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Relation between colonic proglucagon expression and metabolic
response to oligofructose in high fat diet-fed mice
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Abstract

Several data suggest that fermentable dietary fiber could play a role in the control of obesity and associated metabolic disorders. The aim of this study
was to investigate the putative role of short chain fructo-oligosaccharide (OFS) – a non-digestible oligosaccharide – in mice fed a standard diet and in
mice fed two distinct high fat diets inducingmetabolic disorders associated to obesity.We confirmed, inmice, several effects previously shown in rats fed
a standard diet enrichedwithOFS, namely an increase in total and empty caecumweight, a significant decrease in epididymal fatmass, and an increase in
colonic and portal plasma glucagon-like peptide-1 (GLP-1), a phenomenon positively correlated with a higher colonic proglucagon mRNA level.
Curiously, 4-week treatment with OFS added at the same dose induced different effects when added in the two different high fat diets. OFS decreased
energy intake, body weight gain, glycemia, and epididymal fat mass only when added together with the high fat–carbohydrate free diet, in which OFS
promoted colonic proglucagon expression and insulin secretion.Our results support an association between the increase in proglucagon expression in the
proximal colon and OFS effects on glycemia, fat mass development, and/or body weight gain. In conclusion, dietary oligosaccharides would constitute
an interesting class of dietary fibers promoting, in certain conditions, endogenous GLP-1 production, with beneficial physiological consequences. This
remains to be proven in human studies.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Current recommendations for the management of type 2
diabetes and obesity include an increase in dietary fiber intake
(American Diabetes Association, 2000). Non digestible oligo-
saccharides (NDO) are often cited as being important dietary
fibers in nutritional advice concerning specific disorders as-
sociated with the metabolic syndrome (Slavin, 2005). On the
basis of studies in animals and humans, it has been proposed that
intake of NDO,which are fermented in the caeco-colon, could be
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interesting way to modulate satiety, glucose or lipid metabolism,
and hypertension (Delzenne and Cani, 2005). Among NDOs,
short chain fructo-oligosaccharides (OFS), given at the dose of
10% in the diet of rats for a few weeks, reduces hepatic trigly-
ceride content, post prandial glycemia and triglyceridemia in
normal rats, lessens hepatic steatosis and fat mass development
in obese Zucker Fa/Fa and rats fed a high fat diet. This phe-
nomenon could be partly explained by a satietogenic effect of
OFS (Cani et al., 2005b; Daubioul et al., 2002; Kok et al.,
1998b). In streptozotocin-treated diabetic rats, OFS feeding
during 4 to 6 weeks improves glucose tolerance, decreases
glycemia, and partially restores insulin secretion (Cani et al.,
2005a). Moreover, an improvement of glucose/insulin ratio has
also been observed in rats receiving OFS added in a high-
fructose diet (Busserolles et al., 2003).

Interestingly, in rats, these effects seem to be linked to the
higher secretion of glucagon-like-peptide 1 (7–36) amide (GLP-
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1) in the portal vein (Cani et al., 2004; Kok et al., 1998a). This
effect is positively correlated with increases of proglucagon
mRNA and GLP-1 concentration in the proximal colon (Cani
et al., 2004). This peptide is produced by intestinal endocrine L-
cells through a specific post-translational processing of pro-
glucagon gene. GLP-1 is considered a key peptide in the control
of glucose tolerance, and insulin secretion by pancreatic β-cells
(Drucker, 2002; Meier and Nauck, 2005). Moreover, we and
other have demonstrated the key role of gut peptides in the
metabolic effect of drugs or nutrients in specific mouse models
or nutritional models of obesity (Burcelin et al., 2001, 2002; de
Fourmestraux et al., 2004; Preitner et al., 2004; Knauf et al.,
2005).

We have recently demonstrated that OFS treatment reduced
the development of glucose intolerance following 4 weeks of
high fat, carbohydrate free diet, a classical nutritional model
leading to disorders associated with obesity. The antidiabetic
effects of OFS were largely dependent on GLP-1 action, as
disruption of GLP-1R function, by infusing Ex-9 or usingGLP-1
receptor-/-mice, prevented the majority of beneficial effects
observed following OFS treatment (Cani et al., 2006a).

The effects of OFS have not been studied in mice fed
another type of a high fat diet (high fat, high carbohydrate).
This type of diet is interesting since it is largely used for a
long period of treatment (8 to 24 weeks) to assess the role of
nutrients in metabolic alterations occurring through high fat
feeding (Parekh et al., 1998; Petro et al., 2004; Surwit et al.,
1988, 1995).

Therefore, we analyzed sequentially 1) the effect of OFS
added in the standard diet of mice, on key parameters known to
be modulated by this dietary fiber in rats (intestinal fermentation
and GLP-1 synthesis), and 2) the capacity of OFS to counteract
metabolic disorders induced by two distinct high fat diet treat-
ments in mice.

Methods and materials

Animals

C57BL/6J mice (Charles River, Belgium) were housed in a
controlled environment (inverted 12 h daylight cycle, lights off
at 10 am) with free access to food and water in groups of four–
five mice per cage, at 22 °C.

Experiment 1
Mice were fed a standard diet with or without OFS for 21

days: Twelve-week-old control mice (CT) were fed a powdered
A04 standard diet (A04, UAR, Villemoisson-sur-Orge, France),
whereas oligofructose (OFS) treatedmice received a diet prepared
by mixing 90 g A04 standard diet with 10 g corresponding
fructan: Raftilose P95 (Orafti, Tienen, Belgium). The A04
standard diet contained the following (g/100 g dry diet): 19.3
protein (consisting of equivalent mix of soy and fish proteins);
70.4 total carbohydrates obtained from corn, wheat, barley and
bran (including 38 starch, 3 saccharose, 5 cellulose and 8 non-
digestible carbohydrates); 3 lipids; 6 of mineral mixture and 1.3
of vitamins (Cani et al., 2004).
Experiment 2
Mice were fed 2 types of high fat diet with or without OFS

for 28 d:

1) HF-1: a high fat diet (UAR, Epinay-sur-Orge, France) (Table 1).
Energy content (kcal/100g): 72% fat (corn oil and lard), 28%
protein, andb1% carbohydrates (HF-1–CT), (Burcelin et al.,
2002; Cani et al., 2006a), or a mix of high fat diet and oligo-
fructose (a gift from Orafti, Tienen, Belgium) in a proportion of
90:10 (weight/weight) (HF-1–OFS). The treatment with OFS
started when mice were 12 weeks old, simultaneously with HF-
1 diet, and continued for 28 d.

2) HF-2: a high fat diet (UAR, Epinay-sur-Orge, France) (Table 1).
Energy content (kcal/100g): 58% fat, 16% protein, and 26%
carbohydrates (Petro et al., 2004). All mice received the HF-2
diet for 8 weeks; at this end of this period, mice were 12 weeks
old (same age as mice fed HF-1), and they were then rando-
mized into two groups: one receiving theHF-2 diet as such (HF-
2–CT), and the second one receiving a mix of HF-2 diet and
oligofructose in a proportion of 90:10 (HF-2–OFS), for 28 d.

All mouse experiments were approved by the local committee
and the housing conditions were as specified by the Belgian Law
of November 14, 1993 on the protection of laboratory animals
(agreement n° LA 1230314).

Chemicals

Raftilose P95 (Orafti, Tienen, Belgium) is a mixture of glu-
cosyl-(fructosyl)n-fructose and (fructosyl)m-fructose but with an
average degree of polymerization (DP) of 4.5. Other chemicals
used in this study are of the purest grade available (Sigma, St.
Louis, MO, USA; Merck, Darmstadt, Germany).

Blood samples

At the end of experiment (28 d), in Experiment 1, mice were
anesthetized by intra-peritoneal injection of sodium pentobarbital
solution (using 60 mg/kg of body weight, Nembutal®, Sanofi
Santé Animale, Benelux, Brussels, Belgium). Portal vein blood
samples were collected in EDTA tubes (Sarstedt, Nümbrecht,
Germany) containing dipeptidyl peptidase IV inhibitor (Linco
Research, St. Charles, MO, USA); after centrifugation, plasma
was stored at −80 °C. Concentrations of GLP-1 (7–36) amide
were measured using an ELISA kit, specific for GLP-1 (7–36)
amide without cross reactivity towards GLP-1 (9–36) amide,
GLP-2 and glucagon (GLP-1 active ELISA kit, Linco Research,
St. Charles, MO, USA). In the other set of experiments, retro-
orbital vein blood samples were collected in EDTA tubes and
plasma was stored at −30 °C for further assessment.

Tissue samples

The caecum, and segments of the colon (proximal,medial, distal
colon, corresponding to segments taken just after the caecal
junction, in the middle of the colon, and just before the rectum,
respectively), were immediately excised, flushed with ice-cold



Fig. 1. Intestinal and portal plasma (insert) GLP-1 (7–36) amide concentration of
mice treated with a control diet (CT) (black bars) or a diet supplemented with OFS
(open bars) for 3 weeks. Data are mean±S.E.M. n=8 per group; ⁎, Pb0.05.

Table 1
High fat diet composition

g/100 g dry diet HF-1 HF-2

Proteins 37 23
Carbohydrates: 10 36
-Cellulose 10 0
-Maltodextrine 0 18
-Saccharose 0 18
Lipids 49.5 36
Mineral mix 2.5 4
Vitamin mix 1 1
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saline, immersed in liquid nitrogen, and stored at −80 °C for
further analysis of mRNA and peptides. Full and empty caecum,
and epididymal fat pads were weighed.

Food intake assessment

Mice were housed five per cage. Food intake was recorded
twice weekly for one month as described (Cani et al., 2004,
2005b). Pellets and spillage were weighed separately. The mean
value for the weekly assessment was calculated.

Blood parameters

Plasma insulin concentration was determined at completion
of the feeding period in the fasted (6 h) state in 5 μl of plasma
collected from tail blood using an ELISA kit (Mercodia, Up-
psala, Sweden). GLP-1 (7–36) amide were measured either in
the plasma, or in tissue extracts, using an ELISA kit (GLP-1
active ELISA kit, Linco Research, St Charles, MO, USA), as
previously described (Cani et al., 2004, 2005b). Concentra-
tions of plasma triglycerides (TG) (Elitech Diagnostics, Brus-
sels, Belgium) and non esterified fatty acids (NEFA) (Wako,
Brussels, Belgium) were measured using kits coupling enzy-
matic reaction and spectrophotometric detection of reaction
end-products.

Proglucagon and actin mRNA: RT–PCR

Total RNA from the different part of the colon was isolated
and RT–PCR performed as previously described (Cani et al.,
2004, 2005b). Briefly, after the RT reaction the PCR products
were quantified using a fluorimetric method (Rediplate96Pico-
Table 2
Organ weight and body weight during standard diet treatment

CT OFS

Full caecum (g/100 g body weight) 1.54±0.09a 2.76±0.13b

Empty caecum (g/100 g body weight) 0.55±0.02a 0.87±0.04b

Body weight (g) 26.4±0.6a 26.6±0.4a

Epidydimal fat mass (g/100 g body weight) 1.41±0.1a 1.16±0.04b

Total caecum weight, empty caecum weight, body weight gain, and epididymal
fat mass of mice treated for 3 weeks with a control diet (CT) or a control diet
supplemented with OFS (OFS). Data are means±S.E.M. n=8 per group. Data
with different superscript letters are significantly, Pb0.05.
Green® dsDNA Quantitation-Kit, Molecular Probes, Leiden, The
Netherlands). Results are presented as mean ratio of relative fluo-
rescence unit (RFU) of proglucagon mRNA/actin mRNA.
Fig. 2. Pearson's correlations between proximal colon GLP-1/proglucagon mRNA
(A) and portal plasma GLP-1/proglucagon mRNA (B) of mice treated with a control
diet or a diet supplementedwith OFS for 3weeks. Pearson's correlation values, (A): r
squared value: 0.48; P=0.002. (B) r squared value: 0.42; P=0.006. n=16.



Fig. 3. Total caecumweight (A), Empty caecumweight (B), Bodyweight gain (C), and Epidydimal fatmass (D) ofmice treatedwith a high fat dietHF-1 (HF-1–CT) (black bars)
or a high fat diet HF-1 supplemented with OFS (HF-1–OFS) (open bars), a high fat diet, HF-2 (HF-2–CT) (hatched bars) or a HF-2 diet supplemented with OFS (HF-2–OFS)
(gray bars). Data aremean±S.E.M. n=8per group.Datawith different superscript letters are significantly different,Pb0.05, according to the post hocANOVAstatistical analysis
convention.

Table 3
Blood parameters during high fat diet treatment

HF-1–CT HF-1–OFS HF-2–CT HF-2–OFS

Glucose (mmol/L) 7.1±0.18a 5.9±0.24b 8.3±0.3a 8.1±0.3a

Insulin (mmol/L) 163±23a 225±34b 214.8±14.9b 211.7±41.3b

Energy intake (kcal/d) 12±0.2a 10.3±0.4b 11.9±0.2a 11.4±0.2a

Plasma glucose (mmol/L) and insulin (mmol/L) measured in fasted state and
mean daily energy intake (kcal/d) of mice treated with a high fat diet HF-1 (HF-
1–CT) or a high fat diet HF-1 supplemented with OFS (HF-1–OFS), a high fat
diet, HF-2 (HF-2–CT) or a HF-2 diet supplemented with OFS (HF-2–OFS).
Data are mean±S.E.M. n=8 per group Data with different superscript letters are
significantly different, Pb0.05, according to the post hoc ANOVA statistical
analysis convention.
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Statistical analysis

Results are presented as mean±S.E.M. One-way ANOVA
followed by post hoc (Tukey HSD) tests or Student's t-test were
used to assess statistical significance between groups. Pb0.05
was considered as statistically significant.

Results

Experiment 1: Effect of OFS added to standard diet (A04)

Organ weight
Table 2 shows that full caecum and empty caecal tissue

weights were doubled in OFS fed mice as compared to controls.
Epidydimal fat mass was significantly decreased by OFS treat-
ment, without significant effect on body weight (Table 2).

GLP-1 and proglucagon mRNA concentrations
Portal plasma GLP-1 concentration was significantly in-

creased by about 66% in OFS fed mice as compared to CT mice
(Fig. 1 insert). GLP-1 concentration in the proximal colon was
increased by about 100% in OFS fed mice as compared to CT
mice. No effects were observed in the other intestinal segments.
This colonic segment thus appears to be the major site of pro-
duction of the peptide (Fig. 1).

Proglucagon mRNA measured in the proximal colon was
increased by 80% in OFS treated mice (CT 100±11.2% versus
OFS 178.4±8.8%, relative fluorescence unit, Pb0.05). More-
over, a positive linear correlation exists between proglucagon
mRNA measured in the proximal colon, and the concentration
of GLP-1 measured in the proximal colon and in the portal vein
(Fig. 2).



Fig. 4. Relative proglucagon mRNA content in the proximal colon of mice
treated with a high fat diet HF-1 (HF-1–CT) (black bars) or a high fat diet HF-1
supplemented with OFS (HF-1–OFS) (open bars), a high fat diet, HF-2 (HF-2–
CT) (hatched bars) or a HF-2 diet supplemented with OFS (HF-2–OFS) (gray
bars). Data are mean±S.E.M. n=8 per group. Data with different superscript
letters are significantly different, Pb0.05, according to the post hoc ANOVA
statistical analysis convention.
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Experiment 2: effects of OFS added to different high fat diets

Two different protocols were applied. In the first one (HF-1),
HF diet was given alone or together with the OFS treatment
during 4 weeks. In the second one (HF-2), HF diet was first given
for 8 weeks to all the mice, before the introduction of OFS. The
period of 8 weeks induced metabolic disorders associated with
obesity, since fasted glycemia (CT 5.2±0.2 mmol/L; n=10, HF-2
8.5±0.2 mmol/L; n=24, Pb0.01), triglyceridemia (CT 0.68±
0.08 mmol/L; n=10, HF-2 1.05±0.04 mmol/L; n=24, Pb0.01),
as well as body weight (CT 26.4±0.6 g; n=10, HF-2 31.02±
0.46 g; n=24, Pb0.01) were significantly increased as compared
to control mice receiving standard A04 diet during the same
period.

Fig. 3 clearly shows that the two different high fat diets,
whatever the composition or the duration of the treatment, led to a
decrease (by about 150%) in full caecum and caecal tissue
weights, and to a large increase (by about 250%) in epididymal fat
mass as compared to the standard control diet (Experiment 1),
Pb0.05.

However, food intake is differently modulated by OFS in both
HF treatments, since it was significantly decreased in HF-1–OFS,
but not in HF-2–OFS versus their respective control groups
(Table 3).

OFS treatment for 4 weeks led to a similar increase (about 2
fold) in caecal tissue weight, in HF-1 and HF-2 protocols (Fig.
3B). The increase in total caecum weight was more pronounced
when OFS was added in HF-1 diet than when added in HF-2 diet
(Fig. 3A).

OFS induced a significant decrease of body weight, glycemia
and epididymal fat masswhen added inHF-1 diet, but not inHF-2
treated mice (Fig. 3C, D and Table 3). OFS increased insulinemia
when added in HF-1 diet, whereas no modulation was observed
following OFS treatment in HF-2 protocol.

As described in the presentation of results obtained with the
standard diet, proglucagon mRNA is strongly correlated with
proximal colon GLP-1 and portal plasma GLP-1 concentrations;
therefore, wemeasured proglucagonmRNA in the proximal colon
of high fat fed mice. OFS treatment significantly increased pro-
glucagon mRNA in the proximal colon by about 50%, in HF-1
diet, but not in HF-2 diet (Fig. 4).

Discussion

Several data suggest that fermentable dietary fibers could play
a role in the control of obesity and associated metabolic disorders
(Englyst and Englyst, 2005; Mazur et al., 1990, 1992; van Loo et
al., 1999). Indeed, fructo-oligosaccharides, recently recognized as
fermentable dietary fibers, lower bodyweight, and improve blood
lipids levels and/or glycemia, in rats (Busserolles et al., 2003;
Delzenne, 2003).

The aim of this study was to investigate the putative role of
OFS, on one hand, in mice fed a standard diet and on the other
hand, in mice fed two distinct high fat diets classically used to
induce metabolic disorders associated with obesity.

In the first experiment, we confirmed several effects pre-
viously shown in animals fed a standard diet enriched with OFS:
an increase in total and empty caecum weight (Kok et al., 1998b;
Cani et al., 2006a), a significant decrease in epididymal fat mass
(Daubioul et al., 2002; Cani et al., 2006a), and an increase in
colonic and portal plasma GLP-1, a phenomenon positively cor-
related with a higher colonic proglucagon mRNA level (Cani et
al., 2004).

In rats fed with a high fat diet, OFS decreased bodyweight and
fat mass development (Cani et al., 2005b; Kok et al., 1998b). In
our second experiment, we used two types of diet, one high fat/
carbohydrate free and one high fat/high carbohydrate, usually
given in mice to induce fat mass accumulation and associated
metabolic disorders (Burcelin et al., 2002; de Fourmestraux et al.,
2004; Parekh et al., 1998; Petro et al., 2004; Surwit et al., 1988,
1995). Both high fat diet treatments led to a similar increase in
fasting glycemia, body weight and epididymal fat mass after
4 weeks and 8 weeks for HF-1 and HF-2, respectively. Moreover,
as compared to standard diet, a lower caecum weight was obser-
ved in mice: this may be explained by the fact that high fat diet
contains much less fermentable substrate (fibers, resistant starch,
etc.) than the standard diet.

Curiously, a 4-week treatment with OFS added at the same
dose induced different effects in HF-1 and HF-2 protocols. OFS
decreased energy intake, body weight gain, glycemia, and epidi-
dymal fat mass only when added together with the HF-1 diet, but
it had no effect on those parameters when added in HF-2 protocol.
Interestingly, caecal enlargement due to OFS treatment was much
higher in HF-1 than in HF-2 treated animals. In several animal
models, the intestinal fermentation induced by lactitol or dietary
fibers is correlated with GLP-1 production (Gee and Johnson,
2005; Massimino et al., 1998; Reimer and McBurney, 1996). In
accordance with those data, we observe that proglucagon mRNA
was increased whenOFSwas added inHF-1, but not inHF-2 diet.
GLP-1 is a physiological regulator of food intake, and glycemia,
namely through its capacity to increase insulin secretion (Drucker,
2002; Meier and Nauck, 2005). According to this, OFS-HF-1
mice exhibited a higher insulin level in plasma, which can
contribute to the lower glycemia and may be related to the higher
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proglucagon expression. Such a relationship between OFS fer-
mentation, proglucagon mRNA content, and insulin production
had already been shown in diabetic rats (Cani et al., 2005a).
Moreover, we have recently shown, in high fat fed mice, that the
anti obesity/diabetic effects of OFS are linked to a higher pro-
glucagon mRNA expression, and are dependent on a functional
GLP-1 receptor (Cani et al., 2006). Here again, our results support
the fact that an increase in proglucagon expression in the proximal
colon is associated to OFS effects on glycemia, fat mass de-
velopment, and/or body weight gain. Accordingly, OFS addition
in the diet was able to counteract diabetes when given in strep-
tozotocin-treated diabetic rats (Cani et al., 2005a) but was unable
to improve diabetes occurring in rats exhibiting a defect in colonic
proglucagon expression – the BioBreeding diabetes-prone rats
(Perrin et al., 2003; Reimer et al., 1998).

Wemay suggest that an enrichment of the diet with OFS is less
effective in more advanced states of metabolic disturbances, due
to a longer period of high fat treatment (HF-2), and is not neces-
sarily due to the difference in the composition of the high fat diets.
However, we observed that an 8-week HF-1–OFS treatment gave
results similar to those obtained in the present study (not shown).

OFS thus appears as a promising tool in the nutritional ap-
proach to control metabolic syndrome in obese patients. To date,
only a few studies report the effects of fermentable carbohydrates,
namely fructo-oligosaccharides, in humans. Interestingly, a recent
study reports that OFS feeding (20 g/d) significantly increases
plasma GLP-1 after a mixed meal (Piche et al., 2003). We have
recently shown, in healthy humans, that feeding 16 g/d OFS
promotes satiety following breakfast and dinner, and reduces
hunger and prospective food consumption after the dinner. This
was accompanied by a significant 10% lower total energy intake
(Cani et al., 2005b, 2006b). Moreover, Archer et al have
demonstrated that fermentable fructo-oligosaccharides, added to
food as fat replacer, were able to lower energy intake during a test
day (Archer et al., 2004). The relevance of OFS effects in obese
patients remains to be investigated.

In conclusion, dietary oligosaccharides would constitute an
interesting class of dietary fibers, promoting endogenous GLP-1
production, with beneficial physiological consequences.
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