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Abstract: As the “fourth messenger” of epigenetic regulation, metabolites playa spatiotemporally specific regulatory
role in kidney regeneration by dynamically reshaping the state of chromatin modifications. This review systematically
expounds the coordinated mechanism of the dual axes of succinate/H3K9ac and a-ketoglutarate (a-KG)/TET enzymes:
Succinate activates regeneration-related genes by regulating histone acetylation (H3K9ac), while a-KG relieves the
epigenetic repression of the Wnt pathway through TET-mediated DNA demethylation. The dynamic balance between the
two maintains epigenetic plasticity. Multi-omics integration strategies (such as Gaussian graphical models and deep learning
frameworks) and single-cell epigenetic tracking technologies (such as spatial metabolomics) have revealed the regulation of
metabolite gradients on cellular heterogeneity and the immune microenvironment. The coordinated application of metabolite
precursor supplementation (such as NAD precursors) and dynamic monitoring systems (such as isotope tracing and artificial
intelligence models) has promoted the shift of metabolic medicine from the “static replacement” paradigm to the “dynamic
reshaping” paradigm. However, technical bottlenecks (such as insufficient multimodal integration) and clinical translation
pitfalls (such as challenges in standardized production) still need to be overcome. In the future, through the development
of “metabolism-immunity” co-regulatory strategies and intelligent closed-loop systems, it is expected to achieve precise
interventions for kidney regeneration and disease treatment.
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Background Reconstruction: Breakthrough in the Traditional Understanding of
Metabolic-Epigenetic Cross-Regulation

New Understanding of the Dilemma in Kidney Regeneration

The traditional view holds that the limited regenerative capacity of the kidney is mainly attributed to the irreversible damage
of terminally differentiated cells or the exhaustion of the stem cell pool. However, recent studies have revealed the central role
of the dynamic interaction between metabolic reprogramming and epigenetic regulation in kidney regeneration. Kidney cells

undergo significant metabolic adaptive changes after injury. For example, proximal tubule epithelial cells shift from fatty acid
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oxidation to glycolysis. This metabolic reprogramming not only affects energy supply but also directly regulates epigenetic
modifications through the accumulation or depletion of metabolic intermediates, forming a “metabolic memory” effect '\,
Single-cell multi-omics analysis shows that the metabolic heterogeneity of different cell subsets (such as fibroblasts, immune
cells, and epithelial cells) during kidney repair significantly affects their epigenetic remodeling trajectories, leading some cells
to enter a profibrotic or senescent state ”. Notably, persistent mitochondrial dysfunction (such as a decrease in NAD+ levels)
in chronic kidney disease (CKD) can inhibit the activity of histone deacetylases (HDACs), induce a persistent open chromatin

state of pro-inflammatory genes, and ultimately form the molecular basis of “irreversible repair” .

Metabolites as the Fourth Messenger of Epigenetic Regulation

The classical signal transduction paradigms (such as hormones and cytokines) can no longer fully explain the dynamic
regulation of the genome by the metabolic environment. Emerging evidence indicates that metabolic intermediates act as the
“fourth messenger” of epigenetic regulation through multiple mechanisms and play a key role in spatiotemporally specific
regulation of chromatin modifications and gene expression.

Metabolites can directly serve as substrates or regulatory factors of chromatin-modifying enzymes, dynamically affecting
the state of epigenetic modifications. For example, a-ketoglutarate (a-KG) is an essential cofactor for TET dioxygenases
and JmjC demethylases. Changes in its concentration gradient can regulate the processes of DNA hydroxymethylation and
histone demethylation, thereby regulating the expression of genes related to kidney development (such as Pax2 and Six2) ..
In contrast, succinate and fumarate competitively inhibit the activity of TET enzymes, induce DNA hypermethylation, and
inhibit the expression of regeneration-related genes (such as Klotho), suggesting the importance of metabolite concentration
balance for epigenetic plasticity . In addition, the spatiotemporal specificity of nuclear metabolic pathways provides a
precise regulatory basis for local epigenetic modifications. The newly discovered nuclear tricarboxylic acid cycle (nTCA) can
directly support the chromatin modification activities of histone acetyltransferases (such as p300) and the PARP family by
locally generating acetyl-CoA and NAD+. This “metabolic compartmentalization” mechanism enables kidney cells to quickly
respond to microenvironmental changes. For example, after ischemia-reperfusion injury, the rapid recruitment of nuclear
citrate synthase (CS) can enhance H3K27ac modification, activate regeneration-related enhancers (such as Hippo pathway
regulatory elements), and promote tissue repair .

Metabolites can also drive non-classical epigenetic modification mechanisms, expanding the diversity of epigenetic
regulation. Gut microbiota metabolites short-chain fatty acids (SCFAs) regulate the epigenetic immune memory of kidney
macrophages through the dual effects of inhibiting histone deacetylases (HDACs) and activating G protein-coupled receptors
(GPCRs), affecting the resolution of inflammation and the fibrotic process ”. On the other hand, the urea cycle intermediate
arginine promotes the transcription of genes related to the proliferation of renal tubular epithelial cells through H4R3me?2
modification mediated by arginine methyltransferases (PRMTs), revealing a new mechanism of the coordinated regulation
of cell fate by metabolic reprogramming and epigenetics "*. These findings together indicate that metabolites, as the fourth
messenger, tightly couple microenvironmental signals with genomic responses through a multi-dimensional and dynamic
epigenetic regulatory network, providing a new perspective for understanding the role of metabolic-epigenetic interactions in

physiological and pathological processes.

Breakthrough Discoveries

In diabetic nephropathy, abnormal adenine metabolism has been found to disrupt epigenetic homeostasis through a dual
mechanism - on the one hand, by consuming S-adenosylmethionine (SAM) to limit the activity of DNA methyltransferases
(DNMTs), and on the other hand, by activating the AMPK/mTORCI signaling axis to reshape chromatin accessibility,
ultimately leading to podocyte dedifferentiation and thickening of the basement membrane . This discovery provides direct
pathological evidence for metabolic-epigenetic cross-regulation'”. In summary, metabolites, as the “fourth messenger”
of epigenetic regulation, play the role of a spatiotemporally specific regulatory hub in kidney regeneration by integrating
microenvironmental signals and genomic responses. Dual-target intervention strategies targeting metabolic enzymes (such as

IDH1/2, ACLY) or epigenetic modifiers (such as HDAC inhibitors, BET protein inhibitors) are expected to break through the
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dilemma of kidney regeneration''"”.

Core Mechanism: The Coordination of Dual Pathways in Metabolite-Driven Chromatin
Remodeling

The Succinate/H3K9ac Axis: Turning on the Epigenetic Switch of Regeneration

As a key intermediate metabolite of the tricarboxylic acid cycle (TCA), succinate directly participates in chromatin
remodeling by regulating histone acetylation modification (H3K9ac). Studies have shown that the enrichment of H3K9ac
is closely related to chromatin openness and gene transcription activation. For example, during the determination of cell
fate, succinate affects the activity of histone acetyltransferases (such as GCNS5) by regulating the production of acetyl-CoA,
thus promoting the deposition of H3K9ac in the promoter or enhancer regions of specific genes '>'*'. This “switch” function
of epigenetic modification is particularly important in regenerative medicine. For instance, when pluripotent stem cells
differentiate into specific lineages, the dynamic changes of H3K9ac can activate regeneration-related genes (such as genes

14,15

in the Wnt pathway), providing an epigenetic basis for tissue repair "*'*. In addition, succinate also indirectly enhances the

stability of H3K9ac by inhibiting the activity of a-KG-dependent demethylases (such as TET), forming a positive regulatory
loop "',

The o-KG/TET Axis: Unlocking the Epigenetic Repression of the Wnt Pathway

As an essential cofactor for TET dioxygenases, a-ketoglutarate (a-KG) relieves the epigenetic repression of key genes
in the Wnt pathway by regulating the processes of DNA hydroxymethylation (ShmC) and demethylation. TET enzymes
generate ShmC by oxidizing 5-methylcytosine (SmC), promoting the relaxation of the chromatin structure and the binding
of transcription factors (such as RUNX2) """/ In tumor and developmental models, the depletion of a-KG leads to the
inhibition of TET activity, which in turn causes the DNA hypermethylation and silencing of genes in the Wnt pathway (such

02 Conversely, exogenous a-KG supplementation can restore TET function, unlock the “epigenetic

[22.23

as B-catenin target genes) "
repression” of Wnt signaling, and drive cell proliferation and differentiation ®>*"'. Tt is worth noting that a-KG also forms
an antagonistic effect with the H3K9ac axis by regulating the activity of histone deacetylases (HDACs), jointly maintaining
epigenetic homeostasis ***.

The Spatiotemporal Kinetics of the Coordination of the Dual Axes

The coordinated action of the dual axes of succinate and a-KG exhibits dynamic balance and complementary characteristics
in the spatiotemporal dimension. During early embryonic development or tissue regeneration, the succinate-driven H3K9ac
axis preferentially activates the transcription of regeneration-related genes, while the a-KG/TET axis maintains chromatin
plasticity through demethylation, ensuring the continuous activation of developmental pathways such as Wnt ***”. For
example, in the differentiation of neural stem cells, the rapid deposition of H3K9ac and TET-mediated DNA demethylation
occur at different time peaks, corresponding to the gene initiation and expression maintenance stages respectively ***.
Spatially, the compartmentalized distribution of nuclear metabolites (such as the enrichment of a-KG in heterochromatin

B3 n addition, metabolic stress (such as hypoxia or

regions) further enhances the specific regulation of the dual axes
nutrient deficiency) will disrupt the balance of the dual axes, leading to epigenetic disorders: the accumulation of succinate
inhibits TET activity, and at the same time, excessive acetylation of H3K9ac triggers abnormal gene activation, and this
phenomenon is particularly significant in tumorigenesis and aging ***".

The coordinated mechanism of the dual axes driven by metabolites (succinate/H3K9ac and a-KG/TET) closely couples
the cellular metabolic state with epigenetic remodeling through spatiotemporal dynamic regulation. This coupling not
only provides potential targets for regenerative medicine (such as reprogramming epigenetic switches through metabolic
interventions), but also lays a theoretical foundation for understanding the epigenetic-metabolic interaction network in

.. . . . . 34,35,36,37
developmental abnormalities and disease progression (such as neurodegenerative diseases and cancers) ' I

Technological Breakthrough: Dynamic Analysis of the Metabolic-Epigenetic Interaction
Network

The interaction between metabolism and epigenetics is a core mechanism for regulating cell fate, but its dynamic analysis
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still faces technical bottlenecks. In recent years, breakthroughs in multi-omics integration strategies and single-cell epigenetic

tracking technologies have brought revolutionary progress to this field.

Multi-omics Integration Strategies

Multi-omics integration strategies systematically analyze the hierarchical relationships of the network of interactions between
metabolism and epigenetics by jointly analyzing multi-dimensional data such as genomics, transcriptomics, epigenomics, and
metabolomics, providing important tools for revealing dynamic regulatory mechanisms. The current mainstream strategies
mainly include the following three types of methods:

1.The integration of knowledge-driven and data-driven approaches is one of the core paths for constructing the metabolic-
epigenetic interaction network. By introducing prior knowledge of biological networks to guide data integration and
combining unsupervised dimensionality reduction methods (such as joint low-dimensional embedding) to mine cross-omics
associations, the specificity of the analysis can be significantly improved **. For example, the network analysis method based
on the Gaussian graphical model (GGM) can jointly analyze methylation and transcriptome data, and accurately identify gene
modules regulated by metabolites. An example is the coordinated regulatory nodes between the glycolytic pathway and DNA
methylation modifications in renal fibrosis **.

2.The combination of machine learning and metabolic network models has further promoted the construction of cross-scale
dynamic models. By using deep learning frameworks to integrate single-cell multi-omics data, the epigenetic remodeling
trajectories under metabolic perturbations can be simulated. For example, the integration method based on the variational
autoencoder (VAE) can analyze the nonlinear associations between fluctuations in metabolite concentrations and changes in
chromatin accessibility, and predict the epigenetic repair pathways driven by a-ketoglutarate after renal ischemia injury .
In addition, the construction of hybrid networks by fusing known metabolic-epigenetic interaction relationships with inferred
cross-omics associations forms multi-level functional modules. Studies have shown that such hybrid networks can break
through the limitations of traditional single omics, discover the synergistic effects between metabolic enzymes (such as IDH1)
and chromatin modifiers (such as TET2), and reveal their dual regulatory functions in the occurrence of renal cancer *"*.

3. Although significant progress has been made in multi-omics integration, data heterogeneity (such as differences in
sequencing depth) and nonlinear associations remain major challenges. For example, the differences in the dynamic ranges
of metabolomics and epigenomics data may lead to false associations, and more robust standardization and joint modeling
algorithms need to be developed to improve the biological interpretability of the results "', In the future, combining spatio-
temporal resolution technologies with multi-omics dynamic modeling will further improve the quantitative analysis ability of
the metabolic-epigenetic interaction network. Single-cell Epigenetic Tracking

The rapid development of single-cell technologies has provided unprecedented spatio-temporal resolution for analyzing the
cellular heterogeneity of the interactions between metabolism and epigenetics, enabling researchers to reveal the dynamic
regulatory mechanisms of the metabolic microenvironment on epigenetic states at the single-cell level.

Multimodal single-cell sequencing is one of the core tools in current research. New single-cell multi-omics technologies
(such as scATAC-seq combined with scRNA-seq) can simultaneously capture chromatin accessibility, DNA methylation, and
transcriptome information, and accurately analyze the epigenetic heterogeneity driven by metabolic states **. For example,
in the study of atherosclerosis, the combined analysis of single-cell epigenetics and transcriptomics revealed the association
between macrophage metabolic reprogramming (such as glycolysis activation) and inflammatory epigenetic memory (such
as the persistence of H3K4me3 modification), clarifying the molecular basis of metabolites maintaining inflammatory
polarization by regulating chromatin states . In addition, the progress of dynamic network inference tools has further
promoted the construction of the metabolic-epigenetic interaction network. Algorithms based on generative adversarial
networks (GAN) and mutual nearest neighbors (MNN) (such as scCross, DeepMAPS) can integrate cross-modal data,
construct cell type-specific metabolic-epigenetic regulatory networks, and simulate the spatio-temporal effects of changes in

[46,47

metabolite concentrations on the activities of chromatin-modifying enzymes !, These tools have successfully predicted

the dynamic trajectory of DNA hypermethylation induced by the succinate gradient through the inhibition of TET enzyme

activity in a renal fibrosis model ***”.
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The breakthrough in spatial epigenomics has added a spatial dimension to the study of metabolic-epigenetic interactions.
Spatial multi-omics technologies (such as MERFISH combined with epigenetic analysis) can locate the spatial distribution
of metabolites in the tissue microenvironment and analyze their interactions with local epigenetic states °**"". For example,
in the tumor microenvironment, the spatial gradient distribution of lactic acid drives the epigenetic silencing of key genes
(such as IFN-y) in immune cells (such as T cells) by inhibiting the activity of histone deacetylases (HDAC), revealing the
regulatory mechanism of the spatial heterogeneity of metabolites on immune escape 2.

Despite the significant progress made in single-cell epigenetic tracking technologies, their limitations cannot be ignored. Data
sparsity (such as insufficient detection sensitivity for low-abundance metabolites) and biases in cross-batch integration may
mask the true metabolic-epigenetic associations "***. In the future, combining metabolic fluorescent probes (such as NADH
sensors) with single-cell metabolomics technologies is expected to achieve real-time dynamic monitoring of metabolite
concentrations and epigenetic modification states, providing more accurate tools for analyzing the spatio-temporal specificity

of metabolic-epigenetic interactions %,

New Therapeutic Paradigm: Precise Intervention Targeting Metabolite Homeostasis
The dynamic imbalance of metabolic homeostasis is a core pathological feature of various diseases, including metabolic
syndrome, cancer, neurodegenerative diseases, etc. In recent years, precise intervention strategies targeting metabolite
homeostasis have gradually become a research hotspot. The core of these strategies lies in reconstructing metabolic balance
through the supplementation of metabolic precursors, and achieving real-time regulation with the help of dynamic monitoring
technologies, thus forming a closed-loop treatment model of “intervention-feedback-optimization”. Metabolic Precursor
Supplementation Strategy

The metabolic precursor supplementation strategy provides a new idea for restoring metabolic homeostasis and intervening in
the pathological process by exogenously inputting key metabolic intermediates to reshape the disrupted metabolic network in
the diseased state. The core of this strategy is to target the “bottleneck nodes” in the metabolic pathway, and reverse metabolic
imbalance and activate the repair mechanism by supplementing specific precursor molecules.

NAD precursors (such as nicotinamide riboside NR) are one of the current research hotspots. Supplementing NAD
precursors can maintain the inhibitory state of mitochondrial oxidative phosphorylation in hematopoietic stem cells (HSCs)

BT Clinical studies

by activating the GCN2 signaling pathway, thereby protecting their long-term self-renewal ability
further show that NAD precursors can improve aging-related metabolic disorders (such as mitochondrial dysfunction) and
enhance the ability of DNA damage repair, providing a potential therapeutic strategy for delaying aging-related diseases
(such as neurodegenerative diseases) **'. In addition, as a hub molecule between glycolysis and lipid metabolism, citric acid
supplementation can inhibit the abnormal proliferation of tumor cells and restore the homeostasis of energy metabolism. For
example, in a renal cancer model, exogenous citric acid inhibits the activity of ATP citrate lyase (ACLY), blocks the lipid
synthesis pathway of tumor cells, and at the same time enhances oxidative metabolism to inhibit metastasis .

The regulation of amino acid precursors demonstrates the pleiotropy of metabolic intervention. For example, L-arginine
(L-arg) affects host protein synthesis and energy supply by regulating immune metabolism (such as nitric oxide synthesis)
and the interaction with gut microbiota, and plays a dual regulatory role in metabolic diseases (such as obesity) and immune
disorders (such as autoimmune nephritis) . Similarly, serine metabolism is reprogrammed during the aging process, and the
supplementation of its precursor can reverse the shift of glycolytic flux and restore the homeostasis of purine metabolism,
thereby alleviating aging-related mitochondrial dysfunction .

The targeted supplementation of microbial metabolites also provides a unique perspective for the metabolic precursor
strategy. Gut microbiota metabolites such as short-chain fatty acids (SCFAs) regulate the host immune-metabolic axis (such
as GPR43 receptor signaling), inhibit the release of pro-inflammatory factors and enhance the intestinal barrier function,
showing significant curative effects in inflammatory bowel disease and chronic kidney disease .

In the future, the metabolic precursor supplementation strategy needs to combine multi-omics technologies to accurately

identify disease-specific metabolic nodes and optimize the delivery system to improve targeting. By integrating metabolomics
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and epigenetic analysis, the reprogramming effect of precursor supplementation on the metabolic-epigenetic interaction

network can be dynamically evaluated, providing a theoretical basis for personalized treatment.

Construction of the Dynamic Monitoring System

The spatiotemporal heterogeneity of metabolic homeostasis requires the deep integration of intervention strategies and
real-time monitoring technologies to achieve accurate capture and regulatory optimization of the dynamic changes in the
metabolic network.

Stable isotope tracing technology provides a high-resolution tool for analyzing the dynamics of metabolic flux. Through
isotope-labeled metabolomics at the whole organism level (such as the fruit fly model), researchers can systematically track
the dynamic shifts of metabolic flux during the aging process and reveal key events such as the imbalance of the glycolysis-
serine metabolism axis . For example, in aging research, this technology has found that the increased mitochondrial serine
efflux leads to the blockage of purine synthesis, which is an important driving factor for aging-related metabolic decline
) The breakthrough of non-invasive biosensing technology has promoted the simultaneous monitoring of metabolic-
physiological signals. For example, an in-ear multimodal sensor can detect the dynamic association between metabolic
markers (such as glucose and ketone bodies) and electroencephalogram signals in real time, capturing the regulatory effect of
metabolic fluctuations on neural activities, and providing a new method for the early warning of neurodegenerative diseases
such as Alzheimer’s disease °”.

Artificial intelligence-driven metabolic prediction models further expand the predictive ability of dynamic monitoring. By
integrating GWAS data and multi-omics association analysis (such as the Gene-Metabolite Association Atlas), these models
can identify the physiological substrates of uncharacterized metabolites and predict the systems biology effects of intervention
targets >’ For example, a deep learning-based metabolic network model has successfully predicted the cascade regulation
of host bile acid metabolism by gut microbiota metabolites, providing new targets for the precise intervention of metabolic
liver diseases ‘.

However, the core challenge of the dynamic monitoring system lies in the cascade feedback mechanism of the metabolic
network. For example, mitochondrial glutathione (GSH) regulates the expression of its own synthase through a thiol redox
sensor, forming a homeostatic loop, and such dynamic systems are difficult to analyze through traditional linear models .
To address this problem, it is necessary to develop “metabolic cybernetics” algorithms to integrate and model metabolite
concentrations, enzyme activities, and gene regulatory networks to achieve real-time optimization of intervention parameters.
For example, a dynamic regulation framework based on reinforcement learning can reverse aging-related metabolic
remodeling by feedback regulating the NAD+/NADH ratio """, In the future, combining multimodal dynamic data (such
as single-cell metabolomics and real-time imaging) with adaptive control algorithms will promote the development of
the metabolic monitoring system towards the integration of “perception-analysis-intervention”, providing a closed-loop

regulation solution for disease treatment.

Collaborative Innovation and Future Directions

The collaborative application of the metabolic precursor supplementation strategy and the dynamic monitoring system has
shown significant clinical potential, marking the paradigm shift of metabolic medicine from “static replacement” to “dynamic
remodeling”. For example, in the treatment of non-alcoholic steatohepatitis (MASH), by real-time tracking the cell-specific
distribution of metabolic precursors (such as NAD) through a liver organoid model and combining with dynamic data of
metabolic flux, the design of the targeted delivery system can be optimized, significantly improving the intervention efficiency
1 This “monitoring-intervention” linkage strategy provides a new idea for the precise regulation of metabolic diseases.
Future development directions will focus on multi-dimensional technological innovation and interdisciplinary integration:
1. Multi-omics integration monitoring platform: Combining single-cell metabolomics with spatial metabolic imaging
technology to analyze the dynamic evolution of metabolic heterogeneity in the tissue microenvironment. For example,
spatial resolution metabolomics can reveal the spatiotemporal association between lactic acid and epigenetic silencing of

immune cells in the tumor microenvironment, providing a basis for targeted metabolic reprogramming "**. 2. Metabolic-
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immune interaction regulation: Exploring the regulatory role of immune-metabolic hub molecules such as STING protein
in the delivery of metabolic precursors, and developing dual intervention strategies that target both metabolic pathways
and immune checkpoints. Studies have shown that STING activation can enhance the repair effect of NAD precursors on
mitochondrial function, providing a new target for metabolic-immune co-regulation """, 3. Intelligent closed-loop system:
Using wearable devices and implantable biosensors to establish an automated intervention system based on real-time
feedback of metabolic flux. For example, a closed-loop system based on the linkage of continuous glucose monitoring and

7871 This new paradigm not

an insulin pump has initially achieved personalized metabolic management for diabetic patients !
only promotes the theoretical innovation of metabolic medicine but also provides new technical tools for precision medicine.
By integrating multi-omics dynamic data, artificial intelligence prediction models, and real-time regulation systems, future
metabolic interventions will achieve a leap from “passive correction” to “active remodeling”, opening up a broader path for

the treatment of complex diseases™**".

Challenges and Future Directions

Key Scientific Questions

The core scientific challenges faced by current research mainly focus on two aspects: the analysis of basic mechanisms
and the integration of interdisciplinary theories. Firstly, many studies have pointed out that the mechanisms of action of
biomedical intervention methods (such as gene therapy and nanodrug delivery systems) have not been fully elucidated. For
example, there are still theoretical gaps in the response characteristics of neurons to light stimuli in optogenetic hearing
restoration technology *”. Secondly, there is a lack of the ability to comprehensively analyze biological phenomena across
scales. For instance, a unified theoretical framework for the dynamic regulatory mechanism of the extracellular matrix (ECM)
in tissue regeneration has not been formed, which directly hinders the development of new biomaterials . In addition,
precise regulatory strategies for disease heterogeneity still lack theoretical support at the molecular level. For example, a
complete dose-response model has not been established for immunotherapy based on the cGAS-STING pathway **. In
the future, it is necessary to break through the existing theoretical bottlenecks through multi-omics data integration and
computational modeling *”.

Demand for Technological Innovation

Technological iteration is the core driving force for breaking through the transformation bottleneck of metabolic medicine.
Currently, key innovations are urgently needed in the following three major fields:

1.The integration of multimodal technologies is an important direction for improving detection capabilities. Traditional
unimodal technologies (such as ultrasound or photoacoustic imaging) are difficult to analyze the spatiotemporal dynamics of
metabolic networks due to limitations in resolution and functional coverage. Developing new cross-scale detection systems
(such as molecular-level coding systems based on DNA self-assembly technology) can significantly improve detection
sensitivity and the ability to analyze multiple parameters simultaneously. For example, this technology realizes the single-cell
co-localization analysis of metabolite concentrations and epigenetic modification states through the spatial positioning coding
of nucleic acid probes, providing a new tool for analyzing metabolic-epigenetic interactions .

2.Standardization of the manufacturing process is the key to promoting the clinical transformation of tissue engineering.
Although advanced technologies such as 3D bioprinting can construct a biomimetic metabolic microenvironment, there
is still a contradiction between printing accuracy and biocompatibility. Establishing a database of dynamic cross-linking
parameters (such as the correlation map between the elastic modulus of photosensitive hydrogels and cell viability) can
optimize the bioink formula and printing parameters, and achieve the reproducible production of tissue engineering products
(such as artificial kidney organoids) ™" In addition, the integration of intelligent technologies urgently needs to break through
the algorithm bottleneck. Although artificial intelligence is widely used in drug screening, it is limited by data quality and
complexity (such as the heterogeneity of nanoparticles). Therefore, it is necessary to develop an algorithm framework based
on active learning. Such a framework can improve the delivery efficiency by iteratively optimizing the size, surface charge,

and metabolic targeting of nanoparticles (NPs) ™.
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3. The combination of microfluidic technology and organ-on-a-chip may become a key innovation point for breaking
through the limitations of in vitro models. For example, a liver chip integrated with a metabolic sensing unit can simulate
pharmacokinetics and monitor the uptake and transformation of metabolic precursors by hepatocytes in real time ™. In
the future, technological innovation needs to take into account interdisciplinary collaboration and clinical applicability. By
integrating molecular engineering, artificial intelligence, and biomanufacturing technologies, and constructing a closed-loop
system of “design-validation-optimization”, the leap of metabolic medicine from basic research to clinical application will be
accelerated. Traps in Clinical Transformation

In the process of transformation from the laboratory to the clinic, metabolic medicine faces multiple systemic obstacles, and
these challenges run through the entire chain of technology development, verification, and regulation.

The challenge of standardized production is the primary problem restricting the clinical transformation of biomaterials. More
than 60% of extracellular matrix (ECM) biomaterials failed to pass preclinical verification due to differences in components
between batches, revealing the lack of standardization in raw material purification processes (such as the control of collagen
cross-linking degree) and sterilization processes (such as the optimization of y-ray dosage), resulting in unstable material
performance and safety .

The limitations of clinical verification are reflected in the disconnection between the model system and the real human
environment. For example, the efficacy-toxicity ratio (ETR) of nanodrugs in animal models often significantly differs from
the results of human trials. This is mainly due to the insufficient simulation of the immune microenvironment (such as the
polarization state of tumor-associated macrophages) in existing disease models (such as mouse tumor xenografts) "%,

The complexity of the regulatory path further exacerbates the transformation resistance. Innovative therapies (such as
sonodynamic therapy) often face the problem of ambiguous classification due to their novel mechanisms of action, and the
traditional regulatory framework is difficult to assess their risk-benefit ratio. Establishing a dynamic regulatory sandbox
mechanism (such as conditional marketing authorization) can accelerate the approval process while ensuring safety tracking
B394 1t is worth noting that the dilemma of clinical trial design caused by patient heterogeneity is becoming increasingly
prominent. For example, the efficacy of metabolic precursor intervention may fluctuate due to differences in the composition
of the individual gut microbiota. It is necessary to develop dynamic enrollment criteria based on real-world data (such as
electronic health records and multi-omics integration) to balance the speed of innovation and safety >,

Future breakthrough directions need to focus on systematic solutions:

1.Construct a “technology-clinic-industry” tripartite collaborative platform: Through the pre-verification database sharing
mechanism (such as the organ-on-a-chip verification platform), integrate organoid models and clinical data to reduce
transformation risks. For example, a kidney chip can simulate pharmacokinetics and predict the distribution and clearance
efficiency of nanoparticles in the human body .

2. Strengthen the closed-loop feedback between computational medicine and experimental medicine: Use digital twin
technology to construct patient-specific metabolic models and dynamically optimize treatment plans. For example, a digital
twin system based on individual metabolic flux data can predict the remodeling effect of NAD precursor supplementation on
mitochondrial function and guide precise dosage adjustment ””'*. These strategies will promote the evolution of metabolic
medicine from an “experience-driven” to a “data-driven” transformation mode, providing systematic support for breaking
through the traps in clinical transformation.

Design of the Combination Points for the Review

The deepening of metabolic medicine research requires directly addressing the contradictions within the existing theoretical
and technical systems, and integrating innovative research paradigms from a multi-dimensional perspective. Analyzing
contradictory evidence is the starting point for theoretical breakthroughs. For example, the Wnt signaling pathway exhibits
dual roles in tissue repair and fibrosis: its repair-promoting function depends on B-catenin-mediated cell proliferation, while

1 The latest research shows that

the pro-fibrotic effect is associated with the abnormal activation of the DKK3 protein !
the dynamic regulation of metabolite gradients can reconcile this contradiction—a-ketoglutarate (a-KG) inhibits the DNA

methylation modification of the DKK3 gene by activating the TET2 enzyme, thus spatially limiting the fibrotic tendency
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of the Wnt pathway "*”. Based on such findings, this paper proposes a theoretical model of the “metabolite buffer pool”,
emphasizing that succinate and a-KG regulate the epigenetic modification thresholds (such as histone acetylation/DNA
methylation) through dynamic balance, forming a buffer system that maintains epigenetic plasticity. For instance, in renal
ischemia-reperfusion injury, the increase in succinate concentration competitively inhibits the a-KG/TET2 axis, reducing the
rate of DNA demethylation. At the same time, it promotes histone deacetylation mediated by HDACsS, forming a pro-fibrotic
epigenetic memory.

Criticizing technical limitations points the way for methodological innovation. Although existing chromatin analysis
technologies (such as CUT&Tag) can locate stably bound chromatin-modifying enzymes, they are unable to capture transient
metabolite-chromatin interaction events. Developing in-situ metabolite labeling technologies based on click chemistry (such
as metabolite-PROTAC probes), combined with single-molecule imaging, is expected to elucidate the dynamic regulatory
mechanism of metabolite fluctuations on the three-dimensional structure of chromatin.

Reconstructing the clinical pathway requires driving the upgrading of treatment strategies with mechanism innovation.
Traditional broad-spectrum HDAC inhibitors often lead to severe side effects due to the lack of tissue specificity. However,
designs based on the regulatory patterns of metabolites (such as succinate analogs) can achieve specific inhibition of local
HDAC:s. For example, a succinate prodrug targeting the proximal tubules of the kidney can selectively inhibit the fibrosis-
related HDAC4/5 subtypes while preserving the physiological functions of HDACs in other tissues !'”. This “metabolic-
epigenetic targeting” strategy will promote the transformation of clinical treatment from extensive intervention to precise
regulation.

Summary and Prospect

Metabolites dynamically couple the cellular metabolic state with the genomic response by regulating the epigenetic network
(such as H3K9ac and DNA methylation), providing a new perspective for kidney regeneration. The coordinated mechanism
of the dual axes of succinate and a-KG reveals the molecular basis of metabolite gradients balancing repair and fibrosis in

(1941951 "Breakthroughs in multi-omics technologies and single-cell tracking have provided high-

the spatiotemporal dimension
resolution tools for analyzing the heterogeneity of the metabolic-epigenetic interaction network "**'’”. The combination of
metabolic precursor supplementation (such as NAD and citric acid) and real-time monitoring systems marks the evolution of
metabolic intervention towards a closed-loop regulation mode"**'*",

However, current research still faces multiple challenges: at the technical level, the dynamic analysis of transient metabolite-
chromatin interactions requires the development of new in-situ labeling technologies (such as click chemistry probes);
in clinical translation, the lack of standardization of biomaterials and the insufficient biomimesis of disease models limit
the reliability of treatment strategies ""'*"""; the refinement of the metabolic-immune interaction mechanism and the dose-

112,113

response model still needs to be further explored ' ! Future directions should focus on: the integration of multimodal

technologies (such as the combination of organ-on-a-chip and metabolic sensing units) to improve the spatiotemporal

) 1141151

resolution of dynamic monitoring of the metabolic networ ; the development of “metabolic-epigenetic-immune” triple-

targeting strategies, such as coordinated interventions based on the STING pathway !''"’; the construction of a “digital twin-
real-time feedback” system to achieve personalized metabolic remodeling "'"'""*!. Through interdisciplinary collaboration and
technological innovation, metabolic medicine is expected to break through the regeneration dilemma and open up new paths

for the precise treatment of chronic kidney disease and aging-related diseases "'*'"*".
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Abstract: Aims: To compare the efficacy and safety of vonoprazan-based bismuth-containing quadruple therapy (VBCQ)
versus proton pump inhibitor (PPI)-based bismuth-containing quadruple Therapy (PBCQ) for Helicobacter pylori eradication.
Methods: We performed a systematic search in PubMed, Embase, Web of Science, Cochrane Library, CNKI, Wanfang
databases for relevant randomized controlled trials up to March 2024. Meta-analysis by RevMan 5.4 software. Results: Ten
randomized controlled trials were evaluated in this meta-analysis. In intention-to-treat (ITT) analysis and per-protocol (PP)
analysis, the eradication rate of VBCQ was significantly higher than PBCQ [ITT overall eradication rate: 86.7% vs 82.8%,
RR: 1.05,95% CI (1.05, 1.09), P < 0.05; PP overall eradication rate: 92.0% vs 88.0%; RR =1.05,95% CI (1.05, 1.08), P < 0.05].
The incidence of adverse events in VBCQ was higher than PBCQ (36.7% vs 36.5%), there was no significant difference (P >
0.05). Conclusions: VBCQ has a higher eradication rate and comparable safety.

Keywords: Vonoprazan; Helicobacter Pylori; Proton Pump Inhibitor; Quadruple Therapy; Efficacy; Safety
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Helicobacter pylori (H. pylori, Hp) infection has a global prevalence of approximately 50%, varying across regions and
populations. In mainland China, over 500 million individuals are infected with Hp!"". Digestive diseases such as gastritis,
peptic ulcer disease, and gastric cancer are closely associated with Hp infection. The "National Sixth Consensus" recommends
eradication therapy for confirmed Hp infections in the absence of contraindications”. Vonoprazan (VPZ), a potassium-
competitive acid blocker (P-CAB), was introduced in China in December 2019. Compared to proton pump inhibitors (PPIs),
VPZ offers more potent and prolonged acid suppression. The 2022 Chinese guidelines recommend a VPZ-based bismuth
quadruple therapy for Hp eradication”. However, the efficacy and safety differences between VPZ-based and PPI-based
quadruple regimens remain unclear. Comparative studies between VPZ-based bismuth quadruple therapy (VBCQ) and PPI-
based bismuth quadruple therapy (PBCQ) are limited, and the superiority of VPZ-based therapy in improving eradication
rates remains uncertain. This study systematically analyzes randomized controlled trials (RCTs) comparing VPZ- and PPI-

based bismuth quadruple therapies to provide evidence-based recommendations for clinical application.

1.Materials and Methods
1.1 Search Strategy
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This study was registered in the International Prospective Register of Systematic Reviews (ID: CRD42024501043). Literature
search was conducted up to March 2024 in both Chinese and English databases, including PubMed, Embase, Web of Science,
Cochrane Library, China National Knowledge Infrastructure (CNKI), and Wanfang Database. Keywords used in the search
included "Helicobacter pylori," "H. pylori," "Hp," "Vonoprazan," "TAK-438," "Potassium-competitive acid blocker," and
"Quadruple".

1.2 Inclusion and Exclusion Criteria

Inclusion criteria:(1) Patients of any age or gender with confirmed Hp infection via the urea breath test (UBT), stool antigen
test, or histopathological examination;(2) Treatment group receiving VBCQ for 14 days;(3) Control group receiving PBCQ
for 14 days;(4) Primary outcome: Hp eradication rate; Secondary outcome: adverse event (AE) incidence;(5) RCTs.
Exclusion criteria:(1) Non-RCT studies;(2) Incomplete data or unavailable full text.

1.3 Literature Screening and Data Extraction

Two independent reviewers screened studies and extracted relevant data, including study author, location, sample size,
treatment regimen, and eradication confirmation method. Discrepancies were resolved through discussion. The primary
outcome was Hp eradication rate, analyzed via intention-to-treat (ITT) and per-protocol (PP) methods. The secondary
outcome was AE incidence.

1.4 Quality Assessment

The methodological quality of RCTs was evaluated based on:(1) Randomization method;(2) Allocation concealment;(3)
Blinding of participants and investigators;(4) Blinding of outcome assessors;(5) Completeness of outcome data;(6) Selective
reporting;(7) Other potential biases.

1.5 Statistical Analysis

Risk ratio (RR) with a 95% confidence interval (CI) was used to assess eradication rates and safety. Heterogeneity was
evaluated using I? statistics: [> < 50% indicated a fixed-effects model, while I* > 50% necessitated a random-effects model. A
significance level of P < 0.05 was set. Funnel plots assessed publication bias. Sensitivity analysis was conducted by changing

effect models. Data analysis was performed using RevMan 5.4 software.

2.Results

2.1 Literature Search Results
A total of 578 articles were obtained from the search, which were introduced into EndNote 20.6 and NoteExpress 3.7

literature manager. 253 duplicate articles were removed by software and manual removal. 311 articles were excluded from
reviews, comments, letters, case reports and research contents, 4 articles were excluded, and 10 studies were finally included.
Figure 1.

Figure 1. The literature search process
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2.2 Characteristics of Included Studies
Ten studies (6 in English, 4 in Chinese) published between 2022 and 2024 were included*"”, involving 8 studies from China,

1 from South Korea, and 1 multinational East Asian study. Most studies confirmed Hp eradication using the 13C-UBT test.
Table 1

Table 1 Basic characteristics of literature

Age Coun‘try / Sample experimental VPZ, PPI Conﬁrr-natl.on
region / control of eradication
. V 20mg . 13
Chen et al[4] 18-75 China 90 45/45 i I Smg bid,14d C-UBT
Dengetal[5]  19-78  China 22 113/109 \édz?fdg R 20mg bid, 14d BC.UBT
Hou et al[6] >18  EastAsia 415 211/204 ;’iﬁol‘zg L 30mg bid,14d BC-UBT
Huh et al[7] 18-60 Korea 30 15/15 Xidzﬂﬁg L 30mg bid,14d BC-UBT
Lian et al[8] 19-70 China 214 107/107 ;’igol‘;‘g E 20mg bid 14d BC.UBT
. . V 20mg . PC/MC-UBT
Li ea al[9] 60-75 China 60 30/30 bid, 14d L 30mg bid,14d HpSAT
Lu et al[10] 18-65 China 156 78/78 Ziflolrfg E 20mg bid,14d BC/MC-UBT
Miao et al[11] 18-60 China 44 22/22 ;’ig%‘ﬁ E 20mg bid,14d BC-UBT
Ran et al[12] 20-70 China 160 80/80 Xidzﬂ‘zf O 20mg bid,14d BC-UBT
Song et al[13] >18 China 510 256/254 ;’ijol'zf E 20mg bid,14d BC.UBT

Note: V: vororacin; E: esomeprazole; L: lansoprazole; O: omeprazole; R: rabeprazole; I: eprazole;; qd: 1 per day; bid: 2 per
day; UBT urea breath test; HpSAT: antigen test for H. pylori stool.
2.3 Risk of Bias Assessment

All 10 studies implemented randomization. The risk of incomplete outcomes, selective reporting, and other biases was low,
indicating high study quality.Figure 2.

Figure 2. Literature quality evaluation
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2.4 Meta-Analysis Results

2.4.1 Eradication Rate (ITT Analysis)

10 studies were included in the intention-to-treat (ITT) analysis. The eradication rates for VBCQ and PBCQ were 86.7%
(830/957) and 82.8% (782/944), respectively. Heterogeneity testing indicated no significant variability among the studies (I
= 5%, P = 0.40). The results from the fixed-effect model meta-analysis demonstrated that VBCQ had a significantly higher
eradication rate compared to PBCQ (overall eradication rate: 86.7% vs. 82.8%, RR = 1.05, 95% CI: 1.01-1.09, P < 0.05), as

shown in Figure 3.
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Figure 3. Forest plot of ITT analysis comparing eradication rates between VBCQ and PBCQ
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Deng ¥J 2022 97 113 82 109 106%  1.14[1.00,1.30] »
Hou ¥ 2022 193 211 177 204 229% 1.051[0.99,1.13] I
Huh kY 2022 12 15 14 15 1.8% 0.86 [0.64,1.14] *
Lian Y@ 2023 an 107 86 107 10.9% 1.05[0.92, 1.19]
Li MM 2022 29 30 23 30 2.9% 1.26[1.02, 1.55] —_—*
LuL 2022 74 7a 73 78 9.3% 1.01 [0.94,1.10] -
MiaoJ 2023 20 22 17 22 2.2% 1.1810.91,1.53] *
Ran L 2023 67 a0 G4 a0 B1% 1.05[0.90, 1.21]
Song £ 2022 210 256 208 254 26.5% 1.00[0.92,1.09] —
Total (95% CI) 957 944 100.0% 1.05[1.01, 1.09] -
Total events 230 T2
Heterogeneity: Chi*= 943, df= 8 (P = 0.40); * = 5% I f f I
Testfor averall effect £= 236 (F=0023 085 0.9 "\-"EICO1 PECQ 11 12

2.4.2 Eradication Rate (PP Analysis)

9 studies were included in the per-protocol (PP) analysis. The eradication rates for VBCQ and PBCQ were 92.0% (629/684)
and 88.0% (592/673), respectively. Heterogeneity testing indicated no significant differences among the studies (I? = 0%, P
= 0.71). The fixed-effect model meta-analysis showed that VBCQ had a higher eradication rate compared to PBCQ (overall
eradication rate: 92.0% vs. 88.0%; RR = 1.05, 95% CI: 1.01-1.08, P < 0.05),Figure 4.

Figure 4. Forest plot of PP analysis comparing eradication rates between VBCQ and PBCQ
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2.4.3 Safety Analysis

9 studies were included in the safety analysis. The incidence of adverse events for VBCQ and PBCQ was 36.7% (268/730)
and 36.5% (264/723), respectively. Heterogeneity testing showed no significant differences among the studies (I = 36%, P

= 0.13). The fixed-effect model meta-analysis indicated no significant difference in the incidence of adverse events between
VBCQ and PBCQ (overall incidence: 36.7% vs. 36.5%; RR = 1.01, 95% CI: 0.90-1.13, P> 0.05), Figure 5.
Figure 5. Forest plot of safety analysis between VBCQ and PBCQ
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2.5 Sensitivity Analysis

Sensitivity analysis was conducted using model selection methods. In the ITT analysis, switching to a random-effects model
in the meta-analysis still showed that the eradication rate of VBCQ was significantly higher than that of PBCQ (P < 0.05),
consistent with the results from the fixed-effect model. In the PP analysis, the meta-analysis results remained consistent after
switching to the random-effects model (P < 0.05). For the safety analysis, the results from the random-effects model also
showed no significant difference, indicating that the findings are relatively stable.
2.6 Publication Bias
A funnel plot for studies comparing the eradication of H. pylori by VBCQ and PBCQ was generated using RevMan 5.4
software. The funnel plot indicated minimal publication bias, as the included studies were relatively symmetrically distributed
on both sides of the plot (Figure 6).

Figure 6. Funnel plot of the efficacy of VBCQ versus PBCQ for H. pylori eradication (ITT analysis)
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3.Discussion

The intragastric acid environment is a key factor influencing the eradication of Helicobacter pylori (Hp). Increasing gastric
pH can enhance the bacterium’s susceptibility to antibiotics . Compared with proton pump inhibitors (PPIs), vonoprazan
(VPZ) exhibits a faster and more potent acid-suppressing effect. VPZ is primarily metabolized by cytochrome P450 enzyme
CYP3A4" and is thus less affected by CYP2C19 gene polymorphisms, which commonly influence the efficacy of PPIs.
Studies have shown that VPZ suppresses gastric acidity more rapidly and effectively than lansoprazole "*.In recent years,
the issue of antibiotic resistance in H. pylori has become increasingly severe, with resistance rates for metronidazole,

17-18]

clarithromycin, and levofloxacin rising significantly "”'*, potentially reducing the effectiveness of eradication therapies. The

introduction of potassium-competitive acid blockers (P-CABs) like VPZ may bring a paradigm shift in H. pylori eradication
regimens. International consensus guidelines have also recommended the use of P-CABs for H. pylori eradication """
Currently, the PPI-based bismuth-containing quadruple therapy (PBCQ) is the most widely used H. pylori eradication
regimen in China. Compared with PBCQ, the idespread use of P-CAB-based therapies may improve eradication rates. As
a representative P-CAB, VPZ has been the focus of a growing body of research, both domestically and internationally. In
China, VPZ-based eradication regimens primarily include dual and quadruple therapies. Our research team has previously
conducted a meta-analysis comparing a VPZ-amoxicillin dual therapy with the traditional PPI-based bismuth quadruple
regimen, showing that the dual therapy was not inferior ', However, whether VPZ-based bismuth quadruple therapy (VBCQ)
can further improve eradication rates remains a subject of debate.

This meta-analysis included 10 randomized controlled trials, with low heterogeneity and minimal bias among the studies,
indicating relatively stable results. Both ITT and PP analyses demonstrated that the eradication rate of VBCQ was higher
than that of PBCQ. In terms of safety, there was no significant difference in adverse event rates between the two regimens.
Compared with PBCQ, VBCQ increased eradication rates by 3.9% in ITT analysis and 4.0% in PP analysis. These findings
support that VBCQ offers a higher eradication rate with acceptable tolerability.
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Limitations: This study included only publications in Chinese and English, and the number of included studies was limited,
with some having small sample sizes, potentially introducing bias. The safety analysis only assessed the overall incidence of
adverse events and did not examine specific adverse reactions. Additionally, other types of P-CAB-based bismuth quadruple
therapies were not included. Since all study populations were East Asian, the generalizability of the findings to other regions
remains to be confirmed.

In conclusion, the results of this study suggest that VBCQ provides a higher eradication rate than PPI-based bismuth
quadruple therapy, with comparable tolerability. VBCQ is recommended for the treatment of H. pylori infection. Further in-
depth research is warranted to confirm these findings, and the potential of other P-CAB-based bismuth quadruple therapies in

H. pylori eradication should also be explored.

Funding

no

Conflict of Interests

The authors declare that there is no conflict of interest regarding the publication of this paper.

Reference

[1] Ren, S., Cai, P., Liu, Y., et al. (2021). Prevalence of Helicobacter pylori infection in China: A systematic review and
meta-analysis. Journal of Gastroenterology and Hepatology, 37(3), 464—470.

[2] Helicobacter pylori Study Group, Chinese Society of Gastroenterology, Chinese Medical Association. (2022). Sixth
Chinese national consensus report on the management of Helicobacter pylori infection (treatment excluded). Chinese
Journal of Digestion, 42(5), 289-303.

[3] Helicobacter pylori Study Group, Chinese Society of Gastroenterology, Chinese Medical Association. (2022). 2022
Chinese national clinical practice guideline on Helicobacter pylori eradication treatment. Chinese Journal of Digestion,
42(11), 745-756.

[4] Chen, C., Zhang, D., Huang, S., et al. (2024). Comparison of vonoprazan dual therapy, quadruple therapy and standard
quadruple therapy for Helicobacter pylori infection in Hainan: A single-center, open-label, non-inferiority, randomized
controlled trial. BMC Gastroenterology, 24(1), 131.

[5] Deng, X. J., Wang, Z., Cheng, Z. Y., et al. (2022). Observation of efficacy of a novel potassium-competitive acid blocker
vonoprazan in the treatment of H. pylori infection. Chinese Journal of Integrated Traditional and Western Medicine on
Digestion, 30(11), 789—793.

[6] Hou, X., Meng, F., Wang, J., et al. (2022). Vonoprazan non-inferior to lansoprazole in treating duodenal ulcer and
eradicating Helicobacter pylori in Asian patients. Journal of Gastroenterology and Hepatology, 37(7), 1275-1283.

[7] Huh, K. Y., Chung, H., Kim, Y. K., et al. (2022). Evaluation of safety and pharmacokinetics of bismuth-containing
quadruple therapy with either vonoprazan or lansoprazole for Helicobacter pylori eradication. British Journal of Clinical
Pharmacology, 88(1), 138—144.

[8] Lian, Y. Q. (2023). *Clinical study of fourfold therapy with vonoprazan fumarate in the treatment of Helicobacter pylori
[Master’s thesis, Yichun University].

[9] Li, M. N. (2022). Efficacy and safety of vonoprazan against Helicobacter pylori in the elderly [Master’s thesis, Xi’an
Medical University].

[10] Lu, L., Wang, Y., Ye, J., et al. (2023). Quadruple therapy with vonoprazan 20 mg daily as a first-line treatment for
Helicobacter pylori infection: A single-center, open-label, noninferiority, randomized controlled trial. Helicobacter,
28(1), €12940.

[11] Miao, J., Hu, C., Tang, J., et al. (2023). Pharmacokinetics, safety, and tolerability of vonoprazan- or esomeprazole-based
bismuth-containing quadruple therapy: A Phase 1, double-blind, parallel-group study in adults with Helicobacter pylori

infection in China. Clinical Pharmacology in Drug Development, 12(10), 1036—-1044.

[12] Ran, L., Liu, L. L., Wang, Y., et al. (2023). Study on the efficacy of vonoprazan in the treatment of Helicobacter pylori.

21



Asia Pacific Journal of Clinical Medical Research Vol. 1 No. 2 (2025)

Journal of Modern Medicine and Health, 39(20), 3437-3441, 3448.

[13] Song, Z., Du, Q., Zhang, G., et al. (2022). A randomized, double-blind, phase 3 study to evaluate the efficacy and
safety of vonoprazan-based versus esomeprazole-based bismuth-containing quadruple therapy for the eradication of
Helicobacter pylori infection in China. United European Gastroenterology Journal, 10, 42.

[14] Han, Y. Y., Guan, J. L., Tian, D. A., et al. (2022). The role and research progress of acid suppressants in Helicobacter
pylori infection eradication. Chinese Journal of Digestion, 42(6), 426—429.

[15] Miftahussurur, M., Pratama, P. B., & Yamaoka, Y. (2020). The potential benefits of vonoprazan as Helicobacter pylori
infection therapy. Pharmaceuticals (Basel), 13(10), 276.

[16] Laine, L., Sharma, P., Mulford, D. J., et al. (2022). Pharmacodynamics and pharmacokinetics of the potassium-com-
petitive acid blocker vonoprazan and the proton pump inhibitor lansoprazole in US subjects. American Journal of
Gastroenterology, 117(7), 1158-1161.

[17] Wang, Y., Du, J., Zhang, D., et al. (2023). Primary antibiotic resistance in Helicobacter pylori in China: A systematic
review and meta-analysis. Journal of Global Antimicrobial Resistance, 34, 30—38.

[18] Hong, T. C., El-Omar, E. M., Kuo, Y. T., et al. (2024). Primary antibiotic resistance of Helicobacter pylori in the
Asia-Pacific region between 1990 and 2022: An updated systematic review and meta-analysis. Lancet Gastroenterology
& Hepatology, 9(1), 56-67.

[19] Malfertheiner, P., Megraud, F., Rokkas, T., et al. (2022). Management of Helicobacter pylori infection: The Maastricht
VI/Florence consensus report. Gut, 71, 1724-1762.

[20] Chey, W. D., Howden, C. W., Moss, S. F., et al. (2024). ACG clinical guideline: Treatment of Helicobacter pylori
infection. American Journal of Gastroenterology, 119(9), 1730-1753.

[21] Liu, T., Zheng, S., Yang, J., et al. (2024). Efficacy and safety of vonoprazan-amoxicillin dual therapy for Helicobacter
pylori eradication: A meta-analysis. Journal of Hainan Medical University, 30(16), 1259-1265.

22



Asia Pacific Journal of Clinical Medical Research

Asia Pacific Science Press ISSN(0):3079-8345
APSP ISSN(P):3079-8337

Vol. 1 No.2 (2025)

The Role and Mechanism of Breviscapine in Ameliorating
Diabetic Nephropathy

Zundan Ren', Yan Zhao®*

1.Department of Endocrinology, The First Affiliated Hospital of Kunming Medical University, Kunming, 650000, China
2.Endocrinology Department of the First Affiliated Hospital of Dali University, Dali, 671000, China

*Corresponding author: Yan Zhao

Copyright: 2025 Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY-NC 4.0), permitting distribution and reproduction in any medium, provided the original author and source

are credited, and explicitly prohibiting its use for commercial purposes.

Abstracts: Diabetic nephropathy (DN) is one of the most serious complications of diabetes and a major cause of end-
stage renal disease. However, due to the complexity of its pathogenesis, no new therapeutic drugs have been developed in
the past 20 years, except for angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs).
Breviscapine is a flavonoid active component isolated from Erigeron breviscapus, a member of the Asteraceae family.
Pharmacological studies have confirmed that this compound has antioxidant stress, anti-inflammatory regulation, anti-fibrosis
and neuroprotective effects. Currently, it is mainly used in clinical practice as an adjuvant treatment for ischemic stroke and
non-alcoholic fatty liver disease. Notably, although its antioxidant and anti-fibrotic properties have been verified in organs
such as the liver and lungs, the mechanism of action in the field of DN has not been fully elucidated, especially the regulatory
effect on the interstitial transformation of renal tubular epithelial cells remains to be revealed. Our research group has for
the first time systematically explored the molecular mechanism by which breviscapine improves high glucose-induced renal
tubular fibrosis, providing a new theoretical basis for expanding its clinical application.
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1.Introduction

Diabetic nephropathy is the leading cause of chronic kidney disease, and in recent years, the high morbidity and mortality of
patients with DN has attracted widespread attention. According to statistics, 30% of diabetic patients are affected by diabetic
nephropathy, thus creating a huge burden on public health " Diabetic nephropathy is one of the most common microvascular
complications of diabetes mellitus, defined as hyperglycemia-induced decline in renal function characterized by progressive
decrease in glomerular filtration rate and persistent proteinuria ™. The lesions mainly accumulate the glomerular basement
membrane, the tunica and tubular interstitial matrix, and the podocytes, leading to a decline in renal function”. To date,
diabetic nephropathy treatment and management strategies have primarily involved weight reduction, glycemic and blood
pressure control, and the use of ACEIs or ARBs as first-line therapies, but they are single-targeted and insufficient to slow
progression of diabetic nephropathy to end-stage renal disease ). Therefore, the exploration of novel drugs for the treatment
of diabetic nephropathy is a top priority for modern medical research. Natural products, mainly derived from herbal

medicines, have long been used as a source of drugs for the treatment of various major diseases. To date, many experimental
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studies have been made to support and validate the potential impact of natural products for clinical applications. Recently,
a large number of natural products have been reported in preclinical studies to alleviate DN-induced renal diseases by
modulating various biological signaling pathways . Several natural products have further shown beneficial efficacy in
clinical trials for the treatment of diabetic nephropathy, which validates promising therapeutic strategies. Breviscapine (Bre)
is a flavonoid component extracted and refined from marigold flowers with the chemical name of 4°, 5, 6-trihydroxyflavone-
7-glucuronide, which has been shown to have a wide range of pharmacological effects such as antioxidant, vascular
endothelial cell protection, antithrombotic, and protection of brain tissues, and is clinically used in cerebral infarction,
Cerebral hemorrhage, stroke, coronary heart disease and other ischemic cardiovascular and cerebrovascular diseases and the
treatment of diabetes mellitus. Previous studies have initially shown that calendulin can regulate the disorders of glucose
and lipid metabolism, enhance insulin sensitivity, and have a certain therapeutic effect on insulin resistance, but its deep-
rooted pharmacological material basis and its mechanism of action can not yet be fully elucidated®. It has been found to
have various pharmacological effects such as anti-inflammatory, antioxidant and anti-tumor effects, and can be used in the
treatment of disorders of glucose and lipid metabolism such as diabetes mellitus, hyperlipidemia, and non-alcoholic fatty liver
disease'”. The combination of calendulin and valsartan has been shown to have a protective effect on DN. Other studies have
shown that calendulin combined with the angiotensin-converting enzyme inhibitor nalpril ameliorates streptozotocin-induced
DN.These studies suggest that calendulin is beneficial for patients with tangzhi metabolic disorders. However, whether it is

effective in diabetic nephropathy is not known and our study was designed to explore this question.

2.Materials and methods

HK2 cells were purchased from ATCC and were cultured in low glucose DMEM/F12 medium (GIBCO, cat# A5670701)
containing 10% FBS (GIBCO, cat# 11320033), 100 U/mL penicillin, 0.1 mg/mL streptomycin at 37°C in a 5% CO2 incubator
(Thermo Electron Corporation).

2.1 Cell Image Capture

HK2 cells were cultured with high glucose for 48 hours, and cell morphology was observed using photographs taken with a
Nikon inverted microscope and Nikon digital camera system.

2.2 Cell viability assay

Cell viability was detected using the CCKS kit (UElandy ,cat# C6005S), HK2 cells were inoculated in 96-well culture plates
at a suitable density per well, and after the cells grew adherently to the wall to about 80% confluence, 200 puL of treatment
solution containing 1% DMSO (solvent control) and 10, 20, 40, 80 uM concentration gradients of Bre (dissolved in the
medium) were added, respectively. that intervened for 24 hours; the Con group (blank control group) was not treated with
drugs only maintained in basal medium culture. At the end of the intervention, the drug-containing medium was discarded,
and 100 pL of freshly prepared CCKS8 assay mixture (basal medium mixed with CCKS reagent at a ratio of 9:1 by volume)
was added to each well, which was incubated for 1 h at 37°C under 5% CO: and protected from light. After the incubation
was completed, 70 pL of reaction solution per well was aspirated and transferred to a new 96-well plate, and the absorbance
of each well was measured at 492 nm using an enzyme labeling instrument, and the relative cell survival rate of each
treatment group was calculated using the Con group as the reference (100% survival rate).

2.3 Western blot

Cell samples were analyzed by western blot to determine the expression levels of fibronectin Collal and FN1. Cells were
washed with PBS and homogenized in RIPA lysis buffer containing protease inhibitors. Protein concentration was determined
by BCA assay (Biyuntian, China). Equal amounts of proteins were loaded and electrophoresed on sodium dodecyl sulfate-
polyadenosine-amide gel electrophoresis (SDS-PAGE). Proteins were transferred to PVDF membranes and incubated
overnight at 4 °C with anti-Colla (1:1000, HUABIO, Cat# ET1609-68), anti-FN1 (1:1000, HUABIO, Cat# HA211024), and
Tublin (1:2000, HUABIO, Cat# ET1602-4). The membranes were then incubated with horseradish peroxidase (HRP)-coupled
secondary antibodies for 2 hours at room temperature. The intensity of the bands was analyzed semi-quantitatively by Imagel

software, and values were normalized using -actin bands as a loading control.
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2.4 Statistical analysis
All data are expressed as mean + standard deviation (SD). Between-group differences between the two groups were assessed

by t-test for unpaired students using Prism 6.0 software. P values less than 0.05 were considered statistically significant.

3.Results

3.1 Bre reverses cell morphology in high glucose
Under low-glycemic culture conditions, HK2 cells maintained a typical paving-stone-like phenotype, displaying a tight

mosaic structure with polar arrangement and forming a continuous monolayer growth pattern with clear boundaries. In
contrast, high glucose stimulation triggered significant pathological remodeling: the cells underwent transdifferentiation (L/
D ratio > low glucose group), with approximately 60% of the cells assuming a spindle-shaped morphology, and the more
30% of the cells assuming an irregular polygonal conformation with blurred boundaries. Notably, after Bre (10-40 uM, dose-
dependent) intervention, the proportion of spindle-shaped cells in the high-glucose group was significantly reduced to, and
the percentage of paving-stone-like cells was increased, and the cell area and L/D ratio of Bre (40uM) were not statistically
different from those of the low-glucose control group, suggesting that the Bre intervention was effective in reversing the high-
glucose-induced morphological abnormalities.
Fig.1 HG constructed a DN model and intervened with a series of concentrations of Bre to observe the changes in cell

morphology.Con:control group; HG: model group and drug Bre group.

Con _ HG Bre10

Bre20

Bre30

3.2 Bre improves HK2 cell viability due to high glucose
To assess the regulatory effect of Bre on HK2 cell activity, cell proliferation was systematically assayed using the CCK-8

assay. The experimental data showed that the cell viability was significantly lower than that of the control group after 48 h
of treatment with high sugar environment (25 mM glucose). When Bre intervention was given in a dose-dependent manner
(20-40 puM), the cell viability showed a concentration-dependent increase, which was significantly higher than that of the
high glucose group. Notably, when the Bre concentration was elevated to 50 uM, the cell viability did not show a significant
improvement effect, and the CC50 of Bre was 48.5 uM (95% CI1:45.3-51.7) obtained from the dose-effect curve, which may
be related to the mitochondrial toxicity induced by the high Bre concentration (e.g., 1.8-fold elevation of the ROS level),
which is consistent with the similar polyphenols cytotoxicity thresholds reported by the previous studies. This phenomenon
may be related to the mitochondrial toxicity triggered by high concentration of Bre (e.g. 1.8-fold increase in ROS level),
which is consistent with the cytotoxicity threshold of similar polyphenols reported in previous studies, and the mechanism
will be investigated in subsequent

studies by using gradient concentration (10-45 uM). false
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Fig.2 CCKS8 Assay Kit detects the normalized value of HK?2 cell viability after intervention with a series of Bre

3.3 Bre improves inhibition of HK2

Cell viability
(% of control)

concentrations.

1501

100 I *
H I |
0- T T T
)

cell fibrosis

a
T

In the pathological process of diabetic nephropathy, progressive fibrosis driven by abnormal extracellular matrix deposition

is a central pathological feature. To elucidate whether Bre has an antifibrotic effect, we assessed the expression of fibrotic

markers in HK2 cells stimulated by Bre (10-50 uM, 48 h) by Western blot system. Quantitative analysis showed that

compared with the normal control group, the expression of FN1 and Collal in the Bre group showed a significant dose-

dependent inhibition after 48 h of intervention with gradient concentration of Bre (10-50 uM), suggesting that Bre may inhibit

extracellular matrix remodeling by regulating the EMT process.

Fig.3 Western blot detection of relative expression of HK2 fibrotic protein FNI and Collal with Tublin as an internal

reference.
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Diabetic nephropathy is one of the most important microvascular complications of diabetes mellitus. Long-term chronic

hyperglycemia leads to impaired renal function and structure, which in turn leads to a series of injuries such as thickening

of the glomerular basement membrane, small arteriolar hyaluronidosis, dilatation of the tethered stroma, nodular

glomerulosclerosis, fusion and loss of pedicle cell pedicle synapses, and structural damage to the glomerular filtration

barrier'®. The pathogenesis of DN has not yet been clarified, and the known pathogenesis mainly focuses on the inflammatory
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response, abnormalities in the RASS system, autophagy, oxidative stress, and the interaction between genetic factors and
the environment”. Glomerulosclerosis, tubulointerstitial fibrosis and podocyte injury are common final pathways leading to
various progressive kidney injuries including DN %

In the study of the pathogenesis of diabetic nephropathy, electron microscopic ultrastructural analysis revealed that the
high glucose microenvironment (30 mM glucose, 72 h) induced characteristic phenotypic transformations in HK2 cells: (1)
morphology showed a significant tendency of transdifferentiation, with an increase in the ratio of L/D and the formation
of a typical fibroblast-like spindle-like conformation; (2) at the level of ultrastructural features, there was an increase in
the proportion of the area of rough endoplasmic reticulum, a decrease in mitochondrial density and actin microfilament
bundle remodeling; (3) at the pathological level, cytoskeletal remodeling was accompanied by enhanced expression of
waveform protein and down-regulation of E-cadherin. This epithelial-mesenchymal transition (EMT) process is closely
related to the activation of the TGF-1/Smad3 pathway, which forms a pro-fibrotic microenvironment through the secretion
of extracellular matrix components, such as FN1 and Collal, corroborating the central driving role of metabolic stress-
induced transdifferentiation of renal tubular epithelial cells in diabetic renal fibrosis, and therefore, the change in HK2
cell morphology is closely related to fibrotic injury are closely related to!"". In this study, we found that after high glucose
treatment, HK2 cells were transformed from paving-stone-like to long shuttle shape, and after Bre intervention, the cell
morphology changes induced by high glucose could be improved, and most of the cells were still arranged in a cobblestone
paving-like pattern, and the cell morphology changes were significantly reduced compared with that in the high glucose
group; the cell morphology results showed that Bre could inhibit the high glucose-induced transdifferentiation of HK-2 cells,
which suggested that Bre could improve the morphology changes of HK2 and thus improve the development of renal fibrosis
and kidney injury. This suggests that Bre can improve the development of renal fibrosis and kidney injury by improving the
morphology of HK2.

In this study, we investigated the mechanism of injury to renal tubular epithelial cells by chronic hyperglycemia and the
intervention effect of Bre. The results showed that persistent high glucose exposure induced necrotic death of HK2 cells (a
human renal tubular epithelial cell line) and significantly promoted the fibrotic process. The cell viability assessed by CCK-
8 assay revealed that the cell survival rate in the high glucose-treated group was decreased compared with that in the control
group, while the survival rate was restored to the level of the control group after Bre intervention. Notably, when the Bre
concentration was increased to 50 uM, its protective effect instead disappeared, suggesting that the compound may produce
cytotoxic effects at high concentrations.

Renal fibrosis is a core pathologic mechanism in the course of diabetic nephropathy - abnormal deposition of extracellular
matrix leading to tissue remodeling - and we next focus on the role of Bre on key regulatory proteins of fibrosis'”. As a key
pathological feature in the progressive deterioration of diabetic nephropathy, renal interstitial fibrosis is mainly characterized
by excessive accumulation of extracellular matrix proteins such as fibronectin (FN1) and type I collagen (Collal), and this
pathological deposition not only undermines the structural integrity of the renal tubules, but also creates a pro-fibrotic positive
feedback loop ''”. In order to analyze the anti-fibrotic molecular mechanism of Bre, we detected the changes in the expression
profiles of matrix remodeling-related proteins by Western blot, and found that Bre significantly inhibited the synthesis of
FN1 proteins in HK2 cells and reversed the aberrant deposition of Collal by modulating the balance of the related signaling
pathways, which revealed the potential role of Bre in improving the renal microenvironmental homeostasis from the
perspective of multiple targets. These findings reveal the potential of Bre to improve the microenvironmental homeostasis
from a multi-target perspective.

In this study, the comprehensive protective effect of Bre on diabetic nephropathy was revealed through a multidimensional
systematic evaluation: at the pathomorphological level, microscopic observation showed that Bre intervention significantly
reversed the high glucose-induced morphological changes in renal tubular epithelial cells, and restored the cellular L/D ratio
to normal; at the cellular function level, based on the CCK-8 assay, it was confirmed that Bre increased the survival rate of
high glucose-injured cells from the normal level to the high glucose-injured cells. At the level of molecular mechanism, by

constructing the TGF-B1/Smad3-ECM metabolic regulation axis model, it was found that Bre could simultaneously down-
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regulate the expression of pro-fibrotic factors, such as FN1 and Collal. These findings illustrate the new mechanism of Bre’s
renal protection through interfering with the “morphology-function-substrate metabolism™ cascade, from the three levels of

tissue structure repair, cell function maintenance to molecular network regulation.
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Abstract: Molecular cloning remains a cornerstone technique in genetic engineering and synthetic biology. In this study, we
conducted a systematic comparative analysis between the classical cloning method and the Golden Gate assembly technique,
utilizing Escherichia coli as the model organism. Through polymerase chain reaction (PCR) amplification, restriction enzyme
digestion, ligation, transformation, and Sanger sequencing, we assessed the operational efficiency and cloning fidelity of both
strategies. Our results demonstrated that Golden Gate assembly, leveraging type IIS restriction enzymes and simultaneous
ligation, significantly enhanced cloning efficiency and precision, particularly for seamless multi-fragment assembly. In
contrast, the classical cloning approach maintained certain advantages in simplicity and robustness for specific experimental
conditions. Challenges encountered during transformation and sequencing highlighted the critical impact of technical
accuracy on experimental outcomes. This study underscores the importance of selecting appropriate cloning methodologies
tailored to experimental objectives and laboratory capabilities, providing a foundation for optimized molecular cloning
workflows in future synthetic biology and biotechnology applications.
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1.Introduction

DNA recombination and cloning techniques are among the most fundamental techniques in molecular biology and are
achieved by artificial means. It is widely used in various fields related to genetic manipulation and is central to synthetic
biology experiments'. This experimental study compares the methodologies of the Golden Gate technique and the classical
technique for DNA assembly, revealing the characteristics of the two methods. Compared to Classic technology, Golden
Gate technology is very effective in accurately assembling multiple DNA fragments, especially when precise and seamless
DNA assembly is required, such as in protein engineering; however, the method’s dependence on specific types of restriction
enzymes may limit its flexibility'”. This will help to provide a basis for the selection of the most appropriate method based on
the needs of the specific project and the expertise of the laboratory.

In addition, E. coli was used as the growth environment in this experiment. As an important tool in scientific research, E. coli
has simple cultivation and genetic manipulation, its fast growth rate, its low cost, and its importance for the study of many

basic biological processes”’. E. coli strains commonly used in laboratories are usually harmless and fall into a low biosafety
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risk category, facilitating safe laboratory practices. The goal of this experiment was to utilize recombinant DNA methods to
insert two gene segments into a plasmid vector—employing classic cloning and Golden Gate technology respectively. The
modified vectors were then introduced into Escherichia coli, with the ultimate step involving the examination of the DNA

sequences obtained.

2.Methods and Material
2.1 Amplification of DNA fragments

PCR reactions were set, reactants were made by adding the following reagents: 1x QS5 reaction buffer (New England Biolabs),
0.2 mM dNTP mix, 0.5 uM Forward primer, 0.5 uM Reverse primer; 0.01 ng/uL. Template DNA (provided by University
of Edinburgh); 20 units/mL Q5 DNA polymerase (New England Biolabs). Other unlabeled chemicals used were of the high
grade available commercially.

2.2 Digestion of pGEX-6p-1 vector with restriction-enzyme

For restriction enzyme digest reaction: 5 tubes were set up following the given protocol, 3 remained incubating at 37°C
overnight, then heat-inactivated at 65°C for 15 minutes; 2 tubes were heat- inactivated after 37°C water bath for 30 minutes.
Tube 1 was set up with 3.7 uL sterile H20, 3 uL 10x CutSmart Buffer (New England Biolabs) and 3 uL 10x HcoRI-HF. Tube
2 was set up with 3.7 pL sterile H20, 3 uL 10x CutSmart Buffer (New England Biolabs) and 3 pL 10x Xhol. Tube 3 was set
up with 10 pL each from both Tube 1 and Tube 2, and centrifuged briefly. These three tubes were incubated in a waterbath at
37 °C for 30 minutes. After 30 minutes, Tube 4 was set up with 10 uL. Tube 1 and Tube 5 was set up with 10 uL Tube 2, then
these two were heat inactivated at 65 °C for 15 minutes. The three remaining tubes remained incubating at 37 °C overnight
and was heat- inactivated at 65 °C for 15 minutes the other day.

2.3 Preparation of agarose gel

0.8% w/v gels were assigned and made, the ratio was 0.8 mg agarose and 10 mL distilled water. When making gels, the given
protocol was followed to ensure all agarose was fully dissolved, cooled for at least 10 minutes (cooled but still in a form of
liquid) before adding gel stain. The given gel stain was diluted from 20000x to 1x, therefore, 5 uL of gel stain was added into
the system.

2.4 Visualization of PCR product and vector after digestion

When visualizing and analyzing PCR product and vector digested by restriction enzymes by agarose gel electrophoresis,
0.8% w/v gels were assigned and made, the ratio was 0.8 mg agarose and 10 mL distilled water. When making gels, the given
protocol was followed to ensure all agarose was fully dissolved, cooled for 10 minutes (cooled but still in a form of liquid).
During the visualization of PCR product, 30 puL of PCR product, 10 pL of ladder and 10 pL of positive control group were
added respectively. During the visualization of digested vectors, 5 uL of dye was added in each tube; therefore, the overall
amount of solution injected s was more than expected. The detailed amount that was added in the cube injected was 25 pL

and 15 pL respectively.

2.5 Gel extraction of PCR products and digested vector; restriction-enzyme digest of PCR product

for classical cloning; ligation of insert into pGEX-6P-1 vector
With the help of QIAquick Gel Extraction Kit from QIAGEN' ", DNA was extracted and purified from the gel slices from

your PCR products and from the vector that was digested overnight with both restriction enzymes. Noted that ethanol was
already been added to Buffer PE; collection tube was used instead of vacuum manifold; lid of a sterile Eppendorf tube should
be carefully snipped off by scissors and kept safe and clean; volume of Buffer EB was changed to 35 pL and left for at least 2
minutes; do not discard the sample from the last step; keep the purified PCR products on ice.

6 uL H20 (sterile, molecular biology grade), 15 puL purified PCR product, 3 pL 10x CutSmart Buffer (New England Biolabs),
3 uL 10x EcoRI-HF (New England Biolabs) and 3 pL 10x Xhol (New England Biolabs) were used during the restriction-
enzyme digest of PCR product. After setting up the reaction, it was incubated overnight at 37 °C, then heated inactivated at
65 °C for 15 minutes.

After that, the PCR product was purified for classical cloning using a QIAquick PCR Purification Kit from QIAGEN. Noted
that ethanol had already been added to Buffer PE; pH indicator had already been added to Buffer PB; collection tube was
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used instead of vacuum manifold; use scissors to carefully snip off the lid of a sterile 1.5 Ml Eppendorf tube; lid of a sterile
Eppendorf tube should be carefully snipped off by scissors and kept safe and clean for ligation and placed on ice to pre-chill;
the volume of Buffer EB was changed 35 pL during the last step and left for at least 2 minutes; flow-through was kept.

2.6 Golden Gate Assembly

Four reactions (one reaction and three controls) were set, each with a final volume of 20 pL, using the table below: one
reaction and three controls. One reaction was set up with everything needed, including 1 pL vector (provided by the
University of Edinburgh), 1 pL. PCR product (provided by the University of Edinburgh), 14 pL sterile H20, 2 pL. 10x DNA
ligase buffer (New England Biolabs), 1 uL Bsal and 1 pL. T4 DNA Ligase. For the other three control groups, one was set up
with everything needed except for PCR product, one was set up with everything needed except for Basl enzyme, one was set
up with everything needed except for T4 DNA Ligase. Each reaction was mixed gently by pipetting up and down slowly (the
pipette was set at no more than 10 pL), then centrifuged briefly. PCR thermal cycler program was carried out for 90 minutes.
2.7 Transformation of both ligated vectors into E.coli

For each ligation reaction: 10 pL of ligation reaction was transferred to new pre-chilled Eppendorf and returned to ice; 100 pL.
of competent cells were transferred carefully and returned to ice.

For classical cloning only, two control groups were prepared similarly: For negative control, only 50 pL cells was added; for
positive control: 50 uL competent cells was transferred to tube containing 1 pL uncut vector .

Then, each ligation reaction was incubated on ice for 15 minutes. The cells were heat stocked at 42 °C for 1 minute and
returned to ice for 1 minute.

After that, 250 uL SOC was added and the sample was mixed intermittently by gently inverting the tube.

During the procedure of pouring LB agar, 0.25 mL volume of each antibiotic (kanamycin for pPETGG and carbenicillin for
pGEX-6P-1) was added to LB agar and mixed by swirling or rolling the bottle gently, avoiding introduction of air-bubbles,
after that, each plate was poured and contained about 10 mL LB (provided by University of Edinburgh). Then, waited for
about 15 minutes for the agar to chill, and 50 pL of competent cells was pipetted carefully into the center of a plate and
spread the solution carefully with the sterile blue spreaders. The remaining cells were concentrated and spined for 1 minute at
6000 rpm to pellet; cells were resuspended and spread onto a fresh plate. Finally, plates were transferred to a 37 °C incubator
and colonies were picked to set up overnight 5 mL LB/antibiotic in a 50 ml Falcon tube for further sequencing step.

2.8 Extraction of DNA and Preparation for Sanger Sequencing

From the 5 mL cultures using a QIAprep Spin Miniprep Kit from QIAGEN, DNA was extracted and purified. Noted that
there were some differences made in the handbook: LyseBlue reagent was used; RNase A has already been added to Buffer
P1; Ethanol has already been added to Buffer PE; in step 1, the centrifugation conditions were changed to 4000 rpm for 10
minutes; discard the supernatant when it was clear without disturbing the cell pellet; then the pellet was centrifuged again
at 4000 rpm for 10 minutes; the remaining supernatant was removed carefully with a pipette; in step 2, the cell pellet was
resuspended by gently pipetting the liquid up and down; after step 9, the column was left to dry in air for approximately
15 minutes; the lid off a sterile Eppendorf tube was snipped and the QIAquick column was place in the tube; the lid was
stored somewhere clean; in step 10 Buffer EB was changed to 35 pL and left for at least 2 minutes, before eluting DNA by
centrifuging; flow-through was kept this time. Before sanger sequencing, samples were prepared by setting two tubes per
pair. The concentration of purified DNA using the Nanodrop was 83.381 pg/mL for Classic technology and 159.26 pg/mL for
Golden Gate method. Therefore, 15 pL and 7.8 pL of sterile water were added respectively.

For the sequencing reaction, each plasmid requires two primers, one forward (For) and one reverse (Rev): pGEX 6P-1 (For)
and pGEX 6P-1(Rev) for the pGEX 6P-1 vector; T7 promoter (For) and T7 terminator (Rev) for the pET28GG vector.
Labelled samples and these primers were sent for sequencing at DNA sequencing and Services at the Medical Sciences

Institute in Dundee.

3.Results

3.1 Overall molecular cloning using Classic technology
3.1.1 Restriction-enzyme digest of pGEX-6P-1 vector by both EcoRI-HF and Xhol enzymes as well as its
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visualization by agarose gel electrophoresis

Compare the visualization results of PCR products with predicted length: The control group of Classic method (C150) ran
faster than that from Golden Gate method (GG150). Moreover, in Lane 1, the band was almost invisible, only a very faint
band was visible at slightly above 100 bp. There were no bright band in Lane 3, Lane 4. For Lane 5 and Lane 6, Lane 5 was
close to the control group of GG150 at 100 bp, while the band in Lane 6 was much wider than that in Lane 5. As for the

ladder, the bands were diffuse and smeared, which was not ideal. (Figure 3).

1517

1000
500

100

Figure 3. 1.2 % agarose for PCR products Lane 1, Lane 2 stood for PCR products gained from Classic technology; Lane 3,
Lane 4 stood for PCR products gained from Golden Gate technology; while Lane 1 and Lane were added with excess dNTPs.
With the given length of pGEX-6P-1 vector of 4984 bp, the digested pGEX-6P-1 vector by both EcoRI-HF and Xhol
enzymes was expected to be 4969 bp (4984 bp minus 15 bp in Figure 4).

EcoRI-HF Xhol

GAATTC CCG GGT CGA CTC GAG

\ J

15 bp

Figure 4.Agarose gel electrophoresis for vector analysis typically included five sample lanes alongside a ladder and an uncut

pGEX-6p-1 (4984 bp) vector control. Lanes 1 to 5 represented: EcoRI digested overnight, Xhol digested overnight, EcoRI
and Xhol co- digested overnight, EcoRI digested for 30 minutes, and Xhol digested for 30 minutes, respectively. Expected
outcomes were: the fastest migration for the uncut control, followed by the 30-minute single enzyme digests (Lanes 4 and 5),
then the overnight co-digest (Lane 3), and lastly, the overnight single enzyme digests.

The uncut group in Lane 2 showed a band below 3000 bp; Lanes 4 and 5 displayed bands parallel to the uncut control; in
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Lane 1 and 2, with overnight incubation, Lane 1’s sample was immobile, and Lane 2 migrated slower due to linearization.
Lane 3 contained a mix of linear and smaller base-paired structures, with an approximate size of 4.5 kilobases, migrating
similarly to the 30-minute incubation groups (Figure 5). The trailing phenomenon could be seen in every lane.
Figure 5. 0.8 % agarose for vectors, Lane 1 represented EcoRI digested overnight, Lane 2 represented Xhol digested
overnight, Lane 3 represented EcoRI and Xhol co- digested overnight, Lane 4 represented EcoRI digested for 30 minutes, and
Lane 5 represented Xhol digested for 30 minutes.

R\
O
)

Kilobases

3.1.2 Extraction and ligation of digested PCR product into digested pGEX-6P-1 vector

Follow the instruction of QIAquick Gel Extraction Kit, PCR product and vector were extracted from the gel; two control
groups were set to ensure the success and accuracy of transformation.

3.1.3 Transformation of pGEX-6P-1 ligated vectors into TOP strain of E.coli

pGEX-6P-1 ligated vectors into TOP strain of E.coli. Five groups were set, and during the procedure, the negative group
showed no bacterial growth; the positive group exhibited a small amount of colony growth and was unevenly distributed,
with a linear dense presence in the middle portion, and only a few individual colonies were visible on the right side, the shape
those separated bacteria was in regular rounded circles, white in color.

The plate grown with everything needed (both PCR product and T4 DNA ligase) showed higher densities of colonies and was
segregated better, but it was still less homogeneous, mainly concentrated in the upper left corner, and the separated ones were
in in regular rounded circles, white in color.

For the plate grown with T4 DNA ligand but without PCR product, only a few scattered bacteria were seen on the plate, and
were not very well grown; the shape was in regular rounded circles, white in color.

For the plate grown without both T4 DNA ligand and PCR product, few scattered bacteria were seen on the plate, unevenly
shaped and poorly separated (Figure 6).
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Figure 6.Plate demonstrating the transformation of pGEX-6P-1 ligated vectors into TOP strain of E.coli. A.

Negative group with only half the amount of the cell B. Positive group half the amount of cells and 1 uL uncut vector C. ALL
grown with everything needed (both PCR product and T4 DNA ligase) D. +L-I with T4 DNA ligand but without PCR product
E. -L-I grown without both T4 DNA ligand and PCR product.

3.2 Overall molecular cloning using Golden Gate technology

3.2.1 Restriction-enzyme digest of pETGG vector by Bsal enzyme as well as visualization by agarose gel
electrophoresis

In the Golden Gate cloning method, cleavage by the Bsal enzyme and ligation of DNA fragments into pETGG vector was
performed simultaneously in a single reaction. As this method only one enzyme to cleave, the length of vector remained
unchanged; the length of PCR product was calculated as 469 bp (the length of PCR product for Golden Gate method was 493
bp shown in Appendix 1, and the number of base pairs cleaved was 24 bp, therefore it could be calculated that PCR products
after digestion was 493 minus 24 bp).

3.2.2 Extraction and ligation of digested PCR product into pETGG vector.

Follow the instruction of QIAquick Gel Extraction Kit, PCR product was extracted from the gel; two control groups were set
to ensure the success and accuracy of transformation.

3.2.3 Transformation of pETGG ligated vectors into TOP strain of E.coli

With three control group, a total of four groups were set during this procedure.

For the plate grown with everything needed, no bacteria growth can be seen; for the plate grown with everything needed
except for PCR product for Golden Gate, no bacteria growth can be seen; for the plate grown with everything needed except
for Bsal enzyme, no bacteria growth can be seen; for the plate grown with everything needed except for T4 DNA ligase, no
bacteria growth can be seen.

A. Grown with everything needed but T4 DNA Ligase B. Grown with everything needed but PCR product C. Grown with
everything needed but Basl enzyme. D. Grown with everything needed/

3.3 Extraction of DNA and Sanger Sequencing

The concentration of purified DNA was determined (83.381 pg/mL for Classic technology and 159.26 ng/mL for Golden Gate
method and samples were formulated accordingly. A total of four sequences were measured by sanger sequencing, including
PCR product from Golden Gate technology using forward primer and reverse primer; PCR product from Classic technology
using forward primer and reverse primer (Appendix 2). By comparing the clarity and definiteness of chromatography, PCR
product from Classic technology using reverse primer and PCR product from Golden Gate technology using forward primer,

compared to the expected sequences, no similarity was found for both methods.
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Figure 7. Plate demonstrating the transformation of pETGG ligated vectors into TOP strain of E.coli.

4.Discussion

4.1 Analysis through Agarose Gel Electrophoresis

Gel electrophoresis sorts DNA fragments by size: smaller fragments migrate faster and further. A control comprising 517
bp and 493 bp fragments was used, alongside a ladder for size benchmarking. In this experiment, samples in various lanes
contained PCR products from previous steps. Lane 1 had a Classic method PCR product with excess dNTPs; Lane 2 and Lane
3 had Classic method PCR products; Lane 4 had a Golden Gate method PCR product with excess dNTPs; Lanes 5 and 6 had
Golden Gate method PCR products.

The separation of PCR protein using Agarose Gel Electrophoresis depends on size. The agarose gel matrix acts
like a sieve through which smaller molecules can move more easily and therefore travel faster, while larger
molecules move more slowly. Therefore, for the separation of PCR products (from Classic and Golden Gate method,
517 bp and 493 bp respectively), the PCR product from Golden Gate was expected to run faster than that from Classic
method. And the base pairs expected in PCR products after they have been digested with restriction enzymes as 501 bp (the
length of PCR product for Classic method was 517 bp shown in Figure 1, and the number of base pairs cleaved was 16 bp,
therefore it could be calculated that PCR products after digestion was 517 minus 16 bp)

However, the actual result turned out to be the opposite of what was expected. In Lane

1, the band was almost invisible, this might be caused by operation error. During the injection of Lane 1 the injecting speed
was too fast, causing the formation of bubbles, which took away many samples and resulting in the inadequate amount of
sample in Lanel. For Lane 5 and Lane 6, despite that they were duplicates of the same method amplifying products, great
difference could be detected. Lane 5 was close to the control group for Golden Gate method at 100 bp, while Lane 6 might
indicate error. As for the ladder, the ladder in agarose gel electrophoresis should appear as distinct bands of different sizes,
each corresponding to DNA fragments of known lengths. While in this image, the ladder bands were diffuse and smeared, this
could be caused by too much sample loaded; uneven gel; degraded or contaminated DNA ladder. It was also noted that there
were no bright band in Lane 3, Lane 4. After recalling the experimental procedure and comparing it with the group that also
used the instrument to rule out sample degradation, poor well formulation, electrophoresis issues, it was considered that the

samples might not have been loaded into the wells properly due to an error in the sample loading process.
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4.2 Analyzing Plasmid DNA Morphologies and Electrophoresis Outcomes in Enzyme Digest

Experiments
Plasmid DNA is normally present in vivo in 3 forms: supercoiled, liner and relaxed circular or nicked. The superhelix

morphology is the most compact and has the fastest migration rate in electrophoresis. Linear morphology followed.
Therefore, the expectation was that overnight groups with linear structure ran slower than uncut group, which had superhelix
structure; and groups that were incubated for 30 minutes (partially linear).

Expected outcomes were: the fastest migration for the uncut control, followed by the 30-minute single enzyme digests (Lanes
4 and 5), then the overnight co-digest (Lane 3), and lastly, the overnight single enzyme digests.

The uncut group in Lane 2 showed a band below 3000 bp, possibly due to structural conformation. Lanes 4 and 5 displayed
bands parallel to the uncut control, suggesting that within 30 minutes, the DNA remained largely undigested with only minor
successful cuts.

In Lane 1 and 2, with overnight incubation, Lane 1’s sample was immobile, suggesting errors (this will be further analyzed
in Discussion 5.3), and Lane 2 migrated slower due to linearization. Lane 3 contained a mix of linear and smaller base-paired
structures, with an approximate size of 4.5 kilobases, migrating similarly to the 30-minute incubation groups (Figure 5). The
sample of vector in Lane 2 (single enzyme EcoRI incubated for 30 minutes) was stuck in the well during electrophoresis
analysis after PCR, possible reasons are as follows: the sample was too sticky; the amount of loading buffer added was
insufficient; the sample might be loaded incorrectly; the agarose might be uneven, resulting in small bubbles in the pore or
uneven structure, which affects the movement of the sample.

Moreover, the trailing phenomenon can be seen in every lane and may be caused by the introduction of impurities in the
process.

4.3 Assessing pGEX-6P-1 Vector Integration and Control Group Efficacy

During the transformation of pGEX-6P-1 ligated vectors into TOP strain of E.coli, the result observed was not exactly as
expected. For the positive group which exhibited a small amount of colony growth and was unevenly distributed, it was
probably due to the fact that during the fact that when spreading the solution on the plate, it didn’t spread very evenly; the fact
that few individual bacteria could be seen indicating poor separation.

The plate grown with everything needed (both PCR product and T4 DNA ligase) showed higher densities of colonies and
was segregated better, suggesting that a homogeneous inoculation might have been carried out, possibly through the coating
method of liquid suspension media. The spacing between colonies showed that they were well separated, which helped in the
subsequent selection of individual colonies for further analysis.

For the plate grown with T4 DNA ligand but without PCR product, few scattered bacteria could be seen and the shape was in
regular rounded circles, white in color. In the absence of only PCR product but in the presence of T4 DNA ligase, the colonies
should not have grown, but here a small number of colonies appeared, probably because of the presence of a small number of
free base pairs spelled on the vector and the vector closed on itself with the help of the T4 DNA ligase, but this situation was
more idealized.

For the plate grown without both T4 DNA ligand and PCR product, bacteria were seen on the plate, unevenly shaped and
poorly separated. However, there should be no growth of colonies at all, but colonies appeared on this plate. Observe the
shape of the bacteria, which is irregular, and consider that there may have been contamination during the operation that led to
the growth of stray bacteria

Control groups were set for different reasons, for positive group, half of the cells and 1 pL uncut vector was added, which
was used for the conformation of plate efficient transformation. Negative group with only half the amount of the cell should
not grow anything, it was set to verify the validity of the experiment to ensure that changes in the results are due to the
experimental treatment and not to other variables in the experimental process. For the plate grown with T4 DNA ligand but
without PCR product, the role and impact of PCR products in this experiment could be observed. For the plate grown without
both T4 DNA ligand and PCR product, the chance or non- experimental factors on experimental results might be excluded to

ensure the reliability of experimental results.

36



Asia Pacific Journal of Clinical Medical Research Vol. 1 No. 2 (2025)

4.4 Assessing Anomalies in E. coli Transformation with pETGG Vectors
During the transformation of pETGG ligated vectors into TOP strain of E.coli, no bacteria growth could be seen, which

was unreasonable. Comparing with other groups’ results, it seemed that most of groups gained reasonable results with
detectable bacteria growth. During the procedure, many steps could go wrong, improper storage of enzymes at too high a
temperature; improper operation and so on. Here is the prediction of the reasonable results: The mCherry gene (mCherry is a
red fluorescent protein commonly used as a marker protein) with flanking Bsalsites was cloned between the Ncol and Xhol
sites to generate pETGG vector from the commercial vector pET28b, therefore, if the PCR product was ligated successfully,
the bacteria should have grown in white color; on the other hand, if the PCR product was not ligated, then depending on
the situation, the bacteria might have grown in pink color or did no grow at all. When it was grown with everything needed
except for Basl enzyme, it should have grown bacteria in pink color; when it was grown with everything needed except for
T4 DNA ligase, it shouldn’t have grown anything; when it was grown with everything needed except for PCR product, it
shouldn’t have grown anything, but there was a slight chance that the vector closed on itself with the help of T4 DNA ligase
and free base pair.

4.5 Troubleshooting Primer Mix-Up in Sanger Sequencing Experiment

Sanger Sequencing was not a success with no similarity found in both methods. Then, there were indeed clear and well-
defined sequences displayed in the mapping that just didn’t match our target gene fragments. This happened in three groups
of students, so the instructor assumed that it might have happened that the Golden Gate group was labeled backwards from
the Classic method group during the final preparation for sanger sequencing, and the wrong primer was used, which led to the
failure of the experiment, which was very likely to happen.

Specifically, the sequence was obtained from the Golden Gate ligated vector using the classic method primer, presumably
because there happened to be a recognition site for the classic method primer in the vector.

In order to verify this, the Golden Gate sequence was compared with the complete pETGG ligated vectors sequence, but still
no similarity found.

There are many possible causes of errors in sanger sequencing, which may be due to operational errors such as sample cross-
contamination, volume errors, etc., and it is not possible to clearly determine the specific steps that went wrong

4.6 Efficiency and Specificity in Golden Gate Cloning

Compared with traditional methods, in the Golden Gate cloning method, cleavage by the Bsal enzyme and ligation of DNA
fragments can be performed simultaneously in a single reaction. This is an advantage of the Golden Gate cloning technique,
which allows multiple fragments to be constructed simultaneously with high efficiency and fidelity. Golden Gate cloning
takes advantage of the properties of Type IIS restriction enzymes (such as Bsal), which cut on the outside of their recognition
sequences, leaving excessively long fragments with sticky ends. These sticky ends can be designed to be complementary to
each other, allowing multiple fragments to be ligated into the vector in the correct orientation in the same reaction. With the
addition of a DNA ligase, cutting and ligation can be performed in the same tube and under the same conditions, simplifying
the process and allowing for the orderly assembly of multiple fragments in one step. Comparing longer sticky ends (overhangs)
formed by Bsal with shorter sticky ends; it offers several advantages: Longer overhangs can provide more specificity during
the ligation step, reducing the chance of self-ligation or non-specific assembly; efficiency oof this process is improved,
as longer overhangs can increase the probability of correct fragment binding and assembly; ensure accuracy as an unique

overhangs created by the restriction enzymes ensure that DNA fragments can only join in one orientation and so on.

5.Conclusion

In conclusion, this report successfully highlights the importance of using Golden Gate and classical cloning techniques in
scientific research. Using Escherichia coli as a model organism, the results of this study, obtained from accurate experiments,
provide important insights into the efficacy and practical application of these DNA assembly methods. By comparing these
techniques, this report not only fulfils its aims and objectives, but also enhances our understanding of the role of molecular
cloning in the development of scientific knowledge. It highlights the importance of selecting appropriate cloning strategies

according to specific experimental requirements and the potential of E. coli as a versatile tool for biotechnological research.
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Abstract: This literature review explores the complex relationship between loneliness and mortality, emphasizing its effects
on physical and mental health across different age groups. Drawing on studies from both Western and Asian contexts, the
review highlights that loneliness contributes to increased risks of depression, cardiovascular diseases, substance abuse, and
ultimately premature death, particularly among the elderly. It investigates how social relationships, living arrangements,
cultural traditions, and institutional frameworks shape the experience of loneliness and its health outcomes. While some
findings suggest a direct correlation between loneliness and mortality, others point to mediating factors such as health
behavior and access to social or religious support. The paper also examines intervention strategies and proposes that
targeted community-based programs and educational engagement may mitigate loneliness-related health risks. The findings
underscore the need for more cross-cultural, longitudinal studies and policy-level interventions.
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1.Introduction

Whether loneliness affects mortality is a hot topic of discussion in society today. Past research has shown that loneliness may
contribute to health problems such as smoking, suicide, depression, coronary artery disease, and the spread of HIV (Patterson
& Veenstra, 2010)!". A growing number of scholars believe that loneliness affects human health, leading to increased
mortality. Loneliness is a significant contributor to health problems in known studies. Moreover, loneliness can and is easily
treated by intervention. For this reason, studying the effects of loneliness and proposing solutions can be part of the healthcare
system. The primary purpose of this literature review is to examine the factors that influence loneliness and mortality and find
solutions. Here it is predicted that social relationships, age, social institutions, cultural traditions, and religion are all factors

that can influence loneliness and mortality.

2.Health problems caused by loneliness

While there is evidence that loneliness reaches its peak during adolescence, it is increasingly prevalent with age due to
experimental evidence (Yang, K., & Victor, C., 2011). IFor adolescents, loneliness mostly leads to changes in behavioral
habits. For example, smoking and alcohol abuse. Although it has also been shown that for young people, loneliness can
contribute to suicide or HIV transmission (Patterson & Veenstra, 2010). However, loneliness causes more health problems
in older age groups and is more significant concern to society. Depression due to loneliness, alcohol abuse, smoking,

cardiovascular problems, sleep difficulties, altered immune systems and Alzheimer’s disease are all factors that may
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contribute to early death in older people (Rico-Uribe et al., 2018)."” Some studies have shown that loneliness causes increased
mortality in older people with chronic illnesses compared to those with social support (Olaya et al., 2017). “Loneliness also
poses a risk of eating disorders, as social isolation can lead to feelings of loneliness, and loneliness can lead some people to
overeat (Heinberg & Steffen, 2021). *'Obesity is a major threat to human health. Lonely people are also more likely to be
at risk of coronary artery disease, and the persistence of loneliness symptoms over many years can lead to hypertension and
cardiac dysfunction (Patterson & Veenstra, 2010). In summary, research on the topic of loneliness is necessary to reduce

human mortality.

3.The impact of social relationships on feelings of loneliness

According to Luo & Waite (2014)°, the notion that social relationships influence loneliness has been confirmed. Traditional
Chinese culture emphasizes the importance of family and community. Due to the long-term rapid decline in fertility rates,
the number of order adults left behind with children and those living alone is skyrocketing. In 2014, 25% of China’s elderly
households were living alone, and this figure is expected to rise to 90% in 10 years’ time. Furthermore, as the number of
older adults living alone skyrockets, so makes sense of loneliness among China’s elderly. In a national survey it was found
that in 1992 approximately 16% of older people felt lonely, however by 2000 nearly 30% felt lonely (Yang & Victor, 2008)
7). According to Luo & Waite (2014), the study used cross-lagged models combined with survival analysis to assess the
relationship between loneliness and mortality and social relationships. The results of this study suggest that an older person’s
mortality rate may increase by 12% over three years if they feel lonely. Older adults living in nursing homes or alone are
more likely to feel lonely and have the highest mortality rates.

The conclusions reached in this literature are similar to those reached in the West regarding the loneliness of older people
in the West. According to Abell & Steptoe (2021)™, this paper examined the relationship between living alone and mortality
over a period of 8.5 years using Cox proportional risk analysis and concluded that older people who live alone are more
likely to feel lonely and have an increased risk of death. This would suggest that there is an effect of social relationships on
loneliness and mortality, and that geography does not affect this view. However, the direct effect of loneliness on mortality
was found to be diminished by the inclusion of behavioral and health variables in several papers. So the behavioral and health
variables need to be examined in detail in order to confirm whether loneliness has a significant effect on mortality. However
for social relationships to be linked to depression is well established. According to Holwerda et al. (2016)", this literature
used the De Jong Gierveld Scale and the Centre for Epidemiological Studies Depression Scale to test the relationship between
loneliness and depression and found that isolation of social relationships is a cause as well as a consequence of depression.
The relationship between loneliness and depression is reciprocal. The co-occurrence of loneliness and depression has an
amplifying effect, and the combination of the two results in higher mortality rates. Studies have shown a link between suicide

and early death in older people with depression and social relationships and interpersonal interactions.

4.Social ties do not affect loneliness and mortality

Some scholars disagree with the notion that social relationships influence loneliness and mortality. According to Chan et al.
(2015), three loneliness scales based on the University of California, Los Angeles (UCLA) were used to assess loneliness
in older participants. This longitudinal study considered variables including self-reported, limited ability to perform life
activities, smoking, and depression. Previous studies have considered socio-demographic covariates such as age, gender,
race, marital status, housing type, educational attainment and socio-economic status. In contrast to Western countries, there is
not a large literature on issues related to loneliness among older people in Asia. The study on loneliness among older people
in Singapore included almost all residential patterns of older people, which is representative for some Asian countries. This
means that preliminary results have been obtained on the question of whether social relationships influence loneliness. The
study found no significant differences in loneliness and mortality between older people who lived with their children and
were not socially isolated and those who were. Even when living with family, older people still experience loneliness. Older
people need more than family companionship and the availability of social connections may not be the key reason for feelings

of loneliness. Further research is needed into the causes of loneliness in older people. As the results of this study differ from
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those of studies on Chinese older people, it is speculated that this may be due to differences in social systems and cultural

traditions. However, as Singapore has a large Chinese diaspora, this idea needs to be further investigated.

S.Interventions for loneliness

Loneliness can be treated by intervention. A large body of literature is devoted to finding available treatment options to
improve human mortality, especially in the elderly. The first is a programme for depression. Loneliness and depression
have been shown to be among the identifiable and measurable risk factors for early death (Holwerda et al., 2016). Some
scholars believe that loneliness and depression are causally related to each other and that they co-exist, so intervening in
loneliness is treating depression (Rico-Uribe et al., 2018). Because loneliness and depression show highly similar symptoms,
interventions for depression are also effective for loneliness. The two can be improved together. Training primary care teams
to deliver brief interventions in the community to people with depression or who feel lonely has been shown to significantly
improve depression outcomes (Rost et al., 2001).""” Community health teams can use counselling, activities and community
befriending parties as ways to improve loneliness. The establishment of counselling units in schools and nursing homes
and regular counselling for students and the elderly are predicted to be effective interventions for loneliness. However, no
literature has been found on this subject due to the need for long follow-up surveys and widespread availability to find results.
After reviewing the extensive literature, it is clear that interventions for loneliness are not well established and widespread.

Future research and government could focus on the popularization and development of interventions for loneliness.

6.0ther moderating factors

In addition to medical moderation, there are other factors that can moderate the relationship between loneliness and mortality.
For example, religion, education and social institutions. For religion, religious affiliation affects mortality rates. Suicide rates
in areas of Muslim, Christian or Jewish faith are lower than in non-religious areas (Gearing & Lizardi, 2008)""". The reason
for this is that such religions are opposed to suicide in the sense that they believe it is wrong and that those who commit
suicide are not truly liberated but are punished after death. However, because of the contradictory nature of the texts of some
religions, it is believed that some religions also support suicide. For example, Hinduism teaches that death leads to rebirth
and forgives suicide, especially as a ritual act of suicide is practiced in some areas of Hinduism (Gearing & Lizardi, 2008).
In general, however, the teachings of most religions do not support suicide. It is clear from the above that loneliness leads
to an increased chance of suicide, but that belief in religion discourages the act. Religious factors can therefore moderate

the relationship between loneliness and mortality. According to Chan et al. (2015)"

, university reduces loneliness in
older people, whether living alone or with family. As loneliness in older people is not only caused by living alone or social
isolation. It may also be due to the fact that there is nothing to do after retirement. Older people’s universities are a place
where they can learn and make friends so that education can affect loneliness. For more information on how the social system
affects loneliness and mortality, see above on the differences in the causes of loneliness among older adults in China and
Singapore. As the Chinese social system is collective and family-centered, older adults living alone are more likely to feel
lonely in China. The impact of social relationships on loneliness is huge in China, but Singapore has a different system to
China. There is no great difference in the odds of loneliness between older adults who live with their families and those who

live alone. So the social system also moderates the relationship between loneliness and mortality.

7.Conclusion

In conclusion, the question of whether loneliness has a serious impact on mortality cannot be accurately measured as most of
the current experiments have been studied using participants’ self-reports. In particular, there are also health and behavioral
factors. However, current research suggests that loneliness does have certain health effects on older people, such as
depression and coronary artery disease. The effects of loneliness on human health can increase the risk of death. Widespread
implementation of interventions for loneliness can be beneficial. The government could consider implementing measures to
intervene in the community to reduce loneliness for the dual purpose of ensuring the physical and psychological well-being
of humans. For future research, since most of the current research is about the effects of loneliness on older people, little

consideration has been given to the effects of loneliness on young people. This is particularly the case with regard to smoking
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and alcohol abuse. Therefore, future research could focus on how loneliness is related to smoking and alcohol abuse among

adolescents.
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Abstract: This study aims to investigate the antioxidant activity of Tibetan gentian (Gentiana spp.) extract and its essence
when compounded with a facial mask matrix. It also evaluates the efficacy of facial masks containing gentian extract on
sensitive facial skin and analyzes the comprehensive performance of the mask. A total of 90 patients with facial sensitive
skin, enrolled between October 2022 and December 2024, were randomly assigned to either a control group or an observation
group, with 45 patients in each. The control group used standard facial masks, while the observation group used masks
containing gentian extract. Both groups underwent a 4-week intervention. The efficacy, lactic acid stinging test indicators,
and skin physiological function parameters were compared between the two groups. Results showed that the overall
effectiveness rate in the observation group reached 93.26%, significantly higher than 71.20% in the control group (P < 0.05).
After the intervention, both groups showed notable improvements compared to baseline in lactic acid stinging test scores and
physiological skin indicators. Specifically, the observation group had significantly lower stinging scores and a longer latency
before the onset of stinging compared to the control group. Moreover, the skin pH values were lower, while sebum levels
and stratum corneum hydration were higher than those in the control group (P < 0.05). No serious adverse events occurred in
either group. These findings suggest that facial masks containing gentian extract effectively alleviate symptoms of sensitive
facial skin, enhance skin barrier function and tolerance, and are safe for use.

Keywords: Tibetan Gentian; Traditional Chinese Medicine Extract; Facial Mask Matrix Compounding; Antioxidant Activity;
Sensitive Facial Skin
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Introduction

In recent years, plant-derived bioactive substances have been widely applied in the fields of food, medicine, and personal care
due to their remarkable biological activities. Skincare products based on traditional herbal medicine are gaining significant
traction in the global market owing to their natural properties and efficacy advantages . China, with its abundant plant
resources and well-established extraction technologies, has developed cosmetic ingredients that combine high efficiency
and safety, forming a unique competitive edge in localized R&D. For example, Gentiana species, a distinctive medicinal
plant from the Tibetan region belonging to the Gentianaceae family, is mainly distributed along the eastern edge of the
Qinghai-Tibet Plateau and in the high-altitude areas of Gansu. It is a key component in many traditional Tibetan medicine

formulations . Despite its long history of traditional use, systematic research on this plant remains limited, with existing
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studies primarily focusing on the isolation and identification of its active constituents. Sensitive skin is characterized by a
heightened reactive state, manifesting as burning, stinging, and often accompanied by objective symptoms such as erythema
and desquamation. The core pathological mechanism is closely linked to impaired skin barrier function .

This study centers on the extract of Tibetan Gentiana as a core ingredient, combined with moisturizing and reparative
excipients to develop a facial mask product. It systematically evaluates its antioxidant activity and clinical efficacy. By
conducting comparative trials, this research aims to explore the mask’s role in improving skin barrier function and to provide

scientific support for the development of herbal cosmetics with both anti-sensitivity and reparative functions.

1.Materials and Reagents
1.1 Instruments and Equipment
Full-wavelength microplate reader (Boteng Instruments), Amenny skin tester (Shenzhen Fuheng).
1.2 Facial Mask Preparation
Tibetan Gentiana was sourced from a Chinese herbal medicine trading company, with in-lab extraction of the herbal
components. The extract was prepared with a material-to-liquid ratio of 1:1. Moisturizing agents included sodium
hyaluronate, 1,3-butylene glycol, glycerin, betaine, panthenol, 1,2-hexanediol, dipotassium glycyrrhizinate, and purified
water, as well as EDTA-2Na, herbal extracts, xanthan gum, and p-hydroxyacetophenone.
The formulation ratios are detailed in Table 1. First, xanthan gum was swollen in an appropriate amount of purified water
for 1 hour. Then, 40% of the total water volume was heated to 40°C in a beaker, followed by the sequential addition of
sodium hyaluronate, the polyol mixture, chelating agents, and moisturizing actives. The mixture was stirred until completely
dissolved. Xanthan gum was gradually incorporated while stirring continuously to form a gel matrix. After cooling, a
phenylethanol-based preservative, hexanediol stabilizer, and the herbal active ingredient were added. The final product was
obtained through homogenization and thorough mixing!".

Table 1 Mask formula

Raw materials Formula Function
Xanthan gum 0.2 Thickener
Sodium hyaluronate 0.1 Moisturizer
1,3-butylene glycol 2.0 Moisturizer
Glycerin 2.0 Moisturizer
Sodium EDTA 0.1 Skin conditioner
Betaine 0.9 Moisturizer
Panthenol 1.0 Moisturizer
Parahydroxyacetophenone 0.8 Antioxidant
1,2-hexanediol 1.5 Moisturizer
Dipotassium glycyrrhizinate 0.1 Moisturizer
Traditional Chinese medicine extract 0.4 Skin conditioner
Purified water Fill to 100.0 Moisturizer

A 10.00 mL sample of the Tibetan Gentiana facial essence was prepared, and a serial dilution method was used with
deionized water to obtain solutions of 50%, 25%, 12.5%, 6.25%, and 3.125%. Superoxide anion scavenging activity was
measured according to the standardized protocol of the assay kit. The absorbance of the original (100%) and diluted solutions
(50%, 25%, 12.5%, 6.25%, and 3.125%) was recorded, with each concentration tested in triplicate to calculate the average
values. The superoxide anion scavenging capacity and the half-maximal effective concentration (ECso) were determined "',
The moisturizing performance of the Tibetan Gentiana facial mask was evaluated under different humidity conditions. As
shown in Figure 1, the hydration retention rate decreased over time at varying speeds depending on the ambient humidity. In

an environment with 82% relative humidity, the mask exhibited excellent water-retention capacity. Over a 24-hour monitoring
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period, its moisture retention rate consistently remained above the 90% baseline, with the lowest observed value still reaching

95.38%. When the relative humidity was reduced to 42%, the mask maintained a stable retention rate above 80% for 24

hours, with a temporary dip to 86.72%. Overall, its moisture-retaining performance remained at an industry-leading level.

Under constant temperature conditions, higher humidity slowed the decline in moisture retention, resulting in improved
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Figure 2 illustrates the free radical scavenging activity of the Tibetan Gentiana facial essence. The antioxidant efficacy of
the Gentiana extract showed a significant dose-dependent relationship. At a concentration of 25%, the increase in hydroxyl
radical scavenging rate began to plateau, with an incremental gain of less than 5%. When the concentration reached 50%,
the scavenging curves for superoxide anion and DPPH radicals entered a plateau phase, with the slope decreasing to below
0.15. According to the in vitro antioxidant evaluation system, the half-maximal inhibitory concentrations (ICs,) of the facial
essence for the three types of free radicals were determined to be 9.81% for superoxide anions, 3.42% for DPPH radicals, and
5.60% for hydroxyl radicals. These results suggest that the formulation possesses excellent free radical scavenging properties

and demonstrates strong in vitro antioxidant activity .

2.Experimental Preparation

2.1 Study Subjects

This study enrolled 90 patients with clinically diagnosed facial sensitive skin who were admitted to the hospital between Oc-
tober 2022 and December 2024. Participants were randomly assigned into two groups using a random number table method.
In the control group (n = 45), the gender distribution was 1:2 (15 males, 30 females), with an age range of 18-50 years (mean
age: 35.60 £ 4.76 years). The disease duration ranged from 6 to 30 months, with a median of 17.48 months. The observation
group (n = 45) had comparable baseline characteristics: gender ratio of 2:3 (18 males, 27 females), mean age of 36.94 +
4.52 years, and mean disease duration of 16.33 + 4.18 months. Statistical analysis confirmed that the two groups were well
balanced with respect to gender, age, and disease duration.

The study protocol was conducted in strict accordance with the Declaration of Helsinki. Ethical approval was obtained from
the Institutional Ethics Review Committee, and all participants provided written informed consent and completed GCP-com-
pliant training.

Inclusion criteria:

Clinically diagnosed with sensitive facial skin

Skin lesions confined to the facial area

Good treatment compliance and ability to follow the intervention protocol

Exclusion criteria:

Coexisting facial infectious dermatoses or other skin disorders

Serious cardiovascular, cerebrovascular, hepatic, renal, or coagulation disorders

Underwent aesthetic procedures or used hormone therapy, immunosuppressants, anti-infectives, or antihistamines within 30
days prior to enrollment

History of hypersensitivity to the study product

Presence of psychiatric disorders or cognitive impairment

Pregnant or breastfeeding women

The observation group received facial masks containing Tibetan Gentiana extract, while the control group used commercially
available standard masks. Both groups applied the mask once nightly before bed for four consecutive weeks.

2.2 Observatory Parameters

This study established a therapeutic efficacy evaluation system based on relevant clinical standards, with efficacy categorized
as follows:

Complete remission: efficacy index >90%

Marked improvement: efficacy index between 60% and 89%

Partial improvement: efficacy index between 30% and 59%

Ineffective: efficacy index <30%

The efficacy index was calculated using the formula:

Efficacy Index (%) = [(Pre-treatment subjective and objective score — Post-treatment score) / Pre-treatment score] x 100%
The total effective rate was defined as the percentage of patients achieving either complete remission or marked improvement.

Assessment Methods:
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Lactic Acid Stimulation Test:

A 5% lactic acid solution (prepared at a 50% concentration) was evenly applied to the nasolabial folds and both cheeks
before and after treatment. The onset time of stinging was recorded, and the degree of stinging was evaluated using the Visual
Analog Scale (VAS). A score >3 was considered a positive reaction.

Skin Physiological Function Testing:

After facial cleansing and a 10-minute rest period, a non-invasive skin analysis device was used to simultancously measure
transepidermal water loss (TEWL), sebum secretion, stratum corneum hydration, and skin pH levels.

Safety Evaluation:

Throughout the study, all adverse events—including itching, erythema, dryness, and desquamation—were recorded to assess
the safety profile of the intervention.

2.3 Data processing and statistics
SPSS 22.0 statistical analysis platform was used to complete data processing. The measurement indicators were described

in the form of mean standard deviation (x + S). The paired t test was used to analyze the data within the group, and the
independent sample t test was used for inter-group comparison. The categorical variable data were presented as frequency
(constituent ratio), and the x* test was used for inter-group comparison. All statistical inferences were based on (P<0.05) as

the significance threshold.

3.Result analysis
3.1 Comparison of the effects of the mask after use
The efficacy of the observation group and the control group is shown in Table 2. The effective rate of the observation group
is as high as 93.26%, and the total effective rate of the observation group is significantly higher than that of the control group
(71.20%).

Table 2 Efficacy of observation group and control group [cases (%)]

Group Comlﬂlsiig im- Si;g)l;(i)f‘i,cez::;i;n- Improve Invalid Total effective
Observation group (n=45) 24(53.14)% 18(40.02)% 3(5.76)% 0(0.00)% 41(93.26)%
Control group (n=45) 9(22.21)% 20(49.01)% 9(19.98)% 4(8.99)% 32(71.20)%
x” value - - - 5.874
P value - - - - <0.05

3.2 Lactic acid stimulation test
Table 3 compares the lactic acid stinging score and the onset time of lactic acid stinging. The research data show that there

is no statistical difference between the two groups of subjects in the lactic acid stimulation score and the time of stimulation
reaction (P<0.05). After intervention treatment, the pain assessment values of both groups of patients decreased significantly
compared with the baseline level, and the latency of pain reaction showed a trend of extension. The lactic acid stinging

score of the observation group was relatively lower than that of the control group (P<0.05), and the onset time of lactic acid

stinging was longer than that of the control group (P<0.05).

Table 3 Comparison of lactic acid stinging scores and lactic acid stinging onset time (x+s)

Lactic acid sting score/points Lactic acid tingling sensation onset time/min
Groip Before use After use Before use After use
Observation group (n=45) 5.13£0.82 1.05+0.23* 3.4510.49 6.96 £ 0.83*
Control group (n=45) 5.11+0.95 2.86 + 0.39* 351+0.54 5.1+ £ 0.62*
X’ value 0.472 4.528 0.634 4.791
P value 0.518 <0.001 0.381 <0.001

Note: *Compared with the same group before use, P<0.05.
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3.3 Comparison of skin function physiological parameters between groups
Before the intervention, there was no significant difference in the baseline data of core parameters such as transepidermal

water loss (TEWL), sebum secretion, stratum corneum water holding capacity and skin surface pH value between the
two groups of subjects (P>0.05). Compared with before use, the skin pH value and TEWL of the control group and the
observation group were significantly reduced after use, and the sebum content and stratum corneum water content increased
(P<0.05). The TEWL and skin pH value of the observation group were lower than those of the control group (P<0.05), and
the sebum content and stratum corneum water content were significantly higher than those of the control group (P<0.05).

Among them, * compared with the same group before use, P<0.05.

Table 4 Comparison of skin physiological function indicators between the two groups after use ( y + g )

Water content of stra-
2. 3
TEWL/[g/(m?*-h)] Sebum content pg/ cm tum corneum % Skin pH
Group
Before use | After use | Before use | After use | Before use | After use Before use | After use

Observation 2436 + 12.59+ 70.52 + 78.05+ 52.17+ 6193+ 5.16+

6.31£0.35
group (n=45) 4.66 1.32* 3.25 5.23%* 2.36 4.35% 0.21%*
Control group 2447+ 17.52+ 70.48 + 7431+ 5230+ 58.90 + 5.80+

6.271 0.41
(n=45) 4.79 2.90% 3.35 3.59% 2.81 3.14%* 0.30%*
x value 0.679 6.381 0.826 5.191 0.542 4.250 0.825 3.805
Group 0.375 <0.001 0.290 <0.001 0.482 <0.001 0.171 <0.001

4.Discussion

The facial mask containing Gentiana extract from the Tibetan region exerts significant therapeutic effects on sensitive skin
through a multi-target synergistic mechanism. It effectively reduces facial inflammatory responses, alleviates discomfort
symptoms such as capillary dilation, burning sensation, and stinging, and inhibits histamine release, thereby providing anti-
allergic and anti-itch benefits[8]. Simultaneously, it stabilizes the skin tissue structure, enhances stratum corneum hydration,
reduces transepidermal water loss (TEWL), stimulates collagen synthesis, and accelerates tissue repair—thus promoting the
restoration of the skin barrier function”. Moreover, its antioxidant properties contribute to collagen regeneration, effective
scavenging of free radicals, and the repair of damaged cells, leading to an overall improvement in skin physiological
function'”.

The experimental findings indicate that the Gentiana-based mask significantly enhances the care efficacy for sensitive skin
by improving physiological skin parameters and skin tolerance, all while maintaining a favorable safety profile. Future
research should expand the clinical sample size to provide more robust evidence supporting its application in the scientific

management of sensitive skin.

5.Conclusion

This study investigated the reparative effects of a topical preparation containing active compounds from high-altitude
Gentiana on facial sensitive skin. Results demonstrated that the use of the Gentiana-infused mask significantly reduced skin
irritation scores and delayed the onset of irritation responses. It also decreased TEWL and skin pH while increasing sebum
secretion and stratum corneum hydration levels. These outcomes suggest a synergistic effect when combining routine skincare
with a facial mask containing Gentiana extract, leading to improved efficacy and excellent skin tolerance. As a targeted anti-
sensitivity agent, the active compound from Gentiana exhibits several advantageous properties, including high selectivity,
rapid onset of action, sustained efficacy, and broad-spectrum anti-inflammatory activity. These characteristics underscore its

potential value in the management of sensitive skin.
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Abstract: Objective: Tanshinone IIA, one of the most abundant liposoluble components isolated from the traditional Chinese
medicine Salvia miltiorrhiza, exhibits significant biological activities in anti-inflammatory, antibacterial, and antitumor
effects. This study aims to systematically explore the mechanism of Tanshinone IIA through bioinformatics. Methods: We
utilized the TCMSP database to retrieve the oral bioavailability (OB) and drug-likeness (DL) of Tanshinone IIA. The gene
chip numbered GSE85871 was downloaded from the GEO database, and differential genes were analyzed using R language
to identify potential targets of Tanshinone IIA. After obtaining these targets, GO analysis and KEGG pathway analysis
were performed using the DAVID 6.8 database. Diseases related to Tanshinone IIA were explored through the CTD database.
Finally, Cytoscape was employed to construct a visual network of multiple targets, pathways, and diseases associated with
Tanshinone IIA. Results: Tanshinone ITA demonstrated good drug efficacy with an OB value of 49.89% and a DL value of
0.4. A total of 132 potential targets were identified, primarily exhibiting gene co-expression and physical interaction in the
PPI network. These targets were enriched in biological processes and pathways such as ovarian steroidogenesis, cell cycle,
and steroid hormone biosynthesis. Tanshinone IIA was found to be relevant in the treatment of diseases including breast
tumors, hypertension, atherosclerosis, gliomas, vascular system injuries, left ventricular hypertrophy, leukemia, and hearing
loss. Conclusion: Utilizing bioinformatics approaches, we systematically analyzed the possible molecular mechanisms of
Tanshinone 1A, providing potential targets and insights into its pharmacological mechanisms and treatment strategies
Keywords: Salvia Miltiorrhiza; Tanshinone IIA; Bioinformatics; Mechanism of Action
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Salviae Miltiorrhizae, first recorded in “Shennong’s Herbal Classic”, is bitter in taste and slightly cold in nature, pertaining
to the heart and liver meridians. Its medicinal parts mainly consist of dried roots and tubers, which have been widely used in
the treatment of vascular diseases !". Tanshinone IIA, one of the significant bioactive components of Salviae Miltiorrhizae,
belongs to the category of liposoluble phenanthrenequinone compounds. It exerts protective effects on the heart and nerves,
possesses anticancer and antibacterial properties . However, there has been no systematic analysis of the complex
mechanism of action of tanshinone I1A.

In this study, we innovatively employed the TCMSP database to comprehensively evaluate the pharmacological parameters
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of tanshinone IIA. By screening potential targets of tanshinone IIA, we constructed and analyzed a protein-protein interaction
(PPI) network. Additionally, we conducted enrichment analysis of Gene Ontology (GO) terms and Kyoto Encyclopedia of
Genes and Genomes (KEGG) signaling pathways. We also searched for diseases and targets associated with tanshinone ITA
and established a “component-target-pathway-disease” network. This approach provides valuable data support for further in-
depth research or the development and utilization of Salviae Miltiorrhizae and tanshinone IIA.
Figure 1: Chemical structure of Tanshinone IIA and a roadmap of its predicted mechanism. (4) Chemical structure diagram
of Tanshinone 114 (PubChem CID: 164676), (B) Flowchart illustrating the pharmacological mechanism of action of
Tanshinone IIA.
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1.Materials and Methods

1.1 Evaluation of Pharmacokinetic Parameters

The Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) is a computational
systems biology and medicine platform for evaluating the pharmacology of Chinese herbal medicines ©!. This database
encompasses not only chemical substances, target and drug-target networks, related drug-target networks, but also
pharmacokinetic properties of natural compounds such as oral bioavailability, drug-likeness, Caco-2 permeability, half-life,
and blood-brain barrier (BBB) penetration of some chemical components in Chinese medicine . OB, calculated using the
internal model OBioAvail 1.1 in the TCMSP database, represents one of the most crucial pharmacokinetic properties of oral
medications and plays a significant role in the efficiency of systemic drug administration. DL, which relies on molecular
descriptors and the tavioto coefficient in the database, is a qualitative concept primarily used in drug design to evaluate the
drug-likeness of compounds. In this study, “tanshinone IIA” was used as a search term to evaluate the pharmacokinetic
parameters of tanshinone IIA at the molecular level.

1.2 Screening of Potential Targets

The raw data for the gene chip with the related number GSE85871 and the platform annotation file GPL571 for tanshinone
ITA were downloaded from the Gene Expression Omnibus (GEO). The GSE85871 dataset contains gene expression profile
information for MCF7 cells treated with 102 different Chinese medicinal molecules ", including two samples of tanshinone
IIA and six blank control samples. Normalization and differentially expressed gene screening were performed using the Affy
and limma packages in R. Quality control was conducted using fold change (FC) and P-value, with standards set at P < 0.01
and [log2FC| > 1. The gplots package was utilized to create a cluster diagram, and the plot package was used to generate a
volcano plot.

1.3 Construction of PPI Network

GeneMANIA is primarily used to generate hypotheses about gene function, analyze gene lists, and prioritize genes for

functional testing ™. The results of the differentially expressed genes mentioned above were organized, and GeneMANIA was
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employed to construct a PPI network, analyzing the targets and their roles and relationships within the network.

1.4 Enrichment Analysis of GO and KEGG Signaling Pathways

The Database for Annotation, Visualization, and Integrated Discovery (DAVID) is a web-based software toolkit that
effectively aids in understanding the interactive relationships in gene expression data and provides systematic information
about genes of interest ). DAVID database was used to perform GO and KEGG signaling pathway enrichment analysis on
potential targets, and the ggplot2 package was used to create an enrichment analysis bubble chart.

1.5 Retrieval of Related Therapeutic Diseases

The Comparative Toxicogenomics Database (CTD) is a powerful, publicly available database that enhances understanding
of the health effects of environmental exposures "". CTD integrates various information about chemicals, including chemical
structures, curated interacting genes and proteins, curated and inferred disease relationships, and rich pathway and functional

annotations. In this study, “tanshinone IIA” was used as a search term to retrieve related therapeutic diseases.

2.Results

2.1 Pharmacokinetic Parameters
Through the TCMSP database, we conducted an in-depth study on the critical characteristics related to the pharmacokinetics

of tanshinone ITA, including OB, DL, Caco-2, BBB, and the five rules of Lipinski’s rule of five (MW, AlogP, TPSA, Hdon,
HACC). The results are presented in Table 1. It is worth noting that tanshinone ITA has an OB value of 49.89% and a DL
value of 0.4, indicating good drug efficacy.

Table 1: Pharmacological and Molecular Characteristics of Tanshinone 114

MW AlogP Hdon Hacc OB (%) Caco-2 BBB DL FASA- TPSA RBN HL

294.37 4.66 0 3 49.89 1.05 0.7 0.4 0.31 47.28 0 23.56

2.2 Potential Drug Targets

Based on screening criteria, this study analyzed the relevant raw data with the GEO accession number GSE85871 using
R language. The analysis revealed that tanshinone IIA-treated MCF7 cells could induce 132 significantly differentially
expressed genes, including 85 upregulated genes and 47 downregulated genes. The clustering plot and volcano plot are shown
in Figures 2 and 3, respectively.

2.3 PPI Network

The intrinsic mechanism of drug regulation is often not determined by a single target or pathway but is commonly modulated
by multiple targets and pathways. By organizing the aforementioned differentially expressed gene results and using
GeneMANIA to construct a PPI network, it was revealed that among the 132 target proteins and their interacting proteins,
76.27% share similar co-expression characteristics, 14.91% exhibit physical interactions, and 3.83% possess co-localization
relationships. Other results, including genetic interactions, pathways, predictions, and shared protein domains, are illustrated
in Figure 4.

2.4 GO and KEGG Enrichment Analysis

To further categorize the biological functions of the potential targets of tanshinone IIA, GO and Pathway enrichment analyses
were conducted using DAVID 6.8. The results indicated that the biological processes (BP) of the potential targets were
significantly enriched in processes such as nuclear division, negative regulation of DNA-templated transcription, positive
regulation of nuclear protein export from the nucleus, cellular response to hydrogen peroxide, and cell cycle arrest mediated
by P53-class mediator resulting from DNA damage and signal transduction, as shown in Figure 5A. Changes in cellular
components (CC) were primarily focused on the nucleus, nucleoplasm, cytosol, membrane, and CHOP-ATF3 complex,
as illustrated in Figure 5B. Variations in molecular functions (MF) were predominantly manifested in protein binding,
transcription factor activity, sequence-specific DNA binding, zinc ion binding, poly(A) RNA binding, and histone-lysine
N-methyltransferase activity, as depicted in Figure 5C. KEGG pathway analysis revealed that the enrichment of potential

targets was primarily observed in ovarian steroidogenesis, cell cycle, and steroid hormone biosynthesis, as shown in Figure 5.
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Figure 2: Cluster diagram of differentially expressed genes in Tanshinone Il4-related datasets
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Figure 3: Volcano plot of differentially expressed genes in Tanshinone lIA-related datasets
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Figure 4: PPI network diagram of potential targets of Tanshinone IIA(Black nodes represent target proteins submitted as
query terms in the search, gray circles represent genes associated with the query genes, and different connection colors

represent different correlations)
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Figure 5: Bubble diagram of GO function and KEGG pathway analysis of potential targets of Tanshinone 114
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2.5 Diseases Related to Therapeutic Applications

The diseases with direct evidence of treatment by tanshinone IIA, retrieved from the CTD database, primarily include breast
neoplasms, hypertension, atherosclerosis, gliomas, vascular system injuries, left ventricular hypertrophy, leukemia, and

hearing loss. These are summarized in Table 2.

Table 2: Associated Therapeutic Diseases and Their Respective Targets and Scores

Diseases Associated Targets Scores
AHR. BAX, BCL2, BIRC5, CASP8, CDKNIB, CST6, CTNNB1, CXCLS8,
CYP1Al. CYP3A4, DDIT3. EDNRB, ETS2, FOS. GRB7. GSTPI,
Breast tumor HISTIHIC. HMOXI1, IL1B, IL6. KRAS. MAP3K1. MMPl. MMP9, NFK- 81.64
BIA, NOS2, NOS3, PARP1. PTGS2, RARB. RBI, RELA. SPP1., TNF,
TNFSF10, TP53
AGT., AHR. BCL2, CD36, CYP1Al. DUSP5, EDNI, EDNRA, FOS.
Hypertension GSK3B. GSTPl. HMOXI. ILIB. IL6, INPPL1. MMP9, NOS2, NOS3, 46.65
NR3C1, OLRI, PPARG. PTGS2, RELA. TLR4, TNF. TP53
Atherosclerosis AGT., AHR. IL6, MMP1., NOS2, NOS3, PARPl. PPARG. PTGS2, TLR4, 2993
TNF, VEGFA ’
Glioma GSTP1, PTGS2, SPP1, TNF. TNFSF10, TP53 14.22
Vascular system injury HMOX1. SPP1. TNF 10.74
Left Ve“m;‘l‘ll;r hypertro- AGT. AHR, EDNI, MYC 9.38
Leukemia VEGFA 3.12
Hearing loss TLR4 3.11
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3.Discussion

One of the significant reasons for the high cost of late-stage drug development failures is unfavorable pharmacokinetics and
toxicity profiles. The adoption of methods such as predicting and simulating pharmacokinetics, metabolism, and toxicity end-
points can simplify and accelerate the drug discovery process to some extent. Currently, this approach is gaining increasing
favor and attention from relevant researchers "',

OB represents the percentage of an orally administered drug that reaches systemic circulation without alteration, indicating
the convergence of pharmacokinetic processes. High oral bioavailability is often a critical indicator in determining the drug-
like properties of bioactive molecules as therapeutic agents. DL, established based on the analysis of physicochemical
properties or/and structural features of existing small molecule drugs and/or drug candidates, is a qualitative concept used in
drug design to estimate how “drug-like” a compound is expected to be. This estimation aids in optimizing pharmacokinetic
and drug properties, such as solubility and chemical stability. The TCMSP database suggests reference standards as OB:
>30%; DL >0.18. As evident from Table 1, the properties of tanshinone IIA meet these requirements, indicating that it is a
promising candidate for drug discovery.

In this study, the dataset with the accession number GSE85871 from the GEO database was selected. This dataset encom-
passes the gene expression profiles established after treating MCF7 cells with tanshinone ITA. Through R language analysis,
132 significantly differentially expressed genes were identified, including 85 upregulated genes and 47 downregulated genes.
These differential genes can be considered, to some extent, as potential targets of tanshinone IIA, and the pharmacological ef-
fects of some of these potential targets have been established in the literature. According to the research results of XU et al. "*),
tanshinone ITA can effectively increase the expression of hypoxia-inducible factors, thereby upregulating VEGF expression,
improving cardiac function, protecting myocardium, and exerting anti-myocardial hypertrophy effects. Zhou et al. "
demonstrated that tanshinone IIA could reduce neuronal damage and protect against cerebral ischemia-reperfusion injury by
decreasing the expression levels of NF-kB and IkB genes and proteins in a rat model of ischemia-reperfusion. Wang et al. ')
found that tanshinone IIA downregulates the expression of VEGF and B-catenin genes and proteins, inhibits the growth of
subcutaneous xenografts of human colorectal cancer in nude mice, and suppresses microvessel formation, thereby exhibiting
antitumor effects.

To better understand the functions of the potential targets of tanshinone IIA, GO and KEGG signaling pathway analyses were
performed using DAVID 6.8. The potential targets were mainly enriched in biological processes such as nuclear division,
negative regulation of DNA-templated transcription, positive regulation of nuclear protein export, and KEGG signaling
pathways including ovarian steroidogenesis, cell cycle, and steroid hormone biosynthesis. In this study, by searching
the CTD, eight diseases with direct therapeutic evidence for tanshinone IIA were identified, including breast tumors,
hypertension, atherosclerosis, gliomas, vascular system injuries, left ventricular hypertrophy, leukemia, and hearing loss.
As shown in Table 2, there is a significant overlap between the targets supported by the literature for these diseases and the
differential genes screened in this study, further corroborating the feasibility of the research approach.

The enrichment of KEGG pathways, particularly the cell cycle and steroid hormone biosynthesis, underscores the
multifaceted mechanisms by which Tanshinone IIA (Tan IIA) exerts its therapeutic effects against diseases such as breast
cancer. The cell cycle pathway, a critical hub for cancer progression, is tightly regulated by genes like TP53, BCL2, and
CDKNIB, which were identified as key targets in this study. Tan IIA likely inhibits breast tumor growth by modulating these
targets to induce cell cycle arrest. For instance, TP53, a tumor suppressor gene frequently dysregulated in cancers, promotes
cell cycle arrest or apoptosis in response to DNA damage. Our data revealed upregulation of TP53 and downregulation of
anti-apoptotic BCL2, suggesting that Tan IIA triggers pro-apoptotic signaling and halts uncontrolled proliferation in breast
cancer cells. Furthermore, the downregulation of CDKN1B (p27), a cyclin-dependent kinase inhibitor, may disrupt cyclin-
CDK complexes, thereby blocking G1/S phase transition and impeding tumor cell division.

Additionally, the steroid hormone biosynthesis pathway, enriched in this study, provides insights into Tan IIA’s potential
efficacy against hormone-dependent breast cancers. Estrogen receptor (ER)-positive breast cancers rely on steroid hormones

for growth, and Tan IIA may interfere with this dependency by targeting enzymes like CYP19A1 (aromatase), which

56



Asia Pacific Journal of Clinical Medical Research Vol. 1 No. 2 (2025)

catalyzes estrogen synthesis. Although not explicitly listed in our target results, the overlap between steroidogenic pathways
and genes such as CYP3A4 (involved in hormone metabolism) implies indirect regulation of estrogen levels. By suppressing
steroid hormone production or signaling, Tan ITA could attenuate ER-driven tumor proliferation.

In summary, this study evaluated the pharmacokinetic parameters of tanshinone IIA using the TCMSP database, identified its
potential targets through high-throughput microarray data, and conducted further biological functional studies. The results
suggest that tanshinone IIA may possess multiple functions, including nuclear division, ovarian steroidogenesis, cell cycle,
and steroid hormone biosynthesis, which are closely related to its antitumor, anti-atherosclerotic, ischemia-reperfusion
protective, and anti-inflammatory effects. Tanshinone ITA emerges as a highly potential drug candidate; however, further

research is needed to determine its precise pharmacological effects and mechanisms of action.
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