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Anatomy of the endocrine pancreas 
in actinopterygian fishes and its 
phylogenetic implications
Bruno Chanet 1, Nalani K. Schnell 2*, Claude Guintard 3 & Wei‑Jen Chen 4*

The anatomy and organisation of the endocrine pancreas in ray-finned fishes vary widely. The two 
main morphoanatomical character states are diffuse versus compact pancreatic tissue. The latter are 
called Brockmann Bodies (BBs), or principal islets. The present study is the first comprehensive survey 
on the anatomy of the endocrine pancreas (diffuse versus compact) across 322 actinopterygian species 
in 39 orders and 135 families based on literature, specimen dissections, and Magnetic Resonance 
Imaging (MRI). The data obtained show that large endocrine pancreatic islets (BB) have appeared 
several times in teleost evolution: in some ostariophysian clades and within the Salmoniformes and 
Neoteleostei. Acanthomorpha (spiny-rayed fishes) is the largest clade of the Neoteleostei. Within this 
clade, an absence of BBs is only observed in flying fishes (Exocoetidae), parrotfishes (Scarinae), and 
some of the scarine relatives, the Labridae. The presence of BBs in examined jellynose fish species 
from the Ateleopodiformes indicates support for its sister-group relationship to the Ctenosquamata 
(Myctophiformes + Acanthomorpha). More investigations are still needed to corroborate the 
presence or absence of BBs as a putative synapomorphy for a clade comprising Ateleopodiformes and 
Ctenosquamata.

In vertebrates the regulation of the glucose level in blood (glycemia) is mainly controlled by hormones (insulin 
and glucagon) produced by the endocrine pancreas1,2. Anatomically, the endocrine cells of the pancreas form 
islets, called the islets of Langerhans, that are generally scattered within pancreatic tissues1,3. In ray-finned fishes 
(Actinopterygii), these tissues (endocrine and exocrine pancreas) are rather diffused between the mesenteries 
and the coils of the intestine1,3,4; they may even enter the liver to varying degrees around the portal veins, forming 
the hepatopancreas5,6. In some groups, the endocrine islets agglomerate to form a few macroscopic islets called 
principal islets, or Brockmann bodies (BBs)2,7. They are often embedded in the exocrine pancreatic tissue between 
the hepatic lobes, close to the gallbladder, the pyloric caeca, and the spleen8. These macroscopic islets (BBs) can be 
detected through classical dissections. They are pinkish to reddish rounded nodules and look like “small peas”9 (p. 
157) or “sesame seeds”10 (p. 74) at the surface of the stomach. The diameter of a BB ranges from few millimetres 
(mm)8,11 up to 10–15 mm in some species like the ocean sunfish (Mola mola, Molidae)9, lumpfish (Cyclopterus 
lumpus, Cyclopteridae)12, common perch (Perca fluviatilis, Percidae)13, and European anglerfish (Lophius 
piscatorius, Lophiidae)14. If present, there are usually one to several distinguishable Brockmann bodies7,12. For 
example, there are three BBs in the Atlantic wolffish (Anarhichas lupus, Anarhichadidae) and ten to fifteen BBs 
in the Nile tilapia (Oreochromis niloticus, Cichlidae) forming a “BB region”15.

The study of the endocrine pancreas in fishes has been and is still a focal subject area in comparative 
endocrinology2. The islets of Langerhans were first identified in fishes in the 19th Century9,16–19, and the first 
extractions of insulin conducted in different fish species as early as in the 1920’s15,20,21, even for clinical purposes 
in the 1940s in Germany, Japan, and Canada14,22. The large islets (BBs) in some fishes are subject to experiments 
in xenotransplantation14,23. Nevertheless, the data on the anatomy of the endocrine pancreas have rarely been 
taken into account in a phylogenetic context. The presence of BBs was often considered either a shared character 
for teleost fishes or a character only present in “higher teleosts”3,24–26, based on only a few observations and data. 
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Epple and Brinn3 identified the presence of BBs in several teleost species and considered them a shared character 
for the higher teleost fish clade, the Ctenosquamata (sensu Rosen27) (Myctophiformes plus Acanthomorpha). 
However, a closer examination of the list of species examined by these authors shows that they only examined a 
few acanthomorph species. Accordingly, the presence of the BB cannot be considered as a putative synapomorphy 
of the group based on their limited data and without an outgroup comparison. The purpose of this study was to 
review the data published on this subject and fill in its gaps with new data acquired during this study in order to 
highlight the possible phylogenetic significance of the anatomy of the endocrine pancreas. We demonstrate the 
distribution of BBs in the phylogenetic context28–31 and further assess the presence/absence of BBs as a possible 
synapomorphy for some teleost fish clades.

Results
Within the Actinopterygii, two anatomical patterns of the endocrine pancreas were identified: diffuse (Fig. 1) 
versus compact pancreatic tissues (Fig. 2), or in other words, absence or presence of BBs (see also Supplementary 
Table 1 for a complete list of taxa). We gathered data from 194 acanthomorph species representing all the major 
lineages. However, so far, no data on the anatomy of the endocrine pancreas (presence or absence of at least one 
BB) is available for Gymnotiformes (species found only in Neotropical and South America), Lepidogalaxiiformes 
(only one species, Lepidogalaxias salamandroides, is present), Percopsiformes (species found only in North 
America), and Polymixiiformes (deep-sea fishes).

Pattern 1. The endocrine pancreas consists of scattered microscopic islets of Langerhans within the exocrine 
pancreatic tissues (Fig. 1, e.g., Saurida elongata). This is the general condition found in actinopterygians 
(Supplementary Table 1). It is found in all basal actinopterygian families (Polypteridae, Acipenseridae, 
Polyodontidae, Lepisosteidae, and Amiidae) as well as in the teleost groups Elopomorpha, Osteoglossomorpha, 
Clupeomorpha, Alepocephaliformes, Argentiniformes, Esociformes, Stomiiformes, Osmeriformes, Galaxiidae, 
and Aulopiformes. Further, it is also found in some siluriform taxa, a few cypriniform taxa, a few salmoniform 
taxa, and a few families and subfamilies of acanthomorph fishes (e.g., Belonidae, Exocoetidae, Fundulidae, 
Scarinae, and some labrid species) (Fig. 3).

Pattern 2. Microscopic islets of endocrine pancreas are present along with giant islets, called principal islets, 
or Brockmann bodies (BBs), in the exocrine pancreatic tissues (Fig. 2A–F). The presence of at least one BB has 
been described for the Characiformes, a few siluriform taxa, some cypriniform taxa, some salmoniform taxa, and 
most acanthomorph taxa (Supplementary Table 1). We report its presence for the first time in two species of the 
Ateleopodiformes (Ateleopus japonicus and A. purpureus), in one species of the Myctophiformes (Gymnoscopelus 
braueri), and in most of the newly examined acanthomoph species (Supplementary Table 1 and Fig. 2A–F). 
Our observations show that so far only 11 acanthomorph species lack a BB (one belonid, one exocoetid, two 
fundulids, and seven labrids) (Fig. 3).

Finally, a special case exists in Chanos chanos (Chanidae, Gonorynchiformes). In this species the anatomy of 
the visceral region was found to be complex, without a significantly sized stomach which is followed by a very 
long intestine. An eventual BB could not be identified with certitude. The examinations of the anatomy of the 
visceral region of additional gonorynchiform species are needed to further confirm the absence of BB in this 
group.

Discussion
While pancreatic islets are only known in vertebrates26, the origin of the anatomy of the endocrine pancreas (i.e., 
the presence of one or few principal islets or BBs) in ray-finned fishes has never been comprehensively explored in 
a broader phylogenetic context even though the presence of BBs has been documented in various teleost clades. 
In this study, we compile the information on presence or absence of at least one BB in different teleost fishes, 
provided in the literature or based on our own observations (MRIs and specimen dissections) (see Supplementary 

Figure 1.   Gross internal organization and absence of the Brockmann Body (BB) in a freshly dissected specimen 
of Saurida elongata, NTUM14376, 288 mm SL. The endocrine and exocrine pancreas are embedded in fatty 
tissue. Anterior facing left.
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Figure 2.   Gross internal organization and presence of the Brockmann Body (BB) in freshly dissected 
specimens of different teleost taxa. Anterior facing left. (a) Ateleopus japonicus, NTUM15935, 515 mm SL. 
(b–d) Gymnoscopelus braueri, MNHN 2022–0027, 117 mm SL. (b) posterior brown-reddish BB visible, anterior 
BB overlaid by the liver. (c) liver removed. (d) Zoom onto the anterior whitish BB. (e, f) Lophius piscatorius, 
MHNNT uncat. 57 mm SL. (e) BB in a fresh dissected specimen and (f) BB in an MRI image (modified from 
Chanet et al.31).
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Table 1). Our results indicate that the presence of a BB has likely evolved multiple times within the Teleostei: in 
the Ostariophysi, in the Salmoniformes, and in the Neoteleostei e.g.,3,7,8,10,12,16 (Fig. 3).

The Eloposteoglossocephala is a newly constituted clade grouping the two early teleost fish lineages, 
Elopomorpha (tarpon, bonefish and eels) and Osteoglossomorpha (bony tongues), based on the analyses from 
seven high-quality new genome assemblies31 (Fig. 3). All the taxa included in this clade and examined show the 
absence of BBs (Supplementary Table 1). Since the absence of BBs is a plesiomorphic state, our results are not 
informative to either support or reject this new phylogenetic hypothesis.

The Ostariophysi is the second-largest superorder of fishes and includes the majority of freshwater fishes 
in the world41. Within the superorder, the presence of BBs was documented in at least some species except 
the Gonorynchiformes, for which the anatomy of the visceral region needs to be examined for more species 
(Supplementary Table 1). The data on the presence/absence of at least one BB are available from nine out of 23 
currently recognized cypriniform families. Out of those, a BB is present in at least one representative species from 
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Figure 3.   Presence and absence of BB plotted onto the molecule-based phylogeny of Actinopterygii28 modified 
after Chen et al.29, Dornburg & Near 30, and Parey et al.31. The uncertain inter-relationships are collapsed 
and presented as unresolved polytomies. The illustration of fishes is redrawn by JNC, YAC, and LHC (see 
acknowledgement) after Nelson et al.41.
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seven cypriniform families8,10,12,43. The BB was documented to be absent in the Cobitidae10 and Xenocypridae42, 
yet only one species from each family was investigated.

The Siluriformes comprise about 35 living families44. The BB status has been examined for species in the 
Trichomycteridae45, Pimelodidae46, Ictaluridae[e.g.,8,48, Siluridae43,46, Bagridae49, Clariidae50, and Heptapteridae51. 
The presence of BBs was documented in at least one examined species of the four former families. The 
Characiformes contains at least 24 living families and about 2300 species41,52. However, only the data for two 
species belonging to the same family, Characidae, are available, and a BB is documented to be present53. More data 
on the presence/absence of a BB would be needed to better understand its distribution within the Characiformes.

The Salmoniformes contains a single family, Salmonidae, including salmon, trout, chars, whitefishes, and 
other allies. This fish order is conventionally placed within the superorder of the Protacanthopterygii, together 
with Esociformes and “Osmeriformes”41,54. Molecular results resolved a non-monophyly of the traditionally 
defined Protacanthopterygii and Osmeriformes28–30 (Fig. 3). BB presence/absence data are available for 
“protacanthopterygian” groups, including the Salmonidae, Esocidae (Esociformes), Umbridae (Esociformes), 
Alepocephalidae (Alepocephaliformes), Argentinidae (Argentiniformes), Osmeridae (Osmeriformes), 
Plecoglossidae (Osmeriformes), and Galaxiidae. The BBs are absent in all, but some salmonids3,8,10,43 (Fig. 3).

Jellynose fishes constitute the small fish order Ateleopodiformes, with about 12 species in the single family 
Ateleopodidae40. The phylogenetic placement of this enigmatic fish order has been the subject of considerable 
debate among either morphology- or molecule-based studies30,41. Based on morphology, Olney et  al.55 
concluded that it forms an unresolved trichotomy with the stomiiforms and eurypterigians (Aulopiformes plus 
Ctenosquamata). While molecular studies revealed the sister-group relationship between the Stomiiformes and 
Osmeriformes, the sister group of the Ateleopodiformes remained unresolved (Fig. 3). Our dissections show 
that a BB is present in two species of the Ateleopodiformes, but is absent in the aulopiform species (Figs. 1 
and 2A; Supplementary Table 1). Based on its distribution across teleost fish taxa, we consider its presence 
as a synapomorphy of the fishes comprising Ateleopdiformes and Ctenosquamata (Myctophiformes plus 
Acanthomorpha), or in other words, the Neoteleostei exclusive of the Aulopiformes (Fig. 3). Epple and Brinn3 
already proposed that the presence of a BB is a synapomorphy of the Ctenosquamata. Yet, this hypothesis was 
weakly supported as the authors examined only few ctenosquamat representatives, lacked data on myctophids, 
and included only five acanthomorph genera (Gadus, Lophius, Fundulus, Xiphophorus, and Tilapia). Moreover, 
they followed the classification proposed by Rosen27, where gadids and lophiids were members of the 
Paracanthopterygii and excluded from the Acanthomorpha. In spite of that, Epple and Brinn’s3 work remains 
pioneering in understanding the distribution of pancreatic character-states in vertebrates, especially in ray-finned 
fishes. In the present study, we aim to reconsider previously published anatomical data, concomitant with our own 
observations in the light of  molecule-based phylogenies28–31. We support the suggested hypothesis from Epple 
and Brinn3 that the presence of a BB is a putative synapomorphy of the Ctenosquamata plus Ateleopodiformes.

Within the Acanthomorpha (Lampriformes, Paracanthopterygii, and Acanthopterygii), a BB has been 
described in a large number of species except for belonids8 and seven labrid species8,19,56,57, [this study]. Four 
of those labrid species without BB belong to the labrid subfamilies Scarinae, Labrinae, and Cheilinae. These 
three subfamilies form a moderately supported monophyletic group within the phylogenetic tree based on 
mitochondrial and nuclear DNA sequences58. The absence of a BB could be a putative synapomorphy of this clade. 
However, with more than 600 species, the Labridae forms a rich and diverse clade of the Acanthomorpha58, and 
the anatomy of the endocrine pancreas has only been studied in 12 labrid species prior to this study. Here, we 
report for the first time that the BB is absent in two species of Cheorodon (Hypsigenyinae) based on specimen 
dissections, which suggest that the absence of a BB may have occurred multiple times in the evolutionary history 
of the Labridae. More investigations into the visceral anatomy of the Labridae are still needed to draw a clear 
conclusion.

The present work is mainly supported by data compiled from the literature and shows the importance of 
both comparative anatomy of soft tissue and previous literature on it to enlighten the evolutionary history of 
vertebrates. Our understanding of the phylogeny of vertebrates has been for a long time a “bony story.” However, 
comparative analyses of soft tissues provide valuable data to address phylogenetic questions. Future work on 
the presence/absence of a BB in the Gonorynchiformes, Gymnotiformes, Lepidogalaxiformes, Percopsiformes, 
and Polymixiiformes would complete the present work. Further, the presented evolutionary scenarios on the 
endocrine pancreas are based on the untested hypothesis that BBs are homologous throughout the different taxa. 
Future studies on the homology of different types of endocrine cells within the BB found in non-Ctenosquamata 
and Ctenosquamata fishes will be of great interest.

Materials and methods
Ethical approval
This research was performed at the National Taiwan University (NTU) and the Muséum National d’Histoire 
Naturelle (MNHN) and in accordance with both institution’s guidelines regarding animal research. As this project 
did not involve experiments on live fish, no ethics statement was required.

Data collection
First, more than 150 previous publications on the anatomy of the pancreas in different teleost taxa have been 
reviewed. As to the acquisition of new data, all the specimens examined in the present study were from museum 
collection material (see below). Examination of the Magnetic Resonance Imaging (MRI) images13,32 (MRI images 
available at the digital fish library[DFL] at http://​www.​digit​alfis​hlibr​ary.​org/​index.​php 33) as well as dissections of 
specimen of 20 species (see material listed below) were carried out to further complete the data for the present 
investigation. In total, we compiled data from 322 teleost fish species. A similar literature-based approach has 

http://www.digitalfishlibrary.org/index.php
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been employed by Parenti34 for the evaluation of the phylogenetic significance of bone types in euteleost fishes, 
by Wilson & Castro35 for investigating the “loss” of the stomach in fish species, and  by Chanet & Meunier 36 in 
studying the comparative anatomy of the thyroid gland in vertebrates.

Rennie7 (p. 375) noticed that the BBs have a “constant occurrence in definite position,” and no polymorphism 
in their shape has been described or observed from dissections of specimens within the same species. Epple and 
Brinn3 reported that BBs are topographically never completely separated from the exocrine pancreas. The BBs 
are separated from the exocrine tissue by only a connective tissue sheet around them. However, this sheet has 
been reported incomplete many times3,8,36–38. It is noteworthy that the BB is a vascularized structure and appears 
to be quite fragile. Once the specimen has been preserved, BB presence is hard to assess13, so it is necessary to 
have fresh material available for dissection7. We made similar observations when examining numerous MRIs, 
available at the DFL. Once the specimen has been preserved prior to scanning, the presence of BBs can no 
longer be detected with certainty. In contrast, BBs have been detected easily on MRIs from fresh specimens 
of the European anglerfish (Fig. 2F) and common perch13. Some of the digital photographs were taken with a 
Zeiss axiocam attached to a Zeiss Discovery V20 and are composite images taken with the Z-stack option of the 
Zeiss Zen software in order to obtain a depth of field. Taxonomic names were verified in  Eschmeyer’s Catalog of 
Fishes39 available at https://​www.​calac​ademy.​org/​scien​tists/​proje​cts/​eschm​eyers-​catal​og-​of-​fishes. Classification 
of  Telestei follows Dornburg & Near30. Identified pancreatic character patterns have been mapped on the state-
of-the-art phylogeny of ray-finned fishes based on molecular data28–31 to show the presence or absence of the 
Brockmann Bodies.

Material examined
Alepocephalidae, Alepocephalus bicolor Alcock, 1891, NTUM13155 (2 specimens, 96–171 mm SL); NTUM 
uncat. (10 specimen, NA). Chanidae, Chanos chanos (Fabricius, 1775) NTUM16304 (1 specimen, ca. 400 mm 
SL). Argentinidae, Argentina kagoshimae Jordan & Snyder, 1902, NTUM15947 (4 specimen, 290–354 mm SL). 
Plecoglossidae, Plecoglossus altivelis (Temminck & Schlegel, 1846), NTUM15526 (1 specimen, 190 mm SL). 
Galaxiidae, Galaxias maculatus (Jenyns, 1842), TMAG D4022-4023 (2 spcimen, NA). Synodontidae, Saurida 
elongata (Temminck & Schlegel, 1846), NTUM14376 (1 specimen, 288 mm SL); Saurida micropectoralis Shindo 
& Yamada, 1972, NTUM15058 (3 specimen, 246–268 mm SL). Ateleopodidae, Ateleopus japonicus Bleeker, 
1853, NTUM15936 (3 specimen, 478–560 mm SL); NTUM15935 (1 specimen, 515 mm SL). Myctophidae, 
Gymnoscopelus braueri (Lönnberg, 1905) MNHN 2022–0027 (1 specimen, 117 mm SL). Diretmidae, Diretmoides 
veriginae Kotlyar, 1987, NTUM16486 (2 specimen, 123–124 mm SL). Ophidiidae, Ophidion barbatum Linnaeus, 
1758, MNHN 2022–0013 (1 specimen, 199 mm SL). Gempylidae, Promethichthys prometheus (Cuvier, 1832), 
NTUM16292 (2 specimen, 240–350 mm SL). Menidae, Mene maculata (Bloch & Schneider, 1801) NTUM uncat. 
(1 specimen, NA). Labridae, Choerodon azurio (Jordan & Snyder, 1901) NTUM16775 (1 specimen, 101 mm SL); 
Choerodon schoenleinii (Valenciennes, 1839) NTUM16297 (1 specimen, 260 mm SL); Scarus ghobban Forsskål, 
1775, NTUM16293 (1 specimen, 316 mm SL). Lophiidae, Lophiomus setigerus (Vahl, 1797) NTUM uncat. (3 
specimen, NA); Lophius piscatorius Linnaeus, 1758, MHNNT uncat. (3 specimen, 27–57 mm SL) Sciaenidae, 
Chrysochir aurea (Richardson, 1846) NTUM16732 (1 specimen, 332 mm SL). Scorpaenidae, Scorpaenopsis 
neglecta Heckel, 1837, NTUM15712 (6 specimen, 107–122 mm SL).

Data availability
All data generated or analyzed during this study are included in this published article and its Supplementary 
table 1.
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References
	 1.	 Youson, J. H., Al-Mahrouki, A. A., Naumovski, D., & Conlon, M. J. The endocrine cells in the gastroenteropancreatic system of the 

bowfin, Amia calva L.: An immunohistochemical, ultrastructural, and immunocytochemical analysis. J. Morphol. 250, 208–224 
(2001). https://​doi.​org/​10.​1002/​jmor.​1066

	 2.	 Youson, J. H. et al. The fish endocrine pancreas: Review, new data, and future research directions in ontogeny and phylogeny. Gen. 
Com. Endocr. 148, 105–115. https://​doi.​org/​10.​1016/j.​ygcen.​2005.​12.​005 (2006).

	 3.	 Epple, A. & Brinn, J. E. Jr. Islet histophysiology: evolutionary correlations. Gen. Com. Endocr. 27, 320–349. https://​doi.​org/​10.​1016/​
0016-​6480(75)​90201-4 (1975).

	 4.	 Shukla, A. N. Physiology of Fishes (Discovery Publishing House New Delhi, 2009).
	 5.	 Ferguson, H. W. Systemic Pathology of Fish: A Text and Atlas of Comparative Tissue Responses in Diseases of Teleosts (Iowa State 

University Press Ames, 1989).
	 6.	 Epple, A., & Nibbio, B. Surgery: selective islet removal and total pancreatectomy. In Biochemistry and Molecular Biology of Fishes 

III (eds. Hochaka,P. W., & Mommsen, T.P.) 37–48 (Elsevier Science B.V., Amsterdam, 1994).
	 7.	 Rennie, J. On the occurrence of a “principal islet” in the pancreas of Teleostei: preliminary note. J. Anat. Physiol. 37, 375–378 

(1903).
	 8.	 McCormick, N. A. The distribution and structure of the islands of Langerhans in certain freshwater and marine fishes. Trans. R. 

Can. Inst. 15, 57–81 (1925).
	 9.	 Diamare, V. Studii comparativi sulle isole di Langerhans del pancreas. Int. Monatssch. Anat. Physiol. 16, 155–209 (1899).
	10.	 Legouis, P. Recherches sur les Tubes de Weber et sur le Pancréas des Poissons Osseux (Académie de Médicine, 1873).
	11.	 Fortin, J. S., Santamaria-Bouvier, A., Lair, S., Dallaire, A. D. & Benoit-Biancamano, M.-O. Anatomic and molecular characterization 

of the endocrine pancreas of a teleostean fish: Atlantic wolffish (Anarhichas lupus). Zool. Stud. 54, 1–7. https://​doi.​org/​10.​1186/​
s40555-​014-​0093-4 (2015).

	12.	 Rennie, J. The epithelial islets of the pancreas in Teleostei. Quarterly Journal of Microscopical Science 48, 379–405 (1904).
	13.	 Guintard C. et al. Exploration de l’anatomie de la perche commune Perca fluviatilis (L. 1758) [Serraniformes, Percidae]. Cahiers 

d’Anatomie Comparée 9, 1–20 (2017).

https://www.calacademy.org/scientists/projects/eschmeyers-catalog-of-fishes
https://doi.org/10.1002/jmor.1066
https://doi.org/10.1016/j.ygcen.2005.12.005
https://doi.org/10.1016/0016-6480(75)90201-4
https://doi.org/10.1016/0016-6480(75)90201-4
https://doi.org/10.1186/s40555-014-0093-4
https://doi.org/10.1186/s40555-014-0093-4


7

Vol.:(0123456789)

Scientific Reports |        (2023) 13:22501  | https://doi.org/10.1038/s41598-023-49404-7

www.nature.com/scientificreports/

	14.	 Wright, J. R. Jr. From ugly fish to conquer death: JJR Macleod’s fish insulin research, 1922–24. Lancet 359, 1238–1242. https://​doi.​
org/​10.​1016/​S0140-​6736(02)​08222-3 (2002).

	15.	 Wright, J. R. Jr., Bonen, A., Conlon, J. M. & Pohajdak, B. Glucose homeostasis in the teleost fish tilapia: insights from Brockmann 
body xenotransplantation studies. Am. Zool. 40, 234–245. https://​doi.​org/​10.​1093/​icb/​40.2.​234 (2000).

	16.	 Brockmann, H. D. Pancreate Piscium (Universität Rostock, 1846).
	17.	 Stannius, H. Über das Pancreas der Fische. Arch. Anat. Physiol. wiss. Med. 405–407 (1848).
	18.	 Bernard, M. C. Mémoire sur le pancréas et sur le rôle du suc pancréatique dans les phénomènes digestifs, particulièrement dans 

la digestion des matières grasses neutres. Suppl. C. R. Acad. Sci. l, 379–563 (1856).
	19.	 Laguesse, E. Sur le pancréas du crénilabre et particulièrement sur le pancréas intra-hépatique. Rev. Biol. du nord de la France 7, 

343–363 (1895).
	20.	 Macleod, J. J. R. The source of insulin. A study of the effect produced on blood sugar by extracts of the pancreas and principal islets 

of fishes. J. Metab. Res. 2, 149–172 (1922).
	21.	 Plisetskaya, E. M. Physiology of fish endocrine pancreas. Fish Physiol. Biochem. 7, 39–48 (1989).
	22.	 Yamamoto, M., Kotaki, A., Okuyama, T., & Satake, K. Studies on insulin: I. Two different insulins from Langelhans islets of bonito 

fish. J. Biochem. 48, 84–92 (1960). https://​doi.​org/​10.​1093/​oxfor​djour​nals.​jbchem.​a1271​53
	23.	 Wright, J. R. Jr. et al. A review of piscine islet xenotransplantation using wild-type tilapia donors and the production of transgenic 

tilapia expressing a “humanized” tilapia insulin. Xenotransplantation 21, 485–495. https://​doi.​org/​10.​1111/​xen.​12115 (2014).
	24.	 Falkmer, S. & Ostberg, Y. Comparative morphology of pancreatic islets in animals. In The Diabetic Pancreas (eds Volk, B. W. & 

Wellmann, K. F.) 15–59 (Plenum Press, 1977).
	25.	 Youson, J. H. & Al-Mahrouki, A. A. Ontogenetic and phylogenetic development of the endocrine pancreas (islet organ) in fishes. 

Gen. Comp. Endocrinol. 116, 303–335. https://​doi.​org/​10.​1006/​gcen.​1999.​7376 (1999).
	26.	 Heller, R. S. The comparative anatomy of islets. Adv. Exp. Med. Biol. 654, 21–37. https://​doi.​org/​10.​1007/​978-​90-​481-​3271-3_2 

(2010).
	27.	 Rosen, D. E. Interrelationships of higher euteleostean fishes. In Interrelationships of Fishes (eds. Greenwood, P. H., Miles, R. S., & 

Patterson C.) 397–513 (Academic Press San Diego, California, 1973).
	28.	 Hughes, L. C. et al. Comprehensive phylogeny of ray-finned fishes (Actinopterygii) based on transcriptomic and genomic data. 

Proc. Natl. Acad. Sci. U.S.A. 115, 6249–6254. https://​doi.​org/​10.​1073/​pnas.​17193​58115 (2018).
	29.	 Chen, W.-J. et al. New insights on early evolution of spiny-rayed fishes (Teleostei: Acanthomorpha). Front. Mar. Sci. 1, 1–17. https://​

doi.​org/​10.​3389/​fmars.​2014.​00053 (2014).
	30.	 Dornburg, A. & Near, T. J. The emerging phylogenetic perspective on the evolution of Actinopterygian fishes. Annu. Rev. Ecol. 

Evol. Syst. 52, 427–452. https://​doi.​org/​10.​1146/​annur​ev-​ecols​ys-​122120-​122554 (2021).
	31.	 Parey, E. et al. Genome structures resolve the early diversification of teleost fishes. Science 379, 572–575. https://​doi.​org/​10.​1126/​

scien​ce.​abq42​57 (2023).
	32.	 Chanet, B. et al. Visceral anatomy of ocean sunfish (Mola mola (L., 1758), Molidae, Tetraodontiformes) and angler (Lophius 

piscatorius (L., 1758), Lophiidae, Lophiiformes) investigated by non-invasive imaging techniques. C. R. Biol. 335, 744–752 (2012). 
https://​doi.​org/​10.​1016/j.​crvi.​2012.​11.​006

	33.	 Berquist, R. M. et al. The digital fish library: using MRI to digitize, database, and document the morphological diversity of fish. 
PLoS ONE 7(4), e34499. https://​doi.​org/​10.​1371/​journ​al.​pone.​00344​99 (2012).

	34.	 Parenti, L. R. The phylogenetic significance of bone types in euteleost fishes. Zool. J. Linnean Soc. 87, 37–51. https://​doi.​org/​10.​
1111/j.​1096-​3642.​1986.​tb013​29.x (1986).

	35.	 Wilson, J. M. & Castro, L. F. C. Morphological diversity of the gastrointestinal tract in fishes. Fish Physiol. 30, 1–55. https://​doi.​
org/​10.​1016/​S1546-​5098(10)​03001-3 (2010).

	36.	 Chanet, B., & Meunier, F. J. The anatomy of the thyroid gland among “fishes”: phylogenetic implications for the Vertebrata. Cybium 
38, 89–116 (2014). https://​doi.​org/​10.​26028/​cybium/​2014-​382-​002

	37.	 Bargmann, W. Die Langerhansschen Inseln des Pankreas. In Blutgefäss- und Lymphgefässapparat Innersekretorische Drüsen. 
Handbuch der Mikroskopischen Anatomie des Menschen (ed. Bargmann, W.) 6/2, 197–288 (Springer Berlin, Heidelberg, 1939). 
https://​doi.​org/​10.​1007/​978-3-​642-​90941-2_4

	38.	 Falkmer, S. Experimental diabetes research in fish. Acta Endocrinol. Suppl. (Copenh.) 37, 1–122 (1961).
	39.	 Falkmer, S. Blood sugar regulation in the hagfish, Myxine glutinosa. Gen. Comp. Endocrinol. 6, 334–346 (1966).
	40.	 Fricke, R., Eschmeyer, W. N., & van der Laan, R. Eschmeyer’s catalog of fishes: genera, species, refernces. http://​resea​rchar​chive.​

calac​ademy.​org/​resea​rch/​ichth​yology/​catal​og/​fishc​atmain.​asp electronic version accessed 22.03.2022.
	41.	 Nelson, J. S., Grande, T. C. & Wilson, M. V. H. Fishes of the World 5th edn. (John Wiley & Sons, Inc., 2016).
	42.	 Mokhtar, D. M. Histological, histochemical and ultrastructural characterization of the pancreas of the grass carp (Ctenopharyngodon 

idella). Eur. J. Anat. 19, 145–153 (2015).
	43.	 Iaglov, V. V. Morphology of the endocrine portion of the teleost pancreas (in Russian). Arkh. Anat. Gistol. Émbriol. 74, 111–115 

(1978).
	44.	 Diogo, R. Higher-level Phylogeny of Siluriformes. An Overview. In Catfishes (eds. Arratia, G., Kapoor, B. G., Chardon, M., & 

Diogo, R.) 353–384 (Science Publishers Inc. Enfield, New Hampshire, 2003).
	45.	 Oliveira-Ribeiro, C. A. & Fanta, E. Microscopic morphology and histochemistry of the digestive system of a tropical freshwater 

fish Trichomycterus brasiliensis (Lütken) (Siluroidei, Trichomycteridae). Rev. Bras. Zool. 17, 953–971. https://​doi.​org/​10.​1590/​
S0101-​81752​00000​04000​07 (2000).

	46.	 Faccioli, C. K., Chedid, R. A., Bombonato, M. T. S., Vicentini, C. A. & Franceschini-Vicentini, I. B. Morphology and histochemistry 
of the liver of carnivorous fish Hemisorubim platyrhynchos. Int. J. Morphol. 32, 715–720. https://​doi.​org/​10.​4067/​S0717-​95022​01400​
02000​55 (2014).

	47.	 Kobayashi, K. & Takahashi, Y. Fine structure of Langerhans’ islet cells in a marine teleost Conger japonicus Bleeker. Gen. Comp. 
Endocrinol. 23, 1–18. https://​doi.​org/​10.​1016/​0016-​6480(74)​90048-3 (1974).

	48.	 Brinn, J. E. Pancreatic islet cytology of Ictaluridae (Teleostei). Cell Tissue Res. 162, 357–365. https://​doi.​org/​10.​1007/​BF002​20182 
(1975).

	49.	 Chakrabarti, P. & Ghosh, S. K. Comparative histological and histochemical studies on the pancreas of Labeo rohita (Hamilton, 
1822), Mystus vittatus (Bloch, 1790) and Notopterus notopterus (Pallas, 1769). Int. J. Aquat. Biol. 3, 28–34 (2015).

	50.	 Ikpegbu, E., Nlebedum, U. C., Nnadozie, O., & Agbakwuru, I. O. Histological structures of the accessory glands of the digestive 
system in adult farmed African catfish (Clarias gariepinus B.). J. Agric. Vet. Sci. 1, 41–46 (2012). https://​doi.​org/​10.​9790/​2380-​01641​
46

	51.	 Luchini, L., Wicki, G. & Romano, L. A. The ultrastructure of secretory cells of the islets of Langerhans in South American catfish 
Rhamdia quelen. Journal of Histology 2015(686571), 1–6. https://​doi.​org/​10.​1155/​2015/​686571 (2015).

	52.	 Oliveira, C. et al. Phylogenetic relationships within the speciose family Characidae (Teleostei: Ostariophysi: Characiformes) based 
on multilocus analysis and extensive ingroup sampling. BMC Evol. Biol. 11, 275. https://​doi.​org/​10.​1186/​1471-​2148-​11-​275 (2011).

	53.	 De Lima, J. A., Oliveira, B., & Conlon J. M. Purification and characterization of insulin and peptides derived from proglucagon 
and prosomatostatin from the fruit-eating fish, the pacu Piaractus mesopotamicus. Comp. Biochem. Physiol. – B Biochem. 122, 
127–35 (1999). https://​doi.​org/​10.​1016/​S0305-​0491(98)​10164-5

https://doi.org/10.1016/S0140-6736(02)08222-3
https://doi.org/10.1016/S0140-6736(02)08222-3
https://doi.org/10.1093/icb/40.2.234
https://doi.org/10.1093/oxfordjournals.jbchem.a127153
https://doi.org/10.1111/xen.12115
https://doi.org/10.1006/gcen.1999.7376
https://doi.org/10.1007/978-90-481-3271-3_2
https://doi.org/10.1073/pnas.1719358115
https://doi.org/10.3389/fmars.2014.00053
https://doi.org/10.3389/fmars.2014.00053
https://doi.org/10.1146/annurev-ecolsys-122120-122554
https://doi.org/10.1126/science.abq4257
https://doi.org/10.1126/science.abq4257
https://doi.org/10.1016/j.crvi.2012.11.006
https://doi.org/10.1371/journal.pone.0034499
https://doi.org/10.1111/j.1096-3642.1986.tb01329.x
https://doi.org/10.1111/j.1096-3642.1986.tb01329.x
https://doi.org/10.1016/S1546-5098(10)03001-3
https://doi.org/10.1016/S1546-5098(10)03001-3
https://doi.org/10.26028/cybium/2014-382-002
https://doi.org/10.1007/978-3-642-90941-2_4
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
https://doi.org/10.1590/S0101-81752000000400007
https://doi.org/10.1590/S0101-81752000000400007
https://doi.org/10.4067/S0717-95022014000200055
https://doi.org/10.4067/S0717-95022014000200055
https://doi.org/10.1016/0016-6480(74)90048-3
https://doi.org/10.1007/BF00220182
https://doi.org/10.9790/2380-0164146
https://doi.org/10.9790/2380-0164146
https://doi.org/10.1155/2015/686571
https://doi.org/10.1186/1471-2148-11-275
https://doi.org/10.1016/S0305-0491(98)10164-5


8

Vol:.(1234567890)

Scientific Reports |        (2023) 13:22501  | https://doi.org/10.1038/s41598-023-49404-7

www.nature.com/scientificreports/

	54.	 Chen, W.-J. & Mayden, R. L. A phylogenomic perspective on the new era of ichthyology. BioScience 60, 421–432. https://​doi.​org/​
10.​1525/​bio.​2010.​60.6.6 (2010).

	55.	 Olney, J. E. et al. Phylogeny of lampridiform fishes. Bull. Mar. Sci. 52, 137–169 (1993).
	56.	 Chao, L. N. Digestive system and feeding habits of the cunner, Tautogolabrus adspersus, a stomachless fish. Fish. Bull. 71, 565–586 

(1973).
	57.	 Chen, G.-H. et al. Histology of the digestive system in Cheilinus undulates Rüppell. Acta Hydrobiol. Sin. 34, 685–693. https://​doi.​

org/​10.​3724/​SP.J.​1035.​2010.​00685 (2010).
	58.	 Westneat, M. W. et al. Local phylogenetic divergence and global evolutionary convergence of skull function in reef fishes of the 

family Labridae. Proc. Royal Soc. B 272, 993–1000. https://​doi.​org/​10.​1098/​rspb.​2004.​3013 (2005).

Acknowledgements
E. Betti (ONIRIS, Nantes, France), C. Burridge (University of Tasmania, Hobart, Australia); F. Chapleau 
(Department of Biology, University of Ottawa, Ontario, Canada), G. Duhamel (MNHN, Paris, France), M. 
Eleaume (MNHN, Paris, France), S. Hardie (University of Tasmania, Hobart, Australia), K. Hoshino (Faculty 
of Fisheries, Hokkaido, Japan), G. Lecointre (MNHN, Paris, France), J. Leis (University of Tasmania, Hobart, 
Australia), B. Mawbey (Inland Fisheries Service, New Norfolk, Australia), K. Moore (University of Tasmania, 
Hobart, Australia), and J.R. Paxton (Australian Museum, Sydney, Australia) for their technical help and assistance 
in sampling and gathering data, and eventually providing resources (GL). The authors would like to thank J.-N., 
Chen, Y.-A. Chen, and L.-H. Chen for improvement of artwork in Fig. 3. This work was supported, in part, by 
research grants from the National Science and Technology Council, Taiwan (NSCT 111-2611-M-002-025, 110-
2611-M-002-013—and 104-2611-M-002-002-MY3 to WJC).

Author contributions
B.C. designed the study, compiled the data from previous literature and this study, and discussed the results. 
W.J.C., C.G., and N.S. dissected specimens and discussed results. C.G. carried out the M.R.I. All authors 
contributed in the figure plates and writing the manuscript. All authors gave final approval to the M.S.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​49404-7.

Correspondence and requests for materials should be addressed to N.K.S. or W.-J.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1525/bio.2010.60.6.6
https://doi.org/10.1525/bio.2010.60.6.6
https://doi.org/10.3724/SP.J.1035.2010.00685
https://doi.org/10.3724/SP.J.1035.2010.00685
https://doi.org/10.1098/rspb.2004.3013
https://doi.org/10.1038/s41598-023-49404-7
https://doi.org/10.1038/s41598-023-49404-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Anatomy of the endocrine pancreas in actinopterygian fishes and its phylogenetic implications
	Results
	Discussion
	Materials and methods
	Ethical approval
	Data collection
	Material examined

	References
	Acknowledgements


