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Nian, Min, Jun Gu, David M. Irwin, and Daniel J.
Drucker. Human glucagon gene promoter sequences regu-
lating tissue-specific versus nutrient-regulated gene expres-
sion. Am J Physiol Regulatory Integrative Comp Physiol 282:
R173–R183, 2002; 10.1152/ajpregu.00215.2001.—The gluca-
gon-like peptides (GLPs) are synthesized and secreted in a
nutrient-dependent manner in rodents; however, the factors
regulating human GLP-1 and GLP-2 biosynthesis remain
unclear. To understand how nutrients regulate human pro-
glucagon gene expression, we studied the expression of a
human proglucagon promoter-growth hormone (GH) trans-
gene in 1.6 human glucagon-GH transgenic mice. Fasting-
refeeding significantly decreased and increased the levels of
circulating mouse insulin and transgene-derived hGH (P �
0.05 fasting vs. refeeding) and decreased and upregulated,
respectively, the levels of endogenous mouse proglucagon
RNA in the ileum but not in the jejunum or colon. High-fiber
feeding significantly increased the levels of glucose-stimu-
lated circulating hGH and upregulated levels of mouse intes-
tinal proglucagon gene expression in the jejunum, ileum, and
colon (P � 0.05, 0 vs. 30% fiber diet). In contrast, neither
fasting-refeeding nor a high-fiber diet upregulated the ex-
pression of the human proglucagon promoter-hGH trans-
gene. These findings demonstrate that human proglucagon
gene regulatory sequences specifying tissue-specific expres-
sion in gut endocrine cells are not sufficient for recognition of
energy-derived signals regulating murine glucagon gene ex-
pression in enteroendocrine cells in vivo.

nutrition; gut; glucagon-like peptide 1; glucagon-like pep-
tide 2; diet

THE MAMMALIAN PROGLUCAGON gene is expressed in the
�-cells of pancreatic islets, enteroendocrine L cells of
the small and large intestine, and neuronal cell bodies
in the brain stem (14, 26). Tissue-specific posttransla-
tional processing of proglucagon results in the libera-
tion of a distinct profile of proglucagon-derived pep-
tides (PGDPs) in each tissue. Whereas 29-amino acid
glucagon is the principal bioactive PGDP generated in
the pancreas, glicentin, oxyntomodulin, and two gluca-
gon-like peptides (GLP), GLP-1 and GLP-2, are pro-
duced in the intestine and central nervous system (13).

The actions of the PGDPs converge on the regulation
of nutrient assimilation and energy homeostasis. Glu-
cagon is released from islet �-cells in response to a

decrease in blood glucose and promotes restoration of
circulating blood glucose via effects on hepatic glyco-
genolysis and gluconeogenesis in both normal subjects
and in patients with diabetes (12). GLP-1 is a potent
glucose-dependent insulinotropic hormone that regu-
lates nutrient intake and disposal via effects on feeding
behavior, gastrointestinal motility, and stimulation
and inhibition of insulin and glucagon secretion, re-
spectively (13, 21). GLP-2 acts more proximally in the
control of energy absorption via effects on gastric emp-
tying (43), intestinal hexose transport (10), mucosal
barrier function (3), and both proliferation and apoptosis
in the gastrointestinal epithelium (13, 15, 42).

The therapeutic potential of the intestinal PGDPs,
specifically GLP-1 and GLP-2 for the treatment of
diabetes and intestinal diseases, has engendered con-
siderable interest in the mechanisms regulating con-
trol of intestinal PGDP synthesis and secretion. Nutri-
ents, vagal nerve innervation, and peptide hormones
constitute key components of the physiological circuits
regulating PGDP secretion from rodent and human
enteroendocrine L cells (23, 33–36, 44). Of these fac-
tors, nutrients consistently stimulate secretion of
PGDPs from both rodent and human intestinal L cells;
however, the intracellular signaling mechanisms that
mediate endocrine cell recognition of luminal nutrient
content remain poorly understood (8).

Although nutrients upregulate the levels of proglu-
cagon mRNA transcripts in specific regions of the rat
gastrointestinal tract, the molecular factors regulating
intestinal proglucagon gene transcription in the basal
and nutrient-stimulated state remain poorly under-
stood. Furthermore, the majority of studies examining
the control of proglucagon gene expression have fo-
cused on analysis of the rodent proglucagon gene pro-
moter (29). Although rat proglucagon gene 5�-flanking
sequences that target reporter gene expression to en-
teroendocrine L cells in mice have been identified (24),
the pathways and molecules coupling nutrient intake
to activation of intestinal proglucagon gene expression
have not been elucidated. Furthermore, even less is
known about the regulation of human proglucagon
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gene expression in the basal and nutrient-stimulated
state.

To understand the mechanisms regulating human
GLP-1 and GLP-2 biosynthesis, we initiated studies
directed at characterizing mechanisms important for
regulation of human proglucagon gene expression. Re-
markably, although the human and rat proglucagon
gene promoters exhibit significant sequence conserva-
tion and identity within the proximal 5�-untranslated
and 5�-flanking region (20, 27), the activities of the rat
and human promoters exhibit significant functional
divergence after transfection of islet and intestinal cell
lines in vitro and in analysis of tissue-specific expres-
sion patterns in transgenic mice in vivo (27).

These observations emphasize that the DNA se-
quences and transcription factors regulating expres-
sion of the rat proglucagon gene promoter may not be
directly applicable to understanding the transcrip-
tional control of human proglucagon gene expression.
Moreover, the lack of human intestinal endocrine cell
lines that produce human GLP-1 and GLP-2 further
complicates efforts focused on studies of human pro-
glucagon gene transcription. As a first step toward the
analysis of human proglucagon gene expression in dif-
ferentiated enteroendocrine cells, we generated 1.6 hu-
man glucagon-growth hormone (hGLU-GH) transgenic
mice that express the hGH reporter gene under the
control of human proglucagon gene 5�-flanking se-
quences. These mice express hGH mRNA transcripts
in the gastrointestinal tract, with hGH immunoreac-
tivity localized to enteroendocrine L cells in the epithe-
lial mucosa (27). To identify factors regulating the
physiological control of human proglucagon gene tran-
scription, we have now studied the expression of both
the endogenous murine proglucagon gene and the hGH
transgene after manipulation of the nutrient content of
the murine gastrointestinal tract in vivo.

MATERIALS AND METHODS

Reagents. Reagents and chemicals were purchased from
Bioshop Canada (Burlington, Ontario, Canada), Caledon
(Georgetown, Ontario, Canada), Difco Laboratories (Detroit,
MI), Pharmacia (Baie d’Urfe, Quebec, Canada), Sigma Chem-
ical (St. Louis, MO), and Canadian Life Technologies (Burl-
ington, Ontario, Canada). Taq DNA polymerase, 10� PCR
buffer, and deoxynucleotide triphosphates were obtained
from Roche (Roche Diagnostics, Montreal, Quebec, Canada).
Oligonucleotide primers were synthesized by ACGT (To-
ronto, Ontario, Canada).

Animals and experimental protocols. All experimental pro-
tocols were reviewed and carried out in accordance with the
experimental ethical guidelines established by the Animal
Care Committee of the University Health Network. Mice
were housed in microisolator cages, five mice per cage under
a 12:12-h light-dark cycle with lights off at �5 PM. Control
wild-type mice (The Jackson Laboratory, Bar Harbor, ME.)
were acclimatized to the Toronto General Hospital Animal
facility for at least 2 wk before each experiment. Experiment
1, the fasting and refeeding study, comprised three groups
(n � 5 or 6 mice per group) of randomly selected 7- to
10-wk-old male C57B6/SJL 1.6hGLU-GH transgenic mice
(27) and 7- to 10-wk-old wild-type male C57B6/SJL control
mice (the genotype corresponding to the transgenic mice).

Group 1 mice were allowed unrestricted access to standard
rodent chow and euthanized by CO2 at �10:00 AM; group 2
mice were deprived of all food for 20 h (from 2:00 PM to 10:00
AM the next day) and euthanized by CO2 at 10:00 AM. Group
3 mice were fasted for 20 h (from 2:00 PM to 10:00 AM the
next day) followed by unrestricted access to standard rodent
chow for 24 h (from 10:00 AM to 10:00 AM the following day)
and euthanized by CO2 at 10:00 AM. Experiment 2, the fiber
diet study, comprised two groups of randomly selected 7- to
10-wk-old male 1.6hGLU-GH transgenic mice and 7- to 10-
wk-old wild-type male C57B6/SJL control mice. Each group
contained five or six mice that consumed either a fiber-free
elemental diet (ICN Pharmaceuticals Mississauga, Ontario,
Canada) or an isocaloric elemental diet supplemented with
30% fiber (ICN Pharmaceuticals) for 16 days. The elemental
diet contains 178.5 g/kg of amino acid mix, 100 g/kg of corn
oil, 443 g/kg of glucose, 221.5 g/kg of sucrose, 50 g/kg of
mineral mix, 7 g/kg of vitamin mix, and 17.5 kJ/g of digestible
energy. At the end of the 16-day experiment, mice were
fasted for 20 h and glucose (1.5 mg/g of body wt) was admin-
istered by oral gavage as described previously (1, 2). Thirty
minutes later, mice were euthanized by CO2.

Weights and histology of intestinal sections. Intestinal seg-
ments for weights and histology were taken from duodenum
(10 cm distal to the gastroduodenal junction), midjejunum
(13–23 cm distal to the gastroduodenal junction), ileum (10
cm from the ileocecal junction), and colon (10 cm from the
anus). Ten-centimeter segments from each region were used
for wet weight analysis, and 5 cm were subsequently used for
histological analyses. The wet weights of each intestinal
section were normalized to the total body weight. Tissues
were fixed in 10% buffered neutral formalin for 24 h and
embedded in paraffin. Four- to six-micrometer cross sections
were cut from each intestinal segment, nine sections per
slide, and stained with hematoxylin and eosin as described
previously (5, 6, 27). Intestinal micrometry was performed on
a minimum of five or six well-oriented sections for each
mouse with a Leica Q500MC image analysis system.

RNA isolation and semiquantitative RT-PCR. Total cellu-
lar RNA was isolated from various intestinal sections using
the TRIzol reagent (Canadian Life Technologies). cDNA was
synthesized by reverse transcription using a cDNA synthesis
kit (Amersham Pharmacia Biotech). Oligonucleotide primers
for semiquantitative RT-PCR are listed in Table 1. The opti-
mal conditions for linear PCR amplification of hGH, mouse
proglucagon, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were determined using a range of input RNA con-
centrations and different cycle numbers. Semiquantitative
RT-PCR analysis of hGH mRNA was performed using 60 ng
of total RNA for 35 cycles. For mouse proglucagon and

Table 1. Oligonucleotide primers for
semiquantitative RT-PCR

Genes Primers

Sizes
of PCR

Products

hGH 5�-GAAGAAGCCTATATCCCAAAG-3� 378 bp
5�-GTAGTGCGTCATCGTTGTG-3�

Mouse 5�-TGAAGACCATTTACTTTGTGG-3� 492 bp
Proglucagon 5�-CCTGGTGGCAAGATTGTCCAGAAT-3�
Mouse 5�-CATTGACCTCAACTACATGG-3� 630 bp
GAPDH 5�-CACGTCAGATCCACGACGGA-3�

The predicted size of the PCR products obtained with each primer
set is shown in base pairs. hGH, human growth hormone; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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GAPDH, 60 ng of total RNA was analyzed by multiplex
RT-PCR for 24 cycles. All PCR reactions were carried out in
a Minicycler (MJ Research, Watertown, MA) at 94°C for 1
min, 55°C for 1 min, and extension at 72°C for 1 min. PCR
products were analyzed on a 1.5% agarose gel stained with
ethidium bromide. The gel was then denatured in 1.5 M of
NaCl and 0.5 M of NaOH for 2 h, DNA products were
transferred onto a nylon membrane (Nytran Plus; Schleicher
and Schuell, Keene, NH) by capillary transfer, and the mem-
brane was neutralized in 1.5 M NaCl and 0.5 Tris �HCl (pH
7.5) for 30 min. The DNA was then fixed onto the membrane
by exposure to ultraviolet (UV) light in a Stratalinker UV
crosslinker (Stratagene, La Jolla, CA) and prehybridized in
buffer containing 15% formamide, 0.5 M sodium phosphate
(pH 7.8), 0.005 M EDTA, 0.1 g of bovine serum albumin, and
7% SDS and hybridized in the same solution plus 3 million
counts �min�1 �ml�1 [�-32P]dCTP randomly labeled cDNA
probes at 60°C. Blots were washed with 30 mM sodium
phosphate (pH 7.8) and 0.1% SDS. The membranes were
exposed on the phosphor screen overnight, and intensity of
the PCR products was quantified densitometrically using a
STORM 840 PhosphorImager (Molecular Dynamics) and Im-
ageQuant software (version 5.0, Molecular Dynamics).

Insulin and hGH ELISAs. Blood samples were obtained by
cardiac puncture at the time of death and collected into tubes
containing 10% (vol/vol) anticoagulant TED (500,000 IU/ml
trasylol, 1.2 mg/ml EDTA, and 0.1 mM Diprotin A). Plasma
was prepared by centrifugation at 4°C for 10 min. Ten mi-
croliters of plasma was used for insulin ELISA using a rat
insulin ELISA kit (CRYSTAL CHEM, Chicago, IL) with
mouse insulin as a standard. One hundred twenty-five mi-
croliters of plasma was used to measure plasma hGH using
an hGH ELISA kit (Roche Diagnostics). The levels of mouse
plasma GLP-1 and GLP-2 were not assessed in the same
studies due to the larger volumes of plasma required for
these additional assays.

Blood glucose. Blood was drawn from a tail vein, and
glucose levels were measured by the glucose oxidase method
using a One Touch Basic Glucometer (Lifescan, Burnaby,
British Columbia, Canada) as described previously (2, 37).

Statistical analysis. Differences between treatments were
determined by Student’s t-test or one-way ANOVA (InStat
version 1.12). Statistical significance is defined as P � 0.05.

RESULTS

Manipulations designed to vary the levels of specific
nutrients in the gastrointestinal tract, such as fasting
followed by refeeding or exposure to diets containing
fermentable fiber, have been shown to modulate ex-
pression of the endogenous proglucagon gene in rat
enteroendocrine L cells (31, 32). To ascertain whether
the murine gastrointestinal tract exhibits a compara-
ble response to variations in nutrient exposure, we first
examined intestinal weights and histology after fasting
and refeeding in wild-type and 1.6hGLU-GH trans-
genic mice.

Fasting reduced and refeeding significantly increased
intestinal wet weights in the duodenum and jejunum of
both control and transgenic mice (Fig. 1, A and B; P �
0.05 for duodenum and jejunum, fasting vs. refeeding).
In contrast, no significant differences in intestinal
weights were observed after fasting and refeeding in
the ileum and colon in the same experiments (Fig. 1, A
and B). Analysis of histological sections from these same

intestinal regions demonstrated comparable changes in
crypt plus villus height after fasting and refeeding in
the duodenum and jejunum from control and trans-
genic mice (P � 0.05 for changes in crypt plus villus
height in fasted vs. refed wild-type and transgenic
mice; Fig. 1, C and D). In contrast, no significant
change in ileal crypt plus villus height or mucosal
thickness of the colon was detected after fasting and
refeeding in wild-type or 1.6hGLU-GH transgenic mice
(Fig. 1, C–E).

As fasting and refeeding are associated with reduc-
tions and subsequent increases in the levels of PGDPs
and insulin secretion from the enteroendocrine L cell
and islet �-cell, respectively, we hypothesized that GH
produced in the enteroendocrine L cells of 1.6hGLU-
GH transgenic mice should also be secreted in a nutri-
ent-dependent manner. We first assessed the effects of
fasting and refeeding on levels of plasma insulin in
wild-type and transgenic mice. Fasting significantly
reduced and refeeding significantly increased the lev-
els of circulating insulin in both wild-type (889 	 145
vs. 384 	 62 vs. 1,485 	 274 pg/ml; normal feeding vs.
fasting vs. refeeding, respectively, P � 0.05) and
1.6hGLU-GH transgenic mice (919 	 170 vs. 185 	 54
vs. 2,326 	 342 pg/ml; normal feeding vs. fasting vs.
refeeding, respectively, P � 0.05; Fig. 2, A and B). A
comparable profile of hGH excursion was detected,
with a significant reduction of hGH in fasted mice
followed by a significant increase with refeeding (91 	
10 vs. 29 	 8 vs. 107 	 14 pg/ml; normal feeding vs.
fasting vs. refeeding, respectively, P � 0.05; Fig. 2C).
These findings demonstrate that a transgenic protein
targeted to the murine enteroendocrine L cell responds
appropriately to acute changes in nutrient intake in
vivo.

As fasting and refeeding decrease and increase the
levels of intestinal proglucagon mRNA transcripts in
the rat small bowel (19), we wished to determine
whether sequences contained within the 1.6-kb frag-
ment of the human proglucagon promoter were sen-
sitive to changes in ambient nutrient intake. We first
established semiquantitative conditions for analysis
of mRNA transcripts for hGH and mouse progluca-
gon and GAPDH over a linear range of RNA concen-
trations (Fig. 3). No significant changes in progluca-
gon mRNA transcripts were detected in mouse
jejunum or colon of wild-type mice (data not shown)
and 1.6hGLU-GH transgenic mice (Fig. 4, A and C)
after fasting and refeeding. In contrast, proglucagon
mRNA transcripts were significantly reduced after
fasting and increased after refeeding in the ileum of
transgenic mice (Fig. 4B). To ascertain whether the
human proglucagon promoter-hGH transgene was
also regulated by changes in nutrients, we analyzed
the levels of hGH mRNA transcripts after fasting
and refeeding. No significant changes in the levels of
hGH mRNA transcripts were observed in the jeju-
num, ileum, or colon of 1.6hGLU-GH transgenic mice
after fasting-refeeding (Fig. 4).

High-fiber feeding in rats results in increased secre-
tion of intestinal PGDPs and upregulation of intestinal
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proglucagon gene expression (31). To determine whether
the mouse proglucagon gene and the 1.6hGLU-GH
transgene are similarly upregulated after high-fiber
feeding, we fed control and transgenic mice for 16 days
with either an elemental diet containing no fiber or the
identical elemental diet supplemented with 30% fiber.
To stimulate transgene expression, mice were chal-
lenged with oral glucose before death. No significant
differences in body weight or blood glucose were ob-
served in transgenic or wild-type mice fed with the

different diets (data not shown). Similarly, no differ-
ences in the wet weights of the duodenum, jejunum, or
ileum were detected in control or 1.6hGLU-GH trans-
genic mice after high-fiber feeding (Fig. 5). In contrast,
colon wet weights were significantly increased after
30% fiber feeding in both wild-type and transgenic
mice (Fig. 5; P � 0.05 for 0 vs. 30% fiber diet in both
groups of mice).

To determine the compartments of the murine intes-
tinal tract that are sensitive to high-fiber feeding, we

Fig. 1. Intestinal weights and histology
after fasting and refeeding in mice. Val-
ues for A–D are expressed as means 	
SE; n � 5 or 6 mice/group. *P � 0.05. A
and B: wild-type control mice (A) or 1.6
human glucagon-growth hormone (hGLU-
GH) transgenic mice (B) were fed nor-
mally (normal feeding), fasted for 20 h
(fasting), or fasted for 20 h followed by
refeeding for 24 h (fasting-refeeding).
Weight from intestinal segments are
normalized to individual mouse body
weights. C and D: crypt plus villus
height (small bowel) or mucosal thick-
ness (large bowel) was assessed in duo-
denum, jejunum, ileum, and colon of
wild-type (C) and transgenic (D) mice
after normal feeding, fasting, or fasting-
refeeding. Twenty-five longitudinally
oriented villi (small bowel) or regions of
intact mucosa (colon) were assessed per
intestinal region per animal. E: repre-
sentative photomicrographs of histologi-
cal sections from duodenum (a, b) and
jejunum (c, d) sections from either fasted
or fasted-refed transgenic mice. �40
and �400 denote the magnitude of the
larger photomicrograph and the inset,
respectively.
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Fig. 2. Plasma levels of insulin and
hGH in mice. Values are expressed as
means 	 SE; n � 5 or 6 mice/group.
*P � 0.05. A and B: plasma levels of
insulin in wild-type control (A) and
transgenic (B) mice and levels of hGH
(C) in transgenic mice were deter-
mined by ELISA as described in MATE-
RIALS AND METHODS.

Fig. 3. Semiquantitative RT-PCR analysis of
RNA transcripts for hGH, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and pro-
glucagon (PG). A: representative RT-PCR
analyses for hGH, PG, and GAPDH using
different amounts of input RNA. B: linear
relationship of the amounts of RT-PCR prod-
ucts obtained as a function of varying input
RNA concentrations. RDU, relative densito-
metric units.
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assessed crypt plus villus height in the small bowel and
mucosal thickness in the large bowel in histological
sections from duodenum, jejunum, ileum, and colon
after 0 or 30% fiber feeding in wild-type and transgenic
mice. Consistent with the findings from analyses of wet
weights, no differences in crypt plus villus epithelial
height were observed in the duodenum, jejunum, or
ileum of wild-type or transgenic mice after exposure to
the elemental diet without fiber vs. the 30% high fiber-
supplemented diet (Fig. 5, C and D). In contrast, the
mucosal thickness of the colon was significantly in-
creased in mice after the 30% fiber diet (Fig. 5, C–E;
114 	 5 vs. 183 	 6 and 113 	 7 vs. 184 	 7 
m, 0 vs.

30% fiber, for control and transgenic mice, respectively,
P � 0.05).

The results of these analyses established that the
mouse gastrointestinal tract also exhibits a trophic
response to high-fiber feeding. As rats exposed to high-
fiber feeding exhibited increased levels of circulating
insulin (31), we assessed levels of glucose-stimulated
plasma insulin in wild-type and transgenic mice ex-
posed to 0 or 30% fiber diets. Both wild-type and
1.6hGLU-GH mice exhibited significant increases in
glucose-stimulated insulin after high-fiber feeding
(Fig. 6, A and B; 199 	 65 vs. 388 	 77 for wild-type
and 281 	 69 vs. 619 	 70 pg/ml for transgenic mice, 0

Fig. 4. Analysis of mouse PG and hGH
mRNA transcripts in 1.6hGLU-GH trans-
genic mice after fasting and refeeding.
Values are expressed as means 	 SE;
n � 5 or 6 mice/group. *P � 0.05. Right:
the relative mRNA abundance expressed
as the ratio of hGH/GAPDH mRNA tran-
scripts, in various intestinal segments of
1.6hGLU-GH transgenic mice. Left: the
data, expressed as a ratio of PG/GAPDH
RNA transcripts, from the same intesti-
nal segments in 1.6hGLU-GH transgenic
mice. A: jejunum. B: ileum. C: colon.
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vs. 30% fiber feeding, P � 0.05 for both wild-type and
transgenic mice, respectively).

As increased levels of insulin in fiber-fed rats have
been attributed in part to enhanced L cell secretion of
GLP-1 (25, 31), we hypothesized that increased secre-
tory activity of the intestinal L cell in fiber-fed mice
might lead to increased circulating levels of transgene-
derived hGH. Consistent with this hypothesis, plasma
levels of glucose-stimulated hGH were significantly
increased after high-fiber feeding (57 	 5 vs. 103 	 9
pg/ml, 0 vs. 30% high-fiber feeding, P � 0.05; Fig. 6C).

High-fiber feeding increases intestinal proglucagon
gene expression in normal and diabetic rats (31,
32). RT-PCR analyses demonstrated significantly in-
creased levels of proglucagon mRNA transcripts in the
jejunum, ileum, and colon of wild-type (data not
shown) and 1.6hGLU-GH transgenic mice (Fig. 7; P �
0.05 for 0 vs. 30% fiber for jejunum, ileum, and colon).
To ascertain whether the signals activating the endog-
enous murine proglucagon gene were also capable of

increasing hGH transgene expression under the con-
trol of the human proglucagon promoter, we assessed
levels of hGH mRNA transcripts in the same experi-
ments. In contrast to the upregulation of endogenous
mouse proglucagon mRNA transcripts in the 30% fiber
group, no change in the levels of hGH mRNA tran-
scripts was detected in the small or large intestine
(Fig. 7).

DISCUSSION

In the present study, we investigated the effects of
fasting, refeeding, and dietary fiber on regulation of
endogenous murine proglucagon and hGH transgene
expression in the small and large bowel of 1.6hGLU-
GH transgenic mice. A 14-day exposure to a 30% fiber
diet in rats led to significantly increased levels of pro-
glucagon mRNA transcripts in the ileum, in associa-
tion with increased levels of circulating GLP-1 and
insulin after oral glucose challenge (31). In contrast,

Fig. 5. Intestinal weights and histol-
ogy in mice after a low- or high-fiber
diet. Values are expressed as means 	
SE; n � 5 or 6 mice/group. *P � 0.05. A
and B: normal control mice (A) or
1.6hGLU-GH transgenic mice (B) were
fed an elemental diet with either 0 or
30% fiber for 16 days. Mice were killed
30 min after an oral glucose gavage and
intestinal wet weights, normalized to
body weights, are shown in A and B.
C and D: crypt plus villus height (small
bowel) or mucosal thickness (large
bowel) was assessed in duodenum, je-
junum, ileum, and colon of wild-type
(C) and transgenic (D) mice after expo-
sure to 0 or 30% fiber-supplemented
diets. Twenty-five longitudinally ori-
ented villi (small bowel) or regions of
intact mucosa (colon) were assessed
per intestinal region per animal. E:
representative photomicrographs of
histological sections from the colon of
transgenic mice after 16 days of a 0 or
30% high-fiber diet. �40 (inset) and
�400 refer to the magnification of the
different photomicrographs.
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wild-type and transgenic mice fed an identical 30%
fiber-supplemented diet in this study exhibited signif-
icantly increased mucosal thickness in the colon, in
association with significant increases in the levels of
endogenous murine proglucagon mRNA transcripts
not only in the colon but also in the jejunum and ileum.
Whether these region-specific differences in upregula-
tion of murine intestinal proglucagon gene expression
reflect the longer treatment period (16 vs. 14 days), or
a species-specific difference in mice vs. rats, remains
unclear.

Fiber-enriched diets increase the levels of gut pro-
glucagon-derived peptides in rats (16, 17, 38), likely
due to fiber fermentation in the colon and generation of
short-chain fatty acids (SCFAs; 31, 40, 41). The prolif-
erative effects of SCFAs are not always confined to the
colon, as supplementation of parenteral nutrition with
fatty acids reverses the small bowel atrophy seen in
rats fed with parenteral nutrition alone (22) and in-
creased RNA and DNA content in the rat ileum (40).
SCFAs also increased the abundance of ileal progluca-
gon RNA transcripts as well as the plasma levels of
circulating GLP-2 in rats (39, 40). Furthermore, GLP-2
exerts potent trophic effects on the small bowel epithe-
lium of mice and rats, and coinfusion of GLP-2 pre-
vents the parenteral nutrition-associated mucosal at-
rophy in the jejunum of rats (9). Hence, our findings of
increased proglucagon gene expression in both the
small and large bowel of fiber-treated mice are consis-

tent with a role for fiber diet-derived humoral media-
tors, perhaps SCFAs, as potential mediators of the
upregulation of proglucagon gene expression along the
murine gastrointestinal tract.

Fasting is associated with decreased circulating lev-
els of the intestinal PGDPs in rodents and humans,
and nutrient ingestion rapidly increases the secretion
of glicentin, GLP-1, and GLP-2 (7, 18, 34, 44). In
contrast, the effects of nutrient deprivation and refeed-
ing on intestinal proglucagon gene expression have
been less extensively examined. A 72-h fast decreased
levels of jejunal proglucagon RNA by 40% in rats,
whereas refeeding increased levels back to normal non-
fasted controls (19). In contrast, a much smaller (20%)
fasting-related decrease in proglucagon RNA was ob-
served in the rat ileum, and ileal proglucagon mRNA
transcripts did not increase significantly after refeed-
ing (19). Our data in wild-type and 1.6hGLU-GH trans-
genic mice demonstrate that even a much shorter pe-
riod of fasting (20 h) was associated with a significant
decrease and rebound increase in the levels of ileal
proglucagon mRNA transcripts after fasting and
refeeding, respectively. In contrast to the findings in
rats (19), we did not observe significant changes in
proglucagon gene expression in the jejunum or colon
after fasting or refeeding in wild-type or transgenic
mice.

Although the levels of endogenous mouse intestinal
proglucagon gene expression were upregulated in re-

Fig. 6. Plasma levels of insulin and hGH
in mice after low- or high-fiber diet. Val-
ues are expressed as means 	 SE; n � 5
or 6 mice/group. *P � 0.05. A and B:
plasma levels of insulin in wild-type con-
trol (A) and transgenic (B) mice and lev-
els of hGH (C) in transgenic mice.
Plasma samples were obtained 30 min
after oral glucose challenge for analysis
by ELISA as described in MATERIALS AND
METHODS.
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sponse to the high-fiber diet and modulated appropri-
ately after fasting and refeeding, we did not observe
corresponding changes in the levels of hGH mRNA
transcripts in the same experiments. These findings
imply that the putative nutrient-response elements(s)
that mediate nutrient-regulation of the endogenous
murine proglucagon gene may not reside within the 1.6
kb of human proglucagon promoter sequences present
in our transgene. Alternatively, in contrast to mice and
rats, the human proglucagon gene may not be as sen-
sitive to changes in nutrient intake in the small and
large intestine. Furthermore, it remains possible that
nutrient-regulation of intestinal proglucagon gene ex-
pression is regulated at the level of mRNA stability,
perhaps via specific sequences in the proglucagon gene
3�-untranslated region that are not present in the
1.6hGLU-GH transgene. Accordingly, the design of our
transgene may limit conclusions about the relative
contribution of human proglucagon promoter se-

quences to the integrated levels of transgene mRNA
transcripts in different cell types.

At present, it has not been determined whether the
nutrient regulation of rodent intestinal proglucagon
gene expression in vivo resides at the level of gene
transcription and/or modulation of RNA stability. Al-
though the SCFA sodium butyrate activates rat pro-
glucagon gene transcription in an islet cell line in vitro
(30), a specific “butyrate-response element” has not yet
been identified in the proglucagon gene promoter.
Analysis of the mechanisms used by protein hydrosy-
lates for upregulation of proglucagon gene expression
in immortalized STC-1 cells demonstrated that pep-
tones increased proglucagon gene transcription and
sequences within the first several hundred base pairs
of the rat proglucagon gene 5�-flanking region were
sufficient for conferring peptone stimulation to a het-
erologous reporter gene (11). Similarly, peptones stim-
ulated intestinal CCK gene transcription via binding of

Fig. 7. Analysis of mouse PG and hGH mRNA tran-
scripts in 1.6hGLU-GH transgenic mice after a low- or
high-fiber diet. Values are expressed as means 	 SE;
n � 5 or 6 mice/group. *P � 0.05. Right: the relative
mRNA abundance, expressed as the ratio of hGH/
GAPDH mRNA transcripts, in various intestinal seg-
ments of 1.6hGLU-GH transgenic mice. Left: the rela-
tive mRNA abundance, expressed as a ratio of PG/
GAPDH mRNA transcripts, from the same intestinal
segments in 1.6hGLU-GH transgenic mice. A: jejunum.
B: ileum. C: colon.
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transcription factors to the cAMP response element in
the CCK gene promoter (4). Hence the available data
suggest that nutrient-derived signals may activate pro-
glucagon gene transcription in murine enteroendocrine
cells.

The contribution of transgene-derived hGH to prolif-
erative or metabolic effects in the small bowel and
colon in 1.6hGLU-GH transgenic mice is unlikely to be
significant due to the low levels of circulating GH
observed in our experiments. GH concentrations range
from 10 to 100 ng/ml in normal mice, whereas mice
expressing a metallothionein promoter hGH transgene
exhibited circulating basal levels of hGH ranging from
100 to 64,000 ng/ml, with values exceeding 100,000
ng/ml after induction of transgene expression (28). In
contrast, the maximal levels of plasma hGH observed
in our transgenic mice reached �120 pg/ml after 16
days of high-fiber feeding. This level is several orders of
magnitude lower than values observed in the metallo-
thionein-hGH transgenic mice, likely accounting for
our failure to observe any increase in somatic growth in
1.6hGLU-GH transgenic mice (27).

Our findings demonstrate that the mouse L cell
appropriately senses and transmits signals from acute
nutrient loading and high-fiber feeding to the endoge-
nous mouse proglucagon gene and to the secretory
machinery regulating secretion of a transgenic human
protein. Nevertheless, human proglucagon gene regu-
latory sequences specifying tissue-specific expression
in murine enteroendocrine cells are not sufficient, in
the context of a proglucagon-hGH transgene, for recog-
nition of energy-derived signals regulating intestinal
glucagon gene expression.

Perspectives

Human proglucagon-derived peptides play essential
roles in nutrient absorption (GLP-2) and nutrient as-
similation (GLP-1). Consistent with these findings, en-
teral nutrient intake is a major regulator of PGDP
synthesis and secretion. We established a model for
studying the simultaneous regulation of endogenous
murine proglucagon gene expression and human pro-
glucagon promoter-directed transgene expression in
vivo. We show here when using 1.6hGLU-GH trans-
genic mice that DNA sequences sufficient for targeting
transgene expression to nonimmortalized murine L
cells are not sufficient for conferring nutrient regula-
tion of gene expression to a heterologous transgene.
Given the interest in stimulating the synthesis and
secretion of human GLP-1 and GLP-2 for the potential
treatment of diabetes and intestinal insufficiency, re-
spectively, further characterization of the factors reg-
ulating human proglucagon promoter activity in en-
teroendocrine L cells of hGLU-GH transgenic mice
appears warranted.
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