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A B S T R A C T   

Sepsis is a systemic syndrome involving physiological, pathological, and biochemical abnor-
malities precipitated by infection and is a major global public health problem. Endothelial cells 
(ECs) dysfunction is a major contributor to sepsis-induced multiple organ failure. This biblio-
metric analysis aimed to identify and characterize the status, evolution of the field, and new 
research trends of ECs and sepsis over the past 20 years. 

For this analysis, the Web of Science Core Collection database was searched to identify relevant 
publications on ECs in sepsis published between January 1, 2002, and December 31, 2022. 
Microsoft Excel 2021, VOSviewer software, CiteSpace software, and the online analysis platform 
of literature metrology (http://bibliometric.com) were used to visualize the trends of publica-
tions’ countries/regions, institutions, authors, journals, and keywords. 

In total, 4200 articles were identified and screened, primarily originating from 86 countries/ 
regions and 3489 institutions. The USA was the leading contributor to this research field, 
providing 1501 articles (35.74 %). Harvard University’s scientists were the most prolific, with 
129 articles. Overall, 21,944 authors were identified, among whom Bae Jong Sup was the most 
prolific, contributing 129 publications. Additionally, Levi Marcel was the most frequently co-cited 
author, appearing 538 times. The journals that published the most articles were SHOCK, CRIT-
ICAL CARE MEDICINE, and PLOS ONE, accounting for 10.79 % of the total. The current emerging 
hotspots are concentrated on "endothelial glycocalyx," "NLRP3 inflammasome," "extracellular 
vesicle," "biomarkers," and "COVID-19," among others. 

In conclusion, this study provides a comprehensive overview of the scientific productivity and 
emerging research trends in the field of ECs in sepsis. The evidence supporting the significant role 
of ECs in both physiological and pathological responses to sepsis is continuously growing. More 
in-depth studies of the molecular mechanisms underlying sepsis-induced endothelial dysfunction 
and EC-targeted therapies are warranted in the future.   
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1. Introduction 

Sepsis is a complex syndrome usually caused by bacterial infection [1]. Over the years, defining sepsis has been difficult due to the 
disease’s complexity in the clinical context and the biological and clinical heterogeneity of the septic population. Hence, the definition 
of sepsis has continuously evolved, reflecting a deeper understanding of its intricate pathophysiology. The consensus definition of 
sepsis transitioned from the systemic inflammatory response syndrome (SIRS) criteria with suspected infection (sepsis 1.0) to SIRS 
criteria combined with the presence of organ dysfunction (sepsis 2.0), and finally, to a dysregulated host response to infection leading 
to potentially life-threatening organ dysfunction (sepsis 3.0) [2–4]. The sepsis 3.0 definition underscores the integration of the 
Sequential Organ Failure Assessment (SOFA) score to characterize organ dysfunction. This highlights the central role of the 
non-homeostatic host response to infection, its increased lethality compared to that of mere infection, and the significance of early 
identification [4]. Globally, a total of 49 million individuals develop sepsis yearly, with nearly 11 million associated deaths [5]. Despite 
significant progress in comprehending the etiology and advancing new therapeutic strategies for sepsis, mortality rates have continued 
to be unacceptably high over the past few decades [6]. Moreover, various long-term dysfunctions, encompassing physical, psycho-
logical, and cognitive impairments, have increasingly emerged as the principal threats to the quality of life of sepsis survivors [7,8]. 

Sepsis impacts almost every organ and tissue, with endothelial cells (ECs) primarily encountering and responding to most of these 
insults. Upon stimulation, the expression of inflammatory cytokines, procoagulant factors, chemokines, tissue factors, and adhesion 
molecules is upregulated, thus promoting a shift in ECs toward a proinflammatory, procoagulant, pro-adhesive, and proapoptotic 
phenotype [9]. While these responses initially assist in combating inflammation, systemic and persistent activation of the endothelium 
may ultimately impair its normal structure and function. This includes the shedding of the glycocalyx, the loss of tight junctions, and 
extensive cell apoptosis and/or necrosis. The disrupted endothelial barrier function and activated coagulation system increase 
interstitial leakage, microvascular thrombosis, and tissue hypoxia, ultimately leading to life-threatening organ failure [10,11]. Hence, 
considerable attention has been focused on ECs by medical scientists worldwide to explore the mechanisms underlying endothelium 
damage and identify novel targets for the effective treatment of sepsis. 

Recognition of the significant role of ECs in sepsis has resulted in many clinical trials and experimental studies, which have greatly 
improved our understanding of the complex pathophysiology of sepsis. However, there has been limited investigation into the specific 
patterns of these publications regarding their global research status and future research trends. 

Bibliometrics is an important discipline that applies mathematical and statistical methods to obtain data on productivity rates, 
publication patterns, and characteristics. The research status and trends of a specific research domain can be visually described using 
co-authorship, co-occurrence, co-citation, and citation analyses. By mapping a knowledge domain, a bibliometric study can identify 
the distribution, internal collaboration, and productivity of researchers, countries/regions, affiliations, and journals and present 
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WoSCC Web of Science Core Collection 
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IF impact factor 
VE-cadherin vascular endothelial cadherin 
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NO nitric oxide 
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CCl-2 chemokine ligand 2 
CXCL-1 chemokine ligand 1 
Fer-1 ferrostatin-1 
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research hotspots and promising future directions. Therefore, this study aimed to systematically analyze research on endothelium and 
sepsis to identify hot topics and evolving trends in the field. 

2. Materials and methods 

2.1. Data sources and search strategies 

The Web of Science Core Collection (WoSCC) database was initially searched on September 27, 2022, with an updated search 
performed on March 18, 2023. The search query was: TS= (endothelium* OR endothelial cell* OR ECs OR endothelia) AND TS=
(sepsis OR septic shock OR endotoxemia OR severe sepsis OR SIRS OR systemic inflammatory response syndrome). The time frame for 
retrieval spanned from January 1, 2002, to December 31, 2022. The document type was restricted to "articles," and the search was 
confined to publications in English. Comprehensive data from the included publications, encompassing the year of publication, author, 
title, source, number of citations, abstract, address, affiliation, document type, keywords, and cited reference count, were systemat-
ically gathered from the WoSCC. 

2.2. Data analysis 

Bibliographic data were imported into Microsoft Excel 2021, VOSviewer software, CiteSpace software, and an online analysis 
platform for literature metrology (http://bibliometric.com). Microsoft Excel 2021 was used to analyze the trends in the number of 
publications in different countries or regions. The VOSviewer software (Leiden University, Leiden, The Netherlands, version 1.6.18) 
was utilized to construct and visualize bibliometric networks. These networks were generated based on a co-authorship analysis of 
countries and institutions, with the node size in the maps indicating the extent of collaboration. Co-citation was analyzed as the 
simultaneous citation of two items, such as authors, documents, or journals, in a third article. A visual analysis based on the co-citation 
of authors was conducted. The frequency of references to the same article is reflected in the positive correlation of the links between 
nodes. Furthermore, the CiteSpace software facilitated the creation of maps showcasing the co-occurrence of keywords. All keywords 
were categorized into different clusters to delve into the knowledge structure within this field. Burst keywords were identified using 
the CiteSpace software, with the primary parameters being time slicing (2002–2022), years per slice (1), and top N per slice (50). 

3. Results 

3.1. Global trend of publication outputs and citation number 

A total of 4200 articles related to ECs and sepsis were extracted, and Fig. 1 detailed our search and selection process. As illustrated 
in Fig. 2, the number of global publications has steadily increased, with annual publications increasing from 156 in 2002 to 250 in 
2022. These articles were cited 149,210 times by March 18, 2023, and the annual number of citations rose from 89 in 2002 to 14,695 in 

Fig. 1. Flow chart of the literature search, filtering, and selection of included publications.  
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2022. 

3.2. Analysis of the contribution of countries/regions to the global literature 

Eighty-six countries/regions participated in the 4200 publications, with the USA ranking first (1501/35.74 %), followed by China 
(766/18.24 %), Germany (488/11.62 %), Japan (295/7.02 %), and Canada (245/5.83 %) (Fig. 3A). The number of publications in 
China increased rapidly (Fig. 3B), with nearly 18 times more articles published in 2022 than in 2002. Since 2018, China has surpassed 
the USA and ranked first in the number of annual publications. Fig. 3C and D shows a map of co-authorship between the major 
countries in this research field, with the USA playing a central role in bridging cooperation among countries. 

3.3. Analysis of institutions 

As shown in Table 1, Harvard University was the most prolific among the 3489 institutions from which the publications originated 
(n = 129). Kyungpook National University ranked second, with 125 publications, while the French Institute of Health and Medical 
Research (INSERM) (n = 119) ranked closely behind. Among the top ten most productive institutions, five were located in the USA, and 
two were in France and the Netherlands. 

As illustrated in Fig. 4A, the co-authorship visualization of institutions with a minimum of ten articles was performed, and 202 
institutions met this criterion. A close cooperation exists between Harvard University and the Beth Israel Deaconess Medical Center, 
and between the University of Amsterdam and the University of Oxford. Kyungpook National University and Daegu Haany University 
in South Korea actively cooperated. 

3.4. Analysis of authors 

In total, 21,944 authors coauthored 4200 publications, and the average number of authors per paper was 5.22. As shown in Table 2, 
the authors with the highest number of publications were Bae Jong Sup (n = 129/3.07 %), Ku Sae Kwang (n = 66/1.57 %), Lee 
Wonhwa (n = 52/1.24 %), Van Der Poll Tom (n = 48/1.14 %), and Levi Marcel (n = 32/0.76 %). The H-index is an author-level metric 
that measures the productivity and citation impact of a scientist’s or scholar’s publications [12]. Among the top ten most productive 
authors, Levi Marcel, Esmon Charles T, Van Der Poll Tom, and Malik Asrar B had the highest H-index values (130, 115, 106, and 105, 
respectively). 

The outcomes of the co-citation analysis are depicted in Fig. 4B. The size of each node on the map is directly proportional to the 
frequency with which the authors have been cited. Among the 71,199 authors, 222 were cited more than 50 times. The most frequently 
cited authors were Levi Marcel (538 times), followed by Bae Jong Sup (509 times) and Aird WC (502 times). 

Fig. 2. Publications and citation numbers of articles related to endothelial cells in sepsis by year over the past 20 years.  
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3.5. Analysis of journals 

The 4200 retrieved articles were published in 948 academic journals. The journal SHOCK (178/4.24 %, impact factor [IF]: 3.1, 
2022) had the highest number of publications in this field, followed by CRITICAL CARE MEDICINE (143/3.40 %, IF: 8.8, 2022), and 
PLOS ONE (132/3.14 %, IF: 3.7, 2022). 

Bradford’s law states that if scientific journals are arranged according to publication output and divided into three groups on a 
given subject, they may be divided into a nucleus of periodicals and two zones containing the same number of articles. The number of 

Fig. 3. Contributions of the most productive countries/regions to endothelial cells and sepsis research. (A) Number of publications of the 
top 10 countries; (B) annual publication number growth of the top 10 countries; (C) international collaboration of the most productive countries/ 
regions; (D) The cooperation of countries/regions in research scope on endothelial cells and sepsis from 2002 to 2022. 

Table 1 
The top ten most productive institutions.  

Rank Institution Country Total Citations 

1 HARVARD UNIVERSITY USA 129 
2 KYUNGPOOK NATIONAL UNIVERSITY South Korea 125 
3 INSTITUT NATIONAL DE LA SANTE ET DE LA RECHERCHE MEDICALE INSERM France 119 
4 UNIVERSITY OF AMSTERDAM Netherlands 111 
4 UDICE FRENCH RESEARCH UNIVERSITIES France 111 
6 UNIVERSITY OF CALIFORNIA SYSTEM USA 107 
7 HARVARD MEDICAL SCHOOL USA 98 
8 ACADEMIC MEDICAL CENTER AMSTERDAM Netherlands 95 
9 UNIVERSITY OF TEXAS SYSTEM USA 94 
10 PENNSYLVANIA COMMONWEALTH SYSTEM OF HIGHER EDUCATION PCSHE USA 90  
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Fig. 4. (A) Co-authorship analysis of the institutions with a minimum of ten articles in the field of endothelial cells and sepsis; (B) Co-citation 
visualization map of authors with more than 50 times. 
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periodicals in the nucleus and subsequent zones will be in the proportion of 1:n:n2 [13]. The top 23 journals published 1378 papers 
between 2002 and 2022, approximately one-third of the total number of publications. Based on Bradford’s law, these 23 journals were 
defined as the “core journals” in this field (Table 3). Among these journals, except for the JOURNAL OF SURGICAL RESEARCH 
(53/1.26 %, IF: 2.2, 2022), all others had an IF greater than three, and INTENSIVE CARE MEDICINE had the highest IF (38.9, 2022). 
These journals mainly cover critical care medicine, hematology, immunology, peripheral vascular disease, and cellular biology. 

The dual-map overlay of journals delineates the research position relative to the principal research disciplines, citing journals on 
the left and cited journals on the right. Furthermore, the color-coded paths between them demonstrate the cited relationships [14]. 
Fig. 5 illustrates four primary reference pathways. The orange and green paths indicate that articles published in "Molecular, Biology, 
Genetics" and "Health, Nursing, Medicine" journals are frequently cited by journals within the same disciplines. Additionally, the 
ellipse symbolizes the number of journal publications, with CRITICAL CARE MEDICINE and JOURNAL OF BIOLOGICAL CHEMISTRY 
leading in the "Health, Nursing, Medicine" and "Molecular, Biology, Genetics" categories among the cited journals, respectively. 

3.6. Analysis of keywords 

A total of 12,301 keywords in this field were identified using the VOSviewer software. The most frequently encountered keywords 
in the retrieved documents included "sepsis," "endothelial cells," "inflammation," "expression," "activation," "lipopolysaccharide," 
"cells," "acute lung injury," "dysfunction," and "apoptosis" (Table 4). Outcomes from the keyword cluster analysis are depicted in 
Fig. 6A. The analysis identified the following eight clusters: septic shock (Cluster #0), nitric oxide (Cluster #1), endothelial cells 
(Cluster #2), acute lung injury (Cluster #3), activated protein C (Cluster #4), endothelial glycocalyx (Cluster #5), adhesion molecules 
(Cluster #6), and thrombin thrombomodulin complex (Cluster #7). 

Timeline viewer is based on the evolutionary trajectory of keywords in a certain field, which can show the stage characteristics and 
development of keywords in each cluster. Fig. 6B is the timeline viewer of ECs and sepsis based on CiteSpace software, which visually 
illustrates the phased hotspots and evolution track of the research from the time dimension. Each node represents a keyword, and the 

Table 2 
The top ten most prolific authors.  

Rank Author Country Institution Number of Publications H-index 

1 Bae, Jong-Sup South Korea Kyungpook National University 129 47 
2 Ku, Sae Kwang South Korea Daegu Haany University 66 47 
3 Lee, Wonhwa South Korea Sungkyunkwan University 52 32 
4 Van Der Poll, Tom Netherlands University of Amsterdam 48 106 
5 Levi, Marcel Netherlands Academic Medical Center, Amsterdam 32 130 
6 Lehmann, Christian Canada Dalhousie University 26 26 
7 Malik, Asrar B. USA University of Illinois System 25 105 
8 Esmon, Charles USA Oklahoma Medical Research Foundation 24 115 
9 Aird, William C. USA Beth Israel Deaconess Medical Center 22 59 
10 Griffin, John H. USA Scripps Research Institute 22 90  

Table 3 
The top 23 journals with the most publications.  

Rank Journal Title Country Records IF (2022) 

1 SHOCK USA 178 3.1 
2 CRITICAL CARE MEDICINE USA 143 8.8 
3 PLOS ONE USA 132 3.7 
4 CRITICAL CARE USA 104 15.1 
5 BLOOD USA 69 20.3 
6 AMERICAN JOURNAL OF PHYSIOLOGY LUNG CELLULAR AND MOLECULAR PHYSIOLOGY USA 64 4.9 
7 THROMBOSIS AND HAEMOSTASIS Germany 62 6.7 
8 JOURNAL OF IMMUNOLOGY USA 60 4.4 
9 JOURNAL OF SURGICAL RESEARCH USA 53 2.2 
10 SCIENTIFIC REPORTS England 51 4.6 
11 FRONTIERS IN IMMUNOLOGY Switzerland 46 7.3 
11 INFLAMMATION USA 46 5.1 
13 JOURNAL OF BIOLOGICAL CHEMISTRY USA 38 4.8 
13 JOURNAL OF THROMBOSIS AND HAEMOSTASIS England 38 10.4 
15 INTENSIVE CARE MEDICINE Germany 37 38.9 
16 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS USA 36 3.1 
16 THROMBOSIS RESEARCH England 36 7.5 
18 JOURNAL OF LEUKOCYTE BIOLOGY USA 34 5.5 
19 MICROVASCULAR RESEARCH USA 32 3.1 
20 INTERNATIONAL IMMUNOPHARMACOLOGY Netherlands 31 5.5 
21 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE USA 30 24.7 
22 CYTOKINE England 29 3.8 
22 PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE UNITED STATES OF AMERICA USA 29 11.1  
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annual ring of the node indicates the appearance time of the keyword. From 2002 to 2022, certain research areas within the eight 
clusters have seen a decrease in focus, with the principal keywords being " superoxide," "adhesion molecular 1," "cholesterol," "crystal 
structures," and "platelet-activating factor." Conversely, several emerging research fields have been identified, marked by key terms 
such as " biomarkers," "extracellular vesicles," "syndecan-1," "NLRP3 inflammasome," and "microRNAs." Burst keywords signify 
leading-edge topics and potential hotspots in a given field. Fig. 6C illustrates that, during this period, the burst keywords predomi-
nantly included "extracellular vesicles," "NLRP3 inflammasome," "microRNAs," "endothelial glycocalyx," and "angiopoietin 2." 

4. Discussion 

ECs are widely recognized as pivotal components in the pathophysiology of sepsis, and focusing on ECs offers significant promise 

Fig. 5. The dual-map overlay of journals on endothelial cells and sepsis. The left part is citing journals and the right part is cited journals. 
Colored curves reveal paths of references originating from the citing component maps and pointing to the cited component maps. The thickness of 
the curves between them is proportional to the z-score-scaled frequency of citation. The citing and cited articles are divided into numerous thematic 
areas. Each area is determined by a cluster of journals belonging to the area, and is labeled by the most common terms from the titles of the 
underlying journals. The size of the yellow ellipse in the figure is positively correlated with the number of publications corresponding to a journal. 
The longer the horizontal axis of the ellipse, the more authors it represents; the longer the vertical axis of the ellipse, the more papers the journal 
publishes. (Among the cited journals in the fields of ‘Health, Nursing, Medicine’, CRITICAL CARE MEDICINE, NEW ENGLAND JOURNAL OF 
MEDICINE, and AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE were the most cited journals. And among the cited 
journals in the fields of ‘Molecular, Biology, Genetics’, JOURNAL OF BIOLOGICAL CHEMISTRY ranked first, followed by BLOOD and JOURNAL 
OF IMMUNOLOGY). 

Table 4 
The top 20 keywords.  

Rank Keyword Count 

1 sepsis 2546 
2 endothelial cells 1271 
3 inflammation 957 
4 expression 775 
5 activation 634 
6 lipopolysaccharide 425 
7 cells 369 
8 acute lung injury 368 
9 dysfunction 355 
10 apoptosis 297 
11 injury 288 
12 NF kappa B 264 
13 tumor-necrosis-factor 257 
14 nitric-oxide synthase 256 
15 in vivo 250 
16 oxidative stress 246 
17 endotoxin 242 
18 coagulation 234 
19 mechanisms 231 
20 permeability 230  
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for creating therapies for sepsis. Numerous experimental and clinical studies have been performed to illustrate the pivotal role of ECs in 
sepsis, with 4200 articles published in the last 20 years. The USA ranked first regarding the number of publications. Five institutions 
(Harvard University, University of California System, Harvard Medical School, University of Texas System, and Pennsylvania 
Commonwealth System of Higher Education) and four researchers (Esmon Charles T, Malik Asrar B, Griffin John H, and Aird William 
C) topped the ranking lists. The dominance of the USA in this field is evident. Furthermore, China has demonstrated exponential 
growth in publications, thereby becoming a crucial force in advancing this research. The robust increase in Chinese publication output 
can be attributed to the heightened focus of scientists in this area and the escalation in funding support. 

Research on the role of ECs in sepsis has increasingly adopted a collaborative approach. The United States has been involved in the 
highest number of international collaborations. This trend may be attributed to that the significant presence of renowned institutions 
and researchers in this field within the United States, facilitating numerous scientific breakthroughs in EC and sepsis research to be first 
identified there. SHOCK, CRITICAL CARE MEDICINE, and PLOS ONE were the three most productive journals in EC and sepsis research. 
All 23 core journals were based in English-speaking or developed countries, and 15 of these journals were headquartered in the USA. 
This aligns with the findings of previous studies, underscoring the notion that researchers from English-speaking countries possess a 
distinct advantage, as their research findings are more frequently published in English-language scientific journals [15]. Furthermore, 
it can be hypothesized that publication output might be correlated with national research funding. Countries investing more in sci-
entific research tend to have higher publication outputs compared to those with fewer investments [15,16]. 

4.1. Permeability of ECs 

A semi-permeable barrier formed by ECs is crucial for controlling the permeability and distribution of water, cells, and molecules 
from circulation into tissues and maintaining vascular homeostasis and normal organ function [17]. ECs are excessively activated by 
inflammatory factors and endotoxins, leading to a ubiquitous loss of endothelial barrier integrity during sepsis. This results in a global 
increase in endothelial permeability syndrome, characterized by edema formation and systemic hypotension that endangers organ 
perfusion [18]. Endothelial permeability is primarily maintained by the glycocalyx, extracellular matrix, and intercellular junctions, 
including gaps, adherens, and tight junctions [19]. The endothelial glycocalyx, a mesh-like layer composed of proteoglycans and 

Fig. 6. The network mapping of keywords used in publications on endothelial cells in sepsis. (A) Keyword co-occurrence map; (B) CiteSpace 
visualization map of timeline viewer; (C) The top 50 keywords with the strongest citation bursts. The blue squares represent the years in which 
keywords had citation; the red squares stand for the years in which keywords had citation bursts. 
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glycoproteins, shields ECs from the spontaneous adhesion of leukocytes and platelets in a physiological state. Laminin polymers 
interact with collagen IV polymers secreted by ECs to form the basement membrane [20]. 

The extracellular matrix contributes to signaling pathways that favor cell adhesion, thereby regulating endothelial integrity and 
vascular barrier function. Neighboring EC cytoplasms are directly connected through gap junctions. Endothelial adherens junctions, 
formed by vascular endothelial cadherin (VE-cadherin), are crucial in controlling endothelial barrier function. During sepsis, in-
flammatory cytokines enhance Ras homologous (Rho) activity and activate the tyrosine kinases Src and proline-rich tyrosine kinase 2 
(Pyk2). This activation results in the phosphorylation and endocytosis of VE-cadherin, thereby promoting an increase in vascular 
permeability [21,22]. The endothelial tight junction, comprising occludins, claudins, and junctional adhesion molecules, experiences 
disruption in sepsis, as indicated by the downregulation of tight junction protein levels [23]. Furthermore, during sepsis, under the 
activation and guidance of ECs, leukocytes traverse the vascular endothelium to engage with inflammatory foci [24]. For decades, 
vascular leakage has been thought to be a natural consequence of leukocyte extravasation in the defense against inflammation [25]. 
However, recent research indicates that vascular leakage and leukocyte emigration occur independently in blood vessels [26,27]. The 
fact that leukocyte traffic and vascular permeability can be regulated separately may establish the modulation of vascular leakage and 
tissue edema without compromising the immune response as a viable therapeutic target in sepsis [28]. In addition, the angiopoietin 
(Ang)- tyrosine kinase Tie2 signaling axis is crucial for the maintenance of endothelial integrity under physiological conditions. Ang-1 
promotes EC survival and inhibits vascular leakage by suppressing the expression of the transcription factor Foxo1 and enhancing the 
phosphorylation of Tie2 [29,30]. Activation of Tie2 stimulates the Rho family GTPases, leading to the reinforcement of the cyto-
skeleton, which in turn enhances the barrier function of the endothelium [31]. Conversely, overexpression of Ang-2 by inflammatory 
cytokines leads to deleterious vascular effects and induces sepsis-like hemodynamic alterations in mice [32]. Therefore, targeting the 
Ang-Tie2 signaling axis may offer a promising treatment strategy. Nitric oxide (NO) has been linked to increased vascular permeability, 
and the pharmacological inhibition of NO production shows beneficial hemodynamic effects in animal models of sepsis [33–35]. 
Adrenomedullin (ADM) significantly influences inflammation, vascular tone, and endothelial barrier function [36]. Adrecizumab, an 
anti-ADM antibody, protects the endothelial barrier function by antagonizing the N-terminal of ADM, indicating a novel and promising 
approach to sepsis treatment [37,38]. Novel approaches to modulate the functionality and integrity of the primary molecular de-
terminants of endothelial permeability during sepsis are expected to be translated into larger randomized controlled clinical trials in 
the near future. 

4.2. Endothelial glycocalyx 

The glycocalyx, covering the apical membrane of ECs, is a ubiquitous structure consisting of sulfated proteoglycans, hyaluronan, 
glycoproteins, and plasma proteins [39]. The endothelial glycocalyx is a critical mediator of vascular permeability, inflammation, 
coagulation, and circulatory tonicity [40]. In severe sepsis, the glycocalyx undergoes degradation due to the activation of various 
enzymes or reactive oxygen species [41]. This endothelial glycocalyx degradation consequently leads to capillary leakage, edema, 
progressive inflammation, platelet aggregation, coagulopathy, loss of vascular tone and responsiveness, and ultimately, end-organ 
damage and potential death [42]. As depicted in Fig. 6B, the research of endothelial glycocalyx mainly focuses on its functional 
analysis and related mechanisms. The main keywords include "pathogenesis," "gene," "mechanism," "endothelial injury," "protects," 
"diagnosis," "degradation," "vascular dysfunction," and "RNA." 

Glycocalyx degradation products are promising indicators of endothelial damage during sepsis. Several studies suggested that 
modulation of glycocalyx integrity provided therapeutic benefits in sepsis [43]. Heparin protects against glycocalyx degradation via 
mobilizing syndecan-1 to reconstitute the protective network of proteoglycans and reconstruct the vascular endothelial barrier, 
thereby restoring endothelial function [44,45]. Furthermore, it protects the glycocalyx from shedding by suppressing heparinase 
activity and inflammation, attenuating sepsis-associated acute lung injury, and improving survival [46]. Nevertheless, in clinical 
practice, anticoagulant therapies for sepsis have not been systematically studied due to the increased risk of hemorrhage. Moreover, 
glucocorticoids, tranexamic acid, ulinastatin, and matrix metalloproteinase inhibitors benefit endothelial glycocalyx stability [47–49]. 
Several recent clinical trials have suggested that restricted fluid resuscitation strategies and plasma resuscitation during sepsis may be 
beneficial to protecting endothelial glycocalyx integrity [50–52]. Additionally, sphingosine 1-phosphate is associated with positive 
outcomes in septic shock due to its protective effects on the glycocalyx [53,54]. 

4.3. Endothelial inflammation in sepsis 

ECs are both the source and target of inflammation during sepsis [55]. During sepsis, pattern recognition receptors and downstream 
inflammatory pathways are activated, resulting in an inflammatory response in ECs [10]. ECs are driven toward a proinflammatory 
phenotype characterized by the secretion of a large amount of interleukin (IL)-6, IL-8, chemokine ligand − 2 (CCl-2), and chemokine 
ligand − 1 (CXCL-1). IL-6 increases endothelial permeability by inducing the loss of junctional localization of VE-cadherin and zonula 
occluden-1 (ZO-1) [56]. Vaspin, N-arachidonoyl dopamine, and bone morphogenetic protein-binding endothelial regulators have 
exhibited anti-endothelial inflammatory properties in experimental animal models of sepsis [57–59]. Additionally, autophagy and 
ferroptosis have regulated the endothelial inflammatory response by downregulating proinflammatory cytokines and modulating 
immunogenicity [60,61]. Autophagy inducers, such as minocycline and rapamycin, and ferroptosis inhibitors, including ferrostatin-1 
(Fer-1) and liproxstatin-1 (Lip-1), have been effective in reducing inflammatory cytokine release and organ injury in experimental 
sepsis models [62–64]. Numerous studies have elucidated the important role of inflammasomes in sepsis, with the nucleotide-binding 
oligomerization domain, leucine-rich repeat, and pyrin domain-containing 3 (NLRP3) inflammasome being the most extensively 
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investigated member of this class of receptors [65]. Activation of the NLRP3 inflammasome triggers the production and secretion of 
potent proinflammatory cytokines such as IL-1β, IL-18, and high mobility group protein B1 (HMGB1). These cytokines promote 
leukocyte adhesion and changes in endothelial permeability, thereby, inducing an inflammatory response [66,67]. Several studies 
have observed that inhibiting the activation of the NLRP3 inflammasome attenuates multi-organ injury in septic animals, underscoring 
the significance of the NLRP3 inflammasome as a promising target for endothelial dysfunction in sepsis [68,69]. 

Endothelial cell-derived extracellular vesicles (EVs) have regulated inflammatory responses [70], endothelial barrier function, and 
the coagulation cascade in sepsis. The secretion of EVs increases in response to endotoxin or inflammatory cytokine stimulation [71, 
72]. EVs demonstrate a bidirectional regulatory effect on inflammation; they aggravate endothelial inflammatory responses by acti-
vating neutrophil adhesion to the endothelium and stimulating neutrophil extracellular traps [71]. They reportedly exert 
anti-inflammatory effects by attenuating NF-κB activation and nuclear translocation [73]. Elevated plasma exosome levels are asso-
ciated with increased mortality and sepsis progression [74,75]. Additionally, it has been observed that the contents of EVs change 
depending on the disease condition [76]. Therefore, EVs are promising candidates for novel biomarkers in sepsis. Furthermore, due to 
their unique ability to carry small molecules to distant cells and modify the function of targeted cells, EVs are potential therapeutic 
targets [76]. Although significant progress has been made in understanding EVs’ role in sepsis, substantial knowledge gaps remain 
regarding the secretion kinetics of EVs during different sepsis stages and the role of various EV components in sepsis [77]. 

4.4. ECs and the coagulation cascade in sepsis 

Under physiological conditions, ECs provide different cell membrane-associated components to balance anticoagulant and fibri-
nolytic functions [78]. In sepsis, damage to the endothelial glycocalyx, reduction of endothelial thrombomodulin, and downregulation 
of plasma anticoagulant proteins activate the coagulation cascade and compromise anticoagulation potential [79]. Activation of 
coagulation is an essential component of the host’s defense against pathogens; nevertheless, exaggerated activation may contribute to 
microvascular thrombosis and organ dysfunction and eventually develop into disseminated intravascular coagulation (DIC) [80,81]. 

During sepsis, the endothelium regulates the clotting cascade through the expression of thrombomodulin, activated protein C, 
tissue factor, plasminogen activator inhibitor 1 (PAI-1), microparticles, antithrombin, von Willebrand factor (vWF), and interactions 
with platelets [82–84]. ECs primarily synthesize thrombomodulin and are intricately linked with thrombin-mediated activation of 
protein C [85]. Activated protein C is a crucial inhibitor, limiting coagulation and managing thrombosis by proteolytically inactivating 
cofactors Va and VIIIa in sepsis [86]. PAI-1 is pivotal in suppressing fibrinolysis, as it binds to tissue plasminogen activator, thereby 
urokinase plasminogen activator and facilitating the development of disseminated intravascular coagulation (DIC) in patients with 
sepsis [87,88]. Elevated levels of PAI-1 in ECs are associated with hindered fibrinolysis and may lead to widespread microvascular 
thrombus formation during septic shock [9]. Furthermore, recent studies have underscored that inflammasome activation provokes 
endothelial inflammation and stimulates the release of coagulation factor III, the primary initiator of coagulopathy in sepsis, thus 
initiating the blood coagulation cascade [89]. 

Recent clinical trials have demonstrated that the modulation of coagulation is clinically valuable in the treatment of sepsis and the 
prevention of sepsis-induced DIC. Moreover, low-dose heparin, tissue factor pathway inhibitors, antithrombin III, and thrombomo-
dulin have shown promising potential to regulate the endothelial coagulation pathway in animal studies; however, more clinical trials 
are needed to assess their therapeutic role in patients with sepsis [90–92]. 

4.5. Endothelial biomarkers in sepsis 

During sepsis, elevated levels of endothelial molecules are detected in the blood due to functional and structural changes in ECs, 
which may be used to diagnose infection, prognostication, and therapeutic guidance. Syndecan-1, ADM, Ang-1/-2, thrombomodulin, 
heparanase-1/-2, vWF, endocan, soluble VE-cadherin, occludin, and zonula occluden-1 (ZO-1) are associated with both sepsis presence 
and severity [53,93–95] Syndecan-1, a transmembrane heparan sulfate proteoglycan in glycocalyx, was elevated in plasma due to 
sepsis-induced endothelial damage [96], reflecting glycocalyx damage and hence a superficial endothelial disruption. In addition, 
syndecan-1 levels may be conducive to predicting organ failure, DIC, coagulation disorders, and fluid requirements in patients with 
sepsis [97]. Thrombomodulin has been used to monitor DIC and multiple organ dysfunction syndromes in patients with sepsis [95]. 
Several studies have reported that the plasma concentrations of monocyte chemoattractant protein 1, soluble urokinase plasminogen 
activator receptor, and pentraxin-3 have prognostic and diagnostic value [98,99]. Additionally, non-coding RNAs, including miRNAs 
and long non-coding RNAs, are new types of endothelial biomarkers with recent advances in biotechnology [100,101]. Non-coding 
RNAs regulate various pathways involved in gene expression in ECs; however, their functions and mechanisms in sepsis pathophys-
iology remain largely unclear. 

4.6. ECs and COVID-19 

The coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2, caused a global crisis. SARS-CoV-2 infects ECs through the 
angiotensin-converting enzyme 2 (ACE2) receptor, leading to endothelialitis and EC dysfunction due to apoptosis and pyroptosis 
[102]. Systemic microvascular endothelial dysfunction arising from COVID-19 progression may result in inflammation (including 
cytokine storms), coagulopathy, and edema. The cytokine storm exacerbates the inflammatory symptoms in ECs, such as coagulop-
athy, ultimately leading to multi-organ injury [103]. Corticosteroids, IL-6 receptor antagonists, and Janus kinase (JAK) inhibitors (like 
baricitinib) are recommended for treating critically ill patients with COVID-19 [104,105]. A recent study revealed that IL-6 receptor 
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antagonists significantly improved 180-day mortality in patients with COVID-19 [106]. However, another study showed that 
monoclonal antibodies, including IL-6 antibodies tocilizumab and siltuximab, and the IL-1β receptor antagonist Anakinra, did not 
confer a significant survival benefit in patients with COVID-19 [107]. The use of an IL-6 receptor antagonist may benefit certain 
patients, and the dose and timing of administration need to be evaluated appropriately. Several ACE2 derivatives, including recom-
binant ACE2 proteins, ACE2-loaded extracellular vesicles, ACE2-mimicking antibodies, and peptide or mini-protein mimetics of ACE2, 
have been developed as potential SARS-CoV-2 inhibitors [108]. Complement activation exacerbates endothelial dysfunction in pa-
tients with COVID-19 [109]. Complement inhibitors, such as compstatins, Cp40/AMY-101, and eculizumab, have been shown to 
mitigate endothelial inflammatory damage and improve pneumonia in patients with COVID-19, thereby laying the groundwork for 
systematic prospective trials [110,111]. As the COVID-19 pandemic recedes, most patients have returned to their pre-infection state of 
health. However, a subset of patients continues to experience persistent post-infection sequelae, commonly referred to as "long COVID, 
" which encompasses both post-acute COVID-19 and post-COVID-19 syndrome. The prevalent symptoms of long COVID primarily 
consist of fatigue, shortness of breath, dyspnea, chest tightness, cough, arthralgia, headache, and cognitive dysfunction [112]. 
Additionally, recent studies have indicated that less than 20 % of patients were completely free of symptoms, with more than 80 % 
exhibiting at least one symptom. Neurocognitive long-COVID symptoms can persist for longer than one year [113–115]. Persistent 
glycocalyx damage and sustained T lymphocyte-associated cytokines likely account for endothelial dysfunction in patients with 
long-COVID-19 [116,117]. Therefore, reversing SARS-CoV-2-induced endothelial dysfunction may provide an important avenue for 
improving patient outcomes. 

5. Future directions 

Despite improvements in our understanding of the pathophysiology and treatment of severe sepsis, the associated mortality rate 
remains unacceptably high. Most fundamental studies have focused on isolated and specific mechanisms that underestimate the 
inherent complexity of host responses in the human body. Future breakthroughs require a conceptual shift emphasizing the spatially 
and temporally coupled networks of various cell types, inflammatory mediators, signaling pathways, transcription factors, and genes. 
Endothelial damage induced by sepsis is heterogeneous and the endothelium responds in ways that differ according to the nature of the 
pathogen, underlying comorbidities, and individual characteristics. Furthermore, there is a growing interest in monitoring endothelial 
function at the bedside to evaluate the pathogenesis of endothelial dysfunction, and recent studies have shown that microcirculatory 
alterations are closely related to organ failure [118,119]. Several endothelial biomarkers that may serve as sensitive indicators of 
endothelial injury have been identified. However, the use of biomarkers remains limited due to the heterogeneity of the endothelium, 
lack of standardization, and difficulty in continuous monitoring. Another clinical challenge that needs addressing before therapeutic 
interventions is the discrimination between adaptive endothelial changes and maladaptive alterations. Furthermore, diagnostic 
methods for assessing endothelial function at the bedside require further development. A translational gap persists between basic 
research and clinical trials, hindering the clinical translation of studies with positive outcomes. Therefore, mechanistically oriented 
clinical trials are urgently needed to demonstrate the potential benefits of protective strategies for the endothelium in patients with 
sepsis. 

6. Limitations 

This study has a few limitations. First, we used WoSCC as the only database for publication retrieval, and the publication language 
was limited to "English." A few valuable papers published in PubMed, Scopus, or other languages might be overlooked. Therefore, an 
inherent selection bias exists in the methodology. The article type was restricted to "article; " as a result, a few critical conference 
abstracts were not included in this study. Finally, the number of citations is influenced by numerous factors, such as the accumulation 
of chronology and publication platforms; thus, the number of citations does not completely correspond to their importance. 

7. Conclusion 

In summary, this present study provides an overview of the worldwide research status and future trends in ECs and sepsis. The most 
productive country, institution, author, and journal in this field are the United States, Harvard University, Bae Jong Sup, and SHOCK, 
respectively. Research on EC permeability, glycocalyx damage, biomarkers, and COVID-19 has emerged as significant topics in recent 
years. The protection and restoration of endothelial function provides promising prospects for managing septic complications. Further 
studies are warranted to validate the scope and significance of EC-oriented therapeutic strategies. 
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