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Objective: To visualize and analyze the trends and hotspots of efferocytosis and
inflammation via bibliometric methods.

Methods: Relevant articles and reviews from 2006 to 2023 were retrieved from
the Web of Science Core Collection. The data were processed with CiteSpace,
and some graphs were generated with Microsoft Excel (version 2016), VOSviewer,
Scimago Graphica, Bibliometrix and R Studio.

Results: A total of 1,003 papers were included, revealing a significant upward
trend in efferocytosis and inflammation research. The United States (456,
45.46%), China (164, 16.35%) and the United Kingdom (99, 9.87%) were the three
countries with the highest numbers of publications. Harvard University (84,
6.74%) contributes the most out of the top 5 institutions. Among the researchers
in this field, Serhan CN was the author with the highest number of articles in
the field (35, 3.49%), and deCathelineau AM first named "efferocytosis” in 2003.
Keyword analysis identified "activation,” "tam receptors,” “docosahexaenoic
acid” “systemic lupus erythematosus,” “myocardial infarction” and “alveolar
macrophages” as core topics, indicating a concentrated trend in the mechanism
of physiological state and inflammatory diseases such as autoimmune,
cardiovascular, and pulmonary diseases. The latest surge words “inflammation
resolution” and “cancer” in the keyword heatmap indicate future research
directions.
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Conclusion: Research on the association between efferocytosis and
infammation has been a promising field. Key areas of focus include the
crucial role of efferocytosis on tissue homeostasis and the pathogenesis of
nontumorous inflammatory diseases. Future research will likely continue to
explore these frontiers, with an emphasis on understanding efferocytosis in the
context of chronic diseases and cancer, as well as developing novel therapeutic
strategies.
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1 Introduction

Billions of cells die every day in the human body (1). Efferocytosis,
the process by which dying or dead cells are cleared by phagocytes, is
crucial for maintaining tissue homeostasis and preventing
inflammation. Professional phagocytes, such as macrophages and
dendritic cells, are well-equipped with specific receptors and signaling
pathways that facilitate the recognition and engulfment of apoptotic
cells. Non-professional phagocytes, including epithelial cells and
fibroblasts, can also participate in efferocytosis, though their
mechanisms are less specialized (72). Efferocytosis is a cooperative
process between phagocytes and apoptotic cells, regulated by signaling
molecules known as “find-me” and “eat-me” signals. Phagocytes
express receptors that recognize apoptotic ligands and interact with
the cytoskeleton to bind to them, inducing phagosomes-lysosome
fusion to degrade apoptotic cells (2). As apoptotic cells are
phagocytosed, macrophages inhibit the production of inflammatory
factors and mediate the repair process (3).

When efferocytosis is impaired, many apoptotic cells cannot
be removed promptly and can accumulate in the body. This process is
followed by secondary necrosis, rupture of cell membranes and the
release of cellular contents, such as damage-associated molecular
patterns (DAMPs) (4). Release of cellular contents triggers inflammation
and the immune response, and leads to chronic inflammatory diseases
and autoimmune disorders (4), such as atherosclerosis (5), obstructive
pulmonary disease (6), rheumatoid arthritis, systemic lupus
erythematosus, type 1 diabetes, and inflammatory bowel disease (7).

Bibliometrics is used to explore emerging trends in a specialized
field (8), and the most commonly used bibliometric tools for its
visualization are CiteSpace and VOSviewer, both of which are widely
used in fields such as medicine, biology, and immunology (9, 10).
Only few articles has revealed research trends in the field of
efferocytosis (11, 12), but no bibliometric study has systematically
characterized the relationship between efferocytosis and inflammation.
Our study highlights the research hotspots and academic trends in
this field for researcher with emphasis on the role of efferocytosis in
the pathogenesis of inflammatory diseases and autoimmune diseases.
We hope that these findings will provide new insights for future drug
development and disease treatment.

2 Methods
2.1 Data collection

The data were obtained from the Web of Science Core Collection
(WoSCC), with the following search formula: TS = (efferocytosis)
AND TS = (inflammatory OR inflammation OR inflammations); the
type was limited to treatises and reviews; the language was limited to
English; and the search was conducted on December 03, 2023. The
search process is shown in Figure 1. A total of 1,003 papers were
included, of which 740 were treatises and 263 were reviews.

2.2 Data analysis

The retrieved literature data were imported into CiteSpace
(version 6.2.R6) for further analysis (13). The exact parameters were
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Literature from Web of Science Core Collection
Time: 15t Jan 1999-31 Dec 2023

TS = (efferocytosis) AND TS = (inflammatory
OR inflammation OR inflammations)

l

| 1072 literature studies included |

|

| Publication Types = Article OR Review |

Excluded | Meeting Abstract 33 |
"""""" 7 Editorial Material 28 |
i Book Chapters 7 i

| 1004 literature studies included |

Language = English

B

1003 literature studies included
(740 articles and 263 reviews)

FIGURE 1
Flowchart of the literature selection process.

set as follows: method (LLR), time slicing (January 2006-December
2023), year/slice(1), term source (title, abstract, author keywords, and
keyword plus), and node type (keyword).

We evaluated the number of publications, major countries,
research institutions, authors and keywords in the field of
efferocytosis and inflammation research. We analyzed highly
cited articles, and conducted co-occurrence analysis, clustering
analysis and burst visualization of keywords. The keyword
co-occurrence network consisted of nodes and connecting lines.
The larger the nodes are, the more articles there are in that
research direction, and the thicker the connecting lines are, the
closer the association. Keyword clusters are network groups
composed of keywords with similar research topics, reflecting the
evolution of topics in the field over a certain time interval. The
keyword timeline cluster graph introduces time into the network,
presenting the historical trajectory and time span of the keyword
evolution in each cluster. The results of the keyword bursts
indicate a sharp increase in the intensity of a research direction
over time and are used to identify research hotspots. Graphs were
also generated via Microsoft Excel (version 2016), Scimago
Graphica, Bibliometrix and R Studio.

3 Results
3.1 The global growth trend of publications

The number of publications is an essential indicator of the
development trend of the research field. A total of 1,003 papers cited
45,109 publications, with an average of 39.86 citations and an h-index
of 100 citations. Figure 2 shows that annual publications in the field
rose from 4 in 2006 to 143 in 2022, and annual citations grew from
6 in 2006 to 7,496 in 2022. These studies spanned 74 research areas:
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FIGURE 2
Publications and citations over time (2006-2023).

“Immunology” (267, 26.62%) and “Cell Biology” (210, 20.94%) were
published most frequently. Other popular research areas included
“Biochemistry Molecular Biology” (156, 15.55%), “Pharmacology
Pharmacy” (91, 9.07%) and “Medicine Research Experimental”
(83, 8.28%).

3.2 Analysis of country contributions,
institutions and authors

The United States ranked first in terms of the number of
publications (456, 45.46%), followed by China (164, 16.35%) and
the United Kingdom (99, 9.87%). Moreover, the majority of
research collaborations centered between North America and
Europe and between North America and East Asia (Supplementary
Figure S1).

According to Supplementary Table S1, Harvard University was the
institution that published the most papers (84, 6.74%). The 3 authors
with the greatest number of publications were Serhan CN (35, 3.49%),
Tabas I (29, 2.89%) and Dalli J (26, 2.59%). Among them, Serhan CN
and Dalli ] are more collaborative (14-16).

3.3 Analysis of journals and cocited
journals

As shown in Supplementary Table S2, the largest number of
publications (83, 8.28%) were from Frontiers in Immunology (7.3, Ql,
from 2022), with a total of 2,545 citations. There were 14 articles
published in Circulation Research (20.1, QI, from 2022), with 1,287
citations. The favorite categories are Molecular/Biology/Immunology/
Genetics journals (Supplementary Figure S2).
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3.4 Analysis of research topics and frontiers

3.4.1 Cluster network of the top 10 cited
references and cocited references

Table 1 lists the top 10 most highly cited articles in the field of
efferocytosis and inflammation. These highly cited articles suggest that
scholars are interested in the association between efferocytosis and
inflammation, with an emphasis on cell biological mechanisms and
the associations with cardiovascular disease, lung disease and
tissue repair.

Cluster analysis of literature cocitations provides an objective
reflection of the knowledge structure in the research area. Figure 3A
shows that highly cited works, such as those by Poon et al. (72), are
prominently displayed, indicating their significant influence in the
field. Cluster #0 is the largest category, namely lipoxin, followed by
resolving (Cluster #1), phosphatidylserine (Cluster #2), high mobility
group box 1 protein (Cluster #3), chronic obstructive pulmonary
disease (Cluster #4), atherosclerosis (Cluster #5), resolution of
inflammation (Cluster #6) and Tam receptors (Cluster #7). These
findings reveal that the research hotspots are focused mostly on
proinflammatory mediators of efferocytosis and their conduction
pathways, which is consistent with the research hotspots. Figure 3B
shows the top 25 cocited references with strong bursts, and the first
cocitation was initiated in 2006. It was published in Cell in October
2005 and was titled “Cell-surface calreticulin initiates clearance of
viable or apoptotic cells through trans-activation of LRP on the
phagocyte” The strongest intensity of the burst was “Burying the
dead—The impact of failed apoptotic cell removal (efferocytosis) on
chronic inflammatory lung disease,” published in Chest in June 2006
by Vandivier RW. Overall, 4 publications describing the burst status
were published in 2023, which suggests that future research on
efferocytosis and inflammation will continue to evolve.
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TABLE 1 Top 10 cited references related to efferocytosis and inflammation.

Ranking  Title Corresponding authors Journal Citations
Embryonic and Adult-Derived Resident Cardiac Macrophages

1 Are Maintained through Distinct Mechanisms at Steady State and | Epelman S 2014 Immunity 932 21.6 Q1
during Inflammation
Inflammation and its resolution in atherosclerosis: mediators and

2 Back M 2019 Nature Reviews Cardiology 729 20.3 Q1
therapeutic opportunities

Annual Review of
3 Apoptosis and Clearance of Apoptotic Cells Nagata S 2018 530 214 Q1
Immunology

4 Resolution of inflammation: an integrated view Ortega-Gomez A 2013 Embo Molecular Medicine 499 8.2 Q1
Neutrophils orchestrate post-myocardial infarction healing by

5 Horckmans M 2017 European Heart Journal 442 23.4 Q1
polarizing macrophages toward a reparative phenotype
Macrophage Dysfunction Impairs Resolution of Inflammation in

6 Khanna S 2010 Plos One 432 44 Q2
the Wounds of Diabetic Mice
Specific lipid mediator signatures of human phagocytes:

7 microparticles stimulate macrophage efferocytosis and pro- Dalli J 2012 Blood 394 9.1 Q1
resolving mediators
Macrophage proresolving mediator maresin 1 stimulates tissue

8 Serhan CN 2012 Faseb Journal 345 5.7 Q1
regeneration and controls pain
Burying the dead—The impact of failed apoptotic cell removal

9 Vandivier RW 2006 Chest 331 39 Q1
(efferocytosis) on chronic inflammatory lung disease

10 Efferocytosis in Health and Disease Doran AC 2020 Nature Reviews Immunology 329 53.1 Q1

“IF (Impact Factor):

All of the above impact factor was from the year the article published.
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Top 25 References with the Strongest Citation Bursts

Begin End

2006
2007
2010
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2012
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2012
2013
2013
2013
2013
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2014
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2015
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2014
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#4 chronic obstructive
pulmonary disease

2006 - 2023

(A) Cocited references co-occurrence network and cluster analysis. The left subpanel visualizes the network of co-cited references, with node size
indicating the citation frequency and node color representing the year of publication. The right subpanel highlights the major research themes
identified through cluster analysis, with 8 clusters in total and distinguished by different colors. Cluster #0 is the largest. (B) Top 25 references with the
strongest citation bursts. The blue line indicates the time-lapse, and the red line indicates the duration of the quote burst, which shows the progression

3.4.2 Keywords co-occurrence

Co-occurrence refers to the occurrence of two or more keywords
in the same article, thus, the keyword co-occurrence figure is plotted
according to the frequency of keyword co-occurrence in the cited
articles. As shown in Figure 4A, in addition to “efferocytosis” (105)
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and “inflammation” (237), the keywords with a co-occurrence

frequency of more than 100 were “apoptotic cells” (261),

“phagocytosis” (186), “activation” (155), “expression” (149),

“clearance” (146), “macrophages” (142), “resolution” (130) and
“receptor” (106).
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e more research articles. (B) Keyword cluster

analysis. There are 7 clusters in total and are distinguished by different colors. Cluster #0 is the largest one. (C) Timeline view of keyword cluster from
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FIGURE 4 (Continued)

2006 to 2023. The length of the horizontal straight line of a cluster indicates its time frame. Nodes and labels represent keywords that have been cited
at least 45 times. (D) Top 25 keywords with the strongest citation bursts. The blue line indicates the time-lapse, and the red line indicates the duration
of the quote burst, which shows the progression of cutting-edge hot topics. (E) Heatmap analysis of keywords. The intensity of the color in each box
represents the level of attention a keyword received in a given year, with brighter colors indicating higher levels of attention. The upper heatmap
illustrates the annual frequency of keyword bursts, highlighting the temporal distribution of keyword appearances. The lower heatmap depicts the
cumulative keyword bursts, indicating the sequence and intensity of keywords gaining attention over the entire study period.

3.4.3 Analysis of keyword cluster timelines and
keyword bursts

The results of the keyword cluster analysis are presented in
Figure 4B, and a total of seven clusters were obtained. The largest
cluster was Cluster #0, which was named “activation.” This was
followed by “systemic lupus erythematosus,” “myocardial
infarction,” “resolution of inflammation,” “tam receptors,”
“docosahexaenoic acid,” and “alveolar macrophages.” A timeline
plot of the keyword clusters is shown in Figure 4C. 2000s witnessed

» o«

a surge of “activation” “myocardial infarction” and “alveolar
macrophage,” introducing the identification of key receptors and
signaling pathways involved in efferocytosis and inflammatory
disease was a major advancement. After 2010, “systematic lupus
erythematosus” and “resolution of inflammation” revealed that
autoimmune disease and therapy has aroused researchers’
attention.

We further plotted keyword citation bursts via CiteSpace
(Figure 4D), “docosahexaenoic acid” had the highest intensity (8.31),
and those with longer citation burst durations included “alveolar
macrophages” (2006-2014), “obstructive pulmonary disease” (2010-
2016), and “systemic lupus erythematosus” (2015-2020). Many
researchers have investigated these issues further. The most recent
keyword used to describe the outbreak was “inflammation resolution”
(2020-2023). The upper heatmap of Figure 4E is designed to show the
frequency of a keyword’s burst during the years in detail, indicating
the terms ‘“chronic obstructive pulmonary disease,” “alveolar
macrophages” had the longest citation durations. While the bottom
heatmap shows a cumulative keyword burst, indicating the sequence
of keywords gaining attention over the entire period, showing more

«

recent outbreaks were associated with “cancer; “pyroptosis,”

« ‘o NS
necroptosis” and “polarization!

4 Discussion
4.1 General information

According to the WoSCC database, there was a trend toward an
increase in the quantity of publications in this field, which occurred
more rapidly from 2019 onward. This finding suggests that this area is
gaining attention, which is consistent with previous findings (11).

It is noticeable that the U.S., especially the Harvard University,
contributes most in the research field of efferocytosis and
inflammation. The first landmark research from Harvard in the field
of efferocytosis and inflammation can be traced back to the work on
the role of phosphatidylserine and MerTK in apoptotic cell clearance
published in 2001 by Scott et al. (17). This study was one of the first to
elucidate the molecular mechanisms by which phagocytes recognize
and engulf apoptotic cells, establishing a critical link between
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efferocytosis and immune regulation. In quick succession, Harvard’s
researchers noticed that mice lacking the MerTK receptor exhibited
delayed clearance of apoptotic cells and developed symptoms
reminiscent of systemic lupus erythematosus (SLE) (18). This work
highlighted the importance of efficient apoptotic cell clearance in
preventing autoimmune responses and maintaining immune
tolerance. Harvard’s contributions have been instrumental in defining
the research landscape and guiding future investigations in this vital
area of immunology.

Among the scholars in this field, Serhan CN has published the
most articles and received the highest h-index, which reflects his
outstanding contribution to the study of efferocytosis and
inflammation. Notably, efferocytosis has been known for a long time
in the academic field. However, it was not until 2003 that
deCathelineau AM and colleagues named efferocytosis for the first
time and elucidated the possible transmission pathway and
mechanism of efferocytosis generation (19).

4.2 The role of efferocytosis in the
pathogenesis of various inflammatory
diseases and autoimmune diseases

A transition in research hotspots is depicted in Figures 4D,E,
where the initial focus was on the role of efferocytosis in the
pathophysiological processes of various inflammatory diseases
(especially cardiac and pulmonary diseases), resulting in bursts of the

» «

keywords “in vitro,” “phosphatidylserine receptor” and “apoptotic cell
clearance” With the gradual improvement in the understanding of the
underlying mechanisms, research hotspots have also progressively
turned to treatment methods, so “inflammation resolution” has
recently become a popular topic. Extensive studies of efferocytosis
have been conducted in many inflammatory diseases, especially
atherosclerosis, obstructive lung disease, systemic lupus erythematosus
and rheumatoid arthritis.

The identification of key receptors and signaling pathways
involved in efferocytosis was a major advancement in 2000s. In the
process of efferocytosis, as shown in Figure 5, there are four stages: the
identification of apoptotic cells (ACs), the binding of ACs, the
internalization of ACs and the degradation of ACs (20). In the first
phase, chemokines, known as “find me” signals, are triggered by ACs
to induce the efficient mobilization of efferocytic immune cells. In the
second phase, phagocytes, which are mediated by “find me” signals,
accumulate abundant ACs, and phagocytosis receptors bind to “eat
me” signals on the surface of ACs to initiate efferocytosis (21).
Phosphatidylserine (PtdSer) is expressed on the surface of ACs and
binds to the bridging molecules human growth arrest-specific protein
6 (GAS6) and milk fat globule-EGF factor 8 (MFG-E8). It is
recognized by the Mer proto-oncogene tyrosine kinase (MERTK, a
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TAM receptor) and the integrin receptor aVB3/aVp5 on the surface
of efferocytes (21). It can also directly bind to PtdSer receptors, such
as T-cell immunoglobulin (TIM). During the third phase, the “eat me”
signal binds to the receptor on the surface of phagocytes, mediating
cytoskeleton reorganization and endocytosis of ACs to form
phagolysosomes (22). Finally, lysosomes fuse with and acidify
phagosomes to degrade internalized ACs, the key molecule of which
is reactive oxygen species (ROS) (23).

Research in the 2010s highlighted the role of defective efferocytosis
in the pathogenesis of chronic inflammatory diseases. Figure 5 also
shows the pathophysiological process of efferocytosis in some
non-neoplastic diseases. Lipid metabolism plays an essential role in
the study of efferocytosis and atherosclerosis. In addition,
macrophages consume oxidized low-density lipoprotein (oxLDL),
which can lead to the formation of cholesterol crystals in lysosomes.
This results in instability and even rupture of lysosomes and ultimately
causes the release of unesterified cholesterol into the cytoplasm,
NLRP3 inflammasome activation, and foam cell formation (24-26).
In addition, ROS promote the activation of the protease ADAM17 on
macrophages, which, by cleaving MERTK (27), causes ACs to
inappropriately express the “do not eat me’ signal CD47. This leads to
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impaired clearance of ACs from atherosclerotic plaques, increased
area of plaque lipid necrotic nuclei, and decreased plaque stability
(28). The reduction in inflammation is mediated by specialized
proresolving lipid mediators from omega-3 fatty acids or arachidonic
acid, as well as associated proteins and signaling gas molecules; this
pathway reduces inflammatory vesicle formation, alleviates oxidative
stress, and enhances efferocytosis (29). Moreover, enhancing
efferocytosis in atherosclerotic lesions through CD36 and MERTK
receptor activation has been proposed as a strategy to reduce plaque
burden and stabilize plaques, potentially decreasing the risk of
cardiovascular events (3).

Existing studies on the pathogenesis of efferocytosis in obstructive
pulmonary disease have focused on multiple fields. First, high mobility
group box 1 protein is a typical damage-associated molecular pattern
(DAMP) protein that is secreted by airway cells exposed to cigarettes
and other substances, such as neutrophils, alveolar macrophages,
lymphocytes, and epithelial cells (30). It binds to receptor for advanced
glycosylation end products (RAGE) and Toll-like receptor 4 (TLR4)
to exert its activity (31, 32), resulting in the nuclear activation and
translocation of NF-kB (33). This triggers airway inflammation and
plays an influential role in airway remodeling due to persistent airway

frontiersin.org


https://doi.org/10.3389/fmed.2025.1498503
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
http://BioRender.com

Caoetal.

inflammation. Second, Hodge S et al. verified that dysregulation of
PtdSer-recognizing receptors or bridging molecules may
be responsible for defective clearance of ACs in COPD (34). However,
relatively few studies on PtdSer-recognizing receptors or bridging
molecules exist, and only a limited number of studies have suggested
that MerTK upregulation is not sufficient to normalize macrophage
efferocytosis (35, 36). In fact, animal studies have shown that another
TAM receptor “Axl,” expressed in mouse airway macrophages, is
effectively expressed under stimulation by inflammatory factors such
as type I interferon or Toll-like receptor-3 stimulation and binds to
Gas6 (37).

Systemic lupus erythematosus (SLE) is an autoimmune disease
characterized by overactivation of immune cells and overproduction
of autoantibodies, resulting in systemic involvement of multiple
organs. In SLE, efferocytosis is often defective. Inefficient clearance of
apoptotic cells can lead to the accumulation of cellular debris, which
can trigger an autoimmune response. This debris can be recognized
as foreign by the immune system, leading to the production of
autoantibodies and the formation of immune complexes (3). The
efferocytosis bridging molecules described previously play an active
role in the pathogenesis of SLE. Several studies have demonstrated
that the serum level of the efferocytosis bridging molecule Gas6 is
significantly elevated in SLE patients, which is associated with
neurological involvement, plasmacytosis, renal dysfunction, high
dsDNA antibody titers, and decreased levels of complement C3 and
C4 (38), which is probably due to the targeting of the MerTK (17).
Therapies that upregulate MerTK on macrophages have shown
promise in preclinical models of SLE (18). In addition, the results of
in vitro experiments indicated that a lack or excess of another
efferocytosis bridging molecule, MFG-E8, impeded efferocytosis (39).
Hanayama R. demonstrated that MFG-E8-deficient mice accumulate
ACs in germinal centers and spontaneously produce autoantibodies
to develop lupus-like autoimmune disease (40). Moreover, high levels
of MFG-E8 have been detected in sera from human SLE patients (41).

Rheumatoid arthritis is a chronic synovial inflammatory disease
that progressively contributes to cartilage and bone destruction and
the risk of disability. It has been shown that efferocytosis “find me”
signaling chemokines CX3CLI1 (42), ATP (43), and sphingosine-1-
phosphate (44) promote rather than attenuate the pathophysiological
processes of RA (45-49). Interestingly, during the binding phase of
efferocytosis to ACs, the induction phase of collagen-induced arthritis
(CIA) is neutralized by the direct PtdSer receptor “T-cell
immunoglobulin and mucin structural domain 4 (TIM4),” which
exacerbates inflammation in joints. Abe Y suggested that this effect
was possibly due to the effect of TIM4 on the development of T-cells
(50). In contrast, treatment with anti-TIM4 administered before or
after the onset of CIA significantly inhibited the development and
progression of CIA by reducing proinflammatory cytokines without
affecting T or B-cell responses, suggesting that anti-TIM4 treatment
may be a suitable target for the treatment of RA (50). MerTK is a
member of the TAM family of cytosolic indirect receptors, and
MerTK™~ mice presented increased joint inflammation (51), which
was attenuated by the overexpression of the TAM receptor agonist
Gas6 and protein S (52). However, mice treated with MerTK-specific
agonist antibodies also unexpectedly exhibited exacerbated joint
inflammation, which was suggested by Waterborg CE]J to be related to
increased numbers of efferocytosis ACs in the knee joint and elevated
serum interleukin-16C levels (51). Inhibition of integrin aV3
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attenuated joint inflammation in arthritic rabbits and rats, although
this effect may be independent of the indirect efferocytosis receptor
MEG-ES8 (53).

In addition to systemic lupus erythematosus and rheumatoid
arthritis, efferocytosis has received increasing attention in the study
of autoimmune diseases involving type 1 diabetes mellitus,
inflammatory bowel disease, and multiple sclerosis (MS), where the
mechanism may involve defective clearance of dead cells associated
with an intolerant immunogenic response and dendritic cell
maturation in chronic inflammation. A study on nonobese mice that
instinctively progressed to T1DM demonstrated defects in
efferocytosis mechanisms underlying the development of ANA both
in vivo and in vitro (54). Lipopolysaccharide-binding proteins, Toll-
like receptor 4, and bacterial permeability-increasing proteins have
been detected in the serum of patients with ulcerative colitis, and
these complexes are recognized by CD14. CD14 is linked to ICAM3
and promotes the recognition and phagocytosis of ACs (55). MS is
a degenerative disease of the central nervous system characterized
by focal lesions with inflammation, oligodendrocyte death,
demyelination, and axonal damage. ATP is a major neurotransmitter
in the central nervous system that activates ionotropic (P2X) and
metabotropic (P2Y2) receptors, which both recognize different “eat
me” and “find me” signals during cytosolic drinking (43, 56).
Therefore, P2X and P2Y can be considered possible targets of
MS. However, how defective clearance of apoptotic nerve cells
contributes to the pathogenesis of MS is unclear. The above
efferocytosis molecular pathways in autoimmune diseases are poorly
defined and understudied and will be the focus of future
developments in the field of efferocytosis and inflammation.

4.3 Research frontiers and future prospects

Emerging surge keywords like “cancer” and “inflammation
resolution” forebode research frontiers. Efferocytosis, the process by
which phagocytes clear apoptotic cells, has a controversial and
paradoxical role in cancer. On one hand, efferocytosis can promote
anti-tumor immunity by efficiently clearing apoptotic cancer cells,
thereby preventing secondary necrosis and the release of
pro-inflammatory and potentially immunogenic cell contents. This
clearance helps maintain tissue homeostasis and can facilitate the
recruitment and activation of immune cells that target tumor cells
(57). On the other hand, efferocytosis can also contribute to tumor
progression by creating an immunosuppressive environment. The
ingestion of apoptotic cells by macrophages and other phagocytes
can lead to the release of anti-inflammatory cytokines, such as
TGF-f and IL-10, which suppress effective anti-tumor immune
responses and promote tumor growth and metastasis (58). This dual
role complicates the development of therapeutic strategies that aim
to modulate efferocytosis in cancer, as enhancing efferocytosis
might inadvertently support tumor progression in certain
contexts (59).

While efferocytosis presents a complex dual role in cancer, its
potential in resolving inflammation highlights a promising avenue for
therapeutic exploration, particularly with the use of mesenchymal
stem cells (MSCs). Inflammation resolution has become a research
trend in recent years. MSCs have been shown to have an important
research value and broad translational application prospects. Previous
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studies have shown that the efferocytosis of MSCs can be used to
alleviate lung (60) and synovial (61) inflammation, improve
myocardial ischemia/reperfusion (62), and enhance the therapeutic
effect of sepsis (63) based on the mechanism of the shift of
macrophages from a proinflammatory phenotype to an inflammation-
through
cytokines. In turn, a therapeutic modality derived from these MSC

suppressive phenotype releasing anti-inflammatory
exosomes or vesicles has been shown to alleviate lupus nephritis (64),
prevent complications after vascular stent insertion (65), and
ameliorate insulin resistance in type 2 diabetes mellitus patients (66).
Although MSC shows inconspicuous effects in limited preclinical
researches of autoimmune liver disease and Crohn’s disease (67),
clinical application of stem cells still facing numerous obstacles to the
application of stem cell therapy at this stage because of insufficient
research. Safety concerns, including the risk of tumorigenesis and
immune rejection, remain significant hurdles (68). The variability in
efficacy depending on stem cell source, delivery method, and timing
of administration necessitates further optimization (69). Additionally,
regulatory and ethical considerations complicate the approval and
implementation of stem cell therapies (70). Finally, the high cost of
stem cell treatments poses a barrier to widespread clinical adoption,
necessitating efforts to improve cost-effectiveness and accessibility
(71). Addressing these challenges through rigorous research and
collaboration among scientists, clinicians, and regulatory bodies is
essential for harnessing the full therapeutic potential of stem cells in
efferocytosis and inflammatory diseases.

However, there is significant redundancy in the mechanisms that
regulate efferocytosis. When one pathway is inhibited, others may
compensate, making it challenging to develop targeted therapies.
Developing therapies that modulate efferocytosis without unintended
side effects is challenging. Enhancing or inhibiting efferocytosis could
have unpredictable consequences depending on the disease context.

4.4 Limitations

Some limitations inherent to bibliometrics are present in our
study. First, the data were extracted only from the WoSCC database,
possibly missing some important findings published in other
databases. Nonetheless, the WoSCC is a definitive and comprehensive
database in the field of medicine. The amount of data we analyzed was
large enough to reflect research in the field of efferocytosis and
inflammation. Multiple databases are recommended to be searched in
the future work. Moreover, VOSviewer and CiteSpace may have
missed some information due to the inability to analyze the full texts
of the publications, causing bias in other bibliometric studies. A more
impartial software in bibliometric analysis is expected to be created
and used.

5 Conclusion

Bibliometric analysis provides an objective and quantitative
method for evaluating research directions toward efferocytosis and
inflammation. Recent research shows that efferocytosis plays an
important role in the pathogenesis of a variety of inflammatory and
atherosclerosis, obstructive

autoimmune diseases such as
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pulmonary disease, SLE and RA. Inflammation resolution by
efferocytosis may be a potential method for treating not only
inflammatory diseases but also cancer. However, the feasibility of
targeting efferocytosis for the treatment of diseases requires further
in-depth research.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

XC: Writing - original draft. FL: Visualization, Writing - original
draft. XX: Visualization, Writing - original draft. GL: Visualization,
Writing - original draft. XT: Visualization, Writing — original draft.
WH: Visualization, Writing - original draft. JT: Writing — review &
editing. YG: Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
supported by National Natural Science Foundation of China (No.
81701622), China Primary Health Care Foundation (No.
LYG20230199), Natural Science Foundation of Changsha (No.
kq2202409), Education and Teaching Reform Research Project of
Central South University (No. 2022jy195), and Scientific Research
(No.

Project of Hunan Provincial Health Commission

D202303107058).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmed.2025.1498503/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fmed.2025.1498503
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmed.2025.1498503/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2025.1498503/full#supplementary-material

Caoetal.

References

1. Bianconi E, Piovesan A, Facchin F, Beraudi A, Casadei R, Frabetti E et al. An
estimation of the number of cells in the human body. Ann Hum Biol. (2013) 40:463-71.
doi: 10.3109/03014460.2013.807878

2. Boada-Romero E, Martinez J, Heckmann BL, Green DR. The clearance of dead cells
by efferocytosis. Nat Rev Mol Cell Biol. (2020) 21:398-414. doi: 10.1038/s41580-
020-0232-1

3. Doran AC, Yurdagul A Jr, Tabas I. Efferocytosis in health and disease. Nat Rev
Immunol. (2020) 20:254-67. doi: 10.1038/s41577-019-0240-6

4. Elliott MR, Koster KM, Murphy PS. Efferocytosis signaling in the regulation of
macrophage inflammatory responses. J Immunol. (2017) 198:1387-94. doi: 10.4049/
jimmunol.1601520

5. Back M, Yurdagul A Jr, Tabas I, Oorni K, Kovanen PT. Inflammation and its
resolution in atherosclerosis: mediators and therapeutic opportunities. Nat Rev Cardiol.
(2019) 16:389-406. doi: 10.1038/s41569-019-0169-2

6. Grabiec AM, Hussell T. The role of airway macrophages in apoptotic cell clearance
following acute and chronic lung inflammation. Semin Immunopathol. (2016) 38:409-23.
doi: 10.1007/500281-016-0555-3

7. Kawano M, Nagata S. Efferocytosis and autoimmune disease. Int Immunol. (2018)
30:551-8. doi: 10.1093/intimm/dxy055

8. Wang S, Wu K, Zhang Z, Xu Z, Wu ], Xu S. Mapping theme trends and recognizing
research hot spots in the use of ultrasound in orthopaedics: a bibliometric analysis of
global research. Am J Transl Res. (2021) 13:9892-911.

9. Chen C. Searching for intellectual turning points: progressive knowledge domain
visualization. Proc Natl Acad Sci USA. (2004) 101:5303-10. doi: 10.1073/
pnas.0307513100

10. van Eck NJ, Waltman L. Software survey: VOSviewer, a computer program for
bibliometric mapping. Scientometrics. (2010) 84:523-38. doi: 10.1007/s11192-009-0146-3

11. Lv H, Hua Q, Wang Y, Gao Z, Liu P, Qin D, et al. Mapping the knowledge structure
and emerging trends of efferocytosis research: a bibliometric analysis. Am ] Transl Res.
(2023) 15:1386-402.

12. HuL, Lv Z, Gu Y, Zheng T, Kong Y, Mao W. A bibliometric analysis of efferocytosis
in cardiovascular diseases from 2001 to 2022. Medicine (Baltimore). (2023) 102:€34366.
doi: 10.1097/MD.0000000000034366

13. Chen C, Song M. Visualizing a field of research: a methodology of systematic
scientometric reviews. PLoS One. (2019) 14:€0223994. doi: 10.1371/journal.
pone.0223994

14. Arnardottir H, Orr SK, Dalli J, Serhan CN. Human milk proresolving mediators
stimulate resolution of acute inflammation. Mucosal Immunol. (2016) 9:757-66. doi:
10.1038/mi.2015.99

15. Dalli J, Serhan CN. Specific lipid mediator signatures of human phagocytes:
microparticles stimulate macrophage efferocytosis and pro-resolving mediators. Blood.
(2012) 120:e60-72. doi: 10.1182/blood-2012-04-423525

16. Dalli ], Serhan CN. Pro-resolving mediators in regulating and conferring
macrophage function. Front Immunol. (2017) 8:1400. doi: 10.3389/fimmu.2017.01400

17.Scott RS, McMahon EJ, Pop SM, Reap EA, Caricchio R, Cohen PL, et al.
Phagocytosis and clearance of apoptotic cells is mediated by MER. Nature. (2001)
411:207-11. doi: 10.1038/35075603

18. Cohen PL, Caricchio R, Abraham V, Camenisch TD, Jennette JC, Roubey RAS,
et al. Delayed apoptotic cell clearance and lupus-like autoimmunity in mice lacking the
c-mer membrane tyrosine kinase. J Exp Med. (2002) 196:135-40. doi: 10.1084/
jem.20012094

19. deCathelineau AM, Henson PM. The final step in programmed cell death:
phagocytes carry apoptotic cells to the grave. Essays Biochem. (2003) 39:105-17. doi:
10.1042/bse0390105

20. Yurdagul A Jr, Doran AC, Cai B, Fredman G, Tabas IA. Mechanisms and
consequences of defective Efferocytosis in atherosclerosis. Front Cardiovasc Med. (2017)
4:86. doi: 10.3389/fcvm.2017.00086

21. Elliott MR, Ravichandran KS. The dynamics of apoptotic cell clearance. Dev Cell.
(2016) 38:147-60. doi: 10.1016/j.devcel.2016.06.029

22.Szondy Z, Garabuczi E, Joos G, Tsay GJ, Sarang Z. Impaired clearance of apoptotic
cells in chronic inflammatory diseases: therapeutic implications. Front Immunol. (2014)
5:354. doi: 10.3389/fimmu.2014.00354

23. Wang Y, Subramanian M, Yurdagul A Jr, Barbosa-Lorenzi VC, Cai B, de Juan-Sanz
J, et al. Mitochondrial fission promotes the continued clearance of apoptotic cells by
macrophages. Cell. (2017) 171:331-345.€22. doi: 10.1016/j.cell.2017.08.041

24. Duewell P, Latz E. Assessment and quantification of crystal-induced lysosomal
damage. Methods Mol Biol. (2013) 1040:19-27. doi: 10.1007/978-1-62703-523-1_3

25.Grebe A, Hoss F Latz E. NLRP3 Inflammasome and the IL-1 pathway
in atherosclerosis. Circ Res. (2018) 122:1722-40. doi: 10.1161/CIRCRESAHA.118.
311362

Frontiers in Medicine

11

10.3389/fmed.2025.1498503

26. Que X, Hung MY, Yeang C, Gonen A, Prohaska TA, Sun X, et al. Oxidized
phospholipids are proinflammatory and proatherogenic in hypercholesterolaemic mice.
Nature. (2018) 558:301-6. doi: 10.1038/s41586-018-0198-8

27. Thorp E, Vaisar T, Subramanian M, Mautner L, Blobel C, Tabas I. Shedding of the
Mer tyrosine kinase receptor is mediated by ADAM17 protein through a pathway
involving reactive oxygen species, protein kinase Cdelta, and p38 mitogen-activated
protein kinase (MAPK). J Biol Chem. (2011) 286:33335-44. doi: 10.1074/jbc.
M111.263020

28. Kojima Y, Volkmer JP, McKenna K, Civelek M, Lusis AJ, Miller CL, et al. CD47-
blocking antibodies restore phagocytosis and prevent atherosclerosis. Nature. (2016)
536:86-90. doi: 10.1038/nature18935

29. Gromovsky AD, Schugar RC, Brown AL, Helsley RN, Burrows AC, Ferguson D,
et al. Delta-5 fatty acid desaturase FADS1 impacts metabolic disease by balancing
Proinflammatory and Proresolving lipid mediators. Arterioscler Thromb Vasc Biol.
(2018) 38:218-31. doi: 10.1161/ATVBAHA.117.309660

30. Kang R, Chen R, Zhang Q, Hou W, Wu S, Cao L, et al. HMGBI in health and
disease. Mol Asp Med. (2014) 40:1-116. doi: 10.1016/j.mam.2014.05.001

31. Bianchi ME. HMGBI loves company. ] Leukoc Biol. (2009) 86:573-6. doi: 10.1189/
ilb.1008585

32. Zhang P, Xin X, Fang L, Jiang H, Xu X, Su X, et al. HMGB1 mediates Aspergillus
fumigatus-induced inflammatory response in alveolar macrophages of COPD mice via
activating MyD88/NF-kappaB and syk/PI3K signalings. Int Immunopharmacol. (2017)
53:125-32. doi: 10.1016/j.intimp.2017.10.007

33. Huttunen H]J, Fages C, Rauvala H. Receptor for advanced glycation end products
(RAGE)-mediated neurite outgrowth and activation of NF-kappaB require the
cytoplasmic domain of the receptor but different downstream signaling pathways. J Biol
Chem. (1999) 274:19919-24. doi: 10.1074/jbc.274.28.19919

34.Hodge S, Hodge G, Jersmann H, Matthews G, Ahern ], Holmes M, et al.
Azithromycin improves macrophage phagocytic function and expression of mannose
receptor in chronic obstructive pulmonary disease. Am J Respir Crit Care Med. (2008)
178:139-48. doi: 10.1164/rccm.200711-16660C

35. Hodge S, Hodge G, Ahern J, Jersmann H, Holmes M, Reynolds PN. Smoking alters
alveolar macrophage recognition and phagocytic ability: implications in chronic
obstructive pulmonary disease. Am J Respir Cell Mol Biol. (2007) 37:748-55. doi:
10.1165/rcmb.2007-00250C

36. Kazeros A, Harvey BG, Carolan BJ, Vanni H, Krause A, Crystal RG. Overexpression
of apoptotic cell removal receptor MERTK in alveolar macrophages of cigarette smokers.
Am ] Respir Cell Mol Biol. (2008) 39:747-57. doi: 10.1165/rcmb.2007-03060C

37. Fujimori T, Grabiec AM, Kaur M, Bell TJ, Fujino N, Cook PC, et al. The Axl
receptor tyrosine kinase is a discriminator of macrophage function in the inflamed lung.
Mucosal Immunol. (2015) 8:1021-30. doi: 10.1038/mi.2014.129

38.Kim HA, Nam JY, Jeon JY, An JM, Jung JY, Bae CB, et al. Serum growth arrest-
specific protein 6 levels are a reliable biomarker of disease activity in systemic lupus
erythematosus. J Clin Immunol. (2013) 33:143-50. doi: 10.1007/s10875-012-9765-1

39. Yamaguchi H, Takagi J, Miyamae T, Yokota S, Fujimoto T, Nakamura S, et al. Milk
fat globule EGF factor 8 in the serum of human patients of systemic lupus erythematosus.
J Leukoc Biol. (2008) 83:1300-7. doi: 10.1189/j1b.1107730

40. Hanayama R, Tanaka M, Miyasaka K, Aozasa K, Koike M, Uchiyama Y, et al.
Autoimmune disease and impaired uptake of apoptotic cells in MFG-E8-deficient mice.
Science. (2004) 304:1147-50. doi: 10.1126/science.1094359

41.Kishi C, Motegi SI, Ishikawa O. Elevated serum MFG-E8 level is possibly
associated with the presence of high-intensity cerebral lesions on magnetic resonance
imaging in patients with systemic lupus erythematosus. ] Dermatol. (2017) 44:783-8.
doi: 10.1111/1346-8138.13791

42. Truman LA, Ford CA, Pasikowska M, Pound JD, Wilkinson SJ, Dumitriu IE, et al.
CX3CL1/fractalkine is released from apoptotic lymphocytes to stimulate macrophage
chemotaxis. Blood. (2008) 112:5026-36. doi: 10.1182/blood-2008-06-162404

43. Elliott MR, Chekeni FB, Trampont PC, Lazarowski ER, Kadl A, Walk SE, et al.
Nucleotides released by apoptotic cells act as a find-me signal to promote phagocytic
clearance. Nature. (2009) 461:282-6. doi: 10.1038/nature08296

44. Gude DR, Alvarez SE, Paugh SW, Mitra P, Yu J, Griffiths R, et al. Apoptosis induces
expression of sphingosine kinase 1 to release sphingosine-1-phosphate as a "come-and-
get-me" signal. FASEB J. (2008) 22:2629-38. doi: 10.1096/1].08-107169

45. Nanki T, Urasaki Y, Imai T, Nishimura M, Muramoto K, Kubota T, et al. Inhibition
of fractalkine ameliorates murine collagen-induced arthritis. J Immunol. (2004)
173:7010-6. doi: 10.4049/jimmunol.173.11.7010

46. Lai WQ, Irwan AW, Goh HH, Howe HS, Yu DT, Valle-Onate R, et al. Anti-
inflammatory effects of sphingosine kinase modulation in inflammatory arthritis. J
Immunol. (2008) 181:8010-7. doi: 10.4049/jimmunol.181.11.8010

47. Baker DA, Barth J, Chang R, Obeid LM, Gilkeson GS. Genetic sphingosine kinase 1

deficiency significantly decreases synovial inflammation and joint erosions in murine TNF-
alpha-induced arthritis. J Immunol. (2010) 185:2570-9. doi: 10.4049/jimmunol. 1000644

frontiersin.org


https://doi.org/10.3389/fmed.2025.1498503
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.3109/03014460.2013.807878
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.1038/s41577-019-0240-6
https://doi.org/10.4049/jimmunol.1601520
https://doi.org/10.4049/jimmunol.1601520
https://doi.org/10.1038/s41569-019-0169-2
https://doi.org/10.1007/s00281-016-0555-3
https://doi.org/10.1093/intimm/dxy055
https://doi.org/10.1073/pnas.0307513100
https://doi.org/10.1073/pnas.0307513100
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1097/MD.0000000000034366
https://doi.org/10.1371/journal.pone.0223994
https://doi.org/10.1371/journal.pone.0223994
https://doi.org/10.1038/mi.2015.99
https://doi.org/10.1182/blood-2012-04-423525
https://doi.org/10.3389/fimmu.2017.01400
https://doi.org/10.1038/35075603
https://doi.org/10.1084/jem.20012094
https://doi.org/10.1084/jem.20012094
https://doi.org/10.1042/bse0390105
https://doi.org/10.3389/fcvm.2017.00086
https://doi.org/10.1016/j.devcel.2016.06.029
https://doi.org/10.3389/fimmu.2014.00354
https://doi.org/10.1016/j.cell.2017.08.041
https://doi.org/10.1007/978-1-62703-523-1_3
https://doi.org/10.1161/CIRCRESAHA.118.311362
https://doi.org/10.1161/CIRCRESAHA.118.311362
https://doi.org/10.1038/s41586-018-0198-8
https://doi.org/10.1074/jbc.M111.263020
https://doi.org/10.1074/jbc.M111.263020
https://doi.org/10.1038/nature18935
https://doi.org/10.1161/ATVBAHA.117.309660
https://doi.org/10.1016/j.mam.2014.05.001
https://doi.org/10.1189/jlb.1008585
https://doi.org/10.1189/jlb.1008585
https://doi.org/10.1016/j.intimp.2017.10.007
https://doi.org/10.1074/jbc.274.28.19919
https://doi.org/10.1164/rccm.200711-1666OC
https://doi.org/10.1165/rcmb.2007-0025OC
https://doi.org/10.1165/rcmb.2007-0306OC
https://doi.org/10.1038/mi.2014.129
https://doi.org/10.1007/s10875-012-9765-1
https://doi.org/10.1189/jlb.1107730
https://doi.org/10.1126/science.1094359
https://doi.org/10.1111/1346-8138.13791
https://doi.org/10.1182/blood-2008-06-162404
https://doi.org/10.1038/nature08296
https://doi.org/10.1096/fj.08-107169
https://doi.org/10.4049/jimmunol.173.11.7010
https://doi.org/10.4049/jimmunol.181.11.8010
https://doi.org/10.4049/jimmunol.1000644

Caoetal.

48. da Silva JLG, Passos DFE, Bernardes VM, Leal DBR. ATP and adenosine: role in the
immunopathogenesis of rheumatoid arthritis. Immunol Lett. (2019) 214:55-64. doi:
10.1016/j.imlet.2019.08.009

49. Hasebe R, Murakami K, Harada M, Halaka N, Nakagawa H, Kawano F, et al. ATP
spreads inflammation to other limbs through crosstalk between sensory neurons and
interneurons. ] Exp Med. (2022) 219:€20212019. doi: 10.1084/jem.20212019

50. Abe Y, Kamachi F, Kawamoto T, Makino F, Ito J, Kojima Y, et al. TIM-4 has dual
function in the induction and effector phases of murine arthritis. J Immunol. (2013)
191:4562-72. doi: 10.4049/jimmunol.1203035

51. Waterborg CEJ, Beermann S, Broeren MGA, Bennink MB, Koenders MI, van Lent
P, et al. Protective role of the MER tyrosine kinase via Efferocytosis in rheumatoid
arthritis models. Front Immunol. (2018) 9:742. doi: 10.3389/fimmu.2018.00742

52.van den Brand BT, Abdollahi-Roodsaz S, Vermeij EA, Bennink MB, Arntz O],
Rothlin CV; et al. Therapeutic efficacy of Tyro3, Axl, and Mer tyrosine kinase agonists
in collagen-induced arthritis. Arthritis Rheum. (2013) 65:671-80. doi: 10.1002/art.37786

53. Albus E, Sinningen K, Winzer M, Thiele S, Baschant U, Hannemann A, et al. Milk
fat globule-epidermal growth factor 8 (MFG-E8) is a novel anti-inflammatory factor in
rheumatoid arthritis in mice and humans. ] Bone Miner Res. (2016) 31:596-605. doi:
10. 1002/jbmr42721

54. O'Brien BA, Geng X, Orteu CH, Huang Y, Ghoreishi M, Zhang Y, et al. A
deficiency in the in vivo clearance of apoptotic cells is a feature of the NOD mouse. J
Autoimmun. (2006) 26:104-15. doi: 10.1016/j.jaut.2005.11.006

55. Weiss J. Bactericidal/permeability-increasing protein (BPI) and lipopolysaccharide-
binding protein (LBP): structure, function and regulation in host defence against gram-
negative bacteria. Biochem Soc Trans. (2003) 31:785-90. doi: 10.1042/bst0310785

56. Marques-da-Silva C, Burnstock G, Ojcius DM, Coutinho-Silva R. Purinergic
receptor agonists modulate phagocytosis and clearance of apoptotic cells in
macrophages. Immunobiology. (2011) 216:1-11. doi: 10.1016/j.imbi0.2010.03.010

57.Gregory CD, Pound JD. Cell death in the neighbourhood: direct
microenvironmental effects of apoptosis in normal and neoplastic tissues. J Pathol.
(2011) 223:177-94. doi: 10.1002/path.2792

58. Tajbakhsh, A, Gheibi Hayat, SM, Movahedpour, A, Savardashtaki A, Loveless R, Barreto
GE, et al. The complex roles of efferocytosis in cancer development, metastasis, and treatment.
Biomed Pharmacother. (2021) 140:111776. doi: 10.1016/j.biopha.2021.111776

59. Lin, ], Xu, A, Jin, ], Zhang M, Lou ], Qian C, et al. MerTK-mediated efferocytosis
promotes immune tolerance and tumor progression in osteosarcoma through enhancing
M2 polarization and PD-L1 expression. Oncoimmunology. (2022) 11:2024941.
doi: 10.1080/2162402X.2021.2024941

60. Xu Z, Lin L, Fan Y, Huselstein C, De Isla N, He X, et al. Secretome of mesenchymal
stem cells from consecutive hypoxic cultures promotes resolution of lung inflammation

Frontiers in Medicine

12

10.3389/fmed.2025.1498503

by reprogramming anti-inflammatory macrophages. Int ] Mol Sci. (2022) 23:4333. doi:
10.3390/ijms23084333

61. Hamilton AM, Cheung WY, Gomez-Aristizabal A, Sharma A, Nakamura S,
Chaboureau A, et al. Iron nanoparticle-labeled murine mesenchymal stromal cells in an
osteoarthritic model persists and suggests anti-inflammatory mechanism of action. PLoS
One. (2019) 14:¢0214107. doi: 10.1371/journal.pone.0214107

62. Zhang Z, Tian H, Yang C, Liu ], Zhang H, Wang J, et al. Mesenchymal stem cells
promote the resolution of cardiac inflammation after ischemia reperfusion via
enhancing Efferocytosis of neutrophils. ] Am Heart Assoc. (2020) 9:¢014397. doi:
10.1161/JAHA.119.014397

63.Pan Y, Li ], Wang J, Jiang Q, Yang J, Dou H, et al. Ferroptotic MSCs protect mice
against sepsis via promoting macrophage efferocytosis. Cell Death Dis. (2022) 13:825.
doi: 10.1038/s41419-022-05264-z

64. Zhang M, Johnson-Stephenson TK, Wang W, Wang Y, Li ], Li L, et al. Mesenchymal
stem cell-derived exosome-educated macrophages alleviate systemic lupus
erythematosus by promoting efferocytosis and recruitment of IL-17(+) regulatory T cell.
Stem Cell Res Ther. (2022) 13:484. doi: 10.1186/s13287-022-03174-7

65. Zou D, Yang P, Liu ], Dai E, Xiao Y, Zhao A, et al. Exosome-loaded pro-efferocytic
vascular stent with Lp-PLA(2)-triggered release for preventing in-stent restenosis. ACS
Nano. (2022) 16:14925-41. doi: 10.1021/acsnano.2c05847

66. Zheng C, Sui B, Zhang X, Hu J, Chen J, Liu J, et al. Apoptotic vesicles restore liver
macrophage homeostasis to counteract type 2 diabetes. J Extracell Vesicles. (2021)
10:e12109. doi: 10.1002/jev2.12109

67. Hoang DM, Pham PT, Bach TQ, Ngo ATL, Nguyen QT, Phan TTK, et al. Stem
cell-based therapy for human diseases. Signal Transduct Target Ther. (2022) 7:272. doi:
10.1038/s41392-022-01134-4

68. Kimbrel EA, Lanza R. Pluripotent stem cells: the last 10 years. Regen Med. (2016)
11:831-47. doi: 10.2217/rme-2016-0117

69. Lalu MM, Mclntyre L, Pugliese C, Fergusson D, Winston BW, Marshall JC, et al.
Safety of cell therapy with mesenchymal stromal cells (SafeCell): a systematic review and
meta-analysis of clinical trials. PLoS One. (2012) 7:e47559. doi: 10.1371/journal.
pone.0047559

70. Trounson A, McDonald C. Stem cell therapies in clinical trials:
Progress and challenges. Cell Stem Cell. (2015) 17:11-22. doi: 10.1016/j.stem.2015.
06.007

71. Lindvall O, Hyun I. Medical innovation versus stem cell tourism. Science. (2009)
324:1664-5. doi: 10.1126/science.1171749

72. Poon, IK, Lucas, CD, Rossi, AG, and Ravichandran, KS. Apoptotic cell clearance:
basic biology and therapeutic potential. Nat Rev Immunol. (2014) 14:166-180.

frontiersin.org


https://doi.org/10.3389/fmed.2025.1498503
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.imlet.2019.08.009
https://doi.org/10.1084/jem.20212019
https://doi.org/10.4049/jimmunol.1203035
https://doi.org/10.3389/fimmu.2018.00742
https://doi.org/10.1002/art.37786
https://doi.org/10.1002/jbmr.2721
https://doi.org/10.1016/j.jaut.2005.11.006
https://doi.org/10.1042/bst0310785
https://doi.org/10.1016/j.imbio.2010.03.010
https://doi.org/10.1002/path.2792
https://doi.org/10.1016/j.biopha.2021.111776
https://doi.org/10.1080/2162402X.2021.2024941
https://doi.org/10.3390/ijms23084333
https://doi.org/10.1371/journal.pone.0214107
https://doi.org/10.1161/JAHA.119.014397
https://doi.org/10.1038/s41419-022-05264-z
https://doi.org/10.1186/s13287-022-03174-7
https://doi.org/10.1021/acsnano.2c05847
https://doi.org/10.1002/jev2.12109
https://doi.org/10.1038/s41392-022-01134-4
https://doi.org/10.2217/rme-2016-0117
https://doi.org/10.1371/journal.pone.0047559
https://doi.org/10.1371/journal.pone.0047559
https://doi.org/10.1016/j.stem.2015.06.007
https://doi.org/10.1016/j.stem.2015.06.007
https://doi.org/10.1126/science.1171749

	Efferocytosis and inflammation: a bibliometric and systematic analysis
	1 Introduction
	2 Methods
	2.1 Data collection
	2.2 Data analysis

	3 Results
	3.1 The global growth trend of publications
	3.2 Analysis of country contributions, institutions and authors
	3.3 Analysis of journals and cocited journals
	3.4 Analysis of research topics and frontiers
	3.4.1 Cluster network of the top 10 cited references and cocited references
	3.4.2 Keywords co-occurrence
	3.4.3 Analysis of keyword cluster timelines and keyword bursts

	4 Discussion
	4.1 General information
	4.2 The role of efferocytosis in the pathogenesis of various inflammatory diseases and autoimmune diseases
	4.3 Research frontiers and future prospects
	4.4 Limitations

	5 Conclusion

	References

