced Bcl-2 levels while more ef-
fectively downregulating Bax and Caspase-3 compared to
single-agent treatments (Fig. 10C–G). These data suggest
that CD3D depletion and calcitonin act in concert to sup-
press LPS-triggered apoptosis and enhance endothelial re-
silience.

3.11 Combined CD3D Silencing and Calcitonin Treatment
Synergistically Attenuates LPS-Induced Inflammation and
Oxidative Stress in hPMECs

To further assess the regulatory effects of CD3D
knockdown and calcitonin on inflammatory and oxida-
tive responses in hPMECs under septic conditions, ELISA
analysis was performed. CD3D knockdown substantially
decreased LPS-induced TNF-α, IL-6, and IL-1β produc-
tion, while co-treatment with calcitonin further enhanced
this inhibitory effect (Fig. 11A–C). Similarly, oxidative
stress analysis demonstrated that CD3D knockdown re-
duced MDA levels while restoring SOD and GSH, and co-
treatment with calcitonin amplified these protective effects
(Fig. 11D–F). Together, these results indicate that CD3D
silencing, particularly in combination with calcitonin, ef-
fectively reduces LPS-induced inflammation and oxidative
stress in hPMECs.

3.12 CD3D Knockdown Combined With Calcitonin
Further Suppresses LPS-Induced HMGB1/MyD88/NF-κB
Pathway Activation in hPMECs

To elucidate the underlying mechanisms, qRT-PCR
analysis was performed. CD3D knockdown reduced LPS-
induced expression of HMGB1, MyD88, and NLRP3, and
co-treatment with calcitonin further enhanced this sup-
pression, while NF-κB mRNA levels remained largely
unaffected (Fig. 12A–D). WB analysis confirmed these
results, showing that combined treatment with calci-
tonin and CD3D knockdown more effectively suppressed
MyD88, HMGB1, NLRP3, and p-NF-κB compared with
either therapy alone (Fig. 12E,F). These findings suggest
that CD3D silencing and calcitonin synergistically protect
against LPS-induced endothelial injury by inhibiting the
HMGB1/MyD88/NF-κB pathway.

4. Discussion
Our research comprehensively explored the function

of CD3D in sepsis and sepsis-induced ALI using bioin-
formatic analyses, clinical samples, and in vitro experi-
ments. Analysis of sepsis-related transcriptomic datasets
identified CD3D as a hub gene, characterized by elevated
expression in sepsis and further upregulation in patients
with ALI. Functional assays in hPMECs demonstrated that
CD3D knockdown mitigated LPS-induced inflammatory
responses, oxidative stress, cell cycle arrest, and apopto-
sis. Furthermore, calcitonin was shown to exert protective
effects against LPS-induced endothelial injury in a dose-
dependent manner. Importantly, combined treatment with
CD3D knockdown and calcitonin produced synergistic ef-
fects in suppressing inflammation, oxidative stress, and
HMGB1/MyD88/NF-κB pathway activation. Together,
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Fig. 9. Calcitonin attenuates LPS-induced inflammatory response via the NF-κB signaling pathway in hPMECs. (A) qRT-PCR
analysis ofHMGB1mRNA expression in hPMECs stimulated with 10 µg/mL LPS for 24 h, with or without calcitonin treatment (1, 5, 10
nM). (B) qRT-PCR analysis ofMyD88mRNA expression under the same conditions. (C) qRT-PCR analysis ofNF-κBmRNA expression
under the same conditions. (D) qRT-PCR analysis of NLRP3 mRNA expression under the same conditions. (E) Representative WB
images showing protein levels of HMGB1, MyD88, p-NF-κB, NF-κB, and NLRP3 in hPMECs after LPS stimulation with or without
calcitonin treatment. GAPDH served as the loading control. (F) Quantification of WB band intensities for HMGB1, MyD88, p-NF-
κB/NF-κB, and NLRP3, normalized to GAPDH. *p < 0.05 vs. Control group, #p < 0.05 vs. LPS group. ns vs. Control group.

our findings demonstrate the pathogenic significance of
CD3D in sepsis and suggest that CD3D targeting, either
by itself or in conjunction with calcitonin, may be a viable
therapeutic approach for ALI and endothelial dysfunction
brought on by sepsis.

Sepsis can progress to severe infection and complica-
tions. Vigilant monitoring and management of organ dys-
function, circulatory failure, andmetabolic disturbances are
crucial therapeutic measures [23]. In this research, dif-
ferential expression and functional enrichment analyses of
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Fig. 10. Combined effect of calcitonin and CD3D silencing on LPS-induced viability and apoptosis in hPMECs. (A) Cell viability
assessed by CCK-8 assay in hPMECs stimulated with LPS for 24 hours, co-treated with 10 nM calcitonin and subjected to CD3D
knockdown. The x-axis represents different treatment conditions, and the y-axis represents cell viability. (B) Apoptosis was detected by
flow cytometry in hPMECs stimulated with LPS for 24 hours, co-treated with 10 nM calcitonin, and subjected to CD3D knockdown.
(C) qRT-PCR analysis of BaxmRNA levels in hPMECs stimulated with 10 µg/mL LPS for 24 hours, with or without CD3D knockdown
and/or 10 nM calcitonin treatment. (D) qRT-PCR analysis of Bcl-2 mRNA expression in hPMECs under the same conditions. (E) qRT-
PCR analysis of Caspase-3 mRNA expression in hPMECs under the same conditions. (F) Representative WB images showing protein
expression levels of Bax, Bcl-2, and Caspase-3 in hPMECs under the same treatment conditions. GAPDH was used as an internal
loading control. (G) Quantitative analysis of protein expression levels of Bax, Bcl-2, and Caspase-3 from WB results in (F), normalized
to GAPDH. *p < 0.05 vs. LPS group, #p < 0.05 vs. LPS+10 nM Calcitonin group.

sepsis-related gene datasets were performed, identifying
key pathways such as TCR Signaling Pathway, Calcium

Channel Regulator Activity, and Endocytic Vesicle Mem-
brane. Our study identified four significantly expressed
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Fig. 11. Effects of calcitonin and CD3D knockdown on inflammatory cytokine production and oxidative stress in LPS-treated
hPMECs. (A) ELISA analysis of TNF-α levels (pg/mL) in hPMECs exposed to 10 µg/mL LPS for 24 hours, with or without 10
nM calcitonin treatment and/or CD3D knockdown. (B) ELISA analysis of IL-6 levels (pg/mL) under the same treatment conditions.
(C) ELISA analysis of IL-1β levels (pg/mL) under the same treatment conditions. (D) Measurement of SOD activity (U/mL) using
a commercial detection kit in hPMECs exposed to LPS with or without calcitonin and/or CD3D knockdown. (E) Quantification of
MDA content (nmol/mL) using a lipid peroxidation assay kit in the indicated groups. (F) Determination of GSH levels (µg/mL) in
hPMECs treated with LPS, calcitonin, and/or CD3D knockdown. Experimental groups included LPS+si-NC, LPS+si-CD3D-2, LPS+10
nM calcitonin, and combined treatment with LPS+si-CD3D-2+10 Nm calcitonin. *p < 0.05 vs. LPS group, #p < 0.05 vs. LPS+10 nM
Calcitonin group.

genes (CCR7, CD247, CD3D, and CD69) through PPI net-
work analysis. Notably, Liang et al. [24] reported that
CCR7 and CD3D were closely linked to sepsis. Further-
more, Jiang et al. [25] found reduced expression of FYN
and CD247 in septic shock, connecting them to impaired
immune responses and decreased T-cell activity. At the
same time, Goswami et al. [26] identified CD69 and CD64
as upregulated markers for rapid sepsis detection. In this
study, CD3D was identified as the most significantly dif-
ferentially expressed gene across two independent sepsis-
related datasets. In vitro experiments revealed that LPS
stimulation markedly upregulated CD3D expression in hP-
MECs. LPS exposure induced G1 phase cell cycle arrest,
whereas CD3D knockdown partially reversed this effect by

downregulating p21 and restoring the expression of Cyclin
D1 and CDK2, thereby facilitating cell cycle progression.

Immune cells emit important pro-inflammatory cy-
tokines, such as TNF-α, IL-1β, and IL-6, in response to
infection or tissue damage [27]. These mediators are cru-
cial for controlling immune responses as well as coordi-
nating the inflammatory cascade. Lee et al. [28] demon-
strated a targeted delivery approach using the threonine–
lysine–proline–arginine (TKPR)-nine arginine (9R) pep-
tide to transport siRNA specifically into inflammation-
associated macrophages. This strategy effectively silenced
the TNF-α converting enzyme, thereby attenuating TNF-α
activation and mitigating the downstream inflammatory re-
sponse. In parallel, Liu and Chen [29] observed that higher
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Fig. 12. CD3D knockdown combined with calcitonin suppresses LPS-induced activation of the HMGB1/MyD88/NF-κB/NLRP3
signaling pathway in hPMECs. (A) HMGB1 mRNA expression in hPMECs measured by qRT-PCR after 24 h stimulation with 10
µg/mL LPS, with or without 10 nM calcitonin treatment and/or CD3D knockdown. (B) MyD88 mRNA expression was detected under
the same treatment conditions. (C) NF-κB mRNA expression was analyzed by qRT-PCR in the indicated groups. (D) NLRP3 mRNA
expression was measured under identical conditions. (E) RepresentativeWB images of HMGB1, MyD88, NF-κB, p-NF-κB, and NLRP3
in hPMECs under the same treatments. GAPDH served as a loading control. (F) Quantification of WB results showing relative protein
expression of HMGB1, MyD88, NF-κB/p-NF-κB, and NLRP3. *p < 0.05 vs. LPS group, #p < 0.05 vs. LPS+10 nM Calcitonin group.
ns vs. LPS group or LPS+10 nM calcitonin group.

circulating IL-6 levels were significantly correlated with
ALI and multiple organ dysfunction among septic patients.
Furthermore, IL-6 concentrations have been shown to be
positively correlated with illness severity, suggesting that
it may be used as a biomarker for sepsis progression and
the risk of complications. COX-2 and iNOS are two en-
zymes commonly associated with inflammation, along with
cellular stress. Zhang et al. [30] demonstrated that the spe-

cific inhibitor PTUPB inhibitedCOX-2 and NLRP3 inflam-
masome activation in hepatic and pulmonary septic mice,
thereby attenuating oxidative stress. Oliveira et al. [31] fur-
ther emphasized that iNOS was markedly increased during
sepsis, contributing to renal cortical shunting andmedullary
ischemia. Selective iNOS inhibition has thus been proposed
as a potential strategy to mitigate sepsis-induced acute kid-
ney injury. In line with these observations, our study re-
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vealed that CD3D knockdown effectively reduced the se-
cretion of TNF-α, IL-6, and IL-1β in LPS-stimulated hP-
MECs, thereby alleviating inflammation-induced growth
inhibition. Additionally, CD3D knockdown reversed the
LPS-induced activation of COX-2 and iNOS. The data im-
ply that CD3D contributes to controlling inflammation and
oxidative stress during LPS-induced injury in hPMECs.

In sepsis, excessive release of bacterial endotoxins and
cytokines leads to increased oxidative stress in the host or-
ganism. Oxidative stress plays a vital role in the develop-
ment of sepsis, causing cellular damage and organ failure
[32]. By preventing endoplasmic reticulum stress and en-
hancing mitochondrial activity, Sang et al. [33] showed
that quercetin reduced oxidative stress damage and shielded
mice against sepsis-induced ALI. Key indicators of cellu-
lar metabolism and oxidative stress, such as LDH, SOD,
MDA, and GSH, are essential in disease research, pro-
viding insights into intracellular mechanisms. Liu et al.
[34] further revealed that elevated LDH levels at admis-
sion were strongly related to increased 30-day mortality in
septic patients. This finding underscores the potential of
LDH as an important prognostic indicator for sepsis out-
comes. Therapeutic strategies that focus on oxidative stress
and inflammation have demonstrated promising effects in
sepsis-induced ALI. Le et al. [35] demonstrated that N-
acetylcysteine (NAC) mitigates ALI severity in septic rats
by suppressing TNF-α and IL-1β, reducing oxidative stress
markers such as MDA, and enhancing antioxidant enzyme
activity, including SOD. Similarly, Xie et al. [36] revealed
that pretreatment with lavender oil significantly attenuates
ALI in septic models. These protective effects were char-
acterized by reduced levels of inflammatory mediators and
oxidative stress, decreased apoptosis, and enhanced antiox-
idant defenses.

Calcitonin has demonstrated strong anti-inflammatory
properties in a range of inflammatory conditions, includ-
ing sepsis [37]. Its ability to modulate the inflammatory
response is critical for reducing tissue damage and improv-
ing survival rates in septic models. Baranowsky et al. [14]
demonstrated that PCT exerts pro-inflammatory effects in
sepsis-induced shock by acting through the CGPR recep-
tor. This mechanism aggravates septic conditions by pro-
moting immune cell production of the inflammatory cy-
tokine IL-17A. In the present study, LPS stimulation of
hPMECs exacerbated intracellular oxidative stress, as ev-
idenced by increased MDA and LDH levels, along with re-
duced activities of the antioxidant enzymes SOD and GSH.
Knockdown of the CD3D gene effectively reversed these
alterations, thereby alleviating oxidative damage. More-
over, calcitonin exerted a dose-dependent protective effect
against LPS-induced cellular injury, progressively restor-
ing cell viability, reducing apoptosis, and significantly in-
hibiting the release of pro-inflammatory cytokines. Addi-
tionally, calcitonin reduced intracellular MDA levels while
enhancing SOD and GSH content, collectively mitigating

oxidative stress. Moreover, knockdown of CD3D also at-
tenuated LPS-induced cytokine production and oxidative
stress, and its combination with calcitonin further potenti-
ated these protective effects, synergistically preserving pul-
monary microvascular endothelial cells from injury.

In patients with sepsis and sepsis-induced ALI,
serum analysis showed marked increases in CD3D,
HMGB1, p-NF-κB, MyD88, as well as NLRP3, indicat-
ing that HMGB1/MyD88/NF-κB pathway activation may
drive sepsis development and related lung inflammation.
HMGB1 and MyD88 are crucial activators of the NF-
κB pathway, which regulates inflammation and immune
responses [38]. Dysregulated NF-κB activity has been
linked to various inflammatory diseases and cancers, es-
tablishing it as a potential therapeutic target [39]. Evi-
dence also indicates that calcitonin inhibits NF-κB signal-
ing, thereby reducing inflammation and offering protective
effects in sepsis [40]. Recent studies further demonstrated
that calcitonin-related peptides alleviate sepsis-induced in-
testinal injury by suppressing NF-κB activation, reducing
NLRP3 expression, and modulating cell adhesion proteins
to limit inflammation. Moreover, NLRP3 is crucial in in-
flammasome formation and activation, as underscored by
Danielski et al. [41], who demonstrated its role in promot-
ing caspase-1 activation, leading to the maturation and re-
lease of IL-1β and IL-18, thereby exacerbating inflamma-
tory responses. LPS stimulation significantly upregulated
levels ofHMGB1,MyD88,NF-κB, andNLRP3 in hPMECs.
Calcitonin inhibited this upregulation in a concentration-
dependent manner, thereby attenuating the inflammatory
response. Similarly, CD3D knockdown suppressed these
inflammatory mediators, while combined treatment with
calcitonin produced a more pronounced inhibitory effect.
These findings suggest that calcitonin and CD3D knock-
down synergistically mitigate LPS-induced inflammation
in pulmonary microvascular endothelial cells through mod-
ulation of the HMGB1/MyD88/NF-κB pathway.

Our study demonstrates that both calcitonin treatment
and CD3D knockdown reduce inflammatory and oxidative
stress responses in vitro. However, the precise mechanis-
tic relationship between calcitonin and CD3D remains un-
clear. It is not yet determined whether calcitonin directly
modulatesCD3D expression or whether these interventions
act through distinct, convergent pathways to achieve simi-
lar protective effects. Further molecular investigations are
warranted to clarify this relationship and to elucidate the
signaling cascades involved. From a clinical perspective,
the in vitro concentrations of calcitonin used in this study
(1–10 nM) exhibited pronounced protective effects. Nev-
ertheless, it remains uncertain whether such concentrations
can be safely achieved in patients. Careful evaluation of
dosing strategies, pharmacokinetics, and potential side ef-
fects is therefore essential before clinical translation. More-
over, the present study was primarily conducted in vitro,
which may not fully recapitulate the complex immune and
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metabolic environment of sepsis in vivo. Additionally, the
patient serum analysis included an extremely small sam-
ple size (n = 3 per group), which is insufficient for draw-
ing robust statistical conclusions and substantially limits the
generalizability of our findings. Although Cohen’s d ef-
fect sizes were reported to better illustrate the magnitude of
group differences, the confidence intervals for several com-
parisons were wide, reflecting the limited precision caused
by the small sample size. This further underscores the need
for cautious interpretation and highlights that these prelim-
inary findings should be validated in larger and indepen-
dent patient cohorts to yield more stable effect size esti-
mates and narrower confidence intervals. The reported dual
role of calcitonin in other contexts, including potential pro-
inflammatory effects, further underscores the need for cau-
tious interpretation. Future studies with larger patient co-
horts and in vivo models are necessary to validate our find-
ings and to optimize therapeutic strategies for targeting in-
flammation and oxidative stress in sepsis.

5. Conclusion
In conclusion, this study identifies CD3D as a key

pro-inflammatory mediator contributing to endothelial dys-
function in sepsis and sepsis-induced ALI. Functional ex-
periments demonstrated that CD3D knockdown alleviated
LPS-induced inflammation, cell cycle arrest, and oxidative
stress in hPMECs. Concurrently, calcitonin exhibited dose-
dependent protective effects against LPS-induced injury,
including the suppression of inflammatory cytokine pro-
duction, oxidative damage, and apoptosis. Notably, com-
binedCD3D silencing and calcitonin treatment exerted syn-
ergistic benefits by further restoring endothelial viability
and suppressing activation of the HMGB1/MyD88/NF-κB
pathway and NLRP3 inflammasome. Collectively, the data
highlight CD3D as a key regulator of endothelial injury in
sepsis, pointing to calcitonin as a potential adjunct therapy.
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