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Abstract.
Background: Alzheimer’s disease (AD) is a genetically intricate neurodegenerative disorder. Studies on “Ferroptosis in
AD”, “Pyroptosis in AD”, and “Necroptosis in AD” are becoming more prevalent and there is increasing evidence that they
are closely related to AD. However, there has not yet been a thorough bibliometrics-based investigation on this subject.
Objective: This study uses a bibliometric approach to visualize and analyze the literature within the field of three distinct
types of cell death in AD and explores the current research hotspots and prospective research directions.
Methods: We collected relevant articles from the Web of Science and used CiteSpace, VOS viewer, and Pajek to perform a
visual analysis.
Results: A total of 123, 95, and 84 articles were published in “Ferroptosis in AD”, “Pyroptosis in AD”, and “Necroptosis
in AD”, respectively. Based on keywords analysis, we can observe that “oxidative stress” and “lipid peroxidation”, “cell
death” and “activation”, and “Nlrp3 inflammasome” and “activation” were the three most prominent words in the field of
“Ferroptosis in AD”, “Pyroptosis in AD”, and “Necroptosis in AD”, respectively. Focusing on the breakout words in the
keyword analysis, we reviewed the mechanisms of ferroptosis, pyroptosis, and necroptosis in AD. By mapping the time zones
of the keywords, we speculated on the evolutionary trends of ferroptosis, pyrotosis, and necroptosis in AD.
Conclusions: Our findings can help researchers grasp the research status of three types of cell death in AD and determine
new directions for future research as soon as possible.
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INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent
complex irreversible neurological disorder. Origi-
nally described by the German Alois Alzheimer in
1907 [1], AD now affects one in ten adults over
the age of 65, and its prevalence increases with
age [2]. AD is mainly characterized by the for-
mation of amyloid-� (A�) plaque deposition in
senile plaques and intracellular neurofibrillary tan-
gles (NFTs) formed by hyperphosphorylation of tau
protein, and it is primarily explained by the amyloid
theory, tau theory, and nerve and blood vessel theory
[3, 4]. Amyloid-targeted therapy is the main treat-
ment option for AD [5], but as amyloid is challenged
as a therapeutic target, researchers are increasingly
interested in other neurochemical changes in AD
[6]. Recently, more and more studies have focus
on “Ferroptosis in AD”, “Pyroptosis in AD”, and
“Necroptosis in AD”, and the results revealed that
those three distinct types of cell death are closely
related to AD.

Ferroptosis is a morphologically, biochemically,
and genetically distinct form of cell death from apop-
tosis and various forms of necrosis [7]. Ferroptosis
is characterized by excessive accumulation of iron
that induces the Fenton reaction, leading to a sig-
nificant increase in reactive oxygen species (ROS)
and lipid accumulation to lethal levels, inducing fer-
roptosis [8, 9]. Ferroptosis cells can be distinguished
from other types of cell death by several changes
in cell morphology, metabolism, and protein expres-
sion. For example, ferroptotic cells are characterized
by reduced mitochondrial volume and increased
membrane density, with normal-sized nuclei and
chromatin condensation not present [10]. Multiple
hallmarks of ferroptosis have been identified in AD,
including increased accumulation of iron, elevated
levels of ROS and lipid peroxides, and depleted lev-
els of reduced glutathione and glutathione peroxidase
4 (GPX4) activity. Numerous studies have demon-
strated that iron overload initiates a cascade of events,
such as glial activation, and triggering the formation
of A� plaques and tau tangles. These events subse-
quently promote plaque deposition and the formation
of NFTs in the elderly, ultimately driving disease
progression and accelerating cognitive decline [11,
12].

Pyroptosis is a type of programmed cell death
characterized by necrosis and inflammation, which
is triggered by inflammatory caspases [13]. Pyropto-
sis, as a biological process, is known for its ability to

release cytoplasmic contents from dying host cells.
This release of contents serves as a potent molecular
signal, initiating inflammatory cascades that aid in the
elimination of pathogens within the host. The process
is as follows: the activation of inflammatory caspases
specifically cleaves gasdermin D at the interdomain
loop, thereby releasing the N-terminal pore-forming
domain [14], cell membrane pores are formed, per-
meability increases, cells swell, capsules rupture,
and eventually the contents of the cell are released,
which activates a stronger inflammatory response
[15]. However, it is important to note that excessive
activation of pyroptosis can intensify the inflamma-
tory response, thereby implying its involvement in
the pathology of various diseases [16]. Another study
pointed out that high levels of Interleukin-1 � (IL-1
�) induce tau hyperphosphorylation and aggravate
AD pathogenesis [17]. Although, as a necrotizing,
inflammatory type of programmed cell death induced
by caspases, pyroptosis has been recognized for many
years, the discovery of pyroptotic executive cells has
attracted academic attention because of its role in
triggering caspase-mediated cell death [18]. To initi-
ate inflammation and defense, inflammasomes such
as Nlrp3, Nlrp1b, Nlrc4, the HIN-200 family mem-
ber AIM2, and the tripartite motif (TRIM) family
member pyrin/TRIM20 meets and relies on caspase-
1 activation to release mature IL-1 � and IL-18 and
induce pyroptosis. Studies have proven that pyrop-
tosis is relevant to the pathological mechanism of
AD [19]. The inflammasome and proinflammatory
cytokines in the pyroptosis activation pathway also
have been proven to be related to the pathogenesis
of AD, and the AD markers A� and tau proteins
have been shown to be involved in the occurrence
of pyroptosis [19].

Necroptosis is characterized by both apoptosis
and necrosis. Receptor-interacting protein kinases
(RIPKs) are critical mediators of necroptosis, among
them the activation of three crucial proteins (RIPK1,
RIPK3, and MLKL) in the brain of patients with AD
is significantly increased [20, 21]. When cells become
damaged by chemical, mechanical, or inflammatory
stress, they undergo necrosis [22]. It is characterized
by cell organelles and the cell itself swelling, which
leads to cell rupture and damage to extracellular space
[23]. Necroptosis is carried out by the effector pro-
teins RIPK1 and RIPK3 and the executioner protein
MLKL. When caspase-8 was inhibited, the necro-
tizing apoptotic cell death pathway was activated. A
phosphorylated RIPK1 recruits and phosphorylates
MLKL, while an oligomerized MLKL translocates to
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the plasma membrane, where it interacts with phos-
pholipids to produce MIKL pores, leading to cell
lysis, eventually leading to necrotic apoptosis [24].
Overall, necroptosis in the presence of inhibition
of Caspase-8 activity responds to multiple signaling
pathway activation, such as death receptors (TNFR,
Fas, TRAIL-R) and pattern recognition receptors
(such as TLR3 and TLR4) and IFN signaling [25].

Bibliometric analysis is a technique for review-
ing and analyzing studies in a specific field of
study during a specific period in both a qualita-
tive and quantitative manner [26]. This approach
concentrates on nations, organizations, publications,
authors, and keywords, which are connected to the
study in a certain topic. Additionally, it conducts
performance analyses on authors, institutions, and
countries, which provides readers with an objective
view of the trends and boundaries in this area [27,
28]. Therefore, this study was conducted to point
out evolutionary tendencies and emerging hotspots
of “Ferroptosis in AD”, “Pyroptosis in AD”, and
“Necroptosis in AD” as well as to offer direction for
future research and scientific decision-making.

MATERIALS AND METHODS

Data sources and search strategies

The study’s chosen data source was the Web of
Science, and to guarantee the completeness and accu-
racy of the data that was retrieved, the “citation
index” was set to SCI-EXPANDED. It should be
noted that the Web of Science has been regarded as
the best database for bibliometric analysis and has
been approved by most scholars as a high-quality
digital literature resource database. Therefore, we
conducted a literature search on the Web of Science
Core Collection (WoSCC) database. Figure 1 depicts
the retrieval procedure in detail and all retrieved
records were downloaded in “plain text” format.
We restricted the literature category to “article or
review”, the language type to “English”, and set #1
Free words for Alzheimer’s disease (Supplementary
Material), #2 for TS = Oxytosis OR TS = ferroptotic
OR TS = ferroptosis, #3 for TS = pyroptotic OR
TS = pyroptosome OR TS = pyroptosis, and #4 for
TS = Necroptosis OR TS = necroptotic. Then we
searched 3 times, respectively #1 and #2, #1 and #3,
and #1 and #4. Finally, we retrieved 129 articles and
115 reviews from searches #1 and #2, 95 articles and
66 reviews from searches #1 and #3, and 96 arti-
cles and 51 reviews from searches #1 and #4. The

next step we read the titles, abstracts, and even full
texts of the papers to eliminate those unrelated to
our subject. Finally, we use VOS viewer, CiteSpace,
Pajek and other visualization software for visualiza-
tion analysis. Then we extracted and analyzed data
from the visualization to obtain relevant information
results such as “Countries, Institutions and Journals”,
“Cited and Co-cited Authors”, “Cited and Co-cited
references”, and “Keywords”.

Statistical analysis

In this research, Microsoft Office Excel, VOS
viewer (version 1.6.19), CiteSpace (version 6.2.R3),
Pajek, and Scimago Graphica were used for visual
analysis.

CiteSpace is a Java-based citation analysis
application for scientometrics and data/information
visualization. It is utilized for illustrating the dis-
tribution, patterns, and relationships of scientific
knowledge [29]. It can be used to create author,
literary, and other visual networks, compute between-
ness centrality, perform burst detection, and identify
changes in present research hotspots and developing
trends [30]. It was applied to research cited articles
and keywords in this study.

VOS viewer, a free computer program for con-
structing and viewing visual bibliometric charts
based on web data, can comprehend scientific
research’s dynamic evolution and structure sys-
tematically [31]. Pajek is a sophisticated tool for
investigating the numerous complex nonlinear net-
works that are currently in existence. It is a huge
complex network analysis tool. In our study, we use it
to assist the VOS viewer in forming a more beautiful
and clear visualization.

RESULTS

Annual publications and trends

The volume of publications over each period
reflects the direction of the research in that area.
According to our search strategy (Fig. 1), there
were 125, 95, and 84 studies on “Ferroptosis in
AD”, “Pyroptosis in AD”, and “Necroptosis in AD”,
respectively, and the number of publications in these
three fields increased year by year (Supplementary
Figure 1). It is evident that attention in this area is
gradually growing, which may be due to the aging
of the global population, rising economic status, and
advancements in research and technology. We can see
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Fig. 1. Diagram of literature retrieval processes.

from the figure that the slope of the annual cumulative
publication volume of “Ferroptosis in AD”, “Pyrop-
tosis in AD”, and “Necroptosis in AD” in 2021–2022
is the largest, that is the total number of papers in
this period is significantly higher than that in other
periods.

Analysis of authors and co-cited authors

A total of 649, 897, and 513 authors contributed to
publications on “Ferroptosis in AD”, “Pyroptosis in
AD”, and “Necroptosis in AD”, respectively. The top
10 authors for publications in the 3 fields are listed in
Supplementary Table 1. Network visualization can

show that each cluster provides information about
the research field’s representative scientists and core
strengths. In this context, author collaborations can
be used to spot research cliques, and author analysis
can reveal how researchers vary and agree on particu-
lar study topics. In our visualization of Fig. 2, we can
see the visualization of authors related to “Ferrop-
tosis in AD”, “Pyroptosis in AD”, and “Necroptosis
in AD”, respectively. The size of the node represents
the active degree of the author, and the shorter the
distance of the node connection, the stronger the rela-
tionship and the closer the cooperation. We can see
that some of the authors do not know one another, but
some authors work closely together. As these three
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Fig. 2. Visualization of authors related to “Ferroptosis in AD” (A), “Pyroptosis in AD” (B), and “Necroptosis in AD” (C).

fields are emerging, there is not much difference in
the number of articles that the authors have published,
but we can observe that “Yuan, Junying”, “Lei, Peng”,
and “Gordon, Richard” had the highest average cita-
tions in “Ferroptosis in AD”, “Pyroptosis in AD”, and
“Necroptosis in AD”, respectively, indicating their
influence is bigger in these three areas.

Analysis of cited and co-cited references

Supplementary Table 2 shows the top 10 cited ref-
erences as shown in the figure. The most cited article
in the field of “Ferroptosis in AD” is “Ablation of
ferroptosis regulator GPX4 in forebrain neurons pro-
motes cognitive impairment and neurodegeneration”,
which indicates that forebrain neurons are vulnera-
ble to ferroptosis, suggesting that AD may involve
ferroptosis as a neurodegenerative process, giving
us hope for treating neurodegenerative diseases such
as AD [32]. The most cited article in the field of
“Pyroptosis in AD” is “NLRP3 inflammasome activa-
tion drives tau pathology”. This shows how NLRP3
inflammasome activation causes tau pathology and
supports the amyloid cascade hypothesis in AD [33].
The article with the most citations in the discipline
of “Necroptosis in AD” is “Necroptosis activation in
Alzheimer’s disease”, which reveals a new cell death
pathway in AD patient’s brains: necroptosis, a novel
form of programmed cell death, leads to the death
of neurons, resulting in the worsening of AD, cogni-
tive decline, and brain atrophy. This study offers new
hope for treating brain cell death and opens a new
window for AD research [34].

The clusters in the three domains are enumer-
ated in Supplementary Table 3. Figure 3A-C shows
the citation reference map of “Ferroptosis in AD”,

“Pyroptosis in AD”, and “Necroptosis in AD”,
respectively (nodes in the figure represent cited refer-
ences, and lines between nodes represent co-citation
relationships). The various colors in the nodes rep-
resent different years, and the larger the node area,
the greater the number of citations. Purple rings rep-
resent centrality, and nodes with high centrality are
considered key points in the literature. Figure 3D-
F shows the Cluster view plot of cited references
for “Ferroptosis in AD”, “Pyroptosis in AD”, and
“Necroptosis in AD” (The various colors in the clus-
ter represent different years, and the larger the cluster
area, the greater the number of citations. Nodes in
the map represent cited references). Cluster anal-
ysis categorized the majority of terms related to
“Ferroptosis in AD” into 11 primary groups (Sup-
plementary Table 3) and the first three clusters in
the field were “selective ferroptosis vulnerability
“, “age-associated neurodegenerative diseases”, and
“iron exposure”. Of all clusters, “selective ferropto-
sis vulnerability” (cluster #0) had the most articles
with 39. The major citing article of the cluster is
“Ferroptosis as a mechanism of neurodegeneration
in Alzheimer’s disease”. This review describes the
increasing molecular and clinical evidence impli-
cating ferroptosis in AD pathogenesis and suggests
that iron and ferroptosis may be therapeutic targets
for AD [35].

Cluster analysis categorized the majority of terms
related to “Pyroptosis in AD” into 11 main cate-
gories (Supplementary Table 3), and the first three
clusters in this area were “pathological tau”, “regu-
lated cell death”. and “ion flux”. Of all the clusters,
“pathological tau” (cluster #0) had the most arti-
cles with 59 articles, and the most cited article in
this cluster is “Pyroptosis, and its Role in Central
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Fig. 3. Visual analysis of most commonly cited references. Visualization of co-cited references related to “Ferroptosis in AD” (A), “Pyroptosis
in AD” (B), and “Necroptosis in AD” (C). A-C) Nodes are sized according to the number of citations. Cluster analysis of co-cited references
related to “Ferroptosis in AD” (D), “Pyroptosis in AD” (E), and “Necroptosis in AD” (F).

Nervous System Disease”, which describes the char-
acteristics, molecular regulatory mechanisms, and
therapeutic targets of pyroptosis, as well as their
role in various forms of neurological disease, as
well as promising new therapeutic strategies against
pyroptosis [36].

Cluster analysis categorized the majority of terms
related to “Necroptosis in AD” into 9 main categories
(Supplementary Table 3) and the top three clusters in
the field were “ripk1-mediated neuroinflammation”,
“Coeloglossum viride var”. and “molecular mecha-
nism”. Of all clusters, “ripk1-mediated neuroinflam-
mation” (cluster #0) had the most articles with 35
articles. The major citing article of the cluster is
“Necroptosis and RIPK1-mediated neuroinflamma-
tion in CNS diseases”. This paper reviews necroptosis
in neurological illnesses and suggests that inhibit-
ing RIPK1 may help suppress numerous cell death
pathways, reduce neuroinflammation, and treat AD.

The profile value (S) reflects the cluster’s mean
contour value. In general, if S > 0.5 and S > 0.7, the
clustering is deemed correct and convincing, respec-
tively. In this study, all the clusters we chose above
were > 0.7 indicating that the clusters were consid-
ered credible.

Analysis of keywords

Figure 4A-C shows the Keyword plots of “Ferrop-
tosis in AD”, “Pyroptosis in AD”, and “Necroptosis
in AD” (nodes in the plots represent keywords). Line
shows the co-occurrence relation between nodes.
The various colors in the nodes represent differ-
ent years, and the larger the node area, the higher
the frequency. Purple rings represent centrality, and
nodes with high centrality are considered key points
in the literature. According to CiteSpace’s visual
keyword analysis (Fig. 4A-C) and the top ten key-
words with the highest frequency (Supplementary
Table 4), in the field of “Ferroptosis in AD” we
can observe that “Alzheimer’s disease”, “oxidative
stress”, and “lipid peroxidation” were the three most
prominent words; alpha lipoic acid (0.4), activation
(0.34), and cerebrospinal fluid (0.32) showed highest
intermediary centrality. In the field of “Necroptosis in
AD”, “Alzheimer’s disease”, “nlrp3 inflammasome”,
and “activation” were the three most prominent
words; brain (0.43), caspase 1 activation (0.35),
and gasdermin-d (0.25) showed highest intermedi-
ary centrality. In the field of “Pyroptosis in AD”,
“Alzheimer’s disease”, “cell death”, and “activation”
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Fig. 4. Visualization of keywords in “Ferroptosis in AD” (A), “Pyroptosis in AD” (B), and “Necroptosis in AD” (C). Burst keyword analysis
in “Ferroptosis in AD” (D), “Pyroptosis in AD” (E), and “Necroptosis in AD” (F).

were the three most prominent words; double cell
death (0.45), Alzheimer’s disease (0.35), and amyloid
precursor protein (0.34) showed highest intermediary
centrality.

Burst keyword analysis may track a topic’s devel-
opment, foretell its future course, and uncover
possible flashpoints. We collected all burst keywords
in the three domains (Fig. 4D-F). Figure 4D-F shows
the Burst plots of keywords from “Ferroptosis in
AD”, “Pyroptosis in AD”, and “Necroptosis in AD”
(red bars indicate that the keyword is frequently cited
and green bars indicate that the keyword is infre-
quently cited).

In the domain of “Ferroptosis in AD”, the focus
of the keywords was primarily between 2020 and
2021. The strongest keywords are “accumulation”,
“mechanisms” stress”, “autophagy”, and “neurode-
generative”. Furthermore, “mechanisms”, “stress”,

“autophagy”, and “neurodegenerative” had not only
been followed for the longest time, and so far they
are still the burst words. This shows that scientists are
currently concentrating their efforts on understanding
the mechanisms underlying AD.

In the field of “Pyroptosis in AD”, the year with
the most Burst keywords was 2022. The stronger key-
words are “infection”, “porphyry monas gingivalis”,
“p2x (7)receptor”, “interleukin 1 beta”, “age”; “neu-
roinflammation”, “age”, “oxidative stress”, “mecha-
nisms” had followed for the longest time; the latest
bursts were concentrated in “neuroinflammation”,
“mouse model”, “oxidative stress”, “mechanisms”
caspases” “pathology”, “small molecule inhibitor”
“nlrp3 inflammasome activation”, and “signaling
pathway”. All of these pointed to the possibility that
the current hotspots may be centered on the question
of how pyroptosis causes AD.
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In the field of “Necroptosis in AD”, the year
with the most Burst keywords was 2021. The
stronger keywords are “neuronal cell death”, “pro-
tein”, “nlrp3 inflammasome”, “nf kappa b”, and
“memory” indicating that “cognitive impairment”,
“neurodegeneration”, and “mouse model” followed
for the longest time, and so far they are still the
Burst words. Except for the three above, the latest
bursts were concentrated in “nlrp3 inflammasome”
and “necroptosis”.

The biggest role of the keyword time zone map is
to help beginners in a certain field quickly understand
the development of a certain field’s pulse and predict
the direction of development. Figure 5A-C shows the
time zone view of the keywords (The nodes in the
figure represent the keywords. Lines between nodes
represent co-occurrence relationships. Various col-
ors in the nodes represent different years; the larger
the node area, the higher the frequency. Purple rings
represent centrality; nodes with high centrality are
considered key points in the literature). For exam-
ple, our research in Fig. 5A in 2023 mainly focuses
on neurons, transition metals, behavior brain insulin
resistance, calcium homeostasis, astrocytes, cell, and
alternative activation. In Fig. 5B, in 2023 research
mainly focuses on inflammatory caspases, associa-
tion, gsdmd, autoinhibition, cognitive dysfunction,
functional enrichment analysis, and accumulation.
In Fig. 5C, in 2023 research focuses on mitochon-
drial dysfunction, programmed cell death, amyloid
degrading enzymes, gene expression, extracellular
tau, and hippocampal.

Analysis of countries/regions and analysis of
institutions

There were 123 articles published on “Ferropto-
sis in AD” by a total of 174 organizations from 23
countries. 95 manuscripts were published in the field
of “Pyroptosis in AD” by 280 organizations from
37 countries. 163 organizations from 25 countries
contributed 84 publications to the field of “Necrop-
tosis in AD”. The top ten productive countries and
institutions in these three domains are in Supplemen-
tary Table 5. China and the United States were the
top two countries for publishing in all three areas,
with Australia having a higher average number of
publications in all three areas. Additionally, China,
the United States, and Australia were all cited a lot,
which indicates that they have made a substantial
contribution and influence in this area. The size of
the circle in Supplementary Figure 2A-C indicates

the number of papers published, and the thick line in
the middle line of Supplementary Figure 2D-F indi-
cates the close degree of cooperation between the two
countries. Supplementary Figure 2 clearly shows a
collaborative network of publications and relation-
ships in each country, and it is worth noting that there
is a lot of active collaboration between different coun-
tries. For example, China and the United States have
active cooperation in three areas.

Analysis of journals

A total of 74, 89, and 69 journals distributed
publications on “Ferroptosis in AD”, “Pyroptosis in
AD”, and “Necroptosis in AD” respectively. Supple-
mentary Table 6 shows the top 10 most productive
journals in the three fields. Supplementary Figure 3A-
C shows the visualization of journals, Supplementary
Figure 3D-F shows the visualization of the years of
literature published, and Supplementary Figure 3G-
I shows the thermodynamic chart of journals. Acta
Neuropathologica Communications (IF7.1), Fron-
tiers in Aging Neuroscience (IF8.3), and Frontiers
in Immunology (IF7.3) ranked first in “Ferroptosis
in AD”, “Pyroptosis in AD”, and “Necroptosis in
AD” respectively. Obviously, the average publication
of the three journals, Cell Death and Differentia-
tion, Redox Biology, and Cell Death & Disease were
the highest in the three leading rates of “Ferropto-
sis in AD”, “Pyroptosis in AD”, and “Necroptosis
in AD”, respectively, indicating that they had the
greatest influence. Supplementary Figure 4 shows the
journal double maps. Journal double maps shows the
citation relationship between journals and co-cited
journals and the fields in which they are mainly con-
centrated. The left side is the citing journal group, and
the right side is the cited journal group. The orange
path is the main citation path, which represents the
research published in Molecular/Biology/Genetics
that was mainly cited by the literature in Molecu-
lar/Biology/Immunology.

DISCUSSION

General overview

In this study, we objectively analyzed the litera-
ture in the fields of “Ferroptosis in AD”, “Pyroptosis
in AD”, and “Necroptosis in AD” using bibliometric
techniques. We discovered that these three fields are
constantly changing, especially “Ferroptosis in AD,”
which is anticipated to become a new AD hypoth-
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Fig. 5. The keyword time zone map in “Ferroptosis in AD”, “Pyroptosis in AD”, and “Necroptosis in AD”.
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esis. Analysis based on keywords, in the field of
“Ferroptosis in AD” we can observe that “oxida-
tive stress” and “lipid peroxidation” were the two
most prominent words. In the field of “Pyroptosis in
AD”, “cell death” and “activation” were the two most
prominent words and in the field of “Necroptosis in
AD”, “nlrp3 inflammasome” and “activation” were
the two most prominent words. The central content
and hotspots of a particular field are revealed by co-
cited articles and literature cluster analysis. Highly
cited articles can indicate central research, whereas
high-intensity outbreaks can indicate the emergence
of academic hotspots [37]. In this study, “Cell Death
and Differentiation” had the highest impact factors
in the area of “Necroptosis in AD” and “Ferrop-
tosis in AD”, “Journal of Neuroinflammation” had
the highest impact factor in the field of “Pyropto-
sis in AD”, and “Cell Death and Differentiation”,
“Redox Biology” and “Cell Death & Disease” had
the highest average citations in the above three fields,
respectively, indicating that their published articles
were of high quality and had strong persuasive power
and influence. While among the top 10 institutions,
Harvard Medical School, Sichuan University, and
University of Queensland are international leaders
in the fields of “Ferroptosis in AD”, “Pyroptosis in
AD”, and “Necroptosis in AD” respectively. In addi-
tion, we can observe that the institutions in these three
fields have contacts and exchanges with each other. If
the institutions can have more cooperation and com-
munication in the future, it will be conducive to the
development of related fields.

Mechanisms of ferroptosis, pyroptosis, and
necroptosis in AD

Ferroptosis and AD
Iron in the brain is controlled by a precise and

tightly controlled mechanism, and when it is dysreg-
ulated, both iron overload and deficiency are harmful
to the brain [38]. The most typical histopathological
features of AD are the deposition of extracellular A�
in senile plaques and intracellular NFTs formed by
hyperphosphorylation of tau protein. Many studies
have shown that brain iron dyshomeostasis is tightly
associated with A� plaques and NFTs. Iron can
enhance �-secretase activity by reducing Furin [39,
40], thereby favoring �-secretase activity [41] and
enhancing the amyloid-producing pathway [42]. Iron
also directly binds to A� in the amino acid residues
of His6, His13, and His14, thus strengthening the
neurotoxicity of A� [43, 44]. Additionally, tau hyper-

phosphorylation and aggregation impair the surface
transport of A�PP, which leads to toxic neuronal
iron accumulation and aggravation of NFT, leading
to a vicious cycle that eventually leads to AD [45,
46]. Neuroinflammatory response also are the typi-
cal changes of AD pathogenesis. The inflammatory
response releases cytokines and pro-inflammatory
substances, which in turn promote the accumulation
of iron ions in nerve cells. Excess iron ions can trig-
ger further worsening of the inflammatory response,
forming a vicious cycle that leads to cell death. The
pathogenesis of AD is iron promoting the production
of free radicals and oxidative stress. In general, oxida-
tive stress levels are higher in the brains of patients
with AD, which leads to increased iron release and
accumulation in nerve cells. Excessive iron ions will
react with oxygen free radicals and produce harm-
ful oxidative substances that damage cellular lipids,
proteins, and DNA, eventually leading to cell death,
and this ferroptosis-induced neuronal loss in AD has
attracted increasing attention [47, 48].

According to the mechanism of “Ferroptosis in
AD”, many pharmacological modulators of the fer-
roptosis pathway have been identified, targeting
proteins involved in iron homeostasis and autophagy;
the production and detoxification of lipid peroxides,
and cyst(e)/glutathione metabolism [49]. Ferroptosis
can be prevented with iron chelators, antioxidants,
and ferroptosis blockers. Although various molecules
have been found to have the potential to alleviate iron
homeostasis and prevent ferroptosis, finding a way for
these potentially useful drugs, such as iron chelators
and antioxidants, to efficiently move the blood-brain
barrier across the brain to exert their effects while
avoiding systemic side effects will be the great-
est challenge for future pharmacological studies of
AD treatment based on the underlying “ferroptosis
hypothesis” [50].

Pyroptosis and AD

A� plaque deposition and NFTs can activate neu-
roinflammation, and neuroinflammation can both
promote and accelerate the occurrence and devel-
opment of AD, so the neuro-inflammatory response
plays an important role in the occurrence and
development of AD. When the central nervous
system is damaged or inflamed which releases
cytokines and proinflammatory substances such as
IL-1�, it induces the proliferation and recruitment
of neuroinflammation-related cells, microglia and
astrocytes, to the corresponding sites, mediating the
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occurrence of neuroinflammation. At present, there
are two relatively established pyroptosis pathways,
namely, the classical pathway, which is dependent on
caspase-1 [51], and the non-classical pathway, which
is dependent on caspase-4/5/11, and by recogniz-
ing danger signals from pathogens and host sources,
inflammasomes initiate inflammation, participate
in pathogen removal, and complete the adaptive
immune response [52]. The inflammasome mainly
consists of receptor protein, apoptosis-associated
speck-like protein (ASC), and pro-caspase-1. The
inflammasome is associated with the occurrence
and development of AD. NLRP1 is the first mem-
ber of the discovered NOD-like receptor (NLR)
family, it induces downstream inflammatory cas-
cade through caspase-1 activation, IL-1� and IL-18
maturation, and neuronal death, which further con-
tributes to the development of AD [53]. NLRP3 is
a relatively common inflammasome and has been
extensively studied, which is considered a poten-
tial inflammatory marker. On the one hand, the
NLRP3 inflammasome has been shown to signifi-
cantly cause age-related cognitive decline and can
be effectively activated by A� plaques. On the
other hand, the NLRP3 inflammasome also promotes
hyperphosphorylation of tau proteins, causing them
to accumulate in neurons, which implies that target-
ing focal death may be the next therapeutic target
for alleviating AD pathology [19]. There are many
various inhibitors of the NLRP3 cascade to inter-
vene in AD by blocking the expression of NLRP3,
ASC, and caspase-1, neutralizing the expression of
inflammatory cytokines, and inhibiting the activity of
related enzymes at present [54]. Moreover, the small
molecule MCC950 containing A dimeric sulfony-
lureas can block canonical and non-canonical NLRP3
activation and improve A� phagocytosis in cul-
tured microglia, suggesting that compounds based on
MCC950 and MCC950 are a promising treatment for
AD [55].

Necroptosis and AD

In a recent study conducted by Tanaka et al., it
was demonstrated that neuronal necrosis not only
contributes to the development of dementia but also
reaches its highest point during the stage of mild
cognitive impairment preceding the clinical mani-
festations of AD [56]. The execution of necroptosis
involves three core components, namely receptor-
interacting protein kinases RIPK1, RIPK3, and mixed
lineage kinase domain-like protein (MLKL). In spe-

cific conditions, necroptosis is activated by DRs,
TNF-�-triggered necroptosis is the most widely stud-
ied mechanism of necroptosis, and IFN signaling
is known as a signaling pathway that can activate
necroptosis. IFN signaling is known as a signaling
pathway that can activate necroptosis. Upon acti-
vation, MLKL binds to the cytoplasmic membrane
via an affinity site that binds phosphatidylinositol
phosphate, and when MLKL undergoes translocation
to the cytoplasmic membrane, it disrupts membrane
integrity in a dose-dependent manner. Necroptosis
is activated to participate in several pathological
processes of AD. For example, RIPK1/RIPK3 com-
plex forms an insoluble amyloid complex for A�
aggregation upon activation of necroptosis [57]. A�
aggregates, in turn, promote neuronal necroptosis
through the RIPK1-MLKL axis, that is, necropto-
sis and A� may form a cascade effect in AD. That
is, necrotizing complexes promote A� aggregation
to form plaques, and A� diffusion over time fur-
ther exacerbates neurotoxicity and disease severity.
In addition, tau by activating RIPK1/RIPK3/MLKL
and the NfkappaB pathway mediated necrotic apop-
tosis and inflammation, to promote cell death [58,
59].

Of course, in addition to these two points, cur-
rently, numerous studies have evidenced necroptosis
participates the involvement of necroptosis in AD
pathology both in vitro and in vivo by neuronal death
[22], blood-brain barrier damage [60], granulovac-
uolar degeneration [58], synaptic loss [61], restricted
O-linked �-N-acetylglucosaminylation [62, 63], and
mitochondrial impairment [64], leading to subse-
quent cognitive impairment [57].

The mechanism of necroptosis has prompted
specifically targeting the regulatory constituents
involved in the apoptotic mechanism namely RIPK1,
RIPK3, and MLKL to develop inhibitors. In com-
parison to RIPK1 and RIPK3, the discovery of
inhibitors targeting MLKL has been relatively limited
[20], and inhibiting RIPK1 and using nanotechnol-
ogy for delivery will be the most effective means
of preventing additional cell death in the brain [23].
Disappointing, only a few inhibitors were applied
to clinical, and most of the inhibitor has still not
even entered clinical trials. Although the role of
necroptosis in AD is multifaceted, and inhibition of
necroptosis activation may serve as a multi-target
treatment for AD, it is difficult to use proteins known
to regulate these pathways because AD is a slowly
progressive disease with varying degrees of necropto-
sis at different pathological stages and the complexity
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of necrosis pathways [65]. Therefore, we still need to
continue to explore and study.

Limitation

This is the first study to describe “Ferroptosis in
AD”, “Pyroptosis in AD”, and “Necroptosis in AD”.
A bibliometric analysis was performed, but there are
still some limitations. First, some keywords from
the literature search might not have been included
in the analysis, which could have an impact on the
outcomes. Furthermore, the quality of the literature
that was chosen for this study’s articles and reviews
differed, which could undermine the validity of the
analysis as a whole. However, a rapid overview of the
study subjects, research hotspots, and trends in the
areas of “Ferroptosis in AD”, “Pyroptosis in AD”,
and “Necroptosis in AD” is unquestionably provided
by the bibliometric analysis based on literature.

Conclusion

AD is a complex and mainly multifactorial chronic
neurodegenerative disease. It is very complex that
a single drug or intervention can avoid, reduce, or
reverse the disease [66]. With the continuous devel-
opment of research by domestic and foreign scholars,
ferroptosis, pyroptosis, and necroptosis, have been
confirmed to play an important role in AD, but studies
on them in AD are still in the initial stage. In addi-
tion, the upstream and downstream roles of most cell
death-related AD pathogenesis have not been thor-
oughly studied, and the relevant signaling pathways
remain to be explored [67]. Therefore, researchers
need to consider different therapeutic targets at dif-
ferent stages of AD, and the efficacy and safety of
these therapies in the treatment process need to be
further verified to provide new concepts and effec-
tive strategies for the prevention and treatment of AD
in the future [68, 69].
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