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Abstract

Introduction: Few data exist examining the effects of whole grain (WG) versus refined grain 

(RG) diets on glucose-stimulated insulin secretion (GSIS) and β-cell function.

Methods: In a double-blind crossover randomized controlled trial, 13 sedentary prediabetic 

adults (37.2±1.8 y, BMI: 33.6±1.4 kg/m2, 2h glucose: 146.9±11.6 mg/dl) were provided 

isocaloric-matched WG and RG diets for 8-weeks each, with an 8–10 week washout between 

diets. Glucose, insulin and C-peptide metabolism was studied over 240 min following a 75g 

OGTT. Incretins (GLP-1 and GIP), PYY, and total ghrelin were assessed at 0, 30 and 60 min. 

Mixed-meal diets for carbohydrate (54%), fat (28%), and protein (18%) contained either WG 

(50g/1000 kcal) or equivalent RG.

Results: Both diets induced fat loss (~2 kg). While neither diet impacted early phase GSIS, the 

WG diet increased total GSIS (iAUC of C-peptide0–240/Glc0–240, P=0.02) and β-cell function 

(disposition index; GSIS × insulin sensitivity, P=0.02). GIP and PYY were unaltered by either 

diet, but GLP-1 was higher at 30 min following RG versus WG (P=0.04). Ghrelin levels were 

higher at 60 min of the OGTT following both diet interventions (P=0.01).
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Conclusion: A WG-rich diet increases β-cell function independent of gut hormone responses in 

adults with prediabetes.

Graphical Abstract

Whole grains are reported to reduce type 2 diabetes risk, but there are few randomized controlled 

trials and the mechanism is unclear. Herein, we show that whole grains increase pancreatic insulin 

secretion independent of weight/body fat loss or gut hormones (e.g., GLP-1, GIP, PYY and 

ghrelin). Together, these findings are clinically relevant since pancreatic function is the primary 

determinant of type 2 diabetes development.
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INTRODUCTION

Nearly 35 million adults in the United States have prediabetes and are at increased risk for 

type 2 diabetes. Although insulin resistance is considered a key etiological factor in the 

deterioration of glucose homeostasis, failure to secrete adequate amounts of insulin causes 

hyperglycemia [1]. Subsequently, identifying strategies that prevent β-cell decompensation 

and/or improve insulin secretion are paramount to the management and prevention of type 2 

diabetes.

Major health organizations, including the American Diabetes Association and the American 

Association of Clinical Endocrinologists, encourage replacing refined grain foods with 

whole-grain foods since whole-grains are associated with a lower incidence of type 2 

diabetes [2–5]. However, the evidence that whole-grain consumption improves glycemic 

control in adults with predisposing factors for type 2 diabetes is mixed [6–12] and the 
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majority of these studies have focused solely on insulin sensitivity as an etiological factor 

[9]. This is clinically problematic since glucose stimulated-insulin secretion (GSIS) 

corrected for the ambient insulin sensitivity (i.e. the disposition index or pancreatic function) 

is a better predictor of future diabetes development than insulin sensitivity alone [13]. In the 

few studies that have tested the effect of whole-grains on insulin secretion in clinical 

populations, the reports suggest that dietary carbohydrate modification with whole-grains 

enhance early phase insulin secretion using intravenous or oral glucose tolerance tests [10, 

14]. Using this approach limits physiologic understanding of how whole-grains may 

modulate insulin secretion since no study has examined the total phase insulin secretion 

response to understand mechanistically if whole-grains impact release of insulin available in 

secretory granules during the first, or early phase of glucose stimulated secretion or the 

synthesis of new insulin in the β-cell during the late phase of secretion following post-

prandial glucose ingestion. This is metabolically relevant as defects in early compared with 

later phase insulin secretion is linked to the development of diabetes [15]. Interestingly, the 

only prior work on this topic suggests that whole-kernel rye bread decreases glucagon-like 

peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) in healthy 

people [11]. The ability of more commonly consumed whole-grains such as wheat and rice 

to affect GLP-1 or GIP, or other gut hormone derived peptides (e.g., PYY or ghrelin) known 

to impact glucose homeostasis in obese individuals at risk for type 2 diabetes remains 

unclear. This knowledge gap is of great interest since we recently found that whole-grains 

improved blood pressure, maintained adiponectin concentrations, and improved insulin 

sensitivity while refined grain intake did not [16, 17]. Whether this insulin sensitizing 

benefit of whole-grains extends to insulin secretion remains unknown. Therefore, we tested 

the hypothesis that whole-grains would improve β-cell function and that gut hormone 

responses would correlate with the enhanced metabolic outcomes in a clinically relevant 

population of adults at risk for developing type 2 diabetes.

METHODS

Subjects and Design:

We performed a randomized, double-blind, controlled, crossover trial in thirty-three middle-

aged, overweight/obese adults at risk for type 2 diabetes. Subjects included in the present 

report were part of a larger study examining dietary whole-grain regulation of body 

composition and CVD [16]. The first group of subjects recruited underwent more extensive 

testing for effects on glucose metabolism (n=14) [16, 17], and only subjects with available 

C-peptide data (n=13) were included for assessment of GSIS (Table 1). Randomization to 

diet treatment occurred prior to metabolic testing, and only the study dietitian and statistical 

consultant were aware of subject assignments. Subjects were included if < 50 y, weight 

stable (< 2 kg in prior 6 months), and physically inactive (< 60 min/wk) with a BMI 28–40 

kg/m2. Women were pre-menopausal and studied during the mid-follicular phase (i.e., 5–10 

d post menses). All subjects were non-smoking and underwent medical history as well as a 

physical examination that included a resting electrocardiogram. Blood and urine chemistry 

analysis was also conducted to exclude people with known type 2 diabetes, liver disease, 

cardiac dysfunction, pulmonary abnormalities and renal/liver complications or anti-diabetic 

medication use (e.g., metformin, GLP-1 agonists, etc.). Individuals were verbally briefed 
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about the study and signed informed consent documents approved by the Cleveland Clinic 

Institutional Review Board (ClinicalTrials.gov registration # NCT01411540).

Dosage Information/Dosage Regimen:

A registered dietitian designed and monitored the diets, which were based on individual 

needs (i.e. resting metabolic rate × 1.3 activity factor) as previously described [16]. The 

macronutrient composition of the diets was matched and consisted of 50 g per 1000 kcal of 

whole-grains or refined-grains, respectively. Subjects were provided the whole-grain or 

refined-grain diets for 8 weeks to consume by mouth with an 8–10 week washout period 

during which the participants resumed their usual diets. All meals and fluids were provided 

throughout the study, and recipes were identical between diets, with only frozen ready meals 

and breakfast cereals differing in the source of carbohydrate (whole grain or refined grain). 

Any visible and taste differences between WG and RG meals was masked by the use of dark 

colored sauces. The whole-grain diet included wheat (57%), rice (21%) and oats (16%), 

while the refined grains were wheat (73%) and rice (27%). A sample daily menu and the 

composition of the meals are reported in Supplementary Material Table 1. The dose of 

whole grains was targeted at about 100g per day to provide direct achievability by diet.

Diet Intervention:

The dose of our diet was monitored, as food compliance was estimated by weekly food 

container weigh backs, and defined as the difference between prescribed and actual caloric 

intake. Alkylresorcinols, a biomarker of whole-grain wheat and rye intake, were measured 

using liquid chromatography-tandem mass spectrometry to objectively confirm diet 

adherence [18, 19]. Diet analysis was performed using ESHA Food Processor Pro v.10.80 

(Salem, OR).

Metabolic Control Period:

All metabolic testing was conducted during a 3-day inpatient stay at our Clinical Research 

Unit. Subjects were provided their study meals and refrained from strenuous physical 

activity, alcohol, and caffeine for 48-hour prior to metabolic testing.

Anthropometrics:

Weight was assessed on a digital platform with minimal clothing, and height was obtained 

via a wall-mounted stadiometer (Veeder-Root, Elizabethtown, NC). BMI was calculated as 

body mass (kg) divided by height (m)2. Dual-energy x-ray absorptiometry (DXA, Lunar 

Prodigy CORE Scan, Madison, WI) was used to assess total body fat and fat-free mass 

(FFM).

Insulin Secretion:

After an approximate 10-hour overnight fast, a 75 gram oral glucose tolerance test (OGTT) 

with a stable isotopic glucose tracer was administered to assess glucose metabolism and 

insulin sensitivity [17]. Plasma glucose, insulin and C-peptide were determined throughout 

the 240-minute OGTT. Glucose-stimulated insulin secretion (GSIS) was determined using 

plasma C-peptide incremental area under the curve (iAUC) divided by glucose (GLC) iAUC 
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during the first 30-minutes (early phase) and 240-minutes (total phase) of the OGTT. iAUC 

during the OGTT was calculated using the trapezoidal method. The oral disposition index 

(DI) was used to determine β-cell function as previously described by our group [20, 21] 

since insulin secretory function varies according to the degree of insulin sensitivity. Early 

and total phase DI was defined as: GSISearly phase × insulin sensitivity and GSIStotal phase × 

insulin sensitivity. Insulin sensitivity was assessed from the rate of disappearance of 

deuterated glucose and insulin concentration as variables during the OGTT. Hepatic 

extraction was also estimated by dividing insulin AUC by C-peptide AUC during 0–30 and 

0–240 minutes of the OGTT [22].

Biochemical Analysis:

Plasma glucose was measured immediately after collection using the glucose oxidase 

method (YSI 2300 STAT Plus, Yellow Springs, OH). All measurements pre- and post-

intervention were analyzed on the same plate to minimize inter-assay variability. Samples 

for plasma insulin, C-peptide, PYY and ghrelin were collected in vacutainers containing 

EDTA and the protease inhibitor aprotonin, and samples were analyzed using a 

radioimmunoassay or ELISA (Millipore, Billerica, MA). GLP-1 and GIP were also collected 

in vacutainers containing EDTA, aprotonin and DPP-IV and analyzed by ELISA (Millipore, 

Billerica, MA). All blood samples were centrifuged at 1,000 rpm for 10 min at 4°C to 

separate plasma.

Statistical Analysis:

Data were analyzed using the statistical program R (Vienna, Austria, 2014). Skewed GSIS 

and pancreatic function data were log transformed for statistical analysis to meet normality 

requirements. Paired t-tests were used to compare baseline differences and post-test 

differences. Analysis of variance (ANOVA) with linear mixed-effects was used to compare 

differences (i.e. change from pre to post-test) between diets. We also conducted a 2-way 

ANOVA (i.e., group × test) at each time-point for gut hormone analysis. In the event of 

significant group differences, analysis of co-variance (ANCOVA) with linear mixed-effects 

was used to compare differences between diets using co-variates: order effect, period effect, 

age, sex, baseline levels of the respective outcome, and changes (i.e., delta) in body fat and 

dietary fiber. Pearson’s correlation was used to test associations between outcomes using 

delta-delta (i.e., whole-group) values. Significance was accepted as P<0.05 and trends are 

reported as P≤0.10. Data are reported as mean±SEM.

RESULTS

Diet:

Food compliance was excellent at 91.4±2.2 vs. 90.5±2.2% of target intake for whole-grain 

and refined-grain diet, respectively (P=0.73). There was no difference between whole-grain 

and refined-grain diet periods for energy (2034±92 vs. 2016±94 kcal/d, P=0.77), total 

carbohydrate (54.5±0.7 vs. 53.8±0.7%, P=0.56), fat (28.4±0.3 vs. 28.5±0.4%, P=0.91), or 

protein (18.2±0.4 vs. 17.5±0.3%, P=0.17) intake. As expected, whole-grain (89.8±4.9 vs. 

0±0 g/d, P<0.001) and dietary fiber consumption (27.6 ± 1.5 vs. 22.2±2.1 g/d, P<0.001) 

were higher during the whole-grain compared with refined-grain intervention. In addition, 
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plasma alkylresorcinols were significantly higher after whole-grain compared with refined-

grain intake (185.9±48.7 vs. 9.4±5.4 nM, P<0.002), independently confirming that all 

subjects were compliant.

Body Composition:

Both whole-grain and refined-grain interventions induced approximately 2 kg weight and fat 

loss (Table 1). Further, whole-grain intake was associated with approximately 1.1 kg loss of 

FFM compared with a 0.2 kg loss following refined-grains (between-effect; P=0.05).

Plasma Glucose, Insulin and C-peptide:

Whole-grain intake had no statistically significant effect on fasting plasma glucose, although 

2-hr and iAUC for 240 min glucose tended to be lower when compared to the refined grain 

diet (P=0.08 and P=0.06, respectively). iAUC glucose for 30 min was also lower after 

treatment (P=0.05; Table 1). Moreover, whole-grain intake reduced 2-hour circulating 

insulin significantly more than refined-grains (between-effect; P<0.01; Table 1). However, 

while both diets increased iAUC C-peptide for 240 min compared with pre-test (P<0.05), the 

refined grain diet tended to have higher concentrations after treatment (P=0.09; Table 1).

Pancreatic Function:

Early and total phase GSIS responses were not statistically different at baseline between 

whole-grain and refined grain diets (early phase: 0.04 ± 0.01 vs. 0.07 ± 0.03, P= 0.36 and 

0.06 ± 0.01 vs. 0.07 ± 0.01, total phase P=0.24, respectively). The total, but not early phase, 

GSIS was increased after the whole-grain diet relative to baseline, although there was no 

between group difference (Figure 1). In addition, early and total phase β-cell function 

calculations were not statistically different at baseline between whole-grain and refined grain 

diets (early phase: 0.002 ± 0.001 vs. 0.002 ± 0.000, P=0.35 and total phase: 2 × 10−8 ± 1 × 

10−8 vs. 3 × 10−8 ± 1 × 10−8 P=0.08, respectively). Whole-grains increased the total β-cell 

function response when compared with a decrease/maintenance following refined-grains 

(Figure 1). After the intervention, there was a trending association between improved β-cell 

function and the plasma glucose response (glucose iAUC for 240 min; r=-0.49, P=0.09). 

Neither whole-grain, nor refined grain interventions had an effect on hepatic insulin 

extraction in response to the OGTT after the intervention (early phase: 0.003 ± 0.003 vs. 

−0.005 ± 0.013 ng/ml/μU/ml-30 minute; between-effect; P=0.57, and total response 0.010 

± 0.005 vs. 0.007 ± 0.004 ng/ml/μU/ml-240 minute; between-effect; P=0.71).

Gut Hormones:

Whole-grain consumption had no significant effect on fasting GLP-1 when compared with 

refined-grains. However, refined-grains increased circulating GLP-1 at the 30-minute time-

point of the OGTT more than was observed after the whole-grain diet (between-effect; 

P<0.05, Figure 2). Neither interventions affected fasting or post-prandial GIP or PYY 

(Figure 2), but both interventions resulted in significantly higher post-prandial ghrelin levels 

following the intervention (Figure 2, time effect; P<0.05).

Malin et al. Page 6

Mol Nutr Food Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DISCUSSION

β-cell secretion is a biphasic process, whereby the initial, or early phase release is derived 

from a readily available pool of insulin that is stored in secretory granules, whereas the 

second phase depends on synthesis of new insulin granules [23]. Loss of early and total β-

cell response is widely accepted as a primary defect in the development of type 2 diabetes 

[24] and appears to occur prior to any changes in insulin resistance. Treatments including 

exercise and/or caloric restriction that restore insulin secretion are thus highly relevant for 

the prevention and/or reversal of type 2 diabetes [21]. The primary finding in this report is 

that a whole-grain diet intervention significantly improved the total GSIS response in 

middle-aged overweight/obese adults at risk for type 2 diabetes, but refined grains did not. 

Importantly, this effect was maintained after correction for ambient insulin sensitivity and 

suggests that diets with a high proportion of whole-grains may prevent or attenuate a decline 

in pancreatic GSIS. Increasing whole-grain consumption may provide an effective dietary 

strategy to enhance β-cell function, and thus improve insulin secretion so as to compensate 

for insulin resistance. Such an approach could serve to prevent the progression to diabetes in 

an at-risk obese population with prediabetes. Our data extend current knowledge on the 

effects of whole-grains on pancreatic function, which to date have been limited to studies 

using whole-grain rye bread and effects on early phase insulin secretion alone using OGTT 

or intravenous glucose tolerance test [10, 11, 25]. To our knowledge, our data are the first to 

suggest that eating whole-grain forms of commonly consumed grains such as wheat, rice 

and oat, from commercially available meals, improves total phase GSIS and prevent declines 

in pancreatic function across the post-prandial state in a relatively young obese population 

who are at increased risk of developing type 2 diabetes.

There are several mechanisms by which whole-grains may increase GSIS. Whole-grain 

intake is reported to promote fat loss [26], which in turn would reduce blood lipids and/or 

inflammatory mediators that are known to impair β-cell insulin secretion [13, 20]. However, 

in our study both whole-grain and refined-grain interventions reduced body weight and fat 

loss, and despite our finding that refined grains induced a ~0.5 kg greater fat loss compared 

to whole-grains, the effect of whole-grain treatment on improving GSIS remained after co-

varying for fat loss. While prior studies have suggested that whole-grains induce loss of fat 

mass when compared to refined grains [27, 28], other studies do not support such 

observations [29, 30]. As such, it remains unclear if whole-grains are a clinically relevant 

strategy for inducing weight loss and longer duration studies using more sensitive analytical 

techniques (e.g., doubly-labelled water or biopsies) to elucidate energetic mechanisms and 

changes in body composition are needed. Until these studies are completed, the data 

reported herein serve to suggest that the improvement in GSIS following whole-grain intake 

is independent of weight/fat loss and more likely related to the ability to synthesize new 

insulin during the postprandial state. Interestingly, dietary fiber has been shown to improve 

early phase insulin secretion in overweight adults [31]. Since fiber consumption was 

modestly higher during the whole-grain arm, it is reasonable to expect increased pancreatic 

function and improved glucose tolerance. Indeed, prior single meal or OGTT studies suggest 

that soluble fiber from whole-grains is important for glycemic control [32, 33]. While these 

prior studies [32, 33] fed barely-based meals rich in soluble fiber beta-glucan, we used 
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primarily wheat and rice as the main grains in our study, which contain little beta-glucan. 

Oats were a minor component (16%) of the whole-grains on the whole-grain arm and intake 

and intake of beta-glucan would unlikely to be substantially different between diets. We 

noted no improvement in early phase GSIS, which is likely due to the small (8 g/d) 

difference in fiber intake we observed during the whole-grain arm. This compares to a 

difference of 30 g/d for earlier studies on dietary fiber [31]. To test the effect of this modest 

fiber difference on GSIS, we co-varied for changes in dietary fiber in our statistical model 

and confirmed that fiber did not contribute to the improved total GSIS response after the 

whole-grain intervention. This observation is supported by literature data showing that the 

addition of fiber (inulin) to rye porridge in another study did not lead to differences in post-

prandial GLP-1 either [34], and fiber and weight-loss did not explain improvement in fasting 

glucose status in subjects with prediabetes following a controlled WG diet [12]. These 

studies further support the idea that fiber is unlikely to explain the improved GSIS results 

following increased whole-grain intake and suggests that other compounds or food structure 

likely explain the response.

Another possible explanation for the whole-grain induced improvement in GSIS may relate 

to gut hormones. Prior work suggests that carbohydrate modification impacts GLP-1, PYY, 

and GIP, as well as ghrelin [34, 35]. In particular, GLP-1 and GIP, commonly referred to as 

incretins, account for approximately 60% of the post-prandial insulin secretion response to 

nutrient ingestion. Further, high PYY is related to declines in metabolic health [36]. Since 

whole-grains increased the GSIS response, it would be reasonable to hypothesize that 

GLP-1, PYY and/or GIP would be elevated and correlate with this improved pancreatic 

insulin secretion and glucose tolerance. However, we observed that whole-grain intake had 

no effect on GLP-1 and PYY or GIP when compared with refined-grains. In contrast, we 

found an increase in GLP-1 following refined-grain intake. The physiologic and clinical 

relevance of this observation is unclear, as we found that the refined-grain diet resulted in no 

improvement in GSIS or glucose tolerance, and pancreatic function declined. Ghrelin, a 

known orexigenic stimulant, is an additional gut-derived hormone that has been shown to 

reduce GSIS [37]. We examined the effect of our intervention on ghrelin as a potential 

modulating factor contributing to the changes in GSIS. Ghrelin appeared to increase during 

the post-prandial period following both dietary interventions. These findings are consistent 

with prior weight loss studies demonstrating that ghrelin concentrations rise during periods 

of negative energy balance [38] and highlight that whole-grains exert effects on pancreatic 

function that are independent of ghrelin, PYY, GLP-1 and GIP. We note that we did detect a 

moderate, albeit non-statistically significant correlation between the improvement in post-

prandial plasma glucose tolerance and pancreatic function. This association is consistent 

with the idea that glucotoxicity may be a factor related to changes in insulin secretion [23]. 

This suggests that improved glucose tolerance mediated by insulin sensitivity may be an 

important mechanism by which whole-grains improve glucose regulation [17]. However, the 

observation that GSIS improves, despite enhanced insulin sensitivity suggests a disconnect 

between the well-described hyperbolic relation and highlights a potential nutrient specific 

effect on distinct tissues. As a result, it remains possible that some other factors, e.g., the gut 

microbiota and/or fermentation of whole-grain carbohydrate, modified circulating factors 

that influenced pancreatic function. Indeed, gut-derived short-chain fatty acids could in 
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theory be related to the oxidation of fat in the pancreas [39] as well as activation of PPARγ 
receptors in adipose tissue in a similar manner to thiazolidinediones [40]. Further work is 

needed to identify the mechanism(s) that underlie these effects.

This present study has some limitations. We used the OGTT as opposed to intravenous 

glucose methods (e.g. hyperglycemic clamp) to assess pancreatic function. Subsequently, it 

is possible that other factors directly or indirectly impacted insulin secretion. In addition, we 

measured gut hormones up to 60-minutes post-meal, and this may have underestimated the 

effect of our intervention on interpreting gut hormone effects. However, changes in gut 

hormones typically occur within the first 60-minutes after eating [34, 35, 41]. We also 

studied individuals with impaired glucose tolerance on average (i.e. 2-hr glucoses > 140 mg/

dl). As a result, these findings may not translate to individuals with type 2 diabetes. There 

was also some imbalance in terms of sex, with mainly female subjects (77 %) which limits 

the generalizability of the findings and similar studies with larger sample sizes and better 

gender balance are needed to confirm these results. Furthermore, it is not possible from this 

study to discern whether compounds within whole-grains (e.g. vitamins, phenolic 

compounds, magnesium, and phytoestrogens), either in isolation or in combination, 

produced elevations in insulin secretion, and so future work is needed to determine the 

effects of grain type and food structure on insulin secretion [42]. Of interest is a study 

showing that purified alkylresorcinols, phenolic lipids present in high amounts in whole-

grain wheat and rye reduced insulin resistance and leptin responses in mice fed a high in 

sucrose diet [43]. Thus, the increase in plasma alkylresorcinols during the whole-grain 

intervention may have also contributed to the improved insulin secretion. Lastly, we 

recognize that the probability of a type 1 error is 5% in each case when the null hypothesis is 

true, and thus these data are likely preliminary in nature. Even though we used a cross-over 

design, there may be a limitation in terms of sample size, and we may be underpowered to 

detect statistically significant findings for some outcomes. Herein, we include 0.80 power 

estimates at the significance level of 0.05 to inform future randomized trials examining 

whole grains vs. refined grains on GSIS (early phase: delta = 0.03, standard deviation (SD) = 

0.09, n = 142; total phase: delta = 0.01, SD = 0.03, n = 142) and disposition index (early 

phase: delta = 0.001, SD = 0.003, n = 142; total phase: delta = 0.00000002, SD = 

0.00000002, n = 17) to expand and confirm the current findings. We also report minimal 

detectable change scores at 95% for the delta of whole grain vs. refined grains on GSIS 

(early phase: 0.021; total phase: 0.017) and DI (early phase: 0.0008; total phase: 0.0012). 

Nonetheless, a strength of the current study is that all subjects served as their own control 

and ate a mixed-whole-grain diet based on commercial meals, meaning that these dietary 

changes are readily achievable and strengthen the clinical application of our findings. 

Moreover, C-peptides were used to assess pancreatic function. This bolsters the idea that 

whole-grains impact insulin secretion independent of hepatic insulin extraction.

In conclusion, whole-grain intake improved insulin secretion (total GSIS) and maintained 

pancreatic function in overweight/obese adults at risk for type 2 diabetes while the refined 

grain diet did not. Further, the improvement in insulin secretion tended to relate to 

circulating glucose, independent of body fat loss. This suggests that whole-grains may have 

the potential to exert beneficial effects on pancreatic function in obese adults at risk factor 

for diabetes. Since our findings were not paralleled by improvements in GLP-1, GIP, PYY or 
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ghrelin, the effect of whole-grains on insulin secretion appears to be due to some other 

physiologic mechanism. Future work is warranted to address how whole-grains lead to better 

glucose control in obese adults in order to optimize nutritional therapies for preventing 

and/or delaying on the onset of type 2 diabetes and cardiovascular disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effect of Whole-Grain and Refined-Grain Diets on Glucose-Stimulated Insulin Secretion. 

Data are reported as mean ± SEM. Compared to Pre, *P<0.05 using Paired t-tests. †P<0.05 

using ANCOVA. Post-test total phase disposition index (DI) tended to be higher after WG 

compared with RG P=0.09 using Paired t-tests, although glucose-stimulated insulin 

secretion (GSIS) early phase did not (P=0.57). Whole-grain (WG); Refined grain (RG).
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Figure 2. 
Effect of Whole-Grain and Refined-Grain Diets on Gut Hormones. Glucagon-like peptide 1 

(GLP-1; A), Glucose-dependent insulinotropic polypeptide (GIP; B), peptide tyrosine-

tyrosine (PYY; C) and total ghrelin (D) are shown. No post-test differences existed for any 

outcome using Paired t-tests, except for GLP-1 being higher after RG vs. WG (P=0.055). 

Data are reported as mean ± SEM. *P<0.05 for WG vs. RG, #P<0.05 for main effect of test. 

Whole-grain (WG); Refined grain (RG).
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