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Abstract: This study aimed to identify author, country, institutional, and journal collaborations and assess their im-
pact, along with knowledge base, as well as identify existing trends, and uncover emerging topics related to matrix 
metalloproteinase and pancreatic-cancer research. A total of 1474 Articles and reviews were obtained from the 
Web of Science Core Collection and analyzed by Citespace and Vosviewer. CANCER RESEARCH, CLINICAL CANCER 
RESEARCH, and FRONTIERS IN IMMUNOLOGY are the most influential journals. The three main aspects of research 
in matrix metalloproteinases-pancreatic cancer-related fields included the pathogenesis mechanism of pancreatic 
cancer, how matrix metalloproteinases affect the metastasis of pancreatic cancer, and what role matrix metallopro-
teinases play in pancreatic cancer treatment. Tumor microenvironment, pancreatic stellate cells, drug resistance, 
and immune cells have recently emerged as research hot spots. In the future, exploring how immune cells affect 
matrix metalloproteinases and reshape the tumor microenvironment may be the key to curing pancreatic cancer. 
This study thus offers a comprehensive overview of the matrix metalloproteinases-pancreatic cancer-related field 
using bibliometrics and visual methods, providing a valuable reference for researchers interested in matrix metal-
loproteinases-pancreatic cancer.
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Introduction

Cancer has always been a significant problem 
plaguing humanity [1-6]. The latest cancer  
statistics from the US show that by 2022, there 
will be 1,918,030 new cancer cases and 
609,360 cancer deaths in the United States. 
Pancreatic cancer (PC) is one of the top three 
causes of death among cancer patients, with 
62,210 new cases and 49,830 deaths expect-
ed in 2022 [7]. The poor prognosis of pancre-
atic cancer is closely related to its local inva-
sion and early metastasis [8-10]. In vitro stud-
ies have shown that proteolytic degradation of 

extracellular matrix (ECM) components is a sig-
nificant step in tumor invasion, and various pro-
teases play an integral role in this process [11-
13]. Matrix metalloproteinases (MMPs) have 
attracted widespread attention because of 
their high correlation with cancer [14, 15]. 

MMPs are a family of ECM-modifying enzymes 
initially thought not to be critically involved in 
biological processes [14, 16]. Nevertheless, 
with further research, MMPs were found to be 
involved in various autoimmune diseases, 
inflammatory diseases, cancer, epithelial-mes-
enchymal transition, and host-microbe interac-
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tions [17, 18]. Among them, MMPs are highly 
associated with pancreatic cancer progression 
and metastasis due to their ability to degrade 
all components of the ECM. Numerous studies 
have shown that pancreatic cancer tissues 
highly express MMP-1, MMP-2, MMP-7, MMP-9, 
MT1-MMP, MT2-MMP, and MT3-MMP; among 
which MMP-2, MMP-7, MMP-9 have been rec-
ommended as biomarkers for pancreatic can-
cer [19, 20]. To further explore the role of MMPs 
in pancreatic cancer, this study comprehen-
sively incorporated matrix metalloproteinases-
pancreatic cancer (MMPs-PC) related literature 
to analyze the field thoroughly.

There are many ways to systematically review a 
research field, among which the bibliometric 
method is one of the most commonly used 
approaches [21]. Bibliometric analysis can 
study the contributions and collaboration of 
researchers, organizations, nations, and jour-
nals qualitatively and quantitatively and assess 
academic research’s developmental status and 
new tendencies. The bibliometric method can 
also consider conventional reviews, meta-anal-
ysis, or experimental studies, whose analysis 
cannot be performed using other approaches 
[22-24]. Based on these advantages, this meth-
od is increasingly used to assess academic ten-
dencies and develop guidelines. Hence, we 
used bibliometric analysis for evaluating and 
summarizing MMPs-PC related studies. 

This study aimed to objectively delineate the 
knowledge in the field and illuminate new 
trends in MMPs-PC research from the follow- 
ing four dimensions using two standard biblio-
metric tools, CiteSpace and VOSviewer [25, 
26]. (1) We intended to quantify and identify 
general information in MMPs-PC studies by 
studying yearly articles, journals, co-cited jour-
nals, nations, organizations, researchers, and 
co-cited researchers. (2) We strived to identify 
and study the top 100 most cited articles 
through co-citation reference analyses to 
assess the knowledge base of MMPs-PC. (3) 
We aimed to identify the knowledge structure 
and hotspot evolution through keyword and co-
citation reference burst analyses. (4) Mean- 
while, under the analyses of the journals, coun-
tries, and keywords of the former top 100 arti-
cles and co-cited journals, combined with the 
analysis content of part (3), the research con-
tent and possible new directions in the field of 
MMPs-PC were further determined.

Materials and methods

Study design

This study used bibliometric analysis to study 
scientific journals investigating MMPs-PC. The 
study is divided into two parts: the first is the 
study of all the published articles in the MMPs-
PC-related field using Web of Science Core 
Collection (WOSCC); the second is the analysis 
of the first 100 highly cited papers in the MMPs-
PC field (Figure 1).

Data collection

Our team used the WoSCC database as it  
can offer comprehensive data required by the 
bibliometric software and is considered the 
most powerful database [27]. Data were 
acquired from the WoSCC database on March 
16, 2022, and the relevant data can be found 
in Supplementary Table 10. Our main search 
terms were “pancreatic cancer” [28] and 
“matrix metalloproteinases” [29]. Part I: All  
articles relevant to the MMPs-PC field were 
downloaded from WoSCC (Time span from  
the establishment of WoSCC to December 30, 
2021). Part II: Two independent researchers 
manually screened the top 100 most-cited arti-
cles relevant to the MMPs-PC field. Search con-
ditions: The language was limited to English, 
and the type of article was restricted to articles 
and reviews. The retrieval outcomes were 
downloaded from the recorded content of “Full 
Record and Cited References”. 

Data analysis and visualization

The most frequently utilized bibliometric pro-
grams are VOSViewer, CiteSpace, SCI2, Net- 
Draw, and HistCite. There is no consensus on 
the best bibliographic approach. After careful 
consideration, this study utilized VOSviewer 
and CiteSpace.

Our team used VOSviewer1.6.15 to determine 
influential journals, co-cited journals, resear- 
chers, co-cited researchers, and associated 
knowledge graphs based on bibliographic infor-
mation [30]. Moreover, our team created key-
word co-occurrence and clustering diagrams 
based on text data. First, the data were cleaned. 
For example, “matrix metalloproteinase” and 
“matrix metalloproteinases” were unified to 
“MMPs” in the keyword analysis. The project’s 
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other thresholds (T) were set according to dif-
ferent circumstances and marked in the rele-
vant tables and illustrations.

CiteSpace, proposed by Professor Chen Chao- 
mei, is a bibliometric and visualization analysis 
tool suitable for investigating collaboration,  
key points, inner architectures, and latent ten-
dencies in a specific field [25]. Hence, our team 
used CiteSpace6.1.R2 to study and visualize 
the co-occurrence of nations and organiza-
tions, dual maps, high-frequency keyword 
trends, co-citation references, and citation 
bursts. The data were cleaned before the inves-
tigation; for example, articles from Taiwan were 
classified as China in the country analyses, 
whereas publications from England, Scotland, 
Northern Ireland, and Wales were assigned to 
the United Kingdom (UK). The CiteSpace set-
tings are stated below: time span, 1999-2022; 
years per slice, 1, pruning, minimum spanning 
tree and pruning sliced networks; selection 
standards, Top N = 50; and others followed the 
default.

Microsoft Office Excel 2019 was used to pro-
cess the annual database of articles. Further- 
more, the 2021 periodical IF and JCR Division 
were obtained from the Web of Science in Cites 
Journal Citation Reports on July 22, 2022.

Results

The annual growth trend and the number of 
annual cited departments

As per the data acquisition method, our team 
obtained 1474 articles upon limiting the types 
of documents to articles and reviews and the 
language to English. A total of 1474 eligible  
articles (Supplementary Table 10) published 
between 1999 and 2021 were selected. From 
Figure 2A, we can observe that references 
related to MMPs-PC generally showed an in- 
creasing trend. It is worth noting that the cita-
tions of published articles in 2018-2021 have 
increased significantly. In addition, we also  
analyzed the top 10 countries with published 
articles (Figure 2B): America was leading in 
publishing articles until 2011 (1999-2011). 
Since 2012, China has shown great interest in 
the field of MMPs-PC, surpassing the United 
States to become the country with the greatest 
number of articles published.

Journals and co-cited journals

Our team utilized VOSviewer to analyze journals 
and co-cited journals to find the most influential 
and vital journals concerning the MMPs-PC 
field. The results revealed that 1474 articles 
related to this field were published in 477 jour-

Figure 1. Research Design Roadmap.
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nals. The CANCER RESEARCH published the 
most articles (43, 2.917%) (Supplementary 
Table 1).The US and UK accounted for half of 
the publications. Among the top 10 journals, six 
were from the Q1 JCR division, and 7 had an 
impact factor (IF) above five (Supplementary 
Table 1). Among the 4418 most commonly 
cited journals, 11 were cited > 1000 times. As 
presented in Supplementary Table 2, CANCER 
RESEARCH had the greatest number of cita-
tions (N = 4661), followed by JOURNAL OF BIO- 
LOGICAL CHEMISTRY (N = 2273) and CLINICAL 
CANCER RESEARCH (N = 2058). Among the top 
10 co-cited journals, except for JOURNAL OF 
BIOLOGICAL CHEMISTRY, all other co-cited jour-
nals were from the Q1 JCR division. Mean- 
while, the IF of all co-cited journals was more 
than 5. It is worth noting that the US and UK 
accounted for most of the top 10 cited 
journals.

The journal dual-map overlay represents the 
topic distribution status of journals (Figure 3) 
[31]. Citation journals are on the left, cited  
journals are on the right, and the color path 
indicates the citation relationship. Two primary 
citation paths were determined, which meant 
that research published in Molecular/Biology/
Immunology and Medicine/Medical/Clinical jo- 
urnals was predominantly cited by a study pub-
lished in Molecular/Biology/Genetics journals.

Country/region and institution

A total of 1595 institutions from 62 countries 
published the 1474 articles. The most signifi-
cant number of publications came from China 
(545, 30.67%), followed by the United States 

(427, 24.03%) and Japan (162, 9.17%) (Supple- 
mentary Table 3). As we have presented in 
Supplementary Table 3, the United States, 
China, and Germany have made indelible con-
tributions in the MMPs-PC field (Figure 4A). In 
addition, according to link color, the United 
States (1999), Germany (1999), UK (1999) and 
China (2000) were the first countries to con-
duct studies on MMPs-PC field. We used mini-
mal spanning tree pruning to clarify the net 
(Figure 4A). The standard map of unpruned 
countries contained 58 nodes and 132 links 
with a density of 0.0859, revealing active col-
laboration between diverse nations. For exam-
ple, the United States cooperated with 49 
nations, followed by China (n = 45) and Germany 
(n = 42).

More than half of the top 10 institutions were 
from China (6/11), followed by the USA (4/11) 
(Figure 4B) (Supplementary Table 3). Shanghai 
Jiao Tong Univ (35, 1.09%) published the most 
papers, followed by China Med Univ, Nanjing 
Med Univ, Univ Texas MD Anderson Canc Ctr, 
and Xi An Jiao Tong Univ (29, 0.90%) 
(Supplementary Table 3).

Author and co-cited author

Eight thousand seven hundred forty-six 
researchers participated in MMPs-PC research. 
Furthermore, 11 published more than ten 
papers. Ma, Qingyong wrote the most articles 
(n = 16), followed by Guha, Sushovan (n = 14), 
Tanaka, Masao (n = 9) (Supplementary Table 
4). To construct authors it includes authors  
who have authored more than five articles (T ≥ 
5) (n = 91) (Figure 5). Such knowledge graphs 

Figure 2. A. Annual publication number and citation frequency of MMPs-PC-related studies. B. Composition ratio of 
the top 10 countries by the publication number.
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Figure 3. The dual-map overlay of journals related to MMPs-PC research. Notes: The citing journals were on the left, the cited journals were on the right, and the 
colored path represents the citation relationship. MMPs-PC, matrix metalloproteinases-pancreatic cancer.
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can present high-frequency researchers. As 
represented in Figure 5, Ma, Qingyong, Wang, 
Zheng, and Li, were closely linked and formed  
a group of authors with the reddest color, indi-
cating that the group has made outstanding 
contributions in the field of MMPs-PC. Batra, 
Surinder k, Guha, Sushovan, Aggarwal, Bharat 
B, and Diagaradjane, Parameswaran, consti-
tuted the second largest group of authors. 
Tanaka, Masao, and Imaizumi, Akira constitut-
ed the third largest group of authors.

Co-cited researchers are those who have been 
co-cited in a range of publications. Amongst the 
37,647 co-cited researchers, 10 had more than 
90 citations [32, 33]. Bramhall, Simon R. (n = 
261) was ranked first, followed by Jemal, 
Ahmedin (n = 202) and Siegel, Rebecca L. (n = 
179). The number of co-citations of the top 3 
authors ranged from 179 to 261 (Supplementary 
Table 4). These co-cited authors (n = 100)  
and at least 35 co-citations (T ≥ 35) were 
selected to draw a network diagram of the co-
cited researchers (Figure 6), with identical col-
ors representing identical clusters. Co-cited 
authors were divided into four main clusters. 
Close cooperation was observed among 
authors in the same cluster, such as Bramhall, 
Simon R, Liotta, La, Bloomston, Mark P, ege-
blad, m, Ellenrieder, Volker, Coussens, Lisa M 
and Yamamoto, Hirokiin the field of MMPs- 
PC. Simultaneously, we also observed close 
cooperation between clusters such as Siegel, 
Rebecca L., and Jemal, Ahmedin. 

Keyword co-occurrence, clustering, and devel-
opment 

VOSviewer was utilized to present keyword  
co-occurrence (Supplementary Table 5; Figures 
7 and 8) and cluster analyses (Figure 7). An 
Overall 2747 keywords were abstracted, of 
which 95 occurred over six times and 76 
occurred over seven times. The keyword densi-
ty map (Figure 7) can find high-frequency  
co-occurrence entries and unveil hotspots in 
specific academic fields. As presented in 
Supplementary Table 5 and Figure 7, “invasion 
and migration” is a critical term, appearing  
204 times in total (11.09%), followed by apop-
tosis, mmp-9, epithelial-mesenchymal transi-
tion (emt), mmp-2, angiogenesis, proliferation, 
and prognosis. 

Cluster analysis can reveal the knowledge 
architecture of a research field [34]. The net 
was separated into three clusters according to 
the link strength of keyword co-occurrence 
(Figure 8). The keywords in each cluster were 
highly homogeneous. Cluster 1 (red) was the 
most significant cluster with 39 co-occurrence 
keywords, including pancreatic cancer, gem-
citabine, tumor microenvironment, nf-kappa b, 
pancreatic stellate cells, and extracellular 
matrix, e-cadherin, Akt, and inflammation. The 
keywords of Cluster 1 were mainly related to 
the pathogenesis mechanism of pancreatic 
cancer. Cluster 2 (green) was primarily associ-
ated with how MMP affects pancreatic cancer 

Figure 4. The co-occurrence map of (A) countries/regions and (B) institutions in MMPs-PC research (T ≥ 19). Notes: 
The node’s size reflects the co-occurrence frequencies, and the links indicate the co-occurrence relationships. The 
color of the node and line represent different years. Colors vary from grey to orange as time goes from 1999 to 
2022; a node with a purple round means high betweenness centrality (> 0.1). MMPs-PC, matrix metalloproteinases-
pancreatic cancer.
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metastasis and included 35 keywords, such  
as invasion and migration, metastasis, mmp, 
apoptosis, metastasis, emt, mmp-9, mmp-2, 
angiogenesis, and proliferation. Cluster 3 (blue) 
focused on what role MMP plays in pancreatic 
cancer treatment and contained 22 keywords, 
including A Disintegrin And Metalloprotease 
(adam) family (adam10, adam8, adam9), bio-
markers, ca19-9, pericytes, cancer therapy, 
diagnosis, and drug delivery.

The keyword with the most substantial citation 
burst was developed by CiteSpace and could 
present the citation status of high-frequency 
keywords. Keywords are sorted by citation 
strength, with dark blue representing how long 
the keyword has existed and red representing 
the time it has been cited in a burst. High-
frequency keywords (Top 50) are presented in 
Figure 9. As per the results, the EMT, with high 
citation strength (10.54) has been in a state of 

citation burst in recent years and may continue 
to become a research hotspot in the future.

Co-cited reference and reference burst

Our team used CiteSpace to identify the co-cit-
ed references. (Supplementary Table 6) results 
show that the top 10 co-cited references were 
co-cited ≥ 40 times, four of which were co-cited 
more than 60 times. The most frequently co-
cited reference is a paper written by Egeblad, 
Mikala, et al. published in NATURE REVIEWS 
CANCER in 2002 [35], entitled “New functions 
for the matrix metalloproteinases in cancer pro-
gression”, followed by an article entitled “Matrix 
Metalloproteinases: Regulators of the Tumor 
Microenvironment” [36].

Reference citation burst is when references are 
often cited over some time [37]. In CiteSpace, 
our team set the burst duration to ≥ 2 years. We 
identified 148 references with the total cita-

Figure 5. The density map of authors in MMPs-PC research (T ≥ 5). Notes: The size of the word, round, and the 
opacity of yellow are positively related to the publication frequency. MMPs-PC, matrix metalloproteinases-pancreatic 
cancer.
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tions and selected the top 20 references as the 
object of analysis. Figure 10 shows that the top 
20 burst references were published after 1999 
and had high citation outbreaks in 2002, 2011, 
and 209 (3/20, 15%). It is worth noting that by 
2022, 6 references (30%) were in a state of 
citation burst. The most substantial citation 
burst reference was “Cancer statistics, 2015”. 
Rebecca L Siegel and others have maintained a 
high citation rate since their publication in CA-A 
CANCER JOURNAL FOR CLINICIANS [38]. 

Analysis of journal, countries, and keywords of 
the top 100 most-cited articles

The top 100 most-cited articles were defined 
as cited articles with a high correlation with 
MMPs-PC. We analyzed the journals and co-
cited journals of the top 100 most-cited articles 
(Supplementary Tables 7, 8 and Figure 11). 
Sixteen journals have published more than two 

articles, of which CANCER RESEARCH (n = 14) 
and CLINICAL CANCER RESEARCH (n = 8) 
ranked in the top two. The publication number 
of other journals in this field is maintained at 
2-3, and the representative journal is ACS 
NANO (n = 3) and FRONTIERS IN IMMUNOLOGY 
(n = 2).

In the co-cited journals, CANCER RESEARCH  
(n = 566) was the most common, followed by 
CLINICAL CANCER RESEARCH (n = 229), JOUR- 
NAL OF BIOLOGICAL CHEMISTRY (n = 185), and 
INTERNATIONAL JOURNAL OF CANCER (n = 
163). Interestingly, in the top 100 most-cited 
articles field, FRONTIERS IN IMMUNOLOGY is 
not only a high publication volume journal but 
also a high co-citation journal. Roughly consis-
tent with the overall field analysis, journal anal-
ysis of the top 100 most-cited articles also 
identified only one primary orange citation 
path, which suggests that research published 

Figure 6. The co-occurrence map of co-cited authors in MMPs-PC research (T ≥ 35). Notes: The link indicates the co-
occurrence relationship between authors, and the same node color represents the same cluster. MMPs-PC, matrix 
metalloproteinases-pancreatic cancer.
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in the Molecular/Biology/Immunology journal is 
predominantly cited by a study published in the 
Molecular/Biology/Genetics journal.

We also analyzed the countries with the top 
100 most-cited articles (Figure 12). United 
States (n = 53) was the nation with the most 
papers, followed by China (n = 17). China has 
frequent academic exchanges with the United 
States, while the United States has ties with 
nine countries, including CHINA, JAPAN, the  
UK, and GERMANY. To further analyze the 
development content and trend of the MMPs-
PC field, we analyzed the keywords of the top 
100 articles. The keyword of the top 20 
(Supplementary Table 9) coincided with the top 
20 (Supplementary Table 5) in the MMPs-PC 
field, such as prognosis, pancreatic stellate 
cells, nf-kappa b, metastasis, invasion and 
migration, gemcitabine, EMT, apoptosis, and 
angiogenesis. This shows that the primary 
research content of MMPs-PC is related to the 

above keywords. The net was separated into 
three clusters according to the link strength of 
keyword co-occurrence (Figure 13). Cluster 1 
(red) was the most significant cluster with 93 
co-occurrence keywords, including pancreatic 
cancer, invasion and migration, NF-kappa beta, 
EMT, angiogenesis, extracellular matrix, micro-
environment, and metastasis. The theme of 
Cluster 1 is highly correlated with the possible 
biological mechanism of distant metastasis of 
pancreatic cancer. Cluster 2 (green) was pri-
marily associated with survival, prognosis, and 
pancreatic cancer biomarkers and included 17 
terms, such as survival, prognosis, biomarkers, 
24p3, cd147, and lipocalin. Cluster 3 (blue) 
focuses on MMP and contains 16 terms, such 
as cancer therapy, collagenase, MMP inhibi-
tors, and TIMP (Tissue inhibitor of metallopro-
teinase). Cluster 4 (yellow) focuses on clinical 
medicine for pancreatic cancer and contains 
six terms: gemcitabine, marimastat, pancreatic 
cancer therapy, and tumor microenvironment. 

Figure 7. The density map of terms in MMPs-PC research (T ≥ 6). Notes: The word’s size, round, and red opacity 
positively relate to the co-occurrence frequency. MMPs-PC, matrix metalloproteinases-pancreatic cancer.
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Discussion

General information

According to data from the WoSCC database, 
as of June 24, 2022, 7950 authors from 1580 
institutions in 62 countries have published 
1474 studies on MMPs-PC in 476 academic 
journals.

The annual output change and cited frequency 
are essential indicators of the development 
trends in this field. In the included literature, L. 
Jones et al. reviewed the mechanism of matrix 
metalloproteinases promoting pancreatic can-
cer metastasis and matrix metalloproteinase 
inhibitors’ progress in treating pancreatic can-
cer [39]. Since then, related articles in the field 

of MMPs-PC have shown an upward trend 
(Figure 2). MMPs-PC-related articles can be 
separated into 3 phases, namely “budding”, 
“steady growth”, and “fast developmental pro-
cess”. “Budding” (1999-2011): The concept of 
the effect of MMPs on pancreatic cancer was 
formally presented. There were no more than 
70 articles in each of the 122 years. “Steady 
growth” (2012-2017): MMPs-PC received more 
attention from scientists, and the output every 
year increased stably. “Fast developmental  
process” (2018 to present): Although the num-
ber of articles in this phase is about the  
same as the number in the previous step, the 
citation frequency of articles in this phase has 
dramatically increased, indicating that MMPs-
PC research has been given more attention 
increasingly by researchers and developed rap-

Figure 8. Keyword co-occurrence network and clusters in MMPs-PC research. Notes: The size of the node and word 
reflects the co-occurrence frequencies, the link indicates the co-occurrence relationship, and the same color of the 
node represents the same cluster. MMPs-PC, matrix metalloproteinases-pancreatic cancer.
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idly. Furthermore, the growth trends in this field 
are promising. 

The analysis of journals and co-cited journals 
(Supplementary Tables 1 and 2) revealed that 

Figure 9. Top 50 keywords with the strongest citation bursts (sorted by the strength). Notes: The Blue bars mean the 
published reference; the red bars mean citation burstiness. 

Figure 10. Top 20 references with the most powerful citation bursts (sorted by the strength). Notes: The Blue bars 
mean the published reference; the red bars mean citation burstiness.
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Figure 11. The dual-map overlay of journals related to the top 100 most cited references in MMPs-PC research. Notes: The citing journals were on the left, the cited 
journals were on the right, and the colored path represents the citation relationship. MMPs-PC, matrix metalloproteinases-pancreatic cancer.
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CANCER RESEARCH published the most sig- 
nificant number of studies and obtained the 
largest number of co-cited references in the 
MMPs-PC field. The main scope of the CANCER 
RESEARCH is captured in its primary subsec-
tions, which focus on molecular and cellular 
pathobiology, tumor and stem cell biology, ther-
apeutics and targets, microenvironment and 
immunology, prevention and epidemiology, and 
integrated systems and technology, where the 
dual-map overlay of journals represents their 
theme distributional status (Figure 3). This 
overlay exhibited two central citation paths 
from molecular/biology/immunology and medi-
cine/medical/clinical co-cited journals to mole- 
cular/biology/genetics journals. Concurrently, 
journals at the Q1 JCR division with high IF took 
up half of the top 10 journals (50%) and co-cit-
ed journals (90%), indicating that these jour-
nals publish studies on and are vital for MMPs-
PC associated research. The analysis of coun-
tries/institutions related to MMPs-PC studies 
shows (Supplementary Table 3; Figure 4) that 
China, the United States, and Japan are the top 
three producers.

However, the United States, China, France, and 
Germany could potentially induce revolutionary 
breakthroughs. Additionally, the USA, Germany, 
UK, Netherlands, Japan, Canada, Italy, and 

Switzerland were the first nations to carry out 
MMPs-PC-related studies, followed by China, 
and Japan, among the top ten producers. This 
shows that America has always been fruitful 
and influential in studying MMPs-PC. Notably, 
China started relatively late but has become 
one of the most productive contributors in 
recent years. This may be related to the 
increased attention due to the high incidence 
and mortality of pancreatic cancer in China.

Furthermore, cooperation between diverse 
nations, particularly America, is very active, 
revealing that research on MMPs-PC has 
aroused widespread concern worldwide, and 
America is the primary cooperation center. The 
top 11 organizations come from three nations: 
6 out of 11 are from China, 4 out of 11 are from 
the USA, and one is from Japan. Moreover, our 
team discovered fruitful collaborations among 
Shanghai Jiao Tong Univ, China Med Univ, 
Nanjing Med Univ, Univ Texas MD Anderson 
Canc Ctr, and other organizations, which has 
contributed remarkably to the field of 
MMPs-PC. 

Highlighting the contributions of active schol-
ars, such as those who co-appear or co-cite 
articles in a particular field, can assist research-
ers in moving forward along this path and offer 
more directions and guidance [40]. Here 
(Supplementary Table 4; Figures 4 and 5), Ma, 
Qingyong published the most papers, while 
Bramhall, Simon R has the most co-citations. 
Additionally, maps of researchers and co-cited 
researchers provide data regarding the under-
lying cooperators and powerful academic 
teams. In MMPs-PC, scholars have actively col-
laborated within and between organizations, 
particularly among researchers. Overall, 19 
scholars from 12 organizations published a 
blockbuster review titled “Preinvasive and inva-
sive ductal pancreatic cancer and its early 
detection in the mouse”. This suggests that 
these powerful groups might be the underlying 
cooperators of scholars.

Knowledge base

The co-cited references have been cited togeth-
er in other articles. Nevertheless, the knowl-
edge base is a pool of co-cited references cited 
by relevant academic teams, which is not 
entirely equal to frequently cited references. In 
the bibliometric analyses, in the MMPs-PC field, 

Figure 12. Country-to-country relations of Top 100 
Most-cited Articles.
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there are many overlapping parts in the top 10 
high co-cited articles and the top 20 citation 
burst articles (Supplementary Table 6; Figure 
10). This shows that the knowledge base con-
structed in this study has a substantial refer-
ence value.

In 2002, NATURE REVIEWS CANCER published 
the most co-cited MMPs-PC studies by Egeblad, 
Mikala, et al. (n = 97) [35]. This paper describes 
that MMPs are not only highly related to the 
metastasis of pancreatic cancer but also par-
ticipate in the progression of pancreatic can-
cer. Kessenbrock, Kai et al. wrote the second 
co-citation research on CELL [36]. This study 
overviewed that Tumor cells can change the 
tumor microenvironment of pancreatic cancer 
by regulating the number and function of MMPs, 
thereby further promoting the metastasis of 
pancreatic cancer. Bramhall, Simon R et al. 
(2001) published the third co-cited article in 
the JOURNAL of CLINICAL ONCOLOGY [41]. This 
randomized controlled trial comparing marima-

stat and gemcitabine concluded that 1-year 
survival in patients receiving marimastat  
was similar to that in patients receiving gem-
citabine. MMP inhibitors are expected to pro-
vide a new therapeutic strategy for pancreatic 
cancer. The fourth co-cited paper was pub-
lished in the ANNALS OF SURGICAL ONCOLOGY 
by bloomston, Mark et al. in 2001 [42]. This 
review mainly summarizes preclinical studies 
and clinical trials on MMPs in pancreatic can-
cer. In 2002, Hidalgo, Manuel et al. reported 
the fifth co-cited study in the NEW ENGLAND 
JOURNAL OF MEDICINE [43], which showed 
recent advances in the understanding and 
management of pancreatic cancer and pro-
posed that pancreatic stellate cells can contrib-
ute to the development of pancreatic fibrosis by 
producing MMPs. The sixth article, published 
by Ellenrieder, Volker et al. in 2010 [44], shows 
that MT1-MMP and MMP-2 expression and 
activity strongly correlate with the degree of 
desmoplastic response in pancreatic cancer 
tissues. In 2000, LANCET published the sev-

Figure 13. Keyword co-occurrence network and clusters in MMPs-PC research. Notes: The size of the node and word 
reflects the co-occurrence frequencies, the link indicates the co-occurrence relationship, and the same color of the 
node represents the same cluster. MMPs-PC, matrix metalloproteinases-pancreatic cancer.
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enth co-citation study by Li, DH et al. [45]. This 
review discusses new therapeutic strategies 
based on the molecular biology of pancreatic 
cancer. It proposes that matrix metalloprotein-
ase inhibitors can inhibit pancreatic cancer cell 
invasion and possible tumor angiogenesis. The 
eighth co-cited article was written by Yamamoto 
H et al. in JOURNAL OF CLINICAL ONCOLOGY, 
2004. MMP-7 may play a vital role in the poor 
prognosis of pancreatic cancer and can be 
tried as a biomarker for pancreatic cancer [20]. 
In 2004, the CLINICAL CANCER RESEARCH 
published the ninth co-citation research com-
pleted by Jones, L.E. This paper has similar con-
clusions to the previous one that MMP-7 
expression is a powerful independent prognos-
tic indicator, and MMPs inhibitors improve the 
prognosis of pancreatic cancer mainly by inhib-
iting MMP-7 [46]. In 2001, the tenth co-cited 
paper was published in the NATURE CELL 
BIOLOGY by Bergers, Gabriele, and others [47]. 
This paper primarily states that MMP-9 is not 
only up-regulated in pancreatic cancer but also 
turns on the angiogenesis switch and induces 
angiogenesis in pancreatic cancer.

Overall, the top 10 co-cited papers highlighted 
reviews (seven reviews completed in 2001, 
2002, 2004, and 2010), specific biological pro-
cesses (invasion and migration, metastasis, 
apoptosis, EMT, angiogenesis, proliferation), 
MMP-related genes and drugs (mmp, mmp-9, 
mmp-2, gemcitabine, marimastat), possible 
mechanisms by which MMPs are involved in the 
occurrence, development, and metastasis of 
pancreatic cancer (prognosis, cancer, biomark-
ers, tumor microenvironment, Vascular endo-
thelial growth factor (VEGF), hypoxia, pancreat-
ic stellate cells, NF-kappa beta, and extracellu-
lar matrix).

Hot topic development, knowledge structure, 
and emerging topics

In bibliometric analysis, keyword/term co-
occurrence (Supplementary Table 5; Figures 7 
and 8) can indicate a hot spot in an academic 
field [48], and the keyword citation burst (Fig- 
ure 9) can display the evolutionary process of 
novel hot spots [49]. High-frequency keywords 
(Supplementary Table 5 and Figure 7) include 
metastasis, MMP, apoptosis, mmp-9, EMT, 
mmp-2, angiogenesis, prognosis, biomarkers, 
gemcitabine, tumor microenvironment, VEGF, 
hypoxia, pancreatic stellate cells, NF-kappa 

beta, extracellular matrix, which are considered 
the focus of MMPs-PC research. With time, new 
topics continue to emerge (Figure 9). During 
the nascent stage (1999-2011), emerging key-
words include matrix metalloproteinase inhibi-
tor, gelatinase, poor prognosis, MMP-2, clinical 
trial, and so on. This is also in line with the actu-
al situation. At this stage, researchers used 
marimastat as an MMP inhibitor in the first-line 
use of pancreatic cancer but got dismal results 
[41]. The above may be the failure of MMPs 
inhibitors to sustain the citation burst reason. 
In the steady growth phase (2012-2017), these 
keywords are mainly related to the occurrence, 
development, and metastasis of pancreatic 
cancer, such as EMT, stem cell, NF-kappa beta, 
migration, biomarkers, and tumor microenvi-
ronment. In the rapid developmental phase 
(2018-present), new topics include features of 
the steady growth phase and further study of 
the relationship between MMPs-PC and immu-
nity in terms of the tumor microenvironment, 
pancreatic stellate cells, and immune cells. 
These emerging topics imply that MMPs may 
influence pancreatic cancer prognosis through 
the tumor microenvironment [28, 36].

Unfortunately, although most studies have 
focused on the relationship between MMPs 
inhibitors and pancreatic cancer in MMPs-PC 
and have explored how MMPs affect the occur-
rence, development, and metastasis of pancre-
atic cancer (epithelial-mesenchymal transition, 
angiogenesis, extracellular matrix, pancreatic 
stellate cells), there are few studies have inves-
tigated the appropriate timing of MMPs inhibi-
tors in pancreatic cancer [20].

In addition, keyword clusters can indicate 
knowledge of the inner architecture and unveil 
academic frontiers of these disciplines. Cluster 
analyses show three primary clusters in the 
field of MMPs-PC (Figure 7), similar to the 
pathogenesis mechanism of pancreatic cancer, 
how MMP affects the metastasis of pancreatic 
cancer, and what role MMP plays in pancreatic 
cancer treatment, partially representing the 
three primary dimensions of MMPs-PC rese- 
arch. It is well known that MMPs play an inte-
gral role in pancreatic cancer’s occurrence, 
development, and metastasis. For example, 
MT1-MMP, MMP-2, MMP-7, and MMP-9 have 
been proposed as predictive biomarkers for 
pancreatic cancer [20]. However, the poor effi-
cacy of MMP inhibitors in pancreatic cancer 
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remains unresolved. With the progress of 
research, the tumor microenvironment may be 
an essential target for MMPs inhibitors to affect 
pancreatic cancer [12, 17]. 

Studies presenting strongly-cited breakthro- 
ughs (Figure 10) can also characterize new  
topics in a field. Surprisingly, the top 3 citation 
burst articles were all published by the same 
author (Siegel RL) and in the same journal 
(Cancer statistics): Cancer statistics, 2015, 
Cancer statistics, 2017, and cancer statistics, 
2016 [50-52]. Moreover, among the top 20 ref-
erences with the most substantial citations 
(Figure 10), five remained in the tumultuous 
period. These five references reflect the most 
recent MMPs-PC themes and are, therefore, 
worthy of further discussion. According to the 
burst intensity, the second, third and seventh 
article (strength = 15.97, 15.64, and 13.84) 
was published by Siegel RL. in CA-A CANCER 
JOURNAL FOR CLINICIANS in 2017, 2016, and 
2019 respectively [51-53]. Three articles sum-
marize the general distribution of cancer in  
the United States from a macro point of view 
and elaborate on the prevalence, mortality, and 
future trends of pancreatic cancer. The 13th 
strongest citation burst (strength = 11.39) rep-
resented an article published in CA-A CANCER 
JOURNAL FOR CLINICIANS by Bray F et al., They 
provide cancer burden from a global perspec-
tive and focus on geographical differences 
between cancers. It also describes the differ-
ences in the incidence and mortality of pancre-
atic cancer in different countries, hoping to 
obtain possible prevention and treatment 
methods [54]. Kleeff J et al. published the 17th 
study in “Nature Reviews Disease Primers” in 
2017 (strength = 9.98). This review summariz-
es the current significant pathophysiological, 
molecular, translational, and clinical under-
standing of pancreatic cancer [55]. In addition, 
the possible application value of MMPs in pan-
creatic cancer was also proposed. 

To precisely analyze MMPs-PC research-related 
content, we analyzed journals, co-cited jour-
nals, and national and keyword analyses of  
the top most cited 100 articles. The study of 
journals and co-cited journals (Supplementary 
Tables 7 and 8) demonstrated that CANCER 
RESEARCH, CLINICAL CANCER RESEARCH, 
AND INTERNATIONAL JOURNAL OF CANCER 
published the highest number of articles on 

MMPs-PC but also acquired the most co-cited 
references. The contribution of FRONTIERS IN 
IMMUNOLOGY in MMPs-PC research is also 
noteworthy. In the field of top 100, the journal  
is not only a high-output journal and a highly 
co-cited journal but is also published as a high-
ly cited journal in this field. Gregg B. Fields 
reviewed the possible role of matrix proteases 
in promoting angiogenesis and also expounded 
that MMP-9 plays a dual role in pancreatic can-
cer [56]. MMP-9 plays an essential role in the 
angiogenesis of pancreatic islet cancer in the 
early stage. At the same time, decreasing MMP 
can promote the invasion and metastasis of 
pancreatic cancer in the later stage of pancre-
atic cancer metastasis.

The dual-map overlay analyses of the top 100 
most-cited articles as well as all articles in the 
field (Figure 11) show only one of the primary 
citation paths from Molecular Biology/Immun- 
ology co-cited journals to Molecular Biology/
Genetics journals, which indicates that MMPs-
PC studies highlight fundamental research, 
whereas the research on conventional meth-
ods remains insufficient. The nation-wise analy-
sis findings of the top 100 most-cited papers 
are consistent with those of all articles in the 
field, showing that China, the USA, and Japan 
are the largest producers. Additionally, cooper-
ation between the United States and other 
countries is active, indicating that MMPs- 
PC-related research has attracted worldwide 
attention. The keyword analysis of the top 100 
most-cited articles showed that they were  
divided into three clusters: Possible mecha-
nism of invasion, migration, and metastasis of 
pancreatic cancer, development of MMPs in- 
hibitors, and possible ways of MMPs affecting 
the prognosis of Pancreatic Cancer. Although 
this is slightly different from fundamental 
domain cluster analysis, there are common 
themes (angiogenesis, pancreatic stellate cells, 
EMT, miRNA, metastasis, Tumor microenviron-
ment (TME), biomarker). 

The possible focus of future research

Researchers have been exploring the role of 
MMPs in pancreatic cancer, and immune cells 
and tumor microenvironment are the focus of 
research in recent years. Many studies have 
suggested that MMPs play an essential role in 
remodeling the extracellular matrix in the tumor 
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microenvironment [17, 57-64]. Still, people now 
pay more attention to how immune cells affect 
MMPs. For example, M1 macrophages can 
express ADAM10 and ADAM17, which is related 
to a better prognosis [65]. In contrast, Tumor 
associated macrophage (TAM) can promote the 
secretion of MMP-9 and MMP-14, resulting in  
a shorter survival time [66, 67]. Therefore, 
studying how immune cells regulate MMPs and 
reshape the tumor microenvironment may pro-
vide a new strategy for treating pancreatic 
cancer.

Limitations

The present study had some inherent flaws in 
bibliometrics. First, data were acquired from 
the WoSCC database, excluding some research 
not in WoSCC. Nevertheless, WoSCC is the 
most frequently used scientific econometric 
research database; data from WoSCC can 
cover the majority of information to a certain 
extent. Second, all data were acquired via bib-
liometric tools based on machine learning and 
natural language processing, which may cause 
biases in other bibliometric studies. Third, in 
the included article, part of the review also 
describes other diseases in expounding pan-
creatic cancer, which may lead to analysis devi-
ation. Nevertheless, compared to the most 
recent conventional reviews, the results herein 
are consistent and provide scholars with more 
objective data and insights. 

Conclusion

In summary, research on MMPs-PC is fast-
developing, and global collaboration is active, 
wherein America and China is the primary col-
laboration center. Currently, the research pre-
dominantly highlights the fields of molecule-
level analysis and biology. The three primary 
aspects of MMPs-PC-related studies include 
the pathogenesis mechanism of pancreatic 
cancer, how MMP affects the metastasis of 
pancreatic cancer, and what role MMP plays  
in pancreatic cancer treatment. The latest 
hotspots are the TME, pancreatic stellate cells, 
drug resistance, and immune cells. Future 
research may focus on immune cells affecting 
invasion, migration, and metastasis by regulat-
ing MMP to reshape the tumor microenviron-
ment of pancreatic cancer. It is possible that 
targeted drugs on MMP will be back on the 
agenda in the future. Our study is the first to 

research MMPs-PC-associated articles using 
bibliometrics and knowledge graph systems. In 
contrast to conventional reviews, the present 
study offers preliminary and objective insights 
into MMPs-PC studies. We believe that the 
results of the current report will provide valu-
able references for future research.

Acknowledgements

Xin Wu would like to thank his wife Ethna for  
her unwavering support of this study. Central 
Universities of Central South University funded 
this research under Grant (No. 2020zzts896).

Disclosure of conflict of interest

None.

Abbreviations

MMPs, Matrix metalloproteinases; PC, Pancre- 
atic cancer; ECM, extracellular matrix; EMT, 
epithelial-mesenchymal transition; WOSCC, 
Web of Science Core Collection; TME, Tumor 
microenvironment; MMPs-PC, Matrix metallo-
proteinases-Pancreatic cancer; Timp, Tissue 
inhibitor of metalloproteinase; VEGF, Vascular 
endothelial growth factor; TAM, Tumor associ-
ated macrophage; ADAM, A Disintegrin And 
Metalloprotease; UK, United Kingdom.

Address correspondence to: Xin Wu, Department of 
Spine Surgery, The Third Xiangya Hospital, Central 
South University, No. 138 Tongzipo Road, Yuelu 
District, Changsha 410000, Hunan, China. Tel: +86-
18216050992; E-mail: drxinwu@163.com

References

[1]	 Du A, Wu X, Gao Y, Jiang B, Wang J, Zhang P 
and Zhao Q. m6A regulator-mediated methyla-
tion modification patterns and tumor microen-
vironment infiltration characterization in acute 
myeloid leukemia. Front Immunol 2021; 12: 
789914.

[2]	 Jiang D, Wu X, Sun X, Tan W, Dai X, Xie Y, Du A 
and Zhao Q. Bone mesenchymal stem cell-de-
rived exosomal microRNA-7-5p inhibits pro-
gression of acute myeloid leukemia by target-
ing OSBPL11. J Nanobiotechnology 2022; 20: 
29.

[3]	 Wu X, Zhang X, Feng W, Feng H, Ding Z, Zhao Q, 
Li X, Tang N, Zhang P, Li J and Wang J. A tar-
geted erythrocyte membrane-encapsulated 
drug-delivery system with anti-osteosarcoma 
and anti-osteolytic effects. ACS Appl Mater 
Interfaces 2021; 13: 27920-27933.

mailto:drxinwu@163.com


Immune cells regulate MMPs to reshape the TME to affect PC

8454	 Am J Transl Res 2022;14(12):8437-8456

[4]	 Wu Z, Zhang X, Chen D, Li Z, Wu X, Wang J and 
Deng Y. N6-methyladenosine-related lncRNAs 
are potential remodeling indicators in the tu-
mor microenvironment and prognostic mark-
ers in osteosarcoma. Front Immunol 2021; 12: 
806189.

[5]	 Hu L, Wu X, Chen D, Cao Z, Li Z, Liu Y and Zhao 
Q. The hypoxia-related signature predicts prog-
nosis, pyroptosis and drug sensitivity of osteo-
sarcoma. Front Cell Dev Biol 2022; 10: 
814722.

[6]	 Wu X, Li S, Chen D, Zheng G, Zhang Z, Li Z, Sun 
X, Zhao Q and Xu J. An inflammatory response-
related gene signature associated with im-
mune status and prognosis of acute myeloid 
leukemia. Am J Transl Res 2022; 14: 4898-
4917.

[7]	 Siegel RL, Miller KD, Fuchs HE and Jemal A. 
Cancer statistics, 2022. CA Cancer J Clin 
2022; 72: 7-33.

[8]	 Bardeesy N and DePinho RA. Pancreatic can-
cer biology and genetics. Nat Rev Cancer 
2002; 2: 897-909.

[9]	 Keleg S, Büchler P, Ludwig R, Büchler MW and 
Friess H. Invasion and metastasis in pancreat-
ic cancer. Mol Cancer 2003; 2: 14.

[10]	 Bapat AA, Hostetter G, Von Hoff DD and Han H. 
Perineural invasion and associated pain in 
pancreatic cancer. Nat Rev Cancer 2011; 11: 
695-707.

[11]	 Sawai H, Okada Y, Funahashi H, Matsuo Y, 
Takahashi H, Takeyama H and Manabe T. 
Activation of focal adhesion kinase enhances 
the adhesion and invasion of pancreatic can-
cer cells via extracellular signal-regulated ki-
nase-1/2 signaling pathway activation. Mol 
Cancer 2005; 4: 37.

[12]	 Hosein AN, Brekken RA and Maitra A. Pancre- 
atic cancer stroma: an update on therapeutic 
targeting strategies. Nat Rev Gastroenterol 
Hepatol 2020; 17: 487-505.

[13]	 Huang J, Zhang L, Wan D, Zhou L, Zheng S, Lin 
S and Qiao Y. Extracellular matrix and its thera-
peutic potential for cancer treatment. Signal 
Transduct Target Ther 2021; 6: 153.

[14]	 Greenlee KJ, Werb Z and Kheradmand F. 
Matrix metalloproteinases in lung: multiple, 
multifarious, and multifaceted. Physiol Rev 
2007; 87: 69-98.

[15]	 Hussain AA, Lee Y and Marshall J. Understand- 
ing the complexity of the matrix metalloprotein-
ase system and its relevance to age-related 
diseases: age-related macular degeneration 
and Alzheimer’s disease. Prog Retin Eye Res 
2020; 74: 100775.

[16]	 Qian MY, Wang SB, Guo XF, Wang J, Zhang ZP, 
Qiu W, Gao X, Chen ZH, Xu JY, Zhao RR, Xue H 
and Li G. Hypoxic glioma-derived exosomes  
deliver microRNA-1246 to induce M2 macro-

phage polarization by targeting TERF2IP via 
the STAT3 and NF-kappa B pathways. Onco- 
gene 2020; 39: 428-442.

[17]	 Overall CM and Kleifeld O. Tumour microenvi-
ronment - opinion: validating matrix metallo-
proteinases as drug targets and anti-targets 
for cancer therapy. Nat Rev Cancer 2006; 6: 
227-239.

[18]	 Vandenbroucke RE and Libert C. Is there new 
hope for therapeutic matrix metalloproteinase 
inhibition? Nat Rev Drug Discov 2014; 13: 
904-927.

[19]	 Määttä M, Soini Y, Liakka A and Autio-
Harmainen H. Differential expression of matr- 
ix metalloproteinase (MMP)-2, MMP-9, and 
membrane type 1-MMP in hepatocellular and 
pancreatic adenocarcinoma: implications for 
tumor progression and clinical prognosis. Clin 
Cancer Res 2000; 6: 2726-2734.

[20]	 Yamamoto H, Itoh F, Iku S, Adachi Y, Fukushima 
H, Sasaki S, Mukaiya M, Hirata K and Imai K. 
Expression of matrix metalloproteinases and 
tissue inhibitors of metalloproteinases in hu-
man pancreatic adenocarcinomas: clinico-
pathologic and prognostic significance of 
matrilysin expression. J Clin Oncol 2001; 19: 
1118-1127.

[21]	 Zhang J, Song L, Xu L, Fan Y, Wang T, Tian W, Ju 
J and Xu H. Knowledge domain and emerging 
trends in ferroptosis research: a bibliometric 
and knowledge-map analysis. Front Oncol 
2021; 11: 686726.

[22]	 Jaster R. Molecular regulation of pancreatic 
stellate cell function. Mol Cancer 2004; 3: 26.

[23]	 Petrov MS and Taylor R. Intra-pancreatic fat de-
position: bringing hidden fat to the fore. Nat 
Rev Gastroenterol Hepatol 2022; 19: 153-
168.

[24]	 Wanjiang F, Xiaobo Z, Xin W, Ye M, Lihua H  
and Jianlong W. Application of POSSUM and 
P-POSSUM scores in the risk assessment of 
elderly hip fracture surgery: systematic review 
and meta-analysis. J Orthop Surg Res 2022; 
17: 255.

[25]	 Chen C. A glimpse of the first eight months of 
the COVID-19 literature on microsoft academic 
graph: themes, citation contexts, and uncer-
tainties. Front Res Metr Anal 2020; 5: 607286.

[26]	 Chen Y, Zhang X, Chen S, Zhang Y, Wang Y, Lu 
Q and Zhao Y. Bibliometric analysis of mental 
health during the COVID-19 pandemic. Asian J 
Psychiatr 2021; 65: 102846.

[27]	 Zhang XM, Zhang X, Luo X, Guo HT, Zhang LQ 
and Guo JW. Knowledge mapping visualization 
analysis of the military health and medicine 
papers published in the web of science over 
the past 10 years. Mil Med Res 2017; 4: 23.

[28]	 Wu K, Liu Y, Liu L, Peng Y, Pang H, Sun X and 
Xia D. Emerging trends and research foci in tu-



Immune cells regulate MMPs to reshape the TME to affect PC

8455	 Am J Transl Res 2022;14(12):8437-8456

mor microenvironment of pancreatic cancer: a 
bibliometric and visualized study. Front Oncol 
2022; 12: 810774.

[29]	 Robert C, Wilson CS, Gaudy JF, Hornebeck W 
and Arreto CD. Trends in matrix metalloprotein-
ase research from 1986-2007: a bibliometric 
study. Biochem Cell Biol 2010; 88: 843-851.

[30]	 Wei Q, Shen J, Wang D, Han X, Shi J, Zhao L 
and Teng Y. A bibliometric analysis of research-
es on flap endonuclease 1 from 2005 to 2019. 
BMC Cancer 2021; 21: 374.

[31]	 Chen C, Dubin R and Kim MC. Emerging trends 
and new developments in regenerative medi-
cine: a scientometric update (2000-2014). 
Expert Opin Biol Ther 2014; 14: 1295-1317.

[32]	 Ma D, Yang B, Guan B, Song L, Liu Q, Fan Y, 
Zhao L, Wang T, Zhang Z, Gao Z, Li S and Xu H. 
A bibliometric analysis of pyroptosis from 2001 
to 2021. Front Immunol 2021; 12: 731933.

[33]	 Shen J, Shen H, Ke L, Chen J, Dang X, Liu B and 
Hua Y. Knowledge mapping of immunotherapy 
for hepatocellular carcinoma: a bibliometric 
study. Front Immunol 2022; 13: 815575.

[34]	 Zhang L and Yang G. Cluster analysis of 
PM(2.5) pollution in China using the frequent 
itemset clustering approach. Environ Res 
2022; 204: 112009.

[35]	 Egeblad M and Werb Z. New functions for the 
matrix metalloproteinases in cancer progres-
sion. Nat Rev Cancer 2002; 2: 161-174.

[36]	 Kessenbrock K, Plaks V and Werb Z. Matrix 
metalloproteinases: regulators of the tumor 
microenvironment. Cell 2010; 141: 52-67.

[37]	 Sun HL, Bai W, Li XH, Huang H, Cui XL, Cheung 
T, Su ZH, Yuan Z, Ng CH and Xiang YT. 
Schizophrenia and inflammation research: a 
bibliometric analysis. Front Immunol 2022; 
13: 907851.

[38]	 Chen W, Zheng R, Baade PD, Zhang S, Zeng H, 
Bray F, Jemal A, Yu XQ and He J. Cancer statis-
tics in China, 2015. CA Cancer J Clin 2016; 66: 
115-132.

[39]	 Jones L, Ghaneh P, Humphreys M and Neopto- 
lemos JP. The matrix metalloproteinases and 
their inhibitors in the treatment of pancreatic 
cancer. In: Lohr JM, Colcher D, Hollingsworth 
MA, Liebe S, editors. Cell and Molecular 
Biology of Pancreatic Carcinoma: Recent 
Developments in Research and Experimental 
Therapy. New York: New York Acad Sciences; 
1999. p. 288-307.

[40]	 Ma D, Guan B, Song L, Liu Q, Fan Y, Zhao L, 
Wang T, Zhang Z, Gao Z, Li S and Xu H. A biblio-
metric analysis of exosomes in cardiovascular 
diseases from 2001 to 2021. Front Cardiovasc 
Med 2021; 8: 734514.

[41]	 Bramhall SR, Rosemurgy A, Brown PD, Bowry C 
and Buckels JA. Marimastat as first-line thera-
py for patients with unresectable pancreatic 

cancer: a randomized trial. J Clin Oncol 2001; 
19: 3447-3455.

[42]	 Bloomston M, Zervos EE and Rosemurgy AS 
2nd. Matrix metalloproteinases and their role 
in pancreatic cancer: a review of preclinical 
studies and clinical trials. Ann Surg Oncol 
2002; 9: 668-674.

[43]	 Hidalgo M. Pancreatic cancer. N Engl J Med 
2010; 362: 1605-1617.

[44]	 Ellenrieder V, Alber B, Lacher U, Hendler SF, 
Menke A, Boeck W, Wagner M, Wilda M, Friess 
H, Büchler M, Adler G and Gress TM. Role of 
MT-MMPs and MMP-2 in pancreatic cancer 
progression. Int J Cancer 2000; 85: 14-20.

[45]	 Li D, Xie K, Wolff R and Abbruzzese JL. Pancre- 
atic cancer. Lancet 2004; 363: 1049-1057.

[46]	 Jones LE, Humphreys MJ, Campbell F, Neopto- 
lemos JP and Boyd MT. Comprehensive analy-
sis of matrix metalloproteinase and tissue in-
hibitor expression in pancreatic cancer: in-
creased expression of matrix metalloprotein-
ase-7 predicts poor survival. Clin Cancer Res 
2004; 10: 2832-2845.

[47]	 Bergers G, Brekken R, McMahon G, Vu TH, Itoh 
T, Tamaki K, Tanzawa K, Thorpe P, Itohara S, 
Werb Z and Hanahan D. Matrix metalloprotein-
ase-9 triggers the angiogenic switch during 
carcinogenesis. Nat Cell Biol 2000; 2: 737-
744.

[48]	 Li D, Dai FM, Xu JJ and Jiang MD. Characteriz- 
ing hotspots and frontier landscapes of diabe-
tes-specific distress from 2000 to 2018: a bib-
liometric study. Biomed Res Int 2020; 2020: 
8691451.

[49]	 Li Y, Fang R, Liu Z, Jiang L, Zhang J, Li H, Liu C 
and Li F. The association between toxic pesti-
cide environmental exposure and Alzheimer’s 
disease: a scientometric and visualization 
analysis. Chemosphere 2021; 263: 128238.

[50]	 Siegel RL, Miller KD and Jemal A. Cancer sta-
tistics, 2015. CA Cancer J Clin 2015; 65: 5-29.

[51]	 Siegel RL, Miller KD and Jemal A. Cancer sta-
tistics, 2016. CA Cancer J Clin 2016; 66: 7-30.

[52]	 Siegel RL, Miller KD and Jemal A. Cancer sta-
tistics, 2017. CA Cancer J Clin 2017; 67: 7-30.

[53]	 Siegel RL, Miller KD and Jemal A. Cancer sta-
tistics, 2019. CA Cancer J Clin 2019; 69: 7-34.

[54]	 Bray F, Ferlay J, Soerjomataram I, Siegel RL, 
Torre LA and Jemal A. Global cancer statistics 
2018: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 
countries. CA Cancer J Clin 2018; 68: 394-
424.

[55]	 Kleeff J, Korc M, Apte M, La Vecchia C, Johnson 
CD, Biankin AV, Neale RE, Tempero M, Tuveson 
DA, Hruban RH and Neoptolemos JP. Pancreatic 
cancer. Nat Rev Dis Primers 2016; 2: 16022.

[56]	 Fields GB. Mechanisms of action of novel 
drugs targeting angiogenesis-promoting matrix 



Immune cells regulate MMPs to reshape the TME to affect PC

8456	 Am J Transl Res 2022;14(12):8437-8456

metalloproteinases. Front Immunol 2019; 10: 
1278.

[57]	 Zinnhardt B, Pigeon H, Thézé B, Viel T, 
Wachsmuth L, Fricke IB, Schelhaas S, Honold 
L, Schwegmann K, Wagner S, Faust A, Faber  
C, Kuhlmann MT, Hermann S, Schäfers M, 
Winkeler A and Jacobs AH. Combined PET im-
aging of the inflammatory tumor microenviron-
ment identifies margins of unique radiotracer 
uptake. Cancer Res 2017; 77: 1831-1841.

[58]	 Hofmann UB, Eggert AA, Blass K, Bröcker EB 
and Becker JC. Expression of matrix metallo-
proteinases in the microenvironment of spon-
taneous and experimental melanoma metas-
tases reflects the requirements for tumor for-
mation. Cancer Res 2003; 63: 8221-8225.

[59]	 Park KM and Gerecht S. Hypoxia-inducible hy-
drogels. Nat Commun 2014; 5: 4075.

[60]	 Peng J, Yang Q, Shi K, Xiao Y, Wei X and Qian Z. 
Intratumoral fate of functional nanoparticles in 
response to microenvironment factor: implica-
tions on cancer diagnosis and therapy. Adv 
Drug Deliv Rev 2019; 143: 37-67.

[61]	 Cox TR. The matrix in cancer. Nat Rev Cancer 
2021; 21: 217-238.

[62]	 Eck SM, Blackburn JS, Schmucker AC, Burrage 
PS and Brinckerhoff CE. Matrix metalloprotein-
ase and G protein coupled receptors: co-con-
spirators in the pathogenesis of autoimmune 
disease and cancer. J Autoimmun 2009; 33: 
214-221.

[63]	 Yao Q, Kou L, Tu Y and Zhu L. MMP-responsive 
‘smart’ drug delivery and tumor targeting. 
Trends Pharmacol Sci 2018; 39: 766-781.

[64]	 Sun Y and Nelson PS. Molecular pathways: in-
volving microenvironment damage responses 
in cancer therapy resistance. Clin Cancer Res 
2012; 18: 4019-4025.

[65]	 Gjorgjevski M, Hannen R, Carl B, Li Y, 
Landmann E, Buchholz M, Bartsch JW and 
Nimsky C. Molecular profiling of the tumor  
microenvironment in glioblastoma patients: 
correlation of microglia/macrophage polariza-
tion state with metalloprotease expression  
profiles and survival. Biosci Rep 2019; 39: 
BSR20182361.

[66]	 Butler GS, Sim D, Tam E, Devine D and Overall 
CM. Mannose-binding lectin (MBL) mutants 
are susceptible to matrix metalloproteinase 
proteolysis: potential role in human MBL defi-
ciency. J Biol Chem 2002; 277: 17511-17519.

[67]	 Fayyad A, Lapp S, Risha E, Pfankuche VM, 
Rohn K, Barthel Y, Schaudien D, Baumgärtner 
W and Puff C. Matrix metalloproteinases ex-
pression in spontaneous canine histiocytic sar-
comas and its xenograft model. Vet Immunol 
Immunopathol 2018; 198: 54-64.



Immune cells regulate MMPs to reshape the TME to affect PC

1	

Supplementary Table 1. The top 10 journals of MMPs-PC-related research
RANK Journal N (%) IF (2021) JCR division Country
1 CANCER RESEARCH 43 2.917 13.312 Q1 USA
2 INTERNATIONAL JOURNAL OF ONCOLOGY 40 2.714 5.884 Q2 GREECE
3 PLOS ONE 37 2.51 3.752 Q2 USA
4 ONCOLOGY REPORTS 30 2.035 4.136 Q3 GREECE
5 CLINICAL CANCER RESEARCH 29 1.967 13.801 Q1 USA
6 PANCREAS 29 1.967 3.243 Q3 USA
7 INTERNATIONAL JOURNAL OF CANCER 26 1.764 7.316 Q1 SWITZERLAND
8 CANCER LETTERS 24 1.628 9.756 Q1 NETHERLANDS
9 CANCERS 21 1.425 6.575 Q1 SWITZERLAND

CARCINOGENESIS 21 1.425 4.741 Q2 UK
MOLECULAR MEDICINE REPORTS 21 1.425 3.423 Q3 GREECE

10 ONCOGENE 19 1.289 8.756 Q1 UK
MMPs-PC, matrix metalloproteinases-pancreatic cancer.

Supplementary Table 2. The top 10 co-cited journals of MMPs-PC-related research
RANK co-cited journal N IF (2021) JCR division Country
1 CANCER RESEARCH 4661 13.312 Q1 USA
2 JOURNAL OF BIOLOGICAL CHEMISTRY 2273 5.486 Q2 USA
3 CLINICAL CANCER RESEARCH 2058 13.801 Q1 USA
4 INTERNATIONAL JOURNAL OF CANCER 1589 7.316 Q1 SWITZERLAND
5 ONCOGENE 1543 8.756 Q1 UK
6 JOURNAL OF CLINICAL ONCOLOGY 1296 50.717 Q1 USA
7 PROCEEDINGS OF THE NATIONAL ACADEMY OF 

SCIENCES OF THE UNITED STATES OF AMERICA
1247 12.779 Q1 USA

8 NATURE 1172 69.504 Q1 UK
9 CELL 1143 66.85 Q1 USA
10 BRITISH JOURNAL OF CANCER 1132 9.075 Q1 UK
MMPs-PC, matrix metalloproteinases-pancreatic cancer.

Supplementary Table 3. The top 10 countries/regions and institutions involved in MMPs-PC-related 
research

RANK Country/
region N Percent (%) Centrality Institution N Percent (%) Country/

region Centrality

1 CHINA 545 30.66966798 0.2 Shanghai Jiao Tong Univ 35 1.086956522 CHINA 0.04

2 USA 427 24.0292628 0.59 China Med Univ 29 0.900621118 CHINA 0.11

3 JAPAN 162 9.116488464 0.02 Nanjing Med Univ 29 0.900621118 CHINA 0.08

4 GERMANY 122 6.865503658 0.27 Univ Texas MD Anderson Canc Ctr 29 0.900621118 USA 0.03

5 SOUTH KOREA 64 3.601575689 0.06 Xi An Jiao Tong Univ 29 0.900621118 CHINA 0.02

6 UK. 59 3.320202589 0.12 Kyushu Univ 25 0.776397516 JAPAN 0.01

7 ITALY 40 2.250984806 0.05 Fudan Univ 24 0.745341615 CHINA 0.14

8 INDIA 33 1.857062465 0.02 Zhejiang Univ 24 0.745341615 CHINA 0.05

9 CANADA 32 1.800787845 0.07 Tech Univ Munich 23 0.714285714 USA 0.07

10 FRANCE 26 1.463140124 0.18 Mayo Clin 20 0.621118012 USA 0.11

Wayne State Univ 20 0.621118012 USA 0.04

MMPs-PC, matrix metalloproteinases-pancreatic cancer.
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Supplementary Table 4. The top 10 authors and co-cited authors of MMPs-PC-related research
RANK Author Count Citation H-index Co-cited author H-index co-citation cluster
1 ma, qingyong 16 685 40 Bramhall, Simon R. 39 261 1
2 guha, sushovan 14 1648 43 Jemal, Ahmedin 126 202 2
3 tanaka, masao 13 887 11 Siegel, Rebecca L. 64 179 2
4 batra, surinder k. 12 782 78 liotta, la 81 109 1
5 friess, helmut 12 1066 112 Bloomston, Mark P 31 107 1
6 li, wei 12 452 32 egeblad, m 36 106 1
7 sarkar, fazlul h. 12 903 100 hidalgo, m 7 103 3
8 aggarwal, bharat b. 10 2233 30 Ellenrieder, Volker 40 97 1
9 banerjee, sanjeev 10 804 62 Coussens, Lisa M 7 92 1
10 wang, zheng 10 349 29 Yamamoto, Hiroki 12 90 1

xu, qinhong 10 466 29
MMPs-PC, matrix metalloproteinases-pancreatic cancer

Supplementary Table 5. The top 20 keywords of MMPs-PC-related research
RANK Keyword Occurrences N (%)
1 pancreatic cancer 556 30.23382273

2 invasion and migration 204 11.09298532

3 metastasis 120 6.525285481

4 mmp 107 5.818379554

5 apoptosis 71 3.86079391

6 mmp-9 71 3.86079391

7 emt 64 3.480152257

8 mmp-2 58 3.153887983

9 angiogenesis 52 2.827623709

10 proliferation 52 2.827623709

11 prognosis 51 2.77324633

12 cancer 41 2.229472539

13 biomarkers 35 1.903208265

14 gemcitabine 34 1.848830886

15 tumor microenvironment 26 1.413811854

16 vegf 26 1.413811854

17 immune cell 25 1.359434475

18 pancreatic stellate cells 22 1.196302338

19 nf-kappa b 21 1.141924959

20 extracellular matrix 21 1.141924959
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Supplementary Table 6. Top 10 co-cited references for MMPs-PC-related research
RANK ID Title Journal Co-citation Year type of article
1 Egeblad, Mikala New functions for the matrix metalloproteinases in cancer progression NATURE REVIEWS CANCER 97 2002 review

2 Kessenbrock, Kai Matrix Metalloproteinases: Regulators of the Tumor Microenvironment CELL 80 2010 review

3 Bramhall, Simon R Marimastat as first-line therapy for patients with unresectable pancreatic cancer: A 
randomized trial

JOURNAL OF CLINICAL ONCOLOGY 68 2001 Article

4 Bloomston, Mark Matrix metalloproteinases and their role in pancreatic cancer: A review of preclinical 
studies and clinical trials

ANNALS OF SURGICAL ONCOLOGY 61 2001 review

5 Hidalgo, Manuel Pancreatic Cancer NEW ENGLAND JOURNAL OF MEDICINE 57 2002 review

6 Ellenrieder, Volker Role of MT-MMPs and MMP-2 in pancreatic cancer progression INTERNATIONAL JOURNAL OF CANCER 56 2010 review

7 Li, DH Pancreatic cancer LANCET 55 2004 review

8 Yamamoto, H Expression of matrix metalloproteinases and tissue inhibitors of metalloproteinases in 
human pancreatic adenocarcinomas: Clinicopathologic and prognostic significance of 
matrilysin expression

JOURNAL OF CLINICAL ONCOLOGY 44 2004 Article

9 Jones, L. E Comprehensive analysis of matrix metalloproteinase and tissue inhibitor expression in 
pancreatic cancer: Increased expression of matrix metalloproteinase-7 predicts poor 
survival

CLINICAL CANCER RESEARCH 43 2004 review

10 Bergers, Gabriele Matrix metalloproteinase-9 triggers the angiogenic switch during carcinogenesis NATURE CELL BIOLOGY 42 2001 Article
MMPs-PC, matrix metalloproteinases-pancreatic cancer.
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Supplementary Table 7. The top 10 journals of top 100 cited articles research
RANK Journal N IF (2020) JCR division Country
1 CANCER RESEARCH 14 13.312 Q1 USA
2 CLINICAL CANCER RESEARCH 8 13.801 Q1 USA
3 ACS NANO 3 18.027 Q1 USA
4 INTERNATIONAL JOURNAL OF CANCER 3 7.316 Q1 SWITZERLAND
5 JOURNAL OF CLINICAL ONCOLOGY 3 50.717 Q1 USA
6 MOLECULAR CANCER THERAPEUTICS 3 6.009 Q2 USA
7 ONCOGENE 3 8.756 Q1 UK
8 FRONTIERS IN IMMUNOLOGY 2 8.786 Q1 SWITZERLAND
9 AMERICAN JOURNAL OF PATHOLOGY 2 5.77 Q1 USA
10 BMC CANCER 2 4.638 Q2 UK

BRITISH JOURNAL OF CANCER 2 9.075 Q1 UK
CANCER BIOLOGY & THERAPY 2 4.875 Q2 USA
GASTROENTEROLOGY 2 33.883 Q1 USA
MOLECULAR CANCER RESEARCH 2 6.333 Q2 USA
NATURE REVIEWS CANCER 2 69.8 Q1 UK
PANCREAS 2 3.243 Q3 USA

Supplementary Table 8. The top co-cited 20 journals of top 100 cited articles research
RANK co-cited journal Citations IF (2021) JCR division Country
1 CANCER RESEARCH 566 13.312 Q1 USA
2 CLINICAL CANCER RESEARCH 229 13.801 Q1 USA
3 JOURNAL OF BIOLOGICAL CHEMISTRY 185 5.486 Q2 USA
4 INTERNATIONAL JOURNAL OF CANCER 163 7.316 Q1 SWITZERLAND
5 ONCOGENE 158 8.756 Q1 UK
6 PROCEEDINGS OF THE NATIONAL ACADEMY OF 

SCIENCES OF THE UNITED STATES OF AMERICA
149 12.779 Q1 USA

7 NATURE 145 69.504 Q1 UK
8 BRITISH JOURNAL OF CANCER 123 9.075 Q1 UK
9 CELL 117 66.85 Q1 USA
10 AMERICAN JOURNAL OF PATHOLOGY 114 5.770 Q1 USA
11 JOURNAL OF CLINICAL ONCOLOGY 112 50.717 Q1 USA
12 SCIENCE 102 63.714 Q1 USA
13 NATURE REVIEWS CANCER 82 69.8 Q1 UK
14 CANCER CELL 79 38.585 Q1 USA
15 GASTROENTEROLOGY 76 33.883 Q1 USA
16 JOURNAL OF CLINICAL INVESTIGATION 76 19.456 Q1 USA
17 NEW ENGLAND JOURNAL OF MEDICINE 60 76.079 Q1 USA
18 PROCEEDINGS OF THE NATIONAL ACADEMY OF 

SCIENCES OF THE UNITED STATES OF AMERICA
56 12.779 Q1 USA

19 PANCREAS 56 3.243 Q3 USA
20 FRONTIERS IN IMMUNOLOGY 51 8.786 Q1 SWITZERLAND
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Supplementary Table 9. The top 20 keywords of top 100 cited articles research
RANK Keyword Citations
1 pancreatic cancer 176.8095
2 mmp 172.125
3 apoptosis 211.2
4 emt 156.4
5 invasion and migration 119.4
6 angiogenesis 225.25
7 metastasis 159.5
8 nf-kappa b 353.5
9 prognosis 226.75
10 extracellular matrix 133.6667
11 microrna 163
12 pancreatic stellate cells 227.6667
13 cd147 133
14 cell invasion 105.5
15 chemoresistance 144
16 diagnosis 234
17 fibrosis 117
18 gemcitabine 280.5
19 matrix metalloproteinase inhibitors 137.5
20 methylation 131.5


