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Abstract
Background
Rye bread benefits glucose metabolism. It is unknown whether the same effect is achieved by rye bran-enriched wheat bread. We tested whether white wheat bread enriched with bioprocessed rye bran (BRB + WW) and sourdough wholegrain rye bread (WGR) have similar effects on glucose metabolism and plasma level of short chain fatty acids (SCFAs).

Methods
Twenty-one (12 women) of 23 recruited subjects completed an intervention with a four-week run-in and two four-week test periods in cross-over design. White wheat bread (WW; 3% fibre) was consumed during the run-in, and WGR and BRB + WW (10% fibre) during the test periods. A meal test providing 51/33/11 E % from carbohydrates/fat/protein was conducted at the end of each period. Fasting and postprandial plasma samples were analysed for glucose, insulin, and SCFA.

Results
Glucose and insulin responses and plasma concentrations of SCFAs to the meal test were similar between the WGR and BRB + WW periods. When compared to the WW period, postprandial insulin concentration at 120 min was lower (p = 0.023) and the first-phase insulin secretion improved (p = 0.033) only after the WGR period, whereas postprandial concentrations of butyrate (p < 0.05) and propionate (p = 0.009) at 30 min increased during both rye bread periods.

Conclusions
Beneficial effects of WGR over white wheat bread on glucose and SCFA production were confirmed. The enrichment of the white wheat bread with bioprocessed rye bran (BRB + WW) yielded similar but not as pronounced effects than WGR when compared to WW alone. Postprandially measured glucose metabolism and concentrations of SCFAs provided additional information along with fasting measurements.
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Background
Potential benefits of rye bread intake over wheat bread regarding glucose metabolism has been demonstrated during the past 15 years. A single meal of rye bread has been repeatedly shown to reduce postprandial insulin response as compared with a single meal of white wheat bread [1–3], suggesting a beneficial effect on glucose metabolism. However, the data from longer-term interventions is less clear. Consumption of wholegrain rye bread enriched with rye bran daily for eight weeks improved the first-phase insulin secretion measured by the frequently sampled intravenous glucose tolerance test (FSIGT) in healthy postmenopausal women [4]. Similar enhancement in the first-phase insulin secretion measured by the oral glucose tolerance test (OGTT) was observed in subjects with the features of metabolic syndrome consuming rye bread and pasta daily for 12 weeks [5]. In contrast to these findings, no difference was observed in the first-phase insulin secretion or insulin sensitivity in subjects with metabolic syndrome consuming rye bread or a combination of wholegrain wheat and rye foods daily for 12 weeks, as compared to those consuming refined wheat foods [6, 7].
Reduced glucose responses to a standardized meal test or OGTT have been observed in second-meal studies where a single evening meal containing high-fibre barley kernels was served to healthy subjects ten hours before the test [8–11]. Furthermore, plasma butyrate and/or propionate concentrations were found to be increased after the standardized test breakfast when the preceding evening meal contained barley when compared with the evening meal with white wheat bread [8, 10, 12]. These data suggest that butyrate and propionate that are produced by intestinal fermentation of grain fibre after a meal with whole grain cereals are associated with improvement of the later postprandial glucose metabolism. Regular consumption of high-fibre rye bread could also affect postprandial glucose metabolism via production of short chain fatty acids (SCFAs) after a meal test, but to date, there are no studies to support this.
Wholegrain foods are protective against type 2 diabetes and cardiovascular diseases [13], but the protective factor in wholegrain foods may be assigned to fibre-rich bran instead of wholegrains per se[14]. In addition to the beneficial health effects, however, dietary fibre may cause unwanted gastrointestinal effects such as flatulence, bloating, and abdominal discomfort [15]. In Finland, rye bread provides 30-50% of the total dietary fibre intake [16]. Consumption of rye bread has been shown to cause gastrointestinal symptoms to some but not to all individuals [17, 18]. The majority of fibre in rye is cell wall polysaccharides – cellulose, arabinoxylan, and ß-glucan – and fructan (a family of oligo- and polymers with degree of polymerization 3-60) [19, 20]. Fructan is more readily fermented than cell wall polysaccharides, and the fructan content of rye might explain the appearance of the gastrointestinal symptoms after rye intake [21]. Furthermore, the conventional rye bread in Finland is made of wholegrain flour with sourdough fermentation, which changes the nutritional quality and health effects of grain ingredients [22]. Sourdough wholegrain rye bread has a specific dense structure and sour taste, which may not appeal to consumers outside the Northern and Eastern Europe. In other parts of Europe, such as in Italy, refined grains are regarded as more tasty than wholegrains, and Italians and English perceive refined grains healthier than Finns do [23].
To increase the acceptability and to reduce fermentation-derived differences between wholegrain sourdough rye bread (WGR) and native rye bran, we baked a white wheat bread (WW) that was enriched with rye bran bioprocessed with enzymes and yeast (BRB) and contained the same fibre level as WGR. The aim was to investigate whether the white wheat bread enriched with bioprocessed rye bran (BRB + WW) promotes similar effects to WGR on glucose metabolism and plasma levels of SCFAs in healthy subjects with self-reported gastrointestinal symptoms. In addition, we tested whether responses to consumption of WGR and BRB + WW differed from that of low-fibre WW.

Methods
Subjects
Healthy men and women were recruited based on one or several of the following self-reported gastrointestinal symptoms after ingestion of grain products, especially rye bread: flatulence, bloating, discomfort, constipation, and diarrhea. The recruitment of subjects is described in Figure 1. Exclusion criteria included BMI >35 kg/m2, inflammatory bowel disease, celiac disease or the presence of transglutaminase IgA antibodies (>7 U/ml), type 1 or 2 diabetes, abnormal liver, thyroid, or renal function (hyper- or hypothyroidism and hypertension controlled with medication were allowed), fasting serum triglycerides concentration >3.5 mmol/l, fasting serum total cholesterol concentration >8 mmol/l, alcohol abuse (>16 portions/week (women)/>24 portions/week (men)), cereal or milk protein allergy, special diet (such as vegetarian or low-carbohydrate diet), and antibiotic use over the preceding two months. The age, BMI, and fasting glucose of the subjects ranged from 38 to 65 years, from 19 to 30 kg/m2, and from 4.9 to 6.3 mmol/l, respectively. When assessed for eligibility, subjects were informed that participation in the intervention requires daily consumption of bread over three months. Five subjects mentioned that they had reduced consumption of grain products due to gastrointestinal symptoms. Other subjects did not report changes in their habitual consumption of grain products despite the symptoms. The subjects provided written informed consent prior participating in the study. The study was approved by the Ethics Committee of the Hospital District of Northern Savo.[image: A12937_2014_Article_840_Fig1_HTML.jpg]
Figure 1
                          Flow diagram.
                        






Test breads
Refined WW were two commercial breads with 100% white wheat flour (Vaasan Oy, Finland). For baking the WGR, wholegrain rye flour was fermented with Baker’s yeast and lactic acid bacteria (Lb. brevis, Lb. plantarum) for 22 hours at 30°C. The sourdough was mixed thoroughly at the beginning of fermentation but not during the process. The sourdough was used at the 50% of substitution level in baking. The bran for the BRB + WW was fermented with enzymes and yeast and the bread was baked as previously described [24]. The bread dough were left to rest for 20 min in 28°C and 75% relative humidity, mixing twice for two and four minutes during resting. The breads were prepared in 400 g dough pieces, proofed for 50 min in 35°C and 80% relative humidity, and baked in 225°C for 20 min, with 15 seconds steaming in the beginning.
BRB + WW and WGR had the same total fibre content (10%) and soluble fibre content (2.1%), whereas WW had lower total fibre content (3%). Furthermore, the BRB + WW and the WGR contained 0.7% and 1.8% fructan, 0.4% and 0.7% ß-glucan, and 2.0% and 1.3% soluble arabinoxylan, respectively. Bioprocessing of the rye bran and sourdough fermentation of the wholegrain rye flour reduced the starch content of BRB + WW and WGR by 23% and 32%, respectively. The BRB + WW, WGR, and WW breads provided 10.3, 7.3, and 9.1% protein, and 3.5, 0.6, and 3.5% fat, respectively.

Study design
A four-week run-in period with low grain fibre intake preceded two consecutive four-week test periods with high grain fibre intake in randomized, cross-over manner (Figure 2). During the run-in period the subjects were advised to consume 6-10 slices (20-25 g/slice) of the WW daily. During the test periods, the subjects were asked to consume 6-10 slices (25-30 g/slice) of the WGR and BRB + WW daily, in randomized order. The order of consuming the rye-containing products was randomized using the simple randomization method [25]. The specific amount of bread slices depended on individual energy requirement of the subjects. The test breads were provided for the subjects free of charge. The dietician advised the subjects weekly or biweekly in the practical management of the diet. Furthermore, the subjects were advised to maintain their body weight and follow their habitual living habits throughout the study.[image: A12937_2014_Article_840_Fig2_HTML.jpg]
Figure 2
Study design. Test meal included a standardized portion of white wheat bread, margarine, cheese, cucumber, and juice. BRB + WW, white wheat bread enriched with bioprocessed rye bran; WGR, wholegrain rye bread; WW, white wheat bread.





For investigating gastrointestinal discomfort after consumption of the test breads, the subjects were required to exclude other food items possibly causing symptoms during the whole three-month intervention. Dietary counseling was based on avoiding vegetables, fruits, and pulses containing readily fermentable oligo-, di- and monosaccharides and polyols as well as foods supplemented with fructo-oligosaccharide, inulin, or galacto-oligosaccharide [21]. Instead, the subjects were asked to favor vegetables, fruits, and berries without or with only a low content of these fermentable carbohydrates. One to two small portions of other grain products than the test breads were allowed daily. If the subject was eating oatmeal daily during the run-in period, he/she was asked to keep this habit also during the other periods. If the subjects experienced constipation during the run-in period, occasional intake of non-grain fibre supplements such as dried and soaked plums, linseeds, and sugar beet fibre were allowed.
Subjects recorded the amount of the test breads and other grain products using a daily questionnaire, and filled in four-day food records during the last week of each period. The food records were analysed for nutrient intakes using Diet32 software (version 1.4.6.3, Aivo Finland Oy, Turku, Finland) which includes database of Finnish foods. Nutrient compositions of the WW, BRB + WW, and WGR were added to the database.
At screening and after each period, the subjects filled in a gastrointestinal quality of life questionnaire, GIQLI [26], which contained 36 questions on the gastrointestinal quality of life. The total score of GIQLI ranges from 0 to 144; the higher the score the better the gastrointestinal quality of life. The subjects also recorded the occurrence of specific gastrointestinal symptoms (flatulence, bloating, rumbling of stomach, abdominal pain, and heartburn) as well as defecation frequency daily over the first and last week of each period. The occurrence of symptoms was assessed by a 5-point scale as follows: 0 no symptoms; 1 slight symptoms; 2 moderate symptoms; 3 severe symptoms; 4 very severe symptoms.

Standardized meal test
Instead of OGTT, we used a standardized meal test for experimental purpose to study glucose metabolism because it better reflects real life situation among free living individuals. The meal test was performed at the end of each four-week period. On the day preceding the meal test, the subjects were asked to avoid unusually large portions of food and avoid consumption of alcohol for two days before the meal test. After an overnight fast, the subjects arrived in the laboratory, their weight was measured, an intravenous catheter was inserted in the antecubital vein of the arm and a fasting blood sample was taken.
The meal included white wheat bread (80 g), milk-free margarine (20 g), cheese (20 g), cucumber (40 g), and juice concentrate (0.4 dl) diluted in 2.6 dl water. According to manufacturer’s information of each food item, the meal contained 550 kcal and 3.7 g fibre. Percentage of energy from carbohydrates, fat and protein was 51%, 33%, and 11%, respectively. Meal eating time was restricted to fifteen minutes. After starting the meal, four blood samples were taken at 30, 60, 120, and 180 minutes.

Chemical and biochemical analyses
Chemical composition of the test breads regarding protein, fat, starch, total dietary fibre, soluble fibre and arabinoxylan, fructan, and ß-glucan was determined as described by Nordlund et al [27].
Blood samples were analysed for plasma glucose and insulin concentrations as follows: glucose was analysed using Konelab 20XTi Clinical Chemistry Analyser and Enzymatic photometric (glucose hexokinase) method (Konelab System Reagents, Thermo Fisher Scientific, Vantaa, Finland), and insulin was analysed with a chemiluminescent immunoassay (Advia Centaur Immunoassay System, Siemens Medical Solution Diagnostics, Tarrytown, NY, USA). Concentration of fasting serum total cholesterol and triglycerides were analysed using commercial kits (Thermo Electron Corporation, Vantaa, Finland) and Thermo Fisher Konelab 20XTi Analyser (Thermo Electron Corporation, Vantaa, Finland). To exclude celiac disease in screening, fasting serum sample was analysed by routinely used assay for transglutaminase IgA antibodies with fluoro-enzyme immunoassay method. SCFA in 0, 30, and 180 min plasma samples were measured by gas chromatography as described by Brighenti [28] with slight modifications using 2-ethyl butyrate (FLUKA no. 03190; Sigma Aldrich, St. Louis, MO, USA) as an internal standard instead of iso-valeric acid. The internal microbiota does not produce 2-ethyl butyrate, and it is consequently not present in biological samples.

Calculations
Area under the curve (AUC) of glucose and insulin was calculated for each meal test from the area beneath the curve above the fasting level from 0 to 120 min using GraphPad Prism 4.0 for Windows (GraphPad Software, Inc., San Diego, CA, USA). First-phase insulin secretion, which is indicative of the insulin secretion capacity with relation to plasma glucose concentration, was calculated as following: (insulin 30 min – 0 min)/(glucose 30 min – 0 min). Disposition index (DI), which represents early insulin secretion taking insulin sensitivity into account, was calculated as a product of first-phase insulin secretion and insulin sensitivity (ISIcomp; [29]): (insulin 30 min – 0 min)/(glucose 30 min – 0 min)*(10000/√(G0*I0*GM*IM)) (G0 = fasting glucose concentration; I0 = fasting insulin concentration; GM = mean of postprandial glucose concentrations; IM = mean of postprandial insulin concentrations). Since there was no difference in the occurrence of gastrointestinal symptoms between the first and the last week of each period, the mean of the two weeks was calculated.

Statistical analyses
To make the analysis of data on glucose and insulin responses at the meal test more similar to that the analysis of data from 2-hour OGTT, and because there were no statistically or clinically relevant differences in glucose, insulin, and SCFA concentrations at 180 min, results for glucose and insulin responses are reported based on 0, 30, 60, and 120 min plasma samples. The results for SCFA are reported based on 0 and 30 min plasma samples. First, glucose, insulin, and SCFA responses were compared after the WGR and BRB + WW periods. Then, the WW period was included in the analysis and the comparisons were made among the three periods. Comparisons between and among the periods regarding subjects’ characteristics, intake of nutrients, plasma glucose and SCFA concentrations, glucose AUC, first-phase insulin secretion, and DI were conducted using General linear model (GLM) for repeated measures. For GLM, non-normally distributed variables were logarithmic-transformed. However, plasma insulin concentrations, insulin AUC, gastrointestinal symptoms, frequency of defecation, energy intake, and total fibre intake were not normally distributed after logarithmic transformation, and thus were compared among the periods using the Friedman’s test and between the periods using the Wilcoxon signed rank test. All analyses were conducted with SPSS 19.0 for Windows (Chicago, IL). Because of the experimental purpose of the meal test, p-values for markers of glucose and insulin metabolism are reported as non-adjusted values when the comparisons were made among the three periods. For other variables, the p-values were corrected for multiple comparisons. P-values <0.05 were regarded statistically significant. The data is expressed as mean ± SD or mean ± SEM.


Results
Compliance and tolerance to diet
The subjects consumed the test breads as advised based on the daily questionnaires. The intake of energy and percentage of energy from fat did not change during the intervention, whereas the percentage of energy from protein was slightly higher during the BRB + WW period as compared to the other periods (p < 0.05) (Table 1). The percentage of energy intake from carbohydrates was lower (p < 0.001) during the BRB + WW period than during the other periods due to the lower starch content of the bread. The intake of total fibre and fibre from the breads was lower during the WW period than during the other periods (p < 0.001), and similar between the BRB + WW and WGR periods. Consumption of other grain products was similar over each period (1.0 ± 0.6 portions/d). Total serum cholesterol was significantly (p < 0.01) higher at the end of BRB + WW than WGR period (Table 2).Table 1
                          Intake of energy, nutrients, and test breads over the bread periods (n = 21)
                        


	 	WW period
	BRB + WW period
	WGR period
	p-value1


	Energy, kJ/d (kcal/d)
	8 620 ± 1 720 (2 060 ± 410)
	8 410 ± 2 140 (2 010 ± 510)
	8 210 ± 1 930 (1 960 ± 460)
	0.405

	Carbohydrates, E%
	43 ± 6
	38 ± 7***
	42 ± 7###

	< 0.001

	Protein, E%
	20 ± 3
	22 ± 3*
	20 ± 3#

	0.003

	Fat, E%
	33 ± 5
	35 ± 6
	32 ± 6
	0.094

	Total fibre, g/d
	21 ± 7
	34 ± 10***
	33 ± 10***
	< 0.001

	Bread, g/d
	169 ± 24
	195 ± 53
	205 ± 50***
	< 0.001

	Fibre from bread, g/d
	5 ± 1
	20 ± 5***
	21 ± 5***
	< 0.001



1Among the bread periods (GLM for repeated measures adjusted for multiple comparisons; for energy and total fibre Friedman’s test followed by Wilcoxon singed rank test adjusted for multiple comparisons). Different from WW period: *p < 0.05, ***p < 0.001. Different from BRB + WW period: #p < 0.05, ###p < 0.001. BRB + WW, white wheat bread enriched with bioprocessed rye bran; E%, percentage of total energy intake; WGR, wholegrain rye bread; WW, white wheat bread. Data are presented as mean ± SD.



Table 2
                          Characteristics of the subjects at end of each bread period (n = 21)
                        


	 	WW period
	BRB + WW period
	WGR period
	p-value1


	Weight (kg)
	72 ± 14
	72 ± 13
	72 ± 14
	0.133

	Fasting glucose (mmol/l)
	5.1 ± 0.4
	5.0 ± 0.5
	5.0 ± 0.5
	0.449

	Cholesterol (mmol/l)
	5.2 ± 0.9
	5.4 ± 0.9
	5.0 ± 0.7##

	0.006

	Triglycerides (mmol/l)
	0.9 ± 0.4
	0.9 ± 0.4
	1.0 ± 0.6
	0.499



1Among the bread periods (GLM for repeated measures adjusted for multiple comparisons). Different from BRB + WW period: ##p < 0.01. BRB + WW, white wheat bread enriched with bioprocessed rye bran; WGR, wholegrain rye bread; WW, white wheat bread. Data are presented as mean ± SD.




At screening, the GIQLI score was 119 ± 12, while at the end of the run-in, WGR and BRB + WW periods the score was 127 ± 9, 125 ± 10 and 126 ± 9, respectively. Thus, the gastrointestinal quality of life of the subjects was significantly better (p < 0.01) over the 4-week run-in and test periods than at the screening when they followed their habitual diet. Based on the questionnaire on the occurrence of the specific gastrointestinal symptoms the subjects reported slight to moderate flatulence more frequently over the BRB + WW and WGR periods than over the WW period (p < 0.05). Altogether 24% (n = 5) and 29% (n = 6) of the subjects reported moderate or severe flatulence over BRB + WW and WGR periods, respectively, while only one subject reported moderate or severe flatulence during the WW period. There were no reported differences in bloating, rumbling of stomach, abdominal pain, or heartburn among the periods, and over 90% of the subjects reported none or slight symptoms. Frequency of defecation was not affected by the period, being on average 1.4 times per day.

Glucose and insulin
Fasting and postprandial glucose and insulin responses to the meal test did not differ between the WGR and BRB + WW periods (Figure 3). No difference was found in glucose and insulin AUCs and the first-phase insulin secretion (data not shown), and in the disposition index (DI) (3519 ± 4947 and 3614 ± 2883 for BRB + WW and WGR periods, respectively) between the periods. However, response of plasma insulin to the meal test was lower after the WGR period than after the WW period at 120 min (p = 0.023, Wilcoxon test) (Figure 3B). On the other hand, first-phase insulin secretion during the meal test tended to be higher after the rye bread periods (p = 0.083, GLM). Also, DI differed among the bread periods (p = 0.042, GLM), being higher after the WGR period as compared to the WW period (3614 ± 2883 vs. 2500 ± 1336, p = 0.033, Wilcoxon).[image: A12937_2014_Article_840_Fig3_HTML.jpg]
Figure 3
Fasting and postprandial A) glucose and B) insulin responses to the meal test following the four-week periods with consumption of the different test breads (mean ± SEM, n = 21). *p < 0.05 between the WGR and WW periods (Wilcoxon signed rank test). ▲, BRB + WW, white wheat bread enriched with bioprocessed rye bran; ●, WGR, wholegrain rye bread; ▀, WW, white wheat bread.






Plasma SCFA
Fasting concentration of total SCFAs (sum of acetate, propionate, and butyrate mean ± SD of all periods: 89 ± 26 μmol/L) and of individual SCFAs did not differ among the periods. Acetate concentration accounted for 94% of the total concentration of SCFAs. From fasting to 30 min postprandially, the total SCFA, acetate, propionate, and butyrate concentrations were similar between the WGR and BRB + WW periods. However, when comparisons were made among all the three periods, propionate concentration tended to differ (p = 0.058, GLM for time x period interaction) and butyrate concentration differed significantly (p = 0.011, GLM for time x period interaction) from fasting to 30 min postprandially (Figure 4A,B). At 30 min, propionate concentration was higher after the WGR period than after the WW period at 30 min (p < 0.01, Wilcoxon test), and butyrate concentration was higher after the WGR (p < 0.01, Wilcoxon test) and BRB + WW periods (p < 0.05, Wilcoxon test) than after the WW period.[image: A12937_2014_Article_840_Fig4_HTML.jpg]
Figure 4
Fasting and postprandial A) propionate and B) butyrate concentrations in response to the meal test following the four-week periods with consumption of the different test breads (mean ± SEM, n = 21). ▀, after WW period; ▲, after BRB + WW period; ●, after WGR period. *p < 0.05, **p < 0.01 between the WGR and WW periods, #p < 0.05 between the BRB + WW and WW periods (General linear model for repeated measures adjusted for multiple comparisons). BRB + WW, white wheat bread enriched with bioprocessed rye bran; WGR, wholegrain rye bread; WW, white wheat bread.







Discussion
In the present study, we compared the effects of four-week consumption of WGR and BRB + WW on postprandial glucose and insulin responses and plasma concentrations of SCFA after a standardized meal test. Enrichment of white wheat bread with bioprocessed rye bran (BRB + WW) produced nearly similar effects than WGR on glucose metabolism and plasma concentrations of SCFAs, although the effects of WGR were more pronounced. When compared to the WW bread period, both rye bread periods increased the release of butyrate and tended to increase the first phase insulin response, while reducing the insulin concentration at 120 min after the test meal. The results suggest that the first-phase insulin secretion is improved after consuming rye breads and less insulin is needed in the later postprandial phase to control glucose concentration. Improved first-phase insulin secretion and subsequent reduced hyperinsulinemia in later postprandial phase may prevent disturbances in glucose metabolism [30].
BRB + WW included white wheat flour in addition to rye bran, and had the same fibre content as WGR which was baked from wholemeal rye flour. The equal fibre content might explain the similar effects. However, rye bread given as a single meal may have additional effects that are independent of the total fibre content of bread. A single meal of rye bread has been shown to reduce postprandial insulin response in healthy subjects as compared to that of white wheat bread, and this effect is not related to the fibre content of the rye bread [2–4]. In the present study WGR provided 2.5-fold more fructan (3.7 vs. 1.4 g/d) than BRB + WW bread, but inulin-type fructans do not seem to affect fasting glucose concentration in humans [31], and there is no evidence that >2 g more fructan per day would affect insulin metabolism. Sourdough fermentation does not seem to play a role in this effect since also endosperm and wholegrain rye breads baked without sourdough fermentation process reduce the acute postprandial insulin response [2]. Furthermore, a single meal containing BRB + WW bread did not reduce the insulin response in our recent postprandial study [24], indicating that BRB + WW does not have similar acute effects on glucose metabolism as WGR.
We observed improved first-phase insulin secretion after consuming WGR as compared to that of WW when possible variation in insulin sensitivity between the subjects was taken into account. To our knowledge we are the first who have used a standardized meal test to investigate glucose metabolism after a longer-term regular intake of rye bread. Some earlier intervention studies have failed to show effects by rye bread on fasting glucose and insulin concentrations [4, 6, 32, 33] or on specific parameters of glucose and insulin metabolism measured by FSIGT [7], as compared to refined wheat bread. However, consumption of rye bread-based diet has been reported to improve the first-phase insulin secretion in OGTT as compared to the wheat-based control diet [5], and an improvement in the first-phase insulin secretion in OGTT has been observed in subjects with normal glucose tolerance after consumption of sourdough wholegrain wheat bread vs. white wheat bread [34]. Methodological differences and differences in study populations may explain the inconsistencies in these results. It was postulated that the effects of wholegrains on insulin sensitivity may be mediated by gastrointestinal hormones secreted postprandially after a meal [7], a condition which is not met in the FSIGT. Unlike FSIGT, OGTT takes into account the postprandial events, but in OGTT only glucose is ingested and no digestion is required. On the contrary, the standardized meal test, as used in the present study, mimics the true physiological event of ingestion of a mixture of foods that are digested to nutrients and absorbed and may differently affect gastrointestinal hormones.
The increase in fasting cholesterol due to consumption of the bread containing bioprocessed rye bran may be explained by slightly, although not statistically significant, higher intake of dietary fat during the BRB + WW period. However, this requires further investigation, because similar effect was observed in postmenopausal women consuming a diet containing rye bread enriched with rye bran and maintaining fat intake unchanged [35].
We observed no differences in concentrations of total and individual SCFAs in fasting plasma between the rye-containing and WW diets, supporting the previous finding [36] that consuming high-fibre rye bread does not seem to affect fasting plasma level of SCFAs in humans. However, rapid increase in the concentration of plasma butyrate after the standardized meal was observed following the rye bread periods, while WGR increased also the concentration of propionate as compared to WW. Increased butyrate concentrations after rye containing diets have been observed in human faeces [33, 37] and the portal vein [38, 39], and in the peripheral blood of pigs [36]. We propose that it is possible to observe the effects of intestinal fermentation on plasma concentrations of SCFA in humans when measured in the postprandial state. The finding that plasma SCFA concentration increases rapidly during 30 minutes after the standardized test meal is similar as detected in previous studies [8, 10, 12]. However, the reason for this increase is currently not known, but most likely the increase reflects the metabolism of fibre components from the previous meals, not from the standardized meal itself.
The improvement in postprandial insulin responses during the WGR period appeared to occur simultaneously with increase in plasma concentrations of propionate and butyrate. This finding is in line with the second meal studies showing an increase in plasma propionate and/or butyrate concentrations simultaneously with reduction in postprandial glucose response after a standardized breakfast following an evening meal with barley [8, 10, 12]. Feeding rye bread to pigs increased absorption of butyrate from the intestine and lowered insulin response, suggesting improved insulin sensitivity either at the liver level or in muscles [39]. Increase in insulin sensitivity has also been associated with increase in butyrate producing intestinal bacteria in subjects with metabolic syndrome [40]. However, our study does not unambiguously support the previously observed associations between butyrate and glucose metabolism, because also consumption of the BRB + WW increased plasma concentration of butyrate at 30 min without significant improvement in the postprandial insulin responses as compared to WW. On the other hand, we cannot rule out that increased concentration of plasma propionate after consumption of WGR could improve glucose metabolism.
In our study, self-reported gastrointestinal symptoms seemed not to limit the consumption of the rye-containing breads. Surprisingly, subjects’ gastrointestinal quality of life improved during the controlled consumption of the test breads. This might be due to avoidance of foods containing readily fermentable carbohydrates, i.e. certain vegetables, fruits, pulses, and fibre-supplemented food products [21]. It is suggested that intake of the rye-containing breads, where most of the fermentable carbohydrates exist as cell wall polysaccharides, is tolerated better when the total load of the readily fermentable carbohydrates is reduced. It is noteworthy that the rye-containing breads did not decrease subjects’ quality of life despite causing flatulence.

Conclusions
In conclusion, our findings confirm the beneficial effects of WGR over white wheat bread on glucose and SCFA production. Also, the enrichment of the white wheat bread with bioprocessed rye bran yielded similar but not as pronounced effects than WGR when compared to WW alone. We hereby present, in a proof of concept manner, the potential of making healthier alternatives to white wheat in more widely acceptable and technologically utilizable form than WGR. Furthermore, the study emphasizes the importance of postprandial measurements of glucose metabolism and plasma concentrations of SCFA in addition to fasting measurements.

Acknowledgements
Authors thank Erja Kinnunen, Eeva Lajunen and Lilli Lotvonen for their excellent technical assistance during the intervention. This study was carried out as a part of the FIBREFECTS (Grain fiber modification for gut mediated health effects) funded mainly by TEKES – The Finnish Funding Agency for Technology and Innovation – and to a smaller extent by Oy Karl Fazer Ab, Vaasan Oy, and Ravintoraisio Oy. The study was supported by a grant from Raisio Plc Research Foundation to J. Lappi, Academy of Finland to K. Poutanen, the Nordic Centre of Excellence on ‘Systems biology in controlled dietary interventions and cohort studies’ (SYSDIET; 070014) to M. Kolehmainen, the Nordic Centre of Excellence on ‘Nordic health – whole grain food (HELGA; 070015) to H. Mykkänen, and the Danish Strategic Research Council, ‘Concepts for enhanced butyrate production to improve colonic health and insulin sensitivity’ (ButCoIns; 10-093526) to KE. Bach Knudsen.

References
1.
Juntunen KS, Laaksonen DE, Autio K, Niskanen LK, Holst JJ, Savolainen KE, Liukkonen KH, Poutanen KS, Mykkanen HM: Structural differences between rye and wheat breads but not total fiber content may explain the lower postprandial insulin response to rye bread. Am J Clin Nutr. 2003, 78: 957-964.PubMed

2.
Rosen LA, Silva LO, Andersson UK, Holm C, Ostman EM, Bjorck IM: Endosperm and whole grain rye breads are characterized by low post-prandial insulin response and a beneficial blood glucose profile. Nutr J. 2009, 8: 42-10.1186/1475-2891-8-42.CrossRefPubMedPubMedCentral

3.
Leinonen K, Liukkonen K, Poutanen K, Uusitupa M, Mykkanen H: Rye bread decreases postprandial insulin response but does not alter glucose response in healthy Finnish subjects. Eur J Clin Nutr. 1999, 53: 262-267. 10.1038/sj.ejcn.1600716.CrossRefPubMed

4.
Juntunen KS, Laaksonen DE, Poutanen KS, Niskanen LK, Mykkanen HM: High-fiber rye bread and insulin secretion and sensitivity in healthy postmenopausal women. Am J Clin Nutr. 2003, 77: 385-391.PubMed

5.
Laaksonen DE, Toppinen LK, Juntunen KS, Autio K, Liukkonen KH, Poutanen KS, Niskanen L, Mykkanen HM: Dietary carbohydrate modification enhances insulin secretion in persons with the metabolic syndrome. Am J Clin Nutr. 2005, 82: 1218-1227.PubMed

6.
Lankinen M, Schwab U, Kolehmainen M, Paananen J, Poutanen K, Mykkanen H, Seppanen-Laakso T, Gylling H, Uusitupa M, Oresic M: Whole grain products, fish and bilberries alter glucose and lipid metabolism in a randomized, controlled trial: the Sysdimet study. PLoS One. 2011, 6: e22646-10.1371/journal.pone.0022646.CrossRefPubMedPubMedCentral

7.
Giacco R, Lappi J, Costabile G, Kolehmainen M, Schwab U, Landberg R, Uusitupa M, Poutanen K, Pacini G, Rivellese AA, Riccardi G, Mykkanen H: Effects of rye and whole wheat versus refined cereal foods on metabolic risk factors: a randomised controlled two-centre intervention study. Clin Nutr. 2013, 32: 941-949. 10.1016/j.clnu.2013.01.016.CrossRefPubMed

8.
Nilsson A, Granfeldt Y, Ostman E, Preston T, Bjorck I: Effects of GI and content of indigestible carbohydrates of cereal-based evening meals on glucose tolerance at a subsequent standardised breakfast. Eur J Clin Nutr. 2006, 60: 1092-1099. 10.1038/sj.ejcn.1602423.CrossRefPubMed

9.
Nilsson AC, Ostman EM, Holst JJ, Bjorck IM: Including indigestible carbohydrates in the evening meal of healthy subjects improves glucose tolerance, lowers inflammatory markers, and increases satiety after a subsequent standardized breakfast. J Nutr. 2008, 138: 732-739.PubMed

10.
Priebe MG, Wang H, Weening D, Schepers M, Preston T, Vonk RJ: Factors related to colonic fermentation of nondigestible carbohydrates of a previous evening meal increase tissue glucose uptake and moderate glucose-associated inflammation. Am J Clin Nutr. 2010, 91: 90-97. 10.3945/ajcn.2009.28521.CrossRefPubMed

11.
Granfeldt Y, Wu X, Bjorck I: Determination of glycaemic index; some methodological aspects related to the analysis of carbohydrate load and characteristics of the previous evening meal. Eur J Clin Nutr. 2006, 60: 104-112. 10.1038/sj.ejcn.1602273.CrossRefPubMed

12.
Nilsson AC, Ostman EM, Knudsen KE, Holst JJ, Bjorck IM: A cereal-based evening meal rich in indigestible carbohydrates increases plasma butyrate the next morning. J Nutr. 2010, 140: 1932-1936. 10.3945/jn.110.123604.CrossRefPubMed

13.
Ye EQ, Chacko SA, Chou EL, Kugizaki M, Liu S: Greater whole-grain intake is associated with lower risk of type 2 diabetes, cardiovascular disease, and weight gain. J Nutr. 2012, 142: 1304-1313. 10.3945/jn.111.155325.CrossRefPubMed

14.
De Moura FF, Lewis KD, Falk MC: Applying the FDA definition of whole grains to the evidence for cardiovascular disease health claims. J Nutr. 2009, 139: 2220S-2226S. 10.3945/jn.109.112383.CrossRefPubMed

15.
Slavin JL: Position of the American Dietetic Association: health implications of dietary fiber. J Am Diet Assoc. 2008, 108: 1716-1731.CrossRefPubMed

16.
Publications of the National Public Health Institute. Finravinto. Edited by: Paturi M, Tapanainen H, Reinivuo H, Pietinen P. 2007, B23/2008. http://​www.​julkari.​fi/​bitstream/​handle/​10024/​78088/​2008b23.​pdf, –Tutkimus. The National FINDIET 2007 Survey,

17.
Holma R, Hongisto SM, Saxelin M, Korpela R: Constipation is relieved more by rye bread than wheat bread or laxatives without increased adverse gastrointestinal effects. J Nutr. 2010, 140: 534-541. 10.3945/jn.109.118570.CrossRefPubMed

18.
Hongisto SM, Paajanen L, Saxelin M, Korpela R: A combination of fibre-rich rye bread and yoghurt containing Lactobacillus GG improves bowel function in women with self-reported constipation. Eur J Clin Nutr. 2006, 60: 319-324. 10.1038/sj.ejcn.1602317.CrossRefPubMed

19.
Karppinen S, Myllymäki O, Forssell P, Poutanen K: Fructan content of rye and rye products. Cereal Chem. 2003, 80: 168-171. 10.1094/CCHEM.2003.80.2.168.CrossRef

20.
Kamal-Eldin A, Laerke HN, Knudsen KE, Lampi AM, Piironen V, Adlercreutz H, Katina K, Poutanen K, Man P: Physical, microscopic and chemical characterisation of industrial rye and wheat brans from the Nordic countries. Food Nutr Res. 2009, 53: doi:10.3402/fnr.v53i0.1912. Epub 2009 Apr 22

21.
Gibson PR, Shepherd SJ: Evidence-based dietary management of functional gastrointestinal symptoms: the FODMAP approach. J Gastroenterol Hepatol. 2010, 25: 252-258. 10.1111/j.1440-1746.2009.06149.x.CrossRefPubMed

22.
Poutanen K, Flander L, Katina K: Sourdough and cereal fermentation in a nutritional perspective. Food Microbiol. 2009, 26: 693-699. 10.1016/j.fm.2009.07.011.CrossRefPubMed

23.
Arvola A, Lahteenmaki L, Dean M, Vassallo M, Winkelmann M, Claupein E, Saba A, Shepherd R: Consumers’ beliefs about whole and refined grain products in the UK, Italy and Finland. J Cereal Sci. 2007, 46: 197-206. 10.1016/j.jcs.2007.06.001.CrossRef

24.
Lappi J, Aura AM, Katina K, Nordlund E, Kolehmainen M, Mykkanen H, Poutanen K: Comparison of postprandial phenolic acid excretions and glucose responses after ingestion of breads with bioprocessed or native rye bran. Food Funct. 2013, 4: 972-981. 10.1039/c3fo60078e.CrossRefPubMed

25.
Suresh K: An overview of randomization techniques: an unbiased assessment of outcome in clinical research. J Hum Reprod Sci. 2011, 4: 8-11. 10.4103/0974-1208.82352.CrossRefPubMedPubMedCentral

26.
Eypasch E, Williams JI, Wood-Dauphinee S, Ure BM, Schmulling C, Neugebauer E, Troidl H: Gastrointestinal Quality of Life Index: development, validation and application of a new instrument. Br J Surg. 1995, 82: 216-222. 10.1002/bjs.1800820229.CrossRefPubMed

27.
Nordlund E, Aura AM, Mattila I, Kosso T, Rouau X, Poutanen K: Formation of phenolic microbial metabolites and short-chain fatty acids from rye, wheat, and oat bran and their fractions in the metabolical in vitro colon model. J Agric Food Chem. 2012, 60: 8134-8145. 10.1021/jf3008037.CrossRefPubMed

28.
Brighenti F, Gullion F, Amado R, Amaral-Collaco MT, Andersson H, Asp NG, Bach Knudsen KE: Summary of the conclusion of the working group on Profibre interlaboratory study on determination of short chain fatty acids in blood. Functional Properties of Non-digestible Carbohydrates. 1998, Brussels: European Commission, DG XII, 150-153.

29.
Pacini G, Mari A: Methods for clinical assessment of insulin sensitivity and beta-cell function. Best Pract Res Clin Endocrinol Metab. 2003, 17: 305-322. 10.1016/S1521-690X(03)00042-3.CrossRefPubMed

30.
Del Prato S: Loss of early insulin secretion leads to postprandial hyperglycaemia. Diabetologia. 2003, 46 (Suppl 1): M2-M8.PubMed

31.
Bonsu NK, Johnson CS, McLeod KM: Can dietary fructans lower serum glucose?. J Diabetes. 2011, 3: 58-66. 10.1111/j.1753-0407.2010.00099.x.CrossRefPubMed

32.
Leinonen KS, Poutanen KS, Mykkanen HM: Rye bread decreases serum total and LDL cholesterol in men with moderately elevated serum cholesterol. J Nutr. 2000, 130: 164-170.PubMed

33.
McIntosh GH, Noakes M, Royle PJ, Foster PR: Whole-grain rye and wheat foods and markers of bowel health in overweight middle-aged men. Am J Clin Nutr. 2003, 77: 967-974.PubMed

34.
MacKay KA, Tucker AJ, Duncan AM, Graham TE, Robinson LE: Whole grain wheat sourdough bread does not affect plasminogen activator inhibitor-1 in adults with normal or impaired carbohydrate metabolism. Nutr Metab Cardiovasc Dis. 2012, 22: 704-711. 10.1016/j.numecd.2010.10.018.CrossRefPubMed

35.
Moazzami AA, Bondia-Pons I, Hanhineva K, Juntunen K, Antl N, Poutanen K, Mykkanen H: Metabolomics reveals the metabolic shifts following an intervention with rye bread in postmenopausal women--a randomized control trial. Nutr J. 2012, 11: 88-2891-11-88-CrossRef

36.
Bach Knudsen KE, Serena A, Canibe N, Juntunen KS: New insight into butyrate metabolism. Proc Nutr Soc. 2003, 62: 81-86. 10.1079/PNS2002212.CrossRefPubMed

37.
Grasten SM, Juntunen KS, Poutanen KS, Gylling HK, Miettinen TA, Mykkanen HM: Rye bread improves bowel function and decreases the concentrations of some compounds that are putative colon cancer risk markers in middle-aged women and men. J Nutr. 2000, 130: 2215-2221.PubMed

38.
Bach Knudsen KE, Serena A, Kjaer AK, Jorgensen H, Engberg R: Rye bread enhances the production and plasma concentration of butyrate but not the plasma concentrations of glucose and insulin in pigs. J Nutr. 2005, 135: 1696-1704.PubMed

39.
Theil PK, Jorgensen H, Serena A, Hendrickson J, Bach Knudsen KE: Products deriving from microbial fermentation are linked to insulinaemic response in pigs fed breads prepared from whole-wheat grain and wheat and rye ingredients. Br J Nutr. 2011, 105: 373-383. 10.1017/S0007114510003715.CrossRefPubMed

40.
Vrieze A, Van Nood E, Holleman F, Salojarvi J, Kootte RS, Bartelsman JF, Dallinga-Thie GM, Ackermans MT, Serlie MJ, Oozeer R, Derrien M, Druesne A, Van Hylckama Vlieg JE, Bloks VW, Groen AK, Heilig HG, Zoetendal EG, Stroes ES, de Vos WM, Hoekstra JB, Nieuwdorp M: Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with metabolic syndrome. Gastroenterology. 2012, 143: 913-6.e7-CrossRefPubMed



Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
JL, HM, KEBK, PK, KK, JP, KP and MK planned the intervention. JL and MK conducted the intervention. KK and KP were responsible of producing the food products for the intervention. KEBK was responsible of the analyses of the short chain fatty acids. JP, HM and MK were responsible of the clinical and biochemical measurements. JL wrote the first draft of the manuscript. JL, HM, KEBK, PK, KK, JP, KP and MK participated in the acquisition and interpretation of the data, and critically reviewed the manuscript. JL, HM and MK were responsible of the final version of the manuscript. All authors agree to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. All authors read and approved the final manuscript.


OEBPS/sidebar.gif





OEBPS/A12937_2014_Article_840_Fig1_HTML.jpg
Enroliment Assessed of eligibility
(telephone interview) (n=52)
Excluded (n=24)
-Not meeting inclusion criteria (n=13)
-Declined to participate (n=11)

| Screened in laboratory (n=28) |

Excluded (n=5)
-Not meeting inclusion criteria (n=4)
-Declined to participate (n=1)

Run-in period | White wheat bread period (n=23) |

(4 weeks)
Dropped out (n=2)
-Personal reasons

Randomization [ \nhite wheat bread enriched with
into two 4-week | hionrocessed rye bran and
study arms in wholegrain rye bread periods (n=21)

cross-over
manner
Analysed (n=21)






OEBPS/A12937_2014_Article_840_Fig3_HTML.jpg
Plasma glucose (mmol/l) >

o

Plasma insulin (mU/Il)

-=&- After WW period

-+ After BRB+WW period

- -e- After WGR period

3 []

0 30 60 120

Time (min)
80
*

60 1 ......
40
20

O‘ D

Time (min)





OEBPS/contact.gif





OEBPS/A12937_2014_Article_840_Fig2_HTML.jpg
BRB+WW

BRB+WW

4-d foodrecord

WGR WGR

owk wi 4-d food 8wk 4-d food 12 wk
instructions 3-hmealtest "9 3phmealtest M 3.h mealtest
for the :

bject — :
SR overnight

fasting _0 30 60 120 180 min blood samples

standardized test meal





OEBPS/A12937_2014_Article_840_Fig4_HTML.jpg
Plasma propionate (umol/l) >

Plasma butyrate (umol/l) 0O

p=0.058 (time*period)

2.5p
a9 ) :':o
Time (min)
p=0.011 (time*period)
2.0p
#

30
Time (min)

m After WW period
A After BRB+WW period
o After WGR period





