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1 CLINICAL CHALLENGES OF SEVERE INFECTIONS

The increasing incidence of severe infections is one of the
most formidable challenges for critical care medicine, and it is
increasingly common worldwide. The epidemiology shows that
millions are admitted annually for sepsis and related morbidi-
ties, with age-dependent surges in the incidence of sepsis, and
a higher risk among elderly patients or those with comorbid
conditions [1]. Severe infections have highly variable clinical
follow-up needs. Continuous development of antibiotics and
intensive care units, along with early diagnosis and combined
targeted treatments, still plays a key role in reducing patient
mortality.

Severe infection progresses rapidly and is hard to identify, so
early recognition is critical to lowering mortality. Conventional
inflammatory markers are slow to respond although they are
relatively sensitive to stress. Blood cultures (BC) are sensitive,
and BC identification detects 50—80% of mixed infections [2,
3]. However, data from large cohorts indicate that only half of
cases are accurately diagnosed, since BC often fails to identify
low-virulence organisms [2]. Thus, the simultaneous detection
of multi-biomarkers has attracted wide research attention to
get a balance between sensitivity and specificity for optimal
diagnosis and risk stratification.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

This diagnostic challenge is particularly evident in vulnerable
populations, such as neonates and preterm infants, in whom
severe infections may progress rapidly and lead to high mortal-
ity in the neonatal intensive care unit. From a clinical perspec-
tive, early diagnosis is crucial with the requirement of simulta-
neous identification of platelet count and platelet indices to
optimize comorbid status [4]. Combined detection of multiple
biomarkers is an important means to promote early identifica-
tion of infection; however, clinical application issues remain
unsolved, such as lack of standardization, and the approach is
risk-dependent.

2 TYPES AND FUNCTIONS OF BIOMARKERS
2.1 Classification of common biomarkers

Biomarkers of severe infection may be classified based on
their origin and functions. Systemic inflammatory response is
characterized by so-called pro-inflammatory cytokines, such
as C-reactive protein (CRP), procalcitonin (PCT), and interleu-
kin (IL)-6. IL-2 and IL-6 also contribute to improved diagnosis
of bacterial infection in laboratory testing. Immune-related
biomarkers, such as IL-10 and tumor necrosis factor-o. (TNF-a),
reflect host immune shifts in sepsis; elevated IL-10 indicates
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immunosuppression and poor prognosis, whereas increased
TNF-a suggests hyperinflammation and worse outcomes [5, 6].
Infection-related organ injury is assessed with lactate and liver/
kidney function tests. All of these biomarkers can be affected
by confounding factors, so the diagnostic and prognostic effects
are complementary, warranting their combined use in clinical
practice.

2.2 Roles of various biomarkers in diagnosis

Various infection biomarkers serve distinct diagnostic roles.
Pathogen-related markers (such as PCT) identify bacterial
infections and assess severity; inflammatory or immune-relat-
ed markers indicate inflammatory and immune status; organ
function-related markers evaluate disease progression and
prognosis. Combining markers may enhance sensitivity and
support early diagnosis. However, biomarker results should be
interpreted alongside clinical conditions and individual charac-
teristics to avoid overreliance on a single marker and ensure
accurate diagnosis and treatment.

2.3 Research progress on emerging biomarkers

Emerging multi-omics technologies have revealed new bio-
markers for severe infections, including immune checkpoint
molecules, extracellular vesicle miRNAs, metabolomics, and
host transcriptomics. One candidate marker is histone H3
lysine 18 lactylation, which reflects disease severity and regu-
lates macrophage anti-inflammatory function during sepsis
through arginase-1 expression and inflammatory factors [7].
For example, extracellular vesicle-derived miRNA signatures
have shown high diagnostic accuracy for septic shock, with a
three-miRNA model (miR-100-5p, miR-148a-3p, and miR-
451a) achieving an area under the curve of 0.894 in validation
cohorts [8]. These functional biomarkers reveal immune dys-
regulation characterized by concurrent inflammation enhance-
ment and immune evasion, paving the way for early risk
stratification, prognostic assessment, and personalized ther-
apy. However, there is a lack of standardization, accompanied
by high cost and limited accessibility.

3 ADVANTAGES OF COMBINED DETECTION
3.1 Improved sensitivity and specificity

Systemic combined detection of severe infection markers
improves diagnostic sensitivity and specificity. Individually,
single biomarkers fail to detect early infections due to bio-
logical variation and comorbidities. However, multi-biomarker
evaluation offsets these limitations through complementary
effects. For example, combined detection of IL-6 and PCT
showed a sensitivity of 93.84% and a specificity of 96.72%
for severe bacterial infection [9]. Thus, combined detection
supports early diagnosis and individualized clinical decision-
making.

https://doi.org/10.61189/398977gdmjky
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3.2 Promoting the practice of individualized medicine

Multiplex detection of severe infection biomarkers reflects the
inflammatory and immune status to guide individualized med-
icine. IL-1pB, IL-6, and TNF-a are significantly elevated in sep-
sis-induced cardiomyopathy, and their combined detection
improves diagnostic and prognostic evaluation [10]. These
inflammatory factors and related parameters could be incorpo-
rated to dynamically assess infection severity and progression,
thereby guiding antimicrobial therapy, identifying high-risk
patients, and tailoring interventions, serving as a quantitative
prognostic reference.

3.3 Improving clinical decision-making and patient prog-
nosis

Multiplex detection improves the early diagnosis of deep infec-
tions, aiding risk stratification and therapy. Tracking IL-6,
PCT, and CRP identifies high-risk patients for timely treat-
ment and monitoring adjustments. No single biomarker is diag-
nostic by itself and must align with clinical data. Simultaneous
detection enhances diagnostic accuracy and enables individu-
alized management of severe infections, as shown in Figure 1.

4 RISKS OF OVER-RELIANCE ON COMBINED
DETECTION

4.1 Potential risks of misdiagnosis and missed diagnosis

These biomarkers indicate immune dysregulation involving
both inflammatory amplification and suppression, supporting
early stratification, prognostic assessment, and individualized
therapy. However, lack of standardization, high cost, limited
availability and insufficient validation restrict clinical use. Pro-
and anti-inflammatory cytokines in hypothermic sepsis are
generally low, and combined detection may fail to detect these
cytokines, increasing false negatives [11]. Ignoring history,
signs and imaging leads to misdiagnosis and mistreatment.
Thus, combination assays must be applied within the clinical
context and interpreted cautiously.

4.2 Increased healthcare costs and resource waste

Multiplex biomarker detection may improve the diagnostic sen-
sitivity for severe infections, but at a high cost. Repeated test-
ing increases expenses, prolongs hospitalization and treatment,
and consumes resources. Without specific indications, no evi-
dence shows combined detection improves outcomes; instead,
it burdens laboratories and adds cost. Hence, evaluating the
economic value and clinical necessity of multiplex biomark-
er testing is necessary for rational and sustainable clinical
management.

4.3 Risk of deviating from clinical judgment

Simultaneous evaluation of PCT, CRP, and IL-6 may improve
diagnostic and prognostic assessment in severe infection and
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Figure 1. Schematic of the comprehensive clinical value of combined biomarker detection in diagnosis and risk stratification of severe
infections. This figure visually depicts the integrated clinical value provided by the simultaneous detection of multiple biomarkers (e.g., IL-6,
PCT, CRP, lactate, and the SOFA score) for the diagnosis, risk stratification, and individualized treatment guidance of patients with severe infec-
tions. The model illustrates the synergistic nature of biomarkers applied over a continuum and at specific monitoring time points for prognostic
value and utility to guide antibiotic de-escalation therapy and assess its efficacy. IL-6, interleukin-6; PCT, procalcitonin; CRP, C-reactive protein;

SOFA, Sequential Organ Failure Assessment.

support clinical decision-making before pathogen identifica-
tion [12]. As shown in Figure 2, IL-6 increases earlier than
PCT, a bacterial infection marker. PCT and lactate require
serial monitoring with the Sequential Organ Failure Assess-
ment score to predict shock risk. However, biomarker levels
vary with age and comorbidities, and overreliance may obscure
accurate assessment and cause overtreatment. Thus, biomarker
detection should be integrated with symptoms, signs, and
imaging to guide individualized management.

S FUTURE DIRECTIONS AND PRACTICAL
RECOMMENDATIONS

Advances in molecular diagnostics and high-throughput tech-
nologies enable precise multidimensional detection of severe
infection biomarkers. Liquid biopsy, single-cell analysis, and
multiplex immunoassays jointly assess multiple biomarkers,

https://doi.org/10.61189/398977gdmjky

improving sensitivity and specificity. Artificial intelligence and
machine learning (e.g., Light Gradient Boosting Machine,
Extreme Gradient Boosting Machine, Random Forest) show
strong predictive ability in sepsis-associated liver injury.
Stacked ensembles enhance prediction robustness for early
intervention and personalized therapy [13]. These research
findings indicate that the future application of biomarkers
should not be limited to the interpretation of a single biomarker,
but rather should combine molecular indicators with clinical
variables. Nonetheless, these emerging techniques are in need
of multi-center validation and guideline development for clini-
cal application in order to tackle issues concerning standard-
ization, cost, and practicability.

Clinically, it is often difficult to distinguish infection-related

complications solely based on traditional biomarkers. Therefore,
comprehensive analysis is particularly important. Pneumonia,
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Figure 2. Clinical value and potential risks of combined biomarker detection in severe infections. This figure illustrates the clinical signifi-
cance of multi-biomarker multi-signals (PCT, IL-6, lactate, SOFA) detection-based prediction in severe infections such as improving early diag-
nosis and dynamic monitoring and evaluating prognosis. It also highlights the potential for false negative or false positive test results in particular
patient populations like immunosuppressed patients. PCT, procalcitonin; IL-6, interleukin-6; SOFA, Sequential Organ Failure Assessment; ICU,

intensive care unit; CRP, C-reactive protein.

severe sepsis and septic shock are common complications in
patients following an out-of-hospital cardiac arrest and are
associated with high mortality. PCT and CRP provide limited
diagnostic value for infectious complications, and hence lead to
incorrect diagnoses derived from electronic medical records if
used as the sole biomarkers [14]. Integrating clinical data with
biomarker results leads to improved diagnoses and therapy.
Biomarkers should be interpreted dynamically against the
background of disease progression, comorbidities, infection
risk, imaging, microbiology and vital signs to enable compre-
hensive decision-making. Unifying interpretations may help
standardize use, reduce unnecessary interventions and facili-
tate early identification and targeted treatment of severe
infections.

In addition to diagnosis and risk prediction, biomarker-guided

strategies also have practical value in treatment monitoring and
antimicrobial stewardship. Evidence-based protocols for com-

https://doi.org/10.61189/398977gdmjky

bined biomarker assessment in severe infections should define
each biomarker’s role in diagnosis, monitoring, and treatment
evaluation. A PCT-based algorithm guiding antibiotic use in
acute pancreatitis reduced unnecessary antimicrobial expo-
sure without compromising safety [15]. Age, comorbidities,
and immune status must be considered when setting thresholds
and strategies. Overall, future efforts should not only expand
biomarker detection but also establish a clinically validated,
cost-effective, and dynamically interpretable detection strate-
gy. Through multi-center research, standardized biomarker
combinations, thresholds for different disease stages, and clini-
cal decision-making algorithms should be developed. In par-
ticular, the detection results of biomarkers should be combined
with patients’ clinical signs, imaging, microbiology, and elec-
tronic health data. Eventually, the combined detection of bio-
markers can not only be used for the early diagnosis of infec-
tious diseases, but also for risk stratification, treatment moni-
toring, and antibiotic management of severe infections.
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Abstract

Corresponding author: Yaohua Yu.

Neuraxial anesthesia is often challenging in patients with obesity, spinal deformity,
prior spinal surgery, ankylosing spondylitis, or of advanced age, as conventional
landmark-based techniques frequently fail in this population. Ultrasound guidance
has improved puncture accuracy; however, commonly used approaches may still be
limited by patient positioning and the side from which the operator prefers to work. We
report five cases of extremely difficult neuraxial anesthesia in which the procedure was
successfully performed using an ultrasound-guided paramedian sagittal long-axis out-
of-plane approach. This technique allows continuous visualization of the lamina and the
anterior—posterior complex, providing a short and direct puncture path with real-time
guidance. All procedures were completed successfully on the first attempt, with short
puncture times and no anesthesia-related complications. These cases suggest that the
ultrasound-guided long-axis out-of-plane approach is a safe, effective, and flexible option
for managing difficult neuraxial anesthesia.
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1 BACKGROUND

Spinal anesthesia is commonly used for lower extremity, pelvic
and lower abdominal surgery. Traditional blind probing relies
on well-defined anatomical landmarks; however, in patients
with obesity, spinal deformity, history of spinal surgery, anky-
losing spondylitis, or degenerative spinal changes, optimal
patient positioning for the procedure is often difficult to achieve.
This can lead to puncture failure or an increased risk of com-
plications [1-3]. Ultrasound visualization provides real-time
image guidance, improving accuracy and safety [4-6]. In ultra-
sound-guided spinal puncture, the short-axis plane and the
paramedian sagittal oblique plane (a long-axis plane) are two
common approaches [7-9]. The latter can clearly visualize mul-
tiple segments of the lamina, ligamentum flavum, and dural
sac (i.e., the “anterior-posterior complex”) simultaneously [10].
However, it is more positionally demanding, as right-handed

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

operators typically require the patient to lie on their left side.
The long-axis in-plane technique allows direct visualization of
the needle trajectory but is often limited by patient positioning
and operator handedness (Figure 1A). In contrast, the long-
axis out-of-plane technique is free from these constraints,
allows real-time needle tip tracking, and is ideally suited for
complex cases with unclear landmarks, narrow interspaces, or
difficult positioning (Figure 1B). This paper reports five suc-
cessful cases of difficult neuraxial anesthesia using the ultra-
sound-guided long-axis out-of-plane approach.

2 CASE PRESENTATION
2.1 Case 1

A 58-year-old male (120 cm, 35 kg, BMI 24.3 kg/m?) with con-
genital chest wall deformity, severe pulmonary dysfunction,
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Figure 1. Comparison of long-axis in-plane and out-of-plane ultrasound-guided techniques. Compared with short-axis scanning, the long-
axis view provides clearer visualization of intraspinal structures and allows continuous display of multiple interlaminar spaces, facilitating iden-
tification of the widest or most distinct acoustic window. The long-axis in-plane technique (A) enables direct visualization of the needle trajectory
but is limited by patient positioning and operator handedness. In contrast, the long-axis out-of-plane technique (B) is not constrained by these
factors, allows tracking of needle tip advancement, and is particularly suitable for patients with restricted positioning or narrow intervertebral

spaces.

and cor pulmonale required transurethral bladder lithotripsy.
Spinous processes T6-L2 were impalpable. Ultrasound
revealed a clear anterior—posterior complex at L4-L5 and L5—
S1. Combined spinal—epidural anesthesia was successfully per-
formed at L4—L5 using a long-axis out-of-plane approach in the
left lateral position. Needling time was 5 minutes, achieving a
T10 block with stable hemodynamics (Figure 2A-C).

2.2 Case 2

A 34-year-old obese parturient (160 cm, 85 kg, BMI 33.2 kg/
m?) at 39 weeks’ gestation had a history of lumbar internal
fixation and schizophrenia. Previous cesarean section had
required general anesthesia. Using laminar long-axis imaging
combined with transverse process localization, ultrasound
scanning identified the widest anterior—posterior complex at

https://doi.org/10.61189/0374 1 6axzkek

L2-L3. Spinal anesthesia was successfully performed via a
long-axis out-of-plane approach within 4 minutes, achieving a
T6 sensory level. Doppler ultrasound confirmed intrathecal
injection (Figure 2D-F).

2.3 Case 3

A 69-year-old patient (158 cm, 57 kg, BMI 22.8 kg/m?) with
prior L4—SI internal fixation presented with refractory left
lumbar radicular pain. Under ultrasound guidance, an epi-
dural puncture was performed at L3—L4 using the long-axis
out-of-plane technique, followed by injection of 5 mL of
anti-inflammatory and analgesic medication. The patient
experienced immediate and significant pain relief (Figure
2G-I).
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Figure 2. Ultrasound-guided long-axis out-of-plane neuraxial procedures in patients with challenging spinal conditions (Cases 1-5).
(A-C) Case 1: A patient with chronic obstructive pulmonary disease and cor pulmonale underwent transurethral cystolithotripsy (A). Three-
dimensional reconstruction revealed a congenital thoracic deformity (B). Feasible puncture windows were identified at L4—L5 and L5-S1. With
the patient in the left lateral position, combined spinal-epidural anesthesia was successfully performed at L4-L5 using an ultrasound-guided
long-axis out-of-plane approach (C). (D-F) Case 2: A parturient with a history of lumbar internal fixation underwent cesarean section (D). Ultra-
sound scanning demonstrated that the anterior—posterior complex was widest at the L2—L3 interspace (E). Doppler imaging in the short-axis view
showed blood flow signals during injectate administration (F). (G-I) Case 3: A patient with a history of L4—S1 lumbar internal fixation presented
with left-sided lumbosacral radicular pain (G). Three-dimensional reconstruction demonstrated the internal fixation hardware (H). A puncture
window was identified at L3—L4. With the patient in the right lateral position, a diagnostic lateral recess injection was performed at the L3—-L4
interspace using an ultrasound-guided long-axis out-of-plane approach (I). (J-L) Case 4: A patient with a left intertrochanteric femoral fracture
underwent proximal femoral nail antirotation surgery (J) and had concomitant ankylosing spondylitis (K). With the patient in the right lateral
position, spinal anesthesia was performed at the L2-L3 interspace using an ultrasound-guided long-axis out-of-plane approach. Doppler signals
generated by injectate spread were observed on the long-axis view (L). (M, N) Case 5: A patient with a left intertrochanteric femoral fracture
underwent proximal femoral nail antirotation surgery (M). With the patient in the right lateral position, combined spinal-epidural anesthesia was

successfully performed at the L5—S1 interspace using an ultrasound-guided long-axis out-of-plane approach (N).

2.4 Case 4

A 64-year-old male (170 cm, 55 kg, BMI 19.0 kg/m?) with
ankylosing spondylitis and a left intertrochanteric femoral
fracture underwent a fascia iliaca compartment block fol-
lowed by spinal anesthesia. Using ultrasound guidance in the
right lateral position, spinal anesthesia was successfully
achieved at L2-L3 via a long-axis out-of-plane approach.
Doppler signals confirmed injectate spread, and the sensory
block reached T8 without complications (Figure 2J-L).

2.5Case 5

A 96-year-old patient (150 cm, 40 kg, BMI 17.8 kg/m?) with
chronic lung disease and a left intertrochanteric fracture
posed significant anesthetic challenges. Ultrasound scanning
showed that only the L5—SI anterior—posterior complex was
clearly visible. Combined spinal—epidural anesthesia was suc-
cessfully performed at this level using a long-axis out-of-plane
approach. The puncture took 5 minutes, achieved a T10 block,
and was well tolerated (Figure 2M, 2N; see Supplementary
Video 1).

3 DISCUSSION

This case series includes patients with multiple factors associ-
ated with difficult spinal anesthesia, such as spinal deformity,
obesity, prior spinal fixation surgery, ankylosing spondylitis,
and advanced age. In these populations, conventional land-
mark-based puncture is often limited by obscure anatomical
landmarks, inaccurate localization, and repeated needle
attempts [1, 3]. Ultrasound-guided techniques—particularly
the long-axis out-of-plane approach—offer an effective solution
by enabling direct visualization of the interlaminar space,
ligamentum flavum, and dural sac (see Supplementary Video
2) [8, 10]. This approach is not constrained by operator hand-
edness or patient positioning and provides a short, direct
puncture path.

https://doi.org/10.61189/0374 1 6axzkek

The ultrasound-guided long-axis out-of-plane technique has
several notable advantages. First, it allows superior visual
localization. Compared with short-axis imaging, the long-axis
view clearly delineates the spinal canal and enables continuous
visualization of multiple interlaminar spaces, facilitating iden-
tification of the widest or most distinct acoustic window, espe-
cially in patients with absent or distorted surface landmarks [8,
10]. Second, it provides real-time guidance and confirmation.
Needle advancement can be dynamically observed as it passes
through the ligamentum flavum and dura mater. Correct nee-
dle tip placement can be further confirmed by anterior dis-
placement of the dural sac or color Doppler signals generated
by saline or drug injection, improving puncture accuracy and
safety [9]. Third, this technique aids accurate interspace identi-
fication. Laminar oblique scanning combined with transverse
process localization can reliably identify the target interverte-
bral level, which is particularly important in patients with
altered spinal anatomy [9, 10]. Finally, in this small series of
five patients, the technique was completed successfully on the
first attempt in all cases, with short puncture times and no
anesthesia-related complications. These preliminary findings
suggest the procedure may be feasible and well-tolerated,
although further studies with larger sample sizes are needed
to evaluate its success rate and safety more definitively.

Several technical considerations are essential for successful
application. A low-frequency convex probe is typically used,
with paramedian sagittal oblique scanning to align the ultra-
sound beam parallel to the lamina and obtain an optimal view
of the anterior—posterior complex. An out-of-plane needle
insertion technique is employed, with needle depth tracked by
subtle probe adjustments or the needle trajectory method. In
difficult situations, such as when only a single interlaminar
space is visible or when severe osteophyte formation is pres-
ent, probe angulation may need adjustment, and epidural saline
injection can assist in confirming loss of resistance and dural
sac movement. However, ultrasound penetration is limited in
cases of heavy calcification or extensive bony obstruction,
underscoring the need for adequate operator training and
experience.
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4 CONCLUSIONS

In conclusion, this case series of five patients with complex spi-
nal conditions demonstrates that the ultrasound-guided long-
axis out-of-plane approach was successfully performed on the
first attempt in all cases, with short puncture times and no
anesthesia-related complications. These preliminary findings
suggest the technique may be a feasible alternative for difficult
neuraxial anesthesia, although its efficacy and safety compared
with traditional methods cannot be determined from this small
series. Further large-scale, controlled studies are warranted to
validate these observations and define its potential role in clini-
cal practice.
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1 INTRODUCTION

Perioperative blood pressure (BP) control is a cornerstone of
anesthesiology, as it significantly affects organ recovery and
the development of postoperative complications. In pediatric
patients undergoing cardiopulmonary bypass, brain injury is
associated with impaired cerebral autoregulation. Accurate
adjustment of mean arterial pressure (MAP) can preserve cere-
bral perfusion and thus minimize neurological injury [1].
Hypotension often leads to insufficient perfusion of the brain,
heart, and kidneys, resulting in complications such as acute
kidney injury (AKI) and cerebral ischemia.

Recent advancements have shifted perioperative BP manage-
ment from empirical to goal-directed approaches. For instance,
transcranial Doppler monitors cerebral blood flow following
vascular occlusion to prevent hyperperfusion. Tools such as
esophageal Doppler and the pressure recording analytical
method (PRAM) enable more precise titration of circulatory
dynamics. Low-dose continuous norepinephrine (NE) infusion
combined with goal-directed fluid therapy has been shown to
reduce complications in elective pulmonary surgery [2]. The
prophylactic use of vasoactive agents and the renal-protective
effects of dexmedetomidine (DEX) provide additional strate-
gies for effective perioperative BP control. Defining personal-
ized safety thresholds and integrating multimodal monitoring
remain critical challenges. Notably, lower MAP is strongly
associated with postoperative AKI, while post-induction hypo-
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in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

tension independently increases the odds of adverse events in
transcatheter aortic valve replacement [3].

2 MECHANISMS AND IMPACT OF PERIOPERATIVE
BP MANAGEMENT

2.1 Effects of BP fluctuations on organ perfusion

Hemodynamic changes during the perioperative period can
exert a significant impact on organ perfusion and function. In
patients with aneurysmal subarachnoid hemorrhage, the oxy-
gen reactivity index shows superior sensitivity in detecting per-
fusion derangements associated with delayed cerebral ischemia
[4]. While compensatory microcirculatory mechanisms may
preserve certain mucosal functions during hypotension, accu-
rate BP control remains vital for critical organs. Personalized
BP control based on dynamic hemodynamic variations may
attenuate the risk of perfusion mismatch that leads to organ
injury. Current clinical consensus suggests that maintaining
MAP within 10% of the patient’s baseline or keeping the cere-
bral oxygenation index below 0.3 serves as a critical threshold
for organ protection.

2.2 Correlation between hypotension and postoperative
cerebral complications

Perioperative hypotension contributes to cerebral complica-
tions through reduced perfusion pressure and disruption of the
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Cardiac dysfunction
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Real-time monitoring and goal-directed hemodynamic management (TCD, PRAM, Esophageal Doppler)

Pharmacological optimization (Norepinephrine, Dexmedetomidine. etc.)

Intelligent closed-loop control and Al algorithmic regulation

Figure 1. Schematic representation of critical thresholds in perioperative blood pressure management and multi-organ protection strate-
gies. Decreases in MAP, increases in BPV, and PIH lead to hemodynamic instability, microcirculatory disturbances, and impaired autoregula-
tion, resulting in subsequent injury to critical organs such as the brain, heart, and kidneys. Mechanism-based multidimensional intervention
strategies include dynamic monitoring and goal-directed hemodynamic therapy (e.g., TCD, PRAM, esophageal Doppler), pharmacological opti-
mization (e.g., norepinephrine, dexmedetomidine), and closed-loop control using artificial intelligence for real-time BP management. This figure
was created by the author using Figdraw. MAP, mean arterial pressure; BPV, blood pressure variability; PIH, post-induction hypotension; TCD,
transcranial Doppler; PRAM, pressure recording analytical method; BP, blood pressure; AKI, acute kidney injury; AKD, acute kidney disease;
CSA-AKI, cardiac surgery-associated acute kidney injury; Al artificial intelligence.

blood—brain barrier. Orthostatic hypotension is associated
with cognitive impairment and microstructural brain damage.
However, personalized protocols that maintain cerebral oxy-
genation within optimal ranges show promise for reducing
neurological complications. In addition, acute water intake has
been shown to improve orthostatic tolerance in patients with
orthostatic hypotension and reduce performance decline asso-
ciated with insufficient cerebral perfusion, offering a simple
perioperative neuroprotective strategy [5]. A critical threshold
is typically defined as an absolute MAP below 65 mmHg or a
decrease of more than 20% from the pre-induction baseline,
both of which significantly elevate the risk of cognitive
impairment.

2.3 BP-related mechanisms of cardiac and renal dysfunction

Perioperative BP variability profoundly impacts hemodynamic
stability and organ perfusion, thereby influencing both cardiac
and renal function. Intraoperative hypotension—especially a
decrease in MAP—can lead to insufficient myocardial perfu-
sion and ischemic damage; therefore, stable BP is essential for

https://doi.org/10.61189/114823yitjfu

cardiac protection. Higher blood pressure variability (BPV)
during cardiopulmonary bypass—particularly when MAP
fluctuations exceed 30% of the area under the curve—is sig-
nificantly associated with cardiac surgery-associated AKI in
pediatric patients [6]. For adults, a cumulative duration of
MAP below 60 mmHg for more than 20 minutes is identified
as a critical threshold for stage 1 AKI.

Perioperative hemodynamic instability—characterized by
chronic or repeated episodes of hypotension, hypertension, or
increased BPV—Ieads to microcirculatory deterioration and
disruption of autoregulatory responses, ultimately resulting in
target organ injury (Figure 1). Notably, patients with chronic
hypertension are more prone to these variations due to preex-
isting arteriolosclerosis and impaired renal autoregulation.
This cardiorenal interaction illustrates the complex relation-
ship between hemodynamic instability and organ perfusion in
a vulnerable state. Such pathophysiological processes highlight
the importance of personalized and dynamic BP management
to reduce intraoperative shock and improve early postoperative
outcomes.
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3 INNOVATIVE MANAGEMENT STRATEGIES AND
CLINICAL PRACTICE

Individualized BP management guided by real-time monitor-
ing is essential for preventing complications. Esophageal
Doppler-guided therapy decreases pulmonary complications
and hospital length of stay, while the PRAM facilitates post-
operative triage and reduces healthcare costs. Continuous arte-
rial pressure monitoring and Al-based algorithms enable cli-
nicians to dynamically assess circulatory status. Closed-loop
control systems further improve hemodynamic stability. Ac-
curate pharmacological regulation effectively protects organ
function. Prophylactic NE infusion is superior to bolus epi-
nephrine for reducing post-induction hypotension and compli-
cations in major abdominal surgery. Continuous DEX infu-
sion for 24 hours significantly lowers the rate of AKI rates
by 29% without hemodynamic risks. Titratable, short-acting
a-adrenergic agonists permit stable perfusion and minimize
organ injury. Furthermore, closed-loop administration of NE
significantly decreases the incidence of postoperative hypoten-
sion in ICU patients following cardiac surgery [7].

The integration of continuous BP monitoring with advanced Al
algorithms facilitates real-time recognition of hemodynamic
changes. Notably, the ClearSight system provides safe, non-
invasive arterial pressure measurement via a finger cuff, offer-
ing a viable alternative for neurovascular surgery. In the future,
these intelligent technologies could be incorporated into a
“prediction—prevention—intervention” model to provide more
precise control and further reduce perioperative complications
[8]. A variety of commonly used perioperative antihyperten-
sive drugs with differentiated administration regimens and
corresponding clinical trial outcomes are summarized in
Supplementary Table 1.

4 DISCUSSION

4.1 Multidisciplinary collaboration in perioperative BP
management

Optimization of perioperative BP is an important factor in pre-
venting postoperative organ dysfunction, and collaboration
among various disciplines (anesthesiology, surgery, critical
care, and nursing) is crucial for its successful implementation.
Real-time monitoring-guided, patient-specific BP management
strategies may facilitate optimal intraoperative and postopera-
tive decision-making. For instance, intraoperative transcranial
Doppler monitoring allows early detection of cerebral hyper-
perfusion syndrome after carotid endarterectomy, whereas
esophageal Doppler and PRAM improve the reliability of
hemodynamic data and contribute to continuity of care [9].
With multidisciplinary support, encephaloduroarteriosynangi-
osis can be optimally performed with further improvements in
surgical techniques, strict hemodynamic control during anes-
thesia, and versatile methods of medical management [10]. In
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the future, establishing standardized collaborative workflows,
improving information exchange, and enhancing team training
will be crucial for transitioning BP intervention from isolated
treatment to coordinated, whole-process management.

4.2 Key challenges and emerging research priorities

Despite exciting advances in personalized BP management for
preventing postoperative organ injury, major hurdles remain in
implementing this approach at the bedside. The use of real-
time monitoring systems is restricted by their availability and
the lack of standardized operating procedures, which hinders
their application in primary hospitals. BPV can influence cere-
bral perfusion and is associated with the development of ICU
delirium; however, its mechanistic involvement in organ injury,
diagnostic parameters, and therapeutic targets have yet to be
elucidated [11]. Combined pharmacological and technological
approaches, such as closed-loop NE infusion systems, appear
promising for improving BP control; however, there is a lack of
evidence regarding their long-term beneficial impact and cost-
effectiveness. Furthermore, the ClearSight system enables non-
invasive arterial pressure measurement via a finger cuff and
may be a safe alternative for use in neurovascular surgery [8].
Future research should focus on intelligent, non-invasive mon-
itoring technologies, multicenter randomized controlled trials,
and integrated models that combine biomarkers with hemody-
namic parameters to enable precise risk stratification and tar-
geted interventions.

4.3 The role of BP management in overall postoperative
recovery

Precise perioperative BP management can markedly lower the
incidence of complications in vital organs such as the brain,
heart, and kidneys and improve microcirculation and postop-
erative lung function. These factors contribute to reduced hos-
pital length of stay and improved long-term outcomes. In car-
diac surgery, intraoperative DEX can preserve renal function
and reduce the use of vasopressors [12]. Goal-directed hemo-
dynamic therapy makes pulmonary recovery more efficient and
improves overall rehabilitation. Additionally, combined aero-
bic and resistance training has been shown to be more effective
than aerobic training alone in reducing BP and its variability
[13]. Integrating BP management into a comprehensive “sur-
gery—monitoring—rehabilitation” pathway, together with early
mobilization and nutritional support, enables the establishment
of a patient-centered, multidimensional rehabilitation system
that substantially improves the overall quality of perioperative
care.

5 CONCLUSION AND CLINICAL IMPLICATIONS
Accurate perioperative BP control is essential for avoiding

postoperative multiorgan failure. Although current evidence
highlights the critical importance of personalized manage-
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ment, several clinical gaps remain. One major limitation is the
lack of universal, high-level evidence that specifically defines
“critical thresholds” across diverse surgical populations. Most
current studies rely on retrospective data, which may not fully
account for individual patient baseline variability [14].

Future research should prioritize multicenter randomized con-
trolled trials to validate the long-term cost-effectiveness and
clinical outcomes of intelligent closed-loop infusion systems.
Furthermore, integrating non-invasive monitoring technolo-
gies with machine-learning algorithms will be crucial for
transitioning from reactive treatment to proactive, predictive
interventions.

Finally, the successful implementation of these strategies
requires robust multidisciplinary collaboration and standard-
ized educational protocols. The ultimate goal is to establish
a patient-centered, multidimensional “prediction—prevention—
rehabilitation” pathway that ensures safer perioperative recov-
ery, even in resource-limited settings.

ABBREVIATIONS

MAP, mean arterial pressure; BP, blood pressure; DEX, dex-
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Supplementary Information
Supplementary Table 1. Key clinical research elements in intraoperative blood pressure pharmacologic regulation strategies
Intervention Administration Patient population/  Target blood pressure Secondary Primary Reference
drug strategy type of surgery management scenario outcomes outcomes
Vasopressors High intraoperative  Elderly patients under- Mean arterial pressure Decrease in hemo-  Postoperative AKI [1]
such as meta-  dosage going non-cardiac (MAP) <60, systolic globin levels
raminol surgery blood pressure (SBP)
<90
Esketamine Continuous infusion Patients undergoing ~ Blood pressure regula- Intraoperative Incidence of [2]
at 0.25 mg/kg/h below-knee orthope-  tion during tourniquet hypotension and tourniquet-induced
dic surgery inflation postoperative ad-  hypertension
verse reactions
Magnesium Intraoperative intra- Postoperative patients Management of Ephedrine and pro- Changes in sys- [3]
sulfate venous infusion undergoing abdomi-  systolic blood pressure pofol consumption tolic blood pressure
noplasty after weight  during tracheal intuba- and pain scores during tracheal
loss tion and skin incision intubation and skin
incision
Propofol versus Intravenous infusion Patients undergoing  Maintenance of MAP  Postoperative pain  Changes in nocicep- [4]
sevoflurane versus inhalation abdominal laparo- with phenylephrine and opioid con- tion level (NOL)
scopic surgery sumption index after tetanic
stimulation
Sufentanil Total intravenous Patients undergoing Stable intraoperative  Stress indicators, Hemodynamic [5]
combined with  anesthesia with radical mastectomy blood pressure and pain scores, and parameters remain
propofol combined adminis- heart rate (HR) adverse reactions  stable
tration
Ketamine, dex- Intravenous bolus American society Maintains intraop- Comparable recov- Reduced anesthetic  [6]
medetomidine  followed by continu- of anesthesiologists erative hemodynamic  ery quality and side and analgesic con-
ous infusion physical status (ASA) stability effects sumption
I/II patients under-
going laparoscopic
cholecystectomy
Dexmedetomi- (1 pg/kg) as an adju- Pediatric upper limb ~ Comparison of intraop- Rescue analgesia Prolonged duration  [7]
dine vant to ropivacaine  fracture surgery erative blood pressure  and complications  of analgesia mainte-
and HR nance
Dexmedetomi- Intravenous admin-  Patients undergoing = Maintains hemody- Reduces incidence Hemodynamic [8]
dine istration before anes- laparoscopic cholecys- namic stability of coughing stability
thesia induction tectomy
Phenoxybenza- Duration of preop-  Patients undergoing Intraoperative hemo-  Hypotension, infec- Hemodynamic [9]
mine (PXB) erative PXB admin- pheochromocytoma dynamic targets tion instability
istration and paraganglioma
(PPGL) resection
Dexmedetomi- Continuous infusion Laparoscopic colorec- Intraoperative blood MAP, HR, and Reduced postopera-  [10]
dine at 0.5-1.0 pg/kg/ tal cancer surgery pressure measurement  bispectral index tive pain scores
hour at multiple time points (BIS)
Dexmedetomi- Intravenous injec- ASA /I grade Perioperative blood Anesthetic con- Hemodynamic sta-  [11]
dine tion of 0.5 pg/kg patients undergoing pressure management  sumption, recovery bility and attenuation
before anesthesia laparoscopic cholecys- during general anesthe- time, and adverse  of stress response
induction tectomy (LC) sia for LC events
Ketamine, mag- Adjuvant for scalp  Patients undergoing Blood pressure control Changes in MAP Reduction in postop- [12]
nesium sulfate  block supratentorial crani-  during pin insertion and HR erative pain scores
otomy
Hyoscine butyl Prophylactic intra-  Spinal anesthesia for ~ Prevention of intraop-  Reduction in the Decrease in the inci- [13]
bromide venous injection of  cesarean section in erative bradycardia incidence of nausea dence of bradycardia
20 mg parturients and vomiting
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Esmolol Single dose of 0.5-  ASA II/III surgical Perioperative intuba-  Intraoperative Incidence of intuba- [14]
1.0 mg/kg before patients tion and extubation and postoperative  tion and extubation
induction, continu- responses opioid consumption responses
ous infusion of 0.5- and adverse events
2.0 mg/kg/h during
surgery
Salbutamol/ Intraoperative inha-  Elderly patients with  Intraoperative blood Reduced postop- Decreased incidence [15]
budesonide lation administration high cardiovascular pressure maintained erative pulmonary  of myocardial injury

risk undergoing thora- within 20% of baseline complication score

coscopic lobectomy

after non-cardiac
surgery (MINS)

Note: AKI, acute kidney injury; ASA, American society of anesthesiologists physical status; BIS, bispectral index; HR, heart rate; LC, lapa-
roscopic cholecystectomy; MAP, mean arterial pressure; MINS, myocardial injury after non-cardiac surgery; NOL, nociception level; PPGL,
pheochromocytoma and paraganglioma; PXB, phenoxybenzamine; SBP, systolic blood pressure.
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Oxidative stress serves as the central pathological hub of vari-
ous major diseases such as cancer, neurodegenerative disor-
ders, sepsis, and perioperative organ injury. Its core is an imbal-
ance between reactive oxygen species (ROS) production and
the body’s antioxidant defense system, which can bidirection-
ally regulate DNA damage and immune activation. Therefore,
understanding its homeostatic mechanisms is critical for dis-
ease prevention and treatment, particularly in organ protection
and prognosis improvement for perioperative anesthetized and
critically ill patients (Figure 1).

1 THE IMBALANCED ESSENCE OF OXIDATIVE
STRESS

The core of oxidative stress is the functional mismatch between
ROS generation including superoxide anion, hydrogen perox-
ide and other species, and the activity of antioxidant systems
including superoxide dismutase, glutathione and catalase, rath-
er than an absolute increase in ROS levels. Its biological effects
are highly dependent on concentration, duration of action and
cellular compensatory capacity [1].

Moderate, controlled oxidative stress can function as a physio-
logical signaling cue to trigger immune responses and facilitate
pathogen clearance; conversely, excessive, sustained oxidative
stress induces irreversible damage to biological macromole-
cules including lipids, proteins and DNA [1]. Taking the classic
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oxidative stress inducer H20- as an example, at low concentra-
tions ranging from nanomolar to low micromolar levels, ROS
govern key signaling pathways such as protein kinase B phos-
phorylation via reversible redox modification; once concentra-
tions exceed the cellular tolerance threshold such as >100 uM,
ROS shift to a potent cytotoxic agent that triggers cell death
and tissue injury [2]. Notably, telomeric DNA at chromosome
ends is highly vulnerable to ROS attack. Persistent oxidative
stress accelerates telomere shortening and dysfunction, induces
cellular senescence and genomic instability, features that are
also core mechanisms underlying inflammatory diseases,
malignant tumor progression, and accelerated perioperative
organ senescence [2]. Clinical scenarios including periopera-
tive ischemia-reperfusion, mechanical ventilation, anesthetic
exposure and sepsis are all key triggers of systemic oxidative
stress imbalance in the body.

2 DNA DAMAGE EFFECTS MEDIATED BY
OXIDATIVE STRESS

Sustained ROS attack on DNA elicits multiple forms of dam-
age, including base oxidation typified by 8-oxoguanine forma-
tion, DNA strand breaks, and protein-DNA cross-linking. The
body executes damage repair via multi-tiered mechanisms such
as base excision repair, nucleotide excision repair and homolo-
gous recombination repair. Among these, key base excision
repair pathway enzymes such as 8-oxoguanine DNA glycosyl-
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Figure 1. The dual roles of oxidative stress: balance, imbalance, and targeted intervention. ROS serve as critical signaling molecules that
regulate immune activation. They promote macrophage polarization, enhance dendritic cell antigen presentation via activation of the NF-kB
pathway, and regulate CD4" T cell differentiation to maintain immune surveillance. Excess ROS can directly induce DNA damage in cells.
Although OGGT1 is involved in repairing such damage, sustained ROS exposure results in uncontrolled DNA lesions and increased genomic
instability. Cancer cells maintain relatively high ROS levels to activate proliferative signaling pathways, and they enhance their antioxidant
capacity via Nrf2 upregulation and metabolic reprogramming to drive tumor progression. Multiple targeted intervention strategies have been
developed for oxidative stress dysregulation. Nanocatalytic materials can disrupt the redox balance of tumor cells and induce DNA damage via
localized Fenton-like generation of hydroxyl radicals, GSH depletion, and blockade of DNA repair pathways. ROS, reactive oxygen species;
NF-kB, nuclear factor kappa B; CD4" T cell, cluster of differentiation 4-positive T cell; OGGI, 8-oxoguanine DNA glycosylase 1; Nrf2, nuclear
factor erythroid 2—related factor 2; GSH, glutathione; M0, MO macrophage; M1, M1 macrophage; M2, M2 macrophage; DC, dendritic cell; Treg,
regulatory T cell; Thl, T helper 1 cell; Th2, T helper 2 cell; IL-4, interleukin-4; IFN-y, interferon-gamma; MHC-II, major histocompatibility
complex class II; CD80/86, cluster of differentiation 80/86; TME, tumor microenvironment; GST, glutathione S-transferase; PPP, pentose phos-

phate pathway; NADPH, nicotinamide adenine dinucleotide phosphate; MTH1, MutT homolog 1; 8-0x0G, 8-oxoguanine.

ase 1 not only directly repair oxidized bases, but also preserve
tissue barrier integrity and immune microenvironment homeo-
stasis by regulating cytokine expression [3].

The primary pathogenic consequence of persistent oxidative
stress is not mere cytotoxicity, but the accumulation of onco-
genic mutations driven by induced genomic instability, cou-
pled with epigenetic alterations including DNA methylation
and histone modification. These changes collectively drive
uncontrolled cell proliferation and apoptotic evasion, ulti-
mately promoting tumor initiation and progression [1]. Cancer
cells consistently maintain higher ROS levels than normal
cells: on one hand, they drive proliferative and survival signal-
ing via activation of pathways such as mitogen-activated pro-
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tein kinase-extracellular signal-regulated kinase and phos-
phoinositide 3-kinase-protein kinase B; on the other hand,
they counteract the cytotoxicity of elevated ROS by upregu-
lating antioxidant transcription factors such as nuclear factor
erythroid 2-related factor 2 (Nrf2) and reprogramming meta-
bolic pathways, thereby sustaining malignant progression [4].
In the fields of anesthesiology and critical care medicine, per-
sistent oxidative stress induced by pathological states including
perioperative ischemia-reperfusion, cardiopulmonary bypass,
and sepsis disrupts DNA damage-repair homeostasis in vital
organ cells such as renal tubular epithelial cells, alveolar epi-
thelial cells, and cardiomyocytes. This disruption represents
the core pathological mechanism underlying the development
of postoperative multiple organ dysfunction syndrome.

165



Perioperative Precision Medicine 2026; 4 (2): 164-167.

3 OXIDATIVE STRESS AND IMMUNE ACTIVATION

Oxidative stress exhibits a tightly regulated threshold effect in
modulating immune responses. Physiological levels of ROS are
indispensable for normal immune system activation: during the
innate immune phase, ROS promote macrophage polarization
toward the pro-inflammatory M1 phenotype, stimulate the
release of cytokines such as tumor necrosis factor-alpha and
interleukin-1 beta, and enhance Toll-like receptor pathway
activity and macrophage bactericidal capacity [5]. During anti-
gen presentation, ROS upregulate dendritic cell expression of
major histocompatibility complex class II molecules and co-
stimulatory molecules via nuclear factor kappa-B pathway acti-
vation, boosting antigen presentation efficiency [6]. During the
adaptive immune phase, ROS finely tune T cell activation and
differentiation to maintain normal host defense function [7].

However, when oxidative stress remains chronically uncon-
trolled, physiological immune activation quickly transitions
into chronic inflammation and immune dysfunction, acting as
a key pathogenic driver of disease progression. This effect is
particularly pronounced in the tumor microenvironment: ROS
produced by cancer cells and stromal cells induce the infiltra-
tion of immunosuppressive cells, establishing a self-reinforc-
ing positive feedback loop between oxidative stress and
inflammation that ultimately drives immune escape [8]. In
perioperative and critical care settings, this threshold effect
directly determines patient prognosis: uncontrolled oxidative
stress in patients with sepsis and acute respiratory distress syn-
drome not only triggers cytokine storms to exacerbate tissue
injury, but also induces aberrant macrophage polarization and
T cell exhaustion, leading to immune paralysis and signifi-
cantly increasing the risk of secondary infection and mortal-
ity. Meanwhile, anesthetic agents and perioperative manage-
ment strategies can modulate postoperative immune function
and infection risk by regulating systemic oxidative stress
levels.

4 PRECISE INTERVENTION STRATEGIES BASED ON
REDOX HOMEOSTASIS

The dual nature of oxidative stress dictates that the core of
clinical intervention is precision-targeted homeostasis con-
trol—excessive oxidative stress can be corrected via antioxi-
dant strategies to mitigate DNA damage for disease prevention
and organ protection, while moderate oxidative stress can be
strategically harnessed in specific contexts to activate immu-
nity, or tumor cell redox homeostasis can be selectively dis-
rupted to induce cancer cell death.

Nevertheless, traditional non-selective antioxidant therapies
carry marked clinical limitations. Multiple large-scale clinical
trials and basic studies have confirmed that universal antioxi-
dant supplements yield no preventive or therapeutic benefits,
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and instead increase lung cancer risk in smokers and accelerate
tumor growth in murine models, fully demonstrating that dis-
ruption of redox homeostasis on either end exacerbates patho-
logical progression [9, 10]. In anesthesiology and critical care
medicine, regulating redox balance has emerged as a research
focus for perioperative organ protection and critical care man-
agement. Use of volatile anesthetics and clinically routine
agents such as dexmedetomidine can moderately modulate
ROS levels and activate the Nrf2 antioxidant pathway, attenuat-
ing ischemia-reperfusion induced DNA damage and immune
dysfunction to confer perioperative protection for vital organs
including the heart, brain and kidneys. For sepsis treatment,
research has abandoned non-selective antioxidant therapy,
shifting focus to precise intervention strategies that target
excess ROS clearance while preserving the physiological
immune-activating function of ROS.

In addition, strategies targeting the disruption of tumor cell
redox homeostasis have demonstrated notable translational
potential. For instance, nanocatalytic platforms can specifically
amplify oxidative damage in tumor tissues and block DNA
repair pathways to achieve precision anti-tumor therapy. The
development of detection technologies for highly sensitive oxi-
dative stress biomarkers such as §-oxo-7,8-dihydro-2’-deoxy-
guanosine has also laid critical groundwork for accurate
assessment of patient oxidative stress status and implementa-
tion of individualized interventions [11].

5 CONCLUSION

In summary, oxidative stress modulates two core biological
processes, DNA damage and immune activation, simultane-
ously via concentration-dependent bidirectional effects. Future
research and clinical practice should focus on the precise iden-
tification and control of redox balance points in specific patho-
logical microenvironments, minimizing pathological DNA
damage while preserving or enhancing physiological immune
activation, ultimately delivering optimized strategies for the
prevention and treatment of tumors, perioperative organ injury,
severe sepsis and other related diseases.
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Objectives: This study aimed to identify acupoint selection patterns for breast cancer-
lege of Acupuncture-Moxibustion and Tuina, related pain using the Knowledge Discovery in Databases (KDD) method, construct a
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Dingxi East Road, Chengguan District, Lanzhou  efficacy when combined with the World Health Organization three-step analgesic
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May 2024. An Excel-based dataset was developed to analyze acupoint frequency and
Received December 17, 2025; Accepted April  meridian attribution. Acupuncture prescriptions for cancer pain without specifying
20, 2026; Published June 18, 2026 cancer type were retained as potentially informative references for breast cancer-related
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received standard three-step analgesics, including celecoxib, tramadol sustained-release,
or oxycodone sustained-release according to pain severity. The intervention group
received the same regimen plus a KDD-derived acupuncture prescription consisting of
bilateral Hegu (LI4), Zusanli (ST36), Neiguan (PC6), Taichong (LR3), Sanyinjiao (SP6),
and Ashi points. Needles were retained for 30 minutes using balanced stimulation, five
sessions per week for three weeks. Outcomes included pain intensity, breakthrough
pain frequency, duration of pain relief, Karnofsky Performance Status, sleep quality,
depressive symptoms, analgesic efficacy, quality of life, and safety. Results: The KDD-
derived candidate prescription was associated with a higher overall response rate than
analgesics alone. Patients receiving adjunctive acupuncture showed greater reductions
in pain intensity and breakthrough pain episodes, as well as improvements in functional
status, sleep quality, and depressive symptoms. Fewer adverse events were reported in the
acupuncture group. Conclusions: This study proposes a potential acupoint combination
for relieving breast cancer-related pain based on distal meridian points and local tender
points. Combined acupuncture and conventional pharmacotherapy may improve analgesic
outcomes, quality of life, and psychological status, with a favorable safety profile.

Address correspondence to: Wei Wang, Col-

DOI: 10.61189/173560pysjvg

Keywords: Acupuncture, Breast cancer, Cancer-related pain, Acupoint selection pat-
terns, Clinical efficacy

1 INTRODUCTION cancer-related deaths among women worldwide [1, 2]. The

global burden of the disease is unevenly distributed: high-
Breast cancer accounts for approximately one-quarter of all income countries often exhibit a pattern of higher incidence
female cancers and is responsible for approximately 15% of  but lower mortality, whereas low- and middle-income regions
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demonstrate the opposite trend [3, 4]. In China, both the inci-
dence and mortality of breast cancer continue to rise, with the
highest incidence observed in women aged 45-59 years [5].
Although the implementation of widespread screening and
treatment has led to national improvements, with a 5-year sur-
vival rate exceeding 70%, less developed regions report sur-
vival rates of only approximately 60%, indicating persistent
geographic disparities [6]. A substantial proportion of patients
with breast cancer experience cancer-related pain, which seri-
ously impairs quality of life (QoL) and therapeutic outcomes,
particularly in advanced stages of the disease.

Breast cancer may present as a painless breast lump or with
more advanced features, including skin alterations, nipple dis-
charge and retraction, local pain, and axillary lymphadenopa-
thy [2]. The etiology of breast cancer is complex and depends
on a combination of factors, including estrogen exposure,
genetic predisposition, environmental factors, body constitu-
tion type, reproductive history, as well as socioeconomic and
psychosocial issues [7, 8]. According to the International
Association for the Study of Pain, pain is defined as an
unpleasant sensory and emotional experience associated with,
or resembling that associated with, actual or potential tissue
damage [9]. Pain is among the most common and disabling
symptoms in oncology [10, 11]. When poorly managed, pain
has a far-reaching impact on physical fitness, emotional well-
being, and cognitive function, frequently precipitating anxiety,
depression, and significant deterioration in QoL [12, 13]. The
sources of breast cancer-related pain can be grouped into five
domains: (1) Tumor-related pain: resulting from invasion or
direct compression of surrounding tissues, nerves, and vascula-
ture by the primary tumor, or from subclinical inflammatory
responses elicited by tumors. (2) Bone metastasis: bone is one
of the most common distant metastatic sites in advanced breast
cancer, with involvement reported in approximately 65-75%
of patients with metastatic disease [14, 15]. (3) Treatment-
related pain: arising from surgical trauma, fibrosis or neuropa-
thies caused by radiotherapy, and tissue or nerve injury related
to chemotherapy. (4) Pain due to other chronic conditions. (5)
Psychosocial aspects: including anticipation of death, surgical
trauma, disability, and economic stress; all of these factors
increase the perception and intensity of pain.

Tumor-related pain frequently occurs in the context of active
treatment and progressive disease. In 1982, the World Health
Organization (WHO) established the WHO three-step analge-
sic ladder, which serves as a guide for treating cancer pain [16].
Optimal pain control usually employs a multimodal strategy
incorporating both pharmacological and non-pharmacological
components. Pharmacotherapy may consist of non-opioid anal-
gesics (including paracetamol or NSAIDs), adjuvant agents
(such as antidepressants, anticonvulsants, topical formulations,
and corticosteroids), and, when appropriate, opioid analgesics
[17]. For opioid-naive patients with mild to moderate pain,
weak opioids such as codeine, hydrocodone, or tramadol are
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recommended, with no meaningful differences in analgesic
efficacy reported among these agents [18, 19]. These agents are
often used in combination with paracetamol or other non-opi-
oid analgesics, including NSAIDs. When pain becomes moder-
ate to severe, strong opioids like morphine, oxycodone or
hydromorphone are recommended. Management should start
with low doses and titration to an optimum between satisfac-
tory analgesia and acceptable side effects [20]. The evolution of
neuropathic pain classification has contributed to a paradigm
shift in symptom management. In modern oncology, the WHO
three-step analgesic ladder, including NSAIDs, opioids, and
adjuvant analgesics such as anticonvulsants or antidepressants,
remains the main pharmacotherapeutic approach for cancer
pain relief.

However, pharmacological management of cancer pain also
has important limitations. NSAIDs are associated with gastro-
intestinal toxicity, whereas opioids may cause sedation, depen-
dence, and respiratory depression, which can significantly
affect the QoL of patients with advanced cancer. Pharmacolo-
gical treatment nevertheless remains the foundation of cancer
pain management and may include non-opioid analgesics (such
as NSAIDs or paracetamol), opioid analgesics, and adjuvant
agents (including antidepressants, anticonvulsants, topical
agents, and corticosteroids). However, symptom control may
remain inadequate in some patients, and treatment is often
limited by adverse effects [17]. Since the pain of cancer is mul-
tidimensional, covering physical, psychosocial and spiritual
domains, it should also be addressed in an integrated way
beyond pharmacological paradigms. Drug based approaches
have to date received the most attention yet there is growing
evidence suggesting that multi-domain non-pharmacological
interventions directed at body, cognitive, psychosocial and
spiritual domains are important adjuncts [21-23]. Such app-
roaches include radiotherapy, transcutaneous electrical nerve
stimulation (TENS), mind-body therapies, behavioural and
exercise-based interventions, physical modalities, surgical pro-
cedures, and acupuncture [10]. Chinese herbal formulas are
commonly used in cancer pain management and have provided
clinical benefits based on traditional Chinese internal treat-
ments, but many patients do not tolerate the oral administra-
tion of highly concentrated herbal decoctions very well due to
their high dosage or bitter taste and may also harbor concerns
about exacerbating gastrointestinal toxicity. Conversely, stud-
ies are increasingly supporting acupuncture as a safe and
effective therapeutic modality in the management of cancer
pain, with immediate effects, low toxicities, and high accept-
ability among patients [24]. Acupuncture, as a unique part of
Chinese medicine, is considered to have therapeutic effect
through adjusting meridians and regulating Qi and blood.
Acupuncture has been used for pain for centuries and is safe,
non-pharmacological and has practically no side effects. It has
since gained a substantial evidence base supporting its role in
the management of pain associated with cancer.
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The present study addresses the limited research and lack of
standardized protocols for acupuncture in managing breast
cancer—related pain. Applying a Knowledge Discovery in
Databases (KDD) method, literature-derived acupuncture pre-
scription data were systematically analyzed to explore acupoint
selection patterns and generate a data-informed candidate acu-
puncture prescription. This candidate prescription was then
preliminarily evaluated in a clinical setting for its analgesic
effect and broader therapeutic outcomes. The integration of
the KDD-derived acupuncture prescription with the WHO
three-step analgesic ladder may provide a clinically relevant
adjuvant approach for breast cancer-related pain management.

2 METHODS
2.1 Literature review
2.1.1 Literature sources and search strategy

From database inception to May 2024, a systematic search was
performed across CNKI, VIP, WanFang, PubMed and Web of
Science for clinical studies evaluating acupuncture for breast
cancer-related pain. A combination of subject terms and free-
text keywords was used for searches. The search strategy for
Chinese databases was: (“Acupuncture” OR “Needling” OR
“Electroacupuncture” OR “Needle”) AND (“Cancer pain” OR
“Malignant pain” OR “Breast cancer-related pain”). The
English search strategy was: (“cancer pain” [Title/Abstract] OR
“breast cancer-related pain” [Title/Abstract]) AND (“acupunc-
ture” [Title/Abstract] OR “needle” [Title/Abstract] OR “elec-
troacupuncture” [Title/Abstract] OR “acupuncture therapy”
[Title/Abstract]).

2.1.2 Inclusion criteria for the literature
Studies were included if they met the following criteria:

(1) Clinical research examining acupuncture for breast cancer-
related pain or cancer pain without a specific type of cancer
(Studies focusing on cancer-induced pain but without specify-
ing the type were retained due to the practical applicability of
identifying frequently used acupuncture protocols for manag-
ing cancer pain that could potentially provide a reference for
treating breast cancer-related pain).

(2) Participants with cancer-related pain, including breast can-
cer patients specifically reported.

(3) Acupuncture as the primary intervention or combined with
others (e.g., pharmacological treatment).

(4) Any pain-related outcome measure including scores of the
intensity of pain.
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(5) Relevant dissertations or peer-reviewed articles where only
one dataset with complete and usable information was found.

2.1.3 Exclusion criteria for the literature

Studies were excluded if they fulfilled any of the following
criteria:

(1) Review articles, case reports, animal studies, expert opin-
ions, or proceedings.

(2) Studies whose interventions were primarily based on scalp
acupuncture, wrist—ankle acupuncture, or three-edged needle
techniques.

(3) Inappropriate or incomparable intervention designs across
treatment and control groups.

(4) Case reports or studies that did not include a well-defined
acupuncture prescription.

(5) Articles for which the full text was not accessible.
2.1.4 Data processing

A dedicated database was constructed in Excel 2021 to com-
pile acupuncture prescriptions for breast cancer-related pain.
Acupoint extraction followed these principles: If a study report-
ed common acupoints for multiple types of cancer pain and
also listed adjunct points specific to breast cancer-related pain,
both primary and adjunct points were included; If a study pro-
vided a prescription for cancer pain without specifying the can-
cer type, only the primary acupoints were extracted and used
as potentially informative references rather than breast cancer-
specific evidence.

Acupoint names were standardised according to Nomenclature
and Location of Acupoints (GB/T 12346-2006); for example,
“Renzhong” was standardised to “Shuigou (GV26)”.

Excel 2021 was used to conduct descriptive analyses of the
frequency analysis of acupoints, meridian distribution, ana-
tomical distribution, and special acupoint types. The Apriori
algorithm in SPSS Modeler 18.0 was used to carry out asso-
ciation rule analysis of acupoint combinations. Experimental
data were analyzed and clustered using SPSS 27.0 to perform
high-frequency acupoint cluster analysis and generate den-
drograms.

Caution should be exercised in interpreting these acupoint pat-
terns, as the KDD literature mining process could be affected
by incomplete coverage of databases, variations in reporting,
and possible publication bias.
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2.2 Clinical data collection
2.2.1 Clinical case sources

Patients with breast cancer-related pain who met the inclusion
criteria and were treated in the inpatient or outpatient oncology
departments of Gansu University of Chinese Medicine between
June 2024 and February 2025 were enrolled in this study.

2.2.2 Diagnostic criteria

(1) Western medicine diagnostic criteria: The diagnosis of
breast cancer was based on medical history, physical examina-
tion, imaging studies, and pathological assessment, with defini-
tive confirmation relying on histopathology. Diagnostic criteria
followed the Guidelines for the Diagnosis and Treatment of
Breast Cancer (2022 edition). Pain assessment was conducted
in accordance with the Guidelines for the Diagnosis and
Management of Cancer Pain (2018 edition).

(2) Traditional Chinese Medicine (TCM) diagnostic criteria:
TCM diagnosis was based on the criteria for Ruyan (“breast
rock”) as outlined in the Traditional Chinese Surgery textbook
of the National TCM Higher Education “13th Five-Year Plan”
series.

2.2.3 Inclusion criteria for patients

Patients were eligible for inclusion if they met the following
conditions:

(1) Histopathologically confirmed diagnosis of breast cancer.

(2) Aged 3070 years with an expected survival of more than 3
months.

(3) Karnofsky Performance Status (KPS) score >30.

(4) Receiving and consistently adhering to WHO three-step
analgesic ladder during the study period.

(5) Intact verbal communication ability and capacity to com-
plete symptom and quality-of-life assessments.

(6) Willingness to participate and provision of written informed
consent.

2.2.4 Exclusion criteria for patients

Patients were excluded if they met any of the following
conditions:

(I) Hypoxic respiratory depression or severe hepatic or renal
insufficiency.
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(2) History of syncope with needling or fear of acupuncture.
(3) Pregnancy or breastfeeding.
(4) History of breast surgery within the past month.

(5) Severe infection, ulcerated skin lesions, or communicable
diseases.

(6) Long-term use of psychotropic medications.
2.2.5 Criteria for withdrawal and dropout

Patients were withdrawn or considered dropouts under any of
the following conditions:

(1) Occurrence of adverse reactions during the study leading
to refusal to continue treatment.

(2) Poor adherence or inability to complete the prescribed
treatment course.

(3) Clinical deterioration during the intervention that rendered
continuation inappropriate.

(4) Inability to continue treatment due to external or unavoid-
able circumstances (e.g., social or environmental factors).

2.3 Research methods
2.3.1 Sample size estimation

Sample size was calculated using the formula for comparing
two independent means with equal group sizes. The Numerical
Rating Scale (NRS) was selected as the primary outcome.
According to published data, the mean NRS reduction after 3
weeks was 3.30 in the control group and 4.11 in the intervention
group, with a standard deviation 6=1.05. With a two-sided
0=0.05, p=0.20, and a group allocation ratio K=1, the required
sample size was determined using the standard formula. To
account for potential attrition and withdrawals, the calculated
sample size was increased by 10%, resulting in a final planned
enrolment of 60 participants.

The sample size formula was as follows:

(Zo+ 20" (1 + )

N =N, = 3
(11~ 12)

2.3.2 Randomization and control

(I) Randomization: Sixty eligible participants were randomly
assigned to either the intervention or control group. Sixty
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opaque, sequentially numbered envelopes were prepared
corresponding to the order in which participants were en-
rolled. Each envelope contained a pre-generated group
assignment card, and envelopes were randomly categorized
into the treatment or control arm. Participants were allocated
according to the group designation within their corresponding
envelope. The randomisation sequence was generated using a
computer-based random number table by an independent
researcher.

(2) Control: Participants were divided into two study groups.
Patients in the intervention group received acupuncture com-
bined with the WHO three-step analgesic ladder, whereas those
in the control group were managed with the WHO three-step
analgesic regimen alone. After treatment, within-group and
between-group comparisons were carried out to evaluate the
efficacy and safety of acupuncture against breast cancer-related
pain.

2.3.3 Treatment protocols

(1) Basic treatment: Both the intervention and control groups
received standard analgesic therapy based on the WHO three-
step analgesic ladder. Analgesics were selected according to
the patient’s baseline pain intensity: Patients with mild pain
(NRS<3) received oral celecoxib 200 mg twice daily (Appro-
val No. H20193414, Jiangsu Chiatai Qingjiang Pharmaceutical
Co., Ltd.); those with moderate pain (4<NRS<6) were given
oral tramadol hydrochloride sustained-release tablets 100 mg
twice daily (Approval No. H19980214, Mundipharma (China)
Pharmaceutical Co., Ltd.); and patients with severe pain
(NRS>7) took oral oxycodone hydrochloride sustained-
release tablets 20 mg twice daily (Approval No. H20140314,
Mundipharma (China) Pharmaceutical Co., Ltd.). Appropriate
analgesics were initially selected according to the patient’s
pain severity, and doses were adjusted based on clinical
response and tolerability.

(2) Treatment groups: Patients in the control group were treat-
ed with the WHO three-step analgesic ladder alone, whereas
those in the intervention group received conventional WHO-
recommended three-step analgesia combined with acupunc-
ture; the acupoint prescription of acupuncture was formulated
based on data mining of published literatures.

(3) Treatment duration and frequency: The study comprised
three treatment cycles. Each cycle consisted of five acupunc-
ture sessions per week followed by a two-day rest period, for
a total of three consecutive cycles.

(4) Acupoint selection, localization, and needling procedure

(intervention group): Acupuncture was performed at bilateral
Hegu (LI14), Zusanli (ST36), Neiguan (PC6), Taichong (LR3),
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Sanyinjiao (SP6), as well as local Ashi points, with all acupoint
locations defined in accordance with the national standard
Nomenclature and Location of Acupoints (GB/T 12346-2006).
Disposable sterile Huacheng filiform needles (manufacturer:
Keyuanda Medical Supplies Co., Ltd.; Registration No.
20172201110; Hebei Provincial Medical Products Admini-
stration Medical Device Production License No. 20220039),
An’erdian III skin disinfectant and disposable sterile cotton
swabs were adopted for the acupuncture procedure. All patients
were maintained in the supine position with their chests and
limbs adequately exposed prior to acupuncture intervention.
The operator’s hands were disinfected with 75% medical alco-
hol, followed by routine disinfection of each acupoint area
using povidone-iodine swabs. Disposable sterile Huacheng
filiform acupuncture needles (0.25 mmx25 mm or 0.25 mmx40
mm) were used for needling. All acupoints were treated with
perpendicular insertion, with individualized depths as follows:
0.5-1.0 cun for LI4, 1.0-1.5 cun for ST36, 0.5-1.0 cun for PC6,
0.5-0.8 cun for LR3, and 1.0-1.5 cun for SP6. The insertion
depth of Ashi points was adjusted based on local anatomical
conditions, while tumor-involved tissues were strictly avoided
during the procedure. Rapid needle insertion was performed
using the three-finger needling technique. Standard lifting-
thrusting and twisting-rotating manipulations were delivered
to elicit the Deqi sensation, and all needles were retained for 30
minutes after manipulation completion.

2.3.4 Quality control

Case collection was conducted in strict accordance with the
predefined inclusion and exclusion criteria. Acupuncture pro-
cedures were performed by operators who received standard-
ized training and supervised instruction to ensure consistency
and technical proficiency. Outcome assessments were con-
ducted by two trained researchers to minimize measurement
variability.

2.3.5 Ethical approval

This study was reviewed and approved by the Ethics
Committee of the Affiliated Hospital of Gansu University of
Chinese Medicine (Approval No. [2024]127).

2.3.6 Outcome measures

(1) Numerical Rating Scale (NRS): Pain intensity was record-
ed at baseline and after three treatment cycles using the NRS.
To minimize variability, all assessments were performed by the
same physician.

(2) Frequency of breakthrough cancer pain episodes (BTcP)

within 24 h: Evaluated according to the Expert Consensus on
Cancer Breakthrough Pain (2019 edition). The same physician
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Efficacy category Primary symptoms and signs

Efficacy index

Complete remission
Partial remission Marked reduction in pain
Mild remission

No remission No evident improvement

Pain disappears or is almost completely relieved

Slight reduction in pain, with sleep quality affected

91%-100%
61%-90%
31%-60%
<31%

Note: The efficacy index is calculated as the percentage reduction in NRS score from baseline to post-treatment. NRS, Numerical Rating Scale.

documented the number of episodes before treatment and after
three cycles to capture dynamic changes in pain.

(3) Duration of pain relief: Used to assess the effectiveness of
the treatment regimen. The duration of pain relief following
analgesic treatment, defined as the patient-reported time inter-
val during which noticeable pain reduction was maintained,
was recorded by the same physician at baseline and after three
treatment cycles.

(4) Karnofsky Performance Status (KPS): The KPS scale was
used to evaluate functional status, with higher scores indicat-
ing better overall health. Because of the subjective nature of
this measure, the same physician assessed KPS before and after
the intervention.

(5) Pittsburgh Sleep Quality Index (PSQI): A self-administered
questionnaire assessing sleep quality over the preceding
month. Scores were collected by the same physician at baseline
and following three treatment cycles. Given that the PSQI
assesses sleep quality over the previous month, the post-treat-
ment PSQI collected after the 3-week intervention mainly
reflected sleep during the intervention period but also partially
overlapped with the pre-intervention baseline window.

(6) Self-Rating Depression Scale (SDS): Based on the Chinese
Guideline for Prevention and Treatment of Depressive
Disorders (2nd edition), the SDS is a 20-item self-report tool
assessing emotional and somatic symptoms of depression.
Higher scores indicate greater depressive severity. The same
physician recorded scores before and after three treatment
cycles.

2.3.7 Criteria for efficacy assessment

Therapeutic efficacy was evaluated according to the degree of
pain relief, with the efficacy index defined as the percentage
reduction in NRS score from baseline to post-treatment (see
Table 1).

2.3.8 Adverse event monitoring

Adverse events related to acupuncture-such as needling dis-
comfort, vasovagal reactions, bleeding, subcutaneous hemato-
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ma, local erythema, or blistering at acupoint sites-were record-
ed. Patients were also monitored for potential adverse reactions
to WHO three-step analgesics ladder, including constipation,
drowsiness, dizziness, dry mouth, and nausea or vomiting. All
events were documented, and appropriate management mea-
sures were implemented as needed.

2.3.9 Statistical analysis

Statistical analyses were performed using SPSS version 27.0.
For continuous variables that met assumptions of normality
and homogeneity of variance, independent-sample t tests were
used for between-group comparisons, and paired ¢ tests for
within-group comparisons. Normality was assessed separately
for each variable at each time point using appropriate tests, and
the choice of parametric or non-parametric tests was made
accordingly. When variances were unequal, adjusted ¢ tests
were applied, and data were expressed as mean + standard
deviation X+s. For non-normally distributed data, outcomes
were reported as median and interquartile range [M (P25,
P75)]. Categorical variables were analysed using the chi-square
test or Fisher’s exact test, as appropriate, and ordinal data were
assessed using rank-sum tests. Differences were considered
statistically significant at P<0.05 and highly significant at
P<0.01. The primary analysis was conducted on participants
who completed the study (per-protocol population). Given the
exploratory nature of this study and the relatively small sample
size, no formal adjustment for multiple comparisons was
performed.

3 RESULTS
3.1 Literature screening

A total of 161 studies met the predefined inclusion and exclu-
sion criteria, yielding 161 acupuncture prescriptions encom-
passing 92 distinct acupoints and 614 cumulative usages,
excluding Ashi points. Among all acupoints, including Ashi
points, 28 appeared >5 times. Among them, the top ten acu-
points were Hegu (LI4): 92 times; Zusanli (ST36): 83 times;
Ashi points: 65 times; Neiguan (PC6): 63 times; Taichong
(LR3): 49 times; Sanyinjiao (SP6): 47 times; Quchi (LI11): 16
times; Baihui (DU20): 12 times; Guanyuan (RN4): 10 times
and Qihai (RN6): 9 times (Table 2). Seventy-seven special-
acupoint category assignments were identified in 161 prescrip-
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Table 2. Analysis of acupoint frequency

Acupoint Frequency g::g:::;g; %) Acupoint Frequency E::g::t:cg); (%)
Zusanli (ST36) 83 51.55 Dazhu (BL11) 7 4.35
Ashi points 65 40.37 Shenshu (BL23) 7 4.35
Neiguan (PC6) 63 39.13 Xuehai (SP10) 7 435
Taichong (LR3) 49 30.43 Baxie (EX-UE9) 6 3.73
Sanyinjiao (SP6) 47 29.19 Dazhui (DU14) 6 3.73
Quchi (LI11) 16 9.94 Geshu (BL17) 6 3.73
Baihui (DU20) 12 7.45 Kongzui (LU6) 6 3.73
Guanyuan (RN4) 10 6.21 Rugen (ST18) 6 3.73
Qihai (RN6) 9 5.59 Xuanzhong (GB39) 6 3.73
Liangqiu (ST34) 8 4.97 Mingmen (DU4) 5 3.11
Waiguan (SJ5) 8 4.97 Danzhong (RN17) 5 3.11
Hegu (LI4) 92 57.14 Bafeng (EX-LE10) 7 4.35
Yanglingquan (GB34) 8 4.97 Taixi (KI3) 5 3.11
Zhongwan (RN12) 8 4.97 Yinlingquan (SP9) 5 3.11

Note: Frequency percentage is calculated as frequency/number of prescriptions x100%. Acupoint codes follow international standard nomencla-
ture. BL, Bladder meridian; DU, Governor Vessel; EX, Extra points; GB, Gallbladder meridian; HT, Heart meridian; KI, Kidney meridian; LI,
Large Intestine meridian; LR, Liver meridian; LU, Lung meridian; PC, Pericardium meridian; RN, Conception Vessel; SI, Small Intestine merid-
ian; SJ, Sanjiao meridian; SP, Spleen meridian; ST, Stomach meridian.

Table 3. Analysis of specific acupoints

Specific acupoint Frequency (%) Number of acupoints (%) Acupoint (frequency)

Five Shu-stream acupoint 188 (23.36) 14 (18.18) ST36 (83); LR3 (49); LI11 (16)
Yuan-source acupoint 152 (18.89) 5 (6.49) LI4 (92); LR3 (49); Shenmen (HT7) (5)
Crossing acupoint 112 (13.91) 22 (28.57) SP6 (47); DU20 (12); RN4 (10)

Lower He Sea acupoint 94 (11.68) 3(3.90) ST36 (83); GB34 (8); Weizhong (BL40) (3)
Eight confluent acupoint 80 (9.94) 7 (9.09) PC6 (63); SJ5 (8); Houxi (SI3) (4)
Luo-connecting acupoint 79 (9.81) 5(6.49) PC6 (63); SJ5 (8); Fenglong (ST40) (4)
Eight influential acupoint 42 (5.22) 6(7.79) RN12 (8); GB34 (8); BL11 (7)

Front-mu acupoint 30 (3.73) 7 (9.09) RN4 (10); RN12 (8); RN17 (5)

Back-shu acupoint 28 (3.48) 8(10.39) BL23 (7); BL17 (6); Ganshu (BL18) (4)

Note: The “Acupoint (frequency)” column lists the top three acupoints by frequency within each category. The percentage in the “Frequency (%)”
column was calculated based on the total frequency of special acupoint usage (n=805), whereas the percentage in the “Number of acupoints (%)”
column was calculated based on the total number of special acupoints identified (n=77).

tions, with a total usage frequency of 805 (Table 3). The Five-
Shu Stream points, Yuan-Source points and Crossing points
were the three most commonly used categories which appeared
together 452 times (56.16%). Among these categories, Crossing
points, represented mainly by SP6, accounted for a large pro-
portion, while Five-Shu Stream points were mainly represented
by ST36 and LR3.

Apart from Ashi points, the acupoints were allocated ac-
ross 14 meridians and extra-point categories, as shown in
Table 4. The ST, LI and PC meridians were the most com-
monly used (287 uses: 46.90%). The largest numbers of dis-
tinct acupoints were found in the Bladder (BL), ST, and
Governor Vessel (DU) meridians, whereas the Heart (HT)
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and Small Intestine (SI) meridians were the least represented
(Table 4).

Regarding anatomical distribution, acupoints located on the
upper and lower limbs were most frequently used, involving 45
acupoints with a combined frequency of 471 (76.71%). This was
followed by lumbar-back and abdominal regions, comprising
28 acupoints with a total of 85 uses (13.84%) (Table 5).

Association rule mining in SPSS Modeler 18.0 was performed
using a minimum support of 10%, minimum confidence of
80%, and a maximum of two antecedent acupoints. Ten acu-
point combinations were identified. The combination with the
highest support was LI4-LR3, followed by ST36-SP6 and L14-
SP6 (Table 6). In association rule mining, the antecedent indi-
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Table 4. Analysis of meridian frequency

Meridian Frequency (%) Number of acupoints (%) Acupoint (frequency)

Stomach (ST) 112 (18.30%) 12 (13.04%) ST36 (83); ST34 (8); ST18 (6)

Large Intestine (LI) 110 (17.97%) 4 (4.35%) LI4 (92); L111 (16); Binao (LI14) (1)
Pericardium (PC) 65 (10.62%) 5(5.43%) PC6 (63)

Spleen (SP) 60 (9.80%) 5 (5.43%) SP6 (47); SP10(7); SP9 (5)

Liver (LR) 59 (9.64%) 4 (4.35%) LR3 (49); Qimen (LR14) (4); Zhongdu (LR6) (4)
Bladder (BL) 43 (7.03%) 15 (16.30%) BL11 (7); BL23 (7); BL17 (6)

Conception Vessel (RN) 36 (5.88%) 7 (7.61%) RN4 (10); RN6 (9); RN12 (8)

Governor Vessel (DU) 34 (5.56%) 9 (9.78%) DU20 (12); DU14 (6); DU4 (5)

Extra point 21 (3.43%) 7 (7.61%) EX-LE10 (7); EX-UE9 (6); Jiaji Points (4)
Gallbladder (GB) 21 (3.43%) 8 (8.70%) GB34 (8); GB39 (6); Jianjing (GB21) (2)

Sanjiao (SJ) 15 (2.45%) 4 (4.35%) SJ5 (8); Zhigou (SJ6) (4); Sanyangluo (SJ8) (1); Jianliao (SJ14) (2)
Lung (LU) 12 (1.96%) 4 (4.35%) LUG6 (6); Chize (LUS) (3); Lieque (LU7) (2)
Kidney (KI) 9 (1.47%) 5(5.43%) KI3 (5); Fuliu (KI7) (1); Shenfeng (KI23) (1)
Heart (HT) 8 (1.31%) 3 (3.26%) HT7 (5); Jiquan (HT1) (2); Yinxi (HT6) (1)
Small Intestine (SI) 7 (1.14%) 4 (4.35%) SI3 (4); Jianzhen (S19) (1); Shaoze (SI1) (1)

Note: The “Acupoint (frequency)” column lists the three most frequently used acupoints for each meridian rather than all acupoints identified in
the prescriptions.

Table 5. Analysis of the locations of acupoints

Part Frequency (%) Number of acupoints (%) Acupoint (frequency)

Lower extremities 248 (40.39%) 23 (25.00%) ST36 (83); LR3 (49); SP6 (47)

Upper extremities 223 (36.32%) 22 (23.91%) LI4 (92); PC6 (63); LI11 (16)

Back 43 (7.04%) 16 (17.39%) BL23 (7); BL17 (6); DU4 (5)

Abdomen 42 (6.84%) 12 (13.04%) RN4 (10); RN6 (9); RN12 (8)

Head and neck 34 (5.54%) 9 (9.78%) DU20 (12); BL11 (7); DU14 (6)

Chest 17 (2.77%) 7 (7.61%) ST18 (6); RN17 (5); Yingchuang (ST16) (2)

Face 7 (1.14%) 3 (3.26%) Shuigou (DU26) (3); Yintang (EX-HN3) (3); Cuanzhu (BL2) (1)

Note: The ‘acupoint (frequency)’ column lists the top three acupoints by frequency for each anatomical region. The percentage in the ‘Number of
acupoints (%)’ column was calculated based on the total number of acupoints identified (n=92).

Table 6. Analysis of acupoint association rules Cluster analysis was conducted on acupoints

Number Consequent  Antecedent Support (%) Confidence (%) used >5 times using SPSS 27.0. The hierarchical

1 L4 LR3, PC6 11.18 9474 dendrogram (Figure 2) and cluster membership

2 LI4 LR3, Ashi points 10.56 04.44 plot (Figure 3) indi.cated that 28 acupoints clus-

3 L4 LR3, ST36 14.91 9231 tered into three major groups:

. o Ly e - st Cluster 1: EX-UE9, EX-LEI0, LI11, SJ5, GB34,
SP9, LI4, LR3, ST36, SP6, PC6

6 LI4 SP6, ST36 21.73 89.74

7 ST36 SPo, L14 21.73 89.74 Cluster 2: BL11, GB39, SP10, KI3, DU4, BL23,

8 L4 SP6, PC6 15.53 86.21 DUI14, LU6, ST34, Ashi points, DU20, STI8,

9 ST36 SP6 24.22 82.98 RN17, RN4, RN6, RN12

10 LI4 SP6 24.22 82.99

Note: Association rules were generated using the Apriori algorithm with minimum sup- Cluster 3: BL17

port of 10% and minimum confidence of 80%. “Antecedent” indicates the preceding

acupoint(s), and “Consequent” indicates the co-occurring acupoint. These findings suggest that acupoint selection

for breast cancer-related pain may exhibit iden-
cates preceding acupoint(s), while the consequent identifies the tifiable patterns, with LI4, ST36, PC6, LR3, and SP6 emerging
co-occurring acupoint. A complex-network relationship dia- as frequently used candidate core points and limb acupoints
gram is shown in Figure 1. showing predominance across included prescriptions.
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Figure 1. Complex network of acupoint co-occurrence based on association rule
mining. Nodes represent acupoints and edges indicate co-occurrence relationships;
Association rules were generated with a minimum support of 10% and a minimum
confidence of 80%.

Dendrogram using Average Linkage (Between Groups)

Rescaled Distance Cluster Combine

0 5 10 15 20 25
EX-LE10 - - ! ; 1

EX-UE9 —]
LI-11
§J-5

LU-6 |
Ashi points
DU-20 [
ST-18
RN-17 |
RN-4

RN-6 T
RN-12 ’—
BL-17

Figure 2. Hierarchical clustering dendrogram of high-frequency acupoints (=5
occurrences). The dendrogram illustrates similarity relationships among frequently
used acupoints; a lower linkage height indicates greater similarity.
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3.2 Clinical study findings

A total of 60 patients meeting the inclusion and
exclusion criteria were enrolled, with 30 allo-
cated to the intervention group and 30 to the con-
trol group. During treatment, two patients in the
control group withdrew due to disease progres-
sion that prevented completion of follow-up
assessments, resulting in 30 evaluable cases in
the intervention group and 28 in the control
group for per-protocol analysis. Baseline char-
acteristics, including age, disease duration and
NRS scores, were normally distributed and
showed homogeneity of variance. Independent-
sample t tests demonstrated no significant be-
tween-group differences (P>0.05), indicating
good baseline comparability. Pain locations-dis-
tributed across the chest, abdomen, head, lum-
bar region, shoulder—back region and limbs-also
showed no significant group differences (y’ test,
P>0.05; Table 7). Initial analgesic use, based
on the WHO three-step analgesic ladder, was
similarly comparable between groups (y* test,
P>0.05; Table 8).

Both groups exhibited significant reductions in
NRS scores following treatment, with the inter-
vention group showing a greater mean reduction
(3.37+1.27) than the control group (2.18+0.90).
Although baseline NRS scores did not differ sig-
nificantly between groups, post-treatment values
were significantly lower in the intervention
group (Mann-Whitney U test, P<0.05), and the
between-group difference in NRS change scores
was also statistically significant (P<0.05; Table
9), suggesting better short-term analgesic out-
comes with adjunctive acupuncture.

Likewise, the frequency of 24-hour break-
through pain episodes decreased significantly
within both groups (intervention: Z=-4.434,
P<0.001; control: Z=-4.350, P<0.001). Baseline
values were similar but post-treatment measures
were significantly lower in the intervention
group (P<0.05; Table 10). The duration of pain
relief was significantly prolonged in both groups
post-treatment, with the intervention group dem-
onstrating a significantly longer duration com-
pared to the control group (Mann-Whitney U
test, P<0.05; Table 11).

Sleep quality, assessed by PSQI, improved sig-
nificantly in both groups. The control group
showed significant improvement using paired t
testing (P<0.001), whereas the intervention
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High-frequency acupoints (=5 occurrences)

Figure 3. Cluster membership plot of hierarchical clustering results for high-frequency acupoints (=5 occurrences). The plot summarizes
the three-cluster membership pattern identified by hierarchical clustering and corresponds to the cluster groups described in the main text.

Table 7. Comparison of pain locations between the two groups (n)

Group Abdomen Shoulder-back Head Chest Waist Limbs
Treatment group (n=30) 5 5 4 6 5 5
Control group (n=28) 4 4 4 4 5 7

Note: Data are presented as number of cases (n). Between-group comparisons showed
no significant difference (y*=1.055, P=0.983). Statistical analyses were performed us-
ing the chi-square test or Fisher’s exact test, as appropriate. A two-sided P<0.05 was
considered statistically significant. %, chi-square test.

Table 8. Comparison of initial analgesic use between the two groups [n (%)]

Group Celecoxib Tramadol Oxycodone x° P
Treatment group (n=30) 6 (20.0) 17 (56.7)  7(23.3) 0.056  0.972
Control group (n=28) 6(21.4) 15(53.5) 7(25.0)

Note: Data are presented as n (%). Between-group comparisons were performed using
the chi-square test (%). A two-sided P<0.05 was considered statistically significant.

Table 9. Comparison of NRS scores before and after treatment in the two groups

Group ;;:;reatment ;(E;treatment A P ?Al)fference
Treatment group  5.20+1.69 2(1,2) -4.817%  <0.001  3.37+1.27
Control group 5.05£1.75 3(1.25,4) -4.821%  <0.001  2.18+0.90
Tz 0.363" -2.475% -3.645%
P 0.718 0.013 <0.001

Note: Data are presented as mean + SD or median (P25, P75), as appropriate. A indi-
cates the change from baseline to post-treatment and is presented as mean + SD for
descriptive purposes. # indicates Wilcoxon signed-rank test or Mann—Whitney U test,
as appropriate; * indicates Student’s ¢ test. A two-sided P<0.05 was considered statisti-
cally significant. SD, standard deviation; A, change from baseline.

group showed significant improvement using rank-sum testing
(P<0.001). Baseline PSQI scores were comparable (P>0.05),
but post-treatment scores were significantly lower in the inter-
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vention group (Mann—Whitney U test, Z=-3.520,
P<0.001; Table 12). Both groups also showed
significant reductions in SDS scores (interven-
tion: Z=-4.791; control: Z=-4.641; both P<0.05),
with post-treatment SDS values significantly
lower in the intervention group (rank-sum test,
P<0.05; Table 13).

KPS scores increased significantly in both
groups (intervention: P<0.01; control: P<0.05).
While baseline values did not differ significant-
ly, post-treatment KPS scores were significantly
higher in the intervention group (rank-sum test,
P<0.05; Table 14), indicating greater improve-
ment in functional status and quality of life.
After three treatment cycles, the total effective
rate was 86.67% in the intervention group and
71.43% in the control group. Comparison of the
ordinal efficacy categories showed a significant
difference between groups (Z=-3.392, P=0.001;
Table 15), suggesting that acupuncture com-
bined with standard analgesics was associated
with better overall therapeutic outcomes than
analgesics alone.

In summary, acupuncture with pharmacothera-
py had stable advantages in the clinical end-
points rather than the improvement of a single
outcome. Aside from a higher intensity of pain
reduction, subjects who received adjunctive
acupuncture also reported fewer breakthrough

pain episodes and more prolonged analgesia as well as short-
term improvements in functional status, sleep quality during
the treatment phase, and emotional well-being. These findings
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Table 10. Comparison of 24-hour breakthrough pain episodes before and after
treatment between the two groups [M (P25, P75)]

Group Pretreatment  Posttreatment A P
Treatment group 4(2,5) 1(0,2) -4.434 <0.001
Control group 4(3,5) 2(1,3) -4.350 <0.001
7z -0.556 -2.078

2 0.578 0.038

Note: Data are presented as median (P25, P75). Within-group comparisons were per-
formed using Wilcoxon signed-rank test; between-group comparisons were performed
using Mann—Whitney U test, as appropriate. A two-sided P<0.05 was considered statis-
tically significant. BTcP, breakthrough cancer pain.

Table 11. Comparison of pain-relief duration before and after treatment between
the two groups

Group Pretreatment Posttreatment Z P
Treatment group 4.13+£1.48 7 (6, 8) -4.993* <0.001
Control group 4.25+1.43 5(4.25,6) -4.564* <0.001
7/Z -0.305" -2.685%

P 0.762 0.007

Note: Data are presented as mean = SD or median (P25, P75), as appropriate. # indi-
cates Wilcoxon signed-rank test or Mann—Whitney U test, as appropriate; * indicates
Student’s 7 test. A two-sided P<0.05 was considered statistically significant.

Table 12. Comparison of PSQI scores before and after treatment between the two
groups

Group Pretreatment Posttreatment /4 P
Treatment group 13.40+1.94 9(7,10) -4.863"% <0.001
Control group 13.18+2.16 10 (9, 12) -4.912% <0.001
7z 0.411° -3.520"

P 0.683 <0.001

Note: Data are presented as mean + SD or median (P25, P75), as appropriate. # indi-
cates Wilcoxon signed-rank test or Mann—Whitney U test, as appropriate; * indicates
Student’s ¢ test. A two-sided P<0.05 was considered statistically significant. PSQI,
Pittsburgh Sleep Quality Index.

Table 13. Comparison of SDS scores before and after treatment between the two
groups

Group Pretreatment  Posttreatment Z P
Treatment group 59.0345.65 45 (41, 50) -4.791* <0.001
Control group 58.46+6.77 49.5 (43, 57.5) -4.641% <0.001
7/Z 0.348" -2.024*

P 0.729 0.043

Note: Data are presented as mean = SD or median (P25, P75), as appropriate. # indi-
cates rank-sum test; * indicates Student’s t test. A two-sided P<0.05 was considered
statistically significant. SDS, Self-Rating Depression Scale.

Lietal.

3.3 Safety evaluation

Safety analysis showed that all adverse events
occurred as single incidents, with no patient
experiencing more than one type of reaction. In
the intervention group, constipation was report-
ed in three cases and dizziness in two cases,
with no instances of nausea or vomiting, result-
ing in an overall adverse event rate of 16.67%.
In contrast, the control group reported eight
cases of constipation, three cases of dizziness,
and three cases of nausea or vomiting, yielding
an overall incidence of 50.00%. Statistical com-
parison showed a lower incidence of adverse
events in the intervention group than in the con-
trol group (P<0.05; Table 16). However,
because analgesic doses were adjusted accord-
ing to clinical response and cumulative analge-
sic exposure was not quantitatively analyzed,
the safety findings should be interpreted
cautiously.

4 DISCUSSION

Breast cancer continues to be a major threat to
women’s health worldwide, and its burden is ris-
ing, especially in low- and middle-income coun-
tries [25]. Cancer pain, one of the most common
complications in advanced disease, is primarily
treated through the use of the WHO three-step
analgesic ladder. However, not all patients
embrace long-term opioid use because of consti-
pation, respiratory depression, and dependence.
In TCM, the pathogenesis of tumors is often
related to qi stagnation, phlegm accumulation
and blood stasis obstructing the meridians,
leading to clinical symptoms such as cancer
pain [26]. As an important external therapy in
TCM, acupuncture has multidimensional and
multitarget regulation functions and is widely
used for analgesia because of its simplicity, safe-
ty and low cost.

According to previous fundamental studies,
electroacupuncture or wrist-ankle acupuncture
has been reported to modulate the descending
pain regulatory system, including increased
release of endogenous opioid peptides such as
B-endorphin and enkephalin, regulation of sero-

were associated with a higher overall response rate and a lower
incidence of adverse events, suggesting a multidimensional
supportive role of acupuncture. However, because cumulative
analgesic exposure was not quantitatively analyzed, safety out-
comes should be interpreted with caution. Overall, the avail-
able evidence suggests that acupuncture may be a potentially
useful adjunct in the management of cancer-related symptoms.

https://doi.org/10.61189/173560pysjvg

tonergic activity, and activation of p-opioid receptor-mediated
pathways [27, 28]. These mechanisms are considered to con-
tribute to the analgesic effects observed in animal models of
bone cancer pain [27]. Modern neurobiological studies have
indicated that acupuncture analgesia may involve multiple cen-
tral and peripheral mechanisms, including the modulation of
pain perception and endogenous opioid-mediated analgesic
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Table 14. Comparison of KPS scores before and after treatment between the two

groups [M (P25, P75)]

Lietal.

selection and improve the reproducibility and
clinical applicability of acupuncture interven-

Group Pretreatment Posttreatment Z P tions. Integratively, combining this evidence-
Treatment group 70 (60, 70) 80 (70, 80) -4.767 <0.001 derived acupuncture prescription system with
Control group 70 (60, 70) 70 (70, 80) 3.742 <0.001 the WHO three-step analgesic ladder may yield
7 -0.800 3154 an interesting structured and spatiotemporal
P 0.936 0.002 guiding basis for application as well as a system-

Note: Data are presented as median (P25, P75). Between-group comparisons were per-
formed using rank-sum test. A two-sided P<0.05 was considered statistically signifi-

atic approach complementary to the manage-
ment of breast cancer—related pain.

cant. For KPS, quartile values were presented using the nearest valid scale category

because the scale is recorded in 10-point increments. KPS, Karnofsky Performance

Status.

pathways [29]. Based on these mechanistic insights, this study
evaluated the clinical outcomes and safety of acupuncture com-
bined with three-step analgesic therapy in patients with breast
cancer-related pain using NRS scores, frequency of break-
through pain, duration of pain relief, KPS, PSQI, and SDS
assessments.

Through KDD analysis, we identified an acupoint profile
potentially relevant to the management of breast cancer-related
pain. High-frequency acupoints included LI4, ST36, Ashi
points, PC6, and LR3 distributed primarily on the upper and
lower limbs which reflects a combination of distal points with
local Ashi points. The dominant involved meridians are ST and
Large Intestine meridian, both characterized by abundant qi
and blood, together with Pericardium meridian closely related
to the maintenance of emotional regulation. The most com-
monly used among special acupoints are the Five-Shu, Yuan-
Source and crossing points. Association rule mining identi-
fied recurrent acupoint associations, including combinations
centered on LI4, LR3, PC6, ST36, and SP6. Cluster analysis
grouped the high-frequency acupoints into several clinically
interpretable categories. Together, these findings supported the
formulation of a candidate acupuncture prescription aimed at
harmonizing qi and blood and relieving pain.

Previous clinical studies of acupuncture for cancer-related
pain have generally demonstrated that acupuncture interven-
tions can decrease the intensity of the pain experience, against
a background of both anecdotal reports and trial results sug-
gesting additional quality-of-life—related benefits including
sleep impact and emotional status, and overall the findings
from this study align with this evidence trend [30, 3I].
Nonetheless, the heterogeneity of outcomes across studies has
often been high due to variation in intervention variables and
yet clinical protocols are not tightly regulated for consistency
and comparability [32]. Against this background, the novelty of
the current study lies in proposing a method to derive a rela-
tively structured candidate acupoint prescription systematical-
ly from literature data within a KDD framework before pre-
liminary clinical evaluation, thereby establishing a “data-min-
ing—to—clinical-evaluation” research pathway. Methodologi-
cally, this approach may help reduce heterogeneity in acupoint

https://doi.org/10.61189/173560pysjvg

Anatomically and physiologically, the breast is
associated with multiple meridians, especially
ST and Liver meridians; therefore, treating any
related zang-fu organs can affect breast diseases. LI4, via Yuan-
Source point of Large Intestine meridian, regulates qi and frees
channels. Its pairing with LR3, known as the “Four Gates”,
when combined, harmonizes qi and blood and directly address-
es the TCM principle of “no obstruction, no pain”. In this
regard, ST36 (He-Sea point of ST meridian), combined with
SP6, tonifies qi and blood, strengthens the Spleen/Liver/Kidney
systems, thus acting on the principle that “when nourished
there is no pain”. Ashi points, in accordance with the dictum
“where there is pain, there is a point”, work directly where the
problem lies by dispersing stagnation and quickly relieving
symptoms. PC6 belongs to the Pericardium meridian and con-
nects with the Sanjiao, relieving chest oppression while also
regulating qi and mitigating emotional distress. Given that the
pericardial pathway is traditionally considered related to the
breast region, PC6 may offer potential benefits for breast can-
cer-related pain and related psychological symptoms.

The present study sought to develop and evaluate a KDD-
based candidate acupoint prescription in a randomized con-
trolled trial. The combined treatment was associated with
greater reductions in pain scores, fewer episodes of BTcP, and
a longer duration of pain relief compared with standard anal-
gesic therapy alone. Improvements were also observed in func-
tional status, sleep quality, and depressive symptoms. In addi-
tion, a lower incidence of adverse events was observed in the
combined-treatment group, and no acupuncture-related adverse
events were recorded. However, because analgesic doses were
adjusted according to clinical response and cumulative anal-
gesic exposure was not quantitatively analyzed, this safety
finding should be interpreted cautiously. Overall, these findings
suggest that acupuncture may serve as a potentially useful
adjunctive therapy for alleviating breast cancer-related pain.

Although the present study yielded encouraging clinical out-
comes, several limitations should be acknowledged. These
constraints are generally consistent with findings from previ-
ous systematic reviews, which have noted that clinical studies
of acupuncture for cancer-related pain are often characterized
by relatively small sample sizes and considerable methodologi-
cal heterogeneity [33]. This study had a small clinical sample
size, with 60 patients enrolled and 58 completing the trial (30
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Table 15. Comparison of overall treatment efficacy between the two groups after therapy [n (%)]
Group Number of Corr}pl.ete Part.lal. Mild remission No remission Total. zZ P

cases remission remission effective rate
Treatment group 30 4 (13.33) 20 (66.67) 2 (6.67) 4 (13.33) 86.67% -3.392 0.001
Control group 28 1 (3.57) 7 (25.0) 12 (42.86) 8 (28.57) 71.43%

Note: Data are presented as n (%). Between-group comparisons were performed using rank-sum test; Z denotes the test statistic. A two-sided
P<0.05 was considered statistically significant. The four-level efficacy outcomes were treated as ordinal data and analyzed using the rank-sum
test. Z, test statistic.

Table 16. Safety evaluation during treatment in the two groups

Group Number of cases Constipation Dizziness Nausea and vomiting No adverse reactions Overall incidence P
Treatment group 30 3 2 0 25 16.67% 0.036
Control group 28 8 3 3 14 50.00%

Note: Data are presented as number of cases (n) unless otherwise specified. Between-group comparisons were performed using Fisher’s exact
test. A two-sided P<0.05 was considered statistically significant. Overall incidence was defined as the proportion of patients experiencing at least

one adverse event.

and 28, respectively). In addition, two participants in the con-
trol group withdrew due to disease progression, and the analy-
sis was conducted on the per-protocol population, which may
have introduced potential bias. One limitation is that the litera-
ture-mining dataset contained some studies related to cancer
pain without specifying the cancer type. These prescriptions
were retained only as a potentially informative reference, and
the acupoint patterns identified cannot be construed to be evi-
dence for specific therapy for breast cancer. In addition, since
the PSQI identifies sleep quality in the last month, the post-
treatment result collected following the three-week procedure
partially overlapped with the baseline assessment period,
potentially impacting the precision of all interpretation associ-
ated with sleep. Thus, this relatively small sample size may
have compromised the statistical power and thus, to a certain
extent, the external validity of some of the findings. Future
studies should be multicenter randomized controlled trials with
larger sample sizes and more rigorous methodological designs
to improve the stability and generalizability of these findings.

The primary outcome measures (NRS, PSQI, and SDS) were
mostly determined using subjective self-reported assessments.
Though these instruments are widely validated, by nature the
subjective aspect may introduce measurement bias. Moreover,
the lack of concurrent objective biological measurements—
such as inflammatory cytokine profile monitoring, neuroim-
mune biomarkers, or pain-related molecular markers—compli-
cates mechanistic interpretation at a deeper level. The inclu-
sion of objective treatment evaluation tools and biomarker
analyses, alongside patient-reported outcomes, would contrib-
ute to the scientific rigor and robustness of acupuncture analge-
sia research [34].

5 CONCLUSION

The results obtained in this trial show a beneficial adjuvant
effect of acupuncture (performed according to the KDD-

https://doi.org/10.61189/173560pysjvg

derived candidate prescription—LI4, ST36, Ashi points, PC6,
LR3 and SP6) when given in conjunction with standard analge-
sic treatment based on the WHO three-step analgesic ladder for
patients suffering from breast cancer-related pain. However,
there are some limitations that should be noted. It is plausible
that the KDD process was impacted by limitations in the
retrieval of literature and the coverage of databases specifically
relevant to acupuncture and cancer pain research. Moreover,
the clinical trial had a small number of subjects and a short
intervention duration of only 3 weeks with no long-term fol-
low-up to assess the durability and sustainability of therapeu-
tic effects. Outcome measures were mostly subjective rating
scales, and biological markers were absent. The exact mecha-
nisms involved in acupuncture analgesia are still only partially
understood.

Larger multicenter studies with longer follow-up are warrant-
ed to assess the long-term therapeutic effects of acupuncture.
Mechanistic investigations, such as animal models, behavioral
assessments, molecular profiling and multi-omics approaches,
may aid in delineating the neuroimmune regulatory pathways
and important molecular targets contributing to acupuncture-
elicited analgesia. This work, in turn, may ultimately lay the
groundwork to enable standardized and evidence-informed
acupuncture interventions for women with breast cancer to be
developed and rationally integrated into routine clinical pain
management.

DECLARATIONS

Author contributions

Zhaoyu Li, Yali Wei, and Jinxia Bai contributed equally to this
work. Zhaoyu Li, Yali Wei, and Jinxia Bai conducted the study,
collected and analyzed the data, and drafted the manuscript.
Lingna Ma and Kai Sun contributed to data interpretation and
manuscript revision. Wei Wang conceived and supervised the
study and critically revised the manuscript. All authors have
read and approved the final version of the manuscript.

180


https://doi.org/10.61189/167468gjipte

Perioperative Precision Medicine 2026; 4 (2): 168-182.

Funding

This research received no external funding.

Data availability

The data supporting the findings of this study are available
within the article.

Ethics approval and consent to participate

This study was approved by the Ethics Committee of the
Affiliated Hospital of Gansu University of Chinese Medicine
(Approval No. [2024]127). Written informed consent was
obtained from all participants.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no conflicts of interest.

Acknowledgements

Not applicable.
REFERENCES

[11 XuY, Gong M, Wang Y, Yang Y, Liu S, Zeng Q. Global trends
and forecasts of breast cancer incidence and deaths. Sci Data.
2023 May 27;10(1):334. https://doi.org/10.1038/s41597-023-
02253-5

[2] Xiong X, Zheng L, Ding Y, Chen Y, Cai Y, Wang L, et al. Breast
cancer: Pathogenesis and treatments. Signal Transduct Target
Ther. 2025 Feb 19;10(1):49. https://doi.org/10.1038/s41392-
024-02108-4

[3] Heer E, Harper A, Escandor N, Sung H, McCormack V,
Fidler-Benaoudia MM. Global burden and trends in premeno-
pausal and postmenopausal breast cancer: A population-based
study. Lancet Glob Health. 2020 Aug;8(8):¢1027-e1037. https://
doi.org/10.1016/S2214-109X(20)30215-1

[4] Oluwasanu M, Olopade OI. Global disparities in breast cancer
outcomes: New perspectives, widening inequities, unanswer-
ed questions. Lancet Glob Health. 2020 Aug;8(8):¢978-e979.
https://doi.org/10.1016/S2214-109X(20)30307-7

[5] SunKkK, Zhang B, Lei S, Zheng R, Liang X, Li L, et al. Incidence,
mortality, and disability-adjusted life years of female breast can-
cer in China, 2022. Chin Med J. 2024 Oct 20;137(20):2429-
2436. https://doi.org/10.1097/CM9.0000000000003278

[6] Soerjomataram I, Cabasag C, Bardot A, Fidler-Benaoudia MM,
Miranda-Filho A, Ferlay J, et al. Cancer survival in Africa, cen-
tral and south America, and Asia (SURVCAN-3): A population-
based benchmarking study in 32 countries. Lancet Oncol. 2023
Jan;24(1):22-32. https://doi.org/10.1016/S1470-2045(22)00704-
5

[7] Cavalieri E, Chakravarti D, Guttenplan J, Hart E, Ingle J,
Jankowiak R, et al. Catechol estrogen quinones as initiators of

https://doi.org/10.61189/173560pysjvg

(8]

(9]

(10]

[12]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

Lietal.

breast and other human cancers: Implications for biomarkers of
susceptibility and cancer prevention. Biochim Biophys Acta.
2006 Aug;1766(1):63-78. https://doi.org/10.1016/j.bbcan.2006.
03.001

Alegre MM, Knowles MH, Robison RA, O’Neill KL. Mechanics
behind breast cancer prevention-focus on obesity, exercise and
dietary fat. Asian Pac J Cancer Prev. 2013;14(4):2207-2212.
https://doi.org/10.7314/APJCP.2013.14.4.2207

Raja SN, Carr DB, Cohen M, Finnerup NB, Flor H, Gibson S,
et al. The revised international association for the study of pain
definition of pain: Concepts, challenges, and compromises.
Pain. 2020 Sep 1;161(9):1976-1982. https://doi.org/10.1097/.
pain.0000000000001939

Zugaj MR, Zueger A, Kessler J. Factors influencing analgesic
use patterns in patients with chronic tumor-associated pain:
A qualitative pilot study considering different groups of me-
dications. Schmerz. 2024 Dec;38(6):422-432. https://doi.org/
10.1007/500482-023-00765-y

Lara-Solares A, Ahumada Olea M, Basantes Pinos ALA, Bistre
Cohén S, Bonilla Sierra P, Duarte Juarez ER, et al. Latin-
american guidelines for cancer pain management. Pain Manag.
2017 Jul;7(4):287-298. https://doi.org/10.2217/pmt-2017-0006
Kroenke K, Theobald D, Wu J, Loza JK, Carpenter JS, Tu W.
The association of depression and pain with health-related
quality of life, disability, and health care use in cancer patients. J
Pain Symptom Manage. 2010 Sep;40(3):327-341. https://doi.
org/10.1016/j.jpainsymman.2009.12.023

Osmiatowska E, Misiag W, Chabowski M, Jankowska-Polanska
B. Coping strategies, pain, and quality of life in patients with
breast cancer. J Clin Med. 2021 Sep 28;10(19):4469. https://doi.
0rg/10.3390/jcm10194469

Coleman RE. Metastatic bone disease: Clinical features, patho-
physiology and treatment strategies. Cancer Treat Rev. 2001
Jun;27(3):165-176. https://doi.org/10.1053/ctrv.2000.0210
Weilbaecher KN, Guise TA, McCauley LK. Cancer to bone: A
fatal attraction. Nat Rev Cancer. 2011 Jun;11(6):411-425. https://
doi.org/10.1038/nrc3055

Ventafridda V, Stjernsward J. Pain control and the World Health
Organization analgesic ladder. JAMA. 1996 Mar 20;275(11):835-
836. https://doi.org/10.1001/jama.1996.03530350017014
Swarm RA, Youngwerth JM, Agne JL, Anitescu M, Are M, Buga
S, et al. Adult cancer pain, version 2.2025, NCCN clinical prac-
tice guidelines in oncology. J Natl Compr Canc Netw. 2025
Jul;23(7):€250032. https://doi.org/10.6004/jncen.2025.0032
Aman MM, Mahmoud A, Deer TR, Sayed D, Hagedorn JM,
Brogan SE, et al. The American society of pain and neuroscience
(ASPN) best practices and guidelines for the interventional man-
agement of cancer-associated pain. J Pain Res. 2021 Jul
16;14:2139-2164. https://doi.org/10.2147/JPR.S315585
Caraceni AT, Hanks GW, Kaasa S, Bennett MI, Brunelli C,
Cherny NI, et al. Use of opioid analgesics in the treatment of
cancer pain: Evidence-based recommendations from the EAPC.
Lancet Oncol. 2012 Feb;13(2):e58-e68. https://doi.org/10.1016/
S1470-2045(12)70040-2

Mestdagh F, Steyaert A, Lavand’homme P. Cancer pain mana-
gement: A narrative review of current concepts, strategies, and

181


https://doi.org/10.61189/167468gjipte
https://doi.org/10.1038/s41597-023-02253-5
https://doi.org/10.1038/s41597-023-02253-5
https://doi.org/10.1038/s41392-024-02108-4
https://doi.org/10.1038/s41392-024-02108-4
https://doi.org/10.1016/S2214-109X(20)30215-1
https://doi.org/10.1016/S2214-109X(20)30215-1
https://doi.org/10.1016/S2214-109X(20)30307-7
https://doi.org/10.1097/CM9.0000000000003278
https://doi.org/10.1016/S1470-2045(22)00704-5
https://doi.org/10.1016/S1470-2045(22)00704-5
https://doi.org/10.1016/j.bbcan.2006.03.001
https://doi.org/10.1016/j.bbcan.2006.03.001
https://doi.org/10.7314/APJCP.2013.14.4.2207
https://doi.org/10.1097/j.pain.0000000000001939
https://doi.org/10.1097/j.pain.0000000000001939
https://doi.org/10.1007/s00482-023-00765-y
https://doi.org/10.1007/s00482-023-00765-y
https://doi.org/10.2217/pmt-2017-0006
https://doi.org/10.1016/j.jpainsymman.2009.12.023
https://doi.org/10.1016/j.jpainsymman.2009.12.023
https://doi.org/10.3390/jcm10194469
https://doi.org/10.3390/jcm10194469
https://doi.org/10.1053/ctrv.2000.0210
https://doi.org/10.1038/nrc3055
https://doi.org/10.1038/nrc3055
https://doi.org/10.1001/jama.1996.03530350017014
https://doi.org/10.6004/jnccn.2025.0032
https://doi.org/10.2147/JPR.S315585
https://doi.org/10.1016/S1470-2045(12)70040-2
https://doi.org/10.1016/S1470-2045(12)70040-2

Perioperative Precision Medicine 2026; 4 (2): 168-182.

(21]

(22]

(23]

[24]

(23]

[26]

techniques. Curr Oncol. 2023 Jul 18;30(7):6838-6858. https://
doi.org/10.3390/curroncol30070500

Deng GE, Rausch SM, Jones LW, Gulati A, Kumar NB,
Greenlee H, et al. Complementary therapies and integrative
medicine in lung cancer: Diagnosis and management of lung
cancer: American college of chest physicians evidence-based
clinical practice guidelines. Chest. 2013 May;143(5 Suppl):
e420S-e436S. https://doi.org/10.1378/chest.12-2364

Greenlee H, DuPont-Reyes MJ, Balneaves LG, Carlson LE,
Cohen MR, Deng G, et al. Clinical practice guidelines on the
evidence-based use of integrative therapies during and after
breast cancer treatment. CA Cancer J Clin. 2017 May 6;67(3):
194-232. https://doi.org/10.3322/caac.21397

Lyman GH, Greenlee H, Bohlke K, Bao T, DeMichele AM,
Deng GE, et al. Integrative therapies during and after breast can-
cer treatment: ASCO endorsement of the SIO clinical practice
guideline. J Clin Oncol. 2018 Sep 1;36(25):2647-2655. https://
doi.org/10.1200/JC0O.2018.79.2721

Garcia MK, Cohen L, Spano M, Spelman A, Hashmi Y,
Chaoul A, et al. Inpatient acupuncture at a major cancer center.
Integr Cancer Ther. 2018 Mar;17(1):148-152. https://doi.org/
10.1177/1534735416685403

Force LM, Kocarnik JM, May ML, Bhangdia K, Crist A,
Penberthy L, et al. The global, regional, and national burden
of cancer, 1990-2023, with forecasts to 2050: A systematic anal-
ysis for the global burden of disease study 2023. Lancet. 2025
Oct 11;406(10512):1565-1586. https://doi.org/10.1016/S0140-
6736(25)01635-6

Ji Q, Luo Y, Wang W, Liu X, Li Q, Su S. Research advances in
traditional Chinese medicine syndromes in cancer patients. J
Integr Med. 2016 Jan;14(1):12-21. https://doi.org/10.1016/
S2095-4964(16)60237-6

https://doi.org/10.61189/173560pysjvg

(28]

[29]

[30]

[31]

[32]

[33]

[34]

Lietal.

Zhang C, Xia C, Zhang X, Li W, Miao X, Zhou Q. Wrist-ankle
acupuncture attenuates cancer-induced bone pain by regulating
descending pain-modulating system in a rat model. Chin Med.
2020 Feb 4;15:13. https://doi.org/10.1186/s13020-020-0289-y
Lin J, Chen W. Acupuncture analgesia: A review of its mecha-
nisms of actions. Am J Chin Med. 2008;36(04):635-645. https://
doi.org/10.1142/S0192415X08006107

Zhao Z. Neural mechanism underlying acupuncture analge-
sia. Prog Neurobiol. 2008 Aug;85(4):355-375. https://doi.org/
10.1016/j.pneurobio.2008.05.004

Yang M, Baser RE, Liou KT, Li SQ, Piulson L, Panageas KS, et
al. Effect of acupuncture versus usual care on sleep quality in
cancer survivors with chronic pain: Secondary analysis of a ran-
domized clinical trial. Cancer. 2023 Jul 1;129(13):2084-2094.
https://doi.org/10.1002/cncr.34766

Faria M, Teixeira M, Pinto MJ, Sargento P. Efficacy of acupunc-
ture on cancer pain: A systematic review and meta-analysis. J
Integr Med. 2024 May;22(3):235-244. https://doi.org/10.1016/].
j0im.2024.03.002

Li L, Huang Y, An C, Jing N, Xu C, Wang X, et al. Acupuncture
in the treatment of chemotherapy-induced peripheral neuropa-
thy: A meta-analysis and data mining. Front Neurol. 2024 Oct
29;15:1442841. https://doi.org/10.3389/fneur.2024.1442841
Paley CA, Johnson MI, Tashani OA, Bagnall AM. Acupunc-
ture for cancer pain in adults. Cochrane Database Syst Rev.
2011 Jan 19;(1):CD007753. https://doi.org/10.1002/14651858.
CD007753.pub2

Kang I, Kim SN. Circulating microrna biomarkers for chronic
pain and acupuncture response: An exploratory high-dimension-
al small-sample study. J Pain Res. 2025 Dec 6;18:6591-6605.
https://doi.org/10.2147/JPR.S567154

182


https://doi.org/10.61189/167468gjipte
https://doi.org/10.3390/curroncol30070500
https://doi.org/10.3390/curroncol30070500
https://doi.org/10.1378/chest.12-2364
https://doi.org/10.3322/caac.21397
https://doi.org/10.1200/JCO.2018.79.2721
https://doi.org/10.1200/JCO.2018.79.2721
https://doi.org/10.1177/1534735416685403
https://doi.org/10.1177/1534735416685403
https://doi.org/10.1016/S0140-6736(25)01635-6
https://doi.org/10.1016/S0140-6736(25)01635-6
https://doi.org/10.1016/S2095-4964(16)60237-6
https://doi.org/10.1016/S2095-4964(16)60237-6
https://doi.org/10.1186/s13020-020-0289-
https://doi.org/10.1142/S0192415X08006107
https://doi.org/10.1142/S0192415X08006107
https://doi.org/10.1016/j.pneurobio.2008.05.004
https://doi.org/10.1016/j.pneurobio.2008.05.004
https://doi.org/10.1002/cncr.34766
https://doi.org/10.1016/j.joim.2024.03.002
https://doi.org/10.1016/j.joim.2024.03.002
https://doi.org/10.3389/fneur.2024.1442841
https://doi.org/10.1002/14651858.CD007753.pub2
https://doi.org/10.1002/14651858.CD007753.pub2
https://doi.org/10.2147/JPR.S567154

Perioperative

Precision Medicine

REVIEW ARTICLE

&) Zentime

Unveiling the complex network of sepsis and cytokine storms:
New perspectives from mechanisms to interventions

Linzhu Li'", Kaikai Wang>", Yongbo Li!, Wenrong Zhang?, Jianlong Ma?, Wenzhi Zhang?, Wanquan Guo?, Qiangian Zhang?,

Zhijing Song'

!School of Clinical Chinese Medicine, Gansu University of Chinese Medicine, Lanzhou 730000, Gansu, China.
2College of Acupuncture-Moxibustion and Tuina, Gansu University of Chinese Medicine, Lanzhou 730000, Gansu, China.

“The authors contribute equally.

Corresponding author: Zhijing Song.

Address correspondence to: Zhijing Song,
School of Clinical Chinese Medicine, Gansu
University of Chinese Medicine, No. 35 Dingxi
East Road, Chengguan District, Lanzhou
730000, Gansu, China.

E-mail: songzhijing2020@]163.com.

Received January 7, 2026; Accepted March 26,
2026; Published June 18, 2026

DOI: 10.61189/095460hkaaqf

Abstract

Sepsis is a systemic inflammatory response syndrome triggered by infection. It presents
with simultaneous overactive immune activation and immune paralysis, leading to a
cytokine storm, tissue injury, and multiple organ failure. The molecular mechanisms and
pathological characteristics of the septic cytokine storm are comprehensively interpreted
from multiple perspectives, including immune regulation, signaling pathways, cellular
interactions, metabolic state reprogramming, and microcirculatory dysfunction. The
cross-activation of signaling pathways, including NF-kB, JAK/STAT, mitogen-activated
protein kinase (MAPK), and NLRP3 inflammasome, underlies the core mechanism
for the enhancement of the inflammatory response via continued release of pro-
inflammatory cytokines and also is involved in maintaining immune balance. In the late-
stage immunosuppressive phase, Treg cells, myeloid-derived suppressor cells (MDSCs)
and regulatory macrophages play pivotal roles in reestablishing host homeostasis through
negative feedback, and their dysfunction is closely associated with secondary infections
and high mortality. This review consolidates the latest developments in precision
medicine and multidimensional biomarkers, emphasizing the prospective value of several
markers such as lactate and CD64, pentraxin 3 (PTX3), and BMP9 for early diagnosis and
prognosis evaluation. Moreover, it reviews novel immunomodulators, for instance, bee
venom peptides, GDF15, N-(1,3,4-oxadiazol-2-yl) guanidine (NWGQG), 4-octyl itaconate
(4-0I), and nanoparticle drug delivery systems that inhibit inflammatory signaling
cascades, restore energy metabolism, and provide organ protection. Taken together,
the pathogenic mechanisms of sepsis are non-linear and dynamic, which may render
single-target therapy insufficient for successful management. Personalized interventions
targeting multi-target network regulation based on omics and Al models may accomplish
precision monitoring and stratified treatment of inflammatory responses, also providing
new theoretical and clinical strategies to reduce sepsis-related mortality.

Keywords: Sepsis, Cytokine storm, Immune regulation, Metabolic reprogramming,
NLRP3 inflammasome, Precision medicine, Biomarkers, Immune suppression

1 INTRODUCTION

progression results not only in hyper-inflammatory responses
but may also be associated with immunosuppression, known as

Sepsis is an infection-induced systemic inflammatory response immune paralysis, which makes treatment difficult. However,
syndrome. Overactivation of the immune system during its therapies to decrease immune activation may have deleterious
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effects on patients who are immunoparalyzed due to viral
infection or sepsis [1]. Clinically, sepsis still has a high inci-
dence and mortality, and remains a major public health problem
worldwide. In 2017, the global number of new sepsis cases was
estimated at 48.9 million (95% UI: 38.9-62.9), with an esti-
mated 11 million sepsis-related deaths (95% UI: 10.1-12.0) [2].
The challenging development of existing therapies and their
limited benefits underscore the pressing need for early diagno-
sis and targeted treatments. Among these, the cytokine storm is
the most important characteristic of sepsis. It refers to an over-
whelming shift toward pro-inflammatory responses over anti-
inflammatory responses, resulting in systemic inflammatory
amplification and immune homeostasis. High levels of serum
ferritin were closely associated with increased formation of
neutrophil extracellular traps (NETs) and aggravation of lung
injury in sepsis patients, suggesting that ferritin might become
a significant marker for assessing inflammation severity and
immune imbalance. There is evidence that its level is closely
associated with overall prognosis in sepsis patients [3].

Although therapeutic strategies for sepsis have greatly im-
proved and may include antimicrobial therapy, fluid resuscita-
tion, and supportive organ therapy in clinical practice, single-
target intervention is not compatible with the complex super-
network exhibited by the cytokine storm. The intercellular
signaling pathways in sepsis represent a coordinated immu-
nometabolic cross-talk. Studies have demonstrated that hepa-
tocyte mitochondria are metabolically linked to TREM2-
expressing liver macrophages, and disruption of this coordina-
tion may be further amplified during inflammatory responses
and organ damage. This indicates that intercellular metabolic
communication may represent a novel point of entry for preci-
sion interventions [4]. Additionally, GABA regulation, meta-
bolic reprogramming, and the inflammatory macrophage
response mediated by protein succinylation are also implicated,
which complicates the non-linear dynamics of the pathophysi-
ological mechanisms in sepsis. This complexity explains why
the therapies developed so far have such narrow application
ranges. Furthermore, the crosstalk within the inflammatory
network, negative feedback regulation, and immune suppres-
sion in late-phase sepsis induce a transition from excessive
inflammation to an immunodeficiency state, which predisposes
patients to secondary infections and death. This also implies
that early in the course of treatment, blood cultures probably
have poor sensitivity for diagnosing patients with severe sepsis,
especially if empirical antimicrobial therapy has been initiated

[5].

In light of the above background, a systematic study of the
multi-center network mechanisms in the sepsis cytokine storm,
as well as immune regulation features and possible interven-
tion strategies, has important theoretical and clinical implica-
tions. This review summarizes the main pathological mecha-
nisms of sepsis, such as hyperimmune activation, the inflam-
matory cytokine network, cell communication disturbances in

https://doi.org/10.61189/095460hkaaqf
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the microcirculation, metabolic reprogramming, and multiple
modalities of cell death, and discusses immune regulation and
negative feedback mechanisms that maintain host homeostasis.
In addition, the review also discusses recent progress in preci-
sion medicine, biomarkers, and novel immunomodulators to
establish a theoretical basis for multi-targeted and controllable
intervention strategies.

2 MOLECULAR MECHANISMS OF THE CYTOKINE
STORM

2.1 Overactivation and dysregulation of the immune sys-
tem

The pathologic immune response in sepsis, commonly referred
to as a “cytokine storm”, reflects a profound imbalance between
innate and adaptive immunity [6]. During early infection,
macrophages, dendritic cells, and neutrophils are activated
through pattern recognition receptors, including Toll-like recep-
tors (TLRs), NOD-like receptors, and RIG-I-like helicases,
leading to activation of central inflammatory signaling path-
ways such as NF-kB, MAPK, and JAK/STAT [7, 8]. Rather
than reiterating their canonical cascades here, it should be
noted that in sepsis these pathways become persistently ampli-
fied, driving excessive production of TNF-a, IL-1p, IL-6, IL-8,
and IFN-y and forming self-reinforcing inflammatory loops
that culminate in tissue injury. The synergistic effect of TNF-a
and IFN-y can induce lethal cytokine shock, whereas inhibition
of PANoptosis alleviates tissue damage and improves survival
[8]. In addition, NONO enhances extracellular signal-regulated
kinase (ERK)1/2 activation and cytokine release, while aber-
rant NLRP3 inflammasome activation serves as a pivotal
amplification node contributing to sustained inflammation and
multiple organ dysfunction syndrome (MODS) [6].

Excessive innate immune activation further promotes neutro-
phil extravasation and endothelial cell injury. Elevated ferritin
can induce systemic inflammation in a macrophage scavenger
receptor-dependent manner and promote NET formation through
the coordinated activity of PAD4, neutrophil elastase, and reac-
tive oxygen species, thereby aggravating acute lung injury
(ALI) and microcirculatory dysfunction [3, 9]. Direct endothe-
lial cell-neutrophil interaction also enhances NET generation,
and the adhesion molecule macrophage-1 antigen (Mac-1) has
emerged as a potential therapeutic target for mitigating NET-
associated inflammation [9].

Adaptive immune dysfunction likewise contributes to both
hyperinflammation and subsequent immune paralysis. The
ATP-P2X purinoceptor 7 pathway regulates liver pannexin 1—
IL-33 immune homeostasis, and exogenous IL-33 promotes
ST2* regulatory T cell (Treg) expansion, reducing cytokine
storm severity and improving survival in sepsis models.
GPR174-deficient Tregs facilitate macrophage repolarization
toward the anti-inflammatory M2 phenotype and suppress IL-6
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and TNF-a production [10]. Conversely, IL-1R2" monocytes/
macrophages generated by granulocyte-macrophage colony-
stimulating factor (GM-CSF) and lipopolysaccharide (LPS)
exhibit reduced HLA-DR expression and upregulation of
immunosuppressive markers such as MS4A4A and CDG63,
representing a sepsis-like immunoparalytic phenotype [11].

Under chronic inflammatory conditions, the indoleamine
2,3-dioxygenase 1 (IDOI)-AHR- CYP1A1 axis forms a posi-
tive feedback loop with canonical cytokine signaling pathways,
further amplifying inflammatory responses; this process can
be attenuated by IDOI1 inhibition [12]. Meanwhile, myeloid dif-
ferentiation primary response 88 (MyD88)-dependent signal-
ing in myeloid cells and cardiomyocytes contributes to endo-
toxin shock-induced systemic inflammation and cardiac dys-
function. Collectively, immune dysregulation in sepsis arises
from integrated processes of pathogen sensing, signaling
amplification, metabolic imbalance, and impaired immune
regulation, leading not only to organ damage but also to both
immune paralysis and secondary infections.

2.2 Inflammatory cytokine networks and signaling path-
ways

The cytokine storm is caused by the excessive release of sev-
eral pro-inflammatory cytokines [13, 14]. A characteristic of
this storm is the dynamic imbalance between the innate and
adaptive immune responses, resulting in dysregulated systemic
inflammation. In the context of sepsis and its accompanying
ALI, the induction of this inflammatory cytokine network
exhibits dynamic, non-linear amplification properties [13].
Several driving cytokines/chemokines such as TNF-a, 1L-1J,
IL-6, IFN-y, IL-8, GM-CSF, and MCP-1 establish a positive
feed-forward loop by cross-activating multiple signal transduc-
tion pathways, thereby aggravating tissue injury [13, 14].

Molecularly, the NF-kB, JAK/STAT, MAPK, and NLRP3
inflammasome pathways are the central nodes governing the
cytokine storm [15]. In addition, Huashi Baidu Decoction
inhibits the cytokine storm by modulating the TLR4/NF-xB
and PI3K/Akt signaling pathways [13]. On the other hand,
COB-187 suppresses inflammatory cascades by attenuating the
DNA-binding activity of NF-xB (p65/p50) and the phosphory-
lation of IRF-3 at Ser396. Additionally, the JAK/STAT signal-
ing pathway amplifies inflammation by regulating secondary
cytokine production via IFN and IL-6 signaling. Persistent
phosphorylation of STAT1/3 is associated with high-level
inflammation in cells, whereas inhibitors of the JAK/STAT
pathway inhibit IFN-o/p signaling and exert immunomodula-
tory effects in excessive inflammatory conditions such as mac-
rophage activation syndrome [16].

Furthermore, the activation of MAPKs (p38, ERK, JNK) reg-

ulates inflammatory cytokine production and contributes to
apoptosis, necrosis, and NET formation, thereby enhancing tis-

https://doi.org/10.61189/095460hkaaqf

Lietal.

sue injury. The NLRP3 inflammasome promotes caspase-
1-mediated maturation of IL-1f and IL-18 and induces pyrop-
tosis, further amplifying inflammation [17, 18]. For instance,
luteolin and Scutellaria baicalensis Georgi and Coptis chinen-
sis Franch ameliorate cytokine release syndrome by mediat-
ing the NLRP3/gasdermin D (GSDMD) pyroptosis pathway
and its upstream CD39 purinergic signaling [17]. LPC, how-
ever, increases NLRP3 acetylation via the GITR-MARCH7-
SIRT2 axis and promotes NLRP3 overactivation and macro-
phage pyroptosis, thereby worsening systemic inflammatory
injury [18]. ACSS2 controls the activation of NLRP3 in renal
tubular epithelial cells via the KLF5/NF-xB pathway, indicat-
ing that metabolic reprogramming is closely integrated with
the inflammatory response [19].

In addition to these main pathways, cellular iron metabolism
and ferritin also enhance inflammation. Studies have revealed
that disruptions in iron homeostasis impair the ability of
myeloid immune cells to regulate NF-kB and inflammasome
activities, thus posing serious pathophysiological challenges
for septic patients with iron overload [20]. Epidermal growth
factor receptor (EGFR) has been confirmed as an important
regulator of TNFRI-mediated inflammation and RIP3-
dependent necroptosis, providing theoretical support for the
potential immunological mechanisms of anti-EGFR therapy
in sepsis-associated ALI [21].

Collectively, these interconnected signaling pathways form
self-amplifying networks that drive excessive cytokine release
and immune imbalance in sepsis. To provide a systematic
overview of these mechanisms, this review summarizes key
pro-inflammatory cytokines, their associated signaling path-
ways, and regulatory features involved in the cytokine storm
in Table 1.

2.3 Cellular communication and inflammatory cascades

The septic cytokine storm is characterized by cell-to-cell
communication, which is the driving force for systemic cascad-
ing inflammation. Communication between immune cells and
endothelial cells is also key to this process. They form an intri-
cate signaling network, connected by numerous means such as
direct cellular contact, excretion of soluble factors, and extra-
cellular vesicles (EVs), thus coordinating the initiation, ampli-
fication, and resolution of inflammation. Experiments have
shown that direct interaction between bone marrow-derived
mesenchymal cells and macrophages greatly enhances the pro-
duction of IL-6, IL-10, and nitric oxide (NO). The generation
of TNF-a is also suppressed by prostaglandin E,. As a result,
bone marrow-derived mesenchymal cells may alleviate sys-
temic inflammation and modulate tissue inflammation, thereby
maintaining immune homeostasis [46]. EVs carry MFG-ES,
which facilitates the complete phagocytosis of apoptotic cells
and therefore decreases systemic inflammation, as well as
serving a protective function in sepsis [47]. In addition, bone
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Table 1. Key inflammatory mediators and signaling pathways associated with cytokine storm
:Irllg(;lil;r:ratory Major signaling pathway Downstream targets Function/role References
TNF-a, [FN-y JAK/STAT1/IRF1 axis Caspase-8 Induces PANoptosis-mediated inflamma- [8]
tory cell death
IL-6 Innate immune inflammatory ~ Acute-phase reactants Triggers systemic fatal inflammatory [22]
signaling response
TNF-a, IL-6 Heparanase-dependent inflam- Endothelial glycocalyx and Promotes inflammatory responses and [23]
matory signaling adhesion molecules organ injury
Ferritin MSR/PAD4/ROS-dependent ~ NETs Induces systemic inflammation and lung [3]
pathway injury
ACODI (IRG1) CDK2—MAPK8—JUN axis TNF signaling and pro-inflam-  Activates cytokine storm and promotes  [24]
matory cytokines inflammatory responses
TNF-a, IL-6 HIF-1a-dependent glycolysis Macrophage metabolism and Inhibits pro-inflammatory responses and [25]
NF-kBp65 activity cytokine storm
Pro-inflammatory M1 NF-kB/ERK1/2 signaling M1 macrophage activity Inhibits cytokine storm and ALI [26]
macrophage cytokines pathway
TNF-0, IL-1, IL-6 LPS-induced inflammatory Serum inflammation levels Regulates pro-inflammatory mediator [27]
pathway expression
TNF-a, IL-6 Inflammation and oxidative Serum inflammatory cytokines, Inhibits inflammatory cytokines and al-  [28]
stress pathways oxidative stress leviates oxidative stress
Pro-inflammatory P2Y2 receptor-mediated INK, MMP-9, iNOS, NLRP3 Alleviates liver damage, suppresses [29]
cytokines pathway inflammation, and improves survival
IL-1B/TNF-a NF-kB pathway GSDMD Exacerbates alveolar epithelial injury [30]
Various pro-inflam- IDO1-AHR-CYPI1A1 axis STAT3, NF-kB/STAT1, JNK/ Promotes cytokine storm and cell apop- [12]
matory cytokines p38 tosis
IL-1pB, IL-18,IL-10  Caspase-11/GSDMD GSDMD NAD" blocks GSDMD-mediated pyrop- [31]
tosis and promotes immune homeostasis
TNF-a, IL-1B PD-1 checkpoint M1 marker (iNOS) SMEP suppresses pro-inflammatory [32]
responses
TNF-o/IL-6 HIF-10/LDHA ICAM-1/VCAM-1/VEGF-A Sepsis-induced endothelial injury [33]
IL-1B, IL-18 NLRP3 inflammasome NETs Promotes immunothrombosis and multi- [34]
pathway organ injury
NLRP3 P2X7-NLRP3 Caspase-1 Mediates pyroptosis and inflammatory [35]
responses
cfDNA Activation of TLRs/NF-xB NF-xB Activates inflammatory responses [36]
pathway
STAT3 IL-6/STAT3 FUNDCI1 Regulates MAMs formation and medi-  [37]
ates myocardial dysfunction
TNF-a, IL-1B FAK-Pyk2, p38 MAPK NLRP3 inflammasome Pro-inflammatory effect [38]
pathway
IL-6, IL-1B, TNF-oo  NLRP3 inflammasome ROS/mtROS Mitigation of cytokine storm [39]
IL-6, IL-1B ERK/JINK/NF-kB pathway PGE, Induces PGE, production and partici- [40]
pates in inflammatory responses
Tumor necrosis factor TLR4 Caspase 3/7 Induces apoptosis [41]
COX-2 NF-«xB PGE, Produces PGE, and mediates inflamma-  [42]
tory responses
TNF-a NF-kB/Akt pathway CD38" macrophages Regulates the cytokine storm in sepsis [43]
IL-1B, IL-18 NF-kB/NLRP3 inflammasome Caspase-1 Alleviates hepatic injury in septic mice  [44]
IL-1B NLRP3 inflammasome KLF2 Targets therapy for neonatal sepsis [45]

Note: TNF-a, tumor necrosis factor-alpha; IFN-y, interferon-gamma; JAK/STAT1/IRF1, Janus kinase/signal transducer and activator of tran-
scription 1/interferon regulatory factor 1; IL-6, interleukin-6; MSR, macrophage scavenger receptor; PAD4, peptidyl arginine deiminase 4; ROS,
reactive oxygen species; NETs, neutrophil extracellular traps; ACODI1, aconitate decarboxylase 1; IRG1, immunoresponsive gene 1; CDK2,
cyclin-dependent kinase 2; MAPKS, mitogen-activated protein kinase 8; JUN, Jun proto-oncogene; HIF-10, hypoxia-inducible factor 1-alpha;
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NF-kBp65, nuclear factor kappa-B subunit p65; ERK1/2, extracellular signal-regulated kinase 1/2; ALI, acute lung injury; LPS, lipopolysac-
charide; P2Y2, P2Y purinoceptor 2; JNK, c-Jun N-terminal kinase; MMP-9, matrix metalloproteinase-9; iNOS, inducible nitric oxide synthase;
NLRP3, NLR family pyrin domain containing 3; GSDMD, gasdermin D; IDO1, indoleamine 2,3-dioxygenase 1; AHR, aryl hydrocarbon receptor;
CYP1AL1, cytochrome P450 family 1 subfamily A member 1; STAT3, signal transducer and activator of transcription 3; IL-18, interleukin-18; IL-
10, interleukin-10; NAD", nicotinamide adenine dinucleotide; PD-1, programmed cell death protein 1; LDHA, lactate dehydrogenase A; ICAM-1,
intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1; VEGF-A, vascular endothelial growth factor A; P2X7, P2X puri-
noceptor 7; cfDNA, cell-free deoxyribonucleic acid; TLRs, Toll-like receptors; FUNDC1, FUN14 domain containing 1; MAMSs, mitochondria-as-
sociated endoplasmic reticulum membranes; FAK, focal adhesion kinase; Pyk2, proline-rich tyrosine kinase 2; p38 MAPK, p38 mitogen-activated
protein kinase; mtROS, mitochondrial reactive oxygen species; PGE,, prostaglandin E,; TLR4, Toll-like receptor 4; COX-2, cyclooxygenase-2;

Akt, protein kinase B; CD38, cluster of differentiation 38; KLF2, Kriippel-like factor 2; SMEP, sepsis-modified extracellular peptides.

marrow-derived mesenchymal stem cell-derived exosomes
induce M2 macrophage polarization by targeting the miR-
20a-5p/CXCLI12 axis, thereby effectively inhibiting the septic
cascade [48].

By recruiting immune cells and regulating inflammation,
Meteorin-like protein can direct the migration of macrophages,
which in turn dramatically increases the body’s resistance to
sepsis, even as it balances new controls over Treg/Th17 immu-
nity [49]. However, via the Snail/CXCL2 axis, PAKI can
enhance the inflammatory cascade following sepsis [50]. It is
worth noting that in both infectious and noninfectious systemic
inflammation, IL-6 can promote TNF-a production through the
NF-kB pathway rather than classical STAT3 signaling, thus
making inflammatory responses more severe [51].

In sepsis, there exists a highly complex and tightly coupled
intracellular signaling network. Through multiple pathways
within these networks, the inflammatory cascade can spread
rapidly. The mechanisms by which innate immune activation
and inflammatory cell death contribute to sepsis are dissected
in this review by summarizing the classical and non-classical
activation processes of the inflammasome signaling pathway
in Figure 1. Via the TLR-NF-kB pathway, pathogen-associated
molecular patterns induce the expression of pro-IL-1f and
NLRP3. LPS can activate non-classical pathways mediated by
caspase-11; this in turn leads to formation of the NLRP3-
apoptosis-associated speck-like protein containing a CARD
(ASC)-caspase-1 complex, in which GSDMD is cleaved and
N-terminal pores are formed. This can induce pyroptosis and
promote the maturation and release of IL-1f, thereby amplify-
ing dysregulated inflammation and aggravating organ dysfunc-
tion during sepsis. As the understanding of these communica-
tion and signaling networks becomes more profound, the etiol-
ogy of the cytokine storm is revealed, providing both a theo-
retical basis and a strategy for precise anti-inflammatory inter-
vention by regulating major pathways or EV release.

3 PATHOPHYSIOLOGICAL MECHANISMS OF SEPSIS
3.1 Microcirculatory dysfunction and organ failure

Sepsis is defined as life-threatening organ dysfunction caused
by a dysregulated host response to infection. Microcirculatory
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failure represents one of the key pathophysiological mecha-
nisms underlying organ dysfunction in sepsis. This non-physi-
ological state not only fails to provide acceptable tissue perfu-
sion but also exacerbates the course of multiorgan failure [52,
53]. In sepsis, elevated PCSK9 levels can activate the TLR4/
MyD88/NF-kB and NLRP3 pathways, thereby promoting dys-
regulated systemic inflammation and endothelial injury that
contribute to organ dysfunction [54]. Concurrently, endothe-
lial cell activation, upregulation of adhesion molecules, and
increased vascular permeability enhance plasma extravasation
and tissue hypoperfusion. Increased expression of Mac-1 on
the neutrophil surface induces pulmonary microcirculatory
dead space, and inhibitors of Mac-1 can partially improve ALI
in sepsis, suggesting that microcirculatory perfusion abnor-
mality is an important feature during organ dysfunction [55].

Microthrombosis is also a significant cause of microvascular
dysfunction in sepsis. TNF-a, IL-18, and HMGBIl-associated
proinflammatory signals promote both platelet aggregation
and fibrin deposition, leading to subsequent capillary occlu-
sion and non-uniform blood flow. Furthermore, high PAI-1 lev-
els represent a disseminated intravascular coagulation state
with suppressed fibrinolysis and are strongly related to organ
dysfunction [53]. Reduced erythrocyte deformability and re-
duced blood flow worsen tissue hypoxia, such that microcircu-
latory perfusion may be impaired despite normal blood flow in
the larger vessels, leading to a mismatch between perfusion
and oxygenation even when large vessel blood flow is unim-
paired [52]. Both clinical and experimental studies have dem-
onstrated that septic shock is associated with peripheral vascu-
lar hyporesponsiveness, although some capillary beds within
the post-capillary circulation retain residual responsiveness
[56]. These findings imply that vasomotor regulatory function
is an important factor in sustaining microcirculatory integrity.

Some interventions targeting microcirculatory failure have
beneficial effects. For instance, Shenfu Injection enhances
microcirculatory perfusion and endothelial function through
suppression of PI3K/Akt-induced glycolysis [57]. Salvianolic
acid B, meanwhile, mitigates microcirculatory failure and
sepsis progression by suppressing platelet CD226 molecule
function [58]. Multiple factors, including endothelial damage,
an overwhelming inflammatory response, microthrombosis,
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Figure 1. Mechanistic diagram of inflammasome activation and pyroptosis in sepsis and thrombopoiesis. This diagram illustrates how
inflammasome activation contributes to excessive inflammatory responses and subsequent organ dysfunction during sepsis, as well as to platelet
formation via GSDMD-driven pyroptosis. TLRs recognize PAMPs and DAMPs and then activate NF-«kB signaling, prompting the expression of
pro-inflammatory cytokines such as pro-IL-1p and pro-IL-18, as well as NLRP3. Activation of caspase-11 by LPS contributes to NLRP3 inflam-
masome assembly, and caspase-1 is also activated at the plasma membrane via the adaptor protein ASC. N-GSDMD can form membrane pores,
thereby enabling pyroptosis as well as the release of IL-1B. Thus, in sepsis model mice, this process accelerates both systemic inflammation and
disease progression. The inset graph illustrates emperipolesis occuring between neutrophils and megakaryocytes. It suggests that this specific
cellular response leads to both enhanced platelet formation and amplification of inflammation in the local vascular environment.

and imbalanced oxygen delivery, play a role in the pathogen-
esis of septic microcirculatory dysfunction. These mechanisms
interact to generate a complex network, resulting in multi-
organ failure. This explains the clinical approach toward multi-
target interventions (microcirculation protection, anti-inflam-
matory treatment, and antithrombosis therapy).

lating and resident innate immune cells, thereby initiating early
innate immune responses. This represents a generalized mech-
anism of early host—pathogen interaction in sepsis rather than a
process restricted to a specific anatomical site or experimental
model, thereby triggering the initial immune defense [60].

Neutrophils assemble inflammasome complexes in distinct
subcellular compartments and, in sepsis-relevant models, pre-
dominantly release mature IL-13 and IL-18. In these settings,

3.2 Pathogen recognition and host response

Sepsis is a severe syndrome caused by microbial infection and

characterized by excessive host inflammatory responses and
organ injury [59]. In this process, pathogen-associated molecu-
lar patterns and damage-associated molecular patterns are rec-
ognized by pattern recognition receptors expressed on epithe-
lial and endothelial cells of barrier tissues, as well as on circu-
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extracellular IL-1o and IL-33 are often minimal or undetect-
able, indicating a context-dependent and selective inflamma-
some-associated cytokine output rather than a universal para-
digm. This suggests that the pro-inflammatory function of the
inflammasome during sepsis is highly selective [60].
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Table 2. Pathophysiological mechanisms and clinical manifestations associated with sepsis
Inflammatory cytokines Key signaling pathways Downstream targets Functions/effects References
NLRP3 inflammasome Calcium influx-mediated Caspase-1 Exacerbates inflammatory responses  [72]
pathway in sepsis
TNF-a NF-xB NLRP3 Induces macrophage pyroptosis as- [73]
sociated with sepsis
HMGBI1 RAGE-LPS internaliza- Caspase-11 Mediates pyroptosis and sepsis- [74]
tion pathway induced lethality
IL-1B NLRP3 inflammasome  NF-«kB Leads to sepsis-associated myocardial [75]
pathway atrophy and contractile dysfunction
TNF-a, IL-6 CD14/Syk/PLCy2 MyD88 Excessive inflammation contributes to  [76]
pathway the development of sepsis
IL-1B Caspase-11-GSDMD NLRP3 inflammasome Mediates pyroptosis and septic shock  [77]
pathway
miR-21 ADAR1/miR-21/A20 NLRP3 inflammasome Inhibits macrophage pyroptosis in- [78]
axis duced by sepsis
TNF-a TAK1/NF-kB/MAPKs, TAKI, Keapl Ameliorates sepsis [79]
Nrf2 pathways
IL-6 gp130-JAK2-STAT3 SOCS3 gene expression  Mediates muscle atrophy in sepsis [80]
pathway
IL-1B Pyroptosis pathway GSDMD NSA inhibits pyroptosis to alleviate [81]
sepsis
IL-1B/IL-6/TNF-a Notch1-NF-kB pathway Tight junction proteins Regulates sepsis-associated gut—brain  [82]
axis inflammation
IL-6 IL-6/STATS3 signaling STAT3 Suppresses inflammation and apopto-  [83]
pathway sis in sepsis
GDF15 AMPK/NF-«xB/MAPK  elF2a/ATF4 transcription Inhibits sepsis-associated inflamma-  [84]
pathways axis tion and glycolysis
IL-1B NLRP3 inflammasome  Tissue factor Promotes sepsis-associated coagula-  [85]
pathway tion and thrombosis
TNF-o/IL-6 TLR4 signaling pathway LC3-11/p62 Promotes anti-inflammatory responses [86]
and activates autophagy during sepsis
IL-1B ADRA2B-cAMP-PKA  GSDMD cleavage Inhibits sepsis-associated pyroptosis  [87]
pathway
Citrullinated histone H3 TLR2-Ca*-PAD2 axis ~ PAD?2 auto-citrullination ~Promotes sepsis-associated NETs [88]
and nuclear translocation pyroptosis
IL-1B NLRP3 inflammasome  Mitochondrial ROS and  Inhibits sepsis-associated inflamma-  [89]
pathway autophagy some activation
TNF-o/IL-6/IL-1 STAT3/NF-«B/NLRP3  GPR18 Alleviates ALI induced by sepsis [90]
pathways
IL-1B/IL-6/TNF-o/MCP-1 miR-122-5p—HO-1/ MASP1/HO-1 Regulates sepsis-associated coagula-  [91]
MASP1 pathway tion and inflammatory responses
TNF-o/IL-6/IL-1B TLR4/MAPK/NF-kB TLR4-MD?2 complex Inhibits the production of sepsis-asso- [92]
pathway ciated inflammatory cytokines
TNF-a, IL-6 NF-«B pathway VCAM-1/ICAM-1 Attenuates sepsis-induced ALI [93]
IL-1B NLRP3 inflammasome =~ NLRP3, caspase-1 Inhibits sepsis-associated pyroptosis  [94]
pathway
TNF-o/IL-1B NF-kB pathway TRPM7 Reverses LPS-induced septic cardio-  [95]
myocyte injury
GPIba cytoplasmic tail-mediated PKC-dependent pathway GPIba cytoplasmic tail Exacerbates sepsis-associated platelet [96]
regulation of inflammatory cytokines activation and inflammation
TNF-a, IL-6, IL-1B Ubiquitination—lacty- CDT2-KAT2A axis Ameliorates myocardial injury in [97]
lation pathway septic cardiomyopathy
IL-1B, IL-6, TNF-a NF-kB inflammatory NFKBIA mRNA Alleviates neuroinflammation in [98]
pathway sepsis-associated encephalopathy
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Note: NLRP3, NLR family pyrin domain containing 3; TNF-a, tumor necrosis factor-alpha; NF-kB, nuclear factor kappa-B; HMGBI, high mo-
bility group box 1; RAGE, receptor for advanced glycation end products; LPS, lipopolysaccharide; IL-1p, interleukin-1 beta; IL-6, interleukin-6;
CD14, cluster of differentiation 14; Syk, spleen tyrosine kinase; PLCy2, phospholipase C gamma 2; MyD88, myeloid differentiation primary
response 88; GSDMD, gasdermin D; miR-21, microRNA-21; ADARI, adenosine deaminase acting on RNA 1; A20, tumor necrosis factor alpha-
induced protein 3 (TNFAIP3); TAKI1, transforming growth factor-beta-activated kinase 1; MAPKSs, mitogen-activated protein kinases; Nrf2,
nuclear factor erythroid 2-related factor 2; Keap1, Kelch-like ECH-associated protein 1; gp130, glycoprotein 130; JAK?2, Janus kinase 2; STAT3,
signal transducer and activator of transcription 3; SOCS3, suppressor of cytokine signaling 3; NSA, necrosulfonamide; Notch1, neurogenic locus
notch homolog protein 1; GDF15, growth differentiation factor 15; AMPK, AMP-activated protein kinase; elF2a, eukaryotic initiation factor 2
alpha; ATF4, activating transcription factor 4; TLR4, Toll-like receptor 4; LC3-11, microtubule-associated protein 1 light chain 3-1I; p62, sequesto-
some-1; ADRA2B, adrenoceptor alpha 2B; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; PAD2, peptidyl arginine deiminase
2; ROS, reactive oxygen species; GPR18, G protein-coupled receptor 18; ALIL acute lung injury; MCP-1, monocyte chemoattractant protein-1;
HO-1, heme oxygenase-1; MASP1, mannan-binding lectin serine protease 1; MD2, myeloid differentiation factor 2; VCAM-1, vascular cell ad-
hesion molecule 1; ICAM-1, intercellular adhesion molecule 1; TRPM?7, transient receptor potential melastatin 7; GPIba, glycoprotein Ib alpha
chain; PKC, protein kinase C; CDT2, full name to be confirmed, a RING-type E3 ubiquitin ligase; KAT2A, lysine acetyltransferase 2A; NFKBIA,

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha.

In monocytes, TLR agonists induce an overall similar pattern
of glycoprotein expression changes, but the profile changes
under Staphylococcus aureus stimulation is partially distinct.
Eleven glycoproteins (CD44, CD274, LILRBI1, ICAMI, DSC2,
PTGS2, LAMP3, CR1, FGL2, HP, and SLCI1A3) are consis-
tently dysregulated in the tolerant cell state [61].

C-terl00 can activate NF-xB through TLR4 and promote
TNF-a and NO generation, as well as provoke NLRP3 inflam-
masome assembly (NLRP3, ASC, caspase-1) and IL-1B secre-
tion [62]. Loss of nucleic acid recognition is likely to contribute
to the lack of early detection of S. pyogenes, diminishing local
infection control and ultimately initiating systemic inflamma-
tion at later stages [63]. Expression and regulation of monocyte
TLR-2 may be abnormal in septic patients, whereas those for
TLR-4 are relatively low [64].

Peritonitis can increase expression of peritoneal exudate cells
genes involved in sepsis but does not augment this response
after LPS pretreatment [65]. FLAP and 5-LO-dependent eico-
sanoids are also involved in bacterial endotoxin-induced in-
flammation through TLR-dependent mechanisms [66]. Genetic
background, gut microbiota composition, and metabolic status
modulate the magnitude and kinetics of the host immune
response. Together, these components of the ambivalent inflam-
matory response in sepsis dictate whether pathogen elimination
through inflammation, or instead, characteristic hyperinflam-
mation will prevail.

3.3 Metabolic reprogramming and cell death

Metabolic reprogramming and pyroptosis during sepsis pro-
gression are mutually intertwined, propagating the inflamma-
tory response and ultimately resulting in multiorgan failure. It
has been reported that these interventions, including scaveng-
ing of lipid peroxidation by the antioxidant vitamin E, chemi-
cal inhibition of PLCGI, and gene deletion for Caspase-11/
GSDMD, could significantly modulate ferroptosis and other
metabolism-dependent cell death pathways and ameliorate tis-
sue damage induced by polymicrobial sepsis [67].
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EGFR mediates the membrane translocation of Glutl via the
downstream TBK1/Exo84/RalA protein pathway, which results
in Warburg effect. This reinforces the activation and apoptosis
of CD4" T lymphocytes, further resulting in damage to im-
mune function and contributing to accelerated immunological
exhaustion. Furthermore, IL-1R2 physically interacts with eno-
lase 1, which can suppress glycolysis-mediated pyroptosis and
inflammation, thus indicating a therapeutic target within this
pathway. Dexmedetomidine can also help maintain metabolic
balance by upregulating Nrf2, inhibiting mitochondrial fission,
and downregulating ferroptosis and vascular leakage [68].
Meanwhile, aerobic glycolysis suppression can activate autoph-
agy via the lactate/SIRT3/AMPK signaling pathway, thereby
providing protection in sepsis-associated acute kidney injury
(AKI) [69].

Mechanistically, ferroptosis and lipophagy contribute signifi-
cantly to septic AKI, which has added new insight into the
pathogenetic mechanisms and therapeutic targets of AKI [70].
Moreover, knockout or knockdown of MAPL also attenuates
septic myocardial injury and inflammation by inhibiting Drpl
SUMOylation and ameliorating mitochondrial dysfunction.
These findings suggest that metabolic reprogramming and
multimodal cell death are tightly interconnected in sepsis and
together contribute to a dysregulated host response to infec-
tion, characterized by excessive inflammation followed by
immune suppression, which ultimately results in life-threat-
ening organ dysfunctions [71].

Energy metabolism pathways can be regulated, selected forms
of cell death can be inhibited, and autophagy can be stimulated,
resulting in attenuation of the organ injury response and sys-
temic inflammation. To systematically reveal the pathological
processes and clinical manifestations critically associated with
sepsis development, priority mechanisms are summarized in
Table 2. The pathophysiology of sepsis is complex and multi-
faceted, comprising interactions among immune dysfunction,
microcirculatory derangement, metabolic disarray, and cell
death networks. These mechanisms collectively contribute to
the progression from localized infection to dysregulated sys-
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temic host response and subsequent organ dysfunction: micro-
circulatory dysfunction induces tissue hypoxia; abnormal rec-
ognition and/or excessive response to pathogens will exces-
sively activate the immune system; and metabolic disorders
activated by these former processes, along with programmed
cell death itself, further enhance inflammation-induced injury.
This mechanistic framework informs the pathogenesis of sep-
sis and identifies core nodes with their intrinsic relationships
at different levels, from molecule to system, thus offering theo-
retical support for early identification and multi-target combi-
nation interventions.

4 REGULATION AND DYSREGULATION OF
IMMUNE RESPONSES

4.1 Immunosuppressive phase and immune evasion

Studies have demonstrated that the immunosuppressive phase
of sepsis involves sophisticated immune regulation and eva-
sion, which are mediated through broad interplays among cel-
lular functions, metabolism, and signaling. Neutrophils with
high expression of CD200 receptor may also induce systemic
immunosuppression by promoting Treg cells [99]. Indeed,
recent investigations also indicate that metabolic reprogram-
ming acts as a pivotal mediator of crosstalk between immune
cell subsets in sepsis. Inflammatory stress and hypoxia direct
immune cells into a state of increased glycolysis and modified
lipid metabolism, resulting in remodeling of immune differen-
tiation and functional polarization. Metabolic rewiring, for
instance, skews T-cell subsets toward regulatory phenotypes,
and lactate accumulation inhibits effector T-cell responses.
Macrophage polarization is tightly associated with metabolic
state. These results suggest that metabolic changes actively
drive immune subset dysregulation during sepsis and are not
simply a reflection of immune activation [100]. This indicates
that intracellular metabolic regulation could be a novel thera-
peutic approach for sepsis-induced immunosuppression [101].
CXCR2" neutrophil subtypes also participate in immune sup-
pression, which may warrant their consideration as therapeutic
targets [102].

TCF7 and LEF-1 overexpression can significantly upregulate
the proliferation capability and effector function of CD4* T
cells, inhibit sepsis-induced apoptosis, and downregulate the
expression of PD-1/LAG-3, resulting in a stronger immune
response in patients with sepsis [103]. Metabolic dysfunctions
have an intrinsic role in immunosuppression: lactate impairs T
cell activation by downregulating CD40LG and SOCS3 expres-
sion, consequently restraining the JAK-STAT signaling path-
way [104]. Low-density neutrophils suppress T cells through
PD-L1 and contribute to susceptibility to secondary infections
[105]. Neutrophil immune function can be compromised by
glycolysis blockage, which downregulates lactate dehydroge-
nase A via the PI3K/Akt-HIF-1a signaling pathway [106]. The
Spns2/S1P signaling pathway is important for regulating im-
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mune homeostasis, inhibiting excessive early inflammation,
and relieving delayed immunosuppression, which may have a
critical role in immune remodeling [107].

These investigations systematically demonstrate the hallmarks
of regulatory networks in the immunosuppressive process of
sepsis and underscore that the generation of Treg cells, subset
properties of neutrophils, and dysregulated cellular metabolism
are crucial hubs for immune evasion. They support rational
drug discovery targeting metabolic reprogramming, immune
checkpoint regulation, and signaling pathways.

4.2 Negative feedback mechanisms and host homeostasis

Targeted deletion of IL-10 in CD169* macrophages results in
dramatically increased mortality during septic challenge, and
administration of recombinant IL-10 is protective in a model of
LPS-induced lethality, thereby highlighting the importance of
anti-inflammatory mediators during early negative feedback
regulation of inflammation [108, 109]. Adenosine deaminase
acting on RNA 1 (ADAR]1) inhibits sepsis-related ALI by sup-
pressing the activation of pyroptosis in pulmonary macro-
phages via the miR-21/A20/NLRP3 axis, demonstrating that
the host provides a possible negative feedback-based control
mechanism to prevent inflammation propagation and tissue
damage at the molecular level [78]. In patients with sepsis, T
cell immunoreceptor with Ig and ITIM domains (TIGIT)" T
cells display PD-1 upregulation, CD226 downregulation, and
impaired cytokine secretion, remarkably, in vitro blocking of
TIGIT restores T cell activity. These results imply that the
inhibitory receptor modulates T cell activity through negative
signaling to balance the immune response and avoid excessive
inflammation [110].

The IL-10/DEL-1 axis not only favors emergency granulopoi-
esis over neutropenia but also promotes early host survival by
balancing the abundance and function of immune cells, thus
emphasizing the role of immune negative feedback in induc-
ing overall immune homeostasis [108, 109, 111]. In addition,
the finding that the absence of IL-10 in B cells leads to aberrant
cGMP-PKG signaling, and that exogenous IL-10 supplemen-
tation alleviates LPS-induced ALI, suggests that negative feed-
back loops maintain both local and systemic immune homeo-
stasis through dense network interactions with cytokines and
immune cells [111]. In CLP-induced sepsis survivor mice,
splenic CD11b* Ly6Chieh myeloid cells are significantly expand-
ed at 4 weeks post-injury, and are predominantly composed of
monocytic myeloid-derived suppressor cells with evident
metabolic reprogramming. Overall, this population exhibits
M-MDSC-like metabolic features, suggesting that immuno-
suppressive myeloid cells participate in post-inflammatory
immune regulation after sepsis in a dynamic and adaptive man-
ner [112].
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IL-4 induces LAMP2 expression by activating STAT3 in
lysosomal homeostasis and autophagic flux, and this meta-
bolic and cellular homeostatic regulation is also involved in
negative feedback control [113]. Furthermore, artemisinin-
based therapy rescues both inflammatory and immunosuppres-
sive states in sepsis immune cells, therefore globally restoring
the homeostasis of the host’s immunological defense function,
suggesting that these negative feedback mechanisms play an
integrative regulatory role in controlling host defense.

4.3 Role of immunoregulatory cells

During the development of sepsis and the cytokine storm,
immunoregulatory cells are critically involved in the regulation
of host immune homeostasis and the downregulation of exces-
sive inflammation. They inhibit hyperactivation of effector T
cells, dendritic cells, and other immune-activated cells through
the growth factors IL-10 and TGF-f, as well as through con-
tact-mediated inhibitory mechanisms, thus locally restricting
inflammation to control tissue damage. Production of reactive
oxygen species and NO by MDSCs is the most common mecha-
nism to inhibit T cell proliferation, as well as to control amino
acid metabolism pathways and the inflammatory activity of
macrophages and neutrophils. At the height of inflammation,
the explosive accumulation of MDSCs acts to protect tissues
from injury, while their protracted survival can contribute to
immunosuppression.

Local immune self-regulation, however, is still modulated by
tissue-resident regulatory macrophages and dendritic cell sub-
types that not only produce anti-inflammatory/proresolving
mediators and phagocytose apoptotic cells but also regulate the
expression of co-stimulatory molecules to dampen hyperre-
sponsiveness, thereby essentially inhibiting overt inflammato-
ry responses. At the molecular level, Nrf2 plays a role in pro-
tecting against sepsis-induced lung injury by modulating
autophagy and NF-kB/PPARy-dependent macrophage polar-
ization [114]. GPR174 affects early immune regulation in sepsis
by altering macrophage phenotype and the production of both
pro- and anti-inflammatory cytokines [10]. In addition, the
‘mature DCs enriched in immunoregulatory molecules’ pro-
gram is activated within 24 hours after sepsis onset via the
TNFRSF-NF-xB and IFNGR2-JAK-STAT3 pathways, high-
lighting the critical role of dendritic cells in early immune
modulation [115].

PAD2/PAD4 deletion restrains NLRP3 activation and acceler-
ates the resolution of inflammation by skewing the YmI1* M2
macrophage phenotype toward a resolving phenotype in the
lungs. Thus, the PADIs/NLRP3/Yml axis may be a novel ther-
apeutic target for sepsis-associated ALI [116]. Repeated sep-
sis worsens CD4" T cell exhaustion and the antiviral immune
response, leading to poor outcomes; administration of anti-
TIGIT monoclonal antibodies can reverse T cell apoptosis
caused by sepsis and significantly improve survival [117, 118].
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Overall, dynamic regulation of Tregs, MDSCs, regulatory
macrophages, and dendritic cells, combined with the factors
involved in these key signaling pathways, constitutes a com-
plicated immunoregulatory network in sepsis and provides an
excellent theoretical basis for precision intervention and tar-
geted treatment.

5 INNOVATIVE INTERVENTIONAL STRATEGIES
5.1 Precision medicine and personalized therapy

BAMI15 promotes mitochondrial DNA-dependent responses
and may serve as a potential companion biomarker for the ini-
tial diagnosis and efficacy monitoring of septic patients during
therapy [119]. The immune response in sepsis is highly vari-
able, and this heterogeneity has a profound impact on disease
outcome and its treatment. Integrated analysis of patients’
immune phenotypes, metabolic status, microbiome informa-
tion, and genetic content leads to accurate stratification of the
intensity and type of inflammatory responses and provides a
solid scientific foundation for personalized interventions [120].
A typical application scenario may involve the patient popula-
tion with a low resistance program molecular fingerprint com-
pared with systemic inflammation levels, for which greater
diversity of immune states is relevant for developing more
sophisticated stratification strategies and adjustment of thera-
peutic schedules.

Certain combinations of IFN-y and IL-1B can efficiently dif-
ferentiate cytokine release syndrome from sepsis, thus signifi-
cantly enhancing the accuracy of individualized therapeutic
interventions [121]. Neutrophil-derived Clq has been proposed
as a consistent prognostic biomarker for sepsis-associated death
and could be a therapeutic target [122]. Furthermore, the trans-
fer of apoptotic cells to patients with mild-to-moderate sepsis
has been found to be safe and feasible, capable of directing
immune responses and contributing to early termination of
the cytokine storm [123]. As an essential autophagy-regulatory
molecule, RAS protein activator-like 3 not only plays a role in
the treatment of sepsis but also provides a new therapeutic tar-
get for other inflammatory conditions [124].

Using precise risk factors, such as the Acute Physiology and
Chronic Health Evaluation III score, bicarbonate levels, anion
gap, and invasive/noninvasive systolic blood pressure in com-
bination, more personalized therapies can be tailored to
improve survival time and prognostic outcomes in patients
with sepsis-induced acute respiratory distress syndrome [125].
Furthermore, the heterogeneity of sepsis subtypes and differ-
ences in mortality among populations have been observed,
such a tri-variable model can effectively identify patients with
the 8 sepsis subtype and thus form a reliable basis for dynam-
ic monitoring and stratified intervention [126]. Integration of
high-throughput multi-omics techniques, single-cell transcrip-
tomic profiling, and Al algorithms allows real-time monitoring
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of immune cell subsets and inflammatory networks. This ho-
listic approach can offer an evidence-based strategy for appro-
priate drug choice, medication dosage, and timing of interven-
tion in the cytokine storm to maximize its control, reconstitute
immune balance, and ultimately improve patient outcomes.

5.2 Application of biomarkers in clinical decision-making

In independently predicting mortality among septic patients,
lactate performs better than the quick sequential organ failure
assessment (SOFA) score and equally well as the full SOFA
score [127]. To improve translational clarity, the discussed bio-
markers are interpreted within a phenotype-oriented frame-
work. Sepsis-associated cytokine storms may manifest as
hyperinflammatory, immunosuppressive, endothelial/organ dy-
sfunction-dominant, or hypoperfusion/metabolic phenotypes.
Rather than being viewed as isolated indicators, biomarkers
should therefore be contextualized within these immune states
to guide risk stratification and therapeutic prioritization [128].
EV-derived miRNAs may help differentiate sepsis from non-
septic shock, and a three-miRNA composite can substantially
enhance diagnostic potential, serving as an ideal decision-mak-
ing tool for early intervention in this critical group of postop-
erative subjects [129]. The combination of serum CD64 and
pro-adrenomedullin with the SOFA score has good discrimi-
natory capability in patients with septic shock. Of these mark-
ers, CD64 is easier to detect and more convenient; it can part-
ly replace complicated scores [130]. The Systemic Immune-
Inflammation Index and procalcitonin have both demonstrated
potential value in the prognostic assessment of sepsis, and their
combined application may further improve the predictive accu-
racy for adverse outcomes in septic shock. However, current
findings remain heterogeneous, and their clinical utility still
requires further validation [131]. Early increased PTX3 levels
in severe sepsis and septic shock are associated with the devel-
opment of new organ dysfunction, while a smaller decrease in
circulating PTX3 levels is associated with an unfavorable prog-
nosis. Interestingly, in patients with septic shock undergoing
albumin resuscitation, PTX3 levels are lower than in those
receiving crystalloids [132]. BMP9 has been identified as a
stratification biomarker with independent prognostic value,
serving as a potential host-targeting strategy for sepsis treat-
ment [133]. Evidence indicates that time-restricted feeding
plays a hepatoprotective role in sepsis-induced hepatic injury,
and 3-HB might represent a novel pharmacological target, and
even a serum marker, for the treatment of severe liver injury of
unknown cause, which could provide new ideas for the clinical
treatment and risk assessment of hepatic injury [134]. Serum
CXCLS5 levels have also been suggested as a useful biomarker
for enhancing sepsis diagnosis and outcome prediction, and
can therefore be used in multivariate predictive models for bet-
ter risk stratification and to guide treatment initiation [135].

However, no single biomarker can fully capture the complexity
of the inflammatory network in sepsis, further supporting the
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need for phenotype-oriented multimarker integration. Multi-
marker composite features—such as lactate, cytokine profiles,
immune cell functions, and metabolism—can offer a more
accurate determination of patients’ inflammatory status and
immune competence for early intervention and personalized
therapy. Continuous monitoring of important inflammatory
mediators and immune parameters allows closer guidance of
therapy with anti-infective and immunomodulatory drugs in
real time, optimizing therapy duration and avoiding over-
immunosuppression or overactivation. In an era of progres-
sive development in single-cell analysis, metabolomics, and
Al-driven predictive models, the clinical value of these bio-
markers is anticipated to achieve a higher level of precision
and personalization, providing firm support for accurate patient
stratification and identification, tailored interventions, and
improved outcomes in sepsis, and ultimately reducing sepsis-
associated mortality.

5.3 Novel immunomodulators and anti-inflammatory
agents

At the same time, the translational relevance of immunomodu-
latory spectra in sepsis becomes more substantive when treat-
ment is specifically targeted to biologically delineated immune
endotypes. Interventions such as adjunctive corticosteroids,
rather than being applied uniformly, may be more properly
considered within gene-expression-informed inflammatory
states, which can identify patients likely to benefit most and
mitigate the potential harms of indiscriminate immune sup-
pression [136]. Sepsis and its attendant cytokine storm repre-
sent a condition of intricate immunopathobiology, character-
ized by marked dysfunction and dysregulation of the host
immune response, including excessive activation of inflam-
mation in conjunction with immunosuppression and multiple
organ failure. In the context of increasingly deeper integration
of omics technologies and Al the therapeutic concept of sepsis
has also been transforming from traditional anti-infection or
supportive care to one involving precision stratification,
dynamic monitoring, and multidimensional intervention. The
multi-targeted regulation modes of immune disturbance, met-
abolic dysfunction, and inflammatory overreactions present
challenges for patient therapy. In summary, to systematically
summarize recent developments and prospects in sepsis treat-
ment, this review addresses emerging interventional strategies
reported in the past decade in Table 3, including precision
medicine, biomarker-guided management, and immunomodu-
latory therapy, which may provide theoretical support for
a personalized medicine-oriented individualized therapeutic
approach as well as combined multi-target interventions.

In addition, melittin was demonstrated to relieve sepsis-induced
AKI by suppressing ferroptosis mediated by the GPX4/NRF2
signaling [159]. GDF15 protects against sepsis-induced pul-
monary injury by activating AMPK, inhibiting glycolysis, and
inactivating the NF-kB/MAPK signaling pathways, leading to
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Table 3. Innovative intervention strategies and application prospects
;zt:::ge;twn Target/mechanism Research stage Clinical/experimental outcomes References
TaoHe ChengQi Nrf2-mediated anti-ferroptosis path- ~ Validated in animal models Improved sepsis-induced cardiac ~ [137]
decoction way dysfunction
NLRP3 gene NLRP3/IL-1p signaling axis Mechanistic validation in Ameliorated sepsis-induced myo-  [75]
knockout animal models cardial atrophy
EphA4-Fc decoy Blockade of Eph/Ephrin signaling Validated in animal models Attenuated vascular leakage and en- [138]
receptor dothelial dysfunction in septic mice
Biomimetic nano- Regulation of the Nrf2/HO-1 pathway Validated in animal models Improved cognitive function in [139]
regulator sepsis-associated encephalopathy
Xuebijing NF-«B pathway Experimental validation stage Reduced IL-1f expression levels in [140]
patients with sepsis
UDCA Inhibition of the STING-PANoptosis ~ Validated in animal models Alleviated sepsis-induced pulmo-  [141]
axis nary edema and inflammation
FRC-derived exo- CD5L-PINK1/Parkin axis Validated in mouse models Improved renal function and in- [142]
somes creased survival rate in sepsis
CXCR1/2 inhibition NETosis—CXCR1/2 axis Validated in mouse models Reduced multiorgan injury and [143]
mortality in sepsis
miR-223 macro- Inhibition of glycolysis and maintenance Validated in mouse models Alleviated the severity of sepsis [144]
phage therapy of an anti-inflammatory phenotype
MALATI1-STAT3 Degradation of MALAT1 and p- Validated in mouse models Improved survival in septic mice  [145]
axis inhibition STAT3
Palmatine Notch1/NF-kB pathway Validated in mouse models Improved neurological function [82]
in mice with sepsis-associated
encephalopathy
MON targeting the ~ AKT/GSK3p/Fyn/NRF2 axis Validated in cell and animal Alleviated sepsis-induced acute [146]
AKT pathway models liver injury
Patelet NLRP6 NLRP6-TRIM21/TABI axis Validated in NLRP6 knockout Reduced microvascular thrombosis [147]
inhibition mice in sepsis
Dapagliflozin PI3K/Akt anti-apoptotic pathway Validated in rat and cell models Improved sepsis-induced cardiac ~ [148]
dysfunction
FGR kinase inhibitor SIRT1/PGC-1a pathway Validated in mouse models Improved cognitive dysfunction [149]
associated with sepsis
Rhodiola rosea Inhibition of the PI3K-AKT pathway  Validated in cell and animal Suppressed inflammation, oxida- ~ [150]
extract models tive stress, and apoptosis in sepsis
FGF1 Inhibition of the IL-6/STAT3 pathway Validated in cell and animal Alleviated coagulation dysfunction [83]
models and liver injury in sepsis
ELT-mediated meta- Regulation of macrophage polariza-  Validated in cell and animal Improved sepsis-induced ALI [151]
bolic reprogramming tion models
IL-40 gene knockout Inhibition of ST00A8/9-positive Validated in clinical cohorts Reduced mortality in sepsis [152]
neutrophils and animal models
Xiaochaihu decoc-  Inhibition of the ZBP1-PANoptosis Validated in cell and animal Improved sepsis-associated cardiac [153]
tion pathway models function and inflammation
TIFA gene knockout Mitochondrial damage-induced Validated in cell and animal Alleviated sepsis-induced renal [154]
pyroptosis models injury and inflammation
Gelsevirine Inhibition of the STING—pyroptosis Validated in animal and cell Improved sepsis-associated en- [155]
pathway models cephalopathy
MSM immunomodu- Lactate—H3K18la—Argl pathway Validated in animal and cell Reduced sepsis-associated sys- [156]
latory therapy models temic inflammatory response
Activation of the Inhibition of macrophage ferroptosis ~ Validated through bioinformat- ~ Alleviated sepsis-associated lung  [157]
VDR/FFAR?2 axis ics analysis and cell experiments injury and inflammation
Bacterial ATP release Inhibition of bacterial ATP synthase and Validated in animal and bacte- ~Attenuated neutrophil activation [158]
blockade disruption of outer membrane integrity  rial models during sepsis
Mollugin anti- Inhibition of TAK1-NF-kB/MAPKs  Validated in mouse CLP sepsis Alleviated pulmonary and hepatic  [79]
inflammatory therapy and activation of Nrf2 model inflammation in septic mice
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Note: Nrf2, nuclear factor erythroid 2-related factor 2; NLRP3, NLR family pyrin domain containing 3; IL-1p, interleukin-1 beta; EphA4, ephrin
type-A receptor 4; Fc, fragment crystallizable; HO-1, heme oxygenase-1; NF-kB, nuclear factor kappa-B; UDCA, ursodeoxycholic acid; STING,
stimulator of interferon genes; PANoptosis, pyroptosis-apoptosis-necroptosis; FRC, fibroblastic reticular cell; CD5L, CDS5 molecule-like; PINK1,
PTEN-induced putative kinase 1; CXCR1/2, C-X-C chemokine receptor type 1/2; NETosis, neutrophil extracellular trap formation; miR-223,
microRNA-223; MALAT1, metastasis-associated lung adenocarcinoma transcript 1; STAT3, signal transducer and activator of transcription 3;
p-STAT3, phosphorylated STAT3; Notchl, neurogenic locus notch homolog protein 1; AKT, protein kinase B; GSK3, glycogen synthase kinase
3 beta; Fyn, Fyn proto-oncogene; NRF2, nuclear factor erythroid 2-related factor 2; NLRP6, NLR family pyrin domain containing 6; TRIM21, tri-
partite motif-containing protein 21; TAB1, TGF-beta-activated kinase 1 binding protein 1; PI3K, phosphoinositide 3-kinase; Fgr, Gardner-Rasheed
feline sarcoma viral oncogene homolog; SIRTT1, sirtuin 1; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; FGF1,
fibroblast growth factor 1; IL-6, interleukin-6; ELT, esculetin; ALIL, acute lung injury; IL-40, interleukin-40; S100A8/9, S100 calcium-binding pro-
tein A8/A9; ZBP1, Z-DNA binding protein 1; TIFA, TRAF-interacting protein with forkhead-associated domain; MSM, methylsulfonylmethane;
H3K18la, histone H3 lysine 18 lactylation; Argl, arginase 1; VDR, vitamin D receptor; FFAR2, free fatty acid receptor 2; ATP, adenosine triphos-
phate; TAK1, transforming growth factor-beta-activated kinase 1; MAPKSs, mitogen-activated protein kinases; CLP, cecal ligation and puncture.

anti-inflammatory polarization of alveolar macrophages [84].
NWG specifically inhibits Src, AKT1, and cyclooxygenase-2
(COX-2) to suppress the Src/AKT1/NF-kB signaling pathway,
resulting in anti-inflammatory effects and protection of lung
microvascular barrier function [160]. In murine models of acute
respiratory distress syndrome and sepsis, Dex@GNPs with
natural glycyrrhizin protein nanoparticles can remodel the dis-
organized immune microenvironment and reduce tissue dam-
age, presenting an effective method for localized anti-inflam-
matory and immunity regulation [161]. Dragon’s blood pig-
ment, a CMPK2 blocker, may be therapeutically effective in
sepsis by regulating metabolic and signaling pathways [162].
Enoxolone-mediated sepsis suppression involving the NF-xB
pathway and MEK/ERK signaling pathways suggests a new
therapeutic approach that combines precise control of cellular
signal transduction with anti-inflammatory treatment strate-
gies [163]. Furthermore, miR-223 overexpression in macro-
phages hinders their polarization toward the M1 phenotype
after LPS stimulation and decreases sepsis severity in the con-
text of IL-4 pretreatment. These findings provide new insight
into the induction of anti-inflammatory macrophages via regu-
lation of cellular energy metabolism and provide a basis for
macrophage-based cell therapy in sepsis [144].

The balance between immune activation and immunosup-
pression also depends on the pathogenesis of sepsis, and immu-
nomodulation is the main therapeutic direction in infected
patients. Here, recent major treatment strategies for sepsis are
systematically characterized: immune checkpoint blockade,
cellular and cytokine interventions, and targeted drug-delivery
systems in Figure 2. In particular, PD-1/PD-L1 and cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) inhibitors reverse
immunosuppression and restore T cell effector function; thy-
mosin al and cell-based products enhance host immune
defense; GM-CSF and IFN-y alleviate immune paralysis; and
the modulation of macrophage M1/M2 polarization via phar-
macological agents or nanoparticle delivery systems is involv-
ed in the precision treatment of the inflammatory response.
Collectively, these strategies achieve targeted regulation of key
nodes within the inflammatory network, suppressing excessive
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inflammation while preserving host defense mechanisms and
multiorgan homeostasis, thereby providing novel theoretical
frameworks and practical pathways for multi-level, controlla-
ble intervention in sepsis. While novel immunomodulatory
therapies (melittin, GDF15, NWG, 4-OI, and nanoparticle-
mediated delivery systems) show great promise in animal
models of sepsis/sepsis-associated encephalopathy as well as in
their in vitro counterpart, there is still a lack of clinical valida-
tion in patients, and few have been validated in national cohort
studies with large sample sizes suggesting high specific effica-
cy. Specifically, the diagnostic value of GDF15 and its poten-
tial as a therapeutic target in sepsis-associated encephalopa-
thy merit further experimental and clinical studies [164].
Furthermore, safety issues, dose optimization, pharmacokinet-
ics, and patient heterogeneity require thorough evaluation in
well-designed clinical trials. As such, these approaches should
currently be considered promising therapeutic candidates rath-
er than established clinical options.

6 DISCUSSION

This review comprehensively demonstrates the complex net-
work properties of sepsis and the cytokine storm, including
immune hyperactivation, cytokine networks, intercellular
signaling crosstalk, microcirculatory dysfunction, metabolic
remodeling, and multimodal cell death, revealing their multidi-
rectional pathological mechanisms. As the core mechanism,
the cytokine storm not only accelerates multiple organ dys-
function but also further promotes immune imbalance through
a positive-feedback mechanism, thereby limiting the effective-
ness of single-target interventions. Inhibition of the expression
or activity of DNA-PKcs may be a promising strategy for treat-
ing sepsis, as it may inhibit or mitigate mitochondrial dysfunc-
tion and organ damage in sepsis-related MODS.

Current treatment for sepsis is mainly limited to anti-infective
therapy, fluid resuscitation, and organ support. However, these
strategies focus one-sidedly on the symptoms and complica-
tions of the disease, which is insufficient to regulate the com-
plicated inflammatory process. The pathophysiology of sepsis
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Figure 2. Immunomodulation and targeted intervention in sepsis. This figure shows the main immunomodulatory and targeted therapy
strategies for treating sepsis. Anti-PD-1/PD-L1 and CTLA-4 blocking antibodies, as immune checkpoint inhibitors, can restore T cell function
and ameliorate post-septic immunosuppression. Other immunomodulatory treatments, such as thymosin al or cellular therapy, also improve host
immune defense and tissue recovery. Interferons and interleukins, such as GM-CSF and IFN-y, promote immune cell activation and alleviate
immune dysfunction. In drug-targeted regulatory strategies, the use of pharmacological agents (such as SQV, losartan, and quercetin), naringin,
or macrophage-based drug delivery systems to regulate the balance between M1/M2 polarization can fine-tune the induction of inflammatory
responses and favor the resolution of immune homeostasis re-establishment.

consists of signaling networks and metabolic systems interact-
ing at multiple levels, and its nonlinear and dynamic nature
suggests that single interventions may be insufficient to
entirely suppress inflammatory cascades or return the immune
system to homeostasis. Thus, multi-target and controllable
interventions have been considered an important future direc-
tion. For instance, 4-OI has multi-target protective effects
on LPS-induced septic AKI by inhibiting the inflammatory
response and oxidative stress as well as promoting mitophagy
[165].

Biomarkers and precision medicine hold promise in sepsis care.
Early identification of high-risk patients, dynamic tracking of
inflammation status, and incorporation of combined features
of cytokine signatures, immune cell function, and metabolism
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may open options for stratified interventions and provide a sup-
port system for precise clinical decisions. The presence of dif-
ferent sepsis subphenotypes, as well as their relationship to
disease trajectory, clinical presentations, and outcomes, has
been identified through large-scale proteomics studies, leading
the way to new biomarkers and precision-based interventions.

New immunomodulatory agents and anti-inflammatory inter-
ventions also offer intriguing treatment options for sepsis. For
example, NAD(H)-loaded nanoparticles can enhance energy
supply and inhibit inflammation, as well as promote immune
homeostasis and vascular function [166]. Obeticholic acid also
suppresses pro-inflammatory mediator synthesis and mito-
chondrial damage by reducing oxidative stress through inhi-
bition of the NF-kB/NLRP3 signaling pathway [167]. Taken
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together, these results argue for a paradigm shift in sepsis ther-
apy, incorporating multi-level, dynamically controlled network
intervention paradigms and moving away from rigid single-
target approaches.

However, translational efforts and clinical practice still en-
counter several difficulties, such as the large heterogeneity of
inflammatory networks, individual variability in immunologi-
cal responses, and limitations of existing biomarkers. Notably,
the combination of high-throughput omics technologies, sin-
gle-cell analyses, and Al-based predictive models is anticipat-
ed to enhance early risk stratification and precision interven-
tion, as well as to provide a theoretical basis for multi-target
combination therapies [168]. Importantly, a study that utilized
the Surviving Sepsis Campaign guidelines and applied machine
learning to integrate six major treatments—including antibac-
terial therapy, balanced crystalloids, insulin therapy, cortico-
steroids, vasopressin, and bicarbonate—into a bundled algo-
rithm, which significantly decreased 28-day mortality in
patients with sepsis and septic shock. These findings indicate
that, in the future, improving outcomes will be achieved pre-
dominantly through integrating network-based multidimen-
sional interventions with precision medicine strategies.
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4-01I, 4-octyl itaconate; AKI, acute kidney injury; ALI, acute
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antigen; MAPK, mitogen-activated protein kinase; MDSC,
myeloid-derived suppressor cell; MODS, multiple organ dys-
function syndrome; MyD88, myeloid differentiation primary
response 88; NET, neutrophil extracellular trap; NLRP3, NOD-
like receptor family pyrin domain containing 3; NO, nitric
oxide; NWG, N-(1,3,4-oxadiazol-2-yl) guanidine; PTX3, pen-
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cell immunoreceptor with Ig and ITIM domains; TLR, Toll-
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Abstract
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Perioperative pain management remains challenging, as inadequate analgesia may
delay recovery and increase opioid exposure. Multidisciplinary pain management
(MPM) emphasizes multimodal and collaborative strategies, creating opportunities
for integrating non-pharmacological interventions. Acupuncture anesthesia (AA),
derived from traditional Chinese medicine, has re-emerged as a potential adjunct in
perioperative care through modulation of nociceptive transmission, stress responses,
and opioid requirements. This review summarizes the historical development, proposed
neuroimmune mechanisms, and current clinical applications of AA in modern
perioperative settings. Evidence from randomized controlled trials and meta-analyses
suggests that AA may reduce postoperative pain scores, opioid consumption, and
postoperative nausea and vomiting, and facilitate recovery in selected procedures.
Moderate-level evidence supports its adjunctive role in gastrointestinal, orthopedic,
and gynecological surgeries, whereas evidence in thoracic, cardiac, and highly invasive
procedures remains limited and inconsistent. Critically, current evidence is constrained
by small sample sizes, heterogeneous acupuncture protocols, inadequate blinding,
regional concentration of studies, and insufficient long-term outcome reporting. These
limitations reduce external validity and hinder guideline-level recommendations.
Overall, AA shows promise as part of MPM pathways, particularly in enhanced recovery
protocols, but standardized intervention protocols and large multicenter high-quality
trials are needed before broader implementation in perioperative anesthesia practice.
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1 INTRODUCTION cine is increasingly widespread, emphasizing coordination and

cooperation between anesthesiologists, surgeons, nurses, reha-

Pain is one of the most common and challenging symptoms in
clinical practice. Especially in the perioperative environment,
insufficient pain control may adversely affect surgical results,
recovery quality, and patient satisfaction. Despite advances in
anesthesia technology, perioperative pain management in many
patients is still not ideal, and is often affected by opioid-related
adverse reactions, delayed recovery, and prolonged hospitaliza-
tion [1]. In response to these challenges, the application of mul-
tidisciplinary pain management (MPM) in perioperative medi-
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bilitation specialists, and other medical professionals to opti-
mize analgesic effects and functional recovery [2-4]. In periop-
erative nursing, MPM is different from its application in chron-
ic pain management. The goal of perioperative MPM is not to
focus on long-term psychosocial rehabilitation, but to achieve
effective intraoperative and early postoperative analgesia,
reduce perioperative stress response, minimize the use of opi-
oids, and support enhanced recovery after surgery (ERAS)
pathways [4-6]. However, the implementation of perioperative
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MPM still faces major obstacles, including limited interdisci-
plinary training, inconsistency of clinical programs, and over-
reliance on drug interventions, which together limit the devel-
opment of comprehensive, patient-centered analgesic strategies
(3, 7].

Acupuncture anesthesia (AA) is a unique non-drug technology
that has been incorporated into perioperative clinical practice
since the middle of the 20th century, especially in China [1, 8,
9]. AA is rooted in the theory of traditional Chinese medicine
(TCM) and is increasingly explained through modern neuro-
physiological frameworks. It involves the use of acupuncture
stimulation as an anesthesia or anesthesia adjuvant method dur-
ing surgery. It is important to note that AA should be distin-
guished from acupuncture for pain relief, which is mainly used
for postoperative or chronic pain relief. In the perioperative
context, AA aims to regulate nociceptive transmission, reduce
surgical stress response, and support intraoperative and early
postoperative analgesia, usually as part of a multimodal anes-
thesia regimen rather than as a standalone anesthesia technique

[1].

More and more evidence shows that AA can affect periopera-
tive analgesia through a variety of mechanisms, including reg-
ulating the release of endogenous opioids, regulating central
and peripheral neurotransmitters, and regulating neuroimmu-
nity and autonomic nervous system [8, 10]. Clinically, it is
reported that AA can reduce the dosage of anesthetics and opi-
oids, reduce the amount of bleeding during surgery, and pro-
mote the postoperative recovery of specific surgical popula-
tions [11, 12]. However, the clinical efficacy of AA varies
between different surgeries and patient groups, and its integra-
tion in the modern perioperative path is still uneven. In addi-
tion, there is still uncertainty about standardized protocols,
appropriate indications and the strength of supporting evi-
dence, which highlights the need for systematic evaluation [11,
13].

In this review, we focus on the role of AA in perioperative pain
and anesthesia management. We have summarized its histori-
cal development, the basis of the mechanism related to periop-
erative analgesia, its clinical application in various surgical
environments, and its integration in the multidisciplinary peri-
operative nursing model. Furthermore, we also critically dis-
cussed the current limitations, implementation obstacles and
future research directions, aiming to clarify the potential value
and challenges of integrating AA into contemporary periopera-
tive practice.

2 LITERATURE SEARCH STRATEGY AND STUDY
SELECTION

A systematic literature retrieval was carried out to identify evi-

dence related to AA and perioperative-based anesthesia and
pain management interventions. Data were retrieved from
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PubMed, Web of Science, Embase and Wanfang from the
beginning of the database establishment to December 31, 2025.
Search terms were developed using controlled vocabulary
(when available) and free-text keywords, including “acupunc-
ture anesthesia” OR “acupuncture-assisted anesthesia” OR
“electroacupuncture”, combined with perioperative/anesthesia-
related terms such as “perioperative” OR “intraoperative” OR
“anesthesia” OR “analgesia” OR “enhanced recovery”. The
reference list of eligible papers and relevant reviews was manu-
ally screened to identify other studies. A representative PubMed
search strategy is provided in Supplementary Table 1.

Eligible studies included clinical trials (randomized or non-
randomized), observational studies, and relevant experimental
studies published in English or Chinese that examined AA or
acupuncture-based interventions used as anesthetic adjuncts in
perioperative or intraoperative settings and reported anesthe-
sia- or analgesia-related outcomes (e.g., pain intensity, opioid
consumption, anesthetic requirements, recovery indicators, or
adverse events). Studies that only focus on chronic pain man-
agement or postoperative acupuncture analgesia without clari-
fying the correlation of the perioperative period and the confer-
ence summary were excluded. The case report was not used as
the main evidence, but it can be selectively cited when appro-
priate to illustrate the historical feasibility. First, the title and
abstract were screened, and then the full text was evaluated for
suitability. Screening and eligibility assessment were conduct-
ed by a single reviewer (C.Q.). Included studies were summa-
rized by perioperative phase (preoperative, intraoperative,
postoperative), surgical context, and study design. The quality
of the study and the intensity of evidence are interpreted
according to the methodological rigor (such as randomization,
blindness, sample size and result report), and caution is main-
tained when drawing conclusions from low-level evidence.
Only a small number of non-perioperative studies were cited
to support the mechanism or background discussion, and they
did not serve as the main evidence of perioperative clinical
conclusions. This review is a narrative/qualitative synthesis
based on structured retrieval, and not an informal systematic
review.

3 CONCEPTUAL FRAMEWORK OF AA IN THE
PERIOPERATIVE CONTEXT

3.1 Definition and scope of AA

AA refers to the use of acupuncture stimulation as anesthesia
or anesthesia-assisted technique in the perioperative period,
especially during and postoperative and postoperative period
[14, 15]. In modern clinical practice, AA is rarely used as a
separate anesthesia method; on the contrary, it is usually inte-
grated into a multi-mode anesthesia strategy to enhance anal-
gesia, reduce the need for drug anesthesia, and regulate the
physiological stress response during the perioperative period
[12, 16, 17]. In the context of the perioperative period, the main
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goals of AA include reducing the transmission of injury sen-
sations during surgery, stabilizing autonomic and neuroendo-
crine responses, and promoting postoperative recovery [14].
These effects are achieved through targeted stimulation of spe-
cific acupoints, usually combined with modern anesthetics,
under the supervision of the perioperative team led by the
anesthesiology department. Therefore, AA should be under-
stood as an integral part of perioperative anesthesia manage-
ment, not an isolated alternative therapy [17].

3.2 Distinction between AA and acupuncture analgesia

A clear conceptual distinction must be made between AA and
acupuncture analgesia, because the confusion of these two
methods leads to inconsistency in clinical interpretation and
research design. Acupuncture analgesia is mainly used for
postoperative pain control or chronic pain management, which
is usually carried out outside the operating room. Its main goal
is to achieve long-term pain relief, function improvement and
symptom adjustment through repeated treatment [13].

In contrast, AA is especially implemented in the perioperative
period, focusing on intraoperative analgesia and postoperative
immediate pain regulation. The result indicators of AA empha-
size the effect of anesthesia saving, intraoperative hemodynam-
ic stability, stress response reduction and early recovery indica-
tors, rather than long-term pain results. Failure to distinguish
between the two methods may lead to improper derivation of
evidence from chronic pain studies to perioperative anesthesia
practice.

3.3 Role of AA in multimodal perioperative analgesia

From the perspective of modern anesthesiology, AA is most
suitable as a non-drug component of multi-mode perioperative
analgesia. By acting on the central and peripheral injury recep-
tor pathways, autonomic nervous system regulation and neuro-
immune interactions, AA may supplement the effect of drug
anesthetics and analgesics [10, 16]. This integration is particu-
larly relevant in strategies to reduce opioid use and ERAS pro-
grams [14, 17]. Importantly, the effectiveness of AA is affected
by many factors, including the type of surgery, stimulation
techniques (e.g., manual acupuncture and electric acupunc-
ture), patient characteristics, and the time of intervention in
the perioperative workflow [13, 18]. Therefore, standardized
definitions and clear clinical indications are crucial to evaluate
the role of AA in modern perioperative anesthesia mana-
gement.

4 HISTORICAL PERSPECTIVE

4.1 The evolution of acupuncture toward modern periop-
erative practice

Acupuncture is one of the oldest therapeutic methods devel-
oped from Chinese medicine. Its traditional concepts of pain
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control and homeostasis have been documented in early me-
dical literature such as the Huangdi Neijing (The Yellow
Emperor’s Inner Canon). During successive dynasties, clinical
experience continuously accumulated and new techniques were
developed, which laid the historical groundwork for later medi-
cal adaptation. Although these classical theories were not
developed within the framework of modern anesthesiology,
they still formed a conceptual basis for somatosensory modu-
lation of pain sensation and stress responses.

In the mid-twentieth century, acupuncture entered a stage
where it began to interact more intensively with biomedical sci-
ence and perioperative medicine. Since the 1950s, some tech-
niques have been introduced into clinical research and stan-
dardized practice, leading to their application in hospital set-
tings including perioperative care [19]. Advances in physiology,
neuroscience, and clinical trial methodology have allowed
acupuncture-related interventions to be assessed using modern
scientific tools. For example, neuroimaging methods such as
functional magnetic resonance imaging have enabled us to
investigate central pain processing networks, whereas device-
assisted stimulations such as electroacupuncture (EA) make it
possible to control stimulation intensity and frequency param-
eters [20-22]. This has improved reproducibility and provided a
methodological basis for studying acupuncture within the con-
text of anesthesiology.

As acupuncture has become widely used in the treatment of
various diseases, perioperative medicine has increasingly
focused on how to better improve analgesic effects, reduce
anesthetic drug usage, and help patients recover faster before,
during, and after surgery. Therefore, AA can be regarded as an
extension of acupuncture into the perioperative medical field,
meaning that it works together with anesthetic drugs rather
than focusing solely on its therapeutic efficacy. Thus, under-
standing the historical background of acupuncture and moxi-
bustion helps to understand the details of AA’s emergence and
development. Furthermore, knowing how modernized acu-
puncture has developed toward standardization and mechanis-
tic understanding can also help us realize why perioperative
pain control still focuses so much on AA today. The historical
evolution and major milestones of AA in perioperative medi-
cine are summarized in Figure 1.

4.2 The application of acupuncture in integrative and peri-
operative medicine

Acupuncture is one of the most widely used forms of TCM.
Acupuncture can stimulate specific acupoints and regulate
body function to achieve the purpose of preventing and treat-
ing diseases. With the development of modern medical science,
especially neurophysiology and immunology, the mechanism
of acupuncture has been further studied. Studies have shown
that acupuncture acts on peripheral and central nerve path-
ways. Acupuncture can also regulate the release of neurotrans-
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Milestones of AA

Classical foundations
of acupuncture
Meridian-based

stimulation used for
pain relief; conceptual
basis for later clinical
adaptation.

Emergence of AA in China
Early integration of
acupuncture stimulation
into surgical anesthesia
practice.

®

Classical
foundations
(pre-20th century)

O,

Emergence of
AA (1950s)

®

Feasibility demonstrated
in major operations
Reports of thoracic and
other surgical procedures
supported clinical
exploration.

Feasibility in
major surgery
(1960s-1970s)

Evidence-based
perioperative integration
Multicenter trials and ERAS-
oriented pathways highlight
opioid-sparing potential and
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Modernization and adjunctive protocols
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perioperative use.

®
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perioperative
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(2010s—present)
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and adjunctive
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Figure 1. History and key milestones of acupuncture anesthesia in perioperative medicine. The timeline highlights the conceptual basis of
acupuncture in pain regulation, the emergence of AA in the 1950s, early feasibility reports in major surgeries, and subsequent modernization
through electroacupuncture protocols and parameter standardization. In recent years, AA has been increasingly evaluated and incorporated as an
adjunctive method for multimodal perioperative analgesia and ER AS-oriented treatment pathways, focusing on reduced opioid use and recovery-
related outcomes. Created by the author using BioRender. AA, acupuncture anesthesia; EA, electroacupuncture; ERAS, enhanced recovery after

surgery.

mitters, inflammatory factors, and other mediators. It can also
affect the patient’s stress response and reduce pain and other
rehabilitation-related processes [19, 23]. Therefore, acupunc-
ture-based interventions can be better integrated into modern
medicine.

From the perspective of perioperative medicine, its clinical
focus differs from that of general outpatient indications: peri-
operative application prioritizes analgesia, regulation of surgi-
cal stress response, and reduction of the drug burden in the
anesthesia pathway. In this context, AA represents a struc-
tured perioperative-oriented application that can be imple-
mented before, during, or after surgery as part of a multi-
modal analgesia strategy. Technological advances—particu-
larly EA—have standardized the control of stimulation fre-
quency and intensity, improved repeatability, and promoted
integration with the perioperative workflow. In addition, ear-
based methods and acupoint stimulation protocols have been
explored as adjunctive strategies for the management of periop-
erative symptoms, including postoperative pain and nausea,
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although standardization is still a key requirement for wider
implementation.

In Western medical practice, the adoption of acupuncture is
closely linked to evidence-based evaluation and mechanistic
research. Neuroimaging, biochemical assays, and perioperative
outcome studies have been used to test the regulatory effects of
acupuncture on the nervous, endocrine, and immune systems
[23, 24]. This type of mechanistic research provides a stricter
biological basis for clinical use and supports the development
of standardized perioperative protocols. In addition, the use of
devices and minimally invasive methods (such as EA and relat-
ed stimulation techniques) offer practical advantages in the
perioperative environment, as they allow parameter setting and
improve consistency of operation. Overall, the growing evi-
dence base and increasing methodological rigor help to position
acupuncture-based interventions, including AA, as potential
adjunctive approaches for modern perioperative pain manage-
ment and holistic anesthesia care.
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Figure 2. Schematic overview of mechanisms underlying acupuncture-mediated analgesia relevant to perioperative care. Acupuncture
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element-binding protein; Th1/Th2, T helper 1/2 cells.

4.3 Applications of AA in modern perioperative medicine

Acupuncture has long been used for pain regulation.
Contemporary practice has expanded from manual body acu-
puncture to include EA, ear acupuncture stimulation, and
related acupoint stimulation techniques [19, 25, 26]. These
technological advances have particular relevance to periopera-
tive care. For perioperative care, reproducibility, parameter
control, and integration into the entire anesthesia process are
all very important aspects. In this context, AA is now regarded
more as an additional tool than as an independent anesthesia
modality, supporting multimodal analgesia strategies and
reducing opioid use.

Evidence from both clinical and physiological studies has
shown that acupuncture can modify pain processing and the
response to surgical stress during the perioperative period. It
does so through its regulation of neural transmission pathways
and immune system pathways involved in nociception and
inflammation. Acupuncture has been applied in surgical set-
tings and studied for the following outcomes: reducing postop-
erative pain severity; decreasing opioid requirement; and less-
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ening anesthesia-related side effects, including postoperative
nausea and vomiting (PONV) [19, 27]. It should be noted that
perioperative use of acupuncture requires a clear distinction
between intraoperative and postoperative applications, as these
two approaches differ in timing, objectives, and coordination
with general anesthesia management.

Although clinical interest has increased, the widespread use
of AA in conventional medicine still faces technical and effi-
cacy-related obstacles. The diversity of acupoint selection,
stimulation parameters (frequency/intensity), timing of inter-
vention, and outcome reporting reduces study comparability
and makes evidence synthesis difficult. Therefore, standard-
ized A A protocols and high-quality trial results are still need-
ed to establish indications, determine optimal procedures,
and integrate AA into ERAS pathways. Beyond clinical evalu-
ation, improvements in objective monitoring and quantitative
methods—such as standardized outcome reporting and stable
stimulation protocols—will help build stronger evidence for
the scientific implementation of acupuncture in perioperative
pain management.
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In brief, acupuncture has evolved from classical theoretical
foundations to relatively standardized and scientific research.
Currently, increasing attention is being paid to its perioperative
applications, particularly its role in regulating pain perception,
reducing surgical stress response, decreasing opioid consump-
tion, and supporting postoperative recovery. Nevertheless,
modern evidence-based medicine still faces challenges in
standardization, reproducibility, and mechanistic clarification.
As more acupuncture-related interventions are increasingly
integrated into perioperative multidisciplinary care systems, a
better understanding of their neurophysiological and molecular
mechanisms will help develop more scientific protocols and
facilitate clinical translation. Therefore, the following section
summarizes the existing evidence on the mechanisms and
pathways of acupuncture analgesia and perioperative regu-
lation.

5 MECHANISMS OF ACTION

Acupuncture stimulation produces perioperative analgesia and
anesthesia auxiliary effects by activating specific acupoints. Its
mechanism of action is multifaceted, involving the coordinated
regulation of the peripheral nervous system and the central ner-
vous system (CNS), as well as the interaction with the immune,
endocrine and stress response pathways [8]. In the context of
the perioperative period, these mechanisms jointly help to
weaken the sensory conduction of injury, stabilize the physio-
logical response to surgical stress, and enhance the effect of
anesthesia.

As summarized in Figure 2, acupuncture-induced analgesia
produces analgesic effects by regulating neurotransmitter
release, modulating immune and inflammatory mediators,
altering receptor expression, and activating specific intracellu-
lar signaling pathways [28-30]. Rather than acting through a
single pathway, acupuncture-induced analgesia influences mul-
tiple interconnected systems that are highly relevant to periop-
erative pain processing and anesthesia management.

5.1 Regulation of neurotransmitters

As a distinct non-pharmacological component of perioperative
analgesia, acupuncture modulates neurotransmitter activity in
both the central and peripheral nervous systems, thereby influ-
encing pain perception and stress-related responses during
surgery.

As illustrated in Figure 3, needling at commonly used acu-
points such as Large Intestine 4 has been shown to activate
y-aminobutyric acid (GABA) receptors in the CNS. GABA is
the primary inhibitory neurotransmitter in the CNS and plays
a critical role in suppressing excessive neuronal excitability.
Acupuncture-induced activation of GABAergic signaling re-
duces neuronal excitability in the spinal dorsal horn, a key
relay center for nociceptive transmission, thereby attenuating
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ascending pain signals during the perioperative period [28].
Acupuncture has also been reported to influence serotonergic
signaling by activating 5-hydroxytryptamine (5-HT) recep-
tors and promoting 5-HT release [31-33]. Serotonin partici-
pates in descending inhibitory pain pathways and contributes
to the modulation of pain perception and affective responses.
Increased central 5-HT availability may suppress nociceptive
transmission and alleviate perioperative anxiety and stress,
which are known to amplify pain perception [28, 34, 35]. It
should be noted, however, that variations in surgical models,
stimulation parameters, and timing of intervention may account
for inconsistent findings regarding serotonergic changes across
studies, highlighting the need for standardized perioperative
protocols.

In addition, acupuncture modulates the endocannabinoid sys-
tem and N-methyl-D-aspartate receptor (NMDAR) signaling
pathways, particularly within supraspinal regions involved in
pain modulation, such as the anterior cingulate cortex (ACC)
[36, 37]. Although ACC hyperactivity is more extensively char-
acterized in chronic pain states, perioperative noxious stimu-
lation can also engage affective—cognitive pain networks.
Acupuncture has been shown to increase levels of endocan-
nabinoid ligands, including anandamide and 2-arachidonoylg-
lycerol, as well as cannabinoid type 1 receptor expression,
thereby reducing neuronal hyperexcitability and contributing
to analgesic effects [28, 36]. Regulation of NMDAR signaling
further limits excessive excitatory transmission and may help
prevent perioperative central sensitization [36, 38].

At the peripheral level, acupuncture induces the release of
endogenous opioids such as B-endorphin and enkephalin [32,
39]. These endogenous peptides bind to opioid receptors and
inhibit nociceptive signal transmission in a manner analogous
to exogenous opioids, but without the risks of tolerance and
dependence [8, 28, 40]. This mechanism provides a biological
basis for the opioid-sparing effects observed in perioperative
settings [38]. Moreover, acupuncture has been shown to modu-
late dopaminergic activity [31, 41]. Dopamine plays an impor-
tant role in reward processing, motor control, and emotional
regulation, and its modulation may indirectly influence pain
perception by alleviating negative affective states associated
with surgical stress and pain [34, 42].

5.2 Regulation of immune and inflammatory factors

Acupuncture stimulation modulates immune and inflammato-
ry responses that are closely associated with perioperative pain
and surgical stress. Local acupuncture stimulation promotes
the release of immune mediators, including histamine, adenos-
ine, and B-endorphin, which exert analgesic effects by directly
or indirectly binding to receptors on peripheral nerve endings
[40]. Among these mediators, adenosine—an endogenous
purine nucleoside—has been shown to significantly attenuate
mechanical and thermal hyperalgesia through activation of
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Figure 3. Multilevel central neuroregulatory mechanisms relevant to acupuncture anesthesia (electroacupuncture example). Electroacu-
puncture stimulation at the Hegu (LI-4) acupoint modulates pain processing at spinal and supraspinal levels. It has been reported to enhance
endocannabinoid signaling and CBI receptor activation, reducing presynaptic neurotransmitter release via retrograde signaling. In parallel,
inhibitory transmission mediated by GABA and 5-HT receptors is strengthened, whereas excitatory NMDAR signaling is suppressed. Together,
these effects attenuate nociceptive transmission in the spinal dorsal horn and ACC, supporting perioperative analgesia. Created by the authors
using Adobe Illustrator. ACC, anterior cingulate cortex; CBI receptor, cannabinoid receptor type 1; 2-AG, 2-arachidonoylglycerol; AEA, arachi-
donoylethanolamide (anandamide); GABA, y-aminobutyric acid; 5-HT, 5-hydroxytryptamine; NMDAR, N-methyl-D-aspartate receptor; CREB,

cAMP response element-binding protein; LI-4, Large Intestine 4.

adenosine receptors (Al, A2A, A2B, and A3) [40]. Although
this mechanism has been extensively studied in both acute and
chronic pain models, it is also highly relevant to perioperative
nociception, in which tissue injury and inflammation play a
central role.

At the central level, acupuncture influences neuroimmune
interactions by modulating microglial activation and polar-
ization. Microglia, the resident immune cells of the CNS,
exhibit distinct functional phenotypes, including the pro-
inflammatory M1 phenotype and the anti-inflammatory M2
phenotype. Acupuncture has been shown to promote a shift
from the M1 to the M2 microglial state, thereby suppressing
neuroinflammatory responses [29, 30, 37]. M1 microglia
release pro-inflammatory cytokines such as tumor necrosis
factor-o (TNF-a), interleukin-1p (IL-1B), and interleukin-6,
which amplify neuroinflammation and enhance nociceptive
sensitization. In contrast, M2 microglia secrete anti-inflam-
matory mediators, including interleukin-10 and transforming
growth factor-f, which facilitate inflammation resolution and
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tissue repair [29, 39]. Through regulation of microglial polar-
ization, acupuncture stimulation attenuates neuroinflamma-
tion and reduces central sensitization relevant to periopera-
tive pain processing.

Acupuncture stimulation also modulates peripheral immune
responses that contribute to pain and inflammation following
surgical injury. T lymphocyte subsets, including T helper 1
(Thl) and T helper 2 (Th2) cells, play opposing roles in
immune regulation. Thl cells predominantly secrete pro-
inflammatory cytokines such as interferon-y and interleukin-2,
whereas Th2 cells produce anti-inflammatory mediators includ-
ing interleukin-4, interleukin-5, and interleukin-13. Acupuncture
has been reported to rebalance the Th1/Th2 axis by reducing
pro-inflammatory cytokine release and enhancing anti-inflam-
matory signaling [31]. In parallel, acupuncture promotes mac-
rophage polarization from the pro-inflammatory M1 phenotype
toward the anti-inflammatory M2 phenotype, further limiting
inflammatory mediator production and supporting pain relief
[31].
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Within the spinal cord, acupuncture suppresses excessive acti-
vation of glial cells, including microglia and astrocytes, which
are key contributors to neuroinflammation and pain sensitiza-
tion [28]. Overactivation of these glial cells leads to increased
release of inflammatory mediators such as TNF-o and IL-1B,
thereby amplifying nociceptive signaling. By inhibiting glial
activation and inflammatory factor release, acupuncture stimu-
lation mitigates neuroinflammatory processes and contributes
to reduced pain sensitivity during the perioperative period [29].

5.3 Regulation of receptor expression and neuroregulatory
pathways

In the peripheral nervous system, acupuncture modulates the
expression and activity of purinergic receptors, which play
a critical role in inflammatory and nociceptive signaling.
Purinergic receptors are broadly classified into ionotropic P2X
receptors and G-protein-coupled P2Y receptors. These recep-
tors are activated by extracellular adenosine triphosphate,
which is released in large quantities following tissue injury and
surgical trauma. Activation of purinergic receptors, including
P2X3, P2X4, P2X7, and P2Y subtypes, contributes to peri-
pheral sensitization and inflammation-associated pain [43].
Experimental evidence indicates that acupuncture downregu-
lates the expression of purinergic receptors, thereby attenuat-
ing adenosine triphosphate-mediated activation of sensory
neurons and immune cells and reducing inflammatory and
nociceptive signaling [37, 44]. In particular, P2X3 receptors,
which are predominantly expressed on primary sensory neu-
rons, have been implicated in the development and mainte-
nance of pain sensitization. Suppression of P2X3 receptor
expression by acupuncture may therefore diminish peripheral
nociceptive transmission and contribute to analgesia in the
perioperative setting [28, 33, 44].

Within the CNS, acupuncture modulates NMDAR activity, a
key mechanism involved in excitatory synaptic transmission
and pain signal amplification. NMDARs are widely distributed
in pain-processing regions, including the spinal dorsal horn
and supraspinal structures such as the ACC. Excessive activa-
tion of NMDARSs enhances excitatory neurotransmission and
facilitates central sensitization. Although central sensitization
is more extensively characterized in chronic pain, periopera-
tive noxious stimulation can transiently engage similar excit-
atory mechanisms. By regulating NMDAR activation, acu-
puncture attenuates nociceptive signal transmission in the spi-
nal dorsal horn and reduces excessive excitability in supraspi-
nal pain-modulating regions, thereby contributing to perioper-
ative analgesia [36, 37, 45]. The ACC plays an important role
in the affective and cognitive dimensions of pain perception.
Overactivation of this region is associated with heighten-
ed pain-related distress and negative emotional responses.
Modulation of NMDAR signaling by acupuncture may allevi-
ate excessive ACC excitability, thereby attenuating pain-related
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emotional responses during the perioperative period [34,
36-38].

In addition to receptor-level modulation, acupuncture exerts
systemic anti-inflammatory and analgesic effects through acti-
vation of the vagus nerve—adrenal axis. Vagal stimulation
influences autonomic balance and promotes adrenal release of
anti-inflammatory hormones, including cortisol [30, 31, 39, 41].
Cortisol, a key glucocorticoid hormone, suppresses the produc-
tion and release of pro-inflammatory cytokines and modulates
immune responses, thereby limiting inflammation-induced
pain [31]. Through this neuroendocrine pathway, acupuncture
achieves coordinated peripheral and central regulation extend-
ing beyond local stimulation sites. Collectively, modulation of
purinergic receptors, glutamatergic signaling, and autonomic—
endocrine pathways forms an integrated biological network
that contributes to perioperative analgesia.

5.4 Modulation of signaling pathway activation

Acupuncture exerts analgesic and anti-inflammatory effects
through modulation of multiple intracellular signaling path-
ways that regulate oxidative stress, synaptic plasticity, immune
responses, and neuroinflammation. In perioperative conditions,
surgical trauma and ischemia—reperfusion processes are often
accompanied by excessive production of reactive oxygen spe-
cies, which contribute to inflammation and nociceptive sensiti-
zation. One key pathway involved is the nuclear factor ery-
throid 2—related factor 2 (Nrf2) signaling pathway. Under oxi-
dative stress, Nrf2 dissociates from its cytoplasmic inhibitor
Kelch-like ECH-associated protein 1, translocates into the
nucleus, and binds to antioxidant response elements, thereby
up-regulating transcription of antioxidant and cytoprotective
genes. Acupuncture has been shown to activate the Kelch-like
ECH-associated protein 1-Nrf2—antioxidant response element
pathway, thus enhancing antioxidant capacity, reducing reac-
tive oxygen species accumulation, and decreasing inflamma-
tion-related pain [34, 36, 40]. This mechanism is particularly
relevant in the perioperative environment, as oxidative stress
plays a key role in tissue damage and postoperative pain.

In parallel, acupuncture modulates signaling pathways involv-
ed in synaptic plasticity. The cyclic adenosine monophosphate
(cAMP)/protein kinase A/cAMP response element-binding
protein cascade is a central regulator of activity-dependent
gene transcription and maladaptive synaptic plasticity. Over-
activation of this pathway has been considered to be related
to pain amplification and sensitization. By down-regulating
cAMP/protein kinase A/cAMP response element-binding pro-
tein signaling, acupuncture reduces aberrant neuronal excit-
ability and limits nociceptive signal amplification [34, 36, 38].

Acupuncture also influences neuroimmune signaling pathways

associated with glial activation. Down-regulation of comple-
ment component C3 has been shown to suppress spinal micro-
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Table 1. Integrated mechanistic pathways of acupuncture-mediated analgesia relevant to perioperative care

Level Key targets

Main effects

Perioperative relevance

GABA, 5-HT,
endocannabinoids, opioids
Microglia (M1—M2), Th1/

Neurotransmitters

Immune modulation

Th2 balance release
Receptor regulation P2X3/P2Y receptors,

NMDAR, CBI1
Signaling pathways Nrf2-Keapl-ARE, cAMP/

PKA/CREB, GRK2
Autonomic & endocrine Vagus—adrenal axis, cortisol

Inhibit nociceptive transmission; reduce
central excitability

Attenuate ATP-mediated nociception; inhibit
central sensitization

Antioxidant effects; regulate neuroplasticity

Systemic anti-inflammatory effects

| intraoperative anesthetic and opioid
requirements; | postoperative pain

Suppress neuroinflammation; reduce cytokine | postoperative inflammatory pain

| acute postoperative pain; mitigate
risk of PPSP

Attenuate perioperative stress respons-
es; support recovery-related outcomes

Stabilize perioperative homeostasis

Note: GABA, y-aminobutyric acid; 5-HT, 5-hydroxytryptamine; Th1/Th2, T helper 1/T helper 2 cells; P2X3, purinergic P2X3 receptor; P2Y,
purinergic P2Y receptor; NMDAR, N-methyl-D-aspartate receptor; CB1, cannabinoid receptor type 1; ATP, adenosine triphosphate; PPSP, persis-
tent postsurgical pain; Nrf2, nuclear factor erythroid 2-related factor 2; Keapl, Kelch-like ECH-associated protein 1; ARE, antioxidant response
element; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; CREB, cAMP response element-binding protein; GRK2, G protein-

coupled receptor kinase 2.

gliosis and astrogliosis, thereby decreasing the release of pro-
inflammatory mediators and mitigating neuroinflammatory
responses [29, 35, 45]. Furthermore, acupuncture modulates G
protein-coupled receptor kinase 2 (GRK?2) expression in spinal
neurons. GRK2 plays a critical role in the regulation of inflam-
matory signaling, and its reduced expression is associated with
pain chronification. Acupuncture-induced up-regulation of
GRK2 suppresses microglial activation, decreases pro-inflam-
matory cytokines such as TNF-o and IL-1pB, and enhances anti-
inflammatory cytokines including interleukin-10 and interleu-
kin-4, collectively contributing to attenuation of inflammatory
pain [28-30, 37].

Taken together, modulation of antioxidant pathways, synaptic
plasticity-related signaling, and neuroimmune cascades allows
acupuncture to exert coordinated analgesic and anti-inflamma-
tory effects that are relevant to perioperative pain control.

5.5 Additional neurophysiological and systemic mecha-
nisms

In addition to the mechanisms described above, acupuncture
may engage broader neurophysiological and systemic regula-
tory processes. Modulation of immune—endothelial interac-
tions and enhancement of local microcirculation have been
reported to facilitate clearance of inflammatory mediators
and support tissue recovery following surgical injury [29,
35-37].

At the central level, acupuncture may influence nociceptive
processing by modulating cerebral oscillatory activity, includ-
ing theta rhythm regulation, which has been implicated in pain
perception and cognitive—affective processing of noxious stim-
uli [43]. This central regulation indicates that in addition to
receptor- and pathway-level mechanisms, additional levels of
neural regulation exist.
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Psychological and emotional factors may also affect periopera-
tive outcomes. Preoperative anxiety associated with surgery or
unfamiliar anesthesia techniques may exacerbate pain percep-
tion. Acupuncture has been reported to exert a sedative effect
by regulating the neurotransmitter system [41, 42]. In addition,
effective communication and comfort provided by experienced
clinicians may further reduce anxiety and enhance patient
cooperation. Although these psychosocial factors are not the
primary analgesic biological mechanisms, they may contribute
to the overall perioperative experience and perception of thera-
peutic effect.

Collectively, these multi-level regulatory processes indicate
that acupuncture modulates neural, immune, endocrine, and
central integrative systems in a coordinated manner, influenc-
ing both nociceptive processing and perioperative stress
responses. This integrated biological framework supports the
mechanistic plausibility of acupuncture in perioperative con-
texts. The key molecular, neuroimmune, and neuroregulatory
mechanisms discussed above are summarized in Table 1.

6 PERIOPERATIVE CLINICAL APPLICATIONS OF
AA

Based on these mechanistic understanding, AA has gradually
become part of routine perioperative pain management as a
multimodal analgesia and opioid-sparing strategy [46]. Its
clinical use also represents a translational extension of the neu-
roimmunomodulatory and regulatory mechanisms described
above [46]. Originating in China more than five decades ago,
AA is a non-drug anesthetic technique that integrates ancient
acupuncture methods with contemporary clinical practice [47,
48]. Based on the concept of perioperative precision medicine,
AA can provide individualized pain management, reduce the
amount of medication used, and improve postoperative recov-
ery efficiency. Representative clinical applications of AA in
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Table 2. Perioperative clinical applications of acupuncture anesthesia and precision considerations

Surgical context Intervention type

Clinical outcome

Precision consideration

Colorectal surgery ~ AA delivered via intraoperative

Reduced postoperative pain scores and accelerated Frequency-specific stimulation and
EA gastrointestinal recovery

individualized acupoint selection

Orthopedic surgery AA as an adjunct to conventional Reduced postoperative analgesic requirement and Tailored perioperative analgesic

(knee replacement) anesthesia/analgesia

Thoracic surgery
cases)

Abdominal surgery AA delivered via EA as an ad-

junct to general anesthesia

improved recovery profile

AA-assisted anesthesia (selected Feasibility of maintaining intraoperative con-
sciousness with stable physiological parameters

protocols

Multidisciplinary intraoperative
monitoring

Reduced complication rates and improved postop- Optimized stimulation parameters
erative recovery

according to patient condition

Note: AA, acupuncture anesthesia; EA, electroacupuncture.

perioperative medicine, together with precision-oriented con-
siderations, are summarized in Table 2.

6.1 High-level evidence (randomized controlled trials
[RCTs] and meta-analyses)

Some RCTs and meta-analyses have found that AA, mainly
EA, offers multiple advantages for perioperative analgesia.
These include lower postoperative pain scores, reduced opioid
consumption, and fewer cases of PONV [47, 48].

Regarding colorectal surgery, previous clinical studies have
suggested that perioperative EA may improve postoperative
pain management and facilitate gastrointestinal recovery com-
pared with conventional perioperative care. Some studies have
reported earlier recovery of bowel function, including reduced
time to first flatus and bowel movement, together with enhanc-
ed postoperative recovery outcomes. These findings support
the potential role of EA as an adjunctive strategy within multi-
modal perioperative analgesia and ERAS protocols, although
further high-quality studies are still needed to strengthen the
evidence base.

Similarly, in orthopedic procedures such as knee arthroplasty,
AA has demonstrated opioid-sparing effects and improved
postoperative recovery, supporting its role as an effective
adjunct within multimodal analgesia strategies [47-49].

6.2 Moderate-level evidence (controlled clinical and obser-
vational studies)

Moderate level evidence from controlled clinical trials and
observation studies indicates that AA may provide additional
benefits for a wider range of perioperative situations.

During the preoperative stage, studies have shown that AA can
reduce anxiety levels, regulate stress responses, and increase
patients’ tolerance to surgical procedures [47, 48]. Preoperative
anxiety is known to affect postoperative pain intensity and
analgesic requirements [47]. From a mechanistic perspective,
needling at specific acupoints can regulate neurotransmitter
release and sympathetic nerve activity, thereby reducing men-
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tal stress. In clinical practice, this effect helps reduce periop-
erative analgesic medication use and enhance patient satisfac-
tion [47, 48].

In the postoperative period, AA has been shown to reduce post-
operative pain intensity, decrease opioid consumption, and
lower the incidence of anesthesia-related side effects, including
nausea and vomiting [46, 50]. For orthopedic and abdominal
surgeries, acupuncture-assisted anesthesia can also enhance
functional recovery and improve patient satisfaction. However,
variations in study designs, intervention protocols, and out-
come measures may lead to inconsistent findings across stud-
ies. Therefore, readers exercise caution when interpreting these
results [46, 47].

6.3 Postoperative analgesia and recovery promotion

Evidence supporting the use of AA in highly invasive proce-
dures, such as thoracic surgery, remains limited and largely
exploratory. Clinical reports of procedures such as lobectomy
performed under AA suggest that patients can maintain intra-
operative consciousness with adequate analgesia and achieve
satisfactory postoperative recovery. However, these findings
are primarily derived from case reports or small-scale studies,
which limits their generalizability [47, 48].

In addition, mechanistic evidence supporting perioperative
applications of AA is largely extrapolated from studies on
chronic or neuropathic pain. For example, EA has been shown
to alleviate neuropathic pain through modulation of the tran-
sient receptor potential vanilloid 1 channel signaling pathway
and suppression of neuroinflammation [50, 51]. While these
mechanisms provide a plausible biological basis for postopera-
tive analgesia, direct evidence in acute perioperative pain set-
tings remains insufficient. Therefore, further high-quality stud-
ies are needed to validate these effects in clinical practice.

6.4 Multidisciplinary collaboration and integration into
ERAS pathways

The perioperative use of AA requires good cooperation among
all members of the team [46]. Surgeons, anesthesiologists, acu-
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puncturists, nurses, rehabilitation therapists, and psychological
support teams each have their own role in ensuring patient
safety and comfort [46]. Preoperative multidisciplinary meet-
ings help physicians develop individualized treatment plans
for patients; intraoperative communication allows adjustment
of anesthesia and surgical strategies according to patient
response; and postoperative ward visitation and coordination
of rehabilitation support functional recovery.

AA is one of the most promising adjunctive strategies for
ERAS. Its implementation at different stages (preoperative,
intraoperative, and postoperative) of the ERAS pathway is
consistent with the ERAS concept of reducing surgical stress
responses, minimizing opioid consumption, accelerating re-
covery, and improving care quality [47]. Based on standardized
protocols and structured teamwork, AA can contribute to the
optimization of perioperative pain management and improved
patient outcomes.

7 BENEFITS OF INTEGRATING AA
7.1 Enhancing patient prognosis

The use of AA has been shown to be associated with accelerat-
ing postoperative recovery and improving perioperative results
in various surgical environments. During the operation, AA
can reduce the need for conventional anesthetics, which helps
to improve physiological stability and promote the early recov-
ery of consciousness and gastrointestinal function. In neuro-
surgical surgeries such as craniotomy, it has been reported that
AA can shorten the intubation time and postoperative recovery
time, while reducing the incidence of complications. AA also
significantly decreases PONV, opioid consumption, and opioid-
related adverse effects, thereby facilitating enhanced recovery
pathways [19, 52]. By regulating the autonomic nervous sys-
tem, it can reduce surgical stress, reduce the incidence of com-
plications, accelerate recovery, shorten hospitalization time,
and reduce costs [53].

In general, these perioperative benefits show that AA may
improve the prognosis of patients by supporting faster recov-
ery, reducing the drug burden and promoting physiological
homeostasis during surgery [54].

7.2 Reducing dependence on medications

As a non-pharmacological intervention, AA avoids many
adverse effects and dependency risks associated with drug-
based analgesia. By activating the endogenous analgesic path-
way, AA can reduce the dose of conventional anesthetics while
maintaining sufficient perioperative analgesia. In neurosurgery
such as craniotomy, research shows that AA can reduce the
need for inhaled anesthetics, thus reducing the risk associated
with anesthesia [52, 54]. In postoperative pain management,
AA helps to reduce the use of opioids and reduce the incidence
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of opioid-related adverse reactions. Unlike drug analgesics,
AA does not cause drug tolerance or organ-specific toxicity
involving the liver, kidney or gastrointestinal system, which
makes it especially suitable for patients with limited tolerance
to opioids [52, 53, 55]. Compared with standard drug treatment,
AA shows good safety characteristics, with fewer and milder
side effects.

Additionally, AA represents a relatively simple and cost-effec-
tive intervention that does not require specialized equipment
or a large amount of resources. By reducing the drug burden
while maintaining analgesic effects, AA may provide a safer
and more cost-effective method of perioperative pain mana-
gement.

7.3 Improving patient compliance and satisfaction

AA may improve patient compliance and satisfaction through
both physiological and psychosocial mechanisms. By providing
analgesia while maintaining patient consciousness and physio-
logical stability, AA encourages active patient participation
and engagement during the perioperative process [53, 56].
Positive treatment expectations and reduced anxiety associ-
ated with acupuncture-based interventions may further en-
hance analgesic outcomes and improve perioperative comfort
[19, 54, 57]. AA demonstrates a favorable safety profile, with
no serious adverse events reported in most clinical studies [58,
59]. Reported side effects are generally mild and self-limiting,
including minor subcutanecous bleeding or transient post-acu-
puncture sensations [60-62]. This safety profile contributes to
increased patient confidence and adherence to perioperative
treatment plans [52, 61].

Moreover, AA could increase treatment uptake among those
patients who prefer complementary therapy or a non-drug
treatment regimen for pain relief. Combined with convention-
al treatment methods, AA provides another kind of choice
matching individual needs, at the same time guaranteeing a
good safety and efficacy level [53, 56]. Altogether, such aspects
would benefit the perioperative process, raise patient satisfac-
tion and promote better treatment compliance.

8 CHALLENGES AND BARRIERS

There are still several problems limiting the wide application
of AA as a complementary option for perioperative pain man-
agement. First, there are many types of heterogeneity among
the published studies. These studies differ mainly in the surgi-
cal population, acupuncture methods, stimulation parameters,
and outcome measurement. Second, although most of the RCTs
have shown some positive effects of AA on perioperative out-
comes, many of them suffer from small sample size, single-
center design, and varying methodological quality, all of which
weaken the reliability of current evidence and limit the devel-
opment of guidelines. Third, because important perioperative
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outcomes such as postoperative pain intensity, opioid use,
and recovery quality are not consistently measured across
studies, cross-study comparison and meta-analysis cannot be
performed.

In terms of clinical application, AA alone can hardly meet the
anesthetic requirement of all types of surgery. In cases of more
invasive procedures or prolonged surgeries with greater surgi-
cal stress, AA should be applied together with other conven-
tional anesthesia techniques, because of its poor pain-relieving
effects when used alone [63, 64]. Individual differences may
affect the impact brought by AA as well. Such differences could
involve both physiological differences and psychological fac-
tors, or even experience with previous treatments such as acu-
puncture. What’s more, diversities in the choice of acupuncture
points used, types of stimulation given by acupuncturists, and
the perioperative timings could affect reproducibility of experi-
ments conducted and thus cause problems for making standard-
ized rules on the use of AA.

There are still practical obstacles to overcome. For AA to be
used effectively in hospitals, there needs to be good teamwork
between anesthetists, surgeons, acupuncturists, nursing staff,
and physiotherapists, etc. However, many people have not had
enough training to work together properly. Standardized peri-
operative workflows for AA are also lacking. Finally, some
hospitals do not provide sufficient support. In addition, differ-
ent health systems, reimbursement rules, and legislative frame-
works in different areas may influence the feasibility and sus-
tainability of AA perioperative care. This problem could be
more serious in environments where acupuncture is not includ-
ed as part of perioperative care.

9 FUTURE PERSPECTIVES

In order to further strengthen the evidential basis supporting
the use of AA, there needs to be large-scale, well-designed
multicenter trials that adopt common perioperative outcome
indicators, including the postoperative pain trajectory, opioid
consumption, rehabilitation quality, complication incidence,
and hospitalization time [63, 65]. Furthermore, we need to clar-
ify whether “acupuncture anesthesia” refers to intraoperative
AA or postoperative acupuncture analgesia, as this may help
improve the comparability of results, thereby enabling better
summarization of evidence [52, 58].

In clinical practice, AA will probably be accepted as part of
multimodal perioperative analgesia instead of replacing con-
ventional anesthesia [66]. AA could be used in ERAS pro-
grams, especially in cases requiring fewer opioids and earlier
recovery of functions. For better repeatability, standard operat-
ing procedures need to include the patient qualification stan-
dard, choice of acupoints, stimulation parameters (frequency
and intensity), and timing in relation to surgery. In addition, a
personalized strategy based on the patients’ level of anxiety,
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pain sensitivity, number of diseases, or previous response to
acupuncture may help find out the population who will benefit
most from AA [54, 67, 68].

In terms of the system level, the implementation depends on
a structured, multidisciplinary training and systematic institu-
tional support. A stratified education programme could facili-
tate safer integration into daily practice by specifying the role-
specific competence of anesthesiologists, acupuncturists, and
perioperative nurses involved. Both real-world evidence and
health economic evaluation are still required to demonstrate
the cost-effectiveness and provide information for reimburse-
ment, as well as for policy-making. By improving the method-
ology, standardizing the protocol, and selecting patients accu-
rately, AA might evolve as a reliable adjunct for periopera-
tive pain management to support safe analgesia and better
rehabilitation.

10 CONCLUSION

This review aims to summarize the function of AA in compre-
hensive perioperative pain treatment which includes history
development, mechanism explanation, real world application,
and current challenges. Integrating basic theory of TCM and
up-to-date anesthesia science, AA can serve as an innovative
non-drug therapy in the current perioperative healthcare sce-
nario [13, 47].

From a mechanistic point of view, AA shows pain relief action
and control role via synchronized control over the neurological
system, immune system, hormonal system, and autonomic ner-
vous system [69]. Both experimental and clinical studies sug-
gest that AA influences the set up of related biological network
which can transmit pain information, generate inflammation
reaction and adjust perioperative stress condition [28, 29, 40].

In terms of clinical studies, AA shows great potential as one
element of multimodal anesthesia regimens. There seems to be
enough evidence to show that AA can reduce the use of anes-
thetic drugs and analgesics, and alleviate post-operative pain.
It also can help patients’ speedy recovery and decrease some
kinds of anesthetic complications [14, 17, 18]. But we must
stress that AA at present just takes on a supplementary role
instead of replacing traditional anesthesia method especially
when conducting complicated operations or serious surgical
invasions [11, 47].

In spite of all these impressive results, there are still quite some
significant constraints that ought to be brought up. Studies
conducted to date tend to have relatively small samples, insuf-
ficient number of high quality randomized controlled trials, and
great diversity in acupuncture techniques plus perioperative
management methods [13, 46]. In addition, methodological
issues such as inadequate blinding and regional concentration
of studies may further limit the generalizability of current evi-
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dence. Some practical difficulties like differences in practitio-
ner training level, and lack of enough institutional backing will
also prevent us from popularizing AA treatment across differ-
ent hospitals or medical centers.

To address these challenges, future research should focus on
the development of standardized intervention protocols, the
conduct of large-scale multicenter randomized controlled tri-
als, and the clarification of the distinct roles of intraoperative
and postoperative acupuncture interventions. Furthermore, the
establishment of structured training programs and interdisci-
plinary collaboration will be essential for integrating AA into
modern perioperative care systems [46].

In summary, integrating traditional Chinese medicine methods
into modern perioperative procedures is a significant direction.
And with method improvement and further clinical studies
verification, AA would have the possibility to become a sci-
ence-based complementary option for better pain relief and
quicker recovery after operation [47].
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Supplementary Information

Supplementary Table 1. Representative PubMed search strategy

Item Details

Database PubMed

Search date ~ March 1, 2026

Time frame  From database inception to December 31, 2025

Language English or Chinese (PubMed filters)

Search string  ((“acupuncture anesthesia”[Title/ Abstract] OR “acupuncture anaesthesia”[Title/Abstract] OR “acupuncture-assisted
anesthesia”[Title/Abstract] OR “acupuncture-assisted anaesthesia”[Title/Abstract] OR electroacupuncture[Title/Abstract]
OR “electro-acupuncture”[ Title/Abstract] OR “acupuncture analgesia”[Title/Abstract] OR “acupuncture”[MeSH Terms])
AND (perioperative[ Title/Abstract] OR intraoperative| Title/Abstract] OR postoperative[ Title/Abstract] OR anesthesia[Title/
Abstract] OR anaesthesia[ Title/Abstract] OR analgesia[Title/Abstract] OR “pain management”[Title/Abstract] OR “enhanced
recovery”’[ Title/Abstract] OR ERAS[Title/Abstract] OR “surgical procedures, operative”[MeSH Terms]))

Note: ERAS, enhanced recovery after surgery.
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1 INTRODUCTION

Organ transplantation is widely recognized as the most effec-
tive therapy for patients with end-stage organ failure. Over the
past decades, advances in surgical techniques and immunosup-
pressive therapies have significantly improved graft survival
and patient outcomes. Nevertheless, the global shortage of
donor organs remains a critical challenge in transplantation
medicine. The demand for transplantable organs far exceeds
the available supply, leading to prolonged waiting lists and
increased mortality among patients awaiting transplantation.

To address this challenge, research in transplantation medicine
has evolved along two main directions. One strategy focuses
on improving organ preservation and graft viability through
advanced techniques such as machine perfusion. These
approaches enable metabolic support and functional assess-
ment of donor organs prior to transplantation and have been
shown to enhance graft utilization and transplant outcomes [1,
2].

Another promising strategy seeks to expand the donor pool
through xenotransplantation. With the development of gene-
editing technologies, particularly clustered regularly inter-
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need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

spaced short palindromic repeats-based approaches, geneti-
cally modified porcine organs with reduced immunogenicity
have now been generated. These advances suggest that xeno-
transplantation may become a viable strategy to address the
global shortage of transplantable organs [3, 4].

In this perspective article, we examine the technological tran-
sition from conventional organ preservation methods to xeno-
transplantation. We highlight the scientific progress achieved
in recent years, discuss the major translational barriers that
remain, and consider the ethical and regulatory challenges
associated with this emerging field.

2 ADVANCES IN ORGAN PRESERVATION
TECHNOLOGIES

2.1 Limitations of conventional organ preservation

Static cold storage (SCS) has long been the standard method for
preserving donor organs due to its simplicity and wide acces-
sibility. However, SCS does not fully prevent ischemia—reper-
fusion injury, which remains one of major causes of delayed
graft function and early graft failure after transplantation [5].

View Online



http://creativecommons.org/licenses/by/4.0/
mailto:17687176899@163.com
http://doi.org/10.61189/650911qrvsug

Perioperative Precision Medicine 2026; 4 (2): 221-224.

These limitations become more evident when marginal organs
or extended-criteria donors are used. As transplant programs
increasingly rely on such donors to expand the organ pool,
preservation-related injury has become a critical factor affect-
ing transplant outcomes. Therefore, improving preservation
technologies is essential not only for maintaining graft quality
but also for safely increasing organ utilization.

2.2 Machine perfusion as a bridge technology

Machine perfusion technologies have significantly transformed
the concept of organ preservation. Unlike SCS, perfusion-
based preservation provides continuous oxygen and nutrients
to the organ, allowing metabolic activity to be sustained and
graft viability to be assessed prior to transplantation.

Clinical studies have demonstrated that ex vivo perfusion can
increase the utilization of donor hearts and reduce the inci-
dence of severe primary graft dysfunction after transplantation
[1]. Similarly, ischemia-free liver transplantation using contin-
uous perfusion has been shown to improve control of isch-
emia—reperfusion injury and achieve better postoperative graft
function compared with conventional preservation methods

2].

These technological advances suggest that machine perfusion
not only improves current transplantation practice but also pro-
vides a potential platform for future innovations. In particular,
perfusion systems may enable targeted therapies, immune
modulation, or functional optimization of donor organs prior
to implantation.

Importantly, the development of machine perfusion technolo-
gies also provides a technical foundation for future xenotrans-
plantation research. Controlled perfusion environments could
facilitate graft evaluation and immune conditioning before
transplantation, thereby bridging current allotransplantation
techniques and emerging xenotransplantation strategies.

3 XENOTRANSPLANTATION AS A FUTURE
STRATEGY

3.1 Gene editing and donor modification

Xenotransplantation has long been proposed as a potential
solution to the shortage of human donor organs. Among possi-
ble donor species, pigs are considered the most suitable candi-
dates due to their physiological compatibility with humans and
the feasibility of large-scale breeding.

Historically, however, xenotransplantation faced strong im-
mune barriers posed by carbohydrate antigens expressed on
porcine endothelial cells. Recent advances in gene-editing
technologies, particularly clustered regularly interspaced short
palindromic repeats-based approaches, have made it possible
to remove key xenoantigens and introduce human regulatory
genes into donor animals. These genetic modifications sig-
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nificantly reduce the immunogenicity of porcine organs and
improve graft survival in experimental models [6].

Preclinical studies using multi-gene-edited pigs have demon-
strated prolonged graft survival and improved compatibility
between donor organs and recipients [4, 6]. These findings sug-
gest that xenotransplantation may become an important strate-
gy for expanding the donor pool in the future.

3.2 Immunological barriers

Despite these advances, immune rejection remains the central
challenge in xenotransplantation. Xenograft rejection can
occur at several stages, including hyperacute rejection, acute
vascular rejection, and chronic graft injury.

Hyperacute rejection occurs within minutes to hours after
transplantation and is primarily mediated by pre-existing nat-
ural antibodies that recognize carbohydrate antigens on por-
cine endothelial cells. This interaction triggers complement
activation, endothelial injury, and rapid graft failure [7].

Acute rejection develops over days or weeks and involves both
humoral and cellular immune responses. Antibody-mediated
injury leads to complement deposition and vascular damage,
while immune cells—including macrophages, natural killer
cells, and T lymphocytes—contribute to inflammatory graft
injury [8, 9].

A schematic overview of these immune mechanisms and the
gene-editing strategies used to mitigate them is presented in
Figure 1.

4 TRANSLATIONAL MODELS AND CLINICAL
PERSPECTIVES

Animal models are essential for bridging experimental
research and clinical application in xenotransplantation. Pig-
to-nonhuman primate transplantation models are widely used
to investigate graft survival, immune responses, and systemic
complications associated with xenografts.

Recent studies using genetically modified pigs have demon-
strated significant improvements in xenograft survival in pre-
clinical models [6, 8]. These experiments indicate that combin-
ing genetic engineering of donor animals with optimized
immunosuppressive strategies can substantially reduce early
immune injury.

Although these findings are encouraging, additional studies
are required to evaluate long-term graft function, immune
compatibility, and safety before xenotransplantation can be
widely applied in clinical practice.

The major technological advances discussed in this article are
summarized in Supplementary Table 1.
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Figure 1. Immune barriers and gene-editing strategies in xenotransplantation. Gene-editing technologies enable the deletion of major
porcine xenoantigens (e.g., GGTA1, CMAH) and the introduction of human regulatory genes (e.g., CD46, CD55, CD59) to reduce complement-
mediated injury and immune rejection. The schematic illustrates the main immune pathways involved in xenograft rejection—including humoral
responses (complement activation, natural killer cells) cellular responses (macrophages, neutrophils)—as well as the molecular strategies used to
improve graft compatibility. Created with BioRender.com. GGTAI, a-1,3-galactosyltransferase; CMAH, CMP-N-acetylneuraminic acid hydrox-
ylase; CD46, membrane cofactor protein; CDS55, decay-accelerating factor; CD59, membrane attack complex inhibitory protein; SLA-I, swine
leukocyte antigen class I; NK, natural killer cell; PFN, perforin; Gzm, granzyme; I[FN-y, interferon-gamma; a-Gal, galactose-a-1,3-galactose;
APA, alternative pathway of complement activation; iC3b, inactive complement component 3b; FcR, Fc receptor; MPS, mononuclear phagocyte
system; NEU, neutrophil; ADCC, antibody-dependent cell-mediated cytotoxicity.

S ETHICAL AND BIOSAFETY CONSIDERATIONS breeding programs have significantly reduced these risks, long-
term monitoring of recipients remains essential [10].

The development of xenotransplantation raises several impor-

tant ethical and biosafety questions. One major concern is the
welfare of donor animals. The production of genetically modi-
fied pigs involves breeding, genetic manipulation, and con-
trolled housing conditions, all of which must follow strict ethi-
cal guidelines to ensure humane treatment.

Another important issue is the potential risk of zoonotic infec-
tion. Porcine endogenous retroviruses and other porcine micro-
organisms may theoretically be transmitted to human recipi-
ents. Although gene-editing technologies and pathogen-free

https://doi.org/10.61189/650911qrvsug

Furthermore, the future implementation of xenotransplanta-
tion will depend on public acceptance and transparent regula-
tory frameworks. Policies addressing donor animal welfare,
recipient monitoring, and equitable access to transplantation
technologies will be critical for the responsible development of
this field.

6 CONCLUSION

Organ transplantation is entering a new era in which advances
in organ preservation and the search for alternative donor
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sources are becoming increasingly interconnected. Machine
perfusion technologies have already improved the preserva-
tion and evaluation of donor organs, while xenotransplanta-
tion offers a potential long-term solution to the global shortage
of transplantable organs.

Nevertheless, several scientific and ethical challenges remain.
Immune incompatibility, coagulation disturbances, zoonotic
infection risks, and regulatory considerations must all be
addressed before xenotransplantation can become a routine
clinical therapy.

Future progress will require close collaboration across multi-
ple disciplines, including transplantation surgery, immunolo-
gy, genetic engineering, and bioethics. Through continued
technological innovation and responsible governance, xeno-
transplantation may ultimately provide a sustainable solution
for patients suffering from end-stage organ failure.
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Supplementary Table 1. Representative technological advances from conventional organ preservation to xenotransplantation

Technology/strategy

Main application

Major advantage

Current limitation References

Static cold storage (SCS)

Conventional organ preser-

Simple and widely used

Limited protection against isch- [1,2]

vation emia—reperfusion injury
Hypothermic oxygenated Kidney and liver preservation Reduces ischemic and mito- Clinical benefits vary across donor [3, 4]
perfusion (HOPE) chondrial injury settings
Normothermic machine Kidney, liver, and heart Ennctional assessment and Cost, complexity, and standardiza- [5-7]
perfusion (NMP) preservation organ reconditioning tion remain issues
Targeted immunomodulation Desensitization and rejection Improves immune compatibility Long - term balance between effi-  [8-10]
control and graft survival cacy and safety remains unresolved
Multi-gene-edited porcine  Xenotransplantation Expands potential donor pool and Residual immune, coagulation, [11-13]

donor organs

reduces major xenoantigenicity

and biosafety barriers persist

Note: This table summarizes representative technological advances in organ transplantation and xenotransplantation discussed in the main text.
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Abstract

Sphingosine-1-phosphate receptor 3 (SIPR3) is a member of the G protein-coupled re-
ceptor (GPCR) family, structurally characterized by seven transmembrane domains.
It exhibits diverse biological functions by binding to three major Ga protein subtypes
(Gi/o, Gq, and G12/13), thereby activating downstream signaling pathways such as phos-
phatidylinositol 3-kinase/protein kinase B (PI3K/Akt), phospholipase C/calcium (PLC/
Ca?"), and Ras homolog family member A/Rho-associated coiled-coil containing protein
kinase (RhoA/ROCK). SIPR3 displays tissue- and cell-specific expression patterns, with
high levels observed in the cardiovascular system (endothelial cells, vascular smooth
muscle cells, cardiac fibroblasts), immune system (macrophages, dendritic cells), ner-
vous system (astrocytes, microglia), and liver (hepatocytes, hepatic stellate cells). This
expression profile enables SIPR3 to play pivotal roles in regulating inflammation, main-
taining vascular homeostasis, repairing liver damage, protecting neural function, and
preserving immune balance. Under pathological conditions, SIPR3 exhibits dual func-
tionality. At physiological concentrations or under mild pathological conditions, it exerts
protective effects—for instance, preventing cardiomyocyte and hepatocyte apoptosis and
maintaining blood-brain barrier (BBB) integrity. Conversely, overactivation leads to tis-
sue damage, including exacerbated inflammatory infiltration (e.g., in acute respiratory
distress syndrome, ARDS), promotion of fibrosis (e.g., hepatic fibrosis), and vascular
injury (e.g., atherosclerosis). SIPR3 has emerged as a promising therapeutic target for
cardiovascular diseases, neurological injuries, and liver disorders. However, clinical ap-
plication of SIPR3 modulators is hindered by off-target effects (e.g., bradycardia due to
insufficient subtype selectivity) and risks of immunosuppression, underscoring the need
for more selective ligands and personalized therapeutic regimens.

Keywords: Sphingosine-1-phosphate receptor 3, Sepsis, Liver injury, Inflammation
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Highlights

e Clarifies SIPR3’s dual functionality, which shifts depending on S1P concentration, injury stage, and cell type—resolving long-
standing controversies in the field.

* Bridges basic research and clinical translation by defining SIPR3’s roles in diseases like sepsis, ARDS, and liver fibrosis, laying a
solid foundation for its development as a potential therapeutic target.

e Deciphers the complex regulatory network involving SIPR3, CXCR1, PARI1, and the NF-kB pathway; identifies the key role of
SIPR3/CXCRI heterodimers in neutrophils of pneumonia patients as a major breakthrough; and addresses current limitations

while proposing targeted future research strategies.

1 BASIC CHARACTERISTICS AND DISTRIBUTION
OF SPHINGOSINE-1-PHOSPHATE RECEPTOR 3
(S1IPR3)

Sepsis is a life-threatening systemic inflammatory response
syndrome triggered by infection, characterized by a dysregu-
lated host immune response that often leads to progressive
immune dysfunction, organ damage, and even death [1].
Sphingosine-1-phosphate receptors (SIPRs) are an important
type of non-Toll-like receptors (non-TLRs) belonging to the G
protein-coupled receptor (GPCR) family. They bind to ligands
like sphingosine-1-phosphate (SIP), initiating intracellular
transmembrane signal transduction, promoting activation of G
protein downstream signaling pathways, and enabling diverse
biological functions, including regulation of cell proliferation,
inflammatory responses, and angiogenesis [2].

Five SIPR subtypes (S1PR1 to SIPRS5) have been identified,
among which SIPRI, SIPR2, and S1PR3 are ubiquitously
expressed. In recent years, SIPR3 has garnered increasing
research attention. It is highly expressed in macrophages and
can couple with three types of G proteins (Gi, Gq, and G12/13),
participating in various pathophysiological processes by regu-
lating oxidative stress responses [3, 4]. Specifically, SIPR3
activates downstream signaling pathways, including PI3K/
Akt, phospholipase C (PLC), Rho family GTPases (Rac and
Rho), adenylyl cyclase, Jun N-terminal kinase (JNK), and
mitogen-activated protein kinase/extracellular signal-regulat-
ed kinase (MAPK/ERK), thereby exerting its biological effects

[51.
2 S1IPR3 AND INFLAMMATORY RESPONSE

SIP is a bioactive signaling molecule derived from mammalian
membrane sphingolipids, functioning in immune and inflam-
matory responses as well as the cardiovascular system [2].
Most of S1P’s biological functions are mediated by SIPR1 to
SIPRS. Among these, SIPR3 participates in numerous biologi-
cal activities, including inflammation and vascular barrier
function [6-8]. SIPR3 promotes myeloid differentiation at the
expense of other cell lineages (especially erythropoiesis) and
enhances the survival of long-term hematopoietic stem cells
(LT-HSCs), closely resembling tumor necrosis factor alpha
(TNF-a)-induced emergency hematopoiesis [9]. Thus, SIPR3
acts as an enhancer of TNF-a, utilizing the NF-kB inflamma-

https://doi.org/10.61189/479035poxawz

tory signaling pathway to promote HSC survival and myeloid
differentiation.

Although TNF-a levels increase with aging and in myeloid
malignancies, the mechanisms by which this inflammatory
environment induces leukemia and the specific cell subtypes
prone to transformation remain unknown [10-12]. Recent stud-
ies have revealed that acute TNF-a treatment upregulates
S1PR3 membrane levels in primary acute myeloid leukemia
(AML) cell lines, while SIPR3 antagonism counteracts TNF-a-
induced myeloid differentiation [13]. Previous research demon-
strated that SIPR3 overexpression (SIPR3OE) driven by the
lysosomal M promoter—rather than the F4/80 promoter—
induced leukemic transformation in mice, suggesting that the
initiating cell originates from primitive subsets rather than the
mature myeloid lineage [13]. However, SIPR3OE in human
HSCs did not cause de novo AML in xenografts, indicating
that other factors such as the microenvironment and species
differences must be considered [14].

SIPR3 expression is elevated in circulating neutrophils of
patients with sepsis and pneumonia, forming heterodimers
with chemokine (C-X-C motif) receptor 1 (CXCRI), a bio-
marker of inflammation also known as interleukin-8 (IL-8)
receptor alpha (IL-8RA) [15, 16]. This positions SIPR3 as a
molecular target for sepsis-associated lung injury.

Furthermore, in vivo studies on SIPR3-mutant mice revealed
that protease-activated receptor 1 (PAR1) amplifies inflamma-
tion through sphingosine kinase 1 (SphK1)-S1PR3 signaling
crosstalk, promoting disseminated intravascular coagulation
and death [3]. Endothelial microparticles—complex vesicular
structures shed by activated or apoptotic endothelial cells
(ECs)—contain enzymes, transcription factors, and mRNA,
and are released in response to inflammatory stimuli such as
TNF-a, other cytokines, lipopolysaccharide (LPS), and throm-
bin [17-19]. Studies have shown that EC-damaging substances
may induce nitration and shedding of EC S1PR3 into micropar-
ticles [20]. Our experiments further demonstrated that SIPR3-
containing microparticles enhance EC barrier disruption in
vitro, consistent with their role in sickle cell disease, suggest-
ing that microparticles serve as both biomarkers of EC dam-
age and cellular sources of inducers for vascular dysfunction
[20].
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Table 1. S1PR3-related core signaling pathways and their biological functions

Category Key information

Related references

S1P basic characteristics & Sphingosine-1-phosphate (S1P) (from membrane sphingolipids): acts in immunity, inflamma- [2]

functions tion, cardiovascular system; functions mediated by SIPR1-S1PRS5.
S1PR3 core biological (1) Inflammation, vascular barrier, myeloid differentiation, long-term hematopoietic stem [6-9, 15]
functions cells (LT-HSCs) survival; (2) Myeloid differentiation (erythropoiesis impaired); (3) Enhances
tumor necrosis factor-a (TNF-a) via nuclear factor-kB (NF-kB): supports hematopoietic stem
cells (HSCs) survival/differentiation; (4) Heterodimerizes with C-X-C chemokine receptor
type 1 (CXCR1) in neutrophils.
S1PR3 in hematopoiesis & (1) Human HSCs S1PR3 mimics murine TNF-o-NF-kB; (2) TNF-a upregulates SIPR3 in [9, 13, 14]
leukemia AML; antagonism reverses differentiation; (3) Murine SIPR3OE (lysosomal M promoter)
induces leukemia; (4) Human S1PR3OE no de novo acute myeloid leukemia (AML) in xeno-
grafts (species/microenvironment).
S1PR3 in inflammatory (1) Protease-activated receptor 1 (PAR1) amplifies inflammation via sphingosine kinase 1— [17, 18, 21]
signaling crosstalk sphingosine-1-phosphate receptor 3 (SphK1-S1PR3) (murine): promotes coagulation/death;
(2) TNF-o/thrombin: EC S1PR3 nitration, shedding into microparticles.
S1PR3-containing endothe- (1) EC microparticles (activated/apoptotic ECs) carry S1PR3; released by TNF-o/lipopoly- [17-22]
lial microparticles saccharide (LPS)/thrombin; (2) SIPR3-microparticles disrupt EC barrier (consistent with
sickle cell disease); (3) LPS+cytokines boost EC microparticles; high levels link to thrombo-
sis/dysfunction.
S1PR3 in disease-related (1) S1PR3 high in sepsis/pneumonia neutrophils; (2) CXCR1 (interleukin-8 receptor o (IL- [15, 16]
expression & target value ~ 8RA), inflammation marker) binds S1IPR3; S1PR3 is a target for sepsis lung injury.
Unclear research directions (1) TNF-a-enriched inflammation: leukemia induction mechanism/cell subtypes; (2) SIPR3- [10-12, 20]

microparticles: EC barrier disruption mechanism; (3) Functional differences: nitrated vs

non-nitrated S1PR3.

Note: S1PR3, Sphingosine-1-phosphate receptor 3; GPCR, G protein-coupled receptor; PKC, Protein kinase C; CXCR1, C-X-C chemokine
receptor type 1; CXCL8, C-X-C motif chemokine ligand 8; IRI, Ischaemia—reperfusion injury; CXCL12, C-X-C motif chemokine ligand 12;
DARC, Duffy antigen receptor for chemokines; ELR+, Glutamic acid-leucine-arginine positive; TNF-a, Tumour necrosis factor-o; f2AR, Beta-2

adrenergic receptor.

Combined LPS and cytokine treatment increases EC mic-
roparticles production [21]. Microparticles are detectable in
plasma of healthy individuals, and higher concentrations under
pathological conditions are linked to increased thrombotic risk
and endothelial dysfunction (ED) [22]. Related signaling path-
ways are summarized in Table 1.

3 S1PR3 AND HEPATOCELLULAR INJURY
3.1 Hepatic fibros

Hepatic fibros is a common consequence of various liver inju-
ries, including viral infection, drug abuse, and alcohol intoxica-
tion. After liver injury, levels of SphK1 and S1P increase sub-
stantially. In vitro studies have shown that SIPR1/3 mediate
S1P-triggered migration of human HSCs and activation of
fibrosis [23]. Blockade of SIPR1/3 significantly reduces patho-
logical angiogenesis and hepatic fibrosis in mice with bile duct
ligation (BDL) [24]. As hepatic fibrosis progresses, SI1P pro-
motes bone marrow mesenchymal stem cell (BMSC) migra-
tion via SIPR3. Suramin markedly reduces the number of bone
marrow-derived cells during cholestasis, suggesting that the
S1P/S1PR3 signaling pathway significantly affects cholestatic
hepatic fibrosis by facilitating bone marrow cell homing [25].
Additionally, SIPR1 and SI1PR3 are essential for transforming
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growth factor-f1 (TGF-Bl)-induced transdifferentiation of
BMSC:s into hepatic myofibroblasts [26].

The RNA-binding protein HuR regulates tumor cell migration.
HuR mRNA levels are elevated in hepatic fibrotic tissues from
humans and mice. In vitro experiments confirmed that the
S1PR3/p38 signaling pathway promotes BMSC migration by
inducing HuR phosphorylation and cytoplasmic translocation
[27]. Furthermore, the SIPR2/3/Gi/PI3K/Racl signaling path-
way participates in the migration and recruitment of bone mar-
row mesenchymal monocytes. Administration of the SIPR2
antagonist JTE-013 or the SIPR3 antagonist CAY-10444 sig-
nificantly reduces recruitment of these monocytes to fibrotic
livers, alleviating inflammation and fibrosis in BDL mice [28].
Palmitic acid induces S1P formation in hepatocellular carcino-
ma cells and promotes its extracellular release. SIP participates
in HSC fibrosis via SIPR3. Conditioned medium from hepato-
cellular carcinoma cells upregulates a-smooth muscle actin
(a-SMA) expression in HSCs in an S1P-dependent manner,
initiating hepatic fibrosis [29]. Recent studies have shown ele-
vated SIPR3 levels in patients with endometriosis, and SIPR3
participates in TGF-B1-induced fibrosis of endometrial adeno-
carcinoma cells [29, 30].

Our study provides spatial (zonal) characterization of liver
sinusoidal endothelial cells (LSECs; zones 1-3), identification
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of transcriptomic changes associated with liver cirrhosis, and
demonstration of relationships between these transcriptomic
changes and phenotypic alterations. Zone 3 LSECs are most
susceptible to cirrhosis-associated damage, exhibiting in-
creased capillarization and decreased endocytic capacity.
Identification of the most dysfunctional LSEC populations will
be valuable for developing effective therapeutic strategies.
Furthermore, CD34 is a more useful marker of LSEC capillar-
ization in liver cirrhosis than CD31 [31].

With recent advances in molecular and cell biology technolo-
gies, understanding of the pathogenesis of portal vein thrombo-
sis (PVT) associated with liver cirrhosis has deepened. PVT
occurrence involves multiple factors, including local and sys-
temic inflammatory responses, disturbances in coagulation-
fibrinolysis balance, endothelial dysfunction, and alterations
in gut flora [32-34]. The crosstalk among these molecular and
cellular mechanisms renders PVT pathogenesis a complex
process.

Under cirrhotic conditions, changes in the hepatic microenvi-
ronment form an intricate network with systemic immune dis-
orders and coagulation system imbalances. Elucidating the
functional network underlying PVT occurrence not only clar-
ifies its pathogenesis but also informs early diagnosis and per-
sonalized treatment. This article reviews literature from the
past five years, discussing relationships between key fac-
tors (inflammatory response, coagulation-fibrinolysis balance,
endothelial dysfunction, gut flora) and PVT formation in cir-
rhotic patients, aiming to provide theoretical support for
improving patient management and prognosis [35].

3.2 Regulatory role of S1P and its receptors in sepsis-
induced liver injury

SIP and its receptors play key roles in immune and metabo-
lic processes, closely associated with various inflammatory
responses, oxidative stress, and lipid deposition diseases. As
an integral organ for immunity and metabolism, the liver not
only defends against bacterial toxins during sepsis but also
regulates metabolism of deposited substances post-injury. S1P
and SIPR1 to SIPR3 are highly expressed in the liver and act
through multiple signaling pathways. For instance, the spinster
homolog 2 (Spns2)/SIP signaling pathway exerts inhibitory
effects during early inflammatory responses to prevent cyto-
kine storms and promotes later-stage effects to reduce immu-
nosuppression-induced damage [36]. Additionally, S1P likely
plays an essential role in bile acid metabolism regulation, par-
ticularly relevant in liver injury. Further research on mutual
regulation among liver injury, immunity, and metabolism may
facilitate discovery of novel therapeutic targets [37]. SIPR-
targeted drugs have shown efficacy in regulating immunity,
and future studies should explore new metabolic targets to
advance treatment strategies for inflammatory and metabolic
disturbances associated with sepsis-induced liver injury [38].
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3.3 Expression of markers and functional specificity of
LSECs versus portal vein endothelial cells

Endothelial cell cultures are valuable tools for investigating
liver physiology and pathophysiology in vitro. However, the
marked heterogeneity of endothelial cells within and between
organs, combined with the tendency for cultured cells to lose
tissue-specific markers, complicates such studies. Although all
endothelial cells share certain characteristic features, specific
markers or marker combinations are needed to define distinct
endothelial populations. To date, the study of human sinusoidal
endothelial cells (HSECs) in vitro has been hampered by the
lack of specific markers that conclusively identify these cells
and discriminate them from vascular or lymphatic endothelial
cells. This remains partially true, as many classic endothelial
markers are widely expressed, and considerable variability
exists in phenotypic marker detection between animal and
human systems (e.g., CD31 and von Willebrand factor). Cu-
rrently, no single molecule is known to be expressed exclu-
sively on hepatic sinusoidal endothelium. However, increasing
knowledge of endothelial receptors is providing a larger, better-
defined set of phenotypic markers. In addition to their utility
in phenotyping or sorting specific endothelial cells for culture,
tissue-specific receptors offer clues to the functions of the cells
under study, exemplified by the numerous scavenger receptors
expressed on HSECs.

Very low-passage cells retain fenestrations in vitro for a short
time, but these rapidly disappear within one or two passages,
as does expression of vascular adhesion protein-1 (VAP-1) [39-
41]. Apart from these changes, the cells remain relatively phe-
notypically stable for 7-8 passages and can be identified by
expression of CD31, lymphatic vessel endothelial hyaluronan
receptor 1 (LYVE-1), dendritic cell-specific intercellular ad-
hesion molecule-3-grabbing non-integrin-related (L-SIGN),
Stabilin-1, and lack of CD34 and prospero homeobox 1 (PROX-
1) [39, 42]. These markers confirm endothelial identity while
excluding vascular and lymphatic endothelial contamination
and, together with markers excluding leukocyte origin, can
confirm the sinusoidal nature of the cells [38].

4 EFFECTS OF S1PR3 ON VASCULAR FUNCTION

Cardiovascular diseases are leading causes of death worldwide.
Endothelial cells, vascular smooth muscle cells, cardiomyo-
cytes, and cardiac fibroblasts all express SIPR1-S1PR3, but
expression patterns differ significantly. Endothelial cells pri-
marily express SIPR1 and SIPR3, with SIPR1 being most
abundant. Vascular smooth muscle cells highly express SIPR2
and S1PR3. Cardiomyocytes predominantly express S1PRI,
followed by SIPR3 at approximately half the level. Cardiac
fibroblasts express SIPR3 at much higher levels than SIPR1
and SIPR2 [43].
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4.1 Regulation of angiogenesis

Walter et al. discovered that SIPR3 knockout mice exhi-
bit impaired angiogenesis. Conversely, SIP or fingolimod
(FTY720) activates Src kinase and C-X-C chemokine receptor
type 4 (CXCR4)-dependent Janus kinase 2 (JAK?2) signaling
via SIPR3, promoting angiogenesis in endothelial progenitor
cells [44].

In vitro experiments demonstrated that S1P triggers activation
of the SIPR3/PI3K/Akt signaling pathway. Under low-concen-
tration SIP stimulation (100 nM), SIPR3 in endothelial pro-
genitor cells primarily mediates Gi protein-dependent PI3K/
Akt pathway activation, thereby promoting cell proliferation
and inhibiting apoptosis [45].

High-density lipoprotein (HDL)/SIP activates vascular endo-
thelial growth factor receptor 2 (VEGFR2) through S1PR3,
promoting proliferation of human umbilical vein endothelial
cells and angiogenesis [46]. Li et al. found that SIP/S1PR3
facilitates transdifferentiation of epicardial progenitor cells into
smooth muscle-like cells [47]. Recently, Yasuda et al. demon-
strated that SIP/SIPR3 promotes corneal angiogenesis by
increasing vascular endothelial growth factor A (VEGF-A)
production in mice [48].

4.2 Regulation of vascular barrier function

SIPR3 is highly expressed in patients with acute lung injury
and severe falciparum malaria complicated by pulmonary
edema, primarily in pulmonary endothelial cells and plasma,
serving as a potential biomarker for acute lung injury [49]. In
LPS-induced acute inflammatory lung injury mouse models,
Sammani et al. found that intratracheal administration of
high-dose S1P (final plasma concentration ~I mM) significant-
ly disrupted the alveolar-capillary barrier, an effect prevented
by S1PR3 silencing [50]. Different S1P concentrations exert
opposing effects on the endothelial barrier: physiological con-
centrations (10 nM—-2 uM) protect the endothelial barrier via
the Gi/Rac signaling pathway, whereas higher concentrations
activate the SIPR3/RhoA/ROCK pathway, increasing vascular
permeability—an effect that may completely counteract the
barrier-protective Gi/Rac pathway [51, 52]. Therefore, reducing
SIPR3 expression and activation may be an effective strategy
for preventing inflammation, acute lung injury, and other dis-
eases linked to endothelial barrier dysfunction [53].

4.3 Regulation of vascular tone

Activating S1PR3 in endothelial cells promotes nitric oxide
(NO) production and induces vasorelaxation. In contrast,
SIPR3 in vascular smooth muscle cells induces vasoconstric-
tion by increasing intracellular calcium concentration and acti-
vating Rho [54]. HDL/S1P promotes calcium mobilization and
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Gi/PI3K/Akt signaling activation in endothelial cells through
SI1PR3, facilitating endothelial nitric oxide synthase (eNOS)
phosphorylation and ultimately leading to vasodilation [55, 56].
However, other studies have shown that S1P causes vasocon-
striction in rat coronary arteries and mouse mesenteric arter-
ies, an effect significantly reduced by pretreatment with the
S1PR3-specific antagonist TY52156 [57, 58]. Thus, the effect
of SIPR3 activation on vascular tone is complex and requires
further detailed investigation.

4.4 Ischemia-reperfusion injury

Accumulating evidence indicates that SIPR3 signaling plays
a key role in protecting the heart from ischemia-reperfusion
injury (IRI). Administration of HDL/SIP or pretreatment with
a specific SIPR3 agonist reduces myocardial infarct size fol-
lowing IRI. Both in vitro and in vivo experiments demon-
strate that SIPR3-mediated Akt- and NO-dependent pathways
protect cardiomyocytes from apoptosis [52-54]. RhoA has also
been implicated in cardioprotection. The G12/13/RhoA/ROCK
signaling pathway triggers MRTF-A activation and increases
stromal cell protein CCNI1 expression, thereby protecting car-
diomyocytes from ischemic injury [59-63]. Connexin 43 (Cx43)
is a major component of ventricular gap junctions, which trans-
mit action potentials and bioactive substances. Recent studies
have shown that S1P regulates Cx43 phosphorylation, expres-
sion, and distribution via SIPR2/3, ultimately reducing myo-
cardial cell death and sudden cardiac death caused by IRI [64].
Cx43 uncouplers (e.g., heptanol and Gap26) lower IRI-induced
mortality mediated by SIPR2/3 [65]. Interestingly, Wafa et al.
found that in the early stage of acute coronary syndrome, S1P/
SIPR3 induces coronary artery constriction and impairs myo-
cardial contractile function, although S1PR3-induced vasocon-
striction may be counteracted by SIPR2-mediated vasorelax-
ation [53-66]. Thus, SIPR3 activation may represent an impor-
tant strategy for preventing myocardial IRI.

Studies have demonstrated that SIPR3 participates in inflam-
mation, proliferation, migration, tumor invasion, IRI, tissue
fibrosis, and vascular activity [67]. In a mouse model of myo-
cardial IRI, HDL and its component SIP protect the heart via
an S1PR3-mediated signaling pathway [68]. SIPR3(—/-) mice
are protected from renal IRI through mechanisms involving
bone marrow-derived dendritic cells (BMDCs) and their immu-
nomodulatory functions [69]. Adoptive transfer of SIPR3(—/-)
BMDCs prevents renal IRI through splenic interactions and
expansion of splenic CD4+Foxp3+ regulatory T cells. In con-
trast to its protective role in cardiac IRI, SIPR3 exerts opposite
effects in renal IRI, likely due to differences in disease stage
and cell/tissue contexts.

SIPR1 and S1PR2 have been implicated in microglial activa-
tion during cerebral IRI [70-72]. A recent study showed that
SIPR3 contributes to microglial activation and M1 macro-
phage polarization in a mouse brain IRI model [73]. Our study
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demonstrated that SIPR3 inhibition reduces IRI, confirmed by
reduced infarct volume. H&E, Nissl, and Fluoro-Jade C stain-

ing confirmed that SIPR3 mediates brain damage during cere-
bral IRI [74].

Neuronal nitric oxide synthase (nNOS) mediates early neuro-
logical damage, with nNOS overexpression playing a key role
in early ischemia and excitotoxic injury [75]. Inducible NOS
(INOS) subsequently increases, and both adversely affect
cerebral ischemia. NO production, catalyzed by NOS from
L-arginine and oxygen, can react with superoxide to form per-
oxynitrite, a potent oxidant [76]. During ischemia, NO pro-
duced by nNOS and iNOS may be neurotoxic, partly due to
peroxynitrite free radical formation causing direct damage to
mitochondrial enzymes and DNA [77]. Additionally, increased
NO production from nNOS or iNOS promotes ischemic dam-
age through free radical injury, tissue inflammation, and micro-
circulatory failure [78]. nNOS knockout mice exhibit smaller
infarct sizes and fewer neurological deficits after middle cere-
bral artery occlusion [79]. iNOS knockout mice also show
fewer neurological deficits and reduced infarct volumes [80].
In our experiment, nNOS and iNOS expressions were elevated
following cerebral ischemia compared with sham-operated
controls, consistent with previous studies. SIPR3 inhibition
reduced nNOS expression and NO content. Heo and Im found
that SIPR3 inhibition reduces LPS-induced inflammatory
gene expression, including iNOS and cyclooxygenase-2 [74].
However, our study found that SIPR3 inhibition did not reduce
iNOS expression, suggesting that SIPR3 reduces NO primarily
by decreasing nNOS rather than iNOS.

4.5 Atherosclerosis

Atherosclerosis is a chronic inflammatory disease, with ED
being a key driver of its development. HDL is considered ath-
eroprotective. Kimura et al. found that HDL activates PI3K/
Akt, p38, and Rho/ROCK pathways via SIP/SIPR3, promoting
endothelial cell migration and exerting anti-atherosclerotic
effects [81]. Additionally, SIP prevents macrophage apoptosis
by activating the SIPR3/STAT3/surviving signaling pathway,
reducing the risk of plaque rupture in advanced atherosclerotic
lesions [82].

Macrophages with SIPR3 knockout are resistant to 22(R)-
hydroxycholesterol-stimulated cholesterol efflux. Conversely,
the S1P/S1PR3/Gq/PLC/protein kinase C (PKC) signaling path-
way may promote cholesterol efflux by phosphorylating and
stabilizing the ATP-binding cassette transporter Al (ABCALI)
protein [83]. A recent study emphasized the core role of ED as
a major precursor of inflammation, not only accelerating ath-
erosclerosis progression but also causing plaque instability.
Hallmarks of ED include reduced NO production/availability
and endothelial cells exhibiting an inflammatory phenotype.
The endothelial glycocalyx, a gel-like structure composed of
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glycoproteins and extracellular matrix components, partici-
pates in transendothelial transport. Endothelial glycocalyx
damage impairs eNOS expression, leading to reduced NO
availability and production [84].

Various inflammatory signals activate endothelial cells, trig-
gering upregulation of cell adhesion molecules, including pro-
inflammatory E-selectin, intercellular adhesion molecule-1
(ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1).
Leukocyte diapedesis occurs, accompanied by increased
endothelial permeability [85]. Activated endothelial cells
secrete cytokines and function similarly to macrophages.
Dysfunctional, inflamed endothelium facilitates lipoprotein
penetration and trapping beneath the endothelial cell layer,
where these lipoproteins are subsequently oxidized [66].
Deposited lipoproteins are taken up by macrophages and
smooth muscle cells, leading to foam cell formation and fatty
streak accumulation. Abnormalities in cell clearance—specifi-
cally, failure to properly remove apoptotic endothelial cells—
result in vascular sclerosis [86]. Some endothelial cells may
undergo endothelial-mesenchymal transition, promoting extra-
cellular matrix deposition and further exacerbating vascular
stiffness [87]. Arterial constriction caused by lipid accumula-
tion, combined with impaired vasodilation, expands regions of
turbulent or oscillatory blood flow, further intensifying endo-
thelial cell activation and denudation. These regions carry a
high risk of rupture for lipid-rich plaques with thin fibrous
caps, potentially leading to thrombotic occlusion. Expression
of procoagulant factors—tissue factor, plasminogen activator
inhibitor-1 (PAI-1), and von Willebrand factor (vWF)—further
heightens this risk [84-88]. Thus, ED serves as a precursor to
both atherosclerosis and thrombosis.

Patients with coronary artery disease often experience sleep
disturbances, reduced melatonin levels, and circadian rhythm
misalignment [89]. Sleep disturbances are linked to higher lev-
els of inflammatory markers, ED, and reduced cardiac vagal
modulation—all contributing to coronary artery disease devel-
opment and progression [90]. Relatively few studies have estab-
lished a clear connection between lifestyle behaviors (e.g.,
physical activity level, a modifiable cardiovascular risk factor)
and endothelial function in patients with cardiovascular dis-
ease [91]. In the present study, multiple regression analysis
revealed a significant association between low physical activity
levels and ED (Table 1). Analysis of the control group found
that physically active patients had better endothelial function
than sedentary ones. Consistent with this, a study involving
2,363 patients with prediabetes and type 2 diabetes showed that
sedentary behavior is linked to higher levels of low-grade
inflammatory biomarkers (C-reactive protein, soluble ICAM-1,
IL-6, and TNF-a) as well as biomarkers of ED, which are
key components of the atherosclerotic process illustrated in
Figure 1 [92].
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Figure 1. Core mechanisms of atherosclerosis. Binding of sphingosine-1-phosphate
(S1P) to S1P receptor 3 (S1PR3) exerts pleiotropic effects in vascular biology, regu-
lating angiogenesis, vascular tone, atherosclerosis, and ischemia-reperfusion injury
protection via distinct signaling pathways. This figure depicts the core mechanisms
of atherosclerosis, including endothelial dysfunction (manifested as reduced nitric ox-
ide (NO) bioavailability and upregulated intercellular adhesion molecule 1 (ICAM-1)/
vascular cell adhesion molecule 1 (VCAM-1)), inflammatory signaling activation, lipo-
protein deposition and oxidation (involving low-density lipoprotein (LDL) oxidation),
macrophage phagocytosis and subsequent foam cell formation, plaque progression and
instability (characterized by fibrous cap thinning and tissue factor expression), as well

as heightened thrombotic risk. Created with Microsoft PowerPoint.

5 S1PR3 AND IMMUNE RESPONSE

Growing evidence suggests that SIPR3 regulates the biologi-
cal functions of certain immune cells, including dendritic cells
(DCs), macrophages, and natural killer cells. In vitro studies
have shown that SIPR3 is essential for S1P-induced matura-
tion, migration, and endocytosis of DCs [69]. Additionally,
SIPR3 in DCs plays a key role in recruiting NKT cells and
neutrophils to damaged kidneys following IRI. Notably, DCs
lacking S1PR3 induce a Th2-like response in NKT cells—spe-
cifically prompting them to produce higher levels of IL-4—
which protects the kidneys against IRI [69, 93].

S1PR3 is a pro-inflammatory receptor. Hyperglycemia inhib-
its M2 macrophage polarization and promotes M1 polarization
via the SIP/S1PR3 signaling pathway, worsening hepatic IRI.
However, pretreatment of diabetic mice with CAY10444 (an
S1PR3 antagonist) significantly reduces hepatic IRI [94].

SIPR2 and S1PR3 promote migration of bone marrow-derived
monocytes/macrophages by activating the Gi/o/PI3K/Racl sig-
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naling pathway. Administration of JTE-013
(S1IPR2 antagonist) or CAY-10444 (SI1PR3
antagonist) to BDL-treated mice significantly
reduces recruitment of these cells to fibrotic
livers [4, 26]. Yang et al. found that SIPR2/3
activates the Gi/PI3K/JNK signaling pathway,
mediating S1P-induced M1 polarization of bone
marrow-derived monocytes/macrophages [95].
However, Bryan et al. showed that FTY720
reduces macrophage phagocytic capacity and
reactive oxygen species production via SIPR3,
thereby reactivating Cryptococcus infection in
granulomas [96]. Therefore, SIPR3 exerts dual
roles in macrophages: promoting M1 polariza-
tion to trigger inflammation while also enhanc-
ing phagocytic and killing activities to inhibit
bacterial diseases. Figure 2 provides a schemat-
ic overview of these roles.

6 S1IPR3 SIGNALING IN NEURAL
FUNCTION

Astrocytes are one of the most common cell
types in the brain and are critical for maintain-
ing the brain’s microenvironment [97]. In vitro
studies have demonstrated abundant S1PR3
expression in astrocytes, which increases fur-
ther during inflammation. SIPR3-G12/13 acti-
vates RhoA, leading to increased production of
inflammation-related genes [98]. CAY10444, a
specific SIPR3 antagonist, has shown protective
effects in models of cerebral infarction, spinal
cord injury, and intracerebral hemorrhage
[99-101].

In vitro experiments show that SIP/SIPR3/Ras/pERK signal-
ing promotes pericyte proliferation, contributing to scar for-
mation after spinal cord injury [99]. Dong et al. found that
FTY720P protects astrocytes from oxygen-glucose depriva-
tion-induced injury and inflammation by inhibiting SIPR3-
dependent TLR2/4-PI3K-NF«B signaling [101]. Additionally,
SIPR3 inhibition exerts neuroprotective effects via the S1P/
CCL2/p-p38 MAPK pathway [100]. SIPR3 antagonists may
represent a potential therapeutic approach for nervous system
injuries.

ED is a hallmark of ARDS [99]. The endothelium is a mono-
layer of cells that controls the permeability of fluids, proteins
and blood cells [86]. In ARDS, endothelial barrier permeabil-
ity increases as monolayer integrity is disrupted, allowing fluid
to enter interstitial tissue, further decreasing gas exchange and
inducing hypoxia [102, 103]. Endothelial cell-cell adhesions,
including adherens junctions (Als), tight junctions, and gap
junctions, regulate barrier permeability [104]. Among these,
AlJs have more significant microvascular effects, and expres-
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Figure 2. Multifaceted roles of SIPR3 in immune cell regulation and tissue injury responses. SIPR3 orchestrates immune cell functions,
including those of dendritic cells (DCs) and macrophages, to mediate renal ischemia-reperfusion injury (IRI), hepatic injury/fibrosis, and anti-
infection responses. This figure outlines the multifaceted roles of SIPR3. In renal IR, SIPR3-expressing DCs (S1PR3 DCs) trigger natural killer
T (NKT) cell activation and interleukin-4 (IL-4) secretion, whereas SIPR3-deficient DCs inhibit M2 macrophage polarization, together shaping
renal injury outcomes; in hepatic IRI and fibrosis, SIPR3 signals through Gi/o/PI3K/Racl or Gi/PI3K/JNK pathways to drive M1 macrophage
polarization (marked by elevated inducible nitric oxide synthase (iNOS) expression) and macrophage migration, while SIPR3 blockade with
CAY10444 alleviates hepatic IRI and reduces macrophage recruitment to fibrotic lesions; furthermore, hyperglycemia and S1P/SIPR3 signaling
amplify M1 polarization to worsen hepatic IRI, and SIPR3 promotes the migration of bone marrow-derived monocytes. Created with Microsoft
PowerPoint.

sion of vascular endothelial cadherin (VE-cadherin) at endo- cleavage and NFkB-mediated inflammation. Moreover, most
thelial AJs is essential for endothelial barrier function [48]. AJ existing S1P-modulated drugs targeting SIPR1 agonistically
structure involves interactions among VE-cadherin, $-catenin, induce downregulation of SIPRI, leading to suboptimal clini-
and the actin cytoskeleton [105]. In this study, we found thatin  ca effects and long-term pulmonary function decompensation
LPS-induced ARDS mouse models and LPS-stimulated cell due to immunosuppression [111]. In contrast, inhibiting

models, SIPR3 inhibition significantly restored expression of SIPR3—a negative regulator of vascular barrier function

YE—cadherin and B-catenin, as s.h.own by Westerr} blotting .ar.ld upregulated during mechanical stress—does not affect SIPR1
immunofluorescence [106]. Additionally, rhodamine phalloidin

staining of the cytoskeleton revealed that SIPR3 inhibition sig-
nificantly reduced LPS-induced cytoskeletal disruption. SIPR3
mediates VE-cadherin mRNA levels in two types of endothe-
lial cells. In a murine ventilator-induced lung injury model,
SIPR3 induced endothelial barrier loss through ADAMI0-
mediated VE-cadherin cleavage [107].

expression, ensuring specific therapeutic effects during ventila-
tor-induced lung injury with few side effects under normal lung
conditions. However, SIPR3 is also expressed in the cardio-
vascular system, kidney, and spleen [112, 113]. SIPR3 inhibi-
tion could also lead to hypertension, bradycardia, macular
edema, reduced pulmonary function, hepatic adverse effects,
and neoplasms [114]. Inhalation delivery of SIPR3 inhibitors

To date, more than 600 clinical trials have targeted Rho signal- via aerosol or nanoparticles, which facilitates direct delivery of
ing [108-110]. In contrast, no clinical trial targeting SIPR3 has drugs deep into the airways, may mitigate these effects.
ever been conducted. Targeting SIPR3 in clinical trials may be ~ Notably, TY-52156, although a selective SIPR3 inhibitor, may
beneficial, as SIPR3 is not only an upstream regulator of Rho carry significant off-target effects, including inhibiting other
but also a mediator of other pathways, such as VE-cadherin SIP receptors with relatively lower affinity [115].
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S1P, a metabolic mediator of sphingolipid catabolism predomi-
nantly formed through SphK1 catalysis, mediates inflamma-
tion in sepsis by binding to SIPR3 expressed in macrophages.
We demonstrated that the SphK1/S1PR3 axis is upregulated in
LPS-induced macrophages and septic mouse lungs, cascading
activation of pro-glycolytic signaling molecules such as HIF-
la, HK2, and PFKFB3. Targeted inhibition of SphK1 by PF-543
effectively abrogated the upregulated SphK1/SIPR3 axis in
vitro and in vivo. Additionally, PF-543 significantly suppressed
sepsis-related inflammation and multi-organ injury in vivo.
Furthermore, PF-543 not only blunted key glycolytic enzymes
(HIF-la, HK2, and PFKFB3) in LPS-treated macrophages but
also inhibited HK2 and PFKFB3 in septic mice. Silencing or
inhibiting SphK1 tempered pro-inflammatory M1 macro-
phages while boosting anti-inflammatory M2 macrophages.
Intriguingly, SIPR3 knockdown efficiently dampened glycoly-
sis-associated markers, reversed LPS-modulated M1/M2 polar-
ization, and attenuated NF-kB p65 activation. In conclusion,
this study provides the first evidence that PF-543 orchestrates
proportional imbalance of macrophage polarization and the
Warburg effect in a SphK1/S1PR3-dependent manner during
sepsis, mitigating both hyperinflammation and multi-organ
failure, adding a novel puzzle piece to pharmacologically
exploitable therapy for sepsis [116].

7 SIPR3-MEDIATED SIGNAL CROSSTALK

Sphingosine-1-phosphate receptors are members of the GPCR
family, also known as seven-transmembrane receptors. The
peptide chains that traverse the membrane seven times form
extracellular and intracellular loops, receiving extracellular
signals and initiating intracellular signaling. The intracellular
domain interacts with heterotrimeric G proteins, composed of
a, B, and y subunits. Upon ligand activation, the receptor binds
G proteins, causing dissociation of the o subunit from the By
subunits, which then activate downstream effector molecules
and regulate biological effects [117].

SIPRs are ubiquitously expressed but exhibit tissue-specific
patterns. SIPR1 and S1PR2 are expressed in most tissues:
SIPRI1 localizes to the plasma membrane, vesicles, cytoplasm,
nucleus, and perinuclear regions, while SIPR2 is found in the
plasma membrane and cytoplasm. SIPR3 is highly expressed
in heart, lung, kidney, and spleen, and is located in the plasma
membrane; SIPR4 is mainly expressed in blood cells and lym-
phoid tissues; SIPRS is expressed in brain, skin, and natural
killer cells [118].

SIPRI1 is the most widely expressed SI1P receptor in the brain
and couples only with Gi/o [83-85]. SIPR2 can couple with
Gi/o, G12/13, and Gs, exhibiting highest binding affinity for
G12/13 [103, 104, 117-120]. SIPR3 is known to couple with
Gi/o, Gq, and G12/13; however, due to its higher affinity for
Gq, it can induce intracellular calcium accumulation and PKC
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activation [88-90]. SIPR4 and S1PRS5 can couple with Gs, Gq,
and G12/13 [121-127].

SIPR3 has relatively high affinity for Gq proteins. When it
forms a heterodimer with CXCRI, ligand binding still priori-
tizes Gq pathway activation, driving extracellular calcium
influx and simultaneously switching on PKC. Once the calci-
um signal is activated, it further triggers activation of Rho
family small GTPases, which then activate downstream Rho-
associated protein kinases, regulating cytoskeletal assembly
and disassembly by phosphorylating substrates such as myosin
light chains. This process adjusts neutrophil morphology and
motility, facilitating their migration across the vascular wall to
infection sites. Interestingly, this regulatory effect is only sig-
nificantly evident in neutrophils from pneumonia patients and
is induced by S1P. CXCR1/2 G-protein signaling is tightly
regulated and quickly desensitized to prevent constitutive
signaling through mechanisms including phosphorylation,
B-arrestinl/2 recruitment, AP-2 adaptor protein association,
and receptor cross-desensitization.Inflammation is a defense
mechanism triggered by infection and tissue damage [128]. The
CXCLS8-CXCR1/2 axis recruits neutrophils to infection sites
and induces neutrophil oxidative burst and granule release to
eliminate inflammatory stimuli and increase bacterial clear-
ance, thereby protecting the host from further infection and
tissue damage [129-131]. Disruption of this axis severely affects
host immune mechanisms against infection and may even be
fatal. Impaired neutrophil recruitment often leads to decreased
bacterial clearance and reduced survival rates in experimental
infectious disease models [128].

Given the multiplicity of CXCR1 and CXCR2 ligands and the
more selective inhibition of the CXCRI-related pathway via
reparixin, the impact of reparixin could be counterbalanced
by redundant mechanisms of neutrophil chemotaxis, resulting
in perpetuation of inflammation independently of the initial
signal. For example, the Duffy antigen receptor for chemokines
(DARC), considered a “silent” chemokine receptor, has recent-
ly been shown to regulate bioavailability of several chemo-
kines, including CXCL1, CXCL2, CXCL5, and CXCLS, result-
ing in DARC-enhanced neutrophil trafficking into tissues [132,
133]. The CXCR2 ligand CXCL5 regulates binding site avail-
ability for other ELR+ CXC chemokines released during
inflammation through its interaction with erythrocyte DARC.
CXCLS5 inhibits chemokine scavenging, at least in part, through
its homeostatic, high-affinity binding with erythrocyte DARC.
Thus, in the absence of CXCL5, DARC scavenges proinflam-
matory chemokines, contributing to reshaping chemokine gra-
dients for neutrophil influx into, for example, the lung [134].
During severe inflammatory responses, such as in a model
of Escherichia coli-induced pneumonia, further expression of
CXCLS5 by alveolar type 2 cells inhibits DARC chemokine
scavenging when production of CXCL1 and CXCL2 dramati-
cally increases, resulting in marked increases in circulating
plasma concentrations of these chemokines and adverse conse-
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quences for efficient neutrophil accumulation [134, 135]. This
example illustrates the complexity and alternative pathways
of neutrophil recruitment and regulation independent of over-
whelming CXCRI1 pathway blockade [134].

Cardiac dysfunction has been associated with elevated circu-
lating chemokine levels in both animals and humans. CXCLS8
was among the first chemokines detected in the myocardium
in response to IRI, and it has been hypothesized to participate
in neutrophil-induced myocardial injury. However, several
other chemokines, including CCL2 and CXCLI10, have been
detected early in animal models of myocardial injury. Cardiac
myocytes also express other receptors such as CXCR2, CCR2,
and CXCR4 (the receptor for SDF-1/CXCL12). These receptors
are constitutively expressed and upregulated following oxida-
tive stress both in vivo and in vitro [136]. In an animal model of
IRI, Tarzami et al. found a direct myocardial protective action
of CXCR2 during IRI, but the magnitude of this protective
effect was smaller than the damaging effect of CXCR2-
mediated inflammatory cell recruitment [137]. The authors
attributed this to different CXCR2-induced signaling between
two different cell types—cardiac myocytes and neutrophils
[136]. Additionally, new data highlight the relevance of the
CXCL12/CXCR4 axis in myocardial IRI. CXCR4 overexpres-
sion in vivo worsened cardiac function in an animal model of
IRI, enhancing inflammatory cell recruitment, TNF-a produc-
tion, and cell death, possibly due to increased CXCL12 produc-
tion [137, 138]. Furthermore, under stress conditions, para-
crine and/or autocrine activation of CXCR4 by its ligand may
trigger intracellular signaling pathways that exacerbate con-
tractile dysfunction. CXCR4 activation also modulates [2-
adrenergic receptor structure and downstream signaling in
ventricular cardiac myocytes and has been shown to be a key
mediator of calcium handling in adult rat cardiac myocytes
[139]. Thus, independently of reparixin action, myocardial IRI
may be triggered and maintained by different chemokine/che-
mokine-receptor inter-relationships (e.g., the CXCL12/CXCR4
axis), which could explain the lack of significant differences in
primary endpoints for myocardial IRI in our study [134]. The
biological characteristics and functions of S1P and S1PR3
related to these processes are summarized in Table 2.

8 CLINICAL APPLICATIONS OF S1PR3

SIPR3 plays a critical role in regulating inflammatory
responses and endothelial barrier function in ARDS. It is high-
ly expressed in lung tissue and endothelial cells and has been
widely described as a mediator of various biological responses,
but its exact role varies across different cells, tissues, and dis-
eases under distinct conditions [140]. Wang et al. reported that
SIPR3 inhibition suppressed NLRP3 inflammasome activa-
tion in LPS-stimulated macrophages and in the lungs of septic
mice [141]. Bajwa et al. reported that SIPR3-deficient dendritic
cells exerted protective effects against IRI-induced acute kid-
ney injury [7]. However, the relationship between SIPR3 and
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ARDS remains unclear. Our results demonstrated that SIPR3
expression was increased in the lungs of LPS-induced ARDS
mice, and SIPR3 inhibition alleviated inflammation and endo-
thelial injury both in vivo and in vitro, thereby reducing LPS-
induced ARDS [142].

Mechanistically, SIPR3 modulates key inflammatory signaling
cascades, including the NF-kB pathway, to orchestrate the pro-
duction of pro-inflammatory cytokines such as TNF-a, IL-1,
and IL-6 [142, 143]. The NF-kB pathway is considered the cen-
tral regulator of inflammation and endothelial function in vari-
ous diseases, and our previous study revealed the importance
of the NF-«xB pathway in ARDS [143, 144].

NF-kB has five subunits, with p65 being the key transcription-
ally active component. IkBa is a crucial controller of NF-xB
p65 activation and is phosphorylated by IKKJ to release active
NF-«xB p65 into the nucleus, thereby promoting transcription
of proinflammatory cytokines and chemokines [145]. In endo-
thelial cells, activated NF-kB contributes to VCAM-1 expres-
sion, mediating endothelial inflammation and damage [146].
Previous research has indicated an association between S1PR3
and the NF-xB pathway. Yan et al. reported that the NF-xB
pathway participates in SIPR3-mediated human renal cell car-
cinoma progression [147]. Moreover, previous studies have
revealed the NF-kB-dependent proinflammatory role of the
SIP/SIPR3 axis in lung adenocarcinoma cells, with S1PR3
activation facilitating tumor cell proliferation [136, 148].
Mitochondria, the main powerhouses of cells, are crucial for
regulating inflammatory responses and barrier function in
endothelial cells [135]. Mitochondrial oxidative phosphoryla-
tion is the primary pathway for ATP production, dependent on
mitochondrial membrane potential and respiratory chain com-
plex activity [149]. Consistent with previous studies, we found
that LPS suppressed mitochondrial oxidative phosphorylation
[150]. SIPR3 inhibition decreased reactive oxygen species lev-
els in lung tissues and mitochondrial ROS levels in endothe-
lial cells while increasing the aggregate-to-monomer ratio.
Additionally, ATP production and mitochondrial respiratory
chain complex activity were restored after SIPR3 inhibition.
The complex V inhibitor oligomycin abolished the protective
effect of SIPR3 inhibition on ARDS. Therefore, mitochondrial
oxidative phosphorylation may mediate the SIPR3 protective
effect in ARDS [142].

9 POTENTIAL SIDE EFFECTS OF S1PR3 MODULA-
TION

Preclinical studies have shown that SIPR1 and S1IPR3 may be
primary contributors to S1P receptor modulator (SIPRM)-
induced cardiovascular adverse events [151]. Due to initial
SIPR1 agonism, SIPRM administration triggers a decrease in
heart rate and blood pressure, activating G protein-coupled
inwardly rectifying potassium channels, followed by myo-
cyte hyperpolarization and transient reduction in excitability.
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Table 2. Biological characteristics, functions and disease associations of S1P and S1PR3

He et al.

Core category

Simplified

Related references

S1PRs basic attributes

S1PRs tissue distribution &
localization

S1PRs-G protein coupling
specificity

S1PR3-CXCRI1 heterodimer
signaling

CXCR1/2 signaling regula-
tion

CXCL8-CXCR1/2 axis in

inflammation

Redundant mechanisms of
neutrophil chemotaxis

Chemokine receptors in
myocardial IRI

(1) S1PRs (Sphingosine-1-phosphate receptors, GPCR family) are seven-transmem-
brane receptors; (2) Extracellular/intracellular loops: receive and initiate signals;

(3) Intracellular part interacts with G proteins (a, B, y); (4) Ligand activation: a-fy
separation—activate downstream effectors.

(1) S1PRs: ubiquitous, tissue-specific expression; (2) SIPR1: most tissues, abundant
in brain; (3) SIPR2: most tissues; (4) SIPR3: high in heart/lung/kidney/spleen; (5)
S1PR4: blood cells/lymphoid tissues; (6) SIPRS5: brain/skin/NK cells (natural killer
cells).

(1) S1PR1: only couples with Gi/o; (2) SIPR2: couples with Gi/0o/G12/13/Gs (high
G12/13 affinity); (3) S1PR3: couples with Gi/o/Gq/G12/13 (Gq—Ca?"/PKC (protein
kinase C) activation); (4) SIPR4/5: couple with Gs/Gq/G12/13.

(1) SIPR3-CXCRI1 (C-X-C motif chemokine receptor 1) heterodimer:
ligand—prioritize Gq activation; (2) Ggq—Ca?" influx+PKC (protein kinase C) activa-
tion; (3) Ca>*—Rho GTPases (Rho guanosine triphosphatases)—Rho-associated
kinases (Rho-associated kinases); (4) Kinases—regulate cytoskeleton—adjust
neutrophil (neutrophil) function; (5) Promote neutrophil migration to infection sites
(pneumonia patients: obvious S1P (sphingosine-1-phosphate) effect).

(1) CXCR1/2 (C-X-C motif chemokine receptor 1/2) signaling: tightly regulated,
quick desensitization; (2) Desensitization mechanisms: phosphorylation, -arrestin1/2
(B-arrestin1/2), AP-2 (adaptor protein 2), cross-desensitization.

(1) Inflammation: defense response to infection/damage; (2) CXCLS8 (C-X-C motif
chemokine ligand 8)-CXCR1/2: recruit neutrophils, induce oxidative burst/granule
release; (3) Effects: eliminate inflammation, clear bacteria, protect host; (4) Disrup-
tion: impair immunity, reduce clearance/survival.

(1) Reparixin (Reparixin) effect counterbalanced by redundant pathways; (2) DARC
(Dufty antigen/receptor for chemokines): regulates CXCL1/2/5/8 bioavailability; (3)
CXCLS5 (C-X-C motif chemokine ligand 5) binds DARC and inhibits chemokine
scavenging; (4) No CXCLS5: DARC scavenges chemokines and reshapes gradients;
(5) E. coli (Escherichia coli) pneumonia: CXCLS5 upregulation leads to increased
CXCL1/2 and affects neutrophils.

(1) Myocardial IRI (myocardial ischemia-reperfusion injury): CXCLS8 early detected;
CXCR2/CCR2 (C-C motif chemokine receptor 2)/CXCR4 (C-X-C motif chemokine
receptor 4) upregulated by oxidative stress; (2) CXCR2: mild protection, but severe
inflammatory damage.

[117]

[118]

[86-88, 101-103, 119-127]

[128]

[128]

[128-132]

[133-136]

[135-138]

Note: S1P, Sphingosine-1-phosphate; SIPR3, Sphingosine-1-phosphate receptor 3; LT-HSCs, Long-term hematopoietic stem cells; TNF-a, Tu-
mour necrosis factor-a; NF-kB, Nuclear factor kappa-B; CXCR1, C-X-C chemokine receptor type 1; AML, Acute myeloid leukemia; SIPR3OE,
S1PR3 overexpression; PAR1, Protease-activated receptor 1; SphK1, Sphingosine kinase 1; EC, Endothelial cell; LPS, Lipopolysaccharide; IL-
8RA, Interleukin-8 receptor alpha.

Continuous administration leads to SIPR1 downregulation,
subsequent shifts in the SIP receptor profile, and increased
blood pressure [152].

Furthermore, SIPR3 agonism may play a role in heart rate
effects: fingolimod induces bradycardia in wild-type mice, but
not in SIPR3 knockout mice [153, 154]. However, the potential
involvement of SIPR3 in humans remains unclear. Although
extensive efforts have been made to develop new modulators
with lower affinity for SIPR3 (e.g., siponimod and ozanimod),
minimizing SIPR3 binding does not prevent the cardiac effects
observed upon first-dose administration [155-159].

A recent study employed gene clustering functional analysis
to identify signaling pathways affected by CAY10444 treat-
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ment and S1PR3 knockdown, aiming to explore molecular
pathways through which targeting SIPR3 influences WEEI
expression [160]. Although CAY10444 treatment affected the
PI3K/Akt, PI3K/Akt/mTOR, and MAPK signaling pathways,
the PI3K/Akt pathway was the only common pathway affected
by both treatments. Studies have reported that SIPR3 can bind
to various Ga proteins, including Gi, Gq, and G12/13, thereby
regulating signaling pathways such as adenylyl cyclase/cAMP,
Ras/ERK/AC, PI3K/Akt, PLC/Ca*, and Rho/ROCK [161].

Thus, targeting SI1PR3 in oral squamous cell carcinoma
(OSCC) may inhibit PI3K/Akt signaling pathway activation.
The PI3K/Akt pathway exerts crucial biological functions in
tumors [162]. Results confirmed that SIPR3 inhibition de-
creased Akt phosphorylation levels. Conversely, the Akt ago-

235


https://doi.org/10.61189/167468gjipte

Perioperative Precision Medicine 2026; 4 (2): 225-243.

nist SC79 restored S1PR3 inhibition-induced suppression of
OSCC cell growth both in vitro and in vivo. Additionally, SC79
partially reversed the downregulation of WEEI and phosphor-
ylated CDC2 induced by SIPR3 targeting. These findings
indicate that SIPR3 knockdown inhibits OSCC cell growth by
regulating the Akt/ WEEI signaling pathway.

10 CONCLUSION

SIPR3 is a GPCR and seven-transmembrane receptor that
binds to extracellular SIP, activating downstream signaling
pathways. SIPR3 plays important roles in controlling normal
physiological functions and disease processes across multiple
systems, including the cardiovascular, immune, nervous, and
hepatic systems. SI1PR3 exhibits cell- and tissue-specific
effects, contributing to both maintenance of normal tissue
homeostasis and pathogenesis of diseases such as inflamma-
tion, IRI, and atherosclerosis.

This article systematically summarizes the core biological
characteristics of SIPR3, its mechanisms of action in various
systems, and its prospects for clinical application. It also clari-
fies the dual roles and regulatory rules of SIPR3 in inflamma-
tion, IRI, and atherosclerosis. Notably, conflicting conclusions
exist in current research, with the most typical being the con-
troversy over SIPR3’s role in myocardial IRI. Some studies
have confirmed that activating SIPR3 inhibits cardiomyocyte
apoptosis and reduces infarct size via the Gi-Akt-NO pathway;
however, others have found that it exacerbates cell damage via
the G12/13-RhoA pathway. The core of this contradiction lies
in the failure to fully consider the context-dependent activation
characteristics of the SIPR3 signaling pathway.

Based on the mechanistic analysis in this article, this contro-
versy can be explained from three aspects. First, differences in
injury stage: in the early stage of ischemia (0~2 h after reperfu-
sion), cardiomyocytes secrete low-concentration SI1P (approxi-
mately 500 nM) in response to stress. At this time, SIPR3 pref-
erentially couples with highly expressed Gi proteins to initiate
the PI3K/Akt protective pathway. In the late stage of reperfu-
sion (>6 h), inflammatory factors induce SI1P concentrations to
rise above 2 uM and simultaneously upregulate G12/13 protein
expression, shifting the pathway toward a pro-injury direction.
Differences in intervention timing among different studies
directly lead to divergent results. Second, cellular heterogene-
ity: basal Gi protein expression levels in cardiomyocytes are
significantly higher than those in vascular smooth muscle cells,
and they retain partial Gi coupling activity even in pathological
high-concentration S1P environments. However, some studies
have failed to distinguish signal differences between cardio-
myocytes and interstitial cells, potentially confounding overall
injury effects with cell-specific roles. Third, differences in reg-
ulatory methods: non-specific agonists (such as SIP itself) are
likely to trigger pathway switching due to concentration fluc-
tuations, whereas specific agonists targeting the SIPR3-Gi
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coupling domain can stably exert protective effects. This also
explains why different intervention strategies yield opposite
conclusions.

Currently, several deficiencies remain in SIPR3-related
research. Besides the PI3K/Akt, PLC/Ca?", and RhoA/ROCK
pathways, crosstalk mechanisms between SIPR3 and other
signaling pathways have not been fully elucidated. The spe-
cific molecular switches (e.g., specific phosphorylation sites
and regulatory proteins) governing S1PR3 signaling pathway
conversion under different disease states still need to be identi-
fied. Targeted delivery systems and side effect control strate-
gies for SIPR3-specific modulators require optimization. In the
future, combining technologies such as single-cell sequencing
and proteomics to analyze context-dependent activation mech-
anisms of the SIPR3 signaling pathway and developing cell-
specific SIPR3-modulating drugs will provide new directions
for precision treatment of related diseases.
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Abstract

Sepsis is typically initiated by bacterial infection and the associated immune dys-
regulation displays a complex, dynamic biphasic immune response characterized
by hyperinflammation followed by immunosuppression. In the initial period, patho-
gens activate the innate immune system through receptors such as Toll-like receptors
(TLRs) and NOD-like receptors (NLRs), resulting in the massive release of cyto-
kines, including IL-1B, IL-6, and IFN-y, thereby initiating a “cytokine storm” that
leads to vascular endothelial damage, complement activation, and the induction of
abnormal cellular aggregation. Sustained activation of inflammatory signals initiat-
es inflammasome-mediated cell death, including pyroptosis-apoptosis-necroptosis
(PANoptosis), leading to systemic inflammation and organ dysfunction. Later, the host
develops an immunosuppressive phase characterized by increased anti-inflammatory
mediators (e.g., IL-10 and TGF-f), exhaustion of B, T, and NK cells, and immune check-
point-mediated immune paralysis. The stepwise progression of these two stages suggests
that sepsis is not simply a consequence of uncontrolled inflammation but rather reflects
immune system reprogramming. A better understanding of the molecular basis of in-
flammation and immunosuppression, particularly the crosstalk among cell death path-
ways, metabolic reprogramming, and immune regulation, may facilitate timely precision
interventions and the restoration of host immune homeostasis in sepsis.
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1 INTRODUCTION

Sepsis is defined as life-threatening organ dysfunction caused by
a dysregulated host response to infection, and its pathogenesis is
generally considered a highly complex process involving patho-
gen invasion and host immune dysregulation [1]. As one of the
most common pathological conditions in intensive care prac-
tice, this life-threatening condition is a major cause of infection-
related death and is characterized by remarkable heterogeneity
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and clinical complexity driven by immune and metabolic dys-
function. Technological advances in multi-omics have now
shown that sepsis is fundamentally a multidimensional disease
mediated by interconnected immune, metabolic, and inflamma-
tory networks and cannot be fully explained by traditional
inflammatory paradigms [2].

Bacterial infections are the most common cause of sepsis.
Pathogens stimulate the host’s innate immune responses via
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various pattern recognition receptors (PRRs), including Toll-
like receptors (TLRs) and NOD-like receptors (NLRs), result-
ing in a cascade of cytokine production and activation of
inflammatory signaling. It is this transition from beneficial
inflammation to the detrimental cytokine storm that underpins
the high mortality of sepsis. Epigenetic regulators, such as pep-
tidyl arginine deiminase 4 (PADI4), and metabolic reprogram-
ming, such as enhanced glycolysis, contribute to inflamma-
some activation, immune cell exhaustion, and macrophage
polarization, thereby reshaping multilayered immune regula-
tory networks [3]. Pathogens have varying strategies to evade
immune responses. For instance, Neisseria meningitidis sus-
tains bacteremia by pilus-dependent adherence to the endothe-
lium lining blood vessels, Group B Streptococcus can compro-
mise the integrity of the neonatal blood-brain barrier leading to
neuroinflammation, and Klebsiella pneumoniae uses a coordi-
nated network of virulence factors that co-opt antibiotic resis-
tance mechanisms to facilitate dissemination throughout the
body [4-6]. These differences demonstrate that bacterial infec-
tions are multidimensional in the pathological development of
sepsis.

The inflammatory response is also influenced by host factors
that determine both the range and severity of the response. The
high incidence of sepsis in the elderly population is biologi-
cally associated with increased inflammation via the immuno-
metabolic axis related to aging, metabolic disorders, and gut
microbiota dysbiosis. The biphasic immune response under-
pins the pathophysiology of sepsis: an early phase dominated
by hyperactivated innate immune responses and cytokine
storm, followed by a later phase of profound immunosuppres-
sion and T cell exhaustion—resulting in dynamic dysregula-
tion characterized by “hyperinflammation and immune paraly-
sis”. Transcriptomic profiling has enabled the identification
of sepsis molecular subtypes, including Sepsis Response
Signature 1 (SRS1; immunosuppressive) and SRS2 (proinflam-
matory/activated), thereby providing a conceptual framework
for patient stratification and potential personalized therapeutic
strategies [7]. Meanwhile, metabolic reprogramming has been
identified as an important driver of immune hyporesponsive-
ness. Excessive glycolysis and impeded oxidative phosphory-
lation not only weaken the efficacy of immune cells but also
aggravate metabolic dysregulation and organ damage, thus
magnifying immunosuppression.

Furthermore, comprehensive systems-level modeling of these
pathophysiological networks is advancing sepsis research
beyond a single inflammatory paradigm. Many signal trans-
duction pathways, such as NF-kB, MAPK, and JAK/STAT,
converge in different tissues giving rise to complex inflamma-
tory networks. Conversely, immune suppression and tissue
repair in the late phase of inflammation are induced by nega-
tive feedback loops such as autophagy, the nuclear factor ery-
throid 2-related factor 2 (Nrf2)-mediated antioxidant pathway,
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and thymic stromal lymphopoietin (TSLP), which may reflect
this shifting balance between host defense and restoration of
homeostasis [8]. The diagnostic paradigm of sepsis is evolv-
ing across evidence, clinical trials, and definitions. Clinical
research is even changing the model of diagnosis for sepsis,
shifting from traditional symptom-based scoring systems
toward molecular multi-omics—based diagnostic frameworks.
The simultaneous assessment of biomarkers and metabolic
markers has substantially improved the sensitivity of early
diagnosis, while host genetic polymorphisms have offered a
genetic basis for individual susceptibility. Immunophenotypes
and metabolism-based precision stratification approaches are
paving the way for the concept of personalized immune recon-
struction as a potentially curative therapeutic strategy.

Sepsis is not a random consequence of repeated immune acti-
vation but rather reflects systemic breakdown under persistent
infectious challenge. Bacterial infection disrupts the balance
between immune and metabolic processes, driving metabolic
reprogramming of immune cells and subsequent immune dys-
function. For example, sepsis can induce persistent activation
of CD4" T cells accompanied by non-specific IL-17 produc-
tion, a process associated with mitochondrial dysfunction and
enhanced glycolysis that may persist long after the initial
infection and impair host responses to secondary challenges
[9]. These alterations ultimately drive the host into a state of
systemic instability that extends beyond localized inflamma-
tion and progresses toward systemic physiological reorgani-
zation.

Advances in multi-omics technologies and systems biology
have further reshaped the understanding of sepsis pathogene-
sis. Evidence indicates widespread alterations in immune and
metabolic signaling pathways in septic patients, with several
pathways correlating with immune cell abundance and patient
survival [10]. These system-level perturbations highlight that
sepsis is not merely an exaggerated inflammatory response but
a complex immune-metabolic dysregulation involving multi-
layered regulatory networks. Because this dysregulation origi-
nates from host responses to invading pathogens, understand-
ing the molecular mechanisms of bacterial infection is essential
for elucidating how localized infection progresses to systemic
sepsis.

2 MECHANISMS OF BACTERIAL INFECTION AND
THE PROGRESSION OF SEPSIS

2.1 Bacterial invasion and host response

The initiation of sepsis is a classical example of pathogenic
attack and host response imbalance. In this process, bacterial
invasion activates PRR-mediated inflammatory cascades. This
host defense immune response directed against pathogen elim-
ination is exaggerated and becomes self-amplifying, particu-
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larly within cytokine signaling networks in a process known
as a “cytokine storm”. Such an overwhelming response is
thought to stimulate the release of numerous cytokines, lead-
ing to microcirculatory dysfunction and eventually multiple
organ failure [11]. In recent years, system-wide proteome stud-
ies have also identified that dysregulated activation of the com-
plement and coagulation cascades, together with metabolic
reprogramming, constitutes key molecular networks responsi-
ble for septic liver injury. These molecular imbalances are
functionally related and ultimately contribute to immune and
organ dysregulation [12].

The delicate structure and precise regulation of immune re-
sponses have become more clearly delineated in recent years.
Loss of the epigenetic regulators PADI2 or PADI4 suppresses
NLRP3 inflammasome activation and promotes M2 macro-
phage polarization, thereby reducing tissue inflammatory inju-
ry [3]. This discovery not only demonstrates the importance of
epigenetic changes in the course and outcome of sepsis but also
indicates that modulating immune cell fate may provide a new
therapeutic avenue for this disease. Clinically, the Liverpool
quick Sequential Organ Failure Assessment (LqSOFA) instru-
ment correlates with downstream parameters of immune and
circulatory dysregulation by providing a scoring system that
represents the degree of organ dysfunction [13]. Various patho-
gens further aggravate immune dysregulation through distinct
mechanisms. N. meningitidis sustains bacteremia by dynamic
retraction of type IV pili, which themselves drive a positive
feedback loop between inflammation and the coagulation cas-
cade [4]. In contrast, Group B Streptococcus itself can bypass
the neonatal blood-brain barrier and cause neuroinflammation
and white matter damage. Importantly, this pathological course
is independent of hypoxic pathways, emphasizing the infec-
tion-mediated neuropathological phenotype that is characteris-
tic of bacterial sepsis [5]. In fetal sepsis, organisms traverse the
placenta and are distributed to a number of organs, indicating a
twofold mechanism of “direct pathogen invasion combined
with dysregulatory host immune factors” [14].

Increasing attention has been paid to the role of gut-derived
pathogens in sepsis. Klebsiella pneumoniae can cause systemic
infection through translocation from the intestinal compart-
ment, facilitated by pks® virulence traits and antibiotic resis-
tance that undermine host barriers and promote organ coloni-
zation [6]. On the other hand, age-related remodeling of the gut
microbiota substantially promotes pathogen immune evasion,
leading to exaggerated inflammatory responses and organ inju-
ry, which may provide a biological interpretation for the
increased susceptibility of elderly individuals [15]. Metabolic
conditions also profoundly influence the course of inflamma-
tion. Immune cells can be activated under hyperglycemic
conditions, promoting glycolytic pathways and aggravating
inflammation and lactic acidosis; moderate glucose restric-
tion contributes to metabolic homeostasis via gluconeogene-
sis, thereby mitigating inflammation and organ injury [16].
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Furthermore, some pathogen surface proteins, such as GPAC,
can rapidly trigger neutrophils to secrete vasoactive products
and TNF-a, thereby escalating the pathological inflammatory
response [17]. Other environmental conditions, such as pro-
longed alcohol exposure, also enhance systemic and gut inflam-
matory responses by compromising intestinal barrier function
with concomitant increased release of Th1/Th17 cytokines [18].

These endogenous host pathways are also important mecha-
nisms for immunological dysregulation. Skeletal muscle
Myeloid differentiation primary response 88 (Myd88) sig-
naling regulates sex-specific cytokine release and neutrophil
recruitment, with consequences for sepsis survival [19].
Importantly, recent investigations have indicated that modu-
lating the host in addition to targeting pathogens may provide
new treatments for sepsis. For example, CYPIA1 has been
identified as a negative regulator of host anti-infective respons-
es. Its small-molecule inhibitors may modulate macrophage
phagocytic function and exert therapeutic effects against multi-
drug-resistant bacterial infection [20]. This finding suggests a
potential therapeutic strategy for future interventions: reshap-
ing immune and metabolic networks, interrupting the vicious
circle of inflammation and organ damage, and offering novel
ways for precision medicine interventions in sepsis. While bac-
terial invasion and systemic dissemination define the patho-
logical onset of sepsis, the pivotal transition occurs at the
molecular interface where pathogen-associated signals are
sensed and translated into immune activation. This shift from
invasion to recognition marks the progression from localized
infection to systemic inflammatory dysregulation. Consistently,
the mature regulatory dendritic cell program is induced within
~24 h after septic challenge through TNFRSF-NF-«B and
IFNGR2-JAK-STAT3 signaling. Analysis of publicly avail-
able single-cell datasets from patients with COVID-19 further
confirmed the presence of mregDC populations in human sep-
sis-associated immune responses, underscoring the importance
of pathogen sensing and downstream immune activation in
shaping septic inflammation [21].

2.2 Pathogen recognition and immune activation

Pathogen recognition and subsequent immune activation are
central in the initiation and progression of sepsis. Molecular
sensors in both host and microbial compartments, including
PRRs and inflammasomes, recognize pathogen-associated
invasion signals and initiate early host defense responses.
However, this mechanism may be dysregulated and progress
into destructive inflammation during sepsis, further leading to
organ damage and immune failure.

At the innate immunity level, neutrophils and erythrocytes
have a much broader function than was previously believed.
The Sema7A-PlexinC1 signaling axis promotes adhesion, neu-
trophil chemotaxis, and platelet aggregation to enhance the
pulmonary inflammatory response; Erythrocytes not only rec-
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ognize microbial DNA via TLR9 but also trigger macrophage
activation and inflammatory cytokine release, revealing a pre-
viously unrecognized role of erythrocytes in pathogen detec-
tion [22, 23]. Meanwhile, the NLRP6 inflammasome induces
overwhelming inflammation via IL-18 and impairs T cell sur-
vival, facilitating host immune dysfunction and collapse [24].
The simultaneous release of bacterial outer membrane vesicles
and ATP can locally suppress neutrophil function, mediate
degranulation, and disrupt systemic inflammatory balance,
generating a “double-edged sword” mechanism between
pathogen and host responses [25, 26].

Pathogen-derived immune-evasion strategies further aggra-
vate host immune dysregulation. Streptococcus pneumoniae
BgaA promotes adhesion and resistance to bacterial killing,
thereby activating coagulation pathways and aggravating tis-
sue damage, which further intensifies inflammatory pathology;
Klebsiella pneumoniae is antibiotic resistant, and thus success-
fully evades immune clearance and perpetuates the inflamma-
tion-damage cycle; Group B Streptococcus enhances biofilm
formation and invasion with the aid of its LytSR system by
interfering with host immune recognition [27-29]. Together,
these pathogen-specific mechanisms contribute to immunolog-
ical dysregulation during sepsis.

At the level of the immunological network, sepsis is character-
ized by reduced adaptive immune activation together with
excessive innate immune activation. Consistent with the thera-
peutic relevance of infection-driven immune dysregulation,
IOX1 has been shown to regulate endotoxemia and bacterial
sepsis caused by Escherichia coli and carbapenem-resistant
Acinetobacter baumannii, while suppressing multidrug-resis-
tant bacterial growth through inhibition of DNA gyrase [30]. In
parallel, postoperative sepsis further exemplifies immune sup-
pression within this dysregulated network, as persistent CTCF
binding to the major histocompatibility complex (MHC)-II
region prevents the expression of CIITA and human leukocyte
antigen (HLA)-II genes, thereby directly impairing antigen-
presenting function and worsening immune paralysis [31].

Of note, host and bacterial metabolites are involved in regu-
lating the magnitude of inflammation. Vascular endothelial
growth factor (VEGF) enhances the phagocytic and lysosomal
functions of endothelial cells through cyclic adenosine mono-
phosphate—transcription factor EB signaling, thereby promot-
ing the elimination of intracellular Streptococcus pyogenes;
by contrast, VEGF-depleted vessels show impaired bactericid-
al activity and support bacterial dissemination [32]. The gut-
derived metabolite indole-3-lactic acid targets PFKFB2 to sup-
press glycolytic flux and reduce cytokine storm severity and
organ injury [33]. Concurrently, DJ-1 deletion induces autopha-
golysosome formation, and enhances bacterial clearance and
immune response [34]. These findings demonstrate the impor-
tance of “immune-metabolic coupling” in controlling inflam-
mation during sepsis. In addition, some endogenous molecules
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show promise in protecting against inflammation. Rhamnose
inhibits TLR4/ROS-mediated caspase-1 activation and dimin-
ishes IL-1B/IL-18 release, attenuating pyroptosis and oxidative
injury caused by resistant bacteria; DLLI, as a ligand for mono-
cytes, specifically boosts inflammatory signaling in infection
by enabling the immune response to discriminate infectious
from non-infectious inflammation [35, 36]. Although comple-
ment is acutely activated in early sepsis, its function becomes
decoupled from disease progression and patient outcome, and it
may play a role more as an early pathologic trigger than as a
driving force in later stages [37].

These findings indicate that pathogen recognition and immune
activation in sepsis constitute a complex and dynamically dys-
regulated network involving classical PRR and inflammasome
signaling, pathogen immune-evasion strategies, and host im-
munometabolic crosstalk. This framework not only deepens
our understanding of sepsis immune pathology but also high-
lights potential strategies for precision diagnosis and therapy
by restoring the balance between host defense and inflamma-
tory injury.

Within this network, inflammatory signaling pathways interact
across multiple molecular signals to reinforce the inflamma-
tory response, driving the transition from localized immune
responses to systemic inflammatory dysregulation. Cytokines
play pivotal roles in this process, exerting dual effects in sepsis:
excessive activation can trigger a “cytokine storm”, whereas
persistent dysregulation may lead to immunosuppression [38].
The extensive cross-activation among these pathways forms a
highly interconnected inflammatory regulatory network (Table
1) and ultimately converges on the molecular drivers of inflam-
matory storms. Although pathogen recognition initially serves
as a protective response, sustained amplification of these sig-
naling networks promotes the release of cytotoxic mediators
and bacterial toxins, which directly damage cellular structures
and organelles. This transition from immune activation to tox-
in-mediated cellular injury represents a critical step in the pro-
gression of sepsis pathogenesis.

2.3 Bacterial toxins and host cell damage

Bacterial toxins and host response dysregulation induce cellu-
lar injury and organ failure. Several signaling pathways and
organelle injury processes have been implicated in sepsis, indi-
cating that they are not only part of the pathological mechanism
but also potential therapeutic targets.

In skeletal muscle, SPSB1 worsens sepsis-induced muscle atro-
phy and regeneration failure through inactivation of the TBRI-
Akt—myogenin signaling pathway and suppression of protein
synthesis [69]. Intestinal ACE2 can modulate the gut microbio-
ta and the metabolite 5-MTP, activate the PI3K-AKT-WEEI
pathway, and support barrier function, thereby mitigating sep-
sis and multi-organ damage [70]. In the myocardium, actin/
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Table 1. Roles of inflammatory cytokine networks and signaling pathways in cytokine storms
Inflammatory/ Upstrea.m triggering Major signaling Downstream effects Clinical significance References
regulatory factors mechanisms pathways
miR-30d-5p TNF-o stimulates polymor-  Upregulates NLRP3 in-  Induces M1 polariza- Potential novel therapeu- [39]
phonuclear neutrophils to flammasome via the NF- tion and pyroptosis in tic target for sepsis-asso-
release exosomes kB signaling pathway macrophages ciated ALI
IL-1B Polymicrobial sepsis induced Activates NF-kB and au- Leads to cardiomyocyte Inhibition of NLRP3/IL- [40]
by cecal ligation and punc-  tophagy via the NLRP3/ atrophy and impaired 1B may prevent sepsis-
ture (CLP) IL-1pB pathway systolic and diastolic induced cardiomyopathy
function
IL-6 Sepsis induced by CLP Cortical TGF-B1/Smad3  Mitigates renal epithelial- PRMT1 may serve asa  [41]
and medullary IL-6/ mesenchymal transition, novel therapeutic target
STAT3 signaling path- apoptosis, and inflam- for sepsis-induced kid-
ways mation ney injury
1L-8 Sepsis-induced neuroinflam- Cytokine-receptor Leads to delirium, coma, IL-8 may serve as a [42]
mation interactions and IL-17 and other neurological diagnostic marker and
signaling pathway dysfunctions therapeutic target
IL-10 Excessive inflammation IL-10-mediated anti-in-  Suppresses pro- CD169" macrophages [43]
induced by LPS or sepsis flammatory response inflammatory cytokine may serve as a novel tar-
production and improves get for anti-inflammatory
survival therapy
IFN-y Macrophages stimulated Inhibits PINK1-mediated Promotes macrophage Mitophagy inhibition [44]
with LPS combined with mitophagy via STAT1-  activation and bacterial ~ may improve sepsis
IFN-y dependent pathway clearance outcomes
MCP-1 Polymorphism of MCP-1 Upregulation of MCP-1  Increased pro-inflam- MCP-1 polymorphism [45]
gene 151024611 G allele expression promotes matory cytokines; may serve as a risk mark-
inflammatory responses  susceptibility to sepsis in er for diabetic sepsis
diabetes
HMGBI1 Sepsis-induced hyperlacta- HMGBI1 modifications  Lactylation/acetylation of Targeting lactate/GPR81 [46]
temia mediated by GPR81/Hip- HMGBI and its release  signaling may improve
po/YAP and p300/CBP  via exosomes sepsis outcomes
IL-12 Sepsis induced by LPS or Heat shock protein 40- Enhanced IFN-y produc- Targeting HLJ1 may [47]
CLP like protein 1 (HLJ1)/ tion by NK cells leads to  provide therapeutic inter-
IL-12/TFN-y axis hyperinflammation and  vention for IL-12/IFN-y
mortality axis—mediated sepsis
IL-18, NLRP3 Sepsis-associated acute Activation of the NLRP3 Promotes inflammatory ~ Potential diagnostic bio- [48]
kidney injury (SA-AKI) inflammasome pathway  responses, leading to marker for SA-AKI
renal dysfunction
IL-17 Sepsis-induced pancreatic RhoA/ROCK and Suppresses Th17 differ-  Combination of Fasudil ~ [49]
injury via CLP STAT3/RORyt signaling entiation and pancreatic ~ with SR1001 may exert
pathways cell apoptosis synergistic therapeutic
effects in sepsis
TGF-p Sepsis- or LPS-induced Regulates glycolysis via  Enhances glycolysis TGF-p may serve as [50]
inflammatory response the TGF-B/mTOR/c- while suppressing pro- a therapeutic target in
MYC signaling pathway inflammatory cytokines, sepsis
promoting coagulation
IL-4, Granulocyte-  Activation of B and T cell N/OFQ-NOP autocrine  Inhibits cell migration NOP antagonists may [51]
Macrophage Nociceptin/Orphanin FQ re-  signaling pathway and reduces GM-CSF serve as potential thera-
Colony-Stimulating  ceptor (NOP) system induced release peutic agents for sepsis
Factor (GM-CSF) by LPS/PepG stimulation
Aquaporin-3 Upregulation of AQP3 ex-  High AQP3 expression is Significantly reduced 30- AQP3 polymorphism [52]
(AQP3), IL-33 pression due to CC genotype associated with elevated day survival in patients ~ may serve as a prognos-
IL-33 levels tic marker
CSa Excessive complement C5a  Activation of MAPK/ Induces apoptosis of C5a inhibition may pro-  [53]
production in sepsis AKT kinase pathways adrenal medulla cells and tect adrenal function and
via C5aR dysregulation of inflam-  improve sepsis outcomes
matory proteins
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Plasminogen 4G/5G polymorphism of the Elevated PAI-1 levels af- Altered neutrophil Modulating PAI-1 may  [54]
activator inhibitor-1 PAI-1 gene fect neutrophil activity ~ activation and increased — improve sepsis outcomes
(PAI-1) mortality
Ang-2, VEGF-A Sepsis-induced vascular bar- Dual targeting of Ang-2/ Reduces inflammatory A2V bispecific antibody [55]
rier disruption VEGF-A cell migration and cyto-  may serve as a novel
kine release therapeutic agent for
restoring vascular barrier
in sepsis
S100A8/A9 High levels of SI00A8/A9  S100A8/A9—Nrfl-mi-  Induces mitochondrial S100A8/A9-high neu- [56]
released by PMNs in sepsis  tochondrial complex I-  dysfunction and endothe- trophils may serve as
ZBP1 signaling pathway lial cell PANoptosis prognostic markers and
therapeutic targets
MIP-1a LPS-induced sepsis model ~ Regulates the RAAS Attenuates pulmonary Dexamethasone may [57]
pathway and nitric oxide and renal inflammation  serve as a potential thera-
levels and tissue injury peutic strategy for sepsis
RANTES Immune dysregulation Monocyte-mediated pro- Elevated pro-/anti- Serves as a potential [58]
triggers a pro-inflammatory  inflammatory cytokine  inflammatory ratio diagnostic biomarker to
milieu network distinguishes sepsis differentiate sepsis from
malaria
IL-22 CLP-induced sepsis and lung IL-22 activates the Inhibits pulmonary IL-22 may represent a [59]
injury STATS3 signaling path- epithelial apoptosis and  novel therapeutic strat-
way alleviates inflammation  egy for sepsis-induced
lung injury
IL-27, IL-27Ra Neonatal sepsis induces IL-27 signaling regulates Suppresses excessive in- [L-27 antagonism [60]
elevated IL-27 expression inflammatory responses  flammation and enhances may serve as a novel
bacterial clearance therapeutic strategy for
neonatal sepsis
IL-35 LPS induces inflammatory ~ IL-35 activates the Inhibits apoptosis and the IL-35 may serve as a [61]
activation of endothelial STAT1/STAT4 signaling expression of inflamma-  potential endothelial-pro-
cells pathway tory mediators tective strategy in sepsis
IL-37 Sepsis-induced inflammatory Mediates apoptosis Attenuates pulmonary IL-37 may represent a [62]
response in lung injury through the TGF-/ edema, inflammation, potential therapeutic
Smad3 signaling path- and apoptosis target for sepsis-induced
way lung injury
1L-38 LPS induces IL-38 expres-  The IL-38/IL-36R axis  Inhibits apoptosis and IL-38 may serve as a [63]
sion in macrophages regulates macrophage NLRP3 inflammasome  novel immunoregula-
polarization activation tory therapeutic target in
sepsis
STREM-1, sST2 Sepsis-induced activation of Inflammatory pathways  Enhance diagnostic ac-  Combined detection may [64]
immune responses correlated with SOFA curacy and prognostic represent a novel diag-
scores assessment in sepsis nostic strategy for sepsis
IL-23 Sepsis induces excessive Activation of IL-23— Elevated pro-inflammato- May serve as an indepen- [65]
inflammatory responses related inflammatory ry levels associated with ~ dent biomarker for sepsis
pathways increased mortality diagnosis and prognosis
AKK, RKH, TLR4  Sepsis reduces intestinal RKH directly antago- Suppresses excessive in-  AKK or RKH may repre- [66]
abundance of AKK nizes the TLR4 signaling flammation and mitigates sent potential therapeutic
pathway organ injury strategies for sepsis
Sphingosine kinase = Acute ethanol intoxication ~ Activation of the SphK1/ Increases vascular per- Inhibition of SphK1 may [67]
1 (SphK1), Sphin-  aggravates sepsis-induced S1P/S1PR1 signaling meability, inflammation, represent a potential
gosine-1-phosphate  lung injury pathway and apoptosis therapeutic strategy
(S1P), SIPR1
GSDMD S100A8/A9 activates platelet S100A8/A9-TLR4— Triggers platelet pyrop-  Inhibition of the [68]
TLR4 during sepsis GSDMD pyroptosis tosis, promotes NET S100A8/A9-TLR4 axis
pathway formation, and amplifies may represent a novel
inflammatory cascades therapeutic strategy for
sepsis
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myosin degradation by calpain-1 plays a major role in sepsis-
induced heart injury. Interventions targeting calcium signaling
can mitigate cardiac dysfunction and increase the survival rate
[71]. Extracellular histones are also detrimental to the heart, as
they cause imbalances in calcium homeostasis and mitochon-
drial function, resulting in cardiac failure. Inhibition of his-
tones is a novel therapeutic strategy [72].

The impairment of both endothelial and barrier function of vas-
culature is especially important in the development of sepsis.
Sepsis-induced disseminated intravascular coagulation dis-
rupts EXTI/FGFRI1-mediated glycocalyx remodeling and
enhances barrier damage and pulmonary edema; TGF-B1
derived from platelets induces neutrophil recruitment and pro-
motes extracellular trap formation, leading to thrombosis as
well as organ injury [73]. Its absence increases survival, and
makes it a candidate therapeutic target [74]. At a later stage
after shock, the Angiopoietin-2 (Ang-2)/Tie2 pathway is
involved in vascular leakage, and subsequently contributes to
remote, indirect Acute Respiratory Distress Syndrome (ARDS).

Inhibition of Ang-2 could restore barrier function and increase
survival rate [75]. Additional studies demonstrate that Ang-2
also induces lung injury and increases inflammation by modu-
lating endothelial-neutrophil interactions [76].

Mitochondrial injury and dysfunction are key elements of sep-
sis-induced organ failure. Mitochondria-related hub genes have
been shown to influence energy metabolism and immune
microenvironment regulation, which are significantly involved
in the pathogenesis and progression of Sepsis-ACM [77].
Histone Deacetylase (HDAC) 3 inhibits mitochondrial quality
control by the FOXO1-Rho-associated coiled-coil containing
protein kinase (ROCK) 1 axis, driving progression of acute
lung injury (ALI); thus, HDAC3 inhibition might represent a
promising novel therapeutic opportunity [78]. The mechano-
sensitive ion channel Piezol is triggered during sepsis to induce
calcium influx and mitochondrial impairment which in turn
disrupts the tight junctions of the intestinal epithelial cells, fol-
lowed by cellular apoptosis, thereby propagating barrier dam-
age [79].

Immune and reparative functions are also suppressed in the
long term. Sepsis may lead to the dysfunction of bone marrow
(BM) mesenchymal stem cells (MSCs), which is character-
ized by mitochondrial depolarization and decreased cytokine
expression, thereby disrupting BM homeostasis and long-term
immune reconstitution [80]. Recurrent sepsis worsens CD4" T
cell exhaustion, interferes with antiviral immunity, and is con-
sequently associated with long-term mortality, demonstrating
the sustained immune consequences of sepsis [81]. Furthermore,
artesunate and metabolism-related proteins also show thera-
peutic potential by regulating hepatic endothelial cell subpopu-
lation proportions, inhibiting inflammatory cytokine release
in liver macrophages, and decreasing lymphocyte apoptosis,
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thereby alleviating liver injury and immune imbalance and
supporting their potential clinical application [82]. VDBP is
reduced with sepsis and correlated with liver injury and mor-
tality. Its overexpression could protect against oxidative stress
and hepatocyte injury, which may have a protective role [83].

Interactions between bacteria-derived molecules and host
response mediators constitute central driving forces in the
pathogenesis of sepsis. Emerging evidence highlights the criti-
cal role of inflammatory cytokine networks in this process. For
example, the combined action of tumor necrosis factor with
IL-18, IFN-y, or IL-1p is sufficient to reproduce sepsis-asso-
ciated tissue injury, indicating that host inflammatory media-
tors alone can drive systemic pathological alterations [84].
Concurrently, metabolic disturbances in skeletal and cardiac
muscle are closely associated with endothelial barrier disrup-
tion and immune dysfunction, thereby facilitating the transi-
tion from localized inflammatory injury to systemic pathology.
Sepsis is therefore characterized by a complex and highly lethal
pattern of multi-organ damage, with key pathological hubs
including mitochondrial dysfunction, vascular barrier break-
down, and immune exhaustion. These pathological nodes not
only reveal the underlying logic of disease progression but also
represent potential targets for precision therapeutic interven-
tions. For instance, recombinant angiopoietin-like protein 4
has been shown to significantly reduce vascular leakage, organ
failure, and mortality in murine models of lethal sepsis and
Neisseria meningitidis infection, further underscoring the crit-
ical role of endothelial barrier integrity in disease progression
[85]. When the immune system is rapidly mobilized to combat
infection, this protective response can escalate into a systemic
storm of signaling mediators. Inflammatory cell death and
cytokine release mutually reinforce one another, forming a
self-sustaining inflammatory loop (Figure 1) that drives the
progression of inflammation from local dysregulation to sys-
temic inflammatory imbalance. Within this cascade, aberrant
activation of immune cells together with uncontrolled release
of inflammatory mediators becomes a central force sustaining
the inflammatory response, thereby laying the mechanistic
foundation for subsequent discussions on immune regulation
and inflammatory signaling.

3 IMMUNE SYSTEM REGULATION IN INFLAMMA-
TORY RESPONSES

3.1 Activation of immune cells and release of inflammatory
cytokines

In sepsis-induced ALI and multiple organ dysfunction syn-
drome, the devastating cascade is mainly due to the abnormal
activation of immune cells and the dysregulated release of
inflammatory mediators, which triggers a harmful inflamma-
tory cascade. Neutrophil-derived exosome miR-30d-5p was
found to promote macrophage M1 polarization and pyroptosis,
thus representing a critical element that drives lung injury [39].
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Multilayered Molecular Mechanisms of the Cytokine Storm
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Figure 1. Multi-layered molecular mechanism of inflammatory storm. After patho-
gen invasion, the innate immune system is quickly activated by NK cells, dendritic cells
and macrophages, inducing a vast amount of inflammatory mediators. This results in an
inflammatory cascade focused on TNF, IL-1p and IL-18. The AIM2-dependent pathway
works together with RIPK1 to promote the formation of the PANoptosis complex, includ-
ing the assembly of PANoptosome components such as CASP8 and FADD, thus leading
to inflammatory cell death and cytokine amplification. A variety of programmed cell
death modalities, including pyroptosis and necroptosis, are interwoven to synergistically
amplify tissue damage, as illustrated in the left panel of the figure, leading to the forma-
tion of the “cytokine storm loop”. The right panel further depicts how inflammatory cell
death and cytokine release disrupt tissue barriers and propagate inflammation systemi-
cally. Such a self-perpetuating inflammatory network can transgress tissue boundaries,
producing a systemic inflammatory response and ultimately contributing to multiple
organ failure and cytokine shock syndromes.Created by the authors using BioRender.

eCIRP facilitates the generation of aging neutrophils with
augmented antigen presentation, leading to Thl differentia-
tion and IFN-y—dependent accelerated high-level Neutrophil
Extracellular Trap formation (NETosis). This amplifies the
inflammation and damages tissues [86]. Furthermore, manga-
nese ions also enhance lipopolysaccharide (LPS)-induced
innate immune responses through activation of the cyclic
GMP-AMP synthase—stimulator of interferon genes pathway,
which leads to severe septic shock [87]. In the nervous system,
septic plasma exosomes can induce microglial activation via
TLR7/MyD88 signaling and result in neuroinflammation,
which is associated with the pathogenesis of sepsis-associated
encephalopathy (SAE) [88]. In addition to pro-inflammatory
responses, protective physiological countermeasures are pres-
ent in the body. S-phase kinase-associated protein 2 (Skp2)
relieves tissue injury by suppressing ferroptosis in lung epithe-
lial cells; deletion of G protein-coupled receptor 174 (GPR174)
enhances regulatory T cell (Treg) function and M2 macro-
phage polarization, thereby inhibiting excessive inflammation
[89, 90]. Furthermore, DPP4 and TXN have been suggested as
probable indicators for immune-regulation functions, which
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can offer new molecular targets for precision
therapy [91].

The intersection of metabolism and inflamma-
tion is also important. Tripterygium wilfordii
glycosides inhibit the Warburg effect via
PKM2/high mobility group box 1 (HMGBI),
which attenuates inflammation and organ
damage, while neutrophil extracellular traps
(NETs) promote ferroptosis by Methyltran-
sferase-Like (METTL)3-mediated N6-methy-
ladenosine (m°A) modification of Glutathione
Peroxidase 4 (GPX4), aggravating lung injury
[92, 93]. In addition, interactions among in-
flammatory factors are also important. TNF-a
and IFN-y induce PANoptosis through the JAK/
STAT1/IRF1 axis to cause severe cell death
and tissue damage. This process is also observ-
ed in COVID-19 and sepsis [94]. On the other
hand, the lactate-enhanced qSOFA score has
shown good predictive value for in-hospital
mortality in patients with sepsis; mechanisti-
cally, LPS/IFN-y inhibit PTEN-induced kinase
1 (PINK1)-mediated mitophagy through the
STAT1-caspase pathway, thereby promoting
mitochondrial reactive oxygen species produc-
tion, bacterial clearance, and improved surviv-
al during sepsis [13, 44].

Immune activation in sepsis occurs through
multiple layers of pro-inflammatory amplifica-
tion, including extracellular exosomal miR-
NAs, NET formation, and PANoptosis, which

collectively drive acute organ injury. However, persistent
inflammatory stress progressively reprograms immune regula-
tory networks, shifting the host response from hyperinflamma-
tion toward immune exhaustion and dysregulation. This transi-
tion ultimately leads to the immune imbalance that defines the
later stages of sepsis.

3.2 Immune system imbalance and hyperreaction

Following this storm of inflammation, there is a rapid transi-
tion toward an immunosuppressive state in sepsis patients,
with the establishment of a classic “immune imbalance”.
Reduced expression of HLA-DR on monocytes is a hallmark
of this stage and is strongly related to poor prognosis [95]. In
terms of molecular mechanisms, p53 stimulates immunosup-
pression through inhibition of CD4" T cell proliferation and
upregulation of apoptotic pathways, ultimately disrupting T
cell homeostasis; the absence of Sulf-1 alters endothelial hep-
aran sulfate modifications, resulting in glycocalyx dysfunc-
tion that mediates pulmonary immunosuppression [96, 97].
The emerging role of non-coding RNAs in regulation of
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Figure 2. Pathophysiological mechanisms of immune imbalance in sepsis. The im-
mune dysregulation induced by sepsis is a biphasic response in which proinflammatory
and immunosuppressive phases succeed each other, as illustrated in the circular sche-
matic showing interconnected immune pathways. At the very beginning, over-activation
of the complement system (C3, C5a) and neutrophil dysfunction amplify inflammation to
an overwhelming level, as exemplified by a dramatic rise in factors like IL-1f, IL-6 and
IFN-y, corresponding to the upper proinflammatory hypercytokinemia segment. Then,
immunosuppressive cytokines (IL-10, IL-1RA, TGF-f) release follows, leading the host
into a condition of immune exhaustion and chronic infection, as depicted in the right
immunosuppressive hypercytokinemia segment, which is also associated with impaired
bacterial clearance and persistent NETs. Alterations of B, T and NK lymphocytes in
terms of their numbers and quality, as well as uncontrolled activation of the PD-1 path-
way, together represent patterns most likely to lead to failed antigen presentation and
subsequent immune paralysis, as shown in the lower portion of the figure highlighting
lymphocyte dysfunction. This depicts a time-dependent progression of systemic inflam-
mation to immunosuppression that forms the unmodifiable pathological basis for sepsis.
Created by the authors using BioRender.

immune response has been recently highlighted. IncRNA
Metastasis-Associated Lung Adenocarcinoma Transcript 1
(MALAT1) modulates polymorphonuclear myeloid-derived
suppressor cell (PMN-MDSC) differentiation via STAT3 phos-
phorylation, and its dysregulation enhances immunosuppres-
sive functions [98]. Meanwhile, MLIP alleviates excessive
inflammatory responses by regulating macrophage metabolism
and oxidative stress, providing a potential target for restoring
immune balance [99]. In dendritic cells, SREBF1 mediates
lipid metabolism reprogramming and endoplasmic reticulum
stress, thereby driving immune paralysis and further locking
the body into an immunosuppressive state [100].

Liu et al.

cally defined by low HLA-II and T cell
exhaustion, and is strongly associated with
lower survival rates [7]. Persistent upregula-
tion of immune checkpoint molecules, includ-
ing PD-Ll-related inhibitory pathways, con-
tributes to T cell exhaustion and impaired
antiviral responses, reinforcing the immuno-
suppressive phenotype in sepsis [81, 101, 102].

Therapies targeting immune exhaustion have
shown promise. Nicotinamide riboside supple-
mentation has been shown to partially restore
T cell function via activation of NAD*/SIRT1
signaling pathways, restore immune response,
and decrease organ injury and mortality [103].
However, in elderly patients, prolonged eleva-
tion of IL-6 and increased T cell exhaustion
contribute to a more sustained immunosup-
pressive state that is less amenable to interven-
tion [104]. Notably, ILC2-derived IL-13 secre-
tion in response to PD-1 deficiency partially
reversed long-term muscle weakness and in-
creased gene expression in the skeletal muscle.
This indicates a strong relationship between
immunosuppression and long-term functional
deficits [105].

In the escalating inflammatory cascade, the
immune response shifts toward a biphasic dys-
regulated state characterized by concurrent
hyperactivation and immunosuppression. Cro-
sstalk between pro-inflammatory and immu-
nosuppressive signals shapes a complex im-
mune landscape (Figure 2), driving sepsis
progression and the transition of host defense
from coordinated activation to dysregulated
exhaustion. Within this network, diverse in-
flammatory mediators regulate intercellular

communication, immune activation, and feedback control. For
example, the monocyte-associated molecules CAP-1 and IL-16
participate in cell-cell communication in sepsis and septic
shock and have been proposed as potential diagnostic biomark-
ers [106]. Elucidating the roles of inflammatory mediators in
this regulatory network may therefore provide insights into
sepsis pathophysiology and therapeutic targeting.

3.3 The role of inflammatory mediators in sepsis

Inflammatory mediators in sepsis function as a double-edged
regulatory network that amplifies immunity while inducing

negative regulation. Pyroptosis-related extracellular vesicles

The diversity of immunotypes has also been confirmed by
population-based studies. Transcriptomic analysis divides sep-
sis into two subgroups, SRS1 (immune-suppressive type) and
SRS2 (predominantly proinflammatory type). SRSI is classi-
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(pyroEVs) carrying membrane-expressed ASC proteins attach
to B cells and suppress TLR4 signaling, reducing overactivated
inflammation. This indicates that vesicle-mediated interven-
tions might be of potential therapeutic value [107]. In contrast,
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ferritin promotes NETosis in an MSR receptor-dependent man-
ner via the Peptidylarginine Deiminase 4 (PAD4)/NE/ROS
pathway, resulting in aggravated cytokine storm and lung
injury, marking its important pro-inflammatory role in the pro-
cess [108].

Among inflammatory cytokines, higher levels of MIPla and
IL-1ra are associated with lower mortality, suggesting that
some mediators may counterbalance dysregulated inflamma-
tory responses and serve as potential therapeutic targets [109].
Dexmedetomidine exerts protective effects on neuroinflamma-
tion and blood-brain barrier disruption by promoting astrocyte
a2 A receptor activation, implying the dynamic homeostasis of
inflammatory regulation circuits between inflammation and
the nervous system [110]. The enrichment of CDI14*CD16"
monocytes in the blood, on the other hand, correlates tightly
with increased susceptibility, severity, and mortality in sepsis,
highlighting an essential role for disequilibrium among cellular
populations in immunopathology [111].

Both genetic and clinical investigations support the predictive
and stratification value of inflammatory variables. TNF-a -308
AA genotype or the carriers of the A allele is associated with
higher serum TNF-a levels, and may serve as a genetic predic-
tor of inflammatory responses [112]. Plasma TNF-a levels in
septic patients are about 10 times higher than those in healthy
individuals [113]. The TNF-a -308G/A polymorphism and
IL-6 levels do not correlate with mortality in neonatal sepsis,
although the prediction capacity may be heterogeneous in the
population and age [114]. Of interest, TNF-a level was signifi-
cantly higher in children with positive blood cultures, particu-
larly those with Gram-negative bacterial infection and could
be another alternative marker for early intervention [115].
Moreover, elevated levels of IL-6 and IL-8, as well as of
KC-like and Regulated upon Activation, Normal T Cell
Expressed and Secreted (RANTES), have been observed in
experimental models, demonstrating the conservation of
inflammatory mediators during immunopathology and their
application to clinical research [116].

Inflammatory mediators in sepsis not only drive the cytokine
storm and organ injury but also provide important clues for risk
prediction, patient stratification, and precision therapies. The
production and immunoregulatory functions of these media-
tors rely on the activation of multiple cellular signaling path-
ways, which play critical roles in inflammatory amplification,
immune imbalance, and organ damage. Within this complex
signaling network, N-myc and STAT interactor (NMI) has
been identified as an important regulator that integrates inflam-
mation-related signals from multiple receptors. Studies have
shown that NMI participates in immune signaling through
receptors such as [IFNAR1, TNFR1, and TLR family members,
and is closely associated with the activation of NF-kB, MAPK,
and JAK pathways, thereby promoting pro-inflammatory cyto-
kine expression and enhancing inflammatory responses [117].
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Among these pathways, Toll-like receptor (TLR) signaling rep-
resents a central mechanism linking pathogen recognition to
downstream inflammatory cascades in sepsis.

4 SIGNAL TRANSDUCTION PATHWAYS IN SEPSIS
4.1 TLRs and signaling cascades

As the central sensors of the innate immune system, TLRs are
essential in promoting sepsis-associated inflammatory storm
and immune dysregulation. Their signaling pathways are criti-
cal not only for pathogen recognition but also for inflamma-
some activation, metabolic imbalance, and organ failure during
sepsis. There is abundant experimental and clinical data dem-
onstrating that TLR signaling pathways play a dual role in
amplifying inflammation and mediating therapeutic interven-
tion. Fh15 protein derived from a parasite and small molecule
inhibitor TAK-242 effectively inhibit LPS-induced inflamma-
tion and tissue injury, which indicates that TLR4 can be a ther-
apeutic target [118, 119]. In parallel, both bacterial mRNA and
LPS work in concert to activate the NLRP3 inflammasome,
with NLRP6 also undermining host defense by sensitizing T
cells through the IL-18 release. This implies a complicated
interrelation and potentiation of TLR signaling by inflamma-
somes [120, 121].

At the systemic level, the MyD88—NF-kB—-TNF-a pathway
manifests a rapid phase-specific activation pattern in response
to polymicrobial infection while malignant fibrous histiocyto-
ma amplified sequence 1 presented the features of early inhibi-
tion combined with late progression along the TLR2 pathway.
Such observations allow for a temporal view of the course of
sepsis [122, 123]. Furthermore, serum amyloid A (SAA) acts
via TLR2/TLR4 to transform HDL into pro-inflammatory par-
ticles, enhancing vascular inflammation. The elevated expres-
sion of genes like LCN2 and ELANE also support a role of
TLR pathways in the immune dysregulation [124, 125]. Of
note, the contribution of TLR signaling goes beyond inflamma-
tion and affects metabolism and endocrinology. TLR4/MD2-
mediated LPS suppresses the growth hormone receptor, dem-
onstrating its distinctive role in metabolic adaptation during
sepsis [126]. In contrast, the transcription factor ZBTB20
enhances tissue damage through augmented activation of
NF-«kB. Its depletion greatly ameliorates inflammatory injury,
thus emerging as a novel therapeutic target [127].

TLR-associated signaling pathways are not only central initia-
tors of the inflammatory storm in sepsis but also important
links between immunosuppression and metabolic disorders. A
comprehensive exploration of their dynamic properties and
their interplay mechanisms may establish the basis for the dis-
covery of the intact landscape of disease development, as well
as novel strategic avenues for stratified management and preci-
sion intervention in sepsis.
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4.2 Cytokine storm and signal amplification

Excessive cytokine production represents a hallmark of
immune dysregulation in sepsis, and failure to contain signal
amplification contributes to systemic inflammation and multi-
ple organ failure. Research has indicated that TNF-a and IFN-y
may cooperatively facilitate PANoptosis depending on the
JAK/STATI/IRF1 axis, which can be responsible for the dead-
ly inflammatory cascade in COVID-19 and sepsis [94]. The
systemic inflammatory response syndrome in fetal sepsis is
responsible for multiple organ dysfunctions and is directly
linked to severe neonatal morbidity, sepsis-related mortality
and long-term sequelae risk [128]. It has also been shown that
the combined action of pro-inflammatory cytokines like TNF
and IL-18 can mirror many systemic effects of sepsis, leading
to pervasive rewiring in both gene transcription and cellular
composition that amplifies tissue destruction [84].

In the past few years, the targeting/inhibition of inflammation-
induced cell death has been proposed as one of the major
advances in controlling cytokine storms. Rapamycin has been
reported to alleviate endothelial injury by promoting autopha-
gy while suppressing gasdermin D (GSDMD)/caspase-1-medi-
ated pyroptosis and decreasing the production of pro-inflam-
matory cytokines IL-1f3, IL-18 [129]. The caspase-1 inhibitor
AC-YVAD-CMK can also ameliorate acute kidney injury
(AKI) by inhibiting the NLRP1/GSDMD pathway [130]. In
contrast, the MSR-dependent PAD4/NE/ROS pathway in mac-
rophages triggers NET formation in response to high levels of
ferritin and promotes inflammation and lung injury, represent-
ing a mediator of poor prognostic significance [131].

The immunological features of cytokine storms vary across
diseases. Sepsis and hemophagocytic lymphohistiocytosis
(HLH) are diseases of overwhelming inflammation, but in
contrast to sepsis patients, HLH patients show significant over-
activation of CD38high/HLA-DR" effector T cells, primarily
CDS8" T cells. Conversely, this phenotype is not seen in early
sepsis, providing a molecular rationale for the clinical distinc-
tion between the two entities [132]. Moreover, the Epidermal
Growth Factor Receptor can transactivate and induce produc-
tion of TNF-a in cardiomyocytes through the TACE/TGF-a
pathway. Its inhibitor has been demonstrated to potently reverse
heart dysfunction in animal subjects and supports the existence
of druggable signaling nodes in the myocarditis inflammation
network [133].

Additional layers of regulatory axes are also being uncovered.
The hepatocyte Pannexin 1 (PANX1)-IL-33 axis is triggered
by the ATP-P2X7 pathway, leading to ST2" Treg infiltration.
This axis acts as a negative regulator for inflammation ampli-
fication, attenuating endotoxin-induced liver injury [134].
Resveratrol inhibits the microglial NLRP3/IL-1B axis via
receptor-dependent mechanisms, improving cognitive function
in SAE; phosphodiesterase 10A inhibitors suppress pyroptosis

https://doi.org/10.61189/734294ljkawj

Liu et al.

and organ damage by inhibiting NLRP3 inflammasome acti-
vation, providing a new idea for neuroprotection [135, 136].
Furthermore, the natural product EGCG may ameliorate
inflammation and ferroptosis by dampening RELA activity
and suppressing exaggerated macrophage activation, indicat-
ing that plant-derived molecules may have therapeutic potential
for inflammation-related intervention [137]. IL-6 signaling, as
another core pathway, regulates microtubule dynamics through
the JAK2/Ninein axis, thereby promoting Extracellular Signal-
Regulated Kinase (ERK) 1/2-mediated phosphorylation of
p47rhor and LC3-associated phagocytosis. Its deficiency leads
to immune paralysis and dysfunction of monocytes/macro-
phages [138]. This finding not only demonstrates the dynamic
changes of inflammation amplification and immune hypore-
sponsiveness, but also offers a novel mechanistic basis for pre-
cision intervention.

Cytokine storms drive uncontrolled inflammation and multi-
organ injury in sepsis, and their cross-pathway amplification
reflects the dynamic imbalance between excessive immune
activation and compensatory immunosuppression. Computa-
tional modeling that captures key signaling nodes and their
spatiotemporal dynamics has emerged as a valuable frame-
work for understanding these complex inflammatory networks
and identifying potential therapeutic targets. In particular,
agent-based modeling (ABM) has been applied to simulate
systemic immune responses and to explore fundamental mech-
anisms of sepsis pathogenesis [139]. Persistent immune dys-
regulation is accompanied by profound phenotypic and func-
tional remodeling of immune cells, including alterations in
metabolic programs, differentiation trajectories, and signaling
regulation, collectively shaping the systemic landscape of
immune exhaustion (Table 2). Table 2 summarizes the ma-
jor functional switches and signaling perturbations of key
immune cell populations during sepsis, providing a cellular
framework for understanding immune imbalance and setting
the stage for further discussion of immune cell—specific regu-
latory mechanisms.

4.3 Negative feedback mechanisms and immune homeo-
stasis

In addition to the systemic uncontrolled inflammatory response,
sepsis is also characterized by the activation of various nega-
tive feedback mechanisms that serve to curb tissue damage and
maintain immune homeostasis. Inhibition of NLRP3 inflam-
masome activation and pyroptosis by certain metabolic prod-
ucts of myeloid cells, including itaconate, promotes inflamma-
tory tolerance and limits tissue damage [167]. Serum exosomes
have a dynamic molecular pattern in the progression of disease
and their correlation with inflammatory, coagulation and vita-
min metabolism pathways makes them a new approach to inte-
grate diagnosis and therapy [168].
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Table 2. Cellular characteristics of immune dysregulation in sepsis
Cell type Phenot.yplc/functlonal Mechanistic features Clinical Potential interventions References
alterations consequences
Monocytes Enhanced anti-inflammatory IL-4 suppresses acute in-  Increased risk of Apolipoprotein A1-IL-4  [140]
response accompanied by the flammation and promotes opportunistic infec- fusion protein nanopar-
induction of long-lasting innate  trained immunity tions, morbidity, and  ticle-based targeted
immune memory (trained im- mortality therapy
munity)
Dendritic cells  Reduced expression of costimu-  Cytosolic mtDNA medi-  Contributes to sepsis- Hydrolysis of mtDNA [141]
latory molecules ates immune paralysis via associated immu- or STING deficiency re-
activation of the STING  nosuppression and verses immune paralysis
signaling pathway worsened prognosis and improves prognosis
Macrophages NET formation is initially sup- ~ Alcohol disrupts the Exacerbates sepsis- Neutrophil depletion [142]
pressed followed by delayed processes of NETosis and associated liver injury alleviates LPS-induced
clearance, leading to impaired efferocytosis inflammation and hepatic
macrophage efferocytic function injury
Neutrophils Abnormally elevated formation  Increased Padi4 expres-  Exacerbated organ Degradation of NETs [143]
of NETs sion and enhanced citrul-  injury, intensified using rhDNase or PAD-4
lination of histone H3 inflammation, and inhibitors
aggravated sepsis
severity
Microglia Increased NET release, blood- Nuclear translocation of ~ Leads to SAE and Therapeutic strategies [144]
brain barrier disruption, and PD-L1 promotes p-Y705- memory impairment  include anti—Gr-1 anti-
neuronal apoptosis Stat3—driven transcription body, DNase I, or target-
of GSDMD ing GSDMD/PD-L1
CD4" Tregs V-domain Immunoglobulin The immune checkpoint ~ Markedly reduced Strategies include en- [145]
Suppressor of T-cell Activation ~ VISTA exerts protective  survival, accompanied hancing VISTA expres-
(VISTA) deficiency reduces Treg effects by modulating by aggravated organ  sion or adoptive transfer
abundance but enhances their ac- Tregs injury and inflamma-  of VISTA" Tregs
tivity, exacerbating inflammation tion
Macrophages Enhanced aerobic glycolysis and PKM2 promotes inflam-  Leads to lethal endo-  Pharmacological or ge-  [146]
overactivation of the inflamma-  masome activation via toxemia and sepsis netic inhibition of PKM2
some modulation of Eukaryotic or EIF2AK2
translation initiation factor
2a kinase 2 (EIF2AK2)
phosphorylation
T lymphocytes  Reduced lymphocyte apoptosis ~ The VISTA immune Enhanced bacterial Treatment with high- [147]
and suppressed cytokine produc- checkpoint transmits clearance, mitigated  affinity anti—VISTA
tion by macrophages inhibitory signals organ injury, and antibody (MHSA)
improved survival
Cardiomyocytes Significantly increased succinyl-  Succinyl-CoA induces Leads to SIMD Therapeutic interven- [148]
ation of Voltage-Dependent An-  succinylation at VDAC2 tions include ND-630 or
ion Channel 2 (VDAC2) protein K46, triggering ferrop- mitochondria-targeted
tosis nanoparticle TPP-AAV
Renal tubular Enhanced aerobic glycolysis, Lactate inhibits autophagy Leads to SI-AKI Treatment with the aero- [149]
epithelial cells  increased lactate production, and by downregulating the bic glycolysis inhibitor
(HK-2 cells) suppressed autophagy SIRT3/p-AMPK pathway 2-DG
Pulmonary Reduced Skp2 expression and MEK/ERK pathway sup- Leads to sepsis- Intravenous administra-  [89]
epithelial cells  impaired membrane localiza- presses Skp2, decreases induced ALI tion of lipid nanoparti-
tion of Solute Carrier Family 3 SLC3A2 ubiquitination, cles (LNP) encapsulating
Member 2 (SLC3A2) and triggers ferroptosis Skp2 mRNA
BM cells Persistent production of proin- METTL14 deficiency Bacterial infection re- Forced expression of [150]
flammatory cytokines and hyper- reduces SOCS1 m°A sults in high mortality SOCSI rescues the hy-
responsive phenotype methylation, leading to perresponsive phenotype
decreased SOCSI levels
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Hepatocytes

Pulmonary en-
dothelial cells

Pulmonary
epithelial cells

T cells

Pulmonary
fibroblasts

Renal tubular
epithelial cells

CD64" imma-
ture neutrophils
(CD123* and
PD-L1" subsets)

Neutrophils
(CXCR2" and
CD274'IL1RN*
subsets)

CDS8" T cells

T lymphocytes

ILC2s

Neutrophils

NK cells

Exacerbated cytokine storm and
dysregulated immune response

Elevated Histone H3 lysine 14
lactylation (H3K 14la), leading
to endothelial activation and fer-
roptosis

Upregulated Olfactomedin 4
(OLFM4) expression suppresses
LPS-induced proinflammatory
responses

Increased T cell infiltration and
decreased dendritic cell infiltra-
tion

Suppressed Peroxisome Prolifer-
ator-Activated Receptor Gamma
Coactivator-1 Alpha (PGC-1a)
expression and increased release
of mitochondrial DNA-contain-
ing microparticles

Attenuated ferroptosis with
increased GPX4 expression

Two novel subsets emerge with
impaired activation and phago-
cytic functions

Markedly increased neutrophils
exhibiting an immunosuppressive
phenotype

Increased platelet MHC-I expres-
sion with enhanced antigen cross-
presentation capacity

Decreased neutrophil apoptosis
and increased T lymphocyte
apoptosis

ILC2 activation with increased
secretion of IL-5 and IL-13

Elevated HMGBI lactylation
with increased formation of
NETs

Increased monocytes and de-
creased inactive NK cells
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PANX1 positively regu-
lates IL-33 synthesis via
the ATP-P2X7 pathway
Glycolysis-derived
lactate induces H3K 14la,
promoting expression of
ferroptosis-related genes
OLFM4 inhibits the
LDHA/NF-kB pathway
by reducing ROS and
HIFla levels

Lysosomal metabolic
dysregulation is associ-
ated with an imbalanced
immune microenviron-
ment

Mitochondrial dysfunc-
tion drives mitochondrial
DNA-containing mic-
roparticle—induced MMT

NRF2 nuclear transloca-
tion upregulates GPX4
expression, inhibiting
ferroptosis

The proportion of CD123*
neutrophils correlates
with clinical severity

Mechanistic feature:
developmental trajec-
tory from CXCR2* to
CD274'IL1RN* subsets

Platelets modulate CD8*
T cells via MHC-I-medi-
ated antigen cross-presen-
tation

HMGBI1 upregulates neu-
trophil PD-L1 via TLR2,
engaging T cell PD-1
IL-33 induces IL-5 secre-
tion by ILC2s, protecting
cardiomyocytes

Lactate promotes HMGB1
lactylation via macro-
phage-derived exosomes,
activating the cGAS/
STING pathway

Coagulation-related genes
are involved in im-

mune activation, antigen
processing, and other
pathways

Worsens endotoxemia
and post-liver trans-
plant hepatic injury
Leads to sepsis-
induced ARDS

Modulates sepsis-
associated ARDS

Contributes to sepsis
and ARDS

Facilitates the progres-
sion of SAPF

Alleviates SI-AKI

Useful for specific
diagnosis of sepsis and
differentiation from
other inflammatory
conditions

Leads to pulmonary
immunosuppression,
increasing the risk of
secondary infections
and mortality

Impairs CD8" T cell
function and correlates
with sepsis mortality

Leads to immunosup-
pression and sepsis-
induced lung injury
Alleviates sepsis-
induced cardiac dys-
function and myocar-
dial injury
Exacerbates SA-AKI

Contributes to
sepsis-induced organ
dysfunction

Therapeutic approach
involves recombinant IL-
33 targeting ST2" Tregs
Inhibition of glycolysis
or H3K14la to block
ferroptosis

Therapeutic approaches
include recombinant
OLFM4 or OLFM4
overexpression

CTSO and HLA-DQA1
may serve as novel di-
agnostic and therapeutic
targets

Activation of PGC-

lo alleviates fibrosis,
representing a potential
therapeutic strategy

Treatment with melittin,
the main component of
bee venom

Rapid diagnosis and
therapeutic guidance via
blood testing using seven
markers

CXCR2 blockade reduc-
es PD-L1* neutrophils
and improves survival

Targeting platelet MHC-
I improves CD8* T cell
responses and survival

Therapeutic interven-
tions include GA or the
TLR2 inhibitor C29

Therapeutic strategies
include IL-33 supple-
mentation or harnessing
ILC2 function

HMGBI1 may serve as

a potential therapeutic
target for SAKI interven-
tion

FCERI1G and FYN may
serve as diagnostic bio-
markers and therapeutic
targets
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[134]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[102]

[159]

[160]

[161]
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Macrophages Low expression of ferroptosis-re- LPIN1 downregulation is
lated gene Lipin 1 (LPIN1) with  associated with inflamma-
increased macrophage infiltration tion and immune response

pathways

T cells Elevated soluble urokinase-type ~ suPAR promotes T cell-
plasminogen activator receptor ~ mediated renal inflam-
(suPAR) levels with increased mation by upregulating
renal T cell infiltration, exacer- chemokines
bating inflammation

Hippocampal Upregulated Fgr expression as-  Fgr inhibits SIRT1 activ-

neurons sociated with neuroinflammation, ity, subsequently affecting
oxidative stress, and mitochon-  the PGC-1a pathway
drial dysfunction

Hepatocytes Marked upregulation of SI00A8/ S100A9 inhibits the
A9 with hepatic dysfunction and AMPK pathway, affecting
mitochondrial impairment fatty acid and glucose

metabolism

Liver macro- Hepatocyte mitochondrial TREM2-deficient macro-

phages structure and energy supply are  phages release exosomes

impaired, accompanied by altered
TREM2 expression

containing miR-106b-5p,
inhibiting Mfn2

Leads to poor prog-
nosis and reduced
survival in sepsis
patients

Leads to more severe
SI-AKI, increasing
the need for RRT and
mortality risk

Leads to SAE and
cognitive-emotional
dysfunction

Leads to sepsis-
induced ALI

Nonalcoholic fatty
liver disease (NAFLD)
increases suscepti-
bility to sepsis and

Liu et al.

LPINTI may serve as a
prognostic biomarker
and potential therapeutic
target

suPAR deficiency
ameliorates SI-AKI, in-
dicating it as a potential
therapeutic target

[162]

[163]

Fgr kinase inhibitors
confer protection by
activating the SIRT1/
PGC-1a pathway
S100A9 inhibitor Paqui-
nimod (Paq) can prevent
liver injury and mortality

[164]

[165]

Overexpression of
TREM2 in liver macro-
phages improves hepatic
energy supply and sepsis

[166]

mortality outcomes

Perturbations in immune homeostasis are associated with
disease progression. Silencing Cystatin C accelerates LPS-
induced inflammation by inhibiting autophagy and increasing
caspase-11 expression, which enhances NLRP3 inflammasome
activation [169]. T-cell lymphoma breakpoint-associated target
genes and Sestrin 2 boost host resistance and disease tolerance
by inducing autophagy and mitochondrial quality control,
which increases clearance of bacteria but attenuates organ
damage [136, 170]. These data demonstrate that autophagy-
associated pathways are central hubs for fine-tuning inflamma-
tion versus tissue protection.

In terms of signaling regulation, SI00A10 inhibits the TLR
pathway to downregulate excessive inflammation, and lack of
it increases immune damage [171]. Membrane-bound MHC I
molecules feed back to suppress TLR signaling through the
Fps—SHP-2 pathway to provide self-restricted protection of
innate immunity [172]. Meanwhile, immunosuppression may
stem from imbalanced endogenous negative feedback, whereby
SAMSNI promotes an immune-suppressive state that can be
reversed upon its depletion [173]. APEl deficiency impairs
macrophage phagocytic ability via the GSK3/Nrf2 axis, con-
tributing to bacterial infection and immune defects [174].
Notably, TSLP signaling serves as a central protective factor
for myeloid cells. Its absence does not impair bacterial eradi-
cation, but exacerbates systemic inflammation and organ inju-
ry. By contrast, the survival of mice is significantly enhanced
by TSLP-mediated suppression of hyperactivation of myeloid
cells [8].

While dysregulated signaling cascades orchestrate the acute
immune and metabolic responses in sepsis, inter-individual
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variability in these pathways is profoundly influenced by
inherited genetic variations. Genome-wide association studies
have identified several low-frequency variants associated with
reduced 28-day survival in sepsis, including a missense vari-
ant in SAMD9 (hazard ratio [95% CI]=1.64 [1.37-6.78],
P=4.92x10""%), a gene implicated in inflammatory responses
that may mediate tissue injury [175]. In parallel, integrative
genetic analyses incorporating Mendelian randomization have
identified multiple candidate genes significantly associated
with sepsis susceptibility, several of which remained robust
after sensitivity analyses. These findings collectively highlight
the contribution of host genetic variation to disease suscepti-
bility and prognosis [176]. Thus, integrating host genetic archi-
tecture into the framework of signaling networks provides an
essential dimension for understanding disease heterogeneity
and differential clinical outcomes. Importantly, many of these
genetically influenced pathways also generate measurable
molecular signatures that are increasingly investigated as
emerging biomarkers for diagnosis, risk stratification, and
prognosis in sepsis.

5 HOST GENETIC FACTORS AND SUSCEPTIBILITY
TO SEPSIS

5.1 Genetic polymorphisms and individual differences

Host genetic variations play a critical role in sepsis suscepti-
bility and outcomes, affecting various aspects ranging from
pathogen recognition and immune responses to metabolic
homeostasis and organ injury. Matrix metalloproteinase
(MMP) 8 1511225395 G/G genotype is associated with sepsis
susceptibility, and MMP1 and MMP3 are not only linked to

257


https://doi.org/10.61189/167468gjipte

Perioperative Precision Medicine 2026; 4 (2): 244-277.

bacterial and viral infection susceptibility but also to agent-
specific levels of severity. This indicates that the genetic varia-
tion of the host plays a role in pathogen-specific patterns of
immune defense [177]. Gene-based analyses have also demon-
strated that sepsis-2 and the Sepsis-3 criteria not only have a
polygenic overlap but also possess unique molecular attributes.
Their multigene risk scores also have a high predictive value,
suggesting that sepsis susceptibility usually results from the
combined effect of multiple small-effect polymorphisms [178].

The interplay of genetic susceptibility and environmental fac-
tors has been given more attention in research. For instance,
genetic insomnia is positively associated with sepsis risk, and
this link is in part explained by cardiac metabolism pathways
involving heart function. This indicates that sleep disturbances
may be a targetable genetic risk factor [179]. Alterations of the
coagulation and complement cascades contribute significantly
to the disease course. Polymorphisms in the THBD gene are
strongly associated with AKI risk and death [180]. A gain-of-
function variant in cholesteryl ester transfer protein (CETP) is
associated with increased acute sepsis mortality, whereas
genetic evidence for decreased CETP function, together with
pharmacological CETP inhibition in humanized mouse mod-
els, suggests potential survival benefits through the preserva-
tion of HDL-C levels [181]. Different variants of complement
C5 can either reduce susceptibility or, conversely, accelerate
disease progression by enhancing C5a generation and the
release of pro-inflammatory mediators [182].

Immunity- and metabolism-related pathways also serve as hub
nodes that regulate the disease. The VDR Fok I polymorphism
is a strong risk factor for sepsis, and it correlates positively with
lower vitamin D status, thus indicating that the vitamin D
metabolic axis may represent an important host regulatory
pathway [183]. In patients with diabetes, an association was
found between Monocyte Chemoattractant Protein-1 (MCP-1)
151024611 G allele and susceptibility to sepsis, which may be
attributed to upregulated expression of MCP-1 and TNF-a [45].
High-risk allele combinations of TNFA rs1800629 and TLR4
rs4986791 in trauma patients are associated with significantly
increased risk of sepsis, considering that TLR4 is a prognostic
variant [184]. Moreover, although the reported associations of
certain polymorphisms in genes including CHRNA7, NR5A2
and SUFU with sepsis-associated acute kidney injury (SA-
AKI) have not shown genome-wide significance, these find-
ings underscore the influence of host genetic differences on
disease phenotype [185]. Polymorphisms in inflammation-
related genes provide broader mechanistic insights. The ele-
vated serum and urinary IL-10 levels in carriers of the IL-10
rs1518111 T allele are strongly associated with the development
of SA-AKI, demonstrating that both inflammatory factor levels
as well as genetic susceptibility play critical roles in the risk of
organ damage [186]. Furthermore, PCSK9 loss-of-function not
only increases organ injury by altering lipoprotein metabolism
and removal of endotoxins but also impairs endothelial func-
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tion by regulating Angpt-1, thereby aggravating septic pathol-
ogy [187].

Susceptibility to sepsis is not monogenic but due to the com-
bined action of multiple pathway variants. Such effects in-
clude inflammation control, immunological response, coagula-
tion deregulation and metabolic perturbation. A comprehensive
investigation of the dynamic properties and interaction mecha-
nisms in these genetic networks can not only help uncover the
molecular pathogenic basis for sepsis susceptibility, but also
serves as an essential framework for developing risk prediction
models and precision intervention strategies.

5.2 Gene expression regulation and inflammatory response

Inflammatory dysregulation in sepsis does not ensue from a
single signal but rather represents a systemic disorder arising as
a consequence of the perturbation of transcriptional homeosta-
sis, abnormal epigenetic changes and malfunctioning noncod-
ing RNA networks. It has been reported that the disproportion
of expression of TLR4 and GRP78 is closely related to patient
prognosis, indicating their dynamic properties during abnor-
mal inflammatory responses and their potential to serve as
monitoring parameters [188]. At a much deeper level, however,
the transcription factor PU.1 induces MDSC differentiation and
aggravates immune suppression via IncRNA Hotairml and its
related epigenetic modification network. This connects tran-
scription factors, epigenetic marks and immune dysregulation
in a coordinated manner [189]. Additionally, the function of
m°A methylation in immune cell infiltration and Th17 differen-
tiation is receiving more attention. Master factors, such as
METTLI16 and IGF2BP1, were demonstrated to be involved in
the progression of the late inflammatory phase, strongly sug-
gesting the utility of epigenetic manipulation [190].

Multivariate complexity of gene regulatory networks in organ
injury varies across different organs. Adenosine-uridine RNA
editing of neuronal gene Grik2 and Flna in SAE are involved in
the development of cognitive deficits. This phenomenon exhib-
its age- and sex-specific traits [191]. Research on natural com-
pounds has discovered new ways of modulating inflammation
and oxidative stress.Vitexin relieves lung injury in part through
the SNHGI/DNA methyltransferase (DNMT) 1/miR-495 axis,
while Gossypol alleviates myocardial injury via HDAC inhibi-
tion and histone acetylation remodeling [192, 193]. Furthermore,
exosomes and non-coding RNAs were found to be implicated
in immune reprogramming. Microvesicles derived from
patients can deliver DNMT1/3A, which results in hypermethyl-
ation of the TNF-a promoter and immunosuppression [194].
circMAPK1 promotes NLRP3 inflammasome activation th-
rough modulating demethylation, which worsens lung injury
[195]. On the other hand, miR-221-5p enhances inflammatory
responses by inhibiting mitophagy and promoting organ dam-
age as well [196].
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The widespread involvement of m°A modification in sepsis-
induced multiple-organ injury is noteworthy. METTL3-tri-
ggered methylation has been reported to promote liver injury
progression, but in the heart, IncRNA and mRNA expression
differences lead to functional decline through the TNF and
PI3K-Akt signaling pathways [197, 198]. In AKI, the NF-kB/
miR-376b/NFKBIZ negative feedback system not only controls
inflammation and cell death but also shows the diagnostic sig-
nificance of urinary miR-376b [199].

Gene regulatory networks of sepsis have global characteristics
with complex coupling between multiple hierarchical levels,
pathways, and organs. In this dynamic, feedback-loop-driven
environment, inflammation potentiation and immune dysfunc-
tion maintain a parallel course, leading to multi-organ failure.
More detailed exploration of these mechanisms not only uncov-
ers the molecular basis of sepsis but also provides a basis for
precision therapy and personalized medicine.

5.3 Clinical significance of emerging biomarkers

Advances in novel biomarkers are reshaping the diagnosis
and treatment of sepsis. Evidence from the endocrine and met-
abolic aspects suggests that using T3 within the 60—80 ng/dl
range is related to lower incidence rates of Persistent In-
flammation, Immunosuppression, and Catabolism Syndrome
(PICS), whereas profound T3 deficiency in combination with
high Sequential Organ Failure Assessment (SOFA) scores pre-
dicts poor outcomes [200]. Metabolomic studies have indicated
the potential causal role of dysregulation of the glycolysis/
pyruvate pathway in the risk and prognosis of sepsis, which can
lay a strong foundation for developing metabolic biomarkers
for early diagnosis [201].

Genetic and immune biomarkers also show significant clinical
utility. In patients, individuals with the LAG-3 rs951818 AA
genotype were found to have a reduced risk of death, suggest-
ing their potential value as a prognostic genetic marker [202].
Furthermore, molecular fingerprints of IRRGs perform well in
identifying high-risk individuals and monitoring immune sta-
tus, paving the way for precise intervention [203]. Synergistic
detection of inflammatory mediators has also improved clinical
prediction models. IL-10 levels integrated with the National
Early Warning Score (NEWS) score further enhances sensitiv-
ity in early detection of sepsis risk, and the combined measure-
ment of urinary CRP, al-acid glycoprotein and SAA dramati-
cally improves discrimination between sepsis and SIRS [204,
205]. In addition, easy-to-obtain markers such as NLR, PLR
and LMR have been shown to be clinically useful in the early
postoperative period [206]. Furthermore, the T-cell CD69 ratio
combined with PCT can accurately differentiate between gram-
negative and gram-positive sepsis and also has predictive value
[207].
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The range of biomarkers is constantly increasing based also
on multi-omics and non-coding RNA research. Excessive
expression of CEACAMS, MPO and RETN has been demon-
strated to be closely correlated with disease progression, hence
offering potential as diagnostic urinary biomarkers [208]. In
addition, the correlation between PGK1 and immune cell infil-
tration and inflammation regulation also demonstrates its
potential as a new diagnostic index [209]. Furthermore, the
roles of ncRNAs have become a subject of much interest.
LINCO1278 serves as a sponge of miR-451a to weaken inflam-
mation and organ injury, and MEG3 rs7158663 GG genotype
dramatically elevates genetic susceptibility and adverse out-
come risk through promoting the overflow of inflammatory
factors [210, 211]. Together, these findings depict a multidi-
mensional biomarker network encompassing metabolic, genet-
ic, immune, and non-coding RNA pathways. This network not
only deepens our understanding of the complex molecular
landscape of sepsis but also facilitates improved patient strati-
fication and immune status monitoring. Importantly, these
advances provide a critical basis for the development of preci-
sion medicine approaches and targeted therapeutic strategies,
paving the way for the emerging immunomodulatory and
adjunctive therapies discussed in the following section.

6 EMERGING THERAPEUTIC STRATEGIES AND
CLINICAL CHALLENGES

6.1 Targeted immunomodulatory therapies

Recently, the investigation of therapeutic immune modulation
has become a major trend in sepsis research. Promising
approaches such as small molecules and targeted agents were
discussed. For example, PLX5622 prevents neuronal injury and
synapse loss by suppressing microglial activation, attenuating
SAE [212]. However, the PSM A4-associated protein degrader
has been identified as a new target for therapy and may reduce
the risk of sepsis development [213]. Among traditional phar-
macological strategies, glucocorticoids in combination with
fludrocortisone have been evaluated in a component network
meta-analysis of 33 randomized controlled trials including
9,898 patients, in which this combination was associated with
reduced short-term mortality (RR 0.89) and improved long-
term mortality in adults with sepsis and septic shock, high-
lighting their potential as an adjunctive therapy [214]. In addi-
tion, a prospective multicenter study of granulocyte—monocyte
adsorption apheresis in 82 patients with sepsis demonstrated
a significant reduction in SOFA score at 7 days and a 28-day
mortality rate of 7.8%, supporting its safety and potential
adjunctive benefit [215].

Moreover, the profiling of immune-cell functions has also
identified additional possibilities for therapeutic intervention.
Single-cell immune profiling further demonstrates the hetero-
geneity of immune cells in PICS post-sepsis, which offers
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potential individual targets for risk evaluation and precision
treatment [216]. At the molecular pathway level, caspase-11/
GSDMD was found to regulate NET generation via neutrophil
activation, which indicates GSDMD may be a therapeutic tar-
get for sepsis treatment [217]. By contrast, HMGBI can act as
a ligand for Tim-3 to elicit immunosuppression via inhibition
of NF-«kB signaling in CD4" T cells, thus representing a poten-
tial translational impact [218]. Metabolism-regulating mole-
cules like NLRC3 mediate immunosuppression by shaping
macrophage metabolism, and the targeted intervention can
possibly restore the immune derangement during sepsis [219].
A CXCR2" neutrophil subset has been demonstrated to pro-
mote pulmonary immune dysregulation, and its blockade could
help in mitigating lung injury and improving outcomes [157].
Furthermore, ulinastatin also exerts unique immunomodulato-
ry effects through dual regulation of neutrophils and MDSCs
[220].

Platelets, T cells and metabolic pathways have also been identi-
fied as potential therapeutic targets. Platelets modulate the
function of CD8* T cells through MHC-I-mediated cross-pre-
sentation of antigens, and this newly described mechanism
offers new opportunities in immunotherapeutic approaches
[158]. IFN-y can also restore immunosuppression by promot-
ing a switch to the Warburg effect through the PI3K/Akt/mTOR
pathway, and Inducible T-cell Co-Stimulator (ICOS)-Fc bi-
modulates the ICOS—-ICOSL signaling axis, significantly ame-
liorating systemic inflammatory response syndrome and mul-
tiple organ injuries [221, 222]. Interventions on cellular and
molecular levels still increase. Hematopoietic stem cell infu-
sion, for instance, can increase MDSCs and suppress inflam-
mation to improve survival; low-dose esmolol attenuates T cell
apoptosis and normalizes Th1/Th2 imbalance by acting on the
Akt/Bcl-2/Caspase-3 and ERK1/2 pathways [223, 224].

Promising microorganism and non-coding RNA-mediated
therapies are also emerging. Tripeptide Arginine-Lysine-
Histidine (RKH), derived from Akkermansia muciniphila
(AKK), reduces inflammation and organ damage by inhibiting
TLR4 signaling [66]. Nicorandil alleviates myocardial injury
through mediating ferroptosis of the TLR4/SLC7A11 path-
way; low-dose mycophenolate mofetil reinforces anti-bacterial
activity of macrophage, hence promoting bacterial clearance
for survivors [225, 226]. Molecularly, miR-150 supplementa-
tion can reverse the immunosuppressive role of MDSCs as an
innovative intervention strategy for late-stage sepsis; addition-
ally, in preclinical caecal ligation and puncture (CLP) models,
umbilical cord—derived MSCs and their conditioned media
were shown to mitigate organ injury, enhance bacterial clear-
ance, reduce serum lactate and pro-inflammatory cytokine lev-
els, and improve survival when administered within a defined
therapeutic window [227, 228].

The paradigm of sepsis immunoregulation is shifting from
single-target interventions toward systemic reprogramming
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strategies. Emerging evidence indicates that sepsis induces
metabolic reprogramming and dysregulated 1L-17 production
in CD4" T cells, leading to persistent immune dysfunction and
impaired host defense after recovery [9]. These findings high-
light the critical role of immunometabolic imbalance in sepsis
pathophysiology and have stimulated increasing interest in
therapeutic strategies targeting immune and metabolic dy-
sregulation.

Within this evolving framework, diverse therapeutic approach-
es converge on a common objective: restoring immune homeo-
stasis and cellular energy balance. Current strategies include
cell-based therapies, nanodelivery systems, metabolic repro-
gramming, and targeted immunomodulation (see Table 3),
reflecting a growing trend toward multi-target and system-level
interventions. For example, mitochondrial transplantation has
been shown to reverse sepsis-induced metabolic suppression
and restore immune cell bioenergetics, promoting recovery of
oxidative metabolism and biosynthetic capacity [253]. Beyond
metabolic modulation, therapeutic strategies targeting inflam-
matory responses and oxidative stress are also emerging as
promising approaches in sepsis management.

6.2 Novel approaches in antioxidant and anti-inflammato-
ry therapy

In recent years, different therapeutic options for sepsis have
emerged, and several promising new strategies have appeared
with great clinical potential. Plasma exchange has been evalu-
ated in a meta-analysis of five controlled trials, in which it was
associated with reduced all-cause mortality in adults with
severe sepsis (OR 0.54), although heterogeneity among studies
was substantial and larger randomized trials are still required
to confirm these findings [254]. Early enteral nutrition has
emerged as a promising and generally safe therapeutic strategy
in critically ill patients with sepsis and septic shock. A system-
atic review including five randomized controlled trials (n=442)
and ten non-randomized studies (n=3,724) suggested that carly
enteral nutrition was associated with fewer days of mechani-
cal ventilation and lower SOFA scores during follow-up,
although no statistically significant reduction in in-hospital
mortality was observed [255]. The immunomodulator glat-
iramer acetate (GA) has demonstrated anti-inflammatory and
immunomodulatory effects in a CLP murine model of sep-
sis. Acute administration (1-2 mg/kg) significantly improved
72-hour survival and reduced pro-inflammatory cytokine lev-
els, suggesting potential therapeutic relevance that warrants
further clinical investigation [256].

In anti-infective therapy, the combination of azithromycin with
exosomes provides a new therapeutic agent for sepsis by
boosting infection clearing and regulating inflammation [257].
Nutmeg extract attenuates platelet desialylation and clearance
by suppressing sepsis-elicited sialidase activity, indicating its
prospect for use in the treatment of sepsis and sepsis-associated
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Table 3. Innovative intervention strategies and their research progress
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Intervention Representative drug/ Mechanistic target Cl.mlcal progress/ Limitations References
type method trial stage
Cell therapy Autologous neutro- Broad-spectrum neutralization  Preclinical study Further clinical validation [229]
phils subjected to of inflammatory cytokines and required for efficacy and safety
cryo-shock endotoxins
Nanomedicine ~ NAD(H)-loaded Supplementation of NAD(H)  Preclinical study Biosafety of nanomaterials [230]
nanoparticles to enhance energy supply and and their clinical translational
suppress inflammation potential require validation
Immunometa- MSM Promotes macrophage M2 Preclinical study Mechanistic insights require [231]
bolic modulator polarization via the lactate- further elucidation, and
H3K18la pathway clinical efficacy remains to be
validated
Metabolites FMT and SCFAs Modulates gut microbiota, Preclinical study Safety and efficacy in humans [232]
inhibits pyroptosis, and protects require clinical validation
intestinal barrier
Immune check-  Nivolumab combined Inhibits the PD-1 pathway and Mathematical model- Efficacy depends on precision [233]
point inhibitor ~ with meropenem reverses T cell exhaustion ing simulations; medicine; ineffective under
preclinical stage high pathogen load
Blood purifica- CVVH Removes inflammatory media- Small randomized Did not reduce 28-day mortal- [234]
tion tors and improves immune and  controlled trial ity or shorten hospital stay
endothelial function
Stem cell therapy MSCs and their exo-  Targets the MALAT1 pathway  Preclinical study Mechanism is complex; clini- [235]
somes via delivery of miR-26a-5p cal safety and efficacy require
validation
Immunomodula- Clg-blocking antibody Inhibits C1q-mediated synaptic Preclinical study Clinical validation has not [212]
tory therapy and PLX5622 pruning and microglial activa- been conducted; efficacy
tion remains to be evaluated
Complement C5areceptor 1 (CSarl) Blocks CSarl to reverse im- Preclinical study Based on gene deficiency [236]
system targeting gene deficiency munosuppression models; drug development and
efficacy require validation
Novel small- Songorine Activates the Nrf2/ARE path-  Preclinical study Plant-derived compound; [237]
molecule drug way to promote mitochondrial clinical translational potential
biogenesis remains to be validated
Herbal medicine Rhodiola rosea extract Inhibits the PI3K-AKT path- Preclinical study Complex composition; mecha- [238]
way to alleviate inflammation nism requires further eluci-
and oxidative stress dation, and clinical efficacy
remains to be validated
Drug repurpos-  Montelukast Inhibits downstream inflam- Preclinical study Currently at the animal experi- [239]
ing matory and oxidative stress ment stage; clinical efficacy is
pathways such as LTB-4 unknown
Natural product  Isoflavone osajin Inhibits the IL-33/LPO/8- Preclinical study At the animal experiment [240]
OHdG/caspase-3 pathway stage; clinical efficacy remains
to be validated
Protein-delivery MF-LNP encapsulat-  Efficiently delivers antioxidant Preclinical study Safety and clinical translation- [241]
nanomedicine ing SOD/CAT enzymes to scavenge ROS al potential of the novel deliv-
ery system require validation
Therapeutic METTL3 inhibitors Inhibits METTL3 to block Preclinical study Clinical validation has not [242]
strategies target- or knockdown ap- m°A-dependent ferroptosis been conducted; safety and ef-
ing METTL3 proaches ficacy remain to be evaluated
Drug repurpos-  Dexmedetomidine Activates astrocytic a2A adren- Preclinical study Mechanism requires further [110]
ing ergic receptors elucidation; clinical efficacy
remains to be validated
Probiotic-derived AKK or its derived Acts as an endogenous TLR4  Preclinical study Human trials have not been [66]
peptides tripeptide RKH antagonist to block TLR4 conducted; clinical translational
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Microbial Lactobacillus rhamno- Modulates gut microbiota and  Preclinical study Mechanism is indirect, no [243]
therapy sus GG reduces systemic inflammation direct effect on the brain;
via macrophages clinical efficacy remains to be
validated
Herbal medicine Gedunin Inhibits the HMGB1/NLRP3/  Preclinical study At the animal experiment [244]
NF-«B signaling pathway stage; clinical translational po-
tential remains to be validated
Monoclonal Humanized anti-citrul- Blocks the CitH3-TLR2 signal- Preclinical study Has not entered clinical trials; [245]
antibody linated histone H3 ing axis to inhibit NETosis and safety and efficacy remain to
monoclonal antibody  pyroptosis be validated
Uridine Uridine as a metabolic  Activates the Nrf2 signaling Preclinical study At the animal experiment [246]
supplementation supplement pathway to inhibit macrophage stage; clinical translational po-
therapy ferroptosis tential remains to be validated
Targeted immu-  Disulfiram or GSDMD GSDMD/caspase-11 pathway  Preclinical study At the animal experiment [217]
nomodulation gene knockout stage; clinical efficacy remains
to be validated
Neuroimmune Electroacupuncture Promotes M2 macrophage Preclinical study At the animal experiment [247]
modulation polarization by upregulating stage; clinical translational po-
spermidine and ODC expression tential remains to be validated
Physical therapy Nurse-led, goal-orient- Improves pulmonary ventila-  Completed clinical Implementation depends ona  [248]
ed pulmonary physical tion and drainage via physical  controlled studies specialized nursing team
therapy means; no clear molecular showing improvement
target in clinical outcomes
Photodynamic Aloe-emodin-mediated Inhibits the expression and Preclinical study Clinical efficacy remains to be  [249]
therapy photodynamic therapy activity of gram-positive bacte- validated
rial toxins such as cytolysins,
hemolysins, and pneumolysins
Gut microbiota ~ Metformin Modulates gut microbiota Preclinical study At the animal experiment [250]
modulation and alleviates colonic barrier stage; clinical translational po-
dysfunction tential remains to be validated
Protein supple- ~ Vitamin D binding Alleviates oxidative stress Preclinical study Mechanism requires further [83]
mentation protein and inhibits the JNK signaling elucidation; clinical efficacy
pathway remains to be validated
High-dose anti-  High-dose intravenous Antioxidant effect (specific Ongoing multicenter ~ Trial is ongoing; efficacy and  [93]
oxidant therapy  vitamin C molecular target not clearly randomized phase III  safety outcomes are unknown
defined) clinical trial
Natural product ~ Curcumin Reduces free radicals, enhances Preclinical study At the animal experiment [251]
antioxidant enzymes, and stage; clinical efficacy remains
inhibits iNOS to be validated
Kinase inhibition Fgr kinase inhibitor Fgr kinase — SIRT1/PGC-1a  Preclinical study At the animal experiment [252]

signaling pathway

stage; clinical efficacy remains
to be validated

thrombocytopenia [258]. In addition, oXiris continuous hemo-
filtration adsorption was evaluated in a retrospective cohort of
90 patients with sepsis or septic shock. Significant improve-
ments in hemodynamic parameters, lactate levels, inflamma-
tory biomarkers (procalcitonin and IL-6), and SOFA scores
were observed at 12 and 24 hours post-treatment. Pre-treatment
SOFA score, percentage SOFA reduction, and age were identi-
fied as independent predictors of ICU mortality. Although these
findings suggest potential benefits in organ function stabiliza-
tion, prospective randomized trials are needed to confirm sur-
vival impact [259].
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Recently, immunomodulatory therapy has become an innova-
tive approach to the treatment of sepsis. For instance, hPF4
complexes with cfDNA and NETs to suppress thrombosis and
endothelial injury, which could be potential targets for immune
therapy in sepsis [260]. Codonopsis Pilosula Extract reduces
immune organ damage in septic rats, and keeps the immune
homeostasis by regulating BCR signaling pathway and glyc-
erophospholipid metabolism, highlighting its future potential
for sepsis immunomodulation [261]. For sepsis-related lung
injury, montelukast mitigates lung tissue damage, and its
administration effectively ameliorates the polymicrobial sep-
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sis-induced increase in inflammatory mediators and oxidative
stress, thereby providing protection [239]. Gedunin exhibits a
marked protective effect against oxidative stress and inflam-
mation by suppression of HMGBI1/NLRP3/NF-«B signaling
pathway in septic mouse models, which provides valuable
implications for its promising therapeutic applications [244].
Songorine can act through Nrf2/ARE and Nrfl signaling path-
ways to enhance mitochondrial biogenesis, ameliorate cardiac
function, and provide protective effects against sepsis-induced
myocardial injury [237].

In the treatment of kidney injury, Osajin mitigates sepsis-
induced acute kidney injury (SI-AKI) by suppressing the
IL-33/Lipid Peroxidation (LPO)/8-hydroxy-2’deoxyguanosine
(8-OHdG)/caspase-3 pathway and promoting antioxidant de-
fense, indicating its possible use in sepsis therapy [240]. The
deletion of MALAT1 controls epigenetic regulation, activates
the methionine cycle, and improves antioxidative activity,
which may provide a new direction for the treatment of sepsis
[262]. Moreover, betaine remarkably decreases the levels of
inflammatory and oxidative stress markers, improves gas
exchange and imaging findings as well as protective effects
against sepsis-induced ARDS [263].

Regarding cardiac preservation, the Mitochondria-targeted
2,2,6,6-tetramethylpiperidine-1-oxyl (MitoTEMPO) enhances
mitochondrial biogenesis and protects against sepsis-induced
renal injury by decreasing mROS and IL-1p [264]. MSCs and
their exosomal miR-26a-5p delivery target and suppress
MALATI to alleviate hepatocyte death and oxidative stress,
and are protective against sepsis-induced ALI [235]. Fur-
thermore, matairesinol is a potent neuroprotectant against sep-
sis-induced brain damage by activating the AMPK/Nrf2 sig-
naling pathway and blocking MAPK/NF-kB pathways to
reduce both neuroinflammation and oxidative stress [265].

In terms of neuroprotection, quercetin also markedly miti-
gates SAE through the suppression of the CXCL2/CXCR2
axis, associated microglial activation, and neuronal ferroptosis
[266]. Eriocitrin protects against SA-AKI through the activa-
tion of Nrf2 pathway, mitochondrial dynamics, and decrease
in inflammation and oxidative stress [267]. Taohe Chengqi
Decoction can effectively suppress the inflammatory response
and correct immune imbalance in sepsis via mediation of sev-
eral signaling pathways, such as MAPK and STAT3, thereby
representing a potential therapeutic strategy for sepsis [268].

Emerging immunomodulatory and antioxidant therapeutic
strategies have shown great potential in the clinical manage-
ment of sepsis, particularly in improving patient outcomes.
Further elucidating these therapeutic mechanisms and advanc-
ing their clinical translation will pave the way for personalized
treatment and precise interventions in sepsis.
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6.3 Application of personalized medicine in sepsis

Innovative sepsis management approaches have increasingly
demonstrated the intimate interplay of patients’ immune re-
sponses, metabolic alterations and clinical outcome. Dynamic
fluid monitoring is one of the most efficient methods for
improving the prognosis of patients with septic shock [269]. In
addition, enhanced external inspection and monitoring could
shorten antibiotic therapy and fluid resuscitation durations
effectively to optimize the clinical treatment program signifi-
cantly [270]. Furthermore, the low expression of miR-146b-5p
in patients with sepsis is closely related to a poor prognosis.
When the APACHE 1I score is used in conjunction, it greatly
increases the accuracy of the diagnosis. Similarly, tracking the
dynamics of lymphocyte subsets strongly advocates for indi-
vidualized treatment [271]. Immune heterogeneity of sepsis
has been demonstrated by SRS molecular typing. This result
offers an important theoretical basis for precision medicine,
and indicates that personalized treatment guided by the host
immune response status may be the direction for improving
sepsis prognosis [7].

To better stratify sepsis, studies using coagulation biomarkers
have identified four distinct sepsis phenotypes. Among these
phenotypes, patients with high fibrin degradation products/
D-dimer levels may be more responsive to thrombomodulin
therapy, supporting the development of personalized medicine
approaches for sepsis [272]. The underlying mechanisms of
immune diversity have also been further revealed by studies
highlighting dysregulation of the R/SI balance, offering a
potential strategy for classifying patients based on immune sta-
tus and matching them with specific therapies [273]. Although
metagenomic next-generation sequencing can rapidly identify
pathogens in patients with sepsis, its use in guiding antibiotic
adjustment has not significantly improved patient prognosis.
This suggests that pathogen identification should be better inte-
grated with clinical diagnosis and treatment decision-making
[274]. Results from a large statewide cohort study involving
over 55,000 patients demonstrated that timely completion of
the 3-hour sepsis bundle was associated with reduced risk-
adjusted in-hospital mortality, with a more pronounced effect
observed in the 6 subtype [275]. These studies also highlight
metabolic disruption of critical pathways during sepsis, which
not only offers new targets for intervention but also promotes
precision medicine in sepsis management through multidisci-
plinary approaches [276]. Studies of sepsis-associated acute
kidney injury (SA-AKI) have identified microcirculatory dys-
function, inflammasome activation, and metabolic reprogram-
ming as important pathogenic elements, thereby providing a
basis for molecular target-based therapies [277].

In the chronic phase of sepsis, gut microbiota dysbiosis may

persist for 14-21 days after onset. Notably, sex-specific differ-
ences have been observed, with females exhibiting greater

263


https://doi.org/10.61189/167468gjipte

Perioperative Precision Medicine 2026; 4 (2): 244-277.

resilience than males. This observation may open up a unique
point for microbiota-based intervention in sepsis [278].
Meanwhile, single-cell sequencing disclosed an atypical lym-
phocytic transcriptional signature in late sepsis characterized
by the concomitance of immunoparalysis and micro-inflamma-
tion. This offers new possible applications for precision immu-
notherapy [279]. Early use of norepinephrine in septic shock
can rapidly increase and stabilize arterial blood pressure, and
may help limit prolonged hypotension and fluid overload.
Observational studies, including propensity score-based anal-
yses, have reported reduced fluid administration and inconsis-
tent effects on day-28 mortality with early norepinephrine ini-
tiation, whereas a randomized controlled trial using fixed-
dose norepinephrine (0.05 pg/kg/min) demonstrated improved
shock control without a confirmed survival benefit, suggesting
outcome heterogeneity across patient subgroups [280]. Detailed
studies on the accurate classification of sepsis have shown that
SR-BI deficiency is associated with sepsis of the relative adre-
nal insufficiency subtype, a chronic subgroup with sustained
excessive inflammation. These studies also show that glucocor-
ticoids are effective for this subtype, highlighting the impor-
tance of bundle therapy in sepsis [281]. Furthermore, the com-
bination of IL-10 and the NEWS score provides important bio-
marker support for early sepsis stratification by identifying
patients with low clinical scores and high physiological risk,
offering a new avenue for clinical prognostic evaluation [204].

Unique medical approaches to sepsis are emerging through
accurate immune profiling, metabolic monitoring, and mecha-
nistic research, which facilitate early identification, risk strati-
fication, and individualized therapy. Detailed characterization
of host immune responses and metabolic disturbances pro-
vides new opportunities for precision treatment and improved
patient outcomes. However, translating these advances into
routine clinical practice remains challenging due to the com-
plexity and heterogeneity of sepsis, which highlights the need
for further investigation and clinical validation.

7 DISCUSSION

Despite substantial advances in sepsis research over the past
decades, its clinical translation remains challenging. The
pathophysiology of sepsis is highly complex, making it diffi-
cult for single-target therapies to maintain sustained therapeu-
tic efficacy. One major reason is the dynamic biphasic nature
of the immune response during sepsis. In the early hyperin-
flammatory phase, Tregs help limit excessive inflammation and
reduce tissue damage. However, during the subsequent immu-
nosuppressive phase, the expansion of Tregs may further sup-
press effector immune responses, thereby exacerbating immu-
nosuppression and contributing to poor clinical outcomes [282].
Consequently, conventional anti-inflammatory therapies often
overlook this stage-dependent immune regulation, making the
timing, intensity, and duration of intervention critical deter-
minants of therapeutic efficacy. For example, inhibitors target-
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ing TLR4 demonstrated promising early efficacy in experimen-
tal models but failed to improve outcomes in clinical trials,
highlighting the importance of appropriate therapeutic timing
and immune status assessment. In addition, innate immune sig-
naling pathways exhibit complex regulatory roles in sepsis.
Although sepsis drives persistent platelet activation and dys-
function, TLR7 deficiency has been shown to preserve platelet
function and modulate exosome-mediated platelet activation,
suggesting that TLR7 may represent a key regulator of sepsis-
associated platelet dysfunction and a potential therapeutic tar-
get [283].

Moreover, the marked heterogeneity of sepsis represents anoth-
er major obstacle to precision medicine. Immune responses in
sepsis are shaped by multiple endogenous and exogenous fac-
tors, including genetic background, age, sex, comorbidities,
metabolic status, prior microbial exposure, and pharmacologi-
cal interventions [284]. Multi-omics analysis indicates that
immune-metabolic subtypes, including glycolysis-dominant
and oxidative types, may underlie differential responses to
treatment. Accordingly, future clinical studies should employ
personalized interventions according to molecular subtypes,
rather than a uniform strategy [285]. The interaction between
inflammation and metabolic networks still requires more sys-
tematic analysis. Mitochondrial dysfunction, ferroptosis, and
NLRP3 inflammasome activation represent common nodes in
organ damage, but their timing and tissue specificity have yet
to be fully elucidated [286]. By integrating metabolomics, spa-
tial transcriptomics, and single-cell immune profiling, it is
expected to uncover organ-specific pathological pathways,
enabling more precise intervention design.

With respect to the treatment, several new immunomodulatory
and antioxidant treatments have provided promising results.
Targeting multiple aspects of these pathways has been observed
to enhance treatment responsiveness in systemic models, lead-
ing to improved survival rates. Examples of such approaches
include autophagy enhancement, Nrf2 activation, and pyropto-
sis inhibition (e.g., rapamycin, MitoTEMPO, and songorine),
indicating the potential for multi-pronged therapeutic strategies
[129]. Meanwhile, the application of exosomes from stem cells,
non-coding RNAs, and gut microbiota regulation is uncover-
ing new avenues for systemic immune reconstitution. When
integrated with Al-predictive models and real-time biomarker
feedback in the future, digital twin models may become
increasingly feasible.

Interdisciplinary integration is likely to be a major direction
in future sepsis research. The integration of immunology,
metabolomics, systems biology and Al will enable a compre-
hensive understanding of the “pathogen-to-host network”.
Through developing interpretable immune-metabolic-genetic
multi-dimensional models, it will not only reveal the mecha-
nisms underlying individual susceptibility but also guide clini-
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cal practice toward precise, dynamic, and reproducible person-
alized interventions.

ABBREVIATIONS

8-OHdG, 8-Hydroxy-2’-deoxyguanosine; AKI, Acute kidney
injury; AKK, Akkermansia muciniphila; ALI, Acute lung inju-
ry; Ang-2, Angiopoietin-2; AQP3, Aquaporin-3; ARDS, Acute
Respiratory Distress Syndrome; BM, Bone marrow; CSarl,
C5a receptor 1; CETP, Cholesteryl Ester Transfer Protein; CLP,
Cecal ligation and puncture; DNMT, DNA methyltransferase;
EIF2AK2, Eukaryotic translation initiation factor 2a kinase 2;
ERK, Extracellular Signal-Regulated Kinase; GA, Glatiramer
acetate; GM-CSF, Granulocyte-Macrophage Colony-Stimu-
lating Factor; GPR, G protein-coupled receptors; GPX4,
Glutathione Peroxidase 4; GSDMD, Gasdermin D; H3K14la,
Histone H3 lysine 14 lactylation; HDAC, Histone Deacetylase;
HDL, High-Density Lipoprotein; HLA, Human Leukocyte
Antigen; HLH, Hemophagocytic lymphohistiocytosis; HLJI,
Heat shock protein 40-like protein 1; HMGBI, High mobility
group box 1; ICOS, Inducible T-cell Co-Stimulator; LNP, Lipid
nanoparticles; LPIN1, Lipin 1; LPO, Lipid Peroxidation; LPS,
Lipopolysaccharide; LqSOFA, Liverpool quick Sequential
Organ Failure Assessment; m°A, N6-methyladenosine; MAL-
AT1, Metastasis-Associated Lung Adenocarcinoma Transcript
1; MCP-1, Monocyte Chemoattractant Protein-1; MDSCs,
Myeloid-derived suppressor cells; METTL, Methyltransferase-
Like; MHC, Major histocompatibility complex; MitoTEMPO,
Mitochondria-targeted 2,2,6,6-tetramethylpiperidine-1-oxyl;
MMP, Matrix metalloproteinase; MSCs, Mesenchymal stem
cells; MyD88, Myeloid differentiation primary response 88;
NETosis, Neutrophil Extracellular Trap formation; NETs,
Neutrophil extracellular traps; NEWS, National Early Warning
Score; NLRs, NOD-like receptors; NOP, Nociceptin/Orphanin
FQ receptor; Nrf2, Nuclear factor erythroid 2—related factor 2;
OLFM4, Olfactomedin 4; PAD4, Peptidylarginine Deiminase
4; PADI, Peptidyl Arginine Deiminase; PAI-1, Plasminogen
Activator Inhibitor-1; PANX1, Pannexin 1; PGC-la, Peroxisome
Proliferator-Activated Receptor Gamma Coactivator-1 Alpha;
PICS, Persistent Inflammation, Immunosuppression, and Ca-
tabolism Syndrome; PINK1, PTEN-induced kinase 1; PKM,
Pyruvate Kinase, Muscle; PMN, Polymorphonuclear Myeloid,;
PRRs, Pattern recognition receptors; RANTES, Regulated
upon Activation, Normal T Cell Expressed and Secreted; RKH,
Tripeptide Arginine-Lysine-Histidine; ROCK, Rho-associated
coiled-coil containing protein kinase; ROS, Reactive Oxygen
Species; SIP, Sphingosine-1-phosphate; SAA, Serum amyloid
A; SA-AKI, Sepsis-Associated acute kidney injury; SI-AKI,
Sepsis-induced acute kidney injury; SAE, Sepsis-associated
encephalopathy; Skp2, S-phase kinase-associated protein 2;
SLC3A2, Solute Carrier Family 3 Member 2; SOFA, Sequential
Organ Failure Assessment; SphK1, Sphingosine kinase 1; SRS,
Sepsis Response Signature; SuPAR, Soluble urokinase-type
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plasminogen activator receptor; Tim-3, T-cell immunoglobulin
and mucin domain-containing protein 3; TLRs, Toll-like recep-
tors; TSLP, Thymic stromal lymphopoietin; VDAC2, Voltage-
Dependent Anion Channel 2; VEGF, Vascular Endothelial
Growth Factor; VISTA, V-domain Immunoglobulin Suppressor
of T-cell Activation.
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