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Abstract

Resistant starch (RS) is a dietary fermentable fiber that decreases body fat accumulation, and
stimulates the secretion of glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) in rodents.
GLP-1 and PYY are gut secreted hormones with anti-obesity effect. Thus, blocking the signals of
increased GLP-1 and PYY may also block the effect of dietary RS on body fat. In a ten-week
study, C57BL/6J and GLP-1 receptor null (GLP-1R KO) mice were fed control or 30% RS diet,
and received daily intraperitoneal injection of either saline or PY'Y receptor antagonist (BIIE 0246,
20ug/kg body weight). Dietary RS significantly decreased body fat accumulation only in wild type
mice that has saline injection, but not in GLP-1R KO mice. PY'Y receptor antagonist diminished
RS action on body fat in wild type mice, but did not interfere with GLP-1R KO mice response to
RS. Regardless of genotype and injection received, all RS fed mice had increased cumulative food
intake, cecal fermentation, and mRNA expression of proglucagon and PY'Y. Thus, our results
suggest that increased GLP-1 and PY'Y is important in RS effects on body fat accumulation.
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Resistant starch (RS) is a fermentable dietary fiber used as a carbohydrate source in food.
Among many beneficial effects of dietary RS [1-9], we consistently found RS fed rodents
have decreased body fat and improved glucose tolerance, associated with elevated
circulating GLP-1 and PYYY [10-18]. GLP-1 and PYY are gut-secreted hormones with anti-
obesity and anti-diabetic actions. The expressions of these two hormones are stimulated by
RS through its colonic fermentation [18, 19]. When the mice failed to ferment RS diet, they
also failed to show body fat loss [17]. Thus, we hypothesize that dietary RS decreases body
fat accumulation through stimulating endogenous GLP-1 and PYY production. In current
study, we used GLP-1 receptor null (GLP-1R KO) mice and PY'Y receptor antagonist to
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block the signaling of elevated GLP-1/PYY in RS fed mice, and measured their body fat
accumulation.

Both GLP-1R KO (provided by Dr. Drucker, Department of Medicine, University of
Toronto, Canada) and wild type mice (Jackson Laboratories, ME USA) were bred in the
same room with free access to rodent chow and tap water. All GLP-1R KO mice were
genotyped to ensure their correct genotype. Only male mice were used for study.

At the age of 8-12weeks, mice were switched to wire-bottom cages and custom made
control diet for adaptation of experimental conditions. The control diet was semi-purified
powder diets of AIN-93G for laboratory rodents. After two weeks adaptation, based on their
body weight and body fat (measured by NMR), both wild type and GLP-1RKO mice were
divided into two dietary groups: control diet or 30% RS diet. The RS diet has the same
micro- and macro- nutrients, and metabolizable energy density as the control diet. However,
the regular corn starch (Amioca ® cornstarch, 100% amylopectin) or Hi-maize 260®,
(Ingredion, Incorporated, Bridgewater, NJ) were used for control diet or RS diet as described
previously[18]. The mice in each dietary group were further subdivided into receiving daily
intraperitoneal injection of either saline or PY'Y receptor antagonist (BIIE0246, 20ug/kg
body weight, Tocris Bioscience, Bristol UK). Animal protocols were approved by the
Pennington Biomedical Research Center Animal Care and Use Committees (protocol #
419). There was a total of 8 groups of mice (2 types of mice x 2 diets x 2 injections) used in
the study, and each group had 8-12 mice. There are 6 mice that did not gain or lost body
weight because of complications associated with daily ip injection during the entire study
period, and they are excluded for data analysis.

At the end of study, fat pads (epididymal fat, perirenal fat, and retroperitoneal fat) from the
abdominal cavity were dissected and combined as total abdominal fat. Body fat was
expressed as percent of total abdominal fat divided by disemboweled body weight (DBW).
DBW was used here because of the significantly greater gastrointestinal (GI) weight in RS
fed mice, and obtained by subtracting the weight of full Gl tract (base3 of esophagus to
anus) from the whole body weight at euthanasia.

Of note, the body fat and body weight were significantly greater in GLP-1R KO mice than
wild type mice. As the aim of the current study was to investigate effect of RS diet, not to
compare the physiological differences between the two types of mice, all comparisons were
made within the same genotype mice. A two-way ANOVA with diet and injection as two
categorical independent variables was used to determine effects of RS diet and antagonist for
PYY receptor. Additionally, the RS effect was also determined by student T-test within the
same genotype and same injection groups.

Dietary RS significantly reduced body fat only in wild type mice that had saline injection but
not in GLP-1R KO mice, although GLP-1R KO mice had higher % of body fat (Figure 1).
BIIE0246 injection had no effect on body fat in both wild type mice and GLP-1R KO mice.
When data were analyzed by student T-test for wild type mice that received the same type of
injection, dietary RS reduced body fat in mice that had saline injection (P<0.05); and the
reduction is not statistically significant for mice that had BIEE0246 injection.
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We also measured food intake three times per week during the study period. Food intake was
determined by measuring food jar weight and spillage for each mouse and calculated as
cumulative food intake. Over the ten week study period, dietary RS significantly increased
cumulative food intake when compared with their respective controls (Table 1). At the
euthanasia, body weight, DBW, and liver weight were not different between RS-fed mice
and controls. The fermentation indicators (weights of full Gl tract, full and empty cecum)
are all significantly increased in RS-fed mice (Table 1). Also, GLP-1RKO and BIIE0246
injection did not interfere with dietary RS fermentation in the gut.

To confirm that all RS fed mice have increased GLP-1 and PY'Y, cecal epithelial cells were
collected at euthanasia by gently scraping the inner surface of cecum for total RNA
extraction and measuring mRNA of proglucagon (the gene encodes GLP-1) and PYY as
previously described [19]. Both proglucagon and PYY mRNA expression were significantly
increased in all RS fed mice (P<0.01, Fig.2). Serum active GLP-1 and total PY'Y were also
measured by Milliplex mouse gut hormone magnetic bead panel (Millipore Corporation).
The results show that most control mice had under the detection limit level of GLP-1 and
PYY, while most RS fed mice had above detection levels of GLP-1 and PYYY. Due to limited
serum volume, the measurements could not be repeated. Thus, the data were analyzed by a
nonparametric method. All RS fed mice had increased serum levels of active GLP-1 and
total PY'Y (data not shown), consistent with our previous observation that when rodents can
ferment RS diet, their endogenous GLP-1 and PY'Y production will be increased [11, 13,
18].

The aim of this study was to test the importance of increased GLP-1 and PYY in effect of
dietary RS on body fat. Thus, we intended to block actions of increased GLP-1 and PYY in
RS fed mice and examine if the RS diet was still effective. Injection of PY'Y receptor
antagonist BIIE0246 only blocks action of PYY temporarily as half-life of BIIE0246 is less
than 3 hours [20]. Although the dosage of BIIE 0246 used in the current study blocked the
effect of PY'Y on food intake for several hours [21], it is unlikely to fully block the action of
a day-long increase of PY'Y [18] in RS-fed mice. Therefore, injection of PY'Y receptor
antagonist did not completely abolish the dietary RS effect of reducing body fat. In contrast,
when the GLP-1 signal is blocked completely in GLP-1R KO mice, dietary RS does not
decrease body fat accumulation.

It is well known that GLP-1 and PY'Y decrease food intake at pharmacological dosages,
which are ranged at level of ng/ml or nmole or even higher [22-24]. Interestingly, all RS-fed
mice had increased cumulative food intake in the current study despite their elevated GLP-1
and PY'Y. We also reported the same observation previously [17]. Of note, GLP-1 and PYY
do not affect food intake when used at the dosage below the effective pharmacological
dosages [22, 24]. The increased GLP-1 and PYY are in pg/ml or pmole range in RS fed
rodents [11, 13-16, 18], which is much lower than the pharmacological dosages used to
decrease food intake. Additionally, although having consistently elevated the lower levels of
GLP-1 and PYY, RS fed rodents did not have peaks of these hormones after meals [18],
which are believed to affect satiety. Our results also suggest that 30% RS in the diet did not
cause adverse effects that usually lead to appetite suppression and body weight reduction.
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The mechanism of increased food intake in RS fed mice still needs further investigation.
Considering the cumulative food intake was recorded over the ten week period, the increases
were small and did not hamper lower accretion of body fat in RS fed wild type mice. We
have previously demonstrated that respiratory quotient (RQ) was significantly decreased in
RS fed mice, an indicator that these mice utilize more fat than carbohydrate for metabolic

en

ergy supply[17]. This hypothesized downstream signaling pathway of GLP-1 and PYY

also needs further investigation.

In

summary, our results indicate GLP-1 and PY'Y play an important role in the dietary RS

effect on body fat reduction.
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Body fat was reduced in wild type mice, but not in GLP-1R KO mice with RS feeding. PYY
receptor antagonist (BIIE0246) injection did not change the effects of dietary RS on body
fat. Mice were fed control diet (0) or 30% RS diet (M) and had a daily injection of saline or
BIIE0246 for 10 weeks. Body fat was measured by excision of fat depots at euthanasia. Data
are mean + SE (n=8-12 per group). “NS” indicates no statistical significance analyzed by
two-way ANOVA. * indicates the RS-fed group had significant lower body fat than its

relative control group.
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Figure 2.

Dietary resistant starch increases cecal proglucagon and PYY mRNA expressions measured
by real-time PCR. Data are Mean+SE (n=8-11 per group). For both type of mice, the effect
of diet was P<0.01, the effect of injection and interaction were not statistically significant.
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