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To elucidate the question of whether production of the insulinotropic gut hormones glucose-dependent insulinotropic 
polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) is altered by a diabetic metabolic state, their intestinal expression 
pattern was evaluated. Two rodent models for diabetes mellitus were used, non-obese diabetic (NOD) mice as a model for 
insulin-dependent diabetes and Zucker diabetic fatty (ZDF) rats for non-insulin-dependent diabetes mellitus (NIDDM). 
Expression of both incretin hormones followed typical patterns, which were similar in both animals and unaltered by the 
diabetic state. The GIP gene was greatly expressed in the duodenum, jejunum, and ileum, with a continuous decrease from the 
upper to lower intestines. This pattern was observed in both NOD mice and ZDF rats regardless of the diabetic state. This 
expression data was corroborated by radioimmunoassay (RIA) analysis of the gene product GIP. Expression of the proglucagon 
gene encoding GLP-1 had an opposite appearance. The highest expression was seen in the large bowel and the ileum. RIA 
analysis of the gene product GLP-1 mirrored these data. Although the distribution pattern was similar in both animal models, 
in contrast to diabetic NOD mice, a regulated expression was found in diabetic ZDF rats. Compared with lean nondiabetic 
controls, fatty hyperglycemic animals showed an increased expression of the proglucagon gene in the colon and a 
concomitant reduction in the small intestine. This was mirrored by the GLP-1 content of the colon and ileum. Overall, basal 
GLP-1 plasma levels were increased in ZDF rats (17.0 ___ 2.8 pmol) compared with lean Zucker rats (12.4 +-- 1.8 pmol). In 
conclusion, incretin hormone expression (GIP and GLP-1) follows specific patterns throughout the gut and is unaltered by the 
diabetic state. In ZDF rats, regulation of proglucagon expression occurs mainly in the large intestine. 
Copyright © 1997 by W.B. Saunders Company 

T HE FUNCTIONAL CONNECTION between the gastro- 

intestinal tract and endocrine pancreas was proven in 

classic studies in which the insulin response to oral or intra- 

venous glucose--result ing in nearly identical plasma glucose 

leve ls - -was  compared. 1,2 A higher insulin secretion was 

found after oral glucose. It was calculated that up to 50% of 

insulin release after oral glucose is triggered by the enteroinsu- 

lar axis. 3 Several gut hormones were discussed as incretin 

hormones, but had to be discounted for various reasons. 4,5 

Today, we know that glucose-dependent insulinotropic polypep- 

tide (GIP) together with glucagon-like peptide-1 (GLP-1) are 
incretin hormones with powerful insulinotropic effects. 6 Recent 

studies indicate that GIP and GLP-1 may explain the full 

incretin effect, especially since both incretins might additively 
interact. 7,s However, since several other incretin hormone 

candidates exist, the participation of additional factors cannot 

be excluded. 

Although the release and consecutive effects of incretin 

hormones on endocrine pancreatic function were extensively 

studied, 6 only a few studies address the intestinal regulation of 

genes encoding incretin hormones. This is surprising, since the 

adaptation of gut hormones to nutrients or disease could be 

of pathophysiological interest. One study has demonstrated 

that lipid and glucose meals are able to stimulate duodenal GIP 

gene expression. 9J° Recently, it has been reported that enteral 

nutrient intake stimulates small-bowel proglucagon expres- 

sion. 11 Furthermore, few studies report the plasma levels of 
GIP and GLP-1 in diabetes mellitus, 6,12,13 and little is known 

about incretin hormones at the expression level. With the 

availability of specific probes, we have therefore sought to 

answer the question of whether the production of GIP and 

GLP-1 is altered by a diabetic metabolic state by analyzing their 

intestinal expression pattern. Two rodent models for diabetes 

mellitus were used, non-obese diabetic (NOD) mice as a mod- 
el for insulin-dependent diabetes 14J5 and Zucker diabetic 

fatty (ZDF) rats for non-insulin-dependent diabetes mellitus 
(NIDDM)J 6q9 

MATERIALS AND METHODS 

Materials 

GLP-1 (7-36) amide was purchased from Saxon Biochemicals 
(Hanover, Germany). 125I-labeled GLP-1 (7-36) amide was prepared as 
described previously. 2° The specific activity of the tracer was approxi- 
mately 1,500 Ci/mmol. Formamide, formaldehyde, 50X Denhardt 
solution, and sonicated herring sperm DNA were obtained from Sigma 
(Deisenhofen, Germany). Multiprime labeling system, Hybond N 
membrane, and c~-32p-dCTP (specific activity, 110 TBq/mmol) were 
from Amersham (Brannschweig, Germany). For autoradiography, gels 
were exposed to X-OMAT AR x-ray film (Eastman Kodak, Rochester, 
NY) at - 80°C. 

Animals 

NOD mice and ZDF rats were kept at 2 I°C in a temperature- and 
light-controlled room and were fasted overnight before each experi- 
ment. To avoid diurnal variation, all experiments were performed 
between 8 AM and 12 noon. In all experiments, the principles of 
laboratory animal care (National Institutes of Health Publication No. 
86-23, revised 1985) and the German law on the protection of animals 
were fulfilled. 

Protocol 

NOD/Lt mice were originally obtained from the Jackson Laboratory 
(Bar Harbor, ME) at the age of 4 weeks. NOD mice were identified as 
prediabetic when the normal fasting blood glucose level was accompa- 
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nied by pancreatic insulitis. Previous observations in this NOD strain 
ensured that this was the case in 95% of mice aged 12 weeks and older 
irrespective of sex. When fasting hyperglycemia (>7.8 mmol/L) was 
determined on 3 different days in NOD mice, they were considered 
diabetic. Such 12-week-old mice were then consecutively characterized 
by an intravenous glucose tolerance test and pancreas histology as 
described elsewhere. 21,22 Briefly, glucose 0.5 g/kg body weight was 
injected intravenously, and blood glucose was determined (Beckman 
Glucose Analyzer, Munich, Germany) at 2, 4, 6, 8, 10, 15, 20, and 30 
minutes thereafter. From the glucose concentrations, the K value was 
calculated as percent per minute. Pancreatic sections fixed in Bouin's 
solution were examined for lymphocytic islet infiltration (insulitis). zl 
Mice (n = 6 per group) were killed by decapitation, and the entire 
intestine was dissected and trimmed free of all mesenteric attachments. 
It was rapidly cut into defined segments from proximal to distal 
according to the method reported by Evers et al,23 shock-frozen in liquid 
nitrogen, and stored at -80°C until RNA extraction. 

A colony of partially inbred obese ZDF rats (ZDF/Gmi-fa) in which 
all male (fa/fa) members become diabetic by 10 weeks of age were used 
as a model of NIDDM as described previously. 16 Because sex-matched 
nondiabetic obese Zucker fatty rats do not exist, we used as controls 
age-matched lean male heterozygotes (fa/+). The animals were anesthe- 
tized at 26 weeks of age by intraperitoneal injection of pentobarbitol 
sodium, blood was obtained by puncture of the aorta for plasma 
preparation, and the intestines were rapidly removed, washed with iced 
0.9% saline, and immediately shock-frozen in liquid nitrogen after 
separation into aliquots of defined segments. 

Gut tissue sample collection. For radioimmunoassay (RIA) analy- 
sis of tissue hormones, defined gut segments were washed with ice-cold 
saline (0.9%) and shock-frozen in liquid nitrogen. After homogeniza- 
tion by an Ultra-Turrax device (Janke and Kunkee, Staufen, Germany), 
samples were boiled in acetic acid and ethanol-extracted according to 
established procedures? 4 The liquid supernatant was lyophilized and 
analyzed in at least three different assay buffer dilutions in the RIAs. 

Assays 

Assays were performed with samples from corresponding gut 
segments of diabetic or control animals to achieve comparability of the 
data. 

RNA isolation and slot-blot and Northern transfer analysis. Total 
RNA from tissue slices was isolated after rapid homogenization by the 
Ultra-Turrax device as indicated previously. 92s A 300-bp fragment of 
eDNA coding for rat proglucagon (donated by RK. Lund, University of 
North Carolina, Chapel Hill, NC) and a 648-bp fragment encoding for 
rat GIP (donated by R.A. Liddle, Duke University, Winston-Salem, NC) 
were radioactively labeled. RNA (20 gg per lane) was either immobi- 
lized onto nitrocellulose using a slot-blot apparatus 26 or fractionated on 
1% agarose gels containing 2.2 mol/L formaldehyde, transferred to 
Hybond N membranes, and immobilized by UV cross-linking. RNA 
quantity was verified by reversibly staining membranes with methylene 
blue before hybridization. Hybridization was performed as described 
previously, 9,25 and for quantification of Northern blots, migration 
positions of the signals were calculated as compared with RNA markers 
(28s rRNA and [3-actin eDNA control probes; Clontech, Palo Alto, CA). 
The final washing was performed in 0.1%× SSC/0.1%× sodium 
dodecyl sulfate at 42°C. The hybridization signals were quantified by 
laser densitometry and computer-assisted integration of the autoradio- 
graphic images. 1° Levels were expressed as mRNA/28s rRNA in 
percent total specific mRNA. 

RIAs. Immunoreactive GLP-1 was analyzed by a competitive RIA 
with the specific polyclonal antibody GA 1178 (Affinity Research, 
Nottingham, UK). It exhibits 100% reactivity with GLP-1 (1-36) amide 
and the truncated GLP-1 (7-36) amide. The sensitivity is 0.4 pmol/L. 
Further characterization of the antibody in our laboratory showed no 
cross-reaction with GIR pancreatic glncagon, glicentin, oxyntomodulin, 

GLP-2, and the GLP-1 agonist exendin-4, lzhI-GLP-1 (7-36) amide 
(specific activity, ~74 TBq/mmol) was prepared as described previ- 
ously? ° Interassay and intraassay coefficients of variation are 10.2% 
and 5.4%, respectively. Gastric inhibitory polypeptide tissue levels were 
analyzed by means of a commercially available assay system (Penin- 
sula, St. Helens, UK). Peptide levels in tissue were expressed as 
picograms per gram frozen sample as a percent of the total amount in 
picograms. 

Glucose, insulin, and hemoglobin Ale. Insulin was analyzed by RIA 
using rat insulin I and II as standard (Biermann, Bad Nauheim, 
Germany). The assay sensitivity was 30 pmol/L, interassay variance 
11.8%, and intraassay variance 9.7%. Plasma glucose was determined 
by a glucose oxidase method (Boehringer, Ingelheim, Germany) using 
an automated glucose analyzer and hemoglobin Ale (HbA~o) as indi- 
cated previously. 16 

Statistics 

Statistical significance was determined with the two-tailed unpaired 
Student's t test (two groups). 

R E S U L T S  

After  functional studies, NOD mice clearly showed a diabetic 
metabolic  situation; these animals and the nondiabetic animals 

were  further processed for analysis o f  incretin hormone  expres-  

sion (Table 1). Histologic control studies (not shown) fully 

corroborated the functional data correlating apparent insulitis 

with increased plasma glucose, decreased glucose disappear- 
ance rate, and glucosuria in the diabetic mice (Table 1 and Fig 
1A and B). Diabetes in ZDF rats was controlled by analysis o f  

p lasma levels o f  HbA1o, glucose, and insulin (Fig 2A to C). 
Typically, insulin-resistant fatty animals were hyperglycemic  
and had an increased HbAIo. The insulin levels corresponded to 
those of  controls, as shown previously, 16 thereby indicating 

exhaust ion of  the [3 cell. 
Express ion of  both incretin hormones  fo l lowed typical pat- 

terns, which were similar in both animal models  and unaltered 

by the diabetic state. The GIP gene was expressed greatly in the 
duodenum and je junum and to a lesser extent in the proximal  

ileum, with a continuous decrease f rom the upper to lower 
intestines. This pattern was observed in both NOD mice (Table 

2) and ZDF rats (Fig 3) regardless of  the diabetic state. These 
expression data were corroborated by RIA analysis o f  the gene 

product  GIR In mice, GIP levels (in nanomoles  per  liter) in the 
duodenum were 21.0 _+ 3.2 (diabetic) versus 18.0 + 2.4 
(nondiabetic),  in the je junum, 14.7 _+ 2.7 versus 15.0 -+ 2.3, in 

Table 1. Functional Data From Diabetic and Nondiabetie NOD Mice 
(mean ± SD) 

Parameter Diabetic Nondiabetic 

Blood glucose 

(mg/dL) 

Fasting 145 _+ 48*  (n = 12) 69 -+ 5 (n = 12) 

Postprandial 429 _+ 16" (n = 12) 88 _+ 3 (n = 12) 

Af ter  intrave- 

nous glucose 

tolerance test 

( t -  30 min)  320 _+ 58* (n = 6) 208 _+ 24 (n = 6) 

Glucose disap- 

pearance rate -1 .38  -+ 0.2* (n = 6) - 4 .04  -+ 0.5 (n = 6) 

Glucosuria ->5% Not detected 

* P < .005. 
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Fig 1. Glucose tolerance in NOD 
mice. (A) Results of an intrave- 
nous glucose challenge (from 6 
to 30 minutes, single values were 
significantly different between 
nondiabetic and diabetic mice, 
P < .05). (B) Calculated glucose 
disappearance rates in diabetic 
and nondiabetic animals (n = 6 
per group, *P  < ,005). 
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the ileum, 8.8 + 1.2 versus 12.9 _+ 1.5, in the colon, 2.6 ± 1.1 
versus 4.5 ± 1.7, and in the rectum, 1.6 ± 1.0 versus 1.8 ± 1.0. 
In rats, corresponding values were found, with no apparent 
differences between diabetic animals and controls (not shown). 

Expression of the proglucagon gene encoding GLP-1 had an 
opposite appearance. The highest expression was seen in the 
large bowel, the ileum contained only approximately 20% of 
total proglucagon mRNA, and low expression was found in the 
upper intestine. RIA analysis of the gene product GLP-1 
mirrored these data. Although the distribution pattern was 
similar in both animal models, in contrast to diabetic NOD mice 
(Fig 4), a regulated expression was found in diabetic ZDF rats 
(Fig 5A). Compared with lean nondiabetic controls, fatty 
hyperglycemic animals showed an increased expression of the 
proglucagon gene in the colon and a concomitant reduction in 
the small intestine, whereas GIP expression remained unaltered 

in diabetic animals (Fig 5B). The expression data for progluca- 
gon were mirrored by the GLP-1 content of the colon and ileum 
(Fig 6). Overall, basal GLP-I plasma levels were slightly 
increased in fatty diabetic ZDF rats (17.0 ± 2.8 pmol/L), 
compared with lean ZDF rats (12.4 _+ 1.8 pmol/L). The effects 
observed are shown in Fig 7. A clear increase of GLP-1 
expression in colon segments was observed. 

DISCUSSION 

In man, the number of GLP-l-posi t ive cells increases from 
the duodenum to the distal jejunum and ileum, and again from 
the proximal to the distal colon, reaching maximum cell density 
in the rectum. 27 In rats, the number of L cells follows a similar 
pattern from the proximal small bowel to the ileum, where a 
maximal cell number is found. 27 L cells are also present in the 
rat colon with an increasing abundance from the proximal to the 
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Fig 2. Metabolic parameters in ZDF rats. Plasma levels of HbAlc, glucose, and insulin in diabetic rats were greater than in controls ( P < .005). 
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Table 2. GIP Gone Expression and 13ssue Distribution in the Gut of 
NOD Mice 

% GIP mRNA % GIP Protein 

Segment Diabetic Nondiabetic Diabetic Nondiabetic 

Duodenum 34.04 + 5.67 26.64 -+ 1.38 37.32 -+ 2.27 31.29 _+ &01 

Je junum 30.50 -+ 4~98 28,33 -+ 8.67 28.38 -+ 2.73 24.27 -+ 1.79 

I leum 20.66 + 2.72 20.83 + 4.82 21.97 + 1.74 25.42 + 1.85 

Colon 8.00 _+ 2.39 13.20 _+ 1.98 9.94 + 2.18 14.91 + 3.93 

Rectum 6.80 _+ 1.74 11.00 _+ 2.94 2.39 +_ 0.92 4.11 + 2.08 

distal parts. GLP-1 is colocalized in L cells with other progluca- 
gon-derived peptides and, at least partly, with PYYY Interest- 
ingly, GLP-l-producing cells were also found in the human 
anal canal, where the vast majority of PYY-immunoreactive 
cells labeled also for GLP-1.28 

Previous studies have analyzed the release of GIP and GLP-1 
into the circulation. 29-72 GIP secretion was generally reported to 
react sensitively to both short- and long-term changes of the 
diet, particularly changes in dietary fat content. 33 However, few 
studies have examined the biosynthesis of these incretin hor- 
mones, especially under the metabolic situation of hyperglyce- 
mia 0r diabetes mellitus. 

Increased levels of GIP were found in obese human subjects 
and in a subgroup of patients with NIDDM. Ross et aP 4 found 
an exaggerated increase in plasma GIP levels following an 0ral 
glucose challenge in NIDDM patients. They suggested that in 
such patients, GIP could contribute to hypersecretion of gluca- 
gon because of its glucagonotropic effect. Interestingly, in a 
large series of NIDDM patients, a bimodal distribution of GIP 
secretion was found, after oral glucose, 35 thus demonstrating the 
occurrence of hyposecretion and hypersecretion of GIP in 
NIDDM. It was proposed that the phenomenon of GIP hyperse- 
cretion might be caused at least in part by an insensitivity of K 
ceils to insulin resulting in an impaired feedback regulation 
between insulin and GIP release. 4 Similar findings were made in 
studies with obese mice. Interestingly, these animals are charac- 
terized by a hyperplasia of the K cells. 3t Still, most studies 
emphasize that GIP levels are not elevated in diabetics. 4,31,32 
Often, factors that impact gut hormone secretion also are likely 
to influence the expression of consecutive genes. The complex- 
ity of the interaction between gut hormones and the response of 
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Fig. 3. Representative Northern blot hybridization of GIP mRNA in 
the intestine of ZDF rats. Lanes 1 to 5, distribution pattern of GIP 
mRNA for duodenum (1), upper and lower jejunum (2 and 3), proximal 
ileum (4), and colon (5). I~-actin was used to correct for gel loading. 
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Fig. 4. Relative distribution pattern of specific proglucagon mRNA 
(A) and of immunoreactive GLP-1 tissue content (B) in the intestines 
of NOD mice. Results were obtained by slot-blot hybridization of 
samples from gut segments from identical sites in diabetic animals 
and controls. 

pancreatic hormones and the heterogeneity of NIDDM make 
gene-level studies difficult but highly interesting. 

So far, only Tseng et al 9,1° have presented data on the 
regulation of intestinal GIP expression. They showed that GIP 
expression in the duodenum increases after a lipid-rich meal 9 
and is also stimulated by a glucose-rich drink.l° In our study, we 
did not find regulated GIP expression in NOD mice (hyperglyce- 
mic and insulin-deficient) or ZDF rats (hyperglycemic and 
insulin-resistant). In contrast to Tseng et al, who studied GIP 
mRNA generation after an short-term nutrient challenge, we 
were interested in evaluating whether a chronic increase of 
glucose levels in the circulation plays a role. This clearly more 
closely mimicks the pathophysiological situation. In examining 
our negative result for GIP expression, one could argue that, in 
any case, increased GIP expression does not provide a means 
for the organism to counteract diabetic metabolism. Accord- 
ingly, it was previously demonstrated that even administration 
of exogenous GIP fails to affect insulin secretion or blood 
glucose levels in type II diabetics. 36 In contrast to these 
observations, the insulinotropic effects of GLP-1 were pre- 
served. 36,37 GLP-1 plasma levels were found to be slightly 
elevated in patients with NIDDM, 38 which was not corroborated 
in mild non-obese type II diabetes. ~3 Furthermore, intestinal 
GLP-1 content was increased in streptozotocin-treated rats, but 
3 weeks after induction of this insulin-deficient diabetes, no 
differences in proglucagon mRNA levels in the intestine were 
detected.39. 40 

Proglucagon mRNA levels were not different between dia- 
betic and nondiabetic NOD mice. Furthermore, the distribution 
pattern of expression of these genes along the gastrointestinal 
tract remained unchanged. The dominant functional characteris- 
tics of this animal model are insulin deficiency and hyperglyce- 
mia. Recently, considerable advances have been made in 
understanding insulin-regulated gene expression. 4a So far, we 
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know that insulin affects the expression of more than 100 
genes 41,42 Although the principles of regulation of gene transcrip- 
tion, protein synthesis, and mRNA stability by insulin were 
studied in detail, 41,42 little is known about insulin-related effects 
on gut hormone expression. However, the proglucagon gene in 
pancreatic e~ cells is regulated by insulin41: insulin inhibits its 
transcription. Nothing is known so far about the action of 
insulin on proglucagon expression in intestinal L cells. In any 
case, our findings argue against an effect of insulin deficiency 

on in vivo proglucagon expression, at least m mice with 
experimental type I diabetes. 

The situation seems different in the hyperglycemic, normoin- 
sulinemic, but insulin-resistant obese ZDF rat. Although the 
distribution pattern of incretin hormone expression was not 
changed, a regulated expression of proglucagon resulting in 
elevated GLP-1 plasma levels was found. This was obviously 
the result of an increased upregulation of proglucagon expres- 
sion in the colon, although it was accompanied by a diminished 
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sue content in the ileum and co- 
lon of diabetic ZDF rats, calcu- 
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GLP-1 levels of the analyzed seg- 
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Fig 71 Proglucagon mRNA analyzed in the intestine of diabetic and 
lean ZDF rats. (A) Ileum (lanes I and 2, lean and diabetic ZDF rats) and 
colon (lanes 3 and 4, lean and diabetic ZDF rats). (B) Colon of lean 
controls (lanes I and 2} and diabetics (lanes 3 and 4). 

expression in the lower small gut. Interestingly, recent data from 
our laboratory showed that stimulated GLP-1 release from an 
isolated perfused rat colon preparation quantitatively exceeded 
by far that of the perfused ileum (C. Hermann-Rinke and B. 
G6ke, unpublished data, April 1996). This indicates that upreg- 

ulation of proglucagon expression could be Of functional 
significance. This is further supported by a recent report on the 
full processing of proglucagon in the colon, yielding bioactive 
GLP-1.43 In this context, it is of interest that it has been recently 
shown that the slowing of nutrient absorption (ie, carbohydrate) 
by therapeutic means (glucosidase inhibitors such as acarbose 
or voglibose) mobilizes the endogenous GLP-1 reserve. 4g-46 
Prolonged glucosidase inhibitor treatment resulted in depressed 
GIP plasma levels, but was accompanied by increased GLP-1 
plasma levels. The pUtative effects of such a maneuver on GIP 
and proglucagon gene expression are currently under investiga- 
tion. 

It seems that hyperglycemia has a contrasting impact on the 
different gut sections; however, it is still unexplained. Actually, 
the detrimental effects of chronic hyperglycemia on endocrine 
cells in diabetes mellitus recently received attention. 47 Best 
known in this context is the impaired glucostimulatory effect on 
insulin secretion; the term "glucose toxicity" was coined in 
reference to this defect. We have learned that the plasma 
glucose level, acting through a negative-feedback loop, regu- 
lates insulin secretion directly and modulates insulin output via 
the large number of hormones, nutrients, and neurotransmitters 
that Stimulate insulin secretion. 5,6,12 Obviously, chronic hyper- 
glycemia is harmful to this adaptive system, but details are only 
recently beginning to emerge. 47 

Still, one important problem is that we do not fully under- 
stand the regulation of postprandial GLP-1 secretion from the 
gut. There are solid data that the incretin hormone is promptly 
released after meals. 29,3° At least the rapid first phase of GLP-1 
secretion cannot be explained by glucose being in direct contact 
with lower-intestinal L cells. From experiments with isolated 
perfused gut segments, we have learned that several (neuro?) 
peptidergic signals may account for an enhancement of GLP-1 
secretion, 48 but only in rodents was GIP shown to be a potent 
stimulant in vivo. 49 It is now necessary to define the various 
factors impacting GLP-1 secretion from the different gut 
sections, since, as in Other organs, such factors likely also 
regulate progiucagon expression. 

Interestingly, in a recent study, an increased number of 
enteroglucagon-immunoreactive cells were found in the large 
intestine of diabetic (db/t) mice. 5° This strain is used as a model 
for NIDDM. This supports our findings in the ZDF rat NIDDM 
model. Our data further support the idea that in NIDDM, at least 
to some extent, proglucagon expression is upregulated to 
counteract hyperglycemia. To achieve this, a residual presence 
of insulin is necessary. 
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