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The effect of cereal-based diets varying in dietary fibre (DF) on gastric emptying and glucose absorption
over an isolated loop of jejunum was studied in four pigs fitted with two sets of re-entrant cannulas. The
pigs were fed on either a wheat-flour diet or three diets based on oat flour (endosperm), rolled oats or
oat bran containing different amounts of soluble DF. Mean transit time (MTT) of liquid estimated from
the output from the first jejunal cannula was significantly higher with the two diets having the highest
DF content, but MTT of dry matter (DM), starch, xylose and neutral non-starch polysaccharides
(nNSP) was not correlated directly to the DF content of the diet. DF had a stimulatory effect on secretion
of gastrointestinal juices, but the effect was not linearly correlated with the DF content of the diet.
Starch was significantly degraded in digesta collected within 30 min after feeding with malto-
oligosaccharides accounting for 140-147 g/kg total starch. The degradation was more extensive with
higher DF and lower starch content of the diet. However, taking into account the differences in jejunal
flow, the amount of malto-oligosaccharides available for absorption in the first 0-5 h decreased with
higher levels of DF in the oat-based diets. The absorption of glucose from the isolated loop was
18-34 g/m intestine over an 8 h period with no significant differences between diets. This corresponded
to a non-significant decrease in recovery of starch from 091 to 0-82 with increasing levels of DF and
decreasing levels of starch in the diet. This suggests that the capacity for absorption of large doses of
starch entering the proximal small intestine after ingestion of a carbohydrate-rich cereal-based diet has
a major influence on the absorption at this site. Consequently any effect of DF on glucose absorption may
be exerted either through the rate of gastric emptying or by impaired rate of absorption more distal in
the small intestine and not by displacement of the site for starch absorption.

Soluble dietary fibre: Jejunal flow: Glucose absorption: Starch degradation

It is well documented that an increased intake of dietary fibre (DF; non-starch
polysaccharides (NSP) + lignin), and soluble DF in particular, has beneficial health effects.
Several clinical studies with hypercholesterolaecmic, diabetic and normal subjects and
animal studies with rats and pigs have clearly shown that oat bran, a rich source of soluble
DF in the form of mixed-linked (1->3)(1—-4)-8-D-glucans (S-glucan; Wood & Fulcher,
1978), has a significant potential for improving carbohydrate metabolism and lowering
blood cholesterol levels (for example, see Chen & Anderson, 1986; Wood er al. 1990). The
mechanism behind the hypoglycaemic effect of oat bran is uncertain, but model experiments
with purified f-glucan (oat gum) suggest that luminal viscosity plays an important role
either by delaying gastric emptying and/or reducing the rate of glucose absorption in

12 NUT 72

ssa.ld Aissanun sbpuquied Ag suluo paysiignd LE00Y66 LNIG/6£01°01L/B10"10p//:sdny


https://doi.org/10.1079/BJN19940031

300 H. N. JOHANSEN AND K. E. BACH KNUDSEN

the small intestine (Lund ez al. 1989; Wood et al. 1990). Although conflicting results
appear, it is generally believed that soluble fibres above a certain concentration attenuate
glucose transport across the intestinal mucosa (Blackburn & Johnson, 1983; Rainbird ez al.
1984) and that viscosity is a key factor (Lund ez al. 1989; Roberts et al. 1991). The influence
of soluble DF on the rate of gastric emptying is less clear. Results appearing in the literature
are conflicting, most probably due to differences in experimental conditions, e.g. whether
liquid or solid meals are studied. The emptying of solid components of the meal is
presumably the most important in relation to rate of carbohydrate absorption since they
contain most of the starch ingested (Rainbird & Low, 19864).

It has previously been shown, by perfusion of sugar solutions at a constant flow-rate, that
a soluble DF isolate in the form of guar gum (a galactomannan polysaccharide) reduces the
net absorption in vivo of glucose and maltose from an isolated loop of the upper jejunum
of pigs fitted with two sets of re-entrant cannulas (Rainbird et al. 1984). To determine
whether there is a similar effect on glucose absorption from cereal diets naturally rich in
soluble DF, such as oats, we have used a modification of the technique used by Rainbird
et al. (1984). The aim was to study simultaneously the effect of cereal-based diets varying
in soluble DF on flow from the stomach to the upper small intestine and on absorption of
G1 in an isolated loop of jejunum when diurnal variations of digesta flow also were
adopted. Variation in content of soluble DF was obtained by formulating diets of white
wheat flour, oat flour (central endosperm), rolled oats and oat bran. On the basis of the
studies with isolated DF sources it was expected that higher amounts of DF in these diets
could lead to slowed gastric emptying. On the other hand, if the general observation of a
slower glucose absorption is caused by a shift in site of absorption as suggested by Jenkins
et al. (1987), higher amounts of soluble DF in the diet were expected to lead to a reduction
in the amount of glucose absorbed in the isolated loop of the proximal jejunum. Since
absorption of glucose from starch-based diets involves degradation by «-amylase
(EC 3.2.1.1) the extent of starch degradation in digesta collected within the first 0-5 h after
feeding was measured.

EXPERIMENTAL
Animals and surgery

Four crossbred castrated male pigs of approximately 30 kg initial body weight were used
in the experiment. All pigs were anaesthetized with halothane-O, (0-5:100, v/v; 2-0 1/min)
and two sets of re-entrant cannulas were placed in the jejunum according to the procedure
of Horszczaruk et al. (1974) following the description of Rainbird er al. (1984). The first set
of re-entrant cannulas was placed approximately 1 m from the pylorus and the second set
about 1-5 m distal to the first. This provided an isolated part of the jejunum through which
perfusion could take place (Rainbird e al. 1984). After 10-14 d of recovery, experiments
were carried out for four consecutive weeks. At the end of the experiment the pigs were
killed and the distance between stomach and the first cannula, and the length of the
intestinal loop were measured.

Diets and feeding
The four experimental diets were prepared from wheat flour (WF), oat flour (OF), rolled
oats (RO) and oat bran (OB; Table 1). The pigs were fed on the diets for 1 week each in
a 4 x 4 Latin Square design in three equal meals at 07.00, 15.00 and 22.00 hours. The total
daily intake was 45 g/kg body weight per d and the water intake was 2-5-3 times the
amount of feed. The pigs’ diets were changed over a 3 d period by gradually increasing the
proportion of the following diet in the preceding diet. The first collection period took place
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Table 1. Ingredients, chemical composition and physical properties of experimental diets

Diets... WF OF RO OB
Ingredients (g/kg diet)
Wheat flour 812 — — —
Oat flour — 867 — —
Rolled oats — — 900 —
Qat bran — — — 943
Casein 118 103 70 27
Soya-bean oil 40 — — —
Vitamin—mineral mix* 30 30 30 30
Chemical composition (g/kg DM)
Starch 620 593 560 425
Protein (N x 625) 214 198 198 221
HCl fat 62 74 90 100
Ash 33 40 43 53
nNSP 26 32 57 115
S-nNSP 17 18 33 69
Xylose 11 7 11 22
f-glucan 2 19 36 80
Klason lignin 5 6 9 19
Gross energy (MJ/kg DM) 19-39 19-43 19-80 19-95
Physical properties
Viscosity (mPa.s)t 09 2:3 69 75
WHC (g water/g DM) 2-44 2-52 307 383
Particles < 63 ym (%)} 465 715 525 60
Particles > 500 um (%)% 0-0 0-0 135 650

nNSP, neutral non-starch polysaccharides; S-nNSP, soluble neutral non-starch polysaccharides; WHC, water-
holding capacity.

* Provided (mg/kg diet): Ca,(PO,), 17000, K,PO, 5700, NaCl 4000, CaCOQ, 2500, FeSO,.7H,0 212, ZnO 85,
MnO 31, CuSO,.5H,0 68, KI 0-2, Na,SeO, . SH,O 0-6, retinyl acetate 1-27, cholecalciferol 0-02, a-tocopherol 43,
menadione 1-7, riboflavin 3-4, pantothenic acid 8-5, cobalamin 0-02.

t At shear rate 45/s, 38°.

1 Particle size distribution in flours.

after 2d on the new diet. On the day of digesta collection the pigs were placed in
metabolism cages before the morning feeding and kept there during the 8 h collection
period. Polyethylene glycol 4000 (PEG) was added as a water-soluble marker to the meal
(6 g per meal). The collection procedure was repeated twice for each diet. The feed ration
was generally consumed within 5 min. In the periods between digesta collection the pigs
were housed individually in 4 m? smooth-walled pens with concrete floors.

Collection and perfusion method
The re-entrant cannulas were connected as shown in Fig. 1(a) for normal passage of digesta
when the pigs were housed in the pens. During experimental periods the cannulas were
disconnected as shown in Fig. 1(b) to allow collection of digesta from the first cannula,
infusion of digesta and re-collection after perfusion through the isolated loop.

Initially the loop was rinsed with 500 ml saline (9-1 g NaCl/1). Perfusate collected in this
period was discarded. After feeding, digesta were continuously collected on ice. At short
intervals digesta were weighed and 100 g/kg taken for analysis. The digesta were re-heated
to body temperature (38°) and infused via a peristaltic pump into the isolated loop.
Reheating was done by passing silicone tubing which connected the digesta container to the
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Fig. 1. Schematic diagram of flow in the jejunum of pigs fitted with two sets of re-entrant cannulas: (@) in periods
between and (b) during collection and perfusion. For details of diets and procedures, see Table 1 and pp. 300-302.
(W), Re-entrant cannula; ([), intestine; (g3), body wall.

re-entrant cannula through a water-bath. The flow-rate during perfusion was adapted to
the flow from the first cannula. Collection and sampling of perfusate was performed as
described previously. Finally, the remaining digesta were infused into the last cannula. A
total of 500 ml saline solution was used for rinsing collection bottles and the loop after
perfusion.

For estimation of flow from the first cannula, digesta samples were pooled into six
periods; 0-0-5, 0-5-1, 1-2, 2-3, 3-5 and 5-7-5 h after feeding and frozen immediately after
collection. Perfusion of digesta and rinsing of the loop after infusion of the last digesta was
completed within 8 h. The rinses were included in the last sample collected from the loop.
The perfusates collected from the loop were pooled into three periods; 0-1, 1-3 and 3-8 h
after feeding and the samples taken for analysis stored frozen at —18°.

Analytical methods
All analyses were performed in duplicate. Analysis of PEG was performed on wet materials
by the turbidimetric method of Hyden (1955). All other analyses were carried out on freeze-
dried materials. Dry matter (DM) was determined by freeze-drying followed by drying at
105° for 24 h.

Protein (N x 6:25) was determined by the Kjeldahl method using a Kjell-Foss 16210
autoanalyzer (Foss Electric A/S, Hillered, Denmark) and gross energy was measured in a
LECO AC 300 automated calorimeter system 789-500 (LECO, St Joseph, MI, USA). Ash
was analysed according to the Association of Official Analytical Chemists (1975) and fat
was extracted with diethyl ether after acid-hydrolysis (Stoldt, 1952). Starch was analysed
enzymically, neutral NSP (nNSP) and their constituent sugars as alditol acetates by GLC,
and Klason lignin gravimetrically as described in detail by Bach Knudsen er al. (1993). g-
glucan was determined by the enzymic method (MegaZyme Pty. Ltd., North Rocks, NSW,
Australia) of McCleary & Glennie-Holmes (1985).

Malto-oligosaccharides were determined by high-performance anion-exchange
chromatography (HPAEC) on a Dionex BioLC Model 4000i system and Ionchrom
Pulsed Amperometric Detector. The chromatographic data system was an AI-450
chromatography Automation System (Dionex Corp., Sunnyvale, CA, USA). A
CarboPac PAl, 4 x250 mm column equipped with a CarboPac PAl guard column,
3 x25 mm (Dionex Corp.), was used for the separation of malto-oligosaccharides. The
sugars were eluted at a constant flow-rate of 0-8 ml/min with an isocratic elution of
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solution A (100 mM-NaOH) for 5 min followed by a linear gradient for 15 min of 0-100%
solution B (150 mM-NaOAc+ 150 mM-NaOH) with post-column addition of 300 mM-
NaOH at a constant flow-rate of 0-8 ml/min. Freeze-dried digesta (100 mg) were extracted
in 5ml aqueous ethanol (800 ml/l) for 1 h at 85° with constant mixing. The extracted
material was centrifuged at 14 500 g for 10 min and the supernatant fraction transferred to
a 10 ml centrifuge tube. The residue was extracted with another 5 ml aqueous ethanol,
centrifuged and the supernatant fraction from the second extraction combined with the first
extract. Finally, the extract was evaporated to dryness with N, and left overnight in a
desiccator containing KOH. The dry sample was re-dissolved in water and filtered through
a Millipore filter (pore size 5 pm) and diluted before analysis. Standard solutions
(10-100 pg/ml) of glucose, sucrose, maltose and maltotriose, maltotetraose, maltopentaose
and maltohexaose (Sigma Chemical Company, St Louis, MO, USA) were used for
calibration.

Particle size distribution in flours was determined in an Augsburg Luftstrahl bolter using
32, 63, 125, 250, 500 and 1000 um sieves. Sifting times for 20-0 g flour were 3 min for the
32 pm sieve, 2 min for the 63 pm sieve, 1 min for the 125 gm sieve and 30 s for the 250, 500
and 1000 gm sieves.

Viscosity and water-holding capacity (WHC) of diets were measured after suspension of
disc-milled diet in water (100 g/kg) for 1h at 38° with constant mixing followed by
centrifugation at 12000 g for 20 min. After weighing, sediment and supernatant fractions
were separated and viscosity of the supernatant fraction was measured in a Brookfield DV-
II cone/plate viscometer at 38°. Absolute viscosity (mPa.s) is presented at 45/s. The
centrifuge tubes were turned upside down to drain off residual supernatant fraction for at
least 1 h before weighing. The sediment was then dried in the centrifuge tubes in a vacuum
oven at 50° for 16 h and weighed again to calculate DM content in the sediment.

Calculation and statistical analyses
WHC (g water/g DM) was calculated as:

weight before drying—dry welght

WHC = dry weight

(M

The content of polysaccharide residues was calculated as anhydrosugars and all
measurements of recovery and absorption were calculated either on the basis of the digesta
content collected or relative to PEG, xylose or nNSP as markers. All results were
standardized to a feed intake of 500 g dry feed and 1500 ml water. Disappearance over the
isolated loop is presented on a per m jejunum basis.

Cumulative recovery of digesta, DM, starch, PEG and xylose from the first cannula (R, )
was calculated as

R, = z collected /intake 2)

where X collected, is the amount collected from feeding (#,) to time #,.
Mouth- to-JeJunum transit was expressed as mean transit time (MTT):

Z M:i Xt
MTT =0 ©)

where M, is the amount collected in the ith period of collection at time ¢, postprandial. ¢
= 0 was the time of feeding and ¢, is the midpoint of the collection period.

ssa.ld Aissanun sbpuquied Ag suluo paysiignd LE00Y66 LNIG/6£01°01L/B10"10p//:sdny


https://doi.org/10.1079/BJN19940031

304 H. N. JOHANSEN AND K. E. BACH KNUDSEN

Apparent disappearance of nutrients per m intestine (AD) in the isolated loop was
calculated as the difference in amount collected before and after perfusion of the loop and
corrected for sampling and length of the loop (m).

M, —XM,

AD = 7} ,

“
where M, is the total amount of component collected from first cannula corrected for
sampling, ZM,, is the total amount collected from the second cannula after rinsing the loop,
and 4 is the length of loop.

Recovery (R) of nutrients and markers from the isolated loop was calculated as

M, —-3iM
=1-""38 — b 5
R M, x4 (5
Apparent absorption (AA) corrected for losses with marker was then calculated as
Rcom onent
AA =[] ——FomRelt ) M, (6)
Rmarker

Values from the first and second day of collection on each diet were averaged before
statistical analysis as no significant difference between days was identified.

Analysis of variance was performed on a computed ANOVA program (SuperANOVA,
Abacus concepts, Berkeley, CA, USA) by the model:

Xijk = ll’+ai+ﬂj+7k+6ijk’

where u is the overall mean, «, is the effect of diet, g, the effect of period, y, the effect of
animal and e, is a normally distributed random variable. Differences between parameters
were estimated by pairwise comparison in the Student-Newman-Keuls test (Snedecor &
Cochran, 1973).

Linear regression analysis was performed testing that 8 = 0 in the model:

Y, =a+px,+¢,

where o is the intercept on the Y-axis, £ is the slope and ¢, is a random normally distributed
variable (Snedecor & Cochran, 1973).

RESULTS
Flow from the first jejunal cannula
The adjusted average intake of feed and water was 500 and 1500 g respectively, giving a
total of 2000 g liquid feed per meal.

Digesta. There was a significant difference between diets in the total amounts of digesta
collected from the first cannula (P = 0-0153). The total output of digesta over a 7-5h
collection period was 3797 g (1-90 x intake of feed and water) with diet WF and 3712 g
{1-86 x intake) with diet OF, which was significantly less than the 5046 g collected with diet
RO and 5182 g for diet OB, corresponding to 2-52 and 2-59 times the amount of feed and
water ingested respectively (Fig. 2(a)). There was a rapid flow of digesta in the first hour
after feeding. When feeding diets WF, RO and OB approximately 900 g was collected 1 h
postprandial. In comparison, 1190 g was collected with diet OF within 30 min after feeding
and 1834 g after 1 h. The initial rapid flow with diet OF was followed by a decrease in flow
to almost zero for 2 h. At 3 h postprandial the output increased again to the same level as
for diet WF.
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Fig. 2. Cumulative output 0-7-5 h postprandial from the first re-entrant cannula of (a) digesta as a proportion of
ingested feed and water and (b) starch as a proportion of intake when feeding wheat- and oats-based diets to pigs:
(O), wheat flour; (@), oat flour; (A), rolled oats; (A), oat bran (for details of diets and procedures, see Table
1 and pp. 300-303). Points are means with their standard error represented by vertical bars for four pigs.

DM. The different digesta flow pattern of diet OF was even more pronounced for DM,
starch, xylose and total nNSP. These components had similar flow patterns as illustrated
in Fig. 2(b) for starch. MTT of DM (Table 2) was significantly shorter for diet OF than
for all the other diets (P = 0-0013), which was due to a much more rapid flow within the
first 2 h postprandial. The amount collected after 0-5 h was 252 g, corresponding to 0-50 of
intake compared with 0-22-0-28 for the other diets (P = 0-0061). After 3 h, differences
between diets levelled out resulting in total cumulative recoveries of 0-93—1-03 with no
significant differences between diets, although diet WF tended to give the lowest total
recovery.

Starch. On average 0-91 of ingested starch was collected from the first cannula during the
7-5 h collection period (Fig. 1(b)). The recoveries from diets WF and OB were 0-85 and 0-90
compared with 0:96 and 0-93 for diets OF and RO respectively. Diet OF had a significantly
different flow pattern from that of the other diets. After 0-5 h, 0-52 of ingested starch was
collected from diet OF, whereas the other diets resulted in a recovery of only 0-20-0-28 (P
= 0-0054). After 1 h the recovery from diet OF was 0-80 whereas the other diets resulted
in a recovery of 0-45 (P = 0-0075). For diets WF, RO and OB there was a gradual increase
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Table 2. Mean transit time (MTT; min) of nutrients and marker collected from the first
Jjejunal cannula when feeding wheat- and oats-based diets to pigs*

(Mean values for four pigs)

Diets... WF OF RO OB SEM
DM 118% 82° 1352 139* 56
Starch 1112 68° 122 132# 69
Xylose 115% 75° 124* 126* 57
nNSP 115* 84P 1322 132* 56
PEG 97° 92° 135* 145* 83

WF, wheat flour; OF, oat flour; RO, rolled oats; OB, oat bran; DM, dry matter; nNSP, neutral non-starch
polysaccharides; PEG, polyethylene glycol.

&b Values in the same row with unlike superscript letters were significantly different (P < 0-05).

* For details of diets and procedures, see Table 1 and pp. 300-304.

in the amount collected 1-7-5 h postprandial. Approximately half the consumed starch was
collected in this period, whereas the contribution to the total amount collected was only
0-12 for diet OF.

Xylose. As seen for DM and starch, dietary xylose was recovered much faster with diet
OF than with the other three diets (P = 0-:0020). The cumulative total output calculated
relative to intake was: diet WF 0-77, diet OF 0-82, diet RO 091 and diet OB 0:99. There
was a tendency for increased output of xylose with higher content of this component in the
diet, diets WF and OF having significantly lower total recoveries than diets RO and OB (P
= 0-0027).

nNSP. MTT of nNSP for diets WF, RO and OB was almost equivalent to that for DM.
Diet OF resulted in a significantly shorter MTT compared with those for the other diets (P
= 0-0027). With the exception of diet OF, MTT of nNSP tended to be slightly longer than
that of xylose. A total output corresponding to 0-89, 1-15, 1-08 and 118 of intake was found
for diets WF, OF, RO and OB respectively, of which the value for diet WF was significantly
lower than those for the oats-based diets (P = 0-0009).

PEG. The flow of PEG showed a rapid output of the liquid phase from the stomach when
feeding diet OF. However, MTT of diets WF and OF were not significantly different. Of
ingested PEG, 0-47 was recovered from the proximal cannula with diet OF, 0-24 and 0-26
with diets WF and RO, whereas only 0-15 was recovered with diet OB at 0-0-5h
postprandial. With diets WF, RO and OB there was a gradual increase in cumulative
output from the cannula 1-3 h postprandial, but with diet OF only 0-05 of ingested PEG
was collected in this period. There were dietary differences in the total recovery of PEG
after 7-5 h as diets OF and RO resulted in recoveries of 1-06 and 1-10 of the ingested amount
respectively. This was significantly higher than the recovery of 0-73 and 0-90 obtained for
diets WF and OB respectively; the latter diets were also significantly different from each
other (P < 0-05).

Absorption of nutrients in the isolated loop of jejunum
The recovery of DM over the isolated loop of jejunum without correction for recovery
of marker was 0-92-0-94 with no significant differences between diets (Table 3). The
recovery of marker from the loop was generally very high, but significantly higher with diet
RO than with diets OF and OB for xylose (P = 0-0223) and total nNSP (P = 0-0206).
Furthermore, the recovery of nNSP appeared to be higher than the recovery of xylose.
There was a tendency for slightly lower recoveries of starch with higher DF content.
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Table 3. Recovery and apparent absorption of nutrients and marker from the isolated
Jejunal loop over an 8 h perfusion period when feeding wheat- and oats-based diets to pigs*

(Mean values for four pigs)

Diet ... WF OF RO OB SEM

Recovery
DM 0-94 0-92 094 094 0-024
Starch 092 0-88 0-86 0-84 0019
Xylose 0-94°> 0-86° 0-96* 087° 0-018
nNSP 1-00*® 0-98° 1-04* 095* 0-004
PEG 095 0-97 1-02 1-04 0-040
Starch:xylose 091 0-86 0-86 0-82 0-022
Starch:nNSP 092 0-87 0-87 0-83 0016
Starch:PEG 091 0-87 0-87 0-84 0-022

Apparent absorption (g/m intestine)
DM 268 371 291 317 10-81
Starch 17-8 28-5 291 249 472
Xylose 023" 0-33* 015° 1-23* 0-05
nNSP 0-04° 037° —091° 304% 0-34
PEG 0-20 0-10 —015 —0-03 0-15
Starch:xylose 19-2 337 306 286 543
Starch:nNSP 18-0 29-4 283 269 4-60
Starch:PEG 18-8 297 289 249 546

WF, wheat flour; OF, oat flour; RO, rolled oats; OB, oat bran; DM, dry matter; nNSP, neutral non-starch

polysaccharides; PEG, polyethylene glycol.
P Values in the same row with unlike superscript letters were significantly different (P < 0-05).
* For details of diets and procedures, see Table 1 and pp. 300-304.

Table 4. Proportion of total starch and amount of starch present as degradation products
in digesta collected from the first jejunal cannula 0-0-5 h postprandial when feeding wheat-
and oats-based diets to pigs*

(Mean values for four pigs)

Diet... WF OF RO OB SEM
Concentration (g/kg starch)
Glucose 15¢ 20¢ 40° 61® 5
Maltose 88¢ 99¢ 161° 224 12
Maltotriose 35¢ 97° 149 184 11
Total 137¢ 216° 3510 468* 25
Amountt (g)
Glucose 095 2:59 2-84 2:44 040
Maltose 6:29¢ 1319 11-33% 9320 070
Maltotriose 2:45¢ 13718 10-652° 7-24° 117
Total 9-69°¢ 29-48> 24-812P 18-56° 198

WF, wheat flour; OF, oat flour; RO, rolled oats; OB, oat bran.
®P.¢ Values in the same row with unlike superscript letters are significantly different (P < 0-05).
* For details of diets and procedures, see Table 1 and pp. 300-304.

1 Corrected for differences in amounts collected 0-0-5 h after feeding.

NUT 72

ssaid Asssnun abprique) Aq auljuo paysiignd LE00Y66LNIE/6£01°01/B1010p//:sd13y


https://doi.org/10.1079/BJN19940031

308 H. N. JOHANSEN AND K. E. BACH KNUDSEN
80 . (@) 300
50 250
§ 5 200
S Q
2 ®
2 40 o 150
> =
z = 100
O 20 o
50
0 1 1 1 L *Y 1 0 1 1 L 1 1 ]
300 350 400 450 500 550 600 300 350 400 450 500 550 600
250 () 600
< 500
2 g
§ g 400
@ <
2 = 300
2 1]
8 é 200
< 100
. O
0 L 1 1 1 1 1 0 [ L [ L 1 ]
300 350 400 450 500 550 600 300 350 400 450 500 550 600

Starch concentration {g/kg DM)

Fig. 3. Relative amounts of starch present as (@) glucose (G1), (b) maltose (G2), (¢) maltotriose (G3) and (d)
G1+G2+G3 v concentration of starch in jejunal digesta collected before the loop 0-0-5 h postprandial when
feeding wheat- and oat-based diets to pigs. For details of diets and procedures, see Table 1 and pp. 300-303. Linear
regression were as follows (@) ¥ = —2-23 x 107X+ 0-14, r2 0:77, P = 0-0001; (b) Y = —7-34 x 1074X + 0-50, r2 0-85,
P =00010; (¢) Y = —561 x 107X +039, 2 0-56, P = 0-0008; (d) Y = —1-52x 1073X +1-03, r* 0-77, P = 0-0001.

Significance levels were P = 01219 for the uncorrected recovery, P = 00955 when
corrected with xylose and P = 0-0636 when starch recovery was related to the recovery of
total nNSP.

No significant differences were seen in the apparent quantitative absorption of starch
over the 8 h perfusion period. However, there was a tendency for a lower absorption in the
oats-based diets with a higher content of DF and lower content of starch in the diet. Diet
WF, on the other hand, showed the lowest apparent absorption of all diets.

Starch degradation in the upper jejunum
The major degradation products of starch in digesta were maltose and maltotriose,
accounting for up to 224 and 184 g/kg starch respectively, whereas glucose represented
only 15-61 g/kg (Table 4). The extent of degradation increased with higher DF and lower
starch contents in the diet with the proportion of starch consisting of glucose, maltose and
maltotriose ranging from 137 g/kg starch in digesta with diet WF to 468 g/kg when diet
OB was fed.

The proportion of starch present as glucose, maltose and maltotriose and the sum of
these are plotted v. the total concentration of starch (including amylosis products) in
digesta samples collected within 0-5 h after feeding in Fig. 3(a¢—d). There was an inverse
linear relationship between the content of starch in digesta and the amounts present as free
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glucose, maltose or maltotriose, with correlation coefficients of r? 0-77, P = 0-0007; 2 0-85,
P = 00010 and r* 0-56, P = 0-0008 respectively. The sum of these degradation products
showed a correlation of 2 0-77, P = 0-0001, to the starch content in digesta.

When corrected for differences in flow of digesta within the first 0-5 h after feeding,
significantly larger amounts of maltose (P = 0-0021) and maltotriose (P = 0-0025) were
present in the proximal jejunum when diet OF was fed compared with diets WF and OB
(Table 4). Furthermore, there was a gradual decrease in the amounts of glucose, maltose
and maltotriose present when feeding oat-based diets with a higher level of DF. The
amount of starch degraded in diet WF was significantly lower than that in all oats-based
diets (P = 0-0019). The amount of glucose in digesta was similar (2-44-2-84 g) with all the
oat-based diets whereas diet WF gave less than half the amount (095 g; P = 0-0571). There
was practically no free glucose, maltose and maltotriose in the diets, so the high
concentrations found in digesta samples came from action of digestive enzymes. A very
small proportion of the free glucose found in digesta samples could originate from cleavage
of sucrose in the diet. The sucrose content in oat bran was highest (29-2 g/kg DM). This
gave a contribution to glucose of 3-21 %, which was not accounted for in the analytical
procedure.

DISCUSSION

The rate of gastric emptying of the dietary components as estimated from the jejunal flow
from the first jejunal cannula in the present study was not related to the content of DF in
a direct manner. MTT of the soluble marker was significantly higher in the two diets with
the highest DF content, whereas only diet OF deviated significantly from the other diets in
the emptying of DM, starch, xylose and total nNSP. These results are in agreement with
those of Rainbird et al. (1984), who found that DF only affected gastric emptying of digesta,
but not DM and glucose, with semi-synthetic low-DF diets containing different sources
and quantities of isolated DF. There was a very rapid duodenal flow with diet OF which
could be due to a high proportion of very fine particles in this diet. Oat bran, on the other
hand, consisted of very large particles of which less than 35% passed through a 500 ym
sieve. It is possible that the fine structure of the oat-flour diet resulted in a liquid-meal
behaviour of gastric emptying, whereas the more coarse particles of the other diets had an
emptying behaviour more like a solid meal. Consequently, although gastric emptying
seemed to be affected by the DF content in the diet, other factors such as the particle size
and physical structure of the diet had a major impact on the rate of gastric emptying of
these diets. The present findings on stomach output are in general agreement with results
from Cuber & Laplace (1979), who fed a semi-purified diet to re-entrant-cannulated pigs
after a 24 h fasting period. Similar transit times have also been found in more complex
maize- and barley-based diets (Laplace & Tomassone, 1970; Holmes et al. 1974). The
estimated rate of gastric emptying in this study, on the other hand, was generally shorter
than in experiments performed with gastric-cannulated pigs fed on a semi-purified low-DF
diet supplemented with various fibre sources (Rainbird & Low, 19864, b). The discrepancy
is presumably an effect of different cannulation techniques. This is in agreement with
previous reports showing that cannulation in the duodenum leads to estimates of a more
rapid flow in the first 2 h after feeding than when fitting pig with a gastric cannula, whereas
the latter leads to a more rapid flow 4-7 h after feeding (Cuber ez al. 1980).

There was a net secretion of endogenous material of 1700-3200 g in the 7-5 h collection
period. Although the endogenous secretion seemed to be stimulated more by diets with a
higher level of DF the quantities were not related directly to the DF content. No significant
differences were seen between diets RO and OB even though there was twice as much nNSP
in the latter, while digesta output was significantly higher when feeding these diets
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compared with diets WF and OF. In agreement with the present observations, Zebrowska
et al. (1983) found that 81% more pancreatic juice was secreted when feeding 200 g
NSP/kg diet compared with 50 g NSP/kg. Zebrowska & Low (1987) found concordantly
that NSP stimulated pancreatic secretion much more than the starch fraction.

Due to the high level of secretion from the stomach, bile duct and pancreas and of
absorption of nutrients before the first re-entrant cannula (Zebrowska et al. 1983), gastric
emptying rates by means of the flow from the first re-entrant cannula are estimated best by
use of non-absorbable markers. Xylose was chosen as the internal dietary marker in the
present study because xylose from the cell walls, as long as it is present in intact
arabinoxylan polysaccharides, is neither absorbed nor secreted from the upper gas-
trointestinal tract. The superiority of a dietary component as a solid-phase marker over
external markers such as Cr,0, is the elimination of the risk of the external markers not
truly representing flow pattern of the dietary components (Warner, 1981). Total nNSP as
an internal marker should be used with some caution, since endogenous secretions,
sloughed epithelial cells and microbial carbohydrates contribute to the amount of certain
monosaccharides (McAllen, 1985). There were, however, differences in the amounts of
dietary and liquid-phase markers recovered from the first cannula. On the other hand, these
differences were not related to the rather small but significant differences in the recovery of
markers during perfusion. A disadvantage of using xylose as an internal marker in the
present study was that the content was rather low and varied between diets.

A decrease in absorption rate of starch from diets containing soluble DF by means of a
shift or extension of the site of absorption towards the more distal part of the small intestine
has been suggested by Jenkins et al. (1987) as the main factor in controlling the glycaemic
response. If this is so, the experimental diets of the present study would be expected to
result in different recoveries of glucose when perfusing digesta through the isolated loop of
Jjejunum. However, the apparent absorption of glucose over an 8 h perfusion period did not
vary significantly between diets in spite of a four times higher content of soluble DF and
a 30% lower content of starch in diet OB compared with diet WF. On the contrary, the
relative recovery of starch tended to decrease with a higher dietary level of DF and lower
content of starch in the diet. Rérat et al. (1984) showed that a relatively smaller amount of
glucose appeared in the portal blood with increasing amounts of ingested maize starch and
suggested that the enzymic hydrolysis rate accounted for this. This was supported by a
higher proportion of the starch present as malto-oligosaccharides in digesta collected
within the first 0-5 h after feeding diets with a higher DF and lower starch content in the
present study. Bach Knudsen et al. (1993) found a digestibility in the proximal third of the
small intestine of an oat-flour-based diet of 0-64 compared with 0-49 for an oat-bran-based
diet. In the middle third the digestibility was 0-95 and 0-90 respectively (Bach Knudsen et
al. 1993). Furthermore, Keys & DeBarthe (1974) estimated the digestibility of starch from
wheat and barley diets fed to pigs fitted with duodenal cannulas to be 0-76 and 045
respectively. The apparent high recovery from the isolated loop of jejunum in the present
study must be seen in terms of the length of the isolated loop, which represents less than
10% of the entire small intestine of the pig. Extending the loop to a length corresponding
to one-third of the small intestine would, with the assumption of uniform absorption rates,
result in digestibilities equivalent to those obtained by Bach Knudsen ez al. (1993) and Keys
& DeBarthe (1974). The net absorption of glucose from starch was 17-8-29-1 g/m intestine
in the 8 h perfusion period corresponding to 2:2-3-6 g/m per h. Values found by Rainbird
et al. (1984) and Low et al. (1986) for perfusion of glucose solutions (20 g/1) at a constant
rate of 8 ml/min (average flow rate of digesta at this site in 8 h) were 6-50 and 675 g/m
per h respectively. Addition of high-viscosity guar gum (67 g/1) reduced the absorption to
3-89-3-97 g/m per h (Rainbird et al. 1984; Low et al. 1986), whereas addition of wheat
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bran, low-viscosity guar gum, pectin and cellulose, in decreasing order of efficacy,
decreased the absorption to 3-41-548 g/m per h (Low et al. 1986). The smaller amount of
glucose absorbed in the present study in comparison with the studies of Rainbird er al.
(1984) and Low et al. (1986) could be a consequence of an initial larger load of
carbohydrate that had to be degraded by a-amylase before absorption. In that case both
degradation and absorption would be rate-limiting factors. Artificially high flow-rates
introduced by open cannulas could limit the time of exposure of brush-border enzymes to
the substrates and thereby the amount of glucose absorbed. However, studies in both rats
and pigs indicate a generally very rapid flow in the proximal intestine (Brown et al. 1988;
Clemens et al. 1975), suggesting that the rate of passage might not be the limiting factor.
A study by Anderson et al. (1989) demonstrated that gut motility creating radial convection
is essential for an attenuating affect of guar gum on glucose absorption in the rat intestine,
whereas in studies with laparotomized anaesthetized rats the flow is laminar. Surgical
intervention of the small intestine by transection and cannulation of the jejunum may lead
to disturbed gastrointestinal motility but does presumably not lead to laminar flow during
perfusion in the conscious pig. It has previously been demonstrated that the motility distal
to re-entrant cannulas is absent immediately after surgery but that the myoelectric
migrating complex is reorganized a few days after, although at a different timing (Laplace,
1980).

The extensive degradation indicates that the activity of pancreatic enzymes was not
inhibited by the DF in these diets, but that the amount of substrate in the bulk of digesta
appearing in the duodenum immediately after feeding may have exceeded the capacity of
the pancreatic enzymes to degrade the starch, thereby making it available for absorption.
Alternatively, DF may inhibit the activity of the mucosal enzymes, thereby leading to
accumulation of endproducts of pancreatic a-amylase digestion. This theory has been
rejected by Rainbird e? al. (1984) who found no difference in the absorption rate of glucose
and maltose. Furthermore, Mathers et al. (1992) found that guar gum had no effect of the
maltase (EC 3.2.1.20) activity in the proximal and distal small intestine of rats. The small
degree of starch degradation in digesta when the pigs were fed on the wheat-flour-based diet
(WF) in comparison with oats-based diets might be due to differences in the susceptibility
of starch for a-amylase digestion. The former was fed unprocessed (raw starch) while all
the oats products had been steam-treated, which could lead to some gelatinization of the
starch thereby increasing the a-amylase susceptibility of the latter.

Breakdown, absorption and transport of carbohydrates in the intestine is a dynamic
system. Therefore, too much emphasis should not be put to the absolute values of
degradation products in digesta as some of the readily absorbable starch hydrolysis products
may already have been absorbed proximal to the first re-entrant cannula. However,
estimates of the quantities available for absorption 0-0-5 h postprandial correlated very
well with the glycaemic response to similar diets in pigs fitted with catheters in the jugular
vein (K. E. Bach Knudsen, unpublished results). Furthermore, this corresponded to the
ranking of estimated gastric emptying suggesting that the rate of absorption on site induced
by differences in gastric emptying, and thereby delivery of digestible carbohydrates to the
small intestine, is of major importance with this type of diet.

Conclusion
The present study showed that diets based on wheat and oats did not affect gastric
emptying in re-entrant-cannulated pigs in a simple manner related to the dietary level of
soluble DF. Other factors such as particle size, physical structure, starch availability,
solubility of cell-wall polysaccharide and interaction between dietary components may
interfere with any effect of DF in complex diets. The apparent quantitative absorption of
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starch in the upper jejunum over an 8 h perfusion period was not affected by the DF
content of the diet while the relative recovery of starch from the isolated loop was inversely
related to the dietary level of starch. This suggests that delayed absorption leading to a
lower glycaemic response to cereal-based diets naturally rich in soluble DF may not be
induced by an impaired absorption in the proximal intestine where capacity to absorb the
large quantities of digestible carbohydrate delivered to the duodenum appear rate-limiting.
Although kinetics of absorption in the jejunal loop were not studied in the present
experiment, the ranking of MTT and calculated amounts of malto-oligosaccharides present
in jejunal digesta immediately after the meal suggests that gastric emptying is a major factor
controlling the glycaemic response to these cereal-based diets.
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