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“A story has no beginning or end: arbitrarily one 
chooses that moment of experience from which to look 
back or from which to look ahead.”

― Graham Greene, The End of the Affair

The defining characteristic of all organisms is their abil-
ity to reproduce. For most, a fully formed adult organism 
can arise from a single cell that contains the information, 
combined with environmental cues, necessary to orches-
trate the near-miraculous series of  controlled and timed 
cell divisions, migrations, differentiations, maturations, 
connections, and cell death needed for overall growth and 
maturation of the organism. The ability for cells to prolifer-
ate, divide, mature, and differentiate is retained in adults, 
albeit in small, defined regions termed the “stem cell niche”, 
where many of the factors controlling embryonic growth, 
proliferation, and differentiation are retained [1–4]. In most 
organs, proliferation mostly occurs after injury, such as in 
the liver, which has a remarkable ability to regenerate [5]. 
Some stem cells continually proliferate in adults, in particu-
lar the intestinal epithelium, which has the highest prolifera-
tion rate in the adult human body, with complete turnover 
normally occurring every 3–5 days. The proliferating com-
partment is normally restricted to the crypt, where epithelial 
stem cells are located, with epithelial cells migrating, dif-
ferentiating, and maturing as they migrate toward the villus. 

Clearly, regulation of this rapid division is essential, since at 
the extremes of dysregulation, atrophy, fibrosis, and cancer 
can occur.

As quoted above, the story of the regulation of intestinal 
differentiation and proliferation has no clearly defined begin-
ning, although historically, several key observations have 
been made with regard to the mechanism controlling the 
rate of proliferation. One is that the intestinal proliferation 
rate increases following partial intestinal resection. Observa-
tions of this nature initially appeared early in the twentieth 
century, where surgeons noted that survival was possible fol-
lowing intestinal resections of up to a certain length [6–9]. 
This was studied in more depth in experimental animals, 
with experiments showing that the uptake of a short expo-
sure or “pulse” of 3H thymidine, which is incorporated into 
replicating DNA, was taken up in greater quantities by the 
intestinal crypts in rats that had undergone partial intestinal 
resection [10].

The first evidence supporting the existence of glucagon-
like peptide (GLP)-2 was published by Sutherland and de 
Duve in 1948, who reported that a hormone similar to the 
pancreatic hyperglycemic hormone, later termed glucagon, 
was also present in dog stomach [11]. Further research 
demonstrated that intestinal glucagon stimulated adenylyl 
cyclase [12] and possessed immunoreactivity similar but 
not identical to that of glucagon, described as glucagon-like 
activity [13], further reinforced by the finding of immuno-
assayable glucagon in the gastrointestinal (GI) tract [14]. 
Stephen Bloom eventually reported that enteroglucagon, 
defined as total glucagon activity minus pancreatic activity, 
was necessary for post-resection adaptive intestinal prolif-
eration to occur [15]. This conclusion was supported by a 
case report of a patient with a retroperitoneal tumor in whom 
greatly increased villous length and intestinal mucosal sur-
face area were present, thought due to the elaboration of a 
glucagon-like hormone that did not affect glycemic control 
(in retrospect this presumably was GLP-2) [16]. With the 
advent of automated peptide sequencing, enteroglucagon 
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was shown to be derived from the peptide proglucagon, 
which is processed into the peptide hormones glicentin, 
glucagon-like peptides (GLP)-1 and -2, and peptide YY 
(PYY) [17, 18]. Eventually, Dan Drucker in Pat Brubaker’s 
laboratory convincingly demonstrated that GLP-2 is the pro-
glucagon product controlling intestinal proliferation [19]. 
Proglucagon-derived hormones are primarily expressed in 
enteroendocrine L cells, which are a type of endocrine cells 
interspersed among intestinal epithelial cells, in particular 
in the ileum and proximal colon that release proglucagon-
derived hormones in response to luminal signals [20].

Another line of evidence has been developing since the 
1930s regarding the observation that the feeding of indi-
gestible carbohydrates increased intestinal weight [21] and 
the proliferation rate of intestinal epithelial cells [22]. Fur-
thermore, intestinal atrophy occurs during restriction of oral 
nutrients, even when nutrients are provided parenterally, 
consistent with the need for luminal nutrient exposure to 
promote villous growth [23]. These observations, repeated 
many times, have been mostly unexplained, but more 
recently data have emerged that these changes are likely 
due to the production of bacterial fermentative metabolites, 
in particular short-chain fatty acids (SCFAs), by the gut 
microbiota [24–26]. Since L cells express the G-protein-
coupled receptors (GPCR), GPR 41 and 43 also termed free 
fatty acid (FFA)3 and FFA2, and since L cells in rats release 
GLP-2 into the portal vein in response to luminal perfusion 
with FFA3 ligands [27], it is likely that microbial fermenta-
tion products such as SCFAs release GLP-2 from L cells, 
increasing the rate of epithelial proliferation [27, 28], help-
ing to explain the effects of high-fiber diets and starvation 
on the rate of intestinal proliferation.

Mesenchymal cells such as myofibroblasts are frequently 
present in the intestinal stem cell compartment. The impor-
tance of mesenchymal cells toward epithelial development 
was originally reported in the 1950s by Clifford Grobstein 
[29] and by Takindo Okada, and the latter who in 1960 pub-
lished the first report of the effect of the mesenchyme on the 
embryonic differentiation of the digestive tract [30]. Mes-
enchymal cells express numerous bioactive molecules, such 
as growth factors, transcription factors, such as Wingless-
related integration site (Wnts), Wnt sensitizers, such as the 
Roof-plate-specific (R)-spondins (RSPOs), inflammatory 
cytokines, prostaglandins, Hedgehog proteins, neurotrans-
mitters, a variety of receptors, and many other bioactive sub-
stances [31–36]. It is now well accepted that mesenchymal 
cells are closely linked with the control of growth, prolif-
eration, repair, and neoplastic transformation of epithelia 
[37, 38].

The identity of the mesenchymal cells that alter epithelial 
proliferation and other functions is controversial. The mes-
enchymal cells that directly underlie the epithelial cells in 
the crypt and villus have been variously termed fibroblasts, 

myofibroblasts, and fibroblast-like cells based on their ultra-
structure and expression of smooth muscle antigens such as 
desmin, vimentin, and α-smooth muscle antigen [37–42]. 
After review of several reports, the safest way to describe 
these cells is that they form a network termed initially by 
Kaye et  al as the “pericryptal fibroblast sheath” that is 
present from crypt base to villus tip that connect by what 
appears to be gap junctions with each other, the epithelial 
cells, enteric nerves, the microvasculature, and inflamma-
tory cells forming what could be termed a reticular network, 
syncytium, or scaffold [35, 43–45]. Due to the ongoing 
uncertainty of the nature of these cells, I will term them 
generically as the “periepithelial mesenchymal syncytium” 
or PMS. The ultrastructure of these cells, first reported by 
Helen W. Deane in 1964 [46], has been extensively docu-
mented in particular by several groups in Japan working in 
the 1980s and 1990s, with some of their most spectacular 
images shown in Figs. 1 and 2, graphically depicting the 
three-dimensional aspect of the PMS using scanning elec-
tron micrographic images of the enterocyte basal membrane 
after dissolution of the underlying structures [35, 45, 47–49].

More recently, subsets of the cell comprising the PMS 
have been identified as specialized cells termed telocytes, 
mesenchymal cells implicated in the control of growth, dif-
ferentiation, proliferation, migration, and repair. Telocytes, 
initially described due to their unusual neuron-like morphol-
ogy, similar to the interstitial cells of Cajal first described 
by Ramòn y Cajal [50], have been primarily identified by 
their morphology, which is most apparent using electron 
microscopy (EM), with exceptionally thin (~0.10  μM) 
moniliform projections that can exceed 200 μm in length. 
Telocytes also feature what appear to be direct cell-to-cell 
connections with surrounding cells, including other telo-
cytes, stem cells, inflammatory cells, the microvasculature, 
immune cells, and nerves [51]. The location of telocytes 
within the stem cell niche of multiple organs, including the 
intestine, combined with their expression of growth and 
transcription factors, have implicated telocytes as an essen-
tial component of the stem cell niche [52]. Telocytes also 
secrete exosomes and other membrane-bound vesicles con-
taining potent bioactive molecules such as aforementioned 
transcription and growth factors [53]. On the basis of their 
morphology, cellular connections, and protein expression, 
telocytes are tempting candidates as overall coordinators 
of cellular growth and differentiation. Holding back pro-
gress, however, is lack of a reliable telocyte marker, with 
c-Kit, and the bone marrow marker cluster of differentiation 
(CD) 34 used frequently [54]. Platelet-derived growth fac-
tor receptor α (PDGFRα) has recently gained popularity as 
a telocyte marker, considerably strengthened by functional 
experiments in which proliferation of the intestinal epithe-
lium was altered by genetic ablation of PDGFRα-expressing 
fibroblasts, confirmed by similar effects of genetic ablation 
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of Wnt proteins from Foxl1-expressing cells, which are also 
believed to be telocytes separate from PDGFRα-expressing 
fibroblasts [31, 51].

The question then arises: How does GLP-2 increase the 
rate of proliferation of crypt stem cells and maturation into 
differentiated epithelial cells so as to increase mucosal sur-
face area, increasing intestinal absorptive capacity? This was 
painstakingly studied in the laboratory of Dan Drucker in 
2000, who reported that GLP-2 receptors (GLP-2R) were 
limited to rare enteroendocrine cells in the stomach, intes-
tine, and colon [55]. GLP-2R expression was also studied 
by Ørskov et al, who hypothesized that pericryptal myofi-
broblasts, presumably synonymous with the PMS, express 
GLP-2 receptors, releasing growth factors such as epidermal 

growth factor (EGF), keratinocyte growth factor (KGF), and 
insulin-like growth factor (IGF) that in turn activate non-
GPCR growth factor receptors such as erythroblastic leu-
kemia viral oncogene (ErbB) and IGF receptors expressed 
on replicating epithelial cells [34, 56]. Their data, however, 
indicate that most GLP-2R expression was limited to the 
myofibroblasts underlying the villous tip, an unlikely loca-
tion for the promotion of cellular proliferation.

Although the hypothesis the cells of the PMS directly 
transduce GLP-2 signal into growth and transcription factor 
release is compelling, several questions remain. One concern 
is the identity of growth-promoting mesenchymal cells. In 
view of the aforementioned discussion and of recently pub-
lished data, the most compelling data support that the PMS 

Fig. 1  Scanning electron 
micrograph (SEM) image of 
the PMS underlying the villous 
epithelial cells of rat intestine 
(*). Reproduced with permis-
sion from [49]

Fig. 2  SEM of the PMS under-
lying the crypt and villus of rat 
jejunum, showing the syncyt-
ium of connected fibroblast-like 
cells. “E”: villous epithelium. 
Reproduced with permission 
from [47]
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appears to be comprised of two populations: a pericryptal 
population identified by Foxl1+ and a population that sur-
rounds the mid-villus to villous tip that is PDGFRα+ [31, 
33] Another concerns are the kinetics of the PMS. Of the 
few reports that describe the kinetics of the PMS, initial 
reports by Marsh and Trier and Kaye et al suggested a migra-
tion rate up the villus comparable to the epithelial cells [57, 
58]. These reports, however, have been disputed by the more 
recent findings of other investigators, who found that the 
PMS cells are derived from the bone marrow, replicate more 
slowly than the epithelial cells, and also do not migrate up 
the villus in a linear fashion. [59, 60] Most recently, Worth-
ley et al published compelling data supporting the origin of 
the PMS from stem cells located in the crypt–villus isthmus 
that migrated either toward to villus tip or crypt base, popu-
lating the crypt–villus unit over a year, far slower than the 
3–5 days needed for epithelial cell renewal. Powell et al also 
provided data supporting the repopulation of the PMS from 
bone marrow-derived cells only after injury [61]. Combined 
with many reports that the cells of the PMS change from a 
flattened to a stellate morphology dependent on their rela-
tion to the crypt–villus axis, it is possible that at least two 
populations of cell comprise the PMS, including Foxl1+ 
cells with flattened morphology that primarily express pro-
proliferative ligands for the Lgr5+ stem cells of the crypt 

and the PDGFRα+ stellate cells that release growth and 
other factors that more regulate cellular migration, differ-
entiation, and maturation as cells migrate past the isthmus 
toward the villus tip.

Another question is which growth-promoting factors are 
most important? Data suggest the deletion of Wnts, RSPOs, 
and growth factors such as IGF alter intestinal structure 
[51, 62–67]. Furthermore, intestinal enteroids are grown 
in vitro using Wnt-conditioned medium supplemented by 
EGF, RSPOs, and a cocktail of other inhibitors and rea-
gents designed to simulate the conditions in the stem cell 
niche, with Wnt deleted to promote differentiation. [66, 68] 
Given that for the epithelial cells, numerous processes are 
involved such as symmetric and asymmetric stem cell divi-
sion, migration up the villus, differentiation into mature 
cell types, and apoptosis at the villous tip, it is not hard 
to imagine that numerous factors distributed over time and 
space are needed for maintenance of form and function of 
the epithelial cells, thus supporting the concept that cells of 
the PMS also change in form and function as they migrate 
up the villus, delivering the correct mix of transcription and 
growth factors needed for cells according to their position 
in the crypt–villus axis (Fig. 3).

Another question addresses the mechanism by which 
GLP-2 increases villous growth. Although Brubaker has 

Fig. 3  Simplified proposed model of the mechanisms controlling 
intestinal epithelial proliferation, migration, and differentiation. 
Abbreviations: SCFA short-chain fatty acids, GLP glucagon-like pep-
tide, L lumen, MC mesenchymal cell, NO nitric oxide, PDGF plate-

let-derived growth factor, VIP vasoactive intestinal peptide. Insets: 
a: detail of interactions in the villous; b: detail of interactions in the 
crypt. For further details, see text
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cited data supporting the expression of GLP-2 receptors 
expressed on gut-derived mesenchymal cells and epithelial 
proliferation in vitro in response to exogenous GLP-2 [69, 
70], convergent and compelling data support the expression 
of GLP-2 receptors on enteric nerves and activation of c-fos 
in villous epithelial cells after exogenous GLP-2 exposure 
[56, 71, 72]. Neural activation by GLP-2 is further supported 
by the observations that the administration of GLP-2 rapidly 
increases mesenteric blood flow and intestinal motility, typi-
cal of a neurally mediated mechanism. [71, 73]. Combined 
with anatomic evidence supporting direct contacts between 
the PMS and enteric nerves [45], a neural mechanism in 
which GLP-2 released from L cells activates enteric nerves 
which in turn activate the release of transcription and growth 
factors from PMS cells dependent on their subtype, and posi-
tion on the crypt–villus axis seems to fit well with the avail-
able data, although direct GLP-2 activation of PMS cells 
is entirely plausible. Although vasoactive intestinal peptide 
and NO have been implicated in neurally mediated acute 
effects of GLP-2 [74–76], this mediation does not appear to 
extend the intestinotrophic effects of GLP-2 [77].

Putting it together, these data support the hypothesis that 
links the gut microbiome with intestinal proliferation via 
GLP-2 release that in turn activates the PMS cells to release 
proliferative, pro-growth, and differentiation-promoting bio-
active molecules through neurally or chemically mediated 
activation. The beauty of this system is that bioactive factor 
release is limited to cells literally in contact with or proximal 
to the intestinal epithelium, acting in a paracrine fashion that 
targets only the proliferating crypt cells and maturing villous 
cells, ensuring precise targeting of growth-promoting factors 
tailored to the needs of the epithelial cells as they migrate up 
the crypt–villus axis, limiting potentially harmful off-target 
effects of powerful proteins such as Wnts and growth factors.

Is GLP-2 the only hormone that promotes growth of cells 
in a tiny niche? Certainly, sex steroid hormones such as tes-
tosterone, estrogen, and progesterone affect the growth of 
hair and the endometrium, as part of their effects on multiple 
organs [78, 79]. The best characterized peptide hormone that 
accelerates organ growth, proliferation, and differentiation 
is gastrin, which affects gastric epithelial cells through the 
Hedgehog and Wnt pathways, presumably through a mesen-
chymal intermediary [32], although its utility to regenerate 
the gastric epithelium, as an example, is severely limited 
by its other actions such as promoting copious gastric acid 
secretion. Given that many epithelia that are dependent on 
mesenchymal cells for growth, proliferation, differentiation, 
and other functions such as breast, kidney, liver, skin, heart, 
lung, and prostate [80], it is possible that each organ has 
unique sensors that “taste” its local environment, releasing 
appropriate molecules locally through mesenchymal cell 
intermediaries according to environmental cues, as presci-
ently stated by Marsh and Trier in 1974, “…subepithelial 

fibroblasts and epithelial cells of mouse jejunum may inter-
act and regulate epithelial and/or mesenchymal cell prolif-
eration, migration, and differentiation.” [58]

At present, the only approved clinical treatment promot-
ing cellular growth that has emerged from these studies is 
teduglutide, a stable GLP-2 analog that has proven useful in 
the management of severe malabsorption due to short-gut 
syndrome and other causes with minimal adverse effects [81, 
82]. This advance is the latest innovation in over a century 
of discoveries on which the clinical development GLP-2 
rests (Table 1; Fig. 4). In the accompanying article, Profes-
sor Palle Jeppessen, who has been deeply involved with the 
clinical development of GLP-2 for the treatment of intestinal 
failure, will detail the clinical development and impact of the 
GLP-2 analog teduglutide, which is due to its precise target-
ing and excellent safety record, and has revolutionized the 

Table 1  Nobel Prizes in Physiology and Medicine awarded to scien-
tists who contributed to the understanding of the regulation of intesti-
nal proliferation

*The contribution of these scientists to the understanding of the regu-
lation of intestinal proliferation differs from the contributions for 
which they were awarded the Nobel Prize

Recipient(s) Year Contribution

Christian de Duve 1974 Initial description of GLPs*
Rita Levi-Montalcini, 

Stanley Cohen
1986 Discovery of growth factors

Harold E. Varmus, J. 
Michael Bishop

1989 Discovery of Wnts*

Fig. 4  Timeline of major discoveries that provided the scientific basis 
for the development of therapeutic GLP-2 analogs
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management of intestinal failure, enabling many to reduce 
or even discontinue parenteral nutritional support [83]. It 
is hoped that fundamental investigation into the control of 
proliferation and differentiation will yield therapies aimed at 
treating some of the most important medical problems, such 
as organ regeneration, fibrosis, and cancer [80].

Acknowledgments The authors thank Professor Don Powell for his 
helpful comments and suggestions.

Compliance with Ethical Standards 

Conflicts of interest The authors are recipients of investigator-initiated 
grants from Shire Pharmaceuticals LLP.

References

 1. Mah AT, Kuo CJ. Home sweet home: a Foxl1(+) mesenchymal 
niche for intestinal stem cells. Cell Mol Gastroenterol Hepatol. 
2016;2:116–117.

 2. Haegebarth A, Clevers H. Wnt signaling, lgr5, and stem cells in 
the intestine and skin. Am J Pathol. 2009;174:715–721.

 3. McCabe LR, Parameswaran N. Recent advances in intestinal stem 
cells. Curr Mol Biol Rep. 2017;3:143–148.

 4. Yen TH, Wright NA. The gastrointestinal tract stem cell niche. 
Stem Cell Rev. 2006;2:203–212.

 5. Mao SA, Glorioso JM, Nyberg SL. Liver regeneration. Transl Res. 
2014;163:352–362.

 6. Whitall JDIX. Extensive removals of intestine: report of a case of 
recovery after resection of ten feet eight inches of the ileum. Ann 
Surg. 1911;54:669–672.

 7. Althausen TL, Doig RK, Uyeyama K, et al. Digestion and absorp-
tion after massive resection of the small intestine. II. Recovery of 
the absorptive function as shown by intestinal absorption tests in 
two patients and a consideration of compensatory mechanisms. 
Gastroenterology. 1950;16:126–139.

 8. Clatworthy HW Jr, Saleeby R, Lovingood C. Extensive small 
bowel resection in young dogs; its effect on growth and develop-
ment; an experimental study. Surgery. 1952;32:341–351.

 9. Weser E. Intestinal adaptation to small bowel resection. Am J Clin 
Nutr. 1971;24:133–135.

 10. Loran MR, Crocker TT. Population dynamics of intestinal epithe-
lia in the rat two months after partial resection of the ileum. J Cell 
Biol. 1963;19:285–291.

 11. Sutherland Ead C. Origin and distribution of hyperglyce-
mic-glycogenolytic factor of the pancreas. J Biol Chem. 
1948;175:663–674.

 12. Makman MH, Sutherland EW. Use of liver adenyl cyclase for 
assay of glucagon in human gastro-intestinal tract and pancreas. 
Endocrinology. 1964;75:127–134.

 13. Makman MH, Makman RS, Sutherland EW. Presence of a 
glucagon-like material in blood of man and dog. J Biol Chem. 
1958;233:894–899.

 14. Unger RH, Ketterer H, Eisentraut AM. Distribution of immu-
noassayable glucagon in gastrointestinal tissues. Metabolism. 
1966;15:865–867.

 15. Bloom SR, Polak JM. The hormonal pattern of intestinal adap-
tation. A major role for enteroglucagon. Scand J Gastroenterol 
Suppl. 1982;74:93–103.

 16. Gleeson MH, Bloom SR, Polak JM, et al. An endocrine tumour 
in kidney affecting small bowel structure, motility, and function. 
Gut. 1970;11:1060.

 17. Dowling RH. Glucagon-like peptide-2 and intestinal adap-
tation: an historical and clinical perspective. J Nutr. 
2003;133:3703–3707.

 18. Orskov C, Holst JJ, Knuhtsen S, et al. Glucagon-like peptides 
GLP-1 and GLP-2, predicted products of the glucagon gene, are 
secreted separately from pig small intestine but not pancreas. 
Endocrinology. 1986;119:1467–1475.

 19. Drucker DJ, Erlich P, Asa SL, et al. Induction of intestinal epi-
thelial proliferation by glucagon-like peptide 2. Proc Natl Acad 
Sci U S A. 1996;93:7911–7916.

 20. Helander HF, Fandriks L. The enteroendocrine “letter 
cells”—time for a new nomenclature? Scand J Gastroenterol. 
2012;47:3–12.

 21. Addis T. Hypertrophy of the gastro-intestinal tract and high 
residue diets. Am J Physiol. 1932;99:417–423.

 22. Jacobs LR. Effects of dietary fiber on mucosal growth and cell 
proliferation in the small intestine of the rat: a comparison of 
oat bran, pectin, and guar with total fiber deprivation. Am J Clin 
Nutr. 1983;37:954–960.

 23. Shaw D, Gohil K, Basson MD. Intestinal mucosal atrophy and 
adaptation. World J Gastroenterol. 2012;18:6357–6375.

 24. Sakata T, Von EW. Stimulatory effect of short chain fatty acids 
on the epithelial cell proliferation in rat large intestine. Comp 
Biochem Physiol A Comp Physiol. 1983;74:459–462.

 25. Tonelli F, Dolara P, Batignani G, et al. Effects of short chain 
fatty acids on mucosal proliferation and inflammation of ileal 
pouches in patients with ulcerative colitis and familial polypo-
sis. Dis Colon Rectum. 1995;38:974–978.

 26. Tappenden KA, Albin DM, Bartholome AL, et al. Glucagon-like 
peptide-2 and short-chain fatty acids: a new twist to an old story. 
J Nutr. 2003;133:3717–3720.

 27. Said H, Akiba Y, Narimatsu K, et al. FFA3 activation stimu-
lates duodenal bicarbonate secretion and prevents NSAID-
induced enteropathy via the GLP-2 pathway in rats. Dig 
Dis Sci. 2017;62:1944–1952. https ://doi.org/10.1007/s1062 
0-017-4600-4.

 28. Kaji I, Karaki S, Kuwahara A. Short-chain fatty acid receptor 
and its contribution to glucagon-like peptide-1 release. Digestion. 
2014;89:31–36.

 29. Grobstein C. Inductive epitheliomesenchymal interaction in cul-
tured organ rudiments of the mouse. Science. 1953;118:52–55.

 30. Okada TS. Epithelio-mesenchymal relationships in the regional 
differentiation of the digestive tract in the amphibian embryo. 
Wilhelm Roux Arch Entwickl Mech Org. 1960;152:1–21.

 31. Shoshkes-Carmel M, Wang YJ, Wangensteen KJ, et al. Subepi-
thelial telocytes are an important source of Wnts that supports 
intestinal crypts. Nature. 2018;557:242–246.

 32. Feng R, Aihara E, Kenny S, et al. Indian Hedgehog mediates 
gastrin-induced proliferation in stomach of adult mice. Gastro-
enterology. 2014;147(655–666):e9.

 33. Kurahashi M, Nakano Y, Peri LE, et al. A novel population of sub-
epithelial platelet-derived growth factor receptor alpha-positive 
cells in the mouse and human colon. Am J Physiol Gastrointest 
Liver Physiol. 2013;304:G823–G834.

 34. Orskov C, Hartmann B, Poulsen SS, et al. GLP-2 stimulates 
colonic growth via KGF, released by subepithelial myofibroblasts 
with GLP-2 receptors. Regul Pept. 2005;124:105–112.

 35. Furuya S, Furuya K. Subepithelial fibroblasts in intesti-
nal villi: roles in intercellular communication. Int Rev Cytol. 
2007;264:165–223.

 36. Powell DW, Mifflin RC, Valentich JD, et al. Myofibroblasts. I. 
Paracrine cells important in health and disease. Am J Physiol. 
1999;277:C1–C9.

https://doi.org/10.1007/s10620-017-4600-4
https://doi.org/10.1007/s10620-017-4600-4


2715Digestive Diseases and Sciences (2019) 64:2709–2716 

1 3

 37. Roulis M, Flavell RA. Fibroblasts and myofibroblasts of the 
intestinal lamina propria in physiology and disease. Differentia-
tion. 2016;92:116–131.

 38. Powell DW, Pinchuk IV, Saada JI, et  al. Mesenchymal 
cells of the intestinal lamina propria. Annu Rev Physiol. 
2011;73:213–237.

 39. Hosoyamada Y, Sakai T. Structural and mechanical architecture 
of the intestinal villi and crypts in the rat intestine: integrative 
reevaluation from ultrastructural analysis. Anat Embryol (Berl). 
2005;210:1–12.

 40. Marsh MN, Trier JS. Morphology and cell proliferation of subepi-
thelial fibroblasts in adult mouse jejunum. I. Structural features. 
Gastroenterology. 1974;67:622–635.

 41. Kaye GI, Lane N, Pascal RR. Colonic pericryptal fibroblast sheath: 
replication, migration, and cytodifferentiation of a mesenchymal 
cell system in adult tissue. II. Fine structural aspects of normal 
rabbit and human colon. Gastroenterology. 1968;54:852–865.

 42. Eyden B, Curry A, Wang G. Stromal cells in the human gut show 
ultrastructural features of fibroblasts and smooth muscle cells but 
not myofibroblasts. J Cell Mol Med. 2011;15:1483–1491.

 43. Furuya S, Furuya K. Roles of substance P and ATP in the sub-
epithelial fibroblasts of rat intestinal villi. Int Rev Cell Mol Biol. 
2013;304:133–189.

 44. Desaki J, Shimizu M. A re-examination of the cellular reticulum 
of fibroblast-like cells in the rat small intestine by scanning elec-
tron microscopy. J Electron Microsc (Tokyo). 2000;49:203–208.

 45. Desaki J, Fujiwara T, Komuro T. A cellular reticulum of fibro-
blast-like cells in the rat intestine: scanning and transmission 
electron microscopy. Arch Histol Jpn. 1984;47:179–186.

 46. Deane HW. Some electron microscopic observations on the 
lamina propria of the gut, with comments on the close associa-
tion of macrophages, plasma cells and eosinophils. Anat Rec. 
1964;149:453–473.

 47. Takahashi-Iwanaga H, Fujita T. Lamina propria of intestinal 
mucosa as a typical reticular tissue. A scanning electron-micro-
scopic study of the rat jejunum. Cell Tissue Res. 1985;242:57–66.

 48. Toyoda H, Ina K, Kitamura H, et al. Organization of the lamina 
propria mucosae of rat intestinal mucosa, with special refer-
ence to the subepithelial connective tissue. Acta Anat (Basel). 
1997;158:172–184.

 49. Komuro T, Hashimoto Y. Three-dimensional structure of the 
rat intestinal wall (mucosa and submucosa). Arch Histol Cytol. 
1990;53:1–21.

 50. Popescu LM, Faussone-Pellegrini MS. TELOCYTES - a case 
of serendipity: the winding way from Interstitial Cells of Cajal 
(ICC), via Interstitial Cajal-Like Cells (ICLC) to TELOCYTES. 
J Cell Mol Med. Volume 14. England, 2010:729-40.

 51. Greicius G, Kabiri Z, Sigmundsson K, et al. PDGFRalpha(+) peri-
cryptal stromal cells are the critical source of Wnts and RSPO3 
for murine intestinal stem cells in vivo. Proc Natl Acad Sci U S 
A. 2018;115:e3173–e3181.

 52. El Maadawi ZM. A tale of two cells: telocyte and stem cell unique 
relationship. Adv Exp Med Biol. 2016;913:359–376.

 53. Marini M, Ibba-Manneschi L, Manetti M. Cardiac telocyte-
derived exosomes and their possible implications in cardiovascu-
lar pathophysiology. Adv Exp Med Biol. 2017;998:237–254.

 54. Diaz-Flores L, Gutierrez R, Garcia MP, et al. Human resident 
CD34+ stromal cells/telocytes have progenitor capacity and are 
a source of alphaSMA+ cells during repair. Histol Histopathol. 
2015;30:615–627.

 55. Yusta B, Huang L, Munroe D, et al. Enteroendocrine localization 
of GLP-2 receptor expression in humans and rodents. Gastroen-
terology. 2000;119:744–755.

 56. Rowland KJ, Brubaker PL. The “cryptic” mechanism of action of 
glucagon-like peptide-2. Am J Physiol Gastrointest Liver Physiol. 
2011;301:G1–G8.

 57. Parker FG, Barnes EN, Kaye GI. The pericryptal fibroblast sheath. 
IV. Replication, migration, and differentiation of the subepithelial 
fibroblasts of the crypt and villus of the rabbit jejunum. Gastro-
enterology. 1974;67:607–621.

 58. Marsh MN, Trier JS. Morphology and cell proliferation of subepi-
thelial fibroblasts in adult mouse jejunum. II. Radioautographic 
studies. Gastroenterology. 1974;67:636–645.

 59. Brittan M, Hunt T, Jeffery R, et al. Bone marrow derivation of 
pericryptal myofibroblasts in the mouse and human small intestine 
and colon. Gut. 2002;50:752–757.

 60. Neal JV, Potten CS. Description and basic cell kinetics of the 
murine pericryptal fibroblast sheath. Gut. 1981;22:19–24.

 61. Pinchuk I, Powell D. Immunosuppression by intestinal stem cells. 
Adv Exp Med Biol. 2018; 1060.

 62. Austin K, Imam NA, Pintar JE, et al. IGF binding protein-4 is 
required for the growth effects of glucagon-like peptide-2 in 
murine intestine. Endocrinology. 2015;156:429–436.

 63. Nelson DW, Murali SG, Liu X, et al. Insulin-like growth factor 
I and glucagon-like peptide-2 responses to fasting followed by 
controlled or ad libitum refeeding in rats. Am J Physiol Regul 
Integr Comp Physiol 2008;294:R1175-R1184.

 64. Wiren M, Adrian TE, Arnelo U, et al. An increase in mucosal 
insulin-like growth factor II content in postresectional rat intes-
tine suggests autocrine or paracrine growth stimulation. Scand J 
Gastroenterol. 1998;33:1080–1086.

 65. Aoki R, Shoshkes-Carmel M, Gao N, et al. Foxl1-expressing mes-
enchymal cells constitute the intestinal stem cell niche. Cell Mol 
Gastroenterol Hepatol. 2016;2:175–188.

 66. Lei NY, Jabaji Z, Wang J, et al. Intestinal subepithelial myofibro-
blasts support the growth of intestinal epithelial stem cells. PLoS 
One. 2014;9:e84651.

 67. Yan KS, Janda CY, Chang J, et al. Non-equivalence of Wnt and 
R-spondin ligands during Lgr5. Nature. 2017;545:238–242.

 68. Foulke-Abel J, In J, Yin J, et al. Human enteroids as a model of 
upper small intestinal ion transport physiology and pathophysiol-
ogy. Gastroenterology 2016;150:638-649.

 69. Leen JL, Izzo A, Upadhyay C, et al. Mechanism of action of 
glucagon-like peptide-2 to increase IGF-I mRNA in intestinal 
subepithelial fibroblasts. Endocrinology. 2011;152:436–446.

 70. Bulut K, Pennartz C, Felderbauer P, et al. Glucagon like peptide-2 
induces intestinal restitution through VEGF release from subepi-
thelial myofibroblasts. Eur J Pharmacol. 2008;578:279–285.

 71. Cinci L, Faussone-Pellegrini MS, Rotondo A, et al. GLP-2 recep-
tor expression in excitatory and inhibitory enteric neurons and its 
role in mouse duodenum contractility. Neurogastroenterol Motil. 
2011;23:e383–e392.

 72. Nelson DW, Sharp JW, Brownfield MS, et al. Localization and 
activation of glucagon-like peptide-2 receptors on vagal afferents 
in the rat. Endocrinology. 2007;148:1954–1962.

 73. Drucker DJ, Yusta B. Physiology and pharmacology of the enter-
oendocrine hormone glucagon-like peptide-2. Annu Rev Physiol. 
2014;76:561–583.

 74. Kaji I, Akiba Y, Kaunitz JD. Digestive physiology of the pig sym-
posium: involvement of gut chemosensing in the regulation of 
mucosal barrier function and defense mechanisms. J Anim Sci. 
2013;91:1957–1962.

 75. Sigalet DL, Wallace L, de HE, et al. The effects of glucagon-like 
peptide 2 on enteric neurons in intestinal inflammation. Neuro-
gastroenterol Motil. 2010;22:1318.

 76. Amato A, Baldassano S, Serio R, et  al. Glucagon-like pep-
tide-2 relaxes mouse stomach through vasoactive intesti-
nal peptide release. Am J Physiol Gastrointest Liver Physiol. 
2009;296:G678–G684.

 77. Yusta B, Holland D, Waschek JA, Drucker DJ. Intestinotrophic 
glucagon-like peptide-2 (GLP-2) activates intestinal gene expres-
sion and growth factor-dependent pathways independent of the 



2716 Digestive Diseases and Sciences (2019) 64:2709–2716

1 3

vasoactive intestinal peptide gene in mice. Endocrinology. 
2012;153:2623–2632.

 78. Hapangama DK, Kamal AM, Bulmer JN. Estrogen recep-
tor β: the guardian of the endometrium. Hum Reprod Update. 
2015;21:174–193.

 79. Inui S, Itami S. Androgen actions on the human hair follicle: per-
spectives. Exp Dermatol. 2013;22:168–171.

 80. Bei Y, Wang F, Yang C, et al. Telocytes in regenerative medicine. 
J Cell Mol Med. 2015;19:1441–1454.

 81. Vipperla K, O’Keefe SJ. Study of teduglutide effectiveness in 
parenteral nutrition-dependent short-bowel syndrome subjects. 
Expert Rev Gastroenterol Hepatol. 2013;7:683–687.

 82. Jeppesen PB, Pertkiewicz M, Messing B, et  al. Teduglutide 
reduces need for parenteral support among patients with short 

bowel syndrome with intestinal failure. Gastroenterology. 
2012;143:1473–1481.

 83. Jeppesen PB. The long road to the development of effective thera-
pies for the short gut syndrome: a personal perspective. Dig Dis 
Sci. 2019. https ://doi.org/10.1007/s1062 0-019-05779 -0.

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

https://doi.org/10.1007/s10620-019-05779-0

	Control of Intestinal Epithelial Proliferation and Differentiation: The Microbiome, Enteroendocrine L Cells, Telocytes, Enteric Nerves, and GLP, Too
	Acknowledgments 
	References




