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Abstract 17 

Enteroendocrine cells (EECs) are the sensory interface of the gut epithelium and the cellular 18 

source of hormones targeted by several established drug classes, yet no quantitative map of 19 

this research field is available. We analysed 3,652 original articles published between 1980 20 

and 2025 and indexed in the Web of Science Core Collection. Performance analysis, 21 

collaboration and co-word networks, Kleinberg burst detection, co-citation analysis and 22 

dictionary-based mapping of 31 pharmacological targets and drug classes were combined. 23 

Annual output rose from 10 to 201 articles (compound annual growth rate 6.9%), and the 24 

corpus accumulated 206,196 citations (h-index 190). The United States contributed 30.9% of 25 

the articles, whereas China showed the steepest recent growth, rising from 7.8% to 20.4% of 26 

articles between 2010–2017 and 2018–2025. Reimann F, Gribble FM and Holst JJ were the 27 

most influential authors. Co-word analysis resolved three domains: incretin and metabolic 28 

signalling, serotonin and gut–brain/disease signalling, and EEC development studied with 29 

stem cells and organoids. Bursts for gut microbiota, organoids, the gut–brain axis and single-30 

cell RNA sequencing remained active in 2025. Overall, 34.6% of the articles addressed at 31 

least one pharmacological target. The GLP-1 receptor, taste receptors and 5-HT3/5-HT4 32 

receptors were the most frequent targets, whereas Piezo2, the farnesoid X receptor, Toll-like 33 

receptors, TRPM5/TRPV1, the GIP receptor and FFAR2/FFAR3 emerged fastest and classic 34 

serotonergic agents declined. These findings position EECs as a druggable sensory platform 35 

that extends beyond incretin therapy and identify mechanosensory, microbial metabolite and 36 

bile acid pathways as priorities for pharmacological research. 37 

 38 
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Introduction 42 

Enteroendocrine cells (EECs) are scattered throughout the gastrointestinal epithelium and 43 

constitute only about 1% of epithelial cells, yet collectively they form the largest endocrine 44 

system of the body (Gribble and Reimann 2016; Gribble and Reimann 2019). EECs sense 45 

luminal nutrients, microbial metabolites, bile acids, irritants and mechanical forces, and 46 

translate these signals into the release of more than 20 hormones and transmitters, including 47 

glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP), 48 

peptide YY (PYY), cholecystokinin (CCK), ghrelin and serotonin (5-hydroxytryptamine, 5-49 

HT) (Date et al. 2000; Holst 2007; Gribble and Reimann 2019). Through endocrine, paracrine 50 

and neural routes, these signals regulate glucose homeostasis, appetite, gastrointestinal 51 

motility, epithelial barrier function and visceral sensation (Mawe and Hoffman 2013; Gribble 52 

and Reimann 2016). 53 

The pharmacological relevance of EECs is unusually broad. Incretin hormones secreted by L 54 

and K cells provided the biological basis for GLP-1 receptor agonists and dipeptidyl 55 

peptidase-4 (DPP-4) inhibitors, two drug classes that have reshaped the treatment of type 2 56 

diabetes and obesity (Drucker and Nauck 2006; Baggio and Drucker 2007; Drucker 2018). 57 

Enterochromaffin (EC) cells produce most of the body’s serotonin, and the serotonergic 58 

signalling system has long been targeted by 5-HT3 and 5-HT4 receptor ligands in functional 59 

gastrointestinal disorders (Gershon and Tack 2007; Mawe and Hoffman 2013). In parallel, 60 

EECs express a repertoire of nutrient-sensing G protein-coupled receptors (GPCRs), 61 

transporters and ion channels, including free fatty acid receptors, GPR119, the bile acid 62 

receptor TGR5, taste receptors, transient receptor potential channels and the mechanosensitive 63 

channel Piezo2, many of which are pursued as drug targets (Jang et al. 2007; Edfalk et al. 64 

2008; Lauffer et al. 2009; Thomas et al. 2009; Tolhurst et al. 2012; Alcaino et al. 2018). The 65 

discovery that some EECs form synapse-like contacts with enteric and vagal neurons, the so-66 

called neuropod cells, further positioned these cells as fast sensory transducers of the gut–67 

brain axis (Bohorquez et al. 2015; Bellono et al. 2017; Kaelberer et al. 2018). 68 

Methodological advances have also transformed the field. Lgr5-based stem cell biology and 69 

intestinal organoids enabled the generation of human EECs in vitro (Barker et al. 2007; Sato 70 

et al. 2009; Petersen et al. 2014), and single-cell transcriptomics resolved EEC subtypes and 71 

their differentiation trajectories at unprecedented resolution (Grün et al. 2015; Haber et al. 72 

2017; Gehart et al. 2019; Hickey et al. 2023). Together with the growing recognition that the 73 

gut microbiota modulates EEC output (Yano et al. 2015; Ye et al. 2021; Yoon et al. 2021), 74 
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these developments have produced a large, fragmented and rapidly expanding literature that 75 

spans endocrinology, gastroenterology, cell biology, neuroscience and pharmacology. 76 

Bibliometric analysis provides a reproducible way to quantify such literatures, identify 77 

influential contributors and knowledge structures, and detect emerging research fronts (Small 78 

1973; Zupic and Čater 2015; Donthu et al. 2021). Bibliometric studies are increasingly used 79 

to map pharmacological research areas, and recent assessments of this literature have 80 

recommended the use of multiple author performance indicators, separate co-word analyses of 81 

titles, abstracts and keywords, and citation burst detection (Abdelwahab et al. 2025; Kumar 82 

2026). Bibliometric analyses in pharmacology have generally focused on individual drugs, 83 

drug classes or diseases (Abdelwahab et al. 2025), but the EEC itself, as the common cellular 84 

platform from which several therapeutic targets originate, has not been mapped. Moreover, no 85 

study has quantified how pharmacological targets expressed by or acting on EECs have been 86 

distributed across time and disease contexts. 87 

The aim of this study was therefore to provide a comprehensive bibliometric analysis of EEC 88 

research published between 1980 and 2025. Specifically, we (i) characterised publication and 89 

citation dynamics, (ii) identified the leading countries, institutions, journals and authors and 90 

their collaboration patterns, (iii) mapped the conceptual structure, thematic trends and 91 

research bursts of the field, (iv) delineated its intellectual base through co-citation analysis 92 

and (v) developed a pharmacological target map to identify established, declining and 93 

emerging druggable mechanisms in EEC biology. 94 

Materials and methods 95 

Data source and search strategy 96 

Bibliographic data were retrieved from the Web of Science Core Collection (WoS; Clarivate), 97 

which provides standardised metadata and complete cited-reference fields required for 98 

citation and co-citation analyses (Mongeon and Paul-Hus 2016; Donthu et al. 2021). The 99 

search was performed on 26 October 2026 using the topic field (TS), which covers titles, 100 

abstracts, author keywords and Keywords Plus. The search string combined the cell-type 101 

terms “enteroendocrine cell*”, “enterochromaffin cell*” and “neuropod cell*” with L-cell 102 

terms (“L cell*” OR “L-cell*”) restricted by GLP-1-related or intestinal terms. The complete 103 

query was: TS=("enteroendocrine cell*" OR "enterochromaffin cell*" OR "neuropod cell*" 104 

OR (("L cell*" OR "L-cell*") AND ("glucagon-like peptide" OR GLP-1 OR intestin*))). 105 

Results were limited to original articles written in English; review articles and early access 106 
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records were excluded at the database level. To avoid bias from repeated retrieval, the search 107 

was completed and exported on a single day. 108 

Eligibility and data cleaning 109 

The export comprised 3,891 records with full records and cited references (Fig. 1). Records 110 

were de-duplicated by WoS accession number. Retracted publications and publications 111 

carrying an expression of concern (n = 5) were removed. Because the analysis focused on 112 

complete calendar years, records with a publication year of 2026 or 2027 (n = 179) were 113 

excluded. Records that did not contain an EEC-related term in the title, abstract, author 114 

keywords or Keywords Plus were then screened manually at the title and abstract level, and 115 

off-topic records retrieved through homonyms (for example, the murine fibroblast “L cell” 116 

line) were excluded (n = 55). The final dataset contained 3,652 articles published between 117 

1980 and 2025. 118 

Data processing and keyword normalisation 119 

Data were processed in Python 3 (pandas, NumPy and NetworkX; figures in Matplotlib). 120 

Indicator definitions followed the bibliometrix framework (Aria and Cuccurullo 2017), which 121 

was also used through its biblioshiny interface for initial data inspection. Country affiliations 122 

were extracted from all author addresses; England, Scotland, Wales and Northern Ireland 123 

were merged as the United Kingdom. Author keywords and Keywords Plus were normalised 124 

using a thesaurus that merged spelling variants, abbreviations and singular/plural forms (for 125 

example, “glucagon-like peptide-1”, “GLP-1” and “GLP1”; “5-HT” and “serotonin”). Search 126 

terms and non-informative general terms (for example, “expression”, “mice” and “secretion”) 127 

were removed from the mapping analyses. 128 

Performance analysis 129 

Annual scientific production was summarised by the number of articles per year and the 130 

compound annual growth rate (CAGR) between 1980 and 2025; the growth pattern was 131 

evaluated by exponential regression. Citation impact was expressed as total citations, mean 132 

citations per article and mean citations per article per citable year. To describe the 133 

development of the field, the study period was divided into four intervals: 1980–1999, 2000–134 

2009, 2010–2017 and 2018–2025. Country productivity was assessed by all-author affiliation 135 

counts and, for the collaboration pattern, by the corresponding-author country, distinguishing 136 

single-country publications (SCP) from multiple-country publications (MCP). Journal 137 

concentration was evaluated with Bradford’s law (Bradford 1934) and author productivity 138 
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with Lotka’s law (Lotka 1926). Author impact was assessed with the h-index, g-index and m-139 

index calculated within the dataset (Hirsch 2005; Egghe 2006). Influential articles were 140 

ranked by local citation score, that is, the number of citations received from other articles in 141 

the dataset, which reflects influence within the field more specifically than global citation 142 

counts. 143 

Science mapping 144 

Co-word analysis was performed on author keywords. The 70 most frequent normalised 145 

keywords were retained, links with at least three co-occurrences were kept and isolated nodes 146 

were removed. Clusters were identified with the Louvain modularity algorithm (Blondel et al. 147 

2008). In line with recent methodological recommendations (Abdelwahab et al. 2025), the 148 

most frequent terms were also extracted separately from author keywords, Keywords Plus, 149 

titles and abstracts, including bigrams and trigrams (Online Resource 1). Thematic evolution 150 

was described by trend topics, defined by the median and interquartile range of the 151 

publication years of keywords occurring at least 12 times (Cobo et al. 2011; Aria and 152 

Cuccurullo 2017). Research bursts were detected with Kleinberg’s two-state algorithm 153 

(scaling parameter s = 2, transition cost γ = 1) applied to yearly keyword counts between 1991 154 

and 2025 for keywords occurring at least 15 times (Kleinberg 2003; Chen 2006). International 155 

collaboration was visualised for the 20 most productive countries with links of at least five co-156 

authored articles. For co-citation analysis (Small 1973), the 60 most frequently cited 157 

references were identified from the cited-reference fields; pairs co-cited at least ten times 158 

were linked and clustered with the Louvain algorithm. 159 

Pharmacological target mapping 160 

To quantify the pharmacological dimension of EEC research, a dictionary of 31 targets and 161 

drug classes grouped into seven classes was constructed from the established EEC literature 162 

(Mawe and Hoffman 2013; Gribble and Reimann 2016; Gribble and Reimann 2019): nutrient-163 

sensing GPCRs, ion channels and mechanosensors, nutrient transporters, serotonergic 164 

machinery, hormone receptors and degrading enzymes, nuclear and innate immune receptors, 165 

and drugs or drug classes. Each entry was defined by regular expressions that captured gene 166 

symbols, receptor names, synonyms and drug names in titles, abstracts, author keywords and 167 

Keywords Plus. For each target, the number of articles, first year of appearance, median 168 

publication year and the proportion of articles published in 2018–2025 were calculated, and 169 

its share of all articles was computed for each period. Co-occurrence with eight disease or 170 

biological contexts (obesity and energy balance; type 2 diabetes, glycaemia and incretin 171 
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effects; bariatric surgery; irritable bowel syndrome, motility and visceral pain; inflammatory 172 

bowel disease and colitis; neuroendocrine tumours; gut–brain axis and behaviour; microbiota 173 

and microbial metabolites) was expressed as the percentage of target articles that also 174 

mentioned each context. Because WoS abstracts are available mainly from 1991 onwards, 175 

target shares for 1980–1999 are based predominantly on titles and keywords. 176 

Ethical considerations 177 

This study analysed publicly available bibliographic metadata and did not involve human 178 

participants or animals; ethical approval was therefore not required. 179 

Results 180 

Overview of the dataset 181 

The final dataset comprised 3,652 articles published in 984 sources by 16,093 authors (Table 182 

1). The articles accumulated 206,196 citations, corresponding to a mean of 56.5 citations per 183 

article and an h-index of 190 for the whole corpus. On average, articles had 6.70 co-authors, 184 

only 142 articles (3.9%) were single-authored, and 25.8% involved international co-185 

authorship. The articles cited 93,777 distinct references and contained 5,453 distinct author 186 

keywords. 187 

Publication and citation trends 188 

Annual output increased from 10 articles in 1980 to 201 in 2025, corresponding to a CAGR of 189 

6.9% (Fig. 2a). Growth followed an exponential pattern (R² = 0.94). Output was relatively 190 

low and stable until 1999 (534 articles), increased moderately in 2000–2009 (597 articles), 191 

and accelerated sharply after 2010; 2010–2017 and 2018–2025 together accounted for 69.0% 192 

of all articles (1,170 and 1,351 articles, respectively). Mean citations per article per citable 193 

year increased from below 2 in the 1980s to approximately 4–9 after 2005 (Fig. 2b). The peak 194 

in 2021 reflected a single highly cited article showing that central and peripheral GLP-1 195 

systems suppress eating independently (Brierley et al. 2021). 196 

Countries, institutions and collaboration 197 

Authors from 89 countries contributed to the field. The United States was the most productive 198 

country, with 1,129 articles (30.9%) and 94,673 citations, followed by Japan (428), the United 199 

Kingdom (404), China (386) and Canada (290) (Table 2; Fig. 3a). Among countries with at 200 

least 90 articles, Switzerland (165.5), the Netherlands (99.1) and the United Kingdom (94.6) 201 

had the highest mean citations per article. Among the ten most productive countries, the 202 



8 

proportion of internationally co-authored articles among corresponding-author publications 203 

was highest for Denmark (42.6%), France (36.0%) and the United Kingdom (34.0%), and 204 

lowest for Japan (11.7%) and China (16.1%). The geographic distribution changed markedly 205 

over time: articles with Chinese affiliations rose from 19 in 2000–2009 to 91 in 2010–2017 206 

and 275 in 2018–2025, increasing China’s share from 7.8% to 20.4% between the last two 207 

periods. The collaboration network was centred on the United States, whose strongest links 208 

were with China (68 co-authored articles), Canada and the United Kingdom (58 each), 209 

Germany (52) and Japan (50); a dense European axis connected Denmark, the United 210 

Kingdom, Germany and Sweden (Fig. 3b). At the institutional level, the University of 211 

Copenhagen (177 articles), the University of Toronto (116) and the University of Cambridge 212 

(74) led the field, with the University of Cambridge and the affiliated Addenbrooke’s Hospital 213 

showing the highest mean citations per article among the leading institutions (Table 2). 214 

Journals and authors 215 

The 3,652 articles were distributed across 984 sources. According to Bradford’s law, 31 core 216 

journals (3.2% of all sources) published 1,208 articles (33.1%). The American Journal of 217 

Physiology-Gastrointestinal and Liver Physiology (124 articles), Endocrinology (97), PLOS 218 

ONE (83), Gastroenterology (71) and Neurogastroenterology and Motility (54) were the most 219 

productive journals, while Gastroenterology had the highest h-index within the dataset (54) 220 

(Table 3). The leading journals represented physiology, endocrinology, gastroenterology and 221 

multidisciplinary science, reflecting the interdisciplinary nature of the field; Naunyn-222 

Schmiedeberg’s Archives of Pharmacology contributed 16 articles, mainly on the receptor-223 

mediated modulation of serotonin release from EC cells. Author productivity followed 224 

Lotka’s law, with 78.3% of authors contributing a single article. Holst JJ (112 articles), 225 

Reimann F (101) and Gribble FM (89) were the most productive authors. Reimann F had the 226 

highest h-index (53), g-index (101) and m-index (2.21), followed by Gribble FM (h = 50) and 227 

Holst JJ (h = 49) (Table 4). 228 

Most influential articles 229 

The ten articles with the highest local citation scores are presented in Table 5. The most 230 

locally cited article was the primary culture study of glucose sensing in L cells by Reimann et 231 

al. (2008) (250 local citations), followed by the demonstration that short-chain fatty acids 232 

stimulate GLP-1 secretion through FFAR2 (Tolhurst et al. 2012) and the identification of gut-233 

expressed gustducin and taste receptors as regulators of GLP-1 secretion (Jang et al. 2007). 234 

The list also included studies that redefined EEC identity through transcriptional profiling and 235 
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hormone co-expression (Egerod et al. 2012; Habib et al. 2012), early morphological and cell 236 

line studies (Sjolund et al. 1983; Eissele et al. 1992; Drucker et al. 1994), the description of 237 

altered mucosal serotonin signalling in irritable bowel syndrome (Coates et al. 2004) and the 238 

characterisation of EC cells as chemosensors coupled to sensory nerves (Bellono et al. 2017). 239 

By global citations, the most cited articles were Brierley et al. (2021) (5,359 citations), Yano 240 

et al. (2015) (2,931) and Tolhurst et al. (2012) (2,043). 241 

Conceptual structure, trend topics and research bursts 242 

GLP-1 (518 occurrences), serotonin (304), incretins (114), obesity (110), diabetes (102), PYY 243 

(100) and gut microbiota (100) were the most frequent author keywords. The co-word 244 

network of 67 author keywords comprised 255 links and resolved into three clusters (Fig. 4). 245 

The incretin and metabolic cluster (32 keywords) linked GLP-1, GIP, PYY, CCK, incretins, 246 

type 2 diabetes, obesity, bariatric surgery and nutrient-sensing receptors such as TGR5, 247 

FFAR1, FFAR4 and GPR119. The serotonin, gut–brain and disease cluster (25 keywords) 248 

connected serotonin with the enteric nervous system, motility, irritable bowel syndrome, 249 

inflammatory bowel disease, neuroendocrine tumours, chromogranin A, gut microbiota, short-250 

chain fatty acids and the gut–brain axis. The development, stem cell and organoid cluster (10 251 

keywords) grouped stem cells, organoids, differentiation, NEUROG3, the intestinal 252 

epithelium and Drosophila midgut models. Separate analyses of Keywords Plus, titles and 253 

abstracts reproduced the same dominant themes and highlighted multi-word terms such as 254 

“glucagon-like peptide-1 secretion”, “intestinal stem cells”, “enteroendocrine cell line” and 255 

“short-chain fatty acids” (Online Resource 1). 256 

Trend topic analysis showed a clear thematic progression (Fig. 5a). Immunoreactivity, the 257 

glucagon gene, islet cells, enteroglucagon and transgenic mice characterised the late 1990s 258 

and the turn of the millennium; peristaltic reflex, gastric acid secretion, mast cells and the 259 

enteric nervous system the late 2000s; and irritable bowel syndrome, serotonin, GIP, GLP-1 260 

and food intake the early-to-mid 2010s. Obesity, insulin resistance, bariatric surgery, short-261 

chain fatty acids and stem cells peaked around 2017–2019, whereas gut microbiota, 262 

organoids, the gut–brain axis and epithelial barrier were the most recent topics. Burst 263 

detection supported this progression (Fig. 5b). Early bursts involved transgenic mice (strength 264 

21.7; 1991–2007), pancreas (17.6; 1992–2006) and guinea pig models (16.8; 1991–2004). 265 

Irritable bowel syndrome (18.7; 2006–2010), taste receptors (10.1; 2009–2013), GPCRs (9.7; 266 

2010–2018), bariatric surgery (7.9; 2015–2021) and GLP-1 secretion (9.4; 2017–2021) 267 

marked the following decades. The strongest burst of the entire period was that of gut 268 
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microbiota (38.5; 2018–2025). Together with organoids (18.2; 2019–2025), inflammation 269 

(12.1; 2019–2025), stem cells (10.7; 2020–2025), the gut–brain axis (8.5; 2019–2025) and 270 

single-cell RNA sequencing (7.2; 2021–2025), this burst remained active at the end of the 271 

study period. 272 

Pharmacological target landscape 273 

Overall, 1,265 articles (34.6%) addressed at least one of the 31 targets or drug classes. This 274 

proportion increased from 31.7% in 2000–2009 to 45.5% in 2010–2017 and remained high in 275 

2018–2025 (36.0%) (Fig. 6a; Table 6). The GLP-1 receptor was the most frequently studied 276 

target (201 articles; 8.0% of articles in 2010–2017), followed by taste receptors (151), 5-277 

HT3/5-HT4 receptors (139), GLP-1 receptor agonists (126), tryptophan hydroxylase (121) 278 

and DPP-4 (113). Nutrient-sensing GPCRs, including FFAR1, FFAR2/FFAR3, FFAR4, 279 

GPR119, TGR5 and the calcium-sensing receptor, appeared from 2000 onwards and 280 

expanded mainly after 2010 (Edfalk et al. 2008; Lauffer et al. 2009; Thomas et al. 2009; Mace 281 

et al. 2012; Nohr et al. 2013). 282 

The targets showed distinct temporal profiles (Table 6). Serotonergic drugs (16.1% of their 283 

articles published in 2018–2025), 5-HT3/5-HT4 receptors (18.0%), ATP-sensitive potassium 284 

channels (17.9%), non-nutritive sweeteners (24.4%) and somatostatin analogues (26.5%) were 285 

mature or declining topics. In contrast, Piezo2 (81.8%), the farnesoid X receptor (FXR; 286 

64.5%), Toll-like receptors (59.0%), TRPM5/TRPV1 (54.2%), the GIP receptor (52.2%) and 287 

FFAR2/FFAR3 (50.6%) were the most recently emerging targets (Bogunovic et al. 2007; 288 

Trabelsi et al. 2015; Wang et al. 2017; Alcaino et al. 2018). Disease-context mapping 289 

revealed clear therapeutic orientations (Fig. 6b). DPP-4 inhibitors (85%), metformin (84%), 290 

GPR119 (83%), GLP-1 receptor agonists (81%), FXR (77%) and the GLP-1 receptor (76%) 291 

were mainly studied in the context of type 2 diabetes and glycaemic control. FFAR2/FFAR3 292 

(75%), Toll-like receptors (72%) and olfactory receptors (59%) were predominantly linked to 293 

the microbiota and microbial metabolites, the serotonin transporter (66%), 5-HT3/5-HT4 294 

receptors (53%) and tryptophan hydroxylase (51%) to irritable bowel syndrome and motility, 295 

and somatostatin analogues (62%) to neuroendocrine tumours. Piezo2 was most often studied 296 

in relation to motility and visceral sensation (45%). 297 

Intellectual base 298 

The co-citation network of the 60 most cited references contained 425 links and five clusters 299 

(Fig. 7). The largest cluster (28 references) represented incretin physiology and L-cell nutrient 300 



11 

sensing and was anchored by studies on glucose sensing in L cells, GLP-1 biology and 301 

incretin-based therapy (Drucker and Nauck 2006; Baggio and Drucker 2007; Holst 2007; 302 

Reimann et al. 2008). The second cluster (23 references) captured EEC lineage and identity, 303 

including intestinal stem cell and organoid studies, single-cell analyses and EC cell signalling 304 

(Barker et al. 2007; Sato et al. 2009; Egerod et al. 2012; Habib et al. 2012; Bellono et al. 305 

2017; Haber et al. 2017; Gehart et al. 2019). Three smaller clusters represented gut taste-306 

signalling machinery (Jang et al. 2007), mucosal serotonin signalling in irritable bowel 307 

syndrome (Spiller et al. 2000; Coates et al. 2004) and Drosophila intestinal stem cells 308 

(Ohlstein and Spradling 2006). 309 

Discussion 310 

To our knowledge, this study provides the first comprehensive bibliometric map of EEC 311 

research and the first systematic quantification of its pharmacological targets. Four main 312 

findings emerged. First, the field has grown exponentially for more than four decades and has 313 

accelerated since 2010. Second, knowledge production has been led by highly connected 314 

research centres in North America and Europe, while China has become a major contributor 315 

in recent years. Third, the conceptual structure of the field is organised around three domains, 316 

namely incretin and metabolic signalling, serotonin and gut–brain/disease signalling, and EEC 317 

development, with current research fronts in the microbiota, organoids, single-cell 318 

technologies and the gut–brain axis. Fourth, the pharmacological focus of the field is shifting 319 

from established incretin and serotonergic targets towards mechanosensory, microbial 320 

metabolite, bile acid and innate immune pathways. 321 

The temporal profile of the literature mirrors the conceptual history of the EEC. Early 322 

research was dominated by immunocytochemical descriptions of endocrine cell populations 323 

and their hormone content (Sjolund et al. 1983; Eissele et al. 1992). The establishment of 324 

EEC cell lines and transgenic reporter models in the 1990s allowed the first mechanistic 325 

studies of hormone gene regulation and secretion (Drucker et al. 1994), which is consistent 326 

with the early bursts of transgenic mice and pancreas-related terms observed here. The 327 

acceleration after 2010 coincided with the identification of primary L-cell sensing 328 

mechanisms (Reimann et al. 2008), the availability of incretin-based drugs (Drucker and 329 

Nauck 2006) and the emergence of organoid and single-cell technologies (Sato et al. 2009; 330 

Grün et al. 2015; Haber et al. 2017). The local citation ranking confirms that the field’s core 331 

knowledge rests on studies that defined how EECs sense nutrients and how their hormone 332 
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repertoire is organised (Jang et al. 2007; Reimann et al. 2008; Egerod et al. 2012; Habib et al. 333 

2012; Tolhurst et al. 2012), while the global citation ranking highlights the wider impact of 334 

EEC research on microbiome science and central appetite regulation (Yano et al. 2015; 335 

Brierley et al. 2021). 336 

The co-word and co-citation analyses consistently identified incretin physiology as the largest 337 

domain. This dominance is readily explained by the therapeutic success of GLP-1 receptor 338 

agonists and DPP-4 inhibitors (Drucker and Nauck 2006; Drucker 2018) and by the intense 339 

effort to identify L-cell secretagogue receptors as alternative or complementary targets 340 

(Edfalk et al. 2008; Lauffer et al. 2009; Thomas et al. 2009; Tolhurst et al. 2012). Our target 341 

map extends these observations by showing that most nutrient-sensing GPCRs were studied 342 

mainly in metabolic contexts (type 2 diabetes or obesity) and that, with the exception of 343 

FFAR2/FFAR3, their share of the literature plateaued or declined after 2017. Selective 344 

ligands for FFAR1 and FFAR4, including those reported in this journal (Hara et al. 2009), 345 

illustrate the pharmacological maturity of this target class. The more recent rise of the GIP 346 

receptor and the sustained interest in the GLP-1 receptor indicate that multi-receptor incretin 347 

pharmacology remains an active direction, in which EEC biology continues to provide the 348 

physiological rationale (Gribble and Reimann 2019). 349 

The second domain centred on EC cells and serotonin. Altered mucosal serotonin signalling 350 

in irritable bowel syndrome (Spiller et al. 2000; Coates et al. 2004) and the development of 5-351 

HT3 and 5-HT4 receptor ligands (Gershon and Tack 2007) defined this area in the 2000s, 352 

which explains the strong irritable bowel syndrome burst between 2006 and 2010. Our data 353 

show that classic serotonergic drugs and 5-HT3/5-HT4 receptors have since declined in 354 

relative terms, whereas tryptophan hydroxylase continued to grow. This shift reflects a 355 

reorientation from receptor-level modulation towards the regulation of serotonin synthesis by 356 

microbial metabolites (Reigstad et al. 2015; Yano et al. 2015), chemosensory and 357 

mechanosensory EC cell mechanisms (Nozawa et al. 2009; Bellono et al. 2017; Alcaino et al. 358 

2018) and serotonin as a systemic signal (Mawe and Hoffman 2013). The emergence of 359 

Piezo2 as the most recent target in our dataset is consistent with the identification of 360 

mechanosensitive EC cells (Wang et al. 2017; Alcaino et al. 2018) and suggests that 361 

mechanotransduction may become a new pharmacological entry point for motility disorders 362 

and visceral pain. 363 

The most dynamic research front was the interface between EECs, the gut microbiota and the 364 

nervous system. Gut microbiota showed the strongest burst of the entire study period, and 365 
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microbiota-related contexts dominated the literature on FFAR2/FFAR3, Toll-like receptors 366 

and olfactory receptors. Experimental studies have shown that short-chain fatty acids, 367 

bacterial tryptophan catabolites and specific bacterial proteins act directly on EECs (Tolhurst 368 

et al. 2012; Ye et al. 2021; Yoon et al. 2021), and that EECs express functional Toll-like 369 

receptors (Bogunovic et al. 2007) and odorant receptors that respond to microbial metabolites 370 

(Fleischer et al. 2015). Similarly, the rise of FXR together with TGR5 reflects the recognition 371 

that bile acids, which are modified by the microbiota, regulate EEC hormone output through 372 

both membrane and nuclear receptors (Thomas et al. 2009; Trabelsi et al. 2015; Pathak et al. 373 

2018). The concurrent bursts for the gut–brain axis and the description of neuropod cells, 374 

which transmit nutrient signals to vagal neurons within milliseconds (Bohorquez et al. 2015; 375 

Kaelberer et al. 2018; Buchanan et al. 2022), indicate that EECs are increasingly viewed as 376 

sensory transducers of the gut–brain axis. From a pharmacological perspective, these findings 377 

identify microbiota-derived ligands, bile acid receptors and EEC–neuron communication as 378 

promising but still underexplored targets. 379 

The third domain, EEC development, has evolved from a predominantly descriptive area into 380 

an enabling platform for pharmacology. Intestinal organoids derived from Lgr5-positive stem 381 

cells (Barker et al. 2007; Sato et al. 2009) now allow the generation of human L cells and 382 

other EEC subtypes (Petersen et al. 2014), and single-cell and real-time differentiation maps 383 

have identified regulators of EEC fate (Haber et al. 2017; Gehart et al. 2019; Hickey et al. 384 

2023). The active bursts for organoids, stem cells and single-cell RNA sequencing show that 385 

these approaches are still expanding. They are likely to support human-relevant drug 386 

screening, the identification of subtype-specific receptors and strategies that increase the 387 

number or alter the hormone profile of EECs. 388 

The geographic analysis revealed a field led by the United States with strong European 389 

centres in Denmark, the United Kingdom, Germany and Sweden. The leading institutions, 390 

including the University of Copenhagen, the University of Toronto and the University of 391 

Cambridge, host groups that made foundational contributions to incretin and L-cell research. 392 

China has rapidly increased its output, but its mean citations per article remain the lowest 393 

among the leading countries and its international collaboration rate is below that of the 394 

European centres. Strengthening international collaboration may therefore increase the 395 

visibility and impact of emerging contributors, in line with the increasing globalisation of 396 

pharmacological research networks (Kumar 2026). 397 
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This study has some methodological considerations. The analysis was based on the WoS Core 398 

Collection, which offers consistent metadata and complete cited-reference data required for 399 

co-citation and local citation analyses (Mongeon and Paul-Hus 2016); single-database designs 400 

are standard in bibliometric research, although inclusion of other databases could add regional 401 

journals (Abdelwahab et al. 2025). Only English-language original articles were included to 402 

ensure a homogeneous corpus of primary research. Citation counts depend on article age, so 403 

recent influential studies may be underrepresented in the citation rankings; this was addressed 404 

by reporting citations per citable year, local citation scores, trend topics and burst detection. 405 

Finally, target mapping relied on a curated dictionary applied to bibliographic fields, which 406 

captures the presence rather than the depth of pharmacological investigation; the dictionary 407 

and contextual categories were therefore defined from established EEC biology and applied 408 

uniformly across periods. 409 

Conclusion 410 

EEC research has grown exponentially over 46 years and has evolved from morphological 411 

description to a molecularly defined, interdisciplinary field with direct therapeutic relevance. 412 

Incretin and serotonin signalling form the established core of the field, whereas the gut 413 

microbiota, organoids, single-cell technologies and the gut–brain axis constitute its current 414 

research fronts. The pharmacological target map shows a transition from incretin and classic 415 

serotonergic targets towards Piezo2, FXR, Toll-like receptors, TRPM5/TRPV1, the GIP 416 

receptor and short-chain fatty acid receptors. These findings support the view of EECs as a 417 

druggable sensory platform and can guide future pharmacological studies, research funding 418 

and international collaboration in this field. 419 
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Tables 638 

Table 1 Main characteristics of the enteroendocrine cell research dataset (1980–2025) 639 

Indicator Value 

Timespan 1980–2025 
Sources (journals and books) 984 
Articles 3,652 
Annual growth rate (%) 6.90 
Mean article age (years) 13.9 
Total citations 206,196 
Mean citations per article 56.46 
h-index of the dataset 190 
Distinct cited references 93,777 
Keywords Plus 6,834 
Author keywords 5,453 
Authors 16,093 
Authors of single-authored articles 120 
Single-authored articles 142 
Co-authors per article 6.70 
International co-authorship (%) 25.79 
Contributing countries 89 

Mean article age was calculated relative to 2026. International co-authorship refers to articles with author affiliations in at 640 

least two countries. 641 

Table 2 The ten most productive countries (a) and institutions (b) 642 

(a) Country Articles Citations Citations per 

article 
SCP MCP MCP 

(%) 

USA 1,129 94,673 83.9 654 200 23.4 
Japan 428 21,534 50.3 302 40 11.7 
United Kingdom 404 38,234 94.6 194 100 34.0 
China 386 11,309 29.3 277 53 16.1 
Canada 290 19,737 68.1 148 67 31.2 
Germany 241 15,531 64.4 92 46 33.3 
Denmark 221 17,929 81.1 81 60 42.6 
France 174 13,003 74.7 71 40 36.0 
Sweden 167 9,243 55.3 59 37 38.5 
Australia 150 8,536 56.9 63 38 37.6 

Articles and citations are based on all author affiliations; SCP and MCP are based on the corresponding-author country. SCP, 643 

single-country publications; MCP, multiple-country publications. 644 

 645 

(b) Institution Country Articles Citations Citations per 

article 

University of Copenhagen Denmark 177 12,088 68.3 
University of Toronto Canada 116 9,214 79.4 
University of Cambridge United Kingdom 74 11,181 151.1 
University of California, Los Angeles USA 61 4,645 76.1 
Hokkaido University Japan 50 1,887 37.7 
Addenbrooke’s Hospital United Kingdom 48 8,440 175.8 
Baylor College of Medicine USA 45 3,889 86.4 
University of Melbourne Australia 43 2,552 59.3 
University of Michigan USA 37 2,409 65.1 
Columbia University USA 37 4,008 108.3 

 646 
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Table 3 The ten most productive journals 647 

Rank Journal Articles Citations h-index First 

article 

1 American Journal of Physiology-Gastrointestinal and 

Liver Physiology 
124 7,475 51 1994 

2 Endocrinology 97 9,760 49 1986 
3 PLOS ONE 83 4,534 35 2008 
4 Gastroenterology 71 9,408 54 1981 
5 Neurogastroenterology and Motility 54 2,584 28 1996 
6 Diabetes 52 8,592 38 1995 
7 Cell and Tissue Research 50 1,830 25 1981 
8 Biochemical and Biophysical Research 

Communications 
47 2,428 20 1995 

9 Scientific Reports 44 1,710 20 2015 
10 Peptides 43 1,060 20 1985 

All ten journals belong to Bradford zone 1. Citations and h-index refer to articles in the dataset. 648 

Table 4 The ten most productive authors and their impact indicators 649 

Rank Author Articles Citations h-index g-index m-index First 

article 

1 Holst JJ 112 8,275 49 90 1.63 1996 
2 Reimann F 101 16,894 53 101 2.21 2002 
3 Gribble FM 89 16,055 50 89 2.08 2002 
4 Brubaker PL 49 3,998 35 49 1.25 1998 
5 Drucker DJ 47 4,496 34 47 1.13 1996 
6 Hartmann B 41 2,090 22 41 0.79 1998 
7 Hira T 34 866 18 29 0.78 2003 
8 Li J 31 1,137 17 31 1.13 2011 
9 Schwartz TW 30 2,845 24 30 1.71 2012 
10 El-Salhy M 28 711 16 26 0.64 2001 

Indicators were calculated within the dataset; the m-index is the h-index divided by the number of years since the author’s 650 

first article in the dataset. 651 

Table 5 The ten most locally cited articles 652 

Rank Article Title Journal LCS GCS 

1 Reimann et al. 

(2008) 
Glucose Sensing in L Cells: A Primary Cell Study Cell Metab 250 626 

2 Tolhurst et al. 

(2012) 
Short-Chain Fatty Acids Stimulate Glucagon-Like 

Peptide-1 Secretion via the G-Protein-Coupled 

Receptor FFAR2 

Diabetes 160 2,043 

3 Jang et al. (2007) Gut-expressed gustducin and taste receptors regulate 

secretion of glucagon-like peptide-1 
Proc Natl Acad 

Sci USA 
159 831 

4 Habib et al. (2012) Overlap of Endocrine Hormone Expression in the 

Mouse Intestine Revealed by Transcriptional Profiling 

and Flow Cytometry 

Endocrinology 155 331 

5 Eissele et al. (1992) Glucagon-like peptide-1 cells in the gastrointestinal 

tract and pancreas of rat, pig and man 
Eur J Clin Invest 140 550 

6 Sjolund et al. 

(1983) 
Endocrine cells in human intestine: an 

immunocytochemical study 
Gastroenterology 136 461 

7 Drucker et al. 

(1994) 
Activation of proglucagon gene transcription by protein 

kinase-A in a novel mouse enteroendocrine cell line 
Mol Endocrinol 132 248 

8 Egerod et al. (2012) A Major Lineage of Enteroendocrine Cells Coexpress 

CCK, Secretin, GIP, GLP-1, PYY, and Neurotensin but 

Not Somatostatin 

Endocrinology 130 279 

9 Coates et al. (2004) Molecular defects in mucosal serotonin content and 

decreased serotonin reuptake transporter in ulcerative 

colitis and irritable bowel syndrome 

Gastroenterology 116 622 

10 Bellono et al. 

(2017) 
Enterochromaffin Cells Are Gut Chemosensors that 

Couple to Sensory Neural Pathways 
Cell 111 757 
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LCS, local citation score (citations from articles in the dataset); GCS, global citation score (WoS Core Collection citations at 653 

retrieval). 654 

Table 6 Pharmacological targets and drug classes in enteroendocrine cell research 655 

Class Target / drug class Articles First 

year 
Median 

year 
2018–
2025 (%) 

Leading context (%) 

Nutrient-sensing 

GPCRs 
FFAR1 (GPR40) 76 2005 2017 48.7 Type 2 diabetes/glycaemia 

(62) 
 FFAR2/FFAR3 

(GPR43/GPR41) 
87 2006 2018 50.6 Microbiota/metabolites (75) 

 FFAR4 (GPR120) 64 2005 2015.5 34.4 Type 2 diabetes/glycaemia 

(53) 
 GPR119 70 2008 2016 42.9 Type 2 diabetes/glycaemia 

(83) 
 TGR5 (GPBAR1) 83 2005 2017 47.0 Type 2 diabetes/glycaemia 

(67) 
 CaSR / GPRC6A 61 2000 2017 47.5 Obesity/energy balance (51) 

 Taste receptors 

(T1R/T2R) 
151 2002 2015 37.7 Obesity/energy balance (38) 

 Olfactory receptors 29 2007 2017 48.3 Microbiota/metabolites (59) 

Ion channels & 

mechanosensors 
TRPA1 47 2009 2016 40.4 IBS/motility/visceral pain 

(36) 
 Piezo2 11 2017 2023 81.8 IBS/motility/visceral pain 

(45) 
 KATP channel 28 1998 2014 17.9 Type 2 diabetes/glycaemia 

(68) 
 TRPM5 / TRPV1 24 2006 2018 54.2 Type 2 diabetes/glycaemia; 

IBS/motility/visceral pain 

(25) 
Nutrient 

transporters 
SGLT1 (SLC5A1) 57 2005 2016 33.3 Type 2 diabetes/glycaemia 

(47) 
 PEPT1 (SLC15A1) 13 2005 2015 38.5 Obesity/energy balance; 

Type 2 diabetes/glycaemia 

(23) 
Serotonergic 

machinery 
TPH (TPH1) 121 1983 2017 47.9 IBS/motility/visceral pain 

(51) 
 SERT (SLC6A4) 95 1996 2013 28.4 IBS/motility/visceral pain 

(66) 
 5-HT3 / 5-HT4 receptors 139 1988 2009 18.0 IBS/motility/visceral pain 

(53) 
Hormone receptors 

& degradation 
GLP-1R 201 1992 2016 40.3 Type 2 diabetes/glycaemia 

(76) 
 GIPR 23 2007 2019 52.2 Type 2 diabetes/glycaemia 

(70) 
 CCK1R / Y2R / GHSR 32 1998 2014.5 37.5 Obesity/energy balance (62) 

 DPP-4 113 1999 2015 37.2 Type 2 diabetes/glycaemia 

(76) 
Nuclear & other 

receptors 
FXR (NR1H4) 31 2008 2020 64.5 Type 2 diabetes/glycaemia 

(77) 
 TLRs 39 2006 2019 59.0 Microbiota/metabolites (72) 

Drugs & drug 

classes 
GLP-1R agonists 126 2002 2017 49.2 Type 2 diabetes/glycaemia 

(81) 
 DPP-4 inhibitors 68 2004 2015.5 33.8 Type 2 diabetes/glycaemia 

(85) 
 Metformin 32 2000 2016 37.5 Type 2 diabetes/glycaemia 

(84) 
 SGLT inhibitors 15 1997 2015 26.7 Type 2 diabetes/glycaemia 

(53) 
 Somatostatin analogues 34 1992 2009 26.5 Neuroendocrine tumours 

(62) 
 Serotonergic drugs 87 1980 2008 16.1 IBS/motility/visceral pain 

(47) 
 Bile acid-based agents 33 1995 2016 42.4 Type 2 diabetes/glycaemia 

(70) 
 Non-nutritive sweeteners 45 2007 2013 24.4 Obesity/energy balance; 

Type 2 diabetes/glycaemia 
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(40) 
Articles were identified by target-specific terms in titles, abstracts, author keywords and Keywords Plus. 2018–2025 (%), 656 

proportion of the target’s articles published in 2018–2025; leading context, the disease or biological context most frequently 657 

co-mentioned with the target (ties are listed together) and the percentage of target articles mentioning it. 5-HT, 5-658 

hydroxytryptamine; CaSR, calcium-sensing receptor; DPP-4, dipeptidyl peptidase-4; FFAR, free fatty acid receptor; FXR, 659 

farnesoid X receptor; GHSR, growth hormone secretagogue receptor; GIPR, glucose-dependent insulinotropic polypeptide 660 

receptor; GLP-1R, glucagon-like peptide-1 receptor; IBD, inflammatory bowel disease; IBS, irritable bowel syndrome; 661 

KATP, ATP-sensitive potassium; SERT, serotonin transporter; SGLT, sodium–glucose cotransporter; TGR5, Takeda G 662 

protein-coupled receptor 5; TLRs, Toll-like receptors; TPH, tryptophan hydroxylase; TRP, transient receptor potential. 663 

 664 
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Figure legends 665 

Fig. 1 Flow diagram of data retrieval, screening and analysis. 666 

Fig. 2 Publication and citation trends of enteroendocrine cell research, 1980–2025. a Annual 667 

number of articles; the dashed line shows the exponential fit, and shaded and unshaded bands 668 

mark the four study periods. b Mean citations per article per citable year by publication year. 669 

Fig. 3 Country contributions and international collaboration. a The 15 most productive 670 

countries ranked by all-author article counts; bars show corresponding-author articles split 671 

into single-country (SCP) and multiple-country publications (MCP). b Collaboration network 672 

of the 20 most productive countries; node size is proportional to the number of articles and 673 

edge width to the number of co-authored articles (links with at least five articles are shown). 674 

Fig. 4 Co-occurrence network of author keywords. The network includes 67 normalised 675 

author keywords connected by at least three co-occurrences. Node size is proportional to 676 

keyword frequency, edge width to co-occurrence strength, and colours indicate clusters 677 

identified with the Louvain algorithm. 678 

Fig. 5 Thematic evolution and research bursts. a Trend topics: dots indicate the median 679 

publication year of each keyword (author keywords and Keywords Plus, at least 12 680 

occurrences), bars the interquartile range, and dot size keyword frequency. b The 25 681 

keywords with the strongest bursts (Kleinberg algorithm, 1991–2025); red segments show the 682 

burst period, grey segments the remaining period, and numbers the burst strength. 683 

Fig. 6 Pharmacological target landscape of enteroendocrine cell research. a Share of articles 684 

in each period that mention each target or drug class (%); for 1980–1999, values are based 685 

predominantly on titles and keywords. b Percentage of articles on each target that also 686 

mention each disease or biological context. Rows are grouped by target class. T2D, type 2 687 

diabetes; IBS, irritable bowel syndrome; IBD, inflammatory bowel disease. 688 

Fig. 7 Co-citation network of the 60 most frequently cited references. Links indicate at least 689 

ten co-citations; node size is proportional to citation frequency in the dataset, and colours 690 

indicate clusters identified with the Louvain algorithm. Labels show the first author and 691 

publication year of the cited reference. 692 
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Fig. 4 704 
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