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Abstract: Osteoclasts are multinucleated giant cells responsible for bone resorption in the skeletal system. Osteoclast precursors
originate from monocytes and macrophages, as well as dendritic cells. Their multinucleation process is crucial for maintaining
bone homeostasis. Studies indicate that efficient fusion of mononuclear precursor cells is a prerequisite for forming fully
functional multinucleated osteoclasts. This unique cell fusion capability allows osteoclasts to form large, multinucleated
cells with enhanced bone resorptive capacity. Under physiological conditions, a precisely regulated fusion process generates
multinucleated osteoclasts of predictable size, with the number of nuclei positively correlating with bone resorption activity.
Notably, each fusion event significantly increases the bone resorptive activity of osteoclasts, a characteristic vital for lifelong
bone remodeling processes.
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1. Introduction

1.1. Cell fusion as a rate-limiting step in osteoclast maturation

The fusion of osteoclast precursors is a rate-limiting step in osteoclast maturation, subject to multi-layered, precise regulation.
Fusion of osteoclast precursors (OCPs) is a complex process regulated by multiple factors. The fusion process can be divided
into four steps: (1) cell attraction/migration; (2) cell recognition; (3) cell adhesion; and (4) cell fusion . Various fusion-
related genes are upregulated during osteoclast maturing, including CD9, MFR/SIRPa, ATP6V0d2, and DA-STAMP etc.
Those proteins involved in the fusion procedure can be categorized into RANKL-independent or dependent proteins (Figure
1). RANKL-dependent proteins include CD47, CD9/CD81, ATP6V0d2, MFR/SIRPa, OC-STAMP, A2A, and DC-STAMP
! whereas CD44 and TREM2 are classified as RANKL-independent proteins . DC-STAMP and ATP6V0d2 are directly
regulated by the transcription factor NFATc1; other fusion proteins, including MFR/SIRPa, CD9, CD44, E-cadherin, and
meltrin-a, are not regulated by NFATc1 . Otherwise, the number of nuclei in mature osteoclasts positively correlates with
their bone resorption capacity; larger volume osteoclasts exhibit high resorption ability. Breaking the fusion or multinucleation
process in osteoclasts can lead to decreased bone resorption, resulting in high bone mineral density (BMD) . Research shows

[6,7]

that RANKL-mediated caspase-8 activation is an early key event in osteoclast fusion ™", accompanied by the activation of

1-
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certain molecules related to apoptotic mechanisms . This fusion process requires specific molecules, such as Dendritic Cell-
Specific Transmembrane Protein (DC-STAMP) ¥, and the expression of key transcription factors like c-Fos and NFATc1
etc. ) Importantly, differentiating osteoclast precursors undergo mechanical changes, including reduced plasma membrane
tension, which serves as a mechanical prerequisite for cell fusion "*. Furthermore, the nuclear RNA chaperone La protein has

[11]

been identified to possess a novel function in regulating osteoclast fusion" -, indicating that the regulatory network of fusion

is far more complex than previously understood.

RANKL-dependent

Am\vom
DC-STAMP
( ch ]

OC-STANP

Figurel. RANKL-dependent proteins and the role they plays in the osteoclast differentiation stage.
Note: In response to RANKL stimulation, the expression of CD47, CD9/CD81, ATP6V0d2, MFR/SIRPa, OC-STAMP, A2A and DC-STAMP

increases, ATP6V0d2 and DC-STAMP directly regulated by transcription factor NFATc1.

1.2. Clinical translational value of molecular mechanism research

Investigating the molecular mechanisms of osteoclast fusion holds significant clinical translational value. DC-STAMP-
deficient mice exhibit an osteopetrotic phenotype !'”, suggesting that targeting fusion regulation could be a novel strategy
for treating bone metabolic diseases. Current clinical drugs often completely inhibit osteoclast function, disrupting

normal bone turnover ¥

, Whereas specifically regulating precursor cell fusion might be more suitable for maintaining
bone homeostasis "*!. Studies have attempted to use engineered bacteria for the targeted delivery of the osteoclast
precursor fusion protein DC-STAMP ", demonstrating good bone-targeting capability. Furthermore, regulating fusion-
related molecules like NFATc1 and DC-STAMP can effectively inhibit pathological bone resorption ">, providing
new therapeutic targets for osteolytic diseases such as osteoporosis. These findings highlight the importance of studying

osteoclast fusion mechanisms for developing precise bone metabolism intervention strategies.

2. Research progress on the core osteoclast fusion molecule DC-STAMP

2.1. Molecular structure and functional characteristics of DC-STAMP

Dendritic Cell-Specific Transmembrane Protein (DC-STAMP) is a key molecule for forming functional multinucleated
osteoclasts !'”. DC-STAMP-deficient mice exhibit an osteopetrotic phenotype under physiological conditions and develop
systemic autoimmune symptoms with age "', This protein is highly expressed on the membrane of osteoclast precursors
and mediates their phagocytosis of apoptotic bodies ' Structurally, DC-STAMP belongs to the seven-transmembrane
protein family, with its extracellular domain involved in intercellular recognition and its intracellular domain participating
in downstream signal transduction """, Functional studies show that DC-STAMP is not only a master regulator of osteoclast
fusion " but also involved in regulating bone resorption function; its expression level increases synchronously with

osteoclast markers (Nfatcl, Acp3, Ctsk, etc.) on stiffer matrix surfaces (3,

R
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2.2. Molecular mechanism of DC-STAMP-mediated cell membrane fusion

DC-STAMP regulates the cell membrane fusion process through a unique molecular mechanism. During the fusion initiation
stage, DC-STAMP promotes the formation of phagocytic cup-like structures between osteoclast precursors !'”. Experiments
confirm that precursors with knocked-down DC-STAMP lose their ability to be phagocytosed !'”. In the membrane fusion
stage, DC-STAMP activates the expression of cytoskeleton-related adhesion molecules (including fibronectin and integrin
avp3), subsequently triggering biochemical signaling cascades involving paxillin, FAK, PKC, and RhoA . Notably,
SNX10 protein-deficient osteoclasts show persistent peripheral aggregation of DC-STAMP, which might be a key reason
for their uncontrolled fusion *”. Besides, immunoreceptor Tyrosine-based Inhibitory Motif (ITIM) in the cytoplasmic
tail of DC-STAMP is a critical regulator of osteoclast differentiation through the Ca?*/NFATc1 signaling axis *'). Using
optogenetic and mutational approaches shows that deletion of the ITIM disrupts intracellular Ca?* flux, impairs NFATc1

nuclear translocation, and reduces osteoclast fusion, bone resorption, and cell motility 21,

2.3. Transcriptional network regulating DC-STAMP expression

DC-STAMP expression is subject to multi-level transcriptional regulation. The RANKL-NFATc1 signaling pathway
upregulates DC-STAMP expression by inducing key transcription factors like c-Fos and NFATc1 #***!, Research indicates
that RANKL-activated JNK, p38, and ERK MAPK signaling pathways, as well as the IkBa degradation pathway, are
upstream events regulating DC-STAMP expression ™. At the epigenetic level, the histone modification enzyme Ctsk
might affect the chromatin accessibility of the NFATc1 promoter by regulating H3K27me3 cleavage status, indirectly
modulating DC-STAMP expression **. Additionally, Chi3I1 significantly promotes RANKL-induced upregulation of DC-
STAMP expression by activating the MAPK (ERK/P38/INK) and AKT pathways .

2.4. Synergistic effects of DC-STAMP with other fusion-related proteins

DC-STAMP forms a functional synergistic network with various fusion-related proteins. Studies found correlations
between the expression levels of DC-STAMP and the co-receptor CCR5, as well as tetraspanins CD9 and CD81 . At
the signaling level, DC-STAMP, together with transcription factors like NFATc1 and c-Fos, constitutes the core regulatory
module for osteoclast fusion *”. Experimental evidence shows that inhibiting DC-STAMP simultaneously downregulates
the expression of osteoclast-specific marker genes such as ATP6VOD2 and CtsK ****). In inflammatory arthritis models,
DC-STAMP interacts with the TNF-a signaling pathway, jointly regulating synovitis and bone erosion progression >*.
Furthermore, recent studies reveal that SARS-CoV-2 variants can upregulate osteoclastogenesis-related genes like DC-

STAMP, promoting RANKL-independent osteoclast formation .

3. Discovery and functional validation of novel regulatory proteins

3.1. Role of la protein in precursor recognition

La is generally recognised as an abundant and ubiquitous RNA-binding protein, also known as LARP3 and La autoantigen "
The most extensively studied function of nuclear La is its role in protecting precursor tRNAs from exonuclease digestion.
This is achieved through specific interactions between La’s highly conserved N-terminal La domain and the 3’ ends of
tRNA. La protein exhibits unique regulatory functions during osteoclast precursor fusion. In the initial stage of monocyte
differentiation into osteoclasts, La protein levels decrease significantly >, As the fusion process initiates, a low

", This non-classical form of La protein anchors

molecular weight form of La protein reappears on the osteoclast surface
to transiently exposed phosphatidylserine on the fusing cell surface by directly interacting with membrane-anchored
Annexin A5 ™", Notably, the function of La protein in promoting osteoclast fusion is independent of its classical RNA-
binding activity ™', Reactive Oxygen Species (ROS) signaling regulates the subcellular localization and functional switch
of La protein by oxidizing cysteine residues at its C-terminus, leading to the formation of this fusion-promoting atypical La

protein form ™',
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La was present in primary human monocytes but virtually absent in m-CSF-derived osteoclast precursor cells.
However, following rankl-induced osteoclastogenesis, La protein reappeared on the surface of fused osteoclasts. As
osteoclast fusion entered the stable phase, LMW La was observed to gradually disappear, and higher molecular weight
phosphorylated full-length La protein (FL-La) was observed in the nuclei of mature multinucleated osteoclasts. Inhibition
of La expression, cleavage, or surface function impedes osteoclast fusion, whereas the addition of exogenous La facilitates
osteoclast fusion. In fact, the carboxy-terminal portion of La promotes human osteoclast fusion, unlike the classical
function of La """, Osteoclasts secrete factors that regulate osteoblast activity **. The targeted blockade of the RANKL
pathway may impede osteoclast-osteoblast signalling, whereas the targeting of La to inhibit the fusion phase of osteoclast
formation may simultaneously preserve osteoclast differentiation capacity and maintain this osteoclast-osteoblast crosstalk
within bone remodelling lesions.

3.2. Spatial regulatory role of the CD47-SIRPa signaling axis

The CD47-SIRPa signaling axis plays an important spatial regulatory role in osteoclast fusion. CD47, a transmembrane
protein, interacts with the SIRPa receptor expressed on osteoclast precursor surfaces ™***, transmitting intercellular
recognition signals .

In the immune system, CD47-SIRPa interaction generates a “don’t eat me” signal "**”; this mechanism might
participate in regulating the recognition and contact of precursor cells during osteoclast fusion. The SIRPa receptor belongs
to the immunoreceptor tyrosine-based inhibitory motif (ITIM)-bearing receptor family; its N-terminal Ig-like domain
triggers downstream signaling upon binding to CD47 "**. Studies indicate that CD47-SIRPo. interaction can influence cell
metabolism by regulating JAK/STAT and ERK/MAPK signaling pathways . Additionally, this signaling axis can activate
the Hedgehog/SMAD pathway and regulate NF-kB activity *, potentially forming a multi-layered regulatory network in
osteoclast fusion. CD47 could facilitate leukocyte chemotaxis and migration by binding receptor MFR. Furthermore, blocking
CD47/SIRPa. recognition with monoclonal antibodies significantly inhibits osteoclast maturation “*. In RANKL-treated
BMMs, CD47/ cells generate significantly fewer TRAP* osteoclasts than wild-type controls "***. Similarly, CD47 /- mice
exhibit a clear reduction in TRAP* osteoclasts in vivo **. CD47 inhibition decreases fusion events between mononuclear

OCPs and between binuclear osteoclasts, without affecting fusion involving osteoclasts with three or more nuclei “**"’,

3.3. Other identified new regulatory factors

Besides the aforementioned proteins, various other novel regulatory factors are involved in osteoclast fusion. ROS signaling
has been confirmed to promote osteoclast fusion and bone resorption activity ™", During differentiation, ROS signaling
regulates the subcellular localization and functional switch of La protein via redox-sensitive cysteine residues "*'. Furthermore,
Annexin A5, as an anchoring protein for La protein, forms functional complexes on transiently exposed phosphatidylserine on the
fusing cell surface """". Recent studies also found that caspase-8 activation is an early key event in osteoclast fusion ¥, suggesting
that proteins associated with programmed cell death might also regulate the fusion process. These newly discovered
regulatory factors collectively constitute a complex regulatory network for osteoclast precursor fusion.

4. Cascade signaling network in osteoclast fusion

4.1. Central role of the RANKL-NFATCc1 signaling pathway

The RANKL/RANK signaling pathway is the core cascade regulating osteoclast differentiation, with NFATc1 acting as a
pivotal transcription factor **'. Studies show that NFATc1 activation is regulated through three aspects: direct activation by
the upstream RANKL/RANK signaling pathway, amplification by Ca?'-related co-stimulatory signals, and positive feedback
regulation at the NFATc] transcriptional level itself . Mechanistically, RANKL stimulation promotes the non-apoptotic
cleavage of downstream effector molecules via caspase-8 activation, an early event critical for osteoclast fusion ***”. Single-
cell RNA sequencing analysis confirms that NFATc1-associated super-enhancers (SEs) and their resulting enhancer RNAs

4.
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(eRNAs) play key regulatory roles in osteoclast differentiation; interfering with these elements significantly reduces NFATc1
expression and osteoclast differentiation capacity *”. Moreover, various inhibitors like PLM and mussaendoside O block
osteoclast formation by inhibiting the RANKL-induced p38/JINK-cFos/NFATc] signaling cascade °"**.

4.2. Enhanced fusion via extracellular signals by collagenase inhibition

Extracellular matrix remodeling plays a significant role in osteoclast fusion. Research suggested that the collagenase inhibitor CA
significantly inhibits RANKL-induced actin ring formation, osteoclastogenesis, and bone resorption function *”. Its mechanism
involves two aspects: On the one hand, it suppresses RANKL-induced ROS production by elevating antioxidant enzyme
levels like catalase and NQO1; on the other hand, it interferes with the fusion process by modulating the expression of key
proteins such as integrin avp3, NFATc1, and Cathepsin K (CTSK) " Notably, CA has no significant effect on cortical
bone, suggesting its potential as a candidate drug for targeted therapy of bone metabolic diseases due to this selective

action """,

4.3. Molecular basis of stage-specific regulation by IFNyR

Interferon-y receptor (IFNYR) regulation of osteoclast fusion exhibits a unique stage dependency . In early osteoclast
precursor stages, IFNyR activation completely inhibits multinucleated osteoclast formation; whereas, in immature
osteoclast stages, the same activation further enhances cell fusion **. The molecular basis for this biphasic regulation lies
in the differential downstream activation of MAPK pathways: IFNyR activation in early precursor cells induces FcyR
expression, a co-regulatory phenomenon dependent on MAPK signaling. Phosphokinase array analyses reveal significant
differences in IFNyR signal transduction between precursor cells and immature osteoclasts, providing new insights into the

dynamic regulation of bone resorption under inflammatory conditions ',

4.4. Association between Metabolic Reprogramming (PKM?2) and fusion capacity

Pyruvate Kinase M2 (PKM2), a key molecule in metabolic reprogramming, has been identified as a novel switch regulating
osteoclast differentiation ®*. Immunoglobulin superfamily member 11 (IgSF11) regulates osteoclast differentiation in
a PKM2-dependent manner by interacting with the postsynaptic scaffolding protein PSD-95. Experiments confirm that
inhibiting PKM2 activity with the specific inhibitor Shikonin rescues the osteoclast differentiation defect in IgSF11-
deficient cells, while the activator TEPP46 inhibits osteoclast differentiation in wild-type cells °*. More importantly,
PKM?2 activation inhibits osteoclast-mediated bone loss without affecting bone formation, making it a potential target for
treating pathological bone loss due to this selective regulation °*. The link between metabolic reprogramming and cell
fusion capacity is also reflected in PKM2’s influence on the expression of fusion-related proteins like DC-STAMP via
regulating NFATc] activity ">

5. Dynamic regulatory mechanisms of the fusion process

5.1. Molecular events in precursor chemotaxis and initial contact

The chemotaxis and initial contact of osteoclast precursors are critical initiating steps of the fusion process. Studies
indicate that RANKL-mediated caspase-8 activation is a core molecular event at this stage . Single-cell RNA sequencing
analysis shows that partial activation of apoptotic mechanisms accompanies the differentiation of osteoclast precursors into
mature multinucleated osteoclasts **'. Caspase-8 activation promotes the non-apoptotic cleavage of downstream effector
molecules, which subsequently translocate to the plasma membrane, triggering the activation of phospholipid scramblase
Xkr8 ' Xkr8-mediated phosphatidylserine exposure provides the molecular basis for mutual recognition and initial
contact between precursor cells . Additionally, the binding of Siglec15 to TLR2 has been confirmed as an indispensable

cell recognition mechanism in RANKL-mediated osteoclast formation ..
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5.2. Molecular switches in the membrane fusion execution stage

The membrane fusion execution stage is precisely regulated by various molecular switches. Research finds that
decreased plasma membrane (PM) tension is a mechanical prerequisite for osteoclast fusion '”. During RANKL-induced
differentiation, reduced ezrin expression in fusion-committed progenitors leads to Membrane-Cortex Attachment (MCA)-
dependent PM tension reduction*""). Artificially increasing PM tension inhibits cell fusion. Furthermore, La protein plays
a key role at this stage, reappearing on the osteoclast surface in a low molecular weight form and anchoring to transiently
exposed phosphatidylserine on fusing cell surfaces via direct interaction with Annexin A5, thereby promoting fusion ">\
Notably, La protein’s fusion-promoting role is independent of its classical RNA-binding function.

5.3. Regulation of multinucleation maintenance and functional polarization

The maintenance of the multinucleated state and functional polarization involves complex regulatory networks.
Research finds that dynamic changes in O-GIcNAcylation are crucial for osteoclast maturation: increased
O-GlcNAcylation in early stages promotes differentiation, while its downregulation later favors maturation 7. In
inflammatory arthritis, TNFo. promotes osteoclastogenesis by regulating the dynamic changes of O-GlcNAcylation "
Additionally, ROS signaling and the atypical low molecular weight form of La protein jointly promote osteoclast fusion
and bone resorption function"". Abnormal expression of SELENOW protein also affects cell fusion; its overexpression
stimulates cell fusion, crucial for osteoclast maturation, while its deficiency inhibits osteoclast formation B8 These findings

collectively reveal a multi-layered regulatory mechanism for maintaining multinucleation and functional polarization.

6. Research models and technological methodological breakthroughs

6.1. Optimization and standardization of in vitro fusion models

Significant progress has been made in recent years in optimizing in vitro osteoclast fusion models. Researchers have
established standardized culture systems based on bone marrow-derived macrophages (BMMs) and RAW264.7
monocytic cells by optimizing culture conditions " Particularly noteworthy is the finding that modulating the stiffness of
polydimethylsiloxane (PDMS) substrates significantly influences osteoclast differentiation progression; stiffer substrates
accelerate differentiation, manifested by morphological changes and enhanced fusion/division activity "', Regarding
model standardization, studies confirm that RANKL-mediated caspase-8 activation is an early key event in osteoclast
fusion ", providing an important basis for selecting molecular markers in vitro. Furthermore, interference experiments
confirm that reduced plasma membrane (PM) tension is a mechanical prerequisite for osteoclast fusion ", a discovery
offering new standards for setting mechanical parameters in vitro models.

6.2. Application advances in high-resolution imaging technologies

High-resolution imaging technologies have played a pivotal role in osteoclast fusion research. Scanning electron
microscopy has successfully revealed the fine morphological characteristics of tunneling nanotubes (TNTs) during
osteoclastogenic fusion ”. These actin-based membrane structures are confirmed to participate in the cell-cell fusion
process between osteoclast precursors and multinucleated osteoclast-like cells, allowing observation of membrane
vesicle and nuclear movement "', Two-photon microscopy live imaging enables real-time visualization of immune cell
dynamics within the synovial microenvironment ', providing a powerful tool for studying osteoclast fusion behavior in
physiological contexts. Notably, these imaging techniques have also revealed the spatial localization characteristics of La

protein reappearing on the osteoclast surface as a low molecular weight species promoting fusion .,

6.3. Application of single-cell omics in mechanism studies
Single-cell RNA sequencing (scRNA-seq) technology has greatly advanced the understanding of osteoclast fusion
mechanisms. This technology successfully identified specific macrophage subpopulations in joints that differentiate into

-6-



2025 Volume 6, Issue 4

pathological mature osteoclasts '”. In a rheumatoid arthritis (RA) mouse model, scRNA-seq library analysis revealed a
novel RANK+TLR2+ monocyte population . Integrated multi-omics analysis combined with single-cell technology
has uncovered the transcriptional and epigenetic mechanisms guiding the continuous fusion process of osteoclasts
from monocytes in adulthood . These technologies also confirmed that partial activation of apoptotic mechanisms
accompanies the differentiation of osteoclast precursors into mature multinucleated osteoclasts *', providing new
perspectives for understanding the molecular basis of fusion.

6.4. Value of gene editing technologies in mechanism elucidation
Gene editing technologies have become essential tools for studying osteoclast fusion mechanisms. Specific knockout of the
chromatin remodeler Aridla in bone marrow-derived macrophages (BMDMs) inhibits cell-cell fusion and maturation of

[65]

osteoclast precursors "'. RNA interference confirmed that reducing plasma membrane tension promotes osteoclast fusion,

whereas forcibly increasing PM tension by enhancing membrane-cortex attachment (MCA) inhibits cell-cell fusion .
Genetic manipulation also revealed the critical regulatory role of Selenoprotein W (SELENOW) in cell-cell fusion during
osteoclast maturation ™", Furthermore, DLEUT silencing was found to hinder the fusion process, leading to the disappearance
of the phagocytic cup fusion pattern and reduced fusion events between mononuclear precursors and multinucleated

osteoclasts ™', These findings highlight the unique value of gene editing technologies in mechanism elucidation.

7. Current controversies and challenges in research

7.1. Controversy regarding the hierarchy of different regulatory factors

There is significant controversy regarding the hierarchical relationship among different regulatory factors in osteoclast fusion.
Although DC-STAMP is widely considered a core molecule *”, recent studies identify RANKL-mediated caspase-8 activation
as a key upstream event °”), suggesting a more complex regulatory hierarchy. Furthermore, multiple studies show NFATc1’s
regulatory effect on DC-STAMP expression %"
the transcription levels of multiple key factors like RANK, NFATc1, and DC-STAMP ", complicating the determination of

causal relationships. Particularly noteworthy is that SARS-CoV-2 variants can even promote RANKL-independent osteoclast

, while HIV infection experiments indicate the virus simultaneously affects

formation !, further challenging the completeness of the existing regulatory network.

7.2. Limitations of species differences on mechanism studies

Species differences pose significant limitations to osteoclast fusion mechanism research. Mouse DC-STAMP deficiency
models exhibit clear osteopetrotic phenotypes **, but the spectrum of manifestations associated with DC-STAMP
mutations in human diseases remains incompletely elucidated. In HIV infection studies, the extent of the virus’s impact

[26]

on osteoclast precursors was found to be closely related to the viral inoculum size ™, and this dose-dependent response

may vary between species. Additionally, studies on TNF-transgenic mouse arthritis models found that the impact of DC-
STAMP deletion on the arthritic phenotype requires accurate evaluation through bone marrow chimera experiments *”),

indicating complex species-specificity in the immune-bone axis regulation.

7.3. Issues with consistency validation between in vivo and in vitro models

Current research exposes significant issues in consistency validation between in vivo and in vitro models. In vitro
experiments show that the IGF-PI3K-AKT pathway influences osteoclast differentiation by regulating marker genes like
DC-STAMP ! but the spatiotemporal specificity of this pathway’s regulation in vivo remains unclear. While scRNA-seq

can reveal the heterogeneity of osteoclast precursor differentiation **”

, in vitro culture systems struggle to fully simulate
the cell interactions within the bone marrow microenvironment. Notably, experiments using engineered E. coli to deliver
DC-STAMP protein show that targeting strategies validated in vitro may produce unexpected bone-targeting effects

in vivo, highlighting the complexity of translational research between models . Furthermore, the role of membrane

-7-
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mechanical properties in fusion revealed by new technologies like optical tweezers requires further validation of their

physiological relevance across different model systems "',

8. Future research directions and technological pathways

8.1. Single-cell resolution strategies for spatiotemporal dynamic regulation

Single-cell RNA sequencing has revealed the activation characteristics of apoptosis-related genes during osteoclast precursor
differentiation ', but the spatiotemporal dynamics of the fusion process require deeper analysis. Future research needs to
integrate single-cell transcriptomics with live-cell imaging to precisely capture molecular events at key fusion nodes (e.g.,
initial contact, membrane fusion execution) . Particular attention should be paid to how RANKL-induced caspase-8
activation spatiotemporally regulates membrane fusion ), and the changes in La protein’s subcellular localization at different
fusion stages ). Developing novel time-resolved single-cell multi-omics technologies holds promise for constructing a

. . .. : 69
continuous differentiation map from mononuclear precursors to mature multinucleated osteoclasts "’

8.2. Al-assisted construction of molecular interaction networks

Existing research indicates that DC-STAMP forms dynamic interaction networks with proteins like Annexin A5 ", but the
hierarchical relationships among various regulatory factors (e.g., Dyrk2 kinase, CD47-SIRPa axis) remain controversial.
Artificial intelligence (Al) can integrate vast omics data to predict the weight of key molecular switches (e.g., Cited2) in the
fusion cascade . Deep learning models can help analyze the synergistic regulation patterns between mechanical signals
(matrix stiffness) and biochemical signals (RANKL pathway) * and predict the regulatory role of membrane trafficking
proteins like Rab11A in later fusion stages "”. Furthermore, based on the hypothesis that ROS signaling regulates La protein

trafficking """, machine learning can be used to build redox-sensitive molecular interaction prediction models.

8.3. Translational medical research pathways targeting fusion regulation

Engineered bacterial vectors (BEV-DCS) have proven capable of targeted delivery of DC-STAMP fusion protein to
precursor cells ), providing proof-of-concept for developing therapies based on membrane fusion inhibitors. Future
translational research should focus on three directions: (1)Developing specific antibodies targeting the low molecular
weight form of La protein ' to block its binding to phosphatidylserine "'"; (2) Utilizing gene editing to construct DC-
STAMP conditional knockout models"® to evaluate the therapeutic differences of intervention at various differentiation
stages; (3) Optimizing biomaterials based on matrix stiffness regulation " to physically intervene in the fusion tendency

of precursor cells. These strategies have clear application prospects for osteoporosis and other osteolytic diseases """,

9. Summary and core biological insights

Current research has established a molecular regulatory framework for osteoclast fusion centered on DC-STAMP. This
framework comprises three key layers: the upstream signal input layer (RANKL-NFATc1 pathway), the core execution
layer (DC-STAMP-mediated membrane fusion), and the auxiliary regulatory layer (including novel regulators like
La protein and Dyrk2 kinase) ">'\. It is particularly noteworthy that RANKL signaling promotes the fusion readiness
of precursor cells in a non-apoptotic manner by activating caspase-8 and other apoptosis-related molecules ">,
Simultaneously, NF-kB and MAPK signaling pathways influence the transcription levels of fusion marker genes like
DC-STAMP by regulating the expression of c-Fos and NFATc1 "*™). These findings collectively depict a multi-layered,
dynamically regulated molecular network, providing a systematic theoretical framework for understanding osteoclast
multinucleation.

Based on fusion mechanism research, DC-STAMP has emerged as the most promising therapeutic target for

translation. Animal experiments show that DC-STAMP deficiency significantly alleviates arthritis symptoms and bone

-8-



2025 Volume 6, Issue 4

erosion in TNF-transgenic mice . In osteoporosis models, engineered bacterial vectors (BEV-DCS) targeting DC-
STAMP demonstrate excellent bone-targeting capability and therapeutic potential ", Furthermore, small molecule
compounds targeting fusion-related signaling pathways (e.g., NF-xB, INK/p38/ERK MAPKSs) can effectively block
pathological bone resorption by inhibiting the NFATc1-DC-STAMP axis >**!. These discoveries provide a molecular
basis for developing therapeutic strategies that specifically intervene in osteoclast fusion, holding significant application
promise, particularly in inflammatory bone diseases and postmenopausal osteoporosis '\

The mechanisms revealed by osteoclast fusion research have broad biological implications. First, the caspase-
8-mediated non-apoptotic cell fusion mechanism might be widely present in multinucleated giant cell formation
processes. Second, the membrane reorganization mechanisms mediated by transmembrane proteins like DC-STAMP
provide important references for understanding other cell fusion phenomena, such as myotube formation and placental
syncytiotrophoblast development. Particularly noteworthy are the metabolic reprogramming features and mechanical
signal sensing capabilities (via the integrin avp3-FAK-RhoA pathway) exhibited during osteoclast fusion, revealing a
deep-level connection between cell fusion and microenvironmental adaptation. These findings expand the understanding
of cell multinucleation phenomena.
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1. Introduction

The hypoxic environment of high altitude is a major challenge for human physiology. Among all the body systems
involved, the gut microbiota is an essential modulator of host physiology, and its dysbiosis is increasingly reported to
be a pivotal factor involved in high altitude responses !". Dysregulated composition and function of microbiota not only
aggravate gastrointestinal symptoms, but also induce further functional damage in remote organs through the “gut-
brain axis” and “gut-lung axis”. Therefore, it is of great importance to elucidate the mechanisms underlying high altitude
hypoxia-induced dysregulation of gut microbiota and host functional impairment. In addition, the study of microbiota
modulation-based intervention is of great theoretical and applied significance for high altitude adaptation, as well as for the
prevention and treatment of altitude illnesses, acute and chronic.
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2. The Impact of high-altitude hypoxia on gut microbiota and human physiology
2.1. Characteristics of high-altitude hypoxia and its effects on human physiology
The most prominent high-altitude condition is the gradual decrease in atmospheric pressure and partial oxygen pressure

with altitude, which causes low oxygen intake. This is the main problem of high-altitude hypoxia. This physical condition
of hypoxia activates a series of complex physiological stress responses in the body (Figure 1).

High-Altitude Hypoxia

N

Physiological Stress.

— 1 T

Acute Symptoms Chronic Pathologies Systemic Dysfunction

/

Gut Microbiota Dysbiosis

/
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\ /
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Figure 1. Mechanism of high-altitude hypoxia impact on human physiology via gut microbiota dysbiosis.

In order to get more oxygen to the vital organs such as the heart and brain, the body compensates for hypoxia by
increasing respiration and heart rate and constricting peripheral blood vessels to redirect blood flow. Meanwhile, the
kidneys release erythropoietin (EPO) to promote hematopoiesis in the bone marrow, increase the number of red blood
cells and the concentration of hemoglobin and improve oxygen intake and transportation *. This compensation may also
bring the potential risk of blood viscosity. In the acute process, the individuals will present typical acute high-altitude
symptoms, such as headache, weakness, sleeplessness and indigestion. In the later period, high altitude can induce chronic
pathological changes, such as high-altitude pulmonary hypertension and polycythemia. Moreover, hypoxia can directly or
indirectly affect the energy metabolism, oxidative stress and immune function, which cause multiple organ dysfunction,
providing a basis for subsequent dysbiosis of gut microbiota.

2.2. Changes in the structure and function of gut microbiota under high-altitude hypoxia

High-altitude hypoxia exerts a substantial and complicated effect on the composition and function of gut microbiota. At the
phylum level, high-altitude hypoxia presents an imbalance in the F/B ratio, in which the relative abundance of Firmicutes
increases while the relative abundance of Bacteroidetes decreases . This change is closely related to energy absorption
disturbance. At the genus level, high-altitude hypoxia causes a substantial decrease in the relative abundance of probiotics,
such as Lactobacillus and Bifidobacterium, which have anti-inflammatory effects and can maintain the intestinal barrier,
while the relative abundance of probiotics may decrease or the relative abundance of pathogenic microorganisms, such
as Desulfovibrio and Escherichia-Shigella, may increase. In addition, high-altitude hypoxia can also affect the metabolic
activity of the microbiota. One aspect is that the relative abundance of metabolites with protective effects on the intestinal
barrier, such as butyrate and propionate, decreases, while the anti-inflammatory action of these metabolites is weakened .
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The other aspect is that the metabolism of amino acids and bile acids is disturbed, and the microbiota may produce more
pro-inflammatory metabolites that participate in systemic inflammatory responses.

2.3. Mechanisms linking gut microbiota dysbiosis to abnormal human physiology

Gut microbiota dysbiosis induces functional dysregulation in the human body via “gut-axis” pathways and cross-talk
with multiple systems. The essence of gut microbiota dysbiosis may be focused on the intestinal barrier damage and the
activation of the inflammatory response *. When gut microbiota dysbiosis is induced by hypoxia damage, the amount of
SCFA decreases, which may lead to energy deficit in colon epithelial cells, down-regulation of expression of tight junction
proteins, increased intestinal permeability, and “leaky gut.” Endotoxin (such as lipopolysaccharide, LPS) and other
microbiota metabolites translocate into the blood and cause a low-grade whole-body inflammatory state. Inflammatory
mediators not only directly damage the function of target tissues, but also affect the central nervous system through the
“gut-brain axis” and aggravate cognitive dysfunction and mood disorders *'. In addition, microbiota dysbiosis may increase
metabolic burden in the liver and disturb immune homeostasis in the whole body. At the same time, the disturbance
of microbiota metabolites, such as bile acid and tryptophan metabolites, may also interfere with energy metabolism,
neuroendocrine regulation, and immune regulation of the host. These vicious cycles finally lead to dysfunction of the gut
and digestive system, immune system, nervous system, and metabolic system.

3. Microbiota regulation-based strategies for functional repair under high-altitude
hypoxia

3.1. Nutritional intervention and dietary adjustment strategies

Nutritional intervention and dietary regulation are two repair strategies that focus on enhancing gut microbiota homeostasis
and recovery of human physiological functions in hypoxic environments at high altitudes. The essential principle of
these strategies is to provide adequate dietary support to supply nutrients for beneficial bacteria and to simultaneously
reduce the gastrointestinal burden. One fundamental strategy is to increase the intake of complex carbohydrates
and dietary fibers, such as whole grain, vegetables, and fruits ‘. These foods act as prebiotics that are preferentially
fermented by beneficial gut bacteria (mainly Bifidobacterium and Lactobacillus) to produce short-chain fatty acids
(SCFAs), which can further repair the intestinal barrier, suppress inflammation, and regulate energy metabolism.
In addition, an adequate amount of high-quality protein should be consumed to maintain tissue repair and immune
function; meanwhile, the intake of red meat, which may stimulate the growth of harmful bacteria, should be reduced.
Moreover, the intake of foods or supplements rich in polyunsaturated fatty acids (e.g., Omega-3) should be increased
to reduce inflammatory responses ". Adequate intake of vitamins (e.g., Vitamin D, C, and E) and trace elements (e.g.,
zinc and iron) is essential to reduce oxidative stress and maintain the normal function of both the microbiota and host cells.
Only with a well-balanced dietary structure can the study improve our gut microenvironment and lay the foundation for
implementing other repair strategies.

3.2. Application of probiotics and prebiotics

The use of probiotics and prebiotics is a precise approach to directly regulate the composition of gut microbiota and
stimulate the proliferation of beneficial microbiota through exogenous supplementation (Figure 2). Probiotics are viable
microorganisms that can provide a health benefit to the host at a defined dose, usually Bifidobacterium and Lactobacillus
81 At high altitude, taking specific probiotics can directly supplement beneficial microbiota, compete with pathogenic
microbiota for colonization sites, and keep the microbiota in a balanced state through their metabolic products, such as
bacteriocins. More importantly, probiotics can improve the intestinal epithelial barrier, reduce endotoxin translocation,
and regulate the host’s immune response, thereby eliminating systemic inflammation. Prebiotics are non-digested dietary
substances (such as inulin and oligosaccharides) that can serve as “fuel” and selectively stimulate the proliferation and
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activity of beneficial microbiota . When probiotics and prebiotics are used in combination, they often exhibit synergistic
effects, and the overall effect of altering the microbiota structure and producing short-chain fatty acids is more pronounced,
which can systematically regulate digestive, immune and metabolic abnormalities caused by high-altitude hypoxia. This is
an effective and safe approach to microbiota manipulation.

PROBIOTICS & PREBIOTICS
SUPPLEMENTATION

PROBIOTICS PREBIOTICS
Bifidobacterium Inulin
Lactobacillus | Oligosaccharides
Supplement beneficial Compete with Produce Stimulate beneficial Serve as microbial
microbiota pathogens bacteriocins microbiota fuel
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—_— ~ — S
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Figure 2. Mechanism of probiotics and prebiotics in regulating gut microbiota dysbiosis under high-altitude hypoxia.

3.3. Traditional Chinese Medicine (TCM) regulation strategy

The strategy of TCM regulation is based on the holistic view and differential treatment principle, and uses multiple
components and multi-target actions to regulate microbiota dysbiosis induced by high-altitude hypoxia through the
spleen and stomach dysfunction, qi and blood imbalance. According to the TCM theory, “high-altitude insufficient clear
qi” would impair the spleen and stomach qi and cause “spleen dysfunction in transportation” and “poor gastric intake”,
and then regulate the transformation of “food essence” and nourish the whole body, which is the TCM pathophysiology
of microbiota dysbiosis "”. Therefore, the therapeutic strategy usually focuses on “tonifying qi, strengthening the
spleen, harmonizing the stomach, expelling dampness, and promoting blood circulation”. TCM herbs like Astragalus
and Codonopsis can enhance the anti-hypoxia capacity and metabolic ability of the body. Poria and Atractylodes can
regulate the spleen and stomach dysfunction and restore the function of transportation and absorption, and then improve
the internal environment. Rhodiola and other herbs that tonify qi and promote blood circulation can enhance the body’s
oxygen transport and microcirculation. These compound herbal medicines and their active ingredients (polysaccharides,
flavonoids, and saponins) can directly regulate the composition of gut microbiota and promote the growth of beneficial
bacteria and inhibit the growth of harmful microbes. Meanwhile, they can also improve the anti-inflammatory, antioxidant,
and gut barrier repair functions, and then adjust the “gut-lung” and “gut-brain” axis by these multiple ways and improve
the functional interactions of the axis by TCM strategy, so as to regulate microbiota and enhance the ability of the body to
adapt to high-altitude hypoxia.

3.4. Combined application of exercise and adaptation training

Strategically combining exercise and adaptation training comprehensively improves the body’s repair capacity and
overall hypoxic tolerance through physiological reconstruction of higher hypoxic tolerance, and directly adjusts gut
microbiota by proactive intervention through regulating the gut microbiota—host interaction. This strategy is based on a
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scientific and gradual approach. Pre-adaptation training (intermittent hypoxic training) before ascent to a high-altitude
environment activates the HIF signaling pathway, improves cardiopulmonary function, enhances the ability of red blood
cells to carry oxygen and improves the body’s own resistance to oxidative damage, and thus creates a physiological basis
for adapting to real high-altitude environment. After arriving at high altitude, individualized, moderate-intensity regular
exercise (brisk walking, jogging, yoga) can improve intestinal peristalsis, promote the circulation of abdominal blood and
protect intestinal barrier function and microbiota transport, creating a better mechanical and chemical environment for the
proliferation of beneficial bacteria. Regular exercise can increase the amount of short chain fatty acid-producing bacteria
and decrease the amount of inflammatory factors. Meanwhile, exhaustive exercise of high intensity may further damage
the intestinal mucosa and induce ischemia, increase oxidative stress and aggravate microbiota homeostasis imbalance.
Therefore, combining scientific exercise and stepwise adaptation training can improve the physiological function, maintain
the internal environment and provide a better guarantee for microbiota reconstruction.

4. Application and prospects of high-altitude gut microbiota regulation strategies

Although the results of various intervention strategies for regulating gut microbiota at high altitude show some
potential, their effects are significantly limited, and further comprehensive assessment is warranted. Nutritional dietary
regulation is the most basic support method and is highly safe with easy implementation; however, its effects are low and
gradually manifested based on the dependence of individuals’ long-term compliance. The effects of probiotic/prebiotic
intervention on regulating gut microbiota are evident in terms of enhancing the proportion of certain microbiota (such
as Lactobacillus and Bifidobacterium) and ameliorating gastrointestinal hypoxia symptoms; however, the effects of
this intervention are strain-specific and highly individualized. The long-term safety of this intervention and its effect
on native microbiota remain unclear. The advantage of TCM formulations lies in their multi-target regulation, and they
have a long history of application in ameliorating hypoxia symptoms and gastrointestinal function ', However, the
advantages of TCM intervention are obscured by its composition complexity and unclear action mechanism, and the
effect of TCM on microbiota is unclear. Furthermore, large samples and RCTs are lacking, making it difficult for TCM
to be accepted by evidence-based medicine. The standardization and dose determination are also challenging issues for
its widespread application. Exercise and adaptation training offer the most basic benefits; however, their application is
limited by individuals’ fitness levels and training conditions, and inappropriate exercise may increase the body’s burden. In
summary, existing strategies are single interventions without microbiota-based combinatory treatment based on individual
differences, and their long-term effect and cost-effectiveness should be further assessed by comprehensive clinical studies.

5. Conclusion

In summary, high-altitude hypoxia causes obvious dysbiosis of gut microbiota and further leads to multisystem dysfunction
via the “gut-organ axis.” Nutritional regulation, probiotic/prebiotic intake, TCM regulation, and scientific exercise mode
exhibit great potential in regulating dysbiotic gut microbiota and physiological function. In the future, researchers should
focus on the “personalized medicine” principles to explore the underlying mechanisms in more detail and advance the
development and translation of precise and effective microbiome intervention strategies. This will offer more theoretical

basis and practical guidance for high altitude residents to maintain their health.
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Abstract: Objective: To explore the value of using chemiluminescence immunoassay to detect six sex hormones in the diagnosis
and treatment of gynecological endocrine diseases, and to compare it with the indicators of healthy women. Methods: 50 patients
with gynecological endocrine diseases admitted to our hospital from January 2022 to December 2023 were selected as the disease
group, and 50 healthy women who underwent physical examinations in our hospital during the same period were selected as the
healthy group. Chemiluminescence immunoassay was used to detect six sex hormones (follicle-stimulating hormone, luteinizing
hormone, estradiol, progesterone, testosterone, and prolactin) in the two groups of research subjects, and the test results of the two
groups were compared. Results: The levels of follicle-stimulating hormone, luteinizing hormone, testosterone and prolactin in the
disease group were higher than those in the healthy group, while the levels of estradiol and progesterone were lower than those in
the healthy group, and the differences were statistically significant (P < 0.05). Conclusion: The detection of six sex hormones by
chemiluminescent immunoassay is of great value in the diagnosis and treatment of gynecological endocrine diseases. By comparing
with the indicators of healthy women, it can provide a reliable basis for the diagnosis and treatment of diseases.

Keywords: Chemiluminescence immunoassay; Six items of sex hormones; Gynecological endocrine diseases; Healthy women;
Diagnostic and therapeutic value
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1. Introduction

Gynecological endocrine diseases are very common among women, including polycystic ovary syndrome, premature
ovarian failure, and dysfunctional uterine bleeding. They can damage women’s health and affect fertility !". Sex hormones
have a great role in regulating female growth, development and reproductive functions, and abnormal levels are closely
related to gynecological endocrine diseases. Chemiluminescence immunoassay has high sensitivity and specificity, and
is widely used in hormone detection. Nowadays, women’s life pressure is increasing, environmental factors have become
complex, and the incidence of gynecological endocrine diseases is increasing every year, causing troubles for many

women’s lives. Early and accurate diagnosis and timely treatment are key to improving the prognosis of patients with
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such diseases, and finding a reliable detection method is an important prerequisite for achieving this goal. Some previous
detection methods were either insufficiently sensitive or cumbersome to operate, making it difficult to meet clinical needs.
The emergence of chemiluminescence immunoassay provides the possibility to solve these problems, and it can accurately
detect subtle changes in sex hormones. Based on these circumstances, this study used chemiluminescence immunoassay
to detect six sex hormones in patients with gynecological endocrine diseases and healthy women. 50 patients with
gynecological endocrine diseases admitted to our hospital from January 2022 to December 2023 were selected as the
disease group. At the same time, 50 healthy women who underwent physical examinations in our hospital during the same
period were selected as the healthy group. The results were compared and analyzed to clarify the value of this method in
the diagnosis and treatment of gynecological endocrine diseases and provide some clinical reference.

2. Materials and methods

2.1. General information

Fifty patients with gynecological endocrine diseases admitted to our hospital from January 2022 to December 2023 were
selected as the disease group, and 50 healthy women who underwent physical examinations in our hospital during the
same period were selected as the healthy group. The age of the disease group was 22—55 years old, with an average age
of (35.26 + 6.38) years old; the age of the healthy group was 21-56 years old, with an average age of (34.89 & 5.97) years
old. Comparing the general data of the two groups, the difference was not statistically significant (P > 0.05) and was
comparable. Inclusion criteria: (1) The disease group met the diagnostic criteria for gynecological endocrine diseases; (2)
The healthy group had no gynecological diseases and endocrine-related diseases; (3) All research subjects gave informed
consent. Exclusion criteria: (1) People with severe liver and kidney dysfunction; (2) People who have recently used drugs
that affect sex hormone levels; (3) Women who are pregnant or lactating.

2.2. Method

Both groups of research subjects drew 3 ml of venous blood in the early morning on an empty stomach. After centrifuging
the serum, chemiluminescence immunoassay was used to detect six sex hormones, including follicle-stimulating hormone,
luteinizing hormone, estradiol, progesterone, testosterone, and prolactin. The detection instrument is the Abbott 12000
chemiluminescent immunoanalyzer, and the reagents match the original reagents. The operation should be strictly carried
out in accordance with the instructions of the instrument and reagents.

2.3. Observation indicators
The levels of six sex hormones (follicle-stimulating hormone, luteinizing hormone, estradiol, progesterone, testosterone,
and prolactin) of the two groups of research subjects were compared.

2.4. Statistical methods
Data were analyzed using SPSS24.0. t-test for measurement data; y? test for count data. P < 0.05 represents a significant

difference.

3. Results

3.1. Comparison of follicle-stimulating hormone and luteinizing hormone levels between the two
groups

The levels of follicle-stimulating hormone and luteinizing hormone in the disease group were higher than those in the
healthy group (P < 0.05) (Table 1).
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Table 1. Comparison of follicle-stimulating hormone and luteinizing hormone levels between the two groups (mean = SD,

mlU/mL)

Group Follicle-stimulating hormone Luteinizing hormone
Healthy group (50) 6.23 £1.56 5.89+142
Disease group (50) 12.56 £3.21 10.32+2.87

t 12.541 9.783
P 0.000 0.000

3.2. Comparison of estradiol and progesterone levels between the two groups
The levels of estradiol and progesterone in the disease group were lower than those in the healthy group (P < 0.05) (Table 2).

Table 2. Comparison of estradiol and progesterone levels between the two groups (mean + SD, estradiol: pg/mL;
progesterone: ng/mL)

Group Estradiol (pg/mL) Progesterone (ng/mL)
Healthy group (50) 156.32 +32.45 8.23+2.15
Disease group (50) 89.65 £25.32 3.56+1.23

t 11.454 13.332
P 0.000 0.000

3.3. Comparison of testosterone and prolactin levels between the two groups
The testosterone and prolactin levels in the disease group were higher than those in the healthy group (P < 0.05) (Table 3).

Table 3. Comparison of testosterone and prolactin levels between the two groups (mean + SD)

Group Testosterone (ng/dL) Prolactin (ng/mL)
Healthy group (50) 4523 +8.65 15.67 +4.23
Disease group (50) 78.56 +12.34 32.45+7.89

t 15.639 13.254
P 0.000 0.000

3. Discussions

The occurrence and development of gynecological endocrine diseases are closely related to sex hormone level disorders, so
accurate detection of sex hormone levels is very important for disease diagnosis, treatment and prognosis assessment. As
an advanced detection technology, chemiluminescence immunoassay combines the high sensitivity of chemiluminescence
and the high specificity of immunoassay, and can quickly and accurately detect trace amounts of sex hormones in the body,
thereby providing strong technical support for the diagnosis and treatment of gynecological endocrine diseases.

Judging from the results of this study, the follicle-stimulating hormone level in the disease group was significantly
higher than that in the healthy group. The main function of follicle-stimulating hormone is to promote the development
and maturation of follicles. In diseases such as ovarian hypofunction, because the ovary is less sensitive to follicle-
stimulating hormone, the body will secrete more follicle-stimulating hormone to promote follicle development, resulting
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in an increase in its level. For example, in patients with premature ovarian failure, the number and quality of follicles in
the ovaries are reduced, which will cause the level of follicle-stimulating hormone to rise significantly. This is also one
of the important indicators for the clinical diagnosis of premature ovarian failure. Detecting follicle-stimulating hormone
through chemiluminescence immunoassay can promptly detect abnormal changes in its levels, providing a reliable basis
for the diagnosis of ovarian function-related diseases. For some patients with ovarian hypofunction who have no obvious
early symptoms, this detection method can detect the problem earlier, allowing the patient to receive treatment in time and
delay the progression of the disease. The level of luteinizing hormone in the disease group was also higher than that in
the healthy group. Luteinizing hormone plays a key role in ovulation and can promote the formation of the corpus luteum
and the secretion of progesterone. In patients with polycystic ovary syndrome, elevated luteinizing hormone levels are
common, which is related to dysregulation of the hypothalamic-pituitary-ovarian axis. Excessive luteinizing hormone
levels will affect the normal development of follicles and ovulation, leading to irregular menstruation and infertility in
patients. Accurate detection of luteinizing hormone levels with the help of chemiluminescence immunoassay can help
diagnose and evaluate diseases such as polycystic ovary syndrome. It can also provide a reference for the formulation of
subsequent treatment plans, such as regulating luteinizing hormone levels with drugs to restore normal ovulation function
in patients. In clinical practice, many patients with polycystic ovary syndrome are troubled by abnormal ovulation. With
accurate luteinizing hormone test results, doctors can use medications more targeted to improve treatment effects.

Estradiol is the main estrogen and plays an important role in the development and maintenance of female reproductive
organs. In this study, the estradiol level in the disease group was lower than that in the healthy group, which is common
in diseases such as ovarian hypofunction and menopausal syndrome. Reduced estradiol levels can lead to thinning of
the endometrium, menstrual disorders, and, in severe cases, affect fertility. Using chemiluminescence immunoassay to
detect estradiol levels can clearly reflect the estrogen status in the body, which is of great significance for judging ovarian
function and assessing the health status of menopausal women. During treatment, the dose of estrogen supplementation
therapy can also be adjusted by monitoring estradiol levels to achieve the best effect. For menopausal women, appropriate
estrogen supplementation is very important, not only to relieve uncomfortable symptoms but also to avoid overdosing, and
accurate estradiol detection is an important basis for adjusting the dosage.

Progesterone is mainly secreted by the corpus luteum, and its level is closely related to the function of the corpus
luteum. The progesterone level in the disease group was lower than that in the healthy group, suggesting that the luteal
function may be insufficient. Insufficient luteal function will affect the implantation of the fertilized egg and maintenance
of pregnancy, and can easily lead to miscarriage, shortened menstrual cycle, etc.” Detecting progesterone levels by
chemiluminescence immunoassay can promptly detect abnormal luteal function and provide assistance in the diagnosis
and treatment of infertility, habitual abortion, and other diseases. In clinical treatment, doctors can timely supplement
progesterone based on progesterone level testing results to improve pregnancy success rates and reduce miscarriage. Many
patients with habitual miscarriage have insufficient luteal corpus function. After timely supplementation of progesterone,
the pregnancy success rate is significantly improved. Although testosterone is an androgen, it is also present in women’s
bodies to a certain extent. Excessive levels can have adverse effects on women’s reproductive functions and appearance.
Testosterone levels in the disease group in this study were higher than those in the healthy group, which is common in
patients with polycystic ovary syndrome. Excessive testosterone can inhibit ovulation, leading to irregular menstruation,
hirsutism, acne, etc. Chemiluminescence immunoassay can accurately detect subtle changes in testosterone levels, which
is important for the diagnosis and monitoring of polycystic ovary syndrome. During treatment, the therapeutic effect can
be evaluated by monitoring testosterone levels, such as using anti-androgens to see if testosterone levels decrease, and
then adjusting the treatment plan. For polycystic ovary syndrome patients with symptoms such as hirsutism and acne,
reducing testosterone levels can effectively improve these external manifestations and improve the patient’s quality of
life. The main function of prolactin is to promote mammary gland development and milk secretion. Increased levels of
prolactin will inhibit gonadal axis function, leading to menstrual disorders, amenorrhea, infertility, etc. . The prolactin
level in the disease group was higher than that in the healthy group, which may be related to pituitary microadenoma, drug
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effects, etc. The chemiluminescent immunoassay method has high sensitivity for detecting prolactin and can promptly
detect abnormalities in its levels, providing a basis for the diagnosis of prolactinoma and other diseases. For gynecological
endocrine diseases caused by excessive prolactin levels, the treatment effect can be evaluated by detecting prolactin
levels. For example, after using drugs such as bromocriptine, it is necessary to see whether prolactin returns to normal to
determine whether the treatment is effective. Some patients experience amenorrhea due to excessive prolactin. After drug
treatment, as prolactin levels decrease, menstruation can gradually return to normal.

The chemiluminescent immunoassay method has many advantages in detecting six sex hormones. The detection
speed is fast, and the results can be produced in a short time, which meets the needs of rapid clinical diagnosis. The
test results have good reproducibility, and there is little difference in test results at different times and different batches,
ensuring accuracy and reliability . Compared with other detection methods, it does not require cumbersome operating
steps, has a high degree of automation, reduces the impact of human factors on the detection results, and improves
detection efficiency. These advantages make the chemiluminescent immunoassay method widely used in the diagnosis
and treatment of gynecological endocrine diseases, and have become a common method for clinical detection of six
sex hormones. In primary hospitals, this efficient and accurate testing method can also help doctors better diagnose
diseases, allowing patients to get more accurate test results without going to large hospitals. Comparing the six levels of
sex hormones in patients with gynecological endocrine diseases with healthy women can more clearly detect abnormal
changes in sex hormone levels under disease conditions and provide clear reference standards for disease diagnosis ™. In
clinical practice, doctors can accurately diagnose the disease based on the patient’s clinical symptoms and the results of
six sex hormone tests. For example, in patients with irregular menstruation, if the levels of follicle-stimulating hormone
and luteinizing hormone are elevated and the estradiol level is reduced, it may indicate ovarian hypofunction; if the levels
of testosterone and prolactin are elevated, it may indicate polycystic ovary syndrome or pituitary microadenomas. This
diagnostic method that combines symptoms and test results can reduce misdiagnosis and missed diagnosis. During the
course of disease treatment, regular testing of six levels of sex hormones can evaluate the treatment effect and adjust the
treatment plan in a timely manner. For example, in patients with polycystic ovary syndrome, after drug treatment, if the
testosterone level decreases and the ratio of luteinizing hormone and follicle-stimulating hormone returns to normal, it
means that the treatment is effective; if there is no significant change in the test results, it is necessary to consider adjusting
the treatment drug or dose .

At the same time, long-term monitoring of six levels of sex hormones can also predict disease prognosis. For example,
the level of follicle-stimulating hormone in patients with premature ovarian failure continues to increase, indicating further
decline in ovarian function and poor prognosis. Through dynamic monitoring, doctors can adjust treatment strategies in a
timely manner to improve patient prognosis as much as possible. In addition, the six-item test of sex hormones can also
be used for disease prevention and health management. Regular testing for healthy women can help them understand
their endocrine status and detect potential health problems in a timely manner. For example, a slight increase in prolactin
levels is found during physical examination. Although there are no obvious clinical symptoms, diseases such as pituitary
microadenoma can be ruled out through further examination, so as to achieve early detection and early intervention to
prevent the occurrence of gynecological endocrine diseases. For women with a family history of gynecological endocrine
diseases, regular testing is even more necessary, and preventive measures can be taken in advance. Although the detection
cost of chemiluminescence immunoassay is slightly higher than that of some traditional methods, considering the accuracy
and efficiency of its detection, it is worth it from the overall diagnosis and treatment effect. It can reduce misdiagnosis
and mistreatment caused by inaccurate detection and reduce the overall medical cost of patients. With the continuous
development of technology, the cost of chemiluminescent immunoassay may gradually decrease, allowing it to be used
in a wider range of applications. In future clinical practice, chemiluminescence immunoassay can also be combined with
other detection methods to form a more complete diagnosis and treatment system and provide better medical services for
patients with gynecological endocrine diseases. For example, combined with ultrasound examination, it can provide a

more comprehensive understanding of the patient’s condition and improve the accuracy of diagnosis ",
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4. Conclusion

In summary, the chemiluminescence immunoassay method to detect six sex hormones is of great value in the diagnosis
and treatment of gynecological endocrine diseases. By comparing with the indicators of healthy women, it can provide
a reliable basis for disease diagnosis and help doctors accurately judge the condition; it can be used to evaluate the
effect during treatment and guide the adjustment of treatment plans; it can also provide a reference for disease prognosis
assessment and prevention. Therefore, in clinical work, we should pay attention to the application of chemiluminescence
immunoassay in the detection of six sex hormones, give full play to its advantages, and provide better services for the
diagnosis and treatment of patients with gynecological endocrine diseases.
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Abstract: Objective: To explore the application effect of preoperative prehabilitation based on the ERAS concept in the rapid
postoperative recovery of elderly patients with lung cancer. Methods: The elderly lung cancer patients who received surgical
treatment in our hospital from 2023.7 to 2024.7 were included. The total sample size included was 64 cases. They were divided
into groups using the ball-touching method and carried out different clinical nursing methods. There were 32 cases in both the
control group and the observation group. The corresponding nursing plan was routine care and preoperative prehabilitation
based on the ERAS concept. Results: There was no significant difference in pulmonary function indicators between the groups
at admission. The preoperative pulmonary function indicators of the observation group were higher than those of the control
group, P < 0.05. The pulmonary function indicators of the patients decreased 7 days after surgery, but the FEV1, FVC, and PEF
levels of the observation group were higher than those of the control group, P < 0.05. The incidence rate of pulmonary-related
complications in the observation group (6.25%) was lower than that in the control group (25.00%), P < 0.05. The first time to get
out of bed after surgery, recovery of bowel sounds, spontaneous urination time and total hospitalization time in the observation
group were shorter than those in the control group, P < 0.05. Conclusion: Carrying out preoperative pre-rehabilitation based
on the ERAS concept in the perioperative care of elderly lung cancer patients is of significant value in improving patients’
preoperative pulmonary function and reducing the impact of surgery on postoperative pulmonary function. It can also effectively
prevent the occurrence of postoperative pulmonary-related complications and promote the postoperative rehabilitation process.

Keywords: Elderly lung cancer; Perioperative period; ERAS concept; Preoperative prehabilitation; Pulmonary function;
Complications

Online publication: December 26, 2025

1. Introduction

Lung cancer is one of the most common malignant tumors in the world. Its morbidity and mortality are particularly
prominent among the elderly. With the advancement of medical technology, surgery has become the main method
of treating early-stage lung cancer. However, elderly patients often face higher perioperative risks due to declining
physiological functions and multiple comorbidities !". Postoperative pulmonary complications and delayed functional
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recovery not only affect the treatment effect, but may also prolong hospitalization and increase medical burden ™. The
concept of accelerated recovery surgery provides a new idea to improve this situation. Preoperative pre-rehabilitation
strengthens patients’ physiological reserves through systematic intervention and becomes a key link in optimizing
perioperative management ', This study focuses on elderly patients with lung cancer and explores the role of preoperative
pre-rehabilitation based on the ERAS concept in promoting rapid postoperative recovery. It aims to provide feasible
intervention programs for clinical use and fill the gap in research on the correlation between preoperative functional
optimization and postoperative recovery in elderly patients.

2. Materials and methods

2.1. General information

The 64 elderly patients with lung cancer were all included between 2023.7 and 2024.7. The samples were divided into two
groups (32 cases/group) using the ball-touching method. The group name was the control group [20 males and 12 females;
Age threshold: 60-76 years old, mean (67.70+3.57) years old], observation group [19 males and 13 females; age threshold:
60-78 years old, mean (68.25+4.33) years old]. The baseline data of the two groups were balanced, P > 0.05.

Inclusion criteria: patients are > 60 years old, diagnosed with primary lung cancer by pathology or imaging '*;
meet the surgical indications; tumor stage is stage I to IIIA; do not have severe cardiopulmonary failure; can cooperate
to complete pre-rehabilitation training and postoperative follow-up; patients and their families sign informed consent,
voluntarily participate in the study and complete the pre-rehabilitation plan.

Exclusion criteria: presence of distant metastasis; severe cardiovascular and cerebrovascular diseases; hepatic and
renal insufficiency; active infection or immune system disease; presence of bone and joint disease or neurological disease
that prevents the completion of pre-rehabilitation training; previous history of chest surgery, long-term dependence on
hormone therapy, and participation in other clinical trials within 3 months.

2.2. Method

The control group received routine perioperative care, including preoperative health education, guidance on fasting and
drinking, postoperative vital sign monitoring, incision care, pain management and basic respiratory function training.
Patients were encouraged to move early according to traditional procedures after surgery.

The observation group implemented preoperative pre-rehabilitation based on the ERAS concept.

(1) Preoperative respiratory function training: (a) Respiratory muscle endurance training: Patients were instructed to
perform abdominal breathing combined with pursed lip breathing training every day. When inhaling, the abdomen
bulged, and when exhaling, the lips were pursed and slowly exhaled. Repeat 10 times as one group, 3 groups per
day. (b) Resistance breathing training: Use a breathing trainer and set the appropriate resistance level. The patient
remains seated and performs deep and slow inhalation training for 5 seconds each time, twice a day, 10 minutes
each time. (c) Aerobic exercise intervention: Based on the cardiopulmonary function assessment results, develop
an individualized brisk walking or cycling training program, with the target heart rate maintained at 60—70% of
the reserve heart rate, for 20 minutes a day.

(2) Nutrition and metabolic regulation: Supplement whey protein powder daily from 3 days before surgery, with a
target protein intake of 1.5 g/kg/d, taken three times with meals, combined with vitamin D and branched-chain
amino acids; 400 mL of a 12.5% carbohydrate drink was taken orally 10 hours before surgery, and 200 mL was
replenished 2 hours before surgery to maintain intraoperative glycogen reserves; probiotic preparations containing
bifidobacteria were taken daily starting 1 week before surgery to regulate the balance of intestinal flora.

(3) Psychological and pain intervention: A psychiatrist will conduct anxiety counseling 1 week before surgery,
through mindfulness meditation and progressive muscle relaxation training, once a day for 30 minutes each time;
use a visual analog scale to explain postoperative pain expectations in advance, and train patients to use non-drug
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analgesic techniques such as acupressure and cold compresses. Gabapentin combined with acetaminophen will be
administered orally 24 hours before surgery to reduce the risk of central sensitization.

(4) Early postoperative activities: Start ankle pump exercise on the bed 6 hours after the operation, once every 2
hours; assist with bedside sitting training 12 hours after the operation; complete 5 minutes of standing and
walking under supervision 24 hours after the operation. After surgery, the preoperative breathing training program
was continued every day, combined with a vibrating expectoration device to assist in airway clearance, twice a
day. Start drinking a small amount of water 4 hours after surgery, transition to enteral nutrition preparations 6
hours after surgery, and resume a high-protein diet within 24 hours.

2.3. Observation indicators

(1) The patients’ pulmonary function indicators, including forced expiratory volume in 1 s (FEV1), forced vital
capacity (FVC) and maximum expiratory flow (PEF), were measured on admission, 1 day before surgery, and 7
days after surgery.

(2) The incidence rates of pulmonary-related complications such as pulmonary infection, respiratory failure,
atelectasis, and pulmonary embolism were calculated in the two groups.

(3) The first time out of bed, recovery of bowel sounds, spontaneous urination time and total hospital stay were
recorded in both groups.

2.4. Statistical methods

The calculation software used for the relevant data is SPSS 25.0, the pulmonary function indicators and postoperative
recovery are measurement data, and the complication rate is count data; the former is described by mean + standard
deviation (SD) and t-value test; the latter is described by frequency and constituent ratio, i’ test. P < 0.05 is statistically
significant.

3. Results

3.1. Compare the pulmonary function indicators of the two groups of patients on admission and 7
days after surgery

There was no significant difference in pulmonary function indicators between the groups at admission. The preoperative
pulmonary function indicators of the observation group were higher than those of the control group, P < 0.05. The
pulmonary function indicators of the patients decreased 7 days after surgery, but the FEV1, FVC, and PEF levels of the
observation group were higher than those of the control group, P < 0.05. See Table 1 for details

Table 1. Comparison of lung function indicators between the two groups (mean + SD)

FEV1(L) FVC(L) PEF(L/s)
Group n 1 day 7 days 1 day 7 days 1 day 7 days
Qn . before after Qn . before after Qn . before after
admission admission admission
surgery surgery surgery surgery surgery surgery
Control 2.05+ 1.55+ 2.78 1.78 + 4.67 3.85+
group 32 2.03+045 0.52 0.48 2.75 +0.60 057 042 4.65+0.80 0.82 064
Observation 245+ 1.86 = 321+ 230+ 540+ 450+
group 32 2.05+0.52 0.50 0.64 2.78 £0.57 0.69 0.58 4.67+0.82 0.94 0.67
t -- 0.165 3.134 2.121 0.205 2.719 4.108 0.099 3.310 3.968
P - 0.870 0.003 0.038 0.838 0.009 0.000 0.922 0.002 0.000
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3.2. Compare the occurrence of pulmonary-related complications between the two groups

The incidence rate of pulmonary-related complications in the observation group (6.25%) was lower than that in the control
group (25.00%), P < 0.05. See Table 2 for details.

Table 2. Comparison of complications between the two groups (7, %)

Group n  Lunginfection Respiratory failure Atelectasis Pulmonary embolism Overall incidence
Control group 32 2(6.25%) 1 (3.13%) 3(9.38%) 2(6.25%) 8 (25.00%)
Observation group 32 1(3.13%) 0 (0.00%) 1 (3.13%) 0 (0.00%) 2 (6.25%)
t - - - - -- 4267
P - - - - - 0.039

3.3. Compare the postoperative recovery of the two groups
The first time to get out of bed after surgery, recovery of bowel sounds, spontaneous urination time and total hospitalization
time in the observation group were shorter than those in the control group, P < 0.05. See Table 3 for details.

Table 3. Comparison of postoperative recovery conditions (mean + SD)

Getting out of bed for the first ~ Return of bowel sounds  Spontaneous urination  Length of stay

Group time (h) (h) (h) (@)
Control group 32 38.72+10.35 30.85+8.92 16.63 +=4.47 10.45+2.95
Observation group 32 28.45 +7.67 24.13 +£6.54 12.25+3.12 7.67+£2.53
t - 4510 3.437 4.545 4.047
P - 0.000 0.001 0.000 0.000

4. Discussion

Elderly patients with lung cancer commonly have problems such as reduced lung function reserves and weakened
immune defenses due to age-related decline in physiological functions. Surgical trauma will not only trigger an
inflammatory response but also lead to respiratory muscle dysfunction and reduced ventilation efficiency ™. Factors
such as postoperative pain inhibiting deep breathing, anesthetic drug residue affecting ciliary movement, and long-term
bed rest leading to pulmonary secretion accumulation significantly increase the risk of complications such as pulmonary
infection and atelectasis. Patients have special needs for perioperative care, which requires targeted intervention in
maintaining respiratory mechanics stability, optimizing gas exchange efficiency, and promoting airway cleaning to
minimize the negative impact of surgery on respiratory function and ensure a smooth perioperative period . The
traditional perioperative nursing model has obvious limitations. It mainly focuses on the passive treatment of postoperative
symptoms, lacks systematic preoperative functional reserve construction, respiratory training is single and insufficient in
intensity, nutritional support lacks individualized plans, pain management and psychological intervention are relatively
weak, resulting in patients’ inadequate preoperative preparation and a slow and difficult postoperative recovery process'”.
The implementation of preoperative prehabilitation can make full use of the critical window of the surgical waiting
period, improve the patient’s physiological functional reserve through multi-dimensional intervention, enhance the
tolerance to surgical trauma, and create favorable conditions for rapid postoperative recovery. This is an important
breakthrough that cannot be achieved by the traditional nursing model "*. Preoperative prehabilitation based on the
ERAS concept is a multidisciplinary collaborative intervention system based on evidence-based medicine. The core is to
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reduce surgical stress reactions through systematic preoperative functional optimization”. Preoperative prehabilitation
based on the ERAS concept integrates multiple key dimensions such as respiratory function training, precise nutritional
support, psychological stress adjustment, and pain pre-adaptation. It improves lung compliance through respiratory muscle
endurance training, maintains positive nitrogen balance through protein supplementation, and reduces stress reactions
through psychological intervention, forming a comprehensive physiological protection mechanism "”. Compared with
traditional nursing, its outstanding advantage lies in the forward-looking, systematic, and individualized intervention,
which can provide precise support for the special needs of elderly patients.

The results showed that there was no significant difference in pulmonary function indicators between the groups
at admission. The preoperative pulmonary function indicators of the observation group were higher than those of the
control group, P < 0.05. The pulmonary function indicators of the patients decreased 7 days after surgery, but the FEV1,
FVC, and PEF levels of the observation group were higher than those of the control group, P < 0.05. The incidence rate
of pulmonary-related complications in the observation group (6.25%) was lower than that in the control group (25.00%),
P < 0.05. The first time to get out of bed after surgery, recovery of bowel sounds, spontaneous urination time and total
hospitalization time in the observation group were shorter than those in the control group, P < 0.05. Reasons for analysis:
Resistance breathing training effectively enhances the contraction endurance of the diaphragm and intercostal muscles,
allowing patients to better overcome respiratory depression caused by postoperative pain; abdominal breathing training
improves chest-abdominal coordination and maintains adequate ventilation; aerobic exercise improves cardiopulmonary
endurance reserves. In terms of nutritional intervention, protein supplementation promotes the synthesis of alveolar
surfactants, and carbohydrate loading reduces intraoperative catabolism, which all contribute to lung tissue repair;
psychological intervention reduces the negative impact of catecholamines on respiratory function by reducing stress
response; early activity combined with vibration expectoration effectively prevents the accumulation of secretions and
reduces the risk of infection.

5. Conclusion

In summary, preoperative prehabilitation based on the ERAS concept in the perioperative care of elderly lung cancer
patients is of significant value in improving patients’ preoperative pulmonary function and reducing the impact of surgery
on postoperative pulmonary function. It can also effectively prevent the occurrence of postoperative pulmonary-related
complications and promote their postoperative rehabilitation process.
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Abstract: Objective: To explore the application significance of routine blood testing in the diagnosis of iron deficiency anemia
(IDA), analyze the diagnostic effects of different single indicators and combinations of indicators, and provide optimization
strategies for early and accurate clinical diagnosis. Methods: 86 patients with suspected iron deficiency anemia admitted to our
hospital from August 2024 to August 2025 were selected. Routine blood tests were performed on all patients. Serum ferritin
detection combined with bone marrow iron staining was used as the benchmark standard to compare and analyze each individual
indicator and the sensitivity, specificity and accuracy of 5 indicator combinations (MCV + MCH, MCV + MCH + MCHC, MCV
+ MCH + RDW, RBC + Hb + MCV, Hb + MCV + MCH + MCHC). Results: There were 62 IDA patients and 24 non-IDA
patients diagnosed according to the baseline standards. Among single indicators, MCV and MCH have the best diagnostic effect;
among indicator combinations, the Hb + MCV + MCH + MCHC quadruple combination has the highest diagnostic efficiency
(sensitivity 95.16%, specificity 91.67%, accuracy 94.19%), followed by the MCV + MCH + MCHC triple combination. Both
groups are significantly better than other combinations and single indicators (P < 0.05). Conclusion: Among routine blood tests,
the quadruple combination of Hb + MCV + MCH + MCHC is the most effective in diagnosing IDA, and the triple combination
of MCV + MCH + MCHC is more cost-effective. It can be combined with actual clinical selection to provide reliable support for
early screening and auxiliary diagnosis of IDA.

Keywords: Iron deficiency anemia; Routine blood testing; Mean corpuscular volume; Mean corpuscular hemoglobin content;
Diagnostic value
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1. Introduction

Iron Deficiency Anemia (IDA) is a nutritional deficiency anemia with the highest clinical incidence. The core cause
is insufficient iron intake, blocked absorption, or excessive iron loss in the body, resulting in insufficient hemoglobin
synthesis and inducing various clinical symptoms "’ The early symptoms of IDA are mostly atypical, often manifesting
as fatigue, dizziness, etc., which are easily ignored. Delayed treatment may cause reduced immunity and affect the

function of multiple organs, which is particularly harmful to the health of children and the elderly

. Therefore, early and
accurate diagnosis of IDA is very important for timely intervention and improved prognosis. Currently, serum ferritin

(SF) testing combined with bone marrow iron staining is the benchmark standard for diagnosing IDA. However, bone
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marrow iron staining is an invasive examination, complicated to operate and not well accepted by patients. Serum ferritin
testing is relatively expensive, which is not conducive to primary hospitals and large-scale screening . As a routine
clinical examination item, routine blood testing is easy to operate, fast, efficient, low-cost, and non-invasive. Its detection
indicators can reflect the status of the body’s hematopoietic function and are widely used in anemia screening. This study
analyzes the diagnostic effect of core indicators of routine blood tests on IDA, clarifies its application significance, and
provides a reference for clinical optimization of IDA diagnostic programs.

2. Materials and methods

2.1. General information

86 patients with suspected iron deficiency anemia admitted to our hospital from August 2024 to August 2025 were selected
as the research subjects, including 35 males and 51 females, aged 18-76 (45.62 + 12.38) years old. Inclusion criteria: (1)
Existing anemia-related symptoms such as fatigue, dizziness, pale complexion, palpitations after activity; (2) Not receiving
iron supplementation therapy or blood transfusion treatment; (3) Voluntarily participating in this study and signing an
informed consent form. Exclusion criteria: (1) Combined with megaloblastic anemia, aplastic anemia, hemolytic anemia
and other types of anemia; (2) Combined with severe liver and kidney insufficiency, malignant tumors, chronic infectious
diseases; (3) Recent history of surgery, trauma or massive bleeding; (4) Pregnant and lactating women (separate analysis,
not included in the overall statistics).

2.2. Method
All research subjects collected 5 mL of venous blood in the early morning on an empty stomach and divided it into two
tubes, one tube was used for routine blood testing and the other tube was used for serum ferritin testing.

(1) Routine blood testing: Use a fully automatic blood cell analyzer (model: Sysmex 2800) for testing, and operate
in strict accordance with the instrument operating instructions. The testing indicators include red blood cells
(RBC), hemoglobin (Hb), mean corpuscular volume (MCV), mean corpuscular hemoglobin content (MCH),
mean corpuscular hemoglobin concentration (MCHC), and red blood cell distribution width (RDW). Reference
value range: RBC (3.80-5.10) x 10'¥L (female), (4.30-5.80)x10"?/L (male); Hb110-150g/L (female), 120—-160g/
L (male); MCV80-100fL; MCH27-34pg; MCHC320-360g/L; RDW11.5%—14.5%.

(2) Gold standard test: Chemiluminescence immunoassay is used to detect serum ferritin (SF). The instrument is a
fully automatic chemiluminescence immunoassay analyzer (Model: Antu 6200). The reference value range: SF
<12 pg/L (female), < 15 pg/L (male) is iron deficiency; combined with bone marrow iron staining examination,
bone marrow iron staining shows negative extracellular iron and reduced intracellular iron, which is the basis for
the diagnosis of IDA “!. Two laboratory doctors with rich clinical experience will jointly read the films to ensure

the accuracy of the diagnostic results.

2.3. Observation indicators

Using serum ferritin detection combined with bone marrow iron staining results as the gold standard, the study subjects
were divided into the IDA group (confirmed patients) and the non-IDA group (excluded patients). The diagnostic
sensitivity, specificity, and accuracy of every single indicator of blood routine (RBC, Hb, MCV, MCH, MCHC)
and different indicator combinations (MCV + MCH, MCV + MCH + MCHC, RBC + Hb + MCV) were calculated,
respectively. Diagnostic criteria: If the test result of a single indicator is lower than the lower limit of the corresponding
reference value, it is positive; if at least 2 indicators in the indicator combination are lower than the lower limit of the

reference value, it is positive.
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2.4. Statistical methods

Data were analyzed using SPSS24.0 software. Count data are expressed in [n (%)]. Sensitivity = true positive/(true positive
+ false negative) x 100%; specificity = true negative/(true negative + false positive) x 100%; accuracy = (true positive +
true negative) / (total number of samples) x 100%.

3. Results

3.1. Gold standard diagnostic results

Among the 86 suspected IDA patients, 62 were diagnosed as IDA patients (IDA group) by serum ferritin detection
combined with bone marrow iron staining, including 21 males and 41 females, aged 18—74 (44.85 + 11.96) years old; there
were 24 non-IDA patients (non-IDA group), including 14 males and 10 females, aged 2076 (47.23 £+ 13.12) years old.

3.2. Comparison of diagnostic performance of individual blood routine indicators

Among the individual indicators of blood routine, MCV has the highest diagnostic sensitivity (87.10%) and accuracy
(84.88%), MCH has the highest diagnostic specificity (83.33%), and RBC has the lowest diagnostic sensitivity (74.19%)
and accuracy (73.26%). See Table 1 for details.

Table 1. Comparison of diagnostic performance of individual indicators of blood routine [ (%)]

Indicator Sensitivity Specificity Accuracy
RBC 74.19 (46/62) 70.83 (17/24) 73.26 (63/86)
Hb 80.65 (50/62) 79.17 (19/24) 80.23 (69/86)
MCV 87.10 (54/62) 80.00 (19/24) 84.88 (73/86)
MCH 83.87 (52/62) 83.33 (20/24) 83.72 (72/86)
MCHC 79.03 (49/62) 75.00 (18/24) 77.91 (67/86)

3.3. Comparison of diagnostic performance of different combinations of blood routine indicators
Among different indicator combinations, the Hb + MCV + MCH + MCHC quadruple combination has the best diagnostic
performance, followed by the MCV + MCH + MCHC triple combination. Both are more efficient than the MCV +
MCH double combination, MCV + MCH + RDW triple combination and RBC + Hb + MCYV triple combination, and the
diagnostic efficacy of each combination is significantly higher than the single indicator (P < 0.05). Among them, the triple
combination of MCV + MCH + MCHC is more effective than the double combination of MCV + MCH. See Table 2 for
details.

Table 2. Comparison of diagnostic performance of different combinations of blood routine indicators [n (%)]

Indicator combination Sensitivity Specificity Accuracy
MCYV + MCH (two combinations) 90.32 (56/62) 83.33 (20/24) 88.37 (76/86)
MCV + MCH + MCHC (triple) 93.55 (58/62) 87.50 (21/24) 91.86 (79/86)
MCV + MCH + RDW (triple) 91.94 (57/62) 83.33 (20/24) 89.53 (77/86)
RBC + Hb + MCV (triple) 87.10 (54/62) 81.25 (19/24) 84.88 (73/86)
Hb +MCV + MCH + MCHC (quadruple) 95.16 (59/62) 91.67 (22/24) 94.19 (81/86)
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4. Discussions

Iron-deficiency anemia is a microcytic, hypochromic anemia caused by depletion of the body’s iron reserves and lack of
hemoglobin synthesis. Its pathogenesis is closely related to iron metabolism disorders . Confirming the condition as early
as possible and supplementing iron in a timely manner can effectively reduce the patient’s discomfort and prevent the
condition from worsening. Therefore, the use of efficient and simple diagnostic methods plays a very critical clinical role.
Bone marrow iron staining is the core standard for diagnosing iron deficiency anemia. Although the detection accuracy is
good, it is an invasive operation, and the operation steps are complicated and time-consuming, making patients less willing
to cooperate. It is difficult to use it as a routine screening method. Serum ferritin detection can reflect the body’s iron
reserve status, but its detection results are easily interfered by factors such as inflammatory tumors and the detection cost is
relatively high, which is not conducive to the implementation of primary medical institutions "',

Routine blood testing is the most basic clinical blood test item, which can quickly obtain multiple indicators such as
the red blood cell system and platelet system. Among them, red blood cell-related indicators can directly reflect the body’s
hematopoietic function and anemia type. The results of this study show that among the single indicators of blood routine,
MCYV and MCH have the most ideal diagnostic effects, with sensitivities of 87.10% and 83.87%, and specificities of
80.00% and 83.33%, respectively. This is because patients with iron deficiency anemia suffer from insufficient hemoglobin
synthesis due to insufficient iron. During the production of red blood cells, due to a shortage of raw materials, the volume
becomes smaller and the hemoglobin content decreases, showing microcytic and hypochromic changes. MCV can reflect
the average volume of red blood cells. MCH can reflect the average hemoglobin content in a single red blood cell and can
directly reflect this morphological change. Therefore, it is highly targeted for the diagnosis of iron deficiency anemia '*’. In
contrast, although RBC and Hb are commonly used indicators for diagnosing anemia, due to individual differences, blood
loss and other factors, there may be no obvious abnormalities in the early stages of iron deficiency anemia, making the
diagnostic sensitivity low and it is easy to miss the diagnosis when used alone.

This study further analyzed the diagnostic effects of different indicator combinations. The results showed that the
diagnostic efficiency did not increase linearly with the increase in the number of indicators, but was closely related to
the pertinence of the indicators to the core characteristics of iron deficiency anemia. Among them, the Hb + MCV +
MCH + MCHC quadruple combination had the best diagnostic efficiency, with sensitivity, specificity, and accuracy,
respectively. The results reached 95.16%, 91.67%, and 94.19%, which were significantly better than other combinations;
followed by the MCV + MCH + MCHC triple combination, its efficacy was significantly higher than the MCV + MCH
double combination. This result is in line with the diagnostic logic of multi-indicator combination and complementation,
and also verifies the added value of MCHC in the diagnosis of iron deficiency anemia. The core hematological
characteristic of iron deficiency anemia is microcytic hypochromia. MCV reflects the volume of red blood cells, which
is microcytic manifestations. MCH reflects the hemoglobin content of single red blood cells, which is hypochromic
manifestations. MCHC further quantifies the hemoglobin concentration in red blood cells. The combination of the three
can comprehensively capture the morphological abnormalities of iron deficiency anemia from multiple aspects of volume
content. Compared with the double combination that only reflects volume content, it can more accurately distinguish iron
deficiency anemia from other non-microcytic hypochromic anemias, thus reducing the risk of misdiagnosis and missed
diagnosis "

The difference in efficacy of different triple combinations also confirms the importance of indicator targeting: the
efficacy of the MCV + MCH + RDW triple combination is slightly higher than the MCV + MCH double combination,
but significantly lower than the MCV + MCH + MCHC combination. The reason is that although RDW can reflect the
heterogeneity of red blood cells, it can increase due to uneven red blood cell production in the advanced stage of iron
deficiency anemia. However, the change in red blood cell heterogeneity in patients with early iron deficiency anemia is
not obvious, and the increase in RDW is not unique to iron deficiency anemia. , may also occur in megaloblastic anemia
and hemolytic anemia, resulting in limited specificity improvement in the diagnosis of iron deficiency anemia; the RBC +
Hb + MCV combination has the lowest efficacy, and the core reason is that this combination lacks MCH and MCHC The
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assessment of hypochromic characteristics can only determine the presence of microcytic and anemia, that is, reduced Hb
and RBC, and cannot accurately fit the core phenotype of microcytic hypochromicity in iron deficiency anemia, and is
easily confused with other microcytic anemias such as thalassemia ™.

However, this study has certain flaws. The number of samples is relatively small and it is a single-center study. The
results may be biased. It does not take into account the differences in blood routine indicators among patients with iron
deficiency anemia of different age groups and different causes such as nutritional deficiencies and chronic blood loss.
In the future, the number of samples can be expanded to conduct multi-center studies to further refine the analysis. In
addition, actual indicator combinations need to be selected in clinical applications: Although the Hb + MCV + MCH +
MCHC quadruple combination has the best diagnostic performance, there is no need to excessively pursue the combination
of all indicators. For primary hospitals or large-scale screening, the MCV + MCH + MCHC triple combination can meet
clinical needs and is both accurate and economical; for diagnosing difficult cases, the quadruple combination can be used
to improve the diagnosis rate. At the same time, it should be noted that routine blood testing is only an auxiliary diagnostic
method. For patients with positive combinations of indicators but atypical clinical symptoms, core standard examinations
such as serum ferritin and bone marrow iron staining need to be combined for further diagnosis to avoid misdiagnosis.

5. Conclusion

In summary, among routine blood tests, the quadruple combination of Hb + MCV + MCH + MCHC has the best diagnostic
performance for iron deficiency anemia, and the triple combination of MCV + MCH + MCHC is more cost-effective.
Routine blood testing has the advantages of simple operation, rapid efficiency, low cost, and non-invasiveness. Among
them, the targeted indicator combination can accurately capture the core characteristics of small cell hypochromia of iron
deficiency anemia. It can be used as the first choice method for early screening and auxiliary diagnosis of clinical iron
deficiency anemia, especially suitable for primary hospitals and large-scale population screening. Combined with serum
ferritin detection or bone marrow iron staining, it can further improve the diagnostic accuracy and provide reliable basis
for clinical treatment, which has very important clinical promotion value.
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Abstract: Purpose: To explore the effect of vaccine distribution and reserve based on service level under major infectious disease
epidemics. Methods: The study included 200 subjects, who were divided into 2 groups according to computer randomization
method, with 100 subjects in the control group and the experimental group. The experimental group implements a vaccine
allocation strategy based on service level, and the control group adopts conventional allocation. The implementation effect of the
allocation strategy of the two groups is evaluated. Results: The experimental group had a higher complete vaccination rate (92.00%
vs. 85.00%), and the comparison of vaccination coverage between the two groups was P > 0.05. The experimental group had
a higher vaccine utilization rate (96.33% vs. 85.67%), and the comparison was P < 0.05. The average vaccination time in the
experimental group was shorter, and the vaccination timeliness score was higher, with a comparison P < 0.05. The incidence of
adverse reactions in the 2 groups (8.00% vs. 6.00%), comparison P > 0.05. The satisfaction score of the experimental group was
higher, comparison P < 0.05. Conclusion: For major infectious disease epidemics, implementing a vaccine distribution strategy
based on service levels in prevention and control can effectively improve the efficiency of vaccination and vaccine utilization,
ensure the timeliness and safety of vaccination, and thereby improve public satisfaction.
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1. Introduction

Infectious disease epidemics have become a persistent problem that seriously affects global public health security. The
epidemic spreads quickly and affects a wide range, which has brought severe tests to the epidemic prevention work of
various countries. Vaccination is the most direct and effective intervention in epidemic prevention and control. However,
in actual work, it has been found that the actual prevention and control effect of the vaccine not only depends on the
immune efficacy of the vaccine itself, but is also closely related to the rationality of the distribution strategy and reserve

plan "

. At present, the focus of vaccine prevention and control is mainly focused on breakthroughs in vaccine research and
development technology and production processes. There is less research on how to scientifically distribute vaccines. As
a result, when facing an emergency epidemic, vaccine supply is often difficult to meet all needs immediately. Therefore,
it is of great significance to establish a scientific distribution mechanism to ensure that limited resources can maximize

their effectiveness . The service level-based distribution model provides an objective basis for vaccine allocation by
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quantitatively assessing the epidemic risks and resource needs in different regions, thereby improving the overall effectiveness
of epidemic prevention and control ™. In this regard, this study analyzes the implementation effect of the service level-based
vaccine distribution strategy to effectively respond to public health emergencies, which is summarized as follows:

2. Materials and methods

2.1. General information
The study included 200 subjects, who were divided into 2 groups according to the computer randomization method, with
100 subjects each in the control group and the experimental group. The experimental group included 56 males and 44
females, aged 2265 years old, with an average age of 43.28 + 12.35 years old; the control group included 52 males and 48
females, aged 21-67 years old, with an average age of 44.16 + 13.02 years old. Comparison of baseline data between the 2
groups P> 0.05.

Inclusion criteria: (1) Age 18—70 years old; (2) Meet the vaccination indications; (3) Voluntarily participate in the
study.

Exclusion criteria: (1) Immune system diseases; (2) Plans to leave the region during the study; (3) History of severe

vaccine adverse reactions.

2.2. Method

The control group adopts the traditional vaccine distribution method, and allocates uniformly based on the number of
applications submitted by each vaccination point, ensuring that the number of vaccines obtained by each vaccination unit is
basically consistent with the number of applications. During the distribution process, the vaccine supply to all vaccination
sites is handled according to the same standards. Each vaccination site independently determines the vaccination progress
based on its own work capacity and the situation of the vaccination recipients. The vaccination order is flexibly controlled by
the vaccination site staff based on the actual visit situation, and the principle of first-come, first-served is usually adopted.

The trial group adopts a vaccine allocation strategy based on service levels.

(1) The assessment needs to fully consider key factors such as the number of confirmed cases in the region, population
density, and medical resource carrying capacity. The assessment process is completed by professionals from the
Centers for Disease Control and Prevention, and is dynamically updated once a week to ensure that the risk level
classification can reflect the latest development trend of the epidemic promptly. The risk level is divided into
three levels: high, medium, and low, and each level corresponds to a different resource allocation plan, providing
a scientific basis for subsequent accurate allocation.

(2) For areas with different risk levels, fully consider the priorities of epidemic prevention and control, formulate
differentiated service level standards, and clarify the time requirements, resource allocation proportions and
priorities for the entire process from vaccine distribution to completion of vaccination. High-risk areas receive the
highest priority to ensure that limited resources are tilted towards areas most in need; medium-risk areas adopt the
principle of moderate priority and are allocated on the premise of ensuring the needs of high-risk areas; low-risk
areas serve as the final protection targets to ensure that basic epidemic prevention needs are met.

(3) High-risk areas implement the strictest service standards. Starting from the arrival of the vaccine at the distribution
center, vaccination of the target population must be completed within 24 hours, including special vehicle delivery,
priority scheduling, and the establishment of temporary vaccination points. At the same time, sufficient medical
personnel will be deployed, vaccination service hours will be extended, and 24-hour uninterrupted vaccination
will be carried out when necessary. At the same time, vaccine reserves in high-risk areas should be maintained at
150% of regular demand to ensure that vaccination needs can still be met in emergencies.

(4) The service standards in medium-risk areas are relatively loose, but clear time limits are also set. The entire process
from vaccine distribution to completion of vaccination is controlled within 48 hours. Vaccine distribution adopts a
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regular shuttle bus model, which departs at a fixed time every day. The number of vaccination points is reasonably
set according to the population size, and the opening hours are extended to 12 hours; the vaccine reserve is
maintained at 120% of regular demand, which not only ensures sufficient supply but also avoids waste of resources.
When the epidemic escalates to high risk, it can immediately switch to high-risk regional service standards.

(5) Basic service standards are implemented in low-risk areas, and the time limit for completing vaccination is relaxed
to 72 hours. Vaccine distribution is included in the regular logistics system, with fixed delivery twice a week.
Vaccination points mainly rely on existing medical institutions, and no additional temporary vaccination points
will be added. Service hours remain normal. time; the vaccine reserve is maintained at 100% of regular demand,
and an inter-regional adjustment mechanism is established. Under the premise of ensuring the basic needs of the
region, some vaccines can be deployed to support other high-risk areas. When the epidemic situation fluctuates,
the service standard upgrade process can be initiated within 12 hours.

(6) In actual implementation, specific responsible persons should be set up for each link to ensure that all measures
are implemented in place, the implementation effects are regularly evaluated, and the risk level classification
standards and service level requirements are dynamically adjusted based on the evaluation results to form a
continuously optimized closed-loop management.

2.3. Observation indicators
(1) Vaccination coverage rate: actual number of people vaccinated/number of people to be vaccinated x 100%
(2) Timeliness of vaccination: the time from the arrival of the vaccine to the completion of vaccination; vaccination
timeliness score: < 24 h = 3 points, 25-48 h = 2 points, 49—72 h = 1 point, > 72 h = 0 points.
(3) Vaccine utilization rate: actual doses used/distributed doses x 100%.
(4) Incidence rate of adverse reactions: number of cases of adverse reactions/total number of vaccinations x 100%.
(5) Satisfaction rating: A 10-point scale is used and is subjectively evaluated by the subjects.

2.4. Statistical methods

The SPSS26.0 software was used to process the data involved in the study. Measurement data were expressed as “(mean
+ SD)” and tested by “t”; count data were expressed as “[n/(%)]” and tested by “x’”. P < 0.05 indicated that the difference
was significant.

3. Results

3.1. Comparison of vaccination coverage and vaccine utilization rates

The complete vaccination rate in the experimental group was higher (92.00% vs 85.00%), the comparison of vaccination
coverage between the two groups was P > 0.05; the vaccine utilization rate in the experimental group was higher (96.33%
vs 85.67%), the comparison was P < 0.05. (Table 1).

Table 1. Comparison of vaccination coverage and vaccine utilization rates between the two groups [# (%)]

Vaccination coverage (n=100) Vaccine utilization
Group
Fully vaccinated  Partial vaccination = Not vaccinated Assign dose Dosage Utilization
Experimental group 92 (92.00) 6 (6.00) 2(2.00) 1200 1156 96.33
Control group 85 (85.00) 10 (10.00) 5(5.00) 1200 1028 85.67
be 2.563 83.354
0.278 0.000
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3.2. Timeliness of vaccination
The average time of vaccination in the experimental group was shorter, and the vaccination timeliness score was higher,
with a comparison P < 0.05 (Table 2).

Table 2. Comparison of vaccination timeliness between two groups (mean + SD)

Group n Average time (h) Timeliness score (points)
Experimental group 100 26.34+8.72 2.38+0.72
Control group 100 38.15+12.46 1.65+0.83
t - 7.766 6.644
P - 0.000 0.000

3.3. Incidence of adverse reactions
The incidence of adverse reactions in the 2 groups (8.00% vs 6.00%), comparison P > 0.05 (Table 3).

Table 3. Comparison of the incidence of adverse reactions between the two groups [# (%)]

Group n Local reaction Systemic reaction Incidence rate (%)
Experimental group 100 5(5.00) 3 (3.00) 8 (8.00)
Control group 100 4 (4.00) 2(2.00) 6 (6.00)
Ve — — — 0.307
— — — 0.579

3.4. Satisfaction score
The satisfaction score of the experimental group was higher, comparison P < 0.05 (Table 4).

Table 4. Comparison of satisfaction scores between the two groups (mean + SD, points)

Group n Convenience of vaccination Service attitude Process efficiency Overall satisfaction
Experimental group 100 8.72+1.25 8.56 +£1.32 891 +1.18 8.63+1.27
Control group 100 7.35+1.48 7.82+1.54 6.97 +1.63 724 +1.52
t - 7.072 3.648 9.641 7.018
P - 0.000 0.000 0.000 0.000

4. Discussions

Vaccines are one of the most effective intervention methods for preventing and controlling infectious diseases. The
scientific nature of their distribution and reserve strategies is directly related to the effectiveness of epidemic prevention
and control. Currently, in response to sudden epidemics, although the conventional vaccine distribution method is
reasonable to a certain extent, it has exposed many shortcomings . Conventional allocation is based on the number of
applications and adopts the principle of unified allocation. Although it is easy to operate, it ignores the differences in
epidemic severity and resource demand in different regions, which can easily lead to insufficient vaccine supply in high-
risk areas and idle resources in low-risk areas. This not only reduces the overall prevention and control efficiency, but also

-40-



2025 Volume 6, Issue 4

fails to reflect the principle of fairness in public health resource allocation. In actual operation, routine allocation often lags
behind the development of the epidemic due to the lack of a dynamic adjustment mechanism. Although the way in which
vaccination sites independently determine the order of vaccination is flexible, it is difficult to ensure that high-risk groups
receive priority vaccination rights .

The core of the vaccine distribution strategy based on service level is to break the average distribution of the
conventional distribution model. Through risk level assessment, comprehensively consider key indicators such as the
number of confirmed cases, population density, and hospital carrying capacity, and establish a scientific, flexible, and
operable hierarchical response mechanism to achieve accurate allocation of vaccine resources and ensure that limited
vaccines can be tilted to areas most in need .

The results of this study showed that the experimental group had a higher complete vaccination rate (92.00% vs.
85.00%), and the comparison of vaccination coverage between the two groups was P > 0.05. It shows that implementing a
targeted allocation strategy can better meet the actual vaccination needs . The vaccine utilization rate in the experimental
group was higher (96.33% vs 85.67%), with a comparison P < 0.05. It fully demonstrates that implementing a hierarchical
distribution strategy can significantly reduce resource waste and maximize the value of each dose of vaccine .

The results of the study showed that the average vaccination time of the experimental group was shorter and the
vaccination timeliness score was higher, with a comparison P < 0.05. It fully reflects that hierarchical service standards
have a positive impact on process optimization. For high-risk areas, strict requirements to complete vaccination within 24
hours, combined with measures such as special vehicle delivery and temporary vaccination site settings, can effectively
compress the time window from vaccine arrival to completion of vaccination. Although the time limit is relatively loose
in medium and low-risk areas, clear time nodes and accountability systems can still ensure the orderly advancement of
vaccination work. Through differentiated management, emergency needs in key areas are ensured, thereby improving
overall efficiency ™.

The results of the study showed: the incidence rate of adverse reactions in the 2 groups (8.00% vs 6.00%), comparison
P > 0.05. The incidence rates of adverse reactions in the two groups were within a reasonable range and there was no
significant difference, indicating that the implementation of the service level-oriented allocation strategy was not at the
expense of safety, and that the use of hierarchical allocation would not increase vaccination pressure and thus affect
operating specifications .

The research results showed that the experimental group had a higher satisfaction score, comparison P < 0.05. It has
been confirmed that the implementation of a distribution strategy based on service levels can effectively solve the resource
misallocation problem in conventional distribution, effectively improve the timeliness and safety of vaccination, thereby

meeting the expectations of the public and improving satisfaction with vaccination ',

5. Conclusion

In summary, for major infectious disease epidemics, implementing a vaccine distribution strategy based on service levels in
prevention and control can effectively improve the efficiency of vaccination and vaccine utilization, ensure the timeliness
and safety of vaccination, and thereby improve public satisfaction.
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Abstract: Ischemic stroke triggers a complex cascade of sterile inflammation that critically influences neurological outcomes. While
reperfusion therapies remain the standard of care, their efficacy is often undermined by secondary brain injury driven by the pro-
inflammatory polarization of microglia. As the central orchestrators of the central nervous system (CNS) immuno-microenvironment,
microglia exhibit dynamic plasticity, shifting between the neurotoxic M1 phenotype and the neuroprotective M2 phenotype. The
pathological transition from an M2-dominant state to a sustained M1 state perpetuates neuronal death and blood-brain barrier disruption.
This review comprehensively elucidates the spatiotemporal dynamics of microglial polarization and the molecular mechanisms
governing this switch, with a particular focus on key signaling pathways. Furthermore, we summarize emerging therapeutic strategies,
including pharmacological modulation, stem cell-derived exosomes, and stimuli-responsive nanomedicine, aimed at precisely
remodeling the immuno-microenvironment. We conclude that promoting the M1-to-M2 phenotypic switch represents a promising
therapeutic avenue to mitigate reperfusion injury and enhance long-term functional recovery.

Keywords: Ischemic stroke; Microglia; Neuroinflammation; Phenotypic switching; Immuno-microenvironment;
Immunometabolism
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1. Introduction

Ischemic stroke remains a devastating global health crisis, standing as a leading cause of mortality and long-term disability
worldwide. Currently, the restoration of cerebral blood flow through recombinant tissue plasminogen activator (rt-PA)
thrombolysis or mechanical thrombectomy represents the gold standard for clinical treatment '*, However, the efficacy
of these recanalization therapies is severely constrained by narrow therapeutic time windows and the potential risk of
hemorrhagic transformation. Crucially, successful recanalization does not guarantee tissue survival; on the contrary, the
rapid restoration of blood supply often paradoxically exacerbates tissue damage and dysfunction, a phenomenon known
as cerebral ischemia-reperfusion injury (IRT) . This suggests that targeting vascular recanalization alone is insufficient,
and there is an urgent need for neuroprotective adjuncts that can mitigate the secondary injury cascade following the initial
ischemic insult.

Accumulating evidence underscores that stroke is not merely a hemodynamic event but a complex thrombo-
inflammatory pathology. Following the onset of ischemia, the deprivation of glucose and oxygen leads to neuronal death
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and the release of damage-associated molecular patterns (DAMPs), such as HMGB1 and ATP. These danger signals trigger
a robust sterile immune response, transforming the ischemic brain into a highly dynamic “immuno-microenvironment.”
This microenvironment is characterized by the breakdown of the blood-brain barrier (BBB), the accumulation of
inflammatory mediators, and the complex interplay between resident glial cells and infiltrating peripheral immune cells.
Among these components, the regulation of neuroinflammation has emerged as a critical determinant of stroke outcome,

dictating whether the brain tissue progresses towards necrosis or recovery .

Microglia, the resident macrophages and primary immune sentinels of the central nervous system (CNS), act as
the “central orchestrators” of this immuno-microenvironment. Under physiological conditions, microglia maintain CNS
homeostasis by monitoring synaptic activity and clearing metabolic debris. However, they are highly plastic and sensitive
to environmental perturbations. In the context of ischemic stroke, microglia are the first responders, rapidly activating and
undergoing morphological and functional transformations. Their ubiquity and rapid response capability make them the
most pivotal therapeutic target for modulating the post-stroke inflammatory landscape .

The functional role of microglia in ischemic stroke is often described as a “double-edged sword,” contingent upon their
polarization phenotypes. Historically, activated microglia have been categorized into two distinct states: the “classically
activated” M1 phenotype and the “alternatively activated” M2 phenotype. The M1 phenotype is pro-inflammatory, releasing
cytotoxic cytokines (e.g., TNF-0, IL-1B) and reactive oxygen species (ROS) that exacerbate blood-brain barrier disruption
and neuronal apoptosis. Conversely, the M2 phenotype exerts neuroprotective effects by phagocytosing cellular debris
and secreting anti-inflammatory cytokines (e.g., IL-10) and neurotrophic factors (e.g., BDNF). In the pathology of stroke,
a transient M2-like response is often overwhelmed by a sustained and aggressive M1-like polarization, leading to chronic
inflammation and poor functional recovery. Therefore, shifting the microglial phenotype from the destructive M1 state to
the reparative M2 state, rather than broadly suppressing the immune system, represents a promising strategy to remodel the
immuno-microenvironment .

In this review, we comprehensively summarize the spatiotemporal dynamics of microglial polarization and the
molecular mechanisms governing this phenotypic switching. We specifically focus on key signaling pathways, including
the TLR4/NF-xB and JAK/STAT axes, which serve as molecular switches for polarization. Furthermore, we highlight
emerging therapeutic interventions, ranging from pharmacological modulation and natural compounds to advanced
nanomedicine and stem cell-derived exosome therapies. By elucidating the mechanisms of microglial phenotypic

switching, this review aims to provide new insights into remodeling the immuno-microenvironment for the treatment of

ischemic stroke (Figure 1).
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Figure 1. Schematic representation of therapeutic strategies targeting microglial phenotypic switching to remodel the ischemic stroke immuno-
microenvironment.
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2. Dynamic shifts of microglial phenotypes

2.1. The dichotomy of polarization

Historically, based on the macrophage classification system, activated microglia have been categorized into two opposing
functional states: the “classically activated” M1 phenotype and the “alternatively activated” M2 phenotype. Although this
binary classification is increasingly recognized as a simplification of a complex biological reality, it remains a valuable
conceptual framework for understanding the duality of neuroinflammation.

2.1.1. The M1 phenotype

Upon stimulation by DAMPs (e.g., HMGBI, ATP) or pro-inflammatory mediators (e.g., IFN-y), resting microglia polarize
towards the M1 state. These cells are characterized by the upregulation of surface markers such as CD16, CD32, CD86,
and major histocompatibility complex II (MHC-II). Functionally, M1 microglia act as the “soldiers” of the immune system.
They secrete high levels of pro-inflammatory cytokines (TNF-a, IL-1p, IL-6, IL-12) and cytotoxic mediators like nitric
oxide (NO) generated by inducible nitric oxide synthase (iNOS) and ROS "*. While this response is intended to combat
pathogens, in the sterile environment of ischemic stroke, the excessive accumulation of M1-derived toxins exacerbates

neuronal apoptosis, compromises BBB integrity, and expands the infarct volume '’

2.1.2. The M2 phenotype

In contrast, the M2 phenotype represents a reparative state induced by cytokines such as IL-4, IL-13, and IL-10. M2
microglia are identified by the expression of CD206 (mannose receptor), Arg-1 (Arginase-1), and Ym1. The M2 population
is functionally diverse and can be further subclassified into M2a (tissue repair), M2b (immunoregulation), and M2c¢ (debris
clearance). Collectively, M2 microglia secrete anti-inflammatory cytokines (IL-10, TGF-f) and potent neurotrophic factors
and vascular endothelial growth factor (VEGF). These cells play a pivotal role in resolving inflammation, phagocytosing

. . . . . .. 11.12
necrotic debris, and promoting angiogenesis and neurogenesis in the recovery phase """\

2.2. Spatiotemporal evolution

The polarization of microglia is not a fixed state but follows a distinct temporal trajectory during the progression of
ischemic stroke. The imbalance in this temporal evolution, the failure to sustain the M2 phenotype, is a key driver of
secondary brain injury.

2.2.1. Acute phase (Hours to 3 Days)
In the hyper-acute phase immediately following ischemia, microglia are rapidly activated. Accumulating preclinical
evidence suggests that resident microglia initially adopt an M2-dominant phenotype, limiting the spread of the lesion and

scavenging early cellular debris. This early M2 response is likely a physiological attempt to restore homeostasis '*'*.

2.2.2. Subacute phase (3 Days to 7 Days)

As the ischemic cascade advances, the massive accumulation of necrotic debris and danger signals overwhelms the
regulatory capacity of the microenvironment. This leads to a decisive phenotypic shift where the M2 population declines,
and the M1 phenotype becomes predominant. This period coincides with the peak of the “cytokine storm,” where M1

microglia recruit circulating neutrophils and monocytes, further amplifying the inflammatory response >,

2.2.3. Chronic phase (Weeks to Months)

In the chronic phase of stroke, while the acute inflammation subsides, M1-like microglia often remain chronically activated
at the lesion border. This persistent, low-grade inflammation sustains oxidative stress and promotes the formation of a
dense glial scar, which acts as a physical and chemical barrier to axonal regeneration. The inability of the brain to revert to

or maintain an M2-resolving phenotype impedes long-term functional recovery'*'.
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2.3. Spatial heterogeneity and transcriptomic complexity
Beyond temporal dynamics, microglial phenotypes exhibit significant spatial heterogeneity, particularly distinguishing the

infarct core from the ischemic penumbra.

2.3.1. Core vs. penumbra

In the infarct core, where blood flow is severely restricted, microglia are rapidly depleted. In contrast, the penumbra, the
metabolically compromised but salvageable tissue surrounding the core, is the primary site of microglial activation and
self-renewal. Here, pro-inflammatory (CD16") and anti-inflammatory (Argl*) microglial phenotypes coexist, with their
competing functions determining tissue fate through a “tug-of-war”. Notably, HDAC3 selectively drives proliferation of
pro-inflammatory microglia without affecting anti-inflammatory subsets, suggesting that targeting this pathway specifically

within the penumbra represents a promising therapeutic strategy """

2.3.2. Beyond the binary

It is crucial to acknowledge that recent advances in single-cell RNA sequencing (scRNA-seq) have challenged the strict
M1/M2 dichotomy. Transcriptomic analysis reveals that stroke-associated microglia do not simply fall into two distinct
clusters but present a multidimensional spectrum of activation states. For instance, specific subsets such as “Disease-
Associated Microglia” (DAM) have been identified, which express unique lipid-metabolism genes involved in debris
clearance. While the M1/M2 classification remains useful for describing functional outcomes, researchers must recognize
this complexity, suggesting that future therapies may need to target specific sub-populations rather than broadly modulating

. . 18,19
inflammation """,

3. Molecular mechanisms underlying polarization

The phenotypic switching of microglia is not a stochastic event but a tightly regulated process governed by an intricate
network of intracellular signaling pathways, transcriptional regulators, and metabolic checkpoints.

3.1. Pro-inflammatory signaling axes

The rapid induction of the M1 phenotype following ischemia is primarily orchestrated by pattern recognition receptors
(PRRs) and their downstream cascades. Among these, the TLR4/NF-kB axis and the NLRP3 inflammasome represent the
most critical pathways.

3.1.1. The TLR4/NF-kB canonical pathway

Toll-like receptor 4 (TLR4) serves as a pivotal gatekeeper in the sterile immune response. In the ischemic brain, necrotic
neurons release high-mobility group box 1 (HMGBI1), heat shock proteins (HSPs), which function as DAMPs .
Upon binding to these ligands, TLR4 undergoes homodimerization and recruits the cytosolic adaptor protein myeloid
differentiation primary response 88 (MyD88) 1*'.

This recruitment triggers a phosphorylation cascade involving IL-1 receptor-associated kinases (IRAK1 and IRAK4)
and TNF receptor-associated factor 6 (TRAF6). TRAF6 subsequently activates the transforming growth factor-p-activated
kinase 1 (TAK1), which phosphorylates the kB kinase (IKK) complex. The activated IKK complex targets the inhibitor of
nuclear factor-xB (IxBa) for phosphorylation and ubiquitination, leading to its proteasomal degradation. This liberation allows
the NF-kB p65/p50 heterodimer to translocate from the cytoplasm to the nucleus. Once nuclear, NF-xB binds to specific
consensus sequences on DNA, driving the transcription of pro-inflammatory genes *"’. This pathway not only initiates the

cytokine storm but also upregulates the expression of NLRP3, setting the stage for inflammasome activation .

46-



2025 Volume 6, Issue 4

3.1.2. The NLRP3 inflammasome
While NF-kB provides the “priming” signal by upregulating NLRP3 and pro-IL-1p expression, a secondary activation
signal in the ischemic microenvironment triggers NLRP3 oligomerization **',

Upon activation, the NLRP3 sensor protein oligomerizes and recruits the adaptor protein ASC (apoptosis-associated
speck-like protein containing a CARD) and pro-Caspase-1. This assembly leads to the autocatalytic cleavage of pro-
Caspase-1 into active Caspase-1. Active Caspase-1 then processes the inactive precursors pro-IL-1p and pro-IL-18 into
their mature, biologically active forms. Furthermore, Caspase-1 cleaves Gasdermin D (GSDMD), the N-terminal fragment
of which forms pores in the plasma membrane, causing pyroptosis—a highly inflammatory form of programmed cell death

that releases massive amounts of cytokines into the extracellular space, further propagating the M1 response **/.

3.2. Anti-inflammatory signaling pathways
Counteracting the pro-inflammatory drive, several signaling pathways are responsible for inducing and maintaining the
M2 phenotype. Enhancing these pathways is a key strategy for “immunomodulation.”

3.2.1. The JAK/STAT signaling pathway

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway plays a dual role in microglial
polarization, with specific STAT isoforms dictating divergent outcomes. While STAT1 is generally associated with [FN-y-
induced M1 polarization, STAT3 and STAT6 are critical drivers of the M2 phenotype >\

For instance, the binding of IL-4 or IL-13 to their respective receptors activates JAK1 and JAK3, which phosphorylate
cytosolic STAT6. Phosphorylated STAT6 dimerizes and translocates to the nucleus, where it induces the transcription
of M2 signature genes, such as Argl (Arginase-1), Mrcl (CD206). Similarly, IL-10 exerts its anti-inflammatory effects
primarily through the STAT3 signaling axis. The activation of STAT3 suppresses the expression of pro-inflammatory
mediators and promotes the release of neurotrophic factors. The balance between STAT1 and STAT3/6 activation is often

regarded as a molecular “switch” determining microglial fate >\

3.2.2. The Nrf2/HO-1 antioxidant axis

Oxidative stress is a potent trigger for inflammation. The nuclear factor erythroid 2-related factor 2 (Nrf2) is the master
regulator of the cellular antioxidant defense. Under basal conditions, Nrf2 is sequestered in the cytoplasm by Kelch-like
ECH-associated protein 1 (Keap1), which targets it for ubiquitination *”'.

In response to oxidative stress, Nrf2 dissociates from its cytoplasmic repressor Keapl, translocates to the nucleus,
and binds to Antioxidant Response Elements (AREs) to promote the expression of antioxidant enzymes, notably heme
oxygenase-1 (HO-1). HO-1 catalyzes heme degradation into biliverdin, iron, and carbon monoxide, thereby augmenting
cellular antioxidant capacity **’. Critically, Nrf2 activation concurrently suppresses the NLRP3 inflammasome and NF-
kB signaling, leading to reduced expression of pro-inflammatory mediators including IL-1p, IL-6, and TNF-a. This dual
antioxidant and anti-inflammatory effect is abrogated by pharmacological Nrf2 inhibition, confirming that Nrf2 acts as a

master regulator coupling oxidative stress defense with inflammatory response modulation *7**,

4. Therapeutic strategies targeting phenotypic switching

Given the central role of microglial polarization in stroke pathology, shifting the microglial phenotype from the destructive
MI1 state to the reparative M2 state represents a pivotal therapeutic goal. Unlike broad-spectrum anti-inflammatory agents
that may hinder the beneficial clearance of debris, “immunomodulatory” strategies aim to fine-tune the immune response,
restoring the balance of the microenvironment.
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4.1. Pharmacological interventions: repurposing and natural compounds
Pharmacological modulation remains the most accessible approach. This category includes the repurposing of FDA-
approved drugs and the exploration of bioactive natural compounds (phytochemicals).

4.1.1. Drug repurposing
(1) Metformin: Widely used for diabetes, metformin has demonstrated robust neuroprotective effects . It promotes
M2 polarization primarily by activating AMPK (AMP-activated protein kinase). Activated AMPK inhibits the
NF-kB pathway and suppresses the NLRP3 inflammasome "”. Furthermore, metformin improves mitochondrial
function, supporting the metabolic shift required for the M2 phenotype '/,
(2) Fingolimod (FTY720): An immunomodulator approved for multiple sclerosis. While primarily known for
sequestering lymphocytes, fingolimod also acts directly on microglial SIP receptors (S1PR) *?, biasing them

towards an anti-inflammatory state via the STAT3 pathway "',

4.1.2. Phytochemicals
(1) Curcumin: Derived from turmeric, curcumin is a potent PPAR-y agonist. It inhibits TLR4 signaling and promotes
M2 polarization. However, its clinical application is limited by poor bioavailability, necessitating novel
formulation strategies "***.
(2) Resveratrol: A polyphenol found in grapes, resveratrol activates SIRT1 (Sirtuin 1). SIRT1 deacetylates the p65
subunit of NF-kB, inhibiting its transcriptional activity, thereby suppressing the M1 response and promoting

antioxidant defenses via the Nrf2 axis "**".

4.2. Stem cell-based and cell-free therapies
Stem cell therapy has evolved from the concept of “cell replacement” to “paracrine modulation.” Specifically,

Mesenchymal Stem Cells (MSCs) are the most promising candidates due to their potent immunomodulatory properties.

4.2.1. MSC paracrine mechanisms
Transplanted MSCs secrete a “secretome” rich in soluble factors like TGF-f, IL-10, and TSG-6. These factors interact
with host microglia, suppressing M1 activation and fostering an M2-dominant microenvironment. Importantly, MSCs can

“sense” the inflammatory environment and adjust their secretion profile accordingly ***”).

4.2.2. Exosomes

Direct stem cell transplantation faces challenges such as low survival rates, immune rejection, and tumorigenesis risks.

Consequently, focus has shifted to Exosomes (small extracellular vesicles, 30-150 nm) derived from MSCs ***!,
Exosomes are stable, have low immunogenicity, and can cross the BBB more efficiently than whole cells. They

function as carriers of biological information, primarily miRNAs. For example, MSC-derived exosomes enriched

with miR-124 (a microglia-specific miRNA) or miR-223 have been shown to target molecules in the NF-kB pathway,

effectively “silencing” pro-inflammatory genes and inducing M2 polarization. This “cell-free therapy” represents a safer

and more controllable alternative for clinical translation **.

4.3. Nanomedicine and targeted delivery systems
A major hurdle in treating CNS disorders is the BBB, which prevents nearly 98% of small-molecule drugs from reaching

the brain**. Furthermore, systemic administration of immunomodulators can cause off-target immunosuppression.
Nanomedicine offers precise solutions to these challenges.
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4.3.1. Crossing the BBB

Nanoparticles (NPs) such as liposomes, dendrimers, and polymeric micelles can be engineered to penetrate the BBB.
Strategies include receptor-mediated transcytosis (e.g., coating NPs with transferrin or lactoferrin) or “hitchhiking” on
circulating immune cells (e.g., neutrophils) ' *" that naturally migrate to the ischemic brain.

4.3.2. Stimuli-Responsive release

The ischemic microenvironment has unique characteristics: acidosis (low pH) and high ROS levels. “Smart” ROS-
responsive nanoparticles can be designed to degrade and release their drug cargo only when they encounter the high-ROS
environment of the M1-polarized zone "', This spatiotemporal control maximizes therapeutic efficacy while minimizing
systemic toxicity.

5. Conclusion

In summary, the phenotypic switching of microglia acts as a central fulcrum in the pathophysiology of ischemic stroke.
The pathological transition from a reparative M2 phenotype to a detrimental M1 state is driven by a complex interplay
between signaling pathways (e.g., TLR4/NF-kB, JAK/STAT) and immunometabolic reprogramming. Therefore,
therapeutic strategies capable of “remodeling” this microenvironment offer a superior approach compared to broad
immunosuppression.
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Abstract: Traditional molecular medicine experimental teaching often suffers from a disconnection between theory and
practice, as well as fragmented experimental content, making it difficult for students to integrate multi-level knowledge to
address complex scientific problems. To address this, we redesigned our Molecular Medicine Experimental Techniques course
around the pathophysiology of cerebral ischemia-reperfusion injury (CIRI), with a focus on the mechanism of ferroptosis. Our
integrated pedagogical model links an in vivo transient middle cerebral artery occlusion (tMCAO) mouse model with an in
vitro oxygen-glucose deprivation/reoxygenation (OGD/R) model in HT22 neuronal cells. Within this framework, students first
observe in vivo phenotypes in the tMCAO model, including increased brain iron content, downregulated GPX4 expression,
and accumulation of the lipid peroxidation marker 4-HNE. They then use the OGD/R cell model to validate key ferroptosis
features at the molecular and ultrastructural levels, such as enhanced lipid peroxidation, glutathione depletion, and mitochondrial
damage. This “phenotype-to-mechanism” approach allows students to intuitively understand the role of ferroptosis in CIRI
while systematically mastering the full research cycle, from establishing disease models and applying multi-technique assays to
integrating and interpreting data. By translating a cutting-edge scientific topic into a coherent experimental teaching module, this
reform effectively bridges the gap between theoretical knowledge and hands-on research practice. It fosters students’ integrative
scientific thinking and enhances their ability to tackle complex biomedical questions, offering a transferable paradigm for
advancing high-level experimental training in molecular medicine.
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1. Introduction

Acute stroke is one of the leading causes of death and disability worldwide. The core strategy for its early treatment is

to rapidly restore blood flow to the ischemic penumbra. However, this revascularization process can also induce CIRI, a

(1]

common pathological process following thrombolysis or thrombectomy . CIRI is a complex cascade response involving

oxidative stress, inflammation, calcium overload, and multiple modes of cell death. This pathological mechanism not
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only limits the benefits of reperfusion therapies but is also a key factor in poor neurological outcomes for patients .

Therefore, understanding the core molecular mechanisms underlying CIRI and exploring effective therapeutic targets have
become critical research directions in the field of neuroscience. In recent years, ferroptosis, an iron-dependent cell death
characterized by lipid peroxidation accumulation, has been identified as a crucial contributor to CIRI and has become a
hotspot in neuroprotection research. Numerous studies have shown that the inhibition of GPX4 activity, the obstruction
of lipid peroxidation clearance, and disruptions in iron metabolism collectively trigger ferroptosis, which exacerbates
neuronal damage during CIRI. Understanding this mechanism not only provides new insights into the pathophysiology of
CIRI but also opens up new opportunities for its treatment .

The Molecular Medicine Experimental Techniques course aims to bridge the gap between molecular-level mechanism
understanding and experimental skills, enabling students to complete the full research process from theoretical deduction
to experimental validation. However, ferroptosis and its relationship with cerebral ischemia-reperfusion injury belong to
rapidly developing frontier research areas that involve multiple signalling pathways, complex regulatory networks of cell
death, and cross-level pathological changes. Due to the lack of intuitive, systematic, and easily operable experimental
scenarios, students often struggle to establish clear causal chains between abstract concepts, molecular indicators, and
actual pathological events. This leads to a significant “knowledge-action separation”. On the knowledge level, teaching
mostly focuses on lectures and literature reading. Although students may remember key terms such as GPX4 and lipid
peroxidation, they often lack an intuitive and dynamic understanding of how these molecules interact to form a complete
“death signalling pathway” and how this pathway is activated and regulated in the complex in vivo microenvironment.

On the action level, the current experimental course structure faces systemic shortcomings. The course content
typically consists of isolated verification experiments, such as performing Western blotting to detect a specific protein
one week and cell culture the next. These techniques lack a cohesive logical thread, which results in students mastering
fragmented experimental skills but struggling to integrate multiple techniques to solve a specific scientific problem.
They do not know why they should choose a particular technique over another in a specific research context, nor do they
know how to integrate multidimensional data, such as cell viability, molecular expression, and biochemical markers,
into a comprehensive scientific picture. Traditional cell-based experiments tend to focus on specific markers, which can
demonstrate changes at the molecular and cellular levels but fail to reflect the true tissue damage state in the in vivo
environment. Animal experiments, while capable of presenting the overall physiological and pathological process, are
time-consuming, complex, and subject to strict ethical requirements, making it difficult to conduct in-depth mechanistic
exploration within limited class time. The separation between these two approaches prevents students from seeing the
complete scientific logical chain from in vivo pathology to in vitro model validation, hindering their ability to form a
systematic, integrated understanding of disease mechanisms.

Ultimately, this disconnection between theory and practice, between technology and scientific problems, has
resulted in a passive learning habit. Students tend to follow pre-established experimental protocols mechanically, rather
than actively designing experiments, analyzing data, and engaging in critical thinking. When faced with real scientific
questions, such as “how to demonstrate the role of ferroptosis in CIRI”, they often find themselves at a loss. Therefore, in
the reform of Molecular Medicine Experimental Techniques, the urgent need is to construct a teaching model that bridges
multiple biological levels and integrates theoretical depth with experimental operability. Using ferroptosis and cerebral
ischemia-reperfusion injury as a teaching vehicle, the integration of animal and cell models can enable students to observe
pathological phenotype changes at the in vivo level, while also validating the underlying mechanisms at the cellular
and molecular levels. This approach holds the potential to achieve seamless knowledge integration from macroscopic
to microscopic levels, helping students build a more comprehensive framework for understanding disease mechanisms
(Figure 1).
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Course Pain Points of Molecular Medicine Experimental Techniques

Figure 1. Teaching reform logic for the course “Molecular medicine experimental techniques”.

2. Related theoretical foundation

2.1. Cerebral ischemia-reperfusion injury
Cerebral ischemia-reperfusion injury is a complex pathological process that cannot be ignored during the treatment of
acute ischemic stroke. When blood supply is interrupted due to vascular blockage, brain tissue rapidly experiences energy

. Although reperfusion is crucial for

metabolism disorders, ionic homeostasis disruption, and neuronal dysfunction
salvaging the ischemic penumbra, the process itself triggers a series of secondary damage responses that further harm
brain tissue. During the ischemic phase, blood flow interruption causes a loss of oxygen and glucose supply to the brain,
resulting in severe disturbances in cellular energy metabolism. Reduced ATP synthesis impairs the function of the sodium-
potassium pump and calcium pump, causing a massive accumulation of sodium and calcium ions. The imbalance in ionic
concentrations inside and outside the cell further leads to cell swelling, acidosis, and excessive release of excitotoxic

[5]

substances such as glutamate, which exacerbates neuronal injury *'. Meanwhile, the hypoxic and low-energy environment
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during ischemia leads to the accumulation of metabolic intermediates, generating a large amount of free radicals,
particularly hydrogen peroxide (H,0,) and superoxide anions (O”), intensifying oxidative stress and activating multiple cell
damage pathways, including lipid peroxidation, protein oxidation, and DNA damage. However, after blood reperfusion,
a surge of oxygen floods the damaged tissues, causing a dramatic burst of oxidative stress. During the reperfusion phase,
high concentrations of reactive oxygen species (ROS), including highly reactive molecules like hydroxyl radicals, are
rapidly generated. These oxidative molecules not only further damage cell membranes, mitochondria, and nucleic acids
but also cause mitochondrial dysfunction by opening mitochondrial permeability transition pores (mPTP), releasing a large
amount of pro-apoptotic factors such as cytochrome C, which intensifies cell death'® (Figure 2).

In the process of CIRI, the activation of inflammatory responses also plays a significant role. Following reperfusion,
the blood-brain barrier is compromised, allowing peripheral immune cells, such as neutrophils and monocytes, to enter
brain tissue and release large amounts of pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-o)) and
interleukins (IL-1pB, IL-6). These cytokines not only further exacerbate local inflammation but also accelerate neuronal
damage by activating glial cells and astrocytes through inflammatory pathways. The excessive release of inflammatory
factors can also promote excitotoxicity in neurons, leading to further neuronal death . Moreover, various forms of
cell death are involved in CIRI, including classical apoptosis, necrosis, pyroptosis, and ferroptosis, which has garnered
increasing attention in recent years.
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Figure 2. Schematic representation of the cellular mechanisms in ischemia and reperfusion.

2.2. Molecular mechanism of ferroptosis and its role in cerebral ischemia-reperfusion injury
Ferroptosis is a form of regulated cell death characterized by the accumulation of iron-catalyzed lipid peroxides. Unlike
traditional apoptotic or necrotic pathways, ferroptosis arises from a combination of disrupted iron homeostasis, damaged
membrane lipid structures, and insufficient antioxidant defences. In neurological disorders, particularly CIRI, ferroptosis
has been established as one of the key mechanisms leading to neuronal dysfunction and tissue damage. The occurrence of
ferroptosis involves multiple molecular regulatory axes, primarily including the following aspects (Figure 3):

2.2.1. Disruption of iron homeostasis leading to iron ion accumulation

During cerebral ischemia-reperfusion injury, intracellular iron homeostasis is severely disrupted. The upregulation of
transferrin receptor 1 promotes iron uptake, while autophagic pathways of ferritin are activated, releasing stored iron into
the cell. This results in a significant increase in the concentration of free ferrous iron (Fe’*) within the cell. Excess Fe™
reacts with hydrogen peroxide through the Fenton reaction, producing highly reactive hydroxyl radicals. These radicals
initiate protein carbonylation, DNA damage, and lipid peroxidation, directly disrupting the structural and functional

integrity of the cell'™.

2.2.2. Membrane lipid components are prone to oxidation, enhancing lipid peroxidation
Neuronal membranes are rich in polyunsaturated fatty acids, which are chemically vulnerable to oxidative stress. After
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ischemia-reperfusion, the level of oxidative stress rises sharply, leading to the oxidation of polyunsaturated fatty acids in
membrane lipids and the generation of a large amount of lipid peroxides. Enzymes such as ACSL4 and LPCAT3 promote
the incorporation of specific fatty acids into membrane phospholipids, making them the primary substrates for oxidation.
Additionally, the activation of lipoxygenases and other oxidases further drives the cascading process of lipid peroxidation.
The accumulating lipid peroxides weaken the stability of membrane structures, ultimately causing membrane rupture,
which is a critical step in ferroptosis execution .

2.2.3. Impaired antioxidant defenses and reduced GPX4 activity

Cells rely on multiple antioxidant mechanisms to limit lipid peroxidation, with GPX4 being the most crucial defense factor.
GPX4 reduces phospholipid peroxides to relatively stable alcohols, thereby protecting the cell membrane from oxidative
damage. Its activity depends on GSH, the production of which is reliant on cysteine uptake. Under ischemia-reperfusion
conditions, oxidative stress and metabolic limitations lead to GSH depletion, while insufficient cysteine supply further
reduces GPX4 activity. The collapse of the antioxidant system prevents the timely clearance of lipid peroxides, pushing the
cell into an irreversible ferroptosis state. Studies have shown that ferroptosis is closely related to cell death in CIRI models,
where iron ions enhance oxidative stress and lipid peroxidation, promoting neuronal death and causing irreversible brain
tissue damage """,

During the progression of CIRI, ferroptosis is not merely a form of cell death but a central process that amplifies
neuronal damage. The reduction in energy production during the ischemic phase leads to a diminished ability to maintain
cellular homeostasis. The oxygen influx during reperfusion drastically increases oxidative pressure, accelerating iron-
dependent lipid peroxidation. The membrane damage caused by this process is irreversible, ultimately resulting in
extensive neuronal death. This highlights that ferroptosis is not only a critical mechanism in CIRI but also a potential target
for future therapeutic strategies.
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Figure 3. Molecular pathways of ferroptosis.
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3. Analysis of animal and cell experiments based on the “molecular medicine
experimental techniques” course

3.1. Animal experiment

In the Molecular Medicine Experimental Techniques course, to observe the dynamic changes of ferroptosis during CIRI,
we established a transient middle cerebral artery occlusion/reperfusion (tMCAO/R) model using 6-8-week-old C57BL/6
mice. After anesthetizing the mice with 4% pentobarbital sodium via intraperitoneal injection, we carefully isolated the
left common carotid artery, external carotid artery, and internal carotid artery under a microscope. The middle cerebral
artery was then occluded for 1.5 hours using an intraluminal suture technique. After removing the suture to restore blood
flow and repercussing the brain for 24 hours, brain tissue was collected to evaluate ferroptosis-related markers and to
systematically assess the molecular and cellular changes induced by ischemia-reperfusion ",

First, we measured the free iron levels in the brain tissue using an iron content assay kit. The results showed a
significant increase in iron content in the tMCAO group compared to the control group (Figure 4a), suggesting that
ischemia-reperfusion severely disrupts iron homeostasis, a key prerequisite for ferroptosis. To further assess the molecular
features of ferroptosis, we examined the expression levels of the critical ferroptosis-related protein GPX4 and the lipid
peroxidation product 4-HNE. Immunofluorescence results indicated a significant reduction of GPX4 signal in the brain
tissue of the tMCAO group (Figure 4b), indicating impaired neuronal ability to clear lipid peroxides. At the same time,
the fluorescence signal for 4-HNE was significantly enhanced (Figure 4c¢), indicating the accumulation of lipid peroxides,
which is highly consistent with the typical process of ferroptosis. To explore the relationship between ferroptosis and
inflammation, we further measured the levels of common inflammatory cytokines associated with ischemia-reperfusion
injury. ELISA results showed that the expression of TNF-q, IL-1p, and IL-6 in the tMCAO group was significantly higher
than in the control group (Figure 4d-f). These results suggest that ferroptosis is significantly activated during cerebral
ischemia-reperfusion and is accompanied by a strong inflammatory response. This inflammatory amplification effect may
play a crucial role in exacerbating tissue damage and advancing the pathological process.

In summary, the tMCAO/R model demonstrated a series of typical ferroptosis phenotypes, including elevated iron
content, downregulation of GPX4, enhanced lipid peroxidation, and increased inflammatory cytokine levels. These
findings suggest that ferroptosis may be an important pathological mechanism in cerebral ischemia-reperfusion injury.
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Figure 4. Assessment of ferroptosis- and inflammation-related indicators in the tMCAO/R mouse model.

(a) Quantification of total iron levels in brain tissue from control and tMCAQO mice using an iron content assay. (b) Immunofluorescence
staining of GPX4 in coronal brain sections, with nuclei labeled by DAPI. (¢) Immunofluorescence staining of the lipid peroxidation marker
4-HNE, counterstained with DAPI. d-f) Measurement of TNF-a (d), IL-1f (e), and IL-6 (f) concentrations in brain homogenates by ELISA. All
assays were performed 24 h after reperfusion following 1.5 h tMCAO. Data are presented as mean + SEM. ****P < (.0001.
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3.2. Cell experiment

To further validate the role of ferroptosis in ischemia-reperfusion injury, we treated HT22 cells, a mouse hippocampal
neuronal cell line, using an oxygen-glucose deprivation (OGD)/reperfusion (R) model in vitro. HT22 cells were chosen
due to their neuronal characteristics and suitability for studying oxidative stress and neurodegenerative processes. First,
HT22 cells were seeded in culture dishes and allowed to adhere for 24 hours. The cells were then switched to glucose-free
MEM medium and placed in an anaerobic chamber (Mitsubishi, Japan) for 4 hours of OGD treatment. After the treatment,
normal culture medium was added, and the cells were transferred to a 5 % CO, incubator for an additional 24 hours to
simulate ischemia-reperfusion conditions.

To assess the level of lipid peroxidation in the cells, we used the BODIPY 581/591 C11 fluorescent probe. After
OGD/R treatment, the oxidized (green) signal in the cells was significantly enhanced, indicating a substantial accumulation
of lipid peroxides within the cells (Figure 5a). This change is consistent with the occurrence of ferroptosis. We then
measured the levels of GSH and malondialdehyde (MDA) in the cells to further evaluate changes in the oxidative-
reductive state. The GSH level in the neurons after OGD/R treatment was significantly lower than that in the control group
(Figure 5b), suggesting impaired antioxidant capacity. Meanwhile, the MDA level in the OGD/R group was significantly
higher (Figure Sc), further confirming the intensification of lipid peroxidation and the activation of the ferroptosis process.
Finally, we used transmission electron microscopy (TEM) to observe the ultrastructure of the neurons. In the control group,
the mitochondria of the neurons appeared intact, with clear inner membrane structures. However, in the neurons treated
with OGD/R, the mitochondria showed signs of shrinkage, membrane densification, and loss of inner membrane structure
(Figure 5d), which are highly consistent with mitochondrial damage associated with ferroptosis.

In summary, the characteristics of ferroptosis were confirmed both in the mouse model and in cultured HT22 neurons.
The increased iron content, reduced GPX4 expression, enhanced 4-HNE levels, and elevated inflammatory factors in the
mouse brain tissue all indicate that ferroptosis was significantly activated during ischemia-reperfusion. In HT22 neurons
treated with OGD/R, lipid peroxidation, GSH depletion, elevated MDA levels, and changes in mitochondrial morphology
further support the occurrence of ferroptosis. These results suggest that ferroptosis may play a key role in cerebral
ischemia-reperfusion injury, exacerbating brain tissue damage through oxidative stress and inflammatory responses.
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Figure 5. Ferroptosis and mitochondrial damage in HT22 cells subjected to OGD/R treatment.
(a) Lipid peroxidation assessed by BODIPY 581/591 C11 probe. (b) GSH content measurement. (c) MDA content measurement. (d)
Transmission electron microscopy images showing mitochondrial morphology in control and OGD/R-treated HT22 cells. Data are presented as
mean + SEM. ****P <(.0001.
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4. Conclusions

Ferroptosis, a novel form of cell death, plays a crucial role in cerebral ischemia-reperfusion injury. By regulating iron
metabolism, antioxidant responses, and lipid peroxidation, ferroptosis can be effectively mitigated, thereby protecting
brain tissue and reducing the damage caused by ischemia-reperfusion. Through the experimental content in the Molecular
Medicine Experimental Techniques course, students can gain a deeper understanding of the molecular mechanisms of
ferroptosis and provide experimental evidence for related therapeutic strategies. As research advances, targeted treatment
of ferroptosis is expected to become an important strategy in the treatment of cerebral ischemia-reperfusion injury and may
lead to new breakthroughs in the treatment of neurodegenerative diseases.

This study focuses on the key pathological mechanisms of cerebral ischemia-reperfusion injury, particularly the
ferroptosis process, which has garnered significant attention in recent years. We have developed a comprehensive teaching
model that deeply integrates animal and cell experiments. By combining the mouse middle cerebral artery occlusion
model with the HT22 cell oxygen-glucose deprivation/reperfusion model, students are able to simultaneously observe
changes in ferroptosis-related molecular markers at both the in vivo and cellular levels. This approach provides an intuitive
understanding of the role of ferroptosis in cerebral ischemia-reperfusion injury. Practical results demonstrate that this
teaching model not only addresses the gap between theory and experiment in traditional education but also enhances
students’ systematic understanding of complex pathological mechanisms. It strengthens their experimental design, data
analysis, and scientific thinking abilities.

Additionally, ferroptosis, as a key regulatory target in cerebral ischemia-reperfusion injury, involves disruptions
in iron homeostasis, accumulation of lipid peroxides, and imbalances in antioxidant systems. These mechanisms are
closely linked to neuronal structural damage and functional loss. By incorporating these cutting-edge mechanisms into
experimental teaching, the model not only expands students’ understanding of molecular medicine’s frontier but also
provides a feasible path for future innovative experimental courses.

In conclusion, the integration of animal and cell models in experimental teaching enhances the depth and breadth of
the course and presents a new, replicable, and scalable paradigm for molecular medicine experimental education reform.
Future teaching efforts can further incorporate multi-omics technologies, advanced imaging techniques, and explore
additional novel cell death mechanisms to continuously optimize the experimental teaching system, thereby improving
students’ ability to understand disease mechanisms and foster scientific innovation.
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Abstract: Exosomes are nanoscale extracellular vesicles secreted by cells that transport proteins, nucleic acids and lipids,
thereby mediating intercellular communication and regulating a wide range of physiological and pathological processes. In recent
years, plant-derived extracellular vesicles have emerged as promising therapeutic agents, particularly for neurological disorders.
This Review summarizes current knowledge of the biogenesis of plant exosomes, highlights their similarities and differences
with animal-derived exosomes, and discusses the mechanisms governing their intercellular transfer. We further outline the
molecular mechanisms underlying major neurological diseases and examine the signaling pathways through which plant-derived
extracellular vesicles may exert neuroprotective and therapeutic effects. Together, these insights underscore the potential of plant-
derived exosomes as a novel and versatile platform for the treatment of neurological disorders.
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1. Introduction

Exosomes are nanoscale extracellular vesicles (typically ~40—150 nm in diameter) that have been identified across
diverse biological systems, including animals, plants and bacteria!. Once regarded as cellular debris, exosomes are
now recognized as integral mediators of intercellular communication, capable of transferring proteins, nucleic acids and
lipids to modulate recipient-cell phenotypes™”. Eukaryotic cell-derived exosomes have attracted substantial interest as
delivery vehicles for neurological disorders, owing to their biocompatibility and amenability to engineering . Plant-
derived exosome-like nanovesicles (ELNs) have recently emerged as an appealing complement to animal-derived vesicles.
Compared with their mammalian counterparts, ELNs are generally associated with low immunogenicity, favourable
biocompatibility and an abundant repertoire of bioactive cargos, including antioxidants and nucleic acids. Notably, ELNs
can be administered via non-invasive routes such as oral or intranasal delivery, and their production benefits from readily
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accessible sources, lower cost and scalability. In addition, the relatively robust lipid architecture of plant ELNs may confer
enhanced physicochemical stability, which could be advantageous for systemic delivery and for traversing biological
barriers such as the blood—brain barrier (BBB) .

Neurological disorders are broadly classified into diseases of the central nervous system (CNS) and those of the
peripheral nervous system (PNS). Here, we focus on recent advances in CNS disorders, including Alzheimer’s disease,
ischaemic stroke and Parkinson’s disease. The onset and progression of these conditions typically reflect the interplay of
environmental exposures, genetic susceptibility and immune dysregulation. Their pathophysiology converges on several
core processes, including neurodegeneration, aberrant glial activation and disrupted neurotransmission. Despite substantial
clinical heterogeneity, many CNS disorders share conserved molecular hallmarks, most notably neuroinflammation,
oxidative stress, mitochondrial dysfunction and synaptic impairment”’. Current therapeutic strategies span multiple
modalities, including nanogel-based delivery systems, liposomal formulations and gene regulation approaches targeting
long non-coding RNAs (IncRNAs). However, nanogels remain limited by concerns over biocompatibility and potential
neurotoxicity, as well as suboptimal penetration and delivery efficiency within brain tissue, which complicates access to
deep parenchymal regions . Liposomes, although widely used, can exhibit insufficient targeting specificity, constrained
drug loading and release kinetics, and reduced bioavailability, thereby diminishing therapeutic benefit. Moreover,
translation of IncRNA-based interventions is still hindered by a central challenge—achieving safe, specific and durable in
vivo delivery—often necessitating sequence optimization and chemical modification to improve stability while minimizing
immunogenicity”’. Against this backdrop, plant-derived exosome-like nanovesicles (ELNs) have attracted growing interest
as delivery vehicles because of their favourable delivery performance and reported potential to traverse the blood—brain
barrier, positioning them as a promising platform for CNS therapeutics.

Plant-derived extracellular vesicles have been increasingly investigated as therapeutic mediators across a range of
disease contexts. Accumulating evidence suggests that they can promote neuroprotection by modulating inflammatory
signalling, engaging autophagy-associated pathways and attenuating oxidative stress. Consistent with these activities,
plant-derived vesicles have been reported to exert pleiotropic biological effects, including anti-inflammatory, antioxidant,
antitumour and neuroprotective functions. In the context of neuroinflammation, these vesicles appear capable of
dampening pro-inflammatory mediators. For example, Yan et al. showed in a model of enteritis/intestinal inflammation
that ginger-derived exosome-like vesicles reduced the production or expression of TNF, IL-6 and IL-1p, thereby mitigating
inflammatory responses .

This Review summarizes recent advances in plant-derived extracellular vesicles, with an emphasis on their distinctive
features and practical advantages, cellular uptake routes, and the molecular mechanisms underlying neurological disease
initiation and progression. We discuss candidate pathways through which plant-derived vesicles may modulate neural
and neuroimmune circuits, highlighting opportunities for therapeutic intervention. Finally, we outline key challenges and
outstanding limitations that must be addressed to facilitate clinical translation of plant-derived extracellular vesicle-based
strategies for complex neurological disorders.

2. Exosome production and comparison

2.1. Production of Extracellular Vesicles
Plant-derived extracellular vesicles have attracted growing attention and share several structural and compositional
features with mammalian extracellular vesicles. Although the mechanisms governing their biogenesis and release remain
incompletely resolved, current evidence supports at least three major routes: secretion via multivesicular body (MVB)
fusion with the plasma membrane, unconventional secretion mediated by extracellular vesicle—positive organelles
(EXPOs), and plasma membrane budding to generate microvesicles ™.

In the MVB pathway, endocytosis-derived early endosomes mature into MVBs, within which the limiting membrane
invaginates to form intraluminal vesicles (ILVs). During ILV formation, selected cargos—including RNAs, lipids and
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proteins—are incorporated into the vesicles. Fusion of MVBs with the plasma membrane then releases ILVs into the
extracellular space as exosome or exosome-like vesicles, enabling intercellular communication and signal transmission.
Support for this route has been obtained in model plants such as Arabidopsis thaliana ",

By contrast, the EXPO pathway represents a plant-specific, non-canonical secretory route that is independent of the
classical ER-Golgi—endosome trafficking axis. EXPOs typically display a characteristic double-membrane architecture
and show limited colocalization with canonical organelle markers, including those of the Golgi apparatus, the trans-Golgi
network/early endosomes, or MVBs/late endosomes. EXPOs can fuse directly with the plasma membrane, releasing their
contents into the apoplast'"'’. Emerging studies further implicate EXPO-associated processes in plant adaptation to abiotic
stress, potentially contributing to cellular homeostasis and stress signalling under salinity, drought, oxidative stress and
metal toxicity ',

In addition to these routes, plant immune responses have been linked to direct fusion between the vacuole and the
plasma membrane, enabling rapid extracellular discharge of hydrolases and defence-related proteins. This mechanism may

facilitate the prompt establishment of local defence barriers and enhance disease resistance .

2.2. Comparison of exosomes

Compared with mammalian extracellular vesicles, plant-derived vesicles are often reported to display greater
physicochemical stability, low apparent toxicity and a relatively narrow size distribution, alongside practical advantages
such as abundant source materials, reduced cost and scalability of production. Collectively, these attributes support their
development as nanodelivery platforms in nanomedicine. At the molecular level, plant-derived exosome-like vesicles also
differ substantially from mammalian exosomes. Their membranes are enriched in phospholipids and glycolipids as well as
phytosterols, and the absence of cholesterol is expected to confer distinct bilayer organization and biophysical properties.
In addition, cell wall-associated polysaccharides (including cellulose, hemicellulose and pectin) may provide an added
protective interface under complex or harsh conditions, further enhancing stability and environmental resilience. Plant
vesicles can also carry and enrich plant-specific bioactive metabolites—such as polyphenols, carotenoids, terpenoids and
alkaloids—which may contribute to antioxidant capacity and the maintenance of cellular homeostasis >\

Antioxidants have considerable potential for mitigating oxidative stress and may help to counteract ageing and
reduce the risk of cancer and neurodegenerative disease. However, their clinical translation is frequently limited by poor
in vivo stability, low bioavailability and inadequate tissue targeting. Encapsulation of antioxidant bioactives within natural
nanocarriers, such as extracellular vesicles, could enhance cargo protection and delivery efficiency, offering a potentially
more effective therapeutic strategy—particularly for disorders of the central nervous system . For example, exosome-like
nanocarriers derived from saffron-enriched, engineered tomatoes (Tomafran) have been reported to confer neuroprotection
in models of neuronal injury, and permeability assessments at the blood—brain barrier suggested that vesicle encapsulation

may improve the utilization and efficacy of the active compounds .

2.3. Uptake mechanisms of plant exosomes

Plant-derived exosome-like vesicles can be internalized by recipient cells through multiple routes. In the context of
neurological applications, interactions between vesicle surface components and target-cell membranes—and the ensuing
uptake pathways—are likely to be major determinants of in vivo delivery efficiency and translational feasibility '
Broadly, cellular entry of plant vesicles can be grouped into three modes: endocytosis-dependent uptake; internalization
mediated by membrane-surface interactions; and uptake or fusion behaviours shaped by the nanovesicle membrane
composition, including lipid and glycan features.

Endocytosis describes the internalization of extracellular material through plasma-membrane invagination and
vesicle formation. Major endocytic routes include phagocytosis, caveolin-mediated endocytosis and clathrin-mediated
endocytosis. Phagocytosis is largely restricted to professional phagocytes and supports the clearance of relatively large
particles. Caveolin-mediated uptake is commonly associated with lipid-raft microdomains and may promote cytosolic
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delivery while limiting lysosomal trafficking, thereby reducing degradative loss of cargo. By contrast, clathrin-mediated
endocytosis involves the assembly of clathrin-coated pits and vesicles and typically cooperates with specific receptors to
enable comparatively selective internalization.

Beyond canonical endocytic routes, molecular interactions at the interface between the plasma membrane and plant-
derived extracellular vesicles are also likely to shape uptake efficiency and cellular tropism. Plant vesicle membranes can
display bioactive small molecules and surface proteins that engage cognate receptors on recipient cells, thereby promoting
receptor-mediated internalization. In addition, vesicle lipids and glycan-bearing constituents, including glycoproteins, may
cooperate to strengthen adhesion and facilitate entry, potentially improving targeting precision and enhancing therapeutic

[16]

efficacy

3. Molecular mechanisms in the nervous system

3.1. Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized clinically by cognitive decline
and pathologically by extracellular amyloid-p (AB) deposition, intracellular neurofibrillary tangles, glial activation and
neuronal loss. AP pathology arises from proteolytic processing of amyloid precursor protein (APP) by B- and y-secretases,
generating AP peptides—particularly the aggregation-prone Ap42—that assemble into soluble oligomers and ultimately
deposit as plaques''”.

Notably, substantial evidence indicates that soluble AP oligomers are more synaptotoxic than mature plaques,
inducing synaptic dysfunction, perturbing calcium homeostasis and elevating oxidative stress, while also amplifying
inflammatory signalling and promoting tau pathology. Tau pathology is driven by aberrant tau hyperphosphorylation and
detachment from microtubules, which compromises microtubule stability and axonal transport; importantly, neurofibrillary
tangle burden correlates closely with neuronal injury and clinical severity. In parallel, pathogenic AP and tau species
activate microglia and astrocytes. Although these glial cells can contribute to A uptake and clearance, chronic activation
favours the release of pro-inflammatory cytokines and reactive oxygen/nitrogen species and, through complement-
associated mechanisms, can facilitate aberrant synaptic pruning that accelerates synapse loss''*. Together, Ap-mediated
synaptic toxicity, tau-driven cytoskeletal disruption and sustained glia-dependent neuroinflammation converge to reduce

synaptic integrity and promote neuronal degeneration, thereby driving disease progression.

3.2. Ischemic stroke

Ischaemic stroke (ischaemic cerebrovascular accident) results from occlusion of a cerebral vessel, leading to a focal
reduction in blood flow and subsequent hypoxia—ischaemia that precipitates neuronal injury and infarction. The
underlying pathophysiology is often conceptualized as a stereotyped ischaemic cascade encompassing energetic failure,
excitotoxicity, calcium dysregulation with mitochondrial injury, oxidative stress, neuroinflammation and disruption
of the blood-brain barrier (BBB). Energetic failure constitutes an early initiating event. Abrupt interruption of oxygen
and glucose delivery compromises mitochondrial oxidative phosphorylation, rapidly depleting ATP and disabling
energy-dependent ion pumps. The ensuing membrane depolarization and loss of ionic homeostasis promote glutamate
accumulation in the extracellular space through increased release and impaired reuptake, driving excitotoxic signalling
via sustained activation of NMDA and AMPA receptors and a large influx of Ca”2+. Calcium overload then propagates
mitochondrial dysfunction by increasing mitochondrial membrane permeability and further suppressing ATP generation,
while also promoting cytochrome c release and caspase-dependent apoptotic programmes. During ischaemia—reperfusion,
mitochondrial impairment together with activation of oxidative enzymes, including NADPH oxidases, results in excessive
production of reactive oxygen and nitrogen species (ROS/RNS). These species damage lipids, proteins and nucleic acids,
trigger lipid peroxidation and accelerate cell death!"”. In parallel, neuroinflammation is rapidly engaged: microglia are
activated early, followed by recruitment and infiltration of peripheral immune cells. Through pathways such as NF-kB
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signalling and inflammasome activation, these cells drive the production of inflammatory mediators including TNF, IL-
1B and IL-6, thereby amplifying tissue injury. BBB breakdown represents another central component of the cascade and is
closely coupled to oxidative and inflammatory stress, involving endothelial injury, degradation of tight-junction proteins
and increased protease activity (for example, MMP-2 and MMP-9), ultimately increasing permeability and promoting

: 20
vasogenic ocdema . ].

3.3. Parkinson’s disease

Parkinson’s disease (PD) is a progressive neurodegenerative disorder defined pathologically by the degeneration
of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and clinically by consequent dysfunction of
nigrostriatal circuitry. The resulting loss of SNpc neurons leads to a marked reduction in striatal dopamine, which underlies
key motor manifestations of the disease”". PD pathogenesis is multifactorial and involves convergent processes, including
a-synuclein misfolding and aggregation, mitochondrial and bioenergetic impairment, oxidative stress, neuroinflammation
and defective proteostasis. A central molecular hallmark is the accumulation of misfolded a-synuclein into Lewy bodies
and Lewy neurites. These assemblies can disrupt synaptic function, vesicular trafficking and neurotransmitter release,
thereby exacerbating network-level dysfunction.

Mitochondrial dysfunction is also prominent, with reduced complex I activity reported in PD, contributing to impaired
ATP production and increased generation of reactive oxygen species (ROS). In parallel, disruption of mitochondrial quality
control pathways—most notably those governed by PINK1 and Parkin—can compromise mitophagy, allowing damaged
mitochondria to accumulate and further amplifying bioenergetic failure and oxidative injury™. Oxidative stress is
reinforced by the intrinsic chemistry of dopamine metabolism and is further shaped by iron dyshomeostasis and weakened
antioxidant capacity within the substantia nigra, collectively accelerating neuronal vulnerability. Neuroinflammation
represents an additional driver: chronic microglial activation, through signalling axes such as TLR—NF-kB and the NLRP3
inflammasome, promotes the production of cytokines including IL-1f and IL-6 and sustains injurious inflammatory
cascades™. Finally, impairment of protein degradation pathways—including the ubiquitin—proteasome system and the
autophagy-lysosome network—Ilimits clearance of misfolded and aggregated proteins (including a-synuclein), destabilizes
proteostasis and further promotes pathological protein accumulation and neurodegeneration.

4. New advances in plant extracellular vesicles for treating neurological diseases

Neurological disorders such as Alzheimer’s disease, ischaemic stroke and Parkinson’s disease exhibit convergent
molecular pathologies, including impaired mitochondrial function and energy metabolism, redox imbalance with oxidative
stress, dysregulated calcium signalling and excitotoxicity, and sustained neuroinflammation driven by innate and adaptive
immune pathways. Emerging evidence suggests that plant-derived extracellular vesicles can influence several of these
processes and may therefore represent a promising strategy for modulating neuroinflammation and related neuropathology.

4.1. Mitochondrial function and energy metabolic pathways
Mitochondria are central hubs of cellular bioenergetics, generating ATP primarily through oxidative phosphorylation.
Disruption of the electron transport chain—particularly at complex I—reduces ATP output and precipitates energetic
failure, which compromises energy-dependent ion pumps and perturbs intracellular homeostasis. Mitochondrial
dysfunction is also tightly coupled to oxidative stress and can promote cytochrome c release, thereby engaging caspase-
dependent apoptotic programmes that culminate in neuronal injury and cell death™. Recent work suggests that plant-
derived extracellular vesicles can modulate mitochondrial quality control.

For example, exosome-like vesicles isolated from kudzu root (Pueraria lobata) (Pu-Exos) have been reported to
exhibit efficient transmembrane and barrier-crossing delivery properties and to activate PINK1-Parkin-dependent

mitophagy, facilitating the clearance of damaged mitochondria. In parallel, Pu-Exos were associated with preservation
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of respiratory chain complex I and V activities and improved ATP availability, ultimately protecting dopaminergic
neurons and ameliorating Parkinson’s disease—related phenotypes™. More broadly, extracellular vesicles have also been
explored as nanocarriers to enhance delivery of mitochondrial-acting bioactives. In one study, milk-derived exosomes
loaded with curcumin and resveratrol increased tissue accumulation and potentiated antiproliferative and mitochondria-
dependent pro-apoptotic effects in breast cancer models. Alzheimer’s disease (AD): If plant-derived extracellular vesicles
(pEVs) can attenuate reactive oxygen species (ROS) and reverse metabolic reprogramming (for example, compensatory
upregulation of glycolysis), they may restore cellular bioenergetic homeostasis and alleviate mitochondrial stress, thereby
indirectly dampening the downstream amplification of AB/Tau-driven neurotoxic cascades”™. Ischaemic stroke: During the
secondary-injury window following ischaemia—reperfusion, pEVs are more likely to confer neuroprotection by suppressing
oxidative stress and lipid peroxidation (including ferroptosis-related processes) while engaging pro-survival signalling
axes, thus limiting further mitochondrial destabilization, reducing neuronal loss and mitigating blood—brain barrier
(BBB) disruption””. Parkinson’s disease (PD): Relative to other indications, pEVs appear to align more closely with the
mitochondrial-bioenergetic pathology central to PD. A plausible mechanism is the enhancement of mitophagy coupled
with restoration of respiratory-chain capacity, which could more directly support the survival and functional maintenance

of substantia nigra pars compacta (SNpc) dopaminergic neurons™”.

4.2. Oxidative stress and antioxidant pathways

Oxidative stress arises from an imbalance between the production and clearance of reactive oxygen and nitrogen species
(ROS/RNS), resulting in a sustained elevation of cellular oxidative burden. Excess ROS/RNS can drive lipid peroxidation,
oxidative protein modifications and DNA damage, thereby compromising cellular integrity and function™. A major
endogenous antioxidant defence axis is mediated by the Nrf2—ARE pathway: under stress, Nrf2 accumulates in the nucleus
and binds antioxidant response elements (AREs), inducing a transcriptional programme that upregulates detoxification
and antioxidant systems, including glutathione metabolism and superoxide dismutases, to reinforce radical scavenging and
redox homeostasis.

Consistent with these mechanisms, vesicle-based interventions have been reported to attenuate oxidative injury. For
example, ginseng-derived exosome-like vesicles reduced cisplatin-induced cardiomyocyte damage, at least in part by
dampening MAPK-associated oxidative stress and apoptotic signalling””. More generally, extracellular vesicles have
been proposed to deliver Nrf2 or to potentiate downstream antioxidant signalling, thereby enhancing ARE-dependent gene
expression and restoring redox balance—effects that may support tissue repair and potentially ameliorate aspects of ageing
and age-associated diseases. Alzheimer’s disease (AD): Plant-derived extracellular vesicles (pEVs) may reduce the Ap/
Tau-associated ROS burden and engage the Nrf2—-ARE-driven endogenous antioxidant programme, thereby alleviating
synaptic injury and neuronal toxicity and, at a functional level, slowing the trajectory of cognitive decline””. Ischaemic
stroke (ischaemia—reperfusion): In the acute phase, pEVs could blunt the reperfusion-triggered oxidative burst and lipid
peroxidation (including ferroptosis-related chain reactions) while preserving blood—brain barrier integrity, ultimately
limiting secondary neuronal loss and cerebral oedema'™. Parkinson’s disease (PD): pEVs may counteract the sustained
oxidative pressure arising from aberrant dopamine metabolism and mitochondrial dysfunction, and reinforce Nrf2-

associated antioxidant defences, thereby safeguarding nigral dopaminergic neurons and improving motor phenotypes ",

4.3. Calcium ion signaling and excitotoxicity pathways

Ca2+ is a central intracellular second messenger that orchestrates diverse physiological processes, including synaptic
transmission, neuronal plasticity and cell-survival signalling. Under pathological conditions, excessive glutamate release
and sustained activation of NMDA and AMPA receptors can drive a large Ca2+ influx, precipitating excitotoxicity. The
ensuing Ca2+ overload activates multiple Ca2+ dependent effectors—including proteases, phospholipases and nitric
oxide synthases—thereby aggravating mitochondrial dysfunction and oxidative stress and ultimately promoting neuronal
injury and cell death ™. Beyond its role in excitotoxic signalling, Ca2+ dynamics can also influence extracellular vesicle
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biogenesis and cargo. For example, DETD-35 was reported to induce ROS-associated mitochondrial structural and
functional damage while elevating cytosolic Ca2+ levels, leading to Ca2+ dependent exosome release from tumour cells.
Notably, this process was accompanied by a reshaping of exosomal protein composition and biological activity, endowing
the vesicles with the capacity to suppress proliferation of triple-negative breast cancer cells and to attenuate malignant
behaviours such as migration and invasion **. Alzheimer’s disease (AD): If plant-derived extracellular vesicles (pEVs)
can curb AP-driven overactivation of glutamate receptors and limit Ca** influx, they may alleviate Ca*" dyshomeostasis—
induced synaptic dysfunction and mitochondrial injury, thereby weakening neurotoxic cascade amplification and slowing
cognitive decline™. Ischaemic stroke (ischaemia—reperfusion): By reducing post-ischaemic glutamate accumulation and
the ensuing NMDA/AMPA receptor—mediated Ca?* overload, pEVs could suppress the escalation of excitotoxicity and
cell-death programmes, ultimately constraining infarct expansion and promoting neurological recovery. Parkinson’s disease
(PD): If pEVs stabilize Ca** homeostasis in dopaminergic neurons and attenuate Ca**-dependent mitochondrial stress
and oxidative burden, they may lower excitotoxic pressure and the degeneration risk of vulnerable neuronal populations,

thereby improving motor phenotypes””.

4.4. Neuroinflammation and immune signaling pathways

Neuroinflammation is largely orchestrated by microglia and astrocytes and is underpinned by signalling modules such as
NF-kB and MAPK pathways and activation of the NLRP3 inflammasome, which together drive the induction and release
of pro-inflammatory cytokines including TNF, IL-1p and IL-6 "°. Although acute inflammatory responses can support
debris clearance and restoration of tissue homeostasis, sustained or excessive activation promotes neuronal injury and can
engage reinforcing feedback with oxidative stress and cell-death programmes, thereby accelerating disease progression.
Plant-derived nanovesicles have been reported to modulate neuroinflammatory signalling in vivo. For example, oral
administration of oat-derived nanoparticles (oatN) attenuated alcohol-induced pro-inflammatory signalling by altering
intracellular trafficking and subcellular localization of the dectin-1—associated complex in microglia, resulting in reduced
neuroinflammation and improved cognitive performance””. In addition, exosome-like nanovesicles isolated from Allium
tuberosum (A-ELNs) were shown to mitigate microglia-driven inflammation by activating the HO-1 antioxidant axis
and suppressing iNOS/NO production and inflammatory mediator expression through miRNA-dependent regulation of
anti-inflammatory gene programmes. Notably, A-ELNs were also proposed as efficient carriers for anti-inflammatory
therapeutics. Alzheimer’s disease (AD): If plant-derived extracellular vesicles (pEVs) can restrain chronic reactive
activation of microglia and astrocytes and downregulate pro-inflammatory signalling axes such as NF-kB, MAPK and the
NLRP3 inflammasome, they may reduce cytokine- and complement-driven aberrant synaptic pruning, thereby mitigating
synapse loss and slowing cognitive decline. Ischaemic stroke (ischaemia—reperfusion): In the acute phase, pEVs may
attenuate the amplified innate-immune response (for example, via inhibition of NF-kB/NLRP3 and reduced TNF-o/IL-
1B) and bias the immune milieu from a damage-amplifying state towards a reparative programme, thus limiting cerebral
oedema and blood-brain barrier disruption, reducing secondary neuronal death and promoting functional recovery.
Parkinson’s disease (PD): By potentially intercepting a-synuclein—linked microglial TLR—inflammasome pathways and
lowering chronic neuroinflammation and its accompanying oxidative burden, pEVs could enhance the resilience of nigral

. . . . 35
dopaminergic neurons, decelerate neurodegeneration and improve motor phenotypes””.

5. Challenges and limitations

Despite rapidly expanding interest in plant-derived extracellular vesicles (PDEVs), also referred to as exosome-like
nanoparticles (ELNs), several conceptual and practical barriers continue to impede mechanistic understanding and clinical
translation. A central challenge is the absence of a unified definition and a definitive assignment of biogenic origin. In
contrast to mammalian exosomes—which are canonically derived from multivesicular bodies—plant vesicle secretion is
less well resolved, raising uncertainty as to whether isolated preparations represent bona fide exosomes or a heterogeneous
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mixture of membrane-derived nanostructures. This ambiguity complicates comparisons across studies and can confound
interpretation of reported biological activities. A second major limitation is the incomplete understanding of in vivo
behaviour, including biodistribution, cellular tropism and long-term safety. Although PDEVs are frequently described as
biocompatible and weakly immunogenic, rigorous and standardized toxicological and immunological assessments remain
sparse, and an aligned regulatory framework for evaluation is still emerging. Addressing these gaps will be essential to
move PDEVs from experimental systems toward robust and clinically deployable therapeutic platforms.

6. Conclusion

Plant-derived extracellular vesicles are emerging as a potentially versatile therapeutic modality for neurological disorders,
bridging naturally derived nanostructures with drug-delivery strategies. Their reported biocompatibility, low apparent
toxicity and capacity to traverse the blood—brain barrier support their exploration as platforms for CNS therapeutics.
Moreover, chemical or biomolecular surface engineering of plant vesicles can be used to tune biodistribution, cellular
tropism and cargo delivery, potentially enhancing targeting specificity and therapeutic efficacy and enabling new
intervention strategies for neurological disease.

At present, plant-derived extracellular vesicles remain at an early stage of translational development. Robust
preclinical and clinical evidence is still required to establish therapeutic efficacy, long-term biological effects, safety and
potential immunological consequences in the context of neurological disorders. To date, most work has been confined to
proof-of-concept and mechanistic studies, and systematic clinical evaluation has yet to be initiated.

In summary, plant-derived extracellular vesicles hold considerable promise as therapeutic platforms for neurological
disorders. Nevertheless, rigorous validation—particularly through well-designed human studies—will be essential before
these approaches can be translated into routine clinical application.
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Abstract: Objective: To analyze the nursing effect of health education intervention using clinical nursing pathways for patients
with schizophrenia and diabetes, and to provide a basis for optimizing nursing intervention strategies for this type of patients.
Methods: 200 cases of schizophrenia and diabetes in our hospital from January 2023 to December 2024 were selected as research
samples, and were divided into equal groups using the random number table method, namely the control group (n = 100) and
the observation group (n = 100). The control group received routine health education, and the observation group received health
education based on clinical nursing pathways. The intervention period was 8 weeks in both cases. The nursing effects of the two
groups were compared. Results: After the intervention, the total health knowledge mastery rate of the observation group (92.0%)
was significantly higher than that of the control group (75.0%), P < 0.05. The FPG, 2hPG and PANSS scores of the observation
group were significantly lower than those of the control group (P < 0.05). The PSQI score of the observation group was lower
than that of the control group (P < 0.05). In terms of MCMQ scores, compared with the control group, the observation group
had higher scores on the facing dimension and avoidance dimension, and lower scores on the yielding dimension (P < 0.05).
Conclusion: Health education for patients with schizophrenia and diabetes mellitus through the use of clinical nursing pathways
can improve the patient’s cognitive level of the disease, improve their blood sugar control, mental symptoms, sleep quality and
active coping ability. It is a structured and efficient nursing intervention model with clinical application and promotion value.
Keywords: Schizophrenia; Diabetes; Clinical nursing pathway; Health education; Nursing effect; Blood sugar control; Quality
of life
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1. Introduction

Schizophrenia is a chronic mental disorder that can cause abnormal manifestations in patients’ consciousness, behavior,
and perception, and significantly impair the patient’s social functions . Diabetes Mellitus (DM) is a chronic metabolic
disease with high incidence in the world. According to the 2023 report of the International Diabetes Federation (IDF), there

are more than 570 million patients worldwide, and the prevalence rate in my country is as high as 12.4% "

. Management
of the condition is particularly complex when schizophrenia and diabetes co-occur. On the one hand, antipsychotic drugs
often induce or aggravate metabolic disorders and aggravate the progression of diabetes . On the other hand, abnormal
blood sugar fluctuations can also affect the function of the central nervous system and may induce or worsen psychiatric

symptoms. Studies have shown that patients with schizophrenia are 2-3 times more likely to develop diabetes than the
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general population . Such patients often suffer from impaired cognitive function, reduced self-management ability and
poor treatment compliance due to the disease itself, which makes the dual control of blood sugar and mental symptoms
face severe challenges and seriously affects their quality of life.

Health education is the core part of comprehensive management of chronic diseases, aiming to enhance patients’ self-
management effectiveness through knowledge transfer and behavioral intervention. The traditional conventional health
education model has limitations such as fragmented content, insufficient pertinence, and a single form, and is difficult to
meet the complex and special health needs of patients with schizophrenia and diabetes'. Clinical Nursing Pathway (CNP)
is a standardized and process-based nursing management model guided by evidence-based medicine, using a timeline as a
framework, and integrating multi-dimensional content such as diagnosis, treatment, nursing, nutrition, rehabilitation, health
education and discharge planning . Its core lies in multidisciplinary collaboration to provide patients with continuous,
coordinated and individualized care services. Existing studies have confirmed that CNP is effective in single disease
management ", but there are relatively few studies on its effectiveness in systematically implementing health education in
patients with schizophrenia and diabetes. This study aims to explore better nursing intervention programs by comparing
the effects of conventional health education and CNP-based health education, and provide a reference for clinical practice.
The report is as follows.

2. Materials and methods

2.1. Research objects

200 patients with schizophrenia and diabetes who were hospitalized in our hospital from January 2023 to December 2024
were selected. Use the random number table method to divide them into two groups, with 100 cases in each group. Control
group: 58 males and 42 females; age (42.5 + 8.3) years old; disease duration (8.2 + 3.1) years old. Observation group: 60
males and 40 females; age (43.2 + 7.9) years old; disease duration (8.5 + 2.8) years old. There was no significant difference
in parallel comparison of information data between 2 or more groups P > 0.05.

Inclusion criteria: (1) Meet the diagnostic criteria for schizophrenia in the International Classification of Diseases
(ICD-10) and the diagnostic criteria for diabetes by the World Health Organization (WHO); (2) Aged 18 to 65 years old;
(3) Clear consciousness and basic communication skills; (4) The patient or his legal guardian gave informed consent and
signed an informed consent form.

Exclusion criteria: (1) Combined with severe heart, liver, and renal failure; (2) Suffering from other serious mental
disorders (such as major depressive episode, manic episode of bipolar disorder) that interferes with the assessment; (3)
Voluntarily withdrawn or lost to follow-up during the study.

2.2. Intervention methods

Control group: Implement routine health education. The responsible nurse organizes a group health lecture once a
week, each time for about 30 minutes. The content covers the basic knowledge of schizophrenia and diabetes, clinical
manifestations, treatment principles, drug use precautions, diet and exercise guidance, etc.; disease knowledge brochures
are distributed; while the patient is hospitalized, oral health education is given from time to time according to the situation,
emphasizing the importance of following medical treatment. The intervention lasted 8 weeks.

Observation group: Implement health education based on CNP. The specific plan is as follows:

(1) Team formation: Establish a CNP team, including 1 deputy chief physician of the psychiatry department, 1
attending physician of the endocrinology department, 2 psychiatric nurses in charge, 2 diabetes specialist nurses,
and 1 nutritionist. The team jointly developed a CNP form, clarified the division of responsibilities, and conducted
regular case discussions and professional knowledge training to ensure professionalization and standardization of
intervention.

(2) Path formulation: Based on the patient’s disease characteristics, treatment process and clinical experience,
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formulate a staged CNP table. Day 1 of admission: Complete the admission assessment and environmental
introduction; psychiatrists and endocrinologists will jointly explain the disease definition, etiology,
pathophysiology, main hazards and treatment goals to patients and guardians; issue a customized health manual
and self-management record card. Days 2 to 20 of hospitalization: Nutritional management: Individualized dietary
guidance (calorie calculation, recipe formulation) will be provided by a responsible nurse or nutritionist every
day, emphasizing the timing and quantitative principles of diabetic diet. Exercise guidance: Develop an exercise
plan based on the patient’s physical condition and supervise its execution. Medication management: Psychiatric
and diabetes specialist nurses jointly provide medication education, explaining in detail the mechanism of action,
usage and dosage, potential adverse reactions and coping strategies of various drugs. Knowledge enhancement:
2 special lectures are held every week. Psychological support: For patients with anxiety, depression and other
emotional problems, psychological counselors or trained nurses provide individualized psychological counseling
to promote the establishment of a positive treatment attitude. 3 days before discharge: Skills training: guide
patients/family members to master the operation of blood glucose meters, self-monitoring methods and frequency
of blood glucose; standardize insulin injection techniques, emphasizing aseptic operation. Discharge plan: clearly
inform the discharge medication plan, follow-up time and location; formulate a personalized home rehabilitation
plan; establish follow-up files, and provide consultation channels such as telephone and WeChat.

(3) Path implementation and feedback: Implement health education strictly in accordance with the CNP table.
After each education, the responsible nurse assesses the patient’s understanding and mastery through questions,
retellings, scenario simulations, etc., and dynamically adjusts the content and methods of subsequent education

based on feedback. The intervention period is 8 weeks.

2.3. Observation indicators

(1) Health knowledge mastery: assessed using a self-designed questionnaire, including basic knowledge of diseases,
treatment points, self-management skills (diet, exercise, medication, monitoring), etc., with a full score of 100
points. > 85 is classified as “mastered”, 60—84 is classified as “basic mastered”, and < 60 is classified as “not
mastered”. Total mastery rate = (number of mastered cases + basic mastered cases)/total number of cases x 100%.

(2) Blood glucose level: Blood samples were collected from patients before and after the pre-pregnancy test to detect
fasting blood glucose (FPG) and 2-h postprandial blood glucose (2hPG).

(3) Assessment of mental symptoms: Use the Positive and Negative Syndrome Scale (PANSS)“ to assess mental
symptoms. The higher the score, the more serious the patient’s mental disorder.

(4) Sleep quality assessment: Use the Pittsburgh Sleep Quality Index (PSQI) " score. The higher the total score, the
worse the sleep quality.

(5) Coping style assessment: The Medical Coping Style Questionnaire (MCMQ) ™ is used to assess, including three
dimensions: facing (active coping), avoidance (avoiding problems), and yielding (negative acceptance). The score
of each dimension reflects the patient’s degree of coping tendencies.

2.4. Statistical methods

All the data in this article were analyzed with the help of SPSS 26.0, and the measurement data involved are expressed
as follows: mean + standard deviation (SD), that is, the mean plus or minus the standard deviation, all are t tests, and the
count data are expressed as follows: [n (%)], all are ¥ tests, and P < 0.05 is considered statistically significant.

3. Results

3.1. Comparison of health knowledge mastery between the two groups
After the intervention, the total health knowledge mastery rate of the observation group was higher than that of the control
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group, and there was a difference (P < 0.05). See Table 1 for details.

Table 1. Comparison of health knowledge mastery between two groups of patients after intervention [n(%)]

Group n Master Basic mastery Not mastered Total mastery (%)
Control group 100 38(38.0) 37 (37.0) 25(25.0) 75 (75.0)
Observation group 100 55 (55.0) 37(37.0) 8(8.0) 92 (92.0)
Ve - - - - 10.488
- - - - 0.001

3.2. Comparison of blood glucose levels and PANSS scores between the two groups of patients

Before intervention, there was no statistically significant difference in FPG, 2hPG and PANSS scores between the two
groups of patients (P > 0.05). After intervention, the FPG, 2hPG and PANSS scores of the observation group were lower
than those of the control group, and there were differences (P < 0.05). Intra-group comparison showed that all indicators

in the two groups were significantly improved after the intervention compared with before the intervention (P < 0.001).
Table 2 for details.

Table 2. Comparison of blood glucose levels and PANSS scores between the two groups of patients before and after
intervention (mean + SD)

FPG (mmol/L) 2hPG (mmol/L) PANSS (Score)
Group n Before After Before After Before After
intervention intervention intervention intervention intervention intervention
Control group 100 85+1.2 7.8+1.0 13.2+£2.1 11.8+1.8 78.5+£8.3 723+7.5
Observation group 100 83+1.1 6.5+£0.8 13.0+2.0 9.5+1.2 78.2+8.1 652+6.8
t - 1.229 10.151 0.690 10.632 0.259 7.013
P - 0.221 0.000 0.491 0.000 0.796 0.000

3.3. Comparison of PSQI and MCMQ scores between the two groups of patients

Before the intervention, there was no statistical significance in the scores of PSQI and MCMQ between the two groups
of patients (P > 0.05). After the intervention, the PSQI score of the observation group was lower than that of the control
group; in terms of MCMQ score, the face and avoidance dimensions of the observation group increased, while the yielding
dimension decreased significantly (P < 0.05). Table 3 for details.

Table 3. Comparison of PSQI and MCMQ scores between two groups of patients before and after intervention (mean + SD)

PSQI (points) MCMQ-face (points) MCMQ-Avoidance (points) MCMQ-Yield (Points)
Group n Before After Before After Before After Before After
intervention intervention intervention intervention intervention intervention intervention intervention
Control group 100 82+1.5 75+1.3 18.5+23 19.2+2.1 142+1.8 148+1.6 105+1.2 10.8+1.0
Observation group 100 8.0+1.4 6.2+1.0 183+22 22525 14.0+1.7 16.5+1.9 103+1.1 85+0.8
t - 0.975 7.926 0.628 10.107 0.808 6.844 1.229 17.960
P - 0.331 0.000 0.530 0.000 0.420 0.000 0.221 0.000
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4. Discussions

Effective management of patients with schizophrenia and diabetes is the focus and difficulty of current clinical nursing
research. This study focuses on the application effect of the structured health education model. The results show that health
education based on CNP is significantly better than conventional health education in improving patients’ health knowledge
level, improving physiological indicators (blood sugar), mental symptoms, sleep quality and promoting positive coping.
The health knowledge mastery rate of patients in the observation group increased significantly (92.0% vs. 75.0%),
verifying the advantages of the CNP model in knowledge transfer. CNP systematically plans educational content,
clarifies time points, integrates multidisciplinary resources (physicians, nurses, nutritionists, psychologists), and uses
diversified educational forms to overcome the shortcomings of fragmentation and lack of depth in conventional education
and ensure the comprehensiveness, continuity and individual adaptability of knowledge transfer ), thereby effectively
improving patients’ cognitive level in the management of complex comorbidities. In terms of blood sugar control, the
significant improvement in FPG and 2hPG in the observation group was because CNP deeply integrated the core elements
of diabetes management (individualized diet prescription, regular exercise prescription, refined medication guidance,
standardized blood sugar monitoring and insulin injection skills training) into each stage of the path, and was followed
up and supervised by specialist nurses. This integrated and intensive lifestyle intervention and medication management

U0 At the same time, the

can significantly improve patients’ treatment compliance and self-management efficacy
simultaneous improvement of mental symptoms (PANSS score) may be due to the stabilizing effect of optimization
of blood sugar control on neurological function on the one hand, and is also closely related to the regular medication
guidance, self-identification, and coping strategies of mental symptoms, and targeted psychological counseling emphasized
in the CNP path. Together, these interventions promote overall stabilization of the patient’s condition. The improvement
in sleep quality (PSQI score) and more active coping styles of the patients in the observation group highlighted the value
of CNP in paying attention to the psychosocial aspects of patients. Patients with schizophrenia and diabetes often bear
a huge disease burden and psychological pressure, and are prone to anxiety and depression, which in turn affects sleep
and coping styles. The specialized psychological counseling sessions, coping skills guidance, and positive guidance on
disease recognition in the CNP path can help patients relieve negative emotions, establish a more effective stress coping
mechanism, and improve their psychological flexibility and self-efficacy "', thereby improving sleep quality and overall
adaptability.

5. Conclusion

In summary, the health education model based on the clinical nursing path, through its characteristics of standardization,
structuring, multidisciplinary collaboration, and individual customization, can effectively improve the disease recognition
and self-management ability of patients with schizophrenia and diabetes. It has shown significant advantages in improving
blood sugar control, alleviating mental symptoms, optimizing sleep quality, and promoting active coping, and provides
clinical nursing intervention programs that are highly operable and effective.
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Abstract: Objective: To explore the clinical efficacy of tubeless percutaneous nephrolithotomy (PCNL) in the treatment of upper
urinary tract stones. Methods: 100 patients with upper urinary tract stones and concurrent PCNL surgery who were treated in
Taizhou People’s Hospital Affiliated to Nanjing Medical University from September 2023 to September 2025 were randomly
divided into two groups using a random number table method according to whether a nephrostomy tube was left in place after
surgery, with 50 cases in each group, namely the observation group (without pyelostomy tube) and the control group (with
pyelostomy tube). The two groups of patients were compared in terms of clinical data, perioperative indicators, renal function
test indicators and surgical complications. Results: There was no statistical difference in clinical baseline data between the two
groups (P > 0.05). However, in terms of length of hospitalization, VAS score, postoperative urinary catheter indwelling time,
frequency of analgesic drug use, and postoperative recovery levels of Scr and BUN, the observation group showed significant
improvement compared to the control group, with statistical significance (P < 0.05). There was no statistical difference in the
incidence of complications between the two groups (P > 0.05). Conclusion: Both tubeless and standardized PCNL can effectively
break lithotripsy, but tubeless technology has the advantages of lower postoperative pain, faster postoperative recovery, and
shorter hospitalization time, and has practical clinical application value.
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1. Introduction

At present, the incidence of urolithiasis is on the rise, especially among young adults . In the urinary tract stone system,
upper urinary tract stone attacks are more severe and often cause sudden, severe pain in the waist or flank, which can
radiate to the groin or perineum. In severe cases, symptoms such as nausea and vomiting may also occur . Upper urinary
tract stones include kidney and ureteral stones. Kidney stones are more common, with an incidence rate of 6% to 14%,
mostly in men . At present, the main method for treating upper urinary tract stones is percutaneous nephrolithotomy
(PCNL). PCNL has a series of advantages, such as small trauma, fast recovery, and a high stone clearance rate. However,

after routine surgery, a pyelostomy tube will be left at the renal puncture port. Postoperative pain, bleeding, infection,
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urinary extravasation, and other conditions that may affect the patient’s postoperative recovery process may occur'*. Relevant
studies have shown that tubeless technology has many advantages, such as shortening the length of hospital stay and relieving
postoperative pain . This article aims to conduct a comparative analysis of the clinical effects of tubeless and tubed PCNL in
patients with upper urinary tract stones, to provide a certain reference value for subsequent clinical research.

2. Materials and methods

2.1. General information

Statistics were conducted on inpatients with upper urinary tract stones in our hospital from 2023.09.01 to 2025.09.01, and
100 patients who underwent PCNL were selected and divided into two groups according to whether nephrostomy tubes
were placed during the operation, namely the observation group (no nephrostomy tubes placed) and the control group
(nephrostomy tubes placed). 50 cases in each group. In the observation group, there were 27 males and 23 females; the
average age was 50.78 £ 13.26 years old; the diameter of the stones was about 1.81 + 0.58; there were 33 cases of kidney
stones and 17 cases of ureteral stones. In the control group, there were 31 males and 19 females; the average age was 51.12
+ 13.39; the diameter of the stones was about 1.66+0.53; there were 28 cases of kidney stones and 22 cases of ureteral
stones. After the calculation, statistical analysis was performed between the two groups, as shown in Table 1. P was all >
0.05. The difference was not statistically significant and was comparable. This study was approved by the hospital ethics
committee, and all patients participated voluntarily.

Table 1. Comparison of baseline data between the two groups (n, mean £ SD)

Group Gender (male/female) Age (years) Stone diameter (cm) Stone type (kidney/ureter)
Observation group (50) 27/23 50.78+13.26 1.81+0.58 33/17
Control group (50) 31/19 51.12+13.39 1.66+0.53 28/22
h 0.657 0.128 1.351 1.051
P 0.418 0.899 0.180 0.305

2.2. Inclusion criteria and exclusion criteria
Inclusion criteria: (1) Medical imaging showed upper urinary tract stones; (2) The surgical method was percutaneous
nephroscopic surgery; (3) The stone diameter was less than 3.0cm; (4) The informed consent form had been signed by the
patient and his family.

Exclusion criteria: (1) Severe organic dysfunction; (2) Congenital renal malformation, solitary kidney or ureteral
stenosis; (3) Possible urinary tract infection; (4) Multiple stones (> 3) with stone diameter > 3 cm; (5) Refusal to sign the
consent form.

2.3. Surgical methods

Patients in the tubeless group were placed in the lithotomy position after general anesthesia, and the lower abdomen and
perineum were disinfected and draped with 0.5% iodophor. A Leesonscope was inserted through the urethra to observe that
the urethral mucosa was normal throughout, the bladder mucosa was smooth and free of new organisms, and the bilateral
ureteral openings were clear. The guidewire was retrogradely inserted into the ureteral opening on the affected side. An
F6 ureteral catheter was placed under the guidance of the guidewire and connected with normal saline to prepare artificial
hydronephrosis. At the same time, a ureteral catheter was left in place. The patient was changed to the prone position, the
draping was re-sterilized, B-ultrasound was used to locate the location of the renal pelvis on the affected side, and the 18G
puncture needle was successfully inserted into the target renal calyx to elicit clarified urine. Then a super-hard guidewire
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was inserted, and the sheath was expanded along the guidewire to 18F to establish a stone channel. The target stone was seen
under Leeson’s microscope, and the holmium laser was used for lithotripsy and flushing. Another B-ultrasound examination
showed no remaining stones, and an F7 stent was placed through the puncture channel. The guidewire is left in place, and
the sheath is withdrawn under direct vision. If there is no active bleeding from the puncture channel, the incision is sutured.
Observe that the urine drained by the urinary catheter is light-bloody in color. In the tube group, a 16F pyelostomy tube was
left in place after the sheath was withdrawn, and it was routinely removed 48 to 72 hours after surgery. The other conditions
were the same as those in the tubeless group. Postoperative anti-infective treatment was routine.

2.4. Observation indicators
All patients will be re-examined 1 month after discharge. If the imaging shows that the stones disappear, the operation is
considered successful, and the ureteral stent on the affected side can be removed.

(1) Compare a series of indicators, including perioperative operation duration, intraoperative blood loss, length of
hospitalization, postoperative VAS score, postoperative urinary catheter indwelling time, one-time stone clearance
rate, frequency of analgesic medication, and hemoglobin drop value.

(VAS refers to the visual analogue score of pain - visual analogue score, 0 to 10 points. The higher the score, the
more obvious the pain.)

(2) Compare the levels of renal function factors, namely blood creatinine (Scr) and blood urea nitrogen (BUN), between
the two groups of patients before surgery and 1 month after surgery.

(3) Compare the complications that occurred during hospitalization and postoperative review between the two groups
of patients, including fever, hematuria, urinary extravasation, perinephric effusion, urinary tract infection, ureteral
stricture, etc.

2.5. Statistical methods

This study used GraphPad Prism9.5 as the statistical software for analysis. The results were presented as mean + standard
deviation (SD). The measurement data were tested by t test; the count data were tested by x*. P < 0.05 was considered
statistically significant.

3. Result

3.1. Comparison of perioperative indicators

Comparing the two groups of patients, there was no significant statistical difference in operation time, intraoperative blood
loss, one-time stone clearance rate, and hemoglobin drop value (P > 0.05), but the differences in length of hospitalization,
VAS score, postoperative urinary catheter retention time, and analgesic drug use frequency were statistically significant (P
< 0.05). The VAS score of the control group was significantly higher than that of the observation group, and the frequency
of analgesic drugs was lower than that of the observation group (Table 2).

Table 2. Comparison of perioperative indicators between the two groups

Group Operation ime  Intraoperative ~  Lengthof ~ VASscore  EosoPertiive  Quefnesone  KHuensy
(min) bleeding (mL)  hospitalization (d) (points) indwelling time (d) [n(%)] drugs (times)
Observ"ztsig;‘ Group 975441061  95.04+11.66 6.04+124 4184090 2924092 48 (96%) 15
Control group (50)  98.50+8.92 948+ 11.57 6.54+1.13 5.18+0.92 3.36+0.88 47 (94%) 35
) 0.490 0.585 2.104 5.508 2447 0211 16
P 0.626 0.56 0.038 <0.001 0.016 0.646 <0.001
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3.2. Comparison of renal function factor levels

There was no statistical difference in the Scr and BUN levels between the two groups of patients before surgery (P > 0.05).
However, one month after surgery, the Scr and BUN levels of the two groups of patients showed an upward trend, and
there was a statistical difference between the two groups (P < 0.05). The control group was higher than the observation

group (Table 3).
Table 3. Comparison of renal function test index levels between the two groups
Group Ser (umol/L) BUN (mmol/L)
Before surgery After surgery Before surgery After surgery

Observation group (50) 87.02+10.39 91.54 +8.31 5.22+0.98 5.54+0.83
Control group (50) 86.92 +9.38 96.60 +9.77 5.24+£0.89 6.03+0.79

t 0.960 2.789 0.096 3.025

P 0.051 0.006 0.923 0.003

3.3. Comparison of complications

Statistical analysis of postoperative complications between the two groups showed that there was no statistical difference
between the two groups (P > 0.05) (Table 4).

Table 4. Statistics of complications in the two groups of patients

Group Fever  Hematuria Urinary Pefrinephric l.Jrinal:y tract l{reteral Incidence
(n) (n) extravasation (n) effusion/blood (n)  infection (n)  stricture (n) rate [n(%)]
Observation grou
(50) group 2 1 0 0 I 1 10%
Control group (50) 2 2 1 1 3 0 18%
x 3474
P 0.627

4. Discussion

PCNL is currently the preferred surgical method to replace open upper urinary tract stones and is the most widely used and
most effective treatment option in most hospitals in China. In the past, a fistula tube was left in place after PCNL, which
could compress and stop bleeding and promote drainage. However, problems such as delayed recovery, increased pain,
and increased chance of postoperative complications were inevitable “!. Therefore, tubeless PCNI, as a newer minimally
invasive method of PCNI, has important clinical significance.

Wickhamt et al. first proposed the concept of partially tubeless PCNI in 1984, but then Winfield questioned and
reported that failure to leave an indwelling fistula tube could lead to serious complications such as hematuria and urinary
extravasation. Finally, Bellman and Moosanejad confirmed the feasibility of tubeless PCNI through a large number of
clinical studies, and this technology was eventually promoted *”. At present, a large number of studies can support the
advantages of tubeless PCNI. Scholars such as Liu Jun compared 87 PCNI patients and found that there were statistical
differences between the two groups in postoperative hospitalization time, postoperative first time out of bed, postoperative
complications, and postoperative VAS scores . Another scholar, Huang Huihu, conducted PCNI analysis on 96 patients
and also found that the hospitalization time, VDS score, hospitalization expenses, and postoperative recovery time of the
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control group were higher than those of the observation group, and the control group had a higher probability of fever
and infection "' In this study, our research results are similar to those of previous studies. Among the included patients,
there was no statistical difference between the two groups in the baseline data after eliminating interference (P > 0.05).
Among the perioperative indicators, length of stay, VAS score, postoperative urinary catheter time and analgesic drug use
There was a big difference in frequency (P < 0.05), especially in the VAS and analgesic drug evaluation, the observation
group was significantly lower than the control group (P < 0.001), which shows that tubeless PCNI can indeed greatly
reduce the pain of PCNI patients while improving the quality of life. There was no difference between the two groups in
terms of operation time and intraoperative bleeding, ruling out interference from the surgeon’s operating level. Although
there was no difference in the one-time stone clearance rates between the two groups, the success rates were extremely
high, 96% and 94%, respectively, indicating that urinary tract stones can be effectively removed with or without a fistula
tube, and there is no obvious treatment advantage or disadvantage. Regarding common indicators for clinical evaluation
of renal function, Scr and BUN showed relatively obvious changes. One month after surgery, the levels of Scr and BUN
in both groups showed an upward trend, and the levels in the observation group were lower than those in the control
group (P < 0.05), indicating that PCNL may cause renal function damage to a certain extent, and not placing a fistula
tube can accelerate the recovery of patients’ renal function damage. Finally, the incidence rates of fever, hematuria,
urinary extravasation, perirenal effusion, infection, and ureteral stricture (10%) in the observation group were lower than
those in the control group. Although there was no statistical significance between the two groups, the results showed that
tubelessization has the potential to reduce the probability of postoperative complications.

Although the many advantages of tubeless PCNL have been described, it does not mean that tubeless PCNL can be
applied to all patients, nor does it mean that tubeless PCNL is necessarily better than conventional PCNL. Tubeless is only
one of the options for PCNL, rather than a new innovative technology. The only difference between the two is the presence
or absence of an indwelling pyelostomy tube ). If the patient is found to have a tear in the renal pelvic system, ureteral
stenosis or distal obstruction, indications for second-stage surgery, severe infection, bleeding and other signs during the

operation, tubeless PCNI will no longer be suitable "',

5. Conclusion

In summary, both conventional and tubeless PCNL are effective ways to remove upper urinary tract stones. When
contraindications are eliminated, tubeless PCNL can be used as the first choice. It is safe and reliable, helps reduce
pain, shortens the length of hospitalization, promotes renal function recovery, reduces postoperative complications, and
improves the quality of life. It has clinical practical value.
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