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Physico-chemical properties of dietary fibres might be involved in metabolic control, particularly of the
postprandial blood glucose response. The aim of the present study was to look at the effects of the content
of soluble fibres and of the particle size of solid fibres on in vitro and in vivo starch hydrolysis and on
the subsequent glucose absorption as well as the triacylglycerolaemia. Two sources of dietary fibres, one,
with soluble fibres (beet pulp), the other with mostly insoluble fibres (wheat bran), were added at the rate
of 60 g/kg to a meal simulating human food. The fibre sources were ground in order to obtain two
different particle sizes (250 and 500 pm). Beet pulp decreased significantly (P < 0-05) initial in vitro
hydrolysis whereas wheat bran increased starch hydrolysis in the first 10 min. Wheat bran and beet pulp,
whatever its particle size, lowered the post-prandial triacylglycerol response. No significant effect was
found with dietary fibre-supplemented diets on postprandial glycaemic and insulinaemic values. High
correlation was found between initial in vitro starch hydrolysis and mean areas under the insulinaemic
curves. This in vitro model can be used to predict initial in vivo digestion of carbohydrates from complex
foods.

Non-starch polysaccharides: Starch hydrolysis: Blood biochemistry: Pig

Non-starch polysaccharides (NSP) have been shown to reduce gastrointestinal transit time,
plasma total cholesterol concentration and postprandial glucose concentrations, and may,
therefore, be beneficial to health (Wyman et al. 1976; Jenkins et al. 1978; Anderson et al.
1979; Anderson & Tietyen-Clark, 1986). These effects may be associated with five physico-
chemical properties of NSP: fermentability, ion-exchange capacity, water-holding capacity,
viscosity and solubility (Jenkins et al. 1978; Blackburn et al. 1984; Cherbut et al. 1991;
Goodlad & Mathers, 1991). Thus, viscous soluble NSP can influence postprandial
glycaemia and insulinaemia in healthy and non-insulin dependent diabetic subjects (Jenkins
et al. 1978 ; Edwards et al. 1987; Ebeling et al. 1988 ; Hamberg et al. 1989 ; Karlstrom et al.
1989). Effects on blood lipids seem to differ according to the solubility of NSP. Insoluble
NSP may influence fat digestion by interacting with lipase (EC 3.1.1.3) (Schneeman,
1978 ; Gallaher & Schneeman, 1985; Lairon er al. 1985; Borel et al. 1989, 1990), while
soluble NSP may influence fat absorption through viscosity effects (Gee et al. 1983).
Soluble NSP reduce plasma cholesterol; they usually do not influence triacylglycerols
(Anderson & Tietyen-Clark, 1986); this may (Leveille & Sauberlich, 1966 ; Kay & Truswell,
1977) or may not (Anderson et al. 1984) be accompanied by enhanced faecal excretion of
bile acids.
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The effect of particle size of NSP on postprandial glycaemia, insulinaemia and
triacylglycerolaemia could be mediated through the properties of dietary fibres. These
properties, viscosity, water-holding capacity, ion-exchange capacity or fermentability,
change when the particle size changes (Peter et al. 1991). Heaton er al. (1988) found that
as the particle size of wheat flours was reduced, starch digestibility in vitro was increased
but the correlation with effects on blood glucose and insulin levels of healthy subjects was
low. Reducing the size of wheat-bran particles led to progressive increases in the inhibition
of pancreatic lipase in vitro (Lairon et al. 1985).

The objective of the present study was to investigate the effect of the particle size of two
different dietary fibre sources, one rich in insoluble fibres (wheat bran), the other rich in
soluble fibres (sugar-beet pulp) on in vivo blood glucose, insulin and triacylglycerol levels
in the pig and on in vitro hydrolysis of starch, when these dietary fibres were present in a
diet.

MATERIALS AND METHODS
Material
Wheat bran, provided by the Bret-Aubert Company (Ancenis, France), was ground to two
mean particle sizes, 250 and 500 ym. Dried beet pulp (SRD Laboratory, Compiégne,
France) had a 500 ygm mean particle size. Part of it was ground to obtain sugar-beet pulp
with a mean size of 250 gm.

Preparation and composition of the diets

Dietary fibre sources were incorporated (60 g/kg total diet) into a semi-synthetic diet
containing (g/kg diet): mashed potatoes 653 (Vico, Braine, France), fish-meal 127
(Lorientaise des Produits de la Péche, Lorient, France), maize oil 40, lard 150 and mineral
and vitamin supplement 30. Energy was provided from fat (35-5%), carbohydrate (54:0 %)
and protein (10-5%). This diet, rich in fat and containing a source of cooked starch, was
supposed to simulate human food. These diets were used for both in vitro and in vivo
studies.

Methods

The starch content of fibre sources and mixed foods was determined by an enzymatic u.v.
method of Boehringer (Mannheim, ref. 207748). This method comprises the following main
steps: solubilization of starch with dimethylsulphoxide, digestion with amyloglucosidase
(EC3.2.1.3) at 37° and free glucose measurement using the combined hexokinase
(EC2.7.1.1)-glucose-6-phosphate dehydrogenase (EC 1.1.1.49) u.v. assay. Total soluble
and insoluble fibres were analysed in accordance with the Association of Official Analytical
Chemists method described by Prosky er al. (1988).

Postprandial glucose level was estimated by a glucose oxidase (EC 1.1.3.4) method.
Insulin concentration was determined by radioimmunoassay and triacylglycerols were
assayed by an enzymic method (Buccolo & David, 1973).

In vitro starch hydrolysis was carried out with a porcine pancreatic a-amylase
(EC3.2.1.1; Merck, 16312) according to Leclere et al. (1990). Starch digestion was
measured with and without the addition of porcine pancreatic a-amylase to a fibre-free diet
(FF) and to diets with 60 g/kg wheat bran (WB) or beet pulp (BP) of two different particle
sizes: 500 xm (WB1 and BP1) or 250 um (WB2 and BP2).

Incubation medium (5 ml) was taken just before the addition of the porcine pancreatic
a-amylase and also at 2, S, 7, 10, 20, 40, 60, 90 and 120 min after this addition. For each
point of the starch hydrolysis curve, starch hydrolysis, expressed as a percentage of the
initial starch, was obtained by subtracting the initial amount of soluble sugars in the diet
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Table 1. Starch and fibre composition (g/kg) of wheat bran (WBI1 and WB2) and sugar-
beet pulp (BPI1 and BP2)*

(Mean values with their standard errors for three measurements)

Fibres
Average Soluble Insoluble Starch

Fibre particle size

source (um) Mean  sE Mean  SE Mean  SE
BP1 500 110 11 801 19 ND
BP2 250 180 30 737 13 ND
WBI1 500 39 11 513 11 131 01
WB2 250 44 03 543 04 128 04

ND, not determined.
* For details of experimental diets and procedures, see p. 180.

from the total sugar content. This hydrolysis was repeated on the whole set of samples of
3 different d.
Animals

Six Large-White male growing pigs were used for the experiment. Pigs were 3 months old
and weighed about 30 kg at the beginning of the experiment. They were fasted for 16 h
prior to being given the test meal. The animals ate 500 g diet with 1-5 1 water. They received
the five diets in a random order successively: fibre-free (FF) and supplemented with 60 g
fibre/kg (WB1, WB2, BP1, BP2). There was a delay of more than 48 h between each test
day. Pigs were previously equipped with a permanent catheter in the jugular vein, in order
to collect the peripheral blood. Blood was collected at the following time points: 15 min
before the meal, just before the meal, and then at 15, 30, 45, 60, 75, 90, 120, 150, 180, 240,
270, 330 and 390 min. Plasma was prepared by centrifugation (9000 g, 10 min).

Statistical analysis
One-way analysis of variance was used to compare in vitro starch hydrolysis results between
diets, P < 0-05 being regarded as significant. One-way analysis of variance for repeated
measures was used to compare glucose, insulin and triacylglycerol levels and areas between
diets.

RESULTS
Chemical characterization of dietary fibres
Total, insoluble and soluble fractions of fibres of both fibre sources and the starch content
of wheat bran are given in Table 1. Finely-ground dietary fibre had the same total fibre
content as the initial product; however, the soluble fibre was in larger concentrations in
finely-ground beet pulp than in raw beet pulp (180 v. 110 g dry matter/kg, P < 0-05). On
the contrary, or as a consequence, the raw beet pulp exhibited a higher insoluble fibre
content than the finest pulp did (801 v. 737 g/kg, P < 0-01). Whereas the soluble fibre
content of both wheat bran preparations showed no significant differences, the insoluble
fibre content increased when the wheat bran was finely ground (513 v. 543 g/kg, P < 0-05).

In vitro starch digestion

With no a-amylase addition, starch of the fibre-free (FF) or pulp supplemented (BP) diets
was not hydrolysed during the 2 h of incubation (Fig. 1). On the contrary, starch of the
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Fig. 1. Starch degradation of diets for 2 h without pancreatic a-amylase (EC 3.2.1.1) addition (expressed as %
starch hydrolysed compared with initial starch present in the diets; n 6; mean+sem); FF, fibre-free diet; WB,
mean of 250 and 500 um wheat bran-supplemented diets; BP, mean of 250 and 500 um sugar-beet pulp-
supplemented diets.

Table 2. In vitro starch degradation (%) using 300 IU/mg hog pancreatic amylase

(EC3.2.1.D*
Diett
Time
(min) FF BP1 BP2 WBI WB2 SE

2 15022 839" 11-46>  3477¢ 34-93¢ 1-69

5 2913 25712 28-25% 41-01*  42:81° 195
7 3520* 28-66" 32-89¢ 44431 4539 063
10 4242% 37220 38-13° 4805 49-93¢ 1-26
20 52:80°  48:38* 48-20* 54-74° 52:21% 230
40 5963 56-77"  55:33b 5813*  5861* (088
60 61-88%  62:54° 5878%  5549¢ 57-88¢ 112
90 6204 62-44 6176 60-04 57-59 2:37
120 6536 62:49 63-64 6497 6337 1-47

FF, fibre-free diet; BP1 and BP2, sugar-beet pulp-supplemented diets; WB1 and WB2, wheat bran-
supplemented diets.

Values with unlike superscript letters for the same time were significantly different (one-way analysis of
variance, P < 0-05).

* For details of experimental procedures, see pp. 180-181.

1 For details of experimental diets, see p. 180.

wheat-bran-supplemented (WB) diets was slightly degraded in in vitro test conditions:
about 130 g starch/kg diet was hydrolysed, after 2 h, by endogenous x-amylases of wheat
bran.

Starch degradation by the pancreatic a-amylase was significantly higher in the case of the
fibre-free diet than with the beet-pulp diets for both BP1 and BP2 at the 7th, 10th and
40th min and at the 60th min with BP2 (Table 2). The grinding of beet pulp and
consequently the increase of the soluble:insoluble fibre ratio, did not modify in vitro starch
degradation, except at two time points between BP1 and BP2.

Initial starch degradation was significantly higher with both wheat-bran diets than with
the other diets, although it became less significant from the 10th min onwards up to the
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Table 3. Characteristics of metabolic responses during the postprandial period*

Diett
FF BP1 BP2 WBI WB2 SE
Glucose
Peaking time (min) 35 33 30 25 27 S
Delta peak above 1-7 1-2° 150 1320 15 02
fasting value (mmol/1)
Area under curve
{mmol/] per min)
0-60 min 475 235 373 341 516 99
0-90 min 672 339 538 481 701 13-8
0-120 min 1503 979 134-8 1149 1573 29-4
Insulin
Peaking time (min) 38 40 43 40 40 7
Delta peak above 0-49 0-38 0-49 0-39 0-47 01
fasting value (nmol/I)
Area under curve
(nmol/1 per min)
0-60 min 144 10-6 119 132 151 31
0-90 min 186 14:5 17-0 17:9 191 37
0-120 min 278 244 265 30-2 313 56
Triacylglycerol
Peaking time (min) 173* 240° 220%° 218 21820 15
Delta peak above 20-3* 18-6°° 10-2° 11-8° 133 28
fasting value (mmol/1)
Area under curve
(mmol/! per min)
0-150 min 314 5-9° 58" 15-720 14-4%° 56
0-210 min 679 29-5° 23-2° 36:3" 33-8° 94
0-270 min 92-0* 54-12° 362" 5120 529 122

FF, fibre-free diet; BP1 and BP2, sugar-beet pulp-supplemented diets; WB1 and WB2, wheat bran-
supplemented diets.

=" Values with unlike superscript letters for the same time were significantly different (one-way analysis of
variance for repeated measures, P < 0-05).

* For details of experimental procedures, see pp. 180-181.

t For details of experimental diets, see p. 180.

40th min of the starch degradation. Moreover, wheat-bran diets exhibited lower rates of
starch degradation at the 60th min.

Experiments in vivo
For the metabolic variables, the total area under the curve, which is the mean integrated
level, showed significant differences between diets that did not appear with the raw values
because of the high individual variations between animals.

Plasma glucose levels and the total area under the curves were not significantly different
between all diets, except with BP1 which exhibited a lower peak value than FF (Table 3).
No time delay in the appearance of the peak was observed between diets.

Insulin curve profiles after the meal intake were not different for all diets. Plasma
insulinaemic levels and the total area under the curves were not significantly different
between all diets (Table 3).

After all test meals, triacylglycerol values rose gradually. Nevertheless, it seemed that the
postprandial peak appeared later with diets including fibres, especially in the cases of test
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Fig. 2. Correlation between the proportion of in vitro starch hydrolysis at the 7th min and mean areas under
the 0-180 min plasma insulinaemic variations; R? 0-98.

meals enriched either with finely ground beet pulp or wheat bran. Compared with the
control test meal, triacylglycerol values were significantly lower with BP2 between 15 and
255 min. At some time points, triacylglycerol concentrations obtained with BPI, WB2 and
WBI were also significantly lower.

Areas under the triacylglycerol curves (Table 3) confirmed these observations. Fibre
incorporation significantly decreased 0—270 min areas under the triacylglycerol curves in
the presence of BP2 or in the presence of both kinds of wheat-bran preparation. The 0-150
and 0-210 min areas under the triacylglycerol curves were also reduced with BP1.

High correlations were found between 0-270 min insulinaemic mean areas and the
percentage of starch hydrolysis after 5, 7 (Fig. 2) and 10 min (r 091, » 0-98, r 0-95,
respectively). No correlations were found between total mean areas under the triacylglycerol
curves and in vitro initial and final starch hydrolysis (5 min, r 0-02; 7 min, r 0-00; 120 min,
r0-31).

DISCUSSION

Total fibre content in beet pulp and wheat bran were 914 and 570 g/kg dry matter
respectively. The total beet-pulp fibre content in the present study was relatively high
compared with the data reported for beet pulp by Michel et al. (1988). The total soluble and
insoluble wheat-bran fibre contents were in agreement with other data (Saunders &
Hautala, 1979; Albot & Boisson, 1985; Prosky et al. 1985). Sugar-beet pulp fibres had a
high proportion of soluble fibre (121-196 g/kg total fibre), whereas wheat bran was mainly
a source of insoluble fibre (930 g/kg total fibre).

Grinding did not decrease the total fibre content, but changed the soluble fibre content
of beet pulp (from 13-7% for BPI to 24-4 % for BP2), whereas this content did not change
with WBI1 (7-:5%) and WB2 (8-1 %). Beet-pulp insoluble fibres increased significantly and
were turned into soluble fibres after grinding.

The action of the sugar-beet fibre was noticeable in the first half of the in vitro starch
hydrolysis. This initial decrease of starch hyrolysis could be explained by the presence of
pectins and also of cellulose and hemicelluloses (Michel et al. 1988) which could affect the
in vitro activity of the pancreatic a-amylase (Dunaif & Schneeman, 1981). The increase of
the soluble:insoluble fibre ratio, which results from the grinding, did not modify in vitro
starch hydrolysis.
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In contrast to sugar-beet pulp, wheat bran had a positive action on initial starch
hydrolysis in the present experiment. These results differed from those of Hansen & Schulz
(1982) who showed an inhibition of the amylase activity and a decrease of in vitro starch
degradation with wheat bran. However, the incubation medium used by these authors was
poorly enriched with starch (1 g/1), and very diluted (12-5 g fibre/1). Natural inhibitors of
a-amylase were held responsible for the inhibition (Snow & O’Dea, 1981). Wheat bran can
also contain endogenous amylases which are released by bran fractionation (Albot &
Boisson, 1985). Indeed, the grain pericarp contains some «-amylases (Bradbury et al. 1956)
and a p-amylase (EC 3.2.1.2) whose activity depends on the maturity of the grain
(Kruger, 1972). A synergistic effect is observed between o and f-amylases at high
concentration levels, the activity of both mixed enzymes being superior to the sum of their
respective activities. The endogenous amylases could be responsible for the initial increase
of the in vitro starch hydrolysis.

Wheat-bran glucose data showed no significant differences of hyperglycaemia. In
accordance with Jenkins et al. (1983), small quantities of wheat bran had no effect on the
postprandial peak of glucose. Some authors have seen a positive effect of wheat bran on
blood glucose regulation after long-term ingestion of wheat bran (Villaume ef al. 1984) or
after ingestion of a glucose syrup (Reiser, 1978). Wheat bran may be responsible for a
decrease in the glucose absorbed or a slight increase of the peripheral utilization of glucose.
However, in acute studies wheat bran seems to act differently. Neither wheat bran nor beet
pulp influenced starch digestibility in the small intestine of the pig (Graham er al. 1986).
With wheat bran-supplemented diets, insulin levels and areas under the curve were slightly
but not significantly increased. This slight increase could be a consequence of a higher rate
of glucose absorption not perceptible in glucose levels because of the control action of
insulin. The amylases contained in wheat bran could also contribute to this effect.

In accordance with the results of Morgan et al. (1990), it was found that sugar-beet fibre
reduced blood glucose levels, but it was only significant with the sugar-beet fibre of the
highest particle size. However, sugar-beet fibre had no significant action on the total area
under the curve. On the contrary, Morgan et al. (1990) observed a significant reduction of
the area under the curve with sugar-beet-supplemented diets, but this effect was not
significant on insulin areas. In the present experiment the insulin test, which is usually more
sensitive than the glucose test, showed no statistical differences in insulin requirements
between sugar-beet fibre and fibre-free diets. This may be due to fat incorporation as
190 g/kg total diet which should slow gastric emptying and reduce differences in plasma
glucose and insulin levels, but also to gastric inhibitory polypeptide secretion which had
been found to be higher when sugar-beet fibre was incorporated into the diet (Morgan et
al. 1990).

The reduction by half of the particle size for both dietary fibres had no effect either on
in vivo plasma glucose or insulin, or on in vitro starch degradation. Heaton et al. (1988)
observed that a decrease in the particle size increased glucose response only with wheat or
maize and that the digestibility was affected profoundly only with grains ground into fine
flour. Moreover, the range of size of particle must be large enough in order to influence in
vitro starch degradation. However, in the present experiment dietary fibre was the only part
of the diet which was ground, and was not intimately linked to starch. Grinding did not
affect the physico-chemical properties of fibre enough to modify glucose or insulin
responses.

Close correlations were found between 30 min in vitro starch hydrolysis, glycaemic and
insulinaemic responses to native and cooked starches in healthy humans (Bornet et al.
1989} and in the pig (Bornet, 1986). The present study confirms high correlations between
in vitro initial starch hydrolysis and mean areas under the insulinaemic curves. Thus, the
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initial rate of starch hydrolysis was well-correlated with in vivo insulin areas under the
curves at 180 min. The in vitro starch hydrolysis method, first used by Bornet (1986) for
native or cooked starches and modified by Leclere et al. (1990), is useful for complex meals
containing protein and fat.

Fat was incorporated at the level of 190 g/kg diet to simulate human food (maize oil
40 g, lard 150 g). It is interesting to observe that fibres can significantly lower the 4-5h
postprandial triacylglycerolaemia in pigs. The capacity of finely ground wheat bran to
reduce the occurrence in the plasma of labelled fatty acids originating from triacylglycerols
present in a test meal has been previously demonstrated in the rat (Borel ef al. 1989). More
recently, addition of fine wheat bran into test meals was shown to decrease the postprandial
area under the curve of triacylglycerols in healthy human subjects (Anderson, 1979; Cara
et al. 1992). As reported previously, a mechanism underlying such metabolic effects may be
a partial inhibition of fat lipolysis and intestinal absorption (Isaksson et al. 1983; Lairon
et al. 1985; Borel ef al. 1989). Although finely ground wheat bran (80 xm) inhibited the
activity of pancreatic lipase more drastically than a coarse preparation (540 ym) in vitro
(Lairon et al. 1985), either fine or coarse wheat bran comparably lowered postprandial
triacylglycerolaemia in the present in vivo study in pigs.

The post-meal effect observed herein on triacylglycerolaemia agrees quite well with data
from long-term studies where chronic wheat-bran intake lowered fasting triacylglycerol-
aemia (Anderson & Tietyen-Clark, 1986).

Although soluble fibres generally do not display hypotriacylglycerolaemic effects after
chronic feeding, some studies in rats report that adding pectins to a test meal could reduce
fat assimilation (Isaksson er a/. 1983; Judd & Truswell, 1985). This is also found in the
present study done in pigs receiving the beet-pulp fibre preparation. Moreover, the finely-
ground beet-pulp fibre seemed to be more effective than the coarse beet-pulp fibre. As
mentioned earlier, this could result from an increased viscosity of the intestinal content due
to the high soluble fibre content of the ground preparation. Thus, it is noteworthy that the
500 #m beet-pulp fibre particles, that contained less soluble fibre, exhibited a less marked
effect on postprandial triacylglycerolaemia.

Crude or modified fibre properties are able to influence physiological responses. In the
present experiment the effects of reduction by half of the particle size were low because of
the weak treatment. However, significant modifications of triacylglycerol areas were
observed, especially with the finest fibres. Moreover, the in vitro test is valid for studies on
insulin responses to diets supplemented with physico—chemically-modified fibres, studies
which are necessary to understand the mechanism of fibre action.
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