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Abstract

Identifying dietary tools that prevent disordered insulin secretion from pancreatic B cells is an
attractive strategy to combat the increasing prevalence of type 2 diabetes. Dietary resistant
starch has been linked to improvements in the function of B cells, possibly via increased colonic
fermentation and production of short chain fatty acids (SCFA). Increasing the resistant starch
content of commonly consumed foods could therefore maintain glucose homeostasis at the
population level. As part of Biotechnology and Biological Sciences Research Council (BBSRC) Diet
and Health Research Industry Club (DRINC) initiative we are investigating variants of Pisum
sativum L. (pea) to identify the features of pea starch that make it resistant to digestion and
available for colonic fermentation and SCFA production. Parallel in vitro and in vivo, studies are
being conducted using both whole pea seeds and pea flour to facilitate a better understanding
of how cells in the pea cotyledons are affected by processing and, in turn, how this influences
starch digestibility. Trials in human volunteers are being used to monitor a full spectrum of short-
and long-term physiological responses relevant to pancreatic B cell function and glucose
homeostasis. This project is providing new insights into variants of crops that are associated with
the specific types of resistant starch that provide the best protection against defects in insulin

secretion and function.



Introduction

In 2013, there were over 3.2 million people in the UK with a diagnosis of type 2 diabetes and
rates are expected to rise to 5 million by 2025 [1]. The increasing prevalence and economic
burden of this chronic health condition calls for an urgent public health solution. Epidemiological
and clinical evidence suggests that dietary changes can prevent or delay the development of type
2 diabetes [2, 3]. Nevertheless, despite national campaigns to promote healthy eating, obesity
and type 2 diabetes diagnosis rates continue to escalate. An alternative dietary strategy to
maintain glucose homeostasis at the population level is to improve the composition of commonly
consumed foods.

Under normal physiological conditions, B cells of the pancreas secrete insulin in a controlled
pulsatile manner to maintain blood glucose within a narrow homeostatic range. Insulin is
released directly into the portal vein and direct measurements in humans reveal that the normal
pulsatile pattern of insulin secretion varies from 4-20 min (i.e. the time interval from basal levels
to peak concentration and return to basal levels) [4]. Consequently, insulin concentrations in the
fasted state can range from 100-1000 pmol/L in the portal circulation and 10-30 pmol/L in the
systemic circulation [4]. A plethora of research studies have shown that with sustained adverse
lifestyle habits, including poor diet, type 2 diabetes develops and progresses against a
background of worsening insulin resistance (reduced cellular and tissue insulin sensitivity), which
ends with inadequate insulin secretion and sustained hyperglycaemia [5]. There is evidence that
disruption to the normal pulsatile secretion of insulin from pancreatic B cells may be a major
factor in the initial development of insulin resistance [6]. Therefore, dietary choices and
behaviour can have a direct effect on B cell function but attention has focussed largely on
restriction, with reductions recommended in calorie consumption, saturated fat and fibre-poor
or high glycaemic index foods. Accordingly identifying more readily-acceptable dietary tools to
arrest disordered insulin secretion from B cells is an important challenge to maintain healthy

glucose homeostasis and prevent the natural progression of type 2 diabetes.



This project, funded by the BBSRC DRINC initiative, aims to provide a systematic basis for
production of new forms of common foods that protect B cell function and maintain glucose
homeostasis in ways that can be applied to the general population. Crop Resistant Starch and
Health (CRESTAR) is a multi-partner project that examines how variants of pea seeds, high in

resistant starches, can protect against defects in insulin secretion and function.

Dietary Resistant Starch and B cell function

Dietary starches can be broadly classified as rapidly digestible, slowly digestible or resistant,
depending on their digestion rate and effects on postprandial glucose and endocrine pancreas
responses [7]. Resistant starch is the portion of dietary starch that cannot be digested/hydrolyzed
by amylolytic enzymes, such as a-amylase, glucoamylase and sucrose-isoamylase, in the small
intestine [8, 9]. Consequently they become available for fermentation by the gut microbiota [8,
9]. The main end-products/metabolites of bacterial fermentation are short chain fatty acids
(SCFAs) with acetate, propionate and butyrate being the most abundant in the human colon,
present in the approximate molar ratio 60:20:20 [10].

There is mounting evidence that diets rich in resistant starches can have a positive effect on
glucose homeostasis and help prevent the onset of type 2 diabetes [11, 12]. Studies in humans
have shown that postprandial blood glucose and insulin sensitivity improve following dietary
supplementation with resistant starch, including in patients with type 2 diabetes [11-18]. In
studies where participants have undergone a hyperinsulinemic-euglycemic clamp or insulin-
modified frequently sampled intravenous glucose tolerance test (FSIVGTT), results confirm that
resistant starch consumption improves first-phase insulin secretion, peripheral insulin resistance,

and C-peptide concentrations [17, 19].

These beneficial health outcomes may be due to the actions of SCFAs. Specifically, SCFAs activate
free fatty acid receptor (FFAR) 2 and FFAR3 [20-22], which are expressed on a number of tissue
sites, including the colon and white adipose tissue, and generate physiological changes that

would be advantageous to normal B cell function. Both FFAR2 and FFAR3 are co-expressed on



colonic L-cells [23] that synthesize and release the incretin glucagon-like peptide-1 (GLP-1) [24].
Investigations using primary colonic cell cultures have demonstrated that SCFAs trigger the
release of GLP-1, primarily via the stimulation of FFAR2 [24, 25]. Following secretion into the
circulation, GLP-1 binds to its receptor on the B cell, thereby stimulating insulin-release in a
glucose-dependent manner [26]. In addition to this insulinotropic action, GLP-1 has been shown
to preserve pancreatic B cell mass by enhancing proliferation [27] and inhibiting apoptosis [28].
Consequently, interventions that up-regulate GLP-1 secretion and function are the focus of
numerous therapeutics to prevent and treat type 2 diabetes. Results from rodent studies have
shown that resistant starch supplementation can stimulate GLP-1 secretion in a substantial day-
long manner, independent of meal effect or changes in dietary glycaemia [16, 29]. Additionally,
studies in humans have reported that increased dietary intake of fermentable starches promotes

postprandial GLP-1 release [30, 31].

SCFAs that do not undergo colonic metabolism enter the systemic circulation where they interact
with different organ and tissue sites. It has been demonstrated in human studies that increasing
the resistant starch content of the diet raises SCFA levels in the peripheral blood [32, 33],
particularly acetate. FFAR2 and FFAR3 are also expressed on pancreatic islets, and a number of
studies have investigated whether SCFAs contribute to insulin secretion, with equivocal results.
Both inhibitory and stimulatory effects of SCFAs on glucose stimulated insulin secretion (GSIS)
have recently been reported and the conflicting data are likely due to differences in study
methodology [24, 34, 35]. Additional studies are warranted to clarify the effects of SCFAs on islet

function, but a direct stimulatory effect on GSIS remains a possibility.

A further possible mechanism linking SCFAs with improved B cell function is via suppression of
free fatty acid (FFA) release from adipocytes. There is evidence from work in vitro that SCFAs
inhibit lipolysis and this effect is attributed to stimulation of FFAR2 by acetate [36-38]. In vivo
data also show that consumption of resistant starches reduces lipolysis and circulating FFA,
resulting in improvements in peripheral insulin sensitivity [32]. Long-term reductions in lipolysis

would also protect B cells from the lipotoxic effects of elevated FFA [39].



In summary, a potential strategy to maintain healthy glucose homeostasis is to increase the
amounts of dietary resistant starch that is available for fermentation by the colonic microbiota,
as the main end products (SCFAs) can potentially preserve B cell health via direct and indirect

mechanisms.

Increasing Dietary Intake of Resistant Starch: The CRESTAR Project

Whilst many fruits and vegetables contain resistant starch, UK diets generally contain low
amounts. Resistant starch is thought to make up approximately 5% [40] of total starch intake,
but the actual resistant starch availability to the colon in difficult to estimate for various reasons,
such as food processing and preparation, as well as gut physiology and digestibility. The most
significant structural aspect that influences starch digestibility is the level of crystallinity within
the starch granule [41]. Starches are semi-crystalline and form roughly spherical granules in plant
tissues [42]. The shape and size of granules depends on the ratio between amylose and
amylopectin and, specifically, how these two molecules are organized within the granule [42].
Amylose has a degree of polymerization up to 6,000 and a linear structure [43]. Starches with
linear, long chains have a greater tendency to form crystalline structures that are resistant to
enzymatic digestion [41]. A higher content of amylopectin has the opposite effect: it increases
the digestibility of the starches, due to the large surface area. Amylopectin has a degree of
polymerization up to 2x10° and is highly branched [43]. Raw potatoes, unripe bananas, and some
legumes are high in resistant starches[44]. Accordingly, a higher resistant starch content is found
in naturally occurring variants of crops, including the amylose-extender variants of maize and the
r variants of pea. [45, 46]. These variants have lower starch branching enzyme (SBE) or starch
synthase (SS) activity, which results in higher amounts of amylose and thus resistant starch
content. Most of the starches consumed in westernized diets are in a gelatinized form.
Gelatinization is the process whereby the cooking of starch granules in water makes them swell

and thus opens up the structure of the starch granule making it more accessible to digestive



enzymes[42]. Starch from crops lacking specific SBE or SS remains more crystalline even after

cooking, thus preventing swelling of the starch granule and amylose leaching [42].

The CRESTAR project will determine the features of pea starches that make them resistant to
digestion and available for colonic fermentation. Pea seeds are being studied as they are a
commonly consumed food item in the UK and there is a range of available variants known to
contain different types of resistant starches. The first aim of the project is to identify the features
of the starch matrix structure that make it optimal for resistance to enzymatic digestion, by
exploiting the variation that exists in pea seeds. Selected pea seeds are tested to study the effects
of cooking and simulated oral-gastro-duodenal digestion on the structure of the pea tissue and
starch granules using both whole pea seeds and pea flour. This is important as it facilitates a
better understanding of how the food matrix (principally cells in the pea cotyledons) is affected
by processing and in turn how this influences the starch digestibility. The Dynamic Gastric Model
(DGM) [47] is used to examine how the starch microstructure controls the rate and extent of in
vitro digestibility. Digested samples are then fermented in a model colon to mimic the
physiological conditions of the human large intestine [48]. In parallel, selected genotypes of pea
are being used in human volunteer studies to monitor a full spectrum of short- and long-term
physiological responses relevant to pancreatic B cell function and glucose homeostasis. Initial
studies examine in vivo digestibility, using enteral tubes that allow samples from the Gl tract to
be collected following consumption of the selected whole pea seeds and pea flour. Microscopy
and metabolomics assessment provides a measure of the impact of initial digestion on the
breakdown of the different peas. A second acute study will provide information on whether the
resistant starch from pea genotypes lacking specific SBE or SS is effective in the production of
SCFAs in the colon. Pea plants have been grown in a 3CO; enriched environment to intrinsically
label the starch within their seeds. This labelling, with stable (non-radioactive) isotopes allows
the non-invasive tracking of starch digestion and fermentation and the direct measurement of
the rate of appearance of molecules that reflect the complete utilization of starch in vivo. The
measurement of 3C glucose and 3C SCFA output in blood and urine samples post-ingestion

determines the extent to which the resistant pea starch is digested and fermented. Finally, a



randomized controlled trial will provide information on beta cell function following long-term
supplementation with the selected pea variants, by measuring pulsatile secretion of insulin and
glucose handling in intravenous and oral glucose tolerance tests.

In summary, the CRESTAR project is providing knowledge to underpin a systematic basis for
incorporating resistant starches into common foods with the aim to protect B cell function and
glucose homeostasis for the general population. This project will provide new insights into the
relationship between resistant starch and susceptibility to type 2 diabetes. Importantly it will
inform crop breeders about which variants of crops are associated with the specific types of
starch that provide the best protection against defects in insulin secretion and function.
Furthermore, the project is expected to impact on the versatility of the pea crop, by investigating
the use of pea flour, which can be incorporated into commonly consumed foods. The accrued
knowledge will underpin further research on increasing the resistant starch content of more

widely consumed foods such as those derived from wheat and maize.



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Diabetes, U., Diabetes: facts and stats. 2014. Accessed 18th May, 2015.

Lindstrom, J., et al., The Finnish Diabetes Prevention Study (DPS) Lifestyle intervention and 3-year
results on diet and physical activity. Diabetes care, 2003. 26(12): p. 3230-3236.

Group, D.P.P.R., The Diabetes Prevention Program (DPP) description of lifestyle intervention.
Diabetes care, 2002. 25(12): p. 2165-2171.

Song, S.H., et al., Direct Measurement of Pulsatile Insulin Secretion from the Portal Vein in Human
Subjects 1. The Journal of Clinical Endocrinology & Metabolism, 2000. 85(12): p. 4491-4499.
Saltiel, A.R., Series introduction: the molecular and physiological basis of insulin resistance:
emerging implications for metabolic and cardiovascular diseases. The Journal of clinical
investigation, 2000. 106(2): p. 163-164.

Ferrannini, E., et al., beta-Cell function in obesity effects of weight loss. Diabetes, 2004. 53(suppl
3): p. S26-S33.

Englyst, H.N., S. Kingman, and J. Cummings, Classification and measurement of nutritionally
important starch fractions. European journal of clinical nutrition, 1992. 46: p. S33-50.

Englyst, H.N. and J.H. Cummings, Digestion of the polysaccharides of some cereal foods in the
human small intestine. The American journal of clinical nutrition, 1985. 42(5): p. 778-787.

Asp, N.-G., et al., Enzyme resistant starch fractions and dietary fibre. Scandinavian Journal of
Gastroenterology, 1987. 22(sup129): p. 29-32.

Cummings, J., et al., Short chain fatty acids in human large intestine, portal, hepatic and venous
blood. Gut, 1987. 28(10): p. 1221-1227.

Robertson, M.D., et al., Insulin-sensitizing effects of dietary resistant starch and effects on skeletal
muscle and adipose tissue metabolism. The American journal of clinical nutrition, 2005. 82(3): p.
559-567.

Nilsson, A., et al., Effects of Gl vs content of cereal fibre of the evening meal on glucose tolerance
at a subsequent standardized breakfast. European journal of clinical nutrition, 2008. 62(6): p. 712-
720.

Klosterbuer, A.S., W. Thomas, and J.L. Slavin, Resistant starch and pullulan reduce postprandial
glucose, insulin, and GLP-1, but have no effect on satiety in healthy humans. Journal of agricultural
and food chemistry, 2012. 60(48): p. 11928-11934.

Klosterbuer, A.S., et al.,, Gastrointestinal effects of resistant starch, soluble maize fibre and
pullulan in healthy adults. British Journal of Nutrition, 2013. 110(06): p. 1068-1074.

Kendall, C.W., et al., The effect of a pre-load meal containing resistant starch on spontaneous food
intake and glucose and insulin responses. J Food Technol, 2010. 8: p. 67-73.

Bodinham, C., et al., Efficacy of increased resistant starch consumption in human type 2 diabetes.
Endocrine connections, 2014. 3(2): p. 75-84.

Bodinham, C.L., et al., Dietary fibre improves first-phase insulin secretion in overweight individuals.
PLoS One, 2012. 7(7): p. e40834.

Jenkins, D.J., et al., Effect of legumes as part of a low glycemic index diet on glycemic control and
cardiovascular risk factors in type 2 diabetes mellitus: a randomized controlled trial. Archives of
internal medicine, 2012. 172(21): p. 1653-1660.

Robertson, M.D., et al., Insulin-sensitizing effects on muscle and adipose tissue after dietary fiber
intake in men and women with metabolic syndrome. The Journal of Clinical Endocrinology &
Metabolism, 2012. 97(9): p. 3326-3332.

10



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Karaki, S.-i., et al., Expression of the short-chain fatty acid receptor, GPR43, in the human colon.
Journal of molecular histology, 2008. 39(2): p. 135-142.

Chambers, E.S., et al., Effects of targeted delivery of propionate to the human colon on appetite
regulation, body weight maintenance and adiposity in overweight adults. Gut, 2015. 64(11): p.
1744-1754.

Byrne, C., et al., The role of short chain fatty acids in appetite requlation and energy homeostasis.
International Journal of Obesity, 2015. 39(9): p. 1331-1338.

Nohr, M.K., et al., GPR41/FFAR3 and GPR43/FFAR2 as cosensors for short-chain fatty acids in
enteroendocrine cells vs FFAR3 in enteric neurons and FFARZ2 in enteric leukocytes. Endocrinology,
2013. 154(10): p. 3552-3564.

Tolhurst, G., et al., Short-chain fatty acids stimulate glucagon-like peptide-1 secretion via the G-
protein—coupled receptor FFAR2. Diabetes, 2012. 61(2): p. 364-371.

Psichas, A., et al., The short chain fatty acid propionate stimulates GLP-1 and PYY secretion via free
fatty acid receptor 2 in rodents. International journal of obesity, 2015. 39(3): p. 424-429.

Meloni, A., et al., GLP-1 receptor activated insulin secretion from pancreatic f-cells: mechanism
and glucose dependence. Diabetes, Obesity and Metabolism, 2013. 15(1): p. 15-27.

Yabe, D. and Y. Seino, Two incretin hormones GLP-1 and GIP: comparison of their actions in insulin
secretion and 8 cell preservation. Progress in biophysics and molecular biology, 2011. 107(2): p.
248-256.

Vilsbgll, T., The effects of glucagon-like peptide-1 on the beta cell. Diabetes, Obesity and
Metabolism, 2009. 11(s3): p. 11-18.

Zhou, J., et al., Dietary resistant starch upregulates total GLP-1 and PYY in a sustained day-long
manner through fermentation in rodents. American Journal of Physiology-Endocrinology and
Metabolism, 2008. 295(5): p. E1160-E1166.

Keenan, M.J., et al., Effects of resistant starch, a non-digestible fermentable fiber, on reducing
body fat. Obesity, 2006. 14(9): p. 1523-1534.

Olli, K., et al., Postprandial effects of polydextrose on satiety hormone responses and subjective
feelings of appetite in obese participants. Nutrition journal, 2015. 14(1): p. 1.

Robertson, M., et al., Prior short-term consumption of resistant starch enhances postprandial
insulin sensitivity in healthy subjects. Diabetologia, 2003. 46(5): p. 659-665.

Muir, J.G., et al., Resistant starch in the diet increases breath hydrogen and serum acetate in
human subjects. The American journal of clinical nutrition, 1995. 61(4): p. 792-799.
Priyadarshini, M., et al., An acetate-specific GPCR, FFAR2, requlates insulin secretion. Molecular
Endocrinology, 2015. 29(7): p. 1055-1066.

Priyadarshini, M., et al., SCFA Receptors in Pancreatic 8 Cells: Novel Diabetes Targets? Trends in
Endocrinology & Metabolism, 2016.

Ge, H., et al., Activation of G protein-coupled receptor 43 in adipocytes leads to inhibition of
lipolysis and suppression of plasma free fatty acids. Endocrinology, 2008. 149(9): p. 4519-4526.
Hong, Y.-H., et al., Acetate and propionate short chain fatty acids stimulate adipogenesis via
GPCR43. Endocrinology, 2005. 146(12): p. 5092-5099.

Wolever, T., P. Spadafora, and H. Eshuis, Interaction between colonic acetate and propionate in
humans. The American journal of clinical nutrition, 1991. 53(3): p. 681-687.

Kim, J.-W. and K.-H. Yoon, Glucolipotoxicity in pancreatic 8-cells. Diabetes & metabolism journal,
2011. 35(5): p. 444-450.

Murphy, M.M., J.S. Douglass, and A. Birkett, Resistant starch intakes in the United States. Journal
of the American Dietetic Association, 2008. 108(1): p. 67-78.

Dahl, W.J., L.M. Foster, and R.T. Tyler, Review of the health benefits of peas (Pisum sativum L.).
British Journal of Nutrition, 2012. 108(S1): p. S3-S10.

11



42.

43.

44,

45.

46.

47.

48.

Vinoy, S., M. Laville, and E. Feskens, Slow-release carbohydrates: growing evidence on metabolic
responses and public health interest. Summary of the symposium held at the 12th European
Nutrition Conference (FENS 2015). Food & Nutrition Research, 2016. 60.

Ridout, M.J., et al., Atomic force microscopy of pea starch granules: granule architecture of wild-
type parent, r and rb single mutants, and the rrb double mutant. Carbohydrate research, 2003.
338(20): p. 2135-2147.

Birt, D.F., et al., Resistant starch: promise for improving human health. Advances in Nutrition: An
International Review Journal, 2013. 4(6): p. 587-601.

Regina, A., et al., High-amylose wheat generated by RNA interference improves indices of large-
bowel health in rats. Proceedings of the National Academy of Sciences of the United States of
America, 2006. 103(10): p. 3546-3551.

Keogh, 1., et al., Effects of meals with high soluble fibre, high amylose barley variant on glucose,
insulin, satiety and thermic effect of food in healthy lean women. European journal of clinical
nutrition, 2007. 61(5): p. 597-604.

Wickham, M., et al., The design, operation, and application of a dynamic gastric model. Dissolution
Technol, 2012. 19(3): p. 15-22.

Dominika, S., et al., The study on the impact of glycated pea proteins on human intestinal bacteria.
International journal of food microbiology, 2011. 145(1): p. 267-272.

12



	Wiley Cover Sheet (AFV)
	205296

