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Abstract 15	

Neuregulin 1 (NRG1) belonging to the transmembrane growth factors family is 16	

widespread in living organisms. It acts through ErbB family receptors and first of all takes 17	

part in embryogenesis, as well as in developmental, regenerative and adaptive processes 18	

occurring in various internal organs and systems. It is known that NRG1 and its receptors are 19	

present in various parts of the gastrointestinal (GI) tract. First of all NRG1 and ErbB receptors 20	

have been detected in the enteric nervous system (ENS) localized in the wall of the 21	

esophagus, stomach and intestine and regulating the majority of the GI tract functions, but 22	

also in the mucosal and muscular layers of the GI tract. The NRG1/ErbB pathway is involved 23	

in the development and differentiation of the ENS and regulation of the intestinal epithelium 24	

functions. Moreover, dysregulation of this pathway results in a wide range of gastrointestinal 25	

diseases. However, till now there are no summarizations of previous studies concerning 26	

distribution and functions of NRG1 and its receptors in the GI tract. The present review fills 27	

this gap. 28	

 29	

 30	

 31	
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List of abbreviations 32	

AR - amphiregulin; ARIA - acetylcholine receptor-inducing activity; BACE - β-site of 33	

amyloid precursor protein cleaving enzyme; BTC - betacellulin; C-terminal - carboxy-34	

terminal; EGF-epithelial growth factor; ENS - enteric nervous system; EPR - epiregulin; ErbB 35	

- epidermal growth factor receptor family; ERK - extracellular signal-regulated kinase; GDNF 36	

- glial cell line-derived neurotrophic factor; GGF - glial growth factor; GI tract - 37	

gastrointestinal tract; HB-EGF - heparin binding-EGF; HRG - heregulin; Ig - 38	

immunoglobulin; ISP - inner submucous plexus; JAK - Janus kinase; kDa - kilodalton; 39	

MAPK - mitogen-activated protein kinase; MP-myenteric plexus; N-terminal - amino-40	

terminal; NDF - neu differentiation factor; NRG1-4 -neuregulin 1-4; OSP - outer submucous 41	

plexus; phox2b -  paired-like homeobox 2b; PI3 K -  phosphatidylinositol-3 kinase; PKC - 42	

protein kinase C; PLCγ -  phospholipase Cγ; RAF - rapidly accelerated fibrosarcoma; RAS - 43	

rat sarcoma virus; RET - rearranged during transfection; SHH - sonic hedgehog signaling 44	

molecule; SMDF - sensory and motor neuron-derived factor; Sox10 - Sry-related HMg-Box 45	

gene 10; SP - submucous plexus; SSE - stratified squamous epithelial; STAT - signal 46	

transducer and activator of transcription; TACE - tumour necrosis factor-α converting 47	

enzyme; TGF-α - transforming growth factor- alpha; VIP - vasoactive intestinal polypeptide 48	

  49	

1. Introduction 50	

The functions of the gastrointestinal (GI) tract are regulated by many neuronal and 51	

endocrine factors. The neuronal control of activity of the esophagus, stomach and intestine is 52	

exercised by the enteric nervous system (ENS), which is located in the wall of the digestive 53	

tract and characterized by significant independence from the central nervous system (Mawe et 54	

al., 2023; Sharkey and Mawe, 2023). For this reason, as well as due to its complex structure, 55	

the ENS is often called the second or intestinal brain (Schneider et al., 2019). It is known that 56	

neurons belonging to the ENS are distinguished by exceptional diversity in terms of 57	

morphology, functions and neurochemical characterization (Furness, 2000). Previous studies 58	

have confirmed that in addition to acetylcholine, which is the main neurotransmitter within 59	

the ENS,  enteric neurons have the ability to synthesize dozens of other active substances 60	

acting as neurotransmitters, neuromodulators, enzymes and/or transporters (Furness, 2000; 61	

Makowska et al., 2022). The best known of them are vasoactive intestinal polypeptide (VIP), 62	

galanin, nitric oxide, somatostatin, calcitonin gene related peptide and substance P (Furness, 63	
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2000; Spencer and Hu, 2020). However, it is known that the enteric neurons show the 64	

presence of a wide range of many other active substances, whose functions in the GI tract are 65	

relatively unknown. One of them is neuregulin 1 (NRG1). 66	

NRG1 is a member of the transmembrane growth factors family. It is widespread in the 67	

organism and first of all takes part in embryogenesis, as well as in developmental and 68	

regenerative processes in various internal organs and systems, including among others the 69	

nervous system, heart, mammary glands and reproductive organs (Shi and Bergson, 2020). 70	

NRG1 acts through the ErbB family of receptor tyrosine kinases (Wu et al., 2015). The 71	

presence of NRG1 and its receptors has also been reported in the GI tract, both in the enteric 72	

neurons and other elements of the wall of the esophagus, stomach and intestines (Barrenschee 73	

et al., 2015; Szymańska et al., 2020).  74	

This review aims to collect and summarize the current knowledge on the distribution and 75	

function of NRG1 and its receptors in the ENS and other parts of the wall of the GI tract, both 76	

in physiological conditions and during pathological states. 77	

 78	

2. NRG1 structure 79	

NRG1 is a 44-kD glycoprotein and it is the most studied and the best known member of a 80	

group of structurally related substances called neuregulins, that also includes NRG2, NRG3 81	

and NRG4 (Gambarotta et al., 2103). Neuregulins, encoded by four different genes, are 82	

transmembrane growth factors belonging the large family of epithelial growth factor (EGF) 83	

proteins (Gambarotta et al., 2013). The history of research on NRG1 dates back to the early 84	

nineties, when it was discovered independently by several different groups of scientists and 85	

described under different names, such as neu differentiation factor (NDF), heregulin (HRG), 86	

glial growth factor (GGF), acetylcholine receptor-inducing activity (ARIA), and sensory and 87	

motor neuron-derived factor (SMDF) (Falls, 2003; Esper et al., 2006). At present it is known 88	

that NRG1 has above 30 isoforms, which are grouped into six types, including type I 89	

(NDF/HRG/ARIA), type II (GGF), type III (SMDF) and less known type IV, V and VI.  90	

Among these types, the most studied are types I, II and III, the presence of which has been 91	

confirmed in various groups of vertebrates. Types IV, V and VI are known to a lesser extent, 92	

but it is known that type IV is present only in mammals, and types V and VI have been 93	

described only in the primates (Chou and Ozaki 2010; Gambarotta et al., 2013). 94	
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NRG1 types are synthetized as precursors, which are anchored in the cell membrane. 95	

Molecules of pro-NRG1 consist of extra- and intracellular parts. For most types of NRG1, the 96	

amino (N) - terminal region is located outside the cell and the carboxy (C-) - terminal region 97	

in the cytoplasm (Mei and Xiong, 2008). The only exception is NRG1 type III, where there is 98	

a cysteine-rich domain in the N-terminal region, which is a transmembrane domain, and 99	

therefore both N- and C-terminal regions of NRG1 type III are positioned inside the cell 100	

(Gambarotta et al., 2013; Zhang et al., 2017). The basis for the classification into the six 101	

classes of NRG1 mentioned above are differences in the structure of N-terminal domains. N-102	

terminal domains are connected with EGF-like domain through an immunoglobulin (Ig)-like 103	

domain with or without spacer domain (in types I, II, IV and V) or directly (in type III and VI) 104	

(Gumà et al.., 2010; Gambarotta et al., 2013). All NRG1 isoforms contain an EGF-like 105	

domain, which is the most important part of the molecule, because it is responsible for the 106	

receptor activation and initiation of intracellular signaling pathways (Falls, 2003; Gambarotta 107	

et al., 2012). Differences between particular NRG1 types may also result from different 108	

structures of exons between EGF-like domain and transmembrane region, as well as within 109	

the cytoplasmic carboxy-terminal region of the molecule (Falls, 2003, Gumà et al., 2010; 110	

Gambarotta et al., 2013; Zhang et al., 2017). Activation of pro-NRG1 to active form is done 111	

through proteolytic cleavage at the juxta-membrane region of the molecule. This reaction may 112	

be catalyzed by three types of  enzymes, including tumour necrosis factor-α converting 113	

enzyme (TACE), β-site of amyloid precursor protein cleaving enzyme (BACE) and meltrin 114	

beta (Zhang et al., 2017; Shi and Bergson, 2020). The scheme of the NRG1 molecule is 115	

presented in figure 1. 116	

 117	

3. NRG1 receptors 118	

Neuregulins act on transmembrane tyrosine kinase receptors of the ErbB family. The 119	

name of family ErbB comes from the name of erythroblastic leukemia viral oncogene, which 120	

is a viral oncogene homologous to these receptors. Till now four members of the ErbB family 121	

receptors have been described: ErbB1, ErbB2, ErbB3 and ErbB4 (Britsch, 2007). All these 122	

receptors have a similar structure, in which an extracellular ligand-binding N-terminal, 123	

transmembrane, cytoplasmic tyrosine kinase and cytoplasmic C-terminal domains can be 124	

distinguished (Seroogy et al., 2013). Contrary to other types of ErbB family receptors, ErbB3 125	

receptor does not show tyrosine kinase activity. Moreover, it is known that there are many 126	

isoforms of ErbB receptors, which differ from each other by different sequences of amino 127	
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acids in the extracellular juxta-membrane and/or C-terminal regions of the molecule (Britsch, 128	

2007; Seroogy et al., 2013). 129	

After binding of  neuregulin molecule to ErbB receptor, receptors form homo- or 130	

heterodimers, which in turn activates autophosphorylation of specific tyrosine residue in the 131	

C-terminal regions (Seroogy et al., 2013). This process may initiate various intracellular 132	

pathways. The main pathways activated by ErbB receptors are the Ras/ Raf/ERK mitogen-133	

activated protein kinase (MAPK) pathway, the phosphatidylinositol-3 kinase (PI3 K) pathway, 134	

the PLCγ/PKC pathway and the JAK/STAT pathway. As mentioned above ErbB3 receptor has 135	

no tyrosine kinase activity and therefore it may stimulate the above mentioned pathways only 136	

by forming heterodimers with other types of ErbB receptors (Britsch, 2007; Seroogy et al., 137	

2013; Sabbah et al., 2020). 138	

Previous studies have shown that neuregulins can directly bind only to ErbB3 and ErbB4 139	

receptors (Seroogy et al., 2013). Moreover, it is know that all neuregulins (NRG1, NRG2, 140	

NRG3 and NRG4) can directly activate ErbB4 receptor, whereas only NRG1 and NRG 2 can 141	

directly bind to both ErbB3 and ErbB4 receptors (Seroogy et al., 2013; Sabbah et al., 2020). 142	

In turn, ErbB2 receptors can be activated by neuregulins only indirectly, by 143	

heterodimerization of these types with ErbB3 or ErbB4 connected with neuregulins (Seroogy 144	

et al., 2013). ErbB1 receptor can be activated by a wide range of substances, including EGF, 145	

transforming growth factor- alpha (TGF-α), amphiregulin (AR), betacellulin (BTC); heparin 146	

binding-EGF (HB-EGF) and epirgulin (EPR) (Normanno et al., 2005;	Seroogy et al., 2013). 147	

Moreover, it is known that (in addition to NRG1-4) BTC, HB-EGF, EPR and tomoregulin can 148	

directly bind to ErbB4 receptor (Normanno et al., 2005;	Sabbah et al., 2020). In turn, ErbB2 149	

receptor does not directly bind any known ligand (Normanno et al., 2005). The structure of 150	

ErbB receptors and formation of ErbB homo- and heterodimers under the impact of NRG1are 151	

presented in figure 2. 152	

 153	

4. Organization of the ENS. 154	

The ENS is characterized by a large number of neurons, which in humans is estimated at 155	

about 200-600 million (Furness et al., 2014). Neurons within the ENS are grouped in ganglia 156	

located in the wall of the GI tract from esophagus to the rectum. Intramural ganglia are 157	

connected to each other with a dense network of nerve fibers and form ganglionated plexuses 158	
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(Furness et al., 2014; Sharkey and Mawe, 2023). The exact organization and localization of 159	

these plexuses depend both on the mammal species and segment of the GI tract. 160	

In small mammals (for example in rodents) the ENS in all segments of the GI tract is 161	

built with two kinds of ganglia. The first of them are myenteric ganglia, which are located in 162	

the muscular layer, between longitudinal and circular  muscles, and the second - submucous 163	

ganglia located in the submucosal layer in close proximity to the muscularis mucosae of the 164	

mucosal layer (Makowska et al., 2022, 2023). Myenteric ganglia are interconnected with 165	

dense networks of nerve fibers and form the myenteric plexus (MP) along the entire length of 166	

the GI tract. Submucous ganglia form plexus (submucous plexus - SP) only in small and large 167	

intestines (Fig 3 A), while in the esophagus and stomach neuronal networks between 168	

submucous ganglia are definitely less dense (Makowska et al., 2022, 2023). 169	

In big mammals (for example in the domestic pig) the organization of the ENS in the 170	

esophagus and stomach is the same as in  rodents (Wojtkiewicz et al., 2017; Palus et al., 171	

2019). In turn, in the small and large intestines submucous plexus is divided into two types: 172	

outer submucous plexus (OSP) located in close proximity to the inner side of the circular 173	

muscle layer and the  inner submucous plexus (ISP) is located like the submucous plexus in 174	

rodents, closer to the intestinal lumen (Fig. 3B) (Szymańska and Gonkowski, 2019; 175	

Szymańska et al., 2020). 176	

In humans the structure of the ENS in the esophagus and stomach is similar to other 177	

mammals. In turn the organization of the ENS in the human intestines, especially regarding 178	

submucous plexus, is still discussed. Some authors describe three submucous plexuses and 179	

apart from OSP and ISP, they distinguish an intermediate submucous plexus, which does not 180	

contain clusters of nerve cells located between them (Ibba-Manneschi et al., 1995). Other 181	

authors distinguish two submucous plexuses in the human intestine (like in big mammals). 182	

However, contrary to other species, ISP in the human intestine is multi-layered, and particular 183	

ganglia included in it are at a different depth of the submucous layer. (Jabari et al., 2014; 184	

Zetzmann et al., 2018). Moreover, previous studies draw attention to dissemination of 185	

submucous ganglia throughout the entire submucosal layer in the human intestine and 186	

significant inter-individual differences in organization of this part of the ENS (Graham et al., 187	

2020). 188	

 189	

 190	
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Distribution of NRG1 and its receptors in the ENS 191	

 Knowledge about distribution of NRG1 and its receptors in the ENS is relatively limited. 192	

First of all this substance has been observed in the nervous structures located in the human GI 193	

tract. The most detailed description of the distribution of NRG1, ErbB2 and ErbB3 in the 194	

human ENS was provided by Barrenschee et al. (2015, 2019). The authors have found NRG1 195	

in nervous structures located within the distal colonic segments collected from patients after 196	

partial colectomy for colorectal carcinoma from a place located at a safe distance from the 197	

tumor (without any pathological changes) (Barrenschee et al., 2015). NRG1 has been 198	

observed both in the submucous and myenteric plexuses in the neuronal somata and (with 199	

higher density) in nuclei of neurons, as well as in neuropil located in the enteric ganglia. The 200	

authors have also shown that NRG1 in the enteric plexuses colocalizes with pan-glial marker 201	

S100b, which strongly suggests that this substance is present also in glial cells located in the 202	

ENS. Weaker signals have been noted also in nerve fibers in the muscular layer of the colonic 203	

wall (Barrenschee et al., 2015). The same authors have also confirmed the high expression of 204	

mRNA for NRG1 within the MP (Barrenschee et al., 2015).  205	

ErbB2 and ErbB3 receptors, similarly to NRG1, have also been found in the 206	

submucous plexuses and MP of human distal colon in neuronal somata and to a lesser extent 207	

neutropil, as well as in glial cells. Interestingly, ErbB2 receptors have been found in some 208	

glial cell nuclei, while ErbB3 receptors were generally absent in this part of the cell 209	

(Barrenschee et al., 2015). ErbB2 and ErbB3 receptors have also been found in small amounts 210	

of intramuscular nerves in the human distal colon (Barrenschee et al., 2015). The same 211	

authors have described low expression of mRNA for ErbB2 and ErbB3 receptors in the MP. 212	

  The next study of Barrenschee et al. (2019) has confirmed the presence of NRG1, 213	

ErbB2 and ErbB3 in the MP of the human sigmoid colon. Strong NRG1 immunoreactive 214	

signals were noted in neurons and glial cells. In turn ErbB2 was observed mainly in neuronal 215	

somata and ErbB3 both in neuronal somata and ganglionic neutropil. Moreover, expression of 216	

mRNA for NRG1, ErbB2 and ErbB3 has been found in the MP of human sigmoid colon 217	

(Barrenschee et al., 2019). The presence of NRG1 and ErbB2 receptor in the MP of the human 218	

colon has also been confirmed by Garcia-Barcelo et al. (2009). 219	

Distribution of NRG1 in the ENS has also been described in the domestic pig. It 220	

should be underlined that organization of the enteric innervation in terms of neurochemical 221	

characterization of neuronal cells in human and domestic pig is similar. The domestic pig has 222	
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often been used as an animal model for research on human ENS and therefore knowledge of 223	

the active substances in the porcine ENS is relatively good. NRG1 has been observed in 224	

neuronal cells located in all types of the enteric plexuses in various segments of  the porcine 225	

large intestine, such as caecum, ascending and descending colon (Szymanska et al., 2020). 226	

The percentage of neurons containing NRG1 in relation to all cells immunoreactive to pan-227	

neuronal marker protein gene product 9.5 fluctuated from about 20% to about 27% and 228	

depended both on the type of the enteric plexus and segment of the large intestine (Szymanska 229	

et al., 2020). Contrary to humans (Barrenschee et al., 2015), NRG1 has not been found in the 230	

neuropil within the enteric ganglia and intramural nerve fibers in the porcine large intestine 231	

(Szymanska et al., 2020).  232	

It is also known that NRG1 in the ENS of the porcine large intestine may co-localize in a 233	

wide range of other neuronal active factors. This fact confirms the presence of NRG1 in 234	

various classes of the enteric neurons. Makowska et al. (2021) have shown that enteric 235	

neurons in the porcine caecum, ascending and descending colon containing NRG1 may also 236	

contain substance P, VIP and galanin. The presence of NRG1 has also been observed in 237	

nitrergic enteric neurons (Makowska et al., 2021). The degree of colocalization of NRG1 with 238	

other factors in the enteric neurons clearly depends on the type of the enteric plexus and 239	

segment of the large intestine, but generally NRG1 was relatively most frequently observed in 240	

nitrergic and VIP-ergic neurons (Makowska et al., 2021). Knowledge about distribution of 241	

NRG1 and its receptors in the ENS of other species is extremely scanty. Namely, expression 242	

of NRG1 has been observed in the muscular layer of the stomach and intestine of mouse 243	

embryos, and the localization of this expression	was in accordance with the distribution of 244	

myenteric ganglia (Orr-Urtreger et al., 1993). Apart from NRG1, the presence of ErbB3 245	

receptor has been described in the glial and neuronal cells located in the myenteric and 246	

submucous ganglia of mouse intestine (Chalazonitis et al., 2011). Moreover, expression of 247	

ErbB2 and ErbB3 have been detected in the small intestine and colon of mouse, mainly in the 248	

glial cells, enteric progenitors and Schwann cell precursors, while lower expression was noted 249	

in the enteric neurons (Le et al., 2021). It should be pointed out that the expression of ErbB2 250	

and ErbB3 receptors has also been observed in the neural crest cells, which colonize the 251	

gastrointestinal tract during development (Britsh et al., 1998). 252	

 253	

 254	
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5. Distribution of NRG1 and its receptors in other parts of the GI wall 255	

Studies on the presence of NRG1 and its receptors in the GI tract started in the late 256	

eighties and early nineties in the twentieth century. In the 80-s the presence of ErbB2 receptor 257	

was described in the GI tract of human and rat fetuses (Coussens et al., 1985; Kokai et al., 258	

1987; Quirke et al., 1989). In rats (both in fetuses and adult animals) this receptor was found 259	

in epithelial cells of the intestinal villi (Kokai et al., 1987), and in human fetuses in the 260	

epithelium of esophagus, stomach, small intestine and colon, as well as (in smaller quantities) 261	

in the intestinal muscular layer (Quirke et al., 1989). In turn, the expression of mRNA for 262	

NRG1 was described in the human intestine, but not in the stomach (Holmes et al., 1992). 263	

Later studies confirmed these observations. In humans, during analysis of biopsy 264	

specimens, the expression of mRNA for NRG1 and ErbB3 and ErbB4 receptors was found in 265	

the mucosal layer of the esophagus, stomach and duodenum (Kataoka et al., 1998). The 266	

highest expression of mRNA for NRG1 and its receptors has been observed in the duodenum 267	

(Kataoka et al., 1998). Moreover, ErbB4 receptors were found using immunohistochemistry 268	

method in normal gastric mucosa	 in surface epithelial cells, but not in gastric fundic and 269	

pyloric glandular cells (Kataoka et al., 1998). NRG1 and its receptors in the human gastric 270	

mucosa have also been described by Noguchi et al. (1999), who found NRG1	 in scattered 271	

lamina propria mesenchymal cells corresponding to fibroblasts, but not in the surface 272	

epithelial cells or glandular cells. In turn, ErbB2 receptor has been noted mainly in glandular 273	

epithelial cells. The same authors have also described mRNA for NRG1 in gastric fibroblasts 274	

(Noguchi et al., 1999). 275	

Expression of mRNA for NRG1, as well as NRG1 protein have been detected in whole 276	

wall of the human colon (Tang et al., 2012a,b; Gunadi et al., 2022). More thorough 277	

investigations have been conducted by Barrenschee et al. (2015, 2019). These authors 278	

described the expression of mRNA for NRG1, as well as ErbB2 and ErbB3 receptors in 279	

circular and longitudinal muscles in the human distal (Barrenschee et al., 2015) and sigmoid 280	

colon (Barrenschee et al., 2019). Levels of mRNA for ErbB2 and ErbB3 in the colonic 281	

muscular layer were significantly higher than those noted in the MP localized in this intestinal 282	

segment. Especially it was visible in the case of ErbB3, in which mRNA levels were up to 283	

sixfold higher in longitudinal muscular layer and about 17-fold higher in circular muscular 284	

layer in comparison to values noted in the MP (Barrenschee et al., 2015). Histochemistry 285	

staining also confirmed the presence of NRG1, ErbB2 and ErbB3 receptors in the muscular 286	

cells located in the circular muscle layer of the human colon, and in the case of NRG1, strong 287	
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signals were visible not only in muscular cell bodies, but also in the nuclei (Barrenschee et al., 288	

2015). 289	

There is also a comprehensive study on the distribution of NRG1 in the various segments 290	

of the rhesus monkey gastrointestinal tract (Zhao, 2013). This study has reported clear 291	

differences in the number and distribution of cells containing NRG1, ErbB2 and ErbB4 292	

depending on the segment of the GI tract with the highest expression of NRG1, ErbB4 and/or 293	

ErbB2 in the stomach and the small intestine (Zhao, 2013). In the esophagus NRG1 and 294	

ErbB4 receptors were found in the stratified squamous epithelial (SSE) cells bordering the 295	

lamina propria, but the degree of colocalization of NRG1 and ErbB4 in the same cells was 296	

rather small. In other parts of the esophageal wall the number of cells showing the presence of 297	

NRG1 and ErbB4 receptors was extremely scanty, and the presence of ErbB2 receptors in the 298	

esophagus was not confirmed (Zhao, 2013). In the rhesus monkey stomach NRG1 was noted 299	

mainly in the parietal cells of the mid and upper regions of the glands, where this substance 300	

co-localized with ErbB2 and ErbB4 receptors. NRG1 was also noted in the chief cells of the 301	

gastric glands but without co-localization with receptors (Zhao, 2013). In the rhesus monkey 302	

small intestine NRG1 was present in the cells of the lamina propria. The number of mucosal 303	

cells containing ErbB2 receptors was extremely scanty. In turn, ErbB4 receptors were noted in 304	

intestinal cells similar to enteroendocrine cells. In the colon NRG1 was present in a small 305	

number of membranes of the absorptive columnar cells, in which ErbB2 and ErbB4 were 306	

almost undetectable (Zhao, 2013). 307	

Knowledge about distribution of NRG1 and its receptors in other species is relatively 308	

scanty. In addition to the previously mentioned description of ErbB2  in epithelial cells of the 309	

rat intestinal villi (Kokai et al., 1987), it is known that also mRNA for ErbB3 are present in 310	

the intestinal wall of  rat fetuses (Chalazonitis et al., 2011). ErbB receptors have been 311	

described in rat intestine goblet cells (Gu et al., 2008). In turn, mRNA for NRG1 has been 312	

detected in goblet cells, as well as stratified squamous cells, fibroblasts, immune cells, nerves, 313	

and conjunctival stromal cells in rat intestine (Gu et al., 2008). Moreover, the presence of 314	

ErbB3 was noted in the mouse fetal intestine, in which immunoreactivity to this receptor was 315	

observed in cells concentrated in a band of the fetal bowel neighboring to the developing 316	

neurons (Chalazonitis et al., 2011). As regards the studies on NRG1 in the mouse intestine, 317	

mRNA for this peptide has been found in mesenchymal cells of the intestine and stomach in 318	

early organogenesis and in the lamina propria and inside the intestinal villi in later stages of 319	

development (Meyer and Birchmeier, 1994). Moreover, in the mouse intestine expression of 320	
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NRG1 has been noted in the stromal cells, macrophages and epithelial cells, and ErbB3 was 321	

rarely observed in mesenchymal cells but was detected in basolateral membranes of epithelial 322	

cells (Jardé et al., 2020). Other studies described the presence of NRG1 in gastrointestinal 323	

fibroblasts located in the mouse small intestine and colon (Lemmetyinen et al., 2023). NRG1 324	

has also been found in the gastrointestinal of Zebrafish, in which this substance has been 325	

described both in the intestinal epithelium, enterocytes and muscular external layer in adult 326	

individuals, as well as in the gut tube of the zebrafish larvae (Pu et al., 2017).  327	

Summarization of previous studies concerning distribution of NRG1 and its receptors in the 328	

GI tract is presented in Table 1. 329	

Table 1. Distribution of NRG1 and its receptors in the gastrointestinal tract according to 330	

previous studies 331	

Species Distribution Reference	
Human ErbB2 receptor in the epithelium of esophagus, stomach, small 

intestine and colon, as well as in the intestinal muscular layer 
Quirke et al., 1989	

NRG1 in the intestine Holmes et al., 1992	
NRG1, ErbB3 and ErbB4 receptors in mucosal layer of esophagus, 
stomach and duodenum 

Kataoka et al., 1998	

NRG1 and ErbB2 in gastric mucosa Noguchi et al., 1999	
NRG1 and ErbB2 receptor in the colonic myenteric plexus Garcia-Barcelo et al., 

2009	
NRG1 in the colonic wall Tang et al., 2012a,b; 

Gunadi et al., 2022	
 NRG1, ErbB2 and ErbB3 receptors in the  colonic enteric ganglia, 
intramuscular nerve fibers and muscular layer 

Barrenschee et al., 2015	

NRG1, ErbB2 and ErbB3 receptors in the myenteric plexus and 
muscular layer of the sigmoid colon 

Barrenschee et al. 2019	

Rhesus 
monkey 

NRG1, ErbB2 and ErbB4 receptors in mucosal layer of various 
segments of the gastrointestinal tract from esophagus to colon 

Zhao, 2013	

Domesti
c pig 

NRG1 in all types of the enteric ganglia of the caecum, ascending and 
descending colon 

Szymanska et al., 2020; 
Makowska et al., 2021	

Rat ErbB2 receptor in epithelial cells of the small intestine Kokai et al., 1987	
ErbB3 receptor in the intestinal wall Chalazonitis et al., 

2011	
NRG1 in the intestine; ErbB2, ErbB3 and ErbB4 in the intestinal 
goblet cells 

Gu et al., 2008	

Mouse NRG1 in stromal cells, macrophages and epithelial cells of the 
intestine, ErbB3 in epithelial cells 

Jardé et al., 2020	

NRG1in fibroblasts in small intestine and colon Lemmetyinen et al., 
2023	

 332	

 333	
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6. Functions of NRG1 and its receptors in the GI tract 334	

NRG1 is commonly known as a factor which plays an essential role in the regulation of 335	

cell proliferation, survival, and differentiation in many internal systems and organs, including 336	

among others, heart, brain, neuromuscular synapses, lungs and reproductive system (Sandrock 337	

et al., 1997; Mei and Xiong, 2008; Kawashima et al., 2014; Mishra et al., 2019; Grego-Bessa 338	

et al., 2023). Similar functions of NRG1 have been described in the GI tract. 339	

Studies conducted on zebrafish have shown that NRG1 is not only involved in the ENS 340	

development, but also takes part in the maintenance of normal morphology of neuronal 341	

structures in the intestinal wall (Pu et al., 2017). Such conclusions are supported by the facts 342	

that a decrease in  NRG1 expression results in the reduction of the number of the enteric 343	

neurons with simultaneous decrease of expression of genes - markers of the ENS 344	

development, including crestin, ret, gdnf, shh, sox10 and phox2b. Moreover, a loss of NRG1 345	

in adult individuals causes changes in nerves located in the intestinal wall. Nerves become 346	

shorter, thicker and disorderly arranged (Pu et al., 2017). Important functions of NRG1/ErbB 347	

signaling in the development and postnatal maintenance of the ENS have also been described 348	

in mice. In this species the roles of the NRG1/ErbB pathway in regulation of the migration of 349	

vagus nerve-associated neural crest cells to the gut have been found (Espinoza-Medina et al., 350	

2017). Moreover, it has been shown that the loss of ErbB2 results in a dramatic reduction in 351	

the number of  enteric neurons and glial cells in the intestine (Crone et al., 2003), and  mice 352	

lacking the ErbB3 gene show a total loss of enteric glia and reduced ganglionic number in the 353	

duodenum (Erickson et al., 1997; Riethmacher et al., 1997).  354	

NRG1 is known as a factor which stimulates enteric neurons in vitro, which is manifested 355	

in the development of neuronal networks and an increase in full nerve fiber length, as well as 356	

a number of branching points in the course of nerve fibers and ganglion-like aggregates 357	

(Barrenschee et al., 2015). Other studies described NRG1 as an neurotrophic factor, which 358	

promotes the growth and differentiation of the enteric neurons in the postnatal period through 359	

regulation of expression of the nicotinic acetylcholine receptor (Barrenschee et al., 2019). 360	

Moreover, it is known that the influence of NRG1 on neurogenesis/gliogenesis, and therefore 361	

ENS development and differentiation, takes place through the balance between expression of 362	

NRG1 and glial cell derived neurotrophic factor (GDNF). NRG1 inhibited GDNF-induced 363	

neuronal differentiation and in turn GDNF negatively affected NRG1/ErbB signaling (Gui et 364	

al., 2013). 365	
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Due to important roles of NRG1/ErbB signaling in the development and differentiation of 366	

the ENS, any disorders in the expression of NRG1 and/or its receptors promote pathological 367	

processes within the intestine. A relatively large number of previous studies have described a 368	

connection between aberrant NRG1 gene expression and development of Hirschsprung 369	

disease - the most frequent developmental anomaly of the ENS, characterized by the lack of 370	

intramural enteric ganglia in the intestine and consequent disorders in the intestinal motility 371	

(Garcia-Barcelo et al., 2009; Tang et al., 2016, 2018; Li et al., 2017; Zhang et al., 2018; 372	

Gunadi et al., 2018, 2022; Le et al., 2021). Interestingly, the occurrence of correlations 373	

between aberrant NRG1 gene expression and Hirschsprung disease depends on the human 374	

population studied. Namely, such correlations have been reported in Chinese, Caucasian, and 375	

Thais (Tang et al., 2012b, Luzon-Toro et al., 2012, Phusantisampan et al., 2012, Kapoor et al., 376	

2015), whereas in Spanish patients association of NRG1 variants with Hirschsprung disease 377	

phenotype has not been observed (Luzón-Toro et al., 2012). In patients suffering from 378	

Hirschsprung disease changes in the degree of NRG1 methylation have also been visible. 379	

Namely, during this disease the percentage of partially methylated NRG1 is higher both in the 380	

ganglionic (81%) and aganglionic (75%) fragments of the colon in comparison to the colon in 381	

physiological conditions where this value amounted to 59% (Gunadi et al., 2022). 382	

Dysregulation of the NRG1/ErbB pathway may also result in other disorders within the GI 383	

tract, including chronic intestinal pseudo-obstruction (Le et al., 2021) and diverticular disease 384	

(Barrenschee et al., 2019). During diverticular disease down regulation of NRG1 and ErbB3 385	

has been observed in the myenteric plexus. The lack of NRG1 influenced  the composition of 386	

enteric neurotransmitter receptors and decreased the expression of cholinergic receptors, 387	

which in turn resulted in the intestinal motility disorders observed during diverticular disease 388	

(Barrenschee et al., 2015).  389	

Other studies described the participation of the NRG1/ErbB pathway in processes connected 390	

with neoplasms. It has been shown that NRG1 gene deletion occurred during rectal mucosal 391	

melanoma (Li et al., 2021) and NRG1/ErbB signaling may modulate colorectal carcinogenesis 392	

(Tvorogov et al., 2009; Westendorp et al., 2021), which takes place through the influence of 393	

NRG1 on vascular endothelial growth factor secretion through autocrine and paracrine 394	

mechanisms (Yonezawa et al., 2009). It is also known that the NRG1/ErbB pathway may 395	

contribute to intestinal adenoma formation, and overexpression of NRG1 may result in the 396	

outgrowth of ileal organoids (Nguyen et al., 2019). In turn, ErbB4 deletion from colorectal 397	

cancer cells promotes apoptosis and inhibits proliferation (Lee et al., 2009). A relatively large 398	
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number of investigations report the overexpression of ErbB receptors during gastric cancer, 399	

which suggests the possibility that these receptors may contribute to the growth of the 400	

neoplastic processes in the stomach (Lemoine et al., 1991; Kimura et al., 2004, 2005; 401	

Tvorogov et al., 2009; Moghbeli et al., 2019). It is also known that ErbB1 and ErbB3 co-402	

overexpression during gastric cancer is considered as a sign of poor prognosis for the patient 403	

(Moghbeli et al., 2019). 404	

Some previous studies described multidirectional roles of NRG1/ErbB signaling in the 405	

intestinal epithelium. It is known that both NRG1 and ErbB receptors expression increases in 406	

the intestinal fibroblasts during experimental inflammation (Lemmetyinen et al., 2023). In 407	

human and mouse colitis the overexpression of ErbB4 receptors has been noted, which was 408	

associated with the inhibition of colon epithelial apoptosis. This, in turn, suggests that 409	

overexpression of ErbB4 during chronic inflammation may contribute to colitis-associated 410	

tumorigenesis in the GI tract (Frey et al., 2010). Moreover, increased expression of ErbB4, 411	

induced by tumor necrosis factors - an important proinflammatory cytokine, promotes 412	

survival of the colon epithelial cells (Frey et al., 2009). This, in turn, suggests that ErbB4 is an 413	

important factor in regulatory processes connected with survival of the intestinal epithelial 414	

cells during inflammatory processes. Other studies suggest that ErbB4 may be an important 415	

regulatory factor in colitis severity (Schumacher et al., 2021). 416	

Moreover, it has been reported that after irradiation - induced damage of the intestine 417	

NRG1 takes part in de novo crypt formation and contributes to intestinal epithelium integrity. 418	

NRG1 also induces regenerative processes and remodels the epithelial actin cytoskeleton 419	

(Lemmetyinen et al., 2023). Participation of NRG1 in regenerative processes in the intestinal 420	

epithelium has also been described by Jardé et al. (2020), who have shown that exogenous 421	

NRG1 regenerates intestinal crypts after experimental injury, which is done through 422	

supporting the function of intestinal stem cells (Jardé et al. 2020; Abud et al., 2021). Previous 423	

investigations have also described participation of the NRG1/ErbB pathway in regulation of 424	

intestinal epithelium secretory activity. Namely, it is known that NRG1 inhibits the activity of 425	

the epithelium (Keely and Barrett, 1999) and disorders in ErbB signaling dysregulate 426	

intestinal epithelial transport and secretion (O'Mahony et al., 2008). Other studies described 427	

stimulatory effects of NRG1 on activity and proliferation of the intestinal goblet cells (Gu et 428	

al., 2008). There are also assumptions that NRG1 is involved in the protection of gastric 429	

glandular cells against self-damage by hydrochloric acid and processes connected with  430	

parietal cell differentiation and renewal (Zhao, 2013), as well as in adaptive and/or 431	
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neuroprotective processes under the impact of toxins in food (Szymańska et al., 2020; 432	

Makowska et al., 2021). 433	

 434	

7. Summarization 435	

Previous studies described the presence both of NRG1 and its receptors in various 436	

parts of the wall of the GI tract, including enteric neurons and glial cells, nerve fibers, mucosa 437	

and muscular layers. Distribution of this these factors clearly depends on the segment of the 438	

digestive tract and species studied. In the light of previous studies the NRG1/ErbB pathway 439	

plays important multidirectional functions in regulation of the gastrointestinal functions. First 440	

of all, NRG1 and its receptors are involved in development, growth, differentiation and 441	

survival of the nervous structures and glial cells within the ENS, and therefore they are 442	

important factors affecting intestinal motility and secretion. Moreover, it is known that 443	

dysregulation in the NRG1/ErbB pathway may result in a wide range of intestinal disorders 444	

and diseases, including Hirschsprung disease, diverticular disease, chronic intestinal pseudo-445	

obstruction, and gastric and colorectal cancers. It is also known that NRG1 ensures proper 446	

functions of the gastrointestinal epithelium. Moreover, NRG1 is an important factor taking 447	

part in intestinal inflammatory processes, as well as in adaptive reactions under the impact of 448	

toxic substances in the food. However, despite such important functions of the NRG1/ErbB 449	

pathway in the GI tract, many aspects connected with its activity in the stomach and intestine 450	

are still not clear and require further studies. 451	
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 722	
 723	
Figures 724	
 725	
Figure 1.  726	

Types of neuregulin 1 (NRG1): structure, location on the cellular membrane and cleavage 727	
sites (indicated with red arrows): N - amino-terminal region - different in each type of NRG1; 728	
Ig - immunoglobulin - like domain, EGF - EGF - like domain, TMr- transmembrane region, C 729	
- carboxy- terminal region, Crd - cysteine-rich domain in the amino-terminal region of type 730	
III. 731	

 732	

Figure 2.  733	

ErbB receptors: A) types of ErbB receptors and their ligands: AR - amphiregulin, BTC - 734	
betacellulin, EGF -  epithelial growth factor, EPR - epirgulin,  HB-EGF - heparin binding-735	
EGF, NRG1-4 - neuregulin 1-4, p - tyrosine residue; TGF-α - transforming growth factor- 736	
alpha B) dimerization of ErbB receptors under the impact of neuregulin 1: 1) preneuregulin 1: 737	
N - amino-terminal region ; Ig - immunoglobulin - like domain, EGF - EGF - like domain, 738	
TMr- transmembrane region,  C - carboxy- terminal region, cleavage sites indicated with red 739	
arrow; 2) active form of NRG1; 3) Homo- and hetero-dimers of ErbB receptors forming under 740	
the influence of NRG1: p - tyrosine residue. 741	

 742	

Figure 3.  743	

Organization of the enteric nervous system in the intestine of rodents (A) and domestic pig 744	
(B). ML- mucosal layer, MM - muscularis mucosae, SL- submucosal layer, CML - circular 745	
muscular layer, LML - longitudinal, muscular layer, SP - submucous plexus, MP - myenteric 746	
plexus, ISP - inner submucous plexus, OSP-outer submucous plexus. 747	

	748	
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