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Glucose Tolerance, Lipids, and GLP-1
Secretion in JCR:LA-cp Rats Fed a High

Protein Fiber Diet

Raylene A. Reimer' and James C. Russell®

Background: We have shown that individually, dietary fiber and protein increase secretion of the anorexigenic and

insulinotropic hormone, glucagon-like peptide-1 (GLP-1).

Objective: Our objective was to combine, in one diet, high levels of fiber and protein to maximize GLP-1 secretion,

improve glucose tolerance, and reduce weight gain.

Methods and Procedures: Lean (+/?) and obese (cp/cp) male James C Russell corpulent (JCR:LA-cp) rats lacking a
functional leptin receptor were fed one of four experimental diets (control, high protein (HP), high fiber (HF, prebiotic
fiber inulin), or combination (CB)) for 3 weeks. An oral glucose tolerance test (OGTT) was performed to evaluate
plasma GLP-1, insulin and glucose. Plasma lipids and intestinal proglucagon mRNA expression were determined.
Results: Energy intake was lower with the HF diet in lean and obese rats. Weight gain did not differ between diets.
Higher colonic proglucagon mRNA in lean rats fed a CB diet was associated with higher GLP-1 secretion during

OGTT. The HP diet significantly reduced plasma glucose area under the curve (AUC) during OGTT in obese rats, which
reflected both an increased GLP-1 AUC and higher fasting insulin. Diets containing inulin resulted in the lowest plasma

triglyceride and total cholesterol levels.

Discussion: Overall, combining HP with HF in the diet increased GLP-1 secretion in response to oral glucose, but
did not improve glucose tolerance or lipid profiles more than the HF diet alone did. We also suggest that glycemic
and insulinemic response to prebiotics differ among rat models and future research work should examine their role
in improving glucose tolerance in diet-induced vs. genetic obesity with overt hyperleptinemia.

Obesity (2008) 16, 40-46. doi:10.1038/0by.2007.16

INTRODUCTION

Oligofructose and inulin are unique soluble dietary fibers,
known as prebiotic fibers, which are non-gel-forming; they
selectively stimulate lactic-acid bacteria growth in the gut and
show promise in regulating glucose control and obesity (1).
Inulin is chiefly extracted from chicory root and has a degree of
polymerization or a number of glucose or fructose units of 2 to
260 (2). High performance inulin has small molecular weight
oligomers removed and an average degree of polymerization
>23. Partial enzymatic hydrolysis of inulin results in production
of oligofructose, which has a degree of polymerization <10. In
humans, oligofructose has been shown to enhance satiety (3),
improve glucose controlin hyperglycaemic subjects (4), raise lev-
els of plasma glucagon-like peptide-1 (GLP-1), (5) and improve
blood lipid profiles (6). GLP-1 is a potent insulinotropic hor-
mone (released from intestinal L cells in response to nutrients),
that lowers blood glucose, inhibits food intake, decreases gluca-
gon secretion, and enhances -cell neogenesis (7).

It is generally accepted that the addition of fermentable fiber
to a diet results in significant gains in the distal small intestine
and large bowel mass (8). These changes may be associated
with increased expression and secretion of gut hormones. We
have shown that mixed dietary fibers and especially fermen-
table dietary fibers are able to increase distal gut mass, enhance
GLP-1 secretion and upregulate proglucagon mRNA expres-
sion in rats (9-11).

In rats the specific fermentable fibers, inulin and oligofruc-
tose, have been shown to reduce hepatic triglyceride content
and counteract fat mass development in both normal and
obese Zucker rats (12,13). However, while fructans effectively
lower plasma triglyceride concentrations in normal rats, obese
Zucker rats were resistant to this hypotriglyceridemic effect
(14). In the streptozotocin-treated rat, Cani et al. (15,16) have
also demonstrated that oligofructose lowers post-prandial gly-
cemia and partially restores insulin secretion. Supplementing
a high fat, carbohydrate free diet with oligofructose reduces
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body weight, epidydimal fat mass, and glycemia in mice
(16) and these effects are mediated in part through satiety
(12,13,17). Most recently, Cani et al. (18) have demonstrated
convincingly that the improvements in glucose tolerance seen
with oligofructose consumption require a functional GLP-1
receptor. The beneficial effects of fructans in animal studies
have generally been observed with diet compositions of ~10%
oligofructose on a weight basis (12-15,18,19). In humans, an
intake of ~10-20 g/day has generally been found to be effective
yet produce few gastrointestinal complaints (20).

Compared to high-carbohydrate or high-fat meals, high pro-
tein (HP) meals contribute to increased satiety and reduced
subsequent energy intake (21,22). Several studies have recently
shown that part of the modulation of satiety by dietary pro-
tein may be related to increased secretion of GLP-1 (23-25).
Although the number of L cells is highest in the distal colon, it
is plausible that dietary protein, which is largely digested and
absorbed along the length of the small intestine (26-29), con-
tributes to increased plasma concentrations by stimulating the
release of GLP-1 from L cells located proximally in the gut. In
fact, we have previously shown that two protein sources, meat
hydrolysate and essential amino acids are potent direct stimu-
lators of GLP-1 release in vitro in the human enteroendocrine
NCI-H716 cell line (30,31).

Given the potential benefits of GLP-1’s anti-diabetic and
anti-obesity effects, we set out to formulate an overall dietary
composition that would maximize the endogenous secretion
of GLP-1 by targeting both the proximal gut with increased
protein content and the distal gut with increased fiber con-
tent. To this end, the objective of this work was to evaluate the
effects of a high fiber (HF) (using the prebiotic fiber inulin), a
HP or a combination (CB) diet containing high levels of both
fiber and protein on body weight, glucose control and blood
lipid response in the genetically obese and insulin resistant
James C Russell corpulent (JCR:LA-cp) rat. Given our previ-
ous work demonstrating the individual ability of dietary fiber
and protein to stimulate GLP-1 secretion, we hypothesized
that a CB diet would result in greater GLP-1 secretion than
either diet alone.

METHODS AND PROCEDURES

Heterozygous and lean (+/?) and homozygous and obese (cp/cp)
JCR:LA-cp male rats were bred in the established colony at the University
of Alberta, Edmonton, Canada. At 7 weeks of age the animals were
transported to the University of Calgary, Calgary, Canada and housed
in a temperature and humidity controlled room with a reverse 12-h
light, 12-h dark cycle. The JCR:LA-cp rat displays the autosomal reces-
sive cp gene originally isolated by Koletsky (32). This strain was chosen
because (cp/cp) male rats lack the isoforms of the ObR leptin receptor
and are severely obese, hyperphagic, hypertriglyceridemic, hyperin-
sulinemic and markedly insulin resistant (33,34). It is unique because it
is only one of five major strains with the cp gene to develop atheroscle-
rotic and myocardial lesions from an early age (35). In addition, these
rats exhibit several attributes typical of the obese/diabetic/hyperten-
sive/dyslipidemic syndrome (metabolic syndrome) observed in human
subjects (36). The protocol was approved by the University of Calgary
Animal Welfare Committee. Animals were maintained on a nonpurified
diet (5P14 ModRod PQ, PMI Nutrition International, Brentwood, MO)
before the experimental period. During the experiment, animals were
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randomized to one of four experimental diets for 3 weeks (8 rats/group;
8 weeks of age at initiation). Initial body weight at randomization did
not differ between diet groups within the lean or obese groups (231.5
*5.5gand 332.1 £ 9.5g, respectively). The composition of the experi-
mental diets is given in Table 1. Inulin was supplied as 9g/100g diet
in the fiber containing diets (Orafti Raftiline HP, Quadra Chemicals,
Burlington, ON, Canada). Raftiline HP (Orafti) is a mixture of gluc-
osyl-(fructosyl) and (fructosyl)_-fructose with an average degree of
polymerization of 25. Casein content was approximately double in the
HP and CB diets compared to control and HF diets. The energy value
of the control and HP diets was 15.1 MJ/kg (3.61 kcal/g) and 14.3 M]J/kg
(3.42kcal/g) for the HF and CB diets. Food intake was recorded daily
and body weight weekly.

Oral glucose tolerance test

An oral glucose tolerance test (OGTT) was performed according to
our previous work using cardiac blood sampling (9,10). Briefly, rats
were anesthetized with Halothane and a fasting cardiac blood sample
obtained. The anesthetic was removed and a 2 g/kg body weight dose
of dextrose was administered by gavage. Additional cardiac blood sam-
ples were drawn from each rat under anesthetic at ¢ = 30 and 60 min
post-gavage. Blood was collected with the addition of EDTA (1 mg/ml)
and aprotinin (5 x 10°kIU/l; Sigma, Oakville, ON, Canada). Diprotin
A, an inhibitor of dipeptidyl peptidase IV was added at 34 pg/ml
(Calbiochem, La Jolla, CA) to inhibit GLP-1 degradation (37). Blood
was centrifuged at 1,600¢ for 15 min at 4 °C and plasma stored at -80°C
until analysis by radioimmunoassay. At the end of the glucose tolerance
test, the small intestine and colon were excised, weighed, and length
measured under tension with a clip weighing 5g. A 3-cm segment of
the distal duodenum, jejunum, ileum, and proximal colon were then
flushed with ice-cold saline, immersed in liquid nitrogen, and stored at
-80°C for later mRNA analysis.

Radioimmunoassays and biochemistry

Blood glucose concentrations were determined using glucose Trinder
enzymatic assay (Sigma, Oakville, ON, Canada). Area under the curve
(AUC) was determined as described by Massimino et al. (38) and reflects
the area above baseline. Radioimmunoassay kits for insulin and ELISA

Table 1 Experimental diet composition

High High
Composition (g/kg) Control® protein  fiber Combination
Cornstarch 466 318 376 228
Casein 140 287 140 287
Dextrinized 155 155 155 155
cornstarch
Sucrose 100 100 100 100
Soybean ol 40 40 40 40
Alphacel 50 50 50 50
AIN-93M-MX 35 35 35 35
L-cystine 1.8 1.8 1.8 1.8
AIN-93-VX 10 10 10 10
Choline bitartrate 2.5 2.5 2.5 2.5
Inulin® - - 90 90
% Energy from 76 61 76 61
carbohydrate
% Energy from protein 14 29 14 29
% Energy from fat 10 10 10 10

2Based on AIN-93M purified diet for the maintenance of adult rats. ®Inulin supplied
as Orafti Raftiline HP (Quadra Chemicals, Canada).
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kits for active GLP-1 (7-36 amide) were obtained from Linco Research
(St. Charles, MO). Blood lipids were measured by Calgary Laboratory
Services (Calgary, AB, Canada) using commercially available enzymatic
colorimetric assays (WAKO Chemicals USA, Richmond, VA).

RNA isolation and real-time quantitative polymerase

chain reaction

Total RNA was extracted from the small intestine and colon using
TRIzol reagent (Invitrogen, Burlington, ON, Canada) (39). Reverse
transcription was performed with an input of 1ug of total RNA using
the first strand cDNA synthesis kit for real-time quantitative polymerase
chain reaction (PCR) (Invitrogen, Burlington, ON, Canada) with oligo
d(T),; as a primer. The resultant cDNA was amplified using primers
synthesized by University of Calgary Core DNA Services (Calgary, AB,
Canada) and analyzed by real time-PCR. Primers used for amplification
of cDNAs of interest were: 5-ACCGCCCTGAGATTACTTTTCTG-3
(forward) and 5-AGTTCTCTTTCCAGGTTCACCAC-3" (reverse)
for proglucagon gene and 5-TATCGGCAATGAGCGGTTCC-3’ (for-
ward) and 5-AGCACTGTGTTGGLATAGAGG-3’ (reverse) for actin
gene. The PCR was heated for 1 min 30s, then 40 cycles at 95°C for 30,
60°C for 30s and 72°C for 20s in a DNA iCycler apparatus (BIO-RAD,
Mississauga, ON, Canada). A melt curve showed the melting point of
the PCR product of interest. Actin primers were included as an inter-
nal control. The 2-**“" method was utilized for the data analysis where
threshold cycle (C,) indicates the fractional cycle number at which the
amount of amplified target reaches a fixed threshold (40). The AC,. is
the difference in threshold cycles for proglucagon and actin and the
AAC, is the difference between the AC, for treatment diets and the AC,
for control diet. Relative expression levels are presented as fold changes
to the control group (for which levels were set to 1).

Statistics

All data are presented as mean + s.e.m. Differences between treatments
were determined using one-way ANOVA and Fisher’s multiple compar-
ison post-hoc test (P < 0.05) with SPSS software (SPSS, Chicago, IL).

RESULTS

Caloric intake and weight gain

In lean rats, the HF and CB diet groups had significantly lower
average caloric intake (kcal/day) compared to the control
(C) group (Table 2). The HP group had intermediate caloric
intake. In the obese rats, the HF diet resulted in the lowest

Table 2 Food intake and body weight changes in lean and
obese JCR:LA-cp rats over a 3-week feeding period

Food Caloric
intake intake Finalbody = Weight
Group Diet (g/day) (kcal/day) weight (g) gain (9)
Lean C 229+15 87.1x56* 279.4+88 446+35
HP  201+£1.0 76.6+3.7%> 280.5+10.4 43.8+4.6
HF 205+18 729+6.3° 270.6+10.5 40.6+2.8
CB 19.8+0.8 70.7+£2.8> 271.2+234 46.5+4.7
Obese C 349+17 1383.1+6.5% 411.4+17.0 782+5.0
HP  341+23 130.0+8.8* 429.4+21.5 82.3+4.3
HF  30.8+1.7 109.5+6.2° 3923+17.2 75750
CB 335+1.2 119.3+4.4% 419.7+16.2 88.2+5.5

Values are mean + s.e.m. (n = 8 rats/group). Weight gain represents final body
weight minus initial body weight. Food intake represents average grams of food
eaten per day over the 3-week feeding period. Caloric intake represents aver-
age energy intake per day over the 3-week feeding period. Values with different
letters represent a significant difference between diets within either the lean or
obese groups (P < 0.05).

C, control diet; CB, combination; HF, high fiber; HP, high protein; JCR:LA-cp;
James C Russell corpulent.
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caloric intake. No differences were seen in weight gain over the
3-week intervention period (Table 2).

Intestinal characteristics

Consistent with the known effects of dietary fiber on colonic
mass we saw a significant increase in colon weight with the
inulin-containing diets, HF and CB, in lean and obese rats
(Table 3) compared to C and HP. Colon length was also sig-
nificantly greater in HF and CB groups in obese rats and in
CB lean rats. In the small intestine, the CB diet significantly
increased overall mass compared to all other diets in the lean
and obese rats. Small intestine length was also significantly
greater in the CB group compared to C and HF in the lean rats
but not different from the HP group.

Plasma lipids

In the lean rats, high density lipoprotein (HDL) levels were
significantly higher in the HP rats compared to those on any
other diet (Table 4). The CB group had significantly higher
HDL than the C and HF groups but lower levels than the HP
group. Low-density lipoprotein (LDL) levels were significantly
lower in the HF and CB groups compared to the HP group but

Table 3 Intestine characteristics of lean and obese JCR:
LA-cp rats

Small Small Colon
intestine intestine length Colon

Group Diet length(cm) weight(g) (cm) weight (g)
lean C 100.3+1.82 4.8+0.12 153+0.5** 0.83 +0.05°

HP 102.2+2.0%° 47+0.2° 151+£0.6* 0.92+0.192°

HF 100.1+1.3* 51+0.2® 16.3+0.8* 1.12+0.08°

CB 106.0+1.6> 57+02° 16.9+0.6° 1.10+0.06°
Obese C 1151 +2.0 71+0.2* 16.6+0.5* 0.89+0.07°

HP 120.3+19 7.1+£0.2%° 17.8+0.6** 0.82+0.05°

HF 1173+35 7.6+0.3 19.1+1.2° 1.30+0.08°

CB 1199+18 85+02° 19.1+0.7° 1.38+0.06°

Values are mean + s.e.m. (n = 8 rats/group). Values with different letters repre-
sent a significant difference between diets within either the lean or obese groups
(P < 0.05).

G, control diet; CB, combination; HF, high fiber; HPF, high protein; JCR:LA-cp;
James C Russell corpulent.

Table 4 Blood lipids of lean and obese JCR rats at the end of
a 3-week feeding period

Total

Triglycerides HDL LDL Cholesterol

Group Diet (mmol/l) (mmol/l) (mmol/l) (mmol/l)
Lean C 0.58+0.08 0.95+0.04* 0.10+0.042° 1.30 + 0.06°
HP 0.43+0.07 1.24+0.02° 0.20+0.05° 1.64 +0.04°

HF 0.56+0.09 0.89+0.03* 0.05+0.03%¢ 1.20+0.042

CB 0.47+0.06 1.07+0.05° 0.08+0.04%¢ 1.35+0.072

Obese C 3.80+0.478 216+0.19*° 0.46+0.18 4.12+0.312
HP 3.88+0.412 2.33+0.172 0.33+0.18 4.09 + 0.402°¢

HF 2.00+0.27° 1.77+0.17° 0.18+0.11 2.60+0.27°
CB 2.47+0.32° 2.06+0.08** 0.19+0.06 3.30+0.16°°

Values are mean + s.e.m. (n = 8 rats/group). Values with different letters repre-
sent a significant difference between diets within either the lean or obese groups
(P < 0.05).

C, control diet; CB, combination; HF, high fiber; HP, high protein; JCR:LA-cp;
James C Russell corpulent.
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did not differ from the control group. Total cholesterol levels
reflected these patterns with the highest levels seen in the HP
rats compared to all other diet treatments.

In obese rats, plasma triglycerides were significantly lower in
the HF and CB groups compared to C and HP (Table 4). HDL
levels were significantly higher in the HP rats compared to the
HF rats, but not different from C and CB. The levels of LDL in
the HF and CB groups were nearly half those seen in the C and
HP groups but this was not significantly different. Reflective of
reduced HDL and LDL, the total cholesterol was lowest in the
HEF rats, highest in the C and HP rats and levels in the CB diet
were intermediate between the HF and HP diets.

OGTT

In support of our hypothesis, plasma GLP-1 levels in the lean
rats when fasting and 30 and 60 min after glucose gavage were
significantly higher in the CB group than the control and HF
groups (Figure 1). However, given the higher fasting levels and
reduced incremental rise over time, there were no significant
differences in GLP-1 AUC between the four groups. In obese
rats, GLP-1 levels when fasting were also significantly higher in
CB vs. HP (Figure 1) and also tended to be higher than HP at
30 min post-gavage and higher than C at 60 min post-gavage
(P =0.08). Given the prolonged rise of GLP-1 levels with a HP
diet over time, incremental AUC was significantly greater in
HP than in control rats, with HF and CB found intermediate
between the two.

There were no significant differences between diet treatments
among lean rats for plasma insulin levels at timings of 0, 30, or
60 min post-gavage. Among the lean rats, no diet differences
were seen for insulin AUC (Figure 2). Among obese rats, the
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Figure 1 Plasma glucagon-like peptide-1 (GLP-1) in response to an oral
glucose load in lean and obese rats after the 3-week dietary intervention
period. Results represent the mean + s.e.m. for eight lean rats in each
diet group. The left hand panel represents the lean (+/?) rats. Open
circles, control diet (C); open squares, high protein (HP); open triangles,
high fiber (HF); open diamonds, combination (CB). The CB diet had
significantly higher GLP-1 levels vs. the C and HF diet at = 0, 30 and
60 min (P < 0.05). The insert represents the area under the curve (AUC)
for each diet treatment. No significant differences were found in AUC

in lean rats. The right hand panel represents the obese (cp/cp) rats.

The CB diet had significantly higher fasting GLP-1 levels vs. the HP

diet (P < 0.05). For the AUC insert, treatments with different letters are
significantly different (P < 0.05).
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HP diet had significantly higher fasting insulin levels compared
to all other diets (Figure 2). By 60 min post-gavage, the obese
CB group had significantly lower insulin levels compared to
the obese control group. No diet differences were seen in AUC
for insulin among the obese rats.

No significant differences in plasma glucose concentrations
were seen at any time point in lean rats during the OGTT
and no differences observed in AUC for glucose (Figure 3).
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Figure 2 Plasma insulin in response to an oral glucose load in lean
and obese rats. Results represent the mean + s.e.m. for eight lean rats
in each diet group. The left hand panel represents the lean (+/?) rats.
Open circles, control diet (C); open squares, high protein (HP); open
triangles, high fiber (HF); open diamonds, combination (CB). There
were no significant differences between diet groups at time = 0, 30 or
60 min for lean rats. The insert represents the area under the curve
(AUC) for each diet treatment. No significant differences were found in
AUC for lean rats. The right hand panel represents the obese (cp/cp)
rats. At fasting (t = 0), the HP diet had significantly higher insulin levels
vs. all other diets (P < 0.05). At t = 60 min the CB diet had significantly
lower insulin than the C (P < 0.05). No significant differences were
found in AUC for obese rats.
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Figure 3 Plasma glucose in response to an oral glucose load in lean
and obese rats. Results represent the mean + s.e.m. for eight lean rats
in each diet group. The left hand panel represents the lean (+/?) rats.
Open circles, control diet (C); open squares, high protein (HP); open
triangles, high fiber (HF); open diamonds, combination (CB). There were
no significant differences in plasma glucose between diet treatments in
lean rats. Insert represents the area under the curve (AUC) for each diet
treatment. No significant differences were found in AUC for lean rats.
The right hand panel represents the obese (cp/cp) rats. The CB diet
had significantly lower fasting glucose levels compared to the C and HP
diet (P < 0.05). For the AUC insert, treatments with different letters are
significantly different (P < 0.05).
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Table 5 Fold changes in proglucagon mRNA expression in
lean and obese JCR:LA rats

Duodenal Jejunal lleal Colonic
Group Diet proglucagon proglucagon proglucagon proglucagon
Lean ¢} 1.0+£0.09%*  1.0+0.6*° 1.0+£0.3 1.0+0.1520
HP 1.2x0.2° 1.7+1.4° 1.1+£0.6 0.5+0.4°
HF 0.7 £0.23¢ 0.4 +0.42¢ 1.3+1.0 0.7+0.6°
CB 0.8+0.5% 1.4+£0.4° 1.1+04 1.9+1.9°
Obese C 1.0+£0.07 1.0+£0.8 1.0+0.2 1.0+£0.23
HP  0.8+0.1 1.8+£2.0 1.0+£0.6 35+5.2
HF  09x02 1.0+£0.5 09+04 3.8+5.0
CB 0.7+04 1.0+£0.7 1.1+£09 3.8+3.2

Values are mean + s.e.m. of fold changes from the control diet group (n = 8 rats/
group). Values with different letters represent a significant difference between
diets within either the lean or obese groups (P < 0.05).

C, control diet; CB, combination; HF, high fiber; HP, high protein; JCR:LA-cp;
James C Russell corpulent.

In obese rats, the CB diet resulted in significantly lower fast-
ing glucose levels compared to the control and HP diets
(Figure 3). The AUC for glucose was, however, significantly
lower for the HP diet compared to the control and CB diet.
The blunted rise in plasma glucose levels in response to oral
glucose in our lean and obese rats is consistent with previous
findings in this model (41-43).

Gene expression

Proglucagon mRNA expression was significantly higher in the
duodenum and jejunum of lean rats fed the HP vs. HF diet
(Table 5). In the colon, the lean rats fed the CB diet had a sig-
nificantly higher proglucagon mRNA expression compared
to the HP and HF groups. Despite a nearly fourfold increase
in colonic proglucagon in the obese rats with the protein and
fiber diets, no significant differences were detected in any of
the intestinal segments.

DISCUSSION

Independently, we have shown that diets high in fermentable
fiber increase GLP-1 secretion in rats (9,10) and that meat
hydrolysate and essential amino acids increase GLP-1 secretion
in a human intestinal cell line (30,31). Delzenne et al. have also
shown that prebiotic fibers specifically are able to reduce energy
intake and body weight in rats (13,15,19). Our objective was to
design a diet that combined the ability of dietary fiber to pro-
mote GLP-1 production in the distal gut with dietary protein
to stimulate GLP-1 secretion from the proximal gut. We hereby
report that combining HP with HF in the same diet results in
maximal secretion of GLP-1 during an OGTT, and maximal
upregulation of colonic proglucagon mRNA in lean rats com-
pared to either diet component taken individually. However,
other metabolic improvements seen with the CB diet were no
greater in magnitude than those observed with the HF diet
alone. Reductions in caloric intake, increases in colonic length
and mass, and decreases in plasma triglycerides, and total cho-
lesterol were equally seen in the HF and CB diet groups. In gen-
eral these changes were seen in both lean and obese rats with the
exception of the triglyceride loweringaction of the CB diet, which
was marked in the obese rats and not in lean rats. Although gly-

a4

cemia was improved by the HP diet in obese rats, no change was
seen in lean rats or with the inulin-containing diets.

Supporting our hypothesis we did observe significantly
greater proglucagon expression in the jejunum and colon of
lean rats fed the CB diet, suggesting it may be possible to tar-
get specific sites along the intestine with appropriate fuels to
increase GLP-1 production. Dietary fibers are not susceptible
to digestion by human enzymes but are metabolized by bacte-
ria in distal segments of the gut including the cecum and colon
(8). Many studies have shown that dietary fibers, especially the
fermentable fibers, upregulate proglucagon expression in the
colon and stimulate greater GLP-1 release into the bloodstream
in response to nutrients (9,10,15,18,19). Dietary protein, how-
ever, is chiefly digested and absorbed by the time it reaches the
ileum (44) and could therefore be seen as a preferential fuel for
proglucagon producing cells in the proximal gut. Although we
are notaware of reports of altered proglucagon expression along
the length of the gut with increased dietary protein, studies in
humans have shown an increase in GLP-1 secretion following
the consumption of a HP diet over 36 h or a single HP meal
(23-25). In these lean rats there was a significant upregulation
of proglucagon expression in the duodenum and jejunum of
rats consuming the HP diet rather than those consuming the
HF diet. Elevated expression of proglucagon in the colon of
rats consuming the HP diet may be partially due to the greater
endogenous protein losses observed with HP diets (44). The
endogenous sources of protein, including desquamated cells,
digestive enzymes and mucins, could act in the terminal ileum
and more distal sites to upregulate proglucagon.

The increased proglucagon expression observed in the jeju-
num and colon may explain in part the significantly higher
GLP-1 levels (at the time points of 0, 30, and 60 min when tak-
ing the OGTT) with the CB diet, when compared to the control
and HF diets. When expressed as an incremental AUC, how-
ever, the CB diet was no better than the other diets in sustained
elevated GLP-1 levels. This does not preclude, however, the pos-
sible physiological effects of the higher fasting and sustained
GLP-1 levels present in the plasma of rats fed the CB diet. While
AUC may represent the secretory capacity for GLP-1, the sus-
tained basal levels of GLP-1 may impact GLP-1 availability and
function. Indeed, Pannacciulli et al. (45) have recently shown
that higher fasting plasma GLP-1 concentrations are associ-
ated with higher rates of energy expenditure and fat oxidation
in humans. While many other studies sample peripheral blood
as we did for GLP-1 analysis, it is known that GLP-1 is subject
to rapid degradation by dipeptidyl peptide IV and it is possible
that only 10-15% of intact GLP-1 reaches the systemic circula-
tion (46). Our ability to detect a response in peripheral GLP-1
circulation could have been enhanced by sampling portal blood
as has been done by Cani et al. (13,15,18,19).

In addition to increased proglucagon and GLP-1 secretion we
also observed improved lipid profiles with the CB and inulin
diets including reductions in triglycerides and total cholesterol
in obese rats and reductions in LDL and total cholesterol in lean
rats who were on the HP diet rather than on the C. Oligofructose
has been shown to reduce liver triglyceride accumulation due to
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fructose feeding in normal rats and lessen the steatosis associ-
ated with obese Zucker fa/fa rats (12,14,47). These triglyceride
lowering effects have been explained at least in part by inhibition
of de novo fatty acid synthesis and downregulation of the expres-
sion and activity of lipogenic enzymes (48). Hyperinsulinemia,
a prominent characteristic of the JCR:LA rat, induces lipogenic
enzymes via enhanced expression of sterol-regulatory-binding
protein-1c and ultimately results in increased hepatic lipid pro-
duction and hypertriglyceridemia (49). The profound reduction
in plasma triglycerides observed in the obese JCR:LA rats con-
suming inulin in our study is a new finding and suggests that
this dietary intervention could have beneficial effects in decel-
erating the atherosclerotic process in the context of the specific
genetic background of this model (50).

In general, there is an inverse relationship between plasma
triglycerides and HDL in humans with hypertriglyceridemia
often presenting with low HDL concentrations (51). This rela-
tionship is not as clear in rodents given observations that fibrates,
a class of drugs used in the treatment of atherogenic dyslipi-
demia, effectively decrease plasma triglycerides but their effects
on HDL levels occur in an opposite manner in these two species
(52-54). In rodents the pronounced decrease in HDL observed
with fibrates is associated with decreased liver apolipoprotein A-I
mRNA (52), whereas in humans fibrate treatment consistently
increases HDL and apolipoprotein A-I concentrations (53,54). It
is perhaps not surprising then that we observed a concomitant
lowering of HDL with the significant reduction in plasma triglyc-
erides in these obese rats. Our work does support the reduction
in plasma total cholesterol and triglycerides seen in other animal
models with inulin and oligofructose (55). Part of the mechanism
governing reduced cholesterol may be linked to the production
of short-chain fatty acids in the gut. While the short-chain fatty
acid acetate has been shown to increase cholesterol synthesis,
propionate, which is increased proportionally with inulin feed-
ing in rats, has shown inhibitory effects on cholesterol synthesis
(56,57). To elucidate the precise role of prebiotic fibers in altering
lipid profiles in humans, more work will be needed given that
the few studies performed to date have shown inconsistent action
with a decrease or no effect on plasma lipid levels (55).

The lack of significant reduction in body weight and glyce-
mia with the inulin supplement was surprising given the clear
reductions in these parameters seen with prebiotic fiber in
other rat models (13-16,19). The lack of change in our study
may be explained by the type of prebiotic fiber utilized in our
study. Inulin is largely fermented in the distal colon whereas
oligofructose is largely fermented in the cecum and proximal
colon (58). In a direct comparison of oligofructose, inulin or
a mixture of the two called Synergy 1, Cani ef al. (19) dem-
onstrated that oligofructose had the most dramatic effect in
increasing intestinal GLP-1 content and proglucagon expres-
sion. Oligofructose, therefore, being largely fermented in the
proximal gut (the primary site of GLP-1 production) may be
the preferred prebiotic fiber for reducing body weight and
improving glycemic control. In studies where oligofructose
significantly increased GLP-1 there was an accompanying
decrease in glycemia (14,15,18). Although the HP diet in our
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study resulted in the lowest glucose AUC during OGTT in
obese rats, this may have been influenced by the CB of higher
fasting insulin and increased GLP-1 AUC rather than either
effect alone.

Another explanation for the lack of effect on weight gain
and GLP-1 levels may be linked to the metabolic defects of the
JCR:LA-cp rat model. The male cp/cp rat is characterized by
marked hyperleptinemia (59) in addition to hyperinsulinemia
and hyperphagia. Our findings of a diminished response to
prebiotics are in agreement with the findings of Daubioul et al.
(12,14) in the Zucker fa/fa fatty rat which likewise has a defec-
tive leptin receptor. Although oligofructose was able to reduce
plasma triglycerides and hepatic steatosis in the Zucker fa/fa
rat, it did not improve plasma insulin or glucose levels (14).
Similarly we show a marked decrease in plasma triglycerides
in obese rats with inulin but no change in insulin or glucose
response. Moreover, Delmee et al. (16) have recently shown
that advanced metabolic disturbance induced by a prolonged
high-fat diet reduces the ability of oligofructose to decrease
energy intake, body weight or glycemia in mice. It would there-
fore be beneficial to determine the precise role of oligofructose
as a preventative agent in obesity and delineate differences in
response based on genetics vs. diet-induced obese states.

To our knowledge this is the first study to combine in one
diet both high dietary protein and high dietary fiber content
and examine their effects on weight loss and blood glucose and
lipid response in obese rats. Although we confirm our hypoth-
esis (that providing targeted fuels along the length of the gut
upregulates intestinal proglucagon gene expression and GLP-1
secretion to the greatest extent), these changes do not translate
into a clear metabolic advantage of the CB diet over the HF diet
alone, in the JCR:LA-cp rat. The advanced metabolic dysfunc-
tion seen in this monogenic model of obesity may preclude the
ability of inulin to improve glycemic and insulinemic response
over the relatively short duration examined.
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