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Many patients, such as those who are obese,
are prone to hypoxia during anaesthesia in-
duction, painless gastroenteroscopy, and ICU
sedation, which can lead to severe organ dam-
age [1]. The traditional nasopharyngeal airway
can effectively alleviate this problem, but it also
introduces complications such as epistaxis
[2]. NaPS™ (Nasal Pharyngeal Set-flexible) is a
novel nasopharyngeal airway set developed by
our team, designed to address difficult airways
safely and simply. It has been registered as a
medical device in China (Zhejiang Medical De-
vice Registration Approval No. 20232081212).

NaPS™ consists of a reinforced catheter, a
spring core, a restrictive nose plug, and an
adapter (Figure 1). The reinforced catheter has
small holes underneath for ventilation. With an
outer diameter of only 4 mm, it prevents naso-
pharyngeal compression damage during cathe-
ter retention. The catheter is made of a flexible
material to reduce the risk of nasal mucosa
abrasion. The spring core is flexible, allowing
easy access to the nasopharyngeal lumen. The
restrictive nose plug regulates the catheter’s
depth into the nasal cavity and helps secure it
in place. Additionally, the catheter can be con-
nected to either a nasal cannula or an anaes-
thesia machine’s breathing line via the adapter
for oxygenation.

Several randomized controlled studies, ap-
proved by the Ethics Committee of the Naval
Medical University and currently in the process
of data collection, may provide robust evidence
of its safety and efficacy. We believe that the

new nasopharyngeal airway set can be widely
adopted by anesthesiologists due to its poten-
tial in airway management.

Figure 1. NaPS"*™ structure. (A) NaPS"*; (B)
Components of NaPS™",
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Highlights

¢ Anaphylaxis is a potentially life-threatening event during general anesthesia, with a rare incidence estimated at

1in 10,000 to 1 in 20,000 cases.

* Neuromuscular blocking agents, antibiotics, and latex are the primary triggers of perioperative anaphylaxis, with
rocuronium being one of the most commonly implicated drugs.
e Sugammadex is a valuable drug for reversing rocuronium-induced refractory anaphylaxis.

Abstract

Neuromuscular blocking agents, particularly rocuronium, are a major cause of perioperative anaphylaxis. This
report presents a rare and severe case of rocuronium-induced anaphylaxis in a 50-year-old woman undergoing
an elective total laparoscopic hysterectomy at a tertiary care center in Eastern Nepal. Despite multiple doses of
intravenous epinephrine, the patient did not achieve adequate hemodynamic recovery. However, a single bolus
of sugammadex resulted in the rapid and complete resolution of symptoms. This case highlights the potential of
sugammadex as a life-saving adjunct in treating neuromuscular blocking agents-induced anaphylaxis that is unre-

sponsive to standard interventions.

Keywords: Rocuronium, sugammadex, anaphylaxis, epinephrine, refractory

Introduction

Anaphylaxis is a potentially life-threatening
event following general anesthesia, with a rare
incidence estimated to be between 1 in 10,000
and 1 in 20,000 cases [1]. Neuromuscular
blocking agents (NMBAs), antibiotics, and la-
tex account for the majority of perioperative
anaphylactic reactions, with rocuronium being
one of the most frequently involved agents [2].
NMBA-induced anaphylaxis develops rapidly,
typically within minutes after drug administra-
tion, and manifests as cardiovascular collapse,
bronchospasm, urticaria, or angioedema [3].
Hypersensitivity reactions to rocuronium, a
non-depolarizing aminosteroidal NMBA, occur

due to the presence of quaternary ammoniums,
which are strong allergens [4]. Standard treat-
ment for anaphylaxis focuses on immediate
epinephrine administration (intramuscular or
intravenous), fluid replacement, corticosteroids,
and antihistamines [5].

However, not all cases respond to first-line
therapy. Sugammadex, a modified form of gam-
ma-cyclodextrin, has been investigated as a re-
versal agent for aminosteroidal neuromuscular
blockade, with recent interest in its application
for NMBA-induced anaphylaxis [6]. By binding
free circulating rocuronium molecules, sugam-
madex may accelerate the resolution of symp-
toms [7]. This case presents a rare instance
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Table 1. Timeline of Events and Vital Sigh Changes

Time (min) MAP (mmHg) SpO2 (%) HR (bpm)
0 (Baseline) 85 98 75

2 (Induction) 80 97 89

5 (5 minutes after rocuronium administration) 63 94 116

10 (10 minutes after rocuronium administration) 50 86 133

15 (15 minutes after rocuronium administration indicating severe reaction) 40 80 142

20 (Post-sugammadex) 60 90 110

Note: MAP, mean arterial pressure; Sp0O,, peripheral capillary oxygen saturation; HR, heart rate.

Figure 1. Erythematous rashes over the chest and
arm.

of rocuronium-induced anaphylaxis that was
unresponsive to epinephrine but successfully
reversed with sugammadex.

Case presentation

A 50-year-old woman weighing 65 kg with ASA
physical status, | underwent an elective total
laparoscopic hysterectomy for abnormal uterine
bleeding. She had no significant medical histo-
ry, drug allergies, or prior surgeries. Laboratory
data, including complete blood count, renal and
hepatic function, electrolytes, ECG, and chest
X-ray, were all within normal limits.

Upon entering the operating room, standard
ASA monitoring was initiated. Pre-anesthetic
medications included intravenous glycopyrro-
late (0.2 mg), midazolam (1 mg), and fentanyl
(100 pg). The patient received intravenous
propofol (120 mg) and rocuronium (50 mg).
Shortly after rocuronium administration, ery-
thematous rashes appeared on the chest and
neck, accompanied by hypotension (mean ar-
terial pressure [MAP] 63 mmHg), tachycardia
(heart rate [HR] 116 bpm), and oxygen desatu-
ration (SpO, 94%) (Figure 1). Within one to two
minutes, her condition worsened significantly,

Perioperative Precision Medicine

with MAP decreasing to 40 mmHg, HR increas-
ing to 142 bpm, and SpO, dropping to 80%.
These signs were consistent with severe ana-
phylaxis.

Despite timely intravenous fluid resuscitation
and a total of 300 pg epinephrine, the patient’s
hemodynamic instability and hypoxia persisted,
rendering the anaphylactic reaction refractory.
Given the temporal relationship with rocuroni-
um administration and the failure of conven-
tional therapy, sugammadex was considered as
a potential rescue therapy.

Treatment: At 15 minutes post-induction, 200
mg intravenous sugammadex was adminis-
tered. Within three minutes, her MAP increased
to 60 mmHg, SpO, improved to 95%, and HR
decreased to 110 bpm. Simultaneously, the er-
ythematous rashes and respiratory symptoms
rapidly resolved rapidly. Additional treatments,
including 100 mg intravenous hydrocortisone
and 10 mg chlorpheniramine, were adminis-
tered to further manage the reaction. The time-
line of events and changes in vital signs are
presented in Table 1.

Due to the severity of the reaction, the surgery
was postponed. The patient was transferred to
the intensive care unit for close monitoring and
did not experience any further complications.
She was discharged in good condition on the
third postoperative day. A skin prick test six
weeks later confirmed rocuronium as the caus-
ative agent.

Discussion

This case presents a rare and severe episode
of rocuronium-induced anaphylaxis, which was
refractory to conventional epinephrine treat-
ment. It highlights the challenges in managing
severe hypersensitivity reactions and under-
scores the emerging role of sugammadex as a
potential rescue agent.

Perioperative anaphylaxis is a critical emergen-
cy, with NMBAs being the most frequent cause,
responsible for 50%-70% of reactions [8]. Ro-
curonium, a steroidal NMBA, is particularly im-
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plicated due to its quaternary ammonium ion,
which can trigger IgE-mediated cross-linking
on mast cells and basophils in sensitized indi-
viduals [4, 9]. The acute onset of hypotension,
tachycardia, hypoxia, and erythema observed
in our patient immediately following rocuronium
administration is characteristic of an IgE-medi-
ated anaphylactic response.

While epinephrine remains the cornerstone of
anaphylaxis management, its efficacy can be
limited if the inciting antigen remains in circu-
lation, perpetuating mast cell and basophil de-
granulation [10]. This likely explains the refrac-
tory hypotension in our patient despite multiple
epinephrine boluses.

Sugammadex, a modified gamma-cyclodextrin,
is designed to encapsulate steroidal NMBAs
like rocuronium in a tight 1:1 complex, rapidly
reducing the free plasma concentrations of the
drug [6, 11]. Beyond its primary role in revers-
ing neuromuscular blockade, sugammadex’s
mechanism of action offers a rational basis for
its use in treating rocuronium-induced anaphy-
laxis by eliminating the triggering antigen [12].
The immediate and dramatic improvement in
hemodynamics and respiratory function follow-
ing sugammadex administration in this case
supports its potential as a life-saving therapy.
Emerging evidence suggests that sugamma-
dex may also stabilize mast cells by preventing
further cross-linking of IgE antibodies, thereby
attenuating ongoing degranulation [13, 14].

However, sugammadex is highly specific. It is
effective only in cases of anaphylaxis induced
by steroidal NMBAs such as rocuronium and
vecuronium, and is not useful for treating re-
actions caused by non-steroidal NMBAs (e.g.,
succinylcholine), antibiotics, latex, or other
agents. Additionally, clinicians must be aware
of potential drug interactions, such as its ability
to bind to steroidal contraceptives and other
medications like torcemide, necessitating alter-
native non-hormonal contraceptive methods for
a period following sugammadex administration.
While sugammadex’s effect on coagulation is
minimal, a transient increase in activated par-
tial thromboplastin time and prothrombin time
has been observed, although there is no clini-
cal evidence of an increased bleeding risk [11].

The potential for adverse drug reactions to
sugammadex itself must also be considered.
Although rare, hypersensitivity reactions, in-
cluding anaphylaxis, have been reported [15].
Common adverse effects include altered taste
sensation, nausea, vomiting, headache, bra-
dycardia and QTc prolongation. These are gen-
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erally managed with symptomatic treatment,
such as antiemetics for nausea and vomiting,
analgesics for headache, atropine or glycopy-
rollate for bradycardia, and vigilalant hemody-
namic monitoring for arrhythmias and QTc pro-
longation [11]. Thus, its use should be reserved
for clearly refractory cases in which rocuroni-
um-induced anaphylaxis is strongly suspected.
Sugammadex is not a substitute for first-line
anaphylaxis management with epinephrine,
fluids, corticosteroids, and antihistamines, but
rather serves as an adjunctive therapy when
these measures fail.

This case is particularly relevant in re-
source-limited settings where advanced diag-
nostics like serum tryptase assays may not be
available. In such situations, clinical acumen
and a high index of suspicion are crucial. The
empirical use of sugammadex in a refractory
anaphylactic scenario temporally linked to rocu-
ronium administration can be life-saving.
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Rajbanshi, Kanak Khanal. Writing-original
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Highlights

(. Summarize the latest research advances in Alzheimer’s disease, including its pathogenesis, physiological bio- h

markers, and therapeutic strategies.

* Analyze the publication trends and current landscape of research on traditional Chinese medicine for Alzhei-
mer’s disease prevention and treatment using both quantitative and qualitative bibliometric methods.

 Summarize the therapeutic effects of traditional Chinese medicine and the discovery of novel treatment targets
and pathways.

\- Develop novel perioperative neurocognitive disorder therapies from Alzheimer’s TCM research.

Abstract

Objective: Alzheimer’s disease (AD), the most common form of dementia, poses a significant global public health
challenge. This study aimed to systematically assess the research landscape of traditional Chinese medicine
(TCM) in the prevention and treatment of AD using bibliometric methods, with particular emphasis on its distinc-
tive mechanisms and recent progress in clinical translation. Methods: Publications on TCM for AD prevention and
treatment from 2015 to 2024 were retrieved from the Web of Science Core Collection. Key bibliometric indicators,
including authorship, keywords, journals, countries, institutions, and references, were extracted and analyzed.
Results: A total of 705 publications from 35 countries and 835 institutions were included. Among the top 10 con-
tributing countries, 60% were located in Asia, while the rest were from North America, Europe, and Oceania. China
led the field with 654 publications, accounting for 86.6% of the total output. The Journal of Ethnopharmacology
emerged as the most influential journal based on citation count (848 citations). Keyword analysis highlighted mo-
lecular docking, neuroinflammation, and oxidative stress as key research hotspots. Conclusion: This bibliometric
analysis offers valuable insights into global trends and research priorities regarding TCM in AD treatment. The
findings provide a theoretical basis for promoting the clinical application of TCM and support the advancement of
integrated efforts across industry, academia, and research sectors. The study also demonstrates enormous poten-
tial for cross-integration with perioperative medicine. Such integration is crucial for enhancing the role of TCM in
the prevention and management of AD.

Keywords: Traditional Chinese medicine, Alzheimer’s disease, bibliometrics, senile dementia
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Introduction

Alzheimer’s disease (AD) is a neurodegenera-
tive disorder characterized by insidious onset
and progressive decline, primarily manifested
as cognitive impairments in language, mem-
ory, executive function, judgment, and other
domains [1-3]. According to the World Health
Organization, an estimated 55 million individ-
uals worldwide were living with AD in 2023.
With the global population aging, this number
is projected to reach 139 million by 2050,
placing a substantial burden on patients, fam-
ilies, and healthcare systems [4]. Although the
pathogenesis of AD remains unclear, prevail-
ing hypotheses include the amyloid-beta (AB)
cascade and tau protein hyperphosphorylation
theories [5]. Additional contributing factors
involve cholinergic neuronal degeneration, neu-
roinflammation caused by aberrant immune
responses, and oxidative stress [6]. Current
first-line treatments-such as cholinesterase in-
hibitors (rivastigmine, galantamine, donepezil)
and N-methyl-D-aspartate receptor antagonists
(memantine)-primarily act on the neurotrans-
mitter system. While these drugs can tempo-
rarily improve symptoms, they do not prevent
disease progression. Notably, under the “accel-
erated approval” pathway, the U.S. Food and
Drug Administration approved two AB-targeted
monoclonal antibodies: aducanumab in 2021
and lecanemab in 2023. Clinical trial data sug-
gest that these agents can significantly slow
cognitive decline in patients with early-stage AD
[7-9]. However, their overall clinical benefit re-
mains limited. In this context, the development
of novel therapeutic strategies emphasizing
multi-target and multi-mechanism approaches
is gaining momentum.

With advances in science and technology and
the deepening of research, the mechanisms
underlying the therapeutic effects of TCM have
been increasingly elucidated, contributing to its
growing integration into modern healthcare sys-
tems [10-12]. TCM has demonstrated notable
advantages in holistic regulation, reduced side
effects, prevention-oriented care, multi-target
therapeutic effects, chronic disease manage-
ment, and modulation of inflammatory and
immune responses. Furthermore, its empha-
sis on individualized treatment and systemic
approaches has shown unique efficacy in
managing chronic and complex diseases [13-
16]. In recent years, an increasing number of
researchers have investigated the application
of TCM in the treatment of AD, resulting in sig-
nificant progress and promising breakthroughs.

Bibliometrics is a research methodology that
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combines quantitative and qualitative analyses
to evaluate the academic output and develop-
mental status of specific research fields. By
analyzing publication data, it provides detailed
insights across multiple dimensions-such as
authors, keywords, journals, countries, insti-
tutions, and references-thereby revealing re-
search patterns, hotspots, and emerging trends
within a discipline [17, 18]. Commonly used
bibliometric tools include CiteSpace, VOSview-
er, the “bibliometrix” package in R, and HistCite
[19]. These tools facilitate the visualization of
analytical results, allowing researchers to gain
an intuitive understanding of the structure,
evolution, and dynamics of a given research
domain. In recent years, bibliometric studies
related to AD have proliferated, addressing
topics such as the comorbidity between AD
and depression, as well as the application of
biomarkers [20-24]. However, to date, no biblio-
metric analysis has specifically focused on the
role of TCM in the prevention and treatment of
AD. To fill this gap, the present study conducts
a comprehensive bibliometric analysis of publi-
cations on TCM for AD from 2015 to 2024. The
study aims to identify key contributors, map the
current research landscape, and explore future
trends and developmental prospects in this
field.

Methods
Search strategy

The Web of Science Core Collection (https://
www.webofscience.com/wos/woscc/ba-
sic-search) was selected as the data source for
this study due to its comprehensive coverage
of peer-reviewed journals. Search terms were
determined based on the Medical Subject
Headings database and included: “Chinese
medicine”,“Chinese herbal medicine”, “Chi-
nese medicine prescription”, “Chinese patent
medicine”, “Alzheimer’s disease” and “senile
dementia”. The following search strategy
was applied: (((TS=(“Chinese medicine”) OR
TS=(“Chinese herbal medicine”)) OR TS=(“Chi-
nese medicine prescription”) OR TS=(“Chinese
patent medicine”))) AND ((TS=(“Alzheimer’s dis-
ease”) OR TS=(“senile dementia”))). The search
was conducted within the titles, abstracts, and
keywords of eligible articles. Given the study’s
focus on the pharmacological effects of tra-
ditional Chinese mdicine—specifically herbal
prescriptions, medicinal plants, and their active
compounds—acupuncture-related terms were
excluded from the search strategy. Only original
research articles published in English between
January 2015 and December 2024 were in-
cluded. Non-English publications, conference
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1027 studies identified from Web of
science Core Collection

Excluded 53 studies publicated in 1993
and 2025

974 studies identified

705 studies identified

Excluded 269 studies, including Review
Article(254), Meeting Abstract(5),
Retracted Publication(5), Book
Chapters(4), Editorial Material(2),
Proceeding Paper(1), Non-English(6)
Note: Some categories overlap.

such as collaboration or co-cita-
tion. The thickness of the lines
reflects the strength of these re-
lationships, and different colors
distinguish between clusters or
thematic groups [25].

CiteSpace (version 6.1.R1), de-
veloped by Professor Chaomei
Chen, was employed primarily for
citation burst analysis to identify

influential references within the

Visualization and Analysis by Microsoft
Office Excel 2019,CiteSpace, VOS viewer
and R package “bibliometrix™

Figure 1. Flowchart of publication screening.

Figure 2. Annual publication output.

abstracts, book chapters, and retracted papers
were excluded from the analysis. The detailed
screening process is illustrated in Figure 1.

Data Analysis

A range of specialized tools was employed
for bibliometric analysis and data processing.
VOSviewer (version 1.6.18), a widely used and
efficient bibliometric analysis software, was
utilized to extract key information from a large
volume of publications. It is commonly applied
to construct collaboration networks, co-cita-
tion networks, and keyword co-occurrence
networks. In this study, VOSviewer was used to
analyze countries and institutions, journals and
co-cited journals, authors and co-cited authors,
as well as keyword co-occurrence patterns. In
the visual maps generated by VOSviewer, each
node represents an item (e.g., country, institu-
tion, author, journal, or keyword), with node size
corresponding to its frequency of occurrence.
Links between nodes indicate associations
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dataset [26].

Additionally, the R package “bib-
liometrix” (version 3.2.1; website:
https://www.bibliometrix.org/)
was used for thematic evolution
analysis and to map global re-
search distributions. Microsoft
Excel 2019 was applied for quan-
titative analysis to ensure the ac-
curacy and completeness of the
dataset [27].

Results

Quantitative analysis of publica-
tions

A total of 705 studies related to
the prevention and treatment
of AD using TCM were identified
over the past decade. Based on
annual publication volume, the
time frame was divided into two
phases: Phase | (January 2015 to
December 2019) and Phase Il (January 2020
to December 2024). As illustrated in Figure 2,
during Phase |, the average annual number of
publications was approximately 45.2, with a
relatively slow growth rate, indicating the ear-
ly developmental stage of this research field.
Notably, the year 2019 to 2020 marked the
most significant annual increase in publication
volume, rising from 59 to 99 articles—a year-
on-year growth rate of 168%. In Phase II, the
average annual publication output increased
to 94.6, which is 2.1 times higher than that of
Phase I. This trend reflects the growing aca-
demic attention and rapid advancement of re-
search on TCM in the context of AD prevention
and treatment.

Country and institutional analysis
A total of 705 publications were retrieved,
originating from 35 countries and 835 institu-

tions. The top ten contributing countries were
predominantly located in Asia (n=6) (Table 1),
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Table 1. Top 10 countries and institutions

Rank Country Counts Institution Counts
1 China (Asia) :582382% Beijing University of Chinese Medicine (China) 44 (17.5%)
. 0

2 lCJ:)S (North Ameri- 59 (3.8%)  China Academy of Chinese Medical Sciences (China) 33 (13.1%)
3 Taiwan (Asia) 6 (3.4%) Guangzhou University of Chinese Medicine (China) 32 (12.7%)
4 Japan (Asia) 8(2.4%) Chinese Academy of Sciences (China) 31 (12.3%)
5 South Korea (Asia) 18 (2.4%) Shenyang Pharmaceutical University (China) 24 (9.5%)
6 Australia (Oceania) 10 (1.3%) Heilongjiang University of Chinese Medicine (China) 9 (7.5%)
7 India (Asia) 9 (1.2%) Nanjing University of Chinese Medicine (China) 8 (7.1%)
8 England (Europe) 8 (1.1%) Chengdu University of Traditional Chinese Medicine (Chlna) 17 (6.7%)
9 Pakistan (Asia) 5 (0.7%) University of Jinan (China) 7 (6.7%)
10 Germany (Europe) 4 (0.5%) Tianjin University of Traditional Chinese Medicine (China) 17 (6.7%)

Country Collaboration Map

Longitude

Latitude

vvvvvvv e

avepia

et
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Figure 3. Country and Institutional Analysis. (A) Country Distribution; (B) Contry collaboration network.

with the remainder distributed across North
America, Europe, and Oceania. Among them,
China accounted for the overwhelming majority
of publications (n=654, 86.6%), far exceeding
all other countries. Based on the inclusion
criterion of at least one publication, all 35
countries were included in a visualization map,
and a country-level collaboration network was
constructed according to publication volume
and inter-country relationships (Figure 3). The
results demonstrate that China maintains ex-
tensive collaborative ties, particularly with the
United States, and also shows varying degrees
of interaction with Australia, the United King-
dom, India, and Japan.

Among the contributing institutions, 225 had
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published at least two articles, the vast major-
ity of which were located in China. The leading
institutions by publication volume were: Beijing
University of Chinese Medicine (n=44, 2.5%),
China Academy of Chinese Medical Sciences
(n=33, 1.9%), Guangzhou University of Chinese
Medicine (n=32, 1.8%), Chinese Academy of
Sciences (n=31, 1.8%), and Shenyang Pharma-
ceutical University (n=24, 1.4%). Institutions
with at least eight publications (n=42) were
selected for visualization and institutional col-
laboration network mapping (Figure 4).

The Peking University Health Science Center
demonstrated strong collaborative relationships
with the Guangzhou University of Chinese Med-
icine, the Chinese Academy of Sciences, and
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Table 2. Top 15 journals and co-cited journals

Rank Journal Count IF Q Co-cited Journal Co-citation IF Q

Journal of Ethnopharma-

1 Journal of Ethnopharmacology 67 (9.5%) 4.8 Q1 cology 848 48 Q1
2 Frontiersin Pharmacology 52 (7.4%) 4.4 g1 -cumalofAlzheimers 657 34 Q2
Disease

Evidence-based Complemen- o

3 tary and Atermative Medioine 32 (45%) 2.7 Q3 PLOS ONE 484 29 01

4 Phytomedicine 18 (2.6%) 6.7 Q1 Nucleic Acids Research 428 16.6 Q1
) . Evidence-Based Comple-

5 S'Omed'c'”e&Pharmacmher’ 14 (2.0%) 6.9 Q1 mentary And Alternative 410 27 Q3
Py Medicine

g  chineseJournal ofintegrative o, > ooy 55 g2 Alzheimer's dement 409 13 01
medicine

7 Zrnocr::'ers N 8INE NEUroSCl- 14 (2.0%) 4.4 Q2 Frontiers In Pharmacology 406 44 Q1

8  Molecules 13 (1.8%) 4.2 Q2 nternationallournalof ;.. 49 Q1
Molecular Sciences

American journal of chinese

medicine

International journal of molec-

ular sciences
11  Journal of alzheimers disease 10 (1.4%) 3.4 Q2 Molecules 349 4.2 Q2

Proceedings of The Nation-
al Academy of Sciences

11 (1.6%) 4.8 Q1 Journal of Neuroscience 399 44 Q1

10 10 (1.4%) 4.9 Q1 Scientific Reports 365 38 Q1

i 0,
12  Neural regeneration research 10 (1.4%) 5.9 Q1 of The United States of 341 94 01
America
13  Food & Function 9(1.3%) 5.1 Q1 Nature 334 50.5 Q1
14 Bmc complgmentary medicine 8(11%) 3.3 01 jlournal of Biological Chem- 333 42 Q2
and therapies istry
15  Current alzheimer research 8(1.1%) 1.8 Q4 Neurobiology of Aging 320 3.7 Q2
Note: Q, quartile; IF, impact factor.
the China Academy of Chinese Medical Scienc-
es. Notably, Heilongjiang University of Chinese Journals and co-cited journals
Medicine, despit e its relatively high publication
count, exhibited limited collaborative engage- Research on the prevention and treatment of
ment with other institutions. AD using TCM has been published across 235
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Figure 5. Journals and Co-Cited Journals. (A) Journal analytics visualization; (B) Co-cited journal analytics visual-

ization.

academic journals. The Journal of Ethnophar-
macology ranked first with 67 publications
(9.5%), followed by Frontiers in Pharmacology
(n=52, 7.4%), Evidence-Based Complementary
and Alternative Medicine (n=32, 4.5%), and
Phytomedicine (n=18, 2.6%). Among the top 15
journals, Biomedicine & Pharmacotherapy had
the highest impact factor (IF=6.9), followed by
Phytomedicine (IF=6.7) and Neural Regenera-
tion Research (IF=5.9).

A total of 33 journals with at least five publi-
cations were selected to construct a journal
citation network. As shown in Figure 5A, the
Journal of Ethnopharmacology exhibited strong
citation linkages with Phytomedicine, Frontiers
in Pharmacology, and Evidence-Based Comple-
mentary and Alternative Medicine.

As presented in Table 2, three of the top 15
co-cited journals were cited more than 450
times. The most frequently co-cited journal was
the Journal of Ethnopharmacology (co-citations
=848), followed by the Journal of Alzheimer’s
Disease (n=657), PLOS ONE (n=484), and Nu-
cleic Acids Research (n=428). The highest im-
pact factor among these journals was observed
for Nature (IF=50.5), followed by Nucleic Acids
Research (IF=16.6). Journals with at least 150
co-citations were included to construct the
co-citation network. As shown in Figure 5B, the
Journal of Ethnopharmacology demonstrated
strong co-citation relationships with the Journal
of Alzheimer’s Disease, PLOS ONE, and Nucleic

Perioperative Precision Medicine

Acids Research. The co-citation pattern be-
tween the Journal of Ethnopharmacology and
the Journal of Alzheimer’'s Disease suggests
that research in traditional medicine is increas-
ingly intersecting with mainstream AD research,
reflecting a growing methodological integration.
The broad scope of PLOS ONE highlights the
multidisciplinary nature of ethnopharmacolog-
ical studies, while the connection with Nucleic
Acids Research indicates a shift toward mo-
lecular-level investigations. Collectively, these
findings underscore the progressive integration
of ethnopharmacology into the forefront of
modern biomedical science.

Authors and co-cited authors

A total of 4,371 authors has contributed to
research on the prevention and treatment of
Alzheimer’s disease using TCM. Among the top
10 most prolific authors, each has published at
least seven articles, with the top two publishing
ten or more. An author collaboration network
was constructed based on individuals with at
least four publications (Figure 6A). Notably,
Fang JS, Li H, Liu ZQ, Wang Q, and Shi J have
published a substantial number of studies and
maintain close collaborative relationships.

Among the 20,161 co-cited authors, four have
been cited more than 60 times (Table 3). The
most frequently co-cited author is Selkoe DJ
(n=79), followed by Ru JL (n=65), Scheltens
P (n=64), and Wang Y (n=60). Authors with
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Figure 6. Authors and Co-Cited Authors. (A) Visualization of authors; (B) Visualization of co-cited authors.

Table 3. Top 10 authors and co-cited authors

Rank Authors Count Co-Cited Authors Citations
1 Wang Q 16 Selkoe DJ 79
2 Wang P 11 Ru JL 65
3 Bi KS 10 Scheltens P 64
4 Liu ZQ 10 Wang Y 60
5 LiuS 9 Li S 57
6 Song FR 9 Heneka MT 56
7 Fang JS 8 LiuY 55
8 LiH 8 Zhang L 55
9 LiM 8 Wang J 53
10 Cheng XR 7 Zhang Y 58

at least 30 co-citations were included in the
construction of the co-citation network (Figure
6B). As illustrated in Figure 7, there is active
intellectual association among various co-cited
authors, such as Selkoe DJ and Zhang Y, as
well as Ru JL and Damian S.

Co-cited references

From January 2015 to December 2025, a total
of 28,679 co-cited references were identified
in research on the prevention and treatment of
Alzheimer’s disease using TCM. Among the top
10 co-cited references (Table 4), each has been
cited at least 25 times, with one reference cit-
ed more than 60 times (n=65). References with
a minimum of 17 co-citations were selected to
construct the co-citation network (Figure 7). As
shown in Figure 7, “Ru JL, 2014, J Cheminfor-
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matics, v6” exhibits strong co-citation relation-
ships with “Shannon P, 2003, Genome Res,
v13, p2498” and “Li S, 2013, Chin J Nat Med,
v11, p110” among others.

Several factors may explain the extensive cita-
tion of the article titled Clinical applications of
the indirect immunofluorescence assay for de-
tection of anticell membrane-associated DNA
antibodies in juvenile systemic lupus erythema-
tosus (Ru JL, 2014, J Cheminformatics, v6).

First, the Raji and HL60 cell lines compared in
the study were later adopted in AD research
to simulate neuroinflammatory environments.
Second, the indirect immunofluorescence
assay developed using Raji cells—owing to its
high sensitivity and stability—may have been
adapted by AD researchers for the detection of
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Rank Co-cited reference Citations
1 Ru JL, 2014, J Cheminformatics, v6 (28) 65
2 Scheltens P, 2021, Lancet, v397, p1577 89
3 Lane CA, 2018, Eur J Neurol, v25, p59 37
4 Shannon P, 2003, Genome Res, v13, p2498 37
5 Vorhees CV, 2006, Nat Protoc, v1, p848 37
6 Morris R, 1984, J Neurosci Meth, v11, p47 31
7 Hardy J, 2002, Science, v297, p353 30
8 Heneka MT, 2015, Lancet Neurol, v14, p388 29
9 Pei H, 2020, Am J Chinese Med, v48, p487 25
10 Scheltens P, 2016, Lancet, v388, p505 25

central nervous system-specific autoantibodies.
Lastly, the impaired clearance mechanism of
cell membrane-associated DNA described in
the study, particularly the dysfunction of the 30
kDa membrane receptor, may provide a con-
ceptual reference for analogous autoimmune
phenomena in observed AD, such as impaired
B-amyloid protein clearance.
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References with citation bursts

References with citation bursts are those that
have been frequently within a specific time-
frame, indicating emerging or transient scholar-
ly interest. In this study, ten references demon-
strated strong citation bursts, as identified
using CiteSpace software (Figure 8). In the visu-
alization, red bars represent periods of high ci-
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Table 5. Main research content of the top 10 references with strong citation bursts

Rank Strength Main research content

1 5.56 Overview of major developments in Alzheimer’s disease research [28].
2 4.67 Characterization of the neuroinflammatory landscape in Alzheimer’s disease [29].
Use of the TCMSP database to construct drug-target and drug-disease networks, facilitating the
3 3.95 development of novel herb-based therapeutics [30].
3.81 Exploration of various pathophysiological mechanisms underlying Alzheimer’s disease [31].
5 3.73 Assessment of the public health impact of Alzheimer’s disease [32].
Summary of three decades of key findings supporting the amyloid hypothesis, along with discus-
6 5.83 sion of alternative perspectives and challenges [33].
Evaluation of the efficacy and safety of Chinese herbal medicine for Alzheimer’s disease, with
7 3.87 exploration of its role in promoting neurogenesis [34].
Investigation into the potential of traditional Chinese medicine in treating Alzheimer’s disease
4.7 through network pharmacology approaches [35].
9 4.43 Review of recent advances in Alzheimer’s disease research [36].
Demonstration of the effectiveness of traditional Chinese herbs in improving cognitive dysfunc-
10 4.14 tion [37].

Note: TCMSP, Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform.
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Figure 9. Hotspots and Frontiers. (A) Visualization of keyword cluster analysis; (B) Trend topic analysis.

tation burst intensity. The earliest citation burst
occurred in 2017, and the most recent in 2024.
The reference with the strongest citation burst
(strength=5.83) is The amyloid hypothesis of
Alzheimer’s disease at 25 years” by Selkoe et
al., with a burst period from 2019 to 2020. The
second strongest burst (strength= 5.56) is as-
sociated with “Alzheimer’s disease”, published
in The Lancet by Philip S et al., spanning the
period from 2017 to 2020. Overall, the burst
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strength of these ten references ranged from
3.73 to 5.83, with durations varying between 2
and 4 years. Table 5 provides a summary of the
key research content of these references, listed
in the same order as shown in Figure 8 [28-37].

Hotspots and frontiers

Keyword co-occurrence analysis enables the
rapid identification of research hotspots within

84



Perioperative Precision Medicine 2025; 3 (3): 76-91. PPM25030446

Table 6. Top 20 keywords

Rank Keyword Count Rank  Keyword Count
1 Alzheimer’s disease 361 11 Dementia 17
2 Traditional Chinese medicine 78 12 Tau 17
3 Network pharmacology 68 13 Inflammation 16
4 Oxidative stress 39 14 Amyloid-beta 15
5 Neuroinflammation 38 15 Autophagy 15
6 Molecular docking 32 16 Beta-amyloid 15
7 Apoptosis 27 17 Alzheimer disease 14
8 Chinese medicine 23 18 Metabolomics 14
9 Neuroprotection 23 19 Senile disease 13
10 Cognitive impairment 18 20 Acetylcholinesterase 12

a specific field. Table 6 presents the top 20
high-frequency keywords in studies on the pre-
vention and treatment of AD using TCM. Among
these, “Alzheimer’s disease”, “traditional Chi-
nese medicine” and “network pharmacology”
appear more than 60 times, highlighting the
primary research directions in this area. Key-
words with at least 10 occurrences were select-
ed for cluster analysis using VOSviewer (Figure
9A). In the visualization, thicker lines indicate
stronger connections between keywords.

As shown in Figure 9A, four major clusters were
identified. The blue cluster includes keywords
such as “Alzheimer’s disease”, “traditional
Chinese medicine”, “dementia”, “synaptic plas-
ticity” and “amyloid-beta”. The red cluster fea-
tures keywords such as “neuroinflammation”,
“oxidative stress”, “apoptosis”, “metabolomics”
and “acetylcholinesterase”. The purple cluster
includes “network pharmacology” and “molec-
ular docking”. The green cluster contains terms
such as “Chinese medicine”, “cognitive impair-
amyotrophic lateral sclerosis” and “tau

” o u

ment”,
protein.”

Trend topic analysis (Figure 9B) indicates that
from 2015 to 2020, research primarily focused
on neurocognitive aspects, with keywords such
as “neuroregeneration”, “learning and memo-
ry”, “neuroprotection”, “amyloid-beta”, “nucle-
ar factor kappa B”, “Morris water maze” and
“microglia.” After 2020, scholars increasingly
explored TCM-based interventions for AD using
techniques such as network pharmacology and
molecular docking. Representative keywords
during this period include “traditional Chinese
medicine”, “Alzheimer’s disease”, “molecular
docking”, “neuroinflammation”, “oxidative
stress”, “neurodegenerative diseases”, “gut mi-

crobiota” and “network pharmacology.”
Recent advancements in systems biology and
computational tools have facilitated the emer-

gence of innovative approaches—such as net-
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work pharmacology and molecular docking—
for deciphering the multi-target mechanisms
of TCM against AD. Moving beyond the sin-
gle-target paradigm, these strategies construct
comprehensive “component-target-pathway”
networks that systematically elucidate the
synergistic effects of TCM compounds [38,39].
This integrated research framework—combining
bioinformatics, computational chemistry, and
experimental validation—has not only revealed
the molecular mechanisms underlying classical
TCM formulations (e.g., Huanglian Jiedu Decoc-
tion and Danggui Shaoyao San) in modulating
neuroinflammation, oxidative stress, and synap-
tic plasticity, but has also provided a theoretical
foundation and direction for the development of
novel TCM-based anti-AD drugs. Furthermore,
the frequent appearance of neuroinfammation
and oxidative stress as keywords suggests that
these remain central research hotspots in the
treatment of AD.

Discussion

Between 2015 and 2019, research on the
prevention and treatment of AD using TCM
remained in the exploratory stage, with an
average annual publication output of 45.2 ar-
ticles. However, from 2020 to 2024, the field
witnessed a substantial surge in activity, with
the average annual number of publications ris-
ing to 94.6-representing an impressive 109%
increase. This rapid growth indicates that TCM-
based AD research has entered a phase of ac-
celerated development and is gradually becom-
ing a focus of international scientific attention.
The significant expansion of this research area
has been closely alighed with China’s strategic
initiatives for TCM development. In particular,
the 14th Five-Year Plan for the Development
of Traditional Chinese Medicine, issued by the
General Office of the State Council in 2022,
explicitly called for a substantial enhancement
of TCM healthcare service capacity and the es-
tablishment of a high-quality development pol-
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icy framework by 2025. Driven by strong policy
support, the unique advantages of TCM in the
prevention and treatment of AD have been fully
harnessed, resulting in notable advancements
in both research scale and quality.

These advancements have laid a solid foun-
dation for the innovative development of TCM
in the field of neurodegenerative diseases.
Currently, TCM-based research on AD is rapidly
transitioning from basic investigation to clinical
translation, highlighting its promising prospects
for future development.

The systematic advancement of modernization
strategies for TCM has played a pivotal role in
shaping an international framework for scien-
tific cooperation. In building a high-level TCM
system for the preservation and innovation of
TCM, China has implemented a series of com-
prehensive measures. Notably, a specialized
national program for the inheritance of ancient
TCM literature has been carried out, resulting
in the development of a traditional knowledge
database encompassing 32,000 volumes of
classical texts. In addition, the strategic estab-
lishment of 30 national TCM inheritance and
innovation centers, along with 15 interdisciplin-
ary national key laboratories, has contributed
to the construction of a complete research and
innovation chain.

Notably, this systematic infrastructure devel-
opment has laid a strong foundation for in-
ternational collaboration. Statistical evidence
indicates that the majority of co-authored
publications in TCM-based neurodegenerative
disease research are jointly produced by institu-
tions in China and the United States. Moreover,
collaborative publications involving Australia,
the United Kingdom, India, and Japan have
shown a steady upward trend.

In terms of institutional cooperation networks,
a stable collaborative cluster-resembling an
academic community-has emerged, centered
around Beijing University of Chinese Medicine
and the China Academy of Chinese Medical
Sciences, with more than 40% of their publi-
cations involving international collaboration.
However, comparative analysis reveals that
although Heilongjiang University of Chinese
Medicine ranks among the top institutions with
an annual output of 27 publications, its interna-
tional collaboration rate remains at only 12%.
This “high-output-low-collaboration” model may
hinder the sustained improvement of research
quality.

This phenomenon underscores the need to
establish more open and inclusive academic
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cooperation mechanisms to promote positive
interactions between cultural dissemination
and technological innovation. Such efforts
are essential for advancing the strategic ob-
jective outlined in the 14th Five-Year Plan for
the Development of Traditional Chinese Medi-
cine-namely, to significantly enhance the inter-
national influence of TCM.

With regard to research on TCM for AD, the
Journal of Ethnopharmacology [IF=4.8, quartile
(Q) 1] has published the highest number of
articles, indicating its prominence as a leading
journal in this research domain. Among the
publishing journals, Biomedicine & Pharmaco-
therapy (IF=6.9, Q1) holds the highest impact
factor, followed by Phytomedicine (IF =6.7, Q1).
In terms of co-cited journals, the majority are
high-impact Q1 journals, reflecting the aca-
demic influence and credibility of the research
in this field. An analysis of current clinical
research on TCM for the prevention and treat-
ment of AD reveals a clear imbalance between
basic and clinical studies. While significant
advancements have been achieved in basic
research-with 83.2% of publications focused
on mechanistic exploration-clinical translation
remains relatively limited.

At present, clinical studies account for fewer
than 5% of total publications, and rigorously
designed trials are even scarcer. According to
data from the Chinese Clinical Trial Registry,
several representative clinical trials investigat-
ing TCM interventions for AD have been regis-
tered. These include: (1) A study of Polygonum
cuspidatum Yizhi Granules for mild cognitive
impairment due to AD (ChiCTR2400081422);
(2) A randomized, double-blind, placebo-con-
trolled trial of Zhinao Capsule for mild-to-mod-
erate AD (ChiCTR2200066501); (3) A clinical
observation of Nourishing Blood Oral Liquid on
cognitive function in AD patients with Qi-blood
deficiency type (ChiCTR2400087425) (https://
www.chictr.org.cn/question.html). Notably, the
Polygonum cuspidatum Yizhi Granules study
represents an innovative integration of mod-
ern neuroscience theories and technologies
with TCM therapeutic principles. By employing
high-quality randomized controlled trial meth-
odology, this study systematically evaluates the
efficacy of the intervention for mild cognitive
impairment due to AD, potentially offering novel
therapeutic strategies. It exemplifies the mod-
ernization of TCM research for mild cognitive
impairment due to AD, wherein the combined
advantages of integrative medicine are being
harnessed to establish a clinical diagnosis and
treatment framework with distinct Chinese
characteristics. Such efforts are expected to
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yield more effective and internationally recog-
nized treatment protocols.

From the perspective of authorship, Fang JS, Bi
KS, Song FR, and Li H contributed a substantial
number of publications, with an average of 9.75
articles per author. Further analysis and dis-
cussion were conducted based on the works of
these most prolific scholars.

Fang et al. have employed systems pharmacol-
ogy and network pharmacology approaches to
investigate the mechanisms of action of various
TCM formulations and their active components
in the treatment of AD [40, 41]. In 2021, they
screened cytochrome P450 3A4 inhibitors from
the Bushen Yizhi Formula to enhance the bio-
availability of osthole [42]. In the same year,
they explored the ability of medicarpin to allevi-
ate scopolamine-induced memory impairment
using systems pharmacology methods [43].
Subsequently, by integrating proteomics and
metabolomics, they elucidated the molecular
mechanisms underlying the effects of Danggui
Shaoyao San in amyloid precursor protein/
presenilin-1 mice, and identified TCM-derived
active compounds that target endoplasmic re-
ticulum stress through network analysis [44].
In 2023, they conducted a comprehensive
systems pharmacological evaluation using
multi-network models and preliminarily identi-
fied the effective material basis and potential
molecular mechanisms of kidney-tonifying
TCMs for the prevention and treatment of AD
via endophenotype network analysis [45]. Ad-
ditionally, Fang et al. assessed the predictive
capacity of the Target Knowledge Graph knowl-
edge graph to identify potential protein targets
for AD and to uncover diseases potentially as-
sociated with the metallodeubiquitinase COP9
signalosome subunit 5, validating the predic-
tions through literature-based evidence [46].
Although these research findings have not yet
to been translated into clinical applications, the
exploratory nature of this body of work is highly
representative. The research trajectory from
2017 to 2023 reflects the evolving landscape
of TCM-based research—progressing from com-
pound identification and mechanistic elucida-
tion to the investigation of systemic regulatory
mechanisms.

In terms of co-cited authors, Dennis JS (citation
count=79) is the most frequently cited, fol-
lowed by Ru JL (citation count=65) and Schel-
tens P (citation count=64). In 2016, Dennis JS
reviewed the amyloid hypothesis, emphasizing
the central role of AB in the early pathogenesis
of AD and identifying abnormal AR accumula-
tion as a key hallmark of the disease [33]. An
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earlier study elucidated the tripeptide cleavage
mechanism of y-secretase in AB production,
thereby explaining A formation at the molec-
ular level and offering a theoretical foundation
for the development of y-secretase-targeted
therapies [47]. Subsequent research demon-
strated that large soluble AP oligomers possess
lower neuroactivity, whereas smaller oligomers
exhibit higher neurotoxicity, indicating that both
the morphology and size of AB oligomers signifi-
cantly influence their toxic potential. This find-
ing provided a novel perspective on the patho-
logical mechanisms of AB [48]. In 2019, clinical
trial outcomes of aducanumab—a monoclonal
antibody targeting AB-were reported, underscor-
ing the need to refine AD treatment strategies
and integrate anti-amyloid therapies with other
modalities [49]. Collectively, these studies ad-
vanced the understanding of AB’s role in AD
and laid a solid scientific foundation for future
diagnostic and therapeutic strategies. The am-
yloid cascade hypothesis was systematically
re-evaluated, with emphasis on abnormal AB
deposition as an early pathological indicator
of AD. AB oligomers were proposed as the pri-
mary neurotoxic species, providing a rationale
for AB-targeted drug development. Clinically,
AB-positron emission tomography imaging and
cerebrospinal fluid AB42 detection have been
established as early diagnostic criteria for AD,
thereby facilitating the development of anti-Ap
monoclonal antibodies such as aducanumab
and lecanemab.

Co-cited references refer to publications that
are simultaneously cited by multiple indepen-
dent articles and are therefore considered to
represent the theoretical or knowledge foun-
dation of a particular research field. Below is a
brief summary of the five most frequently co-cit-
ed references.

Ru et al. introduced the Traditional Chinese
Medicine Systems Pharmacology Database and
Analysis Platform, which encompasses all herb-
al medicines listed in the Chinese Pharmaco-
poeia and nearly 30,000 extracted compounds
[30]. The platform provides 12 key absorption,
distribution, metabolism, and excretion-related
properties for drug screening and evaluation,
along with information on drug targets and as-
sociated diseases for each active compound.
In addition, it can automatically construct
compound-target and target-disease networks,
enabling users to visualize and analyze the
mechanisms of drug action. Overall, the plat-
form is designed to promote the development
of herbal medicine and facilitate the integration
of modern and traditional medicine to advance
drug discovery and development.

87



Perioperative Precision Medicine 2025; 3 (3): 76-91. PPM25030446

Scheltens et al. summarized major advances
in the field of AD over the past five years, cov-
ering clinical signs and symptoms, incidence
and mortality rates, causative and risk genes,
pathophysiological features, and biomarkers
[29]. In 2017, Lane et al. reviewed the clinical
manifestations of AD and current treatment
strategies, providing an overview of the pre-
vailing understanding of AD epidemiology,
genetics, pathology, and pathogenesis [50].
Their work highlighted the extended preclinical
phase of AD and its implications for novel ther-
apeutic strategies aimed at shifting the focus
from treatment to prevention. Shannon et al.
explored molecular, clinical, and neuropatho-
logical networks related to viral activity, aligning
with the hypothesis that viral processes may
underlie general characteristics of AD [51].
By constructing multi-scale virome networks
associated with late-onset AD and integrating
genomic, transcriptomic, proteomic, and his-
topathological data from four brain regions of
postmortem human tissues, they identified
regulatory relationships between viral abun-
dance and amyloid precursor protein metabolic
regulators. Collectively, these three publica-
tions provided systematic reviews of research
progress in AD. However, due to their relatively
early publication dates, the current study does
not include in-depth interpretation or critical
analysis of their findings.

Vorhees et al. systematically introduced the
Morris Water Maze, a widely used spatial learn-
ing test for rodents [52]. In this paradigm, ani-
mals use distal environmental cues to navigate
from various starting points within an open
swimming arena to locate a submerged escape
platform. Key experimental metrics such as
escape latency and platform crossing frequen-
cy are employed to assess spatial cognitive
function. Recognized as a “behavioral corner-
stone” in AD research, Morris Water Maze has
yielded robust phenotypic data for elucidating
pathological mechanisms and facilitating
drug screening. Moreover, through continuous
technological innovations, the test has driven
paradigm shifts in AD research-advancing from
phenomenological observation to mechanistic
exploration, and from single-target interven-
tions to systemic therapeutic strategies. This
methodological approach is considered to hold
significant promise for broader applications in
the study of neurological disorders.

In addition to references with citation bursts,
keyword analysis serves as an effective tool for
identifying the distribution and evolution of re-
search hotspots related to the prevention and
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treatment of AD using TCM. Beyond general
terms such as “Alzheimer’s disease”, “tradi-
tional Chinese medicine” and “Chinese herbs”.
Table 6 highlights several frequently occurring
keywords, including “network pharmacolo-
gy”,“oxidative stress”, “neuroinflammation”,
“molecular docking” and “apoptosis”. Based on
keyword clustering and trending topic analysis
(Figure 9), the current research on TCM-based
prevention and treatment of AD is primarily
concentrated in the following thematic aspects.

Firstly, the potential etiology and pathophysio-
logical characteristics of AD have been a ma-
jor focus. The etiology of AD is multifactorial,
involving genetic, environmental, metabolic,
and immune components. Based on the cited
literature, research has primarily concentrated
on key pathogenic mechanisms such as A
deposition, abnormal phosphorylation of tau
protein, neuroinflammation, oxidative stress,
and synaptic dysfunction. These pathologi-
cal processes result in substantial neuronal
loss in the hippocampus and cerebral cortex,
ultimately leading to brain atrophy and pro-
gressive cognitive decline, which may advance
to severe dementia. Secondly, the docking of
target molecules and the discovery of novel
pathways are central themes [53, 54]. Network
pharmacology elucidates the multi-target mech-
anisms of therapeutic agents by constructing
drug-target-disease interaction networks, while
molecular docking simulates the binding pat-
terns between drug molecules and target pro-
teins to predict their interactions and affinities.
Together, these approaches offer substantial
advantages in drug discovery, mechanistic re-
search, and the advancement of personalized
medicine.

Strengths and limitations

This study presents several notable strengths.
First, it is the first to conduct a systematic bib-
liometric analysis of research on AD involving
TCM, offering scholars comprehensive guid-
ance for identifying and focusing on relevant
literature. Second, three bibliometric tools were
employed concurrently—two of which, VOSview-
er and CiteSpace, are widely recognized and
commonly used in bibliometric research—
enhancing the objectivity and reliability of the
data analysis process. Third, compared to tra-
ditional narrative reviews, the bibliometric ap-
proach provides deeper insights into research
hotspots and emerging frontiers.

Nonetheless, several limitations should be

acknowledged. First, the data were exclusively
retrieved from the Web of Science Core Collec-
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tion, while other databases were not included,
which may have led to the omission of relevant
studies. Second, only English-language publi-
cations were considered, potentially resulting
in the underrepresentation of non-English liter-
ature. Finally, publications from the year 2025
were not included in the current analysis.

Conclusions

TCM holds substantial research value and
promising application prospects in the preven-
tion and treatment of AD. The rapid growth in
publication volume reflects increasing global in-
terest in the therapeutic potential of TCM, with
China playing a leading role. However, greater
international collaboration and communication
among countries and institutions are still need-
ed.

On one hand, investigations into the pathogen-
esis and contributing factors of AD offer critical
insights for early diagnosis and intervention,
while also providing a theoretical foundation
for the development of novel drugs and thera-
peutic strategies. On the other hand, compared
to conventional chemical drugs, TCM demon-
strates significant advantages, including holis-
tic regulation, multi-target efficacy, and anti-in-
flammatory immune modulation. Furthermore,
TCM emphasizes personalized treatment and a
holistic perspective, showcasing unique effec-
tiveness in managing AD.

It is important to highlight that, beyond basic
research, future efforts should focus on the
clinical translation of research findings, partic-
ularly regarding the application of TCM in the
prevention and treatment of AD.
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Highlights

« Disulfiram modulates sepsis through multiple mechanisms, potentially reducing excessive inflammation and im-
proving patient outcomes.

¢ The immunomodulatory effects of disulfiram are complex, influencing inflammatory mediators and immune cell
function, thereby restoring immune homeostasis.

 Translating preclinical findings into clinical practice is challenging. Rigorous clinical trials and a more comprehen-|
sive understanding of the pharmacokinetics and adverse effects of disulfiram are essential.

Abstract

The leading cause of mortality within ICUs is sepsis; however, treatment options typically fail to appropriately
regulate the severely dysregulated host response to this syndrome. Recently, there has been an unexpected ob-
servation that the common alcoholic aversion treatment disulfiram has exhibited additional immune-regulatory ca-
pabilities outside of its original purpose. Disulfiram has shown some effectiveness in preclinical settings at reduc-
ing pyroptosis as well as NLRP3 inflammasome activation. Currently there is no sound systematic evidence that
supports the repositioning of disulfiram for use in sepsis; more importantly, significant deficiencies in the current
research were also observed and deficiencies with respect to existing investigations indicated that future studies
should adopt more precise clinical approaches in order to validate the therapeutic effect of disulfiram against sep-
sis. Integrating the existing evidence and bringing forward feasible directions for future research also constitutes
another goal of this review, which helps us better highlight the value of disulfiram as a treatment in sepsis man-
agement and further streamline research and clinical translation efforts for the development of this topic in the
near future.

Keywords: Sepsis, disulfiram, inflammation, cell death, signaling pathways

Introduction adverse reactions in the human body towards

alcohol, therefore leading the FDA in the US to

The compound disulfiram was found at the end
of the 19" century; it was originally created for
industrial needs and mainly used as a vulcani-
zation agent for rubbers. However, later on, it
became known in the medical field due to its
therapeutic effects [1]. The product’s journey
to being approved for medical treatment was
rather accidental. It turned out to have some

approve disulfiram as a solution to the prob-
lem. Alcohol dependence was moved under
Disorders of Impulse Control in 1951. This
transformation signified an important advance-
ment—thanks to the unique mechanism of its
action, disulfiram finally shook off the industrial
chemical label that it had carried since the
early days and became an actual therapeutic
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agent used in alcohol dependence treatment.
Disulfiram increased bodily sensitivity to alco-
hol and thereby decreased drinking behaviors
which proved helpful in treating individuals with
alcohol dependence clinically [2].

Beyond addiction therapy, numerous diseases
have been identified in which disulfiram ex-
erts pharmacodynamic effects. These include
oncological, cardiovascular, and inflammatory
conditions, which have shown benefits [3, 4].
The ability of disulfiram to regulate different
molecular pathways, provides a rationale for
repurposing the drug for other applications [5].

There has been an increased interest among
researchers regarding disulfiram as well as the
fact that disulfiram might be a good candidate
to participate in the drug repurposing efforts
in pharmaceutical research and development.
However, further studies will be conducted to
further elucidate the role of disulfiram in terms
of perioperative situation.

Sepsis presents an ongoing medical problem at
the global level due to the underlying pathogen-
esis, complex mechanisms, and high mortality
rate, despite significant advances in support
strategies and antibiotic treatments [6]. Sepsis
still represents one of the leading causes of
mortality and long-term morbidity [7]. There is
an immediate need to find an alternative, more
effective means of treating sepsis to rescue pa-
tients from developing organ dysfunction, i. e.,
prolonged hypoperfusion and endotoxic shock
states. Hence, repurposing some approved
drugs or identifying totally new molecules has
become a key part of sepsis pharmacotherapy
efforts. Disulfiram can reduce inflammatory
responses through multiple complex mecha-
nisms, which has made it a promising candi-
date for sepsis treatment. Preclinical studies
in animal models have shown that it not only
lessens systemic inflammation but also alle-
viates organ damage and improves survival
rates. Disulfiram can cut down on inflammatory
reactions using many different methods, so
there is some thought it might be a good choice
for fighting sepsis. Results from studies using
animals indicate that disulfiram can dampen
down systemic inflammation, lessen organ
damage, and increase survival rates compared
to untreated subjects [8]. Still, most clinical tri-
als with patients on disulfiram have focused on
its safety, its effects on drug-resistant bacteria
or its efficacy in treating cancer when it is given
as part of another drug or intravenously [9].
These same investigators have reviewed wheth-
er disulfiram is able to modulate inflammatory
cascades and other signaling pathways, as well
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as its current role is in managing sepsis. In ad-
dition, the review covers open questions about
how this field is progressing and several points
that warrant additional research.

Pathophysiology of sepsis

Sepsis is a critical medical condition caused
by the body’s hyperactive immune response to
infection. Sepsis causes the whole-body inflam-
mation and organ dysfunction, and at the very
worst case it even turns into shock and leads to
death [5, 10]. Clinically, due to the diversity of
the organ’s involvement in sepsis, its manifes-
tations include both minor physiological chang-
es and severe multiorgan failure [11]. The
connections of the immune system, inflamma-
tory mediators, coagulation pathways, and cell
dysfunction to sepsis present many challenges
in diagnosing and treating this condition, with a
poorer prognosis resulting from this functional
disturbance [12]. The resultant organ dysfunc-
tion or even failure is a critical clinical outcome
that requires prompt and aggressive interven-
tions to prevent further deterioration of compli-
cations and patient mortality.

Sepsis is caused by a chain of inflammatory
mediators and pathways that cause inflamma-
tion in the whole body and lead to dysfunction
or failure of organs (Figure 1). Usually, sepsis
occurs when the microbes are recognized
based on their pathogen-associated molecular
patterns (PAMPs) or endogenous damage-as-
sociated molecular patterns (DAMPs) [13, 14].
In addition, molecules of Toll-like receptors and
C-type lectin are activated once PAMPs/DAMPs
are recognized [15, 16]. Other pathways includ-
ing nuclear factor kappa-B (NF-kB) pathway,
complement system and inflammasome are
subsequently activated, leading to an amplifica-
tion of the damaging inflammatory cascade [16,
17].

The immune system is an important part of the
development of sepsis, with its activation simul-
taneously acting as an aggressive and harmful
mechanism. When there is an excess of inflam-
matory mediators, it causes hypercoagulation
in the blood [18]. Mediators such as tumor
necrosis factor-a, interleukin (IL)-1, and IL-6
are produced when a pathogen or toxin enters
the body [19]. As the infection progresses, the
immune system releases a variety of cytokines
(inflammatory messengers), triggering what is
known as a “cytokine storm,” a phenomenon
in which excessive cytokines flood the blood-
stream [20]. As the disease develops, inflam-
mation emerges as one of the immune system
responses and stimulates the production of the
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cytokine storm

Figure 1. The pathophysiology of sepsis. Sepsis is triggered by a complex cascade of inflammatory mediators and
associated pathways. (A) Sepsis is typically initiated by the recognition of microbial PAMPs or endogenous DAMPs,
as well as complements, which activate downstream receptors, such as Toll-like receptors and C-type lectins, on
the surface of cell membranes. The complement system is activated and recruits and activates immune cells; (B)
The downstream inflammatory corpuscle pathway and NF-kB were activated, facilitating the release of inflamma-
tory cytokines; (C) A substantial quantity of inflammatory cytokines is released into the bloodstream, resulting in a
“cytokine storm”. Tissue factor-mediated thrombin generation occurs concurrently with an imbalance or dysfunc-
tion of normal physiological anticoagulant mechanisms. Simultaneously, vascular endothelial cells are damaged,
ultimately leading to systemic coagulation dysfunction, which can progress to disseminated intravascular coagu-
lation in severe cases. Furthermore, sepsis can induce immunosuppression, diminish the immune system’s resis-
tance to infection, and increase susceptibility to secondary infection; (D) Organ oxygenation is impaired under the
influence of multiple factors, such as hypotension and microthrombus formation. Endothelial cell injury further
aggravates edema. Cell death intensifies, resulting in damage to multiple organ functions. PAMPs, pathogen-as-
sociated molecular patterns; DAMPs, damage-associated molecular patterns; NF-kB, nuclear factor kappa-B;

TNF-a, tumor necrosis factor-a; IL, interleukin.

proteins involved in the production of clots in
the body. Cytokine storms cause systemic in-
flammation while destroying important tissues,
leading to sepsis (progression and develop-
ment) [21-23]. Additionally, sepsis can lead to
an immunodepression state, which suppresses
the body’s ability to fight infections. These op-
posite states of immunosuppression, resulting
from hyperactivation of immune cells leading
to exhaustion and apoptosis, along with an in-
adequate immune system, increase the risk of
secondary infections and extend the disease
period [24]. A compromised immune system
increases susceptibility to secondary infections
and can prolong the course of sepsis [25]. One
of the distinctive signs of sepsis is deficient co-
agulation and injured vascular endothelial cells
[18]. Sepsis-associated mediators increase the
tissue factor expression, triggering the coagu-
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lation cascade. At the same time, the damage
to the endothelial cell initiates the activation
of platelets and coagulation, increasing the
formation of micro-thrombus and resulting in
disseminated intravascular coagulation, thus
ameliorating coagulopathy is still an important
challenge in sepsis research and treatment [26,
271.

Severe and complex changes take place in sep-
sis across multiple aspects including etiology,
symptomatology, diagnosis, treatment, and
prognosis, as well as through complicated and
continuous dynamic mechanisms. In the initial
period of sepsis, the immune system is acti-
vated instantly and powerfully with an intense
inflammatory cascade and the corresponding
initial immune response, involving the mobili-
zation of multiple types of immune cells such
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as neutrophils, macrophages and lymphocytes.
Along with the release of large amounts of
inflammatory mediators such as chemokines
and prostaglandins, an acute inflammatory
response occurs in sepsis, which is a defense
reaction by which the body combats invading
pathogens and eliminates them to maintain
homeostasis. With the development of sep-
sis, however, the immune microenvironment
gradually changes: the immune system rapidly
switches from hyperactivation to suppression.
Immune cells are now characterized by de-
creased immune function, diminished cytokine
production, and increased regulatory T cell
activity, among other alterations. Consequently,
sepsis develops into a greater immunologic
dysfunction, resulting in secondary infections
and the increased severity and intricacy of the
diseases [28, 29].

Therefore, a clear understanding of these
dynamic, time-dependent changes in inflam-
matory and immune responses is critical for
developing effective strategies to manage sep-
sis. With this knowledge, clinicians can deliver
timely and targeted interventions. For example,
immunomodulatory agents can be used strate-
gically to boost immune function during the im-
munosuppressive phase or to reduce excessive
inflammation in the early hyperinflammatory
stage. By building on these insights to optimize
treatment approaches, clinicians can improve
patient outcomes and reduce the morbidity and
mortality associated with sepsis [25].

Historical perspective of disulfiram

The chemical structure and properties of disul-
firam

Disulfiram, chemically termed tetraethylthiuram
disulfide and sold under the trade name Ant-
abuse, is an organic compound with the molec-
ular formula CioH20N2S4 [30]. Its core structure
contains a disulfide bond that breaks down to
form biologically active sulfhydryl groups [31].
At specific sites, disulfiram binds to the sulf-
hydryl groups of acetaldehyde dehydrogenase
and oxidizes them, forming intramolecular S-
S bonds. This interaction disrupts the normal
function of acetaldehyde dehydrogenase,
impairing its ability to convert acetaldehyde to
acetic acid during ethanol metabolism in the
human body [32]. As a result, acetaldehyde
accumulates and leads to a variety of harmful
bodily reactions, such as flushing of the face,
headaches, and tachycardia. These adverse
physical reactions act as impediments and dis-
courage individuals from drinking alcohol. This
antagonistic response toward alcohol can be
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utilized as a therapeutic strategy to encourage
sobriety by fostering conditioned avoidance of
alcohol among people dependent on alcohol
[32, 33].

The metabolic process of disulfiram in the
body

The metabolic processing of disulfiram is char-
acterized by its chelating ability, which enables
it to form stable complexes with metal cations,
including iron, copper, and zinc [34]. The cleav-
age of its disulfide bond, the primary step in
its biotransformation, is central to disulfiram
metabolism [31]. Upon entering the body, disul-
firam undergoes reductive cleavage of its disul-
fide linkages, yielding thiol derivatives capable
of forming mixed disulfides with endogenous
protein thiols (Figure 2) [35]. The main metabo-
lite, diethyldithiocarbamic (DDC) acid, is further
metabolized via multiple pathways. The first
pathway involves glucuronidation, in which DDC
is conjugated with glucuronic acid, enhancing
its hydrophilicity and promoting renal excretion
[36]. The second catabolic pathway includes
non-enzymatic degradation, where DDC under-
goes spontaneous decomposition in the ab-
sence of enzymatic catalysis [37]. Additionally,
DDC may undergo methylation and oxidation,
reactions mediated by specific enzymes, further
modifying the metabolite to ensure its complete
catabolism and eventual elimination from the
body [38-40].

Applications of disulfiram in medicine

Historically used in the treatment of alcohol
addiction, disulfiram has garnered increasing
attention from the scientific community for its
potential applications in diverse medical con-
ditions. This shift has led to extensive research
exploring the pharmacological benefits of di-
sulfiram in various nonalcoholic pathological
states [41, 42]. A substantial body of literature
highlights the role of disulfiram as an aldehyde
dehydrogenase inhibitor in oncological thera-
peutics [43, 44]. Moreover, extensive research
has elucidated the promising implications of
disulfiram in a wide spectrum of pathological
conditions, including its ability to reduce Clos-
tridium-mediated 7a-dehydroxylation activity
in the gut microbiota, inhibit the synthesis of
secondary bile acids, and potentially improve
nonalcoholic steatohepatitis [45]. Disulfiram
has also been shown to enhance ADAM10
activity in peripheral blood cells, alleviate A-
plaque formation, and exhibit therapeutic po-
tential in Alzheimer’s disease mouse models
[46]. Furthermore, disulfiram may be useful in
the treatment of obesity; however, the exact
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Figure 2. Metabolic processes of disulfiram. (1) Disulfiram undergoes cleavage to produce DDC; (2) DDC is re-ox-
idized to regenerate disulfiram through a reversible oxidative process; (3) DDC undergoes a conjugation reaction
with glucuronic acid via the glucuronidation pathway, thereby enhancing its water solubility for subsequent excre-
tion; (4) DDC undergoes methylation, resulting in the formation of a methyl ester derivative of DDC; (5) Disulfiram
is degraded into diethylamine, carbon dioxide, and sulfate via a non-enzymatic pathway. DDC, diethyldithiocarba-

mate.

mechanism behind these beneficial effects
remains obscure [47]. Regarding antibacterial
activities, it is speculated that disulfiram can
impede the growth of Pseudomonas aerugi-
nosa via inhibiting PaBADH enzyme activity.
Thus, it can suppress bacterial growth [48].
Some other studies also concluded that disul-
firam might be efficacious for the treatment of
Lyme disease, although the exact mechanism
remains to be explored [49]. A recent report
has shown that disulfiram exerts anti-sepsis
effects by inhibiting macrophage pyroptosis
[50]. Therefore, more and more research sug-
gests that disulfiram is a potential therapeutic
drug with pleiotropic benefits in a wide range of
diseases [51]. It was suggested that its diverse
impacts could result from via the modification
of thiol (-SH)-containing enzymes and cofactors
via different routes such as mixed disulfide for-
mation, metal ion chelation, and non-enzymatic
reactions [38]. Preclinical and early clinical re-
sults appear encouraging, but more studies are
needed to validate the efficacy and safety. New
uses of disulfiram present opportunities for
treating a broader range of diseases. However,
future studies need robust methods to achieve
solid and dependable evidence; the potential
adverse effects of disulfiram and the possible
interaction between disulfiram and other drugs
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should also be thoroughly investigated. When a
new clinical application of disulfiram is found,
one has to evaluate whether it would benefit
patients through the proper balancing of risks
and benefits [51].

The role of disulfiram in the pathophysiology of
sepsis

The role of disulfiram in the immune response

The effects of disulfiram on the inflammatory
response

New evidence in the latter half of the twentieth
century suggested that disulfiram may regulate
oxidative stress and set the stage for exploring
the function of disulfiram in inflammatory reac-
tions [52-54]. Other studies have also demon-
strated that disulfiram can effectively inhibit
inflammatory responses [52, 55]. Lian et al.
reported that local administration of disulfiram
reduced psoriasis-like dermatitis in murine
models [56]. Similarly, in a mouse model of
Parkinson’s disease, disulfiram significantly
inhibited neuroinflammation and associated
dopaminergic neuron death, resulting in motor
function restoration [57]. In the digestive sys-
tem, disulfiram inhibits colonic macrophage
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activation, thereby alleviating ulcerative colitis
[58]. Disulfiram also exerts immunomodulato-
ry effects in systemic lupus erythematosus by
reducing proteinuria, serum anti-dsDNA levels,
and renal immune complexes, and it has been
found to ameliorate crescentic glomerulone-
phritis [59, 60]. In the respiratory system, disul-
firam has been found to attenuate lung injury in
a murine model of cytomegalovirus pneumonia,
leading to improved survival rates [61]. Fur-
thermore, disulfiram mitigates vascular smooth
muscle inflammation induced by angiotensin
IT and suppresses inflammatory responses in
chondrocytes [62, 63]. These findings indicate
that disulfiram may play a role in managing
various inflammatory conditions. Nevertheless,
more work needs to be done to clarify the un-
derlying mechanisms and to develop it as a
targeted therapy for inflammatory diseases.

The effects of disulfiram on immune cell func-
tion

Several studies suggest that disulfiram’s im-
pact on the immune system is likely mediated
by the regulation of multiple immune cell func-
tions. For example, research has shown that it
can inhibit monocyte-to-macrophage migration,
block chemotaxis, and suppress macrophage
activation, which may contribute to the remis-
sion of glomerulonephritis [60]. It might also
be effective in suppressing the development
of macrophage pseudopods, which might hin-
der cell migration and invasion [64]. In fungal
keratitis, disulfiram reduces the host immune
response by decreasing the recruitment of
macrophages and neutrophils [65].

Moreover, it regulates neutrophil extracellular
traps (NETs), which are critical for neutrophil
function. Studies have demonstrated that disul-
firam can reduce multiorgan dysfunction and
lower sepsis mortality by inhibiting NET release
[8, 66]. In addition, it activates Ca2*-ATPase of
the sarcoplasmic reticulum, thereby suppress-
ing IgE-induced eosinophil activation [67]. Fur-
thermore, disulfiram exerts antitumor effects by
acting on immune cells [68, 69]. For example,
the disulfiram-copper complex can promote
dendritic cell maturation, induce T cell cytotox-
icity and improve antitumor immune responses
[68, 70]. These findings indicate that disulfiram
might be beneficial for various immune con-
ditions, including inflammatory disorders and
cancer.

Inflammatory signaling pathways involving di-
sulfiram

Sepsis is triggered when microbe-derived

Perioperative Precision Medicine

PAMPs or endogenous DAMPs are detected by
pattern recognition receptors [71]. This iden-
tification is critical for triggering subsequent
signaling pathways [72]. Disulfiram, by virtue of
its biochemical mechanisms, interacts with sev-
eral signaling pathways (Figure 3). Notably, it
inhibits the inflammatory response mediated by
the cGAS-STING axis via RNF115. Additionally,
disulfiram downregulates the complement sys-
tem, a series of plasma proteins whose aber-
rant activation during sepsis can exacerbate tis-
sue damage [73, 74]. At a further downstream
level, disulfiram inhibits reactive oxygen species
and the NOD-like receptor family pyrin domain
containing 3 (NLRP3) inflammasome, poten-
tially mitigating pyroptosis, necroptosis, and
mitochondrial dysfunction associated with the
pathogenesis of sepsis [75, 76]. Disulfiram’s in-
teraction with autophagy, a process responsible
for cellular degradation and recycling, as well
as its effects on metabolic reprogramming and
the coagulation cascade, suggests its potential
for alleviating the cellular and systemic damage
characteristic of sepsis [72]. Given the intricate
network of signaling pathways involved in sep-
sis and their contribution to cellular and organ
dysfunction, the regulatory role of disulfiram
presents a promising avenue for therapeutic
intervention.

The effects of disulfiram on the NF-kB signaling
pathway

The transcription factor NF-kB is a key regulator
of the inflammatory signaling pathways, partic-
ularly in sepsis [72]. PAMPs and DAMPs acti-
vate Toll-like receptor 4 on cellular membranes,
initiating a cascade that ultimately activates
NF-kB, leading to the induction of an inflamma-
tory response. Recent research has highlight-
ed the potential of disulfiram and its DSF-Cu
complex to reduce the activation of NF-kB and
TGF-B signaling pathways [77]. Specifically, this
involves inhibiting the nuclear translocation
of NF-kB subunits and promoting apoptosis in
affected cells [77, 78]. Previous studies have
demonstrated that disulfiram can inhibit TGF-B-
induced epithelial-mesenchymal transition and
the acquisition of stem-like properties in breast
cancer cells via the ERK-NF-kB-Snail signaling
axis [79].

While much of the current research on disulfi-
ram'’s interaction with the NF-kB pathway focus-
es on cancer, these findings could offer valu-
able insights into sepsis management. Notably,
disulfiram has been shown to promotes apopto-
sis and inhibits tumor proliferation by modulat-
ing the NF-kB signaling pathway [80, 81]. The
extrapolation of these effects to the regulation
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Figure 3. The molecular pathways through which disulfiram modulates immune responses. Disulfiram and its
copper complex significantly influence cellular immune signaling by interfering with key pathways such as the
NF-kB and TGF-B pathways. These compounds inhibit the nuclear translocation of NF-kB subunits and attenuate
the transcriptional activity of essential inflammatory pathways. Furthermore, they induce apoptosis, contributing
to their therapeutic effects in vivo. Disulfiram also inhibits the formation of gasdermin D pores in cellular mem-
branes, which is a critical step in pyroptosis, a form of programmed cell death associated with inflammation.
Moreover, the copper complex enhances the phosphorylation of p62 protein, which promotes competitive interac-
tions with Keapl, a regulatory protein that typically mediates the degradation of Nrf2. This interaction stabilizes
and prolongs the half-life of Nrf2, a master regulator of the antioxidant response, facilitating cellular defense
against oxidative stress. NF-kB, nuclear factor kappa-B; IL, interleukin; TLR, toll-like-receptor; NEMO, NF-kappaB
essential modulator; GSDMD, gasdermin-D; ARE, antioxidant response elements; ROS, reactive oxygen species.

of the inflammatory response in sepsis is a
potentially significant area for future investiga-
tion. However, the precise mechanism by which
disulfiram suppresses the NF-kB pathway in
sepsis remains unclear. As most research has
focused on oncology, experimental validation of
the inhibitory effects of disulfiram on the NF-kB
pathway in sepsis is crucial. This would not only
expand the potential therapeutic strategies for
sepsis but also enhance our understanding of
its pathophysiology.

The effects of disulfiram on the gasdermin D
(GSDMD)-dependent pyroptotic pathway

Pyroptosis, a highly inflammatory form of pro-
grammed cell death, plays a significant role in
sepsis pathogenesis [82]. This process is ini-
tiated by the interaction of PAMPs and DAMPs
with TLRs, resulting in inflammasome assembly
and activation [19, 83]. The activation cascade
proceeds with the proteolytic maturation of
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pro-caspase-1 into caspase-1, which subse-
quently cleaves the precursors of the proinflam-
matory cytokines IL-13 and IL-18, facilitating
their secretion [84]. Concurrently, caspase-1
cleaves GSDMD, promoting the translocation
of its N-terminal fragment to the plasma mem-
brane. This results in the formation of pores,
disruption of cellular integrity, and induction
of pyroptosis [85]. In this context, disulfiram
has emerged as a potential therapeutic agent
capable of inhibiting GSDMD activity [86]. It
binds to the Cys191 residue of human GSDMD,
preventing pore formation and thereby inhibit-
ing the cellular lysis associated with pyroptotic
cell death [87]. This positions disulfiram as a
promising candidate for modulating pyroptotic
pathways in sepsis.

Recently, researchers found disulfiram being
able to protect organs by inhibiting GSDMD
especially through blocking detrimental NETs
released during sepsis [8]. Studies show that
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disulfiram may suppress NETs and make use
of caspase-11/GSDMD pathway to alleviate
ischemia reperfusion acute kidney injury [88].
Moreover, evidence suggests that disulfiram
may also promote the healing of diabetic foot
ulcers, indicating that its inhibition of NET for-
mation via the NLRP3-Caspase-1-GSDMD path-
way could be one of its potential therapeutic
mechanisms [89]. Furthermore, these studies
present multiple beneficial mechanisms of
action for disulfiram in diseases involving im-
mune abnormalities. Considering the role of
disulfiram in GSDMD-mediated pyroptosis, it
is worth studying and revealing the underlying
mechanisms, which may provide novel targets
for sepsis treatment.

The effects of disulfiram on the nuclear factor
erythroid-2 related factor 2-antioxidant re-
sponse element (Nrf2-ARE) signaling pathway

The Nrf2-ARE signaling pathway is the main de-
fense mechanism against oxidative stress. Nrf2
is a major transcription factor in the pathway
[90, 91]. When Nrf2 is exposed to oxidants,
it dissociates from Keapl that exists in the
cytosol and translocates into the nucleus, and
interacts with ARE. Enhancing Nrf2 activation
can regulate the transcription of numerous
cytoprotective genes that encode antioxidant
enzymes and detoxifying proteins [92]. In sep-
sis, an exacerbated systemic inflammatory
response results in elevated levels of reactive
oxygen species and inflammatory mediators,
leading to widespread tissue injury [72]. En-
hancing the Nrf2-ARE pathway is crucial for cel-
lular and tissue resilience, as it helps mitigate
oxidative stress and attenuates proinflamma-
tory cascades [93]. Recent evidence indicates
that disulfiram enhances the stability and tran-
scriptional activity of Nrf2, likely through the
augmentation of p62 phosphorylation by the
DSF-Cu complex. This interaction disrupts the
Keap1-Nrf2 complex, stabilizing and prolonging
Nrf2 activity [94]. As a result, disulfiram upreg-
ulates downstream antioxidant defense genes,
creating an environment conducive to cellular
protection against oxidative damage, attenuat-
ing inflammation and tissue damage induced
by reactive oxygen species [94]. It's speculated
that disulfiram modulates the glycogen syn-
thase kinase-3 beta -Nrf2- NLRP3 axis, thereby
inhibiting oxidative stress-induced pyroptotic
cell death; by downregulating the expression of
glycogen synthase kinase-3 beta and NLRP3
and upregulating the expression of Nrf2, the
activity of Nrf2 is increased, oxidative stress is
reduced, and immune defense is activated [95].
This indicates that disulfiram could be a poten-
tial candidate to modulate the Nrf2-ARE path-
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way besides treating alcohol addiction, mean-
while it is supposed that disulfiram’s wide-
range immunomodulatory activities surpass the
boundary of the addiction therapy, and it serves
as an antioxidative and anti-inflammatory agent
and has been shown beneficial to intervene in
oxidative stress and inflammation.

Impact of disulfiram on sepsis progression

Sepsis is primarily treated with antibiotics to
kill off infection and also by controlling any ad-
verse inflammation response secondary to the
infection. Empirical data has found that disul-
firam changes immune pathways, suggesting
that disulfiram may affect the pathogenesis of
sepsis [74]. The primary mechanism of disulfi-
ram involves modulation of the cellular redox
state, where oxidative stress is closely linked to
cellular injury and inflammation. By enhancing
the Nrf2-ARE pathway, disulfiram bolsters the
body’s antioxidative defense, offering protec-
tion against oxidative damage [94, 95]. Fur-
thermore, the ability of disulfiram to inhibit the
NF-kB signaling cascade represents another
therapeutic opportunity [96]. As NF-kB is cen-
tral to the synthesis and release of pro-inflam-
matory mediators, its inhibition by disulfiram
could significantly reduce inflammatory tissue
damage [77, 78].

In addition to its immunoregulatory functions,
disulfiram exhibits antimicrobial properties,
although this is not its primary mechanism of
action. This characteristic could complement
traditional antibiotic therapy for sepsis by in-
hibiting the proliferation of specific pathogens,
thereby aiding in the management of the in-
fectious source [97-100]. Furthermore, experi-
mental data highlight the efficacy of disulfiram
in ameliorating cardiac dysfunction in animal
models of LPS-induced cardiac injury. Disulfi-
ram administration preserves left ventricular
function and attenuates cardiomyocyte apop-
tosis, likely by suppressing oxidative stress and
inhibiting the NLRP3 inflammasome [4, 75].
Furthermore, disulfiram can also inhibit pyro-
ptosis by blocking the transfer of cathepsin B
from lysosomes into the cytosol; it can prevent
activation of the NLRP3 inflammasome as de-
scribed previously. Partially due to this effect,
disulfiram treatment protects against lethal
sepsis through its immunomodulatory effects
[101].

Research gaps and future directions
Recent investigation shows promise for the ap-

plication of disulfiram as an inducer of immu-
nomodulatory actions especially during sepsis
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[96]. Studies reveal that, in addition to lowering
oxidative stress and suppressing inflammation,
the compound also acts on some antimicrobial
effects that might be considered as possible
agents to reduce septic consequences.

However, despite these encouraging preclinical
findings, a significant research gap remains in
translating this knowledge into clinical prac-
tice. Although in vitro experiments and animal
models offer valuable insights, they cannot
fully replicate the complexities of human phys-
iology. The discrepancy between controlled
experimental conditions and the multifaceted
nature of clinical sepsis, characterized by di-
verse etiologies and individual patient factors,
poses challenges for the widespread applica-
tion of disulfiram. Future research is needed
to determine the feasibility of incorporating di-
sulfiram into therapeutic regimens, particularly
to clarify the precise mechanisms by which it
modulates immune responses in sepsis. This
immunomodulation depends on the delicate
balance between proinflammatory and anti-in-
flammatory cytokine levels, suppression of
inflammatory cascades, and preservation of
immune homeostasis. Despite encouraging
preclinical results, there is still a large research
gap regarding the ability to translate the current
knowledge of sepsis into the clinic. Although
in vitro studies as well as animal models pro-
vide valuable insights, they do not adequately
model all aspects of human physiology. The
disparities between the controlled conditions of
experimental research and the heterogeneous
characteristics of clinical sepsis-stemming from
its diverse etiologies and individual patient-spe-
cific factors-pose significant challenges to the
broader application of disulfiram in clinical set-
tings. More research needs to be done to see
whether disulfiram could be used in the treat-
ment protocols and to clarify the mechanisms
by which disulfiram regulates the immune
response, as these effects mainly result from
modulating both pro- and anti-inflammatory
cytokines, inhibiting pro-inflammatory cascade,
and protecting immune homeostasis.

Moreover, differences between species and
methodological limitations may lead to reac-
tions that are different from human beings.
In the laboratory, disulfiram concentration is
much higher than the amount of human safety
[102]. There are undoubtedly questions about
the clinical significance of these studies. The
disulfiram-ethanol reaction also poses a seri-
ous risk. Most clinical applications suffer from
the severe limitation that people must totally
prohibit alcohol intake and maintain a lasting
state of abstinence from any kind of alcohol-
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ic beverage or product. Although disulfiram
treatment can avoid the serious side effects
like hepatotoxicity and peripheral neurotoxicity,
rare occasions of some side effects do exist.
However, up to date, the detailed molecular,
cellular and systemic mechanisms behind the
interaction of human immune system and disul-
firam remain unclear. As such, overcoming this
challenge requires extremely rigorous methods,
including conducting thorough PK studies and
stringent controlled trials, disulfiram has been
found to interact with many other medications
such that it can decrease or increase their po-
tency or cause other adverse reactions. One
lesser-studied area is the complex interaction
between disulfiram and medications used to
treat sepsis, including various antibiotics (B-lac-
tams, fluoroquinolones, glycopeptides, etc.) and
vasoactive agents (norepinephrine, vasopres-
sin). Disulfiram irreversibly inhibits aldehyde
dehydrogenase and cytochrome P450 (CYP)
enzymes, notably CYP2E1 and CYP3A4, which
are key for the metabolism of many antibiotics
and vasoactive agents [103]. The antioxidant
effects of disulfiram may counteract the pro-oxi-
dant mechanisms of certain antibiotics, thereby
reducing their bactericidal efficacy. Sepsis-in-
duced hepatic and renal impairments alter the
pharmacokinetics of disulfiram; however, no
study has characterized dose adjustments in
this context.

Future studies should focus on the complexi-
ties and potential of disulfiram as a therapeutic
agent for sepsis. These investigations should
elucidate the dose-response relationship, thera-
peutic potential, and safety profile of disulfiram.
Understanding the pharmacokinetic profile,
possible adverse effects, and interactions with
existing therapeutic regimens is thus crucial.
As a result, encouraging findings from initial
studies can lead to improved phases of clinical
trials that may radically change the way sepsis
is treated.

With further advances in research, efforts are
underway to integrate biomarker analysis for
predicting therapeutic effects and to develop
personalized treatment regimens, which can
not only boost our recognition of the role played
by disulfiram in sepsis but also enable transla-
tional application of the agent so as to attain
best possible treatment strategy based on indi-
vidual needs.

Conclusion
In summary, further investigation of disulfiram’s

immunomodulatory effects, as well as its po-
tential application to sepsis therapy could open
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up new doors in biomedicine given that some
initial pre-clinical evidence appears to indicate
a possible benefit in this area. Additional work
must focus on the immunological effects of this
molecule and establish whether it offers thera-
peutic value against sepsis; more fundamental
work is need to clarify the precise mechanisms
through which disulfiram acts upon the immune
system and inflammatory pathways in order to
utilise it effectively as an immunomodulator for
targeted therapeutic interventions; and ideally,
thorough clinical trials would confirm whether
disulfiram has therapeutic value in the setting
of sepsis and demonstrate an acceptable safe-
ty profile.

The potential value of applying disulfiram as
a novel therapeutic agent for the treatment of
sepsis cannot be understated; however, cau-
tion is warranted in the pursuit of this goal, with
a full appreciation of the scientific rationale
guiding the potential immunomodulatory mech-
anisms to which it may contribute. It is only via
robust research studies followed by meticulous
clinical trials that the full therapeutic scope of
using disulfiram in sepsis and other severe in-
fection states will be defined.
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Highlights

e Lipid metabolism and iron metabolism pathways are key biological pathways involved in ferroptosis.
¢ Ferroptosis exhibits complex crosstalk with other cell death forms in sepsis, with significant implications for dis-

ease pathogenesis and therapy.

* Ferroptosis plays a critical role in sepsis-related organ damage and prognosis.
* This review suggests directions and perspectives for treating ferroptosis and sepsis in the perioperative period.

Abstract

Ferroptosis is a newly identified form of cell death that has garnered attention in recent years. Current research
has clarified several key mechanisms of ferroptosis, with reactive oxygen species, oxidative stress, and iron me-
tabolism emerging as central factors. Additionally, various signaling pathways, molecules, and organelles also
contribute to the regulation and progression of ferroptosis. Activation of ferroptosis has significant implications for
sepsis-related inflammation, providing both a valuable area for scientific investigation and a potential target for
therapeutic interventions. This article reviews the biological processes and molecular mechanisms of ferroptosis,
as well as the small molecules and signaling pathways that regulate it. Additionally, we discuss the role of ferropto-
sis in the progression of sepsis and its contribution to organ damage.

Keywords: Ferroptosis, sepsis, inflammation, GPX4

| Introduction

Sepsis is a systemic inflammatory response
syndrome caused by the invasion of pathogen-
ic microorganisms into the body [1, 2]. Based
on global research data, it is estimated that
sepsis incidence exceeds 48.9 million new
cases annually, with approximately 11 million
sepsis-related deaths, accounting for 19.7% of
all global mortalities [3]. This imposes a sub-
stantial burden on healthcare systems and rep-
resents a significant threat to human health.
Recent global estimates derived from data on
hospitalized adults in seven high-income coun-

tries report an annual incidence of 19.4 million
sepsis cases (formerly severe sepsis) and 5.3
million sepsis-related deaths [3]. These figures
suggest that sepsis may be more prevalent and
lethal than currently estimated, warranting fur-
ther research and attention [4].

However, therapeutic advances in sepsis re-
main largely limited to supportive care, includ-
ing organ support and fluid resuscitation [5,
6]. There remains a gap in the development of
effective medications for sepsis, making it cru-
cial to explore new therapeutic directions and
pathophysiological mechanisms [7].
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Recently, ferroptosis, a novel form of regulat-
ed cell death, has been implicated in sepsis,
although its precise relationship remains
incompletely understood. Sepsis has been de-
scribed as a failed starvation response, where
the body undergoes an intense starvation re-
action, involving the production of high-energy
metabolites such as lactate and free fatty acids
[8]. Investigating the mechanisms of oxidative
stress, ferroptosis, and other metabolic abnor-
malities in sepsis, particularly those related to
lipid peroxidation and cellular ion metabolism,
may provide new insights and potential targets
for sepsis management.

Il Ferroptosis: A novel form of regulated cell
death

In 2012, Professor Stockwell identified a mole-
cule, Erastin, that activates iron-dependent cell
death, which was subsequently named ferropto-
sis [9]. Ferroptosis represents a novel regulato-
ry form of cell death distinct from other forms,
such as apoptosis, due to its unique morpho-
logical, biochemical, or genetic characteristics.
Morphologically, ferroptosis is typically charac-
terized by a reduction in mitochondrial volume,
increased mitochondrial membrane density,
and a loss or disappearance of mitochondrial
cristae, while the cell membrane, nucleus, and
chromatin remain largely unaffected [10]. Bio-
chemically, ferroptosis involves the depletion of
intracellular nicotinamide adenine dinucleotide
hydride and glutathione (GSH), a reduction in
the activity of glutathione peroxidase 4 (GPX4),
and an accumulation of reactive oxygen spe-
cies (ROS), all of which promote ferroptosis.
Genetically, various cancer-related genes have
been shown to influence cellular sensitivity to
ferroptosis [11].

Biological processes associated with ferropto-
sis

Ferroptosis is characterized by iron ion-medi-
ated oxidative damage. An increase in iron-de-
pendent ROS within cells, inhibition of GPX4,
or depletion of GSH can all trigger ferroptosis.
Recent research has identified three distinct
pathways involved in ferroptosis: the classical
GPX4 regulatory pathway, the lipid metabolism
pathway, and the iron metabolism pathway [12].

The classical GPX4 regulatory pathway

Erastin, a small molecule compound, selective-
ly induces cell death in tumor cells expressing
Small T oncoprotein (ST) and RAS by activating

ferroptosis. It operates through various molec-
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ular mechanisms, including the cystine-gluta-
mate transporter (system Xc'), voltage-depen-
dent anion channels, and p53. Erastin inhibits
the cystine-glutamate antiporter system, lead-
ing to a depletion of intracellular cystine in the
cell, which in turn disrupts the normal synthesis
of GSH and inactivates intracellular GPX4. Both
GPX4 and GSH are essential for cellular anti-
oxidant defense, and their inactivation leads
to the accumulation of lipid ROS and other
peroxides, damaging proteins or membranes,
ultimately inducing ferroptosis [13, 14].

Lipid metabolism pathways

Lipid peroxidation is a hallmark of ferroptosis,
with lipid peroxides playing a crucial role in
this process [15]. Polyunsaturated fatty acids
increase membrane fluidity, which are cru-
cial for cellular adaptation, but also serve as
substrates for lipoxygenases, which catalyze
the formation of pro-ferroptotic lipid peroxides
[16]. Arachidonic acid and adrenic acid are two
primary polyunsaturated fatty acids involved
in lipid peroxidation during ferroptosis. Synthe-
tase long chain family member 4 (Acyl-CoA)
synthetase long-chain family member 4 (ACSL4)
facilitates the conjugation of unsaturated fat-
ty acids with coenzyme A, forming acyl-CoA
[17, 18]. Subsequently, acyl-CoA can undergo
re-acylation through various lysolipid phospha-
tidylcholine acyltransferases, with ACSL4 and
lysolipid phosphatidylcholine acyltransferases
3 playing an essential role in the biosynthesis
and remodeling of arachidonic acid/adrenic
acid derivatives. Lipid peroxides themselves
generate phospholipid hydroperoxides, which
degrade into malondialdehyde (MDA) and 4-hy-
droxynonenal. These products induce cytotoxic-
ity, destabilizing cell membranes and leading to
cell death [19, 20].

Iron metabolism pathway

Although iron is a trace element, it plays a vital
role in cellular metabolism. It is absorbed as
non-heme iron in the small intestine, binds to
transferrin in the serum, and is subsequent-
ly recognized by the transferrin receptor on
the cell membrane. Once internalized by the
transferrin receptor, STEAP3 metalloreductase
reduces trivalent iron ions to divalent iron ions,
which are then stored in the labile iron pool
and ferritin [21]. Ferritin, composed of the fer-
ritin light chain and ferritin heavy chain 1, can
be degraded by lysosomes to increase free
iron [22]. Under normal circumstances, excess
divalent iron is oxidized to trivalent iron to iron
homeostasis [23]. However, when iron homeo-
stasis is disrupted, excess iron can act as a
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cofactor in oxidative stress, promoting eras-
tin-induced ferroptosis by depleting cysteine de-
sulfurase (NFS1), thereby inhibiting iron-sulfur
cluster biosynthesis [24].

Signaling pathways related to ferroptosis

The modulation of ferroptosis-associated pro-
cesses, such as molecular regulation, lipid me-
tabolism, oxidative stress, and iron metabolism,
can influence ferroptosis. Research has shown
that the oxidative stress transcription factor nu-
clear factor erythroid 2-related factor 2 (NRF2)
can stimulate the expression of multiple target
genes to mitigate ferroptosis [25]. Furthermore,
accumulating evidence suggests that several
signaling pathways determine a cell’s suscepti-
bility to ferroptosis within specific biological con-
texts. These signaling pathways can be broadly
categorized into GPX4-dependent pathways (for
instance, the classical system Xc: GSH-GPX4
axis) and GPX4-independent pathways [26].

The system Xc', specifically the GSH-GPX4
axis, is an amino acid antiporter composed of
two essential subunits: solute carrier family 7
member 11 (SLC7A11/xCT) and SLC3A2 [27].
This system typically facilitates the exchange
of extracellular cystine and intracellular glu-
tamate across the plasma membrane. The
expression or activity of SLC7A11 can be finely
tuned through protein-protein interactions (e.g.,
BECN1), gene transcription (e.g., NFE2L2 or
TP53), or protein degradation (e.g., via OTU
deubiquitinating enzymes like OTUB1). Once
cystine enters the cell, it is reduced to cys-
teine, which is subsequently utilized for the
synthesis of GSH. Glutathione, also known as
L- 7 -Glutamyl-L-cysteinyl-glycine, is a tripeptide
composed of glutamate, cysteine, and glycine,
and plays a critical role in cellular antioxidant
defense [28]. The reactive thiol group (-SH) of
GSH is readily oxidizable. During glutathione
synthesis, 7y -glutamylcysteine synthetase
(7 -GCS) catalyzes the reaction between glu-
tamate and cysteine to produce gamma-glu-
tamylcysteine [29]. As a potent reducing agent,
glutathione effectively converts harmful lipid
hydroperoxides generated during cellular me-
tabolism into harmless lipid alcohols, a process
that is crucial for determining cellular suscepti-
bility to ferroptosis [30].

GPX4, a selenium-dependent protein, functions
as a phospholipid hydroperoxidase, reducing
phospholipid hydroperoxides (arachidonic acid/
adrenic acid-PE-OOH) to their corresponding
phospholipids [12, 31]. The primary role of
GPX4 is to utilize the tripeptide GSH as a co-
factor to detoxify lipid hydroperoxides formed
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during oxidative stress, thereby preserving
membrane integrity.

A significant number of ferroptosis-inducing
agents are regulated by the NRF2 pathway,
which is maintained at low levels by three E3
ubiquitin ligases: Kelch-like ECH-associated
protein 1-CUL3-RBX1, SCF*™" and synoviolin/
Hrd1. Under normal conditions, the protein lev-
el of the nuclear transcription factor NFE2L2 is
maintained at a low level due to its binding with
Kelch-like ECH-associated protein 1, leading to
its ubiquitination and degradation [32]. As an
E3 ubiquitin ligase, HECT and RCC1-like domain
containing protein 2 (HERC2) plays a critical
role in iron homeostasis by targeting nuclear re-
ceptor coactivator 4 (NCOA4), a ferritin receptor
that mediates ferritin autophagy, and F-box and
leucine-rich repeat protein 5 (FBXL5),a regula-
tor of iron regulatory proteins IRP1/2 that medi-
ates ferritin synthesis, for degradation, thereby
downregulating iron levels. NRF2 upregulates
HERC2 to counteract ferroptosis [33]. More-
over, NRF2 positively regulates xCT (SLC7A11,
a subunit of system Xc'), which facilitates the
exchange of extracellular cystine for intracellu-
lar glutamate. NRF2 also transcriptionally regu-
lates thioredoxin and thioredoxin reductase 1,
both of which facilitate the reduction of cystine
to cysteine. Furthermore, NRF2 enhances the
expression of solute carrier family A1 member
5, a critical transporter for glutamine uptake,
thereby contributing to the biosynthesis of GSH
(Figure 1).

Potential crosstalk between ferroptosis and
other forms of cell death in sepsis

A complex interplay exists between ferroptosis
and other forms of cell death, including apop-
tosis, necrosis, and pyroptosis, during sepsis,
influencing both disease pathogenesis and
therapeutic strategies.

» Ferroptosis and Apoptosis: Apoptosis, a pro-
grammed cell death modality orchestrated by
caspase family proteases, involves key process-
es such as cytochrome C release, caspase-3
and caspase-7 activation, nuclear condensa-
tion, and membrane blebbing [34]. In sepsis,
ferroptosis and apoptosis may reciprocally in-
fluence each other. Lipid peroxidation products
generated during ferroptosis, such as MDA and
ROS can activate apoptotic signaling pathways,
including the mitochondrial pathway [35]. For
instance, in sepsis-associated myocardial in-
jury, upregulation of ferroptosis markers, such
as cyclooxygenase-2, is closely associated with
increased cardiomyocyte apoptosis. Conversely,
the loss of cell membrane integrity during apop-
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Figure 1. Ferroptosis-related signaling pathways. GSH, glutathione; GPX4, glutathione peroxidase 4; SLC7A11,
solute carrier family 7 member 11; SLC3A2, solute carrier family 3 member 2; SLC1A5, solute carrier family 1
member 5; TF, transferrin; TFR4, the transferrin receptor 1; NCOA4, nuclear receptor coactivator 4; DMT1, diva-
lent metal transporter 1; P53, a tumor suppressor protein; SAT1, spermine N'-acetyltransferase 1; CDKN1A, Cy-
clin-dependent kinase inhibitor 1A; ALOX15, 15-lipoxygenase; PUFA-PE, oxidation of polyunsaturated phosphatidy-
lethanolamines; LOX, lectin-like oxidized low-density lipoprotein receptor; ACSL4, acyl-CoA, synthetase long chain

family member 4; PUFAs, polyunsaturated fatty acids.

tosis may also promote the release of iron ions,
thereby exacerbating ferroptosis [36].

e Ferroptosis and Necrosis: Ferroptosis and
necrosis may also interact in sepsis. Necrosis,
a more drastic form of cell death than ferropto-
sis, is typically characterized by the loss of cell
membrane integrity, cellular swelling, and leak-
age of cellular contents [21, 37]. In ferroptosis,
the intracellular accumulation of iron ions
promotes lipid peroxidation, leading to damage
and dysfunction of the cell membrane. Necro-
sis, however, is more often triggered by severe
changes in the cellular environment (e.g., isch-
emia, hypoxia, infection), resulting in the dis-
ruption of cellular structures [38]. Concurrently,
lipid peroxidation products (e.g., MDA) and ROS
generated during ferroptosis can further dam-
age the cell membrane, leading to the loss of
membrane integrity and necrosis. The release
of cellular contents during necrosis can exac-
erbate local inflammatory responses, which in
turn may promote the occurrence of ferroptosis.

e Ferroptosis and Pyroptosis: Pyroptosis is a
form of programmed cell death triggered by
inflammasome activation. The central mech-
anisms involve the activation of caspase-1,
cleavage of Gasdermin D, and the formation
of membrane pores, resulting in the release of
cellular contents and inflammatory responses
[39]. In the context of ferroptosis, the gener-
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ation of ROS and lipid peroxidation products
exacerbates intracellular oxidative stress [40].
This increased stress may activate inflam-
masomes, subsequently triggering pyroptosis.
Concurrently, the release of cellular contents
during pyroptosis further amplifies the localized
inflammatory response, which could, in turn,
promote ferroptosis through various pathways
[44].

Ferroptosis in sepsis

Sepsis is a life-threatening condition triggered
by an uncontrolled immune response, lead-
ing to organ dysfunction and often causing
mortality in critically ill patients, particularly in
Intensive Care Units [42]. It is defined as a clin-
ical syndrome characterized by a systemic in-
flammatory response to infection. The immune
response in sepsis is multifactorial, typically
described as comprising two components [43].
The first component is a state of excessive
inflammation, driven by the systemic inflamma-
tory response to infection [44]. Damage-asso-
ciated molecular patterns interact with pattern
recognition receptors expressed on the surface
of immune cells, resulting in the release of
pro-inflammatory cytokines and chemokines, as
well as the mobilization of immune cells to the
site of inflammation, thereby exacerbating in-
flammation and organ dysfunction. The second
component is an immunosuppressive phase,
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ALl
ARDS

Figure 2. Diseases associated with ferroptosis. PD, Parkinson’s disease; CSVD, cerebral small vessel disease; AD,
Alzheimer’s disease; ALI, acute lung injury; ARDS, acute respiratory distress syndrome; AKI, acute kidney injury;
ALD, alcoholic liver disease; NAFLD, nonalcoholic fatty liver disease.

which increases susceptibility to secondary in-
fections [45]. Various forms of cell death play a
critical role in both the excessive inflammation
and the immunosuppressive state in sepsis,
regardless of whether they involve immune
or non-immune cells. Ferroptosis alters the
immune response in both immune and non-im-
mune cells and significantly contributes to dis-
ease progression.

Iron overload and its role in bacterial infec-
tion-induced sepsis

Iron plays a crucial role in the metabolic pro-
cesses of pathogenic microorganisms during
sepsis. Certain bacteria, such as Escherichia
coli and Klebsiella pneumoniae, are highly
dependent on iron for virulence [46-48]. In
the early stages of infection, iron-induced cell
death in intestinal epithelial cells compromis-
es the intestinal barrier, facilitating the entry
of harmful gut bacteria and toxins into the
bloodstream and extravascular tissues [49].
To mitigate iron uptake and alleviate infection,
the body employs a defensive strategy that
involves reducing serum iron levels, increasing
tissue iron sequestration, and sequestering
iron from bacteria through cytoplasmic mech-
anisms [50]. However, excessive intracellular
free iron not only exacerbates the inflammatory
response but also induces cell death through
oxidative reactions. During sepsis, macro-
phages, essential immune cells, are activated
via Toll-like receptors, thereby activating the
immune response. lron-induced cell death can
impair macrophage autophagy via the PI3K/
AKT/mTOR signaling pathway, disrupting the
clearance of inflammatory mediators and
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promoting the release of damage-associated
molecular patterns, ultimately intensifying the
inflammatory response [51]. Lipid peroxidation
in sepsis arises during the immune response to
infection, leading to elevated levels of ROS and
reactive oxygen intermediates, which interact
with lipids in cell membranes and trigger lipid
peroxidation. The byproducts of this process,
such as MDA and 4-hydroxy-2-nonenal (HNE),
further exacerbate sepsis [52]. Notably, HNE
can inhibit ATP-triggered cell death by suppress-
ing GPX4, while promoting ferroptosis-related
responses [53]. In macrophages, ferroptosis is
characterized by substantial increases in both
intracellular iron and lipid peroxidation. Ferro-
ptosis inducers, such as RSL3, sulfasalazine,
and acetaminophen, enhance the bactericidal
activity of macrophages [54]. However, the inhi-
bition of GPX4 caused by lipid peroxidation can
disrupt the binding of T cell receptor (TCR) to T
cells, affecting the homeostatic survival of CD8
T cells and the proliferation of CD4" and CD8" T
cells in response to infection, thereby diminish-
ing the body’s immune response to infections.
Thus, ferroptosis acts as a double-edged sword:
while it facilitates bacterial entry into the body
and contributes to the initiation of sepsis, it can
also help immune cells eliminate pathogens
[55].

Ferroptosis in organ damage during sepsis

Recent studies have highlighted the significant
role of ferroptosis in the pathogenesis of sepsis
[56, 57]. Given that sepsis affects multiple or-
gan systems, ferroptosis contributes notably to
organ damage across various sites (Figure 2)
[58].
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The role of ferroptosis in sepsis-related brain
injury

Ferroptosis is crucial in the context of sepsis-re-
lated brain injury. The systemic inflammatory
response triggered by sepsis can alter the
brain’s microenvironment, disrupting the iron
metabolism balance in brain cells. During sep-
tic encephalopathy, the abnormal accumulation
of iron ions can generate substantial amounts
of hydroxyl radicals through the Fenton reac-
tion, resulting in lipid peroxidation, membrane
damage, and ultimately neuronal injury and
cognitive dysfunction [59]. Studies have shown
that the levels of iron ions in the brain tissue of
sepsis patients are significantly elevated and
positively correlate with the severity of neuro-
logical injury [60, 61]. As a catalyst in the Fen-
ton reaction, the excessive accumulation of iron
ions can exacerbate oxidative stress, further
promoting neuronal damage. One key factor in
sepsis-related brain injury is the disruption of
the blood-brain barrier [2]. The abnormal trans-
location of iron ions across the blood-brain
barrier intensifies oxidative stress in the brain,
promoting ferroptosis and exacerbating brain
tissue damage.

The role of ferroptosis in sepsis-related lung in-
jury

Acute lung injury and acute respiratory distress
syndrome are common complications in sepsis,
with ferroptosis playing a significant role in their
progression [62]. The accumulation of iron
ions in alveolar epithelial cells and endothelial
cells promotes lipid peroxidation, leading to cell
membrane rupture and the disruption of the al-
veolar-capillary barrier. This causes pulmonary
edema and impaired gas exchange. Excessive
accumulation of iron ions in these cells increas-
es the permeability of the alveolar-capillary bar-
rier by activating lipid peroxidation pathways,
representing a critical mechanism in the devel-
opment of acute lung injury/acute respiratory
distress syndrome. Additionally, iron ions can
influence the progression of sepsis-related lung
injury by modulating pulmonary inflammatory
responses [63]. Iron-induced oxidative stress
activates the release of inflammatory media-
tors such as tumor necrosis factor-alpha and
interleukin-6, exacerbating lung inflammation.

The role of ferroptosis in sepsis-related liver in-
jury

The liver, as the primary organ involved in iron
metabolism, is highly susceptible to damage
during sepsis. Ferroptosis significantly impacts
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liver function, primarily through direct damage
to hepatocytes. Extensive hepatocyte death dis-
rupts the liver's metabolic, detoxification, and
synthetic functions, further exacerbating the
pathological progression of sepsis. Additionally,
the inflammatory response triggered by ferro-
ptosis recruits immune cells, leading to distur-
bances in the hepatic microenvironment and
impairing liver function [64, 65]. The accumu-
lation of iron ions within hepatocytes promotes
oxidative stress and lipid peroxidation, resulting
in hepatocyte injury and liver dysfunction [66].
Furthermore, iron ions modulate the liver’'s in-
flammatory response, with iron-induced oxida-
tive stress enhancing the release of inflamma-
tory cytokines, intensifying liver inflammation
and damage.

The role of ferroptosis in sepsis-related kidney
injury

The kidneys are another organ vulnerable to
damage during sepsis. Renal tubular epithelial
cells are particularly sensitive to iron overload
in the septic state [67]. During the septic state,
the body’s inflammatory response leads to an
increased release of iron ions, especially within
the renal tubular cells. The accumulation of iron
ions in these cells promotes lipid peroxidation,
resulting in cellular dysfunction and tubular ne-
crosis, which impairs the kidneys’ filtration and
excretion capabilities. Iron overload within renal
tubular epithelial cells contributes to cellular
damage and dysfunction through the activation
of oxidative stress pathways, representing a
critical mechanism underlying sepsis-associ-
ated acute kidney injury [67]. Additionally, iron
ions can influence the progression of sepsis-re-
lated kidney injury by modulating the renal
inflammatory response. Iron-induced oxidative
stress triggers the release of inflammatory me-
diators, exacerbating renal inflammation and
damage.

Targeting ferroptosis for sepsis treatment
Targeted therapies for ferroptosis

Targeting ferroptosis in sepsis involves modulat-
ing key mechanisms such as iron ion accumu-
lation, lipid peroxidation, and the inhibition of
GPX4 activity [68]. Potential therapeutic targets
include:

¢ ACSL4 and lysolipid phosphatidylcholine ac-
yltransferases 3: these enzymes are important
drivers of ferroptosis. They promote lipid perox-
idation by catalyzing the esterification and ox-
idation of polyunsaturated fatty acids. Studies
have found that inhibiting the activity of ACSL4
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can reduce tissue damage associated with fer-
roptosis [69-71].

* SLC7A11: As a key subunit of the system Xc,
SLC7A11 affects intracellular glutathione levels
by regulating the uptake of cystine, thereby reg-
ulating the sensitivity of ferroptosis.

» Ferroptosis suppressor protein 1: Ferroptosis
suppressor protein 1 protects cells from ferro-
ptosis by regulating ubiquinone levels) [38, 72,
73]. Targeting ferroptosis suppressor protein 1
has been shown to enhance the sensitivity of
lung cancer cells to radiation.

Ferroptosis therapies in clinical settings include
ferroptosis agonists and inhibitors (e.g., Fer-1).
Ferroptosis agonists induce cell ferroptosis by
promoting iron ion accumulation, lipid perox-
idation, or inhibiting antioxidant systems. For
example, arginine has been identified as a fer-
roptosis promoter, which regulates ferroptosis
through polyamine metabolism, making cancer
cells more susceptible to radiotherapy and che-
motherapy [74]. Ferroptosis inhibitors protect
cells from damage by blocking key ferroptotic
pathways. For example, preserving GPX4 or reg-
ulating iron metabolism-related proteins (e.g.,
SLC7A11) can reduce intracellular lipid peroxi-
dation and iron ion accumulation. In sepsis re-
search, the ferroptosis inhibitor Fer-1 has been
shown to significantly restore pericyte viability,
reduce lipid ROS content, lower inflammatory
cytokine levels, and ameliorate pulmonary vas-
cular barrier dysfunction [75].

Other factors influencing ferroptosis suscepti-
bility and therapeutic response

» Genetic factors: Studies have revealed that
genetic variations play a significant role in de-
termining cellular sensitivity to ferroptosis [76-
78]. For instance, p53 tumor suppressor can
sensitize cells to ferroptosis by inhibiting the
transcription of the SLC7A11 gene [79]. Con-
versely, NRF2 can protect cells from ferroptosis
by upregulating SLC7A11.

* Polyamine metabolism: Studies from Fudan
University have discovered that iron overload
activates ornithine decarboxylase 1 through
the WNT/MYC signaling pathway, promoting
polyamine synthesis, which forms a positive
feedback loop that amplifies ferroptosis. Inter-
estingly, cancer cells with polyamine overload
are not only more susceptible to ferroptosis but
can also transmit this sensitivity to surrounding
cells via extracellular vesicles [74].

Comorbidities influencing ferroptosis suscepti-
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bility

¢ Depression: Increased iron deposition in the
brain of patients with depression has been
linked to increased susceptibility to ferroptosis.
Iron catalyzes the generation of harmful hydrox-
yl radicals through the Fenton reaction, leading
to DNA oxidation and lipid damage, which in
turn compromise neurotransmitter synthesis
and the function of nerve cells [80].

* Diabetes: In type 1 diabetes, pancreatic B-cells
are extremely sensitive to oxidative stress.
Stimuli such as hyperglycemia and hyperlipid-
emia significantly increase oxidative stress in
B-cells, thereby amplifying their susceptibility
to ferroptosis [81]. In patients with hereditary
hemochromatosis, the accumulation of iron in
B-cells can induce cell death, leading to the de-
velopment of diabetes.

e Cardiovascular Diseases: Cardiovascular dis-
eases are closely associated with ferroptosis,
oxidative stress, and inflammatory responses.
Research indicates that ferroptosis may exac-
erbate the pathological processes of cardiovas-
cular diseases by augmenting oxidative stress
and inflammatory responses [82, 83].

e Tumors: In the tumor microenvironment, dys-
regulation of iron metabolism and increased
oxidative stress in tumor cells render them
more susceptible to ferroptosis. Studies have
shown that targeting ferroptosis pathways can
enhance the sensitivity of tumor cells to che-
motherapy and radiotherapy [84, 85].

The response to ferroptosis inhibitors or induc-
ers varies among individuals. For instance, neo-
natal hypoxic-ischemic encephalopathy can be
mitigated by Fer-1, but this therapeutic effect is
influenced by genetic factors and the severity
of the disease. Combining ferroptosis inhibitors
with other therapeutic modalities, such as che-
motherapy or radiotherapy, has shown promise
in improving therapeutic outcomes. For exam-
ple, in the treatment of gliomas, combined use
of ferroptosis inhibitors and radiotherapy can
enhance therapeutic efficacy [86].

Controversies and unresolved issues in the
study of ferroptosis in sepsis

While many studies suggest ferroptosis plays
a significant role in the development and pro-
gression of sepsis, there remains a debate re-
garding whether ferroptosis is a primary cause
of sepsis or merely a secondary event in the
disease’s pathophysiology. For instance, some
studies have found that iron chelators can re-
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duce iron ion concentrations, inhibit the occur-
rence of cellular ferroptosis, and thus improve
the survival rate of sepsis patients [87, 88].
However, other studies propose that ferroptosis
may be a consequence of systemic inflammato-
ry response syndrome and multiple organ dys-
function syndrome, rather than a direct initiator
of sepsis pathology [89, 90].

Currently, the detection methods for ferroptosis
are not fully standardized, and there are dif-
ferences in the detection indicators and meth-
ods used across studies. For example, some
studies assess the occurrence of ferroptosis
by detecting intracellular iron content and lipid
peroxidation products (e.g., MDA levels), while
other studies rely on specific cellular morpho-
logical changes, such as loss of cell membrane
integrity or mitochondrial shrinkage [62]. This
lack of uniformity complicates the interpreta-
tion of ferroptosis’ role in sepsis and hinders
the development of reliable biomarkers for clin-
ical application [59].

The precise molecular mechanisms underlying
ferroptosis, particularly in the context of sep-
sis, remain incompletely elucidated. While iron
metabolism and lipid peroxidation are well-es-
tablished triggers, the roles of key regulatory
proteins, such as ACSL4 and GPX4, as well as
the intricate signaling pathways involved (e.g.,
Nrf2/ARE pathway, ferroptosis-related autopha-
gy), require further investigation [74].

Sepsis can induce multi-organ dysfunction,
yet the roles and mechanisms of ferroptosis in
different organs remain unclear. For example,
whether ferroptosis plays a consistent role in
sepsis-associated complications like myocardi-
al injury and acute kidney injury, as well as the
specific mechanisms and targets in different
organs, warrants further study.

Although some studies have explored the po-
tential therapeutic value of ferroptosis inhibitors
in sepsis treatment, effective clinical strategies
and drugs are currently lacking [91, 92]. For ex-
ample, while iron chelators have demonstrated
therapeutic potential in experimental studies,
their clinical application faces challenges, in-
cluding drug toxicity, administration routes, and
dosage issues. Moreover, formulating person-
alized ferroptosis intervention strategies based
on individual differences, such as genetic back-
ground and disease severity, is a critical issue
that needs to be addressed.

Il Summary

This review summarizes the mechanisms of fer-
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roptosis, its primary biological responses, and
its role in the pathogenesis of sepsis. Ferropto-
sis plays a significant role in the inflammatory
processes of sepsis, contributing not only to
direct cell damage but also to the amplification
and persistence of the inflammatory response.
However, the molecular mechanisms and regu-
latory networks governing ferroptosis in sepsis
remain insufficiently understood. Further re-
search is essential to unravel these processes,
which could lead to novel therapeutic ap-
proaches for more effective clinical treatment.
Additionally, the identification and validation of
biomarkers related to ferroptosis hold promise
for early diagnosis and precision treatment of
sepsis. As our understanding of the mecha-
nisms of ferroptosis continues to evolve, there
is potential for it to bring new hope and direc-
tion in the clinical treatment of sepsis.
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