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Abstract: Epidemiological studies suggest that a diet high in processed meat, with a high glycemic
index is associated with an increased risk of type 2 diabetes. It is not clear if this is due to
altered insulin sensitivity or an enhanced postprandial glucose. We aimed to compare the acute
metabolic response of two different types of meals after ingestion of the matching diet for four
weeks. The study was a randomized, crossover acute meal study. Volunteers consumed either a red
meat/refined grain meal or a dairy/chicken/nuts/wholegrain meal after four weeks of the matching
diet. After a three-week washout period and four weeks of the alternate diet, they consumed
the matching meal. The diets differed with respect to both protein and carbohydrate sources.
Blood samples were taken for 180 min for the measurement of glucose, insulin, C-peptide and
triglyceride. Fifty-one participants (age: 35.1 ± 15.6 years; body mass index: 27.7 ± 6.9 kg/m2,
17 with normal and 34 with impaired glucose tolerance) completed two meal tests. The area under
the curve (p < 0.001) and incremental area under the curve (p = 0.001) for insulin was significantly
higher after the red meat/refined grain diet than after the dairy/chicken/nuts/whole grain diet.
There was an interaction between meal and glucose tolerance group (p < 0.05) in the area under
the curve (AUC) and the incremental area under the curve (iAUC) of glucose; the red meat/refined
grain diet increased glucose relative to the dairy/chicken/nuts/whole grain diet only in the normal
group (+2.5 mmol/L/3 h). The red meat/refined grain diet increased glucose and insulin responses
compared with the dairy/chicken/nuts/whole grain diet. This meal pattern would increase
pancreatic stress long term and may account for the increased risk of type 2 diabetes with this diet.

Keywords: red meat/refined grain diet; dairy/chicken/nuts/whole grain diet; meal tolerance test;
postprandial glucose; postprandial insulin

1. Introduction

The prevalence of diabetes worldwide is rapidly rising from 382 million people in 2013 to
an estimated 592 million by 2035 [1]. Diabetes prevention strategies are vital to reducing the health
expenditure on diabetes and its complications [2,3]. Insulin resistance plays a key role in incidence of
type 2 diabetes (T2DM) [4]. Weight loss, along with regular exercise, can reduce insulin resistance [5,6].
Changing dietary patterns without caloric restriction has been little investigated despite the positive
epidemiology [7,8].

Prospective studies showed that a Mediterranean dietary pattern, rich in whole grains, nuts, fresh
vegetables, fruit, moderate in dairy products and fish or poultry, and low in red and processed meet,
refined grains and sugar-sweetened foods and beverages, was strongly associated with a decreased
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risk for T2DM ranging from 12% to 85% [9]. Fruits and vegetables alone have not been strongly linked
to diabetes and there are no positive intervention studies [10,11].

Meta-analyses of prospective studies showed that processed meat intake of 50 g/day was
associated with an increased risk of T2DM, ranging from 19% to 51% [12–14]. A Western dietary
pattern high in red and processed meat and refined grains showed a positive association with the risk
of T2DM in men [15]. There are no intervention studies on the effects of processed meat on insulin
resistance or glucose homeostasis and this study directly addresses this question. The PREDIMED
trial showed that a Mediterranean diet supplemented with mixed nuts reduced the risk of T2DM by
18% in the absence of weight change compared with a control diet after 4.1 years of follow-up [16].

Although the association between a diet high in red and processed meat and refined grains and
an increased risk of T2DM is clear, it unknown if this is attributable to decreased insulin sensitivity or
enhanced postprandial glucose responses or due entirely to confounding. These questions cannot be
addressed without an intervention study. Therefore, this study aimed to determine the acute effects
of two different types of meals on postprandial glucose, insulin, C-peptide and triglyceride after
consumption of a matching diet for four weeks in order to elucidate mechanisms for changes in insulin
sensitivity during the dairy/chicken/nuts/wholegrain diet.

We hypothesized that a meal consisting of white bread, leg ham and orange juice would increase
postprandial glycemia and insulinemia compared with a meal consisting of whole grain bread, chicken,
milk, yogurt and nuts matched for total energy.

2. Methods

2.1. Participants

Fifty-one participants were enrolled in this acute meal study. Eligible participants were adults
aged over 18 years (body mass index (BMI), 18–45 kg/m2) without type 2 diabetes. Exclusion criteria
were medication or supplements that could affect glucose metabolism, a history of metabolic illness
including liver or kidney disease and allergy or intolerance to dairy, nuts or other components of th diet.
Women who were pregnant or breastfeeding or likely to be pregnant and people who experienced
weight gain or weight loss over the last three months were also excluded. A recruiting agency and
public advertisement were used for the recruitment. An initial screening questionnaire was conducted
via email or telephone to identify suitable participants. People who passed the screening criteria visited
the Sansom Institute for Health Research Clinical Trial facility at the University of South Australia,
in the morning after an overnight fast. A 75 g oral glucose tolerance test (OGTT) was undertaken to
exclude people with frank diabetes. This study was approved by the University of South Australia
Human Research Ethics committee and registered with the Australian New Zealand Clinical Trials
Registry (ACTRN12614000519651). Written, informed consent was obtained. Recruitment started in
June 2014 and ended in September 2015. Participant recruitment and completion is shown in Figure 1.
All participants who completed both chronic dietary phases had meal tolerance tests (MTTs) analyzed.
Those with only one MTT were not analyzed.

2.2. Dietary Intervention

This study was part of a randomized crossover trial with two different dietary patterns which
will be published separately. The effect of the chronic diets on insulin sensitivity was assessed with
a low dose infusion of glucose and insulin. Participants followed either a diet high in red meat and
processed meat and refined grains or a diet high in whole grains, nuts, and dairy products and no red
meat for four weeks and then were crossed-over to the other dietary pattern. Food was not given to
participants but an AU$ 50 and an AU$ 80 voucher were provided for the purchase of nuts and red
meat, respectively, at the end of each diet period. Participants were specifically instructed regarding
what to eat for each four-week period by providing eight different dietary guidelines in accordance
with BMI and gender. The dietary guidelines included daily food selection goals, samples of a meal
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plan and recipes, cooking methods and a standard serving size guide. A kitchen scale was provided to
participants. Participants were free-living but were asked not to change their lifestyle and to maintain
body weight. Participants were encouraged to contact investigators whenever they had inquiries
via telephone or email. The two diets were intended to be isocaloric. Daily checklists and three-day
weighed food diaries recorded fortnightly including cooking technique, food brand names, quantity
and leftovers, were collected to ensure dietary compliance. Food-intake data (2 × 3-day weighed food
diaries) were analyzed with FoodWorks Professional Edition 8.0 (Xyris Software, Brisbane, Australia).
The recommended menu for the two different diets is shown in Table 1.
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Table 1. The recommended menus for each of the diets.

Red Meat/Refined Grain Diet Dairy/Chicken/Nuts/Whole Grain Diet

Food Daily Goal Food Daily Goal

Red meat 200–300 g
Chicken

Fish
Cooked legumes

80–150 g
70–150 g

150–225 g
(l cup–1.5 cups)

Processed meat ≥50 g Nuts 60–90 g

Refined grains 4–6 serves Whole grains 3–4 serves

Dairy products minimal Dairy products 4 serves

Potato 200–300 g

Vegetables 1–2 serves Vegetables 1–2 serves

Fruits 1–2 serves Fruits 1–2 serves

Oil/spread 3–9 serves Oil/spread 2–7 serves

Jam or marmalade 1 serve Jam or marmalade ≤1 serve

Wine/Alcohol Optional Wine/Alcohol Optional

Indulgence food 3–4 serves
To replace refined grains or potato if desired

Serving sizes were based on the guidelines of the Australian National Health and Medical Research Council.
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There was on average a three-week washout period on their usual diet in between
the two four-week weight-stable diet periods. Randomization was undertaken using an online
random number generator (www.randomization.com) by a researcher not involved in the study.
The investigator who carried out data analysis and staff who measured blood samples were unaware
of the diet order of participants. The MTT was conducted in the morning after an overnight fast at
the end of each four-week diet period. The meal order in MTT was based on the diet that volunteers
had followed for four weeks, which was randomized. Two different kinds of sandwiches were created
in accordance with the key food profiles of two different diets. Food was not provided in the four-week
diet intervention. The ham sandwich, representing a diet high in red meat and processed meat and
refined grains was comprised of: 80 g white bread, 105 g leg ham, 20 g iceberg lettuce, 10 g tomato
slices, 3 g onions, 3 g pickles and 250 mL 25% orange juice. The chicken sandwich, representing a diet
high in whole grains, nuts and dairy products and no red and processed meat consisted of: 80 g
wholegrain bread, 50 g chicken breast, 20 g iceberg lettuce, 10 g tomato slices, 100 g natural Greek
yogurt, 200 g fat reduced milk, 7 g cashew nuts and 7 g peanuts. Participants were advised to consume
the meal within 10 min. The food composition of each meal is summarized in Table 2. The two test
meals were designed to be enriched in red meat or enriched in dairy but contained the same energy.
Other macronutrients differed. The glycemic load of the dairy/chicken/nuts/wholegrain meal was
58% of the red meat/refined grain meal.

2.3. Clinical Measurements

An intravenous catheter (BD Nexiva catheters; 20GA 1.25IN 1.1 × 32 mm, Becton Dickinson and
Co., Franklin Lakes, NJ, USA) was placed in a large antecubital vein. Blood samples were taken at
−5, 0, 10, 20, 30, 40, 50, 60, 75, 90, 120, 150, and 180 min into both a tube with a sodium fluoride
EDTA (ethylenediaminetetracetic acid) and a tube with no additives. The tube with no additives for
serum insulin, C-peptide and triglyceride (TG) was stood upright at room temperature for 30 min,
and then it was placed on ice, whereas the sodium fluoride EDTA tube for plasma glucose was placed
straight on ice until centrifugation and processing. Blood samples were centrifuged at 4000 rpm
at 4 ◦C for 10 min (Universal 32R, Hettich Zentrifugen, Tuttlingen, Germany). Plasma and serum
aliquots were stored at −80 ◦C until analysis. The measurements of plasma glucose and serum TG
were made using an automated spectrophotometric analyzer (Konelab 20XTi, ThermoFisher Scientific,
Waltham, MA, USA). Serum insulin and C-peptide analyses were conducted by commercial ELISA
kits (Alpha Diagnostic, San Antonio, TX, USA, Kit # 0030N for insulin, Kit # 0040 for C-peptide).

2.4. Analysis

Statistical analysis was performed using SPSS V22 (IBM, Chicago, IL, USA).
A sample size of 50 overweight and obese participants without diabetes was required to have 80%

power to detect a 20% change (alpha level = 0.05) in insulin sensitivity with 80% power as assessed by
LDIGIT (low dose insulin and glucose infusion test) [17]. No specific calculation was made for the MTT.

The area under the curve (AUC) and incremental AUC (iAUC) for glucose, insulin, C-peptide
and TG were calculated using the trapezoidal method. The Shapiro-Wilk test, Q-Q plots, and
histograms were used to test for the normality of distribution. Non-normally distributed data such
as fasting glucose, insulin AUC, insulin iAUC, C-peptide iAUC and TG AUC were log transformed.
Differences between two meals were assessed by repeated-measures ANOVA. A Wilcoxon signed rank
nonparametric test was used as fasting insulin was still skewed after log transformation. TG iAUC
was also analyzed by a Wilcoxon signed rank nonparametric test. Data for glucose AUC, glucose
iAUC and C-peptide AUC are presented as the mean ± standard deviation (SD). Data for skewed
variables such as fasting glucose, fasting insulin, insulin AUC, insulin iAUC, C-peptide iAUC, TG
AUC and TG iAUC are expressed as medians and interquartile ranges. Chi-square tests and unpaired
t tests were performed to compare participants’ baseline characteristics by randomization order.
Statistical significance was defined as p < 0.05.

www.randomization.com
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Table 2. Nutrient composition of the test meals.

Amount (g) Energy (kJ) CHO (g) Food GI Protein (g) Fat (g) Sat Fat (g) Cholesterol (mg) Sugar (g) Dietary Fibre (g) Sodium (mg)

Red meat/refined grain meal
Bread, white, 80 848 39.2 70 6.4 1.52 0.24 0 2.32 2.16 320

25% orange juice 250 481 26.8 52 0.3 0 0 0 25.7 0.2 1
Lettuce, iceberg, raw 20 8 0.08 0.2 0.02 0 0 0.08 0.3 5.2

Tomato, raw 10 7.4 0.24 0.1 0.01 0 0 0.23 0.12 0.8
Ham, leg, lean & fat 105 804 1.5 20.7 11.6 4.7 73.5 0.1 0 1614

Onion, raw 3 3.81 0.14 0.05 0 0 0 0.14 0.06 0.3
Pickle 3 10.44 0.5 0.02 0.02 0 0 0.44 0.04 18.6
Total 2162.65 68.46 60.4 27.77 13.17 4.94 73.5 29.01 2.88 1959.9

Dairy/chicken/nuts/wholegrain meal
Bread, wholegrain, 80 840 34.6 53 7.6 2.56 0.32 0 2.8 4.16 320
Nuts, cashews, raw 7 170.59 1.18 22 1.19 3.44 0.59 0 0.39 0.41 0.77
Nuts, peanuts, raw 7 166 1.12 14 1.82 3.43 0.49 0 0.28 0.63 1.26

Yoghurt, greek, natural 100 557 6.9 27 4.7 9.7 6.4 - 6.9 0 62
Chicken, breast, lean, raw 50 219 0 11.15 0.8 0.25 29.5 0 0 20.5

Milk, reduced fat 200 372 9.6 37 6.64 2.6 1.8 - 9.6 0 86
Lettuce, iceberg, raw 20 8 0.08 0.2 0.02 0 0.08 0.3 5.2

Tomato, raw 10 7.4 0.24 0.1 0.01 0 0.23 0.12 0.8
Total 2339.99 53.72 44.9 33.4 22.56 9.85 29.5 20.28 5.62 496.53

CHO, carbohydrate; GI, glycemic index.
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3. Results

Fifty-one participants (15 men and 36 women) completed the study (Figure 1). A total
of 13 participants withdrew from the study after study commencement. Two participants
withdrew on the day of the blood collection after first four-week diet period due to the fear
of blood collection. Five participants withdrew from the diet within five days of the first diet
commencement: three could not adhere to red meat/refined grain diet and two could not comply
with dairy/chicken/nuts/wholegrain diet. Four participants were enrolled but withdrew due to work
and family time commitments, and for personal reasons. Two participants could not be contacted.
Baseline characteristics of all participants and baseline characteristics of participants by sequence order
is shown in Table 3. This was a small difference in 2 h glucose between randomization order groups.

Table 3. Baseline characteristics of a total of participants and participants by sequence order 1.

All Participants

Participants Randomized to
Red Meat/Refined Grain
Diet First and Then
Dairy/Chicken/Nuts/Whole
Grain Diet (n = 27)

Participants Randomized to
Dairy/Chicken/Nuts/Whole
Grain Diet First and Then Red
Meat/Refined Grain Diet (n = 24)

p Value

Sex (Male/Female) 15/36 9/18 6/18 0.5
Age (year) 35.1 ± 15.6 33 ± 12.7 37.4 ± 18.3 0.3
NGT (n) 17 10 7

0.6IFG/IGT (n) 34 17 17
Baseline fasting glucose (mmol/L) 5.5 ± 0.7 5.6 ± 0.7 5.4 ± 0.7 0.4
Baseline 2-h glucose (mmol/L) 7.3 ± 1.6 6.9 ± 1.3 7.8 ± 1.8 0.04 *
Baseline weight (kg) 79.4 ± 21.36 82.6 ± 21.4 75.8 ± 21.2 0.3
BMI (kg/m2) 27.7 ± 6.9 28.6 ± 7.0 26.7 ± 6.9 0.3
Baseline SBP (mmHg) 112.2 ± 10.7 2 112.2 ± 12.4 3 112.2 ± 8.4 4 1
Baseline DBP (mmHg) 70.7 ± 9.7 2 70.4 ± 9.7 3 71.3 ± 9.9 4 0.8
Total Fat Mass (kg) 29 ± 15.7 30.4 ± 15.6 27.4 ± 16.0 0.5
Total Lean Mass (kg) 46.6 ± 11.5 48.4 ± 12.3 44.6 ± 10.4 0.2
Total Fat Mass (%) 36.6 ± 12.6 37.3 ± 12.2 35.9 ± 13.3 0.7

p values were obtained by chi-square tests and unpaired t tests to compare participants’ characteristics by
randomization order. Values are means ± SDs. NGT, normal glucose tolerance; IFG, impaired fasting glucose;
IGT, impaired glucose tolerance; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure. 1 n = 51; 2 n = 42; 3 n = 24; 4 n = 18.

Analyses of six-day weighed food diaries showed that compliance with the protocol was
satisfactory. Total energy intake did not differ between two diets. Reported dietary intake is shown in
Tables 4 and 5. Overall, intakes of key foods assessed by food diaries were similar to the recommended
quantities of key foods. Body weight was measured at baseline, week two and week four. Mean body
weight was almost unchanged throughout the intervention period.

Table 4. Reported dietary intake of key foods assessed by weighed food records 1.

Red Meat/Refined Grain Diet Dairy/Chicken/Nuts/Wholegrain Diet

Food Average intake Food Average intake

Red meat 241.3 g
Chicken 105.5 g
Fish 110.5 g
Cooked legumes 154.3 g

Processed meat 55.8 g Nuts 70 g

Refined grains 5.2 serves (320.4 g) * Whole grains 3.9 serves (235.8 g) *
Dairy products 3.8 serves (687.4 g)

These values are based on an average of two weighed food diaries per dietary period. 1 n = 51. * Weight (g) was
calculated based on cooked for rice and pasta, and raw for cereal, oats and muesli.
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Table 5. Reported dietary intake of nutrients assessed by weighed food records 1.

Red Meat/Refined Grain Diet Dairy/Chicken/Nuts/Whole Grain Diet p Value

Energy (kJ) 8406 ± 1172 8382 ± 1078 0.76
Protein (g) 95, 13.7 97, 14 0.41
Total fat (g) 73 ± 18 87 ± 16 p < 0.001

Saturated fat (g) 26.2, 8.5 26, 9.3 0.93
Polyunsaturated fat (g) 8.7, 4.4 17.2, 6.6 p < 0.001

Monounsaturated fat (g) 31 ± 9 37 ± 7 p < 0.001
Cholesterol (mg) 219.4, 52 158, 67 p < 0.001
Carbohydrate (g) 218.3, 43 181,40 p < 0.001

Sugars (g) 61, 26 89, 26 p < 0.001
Starch (g) 151.3, 46 93, 43 p < 0.001

Alcohol (g) 0, 8.7 0, 1.8 p < 0.05
Dietary fibre (g) 17, 6.4 27,8 p < 0.001
Thiamine (mg) 1.5, 0.6 1.9, 0.5 p < 0.05
Riboflavin (mg) 1, 0.5 2.8, 0.7 p < 0.001

Niacin (mg) 46.1, 12 44, 9.4 0.12
Vitamin C (mg) 90.5, 50 54, 40 p < 0.001
Total folate (µg) 236, 157 386, 131 p < 0.001

Sodium (mg) 2092, 918 1588, 523 p < 0.001
Potassium (mg) 2886 ± 531 3441 ± 450 p < 0.001

Magnesium (mg) 229, 51 518, 138 p < 0.001
Calcium (mg) 245, 116 1418, 253 p < 0.001

Iron (mg) 11.5, 3 11.5, 4 0.7
Zinc (mg) 13.6, 3.8 12, 2.6 p < 0.001

Protein (% energy) 19.2, 3 19.6, 3 0.4
Fat (% energy) 32 ± 5 39 ± 5 p < 0.001

Carbohydrate (% energy) 44 ± 6 37 ± 5 p < 0.001
Fibre (% energy) 1.7, 0.4 2.7, 0.7 p < 0.001

These values are based on an average of two weighed food diaries per dietary period. 1 n = 51.
Normally distributed values are presented as means ± SDs and p values were determined by paired t
tests. Non–normally distributed variables (shown as medians and interquartile ranges) were log transformed
and p values were determined by paired t tests for protein, saturated fat, polyunsaturated fat, cholesterol,
carbohydrate, sugars, starch, dietary fiber, sodium, calcium, zinc and % energy from fiber, and Wilcoxon signed
rank nonparametric tests were performed for alcohol, thiamin, riboflavin, niacin, vitamin C, folate, magnesium,
iron and % energy from protein.

Fasting glucose concentrations between two meals did not differ (median, interquartile range
5.3, 0.9 mmol/L for red meat/refined grain diet vs. 5.3, 0.6 mmol/L for dairy/chicken/nuts/whole
grain diet). Total glucose AUC was not different between two meals (16.8 ± 2.8 mmol/L/3 h for
red meat/refined grain diet vs. 16.2 ± 2.5 mmol/L/3 h for dairy/chicken/nuts/whole grain diet).
The iAUC for glucose significantly differed between two meals (0.9 ± 2.3 mmol/L/3 h for red
meat/refined grain diet vs. 0.3 ± 1.6 mmol/L/3 h for dairy/chicken/nuts/wholegrain diet, p < 0.05).
There was a group by meal effect (p < 0.05 for total glucose AUC and p = 0.016 for total glucose iAUC)
so glycemic control groups were analyzed separately. The group with normoglycemia (n = 17) had
a significant diet effect for total glucose AUC (p = 0.017) and total glucose iAUC (p = 0.024) while in
the group with impaired fasting glucose (IFG) or impaired glucose tolerance (IGT) diet (n = 34) was not
insignificantly different. Postprandial glucose concentrations after two meals are shown in Figure 2.
Individual data for glucose AUC and iAUC is shown in Figure 3.

There was a small difference in fasting insulin, which was higher after the dairy/chicken
/nuts/wholegrain diet vs. the red meat/refined grain diet. However, insulin AUC after red
meat/refined grain diet was significantly higher than for the dairy/chicken/nuts/whole grain
diet (94.4, 117 mU/L/3 h for red meat/refined grain diet vs. 65.9, 74.3 mU/L/3 h for
dairy/chicken/nuts/wholegrain diet, p < 0.001). The insulin iAUC was significantly higher
after the red meat/refined grain diet (79.7, 119.2 mU/L/3 h for red meat/refined grain diet
vs. 54.3, 71.9 mU/L/3 h for dairy/chicken/nuts/whole grain diet, p = 0.001) than after
dairy/chicken/nuts/wholegrain diet. Postprandial insulin concentrations after the two diets are
shown in Figure 4. Individual data for insulin AUC and iAUC is shown in Figure 5. Both the C-peptide
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AUC (12.5 ± 5.8 nmol/L/3 h for red meat/refined grain diet vs. 10.2 ± 4.1 nmol/L/3 h for
dairy/chicken/nuts/wholegrain diet, p = 0.006) and iAUC (8.6, 6.5 nmol/L/3 h for red meat/refined
grain diet vs. 6.4, 4.1 nmol/L/3 h for dairy/chicken/nuts/wholegrain diet, p = 0.002) were higher after
the red meat/refined grain diet compared to the dairy/chicken/nuts/wholegrain diet. There was no
interaction with glycemic group. Individual data for C-peptide AUC and iAUC is shown in Figure 6.
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Figure 4. Mean ± SD changes in postprandial insulin concentrations after two diets (n = 51).
A repeated-measures ANOVA of log transformed data showed significance for the treatment (p = 0.004)
and time-by-treatment interaction (p < 0.001; n = 51).
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AUC, area under the curve; iAUC, incremental area under the curve.
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TG AUC did not differ between two meals (2.3, 2.4 mU/L/3 h for red meat/refined grain diet vs.
2.6, 1.8 mU/L/3 h for dairy/chicken/nuts/wholegrain diet, p = 0.172) but there was a small significant
difference in TG iAUC (−0.2, 0.5 mU/L/3 h for red meat/refined grain diet vs. 0.0, 0.4 mU/L/3 h for
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dairy/chicken/nuts/wholegrain diet, p < 0.001). Individual data for triglyceride AUC and iAUC is
shown in Figure 7. Differences in glucose, insulin, C-peptide and TG are presented in Table 6.Nutrients 2016, 8, 687 12 of 17 
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Table 6. Effects of meals on glucose, insulin and TG measured at the end of each diet period.

All (n = 51) Group with NGT (n = 17) Group with IFG or IGT (n = 34)

Red Meat/Refined
Grain Diet

Dairy/Chicken/Nuts/
Wholegrain Diet p Value p Group

by Meal
Red Meat/Refined

Grain Diet
Dairy/Chicken/Nuts/
Wholegrain Diet p Value Red Meat/Refined

Grain Diet
Dairy/Chicken/Nuts/
Wholegrain Diet p Value

Fasting glucose
(mmol/L) 5.3, 0.9 5.3, 0.6 0.828 NS 5.2, 0.6 5.2, 0.8 0.59 5.4, 0.9 5.4, 0.6 0.99

Glucose AUC
(mmol/L/3 h) 16.8 ± 2.8 16.2 ± 2.5 0.077 0.047 16.5 ± 2.9 14.9 ± 2.0 0.017 17 ± 2.8 16.9 ± 2.4 0.7

Glucose iAUC
(mmol/L/3 h) 0.9 ± 2.3 0.3 ± 1.6 0.046 0.016 1.1 ± 2.9 −0.3 ± 1.7 0.024 0.8 ± 1.9 0.7 ± 1.5 0.7

Fasting insulin
(mU/L) 2.2, 1.9 2.2, 1.2 0.023 NS 2.1, 1.1 2.1, 0.88 0.78 2.5, 2.1 2.3, 1.4 0.012

Insulin AUC
(mU/L/3 h) 94.4, 117 65.9, 74.3 <0.001 NS 116.5, 169.5 65.9, 116.6 0.012 85.8, 129.4 62.1, 74.1 0.001

Insulin iAUC
(mU/L/3 h) 79.7, 119.2 54.3, 71.9 0.001 NS 95.7, 120.7 54.3, 92.7 0.033 70.2, 134.7 50.8, 67.9 0.008

C-peptide AUC
(nmol/L/3 h) 12.5 ± 5.8 10.2 ± 4.1 0.006 NS 10.9 ± 5.0 9.0 ± 4.2 0.075 13.3 ± 6.1 10.8 ± 4.1 0.03

C-peptide iAUC
(nmol/L/3 h) 8.6, 6.5 6.4, 4.1 0.002 NS 6.7, 7.3 5.1, 4.6 0.112 7.9, 6.1 6.2, 3.1 0.014

TG AUC
(mU/L/3 h) 2.3, 2.4 2.6, 1.8 0.172 0.013 2.0, 1.5 2.4, 2.1 0.008 2.8, 2.3 2.7, 1.7 0.78

TG iAUC
(mU/L/3 h) −0.2, 0.5 0.0, 0.4 <0.001 NS −0.2, 0.8 0.2, 0.5 0.004 −0.2, 0.5 0.0, 0.4 0.001

Fasting glucose, insulin AUC, insulin iAUC, C-peptide iAUC and TG AUC were log transformed. p values for fasting insulin and TG iAUC were obtained from Wilcoxon signed rank
nonparametric tests as fasting insulin and TG iAUC were not still normally distributed after log transformation. p values for fasting glucose, glucose AUC, glucose iAUC, insulin AUC,
insulin iAUC, C-peptide AUC, C-peptide iAUC and TG AUC were examined by paired t tests. Values are expressed as medians and interquartile ranges except for glucose AUC,
glucose iAUC and C-peptide AUC, which are presented as means ± SDs. Group 1 was comprised of participants with normal glucose tolerance (NGT) and group 2 was comprised of
participants with impaired fasting glucose (IFG) and impaired glucose tolerance (IGT). AUC, area under the curve; iAUC, incremental area under the curve; TG, triglyceride. For AUC
C-peptide n = 10 with NGT and 20 with IFG/IGT.
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4. Discussion

In this study, a red meat/refined grain meal resulted in significantly higher postprandial insulin
secretion than a dairy/chicken/nuts/wholegrain meal after a similar chronic dietary pattern but
did not alter postprandial glucose concentrations. The 27% increase in glycemic load in the red
meat/refined grain meal only partially explains the 40%–50% rise in insulin. Therefore, the significantly
increased insulin concentrations could be also partly attributable to the four-week red meat/refined
grain diet high in refined grains, red and processed meat promoting insulin resistance. The population
tested was very diverse from lean insulin sensitive to obese insulin resistant subjects, some of whom
had impaired glucose tolerance, so we believe the findings apply to the whole population. Our finding
suggests that meals varying moderately in carbohydrate content and glycemic index (GI) do not
influence total blood glucose to any major degree.

This finding is consistent with the small study of 25 overweight subjects where there was no
difference in mean 24-h or daytime glucose concentrations on diets differing in carbohydrate and
glycemic index (GI) [18]. It is interesting in this data set that an increase in glucose was seen only
in the normoglycemic group who would be expected to mount a good insulin response but insulin
differences between meals were not related to glycemic control group.

C-peptide only increased by 23% for total AUC on the red meat/refined grain diet while insulin
increased by 46% compared with the diary/chicken/nuts/wholegrain diet, suggesting that the large
difference in insulin levels was due to lowered insulin clearance rather than increased insulin release
with the red meat/refined grain diet. This suggests the red meat/refined grain diet for four weeks
had reduced insulin sensitivity and one of the early responses with changes in insulin sensitivity
is alteration in hepatic insulin clearance rates. Therefore, only half of the increase in insulin was
attributable to increased glycemic load and the other half was due to insulin resistance. Several studies
showed that decreased insulin sensitivity was associated with decreased insulin clearance [19–21],
and reduced insulin clearance correlated with risk of incidence of T2DM [22]. The Insulin Resistance
Atherosclerosis Study 5-year follow-up showed a negative correlation between plasma plasminogen
activator inhibitor (PAI)-1 concentrations and insulin clearance [23]. Dietary factors such as low GI
foods might reduce PAI-1 activity [24,25].

The dairy/chicken/nuts/wholegrain diet contained a reasonable amount of nuts. Dietary fiber
in nuts slows gastric emptying and subsequent glucose absorption [26]. Acute nut ingestion usually
blunts the postprandial glucose response to carbohydrate foods due to their high fat content as
well [27,28]. A pooled analysis of 25 intervention studies showed that the nut consumption of 67 g/day
reduced fasting triglyceride concentrations by 10.2% only in people with hypertriglyceridemia but
no overall triglyceride-lowering effect of nuts was seen [29]. The dairy/chicken/nuts/wholegrain
meal in this study contained 9 g more fat and this was reflected in slightly higher postprandial
triglyceride levels.

Studies investigating effects of isoenergetic diets differing in dietary protein and cereal fiber
content on insulin sensitivity indicated that a high protein diet was associated with increased insulin
resistance compared with a high cereal fiber diet [30,31]. This emphasizes the importance of high
quality carbohydrate rich in fiber as observed in our diet and meal of dairy/chicken/nuts/wholegrain.

In line with our finding, Leinonen et al. [32] found that whole kernel rye bread lowered
the postprandial insulin response compared with wheat bread, but there was no difference in
glucose response between the two breads in healthy subjects. Whey protein has been shown to
have an insulinotropic effect compared with non-dairy proteins [33] in some studies but not all [34].
Whey protein consumed in amounts of 20 g/day before or after a carbohydrate meal stimulated
insulin, glucagon-like peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP) and delayed gastric
emptying resulting in decreased postprandial glycaemia in people with diet-controlled T2DM [35,36].
It appears that 2.8 g whey in milk and yogurt of our dairy/chicken/nuts/wholegrain meal has no
effect on postprandial glycemia and insulin secretion and that meat and dairy protein probably have
equivalent effects on insulin release. As there are inconsistent effects of dairy consumption on insulin
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sensitivity [37,38] and few dairy interventions examining acute effects on glucose and insulin [34] exist,
the possible explanation for overall effects observed in the dairy/chicken/nuts/wholegrain meal of
this present study are not due to dairy but other meal components. Alteration in gut microbiota may
play a role in the beneficial effects seen with the dairy/chicken/nuts/wholegrain diet [39].

A limitation of this study was that the macronutrient compositions were not matched and
total energy content was slightly different between two meals leading to very slight differences in
triglyceride incremental area. A further limitation was that we have no baseline measurements to show
that there was no carry-over of the previous diet. However, diet order had no effect on the results,
suggesting there was no significant carry-over and the results observed are valid. The study design
also assumed that all prognostic factors other than the treatment remained constant across treatment
conditions. Randomization might not work to equalize the populations as the sample size was small
and there was a small difference in 2-h glucose between the two groups. Even though the compliance
was good, self-reported food intake [40] and meal preparation outside the clinical research facility
during the intervention periods also could be a potential limitation.

5. Conclusions

In conclusion, a red meat/refined grain meal following four weeks of a similar red
meat/refined grain diet elevated insulin and incremental glucose responses in comparison with
a dairy/chicken/nuts/whole grain meal, which is consistent with the increased insulin resistance
which we observed in relatively insulin-resistant adults in the main study as well as the carbohydrate
quality and quantity differences between the meals. The adverse insulin response to the red
meat/refined grain meal relative to the dairy/chicken/nuts/wholegrain meal indicates possible
mechanisms through which these diets might affect risk of type 2 diabetes. Further work needs
to be done on individual components of the meal to define which is the most important factor.
The population in this study consisted of 63% Caucasian, 28% Asian and 9% Latin American subjects
with over 50% aged <40 years. Future studies should attempt to replicate the results in a population
including middle-aged people from the Middle East and the Pacific area.

Acknowledgments: We are grateful to participants for their commitments to this study. We are grateful to
Eva Pedersen and Katja Morsky for assistance with study participants, cannulation and blood analyses. YK is
supported by an Australian Postgraduate Award. JBK is supported by a South Australian Cardiovascular
Research Development Program Fellowship. PMC is supported by a National Health and Medical Research
Council Principal Research Fellowship.

Author Contributions: P.M.C. designed research, analyzed data and wrote the manuscript. Y.K. contributed to
study design, conducted experiments, analysed data and wrote the manuscript. J.B.K. contributed to study design
and wrote the manuscript. P.M.C. had primary responsibility for final content. All authors critically reviewed
the manuscript and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Guariguata, L.; Whiting, D.R.; Hambleton, I.; Beagley, J.; Linnenkamp, U.; Shaw, J.E. Global estimates of
diabetes prevalence for 2013 and projections for 2035. Diabetes Res. Clin. Pract. 2014, 103, 137–149. [CrossRef]
[PubMed]

2. Zhang, P.; Zhang, X.; Brown, J.; Vistisen, D.; Sicree, R.; Shaw, J.; Nichols, G. Global healthcare expenditure on
diabetes for 2010 and 2030. Diabetes Res. Clin. Pract. 2010, 87, 293–301. [CrossRef] [PubMed]

3. Lindstrom, J.; Neumann, A.; Sheppard, K.E.; Gilis-Januszewska, A.; Greaves, C.J.; Handke, U.; Pajunen, P.;
Puhl, S.; Polonen, A.; Rissanen, A.; et al. Take action to prevent diabetes—The IMAGE toolkit for
the prevention of type 2 diabetes in Europe. Horm. Metab. Res. 2010, 42, S37–S55. [CrossRef] [PubMed]

4. Reaven, G.M. Banting lecture 1988. Role of insulin resistance in human disease. Diabetes 1988, 37, 1595–1607.
[CrossRef] [PubMed]

5. Weickert, M.O. What dietary modification best improves insulin sensitivity and why? Clin. Endocrinol. 2012,
77, 508–512. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.diabres.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24630390
http://dx.doi.org/10.1016/j.diabres.2010.01.026
http://www.ncbi.nlm.nih.gov/pubmed/20171754
http://dx.doi.org/10.1055/s-0029-1240975
http://www.ncbi.nlm.nih.gov/pubmed/20391307
http://dx.doi.org/10.2337/diab.37.12.1595
http://www.ncbi.nlm.nih.gov/pubmed/3056758
http://dx.doi.org/10.1111/j.1365-2265.2012.04450.x
http://www.ncbi.nlm.nih.gov/pubmed/22640465


Nutrients 2016, 8, 687 16 of 17

6. Pan, X.R.; Li, G.W.; Hu, Y.H.; Wang, J.X.; Yang, W.Y.; An, Z.X.; Hu, Z.X.; Lin, J.; Xiao, J.Z.; Cao, H.B.; 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 1997, 20, 537–544. [CrossRef] [PubMed]

7. Buyken, A.E.; Mitchell, P.; Ceriello, A.; Brand-Miller, J. Optimal dietary approaches for prevention of
type 2 diabetes: A life-course perspective. Diabetologia 2010, 53, 406–418. [CrossRef] [PubMed]

8. Hu, F.B. Dietary pattern analysis: A new direction in nutritional epidemiology. Curr. Opin. Lipidol. 2002, 13,
3–9. [CrossRef] [PubMed]

9. Salas-Salvadó, J.; Guasch-Ferré, M.; Lee, C.-H.; Estruch, R.; Clish, C.B.; Ros, E. Protective effects of
the mediterranean diet on type 2 diabetes and metabolic syndrome. J. Nutr. 2016. [CrossRef] [PubMed]

10. Carter, P.; Gray, L.J.; Troughton, J.; Khunti, K.; Davies, M.J. Fruit and vegetable intake and incidence of
type 2 diabetes mellitus: Systematic review and meta-analysis. BMJ 2010, 341, c4229. [CrossRef] [PubMed]

11. Cooper, A.J.; Forouhi, N.G.; Ye, Z.; Buijsse, B.; Arriola, L.; Balkau, B.; Barricarte, A.; Beulens, J.W.; Boeing, H.;
Buchner, F.L.; et al. Fruit and vegetable intake and type 2 diabetes: Epic-interact prospective study and
meta-analysis. Eur. J. Clin. Nutr. 2012, 66, 1082–1092. [CrossRef] [PubMed]

12. Micha, R.; Wallace, S.K.; Mozaffarian, D. Red and processed meat consumption and risk of incident coronary
heart disease, stroke, and diabetes mellitus a systematic review and meta-analysis. Circulation 2010, 121,
2271–2283. [CrossRef] [PubMed]

13. Pan, A.; Sun, Q.; Bernstein, A.M.; Schulze, M.B.; Manson, J.E.; Willett, W.C.; Hu, F.B. Red meat consumption
and risk of type 2 diabetes: 3 cohorts of us adults and an updated meta-analysis. Am. J. Clin. Nutr. 2011, 94,
1088–1096. [CrossRef] [PubMed]

14. Feskens, E.J.; Sluik, D.; van Woudenbergh, G.J. Meat consumption, diabetes, and its complications.
Curr. Diab. Rep. 2013, 13, 298–306. [CrossRef] [PubMed]

15. Van Dam, R.M.; Rimm, E.B.; Willett, W.C.; Stampfer, M.J.; Hu, F.B. Dietary patterns and risk for type 2 diabetes
mellitus in U.S. Men. Ann. Intern. Med. 2002, 136, 201–209. [CrossRef] [PubMed]

16. Salas-Salvado, J.; Bullo, M.; Estruch, R.; Ros, E.; Covas, M.I.; Ibarrola-Jurado, N.; Corella, D.; Aros, F.;
Gomez-Gracia, E.; Ruiz-Gutierrez, V.; et al. Prevention of diabetes with mediterranean diets: A subgroup
analysis of a randomized trial. Ann. Intern. Med. 2014, 160, 1–10. [CrossRef] [PubMed]

17. Piatti, P.; Monti, L.; Caumo, A.; Santambrogio, G.; Magni, F.; Galli-Kienle, M.; Costa, S.; Pontiroli, A.;
Alberti, K.; Pozza, G. The continuous low dose insulin and glucose infusion test: A simplified and
accurate method for the evaluation of insulin sensitivity and insulin secretion in population studies. J. Clin.
Endocrinol. Metab. 1995, 80, 34–40. [CrossRef] [PubMed]

18. Van Baak, M.A. 24-h glucose profiles on diets varying in protein content and glycemic index. Nutrients 2014,
6, 3050–3061. [CrossRef] [PubMed]

19. Haffner, S.M.; Stern, M.P.; Watanabe, R.M.; Bergman, R.N. Relationship of insulin clearance and secretion to
insulin sensitivity in non-diabetic Mexican Americans. Eur. J. Clin. Investig. 1992, 22, 147–153. [CrossRef]

20. Jones, C.N.; Abbasi, F.; Carantoni, M.; Polonsky, K.S.; Reaven, G.M. Roles of insulin resistance and obesity in
regulation of plasma insulin concentrations. Am. J. Phys. Endocrinol. Metab. 2000, 278, E501–E508.

21. Lee, C.C.; Lorenzo, C.; Haffner, S.M.; Wagenknecht, L.E.; Goodarzi, M.O.; Stefanovski, D.; Norris, J.M.;
Rewers, M.J.; Hanley, A.J. Components of metabolic syndrome and 5-year change in insulin clearance—The
insulin resistance atherosclerosis study. Diabetes Obes. Metab. 2013, 15, 441–447. [CrossRef] [PubMed]

22. Lee, C.C.; Haffner, S.M.; Wagenknecht, L.E.; Lorenzo, C.; Norris, J.M.; Bergman, R.N.; Stefanovski, D.;
Anderson, A.M.; Rotter, J.I.; Goodarzi, M.O.; et al. Insulin clearance and the incidence of type 2 diabetes
in hispanics and African Americans: The iras family study. Diabetes Care 2013, 36, 901–907. [CrossRef]
[PubMed]

23. Lee, C.C.; Lorenzo, C.; Haffner, S.M.; Wagenknecht, L.E.; Festa, A.; Goodarzi, M.O.; Stefanovski, D.;
Olson, N.C.; Norris, J.M.; Rewers, M.J.; et al. The association of inflammatory and fibrinolytic proteins with
5 years change in insulin clearance: The insulin resistance atherosclerosis study (iras). Diabetologia 2013, 56,
112–120. [CrossRef] [PubMed]

24. Jensen, L.; Sloth, B.; Krog-Mikkelsen, I.; Flint, A.; Raben, A.; Tholstrup, T.; Brunner, N.; Astrup, A.
A low-glycemic-index diet reduces plasma plasminogen activator inhibitor-1 activity, but not tissue inhibitor
of proteinases-1 or plasminogen activator inhibitor-1 protein, in overweight women. Am. J. Clin. Nutr. 2008,
87, 97–105. [PubMed]

http://dx.doi.org/10.2337/diacare.20.4.537
http://www.ncbi.nlm.nih.gov/pubmed/9096977
http://dx.doi.org/10.1007/s00125-009-1629-8
http://www.ncbi.nlm.nih.gov/pubmed/20049415
http://dx.doi.org/10.1097/00041433-200202000-00002
http://www.ncbi.nlm.nih.gov/pubmed/11790957
http://dx.doi.org/10.3945/jn.115.218487
http://www.ncbi.nlm.nih.gov/pubmed/26962178
http://dx.doi.org/10.1136/bmj.c4229
http://www.ncbi.nlm.nih.gov/pubmed/20724400
http://dx.doi.org/10.1038/ejcn.2012.85
http://www.ncbi.nlm.nih.gov/pubmed/22854878
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.924977
http://www.ncbi.nlm.nih.gov/pubmed/20479151
http://dx.doi.org/10.3945/ajcn.111.018978
http://www.ncbi.nlm.nih.gov/pubmed/21831992
http://dx.doi.org/10.1007/s11892-013-0365-0
http://www.ncbi.nlm.nih.gov/pubmed/23354681
http://dx.doi.org/10.7326/0003-4819-136-3-200202050-00008
http://www.ncbi.nlm.nih.gov/pubmed/11827496
http://dx.doi.org/10.7326/M13-1725
http://www.ncbi.nlm.nih.gov/pubmed/24573661
http://dx.doi.org/10.1210/jcem.80.1.7829636
http://www.ncbi.nlm.nih.gov/pubmed/7829636
http://dx.doi.org/10.3390/nu6083050
http://www.ncbi.nlm.nih.gov/pubmed/25093276
http://dx.doi.org/10.1111/j.1365-2362.1992.tb01819.x
http://dx.doi.org/10.1111/dom.12049
http://www.ncbi.nlm.nih.gov/pubmed/23216702
http://dx.doi.org/10.2337/dc12-1316
http://www.ncbi.nlm.nih.gov/pubmed/23223351
http://dx.doi.org/10.1007/s00125-012-2741-8
http://www.ncbi.nlm.nih.gov/pubmed/23052060
http://www.ncbi.nlm.nih.gov/pubmed/18175742


Nutrients 2016, 8, 687 17 of 17

25. Jarvi, A.E.; Karlstrom, B.E.; Granfeldt, Y.E.; Bjorck, I.E.; Asp, N.G.; Vessby, B.O. Improved glycemic control
and lipid profile and normalized fibrinolytic activity on a low-glycemic index diet in type 2 diabetic patients.
Diabetes Care 1999, 22, 10–18. [CrossRef] [PubMed]

26. Jenkins, D.J.; Kendall, C.W.; Axelsen, M.; Augustin, L.S.; Vuksan, V. Viscous and nonviscous fibres,
nonabsorbable and low glycaemic index carbohydrates, blood lipids and coronary heart disease.
Curr. Opin. Lipidol. 2000, 11, 49–56. [CrossRef] [PubMed]

27. Josse, A.R.; Kendall, C.W.; Augustin, L.S.; Ellis, P.R.; Jenkins, D.J. Almonds and postprandial glycemia—A
dose-response study. Metabolism 2007, 56, 400–404. [CrossRef] [PubMed]

28. Kendall, C.W.; Josse, A.R.; Esfahani, A.; Jenkins, D.J. The impact of pistachio intake alone or in combination
with high-carbohydrate foods on post-prandial glycemia. Eur. J. Clin. Nutr. 2011, 65, 696–702. [CrossRef]
[PubMed]

29. Sabate, J.; Oda, K.; Ros, E. Nut consumption and blood lipid levels: A pooled analysis of 25 intervention
trials. Arch. Intern. Med. 2010, 170, 821–827. [CrossRef] [PubMed]

30. Weickert, M.O.; Roden, M.; Isken, F.; Hoffmann, D.; Nowotny, P.; Osterhoff, M.; Blaut, M.; Alpert, C.;
Gogebakan, O.; Bumke-Vogt, C.; et al. Effects of supplemented isoenergetic diets differing in cereal fiber and
protein content on insulin sensitivity in overweight humans. Am. J. Clin. Nutr. 2011, 94, 459–471. [CrossRef]
[PubMed]

31. Hattersley, J.G.; Pfeiffer, A.F.; Roden, M.; Petzke, K.J.; Hoffmann, D.; Rudovich, N.N.; Randeva, H.S.;
Vatish, M.; Osterhoff, M.; Goegebakan, O.; et al. Modulation of amino acid metabolic signatures by
supplemented isoenergetic diets differing in protein and cereal fiber content. J. Clin. Endocrinol. Metab. 2014,
99, E2599–E2609. [CrossRef] [PubMed]

32. Leinonen, K.; Liukkonen, K.; Poutanen, K.; Uusitupa, M.; Mykkänen, H. Rye bread decreases postprandial
insulin response but does not alter glucose response in healthy finish subjects. Eur. J. Clin. Nutr. 1999, 53,
262–267. [CrossRef] [PubMed]

33. Pal, S.; Ellis, V. The acute effects of four protein meals on insulin, glucose, appetite and energy intake in lean
men. Br. J. Nutr. 2010, 104, 1241–1248. [CrossRef] [PubMed]

34. Turner, K.M.; Keogh, J.B.; Clifton, P.M. Acute effect of red meat and dairy on glucose and insulin:
A randomized crossover study. Am. J. Clin. Nutr. 2016, 103, 71–76. [CrossRef] [PubMed]

35. Ma, J.; Stevens, J.E.; Cukier, K.; Maddox, A.F.; Wishart, J.M.; Jones, K.L.; Clifton, P.M.; Horowitz, M.;
Rayner, C.K. Effects of a protein preload on gastric emptying, glycemia, and gut hormones after
a carbohydrate meal in diet-controlled type 2 diabetes. Diabetes Care 2009, 32, 1600–1602. [CrossRef]
[PubMed]

36. Hutchison, A.T.; Piscitelli, D.; Horowitz, M.; Jones, K.L.; Clifton, P.M.; Standfield, S.; Hausken, T.;
Feinle-Bisset, C. Acute load-dependent effects of oral whey protein on gastric emptying, gut hormone
release, glycemia, appetite, and energy intake in healthy men. Am. J. Clin. Nutr. 2015, 102, 1574–1584.
[CrossRef] [PubMed]

37. Turner, K.M.; Keogh, J.B.; Clifton, P.M. Dairy consumption and insulin sensitivity: A systematic review of
short- and long-term intervention studies. Nutr. Metab. Cardiovasc. Dis. 2015, 25, 3–8. [CrossRef] [PubMed]

38. Turner, K.M.; Keogh, J.B.; Clifton, P.M. Red meat, dairy, and insulin sensitivity: A randomized crossover
intervention study. Am. J. Clin. Nutr. 2015, 101, 1173–1179. [CrossRef] [PubMed]

39. Larsen, N.; Vogensen, F.K.; van den Berg, F.W.; Nielsen, D.S.; Andreasen, A.S.; Pedersen, B.K.; Al-Soud, W.A.;
Sørensen, S.J.; Hansen, L.H.; Jakobsen, M. Gut microbiota in human adults with type 2 diabetes differs from
non-diabetic adults. PLoS ONE 2010, 5, e9085. [CrossRef] [PubMed]

40. Hill, R.J.; Davies, P.S. The validity of self-reported energy intake as determined using the doubly labelled
water technique. Br. J. Nutr. 2001, 85, 415–430. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2337/diacare.22.1.10
http://www.ncbi.nlm.nih.gov/pubmed/10333897
http://dx.doi.org/10.1097/00041433-200002000-00008
http://www.ncbi.nlm.nih.gov/pubmed/10750694
http://dx.doi.org/10.1016/j.metabol.2006.10.024
http://www.ncbi.nlm.nih.gov/pubmed/17292730
http://dx.doi.org/10.1038/ejcn.2011.12
http://www.ncbi.nlm.nih.gov/pubmed/21364607
http://dx.doi.org/10.1001/archinternmed.2010.79
http://www.ncbi.nlm.nih.gov/pubmed/20458092
http://dx.doi.org/10.3945/ajcn.110.004374
http://www.ncbi.nlm.nih.gov/pubmed/21633074
http://dx.doi.org/10.1210/jc.2014-2302
http://www.ncbi.nlm.nih.gov/pubmed/25157543
http://dx.doi.org/10.1038/sj.ejcn.1600716
http://www.ncbi.nlm.nih.gov/pubmed/10334650
http://dx.doi.org/10.1017/S0007114510001911
http://www.ncbi.nlm.nih.gov/pubmed/20456814
http://dx.doi.org/10.3945/ajcn.115.123505
http://www.ncbi.nlm.nih.gov/pubmed/26675776
http://dx.doi.org/10.2337/dc09-0723
http://www.ncbi.nlm.nih.gov/pubmed/19542012
http://dx.doi.org/10.3945/ajcn.115.117556
http://www.ncbi.nlm.nih.gov/pubmed/26537944
http://dx.doi.org/10.1016/j.numecd.2014.07.013
http://www.ncbi.nlm.nih.gov/pubmed/25156891
http://dx.doi.org/10.3945/ajcn.114.104976
http://www.ncbi.nlm.nih.gov/pubmed/25809854
http://dx.doi.org/10.1371/journal.pone.0009085
http://www.ncbi.nlm.nih.gov/pubmed/20140211
http://dx.doi.org/10.1079/BJN2000281
http://www.ncbi.nlm.nih.gov/pubmed/11348556
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Participants 
	Dietary Intervention 
	Clinical Measurements 
	Analysis 

	Results 
	Discussion 
	Conclusions 

