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Glucose-dependent insulinotropic polypepide (GIP) was first extracted from porcine gut
mucosa and identified as “incretin” decades ago. Though early studies have shown the
possible GIP isoforms by gel filtration profiles from porcine or human intestinal extracts

analyzed by radioimmunoassay (RIA), GIP is currently believed to consist of 42 amino acids
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(GIP1-42), which are released from gut K-cells and promote postprandial insulin release. In
fact, GIP1-42 is usually processed from proGIP by the action of prohormone convertase
(PO) 1/3 in the gut. GIP expression is occasionally found in the intestinal glucagon-like
peptide-1-secreting cells, suggesting gene expression of both GIP and proglucagon can
co-exist in identical cells. However, GIP1-42 immunoreactivity is rarely found in a-cells or

other pancreatic endocrine cells of wild-type mammals. Interestingly, we found that
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short-form GIP1-30 is expressed in and released from pancreatic a-cells and a subset of

enteroendocrine cells through proGIP processing by PC2. GIP1-30 is also insulinotropic
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and modulates glucose-stimulated insulin secretion in a paracrine manner. It is also sug-

gested that short-form GIP1-30 possibly plays a crucial role for the islet development. It
has not been well elucidated whether expression of GIP1-30 is modulated in the diabetic
status, and whether GIP1-30 might have therapeutic potentials. Our preliminary data
suggest that short-form GIP1-30 might play important roles in glucose metabolism.

HISTORICAL ASPECTS

The early studies in the 1960s showed that the intestinal mucosa
extract inhibited acid secretion in the dog stomach, which was
designated “enterogastrone.” Then, “gastric inhibitory polypep-
tide (GIP)” was purified from porcine mucosal extracts and
based on gastric acid inhibitory activity. Dupré et al.® success-
fully showed that intravenous GIP injection could enhance insu-
lin secretion during intravenous glucose challenge in humans.
Several studies showed that GIP was released by oral glucose
loading or food absorption®®, and that GIP also potentiated
insulin secretion in a glucose-dependent manner®. Thereafter,
GIP was spelled out as “glucose-dependent insulinotropic
polypeptide” reflecting its physiological insulinotropic activity,
and was recognized as an “incretin.” The sequence of purified
GIP peptide was determined and identified as consisting of 42
highly conserved amino acids among porcine, bovine and
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humans”®. GIP1-42 was designated GIP5000 (natural GIP), as
its molecular weight is 4983.6. Whereas another lager molecule,
GIP8000 (or 8kD GIP), has been identified from porcine and
human extracts from proximal jejunum, analyzed by RIA after
fractionation through gel filtration with different GIP antisera™"”.
GIP8000 was proposed to be a precursor product of the GIP
gene product. However, further analysis has not been examined
to investigate molecular characteristics of GIP8000.

In addition to gut mucosa, several early studies showed that
GIP immunoreactivity was detectable in mammalian pancreatic
extracts through RIA. Interestingly, a study showed that the
pancreas was the major source of circulating GIP in Burmese
pythons."" In that study, both plasma GIP and glucagon levels
were sixfold increased by re-feeding at 1 day after starvation.
GIP and glucagon were distributed more largely in the pancreas
compared with the intestine or the stomach in the pythons.
Pancreatic distribution of GIP remarkably decreased with re-
feeding, suggesting that GIP was released from the pancreas as
a part of digestive responses in the pythons, and concurrently
increased the plasma concentration with glucagon.
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IS GIP EXPRESSED IN PANCREATIC o-CELLS?

As some preliminary studies in the past showed that GIP
immunoreactivity through RIA had been detectable in pancre-
atic extracts, several studies tried to elucidate whether the pan-
creatic tissue was actually releasing GIP, and to find where GIP
was expressed in the pancreas. A study showed that glucagon-
secreting o-cells in rat pancreatic islets also contained a “GIP-
like material,” but the authors could not exclude the possibility
that a GIP-like peptide was absorbed from the circulation'”.
Another study examined various species including humans by
immunohistochemistry, and showed that GIP immunoreactivity
could be expressed not only in the gut, but also in the islet o-
cells". The GIP antiserum used in that study was believed not
to cross-react with either pancreatic glucagon or enterogluca-
gon. Interestingly, many cells showing concomitant GIP and
glucagon immunoreactivity were observed in the surgical speci-
mens from patients with pancreatic glucagonomas'’. However,
a separate study concluded that GIP was not present in the
pancreas, stomach and large intestine, but was released from
enteroendocrine cells of the duodenum and jejunum'. Further-
more, the authors indicated not GIP but glicentin-like
immunoreactivity was found in pancreatic o-cells. In these early
studies, we need to consider limitations, as characterization or
specificity of GIP antisera or antibodies might be insufficient.
These GIP antisera or antibodies were polyclonal from rabbits
or guinea pigs and raised against the whole GIP molecule. In
addition, the amino (N-) terminus of GIP and pro-glucagon
gene products including pancreatic glucagon, glucagon-like pep-
tide (GLP-) 1, GLP-2, glicentin and oxyntomodulin are well
conserved in many species with higher homology. Therefore, it
was very difficult to exclude the possibility that GIP antisera or
antibodies might cross-react with some parts of the progluca-
gon gene products.

Meanwhile, Buchan et al."> developed a mouse monoclonal
antibody (3.65H) specifically against the carboxyl (C-) terminus
of GIP (GIP1-42) and compared with conventional rabbit and
guinea-pig antisera to GIP by immunochemical analysis. The
analysis using this monoclonal antibody showed that C-term-
inal immunoreactivity of GIP1-42 was not observed in the
mammalian pancreas, but abundantly found in the gut endo-
crine cells. As results from the study were definitely conclusive,
few studies have been subsequently carried out, investigating
GIP distribution elsewhere except the gastrointestinal tract.

PROGIP IS PROCESSED BY PROHORMONE
CONVERTASE 1/3 IN THE GUT K-CELLS

In humans, the GIP gene is located on chromosome 17. The
GIP gene is translated to pre-proGIP (GIP precursor) messen-
ger ribonucleic acid (mRNA) with approximately 800 base
pairs, and its transcript consists of 153 amino acids including a
signal peptide of 21 residues'®. Ugleholdt et al'” investigated
how proGIP was processed in the gut K-cells. They showed
that GIP was co-expressed with prohormone convertase (PC)
1/3 in the intestinal sections from wild-type mice, but never
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with PC2, when the identical monoclonal amtibody15 (3.65H)
against C-terminal GIP1-42 was used for detection of GIP.
PC1/3 null mice were largely impaired in processing to GIP1-
42, whereas PC2 null mice presented normal processing of
GIP1-42, analyzed by gel filtration of the gut extracts through
RIA. Collectively, they concluded that PC1/3 was essential and
sufficient for proGIP processing to GIP1-42, whereas PC2 did
not play a role in GIP production at least in the gut K-cells. In
contrast, the authors investigated proGIP processing in vitro
using PC2-transfected GH4 cells and a-cell line o-TC1.9 cells.
They interestingly pointed out the possibility that PC2 was able
to cleave ProGIP to “other GIP fragments,” which were not
usually present in the gut extracts'”.

GIP AND GLP-1, ARE THEY HOUSEMATES IN AN
ENDOCRINE CELL?

It has been well recognized that GLP-1 and PYY are concomi-
tantly expressed in identical colon L-cells. Nowadays, a lot of
knowledge has been accumulated that many endocrine cells in
the gastrointestinal tract can secrete two or more hormones,
but anatomical distribution or combination of hormones are
supposed to be destined by localization in the cephalo—caudal
axis'®.

Proglucagon and proGIP mRNA expression was identified in
laser-captured single duodenal endocrine cells by reverse tran-
scription polymerase chain reaction in human biopsied sam-
ples”. In addition, immunoreactivity of GLP-1 and GIP was
co-expressed with glucokinase in the single gut cells (L/K or K/
L-cells). Interestingly, the proportion of K/L cells in the duode-
num was significantly increased in newly diagnosed type 2 dia-
betic patients'®. In our study”, double incretin-positive cells
expressed both transcription factors Pdxl and Pax6, whereas
GLP-1 single positive cells expressed Pax6, but not Pdx1, in the
rat ileum (Figure 1). The reporter assay showed that Pax6
could activate both GIP and proglucagon promoters, but Pdx-1
was able to enhance only the GIP promoter, when the 2.9-kb
human GIP promoter or the 2.4-kb rat proglucagon promoter
was examined. Therefore, Pax6 is the common key transcrip-
tion for the two genes®. Reimann et al*' developed novel
transgenic mice expressing Venus fluorescent protein under the
proglucagon promoter. They sorted isolated cells from the gut
of transgenic mice by flow cytometry, and examined the
expression of GIP immunoreactivity by enzyme-linked
immunosorbent assay. It was shown that PYY was observed in
the proglucagon-positive (Venus-positive) cells only from the
colon, but GIP was occasionally expressed in Venus-positive
gut cells from the upper intestine. Collectively, GIP and GLP-1
might be in part housemates in a gut endocrine cell.

GIP1-30 EXPRESSION IN PANCREATIC o-CELLS AND A
SUBSET OF ENTEROENDOCRINE CELLS

Similar to the double-incretin positive “gut K/L-cells” expressing
both GIP and proglucagon genes'>?, it is postulated that GIP
might be coexpressed with glucagon in pancreatic o-cells. In
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Figure 1 | The gut K/L cells express both glucose-dependent insulinotropic polypepide (GIP) and glucagon-like peptide-1 (GLP-1).
Immunohistochemistry of rat ileum. GLP-1 (red), GIP (blue) and transcription factors, Pax6 or Pdx-1 (green). Arrow shows a K/L cell expressing both
GLP-1 and GIP, while arrowhead shows an L cell only expressing GLP-1. Adapted from Fujita et al?® with permission (magnification: x400).
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Figure 2 | Glucose-dependent insulinotropic polypepide (GIP)1-30 is co-expressed in the pancreatic a-cells. Immunohistochemistry of a wild-type

mouse islet. GIP (red), glucagon (green). GIP antibody against the midportion of GIP was used for detection

2223 (magnification: x400).

fact, GIP mRNA expression was examined by reverse transcrip-
tion polymerase chain reaction and in situ hybridization, and
present in the mouse islets”’. Immunohistological analysis
showed that GIP was localized in islet o-cells of mice, humans
and pythons, using an antibody recognizing the midportion of
GIP (Figure 2). However, GIP immunoreactivity was detected
in islets not from wild-type mice, but from PC2 null mice,
when the C-terminal GIP an‘[ibody15 (3.65H) was used for
immunostaining (Figure 3), suggesting that GIP in the pancreas
might be processed by PC2. Though ProGIP is typically cleaved
by PC1/3 into GIP1-42 in the gut as discussed", there is a
putative site KGKK (mouse *°RGKK), which can be cleaved
by PC2 in the residues of human proGIPzz. Therefore, ProGIP
could be processed not only to GIP1-42 in the gut, but also to
the shorter fragment GIP by PC2, then ultimately to GIP1-30
amidated by the action of peptidyl-glycine o-amidating
monooxygenase in pancreatic o-cells.

© 2016 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

In the perfusion study of mouse pancreas, GIP1-30 showed
almost equal capacity of concentration-dependent insulin
secretion compared with GIP1-42*2, GIP1-30 also promoted
somatostatin release from the perfused stomach at pharmaco-
logical concentrations similar to GIP1-42*. Thus, GIP1-30
presented equivalent physiological actions to GIP1-42. Active
GIP was detectable from the culturing media of isolated islets
from mice and humans by a GIP receptor-mediated cAMP
3',5'-cyclic adenosine monophosphate assay with a CRE-luci-
ferase construct. In addition, GIP neutralizing antibody or
GIP receptor antibody diminished glucose-stimulated insulin
release from the isolated islet, suggesting that GIP induced
insulin release in an “intra-islet” paracrine manner®.

Unexpectedly, co-immunoreactivity of GIP and PC2 was also
observed in the gut when the antibody against the midportion
of GIP, but not the C-terminal GIP antibody15 (3.65H), was
used for detection, suggesting that a subset of gut endocrine
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Figure 3 | Glucose-dependent insulinotropic polypepide (GIP)1-42 is
not expressed in the pancreatic islet. Immunohistochemistry of a wild-
type mouse islet. Insulin (green), GIP (red) and nuclei (blue). Note no
GIP1-42 immunoreactivity in the islet. Monoclonal C-terminal specific
antibody against GIP1-42 (3.65H) was used for detection'”
(magnification: x400).

cells are secreting GIP1-30, but not GIP1-42, through ProGIP
processing by PC27.

In the developing pancreas of the human fetus, GIP expres-
sion was also found in pancreatic B-cells’’. Intense GIP
immunostaining was sparse, but largely coincident with insulin
immunoreactivity at 10 weeks of fetal age. GIP immunoreactiv-
ity was more prevalent and largely restricted to o-cell areas at
15 weeks. Another study showed that GIP mRNA and
immunoreactivity were detected in the islets of mouse embryos
by reverse transcription polymerase chain reaction or by
immunohistochemistry. Both antisense and small interfering
RNA against GIP decreased the number of Pdx-1-positive and
sox9-positive cells, and inhibited the differentiation of B-cells in
the cultured embryonic pancreas, suggesting that pancreatic
GIP might play a key role in the development of pancreatic
islets*, Furthermore, we preliminarily presented in the sympo-
sium “Incretin 2015” that GIP1-30 expression was enhanced
with a-cell expansion concomitantly with decreased B-cell area
in diabetic rodent models including NOD (Non Obese Dia-
betes), Akita and low-dose streptozotocin (LD-STZ) mice (YF,
TY, YT, JH, YT, AA, YM, HM). Further studies are necessary
to elucidate the mechanism of enhanced GIP1-30 expression in
diabetes.

THERAPEUTIC POTENTIAL OF GIP1-30

It is crucial to investigate whether GIP1-30 has the therapeutic
potential to treat diabetes and to protect B-cells against chronic
hyperglycemia. It is also interesting whether GIP1-30 has differ-
ent actions to extrapancreatic tissues compared with GIP1-42.
Widenmaier et al.>> synthesized a dipeptidyl-peptidase 4-resis-
tant GIP1-30 (D-GIP1-30), and evaluated its effects on glucose
homeostasis and preservation of B-cell mass in several rodent
diabetic models. D-GIP1-30 improved acute glucose tolerance
and insulin secretion in both lean and obese rats during the
intraperitoneal glucose tolerance test. In addition, chronic treat-
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ment with D-GIP1-30 inhibited B-cell apoptosis, preserved B-
cell mass, and improved postprandial glycemia and insulin
secretion in STZ rats and Zucker diabetic fatty rats. Interest-
ingly, exogenous D-GIP1-30 did not induce bodyweight gain.
In in vitro studies, D-GIP1-30 greatly reduced action on
lipoprotein lipase activity in cultured 3T3-L1 adipocytes com-
pared with GIP1-42, although GIP1-30 equivalently promoted
insulin secretion and inhibited B-cell death against stau-
rosporine.

We preliminarily presented in the symposium “Incretin
2015” that the long-acting GIP1-30 with PEGylation could sup-
press the progression to hyperglycemia and improve glucose
tolerance in LD-STZ mice. The GIP1-30 analog did not affect
glycemia in non-diabetic mice, but reduced glycated hemoglo-
bin levels and improved glucose excursions after an intraperi-
toneal glucose tolerance test in LD-STZ mice, compared with
non-treated LD-STZ mice. The GIP1-30 analog also reduced o-
cell expansion in the islets and suppressed plasma glucagon
levels compared with non-treated LD-STZ mice (unpubl. data).
Taken together, we might be able to expect therapeutic poten-
tials of GIP1-30 for some diabetic conditions.

CONCLUSION

Collectively, GIP1-30 might play important roles in glucose
metabolism including insulin secretion and islet protection.
However, further studies should be carried out to elucidate the
mechanism of secretion and actions, pathophysiology, and the
therapeutic potentials of GIP1-30.

ACKNOWLEDGMENTS

YF is supported by grants from JSPS (Grant-in-Aid for Scien-
tific Research [C] #23591291), Japan Diabetes Foundation
(Incretin Research) and Insulin Research Foundation (Novo
Nordisk Pharma, Japan). YF also received scholarships from Eli
Lilly, Pfizer and MSD.

DISCLOSURE

The authors declare no conflict of interest.

REFERENCES

1. Brown JC, Pederson RA, Jorpes JE, et al. Preparation of a
highly active enterogastrone. Can J Physiol Pharmacol 1969;
47:113-114.

2. Brown JC, Mutt V, Pederson RA. Further purification of a
polypeptide demonstrating enterogastrone activity. J Physiol
1970; 209: 57-64.

3. Dupré J, Ross SA, Watson D, et al. Stimulation of insulin
secretion by gastric inhibitory polypeptide in man. J Clin
Endocrinol Metab 1973; 37: 826-828.

4. Cataland S, Crockett SE, Brown JC, et al. Gastric inhibitory
polypeptide (GIP) stimulation by oral glucose in man. J Clin
Endocrinol Metab 1974: 39: 223-228.

5. Elliott RM, Morgan LM, Tredger JA, et al. Glucagon-like
peptide-1 (7-36)amide and glucose-dependent

36 J Diabetes Investig Vol. 7 No. S1 April 2016

© 2016 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



http://onlinelibrary.wiley.com/journal/jdi

10.

11.

12.

13.

14.

15.

insulinotropic polypeptide secretion in response to nutrient
ingestion in man: acute post-prandial and 24-h secretion
patterns. J Endocrinol 1993; 138: 159-166.

Elahi D, Andersen DK, Brown JC, et al. Pancreatic alpha- and
beta-cell responses to GIP infusion in normal man. Am J
Physiol 1979; 237: E185-E191.

Jornvall H, Carlquist M, Kwauk S, et al. Amino acid
sequence and heterogeneity of gastric inhibitory
polypeptide (GIP). FEBS Lett 1981; 123: 205-210.

Moody AJ, Thim L, Valverde I. The isolation and sequencing
of human gastric inhibitory peptide (GIP). FEBS Lett 1984;
172: 142-148.

Krarup T, Holst JJ. The heterogeneity of gastric inhibitory
polypeptide in porcine and human gastrointestinal mucosa
evaluated with five different antisera. Regul Pept 1984; 9
35-46.

Krarup T. Immunoreactive gastric inhibitory polypeptide.
Endocr Rev 1988; 9: 122—134.

Secor SM, Fehsenfeld D, Diamond J, et al. Responses of
python gastrointestinal regulatory peptides to feeding. Proc
Natl Acad Sci USA 2001; 98: 13637—13642.

Smith PH, Merchant FW, Johnson DG, et al.
Immunocytochemical localization of a gastric inhibitory
polypeptide-like material within A-cells of the endocrine
pancreas. Am J Anat 1977; 149: 585-590.

Alumets J, Hakanson R, O'Dorisio T, et al. Is GIP a glucagon
cell constituent? Histochemistry 1978; 58: 253-257.

Larsson LI, Moody AJ. Glicentin and gastric inhibitory
polypeptide immunoreactivity in endocrine cells of

the gut and pancreas. J Histochem Cytochem 1980; 28:
925-933.

Buchan AM, Ingman-Baker J, Levy J, et al. A comparison of
the ability of serum and monoclonal antibodies to gastric
inhibitory polypeptide to detect immunoreactive cells in
the gastroenteropancreatic system of mammals and
reptiles. Histochemistry 1982; 76: 341-349.

16.

19.

20.

21.

22.

23.

24,

MINI REVIEW
Physiology of GIP1-30

Takeda J, Seino Y, Tanaka K, et al. Sequence of an intestinal
cDNA encoding human gastric inhibitory polypeptide
precursor. Proc Natl Acad Sci USA 1987; 84: 7005—7008.
Ugleholdt R, Poulsen ML, Holst PJ, et al. Prohormone
convertase 1/3 is essential for processing of the glucose-
dependent insulinotropic polypeptide precursor. J Biol
Chem 2006; 16: 11050-11057.

Habib AM, Richards P, Cairns LS, et al. Overlap of endocrine
hormone expression in the mouse intestine revealed by
transcriptional profiling and flow cytometry. Endocrinology
2012; 153: 3054-30065.

Theodorakis MJ, Carlson O, Michopoulos S, et al. Human
duodenal enteroendocrine cells: source of both incretin
peptides, GLP-1 and GIP. Am J Physiol Endocrinol Metab
2006; 290: E550-E559.

Fujita Y, Chui JW, King DS, et al. Pax6 and Pdx1 are
required for production of glucose-dependent
insulinotropic polypeptide in proglucagon-expressing L
cells. Am J Physiol Endocrinol Metab 2008; 295: E6A8—E657.
Reimann F, Habib AM, Tolhurst G, et al. Glucose sensing in
L cells: a primary cell study. Cell Metab 2008; 8: 532-539.
Fujita Y, Wideman RD, Asadi A, et al. Glucose-dependent
insulinotropic polypeptide is expressed in pancreatic

islet alpha-cells and promotes insulin secretion.
Gastroenterology 2010; 138: 1966-1975.

Fujita Y, Asadi A, Yang GK, et al. Differential processing of
pro-glucose-dependent insulinotropic polypeptide in gut.
Am J Physiol Gastrointest Liver Physiol 2010; 298: G608-G614.
Prasadan K, Koizumi M, Tulachan S, et al. The expression
and function of glucose-dependent insulinotropic
polypeptide in the embryonic mouse pancreas. Diabetes
2011; 60: 548-554.

. Widenmaier SB, Kim SJ, Yang GK, et al. A GIP receptor

agonist exhibits beta-cell anti-apoptotic actions in rat
models of diabetes resulting in improved beta-cell function
and glycemic control. PLoS ONE 2010; 5: €9590.

© 2016 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

37

J Diabetes Investig Vol. 7 No. S1 April 2016



