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Abstract

Background—Whole-grain intake is associated with lower risk of type 2 diabetes but 

mechanisms are unclear.

Purpose—We tested the hypothesis that a WG diet reduces insulin resistance and improves 

glucose use in individuals at risk for type 2 diabetes compared with an isocaloric-matched refined-

grain diet.

Methods—A double-blind, randomized, controlled, crossover trial of 14 moderately obese adults 

(Age, 38±2 yrs; BMI, 34.0±1.1 kg/m2). Insulin resistance and glucose metabolism was assessed 

using an oral glucose tolerance test combined with isotopic tracers of [6,6-2H2]-glucose and 

[U-13C]-glucose, and indirect calorimetry. Peripheral and hepatic insulin resistance was assessed 

as 1/(rate of disposal/insulin), and endogenous glucose rates of appearance (Ra) iAUC60–240 × 

insulin iAUC60–240, respectively. Both diets met ADA nutritional guidelines and contained either 

whole-grain (50 g per 1000 kcal) or equivalent refined-grain. All food was provided for 8 wk with 

an 8–10 wk washout period between diets.
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Results—Post-prandial glucose tolerance, peripheral insulin sensitivity, and metabolic flexibility 

(insulin-stimulated – fasting carbohydrate oxidation) improvements were greater after whole-grain 

compared to the refined-grain diet (P<0.05). Compared to baseline, body fat (~2 kg) and hepatic 

Ra insulin resistance was reduced by both diets, while fasting glucose and exogenous glucose-meal 

were unchanged after both interventions. Changes in peripheral insulin resistance and metabolic 

flexibility correlated with improved glucose tolerance (P<0.05).

Conclusion—Whole-grains reduced diabetes risk and the mechanisms appear to work through 

reduced post-prandial blood glucose and peripheral insulin resistance that were statistically linked 

to enhanced metabolic flexibility.
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1.1. INTRODUCTION

Epidemiological data consistently find that dietary whole-grain intake is associated with a 

lower incidence of type 2 diabetes [1, 2]. These observations underlie AACE/ACE dietary 

guidelines that recommend whole-grains for people with, or at risk for type 2 diabetes [3]. 

Despite clear associations between higher whole-grain intake and reduced type 2 diabetes 

risk in population based studies [4], there is mixed evidence that whole-grain consumption 

improves glycemic control in adults at risk for type 2 diabetes [5–11]. Moreover, none of 

these studies used advanced techniques to assess multi-organ insulin resistance, and thus, 

important changes to glucose metabolism have not yet been measured in controlled long 

term whole grain intervention studies.

Previous research has shown that whole-grain intake increases clamp-derived insulin 

sensitivity in overweight adults with or without metabolic syndrome, suggesting that whole-

grains may lower blood glucose by affecting skeletal muscle glucose metabolism [8]. Diets 

low in whole-grains are also associated with higher plasma glucose concentrations that, in 

turn, impair skeletal muscle insulin sensitivity. However, the mechanism linking whole-

grains to improved skeletal muscle glucose uptake is currently unknown. Abnormalities in 

substrate metabolism, including reduced fasting fat oxidation and blunted metabolic 

flexibility (i.e. the switch from predominantly fasting fat oxidation to insulin-stimulated 

carbohydrate utilization), have been implicated in skeletal muscle insulin resistance in obese 

adults at risk for diabetes following weight loss induced by exercise plus diet [12, 13]. 

Indeed, recent work has raised the possibility that changes in fuel selection contribute to the 

insulin-sensitizing effects of whole-grains [14, 15]. To date, the current literature provides 

little physiologic insight to the glucoregulatory determinants of glycemic regulation after 

whole-grain intake, and there are no randomized controlled trials determining the effect of 

whole-grains on glucose regulation in obese adults at risk for diabetes when compared with 

an isocaloric control diet. In addition, the role of gut absorption and hepatic glucose 

production on blood glucose following whole-grain intake is unclear [5], and this is 

important to know because changes in meal appearance from the gastrointestinal system or 

release of liver glucose may significantly impact blood glucose concentrations. This 

knowledge gap is clinically relevant as glucose is an important determinant of cardiovascular 
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disease (CVD) risk. We recently examined the effect of whole-grains comprised of mainly 

wheat, oats and rice on the primary outcome of body composition and CVD risk in 

overweight and obese adults compared with refined grain intake [16]. Our results suggest 

that whole-grains improved blood pressure and maintained adiponectin concentration to a 

greater degree than refined grain intake [16]. Whether this cardio-metabolic benefit of 

whole-grains extends to glucose metabolism and insulin resistance remains unknown. Thus, 

we used an isotopic tracer approach to test the hypothesis that whole-grains would lower 

blood glucose by improving insulin-stimulated peripheral and hepatic glucose kinetics in 

obese adults, thus reducing insulin resistance via greater metabolic flexibility.

2.1. MATERIALS AND METHODS

2.2. Subjects and Design

This was a randomized, double-blind, controlled crossover trial involving fourteen middle-

aged, obese adults at risk for diabetes (Table 1). The subjects were part of a larger study on 

body composition and CVD risk who underwent additional testing to evaluate glucose 

metabolism [16]. Randomization occurred prior to metabolic testing. Subject numbers were 

placed in sequentially numbered, sealed envelopes. Only the study dietitian and statistical 

consultant (see Acknowledgements) were aware of subject assignments. Blinding of subjects 

and investigators was achieved by packaging meals into identical containers so the visual 

appearance of the food was similar for whole-grain and the control, refined-grain diets. 

Subjects were excluded if >50 y, weight unstable (>2 kg in prior 6 m), physically active (>60 

min/wk), BMI >40 kg/m2, on anti-diabetic medications, or had diagnosed chronic disease 

(i.e. renal, hepatic, type 2 diabetes, cardiovascular, etc.). Women were pre-menopausal and 

studied during the mid-follicular phase (i.e. 5–10 d post menses). All adults underwent a 

medical examination that included a resting ECG, urine analysis, and blood biochemistry. 

Subjects were verbally briefed about the study and signed informed consent documents 

approved by the Cleveland Clinic Institutional Review Board (ClinicalTrials.gov registration 

# NCT01411540).

2.3. Diet Intervention

Participants were provided either whole-grain or refined-grain diets for 8 weeks with an 8–

10 week washout period between diets. During the washout, subjects were instructed to 

resume their usual diets. Subjects were provided the alternate diet for the 2nd phase. A 

registered dietitian monitored the diets, which were isocaloric to the individual requirements 

(i.e. resting metabolic rate × 1.3 activity factor). Resting metabolic rate was determined 

before each dietary condition using indirect calorimetry (Vmax Encore, Viasys, Yorba 

Linda, CA) as previously described [12]. The macronutrient composition of the diets was 

matched and consisted of 50 g per 1000 kcal of whole-grain or refined-grain, respectively. 

Whole-grains in this study comprised of mainly wheat, oat and rice. 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 (refined 

grain or whole grain). Importantly, ready meals were specifically designed for this study to 

ensure adequate blinding as to carbohydrate source. Dietary compliance was estimated by 

weekly food container weigh backs, and calculated as the percent difference between 
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prescribed and actual caloric intake. Alkylresorcinols, a biomarker of whole-grain wheat and 

rye intake, were used to objectively confirm diet adherence [17]. Diet analysis was 

performed using ESHA Food Processor Pro v.10.80 (Salem, OR).

2.4. Control Period

Metabolic testing was conducted during a 3-day inpatient stay at our Clinical Research Unit. 

Subjects were provided isocaloric mixed meals and were instructed to avoid strenuous 

physical activity for 48-hour prior to metabolic testing.

2.5. Anthropometrics

Height and weight were obtained in a standard hospital gown on a wall-mounted stadiometer 

(Veeder-Root, Elizabethtown, NC) and a calibrated scale. BMI was calculated as body mass 

(kg) divided by height (m)2. Total body fat, fat-free mass (FFM), and visceral fat (VAT) were 

assessed using dual-energy x-ray absorptiometry (DXA, Lunar Prodigy CORE Scan, 

Madison, WI). Subcutaneous fat (SAT) was estimated by subtracting VAT from total android 

body fat [18].

2.6. Glucose Regulation

After an overnight fast, a 75 gram oral glucose tolerance test (OGTT) was performed using 

isotopically labeled glucose [6,6-2H2] and [U-13C] to assess hepatic glucose production and 

exogenous glucose oxidation, respectively [19]. A polyethylene catheter was inserted into an 

antecubital vein and fasting blood samples were obtained (t = −120 min). Baseline breath 

samples were collected for the determination of expired CO2, glucose oxidation (Rox) and 

glucose appearance (Rameal). A primed (3.28 mg/kg) bolus of [6,6-2H2]-glucose plus a 

sodium bicarbonate prime (NaH13CO3; 0.2 mg/kg) was administered at t = −120 min. A 

constant infusion of [6,6-2H2]-glucose was used to determine total endogenous rates of 

glucose appearance (Ra), which primarily reflects hepatic glucose production (RaHGP). A 

retrograde indwelling catheter was also placed in a vein in the contralateral hand, which was 

warmed to 60°C for collection of arterialized blood samples. Exhaled air was collected for 

20 min using a ventilated hood and indirect calorimetry to determine basal substrate 

oxidation prior to glucose ingestion containing 0.02 g/kg of [U-13C]-glucose for the 

determination of Rameal to the total Ra. The [6,6-2H2]-glucose tracer infusion rate was 

altered from 8 ml/hr to 12, 16, 12, and 8 ml/hr at 60, 120, 180 and 240 min, respectively, to 

mimic the corresponding changes in blood glucose and minimize artificially low Ra and 

rates of disposal (Rd) [20]. Breath samples for isotope enrichment and indirect calorimetry 

were also collected during the last 15 min of each hour up to 180 min. Plasma glucose was 

determined at minutes 0, 30, 60, 90, 120, 150, 180, 210 and 240, while insulin was 

determined at the same points with the exception of 150 and 210 minutes.

2.7. Calculations

Glucose and insulin incremental area under the curve (iAUC) during the OGTT were 

calculated using the trapezoidal rule. Total Ra, RaHGP, and Rd from 6,6-2H2 glucose were 

calculated based on the Steele non-steady state equations [21]. The Rameal of [13C] glucose 

into breath was determined by transposition of the Steele equation and the known 13C 
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enrichment of the ingested glucose adapted for use with stable isotopes [21]. HGP was 

calculated as the difference between total Ra and Rameal. Hepatic insulin resistance was 

estimated as HGP iAUC60–240 × insulin iAUC60–240 and divided by 100,000 for data 

presentation. Peripheral insulin resistance, reflecting mostly skeletal muscle, was calculated 

as the inverse of Rd/insulinmean 0–240. Carbohydrate and fat oxidation were calculated from 

indirect calorimetry using standard equations [22]. Non-oxidative glucose disposal (NOGD) 

was calculated (NOGDmean 60–180 = Rd − total carbohydrate oxidationmean 60–180). 

Metabolic flexibility was defined as insulin-stimulated CHO oxidationmean 60–180 – fasting 

CHO oxidation. Rox was also determined from breath samples [23].

2.8. Biochemical Analysis

Plasma glucose was measured immediately after collection using the glucose oxidase 

method (YSI 2300 STAT Plus, Yellow Springs, OH). The remaining blood was centrifuged 

at 4°C for 10 minutes and frozen at −70°C until subsequent analysis. To minimize inter-

assay variability, all frozen blood measurements pre- and post-intervention were analyzed on 

the same plate. Plasma insulin was assayed by radioimmunoassay (Millipore, St. Charles, 

MO). Alkylresorcinols were measured using gas chromatography-mass spectrometry (GC-

MS) [24]. Glucose kinetic plasma samples were deproteinized, extracted, and derivatized 

before analysis by GC–MS [12]. Breath samples were analyzed for 13C/12C ratio by GC 

continuous flow isotope ratio MS [23].

2.9. Statistical Analysis

Data were assessed using R software (Vienna, Austria, 2011). Normally distributed data 

were analyzed by parametric tests. Paired t-tests were used to compare baseline differences. 

No baseline differences were observed for any outcome. Analysis of variance (ANOVA) 

with linear mixed-effects was used to compare between condition differences. In the event of 

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

was used to compare between condition differences with the co-variates: order effect, period 

effect, age, sex, baseline levels of the respective outcome, and changes in body fat and 

dietary fiber. Pearson’s correlation was used to test associations between blood glucose and 

metabolic characteristics using delta-delta (i.e. whole-group) values. Significance was 

accepted as P<0.05 and data are reported as mean±SEM.

3.1. RESULTS

3.2. Diet

Food compliance was excellent at 91.3±2.1 vs. 90.4±1.8% of target intake for whole-grain 

and refined-grain conditions, respectively (P=0.70). There was no difference between whole-

grain and refined-grain conditions for energy (2028±86 vs. 2016±83 kcal/d, P=0.84), total 

carbohydrate (54.6±0.7 vs. 53.7±0.7%, P=0.45), sugar (122±6 vs. 128±6 g/d, P=0.35), fat 

(28.4±0.3 vs. 28.7±0.5%, P=0.63), or protein intake (18.1±0.3 vs. 17.5±0.3%, P=0.12). 

However, as expected, whole-grain (90.5±4.5 vs. 0±0 g/d, P<0.001) and dietary fiber 

consumption (26.5 ± 1.4 vs. 20.1±1.3 g/d, P<0.001) was higher during the whole-grain 

compared with refined-grain period. In addition, plasma alkylresorcinols were significantly 

higher after whole-grain compared with refined-grain intake (208.3±50.3 vs. 7.0±5.5 nM, 
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P<0.01). No difference in plasma alkylresorcinols were observed pre-intervention between 

whole-grain and refined-grain (44.2 ± 5.6 vs. 38.3 ± 3.9 nM, P=0.14), suggesting both 

groups commenced interventions having consumed similar grain filled diets.

3.3. Body Composition

Whole-grain and refined-grain interventions induced approximately 3–6% weight and fat 

loss (Table 1), but there no differences observed between conditions. While whole-grain 

intake was associated with approximately 1.9% loss of FFM compared with a 0.2% loss 

following refined-grains (P<0.05), both whole-grain and refined-grain reduced VAT and SAT 

comparably.

3.4. Glucose Kinetics and Substrate Oxidation

Whole-grain and refined-grain intake improved fasting and post-prandial hepatic insulin 

resistance, while Rameal did not change (Table 2). Whole-grain consumption reduced 

peripheral insulin resistance by approximately 18% compared with a 2% rise following 

refined-grain intake (P<0.03; Figure 1). In addition, whole-grains increased fasting fat 

oxidation compared to the refined-grain diet (P<0.01; Table 2). Although there was no group 

difference in NOGD and Rox (Table 2), metabolic flexibility was elevated after whole-grain 

compared with refined-grain intake (P<0.01).

3.5. Glucose and Insulin Metabolism

The intervention had no effect on fasting glucose, however, whole-grains lowered 2-hour 

glucose by approximately 2.2 mg/dl, although this did not reach statistical significance 

(Table 1, P=0.53). This improved clinical outcome was corroborated by significant 

reductions in glucose iAUC of approximately 5% by whole-grains compared with a 23% rise 

following refined-grains (P<0.02; Figure 1). Fasting insulin was reduced by both whole-

grain and refined-grain diets. However, 2-hour insulin levels were reduced by 14% after 

whole-grain intake compared with a 39% rise with refined-grains (P<0.001, Table 1). 

Whole-grains also lowered insulin iAUC compared with refined-grains, but this was not 

statistically significant (P=0.27).

3.6. Correlation Analysis

After the intervention, reduced peripheral insulin resistance correlated with decreased 2-hour 

circulating glucose (r=0.74, P=0.002; Figure 2a) and insulin (r=0.56; P=0.03; Figure 2b). 

Lower glucose iAUC0–240 was significantly associated with increased metabolic flexibility 

(r=0.54, P=0.04; Figure 2c).

4.1. DISCUSSION

Whole-grain intake as part of a mixed-meal diet significantly improved post-prandial 

glucose metabolism in middle-aged obese adults. Importantly these effects were independent 

of fat loss, which suggests that glycemic control can be improved by dietary intervention 

beyond simply focusing on reducing body weight and body fat. Data on the effect of whole 

grains on glucose outcomes is controversial [11, 25–28]. It is important to note the 

heterogeneity of these studies in terms of population, study design, and types of grains 
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tested. In our study, we recruited a relatively young and obese population who are at risk of 

developing type 2 diabetes, and we used a whole grain intervention based on commercially 

available meals and the commonly consumed grains wheat and rice as the main ingredients. 

Thus, finding that simple substitution of whole grains for refined grains in the diet at a level 

that was acceptable to this, at risk population, is of great clinical relevance when creating 

healthy eating messages for the prevention of type 2 diabetes.

Single meal studies comparing whole grains to refined grains show that whole grains reduce 

plasma glucose responses by 29% and 9% either after an OGTT [14], or a meal [29], 

respectively, supporting our findings, though these studies have suggested that fermentation 

of soluble fiber from whole grains mediates this improvement. Both of these studies fed 

barley-based meals rich in the soluble fiber β-glucan, whereas wheat and rice, the main 

grains used in our study, are low in β-glucan. Also, the overall difference in fiber intake of 8 

g/d seen in our study is unlikely to lead to gut microbiota mediated changes in glucose 

metabolism. Similarly, this difference in fiber intake is unlikely to lead to changes in gastric 

emptying, and no difference in stool frequency or amount was found (data not shown). Other 

factors must be at play, and while we can all but rule out overall weight loss, fat loss and 

change in FFM, there is no clear explanation for the differences beyond the nutrient and 

phytochemical differences between whole- and refined grains.

While many studies examining the link between whole grains and biomarkers of health have 

been carried out on apparently healthy populations, our study focused on obese subjects who 

were at-risk for type 2 diabetes and CVD. One other intervention study found that eating 80 

g whole grains/d over 12 weeks led to normoglycemia in prediabetic subjects [11]. An 

observational study also found that a difference in whole grain intake of 30 g/d reduced the 

risk of becoming prediabetic or diabetic by 34%, even after correction for major risk factors 

[30], thereby supporting our findings in relation to glucose tolerance.

Since fasting hyperglycemia is due primarily to hepatic insulin resistance [12], we addressed 

the effects of whole-grains on endogenous glucose production by using isotopic tracer 

dilution experiments. Our results suggest no difference in fasting glucose or hepatic glucose 

production between the two diets. These findings are consistent with some [8, 14], but not 

all [29], prior work showing that a single whole-grain enriched meal has no effect on 

endogenous glucose production during a standard OGTT. In fact, the reduction in hepatic 

glucose production observed by Thorburn et al. [29] was thought to be the result of gut 

fermentation, which is unlikely to be a major factor in our intervention given the relatively 

small difference in fiber intake. Thus, our results suggest that reductions in blood glucose in 

whole-grain vs. refined grain intake are unlikely to be the result of hepatic glucose 

production in obese individuals. However, we suggest that further work is required on this 

topic given that hepatic steatosis is prevalent in the U.S. and few data exist characterizing the 

effects of whole-grains in people with non-alcoholic fatty liver disease.

Alternatively, the observation that whole-grains improved peripheral insulin resistance 

suggests that skeletal muscle, and possibly adipose tissue, improved glucose metabolism. 

Indeed, skeletal muscle is an important site for insulin mediated glucose metabolism, and 

previous work reports that whole-grains increase clamp-derived insulin sensitivity [8]. 

Malin et al. Page 7

Metabolism. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although clamp data are the gold-standard for insulin-mediated glucose metabolism, the 

utility of the data from a clinical perspective is limited. Moreover, prior whole grain diet 

studies did not include stable isotopes as part of the clamp approach, thereby limiting our 

understanding of the contribution of skeletal muscle to improved glucose control. Prior acute 

meal studies using whole-grains, nevertheless, suggest that skeletal muscle glucose uptake is 

increased compared with refined-grain carbohydrates [14]. Our study extends these findings 

by investigating the effects of whole-grains in the diet on postprandial like nutrient 

stimulation, and demonstrates that the reduction of peripheral insulin resistance was 

independent of changes in FFM. Indeed, while additional research is required to test the 

mechanism by which whole-grains potentially influence FFM, prior work suggests that 

whole-grains generally have no effect on muscle mass despite loss of fat mass [31, 32]. Why 

FFM may decline with whole-grains is unclear from the current study design, but our data 

suggest that greater muscle mass alone is not required for the whole grain related 

improvement in peripheral glucose uptake. This is clinically meaningful as well since the 

change in peripheral insulin resistance was correlated with lower 2-hour glucose levels, 

suggesting that skeletal muscle metabolism per se, not muscle mass, is important for the 

regulation of post-prandial circulating glucose [33]. Herein metabolic flexibility was also 

significantly correlated with lower glucose iAUC, which is consistent with enhanced 

metabolic flexibility being linked to improved skeletal muscle insulin action [34]. 

Interestingly, to our knowledge this is the first study to systematically assess fasting and 

insulin-stimulated substrate oxidation during an OGTT with isotopic tracers following a 

whole-grain intervention. These data are consistent with Robertson et al. who performed 

skeletal muscle biopsies following resistant starch intake for 4-weeks and reported no effect 

on GLUT-4 protein levels or insulin signaling gene expression [35]. Their data suggest that 

alternative pathways likely contributed to the effects of whole-grains on skeletal muscle 

glucose metabolism. Given that whole-grains are known to elevate gut-derived short-chain 

fatty acids (SCFAs), which alter fuel utilization through AMPK activation and PGC1-α 
protein expression, we speculate that the increased reliance on energy from fat in the fasted 

state following whole-grain intake may have alleviated deleterious effects of lipid species on 

insulin-stimulated GLUT-4 translocation for enhanced carbohydrate uptake and utilization 

[14, 15]. 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 the glucose lowering effect in muscle [36], but future 

work is warranted to isolate the effects of particle size, grain type, and encapsulation of 

whole-grains to glucose metabolism and insulin sensitivity. One avenue of interest for future 

work is the possibility that alkylresorcinols may lead to improved insulin sensitivity [37], as 

plasma concentrations of these compounds were much higher during the whole-grain diet.

Despite being one of the largest controlled feeding studies on whole-grains in obese adults at 

risk for type 2 diabetes and CVD, this study does have some limitations. The majority of 

participants were female, so it is not possible to determine if sex differences in glycemic 

responsiveness to whole-grain intake, as has previously been suggested [30]. Generally, 

females are characterized by impairments in post-prandial glucose metabolism, while men 

are more likely to have impaired fasting glucose [38]. However, statistical adjustments for 

sex suggest no such effect on glucose regulation in this study. No difference in gut 
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absorption was observed in the current study based on Rameal, which represents the net 

effect of glucose appearing from the gut and/or liver release. Nonetheless, it remains 

possible that differences in hepatic glucose uptake contributed to differences in plasma 

glucose [29]. Moreover, we recognize that our study was conducted in a relatively small 

sample size and interpretation of condition and correlation analysis should be made with 

caution. Lastly, this study did not specifically test the effect of whole-grains in people with 

type 2 diabetes. Therefore, the lack of statistical significance between groups of secondary 

outcomes, may in part, relate to the relative normal glucose metabolism in these obese 

individuals. It is important to acknowledge though that 3 people were identified in this study 

population to have type 2 diabetes based on 2-hour glucose levels, and 5 people had 

prediabetes (n=0 fasting glucose 100–125mg/dl; n=3 2-hour glucose 140–200mg/dl; n=2 

combined glucose intolerant). Therefore, future work should examine whole-grains in these 

clinical populations to confirm the current findings as well as elucidate mechanisms by 

which whole-grains act to lower circulating glucose. To that end, it should be noted that a 

major strength of the current study is that all subjects served as their own controls and were 

fed the entirety of their mixed-whole-grain meals, thereby strengthening the clinical 

application of our findings.

In conclusion, whole-grain intake improved glucose tolerance in obese adults at risk factor 

for diabetes, and this lower plasma glucose response was paralleled by reduced peripheral 

insulin resistance and improved metabolic flexibility, independent of body fat loss or dietary 

fiber. Together with elevated fasting fat oxidation and insulin-stimulated carbohydrate 

utilization, our data extend previous clinical research observations and demonstrate that 

whole-grain intake effectively promotes glycemic control by improving insulin action. 

Future work is necessary to address specific mechanisms whereby whole-grains lead to 

better glucose control in obese adults in order to optimize nutritional recommendations that 

may prevent and/or delay on the onset of type 2 diabetes and CVD.
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Figure 1. 
Effect of Whole-Grain and Refined-Grain Diet on Glucose and Peripheral Insulin 

Resistance. Data are reported as mean ± SEM. Compared to Refined-Grain diet, ^P < 0.05 

using ANCOVA. WG = Whole-Grain. RG = Refined-Grain. iAUC = incremental area under 

the curve.
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Figure 2. 
Correlations between Insulin Resistance, Metabolic Flexibility and Circulating Blood 

Glucose. Data are reported as delta-delta (Δ-Δ, i.e. the RG-WG difference between Post-

Pre). WG = whole-grain. RG = Refined-Grain. IR = insulin resistance and calculated as 1 

divided by Rd/insulin. HIR = hepatic insulin resistance and calculated as iAUC HGP 60–240 

min of the OGTT.
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