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Dietary-resistant starch improves maternal glycemic

control in Goto–Kakizaki rat
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Scope: Dietary prebiotics show potential in anti-diabetes. Dietary resistant starch (RS) has a

favorable impact on gut hormone profiles, including glucagon-like peptide-1 (GLP-1)

consistently released, a potent anti-diabetic incretin. Also RS reduced body fat and improved

glucose tolerance in rats and mice. In the current project, we hypothesize that dietary-

resistant starch can improve insulin sensitivity and pancreatic b cell mass in a type 2 diabetic

rat model. Altered gut fermentation and microbiota are the initial mechanisms, and

enhancement in serum GLP-1 is the secondary mechanism.

Methods and results: In this study, GK rats were fed an RS diet with 30% RS and an energy

control diet. After 10 wk, these rats were mated and went through pregnancy and lactation. At

the end of the study, pancreatic b cell mass, insulin sensitivity, pancreatic insulin content,

total GLP-1 levels, cecal short-chain fatty acid concentrations and butyrate producing bacteria

in cecal contents were greatly improved by RS feeding. The offspring of RS-fed dams showed

improved fasting glucose levels and normal growth curves.

Conclusion: Dietary RS is potentially of great therapeutic importance in the treatment of

diabetes and improvement in outcomes of pregnancy complicated by diabetes.
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1 Introduction

With the explosion of diabetes reaching epidemic propor-

tion, maternal hyperglycemia is becoming a health threat to

pregnant women worldwide. Maternal hyperglycemia

patients consist of diabetic pregnant women and those

diagnosed with gestational diabetes mellitus (GDM).

Maternal hyperglycemia increases risks in labor for

mothers. Studies also showed by contributing to the

abnormal fetal environment, maternal hyperglycemia might

predispose offspring to develop metabolic disorders [1, 2].

Approaches for treatment of maternal hyperglycemia are

limited due to safety concerns for the fetus.

Resistant starches (RS) are dietary carbohydrates that

resist digestion in the small intestine and reach the large

intestine where they are fermented by bacteria to produce

short-chain fatty acids. We have shown that feeding RS

decreases body fat accumulation in rodents, increases gut

glucagon-like peptide-1 (GLP-1) gene expression and plasma

level, and improves glucose tolerance in Streptozotocin-

induced diabetic mice [3–5]. GLP-1 is a potent incretin by

the L enteroendocrine cells of the distal intestine [6]. GLP-1

has been shown to possess multiple effects on glucose

metabolism such as promoting pancreatic b-cell mass [7, 8],

stimulating glucose-dependent insulin secretion [9] and

inhibiting glucagon secretion [10].

However, the effects of dietary RS on maternal hyper-

glycemia remain unknown. In this study, therefore, we
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tested the impact of RS feeding on improving glycemic

control in pregnant type 2 diabetes rats – Goto–Kakizaki

(GK) rats. It is indicated that fermentation plays an impor-

tant role in the effects of dietary-resistant starch [11].

Therefore, we investigated several markers involved in

the fermentation process as well as uncoupling protein-1

(UCP-1) to explore the underlying mechanism. UCP-1

(Thermogenin) is highly present in brown adipose tissue

(BAT). It helps accumulated protons in the inter-membrane

space in mitochondria to return to the matrix resulting in

the production of heat instead of ATP like a short circuit

[12]. Our previous research demonstrated that RS feeding

increased fatty acid oxidation [11].

Owing to its ability to resist being broken down

completely by digestive enzymes, it was reported that RS in

the diet was accompanied by gastrointestinal (GI)

effects including flatus, abdominal discomfort and diarrhea,

which could exert a negative impact on gestation

and fetal growth [13]. Therefore, pup size, their growth

curve and fat pad weights were observed to elucidate these

possibilities.

2 Methods and materials

2.1 Animals and diet

Twenty female GK rats aged 5 wk and weighing 80–100 g

along with 10 age-matched female Wistar rats at the

beginning of the study were obtained from Charles River

(Wilmington, MA, USA). They were housed individually in

hanging wire-mesh cages in a temperature-controlled

room (22711C) on a 12 h/12 h light/dark cycle with

the light on at 7 am. Rats were acclimated for 1 wk to a

powdered diet and to the cages. Water and assigned diet

were available ad libitum during the experiment except as

noted. The protocols (]604P) were approved by the

Pennington Biomedical Research Institutional Animal Care

and Use Committee.

The composition of the two experimental diets used in

this study is listed in Table 1. The RS diet contained 30%

(weight/weight) type 2 resistant starch (Hi-Maizes corn-

starch containing 60% amylose; National Starch Food

Innovation, Bridgewater, NJ, USA). The metabolizable

energy value for the Hi-Maizes-260 cornstarch was deter-

mined as 2.8 kcal/g [14]. The equal energy density control

(EC) diet had 100% amylopectin cornstarch (Amiocas;

National Starch Food Innovation) as the carbohydrate source

and equal energy density as the RS diet (3.3 kcal/g) by using

purified non-fermentable cellulose (Dyets, Bethlehem, PA,

USA) to dilute the energy density (Table 1).

2.2 Experimental design

After 1 wk of acclimation, GK rats were randomly grouped

and divided into two diet treatment groups, RS and EC, and

stratified by their weight. Wistar rats served as a genetic

control and were fed the EC diet. The three groups of rats

were fed their assigned diets throughout the experiment.

Food intake and body weight were measured three times per

week. After they were on the diets for 70 days, animals in all

three groups were mated with male Wistar rats by caging

two opposite gender rats together. Pregnancy was confirmed

by the presence of a vaginal plug. After rats in these three

groups delivered, their pups were weighed and litter size

reduced to six pups. Ten male pups from each group were

randomly chosen and raised to 8 wk old on standard chow

diet (]5001, Dietlab, USA). Food intake and body weight

were measured three times a week.

The dams were sacrificed via decapitation when pups

were weaned. Different fat pads (ovarian fat, perirenal fat

and abdominal fat) were removed and weighed. Total

abdominal body fat used for body fat calculation was the

Table 1. Experimental diet composition

Ingredients Control RS

Grams kcal Grams kcal

100% amylopectin 424.5 1485.8 0 0
High amylose starch
60% amylose/ 0 530.7 1486
40% amylopectin
Sucrose 100 400 100 400
Casein 200 716 200 716
Soybean oil 70 591.5 70 591.5
Cellulose 156.2 0 50 0
Mineral mix 35 30.8 35 30.8
Vitamin mix 10 38.7 10 38.7
Choline chloride 1.3 0 1.3 0
L-cystine 3.0 12 3.0 12

1000 g/kg 3.3 kcal/g 1000 g/kg 3.3 kcal/g

1500 Li Shen et al. Mol. Nutr. Food Res. 2011, 55, 1499–1508

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



sum of ovarian fat, perirenal fat, and abdominal fat. The GI

tract was removed and weighed after removal of mesenteric

fat. Disemboweled weight was calculated by subtracting GI

weight from body weight. The weight of the cecal contents

was determined by subtraction of empty cecum weight from

full cecum weight.

2.3 Plasma assays

Blood was collected and centrifuged at 4000� g for 20 min to

extract serum. Serum GLP-1 was measured by radio-

immunoassay with RIA kits from Millipore Research. (Bill-

erica, MA, USA). Serum insulin was measured using rat

ELISA kits from Crystal Chem (Downers Grove, IL, USA).

2.4 Immunohistochemical staining and

morphometry

Pancreases were removed from decapitated rats, weighed

and fixed in 10% buffered neutral formalin for at least 48 h

and embedded in paraffin. Each pancreatic block was

sectioned serially at 5mm throughout the length to avoid any

bias. Twelve pancreases were examined as total for three

groups. Adjacent sections were obtained one in every 20

sections through the specimen and immunostained for

insulin by an immunofluorescent method [15]. The primary

anti-insulin serum was purchased from Invitrogen (CA,

USA). It was a guinea pig anti-porcine insulin serum

with a 1:200 dilution in PBS. The second antibody was Alexa

Fluor 488 goat anti-guinea pig immunoglobulin at a

concentration of 5mg/mL diluted in PBS, also from Invi-

trogen. The sections were visualized using fluorescence

microscopy (Zeiss Axioplan 2 upright microscope, Semrock

Brightline filter set – FITC-3540B cube with EX 482/35 nm,

EM 536/40 nm and D506). Counterstaining with haema-

toxylin was performed on each section to facilitate nuclear

identification. Quantitative evaluation was performed using

nanozoomer digital pathology software (Hamamatsu,

Japan). The areas occupied by insulin positive cells as well as

the area of the total pancreatic cells were analyzed in each

section. The average percent of b cells to the total pancreatic

area of each section was calculated as the relative b cell

density.

2.5 Cecal butyrate-producing bacterial DNA

expression

DNA was extracted from rats’ cecal contents using a

QIAamp DNA Stool Mini kit (QIAGEN, Valencia, CA,

USA). The gene transcription for butyrate producing

bacteria was determined using the SYBRs Green method of

quantitative real–time PCR (qRT-PCR) assay, and results

were expressed as a relative fold change of GK EC control

group. The sequences of the primers for targeted bacterial

groups are listed in Table 2. Real-time RT-PCR reaction

mixture was 10mL of total volume, including 3 mL of DNA

sample, 5 mL of 2� SYBR Green Master Mix (Applied Bio-

systems, Foster City, CA, USA), 0.5 mL of reverse/forward

primers at 10 mM, 0.5 m: of bovine serum albumin (BSA)

(final concentration 2.5 mg/mL), and 0.5 mL of nuclease free

water. The reaction conditions were 501C for 2 min, 951C for

10 min for one cycle, then 40 cycles of 951C for 15 s, 601C

for 1 min, then 781C for 30 s. The dissociation step was

included to verify specificity through analyzing the melting

curve of the amplified product.

Table 3. Food intakes, disemboweled body weight and percentages of body fat/disemboweled body weight in GK rats fed with resistant
starch or energy control diet

Group Cumulative food intake (g) Disemboweled body weight (g) % Body fat/disemboweled body weight

Total Abdominal Ovarian Perirenal

GK-EC 1442.07108.0 274715.3 6.1271.3 1.8570.37 3.3170.74 0.9670.24
GK–RS 1565.67163.9 262720.3 570.68� 1.5270.3� 2.770.46� 0.7770.12�

GK-EC: GK rats fed control diet, GK-RS: GK rats fed resistant starch diet, Data are mean7SD for group of 10 rats. �po0.05 versus EC-
treated GK rats.

Table 2. The sequences of primers for real-time RT-PCR. F:
forward primer, R: reverse primer, P: probe

Gene Sequence

16S universal
primers

F-TGSTGCAYGGYYGTCGTCA
R-ACGTCRTCCMCNCCTTCCTC

Bifidobacterium
spp.

F-GGGTGGTAATGCCGGATG
R-TAAGCCATGGACTTTCACACC

Bacteroidetes F-GAA GGT CCC CCA CAT TG
R-CAA TCG GAG TTC TTC GTG

Lactobacillus spp. F-TGG ATG CCT TGG CAC TAG GA
R-AAA TCT CCG GAT CAA AGC TTA

CTT AT
Clostridial cluster IV F-TTA CTG GGT GTA AAG GG

R-TAG AGT GCT CTT GCG TA
Clostridium cluster

XIV
F-AAA TGA CGG TAC CTG ACT AA
R-CTT TGA GTT TCA TTC TTG CGA

Cyclophilin F-CCCACCGTGTTCTTCGACAT
R-TGCAAACAGCTCGAAGCAGA
P-CAAGGGCTCGCCATCAGCCG
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2.6 Measurement of UCP-1 mRNA expression

Total RNA was extracted from BAT using Trizol from Sigma

(St. Louis, MO, USA). The gene transcription for UCP-1was

determined using real-time reverse transcriptase polymerase

chain reaction, and the results were expressed as a ratio to the

expression of the constitutive gene cyclophilin. The sequence of

the primers and probe for rat cyclophilin is listed in Table 3.

The probe and primers for UCP-1 (assay identification no.

Rn00562126_m1) were purchased from Applied Biosystems.

The real-time RT-PCR reaction mixture was 10mL of total

volume, including 9 ng of sample RNA, 1mL of 10� Taqman

buffer, 5.5 mM MgCl2, dATP, dCTP, dUTP and dGTP each

0.3 mM, 500 nM forward primers, 500 nM reverse primers,

200 nM Taqman probes, 7.5 U RNase inhibitor, 5 U MuLV

reverse transcriptase, 0.3 U AmpliTaq Gold DNA polymerase

and RNase-free H2O. Each sample was tested in duplicate. The

one-step real-time RT-PCR reaction conditions were 481C for

30 min, 951C for 10 min for one cycle, 951C for 15 s and 601C

for 1 min for 40 cycles.

2.7 Oral glucose tolerance test

The oral glucose tolerance test was performed in female rats

on the 16th day of gestation. After an overnight fast, a blood

sample was collected for insulin measurement. Blood

glucose was measured prior and 30, 60, and 120 min after

the administration of glucose by gavage (2.0 g/kg body

weight) with a glucometer (Abbott Laboratories, North

Chicago, IL, USA). For the offspring blood glucose was

measured prior and 120 min after the administration of

glucose when they were 56 days old. HOMA-IR was calcu-

lated to indicate insulin sensitivity.

2.8 Pancreatic insulin content

Approximately, 150 mg of pancreas was weighed and placed

into 2 mL of an acid–ethanol solution (75% ethanol, 1.5%

HCL 12 N, 23.5% distilled water). After an overnight incu-

bation at�201C, the tissue was homogenized at 41C and then

underwent another overnight incubation at �201C. The

diluted supernatant was used to determine insulin content by

ELISA (Crystal Chem, Downers Grove, IL, USA) [16].

2.9 Cecal contents pH and short-chain fatty acid

analysis

Cecal contents (0.5 grams) were weighed and put into a

plastic centrifuge tube with 4.5 mL of distilled water. The

sample was mixed thoroughly by vortex and pH was

measured using a pH meter. Then 1 mL of acid (250 g/L of

metaphosphoric acid containing 2 g/L of ethyl butyric

acid) containing an internal standard was added to the

mixture. The sample was centrifuged at 41C and filtered

through a Millipore syringe filter. The supernatant was

transferred to a GC autosampler vial and stored at 01C until

short fatty acids were quantitatively determined by gas

chromatography (GLC). Concentrations of individual SCFA

were measured by GLC using a Shimadzu GC2010 equip-

ped with a 15-m EC-1000 column that had an internal

diameter of 0.53 mm and a film thickness of 1.2 mm (Alltech

Associates, Deerfield, IL, USA). The reagent preparation

procedure and temperature gradient for SCFA analysis were

adapted from Grigsby et al. [17] and Bateman et al. [18],

respectively.

2.10 Statistical analysis

Data are presented as mean7SD. Statistical analyses were

performed using the Statistical Analysis System (SAS 9.1).

Kruskal–Wallis test was used to examine the influence of

treatment on all measurements and Mann–Whitney U-test

was used for pairwise comparison among multiple groups,

and Po0.05 was regarded as significant.

3 Results

3.1 Dam data

3.1.1 Fat pad weights

Compared with GK rats fed the control diet, dietary resistant

starch significantly decreased fat/disemboweled weight

(po0.05) (Table 3).

3.1.2 Insulin sensitivity and fasting glucose levels

Dietary-resistant starch improved insulin sensitivity in

pregnant GK rats as indicated by HOMA-IR. Also

resistant starch-fed pregnant GK rats had lower fasting

glucose and fasting serum insulin concentrations

compared with EC-fed GK rats (po0.05) (Fig. 1). However

there was no difference found in DAUC between these two

groups.

3.1.3 Immunohistochemistry and pancreatic insulin

content

There were fewer islets in the GK groups than in normal

Wistar rats; the GK-EC rats had the least. Pancreatic insulin

content was not significantly different between RS-GK rats

and EC-fed GK rats (p40.05). The b cell relative densities

were 0.75870.24% in Wistar rats, 0.30170.09% in GK-EC

rats and 0.5670.13% in GK-RS rat, respectively (po0.05).

In the GK-EC rats, the large islets displayed disrupted
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configuration, irregular capsules and cells unevenly stained

with the anti-insulin sera. In contrast, islets in Wistar rats

were round in shape, clearly boundary defined, and homo-

geneously stained b cells (Fig. 2).

3.1.4 Cecal content pH and short-chain fatty acids

The pH values for both cecal contents and feces were lower in

RS-fed pregnant GK rats, whereas the weights of full GI and

cecal contents were higher in RS-fed pregnant GK rats than EC-

fed GK rats (po0.05) (Table 4). Short-chain fatty acid concen-

trations including acetate, butyrate and propionate, were elevated

in cecal contents of pregnant GK rats fed RS (po0.05) (Table 4).

3.1.5 Microflora expressions in cecum

The microflora engaged in converting resistant starch

to butyrate are Bacteroides spp., Bifidobacterium spp.,

Lactobacillus spp., Clostridial cluster IV and Clostridial

cluster XIV [19–22]. The population of bacteria involved in
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butyrate production in the cecum was increased in

RS-fed pregnant GK rats. Bacteroides, Bifidobacterium,
Lactobacillus and Clostridial cluster IV populations were

increased compared with those in EC-fed GK rats (po0.05)

(Fig. 3). No significant difference was observed in Clostridial

cluster XIV.

3.1.6 Serum GLP-1 concentration and UCP-1 gene

expression in BAT

The total serum GLP-1 concentration was increased in GK

rats fed with RS, compared with GK rats fed with EC

(po0.05) (Table 4). There was a trend of increased mRNA

expression of UCP-1 in BAT of rats fed RS (p 5 0.08).

3.1.7 Food intake and disemboweled weight

There were no statistical differences in food intake between

control and RS-fed rats. This demonstrated no or minimal

discomfort with the consumption of resistant starch at the levels

fed. Because RS-fed rats had significantly heavier GI contents, the

disemboweled body weight was used to exclude GI contents from

body weight. There was no significant difference for disembow-

eled body weight between control and RS-fed rats (Table 3).

Table 4. Fermentation parameters among three groups

Group Cecal
content pH

Feces pH Full GI
weight (g)

Cecal content
weight (g)

Cecal short-chain fatty acid Serum total GLP-1
(PM)

Acetate Propionate Butyrate
(mmol/L)

Wistar-
EC

8.670.42 8.1470.34 19.272.97 3.0470.68 5.0370.99 0.9370.15 0.7770.25 11.076.3

GK-EC 8.770.22 8.1470.37 14.870.81 1.8470.37 4.5670.84 0.8270.12 0.7070.18 7.9972.1
GK-RS 6.970.37� 5.670.46� 27.675.2� 6.2772.2� 6.271.39� 1.870.55� 1.3870.58� 43.5723.7�

Wistar-EC: Wistar rats fed control diet, GK-EC: GK rats fed control diet, GK-RS: GK rats fed resistant starch diet, Cecal content pH, feces pH
values, full GI weight, cecal content weight, cecal short-chain fatty acid concentrations, and serum total GLP-1 concentrations in GK rats
fed with RS or EC diet and Wistar rats on EC diet. Data are mean7SD for group of 10 rats. �po0.05 versus EC-treated GK rats.
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3.1.8 Offspring data

There were no statistical differences in litter size between

pups born to control and RS-fed GK rats. No significant

differences for body weight, percentage of body fat and food

intake were found between offspring from control and RS-

fed GK rats (not shown). No significant difference was

detected in growth rate between offspring of GK rats fed

resistant starch and EC diet. It demonstrated no or minimal

side effects on pregnancy with the consumption of resistant

starch at the levels in their diet.

Pups born to GK rats fed resistant starch had lower fasting

glucose compared with offspring from GK rats fed the EC diet

(po0.05) (Fig. 4). However, there was no difference found in

fasting serum insulin concentration, 2-h glucose level and

insulin sensitivity (HOMA-IR) between these two groups.

Pancreatic insulin content was increased in pups born to GK

rats fed resistant starch compared with those born to GK rats

fed the EC (Fig. 4). No significant difference was found in b
cell density between offspring from the two groups.

The pH value for cecal contents was not significantly

different between pups born to GK rats on the resistant

starch or the EC diet (7.3870.75 versus 7.9170.65,

p40.05). As indicated by cecal pH value, there was no

fermentation difference in the cecum between the two

groups, so short-chain fatty acids concentrations and

microfloral populations were not measured.

4 Discussion

In this study, we investigated the effects of dietary-resistant

starch on improving maternal hyperglycemia. Our results

demonstrated that dietary-resistant starch increases insulin

sensitivity and pancreatic b cell mass in pregnant GK rats, a

non-obesity type 2 diabetes model that demonstrates

reduced b cell mass and defective insulin response to

glucose [15, 23–25]. Specifically, we measured fat pad

changes, fasting insulin and glucose concentrations,

pancreatic insulin content and b cell density in the pregnant

GK rats in the context of resistant starch feeding. To our

knowledge, our findings provide the first direct evidence

that dietary-resistant starch alters pancreatic b cell density in

GK rats.

Feeding resistant starch to pregnant GK rats significantly

increased insulin sensitivity. The result is consistent with

the observation that RS-fed rats had reduced fat pads. The

decreased body fat in RS-fed rats is most likely the result of

increased energy expenditure. Human studies have shown

fatty acid oxidation is significantly increased after

consumption of resistant starch [26]. Our previous data also

suggested dietary-resistant starch enhanced energy expen-

diture in mice [5]. Dietary RS was also associated with

increased expression of pro-opiomelanocortin (POMC) in

the arcuate nucleus of the hypothalamus in rats [27], which

is critical in promoting energy expenditure [28], and

increased protein expression of adiponectin in white adipose

tissue (unpublished data). We found the butyrate levels were

elevated in the cecal contents of GK rats with the feeding of

resistant starch. Gao and his coworkers reported that the

addition of sodium butyrate in the diet led to improved

insulin sensitivity, facilitated fatty oxidation and increased

energy expenditure in mice; it protected mice from diet-

induced obesity [29]. Different from the butyrate in the diet,

butyrate from fermentation has a local effect in the lower

gut where butyrate is avidly absorbed by the colonocytes and

L-endocrine cells to stimulate GLP-1 expression [4]. Some

butyrate may reach the liver to inhibit hepatic lipolysis

(unpublished data). However, whether the butyrate from

fermentation enters systemic blood is still uncertain.

Therefore, the effect of the butyrate from fermentation may

be indirect through the production of gut hormones. GLP-1

is reported to increase energy expenditure. Higher fasting

plasma GLP-1 levels are associated with higher rates of

energy expenditure and fat oxidation in human subjects [30].

It has also been reported that GLP-1 plays a role in post-

prandial energy expenditure and that GLP-1 stimulates pro-

opiomelanocortin neurons in the arcuate nucleus via GLP-1

receptors [31]. We found a trend of increased UCP-1

expression in resistant starch-fed GK rats, compared with
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EC-fed GK rats, which is in accordance with what Aziz et al

reported. They observed that a high amylose starch diet led

to a higher insulin sensitivity index (QUICKI), and elevated

mRNA expression of UCP-1 in diet-induced obese rats [32].

UCP-1 diverts energy from ATP synthesis to thermogenesis,

which increases energy expenditure [33].

Another major finding is that feeding resistant starch

significantly increased b cell density in GK rats. This result

raises an interesting question: what causes such changes in

resistant starch-fed GK rats? Resistant starch potentially has

three major effects as a part of the diet: metabolizable

energy dilution, a bulking effect, and fermentation to

produce short-chain fatty acids and increase GLP-1 [3, 5]. In

our study, control and resistant starch diets have the same

energy density, so the energy dilution effect can be excluded

[14]. The bulking effect is the prevention of food intake

caused by GI distension [34]. But our results indicated there

was no difference in food intake between resistant starch-fed

GK rats and EC-fed rats. Thus, the hypothesis most likely for

the mechanism of b cell density was narrowed down to the

fermentation of resistant starch and the subsequent

increases of GLP-1. Elevated plasma GLP-1 was previously

observed before in both normal Sprague–Dawley (SD) and

diet-induced obese rats fed resistant starch [27, 32]. The

GLP-1 increase is consistent over a 24-h period in SD rats

[5]. Gut gene expression data from our group also verified

that dietary RS dramatically up-regulated the expression of

the proglucagon (GLP-1) gene in a sample of cells from the

cecum in rats compared with rats consuming an energy

control diet [4].

In order to clarify the process from dietary resistant

starch fermentation associated with increased production of

GLP-1 in resistant starch-fed pregnant GK rats, we investi-

gated several important steps in fermentation. First, we

measured cecal and fecal pH values, cecal content weight

and found the existence of fermentation demonstrated by

the decrease of pH values as well as increased cecal content

weight in resistant starch-fed GK rats. Second, augmented

butyrate-producing bacterial population was confirmed

except for Clostridial cluster XIV which might be due to its

absolute reduction in type 2 diabetes [35]. Third, short-chain

fatty acids including acetate, butyrate and propionate

were elevated in resistant starch-fed GK rats. Finally, an

increase in plasma GLP-1 was observed. Our previous study

has indicated that butyrate promoted GLP-1 expression

in vitro [4].

The action of GLP-1, as a potent incretin, includes

stimulating proinsulin gene expression [36] and inhibiting

glucagon secretion [10]. It also mediates glucose-dependent

insulin secretion via GLP-1 receptors expressed on b cells

[9], inhibits gastric acid secretion and delays gastric empty-

ing [37], as well as promotes an increase in pancreatic b-cell

mass through enhancing b cell proliferation and inhibiting

apoptosis [7, 8].

GLP-1 was shown to be able to delay the onset of type 2

diabetes and improve pancreatic insulin content and

total b cell mass in GK rats when applied postnatally for

5 days [38]. This hormone was also reported to reduce

apoptosis in human islets [39]. A GLP-1 receptor agonist

demonstrated similar effects. Exendin-4 not only improved

glucose tolerance in diabetic rats via expansion of b cell

volume [40], but also prevented the development of diabetes

in rats exposed to intrauterine growth retardation [7].

Further studies are needed for a conclusive determination

for the role of increased GLP-1 in dietary-resistant

starch-induced improvement in glycemic control in preg-

nant GK rats.

During the last few years, it has been suggested that the

experience of hyperglycemia may contribute to an endocrine

pancreas defect in the offspring [41]. Although the devel-

opment of diabetes in GK rats results from both genetic

and environmental determinants, Gauguier and coworkers

[42] reported that offspring of GK females crossed with

Wistar males had a more marked hyperglycemia than

those of Wistar females crossed with GK males, suggesting

a role of the intrauterine environment. However, not all

studies agreed with this conclusion [43]. Gill-Randall and co-

workers developed a rat embryo transfer technique to

examine the weight of genetic factors and intrauterine

hyperglycemia [44]. They showed that Wistar embryos

implanted into the uterus of GK mothers were more

hyperglycemic in adulthood than those that were reared in

Wistar mothers [44], this clearly illustrating the notion

that an intrauterine hyperglycemic environment is a risk

factor for developing hyperglycemia in offspring in adult-

hood. Impaired gene expression and disturbed organogen-

esis attributed to increased oxidative stress [45, 46] and

reduced angiogenesis induced by hyperglycemia [47] are

potential mechanisms associated with this anomaly. Tight

glycemic control before conception and intensive glucose

control maintained during pregnancy is suggested by ADA

in order to reduce the prevalence of type 2 diabetes in

offspring [48].

In conclusion, dietary-resistant starch improved insulin

sensitivity, pancreatic insulin content and b cell density in

pregnant GK rats. The increased production of GLP-1

resulting from fermentation of resistant starch was linked to

the mechanism of improved glycemic control in pregnant

GK rats. In this study, we also showed that feeding resistant

starch to GK dams resulted in lower fasting glucose and

enhanced pancreatic insulin content. These favorable effects

may result from the improvement of maternal hyperglyce-

mia that in turn changes the intrauterine environment. Our

findings provide evidence to apply resistant starch as an

intervention in prevention and treatment of diabetes asso-

ciated with pregnancy.
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