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Abstract

BACKGROUND

Diabetic foot ulcers (DFUs) are one of the most severe and popular complications
of diabetes. The persistent non-healing of DFUs is the leading cause of ampu-
tation, which causes significant mental and financial stress to patients and their
families. Macrophages are critical cells in wound healing and perform essential
roles in all phases of wound healing. However, no studies have been carried out
to systematically illustrate this area from a scientometric point of view. Although
there have been some bibliometric studies on diabetes, reports focusing on the
investigation of macrophages in DFUs are lacking.

AIM
To perform a bibliometric analysis to systematically assess the current state of
research on macrophage-related DFUs.

METHODS

The publications of macrophage-related DFUs from January 1, 2004, to December
31, 2023, were retrieved from the Web of Science Core Collection on January 9,
2024. Four different analytical tools: VOSviewer (v1.6.19), CiteSpace (v6.2.R4),
HistCite (v12.03.07), and Excel 2021 were used for the scientometric research.

RESULTS
A total of 330 articles on macrophage-related DFUs were retrieved. The most
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published countries, institutions, journals, and authors in this field were China, Shanghai Jiao Tong University of
China, Wound Repair and Regeneration, and Aristidis Veves. Through the analysis of keyword co-occurrence
networks, historical direct citation networks, thematic maps, and trend topics maps, we synthesized the prevailing
research hotspots and emerging trends in this field.

CONCLUSION
Our bibliometric analysis provides a comprehensive overview of macrophage-related DFUs research and insights
into promising upcoming research.

Key Words: Diabetic foot ulcers; Macrophage; Macrophage polarization; Bibliometrics; Wound healing; Inflammation

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In This study, we present the first bibliometric analysis of research on macrophage-related diabetic foot ulcers,
providing a comprehensive overview of the field. Through keyword and research hotspots analysis, we identified three main
research themes: “two main phenotypic transitions in macrophages,” “the complex roles of these phenotypes,” and “the
function of exosomes in these transitions,” which are expected to become recent research hotspots in the field. This analysis
aims to assist researchers in identifying new study areas and pinpointing emerging hotspots and frontiers.
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INTRODUCTION

Diabetic foot ulcers (DFUs) is one of the most severe and common complications of diabetes and the leading cause of
lower limb amputations in patients with diabetes[1]. Studies have indicated that 19%-34% of individuals with diabetes
develop foot ulcers during their lifetime[2,3]. Healing of DFUs is influenced by multiple factors, such as the production of
growth factors[4-6], angiogenic responses|[7-9], macrophage function[10-13], and epidermal nerves[14-16]. Macrophages
are diverse and plastic cells that are instrumental in maintaining immune homeostasis[17]. These cells can polarize into
either the classical M1 or the alternative M2 phenotype in response to different stimuli, including microbes, tissue
damage, and lymphocyte activation[18]. Macrophages play a crucial role in resolving inflammation and facilitating
wound healing in DFUs[12]. Therefore, quantitative analyses of the current state, key areas, and prospects in the literature
regarding macrophages in DFUs are of great significance.

Bibliometrics employs mathematical and statistical methods for qualitative and quantitative analyses of academic
literature within a discipline[19]. This approach assesses the trajectory and development of a field of study by evaluating
the influence and distribution patterns of published articles[20]. Various information visualization tools such as CiteSpace
(6.2. R4)[21], VOSviewer (1.6.19)[22], and online bibliometric analysis platforms (http://bibliometric.com/) are used for
co-occurrence and clustering analyses. These tools visualize knowledge structures and application trends in a field,
aiding researchers in identifying key resources, pivotal shifts, research hotspots, and prospective research directions[23].
Bibliometrics has been employed in diverse medical fields, including orthopedics[24,25], oncology[26,27], and im-
munology[28,29]. Although there have been some bibliometric studies on diabetes[30,31], reports focusing on the invest-
igation of macrophages in DFUs are lacking. Therefore, this study aimed to systematically assess the status, key points,
and emerging trends in studies on macrophages in DFUs.

MATERIALS AND METHODS

Data source and search strategy

To identify relevant reports, we employed a targeted search strategy using the Web of Science Core Collection (WoSCC).
The search terms used were as follows: TS = (diabetic foot OR foot, diabetic OR diabetic feet OR feet, diabetic OR foot
ulcer, diabetic OR diabetic foot ulcer OR DFUs) AND TS = (macrophage OR macrophages). We limited our search to
articles and reviews published in English between January 1, 2004 and December 31, 2023, and restricted our data source
to the Science Citation Index Expanded (SCIE). Literature retrieval and data download were completed on January 9,
2024, to mitigate biases that could arise from frequent database updates. Two investigators independently conducted the
initial data retrieval, with a high degree of consistency between their findings.
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Publication identified through WoSCC database searching

Search strategies: TS= (diabetic foot OR foot, diabetic OR diabetic feet OR
feet, diabetic OR foot ulcer, diabetic OR diabetic foot ulcer OR DFU)
AND TS = (macrophage OR macrophages)

Searching time: January 9, 2024

Inclusion criteria

Language: England

X

Publication type: article or review
Time restriction: 2004-2023

330 publications obtained

A 4

(including 263 articles and 67 reviews)

Scientometric and visualization analysis using

HistroCite, Excel, VOSviewer, CiteSpace

A 4 A\ 4 A 4 A 4 \ 4 A 4 v

Year Countries/Regions Authors Institutions Journals References Keywords

Figure 1 Flowchart of literature search, selection and bibliometric analysis. DFU: Diabetic foot ulcer; WoSCC: Web of Science Core Collection.

Data collection and cleaning

The initial dataset was extracted from the SCIE, encompassing a wide array of variables, such as the number of articles
and citations, publication year, countries/regions, affiliations, authors, journals, references, and keywords. Subsequently,
we cleaned the data by manually removing duplicate authors and rectifying misspelled elements. However, some degree
of analytical error is unavoidable owing to factors such as multiple versions of cited references, identical abbreviated
names for different authors, and variations in journal citation formats. However, we are confident that most of the raw
data are reliable. To further refine the dataset, a thesaurus file was used before the analysis, which helped merge
duplicate entries, correct misspellings, and eliminate irrelevant terms. Finally, the clean dataset was imported into
VOSviewer and CiteSpace for comprehensive bibliometric analyses.

Bibliometric analysis

Bibliometric indicators such as the number of articles and citations are commonly used to represent the bibliographic
landscape. Herein, we employed HistCite (12.03.07) to examine the annual output, publication language, and publication
types. Furthermore, using the most recent edition of Journal Citation Reports, we sourced the impact factor (IF) of the
journals in which the articles were published. We used VOSviewer to identify active countries/regions, influential
journals, and scholars, as well as the most-cited journals and authors. We used Scimago Graphics (1.0.36.0) to visualize
the distribution network of related publications. Within the VOSviewer connection graph, various nodes symbolize
countries/regions, institutions, and publications, which represent instance counts or co-occurrence frequencies. The links
between the nodes signify co-occurrence associations, and the thickness of these links correlates with the frequency of co-
occurrence. We customized the VOSviewer to include a complete counting technique and tailored the threshold values
(T) for different elements, such as countries/regions, institutions, journals, authors, and references, based on specific
contexts. To explore emerging trends and significant works in specific research areas, we employed CiteSpace for
keyword co-occurrence mapping and subsequent clustering. Finally, we managed the data and investigated publication
trends using Microsoft Office Excel 2021. A flowchart detailing the methodical approach is presented in Figure 1.

RESULTS

An overview of publications on macrophage-related DFUs
Using our search strategy, we identified 330 relevant studies published between 2004 and 2023, including 263 articles and
67 reviews. The accumulated number of citations for the retrieved articles was 11312, averaging 34.28 citations per article.
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Table 1 The top 10 country and cited country in this field

Rank Country/region Documents Country/region Citations
1 China 123 United States 5136
2 United States 102 China 2309
3 The United Kingdom 21 India 1064
4 India 16 Germany 652
5 Germany 13 Portugal 631
6 Iran 12 The United Kingdom 611
7 Japan 12 Japan 544
8 Portugal 11 Australia 458
9 Australia 10 Poland 354
10 Italy 10 Ireland 223
70 3000
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2
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8 1500 &
) >
£ 30 ®

1000

I l .

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
[ Publications 2 4 5 7 5 6 6 4 4 14 13 8 15 13 14 22 42 34 51 61
s Citations 0 16 52 61 80 123 177 178 208 247 342 414 453 539 620 751 966 1477 2010 2492

Year

Figure 2 The specific number of annual publications regarding macrophage-related diabetic foot ulcers from 2004 to 2023.

The annual trend of paper publication quantity

Figure 2 shows the annual number of publications regarding macrophages in DFUs between 2004 and 2023. The dataset
revealed a general upward trend in publications over the past two decades, despite some yearly fluctuations. Starting at a
modest baseline of only two publications in 2004 (0.61%), the field experienced its most prolific year in 2023, with 61
publications (18.48%). On average, the annual output was approximately 16.5 publications. Furthermore, in the past 5
years, the annual count consistently exceeded 30 publications; 2019 was the only exception to this, with 22 (6.67%) public-
ations.

Contributions of countries/regions to global publications

A total of 45 countries/regions contributed to this research field. We ranked the top 10 high-output countries/regions
according to the number of publications (Table 1). All these countries/regions produced at least 10 publications. China
published the most articles (n = 123, 37.27%), followed by the United States (n = 102, 30.91%), the United Kingdom (n =
21, 6.36%), India (n = 16, 4.85%), and Germany (n = 13, 3.94%). To visualize international collaborations, we used
VOSviewer and Scimago Graphics to create a map (Figure 3). Notably, China and the United States had significantly
larger nodes, indicating higher numbers of publications. However, regarding citation counts, the United States had 5136
citations (n = 5136, 45.40%), followed by China (n = 2309, 20.41%), and India (n = 1064, 9.41%). Intriguingly, despite
having fewer publications than China, the United States had a much higher number of citations. Furthermore, numerous
collaborations existed among different countries/regions that warrant attention.

Buishidenge VVID | https://www.wjgnet.com 1630 July 15,2024 | Volume15 | Issue7 |



Wen JP et al. Macrophages-related DFUs Bibliometrics

A
india
chile
south korea denmark
latvia
kazakhstan
japan ecuador  yenezuela
sweden
brazil
argentina
- austria
australia . france
finland
barbados 3 E
umtedmgdom
malaysia
israel
A
e n
gefgmany usa poruigal
ireland indonesia
nethéflands
i russia
mexico italy
singapore
canada colombia
iran greece
N southafrica norway
B
documents
150
7 50
N
finland
norway -« ~— q
_canada > . russia
\ united kingdom latvia
e
o ireland \ ) kazakhstan
g & -foiania
= ’ \\ oSN
spain "\ S -
\\ portugal P N =8 \~-\cth§/
cubq_ ey £ —_— :sfael\ Iursn >
mexico N SO N\
X X barpados oS 8
colombia / malaysia
ecuador 9 ) . "\
brazil /
N /
/ .
~ / australia
chile . ~south aﬁica
argentina =3

Figure 3 The proportion and country network map associated with this research. A: The international cooperation analysis among different countries;

B: The country network map associated with this research. Each country is represented as a node, and the node size is proportional to the sum of publications. A link
between two nodes indicates a cooperative relationship.

Analysis of institutions

In total, 573 institutions contributed 330 publications regarding macrophage-related DFUs. Table 2 lists the top 10
institutions that contributed to this field, located in three distinct countries/regions: The United States, China, and
Portugal. Among these, two Chinese institutions, Shanghai Jiao Tong University and Sun Yat-sen University, each
published more than 10 articles (n = 11, 3.33%). Other top institutions included Harvard Medical School (n = 10, 3.03%),
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Table 2 The top 10 institutions and cited institutions related to this field

Rank Institution Documents  Institution Citations
1 Shanghai Jiao Tong University (China) 11 University of Miami (United States) 967
2 Sun Yat-sen University (China) 11 University of Coimbra (Portugal) 554
3 Harvard Medical School (United States) 10 Harvard University (United States) 420
4 University of Miami (United States) 10 University of Mississippi (United States) 379
5 University of Coimbra (Portugal) 9 Shanghai Jiao Tong University (China) 365
6 Harvard University (United States) 8 University of Pennsylvania (United States) 353
7 Tufts University (United States) 7 University of Illinois Urbana-Champaign (United States) 317
8 University of Louisville (United States) 7 Ohio State University (United States) 301
9 Zhejiang University (China) 7 Tufts University (United States) 290
10 Fudan University (China) 6 The Chinese University of Hong Kong (China) 261

Rank Author Count Co-cited author Co-citation
1 Aristidis Veves 11 David G Armstrong 71
2 Eugenia Carvalho 8 Vincent Falanga 71
8 Sufan Chien 7 Rita E Mirza 64
4 Georgios Theocharidis 7 Sabine A Eming 58
5 Abdollah Amini 6 Harold Brem 46
6 Mohamad Bayat 6 Andrew J M Boulton 41
7 Ana Tellechea 6 Savita Khanna 41
8 Marjana Tomic-Canic 6 William J Jeffcoate 36
9 LiYan 6 Chandan K Sen 36
10 Irena Pastar 5) Anca Sindrilaru 35

the University of Miami (n = 10, 3.03%), and the University of Coimbra (1 =9, 2.96%). To examine institutional collab-
oration, we built a network of institutions with at least two publications (T = 2) (Figure 4). The figure displays the largest
subnetwork, in which nodes representing Shanghai Jiao Tong University, Sun Yat-sen University, Harvard Medical
School, the University of Coimbra, and the University of Miami are notably larger, indicating higher publication counts.
Additionally, this network revealed active collaborations among these institutions, including close collaborations
between Shanghai Jiao Tong University and Sun Yat-sen University, and between the University of Coimbra and Harvard
University.

Analysis of authors and co-cited authors

A total of 2145 authors contributed to the research field. The top 10 most productive authors are listed in Table 3. All
these authors published more than five papers; however, Aristidis Veves had the highest publication count at 11 articles
(3.33%), followed by Eugenia Carvalho (n = 8, 2.42%) and Sufan Chien (n = 7, 2.12%). To elucidate collaborative
relationships, a co-authorship graph was constructed using authors with at least two publications (T = 2) (Figure 5A), in
which the node representing “ Aristidis Veves” was the largest, signifying the highest number of publications among the
authors. Noteworthy collaborative ties were visible, particularly among the leading authors.

Regarding co-citations, of 13401 co-cited authors, four were co-cited more than 50 times (Table 3): David G Armstrong
and Vincent Falanga had 71 co-citations each, followed by Rita E Mirza (n = 64) and Sabine A Eming (n = 58). To further
explore this aspect, a co-citation graph was created using authors with at least 20 co-citations (T = 20) (Figure 5B), in
which the node representing “David G Armstrong” was the largest, highlighting a high number of co-citations.
Moreover, active co-citation relationships were evident among Vincent Falanga, David G Armstrong, and Rita E Mirza,
the top three authors regarding co-citations.

Analysis of journals and co-cited journals

A total of 330 publications regarding this topic were published in 207 academic journals. Of these, five journals published
at least six articles on the topic, all of which were based in developed countries (Table 4). Four of these journals were

3%’@) WID | https://www.wjgnet.com 1632 July 15,2024 | Volume15 | Issue7 |



Wen JP et al. Macrophages-related DFUs Bibliometrics

Table 4 The top 10 journals and co-cited journals related to this field

IF Co- IF
Rank Journal Count JCR Journal o JCR
2023 citation 2023
1 Wound Repair and Regeneration 15 29 Q2 Wound Repair and Regeneration (United States) 508 29 Q2
(United States)
2 International Journal of Molecular 6 5.6 Q1 Journal of Investigative Dermatology (United States) 414 6.5 Q1
Sciences (United States)
8 International Wound Journal (England) 6 31 Q2 Diabetes (United States) 369 7.7 Q1
4 Journal of Wound Care (England) 6 1.9 Q3 Diabetes Care (United States) 364 16.2 Q1
5 Pharmaceutics (Switzerland) 6 54 Q1  Plos One (United States) 346 3.7 Q2
6 Biomedicine & Pharmacotherapy 5 7.5 Q1 Journal of Immunology (United States) 304 44 Q2
(France)
7 Journal of Investigative Dermatology 5 6.5 Q1 Journal of Clinical Investigation (United States) 266 15.9 Q1
(United States)
8 Plos One (United States) 5 3.7 Q2 American Journal of Pathology (United States) 250 6.0 Q1
9 Acta Biomaterialia (England) 4 9.7 Q1  Biomaterials (Netherlands) 249 14.0 Q1
10 Advances in Wound Care (United 4 49 Q1 Proceedings of The National Acadeny of Sciences of United 234 111 Q1
States) States of America (United States)

IF: Impact factor; JCR: Journal Citation Reports.

Table 5 The top 10 co-cited references related to this field

Rank Co-cited Ref. Count Country

1 Vincent Falanga, 2005, Lancet, v366, p1736 56 England

2 David G Armstrong, 2017, New England Journal of Medicine, v376, p2367 41 United States
3 Savita Khanna, 2010, Plos One, v5 41 United States
4 Paulina Krzyszczyk, 2018, Frontiers in Physiology, v9 31 United States
5 Anca Sindrilaru, 2011, Journal of Clinical Investigation, v121, p985 30 United States
6 Harold Brem, 2007, Journal of Clinical Investigation, v117, p1219 29 United States
7 Rita E Mirza, 2013, Diabetes, v62, p2579 29 Switzerland
8 Tina Lucas, 2010, Journal of Immunology, v184, p3964 28 United States
9 Rita E Mirza, 2011, cytokine, v56, p256 28 England

10 Wetzler C, 2000, Journal of Investigative Dermatology, v115, p245 28 United States

American. “Wound Repair and Regeneration” had the highest publication count at 15 articles (4.55%), followed by “Interna-
tional Journal of Molecular Sciences,” ” International Wound Journal,” * Journal of Wound Care” and “Pharmaceutics” (for each
journal, n = 6, 1.82%). A journal collaboration network was constructed using journals with at least two publications (T =
2) (Figure 6A), in which the node representing “Wound Repair and Regeneration” was the largest, indicating a higher
publication count.

Regarding co-citations journals, among 3203 co-cited academic journals, 10 were cited more than 200 times, including
nine journals from the United States and one from the Netherlands. “Wound Repair and Regeneration” had the highest
number of co-citations at 508, while “Diabetes Care” had the highest IF of 16.2 among the top 10 journals. A co-citation
network was constructed using journals with at least 30 co-citations (T = 30) (Figure 6B), in which nodes representing “
Wound Repair and Regeneration,” “Journal of Investigative Dermatology,” and “Diabetes Care” were larger, reflecting their
higher co-citation counts. Within this network, close relationships were apparent among various co-cited journals.

Analysis of co-cited references

Among the 330 relevant publications, 16596 co-cited references were identified. Table 5 lists the top 10 co-cited references,
each with a minimum of 28 co-citations. Of these, three had more than 40 co-citations. The study “Wound healing and its
impairment in the diabetic foot” by Falanga et al[32], published in “The Lancet” in 2005, had the highest number of co-
citations at 56, followed by the study “Diabetic Foot Ulcers and Their Recurrence” by Armstrong et al[2], published in the
“New England Journal of Medicine” in 2017, with 41 co-citations, and the study “Macrophage dysfunction impairs
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Figure 4 The institutions network diagram associated with this field. A node represents an institution, and the size of each node represents its relative
quantity of research output. Each line represents the strength of the cooperation relationship between two institutions, and strength value is displayed between lines.
Threshold excludes institutions with = 2 items published.

resolution of inflammation in the wounds of diabetic mice” by Khanna et al[33], published in PLOS ONE in 2010, with 41
co-citations. The co-citation counts of the remaining seven studies on the list ranged from 28 to 31. A co-citation network
was constructed using a co-citation threshold of 10 (T = 10) (Figure 7A), in which nodes corresponding to the studies by
Vincent Falanga, Savita Khanna, and David G Armstrong were larger, indicating a higher frequency of co-citations.
Additionally, close relationships were evident between these key references, suggesting an active pattern of co-citation.

Analysis of citation burstiness of references

Citation burst indicates references that have received increased attention from scholars within a specific timeframe[34].
Using CiteSpace, we identified 11 studies with strong citation bursts (Figure 7B). In this figure, each bar, either red or
blue, signifies a 1-year time interval, with red bars indicating the periods of citation bursts. The top 11 references that
displayed citation bursts were clustered between 2015 and 2023. Notably, four of these studies experienced bursts in 2020
alone. The most substantial burst was observed for the study “Diabetic Foot Ulcers and Their Recurrence” by Armstrong
et al[2] in the burst period spanning from 2020 to 2023, with a burst strength of 7.93. Another article, “Macrophage
Phenotypes Regulate Scar Formation and Chronic Wound Healing” by Hesketh et al[35], published in the “International
Journal of Molecular Sciences,” exhibited a citation burst from 2020 to 2023 and ranked second with a burst strength of 7.23.
This was followed by the study “Macrophage-Mediated Inflammation in Normal and Diabetic Wound Healing” b
Boniakowski et al[36] published in the “Journal of Immunology,” which had a burst period from 2018 to 2023, with a burst
strength of 5.73.

Analysis of keywords

Using CiteSpace software for keyword and cluster analysis, we identified 466 keywords, grouped into 17 distinct clusters.
The 10 most frequent keywords, each appearing at least 25 times, were “diabetic foot ulcer,” “wound healing,”
“macrophage,” “expression,” “inflammation,” “cell,” “activation,” “macrophage polarization,” “angiogenesis,” and “in
vitro” (Table 6). Among these, five keywords were published more than 50 times, with “diabetic foot ulcer” having the
highest occurrence at 228, followed by “wound healing” (n = 92), “macrophages” (n = 75), “expression” (n = 66), and
“inflammation” (n = 52). The remaining five most frequently used keywords were published 26-50 times. CiteSpace was
employed for the co-occurrence analysis of article keywords (Figure 8A). As illustrated in this figure, node labels for
keywords that appear more than 10 times are prominently displayed. Specifically, nodes for “diabetic foot ulcers,”
“wound healing,” “macrophages” and “expression” were notably larger, signifying their higher frequency.

The identified keywords were organized into 17 clusters (Table 7). The top 10 clusters by frequency were “diabetes
mellitus,” “obesity,” “mesenchymal stem,” “diabetic wounds,” “diabetic foot,” “double blind,” “sepsis,” “activation,”
“antigen,” and “amputation.” Among these 17 thematic clusters, each of the top 10 clusters contained at least 20
keywords. “Diabetes mellitus” had the highest number of keywords at 64, followed by “obesity” (n = 49) and
“mesenchymal stem” (n = 48). The keyword counts of the remaining seven clusters ranged from 27 to 39. A keyword
clustering map was constructed based on the 10 most populated clusters (Figure 8B), in which clusters in different colors
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Table 6 The top 10 Keywords related to this field

Rank Keywords Count Centrality Year
1 Diabetic foot ulcer 228 0.37 2005
2 Wound healing 92 0.1 2010
3 Macrophage 75 0.15 2005
4 Expression 66 0.19 2004
5 Inflammation 52 0.1 2010
6 Cell 50 0.04 2009
7 Activation 43 0.05 2013
8 Macrophage polarization 43 0.04 2018
9 Angiogenesis 40 0.25 2005
10 In vitro 26 0.12 2007

corresponded to distinct keyword categories, with “diabetes mellitus” featuring the most nodes and the highest
occurrence frequency.

DISCUSSION

Annual growth trend analysis

Over the past two decades, 573 institutions across 45 countries/regions have published 330 research articles in 207 peer-
reviewed journals regarding macrophages in DFUs. At the same time, an increasing trend in the number of publications
was observed, indicating that the role of macrophages in DFUs emerged as a significant area of research, particularly
between 2017 and 2023. As illustrated in Figure 2, the research landscape before 2019 was characterized by modest
growth, with fewer than 20 publications annually. In contrast, the period from 2019 to 2023 experienced a near-
exponential increase in publications. Notably, the total number of publications from 2019 to 2023 surpassed the
cumulative total from the preceding 16 years, underscoring the recent surge in interest in this field.

Analysis of countries/regions

Regarding publication volume, the top 10 countries/regions span three major geographical areas - Europe, Asia, and
North America - with developed countries comprising 70% of the list. These countries/regions generally maintain high
research standards, enabling more advanced studies on the role of macrophages in DFUs. China stands out among Asian
nations because of its robust research output, publishing extensively in recent years. While the United States trailed
slightly behind China regarding the number of publications, it was significantly ahead in citation counts. This
discrepancy suggests a greater depth of research contributions from the United States than that from other countries.
Among the top 10 countries/regions by publication volume, only China, India, and Iran were developing nations. This
highlights the gap in research capabilities in developing countries/regions and emphasizes the need for them to enhance
their scientific research infrastructure. Developing countries and regions should actively assimilate knowledge from their
developed counterparts and strive to make meaningful contributions to this burgeoning field.

Analysis of institutions and journals

Among the top 10 most productive institutions that contributed to this research area, five were based in the United States
(Table 2), while the remaining five institutes were distributed across two other countries/regions (China and Portugal).
The leading institutes were Shanghai Jiao Tong University (China) and Sun Yat-sen University (China) with 11 public-
ations each. This highlights the significance and influence of these institutions within the research field. Moreover, seven
of the top 10 most-cited institutions in this field were located in the United States, highlighting its contribution; the
remaining three were from Portugal and China, respectively. The University of Miami (United States), the University of
Coimbra (Portugal), and Harvard University (United States) ranked among the top three institutions according to citation
counts. Collaborating with these institutions could be highly beneficial to researchers in this field.

Regarding journals, “Wound Repair and Regeneration,” which specializes in wound repair, published the highest number
of articles (n = 15). Despite the journal’s relatively modest IF of 2.9, it had the highest number of co-citations (n = 508),
which can be attributed to its high publication volume. Furthermore, it is noteworthy that nine of the top 10 journals with
the highest total co-citation counts were based in the United States, reinforcing the country’s leading role in this scientific
domain. Among them, “Diabetes Care” had the highest IF (16.2) and published one article that garnered 364 co-citations.
Importantly, journals with higher IFs tended to have more co-cited articles, highlighting their influence in the field.
Therefore, researchers should reference articles from frequently co-cited journals in their work and consider these
platforms for submission of their research to increase its visibility and impact.
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Table 7 17 keyword clusters of research involving macrophage-related diabetic foot ulcers

Cluster oie silhouette "°2"  Label (LSI) Label (LLR) Label (MI)

ID (year)

0 64 0.63 2014 Wound healing; diabetes mellitus; diabetic foot ~ Diabetes mellitus (22.75, 1.0E-4); Skin and wound
ulcer; low level laser therapy; tensiometerical chronic wounds (13.74, 0.001); wound ~ care (0.76); tgf-beta
properties | chronic wounds; local treatment; healing (12.48, 0.001); histology (11.05, (0.76); metfo
immunohistochemical markers; diabetic foot 0.001); wound closure (7.36, 0.01)
ulcers; venous leg ulcers

1 49 0.673 2014 Wound healing; adipose tissue; extracellular Obesity (9.64, 0.005); expression (9.59, Type 2 (0.42);
vesicles; diabetic foot ulcer; small extracellular 0.005); coronary artery disease (9.28, griffonia simpli-
vesicles | endothelial progenitor; coronary 0.005); adipose tissue (9.28, 0.005); cifolia i b4 (0.42)
artery; griffonia simplicifolia; biomimetic endothelial progenitor cells (9.28, 0.005)
hydrogels; tissue engineering

2 48 0.682 2015 Wound healing; diabetic foot ulcer; stromal cells; Mesenchymal stem (10.73, 0.005); Animal models
astragali radix; diabetic wound healing | foot growth factor (8.23, 0.005); (0.27); biologics
ulcer; mouse model; growth factor; mice; neuropeptides (7.06, 0.01); Chinese (0.27); acellular
dysfunction medicine (7.06, 0.01); neurotensin (7.06,

0.01)

8 39 0738 2018 Wound healing; tensiometric properties; Diabetic wounds (12.93, 0.001); tlr4 Macrophage
microbial flora; curcumin-loaded superpara- (9.12, 0.005); adaptive immunity (5.52,  polarisation (0.44);
magnetic iron oxide nanoparticles; pseudomonas 0.05); siRNA delivery (5.52, 0.05); cell penetrating p
aeruginosa | diabetic foot ulcer; chronic wound;  antibacterial (5.52, 0.05)
siRNA delivery; lipid nanoparticle; lipidoid
nanoparticle

4 37 0751 2012 Diabetic foot; wound healing; tumour necrosis Diabetic foot (12.14, 0.001); foot (8, Inflammatory
factor alpha; foot ulcer; endothelial progenitor | 0.005); in vivo (7.47, 0.01); endothelial arthritis (0.73);
diabetic foot ulcer; foot ulcer; endothelial growth factor (7.05, 0.01); chronic surgery (0.73); neu
progenitor; human fibroblasts; tumor necrosis wounds (5.35, 0.05)
factor-alpha

5 37 0871 2010 Extracellular matrix; metal-polyphenol capsule; ~ Double blind (15.79, 1.0e-4); colony Intraepidermal
diabetic wound healing; situ tissue regeneration;  stimulating factor (15.79, 1.0e-4); wound nerve fibers (0.29);
split-thickness skin graft | foot ulcers; skin; healing (11.55, 0.001); in situ tissue growth factor
matrix metalloproteinases; mechanisms; regeneration (10.51, 0.005); diabetic
angiogenesis neuropathy (10.51, 0.005)

6 35 0921 2006 Controlled trials; granulocyte colony-stimulating ~ Sepsis (17.44, 1.0e-4); acute respiratory ~ Acute respiratory
factor; intensive care; acute respiratory distress distress syndrome (8.68, 0.005); distress syndrome
syndrome; two-hit model | granulocyte- controlled trials (8.68, 0.005); (0.03); control
macrophage colony-stimulating factor; diabetic granulocyte colony-stimulating factor
foot infection; colony-stimulating factor; (g-csf) (8.68, 0.005); cancer (8.68, 0.005)
intensive care; two-hit model

7 30 0.732 2014 Wound healing; innate immunity; gene Activation (11.88, 0.001); angiogenesis ~ Notch (0.51);
expression; diabetic foot ulcer; diabetic wound |  (5.61, 0.05); nlrp3 inflammasome (5.1, alveolar
activation; inflammation; diabetic foot disease; 0.05); inflammation (4.55, 0.05); notch macrophages (0.51);
neuropeptide substance; skin substitutes (4.33, 0.05) behavior

8 30  0.804 2017 Differentiation; senescence; growth arrest; miR Antigen (11.18, 0.001); intracellular Bm-mscs (0.23);
145; miR expression | presenting cells; bacteria (11.18, 0.001); presenting cells  collagen i (0.23);
intracellular bacteria; staphylococcus aureus; (11.18, 0.001); mesenchymal stem cells diabetic ulcer
diabetic ulcers; biomimetic hydrogels (6.83, 0.01); differentiation (6.09, 0.05)

9 29 0816 2009 Angiogenesis; skin; tissue; hyperbaric oxygen; Amputation (17.25, 1.0e-4); Utility (0.21);
osteoradionecrosis | amputation; matrix metallo- management (11.48, 0.001); nanomedicine (0.21);
proteinases; risk factors; binding; potent angiogenesis (10.17, 0.005); randomized ~white matter
gelatinase controlled trial (7.78, 0.01); amputations

(7.78,0.01)

10 27 0.676 2016 Wound healing; diabetic foot; no-option critical ~ Migration inhibitory factor (11.07, MiRNAs-mRNA
limb ischemia; cell therapy; peripheral blood 0.001); signaling pathway (7.38, 0.01); (0.24); synergistic
mononuclear cells | diabetic foot ulcer; association (7.38, 0.01); miRNAs-mRNA effect (0.24); pat
epidermal growth factor; oxidative stress; single  (5.53, 0.05); synergistic effect (5.53, 0.05)
cell sequence; angiogenic properties

11 23 0.865 2016 Chronic wound; nanocomposite hydrogels; rnos  Rnos eradication (12.46, 0.001); Immune centric
eradication; peripheral blood mononuclear cells; ~ immunoregulation (12.46, 0.001); revolution (0.05);
wound healing | macrophage polarization; tissue nanocomposite hydrogels (12.46, 0.001); revascularization
regeneration; diabetic foot; immune system; herb-derived (12.46, 0.001); chronic
wound healing wound repairing (12.46, 0.001)

12 11 1 2004 Antimicrobial peptides; microbicides; sexually Microbicides (13.17, 0.001); sexually Wound healing
transmitted infections transmitted infections (13.17, 0.001); (0.04); inflammation

antimicrobial peptides (13.17, 0.001); (0.02); macroph
wound healing (0.25, 1.0); inflammation
(0.15,1.0)
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13 6 1 2008 Positron emission tomography; fluorodeoxy- Fluorodeoxyglucose (12.49, 0.001); Wound healing
glucose; infection; inflammation positron emission tomography (9.72, (0.03); inflammation
0.005); infection (6.49, 0.05); inflam- (0.02); macroph
mation (3.09, 0.1); wound healing (0.34,
1.0)
14 2 1 2013 Positron emission tomography; diabetic foot Leukocyte scintigraphy (10.49, 0.005); Wound healing
infections; chronic osteomyelitis; 18F-FDG nuclear medicine (10.49, 0.005); bone (0.03); inflammation
PET/CT; leukocyte scintigraphy; rheumatoid scintigraphy (10.49, 0.005); chronic (0.01); leukocyte
arthritis; joint replacement; bone scintigraphy; osteomyelitis (10.49, 0.005); joint
nuclear medicine; hybrid pet replacement (10.49, 0.005)
15 1 0 2020 Diabetic kidney disease; kk-a(y)mouse; sglt2 Kk (11.99, 0.001); a (y) mouse (11.99, Wound healing
inhibitor; tofogliflozin 0.001); sglt2 inhibitor (11.99, 0.001); (0.03); inflammation
tofogliflozin (11.99, 0.001); diabetic (0.02); macroph
kidney disease (9.22, 0.005)
16 1 0 2022 Glomerulonephropathy; laminin alpha 2; Mechan transduction (11.99, 0.001); Wound healing
mechanosensitive protein; mechanotransduction; laminin alpha 2 (11.99, 0.001); mechano- (0.03); inflammation
podocyte mechanics sensitive protein (11.99, 0.001); (0.02); macroph

podocyte mechanics (11.99, 0.001);
glomerulonephropathy (11.99, 0.001)

LSI: Latent semantic indexing; LLR: Log likelihood ratio; MI: Mutual information; 18F-FDG: 18F-fluorodeoxyglucose; PET/CT: Positron emission
tomography/computed tomography; miR: MicroRNA.

Analysis of keyword and research hotspots

Through a co-occurrence analysis of 466 keywords across 330 articles, we gained valuable insights into prevailing
research directions and emerging hotspots in this domain[37]. Figure 8 shows that most studies have focused on the role
of macrophages in the wound-healing process in DFUs, specifically the activation, expression activities, and migration of
macrophages. The wound healing process is complex and involves four distinct stages, beginning with hemostasis,
followed by the inflammatory and proliferative phases, and finally, the remodeling phase[35]. During the inflammatory
stage, various immune cells, including macrophages, neutrophils, and monocytes, coordinate with other cells sur-
rounding the injured skin to facilitate the repair process[38]. Macrophages play pivotal roles in inflammation, including
clearing pathogens and cellular debris and regulating the subsequent proliferative phase, either directly or indirectly.
This regulation occurs through the secretion of cytokines and growth factors, which stimulate the proliferation, differen-
tiation, and migration of keratinocytes, fibroblasts, and endothelial cells[39]. However, analysis of this process is
complicated because macrophages can adopt different phenotypes, characterized by different functions, during wound
healing[40-42]. Proinflammatory macrophages are typically described as M1 macrophages, whereas anti-inflammatory
and reparative macrophages are referred to as M2 macrophages. However, it is important to note that this categorization
and terminology has certain limitations[43,44].

In the early stages of wound repair, various factors such as cytokines, chemokines, growth factors, and metabolites
stimulate the transformation of most inactivated macrophages to M1 macrophages. These M1 macrophages, compared
with their undifferentiated counterparts, possess a heightened phagocytic ability and intensify inflammation by releasing
various inflammatory cytokines, including interleukin (IL)-1, IL-6, and tumor necrosis factor o (TNF-a), thereby becoming
predominant at this stage[39]. However, as the inflammatory process advances, the role of macrophages shifts, with anti-
inflammatory and reparative M2 macrophages superseding M1 macrophages. M2 macrophages are instrumental in
reducing inflammation and aiding the wound healing process by secreting cytokines such as IL-10, transforming growth
factor-p (TGF-B), and vascular endothelial growth factor (VEGF), which marks a critical transition from the inflammatory
phase to the remodeling phase of wound healing[36,45]. Consequently, the phenotypic transition of macrophages is not
only a feature of the healing process but also a necessary condition for transitioning from the inflammatory to the prolif-
erative phase during wound healing[46].

Typical factors such as IL-4 and IL-13 are known to induce alternative macrophage phenotypes. In vitro wound models
using human cell lines have demonstrated that the transition to the M2 phenotype occurs after IL-4/IL-13 stimulation.
However, in mouse models of wounds, this transition does not depend solely on these cytokines, suggesting the presence
of other yet unclear mechanisms[41]. Research has indicated that M1 macrophages can evolve into a novel M2-like
phenotype independent of IL-4/IL-13[47]. This transition involves initial activation through Toll-like receptors (TLR),
where adenosine A2A receptor (A2AR) agonists synergize with TLR2, TLR4, TLR7, and TLRY agonists, leading to the
M2d phenotype. Unlike traditional M2a macrophages, M2d macrophages exhibit high levels of VEGF, IL-10, and nitric
oxide synthase, with reduced levels of TNF-a and IL-12, and a slight increase in arginase-1. These signaling pathways
have been proposed to act as angiogenic switches, bridging innate immunity and wound healing, thus playing a
significant role in the wound healing process. Additionally, other factors such as IL-10, glucocorticoids, prostaglandins,
and phagocytic processes may also contribute to the induction of the M2-like phenotype. However, within the complex
context of wound healing, the precise influence of each stimulus on macrophage phenotype transition and inflammation
resolution remains unclear[45]. The phenotypic transition of macrophages is undoubtedly crucial in resolving inflam-
mation and healing wounds in DFUs, with more studies focusing on this area[48-50]. Future studies will likely continue
to focus on the transition between the two macrophage phenotypes and their intricate functions in DFUs.
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Figure 5 The network visualization map of authors and co-cited authors analysis. Each author is represented as a node. A: The node size is
proportional to the number of publications (T = 2) and a link between two nodes indicates a cooperation relationship; B: The node size is proportional to the sum of
citations (T = 20) and a link between two nodes indicates a co-citation relationship. The distance between nodes indicates the relatedness, and a smaller distance
implies a higher relatedness and will be assigned to one cluster with the same colors.

Exosomes, which are cellular vesicles with a lipid bilayer membrane encapsulating functional proteins and nucleic
acids, have been extensively studied in diabetic wound healing[51-53]. Macrophages, essential immune cells in diabetic
foot pathology, mediate inflammation through polarization. Exosomes can regulate inflammation by influencing
macrophage differentiation[54,55]. Specifically, stem cell-derived exosomes transferred to macrophages can induce anti-
inflammatory M2 macrophage polarization. This polarization is facilitated by transcriptionally activating p-lactamase-1
and increasing anti-inflammatory factors like IL-10, while not significantly affecting M1-related cytokines. This simultan-
eously induces an inflammatory response and enhances insulin sensitivity[56]. In myocardial ischemia-reperfusion
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Figure 6 The network visualization map of journals and co-cited academic journals analysis. Each journal is represented as a node. A: The node
size is proportional to the number of publications (T = 2); B: The node size is proportional to the sum of co-citations (T = 30).

injury, microRNA (miR)-21-5p from mesenchymal stem cell-derived exosomes stimulates M2 macrophage polarization,
reduces inflammation, and aids cardiac cell repair[57]. Additionally, exosomes from adipose-derived stem cells are
pivotal in managing obesity-related inflammation and metabolic disorders, promoting anti-inflammatory M2
macrophage polarization through active STAT3 and suppression of macrophage inflammation[56]. In the neurological
context, miR-21-5p from exosomes of dorsal root ganglion neurons accelerates rat neuronal injury progression by
inducing microglia to adopt a proinflammatory M1 phenotype[58]. Therefore, exosomes are promising targets for studies
regarding macrophage-related DFUs.

In addition, keyword co-occurrence analysis revealed a predominance of basic research, necessitating the development
of animal models to explore the pathophysiological underpinnings of DFUs more effectively. A highly cited article by
Kottaisamy reviewed commonly employed animal models for diabetes research, shedding light on the advantages and
limitations of each model[59]. Among these models, streptozotocin is commonly used to induce diabetes in animals by
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Top 11 references with the strongest citation bursts
References Year Strength Begin End 2004 - 2023

Amstrong DG, 2017, NEW ENGL J MED, V376, P2367, DOI 10.1056/NEJMra1615439, DOl 2017 7.93 2020 2023 e —
Hesketh M, 2017, INT J MOL SCI, V18, P0, DOI 10.3390/jms18071545, DOI 2017 7.23 2020 2023 e —
Boniakowski AE, 2017, J IMMUNOL, V199, P17, DOI 10.4049/jmnmunol. 1700223, DOI 2017 5.73 2018 2023  —
Mirza RE, 2014, DIABETES, V63, P1103, DOI 10.2337/db13-0927, DOI 2014 4.92 2018 2019 e e
Kirzyszezyk P, 2018, FRONT PHYSIOL, V9, PO, DOI 10.3389/fphys.2018.00419, DOI 2018 4.18 2020 2021 e ——
Mirza RE, 2013, DIABETES, V62, P2579, DOI 10.2337/db12-1450, DOI 2013 4.14 2015 2018 —
Sawaya AP, 2020, NAT COMMUN, V11, P0, DOI 10.1038/s41467-020-18276-0, DOI 2020 3.93 2021 2023  —
Gallagher KA, 2015, DIABETES, V64, P1420, DOI 10.2337/db14-0872, DOI 2015 3.69 2018 2019 e— —
Leal EC, 2015, AM J PATHOL, V185, P1638, DOI 10.1016/j.ajpath.2015.02.011, DOI 2015 3.32 2019 2020 s—
Nassiri S, 2015, J INVEST DERMATOL, V135, P1700, DOI 10.1038/jid 2015.30, DOI 2015 3.13 2018 2020 e —e
Okonkwo UA, 2017, INT J MOL SCI, V18, P0, DOI 10.3390/ijms18071419, DOI 2017 3.07 2020 2023 e —

Figure 7 The co-citations network map of papers and top 11 references with the strongest citation bursts. A: A node represents a reference,
and the node size is proportional to the sum of co-citations (T = 10); B: References that were commonly cited are depicted by red bars, whereas references that were
rarely cited are represented by blue bars.

triggering pancreatic p-cell death[60]. Additionally, there are alternative models such as the high-fat diet-induced
diabetes model[61], spontaneous diabetes model[62], and genetic diabetes model[63], each of which has its strengths and
limitations. Collectively, these animal models offer a rich and diverse platform for an in-depth study of diabetes and
DFUs.

Strengths and limitation
Our study has several strengths. First, using a scientific approach for the systematic analysis of publications related to
macrophages in DFUs allows clinicians and scholars to gain a clearer understanding of developmental trends in this
topic. Second, we utilized four different scientific measurement tools for data visualization analysis - Excel, HistCite,
VOSviewer, and CiteSpace - which are the most popular tools in scientometrics, ensuring an objective data analysis
process and making the results more convincing. Third, compared with traditional narrative assessments, the visual-
ization offered by scientometric analyses provides a more accurate and easily comprehensible understanding of how
research trends and focal points change over time.

However, this study has some limitations. First, the study only considered articles and reviews from the WoSCC
without utilizing other databases or languages as supplements. However, it is important to recognize that the WoSCC is a
comprehensive database, and it is difficult to simultaneously analyze data from different databases. Second, our data
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diabetic foot ulcers. The size of nodes represents the co-occurrence frequency, and different colors represent different clustering of keywords.

were analyzed using scientometric software rather than being manually compiled as in meta-analyses or systematic
reviews. This could introduce inaccuracies due to the inability of the software to discern nuances in publications or differ-
entiate between authors with the same name. Furthermore, our study may have had a time-lag effect, potentially
excluding recently published impactful studies. As technology and methodologies for data collection and analysis
continue to advance, we look forward to mitigation of these limitations in future research.

CONCLUSION

Bibliometric analysis revealed rapid developments in research concerning macrophages in DFUs, with a surge in public-
ations since 2019. Leading this trend are Countries such as China and the United States that have made significant contri-
butions to this field. Notably, influential researchers such as Aristidis Veves and Eugenia Carvalho have published
multiple widely cited papers in this area. In the foreseeable future, the study of the transition between the two main
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macrophage phenotypes in DFUs, along with the complex roles these phenotypes play, and the investigation of exosomes
in these transitions, are anticipated to remain a research priority. Bibliometric analysis provided a comprehensive
overview of the research output in this field from 2004 to 2023, which might serve as a useful reference for scholars
investigating similar topics.
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