








Dietary starch & fiber: potential benefits to body weight & glucose metabolism  Review

future science group www.futuremedicine.com 525

hunger ratings. This finding is supported by 
an investigation that showed that adding 24 g 
of a fermentable fiber supplement (inulin) to a 
test meal significantly increases GLP‑1 levels 
in the postprandial period [47]. Furthermore, a 
recent study attempted to examine the effects 
of a polyfructan supplement (oligofructose) in 
overweight and obese adults [48]. Volunteers 
were given 21 g/day of the fiber supplement or 
a placebo for 12 weeks. The fiber supplement 
group experienced significant body weight loss 
compared with the control group, which was 
associated with reduced self-reported energy 
intake during the treatment period. Enhanced 
PYY may have contributed to the reduced energy 
intake and weight loss. However, not all studies 
have demonstrated that high fiber meals/diets 
stimulate gut peptide secretion. An investigation 
reported that adding different cereal fibers to 
test meals had no effect on postprandial GLP‑1 
responses [49]. In addition, a recent investigation 
reported that it took 9–12 months for a high 
wheat fiber diet (24 g/day) to raise plasma GLP‑1 
concentrations [50]. Nevertheless, the failure to 
observe an effect on gut peptide secretion in these 
studies may be due to the poor fermentability of 
the fiber supplement.  

Fermentable fiber, adipose tissue 
metabolism & insulin sensitivity
The SCFA produced through colonic fermenta-
tion are also absorbed into the circulation where 
they have been shown to influence adipose tis-
sue metabolism and insulin sensitivity. FFAR2 
and FFAR3 have been shown to be expressed 
on adipocytes [51,52], and evidence suggests that 
circulating SCFA reduce nonesterified fatty 
acid (NEFA) levels in plasma via inhibition of 
lipolysis in adipose tissue [52] and suppression of 
fatty acid production in the liver [53]. In vitro, 
both acetate and propionate have been shown to 
inhibit adipocyte lipolysis in a dose-dependent 
manner [52]. In mice, the infusion of sodium 
acetate to wild-type mice resulted in a reduced 
plasma NEFA level that coincided with a rise in 
plasma acetate concentration [52]. This effect was 
abolished in FFAR2 knock-out mice, suggest-
ing that this effect was mediated by activation of 
FFAR2 by acetate. Studies have also shown that 
circulating SCFA also influence adipose tissue 
adipogenesis. Adipocyte size is strongly corre-
lated with whole-body insulin sensitivity [54], and 
obesity is characterized by large adipocytes with 
impaired differentiation and a greater secretion 

of proinflammatory adipokines [55]. Evidence 
suggests that FFAR2 is involved in adipocyte 
development and differentiation [51], resulting in 
smaller adipocytes and lower secretion of proin-
flammatory adipokines. In view of the estab-
lished role of circulating NEFA and inflamma-
tion on insulin sensitivity, recent investigations 
would suggest that elevating circulating SCFA 
by increasing the quantity of fermentable fiber 
in the diet could influence fat metabolism and 
lead to improved insulin sensitivity.	

Data from animal studies supports the sug-
gestion that fermentable fiber in the diet can 
have a major role in adipocyte metabolism and 
insulin sensitivity. In an investigation of rats 
fed a high resistant starch diet for 5  weeks, 
total body weight was found to be the same 
as that of the control group, but with smaller 
epididymal fat pads and adipocyte size [56]. 
Studies in mice have confirmed these observa-
tions and have demonstrated that increasing 
the fermentable fiber content of the diet leads 
to decreased hepatic cellular lipid content along 
with an increase in adipose tissue insulin-stim-
ulated glucose uptake [57]. Investigations have 
also reported that increasing the amount of 
fermentable fiber in the diet improves insulin 
sensitivity in humans. Healthy volunteers fed 
30  g/day of resistant starch for 4 weeks had 
improved insulin sensitivity compared with 
the control group, which was associated with a 
reduced NEFA flux from abdominal adipocytes 
and elevated concentrations of plasma acetate 
and propionate [58]. Intake of the resistant starch 
supplement also led to a small but significant 
increase in lean body mass. A recent investiga-
tion also revealed that providing a 40  g/day 
resistant starch supplement for 12  weeks to 
individuals at increased risk of T2DM improved 
insulin sensitivity  [59]. The improvements in 
insulin sensitivity were significantly correlated 
with reductions in waist circumference and fat 
storage in the tibialis muscle.    

Conclusion & future perspective
Diets rich in starch and fiber have been pro-
posed to reduce adiposity and have a positive 
effect on weight loss. Specif ically, the fer-
mentable content of starch and fiber appears 
to play an important part in the control of food 
intake, body composition and insulin sensitiv-
ity. Recent investigations have provided a link 
between the products of colonic fermenta-
tion, FFAR2 and FFAR3 activation, anorectic 
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hormone release, and adipose tissue metabo-
lism. Further investigations are warranted, 
particularly in high-risk populations, to deter-
mine if long-term dietary interventions with 
fermentable fibers can protect against obesity 
and the progression of T2DM.

Financial & competing interests disclosure
The Section of Investigative Medicine is funded by grants 
from the MRC, BBSRC, NIHR, an Integrative Mammalian 
Biology (IMB) Capacity Building Award, an FP7-
HEALTH-2009-241592 EuroCHIP grant and is 

supported by the NIHR Imperial Biomedical Research 
Centre Funding Scheme. G Frost is supported by an NIHR 
Senior Investigator Award. E Chambers is supported by the 
BBSRC DRINC programme. N Guess is supported by a 
Diabetes UK Fellowship. A  Viardot is supported by a 
fellowship from the Australian NHMRC. The authors have 
no other relevant affiliations or financial involvement with 
any organization or entity with a financial interest in or 
financial conflict with the subject matter or materials 
discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of 
this manuscript. 

Bibliography
Papers of special note have been highlighted as:
n	 of interest
n  n	 of considerable interest

1	 Hu FB, Manson JE, Stampfer MJ et al. Diet, 
lifestyle, and the risk of Type 2 diabetes 
mellitus in women. N. Engl. J. Med. 345(11), 
790–797 (2001).

2	 Knowler WC, Barrett-Connor E, Fowler SE 
et al. Reduction in the incidence of Type 2 
diabetes with lifestyle intervention or 
metformin. N. Engl. J. Med. 346(6), 393–403 
(2002).

3	 Lindstrom J, Peltonen M, Eriksson JG et al. 
High-fibre, low-fat diet predicts long-term 
weight loss and decreased Type 2 diabetes risk: 
the Finnish Diabetes Prevention Study. 
Diabetologia 49(5), 912–920 (2006).

4	 Pan XR, Li GW, Hu YH et al. Effects of diet 
and exercise in preventing NIDDM in people 
with impaired glucose tolerance. The Da Qing 
IGT and Diabetes Study. Diabetes Care 20(4), 
537–544 (1997).

5	 Viswanathan M, Snehalatha C, 
Viswanathan V, Vidyavathi P, Indu J, 
Ramachandran A. Reduction in body weight 
helps to delay the onset of diabetes even in 
non-obese with strong family history of the 
disease. Diabetes Res. Clin. Pract. 35(2–3), 
107–112 (1997).

6	 Ludwig DS, Pereira MA, Kroenke CH et al. 
Dietary fiber, weight gain, and cardiovascular 
disease risk factors in young adults. JAMA 
282(16), 1539–1546 (1999).

7	 Maskarinec G, Takata Y, Pagano I et al. 
Trends and dietary determinants of overweight 
and obesity in a multiethnic population. 
Obesity 14(4), 717–726 (2006).

8	 Kromhout D, Bloemberg B, Seidell JC, 
Nissinen A, Menotti A. Physical activity and 
dietary fiber determine population body fat 
levels: the Seven Countries Study. Int. 
J. Obesity 25(3), 301–306 (2001).

9	 Nelson LH, Tucker LA. Diet composition 
related to body fat in a multivariate study of 
203 men. J. Am. Diet. Assoc. 96(8), 771–777 
(1996).

10	 Frost G, Dornhorst A. The relevance of the 
glycaemic index to our understanding of 
dietary carbohydrates. Diabet. Med. 17(5), 
336–345 (2000).

11	 Behall KM, Scholfield DJ, Canary J. Effect 
of starch structure on glucose and insulin 
responses in adults. Am. J. Clin. Nutr. 47(3), 
428–432 (1988).

12	 Behall KM, Scholfield DJ, Yuhaniak I, 
Canary J. Diets containing high amylose  
vs amylopectin starch: effects on metabolic 
variables in human subjects. Am. 
J. Clin. Nutr. 49(2), 337–344 
(1989).

13	 Macfarlane S, Macfarlane GT. Regulation of 
short-chain fatty acid production. Proc. 
Nutr. Soc. 62(1), 67–72 (2003).

14	 Raben A, Tagliabue A, Christensen NJ, 
Madsen J, Holst JJ, Astrup A. Resistant 
starch: the effect on postprandial glycemia, 
hormonal response, and satiety. Am. J. Clin. 
Nutr. 60(4), 544–551 (1994).

15	 Marciani L, Gowland PA, Spiller RC et al. 
Gastric response to increased meal viscosity 
assessed by echo-planar magnetic resonance 
imaging in humans. J. Nutr. 130(1), 
122–127 (2000).

16	 Jenkins DJ, Wolever TM, Taylor RH et al. 
Glycemic index of foods: a physiological 
basis for carbohydrate exchange. Am. J. Clin. 
Nutr. 34(3), 362–366 (1981).

17	 Wolever TM, Jenkins DJ, Jenkins AL, 
Josse RG. The glycemic index: methodology 
and clinical implications. Am. J. Clin. Nutr. 
54(5), 846–854 (1991).

18	 Brand-Miller J, Hayne S, Petocz P, 
Colagiuri S. Low-glycemic index diets in the 
management of diabetes. Diabetes Care 
26(8), 2261–2267 (2003).

19	 Thomas D, Elliott EJ. Low glycaemic index, 
or low glycaemic load, diets for diabetes 
mellitus. Cochrane Database Syst. Rev. 1, 
CD006296 (2009).

20	 Livesey G. Low-glycaemic diets and health: 
implications for obesity. Proc. Nutr. Soc. 
64(1), 105–113 (2005).

21	 Warren JM, Henry CJK, Simonite V. Low 
glycemic index breakfasts and reduced food 
intake in preadolescent children. Pediatrics 
112(5), E414–E419 (2003).

22	 Thomas DE, Elliott EJ, Baur L. Low 
glycaemic index or low glycaemic load diets 
for overweight and obesity. Cochrane 
Database Syst. Rev. 3, CD005105
(2007).

n	 Review of randomized controlled trials that 
have assessed the effects of low glycemic 
index diets for weight loss in overweight and 
obese volunteers.

23	 Aston LM, Stokes CS, Jebb SA. No effect of a 
diet with a reduced glycaemic index on satiety, 
energy intake and body weight in overweight 
and obese women. Int. J. Obesity 32(1), 
160–165 (2008).

24	 Abete I, Parra D, Martinez JA.  
Energy-restricted diets based on a distinct 
food selection affecting the glycemic index 
induce different weight loss and oxidative 
response. Clin. Nutr. 27(4), 545–551 (2008).

25	 Bouche C, Rizkalla SW, Luo J et al. 
Five-week, low-glycemic index diet 
decreases total fat mass and improves plasma 
lipid profile in moderately overweight 
nondiabetic men. Diabetes Care 25(5), 
822–828 (2002).

26	 McMillan-Price J, Petocz P, Atkinson F et al. 
Comparison of 4 diets of varying glycemic 
load on weight loss and cardiovascular risk 
reduction in overweight and obese young 
adults: a randomized controlled trial. 
Arch. Intern. Med. 166(14), 1466–1475 
(2006).



future science group www.futuremedicine.com 527

Dietary starch & fiber: potential benefits to body weight & glucose metabolism  Review

27	 Institute of Medicine. Dietary Reference 
Intakes for Energy, Carbohydrate, Fiber, Fat, 
Fatty Acids, Cholesterol, Protein, and Amino 
Acids (Macronutrients). The National 
Academies Press, Washington DC, USA 
(2005).

28	 Eaton SB, Eaton SB 3rd, Konner MJ. 
Paleolithic nutrition revisited: a twelve-year 
retrospective on its nature and implications. 
Eur. J. Clin. Nutr. 51(4), 207–216 (1997).

29	 Cummings JH, Pomare EW, Branch WJ, 
Naylor CPE, Macfarlane GT. Short chain 
fatty-acids in human large-intestine, portal, 
hepatic and venous-blood. Gut 28(10), 
1221–1227 (1987).

30	 Brown AJ, Goldsworthy SM, Barnes AA 
et al. The orphan G protein-coupled 
receptors GPR41 and GPR43 are activated 
by propionate and other short chain 
carboxylic acids. J. Biol. Chem. 278(13), 
11312–11319 (2003).

31	 Le Poul E, Loison C, Struyf S et al. 
Functional characterization of human 
receptors for short chain fatty acids and their 
role in polymorphonuclear cell activation. 
J. Biol. Chem. 278(28), 25481–25489 
(2003).

32	 Karaki S, Mitsui R, Hayashi H et al. 
Short-chain fatty acid receptor, GPR43, is 
expressed by enteroendocrine cells and 
mucosal mast cells in rat intestine. Cell 
Tissue Res. 324(3), 353–360 (2006).

33	 Karaki SI, Tazoe H, Hayashi H et al. 
Expression of the short-chain fatty acid 
receptor, GPR43, in the human colon. 
J. Mol. Histol. 39(2), 135–142 (2008).

34	 Field BC, Chaudhri OB, Bloom SR. Bowels 
control brain: gut hormones and obesity. 
Nat. Rev. Endocrinol. 6(8), 444–453 (2010).

35	 Adrian TE, Ferri GL, Bacarese-Hamilton AJ, 
Fuessl HS, Polak JM, Bloom SR. Human 
distribution and release of a putative new gut 
hormone, peptide YY. Gastroenterology 
89(5), 1070–1077 (1985).

36	 Wynne K, Bloom SR. The role of 
oxyntomodulin and peptide tyrosine-
tyrosine (PYY) in appetite control. Nat. 
Clin. Pract. Endocrinol. Metab. 2(11), 
612–620 (2006).

37	 Korner J, Inabnet W, Conwell IM et al. 
Differential effects of gastric bypass and 
banding on circulating gut hormone and 
leptin levels. Obesity (Silver Spring) 14(9), 
1553–1561 (2006).

38	 Batterham RL, Cohen MA, Ellis SM et al. 
Inhibition of food intake in obese subjects by 
peptide YY3–36. N. Engl. J. Med. 349(10), 
941–948 (2003).

39	 Batterham RL, Cowley MA, Small CJ et al. 
Gut hormone PYY(3–36) physiologically 
inhibits food intake. Nature 418(6898), 
650–654 (2002).

40	 Herrmann C, Goke R, Richter G, 
Fehmann HC, Arnold R, Goke B. Glucagon-
like peptide-1 and glucose-dependent 
insulin-releasing polypeptide plasma levels in 
response to nutrients. Digestion 56(2), 
117–126 (1995).

41	 Verdich C, Flint A, Gutzwiller JP et al. 
A meta-analysis of the effect of glucagon-like 
peptide-1 (7–36) amide on ad libitum energy 
intake in humans. J. Clin. Endocrinol. Metab. 
86(9), 4382–4389 (2001).

42	 Cani PD, Dewever C, Delzenne NM. Inulin-
type fructans modulate gastrointestinal 
peptides involved in appetite regulation 
(glucagon-like peptide-1 and ghrelin) in rats. 
Br. J. Nutr. 92(3), 521–526 (2004).

43	 Zhou J, Martin RJ, Tulley RT et al. Dietary 
resistant starch upregulates total GLP-1 and 
PYY in a sustained day-long manner through 
fermentation in rodents. Am. J. Physiol. 
Endocrinol. Metab. 295(5), E1160–E1166 
(2008).

44	 So PW, Yu WS, Kuo YT et al. Impact of 
resistant starch on body fat patterning and 
central appetite regulation. PLoS One 2(12), 
e1309 (2007).

45	 Cherbut C, Ferrier L, Roze C et al. 
Short-chain fatty acids modify colonic 
motility through nerves and polypeptide YY 
release in the rat. Am. J. Physiol. 275(6 Pt 1), 
G1415–G1422 (1998).

46	 Cani PD, Lecourt E, Dewulf EM et al. Gut 
microbiota fermentation of prebiotics 
increases satietogenic and incretin gut 
peptide production with consequences for 
appetite sensation and glucose response after 
a meal. Am. J. Clin. Nutr. 90(5), 1236–1243 
(2009).

n  n	 Recent randomized controlled trial that 
found that supplementing the diet of 
healthy volunteers with a fermentable  
fiber supplement increases gut hormone 
concentrations and reduces 
subjective hunger.

47	 Tarini J, Wolever TM. The fermentable fibre 
inulin increases postprandial serum 
short-chain fatty acids and reduces free-fatty 
acids and ghrelin in healthy subjects. Appl. 
Physiol. Nutr. Metab. 35(1), 9–16 (2010).

48	 Parnell JA, Reimer RA. Weight loss during 
oligofructose supplementation is associated 
with decreased ghrelin and increased peptide 
YY in overweight and obese adults. Am. 
J. Clin. Nutr. 89(6), 1751–1759 (2009).

n  n	 Reported that supplementing the diet of 
obese volunteers with a fermentable fiber 
supplement for 12 weeks promotes weight 
loss and improves glucose metabolism.

49	 Weickert MO, Mohlig M, Koebnick C et al. 
Impact of cereal fibre on glucose-regulating 
factors. Diabetologia 48(11), 2343–2353 
(2005).

50	 Freeland KR, Wilson C, Wolever TM. 
Adaptation of colonic fermentation and 
glucagon-like peptide‑1 secretion with 
increased wheat fibre intake for 1 year in 
hyperinsulinaemic human subjects. 
Br. J. Nutr. 103(1), 82–90 (2010).

51	 Hong YH, Nishimura Y, Hishikawa D 
et al. Acetate and propionate short chain 
fatty acids stimulate adipogenesis via 
GPCR43. Endocrinology 146(12), 
5092–5099 (2005).

n	 Suggests that short chain fatty acids have a 
key role in adipogenesis through the 
stimulation of free fatty acid receptor 2.

52	 Ge H, Li X, Weiszmann J et al. Activation of 
G protein-coupled receptor 43 in adipocytes 
leads to inhibition of lipolysis and suppression 
of plasma free fatty acids. Endocrinology 
149(9), 4519–4526 (2008).

n	 Demonstrates that short chain fatty acids 
have an important physiological role in fat 
metabolism by inhibiting lipolysis 
in adipocytes.

53	 Demigne C, Morand C, Levrat MA, 
Besson C, Moundras C, Remesy C. Effect of 
propionate on fatty acid and cholesterol 
synthesis and on acetate metabolism in 
isolated rat hepatocytes. Br. J. Nutr. 74(2), 
209–219 (1995).

54	 Weyer C, Foley JE, Bogardus C, 
Tataranni PA, Pratley RE. Enlarged 
subcutaneous abdominal adipocyte size,  
but not obesity itself, predicts Type II diabetes 
independent of insulin resistance. Diabetologia 
43(12), 1498–1506 (2000).

55	 Skurk T, Alberti-Huber C, Herder C, 
Hauner H. Relationship between adipocyte 
size and adipokine expression and secretion. 
J. Clin. Endocrinol. Metab. 92(3), 1023–1033 
(2007).

56	 Lerer-Metzger M, Rizkalla SW, Luo J et al. 
Effects of long-term low-glycaemic index 
starchy food on plasma glucose and lipid 
concentrations and adipose tissue cellularity 
in normal and diabetic rats. Br. J. Nutr. 
75(5), 723–732 (1996).

57	 Pawlak DB, Kushner JA, Ludwig DS. Effects 
of dietary glycaemic index on adiposity, 
glucose homoeostasis, and plasma lipids in 
animals. Lancet 364(9436), 778–785 (2004).



Diabetes Manage. (2011) 1(5) future science group528

Review  Chambers, Guess, Viardot & Frost

58	 Robertson MD, Bickerton AS, Dennis AL, 
Vidal H, Frayn KN. Insulin-sensitizing effects 
of dietary resistant starch and effects on 
skeletal muscle and adipose tissue metabolism. 
Am. J. Clin. Nutr. 82(3), 559–567 (2005).

n  n	 Investigation that found that dietary 
supplementation with resistant starch 
improves insulin sensitivity in 
healthy volunteers. 

59	 Johnston KL, Thomas EL, Bell JD, 
Frost GS, Robertson MD. Resistant starch 
improves insulin sensitivity in metabolic 
syndrome. Diabet. Med. 27(4), 391–397 
(2010).

n  n	 Recent study that observed that 
supplementing the diet with resistant starch 
for 12 weeks improves insulin sensitivity in 
individuals with insulin resistance.

�� Website
101	 Public Health Service. The Surgeon General’s 

Report on Nutrition and Health (1988) 
http://profiles.nlm.nih.gov/ps/retrieve/
ResourceMetadata/NNBCQG


