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Abbreviations 

ATG16L1: autophagy-related protein 16-1.  

CARD: card family. 

CASP, CASP3: caspase family, caspase 3. 

CCL20: chemokine ligand 20. 

CCR6: chemokine receptor 6. 

CD: Crohn‟s disease. 
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FAS: fas cell surface death receptor. 

GWAS: genome-wide association studies. 

IBD: inflammatory bowel diseases. 

IFN, IFNγ, IFNα: Interferon, Interferon gamma, Interferon alpha. 

Ig, IgA, IgG: immunoglobulins, immunoglobulin A, immunoglobulin G. 

IL: interleukins. 

IRGM: immunity-related GTPase M. 

NF-kB: nuclear factor kB. 

NLRC4: NLR family CARD domain-containing protein 4. 

NOD2: nucleotide-binding oligomerization domain containing protein 2. 

NOS: nitric oxide synthase. 

PCR: polymerase chain reaction. 

PTPN2: tyrosine-protein phosphatase non-receptor type 2. 

Q1, Q2, Q3, Q4: first, second, third and fourth quartile of the distribution. 

QTL: quantitative trait locus. 

ROS: reactive oxygen species. 

SNP: single-nucleotide polymorphism. 
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STAT, STAT1, STAT3, STAT4: signal transducer and activator of transcription, signal 

transducer and activator of transcription 1, 3 and 4. 

TGF, TGF-B: transforming growth factor, transforming growth factor beta. 

TLR4: toll-like receptor 4. 

TNF, TNFSF15: tumor necrosis factor, tumor necrosis factor ligand superfamily member 15. 

UC: ulcerative colitis. 

Extended non-standardized abbreviations can be consulted in Supporting Tables S4-6.  
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Abstract 

Background and Aims: Modern views accept that Inflammatory Bowel Diseases (IBD) 

emerge from complex interactions among the multiple components of a biological network 

known as “IBD interactome”. These diverse components belong to different functional levels 

including cells, molecules, genes and biological processes. This diversity can make it difficult 

to integrate available empirical information in human patients into a collective view of 

etiopathogenesis, a necessary step to understand the interactome. Herein, we quantitatively 

analyze how representativeness of components involved in human IBD and their relations 

have changed over time.  

Methods: A bibliographic search in PubMed retrieved 25971 abstracts of experimental 

studies on IBD in humans, published between 1990 and 2020. Abstracts were scanned 

automatically for 1218 IBD interactome components proposed in recent reviews. The 

resulting databases are freely available and were visualized as networks indicating the 

frequency in which different components are referenced together within each abstract.  

Results: As expected, over time there was an increase in components added to the IBD 

network and heightened connectivity within and across functional levels. However, certain 

components were consistently studied together forming preserved motifs in the networks. 

These overrepresented and highly linked components reflect main “hypotheses” in IBD 

research in humans. Interestingly, 82% of the components cited in reviews were absent or 

showed low frequency, suggesting that many aspects of the proposed IBD interactome still 

possess weak experimental support in humans.  
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Conclusions: A reductionist and fragmented approach in the study of IBD has prevailed in 

the previous decades, highlighting the importance of transitioning towards a more integrated 

interactome framework.  

 

Key-words:  knowledge construction; network analysis; experimental research in humans. 
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Introduction  

The complexity of inflammatory bowel diseases
1
 (IBD) has been recognized in the 

last three decades
2–7

. The pathogenesis of IBD involves numerous dynamical interactions 

between components belonging to different functional levels, namely cells, molecules, 

susceptibility genes, and biological processes and modulating factors, which include the 

immune-neuro-endocrine system and the intestinal microbiota
1,8–10

. Lately, the notion of the 

IBD interactome has risen as a conceptual framework to help comprehend the complexity of 

the disease
11

. In this context, the IBD interactome can be understood as a biological network 

that includes all relevant components associated with the disease, which are represented as 

nodes of the network. The putative or demonstrated interactions between components (i.e., 

nodes) are represented as edges of the network
12

. In this way, by focusing not only on 

specific components but also on the interactions between them, network representations can 

provide new and valuable information about pathogenesis, helping to identify key regulatory 

components
1,12

. Remarkably, the conceptualization of the interactome is quite recent 

compared to the history of IBD research. Hence, it is reasonable to speculate that the vast 

knowledge generated on IBD in humans so far, was not obtained completely within this 

framework. This could have important implications given that network information (nodes 

and edges) may be missing, or evidence in humans may be lacking, providing a distorted 

conceptual map of the IBD interactome. 

Understanding the interactome is difficult not only due to the complex nature of IBD 

but also because of the continuous expansion of knowledge regarding its components and 

their interactions
1,8–10

. It can be expected that for IBD, as for  most fields of biomedical 

research, the number of articles indexed in PubMed/MEDLINE has grown exponentially 

during the last 40 years, reflecting both technological improvements and new research 
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goals
13

. In this scenario, the relative awareness of the medical community regarding the 

addition of novel components or new findings associated with known components is 

decreasing
13,14

. More so, scientific discoveries can go unnoticed because they are scattered 

among different areas of research
15

. This reality, together with a lack of integration of the 

large amount of existing data from clinical patients, may have contributed to a fragmented or 

reductionist construction
16

 of IBD knowledge over time. Additionally, this may also have 

hindered the discovery of patterns or anomalies in data that are currently unexplained under 

existing theories or paradigms
14,17

.   

Given the enormous volume of biomedical publications and the need to understand 

IBD by focusing on the interactions between pathophysiological components, the use of text 

mining tools in combination with network analysis can be useful for the synthesis of 

knowledge and the detection of patterns
18

. On one hand, by text mining, the information 

contained in a scientific article can be quantified and arranged in data of interest
18

. For 

example, the frequency in which specific words (e.g., components of IBD interactome) have 

been reported, can be gathered. In the past, the text mining of abstracts has supported the 

processes of knowledge synthesis retrieving important associations between components of 

complex diseases such as Raynaud‟s disease
15,19,20

 and associations between diseases and 

microbial pathogens
21

. This kind of associations between pathophysiological components can 

be graphically represented as networks
22

 and characterized with mathematical rigor
23–26

. In 

that way, networks can help identify the most frequent components cited in the literature as 

well as the most commonly studied interactions among them. Moreover, by creating a variety 

of networks using abstracts from different time-periods it is possible to compare how the 

contributions made to the body of literature change qualitative and quantitatively over time. 

Specifically, we can assess how the focus of a scientific field may be on particular topics at a 
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specific time-point in history, as well as show how certain time periods are more prolific than 

others. Therefore, the combined approach of text mining and network analysis represents a 

useful method to explore the literature and understand how knowledge in a field has been 

constructed, which in general allows to explain the patterns observed in the data. 

 Our goal was to analyze through abstract‟s text mining and network analysis how the 

representativeness of specific components of the different functional levels involved in IBD 

interactome and their relations have changed over the last 30 years of experimental research 

in human patients. We aimed to understand how knowledge in this field has been constructed 

and provide insights on the main challenges in building the IBD interactome. 

 

Materials and methods 

General procedure 

Three basic steps were applied for information extraction and analysis as shown in 

Figure 1 and Table 1. First, a comprehensive bibliographical search in PubMed was 

performed to retrieve all relevant abstracts of experimental research papers associated with 

IBD in humans, published between 1990-2020 (available in Supporting Table S1
27

) and then 

curated (available in Supporting Table S2). Second, abstracts were scanned automatically to 

detect and quantify key words representative of four functional levels involved in IBD 

interactome
8–10

, namely: cells, molecules, genes and biological processes and modulating 

factors (Supporting Tables S3-S6). Third, network analysis was used to depict 

representativeness of these key components and their relations over time and to compare 

information contained in each decade regarding these components (Table 1). In the networks, 
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each node represents a component found in the abstracts of the studied time period. The node 

size is given by the number of components of the network with which that node is related 

(co-occurs in abstracts), and the edge (line) width, by the proportion of abstracts in which a 

given pair of components are referenced together. In this last step, the resulting networks 

were mathematically characterized using a variety of measures as described in Table 1. 

Detailed information about each step is presented in Supporting Material 1, Section S1.  

Software 

MATLAB™ R2018a was used for running all automatic analysis and calculations. 

We used functions of “wordcloud” in the Text Analytics Toolbox and “graph” function. 

Custom MATLAB™ code created for additional text preprocessing, curation of the corpus, 

matrix operations and extracting graph (network) measures, can be found in Supporting 

Materials 2-3. 

 

Results  

General overview of the retrieved abstracts  

A total of 27208 abstracts were originally retrieved in our PubMed search, and 25971 

remained after curation. The resulting word cloud (Fig. 2A) showed that the most frequent 

words appearing in the abstracts were those referring to the disease (i.e., Crohns, UC, CD 

IBD, colitis). With lower frequencies were those referring to therapy (remission, infliximab), 

gut localization (colonic), and components from the diverse functional levels involved in IBD 

such as genes, cells, molecules (cytokines, calprotectin), environmental factors (smoking) and 

population-related expressions (pediatric). The predominance of these words in abstracts not 
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only reflects the wide diversity of factors on IBD research in humans but probably the most 

relevant ones.  

The annual publication rate showed a 3-fold exponential increase between 1990 and 

mid-2020 (Fig. 2B). Journals with scope in IBD and gastroenterology concentrated the 

majority of the publications (Fig. 2C). In fact, 50% of the publications were distributed 

among the top 20 out of 2043 journals (Fig. 2C). Meanwhile, journals with more general 

scopes showed smaller numbers of publications (Fig. 2C). A more detailed analysis revealed 

that 85 % of the journals contributed at most with 10 publications only (Supporting Material 

1, Fig. S4). 

 of components of interest in the corpus of abstracts  

Deepening into the analysis of the representativeness of the terms, we focused on four 

functional levels that have been pointed as key components of human IBD
8–10

: (1) immune-

endocrine cells (n=36 terms), (2) molecules (n=135 terms), (3) susceptibility genes (n=985 

terms), and (4) biological processes and modulating factors (n=62 terms); for the search,  

synonyms of these 1218 components of interest were retrieved from catalogs of genes and 

molecules (for details see Supporting Material, Section S1). The counting frequency for IBD 

interactome components showed a distribution similar to a power law (Fig. 3A), with few 

words having high frequencies and most appearing infrequently in the abstracts. The word 

IBD or its synonyms (Supporting Table S6) was found in almost all abstracts (Fig. 3I). Other 

words such as generic genetic terminology were present in approximately half of the abstracts 

(Fig. 3I). However, most of the 1218 terms searched for, although specifically referred as 

important components in recent review articles
8–10

, actually appeared in very few papers. 

Quantification showed that, even though we considered all component synonyms in our 
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search, 82% were mentioned in less than 10 abstracts (Fig. 3A, red dotted line), indicating 

that the representativeness of these components was less than 0.04 % of the corpus (i.e., <10 

out of 25971 abstracts). Consequently, to extract significant relationships, we focused only on 

components that were found above this threshold. Specifically, 75 % of the cells (27 out of 

36), 40 % of the molecules (54 out of 135), 8 % of the genes (80 out of 985) and 85 % of the 

biological processes and modulating factors (53 out of 62) were found in at least 10 abstracts 

(Fig. 3B-E, dark blue). 

In Figure 3F-I the top most frequent words within each functional level appearing in ≥ 

10 abstracts are shown. Frequencies of the full set of components are given in Supporting 

Table S21. Among the 27 cell types that met the cutoff criteria, the most frequent were 

generic T cells and T helper 1 cells, epithelial cells, and some blood cells (Fig. 3F). From the 

54 molecules retrieved, the most frequent belonged to the “interleukin” class (i.e., IL, IL-6, 

IL-1, IL-10, IL-8), which appeared in approximately 16% of the abstracts (Fig. 3G). Other 

interleukins, immunoglobulins, molecules associated with oxidative stress and intestinal 

integrity were retrieved at a lower frequency. Among the 80 genes fitting the cutoff the most 

frequent were TNF, NOD2, IFNγ, NF-κB and IFN (Fig. 3H). Regarding the 53 biological 

processes and modulating factors, the most frequent referred to the disease, generic genetic 

terminology, in vivo studies, time related variables, the microbiota, immune-endocrine 

pathways or biological processes involved in the disease such as inflammation, barrier 

integrity, adaptive immunity, as well as references to the adult and child populations (Fig. 3I). 

References to environmental challenges, origin of the populations studied, other immune-

endocrine pathways and in vitro techniques were mentioned with a lower frequency.  
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To explore potential interactions between components of the IBD interactome, we 

assessed the co-expression of the most frequent components within each abstract. 

Specifically, we estimated the level of co-occurrence of the components from the four 

functional levels described in the previous section (Fig. S5-S8); the corresponding network 

representations for the whole 30-year period are shown in Figure 4A, C, E and G. It can be 

seen that the four networks differ not only in the number of components they include (i.e., 

nodes) but also in their level of connectivity. In networks, lines (i.e., edges) connect 

components that are expressed together in the same abstracts; note that the width of the line 

indicates the proportion of abstracts in which a given pair of components are referenced 

together. Moreover, the size and color of a node is given by the number of connections, or 

edges incident in it (i.e., node degree). Thus, the network of biological processes and 

modulating factors showed the highest level of connectivity (Fig. 4G and Table 2), followed 

by molecular (Fig. 4C) and cellular levels (Fig. 4A).  

A more in-depth analysis of the connectivity of the nodes is shown in the frequency 

histograms of the degree of the nodes (Fig.4 B, D, F and H). With the exception of the gene 

functional level, more than 50% of the nodes showed a degree over 20 (Fig. 4 B, D, F, H; see 

to the right of Q2) indicating that these components were frequently cited together. 

Remarkably, the histogram for the network constructed using the complete set of components 

showed that ≈20% of them presented a node degree higher than 100 (Fig. 4 I, J), indicating 

that only a relatively small proportion of the components are cited together. Remarkably, the 

network constructed using the complete set of components (i.e., complete set) showed that 

≈20% of components presented a node degree higher than 100 (Fig. 4 I, J). This high value 

accounts for the cumulative complexity of the network based on information provided 

through the three decades. Moreover, this network (Fig. 4I) not only presented a higher 
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number of nodes and edges, but also a higher edge entropy (i.e., higher diversity of edges) 

than any of the functional level networks separately (Table 2). Still, comparatively a decrease 

in network complexity evaluated as node entropy was found (Table 2), reflecting a lack of 

information due to absence of relationships between genes and the majority of the other 

components. 

An important feature of network representations shown in Figure 4 is the presence of 

motifs that are visualized by thick lines connecting a subset of components (these are 

highlighted in red in Fig. S16D, 18D, 20D, 21D, 23D and 25D). For example, in the network 

of relationships between cells, a conserved motif was evidenced encompassing cells with a 

higher individual frequency of occurrence, such as T cells, epithelial cells, neutrophils, red 

blood cells, macrophages and monocytes (Fig. 3F and supporting material 1, Fig. S16). 

Functional levels: Representativeness of components and their relationships over time  

Network representations for each decade of the four functional levels described in the 

previous section were also depicted (Supporting Material 1, Section S4, Figs. S15-S25). 

Quantifications of these networks are shown in Table 2 and Figure 5. We found that 

essentially the same set of cells has been studied since 1990 (Table 2, number of nodes). The 

only exceptions are the Natural Killer T cells and the type 3 innate lymphoid cells that were 

integrated into the network in the second and third decades, respectively (Supporting Material 

1, Fig. S15B, C, see arrows). Contrarily, the diversity of molecules showed an increase of 

≈45% between the first and second decade (Table 2), in which molecules associated with 

intestinal epithelium integrity and various interleukins were incorporated into the network 

(Supporting Material, Fig S17A, B). Coherently, the number of abstracts in which 

components were co-expressed also increased more pronouncedly between the same period 
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(Table 2, number of edges). Unlike the observed with cells, 20% of the nodes became 

dominant in the network of molecules (Supporting Material 1, Fig. S15 vs S17), namely those 

of IL-1, IL-6, IL-10, IL-8, IL-2, IL-4, and IgA, IL1R, IL5 and IgG, defining a motif 

conserved since 1990 (Supporting Material, Fig. S18). Conversely, other molecules, in 

general, interacted selectively with molecules within their own class but not outside 

(Supporting Material 1, Figs. S17 and S18). Thus, although information associated to both 

nodes and edges (Fig. 5 and Table 2, edge and node entropy, respectively) increased over 

time, there was a conserved pattern of relationships characterized by a dominance of 

interleukins and “small-range” relationships within classes (Supporting Material 1, Figs. S17 

and S18).  

The diversity of genes showed a marked 3-fold increase between the first and second 

decade, and increased at a lower rate thereafter (Table 2, number of nodes, and Supporting 

Material 1, Fig. S19 A-C). Also, the connectivity increased more pronouncedly between the 

same time-period, with the number of edges showing a 9-fold and a 1-fold increase by the 

second and third decade, respectively (Table 2, number of edges, and Supporting Material 1, 

Fig. S19 A-C). Similar to the network of molecules, 30% of the nodes (28 genes) with high 

individual frequencies emerged as dominants and defined a motif that was completely visible 

since the second decade (Supporting Material 1, Fig. S20). Remarkably, a submotif TNF-

IFNγ-IFN-IFNα is apparent since 1990 (Supporting Material, Fig. S21). This reduced set of 

dominant genes concentrated more interactions than other genes (Supporting Material 1, Fig. 

S19-21). Thus, at this functional level, node-associated information actually decreased over 

time (Fig. 5B, C, Table 2), with relationships among many genes in the networks absent. 
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Finally, biological processes and modulating factors remained almost unchanged over 

time, with similar number and identity of nodes in the network of each decade (Table 2, 

Supporting Material 1, Fig. S22 A-C). This indicates that the same set of factors has been 

studied since 1990, except for some genetic analysis techniques that were integrated to the 

network in the second decade (i.e., GWAS, QTL, metagenomic). The pattern of relationships 

shows high-degree nodes dominating these networks (Supporting Material 1, Fig. S22 A-D), 

defining a well-conserved motif since 1990 (Supporting Material 1, Fig. S23 A-D). Thus, 

although diverse biological processes and modulating factors as well as their relations have 

gained relevance over time, slight changes in relationships have occurred with a 

predominance in the same key factors since 1990. 

Although a 1- to 6-fold increase in edge entropy was observed within networks of 

molecules and genes over time, little or no change in cells and a decrease in biological 

processes and modulating factors were found (Fig. 5B). 

The network of all components of IBD interactome: evidence that many relations remain 

unexplored 

Finally, encompassing the information of all networks previously described, we 

studied the networks of all the 214 components of the IBD interactome obtained for each 

decade (Supporting Material 1, Fig. S24 A-C). As expected, a critical increase in the diversity 

of components was observed between the first and second decade, with ≈50% increase in the 

number of nodes (Table 2). New components continued to be incorporated in the third 

decade, although this increment was only ≈4% (Table 2).  However, the number of edges 

showed a much larger increment (127%) between the first and second decade and a 46% 

increase between the second and third decade (Table 2). Moreover, components dominating 
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in each functional level network were also dominants in the general network (compare panels 

A-D in Supplementary Materials 1, Figs. S15, S17, S19, S22, and S24).  

As with each functional level, the network of the complete set of components showed 

an increase in mean connectivity over time (Fig. 5A) with higher connectivity than any of the 

functional level networks separately. However, node entropy remained constant and lower 

than in any of the individual functional levels. Moreover, in the last decade a decrease in 

complexity associated with the entropy of edges was found in the complete set (Fig. 5B) 

indicating that even when new components (i.e., nodes) are being added to the networks, no 

new information regarding their relations was incorporated.  

Discussion  

This work presents the first text mining-based analysis that covers the entire spectrum 

of components of the IBD interactome and the relationships among them. Through our 

approach we demonstrate that, in general, the number of components studied in the human 

IBD interactome increased over the last 30 years of research. However, well-conserved 

patterns of relations among components within and across the functional levels arose. We 

also shed light on the consistency of the IBD interactome, noting that the vast majority of 

components (82%) had weak experimental support in humans, showing low individual 

frequency and/or low co-occurrences or even being completely unexplored in humans. 

Globally, our findings demonstrate that the IBD interactome conceptualization is 

contemporary and thus, historical analysis reflects the reductionist approach with which this 

particular disease has been studied. 
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Fragmented increase of information 

As expected, our analysis on the last 30 years of IBD research in humans revealed that 

not only the number of publications increased over time (Fig. 3B) but also the information 

regarding specific components of IBD interactome and their relationships (Table 2). 

Considering the annual rate of article indexing in PubMed/MEDLINE
28,29

 and the explosion 

of information driven, in part, by technological improvements
13

, is reasonable that IBD 

research has followed this trend as well
30,31

. The general increase in information is also 

consistent with the remarkable growth and diversification of scientific output and capacity 

worldwide, which has fueled a distinctive global scientific system, based primarily on 

research universities, fostered by communication and publishing in English via the Internet, 

cross-border authorship and mobility of researchers
31

.  

By analyzing separately each functional level, clear differences on how the 

information increased over time was observable. Specifically, within the networks of 

molecules and genes, the number of components and the new information regarding their 

relationships (entropy of edges) increased over each decade studied (Table 2). This behavior 

could be attributed to the progress of Human Genome Project from 1990 to 2003
32

, as well as 

the development of high-throughput molecular biology techniques
33–35

. Specifically regarding 

IBD, the association of specific susceptibility genes as contributing factors became evident in 

1999, when pioneering population studies confirmed the increased incidence in relatives (up 

to the third degree) of the affected individuals
36

.  

In contrast, within the networks of cells and biological processes and modulating 

factors, component number and edge entropy almost stabilized in the second decade or even 

decreased afterwards. This stability over time of the cell networks seems to respond to their 
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long-standing scientific history regarding research in general
37

. Contrarily, the stability seen 

in the biological processes and modulating factor networks, could be related to the 

heterogeneity of the words included in this functional level and the fact that some of these 

words represent conceptualizations
38,39

. Even though the impact of milestones regarding cells 

and biological processes and modulating factors on science is long-standing, new 

relationships between these components have not been generated for two decades, 

notoriously without information gain in relation to entropy of edges.  

In terms of the network of all components, clearly the body of evidence and 

information in IBD research in humans has increased over the last 30 years, although 

singularities inherent to the particular temporal evolution found in each functional level 

suggest a fragmented accumulation. 

Patterns conserved over time in knowledge construction in human research 

The study of the relationships among components, in contrast to each isolated 

component, allowed us to identify that the addition of information followed well-defined 

patterns over time. Specifically, each new node seemed to attach to the existing network 

according to a “rich-get-richer” rule
40,41

, as evidenced by the strengthening over time of both 

the motifs and the degree of the bigger nodes in each network. That is, IBD components and 

relations studied with a high frequency in a given decade, were studied even with a higher 

frequency in the following decades, as shown in other network studies that focus on changes 

over time
41–47

. For components and relations involved in IBD interactome, this behavior may 

implicate that the same set of “hypotheses” has been leading research at least during the last 

30 years, which is reflected in the relatively small set of components and relations studied 

more frequently. In all, many aspects of nowadays IBD research in humans seem to be 
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reflecting ideas from the early years of these diseases, leading to the well-conserved patterns 

we found in the networks. 

Potential bias in knowledge construction 

Herein, the topology of the networks essentially indicated that some components and 

relationships were highly studied over time in contrast to others which have been involved in 

IBD interactome with a weaker experimental support in humans or not studied at all, an 

aspect overlooked in most reviews
8–10

. Many genes and molecules that have been 

theoretically associated with IBD may have been absent in our corpus of abstracts due to a 

combination of their incipient discovery and the “big data” nature of current molecular high-

throughput methods. As these methods allow the analysis of a very huge number of variables 

at once, individual mention of each one of them in an abstract could be impossible or 

meaningless (see for example 
48

). 

The lack of empirical support for many components and relations in the networks 

observed could also reflect a phenomenon of extrapolation of results from experimental 

models to humans
49,50

. In this scenario, descriptions presented in review articles and 

textbooks are composite images reconstituted from data collected from different experimental 

setups
49

. As a consequence of this epistemic practice, results from validated surrogate models 

are treated as a legitimate line of evidence. However, at the same time, the overall structure 

of research also demonstrates that extrapolative inferences should not be considered 

definitive, but only as partially justified hypotheses subjected to further testing
49

. Thus, based 

on our analysis, it seems that the majority of the hypothesized components and relations of 

the human IBD interactome remain to be more thoroughly tested in humans. 
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As stated previously, the presence of components and relations highly studied over 

time may represent empirical support to a given hypothesis. But on the other hand, could be 

reflecting potential bias in knowledge construction. One source of bias may be related to the 

exponential growth of scientific publications which makes almost impossible to keep track of 

all research advances in the scientific literature, leading to fragmented knowledge based on 

individual specialization
51

. Also relevant is the explanation of how and why scientific ideas 

change over time or remain stable. It has been claimed that researchers are locked in 

“thought-collectives” representing community of persons mutually exchanging ideas and 

maintaining intellectual interaction
16

. Usually there is an agreement on what members of a 

thought-collective consider evident and what methods are adequate for further research
16

. 

The asymmetry in the publication of some components over others is dependent both 

on “thought-collectives” and the specific historical context. For example, Rogler (2013) has 

pointed that when it was possible to characterize T cells by flow cytometry and surface 

marker analysis and to discriminate certain subpopulations of T cells, research was focused in 

autoimmunity and T-cell-mediated factors as the cause of IBD
52

. Also, when innate immune 

processes were better understood, IBD became an “innate immune disease”. More recently, 

the acquisition of gut bacteria pyrosequencing ability put the entire gut microbiota in the 

spotlight
52

. To summarize, although technical tools available could make huge improvements 

in the way the pathophysiology of IBD is approached, also different sources of scientific bias 

may affect how technological facilities are used. Thus, a reflexive use of information and 

technologies should guide further research on IBD interactome. 
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Towards (a more integrative) systems biology 

The notorious trend of increasing the number of relations among components of IBD 

interactome (Table 2, Fig. 6), although biased, supports the contemporary claim for a systems 

biology approach for understanding IBD pathophysiology. Some good efforts have been 

recently made in this direction
48,53–57

. However, it is evident that simultaneous evaluation of 

components from the different functional levels involved is still a challenge, as it is 

demonstrated for instance by the lack of links among environmental risk challenges (from 

smoking to the use of macrolides antibiotics) and the rest of the components.  In this regard, 

future perspectives in IBD interactome research should include collaborative studies, 

phenotyping of patients, assembling integrative bioinformatics and expertise, long-term 

prospective collections of samples from different -omes relevant to IBD pathogenesis, in 

order to achieve, through network medicine methods, personalized medicine
1,12

. As it has 

been discussed, the history and epistemology of IBD research indicates that it is highly 

probable that new components and relations emerge with future studies.  

Limitations of the study 

One of the potential limitations of our study, added to those already mentioned, is 

directly related to our methodological approach. Herein, in order to exhibit and represent the 

known relationships between pathophysiological components of IBD in a visually 

apprehensible network, we used the analysis of the distribution of frequencies of the 

components along the corpus of abstracts to extract these relationships. In that way, 

components studied in at least 0.04% of the abstracts were taken into account given that they 

were expected, by probability, to have significant relationships with other components. It is 

feasible that with this methodological approach we excluded from the networks some key and 
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underrepresented relationships between components studied in very few articles, but whose 

importance for the field and for the understanding of the disease are crucial. Therefore, our 

synthesis of knowledge construction in itself can be incurring in a secondary bias towards 

components of high abundance in the literature. It is worth noting that in the field of 

interactomics, particularly at the molecular level, it is widely recognized that since the 

technique used determines the type of relationships found, the procedures are always prone to 

bias
58–60

. Thus, a future synthesis could implement other approaches to filter components and 

shed light on different aspects of knowledge construction than those studied here.  

Another limitation of our synthesis is related with the epistemology of the interactome 

in itself and the evolving nature of knowledge construction. Considering that the interactome 

framework focuses on interactions between components and that virtually infinite 

components can be added over time, it is reasonable to ask how expandable interactomes 

might be and how reliable are the interactomes built with the information we have so far. 

With this in mind, it could be said that our synthesis is as limited and reductionist as science 

itself. In this regard, interactomes in general are not complete with perhaps some 

exceptions
61–63

, which is basically associated with the fact that methodologies still need to be 

improved and that, in the end, interactomes are snapshots of ongoing scientific efforts
60

. 

An additional limitation of our analysis is that with the synonyms used to scan for 

“time related variables” we couldn´t properly account for the low frequency of studies that 

actually focus on the temporal dynamics of the disease. As has been demonstrated in many 

fields of biology and medicine
64–72

, the role of time both at short- and large-scales seems to 

be key to understand complex biological responses and diseases. It is likely that the dynamics 
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of onset and relapse in IBD as well as the propensity to manifest the disease later in life, for 

mentioning only two examples, do not fall outside this umbrella.  

Finally, another potential source of bias in our synthesis may result from the fact that 

we have not filtered the components to distinguish articles with conflicts of interest as 

funding sources. However, since the database we built is easily accessible, it can be studied 

further to explore this and similar issues. For example, networks built from articles using 

commercial compounds can be compared to networks built from articles studying only 

generic compounds, thus accounting for the impact of funding agencies in knowledge 

construction. 

Concluding remarks 

Even recognizing the limitations of our analysis, it is important to highlight that this is 

the first study in analyzing IBD interactome research in humans using text-mining, 

information theory and network analysis methods. Our approach allowed us to analyze the 

huge amount of specific information that has been gathered in the last 30 years. Nevertheless, 

the main challenge to understand this complex disease may be to recognize that knowledge 

construction in the field is still characterized by reductionism and fragmentation. 
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Supporting information 

Supporting Material 1 includes: Extended Materials and Methods; Section 1 Bibliographical 

search (Supporting Figs. S1-4); Section S2 Matrices of co-occurrence (Supporting Figs. S5-

9); Section S3 Matrices of conditional co-occurrence (Supporting Figs. S10-14); Section S4 

Networks (Supporting Figs. S15-25); Section S5 Changes over time in biological processes 

and modulating factors (Supporting Fig. S26). 

Supporting Materials 2-3 containing MATLAB™ custom code and Supporting Tables S1-

S21 have been uploaded to Figshare (private link for ease of access during reviewing process: 

https://figshare.com/s/9ec3586d516bcac8cd7c) as follows:  

Supporting Material S2_Text preprocessing, curation and automatic scanning of abstracts. 

Supporting Material S3_ Matrix operations and graph measures. 

Supporting Table S1_Raw corpus of abstracts; Supporting Table S2_Curated corpus of 

abstracts; Supporting Table S3_Target Matrix of Cells; Supporting Table S4_Target Matrix 

of Molecules; Supporting Table S5_Target Matrix of Genes; Supporting Table S6_Target 

Matrix of Biological Processes and Modulating Factors; Supporting Table S7_Summary 

matrix for the complete set of components; Supporting Table S8_Subset summary matrix for 

the complete set of components and the whole time-period; Supporting Table S9_Subset 

summary matrix for the complete set of components and the first decade; Supporting Table 

S10_Subset summary matrix for the complete set of components and the second decade; 

Supporting Table S11_Subset summary matrix for the complete set of components and the 

third decade; Supporting Table S12_Matrix of co-occurrence for the complete set of 

components and the whole time-period; Supporting Table S13_Matrix of co-occurrence for 

the complete set of components and the first decade; Supporting Table S14_Matrix of co-

occurrence for the complete set of components and the second decade; Supporting Table 
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S15_Matrix of co-occurrence for the complete set of components and the third decade; 

Supporting Table S16_Class definition within cells‟ functional level; Supporting Table 

S17_Class definition within molecules‟ functional level; Supporting Table S18_Class 

definition within genes‟ functional level; Supporting Table S19_Class definition within 

biological processes and modulating factors‟ functional level; Supporting Table 

S20_Journals; Supporting Table S21_Individual accumulated frequency. 
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Figure Legends 

Fig. 1. Information-extraction procedure. First, a bibliographic search in PubMed was 

conducted to retrieve experimental research on IBD in humans between the years 1990-2020. 

Second, for each decade, the text of each abstract was automatically scanned to search for 

1218 specific components of the multiple functional levels involved in IBD interactome 

according to recent reviews. In the Figure, molecules are exemplified as a functional level in 

the target matrix. For each component, semantic synonyms were recovered from catalogs and 

domain-knowledge. With the occurrence of at least one mention of the component in any of 

its synonyms in each abstract a summary matrix was constructed. Third, with the 

accumulated frequency of occurrence of each component along the corpus of abstracts a 

matrix of co-occurrence was constructed. The matrix of co-occurrence was depicted as a 

network, where each component is a node and the co-occurrence of two components in the 

same abstract (i.e., a relation) is represented as an edge. The node size is given by its degree, 

i.e., the number of edges incident on it. The edge thickness is given by the frequency of co-

occurrence between two components.  

Fig. 2. General overview of the retrieved abstracts. (A) Word cloud depicting the top 120 

most frequent words in the corpus of abstracts after removing stop words such as “the”, “a”, 

“among”, etc.; (B) Number of papers published per year between 1990 and 2020 in the 

context of IBD in humans, obtained as a result of our search in PubMed. Solid and dotted red 

lines denote exponential fitting and prediction bounds at 95%, respectively (y = 311,92e
0,057x

; 

R
2
 = 0.96; curve was fitted between 1990 and 2019); (C) Ranking of top 60 journals (of a 

total of 2043 journals) in which articles of our search in PubMed were published. Grey 

dashed lines denote quartiles of 25 and 50% of the distribution of all abstracts published 
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(complete set of the 2043 journals as well as their complete names are given in Supporting 

Table S20). 

Fig. 3.  of IBD interactome components along abstracts for the whole 30-year period. 

(A) Distribution histograms of all components of interest (immune-endocrine cells, 

molecules, susceptibility genes, biological processes and modulating factors) in our corpus of 

abstracts. Red dashed lines denote the cutoff criteria of frequency ≥ 10 along the corpus of 

abstracts. Percentage of components of interest that were not found or that showed an 

absolute accumulated frequency lower than 10 or higher or equal to 10, within the functional 

level of (B) cells, (C) molecules, (D) genes and, (E) biological processes and modulating 

factors. The absolute frequency resulting of the summation of frequencies for a given 

component including all synonyms for (F) immune-endocrine cells, (G) the top 50 molecules, 

(H) the top 50 susceptibility genes and (I) all biological processes and modulating factors. 

Fig. 4. Network connectivity for each functional level and for the complete set of 

components considering the whole time-period between 1990-2020. Network 

representation and histograms of distribution (%) of the degree of their nodes for (A, B) cells, 

(C, D) molecules, (E, F) genes, (G, H) biological processes and environmental factors, and (I, 

J) the complete set of components for the accumulated period 1990-2020. Nodes represent 

the different components, and edges the co-occurrence of a pair of components. The size and 

color of a node, is given by the number of edges incident in it (node degree), i.e., components 

with which it is related, ranging from small-sized and blue (lowest degree) to big-sized and 

red (highest degree). The width of an edge is given by its weight (i.e., the frequency of co-

occurrence of a given pair of components), being the thicker edges those of higher weight. 

Incomplete light brown outer circles identify different classes of components in the network 
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of each functional level or the functional level in the network of all components. Q1, Q2, Q3, 

Q4 are the first, second, third and fourth quartile of the distribution. 

 

Fig. 5. Temporal dynamics of the information contained in the articles along decades: 

comparison among functional levels and the complete set of components. (A) Mean 

connectivity, (B) edges entropy and (C) nodes entropy of the networks from each functional 

level and for the complete set of components over decades. Mean connectivity was calculated 

as the average number of edges per node. Both edge and node entropies (measures of 

complexity) were calculated using the formula of Shannon‟s entropy (see details 

Supplementary Section 1, Section S1). For edge entropy the probability that two components 

co-occur with a given weight/in a given frequency was used (diversity of co-occurrence od 

components); for node entropy, the relative frequency in which a given component/word was 

found in the abstracts analyzed was used (relative frequency of components).  
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Tables 

Table 1. Information-extraction and analysis procedure   

Step 1: Bibliographical search to retrieve relevant abstracts 

A PubMed query was constructed to retrieve experimental research on IBD in humans, 

published between July 1990 and June 2020. Metadata associated with articles was managed 

using Zotero 5.0 for Windows®.  

Step 2: Automatic scanning of abstracts to detect components of the IBD interactome 

a) Database curation and text preprocessing: studies performed only in animal models 

were excluded from the database (curation). Abstracts‟ text was prepared to allow the 

identification and quantification of specific words contained in them. MATLAB™ R2018a 

was used in this step.  

b) Word cloud representation 

c) Design of target matrices of components of interest representative of four functional 

levels pointed as key components of human IBD: (i) immune-endocrine cells (n=36), (ii) 

molecules (n=135), (iii) susceptibility genes (n=985), and (iv) biological processes and 

modulating factors (n=62).  

d) Automatic detection of the components included in the target matrices along the 

abstracts and obtention of the frequency of occurrence of each component (summary 

matrix) 

e) Filtering out infrequent components with individual accumulated frequencies ≤ 10 

along the abstracts.  

f) Splitting the corpus of abstracts into subsets associated with time period (decades) 

and functional level.  

g) Calculating the frequencies of co-occurrence (matrix of co-occurrence) between 

components that are co-cited within the same abstract, for each functional level and 

each decade.  

Step 3: Network analysis for representation of the state of knowledge over time  

 

 

 

a) Network construction: the components of the IBD interactome were represented as nodes 

and the frequency of co-occurrence between two components as edges. Networks were 

characterized through several parameters:  

Number of nodes and edges: accounts for the diversity of components and their relations.  

Degree of a node: accounts for the number of components with which a node is related. 

Entropy of edges and nodes: accounts for the information content and complexity of the 

network.  
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Average weight of edges: accounts for the frequency of co-occurrence between components 

of the network. 

Mean connectivity: accounts for the extent to which all components of the network are 

connected, independently of the frequency with which they are studied together. 

b) Network motifs: motifs are constituted by those edges that present a weight higher than 

the average weight of all edges of the network.  
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Table 2. Descriptive measurements of the networks for each functional level (cells, 

molecules, genes and biological processes and modulating factors) and the complete set of 

components over decades. 
Functional 

level 

Time 

Period* 

Number 

of 

Nodes 

Number 

of Edges 

Edge 

weight 

Edge 

entropy 

Node 

entropy 

Mean 

connectivity 

         

Cells 
1990-

1999 
25 142 588.03 3.99 0.84 5.68 

 
2000-

2009 
26 201 943.78 4.29 0.85 7.73 

 
2010-

2020 
27 229 1522.27 4.29 0.85 8.48 

 
1990-

2020 
27 259 2400.80 4.83 0.86 9.59 

        

Molecules 
1990-

1999 
35 139 591.37 2.21 0.72 3.97 

 
2000-

2009 
51 340 654.12 3.81 0.71 6.67 

 
2010-

2020 
54 530 783.21 4.93 0.73 9.81 

 
1990-

2020 
54 611 1177.90 4.92 1.03 11.31 

        

Genes 
1990-

1999 
18 26 319.23 0.71 0.70 1.44 

 
2000-

2009 
68 277 322.74 3.58 0.68 4.07 

 
2010-

2020 
80 566 295.41 5.03 0.66 7.08 

 
1990-

2020 
80 649 408.17 4.76 0.68 8.11 

        

Biological 

processes 

and 

modulating 

factors 

1990-

1999 
48 540 4217.04 4.12 0.61 11.25 

2000-

2009 
53 846 6765.25 5.31 0.64 15.96 

2010-

2020 
53 1001 11257.24 5.13 0.66 18.89 

1990-

2020 
53 1065 18093.00 5.07 0.65 20.09 

       

Complete 

set 

1990-

1999 
135 2571 1529.09 7.60 0.60 19.04 

 
2000-

2009 
205 5853 1825.44 10.47 0.60 28.55 

 
2010-

2020 
214 8573 2349.98 9.47 0.60 40.06 

  
1990-

2020 
214 9639 3606.40 9.70 0.59 45.04 

*Articles retrieved between 1990-1999 (4327); between 2000-2009 (7567); between 2010-

2020 (14077); total between 1990-2020 (25971). 
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Figures 

 

Fig. 1. Information-extraction procedure.  
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Fig. 2. General overview of the retrieved abstracts.  
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Fig. 3.  of IBD interactome components along abstracts for the whole 30-year period.  
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Fig. 4. Network connectivity for each functional level and for the complete set of 

components considering the whole time-period between 1990-2020.   
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Fig. 5. Temporal dynamics of the information contained in the articles along decades: 

comparison among functional levels and the complete set of components.  
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